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tion of DNA templates is essential for progress in several areas of biomedical
research. Though massively parallel sequencing instruments are in principle
well-suited to this task, the error rates in such instruments are generally too
high to allow confident identification of rare variants. We here describe an ap -
proach that can substantially increase the sensitivity of massively parallel se-
quencing instruments for this purpose. One example of this approach, called
"Safe-SeqS" for (Safe-Sequencing System) includes (i) assignment of a unique
identifier (UID) to each template molecule; (ii) amplification of each uniquely
tagged template molecule to create UID-families; and (iii) redundant sequen-
cing of the amplification products. PCR fragments with the same UID are
truly mutant ("super-mutants") if >95% of them contain the identical muta-
tion. We illustrate the utility of this approach for determining the fidelity of a
polymerase, the accuracy of oligonucleotides synthesized in vitro, and the pre-

valence of mutations in the nuclear and mitochondrial genomes of normal
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SAFE SEQUENCING SYSTEM

{61} This mmvention was made using support from the National Tustitutes of Health, grants
CA62924, CA43460, and CAS7345. Certam rights to the invention are retained by the

U.S. government under the terros of the grant.
TECHNICAL FIELD OF THE INVENTION

{621 This invention is related to the area of nucleic acid sequencing. In particular, it relates to
manipulative and asalytic steps for analyzing and verifying the products of low

frequency events.
BACKGROUND OF THE INVENTION

{63]  Geoetic mutations underlic many aspects of life and death - through evolution and
disease, respectively.  Accordingly, their measurement is critical to several fields of
research, Luria and Delbriick's classic fluctuation analysis is a prototypic example of the
msights into biological processes that can be gained simply by counting the number of
mutations in carefully controlled experiments (1) Counting de novo mutations in
hurnans, 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 nform 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, §). 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 diagunosis in a nov-invasive fashion (7, 8). In
neoplastic discases, which are all driven by sowatic mutations, the applications of rare
mutant detection are maunifold; they can be used to help identity residual discase at

surgical margins or in lymph nodes, to follow the course of therapy when assessed in
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plasma, and perhaps to identify patients with early, surgically curable disease when

evaluated in stool, sputum, plasma, and other bodily fluids (9-11).

{64] These examples highlight the importance of wdentifying rare mutations for both basic and
clinical rescarch. 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 (I, 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). Sorc of the most powertul of
these newer methods are based on Digital PCR, in which mdividual molecules are
assessed one-by-one (25). Digital PCR 15 couceptoally identical to the analysis of
mdividual cloues of bacteria, cells, or viras, but is perforroed entirely o vitro with
defined, inanimate reagents. Secveral 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 cmulsions (25-30). In cach of these
technologies, mutant templates are identified through their binding to oligonucleotides

specific for the potentially mutant base.

8] 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. 1t has the
advantage over conventional Digital PCR methods in that multiple bases can be queried
sequentially and casily in an antomated fashion. However, massively parallel sequencing
cannot generally be used to deteet rare variants because of the high error rate associated
with the sequenciug process. For example, with the comrnonly used IHumina sequencing
instruments, this error rate varies from ~19%{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 itscif.

Other errors are due to base mis-incorporation during sequencing and base-calling errors,

.
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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 relisbly interpreted, so

that relatively rare mutations can be wdentified with cornmercially available instruments.

There 1s a continuing need 1u the art to oprove the sensitivity and accuracy of sequence

determinations for investigative, chinical, forensic, and genealogical purposes.
B ; » H =

SUMMARY OF THE INVENTION

1671

According to one aspect of the invention a method analyzes nucleic acid sequences. A
plurality of analyte nucleic acid fragments to form uniquely identified analyte nucleic
acid fragmeunts. 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 analyie nucleic acid fragment when at least 1 % of members of the family

contain the sequence.

According to another aspect of the invention a method analyzes nucleic acid sequences.
A uonigue dentificr sequence (UID) is attached to a first end of each of a ploarality of
analyte DNA fragments using at least two cycles of amplification with first and second
primers to form uniquely identified analyte DNA fragments. The UlDs 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 UlD;
and a third scgroont containing a universal priming site for subsequent amplification.
The sccond privacrs comprise a universal priming site for subsequent araplification. Each
cycle of amplification attaches one universal puming sife to a strand. The uniguely

wdentified analyte DNA fragroents are amplified to form a family of uniquely wdentified
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analyte DNA  fragments from each uniguely identified analyte DNA  fragment.

Nucleotide sequences of a plurality of members of the family are determined.

Another aspect of the invention is a method to analyze DNA using endogenous unique
wdentifier scquences (UIDs). Fragmented analyte DNA 1s obtained coraprising fragrments
of 30 to 2000 bascs, mnclusive. Each ond of a fragrent forms an endogenous UID for the
fragment.  Adapter oligonucleotides are attached to cuds 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 oligomucleotides to form families of adapted fragments.
MNucleotide sequence is determined of a plurality of members of a farmily. Nucleotide
scquences of the plurality of members of the family are compared. A nucleotide
sequence 1s identified as accurately represcuting an analyte DNA fragment when at least

a 1% of merobers of the family contain the sequence.

Still another aspect of the invention is a composition comprising population of primer
pairs, wherein cach pair comprises a first and sccond 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 4 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 compuising a sute for hybridization
to a fourth primer. Interposed between the first portion and the second portion of the
second primer is a third portion counsisting of 2 to 4000 nucleotides forming a unique
identifier (D). The unique identifiers in the population have at least 4 different
sequences. The first and second primers arc complementary to opposite strands of the
gene or gene portion. A kit roay comprise the population of primers and the third and
fourth primers complernentary to the second portions of cach of the first and sccond

primers.
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{11} These and other embodiments which will be appareut to those of skill 1 the art upon
reading the specification provide the art with tools and methods for sensitively and

accurately determining nucleic acid features or sequences.
BRIEF DESCRIPTION OF THE DRAWINGS

{121 Fig. 1. Essential Elements of Safe-Seqh. In the first step, each fragment o 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 UlD-families, each
meraber of which has the same UID. A super-mutant 18 defined as a UlD-famuly in

which >95% of family merabers have the same mutation.

[13] Fig. 2. Safe-SeqS with Endogenocus UlDs Plus Captare. The scquences of the ends
of cach fragment produced by random shearing (variously shaded bars) serve as the
unigue identifters (UIDs). These fragments are ligated to adapters {(ecarth hatched and
cross hatched bars) so they can subsequently be amplified by PCR. One uniguely
tdentifiable fragment is produced from cach strand of the double-stranded template; only
onc strand is shown. Fragments of interest are captured on a solid phase containing
oligonucleotides complernentary to the sequences of ioterest.  Following PCR
araplification to produce UlD-familics with primers containing 57 “grafting” sequences
{adhesive filled and light stippled bars), sequencing 1s performed and super-mutants are

defied as in Fig. 1.

{141 Fig. 3. Safe-SeqS with Exogenous UlDs. 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 st of 14 N’s) that forms the unique identifier (UIDy; variously shaded bars},
located 57 to its gene-specific sequence, and both have scquences that permit universal
amplification in the next step (carth hatched and cross hatched bars). Two UID
assignment cycles produce two fragments - cach with a different UID - from cach
double-stranded template molecule, as shown, Subsequent PCR with universal primers,

which also contain “grafting” sequences (adhesive filled and light stippled bars),
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produces UlD-families which are directly sequenced. Super-nutants are defined as in the

fegend to Fig. 1.

Figs. 4A-4B. Single Base Substitutions Identified by Conventional and Safe-SeqS
Amnalysis. The exogenous UID strategy depicted in Fig. 3 was used to produce PCR
fragments from the CTNNB/ gene of three normal, unrelated individuals. Each position
cpresents one of 87 possible single base substitutions (3 peossible substitutions/base x 29
bases analyzed). These fragments were sequenced on an [Humina GA HIx instrument and
analyzed in the conventional roanner (Fig. 4A) or with Safe-SeqS (Fig. 4B). Safe-SeqgS
results are displayed oun the same scale as conventional analysis for direct corparisory
the inset is a magnified view. Note that most of the variants identified by conventional
analysis are likely to represent sequencing errors, as indicated by their high frequency

relative to Safe-SeqS and their consistency among unrelated samples.

Fig. 5. Safe-SeqS with endogenous UlDs plus inverse PCR. The sequence of the ends
of cach fragment produced by random shearing serve as unique identifiers {(UlDs;
vartously shaded bars). These fragments are ligated to adapters (carth hatched and cross
hatched bars) as in a standard Hlominag library preparation.  One uniquely tagged
fragment is produced from cach 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 57 “grafting” sequences (adhesive filled and lightly
stippled bars). This PCR produces UlD-families which are directly sequenced. Super-

mutants are defined as in Fig, 1.

Fig. 6A-6B. Single base substitutions position vs. error frequency in olgonucleotides
synthesized with phosphoramidites and Phusion. A representative portion of the same
31-base DNA fragment synthesized with phosphoramidites (Fig. 6A) or Phusion
polyracrase (Fig. 6B} was analvzed by Safe-SegS. The means and standard deviations
for seven indepeundent experiments of cach type are plotted. There was an average of
1,721 = 383 and 196 =+ 143 SBS super-mutants ideotified in the phosphoramidite-

synthesized and Phusion~-generated fragments, respectively,  The y-axis indicates the

6
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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 crrors were systematically introduced during the synthesis
ttself.  In contrast, the errors in the Phusion-generated fragments appeared to be
hetcrogencous 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 CTNNE! from three normal,
unrelated individuals (Table ZB); a representative example of the UlD-families with <
360 members (99% of total UiD-families} generated from one individual is shown. The
y-axis indicates the number of different UlD-familics that contained the number of

family moembers shown on the x-axis.

DETAILED DESCRIPTION OF THE INVENTION

[19]

The inventors have developed an approach, called "Safe-SeqS” (frorn Safe-Sequencing
Systern).  In one emboediment it involves two basic steps (Fig. 1) The first 15 the
assignmoent of a Unique Identifier (UID) to each nucleic acid template molecule to be
analyzed. The second 18 the amplification of ecach uniquely tagged template, so that
many danghter molecules with the identical sequence are generated {(defined as a UlD-
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 UlD-
family 1n which every family member (or a certain predetermined proportion) has an
wdentical mutation is called a “super-mutant.” Mutations not occurring 1o the original
templates, such as those occurring during the amphification steps or through errors in
base-calling, should not give rise to super-mutants, .., will pot be present at the pre-
determined frequency in a UID family. In other embodiments, amplification is not

neCessary.
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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 vitro 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.

Fragments of nucleic acids may be obtained using a random fragmeunt formng technique
such as mechanical shearing, sonicating, or subjecting mucleic 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 specificaily fragment
nay alse 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. Nucleie acids

may be, for example, RNA or DNA. Modified forms of RNA or DNA may also be used.

Attachment of an exogenous UID to an analyte nuclete acids fragment may be performed
by any raecans known in the art, inchuding enzyroatic, chermcal, or bologic. 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. A UID may be
contained within & nucleie acid molecule that contains other regions for other intended
functionahty. For exarople, a universal pruving site may be added to permit later
amaplification. Another additional stte may be a region of complementarity to a particular
region or gene i the analyte nucleic acids. A U may be from 2 to 4,000, from 100 to

1000, from 4 to 400, bases in length, for exampie.

UlDs may be made using random addition of nucleotides to form a short sequence to be

used as an identificr. At cach position of addition, a selection from one of four
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deoxyribonucleotides may be used. Alternatively a selection from one of three, two, or
onc 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 g chip. In this manner of making, complexity
is attained in @ planned manner. ¥t may be advantageous to attach a UID to cach end ot a

fragment, 1ocreasing the complexity of the UID population on fragments.

A cyele 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 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 exaraple, when analyte is dilute or inhibitors are preseut.

In the case of endogenous Ullss, adapters can be added to the ends of fragments by
figation. Complexity of the analyte fragments can be decreased by a capture step, either
on a solid phase or in liguid 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 sohid phases known m the art
include filters, merbrances, beads, columns, cte. 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 eluted 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 librarics. Optionally, the gene-
specific privocrs can contain grafting sequences for subsequent attachment to 8 massively

paralicl sequencing platform.

9
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Becaunse cndogenous UlDs provide a himited number of unique possibilitics, depending
on the fragment size and sequencing read length, combinations of both endogenous and
exogenous UlDs can be used. Introducing additional sequences when amplifying would
mcrease the available UlDs 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 UlDs 96-
fold, because up to 96 templates with the same endogenous UID could be distinguished.
This techmque can also be used with exogenous UlDs, so that each well's primers adds a
unigue, wel-specific sequevnce to the aroplification products. This can wimprove the

specificity of detection of rare teraplates.

Amplification of fragments containing a UID can be performed according to known
techniques to gencrate 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. Amplhification of fragraents typically s done
asing primers that are complementary to priming sites that are attached to the fragments
at the same time as the UlDs. The privoing sites are distal to the UlDs, so that
amplification inclades the Ulls.  Amplification forms a family of fragments, cach
member of the family sharing the same UID. Because the diversity of UlbDs is greatly in
excess of the diversity of the fragments, cach family should derive from a single fragment
molecule in the analyte. Primers used for the amplification may be chemically modified
to render thern more resistant to cxonucleases. One such modification is the use of
phosphorothioate linkages between one or more 37 nucleotides.  Anether employs

boranophosphates.

Family roembers are sequenced and compared to identify any divergencies within a
family. Sequencing is preferably performed on a masstvely paralle] 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 UlDs or adapters or separately. A prafting sequence may be

art of a UID primer, a universal primer, a gene target-specific primer, the amplification
, ) A g 2CT-§ , :

10
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primers used for making a family, or scparate. Redundant sequencing refers to the

sequencing of a plurality of members of a single family.

3

A threshold can be set for identifving a mutation in an analyte. If the “mutation” appears
in all members of a farnily, then it derives from the analyte. It it appears 1o less than all
members, then 1t 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%,
0%, 90%, 95%, 97%, 98 %, or 100%. Thresholds will be set based on the number of

members of a family that are sequenced and the particular purpose and sttuation.

Populations of primer pairs arc used to attach exogenous UlDs. The first primer
comprises a first portion of 10-100 nucleotides compiementary to the gene or gene
portion and a sccond portion of 10 to 100 nucleotides comprising a site for hybnidization
to & third privacr. The sccond primer comprisces 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 unigue identifier (UID). The unique identifiers in the
population have at least 4, at least 16, at least 64, at least 256, at lcast 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 67,108,564 different sequences. The first and
sccond primers are complerncntary to opposite strands of the gene or gene portion. A kit
can be made contaiung both the primers for attaching exogenous UlbDs as well as
amplification primers, ie., the third and fourth pumers complementary to the second
portions of cach 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 randomiy
selected sequences and pre-defined mucleotides. If both, these can be joined together in

biocks or interspersed.

it
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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.

The results described below in the examples demonstrate that the Safe-SegS approach
can substantially improve the accuracy of massively parailel sequencing (Tables | and 2).
It can be mmplemented through either endogenous or exogenously introduced UlDs and
can be applied to virtually any sample preparation workflow or sequencing platform. As
demonstrated here, the approach can casily be used fo identify rare mutants i 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
vields the number of termiplates analyzed as well as the fraction of templates containing
variant bases. Previously described /n vitro methods for the detection of small numbers
of template molecules {e.g., (29, 50)) allow the fraction of mutant templates to be
determained but cannot determune the number of nwtant and normal templates in the

original sample.

it is of intcrest to compare Safe-SeqS to other approaches for reducing crrors in next-
gencration sequencing. As mentioned above, in the background of the invention,
sophisticated algorithms fo increase the accuracy of basc-calling have been developed
{e.g., {36-39)). These can certainly reduce false positive calls, but their sensitivity s still
fimited by artifactual mutations occurring during the PCR steps vequired for lhibrary
preparation as well as by (a reduced nurober 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 107 errors/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-SegS. Travers ef af. have deseribed another powerful
strategy for reducing crrors (51). With this technology, both strands of cach template
molecule are sequenced redundavntly afier a number of preparative enzymatic steps.

However, this approach can ounly be performoed on a specific instrument. Moreover, for
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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 UlDs (Fig. 3) fulfills this
requircraent by coupling the UID assignment step with a subscquent amplification in
which few molecules are lost. Our endogenous UID approaches (Fig. 2 and Fig. 5) and
the one described by Travers et al. are not wdeally suited for this purpose because of the

inevitable losses of template voolecules during the higation and other preparative steps.

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 107 to 2.4 x 107 mutations/bp (Tables 1 and
2y 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 Hiumina analysis when used with stringent base-calling
criteria. In contrast, the mutation prevalence of Safe-SegS varied nmch more, from 0.0t
14 x 107 mutations/bp, depending on the template and cxperiment. Morcover, the
mutation prevalence measured by Safe-SeqS in the most controlled experiment, in which
polymerase fidelity was weasured (Table 2A), was alroost wdentical to that predicted from
previous experiments in which polyroerase fidelity was measuored by biological assays.
Chur measurements of mutation prevalence in the DNA from normal cells are consistent
with some previous expertmental data. However, estimates of these prevalences vary
widely and may depend on cell type and sequence analyzed {see S text). We therefore
cannot be certain that the few mutations revealed by Safe-SeqS represented crrors
occurring during the sequencing process rather than truc mutations present in the original
DNA templates. Potential sources of error in the Safe-SegS process are described in the

ST text.

Another potential application of Safe-SegS is the minimization of PCR contamination, a

scrious problem for chinical laboratories.  With cndogenous or exogenous UlD
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assignment, the UlDs of mutant templates can simply be compared to those identified in
prior experiments; the probability that the same nwtation from two independent samples
would have the same UID in different cxperiments is negligible when mutations are
mfrequent.  Additionally, with exogenous UlDs, a control experiment with the same
teraplate but without the UID assigning PCR cycles (Fig. 3} can ensure that no DNA
contarntnation 1s present n that template preparation; no template should be amplified in
the abseuce of UID assignment cycles and thus no PCR product of the proper size should

be observed.

Like all techniques, Safe-SeqS has himitations. 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 chalienge. A sccond
Himitation 18 that the efficiency of amplification in the UID assigoment cycles 18 critical
for the success of the method. Clinical samples may contain inhibitors that reduce the
ethicicucy of this step. This problern can presumably be overcome by perforrming rore
than two cycles in the UID assignment PCR step (Fig. 3), though this would complicate
the determination of the number of termplates analyzed. The specificity of Safe-8egS is
currently limited by the fidelity of the polymerase used in the UID assignment PCR step,
ie. 8.8 x 107 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 10 mutations/bp.  However, this specificity can be increased by
requiring wore than one super-mutant for routation wdentification - the probability of
introducing the same artifactual mutation twice or three times would be exceedingly low
(42 x 10° P or [2 x 101 7, respectively). In sum, there are several simple ways to
perform Safe-SeqS variations and analysis variations to realize the needs of specific

experiments.

14
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Luria and Delbriick, in their classic paper in 1943, wrote that thewr “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 mmltiplication of those which mutated, the
amount of multiplication depending on how far back the mutation occurred.”” The Safe-
SeqS procedure described here can verity such predictions because the number as well as
the time of occurrence of cach mutation can be estimated from the data, as noted in the
experimaents on polymerase fidelity. In addition to templates generated by polymerases
in vitro, the same approach can be applicd to DNA from bacteria, viruses, and
mammalian celis. We therefore expect that this strategy will provide definitive answers

to a variety of important biomedical questions.

The above disclosure generally describes the present invention. All references disclosed
herein arc cxpressly incorporated by reference. A more corapicte understanding can be
obtained by reference to the following specific examples which arc provided heremn for

purposes of tlustration only, and are not intended to it the scope of the imvention.

EXAMPLE 1-- Endogenous Uibs.

{39

UlDs, sometimes called barcodes or indexes, can be assigned to nucleic acid fragments in
many ways. These include the introduction of cxogenous sequences through PCR (40,
41y or ligation (42, 43). Even more simply, randomly sheared genomic DNA inherently
contains UiDs consisting of the sequences of the two ends of cach sheared fragment (Fig.
2 and Fig. 5 ). Paired-end sequencing of these fragments yields UlD-families that can be
analyzed as described above. To employ such endogenous UIDs in Safe-SegS, we used
two separate approaches: one designed to evalnate many genes sinwltancously and the
other designed to evaluate a single gene fragment in depth (Fig. 2 and Fig. 3

respectively).

!
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For the evaluation of maultiple genes, we ligated standard Hlumina sequencing adapters to
the ends of sheared DNA fragments to produce a standard sequencing bibrary, 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 cxcluding known single nucleotide polymorphisms, 25,563 apparent
nutations, corresponding to 2.4 x 107 = 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 ntroduced doring template and
Hbrary preparation or base-~calling errors. Note that the error rate determined here (2.4 x
107 mutations/bp) is considerably lower than usually reported in experiments using the

Humina instrument because we used very stringent criteria for base calling.

Table 1. Safe-SeqgS with Endogenous UlDs

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 25,563 234,352
Mutations/bp 2.4E-04 23E-04

Safe-Seqs Analysis

High quality bp 106,958,863 1,041,346,645

Mean high guality bp read depth 38,620 2,085,600x

UlD-familics 69,505 1,057

Average # of maembers/UID-family 40 21,688

Median # of members/UID-family i9 4

Super-mutants identified 8 0

Super-muiants/bp 3.5E-06 8.0
{411  With Safe-SegS analysis of the same data, we deternmned that 69,505 original template

molecules were assessed in this experiment (e, 69,505 UlD-faroilies, with an average of
40 members per family, were identified, Table 1). All of the polymorphic variants
tdentificd by conventional analysis were also identified by Safe-SeqS. However, only 8

super-mutants were observed among these families, corresponding to 3.5 x 107
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mutations/bp. Thus Safe-SeqS decreased the presumptive sequencing errors by at least

70-fold.

Safe-SegS analysis can also determine which strand of a template is mutated, thus an
additional criteria for calling routations could require that the mutation appears in only
onc or in both strands of the oniginally double stranded teraplate. Massively paraliel
sequencers are able to obtain sequence wformation from both ends of a template in two
sequential reads. (This type of sequencing experiment is called a "paired cod” run on the
Hlumina 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 i obtained from both ends. For
exaraple, a UID strand pair could consist of the following two groups of sequences when
cach end of a template 18 sequenced in sequential reads: 1) A sequence 1 the sense
orientation that begins at position 100 of chroroosome 2 in the first read followed by a
sequence 1o the antisense orientation that begins at position 400 of chrowosome 2 1o 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 UlDs (representing 21,111 original double stranded
molecules) in the region of mterest represented UID strand pairs. These 42,222 UlDs
encompassed 1,417,838 bascs in the region of interest. When allowing a mutation to
only occur within UID strand pairs {whether 1o one or both strands), two super-routants
were observed, yiclding a mutation rate of 1.4 x 107 super-moutants/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 107 super-mutants/bp. When requiring that a
mutation occur in both strands of a UID strand pair, only one super-mutant was obscrved,
yielding a mutation rate of 7.1 x 107 super-mutants/bp. Thus, requiring that mutations
oceur i only one or in both strands of templates can further increase the specificity of

Sate-SeqSs.

st
-
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A strategy employing endogenous UlDs 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
cmploying primers coraplementary 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 1Y
* mutations/bp were observed, similar to that observed in the capture experirsent (Table
1. Given that ouly 1,057 independent molecunles from normal celis were assessed in this
expertiment, 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 --Exogencus Ulbs,

[44]

Though the results described above show that Safe-SeqS can increase the reliability of
masstvely parallel sequencing, the number of different molecules that can be examined
using endogenous UlDs 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 roolecules containing a specific mutation (2 reads x 2 orientations x 36
bases/read x 50 basc variation on either end of the fragment). In practice, the actusl

nurber of UlDs is smaller becaunse the shearing process is not entirely randoru.

To make more cfficient use of the original termplates, we developed a Safe-SegS strategy
that cmployed a minimum number of enzymatic steps. This strategy also pernutted the
use of degraded or damaged DNA, such as found in chnical specimens or after bisulfite-
treatment for the examination of cytosine racthylation (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 37 end and different tatls at the 5" ends of both the forward and reverse

primers. The different tails allowed universal amplification in the next step. Finally, there
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was a stretch of 12 to 14 random nucleotides between the tail and the sequence-specific
nucleotides m the forward primer (40). The random nucleotides form the UlDs., An
equivalont way to assign UlDs to fragments, not used in this study, would employ 10,000
forward priracrs and 10,000 reverse priracrs synthesized on g 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 3'-ends, allowing for
10° (e, [10'7) possible UID combinations. Iu ecither case, two cyeles of PCR are
performed with the primers and a high-fidelity polymerase, producing a uniquely tagged,
double-stranded DBNA fragment from ecach 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 exonmuclease, without further purification, and two
new primers are added.  Alternatively or in addition to such digestion, one can use a
sthica colurun that selectively retains larger-sized fragments or one can use solid phase
reversible immobilization (SPRY) beads under conditions that selectively retain larger
fragments fo climinate smaller, nou-specific, amplification artifacts. This purification
may potentially help in reducing primer-dimer accurmulation in later steps. The new
primers, complementary fo the tatls introduced in the UID assignment cycles, contain
grafting sequences at their 57 ends, permitting solid-phase amplification on the Humina
instrument, and phosphorothioate residues at their 3' ends to make them resistant to any
remaining exonuclease. Following 25 additional cycles of PCR, the products arc loaded
on the Hlumina instruracnt.  As shown below, this strategy allowed us to evaluate the

majotity of wnput fragments and was used for several tllustrative experiments.

EXAMPLE 3 —-Analysis of DNA polymerase fidelity.

[46]

Measurement of the error rates of DNA polyracrases 1s essential for their characterization
and dictates the situations in which these enzymes can be used. We chose to measure the
ervor rate of Phusion polyroerase, as this polyrocrase 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
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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-8eqS as described in Fig. 3. In seven independent experiments
of this type, the number of UlD-familics identified by scquencing was 624,678 &
421,274, which is consistent with an amplification cfficiency of 92 £ 9.6% per round of

PCR.

The ecrror rate of Phusion polymerase, estimated through cloning of PCR products
encoding B-galactosidase in plasrmid vectors and transformation into bacteria, s 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 Hlomuna sequencing data revealed an apparent
error tate of 9.1 x 10™ errors/bp/PCR cyele, more than an order of magnitude higher than
the reported Phusion polymerase error rate (Tabie 2A) In contrast, Safe-SeqS of the
same data revealed an error rate of 4.5 x 107 errors/bp/PCR cyele, nearly identical to that
nmeasured 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-SeqS with Exogenous UlDs

Standard
ZA, Polvmerase Fidelity Mean Beviation
Conventional analysis of 7 replicates
High quality bp 996,855,791 64,030,757
Total mutations identified 198,638 22,515
Mutations/bp 2.8E-84 1.7E-85
Calculated Phusion Error Rate (errors/bp/eyele} 9.1E-86 TTE-G7
Safe-HeqS analysis of 7 replicates
High quality bp 996,855,791 64,030,757
UlD-families 624,678 421,27
Members/UID-tamily 107 122

280



WO 2012/142213

Total super-mutants 1dentified
Super-muiants/bp
Calculated Phusion Error Rate (errors/bp/cyele}

2B, CTNNEBI mutations in DNA from normal
human cels

Conventional analysis of 3 individuals

High quality bp

Total mutations identified

Mutations/bp

Safe-SeqS analysis of 3 individuals
High quality bp

UlD-families

Members/UTD-family

Total super-mutants identified
super-mutanis/bp

2C, Mitochondrial mutations in DNA from normal

human cells

Conventional analysis of 7 individuals
High quality bp

Total mutations identified
Mutations/bp

Safe-SeqS analysis of 7 individuals
High quality bp

UlD-faroilies

Members/UlD-family

Total super-mutants 1dentified
Super-muiants/bp

PCT/US2012/033207
197 143
9.9E-06 23806
4.5E-87 1.GE-87

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

3A. Polvmerase Fidelity

Conventional analysis of 7 replicates

Total mutations identified

Fraction of mutations represented by single base
substitutions

Fraction of mutations represented by deletions
Fraction of mutations represented by insertions

21

559,334,774 66,600,749
11R,488 11,357
2.1E-04 1.6E-85

559,334,774 66,600,749
374553 263,105

68 38
99 78
9.0E-06 31E-86

147,673,456 54,308,546
30,599 12,970
21E-04 9.45-05

147,673,456 54,308,546
515,600 89,985

15 6
135 61
1.4E-858 6.8E-06
Standard
Mean Deviation
198,638 22,515
99% 0%
1% 0%
0% 0%
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Safe-Seqs analysis of 7 replicates

Total super-mutants 1dentified 197 143
Fraction of super-mutants represented by single base

substitutions 99% 2%
Fraction of super-mutants represented by deletions 1% 2%
Fraction of super-mutants represented by insertions 0% 0%

3B, CTANE] mutations in DNA from normal
human cells
Conventional analysis of 3 individuals

Total mutations identified Fig,488 11,357
2 8

Fraction of mutations represented by single base

substitutions 97% 0%

Fraction of moutations represented by deletions 3% 0%

Fraction of mutations represented by insertions 0% 0%

Safe-Seqs analysis of 3 individuals

Total super-mutants identified 9a 78
Fraction of super-mutants represented by single base

substitutions 100% 1%
Fraction of super-mutants represented by deletions 0% 1%
Fraction of super-mutants represented by insertions 0% 0%

3, Mitochondrial mutations in DNA from
normal human cells
Conventional analysis of 7 individuals

Total mutations identified 30,399 12,970
Fraction of mutations represented by single base

substitutions 98% 1%
Fraction of mutations represented by deletions 2% %
Fraction of mutations represented by insertions 0% 0%

nafe-Seqs analysis of 7 individuoals

Total super-mutaunts identified 135 61
Fraction of super-mutants represented by single base

substitutions 99% 1%
Fraction of super-mutants represented by deletions 1% %
Fraction of super-mutants represented by inscrtions 0% 0%
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[48] 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 mmutation). I the error occurred in cycle 1¥ there shouid
be two super-mutants (derived from the mutant strands produced m cycle 19), cte.
Accordingly, the cycle in which the error occurred is related to the number of super-
mutants containing that error. The data from seven independent experimcuts demonstrate
a relatively consistent number of observed total polymerase errors (2.2 + 1.1 x 10°
distinct mutations/bp}, in good agreement with the expected number of observations from
simulations (1.5 + 021 x 107 distinct 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-gencration 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

Expected
{mean + 8D}

4A. Experiment 1 Observed ¥
Mutations represented by | super-mutant 10 19+£37
Mutations represented by 2 super-routants 8 58+23
Mutations represented by 3 super-mutants 4 1.3+ 1.3
Mutations represented by 4 super-mutants 4 18+13
Mutatious represented by S super-mutants 2 0.61 £0.75
Mutations represented by 6 super-mutants 2 0.22 +0.44
Mutations represented by 7 super-rautants 0 0.01 £0.10
Mutations represented by & super-mutants ¢ 0.87 +0.86
Mutations represented by 9 super-mutants 2 0.28 £ 0.51
Mutations represented by [0 super-mutants 0 0.14 + 0.3%
Mutations represented by > 10 super-mutants 3 15427
Dhistinct mutations 35 324472
4B. Experiment 2
Mutations represented by | super-mutant 19 2341
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Mutations represented by 2 super-routants 5 95+28
Mutations represented by 3 super-mutants 4 27416
Mutations represented by 4 super-mutants 7 27+17
Mutatious represented by S super-mutants 2 0.88 £ 0.94
Mutations represented by 6 super-mutants i .40+ 0.60
Mutations represented by 7 super-rautants 3 016+ 0.42
Mutations represented by 8 super-routants i 099+ 1.0
Mutations represented by 9 super-mutants i 0.39 + .68
Mutations represented by 10 super-mutants 0 0.17+0.43
Mutations represented by >10 super-mutants 9 1.8+£34
Distinct mutations 52 43+£5.1
4C. Experiment 3

Mutations represented by 1 super-mutant 7 1734
Mutatious represented by 2 super-mutants g 54+20
Mutations represented by 3 super-mutants 4 1.2+ 1.1
Mutations represented by 4 super-routants 4 17+1.4
Mutations represented by 5 super-routants 2 0.50 +0.7¢
Mutations represented by 6 super-mutants ¢ 0.17£0.45
Mutations represented by 7 super-mutants 1 0.03 £ 0.17
Mutations represented by 8 super-mutants { 0.59+0.74
Mutations represented by 9 super-mutants 8 0.24 +0.50
Mutations represented by 10 super-muutants i 0.07 +0.29
Mutations represented by >10 super-mutants 5 1.5+2.6
Distinct mutations 33 28437
4. Experiment 4

Mutations represented by | super-rautant 7 15437
Mutations represented by 2 super-mutants & 4.1+ 1.7
Mutations represented by 3 super-mutants 2 0.70 £ 0.74
Mutatious represented by 4 super-mutants i 15413
Mutations represented by 5 super-mutants 3 0.214£0.52
Mutations represcnted by 6 super-mutants 2 0.08 +0.27
Mutations represented by 7 super-routants 1 0.0+0.0
Mutations represented by 8 super-mutants 2 0.65+0.77
Mutations represented by 9 super-mutants 2 0.17+£0.43
Mutations represented by [0 super-mutants ) 0.05+0.22
Mutations represented by >10 super-mutants i 092+21
Dristinct mutations 29 23+3.2
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4E. Experiment 5

Mutations represented by 1 super-routant 9 23+4.1
Mutations represented by 2 super-mutants 6 B5+228
Mutations represented by 3 super-mutants 5 27416
Mutations represented by 4 super-mutants 3 27417
Mutations represented by 5 super-mutants 6 (.88 = 0.94
Mutations represented by 6 super-mutants 2 (.40 + .60
Mutations represented by 7 super-mutants i 0.16 +0.42
Mutations represented by 8 super-mutants 2 099+ 1.0
Mutatiouns represented by 9 super-mutants 2 0.39 + (.68
Mutations represented by 10 super-mutants 3 0.17+0.43
Mutations represented by >10 super-mutants 7 [.8+3.4
Dristinct mutations 46 4351
4F. Experiment &

Mutations represented by 1 super-mutant 4 67428
Mutations represented by 2 super-rautants 7 1.5+£1.2
Mutations represented by 3 super-routants i 0.10+0.33
Mutations represented by 4 super-mutants 2 0.60 = 0.82
Mutations represented by S super-mutants 0 0.7+ 0.26
Mutations represented by 6 super-mutants Y 0.01 £ 0.10
Mutations represented by 7 super-mutants i 8.0+0.0
Mutations represented by 8 super-routants i 0.39+ 0.60
Mutations represented by 9 super-mutants { 0.01 +0.10
Mutations represented by 10 super-mutants 0 0.0+00
Mutatious represented by >10 super-mutants 2 0.50+ 1.1
Distinet mutations 18 99+ 1.4
4G, Experiment 7

Mutations represented by 1 super-mutant & 29416
Mutations represented by 2 super-mutants 2 0.61 +£0.79
Mutations represented by 3 super-mutants { 0.04 £0.24
Mutations represented by 4 super-mutants 0 0.41 £0.59
Mutations represented by 5 super-moutants 1 0.01 +£0.10
Mutations represented by 6 super-mutants ¢ 0.0+0.0
Mutations represented by 7 super-mutants 0 0.0£00
Mutations represented by 8 super-mutants 0 0.14 £ 0.35
Mutations represented by 9 super-mutants 0 0.01 £0.10
Mutations represented by 10 super-mutants 0 0.0+£0.0
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Mutations represented by >10 super-mutants 0 0.32+£0.93

Diistinct mutations 11 454+ 0.62

*See SI Text for details of the simulations

EXAMPLE 4 --Analysis of oligonucleotide composition.

{491 A small number of mnustakes during the synthesis of oligonucleotides from
phoshoramidite precursors are tolerable for most applications, such as routine PCR or
cloning. However, for synthetic biology, whercin many oligonucicotides raust be joined
together, such mistakes present a major obstacle to success. Clever strategies for making
the gene construction process more etficicnt have been devised (48, 49), but all such
strategies would benefit from more accurate synthesis of the oligonucieotides themselves.
Determining the number of ervors in synthesized oligonucleotides s difficult because the
fraction of oligonucleotides containing errors can be lower than the sensitivity of

conventional next-generation sequencing analyses.

{88] To determine whether Safe-SeqS could be used for this determination, we used standard
phosphoramidite cheristry 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 oligonuciestide, the 31 bases were surrounded by
sequences complementary to primers that could be used for the UID assignment steps of
Safe-SegS (Fig. 3). By performing Safe-SeqS on ~300,000 oligonucicotides, we found
that there were 8.9 + 028 x 107 super-mutants/bp and that these crrors occurred
throughout the oligonucleotides (Fig. 6A). The oligonucleotides contained a large
nuruber of jnsertion 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
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of errors had hittle 1o common with that of the errors produced by Phusion polymerase
(Fig. 6 B and Table 5), which were distributed in the expected stochastic pattern among
rephicate experiments. The mumber of errors in the oligonucleotides synthesized with
phosphoramidites was ~60 times higher than in the equivalent products synthesized by
Phusion polymerase. These data, in fore, indicate that the vast majority of errors n the

former were generated during their synthesis rather thaun during the Safe-SegS procedure.
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Table 5. Phosphoramidite- vs Phusion-Synthesized DNA: Transitions vs Transversions
Comparison

- . . . Exp. Standard
T R X xp., 2 X Ex ixp. 8 X sy Roe

Phosphoramidites Fxp. 1 Hxp. 2 Fxp. 3 Exp. 4 Exp. 8 Hxp. & 5 Average Deviation
Transition super-mutants: 498 309 471 396 323 273 470 42¢ 32
Transvession supes-mutants: 1494 1499 1521 1154 244 907 1626 1386 298
p-value® 34E-85
Phusion
Transition super-mutants: 63 275 127 5 87 182 103 126 87
Transversion super-mutants: 4 124 77 12 57 191 63 77 63
p-vajue® 0.08

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

{811  Does Safe-SegS preserve the ratio of routant:normal sequences n the origival templates?
To address this question, we synthesized two 31-base oligonucleotides of identical
sequence with the exception of nt 15 {(30:50 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 1o Sate-SeqS do
not greatly alter the proportion of variant sequences and thereby provide a rehiable
estivaate of that proportion when unknown. This conclusion 18 also supporied by the
reproducibility of variant fractions when analyzed in independent Safe-SegS experiments

(Fig. 6A).

EXAMPLE~S Analysis of DNA seguences from normal human cells.

{821 The exogenous UID strategy (Fig. 3) was then used to determine the prevalence of rare
nutations in a small region of the CTANNB/ gene from ~100,000 normal human cells

from three unrelated individuals. Through comparison with the number of UID-families
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obtained in the Safe-SegS experiments (Table 2B}, we calculated that the majority (78 &
9.8 %) of the mput fragments were converted into UID-families. There was an average of
68 members/UID-family, easily fuifilling the required redundancy for Safe-SeqS (Fig. 7).
Conventional analysis of the Hlumina sequencing data revealed an average of 118,488 +
11,357 muutations armong the ~360 Mb of sequence analyzed per sample, corresponding to
an apparent routation prevalence of 2.1 £ 0.16 x 107 mutations/bp {Table 2B). Only an
average of 99 + 7R super-mutants were observed 1o 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 38). Safe-SeqS thereby reduced

the apparent frequency of mutations in genomic DNA by at least 24-fold (Fig. 4).

{831 One possible strategy to increase the specificity of Safe-8eqS is to perform the library
araplification {(and possibly the UID assignment cycles) i multiple wells. This can be
accomplished i as fow as 2 or as many as 384 wells using standard PCR plates, or scaled
ap to many more wells when using a microfluidic device (thousands to millions). When
performed this way, judexing sequences can be imtroduced 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.c., one from each strand), both with the same well index
sequence. When performing Safe-SeqS with exogenous UlDs on the CTANE/ temiplates
described above and diluted into 10 wells (cach well yiclding templates amplified with a
different index sequence), the mutation rate was further reduced from 9.0 £3.1x 10% to0
37 + 1.2 x 10° super-mutants/bp.  Thus, analyzing templates in  multiple
compartments—in a manner that yields differentially encoded terplates based on the
compartment o which templates were amplificd—may be an additional strategy to

increase the specificity of Safe-SegX.

EXAMPLE 6 --Analysis of BDNA sequences from mitochondrial BNA
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We applied the dentical strategy to a short segroent of mitochondrial DNA v ~1,000
cells from each of seven unrelated individuals. Conventional analysis of the Hiumina
sequencing libraries produced with the Safe-SegS 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 107 mutations/bp
(Table 2C). Only 135 + 61 super-mutants were observed in the Safe-SegS analysis. As
with the CTNNE] gene, the vast majority of mutations were single basc 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 107 mutations/bp
{Table 2C). Thus, Safe-SeqS thereby reduced the apparent frequency of mutations in

genomic PNA by at least 135-fold.

EXAMPLE 7 -~ Materials and Methods

153]

Endogenous Ulbs., Genomic DNA from human pancreas or cultured hymphoblastoid
cells was prepared using Quagen kits. The pancreas DNA was used for the capture
experiraent and the lymphoblastoid cells were used for the joverse PCR experiment.
DNA was quantified by optical absorbance and with gPCR. DNA was fragmented to an
average size of ~200 bp by acoustic shearing (Covaris), then end-repaired, A-tailed, and
figated to Y-shaped adapters according to standard Hlumina protocols. The ends of each
template molecule provide endogenous UlDs corresponding to their chromosomal
positions.  After PCR-mediated amplification of the libraries with primer scquences
within the adapters, DNA was captured (1) with a filter comtaining 2,594 nt
corresponding to six cancer genes.  After capture, 18 cycles of PCR were performed to

ensure sufficient amounts of teraplate for sequencing on an Wumina GA X instrument.

For the inverse PCR experiments (Fig. 5}, we ligated custom adapters (IDT, Table 6}
instead of standard Y-shaped Hhumina adapters to sheared cellular DNA. These adapters
retained the region complementary to the universal sequencing primer but lacked the

grafting sequences requived for hybridization to the Hiumina GA Ik flow cell. The
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figated DNA was diluted into 96 wells and the BNA in cach columm of & 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 T (NEB) in 50 ull reactions containing [ X Phusion HF bufter, 0.5 mM dNTPs,
0.5 uM cach 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 eyeles 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 MinEhute 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/ull and ligated with T4 DNA
Ligase (Enzymatics) for 30min at room temperature in a 600ul reaction containing 1X
T4 DNA Ligation Buffer and 18,0000 of T4 DNA Ligase. The hgation reaction was
purified using a (Qiagen MinElute kit. Tnverse PCR was performed using Phusion Hot
Start T on 90 ng of cucular tferoplate distributed i twelve 50 ull reactious, cach
containing 1X Phusion HF Buffer, 0.25mM dNTPs, 8.5uM cach of KRAS forward and
reverse primers {Table 6) and 1U of Phusion polymerase. The &84S-specific primers
both contained grafting sequences for hybridization to the Hlumina GA Iix flow cell
{(Table 6). The following cycling conditions were used: one cyele of 98°C for 2 min; and
37 cycles of 98°C for 10s, 61°C for 155, and 72'C for 10s. The final purification was
performed with a NucleoSpin Extract H kit (Macherey-Nagely and eluted 1o 20ul, NE
Buffer. The resulting DNA fragments contained UlDs composed of three scquences:
two endogenous ones, represented by the two ends of the original sheared fragments plus
the exogenous sequence futroduced during the indexing arplification. As 12 exogenous
sequences were used, this increased the number of distinet UlDs by 12-fold over that
obtained without exogenous UlDs, This number could easily be increased by using a

greater number of distinct primers.
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Table 6. Oligonucleotides Used

Kont Legend:

REGION COMPLEMENTARY TO TEMPLATES
FEMPYATE-SPECIFIC UID SEQUENCE
UNIVERSAL SEQUENCE

B

SPERIMENT-SPECIFIC INDEY, SRQUENCE
BEUMINA GRAFTING PRIMERS (FOR
HYBRIZATION TGO FLOW CERLL)

Endogensus UIDs

Capture

PCT/US2012/033207

Symbol Legend:
/5Phas/ = 5 Phosphate

* = Phosphorothicate linkage

Sequessce (SEQ TN NO:1-81, respectively)

Whole Genome Amplification - for

Whole Getome Amplification - rev

Post-Capture Amplification - for

Post-Capture Amplification - rev

Sequencing Primer, Read 1 {Hlumina; San Diego, CA)

Sequencing Primer, Read 2 {Hlluming; San Diege, CA)

Jnverse

/5Phos/GATCGGAAGAGUCGGTTCAGCAGGAATGCCGAG

ACACTCTTTCCCTACACGACGOTCTTCOIATHCHF T
AATCGATACGGCHACTACTGAGATCTACACACACTCTTTO
TCCGATHC*T
CAAGUAGAAGACGGUATACGAGATCTUGGCATTCCTGCTGAACCGUTCTTCOGA
T
AATCATACCLCGACCACCRAGATCTACACACACTCTTTCCCTACACGACGCTIT
TCCGAT*C*T
CAAGCAGAAGACGGCATACGAGATCTCGGCATTCCTGCTGAA

TXOFT

CGCTCT

ACACTCTTIC

TACACGACGCTCTTCCGATCT

CTCGGCATTCCTGCTGAACCGCTCTTCCGATCTY

Adapter - strand 1

Adspter - stand 2

Whole Genome Amplification - for-1

Whole Gerome Amplification - for-2
Whole Geunome Amplification - for-3

Whole Genome Amplification - for4

Whole Genome Amplification - for-S

Whole Genome Amplification - for-6
Whole Gennme Amplification - for-7
Whole Geuvome Amplification - for-§
Whole Genome Amplification - for-9
Whaole Genome Amplification - for-10
Whole Genome Amplification - for-11
Whole Genome Amplification - for-12
Whole Genome Amptlification - rev
Inverse PCR - antisense

hverse PCR - for

Sequencing Prizoer 1 (to read internal sequences)

Sequencing Primer 2 (to read intemal sequences)

/5Phos/GATCGGAAGATGC GG T TCAGCAGITAATGCCGAT
ACACTCTTTCCCTACACGACGCTCTTCCGATHCHF T

75Phos/COGTGATACACTCTTTCCCTACACGACGCTCTTCCGAT*CH T

/5Phos/ ACATCGACACTCTTTCCCTACACGACGUTCTTCCGATHIAT
/5Phog/GCCTAAACACTCTTITCCCTACACGACGUTCTTCCGATHCAT
/5Phos/ TGGTCAACACTCTTTCCCTACACGACGCTCY T COATTHCFT
/5Phos/CACTGTACACTCTTICCCTACACGACGCTCTTOCGATH O T
/5Phos/ ATTOGCACACTCTTTCCCTACACGACGUTCTTCCGAT*CHF T
/5Phos/GATCTGACACTCITTICCTACACGACGUTCTTCCGAT*COM T
/SPhos TCAAGTACACTCTTTICCCTACACGACGUTCTTCCGATCRT
/5Phos/CTGATCACACTCTTTCCCTACACGACGCTCTTCCGATH O T
/5Phos/ AAGCTAACACTCTTTCCCTACACGACGCTCTTCOGAT*CH T
/5Phos/GTAGRCACACTCTTTCCCTACACGACGCTCTTCCGATHCH T
F5Phos TACAAGACACTCTTTCCCTYACACTGACGCTCTYOCGA T O Y

/5Phos/CTCGGTATTCO

GCTOAACCGCTUTTCCGATHCMNT

AATGATACGGUGACCACCGAGATCTACACCAGCAGGCCTTATAATAAAALTAATGA
CAAGCAGAAGACGGUATACGAGAT TGACT GAAT A TAAACTTGIGGTAGTIC
ACACTCTTTCCCTACACGACGCTCTTCCGATCT

CTCGACATTCCTOCTGAACCGCTCTTCCGATCT
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Index Primer 1 (to read experiment indexes)

Index Primer 2 {to read experiment indexes)

Exogenous Ulhs

Polymerase Fidelity

PCT/US2012/033207

COGAAGAGCGTCGTGTAGGGAAAGAGTGT

COGAAGAGCOGTTCAGCAGGAATGCCGAG

Digital PCR. Amplification - for
Digital PCR Amplification - rev

UID Assignment Amplificstion - for

VD Assignment Arplification - vev

Library Amplification - for-1

ibravy Amplification - for-2

Library Ampdification - for-3

Library Amplification - for-4

rary Amplification - for-5
Library Amplification - for-6
Library Amplification - for-7

Library Amplification - for-8&

Library Amplification - for-9@

Library Amplification - for-10
Library Amplification - rev
Y 3t

Sequencing Primer {to read UID and internal sequences)

Index frimer (1o read experiment indexes)

CTNNBI wmutations in DNA from sormal human cells

GGITACAGGCTCATGATGTAACC

X

GATACCAGCTTCGTAATGGCA

CGACGTAAAACGACGGCCAGTNNNNNNNNNNNNGGTTACAGGUTCATGATGTALACC

CACACAGUAAACAGCTATGACCATGGATACCAG
AATGATACGGORACCACTGAGATCTACACCOT
AYGHT

AAPGATACHRCGACCACCGAGATCTACACACATCOUGACHTAAAACGALGGOC

o

AATGGCA
ACGTAAAACGACGGIC

CGTAAAACGACGGLC
AXGHE
AATGATACGGCRACCACCGAGATCTACACTGITCACGACG TAAAACHS CGGIC
ASCAT
:L;rg:EA'rACGG{'GA{'CA{'CGAGzy;‘C';‘A(:AC@m:‘fm’n‘c'::w:@'iymmcmcazscc
zﬁ'&fsr_«(;ﬂ@mAC(;AC(;GA(;ATCIACACAW@WCGACGTAAAACGACGG(;c
o
i/’ﬁ!’(é/\'(‘ACGGCGACCA COGAGATCTACACGATCTGCGADG TABAACGACGGIC
ASCAT
ZL;E;A'rACGGe:'GA{'CAe:'CGAGZyrC';;«;(:ACTCMWE CGACGTAAAACGACGHCC
zﬁ'&fsr_«(;ﬂ@mAC(;AC(;GA(;ATCIACACCTGM@(;GACGTAAAAC&M;G(_;-cc
Z:A(;“GFATACGGCGACCACCGAGATCTACACAAGCT \CGACGTAAAACGACGGOC
AYGHT

AGGAAACAGUTATGACTAY TG

CGACGTAAAACGACGGCCAGT

ACTGGCCGICHTTITACGTICG

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

Library Awplification - vev-1

Library Amplificstion - rev-2

Library Areplification - rev-3

Library Awmplification - vev-4

Library Amplification - rev-5§

Library Armplification - rev-6

Library Awpli{ication - vev-7

Library Amplification - rev-8

Library Arplification - rev-9

Library Amplification - rev-10

Sequencing Primer {to read UID and internal sequences)

Indezx Primer (to read experiment indexes)

COACGTAAAACGACGGCCAGTNNNNNNNNNYNNNNGCAGCAACAGTUTTACCTGGA
(&)

CACACAGGAAACAGCTATGACCATGI CCACATCCTCTTCCTCAGGATT

AATGATACGGUGACCAUCGAGATCTACACCGACGTAAAACGATGGCCARGHT

CA:&GCAGAAGACGGCA’I‘zU:TGA‘}A'I‘ATC&L ACAGGAAACAGUTATGACTAR

é‘;;;@(jAG&AG ACGGCATACGAGATOOATOTCACACAGGAAACAGCTATOACCAR

éAi\GCAGAAGACG GUATACGAGATTGACCACACACAGGAAACAGCTATGACCA®

TG

e‘;‘1;&GCAGAAGACGGCA’I‘A(fGAGA’I‘GCCA\AJ‘CACJ

é‘;;;@(jAG&AG ACGGCATACGAGATCACGATCCACACAGGAAACAGCTATGACCA™

E?ACAGCAGAAGACG GUATACGAGATACTTGACATACAGGAAACAGCTATGACCA

-

éfzS&GCAGAAG BCGGCATACGAGATEATCAGCACACAGGAAACAGUTATGACCA
A

Z_JASAGCAGAAG ACGGCATACGAGATTAGUTTCACACAGGAAACAGCTATGACCA™

3"::% GCAGAAGACGGUATACGAGATOGCTACCACACAGGAAACAGCTATGACCA

-

éfzS&GCAGAAG BCHGCATACGAGATCTTGTACACACAGIAAACAGCTATGACCA

™G

AGGAAACAGUTATGACTAR

COACHTAAAACGACGGCUAGT

CATGGTCATAGCTGTTTCCTUGTGTG
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fiwochondsial mutations is DNA from normal human
CeLis

PCT/US2012/033207

UID Assignment Awplification - for
UTD Assignment Awplification - rev

Abrary Amplificasion - for-1

Library Amplification - for-2

Library Amplifi
ibrary Amplification - for-4

Library Ampification - for-8

Library Amplification - for-6

raty Anplification - for-7

Library Areplification - rev

Sequencitg Prizoer | (foread 1IDs)
Sequencing Privver 2 (to resd intetnal sequences)

Index Primer {fo read experiment indexes)

X

£

Fhosphoramidite Oligonucie

COGACGTAAAACGACGGCCAGTNNNNNNNNNNNNNNTTACCGAGAAAGCTCACAAGA
A

CACACAGGAAACAGCTATGACCATGATGCTAAGH
AATGATACGGUGACCACCGAGATCTACACATAT
HOPRT
,:\. ;T(}c ATACGGUGACCACCGAGATCTACACGCCTAACGACGTAAAACGATGGCC
(3
izxg!'(;/\'(‘/\ifGGCil}ACC ACCGAGATCTACACTGOTCACGACGTAAAACTACGGIC
ARCET
ztAf R;%A'I‘ACGG{'GA{‘CA{‘CGAGATCTA(TACA’ET GACCGACGTAAAACGACGECT
HOPRT
,:\. £ tﬁi ATACCGLOGACCACCCAGATCTACACGATCTGCGACGT AAAACGACGGLC
(3
izxg!'(;/\'(‘/\ifGGCil}ACC ACCGAGATCTACACTCAAGTCGACGTAAAACGACGGIC
ARCET
ztAf R;%A'I‘ACGG{'GA{‘CA{‘CGAGATCTA(TACCTGA\W CCHACGTAAAACTGACIGGCT
A*GRT

GAGGATGAAA

COCGACGTAAAACGACGGCC

CAAGCAGAAGACGGUATACGAGATCACACAGGAAACAGCTATGACCA*T*G
CGACGTAAAACGACGGCUCAGT
CCTAATTCCCCCCATCCTTAC

ACTGGCOGTCGTITYACGTCG

Syathesized tewplate, wt

Synhesized template, nws (8 = 50/50 mix of C and G)
VIR Assignment Araplification - for

UID Assignment Awplification - rev

Library Awmplification - for

Library Amplificstion - rev

Sequetcing Primer {to tead UID and internal sequences)

GGITACAGGCTCATGATGTAACCTCIGTGICITGGIGTAACTT TALAACATATTITIGCCA
TTACCAAGCTGGTATC
GCTTACAGCGCTCATGATGTAACCT T GG
TTACCAAGUTGGTATC

TCITCOTCSAACTITAAAACATATTTTT GCUA

ACACTCTTTCCCTACACGACGOTCNNNNNNNNNNNNGGTCAGTCTGTGCACGCAT
CTCGAGCACTATCCTGACTGAGACGA TACCAGCTTGGTAATGGCA
AATGATACGGCGACCACCGAGATCTACACCGTGATACACTCTTTCCCTACACGA
CGOFTHC
CAAGCAGAAGACHGCATACGAGATCTCRAGUACTGTCOTGACTGAGH AXC

ACACTCTTTICCCTACACGACGCTC
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Exogencus Ulbs., Genomic DNA from vormal human colonic mucosac or blood
tymphocytes was prepared using Qiagen kits. The DNA from colonic mucosac was used
for the experiments on CTNNB! and mutochondrial DNA, while the lymphocyte BNA
was used for the experiments on CTNNS! and on polymerase fidelity. DNA was
quantified with Digital PCR (2) using prumers that amplified single-copy genes from
human cells {(Analysis of Polymerase Fidelity and CTWNS/), PCR (mitochondrial
DNA), or by optical absorbance {oligonucieotides). Each strand of cach template
molecule was encoded with a 12 or 14 base UID using two cycles of amplicon-specific
PCR, as described i the text and Fig. 3. The amplicon-specific primers both contained
universal tag scquences at their 5 ends for a later amplification step. The UlDs
counstituted 12 or 14 randoro vucleotide sequences appended to the 5" end of the forward
amplicon-specific primers (Table 6). These primers can generate 16.8 and 268 withon
distinct UlDs, respectively, It is important that the pumber of distinct UHds 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 [T (NEB} in a 45 ul reaction containing 1X Phusion HF
bufter, 0.25raM dNTPs, 0.5 uM cach 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
eraployed: one incubation of 98'C for 30s (to activate the Phusion Hot Start [1); and two
cycles of 98°C for 105, 61°C for 120 s, and 72°C for 10 5. To ensure complete removal of
the first round primers, cach well was digested with 60 U of a single strand DNA specific
nuclease (Exomuclease-l; Enzymatics) at 37°C for lhr. 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  torminal
phosphorothioates to ruake them resistant to any residual Exonuclease-I activity. They
also contained 57 grafting sequences necessary for hybridization to the Humina GA 1

flow cell. Finally, they countained an 1ndex sequence between the grafting sequence and
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the universal tag sequence. This index sequence enables the PCR products from multiple
different individuals to be simuitancously analyzed in the same flow cell compartinent 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 ctfort to reduce the losses of terplate molecules.

After the second round of amplification, wells were consolidated and purified using a
(Hagen (QlAquick PCR Purification Kit {cat. no. 28104} and cluted in 50 ul EB Buffer
{(Jiagen). 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 1oto wells of a 2% Size Select Gel (Tovitrogen) and
bands of the expected size were collected in EB Buffer as specified by the manufacturer.
For polyacrylamide gel purification, ten 3-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 cssentially as described (3}

Analysis of Phusion polymerase fidelity., Amplification of a fragroent of human
genomic DNA within the BMX (RefSeq Accesston 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, 0.5aM cach forward and reverse primacrs {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 pritoers were removed by digestion
with 60 U of Exonuclease- at 37°C for 1hr followed by a 5 min heat-inactivation at 98°C,
Neo purification of the PCR product was performed, either before or after Exonuclease-
digestion. The entire contents of cach well were then used as templates for the

exogenous UlDs strategy described above.
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Sequencing. Sequencing of all the hbravies described above was performed using an
HHlumina GA Hx instrument as specified by the manufacturer. The total length of the
reads used for cach experiment varied from 36 to 73 bascs. Base-calling and sequence
alignment was performed with the Eland pipeline (Hllumina). Only high guality reads
mecting the following criteria were used for subsequent analysis: (i) the first 25 bases
passed the standard Humina chastity filter; (it} every base in the read had a quality score
>20; and {111} < 3 mismatches to expected sequences. For the exogenous UID libraries,
we additionally required the UlDs to have a quality score 230, We noticed a relatively
high frequency of errors at the cuds of the reads in the endogenous UID libraries
prepared with the standard Hlumina protocol, presumably introduced during shearing or

end-repair, so the first and last three bases of these tags were excluded from analysis .

Safe~-SegS analysis. High quality reads were grouped into UID-families based on their
endogenous or exogenous UlDs. Only UlD-families with two or more members were
considered.  Such UlD-families included the vast majority (299%) of the sequencing
reads. To ensure that the same data was used for both conventional and Safe-SegS
analysis, we also excluded UlD-families containing only one member from conventional
analysis. Furthermore, we only identified a basc as "mmutant” in conventional sequencing
analysis if the same variant was identified in at least two members of at least one UlD-
family (L.e., two mutations) when coraparing conventional analysis to that of Safe-SeqS
with exogenous UlDs. For comparison with Safe-SegS with endogenous UlDs, we
required at least two mewbers of cach of two UlbD-families (i.e., four mutations) io
identify a position as "mutant” in conventional analysis. With cither endogenous or
exogenous UlDs, a super-mutant was defined as a UlD-family in which 295% of
members shared the identical mutation. Thus, UlD-families with <20 members had to be
100% identical at the mutant position, while a 3% combined replication and sequencing
error rate was permitted in UlD-families with more members. To determine polymerase
fidelity using Safe-ScqS, 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

~}
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equivalent to analyzing PCR products generated with one less cycle with Safe-SeqgS, and

the appropriate correction was made in Table ZA. Unless otherwise specified, all values

listed in the toxt and Tables represent means and standard deviations.

EXAMPLE 8 — Ervor-generating processes

{62] Apparent mutations, defined as any base call that varies from the expected base at a

defined position, can result from a variety of processes:

3

[o™)

6.

0

Mutations present in the template BNA. 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 rclevant templates. If the mutation occurred only in the last cell-cycle of
a cell whose DNA was used as tomplate, the mutation would be present in only one
strand of the template.

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 1s amplified by Phusion polymerase, an apparent mutation in one strand may
result.

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

Ervors introduced during end-~repair of the sheared fragments. The source of these
ervors can be polymerase tnfidelity or through incorporation of chemically-modified
bases in the dNTPs used for polymerization.

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

Errors introduced during PCR amplification fo prepare the libraries for capturing or for
mverse PCR.

Errors during PCR after capturing or during inverse PCR amplification.

Errors infroduced into the UID assignment cyeles of Safe-SegS (Fig. 3).
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9. Errors introduced into the library amplification cycles of Safe-SeqS performed with
exogenous UlDs. 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.

19, Errors introduced mto the first bridge-PCR cycele on the THuroina flow cell. If
araplhification is jnefficient, an error introduced into the second bridge-PCR cycle
could also result 1o a cluster containing a mutation in most of its component
molecules.

11, Errors in base-calling.

EXAMPLE 9 - Achieving accuracy with Safe-Seghs

163]

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-SegS minimizes the number of falsc-positive
mutation calls in several ways. Safe-SeqS with exogenous UlDs results in the fewest
false-positive mutation calls because it requires the fewest enzymatic steps.  With
exogenous Ulls, ervor-generating processes #3 to #7 are completely eliminated because
these steps aren't performed. Safe-SeqS with exogenous UlDs also drastically reduces
errors resulting from error-generating processes #10 and #11 because of the way the data

is analyzed.

After Safe-SegS with exogenous UlDs, the only false-positive errors remaining should be
those introduced during the UID assignment PCR cycles {error-generating process #8) or
residual UlD-~containing primers during the library amplification cycles (error-generating
process #9). The errors from error-generating process #8 can theoretically be climinated
by requiring at least two super-mutants fo identify a position as "mutant.” This
requirermnent 18 reasonable because every pre-cxisting mutation in a double stranded DNA
terplate should give rise to two super-mutants, one frorn cach strand. Furtherroore, this

requirerment would ehiminate error-generating process #2 (damaged bases in the origival
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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 UlD-containing primers if those primers are completely removed,

such as performed here with excess Exonuclease-1.

With endogenous UlDs, the mistakes mtroduced by processes #10 and #11 are drastically
reduced because of the way in which the data is analyzed {as with exogenous UlDs).
Errors introduced in processes #2 to #7 can be minimized by requiring that a mutation be
observed in at lcast two UlD-families, for the rcasons stated in the paragraph sbove.

With this requirement, fow falsc-positive rutations, in theory, should be identified.

In practice, the situation is complicated by the fact that the various amplifications are not
perfect, so every strand of every original template molecule is not recovered ag a UID-
fammily. This efficiency can vary from sample to sample, depending in part on the
concentration of inhibitors present in clinical samples. Moreover, with exogenous UlDs,
a polymerase ervor during the hibrary amphification step cau create a vew UID-farily that
wasn't represented o the UID assignmeont step. I this error occurred 1o a voutant

template, an additional, artificial super-mutant would be created.

These factors can be managed by incorporating various additional criteria jnto the
analyses. For exarople, one might require UlD-families to contain more than two, five or
ten merbers.  Another requirement could be that the exogenous UlDs of super-routants
not be related to any other UID in the library by a one-base difference. This would
eliminate artificial super-nmitants generated during the library amplification steps (noted
inn above paragraph}). We routinely instituted this requirement in our Safe-SegS 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 supcr-rautant to
identify a position as "numtant,” as described above for cndogencus UlDs,  When

requiring  roultiple super-mutants, the specificity can be even further increased by
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requiring that each strand of the original double stranded template contain the mutation
or, when librarics are amplified using multiple wells, that rare mmtations share an
introduced sequence that identifies the well in which the mutations {(i.e., one from cach
strand) were amplified.  Such decisions invelve the usual trade-off between spectficity
and sensitivity. In our cxperiments with exogenous UlDs (Table 2), we required only
one super-mutant to wentify a position as "routant” and included all UID-families with
more than one member. As endogenous UlDs was associated with more error-generating
processes than with exogencus UlDs, we required two super-mutants to identify a
position as mutant in the experiments reported in Table 1 and also included all Ulb-

families with more than one member.

EXAMPLE 10 - Muiation prevalences in normal human tissues

168

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 celils at a8 frequency
of 3.5 x 107 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
terplates or the surmn of genuine mutations plus artifactual mutations frorn the error-
generating processes deseribed gbove. Mutation prevalences m human cells have not
been widely investigated, in part because they are so 1nfrequent. However, several clever
techoques to identity 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 107 mutants/bp to as many as 107~ mutants/bp (6-12). In several
of these studies, the cstimates 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
msertions or deletions.  Additionally, these studies used various sources of normal cells
and examined different genes, making direct comparisons difficelt.  Estimates of the

prevalences and rates of mitochondrial DNA mutations similarly vary (13-19). It will be
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of interest in future work to analyze the same DINA teraplates and genes with various

technologies to determine the basis for these different estimates.

But let us assume that all of the mutations identified with Safe-SeqS represent genuine
mutations present in the original DNA teraplates 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 gencrations that the ccl has gone through since conception. The soratic
mutation rate has been determined in previous studies to be ~ 107 mutants/bp/gencration,
though this estimate also varies from study to study for reasons related to those
mentioned above with respect to moutation 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 ervors

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 nwtations in a
stochastic manner, a siraple Monte Carlo mcethod was employed for the simulations. In

these sirnulations, we used the manufacturer's estimate of the Phusion polymerase erro

[n]

rate with an appropriate adjusiment for ability of Safe-SegS to detect voutations n ounly
one strand (4). Note that errors mtroduced o cycle 19, as well as in the two UID
assignment cycles, would result in changes in only one strand of the duplex - t.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 experimnent (i.c., if the number of UID-familics was N, then we assumed
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that the number of templates increased by a factor of N/2" in each cycle). One-thousand
simulations were performed for cach of seven experiments, and the results reported in

Table 4.
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CLAIMS

i.

A method to analyze nucleic acid sequences, comprising:

attaching a unigue identifier nucleic acid sequence (UID) to a first end of cach of

a plurality of analyte nucicic acid fragments to form uniguely identified analyte nucleic acid

fragments;

redundantly determining nucleotide sequence of a uniquely identificd analyte

nucleic acid fragment, wherein deterroined nucleotide sequences which share a UID form a

family of members;

identifying a nucleotide sequence as accurately representing an analyte nucleic

acid fragment when at least 1 % of members of the family contain the sequence.
ol J

3
Ln

6.

-3

9.

1.

The method of claim 1 wherein prior to the step of redundantly determining, the uniguely
identified analyte nucleic acid fragments are amplified.

The method of claim 1 wherein the nucleotide sequence 1s wdentified when at least 5% of
merabers of the family contain the sequence.

The method of claim 1 wherein the nucleotide sequence 1s identified when at least 23%
of aembers of the family contain the sequence.

The method of claim 1 wherein the nucleotide sequence is identified when at 50% of
members of the family contain the sequence.

The method of claim | wherein the nucleotide sequence is identified when at least 70%
of members of the family contain the sequence.

The method of claim | wherein the nucleotide sequence 1s 1dentified when at least 90%
of members of the family contain the sequence.

The roethod of claim 1 wherein the nucleotide sequence is 1dentified when 100% of
members of the family contain the sequence.

The method of claim 1 wherein the step of attaching is performed by polymerase chain
réaction.

The method of claim 1 wherein a first universal priming site is attached to a second end

of cach of a plurality of analyte nucleic acid fragments.
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13.

14.

[
(921

16.

Sned.
-3

18.

28.

. The method of claim 9 wherein at least two cycles of polymerase chain reaction are

performed such that a family is formed of uniquely identified analyte nucleic acid
fragments that have a UID on the first ond and a first universal priming site on a sccond

end.

. The method of claim T wherein the UID s covalently linked to a second universal

priming site.

The method of claim 10 wherein the UID is covalently tinked to a second universal
priming site.

The method of claim 13 wherein prior to the step of redundantly determining, the
uniquely identified analyte nucleic acid fragments are amplified using a pair of primers

which are complementary to the first and the second universal priming sites, respectively.

. The method of claim 12 wherein the UID is attached to the 57 end of an analyte nucleic

acid fragment and the second universal privoing site 18 57 to the UlD.
The roethod of claim 12 wheretn the UlID 18 attached to the 37 end of an analyte nucleic

acid fragment and the second vmiversal priming stte 18 37 to the UlD.

. The method of claim 1 wherein the analyte nucleic acid fragments are formed by

applying a shear force to analyte nucleic acid.

The method of claim 9 wherein prior to the step of redundantly determining, the uniguely
tdentified analyte nucleic acid fragments are subjected to amplification, and wherein
prior to said amplification, a single strand-specitfic exonuclease is used to digest cxcess

primers used to attach the ULD the analyte nucleic acid fragments.

. The method of claim I8 wherein prior to the step of redundantly determining, the

uniguely wdentified analyte nucleic acid fragments are subject to aroplification, and
wherein prior to said amplification, the single strand-specific exonuclease is nactivated,
inhibited, or removed.

The method of claim 19 wherein the single strand-specific exomuclease is inactivated by

heat treatment.

. The method of claim 18 wherein primers used in said amplification comprise one or more

chemical roodifications rendering thern resistant to exonucicases.

. The method of claim 18 wheremn privacrs used n said amplification comprise one or more

phosphorothioate linkages.
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23. A method to analyze nucleic acid sequences, comprising:

attaching a unique identifier sequence (UID) 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, wherein the UIDs are in excess
of the analyte DNA fragments during amplification, wherein the first primers comprise:

« a first segroent complementary to a desired amplicon;

& 2 sccond segment containing the UlD;

» athird segment containing a universal priroing site for subsequent amplification;
and wherein the sccond primers coraprise a universal priming site for subsequent
amplification; wherein each cycle of amplification attaches ove universal priming sitc to a
strand;

amplifving the uniquely identified analyte DNA fragments to form a family of
uniquely identified analyte DNA fragments from each uniquely identified analyie DNA
fragment; and
determining nucleotide sequences of a plurality of members of the family.
24. The mcethod of claim 23 wherein the sccond primers cach comprise g UID,
25. The method of claim 23 further comprising the steps of:
coraparing sequences of a family of uniquely identitied analyte DNA fragments;
and
identifying a nucleotide sequence as accurately representing an analyte BNA
fragment when at least 1% of members of the family contain the sequence.
26. The method of claim 25 wherein the nucleotide sequence is identified when at least 5%
of members of the family contain the sequence.
27. The method of claim 25 wherein the nucleotide sequence is identified when at least 25%
of members of the famuly contain the sequence.
28. The method of claim 25 wherein the nucleotide sequence is 1dentified when at feast 50%
of raembers of the famuly contain the sequence.
29, The method of claim 25 wherein the nucleotide sequence s tdentified when at least 70%
of members of the family contain the sequence.
30. The method of claim 25 wherein the nucleotide sequence is identified when at least 90%
of members of the family contain the sequence.

51
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31. The method of claim 23 wherein the UlDs are from 2 to 4000 bases inclusive.

32. The method of claim 23 wherein prior to the step of amplifying the uniquely identified
analyte DNA fragments, a single strand-specific exonuclease is used to digest excess
primers used to attach the UID the analyte DNA fragments,

33. The method of claim 32 wherein prior to the step of amplifying the single strand-specific
exonuciease 18 inactivated, inhibtted, or removed.

34. The method of claim 33 wherein the single strand-specific exonuclease 1s mactivated by
heat treatment.

35. The method of claim 32 wherein primers used in the step of amplifying comprise one or
more phosphorothiocate linkages.

36. A method to analyze DNA using endogenous unique identifier sequences (U1Ds),
comprising:

attaching adapter oligonucleotides to ends of fragments of analytc DNA of
between 30 to 2000 bases, inclusive, to form adapted fragments, wherein each end of a
fragment before said attaching is an endogenous ULD for the fragment;

amplifying the adapted fragments using primers complementary to the adapter
oligonucleotides to form families of adapted fragments;

determining nucleotide sequence of a plurality of members of a family;

comparing nucleotide sequences of the plurality of members of the family; and

identifying a nucleotide sequence as accurately representing an analyte DNA

fragrment when at least 19 of aembers of the famuly contain the sequence.

37. The method of claim 36 further comprising:

entiching for fragroents representing one or more selected genes by means of capturing a
subset of the fragments using capture oligonucleotides complementary to selected genes in
the analyte DNA.

38. The method of claim 36 further comprising:
enriching for fragments representing one or more sclected genes by means of amplifying

fragments complementary to selected genes.

39, The method of claim 37 or 38 wherein the step of attaching 1s prior to the step of
enriching.

40, The method of claim 36 wherein the fragments are formed by shearing.

fo
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41.

42.

The method of claim 36 wherein a nucleotide sequence is identified as accurately
representing an analyte DNA fragment when at least 5% of members of the family
contain the sequence.

A population of primer pairs, wherein cach pair coraprises a first and sccond primer for
arplifying and identifying a gene or gene portion, wherein:

¢ 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;

s the sccond primer comprises a first portion of 10-100 nucleotides complementary
to the gene or gene portion and a sccond portion of 10 to 100 nucleotides
comprising a site for hybridization to a fourth primer, wherein interposed between
the first portion and the second portion of the second primer is a third portion

consisting of 2 to 4000 nuclestides forming a unique identifier (UIDy;

wherein the unique identifiers in the population have at least 4 different sequences, wherein

the first and second primers are complementary to opposite strands of the gene or gene

portion.

43.

44,

45.

49.

The mcthod of claim 42 wherein the first privoer further comprises a unique wdentificr
(UID}.

The population of claim 42 wherein the unigue identifiers in the population have at least
at least 16, at icast 64, at least 256, at lcast 1,024, at least 4,096, at least 16,384, at least
63,5306, at least 262,144, at least 1,04%,576, at least 4,194,304, at least 16,777,216, or at
feast 67,108,864 different sequences.

A kit comprising the population of primers of claim 42 and the third and fourth primers

complementary to the second portions of cach of the first and second primers.

. The population of claim 42 wherein the UID cornprises randomly selected sequences.

. The population of claim 42 wherein the UID coraprises pre-defined nucleotide

SCUCNCCS.

. The population of claim 42 wherewn the UID coroprises both randomly selecte

sequences and pre~-defined nucleotides.
The method of claim 2, 23, or 36 wherein prior to the amplification, the analyte DNA is

treated with bisulfite to convert unmethylated cytosine bases to uractl.

LA
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50. The method of claim 1, 23, or 36 further comprising the step of comparing number of
families representing a first analyte DNA fragment to number of families representing a
second analyte DNA fragment to determinge a relative concentration of a first analyte
DNA fragment to a sccond analyte DNA fragment in the plurality of analyte DNA

fragments.
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Fig 6A-68.
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