1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

éPL "VS)))\

NIH Public Access

Y (A
] a2 & Author Manuscript

o
R s

Published in final edited form as:
Methods. 2010 November ; 52(3): 218-222. doi:10.1016/j.ymeth.2010.04.013.

DNA methylation profiling using Hpall tiny fragment enrichment
by ligation-mediated PCR (HELP)

Masako Suzuki and John M. Greally*
Center for Epigenomics and Division of Computational Genetics, Department of Genetics, Albert
Einstein College of Medicine, 1301 Morris Park Avenue, Bronx, NY 10461 USA

Masako Suzuki: masako.suzuki@einstein.yu.edu; John M. Greally: john.greally@einstein.yu.edu

Abstract

The HELP assay is a technique that allows genome-wide analysis of cytosine methylation. Here we
describe the assay, its relative strengths and weaknesses, and the transition of the assay from a
microarray to massively-parallel sequencing-based foundation.
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1. Introduction

Description of theoretical basis and framework for the technique

Ideally, all studies of cytosine methylation would be performed by shotgun bisulphite
sequencing, as recently used for the Arabidopsis thaliana (1-3) and the human (4) genomes.
The current problem is the sheer amount of sequencing needed to provide adequate coverage,
over 1 billion sequence reads of 75 bp being required for the human genome (4), which remains
daunting even with today's massively-parallel sequencing technologies. For example, if the
Illumina GAIIx technology is used, generating 10 million alignable sequences per lane, over
100 lanes are required, which usually incurs a cost of at least tens of thousands of US dollars
today, and for most centers will be a six figure cost.

The use of shotgun bisulphite sequencing (BS-seq, MethylC-seq) is finding a role in defining
reference epigenome datasets (4), which will be very useful for comparison studies, but the
requirement for most investigators is an assay that allows a more limited survey of the genome,
prompting the development of a number of alternatives. Elsewhere in this volume there are
descriptions of such assays, for example based on reagents that bind selectively to methylated
DNA or restriction enzymes that cleave DNA when unmethylated. The HELP assay uses a
methylation-sensitive restriction enzyme to cut genomic DNA, but differs from many other
assays based on the same approach by using the methylation-insensitive isoschizomer Mspl
as a control. Whereas Hpall on its own would allow the patterns of methylation of two cell
samples to be compared, it does not allow a quantitative assessment of the degree of
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methylation at a specific locus within the genome, whereas the use of Mspl as a reference
allows at least some degree of quantitation. To put it another way, Hpall on its own allows
intergenomic comparisons while a Hpall/Mspl strategy allows intragenomic quantification of
the degree of methylation also. We originally described loci in terms of being hypomethylated
or hypermethylated (5), reflecting the semi-quantitative nature of the assay, but recent
extensive bisulphite validation of HELP data showed a strong linear correlation (r=0.88, (6)),
indicating that the Mspl-normalised data are reasonably quantitative.

Where HELP differs from many other commonly-used assays is the testing of not only CG
dinucleotide-rich but also the CG-depleted majority of the genome. While we have previously
shown that the representations generated by the high-resolution HELP assay represent over
98% of CpG islands in the human genome (7), in Table 1 we demonstrate that the majority
(~93%) of loci tested reside outside CpG islands. This confers advantages and disadvantages
for the investigator. The striking disadvantage is that we really don't know how to interpret
cytosine methylation in most genomic contexts, whereas the acquisition of methylation by a
CG-dense promoter is reliably associated with silencing of the gene. In a recent study from our
lab, we studied ~1 million loci in the rat genome using a custom-designed HELP microarray,
testing whether cytosine methylation was dysregulated by intrauterine growth restriction
(IUGR). We found that there were significant changes in cytosine methylation, but that these
changes were almost all in intergenic sequences, at loci that were frequently highly-conserved
between species, whereas the gene promoters were not altered in any way. When we tested
whether these methylation changes were associated with gene expression changes at the nearest
genes, we found concordant changes, with hypomethylation of intergenic sequences associated
with increased transcription and vice versa (8). Had we focused on promoters and/or CpG
islands, we would have found few changes associated with the IUGR phenotype. We conclude
that the exploration of the CG-depleted majority of the genome may capture more information
about the epigenome but that this information is often strikingly difficult to interpret.

Another disadvantage of a restriction enzyme-based approach is that it only tests the minority
of CG dinucleotides located within that restriction site. These assays are therefore innately not
comprehensive, and to test for methylation at restriction sites in the genome is akin to the
paradigm of looking at night for a lost wallet underneath lampposts. What these assays rely on
is the existence of concordant methylation states in cis in the genome, so one CG's methylation
is predictive of those nearby. There are empirical data from Eckhardt et al. supporting this
long-held impression of methylation blocks, with their data indicating these blocks to be as
long as several hundred basepairs in the human genome (9), consistent with our own repeated
observations (example shown in Figure 1). Such a concordance of methylation in cis also
facilitates affinity-based assays, as the effect of multiple CGs with concordant methylation on
a segment of DNA should be strongly influential of binding in these assays.

It is important to validate any genome-wide assay with an orthogonal, quantitative, locus-
specific assay, not only to test whether the data generated with the genome-wide assay are
accurate (technical validation) but also to determine whether differences observed between the
cell samples being compared are genuine (biological validation). The gold standard for
measurement of cytosine methylation is bisulphite sequencing in some form. Our preference
is the use of the MassArray EpiTyper platform from Sequenom, but using software that we
have developed to support the platform (10). Technical validation of restriction enzyme-based
assays is simplified by the ability to focus on the CG dinucleotide in the informative restriction
enzyme digestion site, whereas the adjacent CGs in hundreds of basepairs can influence binding
in an affinity system, making technical validation more onerous.

A biochemical variation of cytosine methylation that was discovered to exist in mammalian
cells recently is 5-hydroxymethylation (11). 5-hydroxymethylcytosine can be generated from
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5-methylcytosine by TET enzymes working cooperatively with the MLL histone
methyltransferase (12). At present, it is not known how the hydroxymethylation modification
may influence either restriction enzyme or affinity-based assays.

Whereas in the early days of cytosine methylation assays it was sufficient to identify loci with
substantial differences in methylation between samples, we now appreciate that in non-cancer
human diseases the degree of difference in cytosine methylation may be relatively modest
(13). This requires that assays used to test human specimens be sufficiently quantitative that
they can discriminate such moderate changes in methylation between samples. Probably the
best characterized example of a quantitative, genome-wide assay for cytosine methylation is
the reduced representation bisulphite sequencing (RRBS) assay by Meissner et al. (14), which
uses bisulphite conversion of a CG-rich subset of the genome for a quantitative, nucleotide
resolution study targeting promoters. More recently, the methylation-sensitive cut counting
(MSCC) technique was described by Ball et al (15). In their assay, they used a methylation-
sensitive restriction enzyme, creating digested loci onto which adapters were ligated, allowing
arestriction endonuclease to cleave the adjacent sequence which could then be sequenced using
massively-parallel sequencing. The quantitative resolution of their assay appears to be of the
order of 20%, and tests over 1.3 million sites in the human genome. As platforms for
epigenome-wide association studies in human disease both RRBS and MSCC appear to be
extremely powerful potential ways of using massively-parallel sequencing for quantitative
studies.

2. Material and Methods

2.1 Sample preparation issues

The HELP protocol has been published a number of times at this point (5,7,16,17) so we will
restrict our discussion here to some of the critical issues involved. The first step in HELP assays
is to create the genomic representations. We found that the use of dual adapters rather than a
single adapter allowed us to avoid the ‘panhandle effect” in which self-complementary adapter
sequences located at both ends of the digested DNA undergo preferential intramolecular
annealing below a certain fragment size, preventing us from amplifying the smaller Hpall
fragments (7). The dual adapter approach was essential in allowing greater representation of
the more CG-dense regions of the genome, where Hpall fragments are correspondingly shorter.

The HELP-seq approach described to use Illumina sequencing (7) can be adapted to any
massively-parallel sequencing platform. Our experience is that reads of >30 bp allow
unambiguous mapping of a high proportion of sequences flanking Hpall sites, so it is not
necessary to extend the sequencing to 70 bp or longer. We described previously the
modification of the microarray-based HELP assay as the basis for the sequencing approach
(7), but the library preparation could more simply involve the dual adapter approach inherent
to Illumina library preparation or a Y-adapter design, each of which would avoid the panhandle
effect in creating the genomic representations.

2.2 Microarray design

Microarrays are designed by identifying in a reference genome all of the Hpall/Mspl sites
located 50-2,000 bp apart as the first step, then designing within each of these fragments an
oligonucleotide that reports that locus uniquely. We have published exclusively to date the use
of Roche-NimbleGen microrrays, but other customizable platforms could be used in the same
manner, or the subset of oligos from a tiling design that is located within the informative Hpall/
Mspl fragments could be defined and used. When multiple oligos represent a fragment, their
information has to be summarized in some way. We have explored various ways of calculating
an average value for these oligonucleotides, the most important criterion appears to be to
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remove oligos that have failed for any reason, usually inadequate signal strength. We define
inadequate signal strength as less than 2.5 median average deviations above the median of the
control, random probes on the microarray.

2.3 Data analysis issues

The key to the successful adoption of a genome-wide assay is the availability of software
resources allowing analysis of the data generated. We have published the software pipeline
that supports HELP analysis (18) and have made it available as an opensource Bioconductor
package (available online at link provided below). The pipeline includes data quality
assessment tools, testing how homogeneous the hybridization was across the microarray, and
representations of the signal strength by Hpall/Mspl fragment size, which should give a
characteristic pattern of low at the extremes and high in the middle of the range. Familiarity
with these outputs allows the user to get a sense of whether the data are reliable or the root
cause for experimental failure (poor PCR, inadequate labeling, hybridization artefacts etc).

A critical normalization step recognizes the inherent heterogeneity in the ability to amplify
different fragment sizes in PCR generation of libraries. We developed a quantile normalization
strategy to take the signals from each fragment size range and adjust the range of signals to be
similar for all. This was an essential component in the improved performance of the assay
compared with validation data that we described (18). Adjustment of the range of signal
intensities (mean-centering) between samples is also a valuable step, but care needs to be taken
when dealing with an extremely hypomethylated sample, such as those from some tumours,
as the signal distribution may be very skewed towards the higher range of values because of
underlying biological, not technical artefactual reasons. Readjusting the range of signal
intensities on the basis of bisulphite validation assays is a reasonable means of addressing this
potential problem.

The final part of the pipeline involves visualizing the data as tracks in the UCSC genome
browser. While the data are reasonably quantitative, as described earlier, the Hpall/Mspl
distributions form a bimodal distribution (5) indicating the greatest discriminatory capacity of
the assay for highly-methylated from relatively hypomethylated loci. We therefore distinguish
these categories by separating the peaks of the bimodal distribution as negative and positive
values, charting them as histogram values using the UCSC genome browser ‘wiggle’ track
format, thus highlighting the hypomethylated regions as being distinct from the methylated
majority of the genome.

2.4 Validation approach

Bisulphite validation studies target the Hpall sites generating the signals obtained from the
microarray. Each microarray signal is the result of digestion at both Hpall/Mspl sites flanking
the informative fragment. The total amount of digestion occurring to create this fragment is
dependent on the flanking Hpall site with the greater amount of methylation, therefore it is this
value that we use when correlating microarray with these bisulphite data.

If the flanking area contains more than one Hpall site, it is possible that they drive the
representation and consequently the microarray signal. In those infrequent situations in which
validation is not correlating with microarray data, such sites should be tested. The more
common reason for discordance between microarray and bisulphite data is sequence
polymorphism, as described in the next section.
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3. Troubleshooting

Hints for troubleshooting

The HELP assay requires intact DNA of a reasonable molecular weight that is clean enough

to digest readily to completion. A gel image of Hpall digestion will never be able to distinguish
between poor quality DNA and incomplete digestion because of methylation of the majority

of Hpall sites in the genome, another reason why the concurrent use of Mspl is valuable. When
analyzing the data, we find it useful to use the mitochondrial DNA sequences included on the
microarray design as a control. Mitochondrial DNA is unmethylated and in high copy number
relative to nuclear DNA loci, so a high signal intensity should be seen for all mtDNA loci in

both Hpall and Mspl channels. Anything otherwise is an indication of poor sample quality or
poor digestion of the DNA.

As mentioned earlier, a problem that can occur is due to polymorphic Hpall sites in the genome.
The microarrays are designed based on a consensus genomic DNA sequence, anticipating that
a given oligonucleotide on the microarray will be associated with a Hpall/Mspl fragment of a
defined size. The acquisition of new Hpall/Mspl sites or the loss of annotated sites will change
whether the oligos are still located at an informative locus (the fragment size range may no
longer be in the 50-2,000 bp size range of the genomic representation) or may change the size
of the fragment generated, which will cause the quantile normalization approach based on
predicted fragment size to distort the data. A sequencing-based approach bypasses these
concerns, and in fact reveals the striking polymorphism of these CG dinucleotide-containing
sites (at least 3% between individuals (7)). When loci identified in microarray studies fail to
validate by bisulphite approaches, such polymorphisms should be tested for.
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4. Appendices

NimbleGen custom microarrays for human, mouse, rat

These design identifiers need to be specified when ordering these microarrays from Roche-
NimbleGen.

Species  Roche-NimbleGen microarray design ID
Human HG18 HELP

Mouse  AE_Mouse_HD2_HELP

Rat 080402_RN4_Greally HELP_HX1

Cow 080829_Btau4 Help_Tiling_HX1

Software publications and online sources

Thompson RF, Reimers M, Khulan B, Gissot M, Richmond TA, Chen Q, Zheng X, Kim K,
Greally JM. An analytical pipeline for genomic representations used for cytosine methylation
studies. Bioinformatics. 2008 May 1;24(9):1161-7. Epub 2008 Mar 18. PubMed PMID:
18353789.

Bioconductor HELP package:
http://www.bioconductor.org/packages/2.3/bioc/htmIl/HELP.html
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Other publications using HELP
See references (6,8,19-26).
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Abbreviations

HELP Hpall tiny fragment Enrichment by Ligation-mediated PCR
CG/CpG cytosine-guanine dinucleotide

RRBS reduced representation bisulphite sequencing

MSCC methyl-sensitive cut counting

IUGR intrauterine growth restriction

mtDNA mitochondrial DNA
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An example of HELP data from human lymphoblastoid cells. We observe hypomethylation
(positive values) in a CpG island at the USP36 locus. Quantitative validation using bisulphite
MassAurray in the lower part of the figure shows near-complete hypomethylation not only at
Hpall sites reported by the HELP assay but also at adjacent CGs that are not part of Hpall sites.
This represents an example of how methylation at Hpall sites tends to be concordant with that

of adjacent CG dinucleotides.
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