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METHODS

Masking Selected Sequence Variation
by Incorporating Mismatches Into
Melting Analysis Probes
Rebecca L. Margraf,1! Rong Mao,1,2 and Carl T. Wittwer1,2
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Communicated by Graham R. Taylor

Hybridization probe melting analysis can be complicated by the presence of sequence variation (benign
polymorphisms or other mutations) near the targeted mutation. We investigated the use of ‘‘masking’’ probes to
differentiate alleles with similar probe melting temperatures. Selected sequence variation was masked by
incorporating mismatches (deletion, unmatched nucleotide, or universal base) into hybridization probes at the
polymorphic location. Such masking probes create a probe/target mismatch with all possible alleles at the
selected polymorphic location. Any allele with additional variation at another site is identified by a lower probe
melting temperature than alleles that vary only at the masked position. This ‘‘masking technique’’ was applied to
RET protooncogene and HPA6 mutation detection using unlabeled hybridization probes, a saturating dsDNA
dye, and high-resolution melting analysis. Masking probes clearly distinguished all targeted mutations from
polymorphisms when at least 1 base pair (bp) separated the mutation from the masked variation. We were able
to mask polymorphisms immediately adjacent to mutations, except in certain cases, such as those involving
single-base deletion probes when both adjacent positions had the same polymorphic nucleotides. The masking
probes can also localize mutations to specific codons or nucleotide positions. Masking probes can simplify
melting analysis of complex regions and eliminate the need for sequencing. Hum Mutat 27(3), 269–278, 2006.
rr 2006 Wiley-Liss, Inc.
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INTRODUCTION

There are many methods for identifying point mutations,
including gel analysis after restriction enzyme digestion, allele-
specific PCR, microarrays, sequencing, and probe-based methods
that generate allele-specific melting curves [Bugalho et al., 2002;
de la Fuente et al., 2001; Kim et al., 2002; Kruckeberg and
Thibodeau, 2004; Roque et al., 2002; Ruiz et al., 2001b; Xue et al.,
1994]. The latter method uses hybridization probes, often of wild-
type sequence, to detect any sequence variation under the probe
by melting temperature (Tm). Mutation detection by hybridization
probe melting analysis is a rapid, closed-tube assay that does not
require any post-PCR sample processing. However, the need
for expensive fluorescently-labeled probes is a disadvantage of
this method.
High-resolution melting of PCR products in the presence of

saturating dsDNA binding dyes can detect and genotype most
sequence variation by differences in the shape and position of the
melting curve [Gundry et al., 2003; Liew et al., 2004; Wittwer
et al., 2003]. However, it is commonly believed that the extra
specificity of a probe is necessary for clinical diagnostic assays.
To provide probe specificity without the cost of fluorescently-
labeled probes, an unlabeled probe method was recently
introduced [Zhou et al., 2004]. This method requires three
oligonucleotides: two PCR primers and one internal probe, which
is 30 phosphorylated to prevent extension. The melting transition

of the unlabeled probe is monitored by the fluorescence of
LCGreens PLUS dye as the probe/target duplex melts.

When wild-type hybridization probes are used for genotyping,
melting analysis does not always distinguish the possible sequence
variations [Schutz et al., 2000; von Ahsen et al., 1999a;
Warshawsky et al., 2002; Zhou et al., 2004]. For example, the
wild-type hybridization probe used to detect the prothrombin
20210G4A mutation could not differentiate the sequence
variants of 20209C4T and 20221C4T [Warshawsky et al.,
2002]. Sequence variation under the detection probe can include
benign polymorphisms, sequence variants of undetermined
significance, and pathogenic mutations. One can sometimes
eliminate polymorphisms from analysis by changing the size or
location of the probe. In other cases this may not be possible,
depending on the position and number of polymorphisms relative
to the targeted mutation. Thermodynamic predictions suggest that
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32% of all single-base mismatches with wild-type probes have a Tm

within 711C of a targeted mutation [Schutz et al., 2000]. Since
unique alleles can have nearly the same Tm with detection probes
[Lyon et al., 1998; Schutz et al., 2000; von Ahsen et al., 1999a,b;
Warshawsky et al., 2002; Zhou et al., 2004], there is a risk of
interpreting polymorphisms as mutations or mutations as poly-
morphisms. Polymorphisms may occur near targeted mutations
across the entire genome, since about 90% of human sequence
variation is due to SNPs, with one SNP per 100–300 base pairs
(bp) [Collins et al., 1998; Orban et al., 2000].
In this study we systematically evaluated techniques for masking

nontargeted sequence variation in melting curve analysis using
hybridization probes. The probes were designed with a ‘‘mask’’ over
the nontargeted sequence variation to create an artificial
mismatch with all possible alleles. Wild-type and masked variant
alleles have a single mismatch with the probe and a similar Tm.
In contrast, the targeted mutation results in an additional
mismatch with the probe and a lower Tm than the wild-type and
masked alleles. This report demonstrates the use of three types of
masking probes: probes with deletions (1–3 bp), probes that
incorporate a universal base, and probes with an unmatched
nucleotide that does not complement the possible nucleotides at
the masked, polymorphic location. This ‘‘masking technique’’ was
demonstrated with the RET proto-oncogene (MIM] 164761) and
human platelet antigen type 6 (HPA6), where polymorphisms are
near or immediately adjacent to targeted mutations [Ceccherini
et al., 1994; Eng and Mulligan, 1997; Stenson et al., 2003; Wang
et al., 1993]. This technique was also used to identify the location
of sequence variation under the probe.

MATERIALSANDMETHODS
Samples

Mutations in RET exons 10, 11, 13, 14, 15, and 16 cause
multiple endocrine neoplasia type 2 (MEN2) disorders: MEN2A,
FMTC (MIM] 171400), and MEN2B (MIM] 162300). The most
common mutations for MEN2 are in exon 10 (codons 609, 611,
618, and 620) and exon 11 (codons 630 and 634), which accounts
for 95% of MEN2A and !85% of FMTC. The rest of the MEN2
mutations are spread over exons 13, 14, 15, and 16, with the exon
16 mutation at codon 918 resulting in 98% of MEN2B [Hansford
and Mulligan, 2000] (Wiesner and Snow-Bailey, GeneReviews for
MEN2, www.geneclinics.org, accessed February 2004). Only the
RET exons 10, 11, and 13 are used in this report.
De-identified wild-type and RET variant genomic DNA samples

were obtained from the Mayo Clinic (Rochester, MN) with
institutional review board approval, and were amplified by the
GenomiPhiTM protocol (Amersham Biosciences, Piscataway, NJ).
All RET genotypes were confirmed by sequence analysis and
comparison with the RET genomic sequence in GenBank
AJ243297.1. The generated PCR products were sequenced
with BigDye terminator chemistry (Applied Biosystems, Foster
City, CA).
All of the RET sequence variation tested in this study resulted

from a single nucleotide change (Table 1). The RET variants that
alter RET function to cause MEN2 syndromes are mutations,
while benign variants that are not causative of MEN2 syndromes
are called polymorphisms [Borrego et al., 1999; Ceccherini et al.,
1994; Elisei et al., 2004; Eng and Mulligan, 1997; Ruiz et al.,
2001a; Stenson et al., 2003]. In this report, a RET mutant
nucleotide change is indicated in bold, while a nucleotide change
that results in a benign polymorphism is underlined. All variant
RET samples were heterozygous for mutations or polymorphisms

unless otherwise stated. The cDNA nucleotide position for RET
sequence variation was derived using RET mRNA from GenBank
accession number NM_020630.3 (nucleotide 11 is the ‘‘A’’ of
the ATG start codon) as listed in Table 1. RET exon 13 has a
reported mutation at codon 768 (c.2304G4C) and a common
benign polymorphism within codon 769 (c.2307T4G) [Ceccherini
et al., 1994; Elisei et al., 2004; Eng and Mulligan, 1997;
Stenson et al., 2003]. RET exons 10 and 11 have possible
mutations at codons 609, 611, 618, 620, 630, and 634, which
include all possible nucleotide changes from the wild-type codon
nucleotide sequence ‘‘TGC’’ for the amino acid cysteine (Table 1)
[Ceccherini et al., 1994; Stenson et al., 2003]. Exon 11 has a
polymorphism within codon 631 (c.1893C4T) [Kruckeberg
and Thibodeau, 2004].

The HPA6 locus is found in the beta-3 integrin gene, which is
also called the glycoprotein IIIa gene (MIM] 173470 and Genbank
accession number M57489.1). The HPA6 targeted sequence
variation (c.1544G4A) is immediately adjacent to the poly-
morphic nucleotide c.1545G4A or C, with 63%, 37%, and o1%
allelic frequencies, respectively [Wang et al., 1993; Zimrin et al.,
1990]. Homozygous HPA6 templates were engineered from
de-identified patient genomic DNA [Barik, 1998] and included
all possible combinations of wild-type, mutant, and neighboring
polymorphic sequences [Liew et al., in press]. The HPA6 allelic
sequences are listed by the c.1544 nucleotide followed by the
c.1545 nucleotide (GG, GC, GA, AA, AC, and AG) for simplicity
in the text and figure. These alleles correspond to wild-type
sequence, c.1545G4C, c.1545G4A, c.[1544G4A; 1545G4A],
c.[1544G4A; 1545G4C], and c.1544G4A, respectively.
All homozygous artificial templates were sequenced to confirm
the genotype.

TABLE 1. SequenceVariation in theRETProtooncogene

RETexon Codon Protein changea
Nucleotide
changeb

10 609 p.C609Y c.1826G4A
p.C609S c.1826G4C

611 p.C611R c.1831T4C
p.C611Y c.1832G4A
p.C611F c.1832G4T

618 p.C618R c.1852T4C
p.C618G c.1852T4G
p.C618Y c.1853G4A
p.C618S c.1853G4C
p.C618F c.1853G4T

620 p.C620S c.1858T4A
p.C620Y c.1859G4A
p.C620S c.1859G4C
p.C620F c.1859G4T
p.C620W c.1860C4G

11 631 p.D631D c.1893C4T
634 p.C634S c.1900T4A

p.C634R c.1900T4C
p.C634G c.1900T4G
p.C634Y c.1901G4A
p.C634S c.1901G4C
p.C634F c.1901G4T
p.C634W c.1902C4G

13 768 p.E768D c.2304G4C
769 p.L769L c.2307T4G

aFor all cysteines listed, the codonwild-type DNA sequence is‘‘TGC.’’
bNucleotide position of sequence variation using RETcDNA sequence de-
rived fromRETmRNAGenBankNM_020630.3,where nucleotide11is the
‘‘A’’ of the ATG start codon. Sequence variation is heterozygous unless
otherwise stated in the text. Pathogenic mutations are in bold, while be-
nign polymorphisms are underlined.
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Primers and Probes

The primers and probes were synthesized at Integrated DNA
Technology (IDT, Coralville, IA). The primer locations for the
different RETexons were chosen to create amplicons that included
all known pathogenic mutations and, if possible, to exclude any
benign polymorphisms from analysis [Ceccherini et al., 1994; Eng
and Mulligan, 1997; Stenson et al., 2003]. Primers were designed
using Primer 3 software (http://frodo.wi.mit.edu/cgi-bin/primer3/
primer3_www.cgi, accessed March 2004).

The probes were 30 phosphorylated to prevent extension during
PCR. The universal base masking probes contained a 5-nitroindole
at the masking site [Loakes, 2001]. The primer and wild-type
probe sequences are listed in Table 2. The masking probe type,
masking position, and location of the polymorphic sequences are
diagrammed in each figure.

PCR

Sample DNA was amplified by asymmetric PCR to increase the
amount of single-stranded DNA product for hybridization with the
unlabeled probe [Zhou et al., 2004]. Asymmetric PCR used the
LightCycler FastStart DNA master hybridization probe kit (Roche
Diagnostics Corp., Indianapolis, IN) and 1mL of purified DNA
(50–100 ng) with a final reaction volume of 10 mL. PCR included
1" FastStart master hybridization mix, 2 mM of MgCl2, 0.5 mM
excess primer, 0.05 mM limiting primer, 0.01 U/mL Uracil-DNA
glycosylase (Roche Molecular, Indianapolis, IN), 0.5 mM unlabeled
probe and 1" LCGreens PLUS (Idaho Technology, Salt Lake
City, UT). The reverse primer was in excess for exons 10 and 13,
while the forward primer was in excess for exon 11.

Thermocycling for the RET exons was performed on a Light-
Cyclers (Roche) and included a uracil-DNA glycosylase step at
501C for 10min, polymerase activation at 951C for 10min, and 60
PCR cycles consisting of denaturation at 951C for 1 sec, annealing
at 621C for 1 sec, and extension at 721C for 10 sec. HPA6 was
amplified with the same protocol, except that a 681C annealing
temperature was used for 55 PCR cycles with a 9:1 (forward to
reverse) asymmetric primer ratio. After PCR, unlabeled probes
were hybridized to the target single-stranded DNA by heating to
951C followed by rapid cooling of the samples to 401C.

High-Resolution Melting

Analysis was performed on a high-resolution melting instru-
ment, the HR-1TM (Idaho Technology, Salt Lake City, UT). The
LightCycler capillaries were transferred into the HR-1 and heated
at 0.31C/sec. Melting data for RET exons were acquired between
551C and 951C, and for HPA6 between 651C and 951C. The
melting data was directly converted to a derivative plot (–dF/dT
vs. temperature) with the HR-1 software. The temperature at the
highest –dF/dT value of the derivative melting peak was used as
the Tm. The Tm difference (DTm) is the difference in Tm between
the wild-type allele and the variant allele [Lyon, 2001].

Although only one patient sample per genotype (Table 1) was
available for this study, there were multiple wild-type samples. For
each of the wild-type or masking probes tested, the multiple wild-
type samples had nearly identical derivative melting curves with
Tms that were within 0.251C of each other. This is demonstrated
in Figure 3 (three panels on the right), in which five individual
wild-type samples are shown with the wild-type and masking
probes. For simplicity, only one wild-type sample trace is shown in
the other figures.
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RESULTS
Masking Polymorphisms NearTargeted Mutations

RETexon 13 has a common benign polymorphism of 0.26 allelic
frequency separated by 2 bp from a rare pathogenic mutation

(Fig. 1A) [Ceccherini et al., 1994; Elisei et al., 2004; Eng and
Mulligan, 1997; Stenson et al., 2003]. Both the polymorphism and
the targeted mutation have one mismatch with the wild-type
probe, which resulted in similar probe melting temperatures
(Fig. 1B). Masking probes that incorporated a universal base,
deletion, or unmatched nucleotide over the nontargeted poly-
morphism location within codon 769 (c.2307T4G) were
evaluated for RET exon 13 (Fig. 1C–F). The unmatched
nucleotides used for the masking probes did not complement the
possible nucleotides at the polymorphism location (noncoding
strand: A or C). Each masking probe reduced all possible alleles to
one mismatch status with the probe, creating a nearly identical Tm

for the masked polymorphism allele as for the wild-type allele. The
targeted mutant allele had an additional mismatch with the
masking probes, and was clearly distinguished by a 41C lower Tm

than the wild-type or masked polymorphism alleles.
Since the codon 769 nonpathogenic polymorphism is commonly

found in the general population, 16 random non-MEN2 patient
samples were tested with the Exon 13 wild-type and masking probe
(data not shown). With the wild-type probe, eight samples were
wild-type and eight had one or both alleles with a lower Tm than
the wild-type allele. With the masking probe, all 16 samples had
similar Tms as the wild-type control and nearly identical derivative
melting curves, indicating wild-type or masked polymorphism
alleles. With only the wild-type probe data, 50% of the unknown
samples would have been sequenced due to the detected sequence
variations; however sequencing was not necessary because the
masking probe identified all sequence variations as heterozygous/
homozygous for the common exon 13 polymorphism.

RETexon 11 has two codons of possible pathogenic mutations at
630 and 634, and a polymorphism within codon 631 [Kruckeberg
and Thibodeau, 2004]. To analyze the two pathogenic codons but
not the codon 631 polymorphism, we tested a masking deletion
and two unmatched nucleotide probes (Fig. 2). With all three
probes, the codon 631 polymorphism allele was masked from
analysis with a nearly identical Tm as the wild-type allele, which
allowed the lower Tm mutant alleles to be clearly detected.

Locating the Position of Sequence
Variation Under Probes

Masking probes can locate the position of a mutation to a
particular sequence location. RET exon 10 mutations are mainly
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FIGURE 1. Masking a polymorphism near the targeted mutation.
A:The diagram illustrates RETexon 13 with the pathogenic co-
don 768 in red and the polymorphism codon 769 in blue.The X
represents the location of the sequence variation within the co-
dons. For the codon 769 polymorphism (c.2307T4G), the nu-
cleotide sequence for the complementary strand is displayed
(n.A4C). The masking probes have a wild-type sequence with
an incorporated mismatch of a universal base, unmatched nu-
cleotide, or deletion at the polymorphism location, represented
by theV.The graphs (B^F) are derivative plots of high-resolution
melting analysis data using unlabeled probes. In each graph the
black curve is homozygous wild-type, the red curve is the hetero-
zygous mutation within codon 768 (c.2304G4C), the dark blue
curve is heterozygous for the codon 769 polymorphism, and the
light bluecurve is homozygous for thecodon 769 polymorphism.
TwoTm ranges areunderlinedoneachpanel, listingwhich alleles
melted at each Tm range. B: The wild-type probe (WT exon
13 probe) was used over codons 768 and 769. Heterozygous
samples have two derivative melting peaks, while homozygous
samples have only one peak.The codon 769 polymorphismwas
masked by four di¡erent masking probes: (C) deletion probe,
(D) universal base probe (5-nitroindole), (E) unmatched nucleo-
tide‘‘A’’probe, or (F) unmatched nucleotide‘‘C’’probe.
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restricted to four pathogenic codon locations: 609, 611, 618, and
620 [Ceccherini et al., 1994; Eng and Mulligan, 1997; Stenson
et al., 2003]. Both wild-type probes (over two pathogenic codons
each) can detect mutations but cannot identify which codon

contains the mutation due to nearly identical Tms (Fig. 3B and E).
Figure 3 demonstrates how the codon of exon 10 mutations can be
located. Masking probes were designed with a 3-bp deletion over
one of the codons. An allele with a mutation within the masked
codon will have the same Tm as the wild-type allele. However, any
mutation outside of the masked location will have an additional
mismatch with the codon deletion probe and result in a lower Tm.
In each case, mutations within the masked codons were as stable
as the wild-type allele, whereas alleles with the mutation outside of
the masked codon were clearly identified by lower Tms.

Masking SequenceVariation Immediately
Adjacent to the Targeted Mutation

The positional effects of single-base masking deletions in the
probe relative to targeted mutations are shown in Figure 4. Five
different single-base deletion probes were designed across RET
exon 11 codon 634 of wild-type nucleotide sequence ‘‘TGC.’’
Alleles with mutations in the second position of codon 634 (‘‘blue
mutations,’’ c.1901G4A, C and T) had a Tm 3–41C below the
wild-type allele with all probes (Fig. 4B–E, and G), except with one
of the deletion probes (probe 4, Fig. 4F). This probe deletion was
over the mutation site, which masked all the codon 634 second
position mutations (at c.1901) and resulted in a similar Tm as the
wild-type allele. Similarly, a mutation at the third position of
codon 634 (‘‘light blue mutation,’’ c.1902C4G) had a Tm 2–31C
below the wild-type allele with all probes (Fig. 4B–F), except when
the deletion was over the mutation site, masking only this
mutation (Fig. 4G). Mutations at the first position of codon 634
(‘‘red mutations,’’ c. 1900T4A, C, and G) were also masked by
probes with a deletion over the mutation site (Fig. 4E). However,
when the deleted base was immediately adjacent to these
mutations (Fig. 4D and 4F), the Tms of the mutations were very
similar (within 0.81C) to the wild-type Tm.

The HPA6 c.1544G4A mutation is immediately adjacent to
the polymorphism c.1545G4A or C. Deletion probes, rather than
universal base or unmatched probes, resulted in the greatest Tm

separation of mutant and wild-type sequences (Fig. 5 and data not
shown). Although the wild-type probe separated all wild-type and
mutant alleles by 11C, use of the masking deletion probe increased
this separation to 31C, with one exception (Fig. 5). The wild-type
‘‘GA’’ and the mutant ‘‘AG’’ allelic nucleotide sequences resulted
in very similar Tms (Fig. 5B), and both these alleles are predi-
cted to have only a single ‘‘A’’ bulge with the masking deletion
probe (Fig. 5C).
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dons. A: The diagram illustrates RET exon 11 with pathogenic
codons 630 and 634 shown in red. Codon 631 is blue with an X
to represent the location of polymorphism.The masking probes
have a wild-type sequence that incorporates either a deletion or
an unmatched nucleotide at the polymorphism location, repre-
sented by theV.The graphs (B^E) are derivative plots of high-re-
solution melting analysis data using unlabeled probes. In each
graph the black curve is homozygous wild-type, the red curves
are three unique heterozygous mutations within codon 634
(c.1900T4C, c.1900T4G, and c.1901G4C), and the blue curve
is heterozygous for the codon 631polymorphism (c.1893C4T).
TwoTm ranges are underlined on each graph panel, listingwhich
allelesmelted at eachTm range. B:Thewild-type probe (WTexon
11 probe), over codons 630, 631, and 634.The codon 631 poly-
morphismwasmaskedby threedi¡erentmaskingprobes: (C) de-
letion probe, (D) unmatched nucleotide ‘‘T,’’and (E) unmatched
nucleotide‘‘C’’probe.
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DISCUSSION

Unlabeled masking probes and high-resolution melting analysis
can detect, locate, and genotype a mutation in the background of
other mutations or polymorphisms. The designed masking probe
has only a selected position(s) masked, allowing detection of
multiple possible known or novel mutations at other positions
under the probe. Masking can be achieved with universal bases,
deletions, or unmatched nucleotides over a nontargeted poly-
morphic region, so that targeted pathogenic mutations can be
clearly identified. The ability of universal bases (DNA base
analogs) to increase the tolerance of probes or primers to
polymorphic sequences is well known [Loakes, 2001; Szemes and
Schoen, 2003]. The deletion and unmatched nucleotide probes
often performed as well as the more expensive universal base
probes, as judged by the difference in Tm between the wild-type
and masked alleles. When unmatched nucleotide probes are used
for masking, one unmatched nucleotide can be better than the
other, as predicted by nearest-neighbor thermodynamics of
mismatches [Breslauer et al., 1986; Peyret et al., 1999].

Hybridization probe assays have advantages over other mutation
detection assays (such as allelic-specific PCR, temperature
gradient capillary electrophoresis, or restriction enzyme digestion
of PCR products) because they use a closed-tube, rapid assay that
can detect multiple sequence variations under the probe without
additional manipulation of the PCR amplicon. Detection of
multiple sequence variations under the probe can be a disadvan-
tage of some hybridization probe melting assays, if the wild-type
probes cannot distinguish the possible mutations and polymorph-
isms [von Ahsen et al., 1999b; Warshawsky et al., 2002; Zhou
et al., 2004]. If multiple unique alleles are likely and their probe
Tms are similar, it is not possible to achieve definitive genotyping
without further analysis. For example, RET exon 13 contains a
benign polymorphism and a mutation with similar Tm (Fig. 1). The
masking technique provided unambiguous genotyping of the
targeted mutation during melting analysis, and thus prevented
the polymorphism from being interpreted as a mutation.
Mismatches introduced by the masking probes cause all alleles
to shift to a lower Tm, but the DTm between the mutant and wild-
type alleles are generally unchanged or slightly increased.

Hybridization probe melting assays can use probes that
complement the targeted mutation to distinguish the mutant
allele from other sequence variation [Lyon, 2001]. By using
mutation-specific probes, the mutant alleles are perfectly matched,
while wild-type alleles have one mismatch. Single-base
polymorphisms under the probe, not at the position of the
mutation, will result in two mismatches with the mutation-specific
probe, as long as the mutation and polymorphism are not in cis.
If the mutation and polymorphism are on the same allele,
one mismatch results and there is a risk of misinterpreting
the mutation as wild-type. Another possible disadvantage of
mutation-specific probes occurs when mutations result from more
than one base change at the same nucleotide position (e.g.,
n.G4A, T, or C). If only one mutation-specific probe is used,
other mutations at the same nucleotide position will result in a
single mismatch with the probe and could be interpreted as wild-
type. Masking probes can decrease the number of probes needed
for mutation detection and decrease the risk of aberrant results
that may be generated with melting analysis using the mutation-
specific probe. If masking mismatches are incorporated into
mutation-specific probes, the detected mutations can be con-
firmed while masking other nearby mutations or polymorphisms
that would complicate analysis.
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FIGURE 5. Masking immediately adjacent sequence variation
with deletion probes. Homozygous engineered templates of
six di¡erent combinations of the c.1544G4A mutation and
adjacent polymorphism sequences (c.1545G4A or C) were
tested: GA, GC, GG, AA, AC, and AG.The three mutant sample
traces are in gray (AA, AC, and AG), while the three wild-
type sample traces are in black (GA, GC, and GG). A:The wild-
type probe (WT HPA6 probe). B: Masking deletion probe.The
mutant ‘‘AG’’ allele with a Tm suggesting wild-type is shown in
bold typeon thegraph.C:Theproposedduplexes of the two geno-
types with very similarTms are displayed.The target sequences
are shown above the complementary masking deletion probe
sequence, with themutation location (MUT) and polymorphism
location (POLY) indicated. The dash (^) indicates the position
of the probe deletion, which is located opposite the unpaired,
bulged base. For the mutant ‘‘AG’’ allele with the masking
deletion probe, the expected duplex with a mismatch and a
single-base bulge at the polymorphism position is displayed
above the predicted duplex, with only a single-base bulge at the
mutant position. For both the wild-type ‘‘GA’’allele and mutant
‘‘AG’’allele, the single-base bulge ‘‘A’’ is surrounded by matched
base pairs, resulting in similar Tms.
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Masking probes can be used to analyze one mutation at a time
in complicated gene sequences, or to locate the mutation to a
codon (as demonstrated for RET exon 10 in Fig. 3) or a single
nucleotide position (as demonstrated for exon 11 in Fig. 4). When
mutations in one codon are masked with a 3-bp deletion,
mutations within the other codon are identified by a lower Tm.
However, any other sequence variation not at the two pathogenic
codons would be clearly identified by an additional mismatch with
both masking codon deletion probes (data not shown). If single-
base deletion probes are used, the exact nucleotide position of the
mutation can usually be identified.
Masking probes that incorporate a deletion, universal base, or

unmatched nucleotide can be used when at least one matched
base pair is between the sequence variation and the targeted
mutation. Aberrant results were sometimes obtained when
immediately adjacent sequence variation was masked with
deletion probes. For example, when the deleted base was
immediately adjacent to mutations at the first position of codon
634 (Fig. 4), the mutant and wild-type alleles had similar stability.
Using an unmatched ‘‘T’’ or ‘‘G’’ nucleotide for masking instead of
the deletion allowed us to make a clear distinction between the
mutant and wild-type alleles (data not shown). An additional
limitation of using deletion probes to mask immediately adjacent
sequence variation is illustrated in Figure 5C. Single-base deletion
probes create a single-base bulge in the target DNA strand, usually
at the position opposite the deleted base, but the bulge can be at
alternate positions depending on the nearest neighbors [Zhu and
Wartell, 1999]. An immediately adjacent mutation would be
expected to result in further destabilization (a mismatch next to a
single-base bulge). However, if the mismatched nucleotide in the
probe can complement the otherwise bulged base in the target,
then the position of the bulge will ‘‘shift,’’ resulting in a single-base
bulge surrounded by matched pairs. In this case both the wild-type
and mutant duplexes have a similar stability (both single-base
bulges). Such a situation cannot be avoided when the possible
nucleotides for the mutation and the adjacent polymorphism are
the same (e.g., both n.G4A). In other cases one can usually avoid
this complication by choosing a probe sequence (wild-type or
mutant nucleotide) that will not complement the possible adjacent
bulged nucleotides. Alternatively, a masking probe with an
unmatched nucleotide or universal base at the polymorphism
location can be used.
The masking technique should also be useful with other probe

designs, including Hybprobess, EclipseTM probes, SimpleProbess,
and TaqmanTM probes [Bernard et al., 1998; Lyon, 2001; Lyon
et al., 1998; Schutz et al., 2000; Szemes and Schoen, 2003;
Teupser et al., 2001; Warshawsky et al., 2002]. Artificial
mismatches in probes at nonpolymorphic locations have been
used to increase discrimination between mutant and wild-type
alleles [Guo et al., 1997; Lyon, 2001; Teupser et al., 2001],
indicating that these probes should tolerate mismatches incorpo-
rated for masking. The masking probe length may have to be
increased if the incorporated mismatches reduce the hybridization
temperature of the probe to a degree that compromises detection.
Microarrays could also benefit from the masking technique

[Erali et al., 2003]. Masking probes could be designed to tolerate
only benign polymorphisms, allowing detection of wild-type and
mutant alleles. Mismatches have been introduced at nonpoly-
morphic locations in microarray probes to increase probe
specificity to the target [Lee et al., 2004], and a systematic
analysis of the hybridization properties of mismatched microarray
probes was recently reported [Karaman et al., 2005]. These
reports suggest that microarray probes should tolerate masking

mismatches over selected sequence variation for specific analyses
of neighboring sequences.

The masking technique allows targeted mutations to be
genotyped within a complicated background of multiple possible
sequence variations. Regions that were previously difficult to
analyze with probes because of surrounding polymorphisms or
several possible mutations can now be analyzed using the masking
technique. The use of masking probes reduces the need for
sequencing in many genotyping assays.

ACKNOWLEDGMENTS

We thank Idaho Technology for providing the dye, LCGreens

PLUS. Aspects of high-resolution melting analysis are licensed to
Idaho Technology by the University of Utah. Dr. Carl T. Wittwer
holds equity interest in Idaho Technology. We thank Dr. W. Ed
Highsmith and Leonard M. Holtegaard for the wild-type and
RET variant DNA samples. We thank Dr. Karl Voelkerding and
Maria Erali for helpful discussions and reviewing the manuscript,
Dr. Michael Liew for the HPA6 templates, and Dr. Yuan-Pei Xin
for technical assistance.

REFERENCES

Barik S. 1998. Mutagenesis by megaprimer. In: Horton RM, Tait
RC, editors. Genetic engineering with PCR. Wymondham, UK:
Horizon Scientific Press. p 25–37.

Bernard PS, Ajioka RS, Kushner JP, Wittwer CT. 1998. Homo-
geneous multiplex genotyping of hemochromatosis mutations
with fluorescent hybridization probes. Am J Pathol 153:
1055–1061.

Borrego S, Saez ME, Ruiz A, Gimm O, Lopez-Alonso M, Antinolo
G, Eng C. 1999. Specific polymorphisms in the RET proto-
oncogene are over-represented in patients with Hirschsprung
disease and may represent loci modifying phenotypic expression.
J Med Genet 36:771–774.

Breslauer KJ, Frank R, Blocker H, Marky LA. 1986. Predicting
DNA duplex stability from the base sequence. Proc Natl Acad
Sci USA 83:3746–3750.

Bugalho MJ, Domingues R, Sobrinho L. 2002. The minisequencing
method: a simple strategy for genetic screening of MEN 2
families. BMC Genet 3:8.

Ceccherini I, Hofstra RM, Luo Y, Stulp RP, Barone V, Stelwagen T,
Bocciardi R, Nijveen H, Bolino A, Seri M, Ronchetto P, Pasini B,
Bozzano M, Buys HCM, Romeo G. 1994. DNA polymorphisms
and conditions for SSCP analysis of the 20 exons of the ret
proto-oncogene. Oncogene 9:3025–3029.

Collins FS, Brooks LD, Chakravarti A. 1998. A DNA polymorph-
ism discovery resource for research on human genetic variation.
Genome Res 8:1229–1231.

de la Fuente M, Quinteiro C, Dominguez F, Loidi L. 2001.
LightCycler PCR assay for genotyping codon 634 mutations in
the RET protooncogene. Clin Chem 47:1131–1132.

Elisei R, Cosci B, Romei C, Bottici V, Sculli M, Lari R, Barale R,
Pacini F, Pinchera A. 2004. RET exon 11 (G691S) poly-
morphism is significantly more frequent in sporadic medullary
thyroid carcinoma than in the general population. J Clin
Endocrinol Metab 89:3579–3584.

Eng C, Mulligan LM. 1997. Mutations of the RET proto-oncogene
in the multiple endocrine neoplasia type 2 syndromes, related
sporadic tumours, and Hirschsprung disease. Hum Mutat 9:
97–109.

HUMAN MUTATION 27(3), 269^278,2006 277

Human Mutation DOI 10.1002/humu



Erali M, Schmidt B, Lyon E, Wittwer C. 2003. Evaluation of
electronic microarrays for genotyping Factor V, Factor II, and
MTHFR. Clin Chem 49:732–739.

Gundry CN, Vandersteen JG, Reed GH, Pryor RJ, Chen J, Wittwer
CT. 2003. Amplicon melting analysis with labeled primers: a
closed-tube method for differentiating homozygotes and hetero-
zygotes. Clin Chem 49:396–406.

Guo Z, Liu Q, Smith LM. 1997. Enhanced discrimination of single
nucleotide polymorphisms by artificial mismatch hybridization.
Nat Biotechnol 15:331–335.

Hansford JR, Mulligan LM. 2000. Multiple endocrine neoplasia
type 2 and RET: from neoplasia to neurogenesis. J Med Genet
37:817–827.

Karaman MW, Groshen S, Lee CC, Pike BL, Hacia JG. 2005.
Comparisons of substitution, insertion and deletion probes for
resequencing and mutational analysis using oligonucleotide
microarrays. Nucleic Acids Res 33:e33.

Kim IJ, Kang HC, Park JH, Ku JL, Lee JS, Kwon HJ, Yoon KA,
Heo SC, Yang HY, Cho BY, Kim SY, Oh SK, Youn YK, Park DJ,
Lee MS, Lee KW, Park JG. 2002. REToligonucleotide microarray
for the detection of RET mutations in multiple endocrine
neoplasia type 2 syndromes. Clin Cancer Res 8:457–463.

Kruckeberg KE, Thibodeau SN. 2004. Pyrosequencing technology
as a method for the diagnosis of multiple endocrine neoplasia
type 2. Clin Chem 50:522–529.

Lee I, Dombkowski AA, Athey BD. 2004. Guidelines for
incorporating non-perfectly matched oligonucleotides into
target-specific hybridization probes for a DNA microarray.
Nucleic Acids Res 32:681–690.

Liew M, Pryor R, Palais R, Meadows C, Erali M, Lyon E, Wittwer
C. 2004. Genotyping of single-nucleotide polymorphisms by
high-resolution melting of small amplicons. Clin Chem 50:
1156–1164.

Liew M, Nelson L, Margraf R, Mitchell S, Erali M, Mao R, Lyon E,
Wittwer C. Genotyping of human platelet antigens 1–6 and 15
by high-resolution amplicon melting and conventional hybridi-
zation probes. J Mol Diagn (in press).

Loakes D. 2001. Survey and summary: the applications of universal
DNA base analogues. Nucleic Acids Res 29:2437–2447.

Lyon E, Millson A, Phan T, Wittwer CT. 1998. Detection and
identification of base alterations within the region of Factor V
Leiden by fluorescent melting curves. Mol Diagn 3:203–209.

Lyon E. 2001. Mutation detection using fluorescent hybridization
probes and melting curve analysis. Expert Rev Mol Diagn 1:
92–101.

Orban TI, Csokay B, Olah E. 2000. Sequence alterations can mask
each other’s presence during screening with SSCP or hetero-
duplex analysis: BRCA genes as examples. Biotechniques 29:
94–98.

Peyret N, Seneviratne PA, Allawi HT, SantaLucia J Jr. 1999.
Nearest-neighbor thermodynamics and NMR of DNA se-
quences with internal A.A, C.C, G.G, and T.T mismatches.
Biochemistry 38:3468–3477.

Roque M, Pusiol E, Perinetti H, Godoy CP, Mayorga LS. 2002. A
PCR-mutagenesis strategy for rapid detection of mutations in
codon 634 of the ret proto-oncogene related to MEN 2A. BMC
Med Genet 3:4.

Ruiz A, Antinolo G, Fernandez RM, Eng C, Marcos I, Borrego S.
2001a. Germline sequence variant S836S in the RET proto-

oncogene is associated with low level predisposition to sporadic
medullary thyroid carcinoma in the Spanish population. Clin
Endocrinol (Oxf) 55:399–402.

Ruiz A, Antinolo G, Marcos I, Borrego S. 2001b. Novel technique
for scanning of codon 634 of the RET protooncogene with
fluorescence resonance energy transfer and real-time PCR in
patients with medullary thyroid carcinoma. Clin Chem 47:
1939–1944.

Schutz E, von Ahsen N, Oellerich M. 2000. Genotyping of eight
thiopurine methyltransferase mutations: three-color multiplex-
ing, ‘‘two-color/shared’’ anchor, and fluorescence-quenching
hybridization probe assays based on thermodynamic nearest-
neighbor probe design. Clin Chem 46:1728–1737.

Stenson PD, Ball EV, Mort M, Phillips AD, Shiel JA, Thomas NS,
Abeysinghe S, Krawczak M, Cooper DN. 2003. Human Gene
Mutation Database (HGMD): 2003 update. Hum Mutat 21:
577–581.

Szemes M, Schoen CD. 2003. Design of molecular beacons for
AmpliDet RNA assay–characterization of binding stability and
probe specificity. Anal Biochem 315:189–201.

Teupser D, Rupprecht W, Lohse P, Thiery J. 2001. Fluorescence-
based detection of the CETP TaqIB polymorphism: false
positives with the TaqMan-based exonuclease assay attributable
to a previously unknown gene variant. Clin Chem 47:852–857.

von Ahsen N, Oellerich M, Armstrong VW, Schutz E. 1999a.
Application of a thermodynamic nearest-neighbor model to
estimate nucleic acid stability and optimize probe design:
prediction of melting points of multiple mutations of apolipo-
protein B-3500 and Factor V with a hybridization probe
genotyping assay on the LightCycler. Clin Chem 45:2094–2101.

von Ahsen N, Schutz E, Armstrong VW, Oellerich M. 1999b.
Rapid detection of prothrombotic mutations of prothrombin
(G20210A), Factor V (G1691A), and methylenetetrahydrofo-
late reductase (C677T) by real-time fluorescence PCR with the
LightCycler. Clin Chem 45:694–696.

Wang R, McFarland JG, Kekomaki R, Newman PJ. 1993. Amino
acid 489 is encoded by a mutational ‘‘hot spot’’ on the beta 3
integrin chain: the CA/TU human platelet alloantigen system.
Blood 82:3386–3391.

Warshawsky I, Hren C, Sercia L, Shadrach B, Deitcher SR,
Newton E, Kottke-Marchant K. 2002. Detection of a novel
point mutation of the prothrombin gene at position 20209.
Diagn Mol Pathol 11:152–156.

Wittwer CT, Reed GH, Gundry CN, Vandersteen JG, Pryor RJ.
2003. High-resolution genotyping by amplicon melting analysis
using LCGreen. Clin Chem 49(6 Pt 1):853–860.

Xue F, Yu H, Maurer LH, Memoli VA, Nutile-McMenemy N,
Schuster MK, Bowden DW, Mao J, Noll WW. 1994. Germline
RET mutations in MEN 2A and FMTC and their detection by
simple DNA diagnostic tests. Hum Mol Genet 3:635–638.

Zhou L, Myers AN, Vandersteen JG, Wang L, Wittwer CT. 2004.
Closed-tube genotyping with unlabeled oligonucleotide probes
and a saturating DNA dye. Clin Chem 50:1328–1335.

Zhu J, Wartell RM. 1999. The effect of base sequence on the
stability of RNA and DNA single base bulges. Biochemistry 38:
15986–15993.

Zimrin AB, Gidwitz S, Lord S, Schwartz E, Bennett JS, White GC
2nd, Poncz M. 1990. The genomic organization of platelet
glycoprotein IIIa. J Biol Chem 265:8590–8595.

278 HUMANMUTATION 27(3), 269^278,2006

Human Mutation DOI 10.1002/humu


