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Abstract
Objectives: Terminal restriction fragment (TRF)
analysis of human telomeres was used to calibrate
flow-fluorescence in situ hybridization (FF) mea-
sures of telomere lengths to expand the range of
measures and increase power of resolution of our
previously published protocol. TRF data used as
the gold standard should be obtained by electro-
phoresis with suitable resolution applied to appro-
priately isolated genomic DNA. When we
considered TRF attained by correct methods, we
found our method to be insufficiently accurate, thus
we have reviewed our previously published FF
protocol to obtain the best coefficient of determina-
tion (r2) between our experimental results and valid
TRF lengths.
Materials and methods: Using human telomere-
specific PNA probe, Cy5-OO-(CCCTAA)3, we
measured telomere lengths of continuous cell line
and of peripheral blood lymphocytes by FF. We
modified hybridization, stringency, negative control
handling, stoichiometric DNA staining and telo-
mere fluorescence assessment of the protocol.
Results: We realized a procedure with increased
power of resolution, improved TRF versus FF r2

values that allowed simultaneous analysis of DNA
and telomere duplication. Notwithstanding multiple
steps in formamide sampling, recovery was satis-
factory.
Discussion: The reviewed FF protocol appeared at
least as suitable as the TRF method. Measures
obtained by TRF can be affected by chromosome
end variability, DNA fragmentation, incomplete

digestion and unsuitable electrophoresis. In con-
trast, the FF technique analyses telomeric
sequences confined to preserved nuclei thus over-
come most previous limitations. As yet, however,
the FF telomere measure cannot be performed
together with immunophenotyping and/or genera-
tion study by the dye dilution method.

Introduction

Terminal restriction fragment (TRF) length analysis by
Southern blotting is commonly used to calibrate flow-
fluorescence (FF) results. The 1301 cell line, for exam-
ple, is frequently used as reference standard due to its
long telomeres that some authors have evaluated to be
in the order of 25 kb, by the TRF method (1,2). Curi-
ously, this molecular weight coincides with resolution
power of standard agarose gel (0.5–0.7%) electrophore-
sis (3a) and/or with average length of genomic DNA
molecules sheared during the isolation procedure (3b).
This is so true that, authors who avoid break-off of
DNA during extraction by lysing cells in low melting
agarose plugs or by following the spooling method of
DNA isolation, have reported longest TRF sizes (4,5).
As a consequence, these authors resolved TRFs by field
inversion gel electrophoresis that allows separation of
DNA molecules up to 5 Mb in length (3c). In particular,
TRF length of 1301 cell line widely used as internal
standard in FF measures (e.g. Telomere PNA Kit/FITC
for Flow Cytometry; DakoCytomation, Glostrup, Den-
mark) rises from around 25 to 80 kb when telomeric
DNA is correctly analysed.

Attributing length of 80 kb to 1301 cell telomeres
and correlating it with our previously published relative
telomere lengths of Ramos and Daudi cell lines and of
lymphocytes (6), we have obtained a determination coef-
ficient (r2) of 0.65 � 0.15, plotting FF versus TRF mea-
sures. Thus, we reviewed our FF protocol to ameliorate
the correlation between TRF and FF data of samples of
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cells with telomere sizes from few kb up to 80 kb. In
particular, we unified treatment of stained and control
cells, modified hybridization solutions, stringency steps
and genomic DNA staining. As a consequence, we
achieved r2 between FF and TRF measures of
0.96 � 0.03, with telomere lengths ranging from �6 kb
to �80 kb. Moreover, we improved simultaneous study
of genomic and telomeric DNA duplication in proliferat-
ing cells. Finally, although the reviewed protocol
includes more steps in ionizing solvents, cell physical
parameters (FSC and SSC) were preserved and sample
recovery was acceptable (from 30 to 50%).

Materials and methods

Cells

Hypodiploid human Burkitt’s lymphoma B-cell line
Ramos (ECACC cat. no. 85030802), near diploid (with
20% polyploidy) human Burkitt’s lymphoma B-cell line
Daudi (ECACC cat. no. 85011437) and near tetraploid
human T-cell leukaemia line 1301 (ECACC cat. no.
01051619) were purchased from Sigma Aldrich (Milan,
Italy). Cells were maintained from 1 9 105 to 1 9 106

cells/ml and cultured in RPMI 1640 (Life Technologies,
Milan, Italy) supplemented with antibiotics and 10% foetal
calf serum (FCS; HyClone, Logan, UT, USA) at 37 °C in
humidified atmosphere with 5% CO2. T and B lympho-
cytes from human peripheral blood mononuclear cells were
purified (purity >95%) using Dynal Negative Isolation Kits
(Dynal Biotech Asa, Oslo, Norway) and separated by iso-
picnic centrifugation on Lymphoprep (Axis-Shield, Oslo,
Norway), from EDTA-treated blood samples.

Cell permeabilization-denaturation, hybridization and
stringency washes

For each test, 6 9 105 cells were washed in 1.5-ml tubes
with phosphate-buffered saline 0.15 M pH 7.2 (PBS)
containing 10% FCS (v/v) and maintained in the same
solution at 4 °C for at least 10 min. Samples were then
centrifuged at 200 g for 4 min. at 4 °C and re-suspended
in 600 ll of denaturing solution containing 50% formam-
ide (v/v) (Invitrogen, Carlsbad, CA, USA), 10% FCS
(v/v) and PBS 9 mM pH 7.2. After 10 min. at RT, 300 ll
samples were transferred into further 1.5-ml tubes, incu-
bated for 15 min at 87 °C, 10 min at RT then reunited in
0.5-ml tubes with the 300 ll of sample left at RT. Tubes
containing both high-temperature and RT-treated cells
were then centrifuged at 600 g for 4 min. at 20 °C (from
this step on, all centrifugations were performed using
these parameters). After one wash in 0.5 ml PBS con-
taining 30% FCS, cells were re-suspended in 0.5 ml

hybridization solution, PBS, 30% FCS and formamide
1:1, containing 20 nM PNA probe Cy5-OO-(CCCTAA)3
(Panagene, Daejeon, Korea) and incubated overnight at
RT, in the dark with gentle rotation. The probe (shipped
freeze-dried) was dissolved in PBS containing 30% FCS,
30% formamide and 0.05% NaN3 20 lM concentration,
and stored at 4 °C for at least 12 months without any
evident loss of efficiency. Samples were then centrifuged
and washed in 0.5 ml of PBS, 30% FCS. Stringency was
performed re-suspending cells in 0.5 ml of hybridization
solution (without probe) for 10 min. at RT, with gentle
rotation, then samples were washed in 0.5 ml PBS, 30%
FCS. Finally, cells were re-suspended in 0.3 ml of PBS,
10% FCS containing 5 lg/ml ethidium bromide (Eth-Br;
Sigma Aldrich) for at least 30 min. with gentle rotation
at RT in the dark before acquisition.

Flow cytometry

Cells were analysed using FACS Calibur cytometry
apparatus (Becton Dickinson, Milan, Italy) equipped with
15 mW, 488 nm, air-cooled argon ion laser for excita-
tion of Eth-Br (FL2), with 10 mW, 635 nm, red diode
laser for excitation of Cy5 (FL4). Cytometer stability and
sensitivity were checked before each acquisition session,
by measuring intensity and variation coefficient of scat-
ters and fluorescence signals of Nile Red microbeads
(Becton Dickinson). FL4 detection was optimized by
time delay calibration using APC microbeads (Becton
Dickinson); singlets and doublets of the same microbeads
were used to check linearity of FL4 detection. FSC-H,
SSC-H, FL2-H and FL4-H height signals, and FL2-A
area signals were collected after linear amplification. For
analysis of samples containing all three cell lines, FL4-H
was collected after logarithmic amplification. Discrimina-
tion of doublets was achieved gating single events in
FL2-A versus FL2-H plot. Suitable instrumentation set-
ting did not require any compensation between FL2 and
FL4 fluorescences. To improve resolution of DNA con-
tent and telomere length, it was necessary to set low flow
rate (10–14 ll/min, 150–300 cells/s) and to acquire Eth-
Br and Cy5 fluorescences as much as possible on the
right hand side of the linear scale.

Samples were acquired and analysed using CELL-
Quest 3.3 software (Becton Dickinson); for deconvolu-
tion of FL2-A and FL4-H frequency distributions,
FlowJo 6.4.7 software was used (Stanford University,
Tree Star Inc., Stanford, CA, USA).

Results

Figure 1 reveals results of a typical FF telomere mea-
sure experiment, performed on 1301, Ramos and Daudi
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cell lines following the reviewed procedure. Quality of
physical and fluorescence parameters allows accurate
data analysis by logical gating single events contained
in R1 and R2 regions (upper panels): contour graph of
total DNA versus telomeric DNA represents cells gated
(92% total events) on scattergram (R1) and doublet

discrimination dot plot (R2) to exclude debris and dou-
blets. The acquired sample includes (in the same tube)
both stained cells and their negative controls: by analy-
sis of FL2-A emission of stoichiometric stained total
DNA, it is possible to gate G1-G0 events of the three
different cell lines, indicated as R5, R6, R7, and of their

Figure 1. Scattergram (FSC-height versus SSC-height; formatted without smoothing and with threshold 0.5%) of a sample containing all
three cell lines treated following the reviewed procedure, upper left panel. Dot plot (FL2-A: Eth-Br versus FL2-H: Eth-Br) of R1-gated cells
used to select single events (R2 gate). Contour graph (FL2-A: Eth-Br versus FL4-H: TelC Cy5; formatted without smoothing and with threshold
0.5%) of logical gated (R1 and R2) cells illustrates double fluorescence (total versus telomeric DNA) of 1301, Ramos and Daudi hybridized cells
and their negative controls (N.C.). Biparametric regions (R7, R6 and R5 for hybridized cells; R4 and R3 control cells) drawn around G1–G0 events
to calculate geometric mean of Cy5 fluorescence.
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negative controls, (R3) for Daudi and Ramos and (R4)
for 1301. As the FACSCalibur has 1024 channels of
resolution power (10 bits, 4 decades), to simultaneously
measure PNA fluorescence emission of negative controls
and of tetraploid cell line 1301, the FL4-H was collected
with logarithmic amplification. Telomeric measures were
normalized as follows: for each cell line, FL4-H geomet-
ric mean of G1-G0-gated negative control (NC) events,
was subtracted from FL4-H geometric mean of G1-G0-
gated hybridized cells (R3 NC for R5 and R6; R4 NC
for R7). Specific fluorescence value, so calculated, was
divided by number of chromosome ends of each cell
line (92 for Daudi, 90 for Ramos and 184 for 1301) (7)
obtaining the mean fluorescence for extremity (MFE).
Plotting MFE values versus corresponding TRF mea-
sures, it is possible to draw a linear regression curve
and to compute r2 determination coefficient (Fig. 2a).
Assigning to each cell line TRF sizes reported in the lit-
erature (4,5), MFE percentage values (e.g. Ramos MFE/
1301 MFE9 100) can be converted into kbp relative
telomere size. In Table 1, mean FF sizes (kbp) obtained
in ten replicated experiments are reported. The Daudi
cell line shows significant difference between TRF and
FF telomere measures (2.2 kbp versus
6.158 � 0.549 kbp). This Burkitt’s lymphoma derived
cell line has many EBV genome copies (200–400/cell)
mainly present as episomal forms (8,9) and each epi-
some contains some telomere sequences (10). During
genomic DNA isolation and digestion TRF procedure,

these episomes are lost, whereas hybridization in pre-
served nuclei of FF method stains these extrachromo-
somal telomeric repeats also.

Capability of the reviewed protocol permits evalua-
tion of difference in PNA emissions between the three
cell lines using a simple fluorescence microscope
(Fig. 2b): in 1301 cells, fluorescence is bright and spot-
ted, in Ramos cells it is spotted, but less intense and in
Daudi cells it appears diffuse and faint.

To definitely confirm our postulate that telomeric
DNA denatured in hot formamide cannot properly re-
nature if constrained within the nuclear microvolume (6),
we performed experiments in which cells, after denatur-
ation, were left in PBS containing 30% FCS at 4 °C for
up to 6 days before hybridization. The measures of
telomere lengths of Daudi, Ramos and 1301 cells did not
show any significant variations, notwithstanding the stay
in solution without formamide (data not shown).

Table 1. TRF sizes (kbp) and mean FF sizes (kbp) of Daudi, Ramos
and 1301 cells. TRF measures were obtained from the literature (4,5)
and the FF measures were calculated as described in the text

TRF size (kbp) Mean FF size � SD (kbp)

Daudi 2.2 6.158 � 0.549
Ramos 34 33.618 � 1.133
1301 80 81.064 � 3.13

TRF, terminal restriction fragment; FF, flow-fluorescence.

(a)

(b)

Figure 2. (a) Linear regression curve MFE
versus TRF values. MFE data calculated on
sample analysed in Fig. 1; TRF sizes
obtained from Mochida et al. (4) for Ramos
and Daudi cells and from Jeyapalan et al. (5)
for 1301 cells. In the graph, equation and
coefficient of determination (R2) of the curve
are reported. (b) Images represent PNA probe
emission of the three cell lines treated without
Eth-Br counterstaining to demonstrate differ-
ent fluorescence patterns. Photomicrographs
obtained using Olympus BX51 microscope
equipped with a SPOT RT colour camera,
objective 609 and Cy5 filter (Olympus
U-MWIY2).
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Our improved protocol can be used to study differ-
ent duplication kinetics of genomic and telomeric DNA.
For this purpose, we preliminarily verified that the PNA
probe did not interfere with simultaneous stoichiometric
staining of total DNA, by comparing cell cycle analysis
of double (PNA and Eth-Br) or single (Eth-Br) stained
samples. In Fig. 3, FL2-A versus FL4-H contour graphs
of the three cell lines are represented (events were

logical gated to exclude debris and doublets as described
for Fig. 1) to illustrate different biparametric distribu-
tions of the fluorescences. Deconvolution of histograms
of total DNA (FL2-A EtBr) and gates G1-G0, S and
G2-M were realized by the Dean-Jett-Fox model of
FlowJo cell cycle platform. Overlaid histograms of FL4-
H TelC Cy5 fluorescence, gated on the three cell cycle
phases, show simultaneous duplication of genomic and

Figure 3. Three contour graphs gated and formatted as described in Fig. 1 illustrate different biparametric distributions of Eth-Br and
Cy5 fluorescences of Daudi, Ramos and 1301 cell lines throughout cell cycle. In the corresponding histograms of total DNA (FL2-A Eth-Br),
monoparametric regions and their cell content (percentage) drawn by Dean-Jett-Fox modelling to select G1-G0, S and G2-M events. Overlaid histo-
grams of FL4-H TelC Cy5 fluorescence gated on G1-G0 events (continuous line), S events (grey coloured) and G2-M events (dashed line) illus-
trated on the right.
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telomeric DNA in Daudi cells, while S phase-gated
Ramos cells (grey histogram) have prevalence of events
with duplicated telomeres. Early duplication of telomeric
sequences is even more evident in 1301 S phase-gated
cells (grey histogram) that almost all appear with dupli-
cated telomeres.

Achieved resolution power of the procedure is well
illustrated by analysis of telomere lengths of normal
human peripheral blood T and B lymphocytes. In Fig. 4,
dot plots (FL2-A versus FL4-H) of samples containing
lymphocytes and internal standard (Ramos cells)
obtained by reviewed (A) and previous (B) protocols are
shown. Comparison between A and B panels shows that
in samples treated with the optimized procedure, differ-
ence in PNA emission between lymphocytes and G1-G0
Ramos cells is higher and that telomeres of B lympho-
cytes not only turn out to be longer than those of T
cells, but also have a more complex fluorescence pat-
tern. Some B events have PNA fluorescence intensity
approximately twice the lymphocytes B mean fluores-
cence (see box upper right dot plot). Normalizing data
as described above and assigning 34 kbp to G1-G0
Ramos cell telomeres, we measured 7.93 � 0.42 kbp
telomeres of T lymphocytes and 10.54 � 0.48 kbp telo-
meres of B lymphocytes. The described quantitative and
qualitative difference between T and B telomeres is

more impressive than that reported in previous literature
and in our previously published data (6,11).

Discussion

The observation that treatment in hot formamide can fix
cells, denature DNA and allow entrance and hybridiza-
tion of a PNA probe was originally reported by the
Terry Fox research group (12). In our laboratory, we
subsequently demonstrated that, at least with respect to
telomeric sequences, DNA confined in the nuclear mic-
rovolume is not able to re-nature even after removal of
the formamide and return to the room temperature.
Thus, the fluorescent PNA probe can be added after
thermal stress preserving its quantum efficiency and
simultaneously reducing non-specific binding of several
cell compartments. As a result, probe hybridization
increases in efficiency, specificity, and proportionality,
improving FF measures of telomere length (6). Some
years after publication of the original observations, the
above-cited group reviewed the protocol and modified
some of its technical features (13). Similarly here, we
have re-examined technical steps to further improve
resolving power of our protocol.

First, we confirmed our previous observation that
telomeric sequences denatured in preserved nuclei,

(a)

(b)

Figure 4. Dot plots (FL2-A Eth-Br versus
FL4-H TelC Cy5) of lymphocytes and
internal standard (Ramos) obtained by
reviewed (a) or previous (b) protocols. Plots
represent events logical gated to exclude deb-
ris and doublets. Samples treated following
the optimized procedure include negative con-
trols (N.C.) and B lymphocytes with high
PNA fluorescence intensity are indicated in
the box.
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cannot re-nature, and we demonstrated that these
sequences remain accessible to the PNA probe for up to
6 days after formamide removal. Hence, the permeabili-
zation/denaturation step in hot formamide can be consid-
ered to be a partial fixation step; the sample can be
stored for some days, but microscopic examination of
treated cells shows some cytoplasmic lost.

Notwithstanding ability of PNA to hybridize to the
heat formamide denatured DNA, after complete removal
of formamide, resolution power of our FF protocol was
considerably increased by addition of ionizing solvent in
hybridization solution and during stringency washes.

Obtained telomere measures had good correlation
with reliable TRF data achieving, in samples with a
wide range of telomere lengths, a coefficient of determi-
nation >0.98. During optimization of our protocol, we
constantly obtained a remarkable difference between
TRF and FF measures of Daudi telomeres (2.2 kbp and
�6 kbp respectively). This discrepancy can be explained
by the reported telomeric sequences of EBV episomal
DNA (10) abundantly present in this human Burkitt’s
lymphoma-derived cell line (8,9). Such short repeats
cannot be detected by TRF electrophoretic analysis of
isolated and digested DNA; on the contrary, by FF pro-
cedure, episomal DNA remains within cells and contrib-
utes to fluorescence intensity of the sample.

In the updated protocol, we completely changed
treatment of negative control cells hybridized and
acquired together with the heat-denatured counterpart of
the sample. This allowed higher reliability of autofluo-
rescence and aspecific binding measure. Furthermore,
comparison of samples analysed in the same or in differ-
ent acquisition sessions was more accurate, thanks to the
instrument being set to acquire negative control always
in the same fluorescence channels.

For normalization of PNA fluorescence intensity, we
replaced DNA index with number of chromosome ends:
same samples (e.g. the Ramos cell line) may have varia-
tions in total DNA content that do not involve telomeric
ends. Increased specificity of PNA binding and amelio-
rated stoichiometric staining of genomic DNA allowed
kinetic analysis of total and telomeric DNA duplication
directly in the three phases of cell cycle. Regions corre-
sponding to G1-G0, S and G2-M phases could be drawn
automatically by the same software used for deconvolu-
tion of Eth-Br histograms.

When applied to T and B lymphocytes, the proce-
dure indicated that B cell telomeres were longer than T
cell telomeres with mean difference in the order of
2.5 kbp – significantly greater than as we have previ-
ously reported (6,14). Furthermore, distribution of fluo-
rescence of B lymphocytes purified from healthy
donors, regularly revealed cells with very long

telomeres, not previously reported in the literature.
These results induce further investigation on resting and/
or stimulated lymphocytes from primary or secondary
immunodeficiencies, genome instability syndromes (15),
Down syndrome (16) and inherited genetic disorder dys-
keratosis congenitalis (17,18).

Finally, we also tried to conjugate FF with immuno-
staining (19) and a dye dilution method (20), but only
obtaining inconsistent results, probably due to the
above-described loss in cytoplasmic material.

Thanks to the modifications described, FF analysis
of cell lines with different DNA content and telomere
lengths appeared to be least as suitable as the TRF
method. Measures obtained by the latter procedure can
be affected by chromosome end variability, detrimental
genomic DNA fragmentation, incomplete digestion and
unsuitable electrophoretic system. In contrast, the FF
technique analyses telomeric sequences confined into
preserved nuclei thus overcomes most of these limita-
tions and can potentially reach better resolution power.
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