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Abstract
BACKGROUND—The use of tyrosine kinase inhibitors to target the epidermal growth factor
receptor gene (EGFR) in patients with non–small-cell lung cancer is effective but limited by the
emergence of drug-resistance mutations. Molecular characterization of circulating tumor cells may
provide a strategy for noninvasive serial monitoring of tumor genotypes during treatment.

METHODS—We captured highly purified circulating tumor cells from the blood of patients with
non–small-cell lung cancer using a microfluidic device containing microposts coated with
antibodies against epithelial cells. We performed EGFR mutational analysis on DNA recovered
from circulating tumor cells using allele-specific polymerase-chain-reaction amplification and
compared the results with those from concurrently isolated free plasma DNA and from the original
tumor-biopsy specimens.

RESULTS—We isolated circulating tumor cells from 27 patients with metastatic non–small-cell
lung cancer (median number, 74 cells per milliliter). We identified the expected EGFR activating
mutation in circulating tumor cells from 11 of 12 patients (92%) and in matched free plasma DNA
from 4 of 12 patients (33%) (P = 0.009). We detected the T790M mutation, which confers drug
resistance, in circulating tumor cells collected from patients with EGFR mutations who had
received tyrosine kinase inhibitors. When T790M was detectable in pretreatment tumor-biopsy
specimens, the presence of the mutation correlated with reduced progression-free survival (7.7
months vs. 16.5 months, P<0.001). Serial analysis of circulating tumor cells showed that a
reduction in the number of captured cells was associated with a radiographic tumor response; an
increase in the number of cells was associated with tumor progression, with the emergence of
additional EGFR mutations in some cases.
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CONCLUSIONS—Molecular analysis of circulating tumor cells from the blood of patients with
lung cancer offers the possibility of monitoring changes in epithelial tumor genotypes during the
course of treatment.

Increasing knowledge of molecular abnormalities that drive human cancers offers the
promise of therapies targeted at specific genetic lesions.1,2 Genetic abnormalities may define
a cancer at diagnosis, but mutations, some of which lead to acquired drug resistance, may
emerge during treatment. For many epithelial cancers, minimally invasive biopsies provide
insufficient material for molecular analysis at diagnosis, and tumors typically are not
sampled repeatedly during treatment to monitor changes in genetic abnormalities. Although
tumor cells are known to circulate in the blood of patients with metastatic cancer,3 their use
in monitoring of tumor genotypes has been limited by relatively insensitive detection
strategies.4,5 The detection of circulating tumor cells in some patients with the use of
magnetic bead–conjugated antibodies against epithelial-cell adhesion molecule (EpCAM)
may be useful as a prognostic marker.6–9 However, the small number of circulating tumor
cells isolated by this method is below the dynamic range required for measuring treatment
response, and the low purity of such cells prevents reliable molecular analyses.10

We recently developed a microfluidic-based device (called the CTC-chip) that can isolate,
quantify, and analyze circulating tumor cells from a blood sample. In the CTC-chip, blood
flows past 78,000 EpCAM-coated microposts under controlled conditions that optimize the
capture of circulating tumor cells.11 An average of 132 circulating tumor cells per milliliter
(median, 67 cells per milliliter) are isolated at high purity from virtually all tested patients
with metastatic cancers — including non–small-cell lung cancer and prostate, pancreas,
breast, and colorectal cancers — but not from healthy controls.11 The prevalence and
quantity of circulating tumor cells that are isolated from patients with advanced cancer may
thus provide a measure of tumor response, whereas the high purity of such cells allows
repeated analysis of molecular markers.

Tumor-associated activating mutations in the epidermal growth factor receptor (EGFR) gene
identify patients with non–small-cell lung cancer who have a dramatic response to EGFR
tyrosine kinase inhibitors, including gefitinib (Iressa) and erlotinib (Tarceva).12–14 However,
most patients have a relapse within 1 year after the initiation of therapy.15 Studies of tumors
at relapse show the acquisition of a secondary EGFR mutation, in which methionine is
substituted for threonine at position 790 (T790M). This mutation hinders drug binding but
may be susceptible to second-generation, “irreversible” tyrosine kinase inhibitors, which
form covalent cross-links with the receptors.16–18 Other mechanisms of resistance to
tyrosine kinase inhibitors have also been reported.19,20 We tested the ability of microfluidic
techniques to isolate a sufficient number of circulating tumor cells from patients with non–
small-cell lung cancer to permit mutational analysis of EGFR.

METHODS
PATIENTS AND CLINICAL SPECIMENS

Patients with advanced non–small-cell lung cancer were recruited according to one of two
protocols that were approved by the institutional review board. A total of 31 patients in
Group A (Patients 1 to 27 and 43 to 46), who were treated at the Massachusetts General
Hospital Cancer Center, donated 10 ml of blood on one or more occasions for CTC-chip
analysis. Blood samples were analyzed for the quantity of circulating tumor cells11 (for
details, see the Methods section in the Supplementary Appendix, available with the full text
of this article at www.nejm.org). We analyzed circulating tumor cells, free plasma DNA,
archived paraffin-embedded tumor tissue, or all three specimens for EGFR mutations using
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the Scorpion Amplification Refractory Mutation System (SARMS) technology (DxS),
standard nucleotide sequencing, or both.

The number of tumor-biopsy specimens that were available for comparison of EGFR
sequencing and SARMS analysis was extended by the inclusion of 15 patients in Group B
(Patients 28 to 42) who had participated in a multicenter clinical trial of gefitinib21 but were
not available for the analysis of circulating tumor cells. We reviewed the medical charts of
all patients, and an independent radiologist quantified the tumor burden at various times as
the sum of the unidimensional size of all measurable tumor sites, according to the Response
Evaluation Criteria in Solid Tumors (RECIST).22 Patients who had been treated with an
EGFR tyrosine kinase inhibitor (gefitinib or erlotinib) were assessed for the best response to
therapy with the use of RECIST.

MOLECULAR ANALYSIS
DNA that was extracted from captured circulating tumor cells with the use of a PicoPure
DNA Extraction Kit (Molecular Devices) was subjected to two rounds of linear
amplification with a TransPlex amplification kit (Rubicon Genomics). DNA from plasma
was isolated with the use of plasma preparation tubes (Vacutainer PPT) and the QIAmp
DNA Blood Midi Kit (Fisher Scientific) and a standard method using proteinase K. For
identification of EGFR mutations with the SARMS assay, 1.5 ng of DNA was analyzed with
the use of ABI 7500 Real-Time PCR System (Applied Biosystems). The assay detects
grouped deletions within exon 19, insertions within exon 20, and mutations affecting codon
719 (G719X), as well as the individual mutations T790M, L858R, L861Q, and S768I. The
rate of amplification of these mutant alleles was compared with that of EGFR exon 2 as an
internal control. Standard bidirectional nucleotide sequencing was performed with the use of
dye terminator chemistry and a Capillary ABI 3100 sequencer (Applied Biosystems).

STATISTICAL ANALYSIS
The relationship between the quantity of circulating tumor cells and tumor burden was
analyzed with the use of Spearman’s correlation coefficient. Fisher’s exact test was used to
compare mutations that were identified in different populations. The relationship between
patients’ baseline T790M status and progression-free survival (the time between the
initiation of therapy with a tyrosine kinase inhibitor and either tumor progression or death)
was analyzed with a multivariate Cox model and the Kaplan–Meier method with a log-rank
test (for details, see the Supplementary Appendix).

RESULTS
IDENTIFICATION OF CIRCULATING TUMOR CELLS

Blood samples were obtained from 23 patients with EGFR mutant tumors, including 5
patients who had undergone no previous treatment, 10 patients who had previously been
treated with erlotinib or gefitinib, and 8 patients who had previously been treated with
another chemotherapy agent or multiple regimens, including both tyrosine kinase inhibitors
and chemotherapy. Four patients whose tumors had wild-type EGFR were also analyzed. (A
schematic depiction of the strategy for microfluidic isolation of circulating tumor cells and
representative images of captured cells are shown in Figure 1 in the Supplementary
Appendix.)

Circulating tumor cells were identified in all patients, with a median of 74 cells per milliliter
(mean, 133; range, 5 to 771), with a similar number in patients with or without EGFR
mutant tumors (Table 1). The number of circulating tumor cells that were isolated from this
series of patients with lung cancers enriched for EGFR mutations was similar to that from
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patients with other cancers.11 The tumor burden on matched radiographic measurements that
were performed close to the time of analysis of circulating tumor cells (median, 8 days;
range, 0 to 38) showed that the quantity of circulating tumor cells at a single time point was
not well correlated with simple tumor volume (Spearman’s correlation coefficient, −0.028; P
= 0.88). This finding suggested that additional tumor characteristics, such as invasiveness
and vascularity, probably influenced the number of circulating tumor cells.

DETECTION OF EGFR MUTATIONS IN TUMORS
We tested the suitability of the allele-specific SARMS assay23 for detecting EGFR
mutations in rare cell populations. This test is designed to detect multiple drug sensitivity-
associated types of EGFR mutation, including the multiple in-frame exon 19 deletions
(collectively analyzed as “Del” mutations) and the L858R missense mutation, which
together comprise 90% of EGFR mutations. The test also detects the T790M mutation
associated with resistance to tyrosine kinase inhibitors.16–18 To validate the results of the
SARMS assay, we first analyzed 26 paraffin-embedded tumors of non–small-cell lung
cancers previously identified as having the EGFR mutation and 8 specimens reported as
having wild-type alleles by sequencing (Table 2). The SARMS assay and sequencing
identified the same mutation in 25 tumor specimens, whereas all 8 wild-type tumors were
confirmed as being negative, yielding a sensitivity of 96% and a specificity of 100%. The
single discrepancy was due to a rare deletion mutation that was not within the detection
capacity of the SARMS assay.

Using the SARMS test, we were able to identify rare EGFR mutant alleles below the
detection limit of standard sequencing. In addition to the known primary EGFR mutation,
low levels of T790M were detected in pretreatment tumor samples from 10 of 26 patients
(38%). The relatively high number of amplification cycles that were required to detect
T790M suggests that the mutation is present in only a small number of cells. Indeed, the
sequencing of cloned polymerase-chain-reaction (PCR) products from one of these tumors
identified only one T790M mutation in 500 EGFR alleles. The presence of the drug-
resistance mutation at such a low frequency did not preclude significant responses to therapy
with tyrosine kinase inhibitors among patients with EGFR mutant tumors, but it was
associated with a striking difference in progression-free survival, with a median of 7.7
months in patients with a detectable T790M allele, as compared with 16.5 months in those
without a detectable allele (hazard ratio for progression for the T790M allele, 11.5; 95%
confidence interval, 2.94 to 45.1; P<0.001) (Fig. 1). It seems likely that therapy with
tyrosine kinase inhibitors results in the selection of the pre-existing T790M resistance allele.
Such selection would be predicted to contribute to variation in the duration of response to
therapy with tyrosine kinase inhibitors in patients with sensitizing EGFR mutations.

DETECTION OF EGFR MUTATIONS IN CIRCULATING TUMOR CELLS
Having established the reliability of the SARMS assay, we applied it to the analysis of
circulating tumor cells isolated from peripheral blood. We first compared the EGFR
mutations detected in circulating tumor cells by SARMS with those reported for the tumor
specimen using either standard sequencing or SARMS. Among specimens from 20 patients
that were available for molecular analysis of circulating tumor cells, SARMS identified
EGFR mutations in 19 patients (95%) (Table 3). In addition to the primary activating
mutation, T790M was detected in circulating tumor cells from 2 of 6 patients (33%) who
had a response to tyrosine kinase inhibitors and from 9 of 14 patients (64%) who had
clinical progression (P = 0.34). This finding was consistent with the reported prevalence of
T790M (about 50%) in patients with the EGFR mutation who were undergoing repeat tumor
biopsy after the development of resistance to tyrosine kinase inhibitors.18
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A recent study reported the detection of EGFR mutations with the use of the SARMS assay
in free plasma DNA from patients with metastatic non–small-cell lung cancer.24 Therefore,
we studied the accuracy of mutational analysis in purified circulating tumor cells and free
plasma DNA using blood samples from 18 patients with EGFR mutant tumors and 3
controls with wild-type tumors (Table 3). The SARMS assay identified EGFR mutations in
17 of 18 specimens of circulating tumor cells (94%) and in 7 of 18 plasma samples (39%).
Among 12 patients for whom specimens of the primary tumor, circulating tumor cells, and
plasma were all available for analysis, genotyping of circulating tumor cells had a sensitivity
of 92% (in 11 of 12 patients), whereas plasma genotyping had a sensitivity of 33% (4 of 12
patients) (P = 0.009).

The sensitive SARMS assay also identified rare secondary EGFR activating mutations in a
subgroup of tumor samples, circulating tumor cells, and plasma (Tables 2 and 3 and Fig. 2A
and 3, and Table 1 in the Supplementary Appendix). To assess the significance of these
mutations, we monitored genotypes of circulating tumor cells and quantity over time in a
subgroup of patients.

SERIAL MEASUREMENTS
Detailed serial analyses of the quantity and genotype of circulating tumor cells were
available for four patients with EGFR mutations after the initiation of gefitinib therapy (Fig.
2A). In all four patients, gefitinib treatment was associated with a profound decline in the
number of circulating tumor cells. The interval between blood-sample analyses was dictated
by previously scheduled clinical visits, and therefore we could not ascertain the precise
timing in the decline in the number of circulating tumor cells. However, in one case (Patient
9), a 50% decline in the quantity of circulating tumor cells was evident within a week after
the initiation of therapy, with the nadir at 3 months. Clinical progression was associated with
an increase in the number of circulating tumor cells, and in one case (Patient 1), a second
decline was evident as the tumor responded to subsequent chemotherapy. In contrast to the
lack of a relationship between absolute values for tumor burden and the quantity of
circulating tumor cells, as measured among different patients at the time of study
enrollment, a close concordance was observed between radiographic assessment of tumor
volume and the relative number of circulating tumor cells in patients who were followed
serially during the course of therapy.

Genotypes of circulating tumor cells evolved during treatment, with the consistent presence
of the primary EGFR activating mutation and the emergence of the T790M drug-resistance
mutation. T790M was present at a very low allele frequency in initial tumor specimens, as
determined by the relative number of cycles required for amplification, and serial analyses
indicated the increased prevalence of the resistance allele within circulating tumor cells over
time, a finding that was consistent with the acquisition of clinical drug resistance.
Remarkably, seven patients showed the emergence of additional EGFR activating mutations
(Table 3 and Fig. 2A and 3, and Table 1 in the Supplementary Appendix). Although these
secondary mutant alleles were typically less prevalent than the primary mutation, in at least
one case (Patient 2) there was a clear demonstration of the potential for evolution in the
predominant genotype within a patient (Fig. 3). In this case, sufficient DNA was isolated
from captured circulating tumor cells to allow direct sequencing of EGFR, which confirmed
that the predominant mutation in circulating tumor cells differed from that in the original
tumor specimen.

DISCUSSION
We have shown that the CTC-chip reproducibly isolated circulating tumor cells in sufficient
quantity and with sufficient purity to allow molecular analyses. Circulating tumor cells were
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readily identified in all patients in numbers that were higher than those identified with
previously available methods by a factor of approximately 100.6–9

The use of the allele-specific SARMS assay to identify EGFR mutations in rare cell
populations was made possible by the recurrent nature of these mutations, with only 2 of 31
patients carrying mutations identified by sequencing that were absent from the assay panel.
Together with the CTC-chip, the SARMS assay may allow for non-invasive genotyping in
patients with non–small-cell lung cancer, which could be repeated at therapeutic decision-
making points during a patient’s course of therapy. Genotyping of circulating tumor cells
appeared to be more sensitive than analysis of free plasma DNA (P = 0.009), and the
concomitant quantification of circulating tumor cells provided an important context in which
to interpret genotyping results.

The analysis of circulating tumor cells commonly identified the T790M drug-resistance
mutation in a majority of patients who had clinical tumor progression while receiving
therapy with tyrosine kinase inhibitors. Unexpectedly, use of the highly sensitive allele-
specific assay showed that a subgroup of patients with the EGFR mutation harbor rare
T790M alleles both before exposure to tyrosine kinase inhibitors and during clinical
response. T790M is thought to emerge through selective pressure during therapy, although it
has been reported in rare cases in patients without previous drug exposure,25,26 and the
mutation confers additional transforming properties when combined in cis with the more
common EGFR activating mutations.27 Thus, T790M may initially arise by virtue of its
oncogenicity and may rapidly emerge as a dominant allele after treatment. The presence of
rare T790M alleles in pretreatment tumor specimens did not preclude dramatic responses to
tyrosine kinase inhibitors but did have a significantly adverse effect on progression-free
survival. We speculate that this molecular marker may be a way of distinguishing patients
who are likely to have a prolonged response to erlotinib or gefitinib from those whose
response is short-lived and who may be appropriate candidates for second-generation,
irreversible tyrosine kinase inhibitors or combination targeted-therapy regimens. Although
amplification of the c-met proto-oncogene (MET) has recently been reported as a second
mechanism of acquired resistance to tyrosine kinase inhibitors,19,20 we did not detect it in
pretreatment tumor-biopsy specimens or in circulating tumor cells collected during therapy
using a quantitative PCR assay (data not shown).

The most unexpected observation in our study was the emergence of additional activating
EGFR mutations in circulating tumor cells during therapy. Although the SARMS assay
cannot determine whether two different mutations are present on the same or on separate
alleles, the patient for whom we had sufficient DNA for direct sequencing had mutually
exclusive mutations in the original tumor and in circulating tumor cells (Fig. 3). We
therefore presume that the identification of different EGFR activating mutations represents
the emergence of different tumor clones. In some patients, additional mutations emerged
during tumor progression after chemotherapy. Therefore, such mutations may be associated
with drug-induced shifts in tumor-cell populations, reflecting clonal selection during
treatment.

The mutation of EGFR is thought to be an early molecular event in the genesis of non–
small-cell lung cancer in nonsmokers on the basis of the transforming potential of these
mutations in vitro and in mouse models.27–30 Although most non–small-cell lung cancers
appear to have a single clonal EGFR mutation that is evident at multiple sites of metastatic
disease, rare cases of bronchoalveolar cancer may present with multifocal tumors, each
harboring different EGFR mutations.17,25 Circulating tumor cells may be derived from
multiple disease sites with different responses to therapy and be associated with an evolution
in tumor genotypes that cannot be appreciated by a single tissue biopsy performed at the
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time of presentation. The absence of treatment-induced genetic change may explain why
recent clinical trials of first-line tyrosine kinase inhibitors in patients with EGFR mutations
have shown a high concordance between tumor genotype and clinical response,21,31,32 as
compared with earlier second-line and third-line studies, in which multiple courses of
chemotherapy separated the diagnostic tumor specimen from the clinical evaluation of
responsiveness to tyrosine kinase inhibitors.33,34 Therefore, genotype-directed clinical trials
of molecularly targeted agents may benefit from “real time” tumor genotyping, either in the
form of coincident tumor biopsy or the analysis of circulating tumor cells.

Direct sequencing of an EGFR mutation indicates that the captured circulating tumor cells
represent a largely pure tumor-derived cell population. Further characterization of such
precursors of metastasis35 may provide important opportunities for diagnostic and
therapeutic interventions. However, optimization and automation of the device for capturing
circulating tumor cells for high-throughput processing will be required to allow large-scale
clinical trials that use this novel technology.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Correlation between the Presence of T790M Mutations in Tumor-Biopsy Specimens
and Decreased Progression-free Survival
In patients with non–small-cell lung cancer with EGFR mutations who were receiving
therapy with gefitinib or erlotinib, the presence of the drug-resistance mutation T790M
before initiation of treatment was associated with decreased progression-free survival.
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Figure 2. Serial Analyses of Circulating Tumor Cells during Therapy
Panel A shows serial analyses of the numbers of circulating tumor cells (CTCs) per milliliter
(red curve) and the radiographic tumor burden in centimeters (blue curve) in four patients
with non–small-cell lung cancer with EGFR mutations, as measured at multiple time points
during the course of treatment with gefitinib, another chemotherapy agent (chemo), or an
experimental agent (exp). The duration of each therapy is indicated by the gray bars. The
genotypes of circulating tumor cells are shown for various time points. Mutations in
brackets are those that were present at low allele frequencies. In Panel B, SARMS analysis
of EGFR genotypes in Patient 9 shows an increased abundance of the T790M drug-
resistance allele during disease progression. Arrows denote the cycle of threshold for
amplification cycles (Ct) required for detection of the primary mutation (Del or Deletion,
referring to the grouped exon 19 deletions) and the T790M mutation, as compared with the
exon 2 control. ΔCt reflects the difference in allele frequency between the primary mutation
and T790M in the tumor-biopsy specimen, the circulating tumor cells that were isolated at
the time of response to gefitinib therapy, and the circulating tumor cells that were isolated at
the time of disease progression. Luminescence was measured quantitatively in relative light
units.
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Figure 3. Tracings of EGFR Nucleotide Sequencing from the Tumor and Circulating Tumor
Cells of Patient 2.<
br>Analysis of a tumor-biopsy specimen from Patient 2 shows a T751_I759delinsS
mutation that is distinct from the Del 746_750 mutation present in the analysis of circulating
tumor cells (CTCs). The 27 nucleotides that were deleted in the tumor (black box) are
present in the DNA in the CTCs (red box), whereas the 15-nucleotide deletion in DNA in
the CTCs (black box) is present in the tumor DNA (red box). The tracing of CTCs
represents direct nucleotide sequencing of DNA lysed from cells captured on the CTC-chip,
indicating a high degree of captured tumor-cell purity.
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