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Mutation tracking in circulating tumor DNA predicts
relapse in early breast cancer
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The identification of early-stage breast cancer patients at high risk of relapse would allow tailoring of adjuvant
therapy approaches. We assessed whether analysis of circulating tumor DNA (ctDNA) in plasma can be used to
monitor for minimal residual disease (MRD) in breast cancer. In a prospective cohort of 55 early breast cancer pa-
tients receiving neoadjuvant chemotherapy, detection of ctDNA in plasma after completion of apparently curative
treatment—either at a single postsurgical time point or with serial follow-up plasma samples—predicted meta-
static relapse with high accuracy [hazard ratio, 25.1 (confidence interval, 4.08 to 130.5; log-rank P < 0.0001) or
12.0 (confidence interval, 3.36 to 43.07; log-rank P < 0.0001), respectively]. Mutation tracking in serial samples
increased sensitivity for the prediction of relapse, with a median lead time of 7.9 months over clinical relapse.
We further demonstrated that targeted capture sequencing analysis of ctDNA could define the genetic events of
MRD, and that MRD sequencing predicted the genetic events of the subsequent metastatic relapse more accurately
than sequencing of the primary cancer. Mutation tracking can therefore identify early breast cancer patients at high
risk of relapse. Subsequent adjuvant therapeutic interventions could be tailored to the genetic events present in the
MRD, a therapeutic approach that could in part combat the challenge posed by intratumor genetic heterogeneity.

INTRODUCTION

Breast cancer is the most frequently diagnosed cancer worldwide and,
in women, the second most common cause of cancer deaths (1). About
95% of women with breast cancer present with early-stage cancer
without macroscopic evidence of metastases (2). In many women, how-
ever, breast cancer has already metastasized at diagnosis, and such mi-
crometastatic disease can, in time, result in overt metastatic recurrence.
The identification of those patients who have residual micrometastatic
disease or minimal residual disease (MRD) that has not been eradicated
by adjuvant systemic therapy and surgery would allow for the develop-
ment of clinical trials of adjuvant therapies to prevent relapse focused on
those who are at highest risk.

Circulating tumor DNA (ctDNA) can be detected in the plasma
and serum of patients with advanced cancer (3), acting as a potential
noninvasive source to characterize the somatic genetic features of their
tumors (4-7). Limited data are available on whether ctDNA analyses
would be applicable to early cancer (8, 9), in part because the low tu-
mor burden of micrometastatic disease makes detection of ctDNA
challenging, as ctDNA is often detectable at a very low level in plasma
DNA (10, 11).

Here, we assess the potential to detect ctDNA in early-stage,
primary breast cancer. We demonstrate that ctDNA detection with
personalized digital polymerase chain reaction (dPCR) assays of so-
matic mutations can be used to identify MRD and that such MRD
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detection with plasma ctDNA can accurately identify patients at risk
of cancer relapse. After detection of patient ctDNA with dPCR muta-
tion tracking, we further asked whether high-depth targeted massively
parallel sequencing (MPS) of ctDNA could be used to interrogate the
genetics of MRD as a potential route to identify the lethal clone in ge-
netically heterogeneous cancers.

RESULTS

Personalized tumor-specific dPCR assays for

mutation tracking

We investigated the potential utility of ctDNA analysis in early breast
cancer in a prospectively accrued cohort of 55 women presenting with
early-stage breast cancer who received neoadjuvant chemotherapy
before surgery (Fig. 1). We subjected primary tumor DNA, extracted
from a tumor biopsy at diagnosis before treatment, to MPS, identify-
ing one or more somatic mutation(s) in 78% [43 of 55; 95% confidence
interval (CI), 65 to 88%] of cancers, with two or more mutations found
in 12 cases.

To track these mutations in plasma DNA and identify the presence
of ctDNA, we designed personalized dPCR assays for each somatic
mutation identified (table S1). dPCR can accurately quantify mutant
DNA at single-molecule sensitivity, even in the presence of vast amounts
of wild-type (WT) DNA (Fig. 1) (12, 13). MPS and dPCR analysis had
a high level of agreement in baseline tumor DNA in the assessment of
the mutant allele fractions (Fig. 2A), demonstrating the robust ability
to develop dPCR assays for diverse mutations. For a representative num-
ber of cases (n = 9), the estimation of mutation frequency in plasma DNA
was highly correlated in replicate dPCR assays (r* = 0.98) (Fig. 2B). In
patients with two mutations identified in the primary tumor, we tracked
both mutations in plasma with 96% agreement for present/absent
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Fig. 1. Personalized dPCR assays for mutation tracking of ctDNA in plasma of patients with early
breast cancer. The baseline biopsy of patients presenting with early breast cancer was subjected to tar-
geted MPS to identify somatic (tumor-specific) mutations. Personalized, patient-specific dPCR assays were
developed to detect the mutation in plasma DNA that was extracted from samples taken at baseline, after
surgery, and serially every 6 months during follow-up (mutation tracking). After detection of ctDNA with
dPCR mutation tracking, plasma samples were subjected to high-depth targeted capture MPS to
interrogate the repertoire of somatic genetic alterations in detected MRD. MAF, mutant allele frequency.

mutation calling in the same plasma DNA sample (k = 0.92; 95% CI,
0.77 to 1.0), emphasizing the reproducible and robust nature of the
assays developed.

Tracking mutations in ctDNA to identify MRD and
anticipate relapse

We next assessed whether dPCR could be used for the detection of
ctDNA to predict early relapse. The personalized dPCR assays were
used to track mutations in serial plasma samples taken at baseline,
postoperatively with the sample taken 2 to 4 weeks after surgery, and
then every 6 months during follow-up (Fig. 2C and fig. S1). Two patients
whose tumors harbored the same PIK3CA ¢.3140A>T (p.H1047L) so-
matic mutation illustrated the potential of mutation tracking. In patient
A310001, who remained disease-free at 30 months postsurgical follow-
up, the mutation was undetected in all follow-up plasma samples, sug-
gesting clearance of tumor by neoadjuvant chemotherapy and surgery.
In contrast, in patient A310006, ctDNA was detected in the postsurgical
sample, identifying the presence of MRD. At 6.2 months after surgery,
there was a marked increase in mutation abundance, suggesting in-
creasing disease burden, followed by clinical relapse 8.1 months after
surgery with widespread metastatic disease.

We assessed the potential to predict relapse from the different time
points of ctDNA analysis, starting with the baseline plasma sample
taken at diagnosis before any treatment. Consistent with previous ob-
servations (9), ctDNA was detected in 69% (29 of 42; 95% CI, 53% to
82%) of baseline plasma samples (Fig. 3). The level of baseline ctDNA
was associated with markers of disease aggressiveness, such as histo-
logical grade and estrogen receptor (ER)-negative status, but not pri-
mary tumor size (table S2). ctDNA detection at baseline, before any
treatment, was not predictive of disease-free survival (Fig. 3A), and ctDNA
abundance at baseline was not statistically associated with early relapse

High-throughput sequencing

(median of 13.8 versus 3.13 mutations/ml
for early relapse and disease-free survival,
respectively) (Fig. 3B).

We next assessed the potential of a single
postsurgical sample taken 2 to 4 weeks after
surgery. ctDNA was detected in the single
postoperative blood test in 19% (7 of 37;
95% CI, 8 to 35%) of patients (Fig. 4A), with
highly variable mutational load (median of
19.2 copies/ml; range, 1.8 to 6284 copies/ml).
In these samples, ctDNA detection was pre-
dictive of early relapse [disease-free survival:
median of 6.5 months (ctDNA detected)

Circulating tumor
DNA detected

0.8
m

04 versus median not reached (ctDNA not de-

. 02  tected); hazard ratio (HR), 25.1 (95% CI,

. 0 4.08 to 130.5)] (Fig. 4A), with a concordance
MAF

index (C-index) of 0.78. Detection of ctDNA
in a single postsurgical sample was a signif-
icant predictor of early relapse in a multi-
variable model (table S3). Six patients did
not have a sample taken at 2 to 4 weeks af-
ter surgery and were excluded from analysis
of this time point.

We examined whether the detection of
ctDNA in serial samples, which we termed
“mutation tracking,” could improve relapse
prediction compared with a single postsur-
gical sample (Fig. 4B). Detection of ctDNA in serial samples was pre-
dictive of early relapse [disease-free survival: median of 13.6 months
(ctDNA detected) versus median not reached (ctDNA not detected);
HR, 12.0 (95% CI, 3.36 to 43.07)], with a C-index of 0.75. Detection of
ctDNA by mutation tracking was a significant predictor of early relapse
in a multivariable model (table S4).

Sensitivity in a single postsurgical sample was limited by patients
who had undetectable ctDNA in the single postsurgical plasma sample
and required serial sampling to detect ctDNA. Of the patients who re-
lapsed in the follow-up period, 50% (6 of 12) had ctDNA detected in the
single postsurgical sample and 80% (12 of 15) had ctDNA detected by
mutation tracking. Of the patients who did not relapse, 96% did not
have ctDNA detected in either the single postsurgical sample (24 of 25)
or by mutation tracking (27 of 28) (P = 0.0038 for single postsurgical
samples; P < 0.0001 for mutation tracking in serial samples, % test with
Yates’ correction). One patient with ctDNA detectable after surgery did
not relapse in the follow-up period (A310033) (Fig. 5A). This patient
with triple-negative breast cancer had ctDNA detectable in the first
postsurgical sample, with a subsequent increase in ctDNA abundance
in serial sampling.

Detection of ctDNA had a median of 7.9 months (range, 0.03 to
13.6 months) lead time over clinical relapse, identifying the presence
of MRD that was not detectable on conventional imaging for patient
A310004 (Fig. 5B). ctDNA did not disappear in serial sampling of plas-
ma from patients with early relapse (Fig. 5C). Both assessment of
ctDNA in the single postoperative sample and mutation tracking in
serial samples appeared to predict relapse in all the major subtypes of
breast cancer (Fig. 6), although mutation tracking with serial samples
was more sensitive in ER" breast cancer.

In the three patients whose metastatic relapse was restricted to the
brain, no ctDNA was detectable by dPCR before or at relapse. Patients
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Fig. 2. Personalized, mutation-specific dPCR accurately quantifies tDNA and is highly reproducible. (A) Bland-Alt-
man plot of the agreement between mutational frequency assessed by MPS and by mutation-specific dPCR on baseline
tumor DNA, with 95% Cl of agreement (—0.13 and 0.14) indicated by dashed lines. Data points from 55 mutation-specific
dPCR assays are displayed. (B) Correlation of mutation abundance in repeat assays of mutation-specific dPCR assays in plas-
ma DNA (Pearson’s correlation coefficient). Data from 17 mutation-specific assays in nine different patients. (C) Example of
dPCR mutation tracking in two patients with early breast cancer, whose tumors harbored the same tumor PIK3CA c.3140A>T
(p.H1047L) somatic mutation at the baseline plasma samples. The complete time course for patient A310001 is given in
fig. S1. In each dPCR plot, green dots represent WT DNA (VIC-labeled), blue dots represent mutant DNA (FAM-labeled),
brown dots represent droplets containing both WT and mutant DNA, and black dots are droplets with no DNA incorporated.

with gliomas frequently have undetectable ctDNA (9), suggesting that
the detection of recurrences restricted to the brain may be challenging
by means of mutation tracking. In contrast, extracranial MRD was
predicted by ctDNA mutation tracking in all patients who relapsed
(n=12) (P =0.0022, xz test with Yates” correction).

Genomic characterization of MRD by high-depth plasma
DNA sequencing

Intratumor genetic heterogeneity is found in many solid tumors, in-
cluding breast cancer (14-16). Adjuvant therapies targeted at the genetic

mean target depth after dupli-
cate removal of 460x (range,
104x to 1015x). In all five cases,
we identified tumor-specific
mutations by high-depth se-
quencing of the plasma DNA
taken before clinical relapse,
demonstrating its widespread
applicability in interrogating
the genetics of MRD (Fig. 7
and fig S2). Targeted capture MPS also revealed copy number altera-
tions in the plasma samples of two patients, consistent with those
documented in the primary tumor and/ or metastatic relapse (fig.
S3). Copy number alterations were not identifiable in the remaining
cases, likely because ctDNA was present as a small fraction of total
plasma DNA.

We next addressed whether the repertoire of somatic genetic altera-
tions identified in the analysis of ctDNA arising from MRD would
merely recapitulate that of the original primary cancer or reveal greater
diversity reflective of intratumoral genetic heterogeneity. In one case,
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A310006, ctDNA sequencing by MPS revealed no additional genetic
events to the PIK3CA mutation found in the primary cancer [using
AmpliSeq Personal Genome Machine (PGM) because there was insuf-
ficient DNA for capture sequencing], suggesting homogeneity in the
genetics of the MRD for this patient (fig. S2). However, in all other
patients, we uncovered diversity in the genetics of MRD compared
to the primary cancer (Fig. 7 and fig S2). For example, plasma DNA
sequencing revealed substantial divergence of the genetics of the ctDNA
arising from MRD compared to the original primary tumor for patient
A310012 (fig. S2).

In patient A310003, sequencing of ctDNA revealed the presence of
a PIK3CA mutation present in both the primary and metastatic lesion;
however, the repertoire of somatic mutations found in the plasma
(ctDNA arising from MRD) was more similar to that of the subse-
quently biopsied metastatic relapse than that of the primary cancer
(Fig. 7A). In particular, ctDNA sequencing identified an activating
FGFRI K656E mutation that was not present in the analyzed primary
tumor biopsy but was present in the metastasis (Fig. 7A). The FGFR1
K656E mutation is directly paralogous to the FGFR3 K650E activating
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Fig. 3. Early relapse is not predicted by analysis of baseline ctDNA. (A)
Disease-free survival according to the detection of ctDNA in the baseline
plasma sample. P value determined by log-rank test. (B) Mutant copies per
milliliter of plasma at baseline in patients who relapsed early and who did
not relapse during follow-up. P value determined by Mann-Whitney U test.
Data in (A) and (B) are from the same n = 42 patients. ctDNA associations
with other clinicopathological characteristics are in table S2.
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Fig. 4. Mutation tracking in serial plasma samples predicts early
relapse. (A) Disease-free survival according to the detection of ctDNA
in the first postsurgical plasma sample [HR, 25.1 (95% Cl, 4.08 to 130.5)].
P value determined by log-rank test. Data are from n = 37 patients. (B)
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mutation that is frequently found in bladder cancer and thanatophoric
dysplasia type II (18, 19). Similarly, ctDNA sequencing identified loss
of an ESRI E380Q mutation found in the primary tumor, but not in
the metastasis, anticipating loss of ER in the metastasis, which was
confirmed by immunohistochemistry (fig. S4A). Sequencing of two foci
of residual primary tumor after chemotherapy provided evidence of
consistent clonal selection compared to the primary tumor before
treatment, although the changes did not predict those that were found
in the subsequent metastasis (Fig. 7A). When tracked by dPCR, the pri-
mary tumor PIK3CA mutation remained present in plasma DNA and
metastasis, indicating an early clonal event in the cancer.

In patient A310035, sequencing ctDNA before relapse predicted
acquisition of a SYNEI S1244Y mutation in the subsequently biopsied
metastasis, as well as enrichment for a GATA3 frameshift mutation
and loss of a STAT3 mutation (Fig. 7B). In this patient, enrichment
for the SYNEI mutation was demonstrated in the residual tumor after
chemotherapy (fig. S4B). Finally, in patient A310004, sequencing of
the relapsed tumor revealed an RBI R320* somatic mutation that
was not detectable by sequencing of the plasma ctDNA taken 8.1 months
before relapse (13 months after surgery) (Fig. 7C). We developed and
optimized a multiplex dPCR assay (fig. S4C) to track this mutation,
along with the other two mutations in ANK3 and XIRP2 that were pres-
ent in both the primary tumor and the metastatic recurrence in this pa-
tient. dPCR demonstrated that the RBI mutation was a late event, only first
detectable in a plasma sample taken 16.1 months after surgery, then
expanding in frequency on serial sampling at relapse (Fig. 7C). This sug-
gests that genetic diversity develops in expanding micrometastatic dis-
ease before relapse and that mutation tracking may have the potential to
identify MRD at a point before genetic diversity develops.

DISCUSSION

Here, we show that ctDNA mutation tracking can detect MRD non-
invasively and identify earlier which patients are at risk of cancer re-
currence. We devised an assay pipeline that uses baseline primary
tumor mutations to develop personalized dPCR assays to track
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Fig. 5. Mutation tracking in early-relapse and disease-free patients.
(A) Mutation tracking profile in 26 patients who are currently disease-free
after treatment of primary breast cancer. Mutations remain undetectable in
the postsurgical and follow-up periods in 25 of 26 patients. The remaining
patient (A310033, red), with triple-negative disease, had ctDNA detectable
after surgery with an increase in the detectable level of mutational load in
follow-up sampling; however, this patient did not have clinical relapse at
the time of reporting. (B) Mutation tracking detects ctDNA arising from

the presence of ctDNA in plasma over time. After using dPCR to
detect MRD, we showed that high-depth plasma DNA sequencing
can help define the repertoire of somatic genetic alterations found
in MRD, providing evidence of clonal shifts in response to systemic
therapy.

Our data illustrate fundamental principles for the use of ctDNA in
the detection of MRD. Driver, and likely clonal, mutations should be
tracked in preference to subclonal nondriver mutations, which may be
lost in the MRD that subsequently repopulates the metastatic recur-
rence (A310003, A310035, and A310012). Here, serial sampling during
follow-up was required for accurate MRD detection and relapse predic-

Months post-surgery Months post-surgery

MRD in patient A310004, with a lead time of 13.5 months over clinical relapse.
Contrast-enhanced spiral computed tomography (CT) scan revealed no ab-
normality at 14 months of follow-up, although multiple liver metastases
(white arrows) were subsequently detected at 19 months of follow-up. M,
months; PS, post-surgery. (C) Mutation tracking ctDNA profiles before relapse,
from 12 patients who experienced early relapse after treatment of primary
breast cancer. After ctDNA was detected in a postsurgical or follow-up sample,
it was detected in all subsequent samples before relapse.

tion. Our data suggest that the burden of MRD at a single postsurgical
time point soon after completing neoadjuvant chemotherapy is, in
some cases, insufficient for its detection in the plasma DNA, or,
owing to lack of proliferation and apoptosis in the MRD, there is
no release of ctDNA. These findings contrast with a report where
ctDNA detection with BEAMing in a single colorectal cancer sample
taken after surgical resection of liver metastases offered high predic-
tive potential, potentially because of the high burden of micrometa-
static disease in this setting (10). Nevertheless, we recommend serial
sampling to detect the MRD as it proliferates and expands. Mutation
tracking in serial samples may be particularly important in ER-positive
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Nevertheless, no other technologies have
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Intratumor genetic heterogeneity re-
flecting clonal diversity in cancers (14-16)
presents a potential major barrier for
successful adjuvant therapy that aims to
eradicate micrometastatic disease and
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prevent recurrence (21). Adjuvant thera-
pies targeted at the genetic characteristics
of the primary cancer may be ineffective
if micrometastatic disease displays differ-
ent genetic alterations from those found
in the primary cancer. Here, we show
that high-depth targeted capture MPS of
ctDNA before relapse has the potential
to address this challenge by interrogating
the genetic characteristics of MRD to
identify the lethal clone that may differ
in its repertoire of somatic mutations from
the dominant clone in the primary can-
cer. We detected potentially targetable
mutations in the ctDNA that were not
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Fig. 6. Disease-free survival prediction based on single post-surgery ctDNA and mutation tracking
in serial plasma samples according to tumor subtype. (A) ER-positive breast cancers in the first post-
surgical sample (n = 21) and serial follow-up samples (n = 24). (B) ER-negative breast cancers in the first
postsurgical sample (n = 16) and serial follow-up samples (n = 19). (C) Triple-negative breast cancers (TNBC)
in the first postsurgical sample (n = 11) and serial follow-up samples (n = 13). P values determined by log-

rank test.

breast cancer to detect ctDNA changes during postoperative endocrine
therapy (Fig. 6).

We used dPCR to assay plasma samples in this study. This relatively
cost-efficient technology represents, along with BEAMing, the most
sensitive techniques currently available for detection of known rare
mutations. Alternative techniques include the detection of structural
variants (11), although the challenge in advancing this technique to
clinical practice is accurate identification of these variants. MPS of plas-
ma is challenged by polymerase error in detecting rare variants, al-
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T
12

Months post-surgery

4 30 36 geted therapy is almost uniformly un-

able to cure patients with advanced
metastatic disease (25). We demonstrate
that the micrometastatic disease may
evolve over time, with late appearance
of an RBI mutation that might cause re-
sistance to targeted therapy with cyclin-
dependent kinase 4/6 inhibitors. This
suggests that the approach described
here may lead to the detection of MRD before the establishment of
genetic diversity.

Despite our encouraging findings for improving early treatment of
breast cancer patients, the follow-up was short (~2 years), with rela-
tively few patients. Sequencing of the plasma DNA taken at relapse,
with the capture 273-gene panel, to 752x depth in one patient with
a brain metastasis revealed no detectable mutations. The lack of sen-
sitivity for the detection of metastatic disease restricted to the brain
likely suggests that the blood-brain barrier blocks the release of tDNA

18

6
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Fig. 7. High-depth targeted
capture MPS of plasma DNA
to characterize the genomic
landscape of MRD. For five
patients, DNA was extracted
from microdissected primary
tumor, residual tumor resected
after chemotherapy, metastatic
tumor biopsies where availa-
ble, plasma DNA samples, and
germline lymphocyte DNA and
was subjected to targeted cap-
ture MPS using a custom panel
targeting the exons of 273
genes recurrently mutated in
breast cancer or involved in
DNA repair pathways. Data for
two patients are provided in fig.
S2. (A) (Left) High-depth tar-
geted capture MPS in patient
A310003 of baseline primary
tumor biopsy, two separate
surgery samples after chemo-
therapy, plasma DNA samples
at 17 and 8 months before re-
lapse, and metastatic disease
biopsy taken on subsequent
relapse. (Right) Validation of
MPS findings with dPCR and
Sanger sequencing. The FGFR1
mutation is detectable at a
low level 17 months before
relapse. A diagram illustrates
possible clonal selection in
this patient through therapy
and time. Immunohistochemis-
try of baseline and metastatic
tumor samples is given in fig. S4A.
(B) High-depth targeted cap-
ture MPS in patient A310035
of baseline primary tumor bi-
opsy, plasma DNA before re-
lapse, relapse biopsy, and
plasma DNA after relapse.
Analysis of the surgery sam-
ple is shownin fig. S4B. (C) High-
depth targeted capture MPS
in patient A310004 of baseline
primary tumor biopsy, plasma
DNA 6.1 months before relapse,
and relapse biopsy (left). Re-
lapse biopsy revealed an RB1
c958C>T (R320%) somatic mu-
tation that was not detectable
by sequencing of the plasma.
(Right) Validation of MPS find-
ings with dPCR. RBT mutation
was a late arising event that

was not detectable 6.1 months before relapse but then rose to relative clonal abundance at relapse (P < 0.0001, % test for trend). There was a pathological
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complete response to chemotherapy in the primary tumor. MAF, mutant allele frequency.

into circulation. We were unable to address the potential ctDNA detec-
tion in patients who had primary surgery and no chemotherapy because
our study focused on the ability to detect MRD after neoadjuvant
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chemotherapy and surgery. In addition, because patients in this series did
not have regular imaging studies in the follow-up, a future prospective
study comparing with imaging is required. Our results could potentially
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be extended by tracking a large number of mutations in each blood sam-
ple, in part by greatly extending the targeted sequencing panel to iden-
tify multiple mutations in each patient. The theoretical potential for loss
of individual driver mutations in metastatic disease could be countered
by such an approach, although that is not observed in our series. How-
ever, in our study, assaying for three clonal mutations in the postsurgical
sample from patient A310004 was unable to detect ctDNA. This suggests
that a substantial increase in the number of genetic events tracked per
milliliter of plasma would be required.

In conclusion, we have shown that noninvasive mutation tracking in
plasma DNA can detect residual MRD, which standard treatment has
failed to eradicate, and thus identify patients at high risk of recurrence.
Furthermore, we have shown that the genetic events of metastatic dis-
ease may differ from those found in the primary tumor. This knowledge
will allow for therapeutic interventions tailored to the driver genetic
events present in micrometastases in a new approach that could help
combat the challenge posed by intratumor genetic heterogeneity.

MATERIALS AND METHODS

Study design

Serial plasma samples were collected from patients with early breast
cancer to assess the potential of assays of ctDNA to predict relapse after
treatment. Patients (table S5) were recruited from the Royal Marsden
Hospital and were treated with standard therapy. Tumor DNA was
extracted from the baseline pretreatment tumor biopsy and sequenced
with an amplicon PGM library to identify mutations specific to the tu-
mor. dPCR assays specific to that mutation were developed to track the
mutation on ctDNA, at baseline, and in sequential plasma samples
taken after surgery. The log-rank test was used to assess the association
between detection of ctDNA and disease-free survival.

Patient cohort and sample collection
Fifty-five patients scheduled to receive neoadjuvant chemotherapy
were analyzed from prospective sample collection studies, the Chemo-
NEAR study [Research Ethics Committee (REC) ref. no. 11/EE/0063]
or the Plasma DNA study (REC ref. no. 10/H0805/50) approved by
Research Ethics committees (East of England—Essex and London—
Bromley, respectively). Written informed consent was obtained from
all participants. Staging investigations were performed at baseline
for all node-positive and/or ¢T3/4 patients with CT scan and bone
scans, and those with distant metastatic disease were excluded from
the study. Patients were treated with standard neoadjuvant chemo-
therapy (sequential anthracyclines-taxane-based chemotherapy in 51
patients, sequential anthracyclines—paclitaxel + carboplatin in 2 pa-
tients, and docetaxel + cyclophosphamide in 2 patients) with or without
trastuzumab depending on HER2 status. After completion of surgery
with or without radiotherapy, patients were treated with adjuvant hor-
mone therapy or trastuzumab as per standard local practice and were
followed up in a nurse-led open-access follow-up program. In the series,
a single patient presented with axillary lymphadenopathy from a cryptic
breast primary. This patient had radiotherapy to the breast, axillary, and
supraclavicular nodes after neoadjuvant chemotherapy, without surgery.
Core biopsies were taken at baseline, at surgery, and where clinically
indicated at recurrence. Plasma samples were collected into EDTA K2
tubes at baseline (before chemotherapy), after surgery (2 to 4 weeks after
surgery), and every 6 months during follow-up or until relapse, which-

ever occurred first (Fig. 1). The clinicopathological characteristics of the
study cohort are presented in table S5, whereas a CONSORT (Consolid-
ated Standards of Reporting Trials) flow diagram of the patients included
in the study is presented in fig. S5. ER, progesterone receptor (PR), and
HER? status were assessed in a single laboratory at the Royal Marsden
Histopathology Department using standard criteria.

Processing and DNA extraction from tumor samples

Tissues from core biopsies taken at diagnosis, surgery, and recurrence
were formalin-fixed and paraffin-embedded (FFPE). Four to eight
sections (4 um thick) were stained with Nuclear Fast Red and were
microdissected under a stereomicroscope to achieve >70% tumor cell
content. Tumor DNA was isolated using the QIAamp DNA FFPE
Tissue Kit (Qiagen) as per the manufacturer’s instructions. Germline
DNA was extracted from buffy coat DNA using the DNeasy Blood
and Tissue Kit (Qiagen) as per the manufacturer’s instructions.

Processing of plasma and extraction of circulating DNA
Blood collected in EDTA K2 tubes was processed within 2 hours of
sample collection and centrifuged at 1600 rpm for 20 min, with plasma
stored at —80°C until DNA extraction. DNA was extracted from 2 to
4 ml of plasma using the QIAamp Circulating Nucleic Acid Kit (Qiagen)
according to the manufacturer’s instructions. The DNA was eluted into
50 pl of AVE buffer and stored at —20°C.

DNA quantifications from tissue and/or plasma

DNA isolated from tissue or plasma was quantified on a Bio-Rad QX100
ddPCR using ribonuclease P (RNase P) as the reference gene. The eluate
(1 pul) was added to a dPCR reaction containing 10 pl of ddPCR Super-
mix for Probes (Bio-Rad) and 1 pl of TagMan Copy Number Reference
Assay, human, RNase P (Life Technologies) on a total volume of 20 pl.
The reaction was partitioned into ~14,000 droplets per sample in a
QX100 droplet generator according to the manufacturer’s instructions.
Emulsified PCR reactions were run on 96-well plates on a G-Storm GS4
thermal cycler, incubating the plates at 95°C for 10 min, followed by
40 cycles of 95°C for 15 s and 60°C for 60 s, then by a 10-min incubation
at 98°C. The temperature ramp increment was 2.5°C/s for all steps. The
plates were read on a Bio-Rad QX100 droplet reader using QuantaSoft
version 1.4.0.99 software from Bio-Rad. At least two negative control wells
with no DNA were included in every run. The amount of amplifiable
RNase P DNA was calculated using the Poisson distribution in QuantaSoft.

Assessment of recovery of mutant DNA extracted

from plasma

Genomic DNA was extracted from the PIK3CA mutation ¢.3140A>T
GP2d colon adenocarcinoma cell line (European Collection of Cell
Cultures cat. no. 95090714), using the DNeasy Blood and Tissue Kit
(Qiagen) as per the manufacturer’s instructions. DNA was quantified
using the Quant-iT PicoGreen dsDNA Assay Kit (Life Technologies) as
per the manufacturer’s instructions. Genomic DNA (5 ug) was restriction-
digested using Hind IIT endonuclease, and the concentration of ¢.3140A>T
mutant DNA copies was calculated using a dPCR assay on at least five
replicates on the QX100 ddPCR system (Bio-Rad) using the PIK3CA
c.3140A>T primers and probes described in table S1. A total of 150
copies of the PIK3CA ¢.3140A>T mutation were spiked into 1 ml of
WT plasma samples and immediately processed as described above.
Of the input PIK3CA mutant DNA, 43% (95% CI, +2.2%) was recov-
ered and analyzed by the dPCR assay.
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lon PGM sequencing of baseline tumor samples

Sequencing libraries were prepared with a custom Ion AmpliSeq Breast
Cancer Panel targeting 14 known breast cancer driver genes (26) (table S6)
using the Ion AmpliSeq Library Preparation protocol with 5 ng of
tumor DNA, according to the manufacturer’s instructions. After barcod-
ing, the libraries were quantified using quantitative PCR, diluted to
100 pM, and pooled. The libraries were templated with the Ion PGM
Template OT2 200 Kit (Life Technologies) and sequenced on a 318 PGM
chip using Ion PGM Sequencing 200 Kit v2 (Life Technologies) and 500
flows to a mean depth of x2355. The sequencing resulted in 200,000
to 650,000 reads per sample. Variant Caller v4.0.r73742 with no HotSpot
region and on “Germ-Line-Low Stringency” configuration was used for
calling variants, and variants not reported as germ line in dbSNP (Single
Nucleotide Polymorphism database) were selected as potentially being
somatic mutations. Potential somatic mutations were cross-referenced
against the 1000 Genomes Project database (www.1000genomes.org),
and only variants that did not appear on the 1000 Genomes Project
database were taken forward for development of dPCR assays.

Hybrid capture MPS

In five patients who experienced relapse, DNA extracted from micro-
dissected primary tumor, residual tumor resected after chemotherapy,
metastatic tumor biopsies where available, plasma DNA samples, and
germline lymphocyte DNA to exclude germline polymorphisms was
subjected to targeted capture MPS. Custom oligonucleotides (Roche
NimbleGen SeqCap EZ Choice) were designed for hybridization
capture of all protein-coding exons of 273 genes recurrently mutated
in breast cancer or involved in DNA repair pathways, as previously de-
scribed (17, 27). Barcoded sequence libraries were prepared (NEXTflex
barcode adapters, Bioo Scientific) using 12.5 to 50 ng of DNA and am-
plified (KAPA Biosystems), and 12 barcoded libraries were pooled at
equimolar concentrations into a single exon capture reaction, as previ-
ously described (17, 27, 28). Paired-end 75 x 75-base pair sequencing
was performed on a single lane of an Illumina HiSeq2000 flow cell. Se-
quencing reads were aligned to the reference human genome hg19 using
the Burrows-Wheeler Aligner (version 0.6.2) (29), and local realign-
ment and base quality recalibration were performed using the Genome
Analysis Toolkit (GATK) (30). Duplicates were removed using SAM-
tools (31). Somatic single nucleotide variants (SNVs) were identified
using MuTect (32), GATK Haplotype Caller (version 3.1.1) (30), and
Strelka (33). To minimize potential false-positive results obtained
with high-depth targeted MPS performed with DNA extracted from
FFPE tissues or plasma, only SNVs identified by at least two of the three
callers used were considered valid, as previously described (17). Small
insertions and deletions (indels) were identified using GATK Haplotype
Caller and VarScan2 (version 2.3.6) (34), gene copy number aberrations
were generated using VarScan2 and segmented using circular binary
segmentation, and gains and losses were called using the R package
CGHcall. All candidate mutations identified in a given tumor or plasma
DNA sample were validated manually in all other plasma DNA or tu-
mor samples of the given patient, and mutations supported by two or
more reads were regarded as being present (table S7).

Development of mutation-specific dPCR assays

dPCR was performed on a QX100 ddPCR system (Bio-Rad) using
TagMan chemistry. For each tumor mutation, we designed a primer
probe combination using Primer 3 Plus or Life Technologies’ custom
SNP genotyping assays tool (table S1). Primers and probes were de-

signed to avoid reported SNPs. Primers and probes were analyzed for
the presence of hairpins, secondary structures, or hetero/homodimer
formation. Primers were analyzed for specificity using the electronic PCR
(ePCR) tool of the University of California, Santa Cruz (http:// genome.
ucsc.edu/cgi-bin/hgPcr?command=start). dPCR conditions were opti-
mized with a temperature gradient to identify the optimal annealing
temperature using either a WT DNA spiked with a mutant synthetic
oligonucleotide or cell line DNA known to carry the mutation. After
optimization, the baseline tumor DNA sample was analyzed to validate
the assay. The complete absence of mutation in the corresponding pa-
tient’s germline lymphocyte DNA, as well as unmatched plasma
samples from metastatic breast cancer patients, was confirmed by dPCR.

dPCR analysis of circulating free plasma DNA

dPCR was performed on a QX100 ddPCR system (Bio-Rad) using
TagMan chemistry with primers and probes described in table S1 at
a final concentration of 900 nM primers and 250 nM probes. PCR re-
actions were prepared with ddPCR Supermix for Probes (Bio-Rad) and
partitioned into a median of 50,000 droplets per sample in a QX100
droplet generator according to the manufacturer’s instructions. DNA
extracted from 4 ml of plasma was analyzed for the presence of the
mutation at each time point. Emulsified PCR reactions were run on
a 96-well plate on a G-Storm GS4 thermal cycler, incubating the plates
at 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and specific
assay extension temperature (table S1) for 60 s, then by a 10-min incu-
bation at 98°C. The temperature ramp increment was 2.5°C/s for all steps.
Plates were read on a Bio-Rad QX100 droplet reader using QuantaSoft
version 1.4.0.99 software from Bio-Rad to assess the number of droplets
positive for mutant DNA, WT DNA, both, or neither. At least two neg-
ative control wells with no DNA were included in every run.

dPCR analysis

To assess mutation fraction, the concentration of mutant DNA (copies
of mutant DNA per droplet) was estimated from the Poisson distribu-
tion: number of mutant copies per droplet (Mmu) = —In [1 — (nmu/n)],
where nmu is the number of droplets positive for mutant FAM probe
and # is the total number of droplets. The DNA concentration in the
reaction was estimated as follows: MDNAconc = —In [1 — (nDNAconc/n)],
where nDNAconc is the number of droplets positive for mutant FAM
probe and/or WT VIC probe and # is the total number of droplets. The
fraction mutation was computed as follows: fraction mutation = Mmu/
MDNAconc. To assess the number of mutant copies per milliliter of
plasma, the number of mutant FAM-positive droplets was adjusted
for the number of wells run for the sample, the total number of droplets
generated, the median volume of a droplet (0.89 pl), and the volume
equivalent of plasma run, using the following formula:

Mutant copies per milliliter = (total number of droplets positive for FAM)

%20, 000 x number of wells run/

volume of plasma equivalents) /(total number of droplets generated x 0.89)

A mutation was only considered to be present if two or more FAM-
positive droplets were detected in 4 ml of plasma equivalent DNA, with
this criterion for a positive test being predefined. After taking into ac-
count the recovery of 43% of DNA present in plasma (as calculated
above), the dPCR assay would be anticipated to detect tumor-specific mu-
tations with 86% probability at an actual concentration of 2 mutations/ml
and 99% probability at an actual concentration of 4 mutations/ml.
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The presence of increasing ctDNA abundance was defined as the
doubling of mutant copies per milliliter from the nadir or the appear-
ance of ctDNA when previously undetectable. Detection in baseline
or after surgery was defined as detection of ctDNA at a single time
point. Mutation tracking was defined as detection of ctDNA in any
of the postsurgical and serial ctDNA samples.

Statistical analysis

The primary endpoint of the study was to assess disease-free survival
in patients with and without detection of ctDNA using univariable sur-
vival estimates calculated using the Kaplan-Meier method, and survival
differences were estimated using the log-rank test. Multivariable Cox
regression analyses were used to test the independent prognostic value
of mutation tracking and ctDNA, adjusted for tumor size, pathological
nodal status, and molecular subtypes. Harrell’s C-index from the
univariable and multivariable survival model was calculated (35).
The C-index is a probability of concordance between predicted and ob-
served survival, defined as the probability that risk assignments to mem-
bers of a random pair are accurately ranked according to their prognosis.
A C-index of 0.5 indicates random prediction, and higher values in-
dicate increasing prediction accuracy. The associations of median
ctDNA level with clinicopathological markers were assessed using the
Mann-Whitney U or the Krustal-Wallis test where appropriate. The
odds ratios of ctDNA detection with the standard clinicopathological
variables were estimated using univariable logistic regression analysis.
All statistical analyses were performed with GraphPad Prism version
6.0 or in R 3.0.1 with R packages survival, Hmisc, and rms. All P values
are two-sided. Disease-free survival, excluding contralateral invasive
breast cancers, was assessed from the date of surgery.

SUPPLEMENTARY MATERIALS

www.sciencetranslationalmedicine.org/cgi/content/full/7/302/302ra133/DC1

Fig. S1. Mutation tracking by dPCR along a 24-month follow-up of a disease-free patient.
Fig. S2. High-depth targeted capture MPS on plasma DNA from two relapsed patients.
Fig. S3. Copy number profile in primary tumor and plasma DNA before relapse.

Fig. S4. Validation and follow-up of MPS on plasma DNA.

Fig. S5. CONSORT flow diagram of patients included in this study.

Table S1. dPCR assays and mutations analyzed in this study.

Table S2. Clinicopathological factors associated with baseline ctDNA level.

Table S3. Prediction of disease-free survival using a single postsurgical blood sample.
Table S4. Prediction of disease-free survival by mutation tracking using serial blood samples.
Table S5. Summary of the study cohort.

Table S6. lon AmpliSeq breast cancer driver gene panel.

Table S7. Reads from capture MPS of tumor and plasma DNA.
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Editor's Summary

Risk of recurrence

Predicting whether a cancer patient will relapse remains a formidable challenge in modern medicine.
Fortunately, circulating tumor DNA (ctDNA) present in the blood may give clues on residual disease——cancer cells left
behind to seed new tumors even after treatment. Garcia-Murillas et al. developed a personalized ctDNA assay based
on digital polymerase chain reaction to track mutations over time in patients with early-stage breast cancer who had r
eceived apparently curative treatments, surgery, and chemotherapy. Mutation tracking in serial samples accurately
predicted metastatic relapse——in several instances, months before clinical relapse (median of ~8 months). Such
unprecedented early prediction could allow for intervention before the reappearance of cancer in high-risk patients. In
addition, the authors were able to shed light on the genetic events driving such metastases, by massively parallel
sequencing of the ctDNA, which could inform new drug-based therapies on the basis of the patients’ individual
mutations.
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