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1. ABSTRACT

Exposure to environmental contaminants
during the critical window of pregnancy results in
deregulation of highly coordinated genetic and
epigenetic mechanisms involved in prenatal growth.
Such disturbances significantly alter the fetal
programming, and lead to various developmental
disorders immediately, over the lifetime, or
transgenerationally. During the process of placental
development, fetal nucleic acids enter maternal
plasma as a result of necrotic, apoptotic, and
inflammatory mechanisms. These nucleic acids reflect
normal or abnormal ongoing cellular changes during
prenatal fetal development. Here, we critically review
the utility of maternally circulating cell free fetal nucleic
acids towards developing reliable biomarkers for
widespread screening of environmentally-associated
fetal abnormalities. We further discuss the most
recent developments in the fetal nucleic acid analysis,
quantification methodologies, challenges involved in
their accurate detection and their potential applications
in fetomaternal medicine.

2. INTRODUCTION

Environmental factors have a profound and
life-long impact on human health, which begins from
conception. A pregnant woman is often exposed to a
variety of physical, chemical, or biological factors which
disturbs fetal genomic and epigenomic machinery.
This disturbance results in the generation of different
diseases andinrare cases, a malformed child. Although,
it is difficult to identify the precise mechanistic cause of
>50% anomalies, most of these cases are attributed
to the combination of gene-environmental interaction,
and nutritional factors (1, 2). Naturally, these cases
attract wide attention and generate compassion as
they contribute to long-term disability, which may have
significant impacts on individuals, families, health-
care systems, and societies. Worldwide, an estimated
3,03,000 newborns die within 4 weeks of birth every
year due to birth defects, congenital disorders or
congenital malformations (3). Genetic mutations such
as Cystic Fibrosis and Haemophilia C present in some
ethnic communities and consanguinity (when parents
are related by blood) increases the prevalence of rare
birth anomalies. It also nearly doubles the risk for
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neonatal and childhood death, intellectual disability and
other abnormalities (4, 5). A significant occurrence of
these deformities (>94%) is associated with resource-
constrained families in low- and middle-income
countries and this higher risk relate to a possible lack
of access to adequate, nutritious foods by pregnant
women (6). While, deficiency in folate consumption by
pregnant mothers increases the risk of having a baby
with a neural tube defect, disproportionate vitamin A
intake influences the regular fetal development (7).
This demands the generation of an effective prenatal
screening methodology with minimum or no risk
to the growing fetus. Placenta acts as a mediator for
the transport of nutrients from maternal circulation to
the fetus (8). However, it is now well known that there
is a significant two way fetomaternal transplacental
transport in pregnancies which increases the flow of
fetal biomaterials such as nucleated cells, apoptotic
bodies and nucleic acids in maternal circulation. The
theory of such transport was initially documented in
1893 by Schmorl who showed the existence of fetal-
trophoblast in the pulmonary area of a woman. The
findings gained noticed after a long time in 1969 when
Walknowska observed X and Y chromosomes in the
peripheral blood lymphocytes of a pregnant women.
Since then, significant scientific interest was generated
and various methods for the isolation and analysis of
circulating fetal biomaterials in maternal blood have
been discovered. The examination of fetal cells in
maternal blood has been termed as “holy grail” for
noninvasive prenatal diagnosis and there is a scientific
surge to identify a circulating biomarker in maternal
blood capable of early diagnosis and prognosis.
The present review provides an updated and critical
account of the significance of cell-free nucleic acids
in maternal circulation towards developing a next-
generation biomarker for environmental-associated
fetal anomalies (Figure 1).

3. GENE-ENVIRONMENTAL INTERACTION -
EPIGENETICS A PRIMARY DETERMINANT

The proof of concept that gene-environmental
interactions play a crucial role in embryonic and fetal
development has primarily emerged from retrospective
data published over the last decades where several
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Figure 1. A scheme showing the importance of maternally circulating cell-free nucleic acids towards development of next-generation biomarkers for

detection of environmental-associated fetal anomalies.

human tragedies demonstrated the sensitivity of the
developmental period to environmental exposures
(9-12). The contamination of mercury resulted in
severe brain dysfunction in children due to high mercury
exposure of pregnant women in Minamata Bay of Japan
(13); PCB contamination of rice oil in Japan where
exposed mothers have lower IQ children as compared
to the unexposed ones (14); the Seveso explosion had
trans-generational effect in the offspring of the mothers
exposed to high concentrations of dioxin during
pregnancy at a manufacturing plant near ltaly (15);
in utero MIC exposure during the Bhopal gas tragedy
which caused a persistently hyper-responsive cellular
and humoral immune state in affected individuals with
increased cytokine secretions, higher immunoglobulin
levels and anti-nuclear antibodies (16—18). This posits
that there are sensitive developmental phases during
which tissue growth and functions can be significantly
altered by different environmental stressors, increasing
susceptibility to adverse health pregnancy outcomes

(Table 1). Therefore, gene-environmental factors
comprising the dynamic interaction between the
genome, epigenome, and environmental factors

immensely contribute to the fate of individual cells for
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maintenance of a critical balance between cell death,
proliferation, regeneration, and repair during embryonic
and fetal development.

3.1. Epigenetics

Epigenetic is a term used to refer the
processes which occur above the genetic level
such as methylation-mediated regulation of genetic
DNA, covalent modifications of histone tails going
outward from the nucleosome, and transcriptional
and posttranscriptional regulations by microRNA
(miRNA) expression. Epigenetic marks are dynamic,
vital encrypted sets of unique DNA methylation and
particular covalent modified distinct amino acid residue
of nucleosomal histone tails (19, 20). These marks can
influence the set of given cue during the developmental
stages, throughout the lifetime and passed on to the
later generations through germs cells (developmental
origins of health and disease (DOHaD) hypothesis) (21—
23). Moreover, the epigenome is rewritable throughout
the developmental phase of a fetus to the newborn,
toddler, adult, and aged, according to the internal and
external cues. This intergenerational inheritance of
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Table 1. Effects of maternal exposure to environmental hazards on gene-environmental modulators causing

fetal abnormalities

Modulators Agents Underlying mechanisms Related abnormality Reference
Smoking In-utero exposure Mitochondrial damage; In-utero Chronic kidney disease (156)
environment affect CDK in adult Renal fibrosis
life
Maternal exposure Increased apoptosis causes germ | Impairs male offspring fertility (157)
cell depletion in the seminiferous
tubules of neonatal and juvenile
offspring
Alcohol Prenatal alcohol exposure Gene alteration; genetic factors Birth defects, Neuro-developmental (158)
and epigenetic mechanisms deficits (fetal alcohol spectrum
disorders -FASD)
Air pollution Ambient air pollution during Case-control study Offspring congenital orofacial defects (159)
preconception and during early
gestation
PM,, and SO, during the second and | Case-control study Birth Defects (160)
third trimester
S0O2 and TSPM Case-control study Congenital heart disease (CHD) and (161)
ventricular septal defects (VSDs)
Volatile organic compounds Case-control study Low birth weight (162)
-trichloroethylene and tetra-chloro- Preterm birth
ethylene or per-chloro-ethylene in Fetal growth restriction
indoor air Conotruncal defects
Maternal peri-conceptional toxicants | ATP Binding Cassette Subfamily Congenital heart defects in children (163)
exposure B Member 1 (ABCB1) Gene
C3435T polymorphism
Endocrine Diethylstilbestrol, a estrogen mimetic | Case-control study Sub-fertility (164)
disruptors Infertility (165)
Cancer of reproductive tissues
PAH Bioinformatic analysis of benzo-a- Damage to the human placental Disordered development and fetal (166)
pyrene insulin-like growth factor-1 gene programming
Air PAH pollutants Case-control study Neurobehavioral deficits (167)
Attention-deficit/hyperactivity disorder
symptoms
Lower processing speed
Disrupted development of left
hemisphere white matter
Heavy metals | Toxic metals including arsenic, Assess the association between Prevalence of conotruncal heart (168)
cadmium, manganese, and lead metal concentrations in private defects
well water and birth defect
prevalence
Prenatal lead and cadmium Synergistic effect Neuro-developmental effects (169)
coexposure
Pesticide Chlorpyrifos (an organophosphate frontal and parietal cortical Neurobehavioral deficits (170)
insecticide) thinning

dynamic epigenetic signatures are not only linked
with the parental and acquired influence of disease
but also offers the opportunity to overcome disease
circumstances by dealing with the epigenetic modulating
interventions. Observations suggest that consumption
of drugs, alcohol and tobacco by the male or female
can alter certain epigenetic signatures which are able to
have an impact on their own life and definitely up to the
third generation, through sperm and ova epigenome,
and on later generations that yet to be verified. Basically,
epigenetic processes include the addition of the
substrate for modification by the writers (DNMT, HAT,
HMTs), deduction by the erasers (TET, HDAC, HDM,
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KMT) and reading by the readers (MeCP, bromodomain,
chromodomain, PHD) (19). These sets of biochemical
interacting processes found abrupt in various diseases
(24-26). Furthermore, DNA methylation and histone
modifications mainly acetylation have been observed
interconnected, crossing downstream affects one over
other, requiring attention towards evaluating role in fetal
anomalies (27).

3.1.1. DNA methylation

Cytosine is the only pyrimidine which gets

methyl modification at carbon-5 involved in the
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epigenetic regulation. The DNA methylation process
requires methyl group donor S-adenosylmethionine
(SAM), writers - DNA methyltransferases (DNMT) like
maintenance DNMT1, DNMT2, de novo DNMT3a/b
and DNMT3L, erasers - ten-eleven translocase
(TET), and readers - methyl-binding proteins like
MeCP2, MBD1-4, and Kaiso (19). Other than
the  5-methylcytosine, 5-hydroxymethylcytosine,
5-formylcytosine, and 5-carboxylcytosine are newly
observed forms of modified cytosine residues
produced by the action of DNA hydroxylases - TET1-3
during the process of DNA demethylation. Global DNA
methylation marks transcriptional suppression while
non-methylated genes tend to express frequently
(28-31). The methylation of promoter sequences
largely suppresses expression of tumor suppressor
genes associated with the many cancers whereas
growth-promoting  (oncogene) observed to be
hypomethylated (32). Moreover, the abrupt catalytic
activity of DNMTs adds aberrant de novo methylation
marks leading to atypical global methylation levels
affecting overall gene expression (33). These aberrant
DNMT expressions are not only limited to cancer itself
but also present in other diseases such as anxiety,
autism, cardiovascular disease, depression, dementia,
obesity, and type 2 diabetes (34, 35). There are several
other ways by which DNA methylation influence vital
cellular processes such as gene silencing as they
are able to exclude protein binding that is imprinting,
block binding of several transcription factors, recruit
specialized repressor complexes with HDACS,
however, their downstream consequences are not fully
acknowledged.

3.1.2. Histone modifications

Billions of DNA segments are assembled in a
chromosome like structure using basic histone proteins
which attract negatively charged phosphorylated
groups of DNA. Five types of histone work as histone
core includes dimers of four H2A, H2B, H3 and H4,
and linker H1/H5 together to make structural unit i.e.
nucleosome of supra-molecule chromatin. N-terminus
of the core histones coming out from the nucleosome
is known as histone tails (15-38 amino acids
long). Histone tails are the primary site of specific
covalent histone modifications such as methylation,
acetylation, phosphorylation, ubiquitination,
ribosylation, etc on the specific amino acid residues
which depending upon the overall charge provides
specific nucleosomal orientation. Hence, with DNA
methylation, histone modifications (histone codes)
and nucleosome positioning are the determinants
that significantly influence the gene expression (36).
Specificity of epigenetic regulation influenced by the
numbers of specific covalent modifications made at
the particular amino acid residues of histone tails.
Histone acetylation, methylation, phosphorylation, and
ubiquitination are the major process having notable
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roles in the regulation of DNA repair, transcription, and
chromatin structure condensation/decondensation.

3.1.2.1. Histone acetylation

Histone acetylation is the modification of
lysine (K) and arginine (R) residues situated in the
tails of histone core protrude out of nucleosome.
Acetyl CoA is the main supplier of the acetyl group for
this modification (acetylation). To date, two classes
of writers including lysine acetyltransferases type-A,
nuclear - GNAT, MYST, CBP/p300 families, and type-B
cytoplasmic that modify free histones have been
identified. Eraser including 18 histone deacetylases
(HDAC) are further divided into four major classes
consist of class | (HDAC 1-3 and 8), class Il (HDAC
4-7 and 9-10), class Ill (sirtuin 1-7) and class IV
(HDAC11). Unlike nicotinamide adenine dinucleotide
(NAD+)-dependent sirtuins of class lll, class I, Il and
IV HDACs have structural and functional similarity and
require zinc ion for catalytic activity. Readers comprise
of Bromodomain, BET family domain (BRD2, BRD3,
BRD4, and BRDt) and plant homeodomain (PHD)
fingers (37—40). Altered activity of HDACs and HATs
resulting in aberrant gene silencing has been reported
among patients of different diseases (41-42).

3.1.2.2. Histone methylation

Methylation of histones occurs at lysine
(K) and arginine (R) residues and found to regulate
DNA repair and transcription. In this process,
S-adenosylmethionine and methionine are the prime
sources of the methyl group. Moreover, writers for
this modification are called as lysine and arginine
methyltransferases depending on type of the
modified residue i.e. lysine and arginine. Classes of
lysine methyltransferases comprise of KMT2A/B/C,
KMT3A/B, NSD2/3, and KMT6. Deduction of the methyl
group is performed by the group of enzymes collectively
known as demethylase and are categorized into two
classes. Class | demethylase executes function via
amine oxidation reaction with cofactor flavin adenine
dinucleotide while class II- Jumonji demethylase
carry out demethylation via oxidative mechanism and
radical attack (involving Fe(ll) and a-ketoglutarate).
The most prominent demethylases for the process are
KDM5A (JARID1A), KDM5C (JARID1C) and KDM6GA
(UTX) (43). Royal family including Tudor domains
and chromo domains, malignant brain tumor (MBT)
domains, PHD fingers are the readers for methylated
histones. Tudor domain is well known to recognize the
methylated arginine residues of histone tails (19, 44,
45). On the other hand, histone arginine methylation
executed by arginine methyltransferase and arginine
demethylases, are less studied (46). Evidences have
significantly linked aberrant expression of histone
methyltransferases with different life threatening
diseases (19, 45).
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3.1.2.3. Histone phosphorylation

It is the epigenetic covalent phosphorylation
type modification of histone tails at serine (S), threonine
(T) and tyrosine (Y) residues important for the proper
regulation of different vital processes like DNA repair,
replication, transcription and condensation. Adenosine
triphosphate (ATP) acts as a phosphate group
providing moiety for this modification. The genomic
phosphorylation levels are primarily controlled by
writers such as ATM, non-receptor tyrosine kinase-
JAK2 and PIM1 and erasers like phosphatases.
Phosphorylated amino acid moieties are distinguished
by readers including 14-3-3 and BRCA1 C-terminus
domain (BRCA1) and SH2 domain (47-49).
Phosphorylation of histone and non-histone proteins
is considered as an integral regulatory epigenetic and
post-translational modification important for controlling
the subsequent enzymes actions and several signaling
routes (50).

3.1.2.4. Histone ubiquitination

Apart from the protein degradation,
ubiquitination is a crucial process for managing DNA
repair, condensation and transcription, via working
at the epigenomic level. It mainly involves ubiquitin
to modify lysine (K) of histones tails. The writers for
this process include E1-ATP-dependent ubiquitin-
activating enzyme, E2-Intermediate  ubiquitin-
conjugating enzyme e.g. HR6A/B, UbcH6, and
E3-Terminal ubiquitin-protein ligase e.g. RNF20,
RNF40, MDM2. While, Deubiquitinases (DUBs) are
the deducting group of enzymes as erasers of this
modification and few examples are USP7, USP22,
USP44, and HAUSP. Reader for this includes the
protein that has ubiquitination reading motif such as
inverted ubiquitin interaction motif (IUIM) (51, 52).

3.1.3. microRNAs

Regulation at transcriptional and post-
transcriptional level is primarily governed by a
group of small non-coding RNAs of approximately
21-23 nucleotides in length which transcribe but not
translate into the proteins. Partial complimentary
binding of miRNA to its target mRNA leads to
translation suppression, while perfect binding causes
degradation of mRNA, thus regulate gene expression
at post-transcription level. miRNAs are disseminated
throughout the genome and mainly reside between
independent transcription units (intergenic) or found in
the intronic sequences of protein-coding genes or in
intronic or exonic regions of noncoding RNAs (53,54).
Primarily, the pri-miRNA is processed within the nuclear
compartment to a precursor miRNA (pre-miRNA) by
Drosha, a class 2 RNase lll enzyme. Subsequently,
precursor miRNA (pre-miRNA) sequences are
exported to the cytoplasm by Exportin-5 and processed
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by Dicer into mature miRNAs, and incorporated into
the RNA-induced silencing complex (RISC). RISC
forms a multi-protein complex by binding to mRNA on
which miRNAs mediate sequence-specific recognition
and binding, that either degrades or silences the target
mRNA depending on the sequence complementarity
(55). Whereas it is believed that miRNAs restrain
translation, evidence also suggests that miRNAs
can led changes in the RISC Argo component and
enhances the process of translation (56). Therefore,
while miRNAs appear to police translation in an
inhibitory fashion, they may also enhance translation
in defined biological settings.

4. TRANSGENERATIONAL INHERITANCE OF
EPIGENETIC TRAITS

Environmental factors possess the potential
to induce epigenetic alterations which persuades
through downstream generations and may lead a
significant impact on the etiology of different fetal
diseases (57). Such transgenerational inheritance
of altered epigenetic factors requires their germ-
line transmission between different generations and
has gained significant interest due to their ability to
transfer the disease and phenotypic variation across
generations without further environmental exposures.
Exposures initiate a series of genetic or metabolic
disturbances which interact and disturb parallel
epigenetic mechanisms at some point during the early
developmental stages (58—60). The majority of such
environmental exposures directly affects the growth of
somatic cells and influences the later life physiology
of the exposed individual. However, if the exposure
influences permanent epigenetic variations in the
germline cells (egg/sperm) which sustains during the
process of fertilization, it will result in transgenerational
transmission of altered epigenetic traits without
continued environmental exposure. This happens
when cells are profoundly exposed to environmental
contaminants during critical windows of development
(61). The development of gonads and sex determination
period during fetal growth is considered as the first
decisive window, while the process of gametogenesis
which leads to development of differentiated sperm or
egg is the second critical window of exposure. In adult
females the oogonia which are not actively developing
offers a potential target for environmental exposures,
while in adult males the actively differentiating
sperms during the process of spermatogenesis
are the soft targets for environmental exposures
induced epigenetic changes. Moreover, studies
have now clearly shown that the period of gonadal
sex determination during fetus growth is a critical
window for the induction of environmentally induced
epigenetic transgenerational inheritance. It has been
also reported that consequences of environmental
exposure on adult male’s spermatogenesis can prop
up transgenerational inheritance of altered epigenetic
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traits (2, 62). During early development the germline
stem cells migrate to colonize the fetal gonad prior to
gonadal sex determination. Importantly, during this
process almost all methylated DNAis demethylated and
the process of re-methylation is initiated by germline
DNA at the beginning of gonadal sex determination
in a sex-specific manner. In males the re-methylation
process gets completed later during fetal gonadal
development, while in the female germ cell it is
completed after birth. The exposure of environmental
contaminants during this period significantly modifies
the germ cells epigenetic programming to promote the
transgenerational inheritance of abnormal epigenetic
traits (2, 9).

5. FETAL ANOMALIES

The term fetal anomaly clearly refers to
the structural abnormalities present at birth and is
broadly classified into two categories: (i) major: any
structural abnormality that requires medical and/
or surgical intervention; (ii) minor: any structural
deformity that does not require immediate medical
or surgical treatment but might be an indicator of
some development defects (63, 64). The spectrums
of common fetal problems diagnosed among various
regulatory systems of human body are discussed
below.

5.1. Central nervous system

In a growing fetus, the brain and spinal cord
develop from a simple structure called the neural tube.
The neural tube protects the brain and spinal cord by
zipping up along its length (65). A neural tube defect
originates when the neural tube doesn’t close at any
part along its length. The more frequently observed
neural tube defects that are: (i) anencephalus; (ii)
spina bifida without anencephalus; (iii) hydrocephalus
without spina bifida; (iv) encephalocele; and (v)
microcephalus (66).

5.2. Eye

The mature eye is a complex organ that
develops through a delicate and complex process
during embryogenesis. Alterations in molecular
programming can lead to several disorders that
become apparent at birth or shortly afterward. These
defects are influenced by a combination of genetic
factors and environmental conditions and the common
conditions include anophthalmia and congenital
cataract (67).

5.3. Cardiovascular
Cardiovascular defects are one of the most

common type of birth anomalies. The defects can
involve the walls of the heart, the valves of the heart,
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and the arteries and veins near the heart causing
disruption of the normal flow of blood through the
heart. The most common environmental factor
influencing cardiovascular tract include maternal
intake of teratogenic agents (68, 69). The physiologic
consequences of these anomalies greatly vary and
range from a heart murmur or discrepancy in pulses
in an asymptomatic child to severe cyanosis, heart
failure (HF), or circulatory collapse. Broadly there are
several types of common congenital heart defects
which include: (i) septal defects - presence of a hole
between two of the heart’s chambers; (ii) coarctation of
the aorta - the main large artery of the body, called the
aorta, is narrower than normal; (iii) pulmonary valve
stenosis - the pulmonary valve that controls the flow of
blood out of the lower right chamber of the heart to the
lungs, is slender than normal; (iv) transposition of the
great arteries - where the pulmonary and aortic valves
and the arteries are connected to have swapped
positions (70).

5.4. Craniofacial

Although the effect of environmental
exposures on the development of craniofacial
abnormalities is not fully deciphered, environmental
exposures might play an important role, particularly in
combination with genetic abnormalities. This diverse
group of deformities involves abnormal growth of the
head and facial bones and the two of the most common
craniofacial defects are orofacial clefts (improper
development of lip and mouth), and craniosynostosis
(bones in the baby’s skull fuse too early). Besides, two
other craniofacial defects include microtia, (improper
growth of external portion of the ear); and anotia,
which occurs when the external portion of the ear is
missing (71).

5.5. Gastrointestinal

Gastrointestinal birth defects are another
type of structural defect which originates due to the
complex nature of the growth, elongation, and folding
of the tract. These defects can occur anywhere
along the gastrointestinal tract, which includes the
esophagus, stomach, small and large intestine, rectum
and anus. Some of the most common gastrointestinal
birth defects include pyloric stenosis, Hirschsprung’s
disease, diaphragmatic  hernia, omphalocele,
esophageal atresia, gastroschisis and, anal atresia
and biliary atresia (72).

5.6. Musculoskeletal

The musculoskeletal defect is also one of the
common congenital malformations present at birth in
a newborn. The most prevalent types include upper
limb reduction, lower limb reduction, gastroschisis and
omphalocele (73).
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Figure 2. Representative figure showing an overview of various basic steps involved in development and validation of cell-free nucleic acids based

detection methodologies.

6. NEXT GENERATION BIOMARKERS

The use of cell-free nucleic acids circulating
in maternal plasma provides a unique opportunity
to develop non-invasive diagnostic strategies for
the early identification of different inherent and
environment associated fetal diseases (Figure 2).
Recent technological advancements offered the
more rapid, accurate detection not only of cell-free
fetal DNA (cffDNA), but also of methylated cffDNA,
miRNA or mRNA circulating in the maternal connective
tissues (74, 75). Thus both circulating fetal genetic and
epigenetic biomolecules including DNA, methylated
DNA, and miRNA in the maternal biopsy sample are
being explored for the promising next-generation
non-invasive biomarker detection (76). Moreover, the
incorporation of different sophisticated bioinformatics
tools will further improve the diagnostic application
circulating cell free nucleic acids in prenatal testing of
different fetal anomalies (77).

404

6.1. Circulating cell free fetal DNA

The clinical utility of this circulating DNA
remained unnoticed for a long time after initial reports
of Mandel and Metais in 1948. The DNA in circulation
may vary from 0.5 to 5.0 kb and are quickly removed
to maintain the balance (< 5ng/ml plasma) however,
their concentration may be influenced (5 to 10 times)
by different physiological conditions (78). Circulating
DNA in human plasma primarily arises from dying cells
(apoptotic/apo-necrotic/necrotic), metabolic secretion,
nuclei expulsion during erythrocyte maturation, or
during various immunological processes (79). In
pregnant females, the continuous trophoblast turnover
results in the release of apoptotic bodies comprising
DNA into the maternal blood. This process starts
from cytotrophoblast proliferation and is pursued by
syncytiotrophoblast fusion, differentiation and release
of apoptotic bodies (80). The percentage of circulating
fetal DNA may be around 3-6% of the total circulating
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maternal DNA (81). It mainly comprises short fragments
(=193 bp) and can be diagnosed after a gestation age
of 4 weeks (82). The DNA concentration increases with
the increasing gestation time and is quickly removed
from the maternal circulation (half-life = 16 min) (83).
However, the total circulating DNA concentrations
(placental and maternal) in the plasma may be affected
by different health factors like obesity preeclampsia,
gestational age, diabetes etc. Although known as
fetal DNA this circulating DNA is of placental origin
and strongly reflects placental morphogenesis and
related abnormalities. Studies have also suggested
a well-built relation of DNA release with oxidative
stress (84, 85). Moreover, changes at the genomic
and epigenomic levels are considered as the primary
reason for generation of most of the diseases. These
changes result in disrupted gene expression patterns
and abnormal protein synthesis thereby affecting
the veracity of the cellular system. The detection of
patterns of different genomic imprints on circulating
cffDNA may provide vital information about the mother
and growing fetus.

Rapid advancements in non-invasive prenatal
testing (NIPT) are led by the discovery of fetal-derived
cell-free DNA in maternal circulation which is long
associated with the detection of fetal complications
(Table 2). Though, studies have indicated the role
of cffDNA for prenatal analysis of preterm labor,
preeclampsia, invasive placenta, monogenic disorders
and fetal chromosomal aneuploidies. Basically,
detection of fetal DNA from maternal DNA is governed
by the unique fetal biological properties. Several
methods are now available to quantify cffDNA fraction
in maternal plasma that includes previous PCR assays
to advanced next generation sequencing for non-
invasive prenatal diagnosis (86, 87).

6.2. Circulating methylated DNA

In addition to the cffDNA, methylated cffDNA
are also detected in the maternal plasma derived
from trophoblast cells. Sequencing advancements
have led identify methylated DNA separately from the
unmethylated DNA. This also resulted in recognition
of various candidate fetal epigenetic markers (88).
One such non-invasive biomarker detected is fetal-
specific placental-derived maspin which is a mammary
serine protease inhibitor belonging to serpin (serpin
peptidase inhibitor) family encoded by SERPINB5
gene (located on chromosome 18g21.3.3). Maspin
functions as a tumor suppressor gene and the maspin
knockout mice observed to be non-viable and died in
early embryogenesis. Moreover, bisulfite sequencing
of maspin promoter & real-time quantitative
methylation-specific PCR revealed that this gene is
differentially methylated in placental development
and maternal blood (89). Maspin gene reported to
be hypo-methylated in placental development but
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hypermethylated in maternal circulation (90). Such
observations of unmethylated and methylated gene
status may provide potential next generation marker
for noninvasive prenatal detection. Earlier it has been
also shown that analysis of fetal-specific differential
methylated regions may be used as an approach for
the accurate diagnosis of Down’s syndrome (91).

6.3. Circulating cell-free fetal miRNA

RNA molecules previously considered
as unstable moieties due to the presence of
ribonucleases, are now known to exist and stably
circulate in body fluids in different forms (92). These
circulating RNAs are known to play a important role
in patho-physiology of different diseases. Extracellular
noncoding RNAs, like miRNAs are broadly engaged
in vital signaling mechanisms, including those related
to fetal development (93—-95). miRNAs are transcribed
and processed in the nucleus and then exported in
the other sub-cellular compartments. The biological
significance of miRNAs profoundly lies within their
ability to regulate post-transcription and translation
mechanisms via sequence specific complementarity.
Under certain abnormal circumstances such as
diseases, a higher concentration of miRNAs are
observed in different biological fluids including
plasma, and saliva. miRNAs enter circulation as a
result of cellular demise (apoptotic/necrosis) through
a ceramide-dependent secretory mechanism (96, 97).
These miRNAs are known to have an important role
in different regulatory mechanisms like trophoblast
proliferation and syncytialization. Cell-free circulating
miRNA derived from trophoblast cells are either
present in vesicles (exosomes) or bound to the
proteins like Ago2, nucleophosmin, ribonucleoprotein
and high-density lipoproteins. The miRNAs in maternal
circulation are secreted as 60—80nm sized exosomal
vesicles through placental syncytiotrophoblasts.
Moreover, trophoblasts miRNAs can also exist as
apoptotic bodies which are considered as a significant
source for the extracellular release of trophoblastic
miRNA, and/or as protein-bound miRNAs. The
protein complexes attached with the circulating
miRNAs provide stability to these molecules against
RNase digestion. The inconsistent concentration
of circulating miRNAs observed throughout
the embryonic development influences various
fetoplacental-maternal interconnections (98). The
improper expression of circulating placental miRNAs
in maternal blood has been significantly observed
during different pregnancy related complications (99,
100). miR144, a regulator of ischemia and hypoxia
is reported to be significantly associated with early
pathological preeclampsia related changes (101).
Similarly, miR-206 is also considerably up-regulated
in the placenta of pathological preeclampsia (102,
103). Studies have suggested that the presence of
circulating miRNAs in body fluids and their association
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Table 2. Use of cell free circulating DNA as biomarker based detection of fetal anomalies

Cell-free fetal DNA Test population Mode of DNA isolation Downstream technique Reference

mediated analysis used

Twin zygosity 8 twin and 11 singleton pregnancies Not specified Massively parallel sequencing | (172)

assessment

Sex chromosomal 564 pregnant women with known fetal QlAamp Circulating Nucleic | Massively parallel sequencing | (173)

aneuploidies karyotype Acid Kit (QIAGEN Inc.,

Valencia, CA, USA

Intrahepatic 26 Intrahepatic cholestasis + 30 control QlAamp DNA Blood Mini kit | Real time PCR (174)

cholestasis pregnancy of third trimester (Qiagen; Hilden, Germany)

Fetal aneuploidy Not specified QlAamp Circulating Nucleic | Massively parallel sequencing | (175)

detection Acid Kit (Qiagen) Semi-automated sequencing

library preparation

Detection of RHD 120 (10.6.-13.9. weeks) + 118 QIAmMpDNA Blood Minit Kit Allele-specific primer (176)

status and sex (16-20.9. weeks) + 113 (27.9.-33.9. (Qiagen, Inc.; Valencia, CA) | extensions
weeks) pregnancy with RhD negative
nonalloimmunized women

Determination of fetal | 202 singleton pregnancies at 4 to 13 QlAamp DSP Virus Kit Quantitative fluorescent- (177)

gender weeks of gestation (Qiagen, Hilden, polymerase chain reaction

Germany) (QF-PCR)
Y-chromosome 26 pregnant women at different gestational | QlAamp® DSP Virus Spin Surface plasmon resonance (178)
identification ages Kit SRY-specific probes

(Qiagen, Hilden, Germany) immobilized on the sensor

chip

Non-invasive fetal 10 non-pregnant and 35 pregnant women Qiagen QlAamp Circulating Droplet digital PCR (179)
RHD genotyping Nucleic Real-time PCR

Acid kit (Qiagen, Germany)

Down syndrome and 2 euploid triplet pregnancies + 25 twin NOT specified Massively parallel shotgun (180)

other trisomies pregnancies (17 euploid, 5 discordant and sequencing (MPSS)
2 concordant for Down syndrome; one
discordant for trisomy 13) pregnancies

Trisomy 21 Women at risk for trisomy 21 (trisomy 21 NucleoSpin® Quantitative Real-Time PCR (181)
risk if more than one positive in 250 Plasma XS Kit (Macherey- amplification
[> 1/250]); Nagel, Diren Germany) Library preparation
Total 976 eligible cases, 225 were
processed: 8 were used for pretesting
phase and 23 to build a reference set

Prenatal 2,063 pregnant women with fetuses GenMag Next generation sequencing (87)

chromosomal who were diagnosed as high risk of fetal Circulating DNA from Library preparation

aneuploidy detection. | defects Plasma Kit

Subchromosomal 1,476 pregnant women with fetal structural | Not specified Semiconductor sequencing (182)

abnormalities abnormalities detected on ultrasound Acgh

Detection of 2 patients having 22q11.2. deletion QlAamp Circulating Nucleic Next-generation sequencing (183)

microdeletion syndrome + 14 women at low risk for fetal Acid Kit (Qiagen) Library preparation
chromosomal abnormalities

Balanced fetal Collected plasma of a donor known Not specified lllumina sequencing (184)

translocation to be carrying a fetus with a balanced technology
translocation ((8;11))

Preeclampsia 107 pregnancies (51 with mild PE and QlAamp DNA Blood Mini Real-time PCR together with (185)
56 with severe PE) + 93 normotensive Kit (Qiagen, Valencia, CA, the measurement of serum
pregnancies during third trimester USA) soluble endoglin using ELISA

Preeclampsia 16 women; 8 with preeclampsia and Not specified Real-time PCR analysis (186)
8 normotensive control cohorts with
singleton male pregnancy between 28 and
32 gestational weeks

406 © 1996-2018




Fetal cell-free nucleic acids in maternal circulation

Monogenic disorders 135 samples categorized in 4 groups MagNa Pure Approach based on mutant (187)
(57 sera and 43 plasma samples from Large volume isolation kit enrichment with 3’-modified
pregnancies range 8—-38 weeks’ gestation) | according to the total nucleic | oligonucleotides (MEMO)

acid plasma PCR
extraction protocol of the Real-time PCR
MagNa Pure Compact

instrument (Roche

Diagnostics, Basel,

Switzerland).

Congenital adrenal 14 fetuses from 14 families Not specified Targeted massively parallel (188)

hyperplasia sequencing and haplotype

analysis

with pregnancy outcomes, offer novel biomarkers
and opens opportunities for non-invasive diagnosis
of various fetal anomalies (104, 105). A detail about
the feasibility of circulating miRNAs as noninvasive
biomarkers for feto-maternal complications has been
shown in Table 3.

7. ISOLATION OF CIRCULATING NUCLEIC
ACIDS AND SAMPLE PROCESSING

cffDNA has increasingly gained importance
as a significant clinical analyte for disease diagnosis
and monitoring. However, utilizing an appropriate
extraction protocol and internal quality controls is
important to ensure the clinical utility of the cffDNA
based analytical methods specifically for those which
requires assessing minor nucleic acid fractions,
like fetal-derived genomic sequences in maternally
circulating cffDNA (106). Though, lack of dedicated
extraction protocols and appropriate quality controls
is among the major obstacles in successful utilization
of cffDNA as a strong analyte (107, 108). Although,
recent studies have evidenced the development
towards defining the factors which influence
pre-analytical sample processing and storage,
unpredictability between different methods of isolation
and quantification still represents a major cause of
experimental inaccuracy (109-112). Studies have
also revealed significant variability among the different
cffDNA extraction methods which is mainly attributed
to the low concentration and fragmented profile of
circulating cffDNA (110, 113-116). The fragmented
profile of fetal DNA results in the noted inefficiency
of the extraction methods therefore suggesting the
necessity of a dedicated separation approaches for
improved cffDNA recovery (117). Importantly, some
earlier studies on cffDNA mainly utilized commercial kits
QlAamp® DNA blood mini kit and the QlAamp® DSP
virus kit (both from QIAGEN). As these methods were
initially developed to extract high-integrity genomic
DNA from blood cells, they were observed to be less
effective for their highly fragmented counterparts
(113, 118-119). However, the emergence of certain
dedicated commercial kits specifically developed
for cffDNA isolation improved the robustness and
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reproducibility of cffDNA based experiments. Some
of these kits include NucleoSpin® Plasma XS (NS)
kit (Macherey-Nagel), QlAamp circulating nucleic acid
(CNA) kit (QIAGEN) and FitAmp™ plasma/serum DNA
isolation (FA) kit (Epigentek). Following its isolation,
quantification of cffDNA is another vital to perform
further downstream analysis. Similar to the isolation,
the low concentration and fragmented profile of cffDNA
restricts its quantification through UV spectroscopy
or fluorescence spectroscopy. Though, emergence
of certain PCR and gPCR-based techniques had
certainly improved the cffDNA quantification (120).

Similar to its DNA counterpart isolation and
quantification of circulating RNAs is a herculean task.
As RNAs circulate as protein/lipid complexes, it is
very important to clear these and other contaminating
agents like intact cells and/or apoptotic cells from the
initial sample. Therefore, prior to further processing the
samples must be centrifuged and treated with RNase
inhibitor to protect specific RNA prototype specifically
in the case of MiRNAs. A number of protocols exist
however, the most commonly used in past was the
trizol based isolation method. The limited quality
and quantity of the isolated RNA from such methods
led to the development of certain membrane-based
technologies. The RNA bounds to the membrane and
gets eluted following quantification through RT-gPCR
(121, 122). Different commercial kits are available for
isolating circulating RNAs however, to name a few,
NucleoSpin miRNA Plasma Kit, Macherey-Nagel,
Germany and miRNeasy Serum/Plasma Kit, Qiagen,
Germany. Following isolation, spectrophotometric
quantification is done up to 2ng/ul. For levels below
2 ng/ul, such methods deem not fit and require PCR-
based quantification.

8. SCREENING TECHNOLOGIES FOR
DETECTION OF NEXT GENERATION
BIOMARKERS

The emergence of novel technologies has
made it possible to utilize circulating fetal nucleic
acids in maternal plasma for early prediction of
different paternally inherited and environmentally
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Table 3. Feasibility of circulating microRNA as noninvasive biomarkers for feto-maternal complications

miRNA Test population | miRNA Mode of Downstream Status Outcome Reference

mediated miRNA technique used

analysis isolation

Preeclampsia First Phase miR-144 Blood; Real-time PCR Downregulated | Associated (189)
4 mild + 4 severe mirVanaTM miRNA profiling with the early
preeclampsia + 4 miRNA by using SOLID pathological
control Isolation Kit Sequencing preeclampsia
Second Phase (Ambion, Small RNA libraries related
16 mild + Austin, TX, preparation by changes
22 severe USA) using Small
preeclampsia + RNA Expression
32 controls Kit, (Applied

Biosystems)

Preeclampsia 40 pregnancy miR-210 Blood/serum; Real time PCR Upregulated Linked to the (190)
with phenol/ trophoblast
preeclampsia, chloroform invasion
gestational extraction and
hypertension column-based
and hypertensive purification
disorders + 33 via Qiagen’s
controls miRNeasy

kit (Qiagen,
Valencia, CA)

Preeclampsia 18 women (16 miR-206 Plasma; RT PCR Differential Involved in (102)
and 28 weeks of miRNeasy mini | Real-Time PCR the
gestation ) who kit (Qiagen, MicroRNA profiling pathology of
later developed Hilden, via OpenArray preeclampsia
preeclampsia + Germany) real-time PCR
18 controls system (Applied

Biosystemsi/Life
Technologies,
Paisley, UK)

Preeclampsia 20 pregnancy Chromosome Blood: mirVana | Quantitative reverse | Upregulated Upregulation (191)
with severe 19 miRNA miRNA transcription PCR in severe of C19MC
preeclampsia cluster C19MC Isolation Kit preeclampsia miRNAs
(27-34 weeks of | miRNAs: miR- (Ambion, occurred as a
gestation ) + 20 518b, miR-1323, | Austin, TX,USA consequence
controls miR-516b, of severe

miR-516a-5p, preeclampsia
miR-525-5p,

miR-515-5p,

miR-520h, miR-

520a-5p, miR-

519d miR-526b

Preeclampsia, 63 pregnancy Chromosome Blood: mirVana | Real-time PCR Upregulated Involvement in | (192)

gestational having 19 miRNA microRNA except miR- pathogenesis

hypertension preeclampsia with | cluster C19MC Isolation kit 518b of

and fetal or without fetal microRNA: miR- | (Ambion, preeclampsia

growth growth restriction | 516-5p, miR- Austin, USA)

restriction + 27 fetal growth | 517, miR-518b,
restriction + miR-520a, miR-

23 gestational 520h, miR-525,
hypertension + 55 | miR-526a
controls

Fetal alcohol 68 pregnancy 11 miRNAs RNeasy Mini Quantitative reverse | Upregulated Prediction (193)

spectrum kit (Qiagen, transcription PCR of infant

disorders #74106) outcome and

(FASD) classification

of difficult-to-
diagnose FASD
subpopulations

Pre-gestational | 70 pregnant miR-29¢, miR- Plasma; Real-time PCR Differential Identification of | (194)

and gestational | Caucasian 99b, miR-103, mirVana PARIS novel altered

obesity women with miR-221, isolation kit regulatory
control miR-340, miR- (Applied miRNAs in

30a-5p, miR- Biosystems) gestational
130a, miR-150, obesity and
miR-122, miR- early markers
324-3p, miR- for pre- and
375, miR-652 postnatal
miR-625 growth
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Macrosomia 45 pregnancy 143 miRNAs Blood; TRIzol® | Quantitative reverse | Dysregulated miR-141-3p (195)
diagnosed with LS Reagent transcription PCR and miR-
macrosomia at (Invitrogen, Global miRNA 200c-3p are
delivery + 30 Carlsbad, CA, | expression profiling distinguish
controls USA) and via ABI TagMan as marker for

miRNeasy Mini | miRNA Low-Density pregnancies
kit (Qiagen, Arrays (Applied with fetal
Hilden, Biosystems, Foster macrosomia
Germany) City, CA, USA) with high
sensitivity and
specificity

Fetal Sex 75 pregnancy (9 | Trophoblast- Blood ; RT-PCR Upregulated Development (196)

Determination to 34 weeks of derived cell-free | QlAamp of confirmation
gestation) RNA placental Circulating test for the

lactogen and Nucleic Acid presence of

human chorionic | Kit (Qiagen) fetoplacentally

gonadotropin derived nucleic
acids in
noninvasive
fetal sex
determination

Fetal growth non-pregnancy + | Hypoxia Plasma; Quantitative reverse | Upregulated FGRis (197)

restriction pregnancy regulated miRNeasy transcription PCR associated
complicated trophoblastic mini columns with increased
by FGR + miRNAs (Qiagen, circulating
singleton healthy Valencia, CA, miRNA levels
pregnancy USA)

Placental 50 controls + 32 | miR-16 and let- | mirVana Real-Time PCR Upregulated Linked to (198)

insufficiency— pregnancy 7d, miR-516-5p, | miRNA placental injury

related with PIRCs (16 miR-517, miR- isolation kit in IUGR
complications preeclamp- 518b, miR-520a, | (Ambion)
sia+5 miR-520h, miR-
preeclampsia 525, miR-526a
and I[UGR
+11 IUGR)
+ pregnancy
various
gestational
stages
preeclampsia
and/or IUGR

induced diseases. For instance, multiple PCR-based
assays were the earlier tool utilized to demonstrate
the sequence of fetal cell-free DNA in the maternal
plasma for fetal sex determination and RhD status
determination. Real-time PCR was further used as
advanced technologies for real-time quantification of
circulatory nucleotide segments, however, screening
with high precision requires more sensitive tools
capable to provide accurate quantitative analysis of
copy number variations, chromosomal aberrations,
and aneuploidies. Nowadays, use of next-generation
sequencing has greatly increased due to the more
efficient parallel analysis of millions of cffDNA
molecules in a single run (123). This provides the
opportunity to characterize the fetal cffDNA in maternal
circulation at a single-base resolution on a genome-
wide scale. The further advent of bio-informative
analysis facilitates large scale comprehensible
screening and identification of cffDNAs in a range of
pregnancy-associated diseases by their sequencing
platforms (124). The generation and clearance of
fetal DNA disturbs the baseline levels of circulating
genetic materials and results in generation of a new
homeostasis mechanism, which can be detected by
coding/decoding of systemic scientific algorithms
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through various bioinformatics tools. These algorithms
mainly rely on the analysis of normal allelic ratio, the
relative proportion of regional genomic representation
or normal cffDNA size distribution. The screening of
fetal cffDNA in maternal plasma as a next-generation
non-invasive prenatal biomarker will not only provide
information about pregnancy-associated complications
but will also help in management of blood-based
personalized medicinal care (125—-127).

8.1. Multiplex ligation-dependent probe
amplification (MLPA)

It is an easy, less costly, uncomplicated
multiplex PCR-based semi-quantitative detection
technique to screen DNA copy number (Figure 3).
It utilizes hybridization, ligation and amplification of
MLPA probes. The set of MLPA probes are of two
types and have two oligonucleotide complementary
sequences including an immediate adjacent sequence
of target DNA and a universal primer (that doesn’t bind
to target). One of the probes contains probe specific
stuffer sequence that is different for each probe and
doesn’t bind to target but their unique size allows
electrophoretic resolution of the amplified fragments.
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Multiplex Ligation-dependent Probe Amplification (MLPA)

1. Denaturation

Probe 1
2. Hybridization

3. Ligation

4. Amplification

5. Fragmentanalysis

Probe 1 with stuffer

Thermostable ligase

Target DNA

Complimentary binding
ofadjacentprobes to
sequence specific site

Ligation of adjacent
hybrid of probe and target

Polymerization of ligated probe
with universal primers

Universal primer

Probe
Stuffer DNA
Target DNA

Figure 3. A simplified figure illustrating different steps of multiplex ligation-dependent probe amplification (MLPA) method.

Amplification of MLPA probes takes place only after
ligation of both probes by thermostable ligase. This
provides an advantage that unligated probe unable to
amplify and to avoid nonspecific results. A different set
of a universal primer pair is employed to amplify all the
ligated probes, this provides the basis of amplification
of MLPA probes that hybridize to the target sequence.
The amplicons ranging between 130 and 481
nucleotides are usually separated using capillary
electrophoresis. The whole process involves binding of
each probe to target DNA, ligation of hybridized probes
and subsequent amplification and electrophoresis,
subsequent identification of DNA copy number of a
specific genomic region (128).

8.2. DNA methylation-MLPA

This biomarker detection technique allows
the study of DNA methylation based on the standard
MLPA technique (Figure 4). Methylation profiling based
on the MLPA technique uses methylation sensitive
restriction enzyme and provides information about
the methylation levels in target regions. Normally two
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tubes are used, one with and other without restriction
enzymes (RE). Initially, RE cleave at specific restriction
sites on unmethylated DNA to discriminate them with
their methylated counterparts. Later, undigested
segments are amplified through thermocycler, leaving
digested products. Capillary electrophoresis of PCR
products generates data about the proportion of
digested probes and, consequently, the proportion of
methylated/unmethylated DNA is quantified (129).

8.3. Microarray-based comparative genomic
hybridization

Array comparative genomic hybridization
(aCGH) is the combination of microarray and
comparative genomic hybridization and has many
advantages over conventional cytogenetic methods
such as high-throughput simultaneous detection, high
resolution, attendant savings in labor and expense
(Figure 5). This method has an ability to simultaneously
detect multiple abnormalities such as deletions,
duplications, aneuploidies, and/or amplifications of
any locus represented on the array. aCGH possess the
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Methylation Specific Multiplex Ligation-dependent Probe Amplification

1. Denaturation and hybridization
Unmethylated DNA Methylated DNA

M
]
2. Ligation and Digestion
Methylation sensitive restriction digestion
|1 |
M
M

3. Amplification
Polymerization of ligated probe

with universal primers

5. Fragment analysis

T T T T T Universal primer
Probe

Stuffer DNA
Target DNA

Figure 4. A sketch showing the multiple steps involved in the methylation specific multiplex ligation-dependent probe amplification method.
Microarray-based comparative genomic hybridization or array CGH
1. DNA extraction from test and reference and fluorescence labeling

Reference DNA labeled
with fluorescent dye

Test DNA labeled
with fluorescent
dye

2. Mix together and apply on microarray chip

o S eee. Microarray’s slides are arrayed
::g::‘e%g:zth Apply on chip E('Xé with small segments of DNA
%>§-<>y—< as the targets for analysis.

3. Hybridization of DNA attached on chip to its complimentary DNA in test or reference

Hybridization of DNA attached
on chip to its complimentary DNA
found in test or reference

-, | 3
-
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ooe * vee

4. Digital imaging

Quantifies the relative
fluorescence
intensities

1 Deletion ofa smallpiec of 6

Redigreenrado
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Chromesome longarm (60)

Figure 5. Representative demonstration of microarray-based comparative genomic hybridization for simultaneous detection of multiple abnormalities.
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SNP array

1. Extraction and amplification DNA

Testand reference DNA labeled with fluorescentdye

2. Apply on microarray chip

A. Oligo probes of SNP
alleles attached on chip

2355

3. Hybridization and data analysis
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Figure 6. A schematic representation of SNP array to detect heterozygous or homozygous positions and copy number imbalance.

ability to assess all 46 chromosomes in a single test.
The process of aCGH includes DNA extraction from test
and reference, labeling with different fluorescent dye,
mixing of both labeled DNA and then the application on
the microarray slide, which are then arrayed with small
segments of DNA as the targets. Hybridization of target
DNA to its complementary DNA in test or reference is
measured by digital imaging systems and quantifies
the relative fluorescence intensities. A difference
in the relative fluorescence of test and reference
hybridized segments along the genome provides clue
about the relative copy number of specific DNA region
(130). aCGH ensures the quantitative assessment of
individual exons also known as exon-by-exon or exon
focused coverage which is beneficial to detect exonic
duplications/deletions within genes (131).

8.4. SNP array

About 99.5% DNA sequence is approximately
identical in two unrelated individuals. One of the most
common differences is due to single nucleotide change
where one has T but other has A at specific sites of the
same genomic segment. These sites are named as
single nucleotide polymorphism (SNP) and the SNP with
a different base (A or T) are named as an allele. Most
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common and less common alleles are called A or B,
respectively. SNP array is the detection of the presence
of a specific number of SNPs present at alleles of each
individual (Figure 6). Analysis of intensity of each of the
alleles of the SNPs facilitates the detection of deletions/
duplications and heterozygosity and uniparental disomy
status. Deletions reduce the fluorescent intensity while
duplications increase the fluorescent intensity compared
to the other. The relative intensity between the two
alleles in each nucleotide tested confers heterozygous
or homozygous positions (132).

8.5. Amplification refractory mutation
system-polymerase chain (ARMS-PCR)

It is a simple and economical method which
utilizes tetra-primer to genotype SNP and allows the
detection of any mutation involving single base changes
or small deletions. PCR followed by gel electrophoresis
steps of this technique offers the analysis of SNPs in a
fast, reliable, and low-cost way (133).

8.6. Methylation assay
Methylation assays are Infinium BeadChip

based comprehensive genome-wide profiling of
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Methylation assay

1. Bisulfite treatment of DNA
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Figure 7. An outline of methylation assay for genome-wide profiling of DNA methylation.

human DNA methylation and allow interrogation of
more than 485,000 DNA methylation sites per sample
at single-base resolution (Figure 7). Methylation assay
includes bisulfite treatment that converts cytosine into
uracil but leaves methylated cytosine as it is. These
bisulfite treated fragments are amplified by whole
genomic amplification (WGA) using random hexamer
primer and DNA polymerase. Amplified products
are then fragmented enzymatically and applied on
a microarray chip. The microarray chip contains two
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unlike bead-bound probes for each interrogated
methylated and unmethylated DNA. Probes attached
to chip works as an allele-specific primer that differs
only at the free end and used for single base extension
in the next step. Dideoxynucleotide provides single
base extension and their labeling with hapten emits
fluorescence discrimination. Analysis of methylation
data by software decodes fluorescent intensity ratio
between two beads and provides detailed profiling of
DNA methylation (134).
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8.7. Epityper

This tool provides quantitative analysis of
DNA methylation by combining two methods, i.e.
cleavage of bisulfite treated amplified DNA and matrix-
assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF MS) to reveal DNA
methylation ratio. The whole process includes bisulfite
treatment of genomic DNA followed by amplification
that introduces a T7 promoter to be utilized for in vitro
RNA transcription, the next step. RNase cleaves RNA
specifically at cytosine and uracil for base specific
cleavage. Cleaved products are then analyzed with
MALDI-TOF MS analysis as a distinct signal pair
pattern due to distinct methylated and non-methylated
template DNA (135).

8.8. Sanger sequencing

This helps to reveal nucleotide content for a
target sequence based on PCR. Sanger sequencing
can read up to 1000 bases with a high accuracy.
Simple PCR reaction utilized here has two kinds of
nucleotide for PCR reaction - four deoxynucleotide
and four differently labeled dideoxynucleotides.
Dideoxynucleotides terminate the polymerization
whenever added and allow size based separation.
Amplified fragments are size separated by
electrophoresis and the color is detected in order to
predict the sequence. Automated Sanger sequencing
is named as automated DNA sequencing that is the
rapid advancement in sequencing technique aided by
the use of capillary electrophoresis. Pyrosequencing
allows real-time sequencing that during polymerization
reaction one can get sequence up to 300-500
nucleotides (136).

8.9. Next generation sequencing

The advent of sequencing methods has
allowed designing approaches for noninvasive
diagnosis of fetal anomalies (137, 138). Importantly,
these massively parallel sequencing strategies have
gained significant importance specifically for clinical
applications such as non invasive prenatal testing.
This is mainly done to detect sub-chromosomal
deletions/duplications and single-gene disorders. In
addition, the deep sequencing of maternal plasma
possesses the ability to reveal whole fetal genome
and transcriptome which may help in delineating the
critical information about fetal and maternal health.
Interestingly,  high-throughput DNA sequencing
platforms also termed as next-generation sequencing
(NGS) permits simultaneous sequencing of a huge
amount of DNA molecules. NGS is fast, inexpensive,
and accurate DNA sequencing at large-scale that
it is capable to sequence millions of DNA fragments
in a single reaction (Figure 8). All NGS methods are
similar in measurement as they monitor the sequential
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addition of nucleotides to immobilized and spatially
arrayed DNA templates but have different method
of template generation and analysis. Overview of
NGS process includes sequential library preparation
of double strand DNA extracted from the source.
Sequential library preparation is done by fragmentation
and size selection in smaller sequence-able segment
depending upon sequencing platform’s specifications.
Adapters are ligated to the ends of library fragments
that meant to act as a primer in subsequent reactions.
The prepared library is sequenced either through direct
sequencing (single molecule template) or amplified
and then sequence via clonally amplified templates
(139). However, these sequencing methodologies are
restricted by the availability of the right library.

8.10. Exome sequencing

Exome sequencing or whole exome
sequencing allows identification of small insertions or
deletions (indels), single-nucleotide variants (SNVs),
and rare de novo mutations take place at all expressed
genes in the genome that may generate a disease
phenotype (140).

8.11. Nanopore sequencing

It is a low cost and relatively fast new
developing DNA sequencing tool with single base
precision. In this technique, a nanopore hole is
utilized to channelize DNA through the hole containing
sensitive optics (Figure 9). The channelization of DNA
through hole is driven by the membrane potential to
drive DNA from one side to another. All four unique
size and charge of nucleotides provide a unique
electrical signal that indicates the order of nucleotide
to generate data (141).

8.12. Droplet digital PCR

This method utilizes the principles of
microfluidics along with surfactant chemistries to split the
PCR templates into a water-oil emulsion droplet system.
These droplets functions identical to the wells/test tube
of a PCR system and the amplification is done inside
each droplet. In comparison to other PCR systems, the
method requires less amount of starting sample, hence,
minimizes the cost and loss of samples (142).

8.13. Quantitative reverse transcription PCR

Reverse transcriptase (RT) based PCR
methodology is utilized when the target is to quantify
RNA. The method exploits the ability of RT enzyme
to form complementary DNA (cDNA) from RNA. Thus
formed cDNA act as a template and gets amplified
through regular PCR-based assay and gets detected.
This can be done either in a single step (one step
PCR) i.e. reverse transcription and PCR amplification
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Figure 8. Figure showing an overview of the next generation sequencing technique.

is done in one tube by utilizing sequence-specific
primers or in two divided steps (two-step PCR) i.e
cDNA formation and amplification in two different
tubes (143).

9. BIO-INFORMATICS APPROACH FOR
ANALYSIS OF CIRCULATING cffDNA

9.1. Estimation of fractional fetal
DNA concentration

This can be analyzed by a polymorphism
dependent or an independent approach. The dependent
method either precisely involve paternal and maternal
genotype to assess the concentration of fetal DNA i.e.
parental-genotype dependent or can be performed
in an independent mode which does not engage any
parental genotype but depends on the allelic distribution
in maternal plasma to assume fetal DNA concentration.
Moreover, the polymorphism independent method is
free from the dependency of parental genotype and
assesses the fetal DNA concentration by utilizing the
biological dissimilarity among maternal and cffDNA bio-
molecules (137, 144, 145).
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9.2. Fetal aneuploidy detection

Fetal aneuploidy in singleton pregnancies
can be detected by two methods, i.e. whole-genome
approach and the targeted approach (137, 146). The
whole-genome approach can be either based on Tag-
counting method in which each sequenced read is
specifically mapped to the human genome or it utilizes
size differences among maternal and fetal DNA (size
based analysis) (137). Another method for aneuploidy
analysis is the targeted approach, which is performed
to enhance the sequencing depth at a specific targeted
point with decrease in the genome-wide coverage.
This method can be done either by allelic ratio
analysis (ratio between the fetal specific alleles and
shared alleles), dosage-type analysis (utilizes z-test to
evaluate the chromosome over-representation) or by
Bayesian-based maximal likelihood method (relies in
PS algorithm based combinations).

9.3. Monogenic disorders detection

Increased ability to sequence whole
fetal genome circulating in the maternal plasma
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Figure 9. An outline of the basic steps involved in nanopore sequencing methodology.

has enabled researchers to cross-examine the
complete fetal genome to diagnose the probability
of possible monogenic diseases. This can be done
by implementing different canonical algorithms
i.e. relative haplotype dosage analysis (RHDO),
haplotype counting approach and hidden Markov
model (HMM). The RHDO analyses the allelic
imbalance among the two maternal haplotypes and
statistical inference of the feto-maternal inheritance
while HMM relies on the determination of the relative
expression of the parent haplotype pairs and is
based on the latent state (144, 147).

9.4. Methylomic analysis of circulation cffDNA

Analysis of whole-genome methylome has
facilitated the detection of disease specific methylated
regions which can be used for disease diagnosis and
monitoring. Assessment can be done by bisulfite
treatment which converts cytosine residues to uracil
without disturbing the methylated cytosines. These
uracils are then amplified through PCR cycles
thereby revealing the sequence methylation status
(148). Different bisulfite treatment based sequence
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alignment tools to have been developed and some
of them also possess the ability to recognize
differentiated methylated regions (DMRs) (149-
151). Among these, BSmooth (152) and Methy-
Pipe (153) have the ability to carry out sequence
alignment, determination of methylation level,
identification of DMR identification, and annotation
of DMR. However, Methy-Pipe possesses the faster
alignment ability than other packages including
Bismark (154). The integrative nature of these two
bioinformatics packages renders them well-suited for
comprehensive analysis of bisulfite sequencing data.
Importantly, available bioinformatics tools had also
enabled noninvasive analysis of prenatal methylome
(155). This can be approached either relying on the
examination of fetal-specific polymorphic alleles or by
assessing the fractional fetal DNA concentration and
blood cells methylome to back analyze the placental
methylome. Such prenatal analyses are used for
noninvasive detection of trisomy 21. These methods
may not only assist to know the placental- or fetal-
specific methylation at individual CpG residues but
also help to understand the associated fundamental
mechanisms.
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10. FUTURE DIRECTIONS

The study of extracellular nucleic acids
in body fluids such as serum, plasma, saliva, urine,
milk, seminal plasma, tears, and amniotic fluids, as
circulating entities capable of predicting the course
of a wide range of diseases is now considered as
the “holy grail” of non-invasive diagnosis. Since the
discovery of cffDNA in maternal plasma in 1997 by
Professor Dennis Lo, Director, Li Ka Shing Institute
of Health Sciences at the Chinese University of Hong
Kong, there has been significant progress in exploring
these novel signatures as a source of fetal genetic
material for prenatal diagnosis. Lo and colleagues
demonstrated the presence of Y-chromosome-specific
sequences in plasma of women who were carrying
male fetuses using a real-time quantitative PCR-
based approach. This discovery led to the opening of
enormous opportunities to consider other applications
of cffDNA in reproductive health research. The cffDNA
originates in the maternal circulation when normal
placental cell apoptosis causes the chromosomes to
break into short fragments. Detectable in the maternal
circulation from around 5 weeks’ gestation, the majority
of cffDNA is of fetal origin, most of which are under 300
bp in length. As pregnancy advances, the proportion of
cffDNA in maternal blood also increase that constitutes
3 - 13% of the total cell-free maternal DNA pool during
the first and second trimester. cffDNA can be detected
reliably as early as the seventh week of gestation and
is primarily considered to be derived from apoptotic
and trophoblastic cells in the placenta. As opposed to
the earlier search for fetal cells in maternal circulation,
methods for isolation and molecular characterization
of cffDNA proved to be both specific and sensitive
in various laboratories with high reproducibility. In
addition, cffDNA had the advantage of being rapidly
cleared from the maternal circulation after delivery,
which essentially means, none remaining in circulation
after infant’s birth except for cases where small
amounts stay behind, including cells from previous
pregnancies. Initially, because of the technological
limitations to precisely identify cffDNA within the high
pool of maternal cffDNA, application of this technology
was specifically focused on settings in which the
paternal, and potentially, the fetal genotypes differed
from the mother’s. So, first clinical utilization of this
phenomenon focused on the detection or exclusion of
alleles that were ‘not’ present in the mother but were
present in the fetus because they were paternally
inherited or emerged de novo during conception. By
the late '90s, this technology was largely employed for
fetal sex determination using Y-chromosome alleles,
fetal Rhesus D (RhD) genotyping in RhD-negative
mothers and gene mutations of paternal origin. The
advent of omics-based technologies such as NGS
enabled the precise identification of cfDNA sequences
associated with specific chromosomes present in
maternal blood. In addition, this technology proved to

417

be an extremely useful aid for quantification of cffDNA
in the early identification of pregnancies at risk of other
adverse outcomes, such as preeclampsia, HELLP
syndrome (hemolysis elevated liver enzymes, and
low platelet count) and intra-uterine growth retardation
(IUGR). At the moment, it seems that massively
parallel sequencing of fetal DNA from maternal blood
using NGS technologies has enormous potential, not
only for increasing our understanding of the causes
of prenatal genetic disorders in the fetus but also
for designing non-invasive clinical diagnostic tests.
Despite being highly accurate and sensitive, NGS-
based non-invasive prenatal diagnosis technologies
have several limitations: (i) longer turnaround time
of the test; (ii) high reagent and equipment costs;
and (iii) significant percentage of cases, where the
diagnosis cannot be made due to insufficient cffDNA
content. Therefore, while deciding, these additional
factors must be carefully considered in addition to the
diagnostic specificity, sensitivity, and scalability. The
idea of clinical efficacy may comprise elements of
whether the clinical outcomes are effective and whether
its implementation offers an economically efficient
solution compared to alternative methods. Moreover,
there are some discrepancies associated with NGS
technologies that may be worth further pursuit in depth.
One of the major bottlenecks is the ligation of cell-free
DNA fragments to specific linkers before amplification
and sequencing which might display a bias against
large or very small fragments. Therefore, perhaps
it may be necessary to use a couple of technologies
together to unequivocally address this complex issue.
Unlike cffDNA, knowledge about the diagnostic utility
of circulating epigenetic signatures: methylated DNA;
miRNA and post translationally modified histones are
deficient. Moreover, categorized understanding of
these novel entities through omics-based molecular
technologies might also prompt development of a
range of laboratory-based approaches, thus improving
their broader translational utility for early fetal disease
diagnosis. Largest opportunity for innovation lies
in developing low-cost and acceptable platform
technologies with accurate diagnostic and higher
prognostic score. Ideally, the test must be: (i) facile;
(i) robust; (iii) rapid; (iv) technically uncomplicated;
(v) reasonably priced; (vi) sensitive; (vii) specific; and
(viii) applicable to specimens that are readily acquired.
Such transformative tests might greatly reduce the
disease burden; however, it is pertinent to indicate
some of the pragmatic impediments associated with
development and deployment of these investigative
strategies. Besides successful validation in different
clinical resource settings, regulatory hurdles required
for approval or clearance of such tests might pose an
integral challenge. Moreover, none of the omics-based
molecular technologies are ideal and compatible as
portable point-of-care devices. Therefore, to achieve
rapid, highly sensitive, selective and reproducible
results in a complex matrix such as plasma or serum,
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“nano-biosensor” based detection methods may offer
significant advantages, as these coalesces the use of
a selective nano-material with biomolecular recognition
species. These will allow rapid, economical, and repeat
sampling features that permit their use in screening
programs as well. Successful validation in different
clinical resource settings; higher cost; and regulatory
hurdles required for approval or clearance of such
tests are the three major bottlenecks of the approach.
The challenges are enormous but a cutting-edge
nano-engineered approach may help to set priorities
for establishing cffDNA in maternal circulation as a
next generation diagnostic marker in fetal medicine.
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