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Abstract Mutation induction by low energy heavy ions was scored at the hypoxanthine 

guanine ph0sph0rib0syl transferase(HGP】；lT)locus using both normal human fibroblasts and 
the human．hamster hybrid AL cells．In addition，the mutation yield at a non．essential chro- 

mosome was so examined by using the S1 marker gene locating on human chromosom e 11 in 

AL cells．M utagenicity induced by low energy heavy ions was dose and LET dependent．The 

induced mutant fractions at the S 1 locus were consistently higher than those for HGPRT．Us． 

ing a mutation system that can detect multilocus changes，it can be shown by either Southern 

blotting or multiplex PCR techniques that radiation can induce chromosomal deletions in the 

millions of basepairs． 
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1 Introduction 

The biological effects of ionizing radia- 

tion on cells in culture have been well doc． 

umented． Low energy heavy ions with en。 

ergy i0-~200 keV／ m have been shown to in． 

duce cell death，chromosomal aberrations，gene 

and chromosomal mutations and malignant 

transformation．[1 引 In genera1
． the e伍ciency of 

these DNA damaging processes depends．among 

other factors，on the total dose，dose rate，cul- 

ture conditions and the linear energy transfer 

fLET1 of the heavy ions．【4，5J It is thought that 

the high relative biological effectiveness(RB E) 
of these heavy ions are due to the induction of 

poorly．repaired or irrepairable DNA lesions．t6J 

In vitro assay systems such as oncogenic 

transformation and mutagenesis have been used 

to examine the biological effectiveness of these 

low energy heavy ions．[7 9]M utation induc． 

tion has been examined at several genetic 

loci using a variety of human and rodent cell 

lines．[2，10 12】
． These low energy ions are more 

effi cient per unit absorbed dose at mutant in． 

duction than  low LET radiation such as X。 

or 一rays． Although the use of gene mark- 

ers，such as HGPRT that locates on essential， 

monosomic chromosomes，provide an accurate 

and convenient meas ure for mutagenic agents 

that produce mainly gene mutations，chromo． 

somal mutations，such as large deletions and 

non．disjunctional process．may be underesti． 
mated as has been shown for ionizing radiation 

and certain chemi cals．[13 14]The frequency of 

induced mutants has been found to be much 

higher when the heterozygous thymi dine kinase 

gene，as opposed to the hemizygous one，is the 

target gene for radon induced mutagenesis in 

the mouse lymphoblast cell line．【 5】The ratio． 
nale is that many of the lesions induced by the 

low energy heavy ions ar e intergenic lesions that 

are poorly recovered when the target gene is lo— 

cared in the vaccinity of other essential genes． 

In the present study， the cellular and 

molecular charac terization of mutagenesis in． 

duced by low energy heavy ions and 一rays were 

exami ned using both norm al human  skin fibrob- 

las ts an d the human ．hamster hybrid AI cells． 

The AL cells contain a single copy of chromo· 

some 1 1 as its only human chromosome that en． 

codes a series of human  cell surfac e an tigens．[16】 

This assay carl detect sensitively both intra- 
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genie and multilocus mutations since virtually 

the entire human chromosome serves as a target 

for mutation．【 7】Since only a small portion of 

the human chromosome 1 1 is cssential for via． 

bility of the hybrid cell，even large chromosomal 

deletions involving millions of base pairs are not 

letha1．Southern blotting and polymeras e chain 

reaction (PCR)techniques were used to deter． 

mine the molecular nature of the mutations in． 

duced by，y-rays and various low energy heavy 

ions． 

2 M aterials and m ethods 

2．1 cell culture 

Primary，diploid human skin fibroblasts 

were initiated by enzymatic digestion offoreskin 

preparations according to the method described 

had been published previously．【2,5】For low LET 

confrol radiction， ．rays from a 36 Cs irradia． 

for with an absorbed dose rate of 1 18 cGy／min 
were used． 

2．3 Cytotoxicity 

To determine the cytotoxicity of the vat． 

ious charged particles，exponentially growing 

HSF and AI cells were trypsinized and re． 

plated onto mylar dishes at a density of 1×1 00 

cells／dish as described previously．【0，131 Cells 

were irradiated 48 h after plating with graded 

doses of 10 keV／#m protons，20 or 40 keV／#m 

deuterons，and 80，120 or 150 keV／ m helium．4 
ions． Representative cultures were also irradi． 

ated with graded doses of ．rays． After irra- 

diction，cultures were immediately trypsinized， 

counted with an electronic eell counter f Cou1． 

by Noyes et 0L[ 。】Cells were maintained in Q． ter Electronic1 and replated in 100 mm diame． 

Minimum Essential Medium fGibco，Grand Is． 

1and，NY1 supplemented with 20％ fetal bovine 

serum (Hyclone Laboratories，Logan，UT)and 

25~g／ml gentamycin．Primary explants were 
subcultured and frozen down in liquid nitro- 

gen at the second passage．Exponentially grow- 

ing cells from passages 3～ 6 were used in the 

present studies． The AI cells，developed by 

Puck et al，contain a single copy of human 

chromosome 1 1 in addition to the standard set 

of hamster chromosomes．[16]Cell surfaca anti， 

genie markers such as S1 and S2 have been re． 

gionally mapped on chromosome 1 1． Norm al 

rabbit serum was used as a source of comple． 

ment and specific monoclonal antibody against 

the S 1 antigenic marker was produced as de． 

scribed in Ref．『191． C：ells were maintained in 
Ham’s F．12 medium supplemented with 8％ 

heat．inactivated fetal bovine serum fHyclone 

Laboratories，Logan，UT)，2X normal Glycine 

(2×10 mol／L)and 25#g／ml gentamycin． 
2．2 Irradiatlon 

Charged particles of defined LET ranging 

from 10 keV／ m protons to 150 keV／／zm 0He 
ions were accelerated at the 4 MV van de Graft 

accelerator at the Radiological Research Acce1． 

erator Facility of Columbia University．The par． 

ticle beam was directed vertically through the 

mylar bottom of specially constructed stainless． 

steel irradiation dishes．The mylar foil had an 

average thickness of 6／zm onto which cells were 

grown as monolayers． Details of the physical 

arrangement of the track segment irradiation 

ter tissue culture dishes at a density such that 

50～60 cells would survived after tile radiation 

treatment and form colonies．Culturcs were in． 

cubated for 10～12 days．fixed with formalde． 

hyde，stained with Gl‘emsa and the number of 

colonies counted． 

2．4 M utation assay 

Following irradiation， the cultures were 

trypsinized and replated for mutagenesis as- 

say at both the S1 and the HGPRT loci as 

described previously[2，12，13，17，19】
． For the S1 

marker gene，briefly，2× 10。 cells per 10 cm 

diameter dish were challenged with 1．5％ com． 

plement together with 0．3％ antiserum． Cu1． 

tures were incubated for 8～10 d at which time 

they were fixed，stained and scored for surviv． 

ing colonies．Controls included identical sets of 

dishes，with appropriate numbers of cells，con． 

raining antibody alone，complement alone or 

neither agent． The induced mutant fractions． 

expressed as the number of surviving colonies 

per 100 survivors．remained fairly constant for 

several weeks after irradiation．To assay for the 

induction of HGP r—mutants．irradiated HSF 

and AT．cells were plated in completed medium 

containing 40#mol／L 6-thioguanine at a den- 
sity of 2×105 cells／dish．After incubation for 
9～10d，all dishes were fixed and stained．S1一 

and HGPRT— mutants were plucked．expanded 

in culture and retested in media containing an． 

tiserum plus complement or HAT respectively 

to verify their true mutant nature before DNA 

analysis． 
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2．5 M olecular analysis of mutation spec— 

trum  

M olecular spectra of the induced mutants 

were analyzed using either standard Southern 

blotting or multiplex polymerase chain reaction 

techniques．[20,21】Briefly
，
15#g of DNA prepared 

from the various HGPRT— mutants were di— 

gested by Pst I restriction endonuclease fBiolab． 

Beverly．MA1．The DNAs were then separated 

by elcctrophoresis and blotted onto Hybond 

membranes fAmersham，Arlington Hts，IL．)． 
The blots were pre．hybridized，then hybridized 

to the 32P．1abelled cDNA probe．pHPT12 was 

used for the AI．cells and pPR1 for the HSF 

cells．The filters were then washed and exposed 

to X．ray film at．80。C for 4d in the presence of 

intensifying screens．For multiplex PCR analy． 

sis of the human chromosome markers，primers 

were synthesized for the 4 chromosome l l genes 

with known locations relative to the M 1T1 gene 

which codes for the S1 lOCUS fWilm’s tumor， 

PTH，RA．S and AP0．Al1．With EcoR1，l#g of 
mutant DNA was digested and used as a tem- 

Dose／cGy 

Fig．1 Surviving fractions of human skin 

fibroblasts either with graded doses of 一rays or 

various low energy heavy ions．Bars represent 

95％ confidence intervals 

It can be seen from Fig．2 that mutation fre— 

quencies have a direct correlation to LET over 

the dose ranges examined． The RBE for mu— 

tagenesis，based on the slopes of the dose re— 

sponse curves，ranged from 1．3 for 10 keV／#m 

plate for the 35 cycle reaction using a Perkin— 

Elmer thermocycler as described previously．【 J 

The entire reaction mixture(20 tz1)consisted of 
0．2~tl of each of the primers，0．2~tl of Stoffel frag— 

ment enzyme fPerkin．Elmer，S．Plainfield，N．J．) 
together with the bufief and dNTP mi xture． 

The reaction products were then run on a stan— 

dard minigel，stained with ethidium bromi de， 

and exami ned under an UV trans．illumi nator． 

3 Results an d conclusions 

In Figs．1．2 survival data were analyzed us． 

ing the linear quadratic model and curves rep． 

resent the best fit to the data by using the 

method of maximum likelihood．For ．rays and 

charged particles of lower LET．the survival 

curves show an initial shoulder．while the curves 

approximate to an exponential function of dose 

at higher LET’s．The e伍ciency for eell killing 

reaches a plateau at 80 keV／ m 0He ions．The 
RB E for eell lethality at the 1 0％ survivallevel 

ranged from 1．6 for 10 keV／ m protons to 5．3 

for 150 keV／ m He ions． 

．2 

．； 
岂 

Dose／cGy 

Fig．2 M utation induction at the HGPRT locus 

in human fibroblasts by graded doses of either 

． rays or various low energy heavy ions 

protons to 9．4 for 150 keV／#m 。He ions．When 
6．thioguanine—resistant mutants were plucked 

out，expanded in cultures and subsequently cul— 

tured in medium containing aminopterin and 

hypoxanthine，none of the clones survived，in一 

墨8 u1̂ l̂】n日．0．【 目， 

口0I1u#皇 HÎÎ-，∞ 
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dicating that they were true mutants． 

W ild．．type AL cells express a set of hu．． 

marl surface an tigen markers such as S1，S2，S3 

and lactic dehydrogenas e that have been region． 

ally mapped on chromosom e 儿 ．[17，19】A gene 

at 11p13 fMIC1)encodes the S1 antigen．In 
the presence of complement an d specific an． 

tiserum against the S 1 antigen．wild type AL 

Clntracteristics of AL mutation ass~ty 

No complem ent 

cells are lysed．while mutated eells having lost 

the marker survive to form colonies as shown 

in Fig．3． The maximum expression of lOSS of 

surfaca antigen markers normally occured after 

7～14 d．depending on radiation dose[13，19]
． The 

background mutant fraction at the S 1 lOCUS iS 

73～121 mutants per 10 survivors． 

W ith complement 

’ 
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Fig．3 Characterization of the AL cell using the 

complement—antibody cell lysate assay．300 cells 

from exponentially growing cultures were plated 

in completed medium containing either 1．5％ or 

no complement followed by addition of 0．3％ of 

either anti-S 1 or anti．S 2 antisetum 

The mutant fractions induced by graded 

doses of 150 keV／#m He ions at the S1 and 
HGPRT loci of the AI cells are shown in Fig．4． 

At a dose of 50 cGy of charged particles，the mu． 

rant yield at the S 1 lOCUS was～20 foId higher 

than at the corresponding HGPRT．The sin． 

gle copy of human chromosome 11 in the AI 

cells codes for genes that are not essential for 

the survival of the cells． As such．mutational 

damages in this chromosome ar e less likely to 

be lost through eell damages．A higher muta- 

tion frequency is expected，especially at lower 

radiation doses as compared to conventional 

mutational assay system such as the HGPRT． 

Similar results have also been obtained with 

0．5 1．0 1．5 

Dose／Gy 

Fig．4 Induced mutant fractions at the S1 and 

HGPRT loci in AL cells irradiated with graded 

dose of 1 50 keV／／~m helium ions．Data are 
pooled from 4 experim ents．Bars represent士 

S．E．of m eans 

the heterozygous tk+／tk— lOCUS in both the 
L5178 mouse lymphoblast[23]an d the TK6 hu． 

man lym phoblas toid eelllines．[2 4J In radon ir． 

radiated L5178 cells，the mutation frequency at 

the heterozygous tk lOCUS has been shown to be 

50 f_0ld higher than the corresponding tk hem- 

izygous eellline．[10】 

Analysis of molecular changes in the DNA 

of mutant cells is essential for an understanding 

of the mechanisms of mutagenesis．It is appar． 

ent from a variety of studies that the major． 
ity of radiation induced mutation result from 

gene an d chromosomal deletions．Is，10—12，22，25】 

Southern blotting techniques carl be used to 

investigate the kinds of lesions that underlie 

∞■0}_}■j ∞ 
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mutants obtained at either the HGPRT or S 1 

lOCUS． Fig．5 shows a reDresentative Southern 

blot analysis of human fibroblas ts DNA from 

10 HGPRT— mutants induced by 80 keV／“m 
He ions． After Pst I restriction digestion． 

DNA from normal HSF was hybridized to 6 

fragments with the fuU length human HGPRT 

cDNA probe．pPR1 ranging in size from 1．25 to 

7．6 kB flane 1)．Of the 10 mutants examined，6 

kb 

7．6 —  

5．5 —  

4．0 —  

2．8 —  

2．1 一  

1．25 —  

4 

showed total deletions of the HGPRT sequence 

flanes 2，3，5，9，10 and 11)．One showed par— 

tinl deletion(1ane 8)，and 3 had no apparent 

changes at the HGPRT gene flanes 4，6 and 

7、．Among the 30 to 50 individual mutants iSO— 

lated from either 一rayS or He irradiated cul— 

tures，there was a significant difierence in their 

deletion spectrum and those of the spontaneous 

origin(see Fig．6)． 

7 

謦．孽 

●  簟  

9 

b 事 

11 

Fig．5 Southern blot analysis of human fibroblasts DNA from control(1ane 1)and ten HGPRT— 
mutants induced by 80 keV／#m 。He ions．The bands that correspond to 7．6 and 2．8 kb are from 

autosomal pseudogenes 

0 

chanEe deletion deletion 

Fig．6 Deletion spectrum based on Southern 

analysis of human fibroblas ts DNA from HGPRT— 

mutants induced by either T-rays or 80 keV／gm 
。Heions 

Using cDNA probes mapped to specific re— 

gions of human chromosome 1 1，one can delin— 

eate precisely the presence or absence of par— 

ticular DNA segments．As a result，the size of 

DNA lesions from various S1一 mutants can be 

calculated． Previous studies have shown that 

at doses of 一rayS that resulted in comparable 

survival to that of 3 He ions exposure，the per— 

centage of S 1一 mutants with deletions lar ger 

than 3 megabase pairs is significan tly higher in 

the charged particle group．【 2J The availability 

of primer sequences for several human chromo— 

some 11 marker genes has allowed one to use the 

multiplex PCR techniques to evaluate the dele— 

tion pattern from mutan ts using small quanti— 

ties of DNA．Fig．7 shows a reDresentative gel of 

PCR products using S1一mutant DNA as tern- 

plate and primers synthesized for three mar ker 

0II一目- Il Il0∞ 二 tII-0 'l̂_ 

皇 ‘l0ll，o 警 LI 
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genes located either OIl the long arm(APO)or 
short arm (RAS，PTH)of the human chromo- 
some 1 1．The presence or absence of the corre— 

PTH 

W T 

APO．Al 

RAS 

sponding PCR products indicates whether par— 

ticular segments of DNA are present or not． 

9 8 7 6 5 4 3 2 

Fig．7 Gel dectroDhoresis of PCR products using DNA from S1一 mutants aS templates and primers 

synthesized for PTH (parathyroid hormone)，wT(wilm’S Tumor)，RAS and APO．A1(apolipoprotein)． 
Hae III digested exl74 DNA WaS used as size markers flane 11．Lanes 2 through 6 show mutation 

patterns of mutants induced by a 10 cGy dose of 90 keV／ m He ions．Lanes 7 through 9 show mutants 

induced by a 1 Gy dose of the charged particles．The size of the corresponding PCR products in 

basepair are shown in the far right 
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Fig．8 Molecular spectrum of s1一mutants induced by equitoxic doses of either 7-rays or 90 keV／／~m 
。He ions as determined by multiplex P CR using synthesized primers fo r the various human chromosome 

11 marker genes．The distance between the various genes is shown in megabase(1eft pane1)． 

The application of the PCR techniques to aYn- 

plify short regions of the genome have been 

shown to be a powerful method in mutation 

analysis． DNA deletion screening using mu1． 

tiplex PCR proves to be a much faster method 

and can also eliminate the need for radioactive 

3 【 E 1̂ 巾 m 川 Ⅲ他 
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probes that are often required in conventional 2 

Southern analysis． 

The di行erence in deletion spectra between 

mutants induced by equitoxic doses of 7一rays 

and 90 keV／#m 0He ions is shown in Fig．8 where 
the percent of S 1一 mutants with specific dele— 

tion size based on multiplex PCR analysis is 

given． W hne 一rays and the charged parti- 

cles are equally proficient in inducing mutants 

with relatively small deletions fW T to S1：1．3 

Mb1， He ions，at an equitoxic dose to that 

of 一rays，induced significantly a larger mum— 

bet ofmutants with deletions>34 M b fS1-PTH． 

PTH—APO1．Furthermore．the deletion spec— 

trum appeared to be dose dependent as was 

shown previously,[22】As the dose of radiation 

increased．the percentage of mutants with rela- 

tively larger deletions also increased． 

Results of the present study demonstrate 

that low energy heavy ions are mutagenic in 

cultured mammalian cells．Both the mutagenic 

potential and the molecular spectra of gene and 

chromosomal deletions are dose and energy de— 

pendent．W hile there is no unique mutation at— 

tributable to a specific type of radiation．there is 

indication that the distribution of deletion spec— 

trum is dependent on radiation quality~ Fur— 

thermore．the size of the radiation—induced le— 

sions is governed by the chromosomal location 

in which the target gene resides．The possibility 

of hypersensitive site(s)in the target gene re— 
mains unclear．Recent study suggests that the 

3’end of the HGPRT gene may be abnormally 

sensitive to X—ray induced damage．[26】 
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