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Abstract
Excess telomere shortening has been observed in most cancer cells. The telomere quantitative polymerase chain
reaction (qPCR) assay has become an important tool for epidemiological studies examining the effects of aging,
stress, and other factors on the length of telomeres. Current telomere qPCR methods analyze the relative length of
telomeres by amplifying telomere sequence products and normalizing with single-copy gene products. However,
the current telomere qPCR does not always reflect absolute telomere length in cancer DNA. Because of genomic
instability in cancer cells, we hypothesized that the use of single-copy genes (scg) is less accurate for normalizing
data in cancer DNA and that new primer sets are required to better represent relative telomere length in cancer
DNA. We first confirmed that cancer cells had a different copy ratio among different scg, implying that DNA is
aneuploid. By using the new primer sets that amplify multiple-copy sequences (mcs) throughout the genome, the
telomere qPCR results showed that the mcs primers were interchangeable with the scg primers as reference
primers in normal DNA. By comparing results from the traditional southern blotting method (as kilobases) and
results from monochrome multiplex qPCR using the mcs primers (as T/M ratios), we verified that the T/M ratio is
highly correlated with absolute telomere length from the southern blot analysis. Together, the mcs primers were
able to represent the telomere lengths accurately in cancer DNA samples. These results would allow for analyses
of telomeres within cancerous DNA and the development of new, less invasive diagnostic tools for cancer.
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Introduction
The telomere quantitative polymerase chain reaction (qPCR) assay
was originally developed by R.M. Cawthon for measuring relative
average telomere length [1,2]. This telomere qPCR assay has been
widely distributed because of its time efficiency and low DNA
requirement (theoretically b100 ng); therefore, the technique is
advantageous for studies using limited resources such as large-scale
epidemiological studies in a variety of fields including aging,
metabolic, and psychosocial research [3–8]. In this qPCR assay,
DNA quantities (in nanograms) both from telomere and reference
amplifications are determined by each standard curve created using a
serial dilution of standard DNA (e.g., normal genomic DNA with
known telomere length). The PCR primers for the reference are
typically designed within single-copy gene (scg) sequences such as
albumin (ALB) or gamma globin (HBG) genes [1,2]. The relative
telomere length is expressed as the T/S ratio that is calculated by
dividing the telomere quantity (T) by the reference quantity of a
single-copy gene (S) to normalize the data. Each quantity is calculated
by standard curves created using standard DNA with known
concentrations. The telomere length of the standard DNA always
indicates the T/S ratio is equal to 1.0.
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The latest version of telomere qPCR being performed is
monochrome multiplex quantitative PCR (MMQPCR) which uses
a single fluorescent DNA-intercalating dye (i.e., SYBR green I) and
adds both target and reference primer sets in a single reaction tube.1

The MMQPCR method is feasible only when the number of target
sequences is different from the number of reference sequences in a
PCR template; for example, telomere repeat sequences are more
abundant than single-copy genes such as ALB and HBG in genome.
This difference in target sequences allows for the distinguishing
between the two signals created by the separate primer sets. The
multiplexing method further increases throughput and improves the
accuracy by minimizing sample handling error while also saving the
amount of starting materials and the cost of reagents, which are
sometimes of critical value.

Regardless of whether the telomere qPCR is singleplexing or
multiplexing, it is worth remembering that the current telomere
qPCR method is optimized for diploid DNA samples. To normalize
the data, the single-copy genes (scg) are used because diploid cells, in
theory, always contain two copies (or alleles) of the single-copy genes,
one per chromosome. The current telomere qPCR method is
beneficial for most epidemiological studies which use peripheral
blood DNA samples as a PCR template. However, when nondiploid
DNA is the study subject, such as is the case in cancerous tissues, the
current telomere qPCR may mislead the interpretations by reducing
the data accuracy and integrity [9,10]. In other words, since tumor
tissues or cells often form aneuploidy which represents an abnormal
number of chromosomes in a cell, the scg may not reflect the amount
of input DNA if the aneuploidy exists within the scg sequences.

To eliminate the abovementioned concern, we introduce an
alternative telomere MMQPCR method which is applicable for
cancer DNA. Using cancerous DNA, the results from our newly
developed MMQPCR method is well correlated with those from
traditional southern blot analysis, suggesting that the refined
MMQPCR method is useful for human genomic DNA samples
with abnormal ploidy levels.

Materials and Methods

Tissue and Blood Specimens
Tumor tissue specimens were obtained at the time of surgery,

immediately frozen in liquid nitrogen, and stored in liquid nitrogen
until use. Frozen tissues (100-150 mg) from colon cancer (n = 8),
renal cell carcinoma (n = 7), and breast cancer (n = 2) were obtained
from the tissue bank at the Indiana University Simon Cancer Center.
All cases were reviewed by pathologists to assess tumor histology
(Supplemental Table S1). The purity of each specimen was shown as
at least 50% tumor. Whole blood DNA samples (n = 18, 23 ≤ age ≤
70, mean age = 48.8) from healthy women were obtained from the
Susan Komen Tissue Bank. Additional frozen breast tissues of ductal
carcinoma in situ (DCIS) and invasive ductal carcinoma (IDC) were
also obtained from the tissue bank at the Indiana University Simon
Cancer Center (DCIS, 30-80 years, mean, 55 ± 12 years; IDC, 31-86
years, mean, 47.6 ± 13.3 years) [11]. The study was approved by the
institutional review board of the Indiana University.

Cell Lines
A total of 21 human cell lines were used to isolate genomic DNA as

follows: cervical carcinoma (HeLa), breast carcinoma (MCF7,
T47D), renal cell carcinoma (RCC23) [12], lung adenocarcinoma
(H1299), colorectal carcinoma (HT29, SW620, HCT116, and
DLD-1), pancreatic carcinoma (PANC1, MIA PaCa-2, and AsPc-1),
ovarian carcinoma (A2780, SKOV3), prostate carcinoma (PC-3),
giant cell tumor (GCT), fibrosarcoma, (HT1080), preneoplastic
mammary epithelial cells (MCF10A), and three ALT-positive cells
(U-2 OS, Saos-2, and VA13). All cell lines were cultured in ambient
oxygen, 5% CO2 and maintained in appropriate medium according
to ATCC (www.atcc.org).

DNA Extraction
Genomic DNA from both cell lines and tumors was extracted by a

salt precipitation method as previously described [13]. Briefly, about
20 mg of each frozen tissue fragment was minced quickly in cold PBS
(−) (which is PBS without divalent cations) or cells from 10-cm dish
were trypsinized and washed with PBS(−). The PBS(−) was removed
by centrifuging at 3500×g, and the pellets were resolved in lysis buffer
(20 mM Tri-HCl/pH 8.2, 10 mM EDTA, 400 mM NaCl, 0.5%
SDS, 0.05 μg/μl proteinase K) and incubated overnight at 56°C. The
DNA solution was centrifuged for 15 minutes at 9600×g after adding
one-fourth volume of saturated NaCl. The supernatant was
transferred to a new tube, and the DNA was precipitated by adding
the equal volume of isopropanol. After rinsing with 70% ethanol, the
DNA was resolved in TE buffer.

DNA Quantitation
The DNA concentration was quantitated by Nanodrop 2000

spectrophotometer (Thermo Fisher Scientific) as well as picogreen
assay. Quant-iT TM PicoGreen dsDNA Assay Kit (Life Technolo-
gies) was used according to the manufacturer's instruction.
Fluorescence intensity was measured with a Synergy 2 Multi-Mode
Reader at emission wavelength of 520 nm and excitation wavelength
of 480 nm.

Telomere Length Measurement: Southern Blot Analysis
Absolute mean telomere length was measured by TeloTAGGG

Telomere Length Assay (Roche). Briefly, 4 μg of each DNA sample
were digested overnight with two tetra-cutter restriction enzymes,
RsaI and HinfI. Digested DNA samples were resolved on a 0.8%
agarose gel, blotted to a hybond-N+ membrane (GE Healthcare)
using capillary transfer and 20× SSC buffer. A digoxigenin-labeled
probe was used for the hybridization. The results were scanned from
Amersham Imager 600, and mean telomere lengths were calculated
by ImageQuant and the Excel spreadsheet program TELORUN as
described [14,15].

Telomere Length Measurement: qPCR
Telomere length qPCR was performed with a QuantStudio 6 Flex

Real-Time PCR System and analyzed under either singleplex or
multiplex conditions. The telomere primers were used for the
telomere signal (telg and telc, final concentrations 900 nM) [1]. A set
of single-copy gene (scg) signal primers within albumin or β-globin
genes was used as reference (final concentrations 200 nM each) [1,2].
In the case of the new multiple-copy sequence (mcs) primer sets (final
concentrations 800 nM each) [16], the telomere primers contained a
GC clamp and were used for the telomere signal (GC-Telg and
GC-Telc, final concentrations 150 nM). The PCR cycle for
MMQPCR is as follows: Stage 1: 2 minutes at 95°C; Stage 2: 2
cycles of 15 seconds at 94°C, 15 seconds at 49°C; and Stage 3: 35
cycles of 15 seconds at 94°C, 10 seconds at 60°C, 20 seconds at 74°C
with signal acquisition (for mcs amplification), 10 seconds at 84°C,
20 seconds at 88°C with signal acquisition (for telomere



Figure 1. The current telomere qPCR method does not always correlate with absolute telomere length in cancer DNA because of its
aneuploidy. (A) A representative southern blotting image is shown. The traditional southern blot analysis was used to measure the
absolute length of the telomeres in the cell line cancer DNA samples. Commercialized pooled normal DNAwas used as reference. TIG-3 is
a normal diploid fibroblast cell [31]. (B) The relative telomere length (T/S ratio) calculated utilizing the qPCR method had a moderate
correlation with the Southern blot measurements when using 18 cancer cell line DNA samples (R2 = 0.5784). The individual values were
shown in Supplemental Table S3. (C) Cancer DNA from both cell lines and tumor tissue samples indeed exhibited aneuploidy (see details
in the Results section). Singleplex qPCR was performed using two single-copy genes (HBG and ALB) primer sets in the same run, and the
quantity from HBG amplification was divided by the quantity from ALB amplification. Normal DNA showed an approximate 1:1 ratio
between the two genes. The results were generated from three independent experiments using DNA samples from 18 normal blood
samples, 18 cancer cell lines, and 17 tumor tissue samples.
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amplification). Each DNA standard curve was generated using a
pooled female genomic DNA (Promega, G152A) and used for
calculation of the T/S ratios (= ratios of “telomere signals per scg
signals”) or the T/M ratios (= ratios of “telomere signals per mcs
signals”). The same control DNA was included in every run, and
intra- and interassay coefficients of variation (CVs) were carefully
monitored. All data were collected from three independent
experiments with duplicate or triplicate reactions. The values were
accepted when the standard deviation of Ct was below 0.5 among
replications.

Other qPCR
Singleplex qPCR was performed with a QuantStudio 6 Flex

Real-Time PCR System and analyzed. Three sets of scg primers (e.g.,
HBG, CDK6, and ALB) were used to quantify ratios among three
amplifications. Additionally, the sets of mcs primers (MRef 1 and
MRef 2) were used to compare DNA quantifications between the mcs
primers and the scg primers. Each DNA standard curve was generated
using a pooled female genomic DNA (Promega, G152A) and used to
calculate each quantity from unknown DNA. All primer information
is shown in Supplemental Table S2.

Statistical Analysis
Student’s t test was applied for calculation of statistical differences,
and two-tailed P values of less than .05 were considered to be
statistically significant. Regression analysis represented correlation by
the coefficient of determination (R2) and P value.

Results

Revalidation of Single-Copy Gene Primers
To determine whether T/S ratios are reliable for measuring relative

telomere length in cancer DNA samples, we compared T/S ratios of
cancer DNA samples with their absolute mean telomere length of the
same DNA by southern blot analysis. The results showed the
correlation in mean telomere lengths measured by these two different
techniques (R2 = 0.578, P = .0002, Figure 1, A & B); however, in
some cell lines (e.g., PANC-1, HeLa, and RCC23), the T/S ratios
were abnormally far from their absolute mean telomere length by
southern blotting method (Figure 1B and Supplemental Table S3).
Based on the ploidy status collected from publically available
information (e.g., www.atcc.org/) [17,18], all cancer/immortalized
cell lines used in this study indicated a lack of diploid status
(Supplemental Table S3). Therefore, we investigated whether scg
primers might be less accurate for normalizing telomere amplification
signals in nondiploid DNA. To assess the DNA ploidy level in each
sample, we quantified ratios between two scg amplifications, ALB and



Figure 2. The newmultiple copy sequence primer sets are interchangeable with the single-copy gene primer set in normal DNA. (A and B)
The quantification of DNA utilizing either of the new multiple copy sequence primer sets (MRef1 or MRef2) was compared to the same
amount of DNA quantified by the single-copy gene primer set (HBG). Each quantity was calculated based on the standard curves after
singleplex qPCR. The results of this comparison illustrated an approximate 1:1 relationship between these two quantifications, indicating
an interchangeable relationship (R2 = 0.9974 and 0.9965, respectively). (C) The qPCR was performed to compare the amplifications of
MRef1 and MRef2 in pooled genomic male (XY), genomic female (XX), and genomic male/female mixed DNA (XX & XY). The results were
analyzed by ΔΔCtmethod using ALB amplification. The effect of sex differences was not significant. (D) The quantification of DNA utilizing
the two multiple-copy sequence primers (MRef1 and MRef2) was also compared using the same amount of DNA. Each quantity was
calculated based on the standard curves after singleplex qPCR. The results of this comparison illustrated an approximate 1:1 relationship
between these two quantifications, indicating an interchangeable relationship (R2 = 0.9960). All results in A, B, and D were generated
using DNA from 18 normal blood samples.
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HBG, using DNA extracted from 18 whole blood DNA from healthy
individuals, 18 cancer and noncancer cell lines, and 17 tumor tissues
from colon, breast, and renal cell carcinoma using qPCR. In principle,
we would expect that diploid DNA contains the same amount of scg;
therefore, the quantity ratio between one scg and another should be
close to 1.0 using the qPCR analysis. We confirmed that the
amplification performance of normal whole blood DNA samples was
indeed close to 1.0 when either HBG or CDK6 gene quantity was
divided by ALB gene quantity (Figure 1C and Supplemental Figure
S1). These results indicate that the HBG, CDK6, and ALB primers
substitute each other to normalize the telomere qPCR results for
normal DNA, while no such correlation existed in DNA samples
from both cancer cell lines and tumor tissue specimens. Indeed, when
DNA samples from cancer cell lines were used, the ratios of quantities
(HBG/ALB) showed significant spread with ratios between 0.70 and
2.65 (mean ± S.D. = 1.27 ± 0.40). Because ALB, CDK6, and HBG
genes are located on chromosomes 4, 7, and 11, respectively, it is
possible that those alleles changed structurally or numerically, and
thereby, these genes no longer existed as two copies per diploid. These
findings suggest that gain or loss of certain loci indeed occurs in
cancer DNA, and scg sequences are not always accurate for use to
normalize the data when nondiploid DNA (e.g., cancerous DNA) is
the subject for study.

Reference Primers for Nondiploid DNA
To refine and develop a new telomere qPCR assay suitable for

cancer DNA, we tested two reference primer sets as we previously
reported [16]. These two primer pairs are, in silico, able to amplify
loci on multiple chromosomes. According to the UCSC in silico PCR
database (http://genome.ucsc.edu/cgi-bin/hgPcr), the MRef1 primer
set (MRef1F and MRef1R) amplifies 116 to 119–base pair products
from at least 6 loci on chromosomes 1, 5, 8, 12, and 19; on the other
hand, the MRef2 primer set (MRef2F and MRef2R) amplifies 104–
base pair products from at least7 loci on chromosome 1, 4, 6, 7, 12,
13, and X. These primer sets can be amplified regions within
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene and its
pseudogenes [19]. Thus, we named these primers “multicopy
sequences (mcs)” primers. We first examined whether these mcs



Figure 3. Utility of the modified MMQPCR method for measuring relative telomere lengths in cancer DNA. (A) Representative standard
curves of MMQPCR were shown along with R2 and PCR efficiency (Eff). Each qPCR run included all standard DNAs with five serial
dilutions. The separation (about three cycle differences) between the amplification of the telomere primer set and the two mcs primer
sets (MRef1 andMRef2) allows for use of the multiplexing method. (B and C) The relative telomere length measurements (T/M1 and T/M2)
calculated utilizing the newMMQPCR methods were highly correlated with the southern blot measurements when using cell-line cancer
DNA samples (n = 18). Correlation of absolute telomere length (kb) vs. T/M1 and absolute telomere length (kb) vs. T/M2 was shown in B
and C, respectively. (D) Comparison of two qPCR methods (new MMQPCR as T/M1 vs. current telomere qPCR as T/S) using the same
noninvasive and invasive breast cancer samples (n = 13 each). Each value was generated from three experimental repeats in duplicate.
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primer sets were interchangeable with the scg primer set in normal
DNA samples. Using 19 normal blood DNA samples and 1
commercialized pooled DNA, we performed singleplex qPCR using
three different primer sets (MRef1, MRef2, and HBG) in the same
plate and calculated each quantity based on the standard curve
generated using that primer set. The amplification signals using both
MRef1 and MRef2 primer sets resulted in almost identical quantities
to the one using the HBG primer set (R2 = 0.997, slope = 1.038, and
intercept = -0.043 in Figure 2A; R2 = 0.996, slope = 0.996, and
intercept = 0.010 in Figure 2B). The intraassay CV was very low:
1.59% between MRef1 and HBG as well as 1.49% between Mref2
and HBG. These findings suggest that the new mcs primers (both
MRef1 and MRef2) are interchangeable with the scg primers when
using normal DNA and function as reference primers under our
condition. Because MRef2 primers amplify a product on chromo-
some X, we addressed the possible effects sex of the sample may have
on the amplification of MRef2 compared to MRef1. The relative
quantification of MRef1/ALB ratios and MRef2/ALB ratios was
compared among genomic male (XY), female (XX), and mixed DNA
(XY:XX = 1:1). The results of this comparison showed that while only
minor differences were observed in amplifications of the female DNA
signal compared to the male DNA signal, these differences are not
significant enough to discount MRef2 as a potential internal control
moving forward (Figure 2C). In addition, we found that the
quantities were very similar between the MRef1 primers and the
MRef2 primers, and the intraassay CV between MRef1 and MRef2
was 2.13% (R2 = 0.996, slope = 1.0325, and intercept = −0.0243 in
Figure 2D). The average interassay CV of control DNA was 6.12%
throughout the experiments. These findings suggest that all of three
primer sets (Mref1, Mref2, and HBG) are interchangeable with each
other.

Optimization of the MMQPCR Reaction Using mcs Primers
To perform monochrome qPCR in multiplex, the amount of target

sequences amplified by one primer set must differ from the amount
amplified by the other set such that the signals can be distinguished. In
addition, differing melting temperatures (Tms) allow for separate
amplification steps in the PCR cycle and help create two distinct signals
by increasing the Tm of the more abundant target sequence, allowing for
the recording of the two different target sequences at the two different
temperatures within the PCR cycle. In the case of the traditionalMMPCR
[1], the telomere repeat sequences are more abundant than single-copy
genes (scg) within the genome; therefore, the scg amplification signal was
able to be separated with the telomere amplification signal by increasing the
Tm of scg primers. In the new telomere qPCR assay presented here,
multiple-copy sequences (mcs) are amplified earlier than telomere repeat
sequences; therefore, the Tm of a new telomere primer set (GC-Telg and
GC-Telc) was increased by adding a GC clamp to the telomere primer set



430 A New Monochrome Multiplex qPCR Method Dahlgren et al. Neoplasia Vol. 20, No. xx, 2018
(telc and telg) which was previously designed [1]. DNA standard curves
demonstrated that there were at least three cycle differences between mcs
amplification curves and a telomere amplification curve (Figure 3A) under
our MMQPCR condition. Each PCR plate always included standard
curves and quality control DNA. Of note, we verified that both
MMQPCR and singleplex qPCR produced the similar results under our
condition (Supplemental Figure S2). To test our hypothesis that the newly
developed MMQPCR could better represent relative telomere length in
cancer DNA, we compared the T/M ratio of cancer DNA samples with
their absolute mean telomere length by telomere southern blot analysis.
The T/M ratio was calculated by dividing the telomere quantity (T) by the
quantity of mcs (M) to normalize the data. The results showed that the
relative ratios of T/M1 (using MRef1 primers) and T/M2 (using MRef2
primers) were correlatedwith absolutemean telomere length from southern
blot analysis (P = 1.94E-6, R2 = 0.86 in Figure 3B; 1.94E-6, R2 = 0.87 in
Figure 3C), a notable improvement from that seen in Figure 1C comparing
T/S to the absolute telomere length from southern blot analysis. The
average CV between T/M1 and T/M2 was 4.9%, indicating again that T/
M1 andT/M2were interchangeable. This correlation between relativeT/M
ratios measured by qPCR and mean telomere lengths by southern blotting
supports the modified MMQPCR method as a useful for measuring
relative telomere lengths in cancerDNA.The same trendwas also observed
in different telomere length analyses using 17 tumor tissue samples used in
Figure 1C (Supplemental Table S1). It has been shown that telomeres are
shorter in invasive tumors than in early stages of tumors [20,21]. To further
determine whether we can detect such relationship using the new
MMQPCRmethod, T/M1 ratios were compared with T/S ratios between
invasive breast tumor samples (IDC, n = 13) and noninvasive breast tumor
samples (DCIS, n = 13). While the T/S ratios did not find a noticeable
trend between two breast cancer groups, the T/M ratios showed a
significant telomere shortening in invasive breast tumor samples compared
to noninvasive DCIS tumor samples (P = 0.034, Figure 3D).

In many cases of human cancers, telomerase activation is
responsible for stable telomere maintenance; however, 5% to 15%
of cases (which depend on cancer types) are associated with an
alternative mechanism termed ALT (alternative lengthening of
telomeres) [22]. ALT-positive cells are characterized by long and
heterogeneous telomeres, ranging from 2 to N 20 kilobases (kb). To
evaluate whether this MMQPCR is useful for ALT-positive cells, we
measured T/M ratios using three ALT-positive cell lines (U-2 OS,
Saos-2, and VA13). Although T/M ratios of U-2 OS and VA13 cells
were indeed fairly higher than those of telomerase-positive cell
lines (N3.5 vs. b 1.0), these ratios from the MMQPCR did not
correlate very well with the telomere lengths measured via Southern
blotting [23,24]. This result is consistent with the fact that
ALT-positive cells have extrachromosomal telomeric repeats
[25,26], and the telomere primers used in this study do not
distinguish between chromosomal and extrachromosomal telomeric
repeats. Moreover, Saos-2’s DNA was not amplified well using
MRef1 and MRef2 primers. This result does not conflict with the fact
that Saos-2 has a highly rearranged hyperdiploid karyotype [27,28]. It
is likely that intact DNA sequences of MRef1 and MRef2 primers no
longer exist in Saos-2’s genome. Together, we conclude that the
MMQPCR presented in this study might not be suitable for
ALT-positive cells or/and cells which have highly rearranged
chromosomes.
Discussion
In this study, we demonstrated the optimization of the telomere
qPCR method in order to improve the accuracy of this assay for
analyzing cancer DNA samples. Relative telomere lengths (T/M
ratios) were measured in DNA from 21 cancer and immortalized cell
lines including ALT-positive cells by the modified MMQPCR
method as T/M ratios. The results described here were highly
correlated with absolute mean telomere lengths measured by southern
blotting in almost all cells and tissues (except for ALT-positive cells).
On the other hand, the T/S ratios measured in these same DNA
samples by the original telomere qPCR assay were not as highly
correlated with the telomere lengths by southern blotting. These
results highlighted the importance of choosing appropriate primers to
normalize qPCR data such that the accuracy of the assay is
maintained. Importantly, the T/M ratios obtained by the
MMQPCR were reproducible in independent runs of the singleplex
assay using both cancer and normal DNA. Other techniques outside
of qPCR and Southern blotting exist for use for telomere length
measurement, including a variety of quantitative fluorescence in situ
hybridization (Q-FISH) methods [29,30]. For example, metaphase
Q-FISH has the benefit of being able to identify chromosome-specific
telomeres, but it is only effective on mitotically active cells.
Flow-FISH is another method to measure mean telomere length of
interphase nuclei in combination with FISH and flow cytometry.
These FISH methods usually require a high level of cytogenetic skills
and are labor intensive. In addition, these assays cannot identify
chromosomes with telomeres that are too short to hybridize with the
probe. Recently, a new technique, Telomere Shortest Length Assay,
was reported to detect telomeres from all chromosome ends from b1
kb to 18 kb using small amounts of input DNA [10]. This method
has the advantage of providing more information about the shortest
telomeres, while this method is still labor intensive and not applicable
to ALT-positive cells. For epidemiologic studies of telomere length
using a large sample size, we believe that the MMQPCR would have
significant advantages of increased speed, reduced costs, reduced
variability of the assay, and reduced amounts of DNA sample per
assay. We also propose that this new MMQPCR method could have
potential for the development of new, less invasive diagnostic tools for
cancer and other diseases which have aneuploid DNA.

Conclusions
The aneuploidic nature of cancer DNA requires usage of primers that
account for this aneuploidy when measuring relative telomere length.
By utilizing mcs primers with telomere primers in a MMQPCR
method, new diagnostic tools may be developed for cancer and other
diseases with aneuploid DNA.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.neo.2018.02.007.
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