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Abstract

Purpose: We aimed to analyze and compare leukocyte telomere length (LTL) and age-dependent
LTL attrition between childhood cancer survivors and non-cancer controls, and to evaluate the
associations of LTL with treatment exposures, chronic health conditions (CHCs), and health
behaviors among survivors.

Experimental Design: We included 2,427 survivors and 293 non-cancer controls of European
ancestry, drawn from the participants in St. Jude Lifetime Cohort Study (SJLIFE), a retrospective
hospital-based study with prospective follow-up (2007-2016). Common non-neoplastic CHCs (59
types) and subsequent malignant neoplasms (5 types) were clinically assessed. LTL was measured
with whole-genome sequencing data.

Results: After adjusting for age at DNA sampling, gender, genetic risk score based on 9 SNPs
known to be associated with telomere length, and eigenvectors, LTL among survivors was
significantly shorter both overall (adjusted mean [AM]=6.20kb; SE=0.03kb) and across diagnoses
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than controls (AM=6.69kb; SE=0.07kb). Among survivors, specific treatment exposures
associated with shorter LTL included chest or abdominal irradiation, glucocorticoid, and
vincristine chemotherapies. Significant negative associations of LTL with 14 different CHCs, and
a positive association with subsequent thyroid cancer occurring out of irradiation field were
identified. Health behaviors were significantly associated with LTL among survivors aged 18-35

years (ireng=0.03).

Conclusions: LTL is significantly shorter among childhood cancer survivors than non-cancer
controls, and is associated with CHCs and health behaviors, suggesting LTL as an aging biomarker
may be a potential mechanistic target for future intervention studies designed to prevent or delay
onset of CHCs in childhood cancer survivors.

Keywords

Leukocyte telomere length; chronic health condition; health behaviors; childhood cancer; cancer
survivorship

Introduction

Telomeres, with DNA characteristically comprised of copies of TTAGGG motif, are
nucleoprotein-DNA structures that cap both terminal ends of each chromosome and are
designed to maintain genome integrity by preventing chromosome end-to-end fusions,
nucleolytic erosion and homologous recombination(1). Inefficient end replication(2) and the
fact that most somatic cells lack telomerase, the enzyme necessary for replenishing terminal
telomere repeats lost during genome duplication, result in telomeres becoming shorter with
each cell division in self-renewing tissues. When telomeres become critically short, a cell
can no longer divide, triggering senescence or apoptosis(3). Telomere length is strongly
correlated across different tissue types from the same individual, with similar rates of
attrition over time(4).

In humans, leukocyte telomere length (LTL), generally several thousand base pairs long, is
negatively correlated with chronological age and decreases by 22 to 45 base pairs per
year(5). LTL reflects systematic influence on telomere maintenance in other tissues(4),
serving as an excellent marker of aging at both cellular and organism levels. Not all LTL
variability can be attributed directly to age, however. LTL is highly heritable(6-8), differs by
gender(9), and is associated with health behaviors(10-14) including smoking, alcohol intake,
diet, and physical activity, shared environmental factors in twins(15) and cancer treatment
modalities and doses(16,17) including chemotherapy and radiation therapy (RT). LTL is also
associated with age-related diseases(18,19), including cancers(20,21) and cardiovascular
diseases(22,23).

The current population of childhood cancer survivors in the US is estimated to be over half a
million (24). Adult survivors of childhood cancer may be a group particularly vulnerable to
telomere attrition, because they have experienced biological damage to normal cellular
mechanisms that is unlikely to completely recover after completion of cancer therapy. They
are also at an increased risk for therapy-related late effects including many non-neoplastic
chronic health conditions (CHCs) and subsequent neoplasms(25). Moreover, frailty in this
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population was reported to be strongly associated with risk of developing late effects
including total mortality, suggesting accelerated aging in childhood cancer survivors(26).
However, research focusing on the biological basis for premature aging in survivors of
childhood cancer has been largely lagging as relatively few long-term cancer survivorship
studies have assessed biomarkers of aging including telomeres(27). To address this gap, we
employed St. Jude Lifetime Cohort Study (SJLIFE)(28,29) to compare LTL between long-
term survivors of childhood cancer and community controls with no prior history of cancer,
and examine LTL associations in multiple contexts, including childhood cancer treatment
exposures, clinically-assessed CHCs including subsequent neoplasms, and modifiable health
behaviors.

Materials and Methods

Study population

SJLIFE is a retrospective cohort with prospective clinical follow-up of 5+ year survivors of
childhood cancer diagnosed and treated at St. Jude Children’s Research Hospital (SJCRH)
between 1962 and 2012. Study design, and assessments of the SILIFE cohort were described
previously(30,31). Briefly, participants completed a battery of medical and laboratory
assessments to characterize their health, and treatment information was abstracted from
medical records. Participants also completed questionnaires covering health behaviors and
demographic factors. Whole-genome sequencing (WGS) data were generated on the same
sequencing platform (HiSeq X Ten System) for all study participants, as previously
described (29). The average genome-wide coverage per sample was 36.8-fold, with the same
read length (2x150) and was mapped with BWA using default settings. We considered
additional filtering steps to ensure the following inclusion criteria were met for this analysis:
1) admixture coefficient for CEU (Utah residence with Northern and Western European
ancestry) population 280% (European ancestry): admixture coefficients were estimated for
each individual in a STRUCTURE analysis using 1000 Genomes Project Phase 3 version 5
data as reference populations which include CEU (n=99), JPT+CHB (Japanese and Chinese,
n=207) and YRI (Yoruban in Nigeria, n=108). If an individual had =80% CEU, we
designated European ancestry; 2) no excessive heterozygosity: more than three standard
deviations from the mean; 3) no closely related pairs (first degree relatives) determined by
identical-by-descent estimates; and 4) no Trisomy 21 (Down syndrome). This resulted in
2,427 survivors for the evaluation of LTL and associations with treatment exposures and
CHCs (Supplementary Fig. S1).

CHCs were clinically-confirmed by medical records or identified by prospectively
performed clinical assessments. For the comparison of survivors and controls, analysis was
limited to those whose DNA extraction was completed with the same protocol in the
Computational Biology Genomic Laboratory at SJICRH, resulting in 1,615 survivors and 293
controls of European ancestry. Controls in the SILIFE study were primarily recruited from
the communities where survivors live in and screened for eligibility criteria including: 1) 18
years of age or older; 2) not currently pregnant or lactating; and 3) matched to survivors
based on age, sex, and race, as described in detail previously (25). Analysis of the
association between LTL and health behaviors was restricted to 1,143 of the 1,615 survivors
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whose DNA sampling age was greater than the age at visit when health behaviors were
gathered. The prospective clinical assessment for the SILIFE cohort was activated in 2007,
and the data used in this report reflects follow-up through December 2016. The SJLIFE
genomic study was conducted in accordance with the Declaration of Helsinki and IRB-
approved, and participants provided informed written consent.

Estimated telomere length using WGS

LTL was determined using a recently published software tool, TelSeq(32), which defines a
sequence read as telomeric if it contains at least A occurrences of the motif (TTAGGG),
where kdefaults to 7. An estimate of LTL is computed by #.c/swhere #is the number of
telomeric reads, cis a constant for genome length with GC content between 48% and 52%
divided by number of telomere ends 46 (23 x 2), and sis the total number of reads with GC
content between 48% and 52%. The TelSeq results have previously been shown to correlate
(Pearson correlation coefficient p = 0.60) with Southern blot measurements based on 260
samples from the TwinsUK cohort(32). We also conducted Southern blot experiments to
measure the LTL using 93 samples from the SILIFE cohort and found good correlation with
LTL estimates using WGS-based TelSeq method (p = 0.64).

Genetic risk score for telomere length

To represent the hereditary component of LTL, we constructed a weighted genetic risk score
(GRS) based on nine single nucleotide polymorphisms (SNPs) known to be associated with
telomere length [evidence of genome-wide significance (p<5x1078)], and located within or
near genes required for telomere maintenance. GRS was calculated by weighted summation
of the number of alleles associated with longer telomere and published effect size for each
telomere length associated allele across the nine SNPs (rs10936599, rs2736100, rs7675998,
rs9420907, rs8105767, rs755017, rs11125529, rs6772228, and rs3027234)(33). There was
no statistically significant difference in distribution of GRS between survivors of childhood
cancer and controls.

Chronic health conditions

Chronic health conditions were defined by applying a modification of the Common
Terminology Criteria for Adverse Events (CTCAE version 4.0)(34) to clinically validated/
ascertained medical outcomes in 12 organ systems and for second cancers.(35) Outcomes
were graded with possible ratings of 0 (no problem), 1 (mild), 2 (moderate), 3 (severe/
disabling), 4 (life-threatening), or 5 (death) (35). We included 59 common (incidence count
>20) non-neoplastic outcomes with grades 3-4, five subsequent neoplasms, and mortality in
this analysis.

Treatment exposures

Treatment-related exposures included chemotherapy (chemotherapeutic agents received and
cumulative doses) and radiotherapy (treatment fields and doses). Treatment information was
abstracted from medical records for SILIFE participants by trained research staff using a
structured protocol as previously described(30), and radiation dosimetry was estimated from
the primary radiation prescription records(36). Six major chemotherapy variables
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(anthracyclines, alkylating agents, glucocorticoids, vincristine, platinum agents, and
epipodophyllotoxins) and three radiotherapy variables (brain-RT, chest-RT and abdomen/
pelvic RT) were included in the analysis.

Health behaviors

Using data from self-report questionnaires, we defined five suboptimal health behaviors as
the following: 1) <150 min/week of at least moderate physical activity;(37) 2) no
participation in resistance training;(37) 3) current or former tobacco smoking (5 lifetime
packs); 4) scoring in the lowest tertile on the healthy eating index based on the 2015 to 2020
Dietary Guideline for Americans;(38) and 5) either no or risky alcohol drinking defined as
one episode of =5 (men) or =4 (women) drinks/day in the past year(38). Survivors were then
grouped into three categories: 1) favorable (0 or 1 suboptimal health behavior); 2)
intermediate (2 or 3 suboptimal health behaviors); and 3) unfavorable (4 or 5 suboptimal
health behaviors).

Statistical analyses

To compare LTL between childhood cancer survivors and community controls, adjusted
mean (AM) of least square of LTL and average difference in LTL by age were calculated for
controls and survivors overall and by primary diagnosis group. The survivor-control analysis
of LTL was assessed by linear regression adjusted for age at DNA sampling, gender, the
telomere length GRS, and eigenvectors corresponding to top 10 principal components
derived from the combined set of 1,615 survivors and 293 controls. The survivor-only
analysis of LTL was additionally adjusted for cancer treatments and diagnosis of obesity
established prior to measurement of LTL. A sensitivity analysis was performed additionally
adjusted for health behaviors. The statistical difference of AM of LTL in different diagnosis
groups was evaluated by Dunnett-Hsu test. The average difference in LTL by age in
survivors and non-cancer controls was evaluated by t-test. Similarly, LTL was compared
among survivors by prior cancer treatments (with or without each specific exposure) or
health behaviors (favorable, intermediate or unfavorable group).

To evaluate the association of LTL with CHC, we used two approaches. First, a Cochran-
Armitage trend test was carried out for each 3x2 cross-tabulation of each outcome by tertile
of residual of LTL (adjusted for age at DNA sampling, DNA extraction method, and
telomere length GRS). For this analysis, we examined CHCs present prior to or after DNA
sampling. Second, we performed a time-to-event analysis using multivariable piecewise
exponential regression models in which only CHCs diagnosed at DNA sampling or within
180 days of DNA sampling were considered. The associations between LTL tertile and
newly occurrence of CHC were reported as relative rate (RR) and 95% confidence interval
(CI). The event date was determined as the earliest date of clinical follow-up for late effects
based on when the CHCs were diagnosed, or patient reports (e.g. headache), or the health-
related metrics were measured (e.g. obesity). Since we assumed that there is no smooth
linear relationship between the LTL and CHCs, we chose to use tertiles, which was the
minimum number of groupings to show linear trend considering the number of survivors as
well as the limited number of CHCs. The multivariable models were adjusted for age at
primary diagnosis, sex, telomere GRS, eigenvectors, site specific radiation dose (0, <25Gy
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and =25@Gy), tertiles of chemotherapy agents, health behaviors, and primary diagnosis.
Follow up of survivors started at age of DNA sampling and was censored at age of their last-
contact defined at the time of analysis or at death. Statistical significance was defined by
two-sided p-value of 0.05. SAS program version 9.4 was used for all statistical analyses.

Characteristics of study population

Median age at childhood cancer diagnosis, at DNA sampling, and at last follow-up of the
2,427 survivors included in this analysis were 7.0 years (range: 0-23.6), 31.8 years (range:
6.0-66.4), 35.7 years (range: 6.9-68.6), respectively. Survivors were 53.4% male, had
leukemia (37.0%), sarcoma (12.7%), Hodgkin lymphoma (12.7%), central nervous system
(CNS) tumors (11.0%), non-Hodgkin lymphoma (7.7%), and other cancers. Among
survivors, 32.8% were exposed to brain RT, 27.2% chest RT, 22.0% abdominal/pelvic RT,
58.7% anthracyclines, 58.6% alkylating agents, 50.0% glucocorticoids, 70.4% vincristine,
11.6% platinum agents, and 36.2% epipodophyllotoxins. Over half of survivors (52.8%)
reported participating in physical activity 2150 minutes per week, and 39.2% in resistance
training. Over half (54.5%) also reported moderate drinking, 75.9% had a normal health
eating index, and 63.5% never smoked (Table 1).

The non-cancer controls were 48.1% male and the median age at DNA sampling was 34.9
(range: 18.7-70.2) years.

Telomere length in survivors and non-cancer controls (Figure 1a)

LTL in survivors was shorter overall (AM=6.20kb, standard error (SE)=0.03kb) and across
all diagnoses compared to community controls with no prior history of cancer (AM=6.69kb,
SE=0.07kb) with high statistical significance (p<0.001). Compared with survivors of other
diagnoses, sarcoma survivors had relatively longer LTL (AM=6.33kb), and survivors of
Hodgkin lymphoma had relatively shorter LTL (AM=6.07kb) (Figure 1a). Similar results
were observed when health behaviors were additionally adjusted for (Supplementary Table
S1). Figure 1b illustrates that the average LTL of 6kb corresponds to age of 36.8-years
among survivors and age of 48.2-years among community controls, suggesting an
acceleration of aging by 11.4 years (dotted line). However, the average difference in LTL by
age (i.e., age slope of the linear regression line) was only modestly greater among survivors
(52bp/year) than among non-cancer community controls (44bp/year) with no statistically
significant difference (p=0.95).

Telomere length and cancer treatment exposures (Figure 2)

When we compared LTL between survivors exposed and not exposed to each RT and
chemotherapy respectively, survivors exposed to chest RT (p<0.001) and abdomen/pelvic RT
(p<0.001) had significantly shorter LTL than non-exposed survivors (Figure 2). However,
there was no statistically significant association between LTL and brain RT (Supplementary
Table S2). Survivors exposed to glucocorticoids (p=0.04) and vincristine (p=0.03) also had
shorter LTL than non-exposed survivors (Figure 2), but no associations between alkylating
agents, anthracyclines, epipodophyllotoxin, or platinum and LTL were detected
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(Supplementary Table S2). Similar results were observed when health behaviors were
additionally adjusted for (Supplementary Table S3). In multivariable model including all
four treatments that were individually significantly associated with LTL (Supplementary
Table S4), only two treatments remained statistically significant including abdomen/pelvic
RT (p=0.05) and glucocorticoids (p=0.02) due to a very strong positive correlation between
chest RT and abdomen/pelvic RT (Phi Coefficient=0.81) and a strong positive correlation
between glucocorticoids and vincristine (Phi Coefficient=0.46).

Telomere length and CHCs (Table 2)

There was a negative association between tertile of LTL residual and 14 common non-
neoplastic CHCs, including cardiomyopathy (p=0.013), cholecystitis (p=0.035), chronic
hepatitis C (p=0.047), hypercholesterolemia (p=0.036), hypertriglyceridemia (£=0.005),
fibrosis/cirrhosis (p=0.029), gastritis/duodenitis (v=0.001), gastrointestinal ulcer (p=0.036),
headaches (p=0.024), hypertension (p=0.040), lymphatic infection (p=0.039), obesity
(0=0.002), obstructive pulmonary deficit (p=0.008), and restrictive pulmonary deficit
(0=0.003). In contrast, the tertile of LTL residuals was positively associated with the
occurrence of a secondary thyroid cancer (p=0.013). The association between LTL and
overall mortality did not reach statistical significance (p=0.08). Additional results examining
associations between LTL and CHC are presented in Supplementary Table S5. When we
modeled the number of any CHCs for each survivor, we observed that survivors with shorter
telomere length were more likely to have multiple CHCs (p<0.05) (Supplementary Table
S$6). Time to event analysis indicated negative associations of LTL (3" tertile vs. 15t tertile of
LTL residual) with restrictive pulmonary deficit (RR=0.43, 95% CI1=0.20-0.88, ptreng=0.02)
and showed the marginally significant associations of LTL with hypertriglyceridemia
(Bireng=0.06) and obstructive pulmonary deficit (enq=0.06) (Supplementary Table S7). We
also observed a negative association between tertiles of LTL residual and 13 common non-
neoplastic CHCs diagnosed before DNA sampling (Supplementary Table S8).

Telomere length and health behaviors (Figure 3)

Among survivors ages 18 to 35 years (the younger group), those with favorable,
intermediate and unfavorable health behaviors were 38.9%, 49.6% and 11.5%, respectively.
Among survivors >35 years of age (the older group), the proportion in the favorable health
category was lower (21.9%, 62.3% and 15.8%). For the younger survivors, LTL tended to be
shorter among survivors with unfavorable health behaviors (ALSM of LTL=5.97kb; 95%
Cl=5.65kb-6.29kb) compared with those with favorable health behaviors (ALSM of
LTL=6.29kb; 95% CI=6.06kb-6.51kb) with statistical significance for trend across three
groups of health behaviors (p=0.03). In contrast, LTL is comparable among survivors in the
older group with different health behavior categories. When we compared LTL according to
individual component of health behaviors, no statistically significant associations were
observed (Supplementary Table S9).

Discussion

The St. Jude Lifetime Cohort Study provided a unique opportunity to investigate LTL in
childhood cancer survivors and non-cancer community controls. This comparison
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demonstrated that survivors have reduced telomere reserve when compared to their age-
matched peers but a similar age-dependent telomere attrition. In combination with the
findings of associations between specific diagnoses and treatment exposures with LTL, these
data suggest that cellular damage related either to cancer and/or its treatment in children is a
discrete, early event rather than an acceleration of expected aging processes, suggesting an
aging acceleration model (Supplementary Fig. S2) different from the one previously
proposed(39). In addition, our analysis found an association between early telomere attrition
with the occurrence of CHCs. It is well-established that survivors of childhood cancer
experience age-related diseases much earlier than individuals in the general population(25),
but it is not clear if LTL attrition is causally related or simply associated with the same
treatment exposures that are causally associated with the occurrence of CHCs. Importantly,
with comprehensive modeling of telomere length in survivors (Supplementary Fig. S3), we
were able to demonstrate an association between poor health behaviors and shorter LTL in
younger adult survivors, which suggests that LTL may serve as a potential biomarker for
future studies of evaluating the effectiveness of lifestyle-related interventions.

Radiation and chemotherapeutic agents cause acute cellular damage and are biologically
well-known to induce telomere dysfunction(40,41). Exposing T-lymphocytes and fibroblasts
to doxorubicin, etoposide, or radiation results in telomere shortening, down-regulation of
telomerase activity, and diminished expression of telomerase reverse transcriptase (7ERT)
and telomere binding proteins(16,42). However, a systematic review of 25 epidemiological
studies on effects of RT and chemotherapy on telomere length did not result in any definitive
conclusions among studies(17). Two longitudinal studies of childhood cancer that reported
shorter telomere length following cancer treatment were limited by small sample sizes
(N=24 and 25)(43,44). Our findings provided strong epidemiological evidence for telomere
shortening following cancer treatments, especially chest RT, abdomen/pelvic RT,
glucocorticoids, and vincristine. However, it is possible that associations between specific
treatment exposures and LTL are partly mediated by biological differences in LTL profiles
that exist across cancer histologies, which were not adjusted in the analysis due to the
collinearity with specific RT or chemotherapy.

Our examination of associations between LTL and non-neoplastic CHCs were consistent
with findings from studies using the general population, in which shorter LTL has been
associated with chronic diseases resulting from restricted cell proliferation. For example,
negative associations between LTL and obesity, hypertension or cardiomyopathy have been
reported in the general population (10,45,46). Telomere shortening could cause chronic
inflammation mediated by apoptosis and cellular senescence. Aging-related dysregulation of
telomerase could independently cause mitochondrial dysfunction that could lead to
increased oxidative stress. Inflammation and oxidative stress are considered underlying
preclinical process of chronic disease that results in biological aging. (47) Specifically,
telomere shortening was demonstrated to possibly contribute to metabolic dysfunction
including abdominal fat and metabolic abnormalities in mice model (48) and its involvement
in the mammalian target of rapamycin (mTOR) pathway links telomere shortening with
cardiovascular diseases.(49) In addition, it is evident that accelerated aging caused by
inflammation and oxidative stress was related to development or progression of several
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chronic diseases, specifically in liver diseases,(50) headaches,(51) chronic hepatitis C
infection, (52) pulmonary disease. (53)

In contrast, longer LTL has been shown to be mostly associated with cancers characterized
by enhanced cellular proliferation(20). Interestingly, we also found a positive association
between LTL and subsequent thyroid cancer developing out of the field of prior irradiation
treatment. However, a previous study reported survivors of childhood cancer with shorter
telomeres were at increased risk for development of subsequent thyroid cancer (54).
Furthermore, a recent study by the same group reported that genetically-inferred telomere
length using telomere length-associated genetic variants was not associated with risk for
subsequent thyroid cancer (55). Both studies were based on genetic and clinical data from
the Childhood Cancer Survivor Study with substantial overlap in survivors with subsequent
thyroid cancer. Data showing telomere length and cancer associations are also weak in
prospective studies, suggesting that telomere shortening largely occurs after diagnosis and
therefore may not be of value in predicting cancer incidence(56).

Favorable health behaviors are thought to exert influences over time by reducing oxidative
stress and inflammation, thus promoting telomere health.(10-14) In our study, the inverse
association between the longer telomere and favorable health behaviors was limited to
younger adult survivors of childhood cancer. We hypothesize that this finding result from
alteration of health behaviors among older survivors after development of chronic health
conditions when telomere damage has already occurred. We observed no statistically
significant associations in the analyses of associations between individual component of
health behaviors and telomere length. Given that health behaviors typically occur in clusters,
we evaluated associations between combined effects (grouped) of health behaviors and
telomere length.(57,58) However, reverse causality between favorable health behaviors and
longer telomere length may exist where survivors with longer telomere length and healthier
physiological state preferentially select favorable health behaviors. Rigorous investigations
examining how health behaviors influence telomere length and resulting CHCs, which will
require a longitudinal multi-time point study design to: (1) study telomere dynamics and
other informative aging biomarkers over time; (2) evaluate associations between telomere
health and future chronic disease incidence; and, (3) investigate the impact of health
behaviors and psychosocial factors on telomere length and other biomarkers, i.e. mechanistic
pathways to disease will certainly advance the field.

Although comprehensive analyses and modeling of telomere lengths for this study produced
some intriguing and promising leads, there are limitations to be considered. First, because
we analyzed correlative rather than causative associations between LTL and CHCs, potential
reverse casual effects of CHCs on the telomere length can confound the associations. To
circumvent this problem, this analysis was conducted considering time-to-event where we
only considered those late effects that occurred after DNA sampling age for LTL
measurement for each survivor in order to explain temporal sequence between LTL and late
effects. Second, our sample size is small considering the number of survivors with specific
chronic health condition including subsequent neoplasms. Third, our cohort is still quite
young (median attained age=36 years), therefore further follow up is needed. Fourth, since
the specific chemotherapies and radiation dosages have changed over time, results may be
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not be applicable to survivors treated more recently. Lastly, we did not examine LTL by
types of leukocytes (T or B cells).

Our findings suggest that LTL could be a promising biomarker of aging and aging-related
CHCs among childhood cancer survivors. Knowledge gained from this study provides a
potential mechanistic pathway responsible for accelerated aging and supports additional
research to determine the possible clinical translation of LTL as an aging biomarker in
childhood cancer survivors. Use of telomere length has been proposed in personalized
medicine and prevention (59), which may help to guide future pharmaceutical discovery and
inform non-pharmacologic intervention strategies for health promotion and disease
prevention in childhood cancer survivors who are more vulnerable to developing aging-
related CHCs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

Leukocyte telomere length (LTL) has not been extensively evaluated among childhood
cancer survivors, even though it is widely believed that survivors are vulnerable to
telomere attrition following exposures to cytotoxic cancer treatments. In this current
study, LTL associated with various treatment exposures is significantly shorter among
survivors than controls with no history of cancer. LTL is inversely associated with
prevalence of 14 different chronic health conditions, whereas favorable health behaviors
are associated with longer LTL among younger survivors. Our findings suggest that LTL
as a promising aging biomarker associated with prevalence of chronic health conditions
may be a mechanistic target for interventions based on health behaviors among survivors
of childhood cancer. In the modern era of precision medicine, telomere length may
inform strategies for health promotion and disease prevention in childhood cancer
survivors who are most vulnerable to developing aging-related chronic health conditions.
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Figure 1.
(a) Adjusted least square mean of LTL in controls and survivorsoverall and by their

diagnoses. Statistical significance levels were depicted by */<0.05, **/<0.01, and
***P<(0.001. Abbreviations: CNS (Central Nervous System), ALL (Acute Lymphocytic
leukemia), NBL (Neuroblastoma), WT (Wilms’ tumor), HL (Hodgkin lymphoma), NHL
(non-Hodgkin lymphoma). (b) Linear regression linesof LTL by age at DNA sampling
for controlsand survivors.
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Figure 2. Associations of LTL with cancer treatment exposures.
Statistical significance levels were depicted by */<0.05, **/£<0.01, and ***/~<0.001.
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Table 1.

Characteristics of participants in St. Jude Lifetime Cohort study

Overall survivors  Restricted survivors®  Non-cancer controls®

Characteristics
N (%) N (%) N (%)

Total 2,427 (100.0) 1,615 (100.0) 293 (100.0)
Sex

Male 1,295 (53.4) 855 (52.9) 141 (48.1)

Female 1,132 (46.6) 760 (47.1) 152 (51.9)
Race

White 2,425 (99.9) 1,613 (99.9) 289 (98.6)

Other 2 (0.1) 2 (0.2) 4 (1.4)
Ethnic

Hispanic 27 (1.1) 17 (1.1) 6 (2.1)

Non-Hispanic 2,400 (98.9) 1,598 (99.0) 287 (98.0)
Diagnosis

Leukemia 898 (37.0) 538 (33.3) - -

CNS tumors 266 (11.0) 218 (13.5) - -

Sarcoma 309 (12.7) 221 (13.7) - -

Hodgkin lymphoma 308 (12.7) 237 (14.7) - -

Non-Hodgkin lymphoma 186 7.7) 116 (7.2) - -

Neuroblastoma 120 4.9 83 (5.1) - -

Retinoblastoma 67 (2.8) 34 (2.1) - -

Wilm’s tumor 154 (6.4) 96 (5.9) - -

Other 119 (4.9) 72 (4.5) - -
Brain RT

No 1,630 (67.2) 1,131 (70.2) - -

<25 Gy 481 (19.8) 249 (15.4) - -

>25 Gy 314 (13.0) 233 (14.4) - -
Chest RT

No 1,765 (72.8) 1,122 (69.5) - -

<25 Gy 284 (17 206 (12.8) - -

>25 Gy 377 (15.5) 286 (17.7) - -
Abdomen/Pelvic RT

No 1,801 (78.0) 1,240 (76.8) - -

<25 Gy 257 (10.6) 182 (11.3) - -

>25 Gy 278 (11.5) 192 (11.9) - -
Anthracycline

No 1,002 (41.3) 639 (39.6) - -

1st tertile 473 (19.5) 305 (19.0) - -

2nd tertile 476 (19.6) 311 (19.3) - -

3rd tertile 476 (19.6) 360 (22.3) - -

Alkylating agent
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Characteristics

Overall survivors

Restricted survivors®

a
Non-cancer controls

N (%) N (%) N (%)

No 1,005 (41.4) 663 (41.0) - -

1st tertile 473 (19.5) 324 (20.1) - -

2nd tertile 474 (19.5) 307 (19.0) - -

3rd tertile 474 (19.5) 321 (19.9) - -
Glucocorticoids

No 1,209 (50.0) 840 (52.5) - -

1st tertile 402 (16.7) 231 (14.4) - -

2nd tertile 379 (15.7) 251 (15.7) - -

3rd tertile 423 (17.5) 279 (17.4) - -
Vincristine

No 712 (29.6) 520 (32.4) - -

1st tertile 566 (23.5) 331 (20.6) - -

2nd tertile 566 (23.5) 390 (24.3) - -

3rd tertile 565 (23.5) 364 (22.7) - -
Platinum

No 2,139 (88.4) 1,390 (86.4) - -

1st tertile 100 (4.1) 67 (4.2) - -

2nd tertile 87 (3.6) 70 (4.4) - -

3rd tertile 94 (3.9 82 (5.1) - -
Epipodophyllotoxins

No 1,544 (63.8) 1,039 (64.5) - -

1st tertile 292 (12.1) 199 (12.3) - -

2nd tertile 294 (12.1) 198 (12.3) - -

3rd tertile 292 (12.1) 176 (10.9) - -
Physical activity

2150 minutes/week 1,203 (52.8) 786 (53.1) 178 (63.1)

<150 minutes/week 1,075 (47.2) 694 (46.9) 104 (36.9)
Strength

Normal 888 (39.2) 572 (38.7) 148 (52.9)

Abnormal 1,378 (60.8) 905 (61.3) 132 (47.1)
Alcohol intake

No or risky drinking 927 (45.5) 600 (45.8) 141 (49.3)

Moderate drinking 1,110 (54.5) 710 (54.2) 145 (50.7)
Healthy eating index

Normal 1,697 (75.9) 1,118 (76.5) 235 (83.0)

Abnormal 538 (24.1) 343 (235) 48 (17.0)
Smoking status

Never 1,495 (63.5) 991 (64.2) 181 (63.7)

Ever 861 (36.5) 553 (35.8) 103 (36.3)

Health behaviorsb
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Overall survivors

Characteristics

Restricted survivors®

a
Non-cancer controls

N (%) N (%) N (%)

Favorable 658 (27.1) 419 (25.9) 116 (39.6)
Intermediate 1,084 (44.7) 718 (44.5) 128 (43.7)
Unfavorable 343 (14.1) 210 (13.0) 30 (10.2)
Unknown 342 (14.1) 268 (16.6) 19 (6.5)
Median (Range) Median (Range) Median (Range)

Age at diagnosis 7.0 (0-23.6) 7.7 (0-22.7) - -
Age at DNA sampling 31.8 (6.0-66.4) 315  (6.0-66.4) 349 (18.7-70.2)
Age at last follow up 35.7 (6.9-68.6) 339 (6.9-68.6) 349 (18.7-70.2)

Abbreviations: CNS (central nervous system), Radiation therapy (RT)

a . ]
DNA extraction was conducted by the same laboratory with the same protocol.
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bSuboptimaI health behaviors included; 1) <150 min/week of at least moderate physical activity; 2) no participation in resistance training; 3)
tobacco smoking; 4) scoring in the lowest tertile on the healthy eating index based on the 2015 to 2020 Dietary Guideline for Americans(38); and

5) either no or risky alcohol drinking.
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