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ABSTRACT

Synchronized CHO cells were either X irradiated or pulse-labeled with 3H-
TdR or 12IUdR at 5 h (early S phase, ES), 8 h (mid S phase, MS) and 12 h (late
S phase, LS) after mitotic selection. Radiation-induced hprt gene mutation
frequencies were determined and mutants were isolated for further
molecular analysis. Mutation frequencies of Xirradiated ES cell populations
increased linearly with dose, reaching 30 times the spontaneous level at
600 cGy. However, mutation frequencies of MS and LS cell populations
increased at doses up to 200 ¢cGy and then reached a plateau at doses up to
600 cGy. Although the same mutation frequencies were observed in ES and
LS cell populations following X irradiation at 200 cGy, the cell survival
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fractions were 0.6 and 0.98, respectively. Cells with DN A-incorporated 3H-TdR
had similar patterns of induced mutations. The results suggest that the most
susceptible period for the induction of hprt mutations occurs while the gene
is replicating in early S phase. Compared with X rays, DNA-incorporated 3H-
TdR and 125IUdR produced Dy doses with RBE values of 2.1 and 8.6,
respectively, and hprt mutation frequencies with RBE values of 6.9 and >60,
respectively. The structures of mutant hprt genes in radiation-induced
mutant clones were analyzed by Southern hybridization. Seventeen to
twenty-eight percent of hprt mutant clones had no detectable structural
changes (point mutations). For Xirradiation, 56% of mutant clones had
complete hprt gene deletion, while for both internal radiation emitters (3H-
TdR and 5IUdR), nearly 50% showed partial deletions at the hprt locus.

INTRODUCTION

Induction of 6-thioguanine resistance (6TG') mutations at the
hypoxanthine-guanine-phosphoribosyl-transferase (hprt) gene locus has been
widely studied with low- and high-LET radiation in the Chinese hamster
ovary (CHO) cell system (1-7). The hprt gene product is one of the enzymes
responsible for the salvage of preformed purine bases during normal nucleic
acid turnover in mammalian cells (8). The Chinese hamster hprt gene is
located at the distal end of the short arm of the X chromosome where DNA
replication occurs in early S phase (9,10). High frequency X ray-induced hprt
mutation has been reported at the G; /S phase border of synchronized CHO
cells (7,11). These studies suggest that DNA replication may influence the
induction of mutations at the hprt locus.

The induction of hprt mutations with radioactive nucleic acid
precursors (tritiated thymidine [3H-TdR] and 5-[125I]iodo-2'-deoxyuridine
[5IUdR]) has been studied in mammalian cells (12-15). Although beta rays
from tritium are classified as low-LET particles, the ionizing radiation from
3H-TdR incorporated in DNA may produce greater injury to cells than that
from an equivalent amount of more generally distributed energy from
internal (such as 3HOH and 3H-amino acid) (16) and external (such as Xray
and yray) low-LET radiation sources.

Many studies have shown that the emission of a shower of low energy
Auger electrons results in a highly localized biological effect similar to high-
LET radiation (17-35). Nearly 30% of the electron tracks emitted from a single
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decay of the Auger emitter 125 incorporated into DNA as 125IUdR interact as a
direct hit with the atoms of DNA (36). The base most affected is the labeled
base and in roughly 1% of all decays more than 100 eV is deposited here (37).
Pomplun (37) calculated that 1251 incorporated in DNA produced 0.9 double
strand breaks (DSB) per decay plus 1.9 additional single strand breaks (SSB) or
a total of 3.7 SSB per decay. These findings are in agreement with those of
LeMotte and Little (38).

In this paper, we discuss the mutation frequencies and molecular
structural changes of the hprt locus in synchronized CHO cells induced by
external (X ray) and internal (H-TdR and 125IUdR) radiation sources.

MATERIALS AND METHODS
Cell Culture

Chinese hamster ovary (CHO) cells were grown at 37°C in a humidified
95% CO7 - 5% air atmosphere with McCoy 5a medium supplemented with
10% heat-inactivated bovine calf serum (56°C for 30 min), penicillin
(50 units/ml), and streptomycin (50 pg/ml). To reduce the level of
spontaneous hprt mutants, the cells were grown in HAT medium (2 X104 M
hypoxanthine, 2 X 10-7 M aminopterin, and 1.75 X 10->M thymidine) for
3 days. Synchronous cells (mitotic indices above 95%) were obtained by
shaking loose the mitotic cells from asynchronous cultures as described
previously (39). The mitotic cells (1-3 X 108 cells) were pooled in an ice bath
and frozen in dimethylsulfoxide (DMSO) freezing medium (40).! Prior to use,
the cells were defrosted, seeded into plastic tissue culture flasks/tubes/petri
dishes and returned to an incubator at 37°C.

X Irradiation
Synchronized cells were irradiated aerobically with a GE Maximar X ray

generator operating at 190 kV and 15mA with 1 mm/Al added filtration,
yielding a dose rate of 80 cGy/min.

IThe progression of cells through the cell cycle is not affected by the freezing-defrosting
procedure.
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Incorporation of 3H-TdR and 125IUdR

Synchronized CHO cells were incubated at 37°C. At 1 to 2 h intervals,
the cultures were pulse-labeled for 15 min with 3.7 X 104 Bq/ml of 3H-TdR
(approximately 7.4 X 1011 Bq/mmol) or '25JUdR (approximately 7.4 X"
1013 Bq/mmol, Du Pont) to obtain labeling indices throughout the cell cycle.
The cells were fixed with 100% methanol and Kodak nuclear emulsion NTB
type 2 was applied to the dishes for autoradiography. The autoradiograms
were stained with 0.1% crystal violet. Two hundred cells were scored from
each dish to determine the pulse-labeling indices (41).

To investigate other biological endpoints (cytotoxicity and mutation,
see below), various radioactive concentrations of 3H-TdR or 125]UdR were
incorporated into early S (ES), mid S (MS), or late S (LS) cell populations for
15 to 30 min at 37°C. The labeled cells were washed twice with warm medium
containing nonradioactive thymidine (final concentration 10-> M). The cells
were then stored at 2 to 4°C for 15 to 24 h to accumulate radiation doses from
the decay of the DNA-incorporated 1251 or 3H.

Cytotoxicity and Mutation Assays

Cytotoxicity was determined by the colony forming assay. The treated
cells were seeded at low densities and incubated for 8 days to allow colony
formation. Plating efficiencies were determined by a similar procedure. To
determine mutation frequencies, each treated culture, containing at least 106
surviving cells, was incubated with nonselective medium for 7 to 9 days to
allow phenotypic expression. The cells (2 X 10°) were then added to each of 20
P-100 petri dishes containing 5 ug/ml of 6-thioguanine and incubated for
10 days to select mutant clones. For further molecular analysis (see below),
one mutant clone was isolated from one petri dish per treatment (to avoid
sibling problems) and these clonal mutant cells were cultured in P-100 dishes
containing 6-thioguanine medium until the cells reached the near confluence
level.

Molecular Analysis

High molecular weight DNA was isolated from mutant clones by a
standard method (42). Samples (10 ug) were digested (37°C, overnight) with
20 units of Pst-I (New England Biolabs), electrophoresed on 0.8% agarose gels,
and transferred to Nytran membranes (pore size 0.2 pym, Schleicher and
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Schuell) for 214 h according to the recommendations of the manufacturer.
Membranes were hybridized with a PCR-amplified hprt probe labeled by a
random primer labeling procedure (43). The PCR primers (5'- GGCTTCCTCC
TCACACCGCT-3' and 5'-GGACTCCTCG TGTTTGCAGA-3') were used to
amplify a 496 bp fragment from a Chinese hamster hprt cDNA. The Southern
blot banding patterns were analyzed and assorted into three categories as
reported previously (44): (i) full deletions: all hprt-specific bands are missing;
(ii) alterations: partial deletions and rearrangements are seen; and (iii) no
change: indistinguishable from control (including point mutations).

Dose Determination

Radiation doses (cGy) were calculated from the DNA-incorporated 3H-
TdR or 125IUdR activity per cell as described by Kassis and co-workers
(26,31,32,34,35). Basically, the cumulative mean lethal dose (D) to the cell
nucleus during these in vitro experiments is given by D = E/Vy, where Vy is
the nuclear volume of CHO cells and E, the total amount of energy deposited
in the nucleus. E is given by E = (N37)e, N3y being the cumulated number of
decays of the radionuclide (during the 15 to 24 h 4°C and the subsequent 8 day
37°C incubation periods) in the nucleus at 37% survival, and € the average
energy deposited in the nucleus (for 1251, ¢ = 10.8 keV; for 3H, € = 4.3 keV) per
decay in the nucleus.

RESULTS

The progression of pooled, previously frozen, mitotic cells through the
cell cycle was followed by obtaining pulse-labeling indices (Fig. 1). The
synchronized cells entered S phase 4 h after mitosis at 37°C, with nearly 95%
of cells in S phase during mid S phase (8-10 h after mitosis). Labeling indices
rapidly declined when cells entered G; phase.

With Xirradiation, the early S phase (5 h) cell population showed the
highest sensitivity to induced cell lethality (TableI) and the late S phase
population the greatest radioresistance. Hprt mutation frequencies increased
linearly with dose up to 600 cGy in early S phase cells (Fig.2A). The
relationship of cell survival and mutation frequencies of early S phase cells
was nearly linear to the 5% survival level (Fig. 2B). Xirradiation induced
1.3 X 107 mutants/cGy and the mutation frequencies increased linearly as a
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FIG. 1. Pulse-labeling indices of synchronized CHO cells after mitosis. Arrows
indicate time when cell population was studied.

function of dose. Although mid and late S phase cells were more Xray
resistant than early S phase cells (Table I), X ray-induced mutation frequencies
increased at the same rate as in early S phase cells up to 200 cGy, with no
increase between 200 cGy and 600 cGy (Fig. 2A). With mid S phase (Fig. 2A)
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and late S phase (Fig. 2B) cell populations, X ray-induced hprt mutations
increased only in the shoulder region of the cell survival curve (up to
200 cGy).

TABLE1

Radiosensitivities of Synchronized CHO Cells to X Ray, *H-TdR, and 12°IUdR
Radiation Time after Na Do RBEP
Source Mitosis (h) (cGy)
X ray 5 (ES) 3 170 1.0

8 (MS) 2 180 1.0

12 (LS) 4 190 1.0
3H-TdR 5 (ES) 1 20 85

8 (MS) ~1 88 2.1

12 (LS) 1 65 29
15TUdR 5 (ES) 1 0.6-2.0 85-288

8 (MS) 1 5.6 32.1

12 (LS) 1 35.8 (1.6)¢ 5.3 (11.8)¢

2 extrapolation number
b RBE = Dy GH-TdR or 25TUdR)/Dy (X ray)
€ Parentheses show Dy dose and RBE from sensitive cell populations

The cell survival curves of CHO cells pulse-labeled with 3H-TdR at 5, 8,
or 12 h after mitosis had no shoulder. There were no clear cell cycle effects on
cellular lethality in MS and LS cell populations (Table I). Early S phase cell
populations had mutation frequencies that increased linearly with dose to
nearly 100 ¢cGy of 3H-TdR (9 X 107 mutants/cGy, RBE = 6.9), while mid and
late S phase cell populations demonstrated increased mutation frequencies at
doses from 5 to 10 ¢cGy, with no further increase between 10 and 270 cGy
(Fig. 3). With 125IUdR incorporation, there were no dose-response or cell cycle
effects when the mutation frequencies were calculated on the total cell
populations. Only early S phase cell populations showed slightly higher
mutations frequencies (Fig. 4).

In order to study the molecular structural changes at the hprt locus,
genomic DNA isolated from independent mutant clones was examined by
Southern hybridization analysis. Fifty-eight percent of spontaneously arising
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FIG. 2. A. Mutation frequencies at hprt locus in synchronized CHO cells
following X irradiation. Early S (ES): X; Mid S (MS): solid circles; Late S (LS):
solid triangles. Spontaneous background frequencies ([0.27 + 0.12] X 10%) shown
as shaded area. B. Relationship of cell survival and X ray-induced mutation
frequencies at hprt locus in synchronized CHO cells. Early S : X; Mid S : solid
circles; Late S : solid triangles.
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FIG. 3. Mutation frequencies at hprt locus in synchronized CHO cell
populations following 3H-TdR pulse-labeling. Early S (ES): X, solid squares;
Mid S (MS): solid circles; Late S (LS): solid triangles. Spontaneous background
frequencies ([0.50 + 0.12] X 10-5) shown as shaded area.

mutants had no detectable structural changes, while 56% of 600 cGy X ray-
induced mutant clones had total gene deletions and 27% partial gene
deletions. In contrast, half the mutant clones obtained after 3H-TdR or
15TUdR incorporation had partial gene deletions. Seventeen to twenty-eight
percent of mutant clones were point mutations after both external and
internal radiation (Table II).

DISCUSSION

The hprt gene of CHO cells is functionally hemizygous in
pseudodiploid cells, since one X chromosome is inactivated in female cells
during embryonic development (45). Farrell and Worton (9) localized the
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FIG. 4. Mutation frequencies at hprt locus in synchronized CHO cell
populations following 125IUdR pulse-labeling. Early S (ES): X, closed squares;
Late § (LS): solid triangles. Spontaneous background frequencies
([0.60 + 0.13] X 10%) shown as shaded area.

hprt gene to the distal end of the short arm on the Chinese hamster
X chromosome. DNA replication in these cells occurs intensively at the short
and long arm of the X chromosome during early and late S phase,
respectively (10). At early, mid, and late S phase, the survival fractions of
Xirradiated CHO cells showed the same age responses as demonstrated
previously (39,46-48) (Table I).

It has been reported that in many mutation systems in eukaryotic cells,
plots of radiation-induced mutation frequencies (mutants/survivors) against
the logarithm of the surviving fraction often give a straight line with low-
and high-LET radiation (7,29,49-51). In this study, only early S phase cell
populations showed a linear increase in the induction of hprt mutants
following X irradiation to 600 cGy and cell survival levels of about 5%
(Fig. 2B). This suggests that a close relationship between cell killing and
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TABLEII
Molecular Analysis of the HPRT Mutant Clones

Structural changes at hprt locus

Radiation Number of Total Partial Point
Source Clones Deletion Deletion Mutation
Control 29 4 (14%) 8 (28%) 17 (58%)
X ray (600 cGy) 48 27 (56%) 13 (27%) 8 (17%)
3H-TdR (1-265 cGy) 36 9 (26%) 16 (46%) 11 (28%)
15TUdR (7-137 cGy) 57 15 (26%) 31 (54%) 11 (22%)

induction of hprt mutants in early S phase cells exists. On the other hand, late
S phase cells were the most radioresistant (Fig. 2A) (39,46-48). When hprt
mutants were induced with nonlethal doses (up to 200 cGy), however, the
mutation frequency level remained constant (Fig. 2A).

The same effects of X ray-induced hprt mutational patterns through the
cell cycle have been reported in synchronous CHO cells by others (7,11). This
phenomenon may be related to the order of gene replication in the cell cycle.
Housekeeping genes are located in the euchromatin area and tend to replicate
in early S phase, whereas tissue-specific genes (transcriptionally inactive
genes located in heterochromatin) tend to replicate in late S phase (52). The
hprt locus might be highly susceptible to radiation during the replication
period when cells escape from lethal radiation damage. Once the hprt gene
has finished replicating, however, it may become more resistant to radiation-
induced mutation while other essential genes may be more sensitive to
damage in mid and late S phase.

Since 3H-TdR and 125IUdR are incorporated into nuclear DNA, they
pass into daughter nuclei after cell division. In addition, G-C-rich DNA
(euchromatin) is synthesized in early S phase and low G-C DNA
(heterochromatin) in late S phase (52). The same mutation frequencies in
early S phase CHO cells with 3H-TdR incorporated into DNA required nearly
a sixfold lower radiation dose than with Xray (Fig. 2B and 3). This RBE value
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correlates well with that of 5.9 reported in a previous study in which 3H-TdR
incorporation was compared to chronic gamma ray induction of hprt
mutations in mouse L5178Y lymphoblastoid cells (13). When 3HOH and 3H-
amino acids were incorporated into cells, the radioactivity was
homogeneously distributed throughout the cells and RBE values of 1 to 3
were reported for cell killing, chromosomal aberrations and mutations (16).
Since 3H-TdR 1is incorporated into thymine-rich DNA, these areas received
more radiation than expected, and the RBE values observed were higher.

It has been reported that 125JUdR incorporated into the DNA of cells
generates highly localized, low energy, Auger electrons resulting in extremely
high RBE values for cell lethality, mutations and malignant transformations
(7,15,17-35,38). In the present studies, the RBE (at Dy doses) of 3H-TdR and
15JUdR treated cells were extremely high in ES phase (85-288) as compared to
MS and LS phase cells (Table I). These results and those published earlier (29),
in which an RBE value of 49 for 125JUdR-induced hprt mutations in human
lymphoblast cells had been reported, suggest that very low doses of internal
emitters (especially 125JUdR) are efficient inducers of mutations in the absence
of cell killing. While significantly high rates of hprt mutations were induced
at low DNA-incorporated 125IUdR levels, we were unable to measure a dose
response in the present studies (Fig. 4). It is possible that the decay of DNA-
incorporated 125IUdR and the subsequent shower of Auger electrons could
have led to nonrepairable DNA damage and death of the irradiated cells. In
such a scenario, the surviving cells are those in which (a) the decay of 125I
occurred within nonlethal genes, or (b) DNA damage had been repaired.

As determined by Southern hybridization analysis, 58% of the
spontaneous hprt mutants were shown to have undetectable changes
(Table II). These findings are in agreement with results from other cell
systems (14,15,53). Fifty-six percent of 600 cGy X ray-induced mutant clones
were total gene deletions (TableII). This value was higher than that in
100 cGy X ray-induced TK-6 cells, where 30% of mutant clones were reported
as total gene deletions (14,15). However, other studies with CHO, V79, and
TK-6 cells indicated over 50% of X ray-induced mutant clones were total hprt
gene deletions (12,44,53,54).

Similar molecular structural changes were observed after DNA
incorporation of both internal emitters (*H-TdR and 1IUdR) (Table II). Forty-
six and fifty-four percent of the mutant clones were partial gene deletions
after exposure to 3H-TdR and 125TUdR, respectively. Twenty-six percent of the
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mutant clones were missing a total gene with both of these radionuclides. It is
possible that 3H-TdR and Z5TUdR incorporated within, or in close proximity
to, the hprt gene damage local regions. In the presence of high radioactive
concentrations within the hprt gene, total deletions might result. In the
present study, however, nearly half the molecular structural changes
appeared as partial gene deletions. Whaley and Little (14,15) reported that the
molecular structural changes were dependent on the dose of 125IUdR
incorporated. Currently, mutant clones are being analyzed to determine the
relationship between DNA replication patterns and molecular structural
changes of the hprt gene in different phases of the cell cycle with X, 3H-TdR,
and 125TUdR irradiation.

In conclusion, our data suggest that the most susceptible period for the
induction of hprt mutation occurs while the gene is replicating in early
S phase. Compared with Xrays, the RBE values for 1251 incorporated into
DNA for cell killing and induction of hprt mutations were much higher than
those of tritium. With these internal emitters, approximately 50% of the
mutant clones exhibited partial gene deletions and 25% were missing a total
gene.

ACKNOWLEDGMENTS

This research was supported by NIH grants CA 47542 (JBL, HN) and
CA 15523 (AIK, SJA) , NIEHS grant ES 00002 (JBL, HN), ACS grant ACS-PDT-
440 (HN, JBL) and US DOE contract W-7405-ENG-36 (RTO).

REFERENCES
1. C.F. ARLETT and ]. POTTER, Mutation to 8-azaguanine resistance induced by gamma-
radiation in a Chinese hamster cell line. Mutat. Res. 13, 59-65 (1971).
2. J. MORROW, ]. COLOFIORE, and D.RINTOUL, Azaguanine resistant hamster cell

lines not deficient in hypoxanthine-guanine phosphoribosyl transferase. ]. Cell.
Physiol. 81, 97-100 (1973).

3. B.C. MYHR and ]J.A. DIPAOLO, Requirement for cell dispersion prior to selection of
induced azaguanine-resistant colonies of Chinese hamster cells. Genetics 80, 157-169
(1975).

4, J.H. CARVER, W.C. DEWEY, and L.E. HOPWOOD, X-ray induced mutants resistant

to 8-azaguanine. II. Cell cycle dose response. Mutat. Res. 34, 465-480 (1976).



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Mutation Induction by Auger Emitters 207

M. WATANABE and M. HORIKAWA, Analyses of differential sensitivities of
synchronized HeLa S3 cells to radiation and chemical carcinogens during the cell cycle.
IV. X- rays. Mutat. Res. 44, 413-426 (1977).

R.F. JOSTES, L.E. HOPWOOD, W.C.DEWEY, and G.R.BLACKBURN, The
dependence of mutation frequency on 8-azaguanine concentration in control and
irradiated CHO cells. Mufat. Res. 50, 433-440 (1978).

H.J. BURKI, lonizing radiation-induced é6-thioguanine-resistant clones in synchronous
CHO cells. Radiat. Res. 81, 76-84 (1980).

C.T. CASKEY and G.D. KRUH, The HPRT locus. Cell 16, 1-9 (1979).

S.A.FARRELL and R.G. WORTON, Chromosome loss is responsible for segregation at
the hprt locus in Chinese hamster cell hybrids. Somat. Cell Genet. 3, 539-551 (1977).

E. STUBBLEFIELD, Analysis of replication pattern of Chinese hamster chromosomes
using 5-bromodeoxyuridine suppression of 33258 Hoechst fluorescence. Chromosoma 53,
209-221 (1975).

R.F.JOSTES, K.M. BUSHNELL, and W.C. DEWEY, X-ray induction of 8-azaguanine-
resistant mutants in synchronous Chinese hamster ovary cells. Radiat. Res. 83, 146-161
(1980).

R.A. GIBBS, ]J. CAMAKARIS, G.S. HODGSON, and R.F. MARTIN, Molecular
characterization of 1251 decay and X- ray-induced hprt mutants in CHO cells. Int. J.
Radiat. Biol. 51, 193-199 (1987).

A .M. UENO, I. FURUNO-FUKUSHI, and H.MATSUDAIRA, Cell killing and
mutation to 6-thioguanine resistance after exposure to tritiated amino acids and
tritiated thymidine in cultured mammalian cells. In Proceedings Third Japan- US
Workshop on Tritium Radiobiology and Health Physics, November 8-10, 1988,
(S. Okada, Ed.) IPPJ-REV-3, pp. 200-210. Institute of Plasma Physics, Nagoya
University, Nagoya, Japan, 1989.

J.M. WHALEY and ].B. LITTLE, Molecular characterization of hprt mutants induced by
low- and high-LET radiations in human cells. Mutat. Res. 243, 35-45 (1990).

J.M. WHALEY and J.B. LITTLE, Efficient mutation induction by 1251 and 13!] decays in
DNA of human cells. Radiat. Res. 123, 68-74 (1990).

T. STRAUME, Health Risks from Exposure to Tritium. Lawrence Livermore National
Laboratory Manuscript (Dist. Category 702) pp. 1-32. Lawrence Livermore National
Laboratory, Livermore, CA, 1991.

C. AHNSTROM, L.E. EHRENBERG, S. HUSSAIN, and A.T. NATAJARAN, On the
killing and mutagenic action in E. coli associated with the Auger effect during 1251
decay. Mutat. Res. 10, 247-250 (1970).

K.G. HOFER and W.L. HUGHES, Radiotoxicity of intracellular trititum, 12%jodine and
31jodine. Radiat. Res. 47, 94-104 (1971).

E.W. BRADLEY, P.C. CHAN, and S.J. ADELSTEIN, The radiotoxicity of iodine-125 in
mammalian cells. 1. Effects on the survival curve of radioiodine incorporated into
DNA. Radiat. Res. 64, 555-563 (1975).

K.G. HOFER, C.R. HARRIS, and ].M. SMITH, Radiotoxicity of intracellular ’Ga, 12%],
and 3H. Nuclear versus cytoplasmic radiation effects in murine L1210 leukemia. Int. J.
Radiat. Biol. 28, 225-241 (1975).

R.E. KRISCH, F.KRASIN, and CJ.SAURI, DNA breakage, repair and lethality after
1251 decay in rec+ and recA strains of E. coli. Int. J. Radiat. Biol. 29, 37-50 (1975).



208

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Nagasawa et al.

P.C. CHAN, E. LISCO, H. LISCO, and S.J. ADELSTEIN, The radiotoxicity of iodine-
125 in mammalian cells, II. A comparative study on cell survival and cytogenic
responses to 125TUdR, 13'[UdR and 3HTdR. Radiat. Res. 67, 332-343 (1976).

R.L. WARTERS, K.G. HOFER, C.R. HARRIS, and J.M. SMITH, Radionuclide toxicity
in cultured mammalian cells: Cytoplasmic radiation effects in murine L1210 leukemia.
Curr. Top. Radiat. Res. Q. 12, 389-407 (1977).

W.D. BLOOMER, W.H.McLAUGHLIN, R.R. WEICHSELBAUM, R.N. HANSON,
S.J. ADELSTEIN, and D.E. SEITZ, The role of subcellular localization in assessing the
cytotoxicity of iodine-125 labeled iododeoxyuridine, iodotamoxifen and
iodoantipyrine. J. Radioanal. Chem. 65, 209-221 (1981).

N. MIYAZAKI and Y.FUJIWARA, Mutagenic and lethal effects of [5-125I]iodo-2'-
deoxyuridine incorporated into DNA of mammalian cells, and their RBEs. Radiat. Res.
88, 456- 465 (1981).

AL KASSIS, S.J. ADELSTEIN, C. HAYDOCK, K.S.R.SASTRY, K.D. McELVANY,
and M.]. WELCH, Lethality of Auger electrons from the decay of bromine-77 in the
DNA of mammalian cells. Radiat. Res. 90, 362-373 (1982).

P.K. LeMOTTE, S.J]. ADELSTEIN, and J.B. LITTLE, Malignant transformation induced
by incorporated radionuclides in BALB/3T3 mouse embryo fibroblasts. Proc. Natl. Acad.
Sci. USA 79, 7763-7767 (1982).

P.K. LeMOTTE and J.B.LITTLE, A comparison of the lethal effects of intracellular
radionuclides in human and rodent cells. Radiat. Res. 95, 359-369 (1983).

H.L. LIBER, P.K. LeMOTTE, and J.B. LITTLE, Toxicity and mutagenicity of X-rays and
(1251]dUrd or [3HITdR incorporated in the DNA of human lymphoblast cells. Mutat.
Res. 111, 387-404 (1983).

Al KASSIS, K.S.R.SASTRY, and S.J. ADELSTEIN, Intracellular localization of
Auger electron emitters: Biophysical dosimetry. Radiat. Prot. Dosim. 13, 233-236
(1985).

A.l. KASSIS, F.FAYAD, B.M.KINSEY, K.S.R.SASTRY, R.A.TAUBE, and
S.J. ADELSTEIN, Radiotoxicity of 125 in mammalian cells. Radiat. Res. 111, 305-318
(1987).

A.l.KASSIS, K.S.R. SASTRY, and S.J. ADELSTEIN, Kinetics of uptake, retention and
radiotoxicity of 125IUdR in mammalian cells: Implications of localized energy
deposition by Auger processes. Radiat. Res. 109, 78-89 (1987).

A.l. KASSIS, R.W. HOWELL, K.S.R.SASTRY, and S.J. ADELSTEIN, Positional
effects of Auger emitters in mammalian cells. In DNA Damage by Auger Emitters
(K.F. Baverstock and D.E. Charlton, Eds.}) pp. 1-13. Taylor & Francis, Ltd., London,
1988.

A.I. KASSIS, F.FAYAD, B.M.KINSEY, K.S.R.SASTRY, and S.J]. ADELSTEIN,
Radiotoxicity of an 125]-Jabeled DNA intercalator in mammalian cells. Radiat. Res.
118, 283- 294 (1989).

G.M. MAKRIGIORGOS, A.l. KASSIS, ]. BARANOWSKA-KORTYLEWICZ,
K.D. McELVANY, M.J. WELCH, K.S.R. SASTRY, and S.]. ADELSTEIN, Radiotoxicity
of 5-[123]iodo-2'-deoxyuridine in V79 cells: A comparison with 5-[125I}iodo-2'-
deoxyuridine. Radiat. Res. 118, 532-544 (1989).

E. POMPLUN, J. BOOZ, and D.E. CHARLTON, A Monte Carlo simulation of Auger
cascades. Radiat. Res. 111, 533-552 (1987).



37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49,

50.

51.

52.

53.

54.

Mutation Induction by Auger Emitters 209

E. POMPLUN, A new DNA target model for track structure calculations and its first
application to I-125 Auger electrons. Int. |. Radiat. Biol. 59, 625-642 (1991).

P.K. LeMOTTE and J.B. LITTLE, DNA damage induced in human diploid cells by decay
of incorporated radionuclides. Cancer Res. 44, 1337-1342 (1984).

T. TERASIMA and L.J. TOLMACH, Changes in X-ray sensitivity of HeLa cells during
the division cycle. Nature 190, 1210-1211 (1961).

M.]J. BORRELLI, M.A. MACKEY, and W.C. DEWEY, A method for freezing
synchronous mitotic and G; cells. Exptl. Cell Res. 170, 363-368 (1987).

H. NAGASAWA, ].B. ROBERTSON, C.S. ARUNDEL, and J.B. LITTLE, The effect of
X irradiation on the progression of mouse 10T1/2 cells released from density-inhibited
cultures. Radiat. Res. 97, 537-545 (1984).

J. SAMBROOK, E.F. FRITSCH, and T. MANIATIS, Molecular Cloning: A Laboratory
Manual, second edition. Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY,
1989.

A.P.FEINBERG and B. VOGELSTEIN, A technique for radiolabeling DNA restriction
endonuclease fragments to high specific activity. Anal. Biochem. 132, 6-13 (1983).

T.L. MORGAN, E.W.FLECK, K.A.POSTON, B.A. DONOVAN, E.N. NEWMAN,
J.F. ROSSITER, and J.H. MILLER, Molecular characterization of X-ray-induced
mutations at the hprt locus in plateau-phase Chinese hamster ovary cells. Mutat. Res.
232, 171-182 (1991).

M.F. LYON, X-chromosome inactivation and developmental patterns in mammals.
Biol. Rev. 47, 1-35 (1973).

W.C. DEWEY and R.M. HUMPHREY, Relative radiosensitivity of different phases in
the life cycle of Lp59 mouse fibroblasts and ascites tumor cells. Radiat. Res. 16, 503-530
(1962).

W.K. SINCLAIR, Cyclic X-ray responses in mammalian cells in vitro. Radiat. Res. 33,
620-643 (1968).

H. NAGASAWA, A.B.COX, and ].T. LETT, The radiation response of synchronous
L5178Y S/S cells and their significance for radiological theory. Proc. R. Soc. Lond. B211,
25-49 (1980).

J. THACKER and R. COX, Mutation induction and inactivation in mammalian cells
exposed to ionizing radiation. Nature 258, 429-431 (1975).

R.J. MUNSON and D.T. GOODHEAD, The relation between induced mutation
frequency and cell survival a theoretical approach and an examination of experimental
data for eukaryotes. Mutat. Res. 42, 145-159 (1977).

D.T. GOODHEAD, R.J]. MUNSON, J. THACKER, and R.COX, Mutation and
inactivation of cultured mammalian cells exposed to beams of accelerated heavy ions
IV. Biophysical interpretation. Int. J. Radiat. Biol. 37, 135-167 (1980).

A.TOBIA, C.L. SCHILDKRAUT, and ].J. MAIO, Deoxyribonucleic acid replication in
synchronized cultured mammalian cells. J. Mol. Biol. 54, 499-515 (1970).

H.L. LIBER, D.W. YANDELL, and J.B. LITTLE, A comparison of mutation induction at
the tk and hprt loci in human lymphoblastoid cells; quantitative differences are due to
an additional class of mutations at the autosomal tk locus. Mutat. Res. 216, 9-17 (1989).
J. THACKER, The nature of mutants induced by ionizing radiation in cultured hamster
cells. Mutat. Res. 160, 267-275 (1986).




 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: none
     Shift: move right by 54.00 points
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20070609101546
       180.0000
       Blank
       288.0000
          

     Wide
     1
     0
     No
     475
     325
     Fixed
     Right
     54.0000
     0.0000
            
                
         Both
         AllDoc
              

       CurrentAVDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2 2.0
     Quite Imposing Plus 2
     1
      

        
     28
     434
     433
     434
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: none
     Shift: move right by 7.20 points
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20070609101546
       180.0000
       Blank
       288.0000
          

     Wide
     1
     0
     No
     475
     325
    
     Fixed
     Right
     7.2000
     0.0000
            
                
         Both
         AllDoc
              

       CurrentAVDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2 2.0
     Quite Imposing Plus 2
     1
      

        
     51
     434
     433
     434
      

   1
  

 HistoryList_V1
 qi2base





