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Abstract \
Background: Identifying epidermal growth factor receptor (EGFR) mutation status is critical for planning lung cancer treatment.
Sanger sequencing detects both known and novel mutations but shows poor sensitivity. High-sensitivity allele-specific real-time
polymerase chain reaction (ASRP)-based assays offer quick and reliable results, but may overlook uncommon mutations. We
aimed to define the rate at which high-sensitivity ASRP-based assays missed uncommon EGFR mutations.

Methods: Non—-small cell lung cancer specimens that were diagnosed as EGFR wild-type (EGFR-WT) by high-sensitivity ASRP-
based assays and had residual DNA samples were sent for Sanger sequencing. Patient characteristics and clinical features were
evaluated by chart review, and outcomes of EGFR-tyrosine kinase inhibitor (EGFR-TKI) therapy were studied.

Results: Hundred DNA specimens diagnosed by high-sensitivity ASRP-based assays as EGFR-WT were rechecked by Sanger
sequencing. Two samples which were re-biopsy specimens from patients with EGFR mutations were excluded from the analysis.
Sanger sequencing was failed in 24 samples. Among the remaining 74 samples, 6 (8.1%) had EGFR mutations—one exhibited
exon 19 deletion (delT751_I759insS), two exhibited substitution mutations (S768I+V769L and L861Q), and three exhibited exon
20 insertions (N771_P772insN, P772_H773insHP, and H773_V774insAH). Only the patient with the exon 19 deletion had received
EGFR-TKI therapy. Although the best tumor response was only stable disease, this was maintained for >10 months.
Conclusion: High-sensitivity ASRP-based assays can overlook uncommon mutations. This detection failure rate is worth noting,
especially when treating patients from regions known to have a high prevalence of EGFR mutation. Patients carrying uncommon

mutations may still benefit from EGFR-TKI therapy.
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1. INTRODUCTION

Epidermal growth factor receptor (EGFR) is a transmembrane
receptor tyrosine kinase overexpressed in many malignancies.
The frequency of EGFR mutations in non-small cell lung can-
cer (NSCLCQ) is higher in Asians, females, and nonsmokers.!
According to pivotal studies published in 2004, EGFR mutation
status is an important factor for EGFR-tyrosine kinase inhibi-
tor (EGFR-TKI) treatment.>?® In treatment-naive, EGFR-mutant
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advanced NSCLC patients, EGFR-TKI has been proven to pro-
vide better outcomes compared with chemotherapy.*” Thus,
detection of EGFR mutations is the key step in the management
of advanced NSCLC patients. In-frame deletions in exon 19 and
substitution mutation L858R in exon 21 account for over 80%
of EGFR mutations.>'® Other subsets are considered uncom-
mon mutations, and the efficacy of EGFR-TKI in these muta-
tions remains uncertain.!!

Classical Sanger sequencing detects both known and novel
genomic mutations, but it has suboptimal sensitivity and requires
the DNA sample to contain roughly 25% of a given mutation to
enable its detection.'? Our previous study revealed Sanger sequenc-
ing to have a false-negative rate of up to 21.5% in clinical samples
collected from an area where EGFR mutations are prevalent.'
To meet clinical needs, high-sensitivity allele-specific real-time
polymerase chain reaction (ASRP)-based assays using specially
designed primers and probes to lower the detection threshold
requirement to 1% mutant DNA in the sample. However, it can
only detect the predefined mutations to which the primers and
probes included in the assay kit have been customized; therefore,
uncommon mutations will inevitably be overlooked.

It has been suggested that uncommon EGFR mutations
may be less susceptible to EGFR-TKI treatment than common
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mutations.'*'® However, uncommon mutations are a heter-

ogeneous group, and they vary in clinical significance.!”-%°
Thus, clinical outcomes for overlooked or uncommon muta-
tions are still inconclusive. In this study, we collected the resi-
dues of the same batch of DNA from clinical samples that
were shown to be negative for EGFR mutations by high-sen-
sitivity ASRP-based assays, and we reevaluated them using
Sanger sequencing. We aimed to define the rate at which high-
sensitivity ASRP-based assays fail to detect uncommon EGFR
mutations.

2. METHODS

2.1. Patients and samples

We used the database of the Department of Pathology and
Laboratory Medicine in Taipei Veterans General Hospital.
Patients who were diagnosed as having advanced NSCLC and
had had their tumors tested for EGFR mutation by ASRP-based
assays between 2009 and 2014 were included in the study. For
tumors in which EGFR mutations were not detected by the
ASRP method, we rechecked the residual amount of extracted
tumor genomic DNA remaining after the mutation testing; if
the amount of residual DNA was adequate, it was then sent
for further EGFR mutation detection using Sanger sequenc-
ing. Patient characteristics and clinical features were collected
by chart review. The protocol was approved by the Institution
Review Board at Taipei Veterans General Hospital.

2.2. ASRP-based EGFR mutation assay

A high-sensitivity ASRP EGFR mutation assay consisting of
a commercial diagnostic kit (cobas EGFR Mutation Test v1;
Roche Molecular Diagnostics, Pleasanton, CA, USA) was used
as a clinical tool for EGFR mutation detection at Taipei Veterans
General Hospital during the years of 2009 through 2014. This
kit is designed to detect the most common 41 EGFR muta-
tions occurring throughout exons 18 and 21, including T790M,
S768I, two L858R mutations, three G719 missense mutations,
29 exon 19 deletions, and five exon 20 insertions. The EGFR
mutation assay was done after the control assay to assess the
total DNA in a sample. All procedures were performed accord-
ing to the manufacturer’s instructions. In brief, 1 pL of genomic
DNA was used for detection of exon 2 of the EGFR gene using
on a Rotor-gene platform to determine the DNA quality. The
cycle threshold should fall within the range between 23.0 and
30.69 to be considered acceptable for further EGFR muta-
tion testing. Then, 10 pL of genomic DNA was used for EGFR
mutation analysis using the cobas 4800 analyzer for automated
amplification and detection.

2.3. EGFR mutation detection by Sanger sequencing

Exons 18, 19, 20, and 21 of the EGFR gene were amplified with
minor modification; namely, nested polymerase chain reaction
(PCR) was only performed on specimens when their first PCR
products could not be visualized on 2% agarose gel electropho-
resis. The first round of PCR was performed in a total volume
of 25 pL containing 2 pL of DNA, 1x Taq Master Mix Red
(Ampligon III, Odense, Denmark), and 0.5 pM of each primer.
This PCR program consisted of 35 cycles of (95°C for 405, 56°C
for 40s, and 72°C for 40s), followed by a 5-minute extension
stage at 72°C. For the nested PCR protocol, DNA amplifica-
tion was performed using the same PCR program as described
above, using 2 pL of the first PCR products as a template, 1x Taq
Master Mix Red, and 0.5 pM of each primer. Sanger sequencing
was performed with forward or reverse primers, and sequence
analyses were performed using Mutation Surveyor software
(SoftGenetics, State College, PA, USA).
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2.4. Statistical methods

The differences in characteristics and discordance rate were
compared using chi-square tests, and the associated p values
were two-sided. Fisher’s exact test was used for data with an
expected frequency <5. The Mann-Whitney U test was applied
for analyses of cancer cell percentages and Sanger sequencing
success rates. Progression-free survival was defined as the dura-
tion from dosing of EGFR-TKI to tumor progression as docu-
mented by clinical physicians. Kaplan-Meier survival curves
were plotted for progression-free-survival and overall survival.
These analyses were conducted using the SPSS version 21.0 soft-
ware application (IBM Corp., Armonk, NY, USA).

3. RESULTS

3.1. Patient characteristics

After reviewing the EGFR mutation testing results and the
residual DNA adequacy in the database, 100 tumor genomic
DNA samples fulfilled the inclusion criteria of this study were
enrolled. All of these samples had been tested for EGFR muta-
tions using a highly sensitive ASRP-based assay, and no vari-
ations were detected. However, two samples were re-biopsy
specimens and were excluded for further analysis because EGFR
mutations had been found in these patients’ previous specimens
and they had received EGFR-TKI treatment before. Among
the remaining 98 samples, most (76.5%) were extracted from
tumors that were biopsied or resected in 2014. The samples
came from 98 patients consisting of 69 males and 29 females,
and the median age was 72 (with an age range of 41-90).
Sixty-one patients had a history of tobacco-smoking. Most of
the samples were from adenocarcinomas (80.6%), were from
patients in stage IV of disease (78.6%), and had good perfor-
mance status (ECOG 0-1, 76.5%). As of June 30,2017, only 23
patients had received EGFR-TKI treatment and most of them
used it as the second-line or beyond therapy (three used as the
first-line therapy because of their poor performance status). The
details are summarized in Table 1.

3.2. Performance of Sanger sequencing

Among 98 samples, 24 failed to produce DNA products by
nested PCR. For samples obtained from tumors acquired in
2014, the failure rate was 21.3%. Although not amounting to
statistically significant differences, the failure rates were numer-
ically higher for samples collected before 2014 (34.8% vs
21.3%, p = 0.266). Interestingly, the failure of Sanger sequenc-
ing was significantly associated with the percentage of cancer
cells in the samples (p = 0.002, Mann-Whitney U test): sam-
ples that yielded sufficient amounts of PCR product for Sanger
sequencing were obtained from slides where over 25% of cells
present were cancer cells (88.9% vs 59.1%, p = 0.001). Other
factors were not associated with the Sanger sequencing failure
rate (Table 2).

3.3. Discordance between ASRP and Sanger sequencing

Among 74 samples that yielded sufficient PCR product to
proceed to the next step, 6 (8.1%) were found to have EGFR
missense mutations, at exons 18 to 21, by Sanger sequencing.
The concordance rate between different factors showed no
significant differences (Table 3). Higher cancer cell percent-
ages did not yield higher concordance rates (92.1% vs 91.7%,
p = 1.000). The six overlooked mutations included one short
in-frame deletion mutation at exon 19 (delT751_I759insS), one
complex substitution mutation (S7681+V769L) and three short
insertion mutations (N771_P772insN, P772_H773insHP,
H773_V774insAH) at exon 20, and one substitution mutation
(L861Q) at exon 21.
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Patient and tumor characteristics

Characteristics n (%)
Gender

Male 69 (70.4%)

Female 29 (29.6%)
Smoking status

Nonsmoker 37 (37.8%)

Ex-smoker 38 (38.8%)

Current smoker 23 (23.5%)
Histology

Adenocarcinoma 79 (80.6%)

Nonadenocarcinoma 19 (19.4%)
Disease stage

Stage -l 21 (21.4%)

Stage IV 77 (78.6%)
Year of sample collection

2014 75 (76.5%)

Before 2014 23 (23.5%)
EGFR-TKI treatment

EGFR-TKI used 23 (23.5%)

EGFR-TKI not used 75 (76.5%)
ECOG

0-1 75 (76.5%)

>2 23 (23.5%)

EGFR-TKI = epidermal growth factor receptor-tyrosine kinase inhibitor.

3.4. Clinical response to EGFR-TKI

Among the 23 patients who had received EGFR-TKI during the
study period, 2 demonstrated objective tumor responses (objec-
tive response rate = 8.7%), 6 maintained stable disease for some
period of time, 14 were refractory to treatment, and the treat-
ment response for 1 patient could not be evaluated. The tumors
obtained from the eight patients who had disease controlled by
EGFR-TKI therapy had the following genetic characteristics:

Comparison of samples that succeeded or failed Sanger
sequencing

Sanger sequencing

Failed (%) Succeeded (%) p

Gender 0.797
Male 27.6 72.4
Female 23.2 76.8

Age 0.239
<75 19.6 80.4
>75 31.0 69.0

Smoking 0.809
Nonsmoker 27 73
Ever-smoker 23 77

Disease stage 0.390
Stage -l 333 66.7
Stage IV 22.1 77.9

Year of sample collection 0.266
2014 21.3 78.7
Before 2014 34.8 65.2

Histology 0.776
Adenocarcinoma 25.3 74.7
Nonadenocarcinoma 211 78.9

Cancer cell percentage 0.001
<25% 40.9 59.1
>25% 141 88.9
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Discordance between allele-specific real-time PCR and Sanger
sequencing

Sanger sequencing and allele-specific
real-time PCR (n = 74)

Discordance (%)

Concordance (%) p

Gender 1.000
Male 7.5 92.5
Female 9.5 90.5

Age 1.000
<75 8.9 91.1
>75 6.9 93.1

Smoking 0.662
Nonsmoker 1.1 88.9
Ever-smoker 6.4 93.6

Disease stage 0.317
Stage I-lll 14.3 85.7
Stage IV 6.7 93.3

Year of sample collection 1.000
2014 8.5 915
Before 2014 6.7 93.3

Histology 0.337
Adenocarcinoma 10.2 89.8
Nonadenocarcinoma 0 100

Cancer cell percentage 1.000
<25% 7.7 92.3
>25% 8.3 91.7

PCR = polymerase chain reaction.

five were EGFR-WT, one was the uncommon exon 19 dele-
tion mutation (delT751_I759insS), and the remaining two were
unknown because they failed to produce PCR products. The
median progression-free survival for patients who had been
treated with EGFR-TKI was 56 days (95% confidence interval,
46-66 days).

Among the six patients whose tumors had been found to
have EGFR mutations, only one (with the uncommon exon 19
deletion mutation, delT751_1759insS) had received EGFR-TKI
treatment. The patient had maintained stable disease up to the
last follow-up date and had been treated for over 325 days.

4. DISCUSSION

Accurate EGFR mutation detection has become one of the most
critical steps in the management of advanced NSCLC patients in
this era of targeted therapy.>* Sanger sequencing was previously
the gold standard of detecting mutation. However, it showed
unsatisfied sensitivity and time-consuming. Targeted methods,
such as cobas and Amplification Refractory Mutation System
(ARMS), focus on specific known mutations by designed prim-
ers. These ASRP-based assays reduced turnaround times and
elevated the sensitivity for common mutations.?! In our study,
we used cobas for initial EGFR mutation test. Literature review
showed positive percentage agreement between cobas and
Sanger sequencing was 98.8% and negative percentage agree-
ment was 79.3%.% Although high-sensitivity ASRP-based assays
have become the standard method for EGFR mutation detection
in clinical practice, they may miss some uncommon but clini-
cally meaningful mutations that would respond to EGFR-TKI
treatment.?>** It is reasonable to expect that some EGFR muta-
tions are not being detected clinically, but the magnitude of this
problem is not clear—and for these patients whose EGFR muta-
tions are missed, the chances of having successful outcomes may
be significantly compromised. In this study, we examined the
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prevalence of failure to detect uncommon EGFR mutations dur-
ing testing in real-world practice. Using Sanger sequencing, we
found that EGFR mutations were observed in about 8.1% of
the samples that had been deemed negative for EGFR mutations
by high-sensitivity ASRP-based testing. Because the sensitivity
of Sanger sequencing is limited, the rate of detection failure in
ASRP testing is expected to be underestimated.!?

Previous studies indicated that patients with rare or complex
EGFR mutations have worse survival and inferior responses to
EGFR-TKI treatment than those with common EGFR muta-
tions.>?* However, the molecular heterogeneity of different
uncommon mutations makes it difficult to reach general conclu-
sions. For example, afatinib is reported to be effective in treating
selected types of uncommon EGFR mutations, but it has low
response rates in exon 20 insertion mutations.?%*’

In our study, the most common EGFR mutations missed by
high-sensitivity ASRP-based EGFR mutation testing were exon
20 insertions. This was an expected result—because exon 20
insertions are among the largest groups of uncommon EGFR
mutations, and the commercial kit used in this study is designed
to detect only five of the known exon 20 insertion variants.'3?
Although most tumors bearing EGFR exon 20 insertion muta-
tions do not respond to classical EGFR-TKIs, there have still
been studies showing remarkable responses.?”?*** Lin et al'
reviewed the literature and reported that exon 20 insertion
A763_Y764insFQEA was an EGFR-TKI sensitive mutation,
with a response rate of 73% and disease control rate of 91%.
In addition, several novel EGFR-TKIs are under developed and
have been shown to have activity against tumors containing
exon 20 insertions.>!*> Some clinical trials (e.g., NCT02716116
and NCT03066206) are trying to evaluate outcomes for
patients with exon 20 insertions treated with new generation
EGFR-TKIs. This further emphasizes the importance of develop-
ing a more comprehensive detection method for EGFR exon 20
insertion mutations.

The failure of the ASRP-based assay to detect EGFR L861Q
mutation was also predictable, because this EGFR mutation
detection kit used in our study period did not include the prim-
ers and probe for L861Q mutation. This problem had already
been fixed in the updated version of this FDA-approved kit.
Our ASRP-based assay kit dose contain specific primers and
probe for S7681 mutation; however, the complex EGFR muta-
tion S7681+V769L was not detected. It is probable that a nearby
V769L mutation may affect the affinity of the S768I-specific
probe and cause a false-negative result.>* The detection failure of
the uncommon exon 19 in-frame deletion mutation, delT751_
1759insS, is also anticipated because of the lack of appropriate
primers and probe. This patient received erlotinib when disease
progression on the first-line chemotherapy, pemetrexed, and
carboplatin. She had the best tumor response of stable disease,
and she remained disease-controlled for over 10.8 months. In
the literature, we found another patient had this same exon 19
deletion mutation and had achieved progression-free survival of
13.3 months under EGFR-TKI treatment.?

In addition, our study yielded a few important findings of
clinical relevance. Only 23 of our 98 patients (23.5%) had been
treated with EGFR-TKI during their entire treatment course.
This strongly suggests that, in the real world, clinicians trusted
the negative results they had obtained from the high-sensitiv-
ity ASRP-based EGFR mutation testing; they apparently had
low expectations for EGFR-TKI treatment responses in these
patients with “EGFR mutation-negative” NSCLC in the con-
text of second-line therapies or beyond. However, 2 of these
23 patients did benefit from EGFR-TKI treatment, yielding a
response rate of 8.7%, which was comparable with the treat-
ment efficacy of second-line chemotherapies such as docetaxel
and pemetrexed.’** A randomized controlled trial, TAILOR
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study, had clearly shown superior outcomes for chemotherapy
over EGFR-TKI in the second-line treatment setting.’ In this
study, the response rate in the EGFR-TKI treatment group was
only 3%. Nevertheless, it should be noted that merely 1% of
the participants were Asian. Our study results were similar to
those of other studies conducted in the same geographic region,
suggesting that the background prevalence of EGFR mutations
in a given population should be taken into consideration when
choosing second-line treatment options in “EGFR-negative”
NSCLC patients.>*3”

Our study had several limitations. First, being a retrospec-
tive study, we had no way of knowing whether clinical data and
patient conditions had been accurately documented. Second,
Sanger sequencing has low sensitivity and therefore requires
higher mutant DNA quantities in the specimen to be effective;
usually the sample must consist of at least 25% mutant alleles if
the mutations are to be detected by Sanger sequencing.!? The rate
of failure to detect uncommon mutations may be even higher
if a more sensitive method, such as next generation sequenc-
ing, is employed. Third, the low incidence of different uncom-
mon mutations makes it difficult to reach conclusions on their
clinical significance. Liang et al’*® reported similar findings with
three uncommon EGFR mutations detected by Sanger sequenc-
ing, out of 100 ARMS-PCR EGFR-mutant negative stage I to
III adenocarcinoma samples. Both studies supported the find-
ing that primer-designed high-sensitivity assays may overlook
uncommon EGFR mutations.

There are several ways to improve the detection of uncom-
mon mutations. For example, we may add specific prim-
ers of uncommon mutation in current EGFR mutation kit.
Another method is by using a sequential evaluation test, that
is, screening common mutations first and a targeted survey
of uncommon mutations as following. Furthermore, broad-
based genomic sequencing methods such as next generation
sequencing may offer more comprehensive and sensitive study
of gene profile.

In conclusion, ASRP-based EGFR mutation assays, although
highly sensitive, will unavoidably miss some uncommon muta-
tions. The detection failure rate, determined by rechecking via
Sanger sequencing, was up to 8.1% in an area with high preva-
lence of EGFR mutations. Patients with these uncommon muta-
tions may still benefit from EGFR-TKI treatment.
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