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26Dynamically regulated changes in chromatin states are vital for normal development and can produce
27disease when they go awry. Accordingly, much effort has been devoted to characterizing these states
28under normal and pathological conditions. Chromatin immunoprecipitation followed by sequencing
29(ChIP-seq) is the most widely used method to characterize where in the genome transcription factors,
30modified histones, modified nucleotides and chromatin binding proteins are found; bisulfite sequencing
31(BS-seq) and its variants are commonly used to characterize the locations of DNA modifications. Though
32very powerful, these methods are not without limitations. Notably, they are best at characterizing one
33chromatin feature at a time, yet chromatin features arise and function in combination. Investigators com-
34monly superimpose separate ChIP-seq or BS-seq datasets, and then infer where chromatin features are
35found together. While these inferences might be correct, they can be misleading when the chromatin
36source has distinct cell types, or when a given cell type exhibits any cell to cell variation in chromatin
37state. These ambiguities can be eliminated by robust methods that directly characterize the existence
38and genomic locations of combinations of chromatin features in very small inputs of cells or ideally, sin-
39gle cells. Here we review single molecule epigenomic methods under development to overcome these
40limitations, the technical challenges associated with single molecule methods and their potential appli-
41cation to single cells.
42� 2014 Elsevier Inc. All rights reserved.
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46 1. Epigenetics and epigenomics

47 The term ‘‘epigenetics’’ was originally coined by Conrad Wadd-
48 ington [1], and can be defined as the heritable changes in traits that
49 occur without direct alteration of the underlying primary DNA
50 sequence. At the molecular level, epigenetic phenomena are regu-
51 lated by so-called epigenetic marks that include covalent changes
52 to DNA and chromatin proteins, and remodeling of nucleosome
53 position on the DNA. These are often controlled by non-coding
54 RNAs and can respond to environmental influences. The epigenome
55 refers to the constellation of epigenetic marks that exist in a cell and
56 their chromosomal locations, which varies by cell type and devel-
57 opmental stage. Normal epigenomic states are important for cell-
58 type specific gene expression and a variety of cellular and develop-
59 mental processes. In humans, the aberrant placement of epigenetic
60 marks has been linked to many diseases, including cancer
61 (reviewed in [2]). The best studied DNA modification in mammals
62 is 5-methylcytosine (5mC), which plays an important role in geno-
63 mic imprinting, and the suppression of transposable elements [3].
64 Recently, it has been shown that 5mC can be converted to 5-

65hydroxymethylcytosine (5hmC) by the TET (Ten-Eleven-Transloca-
66tion) family of proteins [4]. In addition to converting 5mC to 5hmC,
67TET proteins can catalyze further hydroxylation of 5hmC to 5-form-
68ylcytosine (5fC) and 5-carboxylcytosine (5caC) in an enzymatic
69activity-dependent manner [5,6]. Numerous histone modifications
70exist primarily on the protruding amino-terminal tails of histones
71[7]; these include methylation (mono-, di-, trimethylation), acyla-
72tion, phosphorylation, ubiquitylation, sumoylation, ADP ribosyla-
73tion, carboxylation, glutathionylation, O-GlcNAcylation, hydrox
74ylation, formylation and citrullination. The covalent modifications
75are placed by ‘‘writer’’ activities (reviewed in [8–11]), removed by
76‘‘eraser’’ activities (reviewed in [12–14]). They exert their cellular
77effects by altering chromatin structure and by recruiting ‘‘reader’’
78factors (reviewed in [15,16]), which in turn recruit additional fac-
79tors necessary for epigenetically regulated processes.

802. Epigenomic methods

81Characterization of epigenomes has been greatly enhanced by
82use of various high-throughput sequencing technologies, which
83have been used to construct detailed epigenomic landscapes in
84many systems. The currently used, highest resolution methods
85include bisulfite sequencing (BS-seq) to assess 5mC [17–20], vari-
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86 ants of BS-seq to assess 5hmC [21,22], and chromatin immunopre-
87 cipitation followed by sequencing (ChIP-seq) for the analysis of
88 histone modifications and chromatin binding proteins [23–33].
89 Additional methods have been developed to assess epigenetically
90 influenced chromatin states diagnostic for transcriptionally regula-
91 tory domains including DNAse-seq [34], FAIRE (Formaldehyde-
92 Assisted Isolation of Regulatory Elements) [35] and Sono-seq
93 [36]. Among the technical challenges associated with these meth-
94 ods are biased amplification of bisulfite treated DNAs [37,38] and
95 the problem of antibody quality for ChIP studies. Antibody specific-
96 ity can limit ChIP-seq accuracy and reproducibility. Standards have
97 been established to validate antibody quality [32,39] that include
98 blotting approaches. Semi-synthetic DNA-barcoded nucleosome
99 libraries may also prove useful [40] for antibody validation, and

100 emerging microfluidic-based platforms [41] and the NanoString
101 nCounter platform [42] have the potential for streamlining this
102 process. Synthetic affinity reagents [43] may ultimately replace
103 antibodies that have batch-to-batch variation. Two issues that
104 are more fundamental than these technical challenges are (1) that
105 the cited epigenomic methods generally provide information about
106 a single epigenetic feature at a time, rather than the combinations
107 of epigenomic features that exist in the genome; and (2) that they
108 work best with an abundance of materials, and not as well with
109 inputs from few or even single cells. The remainder of the discus-
110 sion focuses on why these are limitations, and approaches under
111 development to overcome them.

112 3. Combinatorial chromatin states

113 In describing the histone code hypothesis, Strahl and Allis sug-
114 gested ‘‘that multiple histone modifications, acting in a combinato-
115 rial or sequential fashion on one or multiple histone tails, specify
116 unique downstream functions’’ [44]. The strongest support for this
117 at the time was provided by observations that the N-terminal tails
118 of histones H3 and H4 contain multiple sites where covalent mod-
119 ifications may be placed. Since then, many lines of evidence lent
120 support for the histone code hypothesis, and in particular, that
121 combinations of chromatin modifications, and not just single mod-
122 ifications alone, are critical for genomic regulation. First, mass
123 spectrometric analysis revealed that individual histones do in fact
124 carry multiple modifications on their N-terminal tails [45,46]. Sec-
125 ond, plant homeodomain (PHD) and bromodomain (BRD) motifs
126 within so-called ‘‘reader’’ proteins that bind to specific modified
127 histone amino acids, bind their targets in a manner that is sensitive
128 to the modification states of nearby amino acids [47]. The histone
129 acetyltransferase p300 in particular was shown to display this
130 property [40]. Third, the reader protein Bromodomain PHD-finger
131 Transcription Factor (BPTF), which has a methyl lysine-binding
132 PHD motif adjacent to an acetyl lysine-binding BRD motif, was
133 shown to bind H3K4me2/3 containing nucleosomes preferentially
134 when the nucleosome also carried H4K16ac [48]. The observation
135 that modifications on two independent histone molecules together
136 affected BPTF binding highlights the fact that biologically relevant
137 combinatorial states are not limited to those in cis on a single his-
138 tone molecule. Fourth, combinations of histone modifications
139 influence the biochemical activities of factors that bind and further
140 modify histones. For example, the demethylase KDM7A that tar-
141 gets methylated forms of H3K9 and H3K27 for demethylation
142 [49] contains a PHD motif that binds H3K4me3, suggesting that
143 KDM7A is directed to its H3K9me and H3K27me targets in chro-
144 matin by adjacent H3K4me3 [50].
145 The histone code hypothesis can be extended to include effects
146 coordinated with DNA modifications, as the combined importance
147 of DNA and histone modifications to gene expression has been doc-
148 umented. The NuRD complex contains methyl binding domain

149(MBD) proteins, which bind 5mC and 5hmC, histone deacetylases
150(HDAC) and chromatin remodeling activity [51]. Gene silencing
151by HDAC activity in these complexes is enabled by MBD recruit-
152ment of the complex to modified DNA [52]. Given the cross talk
153among chromatin modifications, it should come as no surprise that
154their effects are coordinated by mechanisms that sense the modi-
155fications in combination. As the number of known reader proteins
156[53] and chromatin modifications [6,54] increases, so does the
157potential complexity of the histone code, or more broadly, the
158chromatin code. These trends elevate the importance of identifying
159and mapping the genomic locations of combinations of chromatin
160features in order to understand how those features regulate geno-
161mic information in normal and disease states.

1624. Technologies that overcome some limitations of ChIP-seq and
163BS-seq

1644.1. Re-ChIP and ChIP-BS-seq

165The most widely used ChIP protocols query chromatin sources
166for chromatin features one at a time. Several sets of efforts have
167characterized where in the genome combinations of chromatin
168features can be found. One of these used sequential- or re-ChIP
169experiments, whereby chromatin immunoprecipitated with a first
170antibody was subjected to re-precipitation with a second antibody
171before analyzing the DNA [55–62]. In one application of re-ChIP, a
172bivalent state comprising H3K4me3 and H3K27me3 modifications
173at genes important for lineage specification was found in pluripo-
174tent stem cells [63]; in another application, histone variants H3.3
175and H2AZ were found together on active promoters, enhancers
176and insulator regions [64]. Re-ChIP methods require large inputs
177of chromatin, given the inefficiencies with which each antibody
178precipitates the chromatin, and in some cases, the low abundance
179of the chromatin feature. There are few examples of whole genome
180re-ChIP studies. Studies with more than two sequential ChIP reac-
181tions will likely require antibodies or other affinity reagents with
182dissociation constants well below those of existing reagents in
183order to have high enough modification capture efficiencies; small
184reaction volumes that enable use of high concentrations of chro-
185matin and capture reagents; and improvements in library prepara-
186tion or sequencing methods that make most efficient use of the
187DNA isolated by ChIP.
188In other efforts to define coincidence between 5mC and
189H3K27me3, DNA isolated by anti H3K27me3 ChIP was subjected
190to bisulfite sequencing [65]. In principle, this strategy can be
191applied to any DNAs isolated from a single or re-ChIP experiment,
192if sufficient amounts of DNA are recovered. Single molecule
193sequencing technologies have enabled the identification of DNA
194modifications, including 5mC and 5hmC without bisulfite and
195other chemistries (see below [66–68]). These provide an alternate
196means of characterizing the sequences and DNA modification
197states of chromatin isolated by ChIP.

1984.2. Statistical methods

199With high quality, high coverage sequencing results in hand,
200the workflow for ChIP-seq data analysis consists of read mapping
201and peak calling, including peak modeling and identification
202(reviewed in [69]). Statistical strategies have been combined with
203single ChIP experiments to identify sites where combinations of
204chromatin features are likely to be found [42,70–74]. These include
205use of hierarchical or k-means cluster analyses, heat map analysis,
206and Venn and Euler diagram analyses, (reviewed in [69]), however,
207direct observations using methods specifically designed to report
208combinations of chromatin features will be needed to validate
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