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Reduced representation bisulfite sequencing (RRBS) is a powerful method of DNA methylome profiling that can be
applied to single cells. However, no previous report has described how PCR-based duplication-induced artifacts affect
the accuracy of this method when measuring DNA methylation levels. For quantifying the effects of duplication-
induced artifacts on methylome profiling when using ultra-trace amounts of starting material, we developed a novel
method, namely quantitative RRBS (Q-RRBS), in which PCR-induced duplication is excluded through the use of unique
molecular identifiers (UMIs). By performing Q-RRBS on varying amounts of starting material, we determined that
duplication-induced artifacts were more severe when small quantities of the starting material were used. However,
through using the UMIs, we successfully eliminated these artifacts. In addition, Q-RRBS could accurately detect allele-
specific methylation in absence of allele-specific genetic variants. Our results demonstrate that Q-RRBS is an optimal
strategy for DNA methylation profiling of single cells or samples containing ultra-trace amounts of cells.

Introduction

During embryonic development, tumorigenesis, and aging,
the DNA methylome exhibits spatial and temporal distinct pat-
terns within different cell types.1,2 Characterizing the DNA
methylome of the pioneer cells of specialized cell populations is
essential for revealing the role of DNA methylation in these bio-
logical processes. However, because large quantities of starting
material are required when using current methods of methylome
profiling,3,4 the specific cell types presented in the trace amounts
within cell populations have rarely been analyzed.5-8

Recently, reduced representation bisulfite sequencing (RRBS),
a highly accurate method of DNA methylome profiling, was
optimized for studying the methylome landscape during embry-
onic development by using both dozens-of-cells (DC) and single-
cell (SC) samples as starting materials.9-11 However, to prepare a
sufficient quantity of library for next-generation sequencing from
the DC or SC samples, excessive PCR amplification (>40 cycles)
was performed, which might have resulted in abundant duplica-
tion in the data.12 Given that the sequencing libraries for RRBS
are based on enzyme-digestion, which generates identical reads
derived from multi-copies of the chromosome at the same posi-
tion, no available strategy can discriminate these reads are derived

from distinct copies of the same fragments, or from PCR-
induced duplicates. Thus, confusion between the genuine molec-
ular copies and duplicates might bias the results of DNA methyl-
ation analyses.

To overcome the aforementioned complication, we developed
quantitative RRBS (Q-RRBS), a method in which unique molec-
ular identifiers (UMIs) are used to eliminate PCR-induced dupli-
cation. Recently, UMIs were applied for counting individual
RNA or DNA molecules in sequencing data of post-amplifica-
tion libraries.13 UMI labeling of cDNA was successfully
employed in library construction for RNA-seq in order to elimi-
nate PCR-induced duplication and determine the true counts of
RNA molecules.14 Furthermore, UMIs were also used for elimi-
nating amplification noise in single-cell RNA-seq, and could be
well-suited for profiling allele-specific expression patterns when
allele-specific genetic variants exist.15 We employed Q-RRBS to
analyze—for the first time—the proportions of PCR-induced
duplicates present in the sequencing data obtained from 30 ng of
genomic DNA and DC and SC samples by using RRBS, and to
investigate the effects of this duplication on the accuracy of the
DNA methylation data. We further report that our Q-RRBS
method could be used for precisely determining allele-specific
DNA methylation (ASM) regions even in the absence of
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heterozygous single nucleotide polymorphisms (SNPs). We
therefore propose that our Q-RRBS method is an optimal strat-
egy for DNA methylation profiling of both SC samples and sam-
ples containing ultra-trace amounts of starting material.

Results

UMIs can be used to identify PCR-induced duplications
during Q-RRBS

The UMIs were used in library preparation of Q-RRBS for
counting genuine DNA molecules during DNA methylome pro-
filing of DC and SC samples (Fig. 1a). Unlike in the case of sin-
gle-cell RNA-seq, the library preparation procedure for RRBS
involves bisulfite treatment and the use of double-stranded

adapters for adapter-ligation. Therefore, we designed a series of
adapters that contained 6-base-pair (bp) identifiers featuring
alternating arrangements of S/W [where S represents a cytosine
(C) or guanine (G), and W an adenine (A) or thymine (T)] at
their 30 ends. This modified strategy provides 2 notable advan-
tages. First, the use of 6-bp S/W identifiers at both the 50 and 30

ends yields 4,096 possible combinations of pair-ended identifiers,
which is sufficient for inputs of up to hundreds of cells. Second,
the adapters were designed such that the Cs and Ts were located
at distinct positions within the identifiers, which eliminated the
following type of error: if a C and T were located at the same
position in 2 different UMIs that are otherwise identical, the C
in the original identifier would be converted to a uracil (U) dur-
ing bisulfite treatment and would thereafter present as a T; this
would result in 2 distinct UMIs being combined into one.

To demonstrate that these
UMIs can be used to identify
PCR-induced duplications derived
during RRBS, we performed
Q-RRBS on 30 ng of genomic
DNA purified from the MCF-7
cell line (Table S1); this is consid-
ered the lowest amount of input
sample that can be used in the
original RRBS protocol.16 Any
sequencing reads that contain
identical UMIs and are aligned to
the same position of the genome
could be considered single-molec-
ular-fragment-derived (SFD)
duplicates. Theoretically, these
SFD duplicates should exhibit the
same distribution of methylated
or unmethylated CpGs in the
sequencing read of each duplicate,
which could be defined as homo-
geneity of the DNA methylation
pattern (Fig. 1b). In accord, when
we surveyed 6,306,437 types of
SFD duplicates that were derived
from 6,306,437 positions in the
diploid genome, we found that
98.3% of them displayed homo-
geneity of the DNA methylation
pattern in each type of the SFD
duplicates (Fig. 1c), which indi-
cated successful labeling of the
SFD duplicates with our UMIs.

PCR-induced duplications
introduce severe artifacts during
RRBS of trace amounts of cells

To evaluate the proportion of
PCR-induced duplications in
RRBS data obtained using differ-
ent numbers of amplification

Figure 1. Signatures of quantitative reduced representation bisulfite sequencing (Q-RRBS). (A) A schematic of
the Q-RRBS method used for starting materials from either a trace amount of cells or single cells. Briefly, we
first performed cell lysis, MspI digestion, repairing/A-tailing, UMI-adapter ligation, and bisulfite treatment in
single-tube reactions, and then performed amplification, sequencing, and deduplicated analysis. Adapters
containing UMIs (unique molecular identifiers) at their 30 ends are represented by the short, variously colored
boxes within the ellipse. The random-labeling step showed that both ends of each double-stranded DNA
molecule randomly ligated with one of the 26 distinct UMI adapters. After deduplicated analysis, the 5 identi-
fiers indicated that only 5 molecules were present, whereas the original analysis showed that 20 sequencing
reads were present. (B) An example of single-molecular-fragment-derived (SFD) duplicates that contained
identical UMIs (6-bp sequences located at both ends of black lines) and aligned to the same position of the
genome. This type of SFD duplicates contained 6 fragments that displayed homogeneity of the DNA methyla-
tion pattern (same distribution of methylated CpGs in the sequencing reads). Filled circles represent methyl-
ated CpGs. (C) Of the 6,306,437 types of SFD duplicates that derived from 6,306,437 positions of the diploid
genome, 98.3% displayed homogeneity of the DNA methylation pattern (shown by the example in Fig. 1b)
in each type of the SFD duplicates.
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cycles, we performed RRBS with 2 technical replications on DC
samples PCR-amplified for 40 cycles and SC samples PCR-
amplified for 45 cycles, respectively (Table S1). We also per-
formed RRBS with 2 technical replications on 30 ng of MCF-7
genomic DNA by using 18 amplification cycles. For each dataset,
we aligned the original reads and the deduplicated reads, respec-
tively, for subsequent analyses. From the samples 30 ng-1,
30 ng-2, DC-1, DC-2, SC-1, and SC-2, we obtained 8,563,772,
10,616,633, 11,612,874, 11,217,275, 1,340,399, and 277,612
original reads, and 6,690,079,
7,982,604, 6,563,712, 5,305,022,
271,580, and 123,432 dedupli-
cated reads, respectively (Fig. S1).
Therefore, the proportions of
PCR-induced reads among the
total number of aligned reads
were 21.9%, 24.8%, 43.5%,
52.7%, 79.7%, and 55.5% for the
samples 30 ng-1, 30 ng-2, DC-1,
DC-2, SC-1, and SC-2, respec-
tively. These data indicate that
duplication increased as the num-
ber of amplification cycles
increased.

We next assessed how duplica-
tion in RRBS data influenced the
results of methylation profiling.
By performing the original and
deduplicated analysis for each
data set, we obtained various
CpGs at varying coverage depths
(Table S1). For subsequent analy-
ses of methylation levels, we
selected CpGs of at least 2£, 5£,
and 5£ depths (as determined by
analyzing the deduplicated reads)
from the data obtained for the
samples SC, DC, and 30 ng of
MCF-7 genomic DNA, respec-
tively. In theory, if a CpG reaches
a depth of 2£ through dedupli-
cated analysis, its depth in the
corresponding original dataset
must be �2£. Consequently, this
phenomenon might introduce
deviations from the genuine
methylation level of these CpGs,
because the depth-increment
induced by duplication is not
removed. In Figure 2a, we show
the genome-wide distribution and
a snapshot of duplication-induced
deviation between the analyses of
the original and deduplicated
data. When we distributed the
CpGs analyzed in each original

and deduplicated data set according to their various methylation
levels, we found that—with the exception of sites where the
methylation levels were 0 or 1—variability was present in the
methylation levels of certain CpGs in the SC-1, DC-1, and
30 ng-1 samples (Fig. 2b). These data are consistent with the
conclusion that duplication does not affect the outcome of DNA
methylation analyses of unmethylated and fully methylated
CpGs. Therefore, we plotted the methylation levels of CpGs in
the original and deduplicated data that exhibited methylation

Figure 2. Duplication-induced artifacts in reduced representation bisulfite sequencing (RRBS) data. (A) Devia-
tion of coverage-depth and methylation level between original and deduplicated analysis. In the original and
deduplicated analyses, the total original reads and the deduplicated reads were used for subsequent analy-
sis, respectively. The Circos plot on left displays the methylation level and depth of 5,246 CpG sites (differen-
tial methylation level > 0.2 between original analysis (blue) and deduplicated analysis (red; coverage � 2).
The right plot shows a representative locus (chr1:44,401,940-44,401,987) of significant deviation between
the original and deduplicated analysis. (B) Distribution of CpG sites showing different DNA methylation levels
in each set of original (blue dotted lines) and deduplicated (orange solid lines) data for the single-cell (SC),
dozens-of-cells (DC), and 30 ng of MCF-7 DNA samples. The y-axis shows the number of counts in each range
of methylation level. (C) Scatter plots of correlation coefficients between the methylation levels determined
by means of deduplicated analysis and original analysis for each sample. We selected CpGs exhibiting meth-
ylation level ranging from 20% to 80%, as determined through deduplicated analysis. Horizontal and vertical
axes represent the methylation levels of CpGs determined from the deduplicated analysis and original analy-
sis, respectively. Color bars, ranging from pink to blue, represent the increase of CpG density. Correlation
coefficients are shown above the scatter plots.
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levels ranging between 20% and 80%, as determined by analyz-
ing the deduplicated reads (Fig. 2c). For these analyses, we used
only those CpGs for which duplicate coverage was available in
the original data, and the results indicated that the severity of the
impact of duplication increased as the amount of starting mate-
rial decreased.

To evaluate the effects of duplication on the accuracy of DNA
methylation-level analysis, we compared the differences between
the methylation levels of the CpGs in the original and dedupli-
cated datasets. We identified a total of 34,898, 117,009, and
7,357 differentially methylated CpGs (DMCs) between the orig-
inal and deduplicated analysis of the 30 ng-1, DC-1, and SC-1
sequencing data, which accounted for 5.3%, 13.6%, and 64.0%
of the total CpGs covered by the RRBS with depth-cutoffs from
deduplicated analysis of 2£, 5£, and 5£, respectively. These
results again indicate that PCR-induced duplications introduce
progressively more severe artifacts as the amount of starting mate-
rial decreases. Furthermore, the results also indicate that our Q-
RRBS method would therefore be particularly suitable for DNA
methylome profiling of SC samples.

Q-RRBS analysis can reveal the chromosomal copy number
of the starting material

Our results demonstrated that UMIs can be used for identi-
fying duplications and accurately restoring the coverage for each
CpG when using trace amounts of cells or, in particular, SC
samples as the starting material. By counting the CpGs at dis-
tinct coverage-depths in the deduplicated data from the SC-1
sample, we determined that 85.2%, 12.7%, and 2.1% of the
CpGs detected exhibited 1£, 2£, and >2£ coverage, respec-
tively (Fig. 3a). As indicated by the results in Figure. 1a, during
library construction for Q-RRBS of SC samples, certain MspI-
digested fragments were randomly lost and this resulted in par-
tial absence of diploid and polyploid molecules. A previous
study also showed that considerable copy number variation was
detected in the HEK293T cell line.17 In order to identify the
origin of the covered CpGs in HEK293T cells, we counted
CpGs at distinct coverage-depths both from normal diploid
regions (NDRs) and abnormal polyploid regions (APRs, copy
number >2) (Fig. S2). In the sample SC-1, the CpG numbers
in APRs were 745,512, 110,272, and 17,151, and in NDRs
were 147,068, 22,790, and 4,137 for 1£, 2£, and >2£
depths, respectively. Thus, the ratios of APR-derived CpG num-
bers to NDR-derived CpG numbers were calculated to be 5.07,
4.84, and 4.15 for coverage-depths of 1£, 2£, and >2£,
respectively, in the SC-1 sample. Furthermore, similar ratios
were also calculated for SC-2 (Fig. S2). This indicated that the
APR-derived CpGs were more likely to be covered in Q-RRBS.
Moreover, we counted the total CpGs present within and out-
side repetitive elements (REs) in the data obtained for
HEK293T (human cell line) and N2A (mouse cell line) SC
samples of different depths as determined by Q-RRBS. Our
results showed non-preferential coverage of CpGs derived from
REs when compared to CpGs derived from other regions lack-
ing REs in the data for both HEK293T and N2A cell lines
(Fig. S3a-b). However, APRs are frequently associated with

segmental duplications, which contain REs in the human
genome.18 In SC-1, the numbers of CpGs in APRs that over-
lapped with REs were 266,219, 36,175, and 5,452, and those
in NDRs that overlapped with REs were 59,992, 8,408, and
1,344 for 1£, 2£, and >2£ depths, respectively. Thus, the
ratios of the numbers of CpGs in APRs that overlapped with
REs to the numbers of CpGs in NDRs that overlapped with
REs were calculated to be 4.44, 4.30, and 4.06 for coverage-
depths of 1£, 2£, and >2£, respectively, in the SC-1 sample.
This result indicated that CpGs derived from APRs or APRs
that overlapped with REs constituted a large part of the total
CpGs covered by Q-RRBS. By exploiting the ability to identify
single molecules within the SC samples by using UMIs, we
were able to sequentially quantify the molecular copy number
of the starting material and determine whether monoalleles or
bialleles of specific regions were present in our sequencing data
and, thus, we were able to accurately distinguish the methyla-
tion patterns of these regions (Fig. 3b).

Q-RRBS can be used to identify ASMs in the absence of
heterozygous SNPs

In previous studies, heterozygous SNPs were used to identify
ASM regions.10,19 However, in such cases, ASM regions lacking
a heterozygous SNP would clearly be missed. To identify ASM
regions by using Q-RRBS, deduplicated reads containing 2 dif-
ferent paired UMIs that mapped to unique locations were
selected for subsequent analysis. Among the 95,579 and 21,378
reads featuring biallelic coverage from the SC-1 and SC-2 sam-
ples, respectively, we identified 624 regions in total that harbored
at least 3 consecutive CpGs exhibiting the same methylation pat-
tern on one allele, but divergent methylation patterns between 2
alleles (Supplemental Table S2). Four of these ASM regions
were known imprinted differential methylation regions (DMRs)
(GNAS, PLAGL1, GRB10, and MEST). Although most known
imprinted DMRs are common to various cell types, a few of these
DMRs are cell type-specific.20,21 Thus, we surveyed the methyla-
tion status of the ASM regions identified by screening 9 differen-
tiated tissues (thymus, spleen, pancreas, ovary, lung, gastric,
esophagus, adrenal gland, and adipose tissues) by using informa-
tion obtained from the Roadmap Epigenomics Consortium
(http://roadmapepigenomics.org/). We marked each CpG site
that was intermediately methylated (methylation level: 0.25–
0.75) in at least 5 of the tissues (Fig. 3c). As expected, the 4
known imprinted DMRs were common to all 9 tissues. Notably,
we found that one ASM region located within the promoter of
ZNF718 was also common to all 9 tissues. Although conclusive
experimental data are not available for characterizing ZNF718 as
an imprinting gene, our findings agree with those of a statistical
model developed by Fang et al., which identified ZNF718 as a
candidate imprinting gene.22 Nevertheless, our results demon-
strate that Q-RRBS can be used to accurately identify ASM
regions by using UMIs. Furthermore, we surveyed the ASM
regions by using similar criteria (present in >5/9 tissues) and
identified another 28 regions (genomic annotations in black font
in Fig. 3c) that were cell type-specific ASM regions, which might
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potentially be identified as
imprinted DMRs based on fur-
ther testing for parent-of-origin-
specific effects.

Germline DMRs could be
potentially serve as imprinted
DMRs. Recently, Okae et al. reported that whole-genome bisul-
fite sequencing (WGBS) of human sperm and oocytes identified
68.6% (46/67) of the known imprinted DMRs as germline
DMRs.21 Thus, based on integrating these WGBS data with the
5 known imprinted DMRs and 28 cell type-specific ASM regions
identified by our analyses, we predicted that the methylation of 7

of these regions, which are located upstream of the transcriptional
initiation site of 6 genes, might be derived from one of the game-
tes (Fig. 3d). Of these, 3 known imprinted genes, MEST,23

GRB10,24 and PLAGL1,25 and 2 monoallelic methylation
regions, which are proximal to the transcriptional start site of
NBPF11 and LOC101927190 (Fig. 3e), originated from the

Figure 3. Analysis of quantitative
reduced representation bisulfite
sequencing (Q-RRBS) data obtained
from HEK293T single-cell samples.
(A) Bar plots of CpG counts at depths
ranging from 1£ to 10£ after dedu-
plicated analysis for the single-cell
sample SC-1. The y-axis shows the
counts of the CpGs corresponding
to each distinct coverage depth.
(B) Examples showing the ability of
Q-RRBS to accurately identify the
methylation pattern of monoalleles
or bialleles for specific regions. The
left plot shows that although 9 reads
were aligned to the same locus of the
genome from the original analysis,
only the monoallele of this locus was
detected from the deduplicated anal-
ysis. The right plot presents the
results for certain biallelic loci that
were detected by performing Q-RRBS
with deduplicated analysis. (C) Circos
plot of the methylation state of
HEK293T cells and 9 differentiated tis-
sues (thymus, spleen, pancreas,
ovary, lung, gastric, esophagus, adre-
nal gland, and adipose tissues) at pre-
viously identified allele-specific DNA
methylation (ASM) regions, which
were obtained by using Q-RRBS and
pooling the data for SC-1 and SC-2
samples. The methylation levels of
CpGs from different tissues or
HEK293T cells are depicted on differ-
ent tracks. Red bars represent cell
type-specific ASM regions that were
intermediately methylated (methyla-
tion level: 0.25–0.75) in at least 5 of
the 9 tissues. Here, 33 common or
cell type-specific ASM regions are
annotated in the core, in which the
known or reported imprinted genes
are shown in red. (D) Identification of
maternal or paternal origin for 7
monoallelic methylation regions from
the aforementioned 33 ASM regions.
(E) Snapshot of methylation levels for
a monoallelic methylation region
(LOC101927190) in HEK293T cells,
sperm, and oocytes.
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maternal parent. Conversely, an ASM region localized in the pro-
moter of CLIC3 might be derived from the paternal parent.

Discussion

DNA methylation is a key form of epigenetic modification
that plays crucial roles in numerous biological processes, includ-
ing repression of gene transcription, maintenance of gene
imprinting, X-chromosome inactivation, and repression of trans-
posable elements.26-31 RRBS is an effective method of DNA
methylome profiling that has been extensively used in compara-
tive research on DNA methylomes in mammalian cells.3 Since
the initial development of this method, the RRBS protocol has
been modified in order to optimize it for genomic coverage, start-
ing material, and library-construction throughput, which has
resulted in new methods such as enhanced RRBS (ERRBS),32

double-enzyme RRBS (dRRBS),33 gel-free and multiplexed
RRBS (mRRBS),34 and single-cell RRBS (scRRBS).9 However,
each of these methods has failed to address PCR-derived duplica-
tion artifacts, which can bias the results of DNA methylation
analyses. In this study, we found that 18 cycles of PCR amplifica-
tion resulted in small, but acceptable, artifacts when 30 ng of
genomic DNA was used as the starting material. Conversely, the
use of >40 cycles of PCR amplification resulted in large amounts
of error when assessing the DNA methylome particularly of sin-
gle cells.

The ability to analyze the methylomes of single cells continues
to attract considerable attention because pioneer cells unfailingly
contain a specific marker that is indicated by DNA methyla-
tion.1,2 The first single-cell epigenome analysis technique,
scRRBS, enables DNA methylation analysis at single-base resolu-
tion, and can detect the methylation status of 0.5–1 million
CpG sites within the genome of one cell.9 Recently, when a mod-
ification of Post-Bisulfite Adaptor Tagging was used, single-cell
Bisulfite Sequencing (scBS) was able to measure up to 48.4% of
the CpGs present in the mouse genome.35 Moreover, Farlik et al.
described single-cell WGBS (scWGBS), which can cumulatively
detect 90% of the CpGs in human and mouse genomes when
data from several SC methylomes are combined to infer cell-state
dynamics;36 furthermore, without the use of redundant pre-
amplification and restriction enzymes in paired-end sequencing,
this approach provided duplicate read detection as an alternative
to using UMIs. Similar to scRRBS, our Q-RRBS method pro-
vides less coverage of CpGs in the sequenced genome when com-
pared to scBS and scWGBS. However, Q-RRBS for single cells
and scRRBS are relatively more focused on consistent CpG-
island and genome profiling, which would be suitable for com-
parative analysis of DNA methylomes across different single cells.
Compared to scRRBS, Q-RRBS more effectively eliminated
biased determination of DNA methylation levels by using UMIs.
Thus, Q-RRBS is superior to scRRBS and can complement scBS
and scWGBS as another methodological choice according to the
specific aims of a study.

When analyzing single cells or groups of several cells, such as a
zygote or blastula, identifying sequencing read which are derived

from specific cells or alleles can be challenging.9 Through the use
of UMIs, our method provides an approach to uncover the het-
erogeneity of the methylation state at specific regions within dif-
ferent cells or alleles. Moreover, Landan et al. have developed a
bioinformatics strategy for characterizing epigenetic polymor-
phisms within cell populations.37 In the case of sequencing-read
saturation, we speculate that integration of our Q-RRBS method
with this bioinformatics strategy would facilitate the identifica-
tion of not only cell types, but also the proportions of each cell
type within trace cell tissues such as blastulas and islets, in which
cells differentiate asynchronously,38-40 and which consist of sev-
eral different cell types,41 respectively.

Previous studies of ASM regions typically required the pres-
ence of heterozygous SNPs within these regions.10 However, our
results demonstrated that the UMIs used in our Q-RRBS analy-
ses enabled effective and accurate detection of ASM regions in
SC samples independently of the existence of genotypic variation;
by contrast, scRRBS, scBS, and scWGBS could not discriminate
ASM regions in the absence of heterozygous SNPs. Therefore,
our method could likely be used to identify previously unrecog-
nized imprinted DMRs that lack heterozygous SNPs. Notably,
we were also able to accurately detect genomic imprinting defects
that contribute to human disease syndromes. Thus, by employing
Q-RRBs for analyzing, at the SC level, the DNA methylome of
embryos to be used for in vitro fertilization, Q-RRBS could
potentially be used as a diagnostic tool for avoiding the implanta-
tion of cells that could lead to imprinting defect-associated
syndromes.

Recently, Shipony et al. developed an RRBS method by using
UMI plasmid libraries to achieve genuine quantitative profiling
of DNA methylation-pattern distributions within cell popula-
tions.42 However, because this method requires at least several
nanograms of genomic DNA as starting material and also cus-
tomized primers and a customized sequencing model on the Illu-
mina sequencer, the applications of this approach might be
limited. By contrast, basic RRBS and scRRBS protocols are used
in our method with the substitution of UMI adapters. Conse-
quently, Q-RRBS can be more readily manipulated and is more
reproducible than the method developed by Shipony et al. In
conclusion, Q-RRBS can be widely applied as an effective and
accurate method for DNA methylome profiling of SC samples
and of samples containing trace amounts of cells.

Materials and Methods

Preparation of UMI adapters
The 5-methylcytosine-modified adapter oligonucleotides used

in this study (50-ACACTCTTCCCTACAGCTCTTCC-
GATCTSWSWSWT-30 and 50-WSWSWSAGATC GGAA-
GAGCACACGTCT-30; S D C or G, and W D A or T; all of the
Cs in oligo are 5-methylcytosine-modified), which were designed
to provide distinct UMIs as identifiers for different DNA frag-
ments, were synthesized by Invitrogen (Shanghai, China). Dou-
ble-stranded adapters were generated by diluting the single-
stranded oligos to a concentration of 10 mM in 10 mM
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Tris-HCl (pH 8.0), 0.1 mM ethylenediaminetetraacetic acid
(EDTA), and 10 mM NaCl, heating to 98�C for 2 min in a heat
block, and then allowing the sample to gradually cool to room
temperature.

Sample preparation
The human ovarian epithelial cell line T29 was a generous gift

from Dr. Jinsong Liu (MD Anderson Cancer Center, University
of Texas). MCF-7, N2A, and HEK293T cell lines were obtained
from American Type Culture Collection (Manassas, VA, USA).
All cells were maintained in Dulbecco’s modified Eagle’s
medium-high glucose (Gibco, Grand Island, NY, USA) supple-
mented with 10% fetal bovine serum (Gibco) at 37�C with 5%
CO2 and a humidified atmosphere. Genomic DNA was extracted
from MCF-7 cells by using a DNeasy Blood & Tissue Kit (Qia-
gen, Venlo, Netherlands), and 20 mg/mL RNase (Qiagen) was
used to degrade any RNA contaminants in the DNA samples.
DNA integrity was verified by means of agarose gel electrophore-
sis, and DNA was quantified using a Quant-iT PicoGreen
dsDNA Kit (Life Technologies, Carlsbad, CA, USA) and a Qubit
2.0 Fluorometer (Life Technologies).

Q-RRBS library construction
To prepare the libraries for 30-ng DNA input, we used the

protocol published by Gu et al.16 Cultured cells were subjected
to trypsin digestion, washed in standard phosphate-buffered
saline, and then serially diluted and counted. Single cells were
individually handpicked (using a mouth pipette) to ensure that
only one cell was processed at one time under the microscope.
Samples of DC were collected using a micropipettor, according
to the cell count. Precisely one cell (SC sample) and approxi-
mately DC samples were then transferred into 5 mL of CellsDir-
ect solution (10:1 Resuspension buffer:Lysis enhancer;
Invitrogen) and lysed by incubating them at 75�C for 10 min to
release naked DNA. The DNA was then spiked with 1% unme-
thylated lambda DNA (Fermentas, Waltham, MA, USA), which
translated to 60 fg for SC and 3 pg for DC given the basic
understanding that, according to previous calculations, only 6 pg
of DNA is present in a diploid human cell;9,43 next, 15-mL ali-
quots were fragmented by mixing with 20 units of MspI (New
England BioLabs [NEB], Ipswich, MA, USA) and CutSmart
buffer (NEB) and incubating for 4 h at 37�C. After incubation,
reactions were terminated by adding 0.5 mL of 150 mg/mL pro-
tease solution (Qiagen) and incubating at 50�C for 1 h to allow
optimal digestion of MspI, and this was followed by 30 min at
75�C for heat inactivation of proteases. To fill in the 50 overhangs
and to adenylate the MspI-digested DNA, 20-mL aliquots were
treated with 5 U of Klenow fragment (30-50exo-; Enzymatics
Inc., Beverly, MA, USA) in the presence of 1 mM dATP,
0.1 mM dGTP, and 0.1 mM dCTP (all 3 from Fermentas).
Reactions were incubated for 30 min at 30�C for optimal end
repair and then for 30 min at 37�C for optimal A-tailing, after
which the reactions were terminated through heat-inactivation
(15 min, 75�C).

To generate UMI adapter-linked DNA fragments, 1.5 mL of
the double-stranded adapters (1 mM) described above were

ligated to the dA-tailed DNA fragments in 25-mL reactions con-
taining 0.5 mL of 2000 U/mL T4 DNA Ligase (Enzymatics),
2.5 mL of 10 mM ATP (Life Technologies), and 0.5 mL of
CutSmart buffer (NEB). The ligation reaction was incubated at
16�C overnight and then heat-inactivated (10 min, 65�C). Next,
bisulfite conversion was performed in 150-mL reactions by using
the EZ DNA Methylation-LightningTM Kit (Zymo Research,
Irvine, CA, USA) according to the manufacturer’s standard pro-
tocol: 125 mL of ready-to-use Lightning Conversion Reagent
was added to 25 mL of a library in a single tube, and bisulfite
conversion was performed on the thermocycler as follows: at
98�C for 8 min, then at 54�C for 1 h, and finally at 4�C for tem-
porary storage. After bisulfate treatment, the converted DNA was
subjected to on-column desulfonation for at least 15 min at
room temperature as per manufacturer instructions, and 3 mg of
carrier RNA (Qiagen) was added to the supplied M-Binding
Buffer before purification to increase the overall yield. The DNA
was subsequently eluted twice from the Zymo spin column by
using 11.5 mL of pre-heated (50�C) elution buffer.

The total yield of purified DNA was then subjected to 2
rounds of PCR amplification. All PCR primers are listed in Sup-
plemental Table S3. The initial reactions were performed in
25 mL with PCR Round 1 Primer (final concentration: 300 nM)
by using KAPA HiFi HotStart UracilC ReadyMix (KAPA Bio-
systems, Wilmington, MA, USA). The following amplification
conditions were used: 2 min at 98�C, followed by 20 cycles of
30 s at 98�C, 30 s at 65�C, and 1 min at 72�C, and a final exten-
sion for 7 min at 72�C. PCR products were then size-selected by
means of 2% NuSieve 3:1 agarose gel electrophoresis and puri-
fied using a MinElute gel extraction kit (Qiagen). After clean-up,
the optimal, minimum PCR cycle number required to generate
the final libraries was assessed by using diagnostic PCRs for each
library. The size-selected DNA fragments were then subjected to
a second round of PCR in 25-mL reactions with PCR Round 2
Primer (final concentration: 300 nM) by using KAPA HiFi Hot-
Start ReadyMix (KAPA Biosystems) and the following thermocy-
cler conditions: 98�C for 2 min, followed by 21–25 cycles of
98�C for 30 s, 65�C for 30 s, and 72�C for 1 min, and a final
extension for 7 min a 72�C. PCR products were subjected to a
final size-selection step on a 2% NuSieve 3:1 agarose gel, and
then 2 gel bands, ranging between 200–300 and 300–500 bp,
were excised. The final RRBS libraries were recovered from the
gel by using the MinElute gel extraction kit and quantified using
a Qubit Fluorometer and the Qubit� dsDNA HS Assay Kit (Life
Technologies).

Sequencing and alignment
Libraries were quantified using a standard curve-based qPCR

assay (KAPA Biosystems) and Agilent Bioanalyzer 2100 (Agilent
Technologies, Loveland, CO, USA). The quality-ensured librar-
ies were then loaded on an Illumina HiSeq 2000 analyzer (Illu-
mina, Inc., San Diego, CA, USA) at final concentration of
approximately 8 pM with cluster densities at 75–85% of that
used in regular sequencing. All clusters that passed the filter were
converted into FASTQ files by using a standard Illumina
pipeline.
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The raw paired-end FASTQ reads were trimmed to remove
both the adapter sequences and low-quality bases. The UMI
sequences were extracted as tags of the reads. The remaining
truncated reads were then aligned to the hg19 human reference
genome (downloaded from UCSC Genome Browser) with the
Bismark tool.44 (http://www.bioinformatics.bbsrc.ac.uk/projects/
bismark/) by using the default parameters and applying a cus-
tomized pairwise-alignment Perl script. Uniquely aligned reads
that contained MspI digestion sites at their ends were retained for
further analysis. The 48,502-bp lambda DNA genome was built
as an extra reference to calculate the bisulfite conversion rate. For
RRBS of 30 ng of starting material, bisulfite conversion rates
were calculated as the number of genomic cytosines outside a
CpG context that were unconverted, divided by the total number
of cytosines outside a CpG context.

To demonstrate that DNA contamination did not occur in
our method, we preformed single-cell Q-RRBS not only on
human cells, but also mouse cells (Table S4). We used the same
parameters and mapped the mouse data to the human genome or
the human data to the mouse genome, and found that the map-
ping rate was low when these approaches was used, which agrees
with the scRRBS data obtained by Guo et al.9,10 (Fig. S4). Fur-
thermore, we also used negative controls in which only the carry-
over buffer was transferred into the lysis buffer, and we
performed all of the remaining steps in the same manner as in
the case of single cells. This revealed that the contamination in
the negative-control samples was also negligible (Fig. S4). These
results demonstrated that major DNA-contamination problems
do not affect our method.

Bioinformatics analysis
Any original reads that aligned to the same location of the ref-

erence and contained the same pair-ended UMIs were considered
duplicates. In such cases, only one of the reads was retained and
used as the deduplicated read. The original and deduplicated
reads were used for subsequent analyses. To estimate the CpG
coverage in the RRBS data sets, we simply added up the CpG
sites, but only if these CpG sites were captured at least once in
the samples. However, when computing the methylation level of
the libraries, we selected only the CpG sites that featured cover-
age-cutoffs after analysis of the deduplicated reads of 2£, 5£,
and 5£ for the samples SC, DC, and 30 ng of MCF-7 DNA,
respectively. The methylation level of each CpG site was esti-
mated as the number of reported Cs (methylated) divided by the
total number of reported Cs (methylated) or Ts (unmethylated)
at the same position of the reference genome. A CpG site was
considered a DMC if a difference existed between the

methylation state in the original and deduplicated reads, with an
absolute difference of �0.1 and a fold-change of �1.2. Because 2
copies of each allele are typically present in single cells (one from
each parent), the CpGs present in the deduplicated reads from
the SC samples covering 2£ depth were used for ASM analysis.
CpG sites exhibiting ASM were characterized as sites showing
50% methylation, and ASM regions were defined as regions con-
taining at least 3 uninterrupted ASM CpG sites. To investigate
the methylation states of known DMRs covered in our Q-RRBS
data for SC-1 and SC-2, we examined our sequences for the
known DMR regions listed in the Imprinted Gene Databases
(http://www.geneimprint.com/site/genes-by-species). Lastly, to
further decipher the origins of the ASM regions, we combined
our SC data with previous methylation data from germ cells.21
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