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The ataxia-telangiectasia mutated and rad3-related (ATR)

kinase orchestrates cellular responses to DNA damage and

replication stress. Complete loss of ATR function leads to

chromosomal instability and cell death. However, hetero-

zygous ATR mutations are found in human cancers with

microsatellite instability, suggesting that ATR haploinsuf-

ficiency contributes to tumorigenesis. To test this possibi-

lity, we generated human cell line and mouse model

systems in which a single ATR allele was inactivated on

a mismatch repair (MMR)-deficient background.

Monoallelic ATR gene targeting in MLH1-deficient HCT

116 colon carcinoma cells resulted in hypersensitivity to

genotoxic stress accompanied by dramatic increases in

fragile site instability, and chromosomal amplifications

and rearrangements. The ATRþ /� HCT 116 cells also dis-

played compromised activation of Chk1, an important

downstream target for ATR. In complementary studies,

we demonstrated that mice bearing the same Atrþ /�/

Mlh1�/� genotype were highly prone to both embryonic

lethality and early tumor development. These results

demonstrate that MMR proteins and ATR functionally

interact during the cellular response to genotoxic stress,

and that ATR serves as a haploinsufficient tumor suppres-

sor in MMR-deficient cells.
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Introduction

To maintain the integrity of their genomes, eukaryotic organ-

isms have evolved a complex network of signaling and

effector proteins that allow these cells to recognize damaged

or abnormally structured DNA, and to slow the rate of cell-

cycle progression until the initiating lesion is repaired. These

genome surveillance mechanisms are termed cell-cycle

checkpoints (Elledge, 1996; Melo and Toczyski, 2002).

Defects in the checkpoint signaling machinery are associated

with increased rates of cell death and aging, and may

promote the development and/or progression of cancer in

humans (Hartwell, 1992; Teixeira da Costa and Lengauer,

2002).

Two members of the phosphoinositide 3-kinase-related

kinase family have been identified as proximal components

of the checkpoint signaling apparatus assembled in response

to DNA strand breaks and DNA replication errors. The ataxia-

telangiectasia mutated (ATM) and ataxia-telangiectasia rad3-

related (ATR) kinases are rapidly recruited to DNA-damage

sites where they relay signals to the damage response net-

work through the phosphorylation of specific sets of target

proteins on serine or threonine residues (Abraham, 2001;

Shiloh, 2003). The current paradigm suggests that ATM and

ATR play only partially overlapping roles in checkpoint

activation by different forms of DNA damage. ATM functions

primarily as a first responder to a particularly lethal form of

DNA damage, the DNA double-strand break (DSB). In con-

trast, ATR is centrally and indispensably involved in the

maintenance of DNA replication fidelity. Through mechan-

isms that are only partially understood, ATR monitors the

progress of active DNA replication forks, and triggers check-

point activation when fork progression is stalled by abnor-

mally structured or damaged DNA, or by exposure to agents

such as hydroxyurea (HU) and aphidicolin (APH) (Casper

et al, 2002; Cha and Kleckner, 2002; Cimprich, 2003; Dart

et al, 2004; Ward et al, 2004). In the absence of ATR,

mammalian cells rapidly accumulate chromosomal abnorm-

alities and lose viability in the absence of any extrinsic

genotoxic agents (Brown and Baltimore, 2000; de Klein et al,

2000). This proliferation-associated cytotoxicity is likely due

to a profound breakdown in DNA replication fidelity as the

cells traverse S phase.

The mismatch repair (MMR) system also plays a central

role in genome maintenance during S phase, through the

correction of base misincorporation errors arising during

normal DNA replication. The core MMR machinery in mam-

mals consists of two heterodimeric protein complexes, MutS

and MutL (Harfe and Jinks-Robertson, 2000). In somatic

cells, the best characterized of the MutS complexes contains

MSH2 partnered with either MSH3 or MSH6, while the major

MutL heterodimer in somatic cells contains MLH1 and PMS2.

Notably, loss of function mutations in MSH2 and MLH1 is

common in hereditary nonpolyposis colon carcinoma and
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other cancers bearing the microsatellite mutator phenotype

(Peltomaki, 2003). In addition to its role in postreplicative

DNA repair, the MMR machinery has been linked to genome

surveillance pathways. During recombinational DNA repair,

the MMR proteins detect base mispairing in recombination

intermediates, and block illegitimate recombination events

between divergent sequences in the host genome (Harfe and

Jinks-Robertson, 2000). Several lines of evidence indicate

that the MMR proteins also communicate with the ATM-

and ATR-dependent checkpoint signaling pathways.

Treatment of mammalian cells with ionizing radiation (IR)

during S phase triggers an ATM-dependent checkpoint re-

sponse that causes an acute suppression of replicative DNA

synthesis (Painter and Young, 1980). This response requires

the MutS and MutL complexes, and may involve direct

interactions between MLH1 and ATM on the one hand, and

MSH2 and the ATM target protein, Chk2, on the other (Brown

et al, 2003). Other results implicate MSH2 and MLH1 as

damage sensors for the ATR-dependent checkpoint signaling

cascade in cells exposed to DNA-methylating agents (Cejka

et al, 2003; Wang and Qin, 2003). In this case, the MMR

proteins may communicate with ATR through MSH2 (Wang

and Qin, 2003).

In this study, we demonstrate that disruption of a single

ATR allele in an MLH1-deficient human colon cancer cell line

causes a dramatic increase in chromosomal instability, to-

gether with hypersensitivity to killing by multiple forms of

genotoxic stress. To determine whether these genome sur-

veillance and repair defects translate into an increased cancer

predisposition, we generated mice bearing the same ATR/

MLH1 phenotype (i.e., Atrþ /� Mlh1�/� mice), and found that

these animals were prone to tumor development at an earlier

age than their Atrþ /� or Mlh1�/� counterparts. These results

indicate that loss of a single ATR allele leads to high-level

genetic instability in MMR-deficient cells, and suggest that

ATR functions as a haploinsufficient tumor suppressor on

an MMR-deficient background.

Results

To generate a cell-based system for studies of potential

interactions between ATR and the MMR machinery, we

performed somatic cell gene targeting in the human colon

carcinoma cell line HCT 116. This cell line is MMR defective

due to the expression of markedly reduced levels of MLH1

(Papadopoulos et al, 1994), and has served as the host for

previous gene-targeting efforts (Waldman et al, 1995; Brown

et al, 1997; Bunz et al, 1998; Cahill et al, 1998; Lengauer et al,

1998). Using a promoterless targeting vector (Cao et al, 2002)

that contains a selectable marker (Neor) flanked by 3.1 and

4.5 kb homologous sequences of ATR, we deleted most of

exons 4 and 5 of the ATR gene through homologous recom-

bination. After screening by PCR with the primer pair A1–C1

(Figure 1A), we identified eight out of 158 clones that

contained one wild-type and one targeted ATR allele.

Homologous integration of the targeting cassette was further

confirmed by PCR with a second primer pair (A2–C2), and

results of the PCR analyses from three independent ATRþ /�

clones are presented in Figure 1B. Immunoblot analysis

indicated that the selected clones expressed ATR at 40–60%

of the level found in the parental HCT 116 cell line

(Figure 1C).

Owing to the type of promoterless targeting vector used in

this gene disruption strategy, it is formally possible that an

amino-terminal ATR fragment (B100 amino acids, maximum

length) encoded by exons 1–3 and the 50-end of exon 4 could

be expressed from the targeted locus. Unfortunately, the

existing ATR antibodies do not allow us to test whether

such a fragment exists; hence, we cannot rule out the

possibility that this fragment is expressed and contributes

to the phenotype of the ATRþ /� HCT 116 cells.

A previous report showed that HCT 116 cells were sensi-

tized to killing by ultraviolet (UV) light, and the heightened

UV sensitivity was reversed by reconstituting the cells with

a human chromosome 3 fragment containing the MLH1 gene

(HCT 116.chr3 cells) (Koi et al, 1994; Mellon et al, 1996). Cell

survival after UV irradiation is also partially dependent on

ATR function (Cliby et al, 1998; Abraham, 2001). To deter-

mine whether disruption of one ATR allele further sensitized

HCT 116 cells to genotoxic stress, we performed clonogenic

Figure 1 Impaired survival of ATRþ /� cells after genotoxic stress.
(A) Schematic diagram of ATR-targeting construct. The neomycin
resistance (Neo) gene-targeting construct is flanked by two loxP
sites to allow Cre recombinase-mediated excision of the drug
resistance cassette for targeting of the second ATR allele (not
performed in the present study). Primers A, B, and C were used
in the PCR screen to identify targeted clones. ‘A’ primers (A1 and
A2) recognize regions of the ATR gene located outside of the 50-
flanking region used in the targeting cassette. ‘C’ primers (C1 and
C2) hybridize to different sequences in the neomycin resistance
marker (Neo). The dark line labeled ‘Probe’ shows the source of
ATR genomic probe used or the Southern blot analysis in Figure 6.
(B) Identification of targeted clones by PCR analysis with primer
pairs indicated in panel A. (C) Expression of ATR protein in HCT
116-derived clones. Sample lanes are identified in panel B legend.
The relative ratio indicates the level of ATR protein in each sample
lane after normalization of each sample to the tubulin loading
control. The resulting ratios were then normalized to that obtained
with the HCT 116 cell extract.
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survival assays with IR-, UV light-, or HU-treated ATR�/þ

HCT 116 cells. Monoallelic disruption of the ATR gene led to

a further increase in the sensitivity of HCT 116 cells to all three

forms of genotoxic stress, whereas two drug-resistant clones

that had integrated the targeting vector outside of the ATR

locus did not display heightened sensitivity to these DNA-

damaging agents (Supplementary Figure 1 and data not

shown). To insure that the decreases in clonogenic survival

were related to the reduced level of ATR expression, ATRþ /�

clone B24 cells were transfected with an ATR expression

plasmid (Figure 2A). Reconstitution of ATR expression to

the wild-type level completely reversed UV sensitivity in

clone B24 cells (Figure 2B). We conclude that ATRþ /� HCT

116 cells are haploinsufficient for ATR function with respect

to recovery from UV light-induced genotoxic stress.

In humans, a splicing abnormality that leads to decreased

ATR expression causes Seckel syndrome, a disorder asso-

ciated with chromosomal instability (O’Driscoll et al, 2003).

To determine whether ATRþ /� HCT 116 cells exhibit in-

creased chromosomal instability, we examined metaphase

spreads from the parental cell line and three ATRþ /� clones.

HCT 116 cells exhibited a relatively stable chromosomal

content, with the presence of signature alterations in several

chromosomes (marked by open arrows in Figure 3B; sum-

marized in Figure 3A), which have been observed previously

in this cell line (Masramon et al, 2000). A more detailed

inspection revealed that only one out of 11 metaphases of

these cells showed additional, minor chromosomal altera-

tions (data not shown). These observations are consistent

with the notion that gross chromosomal alterations are rare

in cells with microsatellite instability (MSI) (Papadopoulos

et al, 1994; Peltomaki, 2003). Similar findings were obtained

in analyses of metaphase spreads from MLH-1-reconstituted

HCT 116.chr3 cells (results not shown). In contrast, the

ATRþ /� clones contained numerous chromosomal abnorm-

alities, including translocations, deletions, rearrangements,

and random chromosome losses and gains (Figure 3A). More

importantly, the chromosomal instability was an ongoing

process, since individual cells from the same passage and

same cell population of each ATRþ /� clone displayed differ-

ent patterns of chromosomal aberrations (Figure 3C and D).

In addition to chromosome gains, losses, and translocations,

gene amplification events were also observed. Homogenously

staining regions (HSRs), which usually mark gene amplifica-

tions, appeared in two of the three ATRþ /� clones (see

below). These results reinforce the notion that partial loss

of ATR function is sufficient to cause a dramatic increase in

chromosomal instability in HCT 116 cells, even in the absence

of exogenous genotoxic agents.

Complete loss of ATR function in mammalian cells inter-

feres with the DNA-damage-induced G2/M checkpoint (Cliby

et al, 1998; Brown and Baltimore, 2003). To assess the

integrity of the G2/M checkpoint in ATRþ /� HCT 116 cells,

asynchronous cultures were treated with IR, and then incu-

bated for 24–96 h in the presence of nocodazole to capture

cycling cells in mitosis. IR exposure caused a persistent block

to M-phase entry in HCT 116 cells, as expected for cells with

an intact G2 checkpoint (Bunz et al, 1998) (Figure 4A). In

contrast, the ATRþ /� HCT 116 cell populations failed to hold

the mitotic block beyond 24–48 h postirradiation (Figure 4A).

Both the parental HCT 116 and ATRþ /� clones accumulated

in mitosis at comparable rates in the presence of nocodazole

alone (Figure 4B), indicating that partial loss of ATR function

had no intrinsic effect on the rate of G2- to M-phase progres-

sion. Thus, inactivation of one ATR allele interferes with the

maintenance but not the initiation of the DNA-damage-

induced G2 checkpoint in HCT 116 cells.

A key downstream mediator of ATR-dependent checkpoint

signaling is the protein kinase Chk1 (Bartek and Lukas,

2003). To determine whether partial loss of ATR function

led to impaired signal relay to Chk1, we examined the

phosphorylation of this protein at Ser-345, a known target

site for modification by ATR (Zhao and Piwnica-Worms,

2001). HCT 116 cells and three ATRþ /� heterozygous clones

were treated with APH to induce DNA replication stress, and

Chk1 phosphorylation was examined by immunoblotting.

Relative to the parental HCT 116 cells, all three of the

ATRþ /� lines showed impaired phosphorylation of Chk1

after APH exposure (Figure 4C). Thus, a reduction in ATR

gene dosage caused a partial defect in Chk1 phosphorylation

and presumably activation in response to stalled DNA repli-

cation forks.

Figure 2 Reconstitution of ATR function in ATRþ /� clones. (A)
ATRþ /� B24 cells were stably transfected with an AU1-tagged ATR
expression plasmid. Transfected clones A29 and A30 were selected
for clonogenic survival assays. (B) Clonogenic survival of HCT 116,
ATRþ /� B24, and clone A29 and A30 cells was determined after
exposure to the indicated doses of UV.

ATR as a haploinsufficient tumor suppressor
Y Fang et al

The EMBO Journal VOL 23 | NO 15 | 2004 &2004 European Molecular Biology Organization3166



A recent report demonstrated that severe depletion of ATR

protein promoted fragile site instability in MMR-competent

human cells (Casper et al, 2002). To determine whether

ATRþ /� HCT116 cells were prone to fragile site expression,

we treated both the parental and ATRþ /� HCT 116 cells with

a low concentration (0.1 mM) of APH to induce DNA replica-

tive stress. Cells were harvested after 18 h in culture, and

mitotic spreads were scored for chromosomal breaks and

gaps. Both of the ATRþ /� HCT 116 clones showed a 42-fold

increase in the numbers of gaps and breaks per cell than did

the parental HCT 116 cells (Figure 5A and B). These results

indicate that ATR is a haploinsufficient suppressor of fragile

site expression in HCT 116 cells.

Expression of fragile sites is accompanied by DNA DSB,

which in turn triggers the ATM/ATR-dependent phosphoryla-

tion of histone H2AX (Brown and Baltimore, 2003). To

determine whether APH-induced replicative stress provoked

an exaggerated DNA-damage response in ATRþ /� HCT 116

cells, we treated these cells with a low (0.2 mM) or high

(2.0 mM) concentration of APH. Relative to the parental

HCT 116 cells, both of the ATRþ /� clones (clones 12 and

B74) consistently expressed higher levels of phosphorylated

H2AX (gH2AX) in the absence of any extrinsic genotoxic

stress, consistent with the idea that these cells accrued

elevated amounts of spontaneously damaged DNA during

the normal cell cycle (Figure 5C). The difference between the

parental HCT 116 cells and the ATRþ /� clones was consider-

ably enhanced after the cells were subjected to low-level

replicative stress with 0.2 mM APH. In contrast, both the

ATRþ /þ and ATRþ /� HCT 116 cells displayed strong

gH2AX responses after DNA replication was blocked with a

10-fold higher concentration of APH. Thus, partial loss of ATR

function in HCT 116 cells renders these cells more prone to

accumulate DNA damage in the presence of low-level repli-

cative stress.

Common fragile sites are considered ‘hot spots’ for a

variety of genomic rearrangements, including sister chroma-

tid exchanges (SCEs) and chromosomal translocations and

deletions. In accordance with the increase in fragile site

instability in ATRþ /� HCT 116 cells, an examination of

metaphase spreads containing differentially stained sister

chromatids revealed an approximate two-fold increase in

SCE frequency in these cells (Figure 5D and E).

Homologous integration of the ATR gene-targeting vector

was initially determined by PCR with two different primer

pairs (Figure 1A and B). During efforts to confirm these

Figure 3 Spontaneous chromosomal instability in ATRþ /� cells. (A) Karyotypic analysis. The plot shows the percentage of metaphases with
abnormalities for each cell line. The total number of metaphase spreads examined for each cell line were as follows: HCT 116, 11; clone B24, 16;
clone 12, 15; clone B74, 17; HCT116.chr3: 11. (B) Representative metaphase spread from HCT 116 cells. Karyotype was stably maintained as 45,
X, �Y, add 10q, add 16p, add 18p. The four signature alterations in these chromosomes are marked with open arrows. (C, D) Karyotype of two
representative cells from the same ATRþ /� clone B74 population. In addition to the four signature chromosomal alterations detected in the
parental HCT 116 cells (open arrows), random gross chromosomal aberrations (solid arrows) and an HSR (curved arrow) located between the
centromere and the dark band were observed in this metaphase spread.
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results by Southern blot analysis of genomic DNA, we

observed that six of seven ATRþ /� HCT 116 clones selected

for further analysis displayed a highly complex pattern of

hybridizing bands, which were suggestive of amplification

and/or rearrangement events at the ATR gene loci (Figure 6A).

Fluorescence in situ hybridization (FISH), with a probe

generated from the ATR cDNA sequence or from a 6 kb

genomic fragment, yielded no detectable signal in either

nontransfected HCT 116 cells or in a drug-resistant clone

that arose from a nonhomologous integration event (unpub-

lished observation). Thus, the germline ATR alleles were not

visible in this assay, likely due to the small size of the probe

and/or the sensitivity of the detection method. In contrast,

extensive regions of hybridization were detected in inter-

phase and metaphase spreads from two of the ATRþ /� clones

(Figure 6B). In clone B74, the amplification event produced

Figure 4 S and G2 checkpoint defects in ATRþ /� cells. (A) Parental
HCT 116 cells and ATRþ /� clone B74 and 12 cells were treated with
nocodazole at 30 min after IR exposure. Approximately 200 cells
were counted to determine mitotic index. Results shown are repre-
sentative of two to three experiments for each sample. (B) The same
cells were treated with nocodazole only to monitor normal G2-to-M-
phase progression. (C) Cells were treated for 1 h with the indicated
concentrations of APH, and detergent-soluble proteins were sepa-
rated by SDS–PAGE and immunoblotted with the indicated anti-
bodies.

Figure 5 Fragile site expression and SCE in ATRþ /� cells. (A)
Average numbers of chromosome breaks and gaps per metaphase
observed in 25 metaphase spreads from each cell line. Fragile sites
were induced by cellular exposure to 0.1 mM APH. *Po0.05. (B)
Representative metaphase spread from APH-treated ATRþ /� cells.
The solid arrows point to fragile sites. (C) Enhanced phosphoryla-
tion of histone H2AX in ATRþ /� cells after APH treatment. Cells
from the parental line and two ATRþ /� clones were treated as
indicated, and cell extracts were analyzed by immunoblotting with
anti-gH2AX antibody. (D) Representative metaphase from ATRþ /�

cells showing SCE. Sister chromatids were stained differentially
and imaged as light or dark strands. The solid arrows point to SCE
sites. (E) Average SCE frequencies in HCT 116 cells (n¼ 20
metaphases) and two ATRþ /� clones (n¼ 25 metaphases per
clone). *Po0.005.
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HSRs on a chromosome other than chromosome 3, which

normally harbors the ATR locus (Figure 6C). A trivial expla-

nation for these findings is that the particular gene-targeting

vector used in these studies sensitized the ATR locus to

opportunistic amplification and rearrangement events.

Consequently, we generated a distinct ATR-targeting vector

designed to integrate into a different region of the ATR gene.

Transfection of HCT 116 cells with this targeting vector also

yielded homologous integrants that had incurred amplifica-

tion events at the ATR gene locus, as detected by FISH

analysis (results not shown). These results suggest that,

over the course of the clonal expansion of the ATR gene-

targeted cells, instability at the targeted locus itself led to the

accumulation of multiple chromosomal rearrangements in-

volving the ATR gene.

The dramatic destabilization of the ATR gene induced by

homologous integration of the targeting vector could reflect

either a locus-specific event or a more global destabilizing

effect of ATR deficiency on genes that have undergone

homologous recombination. To further examine these possi-

bilities, we determined whether targeting of a distinct gene

locus, p21/WAF1, led to similar locus-specific amplification

and/or rearrangement events in the ATRþ /� HCT 116 cells.

HCT 116 cells and ATRþ /� clone 12 cells were transfected

with a p21/WAF1-targeting vector (Waldman et al, 1995), and

the p21/WAF1 locus was subsequently analyzed by Southern

blot analysis. Interestingly, the nontransfected ATRþ /� clone

contained an additional genomic DNA restriction fragment

(indicated with a cross) that hybridized with the p21/WAF1

probe, suggesting that one of the p21/WAF1 alleles was

already altered in these cells. Integration of the p21/WAF1-

targeting construct into its cognate gene locus triggered

further alterations in the chromosomal region containing

this gene (Figure 6D). Thus, these results suggest that

ATRþ /� HCT 116 cells are generally predisposed to chromo-

somal amplification and rearrangement events, particularly

at gene loci involved in homologous recombination events.

To examine more specifically the impact of ATR gene

dosage on gene amplification frequencies in HCT 116 cells,

we performed an N-phosphonacetyl-L-aspartate (PALA) resis-

tance study. Chronic exposure to PALA selects for the out-

growth of cells that have amplified the CAD (carbamyl-P

synthetase/aspartate transcarbamylase/dihydro-orotase)

gene loci (Chen et al, 2001). The ATRþ /� cells gave rise to

PALA-resistant colonies at a four-fold higher frequency than

did the parental HCT 116 cells (Figure 6E), confirming that

loss of one ATR allele increases significantly the frequency of

gene amplification events in these cells.

The results obtained with HCT 116 cells indicate that ATR

functions as a haploinsufficient genome maintenance protein

on an MLH1-deficient background. To validate this conclu-

sion, we crossed Atrþ /� mice (Brown and Baltimore, 2000)

with Mlh1þ /� mice (Baker et al, 1996), and then intercrossed

the Atrþ /� Mlh1þ /� progeny to obtain Atrþ /� Mlh1�/�

animals. The strain background for the Mlh1þ /� animals

was C57BL/6, and either C57BL/6 or 129/Sv for Atrþ /� mice.

Analysis of the progeny of these crosses revealed that the

Atrþ /�Mlh1�/� genotype was significantly under-repre-

sented in weaned pups from both strain backgrounds

(Table I). This phenomenon was particularly evident with

respect to the C57BL/6�C57BL/6 intercrosses, in which the

Atrþ /�Mlh1�/� animals were present at only 11% of the

frequency predicted by Mendelian genetics (Table I). To

determine whether the low numbers of Atrþ /�Mlh1�/�

pups stemmed from postnatal death of animals before geno-

typing, we genotyped an additional 126 newborn pups from

21 independent litters. The results revealed a similar reduc-

tion in the ratio of newborn Atrþ /�Mlh1�/� mice, indicating

that the loss of these animals was caused by developmental

Figure 6 Gene amplification and rearrangement events in ATRþ /�

cells. (A) Southern blot analysis with the DNA probe shown in
Figure 1A. The ATRþ /� clones used in this experiment were used at
passages 3–5 after recovery from primary frozen stocks, and
approximately 35 to 45 population doublings had occurred before
the cells were harvested for these experiments. Lane 1, HCT 116;
lane 2, a nonhomologously targeted clone; lane 4, clone 12; lane 8,
clone B24; lane 9, clone B74. Lanes 3 and 5–7 show results from
additional ATRþ /� clones coisolated with the three named clones
selected for further analyses. (B) Amplification of a chromosomal
region containing the ATR locus (marked with red fluorophore)
in metaphase and interphase nuclei from ATRþ /� cells. (C)
Appearance of amplified ATR locus in other chromosomes. The
green fluorophore marks chromosome 3 alpha satellite (centro-
meric) DNA. Regions stained with red and green fluorophores are
marked by arrows. (D) Amplification and rearrangement of p21/
WAF1 locus during gene targeting. Lane 1, HCT 116 cells; lanes 2–5,
hygromycin-resistant clones derived from HCT 116 cells transfected
with the p21/WAF1-targeting vector; lane 6, ATRþ /� cells (clone
12); lanes 7–11, hygromycin-resistant clones derived from ATRþ /�

cells transfected with the p21/WAF1-targeting vector. Southern blot
was performed as described (Waldman et al, 1995). Restriction
fragment from the wild-type p21/WAF1 allele is indicated with an
arrow and the additional p21/WAF1-derived fragment found in
ATRþ /� cells (lane 6) is indicated with a cross. (E) PALA-induced
CAD gene amplification. PALA-resistant cell colonies were scored as
described in the text. Results shown are representative of two
independent trials.
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failure in utero, rather than early postnatal death. The

increased embryonic lethality associated with Atrþ /�

Mlh1�/� presumably reflects a catastrophic loss of genome

integrity associated with cell proliferation in the developing

embryo.

We subsequently treated Atrþ /�Mlh1�/� mouse embryo-

nic fibroblasts (MEFs) with 0.1 mM APH and examined the

integrity of mitotic chromosomes. As reported previously

(Baker et al, 1996; Brown and Baltimore, 2000), the numbers

of chromosomal breaks and gaps per metaphase (mean7s.d.

values) in MEFs from the Atrþ /� (0.870.7, Po0.05) or the

Mlh1�/� mice (0.9470.64, Po0.005) were significantly in-

creased in comparison to wild-type MEFs (0.470.5) after

cellular exposure to APH-induced replicative stress. However,

the Atrþ /�Mlh1�/� MEFs were clearly sensitized to APH-

induced chromosome breakage and gap formation

(2.1771.34, Po0.005). Furthermore, the frequency of spon-

taneous SCEs in mouse dermal fibroblasts derived from

Atrþ /�Mlh1�/� mice was also increased by 50% relative to

wild-type and Atrþ /� dermal fibroblasts. Thus, these cyto-

genetic data support the notion that monoallelic ATR gene

inactivation substantially increases genetic instability in cells

that lack MLH1 expression.

Genetic instability is frequently associated with cancer

development and progression (Lengauer et al, 1998;

Teixeira da Costa and Lengauer, 2002). Consequently, we

comparatively examined the live F1 progeny of intercrosses

between Atrþ /�Mlh1þ /� mice for the development of histo-

logically detectable malignancies. In all, 19 litters of F1 mice

were genotyped and monitored for cancer development be-

tween 4 and 9 months after birth (Table II). Littermates were

killed for examination when one of the animals in the group

manifested symptoms of disease. Over this time frame, we

found that 71% of the Atrþ /�Mlh1�/� mice developed can-

cer, particularly lymphomas and intestinal adenocarcinomas

(see Supplementary Table I for a comprehensive data sum-

mary), whereas their Atrþ /� and Atrþ /�Mlh1þ /� littermates

were tumor free, and only 2/12 (17%) of Mlh1�/� littermates

exhibited a pathologically detectable tumor. These results

indicate that tumor development is markedly accelerated by

monoallelic Atr gene inactivation on an MLH1-null genetic

background.

Discussion

The results of this study indicate that a defect in the MMR

machinery unmasks a strong gene dosage effect for ATR in

the regulation of cell-cycle checkpoint functions, chromo-

some dynamics, and tumor suppression. As ATR expression

is required for viability is cycling cells (Brown and Baltimore,

2000; de Klein et al, 2000), biallelic inactivation of ATR may

not be tolerated, even in late-stage malignant cells. However,

the present findings demonstrate that ATR haploinsufficiency

leads to high-level genetic instability and accelerated tumor-

igenesis in MMR-deficient hosts. This mechanism may ex-

plain the appearance of heterozygous mutations in ATR in

gastric and endometrial cancers bearing the MSI phenotype

(Menoyo et al, 2001; Vassileva et al, 2002). Our results

Table I Genotypic analysis of 10-day-old pups derived from intercrosses of Atr+/� Mlh1+/� mice on two different breeding backgrounds

Genotype

WT Atr+/� Mlh1+/� Atr+/� Mlh1+/� Mlh1�/� Atr+/� Mlh1�/� Total

BL/6�BL/6
No. of pups 33 81 91 106 80 7 398
Expected proportion 1/12 2/12 2/12 4/12 1/12 2/12
a/e ratio 0.997 1.22* 1.37** 0.8** 2.42*** 0.11***

129/SV�BL/6
No. of pups 28 37 38 109 56 19 287
Expected ratio 1/12 1/6 1/6 1/3 1/12 1/6
a/e ratio 1.18 0.772 0.79 1.15 2.35*** 0.4***

Expected proportion of viable pups of each genotype (per 12 total pups) is shown for each strain intercross, together with actual/expected (a/e)
ratio of animals bearing each genotype.*Po0.05; **Po0.005; ***Po0.001.

Table II Summary of tumor incidence results from Atr+/� and Mlh�/� mice and their littermates

Age

4–6 weeks 6–9 weeks

Tumor type Tumor type

Genotype Tumor incidence Lymphocytic Epitheliala Tumor incidence Lymphocytic Epitheliala

Atr+/� 0/2 — — 0/8 — —
Mlh�/� 0/5 — — 2/7 1 1
Atr+/� Mlh+/� 0/0 — — 0/3 — —
Atr+/� Mlh�/� 5/8 5 0 10/13 5 5

Nineteen litters (indicated as groups) of mice were observed for 4–9 months after birth. The animals were killed when tumor growth
was evident or the mice became moribund. Control littermates were killed at the same ages for comparative pathological analysis.
See Supplementary Table 1 for a more detailed presentation of these data.
aAll epithelial tumors were intestinal adenocarcinomas.
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suggest that such cancers are haploinsufficient for ATR func-

tion, and that monoallelic ATR gene inactivation is positively

selected during tumor evolution, since this event fuels genetic

instability and tumor progression.

The present study complements a recent report that iden-

tified the MutS subunit, MSH2, as an ATR-associated protein

that was required for transmission of checkpoint signals

through ATR in cells treated with the DNA-methylating

agent N-methyl-N0-nitro-N-nitrosoguanidine (MNNG) (Wang

and Qin, 2003). In co-immunoprecipitation assays, we have

also observed a constitutive association between the MutL

subunit, MLH1, and the ATRIP–ATR complex (unpublished

results). These results suggest that MutS/MutL complexes

serve as DNA-damage sensors for ATR–ATRIP or, alterna-

tively, that the MMR proteins process mismatch-containing

DNA heteroduplexes into repair intermediates that can be

recognized by ATR–ATRIP. The DNA-damage-processing

model is supported by the observation that binding of re-

plication protein A to single-stranded DNA is required for

ATR-dependent hChk1 activation in MNNG-treated cells

(Wang and Qin, 2003).

While our results are compatible with the existence of an

‘MSH2–ATR signaling module’ (Wang and Qin, 2003), the

present findings add further support to the idea that the MMR

proteins and ATRIP–ATR also function in separate checkpoint

signaling cascades. An intact MMR system appears to be

required for full activation of an ATM-dependent, S-phase

checkpoint triggered by the induction of DSBs in replicating

DNA (Brown et al, 2003). Loss of MLH1 or MSH2 would

disrupt this ATM-dependent S-phase checkpoint, rendering

the host cells wholly reliant on ATR for the suppression of

DNA synthesis in the face of DNA DSBs encountered during

S phase. A second major point of convergence between the

MMR system and ATR may relate to the maintenance of

recombination fidelity. We propose that the predisposition

of MMR-defective cells to perform illegitimate recombination

events (Harfe and Jinks-Robertson, 2000) is exacerbated by

partial loss of ATR function, opening the gate to promiscuous

recombination, and consequent gene amplifications, chromo-

some breaks and translocations. From the cancer perspective,

our results suggest that an intact ATR–hChk1 pathway pre-

sents a major barrier to the progression of MMR-deficient

tumors from the microsatellite mutator phenotype to gross

chromosomal instability.

One prominent manifestation of the rampant genome

destabilization induced by reduced expression of ATR was

apparent amplification of the ATR gene itself in the ATRþ /�

HCT 116 cells. We were not able to determine definitively

whether the targeted ATR locus, the nondisrupted allele, or

both gene loci were altered in these cells. Moreover, the

apparent amplification of ATR gene sequences was never

associated with an increase in ATR protein expression (un-

published results), suggesting that the amplifications in-

volved segments of the ATR gene, rather than the entire

gene locus. However, the increased propensity of the ATRþ /�

cells to incur gene amplification events was clearly not

restricted to the targeted ATR allele, in that both the p21/

WAF1 gene and the CAD gene complex were rearranged and/

or amplified at increased frequencies after monoallelic ATR

gene disruption. The increased rate of gene amplification in

the ATRþ /� clones is consistent with the hyper-recombino-

genic phenotype discussed above, although other mechan-

isms, such as re-replication of DNA due to inappropriate

firing of origins of replication, cannot be ruled out.

A striking outcome of the present study was that cells from

mice bearing the same ATR–MLH1 genotype as our ATRþ /�

HCT 116 cells also demonstrated fragile site instability and

a hyper-recombinogenic phenotype. The increased level of

genetic instability in Atrþ /�Mlh�/� mice presumably under-

lies the dramatic decrease in the number of live pups born

with this phenotype, relative to their Atrþ /� littermates

expressing at least one functional Mlh1 allele. The increased

embryonic lethality associated with the Atrþ /�Mlh�/� geno-

type supports the major conclusion from our human HCT 116

cell studies, that is, loss of MLH1 sensitizes cells to partial

loss of ATR function. Previous reports indicated that the

Atrþ /� mice used in the present study develop tumors at a

modest frequency by 18 months of age (Brown and

Baltimore, 2000), while the Mlh1�/� animals were consider-

ably more tumor prone (mean age of onset, 8–9 months)

(Prolla et al, 1998). Using the same mouse strains studied in

these earlier reports, we recorded no tumors in the Atrþ /�

animals, and found that only 17% of the Mlh�/� animals

were tumor positive over the 4–9 months observation period.

The reason for the apparent lower frequency of tumor devel-

opment in our cohort of Mlh1�/� mice, relative to that

observed by Prolla et al (1998), remains unclear, but it should

be emphasized that nearly all of our Mlh1�/� mice were

killed before 9 months of age, in parallel with their respective,

tumor-bearing Atrþ /�Mlh1�/� littermates. Therefore, our

data do not allow us to draw any firm conclusions with

regard to the mean age of tumor appearance in the Mlh1�/�

versus Atrþ /�Mlh1�/� mice. Nonetheless, we clearly ob-

served a much higher incidence (71%) of pathologically

detectable tumors, mainly lymphomas, intestinal adenomas,

and adenocarcinomas, in the Atrþ /�Mlh1�/� mice at 4–9

months of age. Interestingly, the tissue locations of the

tumors in the Atrþ /�Mlh1�/� mice were identical to those

reported previously in Mlh1�/� mice bearing two wild-type

Atr alleles (Prolla et al, 1998), suggesting that partial loss of

ATR function leads to increased and/or accelerated tumor

formation in the same cell populations that were most

susceptible to neoplastic transformation in the absence of

MLH1 alone.

In summary, the results of this study indicate that ATR

functions as a haploinsufficient genome maintenance protein

and tumor suppressor in MMR-deficient cells. While ATR and

MMR proteins form a DNA-damage-responsive signaling

module (Wang et al, 2003), an intact MMR system is not

essential for ATR function, at least when genotoxic stress is

induced by agents (e.g., IR, UV) other than alkylating drugs.

The MMR–ATR signaling module may be most relevant to the

overall checkpoint functions of ATR when the initiating DNA

lesion (e.g., postreplication DNA base mispairing) is of a type

that is normally corrected by MMR. The results of this study

focus attention on a much less direct interdependence be-

tween ATR and the MMR system, wherein normal ATR

expression is crucial for the prevention of gross chromosomal

instability in MMR-deficient cells. Whether such chromo-

somal instability actually drives tumorigenesis, particularly

during the early stages of malignant progression, is the

subject of an ongoing debate (Cahill et al, 1999; Nowak

et al, 2002; Teixeira da Costa and Lengauer, 2002).

Nonetheless, these findings should provoke more detailed
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investigations of tumors that progress from the MSI pheno-

type to gross chromosomal instability. In these tumors,

genetic or epigenetic alterations that lead to reduced function

of ATR or its downstream targets (e.g., hChk1) may provide a

facile route to high-level genome destabilization, accelerated

tumor progression, and resistance to therapeutic agents.

From the therapeutic perspective, tumors that have crossed

the threshold from MSI to chromosomal instability through

this avenue might prove hypersensitive to agents that place

further stress on the ATR–hChk1 pathway (e.g., camptothe-

cins) or to drugs targeted directly against these two critical

checkpoint kinases.

Materials and methods

Construction of targeting vectors and screening
of targeted clones by PCR
The promoterless targeting vector (Cao et al, 2002) was kindly
provided by Dr Youjia Cao. Details with regard to construction of
the ATR-targeting construct are available on request. The targeting
plasmid was linearized with KasI and transfected into HCT 116 cells
with Fugene 6 reagent (Roche). At 48 h posttransfection, cells were
transferred into 96-well plates and grown in selection medium
containing geneticin (0.4 mg/ml) (Gibco). Genomic DNA was
extracted from each sample well with the DNeasy tissue kit
(Qiagen), and was subjected to PCR with the primers depicted
schematically in Figure 1A. PCR products were resolved by agarose-
gel electrophoresis. The sequences of the oligonucleotide primers
used to distinguish the endogenous and targeted ATR alleles were as
follows: ATR-A1, CCGTGATGTTGCTTGATTTCATC; ATR-B, CTTCTA
TGGAGGTAAACCAAGTC; ATR-C1, CCAGTCATAGCCGAATAGCCTC;
ATR-A2, TTCATCCAGCATATCATGAAATCC; and ATR-C2, TACCG
TAAAGCACGAGGAAGC.

Cell culture
HCT 116 cells were cultured in McCoy’s 5A medium (Gibco) with
10% fetal bovine serum (FBS). Primary murine fibroblasts were
cultured from day 14.5 embryos and primary dermal fibroblasts
were isolated from 2-day-old mice as described (Datto et al, 1999).

Immunoprecipitation and immunoblot analysis
Antibodies used for immunoprecipitation and immunoblotting were
as follows (sources within parentheses): a–gH2AX (Ward and Chen,
2001) (gift from Dr Junjie Chen, Division of Oncology Research,
Mayo Clinic), a-Ras (Oncogene Research Products), a-ATR (Affinity
Bioreagents), a-AU1 (Covance), a-tubulin (Sigma), a-phospho-
Chk1(Ser-345) (Cell Signaling Technology), a-Chk1 (Santa Cruz),
and a-MLH1 (BD Biosciences).

Cells were grown to 70% confluency and were harvested by
scraping into 0.4 ml lysis buffer A (50 mM HEPES pH 7.4, 300 mM
sodium chloride, 0.5% NP-40, 1 mM magnesium chloride, 1.5 mM
EGTA, 1 mM dithiothreitol, 0.1 mM sodium orthovanadate, 10 ng/ml
microcystin, 5mg/ml aprotinin, and 5mg/ml leupeptin). Total
cellular extracts were prepared, resolved by SDS–PAGE, and
transferred to PVDF membranes. Protein blots were probed with
the indicated antibodies, and detection was performed with the
Supersignal West Pico Chemiluminescent Substrate kit (Pierce,
Rockford, IL).

For gH2AX immunoblotting, cells were lysed in 2� SDS gel
sample buffer, boiled for 5 min, and vortexed. Total cellular extracts
were prepared and resolved by 4–20% SDS–PAGE.

Clonogenic survival assay
Cells were harvested from log-phase growing cultures, and were
plated in duplicate into 60 mm dishes . After 18 h, cells were treated
with IR, UV light, or HU as indicated in the figure legends. Culture
medium was replaced 24 h after HU treatment. Cells were then
cultured for 12 days before fixation and staining with 0.1%
Coomassie blue. The plates were photographed with a digital
camera, and staining intensities were quantified with the Image-Pro
Plus software program (Media Cybernetics, Silver Spring, MD).

Nocodazole capture assay
Cells were treated with 12 Gy IR, and at 30 min postirradiation,
nocodazole (500 ng/ml) (Sigma) was added to each sample well.
The cells were harvested after the indicated times, and suspended
cells were fixed in methanol:acetic acid (3:1). The fixed cells were
stained with Giemsa, and the mitotic index was determined from
a minimum of 200 cells per sample.

Chromosome preparation
Cells were treated for 30 min with colcemid (50 ng/ml) (Irvine
Scientific, Santa Ana, CA). Metaphase chromosome spreads were
prepared according to standard cytogenetic procedures. Cells were
dropped onto slides and baked for 45 min at 951C before G banding,
FISH, or SCE. Cells were imaged, and karyotypic analyses were
carried out with a Cytovision version 2.7 computer-assisted
karyotyping system (Applied Imaging, Santa Clara, CA). Abnorm-
alities were described according to the International System for
Human Cytogenetic Nomenclature (ISCN, 1995).

Analysis of SCE
Cells were cultured for 44 h in 10 mM bromodeoxyuridine prior to
harvest. Slides made from cell suspensions were stained with
Hoechst 33258, exposed to UV light, and then stained with Giemsa
as described (German and Alhadeff, 1994). Metaphase images were
captured with the Cytovision version 2.7 karyotyping system.
Numbers of SCEs per metaphase were counted for 20 or 25
metaphase cells in each sample preparation.

Fragile site analysis
Cells were treated with 0.1mM APH, and chromosome spreads were
prepared as described above. Metaphase images were captured as
described above. The numbers of breaks and gaps per metaphase
were counted for 20 or 25 metaphase cells in each case.

PALA resistance assay
PALA was kindly provided by Dr Robert Shultz (Developmental
Therapeutics Program, Division of Cancer Treatment, National
Cancer Institute). The concentration of PALA that inhibited cell
growth by 50% (IC50) was determined as described (Perry et al,
1992). Cellular resistance to PALA was examined at a drug
concentration of six times the IC50 in deoxynucleotide- and
ribonucleotide-deficient McCoy’s 5A (Gibco) supplemented with
10% dialyzed FBS. The medium was changed every 5 days, and
colonies were stained with 0.1% Coomassie blue after 15 days of
continuous drug selection. Colonies containing more than 100 cells
were scored as positive. Frequencies were corrected for differences
in the plating efficiency of each test cell population.

FISH analysis
Slides were prepared as described above, but not baked. The
fluorescently labeled chromosome 3 alpha satellite (centromeric)
probe was purchased from Cytocell (Rainbow Scientific, Windsor,
CT). Fluorescent probes derived from the ATR cDNA and ATR
genomic sequences were prepared with a nick translation kit
(Gibco). Hybridization and probe detection were performed
according to the manufacturer’s instructions and standard proce-
dures. Hybridization was detected with a kit for biotin-labeled
probes with the Texas red fluorophore (Ventana Medical Systems
Inc.). Chromosomes were counterstained with 40,6-diamidino-2-
phenylindole. Cells were analyzed with a Zeiss Axiophot micro-
scope equipped with the Chroma 8300 filter set and Quips
Pathvision Software (Applied Imaging, Santa Clara, CA). Selected
images were captured with a CCD camera (Sensys, Photometrics).

Targeting of the p21/WAF1 gene and Southern blot analysis
The p21/WAF1-targeting vector (Waldman et al, 1995) was provided
by Dr Bert Vogelstein (Johns Hopkins University). The p21/WAF1-
targeting vector was digested with SalI and transfected into HCT 116
cells and ATRþ /� cells. At 48 h after transfection, cells were
trypsinized and plated into medium containing 100mg/ml hygro-
mycin. After expansion of drug-resistant clones, genomic DNA
(5mg) was extracted and digested with BglII. After electrophoresis
through a 0.8% agarose gel, samples were transferred to a
nitrocellulose membrane, and hybridized with a radiolabeled p21/
WAF1 cDNA probe (Waldman et al, 1995).
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Genotyping by PCR, necropsy, and pathology
Tail DNA was prepared from the progeny of Atrþ /�Mlh1þ /�

intercrosses, and genotypes were determined by PCR as described
(Baker et al, 1996; Brown and Baltimore, 2000). Littermates were
analyzed as individual groups, with Atrþ /�, Mlh1�/�, and Atrþ /�

Mlh1þ /� siblings serving as controls. Mice were killed at 4–9
months of age. Blood samples were collected for complete blood
counts, and were analyzed for white blood cell differentiation.
Animals were autopsied and tissues fixed in 10% buffered formalin
and embedded in paraffin. Sections were stained with hematoxylin
and eosin by a standard protocol. Selected lymphomas were
phenotyped for lymphocytic lineage with anti-CD3 or anti-CD20
antibody.

Statistical analysis
The Student’s t-test for unpaired samples was used for comparisons
of average numbers of chromosome breaks and gaps, and for
comparisons of SCE frequencies. The actual ratios of live pups of

different genotypes born from Atrþ /�Mlhþ /� intercrosses (see
Table I) were compared to the predicted ratios by w2 analysis.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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