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Epigenetic regulation plays crucial roles in the development and disease processes. Since different cell
types with distinct epigenetic characteristics are always intermingled together in the tissues or organs,
the single cell analysis provides a universal resolution for dissecting their intrinsic complexities. In this
review, we discuss recent advances of developing single cell epigenome sequencing techniques for
profiling DNA modifications (5mC, 5hmC, 5fC and 5caC), chromatin accessibility, histone modifications,

protein-DNA interactions and three-dimensional genome architecture (Hi-C) in an individual mamma-
lian cell. Recent progresses of single cell multi-omics sequencing techniques are also reviewed. These
techniques are emerging as powerful tools for unravelling the unique epigenomic features of rare cell
types and epigenetic heterogeneity within a seemingly homogenous cell population. We also discussed
the current limitations and future development trend of single cell epigenome sequencing techniques.

© 2017 Published by Elsevier Ltd.

The human body is composed of a wide variety of cell types
with interdependent functions. To understand the development or
disease process in human, it is important to acquire genome-wide
information for decoding the identity, characteristics and func-
tional status of each cell type. Epigenetic regulation is a crucial
layer of the molecular mechanisms underlying the appropriate
activation or repression of gene expression. In past decades,
methods for profiling genome-wide epigenetic information have
been effective in identifying gene regulatory elements related to
cell identity and status during physiological development or
pathological diseases. However, different cell types are always
intermingled together in a tissue or organ, and it is often difficult
to isolate a single type of cells in an unbiased manner. Moreover,
even within a given cell type, there is intrinsic epigenetic hetero-
geneity due to cell cycle, microenvironments, etc. In recent years,
along with the fast progression of single cell transcriptome
sequencing technologies (Tang et al., 2009; Wen and Tang, 2016;
Yang et al., 2017), single cell epigenome sequencing technologies
have also been rapidly developed (Guo et al., 2013; Nagano et al.,
2013; Schwartzman and Tanay, 2015; Clark et al., 2016). These
technologies tremendously help scientists to explore the epi-
genomes of rare cell types and to decipher the epigenetic het-
erogeneities among a population of cells, which are generally
inaccessible by bulk analyses.
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1. Methodologies for single cell epigenome sequencing
techniques

1.1. Single-cell sequencing techniques for profiling DNA methylation

DNA methylation (5mC) is the covalent addition of a methyl
group to the 5’ carbon of cytosine, which mainly occurs at CpG
dinucleotides in the mammalian genome. It plays an essential role
in silencing of repeat elements, repression of transcription, inacti-
vation of the X chromosome, and maintenance of gene imprinting,
and abnormally alternated in human diseases such as cancer
(Baylin and Jones, 2011).

Bisulfite sequencing is known as the gold standard for DNA
methylation analysis, given its precision and single-base resolution.
Recent studies have established genome-wide DNA methylation
sequencing methods at single-cell resolution based on reduced-
representation bisulfite sequencing (RRBS) or post-bisulfite
adaptor tagging (PBAT) bisulfite sequencing strategies (Guo et al.,
2013; Smallwood et al., 2014; Farlik et al., 2015; Gravina et al,,
2016). RRBS is a cost-effective genome-wide DNA methylation
sequencing method that uses a restriction endonuclease digestion
(usually DNA methylation insensitive restriction enzyme Mspl) and
a size-selection strategy for enrichment of the CpG-dense regions
in the genome (Meissner et al., 2008). To adapt this method to
single cell analysis, we integrated the first five steps in the standard
RRBS protocol before polymerase chain reaction (PCR) amplifica-
tion into a one-tube reaction to minimize the loss of the tiny
amount of the genomic DNA in an individual cell during the DNA
purification steps (Guo et al., 2013, 2015a). For an individual mouse
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diploid cell, the scRRBS (single-cell RRBS) assay covers, on average, s
one million CpG sites with approximately 70% of the CpG islands in E
the genome being captured (see Table 1 for a summary of the _°
single-cell epigenome sequencing technologies). 8 =
The PBAT method is theoretically able to cover the entire S;
genome, similar to the standard whole genome bisulfite =0
sequencing (WGBS) method (Miura et al., 2012). It is different from g i ~ @ o) o
the standard WGBS in that the adaptors are added after, instead of 38 _© =8 RR 7 @ER
before, bisulfite treatment. This circumvents the drawback of FRZSCNHE R TE =9 DR
bisulfite-induced fragmentation of the DNA templates and is more Q E 0w S8 § & g3 = g =T R
suitable for analysis of the trace amounts of genomic DNAs within &= g Saw $8< = % ; R
an individual cell. Three PBAT-based assays have been reported g f;fc = % E ggg ‘0;4 §E% E fj: ;fnn E ;
(Smallwood et al., 2014; Farlik et al., 2015; Gravina et al., 2016). The S|GGEG63528 2 g@égéégg
scBS-Seq (single-cell bisulfite sequencing) assay (Smallwood et al.,
2014; Clark et al., 2017), which includes five rounds of pre- 5 o o o
amplification, covers more CpG sites (an average of 3.7 million .bé: S 8 =]
CpG sites in an individual mouse diploid cell) than the other two g § § § § ; § ; § § § ; § § § § § §
methods (averaging 1 or 2.2 million CpG sites in an individual glLlllezel L Rgelxl Ll 13
mouse diploid cell) (Farlik et al., 2015; Gravina et al., 2016). scBS-
seq covers more CpG sites compared to scRRBS and merges only a © s " 8
dozen cells reproduce the bulk result. Because of these features, 8888 o § g 5 z
scBS-seq is more advantageous than scRRBS if one wants to obtain 3 S g S S g E é g’fﬁ & 5 §. 2
methylation information from as many as CpG sites in an individual 5158858 % Ho 2 §¢T 2 E g ﬁ 8 t’:
cell as possible. However, the scRRBS focuses on the restricted but S|ss555y2ss 2 2 a gIxd £8%
more informative CpG-dense regions in the genome, allowing for a %" EEEE 5598 E8F5g5I828°
lower sequencing burden, less sequencing cost for each cell, and Zlunocne®Ias 58283282888
more overlapped regions covered in each cell for side-by-side ClTmmAneNYE 895N e SN SSe
analysis of their heterogeneity. o
More recently, methods capable of high-throughput, single-cell :f
methylome sequencing have been reported. In the snmC-seq v 5 &
(single-nucleus methylcytosine sequencing) strategies, including 2 = £ T 2
fluorescence-activated cell sorting (FACS), plate-based bisulfite ;-j E E i ; §
treatment, DNA purification and multiplex processing were w w-f % é £ g =
applied to increase the throughput of a PBAT-like assay (Luo et al., g &= “é £ e S =
2017). In the sci-MET (single-cell combinatorial indexing for § ®% S z 2 £ 73
methylation analysis) method, a combinatorial tagging strategy, ?2 :c; = E g 3 %: § - g
which will be described in more detail later in this article, was $ 58 9 8 Eg 0E 558
used (Mulqueenet al, 2017). Ez525 Eg¢ g3 o E5Z
In their first applications, these single cell DNA methylome §E8EE §:£§ g% 5 EE g
sequencing methods allowed for charting of the genome-wide and %E Eaé_’ g e E 2 ES :z SE=
base-resolution maps of mammalian oocytes, early embryos and E gE E‘E f 3 z é’ S S 2&3
primordial germ cells (PGCs), as well as uncovering dynamic geEdE E TE &% E ;g;
whole-genome DNA demethylation and re-methylation waves 5 g“s g § ;E g £8 2 g 2-5,
during epigenomic reprogramming of preimplantation and PGC €vge i = g o 29 L é% E
development (Guo et al, 2013, 2014a, 2015a; 2014b; Guo et al, 833 é’% 8 g‘§ EE £ c=é&¢
2015b). In addition, it has been shown that neuronal sub- 2 Lgget U%'g g2 22g2 pER
populations can be identified by the gene body non-CpG (CpH) 2l 'f/ \E = f SYEEE SELEQEgq=
methylation patterns of individual cells, and furthermore, regula- s|E|2ESSSSE8SEE EEZE EEQE
tory elements of the neuronal subpopulations can be identified E" P|EEEEESTORC CJUACACARC
through differential CpG methylation patterns (Luo et al., 2017). E a
Moreover, DNA methylation heterogeneity can be observed in [ 555
mouse embryonic stem cells (ESCs) (Smallwood et al., 2014). 80 E:; E c E E E g
HE L
1.2. Single-cell sequencing techniques for profiling other DNA 2% gggegczcs
modifications >|E fEc2E EEE
The oxidization derivatives of 5mC, e.g., 5-hydroxylmethylcytosine gloleeeeuy s S 9898 gdYd
. . DIB|EEEEEE=SEE & 23000
(5hmC), 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC), are g|m|wunwwBpOmwmninn B UUUITZmoomn
produced by the ten-eleven translocation methylcytosine dioxyge- 3 _
nase (TET) proteins and are the critical intermediate products of the ﬂ?'an e
active DNA demethylation pathway (Shen et al., 2014; Xu and Walsh, ;= g o —
2014). Identifying these DNA modifications provides crucial clues k] > % g.¢ & g E b4 f% a
about active DNA demethylation and their potential functions for - 2 £ ﬁ E 259 g _,E ; 5:5 = E § ig Q9 i
gene expression regulation. Traditional bisulfite sequencing is not 2 E 21%% %’ % E ol E § § S8 g 2 § E E
able to distinguish among these cytosine modifications: both 5mC £a
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