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ABSTRACT

Introduction: High-resolution melting (HRM) analysis is a fast, sensitive, cost-effective, post-gPCR mutation detec-
tion method. HRM analysis represents an advancement over previous DNA dissociation studies, serving to classify
DNA samples based on their dissociation behaviour as they melt from dsDNA to ssDNA, utilising special dsDNA
saturating fluorescent dyes such as LCGREEN, EVaGreen, and ResoLight. This study aimed to design and validate
high-resolution melting assays for the screening of six polycystic ovary syndrome (PCOS) associated single-nucleo-
tide polymorphisms, namely DENND 1A (DENN/MADD domain-containing 1A) rs2479106 and rs10986105, THA-
DA (Thyroid Adenoma-Associated Protein) rs13429458, LHCGR (Luteinising Hormone/Choriogonadotropin Recep-
tor) rs13405728, FSHR (Follicle-Stimulating Hormone Receptor) rs6166, and CYP17A7T (Cytochrome P450 17A1)
rs743572. Materials and methods: A total of forty-five peripheral blood samples obtained from the infertility clinic
at Hospital Sultan Abdul Aziz Shah were collected for gDNA extraction, primers were designed, and optimised for
HRM analysis to be conducted on the Light cycler release 1.5.1.62SP3 software. Results: The HRM-predicted geno-
types of these target SNPs in all gDNA samples were 100% consistent with Sanger DNA sequencing results, illustrat-
ing the accuracy and efficiency of this method for high-throughput SNP genotyping. Conclusion: HRM is an efficient
technique for rapidly and effectively screening specific SNPs across a large-scale population study.
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INTRODUCTION

Polycystic ovary syndrome (PCOS) is the most prevalent
endocrinopathy in reproductive-aged women and a
significant contributor to anovulatory infertility, with a
prevalence of 5-10% [1], while it was counted to affect
12.6% of the Malaysian population [2]. Although the
exact cause of PCOS remains incompletely elucidated,
multiple environmental, genetic, and metabolic
factors are involved in its pathogenesis [3] . Early
studies demonstrated that PCOS-related traits were
more prevalent in the siblings of affected women,

suggesting a model of autosomal dominant inheritance.
However, twin studies have since revealed PCOS to be
a polygenic or X-linked disorder [4]. Furthermore, twin
studies have estimated that genetic factors account for
72% of the variance in PCOS risk, underscoring the
significant genetic contribution [5] . The first genome-
wide association study conducted in the Chinese
population identified three PCOS susceptibility loci,
corresponding to the LHCGR, THADA, and DENND1A
genes located at 2p16.3, 2p21, and 9933.3, respectively
[6]. A subsequent, expanded GWAS in Han Chinese
individuals identified eight risk loci. In total, these two-
stage GWAS studies have uncovered 11 genetic risk
regions near or within candidate genes associated with
PCOS [7] .

Connecdenn

1/2 are proteins containing DENN
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(differentially expressed in normal and neoplastic
cells) domains, which act as guanine nucleotide
exchange factors for the small GTPase Rab35. When
connecdenn/Rab35 function is disturbed, it results in
abnormalities in the recycling of various cargo proteins
from endosomes, leading to changes in cell function
[8]. Immunohistochemical analyses demonstrated that
DENND1AN2 was higher in PCOS theca cells than in
normal theca cells [9]. The DENNDTA gene displays
a variety of genetic variations, such as rs10818854,
rs2479106, and rs10986105 (intronic variants), that
have been linked to PCOS in Han Chinese women and
other ethnicities [10-12].

The luteinising hormone/chorionic  gonadotropin
receptor (LHCGR) is a member of the G protein-coupled
receptor superfamily and other glycoprotein hormone
receptors. Itis the targeted receptor for both the luteinising
hormone (LH) and placental chorionic gonadotropin
(CQ) [3]. A recent GWAS research study has linked
the 2p16.3 region containing LHCGR loci with PCOS
among Han Chinese and European populations [13].
Specifically, the intronic variant rs13405728 within
the LHCGR gene showed an association with PCOS in
Han Chinese women [14]. The human FSHR (follicle-
stimulating hormone receptor) is a G protein-coupled
receptor with a long extracellular domain consisting of
7 transmembrane regions, 3 short intracellular loops,
3 additional loops, and an intracellular tail. It binds
to FSH using its large ECD (extracellular domain)
[15]. Numerous studies have thoroughly examined
the relationship between FSHR gene polymorphisms,
Thr307Ala (rs6165) or Asn680Ser (rs6166) coding
sequence changes, and PCOS, yielding varying and
disputed findings [16].

The thyroid adenoma-associated protein (THADA),
linked to thyroid adenoma, is found in various organs,
including the pancreas. The THADA gene has been
linked to the death receptor pathway and apoptosis
[17]. The relationship between the THADA gene and
PCOS has been demonstrated by associations between
THADA SNPs and type 2 diabetes [6] The enzyme
17-a-hydroxylase/17-20 lyase (P450 17a) serves as a
key regulator in androgen synthesis by facilitating the
conversion of pregnenoloneto 17-hydroxy-pregnenolone
and progesterone to 17-hydroxyprogesterone (17-OHP),
which is a rate-limiting step. CYP17 is primarily found
in the adrenal gland, testicular Leydig, and ovarian
theca cells. It has been suggested that increased activity
of this enzyme may lead to heightened synthesis and
release of androgens in PCOS [18]. The CYP17AT gene
variants have been associated with activating the CYP17
promoter or affecting its mRNA in theca cells among
those with PCOS [19].

In 1997, Ririe et al. were the first to introduce melting
analysis as an extension of real-time PCR reaction
monitoring [20]. The combination of PCR product

melting analysis with real-time PCR became possible
with the LightCycler technology [21,22]. The ability of
double-stranded DNA (dsDNA) fragments to denature
with increasing temperature, in the presence of an
intercalating dye, can be monitored as a sigmoidal-
shaped melting curve that reflects the gradual loss of
fluorescence. The melting temperature (Tm) is primarily
determined by the GC content (%G+C) of the amplicon
[23]. The first attempts to detect changes in PCR
products through melting curve analysis and to screen
for heterozygosity were performed using SYBR Green |
dye (for amplicons up to 167 bp) [24]. However, this
approach required prior amplicon purification and the
addition of extra dye [24] or urea [25]. To overcome
these limitations, specialised saturating dyes were
developed that could be used at higher concentrations
without inhibiting PCR [24,26]. The development of
LCGreen dye led to the initial implementation of high-
resolution melting analysis (HRMA) in laboratories [21],
followed by advancements in instrumentation, software,
and fluorescent dye chemistry [22].

High-resolution melting is effectively used for detecting
most single-nucleotide variants (SNPs) and the majority
of small deletions or insertions [27]. In the presence
of SNP, different genotypes exhibit distinctly different
melting curve behaviours, together with other sequence
characteristics of the amplicon (primarily the GC content
and the length) [28].

Despite the association of these genetic variants
with PCOS across diverse populations, a significant
challenge remains in implementing rapid and cost-
effective screening approaches. Current genotyping
methods, such as PCR-RFLP (Restriction Fragment
Length Polymorphism), Allele-specific PCR, TagMan
PCR, and other multiplex genotyping assays, are often
time-consuming, expensive, or complex, which limits
their widespread implementation [29]. Our study
aimed to develop and validate high-resolution melting
assays that can accurately, quickly, and cost-effectively
screen for key PCOS-associated gene variants, including
DENNDTA 152479106 and rs10986105, THADA
rs13429458, LHCGR rs13405728, FSHR rs6166, and
CYPI17AT1 rs743572.

MATERIALS AND METHODS

Obtaining samples and ethical approval

The Medical Research and Ethics Committee, Ministry
of Health Malaysia, granted ethical approval (NMRR-
18-3175-44106) for the study involving human subjects.
Written consent was obtained from participants, and
genomic DNA was extracted from the blood samples of
forty-five consenting individuals.

Genomic DNA preparation
Genomic DNA was extracted from anticoagulated
whole blood samples using the QlAamp® DNA Mini
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Kit (QIAGEN, Germany), following the manufacturer’s
protocol. The quality of the extracted DNA was evaluated
with a Lambda PCRmax UV spectrophotometer, and only
samples with an A260/A280 absorbance ratio between
1.7 and 1.9 were deemed to be of high purity. The DNA
samples were then subjected to electrophoresis on a 1%
agarose gel for 40 minutes at 100 volts. After staining
with Visafe red gel stain, the bands were visualised using
the BOX Biolmaging System. Gel images were captured
using GeneSnap software. All extracted genomic DNA
samples were stored at -20°C for future use.

Primer design and optimisation through gradient PCR
All Primer sequences shown in (Table 1) were designed
using the Primer3 web-based tool [30] and subsequently
ordered from Integrated DNA Technologies, Singapore.
A temperature range of 55-65 °C was set using the
MasterCycler Gradient Thermal Cycler machine
(Eppendorf) for primers optimisation to determine the
optimal annealing temperature. PCR amplicons were
then electrophoresed using a 2% (w/v) agarose gel for
40 minutes at 120V.

Table I: The properties of the designed primers for high-resolution melting assays

Gene Variant Alleles Forward / Reverse primers Tm (°C) Amplicon (bp) GC%
powoa o No [OSOSSNINMNAT 81w
DENNDIA 10986105 TG g GTGCCaTCTCITAnGGTTT 60, 151 545
O s AN B
LHCGR 13405728 NG I OCOTITACAGCATTT 3997 152 26
sk eewor GDSCIOWeRMOqe  mx o w40
CYPIZAI 743572 NG CCICCTIGIGCCCTAGAGTTG 6007 139 74

* DENND1A: DENN/MADD domain-containing 1A; THADA:Thyroid Adenoma-Associated Protein; LHCGR: Luteinising Hormone/Choriogonadotropin Receptor; FSHR:Follicle-Stimulating
Hormone Receptor; CYP17A1 Cytochrome P450 17A1; Tm: Melting Temperature; bp: Base Pair; GC%: Guanine and Cytosine Percentage.

qPCR efficiency and HRMA

Four serially diluted reactions with a 1/2 dilution factor
were prepared intriplicate on a LightCycler 480 Multiwell
Plate 96 from Roche, along with a negative control
(non-template control), to evaluate the gPCR efficiency.
gDNA samples were diluted to fit the recommended
concentration range of the LightCycler® 480 High-
Resolution Melting Master that contains a special
saturating fluorescent dye (LightCycler® 480 ResolLight
Dye). The 20pl HRM-reaction mixture consisted of
10 pl (1X) LightCycler® 480 High-Resolution Melting
Master (Roche), 1 pl (5- 30ng/dl) of genomic DNA, 1
pl (4pM) primer mix, 2 pl (2.5 mM) MgCl2, and PCR-
grade water for the final reaction volume adjustment.
The amplification was carried out using LightCycler®
480 System (Roche), with the following cycle condition:
initial denaturation at 95 °C for 10 min, followed by 45
cycles of amplification at 95 °C for 10s, annealing at
55 °C (for all six sets of primers) for 15s, and a final
extension at 72 °C for 10s.

Amplicons were then subjected to high-resolution
melting (HRM) analysis on the same machine, beginning
with a melting curve protocol consisting of 95 °C for 1
minute, 40 °C for 1 minute, 65 °C for 1 second, and
95 °C with 25 acquisitions per 1 °C increment, followed
by cooling at 40 °C for 10 seconds. The Light Cycler®
release 1.5.1.62SP3 software was utilised to monitor
the real-time amplification and analyse the melting
characteristics. The gene scanning module generates the

normalised melting curves and the temperature-shifted
differential plots that categorise the genotypes for each
sample based on their melting profiles.

Sequencing

One representative sample from each melting curve
was selected following HRM analysis and purified using
a Primeway Gel extraction/PCR purification kit (First
BASE Laboratories Sdn. Bhd., Malaysia ) following the
manufacturer’s instructions, the concentration of the
purified amplification products was measured using the
Lambda PCRmax NanoDrop spectrophotometer before
sending them for sanger sequencing through the services
offered by First BASE Laboratories Sdn. Bhd., Malaysia.
Sequencing results were viewed using Unipro UGENE
software [31], and subsequently compared to the
reference sequences obtained from the National Center
for Biotechnology Information (NCBI).

RESULTS

Samples and gPCR optimisation

The DNA samples had a mean A260/280 absorbance
ratio of 1.7+0.06. Subsequently, the samples underwent
electrophoresis on a 1% (w/v) agarose gel to assess
their integrity (Fig. 1). All bands were observed above
the 10 kb marker and appeared intact, with light
smearing, indicating that the samples possessed high
genomic DNA integrity. Gradient PCR was employed to
ascertain the specificity of the primers for DENND1A
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gene variants rs2479106 and rs10986105, THADA gene
variant rs13429458, LHCGR gene variant rs13405728,
FSHR gene variant rs6166, and CYP17AT gene variant
rs743572 atvarious temperatures. The optimal annealing
temperature was established using gel electrophoresis,
which displayed a distinct and bright band indicating
the presence of the specific product. The primers for
DENND1A variants exhibited specific binding across all
temperatures set (Fig.2 A and B), while the other primers
displayed distinct specific bands at lower temperatures.
Notably, all primers amplified specific bands at an
annealing temperature of 55 °C (Fig. 2 C, D, E, and F);
therefore, PCR efficiencies for all assays were evaluated
at this temperature. Following the determination of

10KB

3KB

1KB

the observed specificity of the annealing temperature.
Reaction conditions were optimised, and a standard
curve was generated to assess PCR primer efficiency.
Efficiency at an annealing temperature of 55°C was
calculated using the equation derived from the standard
curve (Fig.2), the PCR efficiency was 94.65% (R?=0.98),
104.9% (R? =0.99), 116.5% (R*=0.99), 98.4% (R?
=0.93),104.3% (R* =0.99), and 111.5% (R*=0.99)
for rs2479106, rs10986105, rs13405728, rs6166,

rs13429458, and rs743572 respectively. A single unique
melting peak was obtained from all the prepared samples
for all the PCR assays. The HRM assays demonstrated
high efficiency in this experimental context.

Fig 1: A 1X gel electrophoresis image demonstrates the integrity of the extracted genomic DNA samples. L refers to the 1KB ladder from
ThermoScientific™. Lanes 1-10 are representative gDNA samples of good integrity.
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Fig 2. The optimisation of the annealing temperature and the standard curve demonstrating the qPCR efficiency for (A) DENND1A rs2479106
primers (166bp), (B) DENND1A rs10986105 primers (151bp), (C) LHCGR rs13405728 primers (152bp), (D) FSHR rs6166 primers (134bp),
(E) THADA rs13429458 primers (149bp), and (F) CYP17A1 rs743572 primers(139bp). The annealing temperature for the primers was set in a
temperature range between 55-65 °C (1=55.2, 2=56, 3=57, 4=58.2, 5=59.4, 6=60.6, 7=61.8, 8=63, 9=64, 10=65). The log10 concentration
was based on arbitrary units (a.u.). E: Efficiency; R? : coefficient of determination.
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HRM analysis

Different genotypes exhibit distinct melting curve
behaviors when a single-nucleotide polymorphism
(SNP) is present. Homozygous allelic variants result in a
temperature shift along the X-axis of the high-resolution
melting (HRM) curve, while heterozygous variants
lead to changes in the curve shape. For heterozygotes,
the melting curve comprises both heteroduplex
and homoduplex components, shifting left to lower
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temperatures as they dissociate more readily. HRM
analysis revealed three distinctive melting curves for the
DENNDITA rs2479106 variant (Fig. 3A), corresponding
to the genotypes: wild-type AA, heterozygous AG, and
mutant GG. In contrast, only two melting peaks were
observed for the DENND1A rs10986105 variant (Fig.
3B), representing the wild-type TT and heterozygous TG
genotypes.
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Fig 3: The normalised melting curves and temperature-shifted difference plots are presented, each with the corresponding genotype. The
sequencing results are shown in the chromatogram of (A) DENND1A rs2479106, (B) DENND1A rs10986105, and (C) LHCGR rs13405728.
A single peak indicates homozygous wild-type or mutant genotypes, while the heterozygous genotype appears with two overlapping peaks of

different colours.

The LHCGR rs13405728 gene variant demonstrated
three melting curves for its three genotypes (Fig. 3C):
wild-type AA, heterozygous AG, and mutant GG.
Similarly, the FSHR rs6166 gene variant displayed
three melting peaks (Fig. 4A) corresponding to its three
genotypes: wild-type CC, heterozygous CT, and mutant
TT. The THADA rs13429458 gene variant presented
four unique melting curves (Fig. 4B). Among these, two
curves represented the wild-type AA and heterozygous
AC genotypes, while the additional two curves arose from

two adjacent SNPs within the amplicon: rs1317772225
(insertion of C/-) and rs7568365 with two genotypes
TT/CT. Moreover, the CYP17AT rs743572 gene variant
showed two melting peaks (Fig. 4C) for the wild-type
genotype AA and the heterozygous genotype AG. The
genotyping results are provided in (Table Il). Notably,
the results from HRM were compared with sequencing
results, which matched 100%, confirming the specificity
of the assays (Fig. 3 and 4).
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Fig 4: The normalised melting curves and temperature-shifted difference plots are presented, each with the corresponding genotype. The
sequencing results are shown in the chromatograms of (A) FSHR rs6166, (B) THADA rs13429458 with the two neighbouring SNPs rs7568365
and rs1317772225, respectively, within the 149 bp amplicon indicated by arrows, and (C) CYP17A1 rs743572. InsC: Insertion of C; the Hyphen
represents the absence of C insertion.

Table 1I: Genotyping Results of the Screened Samples

Gene Variant Genotype N=45

DENND1A rs2479106 AA 34
AG 10

GG 1
DENNDITA rs10986105 T 44
TG 1

GG 0

LHCGR rs13405728 AA 3
AG 20
GG 22

FSHR 156166 cC 6
CT 21
T 18
THADA rs13429458 AA 24
AC 21

cC 0
THADA rs7568365 CC 22
CT 20

T 3
THADA rs1317772225 -/InsC 17
/- 28

CYP17A1 rs743572 AA 21
AG 24

GG 0

DISCUSSION

Unlike the conventional mutation scanning techniques
that demand a separation step of the PCR products, such
as restriction fragment length polymorphism analysis
(RFLP) [32], single-strand conformational polymorphism
(SSCP) analysis [33], heteroduplex analysis [34],
denaturing gradient gel electrophoresis [35], and
denaturing high-performance liquid chromatography
(DHPLC) [36], high-resolution melting analysis is
a closed-tube (decreased contamination risk) SNP
genotyping method [37]. On the other hand, more
sophisticated methods such as the widely used TagMan
assay, which relies on fluorogenic probes and requires
specialised instrumentation, and the conventional
Sanger sequencing technique, which remains a standard
approach in genotyping, are also commonly employed
[38]. Fitarelli-Kiehl et al. compared Sanger sequencing,
PCR-RFLP, TagMan, and high-resolution melting
analysis (HRMA) for genotyping the TP53 p.R337H
variant, evaluating each method in terms of turnaround
time, cost, and accuracy. HRMA was identified as the
most cost-effective method (R$18.84 per sample), while
Sanger sequencing was the most expensive (R$53.29 per
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sample) but also the most robust in terms of accuracy.
In terms of speed, TagMan demonstrated the shortest
total and hands-on turnaround time (approximately 3
hours), followed by HRMA (approximately 5.25 hours)
[39]. HRMA is a simple and convenient gene scanning
method [40-42]. With a special stable fluorescent
saturating dye, PCR reagents, followed by post-PCR-
melting analysis, the heterozygote scanning sensitivity
approaches 100% [22].

The scanning error rate is influenced by the size of the
PCR product (amplicon) and the specific type of base
alteration, rather than by the SNP's position [37]. The
identification of the heterozygotes is based on the
change in the shape melting curve [43], while the wild-
type and mutant homozygous are distinguished by the
change in the melting temperature (Tm). The differences
in Tm between genotypes become more noticeable as
the size of the amplicon decreases, allowing for better
differentiation [32].

In this study, using gDNA samples, HRM assays were
established and validated for the detection of DENND1A
rs2479106 and rs10986105 polymorphisms, LHCGR
rs13405728, FSHR rs6166, THADA rs13429458, and
CYPI17AT rs743572 gene variants. For rs2479106,
as shown in (Fig.3 A), rs13405728 (Fig.3 C), and
rs6166 (Fig.4 A), three distinctive melting profiles
appeared, representing the three genotypes of each
variant (Homozygous wild-type, Heterozygous, and
Homozygous mutant). Meanwhile, only two genotypes
were obtained from the melting profiles of rs10986105,
wild-type and heterozygous (Fig.3 B), and rs743572,
wild-type and heterozygous (Fig.4 C). Four notably
unique melting profiles were seen in rs13429458 (Fig.4
B) due to the presence of two additional SNPs within
our targeted PCR product, namely, rs7568365 with
two genotypes (TT/CT) and an insertion of cytosine
polymorphism rs1317772225.

HRM results were confirmed by Sanger sequencing,
which demonstrated a 100% correlation with the HRM
screening, indicating complete specificity and accuracy
of the assays. High-resolution melting analysis is a
highly sensitive scanning method that can detect most
small deletions or insertions [43]. It has been applied in
mutation scanning in genetics, oncology, and bacterial
speciation [27]. Many increasing reports on HRM have
appeared in the literature, making it a superior and one
of the most used methods for future genome analysis
[44,45].

However, the high sensitivity of HRMA comes with a
price, where certain limitations emerge. In multiple
SNP detection, different gDNA extraction methods,
variations in the quality and quantity of gDNA, master
mix preparation, and pipetting errors can generate
faulty, separate clusters in the melting curve analysis
[46,47]. While the amplicon length can significantly

impact melting curve resolution and sensitivity [48].
The shorter the amplicon, the better-defined the curve.
An amplicon size of 150-250 bp is generally optimal
for gene scanning [42]. Additionally, variable-number
tandem repeats [49], nucleotide transversions (such as
A:T and G:C) [50], and small insertions or deletions are
difficult to distinguish due to their minimal influence on
melting temperature [22].

CONCLUSION

Validated HRM assays were successfully developed for
the screening of six SNPs: DENNDTA rs2479106 and
rs10986105 polymorphisms, LHCGRrs13405728, FSHR
rs6166, THADA rs13429458, and CYP17AT7 rs743572.
The sequencing results showed 100% matching to the
HRM findings, making HRM analysis a precise, highly
accurate, uncomplicated, rapid, reliable, and cost-
effective genotyping method.
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