(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Bureau

(10) International Publication Number

WO 2009/024019 Al

(43) International Publication Date
26 February 2009 (26.02.2009)

(51) International Patent Classification: (74) Agent: CHINA PATENT AGENT (H.K.) LTD.; 22/F,
C12Q 1/68 (2006.01) Great Eagle Centre, 23 Harbour Road, Wanchai, Hong
Kong (CN).
(21) International Application Number: (81) Designated States (unless otherwise indicated, for every
PCT/CN2008/001435 kind of national protection available): AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ, CA,
(22) International Filing Date: 8 August 2008 (08.08.2008) CH, CN, CO, CR, CU,CZ, DE, DK, DM, DO, DZ, EC, EE,
EG, ES, FI, GB, GD, GE, GH, GM, GT, HN, HR, HU, ID,
(25) Filing Language: English IL,IN, IS, JP, KE, KG, KM, KN, KP, KR, KZ, LA, LC, LK,
LR, LS, LT, LU, LY, MA, MD, ME, MG, MK, MN, MW,
(26) Publication Language: English MX, MY, MZ, NA, NG, NI, NO, NZ, OM, PG, PH, PL, PT,
RO, RS, RU, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TJ,
(30) Priority Data: TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
60/935,472 15 August 2007 (15.08.2007)  US ZW.
60/935,867 5 September 2007 (05.09.2007) US (84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
(71) Applicant (for all designated States except US): THE GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
UNIVERSITY OF HONG KONG [CN/CN]; Pokfulam ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
Road, Hong Kong (CN) European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,
FR, GB,GR, HR, HU, IE, IS, IT, LT, LU, LV, MC, MT, NL,
(72) Inventor; and NO, PL, PT, RO, SE, SI, SK, TR), OAPI (BF, BJ, CF, CG,
(75) Inventor/Applicant (for US only): LOK, Si [CN/CNT; CL CM, GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).
Flat 10B, 10th Floor, Block 2, Tam Towers, 25 Sha Wan  Published:
Drive, Pokfulam Road, Hong Kong (CN). —  with international search report

AT PO OO

(54) Title: METHODS AND COMPOSITIONS FOR HIGH-THROUGHPUT BISULPHITE DNA-SEQUENCING AND UTILI-
e TIES

(57) Abstract: The novel methods and compositions to produce DNA templates suitable for chemical modifications and high-
e throughput DNA-sequencing are disclosed. A method of a DNA adaptor design where constituent cytosines are substituted with
& 5-methylcytosines rendering the resulting adaptor resistant to bisulphite mediated deamination is also disclosed. When said adaptor
a is ligated onto double stranded DNA template, subsequent DNA denaturation and bisulphite treatment deaminates template DNA
& cytosine differentially to uracil whilst the 5-methylcytosines of the ligated adaptor resist chemical conversion resulting in the adaptor
& sequence remaining unaltered. Both strands of bisulphite treated DNA can thus be amplified with a single primer set that hybridizes
to the unaltered adaptor sequence. Also the methods to produce control template of a defined methylation composition to optimize
conditions for the bisulphite reaction are disclosed. In a preferred embodiment, the %ﬂesent inv%\r/l[t can be T&sed to produce templates
suitable for genome-wide bisulphite-DNA sequencing using conventional, Solexa , SOLiD ~ or 454 "~ type DNA sequencing
platforms to study DNA methylation.

401



WO 2009/024019 PCT/CN2008/001435

METHODS AND COMPOSITIONS FOR HIGH-THROUGHPUT BISULPHITE
DNA-SEQUENCING AND UTILITIES

CROSS REFERENCE TO RELATED APPLICATIONS

[0001]  This application claims priority based on U.S. Provisional Patent Applications
U.S. Serial Nos 60/935,472 filed 15 August 2007; and 60/935,867 filed 5 September
2007. The entire contents of the foregoing provisional applications are incorporated

herein by reference.

TECHNICAL FIELD AND ABSTRACT OF THE DISCLOSURE

{0002] The invention relates to novel methods and compositions to produce DNA
templates suitable for chemical modifications and high-throughput DNA-sequencing. A
method of the invention relates to a DNA adaptor design where constituent cytosines are
substituted with 5-methylcytosines rendering the resulting adaptor resistant to bisulphite
mediated deamination. When said adaptor is ligated onto double stranded DNA template,
subsequent DNA denaturation and bisulphite treatment deaminates template DNA
cytosine differentially to uracil whilst the 5-methylcytosines of the ligated adaptor resist
chemical conversion resulting in the adaptor sequence remaining unaltered. Both strands
of bisulphite treated DNA can thus be amplified with a single primer set that hybridizes
to the unaltered adaptor sequence. The invention also.relates to methods to produce
control template of a defined methylation composition to optimize conditions for the
bisulphite reaction. In a preferred embodiment, the present invention can be used to
produce templates suitable for genome-wide bisulphite-DNA sequencing using
conventional, Solexa™, SOLiD™ or 454™- type DNA sequencing platforms to study
DNA methylation.

BACKGROUND OF THE INVENTION

[0003] A major mechanism of epigenetic regulation involves DNA methylation
whereby the methyl group of S-adenosyl-methionine is enzymatically transferred to the

5-carbon position of cytosine to yield 5-methylcytosine (Review: Caiafa and Zampiere,
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2005; Novik et al, 2002; Bird, 2002; Costello and Plass, 2001; Laird and Jaenisch, 1996).
In Man, most cytosine methylation occurs at CpG dinucleotides of CpG islands, G+C
isochors and CpG hotspots, but cytosine residing in CpNG, CC(a/t)GG, CpA and CpT
sequences can also be methylated at low frequency (Lorincz and Groudine, 2001;
Woodcock et al, 1997; Clark et al, 1995). Cytosine methylation of CpG dinucleotides in
regulatory regions contributes to gene silencing such as in X-chromosome activation and
can often play an important role in silencing of tumor suppressor genes in cancers.
Hypomethylation and hypermethylation of different genomic regions have been reported
at various stages of carcinogenesis as well as in a host of other diseases (Review: Jones
and Baylin, 2007; Brena and Costello, 2007; Esteller, 2007; Rodenhiser and Mann, 2006;
Laird and Jaenisch, 1996). Hence, there is a need for methods to characterize the
"Methylome", which is defined as the methylation status of the genome, to elucidate
regulatory networks that can lead to the discovery of drugs, drug targets, or useful

biomarkers of disease.

[0004]  Various methods have been developed for the analysis of cytosine methylation
at an ever-greater resolution to elucidate regulatory networks and for the identification of
biomarkers of disease. The earliest method for assaying cytosine methylation was based
on chromatography (Hotchkiss, 1948) but it suffered low resolution as this and other
related techniques can only look at bulk methylation changes in DNA. Later methods
with improved resolution capable of analyzing more precise changes in methylcytosine
distribution make use of methyl-sensitive restriction endonucleases or affinity
chromatography (Zhang et al, 2006; Cross et al, 1994). Chemical modification of
cytosine coupled with DNA sequencing remains the method of choice, the so-termed
"Gold Standard", for the detection of 5-methylcytosine at single nucleotide resolution for
epigenetic studies. The development of the “Bisulfite-DNA Sequencing” chemistry
allows a direct positive detection of cytosine methylation. Bisulphite-DNA sequencing
stems from chemistry described in the 1970's, whereby sodium bisulphite catalyzes the
efficient deamination of cytosine to yield uracil (Shapiro et al, 1973; Shapiro et al, 1970;
Hayatsu et al, 1970), which is functionally equivalent to thymine in sequencing and DNA

amplification reactions. Depending on reaction conditions, the rate for deamination of 5-
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methylcytosine to thymine could be nearly two orders of magnitude slower than that of
cytosine to uracil (Haystsu and Shiragami, 1979; Wang et al, 1980). Frommer et al,
(1992) exploited the preferential chemical discrimination between methylcytosine and
cytosine in combination with the polymerase chain reaction (PCR) to provide a positive
display of 5-methylcytosine residing in individual DNA strands. From this initial report
and others, bisulphite-DNA sequencing quickly became and remained the method of
choice for interrogating cytosine methylation at target loci at single nucleotide level
resolution (Ehrich et al, 2007; Grunau et al, 2001; Eads et al, 2000; Paulin et al, 1998;
Clark et al, 1994; Raizis et al, 1995; Feil et al, 1994; Frommer et al, 1992).

[0005]  Attempts are made in recent years to adopt methods for large-scale genome-
wide detection of DNA methylation. The first of these attempts is “Restriction Landmark
Genomic Scanning” in which differential DNA methylation is detected by serial
fractionation of end-labelled DNA digested with methyl-sensitive restriction enzymes
(Hatada et al, 1991). This approach is limited by the availability and the distribution of
restriction enzyme sites in the genome and is of low resolution. Olek et al, (1998) (U.S.
Patent No 6,214,556) described another approach whereby bisulphite treated DNA is
coupled with selective whole genome DNA amplification by the use PCR. Amplified
products are then interrogated by primer extension assays to yield complex DNA
methylation fingerprints useful for assessing cellular methylation status. The number of
primer extension assays performed dictates the resolution and the extent of genomic
coverage by this approach. Another strategy is based on affinity purification of
methylated DNA segments using anti-methylcytosine antibodies or methyl-CpG binding
proteins (Zhang et al, 2006; Cross et al, 1994). Immuno-precipitation and affinity
chromatography of methylated Arabidopsis DNA coupled with hybridization of the
captured labelled products to a genomic oligonucleotide tiling array has produced the first
genome-wide methylation map (Zhang et al, 2006). The resulting methylation map has a
35-base resolution corresponding to the length of the oligonucleotides on the tiling array.
Similar studies on human cancer cell lines using arrays of lower resolution have revealed
a large number of differentially methylated genes (Keshet et al, 2006; Weber et al, 2005).

While useful for genome-wide scan, this approach is hindered by the resolution of the
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array and by a minimal threshold density of methyl-CpG on a DNA fragment before it
can be captured by affinity purification. Accordingly, relatively large amounts of starting
materials are needed, thus precluding its use in many clinical applications. Clearly more
sensitive detection methods requiring smaller amount of starting material and having

higher resolution at the single nucleotide level are needed in the art.

[0006]  Until recently, technical difficulties have prevented the use of bisulphite-DNA
sequencing approach for mapping methylation changes at a genome-wide scale. In a
small-scale proof of principle experiment, Meissner et al, (2005) demonstrated the
practical feasibility of using bisulphite-DNA sequencing for mapping 5-methylcytosines
of genomic DNA library inserts at a single nucleotide resolution. Size-selected randomly
fragmented genomic DNA fragments, equipped with adaptors were treated with
bisulphite, amplified by PCR, and cloned into a vector for sequencing. The resulting
sequence data revealed a cytosine to uracil conversion rate greater than 99.9% indicating
that random shotgun bisulphite-DNA sequencing of genomic library inserts could be
applied to a genome-wide scale. However, the use of this approach is limited, essentially
hindered by the high cost and low throughput of conventional Sanger-based didexoy
sequencing and capillary-based electrophoresis. Hence, there remains a need in the art
for improved methods of bisulphite-DNA sequencing with lower cost and higher

throughput.

[0007] The next generation massively parallel DNA sequencing technologies offer
several orders of magnitude greater throughput with a corresponding decrease in cost, but
as yet, these platforms have not been adapted for bisulphite-DNA sequencing to enable
economical genome-wide survey of DNA methylation. There are currently three
commercially available systems for high-throughput DNA sequencing: The Genome
Sequencer FLX™ system (commonly known as the 454™-sequencer) (Roche
Diagnostics, Indianapolis, IN); Solexa™ (Illumina, San Diego, CA); and the SOLiD™
system (Applied BioSystems, Foster City, CA).
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[0008]  The 454-technology is based on conventional pyrosequencing chemistry carried
out on clonally amplified DNA templates on microbeads individually loaded onto etched
wells of a high-density optical plate (Margulies et al, 2005). Signals generated by each

base extension are captured by dedicated optical fibers.

[0009] Solexa sequencing templates are immobilized onto a proprietary flow cell
surface where they are clonally amplified in situ to form discrete sequence template
clusters with densities up to ten-million clusters per square centimeter. Solexa-based
sequencing is carried out using primer-mediated DNA synthesis in a step-wise manner in
the presence of four proprietary modified nucleotides having a reversible 3' di-
deoxynucleotide moiety and a cleavable chromofluor. The 3' di-deoxynucleotide moiety
and the chromofluor are chemically removed before each extension cycle for successive
base calling. Cycles of step-wise nucleotide additions from each template clusters are
detected by laser excitation followed by imaging from which base calling is

accomplished.

[0010]  Applied Biosystems' SOLiD approach for massively parallel DNA sequencing
is based on sequential of cycles of DNA ligation, a strategy pioneered by George Church
of Harvard University (Shendure et al, 2005). By this approach, immobilized DNA
templates are clonally amplified on beads (emulsion PCR), which are plated at high
density onto the surface of a glass flow cell. Sequence determination is accomplished by
successive cycles of ligation of short defined labeled probes onto a series of primers

hybridized to the immobilized template,

[0011] The throughput from these new instruments can exceed several billion base
calls per instrument run, a factor of nearly fifteen thousand-fold or more over the current
generation of 96-lane capillary-electrophoresis-based sequencing instruments. Hence,
there is an unmet need for methods and compositions to adapt bisulphite-DNA
sequencing chemistry to the 454-, Solexa, or SOLID sequencing platforms to enable cost-
effective genome-wide survey of DNA methylation. In their pilot study, Meissner et al,

(2005) suggested the new generation 454-DNA sequencer might offer an economical
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solution to allow genome-wide application of bisulphite-DNA sequencing, but they did
not discuss critical problems nor disclose any methods for reduction to practice. More
importantly, the investigators did not appreciate the great difficulties in applying their
approach to the Solexa or SOLID platforms where the typical sequence reads are only 35-

50 base in length. The present invention provides these and other substantial benefits.

DESCRIPTION OF THE PRESENT INVENTION

[0012] The present invention provides novel improved methods and useful
compositions for bisulphite-DNA sequencing for use in next generation DNA sequencers
to enable large-scale high throughput genome-wide survey of alterations in cytosine

methylation pattern and for other preferred utilities.

[0013] The pilot study of Meissner et al, (2005) described a bisulphite-DNA
sequencing approach whereby short DNA adaptors are first ligated to each end of a
plurality of size-selected and randomly fragmented genomic DNA fragments. Adaptor-
ligated DNA is denatured into a single-stranded form that is susceptible to bisulphite
treatment where resident cytosines are converted to uracil but 5-methylcytosines are not
altered. The converted DNA is amplified using primers to the adaptor region to
regenerate the DNA strands and to produce sufficient mass of the bisulphite-converted
DNA product for efficient cloning into a vector for sequencing analysis by conventional
capillary-electrophoresis. ~ The study shows the approach provides an unbiased
representation of the test genomic DNA and has the feasibility of scale. However, an
important consequence of Meissner et al’s bisulphite treatment of target DNA is that all
cytosines in the ligated adaptor are also converted to uracil. Accordingly, in order to
carry out DNA amplification, the PCR primers are designed to hybridize not to the
adaptor sequence but are instead designed to hybridize to the bisulphite-converted
sequence of the adaptor, the strategy that is the basis of the so termed “Methylation-
Specific PCR” method (Cottrell, 2004; Li and Dahlya (2002); Herman and Baylin (1997)
(U.S. Patent No 6,017,704); Herman et al, 1996). Other suitable PCR primer designs

known in the art that are suitable to amplify bisulphite treated include the use of
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degenerate primers that can amplify DNA from bisulphite-modified sites or the use of
very short primers that target DNA in cytosine free regions of the DNA (Olek et al, 1998
U.S. Patent No 6,214,556).

[0014]  The restrictions in primer design imposed by methylation-specific PCR as it is
described in the art are not compatible for use with the current ABI SOLIiD or the
Illumina Solexa high-throughput sequencing platforms. These platforms require the
obligate use of an optimized and validated proprietary adaptor sequence situated
immediately next to the sample DNA insert. These proprietary ‘adaptors function to
mediate clonal solid-phase amplification of DNA sequencing templates and the binding
of sequencing primers. Read length of the Solexa and SOLID sequencers is only 35-base
(extending to 50-base or more in late 2008). Extraneous sequences situated between the
proprietary adaptor and the DNA insert, such as those required for methylation-specific
PCR, would reduce the already short read length of the sample DNA to an unacceptable
level. Consequently, the current Solexa and SOLID platforms cannot sequence products
produce by the methylation-specific PCR method as it is described (Meissner et al, 2006;
Cottrell, 2004; Li and Dahlya, 2002; Herman and Baylin, 1997, U.S. Patent No 6,017,704;
Herman et al, 1996). While it may be formally possible to derive an adaptor design in
which the sequence of the bisulphite-converted adaptor can mediate clonal amplification
on solid support and sequencing primer binding on the Solexa and SOLID platforms, the
technical and economic challenges are formidable. }Bisulphite conversion of cytosine to
uracil on the adaptor would effectively reduce the genetic code to only three base,
thereby placing the severe constraint on a design that can function efficiently and
specifically for solid phase amplification required by the platform and for specific
priming of high-throughput DNA sequencing. Moreover, the bisulphite-conversion
renders the two strands of the adaptors non-complementary, thereby requiring the
creation and validation of an additional set of solid phase amplification primers and
sequencing primers for the other sample DNA strand. Considerable company expense,
time and resource have been expended to develop and to validate the existing adaptor and
primer designs of the SOLID and Solexa sequencing platforms; a major design change to

an existing product already in the marketplace would pose an unacceptable financial
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burden. Read length of the 454- sequencer is several hundred base and could suffer the
reduction of read length imposed by addition of methylation-specific PCR primers in the
sample DNA template. However, elimination of extraneous sequences in 454-templates

would add to the efficiency of that platform.

[0015] The present invention provides novel, simple, effective, and low cost methods
to adapt the existing SOLiD, Solexa or 454- based DNA sequencing platforms to
sequence bisulphite-treated DNA samples to study DNA methylation. One aspect of the
invention is the creation of a novel adaptor composition where constituent cytosines are
substituted with 5-methylcytosines to render the said adaptor resistant to deamination
during bisulphite treatment of the attached template DNA. When adaptor of the present
invention is ligated to template DNA, DNA denaturation and bisulphite treatment that
convert template DNA cytosine to uracil, the sequence of the adaptor remains unaltered.
Both strands of bisulphite treated DNA can thus be amplified using a single primer set
that is complementary to the original altered adaptor sequence. In contrast, cytosines of a
conventional adaptor are converted to uracils by bisulphite treatment necessitating the use
of PCR primers that hybridize to the bisulphite-converted sequence of the adaptor to
amplify bisulphite treated templates. Bisulphite treatment also renders the two DNA
template strands non-complementary. The two strands of a conventional adaptor would
also be rendered non-complementary by bisulphite treatment, resulting in the need for a
separate set of primers to amplify each DNA strand. The adaptor composition of the
present invention does not suffer from this problem, the two adaptor strands remain
complementary and a single set of primers is sufficient to amplify both strands of the
bisulphite treated DNA for the preparation of templates for sequencing on the Solexa,
SOLiD or 454- sequencing platforms. Adoption of present invention by these established
platforms is expected to incur little or no material cost since the primary sequence of the
platform’s propriety adaptor is not altered, hence, all downstream operations such as solid
phase DNA amplification and sequencing primer binding are unaffected. In a preferred
embodiment, an aspect of the present invention can be used to create kits or kit
components for the preparation of DNA templates for high throughput bisulphite-DNA

sequencing on the SOLID, Solexa, 454-, or other sequencing platforms for methylation
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studies. Kit components are essentially identical to ones currently offered by the vendors
for conventional sequencing except for the simple and low cost substitution of 5-

methylcytosine for cytosine in the adaptors.

[0016] Typically, an adaptor comprises two short complementary DNA
oligonucleotide strands comprising native or modified oligonucleotides that are produced
by chemical or enzyme-assisted synthesis using a variety of synthetic routes known in the
art (Review: Verma and Eckstein, 1998; Goodchild, 1990). Oligonucleotides comprising
modified bases such as the conjugation of a methyl group at the 5-carbon position of
cytosine to yield 5-methylcytosine are available from a variety of commercial vendors
including: Operon (Cologne, Germany); Sigma-Proligo (Paris, France); and Genosys (St.
Louis, MO). Alternative to chemical synthesis, it is possible to methylate adaptor DNA
enzymatically using methyltransferases providing the cytosines are within the enzyme
recognition site. It is also possible to incorporate 5-methyl-dCTP into adaptor DNA by
the use of a DNA polymerase in a fill-in reaction or by PCR. Those that are skilled in the
art are aware of optimized adaptor designs and the methods of synthesis. Operationally,
the two DNA strands of the adaptor are annealed to form a double strand molecule. In
general, adaptor sequences may vary from 10 to 100 base pair (bp) or more in length, 15
to 30 bp is typical. Sequence composition of adaptor is variable, but it is generally free
of inverted repeats and the like that may interfere with potential primer binding and other
functionalities. In some applications, adaptors may be spatially linked together to enable
the linked adaptor to ligate to more than one target DNA end. Typical of this application
is when it is desirable to have a different adaptor ligated to each end of a template DNA
as in the case for clonal amplification and subsequent sequencing on the next generation
Solexa, SOLID or 454- DNA sequencers. Inter-molecular ligation of a linked adaptor to
a target DNA is followed by intra-molecular ligation to yield a circular molecule whereby
the target DNA is flanked by two different adaptors. Conditions for intramolecular
ligation to yield circular molecules have been described for DNA segments over a range
of fragment lengths (Collins and Weissman, 1984; Dugaiczyk et al, 1975; Wang and
Davidson, 1966). Adaptor may be engineered to have differént terminal structures to

facilitate ligation to DNA. Blunt-termini are in common use, as are specific cohesive
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complementary ends for ligation to DNA fragments bearing the partner complementary
ends. Procedures for ligation of adaptor to DNA and for genome-wide DNA
amplification using primers that target ligated adaptors are known in the art (Hughes et al,
2005; Klein et al, 1999; Lucito et al, 1989; Ludecke et al, 1989; Kinzler and Vogelstein,
1989). Adaptor may comprise other modified or conjugated nucleotides in addition to
aforementioned substitution of cytosine with 5-methylcytosine. ~ Other chemical
modifications of cytosine that can render the adaptor molecule resistant to bisulphite
treatment or to other differential chemical treatment that can distinguish genomic
cytosine from modified adaptor cytosine are considered within the scope and principle of
the present invention. Also considered within the scope and principle of the present
invention are modifications of other adaptor bases, in which there are chemical reactions
that can distinguish modified adaptor DNA from genomic DNA for use to interrogate
other cellular epigenetic DNA modifications. Also considered within the scope and
principle of the present invention is the incorporation of an epitope or purification tag to
the adaptor, such as a biotin containing moiety or a DNA sequence that can be targeted
by a triple-helix forming oligonucleotide (Review: Vasquez and Glazer, 2002; Sun et al,
1996) and the like to allow convenient affinity-purification of the adaptor ligated DNA

before, after or during various steps of chemical treatment.

[0017] DNA for analysis in accordance to the present invention can be derived from
any cell, tissue, or organ. In some embodiments, DNA is derived from a tumor or other
cells with a disease phenotype at different time points or stages of clinical treatments to
assess the global changes in methylation pattern in the disease state. As such, the present
invention can be used to identify genomic diagnostic or prognostic methylation
biomarkers of disease or disease susceptibility or disease outcome. Ordway et al, (2006),
Sova et al, (2006), and Shames et al, (2006) provide illustrative examples of such
biomarkers. Other utilities include the elucidation of regulatory networks that lead to the

identification of drugs or drug targets for therapeutic intervention.

10
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[0018] DNA for whole-genome methylation study can be generated by random
fragmentation to provide an unbiased analysis of the genome. Suitable size DNA may
range from 100 to 5000 bp or more, typically 100 to 250 bp is preferred. Methods for
generation of random DNA fragments include: (1) bovine pancreatic deoxyribonucleic
acid nuclease I (DNase I), which makes random double-strand cleavages in DNA in the
presence manganese ions (Melgar and Goldthwait, 1968); (2) physical shearing (Shriefer
et al, 1990); and (3) sonication (Deininger, 1983). In some embodiments, genomic DNA
may be digested with enzymes that preferentially target digestion to CpG island
sequences, which are GC rich regions that are associated with genes in the genome (Kato
and Sasaki, 1998). A large proportion of methylation occurs within CpG sequences,
hence digestion of genomic DNA with enzymes such as Msp I (CCGG), Hae Il (GGCC),
Tag 1 (TCGA) and the like would preferentially target bisulphite-DNA sequencing to
those regions of the genome. The use of restriction endonuclease CviJ I under relaxed
conditions, which cleaves DNA at GC dinucleotide positions (Fitzgerald et al, 1992), is
particularly useful under partial digestion conditions to produce a useful continuum of

DNA fragment sizes.

[0019] Computer simﬁlation analysis indicates that a given random 50-base read stands
a ~93% chance of an unambiguous assignment to the Human genome reference assembly.
For 50-bp fragments flanked by Msp I (CCGG) or Hae III (GGCC) sites and other
enzymes that have a G+C rich recognition sites, unambiguous assignment to the genome
assembly is greater than 99% due to the observation that most repetitive DNA elements
in the genome have lower GC content and that those enzyme sites are under represented
in these genomic regions. The computer model also shows a high degree of overlap in
fragments generated by the Msp I, Hae III and Tag 1 digestion. Within the 50-400 bp
fragment size range, most CpG island sequences can be covered by overlapping 50-bp
reads from a genomic library constructed from individual digestion by the three enzymes.
Bisulphite treated DNA generally experiences a lower rate of unambiguous assignment to
the reference sequence due to the conversion of cytosine to uracil (thymine), which
effectively reduces the raw query to a three-base genetic code. This problem is

manageable using the pair-end read capability of Solexa and SOLiD sequencers to extend

11
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the sequence length, and as well as by consensus alignment and contig-building using the
opposite DNA strand. In addition to identify changes in methylation status, the present
invention would also at the same time identify SNPs and other genetic and somatic
alternations when the sequence data are compared to reference sequences. Informatical
tools for clustering analysis of methylation data are in the art (Wang et al, 2007; Segal,
2006; Siegmund, 2004; Virmani et al, 2002; Model et al, 2001; Eads et al, 2000).

[0020]  Despite the usefulness and the widespread use of bisulphite-DNA sequencing,
this method is prone to processing errors and the problems of competing and unwanted
chemical reactions inherent to bisulphite treatment. These problems will be more
pronounced in genome-wide applications. Aggressive bisulphite treatment protocols, (i.e.
prolong incubation time, high temperature, or high bisulphite concentration), assure
complete conversion of cytosine to uracil, but risk unacceptable fragmentation of the
DNA from depurination as well as the eventual conversion of 5-methylcytosine to
thymine (Hayatsu and Shiragami, 1979; Wang et al, 1980). Less aggressive treatments
run the risk of overestimating methylation levels due to incomplete conversion of
cytosine to uracil. Accordingly, there is a large body of work directed to the continued
optimization of the bisulphite conversion process in respect to the major experimental
conditions of temperature, pH, reaction time, bisulphite concentration, efficiency of DNA
denaturation and the like (Ehrich et al, 2007; Hayatsu et al, 2006; Grunau et al, 2001;
Eads et al, 2000; Paulin et al, 1998; Clark et al, 1994; Raizis et al, 1995; Feil et al, 1994,
Frommer et al, 1992). A major limiting step for optimizing the process is the lack of a
convenient and comprehensive control template to monitor the complex and competing
reactions inherent to bisulphite conversion. Current methods for assessing the efficiency
of bisulphite conversion make use of high performahce liquid chromatography (HPLC),
gel electrophoresis, and mass spectrometry to examine the quality of the DNA following
treatment (Ehrich et al, 2007). The rate of cytosine conversion to uracil in bisulphite-
reaction optimization experiments is typically measured by methylation-PCR assays, and
subsequent sequencing the of cloned product derived from one or more genomic test
locei (Frommer et al, 1992) or from a test control template whereby defined sites of both

DNA strands are methylated by the use of methyltransferases. Control templates derived

12
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from in vitro methylation using methyltransferases suffers from potential incomplete
enzymatic action, making it difficult to discern whether the presence of a thymine at a
specified site is due to incomplete in vifro methylation or is due to overly aggressive
bisulphite conversion in which methylcytosine can be converted to thymine (Hayatsu and
Shiragami, 1979; Wang et al, 1980). Moreover, only cytosines that are within the
recognition site for a given methyltransferase can be assessed. Hence, there is a need for
a convenient, robust and comprehensive assay to monitor the complex and competing
reactions in the bisulphite-conversion process, particularly if bisulphite-sequencing is to

be carried out at a genome-wide scale.

[0021] Another aspect of the present invention provides methods to produce synthetic
control templates of a precise defined cytosine methylation composition to optimize the
conditions of the bisulphite reaction. In one aspect of the invention, the control template
comprises two complementary annealed DNA strands, A and B, wherein the cytosines of
strand-B are methylated at the 5-carbon position, and wherein the cytosine of strand-A is
not methylated. The resulting hemi-methylated DNA molecule is constructed by
annealing the products of two independent amplification reactions derived from a
common DNA template. The first reaction comprises amplification primer-A and-B,
whereby primer-A is labeled with a biotin moiety, primer-B cytosines are substituted

with 5-methylcytosines and amplification is performed in the presence of %

S A Y T

deaxsribonticleotide triphosphatemi;

dCTPY(10 mM of each nucleotide is a typical concentration). The second amplification

reaction comprises primer-A and -B, whereby primer-B is labeled with a biotin moiety
and amplification is performed in the presence of a deoxyribonucleotide triphosphate
mixture comprising of dATP, dTTP, dGTP and dCTP. Equal molar amounts of the two
amplified products are combined, denatured, allowed to re-anneal and then are subjected
to avidin affinity chromatography to remove DNA molecules that are labeled with biotin.
Species not captured by affinity chromatography thus comprise a double-stranded
hemimethylated molecule of a methylated cytosine stand-A and an un-methylated
cytosine strand -B. The resulting hemimethylated control template (HM-control template)

is used to optimize bisulphite reaction conditions. Since the methylation status of the
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HM.- control template is known with absolute precision for each of the two DNA strands,
any deviation from the expected sequence or yield of the two control template strands
following bisulphite treatment is a quantitative measurement of the degree of incomplete
or over aggressive bisulphite treatment. In addition, the control template can be
engineered to contain features, such as hair-pins, inverted repeats and the like, that are
known to be more resistant to bisulphite treatment to derived experimental conditions to
that affect their conversion. In another aspect of the invention, a HM-control template
~ can also be produced by annealing two chemically synthesized oligonucleotides where
one strand comprises S5-methylcytosines substituting at cytosine positions and the
complementary strand comprises cytosine. In another aspect of the invention, a control
template can also be generated by PCR in the presence of a deoxyribonucleotide
triphosphate mixture comprising dATP, dTTP, dGTP and 5-methyl-dCTP. The resulting
control template would have 5-methylcytosine completely substituting for cytosine on
both DNA strands and is a useful control template to monitor excessive bisulphite
treatment. In a preferred embodiment, control templates bearing regions of increasing
severity of secondary structure or homo-polymer tracts can be used to monitor the
efficiency of bisulphite treatment under different experimental conditions of incubation
time, temperature, pH, and bisulphite concentration. In another preferred embodiment,
the control template is added to genomic DNA to validate the experimental conditions in
the presence of a complex DNA mixture. In another preferred embodiment, a minute
amount of the control template can be added to the genomic DNA sample to provide an
internal control for high-throughput bisulphite-DNA sequencing on a Solexa, SOLID or
454- platform. In yet another preferred embodiment, control template of the present
invention can be used to provide kits or kit components for high throughput bisulphite-

~ DNA sequencing based on the SOLID, Solexa, 454-, or other sequencing platforms.

[0022] It is to be understood that various other modifications will be apparent to and
can readily be made by those that are skilled in the art, given the disclosure herein,

without departing from the scope and spirit of this invention.
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CLAIMS

I claim:

1.

Method for determining the epigenomic status of a target DNA population

comprising:

fragmenting the target DNA population into a suitable size to which one or more
different modified-adaptors of a composition comprising a modified nucleotide
substituting for its unmodified nucleotide analog at one or more or all positions,
are ligated to the target DNA to yield a composition comprising: (1) an identical
modified-adaptor ligated to both ends of the target DNA fragment; or (2) a
different modified-adaptor ligated to each end of the target DNA fragment;

whereupon, the modified-adaptor-ligated target DNA is subjected to a chemical
treatment in which the target DNA composition and the modified-adaptor
composition are rendered chemically and functionally distinguishable wherein the

ligated modified adaptor or adaptors are essentially and functionally unaltered;

whereafter, the chemically treated modified-adaptor-ligated DNA is amplified at
least one round using primers that are complementary to sequences of the

modified adaptor;

whereafter, the amplified DNA is subjected to DNA sequencing.

Method for determining the cytosine methylation status of a target DNA
population comprising:

fragmenting the target DNA population into a suitable size to which one or more

different modified-adaptors of a composition comprising a modified nucleotide

substituting for cytosine at one or more or all cytosine positions, are ligated to the
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target DNA to yield a composition comprising: (1) an identical modified-adaptor
ligated to both ends of the target DNA fragment; or (2) a different modified-
adaptor ligated to each end of the target DNA fragment;

whereupon, the modified-adaptor-ligated target DNA is subjected to a chemical
treatment in which the target DNA composition and the modified-adaptor
composition are rendered chemically and functionally distinguishable wherein the

modified adaptor or adaptors are essentially and functionally unaltered;

whereafter, the chemically treated modified-adaptor-ligated DNA is amplified at
least one round using primers that are complementary to sequences of the

modified adaptor;

whereafter, the amplified DNA is subjected to DNA sequencing.

3. A method of claim 1, wherein the epigenomic status of the target DNA population

is the methylation of cytosine at the 5-carbon position.

4, A method of claim 1, wherein the modified-adaptor or adaptors are composed of
one or more modified nucleotides that are selected from a group consisting of any

modified adenine, guanine, cytosine, uracil or thymine nucleotides.

5. A method of claims 1 and 2, wherein the modified-adaptor or adaptors are
composed of one or more modified nucleotides that are selected from a group

consisting of any methylated nucleotides.

6. A method of claims 1 and 2, wherein the modified-adaptor or adaptors are
composed of one or more modified nucleotides that are selected from a group

consisting of 5-methylcytosine.
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13.
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A method of claims 1 and 2, wherein the chemical treatment is bisulphite

mediated deamination of cytosine.

A method of claims 1 and 2, characterizing the sequence data derived from
sources of normal, disease or other phenotypes by mapping or aligning onto one
or more reference DNA sequences to discern genetic or epigenomic differences

that can be correlated with any phenotypes.

A method of claims 1 and 2, wherein the modified adaptor or adaptors are
composed of one or more nucleotides that are selected from a group consisting of
any nucleotides that are conjugated to a moiety capable of generating a detectable

signal that can be read by an instrument or by visual inspection.

A method claims 1 and 2, wherein the modified adaptor or adaptors are capable of

directing DNA amplification on a solid support.

A method claims 1 and 2, wherein the modified adaptor or adaptors are capable of

directing isothermal DNA amplification on a solid support.

A method of claims 1 and 2, wherein the modified adaptor is functionally and

spatially linked to another modified adaptor.

A method of claims 1 and 2, wherein the modified-adaptor or adaptors are
composed of one or more nucleotides that are selected from a group consisting of

any nucleotides that are conjugated to an affinity purification tag.

A method of claims 1 and 2, wherein the modified adaptor or adaptors are
composed of one or more nucleotides that are selected from a group consisting of

any nucleotides that are conjugated to a biotin moiety.
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A method of claims 1 and 2, wherein the DNA adaptor or adaptors contain one or
more sequences that can be targeted by an oligonucleotide capable of forming a

triple helix structure with the DNA.

A method of claim 15, wherein the triple helix forming oligonucleotide is

conjugated to an affinity purification tag.

A method of claims 1 and 2, wherein the target DNA is selected from a group
consisting of genomic DNA, mitochondrial DNA, chloroplast DNA, plastid DNA,
¢DNA, viral DNA, microbial DNA, chemically synthesized DNA, DNA product
of nucleic acid amplification, and DNA transcribed from RNA.

A method of claims 1 and 2, wherein the target DNA is fragmented randomly by
the application of mechanical force or by the complete or by the partial digestion

using one or more nuclease enzymes alone or in combination.

A method of claim 18, wherein the nuclease enzymes are restriction
endonucleases selected from a group comprising Bsh1236 1, BstU 1, CviJ I, FspB 1,
Hae NI, Hha 1, Hpa I, Mse 1, Msp 1, Sau3 Al Tag 1, Tsp509 1, their

isoschizomers and neoschizomers.

Method for the production of a hemi-methylated DNA control template to

monitor bisulphite reaction efficiency comprising:

annealing two complementary DNA strands, A and B, wherein the cytosines of
strand-B are methylated at the 5-carbon position, and wherein the cytosines of

strand-A are not methylated; and that

strand-A is created in an amplification reaction comprising primer-A and -B,
whereby primer-A is labeled with a biotin group, primer-B cytosines are

substituted with 5-methylcytosine and DNA amplification is performed in the
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presence of a deoxyribonucleotide triphosphate mixture comprising of dATP,
dTTP, dGTP and 5-methyl-dCTP; and that

strand-B is created in an amplification reaction using the same DNA template as
strand-A comprising primer-A and -B, whereby primer-B is labeled with a biotin
group and DNA amplification is performed in the presence of a
deoxyribonucleotide triphosphate mixture comprising of dATP, dTTP, dGTP and
dCTP; and that

equal molar amounts of the two amplified products are combined, denatured,
allowed to re-anneal and are then subjected to avidin affinity chromatography to

remove the undesired products.

Method for the production of a methylated DNA control template wherein the
cytosines of both strands are methylated at the 5-carbon position to monitor

bisulphite reaction efficiency comprising:

DNA amplification of a control DNA template using primers where constituent
cytosines are substituted with S-methylcytosines and that DNA amplification is
performed in the presence of a deoxyribonucleotide triphosphate mixture
comprising dATP, dTTP, dGTP and 5-methyl-dCTP.
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