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Abstract

Background: Chronic lymphocytic leukemia (CLL) is the most
common leukemia in the Western world. Shorter mean telomere
length in leukemic cells has been associated with more aggressive
disease. Germline polymorphisms in telomere maintenance genes
affect telomere length and may contribute to CLL susceptibility.

Methods: We collected genome-wide data from two groups of
patients with CLL (N = 273) and two control populations (N =
5,725). In ancestry-adjusted case—control comparisons, we ana-
lyzed eight SNPs in genes definitively associated with inter-indi-
vidual variation in leukocyte telomere length (LTL) in prior
genome-wide association studies: ACYP2, TERC, NAF1, TERT,
OBFC1, CTC1, ZNF208, and RTEL1.

Results: Three of the eight LTL-associated SNPs were associated
with CLL risk at P < 0.05, including those near: TERC [OR, 1.46;
95% confidence interval (CI), 1.15-1.86; P = 1.8 x 107>}, TERT
(OR = 1.23; 95% CI, 1.02-1.48; P = 0.030), and OBFC1 (OR,

Introduction

Chronic lymphocytic leukemia (CLL) is a highly heteroge-
neous disease with clinical course ranging from indolent to
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1.36;95%ClI, 1.08-1.71; P= 9.6 x 10~>). Using a weighted linear
combination of the eight LTL-associated SNPs, we observed that
CLL patients were predisposed to longer LTL than controls in both
case—control sets (P = 9.4 x 10™* and 0.032, respectively). CLL
risk increased monotonically with increasing quintiles of the
weighted linear combination.

Conclusions: Genetic variants in TERC, TERT, and OBFC1 are
assodated with both longer LTL and increased CLL risk. Because
the human CST complex competes with shelterin for telomeric
DNA, future work should explore the role of OBFC1 and other CST
complex genes in leukemogenesis.

Impact: A genetic predisposition to longer telomere length is
associated with an increased risk of CLL, suggesting that the
role of telomere length in CLL etiology may be distinct from its
role in disease progression. Cancer Epidemiol Biomarkers Prev; 25(7);
1043-9. ©2016 AACR.

highly progressive (1). Currently, several prognostic markers
including somatic hypermutation in the immunoglobulin
heavy-chain variable region, ZAP70 and CD38 expression, and
TP53/SF3B1/NOTCH1 mutation status are used in combination
to estimate disease prognosis (2). Telomere length is also
associated with CLL progression, where shorter telomere length
is correlated with advanced disease stages, Richter transforma-
tion (3), and poor patient prognosis (4).

Telomeres are repetitive DNA sequences that cap and protect
chromosomes. Telomeric repeats are lost with each somatic
cellular division and, when depleted, future mitoses result in
the loss of integral genomic DNA. This induces replicative
senescence and apoptosis, limiting the replicative potential of
somatic cells (5). If adequate oncogenic mutations are
acquired before reaching replicative senescence, unlimited
proliferation may follow and cancer may result. Thus, long
telomeres may increase the risk of cancer by allowing addi-
tional time in which a cell can accumulate mutations before
reaching this apoptotic checkpoint (6). Following malignant
transformation, leukemic cells that proliferate in the absence
of an active mechanism of telomere maintenance (e.g., telo-
merase reactivation) will continue to experience telomere
depletion (7, 8). In such tumors, short telomere length would
be expected to associate with more advanced and/or highly
proliferative leukemia (9, 10).
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Telomere length decreases with age, but can be significantly
different between individuals of the same age due to genetic
and environmental influences (11). Heritable differences in
leukocyte telomere length (LTL) are associated with SNPs
in eight genes involved in telomere maintenance, including
ACYP2, TERC, NAF1, TERT, OBFC1, CTC1, ZNF208, and RTEL1
(12, 13). Genome-wide association studies (GWAS) indicate
that inherited SNPs near the telomerase-component genes
TERC and TERT are also associated with increased risk of CLL
and implicate telomere biology in leukemia predisposition
(14, 15). We therefore hypothesized that inherited variation
affecting telomere length may be associated with risk of devel-
oping CLL, with the heritable and somatic genetic influences
having a net effect on telomere length in tumors.

To determine whether common genetic variants associated
with inter-individual variation in telomere length confer risk
for CLL, we analyzed eight independent SNPs in 273 patients
with CLL and 5,725 controls. These SNPs have previously been
definitively associated with inter-individual variation in LTL in
a GWAS of 37,684 individuals of European ancestry conducted
by the ENGAGE Consortium Telomere Group (12). In addition
to single variant analyses, we also constructed a weighted linear
combination of subject genotype at the eight SNPs to create a
summary score that quantifies genotypic contributions to dif-
ferences in LTL across patients and controls. Although direct
measurement of LTL (e.g., by qPCR) is frequently influenced
by differing distributions of potential confounders across
patients and controls (e.g., age, sex, chemotherapy), SNP gen-
otypes are present since birth and are not confounded by the
effect that these variables may have on both telomere length
and cancer risk. In addition, although the effect of individual
alleles in telomere maintenance genes may be small, the com-
bined effect of numerous such polymorphisms could poten-
tially be quite large and could help identify the "missing
heritability" of cancer (16). This Mendelian randomization
approach for examining the relationship between telomere
length and cancer risk has been previously applied to glioma,
melanoma, and lung adenocarcinoma, but not to hematologic
malignancies (17-19).

Materials and Methods

Ethics statement

The genome-wide meta-analysis of mean LTL obtained approval
by local ethics committees, as previously outlined (12). CLL pati-
ents and assodated genotype and phenotype data in the discovery
analyses were collected by the Mayo Clinic as part of the Eastern
Cooperative Oncology Group (ECOG) 2997 trial and accessed
through dbGaP Study Accession phs000621.v1.pl after review
and approval by the NCI Data Access Committee (2). CLL patients
and assodated genotype and phenotype data in the replication
analyses were collected by The Dana-Farber Cancer Institute (DFCI)
and accessed through dbGaP Study Accession phs000435.v2.p1
after review and approval by the National Human Genome
Research Institute (NHGRI) Data Access Committee (1).

Case—control populations

We assessed genetic variants in telomere-associated genes in
two independent CLL case-control study groups. The first group
included 215 CLL patients from the ECOG 2997 trial (2) and
3,390 Illumina iControl subjects. ECOG patients had symptom-
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atic, untreated CLL as defined by NCI 1996 guidelines (20). The
second group included 101 nonoverlapping CLL patients from
DFCI and 2,603 controls from the Wellcome Trust Case-Control
Consortium (WTCCC; refs. 1, 21). The majority (67%) of DFCI
cases were chemotherapy-naive. Additional case and control data
appear in Supplementary Table S1.

Case—control genotyping and quality control

For ECOG patients, DNA was isolated from peripheral blood,
obtained before treatment, and shipped overnight at ambient
temperature to a central processing laboratory. Mononuclear cells
were isolated using Ficoll density-gradient centrifugation and
then processed for DNA. All case and control DNA specimens in
discovery analyses were genotyped using either the Illumina
HumanCNV370-Duo BeadChip or the Illumina HumanHap550
platform. Samples with call rates <95% were excluded from
analysis, as were samples with mismatched reported versus gen-
otyped sex. Although all subjects were of self-reported European
ancestry, this was validated using principal components analysis
in Eigenstrat (22). Analyzed SNPshad call rates >98% and Hardy-
Weinberg equilibrium P values >0.001 among controls.

For DFCI patients, DNA samples were obtained from normal
tissue via either 5 mm skin punch biopsies or collection of 2 mL of
saliva as a source of normal epithelial cells. DNA specimens were
genotyped using the Affymetrix 6.0 genotyping array. Genotype
data for 2,603 European-ancestry control samples genotyped
using the Affymetrix 6.0 genotyping array were downloaded from
the WICCC (21). Subjects showing evidence of non-European
ancestry, as well as duplicate samples and related subjects (IBD >
0.125) were excluded from analyses. Genome-wide SNP data
were used to ensure there was no overlap between ECOG patients
and DFCI patients. SNPs with call rates <98% or HWE P value
<0.001 (among controls) were excluded.

To ensure that infiltrating tumor DNA from ECOG patients did
not bias allele frequencies in SNP analyses of blood-derived
specimens, genome-wide allele frequendies from ECOG patients
(blood-derived specimens) were compared with those in DFCI
patients (skin biopsy or saliva-derived specimens). With the
exception of SNPs on 13q, allele frequendies differed by no more
than 5% across patient sets, reflecting the relatively low burden
of copy-number alterations in CLL and the comparability of the
two CLL case populations (23, 24). Importantly, there was
no evidence of copy-number alterations or copy-neutral LOH
within 250 kb of the eight LTL-associated SNPs, as the most
common CLL-associated copy-number alterations are located on
chromosomes 11, 13, 17 (loss), and 12 (gain; ref. 25), whereas the
LTL-associated SNPs are located on chromosomes 2, 3, 4, 5, 10,
17, 19, and 20. As further evidence, allele frequencies in flow-
sorted CLL tumor DNA were nearly identical to those in skin
biopsy DNA in the eight LTL-associated gene regions among DFCI
subjects (Supplementary Fig. S1).

SNP imputation

Within the two CLL case-control datasets, we imputed
250 kb regions centered on eight SNPs previously associated
with LTL in GWAS (12, 13): rs11125529 (ACYP2), 1510936599
(TERC), 137675998 (NAF1), 1s2736100 (TERT), 19420907
(OBFCI), 153027234 (CTCI), rs8105767 (ZNF208), and
1755017 (RTEL1). The top LTL SNP was directly genotyped
on-array for TERC, TERT, and OBFC1 among ECOG cases and
the iControls, and was imputed for the other five genes. The top
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LTL SNP was directly genotyped on-array for ACYP2, TERT,
OBFC1, CTC1, and ZNF208 among the DFCI cases and Well-
come Trust controls, and was imputed for the other three genes.
Imputation was performed using the Impute2 v2.1.2 software
and its standard Markov chain Monte Carlo algorithm and
default settings for targeted imputation (26). All 1,000 Gen-
omes Phase I haplotypes were provided as the imputation
reference panel (27). All SNPs had imputation quality (info)
scores > 0.80 and posterior probabilities > 0.90. Individuals
with imputed genotype probabilities <0.70 were excluded to
prevent allele misclassification. Imputation was performed
separately for the ECOG/iControl case-control set (Illumina
array data) and the DFCI/WTCCC dataset (Affymetrix array
data).

Statistical analyses

For single locus SNP associations, allele frequencies in all CLL
patients were compared with those in the pooled control dataset
using logistic regression in SNPTESTv2 under an allelic additive
model (28), adjusting for the first five ancestry-informative prin-
dpal components from Eigenstrat and for genotyping array (Illu-
mina vs. Affymetrix). To account for potential errors in imputa-
tion, a missing-data likelihood score test was applied to produce
standard errors which account for the additional uncertainty
inherent in the analysis of imputed genotypes. P values <0.05
were considered nominally significant. Sensitivity analyses were
conducted wherein cases were compared only with controls
genotyped on the same genotyping platform to account for
potential differences in genotyping or imputation across arrays.

To investigate the combined effect of the eight LTL-associated
SNPs, we created a weighted linear combination by summing the
number of "long LTL" alleles that an individual possesses and
weighting each allele by its effect size in data from the ENGAGE
Consortium Telomere Group (12). The effect size used for weight-
ing was expressed as the number of additional base pairs of
telomere length associated with each allele, adjusted for age and
sex, as calculated and previously reported by the ENGAGE Con-
sortium Telomere Group (12, 17). The number of base pairs was
used because the model can be interpreted as the relative differ-
ence in estimated LTL across individuals. The weighted model
assigns a value of "0" to an individual who possesses 0 of the
alleles associated with longer LTL, whereas an individual posses-
sing all 16 alleles (two alleles at each of eight SNPs) would have a
value of "1215." These differences in genotypically estimated LTL
were compared between CLL patients and controls using logistic
regression, adjusted for the first five ancestry-informative prindi-
pal components from Eigenstrat and genotyping array (22). ORs
correspond to the change in cancer risk relative to a one SD (131.9
bp) increase in genotypically estimated LTL, with the SD defined
among the pooled controls. P values <0.05 were considered
statistically significant in both discovery and replication analyses.
Associations between LTL and tumor stage were tested using the
Spearman rank correlation test. All statistical tests presented in the
article are two-sided.

Results

After excluding samples with poor call rates, duplicate samples,
cryptically-related individuals, subjects with non-European an-
cestry, and subjects with imputed genotype probabilities <0.70
for one or more of the eight LTL-associated SNPs, a total of 273

www.aacrjournals.org
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CLL patients (179 ECOG, 94 DFCI) and 5,725 controls (3,166
Ilumina iControls, 2,559 Wellcome Trust controls) remained for
analyses. The weighted linear combination of the 8 LTL-associated
SNPs (16 LTL-assodated alleles) ranged from a minimum value of
115 bp to a maximum of 1,008 bp. Per a 31 bp/year rate of LTL
attrition, this 893 bp difference in genotypically estimated LTL
between maximum and minimum values corresponds to an
approximately 30-year difference in age-associated telomere attri-
tion. Because the LTL estimates were determined using inherited
autosomal SNPs, present since birth, there was no assodation
between the weighted sum and either subject age or sex (Supple-
mentary Fig. $2). The mean value of the weighted sum was similar
in both control groups (Illumina iControls = 541 bp, Wellcome
Trust controls = 544 bp).

In case-control analyses of the LTL-associated SNPs, the allele
associated with longer LTL was associated with increased CLL risk
for seven of the eight evaluated SNPs (Fig. 1). For three of these
SNPs, this association was nominally significant (P < 0.05):
1310936599 in TERC [OR, 1.46; 95% confidence interval (CI),
1.15-1.86; P=1.8 x 10—3], 12736100 in TERT (OR, 1.23; 95%
CI, 1.02-1.48; P=0.030), and a novel association atrs9420907 in
OBFC1 (OR, 1.36; 95% CI, 1.08-1.71; P = 9.6 x 1073; Table 1;
Fig. 1). In addition, a suggestive association was detected at
rs11125529 in ACYP2 (OR, 1.26; 95% CI, 0.98-1.63; P=0.075).

The weighted linear combination of the 8 LTL-associated SNPs
was significantly greater in CLL patients than in controls (582 bp
vs. 542 bp; Fig. 2), with each SD increase in genotypically
estimated LTL (131.9 bp) assodated with a 1.31-fold increase in
the odds of CLL (95% CI, 1.15-1.50; P = 4.3 x 1075 Fig. 1).
Importantly, this statistically significant association was observed
in both the ECOG/iControl case-control set (OR, 1.31; 95% CI, =
1.12-1.52; P = 9.4 x 10™*) and the DFCI/WTCCC case-control
set (OR, 1.32;95% CI, 1.02-1.71; P=0.032; Fig. 2). This provides
strong support for both the direction and magnitude of the
assodation. The OR for CLL increased monotonically with
increasing quintiles of LTL (Fig. 3). Individuals in the highest
LTL quintile had a 2.3-fold increased risk of CLL compared with
individuals in the lowest LTL quintile (OR, 2.32; 95% CI, 1.51-
3.58; P=1.3 x 107%).

To determine if the association between a genetic predisposi-
tion to longer telomeres and increased CLL risk was entirely
attributable to the previously reported associations between CLL
risk and SNPs in TERT and TERC, we recalculated the weighted
linear combination of the 8 LTL-associated SNPs in patients and
controls using only the six SNPs located near genes not previously
associated with CLL risk (ACYP2, NAF1, OBFC1, CTC1, ZNF208,
and RTEL1). Using this reduced 6-SNP estimate of LTL, CLL
patients still had a genetic predisposition to significantly longer
LTL than controls (P = 0.039; Supplementary Fig. S3).

Previous studies indicate that shorter telomere length in CLL
tumors is associated with more aggressive disease. We observed a
suggestive inverse assodation between the weighted linear com-
bination and tumor stage (P = 0.081), indicating that a genetic
predisposition to shorter LTL may be associated with risk of
more aggressive CLL subtypes.

Discussion

We identify inherited genetic variants in TERC, TERT, and
OBFC1 that are associated with an increased risk of CLL in
case—control analyses. SNPs in these genes have previously been
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Figure 1.
12736100 (TERT) —_ 123(102-148)  orest plot showing the effect of

alleles associated with longer
leukocyte telomere length on CLL risk.
rs9420907 (OBFC1) — 1.36[1.08-1.71] Allelic ORs are plotted with 95% Cls.
The overall estimate is for the
combined effect of all eight SNPs,
where the OR relates to the change in
CLL risk for one SD increase in
rs8105767 (ZNF208) —_— T 1.12[0.92-1.36] genotypically estimated leukocyte
telomere length. ORs are based on
combined data from 273 CLL patients

rs3027234(CTC1) —_— 0.97 [0.77-1.20]

15755017 (RTEL1) & 101[0.76-134] 514 5725 controls.
Overall —— 131 [1.15-1.50]
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OR (95% Cl)
associated with inter-individual variation in LTL (12). By inte- Telomere length helps cells to regulate the precipitous bal-

grating CLL case—control data with data from our previous GWAS  ance between mitotic competence and cellular senescence and
of LTL, we observed that CLL risk alleles in TERC, TERT, and is influenced by both inherited genetic variants and acquired
OBFC1 are associated with longer LTL. Although it has previously ~ somatic mutations. In studies where telomere length was mea-
been reported that inherited SNPs in TERC and TERT are asso-  sured in CLL tumor cells, shorter telomere length was correlated
ciated with CLL risk (14, 15), our analyses identify a potential ~with more aggressive disease (4, 29, 30). Telomere length in
mechanism through which these SNPs may affect leukemia cancer tissue can also be affected by patient age, therapeutic
risk: by increasing an individual's LTL. This is supported by our  regimen, and the rate of tumor proliferation (31). Our analyses
observation that a genetic predisposition to longer LTL is associ- use a Mendelian randomization approach to estimate geno-
ated with increased CLL risk, even after removing the contribu-  typically determined telomere length in healthy leukocytes, free
tions of TERC and TERT SNPs from the model. Although each of from the confounding effects of age, sex, therapy, subclinical
the LTL-associated variants explains only a small proportionofthe  tumor, or disease aggressiveness. Our results complement a
total variance in telomere length across individuals (12), the recent case—control study, nested within the EPIC cohort, that
summary variable made by combining the eight SNPs accounted ~ directly measured LTL in prediagnostic blood specimens from
fora 893-bp difference in LTL. Assuming an annual teJomereattri- ~ patients with B-cell lymphoma. Similar to our results, they
tion rate of approximately 30 bp/year in leukocytes, this trans- observed that longer LTL was associated with increased cancer
lates to approximately 30 years of age-related telomere attrition.  risk (32).

Table 1. Results for each telomere length-associated SNP, including effect on telomere length in the ENGAGE Consortium genome-wide meta-analysis and on CLL
risk in the pooled CLL case—control dataset

Effect on LTL Effect on CLL risk

SNP* Chromosome Gene Effect allele®  EAF® Beta BpY P EAF° ___ OR' 95% Cl P
1511125529 2 ACYPZ A 14% 0056 669 45x10°° 13% 126  098-163 0075
1510936599 3 TERC o 75% 0097 173 25x107% 76% 146 115-186 18 x 10~
rs7675998 4 NAF1 G 78% 0074 897 43x107"® 77% 1.01 0.83-124 030
152736100 5 TERT c 49% 0078 942 44x107° 51% 123 1.02-148 0030
rs9420907 10 OBFC1 c 14% 0069 88 69x107" 14% 136 1.08-1.71 96 x 10~°
153027234 17 crct c 79% 0.021 253 0.020 78% 097 0771120 075
158105767 19 ZNF208 G 29% 0048 576 11x10°° 29% 112 092-136 028
15755017 20 RTEL1 G 13% 0062 741 6.7 x 10~° 12% 101 0.76-134 096

3All SNPs were associated with LTL in a previous GWAS and replicated at P < 0.05 in the ENGAGE Consortium genome-wide meta-analysis (12).

PThe effect allele is the allele associated with increased leukocyte telomere length.

Effect allele frequency (EAF) calculated in all ENGAGE Consortium subjects (N = 37,684).

9Base pair (BP) estimates of the per-allele effect on LTL in base pairs calculated from the equivalent age-related attrition in telomere repeat length ratio, as previously
described (12).

°Effect allele frequency calculated in CLL control subjects.

fORs are for each additional copy of the allele associated with longer LTL, calculated in 273 CLL patients and 5,725 controls. ORs >1.0 indicate that the "long” allele is
more common in CLL patients, and the "short" allele is more common in controls.
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Figure 2.

Boxplots of genotypically estimated LTL in CLL patients and controls from the ECOG 2997 trial (N = 179), lllumina iControls (N = 3,166), CLL patients
from the DFCI (N = 94), Wellcome Trust controls (N = 2,559), and combined analyses (273 CLL patients, 5,725 controls). The vertical dotted line
shows the average value in the pooled control sets (542 bp). Crosses show sample mean; center lines show sample medians. Box limits indicate the 25th
and 75th percentiles; whiskers extend 1.5 times the interquartile range (IQR) from the 25th and 75th percentiles. Outliers are represented by dots. The
notches in boxes are defined as +1.58 x IQR/sqrt(n) and give roughly 95% Clis for sample medians. P values are adjusted for the first five ancestry-informative

principal components and, in the combined analysis, for genotyping platform.

Mendelian randomization is an epidemiologic technique
that can elucidate the causality of associations (33). As geno-
types of individuals are randomized at birth, such studies can
eliminate both exogenous confounding factors and the phe-
nomenon of reverse causation. However, factors like linkage
disequilibrium, population stratification, and pleiotropy can
affect interpretations of Mendelian randomization studies
(34). As we analyzed unlinked SNPs that are located on separate
autosomes, it is unlikely that linkage disequilibrium would
influence the results. Similarly, biases due to population strat-
ification were likely eliminated by carefully excluding indivi-
duals with non-European ancestry and adjusting for principal
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Figure 3.

Effect of increasing quintile of genotypically estimated leukocyte telomere
length on CLL risk in combined discovery and replication datasets. The ORs are
relative to the median (third) quintile. Vertical bars correspond to 95% Cls.
Quintiles were defined among controls and ranges were: quintile one (115 bp-
432 bp), quintile two (433 bp-512 bp), quintile three (513 bp-582 bp), quintile
four (583 bp-652 bp), quintile five (653 bp-1,008 bp). ORs are based on
combined data from 273 CLL patients and 5,725 controls.
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components in all analyses. As genetic variation near TERC and
TERT may influence cancer risk independent of its effect on
telomere length (35), there remains a possibility that pleiotropy
could partially underlie the association between LTL and CLL
risk observed in our data. Although our sample size was limited
to fewer than 300 cases, we observe statistically significant and
extremely concordant effects in both the discovery and replica-
tion datasets. Future studies in larger and more ethnically
diverse populations appear warranted.

Although an association between CLL risk and both shel-
terin component genes (POT1) and telomerase-component
genes (TERC and TERT) has been previously reported, this is
the first report of a significant association between CLL risk
and a CST complex gene (OBFC1). The human CST complex is
encoded by three genes: CTC1, OBFC1, and TENI. The CST
complex competes with shelterin for telomeric DNA and
inhibits telomerase-based telomere extension through primer
sequestration and physical interaction with the POT1-TPP1
telomerase processivity factor (36). Through binding of the
telomerase-extended telomere, CST limits telomerase activity
and restricts telomere extension to approximately one event
per cell cycle (36).

An association between longer LTL and increased cancer risk
was recently observed in glioma, melanoma, and lung adenocar-
cinoma, where a genetic predisposition to longer telomere length
was associated with increased risk of malignancy (17-19). Inter-
estingly, patients diagnosed with CLL are at 2-fold to 4-fold
increased risk of developing melanoma (37, 38). Although this
increased risk has been primarily attributed to the immunosup-
pressive effect of CLL, a common genetic etiology involving
telomere lengthening may also contribute. Indeed, a common
genetic etiology for melanoma and glioma has already been
reported, mediated by shared heritable risk variants in TERC,
TERT, and POT1 (39).

Several studies have focused on identifying the underlying
cause of shorter telomere length in leukemic cells. Although a
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