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COMPOSITIONSAND METHODS FOR MOLECULAR BARCODING OF DNA
MOLECULES PRIOR TO MUTATION ENRICHMENT AND/OR MUTATION
DETECTION

RELATED APPLICATIONS
This application claims the benefit of U.S. provisiona application No. 62/433,071, filed
on December 12, 2016, U.S. provisiona application No. 62/502,128, filed on May 5, 2017, and
U.S. provisional application No. 62/522856, filed on June 21, 2017, the entire disclosures of
which are incorporated by reference herein.

BACKGROUND OF THE INVENTION

Low-level tumor somatic DNA mutations can have profound implications for
development of metastasis, prognosis, choice of treatment, follow-up or early cancer detection.
Unless effectively detected, these low-level mutations can misinform patient management
decisions or become missed opportunities for personalized medicine. Next generation
sequencing (NGS) technologies reveal prevalent somatic mutations, yet they 'lose steam' when it
comes to detecting low-level DNA mutations in tumors with clonal heterogeneity, or in bodily
fluids during 'liquid biopsy', and their integration with clinical practice isnot straightforward.
For mutations at an abundance of -2-5% or less, both NGS and the methods required to prepare
DNA for NGS generate false positives ('noise) independent of sequencing depth and hinder
personalized clinical decisions based on mutational profiling. Recent enhancements employing
single molecule barcoding enable NGS to reduce noise and detect 'ultra-rare mutations.
However, these approaches invariably diminish NGS throughput capability and increase expense
as they require numerous reads per sequence (e.g. > 5,000 - 20,000x Mean Coverage).

SUMMARY OF THE INVENTION
The present disclosure relates to novel methods for retaining both throughput breadth and
sequencing depth. Accordingly, some aspects of the disclosure provide a method of determining
original abundance of mutant alleles of target nucleic acid in a sample of genomic DNA. In
some embodiments, the method comprises: providing a sample of double- stranded genomic

DNA fragments anticipated to comprise mutant alleles of target nucleic acid and wild-type
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alleles of the target nucleic acid, wherein each terminus of the genomic DNA fragmentsis
attached to aunigque double stranded barcode and a double stranded common sequence tag,
wherein the common sequence tag islocated upstream of the unique barcode; amplifying a
portion of the double- stranded genomic DNA fragments using primers that are complementary to
the common sequence tag; enriching in the amplified portion the mutant alleles of the target
nucleic acids relative to the wild-type aleles of the target nucleic acids; obtaining ameasure of
total number of unique barcodes associated with mutant target nucleic acid sequence in the
enriched portion; and, obtaining a measure of total number of unique barcodes associated with
the sasmple. The original abundance of the mutant target nucleic acid in the sample of genomic
DNA isrepresented by the ratio of the total number of unique barcodes associated with mutant
target nucleic acid sequence to the total number of unique barcodes associated with the sample.

In some embodiments, the total number of unique barcodes associated with the sampleis
the total number of unique barcodes associated with mutant and wild-type target nucleic acid
sequence in the enriched portion

In some embodiments when the mutant alleles are enriched relative to the wild-type
alleles, wild-type aleles become difficult to detect. 1n some embodiments, to provide additional
information towards quantification of the original mutation abundance, in addition to applying
mutation enrichment, acontrol sample istreated without mutation enrichment, as an un-enriched
control sample in parallel. The combined information from both samples (mutation enriched
sample and un-enriched control sample) provide additional information as compared to only the
mutation enriched sample alone. For example, the unenriched control sample may provide a
more accurate estimate of uniquely-barcoded wild-type aleles, while the mutation enriched
sample may provide the most accurate estimate of uniquely-barcoded mutant aleles. By
combining the information from both enriched sample and un-enriched control sample, it may be
possible to more accurately quantify original mutation abundance than by screening either the
mutant enriched sample or the un-enriched control sample aone.

Accordingly, amethod of determining original abundance of mutant alleles of target
nucleic acid in a sample of genomic DNA further comprises obtaining a measure of total number
of unigue barcodes associated with wild-type target nucleic acid sequence in an un-enriched
control sample, wherein the total number of unique barcodes associated with the sample isthe
sum of the total number of unique barcodes associated with mutant target nucleic acid sequence
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in the enriched portion and the total number of unique barcodes associated with wild-type target
nucleic acid sequence in an un-enriched control sample. In some embodiments, a method of
determining original abundance of mutant alleles of target nucleic acid in a sample of genomic
DNA further comprises amplifying the double-stranded genomic DNA fragments in the un-
enriched control sample using primers that are complementary to common sequence tags prior to
obtaining ameasure of total number of unique barcodes associated with wild-type target nucleic
acid sequence in the un-enriched control sample. Therefore, in some embodiments, an un-
enriched control sampleisan aiquot of the sample that isprocessed in parallel to the sample that
isenriched for mutant alleles of the target nucleic acids relative to the wild-type alleles of the
target nucleic acids. Accordingly, in some embodiments, double-stranded genomic DNA
fragments in a sample and unenriched control sample are attached to unique double-stranded
barcodes in separate reactions. In some embodiments, double-stranded genomic DNA fragments
in a sample and unenriched control sample are amplified using primers that are complementary
to acommon sequence tag in separate reactions.

In some embodiments, an un-enriched control sampleisan aliquot of an amplified
portion.

In some embodiments, the number of sequencing reads used to obtain the total number of
unique barcodes associated with mutant target nucleic acid sequence in the enriched portion is
less than or equal to 1 million. In some embodiments, the number of sequencing reads used to
obtain the total number of unique barcodes associated with wild-type target nucleic acid
sequence in the un-enriched control sampleisless than or equal to 1 million. In some
embodiments, the number of sequencing reads used to obtain the total number of unique
barcodes associated with mutant target nucleic acid sequence in the enriched portion isequal to
the number of sequencing reads used to obtain the total number of unique barcodes associated
with wild-type target nucleic acid sequence in the un-enriched control sample. In some
embodiments, the enriched portion and the un-enriched control sample are sequenced in the same
sequencing reaction. Sample indices can be used to identify the origin of DNA fragments when
the enriched portion and the amplified control sample are sequenced in the same sequencing
reaction. Accordingly, in some embodiments, before sequencing, the DNA fragments of the
enriched portion are attached to afirst sample-index and the DNA fragments of the un-enriched

amplified control sample are attached to a second sample-index, wherein the first sample-index
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isdifferent from the second sample-index. In some embodiments, the sample isdivided prior to
amplification and afirst sample index is attached to afirst portion of the sample which will be
later amplified and enriched and a second sample index isprovided to a second portion of the
sample will isthe control sample, prior to sequencing (with or without amplification).

In some embodiments, the enriched portion and the un-enriched control sample are

sequenced in separate sequencing reactions.

In some embodiments, amethod of determining original abundance of mutant alleles of
target nucleic acid in a sample of genomic DNA involves target enrichment. Accordingly, some
embodiments of any one of the methods of determining original abundance of mutant alleles of
target nucleic acid in a sample of genomic DNA further comprises enriching both the mutant
target nucleic acids and wild-type target nucleic acids relative to total nucleic acids in the
sample. In some embodiments, enriching the mutant target nucleic acids and wild-type target
nucleic acids relative to total nucleic acids in the sample comprises contacting the sample with
one or more probes that specifically bind target nucleic acids. In some embodiments, one or
more probes are bound to a solid substrate. In some embodiments, the solid substrate comprises
beads.

In some embodiments, enrichment of mutant target nucleic acids and wild-type target
nucleic acids relative to total nucleic acids in the sampleisperformed by multiplex PCR. The
present invention describes novel methods for performing multi-stage multiplex PCR optionally
incorporating molecular barcodes at one of the stages, and optionally performing mutation
enrichment, and producing a sequencing-ready sample.

In some embodiments, the enriching the mutant target nucleic acids and wild-type target
nucleic acids relative to total nucleic acids in the sample involves amplifying the double-stranded
genomic DNA fragments in the sample using afirst and second primer. In some embodiments,
the first primer is complementary to the double stranded common sequence tag, and the second
primer is anested gene- specific primer comprising a sequence tag that is different from the
double-stranded common sequence tag. In some embodiments, the sequence tag on a second
primer that is anested gene-specific primer is common for the same target, but different for
different targets. In some embodiments, the enriching the mutant target nucleic acids and wild-

type target nucleic acids relative to total nucleic acids is performed after the amplifying of the
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double-stranded genomic DNA fragments using primers that are complementary to the common
sequence tag. In some embodiments, the amplifying the double- stranded genomic DNA
fragments in the sample using afirst and second primer isperformed for 5-15 cycles. In some
embodiments, the first primer comprises a sequencing adapter (e.g., an lllumina adapter).

Some embodiments of any one of the methods of determining original abundance of
mutant alleles of target nucleic acid in a sample of genomic DNA further comprises fragmenting
genomic DNA to form the double-stranded genomic DNA fragments. In some embodiments, the
genomic DNA isfragmented using Shearase or any other DNA-ase type of enzyme that digests
DNA randomly. In some embodiments, enzymatic end-repairing of the DNA fragments to
obtain blunt ended 5' containing double-stranded DNA isdone after fragmentation (e.g., by an
enzyme).

In some embodiments, any one of the methods disclosed herein does not include
obtaining ameasure of total number of barcodes that are associated with non-target mutant
nucleic acids or non-target wild-type nucleic acids in the enriched portion.

In some embodiments, the method further comprises obtaining sequences of the mutant
target nucleic acids and wild-type target nucleic acids in the enriched sample.

In some embodiments of any one of the methods of determining original abundance of
mutant alleles of target nucleic acid asdisclosed herein, the double-stranded genomic DNA
fragments are 40-200bp in length. In some embodiments, the unique barcode is 8-14bp in
length. In some embodiments, the common tag is 16-40 bp in length.

Some embodiments of any one of the methods of determining original abundance of
mutant alleles of target nucleic acid in a sample of genomic DNA further comprises attaching the
double-stranded genomic DNA fragments to the unique double- stranded barcodes. In some
embodiments, attaching of double-stranded fragments of genomic DNA to the unique barcodes is
performed at aratio of 107-10° unique barcodes to 100ng double- stranded genomic DNA
fragments present in the sample. In some embodiments, wherein the attaching comprises starting
from a single- stranded barcode, synthesizing the opposite strand of the single-stranded barcode
using an extension reaction to form adouble stranded barcode, and then ligating to an end of the
double-stranded genomic DNA fragment. In some embodiments, the attaching of barcodes

comprises PCR using oligonucleotide primers, wherein each oligonucleotide primer comprises a
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common tag portion, a unigque barcode portion, and a target- specific portion. In some
embodiments, 1-6 cycles of PCR are used to attach barcodes using PCR.

In some embodiments of any one of the method of determining original abundance of
mutant alleles of target nucleic acid in a sample of genomic DNA, the barcoded DNA fragments
are amplified using PCR or COLD-PCR. In some embodiments, 3-30 cycles of PCR or COLD-
PCR are performed for amplifying the barcoded DNA fragments.

Any one of the methods disclosed herein can be performed on a solid substrate.
Accordingly, in some embodiments of any one of the methods disclosed herein, the common tag
isbiotinylated. In some embodiments, the double- stranded genomic DNA fragments attached to
barcodes and common tags are bound to streptavidin-beads.

In some embodiments of any one of the methods disclosed herein, the genomic DNA is
obtained from abiological sample. In some embodiments, the biological sampleis selected from
tissue, blood, plasma, serum, urine, saliva, and cerebrospinal fluid. In some embodiments, the
tissue sample is atumor biopsy. In some embodiments, the biological sample comprises
circulating cell-free DNA.

In some embodiments of any one of the methods of determining original abundance of
mutant alleles of target nucleic acid in a sample of genomic DNA, following incorporation of
molecular barcodes to DNA molecules, the mutant target nucleic acid in the amplified portion is
enriched by 2-300 fold relative to the wild-type target nucleic acid in the amplified portion. In
some embodiments, the enriching the mutant alleles of the target nucleic acids in the amplified
portion relative to the wild-type aleles of the target nucleic acids in the amplified portion
comprises subjecting the amplified portion to one or more of the following: Nuclease-assisted
Minor-allele Enrichment using Probe Overlap (NaME-PrO), Coamplification at Lower
Denaturation temperature-PCR (COLD-PCR), Improved and Complete Enrichment COLD-PCR
(ice-COLD-PCR), Temperature-Tolerant-ice-COLD-PCR (TT-ice-COLD-PCR), toehold PCR,
blocker-PCR using locked nucleic acids (LNA), peptide nucleic acids (PNA or XNA), or
blockers with other modified nucleotides, CRISP-R-mediated mutation enrichment by selecting
mutated alleles or removing wild-type aleles and Differential Strand Separation at Critical
Temperature (DiSSECT).

In some embodiments, the NaMe-PrO comprises
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(8 preparing an amplification reaction mixture comprising the double-stranded mutant
and wild-type target nucleic acids, athermostable double strand- specific nuclease (DSN), PCR
amplification components, and apair of oligonucleotide probes, one of which is complementary
to the wild-type nucleic acid top strand and the other is complementary to the wild-type nucleic
acid bottom strand, wherein the probes overlap each other by 10-15 probes such that the overlap
coincides with the target region,

(b) subjecting the reaction mixture to a denaturing temperature to permit denaturation of
the wild-type nucleic acid and the mutant target nucleic acid;

(c) reducing the temperature to permit hybridization of the probes to their corresponding
seguences on the wild-type and mutant target nucleic acids thereby forming complementary
wild-type-probe duplexes, wherein the DSN cleaves the complementary wild-type-probe
duplexes but not the partially complementary target mutant -probe duplexes; and

(d) subjecting the reaction mixture to an amplification condition thereby enriching the
uncleaved mutant target nucleic acid relative to the cleaved wild-type nucleic acid.

In some embodiments of any of the methods that utilize NaMe-Pro, the target region that
coincides with the overlap of the probes comprises more than one mutation. In some
embodiments, the probes have a 3'-terminal polymerase block. In some embodiments, to avoid
identifying SNPs in the genome around the mutation site, the NaMe-Pro probes are designed so
that they are complementary to SNPs near target mutations.

In some embodiments, the COLD-PCR comprises

() denaturing the double-stranded mutant and wild-type target nucleic acids by
subjecting the double- stranded target mutant and wild-type nucleic acids to afirst denaturing
temperature that is above the melting temperature of the wild-type nucleic acid;

(b) forming atarget mutant/wild-type strand duplex;

(c) denaturing said mutant/wild-type strand duplex by subjecting the nucleic acid
amplified portion to acritical temperature (Tc) that isbelow the Tm of the wild-type nucleic
acids,

(d) annealing aprimer pair to the mutant and wild-type target nucleic acid strands; and

(e) extending said primer pair so asto enrich said mutant target sequence relative to said

wild-type strand.
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In some embodiments of methods disclosed herein that utilize COLD-PCR, (b) and (c) of
COLD-PCR (as described above) are repeated 1-19 times before performing (d). In some
embodiments, (a) to (e) are repeated 1-29 times.

In some embodiments, ice-COLD-PCR comprises

(8 exposing the mutant and wild-type target nucleic acids to areference sequence that is
complementary the target sequence;

(b) denaturing the double-stranded target mutant and wild-type nucleic acids by
subjecting the double- stranded mutant and wild-type target nucleic acids to afirst denaturing
temperature that i s above the melting temperature of the wild-type nucleic acid;

(c) forming atarget mutant/reference strand and target wild-type/reference strand
duplexes;

(d) denaturing said mutant/reference strand duplex by subjecting the nucleic acid sample
to acritical temperature (Tc) that isbelow the Tm of the wild-type/reference duplex;

(d) annealing aprimer pair to the mutant and wild-type target nucleic acid strands; and

(e) extending said primer pair so asto enrich said mutant target sequence relative to said
wild-type target nucleic acid.

In some embodiments, TT-ice-COLD-PCR comprises

(8 exposing the mutant and wild-type target nucleic acids to areference sequence that is
complementary the target sequence;

(b) denaturing the double-stranded target mutant and wild-type target nucleic acids by
subjecting the double- stranded target mutant and wild-type nucleic acids to a denaturing
temperature that i s above the melting temperature of the wild-type nucleic acid;

(c) forming atarget mutant/reference strand and target wild-type/reference strand
duplexes;

(d) denaturing said mutant/reference strand duplex by subjecting the nucleic acid sample
to afirst critical temperature (Tc) that isbelow the Tm of the wild-type/reference duplex;

(e) annealing aprimer pair to the mutant and wild-type target nucleic acid strands;

(f) extending said primer pair so asto enrich said mutant target nucleic acid relative to
said wild-type target nucleic acid; and

(f) repeating steps (d) to (f) at least once at a second Tc which is above the first Tc.

In some embodiments, DISSECT comprises:
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(@) alowing mutant and wildtype target nucleic acids to bind to complementary probes
which are immobilized to beads, wherein the probes resemble the wild-type nucleic acids;

(b) denaturing the target mutant/probe duplex by subjecting the nucleic acid sampleto a
critical temperature such that the wild-type/probe duplex does not denature;

(c) collecting the eluate from the beads; and

(d) repeating at least once (a)-(c) using beads on which the probes are unbound to any
nucleic acid.

Any of the methods disclosed herein can also be applied to samples in which the
abundance of more than one mutation is determined. Accordingly, any one of the methods of
determining original abundance of mutant alleles of target nucleic acid in a sample of genomic
DNA further comprises determining the original abundance of one or more additional mutant
alleles of target nucleic acids at different loci on the genomic DNA. In some embodiments of
methods to determine abundance of one or more additional mutant alleles of target nucleic acids,
the mutant alleles of the target nucleic acids are enriched relative to wild-type alleles of the target
nucleic acids by subjecting the amplified portion to multiplexed NaME-PrO. In some
embodiments, the multiplexed NaM E-PrO uses overlapping probe pairs in parallel reactions,
wherein each parallel reaction uses adistinct pair of overlapping probes, such that the totality of
overlapping probe pairs span a contiguous region of genomic DNA of interest. In some
embodiments, the multiplexed NaME-PrO uses continuous and non-overlapping probe pairsin
parallel reactions, wherein each parallel reaction uses adistinct pair of non-overlapping probes,
such that the totality of non-overlapping probe pairs span a contiguous region of genomic DNA
of interest.

In some aspects, provided herein is amethod of determining disease diagnosis or
prognosis in a subject, the method comprising determining original abundance of a mutant target
nucleic acid in a sample of genomic DNA according to any one of the methods disclosed herein.
In some embodiments, the determining isrepeated in two or more genomic DNA samples
obtained from a subject over aperiod of time, and wherein an increase in origina abundance of
the target mutant nucleic acids in the sample over time isindicative of aworsening diagnosis or

prognosis in the subject.
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In some aspects, provided herein is amethod of determining efficacy of atherapeutic
treatment in a subject, the method comprising determining original abundance of a mutant target
nucleic acid in a sample of genomic DNA according to any one of the methods disclosed herein.
In some embodiments, the determining isrepeated in genomic DNA samples obtained from a
subject before and after treatment, and wherein a decrease in original abundance of the target
mutant nucleic acids in the sample after treatment isindicative of therapeutic efficacy in the
subject. In some embodiments, the determining isrepeated in 2-10 genomic DNA samples
obtained over aperiod of time. In some embodiments, the determining isrepeated over aperiod
of time of 2 months to 2 years.

In some aspects, provided herein is amethod of obtaining afingerprint of mutations
associated with adisease, the method comprising determining original abundance of mutant
alleles of target nucleic acids of aplurality of mutations according to any one of the methods
disclosed herein. In some embodiments, the determining is performed on one or more samples

of genomic DNA obtained from one or more subjects suffering from the disease.

BRIEF DESCRIPTION OF THE DRAWINGS

The following drawings form part of the present specification and are included to further
demonstrate certain aspects of the present disclosure, which can be better understood by
reference to one or more of these drawings in combination with the detailed description of
specific embodiments presented herein. It isto be understood that the data illustrated in the
drawings in no way limit the scope of the disclosure.

FIG. 1describes Nuclease-assisted Minor-allele Enrichment using PRobe-Overlap
(NaME-PrO). FIG. 1A shows partially overlapping oligonucleotide probes are included in excess
molar ratio as compared to target DNA; and duplex specific nuclease (DSN). FIG. | B describes
NaMe-PrO. Probes are designed to bind the WT sequence of top and bottom target DNA
strands. The overlap region of the probes defines the DNA region targeted for mutation
enrichment. FIG. 1C shows aNaME-PrO workflow; following fragmented genomic DNA
denaturation, the excess probes bind their targets. Addition of DSN generates preferential
digestion at double stranded regions defined by the probes, but not at mutation-caused
mismatches. Numerous targeted sites can be targeted simultaneously in this manner.

10
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Subsequent amplification enhances DNA target strands that escape DSN digestion, thereby
enriching for mutated DNA by several hundred-fold.

FIG. 2 describes gNAME-PRO-NGS using single-molecule barcoding to enable strictly
guantitative assessment of origina mutation abundance by implementing alelic barcode-count
diversity (the 'abed’ approach). gNAME-PRO-NGS (i) enriches mutations by >100fold and
diminishes the number or reads required to call low-level mutations; (ii) derives origina
mutation abundance; and (iii) filters-out sequencing and PCR errors using the molecular
barcodes. gQNAME-PRO technology increases throughput by >100-fold and reduces cost for all
existing NGS technologies and can be applied unchanged for future sequencing developments.

FIG. 3A describes derivation of origina mutation frequency using allelic barcode-count
diversity (abed), following gNaME-PrO-NGS. The abed approach de-couples the mutation
enrichment from the original mutation abundance, by using the number of distinct molecular
barcode families that are mutant versus WT for digital quantification of mutation abundance.
Mutation-containing barcodes are enriched and appear more frequently than barcodes with WT
sequences. However this does not affect the quantification since it isthe diversity of barcodes,
not their frequency that is used.

FIG. 3B shows data obtained from an experiment in which the workflow of FIG. 2 was
applied to a set of 33 DNA targets with mutations in circulating DNA from abreast cancer
patient without without using the abed approach (left panel) and using the abed approach to
determine the original abundance of mutant target nucleic acid (right panel). The light grey bars
represent data obtained with mutant target nucleic acid enrichment using NaME-PrO. The dark
grey bars represent data obtained without enrichment of mutant target nucleic acid.

FIG. 4 describes attachment of molecular barcodes by using multiplexed-PCR instead of
ligation. Following multiplexed PCR, the molecular barcodes are attached in the first few cycles
of asecond PCR, followed by severa cycles of PCR using the universal 'tails. NaME-PrO is
then applied, followed by library preparation and sequencing. The mutation enrichment occurs
during the NaME-PrO step, i.e. after incorporation of the barcodes and initial expansion by the
first few cycles of the second PCR.

FIG. 5 describes use of molecular barcodes for quantification when using multiplexed
COLD-PCR. Following multiplexed PCR, the molecular barcodes are attached in the first few
cycles of a second PCR, followed by several cycles of COLD-PCR using the universal 'tails.

11
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The mutation enrichment occurs during the COLD-PCR cycles, i.e. after incorporation of the
barcodes and initial expansion by the first few cycles of the second PCR. Mutation-enriched
COLD-PCR products are then processed for library preparation and sequencing.

FIG. 6 describes use of molecular barcodes for quantification when using multiplexed
COLD-PCR and NaMe-PrO. Following multiplexed PCR, the molecular barcodes are attached
in the first few cycles of a second PCR, followed by several cycles of COLD-PCR using the
universal 'tails. Mutation enrichment occurs during the COLD-PCR cycles, i.e. after
incorporation of the barcodes and initial expansion by the first few cycles of the second PCR.
Mutation-enriched COLD-PCR products are then further enriched for mutations using NaMe-
PrO, and then processed for library preparation and sequencing.

FIG. 7 describes comprehensive sequencing of cfDNA from adult patients with
metastatic cancer. FIG. 7A shows an example workflow. FIG. 7B shows analytical
benchmarking. FIG. 7C shows somatic mutations in cfDNA and tumor biopsies. FIG. 7D shows
somatic copy number alterations in cfDNA and tumor biopsies..

FIG. 8 describes multiplexed mutation enrichment viaNaME-PrO applied to clinical
samples (Song et al 2016). FIG. 8A shows 10-plex NaME-PrO applied directly to genomic DNA
containing mutations in 10 actionable genes. mutations without NaME-PrO (‘No DSN') vs. after
NaME-PrO are compared, 50-100-fold enrichment is evident on all targets. FIG. 8B shows
ddPCR screening of cfDNA from colon CA patients: improvement via NaME-PrO is evident for
the 2 positive samples. FIG. 8C shows Sanger sequencing without vs. with NaMe-PrO: low
level mutations are revealed. FIG. 8D shows MiSeq sequencing of 0.5% allelic abundance
mutations with vs without NaME-PrO: the mutation becomes clearly distinguished from the
sequencing noise after NaMe-PrO. This mutation was detectable with just 10 MiSeq sequencing
reads following enrichment from 0.5% to 52% allelic abundance via NaME-PrO®.

FIG. 9 describes NaM E-PrO reveals multiple low-level mutations in cfDNA with a
defined tumor signature. Whole-exome sequencing of both tumor tissue and corresponding
cfDNA from abreast cancer patient revealed revealed 50 somatic mutations present in the tumor
but absent in cfDNA. NaME-PrO was applied to these same 50 targets using 30ng cfDNA as
starting material. Out of 50 targets, 31 (62%) revealed rare mutations following NaM E-PrO-
MiSeq NGS. Therefore the majority of the 'missing’ tumor fingerprint was recovered in plasma

12
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following NaME-PrO enrichment. In general, low-level mutations were detected with 1-2 orders
of magnitude fewer reads as compared to standard NGS.

FIG. 10 describes NaME-PrO application for enriching multiple mutations along tumor
suppressor genes. FIG. 10A shows atechnique using overlapping probes: Mutation enrichment at
all positions on TP53 exons 6-9 using concurrent NaME-PrO 'tiling' reactions. Genomic DNA
mix of cell lines containing mutations at several TP53 positions in exons 6-9 was treated via
NaME-PrO in seven paralel reactions using distinct groups of overlapping probes per reaction,
such that NaME-PrO overlapping probes 'tile' the entire size of each exon. Mutation enrichment
a all mutated sequences was observed following Sanger sequencing. FIG. 10B shows a
technique using contiguous, non-overlapping probes. Using contiguous, non-overlapping probes
that cover 25+25=50bp per reaction it ispossible to cover an average cfDNA fragment size of
~150bp using 3-4 NaME-PrO parallél reactions, while still obtaining good mutation enrichment
at al positions of all exons targeted. An example for multiple mutations along TP53 exon 8is
shown. Mutation enrichment 30-40-fold was derived by performing digital droplet PCR before
& after NaME-PrO as described®. Significantly lung CA gene fusions (e.g., EML4-ALK fusionl)
that result to breakpoints within the mapped exons will aso be enriched by NaME-PrO, since
probes corresponding to the WT cfDNA fragment will not bind adequately the fusion breakpoint
and DSN will not digest those fragments, resulting to enrichment.

FIG. 11 shows sequencing cost (Illumina MiSeq) as afunction of number of uniqgue DNA
mutation targets interrogated. Assumptions: 100% pass filter unique reads, uniform amplicon
generation, one hotspot per amplified DNA fragment, $1,924 per lane (Broad SSF pricing).
Sample preparation costs not included in this calculation. NaME-PrO application itself costs
$17.3 for a 1000-target reaction including 2,000 unlabeled probes plus enzyme.

FIG. 12 shows attachment of molecular barcodes using ligation at the first step, followed
by target enrichment using nested gene-specific primers on one end of each DNA target, plus the

generic linker ligated in the first step.

DETAILED DESCRIPTION
Provided herein is atransformative technology that retains both high throughput
(breadth) and sequencing depth for mutation analysis. The disclosed technology combines
mutation enrichment methods (e.g., NaME-PrO or COLD-PCR) with anovel use of molecular
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barcoding, to provide strict enumeration of original mutation abundance for all mutant sequences
following their enrichment. Provided methods permit converting rare mutations to high
abundance mutations, boosting confidence in their detection and circumventing the need for
repeated and wasteful sequence reads during NGS. This enables NGS to reliably identify low-
level aterations while retaining low cost and high throughput capabilities. Provided methods
allow the quantification of the original mutation frequency in a sample (i.e., abundance of
mutation frequency in a sample before it isprocessed for mutation enrichment), which was not
previously possible.

There are severa advantages of the disclosed methods over current state of the art.
Exemplary advantages of the disclosed methods are discussed herein. For example, mutations
down to 0.1% mutation abundance are clinically significant in heterogeneous tumors, circulating
DNA and other clinical samples. Clinically actionable mutations in tumors or circulating DNA
often exist at levels <0.1% which falls well below the ability of existing targeted re- sequencing
technology. Provided methods allow quantification of mutation abundance after mutation
enrichment so that detection ispossible. Furthermore, methods disclosed herein are compatible
with sequencing methods. The disclosed methods allow identification and quantification of
mutations with low abundances with the current sequencing technologies available and in the
current sample preparation framework.

In some embodiments, provided mutation enrichment methods (e.g., NaME-PrO) enable
single tube enrichment of mutations that enable NGS-based detection down to extremely low
abundances without requiring a substantial increase in the number of sequence reads as
compared to high-level mutations. This may be achieved by pre-enriching the sample for
mutations over al targets, prior to entering the NGS stage, thus converting low-level mutations
to clonal mutations which are detectable with few sequence reads, and thereby reducing time and
cost. FIG. 11demonstrates an exemplary major reduction in cost as afunction of the sequenced
target size using the Illumina MiSeq as an example. The method is applicable to al platforms.
However, the modest cost of MiSeq instrument makes it accessible to many groups or labs that
do not have access to ahigh-end facility.

Reliability of mutant identification is another advantage of the methods disclosed herein.
Even though molecular barcoding technology and sophisticated filtering can distinguish the few

genuine sequencing from noise, at high noise levels there is doubt calling 2-3 mutation reads
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amongst 100,000 WT reads. By increasing the allele fraction of mutations above the noise floor
of NGS, errors associated with NGS can be overcome and reliability increased.

‘Wild type target sequence' or ‘wild type nucleic acid', used interchangeably herein,
refers to anucleic acid that ismore prevalent in anucleic acid sample than acorresponding
target sequence (e.g., same region of gene but different nucleic acid sequence). The wild type
sequence makes-up over 50% of the total wild type sequence + mutant target sequence in a
sample. The wild type sequence can be expressed at the RNA and/or DNA level 10X, 15X, 20X,
25X, 30X, 35X, 40X, 45X, 50X, 60X, 70X, 80X, 90X 100X, 150X, 200X or more than the target
sequence. For example, asample (e.g., blood sample, urine sample, tissue sample) may contain
numerous normal cells and few cancerous cells. The normal cells contain wild-type alleles (non-
mutant) sequences, while the small number of cancerous cells contain target sequences. Asused
herein, a 'wild type strand' refers to asingle nucleic acid strand of awild type sequence. The
term ‘wild-type' typically refers to the most common polynucleotide sequence or allele for a
certain gene in apopulation. Generaly, the wild-type alele will be obtained from normal cells.

The wild type sequence isabout 13-2000 nucleotides long. In some embodiments, the
wild type sequence is 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150, 160, 170, 180,
190, 200, 250, 300, 350, 400, 450, 500, 600, 700, 800, 900 or more nucleotides long. Wild type
sequences will share at least 50%, 60%, 70%, 80%, 85%, 90%, 91%, 92%, 93%, 94%, 95%,
96%, 97%, 98%, 99% or more homology to the corresponding target sequence, but will differ by
at least one nucleotide from the target sequence.

A 'target nucleic acid' or 'target sequence’, used interchangeably herein, refers to a
nucleic acid of interest (e.g., an alele). In some embodiments, atarget nucleic acid has mutant
alleles and wild-type aleles. In some embodiments, the target sequence makes-up less than 50%
of the total amount of DNA (e.g., target sequence+non-target sequence) in a sample. Preferably
the target sequence isexpressed at the RNA and/or DNA level 1:10, 1:15, 1:20, |:25x, 1:30,
1:35, 1:40, 1:45, 1:50, 1:60, 1:70, 1:80, 1:90, 1:100, 1:150, 1:200x or less than the non-target
sequence. In some embodiments, the target sequence isamutant allele. In some embodiments,
the target sequence isawild-type alele. For example, a sample (e.g., blood sample, urine
sample, tissue sample) may contain numerous normal cells and few cancerous cells. The normal
cells contain wild-type (i.e., non-mutant) sequences, while the small number of cancerous cells

contain target mutant sequences. In some embodiments, the target sequence isrepeat sequences
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that occur at large numbers in human genome (including but not limited to ALU elements, LINE
elements, SINE elements, di-nucleotide repeats, tri-nucleotide repeats). Asused herein, a"target
strand” refers to a single nucleic acid strand of atarget sequence. A target sequence may
comprise coding regions, non-coding regions, both coding and non-coding regions, awhole gene
or aportion or agene.

In some embodiments, the target sequence is 13-2000 nucleotides long. In some
embodiments, the target sequence is 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150,
160, 170, 180, 190, 200, 250, 300, 350, 400, 450, 500, 600, 700, 800, 900 or more nucleotides
long. Target sequences share at least 50%, 60%, 70%, 80%, 85%, 90%, 91%, 92%, 93%, 94%,
95%, 96%, 97%, 98%, 99% or more homology to the corresponding wild type sequence, but
differs by at least one nucleotide from the wild type sequence.

In some embodiments, target nucleic acids are enriched relative to total nucleic acids. In
some embodiments, mutant target nucleic acids and wild-type target nucleic acids are enriched
relative to total nucleic acids in a sample of double-stranded genomic DNA. Various methods of
enriching target nucleic acids relative to total nucleic acids are known in the art and are
contemplated herein. For example, target nucleic acids in a sample can be enriched by
contacting the sample with one or more probes that specifically bind target nucleic acids. Probes
that bind to target nucleic acids may be immobilized on a solid substrate (e.g., abead) for easier
separation of the target nucleic acids from the non-target nucleic acids. In some embodiments,
probes bind to target nucleic acids by hybridization. In some embodiments, hybridization
between probes and target nucleic acids is complete. In some embodiments, hybridization
between probes and target nucleic acids ispartial. For example, there may be 1or more
mismatches between aprobe and target sequence. In some embodiments, only apart of aprobe
hybridizes with atarget sequence.

Another method of target enrichment is shown in FIG. 12. Accordingly, in some
embodiments, target enrichment is achieved using steps comprising amplification of adouble-
stranded DNA fragment using primers, at least one of which isanested gene-specific primer. A
'nested gene-specific primer' isaprimer than anneals to the product of amplification made using
another set of primers to amplify atarget region. In FIG. 12 for example, the nested gene-
specific primer in step (4) nests such that it anneals to the product of apreceding pre-

amplification step that uses primers that are complementary to the common sequence tags.
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Using the example in FIG. 12, the nested gene-specific primer of step (4) isnested relative to, or
nests within, the primers complementary to the common sequence tags used in step (3). Nested
primers may produce and amplification product of a shorter length than the product of the
primers within which they are nested. Accordingly, anested gene-specific primer may nest
within a set of multiplexed primers such that it anneals to the product of the multiplexed
amplification. Multiplexed primers within which atarget- specific primer nests may be random
primers, gene specific primers, or primers complementary to acommon sequence tag. In some
embodiments, an entire gene-specific primer anneals to atarget sequence. In some
embodiments, aportion of agene-specific primer anneals to atarget sequence. In some
embodiments, agene-specific primer anneals to atarget sequence that isgenomic DNA of a
coding region, or genomic DNA of anon-coding region. In some embodiments, agene-specific
primer anneals to atarget sequence that comprises amutation or is adjacent (e.g., up to 30, 50,
100 or more nucleotides upstream or downstream) to amutation. In some embodiments, a
nested gene-specific primer comprises a sequence tag, that can be used for subsequent
amplification using primers complementary to this sequence tag. A sequence tag on a gene-
specific primer isdifferent from double-stranded common sequence tag used in prior steps of
determining original abundance of mutant alleles of target nucleic acid in a sample of genomic
DNA, such that primers designed to anneal to acommon sequence tag will not anneal to the
sequence tag on a nested gene-specific primer, or primers designed to anneal to a sequence tag
on anested gene-specific primer will not anneal to a double-stranded common sequence tag. In
some embodiments, a sequence tag on a gene-specific primer isdifferent from sequence tags on
gene-specific primers that anneal to other targets, such that primers designed to anneal to a
sequence tag on a gene-specific primer targeting one target will not anneal to a sequence tag on a
gene-specific primer targeting another target. In some embodiments of any one of the methods
for target enrichment, aprimer may comprise a sequencing adaptor that can be used during
sequencing. In some embodiments, target enrichment achieved using amplification of a double-
stranded DNA fragment using primers, at least one of which isanested gene-specific primer, is
performed for 2 to 20 cycles (e.g., 2to 5,4 to 18, 5to 15 or 8to 15 cycles).

In some embodiments, target nucleic acids (i.e., wild-type and mutant alleles of atarget)
are enriched 2 to 1000 times (e.g., 2t0 5, 2to 10, 2'to 50, 2 to 100, 10 to 100, 50 to 200, 100 to
500, 200 to 1000 or 400 to 1000 times) relative to an unenriched sample.
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"Target mutant sequence’ or 'mutant target sequence' refers to anucleic acid that isless
prevalent in anucleic acid sample than acorresponding wild type sequence. The target mutant
sequence typically makes-up less than 50% of the total amount of wild type sequence + mutant
sequence in asample. The target mutant sequence may be expressed at the RNA and/or DNA
level 1:10, 1:15, 1:20, 1:25X, 1:30, 1:35, 1:40, 1:45, 1:50, 1:60, 1:70, 1:80, 1:90, 1:100,
1:150, 1:200X or less than the wild type sequence. For example, a sample (e.g., blood sample)
may contain numerous normal cells and few cancerous cells. The normal cells contain wild-type
(non-mutant) alleles, while the small number of cancerous cells contain target mutant sequences.
In some embodiments, the invention isdirected to detecting fetal DNA in anucleic acid sample
obtained from amother. In this embodiment, the target mutant sequence isthe fetal DNA while
the more prevalent mother DNA isthe wild type sequence. Asused herein, atarget mutant
seguence is meant to include fetal DNA obtained from apregnant mother. A mutation may bein
acoding region or anon-coding region of agenome. A mutation may be in aknown location or
site. In some embodiments, a mutation isunknown. In some embodiments, the exact location or
amutation isunknown. In some embodiments, amutation and its site is unknown.

The target mutant sequence is about 13-2000 nucleotides long. In some embodiments,
the target mutant sequence is 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150, 160,
170, 180, 190, 200, 250, 300, 350, 400, 450, 500, 600, 700, 800, 900 or more nucleotides long.
Target mutant sequences share at least 50%, 60%, 70%, 80%, 85%, 90%, 91%, 92%, 93%, 94%,
95%, 96%, 97%, 98%, 99% or more homology to the corresponding wild type sequence, but
differs by at least one nucleotide from the wild type sequence.

The term 'mutant’ refers to anucleotide change (i.e., a single or multiple nucleotide
substitution, deletion, insertion, or methylation, or alteration in the number of poly-nucleotide
repeats) in anucleic acid sequence. A nucleic acid which bears amutation has anucleic acid
sequence (mutant alele) that isdifferent in sequence from that of the corresponding wild- type
sequence. Herein, the term "mutant target nucleic acid" isused interchangeably with "mutant
aleles of target nucleic acid." Similarly, the term "wild-type target nucleic acid" is used
interchangeably with "wild-type alleles of target nucleic acid." The mutant alleles can contain
between 1 and 500 nucleotide sequence changes. A mutant allele may have 1, 2, 3,4,5,6,7, 8,
9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 90, 100, 200, 300,
400 or 500 nucleotide sequence changes compared to a corresponding wild-type allele.
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Typically, amutant alele will contain between 1and 10 nucleotide sequence changes, and more
typically between 1and 5 nucleotide sequence changes. The mutant allele will have 50%, 60%,
70%, 80%, 85%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99% or more homology to
the wild-type allele. Generally, the mutant allele will be obtained from diseased tissues or cells
and is associated with adisease state.

Asused herein, a 'region of interest' is a sequence that will be interrogated for variations
such asclinically relevant mutations.

Asused herein, the term "relative abundance” refers to the amount of the nucleic acid of
the same type as compared to the amount of the total nucleic acid in a sample. For example, the
relative abundance of a mutant nucleic acid in a sample may be defined as the percentage of the
abundance of the mutant nucleic acid to the total number of nucleic acid corresponding to the
target sequence in which the mutations lies, which includes both mutant and wild-type nucleic
acid for that target sequence.

'Enriching amutant target sequence' refers to increasing the amount of a mutant target
sequence and/or increasing the ratio of mutant target sequence relative to the corresponding wild
type sequence in a sample. For example, where the ratio of mutant sequence to wild type
sequence isinitialy 5% to 95% in a sample, the mutant sequence may be preferentially amplified
in an amplification reaction so asto produce aratio of 70% mutant sequence to 30% wild type
sequence. Thus, thereisa 14 fold enrichment of the mutant sequence relative to the wild type
sequence in this hypothetical example. Generaly, enrichment of amutant target sequence
results in a2X to 200X increase in the mutant target sequence relative to the wild type sequence
prior to enrichment. The enrichment of the mutant target sequence isat least a2X, 3X, 4X, 5X,
6X, 7X, 8X, 9X, 10X, 15X, 20X, 25X, 30X, 35X, 40X, 45X, 50X, 60X, 70X, 80X, 90X 100X,
150X, 200X or more fold enrichment. Enrichment of amutant target sequence results in a
sample having 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%, 70%, 80%,
90%, 95% or more, mutant target sequence compared to wild type sequence (e.g., 10% mutant
target sequence : 90% wild type sequence to 95% mutant target sequence : 5% wild type
sequence).

Several methods of enriching mutant target sequence relative to wild-type target
sequence are known in the art. Non-limiting examples of mutation enrichment methods include
Nuclease-assisted Minor-allele Enrichment using Probe Overlap (NaME-PrO), Coamplification
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a Lower Denaturation temperature-PCR (COLD-PCR), Improved and Complete Enrichment
COLD-PCR (ice-COLD-PCR), Temperature-Tolerant ice-COLD-PCR (TT-ice-COLD-PCR),
toehold PCR blocker-PCR using locked nucleic acids (LNA), peptide nucleic acids (PNA or
XNA), or blockers with other modified nucleotides, CRISP-R-mediated mutation enrichment by
selecting mutated aleles or removing wild-type aleles and Differential Strand Separation at
Critica Temperature (DiSSECT).

NaMe and NaMe-PrO methods are described in PCT/US2016/039167, whichis
incorporated herein by reference inits entirety. A non-limiting example of aNaMe-PrO protocol
includes:

(8 preparing an amplification reaction mixture comprising the double-stranded mutant
and wild-type target nucleic acids, athermostable double strand- specific nuclease (DSN), PCR
amplification components, and apair of oligonucleotide probes, one of which is complementary
to the wild-type nucleic acid top strand and the other is complementary to the wild-type nucleic
acid bottom strand, wherein the probes may overlap each other by 10-15 probes such that the
overlap coincides with the target region or be non-overlapping and contiguous;

(b) subjecting the reaction mixture to a denaturing temperature to permit denaturation of
the wild-type nucleic acid and the mutant target nucleic acid,;

(c) reducing the temperature to permit hybridization of the probes to their corresponding
seguences on the wild-type and mutant target nucleic acids thereby forming complementary
wild-type-probe duplexes, wherein the DSN cleaves the complementary wild-type-probe
duplexes but not the partially complementary target mutant -probe duplexes; and

(d) subjecting the reaction mixture to an amplification condition thereby enriching the
uncleaved mutant target nucleic acid relative to the cleaved wild-type nucleic acid.

In some embodiments, an overlap of NaMe-PrO probes coincides with one or more
mutations. 1n some embodiments, NaMe-PrO probes have a 3'-terminal polymerase block. In
some embodiments, the probes are complementary to SNPs near target mutations.

In some embodiments, NaMe or NaMe-PrO is then followed by amplification of
remaining mutant and wild-type target nucleic acids. In some embodiments, 1-50 cycles (e.g., 1-
40, 2-30, 5-15, 5-10 cycles) of PCR are used to amplify mutant and wild-type target nucleic
acids after NaMe or NaMe-PrO.

20



WO 2018/111835 PCT/US2017/065747

In some embodiments, NaMe-PrO with or without amplification results in mutation
enrichment relative to wild-type target nucleic acids of 1-200-fold (e.g., 1-150-, 5-100- or 10-
100-fold) compared to the unenriched sample. In some embodiments, NaMe-PrO with or
without amplification results in mutation enrichment relative to wild-type target nucleic acids of
more than 200-fold (e.g., 250-fold or 300-fold).

In some embodiments, aform of COLD-PCR (e.g., ice-COLD-PCR, TT-ice-COLD-PCR
or oscillating COLD-PCR) isused to enrich mutant target nucleic acids relative to wild-type
target nucleic acids. Methods of COLD-PCR and oscillating COLD-PCR are described in WO
2009/017784, which isincorporated by reference herein in its entirety. A non-limiting example
of aCOLD-PCR protocol includes:

() denaturing the double-stranded mutant and wild-type target nucleic acids by
subjecting the double- stranded target mutant and wild-type nucleic acids to afirst denaturing
temperature that is above the melting temperature of the wild-type nucleic acid;

(b) forming atarget mutant/wild-type strand duplex;

(c) denaturing said mutant/wild-type strand duplex by subjecting the nucleic acid
amplified portion to acritical temperature (Tc) that isbelow the Tm of the wild-type nucleic
acids,

(d) annealing aprimer pair to the mutant and wild-type target nucleic acid strands; and

(e) extending said primer pair so asto enrich said mutant target sequence relative to said
wild-type strand.

In some embodiments, COLD-PCR is performed for 1-50 cycles (e.g., 1-40, 2-30, 5-25,
8-20 or 5-10 cycles) to enrich mutant target nucleic acid relative to wild-type target nucleic acid.

If the above example of COLD-PCR were to be adapted for oscillating COLD-PCR, steps
(b) and (c) would be repeated. 1n some embodiments of oscillating COLD-PCR, forming a
target mutant/wild-type strand duplex and denaturing said mutant/wild-type strand duplex, is
repeated 1-29 times (e.g., 1-19 or 2-9 times).

Methods of ice-COLD-PCR and TT-COLD-PCR are described in WO 2012/135664,
which isincorporated by reference herein inits entirety. A non-limiting example of an ice-
COLD-PCR protocol includes:

(8) exposing the mutant and wild-type target nucleic acids to areference sequence that is

complementary the target sequence;
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(b) denaturing the double-stranded target mutant and wild-type nucleic acids by
subjecting the double- stranded mutant and wild-type target nucleic acids to afirst denaturing
temperature that i s above the melting temperature of the wild-type nucleic acid;

(c) forming atarget mutant/reference strand and target wild-type/reference strand
duplexes;

(d) denaturing said mutant/reference strand duplex by subjecting the nucleic acid sample
to acritical temperature (Tc) that isbelow the Tm of the wild-type/reference duplex;

(e) annealing aprimer pair to the mutant and wild-type target nucleic acid strands; and

(f) extending said primer pair so asto enrich said mutant target sequence relative to said
wild-type target nucleic acid.

A non-limiting example of aTT-ice-COLD-PCR protocol includes:

(a) exposing the mutant and wild-type target nucleic acids to areference sequence that is
complementary the target sequence;

(b) denaturing the double-stranded target mutant and wild-type target nucleic acids by
subjecting the double- stranded target mutant and wild-type nucleic acids to a denaturing
temperature that i s above the melting temperature of the wild-type nucleic acid;

(c) forming atarget mutant/reference strand and target wild-type/reference strand
duplexes;

(d) denaturing said mutant/reference strand duplex by subjecting the nucleic acid sample
to afirst critical temperature (Tc) that isbelow the Tm of the wild-type/reference duplex;

(e) annealing aprimer pair to the mutant and wild-type target nucleic acid strands,

(f) extending said primer pair so asto enrich said mutant target nucleic acid relative to
said wild-type target nucleic acid; and

(f) repeating steps (d) to (f) at least once at a second Tc which is above the first Tc.

In some embodiments, any form of COLD-PCR (as described above) with or without
amplification results in mutation enrichment relative to wild-type target nucleic acids of 1-200-
fold (e.g., 1-150-, 5-100- or 10-100-fold) compared to the unenriched sample. In some
embodiments, any form of COLD-PCR with or without amplification results in mutation
enrichment relative to wild-type target nucleic acids of more than 200-fold (e.g., 250-fold or

300-fold) compared to the unenriched sample.
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In some embodiments, DiSSECT isused to enrich mutant target nucleic acids relative to
wild-type target nucleic acids. DiSSECT isamethod that enriches unknown mutations of
targeted DNA sequences purely based on thermal denaturation of DNA duplexes without the
need for enzymatic reactions. Methods of DiISSECT are described in Guha et a. (Nucleic Acids
Research, 2012, 1-9), which isincorporated herein by reference inits entirety. A non-limiting
example of aDiSSECT protocol includes:

(a8 alowing mutant and wildtype target nucleic acids to bind to complementary probes
which are immobilized to beads, wherein the probes resemble the wild-type nucleic acids;

(b) denaturing the target mutant/probe duplex by subjecting the nucleic acid sample to a
critical temperature such that the wild-type/probe duplex does not denature;

(c) collecting the eluate from the beads; and

(d) repesting at least once (a)-(c) using beads on which the probes are unbound to any
nucleic acid.

In some embodiments, DiSSECT isperformed for 1-20 cycles (e.g., 1-18, 2-6, 2-4, 2- 10
or 5-15 cycles). In some embodiments, DiSSECT results in mutation enrichment relative to
wild-type target nucleic acids of 1-600-fold (e.g., 100-fold, 200-fold, 300-fold, 400-fold, 500-
fold or 600-fold) compared to the unenriched sample.

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

An alele can be 13-2000 nuclectides long. In one embodiment the allele is 20, 30, 40,
50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150, 160, 170, 180, 190, 200, 250, 300, 350, 400,
450, 500, 600, 700, 800, 900 or more nucleotides long. Alleles will generally share 50%, 60%,
70%, 80%, 85%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99% or more homology to

each other.
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Asused herein, anucleic acid sample refers to any substance containing or presumed to
contain anucleic acid of interest (target and wild type sequences) or which isitself anucleic acid
containing or presumed to contain atarget nucleic acid of interest. The term "nucleic acid
sample" thus includes a sample of nucleic acid (genomic DNA, cDNA, RNA), cell, organism,
tissue, or fluid, including but not limited to, for example, plasma, serum, spina fluid, lymph
fluid, synovial fluid, urine, tears, stool, external secretions of the skin, respiratory, intestinal and
genitourinary tracts, saliva, blood cells, tumors, organs, tissue, samples of in vitro cell culture
constituents, natural isolates (such as drinking water, seawater, solid materials), microbial
specimens, and objects or specimens that have been "marked" with nucleic acid tracer
molecules. The nucleic acid sample may be obtained from mammals, viruses, bacteria or plants.
In some embodiments, the nucleic acid sample is DNA circulating in plasma, urine or other
bodily fluids.

Asused herein "oligonucleotide probes’ refer to molecules comprising two or more
deoxyribonucleotides or ribonucleotides. By "complimentary” it is meant that the probes
hybridize without any mismatches to the sequences in the top and bottom stands of the wild type
nucleic acid.

Asused herein, "primers refers to oligonucleotides that anneal to opposite strands of a
mutant target and wild type sequence so asto form an amplification product during a PCR
reaction.

The term "barcode" as used herein refers to a unique sequence of nucleotides that alows
identification of the nucleic acid of which the barcode isapart. Barcoding a DNA fragment isa
process by which the DNA fragment is uniquely tagged with one or more short identifying
sequences. In some embodiments, it isdesired for each DNA fragment in a sampleto have a
barcode that i s unique from barcodes on any other DNA fragment in the sample. In some
embodiments, each DNA fragment in a sample comprises one unique barcode. In some
embodiments, each DNA fragment in as sample comprises two barcodes that are unique from
each other and unique from any other barcode that i s attached to any other DNA fragment in the
sample. Such uniqueness of barcodes in a sample of DNA fragments can be accomplished, for
example, by optimizing the length of each barcode (i.e., the number of nucleotides in each
barcode) and/or the ratio of unique barcodes to DNA fragments during barcoding (i.e., attaching

barcodes to DNA fragments).
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Barcodes can be any appropriate length. In some embodiments, the length of each
barcode used to barcode DNA fragments in a sample is 6-20 bp long (e.g., 8-18 bp, 8-14 bp, 10-
16 bp or 12-14 bp). In some embodiments, the length of each barcode used to barcode DNA
fragments in asampleis 14 bp long.

Barcodes can be attached to DNA fragments in any appropriate ratio. In some
embodiments, the ratio of unique barcodes to DNA fragments during barcoding is 106-10% (e.g.,
108, 107, 108, 109, 10%) unique barcodes to 100 ng of DNA (or 3xI0 4 alelic copies).

Methods of attaching barcodes to nucleic acids are known in the art. Various
publications provide descriptions of barcoding technology. For example, Wong and Moqtaderi
(Curr Protoc Mol Biol. 2013;Chapter 7:Unit 7.11) describe abarcoding protocol for the
preparation of up to 96 ChlP samples for multiplex sequencing in asingle flow cell lane on the
[llumina platform; and Stahlberg et a. (Nucleic Acids Res. 2016 Jun 20;44) describe a PCR-
based barcoding method, both of which are incorporated herein by reference in their entirety.
The following patents that also describe DNA barcoding methods are also incorporated herein by
reference in their entirety: US8691509, US8268564 and U'S application 20120220494A1.

In some embodiments, double- stranded barcodes are attached to a double-stranded DNA
fragment by ligation. In some embodiments, double- stranded DNA fragments are barcoded
using PCR technique employing primers that comprise unigque barcodes.

Asused herein, the term, "common sequence tag" refers to anucleotide sequence that is
common to al the DNA fragments in a sample, e.g., a sample of genomic fragmented DNA. A
common tag enables processing of all the DNA fragments in a sample. For example, primers
complementary to acommon tag in a sample may be used to amplify all DNA fragments in a
sample, regardless of whether aDNA fragment contains target nucleic acid (e.g., mutant target
nucleic acid or wild-type target nucleic acid) or non-target nucleic acid.

For any one of the methods disclosed herein, a sample of double- stranded genomic DNA
may comprise double-stranded DNA fragments, wherein each terminus of the genomic DNA
fragments is attached to a unique double-stranded barcode and a double- stranded common
sequence tag, wherein the common sequence tag islocated upstream of the unique barcode. By
being located "upstream” of the unique tag, it is meant that the common tag islocated 5' relative

to the unique tag if the unique barcode, common tag and DNA fragment sequence are read from
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5'to 3. FIG. 3A depicts an example of how acommon tag islocated relative to a unique
barcodes for any one of the methods described herein.

Common sequence tags can be any appropriate length. In some embodiments, acommon
tag is 16-40 bp long (e.g., 16-40, 18-36, 20-32, 22-30 or 24-28 bp long). In some embodiments,
acommon tag is 18 nucleotides long (i.e. an 18-mer). Itisto be understood that athe terms
"nucleotide” and 'base pair (bp)" are used interchangeably herein.

In some embodiments, aunique barcode and acommon tag are attached to each end of a
double-stranded DNA fragment at the same time using the same method. In some embodiments,
abarcode and acommon tag are attached to each end of adouble-stranded DNA fragment by
ligation.

In some embodiments, aunique barcode and common tag are attached to aterminus of a
DNA fragment by starting from a single- stranded barcode, synthesizing the opposite strand of
the single- stranded barcode using an extension reaction to form a double stranded barcode, and
the ligating and end of the double-stranded genomic DNA fragment to the end of the barcode
(FIG. 3A depicts such an embodiment).

In some embodiments, abarcode and a common tag are attached to each end of a double-
stranded DNA fragment by using multiplexed-PCR. In such embodiments, PCR using
oligonucleotide primers are used, wherein each oligonucleotide primer comprises acommon tag
portion, a unique barcode portion and atarget- specific portion. The target- specific portion
enables attachment of the oligonucleotide primer to anneal to DNA fragments. Step 3 of FIGs.
4,5 and 6 depict such an embodiment.

Asused herein, the term, "sample-index" refers to a unique sequence of nucleotides that
allows identification of the sample (e.g., an enriched or un-enriched sample) of DNA from which
the DNA is sourced. For example, a sample of DNA fragments may be split so that one aliquot
isenriched for mutant alleles, while another aliquot isnot enriched. DNA from both samples can
then be mixed and sequenced in the same sequencing reaction if sample indeces on the DNA
allows identification of the source of the DNA, i.e., whether it was sourced from the enriched
sample or the unenriched sample. For example, a sample-index on aDNA fragment from the
enriched sample isthe same as the sample-indices from all other DNA fragments from the
enriched sample. Similarly, the sample-index on aDNA fragment from the un-enriched sample

isthe same as the sample-indices from all other DNA fragments from the un-enriched sample.
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Sample-indexes, like barcodes, can be any appropriate length. In some embodiments, the
length of each sample-index used to index each DNA sampleis 6-20 bp long (e.g., 8-18 bp, 8-14
bp, 10-16 bp or 12-14 bp). In some embodiments, the length of each barcode used to barcode
DNA fragments in a sampleis 14 bp long.

In some embodiments, the methods disclosed herein require genomic DNA to bein
fragmented form In some embodiments, genomic DNA in a sample collected from a subject is
aready fragmented. For example, a sample of cell-free genomic DNA or genomic DNA
circulating in blood isfragmented when collected. In some embodiments, genomic DNA from
samples of the urine of a subject isfragmented. In some embodiments, genomic DNA collected
from bodily fluid or tissue sample of a subject is not fragmented and needs to be fragmented. In
some embodiments, a sample of genomic DNA isfragmented but it isdesired to fragment it
further to make smaller fragments. Various techniques to fragment double- stranded DNA are
known in the art. In some embodiments, DNA is sheared physicaly (e.g., using acoustic
shearing using a Covaris instrument, sonication using a Bioruptor or hydrodynamic shearing
using a Hydroshear instrument). In some methods, double-stranded DNA is sheared
enzymatically using any DNAase type of enzyme that digests DNA randomly (e.g., a Shearase,
DNAsda or atransposase). In some embodiments, double-stranded DNA isfragmented by
chemical fragmentation (e.g., by exposing the DNA to be fragmented to heat and divalent metal
cation. Depending on the method of DNA fragmentation, DNA fragments may be subjected to
enzymatic end-repairing to obtain blunt ends.

In some embodiments of any one of the methods disclosed herein, a double- stranded
DNA fragment is 20-400 bp long (e.g., 10-400, 40-200, 50-150 or 50-100 bp long).

In any of the methods disclosed herein, obtaining a measure of total unique barcodes in a
sample may be accomplished using DNA sequencing methods. Several sequencing methods and
protocols for sample preparation for these methods are well-established in the art. Indeed, one of
the advantages of the methods disclosed herein isthat they are compatible with established
methods of sample preparation for sequencing methods used in the field. Examples of methods
of sequencing include SANGER sequencing, MiSeq sequencing, massively parallel signature
sequencing (MPSS), pology sequencing, 454 sequencing, Illumina (or Solexa) sequencing,
SoLiD sequencing, lon Torrent semiconductor sequencing, single molecule real time (SMRT)

sequencing, and nanopore sequencing. The following publications describe various sequencing

27



WO 2018/111835 PCT/US2017/065747

options and are incorporated herein by reference in their entirely: Goodwin et al. (Coming of
age: ten years of next-generation sequencing technologies, Nature Reviews Genetics 17, 333—
351 (2016)), Heather and Chain (The sequence of sequencers: The history of sequencing DNA,
Genomics, 107: 1-8 (2016)), and Moorthie et a. (Review of massively parallel DNA sequencing
technologies, Hugo J. 2011 Dec; 5(1-4): 1-12).

Methods d determining the abundance d more than one mutation in a sample d genomic DNA

In some embodiments, any one of the methods disclosed here is applied to determine the
abundance of more than one mutation in a sample of genomic DNA. In some embodiments, the
more than one mutations are at different loci on genomic DNA. In some embodiments,
mutations are present at known hotspots for aparticular disease. For example, there are 292
known hotspots for mutations in lung cancer (Newman et a., Nat Med 2014, 20:548-54;
Newman et a., Nat Biotechnol 2016, 34:547-55). In some embodiments, the more than one
mutations are on the same exon. In some embodiments, the more than one mutations are present
on different exons. In some embodiments, it might be desired to scan for mutations on a
particular exon rather than testing particular hotspots.

In some embodiments, mutant alleles of atarget nucleic acid are enriched relative to
wild-type aleles of target nucleic acid by subjecting the sample to multiplexed NaME-Pro. In
some embodiments, multiplexed NaME-PrO uses overlapping probe pairs in paralel reactions,
wherein each parallel reaction uses adistinct pair of overlapping probes, such that the totality of
overlapping probe pairs span acontiguous region of genomic DNA of interest. Such an
embodiment isexemplified in FIG. 10A. In some embodiments, multiplexed NaME-PrO uses
continuous and non-overlapping probe pairs in parallel reactions, wherein each parallel reaction
uses adistinct pair of non-overlapping probes, such that the totality of non-overlapping probe
pairs span acontiguous region of genomic DNA of interest. Such an embodiment isexemplified
in FIG. 10B.

Provided herein are methods of diagnosis and or prognosis of adisease based on
determining abundance of amutant alele of atarget nucleic acid or sequence in a sample of
genomic DNA from asubject. Accordingly, provided herein isamethod of determining disease
diagnosis or prognosis in a subject, which comprises determining the abundance of a mutant

alele of atarget nucleic acid in a sample of genomic DNA of the subject according to any one of
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the methods disclosed herein. An increase in the abundance of a mutant allele of atarget nucleic
acid in asample of genomic DNA of the subject isindicative of aworsening diagnosis or
prognosis of disease in the subject. In some embodiments, abundance of amutant allele of a
target nucleic acid in a sample of genomic DNA of the subject i s determined over aperiod of
time (e.g., over weeks, months or years).

In some embodiments, any one of the methods disclosed herein is used to determine
efficacy of atherapeutic treatment or intervention in a subject. In some embodiments, efficacy
of atherapeutic treatment or intervention is determined by determining the abundance of mutant
alleles in a sample of genomic DNA from the subject after the therapeutic intervention or
treatment and comparing it to the abundance of mutant alleles in a sample of genomic DNA from
the subject before the subject was subjected to the therapeutic treatment or intervention. A
decrease in abundance of mutant alleles in the sample after treatment isindicative of therapeutic
efficacy in the subject. In some embodiments, abundance of mutant alleles in a sample of
genomic DNA from the subject is determined more than once after atherapeutic treatment or
intervention. In some embodiments, abundance of mutant aleles in a sample of genomic DNA
from the subject is determined 2-5 times after the subject undergoes atherapeutic treatment or
intervention (e.g., two times aweek after atreatment, or once every 6 weeks repeated 5 times).

Any one of the methods described herein can be used to obtain afingerprint of mutations
that are associated with aparticular disease or condition. In some embodiments, such a method
comprises determining relative original abundance of mutant alleles of target nucleic acids of a
plurality of mutations according to the methods described herein, wherein the abundance of
mutant alleles of target nucleic acids of aone or aplurality of mutations is determined in
genomic DNA samples from one or more than one subject with the disease or condition. In
some embodiments, the disclosed fingerprinting method can be applied to one type of sample
from subjects (e.g., plasma samples of lung cancer patients at different cancer stages). Such a
fingerprint can enable non-invasive testing for diagnosing and prognosing a disease or condition

in a subject.

Without further elaboration, it isbelieved that one skilled in the art can, based on the
above description, utilize the present disclosure to its fullest extent. The following specific

embodiments are, therefore, to be construed as merely illustrative, and not limitative of the
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remainder of the disclosure in any way whatsoever. All publications cited herein are

incorporated by reference for the purposes or subject matter referenced herein.

EXAMPLES

Example 1. comprehensive sequencing of cell-free DNA

This Example describes next generation sequencing of circulating cells, circulating DNA
and bioinformatics Workflows for comprehensive sequencing of cell-free DNA were established
and some of the most extensive benchmarking of liquid and conventional biopsies performed
using both whole-exome and whole-genome sequencing in patients with metastatic cancer (FIG.
7 and ).

Example 2: gNaME-PrO for mutation enrichment in lung cancer mutation hotspots

This example describes application of quantitative NaMe-PrO for mutation enrichment in
lung cancer mutation hotspots. Following fragmentation of genomic DNA, DNA molecules are
ligated to oligonucleotides containing unigue identifiers (molecular barcodes), followed by pre-
amplification and target selection for DNA targets containing potential mutation hotspots. 292
hotspots that are known to be recurrently mutated in lung cancer* 2 will be focused upon.
gNAME-PRO isthen applied to enrich mutations by >100-fold over all targets tested, followed
by NGS. Seria dilutions of mutant-to-wild-type DNA, 5% - 0.01% abundance are tested.
Computational techniques are employed to provide mutation quantification based on allelic
barcode-count diversity (abed) and filter-out sequencing and PCR errors. Accuracy and
selectivity of qNaM E-PrO-NGS is evaluated and compared to existing NGS practices.

NaME-PrO (FIG. 1) employs adouble-strand-DNA-specific nuclease (DSN) and
overlapping oligonucleotide-probes interrogating WT-DNA targets and guiding nuclease
digestion to these sites. Mutation-containing DNA creates probe-DNA mismatches that inhibit
digestion, thus subsequent DNA-amplification magnifies DNA-alterations at al selected targets.
NaME-PrO isasingle step approach that operates at the level of genomic DNA prior to
performing DNA amplification hence it is not impacted by polymerase errors. NaMe-PrO can

achieve ~50-fold to severa-hundred-fold mutation-enrichment, depending on conditions
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applied®, in diverse human samples on multiple clinically-relevant targets including tumor
samples and circulating-DNA in 10-plex or 50-plex reactions®. Enrichment enables routine
mutation detection at 0.01% abundance while by adjusting conditions it i s possible to sequence
mutations down to 0.00003% abundance, or to scan tumor-suppressor genes for rare-mutations®.
NaME-PrO introduces a ssmple and highly paralel process to remove un-informative DNA
sequences and unmask clinically and biologically useful aterations. The method creates the
potential for massively parallel mutation enrichment prior to sequencing and engenders a new
paradigm whereby rare mutations do not require deep sequencing for their detection.
Representative examples of the application of NaME-PrO in clinical specimens and cfDNA are

shown in FIG. 8, while additional data and details arein ®.

Recovery d tumor fingerprint in plasma-circulating DNAfollowing NaME-PrO.

In another demonstration of the power of the technique, NaME-PrO was applied followed
by MiSeq targeted re-sequencing to cfDNA from abreast CA patient whose tumor and cfDNA
were both sequenced over the whole exome (150x read-depth). There were 50 DNA targets
found mutated in the tumor but non-mutated in plasma. It was hypothesized that at least some of
these mutations are present in cfDNA but are at too low level to beidentified by standard exome
sequencing. To examine the hypothesis, linkers were ligated to cfDNA followed by 10 cycles
ligation-mediated PCR using Q5 high fidelity polymerase (as in step 3, FIG. 2), followed by
application of 50-plex NaME-PrO. Next, a50-plex PCR was applied to provide target
enrichment, followed by Illumina adaptor attachment and MiSeq sequencing. The data (FIG. 9)
revealed 31 somatic mutations in cfDNA matching the ‘'missing’ tumor mutations. Most of these
were at 0.5-2% levels, however afew of these cfDNA mutations were at original mutation levels
of 0.03-0.1% and were deemed un-reliable due to the 'noise’. Following NaME-PrO these
mutations were clearly scored. These data explain why the mutations were not found via exome
sequencing of cfDNA and demonstrate the ability of NaME-PrO-MiSeq to recover the mutation
fingerprint in cfDNA.
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Sudy design

Sources of DNA, clinical samples.

(a) DNA from cell lines. DNA with defined mutations are obtained from Horizon diagnostics,

UK, and also from human cancer cell lines with fully sequenced genome (COSMIC mutation
database, Cell Line Project, Sanger Institute, UK,
http://cancer.sanger.ac.uk/cancergenome/projects/cell_lines/). Thisis serially diluted (5-0.01%)
into wild-type human male genomic DNA. The resulting mutation abundance is verified via
digital droplet PCR, ddPCR using the known methods®’. To validate mutation enrichment in
regions for which no mutation-containing cell line is available, error-prone PCR will be
employed for the first 10 cycles of LMPCR in FIG. 2.

(b) DNA from clinical cancer samples and plasma-circulating-DNA: Resected lung tumor

specimens and serial plasma samples previously collected from 100 cancer patients undergoing
radio-chemo- therapy treatment are used. Blood obtained 1week before therapy, at initiation of
therapy, weekly throughout the course of therapy, and every 2-4 months after the end of therapy
was processed for plasma and DNA extraction within |h of collection. Lymphocyte DNA and
Qiagen-extracted circulating-DNA was stored at -80°C.

Selection of lung cancer hotspot mutation and full length tumor suppressor gene databases.

Hotspot mutations have been previously identified from large-scale sequencing of
patients with lung cancer; in fact, screening for these mutations in cell-free DNA of patients with
lung cancer using hybrid capture has demonstrated broad patient coverage 12 Toenable
benchmarking with recent, sophisticated approaches for hybrid capture and sequencing, focus
will be put on panel development on the same hotspots and genes covered by the CAPP-Seq /
iDES approachl 2. The CAPP-Seqg/iDES database includes 292 hotspots recurrently mutated in
lung cancer aswell as 521 full exons of 139 genes including well-known tumor suppressor
genes, TP53, ALK, etc. The lung cancer patient coverage of the CAPP-Seq panel includes more
than 96% of patients with lung adenocarcinoma or squamus cell carcinoma and identifies a

median of 4 mutations per patientl 2,
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Synthesis d molecular barcodes containing common 'tags and ligation to randomly-fragmented
genomic DNA

To synthesize random molecular barcodes that ensure that each molecule of agiven DNA
aleleisligated to adifferent barcode, an excess of random barcodes over anticipated alelic
copies must be used. For example, if the starting genomic DNA is 100ng (~3xI0 4 alelic copies),
10® different barcodes during ligation with the randomly fragmented DNA so that the chances of
the same barcode ligating to two aleles of the same sequence is exceedingly small. (If the same
barcode ligates to two completely different sequences there isno concern). For a sequence
diversity of -10%, oligonucleotide synthesis with a 14-mer region containing at each position a
randomly chosen nucleotide plus acommon ~18-mer oligonucleotide 'tag’ on the 5-end,
comprising part of the lllumina sequencing adaptor isused. FIG. 3A demonstrates the steps
involved. Randomers are synthesized by Trilink Technologies,
http://www.trilinkbiotech.com/products/oligo/randomers.asp. ~ An extension reaction isthen used
to synthesize the opposite strand, resulting to double-stranded adaptors that will be prepared for
end repair and ligation to fragments obtained by genomic DNA fragmentation.

For fragmentation of genomic DNA an enzymatic approach using Shearase™ is applied,
aspreviously reported®, followed by enzymatic end-repair to obtain blunt-ended 5'P-containing
dsDNA. The fragmentation is adjusted to create random genomic DNA fragments in the range
100-200 bp which is appropriate for mutation enrichment via gNaME-PrO. Ligation to double-
stranded barcoded adaptors isdone also viathe lllumina protocol. Following ligation, a 10-cycle
PCR pre-amplification using the common 'tag' is applied to yield multiple copies of alelic-
families, each family containing its own barcode. Following target enrichment using customized
target enrichment on beads (EZ-kit, Roche-Nimblegen), NaME-PrO followed by 10 cycles PCR
using the common tags is applied to enrich mutation-containing fragments, along with their
barcodes. The NGS-ready library is sequenced. Following gNAME-PRO, DNA isprocessed for
paired-end sequencing using the lllumina MiSeq platform. Although the method is applicable to
all platforms, the modest cost of MiSeq instrument makes it accessible to many groups that do
not have access to ahigh-end facility, hence a combination of NaME-Pro with MiSeq was
chosen for highest impact. Mutations within WT DNA comprise 5% down to 0.01% abundance,
using serial dilutions of genomic DNA with defined mutations. Sensitivity and selectivity of
NAME-PRO-NGS isevauated in triplicate and compared to (a) using conventional PCR-NGS,
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without molecular barcode corrections; and (b) using NGS corrected via molecular barcode
technology. The molecular barcodes are employed as described below.

Strategyfor deriving the original mutation abundance via allelic barcode-count diversity, 'abed'

The abed approach, described in FIG. 2, isanovel use of molecular barcodes to derive
the true mutation abundance in the original DNA without being affected by potentially variable
mutation enrichment during NaME-PrO. abed isagenera strategy to retain strict quantification
following any technology for mutation enrichment. Briefly, in the simplified example of FIG.
3A with 1mutated allele in atotal of 6, barcodes are attached via ligation before any other
manipulation of the sample. Following 10 cycles amplification of barcoded alleles there are
multiple copies of alelic families (‘polonies), each polony containing adistinct barcode (FIG.
3A). The mutation abundance &t this stage is equal to the fraction of distinct barcodes with
mutations over al distinct barcodes. When gNaME-PrO is applied, the majority (but not all®),
WT DNA from each allelic family are rendered un-amplifiable, hence they are reduced following
a subsequent 10-cycle PCR step (FIG. 3A). In contrast, allelic families with mutations are
amplified and their frequency isincreased by >100fold over alelic families containing WT.
Despite enrichment of mutations over WT, the quantification of the original mutation abundance
remains unaffected, asthis istied to the fraction of distinct barcodes with mutations over all
distinct barcodes. Accordingly, during NGS the al€lic barcode-count diversity, abed, isan
absolute measure of the original mutation abundance.

FIG. 3B demonstrates the effectiveness of the abed approach. The workflow of Fig 2
was applied to a set of 33 DNA targets with mutations in circulating DNA from abreast cancer
patient. Following sequencing and analysis, allelic frequencies (MAF, y axis) for each of the 33
targets (X-axis) were measured with (light grey bars) and without NaM E-PrO enrichment (dark
grey bars). Theleft panel of FIG. 3B shows MAF when the mutation quantification does not
take into account the unique molecular barcodes on each molecule, i.e. without using the abed
approach. The MAF quantification is distorted due to the NaM E-PrO mutation enrichment, i.e.
the MAF recorded after NaME-PrO application isvery different from the true quantification of
each mutated target as shown by the dark grey bars, which indicate the unbiased MAF. In
contrast and as shown in the right panel of FIG. 3B, when the abed approach isimplemented by
counting unique molecular barcodes, the mutant target allele abundance isless distorted by
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NaME-PrO enrichment. That is, in the right panel of FIG. 3B, the light grey and dark grey bars
are closer together for most of the 33 targets (see comparison within boxes where the light grey
and corresponding dark grey bars are aimost equal). By counting unique molecular barcodes
using the abed approach, the distortion of data caused by mutation enrichment is corrected or

overcome.

Elimination d 'PCR/'sequencing errors using molecular barcodes

In addition to using the molecular barcodes for deriving the original mutation abundance,
the same barcodes are applied to eliminate PCR or sequencing errors, as reportedM. In this
approach®, if amutation ispresent in agiven colony at least 90% of mutated fragments will be
required to contain the same barcode for each polony. If thisisnot the case, the mutation is
considered to be the result of a sequencing error or upstream PCR-error. Using this principle itis
possible to reduce drastically the apparent sequencing errors during NGS4-7. Software to
implement the abed approach to derive mutation abundance, aswell as the reduction of errors via

molecular barcodes is developed.

Example 3: gNaME-PrO for mutation enrichment in targeted genomic fractions corresponding to

full-length exons of recurrently mutated genes in lung cancer

gNaME-PrO is adapted for 'mutation scanning' to enrich all possible mutations aong
521 full exons of 139 genes that have been identified to be recurrently mutated in lung cancer® 2,
The methodologies of Example 1 are employed to validate gNaME-PrO application in full length

genes.

Enrichment & multiple mutations over extended sequence regions by 'tiling' NaME-PrO
oligonucleotide probes

It was demonstrated that in order to enrich multiple contiguous mutations along tumor
suppressor genes like TP53 it ispossible to 'tile’ the overlapping 15bp region of NaME-PrO
probes (FIG. 10A and ®) and perform several NaME-PrO reactions in parallel, followed by
mixing the products and performing a single sequencing run. It was demonstrated that a
contiguous probe tiling arrangement (FIG. 10B) can enrich multiple mutations along a (longer)

50bp DNA section. This contiguous probe arrangement results to enrichments of 30-40-fold and
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provides abalance between mutation enrichment and number of probes needed to cover agiven
DNA fragment. Of note, lung CA gene fusions (e.g., EML4-ALK fusion?) that result to
breakpoints within the mapped exons are also enriched by NaME-PrO, since probes
corresponding to the WT cfDNA fragment do not bind adequately the fusion breakpoint and

DSN will not digest those fragments, resulting to enrichment.

gNaME-PrO application tofull exonsd genes significantly mutated in lung cancer

Following barcode ligation, 10-cycle pre-amplification and bead-based target enrichment
as per FIG. 2 is performed, and the sample is split in 4 reactions. Each reaction separately
employs gNaME-PrO using distinct groups of probes enriching mutations along sequential 50-
bp-long sequence regions, as per FIG. 10B, thereby 'scanning’ for mutation enrichment over the
entire length of al targets. For example, any given 50bp regions within a ~150bp cfDNA
fragment is enriched for mutations in one of the 4 distinct groups of probes. This isthen tagged
with a separate Illumina barcode-adaptor. All 4 NaME-PrO reactions are mixed and sequenced
in a single MiSeq sequencing run.

The genera methodologies employed in Example 2 is aso applied in this Example to
compare gNaME-PrO-NGS with current NGS approaches. Thus, sensitivity and selectivity of
NAME-PRO-NGS sequencing is evauated in triplicate and compared to (a) using conventional
PCR-NGS, without molecular barcode corrections, and (b) using NGS corrected via molecular

barcode technology.

Other considerations
€) Amount of starting cfDNA material needed and anticipated lowest mutation abundance

detectable via gNaME-PrO-NGS . Three main barriers limit NGS-based rare variant detection:

(i) the intrinsic error frequency of high-throughput sequencing. As reporteds3é using molecular
barcode corrections alows mutation abundances aslow as 0.01% to be discriminated from noise.
(i) The number of reads a sequencing platform can produce. Asper FIG. 11 by using mutation
enrichment via NaME-PrO the efficiency of sequencing increases by >100fold with equivalent
gains in throughput and cost. Therefore items (i) and (ii) are uniquely addressed by the novel
gNaME-PrO technology that is applied in thiswork. (iii) The amount of starting material needed
for carrying out the protocol in FIG. 2 is ~30ng of cfDNA, corresponding to about 10,000
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genomic copies. Considering that part of this cfDNA is highly fragmented and not readily
amplifiable, it is estimated conservatively that about 3,000 genomic copies will make it to the
mutation enrichment stage followed by sequencing. This enables mutation detection down to
0.03%, in good agreement with breast CA cfDNA exome-sequenced samples described above,
FIG. 9. We anticipate using 30-60ng cfDNA to enable mutation detection to 0.01-0.03%.

(b) Presence of SNPs in the same target region with a mutation. If there are SNPs within a

few bp from targeted somatic mutations and within the overlap region of either the upper or
lower strand probes, during NaME-PrO, such SNPs may prevent DSN from digesting WT
samples effectively, thereby leading to reduced mutation enrichment. To circumvent this hurdle,
provided these SNPs are included in public databases, additional probes that match each of SNP
versions are included in the assay®, such that irrespective of what SNP is present the WT sample
will always have a fully-matched probe®. Furthermore, since normal lymphocyte DNA is
available in the samples, presence of 'private’ germline mutations will be accounted for and

additional NaME-PrO probes can be included on a sample-to-sample basis, as needed.

Example 4: tumor fingerprints in plasma and application to plasma circulating DNA

Tumor and circulating-DNA collected during the course of radio-chemo-therapy from a
cohort of lung cancer patients are screened via gNaM E-PrO-NGS, targeting both hotspot
mutations as well as full length tumor suppressor gene and oncogene lung CA mutations. By
tracing mutations over numerous DNA targets, the advantage of following multiple mutations
rather than a single mutation in circulating-DNA isevaluated, thus circumventing biomarker
sensitivity and specificity problems associated with tumor heterogeneity, uneven cfDNA release,

or occult metastatic sites.

Application of NAME-PRO-NGS uniquely enables maximum efficiency sequencing for
tracing of the mutated portion of the circulating-DNA in sequential samples obtained before,
during and after completion of radio-chemo-therapy of lung cancer patients with few sequencing
reads. Plasma-circulating DNA at regular time points obtained during radio-chemo-therapy from
100 lung cancer patients is analyzed via gNaME-PrO-NGS and the results assessed for

concordance with the mutations identified in tumor tissue from each patient. Quantitative tracing
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of tumor DNA in the circulation during therapy can help assess therapeutic response!® 2% 8.

Furthermore, periodic quantitative tracing of tumor DNA after completion of therapy can be used
for surveillance, monitoring tumor remission or early detection of relapse®*.

The approach described in FIG. 1isfollowed by omitting the fragmentation step since
cfDNA isfragmented. The anticipated advantage of tracing the entire tumor mutational
fingerprint at mutation abundances down to 0.01%-0.1%, as opposed to tracing a single mutation
in plasma at the same lowest abundance, will be examined systematically in the sequential
plasma samples. Reproducibility will be assessed viatriplicate independent experiments from
the same plasma samples. Mutations in key genes isindependently verified by genotyping
techniques (HRM, ddPCR). Concordance of plasma-identified mutations with the primary tumor
will help assess the hypothesis that DNA from different tumor clones enters circulation at
different stages* 4* during therapy.

Satistical analysis

The ability of gNAME-PRO to identify atumor signature in serial plasma samples from
100 lung cancer patients with paired tumor tissue is examined. The advantage of tracing atumor
fingerprint over tracing a single mutation (current practice) is assessed. This isinterrogated in
several ways. The gNaME-PrO-NGS approach as well as standard NGS to identify atumor
signature in plasmaisused. It isassumed that the performance in tumor tissue represents the
best outcome for plasma, and that either method may lose sensitivity. For this initial assessment,
it is determined whether mutations were identified. The McNemar test is used to assess the
ability of gNAME-PRO-NGS to identify mutations that are not identified by standard NGS. The
mutations identified in tumor tissue are compared with those identified in plasma. Itis
anticipated that in doing this with NGS, it may be abinomial outcome—mutations detected in
tumor may not be found in plasma due to sensitivity issues. The McNemar test is again used to
assess the sengitivity of NGS in the plasma. With gNAME-PRO-NGS, the findings in plasma
are compared with those in tumor, to identify when the full mutational fingerprint can be
identified in plasma and when only apartial fingerprint can be found. Whether the number of
mutations identified by gNAME-PRO changes over time in the serial samplesis also examined.
Each assessment will also be examined as part of alongitudinal model in which it ispossible to
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detect tumor mutations in plasma by both, one, or neither method over time. This ismodeled by
using generalized estimating equations, allowing inclusion of patient characteristics in the model.

Power calculation

It isdesired to compare the ability to identify atumor fingerprint in plasma samples
based on a single mutation compared with multiple mutations. This datais analyzed using the
McNemar test for paired assessments on the sample. For the purposes of calculation, itis
assumed that the tumor fingerprint based on a single mutation will be detected with probability
0.50, and that the fingerprint based on multiple mutations will be detected 80% of thetime. Itis
further assumed that half the patients who are detectable based on multiple mutations are also
detectable based on single mutations, and therefore 40 samples will be detectable by multiple
mutations only. Itisassumed aswell that 10 samples will be detectable only by the single
mutation, and will be missed by the multiple mutations. In this setting, for the 100 paired
samples that will be used the McNemar test would have 99% power testing at the 0.05
significance level to find that the multiple mutation technique is more sensitive. If it is assumed
that either better performance for the multiple mutation approach or poorer performance for the
single mutation approach will occur, it isfound that the constraints of the 2 x 2 table force even
greater divergence between the rate of discordant pairs, thereby increasing the power of the
design to more than 99% for arange of assumptions. For example even if neither approach
identifies tumor in plasma samples from 45% of the patients (which corresponds to an
identification rate of 50% for the full fingerprint and 20% for the single marker), there is still
99% power to identify superiority of the full fingerprint with 100 samples. Even the scenario in
which the single marker identifies disease in plasma 70% of the time, compared to 90% for the
full fingerprint, has better than 99% power with 100 samples.
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OTHER EMBODIMENTS

All of the features disclosed in this specification may be combined in any combination.
Each feature disclosed in this specification may be replaced by an aternative feature serving the
same, equivalent, or similar purpose. Thus, unless expressly stated otherwise, each feature
disclosed isonly an example of ageneric series of equivalent or similar features.

From the above description, one skilled in the art can easily ascertain the essential
characteristics of the present disclosure, and without departing from the spirit and scope thereof,
can make various changes and modifications of the disclosure to adapt it to various usages and

conditions. Thus, other embodiments are also within the claims.

EQUIVALENTS

While several inventive embodiments have been described and illustrated herein, those of
ordinary skill in the art will readily envision avariety of other means and/or structures for
performing the function and/or obtaining the results and/or one or more of the advantages
described herein, and each of such variations and/or modifications is deemed to be within the
scope of the inventive embodiments described herein. More generally, those skilled in the art
will readily appreciate that all parameters, dimensions, materials, and configurations described
herein are meant to be exemplary and that the actual parameters, dimensions, materials, and/or
configurations will depend upon the specific application or applications for which the inventive
teachings is/are used. Those skilled in the art will recognize, or be able to ascertain using no
more than routine experimentation, many equivalents to the specific inventive embodiments
described herein. It is, therefore, to be understood that the foregoing embodiments are presented
by way of example only and that, within the scope of the appended claims and equivalents
thereto, inventive embodiments may be practiced otherwise than as specifically described and
claimed. Inventive embodiments of the present disclosure are directed to each individua feature,
system, article, material, kit, and/or method described herein. In addition, any combination of
two or more such features, systems, articles, materials, kits, and/or methods, if such features,
systems, articles, materials, kits, and/or methods are not mutually inconsistent, isincluded within

the inventive scope of the present disclosure.
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All definitions, as defined and used herein, should be understood to control over
dictionary definitions, definitions in documents incorporated by reference, and/or ordinary
meanings of the defined terms.

All references, patents and patent applications disclosed herein are incorporated by
reference with respect to the subject matter for which each iscited, which in some cases may
encompass the entirety of the document.

The indefinite articles "a" and "an,” as used herein in the specification and in the claims,
unless clearly indicated to the contrary, should be understood to mean "at least one.”

The phrase "and/or," as used herein in the specification and in the claims, should be
understood to mean "either or both" of the elements so conjoined, i.e., elements that are
conjunctively present in some cases and digunctively present in other cases. Multiple elements
listed with "and/or" should be construed in the same fashion, i.e., "one or more" of the elements
so conjoined. Other elements may optionally be present other than the elements specifically
identified by the "and/or" clause, whether related or unrelated to those elements specifically
identified. Thus, as anon-limiting example, areference to "A and/or B", when used in
conjunction with open-ended language such as "comprising” can refer, in one embodiment, to A
only (optionally including elements other than B); in another embodiment, to B only (optionally
including elements other than A); in yet another embodiment, to both A and B (optionally
including other elements); etc.

Asused herein in the specification and in the claims, "or" should be understood to have
the same meaning as "and/or" as defined above. For example, when separating items in alist,
"or" or "and/or" shall beinterpreted asbeing inclusive, i.e., the inclusion of at least one, but also
including more than one, of anumber or list of elements, and, optionally, additional unlisted
items. Only terms clearly indicated to the contrary, such as "only one of or "exactly one of," or,
when used in the claims, "consisting of," will refer to the inclusion of exactly one element of a
number or list of elements. In general, the term "or" as used herein shall only be interpreted as
indicating exclusive alternatives (i.e. "one or the other but not both™) when preceded by terms of
exclusivity, such as"either," "one of," "only one of," or "exactly one of." "Consisting
essentially of,” when used in the claims, shall have its ordinary meaning as used in the field of
patent law.
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Asused herein in the specification and in the claims, the phrase "at least one,” in
reference to alist of one or more elements, should be understood to mean at least one element
selected from any one or more of the elements in the list of elements, but not necessarily
including at least one of each and every element specifically listed within the list of elements and
not excluding any combinations of elements in the list of elements. This definition also allows
that elements may optionally be present other than the elements specifically identified within the
list of elements to which the phrase "at least one" refers, whether related or unrelated to those
elements specifically identified. Thus, as anon-limiting example, "at least one of A and B" (or,
equivalently, "at least one of A or B," or, equivalently "at least one of A and/or B") can refer, in
one embodiment, to at least one, optionally including more than one, A, with no B present (and
optionally including elements other than B); in another embodiment, to at least one, optionally
including more than one, B, with no A present (and optionaly including elements other than A);
in yet another embodiment, to at least one, optionally including more than one, A, and at least
one, optionally including more than one, B (and optionally including other elements); etc.

It should also be understood that, unless clearly indicated to the contrary, in any methods
claimed herein that include more than one step or act, the order of the steps or acts of the method
isnot necessarily limited to the order in which the steps or acts of the method are recited.

In the claims, aswell asin the specification above, all transitional phrases such as
"comprising,” "including,” "carrying," "having," "containing,” "involving," "holding,"
"composed of," and the like are to be understood to be open-ended, i.e., to mean including but
not limited to. Only the transitional phrases "consisting of and "consisting essentially of shall
be closed or semi-closed transitional phrases, respectively, as set forth in the United States Patent
Office Manual of Patent Examining Procedures, Section 2111.03. It should be appreciated that
embodiments described in this document using an open-ended transitional phrase (e.g.,
"comprising”) are also contemplated, in aternative embodiments, as"consisting of and
"consisting essentially of the feature described by the open-ended transitional phrase. For
example, if the disclosure describes "acomposition comprising A and B", the disclosure also
contemplates the alternative embodiments "acomposition consisting of A and B" and "a

composition consisting essentially of A and B".
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What isclaimed is;

CLAIMS

1 A method of determining original abundance of mutant alleles of target nucleic acidin a
sample of genomic DNA, the method comprising

providing a sample of double-stranded genomic DNA fragments anticipated to comprise
mutant alleles of target nucleic acid and wild-type alleles of the target nucleic acid, wherein each
terminus of the genomic DNA fragments is attached to a unique double stranded barcode and a
double stranded common segquence tag, wherein the common sequence tag islocated upstream of
the unique barcode;

amplifying aportion of the double-stranded genomic DNA fragments using primers that

are complementary to the common sequence tag;

enriching in the amplified portion the mutant alleles of the target nucleic acids relative to
the wild-type alleles of the target nucleic acids;

obtaining a measure of total number of unique barcodes associated with mutant target

nucleic acid sequence in the enriched portion;
obtaining a measure of total number of unique barcodes associated with the sample,

wherein the original abundance of the mutant target nucleic acid in the sample of
genomic DNA isrepresented by the ratio of the total number of unique barcodes associated with
mutant target nucleic acid sequence to the total number of unique barcodes associated with the

sample.

2. The method of claim 1, wherein the total number of unique barcodes associated with the
sample isthe total number of unique barcodes associated with mutant and wild-type target

nucleic acid sequence in the enriched portion.

3. The method of claim 1, further comprising:
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obtaining a measure of total number of unique barcodes associated with wild-type target

nucleic acid sequence in an un-enriched control sample,

wherein the total number of unique barcodes associated with the sample i s the sum of the
total number of unique barcodes associated with mutant target nucleic acid sequence in the
enriched portion and the total number of unique barcodes associated with wild-type target

nucleic acid sequence in the un-enriched control sample.

4. The method of claim 3, further comprising amplifying the double- stranded genomic DNA
fragments in the un-enriched control sample using primers that are complementary to the
common sequence tag prior to obtaining ameasure of total number of unique barcodes
associated with wild-type target nucleic acid sequence in the un-enriched control sample.

5. The method of claim 3 or 4, wherein the enriched portion and the un-enriched control

sample are sequenced in the same sequencing reaction.

6. The method of any one of claims 1-5, further comprising enriching both the mutant target

nucleic acids and wild-type target nucleic acids relative to total nucleic acids in the sample.

7. The method of claim 6, wherein the enriching the mutant target nucleic acids and wild-
type target nucleic acids relative to total nucleic acids in the sample comprises contacting the

sample with one or more probes that specifically bind target nucleic acids.
8. The method of claim 7, wherein the one or more probes are bound to a solid substrate.
9. The method of claim 8, wherein the solid substrate comprises beads.

10. The method of any of the preceding claims, further comprising fragmenting genomic
DNA to form the double- stranded genomic DNA fragments.

11. The method of claim 10, wherein the genomic DNA isfragmented using Shearase or any
other DNA-ase type of enzyme that digests DNA randomly.

12. The method of claim 10 or 11, further comprising enzymatic end-repairing of the DNA
fragments to obtain blunt ended 5' containing double-stranded DNA.
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13. The method of any one of claims 1-9, further comprising forming the double- stranded

genomic DNA fragments by multiplex PCR.

14. The method of any one of the preceding claims, wherein the method does not include
obtaining ameasure of total number of barcodes that are associated with non-target mutant

nucleic acids or non-target wild-type nucleic acids in the enriched portion.

15. The method of any one of the preceding claims, further comprising obtaining sequences

of the mutant target nucleic acids and wild-type target nucleic acids in the enriched portion.

16. The method of any one of the preceding claims, wherein the double- stranded genomic
DNA fragments are 40-200bp in length.

17. The method of any one of the preceding claims, wherein the unique barcode is 8-14bp in

length.

18. The method of any one of the preceding claims, wherein the common tag is 16-40 bp in

length.

19. The method of any of the preceding claims, further comprising attaching the double-

stranded genomic DNA fragments to the unique double- stranded barcodes.

20. The method of claim 19, wherein the attaching of double- stranded fragments of genomic
DNA to the unique barcodes isperformed at aratio of 107-10° unique barcodes to 100ng double-

stranded genomic DNA fragments present in the sample.

21. The method of claim 19 or 20, wherein the attaching comprises starting from a single-
stranded barcode, synthesizing the opposite strand of the single- stranded barcode using an
extension reaction to form adouble stranded barcode, and then ligating to an end of the double-

stranded genomic DNA fragment

22. The method of claim 19 or 20, wherein the attaching of barcodes comprises PCR using
oligonucleotide primers, wherein each oligonucleotide primer comprises a common tag portion,

aunigque barcode portion, and atarget- specific portion.
23. The method of claim 22, wherein the PCR isperformed for 1-6 cycles.
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24. The method of any one of the preceding claims, wherein the barcoded DNA fragments
are amplified using PCR or COLD-PCR.

25. The method of claim 24, wherein the PCR is performed for 3-30 cycles.
26. The method of any one of the preceding claims wherein the common tag i s biotinylated.

27. The method of claim 25, wherein the double- stranded genomic DNA fragments attached
to barcodes and common tags are bound to streptavidin-beads.

28 The method of any one of the preceding claims, wherein the genomic DNA is obtained

from abiological sample.

29. The method of claim 28, wherein the biological sampleis selected from tissue, blood,

plasma, serum, urine, saliva, and cerebrospina fluid.
30. The method of claim 29, wherein the tissue sample is atumor biopsy.

31 The method of claim 28, wherein the biological sample comprises circulating cell-free
DNA.

32. The method of any one of the preceding claims, wherein the mutant target nucleic acid in
the amplified portion is enriched by 2-300 fold relative to the wild-type target nucleic acid in the
amplified portion.

33. The method of any of the preceding claims, wherein the enriching the mutant alleles of
the target nucleic acids in the amplified portion relative to the wild-type aleles of the target
nucleic acids in the amplified portioncomprises subjecting the amplified portion to one or more
of the following: Nuclease-assisted Minor-allele Enrichment using Probe Overlap (NaME-PrO),
Coamplification at Lower Denaturation temperature-PCR (COLD-PCR), Improved and
Complete Enrichment COLD-PCR (ice-COLD-PCR), Temperature-Tolerant-ice-COLD-PCR
(TT-ice-COLD-PCR), toehold PCR blocker-PCR using locked nucleic acids (LNA), peptide
nucleic acids (PNA or XNA), or blockers with other modified nucleotides, CRISP-R-mediated
mutation enrichment by selecting mutated alleles or removing wild-type aleles and Differential
Strand Separation at Critical Temperature (DiSSECT).
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34. The method of claim 33, wherein the NaMe-PrO comprises

(8 preparing an amplification reaction mixture comprising the double-stranded mutant
and wild-type target nucleic acids, athermostable double strand- specific nuclease (DSN), PCR
amplification components, and apair of oligonucleotide probes, one of which is complementary
to the wild-type nucleic acid top strand and the other is complementary to the wild-type nucleic
acid bottom strand, wherein the probes overlap each other by 10-15 probes such that the overlap

coincides with the target region;

(b) subjecting the reaction mixture to a denaturing temperature to permit denaturation of

the wild-type nucleic acid and the mutant target nucleic acid,;

(c) reducing the temperature to permit hybridization of the probes to their corresponding
seguences on the wild-type and mutant target nucleic acids thereby forming complementary
wild-type-probe duplexes, wherein the DSN cleaves the complementary wild-type-probe

duplexes but not the partially complementary target mutant -probe duplexes; and

(d) subjecting the reaction mixture to an amplification condition thereby enriching the

uncleaved mutant target nucleic acid relative to the cleaved wild-type nucleic acid.

35. The method of claim 34, wherein the target region that coincides with the overlap of the

probes comprises more than one mutation.

36. The method of claims 34 or 35, wherein the probes have a 3'-terminal polymerase block.

37. The method of any one of the claims 34-36, wherein the probes are complementary to

SNPs near target mutations.

38. The method of claim 24 or 33, wherein the COLD-PCR comprises

() denaturing the double-stranded mutant and wild-type target nucleic acids by
subjecting the double- stranded target mutant and wild-type nucleic acids to afirst denaturing

temperature that i s above the melting temperature of the wild-type nucleic acid;

(b) forming atarget mutant/wild-type strand duplex;
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(c) denaturing said mutant/wild-type strand duplex by subjecting the nucleic acid
amplified portion to acritical temperature (Tc) that isbelow the Tm of the wild-type nucleic

acids,
(d) annealing aprimer pair to the mutant and wild-type target nucleic acid strands; and

(e) extending said primer pair so asto enrich said mutant target sequence relative to said

wild-type strand.

39. The method of clam 38, wherein (b) and (c) arerepeated 1-19 times before performing
(d).

40. The method of claims 38 or 39, wherein (a) to (e) are repeated 1-29 times.
41. The method of claim 33, wherein ice-COLD-PCR comprises

(a) exposing the mutant and wild-type target nucleic acids to areference sequence that is

complementary the target sequence;

(b) denaturing the double-stranded target mutant and wild-type nucleic acids by
subjecting the double- stranded mutant and wild-type target nucleic acids to afirst denaturing

temperature that i s above the melting temperature of the wild-type nucleic acid;

(c) forming atarget mutant/reference strand and target wild-type/reference strand

duplexes;

(d) denaturing said mutant/reference strand duplex by subjecting the nucleic acid
amplified portion to acritical temperature (Tc) that isbelow the Tm of the wild-type/reference

duplex;
(d) annealing aprimer pair to the mutant and wild-type target nucleic acid strands; and

(e) extending said primer pair so asto enrich said mutant target sequence relative to said

wild-type target nucleic acid.

42. The method of claim 33, wherein TT-ice-COLD-PCR comprises
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(a) exposing the mutant and wild-type target nucleic acids to areference sequence that is

complementary the target sequence;

(b) denaturing the double-stranded target mutant and wild-type target nucleic acids by
subjecting the double- stranded target mutant and wild-type nucleic acids to a denaturing
temperature that i s above the melting temperature of the wild-type nucleic acid;

(c) forming atarget mutant/reference strand and target wild-type/reference strand

duplexes,

(d) denaturing said mutant/reference strand duplex by subjecting the nucleic acid
amplified portion to afirst critical temperature (Tc) that isbelow the Tm of the wild-
type/reference duplex;

(e) annealing aprimer pair to the mutant and wild-type target nucleic acid strands,

(f) extending said primer pair so asto enrich said mutant target nucleic acid relative to
said wild-type target nucleic acid; and

(f) repeating steps (d) to (f) at least once at a second Tc which is above the first Tc.
43. The method of claim 33, wherein the DiISSECT comprises:

(@) alowing mutant and wildtype target nucleic acids to bind to complementary probes
which are immobilized to beads, wherein the probes resemble the wild-type nucleic acids;

(b) denaturing the target mutant/probe duplex by subjecting the nucleic acid amplified
portion to acritical temperature such that the wild-type/probe duplex does not denature;

(c) collecting the eluate from the beads; and

(d) repeating at least once (a)-(c) using beads on which the probes are unbound to any

nucleic acid.

44, The method of any one of the preceding claims, further comprising determining the
origina abundance of one or more additional mutant alleles of target nucleic acids at different
loci on the genomic DNA.
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45, The method of claim 44, wherein the mutant alleles of the target nucleic acids are
enriched relative to wild-type alleles of the target nucleic acids by subjecting the amplified
portion to multiplexed NaME-PrO.

46. The method of claim 45, wherein the multiplexed NaME-PrO uses overlapping probe
pairs in parallel reactions, wherein each paralel reaction uses adistinct pair of overlapping
probes, such that the totality of overlapping probe pairs span acontiguous region of genomic
DNA of interest.

47. The method of claim 45, wherein the multiplexed NaME-PrO uses continuous and non-
overlapping probe pairs in parallel reactions, wherein each parallel reaction uses adistinct pair of
non-overlapping probes, such that the totality of non-overlapping probe pairs span acontiguous

region of genomic DNA of interest.

48. A method of determining disease diagnosis or prognosis in a subject, the method
comprising determining original abundance of a mutant target nucleic acid in a sample of
genomic DNA according to the method of any one of claims 1-47, wherein the determining is
repeated in two or more genomic DNA samples obtained from a subject over aperiod of time,
and wherein an increase in origina abundance of the target mutant nucleic acids in the sample

over time isindicative of aworsening diagnosis or prognosis in the subject.

49. A method of determining efficacy of atherapeutic treatment in a subject, the method
comprising determining original abundance of a mutant target nucleic acid in a sample of
genomic DNA according to the method of any one of claims 1-47, wherein the determining is
repeated in genomic DNA samples obtained from a subject before and after treatment, and
wherein adecrease in original abundance of the target mutant nucleic acids in the sample after

treatment isindicative of therapeutic efficacy in the subject.

50. The method of claim 48 or 49, wherein the determining isrepeated in 2-10 genomic DNA

samples obtained over aperiod of time.

51. The method of claim 48 or 49, wherein the determining isrepeated over aperiod of time

of 2 months to 2 years.
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52. A method of obtaining afingerprint of mutations associated with a disease, the method
comprising determining origina abundance of mutant alleles of target nucleic acids of aplurality
of mutations according to the method of any one of claims 1-47, wherein the determining is
performed on one or more samples of genomic DNA obtained from one or more subjects

suffering from the disease.

53. The method of claim 6, wherein the enriching the mutant target nucleic acids and wild-
type target nucleic acids relative to total nucleic acids in the sample comprises

amplifying the double- stranded genomic DNA fragments in the sample using afirst and
second primer, wherein the first primer is complementary to the double stranded common
sequence tag, and the second primer is anested gene-specific primer comprising a sequence tag

that isdifferent from the double- stranded common sequence tag.

54. The method of claim 53, wherein the enriching the mutant target nucleic acids and wild-
type target nucleic acids relative to total nucleic acids isperformed after the amplifying of the
double-stranded genomic DNA fragments using primers that are complementary to the double-

stranded common sequence tag.

55. The method of claim 53 or 54, wherein the amplifying the double- stranded genomic

DNA fragments in the sample using afirst and second primer isperformed for 5-15 cycles.

56. The method of any one of claims 53-55, wherein the first primer comprises a sequencing

adapter.
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