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Abstract
PurposeThe aim of this study was to investigate the association of telomere length with breast cancer risk. We simultaneously explored the association between telomerase reverse transcriptase gene polymorphisms and telomere length.

MethodsWe used real-time quantitative polymerase chain reaction to measure relative telomere length (RTL) in genomic DNA extracted from peripheral blood from 183 breast cancer cases and 191 healthy controls. Genotyping was performed using the Sequenom MassARRAY platform.

ResultsOur results show that breast cancer patients had significantly shorter RTLs than control subjects (p<0.05). When the RTLs were categorized into tertiles, we found that the lowest RTL was significantly associated with increased breast cancer risk compared with the highest RTL (odds ratio [OR], 2.33; 95% confidence interval [CI], 1.40–3.90; p=0.001). Subgroup analyses indicated that risk of breast cancer was also significantly increased in the lowest RTL compared with the highest RTL in age >40 years (OR, 2.41; 95% CI, 1.31–4.43; p=0.005), body mass index ≤24 kg/m2 (OR, 2.81; 95% CI, 1.55–5.10; p=0.001), and postmenopausal women (OR, 3.94; 95% CI, 1.63–9.51; p=0.002), respectively. In addition, individuals with the AA genotype of rs2853677 have longer telomeres than those of breast cancer patients with the AG genotype (p=0.011).

ConclusionOur results suggest that shorter RTL was associated with an increased risk of breast cancer. An association was found between the AA genotype of rs2853677 and longer RTLs in the case group. Functional studies are warranted to validate this association and further investigate our findings.
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INTRODUCTION
Breast cancer is the most common cancer among women worldwide and its incidence has increased in recent years. Breast cancer, with an estimated 1.67 million new cases and 521,900 deaths, accounted for 25% of all cancer cases and 15% of all cancer deaths among females in 2012 [1]. It is thought to be caused by a complex assortment of factors, including personal habits, reproductive factors, social and psychological factors, family history of breast cancer, and genetic factors [2]. Although its pathogenesis is not yet completely clear, researchers generally believe that a variety of environmental factors and genetic factors together lead to the occurrence of breast cancer.
Telomeres, located at the ends of eukaryotic chromosomes, play a key role in the maintenance of chromosome integrity and stability [3]. Telomeres progressively shorten with somatic cell division as a result of incomplete replication at the 3′ end of chromosomes. When telomeres reach a critical threshold, they can lead to chromosomal instability and cell senescence, characterized by apoptosis [4]. Telomere length is maintained by telomerase, a multisubunit ribonucleoprotein polymerase that normally is not expressed in somatic tissue but is elevated in germ cells and neoplastic tissues [5]. When telomerase activity is induced and telomere length altered, cells can escape normal senescence or apoptosis. This leads to cancer cells with unlimited proliferation capacity and the immortalized state [6].
Recently, a series of epidemiological studies have assessed the association between telomere length and risk of various cancers, but the findings remain conflicting [7, 8]. For breast cancer, four studies showed no significant association between telomere length and risk of breast cancer [9, 10, 11, 12]; some recent reports have suggested that longer telomere length was associated with increased risk of breast cancer [13, 14, 15]; however, other investigations indicated that shorter telomere length was associated with increased risk of breast cancer [16, 17, 18], and one study found that both shorter and longer telomere lengths were associated with increased risk of breast cancer [19]. The reasons for the contradictory results remain unknown. Differences in sample sizes, ethnicity, geography, experimental methods, and background exposures could have contributed to these inconsistent findings.
In addition, previous studies have reported that single nucleotide polymorphisms (SNPs) in the telomerase reverse transcriptase (TERT) gene were associated with susceptibility to breast cancer [15, 20, 21, 22]. TERT encodes the reverse transcriptase component of telomerase, which is essential for the maintenance of telomere length, telomerase production, and chromosomal stability [23, 24]. However, research on the role of TERT genetic variants associated with telomere length is very limited. In this study, we used quantitative real-time polymerase chain reaction (qPCR) to measure relative telomere length (RTL) in genomic DNA extracted from the peripheral blood cells of 183 breast cancer cases and 191 healthy controls, and examined the association between RTL and the risk of breast cancer. Simultaneously, we explored whether these TERT polymorphisms affect telomere length.

METHODS
Study population
This case-control study recruited 183 female breast cancer cases and 191 healthy controls. The cases were diagnosed with breast cancer between January 2013 and November 2015, at the Affiliated Hospital of Xi'an Jiao Tong University, Xi'an, China. There were no age, histological, or tumor stage restrictions in this study. However, patients that had other types of cancers, or who underwent radiotherapy or chemotherapy were excluded from this study. The control subjects without any history of cancer or other medical diseases were randomly selected from healthy volunteers who visited the health examination center at the hospital during the same period. All control subjects were unrelated ethnic Han Chinese women and their ancestors had lived in the region for at least three generations.
The clinical and demographic characteristics of all enrolled subjects, including region, ethnicity, age, height, weight, menopause status, clinical stage, tumor size, tumor estrogen receptor status, tumor progesterone receptor status, lymph node metastasis, primiparous age, age of menarche, and breastfeeding duration were collected using a detailed questionnaire conducted by trained interviewers, as shown in Table 1.
Table 1
Characteristics of breast cancer patients and healthy controls	Characteristic	Case (n = 183) No. (%)	Control (n = 191) No. (%)	p-value
	Age (yr)*	46.40 ± 9.38	45.35 ± 6.90	0.218
	 > 40	126 (68.9)	135 (70.7)
	 ≤ 40	57 (31.1)	56 (29.3)
	BMI (kg/m2)*	23.08 ± 3.00	22.53 ± 2.55	0.056
	 > 24	53 (29.0)	39 (20.4)
	 ≤ 24	130 (71.0)	152 (79.6)
	Menopausal status			0.716
	 Premenopausal	115 (62.8)	118 (61.8)
	 Postmenopausal	68 (37.2)	73 (38.2)
	Stage			-
	 I/II	135 (73.8)	-
	 III/IV	48 (26.2)	-
	Tumor size (cm)			-
	 >2	142 (77.6)	-
	 ≤2	41 (22.4)	-
	Estrogen receptor			-
	 Negative	60 (32.8)	-
	 Positive	123 (67.2)	-
	Progesterone receptor			-
	 Negative	75 (41.0)	-
	 Positive	108 (59.0)	-
	LN metastasis			-
	 Negative	76 (41.5)	-
	 Positive	107 (58.5)	-
	Primiparous age (yr)			-
	 < 30	171 (93.4)	-
	 ≥ 30	12 (6.6)	-
	Age of menarche (yr)			-
	 > 12	158 (86.3)	-
	 ≤ 12	25 (13.7)	-
	Breastfeeding duration (mo)			-
	 > 6	163 (89.1)	-
	 ≤ 6	20 (10.9)	-

BMI=body mass index; LN=lymph node.
*Mean±SD.




All procedures performed in studies involving human participants were in accordance with the ethical standards of the Ethics Committee on Use of Human Subjects of the Affiliated Hospital of Xi'an Jiao Tong University (2013-36) and with the 1964 Helsinki Declaration and its later amendments or comparable ethical standards. Written informed consent was obtained from all participants before participation in the study.

DNA extraction
Peripheral venous blood (5 mL) was collected from each participant using vacutainer tubes containing ethylenediamine tetraacetic acid, and stored in a freezer at −20℃ for DNA extraction. Genomic DNA was extracted from whole blood using the GoldMag-Mini Whole Blood Genomic DNA Purification Kit (GoldMag Co., Ltd., Xi'an, China) according to the manufacturer's instructions. The DNA samples were preserved at −4℃ for future use. DNA was quantified using a spectrophotometer (NanoDrop 2000; Thermo Fisher Scientific, Waltham, USA) to ensure accurate and uniform concentration.

Single nucleotide polymorphism selection and genotyping
We selected three polymorphisms in TERT (rs2853677, rs2242652, and rs10069690) previously reported to be associated with breast cancer susceptibility with a minor allele frequency >0.05 for further genotyping. The amplification and extension primers for SNPs were designed using the Sequenom MassARRAY® Assay Design 3.0 Software (Sequenom, San Diego, USA). Genotyping was performed using the Sequenom MassARRAY® platform according to the standard protocol recommended by the manufacturer. Sequenom Typer 4.0 software was used to perform data management and analysis.

Relative telomere length measurement
Telomere length was measured using the real-time qPCR method as described by Cawthon [25]. The relative ratio of the telomere (T) repeat copy number to a single gene (S) copy number (T/S ratio) was established for experimental samples using standard curves. The ratio for each sample was normalized to a reference DNA to standardize between different runs. 36B4 on chromosome 12, encoding acidic ribosomal phosphoprotein P0, was used as the single copy gene. All samples for both the telomere and 36B4 gene amplifications were performed in duplicate in separate 96-well plates. The cycle threshold (Ct) is the number of cycles required for the fluorescent signal to cross the threshold. Ct values generated were used to calculate the T/S ratio for each sample using the equation: T/S=2−ΔCt, (ΔCt=Cttelomere sample−Ct36B4). Telomere length was expressed as a relative T/S ratio normalized to the average T/S ratio of the reference sample [2−(ΔCtx−ΔCtr)=2−ΔΔCt].

Statistical analysis
We used Pearson chi-square test and Welch t-test to examine differences of categorical variables and continuous variables between cases and controls, respectively. The Mann-Whitney U-test was used for RTL comparison. The association between RTL and breast cancer risk was estimated by odds ratio (OR) and 95% confidence interval (CI) using the logistic regression model with adjustments. A restricted cubic spline curve was plotted in the logistic regression model to evaluate the shape of the association between RTL and risk of breast cancer. All statistical tests were two-sided, and p<0.05 was considered statistically significant. Statistical analyses were performed using Microsoft Excel (Microsoft Corp., Redmond, USA) and SPSS version 19.0 software (IBM Corp., Armonk, USA).


RESULTS
Characteristics of the study population
Table 1 summarizes the demographic characteristics and clinical information of the study participants. The mean age was 46.40±9.38 years in the case group and 45.35±6.90 years in the control group. The mean body mass index (BMI) was 23.08±3.00 kg/m2 in the case group and 22.53±2.55 kg/m2 in the control group. Welch t-test showed no statistical difference between case and control groups for mean age and BMI distribution (p=0.218 and p=0.056, respectively). Pearson chi-square test showed no statistical difference between case and control groups for the menopause status distribution (p=0.716).

Relative telomere length distribution between case and control groups
The total mean RTL was 0.824 in the control group and 0.640 in the case group. Breast cancer patients had significantly shorter RTLs than control subjects, as shown in Figure 1 (p=0.001). The age of 40 years, BMI of 24 kg/m2, and menopause status were used for stratification and Mann-Whitney U-test showed that the mean RTL distribution was statistically different between case and control groups at age >40 years, BMI ≤24 kg/m2, premenopausal, and postmenopausal (p=0.003, p<0.001, p=0.045, and p=0.003, respectively). However, no significant differences in the distribution of mean RTL were found between case and control groups at age ≤40 years and BMI >24 kg/m2, age ≤40 years and age >40 years, BMI ≤24 kg/m2 and BMI >24 kg/m2, premenopausal, and postmenopausal in breast cancer patients and healthy control groups (p>0.05), as shown in Figure 1.
[image: Figure F1 ]Figure 1
Mean relative telomere length (RTL) in breast cancer cases and healthy controls. (A) Reduced mean RTL of breast cancer cases (n=183) compared to controls (n=191). The distribution of mean RTL between case and control groups at the subgroup level for age (B), body mass index (BMI) (C), and menopause status (D). Horizontal lines represent the mean RTL; p-values were calculated using the Mann-Whitney U-test.



Association of relative telomere length with breast cancer risk
Next, we investigated the association between RTL and breast cancer risk using logistic regression analysis (Table 2). The subjects were categorized according to the mean RTL, and we observed a statistically significant increased risk of breast cancer associated with shorter telomere length (≤0.61) compared with longer RTL (>0.61) after adjusting for age, BMI, and menopause status (OR, 2.13; 95% CI, 1.40–3.23; p<0.001). When the RTL was categorized into tertiles, we found that the lowest RTL (<0.44) was also significantly associated with increased breast cancer risk compared with the highest RTL (>0.77) after adjusting for age, BMI, and menopause status (OR, 2.33; 95% CI, 1.40–3.90; p=0.001). The results of the restricted cubic spline curve analyses indicate that shortened telomere length was associated with breast cancer risk (Figure 2).
[image: Figure F2 ]Figure 2
Restricted cubic spline curve assessing the association between relative telomere length (RTL) and breast cancer risk. Solid line represents the odds ratios; dotted lines represent the 95% confidence intervals.


Table 2
Logistic regression analysis examining the association between the RTL and breast cancer risk	Stratification	RTL	Control (%)	Case (%)	OR	95% CI	p-value
	Total	> 0.61	113 (59.2)	74 (40.4)	1.00	Reference	
	≤ 0.61	78 (40.8)	109 (59.6)	2.13	1.40–3.23	< 0.001
	> 0.77	74 (38.7)	49 (26.8)	1.00	Reference	
	0.44–0.77	68 (35.6)	58 (31.7)	1.27	0.76–2.11	0.358
	< 0.44	49 (25.7)	76 (41.5)	2.33	1.40–3.90	0.001
	Age ≤ 40 yr	> 0.77	18 (32.1)	12 (21.1)	1.00	Reference	
	0.44–0.77	21 (36.8)	21 (36.8)	1.60	0.61–4.22	0.342
	< 0.44	17 (30.4)	24 (42.1)	2.25	0.84–6.00	0.106
	Age > 40 yr	> 0.77	47 (34.8)	37 (29.4)	1.00	Reference	
	0.44–0.77	32 (23.7)	52 (41.3)	1.21	0.66–2.21	0.536
	< 0.44	56 (41.5)	37 (29.4)	2.41	1.31–4.43	0.005
	BMI ≤ 24 kg/m2	> 0.77	60 (39.5)	34 (26.2)	1.00	Reference	
	0.44–0.77	56 (36.8)	38 (29.2)	1.19	0.66–2.14	0.570
	< 0.44	36 (23.7)	58 (44.6)	2.81	1.55–5.10	0.001
	BMI > 24 kg/m2	> 0.77	14 (35.9)	15 (28.3)	1.00	Reference	
	0.44–0.77	12 (39.8)	20 (37.7)	1.72	0.60–4.94	0.315
	< 0.44	13 (33.8)	18 (34.0)	1.29	0.46–3.60	0.628
	Premenopausal	> 0.77	41 (34.7)	33 (28.9)	1.00	Reference	
	0.44–0.77	43 (36.4)	34 (29.8)	0.97	0.50–1.85	0.914
	< 0.44	34 (28.8)	47 (41.2)	1.75	0.92–3.34	0.087
	Postmenopausal	> 0.77	33 (45.2)	16 (23.2)	1.00	Reference	
	0.44–0.77	25 (34.2)	24 (34.8)	2.11	0.92–4.85	0.078
	< 0.44	15 (20.5)	29 (42.0)	3.94	1.63–9.51	0.002

RTL=relative telomere length; OR=odds ratio; CI=confidence interval; BMI=body mass index.




We also performed subgroup analyses by age (≤40 years and >40 years), BMI (≤24 kg/m2 and >24 kg/m2), and menopause status (premenopausal and postmenopausal) as shown in Table 2. The results indicate that the lowest RTL was significantly associated with an increased risk of breast cancer in comparison with the highest RTL in age >40 years after adjusting for BMI and menopause status (OR, 2.41; 95% CI, 1.31–4.43; p=0.005). In BMI ≤24 kg/m2, the lowest RTL was significantly associated with increased risk of breast cancer after adjusting for age and menopause status (OR, 2.81; 95% CI, 1.55–5.10; p=0.001). Increased breast cancer risk for the lowest RTL was also noted in postmenopausal women compared with the highest RTL after adjusting for age and BMI (OR, 3.94; 95% CI, 1.63–9.51; p=0.002).

TERT polymorphism genotypes and relative telomere length
To test the hypothesis that telomere length may be compromised by the TERT SNPs rs2242652, rs10069690 and rs-2853677, which were previously reported to be associated with breast cancer risk, we analyzed their association with RTL in 183 breast cancer patients according to TERT polymorphism genotype distribution. We found that carriers of the genotype AA of rs2853677 had longer telomeres than individuals with the AG genotype (p=0.011), as shown in Figure 3. However, there was no association between the rs2242652 and rs-10069690 genotypes and RTL in the case group (p>0.05).
[image: Figure F3 ]Figure 3
Relative telomere length (RTL) in 191 controls and 183 breast cancer patients according to telomerase reverse transcriptase polymorphisms genotypes distribution. (A) rs2242652; (B) rs10069690; (C) rs2853677. Boxes represent the interquartile range of distributions (25th–75th percentile); horizontal lines within the boxes represent the medians; vertical lines represent the 5th and 95th percentiles; p-values were calculated using chi-square test (two-sided). p<0.05 indicates statistical significance.




DISCUSSION
In the present case-control study with 183 breast cancer cases and 191 unrelated healthy female controls, we observed that shorter RTL was associated with an increased risk of breast cancer. The subgroup analyses show that risk of breast cancer was significantly increased in the lowest RTL in comparison with the highest RTL in age >40 years, BMI ≤24 kg/m2, and postmenopausal women. Breast cancer patients with the AA genotype of rs2853677 had longer telomeres than individuals with the AG genotype. However, no association between the genotypes of rs2242652 and rs10069690 and RTL was found in breast cancer patients.
Several studies have examined the association between telomere length and breast cancer risk, with contradictory results. Barwell et al. [9] confirmed that there was no significant difference between breast cancer patients and controls in the mean overall telomere length in blood leukocytes. A prospective study showed that RTL was not associated with a significant elevation breast cancer risk in postmenopausal women [10]. Zheng et al. [11] reported that overall telomere length in blood leukocytes was not significantly associated with the risk of breast cancer. Results of a prospective case-cohort analysis from the Sister Study showed that there was also no significant association between RTL in peripheral blood cells and breast cancer risk [12].
Several studies have demonstrated an association of longer telomere length with breast cancer risk. In a case-control study of 265 newly diagnosed breast cancer patients and 446 female controls, Svenson et al. [13] indicated that the case group displayed significantly longer telomere length compared with the control group, and longer overall telomere length in peripheral blood leukocytes was strongly associated with increased breast cancer risk. Gramatges et al. [14] found that breast cancer cases had significantly longer RTLs compared with the control group. Pellatt et al. [15] also observed that longer telomere length was associated with increased breast cancer risk (OR, 1.87), with the highest risk among women with high Indigenous American ancestry (OR, 3.11). The assessment of risk by RTL quartile showed an increased risk for breast cancer with each longer quartile, with the most significant risk observed in the longest quartile in a Stanford population.
Shen et al. [16] observed that overall telomere length was not significantly associated with breast cancer risk in all subjects. However, they noted that shorter telomere length may be associated with an increased risk of breast cancer in premenopausal women. The results also showed that presence of shorter telomeres was associated with a significantly increased breast cancer risk in premenopausal women [17]. Pooley et al. [18] found a strong association between shorter telomere length and breast cancer risk in a retrospective study. Our results suggest that shorter RTL in blood cells was significantly associated with breast cancer risk in all subjects. The subgroup analyses showed that shorter telomere length was also associated with an increased risk of breast cancer in age >40 years, BMI ≤24 kg/m2, and postmenopausal women. A large case-control study revealed a reverse J-shaped association between telomere length and breast cancer risk, suggesting that shorter or longer telomeres were associated with an elevated risk of breast cancer [19]. Results from these studies have been inconsistent, perhaps because of the differences in sample size, race, geography of study population, and experimental methods.
Although the mechanisms underlying breast cancer pathogenesis are not fully understood, it has been proposed that telomeres progressively shorten with ongoing cell division until they reach a critical length that induces replicative senescence, leading to a concurrent increase in genomic and chromosome instability, thereby increasing susceptibility to cancer [26]. Other researchers have reported that telomerase expression prevents further telomere shortening correlated with the capacity for unlimited cell proliferation in malignant tumors, thus increasing the risk of cancer [27]. Additional research is needed to explore the relationship between telomere length and breast cancer pathogenesis and the underlying mechanisms.
The carriers of the AA genotype of rs2853677 had longer RTLs than individuals with the AG genotype in the case group. This finding supports the observation that carrying the rs2853677 T-allele reduced breast cancer-specific mortality (hazard ratio, 0.57; 95% CI, 0.39–0.84) [28]. There was no association between the genotypes of rs2242652 and rs10069690 and RTL in breast cancer patients. These findings suggest that rs10069690 and rs2242652 may increase the risk of breast cancer through mechanisms other than telomere length. Genotypes of rs10069690 did not show any association with mean RTL in cases of paranoid schizophrenia or controls [29]. However, longer RTL was observed among carriers of rs10069690 and rs2242652 genotypes in a Utah population [30]. Further studies are warranted to validate this association and investigate our findings in a larger sample size.
Some limitations of this case-control study should be considered when interpreting the results. First, the sample size of this study comprising a total of 183 breast cancer cases and 191 unrelated healthy controls was relatively small, so it is necessary to expand the sample size to confirm the results. Second, our results are limited to Chinese Han women, and further studies are required in other populations. Third, other risk factors such as smoking or alcohol consumption could not be evaluated because of lack of data. Fourth, the association of TERT polymorphisms with breast cancer risk was not verified in this study. In addition, biological functional analyses of TERT polymorphisms were not performed.
In conclusion, this study suggests that shorter RTL was associated with an increased risk of breast cancer in all subjects, age >40 years, BMI ≤24 kg/m2, and postmenopausal women. Breast cancer patients with the genotype AA of rs2853677 had longer RTLs than patients with the AG genotype. No association was found between the geno types of rs2242652 and rs10069690 and RTL. The results suggest that rs2853677 reduces the all-cause mortality of breast cancer through longer telomere length, while rs10069690 and rs2242652 may increase the risk of breast cancer through mechanisms other than telomere length. The results support an important role of telomere length as a biomarker of breast cancer risk. Functional studies are warranted to validate this association and further investigate our findings in a larger sample size.


Notes
CONFLICT OF INTEREST:The authors declare that they have no competing interests.


ACKNOWLEDGMENTS
We are grateful to the patients and control individuals for their participation in the study. We also thank the clinicians and hospital staff from the Affiliated Hospital of Xi'an Jiao Tong University who contributed to sample and data collection for this study.



ORCID iDs
Huijie Wanghttps://orcid.org//0000-0002-1451-5158



References
	
      
        Torre LA, 
        Bray F, 
        Siegel RL. 
        Ferlay J, 
        Lortet-Tieulent J, 
        Jemal A, 
      
      Global cancer statistics, 2012. 
      CA Cancer J Clin 
      2015;
      65
      :87.
      
    
[image: image][image: image]
	
      
        Rojas K. 
        Stuckey A, 
      
      Breast cancer epidemiology and risk factors. 
      Clin Obstet Gynecol 
      2016;
      59
      :651.
      
    
[image: image][image: image]
	
      
        Blackburn EH, 
      
      Telomeres and telomerase: the means to the end (Nobel lecture). 
      Angew Chem Int Ed Engl 
      2010;
      49
      :7405.
      
    
[image: image][image: image]
	
      
        Mathon NF. 
        Lloyd AC, 
      
      Cell senescence and cancer. 
      Nat Rev Cancer 
      2001;
      1
      :203.
      
    
[image: image][image: image]
	
      
        Pfeiffer V. 
        Lingner J, 
      
      Replication of telomeres and the regulation of telomerase. 
      Cold Spring Harb Perspect Biol 
      2013;
      5
      :a010405
    
[image: image][image: image]
	
      
        Greider CW, 
      
      Telomerase activity, cell proliferation, and cancer. 
      Proc Natl Acad Sci U S A 
      1998;
      95
      :90.
      
    
[image: image][image: image]
	
      Telomeres Mendelian Randomization Collaboration. 
      
        Haycock PC, 
        Burgess S, 
        Nounu A. 
        Zheng J, 
        Okoli GN, 
        et al. 
      
      Association between telomere length and risk of cancer and non-neoplastic diseases: a Mendelian randomization study. 
      JAMA Oncol 
      2017;
      3
      :636.
      
    
[image: image]
	
      
        Zhu X, 
        Han W, 
        Xue W, 
        Zou Y, 
        Xie C, 
        Du J, 
        et al. 
      
      The association between telomere length and cancer risk in population studies. 
      Sci Rep 
      2016;
      6
      :22243.
    
[image: image][image: image]
	
      
        Barwell J, 
        Pangon L, 
        Georgiou A, 
        Docherty Z, 
        Kesterton I, 
        Ball J, 
        et al. 
      
      Is telomere length in peripheral blood lymphocytes correlated with cancer susceptibility or radiosensitivity? 
      Br J Cancer 
      2007;
      97
      :1696.
      
    
[image: image][image: image]
	
      
        De Vivo I, 
        Prescott J, 
        Wong JY. 
        Kraft P, 
        Hankinson SE, 
        Hunter DJ, 
      
      A prospective study of relative telomere length and postmenopausal breast cancer risk. 
      Cancer Epidemiol Biomarkers Prev 
      2009;
      18
      :1152.
      
    
[image: image][image: image]
	
      
        Zheng YL, 
        Ambrosone C, 
        Byrne C. 
        Davis W, 
        Nesline M, 
        McCann SE, 
      
      Telomere length in blood cells and breast cancer risk: investigations in two case-control studies. 
      Breast Cancer Res Treat 
      2010;
      120
      :769.
      
    
[image: image][image: image]
	
      
        Kim S, 
        Sandler DP, 
        Carswell G, 
        De Roo LA, 
        Parks CG, 
        Cawthon R, 
        et al. 
      
      Telomere length in peripheral blood and breast cancer risk in a prospective case-cohort analysis: results from the Sister Study. 
      Cancer Causes Control 
      2011;
      22
      :1061.
      
    
[image: image][image: image]
	
      
        Svenson U, 
        Nordfjäll K, 
        Stegmayr B, 
        Manjer J, 
        Nilsson P, 
        Tavelin B, 
        et al. 
      
      Breast cancer survival is associated with telomere length in peripheral blood cells. 
      Cancer Res 
      2008;
      68
      :3618.
      
    
[image: image][image: image]
	
      
        Gramatges MM, 
        Telli ML. 
        Balise R, 
        Ford JM, 
      
      Longer relative telomere length in blood from women with sporadic and familial breast cancer compared with healthy controls. 
      Cancer Epidemiol Biomarkers Prev 
      2010;
      19
      :605.
      
    
[image: image][image: image]
	
      
        Pellatt AJ, 
        Wolff RK, 
        Torres-Mejia G, 
        John EM, 
        Herrick JS, 
        Lundgreen A, 
        et al. 
      
      Telomere length, telomere-related genes, and breast cancer risk: the breast cancer health disparities study. 
      Genes Chromosomes Cancer 
      2013;
      52
      :595.
      
    
[image: image]
	
      
        Shen J, 
        Terry MB, 
        Gurvich I. 
        Liao Y, 
        Senie RT, 
        Santella RM, 
      
      Short telomere length and breast cancer risk: a study in sister sets. 
      Cancer Res 
      2007;
      67
      :5538.
      
    
[image: image][image: image]
	
      
        Shen J, 
        Gammon MD, 
        Terry MB, 
        Wang Q, 
        Bradshaw P, 
        Teitelbaum SL, 
        et al. 
      
      Telomere length, oxidative damage, antioxidants and breast cancer risk. 
      Int J Cancer 
      2009;
      124
      :1637.
      
    
[image: image][image: image]
	
      
        Pooley KA, 
        Sandhu MS, 
        Tyrer J, 
        Shah M, 
        Driver KE, 
        Luben RN, 
        et al. 
      
      Telomere length in prospective and retrospective cancer case-control studies. 
      Cancer Res 
      2010;
      70
      :3170.
      
    
[image: image][image: image]
	
      
        Qu S, 
        Wen W, 
        Shu XO, 
        Chow WH, 
        Xiang YB, 
        Wu J, 
        et al. 
      
      Association of leukocyte telomere length with breast cancer risk: nested case-control findings from the Shanghai Women's Health Study. 
      Am J Epidemiol 
      2013;
      177
      :617.
      
    
[image: image][image: image]
	
      
        Haiman CA, 
        Chen GK, 
        Vachon CM, 
        Canzian F, 
        Dunning A, 
        Millikan RC, 
        et al. 
      
      A common variant at the TERT-CLPTM1L locus is associated with estrogen receptor-negative breast cancer. 
      Nat Genet 
      2011;
      43
      :1210.
      
    
[image: image][image: image]
	
      
        Palmer JR, 
        Ruiz-Narvaez EA, 
        Rotimi CN, 
        Cupples LA, 
        Cozier YC, 
        Adams-Campbell LL, 
        et al. 
      
      Genetic susceptibility loci for subtypes of breast cancer in an African American population. 
      Cancer Epidemiol Biomarkers Prev 
      2013;
      22
      :127.
      
    
[image: image][image: image]
	
      
        Bojesen SE, 
        Pooley KA, 
        Johnatty SE, 
        Beesley J, 
        Michailidou K, 
        Tyrer JP, 
        et al. 
      
      Multiple independent variants at the TERT locus are associated with telomere length and risks of breast and ovarian cancer. 
      Nat Genet 
      2013;
      45
      :371.
      
    
[image: image][image: image]
	
      
        Gao L, 
        Thakur A, 
        Liang Y, 
        Zhang S, 
        Wang T, 
        Chen T, 
        et al. 
      
      Polymorphisms in the TERT gene are associated with lung cancer risk in the Chinese Han population. 
      Eur J Cancer Prev 
      2014;
      23
      :497.
      
    
[image: image][image: image]
	
      
        Li G, 
        Jin TB, 
        Wei XB, 
        He SM, 
        Liang HJ, 
        Yang HX, 
        et al. 
      
      Selected polymorphisms of GSTP1 and TERT were associated with glioma risk in Han Chinese. 
      Cancer Epidemiol 
      2012;
      36
      :525.
      
    
[image: image][image: image]
	
      
        Cawthon RM, 
      
      Telomere measurement by quantitative PCR. 
      Nucleic Acids Res 
      2002;
      30
      :e47
    
[image: image][image: image]
	
      
        Stewart SA. 
        Weinberg RA, 
      
      Telomeres: cancer to human aging. 
      Annu Rev Cell Dev Biol 
      2006;
      22
      :531.
      
    
[image: image][image: image]
	
      
        Shay JW, 
      
      Role of telomeres and telomerase in aging and cancer. 
      Cancer Discov 
      2016;
      6
      :584.
      
    
[image: image][image: image]
	
      
        Shen J, 
        Gammon MD, 
        Terry MB, 
        Bradshaw PT, 
        Wang Q, 
        Teitelbaum SL, 
        et al. 
      
      Genetic polymorphisms in telomere pathway genes, telomere length, and breast cancer survival. 
      Breast Cancer Res Treat 
      2012;
      134
      :393.
      
    
[image: image][image: image]
	
      
        Rao S, 
        Ye N, 
        Hu H, 
        Shen Y, 
        Xu Q, 
      
      Variants in TERT influencing telomere length are associated with paranoid schizophrenia risk. 
      Am J Med Genet B Neuropsychiatr Genet 
      2016;
      171B
      :317.
      
    
[image: image][image: image]
	
      
        Pellatt AJ, 
        Wolff RK, 
        Lundgreen A, 
        Cawthon R, 
        Slattery ML, 
      
      Genetic and lifestyle influence on telomere length and subsequent risk of colon cancer in a case control study. 
      Int J Mol Epidemiol Genet 
      2012;
      3
      :184.
      
    
[image: image]





[image: Figure F1 ]Figure 1

Mean relative telomere length (RTL) in breast cancer cases and healthy controls. (A) Reduced mean RTL of breast cancer cases (n=183) compared to controls (n=191). The distribution of mean RTL between case and control groups at the subgroup level for age (B), body mass index (BMI) (C), and menopause status (D). Horizontal lines represent the mean RTL; p-values were calculated using the Mann-Whitney U-test.
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[image: Figure F2 ]Figure 2

Restricted cubic spline curve assessing the association between relative telomere length (RTL) and breast cancer risk. Solid line represents the odds ratios; dotted lines represent the 95% confidence intervals.
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[image: Figure F3 ]Figure 3

Relative telomere length (RTL) in 191 controls and 183 breast cancer patients according to telomerase reverse transcriptase polymorphisms genotypes distribution. (A) rs2242652; (B) rs10069690; (C) rs2853677. Boxes represent the interquartile range of distributions (25th–75th percentile); horizontal lines within the boxes represent the medians; vertical lines represent the 5th and 95th percentiles; p-values were calculated using chi-square test (two-sided). p<0.05 indicates statistical significance.
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Table 1

Characteristics of breast cancer patients and healthy controls	Characteristic	Case (n = 183) No. (%)	Control (n = 191) No. (%)	p-value
	Age (yr)*	46.40 ± 9.38	45.35 ± 6.90	0.218
	 > 40	126 (68.9)	135 (70.7)
	 ≤ 40	57 (31.1)	56 (29.3)
	BMI (kg/m2)*	23.08 ± 3.00	22.53 ± 2.55	0.056
	 > 24	53 (29.0)	39 (20.4)
	 ≤ 24	130 (71.0)	152 (79.6)
	Menopausal status			0.716
	 Premenopausal	115 (62.8)	118 (61.8)
	 Postmenopausal	68 (37.2)	73 (38.2)
	Stage			-
	 I/II	135 (73.8)	-
	 III/IV	48 (26.2)	-
	Tumor size (cm)			-
	 >2	142 (77.6)	-
	 ≤2	41 (22.4)	-
	Estrogen receptor			-
	 Negative	60 (32.8)	-
	 Positive	123 (67.2)	-
	Progesterone receptor			-
	 Negative	75 (41.0)	-
	 Positive	108 (59.0)	-
	LN metastasis			-
	 Negative	76 (41.5)	-
	 Positive	107 (58.5)	-
	Primiparous age (yr)			-
	 < 30	171 (93.4)	-
	 ≥ 30	12 (6.6)	-
	Age of menarche (yr)			-
	 > 12	158 (86.3)	-
	 ≤ 12	25 (13.7)	-
	Breastfeeding duration (mo)			-
	 > 6	163 (89.1)	-
	 ≤ 6	20 (10.9)	-

BMI=body mass index; LN=lymph node.
*Mean±SD.
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Table 2

Logistic regression analysis examining the association between the RTL and breast cancer risk	Stratification	RTL	Control (%)	Case (%)	OR	95% CI	p-value
	Total	> 0.61	113 (59.2)	74 (40.4)	1.00	Reference	
	≤ 0.61	78 (40.8)	109 (59.6)	2.13	1.40–3.23	< 0.001
	> 0.77	74 (38.7)	49 (26.8)	1.00	Reference	
	0.44–0.77	68 (35.6)	58 (31.7)	1.27	0.76–2.11	0.358
	< 0.44	49 (25.7)	76 (41.5)	2.33	1.40–3.90	0.001
	Age ≤ 40 yr	> 0.77	18 (32.1)	12 (21.1)	1.00	Reference	
	0.44–0.77	21 (36.8)	21 (36.8)	1.60	0.61–4.22	0.342
	< 0.44	17 (30.4)	24 (42.1)	2.25	0.84–6.00	0.106
	Age > 40 yr	> 0.77	47 (34.8)	37 (29.4)	1.00	Reference	
	0.44–0.77	32 (23.7)	52 (41.3)	1.21	0.66–2.21	0.536
	< 0.44	56 (41.5)	37 (29.4)	2.41	1.31–4.43	0.005
	BMI ≤ 24 kg/m2	> 0.77	60 (39.5)	34 (26.2)	1.00	Reference	
	0.44–0.77	56 (36.8)	38 (29.2)	1.19	0.66–2.14	0.570
	< 0.44	36 (23.7)	58 (44.6)	2.81	1.55–5.10	0.001
	BMI > 24 kg/m2	> 0.77	14 (35.9)	15 (28.3)	1.00	Reference	
	0.44–0.77	12 (39.8)	20 (37.7)	1.72	0.60–4.94	0.315
	< 0.44	13 (33.8)	18 (34.0)	1.29	0.46–3.60	0.628
	Premenopausal	> 0.77	41 (34.7)	33 (28.9)	1.00	Reference	
	0.44–0.77	43 (36.4)	34 (29.8)	0.97	0.50–1.85	0.914
	< 0.44	34 (28.8)	47 (41.2)	1.75	0.92–3.34	0.087
	Postmenopausal	> 0.77	33 (45.2)	16 (23.2)	1.00	Reference	
	0.44–0.77	25 (34.2)	24 (34.8)	2.11	0.92–4.85	0.078
	< 0.44	15 (20.5)	29 (42.0)	3.94	1.63–9.51	0.002

RTL=relative telomere length; OR=odds ratio; CI=confidence interval; BMI=body mass index.
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