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A B S T R A C T

Purpose
Mutations in the DNA damage response gene ATR (exon 10 A10 mononucleotide repeat) have
been previously described in endometrial and other cancers with defective DNA mismatch repair.
In vitro studies showed that endometrial cancer cell lines with A10 repeat tract truncating
mutations have a failure in the ATR-dependent DNA damage response. Cell lines carrying A10
mutations fail to trigger Chk1 activation in response to ionizing radiation and topoisomerase
inhibitors. We sought to determine the frequency and clinicopathologic significance of ATR
mutations in patients with endometrioid endometrial cancer.

Patients and Methods
The ATR exon 10 A10 repeat was analyzed by direct sequencing in 141 tumors with microsatellite
instability (MSI-positive) and 107 microsatellite stable (MSI-negative) tumors. The relationships
between mutations and clinicopathologic variables, including overall and disease-free survival,
were assessed using contingency table tests and Cox proportional hazard models.

Results
ATR mutations were identified in 12 cases (4.8%; three cases with insertions and nine cases with
deletions). Mutations occurred exclusively in MSI-positive tumors (P � .02), with an overall
mutation rate of 8.5%. Mutation was not associated with age, race, surgical stage, International
Federation of Gynecology and Obstetrics grade, or adjuvant treatment. Multivariate analyses
revealed a significant association with reduced overall survival (hazard ratio [HR] � 3.88; 95% CI,
1.64 to 9.18; P � .002) and disease-free survival (HR � 4.29; 95% CI, 1.48 to 12.45; P � .007).

Conclusion
Truncating ATR mutations in endometrial cancers are associated with biologic aggressiveness as
evidenced by reduced disease-free and overall survival. Knowledge of ATR mutation status may hold
promise for individualized treatment and targeted therapies in patients with endometrial cancer.

J Clin Oncol 27:3091-3096. © 2009 by American Society of Clinical Oncology

INTRODUCTION

Endometrial cancer is the fourth most common ma-
lignancy in women in the United States. Approxi-
mately 70% of cases present in early stage, and these
account for overall long-term survivorship figures in
excess of 80%. However, some patients will either
present with advanced-stage disease or experience
disease recurrence or progression despite an initially
anticipated good prognosis. In fact, more than 7,000
women succumbed to this disease in 2008.1,2 Several
clinicopathologic models have been proposed to
identify patients at risk of recurrence and death from
endometrial cancer. These strategies have the ulti-
mate objective of identifying individuals who would
most benefit from postoperative therapeutic inter-
ventions, such as radiation and chemotherapy alone
or in combination.3,4

To date, the clinical utility of various clinical,
surgical, and pathologic risk assessment models for
patients with endometrial cancer remains subopti-
mal. Therefore, attention is being aimed at identify-
ing molecular signatures that could predict clinical
outcomes and potentially guide the development of
targeted therapies. Multiple molecular alterations
have been described in the histogenesis and progres-
sion of endometrioid endometrial carcinoma. These
include PTEN loss and defects in DNA mismatch
repair as well as mutations in KRAS2, CTNNB1, RB,
and TP53.5

The phosphoinositide-3 kinase-related kinase
(PIK) subfamily members ataxia-telangiectasia mu-
tated (ATM) and mutated in ataxia-telangiectasia-
Rad3 related (ATR) are well recognized for their
important role in cellular responses to DNA damage
via activation of cell cycle checkpoints.6 Somatic
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mutations in the mononucleotide repeat A10 in exon 10 of ATR have
been identified in endometrioid endometrial tumors with DNA mis-
match repair defects.7 The functional significance of these truncating
mutations has recently been described. These mutations seem to pro-
vide a survival advantage in endometrial cancer cell lines through
resistance to ionizing radiation and topoisomerase inhibitors.8 We
hypothesized that heterozygous mutations in exon 10 of ATR would
be associated with more aggressive phenotypes and worse clinical
outcomes. The objective of this study was to determine the incidence,
clinical correlates, and, specifically, the prognostic significance of ATR
mutations in a large cohort of endometrioid endometrial cancer cases.

PATIENTS AND METHODS

Study Participants and Clinical Data

The Division of Gynecologic Oncology at Washington University School
of Medicine has prospectively collected tumor samples from operative speci-
mens since 1991. All enrolled participants have consented to molecular anal-
yses and follow-up monitoring as part of ongoing Washington University’s
Human Research Protection Office–approved research protocols (protocols
91-507 and 93-0828).

Between November 1991 and January 2005, a total of 932 tissue samples
were obtained at the time of hysterectomy. All cases were evaluated and
diagnoses confirmed by experienced gynecologic pathologists at our institu-
tion. After initial pathologic review, 833 tissues collected for research were
confirmed as uterine corpus malignancies. Only specimens with high neoplas-
tic cellularity (� 70%) were processed. Microsatellite analyses were success-
fully performed in 665 tumors. One hundred ninety-five of these tumors had
evidence of defects in DNA mismatch repair (DMMR) as evidenced by mic-
rosatellite instability (MSI). We excluded nonendometrioid histotypes, cases
with synchronous or metachronous tumors, and 45 cases for which follow-up
data was unavailable. Because previous data showed that mutations in exon 10
of ATR exclusively affect tumors with DMMR,7 we initially sequenced the
region of interest in all MSI-positive cases that met inclusion criteria (n�150).
Successful sequencing was possible in 94% of these cases (n � 141).

We successfully genotyped the region of interest in ATR in a subset of
unmatched microsatellite stable tumors that met inclusion criteria during the
study period (n � 107).

All cases underwent primary surgery by a gynecologic oncologist at
Washington University School of Medicine/Barnes–Jewish Hospital. None of
these patients received preoperative radiation or chemotherapy. Surgical stag-
ing and tumor grade was assigned on the basis of International Federation of
Gynecology and Obstetrics (FIGO) 1988 criteria. Clinical and pathologic in-
formation was prospectively collected and stored in a computerized database.
Specific treatment was individualized and left at the discretion of the patient’s
attending physician. All patients were followed-up at minimum at 3-month
intervals for the first 2 years and then at 6-month intervals for at least 3 years.
Disease surveillance included physical examination and periodic pap smears.
Diagnostic imaging was ordered and directed biopsies performed as clinically
indicated. All suspected recurrences were histologically confirmed.

Tissue Processing, MSI Typing, and ATR Genotyping

Tissue specimens and blood were obtained at the time of surgery, snap-
frozen, and stored at�70°C. DNA was prepared from tumors using proteinase
K and phenol extraction or with the DNeasy Tissue Kit (Qiagen Inc, Valencia,
CA). DNA was extracted from peripheral-blood leukocytes. When blood was
not available, normal DNA was extracted from uninvolved myometrium as
previously described.9-11

Microsatellite analysis was performed using five National Cancer Insti-
tute consensus microsatellite markers (BAT25, BAT26, D2S123, D5S346, and
D17S250). Typing was repeated up to three times to resolve any uncertainties
regarding whether abnormal polymerase chain reaction (PCR) products sug-
gestive of MSI were present. Standard definitions for MSI positivity were
applied as previously described.11-12

A 433-bp amplicon containing the A10 mononucleotide repeat in exon
10 of ATR (Ensembl No. ENSG00000175054) was amplified by PCR using the
Deep VentR high-fidelity DNA polymerase (New England Biolab, Ipswich,
MA) with the following primers: 5�-CACGGCATGTTTTATCTGACA-3�
(forward) and 5�-CACGGCATGTTTTATCTGACA-3� (reverse) [Tm � 63°C].
Amplification products were purified using the QIAquick PCR purification kit
(Qiagen, Valencia, CA) and sequenced unidirectionally with the ABI Prism
BigDye Terminator chemistry version 1.1 (Applied Biosystems, Foster City,
CA). Mutation analysis was performed by manual inspection of individ-
ual chromatograms.

Statistical Analyses

The relationship between ATR status and covariates was performed
using Fisher’s exact test and t test. Overall survival (OS) was defined as the time
from diagnosis to the date of death from any cause. Survivors were censored at
the date of last contact. Disease-free survival (DFS) was defined as the time
from surgery to recurrence or progression. The Kaplan-Meier product-limit
method was used to estimate OS and DFS. Univariate and multivariate Cox
proportional hazards models were fitted to check the possible effects of the
covariates on OS and DFS. In the analysis of DFS, Gray’s competing risk
methods were also used as a sensitivity analysis to account for the potential
competing effect of death.13 Factors with P values less than 0.2 in the univariate
analysis were included in the corresponding multivariate model. The propor-
tional hazards assumptions were assessed using scaled Schoenfeld residuals
(Appendix Figs A1 and A2, online only).14 All analyses were two-sided, and
significance was set at a P value of .05. Statistical analyses were performed using
SAS (SAS Institutes, Cary, NC), as well as the cmprsk R (http://biowww.dfci
.harvard.edu/�gray) statistical packages for competing risk analysis.

RESULTS

The study group included 248 patients with endometrioid endome-
trial carcinoma. The median follow-up time was 68.1 months (range,

Table 1. Patient Demographics and Clinicopathologic Characteristics

Characteristic
No. of Patients

(n � 248) %

Age, years
Mean 63.7
SD 11.4

Race
White 224 90.3
African American 24 9.7

Stage
IA 35 14.1
IB/IC 148 59.7
II 13 5.2
III/IV 48 19.4
Unstaged 4 1.6

FIGO grade
1 125 50.4
2 91 36.7
3 32 12.9

Adjuvant treatment�

No 174 71.3
Yes 70 28.7

Events
Recurrence/progression 38 15.3
Death† 87 35.1

Abbreviations: SD, standard deviation; FIGO, International Federation of
Gynecology and Obstetrics.

�Four cases were lost to follow-up. Adjuvant treatment included radiation
(n � 51), chemotherapy (n � 12), and radiation plus chemotherapy (n � 7).

†Includes five perioperative deaths (within 30 days of initial surgery).
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0.1 to 167.2 months). The demographics and clinicopathologic char-
acteristics of the study group are presented in Table 1.

Mutations in the A10 mononucleotide repeat in exon 10 of the
ATR gene were identified in 12 cases (4.8%). Three tumors had inser-
tion of a single A, and nine tumors had deletion of an A. All mutations
occurred in MSI-positive tumors (P � .02). Figure 1 illustrates the
chromatographic appearance of the wild-type sequence as well as the
mutated genotypes. ATR mutations were not associated with age, race,
surgical stage, FIGO grade, MLH1 methylation status, or use of adju-
vant treatment.

Univariate analysis (Table 2) revealed that mutations in the re-
gion of interest of ATR were indeed associated with shorter OS (hazard
ratio [HR], 2.35; 95% CI, 1.08 to 5.11; P � .03). Advanced stage (HR,
3.82; 95% CI, 1.76 to 8.32; P � .0007), higher FIGO grade (HR, 2.66;
95% CI, 1.43 to 4.94; P � .002), use of adjuvant treatment (HR, 1.82;

95% CI, 1.16 to 2.84; P � .009), and, to a lesser degree, age (HR, 1.05;
95% CI, 1.03 to 1.07; P � .0001) were also associated with worse OS.
MSI status and race were not associated with OS. Variables that ap-
proached significance (P � .2) were incorporated in the multivariate
model (Table 3). After controlling for confounding factors, the effects
of ATR mutations (HR, 3.88; 95% CI, 1.64 to 9.18; P � .002), surgical
stage (HR, 1.75; 95% CI, 1.32 to 2.31; P � .0001), higher FIGO grade
(HR, 1.40; 95% CI, 1.02 to 1.91; P � .04), and age (HR, 1.06; 95% CI,
1.04 to 1.08; P � .0001) on OS remained statistically significant.

We also evaluated the impact of ATR mutations and other clini-
copathologic variables on DFS. Univariate analysis (Table 2) suggested
that DFS was associated with advanced surgical stage (HR, 17.49; 95%
CI, 2.33 to 131.11; P � .005), ATR mutations (HR, 3.72; 95% CI, 1.45
to 9.54; P � .006), use of adjuvant treatment (HR, 3.20; 95% CI, 1.69
to 6.07; P � .0004), and higher FIGO grade (HR, 3.15; 95% CI, 1.27 to

T1062

A11

T1231

A9

T1138

A10

Fig 1. Representative examples of ATR
genotypes. Mutation in A10 mononucle-
otide repeat in ATR exon 10. T1231: mic-
rosatellite instability (MSI)–positive tumor,
A9 mononucleotide illustrates deletion (ar-
row). T1138: Microsatellite stable tumor,
A10 mononucleotide illustrates wild type.
T1062: MSI-positive tumor, A11 mononu-
cleotide illustrates insertion (arrow). T, tu-
mor; A, adenine; C, cytosine; T, thymine;
G, guanine; N, base unrecognized by
chromatography’s software (ABI, Foster
City, CA).

Table 2. Univariate Analyses

Characteristic

Overall Survival Disease-Free Survival

Hazard Ratio 95% CI P Hazard Ratio 95% CI P

Age 1.05 1.03 to 1.07 � .0001 1.02 0.99 to 1.05 .16
Race

White 1.0 — 1.0 —
African American 1.53 0.76 to 3.07 .23 0.83 0.26 to 2.69 .75

MSI
Negative 1.0 — 1.0 —
Positive 1.04 0.67 to 1.62 .86 0.75 0.40 to 1.42 .38

ATR mutation
Absent 1.0 — 1.0 —
Present 2.35 1.08 to 5.11 .03 3.72 1.45 to 9.54 .006

FIGO grade
1 1.0 — 1.0 —
2 1.58 0.98 to 2.55 .06 2.45 1.17 to 5.15 .02
3 2.66 1.43 to 4.94 .002 3.15 1.27 to 7.83 .01

Surgical stage
IA 1.0 — 1.0 —
IB/IC 1.22 0.59 to 2.50 .59 3.35 0.44 to 25.48 .24
II 2.15 0.71 to 6.50 .17 10.49 1.17 to 93.85 .04
III/IV 3.82 1.76 to 8.32 .0007 17.49 2.33 to 131.11 .005

Adjuvant treatment
No 1.0 — 1.0 —
Yes 1.82 1.16 to 2.84 .009 3.20 1.69 to 6.07 .0004

Abbreviations: MSI, microsatellite instability; FIGO, International Federation of Gynecology and Obstetrics.
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7.83; P � .01). MSI status, age, and race were not associated with DFS.
Variables that approached significance (P � .2) were again incorpo-
rated in the multivariate model (Table 3), which indicated that both
ATR mutations (HR, 4.29; 95% CI, 1.48 to 12.45; P � .007) and
surgical stage (HR, 2.12; 95% CI, 1.44 to 3.13; P � .0002) were
significantly associated with DFS.

Kaplan-Meier survival plots for OS and DFS according to ATR
mutation status for the entire cohort are presented in Figure 2 and
Appendix Figure A3 (online only). ATR mutations were significantly
associated with reduced OS (log-rank test, P � .027) and DFS (log-
rank test, P � .003) in this cohort of patients with endometrioid
endometrial cancer.

Given ATR mutations were seen only in MSI-positive tumors,
we performed survival analyses including MSI-positive cases alone
(Fig 3). This subgroup analyses confirmed the effects of ATR mu-
tations on OS (HR, 3.52; 95% CI, 1.45 to 8.57; P � .005; log-rank

test, P � .043) and DFS (HR, 3.01; 95% CI, 1.28 to 7.08; P � 0.01;
log-rank test, P � .001).

DISCUSSION

The PIK superfamily members participate in diverse functions in
eukaryotic cells through regulation of conserved signal transduction
pathways. The PIK subfamily ATR protein has been recognized for its
participation in cellular responses to DNA damage. ATR activates
cell-cycle checkpoints Chk1 and Chk2 in response to DNA damage.6

ATR is structurally similar to ATM and other PIK members.15 ATM is
capable of regulating p53 activity. More specifically, ATM is responsi-
ble for the DNA damage-induced phosphorylation of p53 on Ser-15.
The Ser-15 residue represents an important regulatory point for p53.

Table 3. Multivariate Analyses

Characteristic

Overall Survival Disease-Free Survival

Hazard Ratio 95% CI P Hazard Ratio 95% CI P

Age 1.06 1.04 to 1.08 � .0001 1.03 1.00 to 1.06 .08
ATR mutation 3.88 1.64 to 9.18 .002 4.29 1.48 to 12.45 .007
Higher FIGO grade 1.40 1.02 to 1.91 .04 1.27 0.82 to 1.97 .28
Advanced surgical stage 1.75 1.32 to 2.31 .0001 2.12 1.44 to 3.13 .0002
Adjuvant treatment 1.35 0.78 to 2.34 .29 1.57 0.70 to 3.51 .27

Abbreviation: FIGO, International Federation of Gynecology and Obstetrics.
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Fig 2. Kaplan-Meier curves for (A) overall survival and (B) disease-free survival
by ATR mutation status. Vertical bars represent censored cases.
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Fig 3. Kaplan-Meier curves for (A) overall survival and (B) disease-free survival
by ATR mutation status among patients with microsatellite instability–positive
(MSI�) tumors. Vertical bars represent censored cases.
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It is the site of interaction of p53 with its negative regulator, the
oncoprotein MDM2, in vivo and in vitro. Phosphorylation at Ser-15
after DNA damage leads to reduced interaction of p53 with its negative
regulator.16-18 However, Ser-15 phosphorylation and p53 accumula-
tion have been demonstrated in ataxia-telangiectasia cell lines (defi-
cient in ATM), suggesting that ATM is not the only protein
responsible for p53 modulation in response to DNA damage.19-21 A
more complicated control loop, likely involving multiple protein ki-
nases, potentially responsive to specific types of DNA damage seems
probable. ATR phosphorylates p53 at both Ser-15 and Ser-37 in
vitro.17-22 ATR preferentially phosphorylates and activates the check-
point kinase Chk1 resulting in G2 arrest in response to ionizing radia-
tion, topoisomerase inhibitors, and cytotoxic methylation events.23-27

Modulation of ATM/ATR functions may be an attractive intervention
for cancer radiotherapy and chemotherapy.

Tumors with DMMR tend to accumulate mutations in highly
repetitive sequences. This mutator phenotype manifests itself as MSI.
The occurrence of mutations in DNA damage response genes, such as
ATR and Chk1, in tumors with DMMR defects was first described in
gastric cancer.28 The A10 mononucleotide repeat in ATR (exon 10) is
subject to frameshift mutations in cells with defective DMMR, result-
ing in premature protein truncation. Biallelic loss is incompatible with
life, as seen by the lethality of ATR deletions in early developmental
stages.29 However, Lewis et al8 have demonstrated that monoallelic
frameshift mutation is sufficient to affect downstream ATR effectors,
suggesting dominant negative effects. More specifically, in vitro
ultraviolet-induced phosphorylation of Chk1 by ATR is markedly
diminished in the presence of mutant ATR. The exposure of MSI-
positive endometrial cancer cell lines with heterozygous truncating
mutations in exon 10 of ATR to UV, ionizing radiation or topotecan,
fails to trigger the expected activation of Chk1 by ATR via Ser-345
phosphorylation. These data support the functional importance of
these mutations in vivo.8

Vassileva et al7 evaluated several genes involved in DNA repair
in 73 cases of endometrial cancer and their adjacent areas of endo-
metrial hyperplasia. They found that somatic ATR mutation oc-
curred only in MSI-positive endometrial cancers and was not
present in areas of hyperplasia, suggesting that ATR mutations are
late events in the development of MSI-positive endometrial can-
cers. Their group found mutations in exon 10 of the ATR gene in
two (5.3%) of 38 MSI-positive endometrial cancers (one insertion
and one deletion).7

The frequency and clinical implications of ATR mutations in
patients with endometrial cancer have been largely unknown. The
most important strength of our study is the ability to evaluate for
clinicopathologic as well as outcome associations in a large cohort
with surgically staged disease. In this study, we confirmed that ATR
is mutated in a subset of endometrioid endometrial tumors and
that these mutations occur exclusively in tumors with DMMR
defects (MSI positive). As previously suggested, the frequency of
ATR mutations is approximately 5% to 10% among MSI-positive
endometrioid tumors. These mutations were not associated with

other prognostic demographic or pathologic variables. Impor-
tantly, however, after controlling for potential confounding vari-
ables, ATR mutation was an independent prognostic variable for
both OS (HR, 3.88; 95% CI, 1.64 to 9.18; P � .002) and DFS (HR,
4.09; 95% CI, 1.41 to 11.86; P � .01). This apparent aggressive
tumor behavior associated with ATR mutation could in part ex-
plain variable responses to therapy in this subgroup of patients.
Unfortunately, our study is not adequately powered to evaluate
specific effects of therapy among the small proportion of patients
with ATR-mutated tumors.

Current understanding of ATM/ATR modulation of DNA dam-
age responses is rapidly evolving. Recent work has suggested that
ATR-mutant cancer cells with intact DNA mismatch repair systems
may display enhanced sensitivity to certain chemotherapeutic drugs.
Specifically, these cells may be exquisitely sensitive to certain DNA-
damaging agents, such as alkylating drugs and those that inhibit DNA
synthesis, but not to agents with other effects.30 Additionally, ATR-
mutant cells seem to undergo stasis at the beginning of the S phase in
response to ionizing radiation.31 These findings suggest that modula-
tion of ATR in certain tumors with intact DNA mismatch repair may
prove therapeutically effective. The survival effect observed in our
study could be related to the compounding effect of DMMR in endo-
metrial tumors that harbor ATR mutations. Regardless of the specific
mechanism, our data suggest that ATR mutations in endometrial
tumors have important prognostic implications in vivo. Further stud-
ies are needed to validate our findings and to better understand the
mechanisms involved in this survival effect.
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