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Abstract therapy doses to the breast; no excess of A-T heterozygotes in the
] ] ) o breast-cancer cases were reported, but an additional test for ATM
SprOpu:zt'zns that a_rf(_e getne“ﬁ"y r?re:jt'hSPOSEd to rad'at'or';nd_zce? heterozygosity (11) did yield the presence of “functional” A-T het-
cancer could have significant public healih consequences. ndividuals erozygotes in 9% of the breast cancer cases.
homozygous for null mutations at the ataxia telangiectasia gene are indeed . . . .
All of these epidemiological studies lacked the power to detect

highly radiosensitive, but their numbers are very small. Ataxia Telangi- . . : s .
ectasiaheterozygotes (1-2% of the population) have been associated with relatively modest increase in radiation sensitivity (factors of 3 or less).

somewhat increased radiosensitivity for some end points, but none directly Because of the societal importance of a significantly sized subpopu-
related to carcinogenesis. Here, intralitter comparisons between wild-type lation with even a modest genetically-based enhanced sensitivity to
mouse embryo fibroblasts and mouse embryo fibroblasts carrying ataxia radiation-induced cancer, these contradictory results point to the need
telangiectasia mutated (ATM) null mutation indicate that the heterozy- for a model system where quantitative analysis of radiation oncoge-
gous cells are more sensitive to radiation oncogenesis than their normal, njcity can be achieved. In this study we adapted a mouse model,
liter-matched, counterparts. From these data we suggest that Ataxia pecause fresh explants of rodent embryo cells have been used exten-
Telanglgcta&a_heterozygotes could m_deed represent a soc:|etally-5|gn|f|-Sively as a quantitative model of oncogenic transformation (14). We
cant radiosensitive human subpopulation. ) . . - S
report here the first direct (litter-matched) comparison of radiation

oncogenesis iIMTM heterozygotesATM+/—) compared with the
corresponding normal wild typeATM-+/+).

A-T2 is an autosomal recessive disorder characterized by cancer
predisposition, radiosensitivity, and severe neurological and immurijaterials and Methods
logical abnorma.lities (1). In the genera_l population A-T pf’itients ar€ \tice. The mice used in this study derive from two different ATM-knock-
rare, but approximately 1-2% of the United States population are Agl; mice (ATM—/—), one generated at the NIH (15) and the other at Harvard
heterozygotes (2). Medical School (16). The NIH mouse is a 129/SvEv strain that was created in

TheATMgene is located at 11g22—23 and has 66 exons codifig athe laboratory of Dr. Anthony Wynshaw-Boris (15) and was purchased from
350,000 protein (3). The ATM protein is a sensor of DNA doublefhe Jackson Laboratory (Bar Harbor, ME). The Harvard mouse has a mixed
strand breaks and directly regulates multiple cell-signaling pathwagenetic background (129/SvEx Black Swiss), and was created in the
involved in the response to this type of DNA damage by virtue of itgboratory of Dr. Philip Leder (16). The two groups of mice were mated
protein kinase activity. Primary targets of this activity include p5§’eparately, and the transmission of the mutant allele followed a Mendelian

Mdm2, Chk2, BRCA1/Rad51 complex and nibrin/MRE 11/Rad561heritance pattern. The two mice have different deletions in the ATM gene,
compléx ' but there was no presence of full-length or truncated ATM protein irAffel

- L . knockout embryos or mice from either type (15, 16; Fig. 1). Homozydaud
A-T cells are extremely sensitive to ionizing radiation for MaN¥sice from both strains displayed many of the characteristics of A-T, including

different in vitro end points. Cells heterozygou.s.fAFT mutatlons growth retardation, infertility, defects in T-lymphocyte maturation, and ex-
have been reported to be somewhat more sensitive than the wild tyiaéhe sensitivity toy radiation. Most of the homozygotes developed thymic
(5-8), but no experiments with an end point of direct relevance mphoma between 2 and 4 months of age. Heterozygous mice displayed no
radiation-induced cancer have been reported. detectable abnormalities through eight months of age.

Because of their large numbers of individuals involved, the back- Embryo Cell Preparation. A-T heterozygous mice were mated, and preg-
ground cancer rate in individuals heterozygousAeF mutations has nant females were sacrificed on day 14 of the gestation period. The embryos
been studied extensively (9), but very little is known about thet¥ere surgically removed and embryonic tissue prepared in culture. Each

sensitivity to radiation-induced cancer. Several epidemiological stfg2"y0 was cultured separately, and during the 4 days necessary to amplify the

ies of the relationship between radiation-induced breast cancer %%F cells in mass culture, they were genotypedM wild-type, heterozy-

. . gous, and knockout cells were available from a single litter, which averaged
ATM heterozygosity have been reported. Sweftal. (10) showed a 5-8 viable embryos with an average yield from an embrye-8fx 10 cells.

positive relation in obligate heterozygotes that had undergone medicafq| Transformation Assay. Exponentially-growing MEFs were irradi-
irradiation, but other reports (11-13) examined ATV heterozygous ated with an acute dose of 2 Gy 8#'Cs y-rays, and controls were sham
prevalence in breast cancer survivors who had received large radi@diated. The MEFs were then plated in 100-mm plates at a density of 6,000
cells/plate over a feeder layer of 75,000 cells prepared from the same embryo
Received 4/6/01; accepted 6/7/01. but irradiated previously with a supralethal radiation dose. After 2 weeks of
The costs of publication of this article were defrayed in part by the payment of pagegowth in DMEM supplemented with 10% fetal bovine serum at 37°C in a 5%
igaaggséTgisczgi:f;gfgg:feg)oifsd?cea?ee;ﬁ%ggmmseme“m accordance with - CQ, air-humidified incubator, the cells were fixed, stained, and yields of
lS.u.pp'orted by NASA Gr(il/nt NAG9 and Depértment of Energy Grant DE-FGOEIanSformed_ Clon(.as §Cored. . L .
98ER62686. The scoring criteria was developed and examined by preliminary experi-
2To whom requests for reprints should be addressed, at Center for Radiologinaénts, where embryo cells were irradiated and plated with the same density in
Research, Columbia University, 630 West T68treet, New York, NY 10032. Phone: plates. The clones appearing dense, having stellate-shaped cells, and cells piled
(213)2%225;33?3;3;8(2[1182(3 :;?135:_?;-\2—%,9'AE;(ﬂil:Il"l'(letl’eslr?g@i’)eccc:gjsr:;k?li'le'ﬁ/llf.ataxia telangiectaé‘.’f/aere iSOIa_ted with cloning cylinders. These cIont.as were (.:)Xpanded an_d injected
mutated; MEF, mouse embryo fibroblast; ROR, relative oncogenic radiosensitivity; ¢ hude mice. The ones that developed cancer in the mice were designated as
confidence interval. transformed. Clones that matched their shape and dimensions were scored as
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wt  wt  hz hz hz kn cells grow and demonstrate anchorage independence in semisolid agar
and also produce tumors when injected into athymic nude mice, thus
serving as a reliable marker of neoplastic transformation. The back-
ground (zero-dose) transformation rates were le¥% (x 10~ 4).
Litter-matched experiments were performed as outlined above to
1 2 3 4 5 6 investigate the influence of ATM heterozygosity on radiation-induced
Fig. 1. Western blot analysis of ATM protein levels ATM wild type i), ATM Oncogenic transformation of MEFs. A total of 13 intralitter compar-
heterpzygousr(z_){ andATM knockout kn) MEFs derived from embryos from same Iingr. isons were made between normal and A-T heterozygote embryos, 5
B e soreshardg e e “Bdlween pairs of embryos from the NIH mice and 8 between pairs of
Lane 3,embryo H6-C (8000)Lane 4,embryo H6-A (10600)Lane 5,embryo H6-G embryos from the Harvard mice (Table 1). Yields of transformed
(10673);Lane 6,embryo H6-D (non reg). clones were measured both for zero-dose exposure and for exposure to
ay-ray dose of 2 Gy. Roughly 50,000 clones at zero-dose and 45,000
transformed in the later experiments. Plating efficiency, cell surviving frag_lones a.t 2 Gy were assessed for transfprmed morphology, and rep-
tions, and the spontaneous and radiation-induced frequency of morphologf&ﬁemaﬂve tra.nsfo.r‘med clones were confirmed as neoplcl’alstlcally tr”‘}ns_
transformation were determined. formed by their ability to produce tumors when injected into athymic
Statistical Analysis. To directly compare the sensitivities to radiationnude mice.
oncogenesis of the wild-type MEFs with the correspondiiigVl heterozygous ~ To directly compare the sensitivities to radiation oncogenesis of the
cells, stratified 2x 2 comparisons were usetk., only litter-matched com- wild-type MEFs with the correspondin§TM heterozygous cells, only
parisons were made between the radiation sensitivitigsToA wild-type and  litter-matched comparisons were made between the radiation sensi-
heterozygous MEFs. This was done using a Monte-Carlo simulation of Zeleggities of ATM wild-type and heterozygous MEFs. We define the
exact test (17). _ , , ROR as the yield of transformed clones per survivisitM heterozy-
Expression of ATM Protein. Cells (5x 10°) were lysed directly in 0.5 ml gous MEFs exposed to a dose of 2 Gy relative to the yield of

of Laemmly sample buffer (62.5 m Tris-HCI, pH 6.8, 25% Glyderol, 2% transformed clones per corresponding surviving wild-type MEFs also
SDS, 0.01% Bromphenol Blue) and boiled for 3 min. The cell lysate was posed to 2 Gy P P 9 9 yp

subjected to SDS electrophoresis and Western blotting using the anti-ATRE .
2C1 antibody (GeneTex, San Antonio, TX). Estimation of the relative ATM 1h€ RORs for the heterozygougersus wild-type MEFs were
protein quantities was performed using Kodak DC1 software. exactly estimated using standard maximum likelihood techniques (18)

Functional Assay for the ATM Protein. Cells (5x 10°) were irradiated and the null hypothesis that the ROR was unity (no difference in
with 2 Gy and lysd 1 h later in 20 mu Tris (pH 7.5), 250 mi NaCl, 1% NP40, sensitivity) subjected to a two-sided test. The results are shown in
and protease inhibitors. The same number of nonirradiated cells were used"able 2. For the NIH mice, the ROR (heterozygeessuswild type)

control. The phosphorylation at ser18 (corresponding to serl5 in human celigls 1.48 (95% ClI, 0.65-3.5P, = 0.35); for the Harvard mice, the
was detected on Western blots by using Phospho-p53 (Serl5) antibody (New

England Biolabs, Beverly, MA), and p53 was detected using Ab-7 (Oncogene,

San Diego, CA).

ATM —

Table 2 Litter-matched comparisons of radiation oncogenesis between heterozygous
and normal wild-type MEFs

To directly compare the sensitivities to radiation oncogenesis of the wild-type MEFs

. . . . . with the correspondindTM heterozygous cells, stratified2 2 comparisons were used,
Oncogenic Transformation. The end point of interest here is thej ¢ only litter-matched comparisons were made between the radiation sensitivities of

induction of radiation-induced morphologically transformed clones M wild-type and heterozygous MEFs. This was done using a Monte-Carlo simulation
the freshly explanted MEFs. Whereas nontransformed normal cofg#elen’s exact test (17).

Results

nies consist of rounded, contact-inhibited, monolayers of cells, trans- NIH mice  Harvard mice  All mice
formed colonies contain elongated cells in parallel bundles that typzalen test for homogeneity of ROR, P =068 P =0054 P =0.19
ically criss-cross each other and do not exhibit contact inhibition(gsi?r/:];t‘;’:jﬁg%‘;e limits of) (0-68i 91-868) (0-0511'&058) (0-137 2-19)
these transformed colonies appear dark blue when stained Wi@Eb‘g% cly (0.65,351)  (1.08,3.42) (1.1, 2.80)

Giemsa in comparison with normal contact-inhibited cells because dfwo-sidedP) (P=035 @P=0.024) ¢ =0.016)
the presence of multiple layers of abnormal cells. The transformed ATM heterozygotess. wild type.

Table 1 Irradiated and transformed clones from irradiated ATM wild-type and heterozygote embryo cells

Litter-matched wild-type anédTM heterozygous mouse embryo fibroblasts were irradiated with 2 Gyraf/s and the number and frequency of oncogenically transformed clones
assayed.

Wild type (W)/ Number of Number of Frequency of

Mouse no. Embryo no. heterozygous (H) surviving clones transformed clones transformed clones (%)
NIH mice

N1 A w 1505 1 0.07

N1 B w 2600 4 0.15

N1 C H 3075 6 0.19

N2 A w 2832 2 0.07

N2 B H 2576 5 0.19

N2 C H 1600 1 0.06

N2 D H 1960 0 0.00
Harvard Mice

H1 A W 3000 2 0.07

H1 B W 2250 2 0.09

H1 D H 925 0 0.00

H1 E H 1617 6 0.37

H6 B w 1950 5 0.26

H6 E w 2050 1 0.05

H6 A H 4857 17 0.35

H6 G H 3737 4 0.11
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Fig. 2. Western blot analysis of p53 (ser18) phospho- ATM Wt ATM Wt ATM hIZ ATM h_z ATM h;
rylation before and 60 min after irradiation (5Gy)&TM nr irr | nr irr | nr irr | nr irr | irr

nr
wild-type (wt) andATM heterozygoush@ MEFs derived
from embryos from same litte, anti-p53 (ser18) anti- p53 ser 15 —= A
body. Lanes land 2, embryo H6-B;Lanes 3and 4,

embryo H6-ELanes 5and6, embryo H6-C;Lanes 7and

8, embryo H6-A; Lanes 9and 10, embryo H6-G.nr, p53 —= i
nonirradiated,rr, irradiated cells. p53 was phosphoryl- actin—a B
ated at serl8 in all MEFsB, blot was stripped and

1 2 3 4 5 6 7 8 9 10

reblotted with anti-p53 antibody and anti-actin antibody.

estimated ROR was 1.89 (95% ClI, 1.08—-3.RB3+ 0.02) and for both The data presented here are suggestive that the 1-2% of the human
animal strains combined the ROR was 1.74 (95% CI, 1.11-2.80). Fmpulation that are heterozygous for th€M gene may be genetically
the NIH mice, the null hypothesis could not be rejected that thigredisposed to radiation-induced cancer, though the relatively modest
wild-type and heterozygous cells have the same sensitivity to rad@thanced sensitivity would explain why past epidemiological studies
tion oncogenesis. However, for the Harvard mice and for both straingave not been able to detect such an increase. It is of course quite
of mice combined, the null hypothesis could be rejected=(0.02), likely that there are other genetically-based radiosensitive subpopu-
i.e.,the ATM heterozygous mice were significantly more sensitive fdations, though whereas potentially radiosensitive low-frequency sub-
radiation oncogenesis than were the corresponding wild-type animpégpulations such aBBRCA1/2(prevalence=0.2%) have been studied
by a factor of almost 2. (19), there are currently no other obvious high-frequency candidates.
By contrast, the ROR at 2 Gy fé&xTM-deficient homozygous mice  The presence of comparatively large subpopulations that are genet-
compared with the normal wild type was 10.5 (95% ClI, 4.4—-26.2%ally predisposed to radiation-induced cancer would be of relevance
P < 0.001; 4 litter-matched comparisons made, data not shown). in several situations. First, the risk-benefit equation in mass-screening
ATM Status in the MEFs. To explorer the origins of the differ- mammography would be altered (20), which is of particular relevance
ences in the oncogenic transformation between wild-type and theyounger ages, although the potential increase in the natural breast
heterozygous MEFs, we examined the ATM protein expression eancer rate in A-T heterozygotes also needs to be considered here.
well as its functional activity revealed by phosphorylation of p58lore generally, application of the results of epidemiological studies
protein on serl8 in the H6 (see Table 1) embryo group. The results afeadiation-induced cancer risks, such as at Hiroshima or Chernobyl,
shown in Figs. 1 and 2. A Western blotting with an anti-ATMare currently premised on an essentially unimodal distribution of
antibody showed that the heterozygous cells synthesize about 48diation sensitivity across the population; if a significantly-sized
60% less ATM protein than do the wild type, whereas the knockoigentifiable subpopulation were hypersensitive to radiation-induced
cells showed no ATM protein expression. However, the ATM proteicancer, a single radiation protection standard across the whole popu-
was active in both the wild-type and the heterozygous cells atation would be of questionable relevance.
stabilized p53 by phosphorylation at serl8, in contrast withAfiM
knockout cells where no phosphorylation of p53 occurred. An int

esting question is what are the kinetics of p53 phosphorylation onyye thank Philip Leder for the mice from which the Harvard heterozygotes

serl8 in ATM wild-type and ATM heterozygous cells. Radiationwere bred, Richard Miller for helpful advice, and Mei Wang for expert
induced an increase in levels of phosphoserine 18 in both cell typgsnnical assistance.

with similar kinetics in contrast with ATM knockout MEFs where
very little phosphorylation was detected (Fig. 3). As has been shoWgg erences
in other cases (16, 17), haploinsufficiency could be a factor in th& Shiloh, Y. ATM and ATR: networking cellular responses to DNA damage. Curr.

P P : Opin. Genet. Dev.11: 71-77, 2001.
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