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Bystander effects induced by medium from carbon-ion-

irradiated human cancer cells
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Abstract The bystander ef诧cts induced by medium行om human hqpatoma SMMC一772 l and adenocarcinoma F56

cells jrradiated with carbon ions were investjgated．It was fbund that the surViVal fYactjon(SF)of the irradiated cells

decreased exponentially along with the increased dose．SMMC一772l cells were more radiosensitive than F56 cells．

The platjng effjciency(PE)of the non—irradiated cells treated with irradiated conditioned medium(ICM)was obVi—

ouslv lower than the PE of contml cells for SMMC一772 1 cells but not for F56 cells．Moreover，the reduced PE and

SF bv ICM t1．eatment were more significant for lGy irradiatjon than for 6Gy irradiation on SMMC一772 J cells．These

results suggest that the irradiated cells can secrete factor(s)into medium that is cytotoxic to bystander non—irradiated

cells．The bystander eff色cts are dependent on cell genotype presented at the time of irradiation and I’adiation dose．

This makes impact on the precise estimation of the ef'fects of radiation and tumor radiotherapy．
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1 Introduction

Evidence in vitrO and 1n vlvO accumuIated Over

the past two decades has indicated that sister chro—

matid exchanges， micronuclei， transformation，gene

mutation，changes in gene expression，chromosomal

instability and eVen cell death occur in bystander ceUs

not traversed directly by radiatiOn．【1-7】Mutagenic re—

sponse was found three times higher than background

after cVtoplasmic irradiation．【8J Furthermore，cells re．

cipient of growth medium harVested from irradiated

cultures eXhibit cell lethality．⋯o】This phenomenon

has been termed as bystander effects(BSEs)and was

viewed bv Ballarini and Hall．【1
1，12l
Although

gap-junction intercellular communication seems to

play an important role，【3'1
31
secreted soluble factor(s)

has been proposed to regulate the radiation induced

bystander ef诧ct．【lo，14】The BSEs have been postulated

to impact both the estimation of risks of exposure to

ionizing radiation and tumor radiotherapy．

The BSEs have been demonstrated f．or both

sparsely ionizing radjation (10w—LET) and densely

ionizing radiation(high—LET)but it is usually la略er

fbr CIensely ionizing radiation such as alpha parti—

cles．【’2】It has been reported that the BSEs induced by

LET of 100 keV／mn carbon ions was greater than the

BSEs induced bV LET of 1 3 keV／LLm carbon ions．1
15J

In a three—dimensional tissue culture model．it was

fbund that the survival of non—irradiated neighboring

V79 ceUs was reduced bv bvstander radio—labeled

ceUs．【16，171 Because of the relevance of carbon ions to

tumor radiation therap y，we are interested in the ceU

survival of non—irradiated cells after carbon—

ion—irradiation．In the present study'human hepatoma

SMMC．772 l cells and adenocarcinoma F56 cells

were irradiated with charged carbon ions．】Ⅵedium

from irradiated cells were filtered．The cell plating

efficiencv and survival of non．irradiated cells treated
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with irradiated conditioned medium(ICM)were in—

Vestigated．

2 Materials and methods

2．1 Cen line and cen culture

The cen lines for test were human hepatoma

SMMC．772 l cells(purchased from Institute of Can．

cer Research，Beijing)and adenocarcinoma F56 cells

(purchased f}om China Center fbr Type Culture Col—

lection，CCTCC)．Cells were subcultured two times a

week in RPMI．1 640 medium(Gibco，Europe)with 75

cm2 nasks，supplemented with l0％fetal calf serum，

1 00 unjts／mL of penicillin and 1 OO“g／mL of strepto—

mvcin．The cultures were maintained at 37℃in a hu．

midified incubator containin2 5％C02．Under these

circumstances，the plating ef!ficiency(PE)is around

50％for SMMC一772 1 ceHs and 40％for F56 cells．

Exponentjally growing cells were seeded at a

dencitv of l×10。cells in⑦35nlm Pe打i．dishes and

cultured for 24h before irradiation．

2．2 Irradiation

The irradiation was performed at room tempera．

ture with the Heavy Ion Research FAcilitV in Lanzhou

(HIRFL)．CeIls were exposed to the plateau of比Co+

beams with ene唱y of 80 MeV／u．The corresponding

LET of the beam at the Dosition for cell irradiation

was 70 keV／um．Before irradiation，medium were re．

placed by drops of phosphate bufIfer solution(PBS)to

remain the culture hvdrated．Dishes were fixed on the

wells of a sDecial constmctor．Cells were irradiated

with Various dosages f如m l Gy to 7 Gy according to

requirement．There were 1 0 dishes for every dose to

achieve a statistic resu】t．

2．3 CIonogenic surViVal assay

For clonogenic survival assay， ceUs were

trypsinized with 0．065％trypsin and 1 mmol，L of

EDTA solution．The ceH suspension was counted，di—

luted and plated in⑦60mm dishes at proper density

according to the PE and dose．After incubation at 37℃

for 8一l O days，celIs were fixed with ethanol and acetic

acid in 3：l，stained with Giemsa dye．C010nies con-

taining more than 50 cells were scored as survivors．

The plating efficiency(PE)was determined by the

fbUowing equation：

PE(％)=(～√^D×100％ (1)

whereⅣ，is the number of colonies，Ⅳis the number

Of cells Dlated．

The survival fraction fS F)of ceUs was calculated

by the following equation：

SF(％)=(S。／。％)×100％ (2)

where&is t11e PE ofirradiated cells，and So is the PE

of con仃ol cells．

2．4 PE determinatiOn after ICM treatment

Drops of PBS in the 1 Gy—irradiated dishes were

removed immediately af’ter exposure，and 4 mL fresh

medium was added．The dishes were incubated at

37℃．Momersill found that the toxic effect of irradi—

ated conditioned medium could be observed as soon

as 30 min post—irradiation，and increased rapidly in the

first few hours post．irradiation but slowlV in the pe．

riod f如m 3 to 60h post．exposure．【9】Thus a duration of

2h post—i盯adiation was chosen at the present experi—

ment．Brien v’the medium was collected in 2h after

incubation at 37℃，filtered with a 0．22 um filter to

remove irradiated cells completel y， and then trans．

fered to 060mm dishes with 200 non．irradiated cells

for the detemination of the PE of ICM treated cells．
】VIedium from non．irradiated cells was used as a

conⅡ-ol with the same Drocedure．

2．5 Dose effect on BSE of SMMC．7721 ce¨s in．

duced bv ICM treatment

Medium from SMMC一772 1 ceU culture imdi—
ated with l GV and 6Gy was used，as above．described。

fbr the investigation of the dose ef．fect of ICM treat—

ment．The PE of the ceUs was determined bv the same

equation as Eq．(1)．The SF of the cells was determined

by the fbllowing equation：

SF(％)=(SIcM强))×100％ (3)

where SlcM is the PE of the ICM treated cells，and&)

was the PE of the control cells．

2．6 Data analysis

A儿data were calculated as mean±SD．Com—

parisons between treatment groups and controls were

made by f．test． A p．value 1ess than 0．05 between

groups was considered to be significant difference，

and a口一value less than 0．0 1 was considered to be ex．
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tremely significant di骶rence． PE reeIuctiOn ef!I宅ct is dependent on cen types．

140

3 Results
120

3．1 Clonogenic survival of SMMC-7721 and F56

cells

Fig．1 shows the dose response curves of the sur-

vival fraction of SMMC772 1 and F56 cens after irra—

diation with carbon beams．For both cell lines，the

survival fractions were well fitted bv the linear model

with the equation S=exp(一(]D)It indicates that a di—

rect eff'ect dominates the cell dama2e．Furthermore，it

can be observed that SMMC772 1 cells are much more

radiosensitive than F56 cells．
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Fig．1 The surviVal curves of SMMC一772 l and F56 cells after

irradiation of 80 MeV／u carbon ion beam．

3．2 Effect Of PE of non．irradiated cells induced

bv ICM treatment

With respect to the response of SMMC7722 and

F56 cells treated with ICM from ceU culture irradiated

with l Gv of carbon ions．the PE of both ceU 1ines was

investi2ated．It was found that the PE of cells treated

with ICM was reduced obviouslv for SMMC772 l

cells．Compared with the colonies of control cells，the

colonies cultured with ICM were less and smaller．As

illustrated in Fig．2，the difference between the PE of

ICM．treated SMMC772 1 cells and that of no卜

mal—nledium—treated ones is statisticanV signiflcant．

This result suggests that the irradiated SMMC772 1

cells release factor(s)into the culture medium that are

toxic to the non—irradiated cells．

As for F56 cells．there was no clear PE reduction

response after ICM treatment，which suggests that the
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Fig．2 The PEs of cells treated

dium treated cells．Results have

controls．The plating efficiency

independent replicates．

F56

with ICM and of normal me—

been normalized to l 00％for

presented is the mean of ten

3．3 Dose effect on BSE induced by ICM treat—

ment

The dose eff色ct on the plating efficiency and the

survival fraction of SMMC一772 l cells after ICM

treatment is given in Table 1．The PE and the SF of

ceUs treated with ICM firradiated with 1Gv carbon

ions)are decreased significantly．The PE and the SF of

cells treated with ICM firradiated wjth 6Gv carbon

ions)are decreased too，but not as signiflcantly as

with 1 Gv．From the survival curve of SMMC一772 1

cells．it can be seen that more than 99％of cells 10st

me capacity to diVide into colonies at a dose of 6Gy．

This result hints that the reDroductive cens are more

e髓ctive than dead cells on inducing the BSEs．

1rable 1 The BSEresulcs ofSMMC一772 l cells treated with

ICM at diff色rent doses

4 Discussion

The data concerning the mechanism of bystander

eH色ct faU into two distinct categories．Some studies

showed that gap—iunction intercellular communication

(GJIC)plays an important r01e in the radiation in—

duced BSE． The BSE is enhanced bV cellular

g印_junction accelerant cAMP and reduced by
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gap—junction inhibitor 1indane．【18】 MitcheU investi—

gated the importance of the degree of cell—to—cell con—

tact in the BSE by Varying the ceU density．When 1 0％

of cells were exposed to a range of 2～l2 alpha pani—

cles，a significantly greater number of cells were inac—

tiVated when ceUs were irradiated at higher density．In

a(Hition，the oncogenic transformation frequency was

significantly higher in high—density cultures．⋯These

results implicated the inV01Vement of intracellular

communication through gap junctions．

On the other hand，a few experiments demon—

strated that the BSEs are mediated by soluble ex—

tracelluIar factor(s)or signal(s)，and cell—to—cell con—

tact during radiation is not required．【9，10，19】Mothersill

found that ICM from Y—irradiated epithelial cells re．

duced the PE and increased the incidence of apoptosis

of non—irradiated epithelial cells，suggesting me secre—

tion of soluble factor(s)．This ef艳ct was not observed

in simila订y treated fibroblast，implicating that the

BSEs are dependent on ceU genotype pfesented at the

time of irradiation．Although the ex仃acellular factor(s)

resDonsible for the induction of the BSEs has not been

identified，studies showed that reactiVe oxygen species

(ROS)contribute to the radiation—induced BSEs，[18】

cytokine’s transforming growth factor∥and inter一

1eukin 8 were involved in the BSEs．【2()，21】It has been

assumed that radiation induces facto“s)to stimulate

the prOduction of ROS．【22】

Zhou【19】investigated the roles of medium in the

BSEs with double—myIar technique．When one mVlar

with cells was irradiated with仅一particles，the surviv．

ing fraction in the other mylar with non—irradiated

cells was significantly 10wer than that of con”ol after

48h co—cultiVation， and no signmcant spontaneous

mutagenic eff．ect was observed in non—i11radiated cells

after co—cultivation．These results su29ested mat fac．

tor(s)killin2 the non—irradiated cells had little efF色ct

on mutation induction， and dif艳rent bvstander end

points may inVolVe different rnechanisms．In the pre—

sent study，the BSEs were found on SMMC772 1 cells，

but not on F56 cells．This complicated phenomenon

may be due to the genotype of the cells，on which the

medium—mediated bystander ef!f’ect depends． The

BSEs could be induced by carbon ions on some ceU

types irradiated．The PE of bystander SMMC772 l

cells was significantly decreased，suggesting the se—

cretion of factor(s)bv irradiated cells into medium

that was cvtotoxic to bvstander non—irradiated cells．

These results consisted with other reDorts．⋯o，191

MOreover’the reduced PE of bvstander SMMC772 1

cells was more significant for lGy than for 6Gy．This

might be due to the sensitiVity to radiation of the

SMMC772l cells．From the survival curve．it could be

seen that the surVival of SMMC772 1 cells was about

35％at 1Gy but only about 1％at 6GV．The dose of

1 Gy is clinically inlportant fbr tumor radiotherap y．

Recent results show that not onlv the medium

f}om irradiated ceIls have ef!f．ects on non．irradiated

cells，me medium from the progeny of i11radiated cells

can also produce biological eI'fect．Nagar f．ound that

non．irradiated GMl0115 cells could be killed bv me．

dium from chromosomalIv unstable GMl01 15 clones

induced by previous iron ions or X—ray irradiation．123l

Lyng and Mothersill reported that medium from the

progeny of irradiated cell could initiate apoptosis in

unhit cells．【24】

Radiation can cause cancer．The bvstander eff色ct

that can manifest outside the irradiation area suggests

mat me Dotential health risks associated with radiation

exposure may be greater than that people originaUy

thought of and may ultimately make impact on human

radiation risk assessment． Radiation is also widelv

used to缸．eat cancer．Since me physical and bi0109ical

adVantages of heaVy ions haVe been fbund，dedicated

heaVy ion therapies haVe been built and put into prac—

tice at NIRS，Japan，and GSI，Germany，in 1994 and

1997 respectiVely．Considering their prominent clinic

results，heaVy ion therapy has become Very promising

a11 over the world．¨圳At the IMP fInstitute of Modem

Physics)in Lanzhou，China，the basic research on

heavy ion therapy has been carried out for some years．

The biol02ical effects on both irradiated and

non—i盯adiated ceUs are very important．For more pre．

cjse estimation of the clinic and late effects．the BSEs

have to be taken into account fbr some cell tVpes dur．

ing radiotherap y．
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