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Abstract Highly hazardous DNA double strand breaks can be induced in eukaryotic cells by a
number of agents including pathogenic bacterial strains. We have investigated the genotoxic
potential of Pseudomonas aeruginosa, an opportunistic pathogen causing devastating
nosocomial infections in cystic fibrosis or immunocompromised patients. Our data revealed that
infection of immune or epithelial cells kY. aeruginosa triggered DNA strand breaks and
phosphorylation of histone H2AXKI2AX), a marker of DNA double strand breaks. Moreover,

it induced formation of discrete nuclear repair foci similar to gamma-irradiation-induced foci,
and containinggH2AX and 53BP1, an adaptor protein mediating the DNA-damage response
pathway. Gene deletion, mutagenesis and complementati®enaeruginosa identified ExoS
bacterial toxin as the major factor involvedylH2AX induction. Chemical inhibition of several
kinases known to phosphorylate H2AX demonstrated that Ataxia Telangiectasia Mutated
(ATM) was the principal kinase if. aeruginosa-induced H2AX phosphorylation. Finally,
infection led to ATM kinase activation by an auto-phosphorylation mechanism. Together, these
data show for the first time that infection By aeruginosa activates the DNA double strand
break repair machinery of the host cells. This novel information sheds new light on the
consequences 6f. aeruginosa infection in mammalian cellé\s pathogenidscherichia coli or
carcinogenidelicobacter pylori canalter genome integrity through DNA double strand breaks
leading to chromosomal instability and eventually cancer, our findings highlight possible new
routes for further investigations Bf aeruginosa in cancer biology and they identify ATM as a
potential target molecule for drug design.
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ABBREVIATIONS

ADP-RT ADP ribosyl transferase
ATM Ataxia telangiectasia mutated
DSB Double strand breaks

OGG1 8-oxoguanine DNA glysglase
Crk CT-10 regulator of kinase

MOI Multiplicity of infection

PI Propidium iodide

CDT Cytolethal distending toxin

CIP Calf intestine phosphatase
T3SS Type Il secretion system
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INTRODUCTION

In response to endogenous or environmental stress, cells have developed adaptative
strategies to maintain their genome integrity. Damaged DNA can be repaired by a number of
mechanisms depending primarily on the nature of the initial genotoxic stress and on the extent
of DNA damage [1]. For example, ionizing radiations produce DNA double strand breaks
(DSB) which are highly hazardous lesions for the cells as they can lead to genome
rearrangements [1]. One of the first molesutbat acts as a sensor of DSB is Ataxia
Telangiectasia Mutated (ATM), a kinase that phosphorylates the histone H2AX [2]. H2AX, a
variant in the H2A histone family, has a unique C-terminal motif containing a serine residue at
position 139 [3]. Upon genotoxic stress such as ionization radiation, H2AX is rapidly
phosphorylated at serine 138HRAX) and forms protein foci at the DSB sites [3, 4]. These so-
called lonizing Radiation Induced Foci (IRIF) or DNA repair foci are initiated by the
recruitment of Mrell (Meiotic recombination 11) /Rad50/NBS1 (Nijmegen Breakage
Syndrome 1) protein complex to DSB, followed by ATM activation and H2AX
phosphorylation. The presence @i2AX initiates the mobilization of MDC1 (Mediator of
DNA Damage Checkpoint protein 1) which, in turn, enables RNF8 and RNF168 (Ring Finger
protein 8 and 168) recruitment [2, 3]. These proteins facilitate histone ubiquitination that,
through a poorly understood mechanism, enables the concentration of 53BP1 at DSB. The
localised action of ATM and 53BP1 at DSB promotes the relaxation tefolsromatin
allowing appropriate DNA repair through homologous recombination or non-homologous end
joining [1]. Recently,yH2AX has been used in several clinical studies as a very sensitive
molecular marker of DNA damage and repair in cancer [4, 5].

Some bacteria exhibit genotoxic potential. For instance, Nougayréde and colleagues
have discovered that extraintestinal pathogdfscherichia coli strains of the phylogenetic
group B2 possesspks genomic island that produces a new type of cytotoxin called colibactin,
which activates the DNA damage cascade response [6]. The resulting H2AX phosphorylation
correlates with DSB. In another study,stigroup showed that cells infect&d vivo at a low
dose withE. coli harbouring gks island exhibited an increase in gene mutation frequency and
chromosomal instability [7]. Because DSB can give rise to genomic instability, bacteria
containing thepks island may constitute a predisposing factor for the development of intestinal
cancer [6, 7] Another bacterial toxin, called CDT (cytolethal distending toxin), expressed in
several pathogenic bacteria, includiBgcoli, Haemophilus ducreyi, Shigella dysenteriae or
Salmonella typhi, exhibits a DNase | type structure [8] and induces single and double strand
breaks in cells anth vitro [8, 9]. CDT activity is associated with the formation/B2AX foci
in proliferating and non-proliferating cells, as well as DNA repair complex formation [8-10]
To date, very little is known about the potential genotoxic effect of the opportunistic pathogen
Pseudomonas aeruginosa.
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This ubiquitous gram-negative bacterium, frequerdissociated with nosocomial
diseases, causes devastating infections in patients with cystic fibrosis or in
immunocompromised patients, such as AIDS patients, those undergoing a surgical procedure or
those affected by severe burn wounds [11, 12]. Because of its resistance to a variety of
antibiotics, P. aeruginosa infections remain a medical challenge and generate considerable
direct and indirect economic ce$i1, 12]. Although the late effects Bf aeruginosa infection
are known and often lead cell death, it is not clear whether and how this pathogen affects
genome integrity at early time points of infection. Wu and collaborators showed recently that
synthesis of the DNA repair protein OGG1 (8-oxoguanine DNA glycosylase) is induced upon
infection with theP. aeruginosa PAOL strain in lung epithelial cells and in mice [13]. OGG1, a
component of the base excision DNA repair pathway, is involved in the base excision of 8-
oxoguanine, a potential mutagenic byproduct that results from exposure to reactive oxygen
species [14]A central component of thie. aeruginosa virulence repertoire [15] is a type llI
secretion system (T3SS) that is associated with acute toxicity [16, 17]. The T3SS is formed by a
multicomponent protein complex that fes a needle-like structure that inserts through the host
cell membrane, making a continuous channel between the bacterium and the host cytoplasm for
the delivery of effector toxm|[18 for review]. Four effectors can be presenPiraeruginosa:
Exoenzyme (Exo) T, ExoY and either ExoS or ExoU. ExoS and ExoT are related enzymes that
both possess a GTPase-activating protein (GAP) and an ADP ribosyltransferase (ADP-RT)
domain [19 and references therein]. The GAP activities of ExoS and ExoT appear to be
identical and they target the Rho, Rac and Cdc42 proteins. The ADP-RT domain of ExoS has
multiple targets and it elicits a cytotoxic phenotype that has features of apoptosis, necrosis or
even pyroptosis depending on the cell type infected [20, 21]. The ExoT ADP-RT domain has a
restricted number of targets, namely the Crkl and Crkll (CT-10 regulator of kinase) proteins
[18]. ExoT seems to be primarily involved in the alteration of the host actin cytoskeleton,
leading to an arrest of phagocytosis aisruption of epithelial barriers in order to facilitate
bacterial dissemination. ExoY and ExoU have adenylate cyclase and lysophospholipase A
activities, respectively [18nd references therein].

Given the importance of T3SS in the pathogenesi®.oderuginosa infections, we
investigated the consequences of this virulence mechanism in a macrophage model, a crucial
component of the innate immune system involved in the host response to microorgaresms. W
further extended our study to carcinoma lung cells. For the first time, our study shows that
DNA double strand breaks, which are particularly severe Ie$mnthe cells, occur upoR.
aeruginosa infection.
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MATERIALSAND METHODS

Reagents

Phorbol 12-Myristate 13-Acetate (PMA) was from LC Laboratories (Euromedex). Primary
antibodies were as follows: c-Jun (H-79), GAPDH (FL-335) from Santa Cruz Biotechnology,
monoclonal anti-MEF2D and mouse PARP1 (C2-10 clone) from BD Transduction
Laboratories, mouse antH2AX, c-Jun$®, ATM, and phosphoATM (ser1981) from Millipore
Upstate, c-Jun® from Cell Signaling Technology and 53BP1 from Novus Biologicals.
Polyclonal anti-ExoS antibodies were raised in rabbit and directed against the recombinant
GAP domain of ExoS. Kinase inhibitors were as follows: JNK (SP1600125), p38 (SB202190),
Erk (FR180204) and ATM kinase (KU55933) inhibitors were purchased from Calbiochem and
dissolved in culture grade DMSO. Etoposide (Eto) was from Sigma (E1383).

Bacterial strainsand growth conditions

The P. aeruginosa andE. cali strains, as well as the plasmids used in this study, are listed in
supplemental Table 1. The sequences of the oligonucleotides designed for cloning or
mutagenesis are given in supplemental Table 2. Plasmid and strain constructions are fully
described in supplemental “Materials and methods”. P. aeruginosa was grown in liquid Luria

Broth (LB) medium at 37°C with agitation or on Pseudomonas Isolation Agar plates (PIA;
Difco). Antibiotics were added at the following concentrations (in mg/L): 100 (ampicillin), 25
(kanamycin) and 10 (tetracyclin) fd. coli, 500 (carbenicillin), 200 (gentamycin) and 200
(tetracyclin) forP. aeruginosa. Forin vitro induction of T3SSP. aeruginosa overnight cultures

were diluted to an optical density of 0.1 at 600 Wgyo] in LB containing 5 mM EGTA and 20

mM MgCl,. Incubation was performed at 37°C with agitation until the cultures reach&goan
value of 1.0. The cultures were then centrifuged (12,000 g, 10 min, 4°C) and 20 pl of the
supernatants were directly loaded on 12 % SDS-PAGE gels and analysed by immunoblotting
with anti-ExoS antibodies.

Cdl culture, differentiation, infection and irradiation

Human pro-myeloid HL60 cells were grown exactly as described previously [22]. PMA (10
ng/ml) was added for 24 h for cells to differentiate into macrophages. H1299 lung epithelial
cells (non-small cell lung carcinoma), obtained from Dr J. Baudier, were cultured in high
glucose DMEM containing GlutaMax (Gibco-BRL), 10% fetal calf serum and antibiotics.
Exponential cultures of bacteria were grown to afoMf 1. Unless otherwise stated, the
multiplicity of infection (MOI) was 10 and cell extracts were prepared 2 h 30 after infection.
The mock plates received the same amount of LB medium as the infected plates and they were
treated exactly like the infected plates. After infection, cells were harvested, pelleted and
washed twice in cold PBS before being processed for protein extraction. As a positive control
for yYH2AX foci, cells were submitted to gamma irradiation (2 Gy) in the “Anémone/Bio”
irradiator £°Co, 2 Gy/min) in the ARC-Nucléart facility at the CEA-Grenoble. After irradiation,
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cultures returned to the incubator for 30 to 60 min and they were processed for
immunofluorescent staining as described below.

Cell extracts and western blotting

Cells were lysed in RIPA as described [22]. Before western blot analysis, samples were pre-
calibrated on 15% Coomassie-stained SDS gels using core histone bands as reference (even
nuclei number). Proteins were separated by SDS-PAGE, blotted onto a nitrocellulose
membrane (Bio-Rad) and incubated overnight with primary antibodies. After washes in TBS
containing 0.1% Tween 20, blots were incubated with secondary antibodies labelled with
horseradish peroxidase (HRP) and these were detected by chemiluminescence (ECL Plus, GE
Healthcare). When indicated, blots were quantified with ImageJ software and protein
expression levels were normalised to that of GAPDH. Data are expressed as mean +/- standard
deviation. The relative expression of protein was set to 1 (dark bar on histogram) usually for
mock macrophages unless otherwise stated.

Dephosphorylation experiments

HL60 differentiation and infection were performed as described above. Two and half hours
post-infection, cell were lysed in 10 mM Tris-HCI pH 8, 150 mM NaCl, 1 mM EDTA, 0.5 %
Igepal, 0.2% sodium deoxycholate, 1 mM PMSF. Twenty five microliters of cell lysates were
incubated with 2 ul of calf intestine phosphatase (CIP, NEBioLabs, 10U/ul) in the presence of
CIP buffer in a final volume of 50 ul for 30 min at 37°C. When required, phosphatase inhibitors
(2.5 mM sodium fluoride and 5 mM sodium orthovanadate) were added to the reactions.
Reactions were then stopped by the addition of Laemmli sample buffer and analysed by western
blot.

Apoptosis detection by Fluorescence Activated Cell Sorting (FACS)

After infection, cells were gently flushed, washed to remove bacteria and resuspended in
annexin binding buffer (140 mM NaCl, 5 mM NaCL0 mM Hepes pH 7.4 (NaOH)). Cells
were then incubated with Annexin-AlexaFluor 488 (Molecular Probes) for 15 min in the dark.
Propidium iodide (PI) was added to the cell suspension just before flow cytometry. Controls
were included for each time point in the study. Data acquisition and analysis were performed
with a FacsCalibur flow cytometer equipped with CellQuest software (Beckon Dickinson).
Forty thousand cells were analysed for each point.

Immunofluor escence and confocal microscopy

HL60 macrophages and H1299 cells were grown on gelatine-coated glass LabTek (Nunc,
Thermo Scientific), infected or irradiated as indicated above, rinsed in PBS and fixed in 4%

paraformaldehyde solution and processed exactly as described before [22]. Detection was
performed with goat anti-mouse-Cy3 and anti-rabbit DyLight 488 secondary antibodies
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(Jackson Immunoresearch). Nuclei were counterstained with To-Pro3 (Molecular Probes).
Images were collected on a Leica TSC-P2 confocal microscope, on a sequential mode for three
colour acquisitions (laser excitation at 488, 543 and 633 nm). Images were imported in Adobe
Photoshop for figure preparation.

Comet Assays

Mock and infected cells were collected by gentle scrapping after 1 hr of contact wehabac
Cells were put on ice, washed in cold PBS and resuspended in PBéft @&Hs/ml. Priorto

assay, microscope slides were coated with regular 1% agarose and allowed to dry.dFifty pl
cell suspension were mixed with 450 pl of 0.6 % low melting point agarose in PBS. One
hundred pl of the mix (about 20, 000 cells) were deposited on duplicate slides and let solidify
on ice for 10 min. As a positive control, duplicate mock slides were incubated with a 60 uM
hydrogen peroxyde solution in PBS for 5 min on ice. Slides were immersed in cold lysis
solution (2.5M NaCl, 10 mM Tris base pH 10, 1% N-Lauroylsarcosine, 10% DMSO, 1% Triton
X-100) for 45 min at 4°C and then neutralised 3 times 5 min in 0.4M Tris-HCI pH 7.4. DNA
was then allowed to unwind for 30 min in alkaline electrophoresis solution (300 mM NaOH, 1
mM EDTA, pH>13). Electrophoresis was performed in a field of 0.9 V/cm and current 300mA
for 40 min. Slides were neutralised as above, dehydrated and Afted ethidium bromide
staining, comets were analysed under the 20x objective of a fluorescence Apotome microscope
equipped with the AxioVision acquisition software (Zeiss). Individual comets were then
quantified with CometScore softwarehel™% of DNA in tail” parameter was calculated from

at least 60 comets obtained on duplicate slides.

RESULTS

c-Jun hyperphosphorylation is a sensitive marker of P. aeruginosa infection in
macr ophages

P. aeruginosa infections were performed in the human HL60 pro-myeloid cell, line
which can efficiently differentiate, upon PMA treatment, into macrophages [22, 23]. We
worked with the mucoid clinicd®. aeruginosa strain named CHA, isolated from the lungs of a
patient with cystic fibrosis and expressing the effector toxins ExoS, ExoT and ExoY [24]
Because it is known that various reference strainB. @eruginosa, such as PAK or PAOL,
activate the c-Jun N-terminal Kinase (JNK) pathway [25] in HeLa [26] or in Chang egditheli
cells [27], we used the transcription factor c-Jun, a target of JNK1, to monitor the host cell
nucleus response to the infection. After contact WAthaeruginosa, a 3-fold increasen the
level of c-Jun, associated with a doublet of the protein, appeared specifically in infected
macrophages (Fig. laompare Pa versus mock). Undifferentiated cells had very low amounts
of c-Jun protein and incubation wikh aeruginosa did not alter this pattern, consistent with the
finding that undifferentiated HL60 were resistant B aeruginosa [28, 29]. Several
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phosphorylation sites are present in c-Jun, two of them being located in the N-terminal part of
the protein on serine residues 63 and 73 and involved in an increased transcriptional activity of
the protein [30]. Analysis with antibodies against phospho-c-Jun indicate®.taatuginosa

led to the phosphorylation of at least serines 63 and 73 on c-Jun in HL60 macrophages (Fig.
la). To determine whether other modifications were involved, we performed sitro
dephosphorylation reaction on cell lysates obtained from macrophages infected (or Rot) by
aeruginosa. We observed the disappearance of the upper migrating band of c-Jun in the
presence of alkaline phosphatase (CIP), but not when CIP was added together with phosphatase
inhibitors (Fig. 1b). The remaining signal recognised by the anti c®3an8body could result

from an incomplete dephosphorylation, although the phosphorylation on serine 139 of histone
H2AX (YH2AX, see below) ws completely lost under these conditions. Thus, these data
indicated that c-Jun hyperphosphorylation is a very sensitive marker with which to follow
macrophage infection by. aeruginosa. We next evaluated #¢effects of infection downstream

of c-Jun to determine whether the toxins injected by T3SS could be toxic to the host genome.

P. aeruginosainduces early H2AX phosphorylation

A typical marker to examine DNA damage upon genotoxic stress is the phosphorylation
of the histone H2AX, namelyH2AX [3, 5]. Using a monoclonal antibody specific fdt2AX,
we found a strong and very early H2AX phosphorylation by western blot at 2 h 30 post-
infection in macrophages incubated withaeruginosa (Fig. 2a and 2b). The mean induction of
yH2AX in infected macrophages (MOI =10, 2 h 30 post infection) was 9.2+6ld.0 in
comparison to mock macrophages (range 3.5 to 19.2 fold), with data calculated from 7
independent experiments (Fig. 2a).

Although one des not see fragmented nuclei, it has been reportedPthagruginosa
infection could induce apoptosis, usually after 4 or 5 h of infection [26n2€fosis or oncosis
[31]. Thus, we assessed cell apoptosis and cell death during the process of infection by an
annexin V-Alexa 488 / PI labelling and FACS. Forty thousand cells were analyseddo
point. In most cases, cell viability ranged from 84 to 88 %, except at 5 h post-infectionitwhere
dropped down to 73% (Fig@B). Treatment of parallel cultures with etoposide (Eto, 10uM for
18 h), an anticancer drug acting as an inhibitor of topoisomerase Il and inducinde®&Ba
high mortality, with 20% of apoptotic cells (annexin positive, Pl negative) and 40% of dead or
necrotic cells (annexin positive, Pl positive). At 5 h post-infection, apoptotic cells were 2.3 %
while the dead or necrotic cells represented 25 % of the total cells. Meantime, the global
number of dead/apoptotic cells was nearly identical at 1 h and 2 h 30 in mock or CHA infected
cells. Nevertheless a slight increase could be seen at 2 h 30 in CHA infected cells (15% of non
viable cells versus 13.5% in mock cells). This modest difference, however, is unlikely to
contribute to the modification observedylH2AX expression.
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TheyH2AX appearance was much stronger at 5 h in infected macrophages (Fig. 2b) and
it could be in part associated with a cell death process (FgHgperphosphorylated c-Jun,
our infection marker, was specifically detected in macrophages as soon as 1 h after contact with
bacteria; its highest level was reached 2 h 30 post-infection and it remained well visible at 5 h
(Fig. 2b). In the same experiment, we analysed MEF2D, a transcription factor of the Myocyte
Enhancer Factor 2 (MEF2) family that is implicated in c-Jun expressiors amdluced durig
macrophage differentiation [22]. Unlike c-Jun, MEF2D expression remained unaffected by the
infection (Fig. 2b). Interestingly, in the late stages of infection, we consistently observed a
significant yH2AX level in undifferentiated cells infected Wy. aeruginosa that was not
associated with any c-Jun expression or hyperphosphorylation. This late response probably
involves several virulence systemsPofaeruginosa that contributed to H2AX phosphorylation
after extended bacterial contact. Then after we only worked at early time point obmfidch
30 to 2 h 30 post-infection) to avoid the long term toxic effetthe bacteria and to limit their
proliferation in rich culture medium devoid of antibiotics. In these conditighi2AX
induction was dependent of the MOI tested (Fig. 2d). H2AX phosphorylation was induced in
macrophages when cells were infected at a moderate MOI (5 to 10 bacteria per host cell)
whereas c-Jun activation was detected with as little as 1 bacterium per cell (Fig. 2d and
supplemental FigS1).

Finally, we compared the macrophage response after infection by several stfains of
aeruginosa. Besides the mucoid CHA strain, which constitutively produces the
exopolysaccharide alginate, we used the non-mucoid PAK and PAOL1 strains, the three strains
secreting ExoS, ExoT and ExoY toxins. PAO1 and PAK could both activate c-JyRl2AX
(Fig. 2e), even if they were somewhat less efficient than the CHA strain in the conditions
tested. We could not obtain any data witR.aeruginosa strain secreting ExoU toxin instead
of ExoS, as the macrophages were all dead within 2 h 30 of contact with the bacteria (not
shown). On the contrary, &. coli K12-derived laboratory strain, a gram-negative non-
pathogenic bacterium devoid of T3SS, was unable to activate c-Jt2AK at a MOI of 10
in macrophages. These data skdwhat at least three strains Bf aeruginosa, namely CHA,

PAK and PAOL, activate the c-Jun pathway and led to pot@fial damages as monitored by
YH2AX expression.

Detection of yH2AX / 53BP1 foci and DNA strand breaks upon infection

To analyse the cellular distribution gH2AX after infection, we performedna
immunofluorescent study using confocal microscopy. HL60 macrophages were infected at
various MOI ranging from 1 to 100 and analysed 1 h 30 after infection. This study confirmed
the presence of discretel2AX protein foci in macrophages infected Byaeruginosa at 1 h 30
post-infection, in a dose-dependent fashion, without any visible alteration of the nuclear
structure or the presence of apoptotic bodies (Fig. 3). The foci are particularly well visible at the
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MOI of 100. Importantly, the 53BP1 mediator/adaptor, a protein activated lateyHR&X in
the DNA-damage response pathwagslocalised from a homogenous nuclear distribution to
yH2AX foci, underlining the formation of DNA repair foci (Fig. 3 arrow heads and enlargement
denoted by * and supplemental F&2). We could also see cells with a more intense staining,
almost uniform through the cells, except a few foci that were more intense and well defined.
Other cells had no/H2AX staining at all and, in this case, 53BP1 staining remained
homogenous in the cell nucleus. Although we have not measured the size of the individual foci
obtained upon infection, they looked overall similar to those obtained upon irradiation, with the
same magnification for MOI of 100 and 2 Gy (Fig. @ne major difference between the two
stresges was that, upon irradiation, almost all the cells showed foci formation, with a foci
number rather homogenous (mean 11.6 focifklB.2), whereas upon infection, only a subset
of the population displayed this picture. That could be explained by the fagtithadiation
hits virtually any cells in the culture chamber, whereas bacteria do not necessarplattaek
cells, even at a high MOI, within the time frame of the experiment.

To directly visualie DNA damage potentially associated withi2AX/53BP1 focj
alkaline DNA comet assays were performed on HL60 macrophages infected or nét with
aeruginosa. Mock non-infected cells displayed no or small comet tails in this assay (Fig. 4a and
4b) whereas treatment of the same cells with hydrogen peroxide generated DNA breaks as seen
by the increased amount of DNA in comet tails (3.5-fold versus mock). Upon infdotigh,
strand breaks were clearly detected as soon as 1 h after infection in HL60 macrophages, at an
MOI of 10 and 100, with a 2.5 and 2.8-fold increase as compared to mock cells, respectively.
These results matched well with the number of cells displaying a comet tail (Fig. 4c). Although
YH2AX variations were observed at MOI 10 versus MOI 100 by immunofluorescence or
Western blotting, DNA damage, as measured by the comet assay, was almost identical at an
MOI 10 and MOI 100 one hour after infection. This discrepancy could be explained by the
difference in sensitivity of the different techniques, or by DNA damage detected by the comet
assay but not relevant to H2AX phosphorylation.

Taken together, these experiments showed that, early in the infection prBcess,
aeruginosa induced DNA damage in the host cells as visualised by comet tail formation and by
the presence gH2AX/53BP1 repair foci.

H2AX phosphorylation is T3SS-dependent and ExoS-dependent

The T3SS of. aeruginosa allows the delivery of toxins directly tim the cytoplasm of
the host cell. We tested its potential role in H2AX phosphorylation by using a CHA mutant
devoid of T3SS activity (CHAExsA) due to the deletion of thexsA gene encoding the key
transcription factor required for toxin expression [32]. Compared to the wild-type strain,
infection with the isogenic mutant devoid of T3SS activity impaired both the induction of
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yH2AX and c-Jun hyperphosphorylation in macrophages (Fig. 5a). These data strongly
supported the idea that the T3S3Poberuginosa was involved in H2AX phosphorylation.

The main toxins secreted by T3SS of the CHA strain are ExoS and ExoT. These are
related proteins containing ADP-RT activaytheir C-terminus and Rho-GAP activity toward
thar N-terminus [16, 17]. To further identify the toxins leading to H2AX phosphorylation, we
used mutants with thexoS andexoT genes deleted, individually or in combination. Deletion of
exoS led to the disappearance of both the c-Jun doubletyld@AX (Fig. 5b). Conversely,
deletion ofexoT mildly affecied the ability of P. aeruginosa to activate c-Jun angH2AX
production. Deletion of both genes essentially led ta\theoS phenotype.

To evaluate the effect of ExoS, we inserted into the chromosome of thAEXdS
strain a wild-typeexoS gene or a mutated gene encoding either Rho-GAR) (@ ADP-RT
(Szep)-deficient protein (Fig. 5c). All the complemented strains secreted the wild-type or the
mutant proteins at a level similar to that of the parental strain (Fig. 5d). An ExoS protein devoid
of Rho-GAP activity (mutant gx [33]) behaved essentially as the wild-type ExoS protein,
whereas the $p mutant, impaired in its ADP-RT activity [34], completely lost its effects on
H2AX and c-Jun phosphorylation (Fig. 5e). These experiments identified the ADP-RT activity
of ExoS as an essential component in H2AX phosphorylation pathways induc&l by
aeruginosa infection.

Signalling pathwaysinvolved in H2AX phosphorylation upon infection

The utilisation of specific anti-H2AX *€° antibody, combined with dephosphorylation
experiments (Fig. 1B), confirmed that following. aeruginosa infection, YH2AX was
phosphorylated. To gain insight into the host signalling pathways affected by this bacterium, we
tested various chemical inhibitors directed against kinases known to be involved in the c-jun
and H2AX phosphorylation pathways. c-Jun is phosphorylated by the MAP kinase family
whereas H2AX is reported to be phosphorylated by the ATM kinase family (ATM, ATR, DNA-
PK, 2) and also by JNK upon genotoxic stress induced by ionizing radiation or UV [4, 35]. Our
experiments indicated th& aeruginosa-induced H2AX phosphorylation was impaired in the
presence of ATM kinase inhibitor KU55933 (Fig. 6a), which could also inhibit ATM activation
by autophosphorylation on serine 1981 upon irradiation (Fig. 6b). We also obtained a 40%
decrease of H2AX phosphorylation in the presence of JNK inhibitor, whereas p38 and Erk
inhibitors had a modest (p38 inhibitor) or no effect (Erk inhibitor) on H2AX phosphorylation
upon infection (Fig. 6a). As predicted, JNK inhibitor greatly inhibfederuginosa-induced
phosphorylation of c-Jun on serines 63 and 73 (Fig. 6a and not shown). Therefore these data
strongly suggested thBt aeruginosa-dependent H2AX phosphorylation is mostly mediated via
ATM kinase. Thus we analysed the phosphorylation status of this kinase during the course of
infection. Like H2AX phosphorylation, ATM activation by phosphorylation on serine 1981
(pPATM) was detected 2 h 30 after infection, with the wild-type CHA strain but not the
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CHAAEx0S mutant, while total ATM or 53BP1 levels remained constant during the time
course of infection (Fig. 6¢). This induced-ATM autophosphorylation was lost in the presence
of ATM inhibitor (Fig. 6d), like what was observed upgrrradiation (Fig. 6b)Much higher

levels of both H2AX and ATM phosphorylation were detected 5 h after infection. In this later
case however, the entire effectspaobably not due to ExoS alone since ATM phosphorylation
above background level was still observed despite the deletiaexo&f (Fig. 6¢) Other
virulence systems than the T3SS preserf.iaeruginosa might activate that ATM pathway
after an extended exposure to the bacteria.

P. aeruginosa induces yH2AX in lung cancer -derived epithelial cells.

To extend the interest of our findings we used another cell line to analyse cell response
to P. aeruginosa infection Unlike HL60 macrophages that are at a terminally differentiated
stage, the human non-small cell lung carcinoma H1299 cells display an epithelial cell
morphology and they proliferate actively. Immunostaining on mock and infected H1299 (MOI
100, 1 h 30) cells indicated that infection wRhaeruginosa triggered an increase H2AX
foci formation and a re-localisation of 53BP1 to these fasiwhat happened after &
irradiation at 2 Gy (Fig. 7a). Fragmented/apoptotic nuclei were not détiegtmicroscopic
examination oDNA staining. Closer analysis by confocal microscopy showed a co-localisation
of the two proteins in these foci (supplemental F3§). As what we observed in HL60
macrophages, not all the cells were positiveyfé2AX staining upon infection in contrast {o
irradiated cells. Interestingly, we also obtained an accumulation of disdi##X foci
containing 53BP1 at the nucleus periphery, near the nuclear envelop. Finally, we quantified
YH2AX expression by western blotting analysis of H1299 cell extracts infectedP. by
aeruginosa. Cells were infected for 1 h or 2 h 30 with wilgse strain at a MOI of 10 and 100.
yH2AX increased expression was easily detected at a MOI of 100 at Z6+f@@ increase)
and even at 1 h after infection in comparison to mock-treated cells (Fig. 7b)yIN@AX was
also observed 2 h 30 after infection at the lower MOI of 10. Together, these data edtifam
P. aeruginosa inducedyH2AX expression and DNA repair foci formation in lung-derived
adenocarcinoma epithelial cells, a model different from human HL60 macrophages, but still
relevant toP. aeruginosa infection.

DISCUSSION

This study was aimed at unravelling some of the potential genotoxic effe®s of
aeruginosa in host infected cells. As predicted from earlier studies, we showedPthat
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aeruginosa infection induced a hyperphosphorylation of c-Jun very rapidly and at a very low
MOI in macrophages. Thus, we used this very sensitive test as a marker of macrophage
infection. We observedNA strand breaks after infection and a strong induction of H2AX
phosphorylation, which required the ExoS toxin frBrraeruginosa. YH2AX co-localises with
53BP1 into discrete nuclear foci that are usually associated with DNA damage and repair, both
in terminally-differentiated macrophages and in actively proliferating lung cancer egitheli
cells. The protein modificatiandescribed in this report are not a general reaction of
macrophages once they are in contact with bacteria, but they are specific to thas&a8s,
coli laboratory strain or a T3SS-defective mutant had no effect on c-JuH2&X under
similar conditions. Moreover ExoS toxin was the most important toxin in this process.

Once injected into the host cytoplasm, ExoS goes to endosomes, then to the
endoplasmic reticulum and to the Golgi appa§B6]. It is present at the perinuclear region
but absent from the nucleus. ExoS does not have any nuclease activity, excluding the possibility
of its direct action on the genome. It is known that gram-negative bacteria, through their
external lipopolysaccharides, induce reactive oxygen species (ROS) and reactive nitrogen
species (RNS) production that can contribute to genotoxicity. Indeed, studies indicated that
ROS and RNS participate in DNA damage during infection by gram-neddgiveobacter
pylori bacteria [37, 38]. It is possible that ROS and RNS might have a role in DNA DSB
induced byP. aeruginosa. A gram-negative non-pathogerticcoli laboratory strain harbouring
LPS at its surface or a T3SS-deficidht aeruginosa mutant, yet harbouring LPS, did not
trigger H2AX phosphorylation. Thus, the ultimate mechanisms leading to DNA damage
induced byP. aeruginosa infection remain elusive. Very recently, it was shown that synthesis
of the DNA repair protein OGG1 is induced in lung epithelial cells and in mice infected by
aeruginosa PAO1 strain [13]Comet assays also indicated that DNA breaks occurred rapidly in
infection and infection of OGG1-deficient mice confedithat DNA repair proteins such as
OGG1 played a critical role in the host respons@.taeruginosa. Together with our study,
these data indicate th& aeruginosa infection is genotoxic for the host cell and that it can
generate multiple types of DNA damagmd initiate several DNA repair pathways.

H2AX phosphorylation requires an intact ADP-RT domain of ExoS, highlighting the
fact that ADP ribosylation of one or several ExoS substratesolved in the pathway leading
to yH2AX induction. ExoT, the ExoS-related T3SS toxin, had only a modest effect on the c-Jun
and H2AX phosphorylation status. A major difference between ExoS and EXtd nature of
the substrates that areDP-ribosylated by these two enzymes. Indeed, ExoT has a limited
number of targets, mainly the Crkl and Crkll proteins, whereas ExoS has numerous identified
substrates (about 20 proteins [16]). Therefore, identification of the ADP-ribosylated targets of
ExoS that lead to the nuclear modifications observed on c-Jun and H2AX will repaesent
crucial step toward the understanding of the genotoxic activity associated with ExoS.
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Experiments with chemical kinase inhibitors allowed us to identify several kinases
whose inactivation impaired H2AX phosphorylation aRegeruginosa infection. Inhibition of
the activity of ATM and JNK, but not that of Erk, triggered decreased H2AX phosphorylation
in macrophages. p38 inhibitor tended to redgid2AX but its effect was only minor. The most
effective kinase, by far, is ATM, a kinase known to participate in DSB signalling and in cell
cycle control [2]. A more moderate diminution (40%) was obtained in the presence of JNK
inhibitor. JNK has been reported to phosphorylate H2AX in response to UV irradiation and
subsequent apoptosis induction [31]. However, we did not measure an increase in apoptosis at
early stages of infection, possibly meaning that the infected cells are trying to repdiNAeir
This is in agreement with previous studies that deteapoptosis (caspase-3 activity) at 5 h
after infection [27] or at 36 h after transfection of host cells wit@$-expressing plasmid
(about 35% of condensed chromatin and fragmented nuclei [39]) or at a very high MOI (16%
dead/apoptotic cells at 3 h, MOI 1000 [23]). In contrast, our study takes place in the earliest
steps of host cell reaction, at the time of the initial DNA damage. Depending on the extent of
DNA injuries, cells will either repair their DNA or they will undergo cell death when genome
integrity is irreversibly compromised after multiple DNA lesions [40]e ¥howed thatP.
aeruginosa infection induced activation of ATM by phosphorylation on serine 1981. Together,
these data revealed that induced phosphorylation of H2AXP.bweruginosa is mainly
dependent on ATM kinase, at least in the early stages of contact with bacteria, indicating that
the ATM-dependent DNA damage cascade is activated upon infection.

Are P. aeruginosa-induced foci exactly the same as irradiation-induced foci (IRIF)? We
can not completelamnswer that question yet, although it appears that some crucial steps are
common to both stresses: ATM phosphorylation, H2AX phosphorylation and foci formation,
recruitment of 53BP1 to these foci. Additional work will be necessary to further chamacteris
the nature oP. aeruginosa-induced foci and their long term evolution, by videomicroscopy for
example. Along the same lines, we have not investigated so far the chemical modifications
appearing on damaged DNA upon infection. This should help to gain new information on the
molecular mechanisms involved in DNA attack and repair.

Not all the cells will die following &. aeruginosa attack, especially when combined
antibiotic treatments are used to fight the infection and only small amounts of bacteria are
involved The surviving cells repair their DNA and continue to live and divide. However, if the
repair is imperfect, as has been described during infectionBwibli expressing the genotoxin
colibactin, chromosome aberrations can appear and generate chromosomal instability and
increased gene mutation frequency [7]. These events could contribute to the development of
intestinal cancer [7], specifically in the context of chronic inflammation. Similarly, the
carcinogenic bacteridd. pylori, that chronically infet the human gastric mucosa, directly
compromise the genome integrity of its host cells by triggering DNA DSB and a DNA damage
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response [41]. Immunocompromised patients with cancer are préheadouginosa infection,
but to date, there is no study or evidence for a rolehisrpathogen in cancer biology. Our
study highlights possible new routes for further investigatid akruginosa toxicity.
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FIGURE LEGENDS

Fig. 1 Hyperphosphorylation of c-Jun in HL60 macrophages in responBe d@eruginosa. a
Undifferentiated control HL60 cells (C) or HL60 macrophages (M) were infected (or not,
mock) with P. aeruginosa CHA strain (Pa) at a MOI of 10. Two and half hours post-infection,
cell extracts were prepared and analysed by western blot with the indicated antibodies. Blots
were quantified with ImageJ and c-Jun relative intensity normalised to GAPDH level was set to
1 (dark bar) in mock macrophagésCell extracts from HL60 macrophages infected as above
(Pa) or not infected (mock) were incubated with CIP or with CIP in the presence of phosphatase
inhibitors (CIP + Inlib) and then analysed by western blot.

Fig. 2 P. aeruginosa induces H2AX phosphorylatiom HL60 macrophages were infected (Pa)

or not (mock) withP. aeruginosa CHA strain at a MOI of 10 for 2 h 30. Cell extracts were
analyzed by western blot witfH2AX specific antibody, as below in Fig. 2b, and quantified.
YH2AX relative intensity normalised to GAPDH level was set to 1 (dark bar) in mock
macrophages for panel a, b, d and e. Data were expressed as fold over mock macrophages. The
results represented the meah SD of 7 independent experimenbs Undifferentiated HL60

cells (C) or HL60 macrophagdd) were infected withP. aeruginosa CHA strain (Pa) at a

MOI of 10. Cell extracts were prepared at the indicated times post-infection and analysed by
western blot with the indicated antibodigd2AX relative intensity was determined as abave.
Measurement of cell death and cell apoptosis by flow cytometry (40,000 cells analysschfor e
point) after infection byP. aeruginosa CHA. Apoptotic cells are annexin positive and
propidium iodde negative, dead or necrotic cells are both positive for annexin and propidium
iodide. Etoposide (Eto, 10 uM for 18 h), an antitumor drug that causes DNA damage, was used
as a positive controtl Undifferentiated HL60 control cells (C) or HL60 macrophages (M) were
infected at MOI of 1, 5 and 10 or mock treated. Analysis by western blot of cell extracts
prepared 2 h 30 after the infectiaCells were infected as above with various strain®.of
aeruginosa (CHA, PAO1 and PAK) or with aB. coli laboratory strain derived from K12, all at

a MOl of 10. Extracts were analysed by western blot.

Fig. 3 Induction ofyH2AX/53BP1 foci formation upoiP. aeruginosa infection. Analysis by
immunofluorescence and confocal microscopy. HL60 macrophages grown tinegetated
LabTek were infected for 1 h 30 with CHA bacteria at a MOI ranging from 1 to 400 a
indicated and processed for immunofluorescent stainingHg@AX (red), 53BP1 (green) and
DNA (blue). The lower panel showed the same cells submittedrtadiation (2 Gy) as a
positive control foyH2AX foci formation. Arrow heads point to examples of positive célls.
denotes the cells shown at a higher magnification. Scale bars: 10 um.
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Fig. 4 P. aeruginosa triggers DNA strand breaks in infected cells. @LMacrophages wer
infected at a MOI of 10 or 100 and analysed using single cell comet assay. Some mock slides
were treated with hydrogen peroxide as a control of DNA breaRypical representation of

cells and comets with CometScore software. Comet tails are i @ad c Quantification of
comets. The percentage of DNA present in the comet tail is indicated and expressed as the
mean +/- SD of at least 60 comdt3. (The percentage of cells with a comet tail is show)in (

Fig. 5 Essential roles of T3SS and ExABP-ribosyltransferase activity ifH2AX induction.a
Undifferentiated HL60 cells (C) or HL60 macrophages (M) were infected with wildfype
aeruginosa CHA strain (CHA) or a mutant strain with a deletsdA gene and devoid of T3SS
activity (CHAAEXxsA), bothat a MOI of 10. Analysis of cell extracts by western blot with the
indicated antibodiesyH2AX relative intensity normalised to GAPDH level was set to 1 in
mock macrophages (dark bar) for panel A and BIL60 macrophages were infected with a
wild-type CHA strain (WT), or with isogenic strains with deletion®asS (AS), exoT (AT) or

both exoS andexoT (AST) genesWestern blot analysis of cell extracts prepared 2 h 30 post-
infection. ¢ Representation of the ExoS domains. Sec: secretion signal, Chap: zone of
interaction with chaperone protein, RhoGAP and ARP-domains. RK indicates an
inactivating mutation by replacement of an arginine with a lysine at position 146, 2ED indicates
an inactivating mutation of the ADP-RT function by replacement of two glutamic acids with
aspartic acids at positions 379 and 38Analysis by western blot of ExoS secretion by CHA,
CHAAEXx0S or CHAAEx0oS complemented with wild-type ExoS (S), mutant Exo&rk) or
mutant ExoSep (S;ep). The doublet above ExoS is nonspeciBcHL60 macrophages were
infected with CHA or the CHAEXx0S complemented strains described in (D), all at a MOI of
10. Cell extracts were prepared 2 h 30 post-infection and analysed by western blot with the
indicated antibodiegH2AX relative intensity was set to 1 for macrophages infected with CHA
(dark bar).

Fig. 6 Activation of ATM kinase byP. aeruginosa. a Effect of kinase chemical inhibitors.
HL60 macrophages were pre-treated with the indicated kinase inhibitors (inh, as listed in
“Materials and methods”, 10 pM each, final concentration) or vehicle (DMSO) for 1 h before
infection by P. aeruginosa CHA at a MOI of 10 or a mock treatment. Cell extracts were
prepared 2 h 30 after the infection and analysed by western blot. Relative intepsiRAST is

set to 1 (dark bar) in macrophage treated with vehicule (DMSO) infect&d deyuginosa. b
Efficiency of ATM kinase inhibitoin HL60 macrophages. Cells were pre-treated (+) or not (-
with 10 uM KU55933 and then irradiated at 2Gy or mock treated (0 Gy). Cell extracts,
prepared 1 h after irradiation, were analyzed by western blot. Relative pATM normalised to
GAPDH level was set to 1 (dark bar) in mock macrophages (vehicule DMSO, no irradation).
ExoS is required for early ATM kinase activation by phosphorylation. HL60 macrophages were
infected with CHA or CHAExoS (MOI 10) for various periods of time. Cells extracts were
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prepared and ATM phosphorylation status was analysed by westerd bibibition of ATM
phosphorylation on serine 1981 by ATM kinase inhibitor upon infection by wild-type CHA or
exoS-deficient bacteria (CHAS).

Fig. 7 P. aeruginosa inducesyH2AX/53BP1 foci formation in lung epithelial cella. Human
H1299 lung epithelial cells, derived froamon-small cells lung cancer, were grown in LabTek
chambers, infected bl. aeruginosa (MOI 100 for 1 h 3D and immunostained forH2AX

(red), 53BP1 (green) and DNA (blue). As a positive controfi2AX induction, H1299 cells

were irradiated at 2Gy and immunostained 1 h later (lower panel). Confocal microscopy
analysis, scale bar: 10 pimH1299 cells were infected (or mock-treated) with wild-type CHA
strain at a MOI of 10 or 100. Cell extracts were prepared 1 h or 2 h 30rééetion and
analysed by western blotH2AX relative intensity is set to 1 (dark bar) for mock H1299 at 2 h
30.
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Supplementary Table 1: Strainsand plasmidsused in thiswork
Strains or plasmids Description Reference

Strains

P. aeruginosa
PAO1
PAK
CHA
CHAAEXSA
CHAAEX0S
CHAAT
CHAAST
CHAAEX0S/ExoS
CHAAEXOS/EX0Rk
CHAAEX0S/EX0%:p

Escherichia coli
AN180
Topl0

Plasmids

pCR-Blunt II-TOPO
pRK2013
mini-CTX1

pFLP2
pCTX-ExoS E/B
PCTX-Exo&k
PCTX-EX0Sep

Clinical isolate (exoS, exoT, exoY)

Clinical isolate(exoS, exoT, exoY)

Mucoid cystic fibrosis isolatéexoS, exoT, exaY)
exsA::Gm mutant of CHACHA-D1)

exoS.:Gm mutant of CHA

CHA deleted of thexoT gene (CHATIoX)
CHA deleted ofexoSandexoT genes(CHASTI0X)
AEX0S withexoSin chromosome

AExo0S with ex0S-Ri46K in chromosomeExoSkk)
AExo0S with ex0S-Ez79D-Ezg:D in chromosome
(Ex0Sep)

Derivative of K12 &rgE3 thi-1 Sm)
Chemically competent cells

Kn"; Cloning vector

Kn'; Helper plasmid with conjugative properties

Tc"; Vector for single-copy integration onto the
P. aeruginosa chromosomadttB site

Ap'; Flp-recombinase expressing plasmid

mini-CTX1 vector carrying wild-typexoS gene

mini-CTX1 vector carryinggxoS Ri46K gene

mini-CTX1 vector carryinggxoS EszgD-Ezg1D gene

Lab collection
Lab collection
(1]

(2]

(3]

[4]

[4]

This study
This study
This study

[5]

Invitrogen

Invitrogen

[6]

[7]

[8]
This study
This study
This study
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Supplementary Table 2: Oligonucleotides used in thiswork

Name Sequence (5°-3) Comments
ExoS/F-EcoRl GGGAATTCGTGCCAGCCCGGAGAGACTG Complementation
ExoS/R-BamHI CGGATCCGCTGCCGAGCCAAG of exoS
ExoS/F-R146K GATGGGGCGCTAAATCGCTGAGCACC
Ex0S/R-R146K GGTGCTCAGCGA TTCAGCGCCCCATC Mutagenesis ofexoS

ExoS/FE379381D CGAACTACAAGAATGATAAAGATATTCTCTATAACAAAG
ExoS/RE379381D CTTTGTTATAGAGAATATCTTTATCATTCTTGTAGT TCG

Recognition sequences for restriction enzymes are underlined and mutated nucleotides are in bold.
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SUPPLEMENTARY “MATERIALS AND METHODS”

Plasmid and strain construction

To complement CHAExoS mutant, a fragment comprising #&®S coding sequence, 150
bp upstream from the start codon and 71 pb downstream from the stop codon, was amplified by
PCR using CHA genomic DNA as template and the ExoS/F-EcoRI and ExoS/R-BamHI
primers. The resulting 1592-bp fragment was cloned into pCR-Bluntll-TOPO, leading to
pTOPO-ExoS E/B plasmid, and sequenced. After cleavage BHatiRl and BamHI, the
fragment was cloned into mini-CTX1 cut by the same enzymes, leading to pCTX-ExoS E/B.
Generation oExoS mutations was performed using the QuickChange site-directed mutagenesis
kit (Stratagene). pTOPO-ExoS E/B was used as a template, and the two pairs of the following
primers, ExoS/F-R146K and ExoS/R-R146K, and ExoS/F-E379-381D and ExoS/R-E379-
381D, led to the pTOPO-Exa% and pTOPO-ExoSsp, respectively. After cleavage with
EcoRI and BamHI, the fragments were cloned into mini-CTX1 cut by the same enzymes,
leading to pCTX-Exox and pCTX-Exo&p. The three mini-CTX-derived plasmids were
introduced into the CHAExo0S strain by triparental conjugation using the conjugative
properties of the pRK2013. The transconjugants were selected on PIA plates containing
tetracycline: plasmids were inserted at the chromosomal CTX attachmerattgtsiie). The
pFLP2 plasmid was used to excise the Flp-recombinase target cassette. The complementation
was checked by comparing the secreted ExoS toxins in the wild-type, mutated and
complemented strains upon T3SS induction.

SUPPLEMENTARY FIGURE LEGENDS

Supplementary Fig. S1 Total extracts of cells infected . aeruginosa at a MOI ranging

from O to 100 for 2 h 30. Western blot analysis of c-Jun. C: control undifferentiated HL60, M:
macrophage HL60. Blots were quantified with ImageJ software. Relative total c-Jun (doublet)
level and phospho c-Jun (upper band only) level were normalised to GAPDH level. Their
relative intensitywas set to 1 for mock macrophages (dark bar). Total c-Jun increased about 2
fold upon infection whereas phospho c-Jun increased more than 30 fold in these conditions.
Their maximal levels were obtained at a MOI of 10.

Supplementary Fig. S2 Confocal sections of HL60 macrophages infectedPbgeruginosa

(MOI 100, 1 h 30) and stained farl2AX (red), 53BP1 (green) and DNA (not shown). Section
analysis confirmed the docalisation of the two proteins (yellow) in the same foci. Top: single
optical section, showing a perfect superposition of the red and the green signals in the indicated
foci. Bottom: analysis through a pile of sections, and cross-section through two different foci
(left and right)
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Supplementary Fig. S3 Confocal section of H1299 lung adenocarcinoma cells infectdel by
aeruginosa (MOI 100, 1 h 30) and stained fgH2AX (red), 53BP1 (green) and DNA (not
shown). As a positive control, cells were also submitted to gamma-irradiation (2 Gy) and
immunostained 1 h later. Section analysis confirmed the co-localisation of 53BRH2%K

in the same foci, after irradiation (top, 2 Gy) and after infection (botfoEruginosa).
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