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Abstract

Introduction: Chemoradiation is the standard of care for advanced stage cervical cancer
patients. During chemoradiation, DNA double strand breaks (DSBs) are introduced to
cause sufficient genotoxicity for cell death induction. Central in the response to DSBs
is the ataxia telangiectasia mutated (ATM) protein, which in event of DNA damage
is activated through auto-phosphorylation (pATM). Subsequently, a signaling cascade
ultimately leads to DSB-repair. In this study, we examined the phosphorylation sta-
tus of ATM in relation to response to (chemo)radiation and survival in a large, well-
documented series of cervical cancer patients.
Patients andmethods: Pretreatment tissue samples of 375 consecutive FIGO stage Ib to
IVa cervical cancer patients treated with (chemo)radiation between January 1980 and
December 2006 were collected. Clinicopathologic and follow-up data were prospec-
tively obtained during standard treatment and follow-up. Protein expression of pATM
and non-phosphorylated ATM (nATM) was assessed by immunohistochemistry on tis-
sue microarrays. Response to chemoradiation was measured by locoregional disease-free
survival.
Results: High immunostaining (de ned as positive staining in ≥75% of the nuclei)
against nATM and pATM was observed in 15% (n=53) and 52% (n=183), respec-
tively. High nATM immunostaining was related to poor response to (chemo)radiation
(HR=1.834; 95%CI=1.137 – 2.958; P=0.013). Moreover, high pATM
immunostaining was related to poor response to (chemo)radiation in both univariate
(HR=1.868; 95%CI=1.219 – 2.862; P=0.004) and multivariate analysis (HR=1.643;
95%CI=1.015 – 2.658; P=0.043), as well as shorter disease-speci c survival (HR=1.488;
95%CI=1.065 – 2.081; P=0.020).
Conclusion: High expression of nATM and pATM is related to poor response to
(chemo)radiation in advanced stage cervical cancer patients. Inhibition of ATM ac-
tivity could serve as a therapeutic target in future anti-cancer treatment.
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Introduction

e standard of care for advanced stage cervical cancer patients has shifted over the last
decade from radiotherapy alone to platinum-based chemoradiation (1). Despite this
shift in treatment modality, the 5-year survival is still around 66% (2). Chemoradiation
introduces DNA double strand breaks (DSBs), aimed to cause sufficient genotoxicity
to induce cell death, presumably through apoptosis (3-5). Relevant for the response
to radiotherapy are proteins that are involved in signaling and repairing DSBs. e
ataxia telangiectasia mutated (ATM) protein is a serine/threonine speci c-protein kinase
and a key protein involved in DSB signaling (6). Brie y, upon DSB DNA damage a
mediator complex consisting of MRE11, RAD50 and NBS1 (MRN) is recruited to
the breakage site (7-10). Subsequent (auto-)phosphorylation of ATM at Serine 1981
(Ser1981) results in active monomeric ATM (pATM) proteins (11). Upon activation,
ATM phosphorylates a variety of targets including: H2AX, MDC1, CHK2, 53BP1,
BRCA1 and many others, resulting in cell cycle checkpoint activation and DNA repair
(8,12-14).

Previous investigations of the role of ATM in response to radiotherapy in cervical
cancer have been limited to cell lines only (15-17). In these studies, downregulation of
ATM, through RNA interference and targeted drugs, resulted in the radiosensitization
of cervical cancer cells. Furthermore, downregulation of ATM in other malignancies,
such as head & neck (18), gliomas (19), breast (17,20), lung (21), and prostate cancer
(22), provided similar results, predominantly obtained in cell lines. In addition, patients
suffering from Ataxia Telangiectasia (AT), a rare disorder in which the ATM is mutated
and dysfunctional, also exhibit a sensitive phenotype to radiotherapy (6).

Expression of ATM, both in its native and activated state, may play an important role
in predicting the response to radiotherapy in cervical cancer patients. erefore, the aim
of this study was to investigate the level of expression of ATM, both in its unphospho-
rylated and phosphorylated (Ser1981) state, in relation to response to (chemo)radiation
and survival in a large, well-documented, consecutive series of cervical cancer patients,
primarily treated with (chemo)radiation.
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Patients and methods

Patients and treatmentmodalities, institutional review board approval
and tissue microarray construction

Our group has established a large database of biological material and follow-up data
from cervical cancer patients treated at the University Medical Center Groningen
(UMCG) or collaborating hospitals. Routine patient follow-up time was at least ve
years or until January 2009. Staging of patients was according to FIGO guidelines.
is patient cohort and corresponding treatments, review board approval and tissue
microarray (TMA) construction has been previously described (23).

Evaluation of response to (chemo)radiation

Approximately 8-10 weeks after completion of (chemo)radiation either hysterectomy or
biopsy was performed if a patient was (technically) classi ed as operable. erefore, not
all patients in our database underwent a post-treatment biopsy and/or hysterectomy. As
a consequence, the response to (chemo)radiation could not be evaluated based on this
parameter in all patients. erefore, we evaluated response to (chemo)radiation retro-
spectively in two ways. First (Model I) the response to (chemo)radiation was determined
based on locoregional disease-free survival. Locoregional disease-free survival is de ned
as the period from diagnosis until locoregional progression of disease during treatment
or locoregional recurrence. Patients were excluded from the analysis, if the location of
the recurrence was unknown. Secondly (Model II), response to (chemo)radiation was
determined in two subsets of patients, with supposedly the largest difference in treat-
ment response. In the rst subset, patients with no residual tumor-material in their post
treatment specimen and without locoregional recurrence during follow-up with a min-
imum of two years were selected. e second subset consists of patients with clinical
evidence of disease progression during treatment or clinical evidence of disease persis-
tence at examination after completion of primary treatment. Both models also have
been described and used previously (23).

Immunohistochemical stainingwith antibodies against ATMandpATM

e TMAs were immunohistochemically stained with monoclonal antibodies against
non-phosphorylated ATM (nATM; 1:5, 1h; Rabbit IgG, Epitomics, Clone Y170) and
pATM (1:50, 1h; Rabbit IgG, Epitomics, Clone EP1890Y, S1981). e nATM anti-
body detects only non-phosphorylated ATM, whereas the pATM antibody recognizes
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exclusively the phosphorylated (S1981) ATM product and therefore, both antibodies
are mutually exclusive (24).

From our TMA-paraffin blocks, 3µm sections were cut and placed on amino-propyl-
etoxy-silan (APES) coated glass slides. Antigen retrieval was achieved for the nATM an-
tibody by 16h incubation at 80ºC. For the pATM antibody, the antigen was retrieved
using the microwave. Slides were deparaffinized using Xylene and subsequently rehy-
drated using a multistep process from ethanol to phosphate buffered saline (PBS). En-
dogenous peroxidase activity was blocked by incubating with 0.3% hydrogen peroxidase
for 30 minutes. Both antibodies were detected using horse-radish-peroxidase (HRP)
conjugated streptavidin with subsequent visualization using 3’3 – diaminobenzidine-
tetrahydrochloride (AEC). Counterstaining was achieved using hematoxylin.

Evaluation of staining

Staining intensity was semi-quantitatively scored as negative (0), weak positive (1), posi-
tive (2), and strong positive (3). In addition, the percentage of positive cells per staining
intensity was documented for each core. Since not only the amount of expression of
either nATM or pATM (24), but also the amount of cells that are positive could play
an important role in the response to (chemo)radiation, we have analyzed our data us-
ing two immunostaining scenarios. (1) Moderate immunostaining, which is de ned as
patients with positive nuclear immunostaining with an intensity of at least 2 present
in at least 50% of tumor cells and (2) high immunostaining, which is de ned as pa-
tients with positive nuclear immunostaining with at least 2 present in at least 75% of
tumor cells. TMA evaluation was performed independently by two observers (MGN,
FR) without prior knowledge of the clinical data. A concordance of more than 90%
was found between both observers, for both immunostainings. Subsequent evaluation
of disconcordant cases was performed to reach a consensus score. Only patients with at
least two evaluable tumor cores were included for statistical analysis.

Statistical analysis

Statistical analysis was performed using SPSS 16.0 for Windows (SPSS Inc., Chicago,
IL). e student’s t-test was used to analyze differences in age. Other baseline char-
acteristics, as well as associations between immunostainings, were compared with the
Pearson’s χ² test. In addition, logistic regression models were used to evaluate positive
staining and clinicopathological characteristics, with immunostaining being the depen-
dent and the clinicopathological characteristics the independent factors. To identify
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factors involved in response to (chemo)radiation, response to (chemo)radiation was
evaluated in relation to clinicopathological factors (dependent) and immunostaining
(independent) using Cox-regression analysis for Model I and logistic regression analy-
sis in Model II. Disease-speci c survival was de ned as the time from diagnosis until
the last follow-up alive or death due to other causes than cervical cancer or death due
to cervical cancer. Overall survival was de ned as the time from diagnosis until the
last follow-up visit (alive) or death due to any cause. Survival was visualized using the
Kaplan-Meier method and Mantel-Cox log rank test was used to evaluate the differences
between these curves. Disease-speci c survival and overall survival were analyzed using
the Cox regression analysis. Since chemoradiation is a time-dependent factor and asso-
ciated with a better survival, multivariate analyses were adjusted for treatment modality.
Variables with a P value of <0.10 in univariate analysis were excluded stepwise in mul-
tivariate analysis; in the nal step, only factors with a P value of <0.05 were included.
P values <0.05 were considered statistically signi cant.

Results

Patients and treatment modalities and TMA construction

In the period from January 1980 until December 2006, 489 consecutive patients were
diagnosed with cervical cancer and primarily treated with (chemo)radiation. Of 375
patients (77%), sufficient pretreatment tissue was available for TMA construction. e
remaining 114 patients tissues (23%) that were excluded for TMA construction, differed
signi cantly from the 375 selected cases based on their stage of disease (≥IIb; P<0.001).
Other baseline characteristics were comparable between both groups (data not shown).
Clinicopathological data of patients, included in this study, are summarized in Table 1.
e mean follow-up time was 3.6 (range: 0.1 – 18.3) years for all patients. For patients
who were still alive at time of their nal follow-up median follow-up time was 6.0 years.

In 189 (50%) cases only radiotherapy was given, whereas 186 (50%) patients re-
ceived chemoradiation. Patients who received chemoradiation were younger compared
to patients who received RT alone (Median 46.8 vs. 64.8, P<0.001). All other baseline
characteristics were comparable in both groups (data not shown).

Clinicopathological factors in relation to staining of ATM and pATM

Of the 375 patient samples present on the TMA, 350 (93.9%) cases for nATM and
349 (93.1%) cases for pATM were evaluable for statistical analysis. Fig. 1 depicts rep-
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Table 1 – Patient characteristics

Age at diagnosis n=375
Median 54
Range 21 – 91
FIGO stage n %
Ib1 42 11%
Ib2 27 7%
IIa 51 14%
IIb 179 48%
IIIa 11 3%
IIIb 51 14%
IVa 14 4%
Histology
Squamous 311 83%
Adenocarcinoma 52 14%
Other 12 3%
Differentiation grade
Good / moderate 223 59%
Poor 128 34%
unknown 24 6%
Lymphangioinvasion
No 248 66%
Yes 54 14%
unknown 73 19%
Tumor diameter
0 – 4 cm 99 26%
≥4 cm 238 63%
unknown 38 10%

resentative cases for both stainings. Any positive nuclear staining (≥10% of intensity
≥1) for nATM was observed in 334 cases (95.4%) and for pATM in 344 cases (98.6%),
indicating that ATM, regardless of phosphorylation state, is present in virtually all cases.
Moderate and high nATM immunostaining was observed in 92 (26.3%) and 53 cases
(15.1%) respectively, whereas moderate and high pATM immunostaining was observed
in 258 (73.9%) and 183 (52.4%) cases, respectively. To exclude whether long-term
storage has in uenced immunostaining intensity in our patient samples, we tested if
immunostaining intensities differed between time periods. No signi cant differences
were found. is has also been shown for other markers in previous studies (23).
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Figure 1 – Representative cases of immunostaining for pATM and nATM
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Table 2 – Relation between immunostaining and clinicopathological factors

Moderate nATM High nATM
OR * (95%CI)† P value OR * (95%CI)† P value

Age 1.005 (0.990 – 1.021) 0.498 1.005 (0.987 – 1.024) 0.571
Stage ≥IIb 1.411 (0.834 – 2.389) 0.199 2.027 (1.001 – 4.105) 0.050
Adenocarcinoma 3.516 (1.891 – 6.535) <0.001 3.110 (1.544 – 6.266) 0.001
Poor differentiation 0.875 (0.519 – 1.476) 0.617 1.083 (0.576 – 2.036) 0.803
Lymphangioinvasion 0.701 (0.330 – 1.487) 0.354 0.675 (0.269 – 1.693) 0.402
Tumor diameter ≥4 cm 1.035 (0.600 – 1.786) 0.902 1.337 (0.662 – 2.701) 0.418

Moderate pATM High pATM
OR * (95%CI)† P value OR * (95%CI)† P value

Age 0.974 (0.959 – 0.989) 0.001 0.981 (0.968 – 0.994) 0.006
Stage ≥IIb 1.366 (0.830 – 2.246) 0.219 1.851 (1.179 – 2.905) 0.007
Adenocarcinoma 1.486 (0.709 – 3.114) 0.294 1.778 (0.954 – 3.311) 0.070
Poor differentiation 0.781 (0.472 – 1.293) 0.337 1.259 (0.799 – 1.983) 0.321
Lymphangioinvasion 0.721 (0.371 – 1.399) 0.333 0.715 (0.389 – 1.314) 0.280
Tumor diameter ≥4 cm 1.743 (1.030 – 2.949) 0.038 1.848 (1.135 – 3.010) 0.014

*Odds ratio
†95% con dence interval

Table 2 summarizes the relation between clinicopathological data and immuno-
staining. Both moderate and high nATM staining were related to adenocarcinoma
(moderate nATM; OR=3.516; 95%CI=1.891 – 6.535; P<0.001) (high nATM;
OR=3.110; 95%CI=1.544 – 6.266; P=0.001). In addition, high nATM immuno-
staining was related to tumor stage (≥IIb; OR=2.027; 95%CI=1.001 – 4.105; P=0.05).
Moderate pATM immunostaining was related to tumor diameter (OR=1.743;
95%CI=1.030 – 2.949; P=0.038), whereas high pATM staining was related to tumor
stage (≥IIb; OR=1.851; 95%CI=1.179 – 2.905; P=0.007), age (OR=0.981;
95%CI=0.968 – 0.994; P=0.006) and tumor diameter (≥4cm; OR=1.848;
95%CI=1.135 – 3.010; P=0.014).

Expression of nATM and pATM are related to poor response to
(chemo)radiation

As described above, we assessed protein expression in relation to the response to
(chemo)radiation retrospectively in two models. Table 3 summarizes the response to
chemoradiation in relation to nATM and pATM immunostaining and clinicopatho-
logical factors for both models. In Model I, where treatment response is based on
locoregional control, 364 patients (97.1%) were selected. e remaining 11 patients
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Table 3 – Response to radiotherapy

Model I: Cox regression analysis for time to clinical locoregional progression of disease
during treatment or until locoregional recurrence after treatment(A). Model II: logistic
regression analysis for patients with clinical progression or persistence of disease after

treatment vs. patients with complete disease eradication (B).

A) Model I Univariate Multivariate*
n=364 HR † (95%CI)§ P value HR † (95%CI)§ P value
Age 1.008 (0.995 – 1.020) 0.224 ¶
Stage ≥IIb 2.552 (1.514 – 4.299) <0.001 2.702 (1.550 – 4.711) <0.001
Adenocarcinoma 1.712 (1.057 – 2.772) 0.029 •
Poor differentiation 1.014 (0.672 – 1.530) 0.947 ¶
Lymphangioinvasion 0.944 (0.532 – 1.678) 0.845 ¶
Tumor diameter ≥4cm 2.171 (1.284 – 3.671) 0.004 •
Moderate nATM 1.529 (0.998 – 2.343) 0.051 •
High nATM 1.834 (1.137 – 2.958) 0.013 •
Moderate pATM 1.339 (0.817 – 2.194) 0.247 ¶
High pATM 1.868 (1.219 – 2.862) 0.004 1.643 (1.015 – 2.658) 0.043

B) Model II Univariate Multivariate*
n=197 OR ‡ (95%CI)§ P value OR ‡ (95%CI)§ P value
Age 1.013 (0.990 – 1.036) 0.266 ¶
Stage ≥IIb 3.016 (1.315 – 6.921) 0.009 3.523 (1.334 – 9.303) 0.011
Adenocarcinoma 4.655 (1.902 – 11.394) 0.001 3.840 (1.437 – 10.266) 0.007
Poor differentiation 0.852 (0.413 – 1.758) 0.665 ¶
Lymphangioinvasion 1.630 (0.694 – 3.827) 0.262 ¶
Tumor diameter ≥4cm 3.013 (1.183 – 7.673) 0.021 •
Moderate nATM 1.829 (0.880 – 3.799) 0.106 ¶
High nATM 3.075 (1.317 – 7.182) 0.009 •
Moderate pATM 1.557 (0.661 – 3.669) 0.311 ¶
High pATM 2.600 (1.260 – 5.365) 0.010 2.355 (1.051 – 5.279) 0.038

*Adjusted for treatment modality
†Hazard ratio
‡Odds ratio
§95% con dence interval
¶Not included in multivariate analysis
•Not included in the nal step of the multivariate analysis

were excluded for analysis due to unknown locations of their recurrence. In this model,
high nATM immunostaining was related to poor locoregional disease-free survival in
univariate Cox regression analysis (HR=1.834; 95%CI=1.137 – 2.958; P=0.013). In
addition, high pATM was also related to poor locoregional disease-free survival in uni-
variate (HR=1.868; 95%CI=1.219 – 2.862; P=0.004) as well as multivariate analysis
(HR=1.643; 95%CI=1.015 – 2.658; P=0.043).

In Model II, we analyzed our data in two subsets of patients with supposedly the
highest contrast in treatment response. 152 patients with complete eradication of dis-
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ease were identi ed as “Responder” and 45 patients who had clinical progression of dis-
ease at examination 8-10 weeks after completion of primary treatment, were identi ed
as “Non-responder”. Of these so-called Non-responders, 44 patients (98%) died due to
residual locoregional disease. In this model, a relation between high nATM (OR=3.075;
95%CI=1.317 – 7.182; P=0.009) and poor response to treatment was found in uni-
variate logistic regression analysis. Furthermore, also high pATM immunostaining was
again related to response to (chemo)radiation in univariate (OR=2.600; 95%CI=1.260
– 5.365; P=0.010) as well as multivariate analysis (OR=2.355; 95%CI=1.051 – 5.297;
P=0.038).

High immunostaining against pATM is related to poor prognosis

During routine follow-up, 195 of 375 (52%) of patients eventually died (overall sur-
vival). In 151 (77%) of these patients, death was cervical cancer related (disease-speci c
survival). Table 4 summarizes DSS in relation to nATM and pATM immunostaining
and clinicopathological data. We found that high pATM immunostaining was related
to worse disease-speci c survival (HR=1.49; 95%CI=1.06 – 2.08; P=0.020) in univari-
ate analysis. Fig. 2 depicts Kaplan-Meier survival curves for disease-speci c survival in
respect to nATM and pATM immunostaining. e log-rank P value for high pATM
immunostaining was P=0.019.

Table 4 – Disease-speci c survival

Univariate Multivariate*
HR † (95%CI)§ P value HR † (95%CI)§ P value

Age 1.002 (0.992 – 1.012) 0.693 ¶
Stage ≥IIb 2.287 (1.526 – 3.429) <0.001 2.016 (1.305 – 3.115) 0.002
Adenocarcinoma 1.536 (1.017 – 2.319) 0.041 •
Poor differentiation 1.251 (0.900 – 1.739) 0.183 •
Lymphangioinvasion 1.151 (0.742 – 1.784) 0.531 ¶
Tumor diameter ≥4cm 1.991 (1.316 – 3.014) 0.001 1.630 (1.055 – 2.520) 0.028
Moderate nATM 1.197 (0.831 – 1.726) 0.334 ¶
High nATM 1.418 (0.926 – 2.170) 0.108 ¶
Moderate pATM 1.169 (0.795 – 1.718) 0.428 ¶
High pATM 1.488 (1.065 – 2.081) 0.020 •

*Adjusted for treatment modality
†Hazard ratio
§95% con dence interval
¶Not included in multivariate analysis
•Not included in the nal step of the multivariate analysis
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Figure 2 – Survival curves. Kaplan-Meier curves for the relation of
moderate (A) and high (B) nATM immunostaining, and moderate (C) and

high (D) pATM immunostaining and disease-speci c survival.
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Discussion

To our knowledge this is the rst time that ATM has been assessed by immunohisto-
chemistry in both its native and phosphorylated state in a large, well-documented, series
of cervical cancer patients primarily treated with (chemo)radiation. Our results strongly
suggest involvement of nATM as well as pATM in the response to (chemo)radiation in
advanced stage cervical cancer patients. We showed that high nATM immunostaining
as well as high pATM immunostaining was related to poor response to (chemo)radiation
in univariate analysis in both Model I, based on locoregional disease-free survival. Im-
portantly, these relations were even more pronounced in our second analysis model
(Model II), in which we selected two subsets of patients with supposedly the largest
contrast in treatment response, indicating that there is an involvement of nATM and
especially pATM in relation to poor (chemo)radiation response. Furthermore, we found
that high pATM immunostaining was related to disease-speci c survival.

Literature regarding relation of ATM expression in response to (chemo)radiation
and survival in other malignancies is limited. Sarbia et al. found that ATM immuno-
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staining was not associated with regression after neoadjuvant chemoradiation and over-
all survival in oesophageal squamous cell carcinomas (25). Another report regarding
patients with early stage breast cancer, who underwent postoperative radiotherapy or
adjuvant chemotherapy, also found no relation between ATM expression and response
after radiotherapy (26). In addition, protein expression of ATM was not a prognos-
tic factor in pancreatic cancer patients (27). However, in colon cancer, Grabsch et al.
reported that positive immunostaining of ATM was related to good survival in large
series of colorectal cancer patients primarily treated by surgery. Some of these patients
also received adjuvant chemo- and/or radiotherapy, however these numbers were lim-
ited to conclude (28). Finally, mutations of Atm have been studied in breast cancer
patients treated by adjuvant radiotherapy following conservative surgery, and presence
of a mutation in the Atm gene was associated with poor metastases-free survival (29).
e difference in results between these reports and our study could be explained by dif-
ferences in treatment modality between and even within these studies. Moreover, our
study focuses on the phosphorylation status of ATM (nATM and pATM), whereas most
other studies focussed on expression of ATM, regardless of phosphorylation state. Im-
portantly, our data is in line with previous in vitro investigations in various cancer cells
lines, including cervical cancer, in which downregulation of ATM resulted in enhanced
response to radiotherapy (15-20).

e important role that ATM has in signaling DNA damage could serve as an ex-
planation of our results. One could speculate, that when a tumor has a majority of cells
with high amounts of (p)ATM readily present in nucleus prior to treatment, that these
cells could be more efficient in signaling DNA damage and subsequent reparation. As
a consequence, this tumor has then a better chance of survival after (chemo)radiation,
which leads to poor response to (chemo)radiation in patients.

Based on our results, speci c targeting of the ATM kinase activity could be an op-
tion for future therapy for cervical cancer patients who have high levels of ATM present
before start of therapy. Previous investigations in cervical cancer cell lines showed that
inhibition of ATM by either RNA interference or targeted drug application result in en-
hanced sensitivity to radiotherapy (15,16). Furthermore, other investigations regarding
enhanced radiosensitivity of cells after inhibition of ATM have been reported in multiple
malignancies (15-21). At present, no FDA approved ATM inhibitor is available. How-
ever, ATM-inhibitors, like KU-60019, an improved version of KU-55933, has been
shown to effectively inhibit the radiation induced phosphorylation of key downstream
targets of ATM and results in sensitization of glioma cells in vitro (30).

In conclusion, we have shown that phosphorylation of ATM predicts poor response
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to (chemo)radiation in advanced stage cervical cancer patients. erefore, speci c in-
hibiting ATM phosphorylation or inhibition of the kinetic activity of ATM could pro-
vide an additional target for the improvement of the response to (chemo)radiation in
advanced stage cervical cancer patients.
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