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The defect in the AT-like hamster cell mutants is complemented
by mouse chromosome 9 but not by any of the human
chromosomes
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DNA damage. Like ataxia telangiectasia (AT) cells, they display increased cell killing, chromosomal instability and a
diminished inhibition of DNA synthesis following ionizing radiation. To localize the defective hamster gene (XRCC8) on
the human genome, human chromosomes were introduced into the AT-like hamster mutants, by microcell mediated
chromosome transfer. Although, none of the human chromosomes corrected the defect in these mutants, the defect was
correcied by a singie mouse chromosome, derived from the A9 microceil donor cell line. In four independent X-ray-resistant
microcell hybrid clones of V-ES5, the presence of the mouse chromosome was determined by fluorescent in situ
hybridization, using a mouse cot-1 probe. By PCR analysis with primers specific for different mouse chromosomes and
Southern blot analysis with the mouse Ldlr probe, the mouse chromosome 9, was identified in all four X-ray-resistant
hybrid clones. Segregation of the mouse chromosome 9 from these hamster-mouse microcell hybrids led to the loss of the
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regained X-ray-resistance, confirming that mouse chromosome 9 is responsible for complementation of the defect in V-E5
cells. The assignment of the mouse homolog of the ATM gene to mouse chromosome 9, and the presence of this mouse
chromosome only in the radioresistant hamster cell hybrids suggest that the hamster AT-like mutants are homologous to AT.

although they are not complemented by human chromosome 11.

Keywords: Microcell fusion; Radiosensitive hamster cell mutant; Radioresistant DNA synthesis; Ataxia-telangiectasia; Mouse chromosome

9: Mouse ATM homolog

1. Introduction

Ataxia telangiectasia (AT) is a rare human autoso-
mal recessive multisystem disorder characterized by
progressive neuromuscular problems, immunodefi-
ciency, genetic instability, hypersensitivity to ioniz-
ing radiation, and proneness to cancer [1.2]. Recent
cloning of the ATM ( AT-Mutated) gene and muta-
tion analysis in AT patients indicate that a single AT
locus on human chromosome 11q23.1 is responsible
for AT [3]. Another radiosensitive, recessive, heredi-
tary disorder, Nijmegen Breakage Syndrome (NBS)
shares immunodeficiency, and cancer susceptibility
with AT, but displays different clinical features, such
as microcephaly and developmental delay. Although,
both AT and NBS have remarkable similar cellular
characteristics [4—6], recent data indicate that the
gene defective in NBS is different from that of the
ATM gene, and is not located on human chromo-
some 11 [7-9].

In search for the AT/NBS model amongst X-
ray-sensitive rodent cell mutants, where at least
eleven complementation groups have been identified
(reviewed in Ref. [10]), one complementation group
was recognized that closely resembles AT cells [11].
These Chinese hamster V79 cell mutants V-C4, V-E5
and V-G8 belong to complementing group 8
(XRCC8), and like AT cells, show an abnormal
response to ionizing radiation-induced DNA damage,
such as an increased cell killing, chromosomal insta-
bility, and a diminished inhibition of DNA synthesis.
The AT-like hamster mutants display normal rates of
rejoining of DNA single- and double-strand breaks,
and show no increase in the frequency of induced
mutations in the hypoxanthine guanine phosphoribo-
syl transferase (hprt) locus after X-irradiation
[11,12]. The irs2 mutant isolated by Jones et al. [13]
also belongs to this complementation group, and
shows characteristics similar to AT cells [14,15].
Despite the observed similarities of the hamster cell

mutants to AT cells, it has been found that human
chromosome 11 does not correct the defect in the
AT-like hamster mutants [16,17], suggesting that the
XRCCS8 gene is not homologous to the AT gene.
To localize a human gene complementing the
defect in the AT-like hamster mutants microcell-
mediated chromosome transfer was used, and all
single human chromosomes were examined for com-
plementation of X-ray-sensitivity in these hamster
cell mutants. None of the human chromosomes com-
plemented the defect in the hamster mutants, and
only a single mouse chromosome 9 corrected this
defect. The results suggest that the homologous hu-
man gene cannot complement the defect in these
mutants. The presence of the mouse ATM homolo-
gous gene on the mouse chromosome 9, suggests
that the hamster mutants are most probably defective
in the gene homologous to the human ATM gene.

2. Materials and methods
2.1. Cell lines and growth conditions

The X-ray sensitive mutants V-ES5, V-C4 and
V-G8 derived from Chinese hamster V79 cells have
been described earlier [11,18]. A panel (listed in
Table 1) of human-mouse hybrid clones of mouse
A9 cells, each carrying a single, different human
chromosome tagged with a dominant marker gene
(agpt, gpt. hph or hprt), were used as a source of
donor human chromosomes ([19-22], M.O., E.J.S,,
R.S.A., unpublished data).

All cultures were maintained in a 1:1 mixture
medium of Dulbecco modified Eagle medium
(DMEM) and Ham’s F10 modified by the omission
of hypoxanthine and thymidine, and supplemented
with 10% fetal calf serum (Bodinco), penicillin (100
U/ml) and streptomycin (0.1 mg/ml). The
monochromosomal A9 hybrids were maintained in
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medium supplemented with Geneticin (G418 sul-
phate; 800 pg/ml), or mycophenolic acid (20
pg/ml) and xanthine (70 wg/mlb), or hygromycin B
(800 U/ml), or hypoxanthine (13.6 pg/ml),
aminopterine (0.21 wg/ml) and thymidine (3.1
wg/ml), depending on the marker gene (agpr. gpr,
hph or hprt, respectively) present on the human
chromosome. The cultures were grown in an incuba-
tor humidified to 95-100% at 37°C, in an atmo-
sphere of 5% CO, in air.

Table 1

2.2. X-ray irradiation

Irradiation was performed with an Andrex
(SMART 325) apparatus, generating X-rays at a dose
rate of 2.5 Gy /min (200 kV, 4.0 mA, 1 mm Al).
2.3. Cell survival

Cultures in exponential growth were trypsinized
and 600-1200 cells were seeded on 10-cm-diameter

Microcell-mediated chromosome transferred into the AT-like hamster cell mutants

Donor A9 hybrid Human chromosome Dominant marker gene Recipient cells No. hybrid clones * X-ray sensitivity
AY(neol)-4 1 agpt V-E5 19 S
A9(neo2)-1 2 agpt V-E5 13 S
MCH906.8 3 agpt V-E5 25 S
A9(neod) 4 agpt V-ES 50 S -
A9(neod) 4 agpt V-C4 20 S
A9(neod) 4 agpt V-G8 20 S
A9(neo5)-41 5 agpt V-E5 19 S
MCH262 6 agpt V-E5 23 S
ANneo7)-2 7 agpt V-E5 30 S
A9(neo8) 8 agpt V-E5 9 S
A9(neo9)-1 9 agpt V-E5 25 N
HA(10) 10 gpt V-E5 18 S
A9neol1)-1 11 agpt V-E5 25 S
A%neol1)-1 11 agpt V-G8 15 S
A9(2859)-3 WX/11)° hprt V-ESTGR 4 S
MCHSS5615 11 agpt V-ES 10 S
Aneol2)-5 12 agpt V-E5 12 S
MCH2043 13 agpt V-E5 13 S
RA14A1 14 gpr V-E5 17 S
A9(neo15)-3 15 agpt V-E5 12 S
A9HYTK16 16 hph V-E5 6 S
A9(3884) uX/16) ° hprt V-ESTGR 10 S
A9(neol7)-11 17 agpt V-E5 14 S
A9(neo18)-1 18 agpt V-E5 12 S
A%(neol9) 19 agpt V-E5 44 S
A9HYTKI9 19 hph V-E5 4 S
A%neo20)-3 20 agpt V-E5 13 S
AJHYTK21 21 hph V-E5 12 S
A9HYTK22 22 hph V-E5 13 S
Total 467

S. sensitive.

* In these groups one X-ray resistant clone was identified.

* These numbers in some fusion represent the total of two or three independent microcell fusions.

b Carrying a recombinant chromosome, X /11: Xgter — Xql1::11pl1 — Ilqter, X/16: Xqgter — Xq26:: 16q24- 1 6pter.
¢ These hybrids did not contain a cytogenetically visible human chromosome.

* These hybrids were obtained with a very low frequency (e.g., at least 8 independent microcell fusions).
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plate, in duplicate or triplicate, and left to attach for
4 h, then the cells were X-irradiated in medium.
After incubation for 8—10 days, the dishes were
rinsed with NaCl (0.9%), air dried and stained with
methylene blue (0.25%) and visible colonies were
counted. Each survival curve represents the mean of
at least 3 independent experiments. The error bars
represent the standard error of the mean.

2.4. Microcell-mediated chromosome transfer

Human chromosomes, tagged with a dominant
marker gene, were transferred to recipient cells by
microcell-mediated chromosome transfer as previ-
ously described by Jongmans et al. [16]. To induce
micronuclei, 8 X 105 monochromosomal A9 hybrid
cells were seeded into 25-cm” flasks and incubated
for 2 days, with an exception for A9 hybrid cells
carrying the human chromosome 19 which have a
reduced growth rate. and were incubated 5 days.
Then, colcemid (0.05 wg/ml) was added, and cells
were incubated for 2 more days. Only, A9 hybrid
cells with human chromosome 19 were incubated for
3 more days. For enucleation, the cytochalasin-B
treated cells were centrifuged in a fixed-angle GSA
rotor at 8.000 rpm for 70 min at 34°C. Microcell
hybrids were selected for the dominant marker gene
(agpt, gpt, hph or hprt), 24 h after the fusion, using
G418 (400 pg/ml), or mycophenolic acid (20
wg/ml) and xanthine (70 wg/ml), or hygromycin B
(400 U/ml), or hypoxanthine (13.6 pg/ml),
aminopterine (0.21 pg/ml) and thymidine (3.1
pg/ml), respectively. After incubation for 10 days,
surviving microcell hybrid clones of V-E5 or V-G8
were isolated and expanded for evaluation of their
X-ray survival and the chromosome content.

2.5. Fluorescence in situ hybridization

Metaphase chromosomes were generated by 2 h
Colcemid (0.1 pg/ml) treatment of cells. The cells
were harvested by trypsinization and treated with 75
mM KCl during 30 min, and fixed in a 3: | mixture
of methanol and glacial acetic acid. In situ hybridiza-
tion to metaphase spreads of the cell lines with
biotin-labelled mouse or human cot-1 DNA was
performed as described by Wiegant et al. [23] using
RNase A and pepsin treated chromosomes. The bi-

otin-labelled DNA was detected with FITC-con-
jugated avidin. The rodent chromosomes were
counter stained with propidium iodide.

The presence of the human chromosomes 19, 15,
11, 8, 6 and 3, in somatic cell hybrids was deter-
mined with specific for these chromosomes biotin-
labelled centromeric markers which were generously
obtained from Dr. J. Wiegant.

2.6. PCR and southern blot analysis

Genomic DNAs, prepared from each hamster-hu-
man microcell hybrid by standard procedures [24],
were amplified by PCR using simple sequences re-
peats (SSRs) specific for each of the mouse chromo-
somes as described earlier by Groot et al. [25].

For Southern blot analysis genomic DNAs (15
wg) were digested with EcoRI, transferred to nylon
membranes, and hybridized by standard procedures
as described by Sambrook et al., [24]. The plasmid
DNA isolated from the clone mLDLRc8 was di-
gested with EcoRI to release a 1.5 kilobase (kb)
insert, containing the exons 8—17 and a part of exon
18 of the mouse Ldlr gene which is located on
mouse chromosome 9 [26]. The ZAP vector carrying
the mouse ATM cDNA was digested with EcoRI to
release a 2.0 kb fragment. These fragments were
[*PJdCTP-labelled and used to hybridize with the
Southern blot membranes.

2.7. Measurement of inhibition of DNA synthesis
after y-irradiation

The rate of DNA synthesis was measured as
described by De Wit et al. [27]. Cells were prela-
belled with [*Clthymidine in order to have an inter-
nal standard proportional to the amount of cells.
Thereafter, cells were exposed to +y-rays emitted
from a "**Cs-source and subsequently labelled with
[*Hlthymidine for 4 h.

As an alternative to the TCA-precipitation step
described by the Wit et al. [27], cells were incubated
with normal medium for 1 h, and then lysed with
sodium hydroxide. The radiosensitivity was mea-
sured, and the rate of DNA synthesis was estimated
from the ratio of *H to '*C radioactivities, and
expressed as a percentage of the ratio in unirradiated
cells. Each curve represents the mean of at least 2
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independent experiments. The error bars represent
the standard error of the means.

2.8. Analyvsis of chromosome aberrations

Frequencies of X-rays-induced chromosome aber-
rations were determined in cells irradiated in G, and
G, phase of the cell-cycle as described by Zdzienicka
et al. [11]. In short, for G, studies, confluent cultures
of cells were irradiated with 1 Gy of X-rays and
incubated for 16 h. For G, studies, exponentially
growing cells were irradiated with 0.5 Gy and al-
lowed to recover for 2 h. Colcemid (0.1 pg/mi) was
added 2 h before fixation. The cells were treated
with hypotonic solution and fixed in acetic
acid/methanol (1:3). Air-dried preparations were
made and stained with Giemsa. Fifty cells per point
were examined for the presence of chromosome
aberrations.

2.9. Segregation of chromosomes in the microcell
hybrids

To isolate segregants which lost the transferred
human chromosome (tagged with the dominant
marker gene agpt) or the X-ray complementing
mouse chromosome, cells were grown for more than
one month in nonselective medium without G418.
The agpr or X-ray-sensitive segregants were isolated
by replica plating as described earlier by Zdzienicka
and Simons [18] using medium containing G418 or
camptothecin, respectively. To detect X-ray sensitive
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segregant clones that lost the complementing mouse
chromosome 9, the replica plates containing medium
with camptothecin were used, since previously, it has
been shown that the AT-like hamster mutants are
also very sensitive to this agent [17].

3. Results

3.1. Complementation of X-ray sensitivity of V-ES5
cells by microcell-mediated chromosome transfer

In order to determine which human chromosome
complements the X-ray sensitivity of the AT-like
hamster cell mutants (V-ES5, V-C4 and V-G8), mi-
crocell-mediated chromosome transfer to introduce
different human chromosomes into these cells, was
used. For each human chromosome several microcell
hybrid clones were isolated after selection for the
dominant marker gene (Table 1). The presence of
each human chromosome in the obtained microcell
hybrids was examined by fluorescent in situ hy-
bridization, using human cot-1 DNA as a probe.
Although, most hybrids contained cytogenetically
normal human chromosomes, none of these chromo-
somes was able to correct the X-ray sensitivity of the
hamster mutants. However, from each cross between
V-ES5 cells and microcells containing the human
chromosome 4, 11, 15 and 19, one X-ray resistant
microcell hybrid clone was isolated. The hybrid
clones V-ESneo4-21, V-ESneo11-39 and VESneo15-
6 showed an intermediate X-ray survival, whereas
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Fig. 1. X-ray survival curves of (A) V79 (O), V-ES (0), and the microcell hybrid clones V-E5neo4-21 (), V-ESneol1-39 (a),
V-ESneo15-6 (¥) and V-E5hvtk19-4 (). (B) V79 (O), V-E5 (O), V-E5ne04-21 (#), V-E5-4-21A8 (v), V-E5-4-21A11 (&) and

V-E5-4-21S (&)
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the hybrid clone V-E5hytk19-4 displayed survival
similar to wild-type V79 cells (Fig. 1A).

The observed frequency of the X-ray resistant
hybrid clones amongst all microcell hybrids was
very low (0.8%), and it seems unlikely that different
human chromosomes may correct the X-ray sensitiv-
ity of V-ES5 cells. Therefore, these results suggested
that a co-introduced mouse chromosome could be
responsible for the observed correction. Indeed, by
fluorescent in situ hybridization using mouse cot-1
DNA as a probe, it was found that in all four
X-ray-resistant microcell hybrid clones of V-ES, a
single mouse chromosome, derived from the mouse
A9 donor cell line, was co-introduced with the hu-
man chromosome [28].

3.2. Identification of the complementing mouse chro-
mosome 9

The mouse chromosome 9 was identified in the
X-ray resistant hybrid clones: V-E5neo4-21 and V-
E5neol15-6, by PCR using mouse chromosome spe-
cific SSRs (Fig. 2). The presence of mouse chromo-
some 9 was confirmed in all the X-ray-resistant
hybrid clones V-E5neo4-21, V-ES5neoll-39, V-
ESneol5-6, and V-ES5hytk19-4 by Southern blot
analysis, using the mouse Ldlr probe (Fig. 3A and
B). The used mouse Ldlr probe hybridizes with the

Fig. 2. Analysis of PCR products with the mouse primer set
DIMit42, DNA from V-E5 (lane 1), A9 mouse (lane 4), and the
hybrid clones V-ESneo4-21 (lane 2). and V-E5neo15-6 (lane 3)
was amplified with the DIMit42 primerset and the products were
separated by electrophoresis in 0.8% agarose.
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Fig. 3. Southern blot hybridization of a 1.500 kb DNA fragment
of the mouse Ldlr cDNA with EcoRI digested DNA from (A)
V-ESneo4-21 (lane 1), V-EShvtk19-4 (lane 2), V-ESneo11-39
(lane 3). A9 mouse (lane 4), V-E5 {lane 5) and (B} A9 mouse

(lane 6), V-ES (lane 7), V-E5neo4-21 (lane 8), V-E5-4-21S (lane
9), V-ESneo15-6 (10). V-E5neol1-6 (11).

two EcoRI fragments of the mouse Ldir gene, 8 and
4 kb in size. Although, this mouse Ldlr probe cross-
hybridizes with the hamster Ldlr gene, the three
EcoRI fragments it hybridizes with, are clearly dis-
tinct in size (8.5, 4.3 and 3 kb).

To establish whether the mouse chromosome 9 is
responsible for the observed correction of X-ray
sensitivity in V-ESneo4-21 containing also a human
chromosome 4, several segregants, which had lost
either the human or mouse chromosome, were iso-
lated by replica plating. Several G418-sensitive
clones, V-E5-4-21A8 and V-E5-4-21A11 displayed
the X-ray resistance similar to the parental cell line
V-E5neo4-21 (Fig. 1B). All these clones contained
the complementing mouse chromosome 9, but had
lost the human chromosome 4, as was determined by
fluorescent in situ hybridization using either human
or mouse cot-1 DNA as a probe (data not shown).
Only one G-418-resistant but X-ray sensitive clone
V-E5-4-218 was isolated (Fig. 1B). The X-ray sensi-
tivity of these cells was similar to V-ES5 or hybrids of
V-E5 cells with a single human chromosome 11
(V-E5neol1-6). By Southern blotting, using the
mouse Ldlr probe this clone was shown to have lost
the mouse chromosome 9 (Fig. 3B), although V-ES5-
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4-218 contained a minute part of the mouse chromo-
some integrated into a hamster chromosome, as de-
termined by fluorescent in situ hybridization, using
mouse cot-1 DNA as a probe (data not shown).
These results indicate that mouse chromosome 9, and
not human chromosome 4, is responsible for the
observed complementation of the X-ray sensitivity in
the AT-like hamster mutants.

3.3. Inhibition of DNA synthesis after y-irradiation
in V-E5 cells containing mouse chromosome 9

To determine whether mouse chromosome 9 com-
plements the radioresistant DNA synthesis (RDS) of
V-E5 hamster mutant cells, the rate of DNA synthe-
sis after vy-irradiation in the X-ray-resistant hybrid
clones (V-E5ne0l1-39, V-E5ne0l5-6 and V-
E5hyrk19-4) was examined. Normal inhibition of
DNA synthesis after vy-irradiation (i.e., similar to
wild-type V79 cells) was only observed in one hy-
brid clone (V-EShytk19-4), whereas in the other
hybrid clones (V-E5neol1-39 and V-ESneol5-6) ra-
dioresistant DNA synthesis, similar to the parental
V-ES5 cell tine (Fig. 4) was found. The inhibition of
DNA synthesis after vy-irradiation in the X-ray-re-
sistant hybrid clone V-ESneo4-21 containing human
chromosome 4 was much more pronounced than in
wild-type hamster cells. Further studies with human
chromosome 4 have shown that a gene on human
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Fig. 4. Dose-response curve of the rate of DNA synthesis after
y-irradiation of V79 (O), V-E5 (0), and the microcell hybrid
clones V-E5ne011-39(a), V-ESneo15-6 (v), V-EShvtk19-4 (@),
and V-ESneo4-21 (@)

Table 2

Spontaneous and X-ray-induced chromosomal aberrations in the
AT-like V-ES cells and in hybrids between V-E5 and mouse
chromosome 9. in G, and G,

Cell line Daose  Aberrations /50 cells

(Gy) Abn* G' G" B' B" Ex Dic  Total

+ ring

Controls
v79 0 6 S0 10 0 0 6
V-E5 0 14 40 130 0 3 20
V-E5neol1-39 0 10 70 60 0 0 13
V-E5ne0l15-6 0 14 51 50 | 4 16
V-EShvtk19-4 0 5 30 10 1 1 6
G, cells
V79 1 10 21 20 0 5 10
V-ES 1 34 91 320 712 61
V-ESneol1-39 1 37 163 400 10 5 74
V-E3neol5-6 | 39 70 304 17 3 61
V-E5hytk19-4 1 29 200 70 8 7 43
G, cells
V79 05 20 140 80 0 O 22
V-ES 05 40 i80 660 3 3 90
V-E5ne0l1-39 0.5 32 120 610 1 0 74
V-E5neol5-6 0.5 46 220 800 5 1 109
V-E5hyvtk19-4 0.5 37 172 460 0 1 66

“ Abn., abnormal cells amongst 50 normal cells;: G', chromatid
gap; G", isochromatid gap; B’, chromatid break: B”, isochro-
matid /chromosome break; Ex, chromatid exchange: Dic + ring,
dicentric chromosome and centric ring.

chromosome 4q, 1s responsible for the regulation of
DNA synthesis after ionizing radiation [17].

3.4. Effect of mouse chromosome 9 on spontaneous
and X-rav-induced chromosome aberrations in V-E5
cells

To determine whether mouse chromosome 9 com-
plements chromosomal instability observed in the
AT-like hamster mutants, the spontaneous and X-
ray-induced chromosome aberrations in the hybrid
clones V-E5neol1-39, V-E5neol5-6, and V-
EShytk19-4, were examined. The frequency of spon-
taneous chromosomal aberrations was slightly lower
in V-E5ne011-39, V-E5neo15-6 hybrids, whereas in
V-ES5hytk19-4 it was similar to that observed in
wild-type V79 cells. The presence of mouse chromo-
some 9 showed no effect on the frequency of the
X-ray-induced chromosomal aberrations, in all hy-
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brid clones (Table 2). This indicates that mouse
chromosome 9 only partially complements the defect
in the AT-like hamster mutants.

3.5. Chromosomal localization of the ataxia telang-
iectasia mouse homolog

The chromosomal region 11q22-23 where the
ATM gene has been localized, shows syntenic ho-
mology with mouse chromosome 9 [29]. Therefore,
by Southern blot analysis we determined whether the
mouse homolog of the ATM gene localizes to mouse

Fig. 5. Southern blot hybridization of a 2 kb DNA fragment of the
mouse ATM cDNA with EcoRI digested DNA from (A) V-
ESneo4-21 (lane 1), V-EShyrk19-4 (lane 2), V-ESneol1-39 (lane
3), A9 mouse (lane 4), V-E5 (lane 5) and (B) A9 mouse (lane 6),
V-E5 (lane 7), V-ESneo4-21 (lane 8), V-E54-21S (lane 9). V-
E5ne015-6 (10), V-E5neol1-6 (11).

chromosome 9, which is present in the X-ray-re-
sistant hybrid clones: V-ESneo4-21, V-E5neol1-39,
V-ESneol15-6, and V-EShytk19-4 (Fig. 5). Hy-
bridization of the mouse ATM probe to EcoRI-di-
gested genomic mouse DNA gives a nine fragment
ladder from 7.5, 7, 4.5 to 0.5 kb. Although, this
mouse ATM probe cross-hybridizes with genomic
hamster DNA, a clearly different eight fragment
ladder from 6, 3 to 0.1 kb is seen in hamster cells.
Both, the mouse and hamster, ATM ladders were
present in the hybrid clones carrying mouse chromo-
some 9, whereas only the hamster ATM ladder was
present in the X-ray sensitive clone V-E54-218 which
contained only a small part of mouse chromosome 9.
This indicates that the mouse ATM homolog is
located on the mouse chromosome 9. No change in
the ATM fragment ladder (e.g., no cross-hybridiza-
tion) was seen in the hybrid clone V-ESneol1-39
carrying in addition to mouse chromosome 9, also
human chromosome 11, or in the hybrid clone V-
E5neol1-6 carrying only human chromosome 11.

4. Discussion

The X-ray sensitive hamster cell mutants of group
8 display cellular characteristics of AT cells [11,12],
but the defect in these AT-like mutants is not com-
plemented by human chromosome 11 [16,17], where
the AT gene is located. Surprisingly, all human
autosomes failed to correct the increased X-ray sen-
sitivity of the AT-like hamster cells when introduced
by microcell-mediated chromosome transfer (Table
1). Several hybrid clones between AT-like cells
(hprt™) and human lymphocytes containing chromo-
some X with few other human chromosomes, re-
mained X-ray-sensitive (data not shown). Since these
hybrids were selected for the human hprt gene,
which is located on the X chromosome, this indicates
that the chromosome X is not carrying the correcting
gene. While the human chromosomes failed to cor-
rect the defect in the AT-like mutants, mouse chro-
mosome 9 which shows syntenic homology with
human chromosome 11q22-23 [29] complemented
the defect in these mutants. The mouse chromosome
9 shows homology also with human chromosomes 3,
6. 8, 15, and 19 [29] but all these chromosomes
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failed to complement the defect in the AT-like mu-
tants, both in the microcell hybrids, as well as in
several X-ray sensitive hybrid clones between these
hamster mutants and normal human lymphocytes
which contained these chromosomes (data not
shown).

The results presented in this paper indicate that
the mouse homolog of the ATM gene is localized on
mouse chromosome 9, and this mouse chromosome
complements the defect in the AT-like hamster cell
mutants. This suggests that the ATM gene and the
hamster XRCC8 gene could be homologs, despite
that human chromosome 11 does not correct the
defect in these mutants. Numerous explanations could
account for the observed lack of complementation by
human chromosomes. First, this could result from
the loss of parts of the human chromosomes during
the microcell-mediated chromosome transfer proce-
dure. Although, when such loss occurs, its frequency
is found to be less than 40% [30-37]. Since we have
examined multiple independent microcell hybrid
clones of the AT-like mutants for each of the human
chromosomes, the consistent lack of correction due
to the loss of a complementing gene during microcell
chromosome transfer, is rather unlikely. Second, the
lack of correction could be due to epigenetic alter-
ations of the human chromosomes in the hamster cell
background. However, there are no data to support
this assumption, since the defect in most of the X-ray
sensitive rodent cell mutants could be complemented
by the transfer of a single human chromosome (re-
viewed in Ref. [10]; and references therein). Finally,
the lack of correction by a human chromosome could
be due to inadequacy in functional homology be-
tween the human and hamster gene, resulting in an
inability of the human gene product to correct the
mutant phenotype of the AT-like hamster cells.

Analysis of the functional complementation of the
AT-like mutants by mouse chromosome 9, revealed
that RDS was only occasionally corrected in the
hybrids between the AT-like hamster mutants and
mouse chromosome 9. A similar, sporadic comple-
mentation of cell killing without correction of RDS
has been observed with DNA-mediated gene transfer
into AT cells [36,38—40]. or after cell fusion of AT
cells with normal human cells [41], or in AT cells
containing an extra copy of human chromosome 11
[36.41]. Comparable results have been observed with

DNA-mediated gene transfer into the AT-like V-E5
hamster cells [28].

Numerous results have indicated that DNA repli-
cation after ionizing radiation is controled by several
factors, but sofar the mechanisms involved are not
well understood. In cell hybrids between the AT-like
hamster mutants and wild-type V79 cells co-domi-
nance of RDS has been demonstrated [42], indicating
that this marker cannot be used for genetic comple-
mentation of rodent X-ray-sensitive mutants. How-
ever, RDS has been used as marker for complemen-
tation studies with AT cells, and 4 complementation
groups have been identified [43]. The identification
of one ATM gene [3] has indicated that RDS is not a
reliable marker for complementation of human cells,
either. Recently. we have found that the introduction
of human chromosome 4q into V-E5 cells, strongly
amplifies the level of inhibition of DNA synthesis
after +y-irradiation, without correcting the X-ray-in-
duced chromosomal aberrations or cell killing [17]
indicating that complex mechanisms are responsible
for RDS. Therefore, it is very difficult to explain
why mouse chromosome 9 fully complemented the
defect in RDS in the AT-like mutants only in one
hybrid clone, whereas a partial or lack of comple-
mentation was observed in the remaining hybrids.

The hypothesis that cell killing by X-irradiation is
primarily due to X-ray-induced chromosome aberra-
tions is well documented [44—47]. Also, the introduc-
tion of human chromosome 11 into AT cells cor-
rected cell killing by X-rays as well as X-ray-in-
duced chromosome aberrations [48]. However, in the
AT-like V-ES hamster cells with mouse chromosome
9, it appears that correction of cell killing by X-rays
is not due to the correction of X-ray-induced chro-
mosome aberrations. This suggests that cell killing,
X-ray-induced chromosome aberrations, as well as
RDS, are all independently modulated by the XRCC8
gene product which is defective in V-ES cells. The
lack of complementation of the X-ray-induced chro-
mosome aberrations in V-E5 cells by mouse chromo-
some 9, could be explained by a possible insufficient
functional homology between the hamster and mouse
gene product.

Identification of the gene mutated in AT patients
revealed that this heterogeneous disease is caused by
mutations in a single gene ATM [3]. The carboxyl
terminus of this ATM gene product shows similari-
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ties to the catalytic domains of phosphatidylinositol
3-kinase (PI 3-kinase). This similarity is shared with
a family of ATM-related genes and includes the
MECT and TELT genes in budding yeast, the RAD3
gene in fission yeast, the Drosophila melanogaster
MEI-41 gene, the mammalian DNA-dependent pro-
tein kinase DNA-PK_., an he mammalian and
yeast TOR genes (revrf\wed in Ref. [49]). These gene
products are involved in the processmg of DNA
damage, maintenance of genome stability and the
control of cell cycle progression, all processes found
to be defective in AT. As PI 3-kinase is involved in
signal transduction, the ATM gene product is impli-
cated in a signal transduction pathway that activate

muluprc LClluldr lUIlLllOl’lb lll erpUIle io UlVA UdIl’]-
age. It seems probable that other genes downstream

this pathway, when defective, may lead to the same

this pathway, when defective, may lead to the sam
cellular phenotypes as observed in AT cells. There-
fore, in addition to AT and NBS other mutants with
the AT phenotype might be identified.

The existence of a family of ATM-related genes
implies that a very strict homology is required to
perform the specific function of each gene. There-
fore, the observed lack of complementation of the
defect in the AT-like mutants by human chromo-
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homology between the rodent and human XRCCS
gene product. Although, our results suggest that the
ATM gene is the ‘true’ homolog of the gene defec-
tive in the AT-like hamster mutant, this still remains
to be proven by the identification of mutations in the
hamster AT gene.
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