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ABSTRACT

Detection of circulating tumor DNA using droplet digital polymerase chain
reaction (ddPCR) is a highly-sensitive, minimally invasive alternative to serial biopsies
for assessment and management of cancer. We used ddPCR to assess the utility
of measuring plasma concentrations of common epidermal growth factor receptor
(EGFR) mutations (L858R, exon 19 deletion, and T790M) in 57 non-small cell lung
cancer (NSCLC) patients treated with EGFR tyrosine kinase inhibitors (EGFR-TKIs).
High baseline plasma EGFR mutation (pEGFRmut) concentrations were associated
with shorter progression-free survival (8.43 months) than low baseline pEGFRmut
(16.23 months; p = 0.0019). By contrast, there were no differences in tumor
shrinkage or overall survival between groups. During EGFR-TKI treatment, pEGFRmut
levels decreased to zero in 89.58% of patients. Twenty-five of the 27 patients who
progressed had basal pEGFRmut, and 18 also had circulating T790M. All 20 patients
with dramatic progression (according to a categorization system for EGFR-TKIs
failure) had basal pEGFRmut, and 13 had T790M mutation at progression. These
results support the use of ddPCR for analysis of plasma EGFR mutations for prediction
of PFS and to monitor clinical responses to EGFR-TKIs in NSCLC patients.

INTRODUCTION

Non-small cell lung cancer (NSCLC) is the most
common type of lung cancer and the leading cause of
cancer mortality worldwide [1]. Over the last decade,
first-generation epidermal growth factor receptor-
tyrosine kinase inhibitors (EGFR-TKIs) have been the
first treatment choice for NSCLC patients who harbored
TKI-sensitive EGFR mutations such as L858R (an amino
acid substitution at codon 858 in exon 21), and ex19del
(an in-frame deletion in exon19) [2—5]. In patients who
are resistant to first-generation EGFR-TKIs but harbor
the T790M mutation in exon 20 of the EGFR gene,
third-generation EGFR-TKIs have shown efficacy [6,
7]. Therefore, assessing the presence of EGFR gene
mutations is critical for treatment strategy decisions in
NSCLC. Tumor tissue is still the recommended source for

EGFR testing. However, tumor samples may not always
be available or sufficient. Recently, circulating cell-free
DNA (cfDNA) has attracted great attention because it can
be easily obtained, and several technologies have been
developed for its detection [8—10].

Droplet digital polymerase chain reaction (ddPCR)
is a highly sensitive, quantitative analysis technology
to detect gene mutations. Here, DNA is first emulsified
with oil into thousands of droplets, each containing O
or 1 DNA target molecules. Then, PCR amplification is
performed in each fluorescently labeled droplet, so that
droplets containing mutant or wild-type target DNA
emit different color signals. Using a flow cytometer, the
number of different color signals is read to calculate the
concentration of target alleles [11]. We have focused on
ddPCR for detecting EGFR mutations over several years.
First, we demonstrated that ddPCR assays could achieve
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Table 1: Demographic, clinical and therapeutic information of the 57 patients treated with EGFR-TKIs

Characteristic EGFR Status in Tumor Tissue p
Total L858R ex19del
Gender, male/female (n=57) 23/34 16/18 7/16 0.289°
Age(year), mean+SE (n=57) 65.05+1.41 66.26+1.69 63.26+2.46 0.2456¢
Smoking history, yes/no (n=57) 15/42 11/23 4/19 0.375°
ECOG performance status, 0-1/2-4 (n=57) 49/8 29/5 20/3 0.605°
Histology, adeno-/squamous cell carcinoma (n=57) 57/0 34/0 23/0 —
Clinical stage, I1I/IV (n=57) 7/50 3/31 4/19 0.177°
Bone metastasis, yes/no (n=49) 31/18 20/11 11/7 0.907°
Brain metastasis, yes/no (n=52) 21/31 10/22 11/9 0.083®
Liver metastasis, yes/no (n=57) 11/46 6/28 5/18 0.380°
Contralateral lung metastasis, yes/no (n=57) 22/35 15/19 7/16 0.1542
EGFR-TKIs, gefitinib / erlotinib/other (n=57) 36/19/2 20/13/1 16/6/1 0.627°
EGFR status in plasma, positive/negative (n=57) 46/11 2717 19/4 0.522°
. . . 0

FOpt s o o e 0996 B s e

a2 test;

® Fisher’s exact test;
¢t test;

¢ Rank sum test.

a detection sensitivity of 0.02% for mutant EGFR L858R,
ex19del, and T790M, using tumor cells and normal
human blood [12]. Second, we attempted to translate this
technology to clinical diagnosis, and demonstrated that
mutant plasma EGFR (pEGFR) concentration determined
by ddPCR analysis could achieve a concordance of
86.73% with tumor EGFR (tEGFR) status [13]. Our
previous data also revealed that high pEGFR mutation
(pEGFRmut) concentrations correlated with extensive
tumor burden [13]. Thus, albeit clinical validation is still
needed, the quantitation of pEGFRmut may have great
prognostic value for NSCLC. With the goal of developing
a robust biomarker assay to predict prognosis in patients
treated with EGFR-TKIs, we present here a ddPCR
quantitative analysis of EGFR mutations (L858R, ex19del,
and T790M) using cfDNA isolated from the plasma of 57
NSCLC patients.

RESULTS

Patient characteristics

Table 1 shows baseline data for the 57 patients
treated with EGFR-TKIs. No significant differences
were observed in demographic or clinical characteristics
between patients with different types of t/EGFR mutation
(tEGFRmut). EGFR-TKI therapies were similar for
patients with either L858R or ex19del mutations. No

significant differences were found in qualitative pEGFR
status or quantitative pEGFRmut concentrations between
patients with tumor-positive L858R and ex19del
mutations.

Association with progression-free survival,
overall survival, and tumor response

Median follow-up for the 57 patients was 12.27
months (range, 0.5-22.23 months). By the end of follow-
up, 31 patients (54.39%) had progressed, as determined
by imaging and the Response Evaluation Criteria in
Solid Tumors (RECIST) vl.1 guidelines. Median
progression-free survival (PFS) for high and low baseline
pPEGFRmut concentration was 8.43 and 16.23 months
(p = 0.0019, Figure la), respectively. Patients with a
PpPEGFRmut concentration greater than the median—that is,
>200copies/ml for L8S8R or >75copies/ml for ex19del—
were included in the high pEGFRmut group. The same
results were found when we analyzed L858R and ex19del
separately. Median PFS was 8.7 months for high L858R
patients, whereas median PFS for low L858R patients
was not reached (p = 0.0436). For high and low ex19del
patients, median PFS was 8.43 and 16.23 months (p =
0.0011), respectively (Figure 1b, 1c). In the multivariate
Cox regression model, pEGFRmut concentration,
smoking history, and brain metastasis were independently
associated with PFS, when adjusted for tumor burden, sex,
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Figure 1: Progression-free survival curves for the 57 patients treated with EGFR-TKIs. 1a. PFS of patients with high or low
basal plasma EGFR mutation (pEGFRmut) levels. 1b. PES of patients with high or low basal plasma L858R mutation levels.
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Figure 1 (Continued): 1c. PFS of patients with high or low basal plasma ex19del mutation levels. 1d. PFS of patients with dramatic
disease progression, grouped according to high or low basal pEGFRmut levels. High pEGFRmut was defined as having mutant pEGFR
concentrations higher than the median, that is, a L858R concentration >200copies/ml or an ex19del concentration >75copies/ml.
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Table 2: Cox regression for RECIST progression-free survival, n=48

Variables HR SE 95% CI p
Group of pEGFR

(high=1, low=0) * 3.96 2.58 1.10-14.22 0.035
Smoker (yes=1, no=0) 4.61 3.57 1.01-21.04 0.049
Brain metastasis 3.28 1.87 1.07-10.02 0.037

(yes=1, no=0)

Justified by tumor burden, gender, ECOG performance status, stage, contralateral lung metastasis, live metastasis, bone

metastasis, and adrenal metastasis;

HR, hazard ratio; SE, standard error; CI, confidence interval;
2 High group, patients with mutant pEGFR concentration more than the median (L858R>200copies/ml or ex19del

>75copies/ml).

ECOG performance status, stage, and contralateral lung-,
liver-, bone-, and adrenal metastases [hazard ratio (HR) =
3.96; 95 % confidence interval (CI), 1.10-14.22; p = 0.035;
Table 2 ].

In clinical practice, most patients continue taking
the originally prescribed EGFR-TKIs, even after
progression is detected by imaging. Therefore, to guide
subsequent management, Jin-ji Yang et al. proposed a
series of clinical modes of EGFR-TKISs failure, classified
as dramatic progression, gradual progression, and local
progression. In their study, a switch to chemotherapeutic
regimens showed a modest survival benefit only when
progression was deemed dramatic. Dramatic progression
was defined as: 1) disease control lasting >3 months with
EGFR-TKI; 2) deterioration of any pre-existing or new
symptoms, including cough, hemoptysis, chest pain,
fever, dyspnea and metastatic lesion-related symptoms;
and 3) rapid progression of multiple measurable lesions
compared with the previous assessment, or at least 2 of
the following progressive involvement of non-measurable
lesions, including progression of pre-existing lesions;
progression due to new lesions in the thoracic cavity;
new lesions beyond the thoracic cavity; or new malignant
effusion [14]. By the end of follow-up, according to Jin-ji
Yang’s modes, 40.35% (23/57) of the patients in our study
showed dramatic progression. Among these, median PFS
was 11.4 months for those with high baseline pEGFRmut
concentration, whereas PFS for the low-pEGFRmut group
was not achieved (p = 0.0362, Figure 1d). No significant
differences were found when we analyzed L858R and
ex19del separately.

By the end of follow up, 29.82% (17/57) of the
patients had died. Median overall survival (OS) for high
and low pEGFRmut groups was 16.1 months and 17.33
months (p = 0.1763), respectively. Tumor response was
assessed in 49 patients. According to RECIST v1.1, in the
low-pEGFRmut group there were 19 patients with partial
response (PR), three with stable disease (SD), and one with
progressive disease (PD), while in the high-pEGFRmut
group 22 patients had PR, two had SD, and two had PD

(p = 0.862). No significant difference in shrinkage of
measurable lesions was observed between the high and
low pEGFRmut groups, with mean best shrinkage from
baseline of 44.22 + 6.57% in the high pEGFRmut group
and 40.16 + 4.58% in the low pEGFRmut group (p =
0.6142; Figure 2).

Treatment monitoring values

Forty-eight patients were followed up with
pPEGFRmut testing. ddPCR flow cytometry plots for two
typical patients are shown in Supplementary Figures
1 and 2. During EGFR-TKI therapies, mutant pEGFR
concentrations decreased to zero in 43 patients (89.58%).
The other five patients, in whom pEGFRmut remained
detectable during treatment, had significantly poorer
PFS and included two without response and three who
progressed in 4, 5, and 8 months. The concordance
between pEGFRmut testing and imaging examination at
follow-up during EGFR-TKI therapy is shown in Table
3. Of the 27 patients who progressed, 13 had detectable
levels of baseline pEGFRmut at least 2 months before
progression, nine had positive pEGFRmut at progression,
and three were positive 2 and 4 months after progression.
In two patients with gradual progression, no mutation was
detected at progression or after 2 and 4 months. All the
20 patients with dramatic progression that were followed
up had previous detectable pEGFRmut, and fifteen were
pPEGFRmut positive at least 2 months before dramatic
progression. The other five were positive at dramatic
progression (Table 3).

Twenty patients had detectable pEGFR T790M
mutation during the follow-up period. Among these, 18
suffered progression and showed detectable levels of
L858R or ex19del at follow-up. Among these, T790M
was detected earlier than pEGFRmut in three patients,
concurrently with pEGFRmut in twelve patients, and after
pEGFRmut in the remaining three patients. Five of these
18 patients underwent re-biopsy at progression and were
found to have tEGFR T790M. Notably, we did not detect
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the T790M mutation in plasma from three patients with
dramatic progression who harbored tumor tissue T790M
mutation at progression.

DISCUSSION

Routine testing of EGFR gene mutations is a
fundamental step before selecting a treatment strategy
for NSCLC patients. For screening these and other
cancer-related mutations, liquid biopsy has attracted
much attention due to its minimally invasive nature. Our
previous data [13], as well as results reported in other
studies [15, 16], demonstrated that ddPCR is a useful
clinical diagnostic method for pEGFR detection, with a
concordance of 80-90% with tEGFR status. Moreover, in
addition to its high sensitivity, as a quantitative technology
ddPCR has the advantage of providing concentration
profiles of target alleles. Although several studies
addressed this issue, the clinical significance of estimating
pPEGFRmut concentrations in NSCLC has not been
unequivocally established. In this study, we found that
higher baseline pEGFRmut levels were correlated with
poorer PES. This result is in line with results from other
ddPCR studies showing an inverse correlation between
circulating tumor DNA (ctDNA) and/or tumor-associated
transcripts and clinical outcome. For instance, in a study
of melanoma patients who received BRAF' inhibitors,
low concentration of plasma BRAFV®E was significantly
associated with longer OS and PFS [17]. In a breast
cancer study, high serum miR-10b-5p levels were found
to be associated with clinical biological markers of poor
prognosis [18]. Subgroup analysis in the EURTAC trial

of NSCLC patients treated with erlotinib also supported
our findings. Using the TagMan assay, a qualitative
method, to detect EGFR mutations in plasma, it showed
that median OS was significantly shorter in patients with
both tumor and plasma L858R mutation (13.7 months)
than in tumor-only L858R-positive patients (27.7 months)
19]. However, in another study in which the consistency
between qualitatively detected pEGFR and tEGFR was
compared in NSCLC patients, the authors also reported the
objective response rate in 106 observed patients. Objective
response rate to the EGFR-TKI gefitinib was 76.9%
(95% CI, 65.4-85.5%) in patients with both pEGFR and
tEGFR mutations, and 59.5% (95% CI, 43.5-73.7%) in
tEGFR-positive but pEGFR-negative patients [20]. Since
tumor lysis has been postulated to be the main source of
ctDNA [21, 22], a possible explanation for these seemingly
discordant results is that pEGFRmut concentration reflects
EGFR mutation abundance in tumor tissues, which in turn
might entail higher sensitivity to EGFR-TKIs. If this is the
case, it is possible that higher pEGFRmut levels might, at
least in some patients, predict better response to EGFR-
TKIs [20].

However, as discussed below, additional factors
are likely to be at play. In agreement with earlier
studies [21, 22], including our own [13], we showed
that pEGFRmut concentration was indeed correlated
with tumor burden. Using ddPCR, a recent study found
that the overall incidence of TKI-naive (pretreatment)
T790M mutation in tumor tissues was 79.9%, with a
frequency ranging from 0.009% to 26.9%. T790M was
detected more frequently in larger tumors [24]. Since the
point mutation T790M in the EGFR kinase domain is the
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Figure 2: Best shrinkage from baseline tumor burden during EGFR-TKI treatment in patients with high or low
basal pEGFRmut levels. High pEGFRmut was defined as having pEGFRmut concentrations >200copies/ml for L858R and

>75copies/ml for ex19del.
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Table 3: Concordance at follow-up between pEGFR testing and imaging findings during EGFR-TKI therapy

PEGFR
(L858R or "“i{’:t‘la“ce Sensitivity  Specificity PPV NPV
ex19del) (95% CI) (95% CI) (95% CI) (95% CI)
(95% CI)
(+) )
RECIST — yosen 25 2 93.75% 92.59% 95.23% 96.15% 90.91%
progression
No@l) 1 20 (86.90-100%) (82.71-100%) (86.12-100%) (88.76-100%) (78.90-100%)
Dramatic v 00) 20 0 87.5% 100% 78.58% 76.92% 100%
progression
(78.14- (63.38- (60.72-
No@8) 6 22 o5 86%) 93.78%) 93.12%)

CI, confidence interval; PPV, positive predictive value; NPV, negative predictive value.

major mechanism of resistance to EGFR-TKI therapies,
it is conceivable that patients with higher pEGFRmut
concentrations progress at a faster rate because of
extensive tumor burden and potentially higher frequency
of pretreatment T790M mutation.

In our study, a significant difference in PFS, but
not in OS, was revealed in patients with low, compared
with high, pEGFRmut plasma levels. One possible
reason for the lack of difference in OS between groups
may be that 16 progressed patients received second-line
therapies, including 8 that were treated with AZD9291.
The efficacy of second-line therapies would reduce the
difference in OS between the two groups. In contrast, in
the melanoma and NSCLC (EURTAC) studies referred
above, patients who progressed after treatment with,
respectively, BRAFY®E inhibitors or erlotinib, did not
receive effective second-line therapies. In addition,
the short follow-up period may have precluded finding
significant differences in OS in our patients.

Several studies have assessed the value of liquid
biopsy in monitoring efficacy during treatments.
In a small sample study of pEGFRmut in NSCLC,
pPEGFRmut concentration decreased to zero in most
patients [16]. In the aforementioned melanoma study,
¢fBRAFV®E concentrations decreased significantly in
the first month of BRAF inhibitor therapy and at the
moment of best response [17]. Another NSCLC study
found a significantly shorter median PFS of 6.3 months
in patients with detectable pEGFR, compared with 10.1
months for those with undetectable pEGFR after two-
month EGFR-TKI treatment [15]. Similarly, our study
showed that pEGFRmut concentrations were reduced to
zero in 89.58% of patients, and these had a significantly
better PFS than those who retained detectable levels of
pEGFRmut. Also, although basal pEGFRmut was not
detected in some patients who progressed, all 20 patients
who showed dramatic progression had detectable

pretreatment levels of pEGFRmut. We suggest that
in clinical practice, dramatic progression criteria
assessment is much more important than imaging
criteria for progression, for in many circumstances, a
change in treatment strategies is advisable only when
progression is dramatic after failure of EGFR-TKIs
[14]. Considering the risk of radiation exposure and the
economic cost of imaging examinations, we propose
that serial plasma genotyping by ddPCR should be the
first screening test to guide treatment decisions, and
imaging should be used only after pEGFRmut status is
determined. Further studies are needed to determine the
feasibility of this proposed monitoring model.

In conclusion, we found that pretreatment
pEGFRmut concentration determined by ddPCR was
positively correlated with poorer PFS after EGFR-
TKI therapy. This assay also displayed a satisfactory
monitoring value during EGFR-TKI treatment.

MATERIALS AND METHODS

Patients and treatments

In our previous observational study, we
consecutively enrolled 113 previously untreated NSCLC
patients from October 2014 to May 2016, including 64
patients who harbored mutated tEGFR. Patients who
had other uncontrolled malignant tumors, uncontrolled
infection or Mycobacterium tuberculosis, or severe
mental disease were excluded. Physicians and patients
made treatment decisions together, and 57 stage III/
IV patients with TKI-sensitive tEGFRmut received
EGFR-TKIs as first-line therapy. These 57 patients
were enrolled in this study, and undergo a follow-up
imaging examination every 2 months, if possible, with
a maximum interval of 3 months (Figure 3). All patients
provided written informed consent for this study and for
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the EGFR gene test. This study was approved by the
Ethics Committee of Guangdong Provincial Hospital of
Chinese Medicine.

Plasma collection and ddPCR workflow

For each patient, baseline plasma was collected
before first-line therapy. Additional follow-up plasma for
patients who received EGFR-TKIs was collected every 2

months, with a maximum interval of 3 months, at the same
time of imaging. 6-10 ml of whole venous blood were
collected into EDTA-containing vacutainers, stored at 4°C,
and centrifuged (10 min, 1800g at 4°C) within 6 hours
of collection. Plasma was frozen at -80°C until use. The
ddPCR workflow (as detailed in Supplementary Methods)
was conducted at WuXi AppTec Medical Testing Institute
(Shanghai) Co., Ltd. Scientists conducting the ddPCR
were blinded to the tissue results.

113 consecutive NSCLC patients

h 4

—

49 patients with wild-type
EGFR status in tumor

64 patients with mutated
EGFR status in tumor

}

57 patients were treated
with EGFR-TKIs

Follow-up with imaging
and plasma test |

31 patients with RECIST

progression (4 patients were
lost for plasma follow-up)

l

23 patients with dramatic
progression (3 patients were
lost for plasma follow-up)

Figure 3: Study flow diagram.

26 patients were progression

free (5 patients were lost for
plasma follow-up)
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Statistical analysis

PFES of patients treated with EGFR-TKIs was the
primary endpoint for assessing the relationship between
pPEGFRmut concentration and prognosis. PFS was
defined as the time between the date of first EGFR-TKI
dose to the date of progression determined by imaging,
according to the RECIST vl.1 guidelines. Patients
were followed up until August 2016. Those who were
progression-free at the end of the study or lost to follow-
up were censored. Secondary endpoints included OS,
tumor response rate, and best shrinkage of measurable
lesions. OS was defined as the time from the date of
first EGFR-TKI dose to the date of death. Patients who
survived until the end of the study or who were lost at
follow-up were censored. Best tumor response, such
as complete response, PR, SD, and PD, was assessed
according to RECIST vl.1. Measurable lesions were
measured as the sum of the longest diameters according
to RECIST vl.1, and the best shrinkage was the
maximum reduction percentage of measurable lesions
during treatment compared to baseline. Differences in
demographic and clinical characteristics between the
two groups were evaluated using the t test, rank sum
test, x* test, or Fisher’s exact test, with an alpha < 0.05.
PFS and OS curves were calculated using the Kaplan-
Meier method and compared with the log-rank method,
with an alpha < 0.05. The multivariate Cox model to
estimate hazard ratios (HR) and 95% CI was also used
for comparison of PFS. Data were documented using
EpiData software (version 3.1, The EpiData Association,
Odense, Denmark) and analyzed using Stata software
(version 11.0, StataCorp LP, College Station, TX, USA).
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CI: Confidence Interval

ctDNA: Circulating Tumor DNA

ARMS: Amplification Refractory Mutation System
SE: Standard Error

PPV: Positive Predictive Value

NPV: Negative Predictive Value

ACKNOWLEDGMENTS

We thank all the patients enrolled in this study. We
thank Ai-hua Ou for the help with statistical analysis.

CONFLICTS OF INTEREST

The authors declare that they have no conflicts of
interest.

FUNDING

This work was supported by the National Natural
Science Foundation of China (NSFC 81273966/H2902)
and the Major Projects of Collaborative Innovation in
Health Care of Science and Technology Program of
Guangzhou, China (201604020017).

Author contributions

Conception and design:Yan-juan Zhu, Hai-bo
Zhang.

Financial support: Hai-bo Zhang.

Administrative support: Hai-bo Zhang, Yan Li,
Guang-juan Zheng.

Provision of study patients: Yan-juan Zhu, Yi-hong
Liu, Fu-li Zhang, Yong Li, Jian-ping Bai, Li-rong Liu,
Yan-chun Qu, Xin Qu, Xian Chen.

Collection and assembly of data: Yan-juan Zhu,
Ya-zhen Zhu, Yi-hong Liu, Fu-li Zhang, Yong Li, Jian-
ping Bai, Li-rong Liu, Yan-chun Qu, Xin Qu, Xian Chen,
Yan Li, Guang-juan Zheng.

Data analysis and interpretation: Yan-juan Zhu,
Ya-zhen Zhu.

Manuscript writing: All authors.

Final approval of manuscript: All authors.

REFERENCES

1. Chen Z, Fillmore CM, Hammerman PS, Kim CF, Wong
KK. Non-small-cell lung cancers: a heterogeneous set of
diseases. Nat Rev Cancer. 2014; 14: 535-46. doi: 10.1038/
nrc3775.

Mitsudomi T, Morita S, Yatabe Y, Negoro S, Okamoto
I, Tsurutani J, Seto T, Satouchi M, Tada H, Hirashima T,
Asami K, Katakami N, Takada M, et al. Gefitinib versus
cisplatin plus docetaxel in patients with non-small-cell
lung cancer harbouring mutations of the epidermal growth
factor receptor (WJTOG3405): an open label, randomised

www.impactjournals.com/oncotarget

13203

Oncotarget



10.

I1.

phase 3 trial. Lancet Oncol. 2010; 11: 121-8. doi: 10.1016/
S1470-2045(09)70364-X.

Zhou C, Wu YL, Chen G, Feng J, Liu XQ, Wang C, Zhang
S, Wang J, Zhou S, Ren S, Lu S, Zhang L, Hu C, et al.
Erlotinib versus chemotherapy as first-line treatment for
patients with advanced EGFR mutation-positive non-small-
cell lung cancer (OPTIMAL, CTONG-0802): a multicentre,
open-label, randomised, phase 3 study. Lancet Oncol. 2011;
12: 735-42. doi: 10.1016/S1470-2045(11)70184-X.
Maemondo M, Inoue A, Kobayashi K, Sugawara S, Oizumi
S, Isobe H, Gemma A, Harada M, Yoshizawa H, Kinoshita
I, Fujita Y, Okinaga S, Hirano H, et al. Gefitinib or
chemotherapy for non-small-cell lung cancer with mutated
EGFR. N Engl J Med. 2010; 362: 2380-8. doi: 10.1056/
NEJM0a0909530.

Rosell R, Carcereny E, Gervais R, Vergnenegre A, Massuti
B, Felip E, Palmero R, Garcia-Gomez R, Pallares C,
Sanchez JM, Porta R, Cobo M, Garrido P, et al. Erlotinib
versus standard chemotherapy as first-line treatment for
European patients with advanced EGFR mutation-positive
non-small-cell lung cancer (EURTAC): a multicentre, open-
label, randomised phase 3 trial. Lancet Oncol. 2012; 13:
239-46. doi: 10.1016/S1470-2045(11)70393-X.

Cross DA, Ashton SE, Ghiorghiu S, Eberlein C, Nebhan
CA, Spitzler PJ, Orme JP, Finlay MR, Ward RA, Mellor
MJ, Hughes G, Rahi A, Jacobs VN, et al. AZD9291, an
irreversible EGFR TKI, overcomes T790M-mediated
resistance to EGFR inhibitors in lung cancer. Cancer
Discov. 2014; 4: 1046-61. doi: 10.1158/2159-8290.
CD-14-0337.

Sequist LV, Soria JC, Goldman JW, Wakelee HA, Gadgeel
SM, Varga A, Papadimitrakopoulou V, Solomon BJ, Oxnard
GR, Dziadziuszko R, Aisner DL, Doebele RC, Galasso C,
et al. Rociletinib in EGFR-mutated non-small-cell lung
cancer. N Engl J Med. 2015; 372: 1700-9. doi: 10.1056/
NEJMoal413654.

Li Z, Zhang Y, Bao W, Jiang C. Insufficiency of peripheral
blood as a substitute tissue for detecting EGFR mutations in
lung cancer: a meta-analysis. Target Oncol. 2014; 9: 381-8.
doi: 10.1007/s11523-014-0312-2.

Luo J, Shen L, Zheng D. Diagnostic value of circulating
free DNA for the detection of EGFR mutation status in
NSCLC: a systematic review and meta-analysis. Sci Rep.
2014; 4: 6269. doi: 10.1038/srep06269.

Qiu M, Wang J, Xu Y, Ding X, Li M, Jiang F, Xu L, Yin
R. Circulating tumor DNA is effective for the detection
of EGFR mutation in non-small cell lung cancer: a meta-
analysis. Cancer Epidemiol Biomarkers Prev. 2015; 24:
206-12. doi: 10.1158/1055-9965.EPI-14-0895.

Hindson BJ, Ness KD, Masquelier DA, Belgrader P,
Heredia NJ, Makarewicz AJ, Bright 1J, Lucero MY,
Hiddessen AL, Legler TC, Kitano TK, Hodel MR, Petersen
JF, et al. High-throughput droplet digital PCR system for
absolute quantitation of DNA copy number. Anal Chem.
2011; 83: 8604-10. doi: 10.1021/ac202028g.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Xu Q, Zhu 'Y, Bai Y, Wei X, Zheng X, Mao M, Zheng G.
Detection of epidermal growth factor receptor mutation in
lung cancer by droplet digital polymerase chain reaction.
Onco Targets Ther. 2015; 8: 1533-41. doi: 10.2147/OTT.
S84938.

Zhu Y-j, Zhang H-b, Liu Y-h, Zhang F-1, Zhu Y-z, Zheng
G-j, Chen J, LiY, Bai J-p, Liu L-r, Qu Y-c, Qu X, Chen X, et
al. Association of mutant EGFR concentration in circulating
cell-free DNA (cfDNA) by ddPCR with tumor burden and
prognosis in NSCLC patients treated with EGFR-TKIs.
ASCO Meeting Abstracts. 2016; 34: €23063. doi:

Yang JJ, Chen HJ, Yan HH, Zhang XC, Zhou Q, Su J,
Wang Z, Xu CR, Huang YS, Wang BC, Yang XN, Zhong
WZ, Nie Q, et al. Clinical modes of EGFR tyrosine kinase
inhibitor failure and subsequent management in advanced
non-small cell lung cancer. Lung Cancer. 2013; 79: 33-9.
doi: 10.1016/j.lungcan.2012.09.016.

Lee JY, Qing X, Xiumin W, Yali B, Chi S, Bak SH, Lee
HY, Sun JM, Lee SH, Ahn JS, Cho EK, Kim DW, Kim
HR, et al. Longitudinal monitoring of EGFR mutations in
plasma predicts outcomes of NSCLC patients treated with
EGFR TKIs: Korean Lung Cancer Consortium (KLCC-
12-02). Oncotarget. 2016; 7: 6984-93. doi: 10.18632/
oncotarget.6874.

Oxnard GR, Paweletz CP, Kuang Y, Mach SL, O'Connell
A, Messineo MM, Luke JJ, Butaney M, Kirschmeier
P, Jackman DM, Janne PA. Noninvasive detection of
response and resistance in EGFR-mutant lung cancer
using quantitative next-generation genotyping of cell-free
plasma DNA. Clin Cancer Res. 2014; 20: 1698-705. doi:
10.1158/1078-0432.CCR-13-2482.

Sanmamed MF, Fernandez-Landazuri S, Rodriguez C,
Zarate R, Lozano MD, Zubiri L, Perez-Gracia JL, Martin-
Algarra S, Gonzalez A. Quantitative cell-free circulating
BRAFV600E mutation analysis by use of droplet digital
PCR in the follow-up of patients with melanoma being
treated with BRAF inhibitors. Clin Chem. 2015; 61: 297-
304. doi: 10.1373/clinchem.2014.230235.

Mangolini A, Ferracin M, Zanzi MV, Saccenti E, Ebnaof
SO, Poma VYV, Sanz JM, Passaro A, Pedriali M, Frassoldati
A, Querzoli P, Sabbioni S, Carcoforo P, et al. Diagnostic
and prognostic microRNAs in the serum of breast cancer
patients measured by droplet digital PCR. Biomark Res.
2015; 3: 12. doi: 10.1186/s40364-015-0037-0.

Karachaliou N, Casas CM-dl, Queralt C, Aguirre Id,
Melloni B, Cardenal F, Garcia-Gomez R, Massuti B,
Sanchez JM, Porta R, Ponce-Aix S, Moran T, Carcereny E,
et al. Association of EGFR L858R Mutation in Circulating
Free DNA With Survival in the EURTAC Trial. JAMA
Oncology. 2015; 1: 149-57. doi: 10.1001.

Douillard JY, Ostoros G, Cobo M, Ciuleanu T, Cole R,
McWalter G, Walker J, Dearden S, Webster A, Milenkova
T, McCormack R. Gefitinib treatment in EGFR mutated
caucasian NSCLC: circulating-free tumor DNA as a

www.impactjournals.com/oncotarget

13204

Oncotarget



21.

22.

23.

surrogate for determination of EGFR status. J Thorac Oncol.
2014; 9: 1345-53. doi: 10.1097/JTO.0000000000000263.
van der Vaart M, Pretorius PJ. The origin of circulating
free DNA. Clin Chem. 2007; 53: 2215. doi: 10.1373/
clinchem.2007.092734.

Schwarzenbach H, Hoon DS, Pantel K. Cell-free nucleic
acids as biomarkers in cancer patients. Nat Rev Cancer.
2011; 11: 426-37. doi: 10.1038/nrc3066.

Zhou Q, Zhang XC, Chen ZH, Yin XL, Yang JJ, Xu CR,
Yan HH, Chen HJ, SuJ, Zhong WZ, Yang XN, An SJ, Wang

24.

BC, et al. Relative abundance of EGFR mutations predicts
benefit from gefitinib treatment for advanced non-small-cell
lung cancer. J Clin Oncol. 2011; 29: 3316-21. doi: 10.1200/
JCO.2010.33.3757.

Watanabe M, Kawaguchi T, Isa S, Ando M, Tamiya A,
Kubo A, Saka H, Takeo S, Adachi H, Tagawa T, Kakegawa
S, Yamashita M, Kataoka K, et al. Ultra-Sensitive Detection
of the Pretreatment EGFR T790M Mutation in Non-Small
Cell Lung Cancer Patients with an EGFR-Activating
Mutation Using Droplet Digital PCR. Clin Cancer Res.
2015;21: 3552-60. doi: 10.1158/1078-0432.CCR-14-2151.

www.impactjournals.com/oncotarget

13205

Oncotarget



