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Abstract

Background: We aimed to systematically evaluate telomere dynamics across a spectrum of pediatric cancers, search for
underlying molecular mechanisms, and assess potential prognostic value.

Methods: The fraction of telomeric reads was determined from whole-genome sequencing data for paired tumor and normal
samples from 653 patients with 23 cancer types from the Pediatric Cancer Genome Project. Telomere dynamics were charac-
terized as the ratio of telomere fractions between tumor and normal samples. Somatic mutations were gathered, RNA se-
quencing data for 330 patients were analyzed for gene expression, and Cox regression was used to assess the telomere
dynamics on patient survival.

Results: Telomere lengthening was observed in 28.7% of solid tumors, 10.5% of brain tumors, and 4.3% of hematological
cancers. Among 81 samples with telomere lengthening, 26 had somatic mutations in alpha thalassemia/mental retardation
syndrome X-linked gene, corroborated by a low level of the gene expression in the subset of tumors with RNA sequencing.
Telomerase reverse transcriptase gene amplification and/or activation was observed in 10 tumors with telomere lengthening,
including two leukemias of the E2A-PBX1 subtype. Among hematological cancers, pathway analysis for genes with expres-
sions most negatively correlated with telomere fractions suggests the implication of a gene ontology process of antigen pre-
sentation by Major histocompatibility complex class II. A higher ratio of telomere fractions was statistically significantly asso-
ciated with poorer survival for patients with brain tumors (hazard ratio = 2.18, 95% confidence interval = 1.37 to 3.46).
Conclusion: Because telomerase inhibitors are currently being explored as potential agents to treat pediatric cancer, these
data are valuable because they identify a subpopulation of patients with reactivation of telomerase who are most likely to
benefit from this novel therapeutic option.

Telomeres are ribonucleoprotein structures that cap the ends of
chromosomes and protect them from exposure to DNA damage
to maintain genomic integrity. Human telomeric DNAs are usu-
ally 9-15 kilobases long and composed of thousands of tandem
repeats of (TTAGGG)n, which are shortened by 100-200 bp per
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cell division because of incomplete replication (1). It is well
known that dysfunctional telomeres can lead to genome insta-
bility and disease (2). In cancer cells, telomere shortening can be
reversed by activation of telomerase (TERT) (3-5) and/or the al-
ternative lengthening of telomere (ALT) mechanism (6,7), thus
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maintaining telomere length and permitting cells to divide in-
definitely. TERT expression can be deregulated by various mo-
dalities including point mutation, amplification, promoter
rearrangement, and fusions (4,8-11). Alterations in alpha thal-
assemia/mental retardation syndrome X-linked (ATRX), a chro-
matin remodeler gene, contribute to telomere lengthening via
the ALT mechanism (12-14).

A recent study analyzed telomere lengths using sequencing
data from The Cancer Genome Atlas (TCGA), including tumors
and nonneoplastic samples, across 31 primarily adult cancer
types (15). Thirty percent of tumor samples showed telomere
lengthening (telomere length greater in tumor than in nonneo-
plastic sample) based on the analysis of nearly 9000 pairs of tu-
mor and matched nonneoplastic samples. The authors
systematically surveyed TERT-activating somatic mutations
and the spectrum of ATRX-truncating alterations to search for
the underlying molecular mechanisms. The data also suggest
the existence of other molecular mechanisms potentially affect-
ing telomere length in tumors.

Our group previously analyzed 235 pediatric cancer patients,
representing the subset of samples from the Pediatric Cancer
Genome Project (PCGP), which had sequencing data available at
the time (16). Telomere lengthening was found in 32% of solid
tumors and 4% of brain tumors; telomere lengthening was not
found among hematological cancers, and the estimated telomere
length was experimentally validated by three independent
approaches. In the present study, the analyses were expanded to
653 samples with tumor and normal (germline) whole-genome
sequencing (WGS) data available and included additional tumor
subtypes not covered in the previous study. An integrative analy-
sis using both DNA and RNA sequencing data was performed to
search for genetic lesions underlying the observed telomere dy-
namics, and a survival analysis was conducted to assess the
prognostic value of the ratio of telomere fractions.

Methods

Study Samples

A subset of 653 PCGP cohort samples with WGS data available
for DNA from both tumor and matched normal samples (17)
was analyzed for tumor and normal (T/N) ratio of telomere frac-
tions. Among these, 330 samples with tumor RNA sequencing
data available were analyzed for abundance of messenger RNA
transcripts (18). The study was approved by the institutional re-
view board at St. Jude Children’s Research Hospital. Written in-
formed consent was provided by a parent or guardian of each
child or by a patient who was 18 years or older.

Telomere Fraction Measurement

TelSeq (19), recently developed by Ding et al., was used to calcu-
late telomere length based on next-generation sequencing data.
TelSeq classifies a read as telomeric if it contains at least k
occurrences (default seven) of the telomere motif (TTAGGG);
occurrences are not required to be consecutive. The number of
telomeric reads is divided by the number of reads having GC
content between 48% and 52%. To obtain an estimate of average
telomere length, this fraction is multiplied by a constant equal
to the number of base pairs of a reference genome (GRCh37)
with GC content between 48% and 52% and divided by the num-
ber of chromosome ends (n = 46). We developed a new program
called teltale (https://github.com/stjude/teltale) with the
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following modifications: We kept the k=7 threshold but ex-
cluded reads marked as duplicates or those failing QC and re-
quired occurrences of the telomere hexamer motif to be
consecutive. We reported the number of telomeric reads per
million reads as the telomere fraction instead of estimating ab-
solute length. For each tumor sample, the telomere fraction was
adjusted by estimated tumor purity (20). Telomere change be-
tween tumor vs normal was assessed by using log, of the T/N
ratio of telomere fractions. We followed a similar approach in
classifying the telomere changes as previously reported (16). In
brief, Gaussian mixture modeling was applied to the log,(T/N)
ratio of telomere fractions using the mclust package (version
5.4.5) in R-3.6.1. The optimal model according to Bayesian infor-
mation criterion yielded three clusters corresponding to those
samples with excessive lengthening, excessive shortening, and
moderate changes of telomeres.

Somatic Mutations

Somatic mutations, including single nucleotide variants, inser-
tion/deletions, copy number, and structural variations in gene
coding regions, were obtained from the St. Jude PCGP mutation
database (18).

Gene Expression From RNA Sequencing

RNA sequencing data were mapped using our internal
StrongArm pipeline as previously described (21). Gene-level
read count was generated using HTseqg-count (22). Fragments
per kilobase of transcript per million mapped reads (FPKM) were
calculated based on the transcript models in GENCODE v19, and
then normalized (23) using the limma R package (version
3.30.13) in R-3.3.1 separately for three cancer categories (hema-
tological, solid tumors, and brain tumors). The PANTHER classi-
fication system (24,25) was used to analyze the
overrepresentation of genes in biological pathways.

Molecular Mechanisms for Telomere Lengthening

Tumors were assigned to an ATRX group based on the following
scenarios: ATRX truncation mutation; ATRX copy loss; ATRX fu-
sion; or ATRX low expression (with normalized FPKM < 5). If ex-
pression data and ATRX mutation both existed, the classifications
were considered cross-validated. Tumors were assigned to a TERT
expression group based on the following scenarios: when TERT
expression data were available and normalized FPKM for TERT ex-
pression exceed 2; and a focal copy gain of TERT exists in the ab-
sence of both TERT expression and ATRX alteration/expression
data.

Statistical Analysis

To explore other possible molecular mechanisms beyond TERT
and ATRX, we conducted agnostic correlation analyses based on
the samples for which telomere lengthening could not be attrib-
uted to dysregulation of TERT expression or somatic mutations
in ATRX. Thirty-seven samples with these known mechanisms
were thus excluded from the analyses described below. A
Wilcoxon rank sum test was performed for each gene to com-
pare the log, of the ratio of telomere fractions (tumor vs normal)
for samples with and without somatic mutations in the coding
region, for brain, solid, and hematological cancers. Only genes
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(n=160) with mutations in at least seven samples (~1.1% of the
cohort of 653 samples) were tested. A Spearman rank correla-
tion analysis was performed for samples with RNA sequencing
data between the tumor telomere fractions and normalized
FPKM values in brain, solid, and hematological cancers.
Bonferroni correction (26) was applied to control for multiple
testing.

The association between ratio of telomere fractions and sur-
vival status was assessed by Cox regression using age as the
time scale, adjusting for age at diagnosis, sex, and race. Follow-
up of survivors started at primary diagnosis and was censored
at their last date of contact. The same model was fit using sub-
groups of patients stratified by three major categories (hemato-
logic, brain, and solid) or subtypes (medulloblastoma [MB],
osteosarcoma [OS], and high-grade glioma [HGG], each with a
total number of patients of 30 or greater and a total number of
deaths of five or greater). The proportionality assumption of
Cox models was assessed graphically using Schoenfeld
residuals.

Tests of statistical significance are two-sided, and P less
than .05 is regarded as statistical significance.

Results

Tumor and Normal Ratio of Telomere Fraction Across
Pediatric Cancer Subtypes

WGS data were available for 664 paired tumor and normal sam-
ples from the PCGP cohort (Table 1). Ten of the 23 pediatric can-
cer subtypes including choroid plexus brain tumor, six acute
lymphoblastic leukemia (ALL) subtypes (27) (B-lineage, E2A-
PBX1, ERG, ETV-RUNX1, hyperdiploid, Philadelphia, PA), M7
acute myeloid leukemia, Ewing sarcoma, and melanoma, were
not included in the previous telomere analysis (16). Eleven sam-
ples were excluded because tumor purity cannot be estimated
(mostly because of their quiet tumor genomes). The T/N ratio of
telomere fractions for the remaining 653 samples was analyzed,
and it differed by pediatric cancer subtype (Figure 1). T-lineage
ALL samples showed the most telomere shortening, and OS
samples showed the most telomere lengthening. In general,
telomere shortening was observed in hematological cancers ex-
cept for the E2A-PBX1 subtype, where 24.2% (8 of 33) showed
telomere lengthening. Telomere fractions for paired tumor and
normal samples and the T/N ratio of telomere fractions are
listed for each patient in Supplementary Table 1 (available on-
line). The distribution of log,(T/N) ratio is shown in
Supplementary Figure 1 (available online). Overall, telomere
lengthening was found in 28.7% (51 in 178) of solid tumors,
10.5% (16 in 153) of brain tumors, and 4.3% (14 in 322) of hemato-
logical cancers.

Genomic Lesion and/or Dysregulation of Gene
Expression Driving the Telomere Dynamics

We surveyed genomic and transcriptomic lesions for 81 pediat-
ric cancer patients with observed telomere lengthening in their
tumors (Supplementary Table 2, available online). Based on
available mutation and expression data, 36 pediatric patients
were grouped into TERT-expressing (n=10) or ATRX-altered
(n=26) categories. Although these mechanisms were mostly
mutually exclusive, one neuroblastoma (NBL) sample
(SJNBL044) had focal copy gain for TERT and copy loss for ATRX
because of a deletion of the entire non-PAR region of the X

chromosome. For tumors (n=236) where telomere lengthening
was classified as associated with one of these two mechanisms,
ATRX-altered was the only mechanism observed in adrenocorti-
cal tumor (ACT) and HGG samples, and TERT-expressing was
the only mechanism observed in hematological cancers and
Ewing sarcoma. Both mechanisms were observed in NBL and OS
samples (Figure 2). To summarize, the ATRX mechanism was
observed only in solid or brain tumors, and the TERT mecha-
nism was found in hematological cancers or solid tumors, but
not in brain tumors with telomere lengthening. The mecha-
nisms for the remaining 44 (54.3%) tumors with telomere
lengthening remain unknown (Supplementary Table 2, avail-
able online).

Tumors with telomere lengthening tended to have higher
expression of TERT (more evident in hematological cancers) or
lower expression of ATRX (more evident in solid or brain
tumors) (Figure 3). However, high expression of TERT (> 2 FPKM)
or low expression of ATRX (<5 FPKM) in tumor samples did not
guarantee telomere lengthening. For example, sample
SJHYPO109 had the highest expression of TERT (normalized
FPKM = 55.4), and sample SJE2A059 had the second highest ex-
pression of TERT (normalized FPKM =52.4), yet neither showed
telomere lengthening (Figure 3B and Supplementary Table 3,
available online). On the other hand, sample SJACT063 had low
ATRX expression (normalized FPKM =2.73) but with telomere
shortening (Figure 3F and Supplementary Table 3 available
online).

Among hematological cancers, leukemia samples of the
E2A-PBX1 subtype had the highest expressions of PAX5, a well-
known B cell-specific transcription factor, together with the
highest expressions of TERT, followed by the ALL Infant subtype
(Figure 4 and Supplementary Table 3 available online).

Search for Other Potential Molecular Mechanisms to
Explain Telomere Lengthening

The T/N ratio of telomere fractions showed a statistically signifi-
cant difference between somatic mutation carriers vs noncarriers
for genes including TTN (P=.01) among patients with brain
tumors, MUC12 (P=.03) among patients with solid tumors, and
TPRXL (P=.02) among patients with hematological cancers
(Supplementary Table 4, available online), but nothing remained
statistically significant after Bonferroni correction for 160 genes.

In the evaluation of associations between telomere fraction
and RNA expression in tumor, after Bonferroni correction for
19 521 genes, nothing was correlated in brain tumor samples or
in solid tumor samples (Supplementary Table 5, available on-
line); however, four genes were positively and 10 genes nega-
tively correlated in hematological samples (Supplementary
Table 5, available online). Further pathway analysis of the 30
most negatively correlated genes using the PANTHER program
(24,25) showed greater than 100-fold (P=2.1 x 10”) enrichment
of genes pertaining to antigen processing and presentation of
exogenous peptide, highlighting four genes belonging to the
MHC class II family: HLA-DPB1, HLA-DPA1, HLA-DMA, and HL-
DQAL.

Association Between Ratio of Telomere Fraction and
Survival Status

Cox regression, using age as the time scale and adjusting for age
at diagnosis, as well as for sex and race, showed a statistically
significant association of telomere lengthening with higher
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Table 1. Samples included in the telomere analysis

Tumor No. of Patients with Tumor type included in
Group Tumor type subtype patients* RNA sequencingt Parker et al (16)
Brain Choroid plexus - 4 1 No
Brain Ependymoma - 40 34 Yes
Brain High-grade glioma - 35 (34) 26 (25) Yes
Brain Low-grade glioma - 38 27 Yes OU
Brain Medulloblastoma - 37 5 Yes g
Hematological Acute lymphoblastic leukemia B-lineage 47 36 (32) No g
Hematological Acute lymphoblastic leukemia B-lineage E2A-PBX1 33 8 No 2
Hematological Acute lymphoblastic leukemia ERG 22 22 No o
Hematological Acute lymphoblastic leukemia ETV6-RUNX1 50 48 No o
Hematological Acute lymphoblastic leukemia Hyperdiploid 53 5 No E_
Hematological Acute lymphoblastic leukemia Hypodiploid 24 4 Yes E
Hematological Acute lymphoblastic leukemia Infant 23 20 Yes 2
Hematological Acute lymphoblastic leukemia Ph+ (Philadelphia) 37 25 No 2
Hematological Acute lymphoblastic leukemia T-lineage 13 2 Yes %
Hematological Acute myeloid leukemia Core binding factor 16 9 Yes 3
Hematological Acute myeloid leukemia M7 4 4 No g
Solid Adrenocortical tumor - 20 20 Yes 5
Solid Ewing sarcoma - 33 0 No g
Solid Melanoma - 4 4(3) No 3
Solid Neuroblastoma - 55 0 Yes =
Solid Osteosarcoma - 37 17 Yes )
Solid Retinoblastoma - 15 5 Yes %
Solid Rhabdomyosarcoma - 14 14 Yes g
Total NA NA 664 (653) 336 (330) NA 3
s
*Number in parentheses is the final number of samples included in tumor and normal telomere analysis. NA = not applicable. %
TNumber in parentheses is the final number of samples included in correlation analyses. -
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Figure 1. Boxplot of log, of tumor and normal (T/N) ratio of telomere fractions across pediatric cancer subtypes. Boxes colored in red, blue, and green are for brain
tumors, hematological cancers, and solid tumors, respectively. Samples with log, of T/N ratio of telomere fractions greater than 0 (above the dotted line) had telomere
lengthening, otherwise, telomere shortening. ACT = adrenocortical tumor; AMLM7 = M7 acute myeloid leukemia; BALL = B-lineage acute lymphoblastic leukemia; CBF
= core binding factor acute myeloid leukemia; CPC = choroid plexus carcinoma; E2A = E2A-PBX1 acute lymphoblastic lymphoma; EPD = ependymoma; ERG = ERG
acute lymphoblastic leukemia; ETV = ETV6-RUNX1 acute lymphoblastic leukemia; EWS = Ewing sarcoma; HGG = high-grade glioma; HYPO = hypodiploid acute
lymphoblastic leukemia; INF = infant acute lymphoblastic leukemia; LGG = low-grade glioma; MB = medulloblastoma; MEL = melanoma; NBL = neuroblastoma; OS =
osteosarcoma; PHALL = Philadelphia acute lymphoblastic leukemia; RB = retinoblastoma; RHB = rhabdomyosarcoma; TALL = T-lineage acute lymphoblastic leukemia;
HYPER = hyperdiploid acute lymphoblastic leukemia.
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Figure 2. Molecular mechanisms for telomere lengthening in tumors. Number of samples with telomere lengthening had ATRX, TERT, or both or unknown mechanisms
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and TERT-expressing (depicted as a blue-colored bar). ACT = adrenocortical tumor; E2A = acute lymphoblastic leukemia B-lineage E2A-PBX1 subtype; HGG = high-grade

glioma; NBL = neuroblastoma; OS = osteosarcoma.

mortality (hazard ratio [HR] = 2.18; 95% CI = 1.37 to 3.46) for
patients with brain tumors, but not those with hematological
cancers or solid tumors (Table 2). The same model fit for each
tumor subtype, with the total number of patients of 30 or
greater and total number of deaths of five or greater, showed a
statistically significant association between telomere lengthen-
ing and higher mortality (HR=5.48; 95% CI = 1.24 to 24.29) for
MB patients but for neither OS nor HGG patients
(Supplementary Table 6, available online).

Discussion

Based on a systematic survey of telomere dynamics performed
on 653 pediatric cancer patients for 23 subtypes from the PCGP
study, we observed that 10.5% of brain tumors and 28.7% of solid
tumors had telomere lengthening, as compared with 4% of brain
tumors and 32% of solid tumors reported in our earlier study of
235 pediatric cancer patients, a subset of the samples analyzed
here (16). In contrast, most hematological cancers displayed ex-
cessive telomere shortening or moderate changes except for E2A-
PBX1 leukemia, where eight out of 33 (24.2%) showed telomere
lengthening. To the best of our knowledge, this finding has not
been previously reported in the literature. Even within the same
cancer subtype there were substantial variations, highlighting
the complexity of telomere dynamics among pediatric cancers.

Additionally, integrative analysis using both WGS and RNA
sequencing data identified potential mechanisms for 37
(45.7%) of 81 samples with telomere lengthening. The finding
of higher coexpression of PAX5 and TERT in E2A leukemia is
consistent with experimental results showing that PAX5 acti-
vates the transcription of TERT in B cells (28). Interestingly, we
identified an NBL case where telomere lengthening can likely
be attributed to both ATRX and TERT mechanisms. This was
corroborated by our previous publication, which highlighted
the upregulation of TERT that occurred in a high-risk subgroup
with poor outcomes (4). Notably, we found no samples with
telomere lengthening attributable to the ALT mechanism
among hematological cancers, which is consistent with previ-
ous reports (29). Clinically, telomere-based diagnostic/treat-
ment strategies should be augmented by mutation and
expression characterizations of ATRX and TERT genes (at a
minimum) to choose an effective therapeutic option, for ex-
ample, telomerase inhibitors (5).

Recently, two hot-spot mutations in the promoter region of
TERT have been reported in different tumors (8,11,30,31) and were
associated with a poor prognosis (32,33). The most common muta-
tions were a single cytosine exchange to thymine at chromosome
5 base position 1 295 228 (hg19) (C228T), and less frequently at base
position 1 295 250 (hgl9) (C250T) (—124 and —146 base pair from
the ATG start site, respectively). In our analysis, we found one oc-
currence of C228T in an NBL sample but without telomere
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Figure 3. Distribution of TERT expression and ATRX expression in groups with excessive telomere lengthening, moderate change of telomeres, and excessive telomere
shortening. A) TERT in brain tumors; B) TERT in hematological cancers; C) TERT in solid tumors; D) ATRX in brain tumors; E) ATRX in hematological cancers; and F)

ATRX in solid tumors.

lengthening. We also noted that high expression of TERT or low ex-
pression of ATRX does not guarantee telomere lengthening.
Although both TERT-activating and ATRX-truncating altera-
tions exist in adult and pediatric tumors, the prevalence varies
across different tumor types. It is important to note that only
10.9% of tumors had WGS-derived telomere length in the previ-
ous TCGA telomere study (15), which may invalidate the follow-
ing comparisons. Approximately 27.1% of adult sarcomas
underwent an ALT mechanism through somatic ATRX and
DAXX alterations (15). Similarly, we found 40.0% (10 in 25) of os-
teosarcoma patients with telomere lengthening had ATRX alter-
ations. However, we observed no evidence suggestive of an ALT
mechanism among patients with Ewing sarcoma or rhabdo-
myosarcoma. Additionally, TERT was expressed in most adult
glioblastoma (121 out of 132) with telomere shortening, though

a substantial proportion of adult low-grade glioma (197 out of
450) had ATRX alterations and telomere lengthening (15). In
contrast, only 1 of 38 pediatric low-grade glioma cases in our
study had telomere lengthening but with no ATRX alteration.
Our work represents the largest study of the telomere dy-
namics in pediatric cancers, but the sample sizes are still lim-
ited for individual cancer subtypes, and this consequently led to
limited power for comprehensive evaluation of prognostic val-
ues of telomere dynamics. For the same reason, some findings
were inconsistent with the literature. For example, we did not
observe any HGG sample with telomere lengthening with acti-
vated TERT expression, contradicting previous reports that 18-
21% had both ATRX alteration and TERT activation (34). Another
limitation of our study is the estimated ratios of telomere frac-
tions may be confounded by possible age mismatch between
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Figure 4. Coexpression of PAX5 and TERT in E2A ALL (E2A), infant ALL (INF), and other subtypes of hematological cancers. Expression of TERT measured in FPKM
(brown-colored bar and Y-axis on the left); expression of PAX5 measured in FPKM (blue-colored bar and Y-axis on the right).

Table 2. Cox regression analysis for tumor and normal (T/N) ratio of telomere fractions and survival status for patients with hematologic can-

cers and brain and solid tumors

Hematologic (n =239)

Brain (n=148) Solid (n=101)

Tumor type HR 95% CI p* HR 95% CI p* HR 95% CI p*
Age at diagnosis, y
<5 0.02 0.00to 0.14 <.001 0.02 0.00to 0.14 <.001 0.11 0.02to 0.63 .01
5-9 0.15 0.03t0 0.77 .02 0.04 0.01to 0.24 <.001 0.16 0.04 to 0.65 .01
> 10-14 0.45 0.10t0 2.01 .29 0.30 0.07to 1.31 0.11 0.30 0.11 t0 0.80 .02
a 15+ 1.00 (Referent) 1.00 (Referent) 1.00 (Referent)
5 Female vs male 0.95 0.49to 1.82 .87 1.24 0.66 to 2.31 0.50 0.83 040to1.71 .62
tm Race
White 1.00 (Referent) 1.00 (Referent) 1.00 (Referent)
Black 1.09 0.49 to 2.42 .83 1.44 0.702.98 0.32 1.86 0.81t04.28 .14
Other 0.68 0.16 to 3.00 .61 0.96 0.28t0 3.32 0.95 0.99 0.22 to 4.58 .99
Telomere ratio 0.81 0.27 to 2.39 .70 2.18 1.37 to 3.46 0.001 1.07 0.61to0 1.87 .82

*P values are from two-sided Wald tests. HR = hazard ratio; CI = confidence interval; Referent = reference category.

tumor and normal sample; however, this did not appear to be a
major issue based on our evaluation of age-dependent telomere
attrition, which suggests an average telomere shortening of ap-
proximately 1.1% per year as compared with a substantially
higher magnitude of changes (lengthening or shortening) in a
tumor vs its paired normal sample (Supplementary Figure 2,
available online). A further limitation of our study is that the
RNA sequencing data were acquired from prior studies, each of
which had performed RNA sequencing for either a subset or all
samples of the study (we did not have RNA sequencing data
available with neuroblastoma or Ewing sarcoma patients);

therefore, selection bias potentially affects the interpretation of
telomere and gene-expression association results for solid
tumors. It is intriguing that the pathway analysis revealed that
telomere length in hematological cancers were negatively corre-
lated with the expression level of MHC class II genes; further
validation studies and mechanistic investigations using a sys-
tem biology approach are warranted. With an even larger num-
ber of patient samples, other mechanisms for telomere
dynamics may be further explored, and risk estimates, such as
hazard ratios for telomere dynamics on patient survival, can be
more reliable.
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Some earlier studies showed that inhibition of telomerase in
leukemia cell lines induces progressive telomere shortening
and eventual proliferative arrest or cell apoptosis (35-38). The
observed functional requirement of telomerase in established
hematologic malignancies provides a rationale to target telome-
rase therapeutically. In addition, telomere inhibition was shown
to prevent tumorigenicity of pediatric ependymoma tumor-
initiating cells (39). With the further development of telomerase
inhibitors (40-42), our work provides the first line of evidence in
classifying a subpopulation of pediatric cancer patients with
reactivation of telomerase who are most likely to benefit from
these therapeutic options.
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