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A secondary mutation (T790M) in epidermal growth
factor receptor (EGFR) is a hallmark of acquired resis-
tance to EGFR inhibitors used to treat non-small-cell
lung cancer (NSCLC). Therefore, identifying the T790M
mutation is crucial to guide treatment decisions. Given
that DNA sequencing methods are time-consuming and
insensitive, we developed and investigated the feasibil-
ity of using molecular beacons for the detection of the
T790M mutation in EGFR. A molecular beacon comple-
mentary to the region of the secondary EGFR mutation
(T790M) was designed and used in NSCLC samples bear-
ing drug-sensitive and -resistant EGFR mutations. For a
rapid and simple assay, we attempted to use the molec-
ular beacon with real-time PCR and in situ fluorescence
imaging. The ability of the designed molecular beacon
to specifically detect the T790M mutation of EGFR was
tested for samples from two patients with drug resis-
tance and compared with conventional DNA sequenc-
ing methods. The molecular beacon successfully de-
tected the T790M mutation in patient samples with drug
resistance. The sensitivity of the molecular beacon,
which detected as little as 2% of genomic DNA from the
drug-resistant cells (H1975), was much higher than di-
rect sequencing. Furthermore, in situ fluorescence
imaging with the molecular beacon gave rise to a
distinguishable signal for the T790M mutation in drug-
resistant cells. The molecular beacon-based approach
enabled rapid and sensitive detection of the EGFR mu-
tation (T790M) in NSCLC with in situ fluorescence im-

aging, which can be directed to determine various treat-
ment options in patients with cancer. (J Mol Diagn 2010,

12:644–652; DOI: 10.2353/jmoldx.2010.090208)

Lung cancer is the leading cause of cancer-related death
and is responsible for 1.3 million deaths worldwide an-
nually. Despite marked progress in cancer treatment, the
5-year survival rate of patients with lung cancer has re-
mained at around 15% for over the past 30 years.1 In an
attempt to provide improved treatment, a variety of tar-
geted therapeutics have been investigated based on the
progress in our understanding of the molecular mecha-
nisms underlying lung tumorigenesis. The epidermal
growth factor receptor (EGFR) is one such therapeutic
target in non-small-cell lung cancer (NSCLC), which has
led to the development of effective anticancer agents,
such as EGFR tyrosine kinase inhibitors (EGFR-TKIs).
EGFR-TKIs, including gefitinib and erlotinib, have been
approved for clinical treatment and are currently pre-
scribed in patients with advanced NSCLC. Extensive
clinical trials of EGFR-TKIs have shown a survival ben-
efit associated with EGFR-TKIs in patients with lung
cancer.2 Clinical and molecular analyses have re-
vealed that EGFR mutations in the kinase domain, most
commonly small in frame deletions in exon 19 or a
substitution mutation of leucine 858 to arginine (L858R)
in exon 21, are associated with a high clinical response
rate of tumors to gefitinib or erlotinib in patients with
NSCLC.3,4
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Most patients carrying EGFR mutations initially show
an impressive response to EGFR-TKIs. However, they
eventually develop resistance after prolonged treatment.
Previous studies have revealed that a secondary EGFR
mutation, as a result of a threonin-to-methionine amino
acid change at the 790th codon (T790M), is often ob-
served in the tumors of patients with NSCLC that develop
acquired resistance.4,5 From the clinical standpoint, de-
tection of the secondary mutation (T790M) in patients
who have disease progression after prolonged treatment
with gefitinib or erlotinib is crucial to planning alternative
treatment options.

Various methods for the detection of EGFR mutations
in patient samples have been developed.6–8 Currently,
the most common method for the detection of EGFR
mutations in tumor tissue samples is direct sequencing of
EGFR fragments amplified from genomic DNA. Since the
amount of sample available for clinical analysis from pa-
tients with advanced NSCLC is limited, and often mixed
with an excess amount of normal tissue, the detection of
a mutation by direct sequencing may be inaccurate if the
number of cancer cells is below a minimum of 20% of the
total specimen.8 Therefore, an issue of great importance
is the development of methods that allow for unambigu-
ous detection of EFGR mutation in patients with cancer in
a rapid and sensitive way.

A molecular beacon (MB) is a nucleotide strand in a
distinct stem-loop structure with a fluorescence dye at-
tached on one end and a quencher dye on the other.9,10

In the hairpin conformation, the proximity between the
fluorescence-quencher pair allows quenching due to flu-
orescence resonance energy transfer.11 Only when hy-
bridized to the specific target, the probe separates and
expands its stem region, pushing away the dye-at-
tached-ends of the complex. This results in the resto-
ration of the fluorescence unaffected by the distant
quencher. As the fluorescence intensity varies accord-
ing to the changes in the probe conformation to the
target DNA, a much more specific and selective signal
can be detected. Applying a molecular beacon probe
to real-time PCR allows for rapid, simple, and cost-
effective detection of the target without post-PCR ma-
nipulation.12–14 Even though the molecular beacon has
been used for a variety of purposes, there has been no
prior report on its application to the analysis of muta-
tions in the EGFR gene.

In an effort to develop a rapid and sensitive assay for
the identification of acquired resistance to EGFR-TKIs
in patients with NSCLC, we demonstrate the use of a
molecular beacon for the detection of the secondary
mutation, T790M, in EGFR by real-time PCR and in situ
fluorescence imaging approaches. Under optimized
molecular beacon and real-time PCR conditions, we
determined that the detection sensitivity was compa-
rable to or better than other recently developed EGFR
mutation detection systems. Furthermore, fluorescence
imaging of cells with the T790M mutation using the
molecular beacon also provided a simple and rapid de-
tection method for acquired resistance in situ. Therefore,
the molecular beacon-based EGFR mutation detection
system offers a potentially useful technical platform for

the clinical diagnosis of lung cancer samples and ulti-
mately might help to guide treatment decisions for lung
cancer patients.

Materials and Methods

Lung Cancer Cell Lines

NSCLC cell lines H1975 and PC9 were obtained from
Samsung Medical Center (Seoul, Korea). H1975 con-
tained both mutations L858R in exon 21 and T790M in
exon 20 of the EGFR gene. PC9 cell line has a deletion
mutation in exon 19. H1975 and PC9 cell lines were
cultured in RPMI-1640 medium. Culture media were pur-
chased from Gibco and supplemented with 10% fetal
bovine serum (Gibco, Invitrogen, New York, NY), 2
mmol/L L-glutamine, 100 IU/mL penicillin, and 100 mg/mL
streptomycin.

Direct Sequencing for the Detection of the
EGFR Mutation

The T790M EGFR mutation in exon 20 was detected by
PCR-based direct sequencing. Genomic DNA samples
from lung cancer cell lines were isolated by using the
Wizard genomic DNA Purification Kit (Promega, Madison,
WI). PCR amplification was performed with 10 ng of
genomic DNA. The following EGFR primers were used:
exon 20–300 forward, 5�-CTCCAGGAAGCCTACGT-
GAT-3� and exon 20–300 reverse, 5�-GTCTTTGTGTTC-
CCGGACAT-3�. DNA was amplified for 35 cycles at 95°C
for 30 seconds, 59°C for 1 minute, and 72°C for 30
seconds followed by 7 minutes of extension at 72°C. The
sequences were compared with the GenBank human
sequence for EGFR (accession number AF288738). Mu-
tant-enriched PCR was performed to determine the pres-
ence and type of mutation in the EGFR gene in the lung
cancer cell line.

Design and Synthesis of Molecular Beacons for
Detection of the T790M Mutation

The molecular beacon probes were designed following
the guidelines published by Marras et al.12 The predic-
tion of the secondary structure was determined by using
Mfold (version 3.2). DNA sequences reported for EGFR
were used for the design of the EGFR molecular beacon
and primers: GenBank accession number AF288738.
The designs of the molecular beacons targeting T790M
mutation in the EGFR gene are shown in Table 1. For
each molecular beacon design, the sequence of one
arm of the stem and the loop region of the molecular
beacons was complementary to the segment of its
target gene. The molecular beacon for the T790M muta-
tion was synthesized by Bioneer Inc. (Korea). An FAM
fluorophore was conjugated to the 5�-end of each oligo-
nucleotide, and a quencher, benzoic acid (Dabcyl), was
linked to its 3�-end.
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Determination of the Specificity of the Molecular
Beacons in Solution

The oligonucleotide targets for the respective molecular
beacons were synthesized by Bioneer Inc. (Korea) and
are listed in Table 2. Binding of the target DNAs to the
respective molecular beacons was analyzed by using a
fluorescence microplate reader (Infinite TM M200,
TECAN, Austria). Next, 200 nmol/L of the molecular bea-
cons were mixed with 1 �mol/L of the oligonucleotide
targets in 100 �l of binding buffer in 96-well plates. The
binding buffer contained 50 mmol/L NaCl and 5 mmol/L
MgCl2 in 20 mmol/L Tris buffer (pH 8.0). After incubation
at 37°C for 1 hour, the fluorescence intensity in each well
was measured by using a fluorescence microplate
reader.

Thermal Denaturing Profiles of the Molecular
Beacons

Changes in the fluorescence intensity of the molecular
beacon were traced in the presence of the target and
mismatched oligonucleotides as a function of tempera-
ture by using a thermal cycler (BioRad Laboratories,
Hercules, CA). Briefly, 200 nmol/L of the molecular bea-
con were mixed with 1 �mol/L of the target or mis-
matched oligonucleotides in binding buffer, and the flu-
orescence intensity of molecular beacon was measured
as a function of temperature. The temperature was de-
creased from 95°C to 10°C by 1°C steps, and the fluo-
rescence was measured during a 30-second hold at
each temperature. The same experiment was performed
with the molecular beacon alone. Changes in the fluores-
cence of the MB during thermal denaturing were ex-
pressed as the relative fluorescence intensity.

Real-Time PCR with the Molecular Beacon

Based on the thermal denaturing profiles of the molecular
beacon in the presence of the target and mismatched
oligonucleotides, real-time PCR conditions were opti-
mized. The reaction mixture contained the template
genomic DNA, 0.2 �mol/L of each primer set, 0.2 �mol/L

of each dNTP, 500 nmol/L of the molecular beacons, 0.5
U ExTaq DNA polymerase, and 5 mmol/L MgCl2 in 50 �l
of 1� PCR buffer. Sequences of the designed molecular
beacons and primers for different sizes of the amplicon
are listed in Table 1. The thermal cycling program in-
cluded 5 minutes at 95°C for activation of the DNA poly-
merase, followed by 50 cycles of denaturing at 95°C for
30 seconds, 59°C for 30 seconds to allow annealing, and
extension at 72°C for 30 seconds. Fluorescence was
measured at the 59°C annealing step in a 96-well spec-
trofluorometric thermal cycler (Bio-Rad iCycler IQ).

Fluorescence Imaging of the Cells Using the
Molecular Beacon

The PC9 and H1975 cell lines from human non-small-cell
lung cancer were plated on chamber slides and fixed
with ice-cold acetone for 7 minutes. After air drying, the
slides were stained immediately or stored in 4°C in PBS
buffer until use. A solution of 200 nmol/L of the T790M
specific molecular beacon was diluted in PBS and incu-
bated with the fixed cells at 50°C for 40 minutes. The
slides were washed briefly with PBS and examined under
a confocal microscope (LSM 510, Carl Zeiss Microimag-
ing, Inc, Thornwood, NY). The fluorescent images were
obtained by using the same instrument for each color.

Results

Design and Construction of the Molecular
Beacon for the Detection of the T790M
Secondary Mutation

We first designed molecular beacons that were comple-
mentary to a region of EGFR exon 20 that contains the
T790M mutation. As depicted in Figure 1A, the molecular
beacon specific for the secondary mutation had 23 stem
and loop nucleotide sequences complementary to the
T790M mutant (red region) of target EGFR DNA. The loop
region of the molecular beacon was designed to accom-
modate this single mutation and to discriminate between
the wild-type and the T790M mutation sequences. It also

Table 1. Design of Molecular Beacons and Synthesized Template

Synthetic nucleotides* Sequences

T790M-MB 5�-FAM-TCGGAGCTGCATGATGAGTCCGA-Dabcyl-3�
Control-MB 5�-Cy5-CCGTGAAAAAAAAAAAAAACACGG-BHQ2–3�
Target DNA 5�-ACCTCCACCGTGCAGCTCATCATGCAGCTCATGCCCTTGGCTGCCTCCT-3�
Mismatched DNA 5�-ACCTCCACCGTGCAGCTCATCACGCAGCTCATGCCCTTGGCTGCCTCCT-3�

*T790M mutation indicates the substitution of ACG nucleotides with ATG at codon 790 in the EGFR gene as marked in bold. Underlined bases are
added to create the stem domain. T790M-MB T790M mutation specific molecular beacon; control-MB, scrambled molecular beacon; target DNA,
complementary templates to T790M; mismatched DNA, single mismatched to T790M.

Table 2. Patient Characteristics and Results of Sequencing Analysis

Patient no. Histology Gefitinib response EGFR activating mutations T790M mutation

Sample 1 Contralateral lung cancer Resistant L858R �
Sample 2 Primary lung cancer Resistant L858R �
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has a hairpin-induced oligonucleotide, which is tethered
to fluorophores (5� FAM) and quencher (3� Dabcyl). Flu-
orescence quenching is achieved by a fluorescence res-
onance energy transfer in a quiescent state, but the loop
can be open by hybridization to complementary regions
on the target DNA, leading to the strong fluorescence
emission during real-time PCR. This designed molecular
beacon is also capable of detecting the secondary mu-
tation in drug resistance-acquired cells by using in situ
fluorescence imaging (Figure 1B). The sequences of the
molecular beacons and the synthetic template are listed
(Table 1). We used the scramble molecular beacon as a
negative control to ensure the nonspecific binding or
cleavage in real-time PCR as well as in situ fluorescence
hybridization.

To determine the optimal hybridization temperatures
for the molecular beacon targeting the secondary muta-
tion T790M (T790M-MB), we examined the effects of
annealing temperature on the binding specificity of the
T790M-MB to the synthesized DNA templates. Using a
thermal cycler, we monitored changes in the fluores-
cence signal at temperatures ranging from 10°C to 90°C
after mixing the T790M-MB with two types of synthetic
templates. Figure 2A shows the status of the T790M
specific molecular beacon in conjunction with the com-
plementary or mismatched synthetic DNA over the ther-
mal denaturing profiles. Higher fluorescence emission at
the dissociation temperatures perfectly differentiated the
complementary targets from the mismatched oligonucle-
otides, known as the “window of discrimination.” Based
on the thermal denaturing profiles, it was inferred that the

T790M-MB had an optimal annealing temperature at
60°C to ensure an intense fluorescence signal in the
presence of the perfect complementary synthetic DNA
and a negligible fluorescence signal in the presence of a
single mismatched oligonucleotide.

Detection of the T790M Mutation by Real-Time
PCR with the Molecular Beacon

The ability of the designed molecular beacon to specifi-
cally detect the T790M mutation of EGFR by real-time
PCR was investigated. To optimize the PCR conditions
and monitor the amplification of nonspecific products,
various factors including template concentrations and
amplicon sizes were tested. We used genomic DNA from
H1975 cell lines as a positive template for carrying the
secondary T790M mutation of EGFR, and the PC9 cell
lines as a negative template. The PCR primers used in the
amplification of EGFR exon 20, encompassing the T790M
mutation, were performed robustly in a wide range of
annealing temperatures between 40°C and 65°C. Other
conditions, such as the number of thermal cycles and salt
concentration, were optimized to accomplish a maximum
signal-to-background ratio without drastically compro-
mising the yield and specificity. Testing of the molecular
beacon concentration, ranging from 50 nmol/L to 500
nmol/L, revealed that 200 nmol/L of the molecular beacon
showed the strongest fluorescent intensity (Figure 2B).
The shorter length (120 bp) of amplicon allowed for a

Figure 1. Schematic representation of the detection principle using a molecular beacon. A: Molecular beacon-based real-time PCR. Molecular beacons
complementary to a target DNA bind at the annealing temperature, dissociating the stem, and generate a fluorescence signal during real-time PCR. With an
increasing number of PCR cycles, fluorescence intensity increases, enabling the detection of the mutation in real-time. B: In situ fluorescence imaging of individual
cells carrying a specific mutation. The molecular beacons bind to a target mRNA in the fixed cells, dissociating the stem, and restore a fluorescent signal.
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better result on the real-time PCR assay than 300 bp
(Figure 2C).

Under conditions optimized for the detection of the
T790M mutation in real-time, we examined whether the
T790M-MB could distinguish an amplicon with a single
mutation from others during real-time PCR. Figure 3A
shows that, as real-time PCR proceeded, a significant

fluorescence signal was observed only from the genomic
DNA of the H1975 cells with the secondary mutation,
demonstrating that T790M-MB specifically bound its ex-
act complementary target DNA. No significant fluores-
cence was detected from the control PC9 genomic DNA
among cells without the T790M mutation. To confirm that
this marked difference in fluorescence was not due to
variations in the PCR efficiency, the PCR products ob-
tained from H1975 and PC9 were run on an agarose gel.
As shown in Figure 3B, no significant difference in the
intensities was observed among the PCR bands by den-
sitometry from the PC9 and H1975 genomic DNA. The
signal from the molecular beacon did not increase even
in the presence of single mismatched amplicons. These
results show that the T790M specific molecular beacon
was bound specifically only to its intended target.

Detection Sensitivity of the Molecular
Beacon-Based Real-Time PCR Assay

We next set out to test whether the MB based real-time
PCR detection of the EGFR point mutation offered higher

Figure 2. A: Thermal denaturing profiles of molecular beacons in the presence
of mismatched DNA, target DNA, or no target. B: Effect of molecular beacon
concentration on the fluorescence signal in MB-based real-time PCR. Concen-
trations of the MB were 50 nmol/L (diamond), 200 nmol/L (circle), and 500
nmol/L (triangle). C: Effect of amplicon size on the sensitivity of the real-time
PCR assay. Genomic DNA was amplified with two different primer sets: (circle)
120-bp amplicon and (diamond) 300-bp amplicon. Closed and open symbols
represent genomic DNA from the cell lines H1975 and PC9, respectively.

Figure 3. Molecular beacon-based real-time PCR. A: Real-time PCR in the
presence of different templates or absence of template as a control. B:
Electrophoresis gel image after real-time PCR. Lane 1: PCR with only MB.
Lane 2: PCR without template. Lane 3: PCR with genomic DNA from PC9 cells
(PC9 gDNA). Lane 4: PCR with H1975 genomic DNA (H1975 gDNA).
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sensitivity than conventional direct sequencing. Ten-fold
serial dilutions of H1975 genomic DNA were used to
determine the detection limit of the MB based detection
assay (Figure 4A). A fluorescence signal that was 10-fold
higher than the SD of the mean baseline emission was
used as the quantitative criterion for determining whether
the amplicon contained a perfect complementary match.
In Figure 4B, the threshold cycle number (Ct), which
represents the number of PCR cycles required to cross
the threshold value for positive detection, displayed a
linear relationship with the concentrations of the
genomic DNA template over a wide range of initial
target concentrations.

The sensitivity of heterogeneous detection by the mo-
lecular beacon-based real-time PCR assay was investi-
gated to determine whether the MB-based real-time PCR
method was more sensitive in detecting the T790M mu-
tation in the presence of normal genomic DNA, namely a
mixed DNA population. We used different mixtures of
purified genomic DNA carrying the T790M mutation over
a range of 100%, 50%, 10%, 2%, and 0% in each tube.
As shown in Figure 5A, the presence of T790M was
detected by real-time PCR with the T790M-MB in a ther-
mal cycler. Using the molecular beacon-based real-time

PCR, mutations could be detected in dilutions containing
as little as 2% of genomic DNA from the H975 cells,
whereas direct sequencing was not able to distinguish
the peak signal from that of the background noise signal
t ratios as low as 1:10 (10%; Figure 5B).

MB Based Real-Time Analysis of the EGFR
T790M of Samples from Patients with Cancer

Detection of the T790M mutation by using real-time PCR
with the MB was also evaluated in samples from patients
with lung cancer. The characteristics of the two tissue
samples obtained from patients that initially had an acti-
vating mutation of EGFR (L858R) and eventually devel-
oped an acquired resistance to EGFR TKIs are shown in
Table 2. The secondary T790M mutation in the two sam-
ples was confirmed by sequencing analysis. Genomic
DNA was extracted from frozen lung cancer biopsy sam-
ples of patients, and used for real-time PCR with the
T790M-MB. As shown in Figure 6, distinct fluorescence
signals were observed from the patients with acquired
resistance to gefitinib. These findings demonstrate that
this method provides a simple and effective way to detect
the secondary mutation in EGFR conferring acquired re-
sistance to EGFR TKIs.

Detection of the Point Mutation Using in Situ
Fluorescence Imaging with the MB

We further examined fluorescence imaging of the cells
with the T790M mutation by binding to specific mRNA
targets on fixed cells. Acetone fixed cells were incubated
with a mixture of 50 nmol/L of either the T790M specific
molecular beacon or scrambled molecular beacon at
50°C for 40 minutes. Figure 7, A and D, clearly shows that
a strong fluorescent signal was produced in the H1975
cells that contained an ACG to ATG mutation compared
with the PC9 cells with no secondary mutation in the
EGFR mRNA. We also tested both cell lines with a scram-
bled molecular beacon labeled with a Cy5 fluorophore as
a control. In Figure 7, B and E, there were no fluorescent
signals in either cancer cell line. As shown in Figure 7, C
and F, the molecular beacon probe was bound to its
specific target mRNA in the cytoplasm, resulting in dis-
tinct fluorescence signals. These results demonstrate
that molecular beacons bind only to the specific mRNA of
their targets.

Discussion

We used two approaches to detect the T790M secondary
point mutation in the EGFR tyrosine kinase domain: a
real-time PCR based assay and in situ fluorescence im-
aging. The first used the molecular beacon for real-time
measurement with tissue genomic DNA as a template.
During the PCR cycles, molecular beacons undergo a
number of changes in their conformation. In the presence
of a complementary target, the molecular beacon is able
to bind at the annealing temperature and thus generate

Figure 4. A: Detection sensitivity to template concentration. B: standard
curve of the real-time PCR assay. Serial diluted H1975 genomic DNA was
used as template for the real-time PCR assay; (circle) the PC9 cell line was
used as a negative control; (diamond) 1000 ng of H1975 genomic DNA;
(square) 100 ng of H1975 genomic DNA; (asterisk) 10 ng of H1975 genomic
DNA; (triangle) 1 ng of H1975 genomic DNA; (dashed line) 0.5 ng of H1975
genomic DNA.
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fluorescence. At the primer extension temperature or dur-
ing polymerization, the molecular beacons are no longer
able to bind to their complementary amplicon and they
dissociate. The second approach is in situ fluorescence
imaging of target mRNA in a fixed cell or tissue. The brief
fixation and incubation of the designed molecular bea-
cons produce a strong fluorescent signal in the presence
of the target mRNA in the fixed cells. Unlike a linear

probe, molecular beacon probes do not require exten-
sive washing steps due to their structural properties.

To test the molecular beacon for the detection of the
secondary mutation (T790M) of EGFR in the real-time
PCR setting, the PCR and detection conditions were first
optimized, with respect to varying parameters such as
different concentrations of molecular beacon probes, dif-
ferent annealing temperatures and amplicon size. The
experimental results indicated that a longer amplicon
causes signals to diminish, possibly due to a greater
hindrance to the molecular beacons positioning in-be-
tween the double strands during the annealing step.

Since cancer cells are mixed with surrounding normal
stromal cells in the biopsy samples from patients, it is
clinically important to be equipped with detection tools
that successfully identify target molecules in the pres-
ence of mixed unwanted specimen. Direct sequencing of
PCR amplified fragments is the standard method of de-
tecting the T790M mutation. However, there exists a
practical limitation in obtaining an adequate amount of
tumor sample from patients and the need for microdis-
section to remove excess amounts of mixed stromal cell
populations, which often hinders the genotyping analy-
ses. With a direct sequencing method, this can lead to
false negative results with regard to the genotype status
of the patients. Thus, it is essential to accurately extract
relevant clinical information from the limited amount of

Figure 5. A: PCR with a different portion of genomic DNA from H1975 with the secondary T790M mutation. A total of 200 ng of a mixture of genomic DNAs from
PC9 and H1975 were used as template. The portion of genomic DNA from H1975 was as follows: 100% (triangle); 50% (asterisk); 10% (circle); 2% (�); PCR without
template (diamond); and with PC9 genomic DNA (square) as negative controls. B: Standard sequencing results of PCR products from A. Arrowheads indicate
the mutation site.

Figure 6. Molecular beacon-based real-time PCR for patient samples with
acquired resistance: PC9 genomic DNA (asterisk), H1975 genomic DNA
(diamond), sample 1 genomic DNA (square), and sample 2 genomic DNA
(triangle) were used as a template.
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tumor samples with improved sensitivity. With the devel-
opment of a more sensitive MB-based T790M mutation
detection system, we were able to detect T790M at as low
as 2% from mixed samples. Other methods including the
mutant-enrichment PCR assay, high-resolution melting
analysis, smart amplification process, Surveyor, and
scorpion amplification refractory mutation system have
been shown to be more sensitive than direct sequencing.
The detection limits of these methods have been reported
to range from 0.1% to 10% of mutant cells in mixed
samples.6,7,15–17 Given that the molecular beacon-based
real-time PCR can detect a mutation in dilutions contain-
ing as little as 2% of mutant genomic DNA, as demon-
strated in this study, the molecular beacon-based real-
time PCR presented here appears to offer comparable
sensitivity to other methods and a protocol that is practi-
cal for clinical use.

The development of other noninvasive methods is clin-
ically important to follow the evolution of cancer geno-
types. It is notable that we were able to detect the T790M
mutation from a 0.5-ng sample of genomic DNA template.
This is roughly equivalent to the amount of genomic DNA
extracted from 150 human cells. Recent development of
circulating tumor cell (CTC)-chip technology has led to
the specific isolation of CTCs from NSCLC samples, with
the mean value of isolated CTCs around 155 cells/ml of
blood.18 Thus, routine blood sampling and processing
with the CTC-chip might yield enough tumor cells ame-
nable to quantitative detection of T790M by MB-based
genotype screening. The serum genomic DNA fragment
is another noninvasive source of tumor derived DNA. It is
of note that serum DNA of patients is collected at a
concentration of 1 ng/�l to 10 ng/�l, which is within the
dynamic range of MB based T790M detection.

The fluorescence imaging technique using the mo-
lecular beacon also provides a novel method for iden-
tifying cancer cells and evaluating the effects of thera-
peutic reagents in clinical samples.12,19–21 Recently,
Peng et al22 detected mRNA expression levels of the sur-

vivin gene in frozen tissues by using a molecular beacon.
Even though molecular beacons have been used for the
detection of mutations, there is no prior report on its
application to the analysis of secondary point mutations
in the tyrosine kinase domain for the monitoring of drug
resistance in lung cancer. Here, we developed a simple
and rapid approach for the detection of a point mutation,
which is a marker for drug resistance, using a T790M
specific molecular beacon. Since cells with the T790M
mutation would emit fluorescence signals on encounter-
ing T790M MB probes, it is possible to detect the pres-
ence of T790M mutation at the single cell resolution di-
rectly on fixed cells without DNA preparation. By contrast,
any of the pre-existing EGFR mutation detection meth-
ods, such as WAVE/Surveyor or scorpion amplification
refractory mutation system, do not provide the technical
capability for identifying a specific mutation at the intact
single cell level. This raises the promising possibility of
MB imaging in samples with a very limited number of
tumor cells, such as CTCs isolated from patient blood
samples.

Lung cancer is the most common cause of cancer
death, but only a few clinical studies have been done with
small numbers of patients so as to address the second-
ary mutation related to drug resistance. It was reported
that only a couple of patient samples have been tested
with acquired resistance.23 As far as we know, it is very
far and between to obtain patient sample with acquired
resistance because second biopsy of patients with lung
cancer is not routinely performed. It is expected that
accumulated clinical data with developed method here
will help to be considered as an effective direction for
cancer treatment.

In summary, our results show that molecular beacon
technology is a very powerful approach for the detection
of mutations in a very small number of tumor cells or
intact single cells by real-time-PCR and in situ fluores-
cence imaging. The high sensitivity and simplicity of the
MB-based method allows for the follow-up of the geno-

Figure 7. Fluorescence microscope imaging of
cells using T790M specific molecular beacons:
Target T790M-MB was labeled with FAM fluoro-
phore and control-MB (scrambled molecular
beacon) was conjugated with Cy5 fluorophore.
Two types of molecular beacons were incubated
with H1975 cancer cells that had the secondary
mutation in EGFR mRNA (top row) and with the
PC9 cancer cells without the secondary mutation
(bottom row). FAM: fluorescent images filtered
by 550 to 560 nm wavelength band pass (A and
D), and Cy 5 fluorescence images were obtained
filtered by 650 nm wave length long pass (B and
E). DAPI (4’,6-diamidino-2-phenylindole) fluo-
rescent image after DAPI staining; all images
were magnified �10, except Merge �60, which
were magnified �60 (C and F).
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type of patients, possibly circumventing many of the
practical limitations of obtaining sufficient tumor tissue to
perform genotype analysis. The principle of MB-based
mutation detection can be easily generalized to the de-
tection of other mutations. The appropriate choice of
detection probes could lead to a multiplex mutation de-
tection system, allowing for the simultaneous detection of
the EGFR activating mutation and the EGFR secondary
mutation and/or other de novo resistance markers such
as k-ras mutations.
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