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Abstract

The human telomere system is highly dynamic. Both short and long leucocyte average telomere lengths (aTL) are associated with an increased
risk of cancer and early death, illustrating the complex relationship between TL and human health and the importance of assessing TL distri-
butions with single TL analysis. A DNA microarray and telomere fluorescent in situ hybridization (DNA-array-FISH) approach was developed to
measure the base-pair (bp) lengths of single telomeres. On average 32000 telomeres were measured per DNA sample with one microarray chip
assaying 96 test DNA samples. Various telomere parameters, i.e. aTL and the frequency of short/long telomeres, were computed to delineate
TL distribution. The intra-assay and inter-assay coefficient of variations of aTL ranged from 1.37% to 3.98%. The correlation coefficient (r) of aTL
in repeated measurements ranged from 0.91 to 1.00, demonstrating high measurement precision. aTLs measured by DNA-array-FISH predicted
aTLs measured by terminal restriction fragment (TRF) analysis with rranging 0.87-0.99. A new accurate and high-throughput method has been
developed to measure the bp lengths of single telomeres. The large number of single TL data provides an opportunity for an in-depth analysis
of telomere dynamics and the complex relationship between telomere and age-related diseases.
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Introduction

The critical role of telomere length (TL) at the chromosomal
ends in cell fate decisions and biological functions ranging
from aging to carcinogenesis has been well established (1-
6). In vertebrates, telomeres are composed of a long double-
stranded array of TTAGGG repeats bound by the six-protein
sheltering complex (7,8). Telomeres have an essential role in
ensuring that the natural ends of chromosomes are not mis-
taken for sites of DNA damage. Due to the inability of the
DNA replication machinery to fully replicate linear DNA
(known as the end replication problem), telomeres progres-
sively shorten with each cell division in telomerase negative
cells (9-12). Critically short, or dysfunctional telomeres trig-
ger cellular growth arrest that drive progressive atrophy and
aging-associated pathologies (13,14). Deficiency in telomere
function is broadly related to multiple aging-associated dis-
eases (15-18). Short telomere length has been implicated as
a risk factor in pulmonary disease (19-21), diabetes mellitus
(22-24), liver cirrhosis (25,26), osteoporosis (27,28), kidney
disease (29,30), Alzheimer’s disease (31,32), cardiovascular
disease (33,34), and cancer (35,36). Together, these diseases
affect a large proportion of the U.S. adult population (18).

Results from previous studies using average TL (aTL) to
test a host of hypotheses related to the biology of human
aging and carcinogenesis have been inconsistent. The litera-
ture on the associations between stress (37,38), environmen-
tal exposures (39-41), disease susceptibility (34,42-45), and
aTL is somewhat contradictory and the extent to which di-
vergent findings are due to TL measurement error is unclear.
TL shows considerable variability between species, individu-
als, tissue types and chromosome arms (46-49). By relying on
aTL as the only TL characterization, these previous studies
failed to consider the heterogeneity of TLs across chromoso-
mal arms and/or among cells for a given tissue type (46—49).
In fact, it is increasingly recognized that the deleterious ef-
fects of telomeres are mediated by the load of critically short
telomeres (50-54) or long telomeres (55-59). For example,
genetic studies in mice have shown that the shortest telom-
eres, rather than the aTL, are the major cause of age-related
pathologies (50). The load of short TL can increase due to the
gradual shortening of telomeres during normal cellular aging
or as a result of catastrophic telomere loss (60-62). Therefore,
determining the load of short telomeres and TL distribution
is critical to further advance the understanding of the role of
telomeres in aging and cancer.

Various methods have been developed for the measurement
of TL using cells or genomic DNA samples and generally
only provide information on aTL (53,63-66). TL can be mea-
sured by quantitative fluorescence in situ hybridization (Q-
FISH) methods, including metaphase Q-FISH and interphase
Q-FISH. Metaphase Q-FISH can detect TL from each chro-
mosomal end (49), which requires dividing cells as well as a
skilled cytogeneticist; it is very labor intensive (53,64). Flow
cytometry-based FISH (Flow-FISH) can estimate the aTL of
interphase nuclei of white blood cells (67). It can measure aTL
of sub-types of leucocytes, but requires expensive equipment
and is labor intensive. The high cost and labor-intensive na-
ture of these methods limits their applications in large scale
population studies.

Methods that have been applied to analyze purified ge-
nomic DNA samples include terminal restriction fragment
(TRF) analysis (68), quantitative PCR (qPCR) (69), multi-
plex luminex assay (70), digital PCR (71), single-telomere
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length analysis (STELA) (46,72), telomere shortest length as-
say (TeSLA) (73), peptide nucleic acid (PNA) hybridization
and analysis of single telomeres (PHAST) (74), Nano Pore
(75-77) and PacBio HiFi long read sequencing (78). TRF anal-
ysis estimates the aTL from the intensity and size distribu-
tion of the ‘telomeric smear’ by Southern blot analysis (68).
It requires a large amount of starting genomic DNA (6 pg)
and is an insensitive method to detect the shortest telomeres
(<3 kb). Using ligation and PCR amplification of telomeres in
combination with Southern blot analysis, STELA and TeSLA
can provide information about the abundance of the short-
est telomeres (46,73). However, both methods are limited to
amplify telomeres that are shorter than 8 kb (STELA) or 18
kb (TeSLA). Eight PCR reactions are typically set up to assay
one DNA sample and the number of telomeres being ampli-
fied with 8 PCR reactions is limited to a few hundreds, limiting
the precision of estimated the TL distribution. While PHAST
is able to generate high-resolution TL measurements, it is la-
bor intensive and requires specialized equipment and software
that is not commercially available. Recently published single-
telomere length analysis using Nano pore or PacBio HiFi long
read sequencing demonstrated telomere length analysis at the
nucleotide resolution (75-78). However, this method requires
a large amount of starting genomic DNA (10-40 pg) and
complex pre-sequencing enrichment of telomeric DNA and li-
brary preparation steps, and is labor-intensive and expensive
(75-78).

The quantitative PCR (qPCR) TL measurement method is
the only method that has been widely adopted in large scale
epidemiological studies due to its high-throughput and low-
cost nature. The qQPCR method measures the ratio of telom-
ere signal (T) to a single copy gene signal (S) and provides
only T/S ratios as the relative aTL quantitation which is assay-
specific, therefore cannot be compared between studies with
an independent ‘yardstick’. The qPCR method is not suitable
for quantifying aTL for cancer cells since most cancer cells
are aneuploidy that affects T/S ratios (79). There are concerns
about the validity and reliability of the gPCR TL measurement
method in population studies. It has been shown that qPCR
is sensitive to protocol deviations, often associated with high
measurement errors, and assay precision varies widely across
laboratories (80-82), highlighting the need to develop a new
method for accurate TL measurement for large human popu-
lation studies.

We report here the development of a novel method for sin-
gle telomere length analysis utilizing DNA microarray and flu-
orescent in situ hybridization (DNA-array-FISH). This new
approach enables the measurement of telomere length in base
pair (bp) of individual telomeres in a high-throughput manner.
Notably, it can detect telomeres as short as 200 bp with a dy-
namic range spanning from 0.1 to 340 kb. Furthermore, each
microarray chip can analyze 96 DNA samples, and multiple
DNA microarray chips can be assayed in a single FISH exper-
iment. We conducted a comparison of aTLs from 92 human
blood samples using both DNA-array-FISH and TRF methods
and demonstrated the high precision and accuracy of DNA-
array-FISH for TL measurements.

Materials and methods

Generation of telomeric size standards

TL standards were generated through a repeated exten-
sion process as previously described (74). Briefly, a telom-
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ere template of 90 bp was synthesized, with restriction en-
zymes Kpnl and Xhol sites at the 5’ end and Sall at the
3" end (GGTA CCTCGAGGG-(TTAGGG);5-TCGAC) (Inte-
grated DNA Technologies, Inc. Coralville, IW). Two addi-
tional forward (5’ -TGGTACCTCGAGGGTTAGG-3') and re-
verse (5'-GTCGACCCTAACCCTAACC-3’) primers that can
anneal to the telomere template at both ends were used in a
PCR reaction to create a double-stranded telomere template of
100 bp. The telomere template was then ligated into a pCR4-
TOPO TA vector (Life Technologies, Grand Island, NY) fol-
lowing the manufacturer’s instructions, and verified by Sanger
DNA sequencing. The telomere template insert was then re-
leased from the TA vector by Xhol and Sall digestion and
cloned into the Xhol site of the pUC19 vector (New Eng-
land Biolabs, Ipswich, MA). The pUC19 plasmid containing
the telomeric insert was then digested with Xhol and served
as a subsequent hosting vector. To prepare the telomere in-
sert for extension, the cloned telomeric inserts in the pUC19
plasmid was released with Kpnl and Sall and mixed with the
hosting vector. It was then fused together using the Gibson
Assembly cloning kit (New England Biolabs, Ipswich, MA)
to extend the telomeric insert in the hosting vector, follow-
ing the manufacturer’s instructions. This process was repeated
several times to obtain plasmids containing the desired sizes
of telomeric inserts. For instance, a vector hosting a 100 bp
telomeric sequence was fused with a 200 bp telomeric frag-
ment to produce a plasmid clone containing a 300 bp telom-
eric insert. Plasmid clones containing telomeric inserts sized
200, 300, 400, 600, 900, 1200, 2000 and 2400 bp were suc-
cessfully obtained. The size of the telomere inserts was con-
firmed by Sanger DNA sequencing and by digestion with
Xhol and Sall to release the telomeric inserts, followed by gel
electrophoresis.

DNA extraction and evaluation of DNA integrity

DNA samples were purified using the Puregene DNA extrac-
tion kit or QiAmp blood mini kit (Qiagen, Germantown,
MD) according to the manufacturer’s instructions. We uti-
lized the same standards as required by the Southern blot-
based TRF method to evaluate DNA integrity (see Figure 2
in Reference #68). DNA integrity was verified by agarose gel
electrophoresis and visualized with a SYBRE green dye stain
(Supplementary Figure S1). DNA samples that appeared as a
single compact crown-shaped band migrating in parallel with
the other samples on the gel were accepted for telomere length
analysis. However, a sample that appears as a smear or has a
forward shift in its crown in comparison with other samples
(Supplementary Figure S1, lanes 1, 3 and 5) is degraded and
unsuitable for single telomere analysis by our method because
degraded DNA, i.e. degraded telomere molecules, will inflate
the frequency of short telomeres and lead to inaccuracies in
estimated aTL.

Digestion of genomic DNA

Prior to DNA microarray construction, genomic DNA was di-
gested with a different combination of the restriction enzymes,
either Hinfl & Rsal, Hinfl & Alul, Hinfl & Mnll or Hphl &
Mnll. All the restriction enzymes were purchased from New
England Biolabs, Ipswich, MA. In a 96-well plate, 9.0 ul (0.5-
1.0 ug) of DNA and 1.2 ul of master mixture (1 ul of 10x
NEB buffer 4 plus 2 units of each enzyme) were added to each
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well. The plate was sealed with a cover film and incubated at
37°C for 2 h.

DNA microarray chip construction

The principle of the DNA-array-FISH method for single
telomere analysis is illustrated in Figure 1. Two ul of digested
genomic DNA was transferred into a 384-well PCR plate, and
then 2 ul of 2x printing buffer (6x SSC and 3.0 M of Be-
taine) was added to each well and mixed well by repeated
pipetting. The DNA samples were printed on an aminosilane
coated glass slide (SCHOTT North America Inc, Louisville,
KY) using a Xact II microarray printer (LabNext, Inc. West
New York, NJ) with a 300-micron pin under 50-70% hu-
midity at room temperature. Each chip/slide hosts 112 DNA
samples (7 rows x 16 columns = 112 clusters) and each DNA
array cluster contains 16 spots in a 4 x 4 arrangement (Figure
1A and B). The DNA chips were kept in a clean box at room
temperature for 5-7 days before telomere fluorescent in situ
hybridization (T-FISH).

DNA immobilization and telomere fluorescent in
situ hybridization

The DNA chips were baked at 65°C overnight, cooled down
to room temperature for 20 min and exposed to UV light in
a UV cross-linker at an energy setting of 400 m]J/cm?. The
DNA chips were incubated with pre-hybridization/blocking
buffer (5x SSC, 0.1% SDS, 1 mg/ml BSA and 50% for-
mamide) at 42°C for 1 h, washed in deionized water for
2 min each, repeated 5 times and then dried by centrifuga-
tion at 200 x g for 1 min. Thirty microliters of hybridiza-
tion buffer (50% formamide, 10 mM Tris pH 7.5, 3% block-
ing reagent, 1x Denhart’s solution) containing 20-30 nM of
the Cy3 labeled telomere specific gamma peptide nucleic acid
(PNA, Cy3-O-TTA*GGGT*TAGGG, *=miniPEG gamma)
probe was added to each chip and covered under a glass cover
slip (24 x 50 mm). The array chips were placed in a Hy-
brex hybridization chamber, denatured at 75°C for 5 min and
hybridized at 30°C for 3 h in a Hybrex incubator (SciGene
Inc., Sunnyvale, CA). After hybridization, the array chips were
washed in 2x SSC at 45°C for 10 min and 1x SSC at 45°C
for 10 min, and then dried by centrifugation at 200 x g for 1
min. The array chips were mounted in an anti-fade mounting
medium (Vector Laboratories Inc., Newark, CA) and stored
at 4°C in the dark.

DNA array chip scanning and image analysis

The array chips were scanned using a high-content-imaging
system (ImageXpress Micro 4, Molecular Device, San Jose,
CA) under a 60x oil objective with an exposure time of
400 ms. Approximately 1792 images (one image per array
spot, Figure 1C) were obtained per array chip. The digi-
tized images went through a quality control process to re-
move poor quality images, i.e. images that were out of focus
or contained debris. Within the MetaExpress software pack-
age (Molecular Device, San Jose, CA), a journal was devel-
oped to automatically analyze the images to count the num-
ber of telomeres (fluorescent spots, Figure 1D) and measure
the total fluorescent intensity of each telomere. The journal
uses a custom-built telomere module with background sub-
traction between 300 and 600, area sum minimum of 0.4,
area sum maximum of 10, and round shape factor of 0.80 to
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Figure 1. Schematic overview of the DNA-Array-FISH-based single telomere analysis workflow. (A) genomic DNA was digested with restriction enzymes
and printed on amino-saline coated glass slides to make DNA microarray chips. (B) DNA chips were hybridized with a telomere specific PNA probe.

(C) An array spot was scanned using a fluorescent microscopy image system under 60x oil objective. (D) Enlarged view of telomere signals. (E) A
telomere standard curve. (F) Total fluorescent intensity of each telomere spot in the digitized images were quantified and converted into bp length using
linear regression, based on the slope and intercept of the telomere standard curve. (G) TL distribution of a human genomic DNA.

exclude overlapping telomeres, telomere doublets, large de-
bris, or very small background signals. The total fluorescent
intensity units (FIU) of each telomere were recorded and ex-
ported into a text file. R package (version 4.1.3) was used
to read and clean the data, generate a standard curve (Fig-
ure 1E) and perform telomere length conversion (from FIU
to bp, Figure 1F) using linear regression models as described
below.

Establish standard curve and aTL of the control
DNA sample

Telomere standard curve microarray chips (SCchip) were de-
signed and analyzed to (i) establish and optimize telomere
FISH (T-FISH) condition; (ii) obtain intercept and slope val-
ues for converting FIUs into bps by linear regression and (iii)
obtain aTL for the control DNA (conDNA) sample to calcu-
late the normalization factor (N), which is used in the linear
regression model to adjust for assay variations across differ-
ent chips. SCchips contain cloned telomere standards sized
200, 400, 600, 900, 1200, 2000 and 2400 bp. Each SCchip
contains 10 SCs and 8 replicates of a control DNA sam-
ple with known TRF-determined aTL. Length in bp of each

telomere is estimated using the following linear regression
model:

TLibr) — [slope*TLi(F’U) + intercept]* N, whereN
= aTL of conDNAS¥? = 4TL of conDNA*i?

SCchips were analyzed to determine the acceptance or rejec-
tion of each tested T-FISH condition and should be examined
whenever the T-FISH condition changes, such as the introduc-
tion of a new hybridization buffer or a new batch of telomere
probe. The mean intercept and slope values calculated from
30 SCs (3 SCchips x 10 SC per SCchip) were used in the lin-
ear regression model for TL conversion for all test chips as-
sayed in the same accepted T-FISH condition. The mean aTL
of the control DNA from the 3 corresponding SCchips is used
for calculating the N factor. Two mean SC slope and intercept
values (SC0923 and SC1023, Table 1) were used to generate
data for this report due to the change of telomere probe con-
centration. An example of a telomere SC is shown in Figure 1E
and examples of images of telomere size standards are shown
in Supplementary Figure S2.
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Table 1. Telomere standard curve (SC) parameters and aTL of control
DNA
conDNA conDNA
SCchip TRF aTL
Name of SC  Slope  Intercept  R? aTL? (bp) (bp)
SC0923 0.0318 —802 0.97 7760 7611
SC1023 0.0215 —653 0.98 7671 7611

2aTL was estimated by telomere standard curve of the SCchip using linear
regression

Quality control and quality assurance (QC/QA)
consideration of TL measurement by
DNA-array-FSH

Image quality
The images to be included in the analysis must be in focus and

free of debris that cannot be filtered out by the telomere image
analysis module.

Telomere standard curve

For any quantitative FISH-based assay, high hybridization
efficiency (~100%) is required to achieve high assay preci-
sion. The SCchips containing the smallest telomeres (200 bp)
are ideal for optimizing the hybridization conditions. Sub-
optimal hybridization conditions will lead to loss of small
telomere signals and the standard curve could fail to meet the
pre-set QC standards, i.e. slope <0.035 and explained vari-
ance R? > 0.95. In addition to generating intercept and slope
for TL conversion, standard curves play an important role
in normalizing hybridization variations between batches of
chips assayed at different times. Thus, a high-quality telomere
standard curve (slope < 0.0350 and R? > 0.95) is the pre-
condition for the acceptance of a specific T-FISH condition to
be applied to test chips.

Control of T-FISH hybridization variations

There are potentially three levels of assay variations: between
batches of chips that were hybridized at different times, among
chips within a batch, and among the cluster positions within
a chip. Three QC/QA parameters were designed to minimize
these variations: (i) converting TL from FIU to bp using the
telomere SC slope and intercept values generated from SC-
chips to minimize assay variations between batches of chips
assayed at different times; (ii) N factor minimizes FISH varia-
tions between chips; (iii) each DNA sample is assayed in trip-
licates (three chips) or quadruplicates (four chips) to reduce
measurement error. If the CV of aTL among the triplicates
is <15%, then the measurement is accepted. The average of
the replicate measurements was accepted as the final TL mea-
surement.

The sensitivity and dynamic range of
DNA-array-FISH

The dynamic range of the assay is determined by the dynamic
range of the digital camera used for quantitative fluorescent
signal detection. When imaging bright (long telomeres) and
dim (short telomeres) signals in the same acquisition, a high
dynamic range is essential for maintaining linear quantitative
measurements and detecting weak signals without saturating
bright signals. We found that cloned telomere fragments of
0.1 kb were detectable using the ImageExpress Micro 4 high-
content-imaging system under the pre-defined exposure con-
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Figure 2. Average telomere length distribution of 92 human blood
samples. Telomere length was measured by DNA-array-FISH with Hinfl &
Mnll digested DNA.

dition. The ImageExpress Micro 4 is equipped with a 4.66-
megapixel (2160 x 2160) scientific complementary metal-
oxide-semiconductor (SCMOS) camera with >3 log dynamic
range. It maintains linearity theoretically when capturing TL
signals ranging from 0.1 to 340 kb. This dynamic range ex-
ceeds what is necessary to capture all TL signals in normal
human blood cells. Our survey of 92 human blood samples
revealed a mean maximal TL of 50.6 kb and that 2.9% of
telomeres are longer than 20 kb (Figure 2).

Telomere parameters generated by DNA-array-FISH

For each DNA sample, a total number of >9000 telomeres
(average 32 000) were measured (samples with <9000 telom-
eres will be repeated). The large number of individual telomere
data permits detailed examination of TL distribution. We de-
fined seven telomere parameters that we considered useful as
examples: (i) aTL, i.e. aTL'® is the average telomere length
for telomeres that are longer than 1 kb (using 1 kb as cut off),
or aTL? (using 2 kb as cut off). aTL?*® is used for normal
human genomic DNA (blood or tissue). aTL'%" is used for can-
cer cell lines. (ii) Frequency of telomeres in five TL groups, i.e.
1-3, >3-6, >6-10, >10-20 and >20 kb. (iii) Telomere length
variation (TLV), defined as the CV of all measured telomeres
that are longer than 2 kb. Other example telomere parame-
ters include TL at percentiles of the within-sample distribu-
tion, aTL in a pre-defined percentile range etc., depending the
hypotheses to be tested. Controls and telomere variables rec-
ommended for routine applications in a research setting are
listed in the supplementary material (Supplementary Note 1).
It’s important to note that these recommendations are based
on our current experiences and will be further refined by
future large-scale population studies that we are actively
pursuing.

Data analysis

Student #-test was used to compare the means of telomere pa-
rameters between repeated measurements and between dif-
ferent restriction digestions. Co-efficient of variation (CV)
was calculated to estimate the intra- and inter-assay varia-
tion among repeated measurements. Pearson correlation (r)
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Table 2. Effect of restriction enzyme digestion on TL measurement
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Mean (SD) Mean (SD) Frequency of telomeres, %, Mean (SD)
Enzyme pair aTL, bp TLV, % 1-3 kb >3-6 kb >6-10 kb >10-20 kb >20 kb
Hinfl & Rsal 7381 (975) 58.22 (3.78) 22.03 (4.22) 24.06 (4.97) 30.57 (4.17) 18.08 (4.60) 5.26 (3.04)
Alul & Hinfl 7026 (1129)  57.29 (3.44)  21.19(3.15)  26.50 (6.18)  31.37(327)  16.48 (5.72) 4.46 (3.22)
Hinfl & Mnll 6267 (948) 58.75 (4.21) 28.59 (3.50) 29.37 (5.24) 27.08 (2.35) 12.03 (5.17) 2.93 (2.11)
Hphl & Mnll 6243 (995) 58.71(3.22)  28.40(3.96)  29.62(5.42)  27.02(2.79)  12.08 (5.39) 2.89 (2.24)
Pearson correlation, r
HR: AH 0.88 0.87 0.68 0.94 0.86 0.89 0.84
HR: HpM 0.86 0.87 0.17 0.85 0.27 0.79 0.87
HR: HM 0.84 0.82 0.09 0.82 0.26 0.76 0.85
AH: HpM 0.93 0.93 0.70 0.90 0.57 0.91 0.94
AH: HM 0.94 0.95 0.68 0.90 0.55 0.92 0.97
HM: HpM 0.97 0.96 0.97 0.96 0.97 0.97 0.97
Paired Student z-test, P-value
HR: AH 0.26 0.38 0.44 0.14 0.47 0.30 0.38
HR: HpM <0.01 0.64 <0.01 <0.01 <0.01 <0.01 <0.01
HR: HM <0.01 0.66 <0.01 <0.01 <0.01 <0.01 <0.01
AH: HpM 0.02 0.15 <0.01 0.07 <0.01 0.01 0.06
AH: HM 0.02 0.20 <0.01 0.10 <0.01 0.01 0.07
HM: HpM 0.93 0.97 0.87 0.88 0.93 0.98 0.95

DNA samples stored at -80°C freezer for 12 years were used (N = 24).

AH = Alul & Hinfl, HM = Hinfl & Mnll, HpM = Hphl & Mnll, HR = Hinfl & Rsal.
Bolded correlation coefficients are >0.90 and p-values are statistically significant.

was used to estimate the reproducibility of repeated measure-
ments or between TRF and DNA-array-FISH measurements.
Intraclass correlation co-efficient (ICC) estimates were calcu-
lated using the R-package rptR (83). ICC estimates vary be-
tween 0 and 1, with 0 indicating no correlation (zero preci-
sion) and 1 indicating a perfect correlation (maximum preci-
sion) between different measurements. Linear regression was
used to estimate the rate of TL change by age. All reported P-
values are two sided. The statistical analysis was carried out
using R packages (version 4.1.3) (84).

Results

Effect of restriction enzyme digestion on TL
measurement

Restriction enzyme digestion was carried out prior to DNA
microarray chip construction. This step improves the uni-
formness of DNA distribution within array spots, reduces the
thickness of the DNA layer on the glass surface and largely
eliminates overlapping telomeres/telomere aggregates. Five
frequent cutters of restriction enzymes, including Alul, Hinf I,
HpHI, Mnll and Rsal, were evaluated. Previous studies have
demonstrated that the combination of HinfI & Rsal or HpHI
& Mnll achieved good digestion of human genomic DNA
with peak bands <800 bp on a gel (68). These two pairs of
enzyme mixtures are frequently used in TRF-based telomere
length measurements.

We evaluated the restriction enzyme digestion using a set
of 25 DNA samples that were extracted using the FlexiGene
DNA kit and have been stored at —80°C for 12 years. Four
enzyme pairs (Hinfl & Rsal, Alul & Hinfl, Hinfl & Mnll or
Hphl & Mnll) were evaluated. One DNA sample failed diges-
tion by all four enzyme pairs. Table 2 presents pair-wise com-
parisons for all four enzyme pairs. Notably, identical results
were generated between enzyme pairs Hinfl & Mnll and Hphl
& Mmnll for all seven telomere parameters evaluated (Table 2
and Figure 3), indicating that these two enzyme pairs are in-
terchangeable for the assay. The high correlations of telomere

parameters (r ranges 0.96-0.97) between these two enzyme-
pairs suggest very high within-chip measurement precision of
this method. Enzyme pairs Hinfl & Rsal and Alul & Hinfl
showed similar results except that the aTL of Hinfl & Rsal di-
gested DNA is about 350 bp longer than aTL of Alul & HinfI
digested DNA (P = 0.26, Table 2). There are no significant
differences in mean TLV among four pairs of restriction en-
zymes. However, significant differences were observed in aTL,
frequency of telomeres in each of the five TL groups, i.e. 1-3,
>3-6, >6-10, >10-20 and >20 kb, between Hinfl & Rsal
and Hinfl & Mnll or Hphl & Mnll digested DNA (Table 2).
Overall aTL of Hinfl & Rsal digested DNA is 1.1 kb longer
than aTL of Hinfl & Mnll or HphI & Mnll digested DNA.
Comparing Alul & Hinfl and Hinfl & Mnll or Hphl & Mnll
digested DNA showed a similar pattern of significant differ-
ences (Table 2). Regardless of which enzyme pairs were used
to digest the DNA, aTL and TLV are highly correlated be-
tween the 4 enzyme pairs tested (r ranges 0.84-0.97, Table 2),
while variable correlations were observed for the frequency of
telomeres of the five TL groups (r ranges from 0.09 to 0.97,
Table 2).

The precision of DNA-array-FISH for TL
measurement

Impact of array cluster position and restriction enzyme diges-
tion on TL measurement precision

To evaluate the effect of array cluster positions on the mea-
surement precision, one DNA sample was digested with an
enzyme pair and printed on three whole chips. This experi-
ment was repeated for four enzyme pairs (Hinfl & Rsal, Alul
& Hinfl, Hinfl & Mnll or Hphl & Mnll). The mean aTL
is 8196, 7659, 6793 and 7009 bp for Hinfl & Rsal, Alul
& Hinfl, Hinfl & Mnll or Hphl & MnlI digested DNA, re-
spectively (Table 3). The overall measurement variation (CV)
of aTL is 5.66%, 3.21%, 3.98% and 2.60% for Hinfl &
Rsal, Alul & Hinfl, Hinfl & Mnll or Hphl & MnlI digested
DNA, respectively (Table 3). There are no significant differ-
ences in measurement variations when comparing the clus-
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Figure 3. Correlation of telomere parameters between Hinfl & Mnil and hPhl & Mnll digested DNA of human blood samples (N = 24). (A) aTL in bp,
r=0.97; (B) telomere length variation (CV), r = 0.96; (C) telomere frequencies in 1-3 kb TL group, r = 0.97; (D) telomere frequencies in 10-20 kb TL

group, r=0.97.

ters located at the edge, including A1-A16, G1-G16, B1-F1
and B16-F16, with inner clusters (clusters located at least
one cluster away from the edges). The overall CV of TLV is
2.82%, 2.47%, 1.39% and 1.50% for Hinfl & Rsal, Alul
& Hinfl, Hinfl & Mnll or Hphl & MnlI digested DNA, re-
spectively (Table 3). There are no significant differences in
TLV measurement variation when comparing the edge clusters
with inner clusters. We observed higher measurement vari-
ations (CV > 10%) for the frequency of telomeres in two
TL groups (1-3 and >20 kb, Table 3). Overall measurement
variation for the frequency of telomeres varies greatly, with
CV across a chip ranging 6.42-28.03%,4.77-15.62%, 1.38-
21.93% and 3.78-13.39% for Hinfl & Rsal, Alul & Hinfl,
Hinfl & Mnll or Hphl & Mnll digested DNA, respectively
(Table 3). There were no noticeable differences and trends
in measurement variations of telomere frequency when com-
paring the edge clusters to the inner clusters. Our data in-
dicate that Hinfl & Rsal digestion is associated with longer
aTL and higher measurement variation (CV = 5.66%) com-
pared with the other three enzyme pairs (CV < 4%). The per-
formance of Hinfl & Mnll and Hphl & Mnll are identical,
but Hinfl is a lower cost enzyme than Hphl, thus Hinfl &
Mnll is the preferred enzyme choice for the DNA-array-FISH
assay.

To evaluate inter-assay variation, three DNA samples with
relatively short, medium and long TL were assayed repeat-
edly at different time points (at least one month apart), using
Hinfl & Mnll digestion. The inter-assay CV of aTL ranged
between 1.37% - 3.41% and the inter-assay CV of TLVs
ranged between 6.91% AND 9.24% (Table 4). The inter-assay
variations for the frequency of telomeres in all TL groups
were somewhat smaller than the intra-assay variations, with
CV ranging between 2.42% AND 14.19% (Table 4). These
data confirmed the high precision of DNA-array-FISH for the
measurement of aTL in DNA samples extracted from human

blood.

Reproducibility of DNA-array-FISH for TL measurement

To examine the reproducibility of the DNA-array-FISH
method, we analyzed a bladder cancer cell line (UMUC3)
with overexpression of the TERC gene (85) twice at dif-
ferent times. TL of UMUC3TERC increases during in vitro
culturing. The cells were harvested at seven passages (pO-
p6) after the infection of a lentiviral construct that overex-
presses TERC. DNA was extracted using the Puregene ge-
nomic DNA kit and digested with Hinfl & Mnll restriction
enzymes. The mean aTL of seven passages (p0 — p6) is 6179
bp and 6177 bp for assay 1 and assay 2, respectively (P = 0.99,
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Table 3. Impact of restriction enzyme digestion and cluster position on TL measurement of one human genomic DNA
Hinfl & Rsal
Telomere parameters Frequency of telomeres, %
aTL (bp) TLV, % 1-3 kb >3-6 kb >6-10 kb >10-20 kb >20 kb
Edge clusters Mean (SD) 8060 (452)  57.40 (1.83) 21.22 (2.94) 19.48 (1.73)  30.71 (3.15)  21.94 (1.89)  6.65 (1.70)
CV 5.61% 3.19% 13.85% 8.90% 10.25% 8.62% 25.50%
Inner clusters Mean (SD) 8258 (464)  57.20 (1.61)  19.83 (1.43)  19.08 (1.23)  30.11 (3.16)  23.57 (1.72)  7.40 (2.01)
CV 5.62% 2.82% 7.23% 6.46% 10.49% 7.28% 27.13%
All clusters Mean (SD) 8196 (464) 57.27 (1.61) 20.27 (1.43) 19.21 (1.23) 30.30 (3.16) 23.06 (1.72) 7.16 (2.01)
CV 5.66% 2.82% 7.07% 6.42% 10.43% 7.44% 28.03%
Alul & Hinfl
Edge clusters Mean (SD) 7809 (260)  55.76 (1.40)  19.15 (2.78)  20.53 (0.96)  32.48 (1.70)  22.23 (1.75)  5.62 (0.85)
CV 3.33% 2.52% 14.50% 4.66% 5.24% 7.89% 15.15%
Inner clusters Mean (SD) 7606 (221)  54.66 (1.24) 17.61 (2.76)  21.55(0.91)  34.29 (1.73)  21.67 (1.60)  4.88 (0.65)
CV 2.90% 2.27% 15.66% 4.20% 5.04% 7.38% 13.31%
All clusters Mean (SD) 7659 (246)  54.95 (1.36)  18.01 (2.81) 2128 (1.02)  33.81(1.88) 21.82 (1.64)  5.08 (0.77)
CV 3.21% 2.47% 15.62% 4.77% 5.57% 7.51% 15.18%
Hinfl & Mnll
Edge clusters Mean (SD) 6648 (146)  55.91 (0.70)  18.81 (0.75)  28.62 (1.04)  34.30 (0.49)  15.36 (0.83)  2.91 (0.39)
CV 2.20% 1.26% 4.01% 3.62% 1.43% 5.41% 13.38%
Inner clusters Mean (SD) 6848 (283)  55.62 (0.79)  18.21(0.82)  27.20 (1.67)  34.58 (0.45)  16.66 (1.74)  3.35 (0.77)
CV 4.14% 1.42% 4.50% 6.15% 1.31% 10.43% 22.89%
All clusters Mean (SD) 6793 (267)  55.70 (0.77)  18.37 (0.84)  27.59 (1.64)  34.50 (0.48)  16.30 (1.64)  3.23 (0.71)
CV 3.98% 1.39% 4.57% 5.96% 1.38% 10.07% 21.93%
Hphl & Mnll
Edge clusters Mean (SD) 6912 (204)  59.21 (0.69)  23.45 (1.25)  25.83(1.03) 31.08 (0.73)  15.78 (1.03)  3.86 (0.57)
CV 2.95% 1.16% 5.34% 4.00% 2.36% 6.56% 14.78%
Inner clusters Mean (SD) 7064 (152)  59.33 (1.00)  23.92 (1.19)  24.54 (0.71)  30.42 (1.30)  16.98 (0.78)  4.14 (0.52)
CV 2.15% 1.69% 4.99% 2.88% 4.27% 4.58% 12.49%
All clusters Mean (SD) 7009 (182)  59.28 (0.89)  23.78 (1.21)  25.00 (1.02)  30.64 (1.16)  16.55 (1.03)  4.04 (0.54)
CV 2.60% 1.50% 5.09% 4.08% 3.78% 6.21% 13.39%
Table 4. Interassay precision of repeated measurements, Hinfl & Mnll digested DNA
DNA Sample ID Telomere parameters Frequency of telomeres, %
aTL (bp) TLV, % 1-3 kb >3-6 kb >6-10 kb >10-20 kb >20 kb
SMIX1223 Mean (SD) 6897 (94)  61.08 (2.49) 1826 (0.63) 26.33(1.22)  35.17(0.91) 16.99 (0.92)  3.24 (0.18)
CV, % 1.37% 7.75% 3.46% 4.63% 2.58% 5.42% 5.40%
mTL1023 Mean (SD) 7501 (255)  64.01 (4.42) 18.72 (2.17)  23.30 (1.40)  32.63 (0.79)  20.05 (2.03)  5.29 (0.75)
CV, % 3.41% 6.91% 11.61% 6.00% 2.42% 10.12% 14.19%
ITL1023 Mean (SD) 8536 (198) 66.25 (6.12) 19.52 (1.40) 18.22 (0.51)  28.99 (0.55)  24.66 (0.51) 8.60 (1.15)
CV, % 2.32% 9.24% 7.19% 2.80% 1.89% 2.08% 13.36%
CVs were calculated from repeated measurements by DNA-array-FISH at THREE different time points.
Table 5. Reproducibility of TL measurements using UMUC3TERC cell line DNA harvested at 7 passages (PO-P6)
Telomere parameters Frequency of telomeres, %
aTL (bp) TLV, % 1-3 kb >3-6 kb >6-10 kb >10-20 kb >20 kb
Assay 1 Mean (SD) 6179 (1507)  66.42 (3.55)  23.64 (8.74) 2521 (7.30)  28.90 (6.65)  17.39 (7.93)  4.87 (3.98)
Assay 2 Mean (SD) 6177 (1241) 64.79 (4.05) 23.66 (6.89) 24.21 (5.69) 29.73 (4.99) 17.87 (6.82) 4.52 (3.43)
p-value* 0.99 0.23 0.98 0.21 0.36 0.38 0.20
[ 1.00 0.65 0.99 0.99 0.97 0.99 1.00

DNA samples were digested with Hinfl & Mnll. *Paired Student #-test, " Pearson correlation co-efficient.

Table 5). There were no statistically significant differences in
the other SIX telomere parameters. The correlation analysis
indicates high reproducibility of the assay with Pearson cor-
relation co-efficient (r) ranges of 0.97-1.00 for 6 out of 7
telomere parameters (aTL and percent of telomeres in the five
TL groups, Table 5 and Figure 4). The correlation r of TLV
is 0.65.

We further evaluated the reproducibility of the DNA-
array-FISH method using DNA samples from human blood
(N =92). DNA samples were extracted using the Puregene ge-
nomic DNA kit from 53 buffy coats that were stored at -80°C
for 3-8 years and 39 whole blood samples that were stored at
—-80°C for 15 years. DNA samples were digested with Hinfl
& Mnll restriction enzymes. The mean aTL of the 92 sam-
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Figure 4. Correlation of aTL (bp) between repeated measurements
(r=1.00). DNA samples were extracted from cultured UMUC3TERC cell
lines harvested at seven passages (p0-p6) and were digested with Hinfl
& Mnll.

ples is 6743 and 6704 bp for assay 1 and assay 2, respectively
(P = 0.73). The mean values of the other 6 telomere parame-
ters were also similar and not statistically significant between
the TWO measurements (Table 6) with one exception (per-
cent of telomere in >6-10 kb group, P = 0.03). The corre-
lation analysis confirms the high reproducibility of the assay
with intraclass correlation co-efficient (ICC) ranges of 0.79-
0.91 for all seven telomere parameters (Table 6 and Figure 5).
The mean TL distribution of human blood DNA (N = 92)
shows that about 52% of telomeres are in the range of 3-10
kb (Figure 2).

Comparison of aTL between DNA-array-FISH and
TRF methods

TREF is regarded as the gold standard method for determin-
ing the aTL. To verify the accuracy of the DNA-array-FISH
method, we compared aTL values between DNA-array-FISH
and TRF using DNA samples of the UMUC3TERC cell lines
and two sets of DNA samples purified from human blood.
UMUC3TERC cell lines (85) that were harvested at seven pas-
sages (p0 — p6) were assayed by TRF using Hphl & Mnll
digestion (Supplementary Figure S1A) and by DNA-array-
FISH using Hinfl & Mnll digestion. The mean aTL of TRF
(mean + SD = 5176 + 1198 bp) is significantly shorter than
the aTL of DNA-array-FISH (mean & SD = 6178 + 1373 bp,
P < 0.001). The aTLs of DNA-array-FISH are highly corre-
lated with the aTLs of TRF (r = 0.99, Figure 6).

One set of 27 human blood DNA samples were extracted
from buffy coats using the FlexiGene DNA kit and had been
stored at —80°C for 12 years. aTL was measured by TRF using
Hinfl & Rsal digestion at Dr Aviv’s lab at The State Univer-
sity of New Jersey (Supplementary Figure S3B) and by DNA-
array-FISH using Hinfl & Mnll or Hinfl & Rsal digestion.
The mean aTL of TRF assay (mean + SD = 6766 + 665
bp) is significantly longer than aTL of DNA-array-FISH of
Hinfl & Mnll digested DNA (mean + SD = 6442 + 674 bp,
P < 0.001), but shorter than DNA-array-FISH of Hinfl &
Rsal digested DNA (mean & SD = 7084 & 733 bp, P < 0.001).
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The aTLs of DNA-array-FISH are highly correlated with aTLs
of TRE, with » = 0.90 and 0.87 for Hinfl & Mnll and Hinfl
& Rsal digested DNA, respectively (Figure 7).

The second set of 83 human blood DNA samples were
extracted from peripheral blood mononuclear cells (PBMC)
using the QiaAmp mini-DNA kit. aTL was measured by
TRF using Hinfl & Rsal digestion at Dr Aviv’s lab at The
State University of New Jersey and by DNA-array-FISH us-
ing Alul & HinfI digestion. The mean aTL of the TRF assay
(mean + SD = 7161 & 780 bp) is significantly longer than
the aTL of DNA-array-FISH (mean & SD = 7004 + 719 bp,
P < 0.001). The aTL is highly correlated between TRF and
DNA-array-FISH (r = 0.88, P < 0.001, Figure 8).

The relationship between telomere parameters and
age

Previous studies have demonstrated that aTL in blood leuco-
cytes is inversely correlated with age (86-88). We examined
the correlation of aTL, frequency of telomeres and age in a
set of 50 blood samples from donors with a mean age of 42.6
(range 19-83) years old. Using a median age of 41 as a cut
point, means of telomere parameters were compared between
young (<41 years old) and old (>41 years old) age groups.
We found that mean aTL is significantly longer in younger
(mean = 6947 bp) than older (mean = 6438 bp, P = 0.03)
age group (Table 7) and the frequency of short telomeres
(TL = 1-3 kb) is significantly higher in the older than in the
younger age group. In contrast, the frequency of long telom-
eres (TL > 10 -20 kb) is significantly lower in the older than in
the younger age group (Table 7 and Supplementary Figure S4).
Age is inversely associated with aTL (r = -0.37), frequency of
telomeres in >10-20 kb TL group (r = —0.42) and positively
associated with frequency of telomeres in 1-3 kb TL group
(r = 0.37) and >3-6 kb TL group (r = 0.39). Linear regres-
sion estimated the rate of aTL change at =20 bp per year of
increasing age (P = 0.01). We then examined the rate of telom-
ere shortening by TL percentiles and found that long telomeres
shortened faster than short telomeres (Figure 9). For example,
telomeres at the 25th percentile length (mean TL = 1871 bp)
shortened approximately 6 bp per year while telomeres at the
90th percentile (mean TL = 18 259 bp) shortened approxi-
mately 38 bp per year (Figure 9).

Telomere length distribution in cancer cell lines and
normal human blood DNA
The bladder cancer cell line UMUCS3 exhibited a significantly
shorter average telomere length (aTL = 3639 bp) compared
to normal human blood DNA (aTL = 6924 bp, P < 0.001).
UMUCS cancer cell line showed higher frequencies of telom-
eres in <3 kb length groups and lower frequencies in >6 kb
length groups compared to normal blood DNA (Figure 10).
Overexpression of the TERC gene in cancer cell lines is
known to increase aTL during in vitro culturing (85). How-
ever, the impact of TERC gene overexpression on the distribu-
tion of telomere lengths is not well understood. Our findings
showed that upon TERC gene expression, the frequency of
telomeres shorter than 1 kb rapidly decreased in passages 1-3,
then began to increase again in passages 5—6 (Figure 11). The
frequency of telomeres longer than 10 kb rapidly increased in
the first three passages and stabilized by passages 5-6, main-
taining at an elevated level. Notably, the frequency of telom-
eres longer than 20 kb, which typically comprise approxi-
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https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae812#supplementary-data
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Table 6. Reproducibility of TL measurements using human blood DNA samples (N = 92)

Telomere parameters

Frequency of telomeres, %

aTL (bp) TLV 1-3 kb >3-6 kb >6-10 kb >10-20 kb >20 kb
Assay 1 Mean (SD) 6743 (777) 67.14 (2.93) 20.82 (3.56) 28.10 (4.24) 31.98 (2.14) 15.46 (4.39) 3.64 (2.11)
Assay 2 Mean (SD) 6704 (728) 66.36 (2.83) 20.32 (3.01) 28.26 (4.16) 32.63 (1.95) 15.38 (4.30) 3.41 (1.90)
P-value? 0.73 0.07 0.31 0.80 0.03 0.90 0.44
" 0.91 0.88 0.82 0.91 0.80 0.90 0.90
ICC 0.90 0.90 0.81 0.91 0.79 0.90 0.90
aPaired Student t-test, " Pearson correlation co-efficient, ICC = intraclass correlation co-efficient.
DNA samples were digested with Hinfl & Mnll.
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Figure 6. Correlation of aTL (bp) between TRF and DNA-array-FISH
(r=0.99). DNA samples were extracted from cultured UMUC3TERC cell
lines harvested at seven passages (pO-p6) and were digested with Hph/
& Mnll (TRF) or Hinfl & Mnil (DNA-array-FISH).

mately 3% of the telomeres in normal human blood DNA,
were increased to >7% in passages 4 and maintained at an
elevated level in passages 5 and 6 of the UMUC3TERC cell
line (Figure 11). These additional insights into telomere length

Figure 7. Correlation of aTL (bp) between TRF and DNA-array-FISH
(r=0.90). DNA samples (N = 27) were extracted from buffy coats and
had been stored at —-80°C for 12 years. DNA samples were digested with
Hinfl & Rsal (TRF) or Hinfl & Mnil (DNA-array-FISH).
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Figure 8. Average TL (bp) measured using DNA-array-FISH with Alul &
Hinfl digested DNA predicts aTL measured in the same samples using
TRF with Hinfl & Rsal digested DNA (r = 0.88).

distribution may provide new avenues for studying telomere
maintenance mechanisms in basic research.
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Table 7. Association between telomere parameters in human blood and age (N = 50)

Age group Telomere parameters Frequency of telomeres
<41 aTL (bp) TLV 1-3 kb >3-6 kb >6-10 kb >10-20 kb >20 kb
mean 6947 57.35% 19.44% 26.92% 32.69% 16.93% 4.02%
SD 749 2.44% 3.12% 4.04% 2.09% 4.30% 2.01%
>41
Mean 6438 56.37% 21.67% 29.81% 32.04% 13.56% 2.92%
SD 843 3.03% 3.28% 4.65% 2.08% 4.57% 2.34%
P-value 0.03 0.22 0.02 0.02 0.27 0.01 0.08
r -0.37 -0.25 0.37 0.39 -0.23 -0.42 -0.28
3Correlation with age, Pearson correlation co-efficient.
DNA samples were digested with Hinfl & Mnll.
5 Discussion
¢ We report here the development of a DNA-array-FISH-based
+ method to measure the bp lengths of single telomeres in a high-
7 throughput process. This single telomere analysis method not
= only measures aTL, but also TL distribution and addresses the
® needs that are not met in population studies by current lead-
g ing methods, namely g-PCR, TRF and Flow-FISH. The avail-
%’20 ability of a large number of single TL data (average 32000
z telomeres per sample) provides an opportunity for an in-depth
5 analysis of telomere dynamics and its relationship with aging-
590 associated diseases at population level.
E There are several advantages of the DNA-array-FISH
% . method: (i) TL measurement at single telomere resolution al-
& 40 lows generation of numerous telomere parameters, i.e. aTL,
frequency of short telomeres or long telomeres, quintile length
of telomeres etc., to fully characterize TL distribution; (ii) high
50 precision for the measurement of aTL in bp. When restriction
enzyme pairs of Hinfl & Mnll or Alul & Hinfl were used
10 20 3 40 50 %0 70 80 Q)
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Figure 9. Effect of age on telomere length (mean bp/year + SE) at
different percentiles of telomere length.
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Figure 10. Telomere length distribution of a bladder cancer cell line,
UMUCS, and a normal human blood DNA. DNA samples were digested
with Hinfl & Mnll.

to digest the DNA, the intra-assay CV of aTL ranged from
3.21% to 3.98% (Table 3) and inter-assay CV of aTL ranged
from 1.37% to 3.41% (Table 4). The correlation r of aTL in
repeated measurements is in the range of 0.91-1.00; (iii) ver-
ified accuracy for the measurement of aTL by comparison to
the current gold standard method, TRE Correlation r of aTL
between DNA-array-FISH and TRF are in the range of 0.87-
0.99; (iv) high-throughput. Ninety-six DNA samples can be
assayed in a single microarray chip and the cost of the assay
is similar to g-PCR-based telomere assay; (v) requires a small
amount (0.5 pg) of purified genomic DNA.

To achieve high technique precision, it is crucial to ad-
here to predetermined quality control and quality assurance
(QC/QA) standards outlined in the method section. The
telomere standard curve (TSC) serves the specific purpose
of converting TL in FIU to TL in bp and mitigating assay
variations across batches of chips assayed at different times.
The TSC encompasses seven telomeric size standards ranging
from 0.2 to 2.4 kb, a range shorter than aTL in the human
genome (approximately 6.5 kb). Numerous attempts to clone
longer telomeric fragments were unsuccessful in obtaining sta-
ble clones, thus an alternative approach was developed to im-
prove the accuracy in estimating the slope and intercept of the
TSC for TL conversion. In theory, if the estimated slope and
intercept represent the true population mean values, then TL
(bp) prediction will be accurate regardless the length of telom-
eres. Generally, a mean derived from a large random sample
is more reliable in representing the true population mean than
one from a small random sample. To enhance the accuracy of
estimated slope and intercept values, we developed SCchips
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Figure 11. Telomere length distribution of bladder cancer cell lines: UMUC3 and UMUC3TERC. UMUC3TERC were harvested at passages 1, 2, 3, 4, 5 and

6. DNA samples were digested with Hinfl & Mnll.

to generate a substantial number of TSCs, with 30 or more
TSCs utilized to calculate mean intercept and slope values for
TL conversion. This approach markedly improved assay pre-
cision, with inter-assay CV of aTL ranging from 1.37% to
3.41% when mean intercept and slope values from 30 TSCs
were utilized for TL conversion, in contrast to observed inter-
assay CV of 6-10% when intercept and slope values from a
single on-chip TSC were applied (data not shown).

We found that the digestion of genomic DNA with re-
striction enzymes improved the quality and reproducibility of
DNA microarray chips. Our data indicate that restriction en-
zyme digestion significantly affected the estimated aTL and
TL distribution. Hinfl & Rsal, the enzyme-pair most fre-
quently used in TRF assay, showed higher technique varia-
tion (intra-assay CV of aTL ranges 5.61-5.66 %) than Hinfl &
MmnlI (intra-assay CV of aTL ranges 2.20-4.14%), Alul /HinfI
(intra-assay CV of aTL ranges 2.90-3.33%), or HphI & Mnll
(intra-assay CV of aTL ranges 2.15-2.95%). The estimated
mean aTL of human blood DNA using HinfI & Rsal digestion
is on average 1.1 kb longer than with HphI & Munll or Hinfl
& MmnlI digestion (Table 2) which is in agreement with the pre-
viously reported results by TRF assay (~1 kb longer) (67). The
differences between Hinfl & Rsal and HphI & Mnll or HinfI
& Mnll enzyme mixtures are that HphI & Mnll or Hinfl &
MmnlI cut DNA within the sub-telomeric region, whereas HinfI
& Rsal leave this region intact (67). Our data also indicate
that the sub-telomeric regions that were removed by HphI &
Mnll or Hinfl & Mnll digestion contain largely the canoni-
cal telomere sequences that can be recognized by the telom-
ere specific PNA probe. In addition to aTL, different enzyme
mixtures drastically affect TL distributions (Tables 2 and 3).
The variations in observed telomere length distributions be-
tween restriction enzyme digestions are associated with sub-
telomeric regions that are complex and not well understood.

The removal of sub-telomeric regions during restriction en-
zyme digestion depends on the specific cutting sites of the en-
zyme pairs within this region. This variability influences the
size of the remaining sub-telomeric region and consequently
affects the measurement of telomere length. Thus, it is criti-
cal to use the same restriction enzymes in a study or across
epidemiological studies to facilitate comparisons and pooled
data analysis.

It is crucial to underscore the significance of evaluating
DNA integrity in telomere analysis. The accuracy and relia-
bility of TL measurements are influenced by the quality of the
DNA samples used. Previous studies investigated the impact of
DNA quality on TL measurement using PCR and TRF meth-
ods, revealing that the integrity and quality of the DNA sam-
ple significantly affect the estimated TL (68,80), highlighting
the need for stringent DNA quality control. Our study aligns
with these findings, emphasizing the critical role of assessing
DNA integrity prior to TL measurement. By ensuring high-
quality DNA samples, potential biases and discrepancies can
be minimized, thereby enhancing the reliability and validity
of telomere data. However, in large population studies, con-
ducting gel electrophoresis to analyze the DNA integrity of all
samples may be prohibitively expensive. A trade-off procedure
could be implemented to balance assay throughput and data
quality. For example, gel electrophoresis could be performed
on a randomly selected subset, such as 10% of samples. If this
initial screening indicates that 1% of the samples do not meet
the quality standard, then 1% or 2% of the samples show-
ing the highest frequency of short telomeres (telomeres <1 kb
in length) should undergo gel electrophoresis to ensure that
the elevated frequency of short telomeres is not attributable
to DNA degradation.

Limitations of DNA-array-FISH method: Although we ob-
served high measurement precision for aTL (inter-assay CV
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ranges 1.37-3.41%), the inter-assay variations for frequency
of telomeres in 5 TL groups are variable (1.89-14.19%, Table
4). The inter-assay variations for the frequency of the short-
est telomeres (1-3 kb) range between 3.46% and 11.61. The
reason for this higher inter-assay variation may be attributed
to: (i) a statistical effect of being based on a smaller num-
ber of telomeres; (ii) the variability in background signals that
were counted as the shortest telomeres; (iii) out of focus telom-
eres at the edge of an image were included as short telomeres.
We used the out of box MetaExpress image analysis software
included with the microarray scanner. The software package
does not allow for gating out telomeres located at the edges of
digitized images that are not in sharp focus. Telomeres that are
not in sharp focus could lead to lower and variable fluorescent
intensity measurement and contribute to the higher measure-
ment variation. Developing a better image analysis software
to remove out-of-focus telomeres could improve the measure-
ment precision of shortest telomeres and overall TL distribu-
tion. We also observed relatively high inter-assay variation for
the frequency of the longest telomeres (TL > 20 kb) with CV
ranging from 5.40% to 14.19% (Table 4), likely due to the
low frequency of such excessively long telomeres in the hu-
man genome (average 3.52% in normal human blood sam-
ples, Table 6). The estimated overall telomere length varia-
tion (TLV) showed higher inter-assay variations (CV ranges
6.91-9.24%), reflecting the higher measurement variations of
the shortest and longest telomeres since the value of TLV is
largely driven by telomeres in these two extreme TL groups.
Factors contributing to TLV include: (i) significant variations
in telomere length among chromosomal ends, (ii) substantial
variations in telomere length among cells at different points
along the cellular aging continuum and (iii) measurement
variations.

A microarray spotter and a fluorescent microscope imaging
system are required to construct and scan microarray chips
for this method. Since this equipment is often unavailable in
typical research labs, it can be a barrier to adopting DNA-
array-FISH-based telomere analysis. Given the method’s high-
throughput capabilities, setting up an institutional central lab-
oratory, like a Shared Resource facility, could be a more prac-
tical solution to meet institutional or regional telomere anal-
ysis needs. Alternatively, using an industrial DNA-array-FISH
telomere test provider, such as Contract Research Organiza-
tion (CRO), is another option.

The DNA-array-FISH method detects canonical telomeric
sequences longer than 200 bp in DNA samples, including
telomeric sequences at chromosomal ends and interstitial
telomeric sequences (ITS). In the human genome, canoni-
cal ITSs are well-defined and typically shorter than 100 bp
(89,90). Therefore, we chose a 200 bp cutoff to minimize ITS
detection in human DNA samples. When calculating aTL, we
employed cutoffs of 2 kb for normal individuals and 1 kb for
cancer cell lines. It is important to note that these cutoff values
are somewhat arbitrary and may lead to an overestimation of
aTL. In the future, improving the estimation of aTL may re-
quire refining these cutoffs through systematic bioinformatic
approaches using extensive population data. Additionally, ad-
justments to TL cutoffs may be necessary when measuring TL
in other species with different ITS structures in their genomes.

Previous studies have demonstrated that aTL in blood leu-
cocytes is inversely correlated with age (86-88) and a recent
meta-analysis of over 740 000 individuals estimates that the
rate of TL change is —=23 bp/year in cross sectional studies
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(87). Our data further confirmed that age is inversely associ-
ated with aTL of blood leucocytes (r = —0.37), with an es-
timated rate of aTL changes =20 bp/year, in agreement with
previous reports. We also explored the rate of telomere short-
ening based on the length of telomeres and found that long
telomeres, i.e. telomeres in the 90™ percentile, shortened faster
than short telomere, i.e. telomeres in the 10th percentile, per
year of increasing age (Figure 9). Previous studies in birds re-
ported that longer telomeres within a genome shortened faster
with age and were better predictors of survival and fitness than
shorter telomeres (91,92). This finding raised interesting ques-
tions about whether long telomeres are a better biomarker
of ‘life stress’ because long telomeres better reflect cumula-
tive effects of various stressors, such as oxidative stress and
inflammation, than short telomeres, while shortest telomeres
reflect telomere-induced cellular senescence (93). There is in-
creasing evidence that telomere length exhibits a bi-directional
relationship with risk of cancer and aging-associated diseases
(94,95). For example, in a recent analysis of two large patient
populations of over 216 000 individuals, both short aTL and
long aTL of leucocytes showed an increased risk of death at
a younger age (96). The analysis also identified that short leu-
cocyte aTL was associated with 58 clinical phenotypes, such
as liver cirrhosis and pulmonary fibrosis, and long aTL was
associated with eight phenotypes that are all neoplastic in na-
ture (96). These previous studies indicate a complex relation-
ship between telomere dynamics and human aging and dis-
ease, highlighting the added value of single telomere analysis
in future epidemiological studies.

In summary, we have developed a novel method to mea-
sure the telomere length in bp of individual telomeres using
extracted genomic DNA. This method not only allows for
the determination of aTL, but also facilitates the assessment
of critically short or excessively long telomeres, TL distribu-
tion, and has the potential to advance our understanding of
TL dynamics at the population level. This high-throughput,
cost-effective approach will empower researchers to conduct
comprehensive telomere research on a large population scale,
leading to new insights that deepen our understanding of the
intricate relationship between telomere biology and the risk
of cancer and other age-related diseases. This method could
also serve as a valuable tool for basic research. As depicted in
Figure 11, detailed profiles of telomere changes in genetically
manipulated cell lines could offer fresh insights into under-
standing telomere regulation mechanisms. Moreover, an ac-
curate and affordable telomere length assay holds promise as
a screening tool for the early detection of telomere-associated
diseases.
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