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The development of noninvasive methods to detect and monitor tumors continues to be a major challenge in
oncology. We used digital polymerase chain reaction–based technologies to evaluate the ability of circulating
tumor DNA (ctDNA) to detect tumors in 640 patients with various cancer types. We found that ctDNA was
detectable in >75% of patients with advanced pancreatic, ovarian, colorectal, bladder, gastroesophageal,
breast, melanoma, hepatocellular, and head and neck cancers, but in less than 50% of primary brain, renal,
prostate, or thyroid cancers. In patients with localized tumors, ctDNA was detected in 73, 57, 48, and 50%
of patients with colorectal cancer, gastroesophageal cancer, pancreatic cancer, and breast adenocarcinoma,
respectively. ctDNA was often present in patients without detectable circulating tumor cells, suggesting that
these two biomarkers are distinct entities. In a separate panel of 206 patients with metastatic colorectal can-
cers, we showed that the sensitivity of ctDNA for detection of clinically relevant KRAS gene mutations was
87.2% and its specificity was 99.2%. Finally, we assessed whether ctDNA could provide clues into the mech-
anisms underlying resistance to epidermal growth factor receptor blockade in 24 patients who objectively re-
sponded to therapy but subsequently relapsed. Twenty-three (96%) of these patients developed one or more
mutations in genes involved in the mitogen-activated protein kinase pathway. Together, these data suggest
that ctDNA is a broadly applicable, sensitive, and specific biomarker that can be used for a variety of clinical
and research purposes in patients with multiple different types of cancer.
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INTRODUCTION

Cancer will occur in more than 1.6 million individuals this year in the
United States alone, but a clinically proven circulating biomarker that
can be used to help guide patient management will be available for only
a minority of them, even in the setting of widespread metastasis (1–6).
Although serum-based protein biomarkers such as carcinoma antigen-
125 (CA-125), carcinoembryonic antigen (CEA), and prostate-specific
antigen (PSA) are commonly used for this purpose, these proteins are
also found in the serum of individuals without cancer, albeit in lower
concentrations (2–4). Additionally, these markers are not found to be
elevated in a substantial portion of patients with advanced cancers (5, 6).

A new generation of biomarkers has become available with the dis-
covery of the genetic alterations that are responsible for the initiation
and progression of human cancers (7–11). With the influx of genomic
information from recent cancer genome sequencing studies, it is now
known that virtually all cancers of every type harbor somatic genetic
alterations. These alterations include single-base substitutions, inser-
tions, deletions, and translocations (the latter including those asso-
www.Science
ciated with the creation of gene fusions, gene amplifications, or losses
of heterozygosity). These somatic mutations occur at negligible fre-
quencies in normal cell populations and therefore provide exquisitely
specific biomarkers from a biological perspective (9).

There are two sources of tumor DNA that can be noninvasively
assessed in the circulation: cell-free circulating tumor DNA (ctDNA)
and circulating tumor cells (CTCs) (12, 13). ctDNA is composed of
small fragments of nucleic acid that are not associated with cells or
cell fragments (14). In contrast, CTCs represent intact, often viable,
cells that can be purified from blood by virtue of physicochemical
characteristics or cell surface molecules that distinguish them from
normal blood cells (15). Many studies have shown that both ctDNA and
CTCs are present in advanced neoplasia, although only a few studies
have compared the amounts of CTCs and ctDNA templates in the same
patients (16–19). The studies comparing the two approaches have reached
opposing conclusions, likely because of technical issues that limited
interpretation of either the ctDNA or CTC content. Furthermore, the
mechanism by which CTCs or ctDNA is released into the circulation
TranslationalMedicine.org 19 February 2014 Vol 6 Issue 224 224ra24 1
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is unclear, although it is possible that ctDNAactually comes fromCTCs.
One of the purposes of the current study was to compare the quantities
of ctDNA and CTCs in the circulation of the same patients using an
unbiased approach.

Most studies of ctDNA published to date have each evaluated pa-
tients with a single tumor type. In light of considerable differences in
DNA preparation and analytic techniques in these studies, it has been
difficult to directly compare the amounts of ctDNA among tumor
types (16, 20–26). Comparisons of studies are also challenging because
of differences in the types of data that are reported. For example, it is
often impossible to compare real-time polymerase chain reaction (PCR)
results with those reporting the fraction of mutant template molecules
assessed, or to compare results based on the analysis of serum with those
based on plasma. To directly compare different tumor types and to
determine the spectrum of cancers in which ctDNA measurements
could prove clinically useful, we evaluated a large number of tumor
types in the current study. We purified plasma and tumor DNA using
regimented protocols for all samples and used digital technologies to
evaluate ctDNA levels from each tumor so that we could report the
number of mutant templates per milliliter of plasma in each case (Fig. 1).
This approach also allowed us to directly compare the two most com-
monly used types of tumor-specific genetic alterations found in the
circulation: single-base substitutions and rearrangements.

One of the most immediate applications of ctDNA has been termed
the “liquid biopsy” (20). In research studies as well as in clinical prac-
tice, it is often difficult to obtain tumor samples for genetic analyses.
Some tumors are only accessible through fine-needle aspirates (lung
cancer, for example) with insufficient material available for genotyp-
ing, whereas in other cases it can be challenging or time-consuming to
1Ludwig Center for Cancer Genetics and Therapeutics, Howard Hughes Medical Institute
and the Sidney Kimmel Comprehensive Cancer Center at Johns Hopkins, Baltimore, MD
21231, USA. 2Departments of Surgery, Medicine, Pathology, Obstetrics and Gynecology,
Otolaryngology, and Neurosurgery at Johns Hopkins, Baltimore, MD 21231, USA. 3Swim
Across America Laboratory at Johns Hopkins, Baltimore, MD 21231, USA. 4Department of
Dermatology, Boston University, Boston, MA 02215, USA. 5Institute for Cancer Research
and Treatment at Candiolo, University of Torino, Candiolo, Turin 10060, Italy. 6Department
of Oncology, University of Torino, Candiolo, Turin 10060, Italy. 7FIRC Institute of Molecular
Oncology (IFOM), Milan 20139, Italy. 8Advanced Applications and Collaborations, Life
Technologies, Foster City, CA 94404, USA. 9Division of Oncology, University of Indiana,
Indianapolis, IN 46202, USA. 10Indiana University Health, Indianapolis, IN 46202, USA.
11Ludwig Institute for Cancer Research, Melbourne Branch, Royal Melbourne Hospital,
Melbourne, Victoria 3084, Australia. 12Western Hospital, Melbourne, Victoria 3011, Australia.
13Division of Oncology, The Children’s Hospital of Philadelphia and the Department of
Pediatrics, University of Pennsylvania School of Medicine, Philadelphia, PA 19104, USA.
14Department of Pathology, Asan Medical Center, University of Ulsan College of
Medicine, Seoul 138-736, Republic of Korea. 15Indivumed GmbH, Hamburg 20251, Germany.
16Niguarda Cancer Center, Ospedale Niguarda Ca’ Granda, Milan 20162, Italy. 17Department of
Neurology and Pathology, School of Medicine, University of Sao Paulo, Sao Paulo, Brazil.
18Amgen Inc., Thousand Oaks, CA 91320, USA. 19Department of Molecular Medicine and
Surgery, Karolinska Institute, Stockholm SE-171 76, Sweden. 20University of Colorado
Comprehensive Cancer Center, Aurora, CO 80045, USA. 21MyGenostics Inc., 801 West
Baltimore Street, Baltimore, MD 21205, USA. 22Department of Surgery, Memorial Sloan-
Kettering Cancer Center, New York, NY 10065, USA. 23Departments of Surgery, Bio-
chemistry, and Molecular Biology, Indiana University, Indianapolis, IN 46202, USA.
*These authors contributed equally to this work.
†Present address: Personal Genome Diagnostics, Baltimore, MD 21224, USA.
‡Present address: Novartis Institutes for Biomedical Research, Cambridge, MA 02139,
USA.
§Present address: State Key Laboratory of Cancer Biology, Cell Engineering Research
Center and Department of Cell Biology, The Fourth Military Medical University, Xi’an
710032, P. R. China.
¶Present address: Department of Surgery University of Texas Southwestern Medical
Center, Dallas, TX 75390, USA.
||Corresponding authors. E-mail: ldiaz1@jhmi.edu (L.A.D.); npapado1@jhmi.edu (N.P.);
vogelbe@jhmi.edu (B.V.); kinzlke@jhmi.edu (K.W.K.); velculescu@jhmi.edu (V.E.V.)

www.Science
acquire samples from different medical centers (27). Additionally,
once a targeted therapy is initiated in a patient with multiple metastases,
clinicians frequently search for early evidence of recurrence or mech-
anisms underlying resistance, a scenario in which liquid biopsies are
particularly valuable. For example, they can provide temporal mea-
surements of the total tumor burden as well as identify specific muta-
tions that arise during therapy (16, 20, 21, 23, 28, 52). Although the
liquid biopsy approach has been shown to be promising, its sensitivity
and specificity with respect to conventional tumor biopsies have not
been evaluated in a large, clinically relevant cohort. Here, we evaluated
the sensitivity and specificity of this approach in patients with colorectal
cancers (CRCs) who were candidates for epidermal growth factor recep-
tor (EGFR) blockade. We also used liquid biopsies to identify mutations
that were responsible for recurrence in patients who initially responded
to EGFR blockade. In aggregate, these studies provide a wealth of in-
formation on the potential utility, as well as the limitations, of ctDNA
measurements for the assessment of patients with various cancers.
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RESULTS

Patients with metastatic cancers
We began this study with an evaluation of 136 metastatic tumors orig-
inating from 14 different tissue types, as well as of 41 patients with
primary brain tumors (glioma and medulloblastoma). Primary brain
tumors were included in this evaluation because they are generally lethal
even though they rarely metastasize. We also included 10 additional
cases, composed of stage III ovarian (n = 7) and hepatocellular carcinomas
(n = 3), in this particular evaluation because stage IV cases are rare
and stage III disease is more representative of advanced disease in
these two tumor types. The clinical characteristics of these patients
are summarized in Table 1. Targeted sequencing, exomic sequencing,
or whole-genome sequencing was used to identify mutations in the
tumors, as described in Supplementary Materials and Methods. In
these advanced cases, at least one genetic alteration—a point mutation
(151 cases) or genetic rearrangement (36 cases)—was found in each of
the tumors studied (table S1). Except for a subset of mutations at the
known hotspots of the KRAS, NRAS, PIK3CA, and BRAF genes (which
are well known to be somatic), all other genetic alterations were de-
monstrated to be somatic through evaluation of DNA from non-
neoplastic cells of the same patients. ctDNA was assessed by one
of three digital methods (see Supplementary Materials and Methods).
These methods yielded comparable results when applied to the same
plasma samples (fig. S1) and all were able to detect one mutant tem-
plate in the DNA purified from up to 5 ml of plasma. The amounts
of plasma available from each patient are listed in table S1.

ctDNA was detected in most of the studied patients with solid tu-
mors outside the brain (112 of 136; 82%). However, the fraction of
patients with detectable ctDNA varied with tumor type (likelihood
ratio test, P < 0.001). As shown in Fig. 2A and fig. S2, most patients
with stage III ovarian and liver cancers and metastatic cancers of the
pancreas, bladder, colon, stomach, breast, liver, esophagus, and head
and neck, as well as patients with neuroblastoma and melanoma,
harbored detectable levels of ctDNA. In contrast, less than 50% of pa-
tients with medulloblastomas or metastatic cancers of the kidney,
prostate, or thyroid, and less than 10% of patients with gliomas, har-
bored detectable ctDNA. The number of patients with some of the
tumor types depicted in Fig. 2A was small, limiting the statistical
TranslationalMedicine.org 19 February 2014 Vol 6 Issue 224 224ra24 2

http://stm.sciencemag.org/


R E S EARCH ART I C L E

 on N
ovem

ber 29, 2016
http://stm

.sciencem
ag.org/

D
ow

nloaded from
 

significance of comparisons among tumor types, but patients with
gliomas (low or high grade; table S1) were less likely to harbor ctDNA
than those with metastatic cancers of the pancreas, colon, breast,
esophagus/stomach, or ovary (Fig. 2A and fig. S2).

Although ctDNA was detectable in most patients with metastatic
cancers, the concentration of ctDNA varied among patients, even those
with the same tumor type (Fig. 2B and table S1). Some of this varia-
bility was due to differences in copy number of the genes assayed in
different tumors. For example, if the queried gene was amplified
50-fold in the tumor of patient A, whereas the queried gene in the
tumor of patient B was present at normal copy number, the amount
of ctDNA would be expected to be 50-fold higher in patient A than in
patient B (see “Comparison of rearrangements with single-base substi-
tutions in ctDNA”). However, great variability was also observed among
cancers in which only nonamplified genes (such as TP53) were assessed.

Patients with localized disease
We next evaluated ctDNA in patients with localized disease, that is, no
clinical or radiographic evidence of distant metastasis at the time of
sample collection. Among 223 patients with localized cancers of all
types evaluated, detectable levels of ctDNA were found in 55% (122
of 223 patients; table S1). This fraction was lower than observed in
patients with metastatic disease from all tumor types in which a suf-
ficient number of samples were available (breast, colon, pancreas, and
gastroesophageal; Fig. 3A; Cochran-Mantel-Haenszel c2 test, P <
0.001). Detectable levels of ctDNA were present in 49 to 78% of
patients with localized tumors and in 86 to 100% of patients with meta-
static tumors of these four types (Fig. 3A).

Differences in the fraction of patients with detectable levels of
ctDNA also correlated with stage: 47% of patients with stage I cancers
www.ScienceTranslationalMedicine.org 19
of any type had detectable ctDNA, where-
as the fraction of patients with detectable
ctDNA was 55, 69, and 82% for patients
with stage II, III, and IVcancers, respectively
(Fig. 3B; Somers’ Dxy rank correlation =
0.337). The concentration of ctDNA in
the plasma similarly increased with stage
(Fig. 3C).

Comparison of ctDNA with CTCs
For these experiments, DNA was isolated
from the cellular compartment of blood
obtained after centrifugation; these pellets
contained CTCs as well as white blood
cells (WBCs), platelets, and other cellular
fragments. In each case, whole-genome
sequencing of tumor DNA was used to
identify somatic rearrangements. PCR-
based assays were then used to identify these
rearrangements in blood pellets (CTCs)
or in the blood supernatants (plasma)
of the same patients. This experiment
could be performed with tumor-specific
rearrangements, but not with tumor-
specific point mutations, for the reasons
given in the Discussion. We did not iden-
tify any cases in which CTCs were de-
tected but in which ctDNA was absent.
However, in many cases in which ctDNA was detected (13 of 16;
81%), no CTCs were detectable with the identical assay (Table 2).
Moreover, in the three cases wherein both CTC and ctDNA levels
were detectable, the average number of mutant fragments in the plas-
ma was >50-fold higher than analogous levels in CTCs (Table 2).

Comparison of rearrangements with single-base
substitutions in ctDNA
We were also interested in comparing the quantity of two different
types of genetically altered DNA fragments in the circulation of the
same patients. Although practical issues precluded us from identifying
a rearrangement in all patients in this study (see Discussion), tumor-
specific rearrangements as well as tumor-specific point mutations were
identified in 19 patients (table S2). The rearrangements were identified
by whole-genome sequencing of tumor DNA, and the point mutations
identified by targeted sequencing. In each case, the alteration was shown
to be somatic via evaluation of normal DNA from the same patients.
In 18 of the 19 patients harboring a circulating point mutation, a cir-
culating rearrangement was also detectable (table S2). The one excep-
tion was a patient (CRC 37) with a circulating point mutation in TP53
in which the rearrangement identified in that patient’s tumor could
not be identified in her plasma (table S2). The absolute number of
circulating DNA fragments with point mutations versus rearrange-
ments was highly correlated (Fig. 4; correlation coefficient = 0.96). How-
ever, in four patients, the number of circulating fragments containing
rearrangements was >10-fold that of the queried point mutation (table
S2). The reason for this was that the rearrangements we chose for
analysis often arose as a result of gene amplification in the tumor,
whereas the point mutations were generally present only once per tu-
mor genome.
Fig. 1. Potential applications of ctDNA.
February 2014 Vol 6 Issue 224 224ra24 3
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The sensitivity and specificity of liquid biopsy
The results described above were obtained by first identifying a mu-
tation in a tumor and then determining whether that same mutation
was detectable in the plasma. For certain liquid biopsy applications,
the mutation in the tumor is not known a priori and all mutations
of interest are queried at once. To determine the sensitivity of the
liquid biopsy approach, we evaluated the plasma and tumors of 206
patients with metastatic CRC in a blinded fashion (table S3). This co-
hort of patients was completely distinct from the 410 patients de-
scribed above and in tables S1 and S2. For each case, we determined
whether mutations at codon 12 or 13 of KRAS were present in either
www.Science
the primary tumor or in 2 ml of plasma drawn before treatment. The
KRAS gene was chosen for this study because of its clinical relevance;
the absence of a KRAS gene mutation in the primary tumor is a pre-
requisite for treatment of metastatic CRC patients with antibodies that
block EGFR (29). We identified 69 patients (33% of the 206) who
harbored circulating mutant KRAS in their plasma. Circulating KRAS
mutations were not detected in 127 of 128 patients with KRAS wild-
type tumors, yielding an uncorrected specificity of 99.2%. The muta-
tion identified in the 69 plasma samples was always identical to that
identified in the tumors, further emphasizing the specificity of the liquid
biopsy. In addition to these 69 tumors, we identified 10 cases (of 206) in
which mutations were present in the primary tumors but not in the
plasma, yielding a sensitivity of 87.2%. Percent concordance between
KRAS mutation status in the plasma and tumor tissue was 95%, and
the agreement was highly significant (k statistic = 0.88, P < 0.0001).

We next evaluated 26 clinical and pathologic characteristics to bet-
ter understand the observed false-negative results (tables S3 and S4).
The factors associated with a false-negative ctDNA result (mutant KRAS
in the tumor but no mutants detectable in the plasma) were low CEA
level, mucinous histology, low alanine aminotransferase levels, low
WBC count, and younger age (tables S4 and S5). CEA levels were also
positively correlated with the concentration of mutant KRAS frag-
ments in the plasma (tables S6 and S7). These observations are con-
sistent with the idea that lower tumor burdens (reflected by normal
CEA levels) are associated with lower ctDNA levels.

We next examined the relationship between the concentration of
ctDNA and survival. Beginning with a model of known prognostic
factors [age, Eastern Cooperative Oncology Group (ECOG) perform-
ance status (PS), and CEA], and assuming linearity for these adjust-
ment variables, we found that ctDNA concentration provided added
value in predicting survival (likelihood ratio test, P = 0.00253, df = 3).
We then estimated the 2-year survival rate for differing concentration
of ctDNA, holding the other predictors constant (Fig. 5). We observed
a steady decrease in survival rate as ctDNA concentration increased.

Monitoring patients for resistance-conferring mutations
Liquid biopsies can also be used to monitor patients being treated with
targeted agents, providing an early warning of recurrence and infor-
mation about the genetic basis of resistance. For example, KRAS codon
12 and 13 mutations were shown to develop in 38% of 24 patients
who first responded to EGFR blockade and then progressed (20). In
each case, the KRAS gene mutation was not present in the primary
tumor but had presumably arisen in a small population of cells within
a metastatic lesion and expanded under the influence of the EGFR
blockade. Here, we wished to determine whether other resistance mu-
tations, besides those at KRAS codons 12 and 13, could be identified in
liquid biopsies of patients treated with EGFR blockade. We therefore
designed a multiplexed, sequencing-based assay to query known mu-
tated hotspots of several genes in the EGFR pathway: the regions with-
in and surrounding KRAS codons 12, 13, 59, 60, and 61; NRAS codons
12, 13, 59, 60, and 61; BRAF codons 599 and 600; EGFR codons 712 to
721, 738 to 748, 790 to 800, and 847 to 859; and PIK3CA codons
538 to 549 and 1039 to 1050. The 24 cases assessed included 17 of
those previously assessed for KRAS mutations (20) plus 7 additional
cases of patients who had first responded, then progressed, while being
treated with blocking antibodies to EGFR (panitumumab or cetuxi-
mab). The primary tumors of nine of these cases were unavailable, so
we used pretreatment DNA from plasma to assess whether any of the
Table 1. Summary of clinical characteristics of 410 patients with
various malignancies.
Parameter value
Age, years
Mean (SD)
 63.0 (13.6)
Median (range)
 64 (23–95)
No. unknown (%)
 67 (16.3)
Gender, n (%)
Female
 163 (39.8)
Male
 181 (44.1)
No. unknown (%)
 66 (16.1)
Tumor type, n (%)
Bladder
 10 (2.4)
Breast
 33 (8.0)
Colorectal
 64 (15.6)
Endometrial
 12 (2.9)
Gastroesophageal
 21 (5.1)
Glioma
 27 (6.6)
Head and neck
 12 (2.9)
Hepatocellular
 4 (1.0)
Medulloblastoma
 14 (3.4)
Melanoma
 20 (4.9)
Neuroblastoma
 9 (2.2)
Non–small cell lung cancer
 5 (1.2)
Ovary
 9 (2.2)
Pancreas
 155 (37.8)
Prostate
 5 (1.2)
Renal cell carcinoma
 5 (1.2)
Small cell lung cancer
 1 (0.2)
Thyroid
 4 (1.0)
Clinical stage*
1
 49 (13.3)
2
 133 (36.0)
3
 51 (13.8)
4
 136 (36.9)
*Excludes 41 primary brain tumor patients.
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queried mutations were detected before
administration of EGFR antibodies; none
of the mutations listed in Fig. 6 were found
before antibody treatment.

We identified emergent circulating mu-
tations of at least one mitogen-activated
protein kinase pathway gene in 23 of the
24 patients (96%). The number of differ-
ent mutations identified in the circula-
tion of individual patients averaged 2.9
(range, 0 to 12). The development of dif-
ferent mutations in the same patient is
not surprising given that each of these
patients had multiple lesions; each lesion
that responds to EGFR blockade and then
progresses is expected to harbor at least
one resistance mutation (20, 30).

In total, we observed 70 somatic mu-
tations that were not detected in the tumor
or in the plasma before EGFR blockade
and only appeared after therapy was in-
itiated (table S8 and Fig. 6). Half of the
mutations (34 of 70) occurred in KRAS
codon 12. These mutations are known to
cause resistance to EGFR blockade when
present in the primary tumor, and have
been observed to arise after EGFR block-
ade in vitro as well as in vivo (20, 30). One
mutation in BRAF was observed. Several
previous studies have shown that BRAF
V600E mutations, when present in pri-
mary tumors, are associated with failure
to achieve a response to EGFR blockade
(31–33). Two other patients developed
mutations in the kinase domain of EGFR
(codons 714 and 794; table S8 and Fig. 6).
Mutations at these residues have been pre-
viously observed in primary CRC, albeit
infrequently, and resistance to EGFR block-
ade has been shown to result from genetic
alterations in the EGFR gene (34, 35). We
did not identify treatment-related muta-
tions in the knownPIK3CAgene hotspots
(exons 9 and 20) (36).

The most surprising observation in
the EGFR blockade component of our
study was the large number of mutations
in codon 61 of either the KRAS or NRAS
gene (table S6 and Fig. 6). Fifteen of the
Fig. 2. ctDNA in advanced malignancies.
(A) Fraction of patients with detectable ctDNA.

(B) Quantification of mutant fragments. Error
bars represent the 95% bootstrapped confi-
dence interval of the mean (tumor types with
<4 samples were excluded from this figure).
www.ScienceTranslationalMedicine.org 19 February 2014 Vol 6 Issue 224 224ra24 5
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24 patients (62.5%) harbored at least one codon 61 mutation, and the
31 mutations in these 15 patients comprised 45% of the total (69) mu-
tations observed. Forty-eight percent of the codon 61 mutations were
in NRAS and the remainder were in KRAS (table S6 and Fig. 6).
 2016
DISCUSSION

Through the study of 640 patients, we have learned that mutant DNA
fragments are found at relatively high concentrations in the circulation
of most patients with metastatic cancer and at lower but detectable
concentrations in a substantial fraction of patients with localized
cancers. These results have several translational implications and sug-
gest important avenues of future research.

Monitoring disease in advanced cancer patients
A genetic alteration could be identified in the tumor of all 410 patients
evaluated in this part of study, making ctDNA a widely applicable bio-
marker for cancer patients. Moreover, >80% of patients with metastatic
disease had detectable levels of ctDNA, higher than that reported for
most conventional biomarkers (37). Unlike proteins such as CEA or
CA19-9, which are expressed in normal cells as well as in neoplastic
cells, genetic alterations of a clonal nature are only found in neoplasms.
www.Science
Our data indicate that measurements of ctDNA can also provide ther-
apeutic, predictive, and prognostic information in patients with meta-
static disease. As shown in Fig. 5, metastatic CRC patients with
relatively low levels of ctDNA lived significantly longer than patients
with higher levels, and there was a marked correlation between
ctDNA concentration and survival. A similar association between sur-
vival and ctDNA concentration has recently been reported in patients
with advanced breast cancers (16).

Although these advantages of ctDNA render it promising for mon-
itoring patients, there are potential limitations. The specific mutations
are defined by evaluation of the primary tumor, adding both time and
expense to patient management. This may be less of an obstacle in the
future because more cancer patients will have their tumors genetically
analyzed to guide therapeutic decisions. The genetic alterations used to
Fig. 3. ctDNA in localized and nonlocalized malignancies. (A) Fraction
of patients with detectable ctDNA in localized (stages I to III) and metastatic

(stage IV) colorectal, gastroesophageal, pancreatic, and breast cancers. (B)
Fraction of patients with detectable ctDNA. (C) Quantification of mutant
fragments in cancer cases categorized by stage. Error bars represent SEM.
Table 2. Comparison of CTCs with ctDNA.
Sample ID
TranslationalMed
Tumor
type
icine.org 19
Clinical
stage
February 20
Cellular
DNA (mutant
fragments
per 5 ml)
14 Vol 6 Issue 22
Plasma
DNA (mutant
fragments
per 5 ml)
BLD 21
 Bladder
cancer
2
 0
 226
BLD 24
 Bladder
cancer
2
 0
 4
CRC 12
 Colorectal
cancer
4
 0
 79
CRC 14
 Colorectal
cancer
4
 0
 31
CRC 31
 Colorectal
cancer
1
 0
 35
CRC 32
 Colorectal
cancer
2
 0
 37
CRC 35
 Colorectal
cancer
2
 0
 5
CRC 40
 Colorectal
cancer
1
 0
 25
CRC 60
 Colorectal
cancer
4
 680
 73,000
CRC BIO 23a*
 Colorectal
cancer
4
 370
 21,000
CRC BIO 23b*
 Colorectal
cancer
4
 400
 28,000
BR 833
 Breast
cancer
2
 0
 2,500
BR 834
 Breast
cancer
2
 0
 41
BR 837
 Breast
cancer
2
 0
 3
BR 841
 Breast
cancer
2
 0
 690
BR 848
 Breast
cancer
2
 0
 9,900
*Two independent blood samples from the same patient, drawn 2 months apart, were sepa-
rately analyzed.
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guide therapies can also be used for ctDNA analysis. A more serious
issue relates to the utility of monitoring patients with advanced can-
cers, either with ctDNA or with other biomarkers (38, 39). On one
hand, patients and their physicians are anxious to know, as soon as
possible, whether disease has progressed. Imaging studies are often
noninformative or slow to reflect progression. Repeated imaging also
subjects patients to radiation, whereas monitoring ctDNA is noninvasive.
On the other hand, it has not yet been shown that monitoring patients
with advanced disease with any biomarker provides clinical as opposed
to psychological benefits. Knowing that progression (or response) has
occurred prior to changes in clinical symptoms may not prolong sur-
vival or improve quality of life.

Methodological comparisons
There are two sources of tumor DNA accessible in the blood (CTCs
and ctDNA), and two types of genetic alterations that can be most
easily assessed in either source (point mutations and translocations).
Previous studies that compared ctDNA with CTCs reached mixed
conclusions. For example, one group concluded that ctDNA was pres-
ent less often than CTCs (17); this group used state-of-the-art meth-
ods to detect CTCs but did not use a highly sensitive method to detect
ctDNA. The second group concluded that ctDNA was present more
often than CTCs (16); this group used a sensitive method for analyz-
ing ctDNA but used a relatively insensitive method for analyzing
CTCs. More recently, much higher levels of ctDNA than CTCs were
found in two of three pediatric patients with neuroblastomas (19).

To investigate this issue further, we assessed both ctDNA and
CTCs in the same blood sample from patients with typical solid tu-
mors. We simply separated the cellular component from plasma and
determined the fraction of cells or cell equivalents, respectively, in
which tumor-specific rearrangements could be identified. Because
www.Science
we did not attempt to physically separate tumor cells from normal
WBCs, technical issues related to the efficiency of CTC purification
were eliminated. The comparison between DNA from CTCs and ctDNA
cannot easily be performed with point mutations because the back-
ground level of point mutations in PCR-based assays is too high, even
with the sensitive methods used in our study. This background precludes
the detection of point mutations at levels less than 1 in 100,000 cells
(40, 41). Because several million normal cells but only a few CTCs are
present per milliliter of blood, a technology that is more sensitive is
required. The detection of rearrangements is well suited for this task
because it has been shown that one mutation can be reliably detected
among millions of wild-type template molecules; PCR errors do not
generate specific rearrangements (42).

Using patient-specific rearrangements as a tool, we were able to
show that the level of ctDNA was always higher than that of CTCs.
In 13 of 16 patients, ctDNA levels were relatively high, whereas no
CTCs at all could be detected. This does not mean that ctDNA is pref-
erable to CTCs for the detection or monitoring of cancer. Rather, the
optimal technology depends on many other factors, including cost and
throughput, for which CTC detection has advantages. However, this
comparison does suggest that the vast majority of ctDNA is not derived
directly from CTCs. Because the half-life of ctDNA is short (<1.5 hours)
(21), in fact shorter than that of CTCs (43), our work suggests that
the mutant molecules in the plasma are generally not derived from
the CTCs.

Another comparison of interest concerns translocations and point
mutations. Our results (table S2) show that the number of ctDNA
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Fig. 5. The relationship between ctDNA concentration (mutant frag-
ments per milliliter) and 2-year survival. The association between surviv-

al and ctDNA concentration was assessed, holding known prognostic
factors (age, ECOG PS, and CEA) constant. The 2-year survival was esti-
mated on the basis of a multivariable Cox regression model, in which
ctDNA concentration level was transformed with a natural spline function.
Fig. 4. Scatter plot correlating point mutations with rearrangements
in the same plasma specimens.
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fragments per milliliter of plasma for translocations and point muta-
tions was similar in most of the cases studied. However, in 1 of 19 cases,
a point mutation was detected in a plasma sample in which the studied
rearrangement was absent. The likely reason for this was that the point
mutation was in a driver gene that occurred relatively early in tumori-
genesis, whereas the rearrangement was subclonal, perhaps not contrib-
uting to the development of the tumor. In four other cases, rearrangements
were detected at 10-fold higher levels than the point mutations (table S2).
In these cases, the rearrangements were found to be components of
somatically amplified genes.

From a practical perspective, these data suggest the following con-
clusions: Maximal sensitivity for detecting a genetic alteration can be
achieved by using a rearrangement present within an amplicon. Many
tumors, particularly advanced ones, contain such amplifications, making
them relatively easy to detect with low-coverage (10×) genome se-
quencing. As with the comparison between CTCs and ctDNA, how-
ever, this greater sensitivity does not mean that rearrangements are
preferred over point mutations for clinical use. The discovery of a re-
arrangement in a patient’s tumor, and the work and time required to
www.Science
develop and test primer pairs that can efficiently detect the rearrange-
ment(s) in the degraded DNA characteristic of plasma, is considerable.
In contrast, a panel of assays detecting the most commonly mutated
point mutations is currently simpler and less expensive to implement
in the clinical setting.

Early detection of localized cancers
Until therapeutic agents with much greater potency and minimal side
effects are developed, the current best hope for reducing cancer mor-
bidity and mortality is early detection of neoplastic disease (9). Prior to
metastasis, most solid tumors can be cured by extant surgical meth-
ods, and even when occult metastasis has occurred, adjuvant therapy
or additional surgery can lead to cure in some patients. One of the
encouraging results of our study is that ctDNA was found in most of
the patients with localized disease, when their chances of a favorable
outcome are highest (Fig. 3). Even in patients with stage I disease, who
are nearly always curable by surgery alone, 47% of patients were
shown to have detectable levels of ctDNA in their plasma. In stage
III disease, which is curable in many patients with certain forms of
cancer, more than two-thirds of patients had detectable ctDNA.

Although early detection strategies based on ctDNA are promising,
numerous obstacles must be overcome before they can be applied clin-
ically. The fraction of patients with detectable ctDNA represents the
maximum obtainable with the amount of plasma collected in this
study (table S1). In a screening setting, with the exception of pancreatic
ductal adenocarcinomas [where one gene, KRAS, is mutated in almost
all cases (44)], the mutation of interest would not be known a priori
and a panel of genes would have to be assessed. Our study on the
EGFR blockade cohort shows that it is indeed possible to assess several
genes at once for the detection of relatively rare mutations in plasma
(table S6).

In addition to these technical challenges, biomedical issues will have
to be addressed by any ctDNA-based screening test. False-positive
findings can be problematic for any screening assay (45). Experience
thus far suggests that benign tumors and nonneoplastic conditions do
not generally give rise to ctDNA (46), so the “overdiagnosis” of benign
tumors is not likely to pose a major problem. However, other studies
suggest that a tumor containing ~50 million malignant (rather than
benign) cells releases sufficient DNA for detection in the circulation
(20). A cancer of this size is far below that required for definitive im-
aging at present. How would a patient who had a positive ctDNA test
be managed if follow-up imaging tests were negative? A related issue is
the fact that the type of mutation does not provide many clues to the
tumor type. For example, a patient with a circulating TP53 mutation,
in the absence of other mutations, could have a cancer in any of sev-
eral organs. Another question concerns the value of detecting early
cancers. In pancreatic ductal adenocarcinomas, for example, it might
be argued that most patients with a positive ctDNA test will die from
their disease anyway, given the aggressive nature of this form of
cancer. Although these obstacles are formidable, we would argue that
the presence of detectable amount of a mutant driver gene is a cause
for serious concern given the known causal relationships between such
mutations and cancer. Indeed, this point distinguishes mutation-based
biomarkers from all other types of biomarkers yet described.

Liquid biopsies
Our studies demonstrate two uses for liquid biopsies. The first—assessing
plasma for the presence of specific mutations that can direct patient
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management—is clinically actionable. We show here that the sensitiv-
ity of the liquid biopsy for testing KRAS codon 12 is 88.2% in patients
with metastatic CRC. Although conventional tumor biopsies are pref-
erable, these often cannot be obtained for logistic or medical reasons.
When tumor tissue specimens from metastatic cancer patients are un-
available, liquid biopsies offer an alternative that can be rapidly imple-
mented without the pain, risk, and expense entailed by a biopsy of one
of the metastatic lesions. Of note is the fact that ctDNA from neo-
plasms confined to the central nervous system (Fig. 2A) and those
with mucinous features (table S4) was infrequently detectable. This
suggests that physical obstacles such the blood-brain barrier and
mucin could prevent ctDNA from entering the circulation.

Tracking resistance
A second use of liquid biopsies is for identifying resistance mutations
that occur when patients first respond to therapy and then progress.
The detection of ctDNA requires tumor cells to die, and even tumor
cells that are resistant to therapy turn over rapidly; they die almost as
frequently as they are born (20). Thus, it is expected, and in fact ob-
served, that the DNA fragments from drug-resistant cancer cells are
found in the plasma. Although this approach is mainly of interest for
research purposes at present, the obtained information can be clini-
cally informative. A good example of this principle is provided by
our discovery of remarkably frequent mutations at codon 61 of NRAS
and of KRAS, representing 46% of the detected mutations in patients
resistant to EGFR blockade. Codon 61 mutations of KRAS and NRAS
have previously been observed to occur in primary CRCs, but very in-
frequently compared to the prevalence at which we found them in
patients progressing after EGFR blockade (33). KRAS codon 61 muta-
tions have been observed to be associated with primary resistance to
EGFR blockade when they occur in primary CRCs (32, 33, 47). There
are no previous studies indicating that NRAS codon 61 mutations are
associated with acquired resistance, but the results in Fig. 6 leave little
doubt as to their role. This finding provides unequivocal evidence that
these mutations confer resistance to therapy—the probability that re-
current mutations at these positions occurred by chance alone is es-
sentially nil (20). It also supports studies showing that KRAS, BRAF,
NRAS, and EGFR mutations compromise the efficacy of EGFR block-
ade in patients with CRC (47, 48).

Collectively, codon 600 mutations of BRAF, codon 61 mutations of
KRAS, and codon 12 or 61 mutations of NRAS occur about half as
often as mutations in KRAS codons 12 or 13 in primary CRCs (49).
These data therefore strongly suggest that patients being considered
for treatment with EGFR blockading agents should be tested for these
additional mutations. This conclusion was independently supported
by a clinical study reported during the review of our manuscript (50).
Patients harboring mutations at these positions are unlikely to ben-
efit from these agents and would be better served by other thera-
peutic approaches.
SUMMARY

In summary, we demonstrate that ctDNA can be used as a feasible
biomarker for a variety of different solid tumor types and clinical in-
dications. The clinical utility of this biomarker, and the risks and ben-
efits accruing from knowledge of ctDNA levels, can only be addressed
through longitudinal studies of ctDNA in appropriate populations of
www.Science
patients, as is currently under way for CTCs (51). The studies reported
here lay the groundwork for such future studies.
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Editor's Summary

 
 
 

treatment plans to overcome resistance.
clinical applications of this novel technology for early detection, monitoring resistance, and devising
analyzing circulating DNA from a variety of tumors and highlight the potential investigational and 

Thus, the studies from Bettegowda and Misale and their colleagues show the effectiveness of

conjunction with the EGFR inhibitors.
inhibitors, another class of anticancer drugs, can successfully overcome resistance when given in 
detected in the blood of patients with colorectal cancer. In addition, they demonstrated that adding MEK
resistance. These authors also found that mutations associated with EGFR inhibitor resistance could be 

Meanwhile, Misale and colleagues illustrated a way to use this information to overcome treatment

blockade.
optimal course of treatment and identify resistance to epidermal growth factor receptor (EGFR) 
colorectal cancer, the information derived from circulating tumor DNA could be used to determine the
could be a viable screening approach to detecting most cancers. They also showed that in patients with 
tumor types at the earliest stages, when these cancers may still be curable, suggesting that a blood draw
or released detectable cells into the circulation. They could detect more than 50% of patients across 14 

metastasizeddemonstrated the presence of circulating DNA from many types of tumors that had not yet 
need for an invasive procedure to collect tumor tissue, such as surgery or endoscopy. The authors
to yield information about the tumor's genetic makeup, even for many early-stage cancers, without a 

In one study, Bettegowda and coauthors showed that sampling a patient's blood may be sufficient

detect cancer at the earliest stages of growth or resistance.
Now, two studies are demonstrating the utility of monitoring the patients' blood for tumor DNA to
mutations before the tumor has a chance to regrow, it is usually not feasible to do many repeat biopsies. 
the patient may have lost valuable time. Although a repeat biopsy may be able to identify drug-resistant
therapy generally becomes apparent only when there are obvious signs of tumor growth, at which point 

Cancer evolves over time, without any warning signs. Similarly, the development of resistance to

Circulating Tumor DNA for Early Detection and Managing Resistance
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