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DESCRIPTION

Description

TECHNICAL FIELD OF THE INVENTION

[0001] This invention is related to the area of nucleic acid sequencing. In particular, it relates to
manipulative and analytic steps for analyzing and verifying the products of low frequency
events.

BACKGROUND OF THE INVENTION

[0002] Genetic mutations underlie many aspects of life and death - through evolution and
disease, respectively. Accordingly, their measurement is critical to several fields of research.
Luria and Delbrick's classic fluctuation analysis is a prototypic example of the insights into
biological processes that can be gained simply by counting the number of mutations in carefully
controlled experiments (1). Counting de novo mutations in humans, not present in their parents,
have similarly led to new insights into the rate at which our species can evolve (2, 3). Similarly,
counting genetic or epigenetic changes in tumors can inform fundamental issues in cancer
biology (4). Mutations lie at the core of current problems in managing patients with viral
diseases such as AIDS and hepatitis by virtue of the drug-resistance they can cause (5, 6).
Detection of such mutations, particularly at a stage prior to their becoming dominant in the
population, will likely be essential to optimize therapy. Detection of donor DNA in the blood of
organ transplant patients is an important indicator of graft rejection and detection of fetal DNA in
maternal plasma can be used for prenatal diagnosis in a non-invasive fashion (7, 8). In
neoplastic diseases, which are all driven by somatic mutations, the applications of rare mutant
detection are manifold; they can be used to help identify residual disease at surgical margins or
in lymph nodes, to follow the course of therapy when assessed in plasma, and perhaps to
identify patients with early, surgically curable disease when evaluated in stool, sputum, plasma,
and other bodily fluids (9-11).

[0003] These examples highlight the importance of identifying rare mutations for both basic and
clinical research. Accordingly, innovative ways to assess them have been devised over the
years. The first methods involved biologic assays based on prototrophy, resistance to viral
infection or drugs, or biochemical assays (1, 12-18). Molecular cloning and sequencing provided
a new dimension to the field, as it allowed the type of mutation, rather than simply its presence,
to be identified (19-24). Some of the most powerful of these newer methods are based on
Digital PCR, in which individual molecules are assessed one-by-one (25). Digital PCR is
conceptually identical to the analysis of individual clones of bacteria, cells, or virus, but is



DK/EP 3246416 T3

performed entirely in vitro with defined, inanimate reagents. Several implementations of Digital
PCR have been described, including the analysis of molecules arrayed in multi-well plates, in
polonies, in microfluidic devices, and in water-in-oil emulsions (25-30). In each of these
technologies, mutant templates are identified through their binding to oligonucleotides specific
for the potentially mutant base.

[0004] Massively parallel sequencing represents a particularly powerful form of Digital PCR in
that hundreds of millions of template molecules can be analyzed one-by-one. It has the
advantage over conventional Digital PCR methods in that multiple bases can be queried
sequentially and easily in an automated fashion. However, massively parallel sequencing cannot
generally be used to detect rare variants because of the high error rate associated with the
sequencing process. For example, with the commonly used lllumina sequencing instruments,
this error rate varies from ~1%(31,32) to -0.05% (33, 34), depending on factors such as the
read length (35), use of improved base calling algorithms (36-38) and the type of variants
detected (39). Some of these errors presumably result from mutations introduced during
template preparation, during the pre-amplification steps required for library preparation and
during further solid-phase amplification on the instrument itself. Other errors are due to base
mis-incorporation during sequencing and base-calling errors. Advances in base-calling can
enhance confidence (e.g., (36-39)), but instrument-based errors are still limiting, particularly in
clinical samples wherein the mutation prevalence can be 0.01 % or less (11). In the work
described below, we show how templates can be prepared and the sequencing data obtained
from them can be more reliably interpreted, so that relatively rare mutations can be identified
with commercially available instruments.

WO-A-2009/152928 describes a method for the quantitative determination of nucleic acids in a
sample, in particular for the quantitative determination of gene transcripts, such as, for example,
MRNA, cDNA, microRNA, noncoding RNA, and to the provision of markers for carrying out the
analytical methods. WO-A-2010/127186 describes oligonucleotide constructs, sets of such
oligonucleotide constructs, and methods of using such oligonucleotide constructs to provide
validated sequences or sets of validated sequences corresponding to desired regions of interest
("ROIs"). Such validated ROIs and constructs containing these have a wide variety of uses,
including in synthetic biology, quantitative nucleic acid analysis, polymorphism and/or mutation
screening, and the like.

[0005] There is a continuing need in the art to improve the sensitivity and accuracy of sequence
determinations for investigative, clinical, forensic, and genealogical purposes.

SUMMARY OF THE INVENTION

[0006] The invention is set out in the appended claims. The embodiments of the description
which do not fall within the scope of said claims are provided for illustrative purposes only and
do not form part of the present invention. According to one part of the disclosure, a method
analyzes nucleic acid sequences. A unique identifier (UID) nucleic acid sequence is attached to
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a first end of each of a plurality of analyte nucleic acid fragments to form uniquely identified
analyte nucleic acid fragments. Nucleotide sequence of a uniquely identified analyte nucleic acid
fragment is redundantly determined, wherein determined nucleotide sequences which share a
UID form a family of members. A nucleotide sequence is identified as accurately representing
an analyte nucleic acid fragment when at least 1% of members of the family contain the
sequence (provided for illustrative purposes only and not covered by the claims).

[0007] According to another part of the disclosure, a method analyzes nucleic acid sequences.
A unique identifier sequence (UID) is attached to a first end of each of a plurality of analyte DNA
fragments using at least two cycles of amplification with first and second primers to form
uniquely identified analyte DNA fragments. The UIDs are in excess of the analyte DNA
fragments during amplification. The first primers comprise a first segment complementary to a
desired amplicon; a second segment containing the UID; and a third segment containing a
universal priming site for subsequent amplification. The second primers comprise a universal
priming site for subsequent amplification. Each cycle of amplification attaches one universal
priming site to a strand. The uniquely identified analyte DNA fragments are amplified to form a
family of uniquely identified analyte DNA fragments from each uniquely identified analyte DNA
fragment. Nucleotide sequences of a plurality of members of the family are determined.

[0008] The invention provides a method to analyze whether an amplified DNA sequence
accurately represents an analyte DNA fragment comprising a mutation using endogenous
unique identifier sequences (UIDs), as set out in claim 1. Fragmented analyte DNA is obtained
comprising fragments of 30 to 2000 bases, inclusive. Each end of a fragment forms an
endogenous UID for the fragment. Adapter oligonucleotides are attached to ends of the
fragments to form adapted fragments. Fragments representing one or more selected genes are
optionally enriched by means of capturing a subset of the fragments using capture
oligonucleotides complementary to selected genes in the analyte DNA or by amplifying
fragments complementary to selected genes. The adapted fragments are amplified using
primers complementary to the adapter oligonucleotides to form families of adapted fragments.
Nucleotide sequence is determined of a plurality of members of a family. Nucleotide sequences
of the plurality of members of the family are compared. A nucleotide sequence is identified as
accurately representing an analyte DNA fragment comprising said mutation when at least a 95%
of members of the family share said mutation.

[0009] Still another part of the disclosure (provided for illustrative purposes only and not
covered by the claims) is a composition comprising population of primer pairs, wherein each
pair comprises a first and second primer for amplifying and identifying a gene or gene portion.
The first primer comprises a first portion of 10-100 nucleotides complementary to the gene or
gene portion and a second portion of 10 to 100 nucleotides comprising a site for hybridization to
a third primer. The second primer comprises a first portion of 10-100 nucleotides
complementary to the gene or gene portion and a second portion of 10 to 100 nucleotides
comprising a site for hybridization to a fourth primer. Interposed between the first portion and
the second portion of the second primer is a third portion consisting of 2 to 4000 nucleotides
forming a unique identifier (UID). The unique identifiers in the population have at least 4
different sequences. The first and second primers are complementary to opposite strands of the
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gene or gene portion. A kit may comprise the population of primers and the third and fourth
primers complementary to the second portions of each of the first and second primers.

[0010] The present disclosure provides the art with tools and methods for sensitively and
accurately determining nucleic acid features or sequences.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011]

Fig. 1. Essential Elements of Safe-SeqS. In the first step, each fragment to be analyzed is
assigned a unique identification (UID) sequence (metal hatch or stippled bars). In the second
step, the uniquely tagged fragments are amplified, producing UID-families, each member of
which has the same UID. A super-mutant is defined as a UID-family in which 295% of family
members have the same mutation.

Fig. 2. Safe-Seq$S with Endogenous UIDs Plus Capture. The sequences of the ends of each
fragment produced by random shearing (variously shaded bars) serve as the unique identifiers
(UIDs). These fragments are ligated to adapters (earth hatched and cross hatched bars) so
they can subsequently be amplified by PCR. One uniquely identifiable fragment is produced
from each strand of the double-stranded template; only one strand is shown. Fragments of
interest are captured on a solid phase containing oligonucleotides complementary to the
sequences of interest. Following PCR amplification to produce UID-families with primers
containing 5' "grafting" sequences (adhesive filled and light stippled bars), sequencing is
performed and super-mutants are defined as in Fig. 1.

Fig. 3. Safe-Seq$S with Exogenous UIDs. DNA (sheared or unsheared) is amplified with a set
of gene-specific primers. One of the primers has a random DNA sequence (e.g., a set of 14 N's)
that forms the unique identifier (UID; variously shaded bars), located 5' to its gene-specific
sequence, and both have sequences that permit universal amplification in the next step (earth
hatched and cross hatched bars). Two UID assignment cycles produce two fragments - each
with a different UID - from each double-stranded template molecule, as shown. Subsequent
PCR with universal primers, which also contain "grafting" sequences (adhesive filled and light
stippled bars), produces UID-families which are directly sequenced. Super-mutants are defined
as in the legend to Fig. 1.

Figs. 4A-4B. Single Base Substitutions ldentified by Conventional and Safe-Seq$S
Analysis. The exogenous UID strategy depicted in Fig. 3 was used to produce PCR fragments
from the CTNNB1 gene of three normal, unrelated individuals. Each position represents one of
87 possible single base substitutions (3 possible substitutions/base x 29 bases analyzed).
These fragments were sequenced on an lllumina GA lIx instrument and analyzed in the
conventional manner (Fig. 4A) or with Safe-SeqS (Fig. 4B). Safe-SeqS results are displayed on
the same scale as conventional analysis for direct comparison; the inset is a magnified view.
Note that most of the variants identified by conventional analysis are likely to represent
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sequencing errors, as indicated by their high frequency relative to Safe-SeqS and their
consistency among unrelated samples.

Fig. 5. Safe-SeqS with endogenous UIDs plus inverse PCR. The sequence of the ends of
each fragment produced by random shearing serve as unique identifiers (UIDs; variously
shaded bars). These fragments are ligated to adapters (earth hatched and cross hatched bars)
as in a standard lllumina library preparation. One uniquely tagged fragment is produced from
each strand of the double-stranded template; only one strand is shown. Following circularization
with a ligase, inverse PCR is performed with gene-specific primers that also contain 5' "grafting"
sequences (adhesive filled and lightly stippled bars). This PCR produces UID-families which are
directly sequenced. Super-mutants are defined as in Fig. 1.

Fig. 6A-6B. Single base substitutions position vs. error frequency in oligonucteotides
synthesized with phosphoramidites and Phusion. A representative portion of the same 31-
base DNA fragment synthesized with phosphoramidites (Fig. 6A) or Phusion polymerase (Fig.
6B) was analyzed by Safe-SeqS. The means and standard deviations for seven independent
experiments of each type are plotted. There was an average of 1,721 + 383 and 196 + 143 SBS
super-mutants identified in the phosphoramidite-synthesized and Phusion-generated fragments,
respectively. The y-axis indicates the fraction of the total errors at the indicated position. Note
that the errors in the phosphoramidite-synthesized DNA fragment were consistent among the
seven replicates, as would be expected if the errors were systematically introduced during the
synthesis itself. In contrast, the errors in the Phusion-generated fragments appeared to be
heterogeneous among samples, as expected from a stochastic process (Luria and Delbruck,
Genetics 28: 491-511, 1943).

Fig. 7. UID-family member distribution. The exogenous UID strategy depicted in Fig. 3 was
used to produce PCR fragments from a region of CTNNB7 from three normal, unrelated
individuals (Table 2B); a representative example of the UID-families with < 300 members (99%
of total UID-families) generated from one individual is shown. The y-axis indicates the number of
different UID-families that contained the number of family members shown on the x-axis.

DETAILED DESCRIPTION OF THE INVENTION

[0012] The invention is set out in the appended claims. The embodiments of the description
which do not fall within the scope of said claims are provided for illustrative purposes only and
do not form part of the present invention. The inventors have developed an approach, called
"Safe-SeqS" (from Safe-Sequencing System). In one embodiment it involves two basic steps
(Fig. 1). The first is the assignment of a Unique Identifier (UID) to each nucleic acid template
molecule to be analyzed. The second is the amplification of each uniquely tagged template, so
that many daughter molecules with the identical sequence are generated (defined as a UID-
family.). If a mutation pre-existed in the template molecule used for amplification, that mutation
should be present in a certain proportion, or even all, of daughter molecules containing that UID
(barring any subsequent replication or sequencing errors). A UID-family in which every family
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member (or a certain predetermined proportion) has an identical mutation is called a "super-
mutant." Mutations not occurring in the original templates, such as those occurring during the
amplification steps or through errors in base-calling, should not give rise to super-mutants, i.e.,
will not be present at the predetermined frequency in a UID family.

[0013] The approach can be employed for any purpose where a very high level of accuracy and
sensitivity is required from sequence data. As shown below, the approach can be used to
assess the fidelity of a polymerase, the accuracy of in vifro synthesized nucleic acid synthesis,
and the prevalence of mutations in nuclear or mitochondrial nucleic acids of normal cells. The
approach may be used to detect and/or quantify mosaicsm and somatic mutations.

[0014] Fragments of nucleic acids may be obtained using a random fragment forming technique
such as mechanical shearing, sonicating, or subjecting nucleic acids to other physical or
chemical stresses. Fragments may not be strictly random, as some sites may be more
susceptible to stresses than others. Endonucleases that randomly or specifically fragment may
also be used to generate fragments. Size of fragments may vary, but desirably will be in ranges
between 30 and 5,000 basepairs, between 100 and 2,000, between 150 and 1,000, or within
ranges with different combinations of these endpoints. Nucleic acids may be, for example, RNA
or DNA. Modified forms of RNA or DNA may also be used.

[0015] Attachment of an exogenous UID to an analyte nucleic acid fragment which does not
characterise the subject matter of the claims, may be performed by any means known in the art,
including enzymatic, chemical, or biologic. One means employs a polymerase chain reaction.
Another means employs a ligase enzyme. The enzyme may be mammalian or bacterial, for
example. Ends of fragments may be repaired prior to joining using other enzymes such as
Klenow Fragment of T4 DNA Polymerase. Other enzymes which may be used for attaching are
other polymerase enzymes. An UID may be added to one or both ends of the fragments. AUID
may be contained within a nucleic acid molecule that contains other regions for other intended
functionality. For example, a universal priming site may be added to permit later amplification.
Another additional site may be a region of complementarity to a particular region or gene in the
analyte nucleic acids. A UID may be from 2 to 4,000, from 100 to 1000, from 4 to 400, bases in
length, for example.

[0016] UIDs may be made using random addition of nucleotides to form a short sequence to be
used as an identifier. At each position of addition, a selection from one of four
deoxyribonucleotides may be used. Alternatively a selection from one of three, two, or one
deoxyribonucleotides may be used. Thus the UID may be fully random, somewhat random, or
non-random in certain positions. Another manner of making UIDs utilizes pre-determined
nucleotides assembled on a chip. In this manner of making, complexity is attained in a planned
manner. It may be advantageous to attach a UID to each end of a fragment, increasing the
complexity of the UID population on fragments.

[0017] A cycle of polymerase chain reaction for adding exogenous UID refers to the thermal
denaturation of a double stranded molecule, the hybridization of a first primer to a resulting
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single strand, the extension of the primer to form a new second strand hybridized to the original
single strand. A second cycle refers to the denaturation of the new second strand from the
original single strand, the hybridization of a second primer to the new second strand, and the
extension of the second primer to form a new third strand, hybridized to the new second strand.
Multiple cycles may be required to increase efficiency, for example, when analyte is dilute or
inhibitors are present.

[0018] In the case of endogenous UIDs, which characterise the subject matter of the claims,
adapters can be added to the ends of fragments by ligation. Complexity of the analyte
fragments can be decreased by a capture step, either on a solid phase or in liquid step.
Typically the capture step will employ hybridization to probes representing a gene or set of
genes of interest. If on a solid phase, non-binding fragments are separated from binding
fragments. Suitable solid phases known in the art include filters, membranes, beads, columns,
etc. If in a liquid phase, a capture reagent can be added which binds to the probes, for example
through a biotin-avidin type interaction. After capture, desired fragments can be eluded for
further processing. The order of adding adapters and capturing is not critical. Another means of
reducing the complexity of the analyte fragments involves amplification of one or more specific
genes or regions. One way to accomplish this is to use inverse PCR. Primers can be used which
are gene-specific, thus enriching while forming libraries. Optionally, the gene-specific primers
can contain grafting sequences for subsequent attachment to a massively parallel sequencing
platform.

[0019] Because endogenous UIDs provide a limited number of unique possibilities, depending
on the fragment size and sequencing read length, combinations of both endogenous and
exogenous UIDs can be used. Introducing additional sequences when amplifying would
increase the available UIDs and thereby increase sensitivity. For example, before amplification,
the template can be split into 96 wells, and 96 different primers could be used during the
amplification. This would effectively increase the available UIDs 96-fold, because up to 96
templates with the same endogenous UID could be distinguished. This technique can also be
used with exogenous UIDs, so that each well's primers adds a unique, well-specific sequence to
the amplification products. This can improve the specificity of detection of rare templates.

[0020] Amplification of fragments containing a UID can be performed according to known
techniques to generate families of fragments. Polymerase chain reaction can be used. Other
amplification methods can also be used, as is convenient. Inverse PCR may be used, as can
rolling circle amplification. Amplification of fragments typically is done using primers that are
complementary to priming sites that are attached to the fragments at the same time as the
UIDs. The priming sites are distal to the UIDs, so that amplification includes the UIDs.
Amplification forms a family of fragments, each member of the family sharing the same UID.
Because the diversity of UIDs is greatly in excess of the diversity of the fragments, each family
should derive from a single fragment molecule in the analyte. Primers used for the amplification
may be chemically modified to render them more resistant to exonucleases. One such
modification is the use of phosphorothioate linkages between one or more 3' nucleotides.
Another employs boranophosphates.
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[0021] Family members are sequenced and compared to identify any divergencies within a
family. Sequencing is preferably performed on a massively parallel sequencing platform, many
of which are commercially available. If the sequencing platform requires a sequence for
"grafting," i.e., attachment to the sequencing device, such a sequence can be added during
addition of UIDs or adapters or separately. A grafting sequence may be part of a UID primer, a
universal primer, a gene targetspecific primer, the amplification primers used for making a
family, or separate. Redundant sequencing refers to the sequencing of a plurality of members of
a single family.

[0022] A threshold can be set for identifying a mutation in an analyte. If the "mutation” appears
in all members of a family, then it derives from the analyte. If it appears in less than all
members, then it may have been introduced during the analysis. Thresholds for calling a
mutation may be set, for example, at 1%, 5%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%,
90%, 95%, 97%, 98 %, or 100%, wherein according to the present invention as defined in the
claims method claim 1 refers to a threshold of at least 95% as defined by the claimed wording
"identifying a nucleotide sequence as accurately representing said analyte DNA fragment
comprising said mutation, when at least 95% of members of the family share said mutation”.

[0023] Populations of primer pairs (provided for illustrative purposes only and not covered by
the claims) may be used to attach exogenous UIDs. The first primer comprises a first portion of
10-100 nucleotides complementary to the gene or gene portion and a second portion of 10 to
100 nucleotides comprising a site for hybridization to a third primer. The second primer
comprises a first portion of 10-100 nucleotides complementary to the gene or gene portion and
a second portion of 10 to 100 nucleotides comprising a site for hybridization to a fourth primer.
Interposed between the first portion and the second portion of the second primer is a third
portion consisting of 2 to 4,000 nucleotides forming a unique identifier (UID). The unique
identifiers in the population have at least 4, at least 16, at least 64, at least 256, at least 1,024,
at least 4,096, at least 16,384, at least 65,536, at least 262,144, at least 1,048,576, at least
4,194,304, at least 16,777,216, or at least 67,108,864 different sequences. The first and second
primers are complementary to opposite strands of the gene or gene portion. A kit (provided for
illustrative purposes only and not covered by the claims) can be made containing both the
primers for attaching exogenous UIDs as well as amplification primers, i.e., the third and fourth
primers complementary to the second portions of each of the first and second primers. The third
and fourth primers can optionally contain additional grafting or indexing sequences. The UID
may comprise randomly selected sequences, pre-defined nucleotide sequences, or both
randomly selected sequences and pre-defined nucleotides. If both, these can be joined together
in blocks or interspersed.

[0024] The methods of analysis can be used to quantitate as well as to determine a sequence.
For example, the relative abundance of two analyte DNA fragments may be compared.

[0025] The results described below in the examples demonstrate that the Safe-SeqS approach
can substantially improve the accuracy of massively parallel sequencing (Tables 1 and 2). It can
be implemented through either endogenous (according to the claimed invention as defined in
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the claims) or exogenously introduced UIDs and can be applied to virtually any sample
preparation workflow or sequencing platform. As demonstrated here, the approach can easily
be used to identify rare mutants in a population of DNA templates, to measure polymerase error
rates, and to judge the reliability of oligonucleotide syntheses. One of the advantages of the
strategy is that it yields the number of templates analyzed as well as the fraction of templates
containing variant bases. Previously described in vitro methods for the detection of small
numbers of template molecules (e.g., (29, 50)) allow the fraction of mutant templates to be
determined but cannot determine the number of mutant and normal templates in the original
sample.

[0026] It is of interest to compare Safe-SeqS to other approaches for reducing errors in next-
generation sequencing. As mentioned above, in the background of the invention, sophisticated
algorithms to increase the accuracy of base-calling have been developed (e.g., (36-39)). These
can certainly reduce false positive calls, but their sensitivity is still limited by artifactual mutations
occurring during the PCR steps required for library preparation as well as by (a reduced number
of) base-calling errors. For example, the algorithm employed in the current study used very
stringent criteria for base-calling and was applied to short read-lengths, but was still unable to

reduce the error rate to less than an average of 2.0 x 10'4errors/bp. This error frequency is at
least as low as those reported with other algorithms. To improve sensitivity further, these base-
calling improvements can be used together with Safe-SeqS. Travers ef al. have described
another powerful strategy for reducing errors (51). With this technology, both strands of each
template molecule are sequenced redundantly after a number of preparative enzymatic steps.
However, this approach can only be performed on a specific instrument. Moreover, for many
clinical applications, there are relatively few template molecules in the initial sample and
evaluation of nearly all of them is required to obtain the requisite sensitivity. The approach
described here with exogenously introduced UIDs (Fig. 3) fulfills this requirement by coupling
the UID assignment step with a subsequent amplification in which few molecules are lost. Our
endogenous UID approaches (Fig. 2 and Fig. 5) and the one described by Travers ef al. are not
ideally suited for this purpose because of the inevitable losses of template molecules during the
ligation and other preparative steps.

[0027] How do we know that the mutations identified by conventional analyses in the current
study represent artifacts rather than true mutations in the original templates? Strong evidence
supporting this is provided by the observation that the mutation prevalence in all but one

experiment was similar -- 2.0 x 104 to 2.4 x 104 mutations/bp (Tables 1 and 2). The exception
was the experiment with oligonucleotides synthesized from phosphoramidites, in which the error
of the synthetic process was apparently higher than the error rate of conventional Illumina
analysis when used with stringent base-calling criteria. In contrast, the mutation prevalence of

Safe-SeqS varied much more, from 0.0 to 1.4 x 107 mutations/bp, depending on the template
and experiment. Moreover, the mutation prevalence measured by Safe-SeqS in the most
controlled experiment, in which polymerase fidelity was measured (Table 2A), was almost
identical to that predicted from previous experiments in which polymerase fidelity was measured
by biological assays. Our measurements of mutation prevalence in the DNA from normal cells
are consistent with some previous experimental data. However, estimates of these prevalences
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vary widely and may depend on cell type and sequence analyzed (see S1 text). We therefore
cannot be certain that the few mutations revealed by Safe-SeqS represented errors occurring
during the sequencing process rather than true mutations present in the original DNA templates.
Potential sources of error in the Safe-SeqS process are described in the Sl text.

[0028] Another potential application of Safe-SeqS is the minimization of PCR contamination, a
serious problem for clinical laboratories. With endogenous or exogenous UID assignment, the
UIDs of mutant templates can simply be compared to those identified in prior experiments; the
probability that the same mutation from two independent samples would have the same UID in
different experiments is negligible when mutations are infrequent. Additionally, with exogenous
UIDs, a control experiment with the same template but without the UID assigning PCR cycles
(Fig. 3) can ensure that no DNA contamination is present in that template preparation; no
template should be amplified in the absence of UID assignment cycles and thus no PCR product
of the proper size should be observed.

[0029] Like all techniques, Safe-SeqS has limitations. For example, we have demonstrated that
the exogenous UIDs strategy can be used to analyze a single amplicon in depth. This
technology may not be applicable to situations wherein multiple amplicons must be analyzed
from a sample containing a limited number of templates. Multiplexing in the UID assignment
cycles (Fig. 3) may provide a solution to this challenge. A second limitation is that the efficiency
of amplification in the UID assignment cycles is critical for the success of the method. Clinical
samples may contain inhibitors that reduce the efficiency of this step. This problem can
presumably be overcome by performing more than two cycles in the UID assignment PCR step
(Fig. 3), though this would complicate the determination of the number of templates analyzed.
The specificity of Safe-SeqS is currently limited by the fidelity of the polymerase used in the UID
assignment PCR step, i.e., 8.8 x 10-'mutations/bp in its current implementation with two cycles.
Increasing the number of cycles in the UID assignment PCR step to five would decrease the

overall specificity to ~2 x 100 mutations/bp. However, this specificity can be increased by
requiring more than one super-mutant for mutation identification -- the probability of introducing

the same artifactual mutation twice or three times would be exceedingly low ([2 % 10'6]2 or[2 %

1013, respectively). In sum, there are several simple ways to perform Safe-SeqS variations and
analysis variations to realize the needs of specific experiments.

[0030] Luria and Delbrick, in their classic paper in 1943, wrote that their "prediction cannot be
verified directly, because what we observe, when we count the number of resistant bacteria in a
culture, is not the number of mutations which have occurred but the number of resistant
bacteria which have arisen by multiplication of those which mutated, the amount of multiplication
depending on how far back the mutation occurred." The Safe-SeqS procedure described here
can verify such predictions because the number as well as the time of occurrence of each
mutation can be estimated from the data, as noted in the experiments on polymerase fidelity. In
addition to templates generated by polymerases in vitro, the same approach can be applied to
DNA from bacteria, viruses, and mammalian cells. WWe therefore expect that this strategy will
provide definitive answers to a variety of important biomedical questions.
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[0031] A more complete understanding can be obtained by reference to the following specific
examples.

EXAMPLE 1 - Endogenous UIDs.

[0032] UIDs, sometimes called barcodes or indexes, can be assigned to nucleic acid fragments
in many ways. These include the introduction of exogenous sequences through PCR (40, 41) or
ligation (42, 43). Even more simply, randomly sheared genomic DNA inherently contains UIDs
consisting of the sequences of the two ends of each sheared fragment (Fig. 2 and Fig. 5).
Paired-end sequencing of these fragments yields UID-families that can be analyzed as
described above. To employ such endogenous UIDs in Safe-SeqS, we used two separate
approaches: one designed to evaluate many genes simultaneously and the other designed to
evaluate a single gene fragment in depth (Fig. 2 and Fig. 5, respectively).

[0033] For the evaluation of multiple genes, we ligated standard lllumina sequencing adapters
to the ends of sheared DNA fragments to produce a standard sequencing library, then captured
genes of interest on a solid phase (44). In this experiment, a library made from the DNA of
~15,000 normal cells was used, and 2,594 bp from six genes were targeted for capture. After
excluding known single nucleotide polymorphism, 25,563 apparent mutations, corresponding to

2.4 x 104 + mutations/bp, were also identified (Table 1). Based on previous analyses of
mutation rates in human cells, at least 90% of these apparent mutations were likely to represent
mutations introduced during template and library preparation or base-calling errors. Note that

the error rate determined here (2.4 x 104 mutations/bp) is considerably lower than usually
reported in experiments using the Illlumina instrument because we used very stringent criteria
for base calling.

Table 1. Safe-SeqS with Endogenous UID

Conventional Analysis Capture Inverse PCR
High quality bp 106,958,863 1,041,346,645
Mean high quality bp read depth 38,620x 2.085,600x%
Mutations identified 2.5,563 234,352
Mutations/bp 2.4E-04 2.3E-04
Safe-SeqS Analysis

High quality bp 106,958,863 1,041,346,645
Mean high quality bp read depth 38,620x% 2,085,600x%
UID-families 69,505 1,057
Average # of members/UID-family 40 21,688
Median # of members/UID-family 19 4
Super-mutants identified 8 0
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Safe-SeqS Analysis
Super-mutants/bp 3.5E-06 0.0

[0034] With Safe-SeqS analysis of the same data, we determined that 69,505 original template
molecules were assessed in this experiment (i.e., 69,505 UID-families, with an average of 40
members per family, were identified, Table 1). All of the polymorphic variants identified by
conventional analysis were also identified by Safe-SeqS. However, only 8 super-mutants were

observed among these families, corresponding to 3.5 x 10"® mutations/bp. Thus Safe-SeqS
decreased the presumptive sequencing errors by at least 70-fold.

[0035] Safe-SeqS analysis can also determine which strand of a template is mutated, thus an
additional criteria for calling mutations could require that the mutation appears in only one or in
both strands of the originally double stranded template. Massively parallel sequencers are able
to obtain sequence information from both ends of a template in two sequential reads. (This type
of sequencing experiment is called a "paired end" run on the lllumina platform, but similar
experiments can be done on other sequencing platforms where they may be called by another
name.) The two strands of a double stranded template can be differentiated by the observed
orientation of the sequences and the order in which they appear when sequence information is
obtained from both ends. For example, a UID strand pair could consist of the following two
groups of sequences when each end of a template is sequenced in sequential reads: 1) A
sequence in the sense orientation that begins at position 100 of chromosome 2 in the first read
followed by a sequence in the antisense orientation that begins at position 400 of chromosome
2 in the second read; and 2) A sequence in the antisense orientation that begins at position 400
of chromosome 2 in the first read followed by a sequence in the sense orientation that begins at
position 100 of chromosome 2 in the second read. In the capture experiment described above,
42,222 of 69,505 UIDs (representing 21, 111 original double stranded molecules) in the region
of interest represented UID strand pairs. These 42, 222 UIDs encompassed 1,417,838 bases in
the region of interest. When allowing a mutation to only occur within UID strand pairs (whether

in one or both strands), two super-mutants were observed, yielding a mutation rate of 1.4 x 106
super-mutants/bp. When requiring that a mutation occur in only one strand of a UID strand pair,

only one super-mutant was observed, yielding a mutation rate of 7.1 x 10"/ super-mutants/bp.
When requiring that a mutation occur in both strands of a UID strand pair, only one super-

mutant was observed, yielding a mutation rate of 7.1 x 10~ super-mutants/bp. Thus, requiring
that mutations occur in only one or in both strands of templates can further increase the
specificity of Safe-SeqS.

[0036] A strategy employing endogenous UIDs was also used to reduce false positive mutations
upon deep sequencing of a single region of interest. In this case, a library prepared as
described above from -1,750 normal cells was used as template for inverse PCR employing
primers complementary to a gene of interest, so the PCR products could be directly used for

sequencing (Fig. 5). With conventional analysis, an average of 2.3 x 104 mutations/bp were
observed, similar to that observed in the capture experiment (Table 1). Given that only 1,057
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independent molecules from normal cells were assessed in this experiment, as determined
through Safe-SeqS analysis, all mutations observed with conventional analysis likely
represented false positives (Table 1). With Safe-SeqS analysis of the same data, no super-
mutants were identified at any position.

EXAMPLE 2 - Exogenous UIDs.

[0037] Though the results described above show that Safe-SeqS can increase the reliability of
massively parallel sequencing, the number of different molecules that can be examined using
endogenous UIDs is limited. For fragments sheared to an average size of 150 bp (range 125-
175), 36 base paired-end sequencing can evaluate a maximum of ~7,200 different molecules
containing a specific mutation (2 reads x 2 orientations x 36 bases/read x 50 base variation on
either end of the fragment). In practice, the actual number of UIDs is smaller because the
shearing process is not entirely random.

[0038] To make more efficient use of the original templates, we developed a Safe-SeqS strategy
that employed a minimum number of enzymatic steps. This strategy also permitted the use of
degraded or damaged DNA, such as found in clinical specimens or after bisulfite-treatment for
the examination of cytosine methylation (45). As depicted in Fig. 3, this strategy employs two
sets of PCR primers. The first set is synthesized with standard phosphoramidite precursors and
contained sequences complementary to the gene of interest on the 3' end and different tails at
the 5' ends of both the forward and reverse primers. The different tails allowed universal
amplification in the next step. Finally, there was a stretch of 12 to 14 random nucleotides
between the tail and the sequence-specific nucleotides in the forward primer (40). The random
nucleotides form the UIDs. An equivalent way to assign UIDs to fragments, not used in this
study, would employ 10,000 forward primers and 10,000 reverse primers synthesized on a
microarray. Each of these 20,000 primers would have gene-specific primers at their 3'-ends and
one of 10,000 specific, predetermined, non-overlapping UID sequences at their 5'-ends,

allowing for 108 (i.e., [104?) possible UID combinations. In either case, two cycles of PCR are
performed with the primers and a high-fidelity polymerase, producing a uniquely tagged,
double-stranded DNA fragment from each of the two strands of each original template molecule
(Fig. 3). The residual, unused UID assignment primers are removed by digestion with a single-
strand specific exonuclease, without further purification, and two new primers are added.
Alternatively or in addition to such digestion, one can use a silica column that selectively retains
larger-sized fragments or one can use solid phase reversible immobilization (SPRI) beads under
conditions that selectively retain larger fragments to eliminate smaller, non-specific, amplification
artifacts. This purification may potentially help in reducing primer-dimer accumulation in later
steps. The new primers, complementary to the tails introduced in the UID assignment cycles,
contain grafting sequences at their 5' ends, permitting solid-phase amplification on the Illumina
instrument, and phosphorothioate residues at their 3' ends to make them resistant to any
remaining exonuclease. Following 25 additional cycles of PCR, the products are loaded on the
lllumina instrument. As shown below, this strategy allowed us to evaluate the majority of input
fragments and was used for several illustrative experiments.
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EXAMPLE 3 - Analysis of DNA polymerase fidelity.

[0039] Measurement of the error rates of DNA polymerases is essential for their
characterization and dictates the situations in which these enzymes can be used. We chose to
measure the error rate of Phusion polymerase, as this polymerase has one of the lowest
reported error frequencies of any commercially available enzyme and therefore poses a
particular challenge for an in vitro-based approach. We first amplified a single human DNA
template molecule, comprising a segment of an arbitrarily chosen human gene, through 19
rounds of PCR. The PCR products from these amplifications, in their entirety, were used as
templates for Safe-SeqS as described in Fig. 3. In seven independent experiments of this type,
the number of UID-families identified by sequencing was 624,678 + 421,274, which is consistent
with an amplification efficiency of 92 + 9.6% per round of PCR.

[0040] The error rate of Phusion polymerase, estimated through cloning of PCR products
encoding B-galactosidase in plasmid vectors and transformation into bacteria, is reported by the

manufacturer to be 4.4 x 107/ errors/bp/PCR cycle. Even with very high stringency base-calling,
conventional analysis of the lllumina sequencing data revealed an apparent error rate of 9.1 x

10 errors/bp/PCR cycle, more than an order of magnitude higher than the reported Phusion
polymerase error rate (Table 2A). In contrast, Safe-SeqS of the same data revealed an error
rate of 4.5 x 10-'errors/bp/PCR cycle, nearly identical to that measured for Phusion polymerase
in biological assays (Table 2A). The vast majority (>99%) of these errors were single base
substitutions (Table 3A), consistent with previous data on the mutation spectra created by other
prokaryotic DNA polymerases (15, 46, 47).

Table 2A-2C. Safe-Seq$S with Exogenous UIDs

2A. Polymerase Fidelity Mean Standard Deviation
Conventional analysis of 7 replicates

High quality bp 996,855,791 64,030,757

Total mutations identified 198,638 22,515
Mutations/bp 2.0E-04 1.7E-05
Calculated Phusion Error Rate 9.1E-06 7.7E-07
(errors/bp/cycle)

Safe-SeqS analysis of 7 replicates

High quality bp 996,855,791 64,030,757
UID-families 624,678 421,274
Members/UID-family 107 122

Total super-mutants identified 197 143
Super-mutants/bp 9.9E-06 2.3E-06
Calculated Phusion Error 4.5E-07 1.0E-07
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Safe-SeqS analysis of 7 replicates

Rate(errors/bp/cycle)

2B. CTNNB1 mutations in DNA from normal human cells

Conventional analysis of 3 individuals

High quality bp 559,334,774 66,600,749

Total mutations identified 118,488 11,357
Mutations/bp 2.1E-04 1.6E-05
Safe-SeqS analysis of 3 individuals

High quality bp 559,334,774 66,600,749
UID-families 374,553 263,105
Members/UID-family 68 38
Total super-mutants identified 99 78
Super-mutants/bp 9.0E-06 3.1E-06
2C. Mitochondrial mutations in DNA from normal

human cells

Conventional analysis of 7 individuals

High quality bp 147,673,456{54,308,546

Total mutations identified 30,599 12,970

Mutations/bp 2.1E-04 9.4E-05

Safe-SeqS analysis of 7 individuals

High quality bp 147,673,456{54,308,546

UID-families 515,600 89,985
Members/UID-family 15 6

Total super-mutants identified 135 61

Super-mutants/bp 1.4E-05 6.8E-06

Table 3A-C. Fraction of Single Base Substitutions, Insertions, and Deletions with
Exogenous UIDs

3A. Polymerase Fidelity Mean Standard
Deviation

Conventional analysis of 7 replicates

Total mutations identified 198,638 22,515

Fraction of mutations represented by 99% 0%

single base substitutions

Fraction of mutations represented by 1% 0%

deletions

Fraction of mutations represented by 0% 0%

insertions
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Safe-SeqS analysis of 7 replicates

Total super-mutants identified 197 143
Fraction of super-mutants represented by {99% 2%
single base substitutions

Fraction of super-mutants represented by {1% 2%
deletions

Fraction of super-mutants represented by j0% 0%
insertions

3B. CTNNB1 mutations in DNA from normal human cells
Conventional analysis of 3 individuals

Total mutations identified 118,488 11,357
Fraction of mutations represented by 97% 0%
single base substitutions

Fraction of mutations represented by 3% 0%
deletions

Fraction of mutations represented by 0% 0%
insertions

Safe-SeqS analysis of 3 individuals

Total super-mutants identified 99 78
Fraction of super-mutants represented by §{100% 1%
single base substitutions

Fraction of super-mutants represented by {0% 1%
deletions

Fraction of super-mutants represented by {0% 0%

insertions

3C. Mitochondrial mutations in DNA from normal human cells

Conventional analysis of 7 individuals

Total mutations identified 30,599 12,970
Fraction of mutations represented by 98% 1%
single base substitutions

Fraction of mutations represented by 2% 1%
deletions

Fraction of mutations represented by 0% 0%
insertions

Safe-SeqS analysis of 7 individuals

Total super-mutants identified 135 61
Fraction of super-mutants represented by §99% 1%
single base substitutions

Fraction of super-mutants represented by §1% 1%

deletions
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Safe-SeqS analysis of 7 individuals

Fraction of super-mutants represented by j0% 0%
insertions

[0041] Safe-SeqS also allowed a determination of the total number of distinct mutational events
and an estimation of PCR cycle in which the mutation occurred. There were 19 cycles of PCR
performed in wells containing a single template molecule in these experiments. If a polymerase
error occurred in cycle 19, there would be only one super-mutant produced (from the strand
containing the mutation). If the error occurred in cycle 18 there should be two super-mutants
(derived from the mutant strands produced in cycle 19), etc. Accordingly, the cycle in which the
error occurred is related to the number of super-mutants containing that error. The data from
seven independent experiments demonstrate a relatively consistent number of observed total

polymerase errors (2,2 £ 1.1 x 1076 distinct mutations/bp), in good agreement with the expected

number of observations from simulations (1.5 + 0.21 x 10-8distinct mutations/bp). The data also
show a highly variable timing of occurrence of polymerase errors among experiments (Table 4),
as predicted from classic fluctuation analysis (1). This kind of information is difficult to derive
using conventional analysis of the same next-generation sequencing data, in part because of
the prohibitively high apparent mutation rate noted above.

Table 4A-4G. Observed and Expected Number of Errors Generated by Phusion
Polymerase

4A. Experiment 1 Observed Expected (mean *
SD) *

Mutations represented by 1 super- {10 19+£3.7

mutant

Mutations represented by 2 super- 8 58123

mutants

Mutations represented by 3 super- i4 1.3+£1.1

mutants

Mutations represented by 4 super- i4 1.8+£13

mutants

Mutations represented by 5 super- ;2 0.61+0.75

mutants

Mutations represented by 6 super- ;2 0.22 £0.44

mutants

Mutations represented by 7 super- 30 0.01+£0.10

mutants

Mutations represented by 8 super- 30 0.87 £0.86

mutants

Mutations represented by 9 super- {2 0.28 £ 0.51

mutants

Mutations represented by 10 super-30 0.14 £ 0.38

mutants




DK/EP 3246416 T3

4A. Experiment 1 Observed Expected (mean *
SD) *

Mutations represented by >10 3 15127

super-mutants

Distinct mutations 35 321472

4B. Experiment 2

Mutations represented by 1 super- {19 23 +4.1

mutant

Mutations represented by 2 super- 5 95+28

mutants

Mutations represented by 3 super- 4 27116

mutants

Mutations represented by 4 super- ;7 2717

mutants

Mutations represented by 5 super- 2 0.88 £ 0.94

mutants

Mutations represented by 6 super- {1 0.40 £ 0.60

mutants

Mutations represented by 7 super- i3 0.16 £0.42

mutants

Mutations represented by 8 super- {1 0.99+1.0

mutants

Mutations represented by 9 super- {1 0.39 £ 0.68

mutants

Mutations represented by 10 super-30 0.17 £0.43

mutants

Mutations represented by > 10 9 1.8+34

super-mutants

Distinct mutations 52 43 + 5.1

4C. Experiment 3

Mutations represented by 1 super- {7 17 £ 3.4

mutant

Mutations represented by 2 super- {9 54+20

mutants

Mutations represented by 3 super- {4 1.2+1.1

mutants

Mutations represented by 4 super- {4 1.7+£14
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4C. Experiment 3

mutants

Mutations represented by 5 super- {2 0.50+0.70
mutants

Mutations represented by 6 super- 30 0.17 £0.45
mutants

Mutations represented by 7 super- {1 0.03+£0.17
mutants

Mutations represented by 8 super- 30 0.59+0.74
mutants

Mutations represented by 9 super- 30 0.24 £ 0.50
mutants

Mutations represented by 10 super- {1 0.07 £0.29
mutants

Mutations represented by > 10 5 1.56+£26
super-mutants

Distinct mutations 33 28+3.7
4D. Experiment 4

Mutations represented by 1 super- {7 15 +£3.7
mutant

Mutations represented by 2 super- {8 41217
mutants

Mutations represented by 3 super- {2 0.70+£0.74
mutants

Mutations represented by 4 super- {1 1.5+£13
mutants

Mutations represented by 5 super- {3 0.21+£0.52
mutants

Mutations represented by 6 super- {2 0.08 £0.27
mutants

Mutations represented by 7 super- {1 0.0+£0.0
mutants

Mutations represented by 8 super- {2 0.65+0.77
mutants

Mutations represented by 9 super- {2 0.17 £0.43
mutants

Mutations represented by 10 super-i{0 0.05+0.22
mutants

Mutations represented by > 10 1 0.92+2.1
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4D. Experiment 4

super-mutants

Distinct mutations 29 23+3.2
4E. Experiment 5

Mutations represented by 1 super- {9 23 +4.1
mutant

Mutations represented by 2 super- {6 95+28
mutants

Mutations represented by 3 super- {5 27116
mutants

Mutations represented by 4 super- {3 2717
mutants

Mutations represented by 5 super- {6 0.88 £ 0.94
mutants

Mutations represented by 6 super- {2 0.40 £ 0.60
mutants

Mutations represented by 7 super- {1 0.16 £0.42
mutants

Mutations represented by 8 super- {2 0.99+1.0
mutants

Mutations represented by 9 super- {2 0.39 £ 0.68
mutants

Mutations represented by 10 super-i3 0.17 £0.43
mutants

Mutations represented by >10 7 1.8+34
super-mutants

Distinct mutations 46 43 + 5.1
4F. Experiment 6

Mutations represented by 1 super- {4 6.7+28
mutant

Mutations represented by 2 super- {7 1.56+£12
mutants

Mutations represented by 3 super- {1 0.10£0.33
mutants

Mutations represented by 4 super- {2 0.60+£0.82
mutants

Mutations represented by 5 super- {0 0.07 £0.26

mutants
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4F. Experiment 6

Mutations represented by 6 super- {0 0.01+£0.10
mutants

Mutations represented by 7 super- {1 0.0+£0.0
mutants

Mutations represented by 8 super- {1 0.39 £ 0.60
mutants

Mutations represented by 9 super- {0 0.01+£0.10
mutants

Mutations represented by 10 super-i{0 0.0+£0.0
mutants

Mutations represented by > 10 2 0.50+1.1
super-mutants

Distinct mutations 18 99+14
4G. Experiment 7

Mutations represented by 1 super- {8 29+16
mutant

Mutations represented by 2 super- {2 0.61+£0.79
mutants

Mutations represented by 3 super- {0 0.04 £0.24
mutants

Mutations represented by 4 super- {0 0.41 £0.59
mutants

Mutations represented by 5 super- {1 0.01+£0.10
mutants

Mutations represented by 6 super- {0 0.0+£0.0
mutants

Mutations represented by 7 super- {0 0.0+£0.0
mutants

Mutations represented by 8 super- 30 0.14 £0.35
mutants

Mutations represented by 9 super- 30 0.01+£0.10
mutants

Mutations represented by 10 super-30 0.0+£0.0
mutants

Mutations represented by >10 0 0.32 £0.93
super-mutants

Distinct mutations 11 45 +0.62
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4G. Experiment 7
*See Sl Text for details of the simulations

EXAMPLE 4 - Analysis of oligonucleotide composition.

[0042] A small number of mistakes during the synthesis of oligonucleotides from
phoshoramidite precursors are tolerable for most applications, such as routine PCR or cloning.
However, for synthetic biology, wherein many oligonucleotides must be joined together, such
mistakes present a major obstacle to success. Clever strategies for making the gene
construction process more efficient have been devised (48, 49), but all such strategies would
benefit from more accurate synthesis of the oligonucleotides themselves. Determining the
number of errors in synthesized oligonucleotides is difficult because the fraction of
oligonucleotides containing errors can be lower than the sensitivity of conventional next-
generation sequencing analyses.

[0043] To determine whether Safe-SeqS could be used for this determination, we used
standard phosphoramidite chemistry to synthesize an oligonucleotide containing 31 bases that
were designed to be identical to that analyzed in the polymerase fidelity experiment described
above. In the synthetic oligonucleotide, the 31 bases were surrounded by sequences
complementary to primers that could be used for the UID assignment steps of Safe-SeqS (Fig.
3). By performing Safe-SeqS on ~300,000 oligonucleotides, we found that there were 8.9 + 0.28

x 104 super-mutants/bp and that these errors occurred throughout the oligonucleotides (Fig.
6A). The oligonucleotides contained a large number of insertion and deletion errors,
representing 8.2 + 0.63% and 25 £ 1.5% of the total super-mutants, respectively. Importantly,
both the position and nature of the errors were highly reproducible among seven independent
replicates of this experiment performed on the same batch of oligonucleotides (Fig. 6A). This
nature and distribution of errors had little in common with that of the errors produced by Phusion
polymerase (Fig. 6B and Table 5), which were distributed in the expected stochastic pattern
among replicate experiments. The number of errors in the oligonucleotides synthesized with
phosphoramidites was ~60 times higher than in the equivalent products synthesized by Phusion
polymerase. These data, in fofo, indicate that the vast majority of errors in the former were
generated during their synthesis rather than during the Safe-SeqS procedure.

Table 5. Phosphoramidite- vs Phusion-Synthesized DNA: Transitions vs Transversions
Comparison

Phosphoramidites { Exp. jExp. jExp. { Exp. {Exp.{ Exp.{Exp. {Average { Standard

1 2 3 4 5 6 7 Deviation
Transition super- 496 31509 471 §396 {323 {273 {470 {420 92
mutants:
Transversion 1494 §1499§1521i1154{944 {907 16261306 298

super-mutants:

p-value* 3.4E-
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Phosphoramidites { Exp. jExp. {Exp. {Exp. { Exp.{ Exp.{Exp. {Average ;{ Standard
1 2 3 4 5 6 7 Deviation

05

Phusion

Transition super- {63 275 {127 i5 87 182 {103 {120 87
mutants:

Transversion 14 124 {77 12 57 191 {63 77 63
super-mutants:

p-value* 0.08

*p-values were calculated using a two-tailed paired t-test

[0044] Does Safe-SeqS preserve the ratio of mutant normal sequences in the original
templates? To address this question, we synthesized two 31-base oligonucleotides of identical
sequence with the exception of nt 15 (50:50 C/G instead of T) and mixed them at nominal
mutant/normal fractions of 3.3% and 0.33%. Through Safe-SeqS analysis of the oligonucleotide
mixtures, we found that the ratios were 2.8% and 0.27%, respectively. We conclude that the UID
assignment and amplification procedures used in Safe-SeqS do not greatly alter the proportion
of variant sequences and thereby provide a reliable estimate of that proportion when unknown.
This conclusion is also supported by the reproducibility of variant fractions when analyzed in
independent Safe-SeqS experiments (Fig. 6A).

EXAMPLE 5 - Analysis of DNA sequences from normal human cells.

[0045] The exogenous UID strategy (Fig. 3) was then used to determine the prevalence of rare
mutations in a small region of the CTNNB7 gene from ~100,000 normal human cells from three
unrelated individuals. Through comparison with the number of UID-families obtained in the
Safe-SeqS experiments (Table 2B), we calculated that the majority (78 £ 9.8 %) of the input
fragments were converted into UID-families. There was an average of 68 members/UID-family,
easily fulfiling the required redundancy for Safe-SeqS (Fig. 7). Conventional analysis of the
lllumina sequencing data revealed an average of 118,488 + 11,357 mutations among the ~560
Mb of sequence analyzed per sample, corresponding to an apparent mutation prevalence of 2.1

+ 0.16 x 104 mutations/bp (Table 2B). Only an average of 99 + 78 super-mutants were
observed in the Safe-SeqS analysis. The vast majority (>99%) of super-mutants were single

base substitutions and the calculated mutation rate was 9.0 + 3.1 x 10® mutations/bp (Table
3B). Safe-SeqS thereby reduced the apparent frequency of mutations in genomic DNA by at
least 24-fold (Fig. 4).

[0046] One possible strategy to increase the specificity of Safe-SeqS is to perform the library
amplification (and possibly the UID assignment cycles) in multiple wells. This can be
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accomplished in as few as 2 or as many as 384 wells using standard PCR plates, or scaled up
to many more wells when using a microfluidic device (thousands to millions). When performed
this way, indexing sequences can be introduced into the templates that are unique to the wells
in which the template is amplified. Rare mutations, thus, should give rise to two super-mutants
(i.e., one from each strand), both with the same well index sequence. When performing Safe-
SeqS with exogenous UIDs on the CTNNBT templates described above and diluted into 10 wells
(each well yielding templates amplified with a different index sequence), the mutation rate was

further reduced from 9.0 + 3.1 x 10% to 3.7 + 1.2 x 10 super-mutants/bp. Thus, analyzing
templates in multiple compartments-in a manner that yields differentially encoded templates
based on the compartment in which templates were amplified-may be an additional strategy to
increase the specificity of Safe-SeqS.

EXAMPLE 6 - Analysis of DNA sequences from mitochondrial DNA

[0047] We applied the identical strategy to a short segment of mitochondrial DNA in ~1,000
cells from each of seven unrelated individuals. Conventional analysis of the lllumina sequencing
libraries produced with the Safe-SeqS procedure (Fig. 3) revealed an average of 30,599 %
12,970 mutations among the -150 Mb of sequence analyzed per sample, corresponding to an

apparent mutation prevalence of 2.1 + 0.94 x 104 mutations/bp (Table 2C). Only 135 1 61
super-mutants were observed in the Safe-SeqS analysis. As with the CTNNB7T gene, the vast
majority of mutations were single base substitutions, though occasional single base deletions
were also observed (Table 3C). The calculated mutation rate in the analyzed segment of mtDNA

was 1.4 + 0.68 x 10~ mutations/bp (Table 2C). Thus, Safe-SeqS thereby reduced the apparent
frequency of mutations in genomic DNA by at least 15-fold.

EXAMPLE 7 - Materials and Methods

[0048] Endogenous UIDs. Genomic DNA from human pancreas or cultured lymphoblastoid
cells was prepared using Qiagen kits. The pancreas DNA was used for the capture experiment
and the lymphoblastoid cells were used for the inverse PCR experiment. DNA was quantified by
optical absorbance and with qPCR. DNA was fragmented to an average size of ~200 bp by
acoustic shearing (Covaris), then end-repaired, A-tailed, and ligated to Y-shaped adapters
according to standard Illumina protocols. The ends of each template molecule provide
endogenous UIDs corresponding to their chromosomal positions. After PCR-mediated
amplification of the libraries with primer sequences within the adapters, DNA was captured (1)
with a filter containing 2,594 nt corresponding to six cancer genes. After capture, 18 cycles of
PCR were performed to ensure sufficient amounts of template for sequencing on an lllumina GA
[IX instrument.

[0049] For the inverse PCR experiments (Fig. 5), we ligated custom adapters (IDT, Table 6)
instead of standard Y-shaped lllumina adapters to sheared cellular DNA. These adapters
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retained the region complementary to the universal sequencing primer but lacked the grafting
sequences required for hybridization to the lllumina GA lix flow cell. The ligated DNA was diluted
into 96 wells and the DNA in each column of 8 wells was amplified with a unique forward primer
containing one of 12 index sequences at its 5' end plus a standard reverse primer (Table 6).
Amplifications were performed using Phusion HotStart | (NEB) in 50 uL reactions containing 1X
Phusion HF buffer, 0.5 mM dNTPs, 0.5 uM each forward and reverse primer (both 5'-
phosphorylated), and 1U of Phusion polymerase. The following cycling conditions were used:
one cycle of 98°C for 30s; and 16 cycles of 98°C for 10s, 65°C for 30s, and 72°C for 30s. All 96
reactions were pooled and then purified using a Qiagen MinElute PCR Purification Kit (cat. no.
28004) and a QlAquick Gel Extraction kit (cat. no. 28704). To prepare the circular templates
necessary for inverse PCR, DNA was diluted to ~1 ng/uL and ligated with T4 DNA Ligase
(Enzymatics) for 30min at room temperature in a 600uL reaction containing 1X T4 DNA Ligation
Buffer and 18,000U of T4 DNA Ligase. The ligation reaction was purified using a Qiagen
MinElute kit. Inverse PCR was performed using Phusion Hot Start | on 90 ng of circular template
distributed in twelve 50 uL reactions, each containing 1X Phusion HF Buffer, 0.25mM dNTPs,
0.5uM each of KRAS forward and reverse primers (Table 6) and 1U of Phusion polymerase.
The KRAS-specific primers both contained grafting sequences for hybridization to the lllumina
GA lIx flow cell (Table 6). The following cycling conditions were used: one cycle of 98°C for 2
min; and 37 cycles of 98°C for 10s, 61°C for 15s, and 72°C for 10s. The final purification was
performed with a NucleoSpin Extract Il kit (Macherey-Nagel) and eluted in 20uL NE Buffer. The
resulting DNA fragments contained UIDs composed of three sequences: two endogenous ones,
represented by the two ends of the original sheared fragments plus the exogenous sequence
introduced during the indexing amplification. As 12 exogenous sequences were used, this
increased the number of distinct UIDs by 12-fold over that obtained without exogenous UIDs.

This number could easily be increased by using a greater number of distinct primers.
Table 6. Oligonucteotides Used

Font Legend: Symbol Legend:
REGION COMPLENMENTARY 1¥ TEMPLATES /3Phas? = 5'Phosphat:
TEMPLATE-SFECIFIC Ully SEQUENCE * - Phusphuiutbivate inkage

UNIVERSAL SEQUENCE
BEFARRLENT-SPRCIN INDEE, SeQUENCE
ELLUMENA GRAFTING PRIMERS (FOR
KEYBRIPAZA TN T FLOW CERLY

Endogensus UTDs

Capluse Soguence (SEO T NG LB respreetively)

Adapley - strand {3Phos/GATCGGAAGAGUGGT TCAGCAGGAATGCCGAG

Adapter - strand 2 ACACTCTTICCCTACATUGACTCICEYCCGATCH T
AATGATACGGOGACCACTOGAGATCTACACACACTCTT TCCCrATATGACGOTCT

Whole Geneme Amplificstion - lor TCCGATHC?T
CAAGCAGAAGACUGGUATACGAGATCTCGGCATTCCTGUTGAACCGCICTECUGA

Whole Genome Amplificstion - fev et
AATGATACCCCGACCACCCAGATCTACACACALTOTTTCCCTACACGACGOTOT

Post-Capture Amplification - for TCCGAT*C*T
CAAGCAGAAGACCGCATACGAGATCTCRGCAT TOCTGCTGAACCERCTICTTIC Ga

Posi-Capturs Amplification - rev =T
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Inverse PCR
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Adaptler - suand 2 ACACTCTTTCCCTACACGACGCTCTITCCGAT O T

Whole Gerome Amplificstion - for-1 75Bhos/COPGATACACTCT TTCCCTACACGACGUTCTTOCGAT*CA T
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Whole Genome Amplid on - for-§
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130hos/ GCATOGACACTCTTTCCCTACACGACGCTCITCCGATYCOMT
I5Phos/GCCTAAACACTCTTTCCCTACACGACGOTCTTCCGATHCAT
I5Phos/ TCLPCAACACTCTTTCCCTACACGACOCTLTTUCOA T OV
£5Phos/CANTETACACTCTITCCCTACACTACGCTCTTOCGATHI Y
13PhostATVORCACACTOITTCCCTACACGACGCTCTTCOGATCH T
B3Bhos/GATCTGACACYCT TTCCCTACACCACGUTCTTCUGATC*F T
ISPhosTCAAGTACACTCTTICOCTACACGACGCTCTTCOGATYCHT
15Phos/CTGATCACACTCTTICCCTACACGACCCTCTTOCGATY C¥ T

ISPhos/AAGCTAACACTCTTTICCCTAT ACGATCGUTCTTCUGAT*C* T

SPhos/GTAGCCACACTCTTTCCCTACACGACGUTCT TCCGATHCYT

13Phas TACAAGACACTCTT ICCCTACACTACGCTCTTCCGATHIY T
SPhes/CTCGGCATTCOTGCY GAACCGCTLTTCCGATHCAT
AATGATACGGCGALCACCGAGATCTACACCAGCAGGCCTTATALTAAAAL [AATGA
CAAGCAGAAGACGGLUATACGAGA T TGACT GALTATAAACTTGICGIAG TG
ACACTCTTTCCCTACACGACGCTCTTCOGATCT

CTCHGCATTCCTGCTGAACCGCTCITCCGATCT

CGGEAAGAGOGTCGTGTAGGGAAAGAGTGT

COGAAGAGCGGTTCAGCAGGAATGCCGAG

Digital PCR Amplification - for
Digiral PCR amplification - rev
UID Assignment Amplification - for
VD Assignment Amplification - rev
Library Ampliniestion - for-1
Library Amiplification - Jor-2
Library Amplificatier. - for-2
Library Amplification - tor-4
Libraty Amplification - for-§
Library Amplific aton - for. 6
Library Amplification - for-7
Library Amplificaton - for-§
Library Amplification - for-@
Library Amplification - for-10
Library Amplificstion - rev
Sequencing Prime: (to read UID and infernal sequences)

Index Primer (to read experiment indexes)

CENNBI mautations in DNA fiom normal hurnan cells

GGITACAGGCTCATGATGLAACC
GATACCAGCTICGYAATGGCA
COACGTAAAACGACGGCOAGTNNNYNNNYNNNNNG GTTACAGGUTCATGATGTAL OO

CACACAGIAAACAGCTATCACCATGGATACCAGCTIGGIAATG(

‘;.f(’! ;(?rATACG GCGACCACCGAGATCTACACCETGATCGACGTAAAACTACGGIC

i:\'_;‘GA'l'ACG GUGACCACUCGAGATCTACACACATCGUGACTHTAAAACGACGGCC
G

: :Ak'}:f;ATACGGCG ACCACCGAGATCTACACGLCTAACGACGTAAAACGACGGCC

i:’\(’?;(‘f/\'(‘/\(fGCCGA CCACLCGAGATCTACACTGSTLACGACIGTAAAACIHACGGLC

iz‘x(';"(lA'l‘ACGG’CfGACCA(.'CGAGA’!'C'{'ACACCAC TEFICUACGTAAAACGACGGCC

A*G*T
AATGATACCGCGACCACCCAGATCTACACATTIGGCCGACGTAAAACGACGGEC
ATGHT

A.;\ 'E?A’.{'AC GGCGACCACCGAGATCTACACCATOTGCGACGTAAAACHACGGIC
ﬁi\r“‘;“‘(}A'l‘ACGG(TGACCACCGAGA'ICTACAC’ TCAAGNTCGACGTAAANMCGACGECC
:A( ;}{.‘\TACGGCGACCACCGA(;’-AT{J'D\ CACCTGATCCGACGTAAAACGACGGCC
QA(::‘GIATA CEGLEACCACCOCAGATCTACACAAGTTACGACGTAAMACGACGGCT
AYGHT

CAAGCAGAAGACGGCATACGAGATCACATAGGAAACAGCTATGACTAM *G
CGACUGTAAAACGACGGCCAGT

ACTGOCLGICOITTIACGTCG

OID Assignment Amplification - for
UID Assignment Amplificution - rev
Library Areplification - for

Library Araplification - tev-1
Library Amplificstion - rev-2
Library Araplification - rev-3
Library Awsplification - rev-4
Library Amplificstion - rev-5
Library Amplification - rev-6
Library Awplification - vev-7

Libraty Amplification - rev-2

CGACGTAAAACGACGGCCAGTNNVNNNNNYNNNNANNGCAGCAACAGFCTTACCTG GA
(&3

CACACAGGAAACAGCTATCACCATGTLCLCATCCTCTICCTCAGGATT

AATGATACGGOGACCACCGAGATCTACACCGACGTAAAACGACGGCCAYGHT

(:rx(.;\GClkGAAGACGGCATA('GAGAT FOACGCACACAGGAAACAGCTATGACTA*

-(FJAA(JCAGAAGACGGCATACG’AGA’I‘CGAC!E'GE"CACACAGGAAACAGC’I‘ATGACCA'
G

:S\ GCAGAAGACGGCATACGAGATTGACTACACACAGGAAACAGCTATGACCAX

e

éfA(:&GCA GAAGACGGCATACGAGATCCLAATCACACAGGAAACAGCIATGACCA

TG

(.:‘,f’:LGCAGAAGACGGCATACGAGA’I‘CAGA‘E’CCA CACAGGAAACAGCTATGACCA*

Z*‘Ss GCAGAAGACGGCATACCAGATACTTGACACACAGGAAACAGCTATGACC A%

éA(:&GCA GAAGACGGCATACGAGATOATCAGU ACACAGGAAACAGLTATGACCA
Q3

z‘_tt:xGCAGAAGA('.‘GGCATACGAGA’I“ TAGTTYCACACAGGAAACAGCTATGACCAS

el:.‘AC,'\(':(‘A(':AA(;A(‘(:n(“ATA(!(;A(;A'!‘ﬂr‘m)sﬁ'm(mnu‘«u AACAGOTATGADCAR
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Library Amplification - rev-10

Sequencing Primer {to read UID and internal sequences)
Index Primer (to read experiment indexes)
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T;a. [T
CAAGCAGAAGACGGCATACGAGATCTIGTACACA CAGGAAACAGCYATGAICAY
™G

A AN NSLANAL D NS R 7 WA NS KNl AN AR ANSN G W BE VA NSNS A g B R T NNy

CCACGIAAAACGACGHCCALT
CATGGTCATAGCTGTTICCTGTGTG

UID assignment Anplification - for

UID Assignment Amplification - rev
Library Amplification - for-1

Library Amplification - for-2

Library Amplification - for-3

Library Amplificstion - For-4

Library Amplification - for-3

Library Amplitication - for-6

Libraty Amplifieation - for-7

Library Amplification - rev

Sequencitig Priover 1 (o read U{Ds)
Sequencing Priwer 2 (o wad internal sequetioes)
Index Primer (to read experiment indexes)

Analysis of Phosphoramidite Oligonucleotide
Campesitian

CGACGTAAAACGACGGCCAGTNNANNNVNNNNNANNTLACCCGAGALAGCTCACAAGA
A

CACACAGGAAACAGCTATGACCATGATGCTAAGGCGAGGATGAAS

AATGATACGGLGACCACCGAGATCTACACACATOGCGACGTAAAACGACGGCT
Ay

::A('i‘(erTACGGCCACCACCGAGATCTACACGCC" TAACGACGTAAAACGATGGCC
GEl

tAG!Gl ATACGGCHACCACCGAGATCTACACTGITCACGACGTAAAACGACGGIC
SCEAT

:}.‘;‘i‘(gﬂl‘ACG{"CGA{ICAL’ZOGAGATC’I‘ACACA’ETH‘GGCCGACG’l‘AAAACGA\CGGCC
AG*

:;T(‘TAT ACGCCGACCACCGAGATCTACACGATCTGCGACGTAAAACGACGGCC
[P

f:J&(i'(;[)\T{‘/l('GGCGA.CC ACCGAGATCT ACACTCAAGTCGACGTAAAACHACGGTC
MR

i.;‘;‘(;A'i‘ACGG("GACCA CCEAGATCTACACTTCATECUATTTAAAACGACTIGCC

AMGFT

CAAGCAGAAGALGUCATACGAGATCACACAGGAAACAGCTATGACCAM TG
COACGTAAAACGACGGCCAGT
CCTAATTCOCCCCATCCTTAC

ACTOGGCCGTCGTT TYACUTCG

Syathesized temuplate, wt

Syuthesized template, mut (8 = 30750 mix of C and G)
VIR Assignment Amplificatiorn: - for

U Assigntient Awplification - rev

Library Amplification - for

Libravy Amplification - rev

Sequencing, Primes (10 vead UID and ifretnal sequences)

GOITACAGLO I TAFCATCLAACO I T GYG TP TG IAL P YAAAACATATENT TGO Cl
TTACCAAGCTGGTATC
CETTACAGOCTCAFGATSTALLCLCTGEGTCI TGO T CEAA CITTAAAACATATT Y TG CTA
TTACCAAGCTGGTATC

ACACTCTTTCCCTACACGACGCTCNNNNNNNANNNNGCTCAGICTGIGCAGGCAT
CTCGAGCACTGTCCTGACTGAGACGATACCAGCTTGGTAATGGCA
AATCATACGGCGACCACCGAGATCTACACCGTGATACACTCTTTCOCTACACGA
CEOT*C
CAAGCAGAAGACGGCATACGACGATCTCGAGCACTGTCCTGACTGAGHAMC

ACACTCTTTCCCTACACGACGCTC

[0050] Exogenous UIDs. Genomic DNA from normal human colonic mucosae or blood
lymphocytes was prepared using Qiagen kits. The DNA from colonic mucosae was used for the
experiments on CTNNB71and mitochondrial DNA, while the lymphocyte DNA was used for the
experiments on CTNNB1 and on polymerase fidelity. DNA was quantified with Digital PCR (2)
using primers that amplified single-copy genes from human cells (Analysis of Polymerase
Fidelity and CTNNBT), gPCR (mitochondrial DNA), or by optical absorbance (oligonucleotides).
Each strand of each template molecule was encoded with a 12 or 14 base UID using two cycles
of amplicon-specific PCR, as described in the text and Fig. 3. The amplicon-specific primers
both contained universal tag sequences at their 5' ends for a later amplification step. The UIDs
constituted 12 or 14 random nucleotide sequences appended to the 5' end of the forward
amplicon-specific primers (Table 6). These primers can generate 16.8 and 268 million distinct
UIDs, respectively. It is important that the number of distinct UIDs greatly exceed the number of
original template molecules to minimize the probability that two different original templates
acquired the same UID. The UID assignment PCR cycles included Phusion Hot Start Il (NEB) in
a 45 uL reaction containing IX Phusion HF buffer, 0.25mM dNTPs, 0.5 uM each forward
(containing 12-14 Ns) and reverse primers, and 2U of Phusion polymerase. To keep the final
template concentrations <1.5 ng/uL, multiple wells were used to create some libraries. The
following cycling conditions were employed: one incubation of 98°C for 30s (to activate the
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Phusion Hot Start Il); and two cycles of 98°C for 10 s, 61°C for 120 s, and 72°C for 10 s. To
ensure complete removal of the first round primers, each well was digested with 60 U of a single
strand DNA specific nuclease (Exonuclease-l; Enzymatics) at 37°C for 1hr. After a 5 min heat-
inactivation at 98°C, primers complementary to the introduced universal tags (Table 6) were
added to a final concentration of 0.5uM each. These primers contained two terminal
phosphorothioates to make them resistant to any residual Exonuclease-| activity. They also
contained 5' grafting sequences necessary for hybridization to the lllumina GA lIx flow cell.
Finally, they contained an index sequence between the grafting sequence and the universal tag
sequence. This index sequence enables the PCR products from multiple different individuals to
be simultaneously analyzed in the same flow cell compartment of the sequencer. The following
cycling conditions were used for the subsequent 25 cycles of PCR: 98°C for 10s and 72°C for
15s. No intermediate purification steps were performed in an effort to reduce the losses of
template molecules.

[0051] After the second round of amplification, wells were consolidated and purified using a
Qiagen QlAquick PCR Purification Kit (cat. no. 28104) and eluted in 50 uL EB Buffer (Qiagen).
Fragments of the expected size were purified after agarose (mtDNA libraries) or polyacrylamide
(all other libraries) gel electrophoresis. For agarose gel purification, the eight 6-uL aliquots were
loaded into wells of a 2% Size Select Gel (Invitrogen) and bands of the expected size were
collected in EB Buffer as specified by the manufacturer. For polyacrylamide gel purification, ten
5-uL aliquots were loaded into wells of a 10% TBE Polyacrylamide Gel (Invitrogen). Gel slices
containing the fragments of interest were excised, crushed, and eluted essentially as described

).

[0052] Analysis of Phusion polymerase fidelity. Amplification of a fragment of human
genomic DNA within the BMX (RefSeq Accession NM_203281.2) gene was first performed using
the PCR conditions described above. The template was diluted so that an average of one
template molecule was present in every 10 wells of a 96-well PCR plate. Fifty uL PCR reactions
were then performed in 1X Phusion HF buffer, 0.25mM dNTPs, 0.5uM each forward and
reverse primers (Table 6), and 2U of Phusion polymerase. The cycling conditions were one
cycle of 98°C for 30s; and 19 cycles of 98°C for 10 s, 61°C for 120 s, and 72°C for 10s. The
primers were removed by digestion with 60 U of Exonuclease-| at 37°C for 1hr followed by a 5
min heat-inactivation at 98°C. No purification of the PCR product was performed, either before
or after Exonuclease-| digestion. The entire contents of each well were then used as templates
for the exogenous UIDs strategy described above.

[0053] Sequencing. Sequencing of all the libraries described above was performed using an
lllumina GA lIx instrument as specified by the manufacturer. The total length of the reads used
for each experiment varied from 36 to 73 bases. Base-calling and sequence alignment was
performed with the Eland pipeline (lllumina). Only high quality reads meeting the following
criteria were used for subsequent analysis: (i) the first 25 bases passed the standard Illumina
chastity filter; (ii) every base in the read had a quality score =20; and (iii) £ 3 mismatches to
expected sequences. For the exogenous UID libraries, we additionally required the UIDs to
have a quality score =30. We noticed a relatively high frequency of errors at the ends of the
reads in the endogenous UID libraries prepared with the standard lllumina protocol, presumably
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introduced during shearing or end-repair, so the first and last three bases of these tags were
excluded from analysis.

[0054] Safe-SeqS analysis. High quality reads were grouped into UID-families based on their
endogenous (according to the invention as defined in the claims) or exogenous UIDs. Only UID-
families with two or more members were considered. Such UID-families included the vast
majority (=z99%) of the sequencing reads. To ensure that the same data was used for both
conventional and Safe-SeqS analysis, we also excluded UID-families containing only one
member from conventional analysis. Furthermore, we only identified a base as "mutant” in
conventional sequencing analysis if the same variant was identified in at least two members of
at least one UID-family (i.e., two mutations) when comparing conventional analysis to that of
Safe-SeqS with exogenous UIDs. For comparison with Safe-SeqS with endogenous UIDs, we
required at least two members of each of two UID-families (i.e., four mutations) to identify a
position as "mutant” in conventional analysis. With either endogenous or exogenous UIDs, a
super-mutant was defined as a UID-family in which 295% of members shared the identical
mutation. Thus, UID-families with <20 members had to be 100% identical at the mutant position,
while a 5% combined replication and sequencing error rate was permitted in UID-families with
more members. To determine polymerase fidelity using Safe-SeqS, and to compare the results
with previous analyses of Phusion polymerase fidelity, it was necessary to realize that the
previous analyses would only detect mutations present in both strands of the PCR products (4).
This would be equivalent to analyzing PCR products generated with one less cycle with Safe-
SeqS, and the appropriate correction was made in Table 2A. Unless otherwise specified, all
values listed in the text and Tables represent means and standard deviations.

EXAMPLE 8 - Error-generating processes

[0055] Apparent mutations, defined as any base call that varies from the expected base at a
defined position, can result from a variety of processes:

1. 1. Mutations present in the template DNA. For templates derived from normal human
cells, these include mutations that were present in the zygote, occurred later during
embryonic and adult development, or were present in a contaminant inadvertently
introduced into the sample. These mutations are expected to be present in both strands
of the relevant templates. If the mutation occurred only in the last cell-cycle of a cell
whose DNA was used as template, the mutation would be present in only one strand of
the template.

2. 2. Chemically-modified bases present in the templates. It has been estimated that there
are many thousands of oxidized bases present in every human cell (5). When such DNA
is amplified by Phusion polymerase, an apparent mutation in one strand may result.

3. 3. Errors introduced during the shearing process required to generate small fragments for
sequencing. Acoustic shearing generates short-lived, high temperatures that can damage
DNA.

4. 4. Errors introduced during end-repair of the sheared fragments. The source of these
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errors can be polymerase infidelity or through incorporation of chemically-modified bases
in the dNTPs used for polymerization.

5. 5. Errors introduced by other enzymatic steps, particularly if the enzymes are impure and
contaminated with nucleases, polymerases, or ligases.

6. 6. Errors introduced during PCR amplification to prepare the libraries for capturing or for
inverse PCR.

7. 7. Errors during PCR after capturing or during inverse PCR amplification.

8. 8. Errors introduced into the UID assignment cycles of Safe-SeqS (Fig. 3).

9. 9. Errors introduced into the library amplification cycles of Safe-SeqS performed with
exogenous UIDs. Note that if UID assignment primers from process #8 are not completely
removed, they could potentially amplify DNA fragments containing errors introduced
during these cycles, creating a new super-mutant.

10. 10. Errors introduced into the first bridge-PCR cycle on the lllumina flow cell. If
amplification is inefficient, an error introduced into the second bridge-PCR cycle could
also result in a cluster containing a mutation in most of its component molecules.

11. 11. Errors in base-calling.

EXAMPLE 9 - Achieving accuracy with Safe-SeqS

[0056] With conventional sequencing-by-synthesis approaches, all the error-producing
processes described above are relevant, resulting in a relatively high number of false-positive
mutation calls (Tables 1 and 2). Safe-SeqS minimizes the number of false-positive mutation
calls in several ways. Safe-SeqS with exogenous UIDs results in the fewest false-positive
mutation calls because it requires the fewest enzymatic steps. With exogenous UIDs, error-
generating processes #3 to #7 are completely eliminated because these steps aren't performed.
Safe-SeqS with exogenous UIDs also drastically reduces errors resulting from error-generating
processes #10 and #11 because of the way the data is analyzed.

[0057] After Safe-SeqS with exogenous UIDs, the only false-positive errors remaining should be
those introduced during the UID assignment PCR cycles (error-generating process #8) or
residual UID-containing primers during the library amplification cycles (error-generating process
#9). The errors from error-generating process #8 can theoretically be eliminated by requiring at
least two super-mutants to identify a position as "mutant." This requirement is reasonable
because every pre-existing mutation in a double stranded DNA template should give rise to two
super-mutants, one from each strand. Furthermore, this requirement would eliminate error-
generating process #2 (damaged bases in the original templates) because such bases, when
copied, should give rise to only one super-mutant. Finally, errors generated during the library
amplification cycles (process #9) will not be amplified by residual UID-containing primers if those
primers are completely removed, such as performed here with excess Exonuclease-I.

[0058] With endogenous UIDs, the mistakes introduced by processes #10 and #11 are
drastically reduced because of the way in which the data is analyzed (as with exogenous UIDs).
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Errors introduced in processes #2 to #7 can be minimized by requiring that a mutation be
observed in at least two UID-families, for the reasons stated in the paragraph above. With this
requirement, few false-positive mutations, in theory, should be identified.

[0059] In practice, the situation is complicated by the fact that the various amplification are not
perfect, so every strand of every original template molecule is not recovered as a UID-family.
This efficiency can vary from sample to sample, depending in part on the concentration of
inhibitors present in clinical samples. Moreover, with exogenous UIDs, a polymerase error
during the library amplification step can create a new UID-family that wasn't represented in the
UID assignment step. If this error occurred in a mutant template, an additional, artificial super-
mutant would be created.

[0060] These factors can be managed by incorporating various additional criteria into the
analyses. For example, one might require UID-families to contain more than two, five or ten
members. Another requirement could be that the exogenous UIDs of super-mutants not be
related to any other UID in the library by a one-base difference. This would eliminate artificial
super-mutants generated during the library amplification steps (noted in above paragraph). We
routinely instituted this requirement in our Safe-SeqS analyses, but it made little difference
(<1%) in the number of super-mutants identified. Specificity for mutations can be further
increased by requiring more than one super-mutant to identify a position as "mutant,” as
described above for endogenous UIDs. When requiring multiple super-mutants, the specificity
can be even further increased by requiring that each strand of the original double stranded
template contain the mutation or, when libraries are amplified using multiple wells, that rare
mutations share an introduced sequence that identifies the well in which the mutations (i.e., one
from each strand) were amplified. Such decisions involve the usual trade-off between specificity
and sensitivity. In our experiments with exogenous UIDs (Table 2), we required only one super-
mutant to identify a position as "mutant” and included all UID-families with more than one
member. As endogenous UIDs was associated with more error-generating processes than with
exogenous UIDs, we required two super-mutants to identify a position as mutant in the
experiments reported in Table 1 and also included all UID-families with more than one member.

EXAMPLE 10 - Mutation prevalences in normal human tissues

[0061] The experiments reported in Tables 1 and 2, in which > 10,000 templates were
assessed, show that mutations are present in the nuclear DNA of normal human cells at a

frequency of 3.5 x 100 to 9.0 x 10®mutants/bp depending on the region analyzed. It is
impossible to determine whether this low level represents genuine mutations present in the
original templates or the sum of genuine mutations plus artifactual mutations from the error-
generating processes described above. Mutation prevalences in human cells have not been
widely investigated, in part because they are so infrequent. However, several clever techniques
to identify rare mutants have been devised and can in principle be used for comparison.
Unfortunately, estimates of human mutation prevalences vary widely, ranging from as many as

10'5mutants/bp to as many as 1078 mutants/bp (6-12). In several of these studies, the estimates
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are complicated by the lack of data on the nature of the actual mutations - they could in some
cases be caused by losses of whole chromosomes, in others by missense mutations, and in
others mainly by nonsense mutations or small insertions or deletions. Additionally, these studies
used various sources of normal cells and examined different genes, making direct comparisons
difficult. Estimates of the prevalences and rates of mitochondrial DNA mutations similarly vary
(13-19). It will be of interest in future work to analyze the same DNA templates and genes with
various technologies to determine the basis for these different estimates.

[0062] But let us assume that all of the mutations identified with Safe-SeqS represent genuine
mutations present in the original DNA templates from normal cells. What does this tell us about
the number of generations though which these cells have proceeded since the organism was
conceived? There is a simple relationship between mutation rate and mutation prevalence: the
mutation prevalence equals the product of the mutation rate and the number of generations that
the cell has gone through since conception. The somatic mutation rate has been determined in

previous studies to be ~ 10" mutants/bp/generation, though this estimate also varies from study
to study for reasons related to those mentioned above with respect to mutation prevalence.
Combining this literature-derived estimate of mutation rate with our estimates of mutation
prevalence suggests that the normal cells analyzed (lymphocytes, lymphoblastoid cell lines or
colonic mucosae) had proceeded through 3,500 to 8,900 generations, representing cells
dividing every 3 to 7 days for the individuals examined in this study (average age 65 years).

EXAMPLE 11 - Computer simulation of polymerase-introduced errors

[0063] The timing of mutations introduced by polymerases greatly alters the final number of
mutations observed (20). For example, two mutations would differ in prevalence by ~64-fold if

introduced 6 cycles apart (2%. Because polymerases introduce mutations in a stochastic
manner, a simple Monte Carlo method was employed for the simulations. In these simulations,
we used the manufacturer's estimate of the Phusion polymerase error rate with an appropriate
adjustment for ability of Safe-SeqS to detect mutations in only one strand (4). Note that errors
introduced in cycle 19, as well as in the two UID assignment cycles, would result in changes in
only one strand of the duplex - i.e., result in one super-mutant rather than two. In each
experiment, we assumed that there was a constant efficiency of amplification given by the total
number of templates obtained at the end of the experiment (i.e., if the number of UID-families

was N, then we assumed that the number of templates increased by a factor of N/219 in each
cycle). One-thousand simulations were performed for each of seven experiments, and the
results reported in Table 4.
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PATENTKRAV

1. Fremgangsmade til analyse af, om en amplificeret DNA-sekvens ngjagtigt
repraesenterer et analyt-DNA-fragment, der omfatter en mutation, ved anvendelse af

endogene unikke identifikatorsekvenser (UID'er), der omfatter:

fastgerelse af adapteroligonukleotider pa enderne af fragmenter af analyt-
DNA pa mellem 30 til 2000 baser, begge inklusive, for at danne tilpassede
fragmenter, hvor hver ende af et fragment far fastgerelsen er en endogen UID til

fragmentet;

amplifikation af de tilpassede fragmenter ved anvendelse af primere, der er
komplementeere til adapteroligonukleotiderne, for at danne familier af tilpassede

fragmenter;

bestemmelse af nukleotidsekvensen af en flerhed af medlemmer af en

familie;

sammenligning af nukleotidsekvenserne af flerheden af medlemmer af

familien; og

identifikation af en nukleotidsekvens som veerende en ngjagtig repreesentant
for analyt-DNA-fragmentet, der omfatter mutationen, nar mindst 95 % af

medlemmerne af familien deler mutationen.

2. Fremgangsmade ifglge krav 1, hvor fremgangsmaden endvidere omfatter
berigelse for fragmenter, der repraesenterer et eller flere udvalgte gener, ved
indfangning af et delsaet af fragmenterne ved anvendelse af capture-oligonukleotider,

der er komplementeere til udvalgte gener i analyt-DNA'et.

3. Fremgangsmade ifelge krav 2, hvor trinnet med fastgerelse er far trinnet med
berigelse.
4, Fremgangsmade ifglge krav 1, hvor fremgangsmaden endvidere omfatter

berigelse for fragmenter, der repraesenterer et eller flere udvalgte gener, ved

amplifikation af fragmenter, der er komplementeere til udvalgte gener.
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2
5. Fremgangsmade ifelge krav 4, hvor trinnet med fastgerelse er far trinnet med
berigelse.
6. Fremgangsmade ifelge krav 1, hvor fragmenterne dannes ved klipning.
7. Fremgangsmade ifglge krav 1, hvor analyt-DNA'et far amplifikationen

behandles med bisulfit for at omdanne umethylerede cytosinbaser til uracil.

8. Fremgangsmade ifelge krav 1, der endvidere omfatter trinnet med
sammenligning af antallet af familier, der repraesenterer et farste analyt-DNA-
fragment, med antallet af familier, der repraesenterer et andet analyt-DNA-fragment,
for at bestemme en koncentration af et ferste analyt-DNA-fragment i forhold til et

andet analyt-DNA-fragment i flerheden af analyt-DNA-fragmenter.

9. Fremgangsmade ifglge krav 1, hvor identifikation af en nukleotidsekvens som
veerende en ngjagtig repreesentant for et analyt-DNA-fragment kreever, at en mutation

observeres i mindst to familier.

10. Fremgangsmade ifglge et hvilket som helst af de foregaende krav, hvor
trinnet med bestemmelse af nukleotidsekvensen af en flerhed af medlemmer af en

familie udferes ved massiv parallel sekventering.
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