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Background: Autosomal dominant polycys-
tic kidney disease (ADPKD) is an inherited
condition caused by PKD1 and PKD2 mu-
tations. Complete analysis of both genes
is typically required in each patient. In
this study, we explored the utility of High-
Resolution Melt (HRM) as a tool for muta-
tion analysis of the PKD2 gene in ADPKD
families. Methods: HRM is a mismatch-
detection method based on the difference
of fluorescence absorbance behavior dur-
ing the melting of the DNA double strand
to denatured single strands in a mutant
sample as compared to a reference con-
trol. Our families were previously screened
by linkage analysis. Subsequently, HRM
was used to characterize PKD2-linked fam-
ilies. Amplicons that produced an over-
lapping profile sample versus wild-type
control were not further evaluated, while
those amplicons with profile deviated from
the control were consequently sequenced.

Results: We analyzed 16 PKD2-linked fam-
ilies by HRM analysis. We observed ten dif-
ferent variations: six single-nucleotide poly-
morphisms and four mutations. The mu-
tations detected by HRM and confirmed
by sequencing were as follows: 1158T>A,
2159delA, 2224C>T, and 2533C>T. In par-
ticular, the same haplotype block and non-
sense mutation 2533C>T was found in 8 of
16 families, so we suggested the presence
of a founder effect in our province. Conclu-
sions: We have developed a strategy for
rapid mutation analysis of the PKD2 gene
in ADPKD families, which utilizes an HRM-
based prescreening followed by direct se-
quencing of amplicons with abnormal pro-
files. This is a simple and good technique
for PKD2 genotyping and may significantly
reduce the time and cost for diagnosis in
ADPKD. J. Clin. Lab. Anal. 28:328–334,
2014. C© 2014 Wiley Periodicals, Inc.
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INTRODUCTION

Autosomal dominant polycystic kidney disease
(ADPKD) is the most frequent renal cystic disease with an
incidence between 1:400 and 1:1,000 (1). ADPKD is a sys-
temic disorder involving many organs (2); it is character-
ized by abnormal proliferation of renal tubular epithelial
cells, which manifests as cysts that increase gradually in
both size and number, leading to massive kidney enlarge-
ment and progressive decline in kidney function (3, 4).
The disease is genetically heterogeneous with two different
genes identified: PKD1 (16p13.3) and PKD2 (4q21) (5–7).
PKD1 is the major locus, accounting for approximately
85% of families (8). PKD1 gene consists of 46 exons and

encodes a large protein, polycystin-1 (4,303 amino acids)
(9, 10). Exons 1 to 33 lie in a complex genomic region
that is reiterated approximately six times further proxi-
mally on chromosome 16 (6). Similarity between PKD1
and these pseudogenes means that locus-specific amplifi-
cation methods are required to analyze PKD1 (11). PKD2
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consists of 15 exons and encodes polycystin-2 (968 amino
acids) (12). A high level of allelic heterogeneity is found
for both genes, with a total of 1,443 different variations
reported for PKD1 and 241 for PKD2 (13).

The genetic diagnosis of ADPKD is challenging be-
cause of the genetic heterogeneity and marked allelic het-
erogeneity at ADPKD genes. In fact, numerous studies
have demonstrated a high degree of allelic heterogeneity
in PKD1 and PKD2 with no single mutation found to
account for more than 2% of affected families; in the ma-
jority of families, ADPKD is caused by a unique and pri-
vate mutation (14). Although several indirect screening
methodologies have been used to characterize the PKD
genes (4, 11), direct sequencing of exon and flanking in-
tronic regions from genomic DNA is now the gold stan-
dard for diagnostis proposed and mutation analysis; but
it is extremely time-consuming, expensive, and technically
complex (15).

Hence, complete analysis of both genes is typically
needed in each patient and diagnostic screening of a new
family required sequencing of all PKD1 and PKD2 exons
with the correlated cost.

In this study, we explored the utility, robustness and
accuracy of High-Resolution Melt (HRM) as a tool for
mutation analysis of the PKD2 gene in ADPKD families
and showed the results of an HRM screening strategy
to identify sequence variants in PKD2 gene in 16PKD2-
linked families.

MATERIALS AND METHODS

Subjects

Fifty-four patients from the Nephrology Center of Vi-
cenza were screened for sequence variants in PKD2 gene;
HRM analysis was used to characterize our PKD2-linked
families previously screened by linkage analysis (16).

Twenty healthy individuals were the control group.
They were from the same area and ethnic group as
patients.

The study was performed with the approval of the Ethics
Committee of the San Bortolo Hospital in Vicenza. In-
formed consent was obtained from each patient before
genetic testing.

Blood samples were obtained from all subjects and ge-
nomic DNA was extracted from peripheral blood lympho-
cytes. DNA working solutions were diluted in ultrapure
water to obtain the correct dilution, after quantification
and quality test of all experimental DNA samples.

Mutational Screening

Real-time PCR and HRM conditions

HRM analysis was used to characterize PKD2-linked
families. The coding regions and intron–exon junctions,

which are important in order to identify variants affecting
mRNA splicing, were screened for mutation in PKD2 gene
using this method. Seventeen primer sets were designed
to cover the complete coding region plus flanking intronic
sequence of the PKD2 gene. Exon 1 was divided into three
fragments: only two amplicons of three could be screened
by HRM, the rest was directly sequenced. We designed
exon 1 primers in order to yield a series of overlapping
fragments spanning the entire first coding region.

The HRM approach is based on real-time DNA ampli-
fication in the presence of a double-stranded DNA (ds-
DNA) intercalating fluorescent dye, and on monitoring
the melting curves of each amplicon. HRM technique de-
tects the change in fluorescence intensity induced by the
release of the intercalating dye from a dsDNA to its two
single-stranded DNAs (ssDNA) as it denatures at high
temperatures.

Amplification and HRM were performed in 25 μl vol-
umes by Rotor Gene 6000 (Qiagen, S.A.S. Milan, Italy).
The amplification mixture included 50 ng of genomic as
template; 1.25 μl of Eva Green (Biotium, Hayward, CA);
5 μl of Real-Time PCR buffer, magnesium free (TakaRa,
Shiga, Japan); appropriate concentration of magnesium
(TakaRa; 0.5 μl of dNTP mixture (TakaRa, Shiga, Japan);
5 μM of each primer; and 0.3 μl of Takara Ex Taq R-PCR
(TakaRa, Shiga, Japan).

Each run included an activation step at 95◦C for 3 min
followed by 45 amplification cycles of 40-sec denaturation,
30-sec annealing, and 40-sec elongation, and a final elon-
gation step at 72◦C for 5 min, with fluorescence acquired
on the green channel. The PCR products were heated to
95◦C and cooled for heteroduplex formation, and melting
was monitored by fluorescence emission using appropriate
denaturation range. Annealing temperatures and HRM
denaturation range differed according to each fragment
(Table 1).

HRM analysis

To ensure reproducibility of the melt curves, each sam-
ple was performed in triplicate and each wild-type control
in triplicate, thus avoiding errors and any misinterpreta-
tion of the results.

For HRM scoring, particular wild-type samples (nega-
tive control with confirmed sequence) were set as reference
samples. Results were obtained by software Rotor-Gene
6000 series version 1.7.87, comparing the concordance be-
tween unknown genotype samples and selected references.

For HRM analysis, the melting curves were normalized
and the temperature shifted (temp-shifted) so that sam-
ples were comparable. The normalized and temp-shifted
melting curves corresponded to the final curve after nor-
malization. In this study, normalization was manually
adjusted. Normalized melting curves, melt curves, and
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TABLE 1. HRM Analysis Conditions for PKD2 Amplicons:
Temperature of Annealing and HRM Range

Amplicon Annealing temperature (◦C) HRM range (◦C)

Ex 1a 58 89–99
Ex 1c 60 77–90
Ex 2 58 73–85
Ex 3 59 75–88
Ex 4 60 79–89
Ex 5 62 78- 88
Ex 6 60 75–85
Ex 7 55 70–86
Ex 8 56 74–87
Ex 9 59 71–84
Ex 10 59 73–83
Ex 11 59 73–87
Ex 12 60 74–87
Ex 13 60 76–89
Ex 14 58 79–91
Ex 15 58 70–85

difference graphs were used to distinguish between the
wild-type and mutated/deviated samples. Amplicons that
produced an overlapping profile sample versus wild-type
control were not further evaluated. On the contrary, in
case of an amplicon sequence variation, the normalized
and temp-shifted melting curve had a different shape from
wild-type amplicon. All amplicons with a different de-
rived, normalized, and temp-shifted curve from wild-type
control were consequently sequenced.

Post-HRM sequence analysis

To verify and identify the PKD2 gene alterations pre-
sented by HRM, all de novo investigated samples were di-
rectly sequenced. Note that only mutant/polymorphism-
positive samples were further analyzed by sequencing
analysis using the same forward and reverse PCR primers
used for the real-time amplification. Sequencing analysis
was performed by direct Sanger sequencing method. The
sequencing process included purification of PCR products
using ExoSAP-IT (GE Healthcare Life Science, Buck-
inghamshine, UK); cycling sequencing reaction using
BigDye Terminator v1.1 kit (Applied Biosystem, Forster
City, CA), and final purification with Centrisep Columns
(Princeton Separations, Freehold, NJ), according to op-
erational manuals. The capillary electrophoresis was per-
formed by automated ABI PRISM 3130 Genetic Analyzer
(Applied Biosystem, Forster City, CA), according to the
manufacturer’s instructions.

Sequence Variation Analysis and Classification

Reference sequence of PKD2 was obtained from NCBI
RefSeq and all sequences were compared to this following

PKD2 reference sequence: NM 000297.2. The standard
nomenclature recommended by Human Genome Varia-
tion Society (HGVS; http://www.hgvs.org/mutnomen/)
was used to number nucleotides and name mutations
or variants (17). Nucleotide numbering reflects cDNA
numbering with +1 corresponding to the A of the ATG
traslantion initiation codon (codon 1) in the reference
sequence.

For previously described sequence variants, we reported
the clinical significance assessed in the Polycystic Kidney
Disease Mutation Database (18) and/or NCBI/Ensemble
databases.

Whenever a mutation was confirmed in a proband, first-
and second-degree relatives were tested for the identi-
fied variant in order to check the cosegregation with the
disease in the family.

RESULTS AND DISCUSSION

The extensive allelic heterogeneity in PKD1 and PKD2,
combined with the fact that no single mutation accounts
for >2% of ADPKD-affected families, requires mutation
screening methods for accurate molecular diagnosis
of ADPKD (14). Several indirect methods have been
developed to screen mutations in ADPKD subjects for
research and clinical purposes, including single-strand
confirmation polymorphism (SSCP) (19–21), denaturing
high-performance liquid chromatography (DHPLC)
(11), denaturing gradient gel electrophoresis (DGGE)
(22–24), RT-PCR (25), the protein truncation test
(26, 27), Transgenomics SURVEYOR Nuclease and
WAVE Nucleic Acid High-Sensitivity Fragment Analysis
(4), and HRM analysis (28). However, each of these
methods has limitations for detecting certain types of
gene variations and direct sequencing is still considered
the method of choice for mutation detection in many
laboratories.

The current work describes the evaluation of the HRM
performance and its utility as screening method in PKD2
gene. This genetic study was performed in search of muta-
tions in PKD2 gene in 16 PKD2-linked families, previously
analyzed by linkage analysis.

For the first time, Bataille et al. described the use of
HRM technique in ADPKD. They evidenced a good di-
agnosis rate of HRM in the identification of a mutation in
their cohort (including definitely pathogenic and probably
pathogenic mutations) (28).

With this method, only mutation/polymorphism-
positive samples need to be further analyzed, while others
can be considered wild type. HRM results were used as
the criterion to distinguish between positive and nega-
tive samples, considering their concordance by normal-
ized and derivative plots, where a particular wild- type
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sample was set as the reference and all other samples were
compared against this sample (29).

HRM demonstrated high reproducibility as evidence
by the large number of different wild-type samples and
duplicates of the same samples that are clustered tightly
in unique melting curves. More than 85% of amplicons
suspected to have a sequence variant after HRM analysis
carried one after sequencing, highlighting the specificity
of this technology. Overall, less than 10% of the PKD2
fragments analyzed by HRM were sequenced. Moreover,
we screened in a blind procedure 11 patients with known
variants previously identified by direct Sanger sequenc-
ing and HRM analysis recognized all of them. Using this
approach, all samples revealed absolute conformity with
direct sequencing, and sequence variants were 100% dis-
tinguished. Thus, HRM is efficient, sensitive, and spe-
cific for mutation screening in PKD2 gene. Furthermore,
HRM analysis reduced drastically the need for systematic
sequencing and the time of sequence analysis to identify
a sequence variation.

Additionally, HRM is the only method that is per-
formed in the same tube and in the same run used for
PCR amplification (without exposure to the environment,
thus avoiding the risk of contamination). HRM method
does not require post-PCR manipulation of samples as
in DNA sequencing technologies and conventional gel-
or HPLC-based scanning methods. Following real-time
amplification, the PCR products are melted and analyzed
in the same HRM instrument. Scanning of samples only
takes the time of a PCR plus approximately 10–15 min for
melting and analysis, so each sample only costs the price
of a PCR reaction plus the costs of intercalating fluores-
cent DNA-binding dye, which are cheaper than conven-
tional scanning and sequencing chemistries (30): HRMA
is more effective than full gene sequencing even for genes
with small amounts of exons (31).

Finally, the fact that the HRM dye does not inter-
fere during sequencing (32) accelerates the whole pro-
cess, and the entire assay (containing direct sequencing
of mutation/polymorphism-positive samples) can be per-
formed within a working day.

The quality of the HRM result is highly dependent on
the quality of DNA extraction and real-time amplifica-
tion. Therefore, the preparation of pure products is crucial
and a necessary prerequisite for correct HRM analysis. In
fact, complexity of genomic DNA as well as concentra-
tion of salts has been reported to affect HRM (33, 34).
It is, therefore, recommended to use DNA samples and
DNA controls that have been prepared using a common
extraction procedure.

We observed ten different variations: six single-
nucleotide polymorphisms (83G>C, 180G>A, IVS1–
16C>T, IVS3–22G>A, 1459T>C, 1830G>A) and four
mutations. The mutations detected by HRM analysis

and confirmed by sequencing were as follows: 1158T>A,
2159delA, 2224C>T, and 2533C>T. All of the mutations
and polymorphisms that were found had been previously
reported. We found the polymorphism 83G>C, resulting
in the substitution Arg28Pro, in four screened subjects;
the 180G>A synonymous substitution; the IVS1–16C>T
polymorphism; and the 1830G>A synonymous substitu-
tion one time. Twelve subjects were heterozygous for the
polymorphism IVS3–22G>A, and two were homozygous
for less-frequented allele. In two subjects from the same
family, we found the 1459T>C substitution, which
implies a change in the tyrosine (Tyr) to histidine (His) in
position 487 (Tyr487His).

The no-overlapping HRM profile in exon 5, found in af-
fected members of one of our PKD2 families, was caused
by a T-to-A transversion producing a stop mutation in
codon 386 (1158T>A, Y386X; Fig. 1).

We observed two strange HRM profiles in exon 11
(Fig. 2): electropherograms of these fragments shown, in
one case, a single adenosine deletion of 2159 nucleotide
in a polyadenosine tract, which results in a frameshift
with premature translational termination of polycystin-
2 and a C-to-T transition on 2224 nucleotide results in
nonsense substitution results in truncated C-terminus do-
main. This mutation causes the lack of polycystin-1 in-
teracting region, in fact polycystin-2 interacts through its
cytoplasmic carboxyl-terminal region with a coiled-coil
motif in the cytoplasmic tail of polycystin-1 (35).

In particular, the nonsense mutation 2533C>T in exon
14, resulting in R845X, was found in 8 of 16 families for a
total of 20 subjects (Fig. 3). These eight families were also
characterized by the same disease haplotype (CEN- VG2
(TG)22, VG3 (TA+GA)33, VG4 (CA)13, 2929 (AC)27, 1563
(TG)21-TEL) and came from the same area in the Veneto
region. In our opinion, the presence of a common hap-
lotype block and mutation in these apparently unrelated
families is compatible with the presence of a common an-
cestral founder and the hypothesis of a founder effect in
Vicenza province (36).

Our hypothesis is also based on historical and geograph-
ical context: this province is characterized and limited by
several isolated valleys that in past were not connected
with other nearby zones. It could be responsible for con-
sanguinity. If the ADPKD mutation is present in original
family, it is inherited subsequently. As these families re-
mained in the same geographical area for long period
many of the affected members may have originated from
the same native family. These data suggest that the spe-
cific mutation 2533C>T segregates in this geographically
isolated population.

By HRM analysis and linkage analysis, we excluded
ADPKD in 16 young subjects.

No pathogenic mutations were detected in 5 of 16 of our
families, although ADPKD was confirmed in all subjects
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Fig. 1. HRM analysis of exon 5 (HRM curve and sequencing); the no overlapping HRM profile was caused by 1158T>A mutation.

by clinical and imaging criteria. The unidentified ADPKD
mutations may involve genetic alterations that are not
detected with our predominantly exon-based screening
methods, such as changes in promoters and other dis-
tantly located regulatory regions (37) as well as changes in
regulatory elements, intronic changes that generate cryp-

tic splice sites or large rearrangements and large deletions
of gene segments. In addition, when there is somatic mo-
saicism, there may be different levels of a mutant allele in
different tissues. Therefore, a determination in peripheral
blood may not be descriptive of what is happening in the
kidneys (38). Lastly, some variants, that is missense, that

Fig. 2. HRM analysis of exon 11 (HRM curve and sequencing); we found two abnormal profiles and we identified two different mutations:
2159delA and 2224C>T.
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Fig. 3. HRM analysis of exon l4 (Melt graph, HRM curve, and sequencing); we found 2533C>T in 16 subjects from 8 of 16 PKD2 families
analyzed.

were classified as nonpathogenic by the current scoring
system may in fact represent hypomorphic variants: such
variants alone may result only in mild phenotype, but two
such variants in trans can cause typical to severe disease
(39).

CONCLUSION

We have developed a strategy for rapid molecular muta-
tion analysis of the PKD2 gene in ADPKD families, which
utilizes an HRM-based prescreening followed by direct
Sanger sequencing of amplicons with abnormal melting
profiles. This is a simple and good approach for PKD2
genotyping and dramatically reduces the number of sam-
ples that need to be sequenced, significantly decreasing
the amount of time needed to analyze the samples and
decreasing the overall financial costs for molecular diag-
nosis in ADPKD.

Future developments of this work include extending the
workflow to the major ADPKD gene, PKD1. In addition,
HRM technology allows genomic qPCR screening to be
performed for large deletions/duplications that represent
4% of ADPKD pathogenic variants (38). This will im-
prove molecular diagnosis in ADPKD by directly iden-
tifying large deletions/duplications that have not been
identified by HRM analysis or with sequencing.

Therefore, HRM analysis could prove to be a highly
integrated molecular diagnosis tool.
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