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Abstract
Researchers hypothesized that telomere shortening
facilitates carcinogenesis. Previous studies found inconsistent associations between blood leukocyte telomere
length (LTL) and cancer. Epigenetic reprogramming of
telomere maintenance mechanisms may help explain
this inconsistency. We examined associations between
DNA methylation in telomere-related genes (TRG) and
cancer. We analyzed 475 participants providing 889
samples 1 to 3 times (median follow-up, 10.1 years)
from 1999 to 2013 in the Normative Aging Study. All
participants were cancer-free at each visit and blood
leukocytes proﬁled using the Illumina 450K array. Of
121 participants who developed cancer, 34 had prostate
cancer, 10 melanoma, 34 unknown skin malignancies,
and 43 another cancer. We examined 2,651 CpGs from
80 TRGs and applied a combination of Cox and mixed
models to identify CpGs prospectively associated with

Introduction
Telomeres are tandem TTAGGG nucleotide repeats that
"cap" the ends of eukaryotic chromosomes and serve to
maintain genomic stability and limit cellular proliferation
(1). Blood leukocyte telomere length (LTL) shortens with
age, and this process can be accelerated by exposure
to environmental risk factors (in particular those known
to cause oxidative stress and/or chronic inﬂammation,
two major carcinogenic pathways; ref. 2). Prior studies
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cancer (at FDR < 0.05). We also explored trajectories of
DNA methylation, logistic regression stratiﬁed by time to
diagnosis/censoring, and cross-sectional models of LTL
at ﬁrst blood draw. We identiﬁed 30 CpGs on 23 TRGs
whose methylation was positively associated with cancer
incidence (b ¼ 1.0–6.93) and one protective CpG in
MAD1L1 (b ¼ 0.65), of which 87% were located in TRG
promoters. Methylation trajectories of 21 CpGs increased
in cancer cases relative to controls; at 4 to 8 years prediagnosis/censoring, 17 CpGs were positively associated
with cancer. Three CpGs were cross-sectionally associated
with LTL. TRG methylation may be a mechanism through
which LTL dynamics reﬂect cancer risk. Future research
should conﬁrm these ﬁndings and explore potential
mechanisms underlying these ﬁndings, including
telomere maintenance and DNA repair dysfunction.
Cancer Prev Res; 11(8); 511–22. 2018 AACR.

demonstrated that LTL shortening may reﬂect in situ
changes in telomere length among precancerous and
cancerous cells (2) and that cellular senescence induced
by critical telomere shortening and the Hayﬂick limit is
generally thought to be a tumor-suppressive process, which
cancer cells must overcome early in carcinogenesis (3).
However, the exact role of LTL in cancer development
remains uncertain. There are numerous studies reporting
associations between LTL and cancer risk (2), with largely
inconsistent results. These inconsistencies may be due to
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differences in study design (e.g., variations in time between
LTL measurement and cancer diagnosis) and relatively
sparse data from prospective observational studies. Our
recent prospective study found that incident cancer cases
experienced accelerated LTL shortening until around 4
years prior to diagnosis, at which point their LTL stabilized
relative to controls (4), suggesting a dynamic relationship
between LTL and cancer development.
The underlying regulatory mechanisms responsible for
the telomere shortening-lengthening balance and its related cancer risk are only partially understood at present. A
previous study of genetic mutations in telomere-related
genes (TRG) found limited associations with LTL (5). This
may be because of the low genetic variability of these genes
in human populations (6). Conversely, a genome-wide
meta-analysis identiﬁed loci at TRGs associated with both
LTL and cancer (7). One possible alternative to a genetic
mechanism is epigenetic control of TRGs. In human studies, LTL has been associated with DNA methylation in
subtelomeric regions and selected loci within TRGs (8)
and repetitive elements Alu and LINE-1 (surrogates for
global methylation; ref. 9). The rate of telomere shortening
over time was also associated with LINE-1 methylation,
suggesting a time-dependent association between DNA
methylation and telomere length (9).
However, to our knowledge no prior population-based
studies have examined DNA methylation of TRGs in
relation to LTL dynamics and cancer risk, particularly
in a prospective, longitudinal setting. In light of our
prior ﬁnding of the shift from accelerated telomere
shortening to telomere stabilization prior to cancer diagnosis (4), a prospective examination of epigenetic
changes in TRGs may shed light on the involvement of
LTL dynamics in carcinogenesis. Thus, our primary
objective is to assess whether blood DNA methylation
in TRGs is prospectively associated with cancer risk.
Our secondary objective is to explore whether DNA
methylation of cancer-associated CpG sites on TRGs is
associated with LTL.

Materials and Methods
Study population
The Normative Aging Study (NAS) was established in
1963 by the U.S. Department of Veterans Affairs to assess
the determinants of healthy aging in an initial cohort of
2,280 men. Eligibility criteria included being between the
ages of 21 and 80, veteran status, living in the Boston area,
and having no history of chronic health conditions (cardiovascular disease, cancer, etc.). Participants returned for
clinical examinations every 3 to 5 years, and starting in
1999, these examinations included a 7-mL blood draw for
genetic and epigenetic analysis. From enrollment to 1999,
981 participants died and 470 were lost to follow-up
(primarily by moving away from the Boston area);
descriptive analysis previously found no differences in
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characteristics between either of these subgroups and the
829 participants remaining as of 1999 (4).
Between January 1, 1999, and December 31, 2013, 802
of 829 (96.7%) active participants consented to blood
donation (median follow-up time, 10.1 years). Of these,
686 were randomly selected for whole-epigenome proﬁling using the Illumina Inﬁnium HumanMethylation450
BeadChip array, and 491 were cancer-free at the time of
their ﬁrst methylation measurement. To minimize confounding due to genetic ancestry, we excluded 16 participants of non-white race, leaving 889 observations of 475
participants for analysis. In total, 157 (33%) participants
had data from one blood draw, 222 (47%) participants
from two blood draws, and 96 (20%) subjects from three
blood draws. Among this ﬁnal set, 121 cases developed
cancer (34 prostate, 34 unspeciﬁed skin malignancies, 10
melanomas, 8 lung, 5 bladder, 4 colorectal, 26 others) and
354 participants remained cancer-free for our entire follow-up. Information on medical history obtained from
questionnaires was conﬁrmed via blinded medical record
review and included cancer diagnoses and comorbidities.
We identiﬁed TRGs using a PubMed literature search for
genes linked to telomere maintenance, elongation, and
repair (5–7, 10–29). This resulted in 80 TRGs (Table 1)
containing 2,651 CpG sites available in our dataset, which
we list with accompanying annotation information
(and mean/SD methylation at the ﬁrst blood draw) in
Table 1. Number of CpGs in each gene of interest by pathway
Helicase
BLM
17
DDX1
10
DDX11
19
PIF1
15
RECQL
14
RECQL4
19
RECQL5
54
WRN
41
Shelterin
ACD
31
POT1
15
RAP1A
17
TERF1
12
TERF2
15
TERF2IP
17
TINF2
15
Telomerase
DKC1
22
GAR1
14
NHP2
19
NOP10
11
TEP1
13
TERC
9
TERT
100
WRAP53
34

Repair
ATM
BTBD12
DCLRE1C
DDB1
FEN1
HMBOX1
MRE11A
MSH2
NBN
PARP3
PCNA
PML
RAD50
RAD51
RAD51AP1
RAD51C
RAD51L1
RAD51L3
RAD54L
SIRT1
SIRT6
SMC5
SMC6
TP53BP1
XRCC6

59
28
20
17
25
24
21
14
10
19
26
31
14
18
16
15
78
15
13
17
17
9
16
30
20

Other
ACYP2
BHMT
BICD1
C17orf68
CLPTM1L
CXCR4
DCAF4
DCLRE1B
EHMT2
MAD1L1
MCM4
MEN1
MPHOSPH6
MTR
MTRR
MYC
NAF1
OBFC1
PARP1
PARP2
PIK3C3
PINX1
PRKDC
PRMT8
PXK
RTEL1
SIP1
TNKS
TNKS2
UCP2
ZNF208
ZNF676

26
15
29
21
53
26
24
16
177
731
14
24
15
22
20
37
18
18
19
9
11
30
37
35
21
33
9
28
16
13
9
1

Cancer Prevention Research

Downloaded from cancerpreventionresearch.aacrjournals.org on October 14, 2019. © 2018 American Association for Cancer
Research.

Published OnlineFirst June 12, 2018; DOI: 10.1158/1940-6207.CAPR-17-0413

Telomere Gene Methylation and Cancer

Supplementary Table S1. For ease of presentation, we also
classiﬁed genes [based on Mirabello and colleagues' work
(5) or literature review and GeneCard search] into one of
ﬁve telomere-related pathways: Helicase, Shelterin, Telomerase, Repair, or Other.
Telomere measurement
Laboratory methods for measuring LTL in the NAS have
been described previously (4). In brief, LTL was measured
using quantitative qPCR. Relative LTL was measured by
taking the ratio of the telomere (T) repeat copy number to
single-copy gene (S) copy number (T:S ratio) in a given
sample and reported as relative units expressing the ratio
between test DNA LTL and reference pooled DNA LTL. The
latter was created using DNA from 475 participants (400
ng/sample) and used to generate a fresh standard curve
from 0.25 to 20 ng/mL in every T and S qPCR run. All
samples were run in triplicate, and the average of the three T
measurements was divided by the average of the three S
measurements to calculate the average T:S ratio. The intraassay coefﬁcient of variation for the T/S ratio was 8.1%. The
average coefﬁcient of variation for the T reaction was 8%,
and for the S reaction 5.6%. When the coefﬁcient of
variation for the T or S reactions was higher than 15%,
the measurement was repeated.
DNA methylation measurement
Buffy coat DNA was isolated from each sample via the
QIAamp DNA Blood Kit (QIAGEN) and a 0.5 mg aliquot
was bisulﬁte converted with the EZ-96 DNA Methylation
Kit (Zymo Research). In the NAS, this was done on blood
collected between 1999 and 2007. DNA methylation was
subsequently detected by the Inﬁnium HumanMethylation450 BeadChip platform (Northwestern University,
Feinberg School of Medicine, Center for Genetic Medicine,
Chicago, IL). Technical effects due to the plate/chip were
minimized by utilizing a two-stage age-stratiﬁed algorithm
to randomize the samples, thereby ensuring comparable
age distribution across plates/chips.
Quality control samples consisted of replicate pairs and a
single sample that was run within and between plates/
chips to help detect batch effects. Analytic plates were run
consecutively, by the same technician, and processed and
read on the same scanner. Quality control approaches also
included the detection and removal of 15 DNA samples
and 949 probes via the pﬁlter command in the Bioconductor wateRmelon package, which excluded DNA samples containing >1% of probes with detection P values
>0.05 and probes having >1% of samples with detection P
value >0.05 (after omitting samples excluded above).
Furthermore, we also excluded probes with speciﬁc design
and/or annotation, namely 65 with genotyping function,
3,091 used for detecting CpH methylation, and 3,688
containing an SNP in the last 10 bases with a minor allele
frequency greater than 0.01 in the CEU reference set. A
number of these probes were already excluded by the pﬁlter
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command, so after these steps, we ﬁnally obtained 477,927
probes (i.e., 98.4% out of 485,512), which were used to
obtain DNA methylation. Finally, we applied a 3-part,
preprocessing pipeline to our data: (i) background correction via the out-of-band (noob) method by Triche and
colleagues (30); (ii) dye-bias adjustment by the Bioconductor methylumi package (31); and (iii) probe-type correction with BMIQ according to Teschendorff and colleagues (2013; ref. 32), as provided by wateRmelon (33).
Statistical analysis
For descriptive analyses, we performed c2 or Kruskal–
Wallis tests to assess differences in participant characteristics at the ﬁrst methylation measurement by cancer status
(patients who would later develop cancer during the study
period vs. those who remained cancer-free throughout).
We next used a joint model under the shared random
effects model framework (reduced method by Liu and
Hang; ref. 34) to combine our repeated methylation measures (linear mixed model) and time to cancer diagnosis
data (Cox proportional hazards model) and to examine
associations between cancer incidence and DNA methylation of all 2,651 CpG sites of interest.
This method was designed as an extension of the shared
random effects model and uses a Gaussian quadrature
technique with a piecewise constant baseline hazard to
approximate the baseline hazard in a Cox model, while
incorporating repeated measures as with a mixed model. A
traditional approach to evaluating longitudinal biomarkers with time to event data is to use observed values as a
time-varying covariate in a Cox proportional hazards
model. However, this requires a complete set of repeated
measures in a time-continuous process, whereas in reality,
our biomarkers of interest are measured only at discrete
time points, generally not including the time of event
occurrence (35). Although the value of the biomarker at
event time can be obtained by, for example, last observation carried forward (LOCF), this practice could be crude
and lead to inappropriate inferences, especially when the
time interval between biomarker measurement and disease
outcome is long (35). Furthermore patient survival to
event occurrence might depend on the "underlying true"
(or expected) values of biomarkers, rather than the
observed values with measurement errors; in this situation,
a traditional model would be biased toward the null (35).
Thus, we used a joint model of longitudinal biomarkers
and survival. Our model accounts for selection bias by the
random effects shared between the mixed model of methylation markers and survival model for time to event.
Rather than LOCF, the missing methylation measures at
the event time can be imputed by empirical Bayes estimate
(posterior expected value of random effects conditional on
the observed data) from the mixed model, based on the
observed history of individuals who did not have an event
up to that time. Also, the "underlying true" (expected)
biomarkers, rather than the observed values accompanying
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measurement errors, are incorporated in the survival model, which address the "biased toward the null" concern.
This model is designed to maximize statistical power and
minimize bias in the analysis of correlated repeated measures (e.g., DNA methylation data) with time to an event as
the outcome, without making assumptions regarding the
data structure or missingness. The model failed to converge
for 37 of the 2,651 CpG sites (1.4%), which were excluded
from analysis. We used the Benjamini–Hochberg FDR to
correct for all of the remaining 2,614 tests and report CpG
sites with FDR <0.05 as signiﬁcant. We conducted a sensitivity analysis of all signiﬁcant CpG sites with the 34
unspeciﬁed skin malignancies excluded, and examined
unadjusted Pearson correlations between all signiﬁcant
CpG sites.
For subsequent analysis of these cancer-associated loci,
we used linear mixed-effects models to compare ageadjusted DNA methylation trajectory by cancer status to
examine the DNA methylation at the signiﬁcant loci over
time. We tested signiﬁcance in these analyses via an interaction term between years to diagnosis/censoring and
cancer status (0 ¼ cancer-free for the entire follow-up, 1
¼ cases diagnosed during follow-up) for each CpG site, and
also report differences by each year to diagnosis/censoring.
Next, we compared our prior results showing that LTL was
associated with cancer incidence when measured up to 4
years prediagnosis (4). To do this, we performed logistic
regressions of cancer status on methylation at each CpG site
by each interval between blood sample collection and
diagnosis/censoring (0–4 years, 4–8 years, and >8 years).
All methylation values were standardized to have a standard deviation equal to 1 for this analysis. For participants
with multiple observations within the same stratum, we
used the ﬁrst observation from each subject only. We also
explored cross-sectional associations between methylation
at each of these signiﬁcant CpG sites and LTL, both measured at the ﬁrst blood draw only and restricted to subjects
who were cancer-free for the entire follow-up to minimize
potential confounding by age- and cancer-related factors.
All of the above analyses were conducted using SAS v. 9.4
(SAS Institute) and adjusted for age, BMI, education,
smoking status and pack-years, alcohol consumption,
blood cell type abundances (CD8, CD4, natural killer, B
cells, and monocytes; ref. 36), and ﬁve principal components (previously calculated to represent 95% of DNA
processing batch effects), all based on our prior work
studying DNA methylation in this cohort (37).
Bioinformatic analysis
Finally, we performed a regulatory enrichment analysis
of the 31 cancer-associated CpG sites using R v. 3.4.0. We
used DNase I hypersensitivity sites (DNase), transcription
factor–binding sites (TFBS), and annotations of histone
modiﬁcation ChIP peaks pooled across cell lines (data
available in the ENCODE Analysis Hub at the European
Bioinformatics Institute). For each regulatory element, we
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then calculated the number of overlapping CpGs among
the 31 signiﬁcant CpGs (observed) and 10,000 sets of
randomly selected CpGs across the genome (expected).
We calculated the ratio of observed to mean expected as the
enrichment fold and obtained an empirical P value from
the distribution of the expected in the background.

Results
Table 2 shows the characteristics of all participants at the
ﬁrst blood draw by cancer status. Brieﬂy, participants who
were cancer-free for the full follow-up were slightly older
than those who later developed cancer. Our descriptive
analysis identiﬁed no other signiﬁcant differences in participant characteristics across cancer status. Table 3 shows
the results of the joint model, with 31 CpG sites on 23 TRGs
associated with cancer incidence at FDR <0.05. These
included CpGs on two genes in each of the Helicase (PIF1,
RECQL4), Shelterin (ACD, TINF2), and Telomerase
(DKC1, WRAP53) pathways; 10 DNA repair genes linked
to telomeres (BTBD12, DCLRE1C, DDB1, FEN1,
HMBOX1, MSH2, PARP3, RAD51L3, RAD54L, and SIRT6);
and seven other TRGs (BICD1, CLPTM1L, MAD1L1, MTRR,
MYC, RTEL1, and SIP1). Four TRGs had multiple signiﬁcant hits: DDB1 (ﬁve CpGs), DCLRE1C (three CpGs),
PARP3 (two CpGs), and MAD1L1 (two CpGs). Of the
31 signiﬁcant CpG sites, 27 (87%) were located in gene
promoter regions, three (10%) were located in the 50 UTR,
and one (3%) in the gene body. Similarly, 27 of 31 (87%)
signiﬁcant CpG sites were located in CpG islands, two
(7%) were located in open sea regions, and one each in
north (3%) and south (3%) shores. Supplementary Table
S2 shows the results of our sensitivity analysis with unspeciﬁed skin malignancies excluded. Supplementary Figure S1
plots the beta coefﬁcients by genomic location for all CpGs
on a given gene, for six genes of interest (TINF2, PIF1,
DDB1, DKC1, PARP3, and MYC; ﬁgures for other genes
Table 2. Characteristics of study participants at ﬁrst blood draw by cancer
status
Incident
Cancer-free
cancer
Mean 
Mean 
SD/n (%)
SD/n (%)
P
N
354
121
Age, years
72.2  6.9
70.6  6.4
0.02a
BMI, kg/m2
28.34.2
28.2  4.0
0.85
Smoking status
Never
94 (26.6%)
37 (30.6%)
0.68
Current
17 (4.8%)
6 (5.0%)
Former
243 (68.6%)
78 (64.5%)
Pack-years of smoking
20.5  24.2
21.7  24.3
0.76
Average alcohol consumption
0–1 drinks/day
288 (81.4%)
102 (84.3%)
0.47
2þ drinks/day
66 (18.6%)
19 (15.7%)
Education, years
High School grad or less
105 (29.1%)
24 (19.8%)
0.22
Some college/college grad
168 (47.5%)
66 (54.6%)
Any professional/graduate school
83 (23.5%)
31 (25.6%)
Leukocyte telomere length
1.29  0.49
1.32  0.51
0.71
Statistically signiﬁcant at P < 0.05.

a
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Table 3. Cancer-associated CpGs in TRGs by pathway at FDR < 0.05
Pathway
Gene
CpG
Region
Helicase
PIF1
cg11013726
50 UTR
RECQL4
cg17368874
TSS200
Shelterin
ACD
cg04265926
TSS1500
TINF2
cg02271180
1stExon
Telomerase
DKC1
cg19944582
TSS200
WRAP53
cg25053252
TSS1500
Repair
BTBD12
cg04157159
TSS200
DCLRE1C
cg14369264
TSS1500
DCLRE1C
cg24866702
TSS200
DCLRE1C
cg04785461
TSS200
DDB1
cg23053918
1stExon
DDB1
cg20772347
TSS200
DDB1
cg24840365
TSS200
DDB1
cg25530631
1stExon
DDB1
cg08724919
1stExon
FEN1
cg25628257
TSS200
HMBOX1
cg14143435
TSS200
MSH2
cg00547758
50 UTR
PARP3
cg14974841
TSS1500
PARP3
cg14262432
TSS200
RAD51L3
cg19223675
TSS200
RAD54L
cg24955114
TSS1500
SIRT6
cg15034464
50 UTR
Other
BICD1
cg21587861
TSS200
CLPTM1L
cg19739264
1stExon
MAD1L1
cg09776772
Body
MAD1L1
cg13247668
TSS200
MTRR
cg26627933
1stExon
MYC
cg07871324
TSS1500
RTEL1
cg27236539
TSS200
SIP1
cg15533434
TSS200

Island
Island
Island
Island
Island
Island
Island
Island
Island
Island
Island
Island
Island
Island
Island
Island
Island
N_Shore
Island
Island
Island
S_Shore
OpenSea
Island
Island
Island
OpenSea
Island
Island
Island
Island
Island

ba
1.00
6.67
6.67
1.99
5.80
5.47
4.25
1.11
6.53
5.38
5.45
5.68
5.49
6.63
1.45
3.95
1.41
6.23
5.22
6.93
5.16
6.16
5.11
6.93
4.89
-0.65
5.00
5.45
5.81
1.25
5.28

95% CI
0.57–1.43
3.13–10.20
3.09–10.25
0.88–3.10
2.74–8.85
2.82–8.12
1.92–6.58
0.53–1.69
3.12–9.95
2.37–8.40
2.75–8.15
2.65–8.72
2.55–8.43
3.04–10.22
0.64–2.26
2.03–5.87
0.73–2.10
2.97–9.48
2.49–7.95
3.00–10.86
2.27–8.05
2.67–9.66
2.78–7.44
3.12–10.75
2.37–7.41
0.97 to 0.33
2.30–7.71
2.73–8.16
2.91–8.71
0.56–1.94
2.48–8.09

FDR
0.02
0.04
0.04
0.05
0.04
0.03
0.04
0.04
0.04
0.05
0.03
0.04
0.04
0.04
0.05
0.03
0.03
0.04
0.04
0.05
0.05
0.05
0.03
0.04
0.04
0.03
0.04
0.03
0.03
0.04
0.04

a

Beta coefﬁcients represent the average difference in methylation (M-value) between cases and controls.

available upon request). Generally speaking, CpGs on the
same gene as our primary ﬁndings tended to be associated
with cancer incidence in the same direction as the primary
ﬁnding, albeit not to the same degree of statistical significance. In the unadjusted correlation analysis, methylation
of signiﬁcant CpG sites tended to be signiﬁcantly correlated
with one another (0.3–0.6 for almost all CpG sites; data
available upon request) despite their disparate locations in
the genome.
For the trajectory analyses, overall we found signiﬁcant
differences in methylation over time by cancer status in 21
of 31 cancer-associated CpG sites including both of the
CpGs in each of the Helicase, Shelterin, and Telomerase
pathways (Supplementary Table S3). Figure 1 plots the
trajectory analyses of DNA methylation over time at select
noteworthy CpG sites by cancer status. CpGs on TINF2 (an
important telomere-regulating gene) as well as PIF1 (in the
Helicase pathway) and the DNA repair genes DDB1 and
PARP3 (Fig. 1A–C and E, respectively) showed strong
trends with higher methylation in subjects developing
cancer, generally beginning around 4 to 6 years prediagnosis/censoring. Conversely, CpGs on DKC1 in the Telomerase pathway as well as MYC (Fig. 1D and F, respectively) showed few differences between cancer cases and
cancer-free subjects, and no clear temporal trend. For many
CpG sites, methylation trajectories between cancer cases
and cancer-free participants began to diverge as early as 6 to
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8 years prior to diagnosis/censoring, with clear trends
visible for most cancer-CpG sites beginning 4 years prediagnosis (see Supplementary Fig. S2 for corresponding
ﬁgures with 95% CIs added; Supplementary Fig. S3 contains ﬁgures for the remaining 25 CpG sites).
Table 4 shows the results of the logistic regression
analysis of DNA methylation and later cancer status at 0
to 4 and 4 to 8 years prediagnosis/censoring. In the stratum
of 0 to 4 years prediagnosis/censoring, we found 11 CpG
sites associated with cancer incidence: one CpG in each of
the Shelterin (TINF2) and Telomerase (WRAP53) pathways, one CpG on each of three TRGs in the DNA Repair
pathway (PARP3, FEN1, and SIRT6) and four CpGs on a
fourth (DDB1), and one CpG on each of CLPTM1L and
MAD1L1. In the stratum of 4 to 8 years prediagnosis/
censoring, we found 17 CpG sites associated with cancer
incidence: one CpG in each of the Helicase (RECQL4),
Shelterin (ACD), and Telomerase (DKC1) pathways; eight
CpGs on six TRGs in the DNA repair pathway (DCLRE1C,
DDB1, MSH2, PARP3, RAD51L3, and SIRT6); and one CpG
on each of BICD1, CLPTM1L, MAD1L1, MTRR, RTEL1, and
SIP1. Methylation at four CpG sites (on CLPTM1L, DDB1,
PARP3, and SIRT6) was associated with incident cancer in
both time strata. Supplementary Table S4 shows the logistic regression results in samples collected more than 8 years
prediagnosis/censoring; one CpG on PARP3 was associated
with cancer incidence.
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Note: Supplementary Table S2 shows corresponding tabular results; Supplementary fig. S2 shows results with 95% confidence intervals.

Figure 1.
DNA methylation by years to cancer diagnosis/censoring and cancer status for select CpG sites.

Table 4. Logistic regression results stratiﬁed by time interval between blood draw and diagnosis/censoring
0–<4 years
Number of observations
208
P
CpG
Gene
Pathway
ORa (95% CI)
cg11013726
PIF1
Helicase
1.21 (0.73–2.02)
0.46
cg17368874
RECQL4
Helicase
1.38 (0.84–2.24)
0.20
cg04265926
ACD
Shelterin
1.13 (0.70–1.81)
0.62
cg02271180
TINF2
Shelterin
1.82 (1.09–3.02)
0.02b
cg19944582
DKC1
Telomerase
1.35 (0.87–2.11)
0.18
cg25053252
WRAP53
Telomerase
2.04 (1.27–3.28)
<0.01b
cg04157159
BTBD12
Repair
1.03 (0.62–1.70)
0.91
cg04785461
DCLRE1C
Repair
0.94 (0.52–1.69)
0.84
cg14369264
DCLRE1C
Repair
1.38 (0.82–2.33)
0.23
cg24866702
DCLRE1C
Repair
1.60 (0.94–2.72)
0.08
cg08724919
DDB1
Repair
1.78 (1.09–2.88)
0.02b
cg20772347
DDB1
Repair
1.87 (1.12–3.12)
0.02b
cg23053918
DDB1
Repair
2.23 (1.29–3.86)
<0.01b
cg24840365
DDB1
Repair
2.16 (1.20–3.86)
0.01b
cg25530631
DDB1
Repair
1.18 (0.78–1.78)
0.43
cg25628257
FEN1
Repair
2.30 (1.31–4.02)
<0.01b
cg14143435
HMBOX1
Repair
1.47 (0.92–2.33)
0.10
cg00547758
MSH2
Repair
1.39 (0.84–2.29)
0.20
cg14262432
PARP3
Repair
1.08 (0.70–1.66)
0.73
cg14974841
PARP3
Repair
1.61 (1.03–2.53)
0.04b
cg19223675
RAD51L3
Repair
1.50 (0.94–2.40)
0.09
cg24955114
RAD54L
Repair
1.44 (0.95–2.18)
0.09
cg15034464
SIRT6
Repair
1.54 (0.92–2.57)
0.10
cg21587861
BICD1
Other
1.09 (0.70–1.68)
0.71
cg19739264
CLPTM1L
Other
2.09 (1.24–3.53)
0.01b
cg09776772
MAD1L1
Other
0.54 (0.33–0.87)
0.01b
cg13247668
MAD1L1
Other
1.66 (0.99–2.77)
0.05
cg26627933
MTRR
Other
1.47 (0.97–2.24)
0.07
cg07871324
MYC
Other
1.40 (0.90–2.17)
0.14
cg27236539
RTEL1
Other
1.38 (0.80–2.38)
0.25
cg15533434
SIP1
Other
2.64 (1.48–4.69)
<0.01b

4–<8 years
171
ORa (95% CI)
1.14 (0.72–1.78)
1.67 (1.04–2.69)
2.18 (1.40–3.41)
1.32 (0.84–2.06)
2.43 (1.44–4.09)
1.56 (0.96–2.54)
1.45 (0.95–2.20)
1.76 (1.15–2.69)
2.06 (1.33–3.20)
2.03 (1.28–3.21)
1.61 (1.05–2.46)
1.66 (1.00–2.75)
1.32 (0.88–2.00)
1.10 (0.71–1.71)
1.31 (0.85–1.99)
1.54 (0.97–2.45)
1.45 (0.93–2.25)
1.77 (1.12–2.81)
1.37 (0.82–2.27)
1.60 (1.00–2.56)
1.90 (1.20–3.00)
1.38 (0.80–2.40)
1.50 (1.01–2.24)
2.03 (1.20–3.42)
1.67 (1.10–2.54)
1.01 (0.66–1.54)
1.98 (1.22–3.21)
2.01 (1.23–3.27)
1.20 (0.78–1.84)
1.61 (1.06–2.45)
2.32 (1.34–4.04)

P
0.58
0.03b
<0.01b
0.22
<0.01b
0.07
0.08
0.01b
<0.01b
<0.01b
0.03b
0.05
0.18
0.66
0.22
0.07
0.10
0.01b
0.23
0.05b
0.01b
0.25
0.05b
0.01b
0.02b
0.96
0.01b
0.01b
0.40
0.02b
<0.01b

a

ORs represent the increase in odds of later being diagnosed with cancer for each 1-SD increase in methylation at that CpG site (see Supplementary Table S1 for SD
values).
Signiﬁcant at P < 0.05; DNA methylation was standardized to SD ¼ 1 prior to modeling.

b
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Table 5. Associations between cancer-associated CpG sites and telomere length at ﬁrst blood draw (N ¼ 346)
CpG
Gene
Pathway
b
cg11013726
PIF1
Helicase
0.03
cg17368874
RECQL4
Helicase
0.06
cg04265926
ACD
Shelterin
0.05
cg02271180
TINF2
Shelterin
0.02
cg19944582
DKC1
Telomerase
0.13
cg25053252
WRAP53
Telomerase
0.07
cg04157159
BTBD12
Repair
0.02
cg04785461
DCLRE1C
Repair
0.01
cg14369264
DCLRE1C
Repair
0.04
cg24866702
DCLRE1C
Repair
0.25
cg08724919
DDB1
Repair
0.07
cg20772347
DDB1
Repair
0.14
cg23053918
DDB1
Repair
0.21
cg24840365
DDB1
Repair
0.12
cg25530631
DDB1
Repair
0.23
cg25628257
FEN1
Repair
0.06
cg14143435
HMBOX1
Repair
0.01
cg00547758
MSH2
Repair
0.12
cg14262432
PARP3
Repair
0.05
cg14974841
PARP3
Repair
0.12
cg19223675
RAD51L3
Repair
0.05
cg24955114
RAD54L
Repair
0.10
cg15034464
SIRT6
Repair
0.09
cg21587861
BICD1
Other
0.12
cg19739264
CLPTM1L
Other
0.01
cg09776772
MAD1L1
Other
0.00
cg13247668
MAD1L1
Other
0.08
cg26627933
MTRR
Other
0.10
cg07871324
MYC
Other
0.06
cg27236539
RTEL1
Other
0.01
cg15533434
SIP1
Other
0.11

95% CI
0.07–0.12
0.02–0.14
0.10–0.19
0.20–0.17
0.33–0.08
0.20–0.34
0.13–0.18
0.12–0.10
0.04–0.13
0.08–0.41
0.06–0.21
0.09–0.37
0.11–0.53
0.18–0.43
0.05–0.42
0.21–0.34
0.22–0.19
0.01–0.23
0.09–0.18
0.16–0.40
0.28–0.19
0.22–0.42
0.09–0.28
0.27–0.03
0.18–0.21
0.08–0.09
0.17–0.32
0.23–0.42
0.24–0.35
0.22–0.20
0.07–0.29

P
0.56
0.14
0.52
0.87
0.23
0.60
0.76
0.88
0.31
<0.01a
0.29
0.24
0.20
0.43
0.01a
0.65
0.91
0.03a
0.49
0.40
0.69
0.54
0.33
0.13
0.90
0.94
0.54
0.56
0.71
0.96
0.23

Signiﬁcant at P < 0.05.

a

Table 5 shows the results of our cross-sectional models of
LTL on DNA methylation. DNA methylation of three CpG
sites, all of them on DNA repair genes, was positively
associated with LTL at the ﬁrst blood draw: cg24866702
on DCLRE1C, cg00547758 on MSH2, and cg25530631 on
DDB1. We found no other signiﬁcant associations between
DNA methylation of TRGs and LTL. Finally, Supplementary Fig. S4 shows the results of our regulatory element
enrichment analysis. Five histone modiﬁcations (notably
H3K27ac, H3K4me2, H3K4me3, H3K79me2, and
H3K9ac) were signiﬁcantly enriched at the CpG sites signiﬁcantly associated with cancer (all P < 0.001). Supplementary Table S5 contains more detailed tabular ﬁndings.

Discussion
To our knowledge, this is the ﬁrst study to identify DNA
methylation changes in TRGs that are prospectively associated with cancer. In this cohort, we identiﬁed positive
associations between cancer incidence and methylation at
30 CpG sites (and one negative association), most in gene
promoter regions, on 23 genes related to telomere maintenance and regulation. Over time, methylation of 21 CpG
sites began to diverge by later cancer status several years
prior to diagnosis/censoring. In general, cancer cases experienced increased static methylation and cancer-free parti-
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cipants experienced decreased methylation. Furthermore,
our logistic regression identiﬁed 11 and 17 CpG sites where
methylation at 0 to 4 years and 4 to 8 years prediagnosis/
censoring, respectively, was associated with cancer incidence (including four CpGs in both strata). Finally, in
participants who remained cancer free, at the ﬁrst blood
draw, DNA methylation at three CpG sites was associated
with telomere length. Few studies have examined these
genes as potential blood-based cancer biomarkers; thus,
our ﬁndings should be validated in other populations.
Nonetheless, these ﬁndings suggest mechanisms through
which cancer cells may be able to alter telomere homeostasis, possibly as a precursor to clinical disease, thus
indicating DNA methylation of TRGs as a potentially
useful biomarker of cancer.
We identiﬁed methylation of CpG sites (cg19944582
and cg25053252) in the promoters of two genes (DKC1
and WRAP53) involved with telomerase, a well-characterized telomere maintenance pathway, as positively associated with cancer. The two genes involved in the telomerase
pathway, DKC1 and WRAP53, jointly promote telomerase
expression and telomere maintenance. Mutations of DKC1
were identiﬁed in cancer cells (38), as was promoter
hypermethylation of DKC1 (39). Further evidence suggests
that reductions in DKC1 expression may increase cancer
susceptibility through nontelomere mechanisms, such as
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reduced p53 expression (40), which may partially explain
the lack of association with telomere length in our crosssectional analysis. DKC1 downregulation has also been
associated with exposure to arsenic, a known carcinogen
(41). Similarly, reduced WRAP53 expression was associated with cancer prognosis (42). Methylation of these
genes may thus be involved with cancer risk and/or progression independent of telomere length.
Our study also identiﬁed methylation of two CpGs
(cg04265926 and cg02271180) in the promoters of two
genes (ACD and TINF2) in the shelterin pathway, another
well-characterized telomere maintenance pathway, as positively associated with cancer. Changes in shelterin complex expression have been implicated in a variety of cancer
types, including germline mutations in both ACD (43) and
TINF2 (44). However, limited evidence exists to support
this hypothesis as previous DNA methylation studies of
telomerase-associated genes tended to focus on TERT.
However, studies of TERT methylation in blood leukocytes
found no associations with cancer (45), concordant with
our ﬁndings. One possible explanation is that the normally
strict regulatory control of TERT may be preserved in blood
leukocytes even in participants experiencing carcinogenesis, suggesting that future studies of blood DNA methylation should focus on other shelterin complex genes.
Among other DNA repair genes, we identiﬁed methylation at multiple loci within the promoters of three genes
(PARP3, DCLRE1C, and DDB1) as positively associated
with cancer. A prior study of cancer samples found downregulation of both PARP3 and DCLRE1C in cancer cells and
was additionally associated with telomerase reactivation
(13). Downregulation of DCLRE1C has also been associated with chronic exposure to ionizing radiation (46).
Furthermore, methylation at one of the signiﬁcant loci on
each of DCLRE1C and DDB1 was also positively associated
with telomere length at the ﬁrst blood draw. Thus, epigenetic repression of these DNA repair genes may be one
mechanism through which cancer cells can activate telomere maintenance mechanisms.
In our prior examination of LTL and cancer incidence in
this same cohort, we identiﬁed cancer-associated accelerated LTL shortening that stabilized starting approximately
4 years prior to diagnosis (4). We observed that higher
DNA methylation at CpG sites on 15 TRGs of interest in
this study was associated with cancer status 4 to 8 years
prior to diagnosis (Table 4). In addition, we observed
signiﬁcantly different methylation trajectories between
cancer cases and cancer-free participants in 21 sites on
17 genes. Examples of this divergence can be seen with four
CpGs (cg02271180 in TINF2, cg11013726 in PIF1,
cg08724919 in DDB1, and cg14974841 in PARP3)
in Fig. 1. In all of these cases, DNA methylation began to
signiﬁcantly differ between cases and controls beginning at
least 4 years prediagnosis/censoring. Finally, three CpGs
(cg24866702 on DCLRE1C, cg25530631 on DDB1, and
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cg00547758 on MSH2) were positively associated with
telomere length in our cross-sectional analysis. These ﬁndings all occurred prior to (or at the same time as) the shift in
LTL change that our previous study observed. Our trajectory analyses suggest that increased DNA methylation at
these and other sites may be an early event in the development of cancer, either reﬂecting constitutive exposures
that also increase cancer risk or correlating with DNA
methylation changes occurring in cancer cells, that remains
detectable for years. Also of note, methylation of both
cg24866702 and cg00547758 was associated with both
telomere length at the ﬁrst blood draw and with cancer risk
4 to 8 years prior to diagnosis (but not 0–4 years prior).
This suggests that these methylation changes occur prior to
our previously observed change in telomere length and
may be involved in driving this change via a DNA repairrelated mechanism. As studies of the relationship between
LTL measured at a single time point and cancer risk remain
unclear (47), alterations in DNA methylation of these
TRGs may help explain the between-study differences
(e.g., differences in the timing of LTL measurement relative
to cancer diagnosis). Together, our results suggest that
studying DNA methylation in blood leukocytes is promising for future research into the role of dynamic changes in
telomere length during cancer development, and that incorporating epigenetic data may help improve the utility of
telomere length in blood leukocytes as a cancer biomarker.
Finally, although we lacked gene expression data, we
were able to identify enrichment of numerous important
regulatory elements in the set of CpGs associated with
cancer. These include H2A.Z, TFBS, and DNase, which may
all point toward a role of methylation of these CpGs in cisregulatory changes and potential transcriptional activation
(consistent with most of the CpGs being located in gene
promoter regions). We also identiﬁed ﬁve activating histones and one repressive histone in association with our set
of CpGs at P < 0.001. The repressive histone, H3K9me1,
has been previously found to have altered levels in some
cancers (48). Similarly, the activating histone marker
H3K27ac has been found to be dysregulated in cancer
(49). Expression levels of some of these histones have
previously been associated with DNA methylation (50).
Taken together, these ﬁndings bolster our conclusion that
the identiﬁed CpG sites in these important TRGs may affect
gene expression.
This study is subject to limitations. Although the longitudinal nature of our study design allowed us to explore
aspects of the temporal associations between DNA methylation of TRGs, LTL, and current cancer risk, it remains
challenging to accommodate a formal mediation analysis
of longitudinal mechanisms. Our conclusions regarding
the interplay of DNA methylation and LTL in carcinogenesis over time thus require conﬁrmation in additional
prospective studies. In addition, the study population of
the NAS is not representative, and thus, more diverse
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populations should be studied to validate our ﬁndings,
although there is little reason to believe these mechanisms
would substantially vary by gender or by race. Furthermore, the sample sizes of most speciﬁc cancer types in the
NAS were too small to permit a statistically rigorous
exploration of these associations for individual cancers.
Although we hypothesized that dysregulation of telomere
maintenance mechanisms are a general mechanism affecting many different cancer types, this should also be tested
in larger studies. Similarly, the relatively small number of
cases coupled with our time stratiﬁcation limited the
sample size for each time stratum analyzed. This may have
resulted in false negatives, which may explain some associations that were signiﬁcant 4 to 8 years prediagnosis but
not 0 to 4 years. Alternatively, this discrepancy may reﬂect a
subset of cancer-free subjects who developed cancer after
the end of our study period (and were thus effectively
misclassiﬁed). Validation with a longer follow-up and/or
larger study population would be necessary to test these
possible explanations. The dearth of signiﬁcant associations between DNA methylation and LTL in our crosssectional model may also be a consequence of reduced
sample size; the dynamic natures of LTL and methylation
(and their potential relationships with one another and
with cancer) limited us to a cross-sectional model. Thus,
our ﬁndings may represent a lack of a biological effect or a
lack of statistical power and should be interpreted with
caution until they can be validated. Similarly, the NAS
dataset lacked gene expression data to provide functional
veriﬁcation of our ﬁndings posited above. Future research
should verify the relationship between DNA methylation
and expression of these speciﬁc genes.
Nonetheless, this study provides an important, potentially mechanistic explanation for the dynamic relationship
between LTL and cancer that we previously observed.
Future studies should conﬁrm and explore these CpG sites
and genes as potential early detection biomarkers and
therapeutic targets; the strong correlations between most
CpG sites in our analysis (despite their disparate locations
on the genome) further bolster the possibility of these
CpGs collectively making a biomarker in the future. Future
research in larger, more diverse populations should focus
on examining changes in the DNA methylation of these
TRGs in terms of gene expression, LTL, and cancer to further
elucidate the temporal sequence of these events and their
potential role in mechanisms of carcinogenesis. DNA
methylation of TRGs could be an important early event
in carcinogenesis and, with appropriate conﬁrmation,
could have extremely valuable clinical applications for
cancer. These DNA methylation changes in blood leukocytes may have been induced by environmental exposures
(pollutants, nutrients, etc.) acting constitutionally; thus,
our ﬁndings may provide important information on one
possible mechanism of action for previously identiﬁed
carcinogenic exposures. Future research should explore
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this possibility by examining potential exposure–methylation relationships in the genes we identiﬁed. Furthermore,
if epigenetic changes in these genes do inﬂuence the length
of cancer cells' telomeres, therapeutically targeting these
changes could theoretically induce cellular senescence in
cancer cells and thus provide a new effective, safe, and
targeted therapy for cancer. However, for this to happen,
future studies will need to validate the epigenetic changes
we have identiﬁed in blood both in cancer and in normal
healthy tissue. Nonetheless, these ﬁndings provide important information for future cancer early detection, prevention, and treatment. This may be particularly true in populations with underlying immune dysfunction or chronic
inﬂammation (e.g., chronic HIV infection, autoimmune
disorders). Exploring these pathways may also facilitate the
use of cancer immunotherapies to correct immune dysfunction and cancer-speciﬁc immune responses.
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