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(57) ABSTRACT

In a first aspect, the present invention provides methods for
authenticating a nucleic acid molecule and its sequence with
a molecular barcode and batch-stamp. In another aspect, the
present invention provides methods for authenticating a
nucleic acid amplification product. In a further aspect, the
present invention provides compositions for encoding both
single-stranded and double-stranded target nucleic acids
with coded oligonucleotides. The compositions are useful in
the practice of the methods of the invention.
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MOLECULAR ENCODING OF NUCLEIC ACID
TEMPLATES FOR PCR AND OTHER FORMS OF
SEQUENCE ANALYSIS

STATEMENT OF GOVERNMENT LICENSE
RIGHTS

[0001] The U.S. Government has a paid-up license in this
invention and the right in limited circumstances to require
the patent owner to license others on reasonable terms as
provided for by the terms of ROI GMO053805, P30
HDO02274-3751, P30 HD002274-35S1, and HD 16659
awarded by National Institutes of Health.

FIELD OF THE INVENTION

[0002] The present invention relates to the field of poly-
merase chain reaction (PCR) amplification of nucleic acid
templates, and other forms of sequence analysis, particularly
to the use of barcodes and batch-stamps for verifying the
authenticity of PCR products and other sequence informa-
tion.

BACKGROUND OF THE INVENTION

[0003] The polymerase chain reaction (PCR) allows mul-
tiple copies of selected DNA sequences to be produced from
limited amounts of a DNA template (Saiki et al., Science
230:1350-1354, 1985). Reactions with limited amounts of
template, however, increase the risk of amplitying contami-
nant DNA and can also result in a skewed yield of PCR
products such that there is a high degree of redundancy for
a small portion of the original genomic sequences (Taylor et
al., Pathology 29:309-312, 1997). Problems with contami-
nation and redundancy are particularly pronounced in PCR
reactions with rare and irreplaceable DNA templates.

[0004] There is a need in the art for methods for verifying
the authenticity of PCR products. The present invention
addresses this and other needs.

SUMMARY OF THE INVENTION

[0005] Inthe practice of the present invention nucleic acid
molecules (e.g., genomic DNA fragments) are labeled with
distinct sequence tags prior to PCR amplification. These
sequence tags authenticate a nucleic acid sequence with
information, such as the date of the experiment, and the
sample identity. Thus, the present invention permits identi-
fication of valid sequences, and distinguishes the valid
sequences from contaminants and redundant sequences aris-
ing from template re-cloning. Contaminant sequences can be
identified even when multiple control (no DNA) PCR
samples are negative. Barcoding permits, for example, quan-
tification of the relative abundance of genomic methylation
patterns or polymorphic sequences by correcting for skew-
ing that can arise from PCR amplification or the cloning of
the products.

[0006] Examples of specific uses for the present invention
include analysis of limited amounts of template DNA for
biomedical, ancient DNA, and forensic purposes. For
example, authentication of a forensic nucleic acid sample is
crucial for comparison of samples from known and
unknown individuals. The present invention provides a high
level of confidence that a sample sequence represents a
known sample processed on a certain day; contaminating
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sequences can be identified by their molecular sequence
tags, or lack thereof, even when control (no DNA) PCR
samples are negative.

[0007] A second example of a specific use for the present
invention concerns methylation patterns. These methylation
patterns are useful in diagnosis and prognosis of some
cancers. The present invention provides methods to assess
the variations of methylation, and their quantification, in a
heterogeneous population of cancer cells and normal cells.
A third example concerns ancient DNA, where samples
generally have limited amounts of template. The present
invention provides positive identification of sample DNA
and of contaminants from analyzed sequences. A further
example concerns mosaics in human disease. Some diseases
(e.g., chronic myelogenous leukemia and scleroderma) are
characterized by a small fraction of mosaicism of cancer
cells, or of cells against which the host is making antibodies.
The authentication of the mosaicism, and the quantification
of the degree of mosaicism, are now possible using the
present invention.

[0008] Accordingly, a first aspect of the invention pro-
vides methods for bar-coding a nucleic acid molecule. In
some embodiments, the methods comprise the steps of (a)
contacting a target nucleic acid molecule in a sample with a
bar-coded oligonucleotide under suitable conditions to
anneal the bar-coded oligonucleotide to the target nucleic
acid molecule, wherein the bar-coded oligonucleotide com-
prises a first sequence complementary to the target nucleic
acid molecule, a second sequence providing a random
barcode, and a third sequence that is not complementary to
any sequence in the sample; and (b) extending the annealed
bar-coded oligonucleotide using the target nucleic acid mol-
ecule as a template to produce a bar-coded target nucleic
acid molecule.

[0009] In another aspect, the present invention provides
methods for authenticating a DNA amplification product
comprising the steps of (a) contacting a target nucleic acid
molecule in a sample with a bar-coded oligonucleotide
under suitable conditions to anneal the bar-coded oligo-
nucleotide to the target nucleic acid molecule, wherein the
bar-coded oligonucleotide comprises a first sequence
complementary to the target nucleic acid molecule, a second
sequence providing a random barcode, and a third sequence
that is not complementary to any sequence in the sample,
and wherein the 5' end of the bar-coded oligonucleotide
comprises a tethering sequence that is complementary to a
sequence 5' to the first sequence; (b) extending the annealed
bar-coded oligonucleotide using the target nucleic acid mol-
ecule as a template to produce a bar-coded target nucleic
acid molecule; (¢) amplifying the bar-coded target nucleic
acid molecule using a primer that binds to the third sequence
to produce an amplification product; and (d) authenticating
the amplification product by detecting the presence of the
second sequence in the amplification product.

[0010] In a further aspect, the present invention provides
a method for authenticating a DNA amplification product
comprising the steps of (a) ligating a hairpin linker to a
double-stranded target DNA molecule to produce a ligated
target DNA molecule, wherein the hairpin linker comprises
a first sequence providing experimental identification infor-
mation, a second sequence providing a random barcode
comprising nucleotides selected from the group consisting
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of adenosines, guanidines, and thymidines, and a third
sequence complementary to the first sequence; (b) treating
the ligated target DNA molecule of step (a) under suitable
conditions to convert cytosines in the ligated target DNA
molecule to uracils; (¢) amplifying the treated ligated target
DNA molecule of step (b) to produce an amplification
product; and (d) authenticating the amplification product of
step (c) by detecting the presence of the first and second
sequences in the amplification product.

[0011] In an additional aspect, the present invention pro-
vides compositions that each include a target nucleic acid
molecule and a bar-coded oligonucleotide, wherein the
bar-coded oligonucleotide comprises a first sequence
complementary to the target nucleic acid molecule, a second
sequence providing a random barcode, and a third sequence
that is not complementary to any sequence in the sample,
and wherein the 5' end of the bar-coded oligonucleotide
comprises a tethering sequence that is complementary to a
sequence 5' to the first sequence. The compositions are
useful, for example, in the practice of the methods of the
present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] The foregoing aspects and many of the attendant
advantages of this invention will become more readily
appreciated as the same become better understood by ref-
erence to the following detailed description, when taken in
conjunction with the accompanying drawings, wherein:

[0013] FIG. 1 shows an exemplary bar-coded oligonucle-
otide of the invention containing a sequence complementary
to the target nuclei acid molecules (1), a batch-stamp
sequence (2), random barcode (3), a leftward primer binding
site (4), and a 5' tethering sequence (5), as described in
EXAMPLES 1-5. The letter N represents a nucleotide
randomly selected from A, T, C, or G.

[0014] FIGS. 2A-2D shows the steps in a representative
method of the invention for authenticating a DNA amplifi-
cation product. A: A target DNA molecule is denatured; B:
the bar-coded oligonucleotide shown in FIG. 1 is annealed
to one strand of the target DNA molecule; C: the bar-coded
oligonucleotide is extended using Sequenase to synthesize a
bar-coded target DNA molecule; D: the bar-coded target
DNA molecule is amplified using the polymerase chain
reaction (PCR). The closed circles represent polymerase
molecules.

[0015] FIG. 3 shows a schematic representation of a
bar-coded and batch-stamped hairpin linker (SEQ ID NO:
1), designed for ligation to Dralll-cut genomic DNA of
FMR1 (SEQ ID NO:2), as described in EXAMPLE 6. The
letter D represents a nucleotide randomly selected from A,
G, and T.

[0016] FIGS. 4A-4G show FMRI1 promoter sequences,
with inferred methylation states of CpG sites, recovered
from male fragile X patients using hairpin-bisulfite PCR
with linker bar-coding and batch-stamping, as described in
EXAMPLE 6. Unconverted (methylated) CpG dyads are
black, and converted (unmethylated) CpG dyads are boxed.
Within the 26 nt linker (boxed region at left), the randomized
7 nt variable barcodes are shaded at far left; the designated
variable batch-stamps, which comprise 8 base pairs which
end in A:T or T:A, are shaded at right. All sequences show
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100% conversion of non-CpG cytosines. A: A distinctive
hypermethylated sequence (SEQ ID NO:3); B, C: Redun-
dant hypermethylated sequences recovered from indepen-
dent bacterial colonies (SEQ ID NO:4 and SEQ ID NO:5),
with identical barcodes and methylation patterns; D: A
hypomethylated sequence with a distinctive barcode (SEQ
ID NO:6); E, F: Redundant hypomethylated sequences with
identical barcodes recovered from independent bacterial
colonies (SEQ ID NO:7 and SEQ ID NO:8). These are
distinguishable as redundant and as different from the
hypomethylated sequence D only because of barcoding; G:
A contaminant sequence bearing a hairpin linker that pre-
dates the addition of the barcode and batch-stamp, which
was recovered during analysis of the same sample that
generated sequences A to C (SEQ ID NO:9). Sequences A to
C carry a different batch-stamp than sequences D to F, with
the inversion of the A-T base pair, confirming that these
sequence sets came from different DNA samples. Redundant
hypermethylated sequences are denoted with asterisks (*),
and redundant hypomethylated sequences with plus signs
(+).
DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

[0017] A first aspect of the invention provides methods for
bar-coding a nucleic acid molecule. In some embodiments,
the methods comprise the steps of (a) contacting a target
nucleic acid molecule in a sample with a bar-coded oligo-
nucleotide under suitable conditions to anneal the bar-coded
oligonucleotide to the target nucleic acid molecule, wherein
the bar-coded oligonucleotide comprises a first sequence
complementary to the target nucleic acid molecule, a second
sequence providing a random barcode, and a third sequence
that is not complementary to any sequence in the sample;
and (b) extending the annealed bar-coded oligonucleotide
using the target nucleic acid molecule as a template to
produce a bar-coded target nucleic acid molecule. In some
embodiments of the methods of this aspect of the invention,
the 5' end of the bar-coded oligonucleotide comprises a
tethering sequence that is complementary to a sequence 5' to
the first sequence.

[0018] The term “target nucleic acid molecule” refers to a
nucleic acid molecule that corresponds to a nucleic acid
molecule that is to be bar-coded using the bar-coded oligo-
nucleotides and methods of the invention. As used herein, a
nucleic acid molecule “corresponds” to another nucleic acid
molecule if it comprises a sequence that is identical to or
complementary to the sequence of all or part of the other
nucleic acid molecule. The term “nucleic acid molecule”
encompasses both deoxyribonucleotides and ribonucle-
otides and refers to a polymeric form of nucleotides includ-
ing two or more nucleotide monomers. The nucleotides can
be naturally-occurring, artificial and/or modified nucle-
otides, or any other complementary subunits. Thus, the
target nucleic acid molecule may be any nucleic acid mol-
ecule, including, but not limited to DNA and RNA (such as
ribosomal RNA, messenger RNA, and small untranslated
RNA). In some embodiments, the target nucleic acid mol-
ecule is a DNA molecule.

[0019] The term “sample” refers any specimen containing
the target nucleic acid molecule that can be used for nucleic
acid analysis, including, but not limited to, clinical samples,
forensic samples, and ancient nucleic acid samples, and
nucleic acid extracts prepared therefrom.
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[0020] The bar-coded oligonucleotide comprises a first
sequence that is complementary to the target nucleic acid
molecule. The first sequence is located at the 3' end of the
bar-coded oligonucleotide. The length of the first sequence
is sufficient to allow the oligonucleotide to anneal to the
target nucleic acid molecule in order to prime the synthesis
of a nucleic acid molecule that is complementary to the
target nucleic acid molecule. In some embodiments, the
length of the first sequence is between 18 and 30 nucle-
otides, such as between 20 and 29 nucleotides or between 22
and 25 nucleotides.

[0021] The bar-coded oligonucleotide further comprises a
second sequence that provides a random barcode. The term
“random barcode” refers to an arbitrary sequence that can
uniquely identify a target nucleic acid in an experiment, and
whose sequence is unknown at the start of the experiment.
Methods of synthesizing oligonucleotides containing ran-
dom sequences are well known in the art. Typically, oligo-
nucleotides containing random sequences are synthesized by
randomly incorporating a nucleotide at each of the positions
of the second sequence. For example, a random nucleotide
N may be selected from A, C, G, and T. In some embodi-
ments, a random nucleotide D may be selected from A, G,
and T. The second sequence is located 5' to the first sequence
in the bar-coded oligonucleotide. The length of the second
sequence is sufficient to provide, with high probability, a
unique identity to each target nucleic acid molecule in the
sample prior to amplification. For example, a second
sequence of 7 random nucleotides N selected from A, G, C,
and T will provide a maximum of 47 or 16,384 unique
barcodes. In some embodiments, the length of the second
sequence is between 3 and 30 nucleotides, such as between
5 and 25 nucleotides or between 7 and 13 nucleotides.

[0022] The bar-coded oligonucleotide further comprises a
third sequence that is not complementary to any sequence in
the sample. The third sequence serves as a primer binding
site for the leftward primer for amplifying the bar-coded
nucleic acid molecule, as further described below. The third
sequence is located 5' to the second sequence in the bar-
coded oligonucleotide. The length of the third sequence is
sufficient to provide a specific binding site for the leftward
primer. In some embodiments, the length of the third
sequence is between 18 and 30 nucleotides, such as between
20 and 29 nucleotides or between 22 and 25 nucleotides.

[0023] The 5' end of the bar-coded oligonucleotide may
contain a tethering sequence that is complementary to a
sequence 5' to the first sequence. The term “5' tethering
sequence” refers to a sequence that binds to an internal
tethering sequence of the bar-coded oligonucleotide under
suitable conditions. The term “internal tethering sequence”
refers to the sequence of the bar-coded oligonucleotide that
is complementary to the tethering sequence. The internal
tethering sequence is located 5' to the first sequence in the
bar-coded oligonucleotide. For example, the internal tether-
ing sequence may be located between the first sequence and
the second sequence, or between the first sequence and the
third sequence. The internal tethering sequence may also be
between the first sequence and the fourth sequence
(described below) or even a part of the fourth sequence.

[0024] The binding of the 5' tethering sequence to the
internal tethering sequence produces a bar-coded oligo-
nucleotide with a secondary structure in a stem-loop con-
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figuration, as shown in FIG. 1. In the stem-loop configura-
tion of the bar-coded oligonucleotide, the tethering
sequences form a double-stranded stem, the sequences
between the first sequence and the 5' end of the bar-coded
oligonucleotide form a loop, and only the first sequence is
outside the stem-loop structure. In the stem-loop configu-
ration of the bar-coded oligonucleotide, the availability of
sequences other than the first sequence to bind to nucleic
acid sequences in the sample is greatly reduced.

[0025] The sequence composition (e.g., the G/C content)
and length of the 5' tethering sequence and the internal
tethering sequence are selected to (1) enable the formation
of a stable stem-loop structure of the bar-coded oligonucle-
otide, in which the tethering sequences are annealed and the
leftward primer binding sites is unavailable for binding,
under conditions in which the bar-coded oligonucleotide is
annealed to the target nucleic acid molecule, and (2) to allow
the stem-loop structure of the bar-coded oligonucleotide to
melt sufficiently to make the leftward primer available for
binding under conditions in which the bar-coded target
nucleic acid molecule is amplified, as further described
below. In some embodiments, the AG of the bar-coded
oligonucleotide under conditions for annealing to the target
nucleic acid molecule is less than —0.1, and the AG of the
bar-coded oligonucleotide under conditions for amplifying
the bar-coded target nucleic acid molecule is greater than
0.0. Methods for determining the AG of oligonucleotides are
standard in the art. For example, the AG of an oligonucle-
otide may be determined using an algorithm that calculates
the free energy of formation for various structures formed by
sequences because of intra-strand base pairing, such as
M-Fold (Zuker, Curr. Opin. Struct. Biol. 10:303-310, 2000)
or DNA-fold (available at http://biocore.unl.edu/coreweb/
dna-fold.htm). In some embodiments, the sequence compo-
sition and length of the 5' tethering sequence and the internal
tethering sequence are selected to provide a stable stem-loop
structure that is stable at 37° C. and unstable at 63° C. In
some embodiments, the length of the 5' tethering sequence
and the internal tethering sequence is between 2 and 10
nucleotides.

[0026] The 5' tethering sequence may be a part of the
binding site for the leftward primer, as described in
EXAMPLES 1-3. However, in some embodiments, the 5'
tethering sequence is distinct from the third sequence to
provide an internal monitor for re-bar-coding, as described
in EXAMPLE 4. Re-bar-coding may occur when not all of
the bar-coded oligonucleotide is removed between the step
of bar-coding a target nucleic acid molecule and a subse-
quent step of amplifying the bar-coded target nucleic acid
molecule. As a result, the bar-coded oligonucleotide primes
the extension of a previously bar-coded nucleic acid mol-
ecule to produce a re-bar-coded nucleic acid molecule.
Provided the tethering sequence is distinct from the third
sequence, the 5' tethering sequence will only be present in an
amplified nucleic acid molecule if re-bar-coding occurred in
the last round of amplification, and the absence of the &'
tethering sequence in an amplification product indicates that
no re-bar-coding during the last cycle had taken place.

[0027] In some embodiments, the bar-coded oligonucle-
otide further comprise a fourth sequence. The fourth
sequence is a predetermined nucleic acid sequence provid-
ing a batch-stamp or experiment verification information.
The phrase “predetermined nucleic acid sequence” means
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that the nucleic acid sequence of a nucleic acid molecule is
previously known. The term “experimental identification
information” or “batch-stamp” refers to information that
uniquely identifies a specific experiment. For example, a
batch-stamp may identify a sample, a patient, and/or an
analysis date. The fourth sequence maybe located anywhere
between the first sequence and the third sequence in the
bar-coded oligonucleotide. The length of the fourth
sequence is sufficient to provide a unique identity to the
experiment. In some embodiments, the length of the fourth
sequence is between 3 and 30 nucleotides, such as between
4 and 15 nucleotides or between 5 and 10 nucleotides.

[0028] In some embodiments an oligonucleotide may be
used that does not depend on tethering, and therefore does
not include a tethering sequence. These oligonucleotides
would include a first, second, third and fourth sequence as
described herein.

[0029] 1In step (a) of the methods of this aspect of the
invention, a target nucleic acid molecule in a sample is
contacted with a bar-coded oligonucleotide under conditions
suitable to anneal the bar-coded oligonucleotide to the target
nucleic acid molecule. Methods for annealing oligonucle-
otides are standard in the art. In the methods of the inven-
tion, the bar-coded oligonucleotide is annealed to the target
nucleic acid molecule under conditions in which the bar-
coded oligonucleotide is in a stable secondary stem-loop
configuration (as a result of the binding of the 5' tethering
sequence to the internal tethering sequence), but the first
sequence is linear and free to anneal to the target nucleic acid
molecule. Suitable conditions for annealing a bar-coded
oligonucleotide to a target nucleic acid molecule further
include the presence at appropriate temperatures and for
sufficient lengths of time of effective amounts of reagents,
such as buffers, dithiothreitol, RNase inhibitors, and a
deoxynucleotide triphosphate mixture. Typically, for oligo-
nucleotides less than 100 bases in length, annealing condi-
tions are 5° to 10° C. below the homoduplex melting
temperature (T,)); see generally, Sambrook et al., Molecular
Cloning: A Laboratory Manual, 2d ed., Cold Spring Harbor
Press, 1989; Ausubel et al. Current Protocols in Molecular
Biology, Greene Publishing, 1987). In some embodiments,
the target nucleic acid molecule is contacted with the bar-
coded oligonucleotide at a temperature between 1° C. and
70° C., such as at a temperature of about 37° C. Exemplary
conditions suitable for annealing a bar-coded oligonucle-
otide to a target nucleic acid molecule are described in
EXAMPLES 1-4.

[0030] In step (b) of the methods of this aspect of the
invention, the annealed bar-coded oligonucleotide is
extended using the target nucleic acid molecule as a template
to produce a bar-coded target nucleic acid molecule. Meth-
ods for extending an annealed oligonucleotide using a
nucleic acid molecule as a template are standard in the art.
Suitable conditions for extending the annealed oligonucle-
otide producing a bar-coded target nucleic acid molecule
include the presence at appropriate temperatures and for
sufficient lengths of time of effective amounts of an enzyme
and effective amounts of other reagents, such as buffers,
dithiothreitol, RNase inhibitors, and a deoxynucleotide
triphosphate mixture. Typically, the enzyme is a polymerase
without exonuclease activity, such as Sequenase (USB). In
some embodiments, the annealed bar-coded oligonucleotide
is extended at a temperature between 1° C. and 70° C., such
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as at a temperature of about 37° C. Exemplary conditions
suitable for extending an annealed bar-coded oligonucle-
otide to produce a bar-coded target nucleic acid molecule are
described in EXAMPLES 1-4.

[0031] The bar-coded nucleic acid molecules produced by
the methods of the first aspect of the invention may be
amplified, as described below. In some embodiments, the
bar-coded nuclei acid molecules may be directly sequenced
without prior amplification (for example, using the method
disclosed by Shendure J; et al., Nature Reviews of Genetics
5(5):335-344, May 2004).

[0032] A second aspect of the invention provides methods
for authenticating a DNA amplification product. In some
embodiments, the methods comprise the steps of (a) con-
tacting a target nucleic acid molecule in a sample with a
bar-coded oligonucleotide under suitable conditions to
anneal the bar-coded oligonucleotide to the target nucleic
acid molecule, wherein the bar-coded oligonucleotide com-
prises a first sequence complementary to the target nucleic
acid molecule, a second sequence providing a random
barcode, and a third sequence that is not complementary to
any sequence in the sample, and wherein the 5' end of the
bar-coded oligonucleotide comprises a tethering sequence
that is complementary to a sequence 5' to the first sequence;
(b) extending the annealed bar-coded oligonucleotide using
the target nucleic acid molecule as a template to produce a
bar-coded target nucleic acid molecule; (¢) amplifying the
bar-coded target nucleic acid molecule using a primer that
binds to the third sequence to produce an amplification
product; and (d) authenticating the amplification product by
detecting the presence of the second sequence in the ampli-
fication product. Steps (a) and (b) of the methods of this
aspect of the invention are as described for steps (a) and (b)
of the methods of the first aspect of the invention.

[0033] In step (c) of the methods, the bar-coded target
nucleic acid molecule is amplified using a primer that binds
to the third sequence to produce an amplification product. In
addition to the primer that binds to the third sequence
(leftward primer), a primer that is complementary to the
Sequenase product of the target nucleic acid molecule that is
3", or upstream, to the first sequence is used (rightward
primer), as shown in FIG. 1. Methods and conditions for
amplifying nucleic acid molecules using the polymerase
chain reaction (PCR) are standard in the art. Exemplary
conditions for amplifying bar-coded target nucleic acid
molecules are described in EXAMPLES 1-4 and 6.

[0034] In step (d) of the methods, the amplification prod-
uct is authenticated by detecting the presence of the second
sequence in the amplification product. Generally, the ampli-
fication products may be analyzed by gel electrophoresis,
and further cloning and sequencing appropriately sized
products. Methods and conditions for analyzing nucleic acid
molecules by gel electrophoresis, cloning, and sequencing
are standard in the art. Exemplary conditions for analyzing
bar-coded target nucleic acid molecules by gel electrophore-
sis, cloning, and sequencing are described in EXAMPLES
1-4 and 6.

[0035] In some embodiments, the bar-coded oligonucle-
otide further comprise a fourth sequence, as described above
for the first aspect of the invention, and step (d) further
comprises authenticating the amplification product by
detecting the presence of the fourth sequence in the ampli-
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fication product. Thus, some embodiments of the methods of
the invention comprise the steps of (a) contacting a target
nucleic acid molecule in a sample with a bar-coded oligo-
nucleotide under suitable conditions to anneal the bar-coded
oligonucleotide to the target nucleic acid molecule, wherein
the bar-coded oligonucleotide comprises a first sequence
complementary to the target nucleic acid molecule, a second
sequence providing a random barcode, a third sequence that
is not complementary to any sequence in the sample, and a
fourth sequence providing experimental identification infor-
mation, and wherein the 5' end of the bar-coded oligonucle-
otide comprises a tethering sequence that is complementary
to a sequence 5' to the first sequence; (b) extending the
annealed bar-coded oligonucleotide using the target nucleic
acid molecule as a template to produce a bar-coded target
nucleic acid molecule; (¢) amplifying the bar-coded target
nucleic acid molecule using a primer that binds to the third
sequence to produce an amplification product; and (d)
authenticating the amplification product by detecting the
presence of the second sequence and the fourth sequence in
the amplification product. A representative method of this
aspect of the invention is schematically illustrated in FIG. 2.

[0036] A third aspect of the invention provides methods
for authenticating a DNA amplification product. In some
embodiments, the methods comprise the steps of (a) ligating
a hairpin linker to a double-stranded target DNA molecule,
wherein the hairpin linker comprises a first sequence, a
second sequence, and a third sequence, wherein the hairpin
linker comprises a first sequence providing experimental
identification information, a second sequence providing a
random barcode comprising nucleotides selected from the
group consisting of adenosines, guanidines, and thymidines,
and a third sequence complementary to the first sequence;
(b) treating the ligated target DNA molecule of step (a)
under suitable conditions to convert cytosines in the ligated
target DNA molecule to uracils; (¢) amplifying the treated
ligated target DNA molecule of step (b) to produce an
amplification product; and (d) authenticating the amplifica-
tion product of step (c) by detecting the presence of the
second sequence in the amplification product. In embodi-
ments of this aspect of the invention wherein a hairpin linker
is ligated to a double-stranded target DNA molecule, the
stem of the hairpin is tethered and self complementary to
ensure that there is a double stranded form that can be
ligated with digested double strand DNA.

[0037] In step (a) of these methods, a hairpin linker is
ligated to a digested, double-stranded, target DNA molecule.
The hairpin linker comprises a first sequence providing
experimental identification information. The first sequence
providing experimental identification information is as
described above, for the bar-coded oligonucleotides used in
the first and second aspects of the methods of the invention.

[0038] The hairpin linker further comprises a second
sequence providing a random barcode. The second sequence
providing the random barcode is as described above for the
bar-coded oligonucleotides used in the first and second
aspects of the methods of the invention, except that it only
comprises nucleotides selected from the group consisting of
adenosines, guanidines, and thymidines, and a third
sequence complementary to the first sequence.

[0039] The third sequence in the hairpin linker is comple-
mentary the second sequence, to provide a hairpin secondary
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structure for the linker, in which the first and third sequences
are annealed, and the second sequence forms a loop. This
represents an additional form of tethering to ensure proper
secondary structure required for ligation to genomic DNA.

[0040] In this aspect of the invention, the digestion of the
double-strand DNA provides a defined overhang that allows
for specific ligation. The overhang is determined by the
enzyme used and the locus that is targeted for amplification.
Blunt-ended hairpin ligation may also be implemented.

[0041] A fourth aspect of the invention provides compo-
sition comprising a target nucleic acid molecule and a
bar-coded oligonucleotide, wherein the bar-coded oligo-
nucleotide comprises a first sequence complementary to the
target nucleic acid molecule, a second sequence providing a
random barcode, and a third sequence that is not comple-
mentary to any sequence in the sample, and wherein the §'
end of the bar-coded oligonucleotide comprises a tethering
sequence that is complementary to a sequence 5' to the first
sequence. The first, second, and third sequences, and the
tethering sequences are as described above. In some embodi-
ments, the bar-coded oligonucleotide further comprises a
fourth sequence providing experimental identification infor-
mation, as also described above.

[0042] The following examples illustrate representative
embodiments now contemplated for practicing the inven-
tion, but should not be construed to limit the invention.

EXAMPLE 1

[0043] This example describes an exemplary method of
the invention for authenticating a PCR product from the
FMRI1 locus by using a bar-coded oligonucleotide with a
5-nucleotide random barcode.

[0044] 1. Materials and Methods

[0045] Target DNA: Human genomic DNA was isolated
from blood using a standard protocol. DNA samples were
obtained from blood treated with proteinase K, then recov-
ered using a phenol extraction. Isolated DNA was resus-
pended in TE buffer and stored at -20° C.

[0046] Bar-coded Oligonucleotide: Oligo HBP (5' ACAT-
GCATGTCTTCAAAGTGG NNNNN AGGAGGG
GCATGT TCTCTCTTCAAGTGGCCTGGGAGC 3', SEQ
ID NO:10). From 5' to 3', oligo HBP contains a unique,
non-genomic sequence (5 ACATGCATGTCT-
TCAAAGTGG 3', SEQ ID NO:11) that provides a leftward
primer binding site (region (4) in FIG. 1); a 5-nucleotide
random barcode (NNNNN; region (3) in FIG. 1); a batch-
stamp (5' AGGAGGG 3'; region (2) in FIG. 1); an internal
tethering sequence (5' GCATGT 3') that is complementary to
the first 6 nucleotides of the leftward primer binding site
(i.e., complementary to region (5) in FIG. 1); and a 24-nucle-
otide sequence complementary to FMR1 (5' TCTCTCT-
TCAAGTGGCCTGGGAGC, SEQ ID NO: 12; region (1) in
FIG. 1), a single copy gene on the X chromosome.

[0047] Oligo Annealing and Extension: Oligo HBP was
diluted to 450 nM in 1x Sequenase buffer (US Biochemical),
and heated at 95° C. for 5 minutes. The diluted oligo was
then allowed too cool gradually to 4° C. In a separate tube
0.25 micrograms of genomic DNA was added to 1.65
microliters of 5x Sequenase buffer, and the total DNA
mixture was brought up to a final volume of 13 microliters.
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This mixture was heated at 95° C. for 2 minutes to denature
the DNA. After denaturation, 2 microliters of the pre-diluted
oligo HBP was added, bringing the volume to 15 microliters.
This mixture was then heated at 37° C. for 15 minutes.
During this time a fresh mixture of Mg-dNTP was made.
The Mg-dNTP mixture has the following concentrations: 20
mM MgCl,, 2.0 mM DTT, 0.25 mM dNTPs, and 1x
Sequenase buffer. After the 37° C. incubation was complete,
2.0 microliters of the freshly prepared Mg-dNTP mixture
was added, followed by 1.5 microliters of 1:5 diluted
Sequenase v2.0 (US Biochemical) in TE buffer. The final
volume was 18.5 microliters. The mixture was then incu-
bated at 37° C. for 15 minutes. This incubation was followed
by a further incubation at 67° C. for 15 minutes to reduce the
activity of the Sequenase. These steps allow for the exten-
sion of the annealed oligo onto the genomic template,
resulting in a bar-coded template for subsequent amplifica-
tion. The mixture was then stored at 4° C. until PCR.

[0048] PCR Reaction: 10 micoliters of the post-Sequenase
products were used in a 100 microliters Hotstar Master Mix
(Qiagen) that also had 2 microliters of each of the 50
micromolar leftward primer (S'CCACTTTGAAGACATG-
CATGT 3', SEQ ID NO:13) and rightward primer (5' GGAT-
GCATTTGATTTCCCACGCC 3', SEQ ID NO:14). PCR
was initiated at 95° C. for 15 minutes per the manufacturer’s
instructions, and cycled in the following way: 95° C. for 30
seconds, annealed at 61° C. for 30 seconds, and extended at
72° C. for 40 seconds; 35 cycles were run.

[0049] Screening of Bar-coded PCR Products: The result-
ing band of the appropriate length of bar-coded FMR1
products was recovered from a 1.8% agarose gel visualized
with ethidium bromide. The DNA was purified from the
slice with the Qiagen PCR Purification kit for agarose gels,
per manufacturer’s instructions. Isolated encoded DNA was
then transformed into chemically competent E. coli (Invit-
rogen) per manufacturer’s instructions. Isolated colonies
were then picked for a screening PCR(SPCR). A portion of
the SPCR reactions were visualized on an agarose gel to
verify the presence of the transformed vector. Verified SPCR
reactions were then cleaned with Microclean (Gel Com-
pany) and sequenced on an ABI 3100 with Big Dye.

[0050] 2. Results and Discussion

[0051] A representative amplified product, MM22, high-
lights the confirmed bar-coded regions:

MM22 3
5'ggatgcatttgagttcccacgeccactgagtgca
cctctgcagaaatgggcgttectggeccetegegagge
agtgcgacctgtcaccgctecttcagecttececgecce
tccaccaagcccgecgecacgeccggeccgegegtetg
tctttcgaccecggecaccteggecggtteccageage
gcgcatgcgege GCTCCCAGGCCACTTGAAGAGAG
A ACATGCCCCTCCT ACACCC CACTTTGAAGACA
TGCATGT 3'

(SEQ ID NO:15)

[0052] The sequences in lower case is the region comple-
mentary to FMR1 that was not represented in the bar-coded
oligonucleotide, starting with the rightward primer binding
site (italicized). The sequences in upper case corresponds to
the sequence of the bar-coded oligonucleotide, starting with
the reverse complement of the sequence complementary to
FMR1 used to anneal the bar-coded oligonucleotide (i.e., the
reverse complement of 5' TCTCTCTTCAAGTGGCCTGG-
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GAGC, SEQ ID NO:12), followed by the six nucleotides
corresponding to the internal tether (5' ACATGC 3"), the
seven nucleotides corresponding to the batch-stamp
(8'CCTCCT 3'), the 5 nucleotides corresponding to the
barcode (5' ACACCC 3'), and the leftward primer binding
site (italicized).

[0053] 132 sequences were obtained from this experiment.
There were 22 sequences with a barcode that was identical
to a sequence already obtained (i.e., redundant sequences).
The remaining 110 sequences had distinct barcode regions
that were 5 nucleotides long, indicating that those sequences
originated from separate cells, or separate genomic target
molecules. As expected, because this was the first assay of
its kind, there was no detectable contamination. All recov-
ered sequences had the proper batch-stamp for oligo HBP
(5'CCCTCCT 3"). The ability to distinguish redundant from
valid data is an immensely powerful tool.

EXAMPLE 2

[0054] This example describes an exemplary method of
the invention for authenticating a PCR product from the
FMRI1 locus by using a bar-coded oligonucleotide with a
7-nucleotide random barcode.

[0055] 1. Materials and Methods

[0056] Target DNA: Human genomic DNA was isolated
as described in EXAMPLE 1.

[0057] Bar-coded Oligonucleotide: Oligo MLM1 (5
ACATGCATGTCTTCAAAGTGG NNNNNNN CGAT-
TGT GCATGT CCTCTCTCTTCAAGTGGCCTGGGAGC
3" SEQ ID NO: 16). From 5' to 3', oligo MLM1 contains a
unique, non-genomic sequence (5'ACATGCATGTCT-
TCAAAGTGG 3', SEQ ID NO:11) that provides a leftward
primer binding site (region (4) in FIG. 1); a 7-nucleotide
random barcode (NNNNNNN; region (3) in FIG. 1); a
batch-stamp (S'CGATTGT 3'; region (2) in FIG. 1); an
internal tethering sequence (5' GCATGT 3') that is comple-
mentary to the first 6 nucleotides of the leftward primer
binding site (i.e., complementary to region (5) in FIG. 1);
and a 24-nucleotide sequence complementary to FMR1
(region (1) in FIG. 1). A bar-code sequences of 7 random
nucleotides provides the possibility of 47 distinct sequences.

[0058] Oligo Annealing and Extension: Oligo MLM1 was
denatured, annealed to genomic DNA, and extended as
described in EXAMPLE 1.

[0059] Purification of Extension Products: Unless the
unincorporated oligo is removed after extension, it is pos-
sible that unincorporated oligo could be used as a primer in
subsequent PCR reactions. This could lead to re-bar-coding
of products and contaminants. To avoid this, post-Sequenase
products were cleaned using QIAQuick PCR purification
columns (Qiagen) according to manufacturer’s instructions.
Because the MLLM1 oligo is longer than the tested lengths
that Qiagen provides information for, the exact efficiency or
removal of unincorporated oligo was not determined at this
time.

[0060] PCR Reaction: 10 micoliters of the purified post-
Sequenase products were used in a 100 microliters Hotstar
Master Mix (Qiagen) that also had 2 microliters of each of
the 50 micromolar leftward primer (SCCACTTTGAAGA-
CATGCATGT 3', SEQ ID NO:13) and rightward primer (5'
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GGATGCATTTGATTTCCCACGCC 3', SEQ 1D NO:14).
PCR was initiated at 95° C. for 15 minutes per the manu-
facturer’s instructions, and cycled in the following way: 95°
C. for 30 seconds, annealed on a temperature block ranging
from 60.8° C. to 64.1° C. for 30 seconds, and extended at
72° C. for 40 seconds; 35 cycles were run.

[0061] Screening of Bar-coded PCR Products: Bar-coded
FMRI1 products were recovered and screened as described in
EXAMPLE 1.

[0062] 2. Results and Discussion

[0063] 46 sequences were obtained from this experiment.
The barcodes, batch-stamps, and the annealing temperature
of four exemplary bar-coded sequences are shown in
TABLE 1. 36 of the 46 were desirable and valid sequences,
each of which had a unique barcode. Only one of the 46
sequences was a contaminant sequence: it contained the
batch-stamp of the HBP oligo used in EXAMPLE 1 and a
S-nculeotide barcode (MLM1_ 43 in Table 1). A redundant
sequence was also recovered, meaning that a MLLM1-posi-
tive sequence with an already seen bar-code was recovered.
One of these two sequences was counted as a valid
sequence. The remaining 8 of the 46 sequences were the
result of the kind of PCR error and non-specific amplifica-
tion that is usually observed prior to temperature optimiza-
tion of a PCR reaction. They also suggest that re-bar-coding
is a low-probability event due to the fact that a contaminant
was able to make it through without being re-bar-coded by
an excess amount of MLM1 oligo.

TABLE 1

Exemplary Bar-Coded PCR Products

Annealing
Sequence Name Temperature Batch-Stamp Bar Code
MLM1_22 63.5° C. ACAATCG TGGGCGA
MLM1_23 60.8° C. ACAATCG CAAATCA
MLM1_43 60.8° C. CCCTCCT ACCAG
MLM1_30 63.5° C. ACAATCG CAAATCA

[0064] Sequences MLMI1_ 22 and MLMI1_ 30 have the
barcode and they were produced using the same annealing
temperature (63.5° C.), which was much higher than the
annealing temperature that produced the contaminant
MLM1_43 (60.8° C.). This may suggest that the PCR
reaction will have a higher specificity at higher temperatures
for annealing the primers.

EXAMPLE 3

[0065] This Example describes an exemplary method of
the invention for authenticating a PCR product from the
FMR1 locus by using two bar-coded oligonucleotides, each
with a 7-nucleotide random barcode.

[0066] 1. Materials and Methods

[0067] Target DNA: Human genomic DNA was isolated
as described in EXAMPLE 1.

[0068] Bar-coded Oligonucleotides:
(S'ACATGCATGTCTTCAAAGTGG

Oligo MLM3
NNNNNNN
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CTAGTGT GCATGT CCTCTCTCTTCAAGTGGCCTGG-
GAGC 3', SEQ ID NO:17). From 5' to 3', oligo MLM3
contains a unique, non-genomic sequence (5' ACATGCAT-
GTCTTCAAAGTGG 3', SEQ ID NO:11) that provides a
leftward primer binding site (region (4) in FIG. 1); a
7-nucleotide random barcode (NNNNNNN; region (3) in
FIG. 1); a batch-stamp (S'CTAGTGT 3'; region (2) in FIG.
1); an internal tethering sequence (5' GCATGT 3') that is
complementary to the first 6 nucleotides of the leftward
primer binding site (i.e., complementary to region (5) in
FIG. 1); and a 24-nucleotide sequence complementary to
FMR1 (region (1) in FIG. 1), a single copy gene on the X
chromosome.

[0069] Oligo CBP1 (5' TTTGATAGCGGCCTAAATCG
NNNNNNN  GTTATACT  ATCAAA  TCTCTCT-
TCAAGTGGCCTGGGAGC 3', SEQ ID NO:18). From 5' to
3", oligo MLM3 contains a unique, non-genomic sequence
(5' TTTGATAGCGGCCTAAATCG 3', SEQ ID NO:19) that
provides a leftward primer binding site (region (4) in FIG.
1); a 7-nucleotide random barcode (NNNN; region (3) in
FIG. 1); a batch-stamp (5' GTTATACT 3'; region (2) in FIG.
1); an

[0070] internal tethering sequence (5' ATCAAA 3') that is
complementary to the first 6 nucleotides of the leftward
primer binding site; region (5) in FIG. 1); and a 24-nucle-
otide sequence complementary to FMR1 (5' TCTCTCT-
TCAAGTGGCCTGGGAGC, SEQ ID NO:12; region (1) in
FIG. 1).

[0071] Oligo Annealing and Extension: Oligo MLLM3 and
CBP1 were denatured as described in EXAMPLE 1. Oligo
MLM1 was annealed to genomic DNA, and extended as
described in EXAMPLE 1. This was done in tandem 4 times.
The post-Sequenase products were divided into three
samples: (1) 24 microliters was purified and amplified as
described in Example 2 below (“normal samples™); (2) 50
microliters was “spiked” with a concentration of oligo CBP1
that was equal to the concentration of MLM3 (ie., 54
microliters of the 490 nM stock). 25 microliters of the spiked
reaction mix was purified and amplified as described in
Example 2 (“spiked sample”); and (3) 25 microliters of the
spiked reaction mix was amplified as described below,
without purification (“dirty spiked sample™).

[0072] Purification of Extension Products: Post-Seque-
nase products (normal sample and spiked sample) were
cleaned as described in EXAMPLE 2.

[0073] PCR Reaction: 10 micoliters of the purified post-
Sequenase products were used in a 100 microliters Hotstar
Master mix (Qiagen) that included 2 microliters of each of
the 50 micromolar leftward primer and the rightward primer.
Two separate PCR reactions were run in parallel with each
sample, one with the MLLM3 leftward primer and one with
the CBP1 leftward primer so as to avoid primer interference.
PCR was initiated at 95° C. for 15 minutes per the manu-
facturer’s instructions, and cycled in the following way: 95°
C. for 30 seconds, annealed on a temperature block ranging
from 61.4° C. to 64.1° C. for 30 seconds, and extended at
72° C. for 40 seconds; 35 cycles were run.

[0074] Screening of Bar-coded PCR Products: Bar-coded
FMRI1 products were recovered and screened as described in
EXAMPLE 1.
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[0075] 2. Results and Discussion

[0076] 107 sequences were obtained from this experiment.
The results were interpreted as follows. The addition of a
second primer binding site via a second oligo, tests the
efficiency of colum removal, and it also tests for biased PCR
amplification as the PCR reactions only have one leftward
primer. Thus, PCR reactions with the CBP1 leftward primer
will preferentially amplify the sequences containing the
CBP1 oligo. As expected, equal amounts of oligos were
present in the dirty samples which had not been column
purified. It was also expected that in the normal samples
there would be no CBP1 annealed sequences available. In
addition, the reactions containing the CBP1 leftward primer
were less efficient, whether or not the sample was purified.
This was apparent as the bands produced from such ampli-
fications were faint when visualized on an agarose gel. The
reaction of the normal sample with MLLM3 leftward primer
produced a distinct and more visible band. No band was
produced form the normal sample reactions using the CBP1
leftward primer. The spiked sample reaction using the
MLM3 leftward primer produced a bright and distinct band
(this also may indicate that the product was concentrated
during the column purification). However, the spiked sample
reaction using the CBP1 leftward primer produced a band
that was very faint.

[0077] These experiments demonstrate that two different
bar-coded oligos can be used in a reaction and differentially
amplified using different primers.

EXAMPLE 4

[0078] This Example describes an exemplary method of
the invention for authenticating a PCR product from the
FMRI1 locus by using a bar-coded oligonucleotide with a
7-nucleotide random barcode and with a 5' tethering
sequence that is 5' to the leftward primer binding site.

[0079] 1. Materials and Methods

[0080] Target DNA: Human genomic DNA was isolated
as described in EXAMPLE 1.

[0081] Bar-coded Oligonucleotide: Oligo MLM12 (5'
GTACCA ACATGCATGTCTTCAAAGTGG ATGGTAC
NNNNNNN  TCTCTCTTCAAGTGGCCTGGGAGC 3,
SEQ ID NO:20). From 5' to 3', oligo MLM1 contains a
6-nucleotide 5' tethering sequence (5' GTACCA 3'; region
(5) in FIG. 1) that is complementary to the batch-stamp
sequence; a unique, non-genomic sequence (5' ACATGCAT-
GTCTTCAAAGTGG 3', SEQ ID NO:11) that provides a
leftward primer binding site (region (4) in FIG. 1); a
batch-stamp (5' ATGGTAC 3'; region (2) in FIG. 1); a
7-nucleotide random barcode (NNNNNNN; region (3) in
FIG. 1); and a 24-nucleotide sequence complementary to
FMRI1 (5' TCTCTCTTCAAGTGGCCTGGGAGC, SEQ ID
NO:12; region (1) in FIG. 1).

[0082] Oligo Annealing and Extension: Oligo MLM12
was denatured, annealed to genomic DNA, and extended as
described in EXAMPLE 1.

[0083] Purification of Extension Products: A third of the
post-Sequenase products were cleaned using QiaQuick PCR
purification columns (Qiagen) according to manufacturer’s
instructions, a third were cleaned with the Strateprep PCR

Jan. 25, 2007

purification kit (Stratagene) according to manufacturer’s
instructions, and a third were not purified.

[0084] PCR Reaction: 2.5 micoliters of the post-Seque-
nase products were used in a 25 microliters Hotstar Master
Mix (Qiagen) that also had 0.5 microliters of each of the 50
micromolar leftward primer (S'CCACTTTGAAGACATG-
CATGT 3', SEQ ID NO:13) and rightward primer (5' GGAT-
GCATTTGATTTCCCACGCC 3', SEQ ID NO:14). PCR
was initiated at 95° C. for 15 minutes according to manu-
facturer’s instructions, and cycled in the following way: 95°
C. for 30 seconds, annealed at 63.5° C. for 30 seconds, and
extended at 72° C. for 40 seconds; 21, 23, 25, 27, 29, 31, 33,
and 35 cycles were run separately to collect data in a
real-time manner. In tandem, a PCR reaction for each
sample was performed without a leftward primer. This lack
of leftward primer forces any excess bar-coded oligo to
behave as a primer if it is able to do so. Therefore, this
presents a direct assay for re-bar-coding. If the bar-coded
oligo is used as a primer, then a band will be produced and
the 6 bases 5' of the primer binding (the 5' tethering
sequence, 5' GTACCA 3'") will be present in the amplified
sequences. If the oligo is used properly, as in the experi-
ments with a leftward primer, then the extra bases will not
be present in any amplified sequences as they are 5' of the
leftward primer binding site.

[0085] Screening of Bar-coded PCR Products: Bar-coded
FMRI1 products were recovered and screened as described in
EXAMPLE 1.

[0086] 2. Results and Discussion

[0087] Results showed there was absolutely no visible
band produced from reactions with purified samples and
without a leftward primer. The data indicate that the effi-
ciency of the column purification is high. The extra 6
nucleotides 5' of the leftward primer binding site act as an
elegant and simple internal control for re-bar-coding during
the final PCR cycle. The reactions without a leftward primer
are more efficient than a water blank in this case for
detecting contamination and re-bar-coding. Sequences
obtained from this experiment will estimate and monitor the
frequency of re-barcoding in the final cycle of PCR ampli-
fication.

EXAMPLE 5

[0088] This Example describes an exemplary method of
the invention for bar-coding a target RNA molecule by using
a bar-coded oligonucleotide.

[0089] The design of barcode oligonucleotides for bar-
coding a target RNA molecule will encompass the same
concepts as described in EXAMPLES 1-4 one. The bar-
coded oligonucleotide contains a region complementary to
the target RNA strand. The bar-coded oligonucleotide also
contains a batch-stamp region, a barcode region, and a
unique primer binding site, as described in EXAMPLES 1-4.

[0090] The bar-coded oligonucleotide is used in a reverse
transcriptase reaction as is standard in the art. After one
round of reverse transcription, the reaction is stopped and
the mixture is digested with an appropriate amount of uracil
glycosylase to destroy any remaining RNA template (which
includes uracil) in the mix. The digested mixture is then
column-purified, as previously described. Post column-pu-
rification standard PCR is carried out with cycles 2-35
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cycles. The screening of bar-coded PCR products is per-
formed as described in EXAMPLE 1.

[0091] The ability to digest uracil-containing oligonucle-
otides with uracil glycosylase provides the opportunity to
design oligos with uracil to further reduce the possibility of
recoding with excess oligonucleotide. To utilize this oppor-
tunity, the oligonucleotides may contain uracil, replacing
some of the thymines. In this embodiment of the invention,
Sequenase extension (EXAMPLES 1-4) or reverse tran-
scriptase extension (described in this Example), is carried
out as described above. In this embodiment of the invention,
the digestion with uracil glycosylase occurs after one round
of PCR, thus fragmenting remaining uracil containing oli-
gonucleotides. This technique may be preferable for appli-
cations requiring a higher degree of certainty that rebarcod-
ing will not occur.

EXAMPLE 6

[0092] This Example describes an exemplary method of
the invention for bar-coding a PCR product from the FMR1
locus in a hairpin-bisulfite PCR reaction with a double-
stranded DNA template (Miner et al., Nucl. Acids Res.
32(17):e135, 2004, herein incorporated by reference).

[0093] There is an increased risk of redundancy and
contamination when amplifying limited amounts of template
DNA, for example, when the goal is to compare and quantify
sequences from different cells represented in the same DNA
sample, as in bisulfite methylation analysis (Stoeger et al.,
Hum. Mol. Genet. 6:1791-1801, 1997). The frequent obser-
vation of multiple amplified sequences derived from a single
original molecule was also noted in the context of bisulfite
genomic sequencing, a method increasingly used in epige-
netic research (Millar et al., Methods 27:108-113, 2002). In
response to the challenges of PCR redundancy and contami-
nation associated with PCR amplification of limited
amounts of DNA template, genomic DNA fragments were
labeled with molecular sequence barcodes and “batchs-
tamps” prior to PCR amplification by including these
molecular labels in the hairpin linker sequence (FIG. 3) that
is used in hairpin-bisulfite PCR (Laird et al., Proc. Natl.
Acad. Sci. USA 101:204-209, 2004), as described below.
This encoded information enables the genomic origin of
each sequence obtained from PCR and subsequent bacterial
cloning to be tracked. Fach genomic fragment is marked
prior to amplification, allowing us to identify contaminant
and redundant sequences and to quantify accurately the
proportion of cells carrying a particular sequence variant by
counting only distinctly tagged sequences. This highly sen-
sitive method offers confirmation of the independent
genomic origin of all sequences in final data sets derived
from PCR amplification.

[0094] 1. Materials and Methods

[0095] Conditions for hairpin-bisulfite PCR of human
genomic FMR1 sequences (Laird et al., Proc. Natl. Acad.
Sci. USA 101:204-209, 2004) were as follows: 5 pg of
genomic DNA was cleaved by 10 U each of restriction
endonucleases Dralll and Alul for 1 h at 37° C., followed by
enzyme inactivation at 65° C. for 20 min. The use of a
second restriction endonuclease, in this case Alul, removed
the CG-rich sequence distal to the region analyzed. Ligation
of the hairpin linker (5' AGC-GATGCDDDDDDDG-
CATCGCT-TGA 3', SEQ ID NO:1) with variations in the
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non-random nucleotides for batch-stamps) to Dralll-cleaved
genomic DNA was for 15 min at 20° C., using 400 U of T4
ligase in 20 pl with 1x ligation buffer (New England
Biolabs), followed by enzyme inactivation at 65° C. for 20
min.

[0096] The bisulfite conversion followed a previously
published protocol (Laird et al., Proc. Natl. Acad. Sci. USA
101:204-209, 2004) with additional thermal denaturation
steps. Hairpin-ligated DNA was denatured in 0.3M NaOH
for 20 min, then heated to 100° C. for 1 min before addition
of sodium bisulfite and hydroquinone to 3.4 M and 1 mM,
respectively. The reaction mixture was incubated for 6 h at
55° C., with additional thermal denaturation steps (99° C.
for 90 s, 10 times over the 6 h), and then incubated for an
additional 6 h at 55° C. This was followed by a purification
step using QIAquick PCR purification columns (Qiagen),
subsequent treament with NaOH (final concentration 0.3 M)
at 37° C. for 20 min, and another purification using
Microspin S-200 HR columns (Amersham Pharmacia Bio-
sciences).

[0097] PCR conditions were Hotstar Master Mix
(Qiagen), with denaturation at 95° C. for 15 min, followed
by 38 cycles of denaturing at 95° C. for 30 s, annealing at
58° C. for 30 s, and extension at 72° C. for 45 s; this was
followed by a final extension at 72° C. for 5 min. Primers
used were (i) first primer, 5'-CCTCTCTCTTCAAATAAC-
CTAAAAAC-3' (SEQ ID NO:21) and (ii) second primer,
5-GTTGYGGGTGTAAATATTGAAATTA-3' (SEQ 1D
NO:22).

[0098] All PCR products were analyzed by agarose gel
electrophoresis; further cloning and sequencing of appropri-
ately sized products was with TOPO TA Cloning Kits
(Invitrogen Life Technologies); sequencing reactions were
carried out with fluorescent dideoxy nucleotides (BIGDYE
Terminator 3.1, Applied Biosystems), at either the DNA
Sequencing Facility, Department of Biochemistry, or the
Comparative Genomics Center, Department of Biology,
University of Washington. Each sequence was proofread
against the sequence trace; errant base calling was corrected
manually before being presented here. For purposes of
analysis and presentation, the output sequence was folded,
using word processing software, into a hairpin conformation
so that both strands aligned.

[0099] Results

[0100] The challenge of amplifying limited amounts of
DNA template can result from trace amounts of initial DNA
sample, or from laboratory analyses that include substantial
DNA degradation as a necessary side effect of processing, as
in bisulfite genomic sequencing (Grunau et al., Nucl. Acids
Res. 29:e65, 2001). One of the major problems encountered
in these analyses is to capture accurately the genomic
template diversity following the steps of PCR and bacterial
cloning. Hairpin-bisulfite PCR involves the ligation of a
synthetic hairpin linker to the ends of a double-stranded
genomic DNA fragment prior to bisulfite conversion and
PCR amplification (Laird et al., Proc. Natl. Acad. Sci. USA
101:204-209, 2004). While the primary purpose of the
hairpin linker is to maintain attachment of complementary
strands, it can also be used to encode each ligated genomic
fragment with information that distinguishes it from other
sequences within a sample, allowing the evaluation of
cloned sequences for redundancy and contamination. To
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accomplish this, the 6 nt loop of a hairpin linker (Laird et al.,
Proc. Natl. Acad. Sci. USA 101:204-209, 2004) was replaced
with 7 nt randomly selected from A, G, and T. Cytosine was
not used because its identity would be ambiguous after
bisulfite conversion. With a random 7 nt barcode, the
number of possible codes is 2187; in selecting 15 cloned
PCR products from one DNA sample, the probability that
two of these will be different genomic fragments labeled
with identical 7 nt barcodes is 0.047 (for details of this
probability calculation, see Miner et al., Nucl. Acids Res.
32(17):e135, 2004, Supplementary Materials).

[0101] Some applications will require a larger pool of
random-sequence barcodes if more independently derived
sequences are required. Linkers with up to 13 nt in the
hairpin loop have been used with no observable detriments
to sequence recovery. A 13 nt barcode gives ~1.6x10°
different codes; even for a selection of 100 cloned PCR
products, the probability that two of these would be different
genomic fragments labeled with identical barcodes is only
0.0031 (for details of this probability calculation, see Miner
et al., Nucl. Acids Res. 32(17):e135, 2004, Supplementary
Materials).

[0102] In addition to adding the random barcode, mol-
ecules were “batch-stamped” by encoding the hairpin linker
with information that would designate the sample analyzed
and the date of analysis. Multiple variants of the hairpin
linker were designed by changing nucleotides in the stem of
the linker. These stem changes represented different batches
of linkers, each of which were used for the analysis of a
different sample. Thus, the resulting sequences each bear a
consistent “batch-stamp” encoded in the stem, and a ran-
domly variable barcode encoded in the loop (FIG. 3).

[0103] An enhanced hairpin-bisulfite PCR method was
applied to the FMR1 promoter region in the DNA of males
with fragile X syndrome. The classes of sequences recov-
ered included hypermethylated sequences with distinctive
barcodes and patterns of methylation (FIG. 4A), redundant
hypermethylated sequences with identical barcodes and
methylation patterns (FIGS. 4B and 4C), hypomethylated
sequences with distinctive barcodes (FIG. 4D), redundant
hypomethylated sequences with identical barcodes (FIGS.
4E and 4F), and contaminant sequences with an original
linker that predates the barcoding (FIG. 4G). The number of
sequences cloned influenced the observed proportion of
redundancy among the recovered sequences; the observed
proportions of both redundancy and contamination appeared
to depend on the initial amount of DNA used and the quality
of the bisulfite conversion. Among eight different DNA
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samples analyzed, the proportion of sequences that were
redundant ranged from 7 to 51%, and the proportion of
sequences that were contaminants ranged from 0 to 14%.
Occasionally, contaminant sequences were cloned from
PCR reactions in which control reactions (those without
template DNA) showed no DNA bands on ethidium-bro-
mide-stained agarose gels. In these contexts, bar-coding
serves as a highly accurate method for positive identification
of desired sequences.

[0104] Within 142 barcodes recovered from multiple reac-
tions with FMR], the average nucleotide composition was
54% T, 26% G and 19% A. This bias is similar to that
previously reported for the influence of loop nucleotides on
the stability of DNA hairpin structures (Senior et al., Proc.
Natl. Acad. Sci USA 85:6242-6246, 1988).

[0105] 3. Discussion

[0106] The concept of molecular bar-coding has previ-
ously been used in signature-tagged mutagenesis (Hensel et
al., Science 269:400-403, 1995; Shoemaker et al., Nature
Genet. 14:450-456, 1996), to track the origins of expressed
sequence tags (Qiu et al., Plant Physiol. 133:475-481,
2003), and to label objects for identification and authenti-
cation (Cook and Cox, Biotechnol. Lett. 25:89-94, 2003;
Cox, Analyst 126:545-547, 2001). Here, a similar concept
was applied to the labeling of individual genomic fragments
with distinct sequence tags. The ability to bar-code and
“batchstamp” genomic DNA sequences from individual
alleles is useful in situations where the amount of template
DNA is limited, thus identifying contaminants and redun-
dant sequences arising from template re-cloning. Contami-
nant sequences were identified even when multiple control
(no DNA) PCR samples were negative. Bar-coding allows
for quantification of the relative abundance of genomic
methylation patterns or polymorphic sequences by correct-
ing for skewing that can arise from PCR amplification or the
cloning of the products. The barcoding method thus provides
a definitive solution to the problem identified previously
(Taylor et al., Pathology 29:309-312, 1997; Millar et al.,
Methods 27:108-113, 2002), in which multiple amplified
sequences are derived from a single original molecule when
template DNA is limited in amount or of poor quality. The
method also allows for the analysis of mutations arising
during PCR amplification.

[0107] While the preferred embodiment of the invention
has been illustrated and described, it will be appreciated that
various changes can be made therein without departing from
the spirit and scope of the invention.

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 22

<210> SEQ ID NO 1

<211> LENGTH: 26

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Primer for FMR1
<220> FEATURE:

<221> NAME/KEY: misc_feature
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<222> LOCATION: (9)..(15)
<223> OTHER INFORMATION: Wherein D = A, G or T

<400> SEQUENCE: 1

agcgatgedd dddddgcatc gecttga

<210> SEQ ID NO 2

<211> LENGTH: 9

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 2

gtgcacctc

<210> SEQ ID NO 3

<211> LENGTH: 145

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 3

cggtgatagg ttgtattgtt tcgcgagggt tagaatgttt atttttgtag aggtgtattt
atgtgatgtt atatgtgtat tgtatgagtg tatttttgta gaaatgggcg ttttggtttt
cgcgaggtag tgtgatttgt tatcg

<210> SEQ ID NO 4

<211> LENGTH: 145

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 4

cggtgatagg tcgtattgtt tcgtgagggt tagaatgttt atttttgtag aggtgtattt
atgtgatgtg gtttgtgtat tgtatgagtg tatttttgta gaaatgggcg ttttggtttt
tgcgaggtag tgcgatttgt tatcg

<210> SEQ ID NO 5

<211> LENGTH: 145

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 5

cggtgatagg tcgtattgtt tcgtgagggt tagaatgttt atttttgtag aggtgtattt
atgtgatgtg gtttgtgtat tgtatgagtg tatttttgta gaaatgggcg ttttggtttt

tgcgaggtag tgcgatttgt tatcg

<210>
<211>
<212>
<213>

SEQ ID NO 6

LENGTH: 145

TYPE: DNA

ORGANISM: Homo sapiens

<400> SEQUENCE: 6

tggtgatagg ttgtattgtt ttgtgagggt tagaatgttt atttttgtag aggtgtattt

aagtgatgtt gtgatggtat tgtttgagtg tatttttgta gaaatgggtg ttttggtttt

tgtgaggtag tgtgatttgt tattg

<210> SEQ ID NO 7
<211> LENGTH: 145
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<212> TYPE: DNA
<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 7

tggtgatagg ttgtattgtt ttgtgagggt tagaatgttt atttttgtag aggtgtattt
aagtgatgta ggtgatgtat tgtttgagtg tatttttgta gaaatgggtg ttttggtttt
tgtgaggtag tgtgatttgt tattg

<210> SEQ ID NO 8

<211> LENGTH: 145

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 8

tggtgatagg ttgtattgtt ttgtgagggt tagaatgttt atttttgtag aggtgtattt
aagtgatgta ggtgatgtat tgtttgagtg tatttttgta gaaatgggtg ttttggtttt
tgtgaggtag tgtgatttgt tattg

<210> SEQ ID NO 9

<211> LENGTH: 144

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 9

cggtgatagg tcgtattgtt tcgcgagggt tagaacgttt atttttgtag aggtgtattt
aagtgatgtg tttgagtatt gtttgagtgt atttttgtag aaatgggcgt tttggtttte

gcgaggtagt gcgatttgtt atcg

<210> SEQ ID NO 10

<211> LENGTH: 63

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Primer for FMR1
<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (22)..(26)

<223>

<400>

OTHER INFORMATION: Wherein N =2, C, Gor T

SEQUENCE: 10

acatgcatgt cttcaaagtg gnnnnnagga ggggcatgtt ctctcttcaa gtggcctggg

agc

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 11

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: Primer binding site for FMR1

SEQUENCE: 11

acatgcatgt cttcaaagtg g

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 12

LENGTH: 24

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: Primer for FMR1
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<400> SEQUENCE: 12

tcteotetteca agtggcctgg gage

<210> SEQ ID NO 13

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Primer for FMR1

<400> SEQUENCE: 13

ccactttgaa gacatgcatg t

<210> SEQ ID NO 14

<211> LENGTH: 23

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Primer for FMR1

<400> SEQUENCE: 14

ggatgcattt gatttcccac gcc

<210> SEQ ID NO 15

<211> LENGTH: 252

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 15

ggatgcattt gagttcccac gccactgagt gcacctctgce agaaatggge gttctggccce
tcgecgaggca gtgcgacctg tcaccgctcet tcageccttece cgccctccac caagcccgeg
cacgccecgge ccgegegtet gtectttcgac ccggcaccte ggeccggttce cagcagcgceg
catgcgcgeg ctcccaggec acttgaagag agaacatgcc cctcectacac cccactttga

agacatgcat gt

<210> SEQ ID NO 16

<211> LENGTH: 67

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Primer for FMR1

<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (22)..(29)

<223> OTHER INFORMATION: Wherein N = A, C, G or T

<400> SEQUENCE: 16

acatgcatgt cttcaaagtg gnnnnnnncg attgtgcatg tcctctctet tcaagtggcece

tgggage

<210> SEQ ID NO 17

<211> LENGTH: 67

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Primer for FMR1
<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (22)..(28)

<223> OTHER INFORMATION: n is a, ¢, g, or t
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<400> SEQUENCE: 17
acatgcatgt cttcaaagtg gnnnnnnnct agtgtgcatg tcctctctect tcaagtggcece

tgggage

<210> SEQ ID NO 18

<211> LENGTH: 65

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Primer for FMR1
<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (21)..(27)

<223> OTHER INFORMATION: n is a, ¢, g, or t

<400> SEQUENCE: 18
tttgatagcg gcctaaatcg nnnnnnngtt atactatcaa atctctcttc aagtggcctg

ggagc

<210> SEQ ID NO 19

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Primer binding site for FMR1

<400> SEQUENCE: 19

tttgatagcg gcctaaatcg

<210> SEQ ID NO 20

<211> LENGTH: 65

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Primer for FMR1
<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (35)..(41)

<223> OTHER INFORMATION: n is a, ¢, g, or t

<400> SEQUENCE: 20
gtaccaacat gcatgtcttc aaagtggatg gtacnnnnnn ntctctcttc aagtggcctg

ggagc

<210> SEQ ID NO 21

<211> LENGTH: 26

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Primer for FMR1

<400> SEQUENCE: 21
cctctectectt caaataacct aaaaac
<210> SEQ ID NO 22

<211> LENGTH: 25
<212> TYPE: DNA

GUARDANT HEALTH EX.1027.018

60

67

60

65

20

60

65

26



US 2007/0020640 Al

Jan. 25, 2007

-continued

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Primer for FMR1
<400> SEQUENCE: 22

gttgygggtg taaatattga aatta

25

1. A method for bar-coding a nucleic acid molecule
comprising the steps of:

(a) contacting a target nucleic acid molecule in a sample
with a bar-coded oligonucleotide under suitable condi-
tions to anneal the bar-coded oligonucleotide to the
target nucleic acid molecule, wherein the bar-coded
oligonucleotide comprises a first sequence complemen-
tary to the target nucleic acid molecule, a second
sequence providing a random barcode, and a third
sequence that is not complementary to any sequence in
the sample; and

(b) extending the annealed bar-coded oligonucleotide
using the target nucleic acid molecule as a template to
produce a bar-coded target nucleic acid molecule.

2. The method of claim 1, wherein the 5' end of the
bar-coded oligonucleotide comprises a tethering sequence
that is complementary to a sequence 5' to the first sequence.

3. The method of claim 1, wherein the bar-coded oligo-
nucleotide further comprises a fourth sequence providing
experimental identification information.

4. The method of claim 1, wherein the target nucleic acid
molecule is a DNA molecule.

5. A method for authenticating a DNA amplification
product comprising the steps of:

(a) contacting a target nucleic acid molecule in a sample
with a bar-coded oligonucleotide under suitable condi-
tions to anneal the bar-coded oligonucleotide to the
target nucleic acid molecule, wherein the bar-coded
oligonucleotide comprises a first sequence complemen-
tary to the target nucleic acid molecule, a second
sequence providing a random barcode, and a third
sequence that is not complementary to any sequence in
the sample, and wherein the 5' end of the bar-coded
oligonucleotide comprises a tethering sequence that is
complementary to a sequence 5' to the first sequence;

(b) extending the annealed bar-coded oligonucleotide
using the target nucleic acid molecule as a template to
produce a bar-coded target nucleic acid molecule;

(c) amplitying the bar-coded target nucleic acid molecule
using a primer that binds to the third sequence to
produce an amplification product; and

(d) authenticating the amplification product by detecting
the presence of the second sequence in the amplifica-
tion product.

6. The method of claim 5, wherein the bar-coded oligo-
nucleotide further comprises a fourth sequence providing
experimental identification information and wherein step (d)
further comprises authenticating the amplification product
by detecting the presence of the fourth sequence in the
amplification product.

7. The method of claim 5, wherein the target nucleic acid
molecule is a DNA molecule.

8. A method for authenticating a DNA amplification
product comprising the steps of:

(a) ligating a hairpin linker to a double-stranded target
DNA molecule to produce a ligated target DNA mol-
ecule, wherein the hairpin linker comprises a first
sequence providing experimental identification infor-
mation, a second sequence providing a random barcode
comprising nucleotides selected from the group con-
sisting of adenosines, guanidines, and thymidines, and
a third sequence complementary to the first sequence;

(b) treating the ligated target DNA molecule of step (a)
under suitable conditions to convert cytosines in the
ligated target DNA molecule to uracils;

() amplifying the treated ligated target DNA molecule of
step (b) to produce an amplification product; and

(d) authenticating the amplification product of step (c) by
detecting the presence of the first and second sequences
in the amplification product.

9. A composition comprising a target nucleic acid mol-
ecule and a bar-coded oligonucleotide, wherein the bar-
coded oligonucleotide comprises a first sequence comple-
mentary to the target nucleic acid molecule, a second
sequence providing a random barcode, and a third sequence
that is not complementary to any sequence in the sample,
and wherein the 5' end of the bar-coded oligonucleotide
comprises a tethering sequence that is complementary to a
sequence 5' to the first sequence.

10. The composition of claim 9, wherein fourth sequence
provides experimental identification information.

#* #* #* #* #*
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