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Abstract

Bisulfite conversion of genomic DNA combined with next-generation sequencing (NGS) has
become a very effective approach for mapping the whole-genome and sub-genome wide DNA
methylation landscapes. However, whole methylome shotgun bisulfite sequencing is still
expensive and not suitable for analyzing large numbers of human cancer specimens. Recent
advances in the development of targeted bisulfite sequencing approaches offer several attractive
alternatives. The characteristics and applications of these methods are discussed in this review
article. In addition, the bioinformatic tools that can be used for sequence capture probe design as
well as downstream sequence analyses are also addressed.

1. Introduction

DNA methylation occurs at the carbon-5 position of cytosine residue of the CpG
dinucleotide in mammalian genomes and is one of the best-studied epigenetic modifications.
DNA methylation is known to play important roles in several key physiological processes
including regulation of gene expression, X-chromosome inactivation, imprinting, and
maintenance of chromosomal stability. The majority of CpG dinucleotides (70-80%) are
fully methylated in normal human cells [1]. However, 0.2-3kb stretches of GC-rich DNA,
called CpG islands (CGls), appear to be protected from modification in normal somatic cells
[2]. Nearly half of all known human genes are associated with CGls in their 5’-end
regulatory regions. Patterns of DNA methylation are stably maintained through somatic cell
division and can be inherited across generations. However, studies also show that DNA
methylation is dynamically regulated during differentiation and aging [3,4]. A growing body
of evidence has suggested that DNA methylation patterns can be modulated by
environmental factors [5,6]. Twins whose separation resulted in exposure to variable
environmental factors showed significant differences with respect to DNA methylation
content [7]. Aberrant DNA methylation changes can cause a number of human diseases such
as developmental diseases (ICF syndrome, Prader-Willi and Angelman syndromes etc),
aging related diseases (i.e. Alzheimer’s disease), heart disease, diabetes, and autoimmune
diseases [8,9,10,11,12]. Therefore, it is very important to understand how methylation
patterns are established and maintained during normal development and under pathological
conditions.
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Accumulating evidence has indicated that epigenetic alterations are at least as common as, if
not more frequent than, mutational events in the development of cancer [13]. Compared to
normal cells, the malignant cells exhibit overall genomic hypomethylation (primarily in
repeat elements and pericentromeric regions), but simultaneously show hypermethylation of
normally protected CGls [14,15]. Hypermethylation within promoters serves to turn off
critical tumor suppressor genes that could otherwise suppress tumorigenesis [15]. Given
their important functions in cancer initiation and progression, aberrant methylation patterns
may be used as biomarkers for diagnosis and prognosis of cancer [16]. Unlike genetic
mutations, epigenetic alterations are reversible, making them a therapeutic target. Treatment
with inhibitors of DNA methylation and histone deacetylation can reactivate epigenetically
silenced genes and has been shown to restore normal gene function [8,17]. The
demethylating agent azacitidine and its deoxy derivative, decitabine, have been approved for
treating hematological malignancies including MDS and AML [18].

2. Methods for DNA methylation analysis

The methylation status of DNA can be analyzed by many different methods which utilize
three basic principles: 1) digest unmethylated or methylated DNA with methylation sensitive
restriction enzymes; 2) use anti-methylcytosine antibodies or methyl-binding domain
(MBD) proteins to enrich methylated DNA,; 3) bisulfite treatment can convert unmethylated
cytosine into uracil while leaving methylated cytosine unchanged. These principles have
been integrated into high-throughput analytical applications such as microarray and next-
generation sequencing (NGS) platforms. Several excellent reviews of the genome-wide
DNA methylation analysis are available [19,20,21,22]. The representative microarray-based
methods include DMH [23], HELP [24], MCA [25] (restriction enzyme based), MeDIP [26],
and MIRA [27] (affinity enrichment based), which utilize promoter or CpG island tiling
arrays to identify differentially methylated genes. Recently, some of these approaches have
been moved to the NGS platforms (i.e. HELP-tagging [28], DREAM[29], MRE-seq [30],
MeDIP-seq [30], and MIRA-seq [31]). One of the disadvantages of microarray-based
analyses, particularly those using enrichment of methylated DNA, is that it can survey for
the presence or absence of methylated DNA, but it gives little detail about the extent and
pattern of CpG methylation within a given region. Often, extensive follow-up studies must
be conducted on a single gene basis to confirm the results of such microarray experiments.
The Hlllumina Infinium beads array, which analyzes bisulfite-converted DNA, has become a
popular platform for methylome analysis. The current version of Infinium 450K BeadChip is
capable of measuring more than 450,000 CpG sites in promoters, CGls, CGI shores,
enhancer regions, and DNase | hypersensitive sites in the human genome curated from
published literature. The chip has been proven to be highly accurate, reproducible and does
not require a large amount of input DNA [32]. Most importantly, the data analysis is relative
simple and straightforward making the Infinium array the best approach currently available
for population-based epigenetic studies.

Due to the significantly increased throughput, a large number of differentially methylated
genes can now be identified in a single experiment. Therefore, the traditional methods for
validation experiments such as MSP, COBRA, and bisulfite clone sequencing are no longer
sufficient to keep up with the increased demand. Pyrosequencing (PyroMark™, Qiagen) and
MassArray (EpiTYPER™, Sequenom) have now largely replaced the more traditional
validation methods. Bisulfite pyrosequencing is a quantitative method for DNA methylation
analysis, and it can determine the CpG methylation status in a sequence up to 100-bp in
length. Pyrosequencing is based on the sequence-by-synthesis principle; nucleotides are
added in each pyrosequencing cycle and the amount of incorporated nucleotide results in a
proportional emission of light. DNA methylation ratios are calculated from the levels of
light emitted from each nucleotide incorporated at individual CpG positions in a strand-
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dependent manner. The methylation levels at each CpG position assayed are the average of
all amplification products generated during a bisulfite-PCR reaction. DNA methylation
analysis by MALDI-TOF mass spectrometry (MS) employs base-specific cleavage of
single-stranded nucleic acids [33]. The idea is to generate a PCR product from bisulfite-
treated DNA, which is then transcribed /n vitro into a single-stranded RNA molecule; the
synthesized RNA is cleaved in a base-specific manner by an endoribonuclease [33]. The
base-specific cleavage products are analyzed using the MassArray instrument. Due to the
conversion of unmethylated cytosine to thymine after bisulfite treatment and PCR, different
cleavage products are generated for methylated and unmethylated DNA. The MassArray
instrument is able to quantitatively determine the proportion of methylated vs. unmethylated
DNA. However, due to the reduced sequence complexity of bisulfite-converted DNA, the
often-occurring overlap of peaks is difficult to interpret. Therefore, not all CpG sites can be
analyzed for a given bisulfite-PCR product. These two methods are capable of measuring 96
to 384 PCR products in a single reaction and provide a medium-throughput platform for
candidate gene methylation analysis.

3. Whole genome bisulfite sequencing (WGBS-seq)

Whole genome shotgun bisulfite sequencing (WGBS-seq) is the best way of determining the
landscape of the whole methylome. WGBS-seq has been successfully used to map the
complete methylomes of several human embryonic stem (ES) cell lines [34,35], human
peripheral mononuclear cells [36], and hematopoietic progenitor cells at the single
methylcytosine resolution [37]. The single-base level analysis was instrumental in the
discovery of non-CpG methylation in ES cells [35]. Recently, the WGBS-seq analyses of
several cancer samples have been completed [38,39,40]. Again, WGBS-seq made a
significant contribution to the discovery of large partially methylated domains in cancer
cells [38,40]. However, despite its advantages, the WGBS-seq remains too expensive to be
applied to a large number of samples. In order to achieve higher sensitivity capable of
detecting methylation differences between samples, a greater sequencing depth is required
ultimately leading to a significant increase in the cost of sequencing. Currently, most of the
WGBS-seq studies were conducted using Ilumina GAII or HiSeq 2000 sequencers, while
only one study used the SOLID sequencer [40]. Although we have previously used 454-
sequencing for genome-wide bisulfite sequencing of methylation enriched DNA [31], it is
cost-prohibitive to use 454-sequencing for WGBS-seq.

4. Targeted bisulfite sequencing (TBS-seq)

The development of the targeted sequencing approach was mainly driven by the desire to
conduct whole exome sequencing that would allow for the identification of disease-causing
genes at a low cost compared to whole genome sequencing. A number of methods for
targeted genome sequencing have been developed [41,42,43,44]. These approaches have
been gradually integrated with bisulfite sequencing over time. Table 1 summarizes the
characteristics and some of the key performance parameters of these TBS-seq approaches.
The following section will explore each of these approaches in more detail.

4.1 Bisulfite padlock probes (BSPPs)

Padlock probes are single strand DNA fragments (100-150 nucleotide long) designed to
hybridize to genomic DNA targets in a horseshoe manner (Fig. 1A) [45]. The targeted
region for sequence capture is the gap between the two hybridized, locus-specific arms of a
padlock probe. After the gap is filled in with a polymerase and ligated to form a circular
strand of DNA, the target sequence is enriched by digestion of the linear DNA with
nucleases. The target sequence in the circular DNA can be amplified using the common
'backbone’ sequence that connects the two arms and is eventually converted into a
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sequencing library. This approach enables tens of thousands of probes to be used in a single
reaction. Bisulfite padlock probes (BSPP) follow the same principle, but they are designed
based on bisulfite-converted DNA sequences. Deng et al. used the BSPP approach to assess
the methylation status of ~66,000 CpG sites in 2,020 CGI on human chromosomes 12 and
20 [46]. Ball and colleagues designed ~10,000 padlock probes to profile ~7,000 CpGs
within the ENCODE pilot project regions [47]. Both studies demonstrated that the BSPP
approach is highly specific and reproducible (Table 1). Initially, there was a significant
degree of variability in the capture efficiency for each of the probes used. It was further
demonstrated that the variability could be normalized using suppressor oligos. Recently, an
improved BSPP protocol was developed [48] which included a design algorithm to generate
efficient padlock probes and a library-free protocol that dramatically reduces sample-
preparation cost and time. Using the new BSPP protocol, Diep and colleagues designed
~330,000 padlock probes that covered 140,749 non-overlapping regions with a total size of
34 megabases [48]. Their results showed that the improved BSPPs are highly specific (96%
on-target) and more uniform than previous probes [48]. The new BSPPs allow for the
accurate and reproducible measurement of the methylation status of 500,000 CpG sites from
only 200 ng of bisulfite-converted DNA. The padlock probes can be synthesized by two
commercial vendors (Agilent Technologies or LC biosciences); therefore the BSPP
approach allows for a greater deal of flexibility. Users can design their own BSPPs for their
unique targets of interest. The initial cost of BSPPs is high, although the cost per sample
dramatically decreases with increased sample sizes [48]. Overall, the BSPP method allows
for interrogation of the most informative loci across many samples quickly and cost-
effectively.

hybrid selection bisulfite sequencing (SHBS-seq)

Similar to BSPP, the solution hybrid selection (SHS) method was initially developed for
exome sequencing [49], and it has been commercialized by Agilent Technologies
(SureSelect Target Enrichment System). Lee et al. first demonstrated the successful
application of this technology to targeted methylation analysis [50]. The most critical
component of this technology is the synthesis of thousands of biotinylated RNA capture
probes. This was achieved by using Agilent Technologies’ proprietary technology to
synthesize tens of thousands of unique, long oligonucleotides (up to 190-mer) in fmol
amounts on parallel on microarrays. The final product is delivered as a pool of single-
stranded DNA oligonucleotides in a single test tube. Each oligonucleotide consisted of a
target-specific 160-mer sequence flanked by 15 bases of a universal primer sequence on
each end to allow PCR amplification. After an initial round of PCR, a T7 promoter was
added to the 5’-end by a second PCR reaction. The biotin-labeled RNA probes were then
synthesized by /n vitro transcription using T7 RNA polymerase. In the study published by
Lee et al., we designed 51,551 highly specific capture probes to target a total of 8.2 Mb that
covered 23,441 CpG islands (~83% of the 28,226 CGls in the human genome) and the
transcription start sites (TSS) of 19,369 RefSeq genes [50]. The workflow of the solution
hybrid selection combined with bisulfite sequencing is illustrated in Figure 1B. The
biotinylated RNA probes were first hybridized to a pre-made sequencing library. The
RNA:DNA hybrids were captured with streptavidin-coated magnetic beads. Finally, the
captured DNA was treated with sodium bisulfite, amplified by PCR, and subsequently
sequenced using the Illumina Genome Analyzer (Fig. 1B). Using several cancer cell lines,
we demonstrated that SHBS-seq is very specific (average on-target rate of ~80%) [50],
which is comparable with exome sequencing [49]. Up to 1 million CpG sites can be
analyzed quantitatively using the SHBS-seq approach. Extensive validation experiments
demonstrated that this method is both reproducible and accurate [50]. One of the bottlenecks
limiting the successful application of SHBS-seq is that the amount of captured DNA is very
low simply because the targeted regions only represent 0.2% of human genome. Since a
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substantial amount of DNA is expected to be lost during the harsh process of bisulfite
conversion, we pooled DNA from 5-6 capture reactions in order to maintain low cycle
numbers in the post-bisulfite PCR amplifications. As a result, 20-30 pg of input DNA was
required for successful sequencing. However, Wang et al. applied the Agilent SureSelect
Human All Exon Kit to enrich all human exons, which totaled approximately 38 Mb, for
TBS-seq of whole exons [51], and reported that only 2—3 pg of genomic DNA was required.
Recently, Agilent launched the SureSelect Human Methyl-seq kit that is based on the
SHBS-seq approach. This commercial kit allows researchers to analyze over 3.7 million
individual CpG sites for their methylation status. The capture probes are designed to target
84 Mb of genomic sequences which covers a comprehensive collection of features including
CGils, CGI shores/shelves, cancer- and tissue-specific DMRs, GENCODE promoters [52],
enhancers, conserved undermethylated regions, and DNase | hypersensitive sites in the
human genome. The Agilent protocol requires 2—-3 pg of genomic DNA and can achieve an
on-target-rate of 82%, which is similar to previous reports [50]. Overall, although it requires
more input DNA than the BSPP method, SHBS-seq has the advantage that it can be easily
scaled up to accommodate larger genomic regions. Furthermore, because the capture probes
are designed based on native genomic DNA, it does not suffer from the limitations of the
BSPP approach that are caused by the reduced sequence complexity after bisulfite treatment.
Theoretically, biotin-labeled DNA probes can also be used for SHBS-seq. Nautiyal and
colleagues developed a unique method for capturing target DNA via oligo-guided ligation
before bisulfite conversion [53]. They demonstrated that their capture probes could be used
to determine the methylation status of more than 145,000 CpGs from 5472 promoters. One
of the challenges of their methodology is the construction of the capture probe panels, which
were prepared by single-plex PCR reactions [53].

4.3 Array capture bisulfite sequencing (ACBS-seq)

Oligonucleotide microarrays have also been used as substrates for hybrid selection of
targeted regions from complex genomes [54,55]. Several commercial microarray platforms
such as Nimblegen and Agilents are available for this application. Hodges and colleagues
first adapted the array capture approach for targeted bisulfite sequencing (Fig. 1C). Similar
to the SHBS-seq approach described above, the region of interest is first captured from
native genomic DNA followed by bisulfite treatment and sequencing. In practice, however,
this strategy has two major shortcomings: first, the array hybridization requires large
amounts of native, unamplified DNA[54,55], which is not readily available in many cases.
Second, only very small amounts of material are generally eluted from the capture arrays.
Since a substantial amount of DNA will be further lost during the harsh process of bisulfite
conversion, bisulfite conversion post-capture significantly restricts the number of
amplifiable molecules available for cluster generation and sequencing. Therefore, Hodges
and colleagues chose to design a customized oligonucleotide tiling array to capture bisulfite-
converted DNA. For each target sequence, they designed two sets of capture probes: one
that assumed full methylation of all CpG sites and one that assumed full conversion of CpGs
to TpGs. The rationale for this design is based on the results from previous studies which
suggest that up to six distributed mismatches are tolerated without a substantial impact on
hybridization efficiency for the 60-mer oligonucleotide microarray [56]. Therefore, even if
the methylation statuses of CpG sites are heterogeneous, the target DNA can still be
efficiently captured by the array. By performing pre-capture bisulfite-treatment, the
sequencing library can be amplified before hybridizing to the capture array. In this way,
although 20 pg of DNA is still required for array hybridization, the amount of native input
DNA can be significantly reduced. Coupled with next-generation sequencing, Hodges and
colleagues demonstrated that their approach allowed for the capture of 25,044 CpGs in 324
CGls spanning 300 kb of sequence [57]. Confirmation studies showed that even partially
methylated states could be successfully evaluated. However, one of most significant
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drawbacks of the ACBS-seq approach is that the specificity is dramatically lower than the
BSPP and solution hybrid selection methods, only 6-12% [57] as compared to 96% for
BSPP [48] and 77-83% for SHBS-seq [50]. The array capture procedures also require
specific equipment for DNA hybridization and elution of target DNA.

4.4 Bisulfite-Patch PCR

Before the sequence capture techniques were developed, PCR was used to enrich the target
genes for methylation analyses using next-generation sequencing [58]. However, this
laborious approach does not efficiently utilize the high-throughput capacity of the next-
generation sequencing. To address this problem, Varley and Mitra developed an approach
called Bisulfite-Patch PCR [59], which enables highly multiplexed PCR amplification of
DNA for 94 amplicons across a number of clinical samples. By incorporating next-
generation sequencing, they have successfully sequenced 94 targeted gene promoters
simultaneously in the same reaction. The method requires small amounts of starting DNA
(250 ng), does not require a shotgun library construction, and is highly specific (90% on-
target rate). Bisulfite-Patch PCR first uses a restriction enzyme to digest human genomic
DNA and defines the ends of the fragments that will be selected. Targeted loci are then
selected from the genomic restriction fragments by annealing patch oligos to the ends of the
targeted genomic fragments [59]. These patch oligos serve two functions: 1) guide the
selection of target loci; 2) help to ligate the universal primers. After ligation, unselected
genomic DNA is eliminated with exonucleases. Since the boundaries of target loci are
defined by restriction enzyme used, the number of loci that can be targeted in a single
reaction is constrained by availability of restriction sites. However, this can be overcome by
using multiple different enzymes [59].

4.5 Microdroplet PCR

One significant advance in multiplex PCR was the microdroplet PCR amplification system
developed by RainDance Technologies [60]. This system allows the user to set up 1.5
million parallel PCR amplifications in a single reaction in under an hour. Single nucleic
acids and PCR reagents are put into the picoliter-sized droplets one droplet at a time
effectively creating a single-plex PCR reaction inside of each droplet. Up to 10,000 droplets
per second can be generated using one of RainDance’s commercial instrument systems. PCR
amplification bias is significantly decreased due to the nature of microdroplet emulsion PCR
reactions [60]. Komori and colleagues first demonstrated targeted methylation analysis of
nearly 3500 amplicons covering 77,674 CpGs in 2127 genes in primary CD4 T cells using
the RainDance technology [61]. This approach generated high-quality bisulfite sequencing
data for 97% of the targeted CpG sites and 99% of the targeted amplicons. If it is combined
with 454-sequencing’s long read ability, microdroplet PCR bisulfite sequencing could reveal
single molecule methylation patterns better than the short-read sequencing platforms.

5. Primer and capture probe design

The successful application of TBS-seq largely depends on the optimal design of capture
probes and primers. Diep et al. developed a program called ppDesigner (http://genome-
tech.ucsd.edu/public/Gen2_BSPP/ppDesigner/ppDesigner.php) for designing optimal BSPPs
[48]. Whole genome sequences or a user's list of arbitrary targets can be uploaded into
ppDesigner, and the program can automatically perform /n silico bisulfite-conversion of the
input sequences and generate padlock probes to cover the chosen targets while avoiding
CpGs on the capturing arms that could be methylated. ppDesigner is extremely flexible and
has been successfully used to design a variety of genomic and bisulfite probes [48]. For
array-based and solution-based sequence capture, several commercial vendors such as
Agilent, lllumina, and Nimblegen have developed websites that allow users to upload their
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target sequences and capture probes or arrays are designed for free (i.e. https://
earray.chem.agilent.com/earray/). RainDance will also design the bisulfite PCR primers for
customers who provide their own genes of interest.

PRIMEGENSw3 (http://primegens.org) is a set of web-based utilities for high-throughput
primer/probe design with a focus on the epigenetic application. These utilities allow users to
select genomic regions and to design thousands of primer pairs/probes to cover the targeted
regions in an automatic fashion. The results can be visualized online in a tabular format or
can be downloaded. A stand-alone version of the software, PRIMEGENSVZ2, is also
available for download at the website. We have previously used this program to design
bisulfite PCR primers with great success [62]. PRIMEGENSv2 was also crucial for
designing the capture probes used in the SHBS-seq work [50]. One of the key features of
this program is that it vigorously checks cross-hybridization across the genome to ensure the
uniqueness of output primers and probes.

6. Sequencing data analysis

Tens of millions of bisulfite sequencing reads can be generated for each sample using the
TBS-seq approaches discussed above. Analyzing the bisulfite sequencing data is quite
challenging because the sequence reads do not exactly match the reference genome, and the
complexity of sequences is reduced due to bisulfite-conversion. The bisulfite treatment and
subsequent PCR amplification results in the conversion of unmethylated cytosines to
thymine without changing methylated cytosines. Therefore, Ts in bisulfite sequencing reads
are ambiguous during the sequence alignment process because they can be either original Ts
or unmethylated Cs converted by bisulfite-treatment. Two basic strategies have been
developed to map the bisulfite sequences to the reference genome. The first strategy
considers both cytosine and thymine as potential matches to a cytosine in the reference
sequences. The second strategy, which is unbiased, converts all cytosines in the bisulfite
sequencing reads and the reference genome into thymines before the alignment is
performed. Both strategies have advantages and disadvantages [63]. The first method has
higher mapping efficiency because it considers all the information available in the read;
however, it may result in overestimation of methylation levels due to the greater alignment
efficiency of reads containing methylated cytosines. The second approach is unbiased
because the alignment of any read sequence is not affected by its methylation status;
however, this approach generally has a slightly lower mapping efficiency due to the
significant reduction in sequence complexity. Another significant factor that influences the
alignment rate is read length. Bisulfite sequencing reads that were generated with early
versions of sequencers with read lengths of less than 40 bp were frequently poorly aligned.
However, most of the recent bisulfite sequencing data was generated using longer reads (50—
100bp) and the alignment rate increased to above 70% for most of the cases.

A number of software tools have been developed for mapping bisulfite sequencing reads
such as BSMAP [64], BS-Seeker [65], BisMark [66], BRAT[67], RMAP-BS [68],
MethylCoder [69], SOCS-B [69], and B-SOLANA [70]. Most of these programs use the
existing short-read aligner (i.e. SOAP [71] for BS-MAP and Bowtie [72] for Bismark, BS-
Seeker, and B-SOLANA). B-SOLANA and SOCS-B can handle the SOLID sequencing data
in color space. An excellent review on the advantages and drawbacks of these software
packages can be found elsewhere [63]. The workflow for analyzing the bisulfite sequencing
data also includes various quality control reporting, adaptive trimming based on quality
score, adaptor trimming etc [63]. Apparently, some of these tasks have to be handled
separately when using specific software other than the programs mentioned above. In
addition, most of these programs only output the DNA methylation level of each CpG site,
but do not provide downstream analysis, such as annotation, statistical comparison, and
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multiple sample comparison. Therefore, more integrated pipelines for bisulfite sequencing
analysis are still highly desirable for the end users of TBS-seq approaches.

7. Conclusions and future directions

Currently, there are a number of methods available for TBS-seq. One of them, the SHBS-seq
is commercially available (Agilent SureSelect Methyl-seq kit). Compared to WGBS-seq, the
TBS-seq methods offer a series of less expensive alternatives. However, most of these
methods require an initial investment to generate capture probes, and the cost per sample is
highly dependent on the number of samples analyzed. Further development of commercial
products based on these methods will be needed in order to drive down the cost.
Nevertheless, these methods can be used for generating single-base resolution DNA
methylation maps in a large number of cancer specimens. Each method has its own
advantages and disadvantages. For instance, the BSPP approach can provide highly specific
and reproducible DNA methylation measurements and can tolerate a small amount of input
DNA; however, it requires the synthesis of a large number of padlock probes. In addition,
the requirement that the capturing arms be CpG-free might exclude some highly GC rich
sequences. The SHBS-seq approach provides an unbiased capture of target DNA and can
cover a large size of DNA; however, due to the extremely small amount of DNA captured in
each reaction, and the loss of DNA during post capture bisulfite-treatment, this method is
probably sensitive to technical variations. Selection of target loci from bisulfite treated DNA
probably will not work well with either solution or array-based sequence capture due to
significant cross-hybridization. Bisulfite-Patch PCR is a simple and effective method for
studies that investigate a relatively small number of genes in a large number of patient
samples. This method does not require special equipment and is well suited for use in
smaller laboratories. If the access to RainDance instruments is available, the Microdroplet
PCR bisulfite sequencing is recommended for medium to large-scale studies involving
thousands of target genes. Software tools have been developed to assist in the design of
primers and capture probes. A number of programs for bisulfite sequence analysis are now
available although further development of more integrative pipelines is still needed. The
bioinformatic analysis of amplicon sequencing should be easier than that of shotgun
sequencing.

With the improvement of next-generation sequencing technologies, the cost of whole
genome sequencing will continue to decrease. It is expected that we could soon read the
entire DNA methylome for under $1,000. Once this happens, TBS-seq may lose its cost
advantage over WGBS-seq. However, TBS-seq can still be used as a validation tool as it can
provide more quantitative measurements of DNA methylation differences due to its ultra-
deep sequencing depth. Furthermore, single-molecule and nanopore sequencing approaches
are likely to usher in the next revolution in high-throughput DNA methylation analysis.
These technologies will be able to read the 5-methylcytosine in the native state of DNA
without using the bisulfite-treatment strategy. The single molecule real-time (SMRT)
technology developed by Pacific Biosciences can already detect 5-methylcytosine directly
without bisulfite conversion [73]. These novel NGS platforms also have many other
advantages over the current platforms such as less bias during template preparation, possibly
longer read length, lower cost, higher speed, and better accuracy. The integration of
sequence-capture methods with these new NGS platforms will likely make targeted
methylation sequencing more effective. One of the remaining obstacles in DNA methylation
analysis is to measure the genome-wide DNA methylation patterns in a small amount of
tissues or cells. Due to cellular heterogeneity in DNA methylation patterns, it has become
increasingly important to analyze methylation in single cells or tissues isolated by laser
capture microdissection. However, most of the TBS-seq approaches discussed in this review
require a significant amount of input DNA (more than 100ng of DNA or equivalent of
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1.7x10° cells), and therefore cannot be used for single cell analysis. Further works on
integrating microfluidics into the single cell methylation analysis may ultimately resolve this
difficulty. In summary, although there is still much to improve, the application of various
TBS-seq approaches can significantly reduce the sequencing cost, improve the sensitivity
and accuracy of methylation detection, and enable population-based methylation studies in

cancer research.
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Fig. 1. Thetargeted bisulfite sequencing methods

(A) Bisulfite padlock probe (BSPP): 150bp single stranded DNA probes are prepared and
hybridized to bisulfite-converted genomic DNA. Capture occurs by filling in sequences
between the probe-targeting arms with polymerase followed by ligation to form circularized
DNA. After removing linear DNA with nucleases, the remaining circularized captured
targets are amplified by PCR prior to next-generation sequencing. (B) Solution hybrid
selection bisulfite sequencing (SHBS-seq): A sequencing library is prepared from native
genomic DNA. The library is then hybridized to biotinylated RNA probes in solution and
recovered with streptavidin beads. Eluted products are treated with bisulfite and amplified
by PCR prior to sequencing. (C) Array-capture bisulfite sequencing (ACBS-seq): A
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sequencing library is prepared from genomic DNA, treated with bisulfite and amplified by
PCR. The amplified library is hybridized to an oligonucleotide capture array that is designed
based on the bisulfite-converted DNA sequences. Eluted products are amplified prior to
sequencing. Note that in (B) and (C), the adaptors used in the sequencing library
construction contain methyl-cytosine so that the adaptor sequences will not change during
bisulfite treatment.
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