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N
ext-generation sequencing
(NGS) has revolutionized
genome and transcriptome
analyses in recent years. Now,

a smart and simple modification termed
duplex sequencing published in PNAS by
Schmitt et al. (1) may pave the way to
explore the full power of NGS in answer-
ing fundamental questions and particu-
larly through its application to cancer
research. This enthusiasm is warranted
because duplex sequencing reportedly
reduces the error rate of NGS up to
10 million-fold.
Duplex sequencing may therefore

change the history of NGS, which began in
2005 when the first next-generation se-
quencer was launched (2). In the following
years, the advent, development, and
widespread deployment of NGS systems
for many applications have fundamentally
altered genome research and allowed in-
vestigators to address biological questions
previously not conceivable or affordable
(3). Further improvements in technology,
reliability, and workflow standardization
may enable translation into clinical diag-
nostics (4). Despite numerous success
stories, critical readers could not escape
feelings of discomfort raised by the in-
herently high sequencing error rate of 1%,
which results in hundreds of millions of
sequencing mistakes. The problem was
recognized from the beginning, and sev-
eral statistical approaches (5) were de-
veloped to discriminate between se-
quencing error-derived noise and real ge-
netic variation. Although bioinformatic
advances made limited improvements in
the resolution of sequencing errors, they
did not substitute for an experimental
method correctly assigning the mutational
landscape of individual tumors. Based
on the data presented in the article by
Schmitt et al. (1), the Gordian knot in
sequencing accuracy has apparently been
cut by the duplex sequencing approach.
The authors do so by simply exploiting

the redundant sequence information con-
tained in the complementary DNA strand
of double stranded genomic DNA mole-
cule. They add a unique random yet
complementary double-stranded nucleo-
tide sequence to both strands of duplex
DNA before amplification. This approach
allows them to identify families of DNA
molecules that share the same tag se-
quence on a single strand, called single-

strand consensus sequence (SSCS), anal-
ogous to a recently published approach
termed Safe-SeqS (6). However, it also
identifies the complementary DNA strand
by searching for the complementary tag
sequences among the SSCS reads [duplex
consensus sequences (DCS)]. A sequence
base at a given position is then kept only if
the read data from each of the two strands
match perfectly (Fig. 1).
Schmitt et al. (1) assess the power of

their approach experimentally using phage
M13mp2 DNA, which is a substrate that
has been used extensively in sensitive ge-
netic mutation assays and has a known
mutation frequency. Standard sequencing
methods predicted a 1,000-fold higher than
expected mutation rate, which could be
reduced 100-fold by SSCS, indicating that
about 90% of mutations identified by SSCS
are still artifacts. However, DCS resulted in
a mutation frequency nearly identical to
that of genetic methods, and the authors

give good reasons as to why the DCS result
may indeed be closer to the correct value
than the genetic gold standard.
These numbers provide a frame for the

assessment of recently published NGS
analyses of the mutational load of human
breast cancers (7–9), which, in turn, were
used to infer patterns of DNA damage
and repair processes (8) as well as tumor
evolutionary histories (9). In one example
of a patient with a rapidly fatal disease
course, the primary tumor, a xenograft
from the primary tumor, and a brain me-
tastasis were sequenced and harbored
27,173, 109,078, and 51,710 “novel somatic
single-nucleotide variants” (7),

Fig. 1. Sequence error correction by different methods. In the example given, the DNA has one somatic
mutation (on both strands); both sample preparation and NGS add artifactual mutations as a conse-
quence of deamination events, oxidative damage, and errors typical for the applied sequencing in-
strument. Standard methods for the correction of sequencing errors use the abundance of a sequence
read to identify errors. SSCS and the analogous Safe-SeqS (6) use unique identifiers on single-strand
molecules to group families of sequence reads and remove those that occur less frequently than in 95%
of family reads. Duplex sequencing, in addition to assigning families of single-strand reads, exploits the
information from the complementary strand. First, the complementary strand is identified via the
complementary sequence tags on both strands, and only bases are kept that are present on both strands.
Thereby, the correct sequence is identified.
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respectively, of which most were C > T
mutations. Fifty somatic point mutations
and small insertions and deletions in
coding sequences were validated. These
mutations were largely shared by all three
samples (7). Another case of breast cancer
was sequenced with 188-fold depth: 70,690
mutations were identified. Here, it was
calculated that 100% of cancer cells
shared 27,000 mutations and that from
the most recent common ancestor, several
subclones diverge that share other sets
of thousands of mutations (9). The as-
sumption that these were all true somatic
mutations was taken from the dominance of
C > A, C > G, and C > T mutations (8, 9).
Although various types of filters to cor-

rect for sequencing and mapping errors
were used, neither study utilized an SSCS-
like approach to reduce single-strand
errors. From the studies of Schmitt et al.
(1) and Kinde et al. (6), one may conclude
that the true mutational load is over-
estimated at least 10- to 20-fold, assuming
that the applied algorithms reach the
level of SSCS/Safe-SeqS; if not, up to
99.9% would be erroneous. The suspicion
that mutation numbers were overes-
timated is further supported by an in-
teresting observation of Schmitt et al. (1)
when they analyzed the spectrum of mu-
tations. Even the single-strand correction
method of SSCS identified a large excess
of C > T and G > T mutations. DCS
corrected for these errors, suggesting that
they are derived from first-round de novo
PCR errors generated during the prepa-
ration of the library for sequencing. In
addition, C > T transitions are often
caused by spontaneous deamination of
cytosine to uracil and an adenosine is in-
serted into the nascent DNA strand across
from the damaged base. This results in a
C > T transition. It is also of concern that
the type of error apparently depends on
the source of DNA. In an experiment on
human mtDNA, which is extensively ex-
posed to free radicals during metabolism,
Schmitt et al. (1) find a 130-fold excess of

G > T relative to C > A mutations, con-
sistent with oxidative damage of the DNA.
Such uncorrected errors in DNA replica-
tion would result in first-round PCR er-
rors. Although the importance of damage
bypass-related mutations is currently not

The Gordian knot in

sequencing accuracy has

apparently been cut by

the duplex sequencing

approach.

well studied, one may wonder whether the
heterogeneous vascularization and oxida-
tion in cancer tissues before surgery and
the often uncontrolled ischemic periods
during and after surgery or other factors of
tissue processing may generate different
patterns of mutational spectra, albeit un-
related to cancer mutational history and
selection. Such errors would then reflect
artifacts of sample preparation. The
probability that duplex sequencing would
pick up alterations that are solely related
to sequencing errors or to the preparatory
damage of the sample is calculated to be
lower than 3.8 × 10−10, which is the theo-
retical chance that they occur in both
complementary bases of a duplex DNA
molecule. In summary, the differences
between standard methods for the cor-
rection of sequencing errors, SSCS-like
methods, and DCS place caveats on the
deduction of mutational landscapes (9)
and processes (8) from data that did not
apply DCS.
What happens with rare true mutations

if they are buried among thousands of se-
quencing errors? Schmitt et al. (1) also
address this question experimentally. They
constructed a series of M13mp2 variant
genomes containing specific nucleotide
substitutions, mixed the variants at known

ratios, and performed duplex sequencing.
With standard methods, variants present
at less than 1% were not detected because
artifactual mutations manifest at the same
level obscured them. In contrast, duplex
sequencing with very high sequencing
depth allowed accurate recovery of mutant
sequences down to the lowest tested level:
1 mutant molecule per 10,000 WT
molecules.
The apparent power of duplex se-

quencing and caveats regarding NGS
methods raise questions about whether
and how previously generated sequencing
information on human cancers should be
used. Ideally, selected samples would be
processed in parallel with and without
DCS or, if material is still available, pub-
lished samples resequenced with duplex
sequencing. For a rapid retrospective
confirmation of candidate mutations,
Schmitt et al. (1) suggest using the ran-
domly sheared ends as unique identifiers.
Then, elegant methods to deduce the life
history of human cancers (9) could be re-
applied and the results compared. Other-
wise, it may remain unclear to what extent
non-DCS approaches reflect the muta-
tional history of cancer rather than NGS
artifacts. This concern does not include
reports on cancer mutations that have
been validated and confirmed on many
samples by independent methods. On the
other hand, duplex sequencing now has to
be applied to “real” heterogeneous and
highly complex samples other than
M13mp2. If its power is confirmed, duplex
sequencing will likely improve our un-
derstanding of the clonal substructure of
human cancers, modify the catalog of rare
mutations, help to pinpoint mechanisms
of mutation generation, and potentially
identify mutator phenotypes (10). Even-
tually, it may open doors to clinical ap-
plications in which diagnostic accuracy is
the sine qua non for ethical treat-
ment decisions.
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