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(57) Abstract: Next Generation DNA sequencing promises to revolutionize
clinical medicine and basic research. However, while this technology has
the capacity to generate hundreds of billions of nucleotides of DNA se-
quence in a single experiment, the error rate of approximately 1% results in
hundreds of millions of sequencing mistakes. These scattered etrrors can be
tolerated in some applications but become extremely problematic when
"deep sequencing” genetically heterogeneous mixtures, such as tumors or
mixed microbial populations. To overcome limitations in sequencing accur -
acy, a method Duplex Consensus Sequencing (DCS) is provided. This ap-
proach greatly reduces errors by independently tagging and sequencing each

of the two strands of'a DNA duplex. As the two strands are complementary,

true mutations are found at the same position in both strands. In contrast,

PCR or sequencing errors will result in errors in only one strand.
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METHODS OF LOWERING THE ERROR RATE OF MASSIVELY PARALLEL DNA
SEQUENCING USING DUPLEX CONSENSUS SEQUENCING

PRIORITY CLAIM

[0001] This application claims priority to U.S. Provisional Patent Application No.
61/613,413, filed March 20, 2012; U.S. Provisional Patent Application No. 61/625,623,
filed April 17, 2012; and U.S. Provisional Patent Application No. 61/625,319, filed April
17, 2012; the subject matter of all of which are hereby incorporated by reference as if

fully set forth herein.
STATEMENT OF GOVERNMENT INTEREST

[0002] The present invention was made with government support under Grant
Nos. RO1 CA115802 and RO1 CA102029 awarded by the National Institutes of Health.

The Government has certain rights in the invention.
BACKGROUND

[0003] The advent of massively parallel DNA sequencing has ushered in a new
era of genomic exploration by making simultaneous genotyping of hundreds of billions
of base-pairs possible at small fraction of the time and cost of traditional Sanger
methods [1]. Because these technologies digitally tabulate the sequence of many
individual DNA fragments, unlike conventional techniques which simply report the
average genotype of an aggregate collection of molecules, they offer the unique ability

to detect minor variants within heterogeneous mixtures [2].

[0004] This concept of “deep sequencing” has been implemented in a variety
fields including metagenomics [3, 4], paleogenomics [5], forensics [6], and human
genetics [7, 8] to disentangle subpopulations in complex biological samples. Clinical
applications, such prenatal screening for fetal aneuploidy [9, 10], early detection of
cancer [11] and monitoring its response to therapy [12, 13] with nucleic acid-based
serum biomarkers, are rapidly being developed. Exceptional diversity within microbial
[14, 15] viral [16-18] and tumor cell populations [19, 20] has been characterized through

next-generation sequencing, and many low-frequency, drug-resistant variants of
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therapeutic importance have been so identified [12, 21, 22]. Previously unappreciated
intra-organismal mosasism in both the nuclear [23] and mitochondrial [24, 25] genome
has been revealed by these technologies, and such somatic heterogeneity, along with
that arising within the adaptive immune system [13], may be an important factor in
phenotypic variability of disease.

[0005] Deep sequencing, however, has limitations. Although, in theory, DNA
subpopulations of any size should be detectable when deep sequencing a sufficient
number of molecules, a practical limit of detection is imposed by errors introduced
during sample preparation and sequencing. PCR amplification of heterogeneous
mixtures can result in population skewing due to stoichastic and non-stoichastic
amplification biases and lead to over- or under-representation of particular variants [26].
Polymerase mistakes during pre-amplification generate point mutations resulting from
base mis-incorporations and rearrangements due to template switching [26, 27].
Combined with the additional errors that arise during cluster amplification, cycle
sequencing and image analysis, approximately 1% of bases are incorrectly identified,
depending on the specific platform and sequence context [2, 28]. This background level
of artifactual heterogeneity establishes a limit below which the presence of true rare
variants is obscured [29].

[0006] A variety of improvements at the level of biochemistry [30-32] and data
processing [19, 21, 28, 32, 33] have been developed to improve sequencing accuracy.
The ability to resolve subpopulations below 0.1%, however, has remained elusive.
Although several groups have attempted to increase sensitivity of sequencing, several
limitations remain. For example techniques whereby DNA fragments to be sequenced
are each uniquely tagged [34, 35] prior to amplification [36-41] have been reported.
Because all amplicons derived from a particular starting molecule will bear its specific
tag, any variation in the sequence or copy number of identically tagged sequencing
reads can be discounted as technical error. This approach has been used to improve
counting accuracy of DNA [38, 39, 41] and RNA templates [37, 38, 40] and to correct
base errors arising during PCR or sequencing [36, 37, 39]. Kinde et. al. reported a
reduction in error frequency of approximately 20-fold with a tagging method that is

based on labeling single-stranded DNA fragments with a primer containing a 14 bp

2.
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degenerate sequence. This allowed for an observed mutation frequency of ~0.001%
mutations/bp in normal human genomic DNA [36]. Nevertheless, a number of highly
sensitive genetic assays have indicated that the true mutation frequency in normal cells
is likely to be far lower, with estimates of per-nucleotide mutation frequencies generally
ranging from 10° to 107" [42]. Thus, the mutations seen in normal human genomic

DNA by Kinde et al. are likely the result of significant technical artifacts.

[0007] Traditionally, next-generation sequencing platforms rely upon generation
of sequence data from a single strand of DNA. As a consequence, artifactual mutations
introduced during the initial rounds of PCR amplification are undetectable as errors -
even with tagging techniques - if the base change is propagated to all subsequent PCR
duplicates. Several types of DNA damage are highly mutagenic and may lead to this
scenario. Spontaneous DNA damage arising from normal metabolic processes results
in thousands of damaging events per cell per day [43]. In addition to damage from
oxidative cellular processes, further DNA damage is generated ex vivo during tissue
processing and DNA extraction [44]. These damage events can result in frequent
copying errors by DNA polymerases: for example a common DNA lesion arising from
oxidative damage, 8-oxo-guanine, has the propensity to incorrectly pair with adenine
during complementary strand extension with an overall efficiency greater than that of
correct pairing with cytosine, and thus can contribute a large frequency of artifactual
G—T mutations [45]. Likewise, deamination of cytosine to form uracil is a particularly
common event which leads to the inappropriate insertion of adenine during PCR, thus
producing artifactual C—T mutations with a frequency approaching 100% [46].

[0008] It would be desirable to develop an approach for tag-based error
correction, which reduces or eliminates artifactual mutations arising from DNA damage,
PCR errors, and sequencing errors; allows rare variants in heterogeneous populations
to be detected with unprecedented sensitivity; and which capitalizes on the redundant

information stored in complexed double-stranded DNA.
SUMMARY

[0009] In one embodiment, a single molecule identifier (SMI) adaptor molecule
for use in sequencing a double-stranded target nucleic acid molecule is provided. Said
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