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Abstract

Recent studies have linked constitutive telomere length (TL) to aging-related diseases including cancer at different sites. 
ATM participates in the signaling of telomere erosion, and inherited mutations in ATM have been associated with increased 
risk of cancer, particularly breast cancer. The goal of this study was to investigate whether carriage of an ATM mutation and 
TL interplay to modify cancer risk in ataxia-telangiectasia (A-T) families.

The study population consisted of 284 heterozygous ATM mutation carriers (HetAT) and 174 non-carriers (non-HetAT) 
from 103 A-T families. Forty-eight HetAT and 14 non-HetAT individuals had cancer, among them 25 HetAT and 6 non-HetAT 
were diagnosed after blood sample collection. We measured mean TL using a quantitative PCR assay and genotyped seven 
single-nucleotide polymorphisms (SNPs) recurrently associated with TL in large population-based studies.
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HetAT individuals were at increased risk of cancer (OR = 2.3, 95%CI = 1.2–4.4, P = 0.01), and particularly of breast cancer 
for women (OR = 2.9, 95%CI = 1.2–7.1, P = 0.02), in comparison to their non-HetAT relatives. HetAT individuals had longer 
telomeres than non-HetAT individuals (P = 0.0008) but TL was not associated with cancer risk, and no significant interaction 
was observed between ATM mutation status and TL. Furthermore, rs9257445 (ZNF311) was associated with TL in HetAT 
subjects and rs6060627 (BCL2L1) modified cancer risk in HetAT and non-HetAT women.

Our findings suggest that carriage of an ATM mutation impacts on the age-related TL shortening and that TL per se is not 
related to cancer risk in ATM carriers. TL measurement alone is not a good marker for predicting cancer risk in A-T families.

Introduction

Biallelic mutations in the Ataxia-Telangiectasia Mutated (ATM) 
gene are responsible for Ataxia-Telangiectasia (A-T), a rare auto-
somal recessive disorder characterized by progressive neuronal 
degeneration, immunological deficiency, genetic instability, 
radiosensitivity and an increased risk of cancer. Epidemiological 
studies on A-T families showed that heterozygous mutation car-
riers (hereafter called ‘HetAT’ subjects) are at increased risk of 
cancer (1), particularly of breast cancer (BC) in female relatives 
(2–4). Moreover, recent studies conducted in familial or early 
onset BC cases and ethnically similar unrelated controls have 
confirmed ATM as a BC susceptibility gene in a context inde-
pendent of a genetic predisposition to A-T (5,6).

The ATM gene encodes a protein kinase, which is a central 
regulator of the cellular response to DNA damage and also the 
response to telomere dysfunction. Telomeres are repeats units 
of TTAGGG nucleotides coated by a six-subunit protein complex 
named shelterin that comprises TRF1, TRF2, POT1, TPP1, TIN2 
and RAP1. The telomeric complex caps the ends of chromosomes 
to maintain genome integrity by protecting chromosomes from 
end-to-end fusion and exonuclease degradation (7,8). In nor-
mal cells, telomere elongation is telomerase-dependent and is 
highly regulated by various proteins including ATM which is 
a positive regulator of telomere lengthening (9,10). The phos-
phorylation of the shelterin protein TRF1 by ATM diminishes 
the interaction between TRF1 and telomeric DNA (11) leading 
to the release of TRF1 and ensuring access for the telomerase 
enzyme to lengthen telomeres (12). More recently, it was shown 
that the shelterin complex provides protection of chromosome 
ends against classical nonhomologous end-joining (NHEJ) and 
homologous-direct repair (HDR) by repressing the ATM and ATR 
pathway signaling (13).

Telomeres have long been recognized as a biomarker of cell 
aging due to their progressive shortening with each cell divi-
sion (14,15), and a number of studies have demonstrated clear 
involvement of telomere shortening in aging-related diseases, 
in particular in the carcinogenesis of several malignancies 
(16). However, the direction of association between telomere 
length (TL) and cancer risk appears to be cancer-site depend-
ent. For instance, longer telomeres have been associated with 

increased risk of gastric (17), lung (18), bladder (19) and esopha-
geal cancers (20), while shorter telomeres have been associated 
with increased risk of non-Hodgkin lymphoma (21) and mela-
noma (22). The association between constitutive TL and BC risk 
remains controversial: some studies have associated shorter 
telomeres with an increased risk of BC (23,24), other studies 
have associated this risk with longer telomeres (25,26), while 
the prospective Sister Study did not support TL as a biomarker 
for BC risk (27). Results from the EMBRACE study confirmed the 
null association between TL and breast or ovarian cancer risk 
in BRCA1 and BRCA2 mutation carriers although longer lym-
phocyte TL was observed in this high-risk population than in 
the non-carriers population (28). Furthermore, several  studies 
conducted in the general population have shown a signifi-
cant association between TL and SNPs located at different loci 
(29,30), including rs2736100 in TERT (29), rs1317082 in TERC (30), 
rs2738783 in RTEL1 (30), rs10165485 in ACYP2 (30), rs2320615 in 
NAF1 (30), rs9257445 in ZNF311 (30) and rs6060727 in BCL2L1 (30). 
Some of the TL-related SNPs have also been associated with an 
increased risk of cancer (26,30,31).

Association between the ATM function and TL has been sug-
gested by cytogenetic studies where lymphocytes with biallelic 
inactivation of ATM were characterized by an abnormal rate 
of chromosome end-to-end fusions (32,33) suggesting that the 
disruption of the telomere lengthening might be the cause of 
genome instability and disorder progression observed in lym-
phocytes from A-T patients (12). However to our knowledge, no 
study has examined lymphocyte TL in HetAT subjects. The goal 
of the present study was to assess whether being a heterozy-
gous carrier of an ATM mutation influences TL, and to examine 
how ATM mutation status and TL interplay to modify cancer risk 
in HetAT subjects.

Material and methods

Study participants
Study participants were all related to a child affected with ataxia-telangi-
ectasia (A-T) and were enrolled through one of the three following French 
studies: the Prospective Cohort of Women Related to an A-T child (CoF-AT) 
(Lecarpentier J and Andrieu N, personal communication), the Retrospective 
Study on A-T families (Retro-AT) (34), or the A-T families collection assem-
bled by the Genetic Department of Institut Curie, which is the national 
reference center for genetic diagnosis of A-T.

Retro-AT was carried out between 1994 and 1997 to assess cancer risk 
in A-T families living in France (3,34,35). Thirty-four A-T families were 
identified during this period and 27 of them were subsequently included 
in the CoF-AT prospective study. CoF-AT is an ongoing national prospec-
tive cohort, which was initiated in 2003 to investigate environmental and 
genetic risk factors for breast cancer (BC) in HetAT and non-HetAT women. 
All women aged 18 and over are eligible to participate in the study. At inclu-
sion, participants provide a blood sample to determine whether they carry 
the ATM mutations identified in the affected child in that family. Women 
are followed up for 10 years after inclusion, and re-contacted every 2 years 
to provide information on medical data, environmental and lifestyle factors 
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through a detailed epidemiological questionnaire. Three hundred and forty 
six women (177 HetAT and 169 non-HetAT) belonging to 96 A-T families 
from CoF-AT were included in the present study. Among these, three CoF-AT 
families were known to segregate a mutation in the BRCA1 or BRCA2 gene 
in addition to the familial ATM mutation. Carriers of a mutation in one of 
these two major BC predisposing genes were excluded from the subsequent 
analyses (three HetAT and one non-HetAT women). Sixty-seven additional 
subjects related to an A-T child and who attended the family genetics clin-
ics for molecular diagnosis were also included. Written informed consent 
was obtained from all participants. The Retro-AT and CoF-AT study proto-
cols were approved by the appropriate ethics committee (CCP Ile-de-France 
III) and by the French data protection authority (CNIL).

In total, the study was conducted on 458 individuals (284 HetAT and 
174 non-HetAT) with available blood DNA sample. Among those, 62 sub-
jects (48 HetAT and 14 non-HetAT) had cancer, and 31 of them were diag-
nosed after blood sample was collected (incident cases: 25 HetAT and 6 
non-HetAT) (Table 1).

DNA preparation and characterization of ATM 
mutation status
Genomic DNA was extracted from whole blood samples collected from 
EDTA with the Quickgene 610-L automated system (Fujifilm)  according 
to the manufacturer’s instructions or, for less than 10% of the study 
participants, using other silica-based DNA purification kits (Macherey 
Nagel or QIAGEN kits) or standard phenol-chloroform procedure. For all 
participants the presence of the familial ATM mutation identified in the 
A-T child was determined according to their parental branch by targeted 
sequencing on an ABI3500xL DNA analyzer (Applied Biosystems).

Selection of subjects for SNP genotyping and 
telomere length measurement
While all 458 participants were included in the SNP analysis, TL analy-
sis was restricted to the 427 participants (261 HetAT and 166 non-HetAT) 
who were unaffected with cancer when biological material was collected 
(Table 1).

Telomere length measurement
The relative telomere length (RTL) was ascertained by quantitative PCR on 
the LightCycler480 (Roche) using the protocol developed by Cawthon et al. 
(36). The RTL was determined as the ratio of detected fluorescence from 
the amplification of telomere repeat units (TEL) relative to that of a sin-
gle-copy reference sequence from the housekeeping gene ALB  encoding 
Albumin (REF).

Telomere repeat units and the ALB amplicon were amplified in sep-
arate wells on the same 384-well plate to avoid the inter-plate variabil-
ity. A five-point standard curve was established for each plate with one 
 reference genomic DNA sample diluted in 3-fold series (150  ng, 50  ng, 
16.7 ng, 5.55 ng and 1.85 ng per well). The standard curves were then used 
to determine the TEL and REF amplified DNA amount and correspond-
ing dilution factors, which were used to calculate the TEL/REF ratio rep-
resenting the RTL. Telomeres and ALB amplifications were performed in 
duplicate for each individual’s DNA sample. Two blind replicate samples 
were interspersed with the samples on each plate to assess the inter-plate 
variability. Samples with failed amplification of telomere repeat units and/
or ALB were not repeated. The PCR efficiency for both telomeres and ALB 
amplifications was greater than 97%.

Table 1. Distribution of gender, age, cancer cases and cancer type in the 103 A-T families, by ATM mutation status and sample series

CoF-AT (N = 346)* Retro-AT (N = 45) IC Collection (N = 67)

Non-HetAT (N = 169) HetAT (N = 177) Non-HetAT (N = 1) HetAT (N = 44) Non-HetAT (N = 4) HetAT (N = 63)

Gender
 Female 169a 177a,b 1 15 1 11
 Male 0 0 0 29 3 52
Mean age at blood draw (se) 42.3 (1.2) 42.7 (1.0) 35.3 (N/A) 42.5 (1.5) 46.1 (8.6) 43.7 (1.6)
Age at blood draw (years)
 ≤50 120 126 1 37 2 48
 >50 49 51 0 7 2 15
Cancer status
 Unaffected females 155 149 b 1 12 1 7
 Affected females 14 (6) a 28 (10) a, b 0 3 (2) 0 4 (3)
 Unaffected males 0 0 0 22 3 46
 Affected males 0 0 0 7 (5) 0 6 (5)
Cancer Type
 Breast 8 (3)a 18 (7)a,b — 2 (1) — 4 (3)
 Cervix — 2 (1) — — — —
 Colon-rectum — 1 (0) — — — —
 Genital organs — 1 (0) — — — —
 Kidney 2 (2) 1 (0) — — — —
 Leukemia — — — — — 1 (1)
 Lung 1 (0) — — 1 (0) — 1 (0)
 Melanoma — 1 (0) — — — 1 (1)
 Non-Hodgkin lymphoma 1 (0) 1 (0) — 1 (1) — —
 Ovarian 1 (0) — — — — —
 Pancreas — 1 (1) — — — 1 (1)
 Prostate — — — 5 (4) — 2 (2)
 Stomach — — — 1 (1) — —
 Thyroid — 2 (1) — — — —
 Uterus 1 (1) — — — — —

The number of cancer cases eligible for the telomere length analysis is indicated in brackets and in italics.

se: Standard error.
aOne woman from this group carried a BRCA1 mutation and was excluded in the subsequent analyses.
bOne woman from this group carried a BRCA2 mutation and was excluded in the subsequent analyses.
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SNP genotyping
The SNPs rs2736100 (TERT) (29), rs1317082 (TERC) (30), rs2738783 (RTEL1) 
(30), rs10165485 (ACYP2) (30), rs2320615 (NAF1) (30), rs9257445 (ZNF311) 
(30) and rs6060727 (BCL2L1) (30) which have been recurrently associated 
with TL in the literature were selected. These seven SNPs were genotyped 
for all participants using a standard Taqman protocol and the fluores-
cence was read on an ABI PRISM7900HT instrument (Applied Biosystems). 
Taqman probes targeting alleles of the seven SNPs are available from the 
ThermoFisher Scientific website (http://www.thermofisher.com/order/
genome-database/). Ten percent of the samples were randomly duplicated 
between 384-well plates to validate the results reproducibility. The propor-
tion of successfully genotyped DNA samples was above 95% for all SNPs 
except for rs2736100 for which the call rate was 90%.

Statistical analysis
Variance analyses (ANOVA) were performed to estimate the intra- and 
inter-plates assay variability. Linear regressions were used to evaluate the 
correlation between RTL and age at blood sampling for HetAT and non-
HetAT subjects, and a likelihood ratio test was performed to determine 
if the regression coefficients were significantly different between the two 
groups.

Logistic regressions were used to obtain the odds ratios (OR) and 95% 
confidence intervals (CIs) for the association between cancer risk and 
RTL, as well as for the association between cancer risk and ATM muta-
tion status.

In the SNP analysis, the deviation of the genotypes proportion from 
Hardy–Weinberg Equilibrium (HWE) was assessed in the unaffected sub-
jects using chi-square test with one degree of freedom and no tested SNPs 
showed significant HWE deviation with P < 0.05. We used unconditional 
logistic regression models to estimate ORs and the trend p-value for asso-
ciation between cancer risk and each TL-related SNP, using codominant 
coding for genotypes (0,1,2) with the homozygote of the common allele as 
the reference group. The associations between TL and SNPs were assessed 
using a linear regression with dominant coding for genotypes (no effect 
allele = 0, at least one effect allele = 1) and grouping subjects with medium 
and short telomeres together.

All analyses were adjusted on gender (when relevant), age at last inter-
view or age at diagnosis, whichever came first. All statistical tests were 
two-sided and data was analyzed using STATA, version 14.1 (StataCorp, 
College Station, TX).

Results

ATM mutation status and cancer risk

Three CoF-AT families were known to segregate a BRCA1 or 
BRCA2 mutation in addition to the familial ATM mutation. After 
excluding BRCA1 or BRCA2 mutation carriers, 281 HetAT and 173 
non-HetAT participants were included in the genetic study. We 
confirmed in this study set that carriers of a mutated copy of 
ATM had a higher overall cancer risk (OR = 2.3, 95% CI = 1.2–4.4, 
P  = 0.01). In particular, women had a 3-fold increase in risk of 
BC, the most frequent cancer in our study sample (OR = 2.9, 95% 
CI = 1.2–7.1, P = 0.02) (Table 2). Even though most of the subjects 

were enrolled prospectively in the study, 22 of the 59 cancer cases 
were prevalent cases. As a result, the observed association could 
reflect a measure of susceptibility to both cancer onset and sur-
vival. We therefore also performed the analysis on incident cases 
only, and found similar results (OR = 3.3, 95% CI = 1.3–8.1, P = 0.01 
and OR = 3.7, 95% CI = 1.0–13.5, P = 0.04, respectively) (Table 2).

TL and ATM mutation status

No intra-plate variability was observed within telomere assay 
duplicates and within ALB assay duplicates (P = 0.07 and P = 0.05, 
respectively), nor was inter-plate variability observed for the 
 telomere assays or the ALB assays (P = 0.24 and P = 0.20, respec-
tively) using an ANOVA test. Thus, subsequent analyses were 
performed without adjustment for plate location.

RTL was measured on all unaffected participants and on 
cases for whom lymphocyte DNA was obtained prior to the diag-
nosis of cancer (incident cases), as both cancer and treatment 
may affect telomere elongation. As expected, TL was negatively 
correlated with age at sampling in the control group of unaf-
fected non-HetAT subjects (R2  =  −0.0048, P  =  0.003). This ten-
dency was also observed in unaffected HetAT subjects, although 
the rate of decline was not as steep as for their non-HetAT coun-
terparts (R2 = −0.0015, P = 0.31) (Figure 1). The  difference between 
the slopes for TL with respect to age for HetAT and non-HetAT 
participants was significant when females and males were 
included in the analysis (P = 0.0008). Because it has been shown 
that females have longer telomeres than males (37,38), we next 
restricted the analysis to females. In this group TL showed 
a shortening with age but with a less-steep decline in HetAT 
than in non-HetAT females. However, no statistically significant 
difference was seen between the two groups (P = 0.24), which 
could be due to a power lowered by a smaller number of subjects 
(Figure 1). We could not conduct a similar comparison between 
unaffected HetAT and non-HetAT males because data for non-
HetAT were too scarce. However, as observed in HetAT females, 
the shortening of the TL with age was not significant in unaf-
fected HetAT males (data not shown). There were too few obser-
vations on HetAT and non-HetAT subjects affected with cancer 
for meaningful analyses to be carried out.

We also measured the RTL in a group of 73 A-T children 
belonging to the CoF-AT and Retro-AT families. As expected we 
found that they had longer TL than their HetAT and non-HetAT 
relatives due to their younger age (mean age  =  10.6, standard 
error = 0.92) (data not shown). Therefore making further TL com-
parison between A-T children and the HetAT studied group was 
inadequate.

TL status and cancer risk

We first defined tertiles of RTL distribution among all unaf-
fected individuals (Long  >  1.2886; Medium: 1.1009–1.2886; 

Table 2. Association between ATM mutation status and cancer risk, for all cancer sites combined and for breast cancer (BC) in females

All cancer cases Incident cancer cases

Outcome Subjects Unaffected 
(N)

Affected 
(N)

ORa (95% CI) P Affected 
(N)

ORa (95% CI) P

Overall cancer risk (all participants) Non-HetAT 160 13 1 6 1
HetAT 235 46 2.3 (1.2, 4.4) 0.01 31 3.3 (1.3, 8.1) 0.01

Overall cancer risk (females only) Non-HetAT 157 13 1 6 1
HetAT 167 33 2.4 (1.2, 4.7) 0.01 18 2.8 (1.1, 7.4) 0.03

BC risk (females only) Non-HetAT 157 7 1 3 1
HetAT 167 22 2.9 (1.2, 7.1) 0.02 12 3.7 (1.0, 13.5) 0.04

aOR adjusted for age at last interview/diagnosis, and for gender when relevant.

http://www.thermofisher.com/order/genome-database/
http://www.thermofisher.com/order/genome-database/
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Short  <  1.1009) and investigated the association between RTL 
and cancer occurrence using the longest telomere tertile as 
 reference group. No significant association was found with over-
all cancer risk or with BC risk in women (Table 3). No interaction 
was evidenced between RTL and ATM mutation status for either 
overall cancer risk or BC risk (Table 3).

We next classified the subjects into four groups according to 
their ATM mutation status and RTL. Due to the limited number of 
observations in some groups, subjects with medium or short tel-
omeres were pooled together; non-carriers with long  telomeres 
were used as the reference group. Although results did not 
reach statistical significance, we found that HetAT subjects with 
shorter telomeres were more prone to develop cancer at any site 
than the other groups (Ptrend  =  0.03). The same trend was seen 
when restricting the analysis to BC risk (Ptrend = 0.05) (Table 4).

Finally, we examined whether telomere-related SNPs were 
associated (i) with RTL in order to evaluate how those SNPs 
could serve as surrogate of RTL measurement in our population 
sample, and (ii) with cancer risk.

Since age-related shortening of TL was different between 
HetAT and non-HetAT subjects, we tested the association 
between SNPs and RTL in the two groups separately. Surprisingly, 
none of the tested SNPs showed association with RTL in the non-
HetAT group (all the 162 non-HetAT subjects are females but 
three), while suggestive association between rs9257445 and RTL 
was observed in the HetAT group where both 162 females and 

76 males were included in the analysis (P = 0.03) (Supplementary 
Table  1). In addition to rs9257445, two other SNPs, rs2320615 
and rs10165485 showed significant association with RTL when 
analyses were conducted on the HetAT male subgroup (P = 0.02, 
P = 0.04 and P = 0.02, respectively).

Regarding the contribution of the seven selected SNPs and 
cancer risk, only rs6060627 in BCL2L1 showed suggestive asso-
ciation with overall cancer risk, with a significant trend when 
the analysis was focused on females (Ptrend = 0.03) (Table 5). No 
association between the seven SNPs and cancer risk was found 
when HetAT and non-HetAT subjects were analyzed separately 
(data not shown).

Discussion
Few studies have examined whether TL modified cancer risk 
in the context of a familial predisposition involving  inherited 
mutations with incomplete penetrance. One study has 
assessed the association between cutaneous malignant mela-
noma and TL in melanoma-prone families with and without 
CDKN2A mutations. Authors found that longer  telomeres 
increased the melanoma risk in non-carrier cases (39). 
Regarding familial breast cancer, Pooley et al. showed that car-
riers of a mutation in BRCA1 or BRCA2 have longer  telomeres 
than their non-carrier relatives, but BC risk for carriers was 
not modified by the TL28.

Figure 1. Correlations between relative telomere length and age at blood draw in unaffected HetAT and non-HetAT subjects. N, number of analyzed subjects. R2 and P 

values (P) are for the correlation from the linear regression.
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To our knowledge, this is the first exploratory study investigat-
ing TL as a modifier of cancer risk for individuals carrying an ATM 
mutation. One asset of our study design is the homogeneity of the 
study sample, given that HetAT and non-HetAT participants were 
all related to an A-T child. Consequently only ‘true’ pathogenic 
ATM mutations, i.e. base substitutions, insertions or deletions 
that generate premature termination codons or splicing abnor-
malities were considered, thus avoiding variant misclassification. 
Moreover, most of the study participants were recruited prospec-
tively, with blood samples collected prior to cancer diagnosis for 
50% of the cases. Such a design is better able to address the ques-
tion of whether telomeres become shorter before cancer diagno-
sis, and are therefore predictive of cancer development. Finally, 
all DNA samples were processed, stored and analyzed using the 
same workflow thus eliminating biases when measuring RTL.

Consistent with previous reports, and in particular with the 
French retrospective study conducted on 34 A-T families (3,34,35), 
we found in this larger family series that HetAT individuals had 
a 2- to 3-fold increased overall cancer risk as compared to non-
HetAT individuals. Because BC was the most frequent cancer in 
the study population composed of 81.7% of women, we could 
only estimate risk for this specific cancer  separately. We found 
that HetAT women had a 3-fold increase risk of developing BC 
and this was even higher when considering incident cases only, 
confirming previous findings in A-T families (3,4,35). About 1% 
of the general population and nearly 3% of hereditary breast 
and ovarian cancer patients are estimated to carry a deleterious 
ATM variant (5,6). It is therefore important to better estimate the 
risk of cancer associated with a mutation in this gene by taking 
into account other genetic and environmental/lifestyle factors 

Table 4. Cancer risk according to ATM mutation status and RTL

Group Unaffected Affected OR (95% CI) P Ptrend

(all cancers)

All participants N = 381 N = 31
Non-HetAT + Long RTL 53 (13.9%) 1 (3.2%) 1a

Non-HetAT + Medium/Short RTL 103 (27.0%) 5 (16.1%) 2.5 (0.3, 22.3) 0.40
HetAT + Long RTL 74 (19.4%) 6 (19.4%) 3.8 (0.4, 33.3) 0.22
HetAT + Medium/Short RTL 151 (39.7%) 19 (61.3%) 5.8 (0.7, 45.5) 0.10 0.03a

(all cancers)
Females only N = 312 N = 21

Non-HetAT +Long RTL 53 (17.0%) 1 (4.8%) 1b

Non-HetAT + Medium/Short RTL 100 (32.0%) 5 (23.8%) 2.3 (0.3, 20.8) 0.44
HetAT + Long RTL 56 (18.0%) 5 (23.8%) 4.2 (0.5, 37.7) 0.20
HetAT + Medium/Short RTL 103 (33.0%) 10 (47.6%) 5.0 (0.6, 39.9) 0.13 0.06b

(breast cancer)
Females only N = 312 N = 14

Non-HetAT + Long RTL 53 (17.0%) 1 (7.2%) 1b

Non-HetAT + Medium/Short RTL 100 (32.0%) 2 (14.3%) 1.0 (0.1, 11.8) 0.97
HetAT + Long RTL 56 (18.0%) 3 (21.4%) 2.8 (0.3, 27.7) 0.39
HetAT + Medium/Short RTL 103 (33.0%) 8 (57.1%) 4.1 (0.5, 33.5) 0.19 0.05b

aAdjusted on age at last interview/diagnosis and gender adjustment.
bAdjusted on age at last interview/diagnosis.

Table 3. Association between relative telomere length (RTL) and cancer risk, for all cancer sites, and for breast cancer in females

RTL tertile Unaffected Affected OR (95% CI) Ptrend ORc (95% CI) Ptrend
c Pinteraction

(all cancers)

All participants N = 381 N = 31
1st (long) 127 7 1a 1d

2nd (medium) 127 13 1.8 (0.7, 4.7) 1.9 (0.7, 4.9) 0.68
3rd (short) 127 11 1.5 (0.5, 3.9) 0.48 1.5 (0.5, 3.9) 0.49 0.72

(all cancers)
Females only N = 312 N = 21

1st (long) 104 6 1b 1e

2nd (medium) 104 9 1.5 (0.5, 4.4) 1.68 (0.6, 5.0) 0.75
3rd (short) 104 6 0.9 (0.3, 3.0) 0.91 0.96 (0.3, 3.1) 0.94 0.57

(breast cancer)
Females only N = 312 N = 14

1st (long) 104 4 1b 1e

2nd (medium) 104 6 1.5 (0.4, 5.5) 1.6 (0.4, 6.0) 0.93
3rd (short) 104 4 1.0 (0.2, 4.1) 0.99 1.0 (0.2, 4.0) 0.97 0.99

aAdjusted on gender and age at blood draw.
bAdjusted on age at blood draw.
cATM status was included in the model.
dAdjusted on gender, age at blood draw and ATM status.
eAdjusted on age at blood draw and ATM status.
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Table 5. Associations between telomere-related SNPs and cancer risk

SNP Genotype Unaffected Affected OR (95%CI) P Ptrend
c

(all cancers)
All participants rs2736100 (TERT) CC 99 13 1a

CA 155 24 1.18 (0.57, 2.46) 0.66
AA 91 10 0.9 (0.37, 2.17) 0.81 0.84

rs1317082 (TERC) AA 214 30 1a

AG 130 18 0.87 (0.45, 1.66) 0.67
GG 18 6 2.39 (0.88, 6.53) 0.09 0.38

rs2738783 (RTEL1) TT 255 43 1a

TG 102 11 0.67 (0.33, 1.35) 0.26
GG 12 2 1.03 (0.22, 4.79) 0.97 0.41

rs10165485 (ACYP2) TT 308 42 1a

TC 52 12 1.78 (0.87, 3.62) 0.11
CC 7 1 1.09 (0.13, 9.13) 0.93 0.20

rs2320615 (NAF1) GG 203 33 1a

GA 144 20 0.91 (0.50, 1.66) 0.75
AA 24 3 0.82 (0.23, 2.89) 0.76 0.68

rs9257445 (ZNF311) GG 206 36 1a

GC 141 13 0.48 (0.24, 0.95) 0.035
CC 22 7 1.58 (0.61, 4.13) 0.35 0.54

rs6060627 (BCL2L1) CC 146 29 1a

CT 173 22 0.61 (0.33, 1.12) 0.11
TT 52 5 0.49 (0.18, 1.35) 0.17 0.07

Females only (all cancers)
rs2736100 (TERT) CC 82 7 1b

CA 127 21 1.93 (0.79, 4.76) 0.15

AA 72 9 1.47 (0.52, 4.16) 0.47 0.48
rs1317082 (TERC) AA 175 24 1b

AG 104 13 0.91 (0.44, 1.87) 0.80

GG 17 5 2.12 (0.71, 6.27) 0.18 0.43
rs2738783 (RTEL1) TT 210 33 1b

TG 85 9 0.67 (0.30, 1.45) 0.31

GG 7 2 1.68 (0.33, 8.59) 0.54 0.65
rs10165485 (ACYP2) TT 250 32 1b

TC 44 11 1.93 (0.91, 4.12) 0.09

CC 6 0 N/A N/A N/A N/A
rs2320615 (NAF1) GG 171 24 1b

GA 110 17 1.10 (0.57, 2.15) 0.77

AA 22 3 1.0 (0.28, 3.61) 1.00 0.86
rs9257445 (ZNF311) GG 170 28 1b

GC 115 10 0.53 (0.25, 1.13) 0.10

CC 16 6 2.27 (0.82, 6.29) 0.12 0.91
rs6060627 (BCL2L1) CC 115 24 1b

CT 144 17 0.56 (0.29, 1.10) 0.09

TT 44 3 0.33 (0.09, 1.14) 0.08 0.03

Female only (breast cancer)
rs2736100 (TERT) CC 82 4 1b

CA 127 11 1.77 (0.55, 5.76) 0.34

AA 72 6 1.71 (0.46, 6.32) 0.42 0.43
rs1317082 (TERC) AA 175 11 1b

AG 104 11 1.68 (0.70, 4.01) 0.24

GG 17 4 3.74 (1.07, 13.05) 0.039 0.10
rs2738783 (RTEL1) TT 210 19 1b

TG 85 8 1.04 (0.44, 2.48) 0.93

GG 7 0 N/A N/A N/A N/A
rs10165485 (ACYP2) TT 250 22 1b

TC 44 4 1.03 (0.34, 3.18) 0.96
CC 6 0 N/A N/A N/A N/A

rs2320615 (NAF1) GG 171 15 1b

GA 110 11 1.14 (0.51, 2.57) 0.75
AA 22 1 0.52 (0.07, 4.13) 0.54 0.83
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which could modulate this risk, as well as potential genotype-
phenotype correlations.

Given the functional link between ATM and telomere 
maintenance, we hypothesized that TL and telomere-related 
SNPs could act as modifiers of cancer risk for HetAT subjects. 
Interestingly, we observed a sex-dependent effect of some SNPs 
on RTL in HetAT subjects. Indeed, the β cœfficient for rs10165485, 
rs2320615 and rs9257445 was 2- to 5-fold higher in males that in 
females. Such a comparison in non-HetAT subjects was not pos-
sible due to the limited number of non-HetAT males in the study 
population (Supplementary Table  1). This difference in gender 
was not observed in the general population as reported in Codd 
et  al. 2013 (29). We have no obvious explanation for this sex-
dependent effect in ATM carriers, and larger studies are war-
ranted to confirm this finding.

Regarding the possible modifier role of TL on cancer risk, 
we found that RTL, as measured with the Q-PCR assay, was not 
a risk factor for cancer susceptibility in our study population. 
In the SNP analysis, only rs6060627 in BCL2L1 showed associa-
tion with overall cancer risk although this intronic SNP was not 
associated with TL. Therefore a mechanism other than telomere 
maintenance involving BCL2L1 could explain the observed asso-
ciation here. There are several limitations to this study that 
should be noted. First, the power to detect SNPs with small 
effect sizes may be low due to the relatively small number of 
cancer cases included in this study because of the uniqueness 
of the studied population. Indeed for SNP rs10165485 with a 
low MAF in controls (10%), the power of our study for detect-
ing an association between this candidate SNP and cancer 
could reach 80% only for an OR of 2.5 or higher (alpha < 0.05). 
For SNP rs2536100 with a MAF in controls of 50%, our study 
had a power of 90% for detecting an association with an OR 
equals 1.40 (alpha = 0.05). Second, due to the limited number of 
cases, the main analyses were conducted considering all cancer 
sites together, which could mask association with some spe-
cific cancer sites. Indeed, risk of non-Hodgkin lymphoma (40), 
lung (18) and prostate (41) cancers have been associated with 
longer telomeres, whereas melanoma (22), thyroid (42) and ovar-
ian (43) cancers have been associated with shorter telomeres. 
No significant association between BC risk and RTL was found 
here when sorting RTL into tertiles; moreover the association 
between ATM mutation status and cancer was not contingent 
with RTL (i.e. no statistical interaction was found). However, 
classifying subjects according to their ATM mutation status and 
Long vs. Medium/Short  telomeres suggested that HetAT indi-
viduals with shorter telomeres have an increased overall cancer 
risk and an increased BC risk as compared to HetAT individuals 
with Long telomeres. This observation is in agreement with the 
hypothesis that shorter telomeres increased genomic instabil-
ity, as observed in A-T children. Indeed, studies on lymphocytes 
and fibroblasts from A-T children have shown an accelerated 

shortening of telomeres, a deregulation probably involved of 
the chromosome end-to-end fusion and genomic instability 
characteristic of the disorder (44,45). The accelerated telomere 
shortening ascertained for A-T children and HetAT cancer cases 
could be explained by the involvement of ATM in two mecha-
nisms of telomere lengthening regulation. The first pathway 
involves the phosphorylation of TFR1 by ATM which is required 
to release TRF1 from telomeric DNA, ensuring the formation 
of replication forks that allow telomerase recruitment (12,46). 
In the second TRF1-independent pathway, ATM facilitates the 
 telomerase assembly by phosphorylation of currently unknown 
proteins (9). Thus, in HetAT individuals a reduction in the quan-
tity of functional ATM protein might cause a lower efficiency 
to induce replication fork formation and telomerase assembly, 
leading to an accelerated telomere shortening and an increased 
genomic instability. Despite these observations, no statistically 
significant interaction between ATM status and telomere length 
was found in cancer risk but observations are too few to exclude 
this possibility. The finding that unaffected ATM mutation car-
riers have longer TL than their non-carrier relatives was unex-
pected. In order to assess the possibility of a different dispersion 
of RTL measures in HetAT and non-HetAT subjects, we further 
explored median and mean RTL in the two groups according 
to age (Supplementary Figure 1). No difference in median RTL 
was seen between non-HetAT and HetAT subjects in each age 
group but the decline in mean RTL according to age was more 
marked for non-HetAT subjects than for HetAT subjects, which 
is in accordance with our observation that telomere shortening 
is slower in HetAT subjects (Figure 1).

One possible explanation for HetAT subjects having longer 
TL could be that the quantitative PCR assay used also amplifies 
extra-chromosomal telomeric DNA, thus explaining the sur-
plus of telomere signals. Linear or circular extra-chromosomal 
 telomeric DNA is characteristic of alternative lengthening of 
 telomeres (ALT) a mechanism independent of the telomerase 
(47). The formation of such elements was observed in fibroblasts 
from A-T children (48). Hence, the ALT mechanism might par-
ticipate in telomere lengthening in cells from HetAT subjects, 
as previously shown in BRCA2−/+ cell lines (49) and could open 
new lines of research into the function of ATM. This deregulation 
might be due to some environmental exposures like radiation or 
to other unidentified genetic factors involved in TL maintenance.

Taken together, our findings suggest that TL may be modulated 
by the carriage of an ATM mutation but it does not seem itself 
directly related to increased cancer risk in carriers. TL measure-
ment alone is not a good marker for predicting cancer risk in A-T 
families or for predicting ATM mutation status of an individual.

Supplementary Material
Supplementary data are available at Carcinogenesis online.

SNP Genotype Unaffected Affected OR (95%CI) P Ptrend
c

rs9257445 (ZNF311) GG 170 18 1b

GC 115 6 0.49 (0.19, 1.28) 0.15

CC 16 3 1.77 (0.47, 6.66) 0.40 0.72
rs6060627 (BCL2L1) CC 115 15 1b

CT 144 10 0.53 (0.23, 1.23) 0.14

TT 44 2 0.35 (0.08, 1.59) 0.17 0.08

aAdjusted with age at last interview/diagnosis and gender.
bAdjusted with age at last interview/diagnosis.
cP value of the trend test.

Table 5. Continued 
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