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Abstract

Circulating cell-free DNA (ccfDNA) is a promising diagnostic tool and its
size fractionation is of interest. However, kits for isolation of ccfDNA
available on the market are designed for small volumes hence processing
large sample volumes is laborious. We have tested a new method that
enables enrichment of ccfDNA from large volumes of plasma and subse-
quently allows size-fractionation of isolated ccfDNA into two fractions
with individually established cut-off levels of ccfDNA length. This method
allows isolation of low-abundant DNA as well as separation of long and
short DNA molecules. This procedure may be important e.g., in prenatal
diagnostics and cancer research that have been already confirmed by our
primary experiments. Here, we report the results of selective separation of
200- and 500-bp long synthetic DNA fragments spiked in plasma samples.
Furthermore, we size-fractionated ccfDNA from the plasma of pregnant
women and verified the prevalence of fetal ccfDNA in all fractions.
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Introduction

The crucial step for an effective genetic analysis
of ccfDNA is its isolation in sufficient amounts,
even if it is low-abundant and highly fragmented
as in plasma (Schwarzenbach et al. 2011).
Moreover, for some applications, like prenatal
and tumor diagnostics, it may be crucial to sepa-
rate short ccfDNA fragments from long ones
(Chan et al. 2004; Schwarzenbach 2013).
Currently, available kits and methods use stan-
dard nucleic acid extraction procedures based on
sample lysis, binding the nucleic acids on a solid
material and washing and elution of nucleic
acids. When processing high sample volumes,
the procedures are time- and work- consuming,
and require large amounts of reagents. Moreover,
none of these kits enable to separate ccfDNA in
short and long molecules.

We have tested a kit, which differs from other
kits by the capturing of biomolecules (DNA,
RNA, exosomes, viruses) by a polymer prior to
the lysis step and the separation of total ccfDNA
in short and long DNA fragments. Large sample
volumes can be processed in a fast and simple
manner, increasing the probability of capturing
low-abundant ccfDNA molecules. The polymer-
trapped biomolecules are spun down and can be
used either for nucleic acid extraction or can be
dissolved in a small volume of a special buffer
and used for other downstream applications (e.g.
exosome detection by western blot, plaque assay
to detect alive viruses). After the nucleic acid iso-
lation, the total ccfDNA (Fraction X) can be
selectively size-fractionated in long and short
DNA molecules. The size cut-off can be set indi-
vidually by adding a Binding Conditioner (BC)
and should be determined empirically for each
application. The amount of BC added to the sam-
ple influences the size of long DNA fragments
that bind on the spin filter (Fraction Y) and short
DNA fragments that pass through the spin filter
(Fraction Z). Under special conditions, Fraction
Z is subsequently bound to the second filter and
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both fractions (Y and Z) can be further cleaned
up and separately eluted.

This kind of separation allows enrichment of
the DNA of interest as well as removal of unde-
sirable DNA, and is qualified for prenatal screen-
ing (Ashoor et al. 2013) and cancer research
(Schwarzenbach et al. 2012).

Materials and Methods

Extraction and Size Fractionation
of Synthetic DNA Spiked in Plasma
Samples

Twenty ng of 200- and 500-bp synthetic DNA
fragments (Carl Roth GmbH + Co. KG, Karlsruhe,
Germany) were spiked in 1 ml of plasma samples
(Haema, Frankfurt Oder, Germany), extracted
and size- fractionated using the PME and subse-
quent size-fractionized extraction of cell-free
DNA kit (Analytik Jena, Jena, Germany). The
DNA size cut-off was established by adding 8 pl
of BC, resulting in a separation of total DNA
(Fraction X) in long DNA fragments (Fraction
Y), containing 500-bp DNA, and short DNA
fragments (Fraction Z) containing 200-bp
DNA. Samples of all three fractions (X, Y and Z)
were analyzed on an Agilent 2100 Bioanalyzer
using the Agilent DNA 1000 Kit (Agilent
Technologies, Santa Clara, California, USA).

Enrichment of Fetal ccfDNA

ccfDNA from 1 ml of plasma from pregnant
women bearing a male fetus was isolated and
size-fractionized using the PME and subsequent
size-fractionized extraction of cell-free DNA kit.
The cut-off level was set to 350 bp. Total genome
equivalent copies in all three fractions were
determined by PCR with primers specific for the
3-globin (autosomal — maternal and fetal) gene.
The yield of fetal DNA in all three fractions (X,
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Y and Z) was quantified by PCR with primers
specific for sex-determining region Y gene.

Results

Extraction and Size Fractionation
of Synthetic DNA Spiked in Plasma

The isolated and fractionated synthetic 200- and
500-bp long DNA fragments were analyzed on
an Agilent 2100 Bioanalyzer (Fig. 30.1). Total
DNA fraction (X) contained equal yields of DNA
of both lengths (upper graph). After size fraction-
ation, Fraction Y included almost only 500-bp
long DNA (middle graph) and Fraction Z mostly
200-bp long DNA fragments (lower graph).
Fractions Y and Z contained negligible traces of
200-bp and 500-bp long DNA, respectively.

Percentage of Fetal ccfDNA
in Fractions X,Y and Z

Total genome equivalent copies were calculated
in all three fractions of ccfDNA from plasma of
pregnant women (Fig. 30.2, red columns). We
observed that most ccfDNA was longer than 350
bp. In addition, the yields (green columns) and
the prevalence (%, blue columns) of fetal ccfDNA
in all three fractions were calculated. The preva-
lence of fetal ccfDNA was highest in Fraction Z
(<350 bp) and lowest in Fraction X (before frac-
tionation). These results indicate the significant
predominance of maternal ccfDNA in whole
ccfDNA pool.

Discussion

Quantification of low- and high-molecular weight
ccfDNA may be of relevance in prenatal screen-
ing (Ashoor et al. 2013) and tumor research
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(Schwarzenbach et al. 2012). Therefore, a fast,
standardized and reliable method for size-
depending separation of ccfDNA could be used
as a diagnostic tool.

Depending on the cancer type, tumor ccfDNA
can predominantly be of apoptotic or necrotic
origin, and therefore, differently fragmented
(Schwarzenbach 2013). Thus, the size-dependent
ccfDNA selection could highlight its utility for
further genetic and epigenetic analyses.

To date, the clinical relevance and applica-
tion of ccfDNA have only been found in fetal
medicine. Chan et al. (2004) discovered that
maternal and fetal ccfDNA differ in their
lengths. Low levels of small fragmented fetal
ccfDNA are usually detected with a strong
background of maternal ccfDNA. It has been
reported, that at a 11-13 weeks’ gestation, the
median prevalence of fetal ccfDNA in total
ccfDNA from the mother’s plasma is around
10% and may decrease along with e.g. the
mother’s origin or body weight (Ashoor et al.
2013). Fetal DNA in maternal plasma has also
been shown to be useful for the prenatal diag-
nosis of certain fetal disorders: fetal chromo-
somal aneuploidies, sex-linked disorders, cystic
fibrosis, Huntington disease and I-thalassemia
(Chiu and Lo 2013). Therefore, the combina-
tion of the polymer-based enrichment and sub-
sequent size fractionation of ccfDNA offers a
perfect tool for prenatal diagnostics, allowing
the enrichment of shorter, fetal ccfDNA by
removing longer, maternal ccfDNA from the
total ccfDNA fraction.

To our knowledge, this is the first publication
showing the separation of ccfDNA in nearly pure
short and long ccfDNA fragments. Some faint
DNA residues of redundant fractions were
observed that should have no significant influ-
ence on any downstream applications. However,
investigations on large patient cohorts are
required to test the clinical relevance of our
method.
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