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CANCER GENOMICS

Noninvasive Identification and Monitoring of
Cancer Mutations by Targeted Deep
Sequencing of Plasma DNA
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Plasma of cancer patients contains cell-free tumor DNA that carries information on tumor mutations and tumor
burden. Individual mutations have been probed using allele-specific assays, but sequencing of entire genes to de-
tect cancer mutations in circulating DNA has not been demonstrated. We developed a method for tagged-amplicon
deep sequencing (TAm-Seq) and screened 5995 genomic bases for low-frequency mutations. Using this method, we
identified cancer mutations present in circulating DNA at allele frequencies as low as 2%, with sensitivity and spec-
ificity of >97%. We identified mutations throughout the tumor suppressor gene TP53 in circulating DNA from 46
plasma samples of advanced ovarian cancer patients. We demonstrated use of TAm-Seq to noninvasively identify
the origin of metastatic relapse in a patient with multiple primary tumors. In another case, we identified in plasma
an EGFR mutation not found in an initial ovarian biopsy. We further used TAm-Seq to monitor tumor dynamics, and
tracked 10 concomitant mutations in plasma of a metastatic breast cancer patient over 16 months. This low-cost,
high-throughput method could facilitate analysis of circulating DNA as a noninvasive “liquid biopsy” for person-

alized cancer genomics.

INTRODUCTION

Circulating cell-free DNA extracted from plasma or other body fluids
has potentially transformative applications in cancer management
(1-7). Characterization of tumor mutation profiles is required for in-
formed choice of therapy, given that biological agents target specific
pathways and effectiveness may be modulated by specific mutations
(8-11). Yet, mutation profiles in different metastatic clones can differ
significantly from each other or from the parent primary tumor (12, 13).
Evolutionary changes within the cancer can alter the mutational spec-
trum of the disease and its responsiveness to therapies, which may
necessitate repeat biopsies (14-17). Biopsies are invasive and costly and
only provide a snapshot of mutations present at a given time and lo-
cation. For some applications, mutation detection in plasma DNA as a
“liquid biopsy” could potentially replace invasive biopsies as a means
to assess tumor genetic characteristics (2-7). Sensitive methods for de-
tecting cancer mutations in plasma may find use in early detection
screening (1), prognosis, monitoring tumor dynamics over time, or de-
tection of minimal residual disease (3, 18, 19). In high-grade serous
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ovarian carcinomas (HGSOC), mutations in the tumor suppressor
gene TP53 have been observed in 97% of cases (20, 21), but these are
located throughout the gene and are difficult to assay. A cost-effective
method that could detect and measure allele frequency (AF) of TP53
mutations in plasma may be highly applicable as a biomarker for
HGSOC (22).

Circulating DNA is fragmented to an average length of 140 to
170 base pairs (bp) and is present in only a few thousand ampli-
fiable copies per milliliter of blood, of which only a fraction may be
diagnostically relevant (2, 3, 23-25). Recent advances in noninvasive
prenatal diagnostics highlight the clinical potential of circulating
DNA (25-28), but also the challenges involved in analysis of circulating
tumor DNA (ctDNA), where mutated loci and AFs may be more var-
iable. Various methods have been optimized to detect extremely rare
alleles (1, 2, 6, 7, 29-31), and can assay for predefined or hotspot
mutations. These methods, however, interrogate individual or few
loci and have limited ability to identify mutations in genes that lack
mutation hotspots, such as the TP53 and PTEN tumor suppressor
genes (32). In patients with more advanced cancers, ctDNA can com-
prise as much as 1% to 10% or more of circulating DNA (2), presenting
an opportunity for more extensive genomic analysis. Targeted
resequencing has been recently used to identify mutations in selected
genes at AFs as low as 5% (33-35). However, identifying mutations
across sizeable genomic regions spanning entire genes at an AF as
low as 2%, or in few nanograms of fragmented template from circu-
lating DNA, has been more challenging.

In response, we describe a tool for noninvasive mutation analysis
on the basis of tagged-amplicon deep sequencing (TAm-Seq), which
allows amplification and deep sequencing of genomic regions span-
ning thousands of bases from as little as individual copies of fragmented
DNA. We applied this technique for detection of both abundant and
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rare mutations in circulating DNA from blood plasma of ovarian and
breast cancer patients. This sequencing approach allowed us to
monitor changes in tumor burden by sampling only patient plasma
over time. Combined with faster, more accurate sequencing technolo-
gies or rare allele amplification strategies, this approach could poten-
tially be used for personalized medicine at point of care.
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Fig. 1. Overview of tagged amplicon sequencing (TAm-Seq). (A) lllustration
of amplicon design. Primers were designed to amplify regions of interest in
overlapping short amplicons (table S1). Amplicon design is illustrated for a
region covering exons 5 to 6 of TP53. Colored bars, segmented into forward
and reverse reads, show regions covered by different amplicons (excluding
primer regions). Sequencing adaptors are attached at either end, such that a
single-end read generates separate sets of forward and reverse reads (fig. S1).
Because amplicons are mostly shorter than 200 bp, the forward and reverse
reads also partially overlap. Figure adapted from University of California, Santa
Cruz, Genome Browser (http://genome.ucsc.eduy). (B) Workflow overview. Mul-
tiple regions were amplified in parallel. An initial preamplification step was
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RESULTS

Targeted deep sequencing of fragmented DNA by TAm-Seq
To amplify and sequence fragmented DNA, we designed primers to
generate amplicons that tile regions of interest in short segments of
about 150 to 200 bases (Fig. 1A and table S1), incorporating universal
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performed for 15 cycles using a pool of the target-specific primer pairs to pre-
serve representation of all alleles in the template material. The schematic diagram
shows DNA molecules that carry mutations (red stars) being amplified alongside
wild-type molecules. Regions of interest in the preamplified material were then
selectively amplified in individual (single-plex) PCR, thus excluding nonspecific
products. Finally, sequencing adaptors and sample-specific barcodes were
attached to the harvested amplicons in a further PCR. (C) Distribution of ob-
served nonreference read frequencies, averaged over 47 FFPE samples, across
all loci and all nonreference bases. Inset expands the low-frequency range. (D)
Distribution of the observed background nonreference read frequencies aver-
aged over 47 FFPE samples for the 12 different A/C/G/T base substitutions.
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adaptors at 5’ ends (fig. S1). Performing single-plex amplification with
each of these primer pairs would require dispersing the initial sam-
ple into many separate reactions, considerably increasing the prob-
ability of sampling errors and allelic loss. Multiplex amplification
using a large set of primers could result in nonspecific amplification
products and biased coverage. We therefore applied a two-step ampli-
fication process: a limited-cycle preamplification step where all primer
sets were used together to capture the starting molecules present in
the template, followed by individual amplification to purify and select
for intended targets (Fig. 1B) (Supplementary Methods). The final
concentration of each primer in the preamplification reaction was
50 nM, reducing the potential for interprimer interactions, and 15 cy-
cles of long-extension (4 min) polymerase chain reaction (PCR) were
used to remain in the exponential phase of amplification. We used a
microfluidic system (Access Array, Fluidigm) to perform parallel single-
plex amplification from multiple preamplified samples using multiple
primer sets. An additional PCR step attached sequencing adaptors
(fig. S1) and tagged each sample by a unique molecular identifier
or “barcode” (table S2). Sequencing adaptors were separately attached
at either end and the products mixed together, such that single-end
sequencing generated separate sets of forward and reverse reads. We
performed 100-base single-end sequencing (GAIIx sequencer, Illumina),
with an additional 10 cycles using the barcode sequencing primer,
generating ~30 million reads per lane. This produced an average read
depth of 3250 for each of 96 barcoded samples for 48 amplicons read
in two possible orientations.

Validation and sensitivity for mutation identification in
ovarian tumor samples

We designed a set of 48 primer pairs to amplify 5995 bases of genomic
sequence covering coding regions (exons and exon junctions) of TP53
and PTEN, and selected regions in EGFR, BRAF, KRAS, and PIK3CA
(table S1) by overlapping short amplicons (Fig. 1A). The sequenced
regions cover mutations that account for 38% of all point mutations
in the COSMIC database (v55) (32). We used TAm-Seq to sequence
DNA extracted from 47 formalin-fixed, paraffin-embedded (FFPE)
tumor specimens of ovarian cancers (table S3), which were also se-
quenced for TP53 by Sanger sequencing (36) (Supplementary Meth-
ods). DNA extracted from FFPE samples is generally degraded and
fragmented as a result of fixation and long-term ambient storage. We
amplified DNA from each sample in duplicate, tagging each replicate
with a different barcode. Using a single lane of sequencing, we gen-
erated 3.5 gigabases of data passing signal purity filters, producing
mean read depth of 3200 above Q30 for each of the 9024 expected
read groups (48 amplicons x 2 directions x 94 barcoded samples). Back-
ground frequencies of nonreference reads were ~0.1% (median, 0.03%;
mean, 0.2%; in keeping with Q30 quality threshold applied), yet varied
substantially between loci and base substitutions (Fig. 1C) and showed
a clear bias toward purine/pyrimidine conservation (Fig. 1D). Sixty-six
percent of loci had mean background rate of <0.1%, and 96% of loci
had background rate of <0.6%.

The data set interrogated nearly 18,000 possible single-base substi-
tutions for each sample, which introduces a risk of false detection. To
control for sporadic PCR errors and reduce false positives, we called
point mutations in a sample only if nonreference AFs were above the
respective substitution-specific background distribution at a high con-
fidence margin (0.9995 or greater), and ranked high in the list of non-
reference AFs, in both replicates (Supplementary Methods). Duplicate
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sequencing data were obtained for 44 samples, and 43 single-base sub-
stitutions were called (table S3). These matched 100% of mutations
identified by Sanger sequencing and included three additional muta-
tions at low AFs that were below detection thresholds of Sanger sequenc-
ing (fig. S2). The upper bound of AFs that may have been missed was
estimated (Supplementary Methods) at <5% for 36 of 44 FFPE sam-
ples (82%) and <10% for 42 of 44 samples (95%), with median value
of 1.3% and mean value of 2.7%. Mutant AFs were highly reproduc-
ible in duplicate samples. For 42 of 43 mutations called, the difference
in measured frequency between duplicates was less than 0.08, and the
relative difference was 25% or less (Fig. 2A). Mutant AFs correlated
significantly with tumor cellularity in the FFPE block (correlation
coefficient = 0.422; P = 0.0049, ¢ test) (Fig. 2B).

In a separate run, we sequenced libraries prepared from six differ-
ent diluted mixtures of six FFPE samples, with a different known point
mutation in TP53 in each, to mean read depth of 5600. Of more than
100,000 possible non-SNP (single-nucleotide polymorphism) substitu-
tions, we identified all 33 expected point mutations present at AF >1%,
including 6 mutations present at AF <2%, with one false-positive called
with AF = 1.9%. Using less stringent parameters (Supplementary Meth-
ods), we identified three additional mutations present at AF = 0.6%
(Fig. 2C), with no additional false positives. Thus, we obtained 100%
sensitivity, identifying mutations at AFs as low as 0.6%. A positive pre-
dictive value (PPV) of 100% was calculated for mutations at AF >2%,
and a PPV of 90% for mutations identified at AF <2% (Fig. 2D).

Quantitative limitations of mutation detection
When applying TAm-Seq to measure a predefined mutation (as op-
posed to screening thousands of possible substitutions), the frequency
of the mutant allele can be read out directly from the data at the
desired locus. False detection is less likely, and criteria for confident
mutation detection for a predefined substitution can be less stringent
than those described above for de novo mutation identification (Sup-
plementary Methods). The minimal nonreference AFs that could be
detected depend on the read depth and background rates of nonrefer-
ence reads, which vary per locus and substitution type. Minimal de-
tectable frequencies increase when higher confidence margins are used
(Supplementary Methods) and had a median value of 0.14% at con-
fidence margin of 0.95 and 0.18% at confidence margin of 0.99 (fig.
S3). The minimal detectable frequency would also be limited if a min-
imal number of reads is applied for confident mutation detection; for
example, a minimum of 10 reads implies that sequencing depth of
5000 would be required to detect mutations at AF as low as 0.2%.
For alleles present at ~10 or fewer copies in the starting template, re-
producibility would also be limited by sampling noise, because these
alleles may be over- or underrepresented in any particular reaction.
To characterize the quantitative accuracy of TAm-Seq as applied to
circulating DNA, we simulated rare circulating tumor mutations by
mixing plasma DNA from two healthy individuals. Using the same
set of primers as used for the FFPE experiment, we identified that
these two individuals differed at five known SNP loci (table S4). Total
amplifiable copies in both plasma DNA samples were determined by
digital PCR and mixed to obtain minor AFs ranging from 0.16% to
40% (Supplementary Methods). We sequenced diluted templates
containing between 250 and <1 expected copy of the minor allele (ta-
ble S5). The coefficient of variation (CV) of the observed AFs was
equal on average to the inverse square root (1/Vn) of the expected
number of copies of the rare allele (Fig. 3A), which is the theoretical
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Fig. 2. Identification of mutations in ovarian cancer FFPE samples by TAm-Seq. (A) Concordance be-
tween duplicate measurements of AFs of mutations identified in fragmented DNA extracted from
FFPE samples. The mutation frequency in each library was calculated as the fraction of reads with
the mutant (nonreference) base. Solid line indicates equality. Dotted lines indicate a difference in
AF of 0.05. (B) Correlation of AF with FFPE tumor cellularity. The measured mutant AF (average of
both repeats) correlated significantly with the cellularity, estimated from histology (table S3). (C) Con-
cordance between duplicate measurements of AFs of mutations identified in a mixture of DNA
extracted from different FFPE samples. (D) Summary of mutations called in FFPE using TAm-Seq,

sorted by increasing AF. Dotted line indicates AF of 2%.

limit of accuracy set by the Poisson distribution for independently
segregating molecules. We compared the observed AF to the expected
AF for cases where more than six copies of the minor allele were
expected. Of 24 such cases, the root mean square (RMS) relative error
between the expected and the observed frequency was 14%, with on-
ly 2 of 24 cases exhibiting more than 20% discrepancy. For samples
with expected minor AF of 0.025, the RMS error was 23% (Fig. 3B).

Noninvasive identification of cancer mutations

in plasma circulating DNA

We applied TAm-Seq to directly identify mutations in plasma of can-
cer patients. We studied a cohort of samples from individuals with
HGSOC. These samples were first analyzed for tumor-specific muta-
tions using digital PCR (Supplementary Methods), a method that is
highly accurate (2, 3, 7, 37) but requires design and validation of
a different assay for every mutation screened and relies on previous
identification of mutations in tumor samples from the same patients
(2, 3). We initially selected for analysis seven cases that had relatively
high levels of circulating mutant TP53 DNA in the plasma (as assessed
by digital PCR). Using the equivalent amount of DNA present in 30
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Mutations (sorted by allele frequency)

30 40 50 60 70 80 15 months before the blood sample was
collected, although the same sample did
contain the concomitant TP53 mutation
found in the same patient’s plasma, at AF
of 85% (patient 27, table S3). We subse-
quently used TAm-Seq to sequence seven
additional samples collected at the time
of initial surgery including deposits in
right and left ovaries and omentum. The
EGFR mutation was detected in the two
omental samples above the 0.99 confi-
dence margin (fig. S3) at AF of 0.7%, but
was not detected in the six ovarian samples (below the 0.8 confidence
margin). Without previous identification in plasma, this mutation
would not have been directly identified on screening those samples
using high-specificity mutation identification criteria owing to its
low AF. In contrast, the TP53 mutation was identifiable in all biopsy
and plasma samples (Fig. 4A). The frequency of mutant alleles in the
relapsed tumor could not be directly assessed because a biopsy at re-
lapse was not available.

We validated the TAm-Seq method on a larger panel of plasma
samples in which levels of tumor-specific mutations were measured
in parallel using patient-specific digital PCR assays. DNA extracted
from 62 additional plasma samples collected at different time points
from 37 patients with advanced HGSOC was amplified in duplicate
(table S6), using DNA present in ~0.15 ml of plasma per reaction
(range, 0.06 to 0.2 ml). Amplicon libraries were tagged and pooled
together for sequencing with libraries prepared from 24 control sam-
ples. This generated an average sequencing depth of 650 for 62 plasma
samples, sufficient to detect mutations present at AFs of 1% to 2%. Of
>1.5 million possible substitutions, 42 mutations were called using

the parameters previously optimized for FFPE analysis (table S6).
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Fig. 3. Noninvasive identification and
quantification of cancer mutations in plasma
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Table 1. Mutations identified by TAm-Seq in plasma samples from seven
ovarian cancer patients. TAm-Seq was used to sequence DNA extracted
from plasma of subjects with HGSOC (stage Ill/IV at diagnosis). Plasma
was collected when patients presented with relapse disease, before initia-
tion of chemotherapy. For patient 46, DNA from a formalin-fixed, paraffin-

Mutations (sorted by allele frequency)

30 0 2 107

0
10
Allele frequency by digital PCR

of FFPE samples. The dashed horizontal line indicates AF of 2%. Mu-
tations detected by digital PCR at AF <1% are not shown. (D) AFs
measured by TAm-Seq versus digital PCR for mutations identified in
plasma DNA.

embedded (FFPE) sample was not included in the TAm-Seq set and the
mutation was validated in FFPE by Sanger sequencing. CA125 was
measured at time of plasma collection. Mean depth of coverage at the mu-
tation locus in the TAm-Seq data was averaged over the repeats (RMS
deviation = 850). AF, allele frequency; N, no; Y, yes.

Time elapsed

since surgery Plasma per Mutation Mean Mean
Patient Age at (months); CA125 amplification and base Protein Det.ected depth Mea_n AF AF
. . number of - Gene change in . using using
ID diagnosis R (U/ml) reaction change (sequencing -
previous ) (genome FFPE i TAm-Seq digital
lines of H build hg19) PCR
chemotherapy
8 60 13;1 2122 50 TP53 17:7577120 C>T p.R273H Y 5000 0.09 0.10
12 62 27;3 365 50 TP53 17:7577579 G>T p.Y234* Y 5000 0.10 0.08
14 58 50; 3 260 120 TP53 17:7578212 G>A p.R213* Y 5800 0.15 0.12
25 61 9;1 944 110 TP53 17:7578404 A>T p.C176S Y 4800 0.04 0.08
27° 68 15; 1 1051 90 TP53 17:7578262 C>G p.R196P Y 7700 0.06 0.14
EGFR 7:55259437 G>A p.R832H N 5700 0.06 0.05
31 64 12,1 313 30 TP53 17:7578406 C>T p.R175H Y 4500 0.44 0.56
46 56 30; 2 1509 30 TP53 17:7578406 C>T p.R175H Y 4200 0.23 0.30

*Indicates stop codon.
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tBoth a TP53 and an EGFR mutation were identified in this sample (Fig. 4A).
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Table 2. Mutations identified by TAm-Seq in a set of 62 plasma sam-  ples described in this table are distinct from those in Table 1, but pa-
ples from ovarian cancer patients. Forty mutations were identified by  tients included overlap. Additional data on patients and mutations are
TAm-Seq using stringent parameters for mutation calling. Plasma sam-  provided in table S6.

Sample Plasma volume per DNA amount per Gene Protein Mean depth Mean AF using Mean AF using
number amplification reaction (ul) amplification reaction (ng) change (sequencing reads) TAm-Seq digital PCR
1 70 0.9 TP53  p.R273C 640 0.260 0.167
2 160 4.2 TP53  p.R248Q 340 0.244 0.150
3 160 5.7 TP53  p.R248Q 640 0.507 0.410
4 120 9.9 TP53  p.R213X 810 0.059 0.035
5 120 14 TP53 p.C141Y 680 0.021 0.013
6 120 2.1 TP53 p.C141Y 720 0.044 0.038
7 190 17.9 TP53  p.195N 800 0.091 0.081
8 160 14.8 TP53 p.R175H 510 0.608 0.627
9 160 10.7 TP53 p.R175H 550 0.526 0.604
10 160 6.1 TP53 p.R175H 530 0.651 0.682
11 160 49 TP53 p.R175H 490 0.526 0.581
13 160 28 TP53 p.C135R 480 0.039 0.045
14 160 25 TP53  p.C135R 610 0.046 0.120
15 160 3.0 TP53  p.C135R 470 0.091 0.068
16" 130 3.7 TP53  p.R196P 1070 0.088 0.135
EGFR p.R832H 614 0.048 0.050
17 160 4.2 TP53  p.C176S 580 0.113 0.432
18 160 44 TP53  p.C176S 620 0.029 0.108
20 140 52 TP53  p.R175H 650 0.201 0.226
21 140 3.6 TP53 p.R175H 650 0.085 0.074
22 140 41 TP53 p.R175H 630 0.081 0.125
23 140 3.7 TP53 p.R175H 710 0.074 0.106
24 140 7.1 TP53 p.R175H 760 0.269 0.286
25 130 3.9 TP53  p.R273H 750 0.094 0.099
26 160 57 TP53  p.R282W 640 0.048 0.061
27 150 3.6 TP53  p.C141Y 480 0.321 0.364
29 150 9.5 TP53  p.E258K 190 0.548 0.253
31 160 36 TP53  p.C135Y 620 0.040 0.034
32 140 24 TP53 p.E56X 1480 0.137 0.122
33 160 13.2 TP53  p.K132N 740 0.216 0.206
34 60 53 TP53  p.K132N 570 0.151 0.201
36 160 58 TP53  p.K132N 620 0.191 0.275
37 160 9.4 TP53  p.K132N 530 0.287 0.362
38 160 10.1 TP53  p.K132N 590 0.275 0.331
39 160 16.4 TP53  p.K132N 700 0315 0.323
40 160 19.7 TP53  p.K132N 830 0.435 0.482
41 160 15.0 TP53  p.K132N 730 0.452 0.445
42 160 8.5 TP53  p.K132N 560 0.185 0.245
43 150 3.6 TP53  Splicing 680 0.143 0.121
44* 170 5.2 TP53  p.C238R 1543 0.071 0.073
+Both a TP53 and an EGFR mutation were identified in this sample, collected from patient 27 (Table 1), 25 months after initial surgery (Fig. 4A). #The amplicon containing the mutation failed

amplification in this sample in the initial experiment and was identified successfully in repeat analysis.
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Thirty-nine of these matched mutations detected by digital PCR in those
samples (Fig. 3C). Three potential false positives were called, at AF
of 3.1%, 1.3%, and 0.7% (the latter in a control sample). Using higher-

stringency parameters for mutation identification (Supplementary
Methods), we retained only the 39 validated mutations called, with
no false positives (Table 2).
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Fig. 4. Clinically relevant applications of plasma DNA sequencing using
TAm-Seq. (A) Retrospective analysis by TAm-Seq of plasma samples col-
lected during patient follow-up and biopsy specimens collected at initial sur-
gery. We identified a mutation in exon 21 of EGFR (dark blue boxes) in two
separate plasma samples, collected 15 and 25 months after initial surgery
from patient 27 (Tables 1 and 2). This mutation was not directly identified
in eight tumor biopsy specimens collected at the time of initial surgery (two
from omental mass, two from left ovary, and four from right ovary). Having
identified the mutation in the plasma samples, we examined this mutation
using the lower-specificity criteria defined for mutation detection (Supple-
mentary Methods) and detected the mutation in the two specimens that
had been collected from the omentum at the time of surgery (light blue boxes)
but not in the six ovarian specimens. A mutation in TP53 was identified in all
tumor and plasma samples collected from this patient (Tables 1 and 2 and
table S3), but not in white blood cells (buffy coat). Percentages indicate mu-
tant AFs. Empty boxes and “ND” indicate samples where a mutation was not
identified or detected (below 0.8 confidence margin). (B) Monitoring frequency
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of mutant DNA in plasma of an ovarian cancer patient (patient 46) over time
using TAm-Seq and digital PCR. TAm-Seq results are reported as the mean fre-
quency of duplicate analyses. Parallel data are shown for digital PCR and serum
CA125. Shaded regions indicate periods of chemotherapy, and vertical
dashed lines indicate radiological assessment of patient responses: PR, partial
response; SD, stable disease; PD, progressive disease. (C) Monitoring frequency
of mutant DNA in plasma of an ovarian cancer patient (patient 31) over time.
(D) Dynamics of 10 tumor-specific mutations in plasma of a breast cancer patient
(notincluded in the other sets of samples analyzed). (E) Retrospective analysis
of samples from synchronous primary tumors (bowel and ovarian) collected at
the time of initial surgery and three plasma samples collected at relapse. In
primary tumors from this patient (not included in the other sets of samples
analyzed), a TP53 mutation was identified in the ovarian cancer (red box), and
mutations in PIK3CA, KRAS, and TP53 were identified in the bowel cancer
(green box). At relapse, a biopsy was not performed on the pelvic mass. The
TP53 mutation that was identified in the ovarian primary tumor (p.R273H) was
detected in plasma, whereas the bowel-associated mutations were not detected.
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Of 40 point mutations detected at AF >2% by digital PCR, 38
(95%) were identified by TAm-Seq in a single experiment (Fig. 3C).
One additional mutation was located in an amplicon that failed in that
sample and was identified in repeated analysis; the other was likely
missed by TAm-Seq owing to sampling noise, because it was found
in one of the duplicate preamplified libraries but not the other (table
S6). One of three mutations detected by digital PCR at 1% < AF < 2%
was identified by TAm-Seq (Fig. 3C). Eleven additional point mutations
detected by digital PCR at AF <1% were not detected by TAm-Seq at
these settings. TAm-Seq and digital PCR measurements of AF had ex-
cellent agreement, with correlation coefficient of 0.90, increasing to
0.97 when discarding the two strongest outliers (Fig. 3D). Thus, we
screened 62 samples across sizeable genomic stretches, using minute
amounts of plasma DNA (median, 4 ng), and obtained 97.5% sensitivity
with PPV of 100% for identifying mutations at AF >2% in plasma by
TAm-Seq. Using parameters optimized for FFPE samples, one potential
false positive was called at AF >2%, reducing the PPV to 97.5% (Table 3).

Monitoring levels of ctDNA

Various methods have been suggested to monitor changes in muta-
tion load in plasma. These can have enhanced sensitivity compared to
TAm-Seq for tracking individual mutations, but require design of per-
sonalized assays (3, 18, 19). None of these methods have been widely
adopted. We therefore applied TAm-Seq as a generic tool to measure
changes in the frequency of ctDNA over time. We studied serial plasma

samples collected during follow-up and treatment of two patients with
relapsed HGSOC, collected during 104 and 273 days of follow-up and
treatment, respectively. Frequencies of mutant TP53 alleles were mea-
sured by TAm-Seq and in parallel by digital PCR using a mutation-
specific probe. The two methods of quantification had excellent
agreement. Mutant AFs in plasma of ovarian cancer patients re-
flected well the clinical course of the disease compared to the serum
marker CA125, showed marked decrease when systemic treatment
was initiated, and increased in parallel to disease progression. In the
first case (Fig. 4B), a 56-year-old woman with relapsed ovarian cancer
(patient 46) was treated with fourth-line carboplatin + paclitaxel
chemotherapy for six cycles (pink-shaded region). Radiology showed
partial response on mid-treatment computed tomography (CT) scan.
End-of-treatment CT showed stable disease. Twelve weeks from the
end of her fourth-line treatment, the patient developed progressive dis-
ease. The patient then initiated fifth-line chemotherapy with liposomal
doxorubicin (purple-shaded region). In the second case (Fig. 4C), a 64-
year-old woman with relapsed ovarian cancer (patient 31) was treated
with second-line ECX (epirubicin, cisplatin, and capecitabine) chemo-
therapy for six cycles. Radiology showed stable disease on mid- and
end-of-treatment CT scans. The patient then remained off treatment,
until she progressed 3 months later.

TAm-Seq can be flexibly adapted to sequence different genomic
regions by designing primers to amplify regions of interest. We used
this capability to study dynamics of multiple mutations in parallel.

Table 3. Summary of mutations identified in 69 plasma samples of ovarian cancer patients. Samples were analyzed by TAm-Seq and in parallel by digital
PCR. Using parameters optimized for plasma DNA, false-positive calls were lost, whereas all confirmed calls were retained, resulting in specificity and PPV

of 100%.

First set of plasma samples

Plasma samples analyzed 7
Point mutations originally detected by digital PCR, using patient-specific assays targeting mutations identified in tumor samples 7
Point mutations identified directly in plasma by TAm-Seq 8
De novo mutations identified by TAm-Seq only, subsequently confirmed by digital PCR 1
Second set of plasma samples

Plasma samples analyzed 62
Point mutations detected by digital PCR at AF >2% 40
Point mutations with AF >2% (by digital PCR) identified by TAm-Seq 39
Point mutations missed by TAm-Seq due to sampling error 1
Sensitivity of TAm-Seq for identifying mutations at AF >2% 97.5%
PPV of mutations called by TAm-Seq with AF >2% 97.5%*
ctDNA in ovarian cancer

Advanced ovarian cancer patients in both sets’ 38
Patients where TAm-Seq identified cancer mutations 20

*One unconfirmed substitution was called at AF >2% using parameters optimized for FFPE material.

(table S6), 6 of whom overlap.
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tThe first set included 7 patients (Table 1), and the second set included 37 patients
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Whole-genome sequencing of tumor material was used to identify tu-
mor mutations in a patient with metastatic breast cancer undergoing
two phases of chemotherapy. Ten mutations were selected, and short
amplicons (<120 bp) were designed to cover the mutation loci (table
S7). Serial plasma samples were collected over the course of 497 days,
both before and after treatment. We performed TAm-Seq in duplicate,
using DNA from 0.08 ml of plasma per amplification, and tracked
dynamics of all mutations in parallel (Fig. 4D). The patient was treated
with single-agent epirubicin (gray-shaded region). After 4 months off
treatment, a CT scan showed progressive disease and the patient com-
menced further treatment with paclitaxel chemotherapy. The 10 mu-
tations followed a common pattern of sharp decline in AF upon onset
of therapy and an increase in AF upon disease progression after ter-
mination of therapy (Fig. 4D).

Finally, we used TAm-Seq to study plasma from a patient who had
a history of two synchronous primary cancers, bowel and ovarian, which
were resected simultaneously. After a 5-year remission, a pelvic mass of
uncertain origin was detected. A biopsy was considered to guide selec-
tion of therapy but was not performed owing to risk of complications
and comorbidities. The patient commenced empirically on an ovarian
cancer chemotherapy regimen, to which she responded. Retrospective
analysis by TAm-Seq of FFPE from the primary tumors collected at
initial surgery, and three plasma samples collected serially at the time
of relapse (5 years and 5 months, 5 years and 7 months, and 6 years
after initial surgery), showed that the patient’s plasma at relapse con-
tained the TP53 (p.R273H) mutation identified in the ovarian primary
tumor (exceeding the 0.98, 0.93, and 0.97 confidence margins, respec-
tively), but not the PIK3CA (p.E545K), KRAS (p.G12V), or TP53
(p.R248W) mutations identified in the primary bowel cancer (below
the 0.8 confidence margin) (Fig. 4E). Had these results been available,
uncertainty and treatment delays may have been avoided, as well as the
risk of prescribing chemotherapy for an inappropriate tumor site. An
alternative possible outcome may have involved a finding of the PIK3CA
or KRAS mutations (present in the primary bowel cancer) in the patient’s
plasma at the time of relapse. Such a finding, if available to clinicians at
the time, may not only have led to alternate chemotherapy being offered
but may have also opened the possibility of enrolment into a trial for
targeted therapy with mammalian target of rapamycin (mTOR), phos-
phatidylinositol 3-kinase (PI3K), or mitogen-activated protein kinase ki-
nase (MEK) inhibitors (11).

DISCUSSION

Detection of rare mutations in circulating DNA has long been pursued
owing to its potentially transformative impact on cancer diagnosis and
management. Important progress has been made using sequence-
specific assays that target predefined mutations and that detect ex-
tremely rare alleles. Assays such as PCR (6, 7), ligation (5), and primer
extension/mass spectrometry (27) can identify specific, predefined
mutations in plasma samples. Enhanced detection down to 1 mutant
allele in 10,000 or more wild-type alleles can be obtained using a va-
riety of methods, such as peptide nucleic acid and primer extension
(“PPEM”) (38), ligation followed by quantitative PCR (“LigAmp”) (39),
bead-based digital PCR in emulsions (“‘BEAMing”) (2, 3), microfluidic-
based (7) or droplet-based digital PCR (40), or microinsertion/deletion/
indel-activated pyrophosphorolysis (“MAP”) (29). Nonetheless, iden-
tification of rare mutations in tumor suppressor genes such as TP53,
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which are widely mutated in cancers but lack a well-defined hotspot
region, remains an elusive goal.

In patients with advanced cancers, mutant alleles can reach a size-
able fraction of DNA. For example, Dukes’ D colorectal cancers have
median 8% mutant AF (2). Screening of entire genes for mutations
would therefore be useful for some applications, even if analytical se-
lectivity is limited to a few percent. Advances in massively parallel se-
quencing make new approaches possible. These have largely focused
on large-scale analyses, including whole-genome or whole-exome se-
quencing (41). This generates a large amount of data on genomic re-
gions that do not, at present, inform clinical decisions. Moreover, the
depth of coverage for clinically significant loci is not sufficient to de-
tect changes that occur at low frequency (<5%). Such approaches have
recently been complemented by methods for examination of individ-
ual amplicons at great depth (30).

The intermediate scale of sequencing is most likely to have imme-
diate impact on clinical genomics. Targeted sequencing has been ap-
plied for tumor DNA (34, 35) and cyst fluid (33) to detect mutations
down to 5% AF, but has not been applied for analysis of circulating
tumor nucleic acids. Here, we demonstrate noninvasive identification
of mutant alleles in plasma, at AFs as low as 2%, by targeted deep se-
quencing of circulating DNA. Our TAm-Seq method uses a combina-
tion of short amplicons, two-step amplification, sample barcodes, and
high-throughput PCR. Because the amplicons are short, this method
effectively amplifies even small amounts of fragmented DNA such as
are present in circulating DNA. The two-step amplification permits
extensive primer multiplexing that enables the amplification and se-
quencing of sizeable genomic regions by tiling short amplicons without
loss of fidelity or efficiency. Duplicate sequencing of each sample is used
to avoid false positives stemming from PCR errors. Sample barcodes
and high-throughput PCR reduce the per-sample costs to a range where
this may be widely applicable. Preparing TAm-Seq libraries for se-
quencing from 48 samples takes less than 24 hours and involves only
few hours of hands-on time. New platforms for massively parallel se-
quencing allow for fast turnaround times, which make this approach
practical in a clinical setting.

The sensitivity presently achieved can provide useful diagnostic in-
formation in certain advanced cancers. We studied a cohort of sub-
jects with advanced HGSOC in which the tumor suppressor gene TP53
is a driver mutation (20). Of the 69 plasma samples collected from
38 different individuals with advanced HGSOC, we identified muta-
tions in TP53 in 46 samples (67%) from 20 of the cases (53%). In con-
trast, a previous study using a ligase detection reaction with bespoke
primers found mutated TP53 sequences in plasma for only 30% of
advanced ovarian cancer patients (5), and a study using single-strand
conformation polymorphism found no ctDNA in preoperative plasma
samples from high-grade serous cancer patients (42).

Targeted agents, such as inhibitors of poly(adenosine diphosphate-
ribose) polymerase (PARP), or tyrosine kinase inhibitors targeting
epidermal growth factor receptor (EGFR), may be applicable for sys-
temic treatment of advanced HGSOC (8, 10, 22). In a recent study of
203 HGSOC tumors, EGFR was found to be the most frequently mu-
tated oncogene and was mutated in nearly 10% of cases (10). In one
case, we identified in plasma a de novo mutation in the tyrosine kinase
domain (exon 21) of EGFR, located 26 amino acids upstream of the
L858R activating mutation widely documented for lung cancer. In a
subset of tumor samples collected from the same patient 15 months
earlier, this mutation was detected at AF of 0.7%, but could not have
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been identified by analysis of those samples alone without previous
knowledge of the mutation identified in plasma (Fig. 4A). In a clinical
setting, identification of such a mutation could potentially guide treat-
ment with alternative molecularly targeted therapy (10). Current clinical
recommendations in lung adenocarcinoma suggest mutation assess-
ment in exons 18 to 21 of EGFR (a region of ~560 bp) in the tumor tis-
sue to identify patients eligible for treatment with gefitinib or erlotinib
(9). Using a commercial PCR-based in vitro diagnostic kit (Qiagen),
28 different EGFR variants can be assayed (not including the mutation
we identified), but the sample needs to be subdivided into seven dif-
ferent reactions. When sample is limited or mutant alleles are rare, this
could introduce sampling errors.

Using standard amplification primers tailored to the mutation loci,
we also used TAm-Seq to monitor the dynamics of 10 mutations in
plasma DNA of a single patient with metastatic breast cancer, using
minute amounts of input DNA. Previous studies have followed up to
two mutations in any individual patient (3, 19). Tracking multiple mu-
tations can provide insight into clonal evolution and, at the same time,
increases the robustness for tumor monitoring by compensating for
effects of sampling noise or mutational drift. For example, if a patient
has only five copies of a mutant allele per milliliter of plasma (on av-
erage), there is a 37% probability that this mutation will not be present
in a 0.2-ml sample, and even a perfect assay will fail to detect residual
tumor, whereas a method that measures multiple mutations in parallel
can have a low likelihood of a false-negative result even if the detection
rate for each mutation is less than 50%.

A current limitation of TAm-Seq is the detection limit compared
to assays that target individual loci (2, 3, 7, 40), which have been
shown to detect two to three orders of magnitude lower frequencies.
Our approach may be sufficient for analyzing plasma from patients
with certain advanced cancers, but further improvement may be nec-
essary before this method can be more widely used in the clinic. Higher
read depth or fidelity, additional replicates, or improved algorithms
could allow for enhanced mutation detection without change to proto-
cols. An alternative strategy is through rare allele enrichment, for ex-
ample, by combining TAm-Seq with protocols such as COLD-PCR
(co-amplification at lower denaturation temperature PCR) (31).

Previously proposed methods for personalized monitoring of tu-
mor dynamics relied on expensive custom-designed probes (3) or iden-
tification of rearrangements using whole-genome sequencing (18, 19).
These have better analytical sensitivity than currently achieved by
TAm-Seq, but are difficult to implement on a routine basis. TAm-Seq
strikes a balance between sensitivity and ease of use and could facil-
itate study and application of circulating DNA. Using TAm-Seq, we
identified cancer mutations in the plasma of most advanced ovarian
cancer patients and tracked dynamics of TP53 mutations without re-
quiring any specially designed probes. In summary, TAm-Seq is a flex-
ible and cost-effective platform for applications in noninvasive cancer
genomics and diagnostics. We have shown that this method can be
used for high-throughput sequencing of plasma samples to identify
and monitor levels of multiple cancer mutations in circulating DNA.
This could also be applied to screen for rare mutations in a variety of
heterogeneous sample types such as low-cellularity tumor specimens,
cytological samples, or circulating tumor cells (16). With further de-
velopments, this and derivative methods may be applied in molecular
screening for earlier detection or for differential diagnosis of cancer
from benign masses. For genetic analysis of FFPE or small biopsy sam-
ples, TAm-Seq can be applied as is, as a cost-effective clinical aid.

MATERIALS AND METHODS

Sample collection

FFPE blocks were obtained from the pathology archives at Addenbrooke’s
Hospital (Cambridge, UK). Plasma samples were collected upon dis-
ease relapse, before and during chemotherapy treatment. Sample collec-
tion for this study was approved by Cambridgeshire Research Ethics
Committee (REC 08/H0306/61 and 07/Q0106/63). Peripheral blood
samples were collected into EDTA tubes and centrifuged at 820g for
10 min within 1 hour of collection to limit degradation of cell-free DNA
and leukocyte lysis. Aliquots (1 ml) of plasma were centrifuged in a bench-
top microfuge at 14,000 rpm for 10 min. The supernatant was trans-
ferred to sterile 1.5-ml tubes and stored at —80°C before extraction.

Extraction of DNA from FFPE and blood plasma

Paraffin blocks were cut as 8-jum sections on plain glass slides. Targeted
regions for sampling were marked on adjacent hematoxylin and eosin
sections by the study pathologist and recovered by scrape macrodis-
section. Between 3 and 20 sections were macrodissected depending on
the tissue sample’s size. DNA from FFPE sections was extracted with
QIAamp DNA FFPE Tissue Kit (Qiagen) according to the manufac-
turer’s instructions.

Circulating DNA was extracted from between 0.85 and 2.2 ml of
plasma with the QIAamp Circulating Nucleic Acid kit (Qiagen), fol-
lowing the manufacturer’s instructions, and with the QIAvac 24 Plus
vacuum manifold. Carrier RNA was added to ACL lysis buffer to en-
hance binding of nucleic acids to the QlAamp membrane with the
aim to enhance yields.

SUPPLEMENTARY MATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/4/136/136ra68/DC1
Methods

Fig. S1. PCR strategy and primer design.

Fig. S2. Sanger traces for mutations identified by tagged-amplicon sequencing.
Fig. S3. Background frequencies and detection limits for base substitutions.

Fig. S4. Replicate dilute Sanger sequencing of a mutation identified in plasma.
Table S1. Target-specific primers.

Table S2. Unique sequencing barcodes.

Table S3. Mutations identified in FFPE samples.

Table S4. SNPs identified in circulating DNA from two plasma control samples.
Table S5. Frequency of SNP alleles in dilution series of DNA from control plasma.
Table S6. Additional data for Table 2 for mutations identified in plasma samples.
Table S7. Mutations and amplicons studied in one breast cancer patient.
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Editor's Summary

Deep Sequencing Tumor DNA in Plasma

Five liters of circulating blood contain millions of copies of the genome, broken into short fragments; in cancer
patients, a small fraction is circulating tumor DNA (ctDNA). An even smaller number harbor mutations that affect
cancer outcome. Looking for diagnostic answers in circulating DNA is a challenge, but Forshew, Murtaza, and
colleagues have risen to the occasion by developing a tagged-amplicon deep sequencing (TAm-Seq) method that can
amplify and sequence large genomic regions from even single copies of ctDNA. By sequencing such large regions,
the authors were able to identify low-level mutations in the plasma of patients with high-grade serous ovarian
carcinomas.

Forshew et al. designed primers to amplify 5995 bases that covered select regions of cancer-related genes,
including TP53, EGFR, BRAF, and KRAS. In plasma obtained from 38 patients with high levels of ctDNA, the authors
were able to identify mutations in TP53 at allelic frequencies of 2% to 65%. In plasma samples from one patient, they
also identified a de novo mutation in EGFR that had not been detected 15 months prior in the tumor mass itself.
Finally, the TAm-Seq approach was used to sequence ctDNA in plasma samples collected from two women with
ovarian cancer and one woman with breast cancer at different time points, tracking as many as 10 mutations in
parallel. Forshew and coauthors showed that levels of mutant alleles reflected the clinical course of the disease and
its treatment——for example, stabilized disease was associated with low allelic frequency, whereas patients at relapse
exhibited a rise in frequency.

Through several experiments, the authors were able to show that TAm-Seq is a viable method for sequencing
large regions of ctDNA. Although this provides a new way to noninvasively identify gene mutations in our blood,
TAm-Seq will need to achieve a more sensitive detection limit (<2% allele frequency) to identify mutations in the
plasma of patients with less advanced cancers. Nevertheless, once optimized, this "liquid biopsy" approach will be
amenable to personalized genomics, where the level and type of mutations in ctDNA would inform clinical
decision-making on an individual basis.

A complete electronic version of this article and other services, including high-resolution figures,
can be found at:
http://stm.sciencemag.org/content/4/136/136ra68.full.html

Supplementary Material can be found in the online version of this article at:
http://stm.sciencemag.org/content/suppl/2012/05/25/4.136.136ra68.DC1.html

Information about obtaining reprints of this article or about obtaining permission to reproduce this
article in whole or in part can be found at:
http://www.sciencemag.org/about/permissions.dtl

Science Translational Medicine (print ISSN 1946-6234; online ISSN 1946-6242) is published weekly, except the
last week in December, by the American Association for the Advancement of Science, 1200 New York Avenue
NW, Washington, DC 20005. Copyright 2012 by the American Association for the Advancement of Science; all
rights reserved. The title Science Translational Medici'r‘1'e"i‘s‘g, registered trademark of AAAS.
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