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ABSTRACT

Telomeres are the end-caps of chromosomes that
serve to protect the integrity of the genome. Be-
low certain critical lengths, the telomeres can no
longer fulfill their protective function, and chromo-
somal instability ensues. Telomeres shorten during
normal cell division due to the end replication prob-
lem and are implicated in the development of various
aging-associated diseases, including cancer. Telom-
ere length has the potential to serve as a useful
biomarker in the field of aging and cancer. However,
existing methods of telomere measurement are ei-
ther too laborious, unable to provide absolute mea-
surement of individual telomere lengths, or limited
to certain chromosomes or cell types. Here, we de-
scribe an easy single-molecule, fluorescence spec-
troscopic method for measuring the length of telom-
eres that permits the profiling of absolute telomere
lengths in any DNA sample. We have demonstrated
the accurate detection of telomeres as short as 100
bp using cloned telomere standards, and have pro-
filed telomere lengths in human cancer cell lines and
primary cells. Since this method allows direct com-
parison between samples, it could greatly improve
the clinical utility of telomere biomarkers.

INTRODUCTION

Telomeres are specialized DNA tandem repeats and pro-
tein structures that cap the chromosomal ends, and pro-
tect the chromosomes from degradation by serving as sac-
rificial bases during each cell replication. The rate of attri-
tion of these tandem repeats is ~50-200 bp with every cell
division (1). When telomeres become critically short, they
trigger DNA checkpoint responses mediated by telomere-

associated proteins that prevent further cell replication (Fig-
ure 1A(1)) (2-4).

Dysfunction of telomeres can take the form of prema-
ture shortening (as in many hereditary telomere syndromes
such as Dyskeratosis Congenita, Hoyeraal-Hreidarsson
syndrome and pulmonary fibrosis) (2,3) or lengthening. The
latter frequently occurs in cancer, and is preceded by failure
to arrest replication in the presence of critically short telom-
eres (5,6), and the rescue of ensuing cellular crisis by acti-
vation of either telomerase (85-90% of tumors) or proteins
associated with alternative lengthening of telomeres (ALT,
10-15% of tumors) (4,6,7). This in turn permits the cells to
multiply without constraint.

Telomere length (TL) is also of great interest in the con-
text of the ageing process. However, results from studies us-
ing TL to test a host of hypotheses related to the biology of
human ageing have often been inconsistent. In using aver-
age TL as the only parameter, these studies fail to take into
account the heterogeneity of TLs on chromosome arms,
first reported by Lansdorp et al. (8). In fact, it is increasingly
recognized that the deleterious effects of telomere dysfunc-
tion are mediated by the load of critically short telomeres
(9-14). For example, genetic studies in mice have shown that
the shortest telomeres, rather than the average TL, are criti-
cal for chromosome stability and cell viability, and are likely
a major cause of age-related pathologies (10). This load can
increase due to the gradual shortening of telomeres across
all chromosomal arms during normal cellular aging. How-
ever, even without significant differences in average TL, the
load of critically short telomeres between samples can differ
significantly due to variations in the shape of the TL dis-
tribution, either between individuals or cell types (Figure
1A(i1)), or because of bi- or multi-modal distribution that
may occur as a result of catastrophic telomere loss (15-17),
or species-specific telomere biology (Figure 1A(iii)) (18).
Therefore, determining the distribution of absolute TLs is
of great importance.
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Figure 1. Principle of telomere measurement by PHAST. (A) The biological effects of telomeres are mediated primarily by the proportion of telomeres
below a critical length. (i) This most commonly happens in ageing, where the telomeres in a cell population shorten with doubling. However, the proportion
of short telomeres can also reach critical levels when the average telomere length is normal. (ii) This can happen due to the naturally occurring diversity
in the shape of the distribution between individuals, or (iii) if the telomere distribution is highly heterogeneous. (B) To perform our assay, cells are lyzed
to release the DNA from the nucleus, and incubated with biotinylated PNA probes. Telomeric DNA is separated from genomic DNA using magnetic
beads, and released after washing, whereupon fluorescent probes are hybridized to the telomeric sequences. (C) The labelled DNA is then flowed through
a microchannel, and excited by a laser through an objective as it transits the observation volume (OV). These peaks can then be processed to yield the

telomere distribution.

Apart from monitoring natural TL changes, the prospect
of telomere-lengthening treatment for various medical con-
ditions and prolonging longevity has been raised in recent
years. This can be achieved by transfecting cells with telom-
erase reverse transcriptase (TERT), resulting in significant
telomere lengthening (19,20). In mouse studies, introducing
TERT in adult and old mice resulted in improvements in all
aging markers, increased longevity, without any increased
cancer incidence (20). A more recent study also raised the
possibility of reducing telomere attrition, or even elongating
telomeres in patients with various telomere diseases using
androgen therapy (21). While questions of safety (includ-
ing the risks of cell immortalization) and efficacy (how and
when to introduce the treatment) remain to be answered,
these applications argue for the need for a method for de-
termining TL profiles that has a higher throughput.

The strengths and weaknesses of existing TL measure-
ment methods, which have been well documented in lit-
erature, are briefly summarized below (13,22). Despite
their high sensitivity, quantitative polymerase chain reac-
tion (qPCR) methods using primers specific to the telom-
ere repeat sequence yield only average TL for a given sam-
ple (23,24). Flow-fluorescence in situ hybridization (Flow-
FISH) fluorescently labels telomeres in blood cells that are
then analyzed by flow cytometry, and gives the distribu-
tion of total TL in each cell (22,25,26). Neither method can
detect small fractions of critically short telomeres among
all chromosomal ends, arguably the most important telom-
ere biomarker. Although terminal restriction fragments
(TRF)/Southern blot analysis can in principle yield infor-

mation of the size distribution of telomeres, it is only semi-
quantitative, with relatively poor sensitivity, particularly for
shorter telomeres (27,28). Furthermore, the size estimates
are skewed by the presence of a sub-telomeric sequence of
variable size on each fragment, limiting their utility (Sup-
plementary Notes 6 and 8) (28).

A newer PCR-based approach known as single telom-
ere length analysis (STELA) using chromosome-specific
primers provides the TL of specific chromosomal arms
(22,29). However, STELA fails to adequately capture the
complete picture of the TL dynamics within cells since
primers exist for less than one-fifth of all chromosomal arms
(22). Lastly, quantitative FISH (q-FISH) is able to provide
an abundance of information, including chromosomal arm-
specific TL. However, the method requires cells that can be
induced into metaphase, and thus precludes its application
to archival samples such as frozen DNA samples. Further-
more, sample preparation is very time consuming and la-
bor intensive, thus severely limiting its practical applications
(22).

Against this technical backdrop we have developed a
method dubbed peptide nucleic acid (PNA) Hybridization
and Analysis of Single Telomere (PHAST) assay to deter-
mine the length of telomeres, hybridized with fluorescent
probes, via analysis of single telomere fluorescence mea-
sured by a light-sheet fluorescence spectroscopic method
(30,31). Starting with genomic DNA, the entire sample
preparation procedure takes less than 3 hours, including
a 2-h PNA hybridization interval. Telomere molecules are
detected one at a time as they transit an observation vol-
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ume (OV), generating single-molecule fluorescence bursts.
The properties of these bursts are then analyzed and used
to gate the telomere populations, in an approach akin to
flow cytometry, to remove spurious bursts and improve the
detection limit. By leveraging the unique capabilities of sin-
gle molecule detection, we have been able to determine the
telomere size distribution with DNA from small numbers
of cells.

MATERIALS AND METHODS
CICS instrumentation

The instrumentation for CICS is identical to that previously
reported (30,31). Briefly, an Ar-ion laser (488 nm, Melles
Griot, Carlsbad, CA, USA) is passed through an optical
fiber and additional shaping optics that expand the laser
spots into large illumination discs, which are then focused
into a light sheet using a cylindrical lens. The power out-
put as the beam exits the coupler is adjusted to 2.5 mW
prior to each experiment. The light is then focused into a mi-
crofluidic channel using a 100x oil immersion microscope
objective (UPlanFl, Olympus, Center Valley, PA, USA).
The objective collects the emitted photons from the sam-
ple in an epifluorescence configuration, and a dichroic mir-
ror (z488/633rpc, Chroma Technology, Bellows Falls, VT,
USA) is used to separate the excitation light and emission
fluorescence. A confocal aperture (600 x 150 pm, National
Aperture, Salem, NH, USA) is used to spatially filter out
out-of-plane light, yielding an effective detection volume of
7 x 2 pm on the microfluidic chip. Finally, dichroic mir-
rors and band-pass filters (Omega Optical, Brattleboro, VT,
USA) are used to spectrally separate the green and red fluo-
rescence and to select the desired wavelengths for detection
on the avalanche photodiode (APD SPCM-AQR 13, Perkin
Elmer, Vaudreuil, Quebec, Canada). Fluorescence data is
collected and processed using custom software using the
Labview interface.

Telomeric standards generation

Telomere length standards were synthesized through a re-
peated extension process. Initial telomere template (90 bp)
was synthesized by Integrated DNA Technologies, Inc.
(Coralville, IW, USA), with Kpnl and Xhol site at 5 end
and Sall at 3’ end containing 12 telomere repeats (GGTA
CCTCGAGGG-(TTAGGG);5-TCGAC). Two additional
forward (5-TGGTACCTCGAGGGTTAGG-3) and re-
verse (5-GTCGACCCTAACCCTAACC-3') primers that
can anneal to the telomere template at both ends were
synthesized and used in a PCR reaction to create a dou-
ble strand telomere template which was then ligated into
pCR4-TOPO TA vector (Life Technologies, Grand Island,
NY, USA), and sequence verified by Sanger DNA sequenc-
ing (Genwiz, Germantown, MD, USA). The telomere tem-
plate insert was then released from the TA vector by Xhol
and Sall digestion. After separation by electrophoresis on
a 1.5% agarose gel and band purified with a DNA gel pu-
rification kit from Qiagen, the double-strand template was
further cloned into the Xhol site of pUC19 (New Eng-
land Biolabs, Ipswich, MA (NEB)). To use as a subsequent
hosting vector, this obtained plasmid was cut with Xhol.
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To prepare telomere insert for extension, the cloned in-
sert in the plasmid was released with Kpnl and Sall, or
by amplification with PCR using the plasmid as template
and two primers annealing to pUCI19 beside the cloned
insert (pUCI19-F: 5¥-AGTGAATTCGAGCTCGGTAC-3¥
and pUC19-R: 5-CAAGCTTGCATGCCTGCAG-3') fol-
lowed by digestion with Sall. Finally, the prepared hosting
vector and telomere extension insert were mixed and fused
together with a Gibson Assembly cloning kit (NEB) to have
the telomere insert in the hosting vector extended. This pro-
cess was repeated several times in order to obtain longer
telomere inserts. To check the length, telomere inserts were
released with Xhol and Sall digestion and run on a 1.5%
agarose gel.

DNA digestion by restriction enzyme

To digest the DNA samples, we incubate 20 wl of the DNA
(typically between 1 and 5 pg total DNA) with 4.39 plof a
mixture of Rsal and HinfT restriction enzymes (Roche Ap-
plied Sciences, 1000 units) and Buffer A (Roche) (1:1:2 vol-
ume ratio) at 37°C for 2 h.

Single-tube purification and hybridization

To minimize the DNA fragmentation during telomere
preparation, we chose to apply phenol/chloroform extrac-
tion, which is considered as the gold standard to produce
high-purity and high-molecular weight DNA with mini-
mal shearing. Genomic DNA is extracted from cell lines
using phenol/chloroform extraction and added to a 150
pl proprietary PNA hybridization buffer containing 500
pM of telomere-specific biotinylated PNA probes (pcTel-
Bio, PNA Bio Inc.). After a 10 min incubation at 85°C,
the mixture is left at room temperature for 30 min. 20 wl
of streptavidin-coated magnetic Dynabeads C1 (Life Tech-
nologies) is then washed in 1 x binding washing (BW) buffer
as described by manufacturer, resuspended in 150 pl 2x BW
buffer and incubated with the DNA/PNA mixture for 30
min on a rotating sample holder. The pulled-down DNA
is then washed with 1x BW buffer to isolate the telomere-
containing DNA.

Fluorescent PNA hybridization

DNA samples in solution are mixed directly with 500 nM
Alexa 488 labeled PNA (PNA-AF488, PNA Bio Inc.) in
PNA hybridization buffer, incubated at 85°C for 10 min and
left at room temperature in the dark for 2 h to complete the
labeling. For DNA samples bound to magnetic beads, the
telomeric DNA is released from the pcTel-Bio/Dynabeads
upon heating, and placed on a magnetic holder prior to in-
cubation at room temperature to isolate the telomeres from
the beads. The large excess of PNA-AF488 ensures minimal
re-hybridization onto the beads. Finally, the samples are pu-
rified with S400-HR microspin columns (GE Healthcare) to
remove the excess PNA-AF488.

Telomere sizing on CICS

Microfluidic devices are fabricated as described previously
(30-32). The purified samples are flowed through a 5 pm
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x 0.5 wm microfluidic channel (w x h) using a pressure
controller (Alicat Scientific) and detected on CICS. Emitted
photons are counted at 0.1 ms intervals. To ensure represen-
tative data, the pressure is adjusted to ensure that the aver-
age transit time of the samples through the CICS detection
volume is at least 3 ms. Gating to exclude spurious peaks is
performed as described in Supplementary Note 5. A stan-
dard curve is constructed using linearized cloned telomere
standards (0.1, 0.2,0.4,0.9, 1.2 and 2.4 kb TL), relating the
height of the fluorescence peak to the length of the DNA.
We have found that the fluorescence peak height varied lin-
early with TL, and is invariant between experiments. There-
fore the same standard curve is used for size estimation. For
TLs exceeding the range of the standards, a linear extrap-
olation is used to estimate their sizes as discussed in the
Supplementary Note 3. In addition, 3 wg of HeLa genomic
DNA (NEB) was processed using our PHAST assay as de-
scribed above and the resultant telomere length was com-
pared with that measured by TRF (Supplementary Note 8).

Determination of pull-down efficiency

To determine the efficiency of the pull-down assay, a mix-
ture of telomeric standards (0.2, 0.4, 1.2 and 2.4 kb) at high
(1.60, 1.64, 1.84, 2.16 ng respectively) and low concentra-
tions (40, 41, 46, 54 pg respectively) was mixed with 1ug
of heat-fragmented genomic DNA (~100-1000 bp) prior to
sizing with PHAST assay (200 w1 final volume). As controls,
telomeric standards was mixed at the same proportions and
hybridized with PNA-AF488, without going through the
pull-down process. The pull-down efficiency of each species
is then determined by comparing the number of molecules
detected with and without pull-down.

Comparison of PHAST with q-FISH

WI38, U20S and R83 cells were purchased from ATCC
(Manassas, VA, USA) and cultured in the medium as rec-
ommended by the vendor. Human primary fibroblasts were
the gift of Drs Xuefeng Liu and Richard Schlegel in the
Molecular Oncology Program, Lombardi Comprehensive
Cancer Center, Georgetown University. The cells were cul-
tured in DMEM + 10% FBS, and harvested at metaphase,
followed by chromosome preparation according to the
method described previously (33). The same batch of cells
in separate flasks were harvested with 0.1% Trypsin/EDTA
(Invitrogen, Rockville, MD, USA), and genomic DNA from
cell pellet were purified with DNA purification kit (Qiagen,
Germantown, MD, USA). The quality and concentration
of the DNA was measured with Nanodrop.

Chromosome arm-specific telomere length was measured
by telomere quantitative fluorescence in situ hybridization
(q-FISH) as previously described (34). Briefly, chromosome
preparations were dropped onto clean microscopic slides
and hybridized with 15 wl of hybridization mixture consist-
ing of 0.3 pg/ml Cy3-labeled telomere-specific PNA probe
(PNA Bio Inc.), 1 pl of cocktails of FITC-labeled cen-
tromeric PNA probes specific for chromosomes 2, 4, 8, 9,
13, 15, 18, 20 and 21 and 20 pg/ml of Cy3-labeled cen-
tromeric PNA probes specific for chromosome X (Biomark-
ers, Rockville, MD), in 50% formamide, 10 mM Tris—HCI,
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pH 7.5, and 5% blocking reagent. Slides were denatured and
then hybridized at 30°C for 3 h. After hybridization, the
slides were sequentially washed 10 minutes each at 42°C:
once in 1x SSC, once in 0.5x SSC, and once in 0.1x
SSC. The slides were then mounted in anti-fade mounting
medium containing 300 ng/ml DAPI.

After q-FISH, cells were analyzed using an epifluores-
cence microscope equipped with a charge-coupled device
(CCD) camera. Metaphase cells were captured with expo-
sure times of 0.15, 0.25 and 0.05 s for Cy3, FITC and DAPI
signals, respectively. Digitized metaphase images were an-
alyzed using the Isis software (MetaSystems Inc. Boston,
MA, USA), which permits the measurement of 92 telom-
ere signals simultaneously after karyotyping. Telomere flu-
orescence intensity units (TFU) were recorded as an indirect
measurement of telomere length. For each sample, at least
12 metaphase cells were analyzed. Each pair of homologous
telomeres was recorded separately as homologous short (S)
and homologous long (L).

PHAST assay was performed on three cell lines, namely
WI-38, R83 and U20S. A total of around 5 pg genomic
DNA is processed as previously described. g-FISH results
were obtained from our collaborators at Georgetown Uni-
versity. Since q-FISH does not provide absolute telomere
length, the TFU are scaled to match the mode of the TFU
histogram to the telomere length histogram calculated using
PHAST.

Similarly, PHAST assay was performed on three clinical
samples (two from cancer patients, one from a control sub-
ject). Genomic DNA was isolated from three clinical blood
samples (BA01628, BA01650, CB3319) obtained from our
collaborators at Georgetown University. For each clinical
sample, a total of around 500 ng genomic DNA was pro-
cessed as described previously. Q-FISH results were also ob-
tained from our collaborators who offered the clinical sam-
ples for comparison.

Telomeric sequence generation via rolling circle amplification

Itis difficult to obtain telomere standards longer than 2.4 kb
because the cloning vector is unable to accept a much larger
cassette. As a result, we employed padlock probe chemistry
(35) and Rolling Circle Amplification (36) to produce
longer telomeric sequences. We design our padlock probe
to contain two non-telomeric regions at 5’ and 3’ ends, and
an internal part consisting of 9 repeats of CCCTAA se-
quences. In the presence of oligo sequence complementary
to the non-telomeric regions, padlock probe is ligated to
a closed circle for subsequent amplification and result in
single strand DNA over 20kb, a substantial proportion of
which are telomeric sequences. The sequence of our pad-
lock probe is 5'/Phos/-GGAACCCGATATAATCCGCCC
TTCCCTAACCCTAACCCTAACCCTAACCCTAA
CCCTAACCCTAACCCTAACCCTAAATATTG
TGTTGAAACACCGCCC. The sequence of RCA
primer is 5-GGGTTAGGGTTAGGGTTA and the
sequence of complementary non-telomeric oligo is
5-AAGGGCGGATTATATCGGGTTCCGGGCGG
TGTTTCAACACAATATGGCGG. All DNA oligonu-
cleotides were purchased from Integrated DNA Technolo-
gies, Inc. (Coralville, IA). Reagents for ligation and RCA
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reactions, including 9°N™ DNA Ligase, 10 x 9°N™ DNA
Ligase Reaction Buffer, Phage 929 DNA Polymerase,
Exonuclease 1 (E. coli), Exonuclease 111 (E. coli) and 10
x Isothermal Reaction Buffer were purchased from New
England BioLabs, Inc. (Ipswich, MA, USA).

Padlock probe hybridization and ligation was achieved
in a 25-pl reaction mixture contained 150 nM of padlock
probe, 400 nM of complementary non-telomeric oligo, 0.4
Units/pl 9°N™ DNA Ligase, and 1 x 9N DNA Ligase Re-
action Buffer (10 mM Tris-HCI, 600 uM ATP, 2.5 mM
MgCl,, 2.5 mM dithiothreitol, 0.1% Triton X-100, pH 7.5
at 25°C). Padlock probe hybridization and ligation was per-
formed at 60°C for 1 h. Then 25 pl of the ligation product
was treated with 10 units of Exonuclease I and 50 units of
Exonuclease 111 at 37°C for 1 h to remove extra padlock
probes that were not circularized. After digestion, 5 pl of
the enzyme-treated ligation product was mixed with 200 nM
RCA primer, 400 wuM dNTPs, 10 U/l Phage 929 DNA
polymerase, and 1x Isothermal Reaction Buffer (50 mM
Tris—-HCI (pH 7.5), 10 mM MgCl,, 200 wg/ml acetylated
BSA) to a final volume of 25 ul. Of note, due to its high
strand-displacing activity, Phage 029 DNA polymerase was
added last to the reaction mixture, which was then immedi-
ately incubated at 31°C for 1 h to perform RCA, followed
by 70°C for 10 min to inactivate the polymerase and stop
the reaction.

Application to huntington CAG tandem repeats

To apply our method for Huntington CAG tandem
repeat, a 12nt Alexa 488 labeled PNA (5-Alexa488-
CTGCTGCTGCTG, PNA Bio Inc.) was used to label the
CAG trinucleotide repeat oligonucleotide. The CAG re-
peat oligonucleotide contains 66 CAG trinucleotide repeats
((CAG)g¢, Integrated DNA Technologies, Inc.), which al-
lows the hybridization of a maximum of 16 PNA probes.
The protocol for fluorescent PNA hybridization is similar
to that in our PHAST method described above. 500 pM
CAG repeat oligonucleotides were mixed directly with 500
nM PNA in PNA hybridization buffer, incubated at 85°C
for 5 min and left at room temperature in the dark for 2 h to
complete the labeling. Then the purified sample was flowed
through the microfluidic channel and detected on CICS.

RESULTS
Overview of PHAST

The PHAST protocol begins with total genomic DNA ex-
tracted from cells using standard phenol/chloroform ex-
traction, taking care to avoid shearing the DNA molecules
(Figure 1B). Telomeric DNA is pulled down using biotiny-
lated PNA probes that hybridize to the telomere sequence,
and streptavidin-coated magnetic beads. After the non-
telomeric DNA has been discarded, the sample is heated
to release the telomeres from the beads in the presence of
excess Alexa488-labeled PNA (PNA-AF488). The magnetic
beads are then discarded and the labeled telomeres are ready
to be analyzed.

The sample is introduced into a microfluidic device on a
custom-built microfluidic single molecule detection (SMD)
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instrument as described previously (Figure 1C) (30-32).
Briefly, the microchannel spatially confines each passing
PNA-AF488 labeled telomere into the path of a laser beam,
in a manner analogous to the sheath/core flow configura-
tion in flow cytometry. Typical SMD instruments utilize a
diffraction-limited laser spot with a Gaussian profile to ex-
cite the fluorescently labeled targets (37). As a result, the
brightness of each single molecule fluorescence burst de-
pends on both the number of dyes on the molecule, as well
as the excitation intensity through which it traverses. The
inability to decouple these two contributing factors yields
highly variable fluorescence signal from even a uniform
sample, and limits SMD’s ability to characterize individ-
ual molecules. To address these limitations, PHAST uses a
cylindrical illumination confocal spectroscopy (CICS) con-
figuration, wherein the excitation illumination is modified
using beam-shaping optics to give an OV in the shape of
a uniform light sheet that extends across the entire mi-
crochannel cross-section (Figure 1C) (30-32). Not only
does this allow quantification of the number of PNA-
AF488 probes on the telomeres, but it also ensures that
every single telomere molecule passing through the mi-
crochannel is accounted for, thereby eliminating sampling
bias, and in principle permitting the use of very few cells for
quantification.

Single-molecule fluorescence burst analysis of telomeres

Events of single-molecule fluorescence bursts of telomeres
are identified from the raw fluorescence signals using a pre-
determined threshold (Figure 2A). The time interval be-
tween the points at which the signal crosses a lower base-
line level along the rising and falling edges is defined as the
Width of the burst. The maximum intensity and total fluo-
rescence (less the baseline) of each burst are the Height and
Size, respectively. This thresholding procedure ensures that
a fluorescent molecule, which barely exceeds the threshold,
will not register as multiple events, were its signal to fluc-
tuate around the threshold. While early studies involving
CICS used the Size exclusively for analysis, recent develop-
ment has extended its capabilities to other parameters such
as the shape of the fluorescence bursts, in the form of pack-
ing density of DNA in buffers of different ionic strength
(38), and the analysis of fluorescence distribution of entire
sample populations (32).

In PHAST, the parameters (i.e. Size, Width and Height)
are employed, together with a theoretical framework based
on a model of peak parameters (Supplementary Note 2) to
formulate a strategy for isolating true signal bursts from
spurious ones. Depending on the background noise level,
some spurious bursts will invariably be acquired due to sig-
nal fluctuation (Figure 2B). Such peaks can be efficiently
removed by selecting a sufficiently high threshold at the ex-
pense of assay sensitivity. However, since the abundance of
the shortest telomeres are of greatest interest, our chosen
threshold, which corresponds to TLs of as little as 65 bp,
is low enough to pick up a significant number of spurious
peaks, particularly in the presence of relatively large quan-
tities of residual non-telomeric DNA (Supplementary Note
4). These real and spurious peaks form two distinct clusters
in a Width/Size plot (Figure 2C). This is because the back-
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Figure 2. Analysis of PHAST data. (A) A fluorescent molecule is detected when a pre-determined threshold is exceeded. Each peak can be characterized
by its Height, Width and total photon count, or Size, as illustrated. (B) Due to noise in the detector, the fluctuation in the background can occasionally
exceed the threshold, whereupon a spurious peak, characterized by signal levels that hover around the baseline, and frequently large Width for any given
Size, is detected. These spurious peaks can be removed by using a sufficiently high threshold, at the expense of assay sensitivity. (C) Alternatively, upon
plotting on a log(Size)-log( Width) plot, the peaks form two distinct clusters which can be separated by gating (Supplementary Note 5). (D) The real signal
(red trace) can thus be distinguished from the spurious peaks (black trace), even when the shortest real peaks are shorter than the tallest spurious ones, as
evidenced by the overlap between the two distributions. This cannot be achieved using a simple thresholding approach. (E) Although the Size parameter
is, in principle, the most complete measure of the number of fluorophores on each telomere molecule, it is heavily dependent on the flow velocity. In fact,
each Width-Size coordinate uniquely describes a telomere of a particular length, passing through the detection volume at a given velocity. (F) On the other
hand, the Height parameter is very insensitive to flow velocity, with only a 10% decrease in the height when the velocity increases 8-fold (driving pressure

scales linearly with inverse velocity). As such, the peak height is selected as the measure of telomere length.

ground drifts that cause the spurious peaks typically hover
around the baseline, with a nominal burst Size that is pro-
portional to Width, i.e. the spurious cluster will have a slope
of ~1 on a log-log plot of the two parameters. On the other
hand, the physical constraints of the OV size, DNA length,
and flow velocity place limits on the possible Width values
of peaks associated with the detection of actual fluorescent
molecules, and as such the corresponding cluster will have a
gentler slope on the same plot. This is corroborated by the
theoretical estimates (slope ~0.2, Supplementary Note 2).
Based on these distinguishing features, a gate is constructed
that can isolate the spurious cluster (Figure 2C, D, Supple-
mentary Note 5).

One limitation of previous implementations of CICS is
that, since the total number of photons in a burst is propor-
tional to the residence time in the laser excitation volume,
comparison between different samples can only be made
if the flow velocity is accounted for. Furthermore, because
the pressure-velocity relationship depends on a number of
factors, including microchannel geometry variation, surface

properties, etc. the actual velocity in each experiment can-
not be determined easily. By analyzing the parameters of
telomere standards of different lengths (0.2, 0.9 and 2.4 kb)
run through the PHAST instrument at different pressures,
the effects of velocity on PHAST parameters are apparent
(Figure 2E, F). Positions of the clusters in the Width/Size
plot can be decoupled into two components, along the Flow
Velocity Axis and Telomere Length Axis. Since both Width
and Size scale linearly with flow velocity, the Flow Velocity
Axis has a slope of ~1. This allows the same gate defined
previously for removing spurious peaks to be used regard-
less of flow velocity. In fact, we found that the flow velocity
had minimal effect on the burst Height, with only a 10%
change when the flow velocity is increased 8-fold (Figure
2F). This translates to a smaller coefficient of variation (CV)
for Height (10%) compared with Size (25%) in the length
estimation of a 2.4 kb standard. Therefore Height is cho-
sen as the parameter for telomere length estimation. Given
the parallels between this CICS-based fluorescence spectro-
scopic approach and flow cytometry, we have named it flu-
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orescence flow moriometry (Gr. morio, molecule or small
particle, + metron, to measure), of which PHAST is one of
many applications.

Measurement of telomere standards

Based on the values derived from telomere standards of
known lengths (0.1 to 2.4 kb), burst Height is related to
telomere length through a simple linear relationship (Figure
3A, Supplementary Note 3). The TL estimates has a CV of
around 10-25%, with greater uncertainty for shorter telom-
eres (Figure 3A, B), as well as very good reproducibility for
three independent sets of standards tested at 6-month in-
tervals (CV < 11%, Figure 3A, Table 1). Although we ex-
pect the linear relationship to break down for much longer
telomeres, it remains a valid approximation for up to 10-15
kb telomeres (the average TL of neonates) (8,26), and un-
derestimates the actual TL by only 15-20% for 30 kb telom-
eres, which is far longer than telomeres normally found in
humans (Supplementary Note 3). To ensure that the gating
procedure does not skew the TL estimates, a 2.4 kb telomere
sample was tested with and without genomic DNA back-
ground. The resulting TL distribution was found to be un-
affected by the gating procedure (Figure 3C).

Determining proportion of short telomeres

Although it has long been known that critically short telom-
eres can have an outsized impact on cell phenotype, what
constitutes this critical threshold has, frustratingly, been
poorly defined. This is primarily due to the absence of tools
that can reliably size short telomeres. We have found only
one study that determined, using STELA and sequencing,
that XpYp/17p fusion occurs below a minimal threshold
of 13 hexanucleotide repeats, which is needed for telom-
eres to function normally (14). However, the method is not
widely used, possibly due to the laborious and specific na-
ture of the methodology. Nevertheless, the study confirms
that a physical limit on functional TL exists, below which
the protective functions of telomeres are lost, perhaps due
to insufficient binding of telomeric repeat binding factors
(e.g. TRFI, TRF2) (14). The only conventional measure-
ment method that can routinely provide estimates for ab-
solute TL is TRF. However, for the reasons stated in the
introduction and elaborated in Supplementary Note 6, it is
not ideal for determining the proportion of short telomeres.

To test the suitability of PHAST for this task, we pre-
pared mixtures of short (200 bp) and relatively long (900
bp) telomeres at varying ratios. The short sub-population
can be clearly distinguished in the histograms (Figure 3D).
In addition, plotting the nominal fraction of 200 bp stan-
dards in each sample with the measured fraction yielded a
linear fit with a gradient very close to one (Figure 3E). The
small offset in the observed fraction is attributed to incom-
plete labeling of a small proportion of the longer telomeres.
It was reported that as few as five critically short telomeres
out of 92 in a metaphase cell (i.e. ~5%) is sufficient to trig-
ger the onset of senescence, highlighting the dominant effect
of the shortest telomeres on cellular phenotype (3,39). The
ability of PHAST to differentiate between the proportion
of very short telomeres in the 0% and 5% samples demon-
strates its suitability for this purpose.
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Comparison between PHAST and ¢-FISH

In general, PNA binding to the target DNA is not only very
robust, but also highly sequence-specific, as evidenced by
large changes in melting temperatures resulting from sin-
gle nucleotide mismatches (40,41). However, total genomic
DNA contains a large excess of non-telomeric sequences.
In a typical patient sample, telomeric DNA (~8 kb per
chromosomal arm, or 0.75 Mb per cell) constitutes only
~0.01-0.02% of the total genomic DNA (~6 Gb). Conse-
quently, we found that even the limited non-Watson-Crick
interactions between PNA and DNA can yield an unaccept-
ably high fluorescence background which can obscure short
telomere peaks (<300 bp) (42).

PHAST utilizes a one-tube purification protocol to re-
move practically all non-telomeric DNA molecules, with-
out biasing the TL distribution (Supplementary Figures
S4, S5 and S10). Extracted DNA from cell lines (WI38,
U20S and R83) was purified using this method, and an-
alyzed by PHAST. Because of the 100% mass detection ef-
ficiency, there is minimal sampling bias and a reasonably
good estimate of the TL distribution is obtained with as few
as five cell equivalents (~500 peaks, Supplementary Figure
S8). However, since the estimate improves with the num-
ber of sampled peaks, at least 1900 peaks are collected in
each sample derived from cells, corresponding to 20 ge-
nomic equivalents (or 10 metaphases). The sizing results us-
ing PHAST is compared with those from q-FISH for up to
30 cells using quantile—quantile (Q—-Q) plots, which permits
comparison of distributions of different units, with differ-
ent number of elements (Figure 3F). For all three cell lines,
the correlation between the PHAST and q-FISH results was
largely linear, indicating that the measured telomere distri-
butions were of the same shape for both methods. The slight
deviation from linearity at the lower quantiles is attributed
in part to artifacts of the q-FISH estimates (Supplemen-
tary Note 8). Clinical samples (one control, two from cancer
patients), were also tested, and both PHAST and q-FISH
found little difference between the samples (Supplementary
Note 10). This is not unexpected, since the relationship be-
tween telomere length and cancer is complex.

Shortening of telomeres with population doubling

While commercial, immortalized cell lines including those
in the previous section often possess some form of telomere
lengthening or maintenance mechanism, other cell types, in-
cluding primary cells, experience significant telomere short-
ening with each cell division, eventually leading to the onset
of senescence. To verify our ability to detect such changes,
excised human foreskin fibroblasts were cultivated for 38
population doublings (PD), and the cells were collected at
various stages. PHAST was performed on the cells at PD =
8,20, 32 and 38, while q-FISH was performed at PD = 8, 14,
20, 26 and 32 (Figure 4). At PD = 38, the cell division hap-
pens so infrequently that no metaphase could be obtained
for g-FISH. Comparing the results for the two methods, we
noticed that both showed shortening trends in the telom-
ere length. Moreover, extrapolation of the PHAST results
suggests that the initial telomere length (PD = 0) was ap-
proximately 8-9 kb (Figure 4C(i)), which is a reasonable es-
timate corroborated by existing flow-FISH data (25). The
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Figure 3. Telomere length (TL) determination using peak height. (A) Peak height is converted to TL using a simple linear equation derived from telomere
standards of known lengths. The resulting three sets of TL estimates are nearly identical despite having been performed at 6-month intervals, with high
linearity (R > 0.99). This reproducibility demonstrates the ability of PHAST to provide absolute telomere lengths with minimal calibration. (B) The six
standards can be distinguished from each other by PHAST even when pre-mixed prior to detection, and have a smaller CV as the TL increases, as evidenced
by the narrowing of the distributions with longer TL. (C) We have demonstrated the robustness of PHAST, by detecting a 2.4 kb telomere standard with
and without a large excess of genomic DNA. Because the spurious peaks far outnumber the real peaks (by a factor of 10 to 1), the traces are normalized for
clarity. After gating, the sample with genomic DNA (red solid trace) was essentially the same as that without any genomic DNA (black dashed trace). (D) To
determine the ability to detect short telomeres using PHAST, 200-bp telomere standard is mixed at varying proportions with the 900-bp standard (0-50%).
(E) After gating and counting the two sub-populations, the measured proportion was plotted against the nominal proportion. The two numbers were very
consistent, with a slightly higher proportion measured than expected. This is attributed to incomplete labeling of some of the longer telomeres, which are
misidentified as short telomeres. (F) O—Q plots for the telomere estimates determined by PHAST and q-FISH are presented with three different cell lines
(WI-83, U20S and R83). This allows the distributions between two measurement methods to be compared directly even in the absence of common units
and when the number of data points differs. Although PHAST and q-FISH are different methods, they yielded similar distribution shapes, as evidenced
by the largely linear relationship between the corresponding quantiles. The red dashed line in each plot is the extrapolation of the interquartile range.

Table 1. CVs for telomere standards on CICS

TL Estimates

TL Estimates Set 1 TL Estimates Set 2 TL Estimates Set 3 CV of TL Estimate Simultaneous Detection
TL (kb) (kb) (kb) (kb) for Sets 1-3 (kb)
0.1 0.09 £+ 0.01 0.08 £+ 0.01 0.10 £+ 0.01 11.0% 0.08 £+ 0.02
0.2 0.19 £+ 0.04 0.19 £ 0.05 0.21 £ 0.03 6.8% 0.22 + 0.03
0.4 0.39 + 0.06 0.34 £+ 0.05 0.40 £ 0.07 9.0% 0.41 £ 0.05
0.9 097 £ 0.12 0.96 £+ 0.15 0.92 £+ 0.15 3.7% 091 £ 0.14
1.2 1.25 £ 0.14 1.17 £ 0.14 1.28 + 0.15 4.4% 1.29 £ 0.16

2.4 2.38 + 0.26 2.38 + 0.33 2.39 + 0.31 3.7% 2.38 + 0.26
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Figure 4. Detection of telomere shortening in primary cells with population doubling (PD). (A) Telomere shortening can be observed going from PD =
8, 20, 32, to 38 (i-iv). A sub-population of short telomeres was also observed at PD = 8. (B) The O-Q plots for PD = §, 20 and 32 between PHAST and
q-FISH. Since these samples were normalized with the same standards for q-FISH to obtain the TFU, one would expect all three to have the same slopes.
However, the slope for PD = 8 (2.2 x 103) is around twice that of the other samples (1.0 x 1073 and 1.2 x 1073 for PD = 20 and PD = 32, respectively).
This suggests that the TL determined by q-FISH is around half as long as expected from the PHAST results. (C) This difference is further confirmed by
plotting the TL measurements against PD. (i) The median PHAST TL estimates (black dashed lines) were fitted to an exponential function. By setting the
PD to 0 and oo, we obtain TL estimates for the original patient cells and the cells at senescence, which are around 8-9 kb and 2 kb, respectively. (ii) The
q-FISH results showed some degree of shortening at late passages (20-32), but stayed relatively constant at early passages (PD 8 and 14). The dashed lines
show the trend an exponential decay might be expected to follow. The shorter than expected TL at low PDs is most likely the result of an artifact of the

method.

estimated median telomere length at PD — oo (i.e. at senes-
cence) is around 2 kb, which is close to that theorized by
the leading experts in this field (1,43). While these extrap-
olated estimates are not meant to be quantitative, the fact
that they lie within the expected range further suggests that
our telomere measurements are at least reasonably accurate.

One somewhat surprising observation was that at PD =
8 and 14, the telomere length determined using q-FISH was
significantly shorter than expected, resulting in a kink in the
trend. One possible explanation for this is heterogeneity of
the cells in culture, where a small subpopulation of cells (po-
tentially of a different type) divides rapidly early on and ap-
proaches replicative senescence, before a second, relatively
slow-dividing subpopulation takes over. Because q-FISH
analysis can only be applied to actively proliferating cells
(since cells must be arrested in metaphase prior to probe hy-

bridization) (22,44), it may be detecting only the early sub-
population, for which the actual number of cell divisions
may be far larger than the nominal PD values. On the other
hand, because PHAST measures the telomere lengths of all
the cells within a sample, it suffers from no such bias. This
hypothesis is supported by the PHAST results, which show
a secondary peak corresponding to short telomeres (Figure
4A(1), black arrow). As a result, the telomere length as de-
termined by q-FISH may underestimate the telomere length
for the whole population.

DISCUSSION

We have developed a powerful method to determine the dis-
tribution of telomere lengths within a population of cells.
Apart from routine DNA extraction, the entire sample han-
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dling process for PHAST can be completed within 2-3 h. It
addresses needs that are not met by two FISH-based meth-
ods that have emerged as leading candidates for telomere
measurement, namely Flow-FISH and q-FISH.

Although Flow-FISH provides a useful clinical index for
studying telomere-related disease states, the fact that it has
to take into account the age of the subject suggests that the
average TL information obtained is, at best, a proxy for the
underlying biological trigger, most likely the accumulation
of critically short telomeres. Therefore, it will fail to iden-
tify cases wherein the telomere distribution deviates from
what is typical, either due to a broader distribution (Figure
1A(i1)), or catastrophic loss of telomeres (Figure 1A(iii)).
The ability to test the TL in just non-adherent cells, rather
than in relevant parenchymal cells (26), also limits its utility
in understanding the role of telomeres in the development
of many cancers.

On the other hand, q-FISH can determine not just
TL distribution, but also chromosome-specific TL (22,45).
However, chromosome-specific telomere sizing may be ex-
traneous since the biological effects of telomeres appear
to be exerted primarily by the shortest telomeres, regard-
less of the chromosomal arms on which they are located
(10). Furthermore, the requirement for live cells that can
be induced into metaphase precludes using the method on
archival samples or senescent cells. Even when applicable, q-
FISH is still an extremely laborious technique, taking hours
to days to process a single sample, which often needs to be
cultured and synchronized (13,22). Lastly, q-FISH provides
the telomere lengths in TFU, rather than actual telomere
length, making comparison across experiments particularly
difficult.

In contrast, the PHAST assay is capable of providing
TL distribution for dividing or senescent cells; adherent
or non-adherent cells; and frozen cell pellets or extracted
DNA from sample banks. To our knowledge, PHAST is
also unique in its ability to provide absolute telomere size
distribution without needing concurrent measurement of
standards, making it far more convenient. Because PHAST
does not depend on any specific properties of the telom-
eric structures, instead taking a simple hybridization ap-
proach, it can be extended to other tandem repeats, many
of which are implicated in severe neurological syndromes in-
cluding Huntington’s disease (46,47) (Supplementary Note
11). Length variations in these sequences have also been im-
plicated in the rapid morphological changes in the domes-
ticated dog (48). While existing tandem repeat assays can
be performed fairly routinely, they still suffer from techni-
cal and biological challenges including large allele dropout
and null alleles that may be caused by primer site muta-
tion (49,50). As a result, tandem repeats remain an under-
explored field, with the vast majority of studies focusing on
short microsatellites (51,52). In such instances, a PHAST-
based approach can be advantageous in enabling detection
without regard for the flanking sequences, and also elim-
inating biases arising from the amplification process. Fur-
thermore, PHAST performs better for longer repeats (e.g
> 200 bp), and thus complements the existing approaches
for analyzing tandem repeats.

In summary, we have demonstrated a new method that
is able to determine the length of telomeres in extracted
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DNA rather than whole cells. By utilizing a powerful sin-
gle molecule detection approach, this allows us to deter-
mine the length of individual telomere molecules, the load
of critically short telomeres, and the distribution of telom-
ere lengths in a sample, rather than merely average telom-
ere lengths. This confers to it many of the advantages of q-
FISH, but still able to work with extracted DNA and sam-
ples from frozen tissue banks.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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