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Abstract

In humans, the telomere consists of tandem 5′TTAGGG3′ DNA repeats on both ends of all 46 

chromosomes. Telomere shortening has been linked to aging and age-related diseases. Similarly, 

telomere length changes have been associated with chemical exposure, molecular-level DNA 

damage, and tumor development. Telomere elongation has been associated to tumor development, 

caused due to chemical exposure and molecular-level DNA damage. The methods used to study 

these effects mostly rely on average telomere length as a biomarker. The mechanisms regulating 

subtelomere-specific and haplotype-specific telomere lengths in humans remain understudied 

and poorly understood, primarily because of technical limitations in obtaining these data for 

all chromosomes. Recent studies have shown that it is the short telomeres that are crucial 

in preserving chromosome stability. The identity and frequency of specific critically short 

telomeres potentially is a useful biomarker for studying aging, age-related diseases, and cancer. 

Here, we will briefly review the role of telomere length, its measurement, and our recent 

single-molecule telomere length measurement assay. With this assay, one can measure individual 

telomere lengths as well as identify their physically linked subtelomeric DNA. This assay can 

also positively detect telomere loss, characterize novel subtelomeric variants, haploiypes, and 

previously uncharacterized recombined subtelomeres. We will also discuss its applications in 

aging cells and cancer cells, highlighting the utility of the single molecule telomere length assay.
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1. Background

1.1. The human telomere system and telomere length regulation

Telomeres are made up of a G-rich dsDNA with (TTAGGG)n repeats and a specialized 

six member protein complex called Shelterin; functional telomeres comprised of this 

nucleoprotein complex prevent aberrant DNA repair and fusion of the telomeric DNA ends 

by preventing recognition of these linear DNA ends by cellular DNA Damage and Repair 

pathways. Telomeres contribute to genomic stability by protecting the exposed chromosome 

ends from agents that cause genomic DNA to undergo nucleolytic degradation, aberrant 

recombination, repair, or fusion (Blackburn et al., 2015; Shammas, 2011; Wise et al., 2009). 

Human diploid cells have 92 telomeres of heterogenous lengths (0.5–15 kbp), one at each 

chromosome end. In somatic cells, telomeres shorten with every cell division and when 

they become critically short, their structure is disrupted resulting in telomere dysfunction, 

which eventually triggers replicative senescence or cell apoptosis (Aubert et al., 2012; Kaul 

et al., 2012; Meier et al., 2007; Samassekou et al., 2010). Telomerase adds telomeric repeats 

at chromosome ends to lengthen telomeres in germ cells. Unregulated telomerase activity 

and compromised tumor suppressor pathways can destabilize chromosomes, resulting in 

telomeric fusions (Capper et al., 2007), genomic instability and formation of tumors 

(Coppe et al., 2010; Davalos et al., 2010; Jaskelioff et al., 2011; Sabatier et al., 2005). 

In some cell types lacking telomerase, a variety of DNA repair and recombination-based 

pathways, collectively called Alternative Lengthening of Telomeres (ALT) pathways are 

involved in maintaining telomere lengths (Lazzerini-Denchi and Sfeir, 2016). ALT is a 

telomerase independent mechanism that is exhibited in ~15 % of cancers; in osteosarcoma 

and glioblastoma ALT tumors are usually associated with poor prognosis (Blasco, 2007; 

Cesare and Reddel, 2010; Xu and Blackburn, 2007).

1.2. Telomere and disease

In the last two decades, numerous studies associating shortening of telomere length to 

conditions like type 2 diabetes (Zhao et al., 2013), cancers (bladder, esophageal, gastric, 

head, breast, neck, ovarian, renal) (Blackburn et al., 2015; Wentzensen et al., 2011), 

Alzheimer’s (Zhan et al., 2015) have been published. Genetically transmitted telomere 

shortening-related disorders present characteristic diseased states like loss of immune 

function, deficits in bone marrow stem cells, elevated cancer levels, pulmonary fibrosis, 

gastrointestinal disorders, liver cirrhosis, and neuropsychiatric symptoms. Patients are often 

co-symptomatic for diabetes, myocardial infarction, graying hair and skin pigmentation 

(Armanios and Blackburn, 2012). Critically short telomere lengths are thought to be 

responsible for telomere dysfunction, instead of average telomere length, and are a better 

indication of chromosome instability (Hemann et al., 2001; Kaul et al., 2012; Samassekou 

et al., 2010; Vera and Blasco, 2012). They may be used as a biomarker for disease states 

caused by mechanisms leading to telomere dysfunction and determining cellular phenotypes 

(Hemann et al., 2001; Kaul et al., 2012; McEachern et al., 1996; Teixeira et al., 2004). 

In addition to increasing age, processes like nuclease action, oxidative damage, and/or 

DNA replication stress, chemical-induced damage, environmental stressors, and genetic 

alterations in shelterin member proteins also contribute to telomere shortening. Identifying 
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the frequency and lengths of critically short telomeres could be a useful assaying tool in 

predicting disease risk factors and pathology of aging-related diseases or cancer.

1.3. Telomere length as a biomarker

Telomere length has a hereditary component but is also significantly impacted by lifestyle, 

health, and disease state (Lin et al., 2012). Therefore, there is considerable interest in using 

telomere length as a reliable clinical biomarker for disease risk, especially for cardiovascular 

diseases, cancers, viral respiratory infections and autoimmune disorders (Cohen et al., 2013; 

Fasching, 2018). Almost all existing epidemiological studies using telomere length as a 

biomarker have relied on measurements of average telomere lengths in samples. However, 

it is clear that the shortest telomere(s) in a cell can trigger biologically relevant effects such 

as senescence, apoptosis, and chromosome instability. Since there are clear arm-specific and 

haplotype-dependent single-telomere length biases in cells, methods to acquire these types 

of datasets should increase the resolution and sensitivity of telomere lengths as biomarkers. 

Examples of these biases and trends can be found in McCaffrey et al. (2017), including 

striking examples of haplotype-specific differences at in (TTAGGG)n lengths at single 

telomeres that are presumably allele-specific cis-effects of subtelomere sequences upon 

telomere length regulation. Bulk telomere length measuring methods are limited in acquiring 

both single telomere and haplotype-resolved data. The distal 500kbp of each chromosome, 

subtelomeres, known to have repeat elements and large structural variations, contain both 

coding and non-coding regions. They actively participate in regulating telomere length and 

stability (Britt-Compton et al., 2006). In addition, genes located in subtelomeric DNA are 

subject to regulation by telomere length; for example, expression of three subtelomeric 

genes interferon stimulated gene 15 kb (ISG15 in 1p subtelomeric region), Desmoplakin 

(DSP in 6p subtelomeric region), and C1S (complement component 1 s subcomplement 

(CIS in 12p subtelomeric region) were specifically associated with telomere length changes 

(Robin et al., 2014). Further, subtelomere regions are hard to identify because of high 

degree of sequence similarities within telomeres (Stong et al., 2014). Lack of good reference 

sequences, high segmental duplication content, and extensive levels of structural variation 

have prevented some subtelomeric regions from being well characterized. Therefore, single 

molecule methods capable of measuring telomere length connecting to specific subtelomeres 

as well as identifying haplotypes are well suited for studying telomere regulation and 

dynamics of telomeres with complex and variable telomere-adjacent regions (McCaffrey et 

al., 2017).

1.4. Telomere length as a biomarker in toxicology

In addition to aging, lifestyle and psychological stress have also been known to affect 

telomere lengths (Lin et al., 2012). In recent years, exposure to environmental toxins is 

being linked to premature aging and decreased lifespan (Chen et al., 2013). Based on the 

environmental stressor, telomeres may either shorten or lengthen, depending on the cellular 

and molecular mechanisms triggered by the particaular stressor, such as oxidative stress, 

telomerase inhibition, DNA damage, etc. (Romano et al., 2013). For example, chronic 

exposure to cadmium is thought to cause telomere length shortening by way of oxidative 

stress and DNA damage (Huang et al., 2013). Other metals, such as lead and tungsten have 

similar effects as well. Organic chemicals, such as polycyclic aromatic hydrocarbons and 
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pesticides can also cause telomere length shortening (Yuan et al., 2018). Polychlorinated 

biphenyls, on the other hand, have been linked to increased telomere length in leukocytes 

(Mitro et al., 2016). It has been suggested that such telomere elongation could be preceding 

tumor development in cancer (Joyce and Hou, 2015). Prolonged exposure to particulate 

matter was also shown to be correlated to elongated telomeres. However, telomerase 

expression and méthylation levels were not different, leaving the mechanism unknown 

(Dioni et al., 2011).

The concentration of the pollutant too seems to decide whether the telomeres lengthen or 

shorten. For example, chronic exposure to arsenic, via drinking water, at low concentrations 

is thought to enhance the function of telomerase resulting in telomere lengthening. At high 

arsenic concentrations (>1 μM), this resulted in oxidative stress and cell apoptosis. This 

telomeric lengthening is thought to be the mode of action in cancer caused due to arsenic, 

by way of upregulation in WRN, a gene involved in both normal telomere replication and 

maintenance as well as the ALT mechanism of telomere lengthening (Gao et al., 2015). 

In one study, telomere lengths of coal workers were measured to observe the effect of 

exposure to coal and associated chemicals. Shortening of telomere and excessive DNA 

methylation were observed in the exposed individuals. However, the telomere shortening did 

not correlate with premature aging or oxidative stress in the workers (de Souza et al., 2018).

Telomere length is unique type of DNA-based biomarker for testing the mutagenic effects 

of environmental toxins. From the above exam pies, it is implicit that a closer inspection of 

the telomere is necessary in understanding the short-term and long-term effects of exposure. 

Single molecule sensitivity to telomeres and a genome-wide approach will likely contribute 

to future studies.

1.5. Telomere length measurement techniques

Several methods have been developed to measure telomere length, each having advantages 

and disadvantages that differ from each other. The most common methods, Terminal 

Restriction Fragment (TRF) and Quantitative-PCR (qPCR), can only yield an average 

telomere length value of all the telomeres present in the cell population. TRF uses a set 

of frequently cutting restriction enzymes (RE) to digest non telomeric DNA within the 

genomic DNA sample. This includes the adjacent subtelomeric regions that contain the 

restriction sites. After digestion, the DNA sample contains substantially intact and longer 

telomeric fragments that are then visualized via a Southern Blot, using probes that target 

the TTAGGG repeats. The resolution of this method is 1 kbp and requires at least 1.5 μg 

of genomic DNA. This method is not sensitive to short telomeres that are < 2 kbp, which 

are known to be of greater significance in affecting senescence. Due to the inclusion of 

subtelomeric DNA fragments, the average telomere length value could exceed the true value 

by several kbp. There is also a significant variation introduced due to use of different set 

of REs for the digestion (Aubert et al., 2012; Counter et al., 1992; Levy et al., 1992). The 

assay time for a widely used commercial TRF kit, TeloTAGGG (Roche), is approximately 

18 h, starting from genomic DNA digestion to chemiluminescent detection (Altshuler et al., 

2005). In qPCR method, telomere length is evaluated as a ratio between the relative ratio 

of telomere copies in experimental over reference DNA (T) and relative ratio of single gene 
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copies in experimental over reference DNA (S). Thus, at T/S = 1, the experimental DNA 

sample is identical to the reference DNA sample (Cawthon, 2002). In comparison to TRF, 

the DNA amount and the assay time are much lower, 50 ng and a few hours, respectively. 

Since T/S is a relative measure and does not quantify telomere length in kbp, calibration 

against a gold standard method (TRF) becomes necessary to interpret T/S in kbp. Telomere 

length from qPCR is known to vary between samples and within (Cawthon, 2009; Gadalla 

et al., 2010). Due to this, qPCR data across different labs and studies is susceptible to 

misinterpretation due to inter-lab variability and dissimilar calibration curves, highlighting 

the need for rigorous standardization (Lin et al., 2019; Wang et al., 2018). Although qPCR is 

cost-effective and is high throughput, the inability to directly determine the telomere length 

and the associated variability limit its application. Due to average telomere length being 

insufficient in detailed telomere investigations, other techniques like Single Telomere Length 

Analysis (STELA), Universal STELA, Telomere Shortest Length Assay (TeSLA), Single 

Telomere Absolute length Rapid (STAR), Quantitative Fluorescence In Situ Hybridization 

(Q-FISH), Flow-FISH and Telomere length Combing Assay (TCA) were developed to detect 

and measure telomeres at specific chromosome ends. STELA (Baird et al., 2003) is based 

on PCR with one primer targeting the telomeric end (the G-rich 3′ overhang) and the 

other targeting a unique subtelomeric region (for chromosome-specific targeting). Since 

most chromosomes have their subtelomeric region enriched with duplications and finding 

a unique priming site for a given chromosome is challenging, Telomere-specific STELA is 

limited to interrogating a small subset of all chromosome ends with unique subtelomeric 

priming sites (comprising XpYp, 2p, 11q, 12q, and 17p (Aubert et al., 2012; Britt-Compton 

et al., 2006; Montpetit et al., 2014; Samassekou et al., 2010). This technique can accurately 

measure single-telomere specific telomere lengths and requires low amount of starting 

material compared to other techniques. However, due to the low throughput of analysis, it is 

labor intensive. Allelic variations in the subtelomeric region may also be targeted using this 

technique. STELA has a resolution of 0.1 kbp and is sensitive to detection of short telomeres 

and the maximum measurable telomere length is about 20 kbp (Baird et al., 2003).

To overcome the limitations of STELA, Universal STELA (U-STELA), a variation of 

STELA. U-STELA was primarily developed to detect all short telomeres, which were found 

to trigger cellular senescence (di Fagagna et al., 2003). Using a frequent cutting enzyme 

to digest non-telomeric DNA, and a telomere primer akin to that used in STELA, PCR 

was performed to determine the sizes of short telomeres. Unlike in STELA, U-STELA can 

interrogate telomeres on all chromosomes but detection of telomeres longer than 8 kbp was 

found to be inefficient and was hence, deemed to be unsuitable for mean telomere length 

measurement(Lai et al., 2017). Even so, U-STELA is an accurate technique for measuring 

the load of short telomeres and requires low amounts of starting material. However, the low 

throughput analysis makes this technique laborious (Bendix et al., 2010).

To overcome the limitations of STELA and U-STELA and measure telomeres of all lengths, 

Telomere Shortest Length Assay (TeSLA) was developed (Lai et al., 2017). TeSLA is also 

PCR based but employs an alternative background suppression mechanism to make it a 

more accurate and sensitive method. While the analysis is automated, with throughput and 

resolution improved over the previous versions, TeSLA is also labor intensive, and it is not 

possible to acquire data about ITS loci, haplotypes, or subtelomere-linkages.
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Most recently, Luo et. al developed single telomere absolute-length rapid (STAR) assay, 

digital-PCR based approach to quantify telomere repeats based on end-point florescence. 

The florescence intensity is compared to that generated using synthetic copy-number 

standards and length of telomere in each molecule is estimated. The resolution of this 

method is said to be 0.2kbp - 320 kbp. While this assay is a definite improvement over other 

PCR-based assays, it only provides the average telomere length across all chromosomes 

and it is not possible to acquire subtelomere-linked and haplotype-resolved data (Luo et al., 

2020).

Q-FISH (Quantitative fluorescence in situ hybridization) is a technique that uses fluorescent 

peptide nucleic acid (PNA) probes to detect the telomere repeat sequence, TTAGGG. The 

number of probes hybridized (total fluorescence intensity) corresponds to the total number 

of telomeric repeats and by extension, the length of the telomere. Only 15–20 cells are 

required per sample to visualize and measure all the telomeres at the same time. Q-FISH 

has a resolution of 0.3 kbp, it can detect ultra-short telomeres as small as 0.1 kbp as well 

as fused telomeres (Aubert et al., 2012; Lansdorp et al., 1996). Q-FISH can be applied 

to cells isolated from tissue, cultured cells, FFPE tissue and agar-embedded cells, but a 

major disadvantage is that it is limited to metaphase cells and it cannot be used to measure 

telomere length in terminally senescent cells (Montpetit et al., 2014).

In Flow FISH (Baerlocher and Lansdorp, 2003), Q-FISH (Lansdorp et al., 1996) has been 

combined with flow cytometry to analyze mean TL across various cell types within a single 

individual sample. Telomeres of cells in a suspension are labeled with fluorescent PNA 

probes. The mean fluorescence intensity of all the telomeres from a single cell type is 

measured following cell sorting of the distinct cell types in the sample and compared against 

a mean intensity value obtained from TRF measurements of a control cell population to 

estimate the average telomere lengths of each cell type. Flow-FISH has been improved and 

automated to make reproducible telomere length measurements (Baerlocher and Lansdorp, 

2003; Baerlocher et al., 2006) and demonstrated for fresh blood samples that do not contain 

fixative reagents with a resolution of 0.2–0.3 kbp, (Aubert et al., 2012). This method is the 

first for telomere length measurement approved as a clinical diagnostics test.

Kahl et al. developed telomere length combing assay (TCA) by leveraging molecular 

combing technique to stretch DNA fibers on a functionalized glass surface (Allemand et 

al., 1997) and probing telomere sequences by hybridizing florescent PNA probes onto 

the stretched and immobilized DNA. They have demonstrated length measurements from 

approximately 1 kbp - 145 kbp using this technique (Kahl et al., 2020). Even though it is 

difficult to identify the chromosome here, combing enables high throughput telomere length 

measurements and is a cost-effective technique, especially for large population studies. 

However, it just provides the average telomere length of all chromosomes.

Using the above telomere length measurement methods, it is not feasible to efficiently 

acquire global subtelomere and haplotype resolved telomere length data. To address this 

need, we have developed a method that measures individual telomere lengths and identifies 

their physically linked subtelomeric DNA at the same time (discussed in detail below) 

(McCaffrey et al., 2015, 2017). This method combines nanochannel array linearization of 
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DNA with CRISPR-Cas9 labeling of telomeric and subtelomeric repeats. The range of 

measurable telomere length extends from 0.1–30 kbp (McCaffrey et al., 2017). Complete 

or near total telomere loss can be ascertained with this method unlike with other methods 

which are not definitive about telomere loss. Using this method, previously uncharacterized 

subtelomere regions can be characterized. It can also detect novel subtelomeric structural 

variants (SVs) and haplotypes and associate them to the specific telomere lengths in a single 

assay.

In studies that involve large number of individual samples, a cost-effective high-throughput 

method is most desired, while in studies that require close observation of telomere length 

dynamics in a cell population at different population doublings (PDs), a high-resolution and 

highly sensitive telomere length assay is desired. When studying exposure to environmental 

toxins and its effect on telomeres, given limited information and variabilities associated with 

commonly used methods compared to the high resolution and accuracy offered by the single 

molecule method, the choice of telomere length measurement method plays a crucial role.

2. High throughput single molecule telomere length assay in nanochannel 

array

We have recently developed a novel method which enables global subtelomere and 

haplotype-resolved analysis of telomere lengths at the single-molecule level (McCaffrey 

et al., 2015, 2017) using an optical mapping in nano-channel technology (Das et al., 2010; 

Lam et al., 2012).

Optical mapping in nanochannel arrays is a commercial technology by Bionano Genomics. 

DNA sample loaded on to their chips via the sample inlet port can be controlled via 

electrophoresis and is made to enter wide microchannels region followed by a micropillar 

region, where the long molecules are uncoiled and are then made to enter a series of 

narrowing nanoehannels(100 nm and 45 nm). Once the molecules enter the confinements 

of nanochannels, the electrophoresis is tinned off. Here, the molecules are linearized 

and stretched. They are imaged at 60X magnification with a high-resolution florescent 

microscope. Red and Green labels are first excited with 637 nm and 532 nm lasers, 

respectively. Then, YOYO-1 stained DNA backbone is excited with a 473 nm laser. 

Semi-automated iterations of this loading and imaging are performed to image several 

thousands of molecules across hundreds of nanochannels in a high throughput format. Single 

molecule raw images are analyzed and assembled de no into consensus maps using Bionano 

Genomics Software tools, Refaligner and Assembler (Mak et al., 2016). These consensus 

maps are refined further and merged to output a final set of consensus maps which can be 

used for subsequent analyses.

An overview of the single molecule telomere length assay is shown in Fig. 1. First, 

high molecular weight DNA molecules are purified from cells that were embedded into 

agarose-gel plugs using commercial kits (BioRad no. 170–3592) as per the manufacturer’s 

specifications. Typically, 10 μg DNA can be obtained with 1 million embedded cells. To 

detect the telomeres and characterize their linked-subtelomeres at the same time, a sequence­

specific fluorescent co-labeling strategy of long DNA molecules was then developed. 300 ng 
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genomic DNA was globally labelled at specific short sequence motifs that occur throughout 

the human genome to serve in the identification of the subtelomeric regions. Nt.BspQI, a 

common nickase enzyme with GCTCTTC motifs was used for this global labeling purpose 

(Lam et al., 2012; Mak et al., 2016; Xiao et al., 2007). The second set of labels were 

specifically tagged at the telomeric repeats, (TTAGGG)n of above Nt.BspqI labeled DNA 

molecules to measure the individual telomere lengths based on the idea that number of 

detected fluorescent labels are proportional to the number of repeats. A CRISPR-Cas9 

nickase (Cas9n) based labeling method directed to the telomeric (TTAGGG)n tracts by 

a synthetic guide RNA containing UUAGGGUUAGGGUUAGGGUU as its recognition 

sequence, was employed.

The labeled DNA sample is then loaded onto a nanochannel array via electrophoresis. The 

single DNA molecules are uncoiled, linearized, and confined into nanochannels, and are 

optically imaged using a high-speed scanning microscope. Using the Nt.BspQI (GCTCTTC) 

label patterns, de novo assembly of the large DNA fragments is performed and the resulting 

assemblies are mapped to the subtelomeric regions of the hg38 human genome reference. 

The individual DNA molecules containing the telomere and the subtelomere region are 

used to simultaneously calculate the telomere length and identify the chromosome end. 

The telomere length can be estimated based on total Cas9n labeling intensity. The basis of 

this approach is that with longer telomeres, Cas9n will nick more frequently and the total 

number of fluorophores incorporated into the telomere will scale up accordingly, making 

it reasonable to use total intensity for telomere length estimation. Because even a single 

point emitter lights up several pixels due to photo scattering, the total fluorescence intensity 

method can be used to quantitate telomere length in these cases, improving resolution for 

very short telomeres.

We measured the telomere lengths based on the labeling intensity. As a baseline control, we 

used fosmids with known telomere lengths (800bp, 100bp) to characterize the system.

In our optical set up, the laser was expended 28.3 times to cover the entire CMOS camera 

sensor. Due to the exponential decay of laser power from the center of focus, the total raw 

intensity of telomere labels from individual fosmid molecules is calculated based on its 

distance relative to the imaging frame center.

After normalization, the measured length of the 800bp fosmid telomere repeats was 

estimated to be 814bp ± 195bp. Similarly, we tested the system with another fosmid with 

100bp telomere repeats where the estimated length was 153bp ± 97bp. Even though the 

shorter telomere length measurement had higher variation, we could still detect and measure 

telomeric repeats as short as 100bp (McCaffrey et al., 2017).

When analyzing telomeres in a new sample, we first mapped the sample using Nt. BspQI 

without any telomere labels and defined the consensus contigs. Next, we performed the two 

or three-color labeling and classified any additional labeling found on the single molecules 

as telomeres. Events like loss of end telomere signal in some molecules, recombined 

molecules (displaced Nt. BspQI labels with or without retention of internal telomere 

Uppuluri et al. Page 8

Environ Toxicol Pharmacol. Author manuscript; available in PMC 2021 October 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



like labels) were mostly observed in the subtelomeric regions of ALT cells and were 

chromosome-specific and sample-specific.

Two-color and three-color co-labeling schemes are designed for the single molecule 

telomere length assay (Fig. 1). In the two color-scheme, the Cas9n and Nt.BspQI nick 

sites are labeled with the same color (green) fluorescent labeled nucleotides using a Taq 

DNA polymerase. In the three-color scheme, Nt.BspQI nick sites are first labeled with green 

fluorescent nucleotides with Taq DNA polymerase, following which the unincorporated 

green fluorescent nucleotides are removed with Shrimp Alkaline Phosphatase (SAP) 

enzyme. This DNA solution is then nicked with Cas9n and labeled with red fluorescent 

nucleotides using Taq DNA polymerase.

Fig. 2 shows data from the two co-labeling schemes. The three-color scheme was applied 

to characterizing the telomeres of human DNA, GM11832. The telomeres, 3p (top) and 

12p (middle) are shown in Fig. 2. In this case, the telomeres are labeled red and the 

global labeling is in green. Although it is much easier to distinguish the telomere from the 

subtelomere due to different colors, the three-color scheme is tedious and time-consuming. 

The additional steps (pipetting and chemical modifications) of intermediate fluorescent 

nucleotide removal and separate nick-labeling reaction tend to break the DNA molecules. 

This results in fewer long DNA molecules, which are necessary to identify the subtelomeric 

regions accurately and efficiently. The two-color scheme obviates this issue by employing 

a single nick-labeling reaction. The data from the two-color scheme, generated from 

the IMR90 cell line, is shown in Fig. 2 (bottom). The microscope images of single 

DNA molecules from the chromosome arm, 2q, the consensus maps of the two parental 

haplotypes, and the hg38 reference are all presented. The 2-color scheme to perform 

telomere characterization is simpler, faster (savings in imaging time), and provides more 

information of the subtelomere (longer terminal DNA molecules).

The assay can be used to identify and characterize telomere length distributions of 30–

35 discrete telomeres simultaneously and accurately, for most chromosome arms. Five 

acrocentric short arms of 13p, 14p, 15p, 21p, and 22p lack reference sequences, and thus 

the associated telomere could not be identified and measured. The telomeres of XpYp were 

also not measured due to many gaps in the hg38 reference and a large highly variable region 

containing minisatellite repeats near this telomere (Inglehearn and Cooke, 1990). Lastly, 

16p, 17p, 19q, and 22q failed the assembly due to the two closely spaced nicking enzymes 

sites on opposite strands sequences, which causes double-strand breaks (DSB) in molecules 

to be mapped.

This assay is unique in providing haplotype-resolved telomere information. The method is 

very sensitive to short telomeres, which are biologically most relevant, detecting telomeres 

as short as 0.1 kbp. Also, telomere loss can be detected unambiguously, a unique feature 

of the assay. The assay is also not limited to metaphase cells and can be adapted to cells 

from various tissue samples. With high throughput and resolution, and robust procedures, 

the single molecule telomere length assay will find significant utility in future telomere 

studies. Using this method, telomeres were characterized extensively in aging cells (IMR90), 

telomerase positive cells (UMUC3, LNCaP) as well as ALT-positive cells (U2OS, SK­
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MEL-2, and Saos-2). In the following sections, we will review the above results and describe 

for each type, characteristic features of telomeres, observed trends and relevant insights 

enabled by the technology.

2.1. Telomere shortening in aging cells

We applied our single telomere measurement assay technique to obtain haplotype resolved 

telomere length data of cellular aging model (human fetal lung fibroblasts IMR90) cell line 

at early passage, late passage, and senescence as characterized by number of population 

doublings (PD) in the cell culture. Early passage was chosen at PD17, late and senescence 

were chosen to be at PD45 and PD61, respectively. Typical raw imaging results used for 

determining the average single-telomere lengths, in this case for chromosome arm 8q, are 

shown at the top of Fig. 3A. The consensus maps from this cell line aligned well to hg38 

reference genome. The early passage had the highest intensity telomere labels, indicating 

that telomeres were long. Among senescent stage telomeres, a fraction of the 8q were very 

short and a fraction was still relatively long. This could be explained by different doubling 

rates of mixed clonal subpopulations of IMR90 cells and mixed clone-specific telomere 

attrition rates (Britt Compton et al., 2006). Fig. 3B shows a plot comparison of early, late, 

and senescent telomere lengths. Each dot represents a single TL measurement. Mean of the 

distribution is represented by the horizontal bar in each cluster. The coefficients of variation 

(CV) calculated for average single-telomere lengths measured using our method was 14.6 %, 

which agrees with similar CV values published when using QFISH, Flow-FISH, and qPCR 

(Gutierrez-Rodrigues et al., 2014; Martin-Ruiz er al., 2015; O’Sullivan et al., 2004).

We observed many interesting trends and features from measured telomere lengths of 

IMR90 samples. For instance, the average telomere lengths in the fibroblasts reduced from 

7.2kbp in PD17 to 4.5kbp in PD45, to 4.0 kbp at senescence. Another trend was, the 

differences between the lengths of longest and shortest telomeres also decreased as the cell 

culture progressed toward cellular senescence (13.2 kb vs 3.6 kb at PD17, 9.3 kb vs 2.4 kb 

at PD45, and 5.5 kb vs 2.4 kb at senescence). This decreasing trend in average telomere 

length was found to be highly variable dependent on specific chromosome arms. Most 

chromosome arms (including 1p, 3p, 4p, 5p, 6p-1, 6p-2, 8p, 11p, 12p, 1q, 5q, 12q, 14q, 15q, 

21q) exhibited 50 % decrease from PD17 to PD45, others do not decrease significantly from 

PD 17 to PD45 (2p, 8q, 9q and 11q) and the average telomere lengths of 9p, 20p, 2q-1 and 

17q remained same.

Very short telomere lengths (<500bp) started to appear in late passage. The frequency 

of very short telomeres, approaching length < 100bp, increased fivefold from PD45 to 

senescence. Despite the fivefold increase in very short telomeres (<100bp), the average 

telomere lengths of PD61 do not differ statistically from those of PD45. It is worth 

mentioning that a third of very short telomeres in senescent IMR90 were found on 8q 

and one-eighth were on 14q suggesting subtelomere-speciflc vulnerabilities.

The overall average telomere length we measured from our single-telomere length data 

for senescent IMR90 cells (4.0 kb, Table 1) was very close to the average of the four 

STELA-measured single telomeres measured in bulk IMR90 senescent cultures previously 

(4.1 kb)(Britt Compton et al., 2006). Multiple trends of telomere length reduction with 
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population doublings were found to be consistent between both methods (Britt-Compton et 

al., 2006; McCaffrey et al., 2017).

2.2. Abundant short telomeres detected in telomerase positive cancer cells

The telomerase positive bladder cancer UMUC3 and the prostate cancer LNCaP cell lines 

were investigated using our single molecule telomere length measurement assay and we 

found that the telomere lengths of both cell lines tend to be shorter with more uniform 

distributions compared to IMR90 cell lines. UMUC3 exhibited a relatively large number 

of very short telomeres (average length <500bp) at the same level of IMR90 senescence 

cell, while LNCaP cell line has less abundant shorter telomeres (Table 1). These shorter 

telomeres tend to concentrate on a few chromosome arms of UMUC3 and LNCaP and 

IMR90 senescence cell lines (8q and 9p of UMUC3; 8q and 14q of IMR90 senescence 

cell; 8q of LNCaP) (Table 2). These results are consistent with the previously published 

STELA results for this cell line which designated these short telomeres “t-stumps” (Xu and 

Blackburn, 2007). As the chromosome arm 8q is common between both cell lines with 

highest frequency of short telomeres, we show the raw images of 8q molecules and their 

telomere length distributions in Fig. 3.

2.3. Highly variable telomere-associated structures and telomere lengths detected in ALT 
cancer cells

Using our single molecule telomere measurement method, we characterized the telomere 

lengths and telomere-associated structures in ALT positive U2OS, SK-MEL-2, and Saos-2 

cell lines (Abid et al., 2020). For all the subtelomeres analyzed, specific examples of linked 

terminal (TTAGGG)n tract end fragments as well as recombinant end fragments were found. 

Average subtelomere-specific terminal (TTAGGG)n tract lengths, the ratio of terminal end 

fragments to recombined end fragments, as well as other telomere-associated structural 

features varied widely depending upon the specific subtelomere. These general global 

observations were anticipated from prior studies of ALT cells (Cesare and Reddel, 2010). 

We observed that most of the subtelomeres have more terminal (TTAGGG)n ends than 

recombinant ends in this three ALT cell lines. Examples of recombinant molecules that often 

result in internal telomere-like (TTAGGG)n sequence tracts (ITSs) are also observed among 

the arms with primarily end telomeres (Fig. 3A). Among all telomeres, U2OS, Saos-2 and 

SK-MEL-2 had an average of 24 %, 19 % and 11 % of recombinant telomeres, respectively. 

Chromosome arms 1q, 3q, 7p, 8q, 11p 18q, 19q and 21q of U2OS; 3q and 20q of SK­

MEL-2; and 1p, 3q, 8q, 17q and 21q of Saos-2, each had over 50 % recombinant telomeres. 

The recombination partner DNA fragment for most of these subtelomeres typically shows a 

defined stable pattern. The ITSs associated with recombinant telomeres are generally short. 

Very short ITSs (< 500bp) and ITS loss at recombinant telomeres are observed mainly 

on above chromosome arms (Tables 1,2). Overall, the terminal telomere lengths of the 

ALT positive cells U2OS, SK-MEL-2, and Saos2 cell lines varied from undetectable to 

extremely long, and more heterogenous than in aging or telomerase positive cancer cell 

lines. As an example, the 8q telomere tracts lengths (Fig. 3A) were shorter than in other 

chromosome arms but were similar across all ALT-positive cells with higher heterogeneity 

(Fig. 3B). Unlike in aging or telomerase positive cells, a very high level of signal-free ends 

(no detectable (TTAGGG)n tracts) were also observed in these ALT-positive cell lines: 8 
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% in U2OS cells and SK-MEL-2, and 5% in Saos-2 cell lines. Among these, over half 

were associated with just a few chromosome arms for U2OS and SK-MEL-2 cell lines, 

including 8q (Fig. 3A). We also observed very large linear extrachromosomal telomere 

repeat (ECTR) DNA molecules in all three cell lines. Two-thirds of chromosome ends and 

89 % of all long extrachromosomal DNA fragments in all three ALT-positive cell lines 

exhibited punctated (TTAGGG)n labels interspersed with non-telomeric sequences. While 

the association of short ECTR fragments including c-circles and t-loops, with DNA repair 

and ALT-maintenance mechanisms has been reported before,(Fasching, 2018; Sobinoff and 

Pickett, 2017) the potential role of large linear ECTRs (like template molecules for break­

induced repair in generating new telomeric DNA) with the telomere length maintenance was 

a new insight (Abid et al., 2020).

3. Conclusion

Telomere length is a unique type of clinical biomarker for testing not only disease states 

but monitoring mutagenic effects caused by environmental toxins. Although the telomere 

length trait is partially heritable, it can also be impacted significantly by lifestyle, health 

state, and exposure to environmental toxins and stress factors. Telomere length is commonly 

measured as an average value of all telomeres. The various methods involved in measuring 

telomere lengths have been summarized with respect to their advantages and disadvantages. 

Although the average telomere length is useful, it does not illuminate on the heterogeneity 

of the telomeres. It has been found that the shortest telomere or a small number of short 

telomeres in cells rather than the average telomere length that is critical for chromosome 

stability and cell viability. Hence, it is crucial to obtain chromosome-specific telomere 

length information. Additionally, haplotype-specific telomere length could be useful to 

gaining deeper insight into effects on telomere length.

One of the challenges to obtaining chromosome-specific telomere length is the identification 

of the individual telomeres. This mostly arises out of the complicated structure of the 

subtelomere. Our new single molecule method addresses this need. The high-throughput 

single molecule telomere length assay combines telomere-specific labeling using CRISPR­

Cas9 and nanochannel-based linearization of long DNA molecules to achieve this. The 

assay comprises fluorescent labeling of single genomic DNA molecules at repeat sequences 

specific to the telomeres and at specific motifs that occur all throughout the genome. 

Following imaging, one can measure individual telomere lengths as well as identify their 

physically linked subtelomeric DNA.

In a single assay, we can accurately measure individual chromosome and haplotype-specific 

telomere lengths, distinguish absolute telomere loss from telomeres as short as 100 bp, 

analyze previously uncharacterized subtelomeric regions, and detect large subtelomeric 

structural variants, all at single molecule resolution.

Results from extensive characterization of aging cells (IMR90), telomerase positive cells 

(UMUC3, LNCaP) and ALT-positive cells (U2OS, SK-MEL-2, and Saos-2), using this 

method are summarized. Multiple subtelomere-specific telomere attrition trends have 

been observed. We observed a biased distribution of very short telomeres likely to be 
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dysfunctional, suggesting subtelomere specific vulnerabilities to telomere dysfunction. In 

the case of IMR90, 8q and 14q were more frequently found to be short C<500 bp) when 

compared to other chromosome arms. This trend was also observed in specific chromosome 

arms of telomerase-positive cancer cell lines (8q and 9p of UMUC3; 8q of LNCaP). 

Markedly distinct telomeric and subtelomeric features were observed in the ALT-positive 

cancer cells. Here, the presence of unexpectedly high signal-free ends and surprisingly 

large linear ECTR DNA molecules were observed. The frequency and size of retained ITSs 

at recombinant telomere fusion junctions also varied according to the subtelomere. These 

results provide molecular level insight into the mechanisms of telomere damage, repair, and 

recombination in ALT cells. We believe our tractable assay, with high throughput and robust 

procedures, will find significant utility in telomere length association studies with large 

sample number.
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Fig. 1. 
Schematic overview of single molecule telomere length assay (by McCaffrey et al. is 

licensed under CC BY 4.0). A) Two-color scheme shows simultaneous labeling at Cas9n­

telomere gRNA directed nicks and Nt.BspQI global nicks. All labeled sites are shown as 

green spots, telomere ends aie marked with ‘T’. B) Three-color scheme showing staggered 

labeling of Nt.BspQI global nicks (shown as green spots) followed by Cas9n-telomere 

gRNA directed oicks (show as red spots). C) Labeled DNA from both schemes are loaded 

onto chips containing nanochannels and imaged in green, red and blue modules. D) Image 

shows examples of raw microscope images of molecules containing red (telomere ends) and 

green (Nt.BspQI) labels on blue DNA backbone. Consensus maps of such labeled molecules 

are generated using IrysSolve (bionano genomics) and compared to hg38 reference genome. 

Telomere length is estimated by measuring telomere label intensities.
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Fig. 2. 
Microscope images of molecules from both labeling schemes (by McCaffrey et al. is 

licensed tinder CC BY 4.0. A and B) Co-labeling of telomere (TTAGGG)n tracts using 

gRNA-directed CRISPR/Cas9 nickase and subtelomeres using global motif-dependent 

nickase Nt.BsPQI. The three-color scheme was applied to characterize telomeres of human 

DNA. In the image, telomeres appear as red labels and the Nt. BspQI nick-label sites appear 

green. Reference genome hg38 appears as light blue bar with dark blue marks where the 

Nt. BspQI nick-label sites occur. Blue numbers above the reference indicate the location in 

million base pair scale. For example, 0.1 M = 0.1 × 10^6 bp from the chromosome end as 

indicated in hg38 reference. De novo assembled consensus maps are shown as yellow lines 

with vertical blue and green marks. Green marks show the Nt. BspQI sites that align to the 

reference and light blue marks show non-aligned sites A shows data of chromosome arm 

3p and B shows data of chromosome arm 12p. C) Data from two-color labeling scheme 

as applied to IMR90-PD17, chromosome arm 2q. Image shows consensus map and single 

molecules grouped together into two separate haplotypes.
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Fig. 3. 
Comparison of 8q molecules across various cell lines. A) Raw microscope images of 

8q molecules across among aging (IMR90 fibroblasts), ALT-positive (U2OS, SK-MEL-2, 

Saos-2), and telomerase-positive (UMUC3 and LNCaP) cell lines. Reference genome hg38 

appears as light blue bar with dark blue marks where the Nt, BspQI nick-label sites occur. 

Blue numbers above the reference indicate the location in million base pair scale. For 

example, 0.1 M = 0.1 × 10^6 bp from the chromosome end as indicated in hg38 reference. 

De novo assembled consensus maps are shown as yellow lines with vertical blue and green 

marks. Green marks show the Nt. BspQI sites that align to the reference and light blue marks 

show non-aligned sites. Telomere labels are shown in red circle. Long telomere lengths were 

observed in early passages and decreased with increasing passage number. ALT-positive 

cells had a heterogeneous distribution of telomere lengths. Also, an example of recombinant 

molecule with ITS can be seen in Saos-2 group. Very short telomere ends consistent 
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with ‘t-stumps’ observed in telomerase-positive cells, B) Plot showing the distributions of 

telomere length I measured at 8q molecules across among IMR90 aging cells (light blue, 

orange, mustard dots representing early, late and senescent passages respectively), U2OS 

(brown), Saos-2 (dark green), SK-MEL-2(dark blue) ALT-positive, and UMUC3 (bright 

green), LNCaP (purple) telomerase-positive cell lines. Each dot represents a single telomere 

length measurement, and the average length is marked as the short horizontal bar. The 

lengths of ITS sequences observed in each of the ALT-positive cell lines are represented as 

pink (U2OS), light green (Saos-2) and yellow (SK-MEL-2) dots.
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Table 2

Veiy short telomeres and telomere loss in senescent and cancer cell lines.

Cell line used in telomere characterization Characterized Chromosome arm Average length <500bp
e

Telomere loss
f

IMR90-senescence Total (Bulk) 4.0 ± 1.0 (851) 49(5.8 %) 0

UMUC3 Total (Bulk) 3.1 ± 1.3 (871) 57(6.5 %) 0

LNCaP Total (Bulk) 3.0 ± 0.7 (959) 16(1.7 %) 0

U20S Total (Bulk) 3.1 ± 3.5 (906) 
f 158(17 %) 165

SK-MEL-2 Total (Bulk) 3.4 ± 3.5 (862) 
f 92(11 %) 43

Saos-2 Total (Bulk) 4.3 ± 4.2 (862) 
f 53(7.8 %) 49

IMR90-senescence 9p 4.4 ± 2.2 (32) 3(9.4 %) 0

IMR90-senescence 8q 2.6 ± 2.5 (31) 8(25.8 %) 0

IMR90-senescence 14q 3.0 ± 1.9 (26) 7(26.9 %) 0

UMUC3 9p 1.7 ± 1.5 (30) 12(40 %) 0

UMUC3 8q 1.0 ± 0.5 (31) 15(48.4 %) 0

UMUC3 14q 1.9 ± 1.4 (10) 1(10 %) 0

LNCaP 9p 3.4 ± 2.9 (32) 0 0

LNCaP 8q 2.2 ± 1.6 (31) 5(16.1 %) 0

LNCaP 14q 3.9 ± 2.0 (14) 0 0

U20S 3q 0 0 23(13.9 %)

U20S 8q 1.2 ± 2.1 (42)
g 15(9.5 %) 13(7.9 %)

U20S 21q 3.2 ± 4.4 (25)
g 9(5.7 %) 18(10.9 %)

SK-MEL-2 8p 3.1 ± 32.8 (32)
g 5(5.4 % %) 5(11.6 %)

SK-MEL-2 14q 1.7 ± 3.0 (23)
g 8(8.6 % %) 4(9.3 %)

SK-MEL-2 20q 1.4 ± 2.3 (29)
g 12(13.3 %) 4(9.3 %)

Saos-2 1P 2.8 ± 4.6 (37)
g 5(10.2 %) 6(11.5 %)

Saos-2 19q 4.8 ± 5.3 (31)
g 1(2.0 %) 12(23.1 %)

End telomere loss: Events where some molecules in a specific sample have demonstrated lack of telomere-like signal at the end of chromosome. 
Some of these events manifest as additional internal telomere like sequences with blight label while some did not have any ITS.

ITS loss: Events where ITS signal loss is observed.

Total Telomere loss: This is defined as the total number of molecules where either loss of end telomeres signal is observed 01 loss of ITS signal is 
observed.

e
Telomere loss not included. Percentage is calculated out of the total telomeres<500bp.

f
Total telomere loss (end telomere loss, ITS loss). Percentage is calculated out of the total telomere losses.

g
Average of both terminal telomere ends and recombinant ends.
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