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Abstract

Background: High resolution melting curve analysis is a cost-effective rapid screening method for detection of
somatic gene mutation. The performance characteristics of this technique has been explored previously, however,
analytical parameters such as limit of detection of mutant allele fraction and total concentration of DNA, have not
been addressed. The current study focuses on comparing the mutation detection efficiency of High-Resolution Melt
Analysis (HRM) with Sanger Sequencing in somatic mutations of the EGFR gene in non-small cell lung cancer.

Methods: The minor allele fraction of somatic mutations was titrated against total DNA concentration using Sanger
sequencing and HRM to determine the limit of detection. The mutant and wildtype allele fractions were validated
by multiplex allele-specific real-time PCR. Somatic mutation detection efficiency, for exons 19 & 21 of the EGFR
gene, was compared in 116 formalin fixed paraffin embedded tumor tissues, after screening 275 tumor tissues by
Sanger sequencing.

Results: The limit of detection of minor allele fraction of exon 19 mutation was 1% with sequencing, and 0.25%
with HRM, whereas for exon 21 mutation, 0.25% MAF was detected using both methods. Multiplex allele-specific
real-time PCR revealed that the wildtype DNA did not impede the amplification of mutant allele in mixed DNA
assays. All mutation positive samples detected by Sanger sequencing, were also detected by HRM. About 28% cases
in exon 19 and 40% in exon 21, detected as mutated in HRM, were not detected by sequencing. Overall, sensitivity
and specificity of HRM were found to be 100 and 67% respectively, and the negative predictive value was 100%,
while positive predictive value was 80%.
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Conclusion: The comparative series study suggests that HRM is a modest initial screening test for somatic mutation
detection of EGFR, which must further be confirmed by Sanger sequencing. With the modification of annealing
temperature of initial PCR, the limit of detection of Sanger sequencing can be improved.

Keywords: Sanger sequencing, High resolution melting analysis, Analytical validation, Limit of detection, Somatic
mutation, EGFR

Background
The molecular changes occurring in cancer cells are
large and complex [1]. Recent advances in understanding
the molecular mechanisms in cancer cells have shed
light into several specific molecular variations deemed to
be driving the cancer process and recurrence. One of
these specific molecular drivers is the activating muta-
tions in the epidermal growth factor receptor (EGFR)
gene [2]. These activating mutations reside in the Tyro-
sine Kinase domain (TKD), located across the coding re-
gion of the exons 18, 19, 20, and 21 of the EGFR gene.
The impact of variations in this gene is of great signifi-
cance as specific pharmaceutical agents inhibiting the
activated, but mutated, EGFRs are now used in routine
clinical management of lung cancer with significant pro-
gression free survival in several large populations [3–5].
These pharmaceutical compounds, called targeted ther-
apy, specifically bind, and inhibit the spontaneously acti-
vated EGFRs expressed by specific cancer cells with
altered EGFR gene. The somatic activating mutations of
EGFR gene are most widely seen in non-small cell lung
cancers (NSCLC), especially in the TKD, and are rou-
tinely screened in all NSCLC [6, 7].
Several molecular diagnostic laboratory methods are

currently used for the identification of genomic variation
of EGFR gene with varying degrees of analytical per-
formance and depending upon the availability of re-
sources, expertise and affordability [8–12]. One such
technique is high resolution melting analysis (HRM).
HRM has the advantage of detecting minute changes in
the melting temperature of a target amplicon due to a
variation in its sequence as compared to the wild-type,
using a saturating fluorescent dye [10]. HRM, like Sanger
sequencing (SEQ), is an unbiased qualitative assay to de-
tect any mutation in the target gene region, unlike allele
specific oligonucleotide probes employed in popular
real-time PCR based assays. Moreover, HRM can be per-
formed as an additional procedure following an initial
PCR at a lower cost compared to direct SEQ.
The clinical utility of HRM analysis in EGFR mutation

detection has been studied previously [13–16]. The per-
formance characteristics of mutation scanning by HRM
over SEQ of EGFR gene have been investigated previ-
ously by two laboratories, showing mixed performance
characteristics [17, 18]. Archived tumor tissues from 37

cases in one study showed that HRM had 90% sensitivity
and 100% specificity as compared to direct SEQ. The
second study, conducted by Do et al., showed 100% sen-
sitivity, in more than 70 cases, and less than 90% specifi-
city in each of the four different exons. These studies,
however, did not address analytical validation parame-
ters such as lowest limit of detection (LOD) in terms of
DNA concentration and/or the detection limit of Mutant
Allele Fraction (MAF) of somatic variants of EGFR gene
in varying mixed template DNA concentrations. In order
to address the varied performance characteristics, we
conducted, in the current study, a series of assays to de-
termine the LOD of total DNA per assay by HRM and
SEQ. Subsequently by titrating mutant DNA (mutDNA)
against wildtype (wtDNA) controls in a series of con-
trolled mixed DNA assays, we determined the LOD of
MAF by both the methods. Validation of the MAFs were
done using multiplex allele-specific real-time PCR. We,
then, compared the performance characteristics of som-
atic mutation detection by HRM and SEQ in DNA ob-
tained from 116 formalin fixed paraffin embedded
(FFPE) tumor tissue samples.

Methods
Sample size
A prospective series study in which consecutive FFPE
tumor samples, sent to Molecular Oncology Diagnostics
Laboratory (MODL) for SEQ of the EGFR gene TKD re-
gion and mutation analysis were subjected to HRM.
Samples irrespective of the tissue of origin, stage of the
disease and demographic characteristics were included
in the study. Following the screening of 275 FFPE sam-
ples, a total of 116 samples were taken for the compara-
tive study. Pathogenic variations in EGFR TKD were
identified in 75 out of 275 samples by SEQ. HRM was
performed in 67 of the 75 positive samples, and first 49
of the 200 negative samples, in chronological order.
Eight positive mutant samples were not included for
comparative analysis due to low quantity of DNA.

Sample preparation
Tumor tissue samples obtained from patients were sub-
jected to grossing and dissection, fixed in neutral buff-
ered formalin solution, embedded in paraffin, sectioned,
and stained. The tissues in paraffin blocks (FFPE) were
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sectioned and subjected to histopathological examin-
ation by the pathologists in the Department of Path-
ology. Following the determination of the histological as
well as immunohistochemical characteristics of the
tumor, and the subsequent assessment of the adequacy
of the cellular content in the sections, region of interest
from each tumor tissue was selected to enrich tumor cell
content to about 50% for molecular genetic analysis. Ap-
proximately 10 sections of the selected regions of each
tumor tissue, with a thickness of 10 μm, were obtained
in a 1.5 ml tube and transferred to MODL at room
temperature for mutation analysis.
The DNA from FFPE sections was extracted using

QIAmp® FFPE DNA extraction kit (Qiagen, USA), ac-
cording to the procedure described by the manufacturer.
DNA quantification was performed by checking the ab-
sorbance at 260 nm and 280 nm by spectrophotometric
analyzer (Thermo Fisher Scientific, USA), and fluoro-
metric method using Qubit3.0® fluorometer (Thermo
Fisher Scientific, USA). Downstream processing of the
extracted DNA was performed only when the ratio of
absorbance at 260/280 was ≥1.8 with the concentration
of DNA ≥ 5 ng/μl.

Initial amplification of DNA
In a 20 μl assay, 1X Emerald GT PCR master mix (Takara/
Clontech, USA) was added, along with m13-tagged forward
and reverse target primers (5 μM). Approximately 50 ng of
template DNA is added, in a typical assay, and made up
with distilled water. Primers for exons 18, 19, 20, and 21 of
the EGFR gene (NCBI Genbank Accession ID: NM_
005228.3) were synthesized (Merck-Sigma, Bangalore,
India). Design and characterization of the primer sequences
for both sequencing and HRM were obtained from a previ-
ously published literature [18]. Thermal cycler settings in-
cluded an initial denaturation of 95 °C for 15min, followed
by 45 cycles of denaturation at 94 °C for 45 s, annealing at
58 °C for 45 s, extension at 72 °C for 45 s and a final exten-
sion at 72 °C for 10min. The amplicons were assessed using
2% Agarose gel (SeaKem® LE Agarose, Lonza, USA). The
PCR products were then subjected to post-PCR clean up to
remove residual primers and other enzyme proteins using
HighPure® PCR product purification kit (Roche Molecular
Diagnostics, Switzerland).

PCR for high resolution melting analysis
In a 20 μl assay, 1X of High-Resolution Master mix
(Roche Molecular Diagnostics, Switzerland), 300nΜ
each of forward and reverse primers, and 2.5 mM of
MgCl2 were added. As described in the previous study
[18], 5 ng of template DNA was added, and the assay
was made up with PCR-grade distilled water. The assay
strip tubes were loaded onto the LightCycler480®. The
assay was optimized based on previously described

method [18] with minor modifications. The standardized
thermal cycler settings include - an initial denaturation
at 95 °C for 15 min followed by 50 cycles of denaturation
at 95 °C for 10 s, annealing at 65 °C for 10 s and exten-
sion at 72 °C for 30 s, with initial 10 cycles of touchdown
(1 °C /cycle). This is followed by final denaturation at
95 °C for 1 min and cooling at 4 °C for 2 min. The high-
resolution melting was performed from 65 °C to 95 °C at
a ramp rate of 0.02 °C/s with 25 fluorescence data acqui-
sition points, followed by cooling to 4 °C for 30 s.

Sanger sequencing
DNA sequencing using Sanger’s dideoxy method was
performed using BigDye® Terminator cycle sequencing
kit v3.1 compatible with ABI 3500® Genetic analyzer.
The original reaction setup, recommended by the manu-
facture, was optimized with the following modifications.
In a total assay volume of 10 μl of separate forward and
reverse reactions, BigDye® Terminator, 1X sequencing
buffer, 0.8 μM of m13 forward or reverse primer were
added to the respective reaction assays. Post-PCR puri-
fied DNA amplicon was added, and the volume was
made up with distilled water. Assay conditions were
setup by the manufacturer recommendations with the
following modifications. Initial denaturation at 96 °C for
1 min, 15 cycles of denaturation (at 96 °C for 10 s), an-
nealing (at 50 °C for 5 s) and extension (at 60 °C for 75
s), followed by final extension (2 set of 5 cycles with
expanding the extension phase 60 °C to 90 s and 2min
subsequently). The amplified product was stored at 4 °C.
Post-sequencing PCR clean-up was done using Sepha-
dex® G-50 medium (molecular weight cut-off of 30,000
Mr) (GE Lifesciences), and Whatman UNIFILTER® fil-
tration plates (Sigma, St. Louis MO, USA). The products
were then subjected to clean up by Sephadex gel column
filtration using Sephadex® G-50 medium. Capillary elec-
trophoresis was performed using ABI 3500® Genetic
analyzer (Thermo Fisher Scientific Inc. USA). The elec-
tropherogram obtained from the ABI 3500 Genetic
Analyzer is exported to the sequence analysis software,
Codoncode® aligner program version 7.0. Comparison of
sequences in the contig automatically identifies the vari-
ation in the sample sequence when aligned to a refer-
ence sequence, and located in the genome by Basic
Local Alignment Search Tool (BLAST) [19] from Na-
tional Center for Biotechnology Information (NCBI).
Pathogenicity of variants was identified from different
public databases such as dbSNP (NCBI, NIH USA),
ClinVar (NCBI, NIH USA), and/or COSMIC database
(Sanger Institute, UK). The pathogenicity of variants that
were not reported in public databases or previous publi-
cations, were tested using computer-aided public access-
ible prediction tools such as MutationTaster [20],
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Polyphen [21] or Sorting Intolerant from Tolerant –
SIFT- algorithm [22].

Multiplex allele-specific real time PCR
Real Time PCR was performed using a CE/IVD approved
commercial assay kit (TruPCR EGFR kit v2 from 3B Black-
Bio Biotech Ltd., Bhopal, India) for the detection of exon 19
deletion. In a 20 μl assay, 10 μl of 1X Multiplex Master mix
and 5 μl of a probe mix was added along with 5 ng of tem-
plate DNA (final concentration: 0.25 ng/μl). The probemix
contains FAM labelled primer-probe specific for detection of
exon 19 deletion and VIC labelled primer probe for exon 2
region of the EGFR gene, for detection of wildtype DNA as
internal control. The assay conditions were as follows: Initial
denaturation of 94 °C for 10min, followed by 10 cycles of de-
naturation at 94 °C for 15 s and annealing at 68 °C for 30 s.
This was followed by 40 cycles of denaturation at 94 °C for
15 s and annealing at 60 °C for 1min. The assay was per-
formed in LightCycler® 480 real-time PCR machine (Roche
Molecular Diagnostics). The cycle threshold (Ct) value for
both FAM and VIC dyes were obtained for further analysis.

HRM analysis
HRM was performed using the LightCycler® 480 real-
time PCR and data was analyzed in LightCycler® 480
Gene scanning software 1.5, Windows version. In a typ-
ical HRM, during the melting phase, with increasing
temperature, fluorescence decreases as the saturated dye
detaches from the denatured amplicon DNA. The
change in fluorescence per unit change in temperature
(dF/dT) is plotted. Since the fluorescence intensity changes
(HRM signal curve) for different samples have different end

points, the data is normalized using the pre-melt and post-
melt temperature ranges. Hence, each species of DNA is de-
lineated according to the melting temperature. In the differ-
ence plot, the pre-assigned wildtype DNA is set as the
baseline curve and the DNA from tumor tissues are plotted
with different colors from that of the wildtype DNA. Signifi-
cant deviation from the baseline curve is indicative of and
assigned as mutant species by the software. The standard
sensitivity is kept as 0.3 and as the sensitivity is increased,
smaller deviations can be identified as mutant. The differ-
ence plot of heteroduplexes (where one strand is mutant
and other strand is wildtype) shows maximum deviation
from the wildtype species, while that of homoduplex mu-
tant DNA shows intermediate deviation. Samples with an
aberrant HRM curve are identified as mutant species.
HRM results were compared with the results from SEQ
for validating HRM analysis in the detection of EGFR mu-
tation (Fig. 1).

Statistical analysis
Statistical analysis was performed using IBM SPSS Win-
dows version 20.0 software. Categorical variables are
expressed using frequency and percentage. Diagnostic
measures such as sensitivity, specificity and accuracy
were calculated. McNemar’s test was used to test the
statistical significance of the difference between HRM
compared to standard test of SEQ.

Results
Mutation detection by SEQ
Initial amplification PCR of exons 18–21 was standard-
ized by performing a series of gradient PCRs to better

Fig. 1 A typical HRM plot is depicted. The LightCycler® 480 Gene scanning software v1.5 automatically characterizes samples according to the HR
melting pattern of the amplified DNA. a shows the normalized curve of fluorescence change in each small division of temperature change
imparted onto the assay mix. Fluorescence of a double stranded DNA is taken as 100% and that of a fully denatured DNA is assigned as 0%. The
temperature range at which the melting curve is analyzed is adjusted to align all the samples, according to the Tm, to obtain uniform values of
post- and pre-melt stages. Once the normalization is done, the software automatically differentiates samples that have a shifted melting curve
from wild type. In the example above, the blue curves depict samples with wild-type DNA (wtDNA) while the red represents those with mutant
DNA (mutDNA). The wtDNA has a slope (i.e. dF/dT) different from that of mutDNA. The second plot (b) is the “Difference plot”. In this graph, dF/
dT (y-axis) is plotted against melting temperature range (x-axis), by subtracting the normalized shifted curve from a normalized base curve. The
difference plot can visually differentiate even small changes in fluorescence intensity in unit temperature change. For this assay, 5 ng of total DNA
was included to replicate previously established HRM assay condition
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accommodate assays for all four exons in a single ther-
mal cycler setting. We found that at a lower annealing
temperature than that described in previous studies,
samples with low yield were better amplified, due to
controlled reduction in specificity of the primers (see de-
tails in the discussion section). The standardization of
the annealing temperature was performed using FFPE
tissue-derived wildtype DNA (Fig. 2). At 58 °C, we ob-
served satisfactory amplification for all four exons, fol-
lowing which all SEQ initial amplification PCR was
conducted at this temperature.
With SEQ, 275 FFPE tumor samples received at

MODL were screened for sequence variations in EGFR
TKD (exons 18, 19, 20, and 21). About 27% of the sam-
ples (75/275) contained at least one pathogenic variant
in any of the four exons. However, samples with well-
differentiated adenocarcinoma of lung showed a 37%
mutation occurrence rate. On the other hand, in poorly
differentiated adenocarcinoma, mutation was detected in
only 11% of the samples. Among the different exons of
EGFR TKD which had mutation, exon 19 variations con-
stituted about 69% (52/75) of the cases. Mutation in
exon 21 was found in about 21% of the cases (16/75),
and exons 18 and 20 variations were detected in one and
eight samples, respectively.

Limit of detection (LOD) of mutation fraction by SEQ
The DNA concentration for a typical SEQ was 2.5 ng/μl.
In order to determine the lower limit of detection
(LOD) of MAF, we used two commercially available
standards of EGFR TKD mutants (mutDNA), 1) isolated
DNA containing the exon 19 deletion, p.E746_A750del
(Ex19_std) with 50% MAF (# HD251, Horizon Discovery
Ltd., Ireland, UK), each vial contains 1 μg DNA in Tris-
EDTA buffer (pH: 8.18, concentration: 50 ng/μl) with
50% mutant allele fraction of EGFR ΔE746-A750 (SNP
ID: rs121913421) validated by digital droplet PCR, and
2) FFPE tissue containing the exon 21 mutation, L858R
(Ex21_std) with 50% MAF (#HD130, Horizon Discovery
Ltd., Ireland, UK) each vial contains one section FFPE
cell pellet of human cell lines, 15-20 μm thick, with an
approximate cell density of 3.5 × 105 cells/section, con-
taining roughly 400 ng total DNA with 50% mutant al-
lele fraction of EGFR L858R (SNP ID: rs121434568)
validated by digital droplet PCR.
The LOD of MAF of Ex19_std and Ex21_std was sep-

arately determined by performing a series of assays with
different total DNA concentrations ranging from 0.25
ng/μl (5 ng/assay of mutDNA + wtDNA) to 2.5 ng/μl
(50 ng/assay of mutDNA + wtDNA). Figure 3a and b
show the chromatograms of Ex19_std at two different
total DNA concentrations (a: 2.5 ng/μl, b: 0.25 ng/μl),
and Fig. 3c and d show the chromatograms of Ex21_std
at two different total DNA concentrations (c: 2.5 ng/μl,
d: 0.25 ng/μl). As seen from Fig. 3b and d, there was a
sudden absence of the mutant peak at 5% MAF for
Ex19_std and 2.5% MAF for Ex21_std at 0.25 ng/μl
assay. However, in the 2.5 ng/μl, the mutant peak was
not detected at 0.5% MAF for Ex19_std and 0.125% for
Ex21_std. This shows that the LOD of MAF for a 0.25
ng/μl assay was 10% for Ex19_std, and 5% for Ex21_std
for a 0.25 ng/μl assay. On the other hand, in a 2.5 ng/μl
assay, lowest LOD for Ex19_std and Ex21_std were 1%
and 0.25% respectively (Fig. 3a & c).
Since the origins of wtDNA and mutDNA were dif-

ferent, there can be a difference in amplification due
to the quality of DNA. In order to address this, we
performed SEQ with both wtDNA and mutDNA sep-
arately as well as in 1:1 mix. At 25% MAF, the
wtDNA: mutDNA ratio was 1:1, for a total DNA con-
centration of 2.5 ng/μl. The peak heights of both
wtDNA and mutDNA species were found to be equal,
irrespective of cell-derived or tissue derived DNA
(See Fig. 3b, d and Supplementary Fig. S1c). More-
over, the amplification peak heights of both tissue-
derived wtDNA and cell-derived mutDNA, when
sequenced separately were comparable as that of 1:1
mix (Fig. S1a and b). This shows that there was min-
imal difference between the quality of DNA obtained
from both sources.

Fig. 2 PCR products separated in a 2% agarose gel. Rows a-d
depicts gradient PCR of exon 18, 19, 20 and 21 respectively. M
denotes 100kbp ladder, lanes 1–4 represent the amplified products
obtained at 55 °C, 58 °C, 60 °C and, 65 °C respectively. Although all
exons were amplified at 65 °C, the maximum intensity for exon 20
was achieved at 58 °C (lane 2). In order to accommodate all the four
exons in a single thermal cycler run, 58 °C was selected as the
annealing temperature for the initial amplification for SEQ.
Uncropped full images are given in Additional file 2: Figures S2-S4
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Validation of SEQ LOD by real time PCR
With the intention of assessing both mutant and wildtype
DNA amplification in mixed assays used in SEQ, multi-
plex real time PCR with allele-specific primer-probe for
the detection of exon 19 deletion was performed. MAFs of
10%, 5%, 1% and 0.1% were assessed in triplicates in mixed
DNA assays. Similarly, Ex19_std and wtDNA were also
separately assessed. The multiplex allele-specific primer-
probe is incorporated with two fluorescent dyes, FAM and
VIC, detecting mutant and wildtype alleles, respectively.
Accordingly, the amplifications of both the alleles were
determined by the Ct values obtained for both dyes, re-
spectively, in each assay. According to the manufacturer’s
instruction, ΔCt (The difference between Ct of mutant
and Ct of wildtype) ≤ 12, indicates positive for the deletion
of exon 19. The FAM Ct values showed wide variation
across all MAFs, the lowest being detected in 50% MAF,
while the highest in 0.1% MAF (Fig. 4 and Table 1). On
the other hand, VIC Ct was comparable in all assays be-
tween all the MAFs (Fig. 4c). ΔCt of all the MAFs, except
0.1% MAF, were detected as positive for exon 19 deletion
(Table 1). Thus, the wildtype DNA as well as the mutant
standard DNA were amplified in the mixed assays, thereby
validating the lowest MAF detected in the identical assay
using SEQ.

Standardization of HRM assay
In order to assess the HRM detectability, a previous
study by Do et al. included 5 ng of DNA per 20 μl assay

(0.25 ng/μl final concentration) with 50% MAF [18]. We
examined the LOD of initial DNA concentration by per-
forming a dilution curve of mutDNA standard mixed
with wtDNA in a real-time PCR assay using the same
HRM conditions. Different mutDNA standard concen-
trations from 0.5 pg/μl to 0.25 ng/μl at 50% MAF were
employed and assessed against Ct of real-time PCR
assay. Ct value increases with decreasing concentration
(Fig. 5). We found that the relative change in Ct values
(ΔCt) was proportional to the natural logarithm of DNA
concentration/assay as per the equation given below.

Concentration of DNA=assay ¼ e − ΔCt − 2:79
1:752½ � ðeq:1Þ

By applying the above equation, the saturation concen-
tration of DNA for no change in ΔCt value was ~ 0.249
ng/μl. Hence, the total DNA concentration/assay was
fixed as 0.25 ng/μl for heteroduplex HRM analysis. This
concentration is 10 times lower than the amount of
DNA required per assay for SEQ.

LOD of MAF by HRM
In order to examine whether the LOD of MAF decreases
with increasing concentration of total DNA (mutDNA+
wtDNA) per assay, we titrated mutDNA with wtDNA in
a series of separate HRM assays containing varying total
DNA concentrations. HRM MAF titration was con-
ducted by incorporating decreasing MAF in a mixed

Fig. 3 Chromatogram depicting LOD of MAF in Ex19_std and Ex21_std. a: Ex19_std with varying MAF 10%, 5%, 1% & 0.5% from top to bottom
in a total DNA concentration of 2.5 ng/μl. b: Chromatogram of Ex19_std with varying MAF 25%, 10% & 5% from top to bottom in a total DNA
concentration of 0.25 ng/μl. c: Chromatogram depicting Ex21_std with varying MAF 5%, 0.5%, 0.25%, 0.125% from top to bottom in a total DNA
concentration of 2.5 ng/μl. d: Chromatogram of Ex21_std with varying MAF 25%, 10%, 5% & 2.5% from top to bottom for a total DNA
concentration of 0.25 ng/μl. Note that the detection limits of Ex19_std & Ex21_std were 1% and 0.25% for 2.5 ng/μl assay and 10% and 5% for a
0.25 ng/μl assay
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Fig. 4 Allele-specific PCR with Ex19_std and wildtype DNA. Real time PCR with allele-specific amplification of Ex19_std and wildtype, in varying
MAFs, in a total DNA concentration assay of 0.25 ng/μl. a: Ex19_std alone (50% MAF). b: 10% MAF of mutDNA in mixed DNA assay. Similarly, c:
5% MAF of mutDNA, d: 1% MAF, and e: 0.1% MAF in mixed DNA assays. f: wildtype DNA alone. g: non-template control. a and b are real-time
PCR raw amplification profile of the mutant allele in the individual MAF assays depicted as fluorescent intensity (Y-axis) against cycle threshold
(Ct) values (X- axis). a is the profile of mutant DNA acquired in the FAM channel. b is the profile of wildtype DNA acquired in the VIC channel. c:
Comparison of Ct values of wildtype DNA (left y-axis) in different MAF assays and the relationship between the Ct of wildtype and mutant alleles
(right y-axis) obtained from the ΔCt values for individual MAF assay (x- axis). Note that the ΔCt values of upto 1% MAF were less than 12 and
detected as mutant positive
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DNA sample from 10% to 0.005% of both Ex19_std &
Ex21_std, in an increasing total DNA concentration/
assay from 0.25 ng/μl to 2.5 ng/μl (Figs. 6 and 7). For
both the mutDNA standards, lowest LOD observed was
0.25% in a 2.5 ng/μl HRM assay, while in a 0.25 ng/μl
assay, 5% MAF was the lowest LOD detected with the
Ex19_std, and 10% with the Ex21_std.

Comparative performance analysis
Of the 116 samples that were included in the study, 67
samples were mutation positive using the SEQ method
(Table 2). Forty-seven of the 67 positive samples had de-
letion mutation in exon 19, and substitution mutations
were detected in 15 and five samples in exon 21
(Table 3), and exon 20 respectively. None of the samples
in this group were found to have a mutation in exon 18.
Hence, the performance characteristics for exons 18 and
20 were not separately included in the comparative per-
formance analysis. HRM positive samples were distrib-
uted as 72% positive and 28% negative in SEQ samples

with the exon 19 mutation (Table 3). Furthermore,
HRM positivity was distributed as 60% positive and 40%
negative in SEQ samples with the exon 21 mutation
(Table 3). The sensitivity of detection was 100% for both
exon 19 and exon 21 mutations, while specificity was
higher with the exon 21 variants compared to exon 19
variants (90% vs. 74%). McNemar’s comparison of these
two methods was significant (p value < 0.01) for both the
groups, and overall performance differences between
these two methods. Overall specificity of HRM over SEQ
was about 67% with 86% accuracy (Table 2). The positive
predictive value (PPV) was 60% for exon 21 variants,
about 72% for exon 19 variants, with an overall 80% PPV.
However, the negative predictive value (NPV) was 100%
in individual variant groups and overall values as well.

Discussion
HRM is based on the principle of a small, yet definite,
shift in denaturation temperature due to nucleotide base
variation. The amplified DNA is subjected to stepwise
heating to obtain controlled denaturation of the ampli-
cons. HRM is highly specific to the species of DNA, with
unique melting temperature, included in a heteroduplex
assay. In this study, the somatic mutation detection effi-
ciency of HRM was compared with SEQ. We have iden-
tified for the first time that the lowest MAF that can be
detected in an HRM assay is 0.25%, irrespective of the
type of somatic mutation in EGFR gene obtained from
an FFPE tumor tissue. On the other hand, with similar
amount of total DNA (50 ng), SEQ would require a
minimum of 0.25% MAF for point mutation (p.L858R)
and 1% MAF for exon 19 deletion for variant detection.

Table 1 Mean Ct obtained using allele-specific probe Real time
PCR

MAF (%) MutDNA (FAM)
(mean ± sd)

wtDNA (VIC)
(mean ± sd)

ΔCt (mutDNA-wtDNA)
(mean ± sd)

50 24.35 ± 0.32 19.27 ± 0.39 5.08 ± 0.29

10 24.03 ± 0.56 18.55 ± 0.47 5.47 ± 0.56

5 25.18 ± 0.27 19.01 ± 0.28 6.17 ± 0.36

1 30.83 ± 0.91 20.23 ± 0.28 10.6 ± 1.01

0.1 34.26 ± 0.89 20.37 ± 0.29 13.89 ± 1.15

WT 38.33 ± 2.89 22 ± 0.01 16.33 ± 2.89

Fig. 5 The relationship between the change in Ct value and concentration of DNA per assay. Log Dilution curve for 50% MAF sample showing Ct
value difference (y-axis) to negative log of DNA concentration, −ln [DNA/assay], from 0.25 ng/μl to 0.5 pg/μl (x-axis). The trendline in the graph
shows the correlation between -ln [DNA/assay] and ΔCt value (ΔCt value = Ct [at given DNA conc.] – Ct [maximum DNA conc.]). The inset of the
graph shows the slope of the trendline and correlation (R2 value = 0.99). The relationship between ΔCt value and concentration of DNA can be
obtained from the slope of the graph
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We have also confirmed findings from earlier studies
that, at 50% MAF, HRM can detect EGFR somatic vari-
ants with a total DNA concentration as low as 0.25 ng/
μl. The LOD MAF of both the methods in this study is
better than that of the previous two studies [23, 24]. The
LOD MAF of both these methods for both types of mu-
tation standards are comparable with an advantage for
HRM with Ex19_std (SEQ∶ HRM= 1% ∶ 0.25%). This
shows that HRM has higher sensitivity for the detection
of exon 19 deletion mutations at a lower MAF, com-
pared to SEQ. With multiplex real-time PCR, MAFs of
upto 1% were detected in a 0.25 ng/μl mixed assay which
is beyond the detection limit of SEQ and HRM, 10% and
5% respectively. Moreover, real-time PCR also validated
the amplifiability of both mutant and wildtype DNA
from two different sources used in the study.
A surprising observation in the current study is that

the LOD of MAF by SEQ is 1% for exon 19 mutation
and 0.25% for exon 21 mutation. This is the lowest de-
tectable MAF by SEQ compared to previous studies and,
on par with the detection limit of allele-specific real-
time PCR [15, 25]. We have not adopted any selective

enrichment methods such as amplification at optimized
lower denaturation temperature or clamping methods.
However, in order to achieve maximum possible, yet un-
biased optimization, the conditions of initial PCR, specif-
ically the denaturation and annealing temperatures, were
standardized using gradient PCR (Fig. 2). Moreover, the
optimization reactions were performed using wtDNA
extracted from normal FFPE lung tissue. A method of
PCR technology, where an optimized lower annealing
temperature, when adopted could selectively induce an
amplification bias and specifically inhibit amplification
of major allele in a mixed DNA sample, was described in
an earlier study using HRM [26], which was later pat-
ented [27]. The detection of lower MAF in a mixed
(mutDNA + wtDNA) sample, in the current study, may
be attributed to this modification in the annealing
temperature. As a PCR enrichment method, Optimized
Annealing Temperature PCR, now named as OAT-PCR,
has not been widely used for somatic mutation analysis.
We propose that this method can be utilized to select-
ively enrich and amplify minor mutant alleles from a
mixed DNA sample, in an unbiased manner, irrespective

Fig. 6 Difference plot depicting the different concentrations of Ex19_Std at 2.5 ng/μl & 0.25 ng/μl. a & b depicts HRM assays represented as
difference plot, dF/dT (y-axis) is plotted against melting temperature range (x-axis). a depicts peaks with distinct colors annotated to different
MAF, and b shows corresponding peaks detected as mutant or wildtype by HRM. Total DNA concentration of each peak was 2.5 ng/μl. MAF
annotations in a are Blue (0.25%), Green (0.05%), Pink (0.025%), Grey (0.005%) and Red (wildtype). b shows the detection of mutant by HRM
analysis in which Red is for Mutation positive and Blue for wildtype. Note that the detection by HRM as variant (shown as red peak in b) is only
for the blue peak in a, which is 0.25%. c & d have a DNA concentration of 0.25 ng/μl. Samples with different MAF in c are annotated as Blue
(50%), Red (5%), Grey (1%), Green (0.5%), Yellow (0.1%) and Pink wild-type. d shows the detection of variants by HRM. Red depicts Mutation
positive and Blue depicts wildtype. Note that in d, HRM assay detected as mutant consistently in blue and red peaks in c. This means that HRM
consistently detected variants up to 5% MAF
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of the sequence variation. This method may have a
wider application in somatic mutation assessment via
amplification-based sequencing methods like basic
Sanger sequencing or advanced sequencing by synthesis
methods. As this finding was beyond the scope of the
current study, an extensive analysis is required to valid-
ate OAT-PCR for the detection of low MAF using SEQ.
In the series comparison study, as shown in Tables 2 and 3,

HRM was able to detect all the positive samples that were de-
tected by SEQ. However, there were several positive samples
detected by HRM, especially the exon 19 variants, that were

not detected by SEQ. Based on the results from the MAF de-
tection limit of HRM, it can be concluded that the MAF of
these samples may be below the detection range of SEQ, but
within the limit of HRM, i.e. more than 0.25%, but lower than
10%. The sensitivity and NPV of HRM were found to be
100% compared to SEQ. On the other hand, the overall PPV
was 67%. The “false-positive” samples of HRM were higher in
the samples with potential exon 19 variants than exon 21 vari-
ants. In the comparative analysis of the patient samples, HRM
specificity was lower in samples with exon 19 deletion than
those with exon 21 mutation (74% vs. 90%). This is explained

Fig. 7 Difference plot depicting the different concentrations of Ex21_std at 2.5 ng/μl & 0.25 ng/μl. a and b depicts HRM assays represented as
difference plot, dF/dT (y-axis) is plotted against melting temperature range (x-axis). a shows peaks with distinct colors annotated to different MAF,
and b shows corresponding peaks detected as mutant or wildtype by HRM. Samples in both a & b have a total DNA concentration of 2.5 ng/μl.
MAF annotations in a are Blue (1%), Pink (0.5%), Red (0.25%), Green (0.125%), and Grey (wildtype). b shows the detection of mutation (Red) or
wildtype (Blue) by HRM. Note that the HRM detected mutants consistently (as red peak in b) in blue (1%), pink (0.5%) and red (0.25%) peaks in a.
c & d have a DNA concentration of 0.25 ng/μl. c shows the difference plot depicting different MAF of Ex21_std as Blue (10%), Pink (5%), Red
(2.5%) and Green (wild-type). d depicts the corresponding MAF as variant (Red) or wildtype (Blue). Note that the HRM consistently identified as
variants (as red peak in d) in only blue peak (10% MAF)

Table 2 Overall comparison of SEQ detected and HRM

HRM
detected

SEQ Detected p value Sensitivity Specificity PPV NPV Accuracy

Positive (%) Negative (%)

Positive 67 (80.7) 16 (19.3) < 0.001 100% 67.3% 80.7% 100% 86%

Negative 0 (0) 33 (100)
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partially by the difference in LOD using these two methods
for the Ex19_std. The possibility of false negativity could re-
duce with decreasing LOD, as in the case of HRM. Almost no
difference in LOD of MAF was noted in exon 21 variants;
hence, the chance of false negativity contributed by the differ-
ence in method may be very low. Therefore, higher specificity
was observed with the exon 21 variants in comparative
analysis.

Conclusion
The performance comparison studies demonstrate that
the NPV of HRM is very high due to high sensitivity as
compared to SEQ. The NPV for both exon 19 and 21 is
100%, though PPV is about 70% for both exons. The
overall accuracy is less than 90%, which suggests that
HRM cannot be adopted as an independent diagnostic
method for somatic mutation detection in FFPE samples.
However, considering the widely varying MAF and DNA
content in routine histopathological laboratory tumor
tissues, HRM may be adopted as a good screening
method for mutation detection, provided validation of
HRM positive samples is conducted by methods such as
SEQ or Next generation sequencing.
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