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ABSTRACT

Detection of the somatic BRAF V600E mutation is a mandatory component of molecular stratification in melanoma, as 
its presence determines eligibility for BRAF and MEK inhibitor therapy [1–4]. Although qPCR- and NGS-based platforms 
remain the most widely used approaches for BRAF V600 mutation testing, interest in simpler, faster, and more cost-effective 
isothermal amplification formats persists [7, 22].

To develop and validate an allele-specific loop-mediated isothermal amplification (LAMP) assay for detection of the somatic 
BRAF V600E mutation in DNA extracted from tumour tissue.

An allele-specific LAMP format was employed. Analytical performance was characterised using linearised plasmid controls 
pV600WT and pV600E and their mixtures. Diagnostic validation was performed on 67 DNA samples extracted from FFPE 
melanoma blocks. The cobas 4800 BRAF V600 Mutation Test was used as the reference method.

The analytical limit of detection for mutant allele fraction was 1%, and the LoD₅₉ for mutant allele copy number was 200 
copies per reaction. In the clinical sample set, sensitivity of LAMP-V600E relative to AS-qPCR was 93.5% (29/31), specificity 
100% (36/36), positive predictive value 100%, negative predictive value 94.7%, overall accuracy 97.0%, and Cohen’s kappa 
coefficient 0.940. The two false-negative results were most likely attributable to FFPE-DNA degradation and the greater 
sensitivity of LAMP to template integrity over the comparatively longer amplification target [23, 24].

The developed allele-specific LAMP assay for BRAF V600E detection demonstrates high specificity, acceptable clinical 
sensitivity, and strong concordance with the reference AS-qPCR platform. The assay may be considered a rapid and technically 
accessible option for tissue-based BRAF testing; however, the quality and quantity of FFPE-derived DNA must be taken into 
account for reliable performance.
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INTRODUCTION

Melanoma is among the malignancies in which molecu-
lar stratification directly determines the choice of systemic 
treatment. Activating mutations in the BRAF gene are a defin-
ing molecular feature of cutaneous melanoma, with the p.Val-
600Glu (V600E) substitution being by far the most preva-
lent. Current clinical guidelines mandate BRAF V600 status 
assessment as a standard step in the work-up of patients with 
resectable and unresectable stage III–IV melanoma, since the 
presence of the mutation determines eligibility for targeted 
therapy with BRAF and MEK inhibitors [1, 2].

The clinical importance of accurate and timely BRAF 
V600E detection reflects the substantial survival benefit con-
ferred by BRAF inhibitors and their combinations with MEK 
inhibitors in patients with BRAF-mutant melanoma. The piv-
otal vemurafenib trial demonstrated a statistically significant 
overall survival advantage over dacarbazine, and subsequent 
studies of the dabrafenib/trametinib and encorafenib/binime-
tinib combinations have established BRAF testing as an oblig-
atory component of the patient pathway [3–5].

A variety of methods have been employed for BRAF V600 
mutation detection in clinical specimens, including Sanger 
sequencing, allele-specific qPCR, next-generation sequenc-
ing (NGS), pyrosequencing, digital PCR, and immunohisto-
chemistry. In routine practice, qPCR-based platforms and val-
idated commercial assays have become predominant owing to 
their high analytical sensitivity, reproducibility, and compati-
bility with FFPE material. However, standard qPCR formats 

require thermal cycling, specialised instrumentation, and, as 
a rule, a relatively complex laboratory infrastructure [18–22].

Among the most promising alternative approaches are iso-
thermal DNA amplification methods, of which loop-mediated 
isothermal amplification (LAMP), first described by Notomi 
et al. [6], is the most widely adopted. The method uses a set 
of four to six primers recognising multiple sites on the target, 
together with a strand-displacing DNA polymerase, enabling 
rapid DNA amplification at a constant temperature. LAMP 
combines high speed, technical simplicity, and versatile prod-
uct detection options—including intercalating dyes and vari-
ous colorimetric indicators [6–9, 11].

Despite the attractiveness of LAMP, the development of 
allele-specific variants for somatic point mutations remains 
challenging. Reliable discrimination between mutant and 
wild-type sequences requires careful primer design and, in 
many cases, the deliberate introduction of an artificial mis-
match into the allele-specific primer to enhance selectivity. 
In recent years, several studies have demonstrated isother-
mal detection of BRAF V600E using modified LAMP, RPA–
CRISPR, and RCA strategies; however, the analytical char-
acteristics of such systems and their performance with FFPE 
specimens remain heterogeneous [12–16].

An additional complicating factor is the use of DNA ex-
tracted from FFPE blocks. Formalin fixation, together with 
the chemical and thermal effects of tissue processing, results 
in DNA fragmentation, chemical base modifications, and 
reduced amplifiability; these problems become more pro-
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nounced as amplicon length increases. This is particularly 
relevant for LAMP, where the target region is generally lon-
ger than in qPCR [23–25].

The aim of this study was to develop and validate an al-
lele-specific LAMP assay for detection of the somatic BRAF 
V600E mutation in clinical DNA samples from melanoma 
tissue, with evaluation of analytical performance character-
istics, diagnostic efficacy, and the effect of FFPE-DNA qual-
ity on assay results.

MATERIALS AND METHODS

A DNA sample set from melanoma specimens previously 
collected as part of the RUSSCO Cancer Genome diagnostic 
project (https://www.rosoncoweb.ru/activities/cancergenome/) 
was used for testing. The collection comprised 36 samples 
negative for BRAF V600E and 31 positive samples, as deter-
mined by the reference AS-qPCR platform.

Control materials were prepared from plasmids harbor-
ing a 515-bp fragment of exon 15 of the BRAF gene. Two 
clones were generated and confirmed by Sanger sequencing: 
pV600WT (wild-type) and pV600E (carrying the mutation). 
Following linearization with the BamHI restriction endonu-
clease and quantification, pV600WT/pV600E mixtures were 
prepared at mutant allele fractions of 20, 10, 5, 2, 1, 0.5, and 
0.2% at total concentrations of 106 and 105 copies/µL.

LAMP reactions (20 µL) contained 1× Gss-Sto poly-
merase buffer, 1.5 mM each dNTP, 0.4 µM outer primers F3/
B3, 0.3 µM loop primers LB/RB, 1.6 µM inner primers FIP/
BIP, template DNA, and 3 U Gss-Sto polymerase [10]. SYTO-
13 intercalating dye (0.5 µM) was used for real-time fluo-
rescence monitoring. Reactions were performed in a CFX96 
Touch real-time PCR system (Bio-Rad) at 63 °C with signal 
acquisition every 60 seconds.

Amplification results were evaluated using the time-to-
threshold (Tt) parameter. For result interpretation, the discrim-
inatory index dTt—defined as the difference between Tt values 
in the mutation-specific and WT-specific reactions—was cal-
culated. The cobas 4800 BRAF V600 Mutation Test (Roche 
Diagnostics) was used as the reference method. Diagnostic 
performance metrics were calculated from a 2×2 contingency 
table against the reference AS-qPCR.

RESULTS

The design of the allele-specific LAMP system was based 
on a strategy in which the 3′-terminal nucleotide of the FIP-
MUT primer corresponds to the mutant allele. To improve dis-
crimination between the mutant and wild-type sequences, an 
artificial mismatch was introduced at the −3 position of both 
FIP-MUT and FIP-WT. Loop primers LB and RB were de-
signed to accelerate amplification kinetics [8]. The complete 
primer sequences are listed in Table 1.

Initial validation of the two systems, LAMP-V600-WT 
and LAMP-V600-MUT, was performed using plasmid DNA 
templates (2×105 copies per reaction) containing either the 
wild-type or V600E mutant sequence. Both systems clearly 
discriminated WT from mutant sequence. For LAMP-V600-
MUT, Tt(MUT) was 18.1 min (SD=0.97) with the mutant 
plasmid and 35.93 min (SD=2.18) with the wild-type plas-
mid; the no-template control (NTC) showed Tt values of ap-
proximately 50 min (Figure 1A). Amplification specificity was 
confirmed by melt curve analysis (Figure 1B). 

The resulting discrimination index (dTt = Tt(WT) − 
Tt(MUT)) was 17.83 min, which constitutes a satisfactory 
value. For LAMP-V600-WT, Tt(WT) was slightly higher at 
20.4 min (SD=1.23), while the mutant plasmid gave Tt of 33.7 
min (SD=1.91) and the NTC reached threshold at approxi-
mately 56 min. These data confirm the feasibility of V600E 
detection using the proposed dual-reaction system.

Despite the presence of repetitive concatenated amplicons, 
LAMP product melting occurs at a single temperature and 
generates a well-defined single peak.

In the next step, the minimum detectable mutant allele 
fraction was determined. Plasmid mixtures of pV600WT and 
pV600E at fractions of 20, 10, 5, 2, 1, 0.5, and 0.2%, as well 
as a pure pV600WT sample, were tested at a total concentra-
tion of 105 copies/µL. Each concentration level was tested in 
20 replicates; positivity was defined as ≥19 reactions scor-
ing positive for BRAF V600E. The discrimination index dTt 
= Tt(WT) − Tt(MUT) was calculated for each replicate pair. 
Given the relatively wide SD values observed during initial 
characterisation (approximately 2 min), the minimum accept-
able discrimination index was set at 3×SD = 6 min. The mini-
mum reliably detectable mutant allele fraction was determined 
to be 1%, at which Tt(MUT) = 28.2 min (SD=1.32), Tt(WT) 

Table 1. Oligonucleotide primer sequences

Primer Sequence (5’→3’)
FIP-MUT GATCCAGACAACTGTTCAAACTGAGGTGATTTTGGTCTAGCTACTGA
FIP-WT GATCCAGACAACTGTTCAAACTGAGGTGATTTTGGTCTAGCTACTGT
BIP TGTGGATGGTAAGAATTGAGGCTTTCTAGTAACTCAGCAGCATCTC
LB GGACCCACTCCATCGAGAT
RB TTCCACTGATTAAATTTTTGGC
F3 TCATGAAGACCTCACAGTAAAA
B3 TACTATAGTTGAGACCTTCAATGAC

Note. FIP-MUT and FIP-WT are allele-specific inner primers (F2+F1c); their 3′-terminal nucleotide of the F2 portion 
corresponds to the mutant (T→A) or wild-type BRAF allele, respectively. To enhance allelic discrimination, an artificial 
mismatch was introduced at position −3 relative to the 3′-end of both allele-specific primers. All remaining primers (BIP, 
LB, RB, F3, B3) are shared between both reaction systems.
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= 36.1 min (SD=2.25), and mean Tt(WT) − Tt(MUT) = 7.8 
min. The corresponding LAMP-V600-WT system gave Tt = 
21.3 min (SD=1.9), yielding dTt = 5.2 min. On this basis, a 
sample was classified as positive for V600E if the dTt value 
calculated from the paired LAMP-V600-MUT and LAMP-
V600-WT reactions was less than 5 min.

The LoD₅₉ for mutant allele copy number was determined 
by serial dilution of a 1% mutant plasmid standard at 50, 100, 
200, 500, and 1000 copies of mutant allele per reaction, with 
20 technical replicates per concentration level. The LoD₅₉ was 
200 copies of mutant allele per reaction, which at 1% VAF 
corresponds to 20,000 human genome equivalents per reac-
tion (approximately 66 ng). Accordingly, a minimum input of 
approximately 132 ng of tumour DNA is required to reliably 
perform the assay.

A critical operational parameter for diagnostic LAMP is 
reaction duration, as the amplification time is strictly limited 
by the risk of non-specific amplification in no-template con-
trols (NTC). Prolonged incubation increases the probability of 
false-positive results and consequent misinterpretation. Since 
no increase in NTC fluorescence was observed within the first 
50 min, and the maximum Tt for positive samples at the LoD₅₉ 
level was 30 min, the diagnostic LAMP run duration was set 
at 45 min.

Diagnostic validation was performed on 67 DNA samples 

from FFPE melanoma blocks, using the cobas 4800 BRAF 
V600 Mutation Test (AS-qPCR) as the reference standard. 
The results are summarized in Table 2.

The clinical sensitivity of LAMP-V600E was 93.5% and 
specificity was 100% relative to AS-qPCR (Table 3). Cohen’s 
kappa coefficient of 0.940 indicates near-perfect agreement 
between the two methods. Positive and negative predictive 
values were 100% and 94.7%, respectively.

DISCUSSION

This study presents the development and validation of an 
allele-specific LAMP assay for detection of the somatic BRAF 
V600E mutation. A key feature of the proposed approach is 
the use of two parallel reactions—targeting the mutant and 
wild-type sequences, respectively—with result interpretation 
based on the difference in time-to-threshold values (dTt). This 
dual-reaction scheme is well suited to allele-specific LAMP, 
as it accounts not only for the presence of a signal but also for 
the kinetic difference between specific early amplification and 
late non-specific amplification, and reflects the total amount 
of human DNA input. Data obtained with plasmid models 
demonstrated robust discrimination between mutant and wild-
type sequences, and the introduction of an artificial mismatch 
into the FIP primers appears to have contributed substantially 
to improved selectivity [6–9, 11].

From an analytical standpoint, the assay achieved a limit 
of detection of 1% mutant allele fraction and an LoD95 of 
200 mutant allele copies per reaction. For tissue-based tumour 
analysis this represents an acceptable level of sensitivity, par-
ticularly in settings with limited instrumental infrastructure, 
although further development would be needed to translate the 
assay into a qualitative instrument-free format. At the same 
time, these figures indicate that the assay is not designed for 
ultra-sensitive low-allele-fraction applications—such as plas-

Figure 1. A) Real-time LAMP amplification curves: mutant DNA is shown by green crosses, wild-type 
DNA by black triangles, and the no-template control (NTC) by red diamonds. B) Melt curves of LAMP 

products: mutant DNA is shown by green crosses, the NTC by red circles. 

Table 2. Results of BRAF V600E mutation testing in 67 
melanoma FFPE DNA samples

AS-qPCR (+) AS-qPCR (−) Total
LAMP-V600E (+) 29 0 29
LAMP-V600E (−) 2 36 38
Total 31 36 67

Table 3. Diagnostic performance of the LAMP-V600E assay relative to AS-qPCR

Parameter LAMP-V600E
Sensitivity 93.5% (29/31; 95% CI 78.6–99.2%)
Specificity 100% (36/36; 95% CI 90.3–100%)
Positive predictive value (PPV) 100% (29/29; 95% CI 88.3–100%)
Negative predictive value (NPV) 94.7% (36/38; 95% CI 82.7–98.5%)
Overall accuracy 97.0% (65/67; 95% CI 89.8–99.2%)
Cohen’s kappa coefficient (κ) 0.940 (95% CI 0.86–1.00)
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ma-based liquid biopsy—where digital PCR and certain spe-
cialised qPCR formats achieve substantially lower LoD val-
ues for mutant allele fraction [22, 26].

In the clinical series of 67 FFPE melanoma specimens, 
LAMP-V600E demonstrated 93.5% sensitivity and 100% 
specificity against the validated cobas 4800 AS-qPCR refer-
ence. The κ value of 0.940 indicates near-perfect inter-method 
agreement. Particularly noteworthy is the complete absence of 
false-positive results in the evaluated series, given that analyt-
ical specificity is of critical importance for assays that support 
decisions on BRAF/MEK inhibitor therapy [1–3].

The most plausible explanation for the two false-negative 
results is the quality of the source FFPE-DNA. This is consis-
tent with both the characteristics of the two discordant sam-
ples and published evidence demonstrating that FFPE-DNA 
is subject to pronounced fragmentation, chemical base mod-
ifications, and reduced amplifiability, with these effects be-
coming more severe as amplicon length increases. In FFPE 
specimens, the average length of amplifiable fragments is of-
ten below 300 bp, and longer amplicons lose reproducibility 
far more rapidly than the short qPCR targets [23–25]. LAMP 
is therefore inherently more susceptible to template degrada-
tion than short-amplicon AS-qPCR.

A comparison with other published isothermal approaches 
to BRAF V600E detection places the performance of the pres-
ent assay in an intermediate but clinically meaningful posi-
tion. Papadakis et al. developed a portable real-time colori-
metric qcLAMP platform and demonstrated, using purified 
tissue DNA, the ability to detect BRAF V600E at 0.01% allele 
fraction in 100 ng of total DNA. In a blinded evaluation of 12 
clinical samples, complete concordance with Sanger sequenc-
ing and ddPCR was achieved, with four out of five positive 
samples detected in under 30 min. However, when applied di-
rectly to FFPE sections, reproducibility dropped markedly: a 
positive result was obtained in only 2 of 8 replicates for DNA 
with 1% mutant allele, whereas 10–50% allele fractions were 
detected considerably more reliably [13]. While this study 
demonstrates extremely high analytical sensitivity on puri-
fied DNA, it also confirms that real-world FFPE material re-
mains a critical limitation.

Varona et al. described a molecular-beacon LAMP assay 
for the detection of BRAF V600E in circulating tumour DNA 
(ctDNA) from plasma. According to the published data and 
the characteristics cited by the authors, the assay was pri-
marily designed for compatibility with liquid biopsy material 
and qualitative endpoint-based readout rather than for achiev-
ing record-low mutant allele fractions. The study emphasised 
ctDNA isolation and detection from plasma and the applica-
bility of the approach to allelic discrimination [12, 14]. Com-
pared with this work, the present assay offers a more direct 
adaptation to tissue-derived FFPE-DNA and formally verified 
clinical performance metrics for melanoma, but has not yet 
been adapted for plasma-based applications.

A further example of isothermal BRAF V600E detection 
is provided by Etemadzadeh et al., who employed an RPA/
CRISPR-Cas12a combination. This format claimed a limit 
of detection of 2% and a total assay time of approximately 
75 min. Compared with this approach, the LAMP system re-
ported here offers comparable selectivity, slightly better sen-
sitivity for the mutant allele fraction (1% versus 2%), and a 

shorter practical assay time, without requiring CRISPR re-
agents or an additional post-amplification signal cascade [15].

Dekaliuk et al. described a distinct isothermal strategy 
combining rolling circle amplification (RCA) with FRET-
based hybridisation detection. This approach provided an an-
alytical range of 75 fM to 4.5 pM (approximately 4.5×105 to 
2.7×107 copies) and was primarily oriented towards highly 
specific analytical discrimination of the V600E variant. Com-
pared with this system, the present assay is instrumentally less 
complex and more amenable to integration into routine mo-
lecular diagnostics, although RCA-FRET remains an inter-
esting example of a high-specificity isothermal platform for 
point mutations [16].

Most recently, Moráňová et al. (2025) proposed an elec-
trochemical readout LAMP format for BRAF V600E target-
ing liquid biopsy applications. While this approach highlights 
high selectivity and promising potential for rapid mutant DNA 
analysis, it requires specialised electrochemical detection 
equipment and, at this stage, appears less amenable to im-
plementation in a standard oncology laboratory than fluores-
cence-based real-time LAMP performed on a conventional 
thermocycler [17].

Taken together, compared with published isothermal ap-
proaches, the present system does not claim a record analyt-
ical sensitivity, but offers an important practical advantage: 
it employs classical real-time monitoring on a widely avail-
able instrument, requires no complex probe constructs or spe-
cialised devices, and delivers high diagnostic specificity as 
demonstrated specifically on FFPE melanoma DNA. In prac-
tical terms, this makes the assay attractive for laboratories re-
quiring a rapid and cost-effective tissue-based BRAF V600E 
test, rather than a universal ultra-sensitive platform for all 
sample types.

Strengths of the study include the rational design of al-
lele-specific primers, the use of plasmid reference standards 
for analytical sensitivity characterisation, the availability of a 
clinical validation cohort, and comparison against a well-char-
acterised IVD reference. Limitations include the relatively 
small clinical sample size, the exclusive focus on the BRAF 
V600E variant without coverage of V600K or V600R, and the 
absence of orthogonal verification of discordant samples by 
ddPCR or NGS. Future work should investigate inter-run re-
producibility, assay robustness across the spectrum of FFPE-
DNA quality variation, and the feasibility of reducing the 
length of the amplification target.

CONCLUSIONS

The developed LAMP assay demonstrates high specific-
ity and acceptable sensitivity for routine BRAF V600E diag-
nostics. The analytical LoD95 is 200 copies of mutant allele 
per reaction (1% VAF); the assay requires ≥132 ng of tumour 
DNA input, is completed in under 45 minutes, and can be im-
plemented in resource-limited laboratories provided that in-
put DNA quality is controlled.

All discordant results were associated with pronounced 
template DNA degradation, attributable to the longer LAMP 
amplification target relative to the short amplicons used in 
qPCR.
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