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Design of ice-COLD-PCR-solid support (bead)
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Prior to ice-COLD-PCR: mutant target sequence is in minorily relative to wild-type target sequence
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During ice-COLD-PCR on solid support (bead) within emulsion: the proximity of target sequences
to wild-type sequences facilitates efficient hybridization and hetero-duplex formation

* mutant’

- Aarget sequence
i bound o RS
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Fig. 4

« Following ice-COLD-PCR: amplified mutant target sequences are now in majority relative fo wild-type target sequences
- Some mutant sequences are bound to the bead, while others are free-floating
» Most primers are consumed during syrthesis
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Capture and isolation of mutation (or DNA damage)-enriched single stranded
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Bead purification of KRAS double mutation (CC>AA) from TL119 patients

TL119 Patient Sample Purification in Different Salt
Concentrations
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Fig. 18
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Enrichment of KRAS single point mutation (C>A) from SW480 mutant DNA
mixtures
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Enrichment of KRAS Single point mutant (C>T) from A549 mutant DNA
mixtures

Bead Purification of 10%and 3% A549 mutants at 76C
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Fig. 20
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Enrichment of KRAS Single point mutant (C>T) at various denaturation
temperatures

Bead Purification of 5% A549 Point Mutants at Various
Denaturation Temperatures
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METHODS AND COMPOSITIONS TO
ENABLE MULTIPLEX COLD-PCR

FEDERALLY SPONSORED RESEARCH

[0001] This invention was made with Government support
under NIH Grant CA-138280. Accordingly, the Government
has certain rights in this invention.

BACKGROUND OF THE INVENTION

[0002] There is an increasing demand for rapid and sensi-
tive molecular assays to screen a panel of critical cancer gene
mutations for personalized diagnosis and treatment. Of par-
ticular interest are certain mutations which sensitize tumors
to drug treatment, predict a lack of response or predict emer-
gence of resistance. The co-occurence of mutations can com-
plicate matters. An example is provided in reference to lung
cancer. Mutations in the ATP binding domain of EGFR pre-
dict response to the small tyrosine kinase inhibitor drugs
erlotinib and gefitinib. Such mutations, however, do not tell a
complete story. Co-occurring mutations in codons 12 and 13
of KRAS predict resistance to anti-EGFR agents, even in the
presence of mutations in the ATP binding domain of EGFR.
Furthermore, secondary EGFR mutations, especially the
mutation T790M (which is present in low frequency), limit
the benefit of EGFR targeted therapy due to drug resistance
upon prolonged treatment. Similar co-occurring cancer gene
mutations have been identified in other cancer types as well.
Accordingly, it is desirable to profile individual tumors for
potential mutations in several genes simultaneously.

[0003] Another major challenge in molecular diagnosis of
human cancer is the remarkable heterogeneity of tumor
samples that are to be screened. Human cancer is known to
harbor a wide range of chromosomal rearrangements includ-
ing large deletions, insertions, and translocations, as well as
large numbers of somatic mutations. Excluding clonal muta-
tions, most somatic mutations are random and present in only
a small fraction of the cancer cells in a tumor. However, these
low-level mutations could contribute to tumor progression,
and in clinical settings, rapid emergence of resistance to treat-
ment. Contamination of tumor cells with excess normal cells
further complicates mutation detection. While reliable high
throughput screening methods for germline or high-preva-
lence somatic mutations have been described (Thomas, R. K.,
etal. (2007) Nat Genet, 39,347-351; Chou, L. S., et al. (2005)
Am J Clin Pathol, 124;330-338; Thomas, R. K., et al. (2006)
Nat Med, 12; 852-855) detection of low-prevalence somatic
mutations in tumors with heterogeneity, stromal contamina-
tion or in bodily fluids is still problematic, and there is a great
need for effective techniques to identify a low percent of
variant DNA sequences (‘target sequences’) in the presence
of a large excess of non-variant sequences (‘reference
sequences).

[0004] To tackle the problems of detecting low level muta-
tions in clinical samples, new forms of PCR (co-amplification
at lower denaturation temperature or COLD-PCR and
improved and complete enrichment COLD PCR or ice-
COLD-PCR) that amplify preferentially mutation-containing
sequences over wild-type alleles have been recently
described (Li J, Wang L, Mamon H, Kulke M H, Berbeco R,
Makrigiorgos G M. Replacing PCR with COLD-PCR
enriches variant DNA sequences and redefines the sensitivity
of genetic testing. Nat Med 2008; 14:579-84; Milbury CA, Li
J, Makrigiorgos G M. Ice-COLD-PCR enables rapid ampli-
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fication and robust enrichment for low-abundance unknown
DNA mutations. Nucleic Acids Res; 39:¢2). It has been dem-
onstrated that the detection limit of several downstream muta-
tion detection and mutation scanning techniques including
sequencing, pyrosequencing, dHPL.C, high resolution melt-
ing and genotyping can be highly improved via COLD-PCR
(Li J, Milbury C A, Li C, Makrigiorgos G M. Two-round
coamplification at lower denaturation temperature-PCR
(COLD-PCR)-based sanger sequencing identifies a novel
spectrum of low-level mutations in lung adenocarcinoma.
Hum Mutat 2009; 30:1583-90; Milbury C A, Li J, Makrigior-
gos G M. COLD-PCR-enhanced high-resolution melting
enables rapid and selective identification of low-level
unknown mutations. Clin Chem 2009; 55:2130-43; Mancini
1, Santucci C, Sestini R, Simi L, Pratesi N, Cianchi F, et al.
The use of COLD-PCR and high-resolution melting analysis
improves the limit of detection of KRAS and BRAF muta-
tions in colorectal cancer. ] Mol Diagn; 12:705-11; Boisselier
B, Marie Y, Labussiere M, Ciccarino P, Desestret V, Wang X,
etal. COLD PCR HRM: a highly sensitive detection method
for IDH1 mutations. Hum Mutat; 31:1360-5).

[0005] COLD-PCR differentiates between mutant and wild
type sequences by preferentially amplifying those amplicons
that have a lower melting temperature. Thus, the cycling
conditions applied during COLD-PCR induce the formation
of mutant:wild-type heteroduplexes during amplification and
then denature selectively these heteroduplexes at a critical
denaturation temperature, Tc, that favors denaturation of het-
eroduplexes over homoduplexes, (full-COLD-PCR). Suc-
cessful enrichment during COLD-PCR is dependant upon the
critical denaturation temperature Tc applied for a given
amplicon. At the Tc, the target-reference sequence duplexes
are substantially denatured, whereas the target-target
duplexes and the reference-reference sequence duplexes are
substantially undenatured. The value of Tc for a given ampli-
con is usually just below the value of the melting temperature
Tm of the amplicon. To a first approximation, Tc is empiri-
cally determined from the melting temperature Tm of an
amplicon according to the formula Te=Tm-1 (Li J, Makri-
giorgos G M. COLD-PCR: a new platform for highly
improved mutation detection in cancer and genetic testing.
Biochem Soc Trans 2009; 37:427-32). For a more precise
determination of the optimal Tc, an experimental procedure
can be followed to titrate the denaturation temperature over
many reactions and determine the optimal Tc as described
herein.

SUMMARY OF THE INVENTION

[0006] Multiplexing COLD-PCR to enrich mutations over
multiple amplicons would be of great value as it would enable
the simultaneous screening of a panel of DNA regions and
would ensure identification of low-level mutations. However,
this is technically difficult, due to the fact that different ampli-
cons possess different melting properties, and therefore a
different Tc. To amplify via COLD-PCR several DNA frag-
ments simultaneously and achieve substantial mutation
enrichment on all of them at the same time, the Tm and/or Tc
of'all the DNA fragments needs to be regulated to be substan-
tially the same, e.g., to within ~0.2° C. of each other. The
formation of primer-dimers, whenever more than one set of
primers are included, is another problem which is common to
multiplex PCR applications.

[0007] The present invention, is directed to methods, and
compositions for multiplexing COLD-PCR/ice-COLD-PCR
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to enrich simultaneously several low abundance alleles (mu-
tant target sequences) from a sample. The present invention,
in one aspect, relates to multiplex COLD-PCR/ice-COLD-
PCR amplification performed in a space-constrained manner
(e.g. in microdroplets, micro-chambers, in pico-litter vol-
umes emulsion, on micro-beads, on glass, or on alternative
solid supports). In some embodiments, a population of DNA
fragments having substantially the same melting temperature
(iso-Tm DNA amplicons) are simultaneously prepared prior
to initiating COLD-PCR/ice-COLD-PCR. The iso-Tm DNA
amplicons, in the event there exist both mutant and wild-type
sequences present, will typically generate mutant:wild-type
heteroduplexes that have substantially the same critical dena-
turation temperature (iso-Tc DNA amplicons). In some
embodiments, the primers are designed such that a population
of DNA amplicons, in the event there exist both mutant and
wild-type sequences present, having substantially the same
critical denaturation temperature (iso-Tc DNA amplicons)
are simultaneously prepared prior to initiating COLD-PCR/
ice-COLD-PCR. In some embodiments, COLD-PCR/ice-
COLD-PCR amplification is performed on DNA fragments
that have different melting temperatures, and therefore dif-
ferent critical denaturation temperatures, in a graded tem-
perature approach such that mutation enrichment is achieved
on all diverse DNA fragments simultaneously (temperature-
independent COLD-PCR or TI-COLD-PCR).

[0008] Inoneaspectof the invention, methods and products
are provided for preparing iso-Tm and/or iso-Tc amplicons
from a host’s nucleic acids.

[0009] One method concerns preparing nucleic acids for
subsequent processing. The subsequent processing, for
example, may be next generation sequencing. The method
involves contacting a host’s nucleic acids with at least two
pairs of nucleic acid primers, each pair of primers binding to
the nucleic acids and generating under nucleic acid amplifi-
cation conditions an amplicon that is a copy of a region of
interest of the nucleic acids, wherein the amplicon generated
by one pair of primers is different from the amplicon gener-
ated from each other pair of primers. The primers are selected
such that the amplicons generated by different pairs of prim-
ers have substantially the same Tm and/or substantially the
same Tc. Nucleic acid amplification conditions are applied to
form the amplicons having substantially the same Tm and/or
Tc from the primers and nucleic acids. The nucleic acid
amplification conditions are applied for at least 3 cycles of
amplification, whereby the presence of the regions of interest
are enriched relative to non-amplified genomic DNA regions.
More typically, the nucleic acid amplification conditions are
applied for at least 5, at least 6, at least 7, at least 8, at least 9
or atleast 10 cycles of amplification, whereby the presence of
the regions of interest are enriched. In this manner, numerous
copies of amplicons representing nucleic acid regions of
interest are provided, the amplicons having the same Tm
and/or Tc.

[0010] In some embodiment, the at least two pairs of
nucleic acid primers is at least 5, 10, 15, 20, 30, 40, 50, 100,
200, 500, 1,000, 5,000, 10,000 or 30,000 pairs of primers. In
this manner, the amplicons represent at least 10, 15, 20, 30,
40, 50, 100, 200, 500, 1,000, 5,000, 10,000 or 30,000 differ-
ent regions of interest, all of the amplicons having substan-
tially the same Tm and/or Tc. In some embodiments, the
regions of interest comprise a sequence known to be present
if disease exists, known to be predictive of the development of
disease or known to be predictive of successful treatment of
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disease with a drug. Only as examples, the disease can be
cancer, cardiovascular disease, diabetes, obesity, neurologi-
cal disorders, or diseases screened-for in maternal blood for
prenatal diagnosis.

[0011] In some embodiments, the iso-Tm and/or iso-Tc
amplicons, once prepared, can then be used in COLD-PCR or
ice-COLD-PCR procedures, followed by sequencing. In one
embodiment, the COLD-PCR or ice-COLD-PCR procedure
is carried out in a space constrained fluid or at a space con-
strained site on a solid surface. In one embodiment, the pro-
cedure is carried out in micro-droplets, each micro-droplet
containing only a single pair of primers specific for generat-
ing amplicons of a single region of interest. The droplet also
contains at least the target sequence to which the pair of
primers bind. As will be described in greater detail below, the
droplet may be produced in any number of ways. Many drop-
lets can be prepared, different droplets containing different
pairs of primers, but all the primers, as described above,
generating amplicons that are iso-Tm and/or iso-Tc. COLD-
PCR or ice-COLD-PCR then can be performed on hundreds,
thousands, or even millions of such droplets simultaneously.

[0012] In some embodiments, the method further involves
enriching nucleic acids for regions of interest. This can be
done in some embodiments prior to carrying out a method of
preparing iso-Tm and/or iso-Tc amplicons. This can be done
in some embodiments after carrying out a method for prepar-
ing iso-Tm and/or iso-Tc amplicons. In one embodiment,
nucleic acid regions of interest are enriched by contacting the
nucleic acids with a plurality of capture oligonucleotides that
bind to different regions of interest, permitting binding of the
capture oligonucleotides to the regions of interest, and isolat-
ing the capture oligonucleotides with the regions of interest
bound thereto from remaining nucleic acids. In some embodi-
ments, the capture oligonucleotides are biotinylated at one
end. In some embodiments, the capture oligonucleotides are
attached to beads. In some embodiments, the capture oligo-
nucleotides are attached as a microarray to a surface.

[0013] In some embodiments, the method further com-
prises enriching the nucleic acids for regions of interest by
contacting the nucleic acids with molecular inversion probes,
circularizing the molecular inversion probes such that they
encompass the regions of interest, removing non-circularized
DNA, and amplifying the regions of interest from the circu-
larized, isolated molecular inversion probes.

[0014] According to another aspect of the invention, a
method for enriching for target sequences is provided. The
method comprises:

capturing mutant sequences and wild type sequences within a
plurality of droplets, exposing the mutant sequences and wild
type sequences within the droplets to a reaction mixture con-
taining pairs of nucleic acid primers, each pair of primers
generating under nucleic acid amplification conditions an
amplicon that is a copy of a target sequence, wherein the
amplicon generated by one pair of primers is different from
the amplicon generated from each other pair of primers,
wherein the amplicons have substantially the same Tm and/or
Tc, and wherein each droplet is exposed to only one pair of
primers, subjecting the mutant sequences and wild type
sequences in the reaction mixture to a first denaturing tem-
perature that is above the melting temperature of the mutant
sequences and wild type sequences,

reducing the temperature of the reaction mixture to permit the
formation of a mutant strand/wild type strand duplexes,
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subjecting the duplexes in the reaction mixture to a critical
denaturation temperature Tc that is below the Tm of the
duplex formed by wild-type target sequences, to permit selec-
tive denaturation of the duplexes containing mutant
sequences, without denaturation of the duplexes formed by
wild-type target sequences,

reducing the temperature of the reaction mixture in the pres-
ence of pairs of nucleic acid primers and permitting the prim-
ers to anneal to the mutant sequences, and

extending the primers to enrich the mutant sequences.
[0015] According to another aspect of the invention, a
method for enriching for mutant target sequences is provided.
The method comprises:

capturing target sequences within a plurality of droplets in
such a manner that each droplet contains only copies of a
single reference sequence plus only copies of the correspond-
ing target sequence,

exposing the target and reference sequences within the drop-
lets to a reaction mixture containing pairs of nucleic acid
primers corresponding to the target captured within each
droplet and each pair of primers generating under nucleic acid
amplification conditions an amplicon that is a copy of a target
sequence, wherein the amplicon generated by one pair of
primers is different from the amplicon generated from each
other pair of primers, wherein the amplicons have substan-
tially the same Tm and/or Tc, and wherein each droplet is
exposed to only one pair of primers, only the corresponding
region of interest and only the reference sequence corre-
sponding to the region of interest,

subjecting the target sequences and the reference sequences
in the reaction mixture to a first denaturing temperature thatis
above the melting temperature of the target sequences and the
reference sequences,

reducing the temperature of the reaction mixture to permit the
formation of a target strand/reference strand duplexes,
subjecting the duplexes in the reaction mixture to a critical
denaturation temperature Tc that is below the Tm of the
duplex formed by wild-type target sequences and the refer-
ence sequences, to permit selective denaturation of the
duplexes containing sequence variants, without denaturation
of'the duplexes formed by wild-type target sequences with the
reference sequences,

reducing the temperature of the reaction mixture in the pres-
ence of pairs of nucleic acid primers and permitting the prim-
ers to anneal to the target sequences, and

extending the primers to enrich the mutant target sequences.
[0016] The reference sequence is synthetically formed and
corresponds to the target sequence. In embodiments, the ref-
erence sequence is a copy of at least a portion of the wild-type
target sequence. In some embodiments, the reference
sequence is the same as the sequence of the target wild-type
sequence.

[0017] Having described certain methods of the invention,
it should be apparent that there are novel products that are
useful in practicing the invention as well as novel reaction
mixtures produced in the course of practicing the invention.
[0018] Inone aspect of the invention, a kit is provided. The
kit is a package containing at least two pairs of nucleic acid
primers. Each pair of primers binds to a host’s nucleic acids
and generates under nucleic acid amplification conditions an
amplicon that is a copy of a region of interest of the host’s
genome, wherein the amplicon generated by one pair of prim-
ers is different from the amplicon generated from each other
pair of primers, and wherein the amplicons have substantially
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the same Tm and/or Tc In some embodiments, each amplicon
is at least 40 nucleotides in length. In some embodiments, the
host is a human and each region of interest is known to have
oris suspected of having a sequence variation among humans.
In some embodiments, the host is a human and at least one
region of interest is known to have or is suspected of having a
variation at a single nucleotide position within the region of
interest. In some embodiments, the host is a bacteria, parasite
or virus and each region of interest is known to have or is
suspected of having a sequence variation.

[0019] In some embodiments, one primer of each pair of
primers is attached to a solid substrate, e.g., a bead. In other
embodiments, both primers of each pair of primers are
attached to a substrate. In some embodiments, the host is a
human and the regions of interest comprise a sequence known
to be present when there is disease, known to be predictive of
disease or known to be predictive of successful treatment of
disease with a drug. In some embodiments, one or both prim-
ers from each pair of primers have 5'-terminal ends that do not
bind the region of interest, wherein the terminal ends of
forward primers have the same sequence and the terminal
ends of reverse primers have the same sequence. In some
embodiments, the at least two pairs of nucleic acid primers is
atleast 5, 10, 15, 20, 30, 40, 50, 100, 200, 500, 1,000, 5,000,
10,000 or 30,000 pairs of primers. In some embodiments, the
kit further comprises a polymerase. In some embodiments,
the kit further comprises at least two capture oligonucleotides
that bind to different regions of interest. In some embodi-
ments, the kit further comprises beads.

[0020] In some embodiments, the kit further comprises at
least two different reference oligonucleotides, each different
reference oligonucleotide having a sequence identical to a
portion of, or the whole of, a strand of a corresponding ampli-
con. Each different reference oligonucleotide can exclude the
sequence occurring at the ends of the strand of its correspond-
ing amplicon, and each different reference oligonucleotide
can be substantially non-overlapping with the pair of primers
that generate its corresponding amplicon. In some embodi-
ments, each reference oligonucleotide is biotinylated at one
end. In any of the foregoing embodiments, the reference
sequence can be a capture sequence. In some embodiments,
the kit further comprises streptavidin coated beads.

[0021] Insomeembodiments, one pair of each pair of prim-
ers is attached to a bead and the kit further comprises at least
two different reference oligonucleotides, each different ref-
erence oligonucleotide having a sequence identical to a por-
tion of a strand of a corresponding amplicon. Each different
reference oligonucleotide can exclude the sequence occur-
ring at the ends of the strand of its corresponding amplicon.
Each different reference oligonucleotide can be substantially
non-overlapping with the pair of primers that generate its
corresponding amplicon. In some embodiment, each refer-
ence oligonucleotide is biotinylated at one end. In some
embodiments, the beads are streptavidin coated.

[0022] Finally, it is also known that some genomic regions
can be polymorphic (i.e. contain Single Nucleotide Polymor-
phisms, SNPs, and thus there may be at least two different
versions of each region of interest in human genomic DNA).
Accordingly, in some embodiment there can be at least two
different versions of each reference oligonucleotide, each
version representing the different polymorphisms known to
exist for a region of interest in genomic DNA, e.g. one version
having a G and another having an A for a G/A SNP, and so
forth).
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[0023] According to one aspect of the invention, a kit com-
prising a pair of nucleic acid primers, and a reference oligo-
nucleotide is provided. The pair of primers binds to a host’s
nucleic acids and generates under nucleic acid amplification
conditions an amplicon that is a copy of a region of interest of
the host’s genome. The reference oligonucleotide has a
sequence identical to a portion of a strand of the amplicon.
The reference oligonucleotide can exclude the sequence
occurring at the ends of the strand of the amplicon. The
reference oligonucleotide can be substantially non-overlap-
ping with either primer. In some embodiments, the reference
oligonucleotide is biotinylated at one end. In some embodi-
ments, the kit further comprises steptavidin coated beads.

[0024] According to one aspect of the invention, a compo-
sition of matter comprising, a bead, a reference oligonucle-
otide attached to the bead, and a corresponding primer
attached to the bead is provided. The reference oligonucle-
otide attached to the bead has a sequence that is a portion of a
strand of an amplicon derived from a host’s nucleic acids. The
reference oligonucleotide can exclude the sequence which is
at the ends of the strand of the amplicon. The corresponding
primer attached to the bead is the complement of the sequence
at one end of the strand of the amplicon and does not overlap
substantially with the reference sequence. In some embodi-
ments, the reference oligonucleotide is a plurality of refer-
ence oligonucleotides having different sequences, and
wherein the primer is the complement of the sequence at one
end of the strand of only a single amplicon, and wherein the
amplicon corresponds to the capture oligonucleotide bound
to the bead. Finally, in another embodiment, both primers for
amplifying a given region of interest can be attached to the
bead.

[0025] According to an aspect of the invention, a reaction
mixture comprising at least two pairs of nucleic acid primers
is provided. Each pair of primers binds to a host’s nucleic
acids and generates under nucleic acid amplification condi-
tions an amplicon that is a copy of a region of interest of the
host’s genome, wherein the amplicon generated by one pair
of'primers is different from the amplicon generated from each
other pair of primers, and wherein the amplicons have sub-
stantially the same Tm and/or Tc In some embodiments, each
amplicon is at least 40 nucleotides in length. In some embodi-
ments, the host is a human and each region of interest is
known to have or is suspected of having a sequence variation
among humans. In some embodiments, the host is a human
and at least one region of interest is known to have or is
suspected of having a variation at a single nucleotide position
within the region of interest. In some embodiments, the host
is a bacteria, parasite or virus and each region of interest is
known to have or is suspected of having a sequence variation.

[0026] In some embodiments, one primer of each pair of
primers is attached to a substrate, e.g., a bead. In some
embodiments, both primers of each pair of primers are
attached to a substrate. In some embodiments, the host is a
human and the regions of interest comprise a sequence known
to be associated with a disease, known to be predictive of a
disease or known to be predictive of successful treatment with
a drug. In some embodiments, the pairs of primers have
terminal ends that that do not bind the region of interest,
wherein the terminal ends of the forward primers have the
same sequence and the terminal ends of the reverse primers
have the same sequence. In some embodiments, the at least
two pairs of nucleic acid primers is at least 5, 10, 15, 20, 30,
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40, 50, 100, 200, 500, 1,000, 5,000, 10,000 or 30,000 pairs of
primers. In some embodiments, the reaction mixture further
comprises a polymerase.

[0027] In some embodiments, the reaction mixture com-
prises the iso-Tm and/or iso-Tc amplicons generated by the
pairs of primers.

[0028] According to one aspect of the invention, a reaction
mixture comprising at least five different amplicons is pro-
vided. Each amplicon is a copy of a different region of interest
of a host’s genome, wherein each amplicon is present in at
least 10 copies, and wherein the amplicons have substantially
the same Tm and/or Tc. In some embodiments, substantially
all the amplicons in the reaction mixture have substantially
the same Tm and/or Tc.

[0029] Insome embodiments, the host is a human and each
region of interest is known to have or is suspected of having a
sequence variation among humans. In some embodiments,
the hostis ahuman and at least one region of interest is known
to have or is suspected of having a variation at a single
nucleotide position within the region of interest. In some
embodiments, the hostis a bacteria, parasite or virus and each
region of interest is known to have or is suspected of having a
sequence variation.

[0030] In some embodiments, the reaction mixture further
comprises a bead to which is attached a nucleic acid having a
reference sequence at least in part identical to a strand of an
amplicon. In some embodiments, the host is a human and the
regions of interest comprise a sequence known to be associ-
ated with cancer, known to be predictive of disease or known
to be predictive of successful treatment with a drug. In some
embodiments, the at least 5 different amplicons is at least 10,
15, 20, 30, 40, 50, 100, 200, 500, 1,000, 5,000, 10,000 or
30,000 different amplicons. In some embodiments, the reac-
tion mixture further comprises pairs of nucleic acid primers,
each pair of primers generating under nucleic acid amplifica-
tion conditions one of the at least 5 amplicons. In some
embodiments, the reaction mixture further comprises hetero-
duplexes, wherein the heteroduplexes are formed of ampli-
cons having substantially the same sequence.

[0031] According to another aspect of the invention, a
method for enriching for mutant target sequences is provided.
The method comprises

(a) exposing a plurality of target sequences to a reaction
mixture containing pairs of nucleic acid primers, each pair of
primers generating under nucleic acid amplification condi-
tions an amplicon that is a copy of a target sequence, wherein
the amplicon generated by one pair of primers is that of a
different target from the amplicon generated from each other
pair of primers,

(b) subjecting the target sequences in the reaction mixture to
a denaturing temperature that is above the melting tempera-
ture of wild-type target sequences,

(c) reducing the temperature of the reaction mixture to permit
the formation of mutant:wild-type target strand heterodu-
plexes,

(d) subjecting the heteroduplexes in the reaction mixture to a
first critical denaturation temperature Tc that is below the
lowest Tm of the duplex formed by wild-type target
sequences, to permit selective denaturation of the heterodu-
plexes containing sequence variants, without denaturation of
the duplexes formed by wild-type target sequences,

(e) reducing the temperature of the reaction mixture in the
presence of pairs of nucleic acid primers and permitting the
primers to anneal to the mutant target sequences,
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() extending the primers to enrich the mutant target
sequences, and

(g) repeating steps (d) to (f) at least once at a second critical
denaturation temperature which is above the first critical
denaturation temperature to permit amplification of mutant
target sequences having wild-type:mutant Tc at the second
critical denaturation temperature.

In some embodiments, the reaction mixture comprises a ref-
erence sequence that is the same as the wild-type target
sequence.

[0032] Insomeembodiments, steps (d)to (f) are repeated at
least 2, 3, 4, 5, 10, 15, 20, 25, 30, 35, 40, 45, or 50 times at
successively increasing critical denaturation temperatures. In
some embodiment, at each critical denaturation temperature,
steps (d) to (f) are repeated for two or more cycles. In some
embodiments, at each critical denaturation temperature, steps
(d) to (f) are repeated for 5-40 cycles. In some embodiments,
at each critical denaturation temperature, steps (d) to (f) are
repeated for 10-30 cycles.

[0033] According to another aspect of the invention, a
method for enriching for mutant target sequences is provided.
The method comprises

(a) exposing the target sequences and reference sequences to
a reaction mixture containing pairs of nucleic acid primers,
each pair of primers generating under nucleic acid amplifica-
tion conditions an amplicon that is a copy of a target
sequence, wherein the amplicon generated by one pair of
primers is that of a different target from the amplicon gener-
ated from each other pair of primers,

(b) subjecting the target sequences and the reference
sequences in the reaction mixture to a denaturing temperature
that is above the melting temperature of the target sequences
and the reference sequences,

(c) reducing the temperature of the reaction mixture to permit
the formation of a target strand/reference strand duplexes,
(d) subjecting the duplexes in the reaction mixture to a first
critical denaturation temperature Tc that is below the lowest
Tm of the duplex formed by wild-type target sequences and
the reference sequences, to permit selective denaturation of
the duplexes containing sequence variants, without denatur-
ation of the duplexes formed by wild-type target sequences
with the reference sequences,

(e) reducing the temperature of the reaction mixture in the
presence of pairs of nucleic acid primers and permitting the
primers to anneal to the target sequences,

(1) extending the primers to enrich the target sequences,

(g) repeating steps (d) to (f) at least once at a second critical
denaturation temperature which is above the first critical
denaturation temperature to ensure amplification of all target
sequences over references sequences.

In some embodiments, the reference sequence is the same as
the wild-type target sequence.

[0034] Insomeembodiments, steps (d) to (f) are repeated at
least 2, 3, 4, 5, 10, 15, 20, 25, 30, 35, 40, 45, or 50 times at
successively increasing critical denaturation temperatures. In
some embodiments, at each critical denaturation temperature,
steps (d) to (f) are repeated for two or more cycles. In some
embodiments, at each critical denaturation temperature, steps
(d) to (f) are repeated for 5-40 cycles. In some embodiments,
at each critical denaturation temperature, steps (d) to (f) are
repeated for 10-30 cycles.

[0035] According to another aspect of the invention, a
method for enriching for target sequences is provided. The
method comprises
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(a) exposing the target sequences and reference sequences to
a reaction mixture containing pairs of nucleic acid primers,
each pair of primers generating under nucleic acid amplifica-
tion conditions an amplicon that is a copy of a target sequence
and a reference sequence, wherein the amplicon generated by
one pair of primers is to a different target sequence from the
amplicon generated from each other pair of primers,

(b) subjecting the target sequences and the reference
sequences in the reaction mixture to a denaturing temperature
that is above the melting temperature of the target sequences
and the reference sequences,

(c) reducing the temperature of the reaction mixture in the
presence of pairs of nucleic acid primers and permitting the
primers to anneal to the target sequences,

(d) extending the primers to enrich the target sequences,

(e) subjecting the duplexes in the reaction mixture to a first
critical denaturation temperature Tc that is below the lowest
Tm of the duplex formed by wild-type target sequences and
the reference sequences, to permit selective denaturation of
the duplexes containing sequence variants, without denatur-
ation of the duplexes formed by wild-type target sequences
with the reference sequences

(g) repeating steps (c) to (e) at least once at a second critical
denaturation temperature which is above the first critical
denaturation temperature to ensure selective amplification of
all target sequences that contain sequence variants over wild
type sequences.

[0036] Insomeembodiments, the reference sequence is the
same as the wild-type target sequence.

[0037] According to another aspect of the invention, a
method for preparing a single stranded mutant target
sequence from a mixture of target sequences suspected of
containing both the mutant target sequence and a wild type
target sequence is provided. The method comprises:

[0038] (i) subjecting the target sequences to a denaturing
temperature that is above the melting temperature of the
target sequences, thereby forming a mixture containing the
single stranded mutant sequence and single stranded wild
type sequences, the mixture characterized by a ratio of single
stranded mutant sequences relative to single stranded wild
type sequences,

[0039] (ii) contacting the mixture with an excess of a ref-
erence sequence complementary to the wild type sequence,
[0040] (iii) reducing the temperature to permit formation of
target strand/reference strand duplexes, wherein the duplexes
include mutant strand/reference strand duplexes and wild
type strand/reference strand duplexes,

[0041] (iv) subjecting the target strand/reference strand
duplexes to a critical denaturation temperature Tc that is
below the melting temperature of the wild type strand/refer-
ence strand duplexes, to permit selective denaturation of
mutant strand/reference strand duplexes,

[0042] whereby the ratio of single stranded mutant target
sequences relative to single stranded wild type target
sequences is increased.

[0043] In some embodiments, the method for preparing a
single stranded mutant target sequence further comprises
[0044] (v) reducing the temperature to a critical hybridiza-
tion temperature that permits selective formation of wild-type
target sequence/reference sequence duplexes relative to for-
mation of mutant sequence/reference sequence duplexes. In
some embodiments, (iv) and (v) are repeated at least 1, 2, 3, 5,
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10, 50, 75, 100, 200, 300, 400, 500, 600, 700, 800, 900, or
1000 times to further enrich for the single stranded mutant
target sequences.

[0045] In some embodiments, the method for preparing a
single stranded mutant target sequence further comprises
[0046] (vi) after (iv), removing wild type strand/reference
strand duplexes,

[0047] (vii) repeating (iii), (iv) and (vi) atleast 1,2, 3, 5, 10,
50, 75, 100, 200, 300, 400, 500, 600, 700, 800, 900, or 1000
times to further enrich for the single stranded mutant target
sequences.

[0048] In some embodiments, the method for preparing a
single stranded mutant target sequence further comprises

[0049] (viii) after (iv), removing reference sequences,
[0050] (ix)adding additional excess of reference sequence,
[0051] (x) repeating (iii), (iv), (viii) and (ix) at least 1,2, 3,

5, 10, 50, 75, 100, 200, 300, 400, 500, 600, 700, 800, 900, or
1000 times to further enrich for the single stranded mutant
target sequences.

[0052] Inany of the foregoing embodiments of the method
for preparing a single stranded mutant target sequence, the
reference sequences may be attached to particles. In any of the
foregoing embodiments of the method for preparing a single
stranded mutant target sequence, the reference sequences are
attached to magnetic particles. In some embodiments, the
target sequences in (i) are contacted with an excess of at least
two different reference sequences, each different reference
sequence being complementary to a different wild-type target
sequence, and the duplexes formed by the wild type
sequences/reference sequences having substantially the same
melting temperature, or substantially the same critical dena-
turation temperature (Tc). In some embodiments, the target
sequences in (i) are contacted with an excess of at least 10, 15,
20, 30, 40, 50, 100, 200, 500, or 1000 different reference
sequences.

[0053] Inany of the foregoing embodiments of the method
for preparing a single stranded mutant target sequence, the
method further comprises detecting the single stranded
mutant target sequences. In any of the foregoing embodi-
ments of the method for preparing a single stranded mutant
target sequence, the method further comprises isolating the
single stranded mutant target sequences.

[0054] In some embodiments, the single stranded mutant
target sequences are isolated by:

[0055] contacting the single stranded mutant target
sequences with primers,

[0056] reducing the temperature to permit binding of the
primers to single stranded mutant target sequences,

[0057] enzymatically extending the primers using biotiny-
lated nucleotides,

[0058] capturing the biotinylated sequences on a streptavi-
din-coated solid surface, and removing any unbound
sequences, and

[0059] releasing the single-stranded mutant
sequences from the solid surface.

[0060] In some embodiments, the single stranded mutant
target sequences are isolated by:

target

[0061] adding an excess of biotinylated reference
sequences,
[0062] rapidly reducing the temperature below 50-55° C.to

permit formation of single stranded mutant target sequence/
biotinylated reference sequence duplexes,

[0063] treating with exonuclease Ito eliminate excess ref-
erence sequence,
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[0064] capturing the biotinylated sequences on a streptavi-
din-coated solid surface, and removing any unbound
sequences, and
[0065] releasing the single-stranded mutant
sequences from the solid surface.
[0066] In some embodiments, the single stranded mutant
target sequences are isolated by:
[0067] contacting the formed duplexes with an excess of
non-biotinylated adaptor and thermostable ligase at critical
hybridization temperature to permit selective ligation of the
non-biotinylated adaptor to the duplexes formed by wild-type
target sequences with the reference sequences,
[0068] adding an excess of biotinylated adaptor and ther-
mostable ligase,
[0069] reducing the temperature to permit formation of
mutant target strand/reference strand duplexes, followed by
binding of biotinylated adaptor to the formed duplexes,
[0070] capturing the biotinylated sequences on a streptavi-
din-coated solid surface, and removing any unbound
sequences, and

[0071] releasing the single-stranded mutant target

sequences from the solid surface.

[0072] In some embodiments, the single stranded mutant
target sequences are isolated by:
[0073] using biotinylated reference sequences, and the
duplexes formed by wild type sequence/biotinylated refer-
ence sequence are removed by capture on steptavidin-coated
solid surface, thereby leaving an enriched population of
single-stranded mutant target sequences.
[0074] In some embodiments, the single stranded mutant
target sequences are isolated by:
[0075] attaching the reference sequences to magnetic beads
and the duplexes formed by wild type sequence/reference
sequence are removed by removing the magnetic beads.
[0076] In any of the foregoing embodiments, the target
sequences are pre-amplified using asymmetric PCR prior to
contacting with the reference sequences.
[0077] In any of the foregoing embodiments, the target
sequences are contacted to the reference sequences in the
presence of an organic solvent.
[0078] Each of the embodiments and aspects of the inven-
tion can be practiced independently or combined. Also, the
phraseology and terminology used herein is for the purpose of
description and should not be regarded as limiting. The use of
“including”, “comprising”, or “having”, “containing”,
“involving”, and variations thereofherein, is meant to encom-
pass the items listed thereafter and equivalents thereof as well
as additional items.
[0079] These and other aspects of the inventions, as well as
various advantages and utilities will be apparent with refer-
ence to the Detailed Description. Each aspect of the invention
can encompass various embodiments as will be understood.
[0080] All documents identified in this application are
incorporated in their entirety herein by reference.

target

BRIEF DESCRIPTION OF THE DRAWINGS

[0081] FIG. 1 shows the identification and tracing of tumor
fingerprints using COLD-PCR RAINDANCE™. FIG. 1A
shows that massively parallel COLD-PCR is enabled by the
RainDance™ microfluidics, to extract a selected portion of
the genome while simultaneously enriching the mutations.
The mutation-enriched genome is then screened via Second
Generation Sequencing (SGS). FIG. 1B shows the tracing (or
identification plus tracing) of tumor fingerprint in blood using
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plasma circulating DNA and the combined COLD-PCR-
RainDance technology. FIG. 1C shows the principle of drop-
let formation by RainDance: Genomic DNA in droplets is
merged with droplets containing primers for specific regions.
Millions of nano-droplets are then PCR-amplified in a single
tube, followed by massively parallel sequencing. PCR can be
replaced by COLD-PCR to greatly facilitate low-abundance
mutation detection via second generation sequencing (SGS).
FIG. 1D shows the principle of COLD-PCR: mutant-WT
heteroduplexes are formed at an intermediate temperature
during PCR, following which the heteroduplexes are selec-
tively denatured and preferentially amplified.

[0082] FIG. 2 shows the design of ice-COLD-PCR solid
support (bead).
[0083] FIG. 3 shows an emulsion containing ice-COLD-

PCR bead, captured target sequences, free forward primer
and PCR ingredients (polymerase, dNTP, etc.) before ice-
COLD-PCR amplification.

[0084] FIG. 4 shows an emulsion containing ice-COLD-
PCR bead, captured target sequences, free forward primer
and PCR ingredients (polymerase, dNTP, etc.) after ice-
COLD-PCR amplification.

[0085] FIG. 5 demonstrates that the sensitivity of mutation
detection by fast-COLD-PCR was significantly enhanced fol-
lowing target isolation by biotinylated probe. The cell line
used was SW480, which contains TP53 exon 8 ¢.818 G>A
mutation. A wild-type DNA was processed as a control, in
parallel. The arrows indicate the position of the mutation.
[0086] FIG. 6 demonstrates that the lowest mutation abun-
dance detectable was ~0.3% abundance using bead-isolated
DNA, while the detection limit for reactions using genomic
DNA was 1% mutant abundance.

[0087] FIG. 7 shows one approach to apply multiplex
COLD-PCR. Multiple targeted genes were amplified by long-
range PCR with high-fidelity polymerase with one of the
primer labeled with biotin at its 5' end in each amplicon. The
5'labeled single strand DNA were immobilized onto strepta-
vidin magnetic beads and annealed to anchor primers con-
sisting of generic regions and a targeted gene sequence. Liga-
tion mediation amplification was performed followed by
conventional PCR or COLD-PCR using generic primer A and
B, to generate copies of target regions that have the same Tc
and hence can be amplified in a single COLD-PCR reaction.
[0088] FIG. 8 demonstrates simplex conventional and
COLD-PCR detection ofa TP53 exon 8 mutation. A 5% TP53
exon 8 ¢.818 G>A mutation diluted into wild-type DNA was
processed with the ligation-based approach followed by con-
ventional PCR or COLD-PCR with T_ at 86° C. Reverse
strand was sequenced. A wild-type DNA was processed as a
control, in parallel. The arrows indicate the position of the
mutation.

[0089] FIG. 9 shows duplex conventional and COLD-PCR
detection of a TP53 exon 6 and exon 9 mutation. A mixture of
10% TP53 exon 6 ¢.580 C>T mutation and 10% TP53 exon 9
¢.925 C>T mutation diluted into wild-type DNA was pro-
cessed with the ligation based approach followed by conven-
tional PCR or COLD-PCR with single T, at 84.7° C. or
two-temperature T, a first T at 84.5° C. followed by T at 85°
C. Nested PCR were performed to isolate the target exons to
allow Sanger sequencing. The arrows indicate the position of
the mutation.

[0090] FIG. 10 shows temperature-independent COLD-
PCR for a KRAS codon 12 sequence in solution. The muta-
tion containing sequences are preferentially amplified during
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TI-COLD-PCR and are clearly sequenced. In contrast,
sequencing from conventional PCR only shows amplification
when a denaturation temperature of 84.7° C. is used.

[0091] FIG. 11 shows the isolation of target DNA regions
via repeated denaturation and hybridization.

[0092] FIG. 12 shows the capture and isolation of mutation
(or DNA damaged)-enriched single stranded sequences by
primer extension.

[0093] FIG. 13 shows the capture and isolation of mutation
(or DNA damaged)-enriched single stranded sequences by
hybridization to excess biotinylated reference.

[0094] FIG. 14 shows the capture and selective biotinyla-
tion of single stranded sequences via selective ligation at
critical denaturation temperatures.

[0095] FIG. 15 shows an illustration of the RE.SE.CT con-
cept.
[0096] FIG. 16 shows RE.SE.CT enrichment for a KRAS

point mutation C>A. At each round, the mutated sequence
was enriched.

[0097] FIG. 17 shows RE.SE.CT enrichment for a KRAS
double mutation CC>AA. At each round, the mutated
sequence was enriched.

[0098] FIG. 18 shows bead purification of KRAS double
mutation (CC>AA) from TL119 patients.

[0099] FIG. 19 shows the enrichment of KRAS single point
mutation (C>A) from SW480 mutant DNA mixtures.

[0100] FIG. 20 shows the enrichment of KRAS Single
point mutant (C>T) from A549 mutant DNA mixtures.
[0101] FIG. 21 shows the enrichment of KRAS Single
point mutant (C>T) at various denaturation temperatures

DETAILED DESCRIPTION OF THE INVENTION

[0102] A ‘target region’ or ‘target sequence’, used inter-
changeably herein, embraces both the mutant sequence and
the wild-type sequence. In certain contexts, it may refer to one
or the other. As used herein, a ‘region of interest’ in genomic
DNA is a ‘target region’. Target sequences do not necessarily
need to have an exact size, i.e. one may even do a random
fragmentation of the genome, or portion thereof, or some
other form of restriction digestion prior to hybridization with
reference sequence. The target portion that is complementary
to the reference sequence will be interrogated for mutations,
irrespective of what happens outside the reference sequence
portion. This makes things easier, e.g. there is no need for a
PCR pre-amplification step to enrich for target sequences
from genomic DNA, which may introduce errors. However, if
random fragmentation is used, the average fragment size
should be at least 10-fold bigger than the target sequences
(e.g. large fragments of 1 kb or larger can be interrogated on
beads with a reference sequence of 100 bp).

[0103] ‘Enriching a mutant target sequence’ refers to
increasing the amount of a mutant target sequence and/or
increasing the ratio of mutant target sequence relative to the
corresponding wild type sequence in a sample. For example,
where the ratio of mutant sequence to wild type sequence is
initially 5% to 95% in a sample, the mutant sequence may be
preferentially amplified in an amplification reaction so as to
produce a ratio of 70% mutant sequence to 30% wild type
sequence. Thus, there is a 14 fold enrichment of the mutant
sequence relative to the wild type sequence in this hypotheti-
cal example. Generally, enrichment of a mutant target
sequence results in a 2x to 200x increase in the mutant target
sequence relative to the wild type sequence prior to enrich-
ment. The enrichment of the mutant target sequence is at least
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a2x,3x,4x%,5x%, 6x,7x, 8x, 9x, 10x, 15%, 20x, 25%, 30x, 35x,
40x, 45x, 50x, 60x, 70x, 80x, 90x 100x, 150x, 200x or more
fold enrichment. Enrichment of a mutant target sequence
results in a sample having 10%, 15%, 20%, 25%, 30%, 35%,
40%, 45%, 50%, 55%, 60%, 65%, 70%, 80%, 90%, 95% or
more, mutant target sequence compared to wild type
sequence (e.g., 10% mutant target sequence: 90% wild type
sequence to 95% mutant target sequence: 5% wild type
sequence).

[0104] ‘Mutant Target sequence’ refers to a nucleic acid
that is less prevalent in a nucleic acid sample than a corre-
sponding wild type sequence. The mutant target sequence
typically makes-up less than 50% of the total amount of wild
type sequence+mutant sequence in a sample. The mutant
target sequence may be expressed at the RNA and/or DNA
level 1:10, 1:15, 1:20, 1:25x, 1:30, 1:35, 1:40, 1:45, 1:50,
1:60, 1:70, 1:80, 1:90, 1:100, 1:150, 1:200x or less than the
wild type sequence. For example, a sample (e.g., blood
sample) may contain numerous normal cells and few cancer-
ous cells. The normal cells contain non-mutant or wild-type
alleles, while the small number of cancerous cells contain
somatic mutations. In another embodiment, the invention is
directed to detecting fetal DNA in a nucleic acid sample
obtained from a mother. In this embodiment, the mutant target
sequence is present in the fetal DNA while the more prevalent
mother DNA contains the wild type sequence. As used herein,
a mutant target sequence is meant to include fetal DNA
obtained from a pregnant mother. In another embodiment, the
invention is directed to detecting one or more methylated
alleles in the presence of a large excess of unmethylated
alleles, or vice versa in epigenetic analysis.

[0105] The mutant target sequence is about 17-2000 nucle-
otides long. In one embodiment the mutant target sequence is
20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150,
160, 170, 180, 190, 200, 250, 300, 350, 400, 450, 500, 600,
700, 800, 900 or more nucleotides long. Mutant target
sequences share at least 50%, 60%, 70%, 80%, 85%, 90%,
91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99% or more
homology to the corresponding wild type sequence, but dif-
fers by at least one nucleotide from the wild type sequence.
Mutant target sequences according to the invention can be
amplified via PCR with the same pair of primers as those used
for the wild type sequence.

[0106] “Wild type target sequence’ refers to a nucleic acid
that is more prevalent in a nucleic acid sample than a corre-
sponding mutant target sequence (e.g, same region of gene
but different nucleic acid sequence). The wild type sequence
makes-up over 50% of the total wild type sequence+mutant
target sequence in a sample. The wild type sequence can be
expressed at the RNA and/or DNA level 10x, 15x, 20x, 25x,
30x, 35x, 40x, 45x%, 50x, 60x, 70x, 80x, 90x 100x, 150x,
200x or more than the mutant sequence. For example, a
sample (e.g., blood sample) may contain numerous normal
cells and few cancerous cells. The normal cells contain non-
mutant or wild-type alleles, while the small number of can-
cerous cells contain somatic mutations. As used herein, a
“wild type strand” refers to a single nucleic acid strand of a
wild type sequence. The term ‘wild-type’ typically refers to
the most common polynucleotide sequence or allele for a
certain gene in a population. Generally, the wild-type allele
will be obtained from normal cells.

[0107] The wild type sequence is about 17-2000 nucle-
otides long. In one embodiment the wild type sequence is 20,
30, 40, 50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150, 160,
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170, 180, 190, 200, 250, 300, 350, 400, 450, 500, 600, 700,
800, 900 or more nucleotides long. Wild type sequences will
share at least 50%, 60%, 70%, 80%, 85%, 90%, 91%, 92%,
93%, 94%, 95%, 96%, 97%, 98%, 99% or more homology to
the corresponding mutant target sequence, but will differ by at
least one nucleotide from the mutant target sequence. Wild
type sequences according to the invention can be amplified by
PCR with the same pair of primers as that used for the mutant
sequence.

[0108] “Allele’ refers to alternative forms of a gene, portion
thereof or non-coding region of DNA that occupy the same
locus or position on homologous chromosomes that have at
least one difference in the nucleotide sequence. The term
allele canbeused to describe DNA from any organism includ-
ing but not limited to bacteria, viruses, fungi, protozoa,
molds, yeasts, plants, humans, non-humans, animals, and
archaebacteria. The alleles may be found in a single cell (e.g.,
two alleles, one inherited from the father and one from the
mother) or within a population of cells (e.g., a wild-type allele
from normal tissue and a somatic mutant allele from diseased
tissue).

[0109] An allele can be 17-2000 nucleotides long. In one
embodiment the allele is 20, 30, 40, 50, 60, 70, 80, 90, 100,
110, 120, 130, 140, 150, 160, 170, 180, 190, 200, 250, 300,
350, 400, 450, 500, 600, 700, 800, 900 or more nucleotides
long. Alleles will generally share 50%, 60%, 70%, 80%, 85%,
90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99% or
more homology to each other. Alleles according to the inven-
tion can be amplified by PCR with the same pair of primers.
[0110] Inone embodiment, the present invention is used to
enrich a polymorphism. Any given gene may have none, one,
or many allelic forms (polymorphism). Common mutational
changes which give rise to alleles may be the result of natural
or artificial (e.g., chemical carcinogens) deletions, additions,
or substitutions of nucleotides. Each of these types of changes
may occur alone, or in combination with the others, one or
more times in a given sequence.

[0111] Theterm ‘mutant’ refers to a nucleotide change (i.e.,
a single or multiple nucleotide substitution, deletion, inser-
tion, or methylation) in a nucleic acid sequence. A nucleic
acid which bears a mutation has a nucleic acid sequence
(mutant allele) that is different in sequence from that of the
corresponding wild-type polynucleotide sequence. The
methods of the invention are especially useful in selectively
enriching several or numerous mutant alleles simultaneously.
The mutant alleles can contain between 1 and 500 nucleotide
sequence changes. A mutant allele may have 1,2,3,4,5,6,7,
8,9,10,11,12,13, 14,15, 16,17, 18, 19, 20, 25, 30, 35, 40,
45, 50, 60, 70, 80, 90, 100, 200, 300, 400 or 500 nucleotide
sequence changes compared to a corresponding wild-type
allele. Typically, a mutant allele will contain between 1 and 10
nucleotide sequence changes, and more typically between 1
and 5 nucleotide sequence changes. The mutant allele will
have 50%, 60%, 70%, 80%, 85%, 90%, 91%, 92%, 93%,
94%, 95%, 96%, 97%, 98%, 99% or more homology to the
wild-type allele. Generally, the mutant allele will be obtained
from diseased tissues or cells and is associated with a disease
state.

[0112] As used herein the term ‘melting temperature’ or
‘Tm’ refers to the temperature at which a polynucleotide
dissociates from its complementary sequence. Generally, the
Tm may be defined as the temperature at which one-half of
the Watson-Crick base pairs ina duplex nucleic acid molecule
are broken or dissociated (i.e., are ‘melted’) while the other
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half of the Watson-Crick base pairs remain intact in a double
stranded conformation. In other words, the Tm is defined as
the temperature at which 50% of the nucleotides of two
complementary sequences are annealed (double strands) and
50% of the nucleotides are denatured (single strands). Tm,
therefore defines a midpoint in the transition from double-
stranded to single-stranded nucleic acid molecules (or, con-
versely, in the transition from single-stranded to double-
stranded nucleic acid molecules).

[0113] The Tm can be estimated by a number of methods,
for example by a nearest-neighbor calculation as per Wetmur
1991 (Wetmur, J. G. 1991. DNA probes: applications of the
principles of nucleic acid hybridization. Crit. Rev Biochem
Mol Biol 26: 227-259, hereby incorporated by reference) and
by commercial programs including Oligo™ Primer Design
and programs available on the internet. Alternatively, the Tm
can be determined though actual experimentation. For
example, double-stranded DNA binding or intercalating
dyes, such as ethidium bromide or SYBR-green (Molecular
Probes) can be used in a melting curve assay to determine the
actual Tm of the nucleic acid. Additional methods for deter-
mining the Tm of a nucleic acid are well known in the art and
described herein.

[0114] As used herein, the term ‘critical denaturation tem-
perature’ or “T¢’ refers to a temperature below the Tm of the
wild type sequence, at which temperature a duplex of the
wild-type sequence and the mutant sequence will melt. (In
some instances, this temperature may be one at which a
homoduplex of the mutant sequences also melts.) The Tc is
applied to preferentially denature the double-stranded
sequences that contain mutations, while keeping in duplex
form the wild-type sequences, so as to allow the selective
enrichment of the sequence containing a mutation during an
amplification reaction. The critical denaturing temperature
(Tc) is the temperature below which PCR efficiency drops
abruptly for a given nucleic acid sequence. For example, a
167 bp p53 homoduplex sequence amplifies well if the PCR
denaturing temperature is set at 87° C., amplifies modestly at
86.5° C. and yields no detectable product if PCR denaturation
is set at 86° C. or less. Therefore in this example Tc is 86.5°
C. The Tc is about 0.1-20° C. below the Tm of the wild-type
sequence (and/or reference sequence in certain examples
herein). More preferably the Tc is about 0.1-10°C.,0.1-9° C.,
0.1-8°C.,0.1-7° C.,0.1-6° C.,0.2° C.-5° C.,0.3° C.-4.5° C,,
0.4-4°C.0.5-3.5°C.,0.5-3°C.,0.5-3°C.,0.5-2.5° C.,0.5-2°
C., 0.5-1.5° C.,, 0.5-1° C. below the Tm of the wild-type
sequence. In some embodiments, the Tc is below the Tm of
both the wild-type homoduplex and the mutant homoduplex
target sequences. For example, the Tc may be about 0.1-10°
C,0.1-9°C,0.1-8° C., 0.1-7° C., 0.1-6° C., 0.2-5° C., 0.3-
4.5°C., 04-4°C,0.5-3.5°C,05-3°C,, 0.5-3° C,, 0.5-2.5°
C.,0.5-2°C.,0.5-1.5° C., 0.5-1° C. below the Tm of both the
wild-type homoduplex and the mutant homoduplex target
sequences.

[0115] One approach to identify the optimal Tc to run a
COLD-PCR reaction, is to run a wild-type sequence in a
gradient covering several different denaturation tempera-
tures. In parallel, a gradient of mutant sequences and/or het-
eroduplex mutant:wild-type sequences is run under the same
conditions. Once a temperature is identified that enables
reproducible generation of robust PCR product for the
mutated sequences, but not for the wild-type sequences, this
represents the optimal Tc that can be adopted thereafter for
the particular region of interest.
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[0116] In practice we find that in most cases the optimal Tc
to run a reaction lies 1 degree below the Tm. Accordingly, an
easier approach to identify the Tc of a sequence is to adopt the
empirical rule Tc=Tm-1° C. for homoduplexes versus hetero-
duplexes, where there are only one or a few differences
between the wild-type and the mutant sequences. Because
there are established experimental methods to identify the Tm
of'asequence (e.g. experimentally via melting curve analysis;
or theoretically via software prediction), this approach for
identifying the Tc is more practical. In most instances, the
formula Te=Tm-1° C. provides the optimal Tc. However, in
some embodiments, the formula Tc=Tm-1° C. may not pro-
vide the most optimal value of Tc. In such cases the detailed
‘gradient-based’ method described herein can be used to
identify the Tc.

[0117] Asusedherein, the term “critical hybridization tem-
perature” (CHT) refers to the temperature (or range of tem-
peratures) over which the rate of hybridization of a wild type
DNA target strand with the (immobilized) wild type comple-
mentary strand is higher than the rate of hybridization of a
mutant DNA target strand with the (immobilized) wild type
complementary strand. When there is a single base pair dif-
ference between mutant target sequence and reference
sequence, there is a reduction in hybridization efficiency rela-
tive to a wild type target sequence hybridizing to a fully
matched reference sequence. Thus, at the critical hybridiza-
tion temperature, there is selective formation of wild-type
target sequence/reference sequence duplexes relative to for-
mation of mutant sequence/reference sequence duplexes. The
critical hybridization temperature is not the same as the criti-
cal denaturation temperature.

[0118] Unlike the critical denaturation temperature which
generally has a narrow range (typically 0.5-2° C. below Tm),
the critical hybridization temperature (CHT) has a broad
range. Typically the critical hybridization temperature is sev-
eral different temperatures below the Tm of the wild type
strand, and allows differential hybridization of the mutant and
wild type target sequences. In some embodiments, the critical
hybridization temperature is 0-20° C. lower than Tm. In some
embodiments, the critical hybridization temperature is 1-10°
C., 2-8° C., or 3-6° C. lower than the Tm of the wild type
strand.

[0119] As used herein, ‘reaction mixture’ is a mixture sus-
pected of containing a mutant sequence duplex that com-
prises a suitable buffer for allowing the denaturing of a mutant
sequence.

[0120] The mutant target sequences and wild type
sequences are obtained from a biological sample, such as a
resected tumor tissue, plasma, and blood. In some embodi-
ments, obtaining mutant target sequences and wild type
sequences from a sample involves isolating plasma-circulat-
ing DNA from a plasma sample obtained from an individual
using the QlAamp MinElute virus spin kit. Obtaining mutant
target sequences and wild type sequences from a sample may
also involve isolating genomic DNA from the sample fol-
lowed by fragmentation of the genomic DNA using physico-
chemical means or enzyme-driven fragmentation.

[0121] As used herein, ‘primer pair’ refers to two primers
that anneal to opposite strands of a mutant target and wild
type sequence so as to form an amplification product during a
PCR reaction. The primer pair is designed so as to have a Tm
lower than the Tc of the reaction.

[0122] According to one aspect of the invention, a set of
specially-designed primer pairs specific to regions of interest
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are provided. The primer pairs are designed using available
computer programs such that upon amplification the resulting
amplicons are predicted to have the same melting temperature
(i.e., all resulting amplicons are iso-Tm or iso-T¢). A number
of primer design software are available, and can be used to
specially design primers, such as Primer3 (Steve Rozen and
Helen J. Skaletsky (2000)

[0123] Primer3 on the WWW for general users and for
biologist programmers. In: Krawetz S, Misener S (eds) Bio-
informatics Methods and Protocols: Methods in Molecular
Biology. Humana Press, Totowa, N.J., pp 365-386), Primer-
Blast (NCBI tools), Primer Premier (Premier Biosoft Inter-
national), and OligoPerfect™ Designer (Invitrogen). In some
embodiments, primers are designed that upon amplification
generate iso-Tm or iso-Tc DNA amplicons covering a set of
genes shown to correlate with response to a specific drug
treatment or a DNA repair pathway.

[0124] According to some aspects of the invention, a
method for multiplexing COLD-PCR/ice-COLD-PCR to
enrich simultaneously several low abundance alleles (mutant
target sequences) from a sample is provided. The method
involves capturing a reaction mixture suspected of having a
mutant target sequence and a wild type sequence within a
constrained space. As used herein, ‘constrained space’
includes, for example, droplets, micro-chambers, pico-litter
volumes, emulsion, micro-beads, glass chambers, or alterna-
tive solid supports such as a glass-surface or a semiconductor
surface. COLD-PCR/ice-COLD-PCR includes a cross-hy-
bridization step, during which mutant sequences hybridize to
wild-type sequences to form hetero-duplexed molecules that
melt preferentially at a critical denaturation temperature that
is below the melting temperature of the homo-duplex.
Because proximity of DNA molecules increases the hybrid-
ization efficiency substantially, it is expected that performing
COLD-PCR in space-constrained small volumes, (e.g. in
Raindance™ technologies, FIG. 1, or as in Fluidigm tech-
nologies) or on solid support (beads, or in BEAM-ing tech-
nologies, glass, or on any other nano-platform) increases
greatly the mutation enrichment potential. Therefore the
methods described herein may be performed either by solu-
tion-based COLD-PCR or by space-constrained COLD-PCR
to achieve more efficient and multiplexed mutation enrich-
ment.

[0125] The mutant and wild type target sequences may be
preferentially enriched prior to capturing the reaction mixture
within a constrained space. For example, specially-designed
biotinylated capture-oligonucleotides may be used to capture
selected fractions from fragmented genomic DNA prior to
capturing the reaction mixture within a constrained space. In
some embodiments, specially designed molecular inversion
probes may be used to capture selected fractions from frag-
mented genomic DNA prior to capturing the reaction mixture
within a constrained space (see, e.g. http://www.ncbi.nlm.
nih.gov/projects/genome/probe/doc/TechMIP.shtml;  Nils-
son M et al. Padlock probes: circularizing oligonucleotides
for localized DNA detection. Science. 1994 Sep. 30; 265
(5181):2085-8). In some embodiments, specially designed
microarray-based capture probes may be used to capture
selected fractions from fragmented genomic DNA prior to
capturing the reaction mixture within a constrained space
(Chou et al. DNA sequence capture and enrichment by
microarray followed by next-generation sequencing for tar-
geted resquencing: neurofibromatosis type 1 gene as model.
Clin. Chem. (2010) 56:1, 62-72). In some embodiments,
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long-range PCR to selectively amplify the mutant target
sequence and the wild type sequence is performed prior to
capturing the reaction mixture within a constrained space. In
some embodiments, ligation-mediated-PCR of blunted DNA
fragments of plasma circulating DNA is performed to pref-
erentially amplify the smaller size apoptotic DNA fragments
(FIG. 1B). This type of circulating-DNA amplification
increases the proportion of DNA originating from a tumor
(Mamon H, Hader C, Li J, et al. Preferential amplification of
apoptotic DNA from plasma: potential for enhancing detec-
tion of minor DNA alterations in circulating DNA. Clin Chem
2008; 54(9):1582-4).

COLD-PCR/ice-COLD-PCR in Droplets

[0126] In some embodiments, the method is performed in
droplets (e.g., droplet emulsions). The droplet emulsion may
include discontinuous or dispersed regions of a subject fluid
(e.g., droplets) in a continuous fluid, with these fluids option-
ally separated by one or more intermediate fluids. The subject
fluid may include, for example, an aqueous solution contain-
ing one or more components of interest (e.g., target
sequences, beads, fragmented DNA, dNTPs, primers, etc.),
and the continuous fluid may be a fluid that is immiscible or
slightly miscible with the subject fluid.

[0127] The reaction mixture along with PCR reagents is
dispensed into droplets. Specially-designed primer pairs spe-
cific to the mutant target sequences and the wild type
sequences which result in iso-Tm or iso-Tc DNA amplicons
upon amplification are also dispensed into microdroplets. The
droplets containing the fragmented DNA with PCR reagents
are then merged with the droplets containing the specially-
designed primers such that every microdroplet contains the
reaction mixture, primer pair and PCR reagents. The method
then includes subjecting the reaction mixture to conventional
PCR using the specially designed primers to allow formation
of'iso-Tm DNA amplicons within all droplets. A typical con-
ventional PCR thermal cycling protocol comprises 30 cycles
of'(a) denaturation at a range o 90° C. to 95° C., (b) annealing
at a temperature ranging from 50° C. to 68° C., and (c)
extension at 68° C. to 75° C. In some embodiments, the
conventional PCR thermal cycling protocol comprises 5
cycles, 10 cycles, 15 cycles, 20 cycles, 25 cycles, 30 cycles or
35 cycles.

[0128] In some embodiments, instead of using specially-
designed primer pairs and PCR amplification to generate
iso-Tm or iso-Tc DNA amplicons, anchor oligonucleotides
are used. The anchor oligos are designed such that the result-
ing DNA strands following extension and ligation are iso-Tm
or iso-Tc and wherein all the amplicons can be amplified
using common primers. Each anchor oligonucleotide com-
prises a portion that recognises and binds to the target nucleic
acid and a portion that does not bind the target (a non-binding
tail). All the forward primers have a tail with a common
sequence and all the reverse primers have a tail with a com-
mon sequence. Upon merging the droplets containing the
reaction mixture with droplets containing the anchor oligo-
nucleotides, the anchor oligonucleotides hybridize to the
mutant and wild type target sequences. This is followed by
primer extension using dNTPs and Taq DNA polymerase and
ligation using DNA ligase. The result is iso-Tm or iso-Tc
amplicons with common ends formed of the primer tails. The
common primer tails enable subsequent COLD amplification
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of all target DNA sequences in a single reaction, using only a
single set of primers which cause the amplification of all the
different amplicons.

[0129] Next, the method involves performing separate
COLD-PCR reactions on millions of droplets in parallel to
enrich mutation containing sequences. COLD-PCR reactions
can be performed according to the methods described in
detail in International Publication No. WO 2009/017784,
which is incorporated herein by reference in its entirety for all
purposes. Briefly, COLD-PCR is performed as follows:

(1) subjecting the amplified reaction mixture to a first dena-
turing temperature that is above the melting temperature (Tm)
of the amplified wild type sequence so as to permit the dena-
turation of said mutant sequence and said wild type sequence,
wherein said mutant sequence is at least 50% homologous to
said wild type sequence and is amplifiable by the same primer
pair as said wild type sequence. The first denaturing tempera-
ture is set according to standard procedures used in PCR.
Thus, the first denaturing temperature should be sufficiently
high so as to allow the full denaturation of the mutant and wild
type sequences (e.g., 96° C.). In one embodiment, the first
denaturing temperature is about 1° C. to 30° C. above the Tm
of the wild type sequence, more preferably the first denatur-
ing temperature is about 5° C. to 20° C. above the Tm of the
wild type sequence.

(i1) reducing the temperature of the amplification reaction
mixture so as to permit formation of a mutant strand/wild type
strand duplex. In a preferred embodiment, this hybridization
temperature or intermediate temperature (the temperature
being below the first denaturing temperature and Tc but above
the primer annealing/extension temperature, e.g., about 600
C to 800 C) is above the Tm, of the primer pair, and thus
allows the mutant and wild type sequences to hybridize while
preventing binding of the primer pair to the mutant and/or
wild type sequences. This annealing step results in the for-
mation of hybridization duplexes of double stranded mutant-
mutant, wild type-wild type and mutant-wild type sequences.

(iii) subjecting the amplified reaction mixture to a critical
denaturation temperature (Tc) that is below the Tm of said
wild type sequence so as to permit the preferential denatur-
ation of said duplex of step (ii) to form denatured mutant and
wild type strands. The Tc or critical denaturation temperature
is below the Tm of the wild type sequence and can be deter-
mined by the methods described herein. In one embodiment,
the Tc is about 0.3° C.-5° C. below and more preferably about
0.5° C. to 1.5° C. below the Tm of the wild type sequence.
Generally, the Tc will be about 70-90° C. The mutant-mutant
hybridization duplexes may also be preferentially denatured
if the mutant sequence has a nucleotide sequence which
results in a lower Tm compared to the wild type sequence. At
the Tc, the mutant-wild type sequence duplexes (and mutant-
mutant sequence duplexes only if having a lower Tm, than the
wild type sequence) are substantially denatured, whereas the
mutant-mutant duplexes (if having a Tm equal to or greater
than the Tm, of the wild type sequence) and the wild type-
wild type sequence duplexes are substantially un-denatured.
“Substantially” means at least 60%, preferably at least 70%,
more preferably at least 80%, even more preferably at least
90% and most preferably at least 98% in a given denatured or
un-denatured form. The Tc is generally applied from about 1
second to 5 minutes, more preferably 2 seconds to 1 minute
and most preferably 5 seconds to 30 seconds.
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(iv) reducing the temperature of the reaction mixture so as to
permit said primer pair to anneal to said mutant and wild type
strands, and

(v) extending said primer pair so as to enrich said mutant
sequence relative to said wild type sequence.

The steps of the method are generally repeated for multiple
cycles in order to get sufficient amplification of the mutant
and wild type sequences. In one embodiment, the steps of the
method are repeated for 5-40 cycles and more preferably
10-30 cycles. The optimal number of cycles can be deter-
mined by one of ordinary skill in the art.

[0130] Even though much of the description herein
includes performing methods involving droplets, it should be
understood that the methods can be used in the context of
other isolated regions of fluids. For example, in some embodi-
ments, isolated regions of fluid may be in the form of subject
fluids positioned in one or more wells or reservoirs (e.g.,
micro-, nano-, or pico-liter sized wells or reservoirs). Thus,
where the description herein concerns “droplets”, the
description may equally apply to other isolated regions of
fluids (e.g., fluids in “wells”). In some cases, the subject
fluids, while positioned in one or more wells or reservoirs, are
not surrounded by an immiscible or slightly miscible fluid. In
other cases, subject fluids in the form of droplets can be
combined with a well or reservoir system such that the drop-
lets are positioned in the wells or reservoirs during use. Other
configurations of isolated regions of fluid are also possible.
Additionally, methods involving isolated (e.g., space con-
strained) components of interest that do not necessarily
involve the use of isolated regions of fluids are also possible.
For example, in some embodiments, methods described
herein can be performed on solid supports (e.g., on glass,
beads, or other supports).

Fluids

[0131] With respect to a discontinuous or dispersed region
of a subject fluid (e.g., a droplet) in a continuous fluid, these
fluids can be selected among essentially any fluids (liquids,
gases, and the like) by those of ordinary skill in the art by
considering the relationship between the fluids. For example,
the subject fluid and the continuous fluid may be selected to
be immiscible or slightly miscible within the time frame of
formation of the dispersed portions. Where the dispersed
portions remain liquid for a significant period of time, the
fluids may be significantly immiscible. In other cases, the
fluids need not be as immiscible (e.g., they may be slightly
miscible). Those of ordinary skill in the art can select suitable
immiscible or slightly miscible fluids, using contact angle
measurements or the like, to carry out the methods described
herein.

[0132] Various types of fluids may be used in the embodi-
ments described herein. Typically, a subject fluid containing
one or more components of interest (e.g., nucleic acids,
dNTPs, primers, etc.) is aqueous, although non-aqueous flu-
ids can be used as subject fluids in certain embodiments. If the
subject fluid is in the form of a droplet in a continuous fluid,
the continuous fluid may be immiscible or slightly miscible
with the subject fluid. Non-limiting examples of suitable con-
tinuous fluids include oils (e.g., silicone oil, mineral oil),
fluorocarbons, hydrocarbons, and non-polar solvents. Some-
times, a continuous fluid, which may be immiscible with the
aqueous fluid defining the droplet, is slightly water soluble.
For example, oils such as poly(dimethylsiloxane) (PDMS)
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and poly(trifluvoropropylmethysiloxane) are slightly water
soluble. Gases such as air may also be used as continuous
fluids.

Droplets

[0133] Droplets of varying volumes and sizes may be used
in the embodiments described herein. In some cases, a
method may involve the use of a plurality of droplets having
the same or substantially same volume. In other cases, it may
be suitable to generate a plurality of droplets having different
volumes for use in a method described herein. Volumes of
droplets may be chosen depending on the particular applica-
tion. Generally, a droplet may have a volume between 10 pl,
and 1 pL., although other volumes are also possible. In certain
embodiments, droplets may have volumes of, for example,
lessthan 1 pul, less than 0.1 pL., less than 10 nl, less than 1 nL,
less than 0.1 nL, or less than 10 pL. In other embodiments,
droplets may have volumes of, for example, greater than 10
uL, greater than 0.1 nl, greater than 1 nL, greater than 10 nL,
greater than 0.1 pl, or greater than 1.0 pL.. Other ranges of
droplet volumes are also possible.

[0134] Generally, a droplet may have a size between 0.1 um
and 1,000 um, although other sizes are also possible. In some
embodiments, a droplet has a largest cross-sectional dimen-
sion (e.g., adiameter) of, for example, less than 1,000 um, less
than 750 um, less than 500 um, less than 100 pum, less than 75
um, less than 50 um, less than 25 pm, less than 10 pm, less
than 5 pum, less than 1 pm, or less than 0.1 um. In other
embodiments, a droplet has a largest cross-sectional dimen-
sion (e.g., a diameter) of, for example, greater than 0.1 um,
greater than 1 um, greater than 5 um, greater than 10 pm,
greater than 25 pum, greater than 50 um, greater than 75 pm,
greater than 100 um, greater than 500 um, greater than 750
um, or greater than 1,000 um. Other sizes are also possible.
[0135] Insomeembodiments, a plurality of droplets is sub-
stantially monodisperse in size. A plurality of droplets may
have a polydispersity of, for example, less than 5%, less than
4%, less than 3%, less than 2%, less than 1.5%, or less than
1%. In other embodiments, the sizes of a plurality of droplets
can vary and the droplets are not substantially monodisperse.
[0136] The droplets are typically spherical in shape, but
may be non-spherical depending on the droplet’s surrounding
environment. For example, a droplet placed in a well or a
channel may take on the shape of the well or channel in some
embodiments.

Droplet Formation

[0137] The droplets described herein can be formed using
any suitable technique. In some embodiments, the droplets
are formed by a flow focusing technique. Flow focusing may
involve focusing the flow of a subject fluid by exposing the
subject fluid to two separate streams of a continuous fluid, and
allowing the two separate streams to join and to completely
circumferentially surround the subject fluid stream to form a
droplet ofthe subject fluid. In some cases, droplets are formed
by flowing a subject fluid through a nozzle. The subject fluid
may protrude from the nozzle, and the protrusion may grow as
additional subject fluid is injected. Simultaneously, a continu-
ous fluid may be injected to shear the outer surface of the
protruding subject fluid, as they are focused into a channel.
‘When the shear on the subject fluid due to the continuous fluid
exceeds the surface tension holding the subject fluid protru-
sion at the nozzle, a droplet of subject fluid is pinched off and
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dispersed into the continuous fluid. This process repeats and
may form droplets of the same size, or of different sizes,
depending on the desired mono- or polydispersity of the
droplets. Non-limiting examples of methods for forming
droplets are described in more detail in U.S. Pat. No. 7,708,
949, filed Dec. 28, 2004, entitled “Method and Apparatus for
Fluid Dispersion” [Harvard]; International Publication No.
WO/2009/139898, filed May 15, 2009, entitled “Valves and
Other Flow Control in Fluidic Systems Including Microflu-
idic Systems” [Harvard]; and U.S. Pat. No. 6,951,632, filed
Now. 16, 2001, entitled “Microfluidic Devices for Introducing
and Dispensing Fluids from Microfluidic Systems”, each of
which is incorporated herein by reference in its entirety for all

purposes.

Components of Interest

[0138] Asdescribed herein, an isolated region of fluid (e.g.,
adroplet or a fluid in a well) may contain various components
of'interest. In some embodiments, the components of interest
are specific to performing PCR. In some such embodiments,
the components of interest are specific to a particular process,
such as a COLD-PCR or an ice-COLD-PCR process as
described herein.

[0139] Certain methods described herein involve the use of
a library of different components of interest, such as a library
of primer pairs specific to regions of interest which result in
iso-Tm or iso-Tc DNA fragments upon amplification, or a
library of beads comprising different specific capture
sequences. In some embodiments, different members of the
library (e.g., primer pairs, or beads) may be dispensed into the
droplets such that each droplet contains one or more different
library members. Each droplet may contain various numbers
of copies of a component of interest, as described herein.
Multiple droplets can form a droplet library of the compo-
nents. For example, in one set of embodiments, each droplet
contains one primer pair specific to a region of interest which
results in a DNA fragment that is substantially iso-Tm (and
substantially iso-Tc) with respect to other DNA fragments
(contained in other droplets) upon amplification. A plurality
of such droplets may form a droplet library of specially-
designed primer pairs that result in substantially iso-Tm (and
substantially iso-Tc) DNA fragments upon amplification. In
another set of embodiments, each droplet contains at least one
bead having attached thereto a specific capture sequence.
Additionally, each droplet may optionally contain a primer
pair, one or more components of which may be attached to the
bead or in solution. A plurality of such droplets may form a
droplet library of beads with specific capture sequences (op-
tionally with the primer pair). Other examples of libraries of
components are provided herein. Each droplet may optionally
contain other components of interest (e.g., ANTPs, enzymes,
buffer components) that may be generic to the other droplets,
and are used for amplification.

[0140] Insomeembodiments, a plurality of droplets is pro-
vided, each of the droplets including fragmented DNA of
different regions of interest. The region of interest in the
droplet may be optionally enriched. In some cases, the
regions of interest are enriched prior to being included in the
droplets. In other cases, the regions of interest are enriched
after being in droplet form. In one set of embodiments, a
plurality of droplets is provided, each of the droplets includ-
ing specially-designed biotinylated capture-oligonucleotides
which may be used to capture selected fractions from frag-
mented genomic DNA. In another set of embodiments, a
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plurality of droplets is provided, each of the droplets includ-
ing specially designed molecular inversion probes which may
be used to capture selected fractions from fragmented
genomic DNA. In another set of embodiments, a plurality of
droplets is provided, each of the droplets including specially
designed microarray-based capture probes which may be
used to capture selected fractions from fragmented genomic
DNA. In yet another set of embodiments, a plurality of drop-
lets is provided, each of the droplets including amplified
regions of interest (e.g., formed by using long-range PCR). In
some embodiments, ligation-mediated-PCR of blunted DNA
fragments of plasma circulating DNA is performed to pref-
erentially amplify smaller size apoptotic DNA fragments, and
such fragments are included in a plurality of droplets. In yet
another set of embodiments, a plurality of droplets is pro-
vided, each of the droplets including anchor oligonucleotides.
As described herein, the anchor oligonucleotides may be
designed such that the resulting DNA strands following
extension and ligation are iso-Tm or iso-Tc.

[0141] Various numbers of copies of a component of inter-
est may be provided in each droplet. For example, in some
embodiments, each droplet of a plurality of droplets (e.g., a
droplet library) includes a single copy of a component of
interest. In other embodiments, each droplet of a plurality of
droplets includes 2-5,000 copies of a component of interest
(e.g., greater than 2 copies, greater than 10 copies, greater
than 50 copies, greater than 100 copies, greater than 200
copies, greater than 500 copies greater than 700 copies,
greater than 1,000 copies, greater than 2,000 copies, or
greater than 4,000 copies of a component of interest). The
component of interest may be those described herein (e.g.,
DNA fragments, primer pairs, etc.). In some embodiments,
each droplet contains on average ~2-1000 genome copies to
enable formation of heteroduplexes during COLD-PCR
cycling. Other numbers of copies of components of interest
are also possible.

[0142] In some embodiments a plurality of droplets con-
taining different components of interest (e.g., a droplet
library) is provided, the plurality of droplets comprising
greater than 2 droplets, greater than 10 droplets, greater than
100 droplets, greater than 500 droplets, greater than 1,000
droplets, greater than 5,000 droplets, greater than 10,000
droplets, greater than 50,000, greater than 100,000, greater
than 500,000, or greater than 1,000,000 droplets. As
described in more detail herein, a plurality of droplets con-
taining components of interest can be manipulated substan-
tially simultaneously to perform a plurality of reactions in
parallel. In certain embodiments, greater than 2 droplets,
greater than 10 droplets, greater than 100 droplets, greater
than 500 droplets, greater than 1,000 droplets, greater than
5,000 droplets, greater than 10,000 droplets, greater than
50,000, greater than 100,000, greater than 500,000, greater
than 1,000,000 droplets can be manipulated substantially
simultaneously to perform a plurality of reactions in parallel.

[0143] A plurality of droplets containing different compo-
nents of interest (e.g., a droplet library) may be formed by any
suitable method. In some embodiments, a method of forming
droplets containing different components of interest involves
providing a subject fluid containing the components of inter-
est (e.g., fragmented DNA and reagents for PCR, beads, etc.),
and using a flow focusing technique or any other suitable
technique to form the droplets. The number of components of
interest in each droplet can be controlled by, for example,
varying the concentration of the components in the subject
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fluid prior to droplet formation, by varying the flow rate ofthe
subject fluid and continuous fluid during droplet formation,
and/or by using other methods known to those of ordinary
skill in the art. Non-limiting examples of methods for pro-
ducing droplet libraries are described in more detail in U.S.
Publication No. 2010/00022414, filed Jul. 17, 2009, entitled
“Droplet Libraries” [Raindance™], which is incorporated
herein by reference in its entirety for all purposes.

Methods for Merging Droplets

[0144] Insome embodiments, a droplet of a first type (e.g.,
a droplet containing a first reagent, which may optionally be
amember of a first droplet library) is combined with a droplet
of'a second type (e.g., a droplet containing a second reagent,
which may optionally be a member of a second droplet
library). For example, a droplet of a first type may include a
first set of components for performing PCR (e.g., COLD-
PCR or ice-COLD-PCR, such as fragmented DNA, dNTPs,
enzymes such as polymerase and/or buffer components, and
a droplet of a second type may include a second set of com-
ponents for performing PCR (e.g., COLD-PCR or ice-
COLD-PCR, such as primers for specific regions). The com-
bined droplet may contain DNA fragments, a specific primer
pair and PCR reagents in amounts suitable for a full amplifi-
cation or enrichment. Optionally, three or more droplets (e.g.,
droplet containing components for performing PCR) may be
combined to form a single droplet in some embodiments.
Merging (i.e., fusing) of droplets can be performed by any
suitable method. In some embodiments, merging of droplets
is performed using an electric field. For example, two streams
of droplets in a microfluidic system may combine at an inter-
section (e.g., in a “Y” configuration) or other suitable con-
figuration, and electrodes that can produce an electric field at
or near the intersection may be used to reduce the surface
tension of the two droplets. Reduction of the surface tension
of the droplets can allow the droplets to merge when the
droplets are brought in close proximity to one another. In
another embodiment, a heating element can be used to merge
droplets. In other embodiments, merging of droplets can be
performed by draining the continuous fluid between the two
droplets and bringing the two droplets close together. For
example, for a device that is fabricated in a polymer such as
PDMS, an oil separating the droplets may dissolve into the
bulk of the polymer device over time. This can cause the
droplets to merge in certain embodiments (e.g., if the droplets
or the continuous fluid do not include a surfactant, the drop-
lets are more likely to merge).

[0145] In some embodiments, additional regents can be
introduced into droplets without the merging of droplets. For
instance, a droplet including a fluid of a first type (e.g., a
droplet containing a first reagent, which may optionally be a
member of a first droplet library) may be combined with a
stream of fluid of a second type (e.g., a fluid containing a
second reagent).

[0146] Other methods for merging droplets or introducing
reagents into droplets can also be used. Non-limiting
examples of methods for merging droplets and introducing
reagents into droplets are described in International Publica-
tion No. W0/2007/133710, filed May 11, 2007, entitled
“Microfluidic Devices and Methods of Use Thereof” [Rain-
dance™], and Teh et al., “Droplet microfiuidics”, Lab Chip,
2008, 8, 198-220, each of which is incorporated herein by
reference in its entirety for all purposes.



US 2014/0051087 Al

Additives

[0147] A variety of different additives can be included in
the droplets described herein. In some embodiments, one or
more surfactants or detergents may be added to the droplets,
and/or to a continuous fluid surrounding the droplets, to sta-
bilize the droplets against coalescence. The type of surfactant
chosen may depend on factors such as the type of continuous
fluid being used, the contents inside the droplet, and the
material containing the emulsion. For example, if the emul-
sion is contained in a microfiuidic device fabricated in a
certain material, the surfactant may be chosen such that it
stabilizes an aqueous droplet, does not denature the contents
inside the droplet, and is compatible with a carrier fluid that
does not dissolve in the material used to form the device. Any
suitable surfactant, including anionic, non-ionic, or cationic
surfactants, may be used. In one set of embodiments, suitable
surfactants may include the non-ionic surfactants sorbitan-
based carboxylic acid esters (“Span”), including sorbitan
monolaurate (Span 20), sorbitan monopalmitate (Span 40),
sorbitan monostearate (Span 60) and sorbitan monooleate
(Span 80), and perthiorinated polyethers. Other non-limiting
examples of non-ionic surfactants which may be used include
polyoxyethylenated alkylphenols (for example, nonyl-,
p-dodecyl-, and dinonylphenols), polyoxyethylenated
straight chain alcohols, polyoxyethylenated polyoxypropy-
lene glycols, polyoxyethylenated mercaptans, long chain car-
boxylic acid esters (for example, glyceryl and polyglycerl
esters of natural fatty acids, propylene glycol, sorbitol, poly-
oxyethylenated sorbitol esters, polyoxyethylene glycol
esters, etc.) and alkanolamines (e.g., diethanolamine-fatty
acid condensates and isopropanolamine-fatty acid conden-
sates). In addition, ionic surfactants such as sodium dodecyl
sulfate (SDS) may also be used.

[0148] In some embodiments, the droplets include one or
more labels. For example, a single droplet may contain a
single label in some instances. The label may be attached to an
entity inside the droplet such as a chemical or biological
material (e.g., fragmented DNA, a primer, a capture
sequence) or a non-chemical or biological material (e.g., a
bead). In other embodiments, the label is free-floating in the
droplet. Any suitable label may be used. Non-limiting
examples of labels include optical labels, enzymatic labels
and radioactive labels, including but limited to proteins, DNA
tags, dyes, quantum dots, radio frequency identification tags,
or combinations thereof. The label may be detected by any
suitable method such as by fluorescence polarization, fluo-
rescence intensity, fluorescence lifetime, fluorescence energy
transfer, pH, ionic content, temperature or combinations
thereof.

Wells

[0149] Insome embodiments, one or more isolated regions
of fluid are positioned in one or more wells (e.g., micro-,
nano-, or pico-liter sized wells) or reservoirs. As described
herein, the isolated regions of fluids may be in the form of
droplets, or simply isolated fluids inside the wells. The wells
may be configured as a micro-, nano-, or pico-titer plate,
positioned in a microfluidic system, or have any other suitable
configuration.

[0150] A device (e.g., atiter plate, or a microfiuidic device)
can include any suitable number of wells. For instance, a
device can include greater than 1, great than 5, greater than
10, greater than 100, greater than 1,000, greater than 10,000,
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greater than 50,000, greater than 100,000, greater than 500,
000, or greater than 1,000,000 wells that may be used to hold
a fluid (e.g., a droplet or other isolated fluid).

[0151] The wells may have any suitable size, volume,
shape, and/or configuration. For example, a well may have at
least one cross-sectional dimension (e.g., a length, width or
height) of less than 250 um, less than 200 um, less than 150
um, less than 100 pm, less than 75 pm, less than 50 pum, less
than 25 pm, less than 10 pm, or less than 1 um. In some
embodiments, a well can have a volume of less than 50 plL,
less than 10 pL, less than 1 pl, less than 100 nL, less than 10
nl, less than 1 nl, less than 100 pL, or less than 10 pL.. Other
sizes and volumes are also possible.

[0152] A well can have any suitable shape for holding a
fluid. For example, one well may have a cross-section in the
shape of a square, another may be rectangular, and another
may have a triangular shape. If the wells are used to contain
droplets, different shapes of wells may allow droplets to have
different surface energies while positioned in the well, and
can cause a droplet to favor one shape over another. Different
shapes of microwells can also be used in combination with
droplets of different size, such that droplets of certain sizes
favor particular shapes of microwells.

[0153] Insome cases, the size of the well is approximately
the same size as the droplet. For instance, the volume of the
well can be less than approximately twice the volume of the
droplet. This is particularly useful for positioning a single
droplet within a single well. In other cases, however, more
than one droplet can be positioned in a well. Having more
than one droplet in a well can be useful for applications that
require the merging of two droplets into one larger droplet,
and for applications that include allowing a component to
pass (e.g., diffuse) from one droplet to another adjacent drop-
let. Non-limiting examples of methods for positioning drop-
lets in wells are provided in U.S. Pat. No. 7,556,776, filed
Sep. 8, 2005, entitled “Microfiuidic Manipulation of Fluids
and Reactions” [Brandeis/Harvard]; U.S. Publication No.
2010/0163109, filed Aug. 4, 2009, entitled “Manipulation of
Fluids and Reactions in Microfluidic Systems” [Brandeis/
Harvard], each of which is incorporated herein by reference
in its entirety for all purposes.

[0154] It should be understood, however, that in other
embodiments, droplets need not be positioned in wells of a
microfiuidic device. For example, droplets can be aligned
side by side one another in a channel or a reservoir of a
microfluidic system, each of the droplets separated by a con-
tinuous fluid. In another example, a plurality of droplets are
positioned (e.g., randomly) in a large reservoir of a microf-
luidic device. Other configurations are also possible.

Microfluidic Channels

[0155] Droplets or other isolated regions of fluid may be
positioned in regions of a microfluidic device having any
suitable cross-sectional dimension. Typically, fluid channels
in a microfluidic system have maximum cross-sectional
dimensions of less than 2 mm, and in some cases, less than 1
mm. In some embodiments, all fluid channels of a device have
a largest cross sectional dimension of no more than 2 mm or
1 mm. However, larger regions such as reservoirs having a
largest cross-sectional dimension of, for example, between 2
mm and 50 mm, may be used to contain droplets or other
entities. In one set of embodiments, the maximum cross-
sectional dimension ofthe channel(s) of amicrofluidic device
are less than 500 microns, less than 200 microns, less than 100
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microns, less than 50 microns, or less than 25 microns. The
channel can have any suitable cross-sectional shape (circular,
oval, triangular, irregular, square or rectangular, or the like),
any suitable configuration (e.g., serpentine, straight), and can
be covered or uncovered. In embodiments where it is com-
pletely covered, at least one portion of the channel can have a
cross-section that is completely enclosed, or the entire chan-
nel may be completely enclosed along its entire length with
the exception of its inlet(s) and outlet(s). A channel may also
have an aspect ratio (length to average cross sectional dimen-
sion) of at least 2:1, more typically at least 3:1, 5:1, 0or 10:1 or
more. An open channel generally will include characteristics
that facilitate control over fluid transport, e.g., structural char-
acteristics (an elongated indentation) and/or physical or
chemical characteristics (hydrophobicity vs. hydrophilicity)
or other characteristics that can exert a force (e.g., a contain-
ing force) on a fluid. The fluid within the channel may par-
tially or completely fill the channel. In some cases where an
open channel is used, the fluid may be held within the chan-
nel, for example, using surface tension (i.e., a concave or
convex meniscus).

[0156] The channels of the device may be hydrophilic or
hydrophobic in order to minimize the surface free energy at
the interface between a material that flows within the channel
and the walls of the channel. For instance, if the formation of
aqueous droplets in an oil is desired, the walls of the channel
may be made hydrophobic. If the formation of oil droplets in
an aqueous fluid is desired, the walls of the channels may be
made hydrophilic. Other configurations are also possible.

Methods Involving Microfluidics

[0157] As described herein, certain aspects of the invention
are directed to methods for enriching simultaneously several
low abundance alleles (target sequences) from a sample via
COLD-PCR or ice-COLD-PCR. In some cases, the target
sequences are mutations at the 1-10% level. A method may
involve, for example, introducing a first subject fluid in a
dispersed phase in a first channel of a microfluidic device, and
introducing a continuous phase fluid in a second channel of
the device. The device may include components such as heat-
ing and cooling regions for performing PCR. The first subject
fluid may include one or more target sequences to be enriched
and optionally other components for performing COLD-PCR
or ice-COLD-PCR (e.g., dNTPs, enzymes such as poly-
merase and/or buffer components). The channels of the
microfluidic device may be configured to form droplets of the
subject fluid (e.g., a first set of droplets); for instance, the
channels may be arranged in a flow focusing configuration to
allow droplet formation. The method may involve forming a
plurality of droplets of the subject fluid (each of the droplets
containing fragments of the target sequence to be enriched),
the droplets optionally being monodisperse. In some embodi-
ments, the method may involve introducing a second subject
fluid containing a second set of components for performing
PCR (e.g., primers for specific regions) into the device. The
second subject fluid may also be formed into droplets (e.g., a
second set of droplets) in some embodiments. In some
instances, a droplet from the first set is merged with a droplet
from the second set to form combined droplets, each of which
contain all of the reagents necessary for performing COLD-
PCR or ice-COLD-PCR. The method may involve perform-
ing COLD-PCR or ice-COLD-PCR on the plurality of (com-
bined) droplets simultaneously in the microfluidic device to
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allow simultaneous enrichment of several low abundance
alleles (mutant sequences) from the sample.

[0158] As a result of performing one or more methods
described herein, in some embodiments, a plurality of drop-
lets may be provided, each ofthe droplets containing enriched
fragments of target sequences, wherein the target sequences
comprise mutations at the 1-10% level.

[0159] Themassively parallel COLD-PCR amplification in
droplets can be performed by utilizing a micro-fluidic device
from RainDance™ Inc. that can dispense DNA and PCR
reagents within individual droplets prior to performing
amplification on million of droplets in parallel to enrich muta-
tion-containing sequences. To combine COLD-PCR with
RainDance™ technology, the following modifications on the
existing Raindance™ technology can be applied:

(a) the amount of input DNA can be adjusted so that each
nano-droplet contains at average of ~2-1000 genome copies
(instead of an average of 1 genome copy currently applied). In
this manner, the formation of heteroduplexes during COLD-
PCR cycling will be enabled.

(b) Because RainDance™ amplifies genomic DNA regions
with a 10-fold variance from droplet-to-droplet, the total
number of droplets formed per experiment can be increased
by 5-10-fold. This amounts to increasing the total input DNA
used and the total time of droplet formation, e.g. from the
current 6-10 minutes to ~60 minutes. In this manner, the
probability of capturing low-level events (mutations) in drop-
lets will not be affected by inter-droplet variability, while in
the subsequent COLD-PCR step the mutations will be
enriched.

COLD-PCR/ice-COLD-PCR on Solid Support

[0160] Insome embodiments, the method is performed on
a solid support. For example, the reaction mixture is captured
on magnetic beads. This could be achieved by hybridizing the
DNA fragments with biotinylated capture oligos followed by
incubating the oligo-DNA hybrids with steptavidin-coated
magnetic beads. The beads are then washed to remove
unbound DNA. Alternatively, a reference sequence (RS) is
attached to a magnetic microbead by steptavidin-biotin bind-
ing. The RS is then used to capture the reaction mixture by
incubating the RS-bound beads with the reaction mixture.
Following incubation and washing, each bead contains sev-
eral copies of mutant sequences and wild type sequences
hybridized to bead-bound RS.

[0161] Each bead is then encompassed within an emulsion
that contains single bead with captured mutant and wild type
sequences and sequence-specific reverse primer bound to it
plus common forward primer and PCR mix in solution within
emulsion. Conventional PCR is then performed to allow for-
mation of iso-Tm DNA fragments, followed by COLD-PCR
reactions within emulsion. In some embodiments, both prim-
ers may be common to all target sequences following ligation
of common ‘tails’ to the target sequences, and both primers
may be bound to the bead.

[0162] In some embodiments, several individual conven-
tional PCR reactions are performed in solution using biotiny-
lated primers with common primer tails. The primer pairs are
designed such that all resulting amplicons are iso-Tm (i.e.,
upon amplification, the resulting amplicons have the same
melting temperature) or iso-Tc. Each PCR product (iso-Tm
amplicon or iso-Tc amplicon) is then incubated with stepta-
vidin-coated magnetic beads. The unbound DNA is removed
by washing. This results in several copies of target sequences
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bound to the surface of the bead (i.e. several groups of ice-
COLD-PCR beads with targets bounds to their surface are
obtained). All groups of beads are then mixed in a single tube.
Each bead is then encompassed within an emulsion so that at
most a single bead is enclosed within each emulsion together
with PCR components. Using the common primers, COLD-
PCR is then performed on all beads simultaneously as
described herein.

COLD-PCR/ice-COLD-PCR Bead Compositions

[0163] According to some aspects of the invention, a com-
position comprising streptavidin-coated magnetic micro-
beads having primer pairs attached to the bead surface are
provided. The beads may be 1-3 pum in size. One or both
primers specific for the mutant and wild type sequences can
be bound to the bead surface. In some embodiments, a
sequence-specific primer is attached to the bead, while the
common primer is added to the emulsion during amplifica-
tion. In some embodiments, specially-designed primers that
upon amplification result iniso-Tm oriso-Tc DNA amplicons
are bound to the bead surface.

[0164] According to some aspects of the invention, strepta-
vidin-coated magnetic beads having a reference sequence
(RS) bound to the bead surface are provided. The reference
sequence is specific for the intended DNA target, and may be
bound to the bead via a biotinylated nucleotide. Preferably the
RS contains a 3'-end di-deoxy-nucleotide with a double biotin
held by a carbon-chain spacer. Thus, the RS is 3'-blocked
from polymerase extension, and designed according to the
methods described in Milbury C A, et al. (Ice-COLD-PCR
enables rapid amplification and robust enrichment for low-
abundance unknown DNA mutations. Nucleic Acids Res;
39:e2).

[0165] The RS can be synthesized by standard oligonucle-
otide synthesizers. This mode of synthesis has the added
advantage that modified nucleotides such as peptide nucleic
acid (PNA) or locked nucleic acid (LNA) or uracil (U) can be
inserted at will at any position desired on the RS sequence.
Use of PNA at position of the sequence where ‘hot-spot’
mutations are known to concentrate in clinical cancer samples
may boost the ability to enrich these particular mutations.
Alternatively, RS can be synthesized via PCR reaction of the
appropriate sequence from a wild-type DNA sample. PCR
can be conducted with a 5'-biotinylated primer if immobili-
zation to the beads from the 5'-end of the RS is desired.
Following PCR, the 3'-end of the synthesized amplicon is
blocked from polymerase extension, e.g. by adding a di-
deoxy-nucleotide (ddNTP) which prevents further extension.
Optionally, the ddNTP is also biotinylated or doubly-biotiny-
lated when it is desirable to enable binding of the synthesized
RS to the streptavidin beads from the 3'-end. Another yet way
to block the 3'-end is via a—PO4 group, viaa C-3 group at the
3'-end of the sequence, or via any other method known to
skilled artisans of oligonucleotide synthesis and nucleic acid
biochemistry.

[0166] RS is complementary to the wild-type DNA target
sequence, but 5-20 bp shorter in length so that it does not
allow primer binding either to the RS or to the double
stranded structure consisting of RS plus a target sequence
hybridized to the RS. In some embodiments, the bead also
contains on its surface one 5'-biotinylated, bound primer (e.g.
a reverse primer) corresponding to one end of the intended
DNA target (FIG. 2). The primer has only partial overlap with
the RS, and can be designed per the methods described in
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Milbury C A, et al. (Ice-COLD-PCR enables rapid amplifi-
cation and robust enrichment for low-abundance unknown
DNA mutations. Nucleic Acids Res; 39:e2). The relative
amounts of primer-to-RS bound to the surface can be varied,
but preferably are in the region of 0.01-100 primer-to-RS
ratio; or 0.1-10; or 0.5-2.0. In another embodiment of the
invention, a pair of nucleic acid primers corresponding to the
ends of the intended DNA target are bound to the ice-COLD-
PCR bead.

[0167] The RS-bound beads described herein perform sev-
eral functions:

(1) The beads enable sequence-specific capturing and hybrid-
ization of target sequences to the corresponding RS on the
bead surface when incubated with genomic DNA fragments
at an appropriate temperature, e.g. 60-70° C. Following
repeated washing ofthe magnetic beads, each RS-bound bead
contains only the target sequences complementary to the
capture sequence bound to it. These sequences can be either
wild type or mutant sequences, since at hybridization tem-
peratures of 60-70° C. there is little discrimination between
wild type and single point mutation-containing target
sequences, and both are expected to bind to the RS. Thus,
each bead can capture numerous target sequences including
both wild type and mutant sequences on its surface, all of
which hybridize to the bead-bound RS. In this manner, hun-
dreds or thousands of diverse target sequences can be hybrid-
ized simultaneously with their respective RS on the bead
surface, hence each RS serves as a ‘magnet’ for its own
complementary target sequence.

(i1) The beads enable performing the subsequent COLD-PCR
in emulsion. In some embodiments, following incubation of
the RS-bound beads with target sequences and capturing of
each group of target sequences on the corresponding bead-
bound RS, a forward (common to all target sequences) primer
and PCR components are added to the bead solution and the
beads are encompassed in emulsion, according to the general
protocols described in Diehl F, Li M, He Y, et al. BEAMing:
single-molecule PCR on microparticles in water-in-oil emul-
sions. Nat Methods 2006; 3(7):551-9; Li M, Diehl F, Dress-
man D, etal. BEAMing up for detection and quantification of
rare sequence variants. Nat Methods 2006; 3(2):95-7; and
Dressman D, Yan H, Traverso G, et al. Transforming single
DNA molecules into fluorescent magnetic particles for detec-
tion and enumeration of genetic variations. Proc Natl Acad
Sci USA 2003; 100(15):8817-22. Each emulsion encom-
passes a RS-bound bead. Following this, the beads contain
several copies of captured mutant and wild type sequences, as
well as reverse primer bound to their surface, and forward
primer in solution within emulsion (FIG. 3). During the sub-
sequent COLD-PCR amplification, captured target
sequences that are wild type remain bound to RS; while
captured mutant sequences become denatured at the correct
Tc and become selectively amplified within the emulsion.
After amplification the beads contain mainly mutated target
sequences, some of which are bound to the bead surface while
others are free-floating within the emulsions (FIG. 4). Due to
the proximity of DNA strands achieved by performing
COLD-PCR within emulsion, high enrichment of mutations
at any position of the captured target sequences will be
achieved in a multiplex fashion.

Temperature-Independent COLD-PCR

[0168] According to some aspects of the invention, instead
of generating iso-Tm DNA amplicons prior to initiating
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COLD-PCR, temperature-independent COLD-PCR is per-
formed. This modification removes the requirement that the
user isolates iso-Tm or iso-Tc fragments prior to initiating
COLD-PCR, and provides a one-step, one-tube procedure for
all genomic DNA fragments or fractions thereof. Therefore
the described modification enables multiplex COLD-PCR/
ice-COLD-PCR on DNA targets with diverse denaturation
temperatures, simultaneously. The approach can be used to
perform temperature-independent COLD-PCR (TI-COLD-
PCR) either in solution, in droplets or on solid support.
[0169] In some embodiments, the reaction mixture is dis-
pensed into droplets which are then merged with droplets
containing primers for intended DNA targets. TI-COLD-
PCR is performed by ramping the denaturation temperatures
from lower to higher values so that the entire range of all
possible denaturation temperatures is gradually covered. In
some embodiments, conventional PCR is performed prior to
TI-COLD PCR to enrich the low-abundance mutations prior
to TI-COLD PCR.

[0170] Assume that for a given sequence the correct Tc is
84.7° C. TI-COLD-PCR is performed for 10 cycles at 80° C.,
then 10 cycles at 80.3, 10 cycles at 80.6, and so on until a
denaturation temperature of 95° C. is reached where all
sequences would have been denatured at some stage. At tem-
perature below 84.7° C. none of the target sequences would
be denatured and hence no target would amplify. At 84.7° C.
the mutated sequences would selectively amplify using the
sequence specific primers present in the PCR reaction. Above
84.7° C., all sequences would amplify equally, i.e. the
already-enriched mutated sequences plus the wild type
sequences would have equal amplification at denaturation
temperatures higher than 84.7° C. At the final denaturation
temperature of 95° C. the mutated, amplified target sequences
would be enriched over wild type sequences. Similarly, for all
other target sequences with different Tc, the same scenario
would apply: at denaturation temperature below their Tc they
would not amplify, at Tc they would amplify only if they are
mutated, while above Tc all would amplify equally. Hence
overall, at the final denaturation temperature of 95° C. the
mutated, amplified target sequences would be enriched over
wild type sequences, for all DNA targets present in the reac-
tion.

[0171] TI-COLD PCR can be performed in solution in a
tube. This requires that for each target sequence there is a
separate primer pair and all primers are added together in the
reaction. Thus, the primer pair specific to a given sequence
would not be used until the denaturation temperature is high
enough to reach the critical denaturation temperature Tc
where mutant target sequences amplify preferentially over
wild-type sequences. At denaturation temperature Tc the
primers specific for the target sequence would be substan-
tially consumed in synthesizing mainly the mutant ampli-
cons. At temperature above Tc any remaining primers would
be used equally for amplifying the (enriched) mutant
sequences plus the wild-type, until completely consumed.
[0172] However, a problem with this approach is that the
primers would tend to react with each other and form primer-
dimers and by-products. This unwanted effect can be avoided
by limiting the primer concentration to lowest possible (e.g.,
in the region 0£0.01-0.2 um), attaching to all target sequences
the same primer on one end, and a sequence-specific primer
onthe other end, or attaching common primers to both ends of
all target sequences. Alternatively, TI-COLD PCR can per-
formed in a space constrained manner in droplets as per-
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formed by Raindance™ or on solid support as described
herein. For example, by using RS-bound beads that have a
target-specific primer bound to their surface and a generic
forward primer in solution, each emulsion would contain
primers specific to the target sequence captured on the RS,
therefore avoiding unwanted primer interactions. Therefore
ramping of the temperature from lower to higher values
would amplify the target sequences selectively in all emul-
sions simultaneously, without the need to isolate iso-Tc DNA
targets or to know a-priori the required Tc for COLD-PCR. In
some embodiments, conventional PCR is performed prior to
TI-COLD PCR to enrich the low-abundance mutations prior
to TI-COLD PCR.

Temperature-Independent COLD-PCR on Solid Support

[0173] Beads are encompassed in an emulsion, each bead
containing immobilized on its surface (a) reference sequence
1 for target 1, (b) forward primer 1 for target 1. The emulsion
also contains (c) reverse primer 1 for target 1, polymerase,
dNTP and PCR bufters. Additionally, emulsions 2, 3, 4, etc.
similarly contain components for targets 2, 3, 4, etc. The
primers are provided within each emulsion in limited quan-
tity, and the primers may be exhausted after about 20-25
cycles. Assume that target 1 has a Tc=84.0° C., target 2 has
Tc=85.0° C. and target 3 has a Tc=86°, etc. ice-COLD-PCR
is first applied for 20 cycles at Tc for target 1 (Tc=84.0° C.),
during which mutation-containing sequences in emulsion
containing target 1 are amplified, while wild-type sequences
are not amplified. At the same time, none of the targets 2, 3, 4,
etc will amplify in other emulsions, as neither wild type nor
mutant sequences denature at this denaturation temperature.
Following the 20 cycles of ice-COLD-PCR, the primers are
exhausted and the reaction within emulsion containing target
1 stops. If additional targets within different emulsions have
a Tc similar to that of target 1 (Tc=84.0° C.) then they will
also amplify at this temperature, similar to target 1. In this
way, all [so-Tm/iso Tc fragments co-amplity at Tc=84° C. for
the initial 20 cycles.

[0174] The cycling is then switched for another 20 cycles at
Tc for target 2 (Tc=85° C.), during which mutation-contain-
ing sequences in emulsion containing target 2 are amplified,
while wild-type sequences are practically not amplified.
Similarly, following the 20 cycles of ice-COLD-PCR, the
primers are exhausted and the reaction within emulsion con-
taining target 2 stops. Targets that also happen to have Tc=85.
0° C. co-amplify with target 2. By following the same
scheme, denaturation temperatures spanning the entire region
of temperatures (e.g. 80-92° C.) are covered in a single tube,
single COLD-PCR reaction. Reactions in individual emul-
sions start whenever the correct Tc is reached and stop when-
ever the primers are exhausted. This approach ensure that the
primers are not be prone to create primer dimmers within
emulsions. In some embodiments, all targets have common
primers on one or both ends. Because many cycles of PCR are
applied in this approach, polymerase that does not get easily
inactivated at high temperatures can be used (e.g. Phusion).

[0175] The major advantage of this approach is that one
does not need to isolate iso-Tm fragments from genomic
DNA, or even to know what is the Tm and Tc of the targets.
Because the temperature is ramped over all possible denatur-
ation temperatures, starting from lower to higher tempera-
tures, mutation enrichment occurs always until primers are
exhausted within all emulsions. Reactions in individual emul-
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sions start whenever the correct Tc is reached and stop when-
ever the primers are exhausted.

[0176] Temperature-Independent COLD-PCR  Using
Incorporation of Modified Deoxynucleotides During Ampli-
fication.

[0177] In some embodiments, temperature independent
COLD-PCR of multiple DNA fragments having different Tm
and Tc is performed in the presence of modified deoxynucle-
otide triphosphates in the reaction. For example, triphos-
phates containing modified bases such as: 2'-deoxy-inosine;
di-amino-purine; iso-guanine; iso-cytosine; methyl-cytosine;
7-(2-thienyl)imidazo[4,5-b]pyridine; 2-nitro-4-propynylpyr-
role; aminoallyl-uridine; xanthine; diaminopyrimidine;
metal-coordinated bases such as 2,6-bis(ethylthiomethyl)py-
ridine with silver ion, or a mondentate pyridine with a copper
ion; nitroazole analogues; or any other modified nucleotide
triphosphate that can be incorporated into DNA by the poly-
merase during PCR may be used. By incorporating modified
bases into DNA during PCR, the Tm of the various DNA
fragments becomes more uniform, thus making it easier for
TI-COLD-PCR to amplify and enrich mutant sequences in
multiple fragments simultaneously.

[0178] For example, assume that a given DNA fragment
has a 60% GC content and a corresponding high Tm 0f90° C.,
while a second fragment has a 40% GC content and a corre-
sponding Tm of 85° C. If 2'-deoxy-inosine is incorporated in
the amplification reaction, this will replace most guanines in
both DNA fragments resulting in the formation of inosine:
cytosine bonds instead of G:C bonds. Accordingly, the effect
ofthe GC content on the Tm will be reduced or eliminated and
both sequences will end up having similar Tm. In the same
way, the opposite approach can also be applied. By incorpo-
rating 2' amino-purine in the place of adenine, the Tm of all
sequences will increase, thus making a uniform high Tm for
all fragments.

[0179] Such approaches that utilize modified DNA bases
will make easier the operation of TI-COLD-PCR, as the Tm
of numerous DNA fragments can be brought closer to each
other. Thus, the temperature window chosen for TI-COLD-
PCR can be narrow and easy to accomplish.

Electrophoretic Techniques to Separate DNA Fragments
According to their Tm

[0180] In some embodiments, instead of specially-de-
signed primer pairs and PCR amplification to generate iso-
Tm DNA fragments, electrophoretic techniques are used to
separate DNA fragments according to their Tm. Diverse DNA
targets with a range of different Tm (and Tc) are physically
separated by gel or capillary electrophoresis and collected in
different fractions, each fraction having diverse DNA targets
that have essentially the same Tm/Tc¢. For example, in CDCE
(constant denaturant capillary electrophoresis, Khrapko et al.
Nucleic Acids Res. 1994 Feb. 11, 22(3):364-369) double
stranded DNA fragments are injected through a capillary
subjected to a gradient of temperatures. DNA that denatures
atacertain Tm1 travels at a different rate through the capillary
from non-denatured DNA and therefore separates from
double stranded DNA and can be collected as fraction 1.
Similarly, DNA that denatures at Tm2 is collected at fraction
2, etc. Each fraction contains DNA targets with diverse
sequences, all of which have the same (or very similar)
Tm/Tec.

[0181] Insome embodiments, common adapters are added
atthe ends of all DNA targets so that they can all be amplified
in a single PCR reaction. Following collection, the DNA
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fragments contained within each fraction can be amplified in
a single tube and under the same COLD-PCR program using
the common adapters. Accordingly, each fraction requires a
different COLD-PCR reaction. Thus, for example, if 20 sepa-
rate fractions are collected that represent all possible Tm in
the region 80-90° C., within 0.5° C. ‘bins’, one can amplify a
substantial part of the human genome and enrich for muta-
tions within each bin. Following 20 separate COLD-PCR
amplifications, the amplicons are then mixed and sequenced
in a single next generation sequencing run.

[0182] Otherapproaches for physical separation of iso-Tm/
iso-Tc diverse DNA fragments include gel electrophoretic
means, such as denaturing gradient gel electrophoresis
(DGGE), constant denaturant gel electrophoresis (CDGE),
temperature gradient gel electrophoresis (TGGE) and tem-
perature gradient capillary electrophoresis (TGCE).

Analyzing the COLD-PCR-Amplified Sequences

[0183] Sequencing:

[0184] Following enrichment of mutation-containing tar-
get sequences via the multiplex COLD-PCR-based
approaches and compositions described herein, the amplified
DNA fragments can be pooled together by dissolving the
emulsion (or by simple purification if the reaction was per-
formed in solution without emulsion) and processed for
sequencing by any one of the next generation sequencing
(NGS) approaches available, including second and third
(single molecule) sequencing technologies. Several NGS
approaches incorporate a PCR step as part of the sequencing.
Accordingly, one approach is to take advantage of this PCR
step and incorporate the COLD-PCR process within the
sequencing itself.

[0185] Incorporation of COLD-PCR within the ‘PCR-
Colony’ Amplification Step Used in Next Generation
Sequencing:

[0186] This approach, integrates COLD-PCR within the
actual sequencing itself, as opposed to the previous examples
that describe iso-Tc COLD-PCR or TI-COLD-PCR that is
performed as an independent procedure prior to NGS.
[0187] During next generation sequencing, the target DNA
is immobilized on solid support and PCR-amplified clonally
to form PCR-Colonies (also known as ‘Polonies’), following
which sequencing on solid support takes place. The present
invention enables the simultaneous amplification of numer-
ous iso-Tm fragments on solid support using COLD-PCR.
Because of the proximity of targets immobilized on solid
support, COLD-PCR is expected to be highly efficient, essen-
tially amplifying only mutation-containing sequences which
are then directly sequenced. Thereby the efficiency of next
generation sequencing is predicted to increase by several
orders of magnitude since essentially ONLY mutation con-
taining sequences are read. Essentially this provides next
generation sequencing of mutant-only DNA.

Iso-Tm or iso-Tc COLD-PCR on Solid Support, as Part of
Polony-Formation Step within Next Generation Sequencing.

A. Aimed Towards the Illumina Platform

[0188] 1. iso-Tm or iso-Tc fragments are made from
genomic DNA, using one of the methods described herein.
Fragmentation is not performed randomly, and the result is
single-stranded targets with common adaptors.

2. Target DNA is bound randomly to the inside surface of the
flow cell channels.
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3. Nucleotides and polymerase is added to initiate solid-phase
bridge full-COLD-PCR amplification of iso-Tm/iso-Tc frag-
ments.

4. Full-COLD-PCR on solid support will allow denaturation
of mismatch-containing sequences formed by hybridization
of immobilized mutant sequences with adjacent immobilized
wild-type sequences, while non-mismatched sequences (wild
type) will be effectively suppressed.

5. Denatured sequences contain a high percent of mutation-
containing sequences

6. Dense clusters of double-stranded DNA enriched in muta-
tion-containing sequences are generated in each channel of
the Illumina flow-cell.

7. This is followed by sequencing-by-synthesis, according to
the Illumina platform.

B. Aimed Towards the Roche-454 Platform, or the Ion Torrent
System (PCR in Emulsion)

[0189] 1. Make iso-Tm or iso-Tc fragments from genomic
DNA, using one of the methods described herein. Fragmen-
tation is not performed randomly, and the result is single-
stranded DNA targets. In some embodiments, the targets
contain common adaptors.

2. Bind target DNA to beads containing dense primers on
their surface, each primer specific for a different target. In
some embodiments, the primers recognize the common adap-
tors.

3. Mix targets with beads at a ratio of less than 1 target per
bead, then enclose beads in emulsion together with nucle-
otides, polymerase and one of the two primers that are also
immobilized on the bead as per the Roche-454 protocol.

4. Initiate emulsion-based full-COLD-PCR amplification of
iso-Tm fragments. Full-COLD-PCR immobilized on beads
enclosed in nano-reactors (emulsion) enables rapid hybrid-
ization of mutant with wild type sequences that allows dena-
turation of adjacent immobilized wild-type sequences.
[0190] BEAM and Flow-Cytometry:

[0191] It may be desirable to isolate beads/emulsions that
contain mutated sequences that have been amplified during
COLD-PCR, and discard beads that contain only wild type
sequences, in order to make subsequent sequencing even
more efficient. In the case where iso-Tc sequences have been
first isolated from genomic DNA prior to COLD-PCR, one
expects that the only emulsions containing copious DNA
amounts are those that include mutated sequences, since in
the emulsions with wild-type sequences there will be little
amplification. In this case, beads with amplified DNA can be
sorted via high throughput flow-cytometry in the presence of
DNA-binding dye, in an approach similar to BEAM technol-
ogy (see Li M, Diehl F, Dressman D, et al. BEAMing up for
detection and quantification of rare sequence variants. Nat
Methods 2006; 3(2):95-7). The population of beads that pro-
duce strong fluorescence signals is the one that contains
amplified mutated sequences and can be sorted and
sequenced.

REpeated DNA-Strand SEparation at Critical Denaturation
Temperatures (RE.SE.CT)

[0192] According to one aspect of the invention, a method
that enables identification of variant-sequence alleles (mutant
target sequences) in the presence of a large excess of non-
variant alleles (wild type target sequences) in nucleic acids
without the complication of polymerase-introduced errors or
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other primer-introduced artifacts is provided. The enrichment
that can be obtained via PCR-based methods has a limit, since
after several cycles of synthesis the polymerase unavoidably
introduces mis-incorporations (PCR errors) that are subse-
quently scored as mutations. Repeated PCR/COLD-PCR can
also introduce mis-priming that results to amplification of
unwanted non-target sequences. Furthermore, there are pow-
erful genetic analysis methods currently emerging (‘third
generation sequencing’) that may obviate the use of PCR
altogether.

[0193] RE.SE.CT allows the enrichment of mutant target
sequences without introducing mis-incorporations, and
amplifies preferentially minority alleles from mixtures of
wild type and mutation-containing sequences, irrespective
where the mutation lies, thereby providing a high enrichment
of'the mutated sequences without PCR and without introduc-
ing any artifacts. RE.SE.CT exploits the observation that
double stranded DNA sequences containing one or more
single base mismatches denature fast and re-associate slowly
relative to fully-matched sequences (FIG. 11). By fixing the
denaturation temperature to Tc, mutations at any position
along the sequence are enriched during RE.SE.CT. Subse-
quently the enriched sequences can be screened with any of
the currently available methods for detecting mutations,
including Sanger Sequencing, high resolution melting
(HRM), SSCP, next generation sequencing, and MALDI-
TOF.

[0194] Themethod canbeused for multiplexed detection of
DNA methylation, and for enriching mutant DNA strands,
and damaged DNA strands, such as DNA containing abasic
sites that result from exposure to DNA damaging agents. The
abasic site position would create a mismatch upon hybridiza-
tion to the reference sequence, thus enabling its selective
denaturation upon RE.SE.CT. Unlike with ice-COLD-PCR-
based applications that require DNA polymerase to operate,
in RE.SE.CT the 3' end of RS does not need to be blocked, as
long as no polymerase is used in the mutation enrichment
process. One advantage of this approach is that it is easy to
synthesize the reference sequence using a simple PCR reac-
tion rather than synthesis on oligonucleotide synthesizers
which is expensive. This allows also larger reference
sequences to be used, e.g. 200 bp RS. This is a substantial
advantage over COLD-PCR.

[0195] Inone embodiment, a method for preparing a single
stranded mutant target sequence from a mixture of target
sequences suspected of containing both the mutant target
sequence and a wild type target sequence is provided. The
method comprises: heating target sequences suspected of
containing both mutant target sequences and wild type target
sequences to a denaturing temperature that is above the melt-
ing temperature of the target sequences. This allows the for-
mation of a mixture containing single stranded mutant
sequences and single stranded wild type sequences. The mix-
ture is then contacted with an excess references sequence that
is complementary to the wild type sequence, and a complete
hybridization steps is performed, i.e., the temperature is
reduced to permit formation of target strand/reference strand
duplexes, wherein the duplexes include mutant strand/refer-
ence strand duplexes and wild type strand/reference strand
duplexes. Next, a selective denaturation step is performed,
i.e., the temperature is raised to a critical denaturation tem-
perature that is below the melting temperature of the wild type
strand/reference strand duplexes to permit selective denatur-
ation of mutant strand/reference strand duplexes, whereby the
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ratio of single stranded mutant target sequences relative to
single stranded wild type target sequences is increased.
[0196] In some embodiments, the wild type strand/refer-
ence strand duplexes formed by selective denaturation are
removed. Optionally, in some embodiments, the complete
hybridization step, the selective denaturation step, and the
removal of the wild type strand/reference strand duplexes
formed by selective denaturation are repeated at least 1, 2, 3,
5, 10, 50, 75, 100, 200, 300, 400, 500, 600, 700, 800, 900, or
1000 times. In some embodiments, additional excess of ref-
erence sequence is added after the removal of the wild type
strand/reference strand duplexes.

[0197] Optionally, in some embodiments, the method fur-
ther comprises performing a selective hybridization step, i.e.,
the temperature is reduced to a critical hybridization tempera-
ture to permit selective formation of wild-type target
sequence/reference sequence duplexes relative to formation
of mutant sequence/reference sequence duplexes. In some
embodiments, the selective denaturation and selective
hybridization steps are repeated at least 1, 2, 3, 5, 10, 50, 75,
100, 200, 300, 400, 500, 600, 700, 800, 900, or 1000 times to
further enrich for the single stranded mutant target sequences.
[0198] Optionally, in any of the foregoing embodiments,
the reference sequences are attached to particles. Optionally,
in any of the foregoing embodiments, the reference sequences
are attached to magnetic particles.

[0199] Optionally, in some embodiments, the target
sequences are contacted with an excess of at least two differ-
ent reference sequences, each different reference sequence
being complementary to a different wild-type target
sequence, and the duplexes formed by the wild type
sequences/reference sequences having substantially the same
melting temperature, or substantially the same critical dena-
turation temperature (Tc). In some embodiments, the target
sequences are contacted with an excess of at least 10, 15, 20,
30, 40, 50, 100, 200, 500, or 1000 different reference
sequences.

[0200] Optionally, in some embodiments, the method fur-
ther comprises detecting the single stranded mutant target
sequences. Optionally, in some embodiments, the method
further comprises isolating the single stranded mutant target
sequences.

[0201] In some embodiments, the single stranded mutant
target sequences are isolated by contacting the single
stranded mutant target sequences with primers (FIG. 12). The
temperature is then is rapidly lowered to 50-55° C. to allow
binding of primer to those sequences that are single stranded.
The temperature is raised to 65-70° C. to enable single primer
extension via a polymerase, in the presence of tagged dNTPS.
The result is that mutant sequences selectively obtain a tagged
complementary sequence. Following this, the tagged
sequences are immobilized on solid support coated with a
capture moeity, and the non-tagged DNA (which is mainly
wild-type DNA) is removed. The single-stranded, mutated
sequences are then recovered from the solid support, for
example, by thermal denaturation at 95° C. The mutated
sequences that are recovered represent the original DNA tar-
get template, not the template generated via the polymerase
extension—which is tagged and stays bound to the solid
support after denaturation. In some embodiments, the tag
moiety is biotin, and the capture moiety is avidin, or vice
versa.

[0202] Alternatively, in order to selectively tag the single
stranded mutant sequences, one could use a tagged primer,
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instead of adding tagged dNTP to the solution. In some
embodiments, the tag moiety is biotin, and the capture moiety
is avidin, or vice versa.

[0203] In some embodiments, the single stranded mutant
target sequences are isolated by adding an excess of tagged
reference sequences (FIG. 13). The temperature is then rap-
idly reduced to below 50° C. to permit formation of single
stranded mutant target sequence/tagged reference sequence
duplexes. In the next step the excess reference probe is elimi-
nated, for example, by exonuclease treatment, and the tagged
sequences are captured on a support coated with a capture
moiety. The single-stranded, mutated sequences are then
recovered from the solid support, for example, by thermal
denaturation at 95° C. In some embodiments, the tag moiety
is biotin, and the capture moiety is avidin, or vice versa.

[0204] In some embodiments, the single stranded mutant
target sequences are isolated by contacting the formed
duplexes with an excess of non-tagged adaptor and thermo-
stable ligase at critical hybridization temperature (e.g. 78°
C.). The non-tagged adaptor preferentially ligates to double-
stranded templates. In this way, the non-tagged adaptor will
ligate selectively to the wild type alleles, since these are in
duplexes with the reference sequences (FIG. 14), but not to
mutant alleles since these are mainly single-stranded. Next, a
tagged adaptor that is in high excess over the previously
added, non-tagged adaptor is used and the temperature is
reduced rapidly so that the target DNA binds to reference
sequence and tagged adaptor ligates to all remaining double
stranded sequences (that would be expected to be mainly
mutant sequences, since the majority of wild type sequences
was ligated to a non-tagged adaptor). Subsequently tagged
sequences are captured on support coated with a capture
moiety. The single-stranded, mutated sequences are then
recovered from the solid support, for example, by thermal
denaturation at 95° C. In some embodiments, the tag moiety
is biotin, and the capture moiety is avidin, or vice versa.

[0205] In some embodiments, the single stranded mutant
target sequences are isolated by using tagged reference
sequences. The duplexes formed by wild type sequence/
tagged reference sequence are removed by capture on solid
surface coated with a capture moiety, thereby leaving an
enriched population of single-stranded mutant target
sequences. In some embodiments, the tag moiety is biotin,
and the capture moiety is avidin, or vice versa.

[0206] In some embodiments, the single stranded mutant
target sequences are isolated by using reference sequences
attached to magnetic beads. After performing the selective
denaturation step, that permits selective denaturation of
mutant strand/reference strand duplexes, but not the wild type
strand/reference strand duplexes, the magnetic beads are
removed, thereby resulting in the removal of all reference
sequences plus any duplexes formed with the reference
sequences. In some embodiments, additional excess refer-
ence sequence attached to magnetic beads is added, and the
process is repeated atleast 1, 2,3, 5,10, 50, 75, 100, 200, 300,
400, 500, 600, 700, 800, 900, or 1000 times. The reference
sequence can be bound through the 5' or the 3' end on mag-
netic beads, and magnets can be turned on and off to enable
repeated removal of magnetic beads from the reaction, fol-
lowing selective denaturation of mutated sequences. Size of
reference-sequence-bound-beads (RS-beads) can vary from
large (5 micrometers) to small (nanometers diameter). (FIG.
15)
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[0207] As an alternative to using magnetic beads, the ref-
erence sequences can be immobilized on any other kind of
solid support (e.g. within capillaries made of glass, polymers
or other compounds; or within micro-fluidic devices or
micro-fluidics ‘chips’ in very small volumes). Alternatively,
the solution of DNA target sequences can be driven through
the solid support (e.g. forced to go through the capillaries
through pressure or capillary movement) to generate
exchanges between micro-chambers. By regulating the tem-
perature along the capillaries/micro-fluidics appropriately,
one can enable binding of both mutation-containing and WT
sequences to the reference sequence, as well as selective
denaturation of mutation-containing sequences, that will then
move through the capillaries as an enriched population of
molecules. Thus the mutation-containing sequences will
remain in solution and can be recovered for downstream
assays.

[0208] Insome embodiments, the target sequences are pre-
amplified using asymmetric PCR prior to contacting with the
reference sequences. Asymmetric PCR preferentially ampli-
fies one DNA strand in a double-stranded DNA template, and
is routinely used in sequencing and hybridization probing
where amplification of only one of the two complementary
strands is required. PCR is carried out as usual, but with a
great excess of the primer for the strand targeted for amplifi-
cation. Because of the slow (arithmetic) amplification later in
the reaction after the limiting primer has been used up, extra
cycles of PCR are required.

[0209] Insome embodiments, the target sequences are con-
tacted to the reference sequences in the presence of an organic
solvent. Organic solvents present during the binding of inter-
rogated target sequences to the reference sequences can have
beneficial effects. For example, solvents like betaine, DMSO,
formamide and others enhance the hybridization fidelity of
nucleic acids. As a result, the temperature-difference between
a perfectly matched wild-type sequence and a mutation-con-
taining sequence is exaggerated in the presence of organic
solvents. In addition, the melting temperature (Tm) is
reduced when organic solvents are present, thus enabling
RE.SE.CT to operate at lower temperature that are easier to
achieve and that avoid potential temperature-caused damage
to the DNA strands. At the same time, DNA fragments with
substantially different DNA melting temperatures in regular
aqueous buffer end up with melting temperatures that are
closer to each other when organic solvents are used, thus
making multiplexing easier. Organic solvents as much as 50%
or higher can be used during RE.SE.CT since there is no
enzyme involved in the process and as a result the organic
solvent does not inhibit any part of the process.

[0210] RE.SE.CT can be used in conjunction with COLD-
PCR, in order to increase even further the mutation enrich-
ment obtained via COLD-PCR. Therefore one may envision
COLD-PCR to enrich mutated sequences by 10-fold; then the
sample is used for RE.SE.CT to enrich mutated sequences by
another 10-fold; and so on. In this way COLD-PCR and
RE.SE.CT act synergistically to increase the mutation enrich-
ment. RE.SE.CT may also be used in conjunction with dif-
ferent amplification methods, e.g. with isothermal amplifica-
tion well known in the art, such as LAMP, SPIE, etc.

[0211] The present invention is further illustrated by the
following Example, which in no way should be construed as
further limiting. The entire contents of all of the references
(including literature references, issued patents, published
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patent applications, and co-pending patent applications) cited
throughout this application are hereby expressly incorporated
by reference.

Example
Materials and Methods

Source of Genomic DNA

[0212] Reference human male genomic DNA was pur-
chased from Promega and used as wild-type DNA in dilution
experiments. Genomic DNA from human cell line SW480
(containing TP53 exon 8 mutation ¢.818 G>A, TP53 exon 9
¢.925 C>T), and T47D (containing TP53 exon 6 ¢.580 C>T)
were purchased from ATCC. Primers and anchors were syn-
thesized by Integrated DNA Technologies.

TP53 Exons 8-9 Target Isolation by Streptavidin Coated
Magnetic Beads

[0213] Genomic DNA was first digested with restriction
endonuclease EcoO1091 to release a 336-bp fragment con-
taining TP53 exons 8-9. Reactions were incubated at 37° C.
for 3.5 hr, consisting of 5014 DNA, 100 units EcoO109I,
1xNEB buffer 4, and 100 pg/ml BSA. Digested DNA was
purified through Microcon YM-30 columns, and eluted in
water. To capture the 336-bp fragments, purified DNA was
hybridized to a 5'-biotinylated probe (5'-biotin-GAA TCT
GAG GCA TAA CTG CAC C-3'; SEQ ID NO: 1), which is
complementary to the sense-strand sequence of the intron
region between exons 8-9. Hybridization reactions were con-
ducted in 6xSSPE buffer (American Bioanalytical) with 2-5
ng purified genomic DNA and 33 nM biotinylated probe, and
incubated at 42° C. for 2 hr in a thermocycler. The hybridized
reactions were then purified through Microcon YM-30 col-
umn to remove excess probe, and eluted in 20 pl water. Cap-
ture of ssDNA targets by Dynabeads were performed essen-
tially as described by Li, et al. Briefly, 20 ul probe-DNA
hybrids were mixed with 20 ul pre-washed Dynabeads M-270
Streptavidin (Invitrogen) at room temperature for 1 hr, fol-
lowed by three washes with 1x binding and washing buffer (5
mM Tris-HCL, pH7.5, 0.5 mM EDTA, and 1 M NaCl) supple-
mented with 0.1% Tween 20, twice with 1x binding and
washing buffer, and once with water. The beads were resus-
pended in 20 pl water, and ssDNA target was released by
denaturation at 95° C. for 5 min followed by immediate
placement of the tubes on the DynaMag magnets (Invitro-
gen). The suspension was recovered for further analysis.

Quantification of Isolated TP53 Target

[0214] Enrichment of target capture was estimated by mea-
suring the relative abundance of TP53 exon 8 to GAPDH gene
before and after beads pull-down using real time PCR, which
is at least 1000 fold. Quantification of isolated TP53 target
was achieved by real-time quantitative PCR using a standard
curve generated with EcoO109I-digested, column-purified
genomic DNA. PCR reactions were performed in 1x Phusion
high-fidelity (HF) buffer (Finnzymes), 0.2 mM dNTPs
(each), 0.2 uM (each) of forward and reverse primer,
IxLCGreen”*** (Idaho Technology) and 0.5 U Phusion
DNA polymerase (Finnzymes) in 25 pl volume. The primers
used were: 5'-CCTGACCTGCCGTCTAGAAAA-3' (SEQ
ID NO: 2; GAPDH-forward); 5'-CTCCGACGCCTGCT-
TCAC-3' (SEQ ID NO: 3; GAPDH-reverse); 5'-TGCCTCT-
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TGCTTCTCTTTTC-3' (SEQ ID NO: 4; TP53-exon 8-for-
ward); and 5-CTTTCTTGCGGAGATTCTCTTC-3' (SEQ
ID NO: 5; TP53-exon 8-reverse). The PCR cycling programs
were 98° C. for 30 s; 50 cycles of 98° C. 10 s, T, 20 s
(fluorescence reading on), 72° C. 10 s; hold at 72° C. for 600
s; DNA melting from 60° C. to 95° C. at 0.2° C./s with
fluorescence reading on. The annealing temperature (T,) for
GAPDH and TP53-exon 8 were 68° C. and 65° C., respec-
tively.

Conventional and Fast-COLD-PCR Using Bead-Isolated
ssDNA

[0215] Conventional or fast-COLD-PCR reactions for
TP53 exon 8 were performed using 7 ng genomic DNA or
2,100 copies of purified ssDNA in 25 pl reaction volume on a
Cepheid SmartCycler™ machine. The final concentrations of
other reagents and conventional PCR cycling were as
described in section 5.3. Thermocycling conditions of fast-
COLD-PCR for genomic DNA and bead-isolated ssDNA
were defined in Table 1. The difference between the two
strategies is reflected by the number of conventional PCR
cycles performed before switching to COLD-PCR, i.e. 26
cycles using genomic DNA vs. 18 cycles using bead isolated
ssDNA. The critical denaturation temperature (T.) was
defined as T,,—-1; The T, was 88.7° C. for this study. PCR
products were digested using Exonuclease I (New England
Biolabs) and Shrimp Alkaline Phosphatase (USB) [15], and
sequenced with a nested forward primer (5-TTGCT-
TCTCTTTTCCTAT-3"; SEQ ID NO: 6) at the Molecular
Biology Core Facility (Dana Farber Cancer Institute).

TABLE 1

COLD-PCR thermocycling conditions for genomic DNA
and bead-isolated ssDNA.

Template Step Conditions
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Long-Range PCR to Amplify TP53 Exon 5-9

[0216] To amplify TP53 exons 5 to 9, a conventional long-
range PCR reaction was performed directly with 20 ng
genomic DNA from cell lines diluted into human male
genome DNA in a 20 ul volume. The final concentrations of
other reagents were as in section 5.3 with the following for-
ward primer (5-ACTTCAATGCCTGGCCGTAT-3'SEQ ID
NO: 7) and reverse primer (5'-Biotin-GCCCCAATTGCAG-
GTAAAAC-3'SEQIDNO: 8). The size of the PCR amplicon
is 2522 bp in length. The PCR cycling was performed on an
Eppendort machine as follows: 98° C. for 30 s and 30 cycles
0f 98° C. for 10 s, 65° C. for 20 s, 72° C. for 1 min, followed
with 72° C. for 5 min. PCR products were purified with the
QIAquick PCR purification kit (Qiagen Inc.) to remove free
biotinylated primers, followed by magnetic bead isolation as
described herein.

Anchor Annealing and Gap-Filling

[0217] Beads linked with ssDNA were resuspended in 1x
Ampligase reaction bufter (Epicentre Inc.), followed by add-
ing 0.16 pmol of anchor primers for each targeted region
(Table 2). The mixture was denatured at 100° C. for 1 min and
immediately cooled down on ice for 5 min, followed with
incubation at 60° C. for 15 min in a hybridization oven. A 2 ul
mixture containing 1x Ampligase reaction buffer, 0.2
mmol/IL of each deoxynucleotide triphosphate, 2 units of
AmpliTaq DNA polymerase, Stoffel Fragment (Applied Bio-
systems), 2.5 units of Ampligase (Epicentre) was added, and
the reaction was incubated at 60° C. for 1 hrin a hybridization
oven. The beads were then washed with 2 times of 1x Binding
and Washing Buffer and 3 times of water, followed by resus-
pension in 15 pl water. Beads were denatured at 95° C. for 2
min, followed by immediately placing on the DynaMag mag-
nates. A 12 ul supernatant was collected and stored at 4° C.

TABLE 2

Genomic DNA Initial denaturation 98° C. for30s
Stage 1 cycling: 35 cycles* 98°C.for10s

65° C. for 20 s,
fluorescent reading
72°C.for10s
87.7°C.for 10 s
65° C. for 20 s,
fluorescent reading
72°C.for10s

72° C. for 600 s
Ramping 0.2° C./s,
60° C. to 90° C.
98° C. for30s

98° C. for10s

65° C. for 20 s,
fluorescent reading
72°C.for10s
87.7°C.for 10 s
65° C. for 20 s,
fluorescent reading
72°C.for10s
87.7°C.for 10 s
65° C. for 20 s,
fluorescent reading
72°C.for10s

72° C. for 600 s
Ramping 0.2° C./s,
60° C. to 90° C.

Stage 2 cycling: 25 cycles

Extension
Melting Curve

Bead-isolated ssDNA  Initial denaturation

Stage 1 cycling: 18 cycles

Stage 2 cycling: 52 cycles*

Stage 3 cycling: 25 cycles

Extension
Melting Curve

*For this stage, 35 and 52 cycles are the maximum number of cycles that can be completed
before advancing to the next stage; however, this program is designed to automatically
proceed to the next thermocycling stage when the fluorescence reaches the PCR threshold
(C, set to 30 fluorescence units).

Sequence of anchor primers

PCR

Anchors * Size T,
TP53 Left: GCCTCCCTCGCGCCATCAGAGGG 157 bp 85° C.
exon 6 TCCCCAGGCCTCTGA (SEQ ID NO: 9)

Right: Phosphate-TTGGATGACAGAA

ACACTTTTCGCTGAGCGGGCTGGCAAGGL

(SEQ ID NO: 10)
TP53 Left: GCCTCCCTCGCGCCATCAGTGCC 174 bp 86° C.

exon 8 TCTTGCTTCTCTTTTCCT
(SEQ ID NO: 11)
Right: Phosphate-CCGCAAGAAAGG
GGAGCCT CTGAGCGGGCTGGCAAGGC
(SEQ ID NO: 12)

TP53 Left: GCCTCCCTCGCGCCATCAGTCAC 134 bp 84.5° C.
exon 9 CTTTCCTTGCCTCTTTCC
(SEQ ID NO: 13)
Right: Phosphate- TGGATGGAGAAT
ATTTCACCCTTCTGAGCGGGCTGGCAAGGL
(SEQ ID NO: 14)

* 454 primer A and B are underlined. Note that the sequences of
right anchors are complementary to primer B, while those of left
anchors are identical to primer A.

Conventional and COLD-PCR with Generic Primers

[0218] Conventional or COLD-PCR reactions were per-
formed directly with 2 pl purified ssDNA in a 25 pl volume.
The final concentration of other reagents were as follows:
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1xGoTaq Flexi Buffer (Promega), 0.63 U of GoTaq Flexi
DNA polymerase (Promega), 0.2 mmol/l. of each deoxy-
nucleotide triphosphate, 0.2 umol/L (each) primer 454-A and
B, 2.5 mmol/L, MgCl, and 0.1xL.CGreen”"“*. The conven-
tional PCR cycling was as follows: 95° C. for 120 s and 35
cycles of 95° C. for 15 s, 53° C. for (fluorescence reading on)
30 s and 72° C. for 30 s. PCR cycling conditions for simplex-
and duplex-COLD PCR are summarized in Table 3.
Simplex PCR was sequenced with 454-A primer or 454-B
primer, and duplex PCR was sequenced after a nested con-
ventional PCR (Table 4).

TABLE 3

Thermocycling conditions for simplex- and duplex-COLD-PCR.

PCR format Step Conditions

95°C. for120s
95°C.for15s
53°C. for30s,
fluorescent reading
72°C.for30s

T, for15s

53°C. for30s,
fluorescent reading
72°C.for30s
Ramping 0.2° C./s,
60° C. to 90° C.
95°C. for120s
95°C.for15s
53°C. for30s,
fluorescent reading
72°C.for30s
84.5°C.for15s
53°C. for30s,
fluorescent reading
72°C.for30s
85°C.for15s
53°C. for30s,
fluorescent reading
72°C.for30s
Ramping 0.2° C./s,
60° C. to 90° C.

Initial denaturation
Stage 1 cycling: 5 cycles

Simplex-COLD*
Duplex-COLD (1 T,)

Stage 2 cycling: 25 cycles

Melting Curve

Duplex-COLD (2 T,s) Initial denaturation
Stage 1 cycling: 5 cycles

Stage 2 cycling: 12 cycles

Stage 3 cycling: 12 cycles

Melting Curve

*T, for simplex- and duplex-cold (1 T,) is 86 and 84.7° C., respectively.

TABLE 4
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M. Two-round coamplification at lower denaturation tem-
perature-PCR(COLD-PCR)-based sanger sequencing identi-
fies a novel spectrum of low-level mutations in lung adeno-
carcinoma. Hum Mutat 2009; 30:1583-90). However,
performing multiple rounds of COLD-PCR increases the
chance of DNA polymerase-introduced PCR errors which
would be subsequently enriched concurrently along with
genuine mutations during COLD-PCR.

[0221] Described herein is an approach to enhance the
mutation enrichment enabled by COLD-PCR, while also lim-
iting the number of required PCR cycles. To evaluate this
concept, we isolated target DNA fragments from genomic
DNA using a biotinylated probe which was hybridized to the
target DNA, followed by streptavidin-coated magnetic bead
isolation. This step provides preliminary enrichment of target
sequences, eliminating the need to perform PCR. Performing
real-time PCR on a target region (GAPDH gene) that was not
captured on beads, versus performing real-time PCR on the
captured target region (TP53 exons 8-9), we demonstrated
that enrichment of the target versus non-target regions via
magnetic bead isolation is at least 1.000-fold. The copy num-
ber of bead-isolated TP53 target was measured using quanti-
tative real-time PCR, and approximately 2,100 copies of iso-
lated target was then used in fast-COLD-PCR reactions.
Genomic DNA containing the equivalent number of copies of
TP53 as starting material was also examined in order to
compare the performance of COLD-PCR when applied using
bead-enriched target versus genomic DNA (non-enriched).

[0222] The data indicate that the mutant allele was ampli-
fied preferentially when COLD-PCR was performed both
directly from genomic DNA or using bead-isolated DNA,
albeit to a different extent (FIG. 5). Using genomic DNA as
template, the 1% c.818 G>A mutation in TP53 exon 8 was
enriched to ~17%, corresponding to ~17-fold mutant enrich-
ment. However, when probe-isolated ssDNA was used as
template, the 1% c.818 G>A mutation was enriched to 40%:
i.e. the enrichment by COLD-PCR was more than doubled.
Furthermore, the lowest mutation abundance detectable was

Sequence of nested PCR primersg

Nested Primers

TP53 exon 6 forward:

gtaaaacgacggccagt AGGGTCCCCAGGCCTCTGA (SEQ ID NO: 15)
reverse: tcccgcgaaattaatacgacCGAAAAGTGTTTCTGTCATCCAA

(SEQ ID NO: 16)

TP53 exon 9 forward:
gtaaaacgacggcecagt TCACCTTTCCTTGCCTCTTTCC

(SEQ ID NO: 17)

reverse: tcccgcgaaattaatacgacAAGGGTGAAATATTCTCCATCCA

(SEQ ID NO: 18)

Tags (underlined) 1i.e. M13 and tagl sequence were added to the 5' end of
gene-specific nested primers in order to improve the sequencing of short

amplicons.

[0219] Results and Discussion

fast-COLD-PCR Using ssDNA Template Isolated by Mag-
netic Beads

[0220] Ithas been previously demonstrated that sensitivity
of mutation detection is significantly improved by perform-
ing two successive rounds of COLD-PCR, as opposed to a
single COLD-PCR (Li J, Milbury C A, Li C, Makrigiorgos G

~0.3% abundance using bead-isolated DNA, while the detec-
tion limit for reactions using genomic DNA was 1% mutant
abundance (FIG. 6).

Principle of Multiplexing Fast-COLD-PCR  Using
Bead-Isolated DNA

[0223] An alternative way to apply COLD-PCR involves
fast-COLD-PCR  wherein amplicons resulting from
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G:C>A:T or G:C>T:A mutations tend to have lower melting
temperature. These amplicons can thus be preferentially
denatured over wild type amplicons at T, with no need for the
formation of heteroduplexes during PCR cycling.

[0224] To date, COLD-PCR has improved the mutation-
detection sensitivity of many techniques including Sanger
sequencing, pyrosequencing, TagMan real-time PCR, RFLP,
dHPLC and high-resolution melting. However, each COLD-
PCR reaction is performed in a simplex fashion, and multi-
plexing COLD-PCR is limited, because each individual
amplicon requires a different T.. To demonstrate the feasibil-
ity of multiplex COLD-PCR, and because bead capture
improves the performance of COLD-PCR, we designed a
multiplex fast-COLD-PCR strategy following DNA target
isolation on magnetic beads, which allows for mutation iden-
tification by downstream Sanger sequencing or, potentially,
next-generation sequencing (FIG. 7). Long-range PCR with
S'-biotinylated primers was carried out using high-fidelity
DNA polymerase from genomic DNA to selectively amplify
target sequences. The purpose of performing long-range PCR
was to simplify the genome and to cover multiple exons in one
amplicon (e.g. TP53 exons 5-9 within a single 2.5 kb ampli-
con in this study). However, potentially, the same protocol
can also be adjusted to start directly from genomic DNA in
future applications.

[0225] As shown in FIG. 7, the amplified products were
mixed, followed by isolation of 5' biotinylated ssDNA using
streptavidin-coated magnetic beads. A pair of anchor primers
complimentary to the same strand was designed to include up
to 100 bp from the gene region of interest. Both anchor
primers consist of a gene specific region tailed with a univer-
sal sequence, which can be generic primers used in next-
generation sequencing. In this study primers A and B used by
454 sequencing system (Roche Inc) were employed. The left
anchor primer includes the 454 primer A sequence at the 5'
end, and the right anchor primer is 5'-phosphorylated and
includes the complementary sequence of the 454 primer B at
the 3' end. After annealing to isolated ssDNA that has been
immobilized on the beads, the left anchor was extended by
AmpliTaq DNA polymerase, Stoffel Fragment, and dNTPs,
followed by ligation to the right anchor by a thermostable
DNA ligase, Ampli DNA ligase. It is important to use a DNA
polymerase without 5'—=3' exonuclease activity like Ampli-
Taq for this assay, because the 5'—=3' exonuclease activity
would digest the down stream anchor. Multiple target regions
can be gap-filled and ligated using this strategy. The ligated
ssDNA, containing a left-anchor at the 5' end, a right-anchor
at the 3' end and a target region in the middle, was then
released from the magnetic beads by brief heat denaturation.
Fast-COLD-PCR was then applied on the purified DNA with
generic primers A and B. Following this, nested conventional
PCR was performed to amplify each target region individu-
ally, followed by Sanger sequencing. Alternatively, if a
highly-multiplexed reaction is performed, next-generation
sequencing can be used to screen for mutations in a highly-
parallel manner.

Simplex and Duplex COLD-PCR from Ligated ssDNA

[0226] Asaproofofprinciple, we first followed the scheme
of FIG. 7 to perform a simplex COLD-PCR from a single
target region, TP53 exon 8 containing a ¢.818 G>A mutation
diluted in wild-type DNA at a mutant-to-wild type ratio of
5%. ssDNA composed of anchors and TP53 exon 8 was
isolated and processed with conventional PCR or COLD-
PCR at a T, of 86° C. using generic primers as described
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above. Sanger sequencing (FIG. 8 showed that the 5% muta-
tion abundance was not visible after conventional PCR, but
could be clearly detected as a 70% mutation abundance fol-
lowing enrichment with COLD-PCR. Sequencing of simi-
larly-treated wild-type DNA after COLD-PCR did not show
any indication of enrichment of PCR errors when compared
to conventional PCR.

[0227] Next, we followed the scheme of FIG. 7 to design a
duplex COLD-PCR to enrich mutations from TP53 exon 6
and exon 9 simultaneously. Ideally, all of the amplicons in a
multiplex COLD-PCR should have a similar T so that enrich-
ment occurs on all targets simultaneously. The targeted
regions within exons 6 and 9 were thus designed to havea T,
very similar to each other, 85° C. and 84.5° C. respectively.
COLD-PCR was performed using two different approaches,
i.e. either using a single T_of84.7° C. (average of 84.5°C.and
85° C.), or using a two-temperature format including 12
cycles of COLD-PCR at T, 0f 84.5° C. followed by 12 cycles
of COLD-PCR at T, of 85° C. This graded increase of the T,
during fast-COLD-PCR has been previously shown to be
tolerant to small temperature differences between reactions
that are caused by the inherent well-to-well variation of ther-
mocyclers. This strategy was adapted here to amplify two
amplicons that have somewhat different T,.

[0228] The 10% ¢.580 C>T mutation in TP53 exon 6 was
not detectable by conventional PCR-sequencing, but was
enriched and became clearly visible following one— T, and
two— T, COLD-PCR as a 30-40% mutation (FIG. 9). Simi-
larly, the 10% ¢.925 C>T mutation in TP53 exon 9 was not
detectable after conventional PCR, but was clearly detected
following one—T_ and two—T . COLD-PCR as a 50% and
80% mutation, respectively (FIG. 9).

Temperature-Independent TI-COLD-PCR

[0229] We have obtained proof of principle for tempera-
ture-independent TI-COLD-PCR in solution, when run in a
fast COLD-PCR mode (i.e. without the intermediate hetero-
duplex-ing step), for a single target sequence. The thermocy-
cler was programmed as disclosed in FIG. 10, for a wild-type
Kras sequence or, alternatively, for a 10% mixture of mutant-
to-wild type sequence. The resulting chromatographs in FI1G.
10 demonstrate that, by ramping the denaturation tempera-
ture from lower to higher values and without knowledge of
the exact critical denaturation temperature (Tc) of this Kras
sequence it was still possible to perform mutation enrichment
successfully. The chromatogram demonstrates that the 10%
G>A mutation became 100% mutation following TI-COLD-
PCR (fast mode). Of note, the fast COLD-PCR program of
FIG. 16 will only enrich temperature-reducing mutations
(G:C>A!T, or G:C>T:A), which comprise about 70% of the
mutations encountered in clinical samples.

[0230] Target isolation is critical for both basic and trans-
lational research, as well as in molecular diagnostics of
human diseases. It allows the characterization of specific cell
type, protein, nucleic acid and investigation of their func-
tions; in clinics, target isolation provides direct evidence for
disease diagnosis. Among all separation techniques used
today, magnetic beads coated with different biomolecules
have received much attention due to its diversity, high perfor-
mance, low cost, and ease of use. They have successfully been
used in many preclinical and clinical applications, including
isolation of rare circulating tumor cells, pathogen detection,
and T cell activation/expansion for treating HIV infection and
other human diseases. In addition, magnetic beads are often
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integrated into a broad range of in vitro diagnostic tools such
as human exome capture for next generation sequencing and
the [llumina GoldenGate™ genotyping assay. In this study,
we integrated magnetic beads in COLD-PCR applications,
and showed that following target isolation using beads, sen-
sitivity of mutation detection by COLD-PCR is significantly
enhanced, and multiplexing COLD-PCR is feasible.

[0231] Previous studies have shown that the sensitivity of
mutation detection was significantly improved by performing
two rounds of COLD-PCR, which allowed the enrichment
and sequencing of low level mutations in lung adenocarci-
noma samples that would otherwise have been missed by
conventional methodologies (Li J, Milbury C A, Li C, Makri-
giorgos G M. Two-round coamplification at lower denatur-
ation temperature-PCR(COLD-PCR)-based sanger sequenc-
ing identifies a novel spectrum of low-level mutations in lung
adenocarcinoma. Hum Mutat 2009; 30:1583-90). Although
polymerase-introduced errors were not evident following two
rounds of COLD-PCR that employed a high fidelity (Phu-
sion) polymerase, there remains potential concern due to the
number of PCR cycles conducted. Target isolation using mag-
netic beads has been shown to significantly enhance mutation
detection. Indeed, the present combination of magnetic bead-
based isolation with fast-COLD-PCR showed that the sensi-
tivity of mutation detection by COLD-PCR was greatly
enhanced, allowing as low as 0.3% mutant abundance to be
detected with a single COLD-PCR reaction. This level of
sensitivity is similar to that obtained with two rounds fast-
COLD-PCR.

[0232] The improvement in mutation enrichment obtained
by COLD-PCR is likely due to the number of COLD-PCR
cycles performed prior to the amplification reaction reaching
saturation. All COLD-PCR reactions include an initial num-
ber of cycles of conventional PCR for an initial build-up of the
PCR product, immediately followed by direct switching to
COLD-PCR cycling to selectively amplify mutation-contain-
ing amplicons. If the conventional PCR cycling is omitted, or
if COLD-PCR cycling occurs too early, then excessive
primer-dimer formation can occur because the T ,, is lower for
these molecules than for the intended target amplicons. On
the other hand, performing too many cycles in the conven-
tional PCR mode, prior to switching to COLD-PCR, can
reduce the overall enrichment of mutation-containing ampli-
cons. The present data indicate that, compared to reactions
performed on genomic DNA, COLD-PCR using bead-iso-
lated DNA could be initiated ~8 cycles earlier without intro-
ducing significant primer-dimer problems, thus allowing
more COLD-PCR cycles that enrich amplicons with muta-
tions.

[0233] Regarding multiplexed-COLD-PCR, in principle it
would have been possible to adapt conventional multiplex
PCR to COLD-PCR by designing amplicons that possess the
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same T. However, this strategy would suffer from the forma-
tion of primer-dimer and mispriming. The multiplex COLD-
PCR assay designed in this work (FIG. 7) employs generic
primers for all of the amplicons to eliminate the issue of
primer dimers, while still retaining similar T for the ampli-
cons. This approach has been previously used for high-
throughput expression profiling and methylation detection,
using either padlock probes or pairs of separate oligonucle-
otides. The protocol adopted includes a ligation step to gen-
erate amplifiable probes. Although the ligation step is not
absolutely necessary in the present protocol, it provides
added specificity and flexibility to select amplicons contain-
ing desired single nucleotide polymorphisms, as demon-
strated for the [llumina GoldenGate™ genotyping assay (Fan
J B, Chee M S, Gunderson K L. Highly parallel genomic
assays. Nat Rev Genet. 2006; 7:632-44). Thereby one can
potentially perform COLD-PCR on a given allele following
the protocol of FIG. 7, by performing SNP-specific ligation.
It is envisioned that the current protocol can lead to large-
scale COLD-PCR amplification and mutation enrichment
within numerous iso-T . amplicons following genomic DNA
capture, an approach similar to applications performing exon
capture and target isolation for resequencing using next gen-
eration sequencing technologies.

[0234] Our data showed that mutation enrichment via
COLD-PCR is enhanced by target isolation using magnetic
beads. Furthermore, we developed a multiplex COLD-PCR
assay using DNA that was isolated and immobilized on mag-
netic beads. These approaches provide a platform that can be
developed further to screen for a panel of mutations that are
critical for decision making in personalized cancer treatment,
without the risk of missing low-level mutations in clinical
samples.

RE.SE.CT

[0235] Validation has been performed for DNA containing
mutations in the Kras exon 2 sequence. FIG. 16 demonstrates
3 cycles of the process, applied to DNA originally containing
a 10-13% mutant-to-wild type sequence for a C>A Kras
mutation. Following each cycle of the process, the resulting
sample was tested via PCR-sequencing. It can be seen that
following each cycle the mutation (peaks in the chromato-
graph indicating A) increases relative to wild type. A similar
progressive enrichment of mutated sequences is shown in
FIG. 17 for a different Kras mutation (CC>AA). FIGS. 18-21
demonstrate the enrichment obtained progressively by
repeated cycles of RE.SE.CT for several examples of Kras
mutations. In each example, the enrichment was obtained by
performing PCR-sequencing after each cycle of RE.SE.CT.

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 18

<210> SEQ ID NO 1

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide
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<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (1)..(1)

<223> OTHER INFORMATION: Biotinylated

<400> SEQUENCE: 1

gaatctgagg cataactgca cc

<210> SEQ ID NO 2

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Artificial sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 2

cctgacctge cgtctagaaa a

<210> SEQ ID NO 3

<211> LENGTH: 18

<212> TYPE: DNA

<213> ORGANISM: Artificial sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 3

ctcegacgee tgctteac

<210> SEQ ID NO 4

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 4

tgcctettge ttetetttte

<210> SEQ ID NO 5

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 5

ctttettgeg gagattctet te

<210> SEQ ID NO 6

<211> LENGTH: 18

<212> TYPE: DNA

<213> ORGANISM: Artificial sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 6

ttgcttcetet tttectat

<210> SEQ ID NO 7

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

22

21

18

20

22

18
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<400> SEQUENCE: 7

acttcaatge ctggecgtat

<210> SEQ ID NO 8

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide
<220> FEATURE:

<221> NAME/KEY: misc_feature

<222> LOCATION: (1).. (1)

<223> OTHER INFORMATION: Biotinylated

<400> SEQUENCE: 8

gecccaatty caggtaaaac

<210> SEQ ID NO 9

<211> LENGTH: 38

<212> TYPE: DNA

<213> ORGANISM: Artificial sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 9

gecteecteg cgecatcaga gggtccccag gectcetga

<210> SEQ ID NO 10

<211> LENGTH: 42

<212> TYPE: DNA

<213> ORGANISM: Artificial sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 10

ttggatgaca gaaacacttt tcgctgageg ggetggcaag gce

<210> SEQ ID NO 11

<211> LENGTH: 41

<212> TYPE: DNA

<213> ORGANISM: Artificial sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 11

gecteecteg cgecatcagt gectettget tetettttee t

<210> SEQ ID NO 12

<211> LENGTH: 38

<212> TYPE: DNA

<213> ORGANISM: Artificial sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 12

ccgcaagaaa ggggagecte tgageggget ggcaagge

<210> SEQ ID NO 13

<211> LENGTH: 41

<212> TYPE: DNA

<213> ORGANISM: Artificial sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 13

20

20

38

42

41

38
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-continued

gecteecteg cgecatcagt cacctttect tgectettte ¢

<210> SEQ ID NO 14

<211> LENGTH: 42

<212> TYPE: DNA

<213> ORGANISM: Artificial sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 14

tggatggaga atatttcacc cttectgageg ggetggcaag gce

<210> SEQ ID NO 15

<211> LENGTH: 36

<212> TYPE: DNA

<213> ORGANISM: Artificial sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 15

gtaaaacgac ggccagtagg gtccccagge ctctga

<210> SEQ ID NO 16

<211> LENGTH: 43

<212> TYPE: DNA

<213> ORGANISM: Artificial sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 16

tccegegaaa ttaatacgac cgaaaagtgt ttetgtcate caa

<210> SEQ ID NO 17

<211> LENGTH: 39

<212> TYPE: DNA

<213> ORGANISM: Artificial sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 17

gtaaaacgac ggccagttca cctttecttg cctetttee

<210> SEQ ID NO 18

<211> LENGTH: 43

<212> TYPE: DNA

<213> ORGANISM: Artificial sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 18

tccegegaaa ttaatacgac aagggtgaaa tattctecat cca

41

42

36

43

39

43

We claim:
1. A kit comprising,

at least two pairs of nucleic acid primers, each pair of

primers binding to a host’s nucleic acids and generating
under nucleic acid amplification conditions an amplicon
that is a copy of'a region of interest of the host’s genome,
wherein the amplicon generated by one pair of primers is
different from the amplicon generated from each other
pair of primers, and wherein the amplicons have sub-
stantially the same Tm, or alternatively substantially the
same Tc.

2-5. (canceled)

6. The kit of claim 1, wherein one primer of each pair of
primers is attached to a bead or a similar solid support.

7-13. (canceled)

14. The kit of claim 1, further comprising at least two
different reference oligonucleotides, each different reference
oligonucleotide having a sequence identical to a portion of a
strand of a corresponding amplicon, wherein each different
reference oligonucleotide excludes the sequence occurring at
the ends of the strand of its corresponding amplicon, wherein
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each different reference oligonucleotide is substantially non-
overlapping with the pair of primers that generate its corre-
sponding amplicon, and wherein each reference oligonucle-
otide is biotinylated at one end.

15. The kit of claim 6, further comprising at least two
different reference oligonucleotides, each different reference
oligonucleotide having a sequence identical to a portion of a
strand of a corresponding amplicon, wherein each different
reference oligonucleotide excludes the sequence occurring at
the ends of the strand of its corresponding amplicon, wherein
each different reference oligonucleotide is substantially non-
overlapping with the pair of primers that generate its corre-
sponding amplicon, and wherein each reference oligonucle-
otide is biotinylated at one end.

16-17. (canceled)

18. A kit comprising:

apair of nucleic acid primers, the pair of primers binding to
a host’s nucleic acids and generating under nucleic acid
amplification conditions an amplicon that is a copy of a
region of interest of the host’s genome, and

a reference oligonucleotide having a sequence identical to
a portion of a strand of the amplicon, wherein the refer-
ence oligonucleotide excludes the sequence occurring at
the ends of the strand of the amplicon and is substantially
non-overlapping with either primer, and wherein the
reference oligonucleotide is biotinylated at one end.

19. (canceled)

20. A composition of matter comprising,

a bead,

a reference oligonucleotide attached to the bead having a
sequence that is a portion of a strand of an amplicon
derived from a host’s nucleic acids, wherein the refer-
ence oligonucleotide excludes the sequence which is at
the ends of the strand of the amplicon,

a corresponding primer attached to the bead, wherein the
primer is the complement of the sequence at one end of
the strand of the amplicon and does not overlap substan-
tially with the capture sequence.

21-22. (canceled)

23. A reaction mixture comprising,

at least two pairs of nucleic acid primers, each pair of
primers binding to a host’s nucleic acids and generating
under nucleic acid amplification conditions an amplicon
that is a copy of'a region of interest of the host’s genome,
wherein the amplicon generated by one pair of primers is
different from the amplicon generated from each other
pair of primers, and wherein the amplicons have sub-
stantially the same Tm, or substantially the same Tc.

24-27. (canceled)

28. The reaction mixture of claim 23, wherein one primer
of each pair of primers is attached to a bead.

29-33. (canceled)

34. A reaction mixture comprising,

at least five different amplicons, each amplicon being a
copy of a different region of interest of a host’s genome,
wherein each amplicon is present in at least 10 copies,
and wherein the amplicons have substantially the same
Tm or alternatively substantially the same Tc.

35. The reaction mixture of claim 34, wherein substantially
all the amplicons in the reaction mixture have substantially
the same Tm or alternatively substantially the same Tc.

36-43. (canceled)

44. A method for preparing nucleic acids for subsequent
processing comprising,
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contacting the nucleic acids with at least two pairs of
nucleic acid primers, each pair of primers binding to the
nucleic acids and generating under nucleic acid ampli-
fication conditions an amplicon that is a copy of a region
of interest of the nucleic acids, wherein the amplicon
generated by one pair of primers is different from the
amplicon generated from each other pair of primers, and
wherein the amplicons generated by different pairs of
primers have substantially the same Tm or alternatively
substantially the same Tc, and

applying nucleic acid amplification conditions to form the

amplicons having substantially the same Tm or Tc from
the primers and nucleic acids,

wherein the conditions are applied for at least 3 cycles of

amplification and whereby the presence of the regions of
interest are enriched.

45-47. (canceled)

48. The method of claim 44, further comprising enriching
the nucleic acids for regions of interest prior to applying
amplification, as follows: contacting the nucleic acids with a
plurality of reference oligonucleotides that bind to different
regions of interest, permitting binding of the reference oligo-
nucleotides to the regions of interest, and isolating the refer-
ence oligonucleotides with the regions of interest bound
thereto from remaining nucleic acids.

49-50. (canceled)

51. The method of claim 44, further comprising enriching
the nucleic acids for regions of interest prior to amplification
as follows: contacting the nucleic acids with molecular inver-
sion probes, circularizing the molecular inversion probes
such that they encompass the regions of interest, isolating the
circularized molecular inversion probes, and amplifying the
iso-Tm or iso-Tc regions of interest encompassed within the
isolated molecular inversion probes.

52. A method for enriching for mutant target sequences
comprising,

capturing mutant sequences and wild type sequences

within a plurality of droplets,

exposing the mutant sequences and wild type sequences

within the droplets to a reaction mixture containing pairs
of nucleic acid primers, each pair of primers generating
under nucleic acid amplification conditions an amplicon
that is a copy of a target sequence, wherein the amplicon
generated by one pair of primers is different from the
amplicon generated from each other pair of primers,
wherein the amplicons have substantially the same Tm
or Tc, and wherein each droplet is exposed to only one
pair of primers,

subjecting the mutant sequences and wild type sequences

in the reaction mixture to a first denaturing temperature
that is above the melting temperature of the mutant
sequences and wild type sequences,

reducing the temperature of the reaction mixture to permit

the formation of a mutant strand/wild type strand
duplexes,

subjecting the duplexes in the reaction mixture to a critical

denaturation temperature Tc that is below the Tm of the
duplex formed by wild-type target sequences, to permit
selective denaturation of the duplexes containing
sequence variants, without denaturation of the duplexes
formed by wild-type target sequences,

reducing the temperature of the reaction mixture in the

presence of pairs of nucleic acid primers and permitting
the primers to anneal to the mutant sequences, and
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extending the primers to enrich the mutant sequences.
53. A method for enriching for mutant target sequences

comprising,

capturing target sequences within a plurality of droplets in
such a manner that each droplet contains only copies of
a single reference sequence plus only copies of the cor-
responding target sequence,

exposing the target and reference sequences within the
droplets to a reaction mixture containing pairs of nucleic
acid primers corresponding to the target captured within
each droplet and each pair of primers generating under
nucleic acid amplification conditions an amplicon that is
a copy of a target sequence, wherein the amplicon gen-
erated by one pair of primers is different from the ampli-
con generated from each other pair of primers, wherein
the amplicons have substantially the same Tm or Tc¢, and
wherein each droplet is exposed to only one pair of
primers, only the corresponding region of interest and
only the reference sequence corresponding to the region
of interest,

subjecting the target sequences and the reference
sequences in the reaction mixture to a first denaturing
temperature that is above the melting temperature of the
target sequences and the reference sequences,

reducing the temperature of the reaction mixture to permit
the formation of a target strand/reference strand
duplexes,

subjecting the duplexes in the reaction mixture to a critical
denaturation temperature Tc that is below the Tm of the
duplex formed by wild-type target sequences and the
reference sequences, to permit selective denaturation of
the duplexes containing sequence variants, without
denaturation of the duplexes formed by wild-type target
sequences with the reference sequences,

reducing the temperature of the reaction mixture in the
presence of pairs of nucleic acid primers and permitting
the primers to anneal to the target sequences, and

extending the primers to enrich the mutant target
sequences.

54. A method for enriching for target sequences compris-

ing:

(a) exposing the target sequences and reference sequences
to a reaction mixture containing pairs of nucleic acid
primers, each pair of primers generating under nucleic
acid amplification conditions an amplicon that is a copy
of a target sequence and a reference sequence, wherein
the amplicon generated by one pair of primers is differ-
ent from the amplicon generated from each other pair of
primers,

(b) subjecting the target sequences and the reference
sequences in the reaction mixture to a denaturing tem-
perature that is above the melting temperature of the
target sequences and the reference sequences,

(c) reducing the temperature of the reaction mixture to
permit the formation of a target strand/reference strand
duplexes,

(d) subjecting the duplexes in the reaction mixture to a first
critical denaturation temperature Tc that is below the
lowest Tm of the duplex formed by wild-type target
sequences and the reference sequences, to permit selec-
tive denaturation of the duplexes containing sequence
variants, without denaturation of the duplexes formed by
wild-type target sequences with the reference
sequences,

30
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(e) reducing the temperature of the reaction mixture in the
presence of pairs of nucleic acid primers and permitting
the primers to anneal to the target sequences,

(1) extending the primers to enrich the target sequences,

(g) repeating steps (d) to (f) at least once at a second critical
denaturation temperature which is above the first critical
denaturation temperature to ensure selective amplifica-
tion of all target sequences that contain sequence vari-
ants over wild type sequences.

55-58. (canceled)

59. A method for enriching for target sequences compris-

ing:

(a) exposing the target sequences and reference sequences
to a reaction mixture containing pairs of nucleic acid
primers, each pair of primers generating under nucleic
acid amplification conditions an amplicon that is a copy
of a target sequence and a reference sequence, wherein
the amplicon generated by one pair of primers is differ-
ent from the amplicon generated from each other pair of
primers,

(b) subjecting the target sequences and the reference
sequences in the reaction mixture to a denaturing tem-
perature that is above the melting temperature of the
target sequences and the reference sequences,

(c) reducing the temperature of the reaction mixture in the
presence of pairs of nucleic acid primers and permitting
the primers to anneal to the target sequences,

(d) extending the primers to enrich the target sequences,

(e) subjecting the duplexes in the reaction mixture to a first
critical denaturation temperature Tc that is below the
lowest Tm of the duplex formed by wild-type target
sequences and the reference sequences, to permit selec-
tive denaturation of the duplexes containing sequence
variants, without denaturation of the duplexes formed by
wild-type target sequences with the reference
sequences,

(g) repeating steps (c) to (e) at least once at a second critical
denaturation temperature which is above the first critical
denaturation temperature to ensure selective amplifica-
tion of all target sequences that contain sequence vari-
ants over wild type sequences.

60. (canceled)

61. A method for preparing a single stranded mutant target

sequence from a mixture of target sequences suspected of
containing both the mutant target sequence and a wild type
target sequence, the method comprising:

(1) subjecting the target sequences to a denaturing tempera-
ture that is above the melting temperature of the target
sequences, thereby forming a mixture containing the
single stranded mutant sequence and single stranded
wild type sequences, the mixture characterized by a ratio
of single stranded mutant sequences relative to single
stranded wild type sequences,

(i1) contacting the mixture with an excess of a reference
sequence complementary to the wild type sequence,
(ii1) reducing the temperature to permit formation of target
strand/reference strand duplexes, wherein the duplexes
include mutant strand/reference strand duplexes and

wild type strand/reference strand duplexes,

(iv) subjecting the target strand/reference strand duplexes
to acritical denaturation temperature Tc that is below the
melting temperature of the wild type strand/reference
strand duplexes, to permit selective denaturation of
mutant strand/reference strand duplexes,
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whereby the ratio of single stranded mutant target
sequences relative to single stranded wild type target
sequences is increased.

62. The method of claim 61, further comprising

(v) reducing the temperature to a critical hybridization
temperature that permits selective formation of wild-
type target sequence/reference sequence duplexes rela-
tive to formation of mutant sequence/reference
sequence duplexes.

63-70. (canceled)

71. The method of claim 61, further comprising isolating

the single stranded mutant target sequences.
72-78. (canceled)



