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Abstract

The 15 years since the discovery of fetal DNA in maternal plasma
have witnessed remarkable developments in noninvasive prenatal di-
agnosis. An understanding of biological parameters governing this phe-
nomenon, such as the concentration and molecular size of circulating
fetal DNA, has guided its diagnostic applications. Early efforts focused
on the detection of paternally inherited sequences, which were absent
in the maternal genome, in maternal plasma. Recent developments in
precise measurement technologies such as digital polymerase chain re-
action (PCR) have allowed the detection of minute allelic imbalances in
plasma and have catalyzed analysis of single-gene disorders such as the
hemoglobinopathies and hemophilia. The advent of massively parallel
sequencing has enabled the robust detection of fetal trisomies in mater-
nal plasma. Recent proof-of-concept studies have detected a chromoso-
mal translocation and a microdeletion and have deduced a genome-wide
genetic map of a fetus from maternal plasma. Understanding the ethi-
cal, legal, and social aspects in light of such rapid developments is thus
a priority for future research.
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INTRODUCTION

Prenatal diagnosis is an established part of
modern obstetrics practice. However, for the
direct analysis of fetal DNA, conventional
methods require the invasive sampling of fetal
tissues using techniques such as amniocentesis

1997

1998

2001

2000

1999

2002

2003

2004

2007

2006

2005

2008

2011

2009

2010

Discovery of circulating fetal DNA (58)

Measurement of circulating fetal DNA concentrations by real-time PCR (61)

Development of noninvasive fetal RHD genotyping (34, 59)

Discovery of circulating fetal RNA (80)

Detection of fetal point mutation in maternal plasma (82)

Rapid clearance of circulating fetal DNA following delivery (63)

Introduction of fetal RHD genotyping as a clinical service in the 
United Kingdom (39)

Development of DNA methylation markers for circulating fetal DNA (79)

Detection of placental mRNA in maternal plasma (73)

Finding that fetal DNA is shorter than circulating maternal DNA (11, 54)

Development of hypomethylated SERPINB5 as the first universal fetal DNA
marker (16) 

Detection of trisomy 18 by epigenetic allelic ratio method (89)

Development of massively parallel sequencing for trisomy detection (19, 35)

Development of relative mutation dosage for monogenic diseases (67)

Detection of trisomy 21 by RNA-SNP method (62)
Development of digital PCR for fetal aneuploidy detection (36, 60)

Genome-wide identification of fetal DNA methylation markers (76)

Decoding of fetal genome-wide genetic map from maternal plasma (57)

Large-scale validation of massively parallel sequencing for aneuploidy
detection and introduction as clinical service (18, 32, 51, 75, 84)

Figure 1
Time line of key developments in the research and clinical applications of
cell-free fetal nucleic acids in maternal plasma. Abbreviations: PCR,
polymerase chain reaction; SNP, single-nucleotide polymorphism.

or chorionic villus sampling. Such methods are
associated with a small but definite risk to the
fetus and the mother (33, 70, 87). Such risks
have motivated the search for noninvasive pre-
natal diagnosis methods over the past several
decades. Methods such as ultrasound scanning
and maternal serum biochemistry are valuable
for determining the risks of pregnant women
for a number of abnormalities—e.g., fetal
trisomy 21 (68)—but cannot allow the direct
analysis of fetal DNA. As a result, they are
limited in sensitivity and specificity compared
with direct methods such as amniocentesis.
For a number of years, many groups around
the world have searched for fetal nucleated
cells in maternal blood. However, the rarity
of such cells (8) has severely limited the
practicality of this approach. Indeed, in a large
multicenter study aimed at the enrichment of
such cells for noninvasive prenatal diagnosis,
the sensitivity and specificity of this approach
were disappointing (7).

In 1997, inspired by the presence of cell-
free tumor DNA in the plasma and serum of
cancer patients (13, 71), Lo et al. (58) showed
that cell-free fetal DNA is present in the plasma
and serum of pregnant women. They demon-
strated this phenomenon by showing the pres-
ence of Y chromosomal DNA sequences in the
plasma and serum of women carrying male fe-
tuses. Since then, the discovery of cell-free fetal
DNA in maternal plasma has opened up new
possibilities for noninvasive prenatal diagno-
sis. Figure 1 summarizes the time line for key
developments in this field.

BIOLOGY OF FETAL DNA
IN MATERNAL PLASMA

Through the use of real-time polymerase chain
reaction (PCR) for Y chromosomal sequences,
circulating cell-free fetal DNA has been found
to be present in maternal plasma at surprisingly
high absolute and fractional concentrations, the
latter reaching a mean of 3%–6% (61). The
recent use of even more precise methods of
quantification, such as digital PCR and mas-
sively parallel DNA sequencing, has shown the
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fractional fetal concentrations in maternal
plasma to be some two- to threefold higher
(18, 65, 75). The latter figures are particularly
good news for diagnostic applications that re-
quire the use of precise quantification—e.g., the
detection of fetal chromosomal aneuploidies—
and are discussed in detail below. As gestational
age progresses, the absolute concentrations of
circulating fetal DNA in maternal plasma in-
crease, probably owing to the increased mass
of fetal tissues that are releasing DNA into the
maternal circulation (3, 61).

Following delivery, fetal DNA in mater-
nal plasma decreases extremely rapidly, with a
mean half-life of approximately 16 min (63).
Such rapid clearance kinetics suggests that cell-
free fetal DNA in maternal plasma would not
persist from one pregnancy to the next. This
information is important for prenatal diagnos-
tic purposes because possible persistence from
prior pregnancies would adversely impact the
accuracy of prenatal diagnosis carried out us-
ing maternal plasma DNA. Indeed, the lack of
persistence of cell-free fetal DNA in mater-
nal plasma represents the majority opinion of
groups working in the field (4, 46, 85). There
is, nonetheless, one report of the apparent per-
sistence of fetal DNA in maternal plasma fol-
lowing delivery (47). The result from this latter
report might be an artifact of the detection of
persisting fetal nucleated cells rather than cell-
free fetal DNA (50). Another piece of evidence
consistent with the lack of persistence of cir-
culating fetal DNA can be found in the high
diagnostic accuracy of prenatal tests based on
the detection of this source of fetal DNA (18,
26, 40, 59, 75). Such accuracy would not have
been possible if fetal DNA persistence were a
prominent feature of fetomaternal trafficking of
cell-free nucleic acids.

The most likely source of circulating fetal
DNA in maternal plasma is the placenta. There
are a number of lines of evidence that point
toward this conclusion. First, circulating fetal
DNA molecules have been shown to bear pla-
cental epigenetic signatures (10, 14, 16, 20, 74,
77, 91). Second, in anembryonic pregnancies
that lack a fetus but possess a placenta, the fetal

DNA concentrations in maternal plasma appear
to be similar to those in normal pregnancies
(2). Third, in cases in which the fetus and pla-
centa exhibit different chromosomal constitu-
tions, e.g., in confined placental mosaicism, the
placental genetic signature is consistent with
that in the maternal plasma DNA (41, 69).

The source of the maternally derived DNA
in maternal plasma during pregnancy has
not been directly elucidated. However, in a
sex-mismatched bone marrow transplantation
model system, it has been shown that the sex
genotype of the plasma DNA follows that of the
transplantation donor (64). This result shows
that the predominant source of plasma DNA
in bone marrow transplantation recipients is
hematopoietic in origin. At present, with the
absence of data to the contrary, this conclusion
has been extrapolated to the pregnancy context.
The validity of this assumption can be seen in-
directly in the search for fetal DNA methyla-
tion and RNA markers for detection in maternal
plasma, in which investigators have generally
used maternal blood cells as the representative
maternal tissue for analysis (14, 74, 76, 93).

Cell-free DNA in plasma, either during
pregnancy or outside pregnancy, has been
shown to consist of short DNA fragments
(11, 35, 48, 54, 57, 86). Interestingly, fetal
DNA molecules in maternal plasma are shorter
than the background maternally derived DNA
molecules (11, 54). Paired-end massively
parallel sequencing has allowed the analysis
of plasma DNA size distribution at single-
nucleotide resolution (57). Such analysis has
shown that the DNA molecules in maternal
plasma (mainly maternally derived) have a
size distribution that exhibits a number of size
peaks. The most prominent peak is at 166 bp.
The next prominent peak occurs at 143 bp,
followed by a series of smaller peaks at a peri-
odicity of 10 bp. The main difference between
the fetal and maternal DNA molecules is due
to a reduction of the 166-bp peak; this peak
has been postulated to represent the DNA that
is wrapped around a nucleosomal core unit
(approximately 146 bp) plus a linker fragment
of DNA (20 bp) (57). It has been suggested that
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the relative reduction of the 166 bp for fetal
DNA compared with maternal DNA might be
due to a reduction in the proportion of fetal
DNA molecules with the intact linker region.
The series of peaks at 10-bp periodicity has
been suggested to be related to the nuclease-
mediated cleavage of DNA wrapped around the
nucleosome core. The conclusion concerning
the size-distribution characteristics of the pla-
centally derived fetal DNA and the presumably
hematopoietically derived maternal DNA in
plasma has been recently extended to other clin-
ical scenarios. Thus, it has been demonstrated
in hematopoietic stem cell transplantation
and liver transplantation that nonhematopoi-
etic and hematopoietic DNA molecules in
plasma generally take on size-distribution
characteristics similar to those of the fetal
and maternal DNA, respectively, in maternal
plasma (101). With a detailed understanding
of the size distributions of nonhematopoietic
and hematopoietic DNA in plasma, it might
be possible to devise new strategies for the
differential enrichment of circulating DNA of
different tissue origins from plasma.

DETECTION OF MONOGENIC
CHARACTERISTICS

The following sections review the clinical
applications for the use of fetal DNA in
maternal plasma and serum for the noninvasive
analysis of specific fetal genomic features.
The applications that would be the easiest to
implement are those involving the detection
of DNA sequences that the fetus has inherited
from its father and that are absent in the
maternal genome. The first example of such
an application is the determination of fetal sex
through the detection of Y chromosomal DNA
sequences from maternal plasma and serum
(26, 58, 61, 81). The determination of fetal sex
is useful for the prenatal investigation of sex-
linked diseases in which the detection of a male
fetus would indicate a potentially at-risk fetus,
whereas a diagnosis that the fetus is female
would avoid the need for additional invasive
prenatal testing (26). The diagnosis of fetal

sex is also useful for the prenatal management
of pregnancies at risk for congenital adrenal
hyperplasia, in which antenatal dexamethasone
treatment could reduce the risk of virilization
of a female fetus (81). The diagnostic perfor-
mance of fetal sexing using cell-free fetal DNA
in maternal plasma and serum has recently been
studied in a systemic review and meta-analysis
for studies published between 1997 and 2011
(28). From the analysis of 57 selected studies,
involving 3,524 male-bearing pregnancies and
3,017 female-bearing pregnancies, the sensi-
tivity and specificity for fetal sexing are 95.4%
and 98.6%, respectively. The study authors
conclude that fetal sex could be determined
reliably from 7 weeks onward, with diagnostic
performance improving with progress in
gestational age. In a number of countries, fetal
sexing using maternal plasma DNA analysis has
already been available for a number of years.
Indeed, preliminary cost analysis has suggested
that this method of noninvasive prenatal di-
agnosis compares favorably with conventional
invasive methods in terms of cost-effectiveness,
with the added advantage of being safer (45).

Another paternally inherited fetal gene tar-
get that has been detected in maternal plasma is
the RHD gene (34, 59). This approach is useful
for the detection of an RhD-positive fetus (who
has inherited the RHD gene from its father)
carried by an RhD-negative pregnant woman
(who typically does not have the RHD gene).
Legler et al. (52) reviewed studies describing
the use of this approach for fetal RHD geno-
typing from 2006 to 2008 and found that most
studies reported a diagnostic accuracy of over
97%. This high diagnostic accuracy has con-
tinued with the more recent publications (1, 25,
96). Noninvasive prenatal fetal RHD genotyp-
ing has been clinically used since 2001 (39) and
is currently available in a number of centers
in Europe and the United States. This tech-
nology has also been found to be highly reli-
able for noninvasive prenatal RHCE and KEL
genotyping (44, 83).

It is also possible to determine the risk of
a fetus being affected by a single-gene disease
through maternal plasma DNA analysis. For
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autosomal dominant disorders, the approach
can be used to detect a mutation that the fetus
has inherited from its father but that is absent
in the mother’s genome. One example is the
detection of the FGFR3 mutation that causes
achondroplasia in maternal plasma (56, 82). For
autosomal recessive disorders, the detection of a
paternally inherited fetal mutation that is absent
in the pregnant mother’s genome would indi-
cate that the fetus has a 50% chance of being
affected by the disease (9, 22, 31, 53). Invasive
prenatal testing would thus be required. A num-
ber of different technologies have been used
for the detection of a paternally inherited fetal
mutation, including restriction enzyme diges-
tion (82), allele-specific base extension followed
by mass spectrometry (31), size fractionation–
based enrichment of fetal DNA and peptide
nucleic acid clamping (53), digital PCR (67),
and massively parallel DNA sequencing (57).
Conversely, if one could be sure that the pater-
nally inherited fetal mutation is not detectable
in maternal plasma despite the presence of de-
tectable levels of circulating fetal DNA, then se-
vere disease in the fetus could be excluded (22).
Ascertaining detectable levels of circulating fe-
tal DNA would require the use of genetic fetal
DNA markers [e.g., Y chromosomal markers
for a male fetus or single-nucleotide polymor-
phisms (SNPs)] or DNA methylation markers
based on the detection of fetal-specific DNA
methylation signatures (10). Apart from detec-
tion of the disease-causing mutation, a com-
plementary approach is to detect one or more
SNP alleles that are linked to either the mutant
or wild-type gene (21, 31, 99).

There are two limitations to the above-
mentioned approach to prenatal diagnosis of
autosomal recessive diseases through detection
of a paternally inherited fetal mutation in ma-
ternal plasma: First, it would not provide in-
formation on whether the fetus has inherited
the maternal mutation, and second, it could
not be used in scenarios where both the fa-
ther and mother carry the same mutation. How-
ever, these limitations can be addressed through
precise measurement of the relative dosage of
the mutant and wild-type alleles in plasma, an

approach called the relative mutation dosage
(RMD) method (67, 94).

Figure 2a illustrates this approach for an au-
tosomal recessive condition. Let us consider a
situation where the father and pregnant mother
of a fetus are both heterozygous carriers of the
same disease-causing mutation. In the pregnant
mother’s plasma, the mutant and wild-type alle-
les of the disease-causing gene released by her
own cells would be present at a ratio of 1:1.
Through the liberation of cell-free DNA from
the fetus, this allelic ratio may be modified as
illustrated in Figure 2a. Thus, if the fetus has
inherited the mutant gene from both parents,
then the allelic ratio in maternal plasma will
be skewed in such a way that the mutant allele
would be increased relative to the wild-type al-
lele. Conversely, if the fetus has inherited the
wild-type allele from both parents, then the al-
lelic ratio in maternal plasma would show a
predominance of the wild-type allele. Finally,
if the fetus has inherited one mutant and one
wild-type allele from its parents, then the al-
lelic ratio in maternal plasma would remain at
1:1. The extent of allelic skewing positively cor-
relates with the fractional concentration of fetal
DNA. This approach could similarly be applied
to determine whether the fetus has inherited a
mutation from its mother for autosomal dom-
inant conditions. In such a scenario, we would
expect the allelic ratio in maternal plasma to be
either equal (when the fetus has inherited the
maternal mutation) or skewed with more of the
wild-type allele (when the fetus has not inher-
ited the mutation).

This strategy can also be applied to sex-
linked disorders in which the pregnant mother
is a carrier of the disease-causing mutation
on one of her X chromosomes (Figure 2b)
(94). For such conditions, the at-risk fetus is
male and would have only one copy of the X
chromosome. Thus, instead of three possibil-
ities regarding the status of allelic skewing in
maternal plasma, there would be only two. The
first is when the male fetus has inherited the
mutant allele from its mother, in which case
there would be a predominance of the mutant
allele in maternal plasma; the second is when
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Normal fetus
N > M

Carrier fetus
N = M

Affected fetus
N < M

N M

Maternal DNA = 90%

Fetal DNA = 10%

Maternal DNA = 90%

Fetal DNA = 10%

Normal male
fetus
N > M

Affected
male fetus

N < M

N M

Y chromosome

a b

c

Disease
type 

Maternal
genotype

Fetal
genotype

Maternal plasma DNA
Total DNA alleles in maternal plasma = 100 GEa

Fetal DNA proportion = 10%a

Maternally derived alleles
Total maternal alleles = 90 GE

Fetally derived alleles
Total fetal alleles = 10 GE

(Maternal + fetal)
alleles M:N ratio

M (copies) N (copies) M (copies) N (copies)M (copies) N (copies)

A
ut

os
om

al
 d

is
ea

se
s 90 90b 0 20c 90 110 0.82:1

90 90 10 10 100 100 1:1

90 90 20 0 110 90 1.22:1

X-
lin

ke
d 

di
se

as
es 90b 90 0 10d 90 100 0.90:1

90 90 10 0 100 90 1.11:1

a To illustrate the calculation, a maternal plasma sample containing a total of 100 GE of DNA with 10% fetal DNA is used.
b For the maternal genome, 1 GE includes two individual alleles, i.e., one copy each of the M and N alleles for a heterozygous carrier.
c For the fetal genome, 1 GE includes two individual alleles.
d For the fetal genome, 1 GE includes 1 X allele, i.e., one copy of either the M or N allele.

M N

X Y

X X

X Y

N N

M N

M

N

M

M

M N

Figure 2
Noninvasive prenatal diagnosis using the relative mutation dosage (RMD) approach. (a) Noninvasive prenatal diagnosis of autosomal
recessive genetic diseases by RMD analysis. The panel shows schematic illustrations of the distributions of the normal/wild-type (N)
and mutant (M) alleles in maternal plasma samples containing 10% fetal DNA and obtained from women heterozygous for the
mutation and carrying a normal, carrier, or affected fetus. The fetal DNA molecules in each maternal plasma sample are enclosed by
the green dashed line. (b) Noninvasive prenatal diagnosis of X-linked diseases by RMD analysis. This panel shows schematic
illustrations of the distributions of the N and M alleles in maternal plasma samples containing 10% fetal DNA and obtained from
women heterozygous for the mutation and carrying a normal or affected male fetus. The fetal DNA molecules in each maternal plasma
sample are enclosed by the green dashed line. (c) Illustrative quantitative parameters for RMD analysis for autosomally inherited and
X-linked diseases. Abbreviation: GE, genome equivalent.
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the fetus has inherited the wild-type allele
from its mother, in which case there would be
an overrepresentation of the wild-type allele
in maternal plasma. However, for the typical
fractional concentrations of fetal DNA in ma-
ternal plasma (e.g., 10%), the degree of allelic
skewing is low (Figure 2c). Thus, very precise
measurement methods are needed to detect
such quantitative aberrations. Digital PCR has
been used for this purpose (67, 94). Targeted
massively parallel sequencing is an alternative
technology for such an application, as it has
been shown to measure the fractional concen-
tration of circulating fetal DNA precisely (55).
RMD analysis is still at a proof-of-concept
phase. It is expected that further improvement
in technology and the performance of large-
scale clinical studies are needed before it can
be used as a clinical diagnostic tool.

DETECTION OF CHROMOSOMAL
ANEUPLOIDIES

The noninvasive prenatal diagnosis of trisomy
21 has been referred to by many working in the
field as the holy grail in prenatal diagnosis. The
discovery of fetal DNA in maternal plasma has
opened up new possibilities for achieving this
goal. However, this is a technologically chal-
lenging problem because the diagnosis of tri-
somy 21 requires the quantitative analysis of
fetal chromosome dosage, which is made very
difficult by the fact that cell-free fetal DNA rep-
resents only a minor fraction of the DNA in
maternal plasma (61, 65).

Enrichment of Fetal DNA

To overcome this difficulty, early approaches
have focused on the possibility of enriching the
fractional concentration of fetal DNA in ma-
ternal plasma. Following the finding that fetal
DNA in maternal plasma is generally shorter
than the circulating maternally derived DNA
(11), it was shown that targeting the shorter
DNA molecules would allow the enrichment
of the fractional fetal DNA concentration (54).
However, the degree of enrichment using this
approach is relatively modest and has not yet

made an impact on solving the problem of de-
tecting fetal trisomy 21 from maternal plasma.
Dhallan et al. (29, 30) have proposed that treat-
ing maternal blood samples with formaldehyde
would reduce the liberation of DNA from ma-
ternal blood cells present in the maternal blood
sample and would thus lead to a higher frac-
tional concentration of fetal DNA in maternal
plasma. However, a number of groups were un-
able to reproduce this result (17, 24).

DNA Methylation–Based Approaches

Thus, instead of physically enriching the
fractional concentration of fetal DNA, sev-
eral groups have targeted circulating DNA
molecules that bear fetal-specific biochemical
signatures. In 2002, for example, it was pro-
posed that one approach to selectively target
fetal DNA molecules in maternal plasma would
be to use differential DNA methylation patterns
between the fetal and maternal DNA molecules
(79). This approach was demonstrated us-
ing a genomic region that exhibited genomic
imprinting.

Later, in 2005, it was shown that the pro-
moter of the SERPINB5 gene (coding for
maspin) was hypomethylated in the placenta
and hypermethylated in maternal blood cells
(16). The hypomethylated SERPINB5 pro-
moter region has thus become the first univer-
sal marker for fetal DNA in maternal plasma,
i.e., one that can be used irrespective of fe-
tal sex and genetic polymorphisms. As the
SERPINB5 gene is present on chromosome 18,
this marker has led to the detection of trisomy
18 from maternal plasma (89). This report rep-
resented the first time that a fetal chromosomal
aneuploidy was detected directly from mater-
nal plasma DNA. The trisomy 18 status is de-
termined for a fetus heterozygous for a SNP in
the region that exhibits hypomethylation in the
placenta and hypermethylation in the mater-
nal blood cells. Thus, a euploid fetus will have
an allelic ratio of 1:1, whereas a trisomic fe-
tus will have a ratio of 2:1 or 1:2 (Figure 3).
This approach is called the epigenetic allelic
ratio (EAR) approach. The limitation of this
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Detection of hypermethylated fetal DNA
originating from an aneuploid chromosome

Chromosome dosage assessment

Euploid

Trisomy
21

EAR DMREGG

A G

AA G

Y

Test
sample

Control

Test
sample

Control

Y

Figure 3
Schematic illustrations of epigenetic methods for the noninvasive prenatal detection of fetal chromosomal
aneuploidies. The methods rely on the analysis of differentially methylated fetal DNA originating from the
potentially aneuploid chromosome; for illustration purposes, a locus that is hypermethylated among the fetal
DNA molecules is depicted. The maternal DNA molecules are shown in blue and the fetal DNA molecules
are shown in red. The hypermethylated DNA molecules are associated with a filled circle, whereas the
hypomethylated DNA molecules are associated with an unfilled circle. In the epigenetic allelic ratio (EAR)
approach, the chromosome dosage is assessed by comparing the ratio of heterozygous hypermethylated fetal
alleles. In the epigenetic-genetic (EGG) approach, the chromosome dosage is assessed by normalizing the
amount of the hypermethylated fetal DNA to a fetal-specific genetic locus, for example, the Y chromosome
for male fetuses. For the differentially methylated region (DMR) quantification method, the amount of the
hypermethylated fetal DNA molecules in the test sample is compared with that of control samples.

approach is that it can be used only for a fetus
that is heterozygous for the SNP, and thus mul-
tiple SNPs would be needed to achieve broad
population coverage. However, such SNPs are
difficult to find because they would need to be
present within the genomic region exhibiting
differential DNA methylation between the pla-
centa and the pregnant mother’s blood cells.

Since the development of the SERPINB5
marker, many other markers exhibiting differ-
ential DNA methylation between the placenta

and maternal blood cells have been developed
(14, 74, 76, 90, 91). As hypomethylated mark-
ers would typically require the use of bisulfite
conversion for their detection, with the con-
comitant risk of DNA degradation (43), there
is a recent emphasis on the search for hyper-
methylated fetal markers that can be detected
by relatively simple methylation-sensitive re-
striction enzyme analysis (10, 90). Despite the
large number of such candidate fetal epigenetic
markers, the number of markers that have been
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validated for detection and fetal-specificity in
maternal plasma is relatively limited.

In an effort to overcome the limitations
of the EAR approach, the epigenetic-genetic
(EGG) chromosome dosage approach has been
developed and used to detect trisomies 21 and
18 from maternal plasma (Figure 3) (88, 90,
91). In this approach, a fetal-specific DNA
methylation marker on the chromosome in-
volved in the aneuploidy is detected together
with a fetal-specific genetic marker in mater-
nal plasma. The latter can be a marker on the
Y chromosome (90) or on an autosome (88).
Compared with the EAR approach (89), the
EGG method has the advantage that the epi-
genetic and genetic markers do not have to be
within the same genomic region. It is thus much
easier to address the population coverage issue
with the EGG method as there are numerous
fetal-specific SNP markers that one could use.

Papageorgiou et al. (77) have recently re-
ported the use of a DNA methylation ra-
tio method for detecting fetal trisomy 21 in
maternal plasma (Figure 3). This method
uses methylated DNA immunoprecipitation
(MeDIP) to precipitate hypermethylated se-
quences from maternal plasma. Real-time PCR
is then used to measure, in the immunoprecipi-
tated DNA, the concentration of sequences on
chromosome 21 that have previously been de-
termined to be hypermethylated in the placenta
relative to maternal blood cells. The authors
reported a remarkably high accuracy for this
method in differentiating pregnancies with tri-
somy 21 fetuses and those with euploid fetuses.
It is intriguing that they used maternal whole
blood for their analysis instead of plasma; the
fractional concentration of fetal DNA in ma-
ternal whole blood is much lower than that in
maternal plasma. It would also be important
to test the reproducibility and suitability of the
MeDIP procedure for a high-volume prenatal
screening test.

RNA-Based Approaches

Fetal mRNA was first reported to be present in
maternal plasma in 2000 (80). This was a sur-
prising finding because RNA is generally less

stable than DNA, and it was widely expected
that any cell-free RNA in plasma would rapidly
degrade. However, it has been subsequently
shown that plasma RNA is particle-associated
and thus might be protected from degradation
(72). With the demonstration that the placenta
is an important source of circulating mRNA in
the plasma of pregnant women (73), a system-
atic approach for the development of plasma
mRNA for noninvasive prenatal diagnosis can
be developed using microarray-based expres-
sion profiling of the placenta (93). Through
the use of such an approach, placenta-specific
mRNA transcribed from the PLAC4 gene on
chromosome 21 has been detected in maternal
plasma (62, 92). With the use of allelic ratio
analysis of a SNP on the PLAC4 mRNA, fe-
tal trisomy 21 has been detected in maternal
plasma.

This approach, referred to as the RNA-SNP
allelic ratio approach, is analogous to the EAR
approach described above. As with the EAR ap-
proach, its main disadvantage is the need to
use multiple SNP markers for broad population
coverage, which has proven to be a challenge
because of the difficulty of finding a sufficient
number of such placenta-specific mRNA mark-
ers encompassing SNPs of high enough het-
erozygosity rates. Nonetheless, the RNA-SNP
approach represents the first method that has
achieved the direct noninvasive prenatal detec-
tion of fetal trisomy 21 from maternal plasma
(62). The RNA-SNP concept has also been
shown to be feasible for the detection of tri-
somy 18 (95). Apart from circulating mRNA in
maternal plasma, recent data have also indicated
the presence of placentally derived microRNA
(miRNA) in maternal plasma (15). Currently,
it is not clear whether such circulating miRNA
molecules could be used for the prenatal detec-
tion of fetal chromosomal aneuploidies.

Single-Molecule Counting
Approaches: Digital Polymerase
Chain Reaction and Massively
Parallel Sequencing

For a pregnant woman carrying a fetus with
trisomy 21, there would be a slight increase in
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the amount of DNA derived from chromosome
21 in maternal plasma compared with that from
other chromosomes. The amount of increase
is governed by the fractional concentration
of fetal DNA. For example, for a maternal
plasma sample containing a fractional fetal
DNA concentration of 10%, the presence
of a trisomy 21 fetus would lead to a 5%
increase in the copy number of chromosome
21 in maternal plasma (36, 60). One approach
that can detect such a small increase is digital
PCR, in which a DNA sample is analyzed
by a series of PCRs such that each reaction
would primarily contain either one target
DNA molecule or no target DNA molecule
(97). The number of target DNA molecules in
the original DNA sample is then measured by
counting the number of positive PCRs. In this
type of analysis, the precision of the method
is governed by the number of reactions. It has
been estimated that 7,680 digital PCRs would
allow a DNA sample containing 25% trisomic
fetal DNA to be classified correctly 97% of
the time (60). The use of digital PCR for the
detection of fetal chromosomal aneuploidies
has been demonstrated in principle using arti-
ficial mixtures of trisomy 21 and euploid DNA
(36, 60) and in combination with approaches
targeting selected populations of fetal-specific
nucleic acid species, including mRNA (60, 92)
and DNA methylation (88, 90, 91) markers.

One disadvantage of the digital PCR ap-
proach is that a plasma DNA molecule can be
counted only if it contains the binding sites for
both of the digital PCR primers. Owing to the
random fragmentation of plasma DNA, a pro-
portion of the plasma DNA molecules—e.g.,
those that are very short—would not be ana-
lyzed by a given digital PCR assay. Further-
more, in a particular DNA sample, only a very
small proportion of the DNA molecules that are
derived from the potentially aneuploid chromo-
some and targeted by the PCR primers would
be analyzed. The rest of the molecules on that
chromosome would not be analyzed and would
thus be wasted.

The recent advent of massively parallel se-
quencing has provided a much more efficient

method for analyzing maternal plasma DNA
for aneuploidy detection (19, 35). This ap-
proach entails the random sequencing of plasma
DNA molecules using massively parallel se-
quencing, followed by alignment of the se-
quences to the human genome to identify each
sequence’s chromosome of origin (Figure 4).
The proportional representation of the poten-
tially aneuploid chromosome is then compared
with one or more reference chromosomes, or
indeed with the entire genome. An increase
in the proportional representation of the po-
tentially aneuploid chromosome would indicate
the presence of a trisomic fetus. In the first two
reports on the use of massively parallel sequenc-
ing for the detection of trisomy 21, the sensi-
tivity and specificity were both 100% (19, 35).
However, both studies involved relatively small
sample sets. Furthermore, whereas Chiu et al.
(19) studied samples from both before and af-
ter invasive procedures, Fan et al. (35) studied
exclusively samples collected following invasive
procedures. In actual clinical prenatal diagnos-
tic scenarios, the samples would not have been
subjected to prior invasive procedures; thus, the
potential bias introduced by the invasive proce-
dures used by Fan et al. would need to be fur-
ther evaluated. In any case, large-scale clinical
studies are needed to validate these results be-
fore massively parallel sequencing of maternal
plasma DNA can be used diagnostically.

Over the past three years, a number of stud-
ies have been published on the use of massively
parallel sequencing of maternal plasma DNA
for trisomy detection (Table 1) (12, 18, 23, 32,
51, 75, 84). The data from these studies are very
consistent and indicate that as long as the num-
ber of aligned sequence reads is 2.3 million or
above, the sensitivity and specificity for trisomy
21 detection would be ≥98.6% and ≥97.9%,
respectively. As a result of these data, the non-
invasive prenatal detection of trisomy 21 us-
ing massively parallel sequencing in maternal
plasma became clinically available in the United
States toward the end of 2011.

The detection of trisomies 18 and 13 us-
ing massively parallel sequencing from mater-
nal plasma appears to be more challenging than
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Percentage representation of unique sequences mapped to a chromosome 

Unique count for chrN 

Total unique count 
% chrN =

Disease status determination

chrN z-score for

test sample
=

% chrNsample – mean % chrNreference

SD % chrNreference
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and chromosome
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Figure 4
Schematic illustration of the procedural framework for using massively parallel genomic sequencing for the
noninvasive prenatal detection of fetal chromosomal aneuploidy. (a) Fetal DNA (thick red fragments)
circulates in maternal plasma as a minor population in a high background of maternal DNA (black fragments).
A sample containing a representative profile of DNA molecules in maternal plasma is obtained. (b) As an
illustration, one end of each plasma DNA molecule was sequenced for 36 bp using massively parallel
sequencing. The chromosomal origin of each 36-bp sequence was identified through mapping to the human
reference genome by bioinformatics analysis. (c) The number of unique sequences mapped to each
chromosome was counted and then (d ) expressed as a percentage of all unique sequences generated for the
sample, termed % chrN for chromosome N. (e) Z-scores for each chromosome and each test sample were
calculated using the formula shown. The z-score of a potentially aneuploid chromosome is expected to be
higher for pregnancies with an aneuploid fetus (cases E–H, green bars) than those without an aneuploid fetus
(cases A–D, blue bars). Figure adapted from Reference 19.
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that of trisomy 21, owing to the susceptibil-
ity of many current-generation massively par-
allel sequencing platforms to the effects of the
GC contents of the DNA molecules to be se-
quenced (19, 23, 35). However, with the appro-
priate bioinformatics algorithms (12, 37, 84),
it appears that trisomies 18 and 13 could be
detected with high sensitivity and specificity
(Table 1).

The spectrum of fetal chromosomal abnor-
malities that can be detected from maternal
plasma using massively parallel sequencing is
likely to increase in the future. In this regard,
it has been reported that Down syndrome due
to Robertsonian translocation can be detected
using this approach (66). It has also been re-
ported that a paternally inherited 4.2-Mb dele-
tion on chromosome 12 could be detected us-
ing massively parallel sequencing of maternal
plasma DNA (78). However, it is important to
note that the blood sample in this case was col-
lected at 35 weeks of gestation and that the case
had previously been subjected to amniocentesis
at 21 weeks of gestation. Thus, the robustness
and general applicability of this approach for
the microdeletion syndromes would need to be
validated in large-scale studies.

Fetal Genome-Wide Polymorphism
and Mutational Profiling

With the rapid reduction in the cost of
massively parallel sequencing, it has become
increasingly relevant to ask how much of the
fetal genome can be elucidated by the deep
sequencing of DNA in maternal plasma. In
2010, Lo et al. (57) explored this question
by sequencing maternal plasma DNA from
a pregnant woman to a sequencing depth
equivalent to 65-fold coverage of the haploid
human genome (Figure 5a). The father and
pregnant mother of the fetus were both het-
erozygous carriers of β-thalassemia. To assist
with the interpretation of the plasma DNA
sequencing data, the authors obtained a genetic
map of the paternal and maternal genomes by
microarray-based SNP genotyping of genomic
DNA obtained from the father and pregnant

mother. The SNP combinations between the
paternal and maternal genomes were then
classified into different categories (Figure 5b).
Category 1 SNPs were those in which the
father and mother were homozygous but for a
different allele. For such SNPs, the fetus would
be heterozygous and the paternally inherited
allele could be used as a fetal genetic marker in
maternal plasma. The percentage of category 1
SNPs in which a paternally inherited fetal allele
could be seen from the maternal plasma DNA
sequencing data could be used to estimate the
proportion of the fetal genome that had been
covered by the sequencing. Category 1 SNPs
could also be used to measure the fractional
concentration of fetal DNA in maternal
plasma. Category 2 SNPs were those in which
the father and mother were homozygous but
for the same allele. Such SNPs could be used
to estimate the sequencing error rate.

Category 3 SNPs were those in which the
father was heterozygous and the mother was
homozygous; such SNPs could be used to
track the paternally derived inheritance of the
fetus. Category 4 SNPs were those in which
the father was homozygous and the mother
was heterozygous; such SNPs could be used to
track the maternally derived inheritance of the
fetus. The elucidation of the paternally derived
inheritance using category 3 SNPs was much
simpler than the analysis of the maternally
derived inheritance using category 4 SNPs
because the former simply required searching
for paternally inherited fetal alleles that were
absent in the maternal genome in maternal
plasma. The latter, however, required using a
quantitative approach in which the inheritance
of a maternally derived allele by the fetus may
result in the overrepresentation of that allele in
maternal plasma, similar to the RMD concept
described above. However, as it would not be
practical to cover a given SNP as many times
as would be needed for RMD (typically on
the order of 4,000 times), category 4 SNPs
were analyzed as a haplotype, a process called
relative haplotype dosage (RHDO) analysis
(Figure 5c) (57). This requirement that haplo-
type information be available for the maternal
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genome would be more readily addressed with
the development of a number of genome-wide
approaches for direct haplotyping (38, 100).

Category 5 SNPs were those in which both
the father and the mother were heterozygous.
The resolution of the fetal inheritance of such
SNPs would require haplotype information

on both the paternal and maternal genomes.
Such SNPs would be especially useful for
the prenatal diagnosis of autosomal recessive
disorders in consanguineous marriage as the
haplotype structure in the genomic region
carrying a disease-causing gene is likely to be
similar for the father and the mother, and thus

a
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heterozygosity in the paternal genome in one
SNP would likely be mirrored by heterozygos-
ity in the maternal genome in the same SNP.

Lo et al. (57) demonstrated that the mater-
nal plasma DNA sequencing data could be an-
alyzed to obtain a genome-wide genetic map of
the fetus for SNPs in categories 1–4. Category
5 SNPs were not analyzed in the study owing
to the unavailability of the paternal haplotype
information. The authors also showed that the
maternal plasma DNA sequencing data could
be used to demonstrate that the fetus was a het-
erozygous carrier for β-thalassemia, having in-
herited the HBB mutation from the father and
the wild-type HBB gene from the mother.

The main disadvantage of this approach
is that it is still relatively expensive to per-
form such an extensive sequencing of mater-
nal plasma DNA. The recent demonstration
that targeted massively parallel sequencing us-
ing an in-solution hybridization capture system
would allow one to capture fetally and mater-
nally derived DNA in a given genomic region
with little bias has opened up the possibility of
using this approach to target genomic regions
involved in genetic diseases common in a par-
ticular population (55). This strategy would po-

tentially greatly reduce the cost of implement-
ing the scanning of selected genomic regions for
the noninvasive prenatal diagnosis of genetic
diseases as a clinical tool.

ETHICAL, LEGAL, AND
SOCIAL ISSUES

The development of noninvasive prenatal tests
based on the analysis of cell-free fetal nucleic
acids in maternal plasma has raised many
ethical, legal, and social issues (5, 27, 42). One
concern is whether the availability of safe and
noninvasive prenatal tests would lead to more
pregnant women opting for prenatal testing,
and as a consequence might increase the num-
ber of subsequent abortions. If indeed more
pregnant women would choose noninvasive
testing, then it would be important to ensure
that there would be a sufficient number of
trained genetic counselors for provision of such
a service. Another concern is the spectrum of
conditions that would be tested in this fashion.
Currently, the main applications of such nonin-
vasive prenatal tests are for medical conditions
that could have severe morbidities, e.g., fetal
chromosomal aneuploidies, severe monogenic

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 5
Genome-wide fetal genetic and mutational profiling. (a) Overview of the approach for decoding the fetal
genetic map through maternal plasma DNA analysis. Three copies of the fetal genome are present among 17
copies of the maternal genome. To determine the paternally inherited sequences of the fetal genome, genetic
features that are absent in the maternal genome (horizontal stripes) are identified. To determine the maternally
inherited sequences of the fetal genome, maternal haplotypes (red and blue) that are distinguishable through
the use of heterozygous single-nucleotide polymorphisms (SNPs) are counted. In this figure, there are 17
blue haplotypes and 20 red haplotypes. Thus, the fetus has inherited the red haplotype. (b) Procedural steps
for determining the fetal genetic map. � Obtain genotype data from paternal DNA and haplotype data
from maternal DNA. � Compare the maternal and paternal genotypes at each polymorphic locus and
assign SNP category. � Sequence maternal plasma DNA, align the sequence tags to the reference human
genome, and locate the SNP alleles. � Determine the paternally inherited sequences in the fetal genome by
identifying the category 3 SNP allele present in maternal plasma. � Determine the maternally inherited
haplotype by relative haplotype dosage (RHDO) analysis using the category 4 SNPs. (c) Schematic
illustration of the RHDO method. This panel shows distributions of haplotypes containing the normal/
wild-type (N) or mutant (M) alleles in the plasma of a carrier female pregnant with a normal fetus. The fetal
DNA molecules in the maternal plasma sample are enclosed by the green dashed line. The circle shows the
number of sequenced reads obtained for each allele of the respective informative loci. A sequential
probability ratio test (SPRT) is performed to statistically compare whether either of the haplotypes is
overrepresented. The counts of alleles on the same haplotype are accumulated until a sufficient statistical
confidence is reached for SPRT classification. Abbreviations: Hap N, haplotype containing the normal
allele; Hap M, haplotype containing the mutant allele.
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disorders, and blood group incompatibilities.
However, there is a worry by some parties that
individual providers of such tests might use the
technology for nonmedical indications, e.g.,
for sex selection and paternity testing (98).
This is of especial concern given that certain
companies have been reported to offer direct-
to-consumer testing of fetal sex using such
technologies (6, 49). Another issue that would
need to be explored is the source of funding
for providing such tests, which will vary from
country to country. In countries with a pre-
dominantly publicly funded health care system,
the cost-effectiveness of using nucleic acid–
based noninvasive prenatal diagnosis would be
subjected to much scrutiny (45). In view of all
of these issues, it is important to ensure that
research into the ethical, legal, and social issues
of noninvasive prenatal diagnosis parallels the
rapid technological developments in this field.

CONCLUSION

The past 15 years have witnessed an ex-
traordinary pace of development for nucleic
acid–based noninvasive prenatal diagnosis.
Biologically, the fundamental parameters con-
cerning the presence of cell-free fetal nucleic
acids in maternal plasma—e.g., molecular
size, gestational variation of concentrations,
and clearance following delivery—have been

elucidated. Diagnostically, this phenomenon
has been demonstrated to be applicable to
prenatal testing for selected monogenic traits,
fetal chromosomal aneuploidies, and even fetal
genome-wide genetic and mutational profiling.
Remarkably, a number of these applications—
notably fetal sexing for sex-linked disorders
and congenital adrenal hyperplasia, fetal RHD
genotyping, and trisomy 21 detection—have
been validated and used clinically within a
short span of time. It is thus expected that with
time, this technology will play an increasingly
important role in prenatal testing, making such
testing safer for the fetuses and less stressful for
the pregnant women and their families. Future
research would further expand the spectrum
of disorders that can be detected or monitored
using this technology. In particular, the de-
velopment of new markers for two common
pregnancy-associated disorders, preeclampsia
and preterm labor, would be a research priority.
An intriguing area to explore will be the possible
biological functions of circulating fetal nucleic
acids in maternal plasma; the presence of circu-
lating placentally derived miRNA in maternal
plasma would be particularly interesting when
investigating the potential functionality of
such molecules. Finally, it is important that
our understanding of the ethical, legal, and
social aspects of this field catch up with the
technological and scientific developments.

SUMMARY POINTS

1. Cell-free fetal DNA and RNA molecules are present in the plasma of pregnant women.

2. Circulating fetal DNA molecules consist of short DNA fragments derived from the
nucleosome.

3. Paternally inherited fetal DNA sequences can be detected in maternal plasma for fetal
sexing and fetal RHD genotyping.

4. Prenatal diagnosis of fetal monogenic diseases can be made by precise allelic ratio mea-
surement of the mutant and wild-type alleles using molecular counting technologies such
as digital PCR.

5. Massively parallel sequencing of maternal plasma DNA allows the robust detection of
fetal trisomies 21, 18, and 13, resulting in the clinical availability of this technology for
detection of fetal trisomy 21 in late 2011.
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FUTURE ISSUES

1. Research into the ethical, legal, and social issues regarding noninvasive prenatal diagnosis
using fetal nucleic acids in maternal plasma will be a priority in the coming years.

2. Research into the use of targeted massively parallel sequencing on maternal plasma DNA
would reduce the cost of using molecular counting technology for the prenatal screening
of fetuses for selected genetic diseases and chromosomal aberrations.

3. Development of plasma nucleic acid–based markers for detecting common pregnancy-
associated disorders such as preeclampsia and preterm labor should be explored.

4. The possible biological functions of circulating fetal nucleic acids in maternal plasma
should be explored.

DISCLOSURE STATEMENT

The authors hold patents or have filed patent applications on noninvasive prenatal diagnosis using
fetal nucleic acids in maternal plasma. Part of this intellectual property portfolio has been licensed
to Sequenom. The authors have received research support from, are consultants to, and hold
equities in Sequenom.

ACKNOWLEDGMENTS

The authors are supported by the University Grants Committee of the Government of the Hong
Kong Special Administrative Region, China, under the Areas of Excellence Scheme (AoE/M-
04/06). Y.M.D.L. is supported by an endowed chair from the Li Ka Shing Foundation.

LITERATURE CITED

1. Akolekar R, Finning K, Kuppusamy R, Daniels G, Nicolaides KH. 2011. Fetal RHD genotyping in
maternal plasma at 11–13 weeks of gestation. Fetal Diagn. Ther. 29:301–6

2. Alberry M, Maddocks D, Jones M, Abdel Hadi M, Abdel-Fattah S, et al. 2007. Free fetal DNA in
maternal plasma in anembryonic pregnancies: confirmation that the origin is the trophoblast. Prenat.
Diagn. 27:415–18

3. Ariga H, Ohto H, Busch MP, Imamura S, Watson R, et al. 2001. Kinetics of fetal cellular and cell-
free DNA in the maternal circulation during and after pregnancy: implications for noninvasive prenatal
diagnosis. Transfusion 41:1524–30

4. Benachi A, Steffann J, Gautier E, Ernault P, Olivi M, et al. 2003. Fetal DNA in maternal serum: Does
it persist after pregnancy? Hum. Genet. 113:76–79

5. Benn PA, Chapman AR. 2010. Ethical challenges in providing noninvasive prenatal diagnosis. Curr.
Opin. Obstet. Gynecol. 22:128–34

6. Bianchi DW. 2006. At-home fetal DNA gender testing: caveat emptor. Obstet. Gynecol. 107:216–18
7. Bianchi DW, Simpson JL, Jackson LG, Elias S, Holzgreve W, et al. 2002. Fetal gender and aneuploidy

detection using fetal cells in maternal blood: analysis of NIFTY I data. Prenat. Diagn. 22:609–15
8. Bianchi DW, Williams JM, Sullivan LM, Hanson FW, Klinger KW, Shuber AP. 1997. PCR quantitation

of fetal cells in maternal blood in normal and aneuploid pregnancies. Am. J. Hum. Genet. 61:822–29
9. Chan K, Yam I, Leung KY, Tang M, Chan TK, Chan V. 2010. Detection of paternal alleles in maternal

plasma for non-invasive prenatal diagnosis of β-thalassemia: a feasibility study in southern Chinese. Eur.
J. Obstet. Gynecol. Reprod. Biol. 150:28–33

www.annualreviews.org • Fetal Nucleic Acids in Maternal Blood 301

A
nn

u.
 R

ev
. G

en
om

. H
um

an
 G

en
et

. 2
01

2.
13

:2
85

-3
06

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 W
IB

61
05

 -
 T

ec
hn

is
ch

e 
U

. M
ue

nc
he

n 
on

 0
9/

17
/1

2.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



GG13CH13-Lo ARI 25 July 2012 14:12

10. Chan KCA, Ding C, Gerovassili A, Yeung SW, Chiu RWK, et al. 2006. Hypermethylated RASSF1A
in maternal plasma: a universal fetal DNA marker that improves the reliability of noninvasive prenatal
diagnosis. Clin. Chem. 52:2211–18

11. Chan KCA, Zhang J, Hui AB, Wong N, Lau TK, et al. 2004. Size distributions of maternal and fetal
DNA in maternal plasma. Clin. Chem. 50:88–92

12. Chen EZ, Chiu RW, Sun H, Akolekar R, Chan KC, et al. 2011. Noninvasive prenatal diagnosis of fetal
trisomy 18 and trisomy 13 by maternal plasma DNA sequencing. PLoS ONE 6:e21791

13. Chen XQ, Stroun M, Magnenat JL, Nicod LP, Kurt AM, et al. 1996. Microsatellite alterations in plasma
DNA of small cell lung cancer patients. Nat. Med. 2:1033–35

14. Chim SSC, Jin S, Lee TYH, Lun FMF, Lee WS, et al. 2008. Systematic search for placental epigenetic
markers on chromosome 21: towards noninvasive prenatal diagnosis of fetal trisomy 21. Clin. Chem.
54:500–11

15. Chim SSC, Shing TK, Hung EC, Leung TY, Lau TK, et al. 2008. Detection and characterization of
placental microRNAs in maternal plasma. Clin. Chem. 54:482–90

16. Chim SSC, Tong YK, Chiu RWK, Lau TK, Leung TN, et al. 2005. Detection of the placental epigenetic
signature of the maspin gene in maternal plasma. Proc. Natl. Acad. Sci. USA 102:14753–58

17. Chinnapapagari SK, Holzgreve W, Lapaire O, Zimmermann B, Hahn S. 2005. Treatment of maternal
blood samples with formaldehyde does not alter the proportion of circulatory fetal nucleic acids (DNA
and mRNA) in maternal plasma. Clin. Chem. 51:652–55

18. Chiu RWK, Akolekar R, Zheng YW, Leung TY, Sun H, et al. 2011. Non-invasive prenatal assessment of
trisomy 21 by multiplexed maternal plasma DNA sequencing: large scale validity study. BMJ 342:c7401

19. Chiu RWK, Chan KCA, Gao Y, Lau VYM, Zheng W, et al. 2008. Noninvasive prenatal diagnosis of
fetal chromosomal aneuploidy by massively parallel genomic sequencing of DNA in maternal plasma.
Proc. Natl. Acad. Sci. USA 105:20458–63

20. Chiu RWK, Chim SS, Wong IH, Wong CS, Lee WS, et al. 2007. Hypermethylation of RASSF1A in
human and rhesus placentas. Am. J. Pathol. 170:941–50

21. Chiu RWK, Lau TK, Cheung PT, Gong ZQ, Leung TN, Lo YMD. 2002. Noninvasive prenatal ex-
clusion of congenital adrenal hyperplasia by maternal plasma analysis: a feasibility study. Clin. Chem.
48:778–80

22. Chiu RWK, Lau TK, Leung TN, Chow KCK, Chui DHK, Lo YMD. 2002. Prenatal exclusion of β

thalassaemia major by examination of maternal plasma. Lancet 360:998–1000
23. Chiu RWK, Sun H, Akolekar R, Clouser C, Lee C, et al. 2010. Maternal plasma DNA analysis with

massively parallel sequencing by ligation for noninvasive prenatal diagnosis of trisomy 21. Clin. Chem.
56:459–63

24. Chung GT, Chiu RWK, Chan KCA, Lau TK, Leung TN, Lo YMD. 2005. Lack of dramatic enrichment
of fetal DNA in maternal plasma by formaldehyde treatment. Clin. Chem. 51:655–58

25. Clausen FB, Krog GR, Rieneck K, Rasmark EE, Dziegiel MH. 2011. Evaluation of two real-time
multiplex PCR screening assays detecting fetal RHD in plasma from RhD negative women to ascertain
the requirement for antenatal RhD prophylaxis. Fetal Diagn. Ther. 29:155–63

26. Costa JM, Benachi A, Gautier E. 2002. New strategy for prenatal diagnosis of X-linked disorders.
N. Engl. J. Med. 346:1502

27. de Jong A, Dondorp WJ, Frints SG, de Die-Smulders CE, de Wert GM. 2011. Advances in prenatal
screening: the ethical dimension. Nat. Rev. Genet. 12:657–63

28. Devaney SA, Palomaki GE, Scott JA, Bianchi DW. 2011. Noninvasive fetal sex determination using
cell-free fetal DNA: a systematic review and meta-analysis. JAMA 306:627–36

29. Dhallan R, Au WC, Mattagajasingh S, Emche S, Bayliss P, et al. 2004. Methods to increase the percentage
of free fetal DNA recovered from the maternal circulation. JAMA 291:1114–19

30. Dhallan R, Guo X, Emche S, Damewood M, Bayliss P, et al. 2007. A non-invasive test for prenatal
diagnosis based on fetal DNA present in maternal blood: a preliminary study. Lancet 369:474–81

31. Ding C, Chiu RWK, Lau TK, Leung TN, Chan LC, et al. 2004. MS analysis of single-nucleotide
differences in circulating nucleic acids: application to noninvasive prenatal diagnosis. Proc. Natl. Acad.
Sci. USA 101:10762–67

302 Lo · Chiu

A
nn

u.
 R

ev
. G

en
om

. H
um

an
 G

en
et

. 2
01

2.
13

:2
85

-3
06

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 W
IB

61
05

 -
 T

ec
hn

is
ch

e 
U

. M
ue

nc
he

n 
on

 0
9/

17
/1

2.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



GG13CH13-Lo ARI 25 July 2012 14:12

32. Ehrich M, Deciu C, Zwiefelhofer T, Tynan JA, Cagasan L, et al. 2011. Noninvasive detection of fetal
trisomy 21 by sequencing of DNA in maternal blood: a study in a clinical setting. Am. J. Obstet. Gynecol.
204:205.e1–11

33. Evans MI, Wapner RJ. 2005. Invasive prenatal diagnostic procedures 2005. Semin. Perinatol. 29:215–
18

34. Faas BH, Beuling EA, Christiaens GC, von dem Borne AE, van der Schoot CE. 1998. Detection of fetal
RHD-specific sequences in maternal plasma. Lancet 352:1196

35. Fan HC, Blumenfeld YJ, Chitkara U, Hudgins L, Quake SR. 2008. Noninvasive diagnosis of fetal
aneuploidy by shotgun sequencing DNA from maternal blood. Proc. Natl. Acad. Sci. USA 105:16266–71

36. Fan HC, Quake SR. 2007. Detection of aneuploidy with digital polymerase chain reaction. Anal. Chem.
79:7576–79

37. Fan HC, Quake SR. 2010. Sensitivity of noninvasive prenatal detection of fetal aneuploidy from maternal
plasma using shotgun sequencing is limited only by counting statistics. PLoS ONE 5:e10439

38. Fan HC, Wang J, Potanina A, Quake SR. 2011. Whole-genome molecular haplotyping of single cells.
Nat. Biotechnol. 29:51–57

39. Finning K, Martin P, Daniels G. 2004. A clinical service in the UK to predict fetal Rh (rhesus) D blood
group using free fetal DNA in maternal plasma. Ann. N. Y. Acad. Sci. 1022:119–23

40. Finning K, Martin P, Summers J, Massey E, Poole G, Daniels G. 2008. Effect of high throughput RHD
typing of fetal DNA in maternal plasma on use of anti-RhD immunoglobulin in RhD negative pregnant
women: prospective feasibility study. BMJ 336:816–18

41. Flori E, Doray B, Gautier E, Kohler M, Ernault P, et al. 2004. Circulating cell-free fetal DNA
in maternal serum appears to originate from cyto- and syncytio-trophoblastic cells. Case report.
Hum. Reprod. 19:723–24

42. Greely HT. 2011. Get ready for the flood of fetal gene screening. Nature 469:289–91
43. Grunau C, Clark SJ, Rosenthal A. 2001. Bisulfite genomic sequencing: systematic investigation of critical

experimental parameters. Nucleic Acids Res. 29:e65
44. Gutensohn K, Muller SP, Thomann K, Stein W, Suren A, et al. 2010. Diagnostic accuracy of nonin-

vasive polymerase chain reaction testing for the determination of fetal rhesus C, c and E status in early
pregnancy. BJOG 117:722–29

45. Hill M, Taffinder S, Chitty LS, Morris S. 2011. Incremental cost of non-invasive prenatal diagnosis
versus invasive prenatal diagnosis of fetal sex in England. Prenat. Diagn. 31:267–73

46. Hui L, Vaughan JI, Nelson M. 2008. Effect of labor on postpartum clearance of cell-free fetal DNA
from the maternal circulation. Prenat. Diagn. 28:304–8

47. Invernizzi P, Biondi ML, Battezzati PM, Perego F, Selmi C, et al. 2002. Presence of fetal DNA in
maternal plasma decades after pregnancy. Hum. Genet. 110:587–91

48. Jahr S, Hentze H, Englisch S, Hardt D, Fackelmayer FO, et al. 2001. DNA fragments in the blood
plasma of cancer patients: quantitations and evidence for their origin from apoptotic and necrotic cells.
Cancer Res. 61:1659–65

49. Javitt GH. 2006. Pink or blue? The need for regulation is black and white. Fertil. Steril. 86:13–15
50. Lambert NC, Lo YMD, Erickson TD, Tylee TS, Guthrie KA, et al. 2002. Male microchimerism in

healthy women and women with scleroderma: cells or circulating DNA? A quantitative answer. Blood
100:2845–51

51. Lau TK, Chen F, Pan X, Pooh RK, Jiang F, et al. 2012. Noninvasive prenatal diagnosis of common
fetal chromosomal aneuploidies by maternal plasma DNA sequencing. J. Matern. Fetal Neonatal Med. In
press. doi: 10.3109/14767058.2011.635730

52. Legler TJ, Muller SP, Haverkamp A, Grill S, Hahn S. 2009. Prenatal RhD testing: a review of studies
published from 2006 to 2008. Transfus. Med. Hemother. 36:189–98

53. Li Y, Di Naro E, Vitucci A, Zimmermann B, Holzgreve W, Hahn S. 2005. Detection of paternally
inherited fetal point mutations for β-thalassemia using size-fractionated cell-free DNA in maternal
plasma. JAMA 293:843–49

54. Li Y, Zimmermann B, Rusterholz C, Kang A, Holzgreve W, Hahn S. 2004. Size separation of circulatory
DNA in maternal plasma permits ready detection of fetal DNA polymorphisms. Clin. Chem. 50:1002–
11

www.annualreviews.org • Fetal Nucleic Acids in Maternal Blood 303

A
nn

u.
 R

ev
. G

en
om

. H
um

an
 G

en
et

. 2
01

2.
13

:2
85

-3
06

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 W
IB

61
05

 -
 T

ec
hn

is
ch

e 
U

. M
ue

nc
he

n 
on

 0
9/

17
/1

2.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



GG13CH13-Lo ARI 25 July 2012 14:12

55. Liao GJ, Lun FM, Zheng YW, Chan KC, Leung TY, et al. 2011. Targeted massively parallel sequencing
of maternal plasma DNA permits efficient and unbiased detection of fetal alleles. Clin. Chem. 57:92–
101

56. Lim JH, Kim MJ, Kim SY, Kim HO, Song MJ, et al. 2011. Non-invasive prenatal detection of achon-
droplasia using circulating fetal DNA in maternal plasma. J. Assist. Reprod. Genet. 28:167–72

57. Lo YMD, Chan KCA, Sun H, Chen EZ, Jiang P, et al. 2010. Maternal plasma DNA sequencing reveals
the genome-wide genetic and mutational profile of the fetus. Sci. Transl. Med. 2:61ra91

58. Lo YMD, Corbetta N, Chamberlain PF, Rai V, Sargent IL, et al. 1997. Presence of fetal DNA in maternal
plasma and serum. Lancet 350:485–87

59. Lo YMD, Hjelm NM, Fidler C, Sargent IL, Murphy MF, et al. 1998. Prenatal diagnosis of fetal RhD
status by molecular analysis of maternal plasma. N. Engl. J. Med. 339:1734–38

60. Lo YMD, Lun FM, Chan KC, Tsui NB, Chong KC, et al. 2007. Digital PCR for the molecular detection
of fetal chromosomal aneuploidy. Proc. Natl. Acad. Sci. USA 104:13116–21

61. Lo YMD, Tein MS, Lau TK, Haines CJ, Leung TN, et al. 1998. Quantitative analysis of fetal DNA
in maternal plasma and serum: implications for noninvasive prenatal diagnosis. Am. J. Hum. Genet.
62:768–75

62. Lo YMD, Tsui NB, Chiu RWK, Lau TK, Leung TN, et al. 2007. Plasma placental RNA allelic ratio
permits noninvasive prenatal chromosomal aneuploidy detection. Nat. Med. 13:218–23

63. Lo YMD, Zhang J, Leung TN, Lau TK, Chang AM, Hjelm NM. 1999. Rapid clearance of fetal DNA
from maternal plasma. Am. J. Hum. Genet. 64:218–24

64. Lui YY, Chik KW, Chiu RW, Ho CY, Lam CW, Lo YM D. 2002. Predominant hematopoietic origin
of cell-free DNA in plasma and serum after sex-mismatched bone marrow transplantation. Clin. Chem.
48:421–27

65. Lun FMF, Chiu RWK, Chan KCA, Leung TY, Lau TK, Lo YMD. 2008. Microfluidics digital PCR
reveals a higher than expected fraction of fetal DNA in maternal plasma. Clin. Chem. 54:1664–72

66. Lun FM, Jin YY, Sun H, Leung TY, Lau TK, et al. 2011. Noninvasive prenatal diagnosis of a case of
Down syndrome due to Robertsonian translocation by massively parallel sequencing of maternal plasma
DNA. Clin. Chem. 57:917–19

67. Lun FMF, Tsui NBY, Chan KCA, Leung TY, Lau TK, et al. 2008. Noninvasive prenatal diagnosis of
monogenic diseases by digital size selection and relative mutation dosage on DNA in maternal plasma.
Proc. Natl. Acad. Sci. USA 105:19920–25

68. Malone FD, Canick JA, Ball RH, Nyberg DA, Comstock CH, et al. 2005. First-trimester or second-
trimester screening, or both, for Down’s syndrome. N. Engl. J. Med. 353:2001–11

69. Masuzaki H, Miura K, Yoshiura KI, Yoshimura S, Niikawa N, Ishimaru T. 2004. Detection of cell free
placental DNA in maternal plasma: direct evidence from three cases of confined placental mosaicism.
J. Med. Genet. 41:289–92

70. Mujezinovic F, Alfirevic Z. 2007. Procedure-related complications of amniocentesis and chorionic villous
sampling: a systematic review. Obstet. Gynecol. 110:687–94

71. Nawroz H, Koch W, Anker P, Stroun M, Sidransky D. 1996. Microsatellite alterations in serum DNA
of head and neck cancer patients. Nat. Med. 2:1035–37

72. Ng EKO, Tsui NB, Lam NY, Chiu RW, Yu SC, et al. 2002. Presence of filterable and nonfilterable
mRNA in the plasma of cancer patients and healthy individuals. Clin. Chem. 48:1212–17

73. Ng EKO, Tsui NBY, Lau TK, Leung TN, Chiu RWK, et al. 2003. mRNA of placental origin is readily
detectable in maternal plasma. Proc. Natl. Acad. Sci. USA 100:4748–53

74. Old RW, Crea F, Puszyk W, Hulten MA. 2007. Candidate epigenetic biomarkers for non-invasive
prenatal diagnosis of Down syndrome. Reprod. Biomed. Online 15:227–35

75. Palomaki GE, Kloza EM, Lambert-Messerlian GM, Haddow JE, Neveux LM, et al. 2011. DNA se-
quencing of maternal plasma to detect Down syndrome: an international clinical validation study. Genet.
Med. 13:913–20

76. 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. 174:1609–18

304 Lo · Chiu

A
nn

u.
 R

ev
. G

en
om

. H
um

an
 G

en
et

. 2
01

2.
13

:2
85

-3
06

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 W
IB

61
05

 -
 T

ec
hn

is
ch

e 
U

. M
ue

nc
he

n 
on

 0
9/

17
/1

2.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



GG13CH13-Lo ARI 25 July 2012 14:12

77. Papageorgiou EA, Karagrigoriou A, Tsaliki E, Velissariou V, Carter NP, Patsalis PC. 2011. Fetal-specific
DNA methylation ratio permits noninvasive prenatal diagnosis of trisomy 21. Nat. Med. 17:510–13

78. Peters D, Chu T, Yatsenko SA, Hendrix N, Hogge WA, et al. 2011. Noninvasive prenatal diagnosis of
a fetal microdeletion syndrome. N. Engl. J. Med. 365:1847–48

79. Poon LLM, Leung TN, Lau TK, Chow KC, Lo YMD. 2002. Differential DNA methylation between
fetus and mother as a strategy for detecting fetal DNA in maternal plasma. Clin. Chem. 48:35–41

80. Poon LLM, Leung TN, Lau TK, Lo YMD. 2000. Presence of fetal RNA in maternal plasma.
Clin. Chem. 46:1832–34

81. Rijnders RJ, van der Schoot CE, Bossers B, de Vroede MA, Christiaens GC. 2001. Fetal sex determination
from maternal plasma in pregnancies at risk for congenital adrenal hyperplasia. Obstet. Gynecol. 98:374–78

82. Saito H, Sekizawa A, Morimoto T, Suzuki M, Yanaihara T. 2000. Prenatal DNA diagnosis of a single-
gene disorder from maternal plasma. Lancet 356:1170

83. Scheffer PG, van der Schoot CE, Page-Christiaens GC, de Haas M. 2011. Noninvasive fetal blood group
genotyping of rhesus D, c, E and of K in alloimmunised pregnant women: evaluation of a 7-year clinical
experience. BJOG 118:1340–48

84. Sehnert AJ, Rhees B, Comstock D, de Feo E, Heilek G, et al. 2011. Optimal detection of fetal chromo-
somal abnormalities by massively parallel DNA sequencing of cell-free fetal DNA from maternal blood.
Clin. Chem. 57:1042–49

85. Smid M, Galbiati S, Vassallo A, Gambini D, Ferrari A, et al. 2003. No evidence of fetal DNA persistence
in maternal plasma after pregnancy. Hum. Genet. 112:617–18

86. Suzuki N, Kamataki A, Yamaki J, Homma Y. 2008. Characterization of circulating DNA in healthy
human plasma. Clin. Chim. Acta 387:55–58

87. Tabor A, Vestergaard CH, Lidegaard O. 2009. Fetal loss rate after chorionic villus sampling and am-
niocentesis: an 11-year national registry study. Ultrasound Obstet. Gynecol. 34:19–24

88. Tong YK, Chiu RW, Akolekar R, Leung TY, Lau TK, et al. 2010. Epigenetic-genetic chromosome
dosage approach for fetal trisomy 21 detection using an autosomal genetic reference marker. PLoS ONE
5:e15244

89. Tong YK, Ding C, Chiu RWK, Gerovassili A, Chim SSC, et al. 2006. Noninvasive prenatal detection
of fetal trisomy 18 by epigenetic allelic ratio analysis in maternal plasma: theoretical and empirical
considerations. Clin. Chem. 52:2194–202

90. Tong YK, Jin S, Chiu RW, Ding C, Chan KC, et al. 2010. Noninvasive prenatal detection of trisomy
21 by an epigenetic-genetic chromosome-dosage approach. Clin. Chem. 56:90–98

91. Tsui DWY, Lam YM, Lee WS, Leung TY, Lau TK, et al. 2010. Systematic identification of placental
epigenetic signatures for the noninvasive prenatal detection of Edwards syndrome. PLoS ONE 5:e15069

92. Tsui NBY, Akolekar R, Chiu RWK, Chow KCK, Leung TY, et al. 2010. Synergy of total PLAC4
RNA concentration and measurement of the RNA single-nucleotide polymorphism allelic ratio for the
noninvasive prenatal detection of trisomy 21. Clin. Chem. 56:73–81

93. Tsui NBY, Chim SSC, Chiu RWK, Lau TK, Ng EKO, et al. 2004. Systematic microarray-based identi-
fication of placental mRNA in maternal plasma: towards non-invasive prenatal gene expression profiling.
J. Med. Genet. 41:461–67

94. Tsui NBY, Kadir RA, Chan KCA, Chi C, Mellars G, et al. 2011. Noninvasive prenatal diagnosis of
hemophilia by microfluidics digital PCR analysis of maternal plasma DNA. Blood 117:3684–91

95. Tsui NBY, Wong BC, Leung TY, Lau TK, Chiu RW, Lo YMD. 2009. Non-invasive prenatal detection
of fetal trisomy 18 by RNA-SNP allelic ratio analysis using maternal plasma SERPINB2 mRNA: a
feasibility study. Prenat. Diagn. 29:1031–37

96. Tynan JA, Angkachatchai V, Ehrich M, Paladino T, van den Boom D, Oeth P. 2011. Multiplexed analysis
of circulating cell-free fetal nucleic acids for noninvasive prenatal diagnostic RHD testing. Am. J. Obstet.
Gynecol. 204:251.e1–6

97. Vogelstein B, Kinzler KW. 1999. Digital PCR. Proc. Natl. Acad. Sci. USA 96:9236–41
98. Wagner J, Dzijan S, Marjanovic D, Lauc G. 2009. Non-invasive prenatal paternity testing from maternal

blood. Int. J. Leg. Med. 123:75–79

www.annualreviews.org • Fetal Nucleic Acids in Maternal Blood 305

A
nn

u.
 R

ev
. G

en
om

. H
um

an
 G

en
et

. 2
01

2.
13

:2
85

-3
06

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 W
IB

61
05

 -
 T

ec
hn

is
ch

e 
U

. M
ue

nc
he

n 
on

 0
9/

17
/1

2.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



GG13CH13-Lo ARI 25 July 2012 14:12

99. Yan TZ, Mo QH, Cai R, Chen X, Zhang CM, et al. 2011. Reliable detection of paternal SNPs within
deletion breakpoints for non-invasive prenatal exclusion of homozygous α0-thalassemia in maternal
plasma. PLoS ONE 6:e24779

100. Yang H, Chen X, Wong WH. 2011. Completely phased genome sequencing through chromosome
sorting. Proc. Natl. Acad. Sci. USA 108:12–17

101. Zheng YWL, Chan KCA, Sun H, Jiang P, Su X, et al. 2012. Nonhematopoietically derived DNA is
shorter than hematopoietically derived DNA in plasma: a transplantation model. Clin. Chem. 58:549–58

306 Lo · Chiu

A
nn

u.
 R

ev
. G

en
om

. H
um

an
 G

en
et

. 2
01

2.
13

:2
85

-3
06

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 W
IB

61
05

 -
 T

ec
hn

is
ch

e 
U

. M
ue

nc
he

n 
on

 0
9/

17
/1

2.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



GG13-FrontMatter ARI 2 July 2012 11:57

Annual Review of
Genomics and
Human Genetics

Volume 13, 2012Contents

Human Genetic Individuality
Maynard V. Olson � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 1

Characterization of Enhancer Function from Genome-Wide Analyses
Glenn A. Maston, Stephen G. Landt, Michael Snyder, and Michael R. Green � � � � � � � � � � �29

Methods for Identifying Higher-Order Chromatin Structure
Samin A. Sajan and R. David Hawkins � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �59

Genomics and Genetics of Human and Primate Y Chromosomes
Jennifer F. Hughes and Steve Rozen � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �83

Evolution of the Egg: New Findings and Challenges
Katrina G. Claw and Willie J. Swanson � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 109

Evolution of the Immune System in the Lower Vertebrates
Thomas Boehm, Norimasa Iwanami, and Isabell Hess � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 127

The Human Microbiome: Our Second Genome
Elizabeth A. Grice and Julia A. Segre � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 151

Functional Genomic Studies: Insights into the Pathogenesis
of Liver Cancer
Ze-Guang Han � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 171

A Comparative Genomics Approach to Understanding Transmissible
Cancer in Tasmanian Devils
Janine E. Deakin and Katherine Belov � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 207

The Genetics of Sudden Cardiac Death
Dan E. Arking and Nona Sotoodehnia � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 223

The Genetics of Substance Dependence
Jen-Chyong Wang, Manav Kapoor, and Alison M. Goate � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 241

The Evolution of Human Genetic Studies of Cleft Lip and Cleft Palate
Mary L. Marazita � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 263

Genomic Analysis of Fetal Nucleic Acids in Maternal Blood
Yuk Ming Dennis Lo and Rossa Wai Kwun Chiu � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 285

v

A
nn

u.
 R

ev
. G

en
om

. H
um

an
 G

en
et

. 2
01

2.
13

:2
85

-3
06

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 W
IB

61
05

 -
 T

ec
hn

is
ch

e 
U

. M
ue

nc
he

n 
on

 0
9/

17
/1

2.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



GG13-FrontMatter ARI 2 July 2012 11:57

Enzyme Replacement Therapy for Lysosomal Diseases: Lessons from
20 Years of Experience and Remaining Challenges
R.J. Desnick and E.H. Schuchman � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 307

Population Identification Using Genetic Data
Daniel John Lawson and Daniel Falush � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 337

Evolution-Centered Teaching of Biology
Karen Burke da Silva � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 363

Ethical Issues with Newborn Screening in the Genomics Era
Beth A. Tarini and Aaron J. Goldenberg � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 381

Sampling Populations of Humans Across the World: ELSI Issues
Bartha Maria Knoppers, Ma’n H. Zawati, and Emily S. Kirby � � � � � � � � � � � � � � � � � � � � � � � � � 395

The Tension Between Data Sharing and the Protection
of Privacy in Genomics Research
Jane Kaye � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 415

Genetic Discrimination: International Perspectives
M. Otlowski, S. Taylor, and Y. Bombard � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 433

Indexes

Cumulative Index of Contributing Authors, Volumes 4–13 � � � � � � � � � � � � � � � � � � � � � � � � � � � � 455

Cumulative Index of Chapter Titles, Volumes 4–13 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 459

Errata

An online log of corrections to Annual Review of Genomics and Human Genetics articles
may be found at http://genom.annualreviews.org/errata.shtml

vi Contents

A
nn

u.
 R

ev
. G

en
om

. H
um

an
 G

en
et

. 2
01

2.
13

:2
85

-3
06

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 W
IB

61
05

 -
 T

ec
hn

is
ch

e 
U

. M
ue

nc
he

n 
on

 0
9/

17
/1

2.
 F

or
 p

er
so

na
l u

se
 o

nl
y.


	Annual Reviews Online
	Search Annual Reviews
	Annual Review of Genomics and Human Genetics Online
	Most Downloaded Genomics and Human GeneticsReviews 
	Most Cited Genomics and Human GeneticsReviews 
	Annual Review of Genomics and Human GeneticsErrata 
	View Current Editorial Committee

	All Articles in the Annual Review of Genomics and Human Genetics, Vol. 13
	Human Genetic Individuality
	Characterization of Enhancer Function from Genome-Wide Analyses
	Methods for Identifying Higher-Order Chromatin Structure
	Genomics and Genetics of Human and Primate Y Chromosomes
	Evolution of the Egg: New Findings and Challenges
	Evolution of the Immune System in the Lower Vertebrates
	The Human Microbiome: Our Second Genome
	Functional Genomic Studies: Insights into the Pathogenesis of Liver Cancer
	A Comparative Genomics Approach to Understanding Transmissible Cancer in Tasmanian Devils
	The Genetics of Sudden Cardiac Death
	The Genetics of Substance Dependence
	The Evolution of Human Genetic Studies of Cleft Lip and Cleft Palate
	Genomic Analysis of Fetal Nucleic Acids in Maternal Blood
	Enzyme Replacement Therapy for Lysosomal Diseases: Lessons from20 Years of Experience and Remaining Challenges
	Population Identification Using Genetic Data
	Evolution-Centered Teaching of Biology
	Ethical Issues with Newborn Screening in the Genomics Era
	Sampling Populations of Humans Across the World: ELSI Issues
	The Tension Between Data Sharing and the Protection of Privacy in Genomics Research
	Genetic Discrimination: International Perspectives




