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> Methods for Cancer Epigenome Analysis
>
8' Raman P. Nagarajan, Shaun D. Fouse, Robert J.A. Bell, and Joseph F. Costello
%ZJ Abstract
§ Accurate detection of epimutations in tumor cells is crucial for understanding the molecular
= pathogenesis of cancer. Alterations in DNA methylation in cancer are functionally important and
- clinically relevant, but even this well-studied area is continually re-evaluated in light of
unanticipated results, including a strong connection between aberrant DNA methylation in adult
tumors and polycomb group profiles in embryonic stem cells, cancer-associated genetic mutations
in epigenetic regulators such as DNMT3A and TET family genes, and the discovery of abundant 5-
hydroxymethylcytosine, a product of TET proteins acting on 5-methylcytosine, in human tissues.
= The abundance and distribution of covalent histone modifications in primary cancer tissues
o relative to normal cells is a largely uncharted area, although there is good evidence for a
o mechanistic role of cancer-specific alterations in epigenetic marks in tumor etiology, drug
> response and tumor progression. Meanwhile, the discovery of new epigenetic marks continues,
E and there are many useful methods for epigenome analysis applicable to primary tumor samples,
g in addition to cancer cell lines. For DNA methylation and hydroxymethylation, next-generation
% sequencing allows increasingly inexpensive and quantitative whole-genome profiling. Similarly,
% the refinement and maturation of chromatin immunoprecipitation with next-generation sequencing
& (ChIP-seq) has made possible genome-wide mapping of histone modifications, open chromatin
=) and transcription factor binding sites. Computational tools have been developed apace with these
= epigenome methods to better enable the accuracy and interpretation of the data from the profiling
methods.
Keywords
cancer epigenetics; DNA Methylation; MeDIP; Microarray; RRBS; Shotgun Bisulfite Sequencing;
= MRE; ChIP-seq
T
o
j; [. INTRODUCTION
% DNA methylation is required for genome function through its roles in maintenance of
S chromatin structure, chromosome stability and transcription [1-4]. 5-methylcytosine (5MC)
§ is found at a subset of 5’-CpG-3’ dinucleotides and is also sometimes observed at CpNpG,
E’ notably in embryonic stem cells[5-7] but also in adult tissues[8]. The modified DNA base 5-
g hydroxymethylcytosine (5SHMC) is also present in mammalian genomes, albeit at a much
'§ lower levels compared to 5MC [9,10]. TET proteins catalyze the hydroxylation of 5MC to

generate 5SHMC, and can act further on 5SHMC to yield 5-formylcytosine and
carboxylcytosine[10-12].

The N-terminal tails of histone proteins are modified by acetylation, methylation,
phosphorylation, ubiquitylation, crotonylation[13] and other covalent modifications. At



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Nagarajan et al.

Page 2

some histone residues, such as histone H3 lysine 4 (H3K4), methylation can be mono-, di-,
or tri-methyl. Furthermore, multiple types of modifications can exist on a single histone
molecule. In addition to DNA methylation and histone modifications, there are other
interrelated, potentially epigenetic mechanisms including specific deposition of histone
variants, noncoding RNAs, chromatin remodeling, and nuclear organization, which are not
discussed here. Current epigenomic methods, especially those making use of next-
generation sequencing, provide powerful tools to map 5MC, 5HMC and histone
modifications at high resolution across the genome. However, there are many considerations
for selecting the most suitable method, including ease of use, cost, resolution, specificity,
quantitation and availability of computational methods to analyze the data. We describe
current epigenomic methods below, focusing primarily on genome-scale mapping methods
that use next-generation sequencing-based approaches.

IIl. METHODS FOR DNA METHYLATION AND HYDROXYMETHYLATION

There are three main approaches to detect 5SMC and 5SHMC. Methyl-sensitive restriction
enzymes (MRE) cut DNA based on methylation status of cytosines within their recognition
sequences (Figure 1a). A second approach includes differential chemical conversion or
enzymatic modification of cytosine according to methylation/hydroxymethylation status,
such as sodium bisulfite conversion and 5SHMC-specific glucosylation. Third, enrichment
methods include methyl DNA immunoprecipitation (MeDIP), hydroxyMeDIP (hMeDIP)
and methyl binding domain (MBD) affinity purification that are used to enrich for
methylated or hydroxymethylated regions. These approaches can be applied to investigate a
single locus, hundreds of thousands of loci, or to all mappable sites genome-wide.

I1.1 Overview of DNA Methylation Reagents

Methyl-sensitive restriction enzymes (MRE) have been used widely for precise, reliable and
inexpensive methylation detection. MRE only assay CpGs within their recognition sites but
when multiple non-redundant and frequent-cutting MRE are used in parallel this limitation
is less problematic. There are approximately 50 uniqgue MRE, though only a few have a
methylation-insensitive isoschizomer. MRE can resolve the methylation status regionally or
at individual CpGs, depending on the platform used following MRE digestion. Some MRE
are inhibited by methylation or hydroxymethylation, for example Hpall[10]. The reliability
of MRE enables their straightforward application to next-generation sequencing (MRE-seq)
allowing analysis of greater than one million CpGs.

Antibodies against 5-methylcytosine and 5-hydroxymethylcytosine, and columns containing
methylated DNA binding proteins (domains of MBD2 or MeCP2 alone, or MBD2b
combination with MBD3L) allow enrichment for 5SMC/5HMC independent of DNA
sequence (Figure 1a,b) [14-17]. Enrichment is greater for regions with higher methylated
CpG content relative to fully methylated regions with lower CpG content. These reagents
are simple to use and many are commercially available. The lower-limit of resolution is
determined initially by the size range of DNA prior to enrichment, generally 100-300bp,
and subsequently by the platform used to assess the enrichment, commonly oligonucleotide
arrays and next-generation sequencing.

Adv Exp Med Biol. Author manuscript; available in PMC 2014 July 09.
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Chemicals including sodium bisulfite and hydrazine react differentially with unmethylated
versus methylated cytosine and allow DNA methylation mapping at single base resolution
(Figure 1a) [18-20]. Of these, sodium bisulfite is the most commonly used as it results in a
positive display of methylation, among other advantages. Sodium bisulfite initiates
conversion of cytosine to uracil, which is replaced by thymine during PCR amplification. In
contrast, methylated cytosines are non-reactive, and remain as cytosine after bisulfite
treatment. Sequencing of individual clones of the PCR product allows assessment of
methylation status of contiguous CpGs derived from a single genomic DNA fragment.
Bisulfite has many advantages, including single CpG resolution, detection of strand and
allele-specific methylation, and detection of non-CpG cytosine methylation. Unlike other
methylation-detection reagents, bisulfite provides estimates of absolute rather than relative
DNA methylation levels, depending on the platform used. The reduced sequence complexity
of the genome following bisulfite treatment complicates its application to oligonucleotide
arrays [21], but is not a major issue when a sequencing platform is used. Hydroxymethylated
cytosines are resistant to conversion to uracil and are indistinguishable from 5MC in
bisulfite sequencing. The reaction of SHMC with bisulfite yields cytosine
methylenesulfonate, which can be specifically detected with an affinity method[22].
Alternatively, the hydroxyl group of 5SHMC can be enzymatically glucosylated and biotin
labeled to detect 5SHMC[23,22].

I1.2 Methyl-Sensitive Restriction Enzyme Methods

The HTF (Hpall tiny fragments) enrichment by ligation-mediated PCR, or HELP assay,
uses the methyl-sensitive Hpall along with its methylation-insensitive isoschizomer Mspl to
identify unmethylated CpG sites within the sequence 5’-CCGG-3’ [24]. Genomic DNA
digested separately with each enzyme is size-selected to capture small DNA fragments.
Custom adaptors complementary to digest ends are ligated and the adaptor-ligated molecules
are amplified by PCR. The amplification products can be analyzed using a variety of
platforms, including next-generation sequencing on the lllumina platform (HELP-seq) [25].
Methyl-seq is a second Illumina sequencing-based assay that uses Hpall/Mspl[26]. Similar
to HELP, the protocol involves separate Hpall and Mspl digests, adaptor ligation and
Illumina sequencing. Approximately 65% of the CpG islands (CGIs) in the human genome
are sampled using Methyl-seq. MRE methods are generally biased to CGls, which constitute
1-2% of the genome and 7% of all CpGs in the genome. Methyl-seq is similarly biased,
though non-CGl sites account for ~61% of the regions assayed, including a variety of
genomic sequences such as promoters, exons, introns, and intergenic regions.

Ball et al. reported a third variation of MRE-seq, using Hpall/Mspl digestion with Illumina
sequencing to analyze DNA methylation in the PGP1 EBV-transformed B-lymphocyte cell
line [27]. This approach, termed methyl-sensitive cut counting (MSCC), assayed ~ 1.4
million unique Hpall sites. Using MSCC and a complementary method, bisulfite padlock
probe sequencing (BSPP) to assay the methylation status of approximately 10,000 CpGs,
highly expressed genes were found to be associated with high gene-body methylation and
low promoter methylation. MSCC read counts were linearly related to BSPP percent
methylation at 381 CpG sites that were assayed with both methods, suggesting that MSCC
allows relative quantification of methylation levels.

Adv Exp Med Biol. Author manuscript; available in PMC 2014 July 09.
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DNA methylation has also been assessed through traditional Sanger sequencing combined
with MRE in digital karyotyping [28,29]. Using a combination of MRE that recognize 6—
8bp sites and methylation insensitive restriction enzymes, a library of short sequence tags is
generated. The number of tags sequenced reflects the level of methylation at each
recognition site, with lower tag counts representing greater methylation levels. In this
method, the number of sites analyzed depends on the MRE used — use of Ascl for example
can generate over 5000 unique tags that correspond to > 4000 genes.

These sequencing-based methods demonstrate the utility of MRE for analysis of DNA
methylation. The single CpG resolution and ability to assay a significant portion of the
methylome with next-generation sequencing, including most CGls, makes this a powerful,
accurate and straightforward way to assess methylation across the genome. When used
alone, the MRE-seq methods enable relative rather than absolute methylation levels to be
estimated. An integrative method[30,31] that combines MRE-seq in parallel with MeDIP-
seq to increase resolution, CpG coverage, and accuracy in quantitation is discussed below.

[1.3 McrBC And CHARM

The methylation-dependent restriction enzyme McrBC recognizes methylated DNA and cuts
near its recognition sequence. McrBC recognizes RMC(N)s5_103R™C, and cuts once between
each pair of half-sites, close to one half-site or the other. The cuts can be distributed over
several base pairs and approximately 30 base pairs distant from the methylated base,
generating a distribution of DNA ends rather than precisely defined DNA ends. McrBC is
useful to size-separate methylated DNA from unmethylated DNA, since the unmethylated
DNA remains high-molecular weight after digestion. McrBC was initially applied to
microarrays[32].

The “comprehensive high-throughput arrays for relative methylation” (CHARM) method is
an array-based technique for methylation profiling using McrBC [33]. To improve
specificity and sensitivity, probes were optimized based on location and CpG density on
custom arrays. Because neighboring CpG sites tend to have a highly correlated methylation
status, neighboring probe signals are averaged to reduce background noise without loss of
sensitivity or specificity, though modestly reducing resolution. By comparing CHARM to
MeDIP or Hpall on arrays, Irizarry et al. showed that McrBC yields better methylome
coverage than Hpall and less bias for CpG density than MeDIP. Using CHARM, aberrant
DNA methylation was found in colon cancer at sequences up to 2 kb flanking CGls, referred
to as CGI shores [34]. These data demonstrate the utility of McrBC-based methylation
detection, and the new biological insights afforded by the CHARM method.

[1.4 Methyl DNA Immunoprecipitation (MeDIP)

In addition to MRE and McrBC, methylation can be assessed by immunoprecipitation of
methylated DNA with a monoclonal antibody against 5-methylcytidine (MeDIP) [14]. This
antibody does not recognize 5SHMC[35], which can be specifically immunoprecipitated with
an anti-5HMC antibody[36—39]. A major advantage of MeDIP-based detection is that it is
not limited to a specific restriction site and theoretically any fragment with a methylated
cytosine is immunoprecipitated. One approach involves the coupling of MeDIP with DNA

Adv Exp Med Biol. Author manuscript; available in PMC 2014 July 09.
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microarrays to obtain relative methylation levels at the loci represented on the array[14,40-
44].

MeDIP combined with next-generation sequencing (MeDIP-seq) can be used to interrogate
the majority of mappable CpG and non-CpG cytosines in the genome. In a step forward
from array-based methods, MeDIP-seq allows analysis of monoallelic methylation and
methylation in a significant number of repeat sequences. Most protocols generate a MeDIP
sequencing library by sonicating DNA followed by end-repair, adaptor ligation,
immunoprecipitation with the anti-methylcytidine antibody and PCR amplification. The
methylation-enriched library is sequenced and the reads are mapped back to a reference
genome. A specific genomic region shows higher read density when methylated in one
sample compared to when the same region is unmethylated in another sample, although read
density between different regions is affected by the density of methylated CpGs, DNA copy
number and potentially other factors (discussed in Robinson et al. 2010a and Robinson et al
2010b)[45,46]. These considerations are also important for MBD affinity-based approaches.
MeDIP-seq has been applied to a variety of sample types from multiple organisms including
human cancer [47,48,30,49-52,31,53].

Several computational methods have been specifically designed for analyzing MeDIP data
while addressing local density of methylated CpGs. MEDME (modeling experimental data
with MeDIP enrichment) is a combination of analytical and experimental methodologies that
improve the interpretation of MeDIP-chip data, and addresses the non-linear relationship
between enrichment signal and CpG density that is particular to MeDIP-chip [54]. A second
analytical method for MeDIP-chip and also MeDIP-seq data called Bayesian tool for
methylation analysis (BATMAN) uses a CpG density-derived coupling factor to quantify
methylation levels across a range of CpG densities[47]. MEDIPS is a third approach that,
like BATMAN, uses a CpG density coupling factor and in addition provides a framework
for evaluating quality control parameters, estimating absolute methylation and comparing
samples to detect regions of statistically significant differential methylation[51]. MeDIP-
chip and MeDIP-seq are lower resolution compared to bisulfite-based methods. On the other
hand, MeDIP-seq provides comprehensive methylome coverage at a fraction of the cost of
shotgun bisulfite sequencing. Experimental and computational advances should enable
increased resolution and quantitation of methylation levels using MeDIP-seq alone or in
combination with MRE-seq.

1.5 Affinity-Based Enrichment Using Methyl Binding Domains

The Methylated CpG Island Recovery Assay (MIRA) is an alternative to MeDIP for
selecting/enriching for methylated DNA, particularly at CGls [15-17]. MIRA involves size
fractionation of DNA, either by sonication or with Msel which recognizes 5’-TTAA, a site
that is typically found outside of CGls. After digestion, adaptors are ligated to the DNA
followed by selective binding of methylated fragments on a column with full-length MBD2b
and MBD3L1 proteins. MBD2b is a methyl-binding protein that exhibits a high affinity for
methylated DNA relative to unmethylated DNA [15]. MBD3L1 lacks a methyl-CpG binding
domain but can interact with MBD2b and improves enrichment of methylated DNA [15].

Adv Exp Med Biol. Author manuscript; available in PMC 2014 July 09.
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The methylated DNA eluted from the column is amplified by PCR, fluorescently labeled
and hybridized to a microarray.

There are several similar approaches that combine affinity enrichment with Illumina
sequencing. In MethylCap-seq, the methyl binding domain of MeCP2 is used to capture
methylated DNA fragments after sonication [55,52]. Binding occurs at low salt
concentration and then a step-wise elution of captured DNA is performed by increasing the
salt concentration, allowing collection of fractions with differing methylated CpG density,
with highly methylated, CpG-dense fragments eluting at the higher salt concentrations. The
eluates can be sequenced separately or pooled. The MBD2 methyl binding domain alone can
be used for enrichment followed by Illumina sequencing, called MBD-isolated Genome
Sequencing (MiGS) [56]. In this protocol, a single elution is performed. MBD2 enrichment
with serial elution in increasing salt has been called MBD-seq [31,57] or MBDCap-seq [45].

Several studies have directly compared MeDIP-seq with MBD affinity-based sequencing.
Harris et al. found that MeDIP-seq and MBD-seq were 99% concordant using binary
methylation calls in 200bp windows or 1000 bp windows [31]. MeDIP-seq enriched more at
regions of low methylated CpG density compared to MBD-seq. Also, MeDIP-seq appeared
to detect non-CpG methylation (i.e., at CpNpG) but MBD-seq did not, as predicted. Bock et
al. compared MeDIP-seq with MethylCap-seq and observed similar levels of accuracy in
quantifying methylation when comparing each to Infinium 27K data. In both of these
studies, MeDIP-seq and MBD affinity-based sequencing performed well in comparison with
bisulfite next-generation sequencing.

I1.6 Integrative MeDIP- and MRE-seq

MeDIP-seq and other affinity-based methods provide a positive display of methylated loci,
and the absence of signal usually represents unmethylated loci, but also could be a result of
regions that are difficult to PCR amplify or sequence, or insufficient sequencing depth. A
method that combines MeDIP-seq with MRE-seq leverages their complementarity
[30,31,58]. Independent MeDIP-seq and MRE-seq libraries are generated from the same
DNA sample and sequenced separately. For MRE-seq, three to five parallel digests are
performed using the MRE Hpall, Acil, Hin61, Bsh12361 and HpyCH4IV; the digests are
size-selected and combined into a single library. Because the restriction sites from these
enzymes are non-overlapping, each additional enzyme greatly increases coverage of unique
CpG sites. At a moderate sequencing depth integrated MeDIP- and 3 enzyme MRE-seq
together interrogate either uniquely or as multimapping sites ~22 million of the ~29 million
CpGs in the haploid human genome[31]. The integrative method is useful for detecting
intermediate methylation, including regions of allelic methylation that overlap with
monoallelic histone modifications and monoallelic gene expression[31]. This illustrates
another significant advantage of sequencing based epigenome analyses — the ability to
assign an epigenetic state to a given genetic allele. For extensive DNA methylation profiles
of human cells and tissues, see http://vizhub.wustl.edu/.

Adv Exp Med Biol. Author manuscript; available in PMC 2014 July 09.


http://vizhub.wustl.edu/

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Nagarajan et al.

Page 7

I1.7 Indirect Methylation Detection with Demethylating Agents and Expression Arrays

Genetic or chemical inhibition of DNA methylation followed by expression array analysis
can identify genes that may have been silenced by DNA methylation [59-63]. sSiRNA or
shRNA can be used to knock down the DNA methyltransferases, or cell lines can be treated
with demethylating agents such as 5-aza-2’deoxycytidine (5-aza) alone, or 5-aza in
combination with histone deacetylase inhibitors. 5-aza is a cytidine analog that is
incorporated into DNA and covalently binds and inhibits DNA methyltransferase, resulting
in passive demethylation. 5-aza treatment results in activation of genes that were silenced by
DNA methylation, provided that the appropriate transcription factors are present. However,
interpretation of this indirect assessment of methylation is complicated by the fact that genes
lacking promoter methylation may also exhibit an increase in expression following 5-aza
treatment [64]. Presumably this results from demethylation at other loci within the same
gene or in genes upstream that are required for its expression, though direct effects on
unmethylated regulatory elements cannot be ruled out. Furthermore, this approach is best
applied to cells grown in culture such as cell lines or early passage primary cells [65], as 5-
aza requires replication to induce passive demethylation. The application of this approach to
primary tumor cells addresses epigenetic silencing that is from long-term culturing rather
than cancer or cell type-specificity, though 5-aza may cause growth arrest in non-
transformed cells.

11.8 Reduced Representation Bisulfite Sequencing (RRBS)

Bisulfite treatment converts unmethylated cytosines to uracil but methylcytosine and
hydroxymethylcytosine are resistant to conversion. When followed by cloning and Sanger
sequencing, this approach yields quantitative, allelic, contiguous and base resolution of
cytosine methylation. However, the shotgun bisulfite approach has been quite expensive for
mammalian methylomes. It is important to note that hydroxymethylcytosine and
methylcytosine cannot be distinguished by bisulfite sequencing as both block conversion.

To retain the advantages of methylation detection by bisulfite while reducing the cost of
shotgun bisulfite sequencing, Meissner et al. developed a technique that interrogates DNA
fragments from a reduced representation of the bisulfite-treated genome [66-68]. The
reduction comes from DNA digestion with methylation-insensitive restriction enzyme Mspl
and fragment size selection. After digestion, the ends of the DNA are filled-in with dGTP
and methylated dCTP, followed by the addition of an A overhang to enable adaptor ligation.
The adaptors used for this assay are methylated at cytosine residues to prevent conversion
during bisulfite treatment. The adaptor-ligated DNA is then size selected on a gel and two
fractions are excised — the sizes of which depend on the organism. For mouse DNA,
approximately 300,000 Mspl fragments that span 40 to 220 bp are analyzed, which
corresponds to nearly 1.4 million CpG sites analyzed at the nucleotide level [67]. These
fragments are then bisulfite treated, PCR amplified and size selected again to generate a
sequencing library. Several factors must be considered with this approach. First, the choice
of a restriction enzyme to fractionate the DNA will bias the portion of the genome that is
represented. A second consideration is the process of mapping reads of bisulfite converted
DNA to the genome. Several mapping algorithms for “bisulfite genomes” have been
developed [69,70,67,71]. Compared to other sequencing methods, RRBS provides an

Adv Exp Med Biol. Author manuscript; available in PMC 2014 July 09.
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efficient way to generate absolute quantification of methylation of more than 1 million CpG
sites at single base pair resolution. Methylation at non-CpG cytosines can also be assessed
by RRBS[8]. RRBS has been successfully applied to nanogram quantities of genomic
DNA[72] and to large numbers of human cell and tissue types (http://vizhub.wustl.edu/).

Bisulfite Sequencing

Shotgun sequencing of bisulfite treated DNA has been successfully applied to several
organisms, including humans [69,70,73,7,74-78] and provides comprehensive, single
cytosine quantification of methylation level when sequence coverage is sufficiently deep. A
single-CpG-resolution shotgun bisulfite experiment on human DNA requires hundreds of
millions of sequencing reads, with the exact number varying depending on the desired
sequencing depth and on read lengths[78]. Many regions >200bp in the mammalian genome
do not contain CpGs and thus a large number of sequence reads may be uninformative, at
least for CpG methylation. Prior selection of sequences, for example through sequence
capture methodology, or enrichment of methylated DNA or unmethylated DNA followed by
shotgun sequencing could increase the efficiency and decrease the cost of this approach.
Bisulfite sequencing that first employs selective “reduction” of the genome (e.g. RRBS) is
far less expensive. Nevertheless, the cost of sequencing full DNA methylomes has decreased
20-fold since the first human methylome[7]. Shotgun bisulfite methylomes have been
generated for a breast cancer cell line and primary human mammary epithelial cells[79] and
primary colorectal cancer and adjacent normal colon tissue[80].

RRBS and shotgun bisulfite sequencing require algorithms that are tailored to mapping the
sequence reads from bisulfite treated DNA back onto the genome. Several algorithms have
been developed for this computationally intensive problem [69,67,70,71,81,82]. The
reduction in base complexity from the bisulfite conversion and the fact that a CpG can be
methylated or unmethylated are issues that are addressable though complex when aligning
bisulfite reads. Due to the bisulfite conversion process, the forward and reverse strands of
DNA are no longer complementary and the sequence reads therefore are aligned to four
different bisulfite-converted genomes: forward BS, forward BS reverse complement, reverse
BS, reverse BS reverse complement). Thus, for this mapping there is increased search space
along with a reduction of sequence complexity, requiring significant computation time for
the read mapping [31].

11.10 Other Bisulfite Methods

Illumina Infinium methylation assays are mid-range platforms using bisulfite conversion and
bead arrays to quantify methylation levels at individual CpGs. The HumanMethylation27
and HumanMethylation450 formats interrogate 27,578 and >450,000 CpGs, respectively.
Bead-bound oligonucleotides corresponding to the methylated and unmethylated states of a
single CpG site are hybridized to bisulfite-converted DNA and differentially labeled with
Cy3 or Cy5. The methylation level is determined by the ratio of Cy3 and Cy5 fluorescence
on the bead array. The HumanMethylation27 BeadChip interrogates 12 samples at a time
and includes probes from 1,000 cancer-related genes and from putative promoters of 110
miRNA, among others. While there are on average 2 CpG sites assayed per gene for the
majority of genes, 150 genes known to exhibit aberrant tumor-specific methylation are

Adv Exp Med Biol. Author manuscript; available in PMC 2014 July 09.
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assayed at 5-10 CpGs each. The vast majority of 27K probes are located in promoters. The
450K platform expands the genomic regions that are assayed by Infinium. Genes are broadly
profiled, with probes in the promoter, 5’UTR, first exon, gene body and 3’ UTR. 99% of
CpG islands have probes, and the CpG island shores, 2kb regions flanking CpG islands, and
regions flanking shores, called “shelves”. Like the 27K assay, a single 450 BeadChip can
assay 12 samples. Both versions require 500 ng of DNA prior to bisulfite conversion. These
methods do not assess multiple closely apposed CpGs individually, and such regions are
generally avoided in the assay development. This bias is likely to impact biological insights
drawn from this data.

Another bisulfite-based method, the Sequenom EpiTyper assay, utilizes MALDI-TOF mass
spectrometry to analyze RNA cleavage fragments derived from post-bisulfite PCR products
that contain a promoter to drive transcription [83,84]. This unique assay allows high-
throughput quantitative methylation analysis at hundreds of loci, usually at single CpG
resolution, and is quite useful for candidate loci in hundreds of samples, or as a follow-up to
genome-wide profiling.

Bisulfite padlock probes are molecular inversion probes designed to target and capture
specific CpG sites from bisulfite-converted DNA[27,85]. The strategy is similar to RRBS in
that a subset of CpG sites are analyzed by bisulfite sequencing to reduce the genomic space
that must be covered, but with the advantage that particular CpGs can be assayed, instead of
only those located within a set of restriction fragments. Tens of thousands of bisulfite
padlock probes can be amplified in single reaction and sequenced on the Illumina platform.
Deng et al. were able to assay ~66,000 CpG sites, primarily in CpG islands[85]. A
prominent advantage of this technology is that it is customizable and can target a specific set
of CpG sites of interest to the investigator.

[ll. DETECTION OF 5-HYDROXYMETHYLCYTOSINE

5-hydroxymethylcytosine (SHMC) is abundant in mammalian genomes. The tissue-
specificity, genomic distribution and functional significance of SHMC are under
investigation. Pre-existing 5SMC is hydroxylated by the TET family of dioxygenases (TET1,
TET2 and TET3) to yield 5SHMC[10,86]. TET proteins can further modify 5SHMC resulting
in formylmethylcytosine, carboxymethylcytosine, and possibly through steps mediated by
base excision repair, unmodified cytosine[12,11]. TET1 is an MLL translocation partner in
acute myeloid leukemia[87,88] and TET2 mutations occur in myeloid malignancies
associated with decreased SHMC[89], suggesting that dysregulation of 5SHMC plays a role
in cancer.

Detecting and quantifying 5SHMC is challenging because many reagents used for detecting
5MC do not distinguish SHMC from 5MC. Like 5MC, 5SHMC is resistant to C-to-U
transition following bisulfite treatment[90], and these bases are indistinguishable by bisulfite
cloning and sequencing or other bisulfite-based methods. In addition, SHMC reacts with
bisulfite to yield cytosine 5-methylenesulfonate (CMS) and DNA with dense CMS is
inefficiently amplified during PCR due to Taq polymerase stalling at CMS sites[90]. As a
result, quantification of hydroxymethylation in regions of dense SHMC, if they exist in some

Adv Exp Med Biol. Author manuscript; available in PMC 2014 July 09.
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biological contexts, may be underestimated with bisulfite-based methods. MRE-based
methods also do not distinguish 5SMC from 5HMC, depending on the enzymes used, such as
Hpall, which is inhibited by 5MC or 5SHMC in its recognition sequence[10]. Finally,
affinity-based 5SMC methods (MeDIP-seq, MBD-seq, etc.) are specific to 5SMC and do not
detect SHMC directly, but could indirectly enrich for regions with SHMC when it occurs on
the same DNA fragment as 5SMC[35].

Global quantification of SHMC levels (measuring the relative or absolute amount of 5SHMC
present within a DNA sample) can be assayed by thin layer chromatography (TLC)[10,9]
and high-performance liquid chromatography-mass spectrometry (HPLC-MS)[9,91].
Recently, a profusion of SHMC mapping techniques have also been developed, many of
which can be employed for genome-wide analysis.

[11.1 5SHMC Glucosylation Methods

There are several methods based on in vitro glucosylation of 5SHMC in DNA that can be
used for global quantification or mapping of 5SHMC. These methods use bacteriophage T4
beta-glucosyltransferase (BGT) to catalyze the addition of a glucose moiety to the hydroxyl
group of SHMC. For global quantification, a radiolabeled substrate (uridine 5’-diphosphate-
[3H]-glucose) is used in the BGT-catalyzed reaction. The amount of labeled substrate
incorporated is compared to standards, allowing absolute quantification[92]. A mapping
method called GLIB (glucosylation, periodate oxidation, biotinylation) combines
glucosylation by BGT with subsequent chemical reactions, resulting in the addition of two
biotin molecules to each SHMCJ[22]. The biotin-tagged 5SHMC DNA is then pulled down
with streptavidin and sequenced on the Helicos single molecule platform. GLIB has high
sensitivity, with 90% recovery of DNA fragments containing a single 5SHMC molecule.
Song et al. present a second mapping method, in which a chemically engineered glucose
containing an azide group is transferred to 5HMC by BGT[23]. The azide group is then
chemically tagged with biotin and affinity enriched, with global quantification performed
using avidin-horseradish peroxidase and genome-wide mapping through Illumina
sequencing. Finally, a method has been developed utilizing the restriction endonuclease
Mspl, which cuts CMCGG and C'MCGG, but not CIU°CGG sites. Locus-specific SHMC can
be estimated using Mspl digestion on BGT-modified DNA followed by quantitative PCR
across the cleavage site[36,93].

[11.2 5SHMC Affinity Enrichment Methods

There are two enrichment methods for SHMC based on antibodies that detect SHMC itself
or 5-cytosine methylenesulfonate (CMS), the product of reacting SHMC with sodium
bisulfite. The SHMC antibody with sequencing approach, hMeDIP-seq[36-39], is similar to
MeDIP-seq, and informatic tools originally developed for MeDIP-seq data have been
employed in hMeDIP-seq. Monoclonal and polyclonal anti-5SHMC antibodies are
commercially available, but their SHMC-density dependence[89,22], along with the
relatively low genomic abundance of 5SHMC in some tissues, might result in inefficient
pulldown of 5SHMC-sparse regions. The anti-CMS antibody sequencing approach was
developed as a more sensitive, less density-dependent alternative to hMeDIP-seq[22]. CMS
pulldown had lower background and decreased density dependence compared to commercial
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anti-5HMC antibodies. CMS-enriched libraries were sequenced on the Illumina platform.
Since Illumina library construction protocols usually require at least one PCR step, the
tendency of Taqg polymerase to stall at regions of dense CMS could be problematic.

The rapid development of methods for the detection and quantification of SHMC has
paralleled the exciting pace of discovery of the distribution and potential functional roles of
this “sixth base”. Computational tools that are specific for hMeDIP-seq and CMS-pulldown
have not been reported yet. For hMeDIP-seq, tools developed for MeDIP-seq, such as
MEDIPS[51] have been adapted [38]. Stroud et al. used SICER, which was originally
developed for analyzing ChlP-seq data for diffusely distributed histone modifications, to
define regions of 5SHMC enrichment[39]. The next generation of genome-wide mapping
methods for SHMC may involve direct detection of the modified base by single molecule
sequencing [94,23].

IV. CHROMATIN IMMUNOPRECIPITATION-SEQUENCING (CHIP-SEQ)

Alterations in histone modification patterns and transcription factor binding impact gene
expression and have been implicated in tumorigenesis, cancer cell stemness, metastasis, and
drug resistance[95-98]. Chromatin immunoprecipitation coupled with next generation
sequencing (ChlP-seq) has become the gold standard to study histone modifications and
transcription factor binding genome-wide. It provides higher resolution, improved signal-to-
noise ratios, and when using indexed libraries, it is less expensive than coupling ChIP with
microarrays (ChIP-chip)[99]. Fresh or fresh frozen tissue or cells are either kept native (N-
ChIP)[100] or formaldehyde cross-linked to preserve weaker DNA-protein interactions (X-
ChiIP)[101], followed by cell lysis (Figure 2). N-ChlIP is primarily used for histone
modifications, where the DNA histone interactions are inherently strong[99]. Antibody
specificity and immunoprecipitation are more efficient with N-ChlIP as epitopes can be
disrupted by formaldehyde[100], however N-ChIP cannot be applied to proteins with lower
DNA binding affinities such as transcription factors. Cross-linking ameliorates this problem,
and minimizes stochastic nucleosome movement that can occur during N-ChIP[100],
however it also may fix transient non-functional interactions and reacts at lysines which may
create biases. Native or cross linked chromatin is then fragmented by sonication or
microccocal nuclease (MNase) digestion. Both methods impart bias in downstream
sequencing[102]. MNase creates higher resolution, primarily mononucleosome (~146bp)
fragments, but is less efficient at cutting between G and C bases, creating greater
fragmentation bias[103,104]. In contrast, sonication provides decreased resolution (200—
600bp) but is more uniform[99]. Fragmented chromatin is immunoprecipitated with an
antibody that specifically recognizes the epitope of interest. The success of ChIP reactions is
dependent on antibody quality. Polyclonal antibodies are advantageous for X-ChIP
experiments, as they reduce the chance of crosslinking destroying antibody
interactions[101], but may have increased cross-reactivity. Relative enrichment of ChIP
DNA is assayed via qPCR. Enrichment varies greatly with the protein of interest, antibody
quality, and positive and negative control regions of the genome that are used. To minimize
the number of reads contributing to background noise, it is common to require greater
enrichment in ChlP-seq (5-50 fold) when compared to single locus ChIP-PCR[102].
Purified ChIP DNA sequencing libraries are constructed by end repair, A base addition,
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adapter ligation, PCR amplification and size selection. Additional bias may occur during
library construction and PCR amplification, as both GC-rich and GC-poor regions are
underrepresented[102,99]. The total number of sequence reads required depends on the
quality of ChIP enrichment, the expected number of peaks and peak size, but sequencing
multiple indexed ChIP libraries in a single lane is common practice.

IV.1 ChiP-seq Data Analysis

Transforming the millions of sequencing reads generated by ChiP-seq into biologically
interpretable data is a computationally demanding, multi-step process for which a variety of
tools have been developed. While many tools address the same problem, each tool is
different and can impact the final result. The first and most resource-intensive step is
aligning the sequence reads to the genome. Most sequencing platforms come with alignment
pipelines, however third party aligners are commonly used, such as MAQ[105],
Bowtie[106], BWA[107], SOAP[108,109] and PASH[110]. These packages differ by
alignment algorithm, as well as how multi-aligning reads and gapped vs. un-gapped
alignments are handled, resulting in differences in sensitivity and specificity. For most
cancer samples a gapped aligner is preferred to allow for the variety of genetic aberrations
accumulated in the tumor. Aligned reads are then analyzed to find enriched areas or ‘peaks’
in the genome, for which a number of “‘peak calling” algorithms have been created[111,99].
Though the exact method varies between programs, most shift tags based on chromatin
fragment size to accumulate tags near the true binding site and increase peak
resolution[111]. Regions of statistical enrichment of IP tags relative to a background control
are calculated. The most commonly used control is input DNA isolated from the same
chromatin batch as the ChIP[99]. This reduces false positives introduced from fragmentation
and mappability biases, and controls for genetic differences such as copy number alterations
that affect read density. Finally, peaks are filtered based on uneven distributions of sense
and antisense tag accumulation[111]. Most current peak callers identify focal enrichments
such as transcription factor binding sites, however some have been developed for broader
marks like histone modifications associated with heterochromatin [112-114]. Many groups
are actively researching ways to reduce noise and increase true positives.

IV.2 Application of ChIP-seq to Cancer Epigenomes

The network of transcription regulatory factor interactions and their effects on gene
expression in cancer are under investigation. ChlP-seq was initially used to profile T-cells,
and since then a main focus has been on embryonic stem cells and cell lines[115-117].
Recently, distinct chromatin states or ‘signatures’ comprised of combinatorial histone marks
have been linked to specific functional genomic elements by integrating multiple ChiP-seq
data across human cell lines[118-120]. The combinatorial histone signatures identified in
these studies have not been investigated in the context of tumor progression.
Multidimensional epigenomic profiles of tumors also provide a novel means of sub-type
classification, identifying prognostic markers, and insight into tumor cell of origin. ChIP-seq
will also help the annotation and functional characterization of non-genic susceptibility loci,
as has been recently performed in prostate cancer[121] and in GWAS studies[120]. New
techniques are being developed to perform ChlIP-seq on a small number of cells, creating an
opportunity to better analyze intratumoral heterogeneity of epigenomic patterns [122,123].
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Finally, chromosome conformation capture (3C) technology[124] and its high-throughput
derivatives (4C[125], 5C[126], Hi-C[127], ChIP-Loop[128,129], ChIA-PET[130]) detect
distal DNA-DNA interactions (e.g. promoter-enhancer), but can also be used to identify
complex genomic rearrangements in cancers[131]. Coupling ChlIP with 3C technologies
followed by sequencing will likely be a powerful way to study how both epigenetic patterns,
and associated structural interactions change during the process of tumorigenesis.

V. FUTURE DIRECTIONS

Recent unanticipated data present new directions for cancer epigenomic studies. First,
promoters with polycomb-mediated histone modifications in ES cells are associated with
aberrant DNA hypermethylation in adult tumors[132-134]. Second, cancer-associated
mutations occur in the DNA methyltransferase DNMT3A[135,136]. Similarly, the
occurrence of TET1 translocations[87,88] and TET2 mutations in cancer points to an
etiologic role for these epigenetic regulators. Finally, human tissues harbor abundant 5-
hydroxymethylcytosine, a product of TET proteins acting on 5-methylcytosine.

The future of cancer epigenomic methods will be shaped by two technological trends. First,
the breathtaking pace of advances in next-generation sequencing will continue to improve
5MC/5HMC, histone modification and chromatin conformation mapping. Genome-wide
epigenomic experiments will become increasingly inexpensive and accessible, though
paralleled with needs for increased computational power and data storage. Second, direct
single molecule sequencing that distinguishes between modified bases without bisulfite
conversion could revolutionize mapping of 5SMC and 5SHMC. For example, in single
molecule real-time (SMRT) sequencing, fluorescently labeled nucleotides are incorporated
by DNA polymerase on complementary DNA strands. Real-time monitoring of the kinetics
of this process can identify both unmodified and modified bases, including N6-
methyladenine, 5MC and 5SHMC[94]. SMRT sequencing has also been combined with
selective glucosylation and cleavable biotin labeling of SHMC to improve detection
kinetics[23]. Similarly, the direct detection of modified bases via inexpensively produced
nanopores, if they become amenable to high-throughput, could be technologically
transformative [137].

Abbreviations

5MC 5-methylcytosine

S5HMC 5hydroxymethylcytosine

ChiP-seq chromatin immunoprecipitation-sequencing
MBD methyl binding domain

MeDIP methyl DNA immunoprecipitation

MRE methyl-sensitive restriction enzyme

RRBS reduced representation bisulfite sequencing
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Figure 1.

A summary of methods for direct detection of cytosine methylation and
hydroxymethylation. (a) Methylated DNA can be detected with methyl-sensitive restriction
enzymes (MRE), the use of antibodies specific for 5-methylcytosine (5SMC), by binding to
affinity columns that contain methylated DNA binding domains or by the conversion of
DNA with sodium bisulfite. It is important to note that some methyl-sensitive restriction
enzymes are also sensitive to hydroxymethylation. (b) Several methods have been developed
to detect 5 hydroxymethylcytosine (SHMC). These include the addition of a biotin tag to
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5HMC through glucosylation and subsequent chemical steps which is followed by an
affinity pulldown of the biotin tag, the use of antibodies specific for SHMC and conversion
of 5SHMC to 5-cytosine methylenesulfonate (MS) which is then immunoprecipitated with an
antibody specific to 5CMS. Me = Methylated Cytosine. hMe = hydroxymethylated cytosine.
Glu = glucosylated cytosine.
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Figure2.
Overview of chromatin immunoprecipitation-sequencing. DNA is fractionated via

sonication (~200-600bp) or with micrococcal nuclease (~146bp). The fractionated DNA is
then immunoprecipitated (IP) with a target antibody and an isotype control antibody. The
efficiency of the immunoprecipitation is assayed by quantitative PCR, testing regions that
are known to be bound (Site A, positive control) or not bound (Site B, negative control). The
enriched DNA is then used to generate a DNA sequencing library, which is sequenced and
reads are aligned to the appropriate genome. Each read is depicted as a grey line, the read
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densities are displayed above in green and a gene is shown in blue. Finally, the aligned reads

are used to generate peaks that mark regions of statistically significant enrichment of reads
for the IP of the histone mark or chromatin protein of interest.
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