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Abstract

Background: Telomeres play a key role in the maintenance of chromosome integrity and stability, and telomere shortening
is involved in initiation and progression of malignancies. A series of epidemiological studies have examined the association
between shortened telomeres and risk of cancers, but the findings remain conflicting.

Methods: A dataset composed of 11,255 cases and 13,101 controls from 21 publications was included in a meta-analysis to
evaluate the association between overall cancer risk or cancer-specific risk and the relative telomere length. Heterogeneity
among studies and their publication bias were further assessed by the y>-based Q statistic test and Egger's test,
respectively.

Results: The results showed that shorter telomeres were significantly associated with cancer risk (OR=1.35, 95% Cl=1.14-
1.60), compared with longer telomeres. In the stratified analysis by tumor type, the association remained significant in
subgroups of bladder cancer (OR=1.84, 95% Cl=1.38-2.44), lung cancer (OR=2.39, 95% Cl=1.18-4.88), smoking-related
cancers (OR=2.25, 95% Cl=1.83-2.78), cancers in the digestive system (OR=1.69, 95% Cl=1.53-1.87) and the urogenital
system (OR=1.73, 95% Cl=1.12-2.67). Furthermore, the results also indicated that the association between the relative
telomere length and overall cancer risk was statistically significant in studies of Caucasian subjects, Asian subjects,
retrospective designs, hospital-based controls and smaller sample sizes. Funnel plot and Egger’s test suggested that there
was no publication bias in the current meta-analysis (P=0.532).

Conclusions: The results of this meta-analysis suggest that the presence of shortened telomeres may be a marker for
susceptibility to human cancer, but single larger, well-design prospective studies are warranted to confirm these
findings.
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Several studies have documented correlations between short-
ened telomeres and multiple human diseases associated with age,
such as Alzheimer’s disease [6], myocardial infarction [7], vascular
dementia [8], liver cirrhosis [9], atherosclerosis [10], ulcerative

Introduction

Telomeres, a series of tandem repeats of TTAGGG nucleotides,
cap the ends of chromosomes in all eukaryotic cells [1] and

maintain genomic stability by prohibiting fatal events, such as
nucleolytic degradation, chromosomal end-to-end fusion and
irregular recombination [2]. Human telomeres are approximately
10-15 kb in somatic cells and progressively shortened by ~30 to
200 bp after each cycle of mitotic division, due to incomplete
replication of linear DNA molecules and the absence of a
mechanism for elongation of telomeres [3]. When the telomeres
reach a critical length, Rb and p53 signaling pathways are
triggered to initiate either cell senescence or apoptosis [4]. Thus,
telomere length has been suggested as a “cellular mitotic clock”
that defines the number of cell divisions and cellular life span [1,5].
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colitis [11] and premature aging syndromes [12]. Additionally,
telomere shortening is involved in initiation and progression of
malignancies in mouse models and functional studies [13,14]. For
example, short telomeres cause an increased risk of developing
epithelial cancers by the formation of complex non-reciprocal
translocations [15,16], and telomeres in tumor cells and their
precursor lesions are significantly shorter than that in surrounding
non-tumor cells [17,18].

Although evidence from functional studies and animal models
support the hypothesis that telomere shortening contributes
to tumor development, results from population studies remain
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conflicting rather than conclusive [19-44]. For instance, several
case-control studies have investigated the association between
telomere length in peripheral blood lymphocytes and breast cancer
risk [21,25,29,31,35,36,38]; some showed that shorter telomeres
were associated with increased risk of breast cancer [31,38], while
others indicated converse or insignificant associations [21,25,29,
35,36]. These findings suggest that any of these single studies may
have been underpowered to detect the association between telo-
mere length and cancer risk because of their limited sample sizes.
Furthermore, the underlying heterogeneity among different studies
can be explored in a meta-analysis. Thus, we conducted a syste-
matic meta-analysis on 21 relevant publications with 11,255 cases
and 13,101 controls to estimate the overall cancer risk or cancer-
specific risk associated with telomere length and to evaluate
potential between-study heterogeneity of these published studies.

Materials and Methods

Search strategy and selection criteria

We used two electronic databases (MEDLINE and EMBASE)
to identify all case-control studies published to date on an
association between telomere length and cancer risk (last search
update in November, 2010, using the search terms “telomere
length”, “cancer” or “carcinoma”, and “‘risk”). Additional studies
were identified by a hands-on search of references of original
studies or reviews on this topic. Authors were also contacted
directly, if crucial data were not reported in original papers.
Studies included in the current meta-analysis had to meet the
following criteria: written in English; case-control design; sufficient
information needed to estimate odds ratios (ORs) and their 95%
confidence intervals (Cls); independent from other studies to avoid
double weighting in the estimates derived from the same study. In
addition, investigations in subjects with cancer-prone disposition
were excluded from the analysis.

Data extraction

Two authors (HM and ZZ) independently extracted data and
reached a consensus on all of the items. The following information
was extracted from each report: the first author, year of
publication, country of origin, ethnicity, cancer type, the number
of cases and controls grouped by median or quartiles of relative
telomere length (T/S ratio), study type, control source (population-
based and hospital-based), DNA source, and measurement
methods for telomere length. For studies including subjects of
different racial descent, data were extracted separately for each
ethnic group (categorized as Caucasian, Asian or others). When a
study did not state what ethnic groups were included or if it
was impossible to separate participants according to the data
presented, the sample was termed as ‘other populations’. Further-
more, references involved in different ethnic groups, different types
of cancer and different institutions were divided into multiple
study samples for subgroup analyses.

Quantitative data synthesis

The number of cases and controls grouped by the median of the
relative telomere length (T/S ratio) was collected from each study
to evaluate the risk of cancers (ORs and 95% CI). For each study,
a median value of the relative telomere length (T/S ratio) in
controls was considered as a cut-point dividing all subjects into two
groups: the longer telomere group and the shorter telomere group.
The association between the relative telomere length (T/S ratio)
and cancer risk was examined by ORs and 95% Cls with the
group of longer telomeres as the reference. The stratification
analyses were also conducted by cancer type (if one cancer type
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was investigated in less than three studies, it would be merged into
the ‘other cancers’ group), study type (retrospective and prospec-
tive), ethnicity (Caucasian, Asian or others), control source
(hospital-based and population-based) and sample size (<500,
500-1000 and >1000). Smoking-related cancers were defined as
those of the lung, bladder, head and neck, kidney and pancreas;
and cancers of the digestive system included those of the stomach,
esophagus and colon. Additionally, cancers arising from the
bladder, kidney and prostate sites were considered cancers of the
urogenital system.

The y*-based Q test was performed to assess between-study
heterogeneity and considered significant if P<<0.05 [45]. Hetero-
geneity was also quantified with the F statistic, a value that
indicates what proportion of the total variation across studies is
beyond chance, where 0% indicates no observed heterogeneity
and larger values show increasing heterogeneity [46]. The fixed-
effects model and the random-effects model, based on the Mantel-
Haenszel method [47] and the DerSimonian and Laird method
[48], respectively, were used to combine values from different
studies. When P value of the heterogeneity test was =0.03, the
fixed-effects model was used, which assumes the same homoge-
neity of effect size across all studies; otherwise, the random-effects
model was more appropriate, which tends to provide wider
confidence intervals, when the results of the constituent studies
differ among themselves. To evaluate the effect of individual
studies on the overall risk of cancers, sensitivity analyses were
performed by excluding each study individually and recalculating
the ORs and 95% CI. Furthermore, a sensitivity analysis was also
performed each by excluding three studies whose matching
information was unavailable [21,25,35], two studies whose DNA
were not from blood [20,34], and three studies that did not use
quantitative PCR to test relative telomere length(T/S ratio)
[19,22,36]. The inverted funnel plots and Egger’s test (linear
regression analysis) were used to investigate publication bias [49].
All analysis was conducted by using Review Manage (v.5.0) and
Stata 10.0. All P values were two-sided.

141 records identified through
initial electronic database
searching

5 additional records identified
through a hands-on search of
references of original studies

| 120records excluded after
title or abstract review

26 articles chosen for
full text review

5 articles excluded after
quality analysis

A,

21 articles included in
the meta-analysis

Figure 1. Flow chart for the process of selecting the final 21
publications.
doi:10.1371/journal.pone.0020466.9001
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Results

Characteristics of Studies

As shown in Fig. 1, a total of 146 published records were
retrieved by using the key words mentioned earlier in the
Methods, of which 26 examined the association between telomere
length and cancer risk. Among those 26 publications, five were
excluded either because they did not provide available data to
extract the ORs and 95% CI [40,41,43,44] or the subjects were of
cancer-prone predisposition [42]. The remaining 21 publications
of case-control studies contained 29 studies (Wu’s and Pooley’s
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studies had datasets of four different cancers and McGrath’s
and Zheng’s studies had datasets of two different sources)
[19,23,36,38]. The essential information, including first author,
year of publication, country, ethnicity, cancer type, numbers of
cases and controls, study type, control source and DNA source for
all studies are listed in Table 1. Our meta-analysis included nine
breast cancer studies [21,29,31,35,36,38], four bladder studies
[19,20,23], three lung cancer studies [19,24,34], two renal cancer
studies [19,22], two gastric cancers [27,30], two colorectal cancers
[38] and seven studies of other cancers [19,26,28,32,33,37]
(Table 1). Because some controls in one publication [19] were
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Table 1. Characteristics of studies included in the meta-analysis.
cases Measurement

Author Year Country Ethnicity Cancer type /controls  Study type  Control source  DNA source methods

Wu [19] 2003 USA Caucasian Head and neck 92/92 Retrospective  Hospital-based Lymphocytes Southern Blot
cancer Analysis

Wu [19]° 2003 USA Caucasian Bladder cancer 135/135 Retrospective  Hospital-based Lymphocytes Q-FISHLSC

Wu [19]% 2003 USA Caucasian Lung cancer 54/54 Retrospective  Hospital-based Lymphocytes Q-FISHLSC

Wu [19]° 2003  USA Caucasian Renal cell 32/32 Retrospective ~ Hospital-based Lymphocytes Q-FISHLSC
carcinoma

Broberg [20] 2005 Sweden Caucasian Bladder cancer 63/93 Retrospective  Population-based Buccal cells Quantitative PCR

Shen [21] 2007 USA Mixed Breast cancer 283/347 Retrospective ~ Family-based White blood cells Quantitative PCR

Shao [22] 2007 USA Mixed Renal Cancer 65/65 Retrospective  Hospital-based Lymphocytes Q-FISHLSC

McGrath [23] 2007 USA Not defined  Bladder cancer 61/67 Prospective Population-based Buffy coat Quantitative PCR
(NHS)

McGrath [23] 2007 USA Not defined  Bladder cancer 123/125 Prospective Population-based Buffy coat Quantitative PCR
(HPFS)

Jang [24] 2008  Korea Asian Lung cancer 243/243 Retrospective  Hospital-based Whole blood Quantitative PCR

Svenson [25] 2008 Sweden European Breast cancer 265/446 Retrospective  Population-based Buffy coat, Quantitative PCR

granulocyte

Mirabello [26] 2009  USA Caucasian Prostate cancer 612/1049  Prospective Population-based  Buffy coat Quantitative PCR

Liu [27] 2009  China Asian Gastric cancer 396/378 Retrospective  Hospital-based Whole blood Quantitative PCR

Xing [28] 2009 USA Caucasian Esophageal cancer 94/92 Retrospective  Hospital-based Whole blood Quantitative PCR

De Vivo [29] 2009 USA Caucasian Breast cancer 896/917 Prospective Population-based Lymphocytes Quantitative PCR

Hou [30] 2009  Poland Caucasian Gastric cancer 300/416 Retrospective  Population-based Lymphocytes Quantitative PCR

Shen [31] 2009 USA Mixed Breast cancer 1026/1070  Retrospective  Population-based Mononuclear cells Quantitative PCR

Lan [32] 2009  Finland Caucasian Non-Hodgkin 107/107 Prospective Population-based Whole blood Quantitative PCR
Lymphoma

Han [33] 2009 USA Caucasian Skin cancer 740/801 Prospective Population-based Buffy coat Quantitative PCR

Hosgood [34] 2009 China Asian Lung cancer 109/97 Retrospective  Population-based Sputum Quantitative PCR

Gramatges [35] 2010 USA Mixed Breast cancer 102/50 Retrospective  Population-based Whole blood Quantitative PCR

Zheng [36] 2010 USA Mixed Breast cancer 152/176 Retrospective  Hospital-based Buffy coat Quantitative PCR
(RPCT)

Zheng [36] 2010 USA Mixed Breast cancer 140/159 Retrospective  Hospital-based Buffy coat Q-FISHLSC
(LCCQO)

Mirabello [37] 2010  Poland Caucasian Ovarian cancer 98/100 Retrospective  Population-based Buffy coat Quantitative PCR

Pooley [38] 2010 UK Caucasian Breast cancer 2243/2181  Retrospective  Population-based Blood Quantitative PCR
(SEARCH)

Pooley [38] 2010 UK Caucasian Breast cancer 199/420 Prospective Population-based Blood Quantitative PCR
(EPIC)

Pooley [38] 2010 UK Caucasian Colorectal cancer 2161/2249 Retrospective  Population-based Blood Quantitative PCR
(SEARCH)

Pooley [38] 2010 UK Caucasian Colorectal cancer 185/406 Prospective Population-based Blood Quantitative PCR
(EPIC)

Prescott [39] 2010 USA Caucasian Endometrial cancer ~ 279/791 Prospective Population-based Blood Quantitative PCR

aSome controls were shared. PCR, polymerase chain reaction; Q-FISHLSC, quantitative fluorescence in situ hybridization-based approaches.

doi:10.1371/journal.pone.0020466.t001
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shared by different cancers, it was defined as four studies (head and
neck cancer, bladder cancer, lung cancer and renal cell carcinoma)
in the analysis stratified by tumor type but defined as one study in
the overall analysis and stratification analysis by ethnicity, study
type, control source and sample size. Overall, 15 studies used
Caucasians, three used Asians, and eight used other ethnic groups;
in addition, nine studies were prospective and seventeen were
retrospective; 18 studies were population-based, seven were
hospital-based, and one was family-based [21]. Most of studies
provided matching information by age and/or other variables
except for three studies [21,25,35]. The quantitative PCR was the
most frequently used method to measure the relative telomere
length (T/S ratio), while three studies used other assays including
southern blot telomere restriction fragment (TRF) and quantitative
fluorescence in situ hybridization-based approaches (Q-FISH)
[19,22,36]. Additionally, the blood was the most common source
of DNA, although other sources were also applied, such as buccal
cells and sputum [20,34].

Meta-analysis results

We obtained the telomere genotyping data from 21 publications
consisting of 11,255 cases and 13,101 controls. When all eligible
studies were pooled into the meta-analysis, we found that shorter
telomeres were significantly associated with the overall cancer risk
(OR =1.35,95% CI=1.14-1.60, P<0.001 for heterogeneity test,

Telomere Length and Cancer Risk

P=88%; Fig. 2). In the stratified analysis by tumor type
(Table 2), the comparisons showed that individuals with shorter
telomeres had an increased risk of bladder cancer (OR =1.84,
95% CI=1.38-2.44, P=0.88 for heterogeneity test, I =0%) and
lung cancer (OR=2.39, 95% CI=1.18-4.88, P=0.009 for
heterogeneity test, /2 =79%); but not breast cancer (OR = 1.04,
95% CI=0.77-1.40, P<0.001 for heterogeneity test, I*=92%).
We also found the association between the relative telomere length
and overall cancer risk was statistically significant in studies of
Caucasian subjects (OR =1.30, 95% CI=1.06-1.61, P<0.001 for
heterogencity test, /2=90%), Asian subjects (OR =2.08, 95%
CI=1.31-3.30, P<0.001 for heterogencity test, I2=75%),
retrospective design (OR=1.44, 95% CI=1.13-1.84, P<0.001
for heterogeneity test, 2=86%), hospital-based controls
(OR=2.01, 95% CI=1.54-2.62, P=0.01 for heterogeneity test,
P=62%), and sample sizes less than 500 (OR=1.51, 95%
CI=1.06-2.16, P<0.001 for heterogeneity test, I°=83%).
Furthermore, when cancers were grouped into site-specific types
(Fig. 3), the results showed that the association remained
significant  for smoking-related cancers (OR=2.25, 95%
CI=1.83-2.78, P=0.07 for heterogeneity test, I =54%), cancers
in the digestive system (OR =1.69, 95% CI=1.53-1.87, P=0.14
for heterogeneity test, I2=42%) and in the urogenital system
(OR=1.73,95% CI=1.12-2.67, P<0.001 for heterogeneity test,
P=78%).

Case Control Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 85% ClI M-H, Random, 95% CI
1.1.1 all studies
Broberg 2005 43 63 47 93 28% 2.10 [1.08, 4.11]
De Vivo 2009 466 896 466 917 4.7% 1.05[0.87, 1.26) T
Gramatges 2010 41 102 38 50 25% 0.21[0.10,045) +—
Han 2009 356 740 401 801 4.7% 0.92[0.76,1.13) e
Hosgood 2009 60 109 49 97 32% 1.20 [0.69, 2.08] N - —
Hou 2008 184 300 208 416 4.3% 1.59[1.17, 2.14] E——
Jang 2009 185 243 122 243 39% 3.16[2.15, 4 66) ——
Lan 2009 34 107 53 107 32% 0.47[0.27,083]
Liu 2009 269 396 189 378 4.3% 2.12[1.58, 2.84) —
McGrath_HPFS 2007 79 123 61 125 34% 1.88[1.13,3.13] E i
McGrath_NHS 2007 40 61 32 67 26% 2.08[1.02,4.25)
Mirabello 2009 291 612 543 1049 4.7% 0.84[0.69, 1.03] 7
Mirabello 2010 70 98 50 100 31% 2.50[1.39,4.50] — =
Pooley_B1 2010 123 199 210 420 41% 1.62[1.15,2.28) —
Pooley_B2 2010 1470 2243 1091 2181 4.9% 1.90[1.68, 2.14) ===
Pooley_C1 2010 102 185 203 406 41% 1.23[0.87,1.74) T
Pooley_C2 2010 1358 2161 1126 2249 4.9% 1.69[1.50, 1.90] B3
Prescott 2010 146 279 385 791 4.4% 1.16 [0.88, 1.52) o
Shao 2007 48 65 32 65 25% 2.91(1.39,6.08] ——F
Shen 2007 153 283 172 347 4.2% 1.20[0.87, 1.64] =
Shen 2009 513 1026 536 1070 4.7% 1.00[0.84, 1.18] —T
Svenson 2008 100 265 223 446  4.3% 0.61[0.44,0.383) —
Wu_Total 2003 214 313 129 256 41% 2.13[1.51,3.00] =
Xing 2009 66 94 46 92 3.0% 2.36[1.29,4.30] _—
Zheng LCCC 2010 77 140 80 159 36% 1.21[0.77,1.90] =
Zheng_RPC1 2010 84 152 87 176 37% 1.26 [0.82, 1.95)] ————
Subtotal (95% Cl) 11285 13101 100.0% 1.35[1.14, 1.60] <
Total events 6572 6579
Heterogeneity: Tau? = 0.15; Chi# = 21543, df = 25 (P < 0.00001); I = 88%
Test for overall effect: Z = 3.50 (P = 0.0005)

02 05 2 5

Favours case Favours control

Figure 2. Odds ratios (ORs) and 95% confidence intervals (Cls) for overall cancer risk associated with relative telomere length
(shorter vs. longer, grouped by the median of telomere length ratio). * Some controls were shared in the study by Wu et al (2003) that

included a total of 313 cases and 256 controls.
doi:10.1371/journal.pone.0020466.9g002
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Shorter vs. longer

OR(95%CI)®

OR(95%Cl)*

P for Heterogeneity

1.35 (1.14-1.60) 1.37 (1.30-1.44) <0.00001
1.04 (0.77-1.40) 1.29 (1.20-1.40) <0.00001
1.83 (1.38-2.44) 1.84 (1.38-2.44) 0.88

2.39 (1.18-4.88) 2.44 (1.82-3.27) 0.009
1.47 (1.15-1.87) 1.37 (1.27-1.47) <0.00001
1.30 (1.06-1.61) 1.38 (1.30-1.46) <0.00001
2.08 (1.31-3.30) 2.20 (1.78-2.72) <0.00001
1.21 (0.87-1.70) 1.11 (0.98-1.26) <0.00001
1.21 (0.93-1.57) 1.39 (1.30-1.48) <0.00001
1.44 (1.13-1.84) 1.33 (1.22-1.45) <0.00001
2.01 (1.54-2.62) 2.03 (1.74-2.36) 0.01

1.18 (0.96-1.43) 1.30 (1.23-1.38) <0.00001
1.51 (1.06-2.16) 1.61 (1.40-1.85) <0.00001
1.30 (0.91-1.86) 1.31 (1.15-1.49) <0.00001
1.18 (0.91-1.53) 1.34 (1.26-1.42) <0.00001

Heterogeneity and sensitivity analyses

Substantial heterogeneity was observed among all studies for the
relative telomere length and cancer risk (% =215.43, P<0.001,
Fig. 2). Therefore, we evaluated the source of heterogeneity by
tumor type, ethnicity, control source, study type and sample size, and
we found that tumor type and control source did contribute to
substantial heterogeneity (x*=9.33, P=0.025 for tumor type and
x*=9.88, P=0.002 for control source, respectively) but not from
ethnicity (x* = 3.90, P=0.143), study type (x> =0.91, P=0.340) and
sample size (=121, P=0.547). The leave-one-out sensitivity
analysis indicated that no single study changed the pooled ORs
qualitatively (data not shown). Furthermore, the sensitivity analysis
without three studies whose matching information was unavailable
[21,25,35], two studies whose DNA were not from blood [20,34], or
three studies without use of quantitative PCR to test relative telomere
length (T/S ratio) [19,22,36] did not alter the results of the meta-
analysis (OR =1.48, 95% CI=1.26-1.74, P<0.001 for heterogene-
ity test, 2=87%; OR=1.34, 95% CI=1.12-1.59, P<0.001 for
heterogeneity test, P =89%; and OR=1.30, 95% CI=1.08-1.55,
P<0.001 for heterogeneity test, I = 89%); respectively).

Publication bias

As shown in Fig. 4, the shapes of the funnel plots seemed
symmetrical, and Egger’s test suggested that there was no pub-
lication bias in the current meta-analysis (P=0.532). These
indicated that bias from publications might not have a significant
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2Some controls in the publication by Wu (2003) et al were shared by different cancers; therefore, it was defined as four studies (head and neck cancer, bladder cancer,
lung cancer and renal cell carcinoma) in the analysis stratified by tumor type, but defined as one study in the analysis stratified by study type, ethnicity and source of
controls. In addition, the publication by Shen (2007) et al was family-based and excluded from the analysis for source of controls.

Table 2. Associations between relative telomere length and cancer risk stratified by selected factors.
Variables No of studies ® Sample
Case/control
All 26 11,255/13,101
Tumor type
Breast cancer 9 5,306/5,766
Bladder cancer 4 382/420
Lung cancer 3 406/394
Other 13 5,161/6,578
Ethnicity
Caucasian 15 8,555/10,324
Asian 3 748/718
Other 8 1,952/2,059
Study type
Prospective 9 7,222/8,287
Retrospective 17 4,033/4,814
Control Source
Hospital 7 1,403/1,369
Population 18 9,569/11,385
Sample size
<500 13 1,670/1,630
500-1000 6 1,628/2,413
>1000 7 7,957/9,058
PRandom effects model.
“Fixed effects model.
doi:10.1371/journal.pone.0020466.t002

influence on the results of our meta-analysis on the association
between telomere length and cancer risk.

Discussion

In this meta-analysis of 11,255 cancer cases and 13,101 controls
from 21 independent publications, we found that shorter telomeres
were significantly associated with risk of cancer, especially cancers
of the bladder and lung, smoking-related, the digestive system and
the urogenital system. Furthermore, the stratification analysis also
showed that the association was more prominent in studies of
Caucasian subjects, Asian subjects, retrospective design, hospital-
based controls, and smaller sample sizes.

Studies have showed that telomeres are critical for maintaining
genomic integrity and that telomere dysfunction or shortening is
an early, common genetic alteration acquired in the multistep
process of malignant transformation [12,50]. In addition, telomere
dysfunction has been found to be associated with decreased DNA
repair capacity and complex cytogenetic abnormalities [51]. Both
of animal studies and clinical observations have shown that shorter
telomeres were associated with increased risk of cancers, such as
epithelial cancers [52,53,54]. However, telomere shortening might
play conflicting roles in cancer development. For example, the
progressive loss of telomeric repeats with each cell division can
induce replicative senescence and limit the proliferative potential
of a cell, thus functioning as a tumor suppressor [12,55]. But, once
telomeres reach a critical length, it will result in chromosome
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A. Smoking-related cancers
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Case Control Odds Ratio Odds Ratio
Study or Subgroup  Events Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI
Broberg 2005 43 B3 47 93 102%  210[1.08 4.11] —_—
Hosgood 2009 60 109 49 97 198%  1.20[0.69,2.08) ———
Jang 2008 185 243 122 243 247%  3.16(2.15,64.66) -
Shao 2007 48  B5 32 65 T71%  2.91[1.39,6.08 —_—F
Wu_Total 2003 214 313 129 256 381%  213[1.51,3.00 ——
Total (95% ClI) 793 754 100.0% 2.25[1.83,2.78] 3
Total events 550 379
Heterogeneity. Chi*= 8.63, df= 4 (P = 0.07), F= 54% lD 2 0{5 5 5‘-
Test for overall effect Z=7.63 (P < 0.00001) Favours experimental Favours control

B. Cancers in digestive system

Case Control Odds Ratio Odds Ratio
Study or Subgroup  Events Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI
Hou 2009 184 300 208 416 11.0%  1.59[1.17,214) —tr—
Liu 2008 269 396 188 378 102%  212[1.58,284) —_—
Pooley_C1 2010 102 185 203 406 9.3% 1.23(0.87,1.74) =
Pooley_C2 2010 1358 2161 1126 2249 67.2%  1.69(1.50,1.90)]
Xing 2008 66 94 46 92 23%  2.36[1.29,4.30
Total (95% Cl) 3136 3541 100.0%  1.69[1.53,1.87] &
Total events 1979 1772
Heterogeneity; Chi*= 6.84, df = 4 (P=0.14); F= 42% 0 7 0:5 2 51
Testfor overall effect Z=10.47 (P < 0.00001) Favours experimental Favours control

C. Cancers in urogenital system

Case Control Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Broberg 2005 43 63 47 93 136% 210[1.08,4.11]
McGrath_HPFS 2007 79 123 61 125 157% 1.88[1.13,3.13) — e -
McGrath_NHS 2007 40 61 32 67 130% 2.08[1.02,4.25) -
Mirabello 2009 291 612 543 1049 193% 0,84 [0.69, 1.03) =
Shao 2007 48 65 32 B5 127% 2.91[1.39,6.08] ——
Wu_BLC 2003 83 135 68 135 161% 1.57[0.97, 2.55] r
Wu_RCC 2003 22 32 16 32 95% 2.20[0.79,6.10) -
Total {95% CI) 1091 1566 100.0% 1.73[1.12,2.67] R
Tolal events 606 799
Heterogeneity. Tau®= 0.24; Chi= 27.86, df= 6 (P < 0.0001); F= 78% =ﬂ‘2 0?5 ] 5 5*

Testfor overall effect: Z= 2.48 (P = 0.01)
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Figure 3. Odds ratios (ORs) and 95% confidence intervals (Cls) for risk of different cancers associated with relative telomere length
(shorter vs. longer, grouped by median value of telomere length ratio). (A) Smoking-related cancers; (B) Cancers in the digestive system; (C)

Cancers in the urogenital system.
doi:10.1371/journal.pone.0020466.g003

break, causing genome instability and enhancing potential for
malignant transformation via fusion-bridge-breakage cycles [56].
In this meta-analysis, we found that shorter telomeres were
significantly associated with cancer risk, supporting the hypothesis
that excessive telomere shortening may play a role in accelerating
tumor onset and progression.

Although this meta-analysis showed significant associations
between shorter telomeres and overall cancer risk, some results
from stratification analysis remind us of drawing the conclusion
with caution. The stratification analysis by tumor type showed that
the association between shorter telomeres and cancer risk was
significant in bladder cancer, lung cancer, smoking-related
cancers, and cancers in the digestive system and in the urogenital
system, but not in breast cancer. Because our heterogeneity
analysis also showed that tumor type did contribute to substantial
heterogeneity, these inconsistent results by cancer types may
mvolve different carcinogenic mechanisms conferred by specific

@ PLoS ONE | www.plosone.org

telomeres in specific cancer types. Different biological pathways
(such as metabolisms of hormone, tobacco carcinogens and repair
of DNA damage) could interact with telomere length, resulting in
different efforts on cancer susceptibility. For example, several
studies found that the effect of shortened telomeres on breast
cancer risk was significant for certain subgroups, such as
premenopausal women and women with a poor antioxidative
capacity [31] but not for the overall study population [31,36]or
postmenopausal women[29]. The possible explanation may be
that the difference in hormones, particularly estrogen, may affect
telomere dynamics through its antioxidant attributes and its ability
to stimulate telomerase, which can elongate telomere ends [57]. In
addition, it has been reported that short telomeres on specific
chromosome arms may be more important for cancer risk than the
overall telomere length in a cell, and chromosome arms with the
shortest telomeres were more often found in the telomere fusions,
leading to chromosome instability [58,59]. For breast cancer,
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Figure 4. Funnel plot analysis to detect publication bias. Each
point represents an independent study for the indicated association.
doi:10.1371/journal.pone.0020466.g004

frequent chromosomal abnormalities mainly occur on certain
chromosome arms, such as gains of lq, 8q, 17q, and 20q, and
losses of 8p, 9p, 16q, and 17p [60,61,62]. Thus, different asso-
ciations between overall telomere length and risk of different
cancers may due to the confounding effect of large number of
“irrelevant” telomeres in the measurement.

Furthermore, the results from stratification analysis by other
factors, including study type, control source and sample size, in-
dicated that the association was more prominent in studies with
retrospective designs, hospital-based controls and smaller sample
sizes. However, these studies suffer from several major drawbacks,
such as information bias, selection bias and lower statistical power,
which may have a substantial influence on the results of studies per
se and thus on our meta-analysis as well. Specially, the difference
between studies with retrospective designs (random effects model:
OR =1.44, 95% CI=1.13-1.84; heterogeneity P<0.0001) and
prospective designs (random effects model: OR=1.21, 95%
CI=0.93-1.57; heterogeneity P<<0.0001) suggests possible biases
in those studies with retrospective designs. The majority of pub-
lished studies on telomere length and cancer risk were retrospec-
tive case-control studies in which DNA samples from the cases
were collected after cancer diagnosis. This could potentially result
in reverse causation bias, where changes in surrogate tissue telo-
mere length may be a consequence of the cancer rather than a
cause. Recently, a study by Nordfjall et al [63] evaluated the blood
telomere length in 959 individuals at baseline and after 10 years of
follows-up, and they found no differences in telomere length (at
baseline or at follow up) between controls and those who later
were diagnosed with cancer, which may challenge the hypothesis
that individual telomere length can predict later tumor develop-
ment. Therefore, the findings of an association between shorter
telomeres and cancer risk in this meta-analysis still require further
replication in single large prospective studies that avoid or care-
fully address potential biases.

Limitations
Some other issues in this meta-analysis also need to be addre-
ssed. Firstly, several variables may affect the length of telomeres,

References

1. Blackburn EH (2001) Switching and signaling at the telomere. Cell 106:
661-673.

2. Moon IK, Jarstfer MB (2007) The human telomere and its relationship to
human disease, therapy, and tissue engineering. Front Biosci 12: 4595-4620.

@ PLoS ONE | www.plosone.org

Telomere Length and Cancer Risk

such as age, sex, obesity, smoking, oxidative stress and chronic
inflammation [12,64,65,66]. However, the results of this meta-
analysis were based on unadjusted estimates, because either ORs
derived from different studies were not adjusted by the same
potential confounders or only the number of cases and controls
was provided without the detailed information of other variables.
In fact, we did try to calculate the summary ORs using adjusted
ORs available from only nine original papers [21,24,26,27,28,
29,31,36,39], and we found that there were no substantial changes
in the pooled, adjusted ORs (OR=1.41, 95% CI=1.10-1.82,
P<0.001 for heterogeneity test, 12 = 82.9%). Further, there is some
evidence that treatment status (chemotherapy or radiation) can
alter telomere length [67,68], and we cannot rule out the
possibility of such an effect because of unavailable information
about the disease treatment status from the studies used in the
analysis. A more precise analysis should be conducted, if individual
data were available, allowing for the adjustment by some co-
variants and excluding those patients who had been treated.
Secondly, various methods were used to measure the relative
telomere length in those studies used in our meta-analysis,
including southern blot, Q-FISH and Q-PCR assays, which made
it difficult to directly compare or pool data from different studies.
Thirdly, the association between telomere length and cancer risk
may be affected by the types of surrogate tissues. In studies
included in this meta-analysis, DNA from multiple sources was
used, including blood, buccal cells and sputum (Table 1).
Although the majority of the inter-individual variation in telomere
length may be genetically determined [69], and cells with different
origins show a good intra-individual correlation for telomere
length in healthy subjects and case subjects [70,71], it may be
disputable for the use of hematopoietic cells to be a proxy of
average individual telomere length, because the variation in
telomere length has been observed within leukocyte subsets but
not others [72]. Therefore, consistent measurement methods and
use of the surrogate tissues are warranted in further studies on
telomere length, which may provide comparable data from
different studies.

Conclusions

Our meta-analysis provided statistical evidence for an associa-
tion between shorter telomere length and risk of human cancer,
particularly for bladder cancer, lung cancer, smoking-related
cancers, and cancers in the digestive system and in the urogenital
system. However, due to the limitations of original studies included
in the meta-analyses, larger, well-designed prospective studies are
needed to confirm these findings, which may help unravel the
underlying mechanisms of telomere shortening in cancer devel-
opment and progression.

Author Contributions

Conceived and designed the experiments: QYW. Performed the
experiments: HXM ZYZ. Analyzed the data: HXM. Contributed
reagents/materials/analysis tools: KP AD US GR HDH MS. Wrote the
paper: HXM. Revised the paper: SW ZSL.

3. Harley CB (1997) Human ageing and telomeres. Ciba Found Symp 211:
129-139; discussion 139-144.

4. Mathon NF, Lloyd AC (2001) Cell senescence and cancer. Nat Rev Cancer 1:
203-213.

June 2011 | Volume 6 | Issue 6 | e20466



22.

23.

26.

27.

29.

30.

32.

. Allsopp RC, Vaziri H, Patterson C, Goldstein S, Younglai EV, et al. (1992)

Telomere length predicts replicative capacity of human fibroblasts. Proc Natl
Acad Sci U S A 89: 10114-10118.

. Panossian LA, Porter VR, Valenzuela HF, Zhu X, Reback E, et al. (2003)

Telomere shortening in T cells correlates with Alzheimer’s disease status.
Neurobiol Aging 24: 77-84.

. Brouilette S, Singh RK, Thompson JR, Goodall AH, Samani NJ (2003) White

cell telomere length and risk of premature myocardial infarction. Arterioscler

Thromb Vasc Biol 23: 842-846.

. von Zglinicki T, Serra V, Lorenz M, Saretzki G, Lenzen-Grossimlighaus R,

et al. (2000) Short telomeres in patients with vascular dementia: an indicator of
low antioxidative capacity and a possible risk factor? Lab Invest 80: 1739-1747.

. Wiemann SU, Satyanarayana A, Tsahuridu M, Tillmann HL, Zender L, et al.

(2002) Hepatocyte telomere shortening and senescence are general markers of
human liver cirrhosis. FASEB J 16: 935-942.

. Benetos A, Gardner JP, Zurcik M, Labat C, Xiaobin L, et al. (2004) Short

telomeres are associated with increased carotid atherosclerosis in hypertensive
subjects. Hypertension 43: 182-185.

. Kinouchi Y, Hiwatashi N, Chida M, Nagashima F, Takagi S, et al. (1998)

Telomere shortening in the colonic mucosa of patients with ulcerative colitis.
J Gastroenterol 33: 343-348.

. Blasco MA (2005) Telomeres and human disease: ageing, cancer and beyond.

Nat Rev Genet 6: 611-622.

Smogorzewska A, van Steensel B, Bianchi A, Oelmann S, Schacfer MR, et al.
(2000) Control of human telomere length by TRF1 and TRF2. Mol Cell Biol 20:
1659-1668.

. von Zglinicki T, Pilger R, Sitte N (2000) Accumulation of single-strand breaks is

the major cause of telomere shortening in human fibroblasts. Free Radic Biol
Med 28: 64-74.

. Blasco MA, Lee HW, Hande MP, Samper E, Lansdorp PM, et al. (1997)

Telomere shortening and tumor formation by mouse cells lacking telomerase

RNA. Cell 91: 25-34.

. Artandi SE, Chang S, Lee SL, Alson S, Gottlieb GJ, et al. (2000) Telomere

dysfunction promotes non-reciprocal translocations and epithelial cancers in
mice. Nature 406: 641-645.

. Joshua AM, Vukovic B, Braude I, Hussein S, Zielenska M, et al. (2007)

Telomere attrition in isolated high-grade prostatic intraepithelial neoplasia and
surrounding stroma is predictive of prostate cancer. Neoplasia 9: 81-89.

. Kammori M, Takubo K, Nakamura K, Furugouri E, Endo H, et al. (2000)

Telomerase activity and telomere length in benign and malignant human
thyroid tissues. Cancer Lett 159: 175-181.

. Wu X, Amos CI, Zhu Y, Zhao H, Grossman BH, et al. (2003) Telomere

dysfunction: a potential cancer predisposition factor. J Natl Cancer Inst 95:
1211-1218.

. Broberg K, Bjork J, Paulsson K, Hoglund M, Albin M (2005) Constitutional

short telomeres are strong genetic susceptibility markers for bladder cancer.
Carcinogenesis 26: 1263-1271.

Shen J, Terry MB, Gurvich I, Liao Y, Senie RT, et al. (2007) Short telomere
length and breast cancer risk: a study in sister sets. Cancer Res 67: 5538-5544.
Shao L, Wood CG, Zhang D, Tannir NM, Matin S, et al. (2007) Telomere
dysfunction in peripheral lymphocytes as a potential predisposition factor for
renal cancer. J Urol 178: 1492-1496.

McGrath M, Wong JY, Michaud D, Hunter DJ, De Vivo I (2007) Telomere
length, cigarette smoking, and bladder cancer risk in men and women. Cancer

Epidemiol Biomarkers Prev 16: 815-819.

. Jang JS, Choi YY, Lee WK, Choi JE, Cha SI, et al. (2008) Telomere length and

the risk of lung cancer. Cancer Sci 99: 1385-1389.

Svenson U, Nordfjall K, Stegmayr B, Manjer J, Nilsson P, et al. (2008) Breast
cancer survival is associated with telomere length in peripheral blood cells.
Cancer Res 68: 3618-3623.

Mirabello L, Huang WY, Wong JY, Chatterjee N, Reding D, et al. (2009) The
association between leukocyte telomere length and cigarette smoking, dietary
and physical variables, and risk of prostate cancer. Aging Cell 8: 405-413.

Liu X, Bao G, Huo T, Wang Z, He X, et al. (2009) Constitutive telomere length
and gastric cancer risk: case-control analysis in Chinese Han population. Cancer
Sci 100: 1300-1305.

. Xing J, Ajani JA, Chen M, Izzo J, Lin J, et al. (2009) Constitutive short telomere

length of chromosome 17p and 12q but not 11q and 2p is associated with an
increased risk for esophageal cancer. Cancer Prev Res (Phila) 2: 459-465.

De Vivo I, Prescott J, Wong JY, Kraft P, Hankinson SE, et al. (2009) A
prospective study of relative telomere length and postmenopausal breast cancer
risk. Cancer Epidemiol Biomarkers Prev 18: 1152-1156.

Hou L, Savage SA, Blaser M], Perez-Perez G, Hoxha M, et al. (2009) Telomere
length in peripheral leukocyte DNA and gastric cancer risk. Cancer Epidemiol
Biomarkers Prev 18: 3103-3109.

Shen J, Gammon MD, Terry MB, Wang Q, Bradshaw P, et al. (2009) Telomere
length, oxidative damage, antioxidants and breast cancer risk. Int J Cancer 124:
1637-1643.

Lan Q, Cawthon R, Shen M, Weinstein SJ, Virtamo J, et al. (2009) A
prospective study of telomere length measured by monochrome multiplex
quantitative PCR and risk of non-Hodgkin lymphoma. Clin Cancer Res 15:
7429-7433.

. Han J, Qureshi AA, Prescott J, Guo Q, Ye L, et al. (2009) A prospective study of

telomere length and the risk of skin cancer. J Invest Dermatol 129: 415-421.

@ PLoS ONE | www.plosone.org

36.

37.

38.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

52.

53.

54.

o
=

57.

58.

60.

61.

63.

Telomere Length and Cancer Risk

. Hosgood HD, 3rd, Cawthon R, He X, Chanock S, Lan Q (2009) Genetic

variation in telomere maintenance genes, telomere length, and lung cancer
susceptibility. Lung Cancer 66: 157-161.

Gramatges MM, Telli ML, Balise R, Ford JM, et al. (2010) Longer relative
telomere length in blood from women with sporadic and familial breast cancer
compared with healthy controls. Cancer Epidemiol Biomarkers Prev 19:
605-613.

Zheng YL, Ambrosone C, Byrne C, Davis W, Nesline M, et al. (2010) Telomere
length in blood cells and breast cancer risk: investigations in two case-control
studies. Breast Cancer Res Treat 120: 769-775.

Mirabello L, Garcia-Closas M, Cawthon R, Lissowska ], Brinton LA, et al.
(2010) Leukocyte telomere length in a population-based case-control study of
ovarian cancer: a pilot study. Cancer Causes Control 21: 77-82.

Pooley KA, Sandhu MS, Tyrer J, Shah M, Driver KE, et al. (2010) Telomere
length in prospective and retrospective cancer case-control studies. Cancer Res
70: 3170-3176.

. Prescott J, McGrath M, Lee IM, Buring JE, De Vivo I, et al. (2010) Telomere

length and genetic analyses in population-based studies of endometrial cancer
risk. Cancer 116: 4275-4282.

Lee IM, Lin J, Castonguay AJ, Barton NS, Buring JE, et al. (2010) Mean
leukocyte telomere length and risk of incident colorectal carcinoma in women: a
prospective, nested case-control study. Clin Chem Lab Med 48: 259-262.

Zee RY, Castonguay AJ, Barton NS, Buring JE (2009) Mean telomere length
and risk of incident colorectal carcinoma: a prospective, nested case-control
approach. Cancer Epidemiol Biomarkers Prev 18: 2280-2282.

Risques RA, Vaughan TL, Li X, Odze RD, Blount PL, et al. (2007) Leukocyte
telomere length predicts cancer risk in Barrett’s esophagus. Cancer Epidemiol
Biomarkers Prev 16: 2649-2655.

Barwell J, Pangon L, Georgiou A, Docherty Z, Kesterton I, et al. (2007) Is
telomere length in peripheral blood lymphocytes correlated with cancer
susceptibility or radiosensitivity? Br J Cancer 97: 1696-1700.

Idei T, Sakamoto H, Yamamoto T (2002) Terminal restriction fragments of
telomere are detectable in plasma and their length correlates with clinical status
of ovarian cancer patients. J Int Med Res 30: 244-250.

. Lau J, Ioannidis JP, Schmid CH (1997) Quantitative synthesis in systematic

reviews. Ann Intern Med 127: 820-826.

Higgins JP, Thompson SG (2002) Quantifying heterogeneity in a meta-analysis.
Stat Med 21: 1539-1558.

Mantel N, Haenszel W (1959) Statistical aspects of the analysis of data from
retrospective studies of disease. J Natl Cancer Inst 22: 719-748.

DerSimonian R, Laird N (1986) Meta-analysis in clinical trials. Control Clin
Trials 7: 177-188.

Egger M, Davey Smith G, Schneider M, Minder C (1997) Bias in meta-analysis
detected by a simple, graphical test. BMJ 315: 629-634.

Raynaud CM, Sabatier L, Philipot O, Olaussen KA, Soria JC (2008) Telomere
length, telomeric proteins and genomic instability during the multistep
carcinogenic process. Crit Rev Oncol Hematol 66: 99-117.

Wong KK, Maser RS, Bachoo RM, Menon J, Carrasco DR, et al. (2003)
Telomere dysfunction and Atm deficiency compromises organ homeostasis and
accelerates ageing. Nature 421: 643-648.

Artandi SE, Alson S, Tietze MK, Sharpless NE, Ye S, et al. (2002) Constitutive
telomerase expression promotes mammary carcinomas in aging mice. Proc Natl
Acad Sci U S A 99: 8191-8196.

Kim HR, Kim YJ, Kim HJ, Kim SK, Lee JH (2002) Telomere length changes in
colorectal cancers and polyps. J Korean Med Sci 17: 360-365.

Sommerfeld HJ, Meeker AK, Piatyszek MA, Bova GS, Shay JW, et al. (1996)
Telomerase activity: a prevalent marker of malignant human prostate tissue.
Cancer Res 56: 218-222.

Stewart SA, Weinberg RA (2006) Telomeres: cancer to human aging. Annu Rev

Cell Dev Biol 22: 531-557.
. Capper R, Britt-Compton B, Tankimanova M, Rowson J, Letsolo B, et al.

(2007) The nature of telomere fusion and a definition of the critical telomere
length in human cells. Genes Dev 21: 2495-2508.

Blackburn EH (2005) Telomeres and telomerase: their mechanisms of action and
the effects of altering their functions. FEBS Lett 579: 859-862.

Hemann MT, Strong MA, Hao LY, Greider CW (2001) The shortest telomere,
not average telomere length, is critical for cell viability and chromosome
stability. Cell 107: 67-77.

. der-Sarkissian H, Bacchetti S, Cazes L, Londono-Vallejo JA (2004) The shortest

telomeres drive karyotype evolution in transformed cells. Oncogene 23:
1221-1228.

Baudis M (2007) Genomic imbalances in 5918 malignant epithelial tumors: an
explorative meta-analysis of chromosomal CGH data. BMC Cancer 7: 226.
Gorgoulis VG, Koutroumbi EN, Kotsinas A, Zacharatos P, Markopoulos C,
et al. (1998) Alterations of p16-pRb pathway and chromosome locus 9p21-22 in
sporadic invasive breast carcinomas. Mol Med 4: 807-822.

. An HX, Niederacher D, Picard F, van Roeyen C, Bender HG, et al. (1996)

Frequent allele loss on 9p21-22 defines a smallest common region in the vicinity
of the CDKN2 gene in sporadic breast cancer. Genes Chromosomes Cancer 17:
14-20.

Nordfjall K, Svenson U, Norrback KF, Adolfsson R, Lenner P, et al. (2009) The
individual blood cell telomere attrition rate is telomere length dependent. PLoS
Genet 5: ¢1000375.

June 2011 | Volume 6 | Issue 6 | e20466



64.

66.

67.

Epel ES, Blackburn EH, Lin J, Dhabhar FS, Adler NE, et al. (2004) Accelerated
telomere shortening in response to life stress. Proc Natl Acad Sci U S A 101:
17312-17315.

. Valdes AM, Andrew T, Gardner JP, Kimura M, Oelsner E, et al. (2005)

Obesity, cigarette smoking, and telomere length in women. Lancet 366:
662-664.

von Zglinicki T (2002) Oxidative stress shortens telomeres. Trends Biochem Sci
27: 339-344.

Fern L, Pallis M, Ian Carter G, Seedhouse C, Russell N, et al. (2004) Clonal
haemopoiesis may occur after conventional chemotherapy and is associated with
accelerated telomere shortening and defects in the NQO1 pathway; possible
mechanisms leading to an increased risk of t-~AML/MDS. Br J Haematol 126:
63-71.

@ PLoS ONE | www.plosone.org

68.

69.

70.

Telomere Length and Cancer Risk

Unryn BM, Hao D, Gluck S, Riabowol K'T' (2006) Acceleration of telomere loss
by chemotherapy is greater in older patients with locally advanced head and
neck cancer. Clin Cancer Res 12: 6345-6350.

Slagboom PE, Droog S, Boomsma DI (1994) Genetic determination of telomere
size in humans: a twin study of three age groups. Am J Hum Genet 55: 876-882.
Friedrich U, Griese E, Schwab M, Fritz P, Thon K, et al. (2000) Telomere
length in different tissues of elderly patients. Mech Ageing Dev 119: 89-99.
Gadalla SM, Cawthon R, Giri N, Alter BP, Savage SA, et al. (2010) Telomere
length in blood, buccal cells, and fibroblasts from patients with inherited bone
marrow failure syndromes. Aging (Albany NY) 2: 867-874.

. Van Ziffle JA, Baerlocher GM, Lansdorp PM (2003) Telomere length in

subpopulations of human hematopoietic cells. Stem Cells 21: 654-660.

June 2011 | Volume 6 | Issue 6 | e20466



