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Abstract

Polycyclic Aromatic Hydrocarbons (PAHs), such as benzo[a]pyrene (B[a]P), are widely
distributed environmental contaminants exerting toxic effects such as genotoxicity and
carcinogenicity, mainly associated with aryl hydrocarbon receptor (AhR) activation and the
subsequent induction of cytochromes P-450 (CYP) 1-metabolizing enzymes. We previously
reported an up-regulation of AhR expression and activity in primary cultures of human T
lymphocyte by a physiological activation. Despite the suggested link between exposure to
PAHs and the risk of lymphoma, the potential of activated human T lymphocytes to
metabolize AhR exogenous ligands such as B[a]P and produce DNA damage has not been
investigated. In the present study, we characterized the genotoxic response of primary
activated T lymphocytes to B[a]P. We demonstrated that, following T lymphocyte activation,
B[a]P treatment triggers a marked increase in CYP1 expression and activity generating, upon
metabolic activation, DNA adducts and double-strand breaks (DSBs) after a 48-h treatment.
At this time point, B[a]P also induces a DNA damage response with ataxia telangiectasia
mutated kinase activation, thus producing a p53-dependent response and T lymphocyte
survival. B[a]P activates DSB repair by mobilizing homologous recombination machinery but
also induces gene mutations in activated human T lymphocytes which could consequently
drive a cancer process. In conclusion, primary cultures of activated human T lymphocytes
represent a good model for studying genotoxic effects of environmental contaminants such as

PAHs, and predicting human health issues.
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Chemical coumpounds studied in this article
benzo[a]pyrene (PubChem CID: 2336); alpha-naphtoflavone (PubChem CID: 11790); 2-
morpholin-4-yl-6-thianthren-1-yl-pyran-4-one  (KU-55933) (PubChem CID: 5278396);

dimethyl sulfoxide (PubChem CID: 679); potassium bromate (PubChem CID: 23673461)



1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) constitute a major class of environmental
contaminants to which humans are commonly exposed. They are formed by incomplete
combustion of organic materials and are notably found in large amounts in diet, air pollution,
cigarette smoke and some occupational atmospheres [1]. PAHs exert various toxic effects
towards human health, including carcinogenic and immunosuppressive effects, and contribute
to smoking-related diseases [2]. Most of these effects have been linked to the activation of the
aryl hydrocarbon receptor (AhR) and subsequent transcription of AhR-regulated genes.
Among PAHs, benzo[a]pyrene (B[a]P) is the most widely used model compound for studying
the effects of carcinogenic PAHs. B[a]P is not only agonist for AhR, but also substrate for the
induced xenobiotic metabolizing enzymes from the cytochromes P-450 (CYPs) 1 family [3].
CYP1 isoforms, metabolize B[a]P to epoxide derivatives that can covalently bind DNA to
form DNA adducts; the predominant form results from addition of B[a]P diol epoxide
(BPDE) to the N* exocyclic amino group of guanine to form a dG-N*-BPDE adduct [4]. DNA
damage has been regarded as an important factor in chemical carcinogenesis, and DNA
adducts derived from B[a]P are believed to be a critical event in tumour formation by
producing mutations in critical genes such as the tumour suppressor p53 [5]. Thus, emphasis
has been placed on the DNA-damaging properties of B[a]P, the only one PAH classified as
carcinogenic to humans for lung, skin and bladder tumours by the International Agency of
Research on Cancer [6]. In addition, B[a]P induces cancer development in lymphoid tissue
and hematopoietic compartment in animals [7], and some epidemiological studies have
suggested a potential role of B[a]P in the development of lymphomas in humans [8].

Human blood peripheral lymphocytes, in particular T lymphocytes, have been reported
to possess CYP1A1 and 1BI1-metabolizing systems [9], suggesting thus that it could be an

useful model for studying the potential of PAHs such as B[a]P to be metabolized, bind DNA,
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and form different types of DNA adducts linked to the susceptibility seen in the induction of
human cancers [10]. Whereas a significant association has been found between the level of
BPDE-induced DNA adducts in T lymphocyte-enriched peripheral blood mononuclear cell
cultures and risk for cancer [11], studies on the relationship between B[a]P metabolism and
its DNA-damaging potential linked to cancer risk have provided equivocal results in these T
lymphocytes-enriched cultures [12]. This is in part due to the observation that such cultured T
lymphocytes are poor metabolizers of PAHs such as B[a]P, exhibiting significant CYP1-
mediated activity only upon activation by mitogenic lectins such as phytohemagglutinin [13].
As compared with phytohemagglutinin promoting polyclonal T cell proliferation, T
lymphocyte activation by anti-CD3 and anti-CD28  antibodies represents a more
physiologically relevant T cell stimulation [14], and we have recently reported that AhR is
present and functional only in CD3/CD28-activated T lymphocytes and not in resting
counterparts [15]. Altogether, these data suggest an increased ability of the activated T
lymphocytes to metabolize AhR exogenous ligands such as B[a]P and then to produce DNA
damage. The present study was designed to explore the genotoxic response to B[a]P in these
primary CD3/CD28-activated human T lymphocytes, a relevant model to human health
issues. We report that B[a]P, upon metabolic activation, generates dG-N*-BPDE adducts and
DNA double-strand breaks (DSBs). In human T lymphocytes, this elicits a DNA damage
response (DDR) via an ataxia telangiectasia mutated (ATM)-dependent pathway, supporting

DNA repair and cell survival to B[a]P treatment but leading to gene mutations.



2. Materials and methods

2.1. Chemicals and reagents

B[a]P, alpha-naphthoflavone (0-NF), 2-morpholin-4-yl-6-thianthren-1-yl-pyran-4-one (KU-
55933), dimethyl sulfoxide (DMSO), potassium bromate, DAPI, ethoxyresorufin, Asp-Glu-
Asp-7-amino-4-methylcoumarin (AMC), and agarose were obtained from Sigma-Aldrich (St.
Louis, MO, USA). SYBR Gold nucleic acid stain and carboxy-fluorescein succinimidyl ester
(CFSE) were provided by Thermofischer Scientific (Braunschweig, Germany), whereas [*H]-
methyl-thymidine was purchased from Amersham Biosciences (Buck, UK). Antibodies
against CYP1B1, p21, RADS51 and Hsc70, and against CYP1A1 were supplied from Abcam
(Paris, France), and Santa Cruz Technology (Heidelberg, Germany), respectively. Antibodies
against p53, phospho-p53 (Serl5), phospho-CHK1 (Ser317) and phospho-CHK?2 (Thr68)
were obtained from Cell Signaling Technology (Saint Quentin, France), while anti-phospho-
ATM (Ser1981) and anti-phospho-Histone H2AX (Ser139) were from Merck Millipore
(Molsheim, France). The 53BP1 antibody was purchased from Novus Biological (Abingdon,

UK).

2.2. Cell culture and treatment

Peripheral blood mononuclear cells were isolated from blood donor buffy coats (written
consent for the use of blood samples for the research protocol obtained according to the
regulation for blood transfusion of the French blood organization Etablissement Frangais du
Sang, Rennes (France)) by Ficoll (Thermofischer Scientific) gradient centrifugation. After
separation of monocytes by a 1-h adhesion step, T lymphocytes were purified from
nonadherent cells by negative selection using Dynabeads® Untouched™ Human T Cells Kit
(Thermofischer Scientific). T lymphocytes were cultured in RPMI medium (Eurobio, Les

Ulis, France) supplemented with 20 IU/mL penicillin, 20 pg/mL streptomycin, and 10%
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decomplemented fetal calf serum (Thermofischer Scientific), and stimulated with
Dynabeads® T-Expander beads coated with anti-CD3 and anti-CD28 antibodies
(Thermofischer Scientific) as previously reported [15]. Chemicals were used as stock
solutions in DMSO. The final concentration of DMSO in culture medium was always < 0.2%
v/v and control cultures received vehicle containing the same dose of DMSO as treated

cultures.

2.3. RT-qPCR

Total RNA was isolated from T lymphocytes using the TRIzol method (Thermofischer
Scientific) and then reverse-transcribed into cDNA using the RT Applied Biosystems kit
(Foster City, CA, USA). qPCR assays were performed using gene-specific primers from
Qiagen for CYPIA1l, CYPIBI and growth arrest and DNA damage inducible, alpha
(gadd45A) (Courtaboeuf, France) or Eurogentec for the others (Seraing, Belgium) (Table 1).
The amplification curves of the PCR products were analyzed with the ABI Prism SDS
software using the comparative cycle threshold method. Relative quantification of the steady-
state target mRNA levels was calculated after normalization of the total amount of cDNA

tested to a 18S mRINA endogenous reference as previously described [15].

2.4. RT’ Profiler™ PCR arrays

The Human DNA Repair RT? Profiler™ PCR Array was used to profile the expression of 84
key genes encoding the enzymes that repair damaged DNA according to the manufacturer’s
instructions (SABiosciences, Qiagen). For each condition, we pooled equal amounts of RNAs
isolated from DMSO or B[a]P-treated cultures of T lymphocytes established from 9 blood
donors. Pooling small samples of cells for array analysis is considered advantageous in

situations where the level of biological variation could be high compared to technical
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variation on the array [16,17]. The amplification curves of the PCR products were analyzed
with the ABI Prism SDS software as reported for RT-qPCR. The expression levels of target
genes were normalized relative to the expression of 2 microglobulin as housekeeping gene

and were given as fold change compared with control with vehicle.

2.5. Western blotting

Total cellular protein extracts were prepared by lysis of T lymphocytes as previously
described [15]. Proteins were separated on a polyacrylamide gel and electrophoretically
transferred onto nitrocellulose membranes (Merck Millipore). After blocking, membranes
were incubated with antibodies and immunolabeled proteins were visualized by
chemiluminescence using the LAS-3000 analyzer (Fujifilm). For protein loading evaluation,
primary antibody against Hsc70 was used. Image processing was performed using

MultiGauge software (Fujifilm).

2.6. CYP activities

Ethoxyresorufin deethylase (EROD) activity was used as a measurement of CYP1 activities
[18]. Briefly, T lymphocytes were incubated in phosphate-buffered saline, pH 7.4, containing
50 uM ethoxyresorufin and 1.5 mM salicyclamide and resorufin formation was monitored
using @ FLUOstar Omega Microplate Reader (BMG Labtech, Ortenberg, Germany).
Excitation and emission wavelengths were 544 and 590 nm, and reaction rates were

determined under linear conditions.



2.7. DNA adducts quantification
DNA was extracted from T lymphocytes, digested to deoxynucleosides and then dissolved in
H>O/CH30OH 1/1 (v/v) prior to HPLC-MS/MS injection according to a protocol previously

described [19].

2.8. Comet assays

The alkaline comet assay was used to detect strand breaks and alkali-labile sites as previously
described [20]. T lymphocytes were embedded in 0.7% low melting point agarose and laid on
CometAssay® HT Slide (Trevigen, Montlucon, France). Slides were then lysed (pH 10) for at
least 1 h at 4°C. A parallel digestion with formamido pyrimidine glycosylase (FPG), allowing
the detection of oxidative damage, was performed as already described [21]. Electrophoresis
was processed for 24 min at a pH > 13. Fifty cells per deposit and two deposits per sample
were analyzed. After staining with SYBR Gold Nucleic Acid Gel Stain, slides were observed
at 20x magnification using a LEICA DMIRB video microscope. Images were acquired with a
CoolSnapHQ Princeton instrument camera and analyzed with the ImageJ open source
software using the OpenComet plugin (www.opencomet.org). The extent of DNA damage
was evaluated for-each cell through the measurement of intensity of all tail pixels divided by
the total intensity of all pixels in head and tail of comet. The median from these 100 values

was calculated, and named % tail DNA.

2.9. Caspase 3 activity measurement

Caspase 3 activity was measured using its fluorogenic peptide substrate Asp-Glu-Asp--AMC.
Briefly, proteins (50 pg) from T lymphocytes lysates were incubated with 80 uM substrate in
buffer assay (20 mM Pipes, pH 7.2, 10 OmM NaCl, 1 mM EDTA, 0.1% CHAPS, 10%

sucrose, and 10 mM dithiothreitol). Caspase-mediated release of AMC was then monitored
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continuously over a 1-h period using an EnSpire Multimode 2300 Plate Reader (Perkin

Elmer, Waltham, MA). Excitation and emission wavelengths were 380 and 460 nm.

2.10. Proliferation assay
T-cell proliferation was measured by [3H]—methy1—thymidine incorporation as previously

described [15].

2.11. Cell division assay by flow cytometry

To determine cell division, T lymphocytes were labeled with 0.25 uM CFSE and then treated
with B[a]P. Cell division was next determined by analyzing CFSE dilution using a BD LSR
Fortessa flow cytometer. Data are collected using FACSDiva software (BD Biosciences, San
Jose, CA) and replicative index was calculated as the sum of the cells in all generations

divided by the calculated number of original parent cells.

2.12. Immunofluorescence

T lymphocytes fixed on Polysine™ slides (Thermofisher Scientific) with 4%
paraformaldehyde were stained with primary antibodies for 2 h and then incubated with
secondary antibodies for 1 h as previously described [15]. For v-H2AX, 53BP1 and RADS51
staining, a triton-extraction step was performed before fixation. Nuclei were counterstained
with 0.5 pg/mL DAPI for 5 min. Slides were viewed using an automated microscope Leica
DMRXA2. Images were analyzed with the Image] open source software
(www.imagej.nhi.gov). For phospho-ATM staining, each value represents the median
fluorescence intensity of at least 50 nuclei evaluated. For y-H2AX, 53BP1 and RADSI1
staining, cells were scored positive for foci formation when > 5 foci/nuclei were detected for

at least 100 cells evaluated.
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2.13. Mutagenesis frequency determination by the Pig A assay

Ten days after treatment, T lymphocytes are stained on ice with an allophycocyanin-anti
CD59 antibody (clone OV9A?2, Thermofischer Scientific), combined with an inactive variant
of the fluorescent proaerolysin protein (Tebu-Bio France, Le Perray-en-Yvelines, France)
[22]. These two biomarkers are specific for the glycosylphosphatidylinositol-linked proteins.
To determine the Pig A mutant frequency, T lymphocytes were analyzed by flow cytometry.
Dead cells were excluded by DAPI staining, and cells doublets were discriminated and
excluded by comparing Area and Height signals of Forward Scatter Parameters. Mutant
frequencies were determined using a Miltenyi MACSQuant Analyzer flow cytometer
(Miltenyi Biotech, Bergisch Gladbach, Germany) and calculated as the number of

glycosylphosphatidylinositol-negative cells divided by the number of total live cells analyzed.

2.14. Statistical analysis

Data are expressed as mean + SEM. Statistical significance of the differences was assessed
using GraphPad Instat (GraphPad software, INC., La Jolla, CA, USA) by paired Student’s t-
test, or analysis of variance followed by Dunnett or Student-Newman-Keuls post hoc tests.

The criterion of significance was p < 0.05.
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3. Results

3.1. Bla]P up-regulates CYP1 expression and activity in activated T lymphocytes.

Many of the biological effects of PAHs are mediated through activation of AhR and the
subsequent induction of CYP1-metabolizing enzymes [3]. We previously reported an early
and functional up-regulation of the AhR by human T lymphocyte activation [15].<In_the
present study, we assayed the response to B[a]P treatment in these T lymphocytes activated
for 72 h. mRNA expression of two AhR target genes, CYP1A1 and 1B1; was first studied
using RT-qPCR. As indicated in Fig. 1A and 1B, CYP1Al and 1B1 mRNA levels were
markedly increased in B[a]P-treated T lymphocytes when compared with their DMSO
counterparts; a significant effect was detected for a treatment with 2 uM B[a]P for the last 48
h of culture (Figure 1A). Such a 48-h treatment with 2 uM B[a]P was also demonstrated to
significantly over-expressed CYP1B1 protein as assessed by Western blotting; a more modest
up-regulation of CYP1A1 was observed when compared with their DMSO counterparts (Fig.
1C). Next, to determine whether B[a]P had an effect on catalytic activities of CYP1-enzymes,
CYP1-related EROD activity was quantified in T lymphocytes treated with 2 uM B[a]P for 8,
24 and 48 h of culture. As indicated in Fig. 1D, B[a]P significantly increased CYP1-related

EROD activity after a 48h-treatment with 2 uM B[a]P.

3.2. B[a]P forms dG-N*-BPDE adducts and DNA DSBs in activated T lymphocytes.

To determine whether the induction of CYP1 enzyme activity resulted in an increased
bioactivation of B[a]P to reactive metabolites, we quantified the level of dG-N*-BPDE using
HPLC-MS/MS approach subsequently to DNA extraction and digestion. As illustrated in Fig.
2A, the formation of dG-N*-BPDE DNA adducts only occurred in T lymphocytes treated
with 2 uM B[a]P for 48 h, corresponding to the significant induction of CYP1-related EROD

activity (Fig. 1D). In addition, the CYP1 inhibitor o-NF which markedly decreased B[a]P-
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induced EROD activity (data not shown), significantly reduced the formation of dG-N*-
BPDE DNA adducts occurring in response to B[a]P (Fig. 2B). This indicated that such a
treatment allowed not only the expression of functional CYP1 activity but also the formation
of dG-N> -BPDE DNA adducts. We then evaluated whether such a B[a]P activation was
associated with DNA damage by using alkaline comet assays [23]. As shown in Fig. 3A, a 48
h-treatment of T lymphocytes with 2 uM of B[a]P significantly increased the % of tail DNA,
indicating the presence of DNA damage. Interestingly, such effects were not due to apoptotic
DNA fragmentation since treatment with 2 uM B[a]P for 48 h was not accompanied by any
detectable increase in apoptosis as tested by an activated ‘caspase-3 assay (Fig. 3B).
Additionally, when the comet assay was combined with FPG enzyme, which allows the
detection of oxidative damage [21], no increasing effect of B[a]P treatment was observed
(Fig. 3C), whereas a significant increase in oxidative damage was detected after treatment
with potassium bromate (Fig. 3D), as previously reported [24]. As for the dG-N*-BPDE DNA
adducts, o-NF significantly reduced the induction of DNA damage due to B[a]P (data not
shown). Taken together, these results demonstrate that, once metabolized in T lymphocytes,
B[a]P generates BPDE-DNA adducts and subsequently DNA damage without inducing
apoptosis.

To examine in more detail the nature of the DNA damage, we first studied the
phosphorylation of H2AX on Ser139, an H2A histone variant (called y-H2AX once
phosphorylated). v-H2AX is considered as an early event after the introduction of strand
breaks, forming distinct foci close to these breaks, that has been suggested as a specific
marker for DNA DSBs [25,26]. In the present study, the formation of y-H2AX foci was
analyzed by immunostaining after B[a]P treatment for 8 and 48 h, defining cells as positive if
more than 5 foci/nuclei were detected (Fig. 4A). As shown in Fig. 4A, significant distinctive

foci characteristic of DNA DSBs were detected after a 48-h treatment with B[a]P. To further
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validate the nature of the damage induced upon B[a]P treatment, we performed
immunofluorescence staining to detect S3BP1 foci, a second marker of DNA DSBs [25,26].
Similarly, 53BP1-positive cells were significantly increased after B[a]P treatment for 48 h
with a co-localization between y-H2AX foci and 53BP1 foci (Fig. 4A). Interestingly, o-NF
significantly counteracted the DNA DSB response induced upon B[a]P treatment for 48 h; as

shown by the significant decrease of both y-H2AX and 53BP1 foci (Fig. 4B and 4C).

3.3. B[a]P induces a DDR with ATM Kkinase activation thus inducing p53-dependent
response and cell survival in activated T lymphocytes.

We next characterized DDR signalling pathways in T lymphocytes treated with 2 uM B[a]P
for 48 h. Since ATM kinase plays a critical role in the cellular response to DSB formation
[25,26], we assessed its activation by examining levels of phosphorylated ATM at ser1981
(phospho-ATM) using Western blotting. As shown in Fig. 5A, we found that phospho-ATM
was not only expressed in activated T lymphocytes as previously described [27], but it also
significantly increased upon B[a]P. treatment for 48 h. We also revealed increased nuclear
localization of phospho-ATM by immunofluorescence (Fig. 5B), as well as a slight, but
significant, increased phosphorylation of its primary substrate checkpoint kinase CHK2 on
Thr68 (Fig..SA). A'more pronounced, but not significant, increase in the phosphorylation on
ser317 of the effector kinase CHK1 was also observed after B[a]P treatment (Fig. SA). To
address in detail the role of ATM in the DDR, B[a]P treatment was conducted in the presence
or absence of KU-55933, an inhibitor of ATM, and immunofluorescence staining to detect 'y-
H2AX foci was performed as classically reported [28]. Immunostaining of y-H2AX foci
indicated that KU-55933 completely abrogated the B[a]P-induced y-H2AX foci (Fig. 5C),

thus confirming ATM activation by B[a]P-induced DSBs. Based on the current model for p53
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activation upon DNA damage after ATM activation [29], the phosphorylation of p53 at serl5
was also investigated. As shown in Fig. 5D, a treatment with 2 uM B[a]P for 48 h caused a
marked but not significant increase in pS3 phosphorylation. This increase was accompanied
by significant elevations in mRNA expression of various pro-survival p5S3 downstream target
genes such as the E3 ubiquitin protein-ligase mdm2 and the cycle-dependent kinase inhibitor
1A CDKNI1A, after a 48-h treatment with B[a]P; gadd45A mRINA expression was also
increased but failed to reach a significant level (Fig. 5E). Since KU-55933 is able to
counteract both B[a]P-induced p53 phosphorylation and its transcriptional transactivation
(Fig. 5E inset), this p53 activation also appears ATM-dependent.

Consistent with the CDKN1A mRNA up-regulation, protein levels for p21 were
significantly increased after treatment with 2 uM B[a]P for 48 h (Fig. 6A), prompting us to
analyse the effect of B[a]P on DNA replication [30]. As shown in Fig. 6B, incorporation of
[3H]—methy1—thymidine monitored during the last 18 h of culture indicated a significantly
decrease in replicative DNA synthesis in B[a]P-treated T lymphocytes for 48 h. Parallel
experiments using CFSE dilution demonstrated that such treatment significantly increased the
% of non-dividing lymphocytes and decreased, without reaching a significant level, the % of
lymphocytes with-three or more divisions (Fig. 6C). A slight, but not statistically significant,
increase in G2/M phase was also found after 48-h treatment with B[a]P (data not shown).
Interestingly, there was no evidence of apoptosis at 48 h after treatment with 2 pM B[a]P as
indicated by caspase 3 assay (Fig. 3B) and mRNA levels of apoptosis-regulating genes such

as BBC3 and PMAIP1 (Fig. 5E).

15



3.4. Bla]P induces DSB repair pathways but leads to gene mutations in activated T
lymphocytes.
The well-documented link between DNA replication delay and activation of repair machinery
[31] prompted us to examine the cellular repair of B[a]P-damaged DNA. We have first
profiled a panel of 84 DNA repair genes using the RT? Profiler™ PCR array on pools of
RNAs isolated from DMSO or Bla]P-treated cultures of T lymphocytes established from 9
different blood donors. After a 24-h B[a]P treatment, we found 14 genes whose expression
was shown to be regulated considering a cut-off of 1.5-fold (Fig. 7A). Among these genes,
five were associated with the nucleotide excision pathway, ie. those encoding the DNA
repair excision proteins ERCC6, ERCC4, ERCC3 and RAD23B, and the STE20 like kinase
SLK. Five genes belong to the DSB repair functional group such as the breast cancer genes 1
and 2 BRCA1 and BRCA2, the DSB repair nuclease MRE11A and the BRCA1-interacting
protein 1 BRIP1 for Homologous recombination (HR) and the X-ray repair cross
complementing 5 XRCCS5 for the non-homologous end-joining DNA repair system. To
characterize repair events by -homologous recombination previously reported to be involved
in DSB repair [32], we next performed immunofluorescence staining to detect the recruitment
of RADSI, a crucial recombinase protein involved in HR after treatment with 2 uM B[a]P for
48 h. As shown in Fig. 7B, the number of RADS51-positive cells significantly increased after
B[a]P treatment with a co-localization between y-H2AX foci and RADS1 foci (Fig. 7B), thus
revealing the HR machinery mobilization.

Ten days after B[a]P treatment for 48 h, T lymphocytes were isolated for Pig A
mutagenesis analysis. As shown in Fig. 7C and despite an important inter-individual
differences in B[a]P response, the Pig A mutant frequency was significantly increased in

B[a]P-treated lymphocytes when compared with their DMSO counterparts.
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4. Discussion

PAHs are ubiquitous environmental contaminants exerting various toxic effects,
mainly associated with AhR activation and the subsequent induction of CYPI-metabolizing
enzymes [3]. Although several studies suggested a possible link between exposure to PAHs
and the risk of T cell lymphoma [8], their exact role to the development of lymphoma remains
unclear. Recently, we have reported an up-regulation of the AhR by the physiologically
relevant T-cell stimulation approach by anti-CD3 and anti-CD28 antibodies in primary human
lymphocytes [15]. Interestingly, this up-regulation had functional consequences such as the
induction of CYP1 expression and activity [15,33], thus suggesting their increased ability to
metabolize AhR ligands and to produce consequent DNA damage. The aim of the present
study was to characterize the genotoxic response produced by the prototypical PAH B[a]P,
and to study the DDR elicited in these CD3/CD28-activated primary human T lymphocytes.

We have first reported that, following a 24-h CD3/CD28-mediated T lymphocyte
activation inducing an AhR functional activation [15], a 48-h treatment with 2 uM B[a]P
increases both mRNA and protein expression of CYP1Al and 1B1, associated with an
increased CYP1 catalytic activation. This B[a]P-induced CYP1 activity leads to the formation
of highly reactive metabolites as detected by quantifying dG-N*-BPDE DNA adducts. dG-N*-
BPDE DNA adducts have been already described in phytohemagglutinin-activated T
lymphocytes but following a direct treatment with BPDE reactive metabolite [34]. Here, we
demonstrated the sufficient ability of activated T lymphocytes to bioactivate and convert
Bla]P into reactive metabolites after a 48-h treatment, mainly via its effects on CYPI
expression and activity as shown by using the CYP1 inhibitor o-NF. Despite the more
inducible CYP1A1 mRNA expression as previously reported in cultured human lymphocytes
treated with AhR ligands [35] and because the levels of CYP1B1 protein increased greatly

upon B[a]P treatment in activated T lymphocytes, the bioactivation of B[a]P proceeded
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probably via CYP1B1 induction in agreement with a very recent study [36]. CYP1B1 has
been already reported to play a prominent part in the metabolic activation and genotoxic
effects of PAHs [37] and in Ah-related lymphomas [38]. By using the comet assay, we
observed that 48 h after B[a]P treatment, T lymphocytes also exhibited significant amounts of
DNA damage, also relying upon metabolic activation of B[a]P. Because reactive oxygen
species could be produced by CYP activity and that DNA damage could be biomarkers of
oxidative stress, we used the FPG-modified alkaline comet assay to detect oxidative damage.
No induction of oxidative DNA damage was observed upon B[a]P treatment as reported by
Genies et al. [39]. Indeed, whereas they showed significant levels of oxidative lesions upon
treatment with 2 uM B[a]P in different human cell lines, they concluded that the frequency of
oxidative lesions was much lower than the frequency of BPDE adducts representing only a
minor contribution to the genotoxicity of B[a]P [39]. A thorough characterization of the DNA
damage produced by B[a]P revealed the generation of DNA DSBs using y-H2AX staining.
Although the phosphorylation of H2AX into y-H2AX is considered as a hallmark of the
number of DSBs generated, it has also been reported to be activated by other stresses such as
chromatin structure changes [25,26]. Using 53BP1, an additional marker of DSBs [25,26],
and as indicated by its co-localization with y-H2AX, we confirmed that B[a]P induces true
DNA DSBs in activated T lymphocytes. Additionally, a 48-h treatment with B[a]P triggered
ATM-CHK?2 checkpoint pathway activation, compatible with a DSB-type response [25,26].
In contrast to its genotoxic effects, B[a]P did not alter cell viability by inducing
apoptosis in activated T lymphocytes after a 48-h treatment with 2 uM. This concentration of
B[a]P has been already reported to have a limited impact on viability in different human cell
lines [39]. It could be explained by an efficient DDR, a well-co-ordinated network of
signalling cascade occurring upon DNA damage [40]. In primary activated T lymphocytes, it

is reasonable to hypothesize that p53 is central in this situation given the roles of p53 target
18



genes in survival and death [41]. We found that B[a]P induces the accumulation and the
phosphorylation of p53, as well as the induction of its transcriptional targets. Among p53-
responsive genes, we reported preferential up-regulation of pro-survival genes such as its
negative regulator mdm2, the cell cycle and DNA damage regulators gadd45A and
CDKNI1A, thereby affecting the survival-death balance. A marked increase in the
corresponding protein p21 encoded by CDKNIA gene was associated, probably conferring
increased T lymphocyte survival towards B[a]P treatment, as previously reported in human
diploid lung fibroblasts treated with B[a]P [42]. This survival response was accompanied by a
decrease in DNA synthesis and in cellular division. However, ‘although strong induction of
p21 occurred, only marginal changes in the cell cycle distribution (i.e., a slightly enhanced
fraction within the G2/M phases (data not shown)) were observed 48 h following B[a]P
treatment. These data are consistent with recent studies in human fibroblasts treated with
BPDE showing a slow-down of replication without any pronounced cell cycle arrest to
protect against cell death [43]. These data are in agreement with ours showing that Bla]P
failed to induce T lymphocyte apoptosis over a treatment of 48 h as evidenced by the absence
of significant changes in caspase activity. Combined with other studies reporting that CHK1
protects cells from apoptosis [44,45], activation of the ATM-CHKI1 pathway might be
sufficient to prevent T lymphocyte death and contribute to survival following B[a]P-induced
DSBs. Cell survival may be also correlated with an increase in the efficiency of DNA repair
mechanisms as reported for B[a]P with nucleotide excision repair removing DNA adducts or
with translesion DNA synthesis which enable cells to tolerate DNA damage [46]. Thereby, in
addition to the changes detected in mRINA levels of genes involved in excision repair, the
mRNA expression levels of HR factors (MRE11A, BRCA1, BRIP1 and BRCA?2) increased in
response to B[a]P, and the recombinase RADS51 protein is recruited to B[a]P-induced DSBs

demonstrating the role of HR in response to B[a]P. In the present study, we cannot exclude
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that part of the generated DSBs upon B[a]P treatment are repaired by the error-prone non-
homologous end-joining pathway. We propose then a mechanism by which activated T
lymphocytes repair B[a]P-induced DSBs thus allowing their survival but placing them at
greater risk to accumulate mutations, as suggested for some B-lymphocyte tumours [47]. By
using the Pig A mutagenesis assay, we reported that B[a]P treatment resulted in an increased
gene mutation frequency in activated T lymphocytes treated with 2 uM B[a]P for 48 h. The
mutagenic activity of B[a]P has been extensively studied in humans using both in vivo and in
vitro approaches [6]. Most of the in vitro studies of DNA damage and mutations due to PAHs
have been performed using human transformed cell lines, opening the question of the
relevance of the data obtained in these studies to human normal cells and tissues.
Consequently, the use of primary human T lymphocytes, which are normal non-transformed
human cells, may be more adequate to better characterize the response of normal human cells
to PAHs. Finally, the relevance of the physiological activation of human T lymphocytes,
triggering an efficient mobilization of AhR [15], is of great interest towards exposure to
PAHs. Indeed, one may speculate that exposure to these carcinogenic contaminants, may
contribute to exacerbated DNA alterations during an immune response. Altogether, these data
indicate that primary activated human T lymphocytes appear to be a major cell type targeted
by PAHs reinforcing thus the link suggested between PAH exposure and risk of T lymphoma
(8]

In conclusion, the present study demonstrates the metabolic efficiency of primary human
activated T lymphocytes towards contaminants such as B[a]P to form specific DNA damage
and increase mutation frequency, proposing them as a good model to analyse human health

issues depending on the environment.
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Figure legends

Fig. 1: Induction of CYP1 expression and activity in response to B[a]P treatment in
activated human T lymphocytes. T lymphocytes activated for 72 h were treated with
vehicle (DMSO) or with various increasing B[a]P concentrations for the last 48 h of culture
(A) and with 2 uM B[a]P for various lengths of time (B, C, D). (A, B) CYP1A1l and CYP1Bl1
mRNA expression was analyzed using RT-qPCR. (C) CYP1Al and CYP1B1 protein
expression was analyzed by Western blotting. A representative blot is displayed on the upper
panel. (D) Catalytic activity of CYP1 enzymes was evaluated by EROD assay. (A, B, C, D)

Data are expressed relative to mRNA expression level (A, B), protein expression level (C)
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and EROD activity (D) in DMSO-treated T lymphocytes, arbitrarily set at 1 unit, and are
shown as mean + SEM of four (D), five (A, C) and six (B) independent experiments
performed with T lymphocytes from different blood donors with triplicate per experiment (A,
B, D). *p < 0.05 when compared with DMSO-treated T lymphocytes (analysis of variance

followed by the Dunnett’s multirange test (A, B, D) and paired Student’s ¢ test (C)).

Fig. 2: Formation of dG-N>-BPDE DNA adducts in response to B[a]P treatment in
activated human T lymphocytes. T lymphocytes activated for 72 h were treated with
vehicle (DMSO) or with 2 uM B[a]P for the last 8 and 48 h of culture (A) and pre-treated or
not with 2 uM o-naphthoflavone (0-NF) before B[a]P treatment for the last 48 h of culture
(B). dG-N*-BPDE DNA adducts were quantified using HPLC/MS-MS approach. Data are
expressed as dG-N?-BPDE DNA adducts for 10° nucleosides, and are shown as mean + SEM
of eight (A) and five (B) independent experiments performed with T lymphocytes from
different blood donors. *p < 0.05 when compared with o-NF-untreated T lymphocytes

(paired Student’s t test).

Fig. 3: Induction of DNA damage in response to Bla]P treatment in activated human T
lymphocytes. T lymphocytes activated for 72 h were treated with vehicle (DMSO) or with 2
uM B[a]P for the last 8 (A) and 48 h of culture (A, B, C) and with 3 mM potassium bromate
for the last 2 h of culture (D). (A, C, D) DNA damage was analyzed using alkaline comet
assay (A) and FPG-modified alkaline comet assay (C, D). Data are expressed as % tail DNA
and are shown as mean + SEM of six (A) and eight (C, D) independent experiments
performed with T lymphocytes from different blood donors with duplicate per experiment.
(B) Apoptotic effects were assayed by measuring caspase-3 activity. Data are expressed

relative to the caspase-3 activity in DMSO-treated T lymphocytes, arbitrarily set at 1 unit, and
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are shown as mean = SEM of seven independent experiments performed with T lymphocytes
from different blood donors with duplicate per experiment. *p < 0.05 when compared with
DMSO-treated T lymphocytes (analysis of variance followed by the Dunnett’s multirange test
(A)) and with potassium bromate-treated T lymphocytes in absence of FPG (analysis of

variance followed by the Student-Newman-Keuls’s multirange test (D)).

Fig. 4: Induction of DNA DSBs in response to B[a]P treatment in activated human T
lymphocytes. T lymphocytes activated for 72 h were treated with vehicle (DMSO) or with 2
uM Bla]P for the last 8 (A) and 48 h of culture (A, B, C) and pre-treated or not with 2 uM o-
naphthoflavone (a-NF) before B[a]P treatment for the last 48 h of culture (B, C). DNA DSBs
were detected by y-H2AX and 53BP1 immunostaining and analyzed by fluorescence
microscopy (magnification x63). (A) Representative photographs of co-localization of -
H2AX and 53BP1 are displayed on the left panel. Data are expressed as % of T lymphocytes
positive for y-H2AX (A, B) and 53BP1 (A, C) foci formation when > 5 foci/nuclei were
quantified and are shown<as mean + SEM of four (A) and five (B, C) independent
experiments performed with T lymphocytes from different blood donors. *p < 0.05 when
compared with DMSO-treated T lymphocytes (A) and with a-NF-untreated T lymphocytes

(B, C) (paired Student’s ¢ tests).

Fig. 5: Induction of a DDR with ATM Kkinase activation increasing p53 activity in
response to B[a]P treatment in activated human T lymphocytes. T lymphocytes activated
for 72 h were treated with vehicle (DMSO) or with 2 uM B[a]P for the last 48 h of culture
(A, B, D, E) and pre-treated or not with 10 uM KU-55933 before B[a]P treatment for the last

48 h of culture (C, E). (A, D) Expression of the phosphorylated forms of ATM (phospho-

23



ATM), CHK1 (phospho-CHK1) and CHK?2 (phospho-CHK2) (A) and of p53 (phospho-p53)
and total p53 (p53) proteins (D) was analyzed by Western blotting. Representative blots are
displayed on the upper panel. (B) Activation of ATM was detected by nuclear phospho-ATM
immunostaining and analyzed by fluorescence microscopy (magnification x63). Data are
expressed relative to protein expression level (A, D) and to nuclear phospho-ATM
fluorescence intensity (B) in DMSO-treated T lymphocytes, arbitrarily set at 1 unit, and are
shown as mean = SEM of four (A, phospho-ATM), five (A, phospho-CHK1 and phospho-
CHK2, D) and eight (B) independent experiments performed with T lymphocytes from
different blood donors. (C) DNA DSBs were detected by y-H2AX immunostaining and
analyzed by fluorescence microscopy (magnification x63). Data are expressed as % of T
lymphocytes positive for y-H2AX foci formation when > 5 foci/nuclei were quantified and
are shown as mean + SEM of six samples pooled from independent experiments performed
with T lymphocytes from different blood donors. (E) mRNA expression of pro-apoptotic and
pro-survival p53 target genes was analyzed using RT-qPCR. Data are expressed relative to
mRNA expression level in DMSO-treated T lymphocytes, arbitrarily set at 1 unit, and are
shown as mean + SEM of seven independent experiments performed with T lymphocytes
from different blood donors with triplicate per experiment. The inhibition by KU-55933 of
B[a]P-induced p53 phosphorylation and of the subsequent induction of its transcriptional
target gene CDKN1A by Western blotting and RT-qPCR analysis respectively are displayed
in the inset . *p < 0.05 when compared with DMSO-treated T lymphocytes (A, E) and with

KU-55933-untreated T lymphocytes (C) (paired Student’s ¢ tests).

Fig. 6: Induction of p21 expression, alteration of DNA synthesis and cellular division in
response to B[a]P treatment in activated human T lymphocytes. T lymphocytes activated

for 72 h were treated with vehicle (DMSO) or with 2 uM B[a]P for the last 48 h of culture.
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(A) Expression of p21 protein was analyzed by Western blotting. A representative blot is
displayed on the upper panel. Data are expressed relative to protein expression level in
DMSO-treated T lymphocytes, arbitrarily set at 1 unit, and are shown as mean + SEM of six
independent experiments performed with T lymphocytes from different blood donors. (B)
[3H]—methy1—thymidine incorporation into DNA was determined during the last 18 h of
culture. Data are expressed relative to the [3H]—methy1—thymidine incorporation in DMSO-
treated T lymphocytes, arbitrarily set at 1 unit, and are shown as mean = SEM of eight
independent experiments performed with T lymphocytes from different blood donors with
triplicate per experiment. (C) Cell division was analyzed by flow cytometry using CFSE
dilution. Representative graphs saved during flow cytometry analysis are displayed on the left
panel. Data are expressed as % of parental cells and are shown as mean + SEM of five
independent experiments performed with T lymphocytes from different blood donors with
duplicate per experiment. *p < 0.05 when compared with DMSO-treated T lymphocytes
(paired Student’s ¢ test (A, B) and analysis of variance followed by the Student-Newman-

Keuls’s multirange test (C)).

Fig. 7: Recruitment of RAD51 to DNA DSBs and Pig A mutation frequency in response
to Bla]P treatment in activated human T lymphocytes. T lymphocytes activated for 72 h
were treated with vehicle (DMSO) or with 2 uM B[a]P for the last 24 h (A) and 48 h of
culture (B, C). (A) Top regulated DNA repair genes were detected by expression profiling
analysis using the RT? Profiler™ PCR array and selected on the basis of a 1.5-fold change
factor of mRNA expression in response to B[a]P. Data are expressed relative to mRNA
expression level in DMSO-treated T lymphocytes, arbitrarily set at 1 unit, and are from one
experiment performed on pools of RNAs isolated from cultures of T lymphocytes established

from 9 blood donors. (B) Recruitment of RAD51 to DNA DSBs was detected by -H2AX and
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RADS51 immunostaining and analyzed by fluorescence microscopy (magnification x63).
Representative photographs of co-localization of -H2AX and RADS51 are displayed on the
left panel. Data are expressed as % of T lymphocytes positive for RADS1 foci formation
when > 5 foci/nuclei were quantified and are shown as mean + SEM of four independent
experiments performed with T lymphocytes from different blood donors. (C) Aftera 48-h
treatment with B[a]P, T lymphocytes were maintained in a proliferation media for ten days
and then analyzed for the Pig A mutation frequency. Data are shown as mean + SEM of eight
independent experiments performed with T lymphocytes from different blood donors. *p <

0.05 when compared with DMSO-treated T lymphocytes (paired Student’s ¢ test (B, C)).
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Fig.5 Revised
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Fig,?

Symbol Gene Fold Change Functional Group
ERCC6 2.13 nucleotide excision repair
TDG 1.93 base excision repair
ERCC4 1.81 nucleotide excision repair
ERCC3 1.75 nucleotide excision repair
XRCC1 1.68 base excision repair
MREI1A 1.67 homologous recombination
XRCC5 1.63 non-homologous end-joining
MLH1 1.62 mismatch repair
PMS2 1.61 mismatch repair
RAD23B 1.56 nucleotide excision repair
BRCAI 1.54 homologous recombination
SLK 1.53 nucleotide excision repair
BRIP1 1.53 homologous recombination
BRCA2 1.51 homologous recombination
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Table 1: Primer sequences for RT-qPCR

Gene Symbol Forward Sequence Reverse Sequence

mdm2 GCAGTGAATCTACAGGGACGC ATCCTGATCCAACCAATCACC
CDKNIA GGCAGACCAGCATGACAGATT GGCGGCCAGGGTATGTA

BBC3 GACCTCAACGCACAGTACGA GAGATTGTACAGGACCCTCCA
PMAIP1 GGAGATGCCTGGGAAGAAG CCTGAGTTGAGTAGCACACTCG

18S

CGCCGCTAGAGGTGAAATTC

TTGGCAAATGCTTTCGCTC
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