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Objective: In contrast to the traditional teaching that the placenta forms an impermeable barrier, multiple studies show that both
intact fetal cells and cell-free nucleic acids circulate freely in maternal blood. Complications of pregnancy, such as pre-eclampsia,
or fetal cytogenetic abnormalities, such as trisomy 21, increase transfusion of both intact fetal cells and cell-free fetal nucleic acids
into the maternal circulation. The objective of our research is to show that abnormal feto-maternal trafficking of nucleic acids is
associated with fetal and placental pathology, and that these observations may lead to novel non-invasive diagnostic and screening
tests.

Methods: Real-time quantitative PCR amplification of DY.S/ is used to measure the levels of male fetal DNA in case-control sets
of serum or plasma taken from pregnant women. In our laboratory, we use DY.S/, a Y-chromosome specific gene, as a uniquely
fetal DNA marker for the development of gestation-specific normal values and theoretical models.

Results: Women carrying fetuses with trisomies 21 or 13 (but not 18) have increased levels of fetal DNA in their fresh or archived
serum and/or plasma samples. Women destined to develop pre-eclampsia have a characteristic bi-phasic elevation of cell-free fetal
DNA that precedes clinical symptoms. Data obtained from a variety of clinical scenarios suggest that the placenta is the
predominant source of the circulating fetal nucleic acids, although apoptotic haematopoietic cells may contribute to the pool as
well.

Conclusions: Fetal cell-free DNA is elevated in a number of conditions associated with placental pathology. Widespread clinical
implementation of fetal DNA as a screening tool awaits discovery of a reliable gender-independent marker, which may be DNA
polymorphisms, epigenetic markers, or mRNA. Fetal cell-free nucleic acids have potential for non-invasive monitoring of placental
pathology. © 2004 IFPA and Elsevier Ltd. All rights reserved.
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INTRODUCTION circulation (approximately one fetal cell per ml of maternal
blood) [2].

A new area of research developed following the discovery of
large amounts of circulating cell-free tumour DNA in plasma
and serum from cancer patients [3,4]. Reasoning that the
rapidly growing fetus and placenta possessed tumour-like
qualities, Lo et al. [5] first demonstrated the presence of male
fetal DNA sequences in maternal plasma and serum. The
results of subsequent studies by the same group showed
surprisingly high mean concentrations of fetal DNA in
maternal plasma DNA [6]. Significantly more fetal DNA is
present in the cell-free plasma (or serum) of pregnant women as
compared with the fetal DNA extracted from the cellular
fraction of maternal blood [7]. Further investigations have
focused on the clinical implications of this technique, specifi-
cally using real-time polymerase chain reaction (PCR) ampli-
fication assays for prenatal screening and diagnosis of
pregnancy complications and genetic disorders. Compared
with the analysis of fetal nucleated cells in the maternal blood,
which in many cases requires the use of sophisticated fetal cell
enrichment procedures, maternal plasma/serum DNA analysis

In contrast to the traditional teaching that the placenta forms
an impermeable barrier between the pregnant woman and her
fetus, multiple studies show that both intact fetal cells and
cell-free nucleic acids circulate freely within maternal blood.
Because invasive techniques of prenatal diagnosis such as
amniocentesis and chorionic villus sampling (CVS) are expens-
ive and associated with risks to the mother and the fetus,
alternative non-invasive methods are being actively explored.
One approach, the isolation of inzacr fetal cells from the
maternal circulation, has been extensively studied in our
laboratory [1] and others. Advances in molecular biology have
provided new and sensitive tools for the genetic analysis of
fetal cells once isolated from the maternal blood. The major
limitation in applying these techniques clinically, however, is
the generally low number of fetal cells found in the maternal
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has the advantage of being rapid, reliable, reproducible, and
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easily carried out for a large number of samples. The main
limitation at present appears to be the availability of uniquely
fetal gene sequences that identify and/or measure the presence
of fetal DNA in both male and female fetuses.

An interesting aspect of this research is that the diagnostic
applications for the detection and measurement of circulating
cell-free fetal DNA have (to some extent) preceded an under-
standing of their fundamental biology. For example, the tissue
sources of these nucleic acids, as well as their mechanisms of
production and metabolism, are currently not definitively
known. In this paper, I will review the available evidence
to date that suggests that the predominant, although not
exclusive, source of the circulating fetal cell-free DNA in the
maternal circulation is the placenta. In the second part I
will discuss the many diagnostic applications that arise from
the measurement of fetal nucleic acids in the maternal
circulation.

PATHOPHYSIOLOGY

Working in a cancer centre, and aware of the similarities
between the aggressively growing feto-placental unit and a
tumour, Lo et al. [5] initially asked the question whether
fetal DNA is present in the plasma and serum of pregnant
women. Using standard PCR amplification of Y-specific DNA
sequences and agarose gel electrophoresis, they were able to
detect fetal DNA in most plasma/serum samples of pregnant
women bearing male fetuses. The subsequent development of
the technique of real-time PCR, which uses the 5’ to 3’
exonuclease activity of the enzyme Taq polymerase, enabled
these authors to measure the concentration of fetal DNA in
maternal plasma [6]. The total amount of extracted DNA in
maternal plasma/serum samples was measured by amplifying
the ubiquitously present B-globin gene. The fractional concen-
tration of fetal DNA in early pregnancy was 0.014-0.54 per
cent (mean 0.13 per cent) in serum and 0.39-11.9 per cent
(mean 3.4 per cent) in plasma. In late pregnancy there was a
fractional concentration of fetal DNA of 0.032-3.97 per cent
(mean 1.0 per cent) in serum and 2.33-11.4 per cent (mean 6.2
per cent) in plasma. The absolute concentration of fetal DNA
in was similar in maternal plasma and serum. The main
difference was the presence of a larger quantity of background
maternal DNA in serum (released from the clot) compared
with plasma. High concentrations of fetal DNA allowed for the
detection of fetal SRY genes in maternal plasma or serum from
every pregnant woman carrying a male fetus (z=12). The data
also demonstrated an increase in fetal DNA concentration as
gestation advanced, with a remarkable sharp increase during
the last 8 weeks of pregnancy.

The turnover of circulating fetal DNA was subsequently
studied by investigating the clearance of circulating fetal DNA
after delivery [8]. Most of the women studied (seven out of
eight) had undetectable levels of circulating fetal DNA by 2 h
postpartum. The mean half-life for fetal DNA was estimated
to be 16.3 min (range 4-30 min). Assuming there are no abrupt
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changes in circulating fetal DNA clearance associated with
delivery, the authors speculated that to maintain a steady state,
fetal DNA must be continuously liberated in large quantities
into maternal circulation. Their calculations suggested that
fetal DNA is liberated at a mean rate of 2.24-10* copies/min
into the maternal circulation. The rapid turnover implies that
fetal DNA measurement provides an almost real-time picture
of fetal DNA production and clearance, and, thus, may be
useful for monitoring feto-maternal events having rapid
dynamics.

To date, little is known about the molecular and biological
characteristics of the fetal DNA present in maternal circu-
lation. Due to the fact that the kinetics of real-time PCR result
in a more efficient amplification of smaller amplicons, there is
indirect evidence to suggest that the circulating fetal DNA
fragments are small (<450 bp). Because the fetal DNA is not
immediately metabolized and is so readily amplified from
plasma or serum, it has also been suggested that the circulating
DNA is protected within apoptotic bodies or attached to
nucleosomes. Halicka et al. [9] demonstrated that there is
separate packaging of DNA and RNA into different apoptotic
bodies during apoptosis. Using acridine orange to stain nucleic
acids, Bischoff and colleagues [10] flow-sorted nucleic acid
positive material from the acellular fraction of plasma samples
taken from five pregnant women at 12-16 weeks of gestation.
They showed that apoptotic bodies are present in maternal
plasma, and further demonstrated that Y chromosomal gene
sequences could be amplified from these apoptotic bodies.

Tissue origin of fetal DNA in maternal
circulation

There has been much speculation as to the tissue source
of the abundant quantities of circulating fetal DNA. Three
possibilities will be discussed here: fetal haematopoietic cells,
the placenta, and direct transfer of DNA molecules.

Haematopoietic cells. We initially considered fetal haemato-
poietic cells to be a reasonable candidate tissue source of the
circulating fetal DNA due to our knowledge that a variety of
fetal cell types circulate within maternal blood [1]. Our
previous quantitative PCR studies, performed on the intact
cellular fraction of maternal blood samples, demonstrated that
there was approximately one nucleated fetal cell per ml of
maternal whole blood in normal gestations [2]. These results
contrasted with those of Lo et al. [5,6], who suggested that
there was approximately 25 times that amount of cell-free
DNA detectable in equivalent volumes of maternal plasma.
Because plasma DNA has been demonstrated to be a marker of
cell death [11], we hypothesized that the cell-free DNA may be
liberated into the maternal circulation by the destruction of
fetal cells that have crossed into the maternal circulation. To
show that the intact fetal cells in the maternal circulation were
undergoing apoptosis we performed terminal UdTP nuclear
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end labelling (TUNEL) staining on fetal nucleated erythro-
cytes (NRBCs) that had been flow-sorted using monoclonal
antibody to the gamma chain of fetal haemoglobin, and
conclusively identified as fetal because of chromosome-specific
markers by interphase FISH analysis. Our results showed that
42.7 per cent of confirmed fetal NRBCs were undergoing
apoptosis [12]. We hypothesized that cell-free fetal DNA may
result from the interaction between apoptotic fetal cells and the
maternal immune system. Similarly, Hristoskova et al. [13]
demonstrated that over half of the erythroblasts in fetal and
umbilical cord blood stained positively with the TUNEL
assay. Using density gradient centrifugation, van Wijk and
colleagues [14] showed that a large number of apoptotic fetal
cell remnants were present in the plasma fraction. These
data, when considered in aggregate, suggested that a large
proportion of the fetal cells that had crossed the placenta were
undergoing developmentally regulated apoptotic changes, and
that the destruction of these cells might indeed account for
part of the fetal DNA detected in the pregnant woman.

Intact fetal cells, however, are rare in maternal blood, and it
is unlikely that this small number of fetal haematopoietic cells
accounts for both the volume and turnover of cell-free DNA
in the maternal circulation. Fetal cellular and nucleic acid
trafficking are both increased in certain complications of
pregnancy, such as pre-eclampsia and fetal aneuploidy,
suggesting that a relationship between the two might exist [15].
To address the question whether apoptotic fetal erythroblasts
were related to the amount of cell-free fetal DNA present in
maternal plasma, Zhong et al. [16] studied samples from a
variety of pregnant women with normal and abnormal preg-
nancies carrying male fetuses. In the same samples, they
enumerated fetal cells in maternal whole blood by both
fluorescent in situ hybridization studies using X and Y
chromosome-specific probes and single-cell PCR, and then
measured levels of cell-free DNA. No correlation between fetal
cells and fetal DNA was seen in the normal pregnancies,
pregnancies affected by or at risk for pre-eclampsia, or in the
pregnancies affected by preterm labour. The most convincing
data that fetal erythroblasts are not the source of fetal DNA
was in the preterm labour group, in which there were signifi-
cantly elevated fetal DNA levels without any incremental
increase in fetal NRBCs.

We also addressed the question whether fetal haemato-
poietic cells were the source of circulating fetal DNA in a
different way [17]. We hypothesized that after phlebotomy,
apoptotic fetal cells would eventually disintegrate within the
venipuncture tube and release their DNA. We also speculated
that fetal cells, when exposed to maternal immune cells and
cytokines, would be destroyed, causing further release of fetal
DNA. Thus, we designed a study that evaluated sequential
aliquots of plasma taken from the same original blood samples
from women in their first and third trimesters of pregnancy.
We measured the amount of Y chromosomal DNA present as
the ‘fetal’ marker, and beta-globin DNA as the marker of
‘total’ (maternal plus fetal) DNA present. At both gestational
ages there was no increase in fetal DNA in the original
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maternal sample over a 24-h period [17]. This implies that the
fetal DNA came from a source other than the haematopoietic
cells within the phlebotomy tube.

Placenta. The placenta is a logical source of the circulating fetal
DNA due to its size and abundant cellular activity. Multiple
studies have shown that a relationship exists between the
amount of cell-free fetal DNA in the maternal circulation and
advancing gestational age [6,18,19]. In a recent study of 22
women who conceived using artificial reproductive technology,
fetal SRY gene sequences were detected in serum samples
from all ten women who carried at least one male fetus.
Importantly, the SRY gene was found as early as day 18
following embryo transfer in a twin gestation, day 22 following
embryo transfer in a singleton gestation, and by day 37 in all of
the women studied [20]. The definitive fetoplacental circu-
lation is not established until days 28-30 post-conception, and,
in this study, by day 28, 80 per cent of the study subjects had
detectable fetal DNA in their blood. This strongly implies that
the source of the fetal DNA is not haematopoietic, and is most
likely from trophoblast. Additional supporting data comes
from studies in which fetal DNA and hCG concentrations
were measured in the same maternal sample and strongly
correlated with each other [21,22]. Perhaps the most convinc-
ing and direct evidence comes from the fact that placental-
specific mRNA molecules are readily detectable in maternal
plasma [23].

The kinetics of fetal DNA in the maternal circulation also
suggests that the placenta is the predominant source of the
DNA. The turnover of circulating fetal DNA was investigated
by measuring the clearance of circulating fetal DNA after
delivery [8]. Most of the women studied (7 out of 8) had
undetectable levels of circulating fetal DNA by 2 h post-
partum. Recently, however, Invernizzi et al. [24] suggested
that cell-free fetal DNA could persist for months or years
following delivery, raising the question once again as to
whether the cell-free DNA was placental in origin. This report
elicited several responses to the journal Human Genetics, all of
which failed to reproduce Invernizzi et al.’s data [25-28]. The
most likely interpretation of Invernizzi et al.’s results is that
due to the absence of a recommended second centrifugation
step in their DNA extraction technique [29] they are detecting
male fetal ce/lular DNA that originates from fetal stem or
progenitor cells or leukocytes that circulate for many years
post-partum [30,31].

In a recent series of experiments, we studied cell-free
fetal DNA levels in maternal plasma following elective first
trimester termination of pregnancy [32]. Fetal DNA was
detectable as early as 32 days of gestation and increased by a
mean of 4.2 genome equivalents per ml of plasma per week
of gestation. In 6 of 29 women who underwent medical
termination with misoprostol we detected fetal DNA as long as
11 days following the medical termination procedure. We
interpreted these results as demonstrating a sensitive way
of detecting low-level retention of villi due to incomplete
expulsion of placental remnants. Working in Italy, Smid and
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colleagues [33] studied 53 twin gestations in which there was at
least one male fetus. They showed that the amount of SRY
gene sequence amplified correlates with the number of male
fetuses. In the 24 gestations in which both fetuses were male,
17 had dichorionic and seven monochorionic placentation.
There were no differences observed in the concentration of
fetal DNA in maternal samples between the two different types
of chorionicity. Thus, this group could not prove that the fetal
DNA originates in placenta or membranes.

To clarify the origin of the cell-free fetal DNA in maternal
plasma, Sekizawa et al. [34] analysed paired plasma samples
from 15 women at the time of Caesarean section delivery and
umbilical cord blood from their infants. The study subjects
included five women with severe pre-eclampsia and ten women
with normal pregnancies matched for gestational age. Seven
different highly polymorphic short tandem repeat (STR)
markers on chromosomes 13, 18, and 21 were used to dis-
tinguish fetal from maternal DNA. Approximately 70 per cent
of samples were informative. The results showed that the
median concentration of fetal DNA in maternal plasma was
14.3 per cent (range 2.3-60 per cent) and the median concen-
tration of maternal DNA in umbilical plasma was 0.9 per cent
(range 0.2-8.4 per cent), which was significantly different
(P=0.007), and implies unequal transfer of DNA. These
authors speculated that the fetal DNA originates from apop-
totic villous trophoblasts that border the intervillous space

[34].

Direct feto-maternal transfer of DNA molecules. For the sake of
completeness it is important to note that fetal DNA sequences
have been detected in several other maternal body fluids,
including amniotic fluid [35], maternal urine [36,37], maternal
cerebrospinal fluid [38], and maternal peritoneal fluid [39].
The concentration of cell-free fetal DNA in the amniotic fluid
compartment is approximately 200X the amount found in
maternal plasma. This has led to some speculation regarding
the possibility of a concentration gradient leading to the direct
transfer of DNA molecules across placenta or membranes.

In all likelihood, the majority of the cell-free fetal DNA in
the maternal circulation probably originates from the placenta
with an additional (minor) contribution from haematopoietic
cells and possibly from the fetus itself via direct transfer.

CLINICAL APPLICATIONS

The ability to rapidly and reproducibly measure fetal cell-free
DNA non-invasively has led to many novel clinical appli-
cations. In general, the clinical applications of fetal DNA
measurement in maternal plasma and serum have focused on
the measurement of fetal DNA sequences and the detection
(present or absent) of uniquely fetal gene sequences [40]. Many
different complications of pregnancy are associated with an
increased amount of fetal DNA in the maternal circulation.
Currently, however, a major limitation of the quantitation
work is that it is limited to male fetuses, because they possess
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a Y chromosome, which the pregnant woman lacks. Thus, Y
chromosome-specific DNA sequences of fetal origin may be
easily amplified and detected in the maternal serum or plasma.
A variety of approaches have been taken to develop markers
that would be equally useful in female fetuses. They include:
autosomal DNA polymorphisms [41], fetal epigenetic markers
[42], and measurement of mRNA transcripts from placentally
expressed genes [43].

Gender detection

Given the relatively easy identification of male DNA in
maternal plasma and serum, one potential clinical application is
in the non-invasive identification of male fetuses at risk for
X-linked disorders. Honda et al. [18] suggested that fetal
gender determination using DNA analysis of maternal serum
could serve as a ‘pre-test’ to decide whether invasive testing
should be performed on a fetus at risk to inherit an X-linked
condition. Using conventional PCR, they demonstrated a 100
per cent sensitivity of detection of 40 male fetuses at 7 weeks
of gestation, and using real-time PCR, they were able to
achieve 100 per cent sensitivity by 5 weeks. They also
suggested that fetal gender determination could also effectively
be used to determine which pregnant women should receive
dexamethasone administration as treatment for a potential
fetus with congenital adrenal hyperplasia [44,45].

Noninvasive diagnosis of fetal aneuploidy

Great interest exists in the non-invasive detection of fetal
aneuploidy, primarily due to the fact that there is a procedure-
related fetal loss rate associated with amniocentesis and chori-
onic villus sampling (CVS). Using the cellular fraction of
maternal whole blood, our group initially observed a six-fold
elevation of DNA from intact fetal cells in maternal blood
when the fetus had trisomy 21[2]. Thus, we questioned
whether a parallel increase would also be observed using fetal
DNA in maternal plasma. In a collaborating study between the
Chinese University of Hong Kong and our own group, we
measured the median circulating fetal DNA concentrations in
fresh 2nd trimester plasma samples from pregnant women. In
one centre, the fetal DNA levels from women carrying trisomy
21 (n=7) and euploid male fetuses (n=19) were 46.0 genome
equivalents (GE)/ml and 23.3 GE/ml, respectively [46]. The
corresponding numbers at the second centre were 48.2 GE/ml
for trisomy 21 pregnancies (z=6) and 16.3 GE/ml for euploid
male pregnancies (#=18). Overall, there appeared to be about
twice as much fetal DNA present in the pregnant woman when
the fetus had trisomy 21. Other groups have either validated
[47] or were unable to show [48,49] that maternal plasma and
serum fetal DNA levels are elevated in trisomy 21 fetuses.
All of the analyses for the Lo et al. [46] study were
performed on fresh maternal plasma samples. We next asked if
archived samples that had been initially obtained for the
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standard 2nd trimester maternal serum screening for Down
syndrome would contain enough fetal DNA of sufficient
quality to permit real-time PCR amplification. We rationalized
that if successful, it would allow us to utilize stored serum
banks as a source of maternal samples, and it would permit
simultaneous measurement of fetal DNA values as compared
to the other analytes measured in the maternal serum screen.
We identified frozen archived residual serum samples from
eleven women known to be carrying fetuses with 47, XY, +21.
Each case sample was paired with five control samples from
women with a normal serum screening result and a euploid
newborn (as determined by examination of newborn delivery
record). Cases and controls were matched for gestational age
and time in freezer storage. Fetal DNA concentration was
amplified blindly by real time PCR using the DY.S/ sequence.
Matched rank sum analysis and analysis of variance (ANOVA)
were used for statistical analysis of results. The adjusted mean
serum fetal DNA concentrations were 41.2 GE/ml in the
Down syndrome cases, and 24.2 GE/ml in the euploid
controls (P=0.002) [50]. The mean observed rank of 5.0 in the
Down syndrome group in the rank sum analysis was signifi-
cantly higher than expected (P<0.005). This study showed
that in a rigorously controlled study, serum samples from
women carrying fetuses with Down syndrome have a 1.7 fold
higher level of circulating fetal DNA when compared to
matched controls. Archived serum samples appear to be a
useful source of clinical material for retrospective analyses, as
long as duration of sample storage is controlled.

Another important clinical application is the use of fetal
DNA measurements in the non-invasive diagnosis of other
relatively common aneuploidies that result in the live birth
of infants with anomalies and mental retardation, such as
trisomies 13 and 18. Using the case-control model again, we
obtained archived maternal serum samples from five women
carrying male fetuses with trisomy 13 and five women carrying
male fetuses with trisomy 18 [51]. Each case was matched for
fetal gender, gestational age, and duration of freezer storage to
four or five control serum samples presumed to be euploid
after newborn medical record review. For the cases of trisomy
13, the unadjusted median serum fetal DNA concentrations
were 97.5 GE/ml (range 29.2-187.0). For the cases of trisomy
18, the unadjusted median serum fetal DNA concentrat-
ions were 31.5 GE/ml (18.6-77.6), and the controls were
40.3 GE/ml (3.7-127.4). Fetal DNA levels in the cases of
trisomy 13 were significantly elevated (P=0.016) by ANOVA
within each matched set. In contrast, DNA levels in the
trisomy 18 cases were no different from controls (P=0.244).
The current standard 2nd trimester maternal serum screen
does not identify fetuses at high risk for trisomy 13. Thus,
cell-free fetal DNA measurement, if added to the standard
maternal serum screen, could add value by indicating which
fetuses are at risk for having trisomy 13 (provided that a
gender-independent marker can be developed).

One of the advantages of using archived serum samples
collected as part of a routine clinical maternal serum screening
program is that the measurements for alpha-fetoprotein (AFP),
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estriol (uE3), hCG, and inhibin A are already known. We
hypothesized that it would be possible to treat cell-free fetal
DNA as an independent serum marker, and that we could
assess the potential contribution of cell-free fetal DNA to 2nd
trimester multiple marker screening algorithms that screen for
fetal Down syndrome. To test this hypothesis, we used the
data from our previously published report [50] and added four
new case-control sets, for a total of 15 samples from confirmed
male Down syndrome pregnancies, and five control samples
for each case matched for fetal gender, length of freezer
storage time (within one month), and same completed week of
gestation [52]. All samples studied were from pregnancies with
confirmed male fetuses, but additional samples from women
carrying female fetuses were included in the assay for quality
control purposes. All samples were analysed blindly without
knowledge of gender or case-control status. Median fetal DNA
concentrations as a function of advancing gestational age
were initially measured as GE/ml. The values in the
control population were used to calculate a weighted log-linear
regression plot [53]. All fetal DNA values were eventually
expressed as multiples of the median (MoM), which is the
way that the other serum proteins are reported in clinical
algorithms. Interestingly, the distributions of the fetal DNA
values in both the Down syndrome and control pregnancies
followed a log-Gaussian pattern.

The detection rate of fetal Down syndrome was modelled
for fetal DNA alone at different false positive rates, and
compared with published data on the univariate performance
of the four other 2nd trimester serum markers (AFP, uE3,
hCG, inhibin A). Univariate performance of DNA was very
similar to AFP, with a detection rate of 21 per cent at a false
positive rate of 5 per cent. We then assessed the impact of
adding fetal DNA to the current quadruple marker maternal
serum screen. At a fixed false positive rate of 5 per cent, adding
fetal DNA increased the detection rate of Down syndrome
from 81 to 86 per cent. In our initial studies there was a wide
distribution of fetal DNA levels in both cases and controls,
which decreased the average separation between these two
groups. We believe that with larger studies the screening
performance of fetal DNA will improve, as was the case with
AFP measurement. None the less, in our very first evaluation,
we showed that fetal DNA analysis can modestly improve
screening performance for Down syndrome above what is
currently available in the 2nd trimester [52].

Another novel application of fetal DNA analysis is in the
investigation of pregnancies at risk for aneuploidy due to a
parental balanced translocation. Chen et al. [54] reported
the detection of a paternally inherited fetal aneuploidy (3p
trisomy and 7q36 deletion) that resulted from a paternal t(3;7)
reciprocal translocation.

In our laboratory, using competitive genomic hybridization,
we have recently amplified and analysed the abundant quan-
tities of cell-free fetal DNA in amniotic fluid samples on
commercially available DNA microarrays [55]. These arrays
consist of overlapping genomic sequences that encompass
all 24 human chromosomes, including areas affected by the
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common microdeletion deletion syndromes such as Prader-
Willi and Williams, as well as sub-telomere rearrangements
that are involved in metal retardation syndromes. Our pre-
liminary data indicate that the cell-free fetal DNA in amniotic
fluid may have novel clinical application as an enhancement of
the traditional metaphase 450-band karyotype. This so-called
‘molecular karyotype’ could routinely provide information on
the presence of whole chromosome aneuploidy as well as more
subtle deletions or unbalanced rearrangements.

Detection of pregnancies at risk for
pre-eclampsia

Many studies have demonstrated that there is a five-fold
increase in the amount of fetal DNA in samples obtained from
women with symptomatic pre-eclampsia [38]1 genome-
equivalents (GE)/ml, compared with 76 GE/ml in maternal
plasma] [56-60]. Fetal DNA levels are also elevated in women
who will eventually develop pre-eclampsia [61]; thus, there is
much interest in using measurement of cell-free fetal DNA as
a predictive marker for the development of pre-eclampsia.

In collaboration with Dr Richard Levine of the National
Institute of Child Health and Human Development, we
measured fetal cell-free DNA levels in archived serum samples
in a case-control study nested within the Calcium Prevention
of Pre-eclampsia (CPEP) trial [62]. The subjects were healthy
nulliparous women with complete outcome information, at
least one serum sample obtained before 22 weeks of gestation,
and a known male infant. For each woman who eventually
developed pre-eclampsia, a normotensive case was selected,
matched for centre of enrolment, gestational age at first
serum collection, and freezer storage time. We analysed all
serum samples available for 120 matched pairs (658 total serum
samples). Fetal DNA levels were significantly elevated in cases
vs controls as early as 17 weeks of gestation, long before the
development of clinical symptoms of pre-eclampsia. Further-
more, in cases, a second phase of DNA elevation occurred
approximately 3 weeks prior to the development of symptoms.
We hypothesize that the initial elevation of DNA represents
placental necrosis or apoptosis, whereas the later elevation may
be due to subtle maternal end-organ dysfunction, resulting in
impaired fetal DNA elimination. The two-stage elevation
suggests the possibility of measurement of fetal DNA both to
screen for pre-eclampsia and to indicate impending disease.

Other complications of pregnancy

Increased levels of cell-free fetal DNA in maternal serum may
also be a marker for pre-term delivery. In normal pregnancies,
sequential measurements of fetal DNA in the serum/plasma of
pregnant women demonstrate a gradual increase as gestation
advances, then increasing sharply after 32 weeks’ gestation [6].
This sharp rise may reflect changes that occur at the maternal-
fetal interface [63]. The increase in maternal plasma fetal DNA
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concentration may herald impending delivery. Leung et al.
[64] provided data that support this hypothesis. Studying only
women carrying male fetuses, they found significantly higher
fetal DNA concentrations in women (#=20) who had spon-
taneous pre-term deliveries that occurred between 26 and 34
weeks’ gestation. Moreover, lower concentrations of fetal DNA
were associated with successful tocolytic therapy.

Fetal DNA levels are also increased in the plasma of
pregnant women with placenta previa [65] and hyperemesis
gravidarum [21], but not in women whose fetuses have
intrauterine growth restriction [66]. These clinical correlations
also suggest that the source of the circulating nucleic acids is
the placenta.

Single gene disorders

Another clinical application is the non-invasive diagnosis of
fetal Rhesus (Rh) (D) status. Knowledge of fetal Rh(D)
genotype is useful for the management of Rh(D)-sensitized
pregnant women whose partners are heterozygous for the
Rh(D) gene because no further diagnostic or therapeutic
procedures are necessary if the fetus is Rh(D) negative. To
date, the feasibility of fetal Rh(D) genotyping from maternal
plasma and serum has been reported in several studies [67-72].
The analysis of fetal DNA from maternal plasma is at present
reproducible enough to become a routine diagnostic test for the
non-invasive prenatal diagnosis of fetal Rh(D) genotype in
Europe [73].

Myotonic dystrophy is an autosomal dominant disorder
associated with the expansion of unstable CTG trinucleotide
repeats in the 3" untranslated region of the DM kinase gene. In
one study, paternally derived expanded alleles were detected in
maternal plasma DNA [74]. In another report, a fetus with
short limbs was suspected to have achondroplasia. DNA was
extracted from maternal plasma and a segment of the fibroblast
growth factor receptor gene (FGFR3) was amplified. A diag-
nostic G to A transition was demonstrated at position 1138
using restriction enzyme analysis of amplified products [75]. In
at-risk pregnancies, the prenatal exclusion of cystic fibrosis,
beta thalassemia, and congenital adrenal hyperplasia using
the analysis of fetal DNA in maternal blood has also been
described [76-78].

FETAL CELL-FREE RNA IN THE MATERNAL
CIRCULATION

A major limitation of using DNA in maternal blood is the fact
that the mother and fetus share, on average, half of their
genomic DNA sequences. Thus, it is only possible to detect
uniquely fetal DNA sequences that are paternally inherited.
There is great interest in the development of gender-
independent nucleic acid markers, and RNA is a likely
candidate. Following the demonstration of tumour-derived
RNA sequences in the blood of cancer patients, Poon and
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colleagues [79] demonstrated that fetal ZF'Y mRNA sequences
could be detected in the maternal plasma of 22 per cent of
women in early pregnancy and 63 per cent of women in later
pregnancy. This work was performed using a two-step RT—
PCR assay that was difficult to replicate. Subsequently an
important paper was published demonstrating that mRNA in
peripheral blood is remarkably stable [80]. The detection of
circulating mRNA sequences was unexpected due to the
known lability of RNA and the presence of ribonuclease in
plasma. Tsui et al.’s data implied that mRNA is protected in
the circulation by its likely association with particles, and
suggested that fetal or placental mRNA sequences may be
detected in maternal serum or plasma samples if processed
appropriately. This group has also amplified transcripts from
two placental-specific genes, human chorionic gonadotropin
(hCG) and human placental lactogen (hPL) [23]. They
recently addressed an initial clinical application for cell-free
RNA in the prenatal diagnosis of pre-eclampsia by amplifying
mRNA of the corticotropin-releasing hormone (CRH) locus
[43]. Plasma CRH mRNA concentrations were greatly elevated
in third trimester pregnant women with a clinical diagnosis of
pre-eclampsia as compared with normotensive controls.

Measurement of specific fetal gene expression by analysis
of circulating mRNA will likely have many future clinical
applications in detection of placental pathology.
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