Measurement of Telomere Length at the Single Cell
Level
David Keefe (  david.keefe@nyumc.org )
Keefe Lab (NYU)
Fang Wang (  fang.wang@nyumc.org )
Keefe Lab (NYU)
Leroy G. Robinson (  leroy.robinson@nyumc.org )
Keefe Lab (NYU)
Sherman M. Weissman (  sherman.weissman@yale.edu )
Keefe Lab (NYU)
Lin Liu (  liutelom@yahoo.com )
Keefe Lab (NYU)
Keri H. Kalmbach (  keri.kalmbach@gmail.com )
Keefe Lab (NYU)
Xinghua Victor Pan
Keefe Lab (NYU)

Method Article
Keywords: Measurement of Telomere Length at the Single Cell Level
Posted Date: January 5th, 2017
DOI: https://doi.org/10.1038/protex.2016.075
License:   This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License

Page 1/19

Abstract
Currently several assays are utilized to assess average telomere length of bulk cells that do not account
for the heterogeneity of telomere length among individual cells. We have developed a simple and robust
method of Single Cell Amplification of Telomere Repeats by PCR \(SCATR-PCR) that can compare relative
telomere length in individual cells based on a real-time PCR technique. Briefly we release single cell DNA
with a specialized lysis buffer, and then employ a multiplex pre-amplification \(pre-PCR) step that
simultaneously amplifies both telomere repeats \(T) and Alu as a reference gene \(R) with a fixed ratio
between targets. After purification of pre-PCR product, SYBR Green-based real-time PCR is performed with
the same primer sets. For the data analysis, we employ relative quantification \(2-ΔΔCt) to compare
telomere length of single cell by T/R ratio in different samples. The whole process can be completed in 2
days.

Introduction
Individual cells within the same population may differ markedly. Several new approaches to single cell
analysis have been developed in recent years to investigate significance of cell heterogeneity. For
example, single-cell RNA sequencing \(RNA-Seq) and single cell methylation assays explore cell-to-cell
genomic and epigenetic variations1-6. Variations among cells may help answer questions posed in aging,
development, carcinogenesis and other health conditions. Telomeres are located at the ends of
chromosomes, and play important roles in maintaining genomic stability7. Telomere shortening triggers
cell senescence, apoptosis and tumorigenesis. The only absolute measure of telomere length is the
Telomere Restriction Fragments assay \(TRF) based on Southern blot hybridization8, 9. The appearance
of long smears on the TRF membranes represents heterogeneity in telomere length from thousands of
cells, which can be confirmed at the single cell level by Quantification of Fluorescence in Situ
Hybridization \(Q-FISH)10, 11. We established a novel method to measure relative telomere length in single
cells by PCR technology12. By using this approach, not only can we measure telomere lengths in
individual cells from any cell type, but also we can compare telomere heterogeneity within individual cells
from different populations. **Comparison with other methods** _Existing methods to measure telomere
length at single cell resolution are Q-FISH and Flow-FISH._ Q-FISH requires the cell to be arrested in
metaphase, so it cannot be used in non-dividing cells, such as post-mitotic or senescent cells. Flow-FISH
requires populations of cells rather than one cell. Whole-genome amplification \(WGA)13 can be used to
provide sufficient DNA to use established PCR methods to measure telomeres. However, random priming
variably amplifies target genes14. Amplification of telomeric DNA \(TTAGGG)n is especially variable. Our
approach offers the same high efficiency for both telomere and Alu amplification by specific target
primers. We therefore avoid recovery bias of different targets and obtain precise measurement of relative
telomere length in individual cells. In contrast to other methods our technique can be performed in many
different cell types, including cultured and in vivo cells. This new method also allows for high throughput
processing of samples \(more than 100 cells) using the 384-well qPCR thermal cycler because of simple
workflow \(Fig.1), lower cost and accuracy. **Limitations** A diploid human cell contains approximately
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7pg genomic DNA15, which is below the level of detection by traditional real-time PCR. Our strategy
utilizes pre-PCR of the target sequences \(telomere and Alu) in genomic DNA, so any genomic
contamination occurring before the amplification can be problematic. Also, this method amplifies two
specific targets and no further measurements can be performed to characterize the same sample, such
as SNP, DNA sequencing and methylation assay. **Experimental design** _Considerations for sample
preparation_. Our technique amplifies telomere and reference gene simultaneously in order to calibrate
relative telomere length by comparison to the reference gene. We can assay one or more cells in a single
tube. We designed the following detailed procedure \(see steps 1-6) to obtain a single cell as often as
possible without contamination. We use a commercial micro-pipette and tips for ease of use and greater
control for isolation of single cells with precise volume. Hand-pulled pipettes give only approximate
volume, which may influence the lysis efficiency and amplification reaction. _Selection of reference gene
\(Alu) as an internal control._ Theoretically, we can directly compare the amplification plots of each
sample’s telomere target to demonstrate relative telomere length between samples because each reaction
starts with a single cell’s genome. Intervening steps and use of multiple plates introduce additional
sources of error, so it is necessary to have an internal control for calibration. We chose the most abundant
repetitive DNA sequence, Alu, as a reference16, instead of a single copy gene, to minimize the effect of
allele drop-out. Even so some variation in Alu copy number may exist among cells,17, 18 so caution must
be taking when comparing results of the assay among different cell types. _Cycle numbers for preamplification._ Robust and faithful pre-PCR from a single cell is critical for our assay. To keep the native
ratio of telomere and Alu sequences in pre-PCR, cycle number must be optimal. Excessive amplification
will distort the ratio and inadequate ratio will provide insufficient material for subsequent steps. In our
previous work12 we demonstrated that the Ct value \(also named Cq in Bio-Rad software) increases
proportionally with decreasing pre-PCR cycle numbers from 18 to 14 in single human fibroblasts. The
cycle number can be varied for different samples and cycling conditions, but should be the same for all
the samples to be compared. In the current protocol, 17 cycles of pre-PCR proved optimal for the human
cells used. _Considerations of pre-PCR efficiency._ Many factors influence the efficiency of pre-PCR,
including contents of the lysis buffer and type of DNA polymerase used. Here, the lysis buffer contains
EDTA and Nonidet P-40 to gently release the DNA without interfering with the subsequent pre-PCR.
Compared to alkaline lysis or enzymatic digestion of DNA, this lysis buffer is easy to make, store and use.
Figure 2 shows that our system possesses high pre-PCR efficiency. We compare the relationship between
Ct value to doubled cell numbers which have been treated by 1 µl of 2 X lysis buffer. In general, the hot
start Taq DNA polymerase is better than regular Taq DNA polymerase when performing pre-PCR. _Primer
dimers._ Despite the fact that telomere primers were designed to avoid formation of primer dimers, we
observe persistent signal in the negative control, but only at cycle 31 during the real-time PCR step. We
assume the repetitive telomere primers hybridize with one another. Primer dimer analysis \(Thermo
Scientific Multiple Primer Analyzer online) of the multiplexed four primers \(Telomere and Alu, forward
and reverse each) in the pre-PCR reveals the 17 primer dimers combinations \(Fig.3a). The longest
possible dimers \(100 ~ 500 bp) can be formed by overlapping between two telomere primers \(Fig.3b).
**Controls in SCATR-PCR** No-template control \(NTC) in PCR is essential to discriminate between
contamination and primer dimers from sample PCR products. SCATR-PCR requires two NTC setups, one
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for pre-PCR and another for real-time PCR- during the pre-PCR step, 1 µl of PBS without any cell or DNA
for the first no-template control \(1stNTC). A second control reaction \(2ndNTC) with water at the realtime PCR step monitors for the presence of contaminating amplicons. It is crucial to run the 1stNTC from
the very beginning of the protocol. These NTCs must be run on every plate. The most common source of
contamination comes from water and air. Reagents used in the assay, e.g. DNA polymerase, primers and
SYBR green also can become contaminated. Use of filtered and pre-sterilized, DNase, RNase-free,
disposable tips and disposable aliquots of reagents made in sterile conditions minimize reagent
contamination. We recommend two positive template controls \(PTC). Single cells exhibit significant
heterogeneity and are inadequate to serve as consistent positive controls. Genomic DNA, diluted to the
single cell genome equivalent, approximately 7pg, serves as the 1stPTC to assess the efficiency of prePCR. We run the 2ndPTC at the real-time PCR step using genomic DNA \(25 ng) to monitor assay
variation over the time and normalize all samples within each plate/run of the assay. **Standard curve**
Optimal real-time PCR assay is essential for accurate and reproducible quantification. It is crucial to
determine whether the assay has high amplification efficiency, as revealed by a consistent standard
curve. Efficiency close to 100 % is the indicator of a robust and reproducible real-time PCR assay, but
amplification efficiency of 90-105 % is acceptable in practice. The telomere and Alu primers have high
amplification efficiency12 \(R2 > 0.99), but each run of the reaction may exhibit minor variations in
amplification efficiency over time and with different operators. Potential sources of variation include
pipetting technique, different DNA templates, suboptimal reaction conditions and nonspecific product
formation. In theory, any dilution series will produce amplification curves with similar efficiency, but for a
2-fold dilution with 5 points, potential artifact is higher than for a 10-fold dilution with 5 points19. To
accurately determine the efficiency of a real-time PCR assay, 5-fold dilution series rather than 2-fold
dilution series is used to generate the standard curve. **Data analysis** Relative quantification using 2ΔΔCt method20, 21 is the most common calculation in real-time PCR for data analysis. This method
assumes 100 % amplification efficiencies for both target and reference genes. In practice, similar
amplification efficiencies between target and reference genes usually are presented in real-time PCR for
the 2-ΔΔCt method. If the amplification efficiencies of target and reference gene are different, the Pfaffl
Method22, a variation of the 2-ΔΔCt method can be used to determine the relative quantification. The first
paper for measurement of telomere length used the 2-ΔΔCt method, and its high amplification
efficiencies of target and reference genes were confirmed by running standard curves23. In our experience
with SCATR-PCR, the 2-ΔΔCt method can be used so long as a standard curve is run on every plate to
monitor amplification efficiency.

Reagents
Human cells. Human embryonic stem cell \(hESC) RuES2 \(from Rockefeller University), fibroblast \
(ATCC, cat. no. CCL-171) and U2OS \(from the Smith laboratory of Skirball Institute of Biomolecular
Medicine, New York University Medical Center) iTaq DNA Polymerase \(Bio-Rad, cat. no. 170-8870) dNTP
Mix \(Bio-Rad, cat. no. 170-8874) iQ SYBR® Green Supermix \(Bio-Rad, cat. no. 170-8884) Primers \(IDT
synthesis) Tel-F CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT Tel-R
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GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT Alu-F GACCATCCCGGCTAAAACG Alu-R
CGGGTTCACGCCATTCTC Agencourt AMPure XP \(Backman, cat. no. A63881) Sterile and Nuclease-free
water \(Sigma, cat. no. W4502-1L) Quick-gDNA MiniPrep \(Zymo Research, cat. no. D3024) 100 %
Ethanol \(Sigma, cat. no. E7023-6X500ML) PBS, pH 7.4 and Ca2+ Mg2+ free \(Invitrogen, cat. no. 10010049) 1 M Tris-HCl, pH 7.4 \(Sigma, cat. no. T2194-100ML) 0.5 M EDTA solution, pH 8.0 \(Sigma, cat. no.
E7889-100ML) 10 % NP-40 Detergent Solution \(Thermo Scientific, cat. no. 28324) 1 M DTT solution \
(Sigma, cat. no. 646563-10X.5ML) 5 M NaCl solution \(Sigma, cat. no. 59222C-500ML) Qubit® dsDNA
BR Assay Kit \(Invitrogen, cat. no. Q32850)

Equipment
Corning Ultra-Low Attachment Dishes \(Fisher Scientific, cat. no. 05-539-100) 0.2 ml PCR tube strips \
(Eppendorf, cat. no. 951010022) 1.5 ml tubes, DNase and RNase-free \(Eppendorf, cat. no. 022431021) 2
ml tube, DNase and RNase-free \(Eppendorf, cat. no. 022431048) Falcon 15mL tubes \(Fishersci, cat. no.
14-959-49B) ART Barrier Pipette tips 10 µL \(Fisher Scientific, cat. no. 21-402-482) ART Barrier Pipette tips
100 µL \(Fisher Scientific, cat. no. 21-402-485) ART Barrier Pipette tips 200 µL \(Fisher Scientific, cat. no.
21-402-486) ART Barrier Pipette tips 1000 µL \(Fisher Scientific, cat. no. 21-403-03) **ΔCRITICAL** Same
quality tips can be replaced, but all pipette tips should be sterile, DNase- and RNase-free with low
retention and filter. Qubit 2.0 Fluorometer \(Invitrogen, cat. no. Q32866) Qubit Assay Tubes \(Invitrogen,
cat. no. Q32856) DynaMag-96 Side Magnet \(Life technologies, cat. no. 12331D) Microseal 'B' Adhesive
Seals \(Bio-Rad, cat. no. MSB-1001) Multiplate Low-Profile 96-Well Unskirted PCR Plates \(Bio-rad, cat.
no. MLL-9601) The STRIPPER Micropipetter \(Origio, cat. no. MXL3-STR) Tips - 75μm \(20/pk) \(Origio,
cat. no. MXL3-75) Vortexer \(VWR, cat. no. 58816-121) Mini Centrifuge \(Fisher Scientific, cat. no.
S67601APRMO) CFX96 Touch Real-Time PSCR Detection System \(Bio-Rad, cat. no. 185-5195) CFX
Manager Software \(Bio-Rad, version 3.1) Thermal Cycler \(Eppendorf, Mastercycler gradient) NanoDrop
Lite Spectrophotometer \(Thermo Scientific, cat. no. NDNDLUSCAN) Dissecting microscope \(Nikon, cat.
no. SMZ-2B) PCR workplace \(LABCONCO, purifier class II biosafety cabinet) **REAGENT SETUP**
_Aliquot water._ Nuclease-free water is suggested to aliquot into 1.5 ml Eppendorf tube \(1 ml/tube) to
avoid contamination in PCR workplace. Dispose of the water tube after each use. In this protocol all the
water is nuclease-free and sterile. _Single cell lysis buffer \(LB)._ Mix the following components and
make 1 ml of lysis buffer in 1.5 ml tube. Aliquot LB at 100 µl/tube and store at 4°C or colder. **SEE
TABLE 1** _Primer pair mix._ Centrifuge primer powders in caped tubes at 14000 rpm for 5 min prior to
adding water. Make a 100 µM of stock solution for each primer with water, and then aliquot 10 µl of each
stock solution into 1.5 ml Eppendorf tube respectively. Add 90 µl of water into each tube and make 10 µM
of working solution of primers. Combine the forward and reverse primers of working solution for telomere
and Alu respectively to make a primer pair mix with final 200 µl volume and 10 µM concentration. Label
the primer pair mix tube with Tel-F/R and Alu-F/R respectively, then mark 10 µM. Primer stock solution
can be stored at -20°C or colder, and primer pair mixes can be store at 4°C for up to 2 weeks or at -20°C
for long term. **ΔCRITICAL** Mixing primer pair reduces the possibility of contamination. _gDNA
extraction_ Extract DNA from cell pellets of human fibroblast and embryonic stem cell \(hESC)
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respectively using Quick-gDNA Mini Prep kit and elute DNA with water. Quality of eluted DNA is checked
by using Nano-drop Lite, and the concentration is measured by Qubit 2.0 fluorometer. Then aliquot the
DNA and store at -20°C. **ΔCRITICAL** High quality of eluted DNA is indicated by ratio 1.8-1.9 of
A280/A260. _Working solution of Positive Template Controls \(7 pg/µl and 5 ng/µl of hESC gDNA)_ Mix
the stock of hESC gDNA by vortex thoroughly and spin shortly. In PCR workplace, aliquot hESC gDNA into
1.5 ml Eppendorf tube and make 500 µl of working solution for 2ndPTC \(5 ng/µl) by adding water, mix
by vortex and spin shortly. To make 1stPTC \(7 pg/µl), mix 500 µl of water and 0.7 µl of hESC gDNA \(5
ng/µl) in 1.5 ml Eppendorf tube, mix well and spin shortly. Both of positive template controls working
solution can be stored at -20°C for long term. **□ PAUSE POINT** Positive controls can be replaced with
different genomic DNA and is not limited on hESC gDNA.

Procedure
**Δ CRITICAL** All procedures are performed in a sterile PCR workplace except for centrifugation. All the
master mix setup should be performed on ice. _Making stock of single cell suspension ©TIMING 1 h_ 1.
Dissociate the given cells when reaching 90 % confluences. **ΔCRITICAL STEP** It is better to choose
cultured cells that growing at the Plateau Phase, because most of individual cells are in the G1 phase
rather than S phase. 2. Transfer the cell suspension \(about 5x104 cells) into a 15 ml tube and spin at
1200 rpm for 5 min. 3. Aspirate and re-suspend the cell pellet with 5 ml of PBS by gently pipetting up and
down. 4. Spin at 1200 rpm for 5 min. 5. Repeat steps 3 and 4. 6. Aspirate and re-suspend the cell pellet
with 1 ml of PBS by pipetting up and down. Transfer the cell suspension into 1.5 ml tube and incubate at
4°C for 15 min. 7. Take out the cell suspension from 4°C. Pipette out 900 µl of suspension from top
carefully with a 1000 µl tip and leave 100 µl at the bottom. Mix by pipetting carefully to make the stock of
the single cell suspension. **ΔCRITICAL STEP** Because the cell suspension contains dead cells and cell
fragments, this step can move most of them by sedimentation. _Picking up single cells ©TIMING 1 min
per cell_ 8. Add 4 ml of PBS in an empty ultra-low attachment dish. Pipette 10 µl stock of single cell
suspension into the dish and mix well by pipetting. 9. Check the density of single cell suspension under a
dissecting microscope using 5X objective lens. No more than 10 cells under microscopic view is a good
density for collection. **ΔCRITICAL STEP** Adjust the density by PBS and ensure the density is optimum.
10. Prepare 1 ml of PBS in 1.5 ml Eppendorf tube and set up micropipette \(The Stripper) with 75 µm tip.
11. Look for your target cell under microscope. And then pipette in 1 µl of PBS with striper and put into
bottom of dish nearby your target cell under microscope. 12. Pipette out a little bit PBS in order to blow
away other cells, and then pipette in your target cell carefully. 13. Transfer 1 µl of PBS with your target
single cell into the bottom of a PCR tube carefully and place PCR tube on ice. **ΔCRITICAL STEP** Make
sure the entire 1 µl of PBS-single cell is ejected into the bottom of PCR tube without any residual left in
the tip. The pipette can be washed in a clean droplet of media to confirm the cell was moved into the
tube. 14. Repeat steps 11-13 to collect more samples. 15. After collecting all the samples, transfer 1 µl of
PBS without a single cell into the bottom of PCR tube to make the 1st NTC. Make a few of 1st NTC tubes.
**ΔCRITICAL STEP** It is important to make the 1st NTC tubes every time by using the same PBS that is
used to collect single cell samples. These 1st NTC tubes should be treated the same as the samples.
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_Single cell lysis ©TIMING 15 min_ 16. Add 1 µl lysis buffer \(LB) into each PCR tube that contains
samples and 1st NTC, and spin shortly. 17. Place the PCR tubes into the thermo cycler and make sure the
tubes are closed tightly. 18. Incubate at 75 °C for 10min with a cool down step to RT for 5 min. 19. Spin
shortly and transfer the tubes to ice. **□ PAUSE POINT The single cell lysis can be stored at -20 °C or
colder.** _Test of SCATR-PCR system by running controls ©TIMING 1 day_ 20. Setup controls for preamplification in PCR tube strips as described below. SEE TABLE 2 21. Take 4 tubes of single cell lysate \
(SC) and incubate on ice. 22. Setup pre-PCR master mixes in a 1.5 ml Eppendorf tube on ice by mixing the
following components. SEE TABLE 3 **ΔCRITICAL** All the reagents should be kept on ice after thawing
and mixing well. Ensure enough master mix for all samples is made by including sufficient volume for at
least one extra reaction. 23. Mix thoroughly by vortex and spin briefly. 24. Aliquot 23 µl of master mix into
each PCR tube including controls and single cell lysate on ice. Spin shortly. 25. Place all PCR tubes into
the thermo cycler and run the following program: **SEE TABLE 4** 26. Purify the pre-PCR product as
described in Box1. 27. Make real-time PCR master mix in a 1.5 ml Eppendorf tube with Telomere and Alu
primers separately according to the following recipe. Mix well by vortex and spin shortly. **SEE TABLE 5**
**ΔCRITICAL** Master mix has to be made with extra reactions. Here we made 4 extra reactions for 48
wells. If using a multichannel pipette and reservoirs, additional reactions should be added. 28. Setup 96well PCR plate with 15 µl of master mix plus 5 µl of each template as described below. Each sample was
set up triple wells for telomere and Alu respectively. Here, the 2ndPTC is 5 µl of hESC gDNA\(5 ng/µl) as
DNA templates and 2ndNTC is 5 µl of water instead of any DNA template. **SEE TABLE 6** **ΔCRITICAL
STEP** Load 5 µl of templates in the bottom of each well prior to load 15 µl of master mix. Be sure the
tips not take any templates or master mix out after pipetting. Dispose the tips to prevent template and
master mix cross-contamination between wells. 29. Spin for 5 min at 3000 rpm and run the following
program. **SEE TABLE 7** 30. Analyze the result using software with default settings. Cq determination
mode is set up for “Single Threshold”, and Baseline setting uses “Baseline Subtracted Curved Fit”. 31.
Evaluate the SCATR-PCR system with amplifications of controls. Figure 4a is representative of a reaction
with no contamination in the SCATR-PCR system and highly efficient pre-PCR is. Figure 4b shows a
representative example a pre-PCR reaction that was contaminated by extra DNA that only impacts the
telomere reaction. **□ PAUSE POINT** If contamination occurs, replace all reagents one at a time to
isolate the contaminant. _Running SCATR-PCR for single cell samples ©TIMING 1 day per 24 samples_
32. Take out 24 tubes of single cell lysate and 1 tube of 1stNTC from the freezer, stand them on ice. In
this protocol, there are 8 tubes of single cell lysate for each of fibroblast \(F), RuES2 \(R) and U2OS \(U)
cell line. 33. Setup PCR reaction master mix \(25 reactions) in a 1.5 ml Eppendorf tube by mixing the
following components. **SEE TABLE 8** **ΔCRITICAL** Make sufficient master mixes by adding at least
on extra reaction for calculations. 34. Mix thoroughly by vortex and spin briefly. 35. Aliquot 23 µl of
master mix into each PCR tube on ice. Spin shortly. 36. Place all PCR tubes into the thermo cycler and run
the same program as step25. 37. Purify the pre-PCR product by following Box1. 38. Prepare 5 series of
standard DNA by 5-fold dilution with water in 1.5 ml Eppendorf tubes as shown below. Mix well and let
stand on ice. In this protocol, we choose the extracted gDNA from cultured human fibroblast for the
standard DNA. **SEE TABLE 9** **ΔCRITICAL** Mix thoroughly by vortex and spin shortly after making
every standard sample in order to dilute 5-fold exactly. **□ PAUSE POINT** Standard samples can be
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stored at 4 °C for one week. After that, reaction efficiency begins to degrade significantly. 39. Setup the
real-time PCR master mix in a 2 ml of Eppendorf tube with Telomere primers according to the following
recipe. Mix well by vortex and spin shortly. **SEE TABLE 10** **ΔCRITICAL** Make sufficient master
mixes by adding at least 10 extra reactions to calculate for total 96 reactions. 40. Setup 96-well PCR plate
with 15 µl of master mix plus 5 µl of DNA sample \(purified pre-PCR product) by the below described.
**SEE TABLE 11** **ΔCRITICAL** Each plate has to be set up with at least three controls including
1stNTC, 2ndNTC and 2ndPTC. Since pre-PCR has demonstrated to have high efficiency by using 1stPTC
at the above steps, it is not required that 1stPTC be run during the qPCR in order to save wells for
samples. 41. Spin for 5 min at 3000 rpm and run the same program as step 29. 42. Repeat steps 39-41
for Alu primers. _Data analysis ©TIMING 2-3 h_ 43. Examine whether there is abnormal amplification
plots or not. Normal amplification plot shows a linear baseline region and a log phase of amplification
followed by a plateau \(Figure 5). The red lines in Figure 5a represent a common abnormal amplification
plot as a result evaporation from poorly sealed PCR plate wells. 44. Check the Ct value of 2ndNTC. For
telomere primers, the Ct values are usually great than 30 and for Alu primers, greater than 35 \(Figure 5b
and 5c). If the Ct value of 2ndNTC is less than 25, the data is unreliable likely due to some
contaminations in real-time PCR. 45. Check the real-time PCR efficiency of the standard curves. In
practice 90-110 % of efficiency is acceptable. For our data, the standard curves of telomere and Alu are
around 100 % for each run \(Figure 5b and 5c). 46. Export the data to a Microsoft Excel spreadsheet. 47.
Copy the Cq, Cq Mean and Cq Std. Dev. of all wells for Tel and Alu to the blank sheet in a new Excel file.
Calculate the Coefficient of Variation \(CV) for each triplicate by the below formulation: CV = Cq Std. Dev
/ Cq Mean x 100 % \(see Supplementary file). 48. Check the reproducibility of triplicates by observing the
CV. Normally triplicate of each sample should show the CV is below 3 %. If the CV is higher than 3 %,
triplicate’s Ct value should be checked. If one of triplicate is far away from others, then perform the rest of
the analyses using the 2 most similar replicates. If a triplicate is far away from each other, cut off this
sample. For example, the single cell F8 \(Supplementary file) shows the CV is 18.54 %, and then data
analysis was done by using duplicate Ct values \(18.15 and 17.89). Same deal with the single cells U2,
U6, F15 and R15 \(see the yellow highlight in Supplementary file). 49. Check the Ct value of 1stNTC.
Generally our data showed it is around 21-24 and much greater than those of 2ndPTC and samples for
both of Tel and Alu \(Figure 5b, c). If it is similar to that of 2ndPTC or samples \(Figure 4b), the result is
false due to potential contamination. 50. Check the Ct of Alu. Usually the Ct of Alu is different in different
cell lines because of variation of Alu copy numbers in different cell lines. But the Ct of Alu should be
similar for the same cell line. Supplementary file shows the three cell lines \(U2OS, hESC and fibroblast)
have different Ct value of Alu. If the Ct value of Alu is far away from others, for an example, the Ct of Alu
in sample F3 is around 16 and far away from others \(around 13) \(Supplementary file with blue
highlight), it might mean an inefficient pre-PCR or wrong template such as dead cell/cell fragment. Delete
those samples that the Ct value of Alu is close to 1stNTC because it means no template inside. 51.
Calculate the relative T/R ratio by 2-ΔΔCt method if the standard curves of telomere and Alu show similar
high amplification efficiency. The same 2ndPTC in each plate is used to normalize all the data over time.
The whole calculations for our two independent experiments in supplementary file are obtained by using
three steps below: \(Step 1) ΔCt =Ct \(Tel) – Ct \(Alu) \(Step 2) ΔΔCt = ΔCt\(sample) – ΔCt \(2nd PSC) \
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(Step 3) Relative T/R ratio of each sample= 2-ΔΔCt 52. Statistical analyses are completed by using
software GraphPad Prism 6. Unpaired T-test compares relative telomere length and F-test compares the
variations. Significant difference is defined by P < 0.05.

Timing
Steps 1-15, isolation of single cells: 3-4 h Steps 16-19, lysis of single cell: 15 min Steps 20-31, evaluation
of SCATR-PCR system: 3-4 h Steps 32-42, running SCATR-PCR for 24 samples: 4-5 h Steps 43-52, data
analysis: 2-3 h

Troubleshooting
Troubleshooting advice can be found in Table 1A.

Anticipated Results
It is important to exclude exogenous DNA contamination in SCATR-PCR assay. By running different notemplate controls \(Fig. 4), it can be evaluated whether the conditions are optimal or not prior to SCATRPCR assay at large scale. Once the workflow of SCATR-PCR has been validated with controls and
samples of known telomere length, the large scale single cell samples can be evaluated within days
under the same reaction conditions. We compared relative telomere length in individual cells from three
different human cell lines here by the SCATR-PCR assay, which are representative of the wide range of
natural human telomere lengths. The relative telomere length of individual U2OS cells is longer and more
heterogeneous than those of individual F171 and RuES2 cells \(Fig. 6). Although some of individual F171
cells show relatively longer telomeres than do some of individual RuES2 cells, average telomere length of
RuES2 is longer than that of F171, P = 0.018 \(One way ANOVA) \(Fig. 6d). Compared to RuES2 and
F171, the variation of relative telomere length in individual U2OS cells is greater by F-test \(P< 0.05). But
the variation did not differ in a statistically significant manner between RuES2 and F171 \(F-test). The
average telomere length in these three cell lines by SCATR-PCR assay is consistent with TRF and QFISH
in our previous studies12.

References
1. Kantlehner, M. et al. A high-throughput DNA methylation analysis of a single cell. Nucleic acids
research 39, e44 \(2011). 2. Lorthongpanich, C. et al. Single-cell DNA-methylation analysis reveals
epigenetic chimerism in preimplantation embryos. Science 341, 1110-1112 \(2013). 3. Lee, M.C. et al.
Single-cell analyses of transcriptional heterogeneity during drug tolerance transition in cancer cells by
RNA sequencing. Proceedings of the National Academy of Sciences of the United States of America 111,
E4726-4735 \(2014). 4. Buettner, F. et al. Computational analysis of cell-to-cell heterogeneity in single-cell
RNA-sequencing data reveals hidden subpopulations of cells. Nature biotechnology 33, 155-160 \(2015).
5. Tajbakhsh, J. et al. Dynamic heterogeneity of DNA methylation and hydroxymethylation in embryonic
Page 9/19

stem cell populations captured by single-cell 3D high-content analysis. Experimental cell research 332,
190-201 \(2015). 6. Usoskin, D. et al. Unbiased classification of sensory neuron types by large-scale
single-cell RNA sequencing. Nature neuroscience 18, 145-153 \(2015). 7. Blackburn, E.H. Switching and
signaling at the telomere. Cell 106, 661-673 \(2001). 1. Kantlehner, M. et al. A high-throughput DNA
methylation analysis of a single cell. Nucleic acids research 39, e44 \(2011). 2. Lorthongpanich, C. et al.
Single-cell DNA-methylation analysis reveals epigenetic chimerism in preimplantation embryos. Science
341, 1110-1112 \(2013). 3. Lee, M.C. et al. Single-cell analyses of transcriptional heterogeneity during
drug tolerance transition in cancer cells by RNA sequencing. Proceedings of the National Academy of
Sciences of the United States of America 111, E4726-4735 \(2014). 4. Buettner, F. et al. Computational
analysis of cell-to-cell heterogeneity in single-cell RNA-sequencing data reveals hidden subpopulations of
cells. Nature biotechnology 33, 155-160 \(2015). 5. Tajbakhsh, J. et al. Dynamic heterogeneity of DNA
methylation and hydroxymethylation in embryonic stem cell populations captured by single-cell 3D highcontent analysis. Experimental cell research 332, 190-201 \(2015). 6. Usoskin, D. et al. Unbiased
classification of sensory neuron types by large-scale single-cell RNA sequencing. Nature neuroscience 18,
145-153 \(2015). 7. Blackburn, E.H. Switching and signaling at the telomere. Cell 106, 661-673 \(2001). 8.
Allshire, R.C., Dempster, M. & Hastie, N.D. Human Telomeres Contain at Least 3 Types of G-Rich Repeat
Distributed Non-Randomly. Nucleic acids research 17, 4611-4627 \(1989). 9. Kimura, M. et al.
Measurement of telomere length by the Southern blot analysis of terminal restriction fragment lengths.
Nat Protoc 5, 1596-1607 \(2010). 10. Lansdorp, P.M. et al. Heterogeneity in telomere length of human
chromosomes. Hum Mol Genet 5, 685-691 \(1996). 11. Hultdin, M. et al. Telomere analysis by
fluorescence in situ hybridization and flow cytometry. Nucleic acids research 26, 3651-3656 \(1998). 12.
Wang, F. et al. Robust measurement of telomere length in single cells. Proceedings of the National
Academy of Sciences of the United States of America 110, E1906-E1912 \(2013). 13. Treff, N.R., Su, J.,
Taylor, D. & Scott, R.T. Telomere DNA Deficiency Is Associated with Development of Human Embryonic
Aneuploidy. Plos Genet 7 \(2011). 14. Maciejewska, A., Jakubowska, J. & Pawlowski, R. Different WholeGenome Amplification Methods as a Preamplification Tool in Y-Chromosome Loci Analysis. Am J Foren
Med Path 35, 140-144 \(2014). 15. Dolezel, J., Bartos, J., Voglmayr, H. & Greilhuber, J. Nuclear DNA
content and genome size of trout and human. Cytom Part A 51A, 127-128 \(2003). 16. Lander, E.S. et al.
Initial sequencing and analysis of the human genome. Nature 409, 860-921 \(2001). 17. Batzer, M.A. &
Deininger, P.L. Alu repeats and human genomic diversity. Nat Rev Genet 3, 370-379 \(2002). 18. Oler, A.J.
et al. Alu expression in human cell lines and their retrotranspositional potential. Mobile DNA-Uk 3 \(2012).
19. Larionov, A., Krause, A. & Miller, W. A standard curve based method for relative real time PCR data
processing. Bmc Bioinformatics 6 \(2005). 20. Livak, K.J. & Schmittgen, T.D. Analysis of relative gene
expression data using real-time quantitative PCR and the 2\(T)\(-Delta Delta C) method. Methods 25, 402408 \(2001). 21. VanGuilder, H.D., Vrana, K.E. & Freeman, W.M. Twenty-five years of quantitative PCR for
gene expression analysis. Biotechniques 44, 619-626 \(2008). 22. Pfaffl, M.W. A new mathematical model
for relative quantification in real-time RT-PCR. Nucleic acids research 29 \(2001). 23. Cawthon, R.M.
Telomere measurement by quantitative PCR. Nucleic acids research 30 \(2002).

Acknowledgements
Page 10/19

Author contributions F.W., X.P., L.L., D.L.K., and S.M.W. designed the study; F.W. and L.G.R. performed
experiments; F.W., K.K. and L.G.R. analyzed data; and F.W., X.P., L.G.R., L.L. and D.L.K. wrote the paper.

Figures

Figure 1
Workflow Workflow of measurement of single cell relative telomere length by SCATR-PCR.
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Figure 2
Correlation between cell number and amplification The linear correlation analysis between doubled cell
numbers and amplicons.
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Figure 3
Primer dimers The formation of potential primer dimers in SCATR-PCR. (a) The three representative
primer dimers formed across each other. (b) An assuming hybridization between telomere primers. The
two telomere primers formed very long hybridization by complementary base pairs overlaying each other.

Figure 4
Controls Amplifications of controls in SCATR-PCR assay. (a) Normal amplification plots of controls
indicate an optimal SCATR-PCR assay. Similar amplification between 1stPTC (blue line) and 2ndPTC (red
line) means high efficient pre-PCR. The amplification plot of 1stNTC (green line) is far away from that of
both PTCs, but still show a strong signal because of primer dimers. The Ct value of 2ndNTC (black line)
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show greater than 30 for both of telomere and Alu means no contamination in real-time PCR system.
Normal amplification plots in two Single cells (yellow lines) are close to those of 1stPTC (blue line), and
Water (purple line) or LB (pink line) samples show similar amplification plots to 1stNTC (green line). (b)
The representative amplification plots with contamination. The telomere amplifications of 1stPTC, single
cell (SC) and 1stNTC all show that their Ct values are much smaller than 2ndPTC because of exogenous
DNA contamination at pre-PCR step. Meanwhile 2ndNTC and 2ndPTC show normal amplifications, so it
can be concluded that contamination came from pre-PCR step.

Figure 5
Amplification plots Amplification plots of SCATR-PCR. (a) The representative abnormal plots (red lines)
and normal plots (green lines) in SCATR-PCR assay. (b) and (c) An example of standard curves and
amplification plots in SCATR-PCR assay that show high efficiency without any abnormal amplifications.
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Figure 6
Anticipated results Relative telomere lengths of single cells in 3 different human cell lines by SCATR-PCR
assay. (a), (b) and (c) Relative telomere length of individual cells from human fibroblast (F171),
embryonic stem cell (RuES2) and cancer cell (U2OS) are indicated by T/R ratio that is normalized by
2ndPSC ( 25ng of RuES2 genomic DNA). (d) Comparisons of average relative telomere length of
individual cells in three different cell lines. Statistical significance (P<0.05) was indicated by One Way
ANOVA multiple comparisons using GraphPad Prism6 software.

Figure 7
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Table 1 Single Lysis buffer Single cell lysis buffer (LB) Mix the following components and make 1 ml of
lysis buffer in 1.5 ml tube. Aliquot LB at 100 µl/tube and store at 4°C or colder.

Figure 8
Table 2 Set up controls Setup controls for pre-amplification in PCR tube strips as described below.

Figure 9
Table 3 Set up Pre-PCR master mixes Setup pre-PCR master mixes in a 1.5 ml Eppendorf tube on ice by
mixing the following components.

Figure 10
Table 4 PCR Tubes Place all PCR tubes into the thermo cycler and run the following program:
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Figure 11
Table 5 PCR master mix Make real-time PCR master mix in a 1.5 ml Eppendorf tube with Telomere and
Alu primers seperately according to the following recipe. Mix well by vortex and spin shortly.

Figure 12
Table 6 PCR Plate Setup 96-well PCR plate with 15 µl of master mix plus 5 µl of each template as
described below. Each sample was set up triple wells for telomere and Alu respectively. Here, the 2ndPTC
is 5 µl of hESC gDNA(5 ng/µl) as DNA templates and 2ndNTC is 5 µl of water instead of any DNA
template.
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Figure 13
Table 7 Spin for 5 min at 3000rpm Spin for 5 min at 3000 rpm and run the following program

Figure 14
Table 8 PCR reaction master mix Setup PCR reaction master mix (25 reactions) in a 1.5 ml Eppendorf
tube by mixing the following components.

Figure 15
Table 9 Standard DNA samples Prepare 5 series of standard DNA by 5-fold dilution with water in 1.5 ml
Eppendorf tubes as shown below. Mix well and let stand on ice. In this protocol, we choose the extracted
gDNA from cultured human fibroblast for the standard DNA.
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Figure 16
Table 10 Real time PCR master Setup the real-time PCR master mix in a 2 ml of Eppendorf tube with
Telomere primers according to the following recipe. Mix well by vortex and spin shortly.

Figure 17
Table 11 96-well PCR plate Setup 96-well PCR plate with 15 µl of master mix plus 5 µl of DNA sample
(purified pre-PCR product) by the below described.
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