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ABSTRACT

Stochastic epigenetic changes drive biological pro-
cesses, such as development, aging and disease.
Yet, epigenetic information is typically collected from
millions of cells, thereby precluding a more pre-
cise understanding of cell-to-cell variability and the
pathogenic history of epimutations. Here we present
a novel procedure for directly detecting epimuta-
tions in DNA methylation patterns using single-cell,
locus-specific bisulfite sequencing (SLBS). We show
that within gene promoter regions of mouse hepato-
cytes the epimutation rate is two orders of magnitude
higher than the mutation rate.

INTRODUCTION

DNA methylation plays a critical role in the regulation of
gene expression and is known to be an essential mecha-
nism for guiding normal cellular development. Numerous
studies have implicated aberrant methylation in the etiology
of human diseases, including nearly all types of cancer (1).
In the past decade, DNA methylation profiling at cytosine-
guanine dinucleotides (CpG sites) has gained momentum as
an epigenetic approach in basic research and clinical appli-
cations.

Most of the techniques currently available can only mea-
sure average values obtained from bulk cell populations, re-
quiring at least 30 ng of DNA (i.e., the equivalent of about
6000 cells) (2). Population-wide analyses overlook individ-
ual, cell-specific changes, termed epimutations (3) and are
unsuited to characterize cellular heterogeneity, which plays
such an important role in differentiation and development,
stem cell reprogramming, diseases, such as cancer, and ag-
ing (4). Developing single-cell approaches for measuring
DNA methylation would not only be vital to fully under-
stand individual cell-specific changes and complexity of tis-
sue microenvironments, but also for the analysis of clinical
samples, such as circulating tumor cells or needle biopsies,
when the amount of material is often limited.

Methods to accurately detect DNA methylation at spe-
cific loci typically involve treating DNA with sodium
bisulfite (5) or digesting DNA with cytosine methylation-
dependent endonucleases (6). While DNA methylation has
been assessed in single cells by employing enzymatic di-
gestion in microfluidic devices (7) or pyrosequencing ap-
proaches (8), to our knowledge, a simple and inexpensive
methodology for detecting epimutations in somatic cells has
not been described.

Bisulfite conversion of unmethylated cytosines into uracil
is a relatively simple chemical reaction, which has now be-
come a standard in DNA methylation profiling (9). One
of the great advantages of this approach lies in having an
internal control for conversion rate; indeed, non-CpG cy-
tosines are generally not methylated and, therefore, should
be converted by the bisulfite treatment. The key advantage
of bisulfite sequencing is accuracy, as the degree of methyla-
tion at each cytosine can be quantified with great precision.
Others have reported a method for genome-wide single-cell
bisulfite sequencing (10). The key advantage of targeted
single-cell bisulfite based analyses is that this approach fo-
cuses on regions of interest thus greatly reducing the costs.

Here, we present a procedure for single-cell, locus-specific
bisulfite sequencing (SLBS) allowing to directly measur-
ing DNA methylation patterns in single cells and estimate
epimutation rates. The procedure was extensively validated
in fibroblasts, neurons and hepatocytes, analyzing promoter
regions of genes known to be either constitutively expressed
and hypomethylated or repressed and hypermethylated in
these cell populations.

MATERIALS AND METHODS

Animals

C57BL/6 mice were obtained from the National Institute
on Aging (NIA). All surgical procedures and experimen-
tal manipulations were approved by the Ethics Committee
for Animal Experiments at the Albert Einstein College of
Medicine. Experiments were conducted under the control of
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the Guidelines for Animal Experimentation. Animals were
sacrificed by cervical dislocation.

Isolation of single mouse embryonic fibroblasts

Mouse embryonic fibroblasts (MEFs) were isolated from
embryonic day 13.5 embryos of C57BL/6 mice as described
(11). All cultures were maintained in a 3% O2 and 5% CO2
atmosphere.

Treatment with 5-aza-2′-deoxycytidine

Cultured MEFs were treated with 1 �M 5-Aza 5-aza-
2′-deoxycytidine (5-Aza; Sigma) for 48 and 72 h. After
trypsinization, single MEFs were collected under an in-
verted microscope by hand-held capillaries, deposited in
polymerase chain reaction (PCR) tubes and immediately
frozen on dry ice and stored at −80◦C until needed or im-
mediately bisulfite-converted.

Isolation of single hepatocytes

Livers in three C57BL/6 mice were perfused with collage-
nase following the protocol as described (12). Single hepa-
tocytes were collected under an inverted microscope as de-
scribed for MEFs.

Single Neuronal Nuclei isolation

Nuclei from mouse brain were first purified and concen-
trated by centrifugation in a discontinuous density gradi-
ent according to the manufacturer’s protocol (Sigma). Pu-
rified nuclei were tagged by a NeuN antibody that had al-
ready been incubated with an anti-mouse IgG Alexa 488
antibody (Invitrogen) following the protocol as described
(13). To facilitate visual confirmation that only single nu-
clei were sorted and not aggregates, nuclei were stained also
with DAPI. Individual nuclei were sorted using a MoFloTM

XDP cell sorter (Beckman Coulter) into PCR tubes con-
taining 20 �l of PBS, flash-frozen and stored at −80◦C or
immediately used for DNA methylation analysis.

Genomic DNA extraction

DNA from MEF cultures, mouse liver and mouse brain
was isolated by phenol/chloroform extraction, as described
(14).

Bisulfite conversion

The bisulfite conversion and recovery of DNA were per-
formed using the EZ DNA Methylation-Direct Kit (Zymo
Research). Bisulfite conversion was performed according to
the instructions of the supplier with some modifications.
First, the bisulfite solution was added to the single or 100
cells together with 2 ng of salmon sperm DNA or tRNA.
DNA was denatured for 8 min at 99◦C and immediately
bisulfite-modified at 64◦C for 3.5 h. After conversion, 6
�l of carrier tRNA (1 �g/�l; Qiagen) was added to the
DNA binding buffer solution. The addition of carrier RNA
enhances the recovery of DNA by preventing the small

amount of target nucleic acid present in the sample from
being irretrievably bound. Converted DNA was then added
to the binding solution/carrier RNA solution and subjected
to an in-column purification and desulphonation step fol-
lowed by two wash steps. Before the final elution, the elu-
tion buffer was warmed up at 37◦C and then allowed to sit
on the column for a few minutes. DNA was eluted in 10 �l
of buffer. This protocol was applied to single cells, 100-cell
samples and genomic DNA extracted from the mother pop-
ulation or tissue. Immediately upon conversion, converted
single-cell or 100-cell DNA was subjected to whole genome
amplification. Genomic DNA used as control (starting ma-
terial 800 ng) was not subjected to whole genome amplifi-
cation.

Whole genome amplification

The whole genome amplification of the bisulfite-treated
DNA was done using multiple displacement amplification
(MDA). The amplification steps were performed using the
Whole Bisulfitome kit (Qiagen) according to the instruc-
tions of the supplier with some modifications. 29 �l of Mas-
ter mix and 1 �l of Phi29 DNA polymerase were added to
10 �l of eluted bisulfite converted single-cell DNA (or to
10 �l of 100-cell bisulfite-treated DNA) and incubated as
follows: 15 min at 24◦C, 16 h at 28◦C, followed by a poly-
merase inactivation step at 95◦C for 5 min. The MDA, bisul-
fite converted DNA was subsequently used as template for
bisulfite conversion-specific PCR. MDA amplification gen-
erally produces 1 �g of DNA in a final volume of 40 �l.

Bisulfite conversion-specific PCR

A nested PCR was performed to amplify the target regions.
Primers were designed using Sequenom’s EpiDesigner
software and synthesized by IDT. Sequences of the primers
and genomic coordinates of the target regions are available
in Supplementary Tables S1 and S2. A T7-promoter tag
(5′-CAGTAATACGACTCACTATAGGGAGAAGGCT-
3′) was added to the reverse internal PCR primer and a
10-mer-tag sequence (5′-AGGAAGAGAG-3′) was added
to the external PCR forward primer to balance the PCR
primer length. Approximately 5 �l of bisulfite converted,
MDA-amplified DNA was used as a template in the first
round of PCR amplification. The reaction was carried out
using HotStarTaq Master Mix (Qiagen) in a 50 �l total
reaction volume as follows: an initial heat-activation step at
95◦C for 15 min, 95◦C for 30 s, annealing for 1 min, 72◦C for
1 min for a total of 30 cycles ending with a final extension at
72◦C for 10 min. The nested PCRs were performed on 5 �l
of the first round PCR products. The PCR products were
purified using a QIAquick PCR purification kit (Qiagen).
Amplicons were Sanger sequenced on the ABI 3730 DNA
sequencer or analyzed using the Sequenom EpiTYPER
system (Sequenom, Inc) in the Albert Einstein Genomics
Core Facility. The latter technique employs base-specific
cleavage followed by MALDI-TOF mass spectrometry
in which the size ratio of the cleaved products provides
quantitative methylation estimates for CpG sites within
a target region. Each EpiTYPER run was performed in
duplicate. Results were analyzed using the EpiTYPER
software.
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Figure 1. Schematic depiction of single-cell DNA methylation analysis.
Single cells are lysed and treated with bisulfite to convert unmethylated cy-
tosines into uracil. After bisulfite treatment, DNA is immediately whole-
genome amplified by MDA. DNA methylation patterns are analyzed in
a locus-specific way using PCR amplification with primers specific for
cytosine-converted DNA.

RESULTS

To develop and test SLBS, single cells were collected from
populations of MEFs under an inverted microscope by
hand-held capillaries, and either frozen or immediately
subjected to heat DNA denaturation, followed by bisul-
fite treatment. The converted DNA was subsequently sub-
jected to whole genome amplification using MDA, based on
phi29 DNA polymerase and random hexamer primers in
an isothermal reaction. The bisulfite-converted, amplified
material was then used as template for conversion-specific
PCR, targeting regions of interests. Purified PCR products
were then subjected to sequencing analysis. The procedure
is schematically depicted in Figure 1.

One of the major limitations of bisulfite sequencing for
DNA methylation analysis is its propensity for DNA degra-
dation due to partial, acid-catalyzed depurination (15).
Consequently, a high proportion of the template DNA is
too fragmented to be analyzed. In addition, if the treat-
ment is too harsh or prolonged, a small portion of 5-
methylcytosines may also be converted to uracil, resulting in
falsely concluding the absence of methylation (16). Milder
treatment, conversely, results in incomplete conversion and
false positives.

Therefore, in our protocol, we had to find a balance be-
tween under- and over-treatment, trying to achieve both
high sensitivity and high specificity in detecting epimuta-
tions. To accomplish this we optimized bisulfite conversion
by testing promoter regions of genes known to be either

hyper- or hypo-methylated in bulk MEFs, i.e., 141 bp of the
promoter region of the Nfe2l2 stress response gene, which is
constitutively expressed and hypomethylated in MEFs (17),
and 180 bp of the promoter region of the transcription fac-
tor Oct4 (also known as Pou5f1), which is both methylated
and non-expressed in differentiated cells (18). PCR primers
were designed to amplify only converted sequences, that is,
sequences in which non-methylated cytosines are replaced
by thymines. To increase specificity, we used a nested PCR
approach. As positive controls we used collections of 100
MEFs, bisulfite-treated and MDA-amplified in the same
way as the single cells, as well as 800 ng of bisulfite-treated,
unamplified DNA from the same MEF population. Non-
bisulfite-treated, non-amplified, genomic DNA served as
negative control to verify PCR specificity for only fully con-
verted DNA.

In non-pluripotent cell types, cytosines not followed by
guanines are methylated only very rarely (19), and this was
used as an indication of bisulfite conversion efficiency, cal-
culating the C to T conversion rate for all cytosine bases
other than those in CpG dinucleotides. Initial results in-
dicated that bisulfite conversion of cytosines at relatively
low temperatures (i.e., 37◦C) is generally incomplete (∼80%
conversion rate; data not shown). An optimal degradation
versus conversion ratio was obtained by incubating DNA
for 3.5 h at 64◦C. Under these conditions we obtained full
conversion of unmethylated cytosines with minimal degra-
dation. However, we also observed occasional conversion
of methylated CpGs in the single cells but not in the con-
trols. We reasoned that this was likely due to the bisulfite
treatment conditions being too harsh for the only ∼5 pg
of DNA in a single cell, but not for the 100-cell sample
or 800 ng total genomic DNA. Therefore, we modified our
protocol by adding 2 ng (i.e., the equivalent of a few hun-
dred cells) of salmon sperm DNA or tRNA as a “competi-
tor” to the single cell DNA in the conversion reaction in
order to reduce the over-exposure of the single-cell DNA
to the bisulfite. Under these conditions we could greatly re-
duce conversion of methylated cytosines while maintaining
high conversion of unmethylated cytosines. With the newly
modified protocol, nested PCR for the Nfe2l2 promoter re-
sulted in a product in about 40% and 99% of the time in sin-
gle cells and 100-cell samples, respectively (Supplementary
Figure S1a and b); similar results were obtained for Oct4
(not shown). Examples of Sanger sequencing results for the
Nfe2l2 promoter in single fibroblasts are shown in Figure
2a. To further confirm these results in an independent exper-
iment, the Nfe2l2 promoter DNA methylation patterns were
quantified using the Sequenom EpiTYPER System (Figure
2b). In order to detect epimutations, i.e., random changes in
methylation status of single CpG sites (as a consequence of,
for example, errors in de novo or maintenance methylation),
we compared DNA methylation profiles between the single
MEFs and the bulk. No epimutations were detected in the
case of MEFs.

To further validate SLBS, we designed an experiment that
would conclusively show that the method was able to de-
tect cell-to-cell heterogeneity in DNA methylation patterns.
For this purpose we performed a time course experiment
with MEFs treated with 5-azacytidine (5-Aza), schemat-
ically depicted in Figure 3a. 5-Aza prevents methylation
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Figure 2. (a) DNA methylation profile of a 180 bp fragment of the Nfe2l2
promoter in single fibroblasts analyzed using Sanger Sequencing. (b) DNA
methylation profile of a 180 bp fragment of the Nfe2l2 promoter in single
fibroblasts analyzed using Sequenom’s EpiTYPER System. The EpiGram
is a graphical representation of methylation ratios found in each sample
for the amplicon studied. Each sample’s nucleotide sequence is displayed
as a series of individual CpGs, which are color-coded columns on the same
line. The color within the column denotes the level of methylation found at
this particular site in the selected sample. The color spectrum ranges from
red (0% methylated) CpG units to yellow (100% methylated) CpG units.
Gray dots denote not analyzable CpG sites.

at CpG sites in newly synthesized DNA through covalent
binding to Dnmt1 (20,21). Hence, when analyzing a ge-
nomic fragment fully methylated in bulk cells we would ex-
pect a stochastic increase in cells that become hypomethy-
lated at CpG’s in that fragment until after several rounds
of cell division the fragment would be fully demethylated.
Cultured cells were treated with 1 �M 5-Aza for 48 and
72 h, after which ten single cells as well as 100-cell controls
from each treatment group were subjected to the single-cell
bisulfite procedure. We then analyzed the promoter region
of Oct4 and showed that, as expected, CpG sites in the un-
treated single fibroblasts as well as in the 100-cell control
were mostly methylated (Figure 3b, upper panel). After 72
h of treatment the Oct4 promoter was mostly demethylated,
both in single fibroblasts and in the 100-cell control sam-
ple (Figure 3b, lower panel). After 48 h of treatment, DNA
demethylation was incomplete as could be concluded from
the 100-cell sample, which showed about 50% demethyla-
tion (i.e., a mixed C and T peak). This suggested the pres-
ence of a mixed population of unmethylated and methylated
CpG sites. When we analyzed the Oct4 promoter in single
fibroblasts upon 48 h of treatment, we found a mixed pop-
ulation comprising either methylated or unmethylated cy-
tosines. Some cells showed either a C or a T peak (Figure
3b, middle panel). However, within the same cell(s), we also
observed the recovery of both (C and T) alleles (Figure 3b,
middle panel), which may represent 5-Aza-induced hemi-
demethylation events, possibly due to failure of 5-Aza to
block methylation on one allele in the cell.

After having validated SLBS we wished to demonstrate
its usefulness in analyzing other cell types in vivo. First,
we applied the method to single neurons. Because the en-
tanglement of neurons with axons makes the manual cap-
illary picking challenging, we opted for isolating neuronal
nuclei. Nuclei from whole mouse brain were isolated using
a discontinuous sucrose gradient, stained with the neuron-
specific monoclonal antibody NeuN, and subsequently with
DAPI, and deposited in PCR tubes using FACS. Promoter
regions were selected for genes either constitutively ex-
pressed and hypomethylated (Gabra1), or repressed and
hypermethylated (Cyp71a) in brain. Figure 4a and b show

Sanger sequencing results for 4 single neuronal nuclei for
Gabra1 and for Cyp71a. By comparing DNA methylation
patterns in single neuronal nuclei with the bulk, we were
able to detect one (demethylating) epimutation event (out
of a total of 8 CpG sites analyzed) in the Cyp71a promoter
(highlighted in blue in Figure 4b). In the Gabra1 promoter,
we did not detect any (methylating) events. Of note, we also
observed a non-conversion event at two C (AT) sites in the
Cyp71a promoter (Figure 4b). This may represent a non-
CpG methylation event, rather than incomplete bisulfite
conversion. Indeed, others have shown that in the brain,
CHH methylation is the most common methylation event
after the CpG one (22).

Next, we applied SLBS to mouse hepatocytes. As we did
for fibroblasts and neurons, we selected regions of genes
either constitutively expressed and hypomethylated, or re-
pressed and hypermethylated in liver. Initially, we looked at
four single hepatocytes and two genes Nfe2l2 and Rabgap1l.
Figure 5a and b show Sanger sequencing results for four
single hepatocytes for Nfe2l2 and Rabgap1l. In this specific
experiment, a methylating event was detected in the Nfe2l2
promoter (highlighted in blue in Figure 5a) while In the
Rabgap1l gene, we did not detect any demethylating events.

Finally, while the occasional single-cell methylation or
demethylation events suggests the occurrence of epimuta-
tions, not enough cells were analyzed to estimate an epimu-
tation frequency. We now applied SLBS for directly measur-
ing, for the first time, epimutation rates at gene promoters in
mouse liver in vivo by analyzing 5 additional genes and a to-
tal of 206 hepatocytes from different individual mice. While
estimates of DNA methylation accuracy have been reported
(23,24), it has never been possible to directly determine such
epimutations. In addition to the previously studied Nfe2l2
and Rabgap1l, we selected regions of genes either constitu-
tively expressed and hypomethylated, or repressed and hy-
permethylated in liver. Table 1 summarizes the results ob-
tained for a total of 601 interrogated CpG sites. Notably,
out of a total of 3296 non-CpG cytosines, 3279 were con-
verted into uracil (and subsequently thymine), a conversion
rate of well over 99.4%.

To identify differential methylation and demethylation
events we compared methylation patterns in the single cells
with those for the whole liver tissue. The epimutation rate is
then the number of altered CpG methylation sites versus the
total number of CpGs analyzed. In this way we found that
the rate of epimutational loss of methyl groups was 2.7%
with a rate of epimutational gain of 1.6% (Table 1).

Of note, because the cells studied are diploid (or may be
even polyploid in the case of hepatocytes (12), we are tar-
geting at least two alleles per cell. However, MDA has allelic
bias and as we (25,26), and others (27) have shown, in about
10% of cases amplification occurs from one allele only,
which is randomly distributed across the genome. There-
fore, we can never rule out that a single peak in the Sanger
sequence (see representative examples in Supplementary
Figure S2a and b) truly reflects homozygous methylation
status or is due to allelic bias of the amplification. In cal-
culating epimutation rates, unless two peaks could clearly
be distinguished in the Sanger sequence (see representative
example in Supplementary Figure S2c), we made the as-
sumption that only one allele is represented. In addition,
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Figure 3. (a) A schematic depiction of the 5-Aza-time course experiment in single fibroblasts. (b) Representative example of DNA methylation profiles of
Oct4-specific CpG sites in MEFs treated with 1 �M 5-Aza for 48 and 72 h. As expected, Oct4 CpG sites in the untreated single fibroblasts as well as in
the 100-cell control were mostly methylated (top panel), while after 72 h of treatment the Oct4 promoter was mostly demethylated in the 100-cell control
as well in the single fibroblasts (lower panel). The recovery of both C and T alleles, particularly evident after 48 h of treatment (middle panel), could be
interpreted as a 5-Aza-induced hemi-demethylation, caused by incomplete demethylation possibly due to failure of the covalent 5-Aza/Dnmt1 binding on
one allele.

Figure 4. (a) DNA methylation profiling of Gabra1 in single neuronal nuclei. Cytosines of CpG dinucleotides are highlighted in orange. (b) Cyp71a promoter
in single neuronal nuclei. Cytosines of CpG dinucleotides are highlighted in orange. Epimutations are highlighted in blue.

Figure 5. (a) DNA methylation profile of the Nfe2l2 promoter in single hepatocytes. Cytosines of CpG dinucleotides are highlighted in orange. (b) DNA
methylation profile of Rabgap1l (intragenic region) in single hepatocytes. Cytosines of CpG dinucleotides are highlighted in orange. Epimutations are
highlighted in blue.
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Table 1. Locus-specific bisulfite sequencing of single hepatocytes

Total epimutations

Gene region
Number of CpGs
per region

Total cells
analyzed

Total CpGs for all
the cells analyzed Demethylating Methylating

Conversion of
unmethylated
non-CpG cytosines

Oct4 (region1) 2 17 34 6 290/293

Oct 4 (region 2) 4 12 48 3 230/230

L1 (Chr18) 2 33 66 3 48/48

Gabra-1 3 66 198 724/726

Cyp71a 2 24 48 4 733/740

Nfe2l2 4 34 136 6 428/429

Rabgap1l 4 11 44 3 692/ 695

Dpf1 3 9 27 1 151/152

206 601 16
(Demethylating
epimutation Rate:
2.7%)

10 (Methylating
epimutation rate:
1.6%)

3279/3296
(Conversion rate:
99.4%)

while for the demethylating epimutations we cannot rule out
the possibility that these represent accidental conversions
of methylated cytosines rather than genuine demethylating
events, for the methylation mutations we verified that their
rate was significantly higher than the non-conversion rate
of unmethylated cytosines (Fisher’s exact test, P < 0.05).

The frequency of methylating and demethylating epimu-
tation events is about two orders of magnitude higher than
the general mutation frequency of DNA sequences in so-
matic mouse cells (14). While to our knowledge this has
never before reported for mammalian cells, these results
are in accordance with recent results suggesting that spon-
taneous transgenerational epigenetic changes in the Ara-
bidopsis thaliana methylome are three orders of magnitude
more frequent than DNA mutations (28,29).

DISCUSSION

Thus far, virtually all epigenomic information available to
us is derived from measurements on mixtures of large num-
bers of cells, thereby precluding a more precise understand-
ing of cell-to-cell variability and the pathogenic history of
epimutations. While there has been progress with genome-
wide approaches, and a few groups (7,8) described method-
ologies to assess DNA methylation in single cells, a simple
and inexpensive methodology for detecting epimutations in
somatic cells has not been described.

Here we presented a method for single-cell, locus spe-
cific bisulfite sequencing (SLBS), which allows to accurately
measure epimutation rates. One of the great advantages of
bisulfite based approaches is the ready availability of an in-
ternal control for conversion rate; cytosines that are not fol-
lowed by guanine are not methylated and, therefore, should
be converted in uracil by the bisulfite treatment. A key ad-
vantage of bisulfite-based methods is accuracy, as the degree

of methylation at each cytosine can be quantified with great
precision.

Our SLBS procedure was extensively validated in fibrob-
lasts, neurons and hepatocytes, analyzing promoter regions
of genes known to be either constitutively expressed and
hypomethylated or repressed and hypermethylated in these
cell populations. By comparing DNA methylation patterns
in single cells with those in the tissue from which they were
derived we were able to directly measure the “epimutation
frequency” within promoter regions, which appeared to be
two orders of magnitude higher than somatic mutation fre-
quencies as obtained in the past from reporter gene stud-
ies (14). In this respect, it would be of interest to apply
SLBS to study epimutations in human tumors to comple-
ment the DNA sequence mutations available through The
Cancer Genome Atlas (TCGA).

SLBS can be applied not only to basic research to study
phenotypic diversity within organs and tissues in relation to
disease states, but also to improve diagnostic and prognostic
assays that sample very small numbers of cells from affected
areas of diseased tissues. One major clinical application is
to assess DNA methylation patterns in promoter regions of
tumor suppressor genes in circulating tumor cells (30). For
diagnostic purposes, our procedure could be implemented
in a high throughput approach, for example, by coupling
SLBS with microfluidics-based multiplex PCR (31,32), to
simultaneously amplify and analyze a large number of CpG
sites at very low cost.

We anticipate that SLBS will contribute to the current
shift in the molecular biosciences from average endpoints
toward the description of cell populations, tissues and or-
gans through their individual parts at single-cell resolution.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.

http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkv366/-/DC1
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