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Cytolethal distending toxins (CDTs) are common among pattgenic bacteria of the

human and animal microbiota. CDTs exert cytopathic effets/ia their active CdtB subunit.
No clear description of those cytopathic effects has been ngorted at the cellular level in
the target organsin vivo. In the present study, xenograft mouse models of colon and
liver cell lines were set up to study the effects of the CdtB saunit of Helicobacter

hepaticus. Conditional transgenic cell lines were established, vdited in vitro and

then engrafted into immunode cient mice. After successfulengraftment, mice were
treated with doxycyclin to induce the expression of transgees (red uorescent protein,

CdtB, and mutated CdtB). For both engrafted cell lines, resits revealed a delayed
tumor growth and a reduced tumor weight in CdtB-expressing timors compared to

controls. CdtB-derived tumors showedg-H2AX foci formation, an increase in apoptosis,
senescence, p21 and Ki-67 nuclear antigen expression. No &ference in proliferating
cells undergoing mitosis (phospho-histone H3) was obserna CdtB intoxication was also

associated with an overexpression of cytokeratins in cellst the invasive front of the tumor
as well as an increase in ploidy. All these features are halérks of endoreplication, as
well as aggressiveness in cancer. These effects were deperat on the histidine residue
at position 265 of the CdtB, underlying the importance of ths residue in CdtB catalytic
activity. Taken together, these data indicate that the CdtBriggers senescence and cell
endoreplication leading to giant polyploid cells in theseenograft mouse models.
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INTRODUCTION amounts of biological samples, mostly because the CdtB isduce
G2/M cell cycle arresh vitro (Varon et al., 201§ As constitutive
Cytolethal distending toxins (CDTs) are widely distribdte expression of CdtB isincompatible with cell survival and dagts n
among many pathogenic Gram-negative bacteria includingjlow the establishment of a CdtB-expressing cell line, thefise
Escherichia speci€ampylobactespeciestiaemophilus ducreyi, new lentiviral particles is necessary for each new experinfent

Aggregatibacter actinomycetemcomitans, Salmonellaicante circumvent this issue, we engineered a system for the ciomait
ShigellespeciestHaemophilus parasuis, Providencia alcalifaciengxpression of the CdtB.

and some enterohepatidelicobacterspecies. CDT is involved In the present study, we report on the construction of

in the severity of the diseases caused by these bacteria gltiviral vectors which were used to establish stable tyani
many properties of this toxin support the likelihood of its cell lines that allowed the induction of the conditional
involvement in cancers (reviewed ifezine et al., 2014; Fais expression of. hepaticu€CdtB. Once the lentiviral expression
et al, 201f In vivo, CDT plays a key role in in ammation systems of CdtB were validatéd vitro, cells were engrafted
and promotes liver carcinogenesis Helicobacter hepaticus into immunode cient mice. After successful engraftmentset
infected mice Ge et al., 2007and intestinal carcinogenesis in transgene expression was induced for longer-term study bad t
129Rag2-de cient miceGe et al., 2017 In vitro, CDT targets e ects of H. hepaticusCdtB were analyzed on tumor growth,
the nucleus where the CdtB subunit displays DNase activity anapoptosis, senescence, proliferation, di erentiation, anddyloi
induces DNA breaksRezine et al., 2014, 20]friggering a  Similarly the e ects ofH. hepaticusCdtB with a His Leu
DNA repair mechanism, comparable to that induced by ionizingmutation at residue 265 (H265L) were also investigated tooegpl
radiation. Chronic exposure to CDT is considered to promotethe involvement of the catalytic site of CdtB. Indeed, thesidue
malignant transformation by inducing genomic instabiliand  was shown to be involved iH. hepaticu€CdtB cytotoxic activity
altering the response to DNA damagé&(idi et al., 2018 (Avenaud et al., 2004; Péré-Védrenne et al., 016

CDT intoxication leads to the formation of abnormal nuclei In the context of cancer, the ConsequencdﬂM\/oinfections
forming mononucleated giant cells with 4-16C DNA content,with CDT-secreting bacteria on cancer evolution are poorly
arrested in G2/M phase, concomitantly with a decline in Cdklynderstood since it is challenging to identify CDT-intoated
phosphorylation Peres et al., 1997; De Rycke et al., 200@ells in infected organdn vivo engraftment of cells expressing
Nougayrede et al., 20R1These latter e ects are reminiscent of the toxin in an inducible and stable manner should make it
endoreplication. During endoreplication (or endoreduplicet  possible to see the e ects of CDT in an homogeneous population

or polytenization), the endocycling cells undergo a completef CDT stably expressing cells, which is di cult to observe dgi
round of DNA replication (multiple S-phases) in the absenceygcterial infection.

of an intervening mitosis without proliferating or dying, tis

leading to elevated nuclear gene content and polyploidy,
Endoreplication plays key roles in embryonic development bulvl'A‘TERI'A‘LS AND METHODS

can also occur in response to certain physiological streszks a . . . .
. : . Cell lines and culture conditions. hepaticusstrains, reagents
contributes to the development of cancer (reviewed Liae — ; L :
and antibodies, the construction of lentiviral plasmids,

et al., 2007 For cell lines exposed to persistent DNA damagel’entivirus roduction, histolo immuno uorescenceli
endoreplication in G2 phase is a well-known mechanism to P ’ 9y, g

bypass the G2 permanent arrest leading to cell degath (@nd analy;is, primer design, reverse_trgnscriptase quantiteive .
. - . experiments (RT-gPCR) and statistical analyses are presented i

Duronio, 2013. In the cells that have compromised delity of .
DNA synthesis, these repeated rounds of DNA replication Couléupplementary Materials and Methods.
promote the selection of oncogenic mutations and also prolon . .
the life-span of cancer cells giving rise to daughter celth wi gﬁanSd_UCtlon Experiments and .
di erent genotypes, some of which might be highly canceroud=Stablishment of Stable Transgenic Cell
(Lee et al., 2009; Davoli and de Lange, 2011 Lines

Despite its prevalence, research on CDT has been hampergdestinal HT-29 and hepatic Hep3B transgenic cell lines
by di culties to produce and purify su cient amounts of the were established by lentiviral transduction (see Suppleargnt
3 subunits to reconstitute a complete active holotoxin (CdtA Materials and Methods). Brie y, the pTRIPz lentiviral plasmid
CdtB, and CdtC), CdtB being the active subunit which is toxiowith two independent promoters was used: the UBC promoter
for numerous expression systems. As aresult, CDT has béen litallowed the constitutive expression of the gene for resigtanc
studied. To bypass these technological barriers, we prdyiouso puromycin, and the tetracycline response element (TRE)
implemented a lentiviral-based approach to investigate thets e promoter was inducible by tetracycline. The completetB
of the CdtB subunit Yaron et al., 2014; Péré-Védrenne et al. sequences oH. hepaticus(from the start codon until the
2019. This system makes it possible to deliver the CdtB otodon proximal to STOP codon, GenBank accession numbers:
Helicobacter pullorunand H. hepaticusdirectly into the cells AE017125 or AF163667) fused at théfledd to three repeats of
and to attribute the e ects observed, specically to the agtiv the in uenza hemagglutinin epitope (HA) (GenBank accession
CdtB subunit of the CDT. However, although very useful, thisnumbers: KT590046 and KT590047) were cloned downstream of
system does not allow the study of longer-term e ects of théBCd the TRE promoter in this plasmid instead of the TurboRFP gene
subunit or the possibility to conduct experiments requiriggde  initially present. Cells having the integrated transgenaisage
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in a transcriptionally silent form were selected in the preseaf  observed on a Zeiss Axioplan 2 uorescence microscope (Zeiss,
puromycin (2mg/ml). When required, the transgene expressionJena, Germany). Images were captured with a high-resolution
was induced in the cells from the tetracycline-induciblempaier  camera using Isis software (MetaSystems, Altlussheim, Gepmany
by addition of doxycycline (200 ng/ml) to the culture medium with subsequent counting of FISH signals, each count being

and incubation for 72 h. performed on 100 nuclei per mice.
Mouse Xenografts of HT-29 and Hep3B RESULTS
Cells

Successful mice engraftment cannot be achieved with primafgstablishment of Stable Transgenic Cell

cells. Thus, HT-29 and Hep3B carcinoma derived cell line§ ines

were used. This study was approved by the Ethics Committagelicobacter hepaticiis usually present in the mouse intestine
for Animal Care and Experimentation in Bordeaux (“saisine’and it colonizes the biliary tract and the liver. Intestinal
no. 13126B, Bordeaux, France). All animal experiments wekgnd liver cells to be engrafted were selected based on their
performed in level 2 animal facilities at the Universitycapacity to induce tumors in immunode cient mice (ATCC
of Bordeaux. Immunode cient non-obese diabetic (NOD) recommendations an@evaud et al., 2009; Menard et al., 2010
shi-severe combined immunode ciency (SCID) interleukin- Epithelial intestinal HT-29 and hepatic Hep3B transgenic cell
2Rgammanull (NSG) mice under 2.5% iso urane anesthesifnes were established by lentiviral transduction, eagh@ssing,
(Belamont, Piramal Healthcare, Northumberland, UK) wereon demand, upon doxycycline induction: the TurboRFP, the
injected subcutaneously into the right shaved ank with 210°  CdtB of H. hepaticusstrain 3B1 and the CdtB ofl. hepaticus
HT-29 cellsor4 10P Hep3B cells suspended in 16Dof culture  strain 3B1 with the His Leu mutation at residue 265 (H265L)
medium without fetal calf serum. Two engraftment experiment involved in catalytic activityin vitro (Avenaud et al., 2004
were performed for each cell line, resulting in similar résuThe  Both cdtB sequences were fused at thefrehd to three HA
data were thus pooled, enabling to obtain a su cient numberrepeats. The number of integrated proviral copies, re ecting t

of animals in order to carry out statistical analyses (resultnumber of integrated transgenes, was quanti ed. HT-29 cells
presented irFigure 2). HT-29 and Hep3B mice groups were eachhad 3.84 and 3.53 integrated proviral copies harboddtBand
comprised of 40 mice: HT-29 (RFP groo 15, CdtBgroumD  cdtBH265L transgene in their genome, respectively. Hep3B
15, and CdtB-H265L group D 10) and Hep3B (RFP groupD  cells had 3.95 and 3.72 integrated proviral copies wittBand

10, CdtB groum D 20, and CdtB-H265L group D 10). Tumor  cdtBH265L transgene in their genome, respectively. Regardless
growth was monitored 3 times per week by measuring the lengtbf the transduction experiment, the RFP-transduced HT-29 and
(L) and width (W) of the tumor with a caliper, and tumor volume Hep3B cells had a higher number of proviral copies integrated:
was calculated according to the formula ¥ (LW?). When  6.87 and 7.66, respectively. The induction of the cytopathiegen
the engrafted HT-29 and Hep3B tumors were visible throughe ects of the CdtB was veried by immuno uorescence and
the animal's skin and reached approximately 400 and 200 mmcell cycle analyses. In both cell lines, tHe hepaticusCdtB
respectively, doxycycline was added constantly at a corat@nt  induced the previously reported e ects of the CDT in all of the
of 2 mg/ml to the water bottles of all mice. At the end of cells Figures 1A,B, i.e., a cellular and nuclear enlargement,
the experiments, mice were sacri ced by cervical dislocatiowith the formation of cortical actin-rich large lamellipaai
and tumor weight was determined. Tumors were immediately\Varon et al., 201)tand actin stress bersY(oung et al., 200)
harvested and divided into 3 pieces. The rst piece was diyectlas well as the nuclear translocation of KB-(Péré-Védrenne
snap frozen using liquid nitrogen and stored a0 C. The et al., 2015 A high increase in the percentage of cells in G2/M
second was embedded in Tissue-YEICT-compound (Sakura, phase was observed in response to the CdtB in both cell lines
Labonord, Templemars, France) aBO C. The third piece was (Figures 1C,0), re ecting the e ectiveness of the puromycin
xed in formalin and embedded in paran to be analyzed selection. Thus, théd. hepaticusCdtB induced the expected
according our standard protocolsiguyen et al., 2096 cellular distending phenotype, actin cytoskeleton remodglin

. and cell cycle arrest. These e ects were not observed in cbntr
Interphasg Fluorescence In situ cells expressing the RFP nor in cells expressing the mutated
Hybridization (FISH) CdtB-H265L, indicating that the H265L mutation in the
Tissue sections (6 thick) were prepared from formalin- xed catalytic site completely abolished the CdtB-dependent e ects,
para n-embedded xenografts and FISH experiments wereas expected/venaud et al., 2004; Péré-Védrenne et al., 016
conducted as previously describedh@m-Ledard et al., 2014 Taken together, these results validated the use of thessgeaic
Dual-color hybridizations were conducted with labeled pgsb cell lines established by lentiviral transduction. It shbibe
hybridizing to the band on the short arm of chromosome noted that most of the CdtB expressing cells did not survive
5 (chromosome region 5pl15.2) (SpectrumGreen probeseyond 4-5 dayi vitro.

Abbott France, Rungis, France) and to the chromosome 15

centromere (SpectrumOrange probe, Abbott France) accordinghe CdtB Induced Tumor Growth Delay

to manufacturer's protocol. After post-hybridization wasbi After successful engraftment of the transgenic cell lines,
slides were mounted with Vectashield antifade mediuntransgene expression was induced permanently vpén os
containing 4 6-diamidino 2-phenylindole (DAPI) (Vector doxycycline during 2 weeks (indicated by arrowsFigure 2).
Laboratories, Laboratoires Eurobio/Abcys, Les Ulis, Frpaod  Constant tumor growth was observed in control RFP mice while
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FIGURE 1 | Effects of the CdtB subunit ofHelicobacter hepaticusCDT on the cytoskeleton and cell cycle of intestinal and hepi& epithelial cell lines. Intestinal HT-29
and hepatic Hep3B transgenic cells were cultivated with doycycline for 72 h to induce the expression of the control Red lBorescent Protein (RFP), the CdtB of
(Continued)
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FIGURE 1 | Continued

H. hepaticus strain 3B1 (CdtB) or the CdtB ofH. hepaticus strain 3B1 with the H265L mutation (CdtB-H265L). HT-29A) and Hep3B (B) cells were then processed
for uorescent staining with uorescent labeled-phalloidinto detect F-actin (infrared), DAPI to counterstain the nuels (blue) and primary polyclonal antibodies
generated against the p65 subunit of the nuclear factor-kapa B (NFkB) associated with uorescent labeled-secondary antibodis (green). Fluorescent stainings were
observed using traditional wide eld uorescence imaging as peviously reported Péré-Védrenne et al., 201§. Analysis of DNA contents of HT-29C) and Hep3B (D)
cells. Cells were xed and labeled with propidium iodide and malyzed by ow cytometry. Data represent one representativexperiment (performed in triplicate) out of
3.*p < 0.05. CdtB, CdtB of H. hepaticus strain 3B1; CdtB-H265L, H. hepaticus CdtB with H265L mutation; DAPI, 4),60-diamidino-2-phenylindo|; dN, distended
nuclei; F, actin stress ber structures; L, enlarged lamefiodia; NFkB, nuclear factor-Kappa B.

A
HT-29 derived tumor size (mm?) Tumor growth (mm?3day)
2500 150
* 100 T
-e— RFP
2000
-=- CdtB .
A CdtB-H265L 0
1500 - RFP  CdtB CdtB-H265L
doxycycline
1000 4 treatment | 7 & -~ { Tumor weight (g)
P 15 *
1
500
0.5
0 T r T T T r T T 0

T 9 14 17 21 24 27 30 RFP CdtB CdtB-H265L
Days post-injection

B
Hep3B derived tumor size (mm?)
Tumor growth (mm?3/day)
2500 1 150
i 100 —l—
2000
50
-e— RFP
1500 4 -=- CdtB j " RFP  CatB CdtB-H265L
A CdtB-H265L
doxycycline
1000 - treatment Tumor weight (g)
1.5
1.0 T
500 - _-}-__{
0.5
D P e e ks e —
7 10 12 14 17 19 21 24 26 28 31 34 38 40 0 RFP CdtB CdtB-H265L

Days post-injection

FIGURE 2 | Effects of the CdtB subunit ofHelicobacter hepaticusCDT on tumor growth. HT-29 (2 108 cells) and Hep3B (4 108 cells) were injected
subcutaneously into the ank of immunode cient NSG and tumor $ze was monitored 3 times per week. When the engrafted HT-29and Hep3B-derived tumors
reached approximately 400 and 200 mn?, respectively, doxycycline was administeregher os permanently to all of the mice (A) HT-29- and (B) Hep3B-derived tumor
growth in mice. The curves represent the tumor growth. The didy tumor growth was also calculated from the beginning of t& doxycycline treatment until the sacri ce
of mice. The tumor weight was also measured at necropsy. Theraows indicate the rst day of administration of doxycycline CdtB, CdtB of H. hepaticus strain 3B1.
CdtB-H265L, H. hepaticus CdtB with H265L mutation; RFP, red uorescent protein. p < 0.05.
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the tumor growth was signi cantly delayed in CdtB-mice for immunohistochemistry. For both HT-29 and Hep3B derived
the last two tumor measurements corresponding to 6 days. Theimors, these staining revealed heterogeneity with sthared
calculated daily tumor growth con rmed these results. Resul unstained cells and staining appeared to be more intense in
for the CdtB-H265L-mice were similar to those measured fointoxicated cells (Figures S2, S3). We also evaluated theRmTO
the control RFP-mice. At necropsy, the average tumor weighdownstream e ector, S6 ribosomal protein (rpS6), since this
for CdtB-mice was at least 2—6 times less (HT-29 and Hep3Byotein is phosphorylated upon Akt activation and is considered
respectively) than that of the RFP and CdtB-H265L mice for botlas one of the most reliable readouts for PI3K activation
tumor-derived cell lines. It should, however, be emphastbed  (Ruggero and Sonenberg, 2000verall, rpS6 phosphorylation
the CdtB tumor size measured before necropsy was twice as higis observed mainly at the periphery of the tumors in both

as that measured at the time of doxycycline induction. cell lines. In response to the CdtB, a signicant increase of
_ cells positives for rpS6 phosphorylation was observed in HT-29-
Analysis of Engrafted Tumors tumors while this e ect was less pronounced in Hep3B-derived

Overall, the CdtB-derived tumors were highly in Itrated byice  tumors. Moreover, the staining reached deep into the center o
stromal cells compared to RFP- and CdtB-H265L-derived tumorthe tumor for both cell lines, in accordance with the increds
(Figure 3A); these inltrates appeared particularly important in Itration of stromal cells (Figure S4).
at the periphery of the HT-29-CdtB-tumord=igure 5D). The The expression of certain proteins involved in apoptosis, cell
in vivo expression of the respective transgenes was explorgaroliferation, cell cycle regulation, and senescence walyzeth
Analysis of HT-29- and Hep3B-derived tumors usimgltB- by histology with subsequent quanti cation of positive cells. |
based RT-qPCR revealed similar overall levelscdiB and was not possible to study the e ect of the tumor suppressor
cdtBH265L mRNAs, while higher levels of RFP mRNA werdriggering apoptosis p53. Indeed, the TP53 gene is mutated
observed (Figure S1). Tumor histology analyses showed thiait HT-29 (Rodrigues et al., 19)@esulting in a high level of
the CdtB induced a cellular and nuclear enlargement in HT-constitutive p53 protein expression (Figure S5A) while the TP53
29- and Hep3B-derived tumord-igures 3A-C tips of arrows). gene was partially deleted in Hep3Bréssac et al., 19pand the
These e ects were not observed for tumors expressing the RR®rresponding protein p53 was therefore not detected with the
or the CdtB-H265L. Histological analysis revealed thatrale antibodies used (Figure S5A). The detection of the larggfient
the multi-HA tag was detected in both the cytosol and theof activated caspase-3 resulting from cleavage adjacenptb/As
nuclei of the cells from the HT-29-derived tumors, con rngn is indicative of apoptosis. A signicant increase of cleaved
the expression of the CdtB and CdtB-H265L, as previouslgaspase-3 was detected in all of the CdtB-tumors compared to
reported in a lentiviral system of constitutive expressiotheflse the RFP and CdtB-H265L tumor&igure 4B).
recombinant proteins Réré-Védrenne et al., 20)l6The most The cyclin-dependent kinase inhibitor 1A, p21 (p21Cipl or
intense staining was observed in the most distended nuclgi21Wafl), is a negative regulator of cell cycle progressioiSG1
In Hep3B, HA-labeling generated a signi cant backgroundand G2/M transitions) mediating growth arrest, apoptosis and
noise in the cytoplasm, preventing e cient analysis of Hep3B-cellular senescence. p21 nuclear detection was increasedtalm
derived tumors. Expression of RFP was visible to the naked eyefold in response to the CdtBF{gure 4Q). Interestingly, the
in both tumor-derived RFP-expressing cell lines (not shown)most intense p21 staining was detected in the larger nuclei
re ecting the high stability of this protein Nlerzlyak et al., from giant cells (arrow tips indicated irFigure 40. p21
2007. Direct RFP uorescence was detected by microscopgan also directly interact with the proliferating cell nudlea
from tumors embedded in the OCT-compound. It revealedantigen (PCNA), a DNA polymerase cofactor necessary for
variable levels of red uorescence, most likely re ectifget DNA replication in S phase and DNA damage repair, thus
variable numbers of integrated RFP transgenEgure 3Q). inhibiting cell proliferation. However, PCNA histology realed
Similar cellular heterogeneity was observed regardingQti#8  an intense basal expression in the RFP control tumors for
expression in HT-29 derived tumors (HA labelingiigure 3B).  both cell lines which obstructed the visualization of thetBd
DAPI staining also showed a cellular and nuclear enlargemere ects (Figure S5C). These data suggest that the CdtB is
in response to the CdtB in contrast to tumor-derived RFP-associated with an increase in p2l-expressing and apoptotic
expressing celld{gure 30), the shape of the giant nuclei being cells and that the catalytic site of CdtB is involved in
less rounded than that observed in non-intoxicated nudleken  these e ects.
together, these data show that the transgenes were tréescri  Although apoptosis usually occurs in response to the
into mMRNA and that the corresponding proteins (RFP, CdtB, andCDT, for the H. ducreyiCDT (Blazkova et al., 2010; Kosar
CdtB-H265L) were expresseuvivo. et al., 201} some surviving cells exhibit cellular senescence
An increase ing-H2AX foci formation, a surrogate marker markers, such as an increasehirgalactosidase activity and an
for double-stranded DNA breaks, was detected in CdtB-astiv overexpression of cell cycle inhibitors, such as p53, p21, and
tumors (Figure 4A), con rming the DNA-damaging activity of p16INK4a (the cyclin-dependent kinase inhibitor 2A regutati
CdtB in both cell lines. CdtB is a dual-function enzyme thatcell cycle progression and a biomarker of cellular senesgehse
can also act as a phosphatidylinositol-3,4,5-triphosphatB 3Pl pl6INK4awas expressed at high levels under all of the comditio
phosphatase, perturbing PI-3K/Akt signalinGrenker et al., (immunostaining in Figure S5B), it was not contributive and
2014; Scuron et al., 20)L6Phosphorylation of Akt (Ser473) therefore the detection df-galactosidase activity was performed
and GSK-® (Ser9) was evaluated with antibodies suitable foto evaluate senescence. Higgalactosidase activity was induced
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FIGURE 3 | Detection and effects ofHelicobacter hepaticusCdtB expression in tumor xenografts. Threenm-tissue sections of HT-29- and Hep3B-derived tumors
were prepared from formalin- xed paraf n-embedded tissues and submitted to standard hematoxylin staining and immunostining raised against alpha smooth
muscle actin (A) and HA (B) to detect murine in ltrates and the HA-tagged proteins (CdtBand CdtB H265L in HT-29-derived tumors), respectively. Boas in (B)
correspond to enlargement.(C) RFP uorescence was visualized in 5nm-tissue sections of HT-29- and Hep3B-derived tumors prepaed from OCT-embedded tissues
using a confocal microscope. Nuclei were counterstained wh 496-diamidino 2-phenylindole (DAPI) (blue). Boxes correspd to enlargement of cells and nuclei for
RFP-derived tumors and to giant nuclei for CdtB-derived turors. Tips of arrows indicate distended nuclei as compared tdhe RFP control or CdtB-H265L tumors.
Arrows point to murine cell in ltrates. CdtB, CdtB ofH. hepaticus strain 3B1; CdtB-H265L, H. hepaticus CdtB with H265L mutation; RFP, red uorescent protein.
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FIGURE 4 | Effect of Helicobacter hepaticusCdtB expression in tumor xenografts. Threemm-tissue sections of HT-29- and Hep3B-derived tumors were pepared
from formalin- xed paraf n-embedded tissues and submitted o standard hematoxylin staining and immunostaining raisedgainstg-H2AX foci (A), cleaved
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FIGURE 4 | Continued

caspase-3 (B) and p21 (C). Scale bars, 50mm (A-C). Subsequent counting ofg-H2AX- and p21-positive nuclei was performed with ImageJ 1.5 (Schindelin et al.,
2015), each count being performed on 1,000 cells per mice. Relate cleaved caspase-3-positive area was quanti ed using the Mrcator system image (Explora Nova,
La Rochelle, France) for analysis of histological sectionBoxes in (A) correspond to enlargement ofg-H2AX-positive cells. Scale bar, 2arm. Arrows and tips of
arrows indicate cleaved caspase-3-positive cells and p2Jpositive distended nuclei, respectively(D) Detection of the b-galactosidase activity in senescent cells. Five
mm-tissue sections of HT-29- and Hep3B-derived tumors prepaed from OCT-embedded tissues were submitted tob-galactosidase staining. The quanti cation of the
b-galactosidase activity was determined with Image J 1.51chindelin et al., 2015 by counting the positive area with respect to the total areaScale bar, 100 mm;
CdtB, CdtB of H. hepaticus strain 3B1; CdtB-H265L, H. hepaticus CdtB with H265L mutation; RFP, red uorescent protein. p < 0.05.

in CdtB-tumors as compared to RFP- and CdtB-H265L-tumorsCdtB-intoxicated cells remain nevertheless aggressiv@nar
this e ect being more important for Hep3B compared to HT-29 invasive.
(Figure 4D). Taken together, these results demonstrate that the As polyploidy has been proposed to protect against DNA
H. hepaticusCdtB induced a strong senescence in Hep3B and tdamage Zheng et al., 2012; Fox and Duronio, 2)1&ellular
a lesser extent in HT-29 cells. chromosome content was evaluated in DNA FISH experiments

The nuclear antigen KI-67, a cell proliferation marker prasenusing 2 probes targeting two di erent chromosomes. Overadl, w
during all active phases of the cell cycle (G1, S, G2, ambserved signi cant di erences in FISH signal counts betwee
mitosis), was also detected and quanti ed in all of the tumorCdtB vs. RFP and CdtB-H265L conditions for both Hep3B and
groups Figure 5A). The number of Ki-67-positive nuclei was HT-29 engrafted tumors. An increase in chromosome number
increased 2-fold in response to the CdtB vs. RFP and CdtBvas detected mainly in enlarged nuclei in both CdtB-derived
H265L (Figure 5A). In the CdtB tumors, Ki-67 was mostly tumors (Figures 5E,F. The largest nuclei were mostly located
detected in enlarged nuclei; more nuclei were bigger an6'Ki- at the periphery of the CdtB-tumors. In HT-29, an average
labeling was more intense. This increase in Ki-67-positelésc of 2—4 chromosome spots per nucleus was observed for RFP-
most likely re ects the expression of Ki-67 accumulated ie th and CdtB-H265L-derived tumors while the spot number almost
G2 phase following the CdtB-induced G2/M cell cycle arrestdoubled in response to the CdtB in more than 30% of the cells.
Indeed, non-cycling cells arrested in G2/M were previouslyn Hep3B, 2—4 chromosome spots were counted per RFP- and
reported to be Ki-67-positiveLundblad et al., 1991; van Oijen CdtB-H265L-nucleus while a 10-fold increase in spot number
et al., 1998 Thus, a more specic marker of proliferating was observed in response to CdtB. In more than 70% of the
cells undergoing mitosis, phospho-histone H3, was evaludted Hep3B giant cells, foci containing a high number of chromogom
revealed a moderate labeling and no signi cant changes wempies accumulated in di erent regions, re ecting the absent
observed between the di erent conditionBigure 5B). It should chromosomes segregation. Giant cells were observed for Hep3B
be nevertheless be emphasized that some enlarged cells weéeeived tumors but smaller cells with an intermediary degoée
positive for phospho-histone H3 labeling in the CdtB-derivedploidy were also present in those tumofdure 5.
tumors, suggesting that some CdtB-intoxicated cells ugder
mitosis Figure 5B). DISCUSSION

Markers of epithelial cell dierentiation were analyzed
(Figure 5C). Cytokeratins are intermediate lament proteins In the present study, the direct e ects of the active CdtB subun
in the intracytoplasmic cytoskeleton of epithelial cells.nftan  of the CDT were evaluated using colon and liver epithelial
cytokeratins 4, 5, 6, 8, 10, 13, and 18 were simultaneoustell lines allowing the inducible expression of tHe hepaticus
detected using anti-cytokeratin pan reactive antibody. Réigg  CdtB. In vitro, this lentiviral model reproduced the well-known
Hep3B, cytokeratins appeared to be expressed homogeneouslyiects of theH. hepaticusCdtB, i.e., a major remodeling of the
the cytoplasm of RFP- and CdtB-H265L-derived tumors whilecytoskeleton as well as the nuclear translocation okBRY oung
a more intense labeling was detected around the nuclei aft al., 2000; Péré-Védrenne et al., Q0Ihe transduced cells
CdtB-derived tumors. In HT-29-derived tumors, cytokerati were then engrafted into immunode cient mice and the CdtB
were concentrated in perinuclear regions and in the cellsubunit was conditionally expressed. In this xenograft mgithel
cell junctions and a more intense labeling was observed i@dtB expression was associated with a delayed tumor growth,
response to the CdtB. It was not possible to quantify theseon rmed by the tumor weight at necropsy. In contrast to what
cytokeratins in western blot experiments because the CdtBwas observeih vitro, some CdtB-intoxicated cells survived until
derived tumors were highly inltrated with mice stromal the sacri ce of the mice, 2 weeks later. In addition, the sizthe
cells compared to RFP- and CdtB-H265L-derived tumorsumors continued to increase (nearly 2-fold) during this joet,
(Figures 3A 5D), hampering human protein quanti cation suggesting the bypass of a complete cell cycle arrest.
required for western blot normalization. In addition, some In the present study, CdtB expression was also associated to
cell clusters, strongly expressing cytokeratins and applgrentan increase afH2AX-foci for both engrafted cell lines, attesting
detached from the tumor, were detected at the periphery of onlgouble-stranded DNA breaks, as reported in infected-mice in
HT-29-CdtB-derived tumors Kigure 5D). These cell clusters which CDT also triggergg-H2AX foci formation Ge et al.,
were localized at the invasion front of the tumors spreading2017. Other studies reported thain vitro CDT intoxication
into the surrounding stroma and suggest that these enlargechodulates Akt signaling within a few hours of exposure.
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FIGURE 5 | Effect of Helicobacter hepaticusCdtB expression in tumor xenografts. Threerm-tissue sections of HT-29- and Hep3B-derived tumors were pepared
from formalin- xed paraf n-embedded tissues and submitted © standard hematoxylin staining and immunostaining raisedgainst primary anti-human Ki-67(A),
phospho-histone H3 (B), anti-human cytokeratin 5, 6, 8, 10, 13, and 18 (Pan-CKJC,D). Counting of Ki-67- and phospho-histone H3-positive nucl¢ as well as
quanti cation of cytokeratin intensity was performed with Inage J 1.51 (Schindelin et al., 2015, each count being performed on 1,000 cells per mice. The radts for
the quanti cation of cytokeratins are presented as the ratiof the staining intensity normalized to RFP. Yellow tips ofreows in (D) indicate mice stromal cell in Itrates
at the periphery of the HT-29-CdtB-tumors and the long red arow points to individualized cell clusters at the periphergf HT-29-CdtB-derived tumor. Scale bars, 50
mm. FISH experiments (dual-color hybridizations) of 8m-tissue sections from formalin- xed paraf n-embedded HT-29- (E) and Hep3B-tumors (F) were conducted
with labeled probes hybridizing to the band on the short arm bhuman chromosome 5 (chromosome region 5p15.2, green) anda the chromosome 15 centromere
(red). Each uorescent spot corresponds to one copy of the chomosome region. Nuclei were counterstained with DAPI (blyeMice nuclei are not labeled with these 2
human probes. White tips of arrows indicate non-labeled mune cells. In some Hep3B giant cells, foci containing a high maber of chromosome copies are
accumulated in different regions (long arrows). Scale bayd0 mm. Three groups were determined for each condition, based orfFISH signals counts: basal level ( 4
signals per probe per nuclei), intermediatex4 and 8) and high level¥ 8). The basal level was in accordance to hypertriploid karygpes of Hep3B and HT-29 cell
lines. CdtB, CdtB ofH. hepaticus strain 3B1; CdtB-H265L, H. hepaticus CdtB with H265L mutation; DAPI, #,6%diamidino-2-phenylindol; RFP, red uorescent
protein. *p < 0.05.

A. actinomycetemcomitai®@DT rapidly decreases phospho-Akt size increase~(ngar et al., 2002Phosphorylation of rpS6 is also
and phospho-GSK138in infected macrophagesS(ienker et al., associated with DNA damage and DNA repair signaliriif
2019 while C. jejuni CDT would not be a critical factor et al., 201}t Therefore, the longer-term AKT, GSKs3and rpS6
for the activation of PI3K/Akt pathway during infectionL{  phosphorylation observed in the CdtB-expressing tumors likely
et al., 201). For both engrafted cell lines, phosphorylation ofre ects the DNA damage response to the CdtB. It is thus possible
Akt (Serd473) and GSKE(Ser9) appeared to be increased inthat some CDT are more dependent upon DNase activity to
response to the CdtB that would be in agreement with Aktinduce toxicity, as previously proposed Byuron et al. (2016)
activation in the DNA damage response pathwayu(et al., CdtB expression was associated with an increase in apoptosis,
2019. Phospho-rpS6, the critical downstream e ector of mMTOR,senescence and p21 expressibm.vitro, it was shown that
another downstream e ector of PI3K, was also increased iprimary cells, broblasts, endothelial cells, hematopoietid an
response to CdtB. Phosphorylation of rpS6 is induced by mangpithelial cells exposed to CDT undergo apoptosis after thesacut
stimuli and is involved in the control of cell size and cefete  phase of CDT intoxication\{/ising et al., 2005; Smith and Bayles,
progression, as well as in translational control of particula200§. However, the CDT-induced apoptosis depends on the
classes of mRNAsR(Uggero and Sonenberg, 2005; Ruvinskgell type, in particular the p53 status, the toxin dose and the
and Meyuhas, 2006Dephosphorylation of rpS6 occurs during incubation time. Indeed, the CDT induc@s vitro apoptosis and
growth arrest while its phosphorylation is associated with cenecrosis in 90% of the infected T cells and monocytes, while
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apoptosis ranged from 26 to 32% in epithelial cells, keratitescy cells with replicated genomes bypass mitosis and successively
and broblasts, as demonstrated for the ducreyiCDT (Wising  replicate their genomes without segregating chromosomes
et al., 200k In a mouse xenograft model using a prostate canceduring mitosis and thereby become big polyploid cells. The high
cell line, a high-dose of CDT was shown to inhibit cell growthincrease of ploidy in the giant cells supports this hypothesis. If
and to induce apoptosid @i et al., 201} The apoptosis induced endoreplication plays a role in modulating stress cell response
by the CDT toxin is mainly mediated by the ATM pathway, in the transition from mitosis to endoreplication is also invet\
a p53 activation dependent or independent manner (revieweith cell di erentiation and morphogenesis in developing tissue
in Guerra et al., 2001 The CDT-induced apoptosis can also (seeOrr-Weaver, 2015nd references cited therein) and data
be mediated via a mitochondria-dependent activation of thesuggest that endoreplication and polyploidy are required for
caspase cascad@l(ara et al., 2008; Liyanage et al., 2010 the maintenance of cell identity. The intense labeling of th
the present tumor xenograft model, no CdtB-p53 regulation wagpithelial cell di erentiation markers, cytokeratins, obged in
noted since the p53 gene is mutated in both HT-29 and Hep3BdtB-derived tumors and endoreplication could also be trigger
cell lines, suggesting that the observed CdtB-induced ap@pto to maintain CdtB-intoxicated cell identity in response to maj
was p53-independent. It should however be noted ihatitro  actin cytoskeleton remodeling. Thus, endoreplication ineflic
assays performed with the non-mutated p53 hepatic HepG2 celt response to the CdtB could be an adaptation to genotoxic
line revealed similar CdtB e ects (G2/M cell cycle arrest,-NFstress as well as a mechanism induced for dierentiation
kB nuclear translocation, distended nuclei, Figures S6Aa£) of polyploid cells, as recently propose&ok and Duronio,
those observed for HT-29 and Hep3B cell lines. In HepG2, n@013.
signi cant regulation of cleaved caspase 3 was observee p/b8 Since non-cycling cells arrested in G2/M are known to be Ki-
was expressed into the distended nuclei (Figure S6D), stilgges 67-positive (undblad et al., 1991; van Oijen et al., 19%e
that the CdtB e ects were at least in part dependent on p5&ssumed that the increase in Ki-67-positive nuclei obseined
signaling. CdtB-tumors likely re ects the accumulation of Ki-67 in nen
Apoptosis does not a ect all of the CDT-intoxicated cells sinceproliferating cells arrested in G2/M. In the present study, &ll o
normal and cancer-derived cells can survive the acute phasiee cells are believed to express the CdtB at di erent doses as
of intoxication and enter cellular senescence, as dematestr observed for RFP. Indeed, puromycin selection was maintained
by the H. ducreyi CDT in vitro (Blazkova et al., 2010; in vitro for more than 60 days prior to engraftments and
Kosar et al., 2001 Senescence is characterized as a prograhistological analyses revealed that the multi-HA tag wascdtet!
of restricted proliferative capacity, which is manifested byin all of the cells of the HT-29-derived tumors. Some of thikse
broad morphological and biochemical changes, as well as &Y-positive cells could also correspond to cells with a ¢okB
irreversible cell cycle arrest. In the present xenograft ei®d transgene copy in which (1) CdtB could exhibit a poor DNase
senescence undoubtedly occurred very strongly, as denadedt activity and would not be active enough to overcome the DNA
by the increase irb-galactosidase activity and the increasedepair machinery of those cells or (2) DNA repair mechanisms
expression of the nuclear cell cycle inhibitor p21. The secret were e cient. The presence of cells that underwent mitosis
chemokines and pro-in ammatory cytokines usually assaamiat in those xenograft models supports this hypothesis. Indeed, it
with senescent cells could not be tested in this xenografieho was recently demonstrateid vitro that cells exposed to sub-
since mice were immunode cient and the expression of thdethal doses oH. hepaticuor H. ducreyiCDT present on one
transgenes was induced with doxycycline, an anti-in amamgt hand genomic instability and altered DNA damage response
agent Berman et al., 2007However, we previously reported that and on the other hand normal cell cycle distribution with no
CdtB triggers ILb, IL6, IL8 in HT-29, and Hep3B celis vitro  decrease in viability nor phenomenon of senescefced et al.,
(Pére-védrenne et al., 20)l8einforcing the putative role of the 2013, suggesting that chronic CDT intoxication promotes the
CdtB-associated secretome in the remodeling of the suowg  survival and proliferation of cells carrying impaired mechanss
stroma. of detection and repair of DNA damagés(asso and Frisan,
Cells that enter mitosis after DNA damage frequently underg 2015. The increase in the size of engrafted tumors after 2
aberrant mitosis (mitotic catastrophe), which may lead eith weeks of CdtB induction, although very attenuated compared
to cell death through apoptosis or necrosis or to senescend®, RFP- and CdtB-H265L-tumors, nevertheless supports this
apparently as a result of stabilization of the G1 tetraploidyhypothesis.
checkpoint. Cancer cells that undengovitro senescence become  In these newly implemented and original vivo xenograft
giant, polyploid and cease to proliferate (reviewedSimay and mouse models, the expression of tHehepaticusCdtB induces
Roninson, 200y Increased polyploidy in response to the CdtBsome of the di erent CDT e ects observed vitro, such agy-
could thus occur from senescent cells. If senescent camdisr c H2AX foci formation, p21 regulation, apoptosis and senescence
are often polyploid, their route to polyploidy is poorly recogrdze In addition, CdtB triggers large murine stromal cell in Itra
(endoreplication vs. aberrant mitosis). and clusters of cells are detached from the invasion frorthef
The increased expression of the cell cycle proliferation nrarkegumors into the surrounding stroma, a feature of aggresses
Ki-67 as well as the cyclin-dependent kinase inhibitor 1, p21, in cancer. An increased expression of several cytokeratins
the bigger cells suggests that the CdtB triggers p53-independ (epithelial cell di erentiation markers) as well as an increas
cell endoreplication from p21-activated G2 arrest leading tdon ploidy were also observed. Our data suggests that the CdtB
giant cells Bates et al., 19%8In endoreplication cell cycles, promotes senescence and cell endoreplication leading to giant

Frontiers in Cellular and Infection Microbiology | www.frdiersin.org 12 June 2017 | Volume 7 | Article 268



Péré-Védrenne et al. CDT, Senescence and Endoreplicationn vivo

polyploid cells. Endoreplication is also known to confer gerom ACKNOWLEDGMENTS

instability, a major cancer-enabling propertydx and Duronio,

2013. The exact involvement of endoreplication induced inWe are indebted to Christophe Grosset (Institut National de
response to the toxin in the cancer “activation-protection”la Santé et de la Recherche Médicale (INSERM) UMR1035,

balance remains to be determined. MiRCaDe, University of Bordeaux, France) for supplying the
In conclusion, we demonstrated that cancer cells can sarviiiep3B cell line, as well as to Violaine Moreau and Samira
and adapt to prolonged exposure to CdtB. This resistancBenhamouche (INSERM UMR1053, BaRITOn, University of
involves cellular senescence and polyploidization. Thesefo Bordeaux, France) for supplying the HepG2 cell line, anti-
the potential role of CdtB in tumor initiation and/or tumor Phospho-GSK-&/b and anti-phospho-Akt, anti-phospho-S6.

progression deserves to be studied in greater detail. The authors wish to thank Dominique Maurey and Brigitte
Le Bail (Service de Pathologie Groupe Hospitalier Pellegrin,

CHU Bordeaux, France) for the kind gift of the monoclonal
anti-p53. We thank Vincent Pitard for technical assistance at
the Flow cytometry facility, CNRS UMS 3427, INSERM US

CPV performed the vector construction and established thgyys njversity of Bordeaux. We are grateful to Murielle Fevre

transgenic cell lines. She was involved in all the steps gf,y coralie Danet (level 2 animal facilities at the Univarsit
this project. MPC performed DNA FISH experiments and Bordeaux) for technical support. Lentivirus production was

uorescence analysis of tumors embedded in the OCTiaried out at the “Vectorologie lentivirale” service piath

compound. BR injgcted the cells into the micg and monito_redOf the Federative Research Structure “TransBioMed” at the
tumor growth 3 times per week by measuring tumor sizeyjniersity of Bordeaux. Confocal microscopy was performed
WH establl_sheql condltloqal transg_enlc HepG2 cell line and,, ihe Bordeaux Imaging Center, a service unit of the CNRS-
performed in vitro experiments with HepG2. LC and ES \sgERM and the University of Bordeaux, member of the national
performed tumor histology analyses. AB performed RT-GPCR¢astrycture France Biolmaging. Quanti cation of hisewical
expenme_nts. PD IS a pathologist and helped to V‘_’”_te thesections with Mercator was performed at the histology platform
manuscnpt. FM s the d|rector_ of the Iabor_atory. He _partlcmdt of INSERM UMS 005 (University of Bordeaux). We are grateful
in the design of the study. CV is an expertin tumor histologglan , vronique Guyonnet-Duperat, Nathalie Dugot-Senant and
was involved in tumor analysis and the writing of the manusCr - ajhan Giese for technical assistance. Part of this work was
AM_ is the group leader ar_1d the principal investigator of thepresented in posters at the XXVIIith and XXIXth International
project and the PhD supervisor of CPV. Workshop on Helicobacter & Microbiota in In ammation &
Cancer (EuropeahlelicobacteBtudy Group) in September 2014
(Rome, Italy) and September 2016 (Magdeburg, Germany).

AUTHOR CONTRIBUTIONS

FUNDING

This work was supported in part by INSERM, the UniversitySUPPLEMENTARY MATERIAL

of Bordeaux and the Federative Research Structure “Biology:

from basics to Medicine” (“TransBioMed”) at the University of The Supplementary Material for this article can be found
Bordeaux (2013). CPV is the recipient of a predoctoral fellogush online at: http://journal.frontiersin.org/article/10389/fcimb.
from the Ligue Nationale Contre le Cancer. 2017.00268/full#supplementary-material

REFERENCES

DNA damage and cytokine signallingl. Cell. Mol. Med.14, 357-367.
doi: 10.1111/.1582-4934.2009.00862.x

Avenaud, P., Castroviejo, M., Claret, S., Rosenbaum, J., MegFudand
Menard, A. (2004). Expression and activity of the cytolethatediding toxin
of Helicobacter hepaticu8iochem. Biophys. Res. CommaG&8, 739-745.
doi: 10.1016/j.bbrc.2004.04.089

Bates, S., Ryan, K. M., Phillips, A. C., and Vousden, K. H. (1€38)cycle arrest
and DNA endoreduplication following p21Wafl/Cipl expressi@ncogene
17,1691-1703. doi: 10.1038/sj.0nc.1202104

Berman, B., Perez, O. A. and Zel, D. (2007).
and anti-in ammatory-dose doxycycline.Drugs Today. 43, 27-34.
doi: 10.1358/dot.2007.43.1.1025697

Bezine, E., Malaise, Y., Loeuillet, A., Chevalier, M., Boubdiiet, E.,

Salles, B., et al. (2016). Cell resistance to the cytolethal disterioxin
involves an association of DNA repair mechanisn&i. Rep.6:36022.
doi: 10.1038/srep36022

Bezine, E., Vignard, J., and Mirey, G. (2014). The cytolethstedding toxin
e ects on Mammalian cells: a DNA damage perspect®ells.3, 592-615.
doi: 10.3390/cells3020592

Blazkova, H., Krejcikova, K., Moudry, P., Frisan, T., Hodny, Zd &artek,
J. (2010). Bacterial intoxication evokes cellular senesceitbeparsistent

Bressac, B., Galvin, K. M., Liang, T. J., Isselbacher, K. J.d&vdn R., and
Ozturk, M. (1990). Abnormal structure and expression of p53 gene
human hepatocellular carcinomBroc. Natl. Acad. Sci. U.S.87, 1973-1977.
doi: 10.1073/pnas.87.5.1973

Davoli, T., and de Lange, T. (2011). The causes and consezpiefipolyploidy
in normal development and canceAnnu. Rev. Cell Dev. Bi®7, 585-610.
doi: 10.1146/annurev-cellbio-092910-154234

Update on rosacee Rycke, J., Sert, V., Comayras, C., and Tasca, C. (2000)n&eqbilethal events

in HeLa cells exposed to the G2 blocking cytolethal distendingitddr. J. Cell
Biol.79, 192-201. doi: 10.1078/S0171-9335(04)70022-9

Devaud, C., Bilhere, E., Loizon, S., Pitard, V., Behr, C., Moikdt!, et al. (2009).

Antitumor activity of gammadelta T cells reactive against cytomegals-
infected cells in a mouse xenograft tumor modeancer Re$9, 3971-3978.
doi: 10.1158/0008-5472.CAN-08-3037

Fais, T., Delmas, J., Serres, A., Bonnet, R., and Dalmasso, G. ([@@5&t of CDT
toxin on human disease¥oxins (Basel$:220. doi: 10.3390/toxins8070220

Fingar, D. C., Salama, S., Tsou, C., Harlow, E., and Blenis, 2) (R¥mmalian cell
size is controlled by mTOR and its downstream targets S6K1 an@2eB-4E.
Genes De\l6, 1472-1487. doi: 10.1101/gad.995802

Frontiers in Cellular and Infection Microbiology | www.frdiersin.org

13

June 2017 | Volume 7 | Article 268

n



Péré-Védrenne et al.

CDT, Senescence and Endoreplicatiorin vivo

Fox, D. T., and Duronio, R. J. (2013). Endoreplication and polyptaisights into
development and diseadeevelopment40, 3—-12. doi: 10.1242/dev.080531

Ge, Z., Feng, Y., Ge, L., Parry, N., Muthupalani, S., and Fox, J2037).
Helicobacter hepaticugytolethal distending toxin promotes intestinal
carcinogenesis in 1ER&xg2de cient mice. Cell. Microbiol. 19:e12728.
doi: 10.1111/cmi.12728

Ge, Z., Rogers, A. B., Feng, Y., Lee, A., Xu, S., Taylor, N.gb.(2207). Bacterial
cytolethal distending toxin promotes the development of dysplas&rimdel
of microbially induced hepatocarcinogenesi@ell. Microbiol.9, 2070-2080.
doi: 10.1111/j.1462-5822.2007.00939.x

Grasso, F., and Frisan, T. (2015). Bacterial genotoxins: ngertie DNA
damage response into infection biologyBiomolecules5, 1762-1782.
doi: 10.3390/biom5031762

Guerra, L., Cortes-Bratti, X., Guidi, R., and Frisan, T. (2011).e Th
biology of the cytolethal distending toxinsToxins (Basel)3, 172-190.
doi: 10.3390/toxins3030172

Guidi, R., Guerra, L., Levi, L., Stenerlow, B., Fox, J. G., Jassnit., et al.
(2013). Chronic exposure to the cytolethal distending toxin&m-negative
bacteria promotes genomic instability and altered DNA damage respQedle.
Microbiol.15, 98-113. doi: 10.1111/cmi.12034

Kosar, M., Bartkova, J., Hubackova, S., Hodny, Z., Lukas, d.,Bantek, J.
(2011). Senescence-associated heterochromatin foci are siigpeifor cellular
senescence, occur in a cell type- and insult-dependent mannerfaituiv
expression of p16(ink4alell Cycld 0, 457-468. doi: 10.4161/cc.10.3.14707

Lai, C. H., Chang, C. S., Liu, H. H., Tsai, Y. S., Hsu, F. M., Yu,,étlal. (2014).
Sensitization of radio-resistant prostate cancer cells with gumicytolethal
distending toxin.Oncotargeb, 5523—-5534. doi: 10.18632/oncotarget.2133

Lee, H. O., Davidson, J. M., and Duronio, R. J. (2009). Endor¢iplicgolyploidy
with purpose Genes De23, 2461-2477. doi: 10.1101/gad.1829209

Li, Y. P., Vegge, C. S., Brondsted, L., Madsen, M., Ingmer, Hl, Bang,
D. D. (2011). Campylobacter jejuni induces an anti-in ammatory
response in human intestinal epithelial
phosphatidylinositol 3-kinase/Akt pathwayVet. Microbiol. 148, 75-83.
doi: 10.1016/j.vetmic.2010.08.009

Liu, Q., Turner, K. M., Alfred Yung, W. K., Chen, K., and Zhang, {2014). Role
of AKT signaling in DNA repair and clinical response to cancer therdysuro
Oncol.16, 1313-1323. doi: 10.1093/neuonc/nou058

Liyanage, N. P., Manthey, K. C., Dassanayake, R. P., Kk§z¢nsA., Oakley,
G. G., and Duhamel, G. E. (2016)elicobacter hepaticagtolethal distending
toxin causes cell death in intestinal epithelial cells via mitochi@l apoptotic
pathway Helicobactei5, 98—107. doi: 10.1111/j.1523-5378.2010.00749.x

Lundblad, D., Landberg, G., Roos, G., and Lundgren, E. (1895)/ as a marker
for cell cycle regulation by interferoAnticancer Red.1, 2131-2136.

Menard, L., Taras, D., Grigoletto, A., Haurie, V., Nicou, A., Dugenant, N.,

et al. (2010).In vivo silencing of Reptin blocks the progression of human

hepatocellular carcinoma in xenografts and is associated with egjpkc
senescencd. Hepatol52, 681-689. doi: 10.1016/j.jhep.2009.12.029
Merzlyak, E. M., Goedhart, J., Shcherbo, D., Bulina, M. E., $lmhe

A. S., Fradkov, A. F., et al. (2007). Bright monomeric red uorescent

protein with an extended uorescence lifetim&lat. Methods4, 555-557.
doi: 10.1038/nmeth1062

Nguyen, P. H., Giraud, J., Chambonnier, L., Dubus, P., WittkopBklleannee,
G., et al. (2016). Characterization of biomarkers of tumorigeniad an
chemoresistant cancer stem cells in human gastric carcin@fira.Cancer Res
23,1-12.doi: 10.1158/1078-0432.CCR-15-2157

Nougayrede, J. P., Boury, M., Tasca, C., Marches, O., MilonQgwald, E.,
et al. (2001). Type Il secretion-dependent cell cycle block cairséteLa
cells by enteropathogeniescherichia co®103.Infect. Immun 69, 6785-6795.
doi: 10.1128/IA1.69.11.6785-6795.2001

Ohara, M., Hayashi, T., Kusunoki, Y., Nakachi, K., Fujiwara,Kbmatsuzawa,
H., et al. (2008). Cytolethal distending toxin induces caspgEendent and
-independent cell death in MOLT-4 celldnfect. Immun.76, 4783-4791.
doi: 10.1128/IA1.01612-07

Orr-Weaver, T. L. (2015). When bigger is better: the role of polyyloin
organogenesidrends Gene81, 307-315. doi: 10.1016/j.tig.2015.03.011

Peres, S. Y., Marches, O., Daigle, F., Nougayrede, J. P., Heralas€a, C.,
et al. (1997). A new cytolethal distending toxin (CDT) from Esibhia coli
producing CNF2 blocks HeLa cell division in G2/M phabtal. Microbiol.24,
1095-1107. doi: 10.1046/j.1365-2958.1997.4181785.x

Péré-Védrenne, C., Cardinaud, B., Varon, C., Mocan, |., Buissog, A., I1zotte,
J., et al. (2016). The cytolethal distending toxin subunitBCdf helicobacter
induces a Thl7-related and antimicrobial signature in intedtanad hepatic
cellsin vitro. J. Infect. Dis213, 1979-1989. doi: 10.1093/infdis/jiw042

Pham-Ledard, A., Prochazkova-Carlotti, M., Andrique, L., Cappellenyergier,
B., Martinez, F., et al. (2014). Multiple genetic alterations in printataneous
large B-cell lymphoma, leg type support a common lymphomagenesis with
activated B-cell-like di use large B-cell ymphonidod. Pathol27, 402-411.
doi: 10.1038/modpathol.2013.156

Rodrigues, N. R., Rowan, A., Smith, M. E., Kerr, |. B., Bodmer, WG&nnon, J.
V., etal. (1990). p53 mutations in colorectal can&enc. Natl. Acad. Sci. U.S.A.
87, 7555-7559. doi: 10.1073/pnas.87.19.7555

Ruggero, D., and Sonenberg, N. (2005). The Akt of translaticoratrol. Oncogene
24,7426-7434. doi: 10.1038/sj.0nc.1209098

Ruvinsky, 1., and Meyuhas, O. (2006). Ribosomal protein S6 pluwglatiion:
from protein synthesis to cell sizeélrends Biochem. ScB1, 342-348.
doi: 10.1016/j.tibs.2006.04.003

Schindelin, J., Rueden, C. T., Hiner, M. C., and Eliceiri, K. W18). The ImageJ
ecosystem: an open platform for biomedical image anallyk$. Reprod. Dev.
82, 518-529. doi: 10.1002/mrd.22489

Scuron, M. D., Boesze-Battaglia, K., Dlakic, M., and Shenkel, @2016). The
cytolethal distending toxin contributes to microbial virulencedadisease
pathogenesis by acting as a tri-perditious toxnont. Cell. Infect. Microbiol.
6:168. doi: 10.3389/fcimb.2016.00168

Shay, J. W., and Roninson, |. B. (2004). Hallmarks of senesaenagcinogenesis
and cancer therapydoncogeng3, 2919-2933. doi: 10.1038/sj.0nc.1207518

Shenker, B. J., Walker, L. P., Zekavat, A., Dlakic, M., and ZBeRattaglia,
K. (2014). Blockade of the PI-3K signalling pathway by Awggregatibacter
actinomycetemcomitansytolethal distending toxin induces macrophages
to synthesize and secrete pro-in ammatory cytokin€ell. Microbiol.16,
1391-1404. doi: 10.1111/cmi.12299

cells through activation ofSmith, J. L., and Bayles, D. O. (2006). The contribution of cifale

distending toxin to bacterial pathogenestit. Rev. Microbiol32, 227-248.
doi: 10.1080/10408410601023557

Sun, C. K., Zhang, F., Xiang, T., Chen, Q., Pandita, T. K., Huahg
et al. (2014). Phosphorylation of ribosomal protein S6 confers PARP
inhibitor resistance in BRCA1-de cient cancer®ncotarget5, 3375-3385.
doi: 10.18632/oncotarget.1952

van Oijen, M. G., Medema, R. H., Slootweg, P. J., and Rijkset988). Positivity
of the proliferation marker Ki-67 in non-cycling celldm. J. Clin. Patholl10,
24-31. doi: 10.1093/ajcp/110.1.24

Varon, C., Mocan, |., Mihi, B., Pere-Vedrenne, C., Aboubacarivrate, C., et al.
(2014). Helicobacter pullorum cytolethal distending toxin tasgeinculin and
cortactin and triggers formation of lamellipodia in intestinal epiiaécells.J.
Infect. Dis209, 588-599. doi: 10.1093/infdis/jit539

Wising, C., Azem, J., Zetterberg, M., Svensson, L. A., Ahimararil Lagergard,

T. (2005). Induction of apoptosis/necrosis in various human celédiges

by Haemophilus ducreyi cytolethal distending toxifioxicon45, 767—-776.

doi: 10.1016/j.toxicon.2005.01.016

Young, V. B., Knox, K. A., and Schauer, D. B. (2000). Cytoletiséeending toxin
sequence and activity in the enterohepatic pathogtaticobacter hepaticus
Infect. Immun 68, 184-191. doi: 10.1128/IA1.68.1.184-191.2000

Zheng, L., Dai, H., Zhou, M., Li, X., Liu, C., Guo, Z., et al. (90B»lyploid
cells rewire DNA damage response networks to overcome replication
stress-induced barriers for tumour progressioNat. Commun. 3:815.
doi: 10.1038/ncomms1825

Conict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or nancial relatips that could
be construed as a potential con ict of interest.

Copyright © 2017 Péré-Védrenne, Prochazkova-Carlotti, Roussée,
Chambonnier, Sifré, Buissonniére, Dubus, Mégraud, VarohMénard. This
is an open-access article distributed under the terms dErirstive Commons
Attribution License (CC BY). The use, distribution or rdpation in other forums
is permitted, provided the original author(s) or licenseraedited and that the
original publication in this journal is cited, in accordaneith accepted academic
practice. No use, distribution or reproduction is permhittdich does not comply
with these terms.

Frontiers in Cellular and Infection Microbiology | www.frdiersin.org 14

June 2017 | Volume 7 | Article 268



