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ABSTRACT

The present invention is directed to methods, compasitions, sofware and devices
for enriching low abundance alleles from a sample. The method is based in part
on a medified nucleic acid amplification protocol that includes incubating the
reaction mixture at a critical denaturing temperature or ‘Te'. By empioying the
present invention the cument defection imits of all PCR-based technologies are
greatly improved.

DESCRIPTION 001 Lo

F Attorney Docket No.: 68555W0 (207032) Express Mailing Label No.: EM
258533091 US

ENRICHMENT QF A TARGET SEQUENCE
RELATED APPLICATION

This application claims the benefit of U.S. Provisional Application No. 60/962,838,
filed on August 1, 2007. The entire teachings of the above application is
incorporated herain by reference.

BACKGROUND

A commonly encountered situation in genetic analysis entails the need to identify
a low percent of variant DNA sequences {target sequences) in the presence of a
large excess of non- variant sequences (reference sequences"’). Examples for
such situations include: (a) identification and sequencing of a few mutated alleles
in the presence of & large excess of normat alleles; (b) identification of a few
methylated alleles in the presence of a large excess of unmethylated alleles {or:
vice versa) in epigenetic analysis; {¢) identification and genotyping of a few fetal
DNA sequences cireulating in the blood of the mother where a large excess of
mother's DNA sequences are also present; and (d) identification of tumor-
circulating DNA in bloed of cancer patients (or people suspected of having cancer}
in the presence of 2 large excess of wild-type alleles.

While reliable high throughput screening methods for germline or high-prevalence
somatic mutations have recently been described (Thomas, R.K., ef al. (2007) Nat
Genet, 39, 347-351; Chou, L.S., et al. (20058) Am J Clin Pathol, 124; 330-338:
Thomas, R.K., et al. (2008) Nat Med, 12; 852-855) detection of low-prevalence
somatic mutations in tumors with heterogeneity, stromal contamination or in
bodily fluids is still problematic. And yet, the clinical significance of identifying
these mutations is major in several situations. For example: (a} in lung
adenocarcinoma, low-level EGFR mutations that cannot be identified by regular
sequencing can confer positive respense to tyrosine kinase inhibitors (Paez, J.
G.,. et al. (2004) Sclence, 304; 1497-1500.) or drug resistance (Janne, P.A,, et al.
(2008) Clin Cancer Res, 12; 751-758) (b} mutations in plasma usefu! as
biomarkers for early detection {Diehl, F., et 2l. {2005) Proc Natl Acad Sci USA,
102; 16368-16373) or tumor response to treatment (Kimura, T., et al. {2004) Ann
NY Acad Sci, 1022, 56-60) cannot be sequenced using conventional methods;
and (¢) mutations in tumors with frequent stremal contamination, such as
pancreatic or prostate, can be 'masked by presence of wild-type alieles, thus
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CLAIMS ‘0CR tex may oo

We claim:

1. A method for enricking 2 target sequence, said method comprising: a.
subjecting a reaction mixture suspected of having said target sequence and
a reference sequence to a first denaturing temperature that is above the
meiting temperature (T) of & reference sequence so as to permit the

denaturation of said target sequence and said reference sequence, wherein
said target sequence is at least 50% homologous to said reference
sequence and is amplifiable by the same primer pair as said reference
sequence; b. reducing the temperature of the amplificaticn reaction mixture
so as to permit formation of a target strand/reference strand duplex; c.
subjecting said amplification reaction mixture te a critical temperature {Tc)
that Is below the Tr, of said reference sequence =0 as to permit the
preferential denaturation of said duplex of step (b) to form denatured target
and reference strands; d. reducing the temperature of the reaction mixiure so
as to permit said primer pair to anneal to said target and reference strands;
and e. extending said primer pair so as to enrich said target sequence
relative to said reference segquence.

2. A method for enriching a target sequence, said method comprising: a.
denaturing a nucleic acid sample suspected of having said target sequence
and a reference sequence by subjecting said nucleic acid sample to a first
denaturing temperature that is above the melting temperature (T, of said
reference sequence; b. forming a target strand/reference strand duplex: ¢.
denaturing said target strand/reference strand duplex by subfecting the
nucleic acid sample to a critical temperature (Te) that is below the Trp of said
reference sequence; d. annealing said primer pair to said target and
reference strands; and e. extending said primer pair 5o as to enrich said
target sequence relative to said reference sequence.

3. A method for enriching a target sequence, said method comprising:
subjecting a nucteic acid sample suspected of having said target sequence
and a reference sequence to a first denaturing temperature and a second
denaturing temperature, wherein said first denaturing temperature is above
the T, of said reference sequence so as to permit the denaturation of said

target and reference sequences and said second denaturing temperature is
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requiring laborious micro-dissection or missing mutations altegether.
SUMMARY OF THE INVENTION

The present invention is directed to methods, compositions, software and devices
for enriching low abundance alleles from a sample. The tethod is based in part
on a modified nucleic acid amplification protocel that includes incubating the
reaction mixiure at a critical denaturing temperature or "Te". By employing the
present invention the current detection limits of all PCR-based technologies are
greatly improved.

The "critical termperature® or "Tc" refers to a temperature below the melting
temperaturs T of the reference sequence. In some embediments, the Tc is

below the Tr, of both the reference and target sequence. The critical temperature
takes advantage of the lower Ty, of the double stranded target sequence or the

target-reference cross hybridized double stranded DNA duplex so as to
preferentially denature these duplexes over the reference/reference
homoduplexes. When the target sequence and reference sequence cross
hybridize, minor seguence difierences of ane or more single nucleotide mismatch
anywhere along a short (g.g., <200 bp) double stranded DNA sequence will
generate a small but predictable change in the melting temperature {Tr,) for that

sequence {Lipsky, R.H., et al. (2001} Clin Chem, 47, 635-644; Liew, M., et al.
{2004) Clin Chemn, 50, 11566-1164). Depending on the exact sequence context and

positicn of the mismatch, melting temperature changes of 0.1 200, are
contemplated.

The critical denaturing temperature (Tc) is the temperature below which PCR
efficiency drops abruptly for a reference nucleic acid sequence. For example, a
187 bp p53 sequence amplifies well if the PCR denaturing temperature is set at

879C, ampiifies modestly at 86.5 0¢ and yields no detectable product if PCR

danaturation is set at 86%C or less. Therefore in this example Te~ 86.5%C, In a
first aspest, the invention is directed to a method for enviching a target sequence
in a nucleic acid sample suspected of having target and reference sequences.
The methad includes subjecting the amplification reaction mixture to a first
denaturing temperature that is above the melting temperature "Ty," of a reference:

sequence. Naxt, the temperature of the amplification reaction mixture is
decreased allowing the single-siranded target sequences and reference
sequences to hybridize to form double-stranded molecules. Thus, the reaction
includes hybridization homoduplexes of target-target, reference-reference and
heterodupiexes of target-reference strands. A heteroduplex by definition is an
imperfectly matched duplex which nevertheless contains sufficient homology
between strands to maintain a duplex form in the reaction mixture. A homoduplex
by definition is a perfectly matched duplex. The temperature of the reaction
mixture is then increased to the Te, resulting in the preferential denaturation of the
target-reference sequance hybridization duplexes. The Tc er critical temperature
is below the T, of the reference sequence and can be determined by the methods

described herein. At the Te, the target-reference sequence duplexes {and target-
target sequence duplexes only if having a lower T, than the reference sequence)

are substantially denatured, whereas the target-target duplexes (if having & T,
equal to or greater than the T, of the reference sequence) and the reference-

reference sequence duplexes are substantially undenarured. "Substantially”
means at least 60%, preferably at least 70%, more preferably at least 80%, even
mare preferably at least 90% and most preferably at least 98% in a given
daenatured or urdenarured form. After the preferential denaturation of the target-
reference duplexes and target-target duplexes (those that have a lower Ty, than
the reference sequence), a reduced temperature is applied to the reaction mixiure
50 as to allow & pair of primers to anneal to the target sequence. The annealed
primers are then extended, thus enriching the target sequence relative to the
reference sequence in the sample.

In another aspect, the invention is directed to yet ancther method of enriching a
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below the T, of said reference sequence so as to permit the preferential

denaturation of a target strand/reference strand duplex and subjecting said
nucleic acid sample to nucleic acid amplification conditions so as to enrich
said target sequence relative to said reference sequence.

4. A method for enriching a target sequence, said methed comprising:
performing a nucleic acid amplification reaction protocal comprising & first
denaturing temperature and a second denaturing temperature, wherein said
first denaturing temperature is above the Tp, of a reference sequence so as to

permit the denaturation of said target and reference sequences and said
second denaturing temperature is below the Try, of said reference sequence

$0 @s to permit the preferential denaturation of a target strand/reference
strand duplex.

5. A method for enriching & target seguence, said method compriging: a.
subjecting a reaction mixture suspected of having a target sequence and a
reference sequence to a critical temperaturs (Te) that is below the Ty, of said

referance sequence so as to preferentially denature said target seguence; b.
reducing the temperature of the reaction mixture so as te allow & primer pair
to anneal to said target sequence; and ¢. extending said primer pair so as to
enrich said target sequence relative to said reference sequence.

6. A method for enriching a target sequence, said method comprising: a.
subjecting a reaction mixture suspected of having a target sequence and a
reference sequence to a first denaturing temperature which is abowe the
melting temperature (Tr) of said reference sequence $o as to permit the

denaturation of said target and reference sequences; b. altematively
repeating one or more times the steps of: i. reducing the temperature of the
reaction mixture sc as to permit formation of a target strand/reference strand
duplex, and ii. subjecting said reaction mixture to a critical temperature (Te)
that is below the Ty, of said reference sequence so as to permit the

preferential denaturation of the target strard/reference strand duplex; c.
reducing the temperature of the reaction mixture so as to permit & primer pair
to anneal to said target and reference sequences; and d. extending said
primer pair so as to enrich said target sequence relative to said reference
sequence.

7. A methad for enriching & target sequence, said method comiprising: a.
subjecting a reaction mixture suspected of having a target sequence and a
reference sequence to a first denaturing temperature which is above the
melting temperature {Tm) of said reference sequence so as to permit the
denaturation of said target and reference sequences; b. aliematively
repeating one or more times the steps of: 1. reducing the temperature of the
reaction mixture so as to permit formation of a target strand/reference strand
duplex, and ii. subjecting said reaction mixture to a critical temperature (Tc)
ihat is below the Tm of said reference sequence and below the Tm of any
target sequence in the same amplicon, so as to permit the preferential
denaturation of the target strand/reference strand dupiex; ¢. reducing the
temperature of the reaction mixture so as to permit & primer pair to anneal ta
said target and reference sequences; and d. extending said primer pair so as
to enrich said target sequence relative to said reference sequence. 8. The
method of claim 2, wherein steps b and ¢ are repeated two or more times
prior to performing step d.

9. The method of any one of claims 1-3 and 5-8, wherein said target and
reference sequences are first amplified by PCR.

10. The method of any one of claims 1-3 and 5-8, wherein said reference
sequence is a wild- type allele.

11, The method of claim 10, wherein said target sequence is a mutant allele.

12, The method of claim 11, wherein said mutant allele comprises one or
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target sequence. In this methed & nucleic acid sample suspected of containing
each of a target sequance and a reference sequence is denatured by applying a
first denaturing temperature that is above the T,,, of the reference sequence. Next,

the target and reference strands are annealed to each other so as to form double
stranded target-reference sequence dupiexes. The target-reference sequence
duplex forms and is present in the reaction mixture along with double stranded
farget-target and reference-reference sequence duplexes. The double stranded
target-reference and target-reference sequence duplexes are preferentially
denatured by applying the Tc fo the sampie. At the Tc, the target-reference
sequence duplexes (and target-target sequence duplexes only if having a lower
Tm than the reference sequence) are substantially denatured, whereas the target-

target duplexes (if having a Ty, equal to or greater than the T of the reference

sequence} and the reference-reference sequence duplexes are substantially
undenatured. “Substantially” means at least 80%, preferably at least 70%, more
preferably at least 80%, even mare preferably at least 90% and mest preferably at
least 98% in a given denatured er undenatured form. A pair of primers are then
annealed to the target sequence and are extended, thus increasing the
concentration of the target sequence relative to the reference sequence in the
sample.

In still another aspect, the invention is directed to a method for enriching a target
sequence by performing a nucleic acid amplification reaction protocal. The
amplification reaction protocol includes a first denaturing temperature and a
second denaturing temperature. The first denaturing temperature is above the Tm

of the reference sequence and the second denaturing temperature is below the Ty,

of the reference sequence.

In ancther aspect, the invention is directed to a method of ensiching a farget
sequence, which has a fower T, than the comesponding reference sequence, by

subjecting an amplification reaction mixture to 2 Te, redusing the temperature of
the reaction mixture and extending a primer pair. The amplification reaction
raixture is suspected of containing each of a target sequence and a reference
sequence. The Tc is below the Ty, of the reference sequence, thus allowing for the

preferential denaturation of the target sequence with the lower T At the Tc, the

target-reference sequence duplexes and target-target sequence duplexes are
substantially denatured, whereas the reference-reference sequence duplexes are
substantially undenatured, "Substantially” means at least 50%, preferably at least
70%, more preferably at least 80%, even more preferably 2t least 90% and most
preferably at least 98% in a given denatured or undenatured form. The step of
reducing the temperature of the reaction mixture allows the pair of primers to
annesl to the target sequence. These annealed primers are then extended by a
polymerase, increasing the amount of the target sequence in the sample rejative
te the reference sequence. In still yet another aspect, the inventien is directed to
a method of enriching 2 target sequence by subjecting an amplification reaction
mixture to multiple cycles of annealing conditions and the Te. The amplification
reaction mixture, suspected of having each of a target and reference seguence, is
first subjected to a first deraturing temperature which is above the T of the

reference sequence. Next, the sample is cycled between two different
temperature incubation steps. In the first incubation step, the temperature is
decreased so as to allow the hybridization of the target sequence with the
reference sequence sc as to form a duplex, In the second incubation step, the
temperature s increased to the Tc, which is below the Tp, of the referance

sequence. At the Te, the target-reference sequence duplexes (and target-target
sequence duplexes only if having a lower Tr, than ihe reference sequence) are
substantially denatured, whereas the target- target duplexes {if having a Ty, 2qual
{o or greater than the Ty, of the reference sequence) and the reference-reference
seguence duplexes are substantially undenatured. "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 8% in a given denatured or
undenatured form. These first and second steps are then repeated one or more
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more nucleotide deletions.

13. The methed of claim 1 1, wherein said mutant allele comprises one or
more nuclectide insertion.

14, The method of claim 11, wherein said mutant allele comprises one or
more nuclectide alterations.

15. The methoed of claim 11, wherein said target sequence is a somatic
mutation.

16. The method of any one of claims 1-3 and 5-15, wherein said target and
reference sequences are 15 ta 1000 bases.

17. The method of claim 16, wherein said target and reference sequences are
25 to 500 bases. -

18. The method of claim 16, wherein said target and reference sequences are
S50 to 200 bases. 19. The method of any ore of claims 1-18, wherein said first

denaturing temperature is 1 °C to 30°%C above the T of said reference

sequence,

20. The method of claim 19, wherein said first denaturing temperature is 5°C

to 20°C above the Ty of said reference sequence.

21. The method of any one of claims 1, 2 or 5-20, wherein said Te is .3 0C

-50C below the T of said reference sequence.

22. The methed of any one of claims 1, 2 or 5-20, wherein said Tc is .5 °C to

1.5%C below the Ty, of s4id reference sequence.

23. The method of claim 3 or 4, wherein said second denaturing temperature
is .3 0¢ -5°C below the Ty of said reference sequence. 24. The method of

claim 3 or 4, wherein said second denaturing temperature is .5%C to 1.5°C
below the T, of said reference sequence.

25. The method of any one of claim 1-24, wherein said method is repeated for
two or more cycles.

26. The method of any one of claim 1-24, wherein sald method is repeated for
540 cycles. 27. The method of any one of claim 1-24, wherein said method
is repeated for 10-30 cycles.

28. The methad of any one of claim 1-24, further comprising subjecting said
enriched target sequence to further processing

28, The method of any one of claim 1-24, wherein said further processing is
selected from the group consisting of MALDI-TOR, HR-Melting, Di-deaxy-
sequencing, Single-molecule sequencing, pyrosequencing, RFLP, digital
PCR and quantitative-PCR.

30. The method of any one of claims 1-29, wherein said target sequence has
a lower Ty, than said reference sequence.

31, The methed of any one of claims 1 -29, wherein said target sequence has
a higher T, than said reference sequence. 32. The method of any one of

claims 1, 2 or 5-8, wherein said Te is applied for 1 second-5 minutes.

33. The method of any cne of claims 1, 2 or 5-8, wherein said Tc is applied
for 2 seconds-~ 1 minute.

34. The method of any one of claims 1, 2 or 58, wherein said Tc is applied
for & seconds-30 seconds.

35. The method of claim 3 or 4, wherein said second denaturing temperature
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times. Once the cyciic incubation step is complete, the temperature of the
reaction mixture is decreased so as to allow a primer peir to anneai to the target
sequence. These primers are then extended by a polymerase, thus enriching the
target sequence relative to the reference sequence in the sample.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 flustrates one embodiment of the target sequence enrichment procedure
of the invention utilizing a first denaturing temperature and the Te.

Figure 2 illustrate one embodiment of the target sequence enrichment procedure
of the invention utilizing an oscillating annealing/Te step.

Figure 3 llustrates the p53 and Kras mutations tested for enrichment via a target
sequence enrichment protocol

Figure 4 illustrates the enrichment of p53 mutant alleles with a target sequence
enrichment protocel. Figure 5 illustrates the enrichment of Kras mutant alleles
with @ target sequence enrichment protocol. Figure 6 illustrates the enrichment of
mutant alleles in clinical samples from lung and colon tumors.

Figure 7 illustrates the enrichment of mutant aileles by an embodiment of the
enrichment protocel which lacks the mismatch-forming step. Figure 8A-8D
ilustrates amplification plots for wild-type and mutant p53 exon 8 in regular real-
time PCR or via an enrichment method of the invention appilied in a real-time
format, (a) shows amplification plots in reguiar real-time PCR for serially diluted
cell lings containing a mutant in p53 exon 8 mutation, (b) shows amplification
plots in an ensichment procedure of the invention as appiled in a realtime PCR
format for serially diluted celt lines containing 2 mutant in p53 exon 8 mutation,
{c) shows amplification plots in regular realtime PCR of four clinical fumer
samples one of which is known to contain a p53 exon 8 mutation (CT20). (d)
shows amplification plots for an enrichment procedure of the imvention as applied
in a real-time PCR format for the four clinical tumor samples.

Figure 9A-0 reguiar and enriched real-time PCR amplification plots for wild-fype
and mutant pS3, axon 8 utilizing a DNA detection dye (LCGreen). (8) shows
amplification plots for regular real-time PCR of mutant (EW480, L6, CT20) and
wild-type (R27, TL8, TLI 8, TL81, TL82) p53, exon B containing samples, (b}
shows amplification plots fom an enrichment procedure of the invention as
applied in a realtime format for mutant (SW480, TL6, CT20) and wild-type {R27,
TL8, TLI 8, TL&t, TLBZ) p53, exon B contalning samples. (¢} shows amplification
plots for regular real-time PCR for mutant (SW480, CT7, HCC, CT20) and wild-
type p53, exon 8 containing samples, (d) shows amplification plots for an
enrichment procedure of the invention as applied in a real-time format for mutant
(SW480, CT7, HCC, CT20) and wild-type p53, exon 8 containing samples.

Figure 10A-B Hllustrates the impact of organic sohents (e.g., 3% DMSC) on target
enrichment, {a) amplification plots in real-fime PCR for wild-type and mutant P53
exon §. {b) amplification plots of an enrichment procedure of the invention as
applied in a realtime format for mutant and wild-type p53 exon 8.

Figure 11 ilustrates improved Restriction Fragment Length Polymorphism (RFLP)
detection using an enrichment procedure of the invention fellewing Tag] digestion
of the AAT61 EGFR mutation, (a) llustrates the detection of wild-type and mutant
{AAT61) EGFR when diluted 1 : 10,000 (mutant: gencme) after regular PCR or an
enrichment procedure, (b) illustrates the detection of wild-type EGFR as assayed
by regular PCR.

DETAILED DESCRIPTION The present invention is directed to methods,
compositions, software and devices for enriching low abundance alleles (e.9.,
target sequences) from a sample. The present imention is diracted, in pert, on the
selective enrichment of target sequences by applying a critical denaturing
temperature to a reaction mixture. The critical denaturing temperature or Te is &
temperature below the meiting temperature T, of the reference sequence, The

critical temperature takes advantage of the lower Ty, of the double stranded target
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is applied for 1 second-& minutes.

36. The methed of claim 3 or 4, wherein said second denaturing temperature
is applied for 2 seconds- 1 minute.

37. The method of elaim 3 or 4, wherein said second denaturing temperature
iz applied for 5 seconds-30 seconds, 38. The method of any one of claims 1-
3 or 522, 25-34, wherein said primer pair has a melting temnperature, when
annealed with said target sequence, that is lower than the Te.

39, The methad any one of claims 1, 2 or 522, 25-34, wherein said Tc is 70-
gs0C.
40. ‘e method claim 3 or 4, wherein said second denaturing temperature is

70-85°C,

41. The method of any one of clgims 1-40, wherein said target and reference
sequences are human DNA.

42. The method of any one of c!aims 1-41, wherein said target sequence is
myethylated DNA that has been treated with sodium bisulfite.

43. The method of any one of claims 1-42, wherein the reference sequence is
methylated DNA that has been treated with sodium bisulfite. 44, The method
of any one of claims 1-43, wherein said reaction mixture comprises a nucieic
acid detection dye.

45. The method of any one of claims 44, wherein said methed is performed in
a reaitime PCR device.

46. A computer readable medium comprising program instructions for
performing the methad of any one of claims 1 -8.

47. A system for enriching a target sequence, said system comprising @
memory for implementing the program instructions of the computer-readatle
madium of claim 46.

48, The method of claim 11, wherein said mutant allele comprises a SNP.

49. The methed of claim 1 , wherein said first denaturing temperature is 90-
9% and said Tc is 65-89°C.

50. The methed of claim 1, wherein said first denaturing temperature is 86-

980C and said Tc is 65-850C.

§1. The method of claim 1, wherein said first denaturing temperature is 80-
09°C and said Tc is 65-79°C.

52. The methied of any one of claime 1-3 and 5-8, wherein said method is
used to enrich two of more different target sequences and said method
further comprises one or more additional pairs of primers specific to said
target sequences.

53. The method of any one of claims 1, 2, 5, 6-22, 25-34, 38-39, 41-45 and
48-52, wherein said method further comprises identifying said T, whergin
sald Tc allows for the preferential denaturation of said target/reference
sequence duplex.

54. The method of claim 3 or 4, wherein said method further comprises
identifying said second denaturing temperature, wherein said second
denaturing temperature allows for the preferential denaturation of said
target/reference sequence duplex.

55. The method claim 1 , wherein said primer pair has a melting temperature
that is below the temperature applied in step (b).

56. The method claim 6, wherein said primer pair has a melting temperature
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sequence or the target-reference cross hybridized double stranded DNA duplex that is below the temperature applied in step {b)().

s0 as to preferentlally denature these duplexes over the referencefreference

homoduplexes 57. The method of claim 55, wherein the melting temperature of said primer
pairis at least 5 0C below the temperature of step (b).

Many known mutation detection methods stand to benefit from the present
58. The method of claim 56, wherein the melting temperature of said primer

pairis at least 5 0C below the temperature of step (b)(i). 59. The method of
any one of claims 1-45 or 48-58 performed under real-time reaction
conditions.

imention which employs an amplification protocol which selectively enriches the
target sequence. The use of PCR as the initial step for genetic testing is used in
most mutation and sequencing reactions. Generally, a nucleic acid sequance
(e.g.. genomic DNA/CDNA) is amplified as a first step, followed by di-decxy-
sequencing or a mutation screening method {e.g. SSCP, dHPLC, MALDI-TOF,
pyroseguencing, High Resclution Melting. Aceordingly, the limits of essentially all
mutation detection methods would uniformly benefit i enrichment of mutation-
containing sequences (e.g., target sequences) was performed during the PCR 1. The method of claim 52, wherein the real-time reaction conditions utilize
step that precedes screening. a labeled probe, 62. The method of any one of claims 1-45 or 48-61, wherein
the methed is performed in a multiplex assay.

60. The method of claim 59, wherein the real-time reaction conditions utilize
a nucleic acid detection dye.

Definitions
63. The method of any one of claims 1-45 or 48-61, wherein the mathod is

As used herein, the term "enriching a target sequence” refers to increasing the perfarmed in a digital PCR platform.

amount of a target sequence and increasing the ratio of target sequence relative
to the comresponding reference sequence in a sample. For example, where the 64. The method of any one of claims 1-3 ar 5-8, wherein the reaction mixture
ratio of target sequence to reference sequence is initially 5% to 95% in a sample, Includes a modified nucleic acid.

the target sequence may be preferentially amplified in an amplification reaction so

5. The methed of claim 64, wherein th ified nucleic acid | ti
as 1o produce a ratio of 70% target sequence to 30% reference sequence, Thus, 84, when © modified nucleic acid is a peptide

there is a 14 fold enrichment of the target sequence relative to the reference nucleic acid.

sequence. Enrichment of a target sequence results in a 2X to 200X increase in 86. The method of claim 65, wherein the modified nucleic acid is a primer
the target sequence relative to the reference sequence prior to enrichment. The specific for the reference sequence.

enrichment of the target is at least a 2X 3% 4%, 5X, 6X, 7X 8% 8%, 10X 15X

20X, 25X, 30X, 35X, 40X, 45X, 50X, OX 7OX, 80X 90X 100X, 150X, 200X or 67. The method of any one of claims 145 or 48-56, wherein the reaction
more fold enrichment over the reference seguence. Enrichment of a target mixture includes an orgaric solvent.

sequence results in a sample having 10%, 15%, 20%, 25%, 30%, 35%, 40%,
45%, 50%, 55%, 60%, 65%, 70%, 80%, 80%, 95% or more, target sequence
compared to reference sequence (e.g., 10% target sequence : 90% reference

68. The method of claim 67, wherein the organic sohvent is selected from the
group consisting of DMSQ, formarnide, betaire, glycerol, or a combination
thereof, 69. The method of claims 1, 2, 5-22, 2534, or 3868, wherein the Te

% 1 5% refe .
sequence to 85% target sequence : 5% reference sequence) is below the T, of both the reference sequence and target sequence.

As used herein the term “target sequence” refers to 2 nucleic acid that is less

prevalent in & nucleic acid sample than a comesponding referance sequence. The
target sequence makes-up less than 50% of the total amount of reference
sequence + target sequence In a sample. Preferably the target sequence is expressed at the RNA and/or DNA level 1 :10, 1
115, 1:20, 1:25X 1:30, 1:35, 1:40, 1 :45, 1 :50, 1 :60, 1:70, 1:80, 1:80, 1:100, 1 :150, | :200X or less than the reference
seguence. In one embodiment, the target sequence is 2 mutant allele, For example, a sample (e.g., blood sample) may
contain numerous normai cells and few cancerous cefls. The normal cefls contain non-mutant or wild-type alieles, while the
small number of cancerous cells contains somatic mutations. in this case the mutant is the target sequence while the wild-
typs sequence is the reference sequence. In another embodiment, the invention is directed to detecting fetal DNA in a nucleic
acid sample obtained from a mother. In this embodiment, the target sequence is present in the fetal DNA while the mare
prevalent mother DNA contains the reference sequence. As used herein, a target sequence is meant to include fetal DNA
obtained from a pregnant mother, As used herein, a "target strand” refers to & single nucleic acid strand of a target sequence.

The target sequence is about 17-2000 nucleotides long. In one embodiment the target sequence is 20, 30, 40, 50, 80, 70, 80,
90, 100, 110, 120, 130, 140, 150, 180, 170, 180, 190, 200, 250, 300, 350, 400, 450, 500, 600, 700, 809, 900 or more
nuclectides long. Target seguences share at least 50%, 60%, 70%, 80%, 85%, 90%, 91%, 92%, 93%, 94%, 95%, 96%,
97%, 98%, 99% or more homology to the corresponding reference sequence, but differs by at least one nuclectide from the
reference sequence. Target sequences according to the invention can be amplified via PCR with the same pair of primers as
those used for the reference sequence. As used herein, the term "reference sequence” refers fo a nucleic acid that is more
prevalent in a nucleic acid sample than a corresponding target sequence {e.g, same gene but diffierent rucleic acid
sequence). The reference sequence makes-up over 50% of the total reference sequence + target sequence in a sample.
Preferably the reference sequence is expressed at the RNA and/or DNA level 1 OX, 15X 20X 25X, 30X, 35X, 40X, 45X, 50X,
BOX, TOX 80X 90X 100X, 150X, 200X or more than the target sequence. In one embediment, the reference sequence is a
wild-type allele. For example, a sample (e.g., blood sample) may contain numerous normatl cells and few cancerous cells.
The normal cells contain nen-mutant or wild-type alleles, while the small number of cancerous cells contain somatic
mutations. In this case the wild-type sequence is the reference sequence while the mutant sequence is the target sequence
(e.9., mutant allele). As used herein, a "reference strand” refers to a single nucleic acid strand of a reference sequence.

The reference sequence is about 17-2000 nucleotides long. In one embodiment the reference sequence is 20, 30, 40, 50, 80,
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70, 80, 90, 100, 110, 120, 130, 140, 150, 16C, 170, 180, 190, 200, 250, 300, 350, 400, 450, 500, 600, 700, 800, 90G or more
nucleotides fong. Reference sequences will share at least 50%, BO%, 70%, 80%, B5%, 90%, 1%, 92%, 93%, 94%, 95%,

96%, §7%, 98%, 99% or more homoiogy fo the cormesponding target sequence, but wilt differ by at least one nuclectide from
the target sequence. Reference sequences according to the invention can be amplified by PCR with the same pair of primers
as that used for the reference sequence.

The term "allele” refers to altemative forms of a gene, portion thereof or non coding region of DNA that occupy the same locus
or position on homelogous shremosomes that have at least one difierence in the nuclectide sequence. The term aliele can be
used to describe DNA from any crganism including but not limited to bacteria, viruses, fungi, protozoa, malds, yeasts, plants,
humans, non-humans, animals, and archaebacteria. The alieles 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 nommal tissue and a
somatic mutant allele from diseased tissue). An aliele can be 17-2000 nucleotides iong. in one embodiment the allele is 20,
a0, 40, 50, &0, 70, 80, 99, 100, 110, 120, 130, 140, 150, 160, 170, 180, 160, 200, 250, 300, 350, 400, 450, 500, 600, 700,
800, 800 or more nucleotides long. Alleles will generally share 50%, 60%, 70%, 80%, 85%, 90%, 91%, 92%, 93%, 94%,
95%, 98%, 97%, $8%, 29% or more homelogy to each other. Alleles zccarding to the imvention can be amplified by PCR with
the same pair of primers.

In one embodiment, the present invention is used to enrich a polymaorphisn, Any given gene may have none, one, or many
allelic forms (polymorphism). Gommen mutational changes which give rige to alleles may be the result of natural or artificial
{e.g., chemical carcinogens) deletions, additions, or substitutions of nuclectides. Each of these types of changes may octur
alone, or in combination with the others, one or more times in a given sequence.

Several different types of polymorphisms have been reported. A restriction fragement length pelymorphism {RFLP) is a variation
in DNA sequence that alters the length of a restriction fragment (Botstein et al. , Am. J. Hum. Genet. 32:314-331 (1980)). The
restriction fragment length polymorphism may create or delete a restriction site, thus changing the length of the restriction
fragment. RFLPs have been widely used in human and animal genetic analyses (see WO 90/13668, WO 90/ 11369; Donis-
Keller, Cell 51 :319-337 (1987); Lander et al., Genetics 121 :85-09 {1989)). When a heritable trait can be linked to 2 particular
RFLP, the presence of the RFLP in an individual can be used to predict the likelihood that the individual will alse exhibit the
frait. RELP can be used in combination with the enrichment methods described herein so as to enhance the detection of
polymorphisms. Such methods are described herein in Example 9.

Cther polymorphisms take the form of short tandem repeats (STRs!} that include tandem di-, ti-and tetra-nucieotide repeated
matifs. These tandem repeats are also referred to as variable number tandem repeat (VNTR) polymarphisms., VNTRs have
been used in identity and patemity analysis (U.S. Pat. No. 5,075,217: Armour et al., FEBS Lett. 307:113- 115 (1892}, Horn et
al., WO 91/14003; Jefireys, EP 370,718), and in a large number of genetic mapping studies. Other polymorphisms take the
form of single nucleotide variations between individuals of the same species. Such polymorphisms are far mere frequent than
RELPs, STRs {short tandem repeats) end VNTRs (variable number tandem repeats). Some single nucleotide polymorphisms
ooeur in protein~coding sequences, in which case, one of the polymorphic forms may give rise to the expression of a defective
or other variant protein and, potentially, a genetic disease. Other single nuclectide polymarphisms oceur in nenceding
regions. Some of these palymorphisms may also result in defective protein expression {e.g., as a result of defective spllcmg)
Other single nucleotide polymorphisms hawe no phenatypic effects.

Yet other mutations include somatic mutations. Somatic mutations are aiterations in

DNA that occurs after conception. Somatic mutations can oceur in any of the cefls of the body except the germ cells {sperm
and egy} and therefore are not passed on to children. These alterations can (but do not always) lead to cancer or other
diseases.

As used herein, the term "wild-type" refers to the most common polynuclectide sequence of allele for a certain gene in a
popuiation, Generally, the wild-type allele will be chtained from normal cells.

As used herein, the term "mutant” refers to a nucleotide change (.., a single or multiple nuclestige substitution, deletion, or
insertion) in a nucleic acid sequence. A nucleic acid which bears a mutation has a nucleic acid sequence (mutant allele) that
is difierent in sequence from that of the comesponding wid-type polyrucleotide sequence. The methods of the invention are
especially useful in selectively enriching a rmutant allele which contains between 1 and 500 nucleotide sequence changes. A
mutant allele may have 1, 2, 3, 4, 5, 6, 7, §, 8, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80,
00, 100, 200, 300, 400 or 500 nuclectide sequence changes compared to a comesponding wild-type allele. Preferably, a
rautation in a mutant allele will contain between 1 and 10 nuclectide sequence changes, and mere preferably between 1 and
5 nuctectide sequence changss. The mutant allele will have 50%, B0%. 70%, 80%, 85%, 90%, 91%, 92%, 93%, B4%, 95%,
96%, O7%, 98%, 98% or more homolegy to the wildtype allele. Generaliy, the mutant allsle will be obiained from diseased
tissues or cells and is associated with a disease state. As used herein the term "melting temperature” or "Tyy' refers to the

temperature at which a polynuclectide disscciates from its compiementary sequence. Generally, the Ty may be defined as
the temperature at which one-half of the Watson-Crick base pairs in a duplex nucleic acid melecule are broken or dissociated
(i.e., arg "melted") while the other half of the Watson-Crick base pairs remain intact in a double stranded conformation. n
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other words the Ty, is defined as the temperature at which 50% of the nucleotides of two complementary saquences are
annealed (double strands) and 50% of the nuclestides are denatured (single strands). Ty, therefore defines a midpcint in the

transition from double-stranded to single- stranded nueleic agid mofecules (or, conwersely, in the transition from single-
stranded to double-stranded nucleic acid molecules).

The Ty can be estimated by a number of methods, for example by a nearest-neighbor calcutation as per Wetrur 1851
(Wetmur, J. G, 1891. DNA probes: applications of the principles of nucleic acid hybridization. Crit Rev Biochem Mol Biol 28:
227-259, hereby incorporated by reference) and by comrercial programs inciuding Oligo™ Primer Design and programs
available on the intemet. Alternatively, the T,,, can be determined though actual experimentation. For example, double-

stranded DNA binding or intercalating dyes, such as ethidium bramide or SYBR-green (Molecular Probes) can be used in a
melting cune assay to determine the actual Tm of the nucleic acid. Additional methods for determining the T,;; of a nucleic

acid are weil know in the art and described herein. As used herein, the term “critical temperature” or "Te" refers to a
temperature below the Ty, of the reference secuence. The Te is applied to preferentially denature the double- stranded target

sequence duplex or target sequence/reference sequence double-stranded dupfex so as fo allow the selective enrichment of
the target sequence during an amplification reaction. The critical denaturing temperature (Tc} is the temperature below which
PCR efficiency drops abruptly for a given nucleic aeid segquence. For example, a 167 bp p53 sequence amplifies well if the

PCR denaturing temperature is set at 87°C, amplifies modestly at 86.5 9C and yields no detectable product if PCR
deraturation is set at 86°C or less. Therefore in this example To- 85.57C. The To is about .1-20%C betow the Tey of the

reference sequence. Mare preferably the Tc is about .1-100C, .1.9%¢, .1-8%¢, .1-79¢. .1-6%C, .20¢ -5 °c, 3%C - 450, 4-
4%, 5-3.59, .5-3%, 5-30C, 5-2.50C, .5-20C, 5-1.5%C, .5 - 1 5C beiow the Tm of the reference sequence. In some

embodiments, the Tc is below the T, of both the reference and target sequences. For example, the Te may be about .1 -
10°c, .19 %¢, .18%C, 170, 160C, .20C -57C, .30¢ - 4.50C, .4 - 4%, .5-3.5°C, 5-30C, 53 %, 5-2.5%, 5-20¢C, 5-
1.55C, .5~ 1 0C below the Ty of the target secuence.

As used herein, the term "selective denaturation” or “preferential denaturation” refers to the preferential breaking of hydrogen
bords between base pairs in a double- stranded nucieic acid molecule of a target sequence or target/reference sequence
duplex te produce in single-stranded target sequence. The selective denaturation of the target sequence is accomplished by
applying the critical temperature to the sample containing the target and reference sequences.

As used herein, "primer pair" refers to two primers that anneal to opposite strands of a target and reference sequence so as
to form an amplification preduct curing a PCR reaction. The primer pair is designed so as o have a T lower than the Te of

the reaction,

As used herein the term "cross-hybridization” refers to & double-stranded duplex formed between two nucleic acid
sequences, that differ by one or more nucleotides, by virtue of the formation of hydrogen binds between complementary G
and C bases and between complementary A and T or A and U bases. The two complementary nucleic acic sequences
hydrogen bond in an antiparallel configuration. In a preferred embodiment, the two nucleic acid sequences are a target
seguence and a reference sequence. The cross-hybridized DNA will contain mismatches at the positions of difference
between the reference and target sequences. The mismatches can include polymorphisms, mutations, insertions, deletions
and other changes that result in such differences. For example, methylation. For example, lcops andior single stranded
regions of one or more nuciectides occur at sites of deletions/insertions.

Cross hybridization typically invohes denaturing the target and reference sequences, for example by heating, followed by
renaturing under conditions (such as temperature) which aliow hybridization and duplex formation to occur. As used herein, a
“reaction mixture” is a mixture suspected of containing 2 target sequence duplex that comprises a suitable buffer for allowing
the denaturing of a target sequence.

As used herein, "identity” or "homelogy" refers to the subunit sequence simitarity between two polymeric malecules, e.g.,
two polynuclectides or two polypeptides. When a subunit positien in both of the two molecules is occupied by the same
monomelic subunit, e.g., if a position in each of two peptides is occupied by serine, then they are identical at that position,
The identity between two sequences is a direct function of the number of rmatching or identical positions, e.g., if half (e.g., 5
positions in a polymer 10 subunits in length), of the positions in two peptide or compound sequences are identical, then the
two sequences are

50% identical; if 90% of the positions, e.g., 9 of 10 are matched, the two sequences share 90% seguence identity.

Percent nucleotide identity can be determined by the default parameters of BLAST. For sequence comparison, typically one
sequence acts as a reference sequence, to which test sequences are compared. When using a sequence comparison
algorithm, test and reference sequences are entered info a computer, subsequence ceordinates are designated, if necessary,
and sequence algorithm program parameters are designated. Default pregram parameters can be used, or alternative
pararmeters can be designated. The sequence comparison algorithm then calculates the percent sequence identities for the
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test sequences relative to the reference sequence, based on the program parameiers.

The compatison window ingludes reference to 2 segment of any one of the number of contiguous positions selected from the
group censisting of from 20 to 600, usually about 50 to about 200, more usually about 100 to about 150 in which a sequence
may be compared to a reference sequence of the same number of contiguous positions after the two sequences arg optimally
aligned. Methods of alignment of sequences for comparison are well-known in the art. Optimal glignment of sequences for
comparison ¢an be conducted, e.g., by the local homology aigorithm of Smith & Waterman, Adv. Appl- Math, 2:482 .(1981),
by the homology alignment algorithm of Neadleman & Wunsch, J. Mol. Biol. 48:443 (1970), by the search for similarity
method of Pearsen & Lipman, Proc. Natl. Acad. Scl. USA 85:2444 (1988), by computerized implementations of these
algorithms (GAP, BESTFIT, FASTA, and TEASTA in the Wisconsin Genetics Scitware Package, Genetics Computer Group,
575 Science Dr., Madison, Wis.), or by manual alignment and visual inspection (see, e.g., Current Protocols in Molecular
Biology (Ausubel et al., eds. 1995 supplement}).

An exémple of an algorithm thet is suitable for determining percent sequence identity and sequence similarity are the BLAST
and BLAST 2.0 algorithms, which are described in Altschul et al., Nuc. Acids Res. 25:3388-3402 (1977) and Altschul et al,,
J. Mol. Biol. 215:403-410 (1990}, respectively. Scitware for performing BLAST analyses is publicly available through the
National Center for Biotechnology Information {http:/fwww.ncbi.nim.nih.gov)). This algorithm involves first identifying high
scoring sequence pairs (HEPs) by identifying short words of length W in the query sequence, which either match or satisfy
some positivevalued threshold score T when aligned with a word of the same length in a database sequence. T is referred to
as the ne‘nghborhcbd word score threshold (Altschul et al., supra). These initial neighborhood word hits act as seeds for
initiating searches te find longer HSPs containing them. The word hits are extended in both directichs along each sequence
for as far as the cumulative alignment score can be increased. Cumulative scores are calculated using, for nuclectide
sequences, the parameters M (reward score for a pair of matching residuses; always >0) and N (penalty score for
migmatehing residues; always <0). For amino acid sequences, a scoring matrix is used to calculate the cumulative score.
Extension of the word hits in each direction are haited when: the cumulative alignment score falls off by the quantity Xfrom its
maximum achieved valle; the sumulstive score goes to zero or below, due to the accumulation of ohe or mere negative-
scoring residue alignments; or the end of either sequence is reached, The BLAST algorithm parameters W, T, and X
determine the sensithvity and speed of the alignment. The BLASTN program (for nucleotide sequences) uses as defaults a
wordlength (W) of 11 , an expectation {E) or 10, M=5, N=-4 and a comparison of bath strands. For amino acid sequences,
the BLASTP program uses as defaults a wordlength of 3, and expectation {E) of 10, and the BLOSUMB?2 scoring matrix (see
Henikoff & Henikoff, Proc. Natl. Acad. ScL USA 89: 10815 (1989)) alignments (B) of 50, expectation (E) of 10, M=5, N=-4,
and a comparison of both strands.

The BLAST algorithm also performs a statistical analysis of the similarity between two sequences (see, e.g., Karlin &
Altschul, Proc. Nat1Acad. Sci. USA 90:58735787 (1993)). One measure of similarity provided by the BLAST algorithm is the
smallest sum probability (P(N)), which provides an indication of the probability by which a match between fwo nucleotide or
amino acid sequences would occur by chance. For example, a nucleic acid is considerad similar to & reference sequence if
the smallest sum probabifity in a comparison of the test nucleic acid to the reference nucleic acid is less than about 0.2,
more preferably less than about 0.01, and mest preferably less than about 0.001.

In @ first aspect, the invention is directed to a method for enriching 2 target sequence in a nucleic acid sample suspected of
having target and reference sequences. The reference and target sequences may be amplified prior to use in the present
method. That is the reference and target sequences of interest may be amplified from a genomic template in a PCR reaction
prior to use in the present method. An aliguot from this PCR reaction is then transferred for use in the selective enrichment
method. Altematively, the reference and target sequences need not be subjected to a fisst PCR reaction but can be used in
their native form (e.g., genomic DNA) in the selective enrichment method. The target and reference sequences can be
obtainad from any nucleic acid sequence including, genomic DNA, cDNA, viral DNA, mammalian DNA, fetal DNA or bacterial
DNA. While the reference sequence is generally the wild-type aliele and the target sequence is the mutant allele, the reverse
may also be true. The mutant allele may inciude any one oF more nuclectide deletions, insertions or alterations. In some
embodiments, the mutant allele is a somatic mutation. In other embodiments, the target sequence is methylated DNA while
the reference sequence is un-methylated DNA. Alternatively, the target sequence is un-methyiaied DNA while the reference
sequence is methylated DNA. The primers used in the present method are generally design so as te produce reference and
target sequence amplification products of about 17 to 1000 bases, more preferably about 25 to 500 bases, and most
preferably about 50 to 100 bases in size. The method includes subjecting the amplification reaction mixture to a first
denaturing temperature that is above the melting temperature "Tr" of a reference sequence. The T of & nucleic acid can be

determined through experimentation or estimated by calculation. “Ine skilled artisan is well aware of numerous well known
methods for determining the T, of a nuclelc acid, some of which are described herein. The first denaturing temperature is set

according to standard procedures used in PCR. Thus, the first denaturing temperature should be sufficiently high so as fo
allow the full denaruration of the target and reference sequences (e.g., g8"C). In one embediment, the first denaturing

temperature is about 1°C to 309C abowe the Ty, of the reference sequence, more preferably the T, of the reference sequence

is about 5 9¢ to 20°C above the Tm of the reference sequence.
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Next, the temperature of the amplification reaction mixture Is decreased allowing the target seguences and reference
sequences to hybridize. In a preferrad embaodiment, 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 66°C to 809C) is above the Trw of the primer pair, and thus allows the target and reference sequences to hybridize while

preventing binding of the primer pair to the target and/or reference sequences. This annealing step results in the formation of
hybridization duplexes of double stranded target-target, referencereferance and target-reference sequerces The target-
reference hybridization duplexes are then preferentialty denatured by increasing the temperature of the reaction mixture to the
Te. The Te ar critical temperature Js below the T, of the reference sequence and can be determined by the methads

described herein. In one embodiment, the To is about .3°C -5°C below anc more preferably about 5°C to 1.5°C below the Tm

of the reference sequence. Generally, the Te will be about 70-80°C. The target-target hybridization duplexes may also be
preferentially denatured if the farget sequence has a rucleotide sequence which results in a lower T, compared to the

reference sequence. At the Tc, the target-reference sequence duplexes {and target-target sequence duplexes only If having a
lower T, than the reference sequence) are substantially denatured, whereas the farget-target duplexes (if having a Ty, equal

to or greater than the Ty, of the reference sequence) and the reference-reference sequence duplexes are substantially

undenatured. "Substantially" means at least 60%, preferably at least 70%, more preferably at least 80%, even more
preferably at least 0% and most preferably at least 98% in a given denatured or undenatured form. The Tc is generally
applied from about 1 second to 5 minutes, more preferably 2 seconds to 1 minute ard most preferably § seconds to 30
seconds.

After the preferential denaturation of the target-reference andfor target-target sequence hybrdization duplexes, the
temperature of the reaction mixture is reduced sc as to allow a primer pair to anneal to the target sequence. The annealed
ptimers are then extended by a nucleic acid polymerase, thus enriching the target sequence relative to the reference
sequence in the sample. The steps of the method are generaily repeated for multiple cycles in order to get sufficient
amplification of the target and reference sequences. In cne embadiment, the steps of the method are repeated for 5-40 cycles
and more preferably 10-30 cycles. The optimal number of cycles can be determined by one of ordinary skill in the art.
Preferably, the present metheds are performed in a PCR device, more preferably under real-time reaction conditions in a real-
time detection PCR device, such as the SMARTCYCLER rezktime PCR device (Cepheid, Sunnyvale, CA) and the Mx3005P
real-ime PCR device (Stratagene, La Jolia, CA). In this embodiment, the reaction mixture may include a nucleic acid
detection agent (e.g., nucleic acid detection dye such as SYBR Green dye or LC-Green dye or a probe operatively coupled to
afluoreseent dye} for quantifying and/or monitoring the amplification products of the reaction. Once the enrichment of the
target sequence is complete the sample may be further processed (e.g., for identification of any genetic alterations enriched
by the method, e.g., subjected to a sequencing Teaction). The enriched reference sequences may be further processed by a
variety of procedures including: MALDI-TOF, HR-Melting, Di-deoxy- sequencing, Single-molecule sequencing,
pyroseguencing, RFLP, digital PCR and quantitative-PCR,

In still another aspect, the invention is directed to a method for enriching a target sequence by performing a nucleic acid
amplification reaction protocol. The amplification reaction protocol includes a first denaturing temperature and a second
denaturing temperature. The first denatwring temperature is above the Tn. of the reference sequence and the second

denaturing temperature is below the T, of the reference sequence. The method includes subjecting the amplification reaction
mixture fo a first denaturing temperature that Is above the melting temperature " m of a reference sequence. The T ofa

nucleic acid can be determined through experimentation or estimated by calculation. The skilled artisan is well aware of
rumerous well known methods for determining the T of 2 nucleic acid. The first denaturing temperature is generally selected

as one would generally select the denaturing temperature of a PCR reaction and should be sufficiently high s¢ as to allow the
denaturing of the target and reference sequences. In one embodiment, the first denaturing temperature is about 1 0C te 30°¢
above the Tp, of the reference sequence, more preferably the T, of the reference sequence is about 5°C to 260C above the

To, of the reference sequence. The second denaturing temperature is below the T, of the reference sequence and can be
determined by the methods described herein. in one embodiment, the To is about .3°C -5 9C below the Ty of the reference
sequence and more preferably about .59C 10 1.59C below the T of the reference sequence. Generally, the Tc will be about

70-90°C, The second denaturing temperature is generally applied from about 1 second to 5 minutes, more praferably 2
seconds to 1 minute and most preferably 5 seconds to 30 seconds.

In another aspect, the invention is directed to a method of enriching a target sequence by subjecting an amplification reaction
mixture to & Te, reducing the temperature of the reaction mixture and extending & primer pair. The amplification reaction
mixture is suspected of containing a target and a reference sequence. In this aspect, the targef sequence has a Ty, below the

Trm of the reference sequence. The Tc is below the T, of the reference sequence, thus allowing for the preferential
denaturation of the target sequence which has a lower Tp. than the reference sequence as a result of its nuclestide

composition (e.g., deletion). As with respect to the other aspects of the invention, the reference and target sequences may
be amplified prior to use in the present method. That is the reference and target sequences of interest may be amplified from
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a genomic template in a PCR reaction prior to use in the present method. An aliguot from this PCR reaction is then
sransferred for use in the selective enrichient method. Alternatively, the reference and target sequences need not be
subjested to a first PCR reaction but can be used in their native form in the selective enrichment method, e.g., genernic DNA.
The target and reference sequences can be obtained from any nucleic acid sequence including, genomic DNA, cDNA, viral
DNA, mammalian DNA, fetal DNA or bacterial DNA. While the reference sequence is generally the wild-fype aliele and the
target sequence is the mutant aliele, the reverse may also be true. The mutant allele may include any one or more nuclectide
deletions, insertions or alterations. In some embodiments, the mutant allele Is a somatic mutation. The primers used in the
present method are generally designed so as to produce reference and target sequence amplification produets of about 15 to
1000 bases, more preferably about 25 to 500 bases, and most preferably about 50 to 100 bases In size.

The target-target hybridization duplexes are preferentially denatured by increasing the temperature of the reaction mixture to
{ne Te. The Tc or critical temperature is below the Ty, of the reference sequence and can be determined by the methods

deseribed herein. In one embodiment, the Tc is about .3%C .50C pelow the T of the reference sequence and more preferably

about .5°C to 1.5°C below the Ty of the reference sequence. Generally, the Tc will be about 70-90. The Tc is generally

applied from about 1 second to 5 minutes, more preferably 2 seconds to 1 minute and most preferably 5 seconds ta 30
seconds. At the Tc, the target-reference sequence duplexes and target-target sequence duplexes are substantially
denatured, whereas the reference-reference sequence duplexes are substantially undenatured. *Substantially” means st least
80%, preferably at least 70%, more preferably at least 80%, even more preferably at least 80% and most preferably at least
98% in a given denatured or undenatured form. The step of reducing the temperature of the reaction mixture allows the primer
pair to anneal to the target sequence. These annealed primers are then extended by a polymerase, increasing the amount of '
the target sequence in the sample. The steps of the method are generally repeated for multiple cycles in order to get
sufiicient amplification of the target and reference sequences. In one embodiment, the steps of the method are repeated for 5~
40 oycles and more preferably 10-30 cycles. The optimal number of cycles can be determined by one of ordinary skill in the
art. Preferably, the present methods are performed in a PCR device, more preferably under realtime reaction: conditions in a
realtime detection PCR device, such as the SMARTCYCLER real-time PCR device (Cepheid, Sunnyvale, CA) and the
Mx3005P realtime PCR device (Stratagene, La Jolia, CA). In this embodiment, the reaction mixiure may include a nucleic
acid detection agent (e.g., nucleic acid detection dye such as SYBR Green dye or LC-Green dye or a probe operatively
coupled to a fluorescent dys) for quantifying and/or monitoring the amplification products of the reaction. Once the enrichment
of the target sequence & complete the sample may be further processed, .g., stbjected to a sequencing reaction. The
enriched alleles may be further processed by a variety of procedures including: MALDITOF, HR-Meliing, Di-deoxy-
sequencing, Single-moiecule sequencing, pyrosequencing, RFLP, digital PCR and quantitative-PCR.

In still yet another aspect, the imvention is directed to a method of enriching a target sequence by subjecting an amplification
reaction mixture to altemating steps of annealing conditions and denaturing conditions by applying the Te. The amplification
reaction mixturs, having a target and reference sequence, is first subjected to a first denaturing temperature which is above
the Ty, of the reference sequence. As in the other aspects, the reference and target sequences may be amplified prior to use

in the present method. That is the reference and target sequences of interest may be ampilfied Ffom a genowmic template in a
PCR reaction prior to use in the present method. An aliquot from this PCR reaction is then transferred for use in the selective
enrichment method. Alternatively, the reference and target sequences need not be subjected to a first PCR reaction but can
be used in their native form in the selective enrichment method, e.g., genomic DNA. The target and reference sequences can
be cbtained from any nucleic acid sequence including, genomic DNA, cDNA, virat DNA, mammalian DNA, fetal DNA or
bacterial DNA. While the reference sequence s generally the allele and the target sequence is the mutant allele, the reverse
may also be true. The mutant allele may include any one or mere nucleotide deletions, insertions or alterations. In some
embodiments, the mutant zllele is @ somatic mutation. In other embodiments, the target sequence is methytated DNA while
the reference sequence is un-methylated DNA, Alternatively, the target sequence is un-methylated DNA while the reference
sequence is methylated DNA, The primers used in the present method are generally design so as to preduce reference and
targst sequence amplification products of about 15 to 1000 bases, more preferably about 25 to 500 bases, and most
preferably about 50 to 100 bases in size.

‘The Tr, of a nucleic acid can be determined through experimentaticn or estimated by calculation. The skilled artisan is well

aware of numerous well known mathads for determining the Ty, of a nucleic acid. The first denaturing temperature is generally
selected as one would generally select the denaturing temperature of 2 PCR reaction and should be sufiiciently high so as 1o
allow denaturing of the target and reference sequences. In one embodiment, the first denaturing temperature is about 1 O to
30°C above the T, of the reference sequence, more preferably the Tp, of the reference sequence is about 50¢C to 209C above

the T,, of the reference sequence.

Next, the sample is cycled between two difierent temperature incubation steps. In the first incubation step, the temperature is
decreased so as to allow the hybridization of the target seguence with the reference secuence. In the second incubation
step, the temperature is increased to the Tc, which is below the Ty, of the reference sequence. These first and second steps

are then repeated one or more times, more preferably 3- 20 times and most preferably 5- 10 times. The first incubatior: step
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results in the formation of hybridization duplexes of target- target, reference-reference and target-reference sequences. In a
preferrad embodiment, this hybridization temperature or intermediate temperature (the temperature being below the first

denaturing témperature and Te but above the primer anneating/extension temperature, e.g., about 60°C to BOOC) is abowe the
Tra of the primer pair, and thus allows the target and reference sequences 1o hybridize while preventing binding of the primer

pair to the target and/or reference sequences. The target-reference and target-target {as long as the target has a lower Tm

than the reference sequence) hybridization duplexes are then preferentially denatured by increasing the temperature of the
reaction mixture to the Tc in the second incubation step. The Tc or eritical ternperature is below the T, of the reference

sequence and can be determined by the methads described herein. In one embediment, the Tc is about .3%C -59C below the

Ty of the reference sequence and more preferably about 59C to 1.50C below the Tm of the reference sequence. Generally,

the Te will be about 70-90°C. The target-target hybridization duplexes are also preferentially denatured if the target sequence
has a nucleotide sequence which resuits in a lower Tm compared to the reference sequence. The Te 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. Once
the cyelic incubation step is complete, the temperature of the reaction mixture is decreased so as to allow the one or more
primers to anneal to the target sequence, These primers are then extended by a polymerase, thus enriching the target
sequence.

Once each step is competed the reaction may be repeated for multiple cycles in order to get sufficient amplification of the
target and reference sequences. In one embodiment, the steps of the method are repeated for 5-40 cycles and more
preterably 10-30 cycles. The optimal number of cyclas can be determined by one of ordinary skill in the art. Preferably, the
present methods are performed in a PCR device, more praferably under real-time reaction conditions in a realtime detection
FCR denvice, such as the SMARTCYCLER realfime PCR device {Cepheid, Sunnyvale, CA} and the Mx3005P real-time PCR
device (Stratagene, La Jolia, CA). in this embodiment, the reaction mixture may include a nucleic acid detection agent (e.q.,
nucleic acid detection dye such as SYBR Green dye or LC-Green dye or a probe operatively coupled to a flucrescent dye) for
guantifying and/or monitoring the amplification products of the reaction. Once the enrichrent of the target sequence is
complete the sample is subjected to further processing. Further processing includes MALDITOF, HR-Mel ting, Di-degxy-
sequencing, Single-molecule seguencing, pyrosequencing, RFLP, digital PCR and guantitative-PCR.

In another embodiment, the method of the present invention can be used to detect whether methylation has occurred in a
target sequence or reference sequence. in a further embediment, the method utilizes genomic DNA to assay the methylation.

The methylation detection methad comprises a chemical or enzymatic approach for methylation-sensitive treatment of DNA.
Chemical treatments include the incubation of DNA with sodium bisulfite, which selectively comverts non-methylated
cytosines to uracils. The DNA s first heat-denatured and then can be treated with 5M bisulfite, pH 5-7. Pretreatment of
genomic DNA to remove pre-existing uracils is used prior to bisulfite treatment. This pretreatment consists of uracil
glycosylase treatment in the presence of 5 mM hydroxylamine, pH 7. The modified DNA may now be used in the methods of
the invention.

Because the methylated cytosines of the reference or target sequence are converted to uracils, they will now form
mismatches when duplexed with the opposite strand (target or reference), which was not methylated, during they cross-
hybridization step of the reaction.

In yet another aspect, any of the methods of the invention are used to enrich multiple different target sequences in a multi-
plex reaction. In this embodiment, the method includes additiona! sets of primer pairs to the additicnal target sequences. In
another aspect, the invention is directed to a computer readable medium having program instructions for performing any of the
methods of the invention. In a further aspect, the imention is directed to s PCR system for enriching the target sequence. The
system includes memory for implementing the program instructions of the computer readable medium. Figures 1 and 2
fllustrate two different aspects of the invention. Figure 1 illustrates an aspect of the invention in which the method utilizes an
amplification reaction having a first denaturing temperature and a critical denaturing temperature or Tc. Figure 2 also
ilustrates an amplification reaction having 2 first denaturing temperate and a Te but further includes oscillating, or repeating,
the annealing and critical denaturing temperature step multiple times prior to the primer annealing and extension phase of the
reaction.

Figure 1 shows the procedure for enriching a target sequence in a nucleic acid sample having target and reference
sequences. The target and reference sequences can be obtained from any nucleic acid sequence including, genomic DNA,
cDNA, viral DNA, mammalian DNA, fetal DNA or bacterial DNA. While the reference sequence is generally the allele and the
target sequence is the mutant allele, the reverse may aiso be true. The mutant allele may include any one or more nucleotide
deletions, insertions or alterations. In some embodiments, the mutant allele is @ somatic mutation. In other embediments, the
target sequence is methylated DNA while the reference sequence is un-methylated DNA. Altematively, the target sequence
is un-methylated DNA while the reference sequence is methylated DNA.

The methed includes subjecting the amplification reaction mixture to a first denaturing temperature (Fig. IA) that is abowe the
melting temperature "Tyy" of a reference sequence. The Ty, of a nucleic acid can be determined threugh experimentation or
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estimated by calculation. The skilled arisan is well aware of numerous well known methods for determining the T of 2

nuclele acid some of which are described herein. The first denaturing temperature is generally selected as one would
generaily select the denaturing temperature of a PCR reaction and should be sufficiently high so as to allow the full

denaturing of the target and reference sequences (&.9., 94°C). In one embediment, the first deraturing temperature is about 1
0¢ 1 300C above the Ty of the reference sequence, more preferably the Ty, of the reference sequence is about 59C to 20°C

above the Ty, of the reference sequence.

Next, the temperature of the amplification reacticn mixture is decreased allowing the target sequences and reference
sequences to hybridize (Fig. 18). This annealing step results in the formation of hybridization duplexes of target-target,
reference-reference and target- reference sequences. Determining an annealing temperature is welt known to the skifled
artisan. The PCR primers used In the method are designed to have a T, that prevents them from binding to the target and

reference sequences at this intermediate temperature, s0 that they don't interfere with cross-hybridization of the mutant
{target) and wild-type (reference) sequences. Because of mutatiens in the target sequence mast target sequences end-up in
a mismatched structure with the reference sequence, and thus have a lower melting temperature, when heteroduplexed with
the reference saguence, than the fulty-matched reference/reference homoduplexes.

The target-reference hybridization duplexes are then preferentially denatured by increasing the temperature of the reaction
mixture to the Te (Fig. 1C). The Te er critical temperature is beiow the Tr of the reference sequence and can be determined

by the methods described herein. In one embadiment, the Tc is about 39¢ 50¢ below the Tp, of the reference sequence and

more preferably about 59¢ 10 1.5°C below the Ty, of the reference sequence. Generally, the Tc will be about 70-500C, The

target-target hybridization duplexes may also be preferentially denatured if the target sequence has a nucieotide sequence
which results in a lower Ty, comparad te the reference sequence. ‘The Tc is generaily applied from about 1 second to 5

minutes, more preferably 2 seconds to 1 minute and most preferably 5 seconds to 30 seconds.

After the preferential denaturing of the target-reference and/or target-target sequence hybridization duplexes, the temperature
of the reaction mixture is reduced so as to allow one or more primers to anneal to the target sequence (Fig. 1 D). The
annealed primers are then extended by a nugleic acid polymerase, thus enriching the target sequence in the population of
nucleic acids contained in the sample.

The steps of the method are ganeraily repeated for multipie cycles in order to get sufficient amplification of the target and
reference sequences. In one embediment, the steps of the methied are repeated for 5-40 cycles and more preferably 10-30
cycles. The optimal number of cycles can be determined by one of ordinary skill in the art. Preferably, the present methods
are performed in a PCR device, more preferably under real-time reaction conditions in a real-time detection PCR device, such
s the SMARTCYCLER real-time PCR device (Cepheid, Sunnyvale, CA) and the Mx3005P reai-time PCR device (Stratagene,
La Jolla, CA), In this embodiment, the reaction mixture may include a nucleic acid detection agent (e.g., nucleic acid
detection dye such as SYBR Green dye or LC-Green dye or @ probe operatively coupled tc a fluorescent dye) for quantifying
and/or monitoring the amplification products of the reaction. Once the enrichment of the target sequence is complete the
sample may be further processed, e.g., subjected to a sequencing reactien. The enriched alleles may be further processed
by a variety of procedures including: MALDKTOF, HR-Melting, Di-deoxy- sequencing, Single-molecule sequencing,
pyrosequencing, RFLP, digital PCR and quantitative-PCR.

By performing the enrichment method in every PCR-cycle, the amount of mutant sequences (target sequence} is gradually
enriched over the sequences (reference seguence). Both homozygous and heterozygous mutations are enriched via the
method, Enrichment of mutation-containing sequences by 10-80-fold retative to performing regular PCR at a denaturation
{emperature of 84°¢C iz routine. At a given critical denaturation temperature (Te), the mutation enrichment occurs
simultanecusly at all sequence positions, albeit with a different efficiency depending on the sequence context and overall size
of the PCR amplicen. Both the critical denaturation temperature Tc and the anticipated enrichment at any position are
predictable using appropriate DNA melting software and can be verified experimentally. Thus depending on where the
mutation is, a somewhat different enrichment can be anticipated, however in all cases a substantial enrichment is achieved
and therefore the detection limits of downstream assays improve, e.g., sequencing reactions.

Figure 2 illustrates an embodiment of the method for enriching a target sequence by subjecting an amplification reaction
mixture te multiple alternating steps of annealing and critical denaturing temperature, This embodiment takes advantage of
both preferential denaturation at the critical temperate and preferential corss-bybridization at the hybridization temperature.
The amplification reaction mixture, having a target and referance sequence, is first subjected to a first denaturing temperature
which is above the Ty, of the reference sequence {Fig. 2A).

Next, the sample is cycled between two different temperature incubation steps. In the first incubation step, the temperature is
decreased so as to allow the preferential hybridization of the target sequence with the reference sequence (Fig. 2B). in the
second incubation step, the temperature is increased to the Te (Fig. 2C). These first and second steps are then repeated one
or more times, more preferably 3-20 times and most preferably 510 times.
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The preferential hybridization temperature for a ghven sequence is a temperature at which the wild-type alleles hybridize back
to themsebves at a faster rate than do the mutation-containing alleles. Because mutated alleles are at 2 much lower
prevalence than wild-type aileles, cross-hybridization of the wild-type aileles with themselves proceeds faster than cross-
hybridization of mutant alleles with mutant afleles, or of mutant alleles with allsles (the latter forming a mismatch). As &
result, when the PCR temperature is reduced to a cross-hybridization temperature the mutant alleles do not cross-hybridize
to the same extent as the wild-type alleles do. In a preferred embodiment, this hybridization temperature or intermediate
temperature (the temperature being below the first denaturing temperature and Te but above the primer annealing/extension

temperature, e.g., about 60 °C to 80 0(:) is above the Ty, of the primer pair, and thus zllows the target and reference

sequences to hybridize while preventing binding of the primer pair to the target and/or reference sequences.

Next, the temperature of the reaction is increased to the Tc resulting in the target- reference and target-target hybridization
duplexes to preferentially denatured (Fig. 2C). The Tc or critical temperature is below the Ty, of the reference seqience and

can be determined by the methods described herein. In one embodiment, the Tc is about .3%C -50C below the T of the
reference sequence and more preferably about Scto 1_.5°C below the Tr, of the reference sequence. Gererally, the Te wili

be about 70-90°C. The target-target hybridization duplexes may also be preferentially denatured if the target sequence has a
nuclectide sequence which results in a lower T, compared to the reference sequence. The Te 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. This process is
repeated for several times, oscillating between the annealing temperature (Fig. 28) and the critical temperature (Fig. 2C),
each time selectively generating more mutant sequences in the single-stranded form than sequences in the single stranded
form. Onee the cyclic incubation step is complete, the temperature of the reaction mixture is decreased so as to allow the
one or more primers to anneal to the target sequence (Fig. 2D). These primers are then extended by a polymerase, thus
enriching the target sequence. The steps of the method are generally repeated for multiple cycles in order to get sufficient
amplification of the target and reference sequences. In ore embodiment, the steps of the method are repeated for 540 cycles
and more preferably 10-30 cycles. The optimal number of cycles can be determined by one of ordinary skill in the art.
Preferably, the present methods are performed in @ PCR device, more preferably under real-time reaction conditions in a real-
time detection PCR device.

Once the enrichment of the target sequence is complete the sample may be subjected to further processing. Further
processing includes MALDI-TOF, HR-Meiting, Di-deoxy- sequencing, Single-molecule sequencing, pyrosequencing, RFLP,
digital PCR and quantitative-PCR.

Digital PCR may be used in the detection of ultra-Jow level mutations in combination with an enrichment procedure. In digital
PCR, the DNA sample is diluted down to single molecules, so that in each PCR reaction the starting material is aither wild-
type or mutant. Following a large number of PCR reactions from the same starting material, mutant molecules are isofated
and detected. Fluidigm {South San Francisco, CA) sells 2 variety of digital PCR based systems that can be used with the
present invention. Accordingly, real-tirme enrichment can be performed from single molecules in thousands of parallel
enrichment reactions simultaneousily, allowing for the identification of the PCR reaction which originated the mutant DNA.
Such a system is particularly useful for the detection of ultra-low mutations in cancer genomes. Combination of digital PCR
with the enrichment procedure can similarly benefit single molecule sequencing applications.

Nuclefe Acid Amplification Reaction In one embediment, a nucleic acid sample utilized in the method of the invention
comprises genomic DNA having & target and reference sequence. n anather embodiment, the nucleic acid sample of the
method of the invention comprises a target and reference sequence that were previously amplified in a nucleic acid
amplification reaction. The skilled artizan will appreciate that there are many methods awvailable to amplfy a nucleic acid.
Perhaps the most popular method is the polymerase chain reaction (PCR; for example, see, U.S. Pat. Nos. 4,683,195 and
4,683,202, as well as Salki et al., Science 230:1350-1354 (1985) and Gyllensten et al., PNAS {JJSA) 85:7652-7656 (1985)).
A preferred variation of the PCR method is asymmetrical PCR (for example, see Mao et al., Biotechniques 27(4):674-678
(1992); Lehbein et al., Electrophoresis 19(8-9):1381-1384 (1998); Lazaro et al., Molec. Cell, Probes 6(5):357-359 (1992); and
U.S. Pat. No. 6,197,499). Other amplification methods include, but are not limited to, strand displacement amglification
(SDA) (see, Walker et al., NMC. Acids Res. 20(7):1691-1696 (1992}, as well as U.S. Pat. Nos. 5,744,311, 5,648,211 and
5,831,147), rolling circle amplification (RCA) (see PCT publication WO 97/19183), nucleic acld sequence-based amplification
(NASBA) {see Compton, Nature 350:91-92 (1991); as well as U.S. Pat. Nos. 5,409,818 and 5,554,527), transcript mediated
amplification {TMA) (see Kwoh et al., PNAS (USA) 86:1173-1177 (1889), as well as U.S. Pat. No. 5,399,491), self sustained
sequence replication (3SR) (see Guatelli et al., PNAS (USA) 87:1874-1879 (1990) and ligase chain reaction (LCA) (see U.S.
Pat. Nos. 5,427,930 and 5,792,807).

The present method utilizes a modified PCR. PCR, is performed as described in

Mullis and Faloona, 1987, Methods Enzymol., 155: 335, herein incorporated by reference. The polymerase chain reaction

(PCR) technigue, is disclosed in 1.5, Pat. Nos. 4,683,202, 4,683,195 and 4,800,159, in its simplest form, PCR Is an in vitro
methad for the enzymatic synthesis of specific DNA sequences, using two oligonucleotide primers that hybridize to opposite
strands and flank the region of interest in the target'DNA. A repetitive series of reaction steps involving 1emplate'denaturation,
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primer annealing and the extension of the annealed primers by DNA polymerase results in the exponential accumulation of a
specific fragment whose termini are defined by the 5' ends of the primers. PCR is reported to be capable of producing a
selective enrichment of a specific DNA sequence by a factor of 10%. The PCR methed is also described in Saiki et al., 1985,
Science 230:1350.

PCR is performed using template DNA (target and reference sequences) (at least Ifg; rore usefully, 1-1000 ng) and at least
25 pmol of oligonucleotide primers. A typical reaction mixture includes: 24l of DNA, 25 pmol of oligonuclectide primer, 2.5 pi
of a suitable buffer, 0.4 i of 1.28 YM dNTP, 2.5 units of Tag DNA polymerase (Stratagene) and deionized water to a fotal
volumne of 25 1. PCR is perfermed using a programmable thermal cycler.

The length and temperature of each step of a PCR cycle, as well as the number of cycles, are adjusted according to the
stringency requirements in effect. Annealing temperature and timing are determined both by the efficiency with which a primer
is expected to anneal fo a template and the degree of mismateh that is fo be tolerated, The ability to optimize the stringency
of primer arnealing conditions is well within the knowledge of one of moderate skill in the art. An annealing temperature of
between 30°C and 72°C is used. Initial denaturation of the template melecules normally occurs af between 92 *C and 99 °C
for 4 minutes, followed by 20-40 cycles consisting of denaturation (94—99°C for 15 seconds to 1 minute), anneating
{temperature determined as discussed above; 1 -2 minutes}, and extension (72°C for 1 minute). The final extension step is

generaily camied out for 4 minutes at 72 °C, and may be followed by an indefinite (0-24 hour) step at 40¢,

PCR utilizes a nuclelc acid polymerase, or enzyme that catalyzes the polymerization of nucleoside triphosphates. Generaily,
the enzyme will initiate synthesis at the 3-end of the primer annealed to the target sequence, and will proceed in the 5-
direction along the template, Known DNA polymerases include, for example, E. coli DNA polymerase {, T7 DNA polymerase,
Thermus thermophilus (Tth} DNA polymerase, Bacillus stearcthermophilus DNA polymerase, Thermococcus litoralis DNA
polymerase, Thermus aguaticus {Tag) DNA polymerase and Pyrococcus furiosus (Pfu) DNA polymerase. The term "nucleic
acid polymerase” also encompasses RNA polymerases. If the nucleic acid template is RNA, then "nucleic acid polymerase"
refers to an RNA-dependent polymerization activity, such as a reverse transcriptase.

In the methods of the invention, the PCR protocol further includes a critical denaturing step. These protocols are fuily
described herein and are illustrated in Figures 1 and 2.

Preferably, the enrichment procedures are performed in a PCR device, more preferably under real-time reaction conditions in
a real-time PCR device. Real-time reaction conditions further utilize a nucleic acid detection agent {e.g., dye or probe) in
order to measurefdetect the PCR preduct as it is produced.

In ane embodiment, the enrichment methods are practiced in a multiplex format. Muitiplex PCR is when more than one palr of
primers is used in a PCR reaction to detect more than one target sequence. The goal of multiplex PCR Is to amplify more
than one target sequence simultangously and thereby to save fime and minimize expense. It enables the amplification of
multiple target sequences in one run. Generally, use of multiplex PCR In conjunction with the present invention for the
purpose of enriching the minor alleles in all amplified sequences simultanesously, the primers are designed so that the
resulting PCR- ampiicons all share about the same Tc {critical denaturation temperature). Determining the Ty, and Tc

The T, may be defined as the temperature at which one-half of the Watsaon-Crick base pairs in a duplex nuclefc acid

molecule are broken or dissociated (i.e., are "melted”) while the other half of the Watson-Crick base pairs remain intact in a
double stranded conformation. While the *critical temperature”, "critical denaturing temperature” or "Tc" refers to a
temperature below the T, of the reference sequence. The Te is applied to selectively denature the double-stranded target

sequence or target sequence/reference sequence double-stranded duplex in a nucleic acid sample so as to allow the
selective enrichment of the target sequence during an empfification reaction. The Ty, of a given pair of nucleic acid strands, is
indicative of the stability of the strand to strand binding and depends on the strands’ complementarity, sequence length, GC
content, the presence or absence of mismatches within the double stranded region and other factors of minor importance,
e.g. the salt cancentration of the sample (Lewin, Genes V, Chapter 5, Oxford University Press and Cell Press: New York,
(1994) pp. 108-126; Santalucia, 1998). The melting point temperature is usually determined experimentally by subjecting the
sample to a constitutive increase in temperature and continuousty measuring the disseciation of the hybridization duplex into
single strands. The dissociation can be detected by a variety of different methods, for example by a shift in UV absorbance,
fluorescence of double- stranded DNA binding dyes, by surface plasmon resonanice or preferably by means of fucrescence.
In the latter case, the hybridization probe is usually labeled with a flucrescent entity, and the generation of a fluorescent
signal scmehow depends on the formation of the hybridization duplex.

“The Ty, can be determined experimentally or estimated based on well defined methods known to those of ordinary skill in the

art. Methods to observe and analyze nucleic acid denaturation transitions include: measuring the enthalpy change within a
sample as it denatures by diffierential scanning calorimetry (DSC) (Kulinski et al., Nucleic Acids Res. 19(0):2449-2455 {1891,
Paner ef al., Biopolymers 20:1715-1734 {1990); Velker et al., Biopolymers 50:303-318 (1999)), measuring the fiuorescence of
covalently attached pairs of flucrophores (Vamosi and Clegg, Biochemistry 37:14300-14316 (1 998)), and monitoring the
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change in hyperchromicity of nucteic acids (Haugland, "In Vitro Applications for Nucleic Acid Stains and Probes”, in

Handbook of Fluorescent Probes and Research Chemicals, 6' ed., Molecular Probes Inc, Eugene OR (1996) pp. 161-174).

Tmvalues of double stranded nucleic acids can alse be observed by monitoring the fiucrescence of double-stranded DNA-

speciiic dyes combined with the nucleic acids (Wittwer et al., 1 998). Doubie stranded-specific dves are nucleic acid-binding
flucrophers. Typically, the flucrescence of these dyes increases when bound to duplexed nucleic acids {(Withwer et al.,
BioTechniques 22:176-181 (1997)). Ririe et al. (1897} demonstrated that post PCR products can be differentiated by melting
cune analysis using the double stranded nucleic acid binding dye SYBR® Green |. SYBR® Green | binds nreferentially to
double stranded nucleic acid (Haugland, 1996). Other suitable dyes for determining the T, of a double stranded nuclele acid

include SYBR® Gold, ethidium bromide, acridine arange, propiditm bromide, PicoGreen®, Hoechst 33258, Hoechst 33342,
Hoechst 34580, YO- PRO®-1 and YOYO®-1. Each of these dyes is commercially available. For example, Chapter 8 of the

Molecular Probes (Eugene, Oreg.) catalog Handbook of Flucrescent Probes and Research Products, Eighth Edition (on CD-
ROM, May, 2001 ; incorporated herein by reference) lists a host of dyes that may be used in the present invention.

As the skilled artisan will appreciate, the melting of any double stranded nucleic acid structure generally occurs ina
substantial propertion of a population of similar nucleic acids over a limited temperature range and will typically have a peak of
melting (most rapid transition) at approximately the Tm for that nucleic acid. Therefore, such peaks of change in fluorescence

emission can be used to caleulate the Ty, for double stranded nucleic acids.

A melting temperature profile may be graphically represented by plotting-dF/dT against T, where dF is the change in
measured flucrescence emission, dT is the change in temperature of the nucleic acid, and T is the ternperature of the nucleic
acid. Such a graphic representation will show peaks at temperatures at which the most rapid changes in filuorescence occur,
indicating melting temperatures.

Other methods for determining the Ty, of a double stranded nucleic acid are known in the art including those described in
U.S. Patent No., 7,226, 736; and 6,030,115, each of which is hereby incorporated by reference in its entirety. The T, can be
predicted from empirical equations. T, is known to depend on the length of the sequence of a nucleic acid forming

somplementary base pairs {n), the G and C content in the sequence, the concentrations of salt (1) and the denraturing agent
(% FA)in the sample solutien, and, in general, follows an empirical equation T,=81.5+ 16.6 log (U3+0.41 (% GC}500/n-0.81

(% FA). The T, 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 nucieic acid hybridization. Crit Rev Biochem Mol Bigl
26: 227.259, hereby incorporated by reference) and by commercial programs including Oligo™ Primer Design and programs
available on the internet. The "critical temperature® or "Tc" refers to a temperature below the Ty, of the reference sequence.

The Tc is applied to preferentially denature the double-stranded target sequence duplex or target sequence/reference
sequence double-siranded duplex over the reference/reference sequence duplex, so as to allow the selective enrichment of
the: target seguence during an amplification reaction. The critical termperature takes advantage of the lower T, of the double

stranded target sequence or the target-reference cross hybridized double stranded DNA duplex. When the target sequence
and reference sequence cross hybridize, minor sequence differences of one or more single nucleotide mismatch anywhere
along a short (e.g., <200 bp) double stranded DNA sequence will gererate a small but predictable change in the melting
temperature (Ty) for that sequence (Lipsky, R.H., et al. (2001 Clin Chem, 47, 635-644: Liew, M., et al. (2004) Clin Chem, 50,

1166-1 164).

Depencing on the exact sequence context and position of the mismatch, melting temperature changes of 0.5-1.50C, are
common jor sequences up to 200 bp. Thus, annealing of the target- reference sequence, because of the mismatches, will
essentially have a lower Ty, than the known allele {e.g., reference sequence). At least In part, the present invention exploits

the small Ty, difference between fully-matched and mismatched sequences. Because critical denaturation is performed at

every PCR cycle the difierential enrichment of mutation- containing alleles is compounded exponentially, and results to a
iarge difference in overall amplification efficiency between mutart and wild-type alleles, at the end of the cycling. The Te is

about .1-20°C below the Ty, of the reference sequence. More preferably the Te is about .1-15°C, .1-1 ofc, .10, .18%, .1-

7°c. .1-6%C, .2C 5°C, .3C- 4.5°C, 4-4%C, 5-3.50C, 5-30¢C, 5-3°C, 5-2.50C, 5 20¢, .5-1.5%C, 5 - 1 9C below the
Trm of the reference sequence.

In seme embodiments, the Tc can be below the Tm of both the reference sequence and target sequence. For example, in one
instance the Tm of a wild-type sequence was 84%C and the Tm of the mutated sequence was 83.8°C. When a fast version of

an enrichment procedure was used the optimal Te was 83.5°C.

In some preferred embodiments, the Te is chosen such that it is below the tm of both the reference sequence and all possible
target sequences. Far example, in one instance the Tm of a wild-type sequence was 849C and the tm of sequences mutated
at cifferent positions (single point mutations) was 83.8°C, 83.7°¢C, 83.9°C, 83.6°C, 83.75°C. When a fast version of an
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enrichment procedure was used the optimal Te was 83.5 oc.

The critical denaturing temperature (Tc) is the temperature below which PCR efficiency drops abeuptly for a given nucleic acid
sequence. For example, a 167 bp p53 sequerce amplifies well if the PCR denaturing temperature is set at 87°C, amplifies

modestly at 86.5 0¢s and yields no detectable product if PCR denaturation is set at 86°C or less.

Like the Ty, the Tc for a given sequence can be identified either experimentally, or by calculation. To identify Te

experimentally for & given PCR product, a real-time melting cune in the presence of an intercalating dye (LC-GREEN or
SYBR-Green) is performed to obtaln the average metting temperature Ty of the sequence (See abowe with respect to

determining Tpy). Temperatures of about 0.5-1 5%C less than Ty, are usuaily appropriate critical denaturation temperatures Tc

that result to enrichment of target sequences,

One can also estimate the Tc by determining the AT  for a DNA sequence due to a base-pair mismatch, as would be

present in the cross-hybridized target-reference duplex. This difference is from about .1 0C to about 12.5° C as compared {0 a
perfect reference/reference seguence match. Thus, in one embodiment, Te can be represented by the equation To=Tpr AT m

whereln Ty, is the melting temperature of the referncefrefernce sequence duplex and AT  is the change in the T of the
reference sequence as the result of ane or more base-pair mismatches that may be formed during the cross-hybridization of
the target/reference sequences. The AT p, has been found to be dependent on the length of the target/reference sequence
duplex, upon the percent guanine-cytosine (%GC) content, and also upon the tecation of the point mutation or base-pair
mismatch in the duplex. For instance, If the mismatch lies toward either end of the duplex, AT will generally be lower,

typically in the range of about .1 0¢ to about 8° C. IFthe mismatch resides toward the center of the duplex, ATy witl be

relatively higher, typically in the range of about 29 to about HP C. The AT ; is generally equivalent to about 59¢ to about
1.5° C per percent base mismatch in the target- reference cross-hybridized duplex. It is to be appreciated that AT q will vary

depending on not only the length of the dupiex and focation of mutation, but also will vary depending on the specific order of
the sequence. Consequently, all such variances are within the scope of the disclosure.

Nucleic Acids of the Invenition
Nucleic Acid Sequences Useful in the invention

The invention provides for methods of enriching a target sequence in a nucleic acid sample and also utilizes primers for
amplifying a template nucleic acid sequence,

As used herein, the terms "nucleic acid”, "polynucleotide” and “oligonuclectide” refer to primers, probes, and cligomer
fragments to be detected, and shall be generic to polydeoxyribonucleotides (containing 2udeoxy-D-ribose), to
polyriboniclectides (containing D-ribose), and te any other type of polynucleatide which is an N-glyceside of a purine or
pyrimidine base, or modified purine or pyrimidine bases (including abasic sites). There is no intended distinction it length
between the term "mucleic acid", "polynucleotide" and "ofigonuclectide”, and these terms will be used interchangeably. These
terms refer only to the primary structure of the molecule. Thus, these terms inciude double- and single-stranded DNA, as well
as double- and single-stranded RNA.

The cligonucleotide is not necessarily physically derived from any existing or natural sequence but may be generated in any
manner, including chemical synthesis, DNA replication, reverse franscription or a combination thereof. The terms
“oligonucleotide” or "nucleic acid” intend & polynucleotide of gencmic DNA or RNA, cDNA, semisynthetic, or synthetic arigin
which, by virtue of its synthetic origin or manipulation: (1) is not associated with ail or & portion of the polynuciectide with
which it is associated in nature: andfor (2) is linked to a polynucleotide other than that to which it is linked in nature.

In one embodiment, the nucleic acids used in the method contain modified nucleotides so as to increase the denaturing
temperature differences between the reference/reference sequence homoduplex and the target/reference sequence
heteroduplex. Such modifications would enhanice the enrichment of the target sequence. The modified or non-natural
nuclectides can he incorporated befere or during the enrichment procedure. Modified nuciestides contemplated for uge in the
methods of the invention inciude: diamino-purine analogues (¢.¢. 2-O-methyl-2,6-diaminopurine), uracit, peptice nucleic acid
analogues, bictin-modified analogues of the above, fluoraphore-modified anatogues of the abowe, inosine, 7-deazaguanine, 2-
deoxy-2'fluoro-B-D-arabinonucleic acid (2F-ANA) nucleotides, locked-nucleic acids {LNAs), ENAs: 2-0,4.Cgthylene-bridged
nucleic acids and others. The modified nuclectides can be incorporated into any of the nucleic acids of the invention
including, template, primer and probe nucleic acids. These modifications may increase the Tn, difference between matched

and mismatched bases and thereby increasing the enrichment obtained with the present methods. For example, lecked
nucleic acids represent a class of conformationally restricted nucleotide analogues described, for exampie, in WO 89/14228,
which is incorporated by reference, increase the melting temperature of a nucteic acid. Oligonucleotices containing the
locked nucleotide are described in Koshkin, A. A, et al., Tetrahedron (1998), 54: 3607- 3630) and Obika, S. etal.,
Tetrahedron Lett. (1998), 39: 5401-5404), both of which are incorporated by reference. Introduction of a locked nuclectide into
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an oligonuclectide improves the affinity for complementary sequences and increases the melting temperature by several
degrees (Braasch, D.A. and D.R. Corey, Chem. Biol. (2001), 8:1-7). The invention can be carried out with any of the LNAs
known in the art, for example, those disclosed in WO 99/14226 and in Latorra D, et al., 2003, Hum. Mutat. 22; 79-85, both of
which are incorporated herein by reference.

Complerentarity need not be perfect; stable duplexes may contain mismatched base pairs or unmatched bases. Those
skilled in the art of nucleic acid technology can determine duplex stability empirically considering a number of variables
including, for example, the length of the cligonucleotide, base composition and sequence of the oligonucleotide, ionic
strength, and incidence of mismatched base pairs. Stability of a nucleic acid duplex is measured by the melting temperature,
or T

The invention provides for oligonuclestide primers for amplifying a template nucleic acid sequence.

The term "primer” may refer fo more than cne primer and refers to an oligonuclectide, whether accurming naturally, as in a
purified restriction digest, or produced synthetically, which is capable of acting as & point of initiation of synthesis along a
complementary strand when placed under conditions in which synthesis of a primer extension product which is
complementary to a nucleic acid strand is catalyzed. Such conditions include the presence of four different
deoxyribonucleoside triphosphates and a polymerization-inducing agent such as DNA pelyrnerase or reverse transcriptase, in
a suitable buffer ("buffer” includes substituents which are cofactors, or which affect pH, ionic strength, etc.), and at a suitahle
temperature. The primer is preferably single-stranded for maximum efficiency in amplification.

Oligenuclestide primers useful according to the invention are single-stranded DNA or RNA molecules that are hybridizable fo
a template nucleic acid sequence ang prime enzymatic synthesis of a nucleic acid strand. The primer is complementary to a
portion of a target molecule present in a pool of nucleic acid melecules. It is conternplated that oligonuciectide primers
accerding to the invention are prepared by synthetic methods, either chemical or enzymatic. Aliematively, such & molecule or
a fragment thereof is naturally- oceurring, and is isolated from its natural source or purchased from a commercial supplier.
Oligonucleotide primers are 5 to 100 nucleotides in length, ideally from 17 to 40 nucleotides, although primers of different
length are of use. Primers for amplification are preferably about 17-25 nucleotides. Primers useful according to the invention
are also designed to hawe 2 particular melting temperature (T, m) By the method of melting temperature estimation. Commercial

programs, incfuding OligoD , Primer Design and programs availatle cn the intermet, including Primer3 and Clige Calcutator
can be used to calculate a Tr, of a nucleic acid sequence useful according to the invention. Preferably, the T, of an
amplification primer useful according to the invention, as calculated for example by Oligo Calculator, is preferably between
about 45 and 65 °C and more preferably between about 50 and 80 °C. Typically, selective hybridization occurs when two
nucleic acid sequences are substantially complermnentary (at feast about 65% complementary over a stretch of at least 14 to
25 nucleotides, preferably at least about 75%, more preferably at least about 90% complementary). See Kanehisa, M., 1984,
Nucleic Acids Res. 12: 203, incorporated herein by reference. As a result, it is expected that a certain degree of mismatch at
the priming site is tolerated. Such mismatch may be small, such as a mono-, di- or tri-nuclectide. Alternatively, a region of
mismatch may encompass loops, which are defined as regions in which there exists a mismatch in an urinterrupted series of
four or more nucleotides.

In ore embodiment, the enrichment procedures can be used in combination with peptide nucleic acid (PNA) primers so as to
increase the sensitivity of mutation enrichment. The PNAs are used to suppress amplification of the wild-type (reference)
seguences cnly. In this embodiment, primers may be synthesized so as to distinguish between a target (mutant) sequence
and a reference sequence. The PNA based primers recogrize and bind the complementary wild-type sequence with a higher
thermal stability and specificity than primers which bind the mutated sequence. This rot only increases the Tm difference
between the PNA primer-reference nucleic acid and regular primer-target nucleic acid but also prevents the PNA based primer
from being extended by a DNA polymerase, thus resulting in a further enrichment of the target sequence. Such assays are
known and the art and described in Orum et al, Nucleic Acids Research, 21(23): 5332-5336 (1993).

Oligonuclectide primers can be designed with these considerations in mind and synthesized according to the following
methods.

Oligenuclectide Primer Design Strategy

The design of & particular oligonuclectide primer for the purpose of sequencing or PCR, inwlves selecting a sequence that is
capable of recognizing the target sequence, but has a minimal predicted secondary structure. The oligonuclectice sequence
may or may not bind only to a single site in the target nucleic acld. Furthermore, the Tm of the: oligonuclectide is optimized by
analysis of the length and GC content of the oligonuclectide. Furtherrmore, when designing a PCR primer useful for the
amplification of genomic DNA, the selected primer sequence does not demonstrate significant matches to sequences in the
GenBank database (or ofher available databases).

The design of a primer useful according to the invention, is facilitated by the use of readily available computer programs,
developed to assist in the evaluation of the several parameters described above and the optimization of primer sequences.
Examples of such programs are "PrimerSelect” of the DNAStar™ software package (PNAStar, Inc.; Madison, W!), OLIGO
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4.0 (National Biosciences, Inc.), PRIMER, Oligonucieotide Selection Program, PGEN and Amplify (described in Ausubel et
al., 1995, Short Protocols in Molecular Biology, 3rd Edition, John Wiley & Sons).

In a preferred embediment, the primers of the invention are designed so as to have a

T below the temperature applied during the targetireference sequence cross-hybridization step. Thus, in this embodiment
fhe primets do not anneal o the target or reference sequences during this hybridization step (See Fig. 1). In one

embodiment, the T, of the primers is 5-10 0C below the cross-hybridiation annealing step temperature.

Synthesis

The primers themselves are synthesized using techniques that are also well known in the art. Methods for preparing
oligonuclectides of specific sequence ars known in the art, and inciude, for example, cloning and restriction digest analysis of
appropriate sequences and direct chemical synthesis. Once designed, oligonuclectides are prepared by a suitable chemical
synthesis method, including, for example, the phosphotriester method described by Narang et al., 1879, Methods in
Enzymology, 68:90, the phosphodiester method disclosed by Brown et al., 1979, Metheds in Enzymology, 68:109, the
diethylphosphoramidate method disclosed in Beaucage et al., 1981, Tetrahedron Letters, 22:1859, and the solid supp-ort
method disclosed in U.S. Pat. No. 4,458,086, or by other chemical methods using either a commercial autornated
oligonuciectide synthesizer (which is commercially available) or

VLSIPS™ technology. The primers may also be synthesized with modified nucleic acids by methods well known in the art.
Samples

As used herain, "sample” refers to any substance containing or presumed to contain a nucleic acid of interest {target and
reference sequences) or which is itself a nucleic acid containing or presumed to contain a target nucleic acid of interest. The
term "sample" thus includes a sample of nucleic acid (geromic DNA, cDNA, RNA), cell, organism, tissue, fluid, or substance
including but not limited to, for example, plasma, sevum, spinal fluid, tyrph fluid, synovial fluid, urine, tears, steol, extemai
secretions of the skin, respiratory, intestinal and genitourinary tracts, saiiva, bleod cells, tumors, organs, tissue, samples of
invitro cell culture constituents, natura! isclates (such as drinking water, seawater, solid materiais), microbial specimens,
and objects or specimens that have been "marked” with nucleic acid tracer molecuies.

Nucleic acid sequences of the invention can be amplified from genomic DNA. Genomic DNA can be isolated from fissues or
cells according to the following methed. Altematively nucieic acids sequences of the Invention can be isolated from blood by
methods well known in the art.

To facilitate detection of a variant form of a gene from & particular tissue, the fissue is isolated. To isolate genomic DNA from
mammalian tissue, the tissue is minced and frozen in liquid nitrogen. Frozen tissue is ground into a fine powder with a
prechilled mortar and pestle, and suspended in digestion buffer (100 mM NaCl, 1C mM Trig-HC), pH 8.0, 25 mM EDTA, pHl
8.0, 0.5% {whv) SDS, 0.1 mg/ml proteinase K} at 1.2ml digestion buffer per 100 mg of tissue. To isolate genomic DNA from
mammalian tissue culture cells, cells are pelleted by centrifugation for 5 min at 500 % g, resuspended in 1-10 ml ige-cold
PBS, repelleted for 5 min at 500 x g and resuspended in 1 wiume of digestion buffer.

Samples in digestion buffer are incubated {with shaking) for 12-18 hours at 50 °C, and then extracted with an equal volume of
phenol/chioroformiiscamyl alcohol. If the phases are not resolved foliowing a centrifugation step (10 min at 1700 x g}, ancther
volume of digestion buffer (without proteinase K) is added and the centrifugation step is repeated. If a thick white material is
evident at the interface of the two phases, the erganic extraction step is repeated. Following extraction the upper, aguecus
layer is transferred to a new tube to which will be added 1/2 wolume of 7.5M ammonium acetate and 2 wolumes of 100%
ethanol. The nucleic acid is pelleted by centrifugation for 2 min at 1700 X g, washed with 70% ethanol, air dried and
resuspended in TE buffer (10 mM Tris-HCI, pH 8.0, 1 raM EDTA, pH 8.0) at Imgfril. Residual RNA is removed by incubating
the sample for 1 hour at 379C in the presence of 0.1% SDS and 1 ug/ml DNase-free RNase, and repeating the extraction and
ethanol precipitation steps. The yield of genomic DNA, according to this method is expected to be approximately 21mg
DNA/T g cells or tissue {Ausubel et al., supra). Genomic DNA isclated according to this method can be used according to
the invention.

The target ENA may also be extracted from whole blood. For example, blood may be drawn by standard methods inte a
coliection tube, preferably comprising siliconized glass, either without anticoagutant for preparation of serum, or with EDTA,
sodium citrate, heparin, or similar anticoaguiants, most preferably EDTA, for preparation of plasma. The preferred methed,
although not absolutely required, is that plasma or serum be fractionated from whole blood. Plasma or serum may be -
fractionated from whole blood by centrifugation, preferably gentle centrifugation at 300 to 800 Xg for 5 10 minutes, or
fractionated by ofher standard methods. Since heparin may interfere with PCR, use of heparinized blood may require
pretreatment with heparinase. Thus, EDTA is the prefarred anticoagulant for bleod specimens. Elther freshly-collected bloed
plasma or serum, or frozen (stored) and subsequently thawed olasma or serum can be used in the methods of the invention.
Stored plasma or serum should be kept at -20 0 10 -70 ¢, and freshiy-collected plasma or serum kept refrigerated or
mairtained on ice until use. The DNA may then be extracted by methods well known in the art as well as those described
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herein,
Diagnostic Assays

The invention provides a methed for enriching target sequences from a patient sample, for diagnosis, detection, monitoring,
evaluation or treatment of a disorder, in particular a neoplastic or proliferative disease in an animal or a human. In a preferred
embediment, the nucleic acid is derived from a nucleic acid encoding an cncogene or other tumor-associated DNA.,

The preferential enrichment of the target sequence allows for the further analysis or manipulation of the DNA. For example,
the enviched alleles may be analyzed to define the characteristics of the cell from which the DNA originates. Any of several
methods may be used, dependent upon the desired information, including nucleic acid sequencing, RFLP, digital PCR,
spectroscapy including proton NMR spectroscopy, biochernical analysis, and immunologic analysis. In cne embediment,
amplified DNA is isolated by excising mutant DNA bands from an agarose gel, reamplified, cloned inte a plasmid vector, for
example the pGEM-T vector plasmid (Promega) and sequenced using a commercial kit such as Sequenase 2.0 (USB).
Analysis to define the characteristics of the target DNA, and thus for examgle a tumor, affords a wide array of clinical utility,
including the deseription, characterization, or clzssification of the cell (e.g., tumor), whether known or occult, such as by
tissue of origin, by type (such as premalignant or rnalignant), phenotype, and gerotype, and by description or
characterization of turor behavior, physiology and biochemistry, as to gain understanding of tumor invasiveness, propensity
to metastasize, and sensitivity or resistance to various therapies, thereby allowing the prediction of response to either
ongeing or planned therapy and, further, allowing evaluation of prognosis. Comparison of the characteristics of target DNA to
previous biopsy or surgical specimens pemmits further evaluation of tumer heterogensity or similarity in comparison to that
specimen, and thus evaluation of tumor recurrence.

Also following the selective enrichment of the target sequence, complimentary ribonucleic acid (RNA) may be transcribed or
manufactured from the DNA. In a preferred embodiment, transcription of RNA is performed by employing a primer with an
RNA polymerase promoter region joined to the standard primer sequence for the DNA of interest in the ampiification reaction
(step three). RNA complimentary to the DNA is then transcribed from the attached promoter region. In an altemative method,
amplified allele DNA is cloned into an expression vector, and RNA complimentary to the DNA is transcribed. Furthermore, as
an optional preferred embodiment, the complimentary RNA is used in an in vitro translation reaction to manufacture tumor-
assoclated or tumor-specific protein.

Characterization of the allele, amplification of tumor-derived or tumor-associated DNA, and characterization, transcription of
complimentary RNA, and translation to tumor- associated or tumor-specific protein, provides significant utility, both in the
assignment of therapy and in the dewvelopment of tumor-specific therapies. Sequencing of extraceflular DNA or transcription of
complementary RNA allows assignment or development of antisense compounds, including synthetic oligonucleotides and
cther antisense constructs appropriately specific to the extracellular DNA, such as by construction of an expression plasmid
such as by adapting the method of Acki et al. {1995, Cancer Res. 55: 3810 3816). Similarly, defining tumor characteristics
aliews assignment of specific monoclonal antibody or vaccine therapies appropriately specific to the amplified DNA.
Production of corresponding immunrologic protein can be used in the development of tumor-specific monaclonal antibodies.
Similarly, translated proteln can be used In rumor-specific vaccine development.

Of particular value, the invention allows the development and application of these tumnor-specific therapies or diagnoestics even
when cnly premalignant tumors, early cancers, or occult cancers are present. Thus, the invention allows therapeutic
intervention when tumor burden is low, immunologic function is relatively intact, and the patient is not compromised, all
increasing the potential for cure. Further Processing of Enriched Sequences

Combination of the present methods with MALDI-TOF, High-Resolution Melting or Single Molecule Sequencing, would
address 3 distinct needs in mutation detection: Rapid detection of somatic mutations known or suspected of correlating with
clinical outcome {MALDI-TOF}; rapid scanning of individual patient samples for unknown somatic mutations {HR-Melting},
followed by selective sequencing of few exons; and massively- parallel sequencing (Single Molecule Sequencing, SMS) of
multiple genes in 'dificult samples’, i.e. in samples from tumors with heterogeneity, stromal contamination or bodily fiuids
where clinically relevant mutations can be at the 0.5-5 % lewel.

Mass Spectrometry

In ane embodiment, an enriched target sequence is subjected to sequencing by MALDFTOF. Mass spectrometry (MS) has
emerged as a powerful tool in DNA sequencing. Mass spectrometers produce a direct mass measurement, which can be
acguired in seconds or minutes in the ferntomolar to picomolar range. Matrix-assisted laser desorption/ionization (MALDI)
time-offlight (TOF) MS has been successfully used for fast DNA sequencing and the efficient size determination of DNA
molecules. The advent of MALDIFTOF MS has made 1t easier to ionize Intact large DNA molecules and measure their mass-
to-charge ratios. Single-stranded and double-stranded polymerase chain reaction (PCR®) products of 500 nuclectide (rt) in
length have been detected by MALDI-TOF MS. Using optimized matrix- laser combinations that reduce DNA fragmentation,
infrared MALDI mass spectra of synthetic DNA, restriction enzyme fragments of plasmid DNA, and RNA transcripts up to a
size of 2180 nt have been reported with an accuracy of £0.5-1%. Although large oligomers have been detected by MALDETOF
MS, it is generally accepted that up to a 100-mer is routine at present.
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For several genes, clinically-important mutations do not oceur randomly in the genome (for example, gain-ci-function paint
rutations occurring in most known oncogene). Instead, changes affecting 2 relatively small number of codons often account
for the majority of somatic mutations. In principle, then, a limited number of judiciously designed genetic assays should
effectively interrogate a large proportion of clinically- relewant mutations. For example, Garraway and colieagues (Thomas,
R.K., et al. (2007) Nat Genet, 39, 347-351) showed that 16-44 MALDITOF assays per gene in RAS, EGFR and BRAF
captured 90%-89% of the mutation prevalence sbsenved thus far for these genes in human malignancies. Therefore, it is
proposed that high-throughput genotyping might provide an effective means to detect critical and/or targetable’ cancer
mutations on a large scale in clinical specimens. MALDITOF s ideally suited for detection of previously identified mutations
i non-heterogeneous tumor samples. However, while there is no question on the reltability of MALDI-TCF for germiine
mutation or SNP-identification, experience in detecting somatic mutations is relatively recent. Thus, the reliability of MALDI-
TOF decreases substantially when heterogeneaus samples with <10% mutated cells are used (e.g. pancreatic, lung or
prostate cancer) or when DNA from badily fluids are to be screered, By improving sensitivity, the present enrichment method
emables MALD!- TOF to detect low-level somatic mutations and will alse provide the required reliability that is necessary for
mainstream surgical tumor sample screening. High Resolution Melting

In another embodiment, an enriched target sequence Is subjected to high resolution melting. Genes that contain clinically-
relevant mutations at numerous positions along exons, such as p53, are easier screened via mutation scanning rather than
individual mutation genctyping. HR-Melting is & high throughput mutation: seanning technology introduced in the last few
years, with excellent capabliities for discovering 8NPs or germline mutations (Chou, L.8., et al. (2005) Am J CHn Pathol,
124, 330-338; Wittwer, C.T., et ak (2003); Clin Chem, 49, B53-860; Reed, G.H. and Wittwer, CT. (2004); Clin Chem, 50,
1748-1754).

Immediately following PCR amplification of a genomic region of interest in the presence of an intercalating fluorescent dye (LC
Green or Sybr-Green) the presence of a mutation is identified in real-fime by careful melfing cunve analysis and comparison to
wild-type without any post-amplification treatments. In addition, high-resolution melting analysis accomplishes simultaneous
gene scanning and mutation genotyping (i.e. SNP identification) in a fraction of the time required when using traditional
methods, while maintaining a closed-tube environment. The PCR requires <30 min (capillaries} or 1.5 h (96- or 384-well
plates) and melting acquisition takes 1-2 min per capillary or & min per plate.

Howewver, as with MALDI-TOF, the acvantages of using HR-Melting cannot be exploited for somatic mutations below
approximately ~20% mutantto-wild-type ratios, thereby several classes of clinical sampies cannot be screened refiably via
HR-Melting. By increasing the detection limits, the present invention enables the convenience and throughput of HR-Melting
to be applied for mainstream surgical tumor sample screening and also for detecting lowdevel somatic mutations in ‘difficult
clinical samples with stromal contamination or DNA from bodily fluids.

Single Molecule Sequencing

In another embodiment, the enriched target sequence is subjected to single molecule seguencing (Thomas, R.K., etal
(2008); Nat Med, 12, 852-855). The capabilities of Single Molecule Sequencing woutd also penefit from incorporation of the
present invention. For example, for mutation-screening in patient samples, PCR of selected exons in a regular PCR maching
from genomic DNA is still reguired priar to Initiating second generation sequengcing. Further, detection of mutaticns at the
level of 1-5% mutant-to-wild-type ratic in clinical samples requires repeated sequencing of numerous ‘individual events' in
order to achieve acceptable statistics. This ultimately reduces the throughput capabilities, and for mutations at the ievel of
1% just 10-20 sequences can be screened simultaneously, as cpposed to 4,000 sequences if the mutations were prevalent
{per 454 Life Sciences, Technical Senice). By performing the present invention prior to single molecule sequencing the
prevalence of mutations will increase by 1-2 crders of magnitude as a fraction of the overall number or alleles, thereby
increasing the throughput of single molecule sequencing to an equivalent degree.

In ohe embodiment, the method of selective enrichment is applied during the in- emulsion stage of a single molecule
sequencing reaction. In this embodiment, the erviched target sequences are then subjected to pyrosequencing.

Primer Extension

In another embodiment, the enriched target sequence is stbjected to & primer extension sequencing reaction. In primer
extension, oligohuclectides are used o assess varlation in sequence at a predetermined position thereof relative to a nucleic
acid, the sequence of which is known. A sample oligonuclectide is provided as a single stranded molecule, the single
stranded molecule is mixed with an inducing agent, a labeled nuclectide, and a primer having a seguence identical to a region
fianking the predetermined position to form a mixture, the mixture having an essential absence of nucleotides constituted of
bases other than the base of which the iabeled nucleotide is constituted. The mixture is then subjected to conditions
conducive for the annealing of the primer to the single-stranded molecule and the formation of a primer extension product
incorporating the labeled nusleotide, and the mixture is analyzed for the presence of primer extension product containing
lzbelec nucleotide (U.S. Pat. No. 5,848,710).

Buffers
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Inclusion of arganic solents to increase the Ty, difierences between between mismatched and matched duplexes in the

amplification method of the current inwnetion is contemplated. The inclusion of certain organic sohents can improve
enrichment of the target sequence. For example, inclusion of organic solvents may increase the denaturation temperature
difference between referance and target DNA sequences and thus ald the preferential amplification of the target sequence.
Organic solvents such as DMSO, formamide, betaine or glycerol (Pomp, D. and Medrano, J.F.Biotechmiques, 10, 58-59
(1991} can increase the T, difference between matched (reference/reference) and mismatched (target/reference) sequences.

Accordingly, since the intermediate hybridization step (cross-hybridization) of the present invention forms target-reference
sequences containing mismatches, inclusion of organic sohents to the degree that they do not inhibit the action of
polymerase is advantageous, Therefore, in some embodiments, the reaction mixture is supplemented with DMSO,
Tormamide, betaine, glycerol, or a combination thereof, at leveis of 1-10% wolume to wolume, or preferably 3-8% wlume to
volume, or most preferably 5-6% wlume to volume. Example 8 illustrates the use of DMSO in an enrichment method.

Another practical advantage of using organic scivents is that the Tc that is appropriate for a given sequence changes upon
using an organic sohent in the reaction. Thus, while in the absence of DMSO the Tc for a sequence is 83.5C, in the

presence of 3% DMSO the Tc is 80.5°C. As a result, by adding a different amount of DMSQ or other solvent to different
sequences, one can ensure that the Te is the same for all sequences. This is useful for running aumerous enrichment
reactions for a variety of sequences on a single PCR machine-run, since the denaturation temperature is then the same for
&il.

EXAMPLES
Example 1. Materials and methods for enriching a target sequence

Sequences used for validation of COLD-PCR; To validate the present invention, a series of genornic DNA and cell lines
containing mutations at different positions of p53 exon & and Kras exon 2 (codons 12-13) were used (Figure 3). The p53 exon
8 mutations correlate with poor progrosis in lung cancer and are lowi-prevalence mutations in the plasma of cancer patients.
Similarly, Kras mutations have prognestic significance in lung adenccarcinoma.

Enrichment protocol and primers: PCR was performed in the presence of 0.1 x LC- Green intercalating dye and followed in
real-time in a Cepheid machine. Realtime-follow- up of PCR is not necessary but is convenient so it was adopted for alt
experiments.

For the 167 bp p53 sequence normal PCR was first performed for 10 cycles in order to generate sufficient product for use in

the enrichment protocol. A Cepheid machine was programmed with the following cycling parameters: 95°C, 120 sec; (95°C,
15 sec/55°C flucrescence readout ON, 30 sec/72°C, 1 min extension) x 10 cycles,

The resulting PCR product was then diluted 1 : 1000 and subjected to the below enrichment protocbl which is zlso illustrated
in Figure 1 :

95%C, 15 sec; 70°C for 120 sec; denaturation at a Tc=86.59C for 3 sec: 55°C fluorescance readout ON for 30 sec; then
72°C, 1 min extension for 30 cycles.

In order to prepare the PCR product for Sanger dideoxy-sequencing the product was treated with exonuclease | and Shrimp
Alkaline Phosphatase. The following primers were used in the sequencing method:

167 bp fragment: 5" - GCT TCT CTT TIC CTA TCC TG - 3 forward; 5' - CTT ACC TGG CTT AGT GCT - 3' reverse

For the 87 bp and 210 bp p53 fragments and the 135 bp, Kras fragments the enrichment protacol was as described above but

the criticat denaturation temperatures were set at Te=83.5, 87.5, and 80°%, respectively. The primers used in the sequencing
reacfion were;

57 - TGG TAA TCT ACT GGG ACG-3' forward; 5' CGG AGA TTC TCT TCC TCT - 3' reverse (87 bp p53 exon § fragment)

51 GCT TCT CTT TTC CTA TCC TG - 3 forward;
5' - TAA CTG CAL CCT TGG TC - 3' reverse (210 bp p53 exon 8 fragment)
5-AACTTGTGGTAGTTGBACCT-S ' forward;

S-CTCTATTGTTGGATCATATT-S " reverse (Kras exon 2 fragment). The reproducibility of all enrichment protocols was tested
in 3-6 independent experiments.

Resuits p53 exon 8 mutations: When the enrichment protocol utilizing a critical denaturation temperature Tc=86.5°C was
applied for the 167 bp excn 8 fragment, the enrichment was evident for 2 mutations tested. Figure 4 depicts representative
results. For example, DNA from HCC cells initially diluted in wild-type cells down to 5% mutant- {o-wild-type ratio, becomes
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-70% mutant-to-wild-type ratio following the ensichment protocol, as estimated by obsening the sequencing chromatogram
(i.e. enrichment by a factor of ~14). Similarly, DNA from SW480 cells (homozygoeus G>A mutation at codon 273) diluted by a
factor of 10 into wild-type is enriched by & factor of ~7 following the enrichment procedure. Ensichment by a factor of ~12 for
the CT7 sample (heterozygous C>A mutation) and by a factor of § for the MDA-MB231 sample (heterozygous C>T mutation)
were also obsened. The wild-type 53 sample, amplified via the enrichment method indicated no mutation (Figurs 4). Over ali
the p53 mutations that were studied for the 167 bp fragment, as listed on Figure 2, the enrichment varied by 5~ 14-fold. Thus,
the enrichment procedure increased the prevalence of all the mutation-containing sequences imespective of where the
mutation lies.

Kras codon 12/13 mutations: Figure 5 illustrates the resulis of the 135 bp fragment from Kras. The resulls were compared to

regular nested PCR performed at 2 denaturation temperature of 84°C and foilowed by Sanger sequencing. Figure 5 illustrates
that mutations down to 33% mutant-to-wild-type can be clearly detected using Sanger sequencing.

Exampie 2: Sanger sequencing of clinical samples

To apply the present invention for the analysis of cknicel samples, 20 colon tumor and lung adenccarcinoma clinical samples
that were previously sequenced following regular PCR were subjected to the enrichment protocol and Sanger sequencing as
described in Example 1. Resuits indicated that all mutations identified via regular PCR-Sanger sequencing were also
identified via the enrichment procedure followed by sequencing. However, the enrickment procedure also identified mutations
that were missed by tegular sequencing. Figure 8 depicts 2 clinical samples, TL64 and CT20, where low-prevalence G=A
mutations were detected via the emrichment protocol-Sanger sequencing of p53 exon 8, codon 273, but which were not
deiected by sequencing following regular PCR. An independent verification of the presence of mutations was conducted using
RFLP -based sequencing.

Further, a p53 exon 8 (G>A) mutation was detected in plasma-circulating DNA from 5 colon cancer patients via the
enrichment procedure- S anger sequencing, but not va reguiar PCR-Sanger seguencing. Next, p53 (C>T) mutations that were
missed by regular sequencing were also revealed using DNA obtained from a formalin-fixed (FFPE) specimen obtained from a
non-small-cell lung cancer patient (NSCLC) (Figure 6). The bottom chromatograph in Figure 6 demonstrates the detection of
Kras codon 12 mutations in another FFPE sample obtained from a NSCLC patient. The mutations identified va the
enrichment procedure were subsequently independently verified from genomic DNA via RPLP methods. Thus, relevant
mutations missed by regular PCR-sequencing become readily detectable using COLD-PCR-sequencing.

Example 3. — Mutations that decrease the Tr, can be enriched without the mismatch annealing step.

The dependence of PCR on the nucleotide sequence is so pronounced when the denaturation temperature is set at the
critical temperature (Te) that even without forming a mismatch during PCR there is enrichment of those mutations that
decrease the Ty, Thus, when a G and an A allele are present, the A-allele wili be enriched during COLD-PCR as this
decreases the T, of the allele. To demonstrate this point, and to also examine the dependence of the enrichment on the size
of the examined sequence, an 87 bp fragment and a 210 bp fragmant containing the same mutations as the 167 bp fragment
from p53 exon 8 werz examined (Figure 3}, As with the 167 bp fragment, these two fragments were ampiified from the initfal
p53 exon 8 amplicon via nested PCR followed by the enrichment protocol. However, in this case a truncated version of the

amplification protocol of Example 1 was used, but the mismatch-forming step at 709C a5 well as the 849¢ step were both
omitted {critical denaturation temperatures Te=83.5°C for 87 bp fragment and Te=87.5 for 210 bp fragment). “Therefore, in this
version of the enrichment protocol the PCR cycles only batween the critical denaturation temperature (Tc), the primer binding

step (e.g. 55°C) and the primer synthesis step (e.g. 72°C),

Figure TA demonstrates sequencing chromatograms for the 87 bp fragment (either the forward or the reverse sequencing were
performed depending where the mutation lies on the 87 bp sequence). The data indicates that, using this wersion of the
modified enrichment protocel, enriches the 87 bp fragment 20-50 feld. For example, 2 1% initial dilution of mutant-to-wild-type
DNA of SW480 DNA resulted in 50% mutant-to-witd-type following the enrichment i.e. ~50-fold enrichment. The subsequent
Sanger sequencing revealed a heterozygous' sequence. The affect of size on enrichiment via the abbreviated the enfichment
protocol is depicted in Figure 7B. This data iliustrates that enrichment is highest for fragments <10C bp, but still clearly
evident (~8-10 fold) for fragments up to 210 bp.

Example 4- Mutations that increase or decrease the Trn can be enriched via the fult enrichment rmethod.

Although most (-70%) mutations encountered in diverse cancer samples decrease the Ty, ~15% of mutations increase the
Tm (6.9. A>G) while —15% refain the T, (2.9. G=>C). In order to be able to enrich for all possible mutations, including both

G4 and A»G mutations and deletions, the full enrichment program s preferred (Figure 1). To demonstrate the abiiity to
enrich target sequences having mutations that increase or decrease the Ty, 167 bp p53 exon § fragments with either CorT

nuclectide (wild-type vs. HCG cell line) were amplified via the enrichment protocel of Fig. 1.

Two mixtures were formed, one with the € allele in minority (C:T 1 :10) and another with the T allele in minority {T:C 1 :10).
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Following the enrichment procedure, or altematively regular PCR, the products were sequenced. In both cases the minor
aliele was enriched, i.2. either the C or the T depending on which one was more dilute before amplification. Presumably the
mismatched sequence has & lower melting temperature than either the C or the T allele, therefore by performing the protocol
of Figure 1 the mismatched sequences are always denatured preferentially. Therefore, by forming a mismatch at an
intermediate temperature {(~70°C) during the enrichment protocol there is always enrichment of the minor zliele even if the
specific nucleotide change tends to increase the local Ty, Example 5-MALDITOF sequencing

The present invention is also expected to improve most other PCR-based technologies, including MALDLTOF for samatic
mutation detection. To demonstrate this point, the same model applied in Example 1, for Sanger sequencing to identify

specific p53 exon 8 mutations using serial dilutions of mutation-containing cell lines into wild-type samples, was used to
compare the enrichment protocol ws. regular PCR followed by MALDI-TOF.

Following the errichment protocol or regular PCR, excess dNTPs were removed from the reaction by incubation with 0.3 U
shrimp alkaline phosphatase (USB) at 37°C for

20 minutes followed by a 5 minute incubation at 85°C to deactivate the enzyme. Single primer extension over the SNP or
insertion/deletion were performed at a final concentration of 600 nM each extension primer, 50 uM d/ddNTP and 0.126 U
Thermosequenase (Solis

Biodyne) and were incubated at 94°C for 2 minutes followed by 45 cycles of 94°C for 5 seconds, 520C for 5 seconds, and

729C for 5 seconds. The extension primers used were designed by the MALDFTOF Hanard Core Faciiity for each p53
mutation studied, using

MassArmray Assay Design software version 3.1.2.2. The primers used for each mutation were: p53_swd30:
CABGACAGGCACAAACA; p53_CT7: AGG AC AGGC AC AAAC AC p53_DU145: ACAGCTTTGAGGTGCGT:

KRAS_SW480: TGTGGT AGTTGG ACCTG;

KRAS_AB49: ACTCTTGCCT ACGCC AC.

The reaction was then desalted by addition of a cation exchange resin followed by mixing and centrifugation to settle the
contents of the tube. The extension product was spotted onto a 384 well spectroCHIP before being run on the MALDITOF
mass spectrometer (Sequenom).

The results are illustrated in Table | The mutation enrichment factor is listed on the third column of Table |. The enrichment is
calculated by comparisen to the values obtained when regular PCR MALDITCF is applied. Enrichment factors of 10-60 are
obtained for the majority of the mutations studied. The enrichment increases as the ratio of mutant-to- wild-type decreases,
indicating a non-linear dependence of the enrichment factor on initial concentration of mutations,
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Example 8 — Comparison of TAQMAN based regular real-time PGR and enrichment based real-time PCR.

Nucleic acid amplification reactions were performed to compare TAQMAN probe assays in regular real-time and an
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enrichment based realtime PCR. To compare the two realtime detection methods both genornic DNA and clinical tumor
samples having a G>A mutation in pd3 excn 8 were assayed at various dilutions in wild-type sequence. Serial dilutions (1:3,
1:10, 1 :30, 1:100 and 1 :300) of genomic DNA from SW4B0 into wild-type DNA were made. Specifically, real time PCR
reactions were performed directly from 20 ng genomic DNA in the presence of 0.2 UM Tagman probe 5-6-Fam-TTT GAG GTG
CAT GTT TGT GCC-BHQ | -3' that fully matches the ps3 mutation-containing sequence or: DNA from SW480 cells. Final
concentrations of other reagents were: X GoTaq Flexi bufier {Promega), IX GoTag polymerase (Promega) 0.2mM each dNTF,

0.2 uM forward primer, 5- TGG TAA TCT ACT GGG ACG-3, 0.2 LM reverse primer, 5-CGG AGA TTC TCT TCC TCT-31,
MgCLy 3 mM, pius DNA. The size of the PCR amplicon was 87 bp and Te=83.5°C. Fast COLD-PCR cycling was: 950¢, 120

sec; (95°C, 15 sec; 589¢ fuorescence reading ON, 60 sec) x 25 cycles; (83.5°C 15 sec; 58°C fluorescence reading ON, 60
sec) X 25 cycles. For Regular PCR eycling, the same program was employed, but the denaturation termperature threughout

PCR was 85°C. Experiments were repeated at least 5 times in independent experiments.

Amplification plots illustrating the sensitity of regular and enriched real-time PCR as applied to genomic DNA from the colen
cancer cell line SW480 are depicted in FIG 8A and 8B. FIG. 88 demonstrates that enriched realtime PCR can detect the
presence of the mutation at a 1 :300 mutant to wild-type allele ratio. In contrast, regular reaktime PCR conducted under
identical conditions, with the exception of the Tc step, can only detect the mutant at maximum dilution of 1 : 10 {FIG. 8A).
Therefore, the sensitivity of the assay is 30 fold better using the enrichment procedure.

Amplification plots comparing the sensitivity of regular and enriched realtime PCR in clinical tumor samples having the ps3
exon 8 mutation (one of which is know to contain a fow level mutation (5% mutant to wild-type} in p53 exon 8, CT20) are
illustrated in EIG. 8C and 8D. Enriched real-time PCR was readily able to detect the mutation (FIG. 8D), while regular PCR
did not (FIG. 8C). The remaining sample (TL6, TL8 and TLL 8), which were known to be wild type samples, did not amplify
(FIG. 8C) under the same conditions.

Example 7 -— Mutation scanning via enrichment real-time PCR

Nucleic acid amplification reaction mixtures were created to compare the ability of regular and enriched teal-time PCR
utilizing DNA datecticn dyes to detect samples containing mutations anywhere along exon 8 of p53. The method provides for
a fast and convenient method to identify unknown mutations or heterozygous 8NPs. Thus, the present method can be
adapted by one of ordinary skill in the art to scan large numbers of genes for germline or somatic mutations for a variety of
difierent applications (e.g. scanning for BRCAI/2 mutations in populations at high risk for developing breast/ovarian CA,
scanning entire genetic pathways for identifying mutations, ete).

FIG. 0A and 9B illustrate ampiification piots comparing beth regular and enriched real-fime PCR using LC-Green dye in a
variety of cell fines and clinical samples that are known to contain mutations in exon 8 of p53. The data shows that real-time
reqular-PCR (FIG. 9A} is unable to distinguish between the mutant (SW480, TL6 and CT20) and wild- fype (R27, TL8, Tl &,
TLB1 and TL82) samples, while enriched real-time PCR doss (FIG. 9B). The enrichment methed provides earlier threshold
detection for the mutation containing samples than for the wild-type samples.

FIG. 5C and 9D illustrates the results from amplification reactions prepare under reaction conditions identical to those
Hlustrated in FIG. 9A and 9B but here the samples are all lung tumors. The data shows that real-time regular-PCR (FIG. 8C)
can not differentiate between the mutant and wild-type samples, while real-time enriched PCR (FIG. 9D) does. The
enrichment method provides earlier threshold detection for the mutation containing samples than for the wild-type samples.

Further, the enriched detection method was able to identify a prevously unknown G>T mutation in sample TL.8. Exampie 8~
Organic solvents increase enrichment of mutations during regular and enhanced real-time PCR. Nucleic acid amplification
reaction mixtures were prepared to assess the impact of organic solvents on regular and enriched realtime PCR. Reactions
were performed either in the presence or the absence of an organic solvent (3% DMSO). The procedure used was the same
as that described in Example 7 and depicted in FIG. 9C and 9D except for the addition of 3% DMSO. The presence of the
arganic sohent enhanced discrimination between the ampiification plots of samples containing the mutated sequences with
those containing wild-type sequences (FIG. 10). For example, the threshold difference batween wild<ype samples and mutart
samples increased from ~5-cycles (real-time entichment without DMSO, see FIG. 9A) to more than 10 cycles (real-time
entichment with DMSO, see FIG. 10A).

Example 9- Datection of ultradow lewvel mutations using RFLP combined with Enrichment PCR

Errichment PCR combined with RELP-PCR can be used for improved identification of uitra-low-level mutations, e.g. for
identifying random mutations in a cancer genome or resistance mutations in cancer samples at a very early stage, i.e. before
treatment.

Fer example, samples containing wild-iype EGFR exon 19 were selectively digested with Tagl enzyme. Dilutions of up to 1
210,000 mutant-to-genomic DNA were then subjected to PCR efther in an enrichment format (Tc= 81.5 or 819C) ar in regular-
PCR format (9500). The enrichment of the mutation was quantified by Taql digestion followed by dHPLC (FIG. 11). The
amount of mutation present was guantified by the presence of a separate mutation peak at retention time of about 7 min.
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Following the enrichment procedure the mutation peak is much more evident than following regular-PCR. in canclusion, the
enrichment procedure substantially improved the detection of very low level mutations identified via RFLP-PCR. All patents,
patent applications, and published references cited herein are hereby incorporated by reference in their entirety. While this
imention has been particulady shown and described with references to preferred embodiments thereof, it will be understeod
by those skilled in the art that various changes in form and details may be made therein without departing from the scope of
the invertion encompassed by the appended claims.
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