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Abstract

Objectives: RASSF1A has been described to be differentially methylated between fetal and maternal DNA and can therefore
be used as a universal sex-independent marker to confirm the presence of fetal sequences in maternal plasma. However,
this requires highly sensitive methods. We have previously shown that Pyrophosphorolysis-activated Polymerization (PAP) is
a highly sensitive technique that can be used in noninvasive prenatal diagnosis. In this study, we have used PAP in
combination with bisulfite conversion to develop a new universal methylation-based assay for the detection of fetal
methylated RASSF1A sequences in maternal plasma.

Methods: Bisulfite sequencing was performed on maternal genomic (g)DNA and fetal gDNA from chorionic villi to
determine differentially methylated regions in the RASSF1A gene using bisulfite specific PCR primers. Methylation specific
primers for PAP were designed for the detection of fetal methylated RASSF1A sequences after bisulfite conversion and
validated.

Results: Serial dilutions of fetal gDNA in a background of maternal gDNA show a relative percentage of ~3% can be
detected using this assay. Furthermore, fetal methylated RASSF1A sequences were detected both retrospectively as well as
prospectively in all maternal plasma samples tested (n=71). No methylated RASSF1A specific bands were observed in
corresponding maternal gDNA. Specificity was further determined by testing anonymized plasma from non-pregnant
females (n =24) and males (n=21). Also, no methylated RASSF1A sequences were detected here, showing this assay is very
specific for methylated fetal DNA. Combining all samples and controls, we obtain an overall sensitivity and specificity of
100% (95% Cl 98.4%-100%).

Conclusions: Our data demonstrate that using a combination of bisulfite conversion and PAP fetal methylated RASSF1A
sequences can be detected with extreme sensitivity in a universal and sex-independent manner. Therefore, this assay could
be of great value as an addition to current techniques used in noninvasive prenatal diagnostics.
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Introduction fetus. Additional detection of paternally inherited sequences could
be used to discriminate between a true negative result in case of a
female pregnancy, or a false negative result in case of low levels of
circulating cffIDNA. However, these methods are quite laborious
since both biological parents need to be tested along with the
plasma sample and not all SNPs and loci tested will be informative.
Therefore, a large panel of different markers need to be tested for
each individual case [3].

Over the past years, the use of cell-free fetal DNA (cffDNA) for
noninvasive prenatal diagnosis (NIPD) has proven its clinical
potential in a wide range of fields. Although the possibilities for
using cff[DNA in NIPD are numerous, they do require highly
sensitive and specific techniques to detect the low levels of fetal
sequences in the pool of maternal plasma DNA early in gestation.

For the detection and/or quantification of fetal DNA, many
investigators have based their strategy on the detection of Y-
chromosomal-specific sequences (SR} and DYS74), or on the use of
paternally inherited SNPs or polymorphic loci that are either
absent or different in the mother [1-5]. Even though Y-
chromosomal sequences can be detected using several different
techniques with high sensitivity and specificity early in gestation, a
positive result can only be obtained in pregnancies with a male

Other fetal identifiers have been described which are based on
epigenetic differences between fetus and mother. These differences
are caused by so-called genomic imprinting and are characterized
by differential expression of maternally and paternally inherited
genes due to transcriptional silencing of either one of these genes
through DNA methylation [6]. The use of genomic imprinting in
NIPD was first shown by the group of Poon et al. displaying
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differences in methylation status between fetal and maternal
sequences in a region of the human I/GF2-H19 locus [7]. Since it
has been shown that cff[DNA in maternal plasma originates from
trophoblast cells of the placenta, the search for differentially
methylated patterns has focused on genes expressed in placental
tissues [8-18]. One of such genes that have been reported to be
differentially methylated between mother (hypomethylated) and
fetus (hypermethylated) is Ras-Association Domain Family Mem-
ber 1, transcript variant A (RASSFIA) [13,18-24]. Previous studies
used these differences in methylation in RASSFIA to confirm the
presence of cffDNA in maternal plasma, independent of fetal sex
and without the restriction of only detecting paternally inherited
sequences [13,18-24]. Methylation-sensitive restriction enzyme
digestion, (Real-Time) methylation specific PCR (MSP), mass
spectrometry and bisulfite conversion in combination with direct
sequencing were the main techniques used in these studies. Some
of the aforementioned techniques require a relatively high DNA
input. This may indicate that not all of these techniques are
sensitive enough to detect the low levels of cfDNA in maternal
plasma early in gestation. We have previously shown that
Pyrophosphorolysis-activated polymerization (PAP) is a highly
sensitive method for the detection of fetal sequences in a large pool
of maternal plasma [25,26]. PAP was initially developed to detect
rare known mutations with high selectivity in an excess of wild-
type template [27]. It utilizes unidirectional (PAP) or bidirectional
(bi-PAP) blocked oligonucleotides on the 3’end. These blocks need
to be removed by pyrophosphorolysis for DNA extension to occur.
This is only possible when the oligonucleotides completely match
the template strand. This makes PAP a highly specific and sensitive
method to use in NIPD [25-29].

In this study we have used this method to develop a new
universal sex-independent methylation-based assay to detect fetal
methylated RASSFIA (mRASSFIA) sequences in maternal plasma
for NIPD.

Materials and Methods

Samples

Written informed consent was obtained and this study was
approved by the Medical Ethics Committee (CME) of the Leiden
University Medical Center. Maternal peripheral blood samples
(10-20 mL) were collected in EDTA coated tubes from pregnant
women for noninvasive fetal sexing at the Laboratory for
Diagnostic Genome Analysis of the Leiden University Medical
Center (LUMC), Leiden, the Netherlands. Maternal blood
samples (n=71) were drawn at a median gestational age of 10.6
weeks (range 8.0-18.1 wks.) and were processed within 24 hrs.
after collection as described previously [30]. The retrospective
samples used were previously tested for fetal sexing (n = 60) using a
combination of Real-Time PCR and Pyrophosphorolysis-activated
polymerization (Y-PAP) for the detection of Y-chromosomal
sequences as previously described [25]. All fetal gender was
confirmed by karyotyping or after birth. In the prospective
samples (n = 11) fetal sexing was determined using a combination
of tests mentioned above, supplemented with Real-Time PCR
detection of a panel of 8 high frequency paternal deletion/
insertion polymorphisms [2]. As a control, anonymized plasma
control samples from males (n=21) and non-pregnant females
(age>48, n=24) were used.

DNA isolation

Cell-free DNA was isolated from plasma with the EZ1 Virus
Mini Kit v2.0 on the EZ]1 Advanced (QIAGEN, Venlo, The
Netherlands; www.qiagen.com) according to the manufacturer’s
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mstructions with an input volume of 800 (2*¥400) puL plasma and
an elution volume of 120 (2*60) pL.

Bisulfite conversion

Bisulfite conversion was performed using the EZ DNA
Methylation-GoldTM kit (Zymo Research, USA) according to
manufactures’ instructions, with an input of 100 ng gDNA per
reaction (maximum DNA reaction volume of 50 pL) and an
elution volume of 10 pL. Bisulfite conversion of plasma DNA was
performed as mentioned previously, with an input of 2*50 pL total
cell-free DNA (cfDNA) from plasma per bisulfite reaction. (N.B.
two corresponding plasma DNA samples were pooled after
conversion and purified over 1 column). Elution volume used
was 10 uL.

Bisulfite sequencing and mRASSF1A-PAP primer design
Two sets of Bisulfite Sequencing Primers (BSP) containing an
M13 tag for Sanger sequencing were designed for two subsequent
fragments (BisA 191 bp and BisB 297 bp, Fig. 1, Table 1) in the
promoter region of the RASSFIA gene (NM_007182.4) outside
predicted CpG islands or other potentially methylated cytosines
using MethPrimer v1.1 beta [13,31,32]. After bisulfite conversion,
we assessed methylation patterns of these two regions by
conventional Sanger sequencing using these 2 sets of BSP-M13
primers and SeqScape Software (Applied Biosystems). Three sets
of fetal gDNA derived from chorionic villus samples (CVS) and
corresponding maternal gDNA sequences from maternal blood
cells were compared to determine differentially methylated regions
of the RASSF14 gene at nucleotide level. Methylation specific PAP
primers for the detection of mRASSFIA were subsequently
designed and a so-called bi-PAP reaction was performed.

mRASSF1A-PAP

The mRASSF1A-PAP reaction mixture contained 1x PAP-PCR
buffer (250 mM Tris-HCl pH 7.5 (Gibco, Life Technologies
Corporation), 80 mM (NH4),SO, (J.'T. Baker), 17.5 mM MgCl,
(J.T. Baker), 125 uM of each of the four dNTP’s (Thermo
Scientific), 450 pM  Na,PPi pH 8.0 (Sigma-Aldrich)), 2.5 IU
Klentaq S (ScienTech Corp), 4 uM of each PAP-primer (Biolegio,
Nijmegen, the Netherlands, Table 1) and 10 pL of bisulfite
converted cfDNA from maternal plasma. Cycling conditions were
155 94°C, 40 s 60°C, 40 s 64°C, 40 s 68°C and 40 s 72°C for a
total of 45 cycles. PAP reaction product was visualized on a 3.5%
Ix TBE agarose gel.

A TCGGGGGAGCCTGAGCTCATTGAGCTGCG
e O T I U - - O - I e
TCGGGGGAGTTTGAGTTTATTGAGTTGCG

SSSSSSSSSSSSS5S5555>5>>>>

B accecanceeecaAGCCARGGGGCAGCGE.
e N B O R B
AGCGGAAGGGGTAGTTAAGGGGTAGCGT

<L L LKL LKL L LLLLLLLL

Figure 1. Sequences after Methprimer prediction. Predicted
sequences of the RASSFI1A for Bisulfite Specific Primers (BSP) design
using Methprimer [31]. BSP primers are located outside differentially
methylated regions. Methylated nucleotides are indicated with +,
unmethylated nucleotides with: and other nucleotides with |. A: The
predicted sequence of the BisB forward primer (indicated as >>>). B:
The predicted sequence of the BisB reverse primer (indicated as <<<).
doi:10.1371/journal.pone.0084051.9001

December 2013 | Volume 8 | Issue 12 | e84051



Table 1. Bisulfite sequencing primers and PAP primers.

Methylation-Based Detection of Cell-Free Fetal DNA

Product  Primer
Target Name Sequence (5’ - 3') size (bp) type
RASSF1A RASSF1A_BISaF-M13 TGTAAAACGACGGCCAGTAGTTTTTCTATTTACCTTTTTATTG 227* BSP
RASSF1A RASSF1A_BISaR-M13 CAGGAAACAGCTATGACCAACTCAATAAACTCAAACTCCCC BSP
RASSF1A RASSF1A_BISbF-M13 TGTAAAACGACGGCCAGTGGGGAGTTTGAGTTTATTGAGTT 333* BSP
RASSF1A RASSF1A_BISbR-M13 CAGGAAACAGCTATGACCCTACCCCTTAACTACCCCTTCC BSP
RASSF1A M-RASSF1A_PAPF2 GTTGGAGCGTGTTAACGCGTTGCGTAT-ddC 110 PAP
RASSF1A M-RASSF1A_PAPR2 ACGTAACGAACCCCGCGAACTAAAAACGATAA-ddC PAP

*Product sizes for BSP primers are including the M13 tags.
doi:10.1371/journal.pone.0084051.t001

As an internal negative control, maternal gDNA from the bufty
coat (input 100 ng) was always converted and analyzed together
with the cfDNA isolated from the corresponding maternal plasma
sample. A fully methylated human cell line (CpGenome, S7821,
Merck Millipore) and/or a gDNA sample from CVS (both 100 ng
input per reaction) were used as positive controls to check the
bisulfite conversion and the PAP reaction. For the latter, this
control had been converted in an independent separate reaction,
aliquoted and stored at —20°C until further use.

Serial dilutions (range 1000-7 pg) of fetal gDNA from CVS in
H,O were performed to determine the analytical sensitivity of the
assay. In addition, comparable serial dilutions of fetal gDNA in a
background of 1000 pg maternal gDNA were performed. Input
mentioned 1is the total amount of fetal gDNA per bisulfite
conversion reaction.

Results

Determination of differentially methylated regions in
RASSFIA

To determine regions in the RASSFIA gene which are
differentially methylated between mother and fetus, bisulfite
sequencing was performed on maternal gDNA and fetal gDNA
from CVS (n = 3 sets). Two different regions (BisA and BisB) were
analyzed by conventional Sanger sequencing using two sets of
BSP-M13 primers (Fig. 1, Table 1). Differentially methylated
sequences were found in both regions (Fig. 2). mRASSFIA-PAP
primers PAP primers were designed in the region covered by the
BisB BSP primers and are specific for fetal methylated sequences
after bisulfite conversion (Figure 3, Table 1). This region was also
previously described by the group of Chiu and colleagues [13]. We
considered this region the most suitable for PAP primer design
since it contains many methylated cytosines in the fetal
(hypermethylated) sequences, while in the mother, these cytosines
are unmethylated and will convert into wuracil after bisulfite
conversion. This resulted in 5 mismatches between each PAP
primer and maternal DNA template and will increase the
specificity of this assay (Fig. 3). To increase specificity of the
PAP primers even more, the length of the oligonucleotides was at
least 28 nt. In addition, this assay was designed as a bi-PAP,
containing a 3'ddC block on both the forward as well as the
reverse primer.

Analytical sensitivity and specificity of the mRASSF1A-PAP

assay
The analytical sensitivity of the mRASSFIA-PAP assay was first
determined by testing serial dilutions of gDNA derived from CVS
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Primer sequences. M13 tag used for Sanger sequencing is depicted in bold. BSP: Bisulfite Specific Primer, PAP: Pyrophosphorolysis-activated Polymerization.

A. Methylated control

TTGG

GCGTGTT CGCGEGTTGCGEGTATCGCGC

* * % * * * *
TTGTGT

i

C. Fetal gDNA

TTGGALGCGTGTT

Figure 2. Differentially methylated regions after bisulfite
sequencing. Sanger sequencing results for RASSFI1A of a fully
methylated control cell line (A), maternal gDNA (B) and fetal gDNA
derived from CVS (C) after bisulfite sequencing. A representative part of
the complete sequence is shown. All unmethylated cytosines are
converted to uracil after bisulfite sequencing. Differences between
maternal and fetal (methylated) sequences are indicated with an *.
doi:10.1371/journal.pone.0084051.g002

in water. Our results show that this assay is sensitive enough to
detect fetal sequences in amounts as low as 16 pg in a 50 uL
sample reaction volume (data not shown). To simulate the
situation in maternal plasma, gDNA from CVS was serially
diluted in a background of maternal gDNA. Our data show that in
a background of 1000 pg maternal gDNA, as low as 30 pg of fetal
gDNA can be detected, representing a relative percentage of
around 3% (Fig. 4). These serial dilutions thus showed that this
assay is highly sensitive.

To demonstrate that this assay is also highly specific for
methylated fetal DNA sequences, several controls were tested. As
an internal negative control, corresponding maternal gDNA
samples were always converted and analyzed in parallel to the
maternal plasma samples. No mRASSFIA specific bands were
observed in these samples. In addition, anonymized plasma
samples were tested from non-pregnant females (age >48,
n=24) and males (n=21). Also, no mRASSFIA-specific products
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TGGCCACCGCTTCCAGCCCGCGGGGCCCGCCACGCACALC

I T A U B o e e N I R o o (o I B B

TGGTTATCGTTTTTAGTTCGCGGGGTTCGTTACGTATAC

* * * * *

GTTGGAGCGTGTTA

ACGCGTTGCGTATC

GTTGGAGTGTGTTAATGTGTTGTGTATT

* % * *

GTTATCGTTTTTAGTTCGCGGGGTTCGTTACGT

GTTATTGTTTTT2 GTTTGTGGGGTTTGTT T

et 1

Figure 3. Predicted and confirmed sequences for PAP-primer design. Sequences of the RASSF1A gene were analyzed after bisulfite
sequencing of maternal gDNA and fetal gDNA derived from CVS. Differentially methylated regions of the BisB region predicted by MethPrimer [31]
could be confirmed using bisulfite sequencing. Both forward (A, upper panel, underlined) and reverse PAP-primer (B, upper panel, underlined) are
specific for fetal sequences (middle panels) after bisulfite conversion and both primers have several mismatches to the maternal sequences (lower
panels). Mismatches between fetal specific PAP-primers and maternal sequences are indicated with an * for each primer.

doi:10.1371/journal.pone.0084051.9003

were observed here. Therefore, the assay is also very specific since
no false positives were present in all control samples tested
(n=116), resulting in an analytical sensitivity and specificity of
100% (95% CI 97.4%—-100%).

Testing of retrospective and prospective clinical samples

In a retrospective study, fifty three samples previously tested for
fetal gender using a combination of Real Time PCR and Y-PAP
[25] and indicated as undetermined (no Y chromosomal sequences
detected), were tested for the presence of cffDNA using the
mRASSFIA-PAP assay (Table 2). Fetal mRASSFIA sequences were
detected in all maternal plasma samples tested (n=53). As a
control, the presence of mRASSFIA was also confirmed in 7
samples already tested positive for Y-chromosomal sequences. In
these samples the presence of fetal DNA could be confirmed both
in a sex-dependent and sex-independent assay, showing that the
results from the mRASSFIA detection are concordant with the
detection of Y chromosomal sequences. The data also confirmed
that since this assay is sex-independent, it can be applied to all
pregnancies. Altogether, the presence of cff[DNA in maternal
plasma was shown retrospectively with a sensitivity and specificity
of 100% (95% CI 95.0%—-100%).

M12345¢6738910111213 M

Figure 4. mRASSF1A-PAP serial dilution range of gDNA from
CVS. Serial dilutions were performed with gDNA from CVS in a
background of 1000 pg maternal gDNA. Input (pg) mentioned is the
total amount of fetal gDNA. M =50 bp marker, 1=1000 pg, 2=500 pg,
3=250 pg, 4=125pg, 5=60 pg, 6=30 pg, 7=15pg, 8=7 pg, 9=
positive control for bisulfite conversion, 10=NTC for bisulfite conver-
sion, 11= negative control for bisulfite conversion (non-bisulfite
converted fetal gDNA), 12= positive control for mRASSF1A-PAP,
13 =NTC for mRASSF1A-PAP. A 110 bp product (arrow) is obtained in
cases where mRASSF1A sequences could be detected using mRASSFI1A-
PAP.

doi:10.1371/journal.pone.0084051.g004
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Moreover, in a prospective study, several clinically relevant
samples (n=11) were tested with the mRASSFIA-PAP assay in
parallel to our current diagnostic protocol for fetal sexing using the
detection of Y-chromosomal sequences and, in case of a negative
(e.g. undetermined or no Y chromosomal sequences detected)
result, additional testing for 8 paternal deletion/insertion poly-
morphisms (Table 3) [2,25]. Although a panel of high frequency
polymorphisms was used, informative polymorphisms were either
not present (n = 4), not inherited (n = 3) or results for the detection
of these polymorphisms did not meet our quality criteria (e.g. at
least 2/3 Ct values =40) used for diagnostics (n = 1) (Table 3). In
parallel, these samples were tested using the mRASSFIA-PAP. In
all 11 cases tested, the presence of fetal sequences could be
confirmed using this new assay. In combination with both Real-
Time PCR and Y-PAP results fetal gender could be determined as
female (Table 3) and in all cases, our results were concordant with
fetal gender determined after additional testing later on in
gestation or after birth (Table 3).

Discussion

We have developed a novel sex- and polymorphism indepen-
dent, methylation-based diagnostic test for the detection and
confirmation of fetal DNA sequences in maternal plasma. In
contrast to methods most widely used in noninvasive diagnostics
(e.g. detection of Y chromosomal sequences or paternal polymor-
phisms), this assay can be applied to all pregnancies. Our test,
based on the epigenetic differences between maternal (hypo-
methylated) and fetal (hypermethylated) RASSFIA sequences, was
found to be 100% reliable.

Differentially methylated regions between mother and fetus
have previously been identified in several genes. However, this was
mainly done by techniques such as cloning, mass spectrometry and
array. These techniques only produced methylation patterns
without high resolution since CpG islands were analyzed as a
whole [7,12,17-19,21]. As we were interested in designing
sequence-specific primers, we needed to study these methylation
patterns at nucleotide level and therefore decided to perform
bisulfite sequencing. The sequences of the BSP primers are located
around predicted CpGs and other possible methylated cytosines
[31]. Since these sequences are not influenced by bisulfite
conversion, it is possible to study differentially methylated regions,
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Table 2. Summary of sample characteristics from the retrospective study.

Gestational Age SRY Real- Confirmation (karyo/
Samples (range in weeks) Time PCR  Y-PAP mRASSF1A Fetal gender birth) Concordance
n=53 8.0-18.1 Undet. Undet. Pos. Female Yes Yes
n=7 9.0-15.4 Y Y Pos. Male Yes Yes

birth.
doi:10.1371/journal.pone.0084051.t002

both before and after conversion and subsequently to design
methylation specific primers for Pyrophosphorolysis-activated
Polymerization (PAP).

PAP was initially developed to enhance the specificity of allele-
specific PCR for detection of known mutation in the presence of
an excess of wild-type allele [27-29]. PAP requires an allele
specific oligo with a dideoxyoligonucleotide block at the 3’end. If
and only when the sequence of the oligo completely matches the
template strand, the dideoxyoligonucleotide can be removed in the
presence of pyrophosphate before the oligo can be extended
subsequently. We have designed the mRASSFIA-PAP primers
specific to the fetal (hypermethylated) sequences after bisulfite
conversion. Compared to these fetal sequences, maternal (hypo-
methylated) sequences will differ quite extensively after bisulfite
conversion, resulting in several mismatches between each primer
and the maternal DNA template. This will prevent the PAP
reaction from occuring since the 3" block cannot be removed prior
to extension, which makes this assay very specific. Although many
other methods for minority allele enrichment have been described,
PAP has been described to provide the highest selectivity [33].
This selectivity could even be enhanced using a bidirectional
modification of two opposing allele-specific 3" dideoxyoligonucleo-
tides [27-29,33]. The mRASSFIA-PAP is based on this bi-
directional principle. We previously demonstrated the use of
PAP for noninvasive fetal sex determination using a combination
of Real-Time PCR and PAP for the detection of Y-chromosomal
sequences [25]. This was successfully validated in our facility by
testing a large amount of samples for noninvasive fetal sexing
(n=213), resulting in a diagnostic sensitivity and specificity of both
100% (95% CI 98.6%—100%) (unpublished data). Samples from
the latter validation study were used for this mRASSFIA-PAP
validation study as well. In daily clinical practice, we have also
tested the mRASSFIA-PAP by using this assay in parallel with
routine diagnostics for noninvasive fetal sexing. For the cases with
undetermined results (e.g. no Y chromosomal sequences detected
[25] we started out testing the mRASSFIA-PAP in parallel with
Real-Time PCR detection of a panel of 8 high frequency paternal
polymorphisms [2]. In some cases, no informative polymorphisms
were present that could be used for a diagnostic conclusion. Thus
despite using a panel of polymorphisms, the presence of cfIDNA in
maternal plasma could not be confirmed in 67% of the cases.
mRASSFI1A-PAP was also performed on these samples. In these
cases mRASSFIA-PAP results were positive and fetal gender was
determined and indeed confirmed as female showing that this
assay could serve as a valuable supplemental test in diagnostics.

However, there are exceptions where it is preferable to use
paternally inherited polymorphisms to confirm the presence of
fetal DNA instead of detecting methylated RASSFIA. Several
recent studies have reported that aberrant methylation in the
promoter region of RASSFIA can also be used as potential marker
for (early) diagnosis of several types of cancer [34-36]. This could
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Summary of sample characteristics used in the retrospective study. Undet.: Undetermined (e.g. no Y chromosomal sequences were detected); Pos: positive; Y: Y
chromosomal sequences were detected; Y-PAP: Y-chromosomal specific PAP-assay; Karyo: Full karyotyping performed on these samples; birth; fetal gender confirmed at

mean that there is a potential risk for false positive results in the
mRASSFIA-PAP assay. Although this risk is considered to be small,
given the prevalence of cancer in the reproductive age group, it
should be taken into account when including women for NIPD.
When there is a history of cancer, this should be reported to the
lab which is testing the samples. In these cases, testing of paternally
inherited polymorphisms to confirm the presence of fetal DNA is
preferable over testing methylated RASSFIA.

Although the percentage cffDNA early in gestation differs
between individuals, most reports agree that the fetal contribution
1s around 10% in the first trimester [30,37,38]. On average, we
isolate 2-3 ng of total cfDNA from maternal plasma, thus
expecting around 200-300 pg cffDNA as input for the the
mRASSFIA-PAP assay. Our data show that using PAP, we can
reproducibly detect amounts much lower than these average
expected amounts of fetal DNA, even in the range of a few
genome equivalents (30 pg). This demonstrates the extreme
sensitivity of PAP. Using serial dilutions, we could even detect
amounts in the range of only 1-2 genome equivalents (6-15 pg).
However, since only a few copies of the gene of interest are
present, these results were less reproducible. We have used this
mRASSF1A-PAP assay as a control test in fetal sexing. However, it
can also be useful in other applications such as noninvasive
prenatal testing (NIPT) for fetal trisomies using Next Generation
sequencing. Since the assay is universal and sex-independent, it
can be applied to all samples and reliably confirms the presence of
fetal DNA within a sample.

In conclusion, this study confirmed that methylated RASSFIA
sequences can be used as informative universal markers for
detecting the presence of cffDNA in maternal plasma, irrespective
of fetal sex. Moreover, the PAP technique used provides an
extremely sensitive method for the detection of fetal sequences in a
large pool of maternal plasma DNA early in gestation. Therefore,
this assay could be of great value as an addition to current
techniques used in noninvasive prenatal diagnostics.

Acknowledgments

The authors thank all participants in this study. We would like to thank
Jennie Verdoes and Phebe Adama van Scheltema (Dept. of Obstetrics,
LUMC) for including pregnant women. Hendrika Faber (Dept. of
Genetics, Groningen University Medical Center), Nicolette den Hollander
and Emilia Bijlsma (Dept. of Clinical Genetics, LUMC) for prenatal
counseling. Furthermore, we would like to thank Christian van der Lans
and the technicians of the prenatal section of the LDGA for technical
assistance in the fetal sexing validation study.

Author Contributions

Conceived and designed the experiments: JMEvdO SB EB EMB.
Performed the experiments: JMEvdO SB 'TS. Analyzed the data: JMEvdO
SB TB EMB. Contributed reagents/materials/analysis tools: EJV PAvdV
DO. Wrote the paper: JMEvdO EMB.

December 2013 | Volume 8 | Issue 12 | e84051



Methylation-Based Detection of Cell-Free Fetal DNA

€00¥ L50¥800"duod [eUINOf/LLE L0 L:1OP
‘(0b= senjeA 1D g/1 Ajuo) sonsoubelp ul pasn eusid Aljenb uno 193w jou pIp s3Nsal,
1uasald swsiydiowAjod aAizewIoul oug
‘pariayul/pa1de1ep swisiydiowAjod sanewojul oN,

YMIg 1 Pawuod Japuab [e1dy ‘yuiq ‘punosenyjn
IS ‘YDd IUIIS3I0N| SANLIIUEND :YDd 4O DANISOd 1504 ‘SwisIydiowA|od :S|0d ‘DAIRWIOHU 4| {(P31D919P 249M S92UINbSS [PLIOSOWOIYD A OU "6°3) paulwialapun F19pun “(Apnis aAndadsoud) sajdwes [eajul)d jo sonsualdeeyd sjdwes

SOA sn Slewsay 'sod = 41 40 19pun “19pun L8 LL
SOA ¥d-40 Slewsa 'sod 4L 4L ‘19pun 19pun 06 oL
SOA sn 3Slewad 'sod oAl 0 d1¢C ‘19pun 19pun €8 6
SOA yuig dlewa4 'sod - 41 40 19pun 1|pun oL 8
SOA sn Slewsay 's0d 41 0 411 19pun 19pun 06 L
SOA 4d-40 Slewsay 'sod 4L 4L 19pun 19pUn L'g 9
SOA BuidAyohiey dlewsa 'sod 4L 4L ‘1/pun 19pun ol S
SOA sn dleway 'sod - 41 40 19pun 19pun 06 4
SOA sn lewsay 'sod = 41 40 19pun 19pun g€l €
SOA 42d-40 dlewsay 'sod o4l 0 4L 1pun 19pun 98 4
SOA ¥2d-40 3Slewa 'sod oAl 0 1€ ‘19pun 19pun L0l L
aduep-100uod (ypng 19pusb |eragy Vi4SSYyw pa121ap  sjod dI # dV¥d-A HDd dwilL-|edy AYS (sx193m) s|dwes
‘SN ‘4Dd-40 ‘okiey]) uoneuwyuod sjod d1 # aby |euoneissn

‘Apnis aandadsoid syl wouy sonsualdeseyd djdwes € ajqel

December 2013 | Volume 8 | Issue 12 | e84051

PLOS ONE | www.plosone.org



References

1.

o

6.

Tang NL, Leung TN, Zhang J, Lau TK, Lo YM (1999) Detection of fetal-
derived paternally inherited X-chromosome polymorphisms in maternal plasma.
Clin Chem 45: 2033-2035.

. Alizadeh M, Bernard M, Danic B, Dauriac C, Birebent B, et al. (2002)

Quantitative assessment of hematopoietic chimerism after bone marrow
transplantation by real-time quantitative polymerase chain reaction. Blood 99:

4618-4625.

. Page-Christiaens GC, Bossers B, van der Schoot CE, de Haas M (2006) Use of

bi-allelic insertion/deletion polymorphisms as a positive control for fetal
genotyping in maternal blood: first clinical experience. Ann N Y Acad Sci

1075: 123-129. 1075/1/123 [pii];10.1196/annals.1368.016 [doi].

. Hill M, Finning K, Martin P, Hogg J, Meaney C, et al. (2010) Non-invasive

prenatal determination of fetal sex: translating research into clinical practice.
Clin Genet. 10.1111/7.1399-0004.2010.01533.x [doi].

Scheffer PG, van der Schoot CE, Page-Christiaecns GC, Bossers B, van Erp F, et
al. (2010) Reliability of fetal sex determination using maternal plasma. Obstet
Gynecol 115: 117-126. 10.1097/A0G.0b013e3181¢3¢938  [doi];00006250-
201001000-00019 [pii].

Bachmann N, Bergmann C (2012) Epigenetics and imprinting. Arch Pediatr 19:
1145-1147. S0929-693X(12)00358-2 [pii];10.1016/j.arcped.2012.08.004 [doi].

. Poon LL, Leung TN, Lau TK, Chow KC, Lo YM (2002) Differential DNA

methylation between fetus and mother as a strategy for detecting fetal DNA in
maternal plasma. Clin Chem 48: 35-41.

. Tjoa ML, Cindrova-Davies T, Spasic-Boskovic O, Bianchi DW, Burton GJ

(2006) Trophoblastic oxidative stress and the release of cell-free feto-placental
DNA. Am J Pathol 169: 400-404. S0002-9440(10)62723-X [pii];10.2353/
ajpath.2006.060161 [doi].

. Alberry M, Maddocks D, Jones M, Abdel HM, Abdel-Fattah S, et al. (2007) Free

fetal DNA in maternal plasma in anembryonic pregnancies: confirmation that
the origin is the trophoblast. Prenat Diagn 27: 415-418. 10.1002/pd.1700 [doi].

. Bianchi DW (2004) Circulating fetal DNA: its origin and diagnostic potential-a

review. Placenta 25 Suppl A: S93-S101. 10.1016/j.placenta.2004.01.005
[doi];S0143400404000190 [pii].

. Faas BH, de Ligt J, Janssen I, Eggink AJ, Wijnberger LD, et al. (2012) Non-

invasive prenatal diagnosis of fetal aneuploidies using massively parallel
sequencing-by-ligation and evidence that cell-free fetal DNA in the maternal
plasma originates from cytotrophoblastic cells. Expert Opin Biol Ther 12 Suppl
1: S19-526. 10.1517/14712598.2012.670632 [doi].

. Chim SS, Tong YK, Chiu RW, Lau TK, Leung TN, et al. (2005) Detection of

the placental epigenetic signature of the maspin gene in maternal plasma. Proc
Natl Acad Sci U S A 102: 14753-14758. 0503335102 [pii];10.1073/
pnas.0503335102 [doi].

Chiu RW, Chim SS, Wong IH, Wong CS, Lee WS, et al. (2007)
Hypermethylation of RASSFIA in human and rhesus placentas. Am J Pathol
170: 941-950. S0002-9440(10)60915-7 [pii];10.2353/ajpath.2007.060641 [doi].

. Chim S8, Jin S, Lee TY, Lun FM, Lee WS, et al. (2008) Systematic search for

placental DNA-methylation markers on chromosome 21: toward a maternal
plasma-based epigenetic test for fetal trisomy 21. Clin Chem 54: 500-511.
clinchem.2007.098731 [pii];10.1373/clinchem.2007.098731 [doi].

. Tong YK, Ding C, Chiu RW, Gerovassili A, Chim SS, et al. (2006) Noninvasive

prenatal detection of fetal trisomy 18 by epigenetic allelic ratio analysis in
maternal plasma: Theoretical and empirical considerations. Clin Chem 52:

2194-2202. clinchem.2006.076851 [pii];10.1373/clinchem.2006.076851 [doi].

. Tong YK, Chiu RW, Leung TY, Ding C, Lau TK, et al. (2007) Detection of

restriction enzyme-digested target DNA by PCR amplification using a stem-loop
primer: application to the detection of hypomethylated fetal DNA in maternal
plasma. Clin Chem 53: 1906-1914. clinchem.2007.092619 [pii];10.1373/
clinchem.2007.092619 [doi].

. Papageorgiou EA, Fiegler H, Rakyan V, Beck S, Hulten M, et al. (2009) Sites of

differential DNA methylation between placenta and peripheral blood: molecular
markers for noninvasive prenatal diagnosis of aneuploidies. Am J Pathol 174:
1609-1618. S0002-9440(10)61019-X [pii];10.2353/ajpath.2009.081038 [doi].

. Bellido ML, Radpour R, Lapaire O, De Bie I, Hosli I, et al. (2010) MALDI-

TOF mass array analysis of RASSF1A and SERPINBS methylation patterns in
human placenta and plasma. Biol Reprod 82: 745-750. biolreprod.109.082271
[pii];10.1095/biolreprod.109.082271 [doi].

. Chan KC, Ding C, Gerovassili A, Yeung SW, Chiu RW, et al. (2006)

Hypermethylated RASSF1A in maternal plasma: A universal fetal DNA marker
that improves the reliability of noninvasive prenatal diagnosis. Clin Chem 52:
2211-2218. clinchem.2006.074997 [pii];10.1373/clinchem.2006.074997 [doi].

PLOS ONE | www.plosone.org

20.

21.

22.

23.

24.

26.

28.

30.

31.

32.

33.

34.

36.

37.

38.

Methylation-Based Detection of Cell-Free Fetal DNA

Lun FM, Chiu RW, Leung TY, Leung TN, Lau TK, et al. (2007) Epigenetic
analysis of RASSFIA gene in cell-free DNA in amniotic fluid. Clin Chem 53:
796-798. 53/4/796 [pii];10.1373/clinchem.2006.084350 [doi].

Della Ragione F, Mastrovito P, Campanile C, Conti A, Papageorgiou EA, et al.
(2010) Differential DNA methylation as a tool for noninvasive prenatal diagnosis
(NIPD) of X chromosome aneuploidies. J Mol Diagn 12: 797-807. S1525-
1578(10)60130-4 [pii];10.2353/jmoldx.2010.090199 [doi].

Zhao I, Wang J, Liu R, Yang J, Cui K, et al. (2010) Quantification and
application of the placental epigenetic signature of the RASSFIA gene in
maternal plasma. Prenat Diagn 30: 778-782. 10.1002/pd.2546 [doi].

Tsui DW, Chan KC, Chim SS, Chan LW, Leung TY, et al. (2007) Quantitative
aberrations of hypermethylated RASSF1A gene sequences in maternal plasma in
pre-cclampsia. Prenat Diagn 27: 1212-1218. 10.1002/pd.1897 [doi].

White HE, Dent CL, Hall VJ, Crolla JA, Chitty LS (2012) Evaluation of a novel
assay for detection of the fetal marker RASSFIA: facilitating improved
diagnostic reliability of noninvasive prenatal diagnosis. PLoS One 7: €45073.
10.1371/journal.pone.0045073 [doi];PONE-D-12-13129 [pii].

. Boon EM, Schlecht HB, Martin P, Daniels G, Vossen RH, et al. (2007) Y

chromosome detection by Real Time PCR and pyrophosphorolysis-activated
polymerisation using free fetal DNA isolated from maternal plasma. Prenat
Diagn 27: 932-937. 10.1002/pd.1804 [doi].

Phylipsen M, Yamsri S, Treffers EE, Jansen DT, Kanhai WA, et al. (2012) Non-
invasive prenatal diagnosis of beta-thalassemia and sickle-cell disease using
pyrophosphorolysis-activated polymerization and melting curve analysis. Prenat
Diagn 32: 578-587. 10.1002/pd.3864 [doi].

. Liu Q, Sommer SS (2000) Pyrophosphorolysis-activated polymerization (PAP):

application to allele-specific amplification. Biotechniques 29: 1072-6, 1078,
1080.
Shi J, Liu Q, Sommer SS (2007) Detection of ultrarare somatic mutation in the
human TP53 gene by bidirectional pyrophosphorolysis-activated polymerization
allele-specific amplification. Hum Mutat 28: 131-136. 10.1002/humu.20423
[doi].

. Liu Q, Sommer SS (2004) PAP: detection of ultra rare mutations depends on P*

oligonucleotides: “sleeping beauties” awakened by the kiss of pyrophosphor-
olysis. Hum Mutat 23: 426-436. 10.1002/humu.20036 [doi].

van den Oever JM, Balkassmi S, Verweij EJ, van Iterson M, Adama van
Scheltema PN, et al. (2012) Single molecule sequencing of free DNA from
maternal plasma for noninvasive trisomy 21 detection. Clin Chem 58: 699-706.
clinchem.2011.174698 [pii];10.1373/clinchem.2011.174698 [doi].

Li LC, Dahiya R (2002) MethPrimer: designing primers for methylation PCRs.
Bioinformatics 18: 1427-1431.

Maat W, van der Velden PA, Out-Luiting C, Plug M, Dirks-Mulder A, et al.
(2007) Epigenetic inactivation of RASSFla in uveal melanoma. Invest
Ophthalmol Vis Sci 48: 486-490. 48/2/486 [pii];10.1167/i0vs.06-0781 [doi].
Milbury CA, Li J, Makrigiorgos GM (2009) PCR-based methods for the
enrichment of minority alleles and mutations. Clin Chem 55: 632-640.
clinchem.2008.113035 [pii];10.1373/clinchem.2008.113035 [doi].

Zhang Q, Hu G, Yang Q, Dong R, Xie X, et al. (2013) A multiplex methylation-
specific PCR assay for the detection of early-stage ovarian cancer using cell-free
serum DNA. Gynecol Oncol 130: 132-139. S0090-8258(13)00304-1
[pii];10.1016/j.ygyno.2013.04.048 [doi].

. Majchrzak-Celinska A, Paluszczak J, Kleszcz R, Magiera M, Barciszewska AM,

et al. (2013) Detection of MGMT, RASSFIA, pl15INK4B, and pl4ARF
promoter methylation in circulating tumor-derived DNA of central nervous
system cancer patients. J Appl Genet 54: 335-344. 10.1007/513353-013-0149-x
[doi].

Ponomaryova AA, Rykova EY, Cherdyntseva NV, Skvortsova TE, Dobrodeev
AY, et al. (2013) Potentialities of aberrantly methylated circulating DNA for
diagnostics and post-treatment follow-up of lung cancer patients. Lung Cancer
81: 397-403. S0169-5002(13)00248-1 [pii];10.1016/j.lungcan.2013.05.016
[doi].

Lo YM, Tein MS, Lau TK, Haines C]J, Leung TN, et al. (1998) Quantitative
analysis of fetal DNA in maternal plasma and serum: implications for
noninvasive prenatal diagnosis. Am J Hum Genet 62: 768-775. S0002-
9297(07)60967-7 [pii];10.1086/301800 [doi].

Lun FM, Chiu RW, Allen Chan KC, Yeung LT, Kin LT, et al. (2008)
Microfluidics digital PCR reveals a higher than expected fraction of fetal DNA
in maternal plasma. Clin Chem 54: 1664-1672. clinchem.2008.111385
[pii];10.1373/clinchem.2008.111385 [doi].

December 2013 | Volume 8 | Issue 12 | e84051



