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Abstract: Telomere length (TL) is a potential biomarker of aging and age-related disease risk. We recently published
a novel Luminex-based method for high-throughput, low-cost TL measurement. Here we describe a blinded com-
parison of the Luminex method to Southern blot, the most precise TL measurement method. Luminex and Southern
blot measurements for the same 50 DNA samples were taken in two independent laboratories; each sample was
measured twice, several months apart. The inter-assay CV for Luminex ranged from 5.5 to 9.1 (depending on CV
estimation method), and Southern blot CV from 1.0 to 1.7. Both measures were inversely associated with age. The
correlation between the repeated measurements was 0.66 for Luminex and 0.97 for Southern blot. The correlation
between Southern blot and Luminex was 0.65 in round 1 and 0.75 in round 2, and the relationship showed no
evidence of non-linearity. Our results demonstrate that the Luminex assay is a valid and reproducible method for
high-throughput TL measurement. The Luminex assay involves no DNA amplification, which may make Luminex an
attractive alternative to PCR-based TL measurement.
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Introduction Quantitative PCR (gPCR) is commonly used to

assess telomere content in large studies. It is

Telomeres play a critical role in both carcino-
genesis and human aging, and many investiga-
tors have hypothesized that telomere length
(TL) in peripheral blood cells is a risk factor for
cancer [1] and other age-related diseases [2].
In most epidemiological studies, TL is mea-
sured as the average telomere length/content
in a DNA sample.

There are several methods for measuring TL
[3]. Southern blot analysis of terminal restric-
tion fragments is viewed as the gold standard
method for average TL. It is highly reproducible
and can be interpreted in base pair units [4],
but it requires ~3 pg of DNA, is somewhat labor-
intensive, and is not a high-throughput method.

inexpensive, high throughput, and requires ~50
ng of DNA [5]; although it is less precise than
the Southern blot [6]. There are several addi-
tional methods available, but none feasible for
high-throughput analyses of DNA samples,
including flow cytometry plus fluorescence in
situ hybridization (FISH) [7] which requires via-
ble cells and is labor intensive, and single TL
analysis [STELA]) [8] which is not feasible for all
chromosomes and not yet scalable to large
studies.

We recently published a novel method for TL
measurement: a probe-based non-PCR assay
using QuantiGene chemistry on a Luminex plat-
form [9]. For this method, a small amount of


http://www.ijmeg.org

Telomere measurement by Luminex and Southern blot

DNA (~50 ng) is hybridized to probes specific to
the telomere repeat sequence and probes spe-
cific to a reference gene in a single well. Then
telomere and reference gene signals are ampli-
fied using branched DNA technology and de-
tected using Luminex technology. In order to
assess the validity and the reliability of this
assay, we have conducted a blinded compari-
son of the Luminex and Southern blot methods
for TL measurement.

Materials and methods

The Luminex and Southern blot assays were
performed in two different laboratories using
aliquots from the same set of 50 DNA samples.
The Luminex assay was performed in the Ahsan
Lab, and Southern blot was performed in the
Aviv Lab. Leukocyte samples were collected
between 2004-2008 from white donors (ages
41-70, 50% female). DNA extraction was con-
ducted in the Hunt lab.

As described previously [6], 50 DNA samples
with randomly-assigned identifiers were sent to
the Aviv Lab for Southern blot analysis in 2009,
and the resulting TL measures were sent to
Hunt in 2010. Upon receiving these results, a
second aliquot of the same 50 samples with
new identifiers was sent to the Aviv Lab for a
second measurement. In 2013, these same 50
samples were sent to the Ahsan Lab in an iden-
tical fashion: Luminex-based TL measures were
obtained and reported to Hunt, followed by a
second round Luminex measurement on the
same 50 samples. In this way, both labs per-
formed the measurements in a blinded fashion.
The Southern blot analyses for these 50 sam-
ples were described previously by Aviv et al. [6].

The protocol for the Luminex assay has recently
been described in detail [9], so here we only
provide an overview. The abundance of both
the telomere sequence and a reference gene
(ALK) are measured for a DNA sample in a sin-
gle well on a Luminex platform using Affymetric-
Panomics QuantiGene Plex chemistry. Control
DNA is included as a standard (400, 200, 100,
50, 25, 12.5, and 6.25 ng per well) in triplicate.
The standard curves using the mean fluores-
cent intensity consistently show a linear range
for both the reference gene and the telomere
sequence [9]. For each sample, relative TL is
expressed as Telomere Intensity Index (TII),
which is calculated as follows. First, we make
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the telomere probe intensity correction for qu-
antity of input DNA (measured using the probe
intensity for the reference gene and the stan-
dard curve). Then, the mathematically correct-
ed intensity of the sample is divided by that of a
reference DNA sample that is run in each plate
and is multiplied by 100. This normalization
accounts for plate-to-plate variation. The Tl of
a sample represents the telomere probe inten-
sity of that sample relative to the intensity from
the same amount of the reference DNA sample.
We have previously described an alternative
approach for expressing TL, the “telomere qu-
antity index” (TQI), and the TQI produces very
similar results to those reported here [9].

The primary statistical analyses were conduct-
ed by Hunt, not the two data-generating groups.
Several types of CVs were calculated for both
Luminex and Southern blot using the duplicate
measurements. First, a CV for each pair of mea-
sures was calculated as the standard deviation
divided by the mean and expressed as a per-
centage. We report the geometric and arithme-
tic means of these 50 pair-wise CVs, as well as
the median. Second, we also calculated an ov-
erall CV as the pooled standard deviation of the
duplicate measures (x, and x,) divided by the
overall mean of all the measurements.

/ N2
oV = 100 X z (X1~ X2) /z (x2 * x2)
2n 2n

Linear regression was used to estimate the
pairwise correlation/association between TL
measures and to estimate the association with
age. A quadratic term was included in the line-
ar models to determine if the relationship
between the two assays showed evidence of
nonlinearity.

Results

In the first round of samples sent to the Ahsan
Lab, all 50 were successfully assayed. In the
second shipment, three samples failed due to
technical reasons resulting in low intensity
(e.g., sub-optimal concentration and/or DNA
fragmentation), so only 47 measurements were
sent to Dr. Hunt for statistical analyses.

The CVs for Southern blot were 1.0 (geometric
mean), 1.4 (arithmetic mean), 1.3 (median),
and 1.7 (overall/pooled CV). The CVs for the
Luminex assay were 5.4 (geometric mean), 7.6
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Figure 1. Scatterplot and linear regression results for replicate samples run for the Luminex assay (left) and South-

ern blot (right).
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Figure 2. Scatterplots and linear regression results for the association between the telomere measures generated

using the Luminex assay and Southern blot.

(arithmetic mean), 7.1 (median), and 9.1 (over-
all/pooled CV), similar to those we reported pre-
viously [9] (Supplementary Table 1). Figure 1
shows the duplicate measures for both Luminex
and Southern blot, with the Southern blot show-
ing a stronger inter-assay correlation (r=0.965)
than Luminex (r=0.657). These results demon-
strate the higher precision of Southern blot
compared to Luminex.

To assess the relationship between the Sou-
thern blot and Luminex assays, we conducted

20

all four pairwise comparisons based on the
duplicate measurements (Figure 2). The corre-
lation (r) between the two measures ranged
from 0.645 (P=4x107) to 0.752 (P=107°). The
correlation (r) between the means of the dupli-
cate measures was 0.784 (P=7x107%). Intro-
ducing a quadratic term into the regression did
not improve the fit (P>0.05).

TL was inversely associated with age for both
measures (Figure 3), using the mean of the
duplicate measures. Age accounted for 14%
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Figure 3. Scatterplot and linear regression

results for the association be-
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tween age and telomere length measures using the Luminex assay and

Southern blot.

and 29% of the variation in TL for Luminex and
Southern blot, respectively.

Discussion

We have described the first blinded, impartial
comparison of a new Luminex method and the
“gold standard” Southern blot method for TL
measurement. We observe a linear relationship
between these two measures, indicating that
Luminex is a valid and reproducible method for
TL measurement.

We observed stronger correlations between
repeated measurements, smaller inter-assay
CVs, and a stronger association with age for
Southern blot compared to Luminex, indicating
that Southern blot has superior precision and
less measurement error. Thus, the Luminex
method would generate attenuated associa-
tion estimates for TL as compared to Southern
blot [10] (Supplementary Material). However,
Southern blot is not error-free; it measures
both the telomeric and subtelomeric regions
(which can inflate the measured values [11])
and may be affected by genetic variation that
alters restriction enzyme binding sites [5].
Furthermore, a recent study across two labora-
tories reported per-sample intra-batch CVs
ranging from 0.2% to 4.6% and inter-batch CVs
ranging from 1.7% to 15.3% [11]. Thus, we can-
not assess the true accuracies and biases of
the Luminex method as we do not have a per-
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Real-time gPCR is the conven-

tional TL assay for large stud-
ies. The repeatability of gPCR varies substan-
tially among prior studies, with CVs of <7% [6,
12], 7%-11% [13], ~15% [14] and even >25%
being reported [15]. A recent study ac-
ross six labs reported substantial heterogene-
ity in per-sample intra-batch CVs (0%-31%) and
inter-batch CVs (0.2%-28%) [11]. A prior study
of the 50 samples used in this work reported
an inter-assay CV of 6.5% for qPCR and a cor-
relation (r) with Southern blot of 0.85 [6]; how-
ever, these qPCR experiments involved more
control and reference samples than are typi-
cally used in epidemiological studies, TL was
measured twice for each sample (both based
on triplicate measures), and samples were re-
run when pairwise CV >7%. These quality con-
trols steps are not typically feasible in large
studies, and thus, the quality of these previ-
ously reported gPCR measures [6] are not likely
to be representative of TL measures used in
epidemiology. However, as reported in our pre-
vious paper, the Luminex assay correlated well
with the gPCR method when both assays were
run in the Ahsan lab (r of 0.7-0.8) [9].

A critical advantage of the Luminex assay is
that it involves no DNA amplification. Thus, the
assay is not subject to “amplification bias”, in
which amplification efficiencies can vary by
plate, position [16], or characteristics of the
sample (e.g., purity, integrity), introducing mea-
surement error. In addition, the Luminex CVs
suggest that triplicates or quadruplicate mea-
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sures are not required, as is often done for
gPCR for both the reference gene and the telo-
mere sequence (although this issue should be
investigated by independent laboratories). Fur-
thermore, we find no evidence of a non-linear
relationship between the Luminex and Southern
blot assays, as was recently reported for gPCR
[6].

There are several considerations to keep in
mind when interpreting our results. First, the
Luminex assay was run in a fashion identical to
how the assay would be run in a large-scale
study. In other words, each sample was run in a
single well, and each plate included the same
number of control and reference samples that
would be included in any high-throughput Lu-
minex experiment. Second, our first and sec-
ond round of Luminex assays were run several
months apart on different plates, and thus our
reported CVs are truly inter-assay/inter-batch
CVs. Third, the Southern blot measures report-
ed here (described previously [6]) were taken
several years prior to the Luminex measure-
ment. While DNA is stable when stored appro-
priately, any changes in the characteristics of
the DNA that occurred over time could contri-
bute to differences observed between the
Luminex and Southern blot measures.

Additional research is needed to characterize
the reproducibility of the Luminex assay across
laboratories, as we are the only lab using the
Luminex assay at this time. Larger studies are
needed to assess potential effects of plate
position and batch-to-batch variation. Additio-
nal research is needed to assess the effects of
pre-analytic factors and conditions on TL mea-
surement including blood collection, storage
factors, and DNA extraction methods.

In summary, we have reported a blinded, impar-
tial comparison between a Luminex assay for
telomere content and the Southern blot meth-
od for average TL. Our results indicate that the
Luminex assay is a valid and reproducible me-
thod for measuring telomere content for DNA
samples and represents a low-cost, low-input,
and high-throughput method for TL measure-
ment that can be implemented in epidemiolo-
gical studies of cancer and other age-related
diseases.
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Supplementary Material
Assessing the effect of measurement error on studies of telomere length

The correlation (r) between the error-prone Luminex method and the Southern blot method ranged from
0.65 to 0.75 (Figure 2). However, the correlation between the Luminex measure and the “true” average
telomere content of a DNA sample will be higher than the values we observe, because the Southern blot
method is not free of error. We conducted simulations to assess the effect of measurement error on
estimation of associations between Luminex-based TL measurements and disease phenotypes. We
considered a range of values for the correlation between the Luminex and the true value: 0.6, 0.7, 0.8,
and 0.9.

Simulation methods

For each simulated scenario, we generated 1,000 datasets consisting of 5,000 observations and three
variables: the true value of telomere length (X), an error-prone measurement of telomere length (X*,
representing the Luminex-based measure), and a continuous outcome (Y) influenced by X. X was a ran-
domly generated standard normal variable. Y was modeled as a random number from a standard nor-
mal distribution plus a linear effect of X:

¥i = Boxi + oiwith 0i~N(0, 1). .

Bxy was set to either 0.0, 0.025, 0.05, 0.1, or 0.2. The error-prone measure of X, X*, was generated by
adding a normally-distributed error component to X, as follows:

X\ = xi+ 7 with t~N(0,0x ). -

d,, was chosen to produce a specific R? values corresponding to the square of the r values listed above
(0.6, 0.7, 0.8, and 0.9) for the regression of X* on X, using the following equation:

2 Var (B X) @)
O Var(Be X) + Var(t)
To examine the effect of measurement error for binary outcomes, data on X and X* were generated as
above, but Y was generated as a binary outcome using a logistic model:

P(Yi = 1/X) = 1/ (1 + e ), 4)

Bxy was chosen to produce specific odds ratios for the true effect of Xon Y (OR=1.0, 1.05, 1.1, 1.2, and
1.4), and B, was chosen to produce an average population risk of 0.10. In each simulated dataset, the
association between X* and Y was estimated using linear regression (for continuous outcomes) and
logistic regression (for binary outcomes). The median beta coefficients are ORs from these regressions
are displayed in Supplementary Figures 1 and 2.
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Supplementary Figure 2. The median estimate for the association between telomere length and a binary outcome
in the presence of measurement error for telomere length (based on 1,000 simulations).

Supplementary Table 1. Precision of the Luminex assay and the
Southern Blot method for measuring telomere length/content

Per-sample inter-assay CVs
(based on duplicate samples)

Geometric Arithmetic ) Overall/Pooled
Median
mean mean Ccv
Luminex assay 5.45 7.60 713 9.1
Southern Blot 0.97 1.36 1.31 1.7

CV, coefficient of variation (%).



