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Assessment of Telomere Length, Phenotype, and DNA Content

Theodoros Kelesidis! and Ingrid Schmid?
1Department of Medicine, Division of Infectious Diseases, David Geffen School of Medicine at
UCLA, Los Angeles, California

2Department of Medicine, Hematology/Oncology, David Geffen School of Medicine at UCLA, Los
Angeles, California

Abstract

Telomere sequences at the end of chromosomes control somatic cell division; therefore, telomere
length in a given cell population provides information about its replication potential. This unit
describes a method for flow cytometric measurement of telomere length in subpopulations using
fluorescence in situ hybridization of fluorescently-labeled probes (Flow-FISH) without prior cell
separation. After cells are stained for surface immunofluorescence, antigen-antibody complexes
are covalently cross-linked onto cell membranes before FISH with a telomere-specific probe. Cells
with long telomeres are included as internal standards. Addition of a DNA dye permits exclusion
of proliferating cells during data analysis. DNA ploidy measurements of cells of interest and
internal standard are performed on separate aliquots in parallel to Flow-FISH. Telomere
fluorescence of Gg; cells of subpopulations and internal standards obtained from Flow-FISH are
normalized for DNA ploidy, and telomere length in subsets of interest is expressed as a fraction of
the internal standard telomere length.

Keywords

fluorescence in situ hybridization; Flow-FISH; telomeres; telomere length; cell surface
immunofluorescence

INTRODUCTION

Telomeres are highly conserved specialized structures at the ends of eukaryotic
chromosomes. Human telomeres consist of hundreds to thousands of (ToAG3) repeats and
associated telomere-specific proteins, with important functions for chromosomal stability
and replication (Moyzis et al., 1988). The length of telomere repeats varies between
chromosomes and between species (Lansdorp et al., 1996). In most human cells, the length
of telomere repeats is remarkably heterogeneous, ranging from a few to 20 kilo base pairs
(kb) depending on the age of the donor, the type of tissue, and the replicative history of the
cells (Lansdorp et al., 1996; Martens et al., 1998). During cell division, cellular DNA is
duplicated by the action of DNA polymerase; however, the polymerase does not completely
replicate the 3 ends of chromosomes in the so-called telomeric region (Harley et al., 1990;
Hastie et al., 1990). As a consequence, telomeres get shortened during each cell division.
Accelerated telomere shortening contributes to genetic instability of cells, replicative cellular
senescence (Harley et al., 1990; Hastie et al., 1990), cell cycle arrest or apoptosis (Allsopp et
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al., 1992), and neoplastic transformation in vitro (Harley et al., 1992) and in vivo (Blasco et
al., 1997). Thus, telomeres are involved in the pathogenesis and clinical progression of a
variety of disorders, including congenital diseases (Vulliamy et al., 2001), acquired disorders
of the lympho-hematopoietic system (Brummendorf and Balabanov, 2006), and age-related
diseases (Valdes et al., 2005). In view of the role of telomere length in biological functions
ranging from aging to carcinogenesis (Stewart and Weinberg, 2006), there is a need for
techniques that can measure telomere length as a surrogate marker for both the proliferative
history and replicative reserve of normal somatic cells.

Methods Used to Determine Telomere Length

Various methods exist for measuring telomere length. The most common are Southern blot
analysis, PCR methods for measurements of average (Cawthon et al., 2003) and
chromosome-specific telomere length (Baird et al., 2003), fluorescence microscopy using
directly labeled (CCCTAA)3 peptide nucleic acid (PNA) probes (Egholm et al., 1993), and
Flow-FISH. The latter combines fluorescence in situ hybridization (FISH) with flow
cytometry (Rufer et al., 1998). Although Southern blotting, which analyzes telomere
restriction fragments (TRF), represents the widely accepted standard method for telomere
length measurements, the Flow-FISH methodology, especially multicolor Flow-FISH which
measures telomere length and surface markers, have recently become increasingly important
for several reasons. First, compared to Southern blotting and conventional Flow-FISH,
magnetic bead separation of phenotypically defined subpopulations is not required; this
aspect is most important for the analysis of rare cell populations. Second, in contrast to
Southern blotting, Flow-FISH does not measure sub-telomeric DNA, the measurement of
which overestimates the average telomere length by several kb (de Lange et al., 1990).
Furthermore, the inclusion of internal control cells in each individual tube (Baerlocher et al.,
2002; Baerlocher and Lansdorp, 2004) allows for sufficient correction of intra- and inter-
experimental variability in hybridization efficiencies between samples. Multicolor Flow-
FISH needs substantially fewer cells (in the order of 10° cells) than Southern blotting, and is
less time-consuming. Finally, Flow-FISH is the only rapid way to measure telomeres in a
population of cells marked by a surface-specific antigen (Rufer et al., 1998; Schmid et al.,
2002). While hybridized PNA probe telomere length analysis by imaging and image
cytometry tends to be more accurate than flow (due to the better control of cell orientation
and quantitation of FISH spots in an imaging system; Egholm et al., 1993), Flow-FISH has
the advantage of far faster throughput, allowing rapid analysis of thousands of cells and
some amelioration of fluorescent measurement errors (Kapoor et al., 2009). Automated
multicolor flow FISH is currently the fastest and most sensitive method available to measure
the average or median telomere length in granulocytes, naive T cells, memory T cells, B
cells, and natural killer (NK) cells in human blood (Baerlocher and Lansdorp, 2003;
Baerlocher and Lansdorp, 2004). The introduction of new lasers and fluorophores, as well as
the increasing sensitivity of instruments, have opened up new approaches and consequently
have expanded the measurement parameters that can be applied to Flow-FISH. Thus,
multicolor Flow-FISH allows the analysis of defined cell subpopulations in clinical-scale
sample sizes, and might help to provide a deeper insight into the pathogenesis and disease
progression of both immunological and hemato-oncological diseases.

Curr Protoc Cytom. Author manuscript; available in PMC 2017 July 15.
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Limitations and Challenges with FLOW-FISH

In recent years, various fluorescence in situ hybridization (FISH) protocols using telomere-
specific peptide nucleic-acid (PNA) probes for the flow cytometric estimation of telomere
length in individual cells (Flow-FISH) have been developed (Rufer et al., 1998; Baerlocher
etal., 2002; Schmid et al., 2002; Baerlocher and Lansdorp, 2003; Baerlocher et al., 2006;
Beier et al., 2007). DNA denaturation into single strands is achieved by heating a cell
suspension to at least 80°C in a formamide-containing reaction mix and is followed by
hybridization of the PNA telomere-specific probe to complementary DNA sequences (Rufer
et al., 1998; Baerlocher et al., 2002; Schmid et al., 2002; Baerlocher and Lansdorp, 2003).
Utilization of flow cytometry’s greatest potential lies in simultaneous measurement of
telomere length and cell surface antigen expression (Rufer et al., 1998; Baerlocher et al.,
2002; Schmid et al., 2002; Baerlocher and Lansdorp, 2003); however, development of this
technique has been difficult owing to the harsh conditions required for DNA denaturation for
probe hybridization, which compromise the retention of the fluorescence associated with the
surface-bound antibody molecules. Protocols that overcome these obstacles use heat-stable
fluorochromes with suitable fluorescence emissions that are separate from the telomere
fluorescence channel for antibody labeling. Antigen-antibody complexes are then cross-
linked onto the cell membrane before cells undergo probe hybridization (Batliwalla et al.,
2001; Schmid et al., 2002). Compared with immunophenotyping of cells (in which absolute
expression levels are seldom of interest), the Flow-FISH technique requires accurate,
absolute measurements of relatively weak fluorescence signals. Flow-FISH measures single
cells; however, it is not a valid method to identify single events with longer than the average
telomere length in a population (Van Ziffle et al., 2003). Reliable assessment of telomere
length differences between cellular sub-populations can only be performed within
populations of the same donor due to the large variation of telomere length among
individuals, and a subpopulation, i.e., an identifiable peak shift in a histogram of telomere
fluorescence of cells with a telomere length that is distinguishable from the major population
is required (Van Ziffle et al., 2003). The necessary calibrations and controls make the
technique time consuming and technically demanding.

The current, newly revised chapter describes the detailed protocol of the Flow-FISH method
described in Schmid et al. (Schmid et al., 2002) for telomere length determination. The unit
provides a primary procedure for analyzing immunophenotype, telomere length, and DNA
content (see Basic Protocol), along with a supplementary method for determining DNA
ploidy (see Support Protocol). Moreover, it contains detailed approaches for assay
standardization, including controls to account for inter-individual telomere length variability,
for experimental inconsistencies, and for instrument variations. The chapter includes
extensive discussions and troubleshooting tips for the numerous critical parameters that can
affect results and lists previously validated antibodies and fluorochromes and their potential
combination into two different multicolor (up to six colors) Flow-FISH panels.

Curr Protoc Cytom. Author manuscript; available in PMC 2017 July 15.
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ANALYSIS OF IMMUNOPHENOTYPE, TELOMERE LENGTH, AND DNA

CONTENT

Materials

This protocol describes a method for flow cytometric estimation of telomere length in
cellular subsets. First, cells to be analyzed are stained for cell surface immunofluorescence.
Then, antigen-antibody complexes are covalently cross-linked onto the cell surface using
bis(sulfosuccinimidyl)suberate (BS3). Because Flow-FISH is a complex process that is
sensitive to minor variations in experimental conditions, cells with long telomeres are added
as an internal control to each reaction tube. Cell surface—labeled cells are mixed with
unstained internal control cells that differ in telomere length from the cells of interest,
resuspended in the reaction mix containing telomere-specific PNA probe, and heated 10 min
at 80°C for DNA denaturation. Probe hybridization is performed overnight, followed by two
washes at 40°C to remove probe that has bound nonspecifically. For determination of
cellular autofluorescence, mixtures of the cells of interest and internal control cells are
incubated with the hybridization solution without PNA probe.

Accurate assessment of telomere length requires that only singlet cells (not cell aggregates)
containing one genome be considered. Thus, a nucleic-acid dye with a fluorescence
emission separate from the emission of the telomere-specific probe is added to the Flow-
FISH samples before sample acquisition to permit exclusion of proliferating cells and cell
aggregates during data analysis. Duplicate samples are analyzed on the cytometer and the
resulting telomere-specific mean fluorescence of Gy, cells of the cell subset is then
compared to the mean background fluorescence of Ggy; subset cells. At the same time,
telomere-specific mean fluorescence of the Ggq internal control cells over background
fluorescence is determined.

The amount of DNA per cell influences telomere fluorescence, because it directly correlates
with the number of chromosomes and telomere ends. Consequently, relative DNA contents
(DNA ploidy) of the cells of interest and internal control cells need to be reliably assessed.
To improve the precision of DNA ploidy measurements, separate sample aliquots are
processed in parallel to Flow-FISH using an optimized nucleic-acid staining and analysis
protocol as outlined below (see Support Protocol).

As the final step, telomere fluorescence values obtained from Flow-FISH are then
normalized for DNA content, and telomere length of the cell subset in the sample is
expressed as a fraction of the telomere length of the internal control cells.

PBS-washed cells

Staining solution (see recipe)

PBS (APPENDIX 2A), room temperature and 40°C
Cross-linking solution (see recipe)

1 M Tris-Cl, pH 8.0 (APPENDIX 2A)

Curr Protoc Cytom. Author manuscript; available in PMC 2017 July 15.
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Internal control cells, cryopreserved (see recipe)

Hybridization buffer (see recipe) with and without fluorescently labeled, telomere-
specific PNA probe, (C3TAy)3 (PerSeptive Biosystems or equivalent)

Nucleic-acid stain compatible with other fluorochromes used (e.g., P1, 7-AAD,
Hoechst 33342), in PBS

12 x 75—-mm polystyrene tubes
1.5-ml polypropylene tubes
80°C shaking water bath

40°C water bath or heating block

Flow cytometer with 488-nm blue excitation, 633-nm red excitation, and optional UV
or violet excitation depending on fluorochrome choices made during strategic
planning of the experiments

Additional reagents and equipment for staining cells (UN/T 6.2, Stewart and Stewart,
1997a), counting cells (APPENDIX 3A; Phelan and Lawler, 1997), and standardizing
flow cytometers (UNIT 1.3, Hoffman, 2005)

Stain cells for cell surface immunofluorescence

1. Place ~2.5-3 x 108 PBS-washed cells into a 12 x 75-mm polystyrene tube and
resuspend in 250 pl staining solution. Perform cell-surface staining procedure (either
direct or indirect) appropriate for the antigen(s) to be studied [see Support Protocol
and UNIT 6.2 (Stewart and Stewart, 1997b)].

If cells are peripheral blood mononuclear cells (PBMCs) separated by
Ficoll-Hypaque density gradient, make sure that there is no visible red-cell
contamination, as it has been reported that erythrocytes interfere with FITC
telomere fluorescence (see Critical Parameters and Troubleshooting).
Residual red cells can be lysed by an ~2-min treatment with ammonium
chloride lysing solution (APPENDIX 2A) at 20° to 25°C.

Starting cell numbers can be lower than the numbers indicated above, as cell
recovery will vary depending whether a direct or an indirect staining method
is used. However, it is necessary to start with sufficient cells, taking into
account that 0.25 x 10° stained cells per reaction are required for Flow-
FISH. Initially, follow manufacturer’s recommendation for the appropriate
antibody concentration but optimize staining conditions to obtain the
maximal signal separation between background and specific staining for
Flow-FISH [see UNIT 4.1 (Stewart and Stewart, 1997b) for performing
antibody titrations]. Preparation of a sample stained with the appropriate
isotype-matched control(s) is essential for determination of background
staining.

Curr Protoc Cytom. Author manuscript; available in PMC 2017 July 15.
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2. After the last washing step, resuspend the cell pellet in 200 pl PBS. Slowly add 200
ul cross-linking solution dropwise. Incubate 30 min at 2° to 8°C protected from light,
then add 8 pl of 1 M Tris:-Cl, pH 8.0. Mix well and incubate 15 min at 20° to 25°C.

BS3 is a highly reactive cross-linker that easily hydrolyzes; therefore, it is
critical that the BS3 solution be prepared immediately before use (see
Critical Parameters and Troubleshooting). The reaction buffers must not
contain any primary amines because they compete with the desired cross-
linking action on cell surface antigen—antibody complexes. Tris buffer added
at the end of the first incubation period provides an excess of primary
amines to stop cross-linking.

3. Add 1 ml PBS, centrifuge cells 5 min at 300 x g, 2° to 8°C, and remove
supernatant. Add 1 ml PBS. Count cells (APPENDIX 3A; Phelan and Lawler, 1997).

Cells have to be counted carefully before fluorescence in situ hybridization
(FISH) to account for cell losses during staining and cross-linking, because
accurate cell numbers are critical for reliable hybridization reactions.

Denature DNA and perform FISH

4. Thaw an aliquot of cryopreserved cells from the batch to be used as an internal
standard and perform a cell count (APPENDIX 3A; Phelan and Lawler, 1997).

5. Mix 1 x 10° cell surface—stained cells with 1 x 108 thawed internal control cells.
Place 0.5 x 10° cells of mixture into a 1.5-ml polypropylene tube. Add PBS to 1 ml,
mix well, and centrifuge cells 5 min at 300 x g, 2° to 8°C. Completely remove
supernatant.

Internal control cells are added to the reaction tubes in equal numbers
compared to the cells to be studied to compensate for variations in the
numerous factors that influence FISH of the telomere probe to DNA (see
Critical Parameters and Troubleshooting). Samples are prepared in duplicate
to reduce assay variability. Two tubes are needed for hybridization without
probe, and two for hybridization with telomere-specific probe.

Note that tubes have to be made of polypropylene to withstand the high
temperature required for DNA denaturation. Tubes larger than 1.5 ml can be
used, but as reaction conditions (i.e., evaporation of reaction mix) are
influenced by tube airspace, scatter parameters will be altered.

6. Add 300 ul hybridization buffer with or without fluorescently labeled, telomere-
specific probe. Mix well and incubate 10 min at 80°C in a shaking water bath
protected from light.

CAUTION: Note that formamide is a toxic substance. Observe proper
precautions and perform reactions in a fume hood.

Tubes containing hybridization mix without probe are needed for
determination of background fluorescence. The appropriate telomere probe
concentration has to be determined by titration. Concentrations of 4, 10, and

Curr Protoc Cytom. Author manuscript; available in PMC 2017 July 15.
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55 nM have been reported as optimal depending on the type of Flow-FISH
procedure used (see Critical Parameters and Troubleshooting).

Temperature needs to be maintained with great precision, because 80°C is
considered the minimum temperature for proper DNA denaturation.
Alternatively, tubes can be heated in a heating block; however, temperature
differences between individual tubes will be more pronounced than in a
shaking water bath (also see Critical Parameters and Troubleshooting).

7. Take the tubes out of the water bath and incubate overnight at 20° to 25°C,
protected from light.

Alternate protocols use shorter incubation times for probe hybridization (see
Critical Parameters and Troubleshooting, Flow-FISH).

8. The next day, add 1 ml PBS, 40°C, to the tubes which were hybridized overnight.
Mix well and incubate 10 min at 40°C. Wash by centrifugation 5 min at 500 x g, 20°
to 25°C. Repeat once.

Stain for DNA content

9. Add 0.5 ml appropriate nucleic acid stain compatible with other fluorochromes
used in PBS to all tubes. Mix well and incubate samples at least 2 to 3 hr at 20° to
25°C protected from light.

Which dye will be most suitable for any given experiment will depend on
the other fluorochromes used for phenotyping and for detection of telomere
fluorescence (see Strategic Planning, Critical Parameters and
Troubleshooting, and Anticipated Results).

Analyze samples on the flow cytometer

10. Run samples on a flow cytometer with light sources and filters appropriate for the
fluorochromes used. Standardize the flow cytometer for each experiment using
standard particles and procedures as described in UNIT 1.3 (Hoffman, 2005).

11. Obtain data using the following parameters:

a. Collect cell-surface fluorescence and telomere fluorescence with log
amplification, and DNA fluorescence with linear amplification using area
and width signals for doublet discrimination.

Log amplification of the telomere-specific signal is needed for
simultaneous measurement of sample and internal standard.

b. Use a low sample differential during sample acquisition to reduce the
coefficients of variation of DNA fluorescence measurements.

12. Analyze samples using plots and gating strategies as described (see Anticipated
Results).

Curr Protoc Cytom. Author manuscript; available in PMC 2017 July 15.
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DNA PLOIDY DETERMINATION

The protocol describes a method for assessment of relative DNA contents of cells of interest
and internal control cells using a nucleic-acid staining procedure that has been optimized for
high-resolution DNA analysis.

Materials

Unstained cells
Thawed internal control cells
PBS (APPENDIX 3A)

Pl staining solution

Prepare and analyze samples
1. On the day of the original experiment, place 0.5 x 10° unstained cells to be studied
and 0.5 x 106 freshly thawed internal control cells into two separate tubes.

2. Wash once with 1 ml PBS by centrifugation 5 min at 300 x g, 2° to 8°C. Add 0.5
ml propidium iodide staining buffer to the cell pellets. Mix and incubate 15 min at 2°
to 8°C protected from light.

Alternately, perform a staining protocol for flow cytometric DNA analysis as
described in Basic Protocol 1 of UNIT 7.5 (Darzynkiewicz and Juan, 1997).
Whenever analyzing malignant cell samples that may be aneuploid (e.g.,
samples from leukemic patients), it is advisable to include an internal DNA
ploidy standard consisting of a mixture of chicken and trout erythrocytes
(see Basic Protocol 2 in UNIT 7.5; Darzynkiewicz and Juan, 1997).

3. Acquire samples for DNA ploidy on a flow cytometer using the following
parameters:

Blue excitation

Detection of Pl emission at linear amplification at orange-red wavelength
Constant detector voltage and gain between sample runs

PI area and width signal processing for doublet discrimination

Low sample differential setting.

The last parameter is used to obtain low coefficients of variation on
DNA fluorescence measurements.

4. Analyze the resulting DNA histograms with appropriate DNA histogram
deconvolution software for an accurate determination of the relative positions of the
Gy peaks.

Curr Protoc Cytom. Author manuscript; available in PMC 2017 July 15.
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REAGENTS AND SOLUTIONS

Use deionized, distilled water in all recipes and protocol steps. For common stock solutions,
SeeAPPENDIX 2A.

Cross-linking solution

Store bis(sulfosuccinimidyl)suberate (BS3; Pierce) desiccated at —20°C in powder
aliquots suitable for the experiment sizes planned. Prepare BS® solution immediately
before use by taking out one vial of BS3 powder. Wait until the vial has warmed to
ambient room temperature before opening. Add 5 mM sodium citrate buffer, pH 5, to
a final concentration of 4 mM (w/v) BS3.

Hybridization buffer

70% (v/v) deionized formamide (APPENDIX 2A)
1% (w/v) BSA
10 mM Tris-Cl, pH 7.2 (APPENDIX 2A)

Store 6 months in a tightly sealed container protected from light at 2° to 8°C

Internal control cells

Use cells with long telomeres—e.g., 1301 cells (European Collection of Cell
Cultures, https://www.phe-culturecollections.org.UK; Sigma-Aldrich), calf
thymocytes or mouse spleen cells (see also Critical Parameters and Troubleshooting,
Assay Standardization). Generate a large batch of cells and cryopreserve by liquid-
nitrogen storage of aliquots suitable for the typical experiment size planned
(APPENDIX 3B; Phelan, 2006).

Pl staining solution

Staining solution

0.1 g sodium citrate

0.3 ml Triton X-100

10 mg propidium iodide (PI)

2 mg DNase-free ribonuclease A (APPENDIX 2A)
Adjust volume to 100 ml with H,O

Store 6 months in a tightly sealed container protected from light at 2° to 8°C

PBS without Ca2* and Mg2* (APPENDIX 2A)
0.1% (w/v) sodium azide
2% (wi/v) newborn calf serum (e.g., Omega Scientific)

Adjust pH to 7.2 with 0.1 M NaOH or 0.1 M HCI

Curr Protoc Cytom. Author manuscript; available in PMC 2017 July 15.
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Store up to 6 months at 20° to 25°C

COMMENTARY

Background Information

Significance of telomere length measurement—Telomeres represent important
regulatory elements for controlling how often somatic cells can divide. Although telomere
shortening is counteracted by the activity of the enzyme telomerase and an alternative
lengthening of telomeres (ALT) pathway (Cech, 2004), a slow but inexorable decrease in a
cell’s replicative potential accompanies cell division. Thus, the average telomere length of a
given cell population relates to its replication potential and is linked to cellular senescence
(Effros et al., 1996; Effros et al., 2003). Owing to the pivotal role of telomere dynamics in
tumor formation, aging, and immune exhaustion pertinent to infectious disease control,
interest in telomere biology has increased in recent years and has spurred the development of
novel technologies for assessing telomere length.

Measuring telomere length—The traditional method of measuring telomere length is
the determination of the mean terminal restriction fragment (TRF) size of genomic DNA by
Southern blot analysis. This technique is robust but labor intensive and time consuming. In
addition, the restriction enzymes used for TRF analysis cut the DNA in subtelomeric
regions; as a consequence, non-telomeric sequences are included in the DNA fragments and
make the measurement less accurate.

Fluorescently labeled peptide nucleic-acid (PNA) probes hybridize with complementary
oligonucleotide sequences at the low ionic strength unfavorable for re-annealing of the target
strands, and form very stable duplexes with DNA. Availability of these PNA probes
facilitated the development of novel fluorescence in situ hybridization (FISH) protocols for
quantitation of telomeric repeat sequences (Lansdorp et al., 1996). FISH measurements of
telomere length correlate well with TRF analysis; however, a linear regression line
comparing the two methods is not expected to pass through the origin, because subtelomeric
sequences do not interfere with telomere-specific FISH, as hexameric T,AG3 repeats are
rare except at the ends of chromosomes. Rather, the calculated line should cross the
Southern blot axis at a point corresponding to the approximate mean of the subtelomeric
DNA length of the samples tested (Hultdin et al., 1998; Law and Lau, 2001; Roos and
Hultdin, 2001; Schmid et al., 2002). The FISH method for estimation of telomere length was
first performed by digital imaging microscopy on metaphase spreads of chromosomes and
was termed Q-FISH, but sample preparation is complicated, lengthy, and requires a high
degree of technical expertise. It is the method of choice, however, to analyze telomeric
sequences on specific chromosomes.

In contrast, subsequent Flow-FISH protocols (Hultdin et al., 1998; Rufer et al., 1998) that
utilize rapid detection of fluorescence signals of individual cells in suspension, although
complex, are less technically demanding, use standard analytic flow cytometers, are able to
provide results within 24 hr, and can be combined with phenotypic analysis of cells.
Nevertheless, because the conditions required for DNA denaturation during FISH are
detrimental to standard staining of cell surface antigens, until recently, analysis of telomere

Curr Protoc Cytom. Author manuscript; available in PMC 2017 July 15.
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length in cell subpopulations had to be performed on cells that were separated prior to Flow-
FISH either by cell sorting (Rufer et al., 1999; Batliwalla et al., 2000) or by magnetic bead
separations (Rufer et al., 1998; Son et al., 2000). Isolating cell subpopulations by these
means is time consuming and can be costly and difficult, particularly if the frequency of the
cells of interest is low and when large numbers of samples have to be separated. Klapper et
al. (2004) and Kurosaka et al. (2006) have used immunomagnetic separation of cell subsets
and cell sorting followed by either Flow-FISH or Southern blotting to determine telomere
length in cell subsets, but these studies were limited by small sample sizes. In contrast,
methods that are able to stabilize antigen-antibody complexes on the cell surface either by
covalent cross-linking (Batliwalla et al., 2001; Schmid et al., 2002) or by fixation (Plunkett
et al., 2001) permit simultaneous measurement of telomere length and cell surface markers
without the need for cell separation.

Factors affecting telomere length—Inter-individual heterogeneity of telomere length
has been shown to be largely based on genetic factors (Slagboom et al., 1994; Andrew et al.,
2006); however, this variability may be also influenced by socio-environmental factors
(\Valdes et al., 2005; Cherkas et al., 2006), although this aspect remains controversial
(Lansdorp, 2006). The great variation in telomere length of cells with the same surface
phenotype between individual donors, especially in hematopoietic stem cells (Van Ziffle et
al., 2003), prevents direct donor-to-donor comparisons of telomere length data from a
particular cell population. Donor-to-donor variation in the telomere length highlights the
need to determine the telomere length in subpopulations from the same donor in order to
establish a reference point for telomere length comparisons (Van Ziffle et al., 2003). In
addition, clinical parameters such as age, disease duration, grade of lymphopenia, and
treatment may have an effect on telomere length in lymphocytes (Wu et al., 2007).
Monocyte populations have been shown to have a weaker diurnal rhythm than lymphocytes
and other PBMC subpopulations and may be more sensitive to intra-individual factors
affecting telomere length (Ackermann et al., 2012).

Both telomere length and rate of telomere shortening in lymphocytes are typically different
from myeloid cells (i.e., monocytes and granulocytes) and CD4*, CD8*, and B cells have
shorter telomeres then CD14* monocytes (Rufer et al., 1999; Beier et al., 2007). Kapoor et
al. found that the telomere length for the CD14* cell population was on average 17.7%
higher than that of the CD3* cells (Kapoor et al., 2009). B cells, especially germinal center
B cells, and certain memory B cells have longer telomeres than T cells and NK cells from
the same donor (Weng et al., 1997; Martens et al., 2002; Baerlocher et al., 2003; Ouyang et
al., 2007). NK cells, T cells, and granulocytes have similar telomere length dynamics and
cell subpopulations with a mature phenotype and with an effector phenotype or expressing
activating receptors have shorter telomeres compared to those with an immature phenotype
(Ouyang et al., 2007).

Data on telomere length analysis of subpopulations of immune and hematopoietic cells
supports the hypothesis that cells with the greatest proliferative potential have the longest
telomeres (Van Ziffle et al., 2003; Ouyang et al., 2007). Borisov et al. (2014) studied in vitro
telomere length changes after T lymphocyte activation in CD4* and CD8* cells. Before
activation, telomeres in CD4* T cells were 3.7% longer than in CD8* T cells, but after 1

Curr Protoc Cytom. Author manuscript; available in PMC 2017 July 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kelesidis and Schmid

Page 12

week in culture, the ratio of telomere length changed, and telomeres in CD4* cells became
2.2% shorter. This probably occurs due to the faster proliferative response of CD8™ cells. In
summary, due to the numerous factors that can influence telomere length in vivo and in
vitro, careful standardization of the Flow-FISH method is needed.

Alternate protocols and modifications of Flow-FISH—As with most techniques,
changes to the original, published protocols were described in a series of papers (Rufer et
al., 1998; Rufer et al., 1999; Baerlocher et al., 2002; Baerlocher and Lansdorp, 2003;
Baerlocher and Lansdorp, 2004). Flow-FISH has been adopted by a number of different
laboratories for various applications. For example, to measure the average telomere length in
whole kidney epithelial cells, it was proposed to use nuclei rather than whole cells in order
to detect the weak fluorescence signals of PNA bound to telomere target sequences above
the background resulting from cytoplasmic auto-fluorescence and nonspecific binding of the
probe (Wieser et al., 2006). Another modified Flow-FISH protocol has been developed for
the dynamic measurement of telomere length in cell division (Potter and Wener, 2005;
Borisov et al., 2014). For this method, three different procedures were performed one after
another: staining of cells with a vital dye—CFSE Cell Tracker—followed by cell surface
staining, and then FISH with a telomere-specific probe (Potter and Wener, 2005; Borisov et
al., 2014). A major modification from the protocol for simultaneous assessment of
phenotype and telomere length described in the current chapter involves performing FISH
before immunophenotyping and using specific antibodies that are able to bind to antigens
(epitopes) that have not been affected by the harsh experimental conditions (see Table 7.26.1
for comparison of the methods; Baerlocher et al., 2006). Variations also exist in the duration
of the hybridization reaction, in the concentration of the PNA probe, in DNA staining, in
method standardization (Beier et al., 2007), and in data analysis (see Table 7.26.1 for
details). Finally, in some protocols the telomere fluorescence is expressed on a linear scale
(Rufer et al., 1998) rather than a logarithmic scale (see Basic Protocol; also see Hultdin et
al., 1998). Because the ability to detect small biologically relevant differences relies largely
on method accuracy and reproducibility, the effect of any modification from established
procedures regarding telomere length measurement must be carefully validated.

Critical Parameters and Troubleshooting

The primary procedure (see Basic Protocol) is complex and requires basic understanding of
cellular staining principles and flow cytometry. In addition, previous experience in setting up
a flow cytometer for multicolor experiments will facilitate success. In planning a combined
phenotype and telomere-length assay;, it is necessary for the experimenter to consider the
fluorochrome choices and the capabilities of the flow cytometer to be used for data
acquisition and to optimize the cell-surface and DNA staining protocol prior to performing
the assay on samples to be studied. Critical parameters that may affect experimental
variability including sample preparation, factors related to immunophenotyping, flow-FISH
and DNA staining, and assay and instrument standardization, as well as data reporting and
assay validation.

Sample preparation—The Flow-FISH method for measuring telomere length is a
complex protocol with various aspects needing careful consideration for a successful
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experiment (Lauzon et al., 2000). The primary method (see Basic Protocol) has been
successfully used on PBMC isolated by Ficoll-Hypaque density centrifugation. Whole-blood
samples cannot be readily used, as it has been shown that the hemoglobin contained in
erythrocytes can interfere with measuring telomere length when using a FITC-labeled probe,
possibly by quenching probe fluorescence (Baerlocher et al., 2002); therefore, complete
removal of red cells is important, and sample hematocrit should not exceed 2%. Preparation
of a fresh NH,4CI solution with the appropriate pH and the addition of washing steps may aid
in achieving efficient red cell lysis (Baerlocher et al., 2006).

Fixation and cryopreservation protocols can affect subset analysis by flow cytometry (Pinto
et al., 2005). Although the lymphocyte subset percentages were shown to be comparable
between different procedures for cryopreservation and fixation, the fluorescence intensity of
staining can diminish for specific markers (Pinto et al., 2005). Cryopreservation may also
affect monocytes more than lymphocytes (Wang et al., 1998; Wiley et al., 2014), while
limited evidence suggests that thawing has minimal effects on monocytes (Hori et al., 2004).
To our knowledge, the effect of cryopreservation and freeze-thawing on telomere length
measurement has not been validated in Flow-FISH procedures against fresh samples.
However, frozen, banked PBMC samples have reliably been used to determine telomere
length with Flow-FISH (Plunkett et al., 2001; Van Ziffle et al., 2003; Potter and Wener,
2005; Rufer et al., 2005; Beier et al., 2007; Kapoor et al., 2009). Reduction of the time
interval of storing samples prior to freezing, checking the viability of cells to be frozen,
thawing cells quickly, and replacing freezing solutions with buffers that support cell viability
will help in obtaining cells suitable for Flow-FISH assays. The addition of DNase (1 pg/per
ml) can reduce loss of leukocytes after thawing by preventing the formation of cell
aggregates caused by dead cells present in the samples (Baerlocher et al., 2006).

Immunophenotyping

Stability of fluorochromesused for immunophenotyping of membrane antigens during
Flow-FISH: The harsh experimental conditions required for proper DNA denaturation for
binding of the telomere-specific probe provided a major obstacle for the generation of
reliable protocols for Flow-FISH assays with concomitant cell surface staining, as the
thermal stability of most fluorophore-antibody conjugates has been shown to be poor in the
80° to 87°C temperature range required for probe hybridization (Schmid et al., 2002;
Baerlocher et al., 2006). Traditional bright fluorochromes such as phycoerythrin (PE),
allophycocyanin (APC), or tandem fluorochromes containing PE or APC are protein based
and therefore destroyed by heat, and commonly used low-molecular-weight fluorochromes
such as Pacific Blue do not retain sufficient brightness to allow detection of antibody-labeled
cells (Kapoor et al., 2009). Thus, only heat-stable fluorochromes can be utilized in telomere
Flow-FISH assays. Possible fluorochrome choices include fluorescein isothiocyanate
(FITC), cyanine dyes (e.g., Cy3, Cy5), Alexa Fluor reagents (e.g., Alexa Fluor 488, Alexa
Fluor 546, Alexa Fluor 647), and Qdots (e.g., Qdots 605, 655, 705). Fluorochrome
brightness is important because after FISH, cell-surface fluorescence intensity still decreases
markedly despite BS3 cross-linking, while cellular autofluorescence increases. Furthermore,
maintenance of cell-surface fluorescence varies between different fluorochromes and
antigen-antibody complexes, but choosing an antigen with a high expression level can
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facilitate success, because after the hybridization procedure, discrimination of positive from
negative cells for less abundant antigens may not be possible (Borisov et al., 2014).

Cyanine dyes are heat stable, and Batliwalla et al. (2001) have used Cy5 as the fluorochrome
for detection of cell surface antigens. Availability of several heat-stable, bright Alexa Fluor—
type fluorochromes has opened up the possibility to combine two cell surface markers with
telomere Flow-FISH (Schmid et al., 2002). In the published protocol (Schmid et al., 2002),
which provides the basis for the Basic Protocol described in this unit, the authors used Alexa
Fluor 488 and Alexa Fluor 546 for cell surface staining and employed an indirect staining
method that, although time-consuming, permitted the detection of positive cells above
background with frequency similar to that for samples that were not subjected to Flow-
FISH. Nevertheless, it is possible that for staining of other antigens, Alexa Fluor monoclonal
antibodies that are directly conjugated are suitable. For instance, Kapoor et al. showed that
CD4 Alexa Fluor 647 fluorescence is preserved well after heating to 82°C, retaining more
than 80% of its pre-hybridization fluorescence (Kapoor et al., 2009).

Quantum dots (Qdot nanoparticles) are inorganic semiconductor complexes that are highly
fluorescent and are excited by the short-wavelength lasers (ultraviolet or violet) which have
become more prevalent on flow analyzers (Jamieson et al., 2007). Qdots were shown to
possess greater thermal stability than traditional low-molecular-weight fluorophores (Kapoor
et al., 2009). Qdot antibody conjugates directed against monocyte and T cell antigens were
found to retain most of their fluorescence following the high-temperature annealing step,
allowing ready immunophenotyping and telomere length measurement. Since Qdots have
very narrow emission bandwidths, several Qdot-antibody conjugates (Qdot 605, 655, and
705) can be analyzed simultaneously in a Flow-FISH assay, permitting complex cell subset-
specific analysis. For multicolor cell-surface staining, the emission spectra of fluorochromes
have to be separate, but can overlap as long as fluorescence compensation can be applied;
however, neither can overlap into the channel used for detection of telomere fluorescence, as
compensation of the overlap would alter the position of the telomere-specific fluorescent
peak. Setting proper fluorescence compensation is critical and has to be performed using
single-color controls, e.g., using cells labeled with antibodies conjugated to the same
fluorochromes than the ones used for antibody and probe labeling (Borisov et al., 2014).
Table 7.26.2 shows previously validated antibodies and fluorochromes and their potential
combination into two different multicolor (up to six colors) Flow-FISH panels. Note that the
successful modification and expansion of panels (as shown in Table 7.26.2) beyond the
reagent combinations that have been published, i.e., the ones developed by Schmid et al.
(2002) and Kapoor et al. (2009), will depend on the instrument configuration, laser options,
and filter sets, and will require careful establishment of instrument settings and fluorescence
compensation.

Covalent cross-linking of the fluorophore-antibody complex to the cell

surface: Standard fixation with formaldehyde or commercial reagent systems such as Fix &
Perm (Caltag Medsystems) or FACS Lysing solution (BD Biosciences) is insufficient to
maintain surface fluorescence in Flow-FISH protocols. Batliwalla et al. (2001) developed a
novel strategy for covalently cross-linking antigen-antibody complexes onto the cell surface
membrane with bis(sulfosuccinimidyl)suberate (BS3). BS3, the water-soluble, noncleavable
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cross-linker utilized in the Basic Protocol, is a homobifunctional N-hydroxysuccinimide
ester which predominantly reacts with the e-amino group of lysine. BS3 is more stable in
solutions with low pH, as hydrolysis increases under alkaline conditions. Nevertheless,
because of its inherent instability, the generation of BS? stock solutions is not recommended;
rather, aliquots of the powder need to be stored at —20°C in a desiccator for retention of
cross-linking activity, and BS3 solutions should be prepared just before use; otherwise, the
cross-linker will not work properly and surface labeling with antibodies will be unsuccessful
(Borisov et al., 2014). BS3 is excluded from intact cells and, most importantly, does not
hinder probe access to the DNA.

Considerations for immunophenotyping of membrane antigens during Flow-FISH: It is
critical for the reliability of the telomere length measurements that there be no fluorescence
overlap of other fluorochromes into the channel used for detection of telomere fluorescence.
Thus, the choice of label for the telomere-specific probe should be made before selecting the
other colors. Because the conditions during FISH increase cellular autofluorescence and at
the same time reduce the fluorescence intensity of the antibody labels used for cell surface
staining, maximization of the specific fluorescence signal is critical. As monoclonal
antibody clones directed against the same antigen can differ in their stability during Flow-
FISH, it may be necessary to compare reagents from various sources. In addition, variations
in reagent concentration, staining time and temperature, and the number of washes need to
be investigated to optimize the brightness of the specific signal above background. To
achieve sufficient signal amplification for reliable discrimination of cell subpopulations in
the Flow-FISH assay, it may be necessary to utilize two-layer staining protocols that use
either the streptavidin-biotin system or a species-specific second-step reagent. In addition,
indirect staining protocols can result in better stabilization of cell surface antigen-antibody
complexes, but they increase the staining time and potential cell losses from multiple
washing steps.

Flow-FISH

Denaturation of DNA: While Hultdin et al. (1998) exposed cells to a fixation and
permeabilization step before Flow-FISH, the protocol by Rufer et al. (1998) showed that
sufficient access of the telomere-specific probe can be achieved without a fixation step. The
small size of the probe and the reaction conditions used for Flow-FISH (i.e., formamide and
heat) appear to cause adequate cell membrane permeability for probe access to DNA. One
central experimental condition for Flow-FISH is the complete denaturation of double-
stranded DNA into single strands by heat and deionized formamide for proper telomere-
specific PNA probe hybridization. Early protocols exposed cell preparations to a temperature
of 80°C and a concentration of formamide of 70% for 10 min (Hultdin et al., 1998; Rufer et
al., 1998). These conditions have subsequently been used successfully by others (Son et al.,
2000; Law and Lau, 2001; Plunkett et al., 2001; Schmid et al., 2002). Recently, however, it
has been indicated that temperatures of 85° to 87°C may provide further optimization of the
DNA denaturation step (Baerlocher et al., 2002). Nevertheless, as higher temperatures create
extremely unfavorable conditions for cells, these considerations have to be balanced against
maintenance of cellular integrity and preservation of cell surface antigens in cases where
subset analysis of cell populations is desired. Furthermore, tubes placed into a shaking water
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bath will reach the desired temperature faster and with less time and temperature difference
between individual tubes than tubes placed into a heating block and therefore will require
less overall heat exposure.

Hybridization with telomer e-specific fluor escent probe: The proper concentration of the
PNA telomere-specific probe and hybridization conditions are important experimental
considerations. The use of a 96-well automated dispenser, such as the Hydra system, can
assist with the many pipetting steps in the procedure (Baerlocher et al., 2006). Active
vortexing or intense shaking of the hybridization solution should be avoided because it
contains 10% FBS, and can easily foam. On the other hand, after the hybridization
procedure, during washing the cells tend to aggregate, so vigorous vortexing is
recommended (Borisov et al., 2014).

Methods that were published by the two independent laboratories that have pioneered the
Flow-FISH technique use markedly divergent probe concentrations and hybridization times
for their individual protocols. Rufer et al. (1998) used 55 nM telomere-specific probe and 2
hr of hybridization, while Hultdin et al. (1998) found that overnight hybridization with a
probe concentration of 4 nM was optimal for their assay. Some of these differences may be
due to the cell fixation-permeabilization step and the addition of a cell line with long
telomeres as an internal standard to each reaction tube by Hultdin et al. (1998). In their
assay, and in the procedure described in the Basic Protocol, telomere probe is also taken up
by the standard. Thus, conditions that provide optimal separation of telomere fluorescence
between sample and standard may differ from those most suited for reactions without an
internal standard. In a published protocol for dual-color cell surface staining and telomere
length measurements Schmid et al., 2002) that also utilizes an internal standard, the authors
selected a concentration of 10 nM for a Cy5-labeled telomere-specific probe as optimal for
Flow-FISH. For a given probe concentration, cell numbers have to be kept extremely
constant between sample tubes, because specific binding is highly dependent on cell
concentration, and therefore reliable telomere length assessment of rare cell populations can
be problematic, because the ratio of the cell concentration to the PNA probe concentration
can have a dramatic effect on labeling (Kapoor et al., 2009).

Baerlocher et al. (2002) showed that the hybridization reaction can reach a plateau after ~2
hr, but Hultdin et al. (1998) and Schmid et al. (2002) have successfully used overnight
hybridization. Baerlocher et al. (2006) further reduced the hybridization time to 10 min at
82°C in a temperature-controlled water bath. Kapoor et al. (2009) found that varying the
hybridization time from 10 to14 min had no significant effect on probe hybridization. The
samples were then stored overnight at room temperature (22° to 24°C). Heating in
formamide significantly changes the size of the cells; thus, forward scatter and side scatter
signals of cells will decrease compared to cells analyzed before the hybridization procedure
(Baerlocher et al., 2002) requiring different instrument settings.

Hybridization must be followed by sufficient washing steps (at least two) to remove
unbound and nonspecifically bound PNA probe. While most published procedures include
formamide in their washing solutions, a commercially available kit for Flow-FISH (Dako,
Agilent Technologies) uses formamide-free washing steps at 40°C, and the authors have
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adopted this in the published procedure (Schmid et al., 2002; also see Basic Protocol). Thus,
cells can be washed twice with wash buffer provided with the Telomere PNA Kit/FITC
(Dako) according to the kit directions, while the third wash can be performed with PBS plus
1% BSA (Kapoor et al., 2009).

For each test sample, two samples are analyzed: one in which the cells were hybridized to
the peptide nucleic acid (PNA) probe and one that was treated identically but without the
PNA probe. The latter is required to measure the level of autofluorescence in cells of interest
and to enable telomere length to be calculated from specific PNA hybridization (Baerlocher
et al., 2006). The type of fluorochrome used for telomere-specific probe labeling can
influence the ability to detect specific probe fluorescence above the high green
autofluorescence generated by the Flow-FISH procedure (Mosiman et al., 1997). Using Cy5,
which emits red fluorescence away from the parts of the spectrum with the highest
contributions to autofluorescence, improves measurement of telomere fluorescence (Schmid
et al., 2002).

DNA staining—Cells tend to form aggregates during the Flow-FISH procedure. Clumped
cells interfere with accurate determination of telomere fluorescence and need to be gated out
on plots of DNA fluorescence width versus area during data analysis. Furthermore, only
cells in Ggj, which have not started to increase their DNA content can be used for an
accurate determination of telomere length, as Hultdin et al. (1998) have shown that
replication of telomere sequences can already begin in the early S-phase of the cell cycle.
The addition of a nucleic-acid dye before sample acquisition on the cytometer can address
both these problems. The selection of the appropriate nucleic-acid dye for staining will
depend on its compatibility with the other fluorochromes that are used for detection of
telomere-specific probe and cell surface antigens. Combinations of fluorochromes that have
been used successfully for simultaneous measurement of phenotype, telomere length, and
DNA content include Cy5, FITC, and propidium iodide (PI) for single-color cell surface
staining (Batliwalla et al., 2001; Plunkett et al., 2001); Alexa Fluor 488, Alexa Fluor 546,
Cy5, and Hoechst 33342 (HO342) for measuring two cell-surface markers (Schmid et al.,
2002); and Quantum dot (Qdot) 605, 655, and 705 and LDS 751 for simultaneous detection
of three surface markers (Kapoor et al., 2009). Dyes are added at much lower concentrations
than the ones commonly used for DNA staining to minimize their interference with telomere
fluorescence due to quenching or energy transfer (Baerlocher et al., 2002). Titrations to find
the lowest possible dye concentration that still produces adequate DNA histograms are
advisable. Concentrations that have been used previously are 0.06 to 0.2 pg/ml for Pl
(Hultdin et al., 1998; Rufer et al., 1998), 0.06 ug/ml for 7-aminoactinomycin D (7-AAD;
Rufer et al., 1998), 0.3 pg/ml for HO342 (Schmid et al., 2002), and 200 pg/ml for LDS751
(Baerlocher et al., 2006).

Longer than usual incubation times are necessary to reach adequate staining; nevertheless,
coefficients of variation of DNA distributions are not as low as with standard staining
methods and dye concentrations. Dyes are selected depending on the fluorochrome used for
the detection of telomere fluorescence and cannot have notable fluorescence emissions
overlapping into the telomere fluorescence channel to avoid interference with the correct
determination of the mean telomere fluorescence. Many protocols, including ours, have used
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propidium iodide (PI) for DNA staining (Schmid et al., 2002; Beier et al., 2007), whereas
others have used LDS751 (Baerlocher et al., 2006). However the LDS dye has limitations
when used in telomere length analysis since it cannot allow precise discrimination of 2 N/
versus >2 VDNA content (Van Ziffle et al., 2003). A DNA dye that provides more precise
DNA distributions such as DAPI (Harley et al., 1990) is required for improved cell cycle
determination. Ideally, samples should be acquired immediately after the completion of
DNA staining, although Kapoor et al. (2009) found that no significant variations in the
measurements were observed up to 24 hr.

Assay Standardization

Controlsto account for inter-individual telomerelength variability: In order to correct
for the variability in telomere length between individuals of the same age (see section on
Factors Affecting Telomere Length for details), studies that investigated the telomere length
in leukemic cells by Flow-FISH have used CD3 T cells from the same individual (which can
be expected to be unaffected by the disease process) as an internal standard (Brummendorf
et al., 2000; Drummond et al., 2004). Similarly, to better describe disease specific changes in
telomere biology in immune cell subsets in Lupus patients, Beier et al. (2007) utilized
CD14* monocytes as a subject-specific internal control. Vigorous statistical approaches such
as multiple linear regression and appropriate matching of experimental groups can be used
to reduce the influence of clinical parameters such as age, disease duration, grade of
lymphopenia, and treatment on the telomere length assessment (Beier et al., 2007).

Controlsto account for experimental variability in determination of telomere

length: Flow-FISH of telomere length depends on the reliability of the generation and
measurement of a fluorescent signal for which minor alterations or erratic or systematic
errors in the procedure can lead to relatively large changes in the readout. Thus, for
improvement of the accuracy of the assay, addition of a stable internal standard that controls
for the variations between individual reaction tubes is critical, as it limits statistical errors
from tube-to-tube and day-to-day analysis. Hultdin et al. (1998) have introduced the use of
the 1301 cell line, a subline of CCRF-CEM, as an internal standard. 1301 cells have
extremely long telomeres (>25 kb) and are near tetraploid, and therefore can be easily
distinguished from any human sample on the flow cytometer. In principle, any cells that
exhibit these features are suitable. For instance, mouse spleen cells that are known to have
long telomeres could also be a useful standard. Other reference controls suitable for
standardization of the Flow-FISH assay include calf thymocytes (CT, a long telomere
control), Jurkat T cells (a short telomere control), and standardized mononuclear cells
(MNC) from a middle-aged donor (Kapoor et al., 2009). CTs that have telomeres (~15 to 20
kb) that are about 2 to 3 times longer than human cells and can be easily distinguished from
human test cells can be prepared from freshly harvested calf thymus (U.S. Department of
Agriculture) using the method of Baerlocher et al. (2006). To further improve their
usefulness, the bovine thymocytes are mildly fixed in 0.2% formaldehyde and aliquoted and
frozen for later use as a convenient internal reference. Fixation results in decreased staining
with the LDS751 dye (and decreased PNA fluorescence) but increased stability of the cells
during the many steps in the Flow-FISH protocol. Alternatively, a single passage of Jurkat T
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cells can be expanded in large quantity, cryopreserved in DMSO, and used as reference
control for the duration of the study (Kapoor et al., 2009).

Instrument standardization—The reliability of the fluorescent signal from Flow-FISH
is also highly dependent on flow cytometer quality control and standardization (UNIT 1.3,
Hoffman, 2005). Sensitive detection and calibration of the channel used for the detection of
the hybridized PNA probe (typically fluorescein or Cy5) is particularly important to
distinguish low levels of specific fluorescence from background or auto-fluorescence.

When the telomere signal is processed linearly as described by Rufer et al. (1998) and for
DNA ploidy determinations, it is advisable to check the linearity of the fluorescent scale
with appropriate calibration beads, such as DNA check beads available from BD
Biosciences. When the telomere fluorescence is processed logarithmically (Hultdin et al.,
1998), the correct behavior of the log amplifier must be verified by using commercially
available beads and methods (UN/T 1.3, Hoffman, 2005), or published methods (Schmid et
al., 1988). The use of calibration beads enables instrument problems to be rapidly identified,
indicates instrument sensitivity, and provides a record of instrument settings and day-to-day
variations in instrument performance. Marked differences in the ability of different
instruments to distinguish beads with low levels of fluorescence [corresponding to less than
10,000 Molecules of Equivalent Soluble Fluorochrome (MESF) units; also see section below
on Data Reporting and Assay Validation] from unlabeled beads have been described
(Baerlocher and Lansdorp, 2003). If the instrument shows deviations from expected results,
cleaning the instrument (following the procedures recommended by the manufacturer) may
resolve the issues. If the problems persist, optical realignment, a new flow cell, or
replacement of a photomultiplier tube by service personnel may increase sensitivity of
detection (Baerlocher et al., 2006). FITC MESF beads, e.g., from Bangs Laboratories, Inc.,
can be used for both measurement of absolute telomere length and for calibration of the flow
cytometer to adjust the FITC channel voltage (Kapoor et al., 2009). The optimal PMT
voltage can be found by using methods previously described for determining voltage ranges
with both maximum sensitivity and a good linear response. The PMT setting is subsequently
left constant and used for all MESF microsphere and FITC PNA telomere measurements
(Kapoor et al., 2009) to improve the reproducibility of Flow-FISH.

Data reporting and assay validation—Telomere length can be quantified either as a
relative or absolute telomere length. Hultdin et al. (1998) expressed the telomere length of
the samples of interest as a fraction of the telomere length of the internal standard to allow
for a direct comparison between samples. To compensate for differing DNA content between
the samples and the 1301 cells (i.e., diploid versus tetraploid), they measured their DNA
indices and normalized the telomere values for their DNA content. This is critical, because
DNA content directly correlates to the number of chromosomes and telomere ends (Hultdin
etal., 1998; Law, 2001; Roos and Hultdin, 2001). DNA histograms obtained with the
nucleic-acid counterstain in Flow-FISH samples are suboptimal owing to the low
concentration of the stain; therefore, it is advisable to perform the determination of DNA
indices using a method optimized for the determination of DNA content (Hultdin et al.,
1998; Schmid et al., 2002) such as the one published by Fried et al. (1980); see Support
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Protocol in this unit and also protocols described in UNIT 7.8 (Danzynkiewicz and Juan,
1997).

For a ready comparison of data obtained in different laboratories, however, it is necessary to
generate a linear regression line between the Flow-FISH technique and the TRF fragment
size in kilo bases as measured by Southern blotting (Hultdin et al., 1998; Law and Lau,
2001; Schmid et al., 2002). This can be achieved by parallel analysis of samples of various
telomere lengths, e.g., human samples from individuals that differ in age or cell lines that
have long telomeres. After establishing the correlation between TRF values and Flow-FISH
data, the correlation equation can then be applied to subsequent samples that are processed
with the same Flow-FISH method and analyzed on the same flow cytometer.

Reporting of relative telomere length only allows the comparison of the results of
experiments carried out with the same standard; however, it is also possible to express
telomere lengths in absolute units i.e., base pairs. Rufer et al. (1998) reported their data in
terms of arbitrary fluorescence units or Molecules of Equivalents of Soluble fluorochrome
(MESF) units using as the Quantum MESF beads from Bangs Laboratories Inc. (Rufer et al.,
1999). The FITC-labeled beads contain five different populations, each labeled with a
known number of FITC molecules. The mean fluorescence intensity (MFI) value for each
bead peak corresponds to the approximate number of fluorescein molecules; thus, a standard
curve for MESF values, and by extension FITC molar concentration, can be generated. By
doing side-by-side Southern blotting and Flow-FISH using a PNA probe conjugated with a
known molar amount of FITC and using MESF standards, a mathematical formula can be
empirically derived relating relative fluorescence to telomere length in kilo base pairs (Kb)
(Rufer et al., 1998; Kapoor and Telford, 2004). The average FITC MFI for the unlabeled
PNA probe samples (run in duplicate) is subtracted from the average FITC MFI for the
FITC-labeled PNA probe sample (also run in duplicate), resulting in the equivalent MESF
value for the sample (Rufer et al., 1999; Baerlocher et al., 2002; Kapoor and Telford, 2004;
Baerlocher et al., 2006). This can be calculated using both the Quantum FITC MESF
software (Bangs Laboratory) and a linear regression equation relating the MESF values to
the FITC histogram scale.

Anticipated Results

Figures 7.26.1 and 7.26.2 show the application of the procedure described in the Basic
Protocol to the determination of telomere length in CD28 subsets of CD8™ cells in human
PBMCs. CD28 is a molecule expressed on the cell surface of most T cells. It is known to be
transiently downregulated after activation (Azuma et al., 1993), and an irreversible loss of
CD28 on CD8™ cells has been associated with aging (Valenzuela and Effros, 2000).
CD8*CD28~ cells have a diminished capacity for in vitro proliferation, raising the
possibility that some of these cells may have reached a state of replicative senescence
(Effros et al., 1996; Monteiro et al., 1996). Shortening of telomeres in the CD8*CD28~
subset has been previously reported using various methods (Effros et al., 1996; Monteiro et
al., 1996; Batliwalla et al., 2000). Thus, application of the method described here (see Basic
Protocol) is expected to demonstrate differences in telomere length between CD8*CD28*
and CD8*CD28~ human lymphocytes.
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In the example shown in Figure 7.26.1, an indirect staining strategy was used for dual-color
cell-surface labeling utilizing purified CD8 antibody followed by goat anti-mouse Fab 2
Alexa Fluor 546 and biotinylated CD28 followed by streptavidin Alexa Fluor 488. Cy5-
labeled telomere-specific probe for FISH requires red excitation but emits around 660 nm,
separate from both cell-surface fluorochromes, and was used at a concentration of 10 nM.
Ultraviolet-excitable HO342 was selected for counterstaining DNA, because its blue
emission does not interfere with Cy5 emission or with the emissions from the Alexa Fluor
fluorochromes. The 1301 cell line was used as internal control. 1301 cells have more
forward and side scatter; thus, they appear in the upper right corner of the scatter plot (Fig.
7.26.1A, gate R2), and are gated separately from lymphocytes in the lower left corner (Fig.
7.26.1A, gate R1). Next, singlet resting lymphocytes are discriminated from doublets and
proliferating cells on a plot of HO342 fluorescence width versus area (Fig. 7.26.1B, gate R3)
and are displayed on a plot of Alexa Fluor 488 versus Alexa Fluor 546 fluorescence for
identification of CD8PMN+CD28* and CD8PI9Nt*+CD28™ subsets (Fig. 7.26.1C). Cy5
telomere fluorescence above background for each CD8* subset is shown in plots D and E,
respectively. Telomere fluorescence of singlet 1301 control cells within gates R2 and R4 is
displayed in plot F. The geometric mean of the telomere fluorescence is lower in
CD8bPright+CD 28~ cells than in CD8PMNt+*CD28* cells, indicating that in the sample
analyzed the average telomere length in CD28™ cells is indeed shorter. DNA histograms to
be used for DNA ploidy analysis are shown in Figure 7.26.2 and were generated following
the procedure outlined above (see Support Protocol). The DNA index of the 1301 line is
calculated by dividing the mean of the Gg;; peak of the cell line by the mean of the sample
peak. The value obtained is used as the correction factor for the differences in DNA ploidy
of the control cell line 1301 compared to the sample (see Critical Parameters and
Troubleshooting). Calculation of sample telomere length as a percentage of the telomere
length of 1301 control cells (%TL) then follows the equation:

(tel. fluor. — bkg) x D301

%TL=
(tel. fluor.1301 — bkgyz1) x DI Equation 7.26.1

where tel. fluor. is the geometric mean of the telomere fluorescence of the sample, bkg is the
geometric mean of the sample background, Dlq3g1 is the DNA index of 1301 cells, tel.
fluor.1301 is the geometric mean of the telomere fluorescence of 1301 cells, bkgy3g; is the
geometric mean of the 1301 background, and DI is the DNA index of the sample.

When this equation is applied to the current example, CD8P19Mt*CD28~ cells have a mean
telomere length of 7.7% compared to 10.1% for the CD8P"9N*CD28* cells. Conversion of
these results into TRF values requires that each laboratory determine the linear regression
line by parallel measurement of samples by Flow-FISH and TRF analysis as discussed under
Critical Parameters and Troubleshooting. In the authors’ laboratory the correlation equation
is determined as follows (Schmid et al., 2002): TRF size (kb) =% TL x 0.77 + 2.02.
Application of this equation to the results from data shown in Figure 7.26.1 indicates that on
average, telomeres in CD8P"9"*CD28 cells are 2 kb shorter than those of CD8P"9"t+CD2g*
cells.
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When other internal controls such as CT are used, the CT telomere length can be initially
calculated for a large number of samples (greater than 6) and then this value can be taken as
a fixed internal value per experiment. The calculated sample telomere length can then be
normalized using the measured telomere length calculated for the CTs present in the sample
tube and multiplied by the expected telomere length for the CTs (Kapoor et al., 2009).

Time Considerations

Ficoll-Hypaque separation of PBMCs will take ~2 hr, and thawing of frozen samples 1 hr.
The time required for cell surface staining will depend on the number of antigens to be
labeled, whether a direct or an indirect staining protocol is used, and how many samples are
processed. Thus, expect staining to take from <1 hr up to 3 hr, and cross-linking ~1 hr.
Preparing and counting the samples and the internal control cells for Flow-FISH, including
DNA denaturation, takes ~45 min. Determination of the DNA indices requires 30 min. The
washing steps performed the next day take ~45 min, and DNA staining will be completed in
2 to 3 hr. Instrument standardization and setup will vary according to the protocols and flow
cytometer used. At a minimum, expect sample acquisition to take at least 5 min per sample,
as a low sample differential has to be used to optimize DNA content measurements.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 7.26.1.

Fresh human PBMCs were processed as described (see Basic Protocol) and detailed (see
Anticipated Results). (A) Forward- versus side-scatter dot plot, ungated; (B) HO342 width
versus area dot plot, gated on R1 or R2; (C) CD28 Alexa Fluor 488 versus Alexa Fluor 546
dot plot, gated on R1 and R3; (D) histogram overlay of Cy5 telomere-specific fluorescence
of cells falling within gate R1, gate R3, and gate R5 over background fluorescence; (E)
histogram overlay of Cy5 telomere-specific fluorescence of cells falling within gate R1, gate
R3, and gate R6 over background fluorescence; (F) histogram overlay of 1301 cells falling
within gate R2 and gate R4 over background fluorescence. RFI: relative mean fluorescence
intensity.
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Figure 7.26.2.

Data shown are derived from parallel processing of the same human PBMCs and 1301
control cells that were used for the determination of telomere length for determination of the
DNA indices as described in the Support Protocol. Relative positions of the singlet Gg/;
peaks indicated are derived from histogram deconvolution using Modfit L7 software, which
utilizes a scale with 256-channel resolution.
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Comparison of Two Major, Validated Variations of the Flow-FISH Method

Step

Immunophenotyping — FISH (Flow-FISH; Hultdin et
al., 1998) moadifications and (Schmid et al., 2002;
Kapoor et al., 2009)

FISH — immunophenotyping (FI SH-Flow;
Rufer et al., 1998) and modifications (Baerlocher
et al., 2006)

Calibration of instrument
Cells

Immunophenotyping

Flow-FISH

DNA staining

Data analysis

DNA calibration beads
PBMC and 1301 control cells

Few fluorochromes retain their fluorescence after the harsh
conditions required for DNA denaturation in Flow-FISH
(heat affects the fluorochrome)

Stable fluorescent probes: Alexa Fluor 488 (Schmid et al.,
2002), Alexa Fluor 546 (Schmid et al., 2002), Alexa Fluor
647 (Kapoor et al., 2009), Qdot 605 (Kapoor et al., 2009),
Qdot 655(Kapoor et al., 2009), Qdot 705 (Kapoor et al.,
20009) for cell surface staining

Antibodies: anti-CD4, anti-CD3, anti-CD8, anti-CD14,
anti-CD28 BS? cross-linking to stabilize fluorochrome-
antigen-antibody complexes

Covalent cross-linking DNA denaturation: 10 min at 80°C
in a shaking water bath Hybridization: overnight in the
dark.

Propidium iodide (PI), Hoechst 33342, LDS751

Relative telomere length determination (TLR method)

Calibration (MESF) beads
PBMC and bovine thymocytes

Very few antibodies recognize epitopes that survive
the harsh conditions required for DNA denaturation
in Flow-FISH (heat affects the epitope)

Antibodies: CD45RA-Cy5 (clone 8d2) and CD20-
(PE) (clone L26), Biotinylated anti-CD57 (clone
HNK-1)

No use of cross-linking fixatives (Baerlocher and
Lansdorp, 2003)

No fixation; permeabilization only with formamide
and heat DNA denaturation: 15 min at 87°C ina
shaking water bath Hybridization: 2 hr at room
temperature in the dark.

LDS751
Absolute telomere length determination (MESF/Kb)
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Potential Multicolor Panels for Flow-FISH Using Previously Validated Antibodies/Fluorochromes and BS®

Cross—Linkinga

Fluorochrome Target/antigen (reference) Company Excitation (nm) (laser) Emission
Panel 1
Hoechst 33342 (HO342)  DNA stain (Schmid et al., 2002) Life Technologies 361 (355) 497
Alexa Fluor 488 CD8 (Schmid et al., 2002) or CD28 BD Biosciences 494 (488) 518
(Schmid et al., 2002)
PE or Alexa Fluor 546 CD57 PE (Baerlocher et al., 2006)—used  BD Biosciences 496 (488, 561) 578
after FISH
Alternatively, CD8 labeled with GAM BD Biosciences/Life 556 (488, 561) 573
Alexa Fluor 546 (Schmid et al., 2002) Technologies (GAM
Fab 2 Alexa Fluor
546)
Qdot 605 CD14 (Kapoor et al., 2009) Thermo Scientific Broad UV and violet excitation 605
(350, 405)
Cy5 PNA probe (Schmid et al., 2002) Panagene 647 (633) 665
Qdot 705 CD4 (Kapoor et al., 2009) Thermo Scientific Broad UV and violet excitation 705
(350, 405)
Panel 2
Alexa Fluor 488/FITC PNA probe (Kapoor et al., 2009) Dako, Panagene 494 (488) 518
Alexa Fluor 546 CD8 (Schmid et al., 2002) BD Biosciences/Life 556 (561)0 573
Technologies (GAM
Fab 2 Alexa Fluor
546)
Qdot 605 CD14 (Kapoor et al., 2009) Thermo Scientific Broad UV and violet excitation 605
(350, 405)
Qdot 655 CD3 (Kapoor et al., 2009) Thermo Scientific Broad UV and violet excitation ~ 655
(350, 405)
Qdot 705 CD4 (Kapoor et al., 2009) Thermo Scientific Broad UV and violet excitation 705
(350, 405)
LDS-751 DNA stain (Baerlocher et al., 2006; Thermo Scientific 543 (488, 561, 532) 712

Kapoor et al., 2009)

a . . Lo . .
Note that successful implementation of these expanded panels that extend beyond the reagent combinations that have been published, i.e., by
Schmid et al. (2002) and Kapoor et al. (2009), will depend on the instrument configuration, laser options, and filter sets, and will require careful
establishment of instrument settings and fluorescence compensation.

Although Alexa Fluor 546 can also be excited by a 488 nm laser (see first panel), for the second panel, exciting it with a 561 nm laser is

preferable.

Curr Protoc Cytom. Author manuscript; available in PMC 2017 July 15.



	Abstract
	INTRODUCTION
	Methods Used to Determine Telomere Length
	Limitations and Challenges with FLOW-FISH

	ANALYSIS OF IMMUNOPHENOTYPE, TELOMERE LENGTH, AND DNA CONTENT
	Materials
	Stain cells for cell surface immunofluorescence
	Denature DNA and perform FISH
	Stain for DNA content
	Analyze samples on the flow cytometer

	DNA PLOIDY DETERMINATION
	Materials
	Prepare and analyze samples

	REAGENTS AND SOLUTIONS
	Cross-linking solution
	Hybridization buffer
	Internal control cells
	PI staining solution
	Staining solution

	COMMENTARY
	Background Information
	Significance of telomere length measurement
	Measuring telomere length
	Factors affecting telomere length
	Alternate protocols and modifications of Flow-FISH

	Critical Parameters and Troubleshooting
	Sample preparation
	Immunophenotyping
	Stability of fluorochromes used for immunophenotyping of membrane antigens during Flow-FISH
	Covalent cross-linking of the fluorophore-antibody complex to the cell surface
	Considerations for immunophenotyping of membrane antigens during Flow-FISH

	Flow-FISH
	Denaturation of DNA
	Hybridization with telomere-specific fluorescent probe

	DNA staining
	Assay Standardization
	Controls to account for inter-individual telomere length variability
	Controls to account for experimental variability in determination of telomere length

	Instrument standardization
	Data reporting and assay validation

	Anticipated Results
	Time Considerations

	References
	Figure 7.26.1
	Figure 7.26.2
	Table 7.26.1
	Table 7.26.2



