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SHORT COMMUNICATION

High resolution melting profiles (HRMPs) obtained by magnetic 
induction cycler (MIC) have been used to monitor the BRCA2 status 
highlighted by next generation tumor sequencing (NGTS): a combined 
approach in a diagnostic environment
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Abstract
Resistance can be the result of secondary tissue variants (STVs), which restore the open reading frame of the germline BRCA  
allele, producing functional BRCA  protein in germline BRCA1/2 (BRCA) pathogenic variant (PV) carriers, treated with 
platinum-based chemotherapy or poly-(ADP-ribose) polymerase inhibitors (PARP-1). We reported recently a BRCA2 mutant 
high grade serous ovarian cancer (HGSOC) patient with acquired resistance to the PARP-1 olaparib due to a STV detected 
by next generation tumor sequencing (NGTS). The aim of this study was to evaluate the versatility of the high-resolution 
melting analysis (HRMA) obtained by magnetic induction cycler (MIC) to monitor the BRCA2 status in formalin-fixed 
paraffin-embedded (FFPE) tissue samples of this patient and to compare the results obtained by NGTS. HRMA highlighted 
the BRCA2 STV previously detected in the IIIrd HGSOC recurrence following the tissue BRCA2 tissue status comparing 
the high resolution melting profiles (HRMPs). HRMPs differentiate not only BRCA2 alleles, but also their different allele 
abundance. We underline that (1) the MIC uses a latest generation technology guaranteeing temperature uniformity and 
maintenance in each well allowing high and accurate performance to obtain reported results and (2) the HRMA maintains 
a high sensitivity and specificity when it is performed on FFPE samples. Finally, this study represents an additional use of 
the HRMA, confirming its extreme versatility in the diagnostic environment.
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Introduction

In 2019, the poly-(ADP-ribose) polymerase inhibitors 
(PARP-1) olaparib received Food and Drugs Administra-
tion approval for use as a maintenance therapy after front-
line chemotherapy for BRCA1/2 (BRCA) mutant high grade 
serous ovarian cancer (HGSOC) patients. In October 2019 
data of three clinical trials were reported at the European 
Society for Medical Oncology meeting, which may lead to 
approval of additional ovarian cancer frontline treatment 
strategies [1–3]. Despite, the potential of PARP-1, to man-
age HGSOC patients, is mitigated by the fact that responses 
to these treatments are frequently transient and ultimately 
nearly all patients, with initial sensitivity to PARP-1, 
develop resistance over time [4–6].

Recently, we reported a Caucasian 55-year-old woman 
with HGSOC and significant maternal breast cancer history 
[7]. Germline BRCA (gBRCA) testing showed a pathogenic 
variant (PV) in the BRCA2 gene c.2494G > T (rs786202875, 
NM_000059.3) resulting in premature BRCA2 protein trun-
cation (p.Glu832Ter). The patient’s medical history con-
sisted of three well documented HGSOC recurrences. After 
the IInd recurrence, the patient was enrolled in the rand-
omized phase III trial SOLO3 (NCT02282020) with olapa-
rib as platinum-sensitive BRCA  mutant relapsed HGSOC 
patient. The patient was treated for After 10 months of initial 
favorable response, the patient showed resistant lesions and 
disease progression. At this time, the patient underwent a 
IIIrd cytoreductive surgery. Next generation tumor sequenc-
ing (NGTS) on formalin fixed paraffin embedded (FFPE) 
sections, obtained from IIIrd recurrence, highlighted two 
BRCA2 variants: the c.2494G > T PV, with a minor allele 
frequency (MAF) of 11% and a secondary novel BRCA2 
c.2494G > C (p.Glu832Gln) variant with a MAF of 45%. 
The later potentially restored the BRCA2 open reading 
frame, since glutamic acid (Glu) and glutamine (Gln) are 
structurally similar amino acids [8]. Finally, we tested mul-
tiple tumor samples from the patient (primary tumor, Ist and 
IInd recurrences) by NGTS to evaluate when the BRCA2 
c.2494G > C variant arose. This approach highlighted the 
c.2494G > C variant only in the IIIrd HGSOC recurrence [7].

Aim of this study was to use high-resolution melting 
analysis (HRMA) by magnetic induction cycler (MIC) to 
confirm the presence of the secondary tissue variant (STV) 
and to study the evolution of the BRCA2 tissue status.

Materials and methods

DNA preparation from FFPE section

The present study was performed in accordance with the 
Declaration of Helsinki. The patient signed an informed 
consent allowing all samples (blood and tumor) to be used 
in this study.

DNA from FFPE sections was extracted in areas with 
a minimum neoplastic cellularity of 60%, using the Mag-
Core Genomic DNA Tissue Kit (Diatech) by MagCore 
HF16 Plus (Diatech Lab Line, Jesi, Italy), according to 
manufacturer’s instructions. DNA concentration and qual-
ity were determined using Qubit dsDNA HS assay (Life 
Technologies, Gaithersburg, USA).

Primer design

The first step in this study was designing primers for 
c.2494G > T PV in the exon 11 of the BRCA2 gene, which 
were manually designed to obtain a PCR product size 99 
bps and certified as high molecular quality products due 
to HPLC purification (Eurofin MWG Operon, Ebersberg, 
Germany).

The choice to have a small PCR product ensured ampli-
fication in case DNA from FFPE was fragmented. The 
forward (F) and reverse (R) primers were: F: 5′- TCC CAT 
GGA AAA GAA TCA AG-3′ and R: 5′-AGG TGA TGC TAC 
TCT CAT G-3′, respectively.

The primers used for PCR were the same as for HRMA. 
The BRCA2 referent sequence was NM_000059.3.

PCR/HRMA: optimization and conditions

The PCR-HRMA was performed on the MIC platform 
(Bio Molecular Systems), using LightCycler® 480 High-
Resolution Melting Master Kit (ROCHE Diagnostics, Indi-
anapolis, IN, US).

In the optimization phase, presence of non-target PCR-
HRMA products was not observed. The starting point was 
to normalize all samples to the same DNA concentration of 
10 ng/μl. To optimize the conditions, four reaction proofs 
with an imbalance between concentrations of DNA and 
primers were carried out. The most performing reaction, 
which minimized the formation of non-specific products 
and highlighted the difference between the high resolution 
melting profiles (HRMPs) was about 20 ng of total DNA, 
10 μl of master mix LightCycler® 480 High-Resolution 
Melting 2X, 0.5 μM of each primer, 3 mM MgCl2 and 
nuclease-free water was added to obtain a final volume of 
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20 uL. This mix was then placed into dedicated reaction 
tubes prefilled with oil (Bio Molecular Systems).

The reaction solution was denaturized for 10′ at 90 °C, 
followed by 55 cycles of amplification (95 °C for 10′′, 54 °C 
for 15′′, and 72 °C for 10′′) and 2′ at 72 °C. Instead, the melt 
assay was (95 °C for 60′′, 40 °C for 60′′, heating from 65° 
to 95 °C at 0.02 °C/sec and cooling to 40 °C). The analysis 
of the melting curve was performed in three steps. In the 
normalization phase, a fluorescence range between 100 and 
0% was assigned, then a temperature shift in the same range 
of temperatures was quantified and finally, a difference plot 
was generated.

At the end of the run, the analysis of melting curves was 
performed using the MIC qPCR Software. Genotyping of 
samples was obtained in two steps. The first step is based 
on the normalization of the raw melting curve data, setting 
the pre-melt (initial fluorescence) and post-melt (final fluo-
rescence) signals of all samples to unique uniform values. 
Pre-melt signals are set to a relative value of 100%, while 
post-melt signals are set to a relative value of 0%.

The optimal normalization setting was obtained with a 
pre-melting of 74–75 °C and a post-melting of 82–83 °C. 
All samples were tested in duplicate.

Results

All samples were tested in duplicated (Supplemental Fig-
ures), but the HRMPs are shown as single peak to better 
highlight the differences (Fig. 1). We underline that the 
duplicates are superimposable, confirming the differences 
between HRMPs shown in Fig. 1. In addition, these evi-
dences, showing the similar results with duplicated PCR/
HRMA reactions, validate the reproducibility of this 
approach and the observed differences between melting pro-
files confirm the intrinsic variability of the HRMA.

In detail, HRMA obtained by MIC showed different 
HRMPs associated to each FFPE sample (Fig. 1a, b and c). 
First, the blood HRMP appeared with a double peak and 
was used as referent HRMP. As shown in Fig. 1l, the IIIrd 
recurrence HRMP was different than all the other samples, 
because in the IIIrd recurrence, three different BRCA2 alleles 
were present: c.2494G (wild type (wt) allele), c.2494T 
(mutated blood allele) and c.2494C (secondary tissue allele). 
Figure 1h, shows blood (c.2494G and c.2494T alleles) and 
IIIrd recurrence HRMPs.

However, our attention focused on differences between 
HRMPs of blood, primary and the two HGSOC recurrences 
(Ist and IInd). HRMPs were not different from the BRCA2 
genotype, but the differences were due to MAF, as previ-
ously highlighted by NGTS. In fact, starting from blood, in 
which the c.2494G > T genotype is in heterozygous state, 
in the primary HGSOC the c.2494T allele is preferentially 

expressed, almost in homozygous state (c.2494T/T) (MAF 
of 75%), suspecting a loss of heterozygosity and the corre-
sponding HRMP appeared as a single peak (Fig. 1e). How-
ever, this HRMP was different from that of a wt sample 
(c.2494G/G) (Fig. 1i). In particular, Fig. 1i shows the contri-
bution of each allele. On the right is the allele wt (c.2494G) 
and on the left the mutated (c.2494T) (with a temperature 
melting shift of about 1 °C). Instead, HRMP of the Ist recur-
rence is different from primary HGSOC, for the presence 
of a hump peak presumably due to the restoring of the wt 
allele (c.2494G) (MAF between 60 and 65% from NGS data 
with low coverage). Moreover, HRMP of the IInd HGSOC 
recurrence is different from the HRMP associated to the Ist, 
but similar to HRMP of the blood. The reason is that the 
c.2494G allele is being expressed while the c.2494T allele 
is being lost. In fact, the MAF identified by NGTS is 53%, 
almost like a heterozygous sample. As confirmation of this 
evidence, the software associated only this HRMP to that of 
blood, with a confidence of 95% (Fig. 2).

Discussion

We recently reported a HGSOC BRCA2 mutant patient sub-
jected to several platinum-based regimes and treatment with 
the PARPi olaparib [7]. NGTS on multiple HGSOC recur-
rences highlighted a STV (c.2494G > C) leading to reversion 
of the germline BRCA2 PV (c.2494G > T). The restoration of 
functional BRCA2 protein by a BRCA2 STV had a critical 
role in acquired platinum/PARP inhibitor resistance in this 
patient. This concept has two clinical implications. First, it 
shows the importance of BRCA2 mutation status testing in 
recurrent HGSOCs to predict the response to platinum and 
PARP inhibitors. Second, it provides a theoretical strategy 
to overcome platinum/PARP inhibitor resistance. For our 
research/experiment we wanted to use HRMA as alternative 
approach to highlight and confirm above reported results.

HRMP of the IIIrd HGSOC recurrence was different 
from all other HRMPs demonstrating a new BRCA2 allele 
(c.2494C). We stress that this HRMP is the result of the 
coexistence of the three BRCA2 alleles: c.2494G, c.2494T 
and c.2494C. Furthermore, we were able to show that the 
other HRMPs were different using the HRMP associated to 
blood (c.2494G > T genotype, with MAF: 50%) as referent 
HRMP. This evidence does not depend on the presence of 
different alleles, but on their allele-abundance. The HRMPs 
enabled a follow-up of the tumor behavior showing that the 
BRCA2 genotype occurred in the course of the treatment and 
disease progression of this patient.

In our opinion depend the obtained results on the PCR-
HRMA platform used in this study. MIC is an instrument 
that uses generation technology based on magnetic induc-
tion, able to guarantee high and accurate performance 
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Fig. 1  a, b, c: HRMPs obtained by fluorescence differences are 
shown. All HRMPs are recognized as different (except blood and IInd 
recurrence with similar HRMPs). d, e, f, g, h: HRMPs from melting 
differences are shown. Blood HRMP was used as referent HRMP. In 
figures d (blood vs wt BRCA2 sample) and h (blood vs IIIrd recur-
rence) HRMPs are different due to BRCA2 genotype; conversely, 
in figures e (blood vs primary tumor) and f (blood vs  Ist recurrence) 
HRMPs are different due to BRCA2 allele abundance. In the Fig. 1g 
(blood vs IInd recurrence) HRMPs are similar (same BRCA2 geno-

type and same allele abundance), while in the Fig. i (primary tumor 
vs wt BRCA2 sample) HRMPs are different due to BRCA2 genotype. 
In addition, in Fig.  1i, the contribution of the two BRCA2 alleles 
becomes clear: the c.2492T allele on the left (in the wt BRCA2 sam-
ple) and the c.2492G allele on the right (in the primary tumor with a 
MAF of 75%), resulting in a melting temperature shift of about 1 °C. 
Finally, in Fig.  1i all HRMPs are shown. All samples are tested in 
duplicated, but HRMPs are shown as single profile to better highlight 
the differences
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and to reproduce the same results not only across multi 
runs but also different instruments [9]. The MIC platform 
is made up of a 2- or 4-channel optical system, able to 
simultaneously acquire all channels. Each channel uses an 
independent high intensity LED, a photodetector and a set 
of combined filters. This technology allows a high level 
of confidence in relative and absolute quantification of 
gene expression, identification of SNPs, insertion-deletion, 
quantification of somatic mutation and epigenetic meth-
ylation levels and evaluation of copy number variation, 
maintaining temperature uniformity in each well (± 0.05). 
These features allow the classification of class IV SNPs 
that require melting points lower than 0.1 °C. We com-
pared PCR-HRMA data from LighCycler 480 and those 
obtained by MIC to understand which platform allows 
higher accuracy even though this was not part of our study 
aim. We underline that the MIC showed a greater sensitiv-
ity and specificity than the LighCycler 480 (Roche Diag-
nostics) (data not shown).

HRMA is a rapid, closed-tube and comparatively inex-
pensive technique based on the fluorescent monitoring of the 
dissociation behaviour of DNA when exposed to increasing 
temperatures. Furthermore, HRM is more sensitive than con-
ventional Sanger sequencing analysis [10–12]. Therefore, 
HRMA has been used as an alternative strategy to detect 
DNA sequence variations in different applications [13–16].

We emphasize that our proposed approach (Fig. 3), using 
HRMA as a pre-assessment to identify tumor recurrences, 
could be very helpful in the new era of precision medi-
cine where tumor mutational profiles have an essential and 
crucial role [17]. Nowadays, many diagnostic laboratories 
have adopted NGTS technology, which offers comprehen-
sive sequencing-based testing of tumor tissue. However, we 
consider alternative and complementary methods to NGTS 
important [10]. HRMA can identify differences comparing 
several sequences with the potential for fast and cost-effi-
cient pre-assessment on molecular basis of multiple tumor 
samples, which might have acquired resistance in response 
to therapy. Finally, only NGTS can identify with certainty 
changes in single DNA sequences, confirming the pre-
assessment data obtained by the HRMA.

Limitations

We are aware that this study is been conducted on a single 
patient and for a single BRCA  variant: further evidence 
must be acquired to fully confirm the promising data 
obtained by this combined approach HRMA/NGTS.

Conclusion

The novelty of this paper is the use of the HRMA to study 
the BRCA2 status in multiple tumor samples obtained 
throughout the clinical history from one single HGSOC 
patient. We suggest that this novel approach combined 
with NGTS could be used in diagnostic settings to improve 
the molecular assessment of the somatic BRCA  status. Two 
main advantages have to be considered: HRMA is less 
expensive than NGTS and may be an alternative method 
to pre-assess patients with acquired resistance. This is 
particularly important considering the growing need to 
identify mutant profiles for different target genes in many 
types of cancer and to provide a detailed knowledge of the 
molecular tumor aberrancies to plan treatment.

Fig. 2  As reported, the MIC software associates the IInd recurrence 
with the blood HRMP (confidence > 95%), which is in accordance 
with the BRCA2 genotype and allele abundance
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