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The most common chromosomal abnormalities associated with autism are 15q11–q13 duplications. Maternally
derived or inherited duplications of 15q pose a substantial risk for an autism phenotype, while paternally
derived duplications may be incompletely penetrant or result in other neurodevelopmental problems. Therefore,
the determination of maternal versus paternal origin of this duplication is important for early intervention
therapies and for appropriate genetic counseling to the families. We adapted a previous single-reaction tube
assay (high-resolution melting curve analysis) to determine the parent of origin of 15q duplications in 28
interstitial duplication 15q samples, one family and two isodicentric subjects. Our method distinguished parent
origin in 92% of the independent samples as well as in the familial inherited duplication and in the two
isodicentric samples. This method accurately determines parental origin of the duplicated segment and measures
the dosage of these alleles in the sample. In addition, it can be performed on samples where parental DNA is not
available for microsatellite analysis. The development of this single-tube assay will make it easier for genetic
testing laboratories to provide parent-of-origin information and will provide important information to clinical
geneticists about autism risk in these individuals.

Introduction

T
hemost common chromosomal abnormalities associated
with autism are duplications of the proximal region of

chromosome 15q encompassing the imprinted Prader-Willi/
Angelman syndrome (PWS/AS) locus. As array comparative
genomic hybridization (arrayCGH) methods have become
more commonplace in the clinical setting, the frequency of
detection of submicroscopic interstitial 15q duplications con-
tinues to increase (Wang et al., 2004; Depienne et al., 2009). The
PWS/AS locus contains an imprinting center that displays
parent-of-origin-specific methylation at a CpG island in the
promoter of the SNRPN gene (Glenn et al., 1996). This regula-
tion restricts expression of theHBII-85C/Dbox small nucleolar
RNA cluster on the maternal allele (Sahoo et al., 2008), while
the UBE3A gene is silenced on the paternal allele (Horsthemke
and Wagstaff, 2008). As with many other loci throughout the
human genome, this imprinted locus is flanked by low copy
repeats that can recombine during nonhomologous allelic
recombination events resulting in deletions that cause either
PWS or AS and duplications that can result in an autism phe-
notype, particularly when maternally derived.

For patients with segmental aneuploidies of chromosome
15q11.2–q13, either deletions or duplications, parent of origin
of the involved segment is of critical importance because
dosage of the imprinted PWS/AS critical region is affected. In
PWS and AS, assays are available to identify the methylation
state of the deleted chromosome; however, it is frequently not
feasible to clearly determine parent of origin for patients with
duplication usingmolecular assays available clinically. This is
an important limitation to the current methodologies because
there is tremendous variation in phenotypic risks for indi-
viduals with maternal versus paternal chromosome 15q du-
plications. There is strong evidence to suggest that maternally
derived or inherited duplications of 15q pose a substantial risk
for an autism spectrum disorder (ASD) phenotype, while
paternally derived duplications may be incompletely pene-
trant in association with neurodevelopmental symptoms or in
some cases are benign. The determination of maternal versus
paternal imprinting status of this duplication is therefore
clinically important in terms of both early intervention ther-
apies for autism and also for appropriate genetic counseling of
unaffected individuals whomay carry a paternally derived or
inherited 15q interstitial duplication.
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Currently, for duplications, parent-of-origin testing is done
in a research setting only andmay require some degree of trial
and error, which is not acceptable in a clinical testing lab.
Current methods for parent-of-origin detection include the
use of methylation-specific polymerase chain reaction (PCR)
of the SNRPN exon a locus or amplification of DNA poly-
morphisms from the proband and parents. These methods are
semiquantitative and/or require parental DNA samples,
which are not always available. A variety of methods have
been developed to identify deletions and methylation defects
associated with PWS and AS, including the use of 21 differ-
entially methylated CpG dinucleotides at the SNRPN locus as
a diagnostic test for PWS (Kubota et al., 1996). Recently, a
method was described using high-resolution melting (HRM)
curve analysis to detect and distinguish the PWS/AS deletion
as well as uniparental disomy (UPD) cases (White et al., 2007).
Here we have applied this methodology to develop a single-
reaction tube assay to determine the parent of origin of 15q
duplications. We show that this method will accurately detect
interstitial as well as isodicentric duplications of 15q, includ-
ing stably inherited duplications, and can be performed on
samples where parental DNA is not available.

Materials and Methods

DNA samples

All experiments on human samples were performed in
compliance with the University of Tennessee Health Science
Center Institutional Review Board (IRB). De-identified 15q
duplication samples (n¼ 28) including cases of inherited 15q
duplication were obtained from Signature Genomic Labora-
tories (under a protocol approved by the Spokane IRB). Ad-
ditional samples from familial inherited interstitial 15q
duplication and isodicentric samples (n¼ 4)were provided by
E.H.C. and N.C.S. An AS Class I deletion sample (one allele
with no methylation), PWS maternal UPD sample (both al-
leles methylated), and nonduplicated healthy subjects (n¼ 15)
(one allele methylated and one allele not methylated) were
used as controls for comparison to our 15q duplication sam-
ples. All 15q duplication samples were previously tested by
arrayCGH and in some cases fluorescence in situ hybridiza-
tion (FISH) to confirm the presence of either interstitial or
isodicentric duplications of chromosome 15q encompassing
the AS/PWS locus.

HRM analysis

Five hundred nanograms of patient genomic DNA was
sodium bisulfite treated using the EZ DNA Methylation Kit
(Zymo Research), in accordance to the manufacturer’s pro-
tocol. After bisulfite treatment*50 ng of DNAwas amplified,
using primers specific for bisulfite-converted DNA and con-
ditions fromWhite et al. (2007). PCRwas performed in 12.5 mL
using the LightCycler 480 High Resolution Melting Master
(Roche), with 2.5mM MgCl2 and 2pmol primers. PCR and
methylation sensitive high resolution melting (MS-HRM)
were performed in the LightCycler 480 (Roche Molecular
Diagnostics) machine. Each reaction was performed in du-
plicate. The cycling conditions were as follows: 1 cycle of 958C
for 10min; 40 cycles of 958C for 10 s, 558C for 14 s, and 728C for
24 s, followed by an HRM step of 958C for 1min, 408C for
1min, 608C for 0.01 s, and continuous acquisition to 958C at 25

acquisitions per 18C. Data were analyzed with LightCycler
software version 1.5 using the melting curve analysis option
followed by normalization from the gene scanning options.

Results

HRM curve assay design and controls

The basis of our methylation-sensitive HRM curve assay is
a study byWhite et al. (2007) demonstrating that in the case of
either deletion or UPD for the SNRPN gene, it would be
possible to determine the parent of origin of the remaining
homoallelic region using a primer set that amplifies the bi-
sulfite-converted residues resulting in a single but distinct
melting curve for AS and PWS. Since the reciprocal interstitial
duplication of 15q should produce three alleles (one from the
nonduplicated chromosome and two from the duplicated
chromosome), we first needed to determine if both of these
chromosomes could be detected in normal control samples.
Indeed, two peaks of approximately equal fluorescent inten-
sity could be detected in normal controls (Fig. 1a). These peaks
matched the melting point curves for the paternal (methyl-
ated) DNA from an AS deletion sample and the maternal
(unmethylated) DNA from a PWS UPD sample (Fig. 1a). The
midpoint for the melting curves were *81.78C for the pater-
nal allele and *86.28C for the maternal allele. Normalization
of the overall fluorescent intensity for both peaks reveals that
*52% of the control signal originates from the maternal allele
and *48% of the signal from the paternal allele (Fig. 1b). It
should be noted that only in control samples did we also
observe two small melting curve peaks at *748C and 768C.
HRM analysis of an additional 14 healthy nonduplication
controls revealed a tight clustering of control normalized
signal intensity between 52% and 60% (Fig. 1c).

HRM method distinguishes parent of origin

in 92% of independent 15q duplication samples

We obtained 28 DNA samples from individuals with an
interstitial duplication of 15q as determined by targeted ar-
rayCGH analysis from Signature Genomics Laboratories. Me-
thylation-sensitiveHRManalysis of these samples revealed the
parent of origin clearly in 26/28 samples tested (Fig. 2a). The
majority of these duplicationswere ofmaternal origin (24) with
a maternal-to-paternal allele ratio of 2.2:1 (Fig. 2a). Two sam-
ples showed an absolute signal intensity that indicates the
signal from the maternal allele melting curve to be at a lower
ratio than the paternal allele 0.67:1. These two samples repre-
sent paternally methylated duplications and are less likely to
display the ASD phenotype (although phenotypic data were
unavailable for analysis). Two samples were shifted to the left
in comparison to the others samples, and although the signal
intensity matched normal control samples, we did not assign
them to a category (data not shown). In practice, themeasure of
absolute percent signal intensity is indicative of a maternal
methylation state of the duplication when the midpoint be-
tween the two DNA melting curves is 66% or higher and a
paternal duplication when the midpoint is 40% or lower.

Stably inherited interstitial 15q duplications

Although duplications of 15q are de novo in the majority of
cases reported (Hogart et al., 2008), there have been docu-
mented cases of a paternally derived interstitial duplication
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FIG. 1. SNRPN quantitative HRM analysis in control samples. The colors indicate HRM analysis in AS deletion (red), PWS
UPD (dark green), and a nonduplication control sample (gray). (a) Melting peaks indicate one peak at *81.78C for the AS
deletion sample that has no maternal allele and one peak at *86.28C for PWS UPD that has no paternal allele. The normal
control shows two peaks of approximate equal intensity at *81.78C for the paternal allele and *86.28C for the maternal
allele. (b) The normalized melting profiles indicate that 100% of the relative signal intensity comes from the *81.78C melting
curve in the AS deletion sample, while 100% of the signal comes from the *86.28C melting curve in the PWS UPD. A blue
line drawn from the midpoint between the two melt curves in the nonduplication control sample indicates that *52% of the
signal comes from the paternal melting curve (*86.28C) and 48% of the signal comes from the maternal melting curve
(*81.78C). (c) A quantitative HRM analysis of multiple nonduplication control samples is shown, and although some
variation in profiles could be detected, there was a very tight range of relative signal intensity in 15 nonduplication control
samples between 52% and 60% (blue arrows). The individual melting curves ranged between 80.58C and 82.38C (average
81.48C) for the paternal allele and 858C–878C (average 868C) for the maternal allele. These values essentially match the peak
intensity melt temperatures observed in (a) for the control. HRM, high-resolution melting; PWS/AS, Prader-Willi/Angelman
syndrome; UPD, uniparental disomy.
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FIG. 2. Quantitative identification of maternal and paternal 15q duplications. Arrow heads indicate relative signal intensity
between the two melting curves. (a) Quantitative HRM determination of parental origin using normalized melt profiles.
Bisulfite-treated DNA samples from 28 individuals with interstitial duplications of unknown origin were analyzed by
quantitative HRM and compared to AS deletion (red) and PWS-UPD (dark green) controls. One nonduplicated control
DNA sample is indicated in gray at *50% relative signal intensity. Normalized melting profiles revealed a clear grouping
of 26 maternal duplication samples (blue) at an average relative signal intensity of *66% and a grouping of 2 paternal
duplication samples (green) at a relative signal intensity of *40%. (b) Detection of parental origin in stable inherited
interstitial 15q duplications. HRM normalization analysis in a family, where the child (blue¼ 66% relative signal intensity)
has inherited a maternal duplication and his mother (green¼ 39% relative signal intensity) a duplication of paternal origin.
As expected, the father, who does not have a chromosomal duplication, showed a relative signal intensity of 52%, within
the 52%–60% range found in normal controls. (c) Quantitative HRM can determine both parental origin and distinguish
between interstitial and isodicentric duplications on 15q. The colors indicate HRM analysis in AS deletion (red), PWS UPD
(dark green), nonduplication control samples (gray), and maternal interstitial duplication (blue). The two known isodi-
centric duplication samples are indicated in pink. One sample had an HRM relative signal intensity of 73%, indicating a
2.7:1 ratio of maternal to paternal signal, while the other had a signal intensity of 87%, consistent with a 6.7:1 maternal-to-
paternal ratio. Both isodicentric 15q duplication samples showed relative signal intensities >66%, the observed interstitial
duplication relative signal intensity.
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chromosome passing through the maternal germline and
resulting in an ASD phenotype in the child (Cook et al., 1997).
We wanted to determine if stable, inherited interstitial du-
plications could also be easily distinguished using the HRM
method since this duplicated sequence would presumably be
identical in the mother and the child with the exception of
epigenetic modification of the differentially methylated
SNRPN locus. A family with a stable maternally inherited
interstitial duplication was used for HRM analysis (Fig. 2b).
All three individuals in the family displayed distinct HRM
patterns as predicted. The child, who has an ASD phenotype,
inherited the interstitial duplication maternally (66% relative
signal intensity), while the mother has a duplication of pa-
ternal origin (39% signal intensity) and does not have autism
(Fig. 2b). As expected, the father has two normal chromosome
15s and thus shows a relative signal intensity of 52%. The
maternal inheritance of this duplication was confirmed by
microsatellite analysis using polymorphic markers within the
duplicated region (Supplemental Fig. S1, available online at
www.liebertonline.com). These data suggest that the changes
in methylation state and not the primary sequence of the
region being analyzed result in changes in the observed HRM
patterns.

Isodicentric as well as interstitial duplications

can be distinguished using HRM

Although this method works quite well for determining
the parent of origin in interstitial duplication samples, we
were curious if it would also work on samples with greater
than three copies of the SNRPN locus as is the case in the
more severe isodicentric duplication 15q syndrome cases
(Battaglia, 2005). Two isodicentric 15q duplication samples
were analyzed by HRM and both were found to produce
relative signal intensities greater than the 66% signal for the
maternal allele observed in the interstitial duplication sam-
ples (Fig. 2c). One sample had a predicted ratio of 2.7:1
maternal to paternal copies of the region, as would be
expected for a typical isodicentric 15q duplication that con-
tains two normal alleles plus two copies of this locus on the
isodicentric marker chromosome. The other sample had a
ratio of 6.7:1 for maternal to paternal signal. The relative
signal intensity for the paternal allele was as low as 12.5% of
the total signal, but a paternal peak could clearly be observed
in the raw signal chromatogram (data not shown). This
subject has a complex supernumerary der(15) that results in
hexasomy for the PWS/AS critical region, with five mater-
nally methylated copies of the region (Mann et al., 2004).
These data suggest that the HRM method will also work for
determining the parent of origin of the duplication in more
complex idic duplications of 15q as well, although it is not
intended to be a substitute for interphase FISH analysis
when establishing the number of copies of the region in an
idic (15q) duplication sample.

Discussion

In the era of high-resolutionwhole-genome oligonucleotide
arrayCGH, there is no question that the detection of chro-
mosome 15q duplications encompassing the PWS/AS locus
combined with confirmation by FISH analysis has become
standard practice in the genetics clinic for the investigation of
ASD phenotypes. Here we have developed a method that

supplements this cytogenetic analysis with critical informa-
tion on the parental origin of these duplications that has a
direct impact on appropriate genetic counseling for these in-
dividuals. Although other methods have been developed to
determine the parent of origin of the PWS/AS locus us-
ing methylation-specific PCR, methylation-sensitive single-
nucleotide primer extension, methylation-specific restriction
enzyme digestion, andmethylation-specific multiplex-ligation-
dependent probe amplification, there are technical difficulties
applying these approaches in the clinical setting because they
were designed to detect deletions or UPD and thus are less
reliable when used in a condition where both alleles are
present. In addition, these methods require a two-step pro-
cedure that separates amplification from analysis, while in the
quantitative HS-HRM method, both amplification and anal-
ysis occur in the real-time PCR machine, eliminating the
possibility for error or contamination of DNA samples. This is
an important feature of this assay because methods with
fewer transfer steps result in higher quality control and thus
are better suited to meet Clinical Laboratory Improvement
Act (CLIA)–approved guidelines (wwwn.cdc.gov/clia/regs/
toc.aspx).

Early intervention therapies for autism clearly improve the
quality of life and eventual outcome in these individuals
(Landa, 2007; Dawson, 2008; Eldevik et al., 2009). Although
paternally derived interstitial duplications of 15q may result
in neurological effects (Bolton et al., 2004; Veltman et al., 2005),
they are less likely to be associated with an autism phenotype,
while maternal interstitial duplications much more substan-
tially increase risk for a phenotype on the autism spectrum
(reviewed in [Hogart et al., 2008]).

This method not only determines parental origin of the
duplicated segment, but also simultaneously measures the
dosage of these alleles in the sample. Although there is some
indication that methylation at the SNRPN locus may be any-
where between 95% and 100% of the CpG sites, this did not
complicate our ability to clearly distinguish maternal from
paternal duplications in 26 independent samples (Fig. 2a)
where parental DNA was not available. The possibility,
however unlikely, that duplications of 15q may also harbor
imprinting center defects that result in incomplete or inap-
propriate methylation of the SNRPN locus is a caveat for all
methods that utilize this differential methylation to establish
the parental origin of the duplication. In these cases parental
DNA would be required for microsatellite analysis, and this
is not always possible. Also, this method worked both on
inherited interstitial duplications that differed only in
methylation state and on samples with known isodicentric
duplications of the region.

One limitation of this method lies in the ability to determine
the number of copies of the duplicated region using quanti-
tative fluorescent intensity. For example, in one of the idic 15q
duplication samples the ratio of maternal to paternal alleles
was found to be 6.7:1. Although adjusting the normalization
parameters within LightCycler software can compensate to
some extent, it may not be possible to obtain accurate quan-
tification of samples at the extremely high or low ends of the
HRM curve. In addition, the ratios even for interstitial du-
plication samples were often less than the expected 2:1 for this
type of chromosomal rearrangement. It must be pointed out,
however, that the method was designed only to determine
which chromosome 15 (maternal or paternal) is duplicated,
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and not to supplant current methods used to determine the
number of copies of the duplicated region such as interphase
FISH analysis.
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