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METHODS FOR DETERMINING CYTOSINE METHYLATION IN DNA
AND USES THEREOF

CROSS-REFERENCE TO RELATED APPLICATION
[0001]) This application claims the benefit of U.S. Provisional Patent Application No.
60/936,691, filed on June 20, 2007, the content of which is hereby incorporated by reference.

STATEMENT OF GOVERNMENT SUPPORT
[0002] The invention disclosed herein was made with U.S. Government support under
grant number R03 CA111577 from the National Institutes of Health (NCI). Accordingly, the

U.S. Government has certain rights in this invention.

FIELD OF THE INVENTION
[0003] The invention is directed to methods of determining the pattern of cytosine
methylation in a deoxyribonucleic acid (DNA) specimen, which involve comparing the
amount of DNA fragments generated by a methylation-sensitive restriction enzyme with the
amount of DNA fragments generated by a methylation-insensitive isoschizomer of the
methylation-sensitive restriction enzyme. The methods can be used, for example, for

detection of cancer.

BACKGROUND OF THE INVENTION

[0004] Throughout this application various publications are referred to in parenthesis.
Full citations for these references may be found at the end of the specification immediately
preceding the claims. The disclosures of these publications are hereby incorporated by
reference in their entireties into the subject application to more fully describe the art to which
the subject application pertains.

[0005] Methylation of cytosine in DNA is a major component of epigenetic regulation
of gene expression. Cytosine methylation is important for normal growth and development
(Dean et al., 2005; Monk et al., 1987) and is a major source of gene expression abnormalities
in cancer (Fiegl and Elmasry, 2007; Zhu and Yao, 2007). DNA cytosine methylation can be
used as a biomarker for cancer detection (Belinsky, 2004; Gonzalgo et al., 2007; Jubb et al,,
2003; Zhu and Yao, 2007). Cytosine methylation may also play a role in regulating the

induction of synaptic plasticity in the mature central nervous system (Levenson et al., 2006).
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[0006] Various approaches have been used to analyze cytosine methylation (Ching et
al. 2005; Hu et al. 2005; Khulan et al. 2006; Laird 2003; Ushijima 2005; Weber et al. 2005).
Many of the techniques used to test cytosine methylation at multiple loci are not sﬁitable for
comparing methylation levels at different loci within a genome. There is a need for a
platform for intragenomic profiling that will permit integrating studies of cytosine
methylation with other whole-genome studies of epigenetic regulation.

[0007] The use of restriction enzymes that are sensitive to cytosine methylation has
allowed many of the early insights into the distribution of methylated CpG dinucleotides in
the mammalian genome. For example, the use of Hpall revealed that most of the genome
remains high molecular weight following digestion despite the short recognition motif (5°-
CCGG-3’) at which the enzyme cuts (Singer et al. 1979). It was subsequently recognized that
between 55 and 70% of Hpall sites in animal genomes are methylated at the central cytosine
(Bestor et al. 1984; Bird 1980), which is part of a CpG dinucleotide. The minority of genomic
DNA that cuts to a size of hundreds of basepairs was defined as Hpall Tiny Fragments
(HTFs) (Bird 1986), revealing a population of sites in the genome at which two Hpall sites
are close to each other and both unmethylated on the same DNA molecule. Cloning and
sequencing of these HTFs revealed them to be (G+C) and CpG dinucleotide-rich, allowing
base compositional criteria to be created to predict presumably hypomethylated CpG islands
(Gardiner-Garden and Frommer 1987). Genome sequencing project data have revealed that
fewer than 12% of Hpall sites in the human genome (and fewer than 9% in mouse) are
located within annotated CpG islands (Fazzari and Greally 2004). This raised the question
whether a substantial proportion of HTFs is, in fact, derived from non-CpG island sequences
and could be used to examine many non-CpG island sites in the genome for cytosine
methylation status.

[0008] Most restriction enzyme-based or affinity-based techniques are designed to
identify enriched methylated DNA regions in the genome. As most CG dinucleotides of
animal genomes are methylated (Gruenbaum et al., 1981; Kunnath and Locker, 1982),
including most transposable elements (Yoder et al., 1997), these approaches enrich the
majority of the genome and repetitive sequences rather than the hypomethylated minority of
unique sequences that tend to be located at functionally-interesting sites. The presence of a
hypomethylated site in an assay that enriches methylated DNA has to be inferred from the
absence of signal, which can also occur due to technical problems or base compositional

reasons.



WO 2008/156536 PCT/US2008/006387

[0009] The approach described in the present application allows the positive
identification of hypomethylated loci and is robust for analysis of CG dinucleotide-enriched
regions of the genome where restriction enzyme digestion can create short DNA fragments

that can pose problems for analysis.

SUMMARY OF THE INVENTION
[0010] The present invention provides methods for determining the pattern of cytosine
methylation in a DNA specimen by comparing the amount of DNA fragments generated by a
methylation-sensitive restriction enzyme with the amount of DNA fragments generated by a
methylation-insensitive isoschizomer of the methylation-sensitive restriction enzyme, the
methods comprising:

(a) digesting a first sample of the DNA specimen using the methylation-sensitive
restriction enzyme to create DNA fragments representing regions of incomplete cytosine
methylation in the DNA specimen, wherein restriction enzyme digestion creates double-
stranded DNA fragments;

(b) annealing a plurality of pairs of single-stranded oligonucleotides to each other to
form a plurality of double-stranded adaptors; wherein different pairs of oligonucleotides have
different nucleotide sequences than other pairs of oligonucleotides;

(c) ligating the adaptors formed in step (b) to the ends of the DNA fragments created
in step (a) to form continuous nucleic acid sequences of the DNA fragments flanked by
adaptdrs on each end of the DNA fragments, wherein a first proportion of the DNA fragments
is flanked by adaptors having identical nucleotide sequences and a second proportion of the
DNA fragments is flanked by adaptors having non-identical nucleotide sequences;

(d) quantifying the amount of DNA fragments from step (c) of different lengths as a
function of their location in the genome from which the DNA specimen was derived;

(e) digesting a second sample of the DNA specimen using the methylation-insensitive
isoschizomer of the methylation-sensitive restriction enzyme to create DNA fragments
representing the total potential repertoire of DNA fragments that would be created by the
methylation-sensitive restriction enzyme in the absence of cytosine methylation at that
restriction enzyme target site in the DNA specimen, wherein restriction enzyme digestion
creates double-stranded DNA fragments;

(f) ligating the adaptors formed in step (b) to the ends of the DNA fragments created
in step (e) to form continuous nucleic acid sequences of the DNA fragments flanked by

adaptors on each end of the DNA fragments, wherein a first proportion of the DNA fragments
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is flanked by adaptors having identical nucleotide sequences and a second proportion of the
DNA fragments is flanked by adaptors having non-identical nucleotide sequences;

(g) quantifying the amount of DNA fragments from step (f) of different lengths as a
function of their location in the genome from which the DNA specimen was derived; and

(h) comparing the relative amounts of the DNA fragments from step (d) with the
DNA fragments from step (g) to determine the pattern of cytosine methylation at the
restriction enzyme target sites in the DNA specimen, as a function of their location in the
genome from which the DNA specimen was derived, wherein increases in the amount of
DNA fragments from step (d) relative to step (g) indicates less cytosine methylation of the
DNA fragments from step (d).

BRIEF DESCRIPTION OF THE FIGURES

[0011] Figure 1. Principle of the assay. The assay is based on a comparison of
representations from DNA following digestion by a methylation-sensitive restriction enzyme,
such as Hpall, and its methylation-insensitive isoschizomer, such as Mspl. The Mspl
representation is the total potential population of sites that could be generated by the Hpall
representation were none of these sites to be methylated. However, as 55-70% of these sites
are methylated in animal genomes (Bestor et al. 1984; Bird 1980), the Hpall representation
will always represent a subset of the Mspl representation. By comparing the relative
representation at individual loci, assignment can be made of cytosine methylation status.
While loci such as A should be amplified in both the Hpall and Mspl representations, the
failure of Hpall to digest both sites at loci B and C will yield a representation from Mspl
alone, while the partial methylation depicted at locus D should generate a lower Hpall/Mspl
ratio than at locus A. If a locus is deleted (or has a sequence change at the enzyme cleavage
sites) as shown at E, neither representation will generate the locus.

[0012] Figure 2. In silico analysis of length and frequencies of human Mspl fragments.
The frequencies of the fragments computationally generated from human genome sequence
were plotted by length as a frequency histogram. Note that the frequency is higher in the
shorter fragments. Three peaks (69, 135-6 and 203-4 bp) are related to the Alu species
(mainly AluS and AluY) and also observed in the EtBr staining of the Mspl reference
representation in Figure 3.

[0013] Figure 3A-3D. Two-linker strategy and PCR amplification. A) Two linker
strategy. Homologous ends using a single adaptor can produce a hairpin structure in short

fragments, an event that should be reduced by 50 % using dual adaptors to create
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heterologous ends. B) The effect of the two linker set on the PCR product. The product
using single adaptors shows similar size distributions for both JHpall (J) and NHpall (N).
The product of dual adaptors (JN1, JN2) shows a broader size range of products using 5x
RDA (R) buffer. In the standard buffer containing 1.5 mM MgCl (I,1.5 Mg++), the change
of size distribution was more significant. C) Optimization of the PCR buffer for short
fragment amplification. The amount of PCR product was increased by increasing the Mg2+
concentration. Note that with the higher Mg2+ concentration and without betaine, putative
primer dimers were observed.

[0014] Figure 4A-4C. Hybridization result of two linker PCR HELP product. A) Size
and intensity plot of Mspl and Hpall representations. Dashed lines indicate the median value
of random control probes and solid lines show the 2.5 median absolute deviations (MAD)
calculated from the random probe intensities. Note that the intensities of most probes in the
Mspl representation less than 200 bp in length are higher than the 2.5 MAD line, indicating
the efficient representation of shorter fragments. B) Inter-array correlation plot of Mspl
representation. One technical and two biological replicates show high correlation values. C)

Inter-array correlation plot of Hpall/Mspl ratio values.

DETAILED DESCRIPTION OF THE INVENTION

[0015] Methods are provided as described herein below for determining the pattern of
cytosine methylation in a DNA specimen by comparing the amount of DNA fragments
generated by a methylation-sensitive restriction enzyme with the amount of DNA fragments
generated by a methylation-insensitive isoschizomer of the methylation-sensitive restriction
enzyme.

[0016] The standard abbreviations for nucleotide bases are used as follows: adenine
(A), cytosine (C), guanine (G), thymine (T) and uracil (U); the letters “A”, “C”, “G”, “T” and
“U” are also used to represent the whole nucleotide containing the respective base. The “3'”
end of an oligonucleotide has a free hydroxyl group at the 3' carbon of a sugar in the
oligonucleotide. The “5"” end of an oligonucleotide has a free hydroxyl or phosphate group

at the 5’ carbon of a sugar in the oligonucleotide.

[0017] As used herein, “anneal” or “annealing” is a biochemical process by which two
complementary nucleic acid strands are bound together by hydrogen bonds so as to form
perfect base pairs. “Complementary” nucleotides or nucleic acid sequences are those that can
form a perfect base pair, where “A” pairs with “T” or “U”, and “C” pairs with “G”. “Ligate”

or “ligating” refers to a biochemical process by which two double-stranded nucleic acid
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molecules are bound together end to end by enzymatic hydrolysis so as to form a tandemly
continuous molecule. “Hybridization” means the association of two complementary nucleic
acid strands to form a double stranded molecule.

[0018] As used herein, the term “isoschizomer” means pairs of restriction enzymes that
recognizes the same target DNA sequence and cleave it in the same way. An example of an
isoschizomer pair is the enzyme pair Hpall and Mspl, which recognize the DNA sequence 5'-
CCGG-3'. Hpall is a methylation-sensitive restriction enzyme that cuts the sequence 5'-
CCGG-3' only when the second cytosine (“C”) is unmethylated and not when it is
methylated. Mspl is a methylation-insensitive isoschizomer that cuts the sequence 5'-CCGG-
3’ independently of whether the second C is methylated or not. Hpall and Mspl are a
preferred isoschizomer pair.

[0019] Additional isoschizomer enzyme pairs that can be used with the present

invention are shown in the Table 1.

Table 1. Isoschizomer enzyme pairs

Recognition site Methylation- Methylation- SEQ ID NO:
insensitive sensitive

CCGG Mspl Hpall 5
ACCGGT CspAl Agel 6
CACgNceGTC Dralll Adel 7
CCCGGG Xmal Smal 8
CCGCTC BsrBl Mbil 9
CYCGRG BsoBI Aval 10
GANNNNTTC Xmnl Pdml 11
GACGTC Zral Aatll 12
GAGCTC Sacl Ecll13611 13
GAGTC Miyl Plel 14
GATC Cful Dpnl 15
GAWTC Tfil Pfel 16
GCNGC BsoF1 Satl 17
GCgGC BsoF1 Fnu4HI 18
GCNNNNNNNGC | Mwol HpyFI10V1 19
GCTAGC Bmil Nhel 20
GGCC Haelll NgoP1l | 21
GGCGCC Narl Sfol 22
3’-CCCTG Faql BsmF1 23
GGNNCC BspLl NlalV 24
GGTACC Kpnl Asp7181 25
GGWCC Afll Eco471 26
GRCGYC BsaHI Ahall 27
GTAC Csp61 Rsal 28
GTCTC Alw261 BsmAl 29
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3’-CAGAG BsmAl Alw261 30
GTTTAAAC Mssl Pmel 31
RCCGGY BssAl BsrF1 32
TCCGGA Acclll Mrol 33
TTCGAA Sful NspV 34

Y=C/T, R=G/A, N=A/C/G/T, W=A/T. The critical cytosine for methylation is marked in
bold in Table 1. Lower case nucleotides refer to positions where the restriction enzyme will
cut when other nucleotides occupy the same position, but methylation sensitivity occurs when
the nucleotide shown is present. All sequences in Table 1 are shown in 5’ to 3’ orientation
unless otherwise indicated. Information on isoschizomers can be obtained from The
Restriction Enzyme Database (http://rebase.neb.com).

[0020] The invention provides a method for determining the pattern of cytosine
methylation in a DNA specimen by comparing the amount of DNA fragments generated by a
methylation-sensitive restriction enzyme with the amount of DNA fragments generated by a
methylation-insensitive isoschizomer of the methylation-sensitive restriction enzyme, the
method comprising:

(a) digesting a first sample of the DNA specimen using the methylation-sensitive
restriction enzyme to create DNA fragments representing regions of incomplete cytosine
methylation in the DNA specimen, wherein restriction enzyme digestion creates double-
stranded DNA fragments;

(b) annealing a plurality of pairs of single-stranded oligonucleotides to each other to
form a plurality of double-stranded adaptors; wherein different pairs of oligonucleotides have
different nucleotide sequences than other pairs of oligonucleotides;

(c) ligating the adaptors formed in step (b) to the ends of the DNA fragments created
in step (a) to form continuous nucleic acid sequences of the DNA fragments flanked by
adaptors on each end of the DNA fragments, wherein a first proportion of the DNA fragments
is flanked by adaptors having identical nucleotide sequences and a second proportion of the
DNA fragments is flanked by adaptors having non-identical nucleotide sequences;

(d) quantifying the amount of DNA fragments from step (c) of different lengths as a
function of their location in the genome from which the DNA specimen was derived;

(e) digesting a second sample of the DNA specimen using the methylation-insensitive
isoschizomer of the methylation-sensitive restriction enzyme to create DNA fragments
representing the total potential repertoire of DNA fragments that would be created by the

methylation-sensitive restriction enzyme in the absence of cytosine methylation at that
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restriction enzyme target site in the DNA specimen, wherein restriction enzyme digestion
creates double-stranded DNA fragments;

(f) ligating the adaptors formed in step (b) to the ends of the DNA fragments created
in step (e) to form continuous nucleic acid sequences of the DNA fragments flanked by
adaptors on each end of the DNA fragments, wherein a first proportion of the DNA fragments
is flanked by adaptors having identical nucleotide sequences and a second proportion of the
DNA fragments is flanked by adaptors having non-identical nucleotide sequences;

(g) quantifying the amount of DNA fragments from step (f) of different lengths as a
function of their location in the genome from which the DNA specimen was derived; and

(h) comparing the relative amounts of the DNA fragments from step (d) with the
DNA fragments from step (g) to determine the pattern of cytosine methylation at the
restriction enzyme target sites in the DNA specimen, as a function of their location in the
genome from which the DNA specimen was derived, wherein increases in the amount of
DNA fragments from step (d) relative to step (g) indicates less cytosine methylation of the
DNA fragments from step (d).

[0021] Depending on the restriction enzyme, the DNA specimen can be cleaved to form
double-stranded fragments with blunt ends having no overhang or fragments where on the
ends one strand of DNA is longer than the other strand thereby creating fragments with
overhanging ends. Thus, the double-stranded DNA fragments created in steps (a) and (€) can
be fragments having blunt ends or fragments where at both ends of the fragments one strand
of DNA is longer than the other strand thereby creating an overhanging end on each end of
the DNA fragments.

[0022] If the DNA fragments created in step (a) have overhanging ends, then preferably
step (b) involves annealing a plurality of pairs of single-stranded oligonucleotides to each
other to form a plurality of double-stranded adaptors having an overhanging end that is
complementary to the nucleotide sequence of the overhanging ends of the DNA fragments
created by restriction enzyme digestion, wherein different pairs of oligonucleotides have
different nucleotide sequences than other pairs of oligonucleotides.

[0023] In one example, the method is performed by annealing a first pair of
oligonucleotides to each other to form a first adaptor; and annealing a second pair of
oligonucleotides to each other to form a second adaptor, wherein the second pair of
oligonucleotides has a different nucleotide sequence than the first pair of oligonucleotides.
The first pair of oligonucleotides and the second pair of oligonucleotides can be present in

equal amounts or in different amounts. The ends of the DNA fragments can be blunt ends or
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overhanging ends. Preferably, if the DNA fragments have overhanging ends, the double-
stranded adaptors have an end that is complementary to the nucleotide sequence of the ends
of the DNA fragments.
[0024] The method can also be performed by, for example:

annealing a first pair of oligonucleotides to each other to form a first adaptor;

annealing a second pair of oligonucleotides to each other to form a second adaptor,
wherein the second pair of oligonucleotides has a different nucleotide sequence than the first
pair of oligonucleotides; and

annealing a third pair of oligonucleotides to each other to form a third adaptor,
wherein the third pair of oligonucleotides has a different nucleotide sequence than the first
and second pairs of oligonucleotides. The first pair of oligonucleotides, the second pair of
oligonucleotides and the third pair of oligonucleotides can be present in equal amounts or
different amounts. The ends of the DNA fragments can be blunt ends or overhanging ends.
Preferably, if the DNA fragments have overhanging ends, the double-stranded adaptors have
an end that is complementary to the nucleotide sequence of the ends of the DNA fragments.
[0025] Preferably, the oligonucleotides are at least 10 nucleotides in length or at least
one of the oligonucleotides is at least 10 nucleotides in length.
[0026] Preferably, the formation of a continuous nucleic acid sequence of a DNA
fragment flanked on each end by adaptors having non-identical nucleotide sequences
prevents folding of the DNA fragment back upon itself and annealing between
complementary adaptor sequences. This is particularly important when the DNA fragment is
less than 200 basepairs in length.
[0027] Preferably, the use of a plurality of different adaptors increases the number of
loci that can be examined in a DNA sample by at least 50% over the number of loci that can
be examined using only a single type of adaptor.
[0028] In steps (c¢) and (f), the methods can further comprise annealing the adaptors to
the ends of the DNA fragments prior to ligation.
[0029] The amounts of the DNA fragments can be quantified using DNA sequencing or
using polymerase chain reaction (PCR) amplification and microarray analysis. Prefefably,
PCR amplification selectively amplifies DNA fragments less than 2000 basepairs in length.
Preferably, PCR amplification is carried out using a Mg?* concentration of 1-3 mM and more
preferably at a Mg®" concentration of 2 mM. Preferably, PCR amplification is carried out
using betaine to improve melting of DNA. Preferably, betaine is used at a concentration of

about 1 molar.
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[0030] The method can further comprise hybridizing probes to the DNA fragments to a
microarray of oligonucleotides representing specific loci of the DNA specimen. Preferably,
the loci are located at regions of DNA that are rich in restriction enzyme recognition sites.
Preferably, the loci are located at gene promoter sites.

[0031] The DNA specimen can be genomic DNA. The DNA specimen can be from a
specific tissue, such as for example, skeletal muscle, cardiac muscle, smooth muscle, kidney,
bladder, lung, liver, brain, pancreas, spleen, eye, skin, bone, hair, breast, ovary, prostate,
esophagus, stomach, intestines, colon, rectum, glia, central nervous system tissue, or
peripheral nervous system tissue. The DNA specimen can be obtained from blood, urine,
stool, sputum or saliva.

[0032] The DNA can be from a subject such as a mouse, rat, cat, dog, horse, sheep,
cow, steer, bull, livestock, or a primate such as a monkey or human. Preferably, the subject is
a human. The DNA specimen can be obtained from a subject having a disease or from a
subject suspected of having a disease, such as, for example, a developmental disease or a
cancer such as e.g. breast cancer or colon cancer.

[0033] The methods disclosed herein can be used to investigate any cellular response to
the environment, i.e., any change in cellular or organismal phenotype in any organism that
methylates its genome, in any cell type from those organisms, at any age (as methylation can
change with age) in males or females (as methylation can differ between sexes).

[0034] The methods described herein provide for intragenomic profiling of cytosine
methylation and for intergenomic comparisons of cytosine methylation.

[0035] This invention will be better understood from the Experimental Details which
follow. However, one skilled in the art will readily appreciate that the specific methods and
results discussed are merely illustrative of the invention as described more fully in the claims

which follow thereafter.

EXPERIMENTAL DETAILS
Overview
[0036] The present technique is based on Hpall Tiny Fragment (HTF) enrichment by
ligation-mediated PCR, creating the acronym HELP. HELP enrichment, used as part of
comparative isoschizomer profiling and in combination with customized genomic
microarrays, allows robust intragenomic profiling of cytosine methylation. The principle of
the method is shown in Figure 1. Previously, ligation-mediated polymerase chain reaction

(LM-PCR) was used to amplify DNA fragments in the size range from 200 — 2,000 base pairs

10
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(bps), with little amplification of DNA of less than 200 bp (Khulan et al., 2006). These
shorter fragments (between two CCGG motifs) occur more frequently in CG dinucleotide-
enriched regions. The technique described herein allows robust amplification of DNA
fragments of <50 bp to 2,000 bp. This increases the number of loci that can be amplified in
the genome from 1,016,980 to 1,531,367, which allows increased density of coverage of gene
promoters and CG dinucleotide-enriched regions. The performance of this protocol has been
illustrated using the human lymphocyte GM06990 cell line and a microarray representing the
1% of the human genome studied by the ENCODE consortium (ENCODE consortium,
2004).

Materials and Methods
[0037] Isoschizomer enzymes. Hpall and Mspl were obtained from New England
BioLabs.
[0038] Cell preparation and DNA purification. GM06990 B lymphocytes were
cultured in RPMI 1640 with 15% FBS, 1% Glutamine and antibiotics. The cells were
harvested and washed twice by PBS and stored in —=70C. To extract DNA, the cells were
suspended in 10ml of 10 mM Tris-HCL(pH 8.0)/0.1M EDTA and 1ml of 10% SDS and 10 ul
of RNaseA (20 mg/ml) was added. After incubation for 1 hr at 37°C, 50 ul of proteinase K
(20 mg/ml) was added, and the solution was gently mixed and incubated in 50°C waterbath
overnight. The lysate was treated by saturated phenol three times and chroloform twice, and
dialyzed with 0.2x SSC. The 0.2x SSC was changed three times in 16 hours at 4°C. The
dialysis bags were dehydrated by polyethylene glycol. The purity and amount of DNA was
checked by spectrometry (Nanodrop, Wilmington, DE).
[0039] Assay with a two adaptor/primer set. The following primers were used:

BK12: 5’-CGGCTGTTCATG-3’ (SEQ ID NO:1),

BK24: 5’>-CGACGTCGACTATCCATGAACAGC-3’ (SEQ ID NO:2),

MO12: 5°- CGGCTTCCCTCG -3’ (SEQ ID NO:3), and

MO24: 5°- GCAACTGTGCTATCCGAGGGAAGC -3’ (SEQ ID NO:4).
Five pg of genomic DNA was digested by either Hpall or Mspl and purified by
phenol/chroloform extraction and ethanol precipitation. Each 1 ng of digested genomic DNA
was ligated by T4 DNA ligase with four oligos (each 3.7 pul JHpall12 and NHpalll2 (6
OD/ml), JHpall24 and NHpall24 (12 OD/ml)) in a final volume of 33 pl. The ligated
genomic fragments were diluted and used as the template for the LM-PCR. The optimization

of polymerase chain reaction (PCR) condition for ligation-mediated (LM-PCR) was

11
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performed as shown in the results section, using standard PCR conditions with/without
betaine or dimethyl sulfoxide. PCR products were assessed by gel electrophoresis and
purified using a PCR purification kit (Qiagen). The concentration of PCR products were
measured by spectrometry. The intensities of DNA from gel images were processed using
Image]J and Photoshop.

[0040] Microarray design, hybridization and data analysis. The microarrays were
designed to represent loci amplified by the LM-PCR reaction. The size range of product was
200-2,000 base pair (bp), so an in silico digest was conducted with Hpall (CCGG), and all
sequence fragments of the appropriate size range were retained. An initial probe set was
generated by selecting a 50-mer oligo every ten base pairs, avoiding repeat-masked regions
and sequence cdntaining ambiguities. A measure of small oligo frequency was determined by
sliding a 15-mer window along the length of each 50-mer oligo and determining the average
frequency. The uniqueness of each 50-mer was determined by looking for perfect matches
using SSAHA?2 (Ning et al. 2001). Ten 50-mer oligonucleotides were selected to represent
each Hpall fragment using a score based selection algorithm based on three primary
parameters: average 15-mer frequency, 50-mer count, and base pair compbsition rules. The
base pair composition rules add penalties for homopolymer runs; stretches of more than 3 G's
or C's, or more than 5 A's or T's, are penalized, with larger penalties for longer stretches.
After the first oligo is selected, an additional positional parameter is added to encourage
uniform distribution of subsequent oligos along the length of the fragment.

[0041] Microarrays of oligonucleotides were printed using maskless array synthesis
(Nuwaysir et al. 2002) in the NimbleScreen 12 format (NimbleGen Systems Inc, Madison,
WI). The LM-PCR products were labeled for microarray analysis as previously described
(Selzer et al. 2005) using Cy3 or Cy5-conjugated oligonucleotides and random primers. The
Hpall and Mspl representations were co-hybridized to the microarray in the NimbleGen
Service Laboratory and scanned to quantify the 532 and 635 nm fluorescence at each
oligonucleotide on the microarray.

[0042] Each co-hybridization was analyzed by visual inspection of the image file to
ensure tflat the signals were uniform. Each fragment represented on the microarray consists of
10 separate oligonucleotide probes, each with an associated signal intensity. The median
signal intensity was calculated for each fragment to define the fragment’s signal intensity.
The Hpall and Mspl signal intensities were correlated and plotted against each other or
fragment length using the R statistical package (http://www.r-project.org/). Branching

dendrograms were generated based on an epigenomic distance measurement of (1-correlation
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coefficient) and plotted using MatLab. The frequencies of loci with different Hpall signal
intensities were modeled using a mixed Gaussian model (one variant) to separate loci into
groups with 90% or 10% probabilities of being in the group of low intensity signals, defining
categories 1 and 2, the remainder of the loci with higher signal intensities categorized as
group 3. The range of intensities for group 1 was used as a measure of variability between
arrays. Normalization was performed by subtracting the mean log ratio of this group of signal
intensities in order to center log ratios over the entire array. Data were generated using the
normalized Hpall/Mspl log ratios for the three biological replicates in one array.

[0043] Computational calculation of Mspl fragments and annotations. The start and
end position of Mspl fragments were computationally calculated from the hgl7 assembly of
the human genome sequence at the UCSC Genome Browser (genome.ucsc.edu), and the
sequence characteristics ((C+G) mononucleotide percent, CG dinucleotide frequency per 1
kb) and overlaps with CpG islands, CG clusters, retroelement and the 1 kb upstream region of

refSeq genes were examined.

Results

[0044] To assess the value of an expanded size range for HELP representations, the
frequencies of Hpall/Mspl fragments from the human genome sequence were calculated by
in silico-digesting at CCGG sites and measuring the size and frequency of the fragments
generated. The size distribution of these Hpall/Mspl fragments is skewed strongly towards
shorter fragments (Fig. 2). This demonstrates that the previous failure to amplify fragments
of <200 bp (Khulan et al. 2006) occurred despite their abundance in the genome, indicating
the shortcomings of the previous original genomic representation technique. Of the Mspl
fragments in the human genomic sequence, 44.5% of fragments in the 200 - 2000 bp range
are represented in the assay of Khulan et al. 2006, while the 22.5% in the 50 - 200 bp range
were not generated using that protocol. As long oligonucleotides are used for the microarrays
for HELP assays, 50 bp represents a practical lower limit of fragment sizes that can be
interrogated. By expanding the size range of the genomic representation to 50 — 2,000 bp, the
number of loci that could be studied in the genome can be increased by approximately 50%,
increasing representation in the most CG-dense regions in particular.

[0045] Two possibilities were considered most likely to contribute to the failure of
Khulan et al. (2006) to represent DNA fragments of < 200 bp. First, it was tested whether
regions containing Hpall/Mspl CCGG sites at higher frequency are enriched in (C+G)

mononucleotide content, making them difficult to amplify by conventional PCR techniques.
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The (C+G) mononucleotide content of the Hpall/Mspl fragments of 50 — 2,000 bp was found
to be 60.0%, in contrast to the 47.7% for 200 — 2,000 bp fragments. Secondly, the presence
of ligated adapter sequence may cause self-annealing preferentially for shorter fragments,
preventing PCR amplification of these annealed hairpin structures (Fig. 3A). Two adaptors
were used for the ligation step to test whether hairpin formation was occurring and causing
poor amplification. This provides the ligated product with heterologous ends at 50%
frequency (Fig. 3A), preventing intramolecular annealing. Each adapter on its own shows
failure of amplification of fragments <200 bp, but the use of two adapters and corresponding
primers markedly changes the size distribution of amplified fragments to generate much
smaller molecules (Fig. 3B). Since this change was more marked when using the standard
buffer supplied with the Taq polymerase (20 mM Tris-HCI (pH 8.4), 50 mM KCI) rather than
the5 x RDA buffer used by Khulan et al. (2006), the standard buffer was used for further
optimization.

[0046] These improvements in size range representation came at the expense of yield
and with the generation of primer-dimers. To solve these problems, higher concentrations of
magnesium were used, finding that yield and primer-dimer concentrations were both
increased, but that at 4.0 mM Mg”" there was a selective loss in amplification of shorter PCR
products. Betaine was also used as a means of improving the amplification of (G+C)-rich
templates (Henke et al., 1997). Using 1.0 M betaine, primer-dimer formation was reduced
even with higher Mg®* concentrations while preserving amplification of short fragments (Fig.
3C). Dimethyl sulfoxide was also tested with and without betaine, but this failed to enhance
short fragment amplification (data not shown). The final set of optimized conditions uses a
Mg?* concentration of 2.0 mM with 1.0 M betaine. The amplification products shown in Fig.
3C include the adapter sequences (~50 bp), indicating that products <50 bp in size are being
amplified while preserving the ability to amplify up to 2,000 bp. Interestingly, within the
amplified Mspl representation ‘bands’ of strong signal intensity were observed that
correspond to the over-represented fragment sizes from Fig. 2, which correspond in turn to
Alu SINE sequences in the human genome.

[0047] It was next determined whether the shorter fragments generated could be labeled
and hybridized to a microarray as successfully as the larger size range previously described
(Khulan et al., 2006). A microarray was custom-designed using oligonucleotides for each of
the 18,529 Hpall/Mspl fragments of 50 — 2,000 bp in the ENCODE regions of the genome
(ENCODE consortium, 2004). Hpall and Mspl representations were generated from the

GMO06990 cell line using the conditions above, confirming the larger size range in each
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representation by gel electrophoresis (data not shown). These representations were labeled
by random priming and co-hybridized to the microarray, to test the outcome in terms of the
signal intensities obtained for each fragment size. As there was no appreciable difference
between the use of random heptamers and nonamers (data not shown), data are presented
only for the latter in Fig. 4. The background fluorescence level was defined using a set of
10,100 oligonucleotides representing random sequences, applying a threshold of 2.5 median
absolute deviations above the median intensity of these control oligonucleotides (2.5 MAD).
This value consistently defines the distinctive population of loci in Hpall representations that
do not amplify due to methylation at those sites (see Fig. 4A; Hpall). The same threshold
was used to define signal intensities in the Mspl channel indicating loci that have failed to
amplify adequately (see Fig. 4A; Mspl),. The Mspl representation is used to test the
performance of the protocol, as it is insensitive to cytosine methylation and should generate
all of the fragments represented on the microarray. In the current experiment, a failure rate of
5-9% was observed, but only 2-4% were in the size range of 50-199 bp (Table 2). The
labeling and hybridization of the additional representation of short fragments is as efficient as
for the size range 200-2,000 bp. When the Hpall representation was studied, the typical
bimodal distribution representing methylated and unmethylated loci was observed,
demonstrating that the ability to perform this discrimination is preserved using the present
protocol (Fig. 4A).

[0048] It was then determined whether the addition of fragments from the smaller size
range had any effect to compromise reproducibility. Scatterplots and Pearson’s correlation
coefficients for log, Mspl intensities and Hpall/Mspl intensity ratios are illustrated in Fig.
4B,C. Both technical and biological replicates show high correlation in Mspl intensities (98-
99%, Fig. 4B) and Hpall/Mspl ratios (95-99%, Fig. 4C), demonstrating that the amplification
of each fragment remains reproducible in this protocol.

[0049] Analysis of the sequences represented by representations of different bp ranges
was performed computationally. The proportion of CpG islands represented by the present
technique increases to 98.5%, compared to 87.0% using the protocol of Khulan et al. (2006),
with a concurrent increase in the mean number of fragments per CpG island (from 1.6 to 5.5).
An alternative annotation of CG clusters is also represented more comprehensively using the
present protocol, increasing from a proportion of 95.1 to 98.6%, and an average
representation of 6.3 fragments per locus (from 2.3 fragments). The proportion of
transcription start sites (represented by the -1,000 — 1,000 bp window at each gene)
represented by the protocol of Khulan et al. (2006) was 89.1% with an average of 2.6
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fragments per promoter. This rises to 91.1% and 6.8 fragments per promoter with the present

protocol.

Discussion

- [0050] Genomic representations by LM-PCR are used by a number of different
applications, including representational oligonucleotide microarray analysis (ROMA) (Lucito
et al., 2003), high-density SNP microarrays (Matsuzaki et al., 2004) and epigenomic assays
testing cytosine methylation (Hatada et al., 2006; Lakshmi et al., 2006; Yuan et al., 2006).
The HELP assay uses representations from, for example, Hpall to distinguish methylated
from unmethylated loci in the genome, with a concurrent Mspl representation used to define
the full range of potential Hpall-amplifiable fragments. The more fragments that can be
represented, the greater the level of detail that can be described for the epigenome.

[0051] The procedures disclosed herein not only generate an increased representation of
the genome but also provide greater coverage of loci of particular interest, such as promoters
and CpG islands. By in silico analysis, the proportion of coverage for CpG islands as well as
for CG cluster approached the maximum (98.5 % and 98.6 %, respectively). In addition, the
mean fragment number for both CpG-rich regions were increased 2- to 3- fold compared with
previous coverage. Although the proportional increase in coverage of promoters is slight, the
representative fragment number was increased from 2.6 to 6.8 per locus, which enables a
more detailed analysis of DNA methylation in these promoter regions.

[0052] One valuable benefit of the present procedures is that shorter fragments (50 —
200 bp) can be labeled and hybridized with the random priming technique. This is one of the
few means of objectively testing the influence of fragment length on labeling and
hybridization efficiency.

[0053] Of the 27.9 million CG dinucleotides in the haploid human genome, only ~7%
are within annotated CpG islands, with ~51% within repetitive sequences and the remaining
~42% in non-CpG island unique sequences (Fazzari and Greally, 2004). While most CpG
islands are unmethylated (Cooper et al., 1983) and most transposable elements are methylated
(Yoder et al., 1997), the status of the remaining CG dinucleotides is not well studied. With
50-75% of CG dinucleotides methylated in animal genomes (Gruenbaum et al.,, 1981;
Kunnath and Locker, 1982), the likelihood is that at least some of these CGs are methylated
and may encode loci with methylation that is variable enough to account for this large range
of methylation observed in animal genomes. The goal of epigenomics studies is to capture

variability in epigenetic patterns so that these can be correlated with phenotypic differences.
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It is therefore critical that epigenomic assays study the entire epigenome, as the 42% of CGs
in unique sequence not annotated as CpG islands may prove to be highly informative, and the
ability to predict a priori where epigenomic information is located in the genome is limited.
The present assay provides a means of screening a large number of Hpall and other
methylation-sensitive isoschizomer sites throughout the genome, defining loci with changes
in cytosine methylation that can then be tested using quantitative single-locus techniques.
The methods described herein provide for both intragenomic profiling of cytosine
methylation and intergenomic comparisons of cytosine methylation.

[0054] An immediate disease-related application of genome-wide cytosine methylation
assays is to study cancer, in which epigenetic regulation is profoundly disturbed (Jones and
Baylin 2002). The use of a methylation-insensitive isoschizomer controls for a common
variable in cancer, that of changes in copy number (Lengauer et al. 1998). By reporting the
ratio of isoschizomer representations, amplified or deleted regions will generate a measure of
cytosine methylation that can be used for intragenomic comparisons with normal, diploid
regions, making the present assay exceptionally suited to cancer epigenomic studies.
Moreover, given the role of epigenetics in other processes and diseases, such as aging (Fraga
et al. 2005), mediation of dietary influences (Wolff et al. 1998) and possibly the sequelae of
assisted reproductive technology (Maher et al. 2003), genome-wide cytosine methylation

assays are envisioned to find applications beyond the cancer focus.

Table 2A. Representation of Human Mspl Fragments

refSeq % refSeq

% promoters promoters

CpG CpG CG %CG (2kb 2 kb
Represen- Size Number  islands islands clusters clusters flanking) flanking)
tation range over-  repre- over- over- over- over-

(bp) lapped sented lapped lapped lapped lapped

Added 50-
herein 199 514,387 3,154 11.5% 1,514 3.4% 375 2.0%
Khulan
et al. 200-

(2006) 2000 1,016,980 23,881 87.0% 42,226 95.1% 16,848 89.1%

Total 50-
2000 1,531,367 27,035 98.5% 43,740 98.6% 17,223 91.1%
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Table 2B. Annotation of Human Mspl Fragments

average
fragment
N Y total coverage number fold
Previous* CGI 3,556 23,881 27,437  87.0% 1.601
New** CGI 402 27,035 27,437  98.5% 5.497 3.433
Previous* CGc 2,157 42,226 44,383 95.1% 2.342
New** CGc 643 43,740 44,383  98.6% 6.275 2.680
Previous* RS2Kb 2,055 16,848 18,903  89.1% 2.602
New** RS2Kb 1,680 17,223 18,903 91.1% 6.777 2.604

CGI = CpG islands

CGc = CG clusters

RS2KB = within 2 kilobases flanking transcription start sites of refSeq genes (promoter
regions)

*Khulan et al. (2006); ** disclosed herein.
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What is claimed is:

1. A method for determining the pattern of cytosine methylation in a DNA specimen by
comparing the amount of DNA fragments generated by a methylation-sensitive restriction
enzyme with the amount of DNA fragments generated by a methylation-insensitive
isoschizomer of the methylation-sensitive restriction enzyme, the method comprising:

(a) digesting a first sample of the DNA specimen using the methylation-sensitive
restriction enzyme to create DNA fragments representing regions of incomplete cytosine
methylation in the DNA specimen, wherein restriction enzyme digestion creates double-
stranded DNA fragments;

(b) annealing a plurality of pairs of single-stranded oligonucleotides to each other to
form a plurality of double-stranded adaptors; wherein different pairs of oligonucleotides have
different nucleotide sequences than other pairs of oligonucleotides;

(c) ligating the adaptors formed in step (b) to the ends of the DNA fragments created
in step (a) to form continuous nucleic acid sequences of the DNA fragments flanked by
adaptors on each end of the DNA fragments, wherein a first proportion of the DNA fragments
is flanked by adaptors having identical nucleotide sequences and a second proportion of the
DNA fragments is flanked by adaptors having non-identical nucleotide sequences;

(d) quantifying the amount of DNA fragments from step (c) of different lengths as a
function of their location in the genome from which the DNA specimen was derived;

(e) digesting a second sample of the DNA specimen using the methylation-insensitive
isoschizomer of the methylation-sensitive restriction enzyme to create DNA fragments
representing the total potential repertoire of DNA fragments that would be created by the
methylation-sensitive restriction enzyme in the absence of cytosine methylation at that
restriction enzyme target site in the DNA specimen, wherein restriction enzyme digestion
creates double-stranded DNA fragments;

(f) ligating the adaptors formed in step (b) to the ends of the DNA fragments created
in step (e) to form continuous nucleic acid sequences of the DNA fragments flanked by
adaptors on each end of the DNA fragments, wherein a first proportion of the DNA fragments
is flanked by adaptors having identical nucleotide sequences and a second proportion of the
DNA fragments is flanked by adaptors having non-identical nucleotide sequences;

(g) quantifying the amount of DNA fragments from step (f) of different lengths as a

function of their location in the genome from which the DNA specimen was derived; and
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(h) comparing the relative amounts of the DNA fragments from step (d) with the
DNA fragments from step (g) to determine the pattern of cytosine methylation at the
restriction enzyme target sites in the DNA specimen, as a function of their location in the
genome from which the DNA specimen was derived, wherein increases in the amount of
DNA fragments from step (d) relative to step (g) indicates less cytosine methylation of the
DNA fragments from step (d).

2. The method of Claim 1, wherein the methylation-sensitive restriction enzyme and the
methylation-insensitive isoschizomer of the methylation-sensitive restriction enzyme are
selected from the group consisting of: the methylation-sensitive restriction enzyme is Hpall
and the methylation-insensitive isoschizomer is Mspl, the methylation-sensitive restriction
enzyme is Agel and the methylation-insensitive isoschizomer is CspAl, the methylation-
sensitive restriction enzyme is Adel and the methylation-insensitive isoschizomer is Dralll,
the methylation-sensitive restriction enzyme is Smal and the methylation-insensitive
isoschizomer is Xmal, the methylation-sensitive restriction enzyme is Mbil and the
methylation-insensitive isoschizomer is BsrBI, the methylation-sensitive restriction enzyme is
Aval and the methylation-insensitive isoschizomer is BsoBI, the methylation-sensitive
restriction enzyme is Pdml and the methylation-insensitive isoschizomer is Xmnl, the
methylation-sensitive restriction enzyme is Aafll and the methylation-insensitive
isoschizomer is Zral, the methylation-sensitive restriction enzyme is EclI3611 and the
methylation-insensitive isoschizomer is Sacl, the methylation-sensitive restriction enzyme is
Plel and the methylation-insensitive isoschizomer is Miyl, the methylation-sensitive
restriction enzyme is Dpnl and the methylation-insensitive isoschizomer is Cful, the
methylation-sensitive restriction enzyme is Pfel and the methylation-insensitive isoschizomer
is T£il, the methylation-sensitive restriction enzyme is SarI and the methylation-insensitive
isoschizomer is BsoFI, the methylation-sensitive restriction enzyme is Frnu4HI and the
methylation-insensitive isoschizomer is BsoFI, the methylation-sensitive restriction enzyme
is HpyFI0OVI and the methylation-insensitive isoschizomer is Mwol, the methylation-
sensitive restriction enzyme is Nhel and the methylation-insensitive isoschizomer is Bmil, the
methylation-sensitive restriction enzyme is NgoPIl and the methylation-insensitive
isoschizomer is Haelll, the methylation-sensitive restriction enzyme is Sfol and the
methylation-insensitive isoschizomer is Narl, the methylation-sensitive restriction enzyme is
BsmF1 and the methylation-insensitive isoschizomer is Fagl, the methylation-sensitive

restriction enzyme is NlalV and the methylation-insensitive isoschizomer is BspLl, the
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methylation-sensitive restriction enzyme is Asp7/81 and the methylation-insensitive
isoschizomer is Kpwl, the methylation-sensitive restriction enzyme is Eco471 and the
methylation-insensitive isoschizomer is AfII, the methylation-sensitive restriction enzyme is
Ahall and the methylation-insensitive isoschizomer is BsaHI, the methylation-sensitive
restriction enzyme is Rsal and the methylation-insensitive isoschizomer is Csp6l, the
methylation-sensitive restriction enzyme is BsmAl and the methylation-insensitive
isoschizomer is A/w26l, the methylation-sensitive restriction enzyme is A/w261 and the
methylation-insensitive isoschizomer is BsmAIl, the methylation-sensitive restriction enzyme
is Pmel and the methylation-insensitive isoschizomer is Mssl, the methylation-sensitive
restriction enzyme is BsrFI and the methylation-insensitive isoschizomer is BssAl, the
methylation-sensitive restriction enzyme is Mrol and the methylation-insensitive
isoschizomer is Acclll, and the methylation-sensitive restriction enzyme is NspV and the

methylation-insensitive isoschizomer is Sful.

3. The method of Claim 1, wherein the methylation-sensitive restriction enzyme is Hpall
and the methylation-insensitive isoschizomer of the methylation-sensitive restriction enzyme

is Mspl.

4. The method of any of Claims 1-3, which comprises:
annealing a first pair of oligonucleotides to each other to form a first adaptor; and
annealing a second pair of oligonucleotides to each other to form a second adaptor,
wherein the second pair of oligonucleotides has a different nucleotide sequence than the first

pair of oligonucleotides.

5. The method of Claim 4, wherein the first pair of oligonucleotides and the second pair

of oligonucleotides are present in equal amounts.

6. The method of any of Claims 1-3, which comprises:
annealing a first pair of oligonucleotides to each other to form a first adaptor;
annealing a second pair of oligonucleotides to each other to form a second adaptor,
wherein the second pair of oligonucleotides has a different nucleotide sequence than the first

pair of oligonucleotides; and
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annealing a third pair of oligonucleotides to each other to form a third adaptor,
wherein the third pair of oligonucleotides has a different nucleotide sequence than the first

and second pairs of oligonucleotides.

7. The method of Claim 6, wherein the first pair of oligonucleotides, the second pair of

oligonucleotides and the third pair of oligonucleotides are present in equal amounts.

8. The method of any of Claims 1-7, wherein the oligonucleotides are at least 10

nucleotides in length.

9. The method of any of Claims 1-7, wherein at least one of the oligonucleotides is at

least 10 nucleotides.

10.  The method of any of Claims 1-9, wherein formation of a continuous nucleic acid
sequence of a DNA fragment flanked on each end by adaptors having non-identical
nucleotide sequences prevents folding of the DNA fragment back upon itself and annealing

between complementary adaptor sequences.

11. The method of Claim 10, wherein the DNA fragment is less than 200 basepairs in
length.

12. The method of any of Claims 1-11, wherein the use of a plurality of different adaptors
increases the number of loci that are examined in the DNA sample by at least 50% over the

number of loci that can be examined using a single type of adaptor.

13.  The method of any of Claims 1-12, which further comprises annealing the adaptors

formed to the ends of the DNA fragments prior to the ligation performed in steps (c) and (f).

14.  The method of any of Claims 1-13, wherein the double-stranded DNA fragments
created in steps (a) and (e) have at both ends of the fragments one strand of DNA that is
longer than the other strand thereby creating an overhanging end on each end of the DNA

fragments.
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15.  The method of any of Claims 1-14, wherein the double-stranded adaptors have an end
that is complementary to the nucleotide sequence of the ends of the DNA fragments created

by restriction enzyme digestion.

16.  The method of any of Claims 1-13, wherein the double-stranded DNA fragments

created in steps (a) and () have blunt ends without overhangs.
17. The method of any of Claims 1-16, wherein the steps of quantifying the amounts of
DNA fragments are carried out using polymerase chain reaction (PCR) amplification and

microarray analysis.

18. The method of Claim 17, wherein PCR amplification selectively amplifies DNA
fragments less than 2000 basepairs in length.

19. The method of Claim 17 or 18, wherein PCR amplification is carried out using a Mg

concentration of 1-3 mM.

20.  The method of Claim 19, wherein PCR amplification is carried out using a Mg2+

concentration of 2 mM.

21. The method of any of Claims 17-20, wherein PCR amplification is carried out using

betaine to improve melting of DNA.

22. The method of Claim 21, wherein betaine is used at a 1 molar concentration.

23.  The method of any of Claims 17-22, which further comprises hybridizing probes to
the DNA fragments to a microarray of oligonucleotides representing specific loci of the DNA

specimen.

24.  The method of Claim 23, wherein the loci are located at regions of DNA that are rich

in restriction enzyme recognition sites.

25.  The method of Claim 23, wherein the loci are located at gene promoter sites.
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26. The method of any of Claims 1-16, wherein the steps of quantifying the amounts of

DNA fragments are carried out using DNA sequencing.

27.  The method of any of Claim 1-26, wherein the DNA specimen is genomic DNA.

28.  The method of any of Claim 1-27, wherein the DNA specimen is from a specific

tissue.

29. The method of Claim 28, wherein the tissue is selected from the group consisting of
skeletal muscle, cardiac muscle, smooth muscle, kidney, bladder, lung, liver, brain, pancreas,
spleen, eye, skin, bone, hair, breast, ovary, prostate, esophagus, stomach, intestines, colon,

rectum, glia, central nervous system tissue, and peripheral nervous system tissue.

30.  The method of any of Claim 1-29, wherein the DNA specimen is obtained from

blood, urine, stool, sputum or saliva.

31.  The method of any of Claim 1-30, wherein the DNA specimen is obtained from a

subject having a disease or a subject suspected of having a disease.

32.  The method of Claim 31, wherein the disease is a cancer or a developmental disease.
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