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Abstract

ObjecƟ ves: RASSF1A has been described to be diff erenƟ ally methylated between fetal 
and maternal DNA and can therefore be used as a universal sex-independent marker to con-
fi rm the presence of fetal sequences in maternal plasma. However, this requires highly sen-
siƟ ve methods. We have previously shown that Pyrophosphorolysis-acƟ vated PolymerizaƟ on 
(PAP) is a highly sensiƟ ve technique that can be used in noninvasive prenatal diagnosis. In this 
study, we have used PAP in combinaƟ on with bisulfi te conversion to develop a new universal 
methylaƟ on-based assay for the detecƟ on of fetal methylated RASSF1A sequences in mater-
nal plasma.

Methods: Bisulfi te sequencing was performed on maternal genomic (g)DNA and fetal 
gDNA from chorionic villi to determine diff erenƟ ally methylated regions in the RASSF1A gene 
using bisulfi te specifi c PCR primers. MethylaƟ on specifi c primers for PAP were designed for 
the detecƟ on of fetal methylated RASSF1A sequences aŌ er bisulfi te conversion and validated. 

Results:  Serial diluƟ ons of fetal gDNA in a background of maternal gDNA show a rela-
Ɵ ve percentage of ~3% can be detected using this assay. Furthermore, fetal methylated RASS-
F1A sequences were detected both retrospecƟ vely as well as prospecƟ vely in all maternal 
plasma samples tested (n=71). No methylated RASSF1A specifi c bands were observed in cor-
responding maternal gDNA. Specifi city was further determined by tesƟ ng 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 specifi c for methylated fetal DNA. Combining all 
samples and controls, we obtain an overall sensiƟ vity and specifi city of 100% (95% CI 98.4%-
100%).

Conclusions:  Our data demonstrate that using a combinaƟ on of bisulfi te conversion and 
PAP fetal methylated RASSF1A sequences can be detected with extreme sensiƟ vity in a univer-
sal and sex-independent manner. Therefore, this assay could be of great value as an addiƟ on 
to current techniques used in noninvasive prenatal diagnosƟ cs.
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IntroducƟ on

Over the past years, the use of cell-free fetal DNA (cff DNA) for noninvasive prenatal 
diagnosis (NIPD) has proven its clinical potenƟ al in a wide range of fi elds. Although the pos-
sibiliƟ es for using cff DNA in NIPD are numerous, they do require highly sensiƟ ve and specifi c 
techniques to detect the low levels of fetal sequences in the pool of maternal plasma DNA 
early in gestaƟ on. 

For the detecƟ on and/or quanƟ fi caƟ on of fetal DNA, many invesƟ gators have based 
their strategy on the detecƟ on of Y-chromosomal-specifi c sequences (SRY and DYS14), or on 
the use of paternally inherited SNPs or polymorphic loci that are either absent or diff erent in 
the mother (T�Ä¦ et al., 1999; A½®þ���« et al., 2002; P�¦�-C«Ù®Ýã®��ÄÝ et al., 2006; H®½½ et al., 
2010; S�«�¥¥�Ù et al., 2010). Even though Y-chromosomal sequences can be detected using 
several diff erent techniques with high sensiƟ vity and specifi city early in gestaƟ on, a posiƟ ve 
result can only be obtained in pregnancies with a male fetus. AddiƟ onal detecƟ on of paternal-
ly inherited sequences could be used to discriminate between a true negaƟ ve result in case of 
a female pregnancy, or a false negaƟ ve result in case of low levels of circulaƟ ng cff DNA. How-
ever, 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 informaƟ ve. Therefore, a large 
panel of diff erent markers need to be tested for each individual case (S�«�¥¥�Ù et al., 2010).

Other fetal idenƟ fi ers have been described which are based on epigeneƟ c diff erences 
between fetus and mother. These diff erences are caused by so-called genomic imprinƟ ng and 
are characterized by diff erenƟ al expression of maternally and paternally inherited genes due 
to transcripƟ onal silencing of either one of these genes through DNA methylaƟ on (B��«Ã�ÄÄ 
et al., 2012). The use of genomic imprinƟ ng in NIPD was fi rst shown by the group of Poon et 
al. displaying diff erences in methylaƟ on status between fetal and maternal sequences in a 
region of the human IGF2-H19 locus (PÊÊÄ et al., 2002). Since it has been shown that cff DNA 
in maternal plasma originates from trophoblast cells of the placenta, the search for diff eren-
Ɵ ally methylated paƩ erns has focused on genes expressed in placental Ɵ ssues (T¹Ê� et al., 
2006; A½��ÙÙù et al., 2007; B®�Ä�«®, 2004; F��Ý et al., 2012; C«®Ã et al., 2005; C«®ç et al., 
2007; C«®Ã et al., 2008; TÊÄ¦ et al., 2006; TÊÄ¦ et al., 2007; P�Ö�¦�ÊÙ¦®Êç et al., 2009; B�½-
½®�Ê et al., 2010). One of such genes that have been reported to be diff erenƟ ally methylated 
between mother (hypomethylated) and fetus (hypermethylated) is Ras-AssociaƟ on Domain 
Family Member 1, transcript variant A (RASSF1A) (C«�Ä et al., 2006; C«®ç et al., 2007; LçÄ et 
al., 2007; D�½½� et al., 2010; B�½½®�Ê et al., 2010; Z«�Ê et al., 2010; Tsui et al., 2007; White et 
al., 2012). Previous studies used these diff erences in methylaƟ on in RASSF1A to confi rm the 
presence of cff DNA in maternal plasma, independent of fetal sex and without the restricƟ on of 
only detecƟ ng paternally inherited sequences (C«�Ä et al., 2006; C«®ç et al., 2007; LçÄ et al., 
2007; D�½½� et al., 2010; B�½½®�Ê et al., 2010; Z«�Ê et al., 2010; TÝç® et al., 2007; W«®ã� et al., 
2012). MethylaƟ on-sensiƟ ve restricƟ on enzyme digesƟ on, (Real-Time) methylaƟ on specifi c 
PCR (MSP), mass spectrometry and bisulfi te conversion in combinaƟ on with direct sequenc-
ing were the main techniques used in these studies. Some of the aforemenƟ oned techniques 
require a relaƟ vely high DNA input. This may indicate that not all of these techniques are sen-
siƟ ve enough to detect the low levels of cff DNA in maternal plasma early in gestaƟ on. We have 
previously shown that Pyrophosphorolysis-acƟ vated polymerizaƟ on (PAP) is a highly sensiƟ ve 
method for the detecƟ on of fetal sequences in a large pool of maternal plasma (BÊÊÄ et al., 
2007; P«ù½®ÖÝ�Ä et al., 2012). PAP was iniƟ ally developed to detect rare known mutaƟ ons with 
high selecƟ vity in an excess of wild-type template (L®ç et al., 2000). It uƟ lizes unidirecƟ onal 
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(PAP) or bidirecƟ onal (bi-PAP) blocked oligonucleoƟ des on the 3’end. These blocks need to be 
removed by pyrophosphorolysis for DNA extension to occur. This is only possible when the 
oligonucleoƟ des completely match the template strand. This makes PAP a highly specifi c and 
sensiƟ ve method to use in NIPD (L®ç et al., 2000; BÊÊÄ et al., 2007; S«® et al., 2007; L®ç et al., 
2004; P«ù½®ÖÝ�Ä et al., 2012).

In this study we have used this method to develop a new universal sex-independent 
methylaƟ on-based assay to detect fetal methylated RASSF1A (mRASSF1A) sequences in ma-
ternal plasma for NIPD.

Materials and Methods

Samples 
WriƩ en informed consent was obtained and this study was approved by the Medical 

Ethics CommiƩ ee (CME) of the Leiden University Medical Center. Maternal peripheral blood 
samples (10-20 mL) were collected in EDTA coated tubes from pregnant women for noninva-
sive fetal sexing at the Laboratory for DiagnosƟ c Genome Analysis of the Leiden University 
Medical Center (LUMC), Leiden, the Netherlands. Maternal blood samples (n=71) were drawn 
at a median gestaƟ onal age of 10.6 weeks (range 8.0 – 18.1 wks.) and were processed within 
24 hrs. aŌ er collecƟ on as described previously (ò�Ä ��Ä O�ò�Ù et al., 2012). The retrospecƟ ve 
samples used were previously tested for fetal sexing (n=60) using a combinaƟ on of Real-Time 
PCR and Pyrophosphorolysis-acƟ vated polymerizaƟ on (Y-PAP) for the detecƟ on of Y-chromo-
somal sequences as previously described (BÊÊÄ et al., 2007). All fetal gender was confi rmed 
by karyotyping or aŌ er birth. In the prospecƟ ve samples (n=11) fetal sexing was determined 
using a combinaƟ on of tests menƟ oned above, supplemented with Real-Time PCR detecƟ on 
of a panel of 8 high frequency paternal deleƟ on/inserƟ on polymorphisms (A½®þ���« et al., 
2002). As a control, anonymized plasma control samples from males (n=21) and non-pregnant 
females (age>48, n=24) were used. 

DNA isolaƟ on
Cell-free DNA was isolated from plasma with the EZ1 Virus Mini Kit v2.0 on the EZ1 Ad-

vanced (QIAGEN, Venlo, The Netherlands; www.qiagen.com) according to the manufacturer’s 
instrucƟ ons with an input volume of 800 (2*400) μL plasma and an eluƟ on volume of 120 
(2*60) μL.

Bisulfi te conversion
Bisulfi te conversion was performed using the EZ DNA MethylaƟ on-Gold™ kit (Zymo 

Research, USA) according to manufactures’ instrucƟ ons, with an input of 100 ng gDNA per 
reacƟ on (maximum DNA reacƟ on volume of 50 μL) and an eluƟ on volume of 10 μL. Bisulfi te 
conversion of plasma DNA was performed as menƟ oned previously, with an input of 2*50 μL 
total cell-free DNA (cfDNA) from plasma per bisulfi te reacƟ on. (N.B. two corresponding plas-
ma DNA samples were pooled aŌ er conversion and purifi ed over 1 column). EluƟ on volume 
used was 10 μL.
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Bisulfi te sequencing and mRASSF1A-PAP primer design
Two sets of Bisulfi te Sequencing Primers (BSP) containing an M13 tag for Sanger se-

quencing were designed for two subsequent fragments (BisA 191 bp and BisB 297 bp, Fig. 1, 
Table 1) in the promoter region of the RASSF1A gene (NM_007182.4) outside predicted CpG 
islands or other potenƟ ally methylated cytosines using MethPrimer v1.1 beta (L® et al., 2002; 
C«®ç et al., 2007; M��ã et al., 2007).  AŌ er bisulfi te conversion, we assessed methylaƟ on pat-
terns of these two regions by convenƟ onal Sanger sequencing using these 2 sets of BSP-M13 
primers and SeqScape SoŌ ware (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 diff erenƟ ally methylated regions of the RASSF1A 
gene at nucleoƟ de level. MethylaƟ on specifi c PAP primers for the detecƟ on of mRASSF1A 
were subsequently designed and a so-called bi-PAP reacƟ on was performed. 

mRASSF1A-PAP
The mRASSF1A-PAP reacƟ on mixture contained 1x PAP-PCR buff er (250 mM Tris-HCl 

pH 7.5 (Gibco, Life Technologies CorporaƟ on), 80 mM (NH4)2SO4 (J.T. Baker), 17.5 mM MgCl2 
(J.T. Baker), 125 μM of each of the four dNTP’s (Thermo ScienƟ fi c), 450 μM Na4PPi pH 8.0 (Sig-
ma-Aldrich)), 2.5 IU Klentaq S (ScienTech Corp), 4 μM of each PAP-primer (Biolegio, Nijmegen, 
the Netherlands, Table 1) and 10 μL of bisulfi te converted cfDNA from maternal plasma. Cy-
cling condiƟ ons were 15 s 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 reacƟ on product was visualized on a 3.5% 1x TBE agarose gel. 

As an internal negaƟ ve control, maternal gDNA from the buff y coat (input 100 ng) was 
always converted and analyzed together with the cfDNA isolated from the corresponding ma-
ternal plasma sample. A fully methylated human cell line (CpGenome, S7821, Merck Milli-
pore) and/or a gDNA sample from CVS (both 100 ng input per reacƟ on) were used as posiƟ ve 
controls to check the bisulfi te conversion and the PAP reacƟ on. For the laƩ er, this control 
had been converted in an independent separate reacƟ on, aliquoted and stored at -20°C unƟ l 
further use. 

Serial diluƟ ons (range 1000-7 pg) of fetal gDNA from CVS in H2O were performed to de-
termine the analyƟ cal sensiƟ vity of the assay. In addiƟ on, comparable serial diluƟ ons of fetal 
gDNA in a background of 1000 pg maternal gDNA were performed. Input menƟ oned is the 
total amount of fetal gDNA per bisulfi te conversion reacƟ on.

Results

DeterminaƟ on of diff erenƟ ally methylated regions in RASSF1A
To determine regions in the RASSF1A gene which are diff erenƟ ally methylated between 

mother and fetus, bisulfi te sequencing was performed on maternal gDNA and fetal gDNA from 
CVS (n=3 sets). Two diff erent regions (BisA and BisB) were analyzed by convenƟ onal Sanger 
sequencing using two sets of BSP-M13 primers (Fig. 1, Table 1). Diff erenƟ ally methylated se-
quences were found in both regions (Fig. 2). mRASSF1A-PAP primers PAP primers were de-
signed in the region covered by the BisB BSP primers and are specifi c for fetal methylated 
sequences aŌ er bisulfi te conversion (Figure 3, Table 1). This region was also previously de-
scribed by the group of Chiu and colleagues (C«®ç et al., 2007). We considered this region the 

mRASSF1A-PAP

2



30

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 uracil aŌ er bisulfi te conversion. This resulted in 5 mismatches between each PAP 
primer and maternal DNA template and will increase the specifi city of this assay (Fig. 3). To 
increase specifi city of the PAP primers even more, the length of the oligonucleoƟ des was at 
least 28 nt. In addiƟ on, this assay was designed as a bi-PAP, containing a 3’ddC block on both 
the forward as well as the reverse primer.

Figure 1: Sequences aŌ er Methprimer predicƟ on. 
Predicted sequences of the RASSF1A for Bisulfi te Specifi c Primers (BSP) design using Methprimer (L® et al., 2002). BSP 
primers are located outside diff erenƟ ally methylated regions. Methylated nucleoƟ des are indicated with +, unmethyl-
ated nucleoƟ des with : and other nucleoƟ des with |. A: The predicted sequence of the BisB forward primer (indicated  
as >>>). B: The predicted sequence of the BisB reverse primer (indicated as <<<). 

AnalyƟ cal sensiƟ vity and specifi city of the mRASSF1A-PAP assay
The analyƟ cal sensiƟ vity of the mRASSF1A-PAP assay was fi rst determined by tesƟ ng 

serial diluƟ ons of gDNA derived from CVS in water. Our results show that this assay is sensi-
Ɵ ve enough to detect fetal sequences in amounts as low as 16 pg in a 50 μL sample reacƟ on 
volume (data not shown). To simulate the situaƟ on 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, represenƟ ng a relaƟ ve 
percentage of around 3% (Fig. 4). These serial diluƟ ons thus showed that this assay is highly 
sensiƟ ve.

Figure 2: Diff erenƟ ally methylated regions aŌ er bisulfi te sequencing. 
Sanger sequencing results for RASSF1A of a fully methylated control cell line (A), maternal gDNA (B) and fetal gDNA 
derived from CVS (C) aŌ er bisulfi te sequencing. A representaƟ ve part of the complete sequence is shown. All unmeth-
ylated cytosines are converted to uracil aŌ er bisulfi te sequencing. Diff erences between maternal and fetal (methylat-
ed) sequences are indicated with an *.
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To demonstrate that this assay is also highly specifi c for methylated fetal DNA sequenc-
es, several controls were tested. As an internal negaƟ ve control, corresponding maternal 
gDNA samples were always converted and analyzed in parallel to the maternal plasma sam-
ples. No mRASSF1A specifi c bands were observed in these samples. In addiƟ on, anonymized 
plasma samples were tested from non-pregnant females (age >48, n=24) and males (n=21). 
Also, no mRASSF1A-specifi c products were observed here. Therefore, the assay is also very 
specifi c since no false posiƟ ves were present in all control samples tested (n=116), resulƟ ng in 
an analyƟ cal sensiƟ vity and specifi city of 100% (95% CI 97.4%-100%). 

Figure 3: Predicted and confi rmed sequences for PAP-primer design. 
Sequences of the RASSF1A gene were analyzed aŌ er bisulfi te sequencing of maternal gDNA and fetal gDNA derived 
from CVS. Diff erenƟ ally methylated regions of the BisB region predicted by MethPrimer (L® et al., 2002) could be con-
fi rmed using bisulfi te sequencing. Both forward (A, upper panel, underlined) and reverse PAP-primer (B, upper panel, 
underlined) are specifi c for fetal sequences (middle panels) aŌ er bisulfi te conversion and both primers have several 
mismatches to the maternal sequences (lower panels). Mismatches between fetal specifi c PAP-primers and maternal 
sequences are indicated with an * for each primer.

TesƟ ng of retrospecƟ ve and prospecƟ ve clinical samples
In a retrospecƟ ve study, fi Ō y three samples previously tested for fetal gender using a 

combinaƟ on of Real Time PCR and Y-PAP (BÊÊÄ et al., 2007) and indicated as undetermined 
(no Y chromosomal sequences detected), were tested for the presence of cff DNA using the 
mRASSF1A-PAP assay (Table 2). Fetal mRASSF1A sequences were detected in all maternal plas-
ma samples tested (n= 53). As a control, the presence of mRASSF1A was also confi rmed in 7 
samples already tested posiƟ ve for Y-chromosomal sequences. In these samples the presence 
of fetal DNA could be confi rmed both in a sex-dependent and sex-independent assay, showing 
that the results from the mRASSF1A detecƟ on are concordant with the detecƟ on of Y chromo-
somal sequences. The data also confi rmed 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 
retrospecƟ vely with a sensiƟ vity and specifi city of 100% (95% CI 95.0%-100%). 

Moreover, in a prospecƟ ve study, several clinically relevant samples (n=11) were tested 
with the mRASSF1A-PAP assay in parallel to our current diagnosƟ c protocol for fetal sexing us-
ing the detecƟ on of Y-chromosomal sequences and, in case of a negaƟ ve (e.g. undetermined 
or no Y chromosomal sequences detected) result, addiƟ onal tesƟ ng for 8 paternal deleƟ on/
inserƟ on polymorphisms (Table 3) (A½®þ���« et al., 2002; BÊÊÄ et al., 2007). Although a pan-
el of high frequency polymorphisms was used, informaƟ ve polymorphisms were either not 
present (n=4), not inherited (n=3) or results for the detecƟ on of these polymorphisms did not
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meet our quality criteria (e.g. at least 2/3 Ct values < 40) used for diagnosƟ cs (n=1) (Table 3). In 
parallel, these samples were tested using the mRASSF1A-PAP. In all 11 cases tested, the pres-
ence of fetal sequences could be confi rmed using this new assay. In combinaƟ on 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 aŌ er addiƟ onal tesƟ ng 
later on in gestaƟ on or aŌ er birth (Table 3). 

Figure 4: mRASSF1A-PAP serial diluƟ on range of gDNA from CVS.
Serial diluƟ ons were performed with gDNA from CVS in a background of 1000 pg maternal gDNA. Input (pg) men-
Ɵ oned is the total amount of fetal gDNA. M= 50 bp marker, 1= 1000 pg, 2= 500 pg, 3= 250 pg, 4= 125 pg, 5= 60 pg, 
6= 30 pg, 7= 15 pg, 8= 7 pg, 9= posiƟ ve control for bisulfi te conversion, 10= NTC for bisulfi te conversion, 11= negaƟ ve 
control for bisulfi te conversion (non-bisulfi te converted fetal gDNA), 12= posiƟ ve 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 mRASSF1A-PAP.

Discussion

We have developed a novel sex- and polymorphism independent, methylaƟ on-based 
diagnosƟ c test for the detecƟ on and confi rmaƟ on of fetal DNA sequences in maternal plasma. 
In contrast to methods most widely used in noninvasive diagnosƟ cs (e.g. detecƟ on of Y chro-
mosomal sequences or paternal polymorphisms), this assay can be applied to all pregnancies. 
Our test, based on the epigeneƟ c diff erences between maternal (hypomethylated) and fetal 
(hypermethylated) RASSF1A sequences, was found to be 100% reliable.

Diff erenƟ ally methylated regions between mother and fetus have previously been iden-
Ɵ fi ed in several genes. However, this was mainly done by techniques such as cloning, mass 
spectrometry and array. These techniques only produced methylaƟ on paƩ erns without high 
resoluƟ on since CpG islands were analyzed as a whole (C«®Ã et al., 2005; C«�Ä et al., 2006; 
B�½½®�Ê et al., 2010; D�½½� et al., 2010; P�Ö�¦�ÊÙ¦®Êç et al., 2009; PÊÊÄ et al., 2002). As we 
were interested in designing sequence-specifi c primers, we needed to study these methyla-
Ɵ on paƩ erns at nucleoƟ de level and therefore decided to perform bisulfi te sequencing. The 
sequences of the BSP primers are located around predicted CpGs and other possible methylat-
ed cytosines (L® et al., 2002). Since these sequences are not infl uenced by bisulfi te conversion, 
it is possible to study diff erenƟ ally methylated regions, both before and aŌ er conversion and 
subsequently to design methylaƟ on specifi c primers for Pyrophosphorolysis-acƟ vated Polym-
erizaƟ on (PAP) (L®ç et al., 2000; L®ç et al., 2004; S«® et al., 2007). PAP requires an allele specifi c 
oligo with a dideoxyoligonucleoƟ de block at the 3’end. If and only when the sequence of the 
oligo completely matches the template strand, the dideoxyoligonucleoƟ de can be removed in 
the presence of pyrophosphate before the oligo can be extended subsequently. We have de-
signed the mRASSF1A-PAP primers specifi c to the fetal (hypermethylated) sequences aŌ er bi-
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Table 3: Sample characterisƟ cs from the prospecƟ ve study.
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sulfi te conversion. Compared to these fetal sequences, maternal (hypomethylated) sequences 
will diff er quite extensively aŌ er bisulfi te conversion, resulƟ ng in several mismatches between 
each primer and the maternal DNA template. This will prevent the PAP reacƟ on from occuring 
since the 3’ block cannot be removed prior to extension, which makes this assay very specifi c. 
Although many other methods for minority allele enrichment have been described, PAP has 
been described to provide the highest selecƟ vity (M®½�çÙù et al., 2009). This selecƟ vity could 
even be enhanced using a bidirecƟ onal modifi caƟ on of two opposing allele-specifi c 3’ dideox-
yoligonucleoƟ des (M®½�çÙù et al., 2009; L®ç et al., 2000; L®ç et al., 2004; S«® et al., 2007). The 
mRASSF1A-PAP is based on this bi-direcƟ onal principle. We previously demonstrated the use 
of PAP for noninvasive fetal sex determinaƟ on using a combinaƟ on of Real-Time PCR and PAP 
for the detecƟ on of Y-chromosomal sequences (BÊÊÄ et al., 2007). This was successfully vali-
dated in our facility by tesƟ ng a large amount of samples for noninvasive fetal sexing (n=213), 
resulƟ ng in a diagnosƟ c sensiƟ vity and specifi city of both 100% (95% CI 98.6%-100%) (un-
published data). Samples from the laƩ er validaƟ on study were used for this mRASSF1A-PAP 
validaƟ on study as well. In daily clinical pracƟ ce, we have also tested the mRASSF1A-PAP by 
using this assay in parallel with rouƟ ne diagnosƟ cs for noninvasive fetal sexing. For the cases 
with undetermined results (e.g. no Y chromosomal sequences detected (BÊÊÄ et al., 2007) 
we started out tesƟ ng the mRASSF1A-PAP in parallel with Real-Time PCR detecƟ on of a panel 
of 8 high frequency paternal polymorphisms (A½®þ���« et al., 2002). In some cases, no in-
formaƟ ve polymorphisms were present that could be used for a diagnosƟ c conclusion. Thus 
despite using a panel of polymorphisms, the presence of cff DNA in maternal plasma could not 
be confi rmed in 67% of the cases. mRASSF1A-PAP was also performed on these samples. In 
these cases mRASSF1A-PAP results were posiƟ ve and fetal gender was determined and indeed 
confi rmed as female showing that this assay could serve as a valuable supplemental test in 
diagnosƟ cs. 

However, there are excepƟ ons where it is preferable to use paternally inherited poly-
morphisms to confi rm the presence of fetal DNA instead of detecƟ ng methylated RASSF1A. 
Several recent studies have reported that aberrant methylaƟ on in the promoter region of 
RASSF1A can also be used as potenƟ al marker for (early) diagnosis of several types of cancer 
(Z«�Ä¦ et al., 2013; M�¹�«Ùþ�»-C�½®ÄÝ»� et al., 2013; PÊÄÊÃ�ÙùÊò� et al., 2013). This could 
mean that there is a potenƟ al risk for false posiƟ ve results in the mRASSF1A-PAP assay. Al-
though this risk is considered to be small, given the prevalence of cancer in the reproducƟ ve 
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 tesƟ ng the samples. In these 
cases, tesƟ ng of paternally inherited polymorphisms to confi rm the presence of fetal DNA is 
preferable over tesƟ ng methylated RASSF1A.

Although the percentage cff DNA early in gestaƟ on diff ers between individuals, most 
reports agree that the fetal contribuƟ on is around 10% in the fi rst trimester (LÊ et al., 1998; 
LçÄ et al., 2008a; ò�Ä ��Ä O�ò�Ù et al., 2012). On average, we isolate 2-3 ng of total cfDNA 
from maternal plasma, thus expecƟ ng around 200-300 pg cff DNA as input for the the mRASS-
F1A-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 equiva-
lents (30 pg). This demonstrates the extreme sensiƟ vity of PAP. Using serial diluƟ ons, 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 applicaƟ ons such as noninvasive prenatal tesƟ ng (NIPT) for fetal trisomies 
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using Next GeneraƟ on Sequencing. Since the assay is universal and sex-independent, it can be 
applied to all samples and reliably confi rms the presence of fetal DNA within a sample.

In conclusion, this study confi rmed that methylated RASSF1A sequences can be used 
as informaƟ ve universal markers for detecƟ ng the presence of cff DNA in maternal plasma, 
irrespecƟ ve of fetal sex. Moreover, the PAP technique used provides an extremely sensiƟ ve 
method for the detecƟ on of fetal sequences in a large pool of maternal plasma DNA early in 
gestaƟ on. Therefore, this assay could be of great value as an addiƟ on to current techniques 
used in noninvasive prenatal diagnosƟ cs.
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