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Ataxia-telangiectasia is a pleiotropic genomic instability disorder caused by lack or inactivation of the
ATM protein kinase and characterized by progressive ataxia, immunodeficiency, ionizing radiation sen-
sitivity and cancer predisposition. ATM mobilizes the cellular response to DNA double strand breaks by
phosphorylating key players in this response. Double strand breaks are repaired by either nonhomolo-
gous end-joining or homologous recombination (HR) in which the Rad54 and Rad54B paralogs function.

Keywords: Here, we investigated the functional relationships between Atm and the Rad54 proteins by construct-
Ataxia-telangiectasia, A-T . d . . . d th bined i .. fth

ATM ing compound genotypes in mice. Mouse strains were generated that combined inactivation of the Atm,
Rad54 Rad54 and Rad54B genes. All mutant genotypes were viable, but obtained at sub-Mendelian ratios. Double
Rad54B mutants for Atm and each Rad54 paralog exhibited reduced body weight and shorter lifespan, but no dis-

tinct neurological phenotype. Concomitant inactivation of ATM and Rad54 did not increase IR sensitivity;
however, the triple Atm/Rad54/Rad54B mutant exhibited a significant IR hypersensitivity compared to the
other genotypes. Interestingly, Atm—/— animals also exhibited hypersensitivity to the crosslinking agent
mitomycin C, which was increased by deficiency of either one of the Rad54 paralogs. Our results reveal
a differential interaction of the ATM-mediated DNA damage response and Rad54 paralog-mediated HR

Homologous recombination
DNA damage response

depending on the DNA damaging agent that initiates the response.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

DNA in living cells is under constant attack from damaging
agents. One of the most cytotoxic lesions is the double strand
break (DSB), caused by oxygen radicals, ionizing radiation (IR) and
radiomimetic chemicals[1]. Unrepaired DSBs may lead to cell death
or neoplasia. DSBs evoke the DNA damage response (DDR) - a net-
work of signaling pathways that modulates numerous aspects of
cellular metabolism. The DDR is thought to be a hierarchical process
that is executed through a series of steps: lesions are detected by
sensor proteins that subsequently mediate the activation of trans-
ducers that convey the damage signal to a multitude of downstream
effectors [2-5].

The transducers of the DSB response belong to a conserved
family of proteins that contain a phosphatylinositol-3-kinase-like
domain, most of which possess serine/theronine kinase activity
[6]. A prominent member of this family is the ataxia-telangiectasia
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mutated (ATM) protein, which responds primarily to DSBs [2,4,5,7].
ATM was identified as the product of a gene mutated in the
human genetic disorder ataxia-telangiectasia (A-T), an autosomal
recessive disorder characterized by progressive cerebellar ataxia,
immunodeficiency, premature aging, gonadal dysgenesis, extreme
radiosensitivity, genomic instability and a high incidence of lym-
phoreticular malignancies [8,9].

Eukaryotic cells use two main mechanisms to repair DSBs:
nonhomologous end-joining (NHE]), an error-prone ligation mech-
anism that acts throughout the cell cycle [10], and a high fidelity
process based on homologous recombination (HR) between two
sister chromatids, which is functional in the late S and G2 phases
of the cell cycle [3,11]. Both processes are carried out by multi-
component protein complexes.

Homologous recombination repair (HRR) is carried out by
members of the RAD52 epistasis group. In yeast and mammals
some of the proteins members of this group interact with each
other during DSB recombinational repair [12-15]. Major players
in this process are the MRN (Mrel11-RAD50-NBS1/XRS2) com-
plex, RAD51, RAD52 (in yeast), RAD54 and the RAD51 paralogs
[11,16,17].
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The Rad51 protein functions in homology recognition and per-
forms strand exchange between recombining DNA molecules. A
pivotal intermediate in these reactions is the Rad51 nucleoprotein
filament formed when Rad51 polymerizes on single-stranded DNA
that results from damage processing [18]. Rad54 possesses DNA-
dependent ATPase which allows it to translocate on DNA, thereby
affecting DNA topology. Biochemically, Rad54 has been implicated
in multiple steps of HR. It stabilizes the Rad51 nucleoprotein fil-
ament in an early stage of recombination [19], and subsequently
promotes chromatin remodeling [20-22] and stimulates Rad51-
mediated formation of a joint molecule between the broken DNA
and the repair template, referred to as a D loop [23]. In later stages
of the reaction it can displace Rad51 from DNA [24,25].

The human genome has two RAD54 paralogs, RAD54 and
RAD54B, which encode proteins of 747 [26] and 910 [27] amino
acids, respectively, that possess similar activities [28]. The central
part of these proteins contains seven helicase motifs found in mem-
bers of the SNF2/SWI2 family; their amino-terminal regions are less
similar to each other [27]. The expression patterns of the two pro-
teins are similar, but not identical and coincide with those of other
members of the RAD52 epistasis group [28].

An important strategy to learn about the physiological roles of
human proteins and functional links between them is to ablate
them in the mouse using gene targeting techniques and combine
several such mutations in the same animal. Atm-null mice that were
generated by disrupting the Atm locus recapitulate most of the fea-
tures of the human A-T phenotype and display growth retardation,
male and female infertility, extreme predisposition to thymic lym-
phomas, and acute sensitivity to ionizing radiation. However, the
neurological symptoms of the disease are very mild in the corre-
sponding animal model, and can be observed only after challenging
tests [29,30].

Similar to Rad54-/- and Rad54B-/— mice, Rad54-—/-/
Rad54B—/— mice display no overt phenotypes and appear normal.
Mice lacking both Rad54 and Rad54B are not sensitive to IR however
they display extreme sensitivity to the interstrand DNA crosslinker
mitomycin C (MMC) [28].

In order to study the functional relationships between Atm and
the two Rad54 proteins, we created mouse strains lacking Atm and
one or both of the Rad54 paralogs. The results of DNA damage sen-
sitivity studies reveal complex interactions. ATM and the Rad54
paralogs appear to function in separate DSB response pathways and
at least at the cellular level the presence of the Rad54 paralogs is
detrimental in the absence of ATM.

2. Experimental procedures

2.1. Generation of the Rad54/Atm and Rad54B/Atm double
mutant mice

All mouse strains in this study have identical 129Sv background.
Rad54- and Rad54B-deficient mice were described previously [32],
[28]. These male and female mice are fertile, while Atm—/— animals
are sterile. Initial crossing brought Rad54 and Rad54B deficiencies
onto Atm+/— background, and subsequent crossing led to double
knockout mice that were deficient for Atm and one of the Rad54
paralogs. Rad54/Rad54B/Atm triple null mice were generated by
crossing the Rad54—/—//Rad54B—/—[|Atm+/— genotypes. The single
knockouts and wild type (WT) animals served as controls through-
out the study.

2.2. Genotyping using PCR

At 3 weeks of age tail DNA was prepared using Genelute mam-
malian genomic DNA kit (Sigma). PCR primers and conditions are

provided in the Supplementary information. The reaction prod-
ucts were separated on 2% agarose gel in TAE running buffer
at 150V for 30-50min and visualized by ethidium bromide
staining.

2.3. Growth measurements and pathology

Mice were weighed weekly from weaning through adulthood,
i.e., from 3 to 100 weeks of age. For pathological analysis mice
were perfused with 4% formaldehyde in PBS, and fixed tissues were
examined, embedded in paraffin, sectioned into 6 pm sections, and
stained with hematoxylin and eosin. Immunohistochemistry was
performed on paraffin sections of formaldehyde-fixed tissues using
an immunoperoxidase complex procedure with diaminobenzidine
as chromogen.

2.4. Treatment of mice with ionizing radiation (IR) and
mitomycin C (MMC)

Sensitivity to IR and MMC was assessed in 1-2-month-old
littermates, with 10-20 mice for each genotype. The animals
were irradiated with 4Gy using CLINAC1800 irradiator (Varian
Medical Systems, Palo Alto, CA) and monitored for 21 days, or
intraperitoneally injected with 7.5 mg/kg body weight of MMC and
monitored for 14 days. Control mice were injected with the same
volume of PBS. The animals were housed together, weighed and
observed periodically. Statistical tests employed were Chi squared
analysis and the Mann-Whitney two-tailed test.

2.5. Primary fibroblast culture

Ear skin fibroblast cultures from 1 to 3-month-old mice were
prepared as previously described [33]. The cells allowed to pro-
liferate and were used for experiments between passages 5 and
7. At that stage we did not notice spontaneous transformation.
Cell concentration was determined using hemocytometer, and
about 5 x 106 cells were plated in 75 cm? flasks containing DMEM,
25% FCS, non-essential amino acids, gentamycin (50 pg/ml), and
amphotericin B (2.5 pg/ml).

2.6. Clonogenic survival assays

Fibroblasts at the plateau phase of growth were replated at high
dilutions in 60-mm dishes, and 6 h later exposed to increasing doses
of IR or MMC. The number of cells per dish was chosen to ensure
several scores of colonies in the final counting. The cultures were
incubated for about 12 days and stained with crystal violet. Colonies
containing >50 cells were counted.

2.7. Metabolic measurements

Seven 1-month-old animals of each genotype were weighed
and placed for 5 days in individual metabolic cages (Tecniplast,
Bugtggiate, Italy), which allow separation and collection of feces
and urine. Food and water consumption and body secretions were
recorded daily, metabolic activity scores (food and water consump-
tion vs. amounts of body secretions) were calculated for the 3rd
and 4th day at the metabolic cages, and normalized against body
weight.

2.8. Immunocytochemistry
Cultures were fixed with 4% paraformaldehyde following per-

meabilization with 0.5% triton X-100. Slides were incubated for
an hour with blocking solution (1% BSA, 10% serum and 0.25%
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triton X-100) and subsequently with a primary anti-Rad51 anti-
body overnight. Immunofluorescence of Rad51 foci was visualized
using a Zeiss LSM-510 confocal microscope (Oberkochen, Ger-
many). Rad51 foci were counted using the Image-Pro Plus program
(Media Cybernetics, Bethesda, MD). The areas of the nuclei were
specifically labeled (see Supplementary data Figs. S4 and S5), the
foci were defined and only those foci which meet this definition
were counted.

2.9. Rota-rod test for motor coordination and balance

Mice were tested during the light phase of their light-dark cycle.
The Rota-rod test [29] was performed in 1- and 4-month-old mice.
The animal was placed on a rotating drum and a record was made
of the time it was able to maintain its balance on the rod. Follow-
ing 1 min of training with a Rota-rod speed of 10 RPM, the mice
underwent three rotating trials at 2 h intervals. Each trial consisted
of three cycles of 1 min rotation and 1 min rest. Latency to fall-off
during rotation was recorded. Statistical analyses were performed
using two-tailed Student’s t-test.

2.10. Balance beam test for motor coordination and balance

Mice were tested during the light phase of their light-dark
cycle. The balance beam test was performed in 1- and 4-month-old
male animals. The animal was placed on a 100-cm long horizontal
beam (0.3, 0.45 and 0.6 cm in diameter) suspended 50 cm above
the ground, and the time it took the animal to walk from one end to
the other was recorded. Each trial consisted of three cycles of 1 min
walking and 5 min rest. Statistical analyses were performed using
two-tailed Student’s t-test.

3. Results

3.1. HRR inhibition combined with Atm deficiency slightly
exacerbated the Atm knockout phenotype

ATM—/— mice are obtained in the expected Mendelian inher-
itance ratio [29]. However, deleting either one or both Rad54
paralogs resulted in a significantly lower than expected recovery
of the ATM—/— genotype (Table 1). Whereas the lifespan of Rad54

Table 1

Genotype distribution of offspring in the various matings.

Genotype Expected Observed
Rad54/Atm

=[=/l#[+ 65.75 74 (125%)
—[=lI*+]— 131.50 151 (115%)
—I=l-1- 65.75 38 (58%*)
Rad54B/Atm

—[=[I++ 83.50 99 (118%)
—|~1I+]- 167.00 180 (108%)
—[-[]-]- 83.50 55 (66%*)
Rad54/Rad54B/Atm

—[=/|=I=I[+]+ 30.50 38 (125%)
=[=[-I-[]+]- 61.00 72 (118%)
—[=ll=1-Il-1- 30.50 12 (39%*)

null mice is very similar to that of WT mice, the lifespan of the
Rad54B—/— mice is slightly but not significantly longer. Deletion
of the Rad54B gene in Atm—/— mice slightly but not significantly
reduced lifespan compared to the Atm—/— genotype. On the other
hand, the lifespan of Rad54/Atm double null mice was significantly
shorter than that of Atm—/— mice (p <0.008) (Fig. 1). Given that can-
cer was the major cause of death in all mutant genotypes deficient
in Atm, the cumulative survival analysis indicates that deletion
of Rad54 on the background of Atm deficiency increases cancer
predisposition. Pathological analyses have indicated that Rad54
deficiency does not change the spectrum of tumor types arising
in the Atm-deficient background. Interestingly, deletion of Rad54,
Rad54B or both on Atm+/+ background did not affect the lifespan
of the animals nor their cancer predisposition. Collectively, our
results suggest that abrogation of the Rad54-dependent HRR path-
way by itself does not increase cancer predisposition in mice but
does enhance the oncogenic effect of Atm deficiency.

Atm—/— mice are 10-20% smaller than their wild type litter-
mates [29]. Inactivation of Rad54, Rad54B or both genes did not
reduce the body weight of the animals compared to the wild type
genotype. Loss of Rad54 and Rad54B in Atm deficient mice affected
the growth of both females and males compared to Atm—/— single
mutants (Fig. 2). Importantly, there were no differences between
the various genotypes in food consumption and excretions (data
not shown).
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Fig. 1. Lifespan of mice with different Rad54/Atm and Rad54B/Atm genotypes. The cumulative survival of the Rad54/Atm (a) and Rad54B/Atm (b) genotypes plotted according
to Kaplan-Meier analysis. Statistical significance was calculated using log-rank. The lifespan of the Rad54/Atm genotype is significantly shorter than that of Atm—/— mice

(p<0.008).
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Fig. 2. Somatic growth of mice with various Rad54/Rad54B/Atm genotypes. Weight of the mice was measured from 3 to 40 weeks of age. Atm-deficient mice are 10-20%
smaller than wild type animals. The removal of either Rad54 or Rad54B did not seem to contribute to growth retardation, but the combination of Rad54 or Rad54B and
Atm deficiencies resulted in further growth retardation of about 10% compared to Atm-null mice. The effects of combined Rad54/Atm or Rad54B/Atm deletions were more
profound in females. Error bars represent the SEM. Statistical analyses were performed with two-tailed Student’s t-test (n=10-20 mice).

Atm-deficient mice exhibit very minor, if any, neurological
deficits [29,34]. We used the Rota-rod and balance beam tests
to examine whether abrogation of HRR by Rad54 paralog dele-
tion on Atm—/— background would affect the motor skills of the
animals. All genotypes generated in this study demonstrated sim-
ilar motor skills (not shown), and cerebellar histological analysis
revealed similar numbers of Purkinje cells in all these geno-
types (not shown). We conclude that the combined effect of
these genotypes did not cross the threshold for exerting any
overt effect on the structure and function of the mouse nervous
system.

3.2. Effect of compound genotypes on organismal and cellular IR
sensitivity

Hypersensitivity to IR is one of the hallmarks of A-T patients,
Atm-deficient mice and cells lacking ATM [5,35]. To assess the
effect on radiosensitivity of HRR abrogation when combined with
Atm deficiency, animals with various Rad54/Rad54B/Atm geno-
types were exposed to 4 Gy of IR and their survival was monitored.
While Atm-deficient animals exhibited the expected profound
radiosensitivity, IR sensitivity of Rad54- or Rad54B-deficient mice
was similar to that of wild type animals, and combined defi-
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Fig. 3. Survival curve of various Rad54/Rad54B/Atm genotypes following IR treatment. Mice with the indicated Rad54/Rad54B/Atm genotypes were irradiated with 4 Gy
of IR (10-20 mice of each genotype). Rad54/Rad54B/Atm triple mutant mice were significantly more sensitive to IR than Atm—/— animals. Using the Mann-Whitney test
(two-tailed), assuming non-parametric data, the differences between the double or the triple null mice and the Atm—/— genotype were significant as noted in the text.
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Fig. 4. Cellular radiosensitivity of various Rad54/Rad54B/Atm genotypes. Survival curves of fibroblast cells treated with IR while growing exponentially and asynchronously.
Wild type cells, Rad54—/— and Rad54B—/— cells did not differ in radiosensitivity according to this assay. Rad54/Rad54B double null displayed higher radiosensivity than
control cells. Atm—/— cells exhibited the expected radiosensitivity. Deletion of Rad54 or Rad54B on the background of Atm deficiency conferred protection against the toxic

effects of IR.

ciencies of Rad54 and Rad54B slightly radiosentitized the mice
(Fig. 3A-C). These results suggest that the contribution of Rad54
paralog-mediated HRR to the repair of IR-induced DSBs in mouse
tissues is minimal [28,36]. Importantly, Rad54—/—//Atm—/— mice
displayed radiosensitivity similar to that of Atm-null mice, while
Rad54B—/—//Atm—/— mice were only very moderately, but signifi-
cantly, hypersensitive to IR compared to Atm-null animals (p <0.04)
(Fig. 3A and B). In contrast, ablation of both Rad54 paralogs led to
an increased radiosensitivity of Atm—/— mice. The mortality of the
Rad54/Rad54B/Atm triple null mice following IR treatment was sig-
nificantly higher than that of the Atm—/— mice (p <0.003) (Fig. 3C).
Thus, the impact of loss of both paralogs is enhanced by loss of Atm
for IR sensitivity.

To compare the organismal sensitivity to IR of these genotypes
to the sensitivity of the corresponding cell lines, we isolated fibrob-
last lines from the animals and tested their clonogenic survival
following treatment with increasing IR doses. All single mutants
recapitulated the results obtained at the organismal level. The
Rad54 paralog mutant cells were not IR hypersensitive, while Atm
deficient cells were (Fig. 4A and B). In addition, as observed with
the mice, cells lacking both Rad54 paralog were slightly IR hyper-
sensitive (Fig. 4C). Fibroblasts isolated from the Rad54/Rad54B/Atm
triple null mice hardly proliferated and therefore their radiosensi-

tive could not be assessed (Supplementary Fig. S1). Interestingly,
however, ablation of any of the two Rad54 paralogs on Atm—/—
background did not reduce cellular survival following IR treatment,
but at intermediate doses of radiation reduced the radiosensitivity
of Atm-deficient fibroblasts (Fig. 4).

3.3. Effect of compound genotypes on organismal and cellular
MMC sensitivity

Mice deficient in Rad54 or Rad54B are hypersensitive to MMC
[28,36]. Although Atm is thought to respond primarily to DSBs
and not to interstand crolsslinks (ICLs) caused by MMC, a cross-
talk between the pathways that respond to these lesions has been
extensively documented [37,38]. We examined MMC sensitivity of
mice with genotypes combining Atm and Rad54 or Rad54B defi-
ciencies. Mice were injected intraperitoneally with 7.5 mg/kg body
weight of MMC and monitored for 14 days. Surprisingly, Atm-
deficient mice reacted more adversely to this treatment compared
to wild type animals (Fig. 5). Inactivation of each Rad54 paralog
rendered the animals MMC hypersensitive, while inactivation of
both paralogs resulted in a more extreme MMC hypersensitivity,
as previously established [28]. Interestingly, deficiency of each of
the Rad54 paralogs acted additively with Atm loss to increase MMC
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Fig. 5. Survival curve of various Rad54/Rad54B/Atm genotypes following MMC treatment. Mice with the indicated Rad54/Rad54B/Atm genotypes were injected peritoneally
with MMC (7.5 mg/kg body weight, 4-11 mice of each genotype). Surprisingly, Atm—/— mice were more sensitive to MMC injection than Rad54—/— and Rad54B—/— mice.
MMC-injected Rad54/Rad54B double mutant mice displayed markedly shorter survival rate than Atm—/— mice, and the rate was similar to that of Rad54/Rad54B/Atm triple
mutant mice. The survival rate of MMC-injected Rad54/Atm and Rad54B/Atm was shorter than that of Atm—/— mice.
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sensitivity. Finally, ablation of all three genes did not further sen-
sitize the mice to MMC. The data indicate a significant role of Atm
in responding to MMC-induced DNA damage and underscore the
importance of HRR in this response. The highly increased MMC
sensitivity conferred by Atm deficiency was also reflected in clono-
genic survival of Atm—/— fibroblasts treated with this chemical
(Fig. 6A-C). In these cells, Rad54 seemed to play a greater role

in MMC response that Rad54B, as judged by cellular MMC sen-
sitivity. As seen at the cellular level for the IR response (Fig. 4),
combining Atm deficiency with that of any of the Rad54 paralogs
reduced the MMC hypersensitivity, particularly Rad54B (Fig. 6A-C).
These data indicate that Atm may play a greater role than pre-
viously thought in the cellular response to MMC-induced DNA
damage.
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Fig. 7. 53BP1 and Rad51 focus formation and disappearance in cells with various Rad54/Rad54B/Atm genotypes in response to IR. Fibroblasts derived from the various
Rad54/Rad54B/Atm were treated with 5 Gy and at the indicated time points the cells were fixed and immunoreacted with anti-53BP1 and anti-Rad51 antibodies. The number
of 53BP1 foci per nucleus was measured using ImagePro software in 10-20 nuclei for each treatment/genotype. The experiments were performed in three different cultures
prepared from different mice. Due to different sizes in the fibroblasts as detected in the confocal microscope, the foci were calculated to an average area of a cell which is
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3.4. 53BP1 and Rad51 focus formation in response to IR in cells
with various Atm/Rad54 genotypes

The generation 53BP1focus formation is a reliable quantitative
measurement of DSB formation and repairs regardless the mecha-
nisms of repair [39,40]. To analyze the role of Rad54, Rad54B and
Atm on the general DSB formation and repair, we measured the
generation and disintegration of 53BP1 foci. Temporal analysis of
the formation and disappearance of 53BP1 foci showed a number of
differences among cells with the various Rad54/Rad54B/Atm geno-
types. Whereas no signs of 53BP1 nuclear foci could be detected
in untreated WT fibroblasts, a low level 53BP1 foci was already
detected in untreated Atm—/— cultures. (Fig. 7A and B, grey bars).
The kinetics of 53BP1 focus formation in WT and Rad54/Atm dou-
ble mutant fibroblasts which were exposed to 5 Gy IR was similar
except that the amount of 53BPI foci was markedly higher in
Rad54/Atm double null cells. The cells reaching their peak num-
ber of 53BP1 foci at 4h and the number of foci slowly declined
thereafter. Exposure of Atm—/— cells to IR resulted in steady accu-
mulation of 53BP1 foci peaking at 4h, but unlike WT cells the
number of foci remained high for at least 24 h (Fig. 7B, grey bars).
Rad54 and Rad54B null cells accumulated 53BP1 foci over 24h
(Fig. 7C and D, grey bars). The accumulation of 53BP1 foci in
Rad54B/Atm double null cells was almost identical to WT cells,
however, the rate of decline was somewhat reduced (Fig. 7E,
grey bars). Retarded accumulation of 53BP1 foci was observed in
Rad54/Rad54B double null mice followed by quick rise (6h) in
53BP1 focus number which sharply disappeared (Fig. 7G, grey bars).

DSB repair via HRR is based on coordinated action of the RAD52
group of proteins, including the DNA strand exchange protein
Rad51, whose accumulation at DSB sites is visible as prominent
nuclear foci [16]. In WT mouse fibroblasts IR-induced Rad51 foci
peaked 4h after irradiation and subsequently declined to base
level (Fig. 7A, black bars). The pattern and time course of Rad51
focus formation in Atm—/— fibroblasts was somewhat different
to those observed WT cells, with a higher number of foci 4h
post-irradiation. Also, in Atm—/— cells the amount of foci 24h
post-irradiation remained markedly higher than the initial level
observed in untreated cells. The number of Rad51 foci in Atm—/—
cells was the highest among the various genotypes (Fig. 7B, black
bars). Exposure of Rad54—/— fibroblasts to IR resulted in slow
accumulation of Rad51 foci, peaking 4 h after treatment, moder-
ately declining and then slowly re-accumulating over time (Fig. 7C,
black bars). IR-treated Rad54/Atm-null cells steadily accumulated
Rad51 foci peaking at 6h post irradiation and slowly declined
(Fig. 7E, black bars). Slow accumulation of Rad51 foci was detected
in irradiated Rad54B—/— cells, peaking at 6 h and then a decline
to control levels was observed (Fig. 7D, black bars). Similar pat-
tern of Rad51 focus accumulation and disappearance was measured
in Rad54B/Atm (Fig. 7F, black bars). Rad54/Rad54B-null cells exhib-
ited rapid focus accumulation, peaking at 2 h and declines to below
control levels. (Fig. 7G, black bars).

4. Discussion

All the genotypes that we generated - compound mutant mouse
strains deficient in Atm and the Rad54 paralogs involved in HRR
- were viable, suggesting that combined inactivation of Atm and
some component(s) of the HRR system is not critically important
for normal development and survival of the compound mutant
mice. In contrast, combined inactivation of Atm and NHE] results
in embryonic lethality. Atm/Ku70, Atm/Ku80 and Atm/DNA-PKcs
double null mice die during their embryonic development [41].
Our experiments show that the Rad54 paralogs provide a valu-

able model system to study affects of attenuated HRR because,
inactivation of central components of the HRR system, such as
Rad51, result in embryonic lethality or cell death [18], demonstrat-
ing the importance of the HRR system for embryonic development.
These findings are compatible with the notion that not all proteins
involved in HRR are essential, implying redundancy in function, or
the existence of sub-pathways of recombination that by themselves
are not essential for cell viability.

In chicken DT40 cells Atm has a role in controlling HRR [31].
Whereas Ku70(NHE]™)//Atm—/— DT40 cells display radiosensi-
tivity and high radiation-induced aberration frequencies, Rad54
(HRR™)//Atm—/— cells show only slightly elevated aberration levels
afterirradiation, suggesting that Atm is epistatic with the HRR path-
way [31]. Our results further expand on this point and demonstrate
that Atm has different contributions to the various HRR pathways.

Inactivation of Rad54 paralog-mediated HRR in the pres-
ence of intact Atm does not reduce the birth rate of either
Rad54—/—, Rad54B—/— or Rad54—/—//Rad54B—/— mice. On the
other hand, deletion of the Atm gene on the background of var-
ious Rad54/Rad54B genotypes results in reduced birth rate of the
double and triple Rad54/Rad54B/Atm mutants, suggesting that Atm
and some components of the HRR pathways are not fully epistatic. If
Atm is essential for HRR, Atm deficiency should result in embryonic
lethality, since HRR is crucial at early embryogenesis. Following this
line of thinking, it is possible that Atm is not involved in the activa-
tion of the HRR system during early embryogenesis. This notion is
supported by a recent report showing that HRR is dissociated from
Atm functions but dependent on Nbs1 activity [42]. Interestingly,
combined deletions of Atm and Rad54, Rad54B or both result in
significant growth retardation that is more pronounced in female
mice, due perhaps to differences in metabolic rates or hormonal
regulations between males and females.

Around 70% of the Atm—/— succumbs to thymic lympomas
between the ages of 20 and 60 weeks [43] (Fig. 1). In contrast,
none of the Rad54-, or the Rad54B-deficient mice develop malig-
nant tumors, suggesting that deletion of these genes does not lead
to cancer predisposition. Furthermore, we did detect an increase
in cancer predisposition in Rad54—/—//Atm—/— mice but not in
Rad54B—/—//Atm—/—.

Inactivation of Atm results in a significant increase in mouse
radiosensitivity. Inhibition of the HRR system by inactivation of
Rad54 and Rad54B slightly increased the radiosensitivity of the
double mutant mice (Fig. 3) and fibroblasts (Fig. 4). These results
suggest that the irradiated mice and cells can activate one of the
several sub-pathways of the HRR systems or NHE] to increase their
survival. It has been shown that activation of the Rad54-dependent
HRR pathway in response to IR is important in embryonic stem
cells but not in mature cells [32]. Interestingly, inactivation of
Rad54 in Atm—/— mice does not exacerbate their radiosensitivity,
whereas inactivation of Rad54B in Atm-deficient mice signifi-
cantly shortened their survival following IR. These results suggest
that Atm and Rad54 are epistatic in the specific pathway that
is activated in response to IR treatment, whereas Rad54B and
Atm are not fully epistatic. Although Rad54 and Rad54B have
similar biochemical activities [23,44-46], this does not rule out
the possibility that Rad54 and Rad54B operate in distinct sub-
pathways of HRR. This assumption is supported by the finding
that Rad54/Rad54B/Atm triple null mice display higher radiosen-
tivity than the rest of the genotypes (Fig. 3). The assumption
of multiple HRR sub-pathways is further supported by our find-
ing of different sensitivities of Rad54—/— and Rad54B—/— mice
and fibroblasts to MMC (Figs. 5 and 6). Inactivation of one of
the pathways can be tolerated by the IR-treated mice or fibrob-
last, whereas Rad51 inactivation resulted in embryonic lethality.
Because Rad51 is such an essential component of the HRR system,
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itis possible that all the sub-pathways converge upstream to Rad51
activation.

Combined deletions of Atm and Rad54, and to lesser extent
Atm and Rad54B, rendered the mutant fibroblasts more resistant
to the cytotoxic effect of IR. It has been suggested that in certain
circumstances Atm is a proapoptotic protein, for instance during
CNS development [47]; or is an activator of apoptotic pathways
as reflected by the phosphorylation of Bid [48,49]. Here we spec-
ulate that in the absence of Rad54 or Rad54B, Atm assumes a
proapoptotic role and in Atm absence, the Atm-dependent apop-
totic pathways are markedly attenuated. Our results show that the
irradiated Rad54—/—//Atm—/— fibroblasts are capable of forming
colonies in the presence of DSBs, evidenced by the slow accumula-
tion of Rad51 foci (Figs. 4 and 7). The current opinion in the field of
DNA repair portrays HRR and NHE] as distinct pathways. The fact
that Rad51 foci are formed and accumulate in response to IR sug-
gests that the HRR system has been activated. It is also thought that
a single unrepaired DSB is sufficient to halt cell proliferation and
to lead to its demise. Thus, the cells that are capable of forming
colonies have repaired their DNA. On the assumption that Rad54
deletion significantly inhibits the HRR system [32], we speculate
that the initial DNA repair is performed by the HRR system, and in
the absence of key components of that system the processed DSBs
are repaired by NHEJ, enabling the cells to survive and proliferate.
In addition to the cytotoxic effects of IR, Atm—/— mice and cells are
also sensitive to MMC, suggesting that Atm is also involved in the
DDR pathways initiated by MMC. While HR is an important DNA
repair pathway for two-ended breaks in rapidly dividing ES cells,
such as those induced by IR, NHE] is much better suited to repair
these lesions in the many non-dividing and mature cells of the adult
mice. In contrast, MMC-induced DNA interstrand cross-links are
processed into single-ended DSBs by DNA replication [50]. Single-
ended DSBs cannot be acted upon efficiently by NHE] and require
the HRR system for repair [51]. Collectively, the results from the
IR and the MMC experiments suggest that Atm is involved in the
activation of both the HRR and NHE] systems.

It is known that MMC is capable of generating DSBs [38,50]. In
the absence of Atm, Rad54 or Rad54B, the cells are still capable of
forming Rad51 foci. Our results are compatible with findings that
the effects of MMC - S-phase arrest, YH2AX focus formation and
Rad51 focus formation - are Atm-independent. Interestingly, the
MMC effects were found to be dependent on ATR [52], highlighting
the importance of the redundancy among the DDR transducers and
explaining why Atm inactivation is not embryonic lethal. Contra-
dictory observations were reported by Chen et al. [53] and Yuan et
al. [54] showing that IR-induced Rad51 foci were defective in Atm-
deficient cells but not in NBS cells. Different cell lines and protocols
might account for these discrepancies. However, our data are con-
sistent with the notion that Rad51 focus formation is largely Atm
independent, despite the fact that Atm—/— cells are highly sensi-
tive to IR and MMC. These results suggest that Atm is not necessary
for the activation of events upstream of Rad51 focus formation,
but rather for those events that occur downstream to the forma-
tion of Rad51 foci. Rad54 and Rad54B were reported to physically
interact with Rad51 [28,55-57], but our results suggest that these
proteins are not necessary for Rad51 focus formation in response
to IR or MMC. Interestingly, there are marked differences in the
pattern of Rad51 focus formation between Rad54—/—, Rad54B—/—,
and Rad54/Atm and Rad54B/Atm double null mice. In the absence
of Rad54B, the quantity of Rad51 foci was markedly lower than in
Rad54—/— cells. These results are consistent with the notion that
Rad54 and Rad54B are not epistatic and operate in different HRR
sub-pathways.

Our data demonstrate the complexity of the interrelations
between Atm, Rad54 and Rad54B. The interrelations seem to be

dependent on the type of insults to which the mice or cells are
exposed. It is known that proteins form complexes in order to
exert their biological function. IR and MMC exert their toxic effect
through the generation of DNA DSBs. DSB repair is carried out
by very intricate protein complexes. Based on our findings we
speculate that the identity of the proteins that form protein com-
plexes is dependent on the type of damage that leads to DNA
DSBs.
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