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Abstract (word count = 113) 

Cancer remains one of the leading causes of death in the developed world and despite 

impressive advances in therapeutic modalities, only a small subset of patients are currently 

cured. The underlying genetic heterogeneity of cancers clearly plays a critical role in 

determining both the clinical course of individual pathologies and their responses to 

standard treatments. Although every tumour is to some extent distinct, there are recurrent 

features of cancers that can be exploited as therapeutic targets and as prognostic and 

predictive biomarkers; one such attribute is telomere length. Here we discuss the utility of 

telomere length evaluation in cancer and describe some of the promise and challenges of 

bringing this into clinical practice. 
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Introduction 

Telomeres are specialised structures found at the ends of all human chromosomes. They are 

composed of long arrays of hexameric TTAGGG repeats, which associate with a protein 

complex known as shelterin [1-4]. The shelterin complex protects chromosomes from end-

to-end fusions by preventing the ends of chromosomes from being recognised as double-

strand DNA breaks. The primary function of telomeres is to protect the integrity of exonic 

material and prevent genomic instability [5-8]. In the absence of telomerase, the enzyme 

required for telomere maintenance, telomeres erode with every cell division. This 

inexorable shortening of telomeres provides a so-called ‘biological clock’ for the cell, which 

ultimately limits replication and can be a trigger for apoptotic cell death [9,10]. However, 

cancer cells appear to be able to maintain telomeres to overcome cellular senescence or 

apoptosis caused by telomere shortening. Commonly this is facilitated by transcriptional 

activation of telomerase [11].  In somatic human cells, the telomerase RNA template (TERC) 

is constitutively expressed, whereas telomerase reverse transcriptase (TERT) expression is 
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epigenetically silenced [12,13]. Most cancer cells acquire telomerase activity via the de-

repression of TERT [13,14] but a subset of tumours employ the so-called alternative 

lengthening of telomeres (ALT) mechanism, which is a telomerase-independent means of 

telomere maintenance [15,16].  

 

Given the putative tumour suppressor function that telomeres play, it is tempting to 

speculate that inherited variation in telomere length may provide a predisposing factor to 

cancer development. In keeping with this concept, genome-wide association studies (GWAS) 

have identified 11 loci associated with variation in telomere length [17–20] and a subset of 

these loci harbour telomere maintenance genes. However, genetic variance can only explain 

a small proportion of the diversity in population telomere length. Regardless of the cause, 

there is a large body of evidence that telomeres and telomerase are associated with human 

carcinogenesis. The majority of tumour types exhibit evidence of short telomeres and 

crucially, some tumour telomere length profiles are short enough to result in telomere 

dysfunction [11,21]. Furthermore, a recent study in chronic lymphocytic leukaemia 

demonstrated that telomere shortening precedes the emergence of sub-clones with de 

novo high-risk cytogenetic aberrations and genomic complexity; all of the sub-clones had 

uniform telomere lengths suggesting that the clonal expansion of tumour cells with short 

telomeres create a permissive environment for the clonal evolution of cancer cells [22]. This 

finding is consistent with previous studies, which showed a strong relationship between 

high-risk cytogenetics and short telomeres [23-26]. In relation to telomerase, an increase in 

telomerase activity is often directly correlated with uncontrolled growth of cells [27]. 

Therefore, it is intuitive that telomere dysfunction and telomerase reactivation can 

contribute to a number of the hallmarks of cancer by promoting genomic instability and 

mutation and enabling replicative immortality and uncontrolled cell growth [28]. In turn, 

these characteristics can drive clonal evolution, metastatic potential and the emergence of 

drug resistance.  

 

Cause versus effect? 

Despite the obvious credentials that telomeres have as potential drivers of oncogenic 

transformation and cancer progression, the literature is full of studies that associate 

(normal) peripheral blood leukocyte telomere length to cancer pathologies [29-34]. As 
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cancer can be viewed as an unresolved inflammatory disorder, it is perhaps not surprising 

that telomere erosion in leukocytes is broadly indicative of disease [35]. We might consider 

a paradigm in which in the early phases of tumour development cancer-associated antigens 

are recognised by a restricted number of immune cells, so-called immune surveillance [36]. 

These cognate immune cells mount a pro-inflammatory response against the cancer cell(s), 

which may result in cancer cell elimination. However, in some cases, this process fails due to 

a large number of potential factors including low antigen affinity (poor immune cell 

recognition), immune cell inhibition by molecules expressed on the cancer cells, and 

tumour-derived immunosuppressive factors secreted into the microenvironment which 

encourage immune cell tolerance. This is mediated through the recruitment and expansion 

of suppressive immune cells, such as regulatory T-cells, myeloid-derived suppressor cells, 

immature dendritic cells and tumour‐associated macrophages [37-40]. Under these 

circumstances, the tumour microenvironment becomes chronically inflammatory, which in 

turn leads to the ineffective expansion of immune cells resulting in a process termed 

“inflammaging”. Inflammaging may be perceived as both a cause and a consequence of 

malignant transformation [41,42]. In the context of an unresolved, pro-inflammatory 

microenvironment, effector immune cells may become activated and divide [43], which 

leads to telomere shortening and potentially even senescence. However, it seems unlikely 

that telomere length analysis in “by-stander” cells could ever provide the level of acuity or 

precision necessary for a reliable diagnosis or prognosis of a specific cancer. In addition, the 

application of a reductionist, mean telomere length, approach is not logical in this setting as, 

by definition, the analysis is carried out on a non-clonal (heterogeneous) population of 

peripheral blood leukocytes derived from an array of different haemopoietic stem cells 

(HSC). Instinctively, the originating HSCs all had different telomere lengths and their 

differentiated progeny will have undergone a different number of cell divisions and hence 

experienced differential telomere attrition. Inevitably, the analysis of this mixed cellular 

“soup” will manifest a much larger standard deviation of the composite telomere length 

distribution than would be demonstrated by a (mono)clonal expansion of cancer cells. 

Indeed, it might be argued that the prevalence in the literature of association studies 

comparing the telomere length of peripheral blood leukocytes with cancer prognosis has 

held back the field rather than advanced it by virtue of the inherent variability implicit in 

measuring telomere length in a polyclonal population of cells [44-47]. Of course, the 
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demonstration of an association between non-malignant leukocyte telomere length and 

cancer outcomes is interesting and possibly speaks to the inflammaging phenomenon 

described above. However, it seems improbable that an indirect biomarker will ever have 

the potential to reliably diagnose or prognose individual cancer patients. This is exemplified 

by the wealth of contradictory data published on the prognostic significance of telomere 

length in a range of human cancers using this approach. 

 

This is exacerbated by the over-simplistic dogma that short telomeres are bad and long 

telomeres are good; a mantra originating from a branch of the telomere field linked with 

ageing research. The sort of extreme telomeric erosion observed in, at least some, cancers is 

not analogous to the relatively modest telomere attrition usually observed in peripheral 

blood leukocytes during the natural ageing process. Although it is true that leukocytes 

derived from healthy donors can manifest minor subsets of cells with extremely short 

telomeres, under normal circumstances these cells would either senesce or die by 

apoptosis; a very different fate to that of transformed cancer cells. Furthermore, due to the 

re-activation of telomerase or the induction of ALT mechanisms, inferior prognosis in some 

forms of cancer appears to be associated with longer telomere length rather than shorter 

[47-49]. Our own published data on myelodysplastic syndrome, a pre-malignant prelude to 

the transformation to acute myeloid leukaemia (AML), showed a very clear poor prognostic 

signature in patients with short dysfunctional telomeres. However, in patients with de novo 

AML this signature was not as obvious; AML patients showed re-activation of telomerase 

and the homogenisation of telomere lengths [50]. So, would telomerase activity provide 

more insights than telomere length in these settings? Possibly, but the challenge here is 

methodological. Enzymatic activity assays are notoriously difficult to standardise and 

telomerase transcription per se does not necessarily equate to telomerase activity.  

Furthermore, it appears that subtle changes in telomerase activity may cause significant 

alterations in telomere length [51]. So, as is often the case in biology, the 

telomere/telomerase story is complicated and nuanced. It is therefore incumbent on the 

scientific community to acknowledge this, accept the limitations of some of the published 

literature and develop a consensus, which promotes best practice in order to shed new light 

on the situation. 
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Measuring telomeres – the long and the short of it 

As a first step, the evaluation of purified tumour cell telomere length is clearly warranted if 

we are to establish causation between telomere length and cancer development and/or 

progression. However, this does have both technical and financial implications as the 

tumour cells would need to be isolated and stored appropriately prior to analysis. For blood 

cancers this is relatively straight forward as peripheral blood samples are routinely taken to 

monitor disease. However, in the setting of solid cancers there is often limited material 

available for clinical testing and when it is available it may formalin fixed and/or paraffin 

embedded. These technical issues may be compounded by methodological deficiencies; the 

vast majority of the published studies have been carried out using quantitative polymerase 

chain reaction (QPCR).  Although QPCR is easy to perform, it has a wide coefficient of 

variation, which makes interpretation of results almost impossible at the level of the 

individual [52-54]. This should probably disqualify this type of assay from the medical arena 

where diagnostic and prognostic test results are factored into clinical decision-making. An 

array of alternative telomere length assays exist, including terminal restriction fragment 

(TRF) analysis, quantitative fluorescence in situ hybridisation (Q-FISH) and flow FISH [55]. 

However, all of these assays have their limitations too, not least their diminished capacity to 

identify short dysfunctional telomeres, which in the setting of cancer appear to be 

important. In response to the need for an accurate telomere length measuring assay, STELA 

(single telomere length analysis) was developed [56,57]. Using this high-resolution telomere 

length test, we were able to define, for the first time, the telomere length threshold for 

telomere dysfunction in a human cancer [58]. Using this threshold for extreme telomere 

shorting allowed us to clearly identify leukaemia patients with very different clinical 

prognoses [59]; we have subsequently shown that the same threshold is also able to risk 

stratify patients with myelodysplastic syndrome, breast cancer and multiple myeloma 

[50,59,60]. A drawback of this technology is that, like flow FISH, it is technically challenging 

and labour intensive and is therefore not suitable for large scale studies. To address these 

problems, we developed a modification of the STELA assay to facilitate the high-throughput 

evaluation of samples (HT-STELA) [61]. This assay allows for the accurate analysis of 

hundreds of clinical samples with a rapid turn-around time. In a landmark study we were 

able to show that HT-STELA was able to predict the outcome of chronic lymphocytic 

leukaemia patients uniformly treated with chemoimmunotherapy [61]. Furthermore, in 
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multivariate analysis telomere length, as measured using HT-STELA, was superior to all of 

the standard prognostic tools commonly used in the management of this disease.  

 

Conclusions 

There is growing evidence that critically short telomeres are associated with more 

aggressive disease and inferior outcomes in at least some human cancers. Not only is 

telomere length a useful prognostic biomarker, it is also emerging as a powerful predictor of 

response to some common types of cancer therapy. From a cancer biology standpoint, the 

main challenge is to prove causation between short, dysfunctional, telomeres and the 

development and progression of individual pathologies. From the clinical perspective, the 

challenges are different. The overriding concern is to validate a suitable method of telomere 

length measurement that can provide reliable prognostic and predictive information to 

patients and their clinicians. Any such validation should be carried out as part of a 

comprehensive biomarker study, ideally in the setting of a clinical trial, in order to 

determine how to optimally deploy telomere length analysis to inform the management and 

treatment of patients. In the first instance, telomere length could be integrated into existing 

prognostic scoring systems to improve their ability to risk-stratify individual patients. We 

have already shown that this is possible in a number of haematological cancers and the 

development of a reliable and fast telomere length measuring assay (HT-STELA) should now 

facilitate larger studies in a range of different cancers. However, there is still much work to 

be done before telomere length analysis becomes a routine test as a component in the 

realisation of precision medicine in the field of oncology.  
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