Vincristine-induced bystander effect in human lymphocytes

Serena Test| Alessia Azzarg, Caterina Giovanniaj Sara Lombardi Simona Piaggi Maria
Sole

Facionh and Roberto Scarpato

AUnita di Genetica, Dipartimento di Biologia, Pisaitkrsity, Via Derna 1, 56126 Pisa, Italypda
Research Center of Nutraceuticals and Food for Health, University of Pisa, Pisa, Italy
sDipartimento di Ricerca Traslazionale e delle Nudeenologie in Medicina e Chirurgia, Pisa
University, Via Savi 10, 56126 Pisa, Italy

*Corresponding author: Roberto Scarpato, Unita ein@ica, Dipartimento di Biologia, University
of Pisa, Via Derna 1, 56126 Pisa, Italy

Phone number: +390502211509

Fax number: +390502211527

e-mail:roberto.scarpato@unipi.it

Abstract

Bystander effect is a known radiobiological effetitiely described using ionizing radiations and
which, more recently, has also been related to ate@mmutagens. In this study, we aimed to assess
whether or not a bystander response can be indoaedtured human peripheral lymphocytes by
vincristine, a chemotherapeutic mutagen actingpaslie poison, and by mitomycin-C, an
alkylating agent already known to induce this resgoin human lymphoblastoid cells. Designing a
modifiedad hoc protocol for the cytokinesis blocked micronucleNB\) assay, we detected the
presence of a dose dependent bystander respousteated cultures receiving the conditioned
medium (CM) from mitomycin-C (MMC) or vincristind/CR) treated cultures. In the case of
MMC, MN frequencies, expressed as micronucleateddieates, were: 13.5+1.41 aflgl,

22+2.12 at 121M or 28.25+5.13 at 15M vs. a control value of 4.75£1.59. MN levels fo€CR,

expressed as micronucleated mononucleates wete:@®88 at 0.QuM, 27.25+2.30 at 0.4M,



46.25+£1.94 at 0.8M, 98.25+7.25 at 1.6M. To verify that no mutagen residual was transfeno
recipient cultures together with the CM, we evatdaVIN levels in cultures receiving the medium
immediately after three washings following the chmhtreatment (unconditioned medium). We
further confirmed these results using a cell-mixapgproach where untreated lymphocytes were co-
cultured with donor cells treated with an effectuning dose of MMC or VCR. A distinct

production pattern of both reactive oxygen spearebsoluble mediator proteins by treated cells
may account for the differences observed in theifestation of the bystander effect induced by
VCR. In fact, we observed an increased level of ROS, IL-32 an8-F@ the CM from VCR

treated cultures, not present in MMC treated caKur
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1. Introduction

Over the last twenty years many authors have shibatrunexposed cells in irradiated cultures can
experience significant biochemical and phenotypignges that are often similar to those observed
in targeted cells; this event is known as bystaedferct [1-5]. According to the current model,
several factors such as reactive oxygen or nitregecies (ROS or RNS) and cytokines are
produced by targeted cells in response to thetiaditnduced damage [6-7]. These signals can
reach neighbouring cells via gap-junctions or i@ éxtracellular medium, and are able to induce a
number of different effects in the unexposed cglish as sister chromatid exchanges [8,9],
micronuclei [10], apoptosis [11] or changes in @ats of gene or miRNA expression [12,13].
Several studies have also demonstrated the exéstéribe bystander effeit vivo, highlighting the
relevance of this response in therapies basedeomrtidiation of neoplastic tissues [14-18], thus
providing important hints for the optimization @diotherapy. As cancer therapies are often based
on the use of chemotherapeutic drugs, it would bésonportant to understand if these molecules

can also induce a bystander effect. In this regasdlanoma cultures from mice treated with N-



chloroethyl-N-nitrosourea induced growth inhibitjaytoskeletal and metabolic alterations in
bystander cells [19]. In addition, mitomycin-C goldeomycin were able to increase micronuclei
frequency in bystander cells and to provoke thevatibn of MAPK pathways [20,21]. Other
studies have shown that the treatment with actirtoml conditioned medium can induce the
activation of intrinsic apoptotic pathway [22]. Morecently, the exposure of several cell types to
different concentrations of bleomycin and neocargiatin, produced the bystander effect in cells
not receiving the mutagens, increasing the rataiofonuclei [23]. Bearing this background in
mind, we aimed to verify whether or not the bystmeffect was induced in cultures of peripheral
blood lymphocytes by using, as a reference orctesinical, the bi-functional alkylating agent
mitomycin-C (MMC), already known to induce the karstler response, or the spindle poison
vincristine (VCR), respectively. VCR prevents tladymerisation and depolymerisation of
microtubules, hence inhibiting their dynamic ingligh which is essential for the formation of the
mitotic spindle [24]. After analysing the inducti&imetics of the effect in the reference mutagen, 1
we attempted to detect the presence of a bystaageonse, expressed as micronuclei (MN)
formation, transferring medium from treated to eated cultures (principal experiments), 2) we
confirmed the results using a cell-mixing appro&hye analysed the type of MN induced in
bystander cultures, and 4) we assessed the invelveoi ROS and soluble mediator proteins (IL-
32 and TGH3), which may be involved in the manifestation o tibserved effect. To do this, we
performed the entire study under standardized @xpetal conditions, obtained by designing a
modifiedad hoc protocol for the cytokinesis blocked micronuclegsay (CBMN), a well-

characterized assay to detect genotoxic and cytt@amage [25,26].

2. Materials and methods

2.1 Cell cultures, treatment and harvesting



Heparinised whole blood samples were obtained bipuacture from four healthy 23- to 26-year-
old donors (3 males and 1 female) previously prdeegive a comparable response to mutagen
treatment. The study was performed according td&’tea University Ethical Committee.

Two experiments, consisting of a series of two paalent cultures per experimental point, were
performed for each mutagen treatment. One maldhenfiémale were used in all the cell-mixing
experiments, the other two males were used ihaltbnditioned medium experiments. Each
culture tube was set up with 3QDof whole blood and 4.7 ml of RPMI-1640 mediumféLi
Technologies, Milan, Italy) supplemented with 208éthl bovine serum (Life Technologies, Milan,
Italy), 1% antibiotic/antimitotic (Life Technologse Milan, Italy) and 1.5% phytohaemagglutinin
(Life Technologies, Milan, Italy) and incubated3at’C for a total time of 72 h. Independently of
the specific experimental approach applied, cutwvere treated after 24 h from the start of
culturing with different doses of mitomycin-C (& &nd 15.uM, final concentration) (MMC,;
Sigma-Aldrich, Milan, Italy) and vincristine (0.8,4, 0.8 and 1.6M, final concentration) (VCR,;
Sigma-Aldrich, Milan, Italy) for 1 and 2 h, respieely. All mutagens were dissolved in sterileCH
and control cultures not treated with mutagens \aé&3e set up. To block cell cytodieresis,
cytochalasin B (Cyt B; Sigma-Aldrich, Milan, Italg,ug/ml final concentration) was added at 44 h,
and all cultures were harvested at 72 h (end éto#uring). Lymphocytes were harvested by 4-
min centrifugation at 2400 rpm, and the remainiely pellet was treated with 5 ml of 0.075 mM
KC1 for a few min to lyse erythrocytes, prefixedmethanol/acetic acid (3:5), re-centrifuged, fixed
in 100% methanol for at least 30 min, washed twiamethanol/acetic acid (9:1), and dropped onto
clean glass slides. Harvesting procedure was peddrat room temperature.

2. 2. Conditioned medium transfer

As shown in Fig. 1, for each mutagen we set upgweaips of culturesjonor cultures (DC) and
recipient cultures (RC). DC were cultures in which cells come in direantact with the chosen
mutagen. To remove the mutagen at the end of dlagntient, DC underwent three rounds of

washes, each consisting in a 4-min centrifugatiemoval of the supernatant and re-suspension of



the cell pellet in 10 ml of fresh medium. Then,@&cding to the standard procedure described
elsewhere [27], each DC tube was passed througkOauth sterile filter (Sarstedt, Verona, Italy) to
ensure that no cell factors/debris remained imtbdia. The filtered medium harvested from these
cultures (calleatonditioned medium, CM) was transferred to the corresponding RC aeckffit
established times (#nst> 0 h) measured after the end of the three wa&tt@svere then analysed
for the induction of a bystander response. To atteedoossibility that residuals of chemicals might
be responsible for the effect observed in RC, \8e akt up a parallel series of cultures called
respectivelywashing donor cultures (WDC) andwashing recipient cultures (WRC) that reproduced
the same experimental procedures as DC and RCGhatdifference that WRC received the
medium from WDC immediately after the washesafdi= O h) in order to prevent bystander
signalling molecules being released in the medium.

2.3 Temporal kinetic and bystander effect induction analysis by conditioned medium transfer

For the temporal kinetic analysis, we treated @@ywith the reference mutagen MMC. At the end
of treatment, DC were washed three times and CMtraasferred to RC at four different times:
Twanst= 1 h, 1.5 h, 2 h and 2.5 h. For the bystanderatidn analysis, DC and WDC treatments
were performed with VCR and the reference mutag®fC\at the previous mentioned dosglsis
negative control. After the treatment, DC and WDé&ewvashed and the medium was transferred
to the corresponding cultures (to RC at timend= 1.5 h and to WRC at timerdnst= 0 h).

2.4 MN scoring

The air-dried slides were stained with 5% Giemad# asing an optical microscope equipped with a
40x objective (400x final magnification), we couhtE000 cells per culture for the presence of MN
for each experimental point. In MMC-treated cultuvege analysed MN in binucleated cells,
according to standard criteria for the CBMN te&, £8], while in the case of VCR, we performed
the MN scoring in mononucleated cells. It is intfaell known that this drug, at certain doses, is
able to cause a multitude of mononucleated celis MiN rather than induce MN in binucleates

[29,30]. MN frequency was then expressed as theageenumber of MN per 1000 scored cells.



Where, due to a marked cytotoxicity, the numberedis was not sufficient to allow correct MN
analysis, we assessed the damage in terms oftioaiwi/or cell cycle delay calculating the cell
proliferation index (CPI) according to the followiformula: (M + 2B + 4P)/(M + B + P), where M,
B and P were the number of cells that had stillemdered the first mitosis (M, mononucleated) and
cells that had divided once (B, binucleated) andewP, plurinucleated; the latter cells comprise
both tri- and tetranucleated), respectively. (M+B#dpresents a total of at least 1000 scored cells.
25FISH analysisin cell mixing

In the cell mixing experiments, DC and RC, contagnivhole blood from a female and a male
donor both with the same blood group, were setsugeacribed above (see paragraph 2.2).
Treatment of DC was performed with a dose of eagtagen able to induce a clear bystander
response (MMC 12M and VCR 0.8M). At the end of treatment, DC were washed asiptesly
described and the cell pellet was re-suspendedbimPof complete preheated fresh medium and
then mixed with 2.5 ml of cell suspension from tagpective RC. To distinguish between DC and
RC we used a fluorescent DNA probe recognizingvtlthromosome. Slides were processed for
FISH using the FITC-conjugated LPE 0YQqG SatellirBeration DNA probe (Cytocell Aquarius,
Cambridge, UK) according to the manufacturer’sringions. Cells were then counterstained
applying 10ul of propidium iodide (PI, 0.15M in antifade) on each slide. Determination of MN
frequencies was performed, scoring, for each exprial point, 1000 cells per culture under a 40x
or 100x objective (400x or 1000x magnification)adNikon-Optiphot-2 fluorescence microscope
equipped with the proper filters for FITC and P3ualization. MN were scored in cells containing
the green-yellow spot due to the presence of tkbrégmosome (recipient cells) which allowed us
to clearly distinguish male donor cells in the ndbpopulation.

2.6 Fluorescence MN analysiswith a pancentromeric DNA probeto identify MN origin

Once again, treatment of DC was performed withpaagentative dose of MMC (12V) and VCR
(0.8uM) and after three washes the CM was transferr&iQat time Tanst= 1.5 h. Slides were

then processed for FISH with the Human IDetect™Q@atromeric GREEN DNA probe (Li



StarFish, Milan, Italy) according to the manufaetts instructions. Cells were counterstained
applying 10ul of propidium iodide (PI, 0.15M in antifade) on each slide. MN analysis was
performed under a 60x objective (600x magnificgtioina Nikon-Optiphot-2 fluorescence
microscope equipped with the proper filters for €ldnd PI visualization analysing at least 50 MN
per culture. The percentage of C+ centromere pes{C+) or centromere negative (C-) MN was
determined as the ratio of MN showing, or not, @egryellow fluorescent spot to the total MN
analysed.

2.7 Involvement of ROS

Treatment of DC was performed with a representatose of MMC (12:M) and VCR (0.8.M)

for the established time length and transfer ofcireditioned medium was performed at timendt

= 1.5 h after the washing procedure. To assessviévzement of ROS, two scavenger molecules
acting as antioxidants via different mechanismsewsed. DMSO was added to RC immediately
before medium transfer, at a final concentratiod®fiM as a scavenger of HOe radicals [23].
Curcumin (CUR, Sigma-Aldrich, Milan, Italy), a naéicompound with intracellular scavenger
ability for H202, HOe, ROO- [31], was added to RC, at a final coriion of 10uM and 100uM,

1 h prior incubation of RC with the conditioned med. Immediately before medium transfer from
DC, RC were washed three times to remove the exdd36R. Slides were processed by the
Giemsa staining protocol.

2.8 Identification of soluble proteinsin conditioned medium by western blot

DC set up, treatment and washing were performetessribed in 2.1 with the exception that
mutagen removal was accomplished in a DMEM serwga-medium (Lonza, Milan, Italy). After
donor cells were allowed to produce the conditiomedlium for 1.5 h, DC were centrifuged to
precipitate the cells and a final volume of 14 mtenditioned medium was transferred into
ultracentrifuge tubes and cooled for 30 min. Acaagdo the protocol described elsewhere [32],
proteins were precipitated on ice for 120 min iahtioroacetic acid (Panreac, Milan, Italy) and

sodium lauroyl sarcosinate (AppliChem, Milan, jalgentrifuged at 4°C for 10 min at 10000 g



(Beckman Coulter Inc., Milan, Italy), washed twamés in cooled tetrahydrofuran (AppliChem,
Milan, Italy) and finally re-centrifuged at 4°C f&0 min at 10000 g. The protein pellet obtained
was dried, re-suspended in a minimum volume oflstesater and then tested with Pierce BCA
assay (Thermo Fisher Scientific Inc., Milan, Italgy protein quantification. 10g of proteins from
each sample were mixed with an equal volume ofitmpduffer containing 59-Mercaptoethanol
(BioRad Laboratories, Milan, Italy). The samplegevkeat denatured before loading, boiling them
for 10 min. Protein electrophoresis was conductedaylamide/bisacrylamide gel (15% separating
gel, 5% stacking gel) in cell Mini-Protean (BioRlaaboratories, Milan, Italy) for about 1 h with
constant voltage (110 V). The separated proteins Ween transferred onto a nitrocellulose
membrane (BioRad Laboratories, Milan, Italy) forrGihutes at 200 mA. We applied reversible
Ponceau staining to check equal loading of samptesunodetection was performed employing
anti TGF$ and anti IL-32 antibody (D.B.A. ITALIA, Milan, Ilig). Detection was obtained using
Anti-Rabbit IgG (H+L) Antibody, Peroxidase label@¢irkegaard and Perry Laboratories,
Gaithersburg, MD) and BM Chemiluminescence Blottthstrate (Roche, Milan, Italy).
Acquisition and image analysis were carried ouhwitChemi-Doc apparatus (BioRad
Laboratories, Milan, Italy); molecular weight ofthands was identified referring to Thermo
Scientific Spectra Multicolor Broad Range Proteadter (Thermo Fisher Scientific Inc., Milan,
Italy). Quantification of protein content was acguished using ImageXsoftware (version 1.46,
download at http://imagej.nih.gov/ij/).

2.9 Statistical analysis

The statistical analysis of the data was perfortmethe STATGRAPHICS Plus version 5.1
software package (Statistical Graphics Corpora2®@1, Rockville, MD, USA). Analysis of
variance (ANOVA), T-test oy2-test were conducted to assess the level of sogimfie of the
observed responses. Multiple or pairwise compasisgnong mutagen doses vs. control or between

various experimental points were carried out whih Dunnett’s test gp-test. Regression analysis



was also performed to identify the existence ohedr correlation between MN frequencies and

treatment dose in the temporal kinetic experiments.

3. Results

3.1 Temporal kinetic analysis

To elucidate the optimal time required for the niestation of a bystander response in human
peripheral lymphocytes under our experimental comas, we examined the MN frequencies in
MMCtreated RC performing the medium transfer at fdifferent times, assuming that the effect
was present and there was no mutagen residuag imahsferred medium. As expected, the
cytogenetic analysis performed on DC (donor cufpurevealed the presence of direct damage
induced by MMC. At MMC &M we observed a 6-fold increase (29.75+4.97) insihentaneous
MN rate (5.00+£0.49), while, compared to controltatés, the doses of 1@/ and 15uM caused a
marked and significanp(< 0.05) cytotoxic effect assessed as a decrease itethproliferation
index (CPI) up to 32.17% and 38.34% of the contadlie, respectively (data not shown). ANOVA
analysis showed that MN frequencies obtained in(IRG. 2) were significantly dependent both on
medium transfer time and treatment doges 0.01). Dunnett’s test showed that at timendi= 1 h
MN frequencies did not differ from the control atyadose, while at timethnst= 1.5 h, MN
frequencies were significantly higher than untrdateltures (8.75+0.85) for all MMC
concentrations: §M, 15.75+1.25p < 0.05; 12uM, 20.25+1.03p < 0.01; 15uM, 28.50+2.22p <
0.01). At Transt= 2 h and 2.5 h, statistical significance was naamgd for 121M and 15uM (p <
0.05). Regression analysis highlighted a strongaaton between the two variables with the
exception of Transt= 1 h. As the best dose-effect relationship waaiobt at Transt= 1.5 h (Transf=
1.1794 x MMC + 8.7076, R? = 0.94125) (data not gmpwhis was considered the most suitable
time for detecting a bystander response in subsegx@eriments with VCR.

3.2 Induction of bystander effect by CM transfer

Table 1 reports the MN frequencies induced byweerhutagens in both DC and WDC (washing



donor cultures) that allow us to verify the effgetiess of the treatment. DC receivingh\d of

MMC showed an increase in MN frequency (46.00+6With respect to untreated cultures
(5.75+0.88), while a strong decrease in CP| wagmesl at MMC 12:M (reduction oflJ76%) and
15uM (reduction oftB0%) that prevented us from scoring MN frequencaasectly. In the case of
the spindle poison VCR, the 2 h treatment of DQlpoed a clear dose-dependent increase of MN
frequencies ranging from 32.75+0.53 (M) up to a maximum of 86.5+6.36 (1u81), which is
31.5-fold the value of untreated cultures (2.758).&levated MN levels or consistent cytostatic
effects were also observed in WDC treated with lootitagens. Fig. 3 displays the comparison
between MN frequencies of RC (recipient cultures) W/CR (washing recipient cultures) of the
mutagens that is relevant for identification of bystander effect. In the case of the reference
mutagen MMC, WRC showed MN levels not significardifferent from those of untreated cultures
at each dose tested. By contrast , we observeteaatit trend in RC: cultures receiving CM
harvested from DC M, 12 uM or 15uM showed approximately a 3-fold (14.5+1.41), 4.%o
(22+2.12) or 6-fold (28.25+5.13) increase of thergpneous frequency (4.75+£1.59), respectively
(Fig. 3A). Also for VCR, MN frequencies of WRC dmbt differ significantly from the mean of the
untreated cultures. In RC, with the exception @fiM, we found a dose-dependent increase in the
MN rate (Fig. 3B) with respect to the untreatedunds (2.75+0.88) suggesting the induction of a
bystander response (Qu, 27.25+2.30; 0.§IM, 46.25+1.94; 1.uM, 98.25%7.25).

3.3 Induction of bystander effect by the cell-mixing approach

In order to confirm the results obtained with MM@davCR in medium transfer experiments, we
used a cell-mixing approach, in which treated amleated cultures representing two different cell
populations were mixed together and then analyseiN frequencies. MN scoring was
performed as shown in Fig. 4A, distinguishing betwvdonor and recipient cells thanks to the
signal of the Y chromosome probe (its presencecatds that the cells belong to RC). The results of
cytogenetic analysis carried out on cell-mixedunds treated with a representative dose of MMC

(12 uM) or VCR (0.8uM) is shown in Fig. 4B. MN of MMC co-cultures ina®ed significantlyg



< 0.01) to 43.25+2.39 in recipient cells with respec10.00+0.91 of untreated cultures. The
induction of bystander effect was also present@R\o-cultures where we detected a significantly
higher p < 0.01) MN frequency of 135.50+3.30 in recipient sels compared to that of the control
cultures (11.00£1.58).

3.4 Fluorescence analysis of MN induced by the conditioned media from MMC and VCR

For insight into the possible mechanism generatieggenotoxic damaged MN formation) in the
chemical-induced bystander effect, we comparedyihe of micronuclei induced directly by the
mutagens in DC and those induced in RC by the hgstaresponse (Fig. 5). MN are formed in
anaphase from a lagging acentric fragment (DNAKaga) or a whole chromosome (chromosome
missegregation event). We therefore performedadkcent in situ hybridization with a
pancentromeric DNA probe recognizing the centronoéi@l human chromosomes to discriminate
between MN containing a chromosome fragment (C- diNg whole chromosome (C+ MN) and
thus, between MN generated by clastogenic or an&ggenic mechanisms. While control cultures
showed almost equal proportions of C+ and C- MNga@t shown), in MMC 12M treated

cultures and in the corresponding R@ly a minor fraction of MN contained the hybridize

signals. This indicates the prevalence of a clastmgdamage which occurred to the same extent in
both DC and RC (90% and 82% of C- MN, respectivél§i induced in DC and RC by VCR 0.8
uM were prevalently of the centromere-positive typ€: 82% of C+ MN and 18% of C- MN, RC:
66% of C+MN and 34 % of CMN). However, the ratio@f MN to C- MN between DC and RC
was statistically different, due to an increasthin CM-induced C- MN.

3.5 Involvement of ROS in chemical-induced bystander effect

To better elucidate the origin of MN observed in,R@ tested the hypothesis of the presence of
ROS in the CM, possibly implicated in the respom3dSO or curcumin (CUR) pre-treated RC
were exposed to CM from MMC 1M (Fig. 6A) and VCR 0.&M (Fig. 6B) and then analysed for
changes in MN frequencies, after checking the atesehgenotoxic or cytotoxic damage linked to

the direct action of the two scavengers (data hotvs). In particular, MMC 12M RC pre-treated



with DMSO 10uM did not show a decrease in MN frequencies in canspn to the respective
control .e. MMC 12 uM RC not exposed to the scavenger) (31.50+4.23%$£0+5.44,
respectively). Conversely, MN levels of RC inculokwéth the VCR 0.8tM CM decreased
significantly p < 0.01) when pre-treated with DMSO i (25.75£3.11) as compared to the
respective non pre-treated RC (56.25+5.44). WhenQMI@uM RC were pre-treated with CUR 10
uM or CUR 100uM, we did not detect any difference with the cop@sding non pre-treated
cultures. On the contrary, CUR pre-treated culturegbated with VCR 0.8M CM exhibited a
dose-dependent decrease in MN frequencies (45.98+2.10uM, p < 0.05 and 33.75+£3.87 at 100
uM, p< 0.01).

3.6 Western blot analysis of proteins from the conditioned medium

The involvement of soluble mediators was inveséddiy analysing the protein content of
conditioned medium produced by MMC i and VCR 0.8M DC after 1.5 h. On the basis of
preliminary results obtained with SDS-pagsich allowed us to detect the presence and the
molecular weight of the proteins secreted in coodéd medium samples, we analysed the
cytokines IL-32 and TGB-by western blot. In MMC conditioned medium, while32 did not

vary, TGF$ level was significantly decreased as comparebdabftom untreated cultures (0.86-
fold less than controp < 0.01). On the other hand, conditioned medium fro@Rvtreated cultures
showed significantly increased levels of both ILé8®1 TGF (1.47-fold,p < 0.05 and 1.34-foldp

< 0.05) (see Fig. 7).

4. Discussion

The present work aimed to investigate the abilits spindle poison such as VCR to induce
bystander effect in stimulated human peripherabtllymphocytes. Peripheral T-lymphocytes play
a very important role in the immune defences, matthuj immune responses to pathogens and
tumours. These cells are commonly used also irgeytetic studies for biological monitoring of

human populations, as they can reach every painedfody and percept and record the genotoxic



insults [28]. Peripheral lymphocytes exposed to inmacharvested from X-rays irradiated,
bleomycin or neocarzinostatin treated lymphocytesnifested loss in cell viability, increased
induction of apoptosis, telomere shortening, insega ROS levels and MN induction [23, 33]. Our
results not only confirm these findings but alsovde fresh information, as they indicate that
compounds with distinct mechanisms of action @lastogenic or aneugenic) can induce bystander
effects with a dosedependent trend. In fact, inioradransfer experiments, we detected a clear
response in RC, not attributable to the presenceutdgen residues, for both MMC and VCR. The
fact that also aneugens are able to induce a letaasponse offers an important novelty in the
field of chemical-induced bystander effect. Sevetatiies in the past have demonstrated that non-
targeted effects of ionizing radiation can alsdriggered by cytoplasm irradiation, implying that
the nucleus is not the only target [34,35]. Oudiimys show therefore that also for chemical
mutagens the induction of bystander effect camiggdred by a DNA non-damaging agent such as
VCR. The results of cell mixing experiments, whexeused two donorghe response to of which
chemical mutagen treatment was repeatedly assassed lab and deemed to be absolutely
comparable, confirmed the chemical-induced bystareponse of peripheral lymphocytes, with
an observed effect exceeding twice that obtain€Nhtransfer experiments. In fact, short half-
lived mediators (i.e. ROS) and/or molecules relédseDC over longer times than those we used,
might be lost. In support of this, we showed thattransfer of CM from MMC-treated cultures
after the optimal time (1.5 h) was related to arease of the bystander response. This is probably
attributable to reduced secretion, natural decgyadial inactivation by serum components of the
bystander mediators, as well as to protective mashes triggered by DC. The continued exposure
to the complete pattern of molecules releasedlimuring experiments suggests a cumulative
effect of these effectors/mediators. In agreemett @ur findings, conditioned medium from
actinomycin-D treated cultures seem to releaseabgstr signaling molecules following a precise

temporal kinetics whose effects can be cumulatvél V79 cells [22]. However, as an inter-



variability in the bystander response elicited dayizing radiation has been demonstrated in
lymphocytes of healthy controls [36], the possipibf an intrinsic high sensitivity of

the recipient donor cannot be completely ruled out.

In our study, damage observed in both DC and RCoiviee same type for each mutagen:
increased frequency of MN in binucleated and in omutleated cells for the clastogenic agent
MMC and the spindle poison VCR, respectively. Thiy be due to the production by DC of
signalling molecules specific for the type of damége. chromosome breakage or missegregation)
which is then reproduced in the corresponding R@nitudies have shown ROS as a
fundamental component of the bystander signall@#j33]. Here we showed that the MMC-
induced bystander effect was not affected by tleegmce of scavengers like DMSO or CUR,
whereas VCR bystander cells showed a progressrease in MN frequencies when pre-treated
with these antioxidants. This different respons@ldte at least partially explained by a free radic
production dependent on the type of genotoxic imedeived, as supported by the results obtained
with fluorescence analysis of MN content. VCR ingdi@n increase of C- MN in recipient cells as
compared to donor cells, suggesting that cellulalenules with clastogenic activity were present,
while this does not occur in RC treated with MMGt@kines are known to be involved in
bystander effect via the activation of several algry pathways in the cells. Although the role of
IL-32, a pro-inflammatory cytokine produced in hunzeripheral lymphocytes after mitogen
stimulation [37], is still under investigation, tieas evidence that it is able to induce other
cytokines such as TNé&-and IL-8, and to activate the signal pathways Bfd8 and p38 MAPK

[38]. However, we observed an increased level e32Lonly in the CM from VCR treated cultures.
The dysfunction of the spindle apparatus caused@y forced damaged cells to enter an aberrant
division via mitotic exit, the main mechanism respible for MN formation in mononucleated

cells, while the induction of MN in binucleated ledby spindle poisons leads preferentially to cell
death [39]. Given this, the increased IL-32 progtuctould represent a survival signal of VCR-

treated donor cells in restoring proliferation efipient cells through the anti-apoptotic NB-and



p38 MAPK cascade. TGF4s implied in cellular differentiation, proliferian, apoptosis and in
radiation-induced bystander response. In mammaéds, the TGH3 target genes are involved

in the regulation of cell growth or in the alteaatiof intracellular levels of ROS and RNS [40,41].
The upregulation of ROS in bystander cells has liekad to the redox activation of TGR:
cytokine, which is able to increase the intracaliydroduction of EO2and ROOe [42]. Therefore,
the observed increased T@HRevel in the CM from VCR DC highlights the involment of ROS

(or other free radicals) in determining the bystareffect. In this view, also CM from actinomycin-
treated V79 fibroblasts induced apoptosis in bydgamells via ROS generation [22]. On the other
hand, a study conducted on peripheral blood lymytescdrom patients with multiple sclerosis
showed that decreased levels of TB#ere associated with increased synthesis of pro-
inflammatory cytokines such as IL-2, IFN-7 and T[dB]. Thus, an increase in other pro-
inflammatory cytokines, as well as the insensitasnto ROS scavengers we detected, may be
related to the reduced concentration of Tjisébserved in the case of MMC. In this view, other
authors showed that the bystander effect inducddM{ in human lymphoblastoid cells involved
the MAPK cell signalling pathway [21].

In conclusion, the results of this study demonsetthait VCR, a classical spindle poisoan induce
the bystander effechihuman peripheral lymphocytes, confirming, asdoizing radiation, that the
DNA is not the unique target. Notably, recipieni<enanifest the damage in response to a precise
signaling of treated cells, which is dependentrentype of mutagen. Cell exposure to a damaging
agent inevitably alters the profile of signalling@lecules (identified here as changes in ROS and
cytokines levels) that is able to activate a sesfamportant modifications in neighbouring cells.
However, we should also take into account the pdagiof a protective responger se where
bystander cells are activated to counteract theradwonditions they are exposed to, as already

demonstrated in the case of ionizing radiation exp® [44-46].
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Legend to figures

Fig. 1 Schematic representation of the protocol adoptedadium transfer experiments with the
mutagens mitomycin ¢ (MMC) and vincristine (VCRheéeldonor cultures (DC) andrecipient
cultures (RC) were incubated at 37°C (0 h) up to 72 h. AbhZaC were treated for 1 h (MMC) and
2 h (VCR).After the treatment, the mutagen was washed awaytratonditioned medium (CM)
was transferred to the corresponding RCrats™ 0 h (1.0, 1.5, 2.0 and 2.5 for the temporal kinet

analysis, and 1.5 h for the bystander experimeRiS)were then analysed for the induction of a



bystander response. Cyt B was added to all culatrdd h. After cell harvesting (72 h), slides were
set up for micronuclei analysis. A parallel sepésultures called respectivelyashing donor

cultures (WDC) andwashing recipient cultures (WRC) were also set up, which underwent the same
procedures described for DC and RC with the diffeeethat WRC received the medium from

WDC immediately after the washingsuédst= 0 h).

Fig. 2 Kinetic of bystander effect induction. MN frequeesin MMC-treated recipient cultures as a
function of the medium transfer timeughs). Points are the mean + SE of two independent
experiments. tfanst= 1.5 h represents the time at which bystandeceffecurred at all the tested
doses. At this time we also observed the highestiidction.

Fig. 3 Bystander effect induction by mutagens. MN frequenobtained in WRC and RC for
different concentrations of MMC (A), VCR (B). Baase the mean * SE of at least two independent
experiments. Asterisks denote a significant diffieee(* p < 0.05, ** p < 0.01) vs. the respective
untreated cultures.

Fig. 4 Co-culture experiments. (A) Photos show the mixdtuces of untreated recipient cells (R)
showing the signal (green-yellow fluorescent spdhee red PI counterstained nucleus) of the probe
for the Y chromosome (F) close to treated donds ¢8l) not showing the FISH signal. Panel a) or
b) show a MN in a binucleated or mononucleated oetpectively (600x final magnification). (B)
The graph shows MN frequencies in untreated (O)MNIC 12 uM binucleated recipient cells or
untreated (0) and VCR 08 mononucleated recipient cells. Bars are the 8k of at least

two independent experiments. Asterisks denoterafgignt difference (p < 0.05, *p < 0.01, T-
test) vs. the respective untreated cultures.

Fig. 5 Fluorescence analysis of MN using a DNA pancentranpobe. Type of MN (C- MN and

C+ MN) induced directly by the mutagen in DC and bystander response in RC. (A) Panels show
photos of binucleated (a and b) and mononuclegi@ae(s ¢ and d) cells with MN showing or not
the green-yellow fluorescent spot (this indicatesgresence of a centromere) in the red Pl

counterstained MN, respectively (600x final magmafion). (B) Comparison between the values



obtained for MMC 12:M or VCR 0.8uM in donor and recipient binucleated cells (onl&fg or
mononucleated cells (on the right). Asterisk des@tsignificant difference {§ < 0.05,y2test: RC
vs. DC). Data are representative of at least twlependent experiments.

Fig. 6 Involvement of ROS in the bystander response. EtiEpre-treatment with DMSO or
curcumin (CUR, 10 and 10@M) of RC on MN frequencies for (A) MMC 12M and (B) VCR 0.8
uM. Bars are the mean = SE of at least two indepeineleperiments; asterisks denote a significant
difference (*p < 0.05, ** p < 0.01,x2test) between untreated RC vs. the respectiverpated RC.
Fig. 7 Western blot analysis of the conditioned mediun).E&pression of IL-32 and TGE-
secreted by untreated (CTRL), MMC {i® and VCR 0.8.M treated donor cultures. We applied
the reversible Ponceau staining followed by densgtiic analysis to check equal loading of
samples. Relative density of IL-32 (B) and TGFC) obtained from conditioned media produced
by MMC 12uM, VCR 0.8uM or by control cultures (M, CTRL). Asterisks denote a significant
difference (* p < 0.05, ** p < 0.01, T-test) vsethespective untreated cultures. Data are

representative of two independent experiments.



Table 1. MN frequencies in donor cultures (DC) and washing donor cultures (WDC) treated

with MMC or VCB. Values are the meantS E of two independent expeniments

MMC VCR
Dose (uM)  Culfure type Dose (uM)  Culfure type
DC WDC DC WDC

0 5.75:0.88 7.00=141 00 2.750.88 3.25= 088

6 46.00=6.01 63.25=6.89 0.2 32.75+0.53 37.25= 361

12 na’ nat 04 46254124 40.75= 265

15 na’ na‘ 08 69254053 71.25= 230
16 86.50+6.36  104.50=1237

na_ not apalyzed: "CPI value = | 2320 02. "CPI value = 1.07=0.02; ‘CPL value = 1 15=0.03. "CPI value = 1 04=0.04.
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