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DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Govemment or any agency thereof or the Regents of the 
University of California. 
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GENETIC CHANGES IN MAMMALIAN CELLS TRANSFORMED BY 
HELIUM IONS 

M. Durante*, G. Grossi*, T. C. Yang**, and R. Roots** 

*Dipartimento di Scienze Fisiche, Universita' di Napoli, Mostra D'Oltremare Pad. 20, 
80125 Napoli, Italy 

**Cell and Molecular Biology Division, Lawrence Berkeley Laboratory, University of 
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ABS1RAcr 

Midtenn Syrian Hamster embryo (SHE) cells were employed to study high LET-radiation induced 
tumorigenesis. Normal SHE cells (secondary passage) were irradiated with accelerated helium ions at an 
incident energy of 22 MeV /u (9-1 0 ke V /v.m). Transfonned clones were isolated after growth in soft agar 
of cells obtained from the foci of the initial monolayer plated postirradiation. To study the progression 
process of malignant transfonnation, the transformed clones were followed by monolayer subculturing 
for prolonged periods of time. Subsequently, neoplasia tests in nude mice were done. In this work, 
however, we have focused on karyotypic changes in the banding patterns of the chromosomes during the 
early part of the progressive process of cell transformation for helium ion-induced transfonned cells. 

IN1RODUCTION 

Specific chromosome abnonnalities are often associated with specific types of cancers /1,2/. In many 
cases suppressor genes and/or protooncogenes have been implicated in chromosomal (or DNA) 
rearrangements or deletions /3/. Although various characteristic genetic changes often appear linked to 
certain cancers in human and experimental animals /4/, it is not known whether different genes may be 
involved at different stages of the multistep process towards neoplasia or whether tumorigenecity 
depends on altered gene function of one or more genes /5/. The present work was initiated to determine 
if chromosomal (or DNA) changes are non-random in the development of malignant radiogenic trans
fonnation in vitro. Few studies of this kind exist, but radiation-induced mutation in the Ki-ras 
protooncogene in mouse lymphomas /6/ and activation of c-myc and e-ras in rat skin carcinomas have 
been reported n/. Data from Borek et ai. /8/ indicate that the same (or distinctive) transforming genes 
operate in five independently transformed clones derived from X-irradiated SHE cells. This information, 
however, pertains to the fully tumorigenic transfonned cell. Before in vitro morphologically trans
fanned cells become tumorigenic, several, if not many, population doublings must have occurred, Our 
investigation is particularly concerned with genetic changes occurring during this progression stage. 

High LET radiation induces mutations and transfonnation in mammalian cells more efficiently per unit 
dose than low LET radiation does /9/. In the case of cell transfonnation in vitro, one explanation may 
be that the initial lesions such as complicated DNA double-strand breaks (DSBs), possibly arising from 
clustering of strand scissions, produce severely damaged regions in DNA effecting genetic alterations, 
whereas for low LET radiation the same endpoint may perhaps only be reached after an accumulation of 
lesser genetic modifications, gradually accumulated as a consequence of the radiation. High LET radia
tion, such as alpha particles, induces DSBs efficiently with an RBE (relative biological effectiveness) of 
4 or more at optimum LET of 100-200 keY/11m /10,11/. The induction of certain chromosome aberra
tions also follows this relationship /9/. It is therefore rational to expect that induction of genetic 
lesions in transformed cells capable of becoming malignant may also show maximum RBE at 100-200 
keV/~J.m as indicated by Yang et ai./12/. 

MATERIALS AND METHODS 

Primary Syrian Hamster Embryo (SHE) Cells 

A frozen stock of )rimary cells from a 14 day old Syrian hamster fetus was preserved in liquid nitrogen. 
Thawed cells were used in secondary passage for the irradiations and in secondary or tertiary passages for 
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karyotyping of control, unirradiated cells. A nonnal female karyotype of 2N = 44 was characterized. 
Cells were grown in Falcon plastic flasks or dishes in McCoy's medium (Gibco-BRL) supplemented 
with 10% fetal calf serum (FCS) from HyClone Laboratories. Incubations were done at 37"C in a 5% 
C02 humidified atmosphere. Nonnal cells began to show senescence after a number of passages and 
were unable to form colonies in soft agar as also reported previously by Borek and Sachs /13/ for SHE 
cells. Whereas rodent fibroblasts may be transfonned relatively easily by an acute dose of ionizing radia
tion. this has not been possible in the case of many other mammalian cell types or normal human 
fibroblasts, although cell immortality has been achieved by repeated treannent with X-rays /14/. 

Irradiation Conditions 

Secondary passage cells were plated into 25 cm2 culture flasks and irradiated well before confluence. 
Immediately prior to irradiation. the flask was filled with complete culture medium and irradiated in 
vertical position with a 22 MeV /u incident energy helium ion beam at 0.5 em residual range from the 
Bragg peak. The charged particle beam entered the biological sample through the bottom of the flask 
into the cells. The LET at this position was 10 keV/,.un. Total doses of either 2.5 or 3.5 Gy were used. 
Low LET irradiations were done for comparison where samples were irradiated with 6 Gy of 230 kVp X
rays. For both cases 10 to 20 percent surviving fractions were achieved. After irradiation. cells were 
incubated at 37"C in fresh culture medium for circa 48 hours after which time, the samples were 
trypsinized and plated into 100 mm diameter dishes for focus formation at densities varying from 0.15 to 
L25 x 1o3 cells/cm2. 

Isolation of MomhologicallY Transformed Cells 

Opaque foci were clearly visible after 2 to 4 weeks growth. Selected foci were picked from the 100 mm 
diameter dish by localized trypsinization and were expanded into mass cultures following a protocol 
developed by us /15/. The morphology was not the same in these different foci and much variation in 
phenotype stability and growth rate was observed. Determination of population doublings (PDN). is 
complex and somewhat elusive during the early period of the step-wise progression process of transfor
mation as discussed /16/. We have recorded cell growth in passage numbers (passage at confluency) 
during expansion into mass culture of a recovered focus. The actual transformed genotype comes, 
however, from recovery of a single colony after growth in agar of single cells from the mass culture. 
Noble agar (Gibco Laboratories) of0.3% in completeMcCoy's medium was used. Population doubling 
numbers are difficult to measure during foci formation (time span B in Fig. 1) and also just after 
isolation of the colony from agar for growth in monolayer. During the early progression phase which is 
of special interest to us in this communication, cell growth as passage numbers (passage at confluency) 
was recorded. The actual PDN may be obtained from counts of the number of cells plated at each 
passage and the number of cells recovered at confluency, but accurate counts of viable cells are difficult 
to obtain from a colony removed from soft agar and from populations consisting of a low number of 
cells. 

Normal HarnsterL 0 
embryo cells · i'. 

Expansion Permanently 
Isolation of ) of each ) transformed 
different foci focus into cells 

mass culture 
Morphologically 
transformed colony 

A B c 

Isolation of Transformed 
individual ) cells with 
clones from same 
soft agar genotype 

D 

fu...J.. Procedure for the isolation of a culture of transformed cells of same genotype. 
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Metaphase Chromosome Spreads and G-Bandin~ 

Exponentially growing cell cultures were treated with Colcemid (0.1 or 0.4 J.Lg/ml) for 2 hours. Mitotic 
cells were collected preferentially by centrifugation of cells released from the monolayer by partial 
trypsinization. Following hypotonic treatment (0.075 M KCI at room temperature for 20 to 30 min.) 
and fixation in methanol:acetic acid (3:1) /17/, spreads were made on cold, wet slides (Clay Adams, Gold 
Seal) and air dried. The number of bands varies greatly according to the stages of the cell division /18/. 
For G-banding, late prophase chromosomes give the highest resolution with 2-3 times more bands than 
are visible in mid-metaphase /18,19/. Our spreads contained a mixture of cell division stages including 
late prophase. Several modifications of the basic technique for preparations of chromosome spreads 
exist /19/ which will favor different characteristics including an increase in late prophase cells and 
preparations suitable for high quality banding. 

G-banded chromosomes were made after the slides were kept at 40'C for 4-6 days by the following 
method: pancreatin treatment (0.1 %) for 10-40 seconds, two 1 min washes in 2% methanol and 3-5 min 
staining in 5% Giemsa (Gurr). All solutions were made in 0.06 M phosphate buffer at pH 6.8. Stained 
chromosomes were photographed using either Kodak Technical Pan or Kodak TMX-100 films. 

RESULTS AND DISCUSSION 

Changes in Growth and Momhology of Transformed Cells 

Our procedural steps are shown schematically in Fig. 1. Irradiated cells were plated in 100 mm diameter 
dishes for foci isolation. Initially nontransformed. surviving cells formed a monolayer which deterio
rated due to senescence after a few weeks. Transformed cells proliferated and piled up in loci. Different 
growth rates and morphologies were evident. Loci were removed from the dish after two to four weeks 
and plated for further growth in 35 mm diameter or smaller dishes. Tests were made of these cells for 
ability to grow in 0.3% agar. Generally, cells from the early passages during this time space (marked C 
in Fig. 1) did not grow in agar. Subsequently it was possible to isolate clones from the agar dishes. 
At this point (time span D in Fig. 1), cells proliferated easily. Both morphological and karyotypic 
changes continued to go on during further subculturing. Not all foci which were picked from the 100 
rom dish after growth span B in Fig. 1 consisted of cells capable of continued proliferation. Worlc: is in 
progress to maximize recovery of the "transformed" cells from these foci /15/. It is general practice to 
score piled up fusiform cells as transformed, but cells from different foci show very different growth 
characteristics. Our aim was to examine chromosomal changes as early as possible after isolation of a 
transformed phenotype and also to follow this karyotype during progression toward malignancy. Quite 
possibly genotypic alterations occur during timespan B shown in Fig. 1, but we were unable to examine 
these heterogeneously mixed cell cultures for characteristic chromosome abnormalities. The earliest 
time when karyotypic studies may be done with some degree of confidence is during time span C shown 
in Fig. 1. Unfortunately, subpopulations may exist primarily due to cell diversification existing in a 
single focus. Spontaneous transformation of SHE cells is very rare and would mainly occur after many 
PDNs at very low frequency/16,20/. 

Fig. 2 shows a typical focus of piled-up transformed cells induced by helium ion irradiation. The left 
panel represents normal nonirradiated SHE cells at secondary passage. The photomicrograph to the right 
represents a focus at the boundary between the transformed cell population and the monolayer of the 
surviving irradiated cells. After transfer of the focus to a culture dish for monolayer growth and expan
sion into mass cultures (time span C in Fig. 1), records of population doublings were kept from this 
time. In our hands colony forming ability in soft agar of these cells did not occur during the early PDN 
periods. Independently isolated transformed cells were derived from isolated clones growing in soft agar, 
however in this communication we have concentrated on comparisons of cell populations in the very 
early progression period (time span C) in the transformation process; i.e., before successful isolation of 
a single clone from a culture growing in agar. 
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TRANSFORMATION OF SHE CELLS BY 22 MEV/U HELIUM IONS 

UNIRRADIA TED CULTURE TRANSFORMED CELLS 

AT PERIPHERY OF FOCUS 

E.&...,k Nonnal and transfonned SHE cells growing in plastic dishes. The left panel shows a secondary 
culture of nonnal cells. A focus of helium ion ttansfonned cells growing in a piled-up manner is shown 
to the right. 

XBB 906-4644A 

Detection of Karvotypic Abnonnalities in Cells Transformed by Helium Ions 

In Fig. 3, the photomicrograph depicts an abnormal karyotype of metaphase chromosomes from helium 
ion induced transfonned SHE cells. The banding pattern is for Giemsa-stained pancreatin treated spreads. 
Criteria used in identifications of the chromosomes were as described !211 as well as from ideograms 
supplied by Dr. Suzuki, Yokohama City University, Japan. The arrow points to monosomic X. 
Normal karyotype is XX. 

• 

... ... 
i ' .. .. 

• 

:$#' 

6.a;. ~ ltwl 

11 
" .• 

fl ..... : ..-!:• 

• .I/ 

I 
·.· tt .. 

EiK...1.. Giemsa-banded metaphase chromosome spread obtained from helium ion transformed cells at 
very low passage numbers (PDN of 5 to 12). XBB 906-4783 
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A comparison of karyotypes from the helium-ion 1ransformed cells during early progression phase gave 
the foJlowing results: (1) Minor changes in chromosome morphology or G-banding were found 
generally. (2) Karyotypes with missing homologs were found occasionally . . (3) Hardly ever were 
complex rearrangements or unidentified chromosomes or extra chromosomes such as trisomy detected. 
Briefly, minor structural changes rather than numerical irregularities were observed. At this point in the 
progression process, growth in soft agar was not possible. We intend to foJlow the transformation 
process during later phases where one may expect more severe chromosome abnormalities to show up. 
It will be of interest to establish the karyotypic abnormalities at the points where growth in soft agar 
occurs and where tumorigenesis becomes possible. It will be important to extend these initial studies 
(LET = 10 ke V /J.Lm) to higher LETs. 

Comparison of Chromosomal Abnormalities in S vrian Hamster Cells Transformed by Various Agents 

We have been able to examine karyotypes from various later stages in the multistep progression process 
for X-ray-induced SHE transformed cells. In these cases it was found that: (1) the karyotypes became 
progressively more abnormal as the PDNs increased; (2) translocations, minute ring chromosomes 
(chromosome markers) and extra chromosomes, often of abnormal morphology were detected; but (3) a 
non-random pattern was not detected. Invariably, extra chromosomal material appeared as the ceUs 
became tumorigenic. 

In Fig. 4 we have illustrated a few of these abnormalities. In particular we have detected abnormality in 
chromosome number 11 (t(11;X]) and number 9 trisomy. Other abnonnalities were additional unidenti
fied chromosomes and the presence of minute ring chromosomes. Monosomy was detected of various 
chromosome numbers. The labeled arrows in the figure point to the Xq-translocation, to one abnormal 
chromosome 11 and to one normal chromosome 11. The three unmarked arrows point to 9 trisomy. 
The two marker chromosomes are labeled M1 and M2. Abnormalities in chromosomes 9 and 11 have 
been reponed by other researchers /24J.5/ for photon-induced cell transformation in SHE cells. The X
ray-induced transformed ceUs formed tumors in nude mice 10-12 weeks post inoculation of 106 cells. 

"' • .. 

.,._ t[ll;X) 

..,. -..... t[ll;X] 

~ Illustration of chromosomal rearrangements detected in X-ray induced SHE transformed cells 
before tumorigenicity. Arrows point to various abnormalities as discussed in the text 

XBB 909-7311 
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Figure 5 illustrates the gradual morphological changes taking place in radiation-induced II'allsformed 
cells. Competence for clonal growth also changes dramatically as !he cells become tumorigenic. 

NORMAL S.H.E. CELLS 

NON IRRADIATED 

SECONDARY CULTURE 
On Plastic 

SECONDARY CULTURE 
In Agar 

TRANSFORMED S.H.E. CELLS INDUCED 

BY RADIATION (6 GY X-RAY> 

Paasage 8 
On Plaatlc 

Passage 8 
In Agar 

Pa11age 58 
On Plastic 

Passage 58 
In Agar 

Clone From Agar 
Colony 

On Plastic 

Above Clone 
In Agar 

f1L.2. Photographs showing the gradual changes in the morphology as well as the clonogenic poten
tial of cells isolated from one focus derived from X-irradiated SHE cells. 

XBB 895-3805A 

Table 1 lists some differences between viral- or oncogene- and radiation-induced cellii'allsformation in 
Syrian hamster cells. It is interesting to note that a non-random change in chromosome 15 to mono
somic was found for viruses or oncogenes. In both cases karyotyping was done from cultures derived 
from tumors or from virus infected Syrian hamster cell lines. Oshimura et al. (23/ cotransfected e-ras 
and c-myc into early passage SHE cells which were then injected into nude mice. We have not yet 
analyzed the cells from the tumors which developed from our SHE transformed cells. It is likely !he 
tumor cell karyotypes will be different post tumorigenesis in comparison to the chromosome 
characteristics at the time of injection. Specific chromosome alterations (3, or 3q trisomies) were found 
in tumor cells derived from radiation-induced transformed SHE cells (24/ as listed in Table 1. 
Nonrandom chromosomal defects have been reported for chromosome numbers 3, 7, 9, II and 20 in the 
SHE cell system. We are presently carrying out in situ hybridization of 3H-labeled probes (cancer 
genes) to the metaphase chromosome spreads of normal (2N = 44) control SHE cells in order to locate 
various cancer genes to specific chromosomes. The normal gene location may then be compared to its 
location in transformed cells. 

Critical Lesions in DNA as a function of LET 

In a previous communication we have discussed the RBE-LET relationship for (1) induction of DSBs in 
cell DNA and (2) formation of irreparable DNA strand breaks /10,1I/. The maximum RBE occurs at the 
same LET for the induction of DSBs, chromosome damage and mutation frequencies as shown by Kraft 
/9/ when efficiency per particle is graphed in terms of particle LET. Therefore these different biological 
endpoints may share the same mechanisms or expressed differently, DSBs may be the original cause for 
the formation of these lesions. The data in Table 2 show this RBE-LET relationship for induction of 
DSBs by alpha particles in cell DNA /11/. An RBE of 2 to 3 has been reported /26/ for helium ion 
induced transformation of SHE cells at 36 and 77 keV/1J.m, respectively. It would seem logical to expect 
that the unrepaired lesions and grossly misrepaired lesions may be the damages leading to cell killing; 
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but it may be expected that much more subtle genetic changes may be observable in viable but 
transformed cells. We have stressed that many PDNs pass before malignancy becomes detectable. 
Unfortunately the transformed cells cannot be examined during some of the early PDN-periods as 
illustrated in Fig. I. Our data to date indicate that initially structural changes rather than numerical 
changes occur in the karyotypes of transformed cells. As the transformed cells acquire further 
chromosomal abnormalities, the chromosome number increases numerically. It becomes important to 
investigate in a systematic manner whether there is a similar RBE-LET relationship for karyotypic 
abnormalities after cell transformation as has been shown for the induction of DSBs. In this report we 
have data for helium ion irradiated SHE cells at an LET of 1 0 ke V /IJ.m. We hope to continue these 
studies with helium ion irradiations at comparable LET values as shown in Table 2. 

Table 1. Cbromosomal Abnormalities in Transformed Svrian Hamster Cells 

Agent 

Viruses 

Cells 

Twnor derived cultures or 
cell lines 

Oncogenes Cells from tumors derived 
from transfected SHE cells 

Ionizing Transformed SHE cells 
Radiation 

Twnors derived from above 
cells 

Transformed SHE cells 

Twnors derived from above 
cells 

Transformed SHE cells 

Abnormalities 

Nonrandom Random 

15 Monosomy 

15 Monosomy 

3, 11 Trisomy 

3, or 3q· Trisomy 

7, 20 Trisomy 

7, 9 Trisomy 

Monosomies; 
trisomies; 
extra abnormal 
or unidentified 
deletions 

Xq translocation; monosomies; 
trisomies; extra chromosomes; 
minute ring chromosome 

References 

Pathak et ai., 
1981 

Oshimura et ai .• 
1985 

Watanabe et ai., 
1990 

Suzuki et ai., 
1989 

This repon 

Table 2. RBEs for the Induction of DSBs in Yeast and Mammalian Cells by Alpha Panicles 

Cell type Energy (MeV) LET (keY/~} Relative Effectiveness (RBE) 

Yeast (wild type) 

Chinese hamster 

Ehrlich 

3.5 

3.4 

65 
50 

100 
160 
65 

2.6a 
1.8b 
3.3 
4.4 
1.6c 

The initial yields of DNA DSBs were calculated from neutral sucrose gradient sedimentation profiles 
after alpha particle irradiation. 

aRelative to 30 M.~v electrons [Frankenberg et ai .• Radial. Res. 88, 524 (1981)]. 

bRe!ative to 60co y-rays [Kampf and Eichhorn. Studia Biophysica 93, 17 (1983)]. 

cRelative to 140 kVp X-rays (BI5cher, ]nl. I. Radial. Bioi. 54, 761 (1988)]. 
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