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Abstract

With the widespread clinical adoption of noninvasive screening for fetal
chromosomal aneuploidies based on cell-free DNA analysis from maternal
plasma, more researchers are turning their attention to noninvasive prena-
tal assessment for single-gene disorders. The development of a spectrum of
approaches to analyze cell-free DNA in maternal circulation, including rel-
ative mutation dosage, relative haplotype dosage, and size-based methods,
has expanded the scope of noninvasive prenatal testing to sex-linked and
autosomal recessive disorders. Cell-free fetal DNA analysis for several of
the more prevalent single-gene disorders has recently been introduced into
clinical service.This article reviews the analytical approaches currently avail-
able and discusses the extent of the clinical implementation of noninvasive
prenatal testing for single-gene disorders.
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1. INTRODUCTION

To date, more than 2,300 single-gene disorders (SGDs) with a known molecular basis have been
reported (5).The increasing adoption of expanded carrier screeningmeans that more couples with
inheritable disease alleles are identified (18), and the demand for prenatal testing from individu-
als with at-risk pregnancies may therefore increase. Conventionally, pregnancies with suspicious
ultrasound findings, parental carrier status, or family history relevant for SGDs may warrant a
definitive fetal genetic diagnosis, possibly necessitating amniocentesis or chorionic villus sam-
pling, which poses a small but nonzero risk of miscarriage (1). The discovery of cell-free fetal
DNA (cffDNA) inmaternal plasma (27) offered opportunities for the development of DNA-based
noninvasive prenatal testing (NIPT). Because NIPT can be done starting early in a pregnancy, it
is widely used to determine fetal rhesus D blood group status (17) and screen for chromosomal
aneuploidies (10). Lo et al. (26) found that the whole fetal genome and mutational profile can be
constructed by cffDNA analysis, rendering noninvasive testing for SGDs theoretically possible.
In contrast to the rapid adoption of noninvasive prenatal screening for aneuploidies, NIPT for
SGDs has been making slow but steady progress (39). Heterogeneity in the mutational profiles
of SGDs means that a range of testing approaches are needed (Figure 1), and one size may not
fit all. Here, we focus on reviewing the more recent technological developments and the pace of
clinical adoption of NIPT for SGDs.

2. ANALYTICAL APPROACHES

Cell-free DNA molecules are present extracellularly in circulation and are thought to be re-
leased after cell death. During pregnancy, DNA from placental cells is present in maternal plasma
and is termed cffDNA. cffDNA typically amounts to approximately 10% of DNA in maternal
plasma, with the remaining cell-free DNA molecules contributed by maternal cells. The moti-
vation for analyzing maternal plasma DNA is mainly to access the cffDNA information in or-
der to assess fetal chromosomal or genetic status. Because cell-free DNA molecules circulate in
naturally fragmented forms, to gather genetic or genomic information, one generally needs to
analyze many molecules while determining the sequence content of those molecules. Sequenc-
ing and PCR platforms have been used to assess the sequence content and/or quantify cell-free
DNA molecules. The fetal (placental) or maternal origin of cell-free DNA molecules has been
distinguished based on single-nucleotide polymorphisms (SNPs), sequence variants, and fragment
size (because cffDNA is generally shorter than maternally derived cell-free DNA). The pool of
cffDNAmolecules could be further categorized as those showing sequence content inherited from
the father, termed paternally inherited, and those showing sequence content inherited from the
mother, termed maternally inherited.

2.1. Fetal Sex Determination

Fetal sex determination has a role in the assessment and management of pregnancies known to be
at risk for sex-linked disorders or congenital adrenal hyperplasia. A female fetus would have lesser
manifestations of a sex-linked disease than a male fetus and may obviate the need to perform
invasive prenatal testing. On the other hand, a female fetus with congenital adrenal hyperplasia
would be at risk of virilization and may be considered for steroid therapy. Fetal sex could be
assessed by ultrasound and/or cffDNA analysis. cffDNA analysis has been performed to confirm
ultrasound findings in order to determine fetal sex with a higher degree of confidence (24). In
the case of congenital adrenal hyperplasia, genital virilization in an affected female fetus begins at
approximately nine weeks of gestation. cffDNA analysis would allow earlier fetal sex assessment
than ultrasonography and may therefore minimize unnecessary dexamethasone prescriptions
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Figure 1

Schematic approaches for detecting (a) autosomal dominant and autosomal recessive mutations and
(b) sex-linked mutations. M1 and M2 denote the paternal and maternal mutant alleles, respectively; N1 and
N2 denote the paternal and maternal wild-type alleles, respectively; and X and Y denote the X chromosome
and Y chromosome, respectively.

for pregnancies with male fetuses. However, the field has since moved on from relying only
on fetal sex determination for SGD management. Approaches for the assessment of maternally
inherited mutations on the X chromosome or autosomes have been developed to facilitate a
more holistic fetal genotype assessment using cell-free DNA analysis. The analytical approach to
adopt depends on whether the fetus is at risk for an autosomal or sex-linked condition or for an
autosomal dominant or recessive disease and on the configuration of the maternal and paternal
mutations. Figure 1 summarizes the approach to take depending on the inheritance mode of the
disease in question and the parental genotypes.

2.2. Autosomal Dominant Disorders Caused by De Novo or Paternally
Inherited Mutations

cffDNA is present within a large background of cell-free maternal DNA in the maternal circula-
tion. Interference by the background maternal DNA in maternal plasma is therefore an inevitable
challenge in NIPT for SGDs. It is relatively more straightforward to detect mutations that are not
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present in the mother—in other words, the paternally inherited mutations or de novo mutations
that are not inherited from either parent. Soon after the discovery of cffDNA in maternal blood, a
study showed that PCR and restriction enzyme digestion analysis can detect paternally inherited
autosomal dominant disorders (38). Some of these tests have since been introduced into clinical
practice; for example, cffDNA analysis was used to facilitate prenatal testing of FGFR3-related
achondroplasia (6) and thanatophoric dysplasia (7) based on suspicious ultrasound findings
specified in the testing criteria (31). A positive signal in cffDNA analysis would increase the
likelihood that a paternally inherited or de novo FGFR mutation is present in the fetus.

For some time, testing has been based mainly on analyzing a small panel of mutations with
PCR. Thanks to technological advancements, next-generation sequencing has offered new op-
tions for NIPT for SGDs. Detection of achondroplasia and thanatophoric dysplasia by a next-
generation sequencing platform resulted in improved sensitivity and specificity compared with
PCR-based methods, and a much expanded range of mutations can be identified in a single run
(8). Dan et al. (13) used targeted sequencing to diagnose fetal lethal skeletal dysplasia by iden-
tifying de novo mutations in 16 relevant genes. Furthermore, Zhang et al. (51) utilized targeted
sequencing, together with unique molecular identifiers (UMIs), to detect the prevalent autoso-
mal dominant disorders. UMIs are used in a molecular barcoding technique that tags each orig-
inal template DNA fragment with a unique short sequence before amplification or sequencing.
All derivative products of the same template DNA molecule should have the same sequence and
would have the same UMI. UMIs could therefore be used to distinguish genomic sequence vari-
ants from sequence errors introduced during laboratory analysis (51). Detection of paternally in-
herited traits has even been demonstrated for the detection of Huntington disease, which is caused
by expanded trinucleotide repeat alleles (42).

With the success of using cell-freeDNA analysis to detect paternally inherited autosomal dom-
inant disorders, scientists began investigating the feasibility of noninvasively assessing autosomal
recessive diseases (15). Information on paternally inherited alleles can also be useful in excluding
fetal autosomal recessive disorders (11): If a paternally inherited wild-type allele appears in mater-
nal plasma, the fetus is predicted to be unaffected. This approach has been applied to exclude fetal
cystic fibrosis and beta thalassemia using either massively parallel sequencing (22) or PCR (12).

2.3. Sex-Linked and Autosomal Recessive Disorders

Unlike alleles transmitted by the father and de novo mutations that are absent from the mater-
nal genome, maternally transmitted alleles are invariably present in the maternal plasma sample
among the cell-freeDNAmolecules contributed bymaternal cells.Themere detection of amater-
nal mutation in a maternal plasma sample may not yield conclusive information regarding the fe-
tal inheritance status.Hence, more sophisticated strategies are needed to analyze maternal plasma
DNA for the purpose of determining the fetal inheritance of mutations transmitted by the mother
that are relevant to the prenatal assessment of sex-linked and autosomal recessive disorders.

2.3.1. Relative mutation dosage. Using cell-free DNA analysis to determine which maternal
allele the fetus has inherited was previously thought to be impossible due to the interference of the
maternal DNA background. Relative mutation dosage (RMD) is an approach that measures the
quantitative ratio between a wild-type allele and a maternal mutant allele among the fragmented
cell-free DNA molecules circulating in maternal plasma to determine the fetal genotype at the
tested locus (29). If the ratio between the alleles in maternal plasma is in balance, then the fetus is
deemed to be heterozygous. If there is an allelic imbalance—meaning that one of the two alleles is
overrepresented—then the fetus is deemed to have inherited the overrepresented allele from the
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Example of the use of relative mutation dosage analysis to detect autosomal recessive disorders when the
parents carry the same mutant allele (orange) and a wild-type allele (blue). The shaded area in the middle
schematically presents the distributions of the mutant allele and wild-type allele in a maternal plasma sample
containing a 20% fetal fraction. The fetal genotype is interpreted by measuring the ratio between the mutant
and wild-type alleles. If the mutant allele is over- or underrepresented in the maternal plasma, then the fetus
is homozygous for the mutant allele or wild-type allele, respectively. If the allelic ratio between the mutant
and wild-type allele is balanced, then the fetus is heterozygous for the mutation.

mother (Figure 2). For example, if the mutant allele is overrepresented, then the fetus has likely
inherited the mutant allele from the mother.

Droplet digital PCR, a highly precise quantification method based on the premise that the
sample has a sufficient fetal fraction (the proportion of DNA of fetal origin in the tested maternal
plasma sample), has been successfully deployed to differentiate slight differences in allelic repre-
sentation. In combination with the concept of RMD, it has been applied to detect both paternally
inherited alleles and maternally inherited alleles, with a reported accuracy of up to 96% (35).
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Other studies have applied targeted sequencing for RMD analysis to detect common mutations
associated with beta thalassemia (47) and sickle cell anemia (41).

RMD is highly favorable when it is used to detect single and common mutations in the popu-
lation, but it requires specific primers or probes for each mutation and may be more challenging
to use for the detection of disease loci associated with structural chromosomal changes or pseudo-
genes (9). The utility of each RMD assay is dependent on the prevalence of the targeted mutation
for the disease in question.Moreover, the robustness of the test is dependent on the accurate mea-
surement of the fetal fraction in maternal plasma. The statistical strength of the determination of
fetal inheritance is affected if the tested mutation is not in the panel or the fetal fraction is below
the testing threshold, leading to inconclusive or discordant results (2). These limitations must be
overcome before the RMD approach can be translated into clinical use.

2.3.2. Relative haplotype dosage. Expanding from RMD, relative haplotype dosage (RHDO)
counts the SNP alleles on haplotypes linked with the wild-type and mutant alleles (26). The pres-
ence or absence of a statistically significant imbalance between the counts of alleles belonging to
the respective haplotypes reveals the haplotype the fetus has inherited, thereby predicting whether
the fetus has inherited the mutant allele (Figure 3). To identify the paternal inheritance of the
fetus, heterozygous SNPs in the father and homozygous SNPs in the mother are classified as
informative; to identify the maternal inheritance of the fetus, homozygous SNPs in the father
and heterozygous SNPs in the mother are classified as informative. The presence of the paternal
mutant allele or mutant-linked paternal haplotype in maternal plasma suggests that the fetus has
inherited the paternal mutation. Overrepresentation of the mutant-linked maternal haplotype as
compared with the wild-type-linked maternal haplotype indicates that the fetus has likely inher-
ited the mutant allele from the mother. This approach has been shown to be feasible in detecting
maternally inherited congenital adrenal hyperplasia (32), Duchenne and Becker muscular dystro-
phies (34), spinal muscular atrophy (33), beta thalassemia (26), and cystic fibrosis (4) in either a
whole-genome or targeted manner. When applying RHDO, careful selection of the set of poly-
morphisms is warranted to minimize the chance of a recombination event confounding the test
result interpretation (23, 32, 34).

Implementing RHDO requires haplotype information from the maternal genome. The
parental haplotypes may be deduced if DNA from a family member known to be affected by
the disease (the proband) is available (32). Proband genomic DNA is extracted to facilitate the
phasing (i.e., to determine the order of SNP alleles along a chromosome) of mutant-linked and
wild-type-linked haplotypes in the parents, but this approach would prohibit the application of
RHDO in pregnancies without a known family history. Moreover, haplotype information on the
affected proband or family members is not always available for phasing.

Direct haplotyping of parents is potentially a solution for the unavailability of proband DNA
and maximizes the applicability of the haplotype-based approach to most families. Zeevi et al. (50)
constructed the universal founder haplotype to map the common mutation of Gaucher disease
in the Ashkenazi Jewish population. In 2017, two research groups (23, 44) published promising
approaches for performing direct haplotyping on parental DNA, thereby facilitating RHDO
analysis of different kinds of SGDs. This greatly widened the testing spectrum for SGDs. Hui
et al. (23) performed microfluidics-based linked-read sequencing to reconstruct parental haplo-
types. Linked-read sequencing applies the same label to short sequence tags derived from each
high-molecular-weight DNA molecule, while short sequence tags from other high-molecular-
weight DNA molecules are labeled differently. This approach allows the short sequence reads
originally derived from any one long DNA molecule to be reidentified as belonging to the same
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Figure 3

Example of the use of relative haplotype dosage analysis to detect fetal inheritance of a maternal mutation.
The shaded area in the middle presents hypothetical distributions of a mutant allele (orange) and wild-type
allele (blue) in maternal plasma containing a 20% fetal fraction. Informative single-nucleotide
polymorphisms (SNPs) from the mother are selected to construct the maternal mutant-linked haplotype and
wild-type-linked haplotype. Paternal alleles that are the same as those in maternal haplotype I (HapI) are
defined as type α SNPs, while paternal alleles that are the same as those in maternal haplotype II (HapII)
are defined as type β SNPs. The fetal genotype is interpreted by measuring the relative ratio of the
mutant-linked and wild-type-linked haplotypes.

haplotype. After targeted sequencing, Hui et al. (23) linked and phased sequence reads that
contained the same DNA label as the mutant allele into the mutant-linked haplotype, while
reads that contained the same DNA label as the wild-type allele were linked and phased into the
wild-type-linked haplotype.Vermeulen et al. (44) proposed the use of targeted locus amplification,
which is a cross-linking-based direct haplotyping approach. In brief, neighboring sequences that
are in close spatial proximity are first cross-linked by formaldehyde and enzymatically digested.
The cross-linked fragments are then religated and de-cross-linked to form a large DNA circle
for inverse PCR amplification and sequencing. In theory, SNPs that can be found in the same
ligation product are from the same chromosome and therefore will be phased to a haplotype.
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2.3.3. Differentiating fetal and maternal DNA by molecular size. cffDNA is known to be
shorter than cell-free maternal DNA (3, 49). Circulating single-molecule amplification and rese-
quencing technology (cSMART) is a PCR-based method that can potentially reduce amplification
bias and hence facilitates the detection of fetal mutations in maternal plasma (30). Each cell-free
DNA molecule is uniquely barcoded, amplified, and then denatured to form a single-stranded
circular product. A pair of inverse primers are designed near the mutation locus to target the frag-
ments of interest and form a linear DNA product for sequencing. Uniquely barcoded sequences
of different sizes are counted to determine the fetal allelic ratio. This assay has been applied to
the noninvasive prenatal detection of Wilson disease (30) and phenylketonuria (16) using a set of
primers covering the known pathogenic mutations and polymorphisms in the region of interest.
Computationally, Rabinowitz et al. (36) developed a bioinformatic algorithm that uses DNA size
to distinguish the origins of DNA fragments. They applied a Bayesian statistic in the algorithm to
estimate the probability that fragments are derived from the fetus based on the size information
to determine the fetal alleles and then interpret the genotype of the fetus. These approaches are
still in a proof-of-concept stage and require more comprehensive data for validation.

3. CLINICAL IMPLEMENTATION

cffDNA analysis for the prenatal assessment of paternally inherited autosomal dominant disorders
(including achondroplasia and thanatophoric dysplasia) (15) and paternal mutation exclusion of
cystic fibrosis (22) has become clinically available. The use of RHDO for the noninvasive prenatal
assessment of autosomal recessive and X-linked disorders, such as spinal muscular atrophy (48),
Duchenne and Becker muscular dystrophies (48), and cystic fibrosis (4, 48), launched recently.
Patients with a known family history of the disorder were recruited to provide both parental and
proband DNA samples for haplotype phasing. For autosomal recessive disorders, genomic DNA
was required from trios, including the mother, the father, and a proband, who could be either an
affected child or an unaffected noncarrier child. If the parents were carriers for different muta-
tions, a carrier child could serve as the proband. For sex-linked disorders, only women shown to
be pregnant with a male fetus were accepted, and genomic DNA from the mother and a male
proband (regardless of his genotype status) was required. Maternal plasma DNA was extracted,
target captured, and sequenced.When the paternal-specific allele was determined to be wild-type
linked with a demonstration of statistical significance, a report could be generated to conclude
that the fetus was likely to be unaffected. Otherwise, the analysis would proceed to RHDO to
determine the fetal inheritance of the maternal alleles.

Based on the experiences from laboratories offering RHDO-based testing, the reliability of
RHDO testing depends on several factors:

1. The fetal fraction must be adequate (4, 23, 32, 44, 48, 51). Fetal DNA typically constitutes
approximately 10%of thematernal plasmaDNAon average (28), and an adequate fetal frac-
tion is a key factor because increasing the sequencing depth does not improve the results of
samples with a low fetal fraction (48). A minimum fraction of 4% has been recommended in
order to produce a confident result (4, 41). The fetal fraction in maternal plasma can be af-
fected by preanalytical factors, including specimen handling and transportation conditions.
Selecting an appropriate blood collection tube is important to preserve cell-free DNA and
avoid excessive cell lysis. For example, certain collection tubes contain preservatives that can
stabilize the nucleated blood cells for up to 5 days at room temperature (45). Blood samples
can be stored at room temperature in ethylenediaminetetraacetic acid (EDTA) tubes for up
to 6 h, and tubes with cell-stabilizing preservatives can be stored for up to 14 days (40). An
insufficient volume or hemolyzed blood is not optimal for NIPT for SGDs. Moreover, a
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double centrifugation protocol should be adopted to minimize contamination by maternal
cellular DNA.

2. A recombination event occurring between the tested RHDO SNPs and the disease locus
would lead to test results that are discordant with the fetal genotype. Although a bidirec-
tional RHDO analysis could be conducted to locate the site of recombination with higher
accuracy, whether the site is proximal to the mutant allele would remain inconclusive
(23, 48).

3. The number of informative SNPs also influences the robustness of RHDO analysis. This
limiting factor is more frequently encountered in consanguineous pregnancies (25, 26); be-
cause of the genetic similarity of the parents, fewer informative SNPs can be identified.

4. cffDNA analysis becomes more challenging in certain situations, such as multiple preg-
nancies, prior organ transplantation in the pregnant woman, and the presence of maternal
somatic mosaicism, confined placental mosaicism, or uniparental disomy (9). It is important
to consider these issues, as they may lead to false-positive or false-negative results. Off-
target copy number variants and variants of unknown significance, which could normally
be detected by a conventional chromosomal array, may also not be apparent with cffDNA
testing.Moreover, since the test is based on the haplotype inheritance from the parents, fetal
de novo variants are not guaranteed to be detected. Therefore, parents should be counseled
before proceeding with haplotype-based NIPT.

NIPT for SGDs has received generally positive comments from patients and health profession-
als during its clinical implementation (19, 20). NIPT provides a safe and convenient diagnostic
option for parents and widens the number of choices available for prenatal management. Approxi-
mately 90% of potential service users would opt for NIPT for an SGD if it was clinically available
(22). Furthermore, the fact that NIPT for SGDs is available from the eighth week of gestation,
with a turnaround time of approximately 11 days (4, 48), can give parents more time to prepare
themselves psychologically and further consider how tomanage the pregnancy. Although both pa-
tients and health professionals have expressed similar expectations for prenatal testing strategies,
patients had a greater emphasis on safety, while health professionals had more awareness of the
timing and accuracy of the test (21). Cost analysis revealed that technical difficulties, the number
of samples, and availability for batch testing were key factors influencing costs (43). Consequently,
NIPT for autosomal dominant disorders was relatively cheaper than invasive diagnosis, but NIPT
for autosomal recessive or sex-linked disorders generally cost more than invasive testing, depend-
ing on the analytical approach and care pathway.

Ethical considerations associated with NIPT for SGDs have been raised when the testing is
solely informational (14) and regarding whether resources should be directed toward testing that
would not change any aspect of pregnancy management, although it may provide psychological
benefits and allow early preparation for the birth of an affected child. Another issue is that the
relatively simple and risk-free sampling nature of NIPT could influence women’s autonomous
decision-making about whether to opt for testing (14). On the one hand, NIPTmay facilitate this
decision-making by providing pregnant women with an additional testing option, but on the other
hand, it may prompt a feeling of pressure to accept the test and make a decision after receiving the
results. Wider discussion surrounding these ethical issues should therefore be encouraged, with
the goal of developing best practice guidelines.

4. PROSPECTS

Haplotype-based analysis is becoming a trend for NIPT for SGDs, and the successful demon-
stration of direct haplotyping inspires the thought of applying this concept more cost-effectively
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and less laboriously. The use of third-generation long-read sequencing technologies, such as Sin-
gle Molecule, Real-Time (SMRT) sequencing from Pacific Biosciences and Oxford Nanopore
sequencing, may simplify the haplotype phasing procedures. Long read length combined with
single-molecule resolutionmay allow the phasing ofmore informative SNPs into haplotype blocks
and increase accuracy (37).

In addition to the continuous efforts to develop NIPT approaches for an increased range of
SGDs, research efforts have been directed at optimizing the quality control steps and care path-
ways. Currently, determining the fetal fraction is a common quality control to avoid false-negative
results.Haplotype accuracy—particularly for maternally inherited haplotypes—and crossover res-
olution are highly affected by the fetal fraction and number of informative SNPs (36). Typically,
when an inconclusive result is reported, providing comprehensive genetic counseling services for
a high-risk pregnancy is of the utmost importance, and options for invasive prenatal diagnosis
could be offered to the patient for consideration. As the risk of miscarriage associated with chori-
onic villus sampling and amniocentesis is lower than previously described (46), the NIPT test
failure rate needs to be extremely low to outperform other testing methods. More clinical infor-
mation regarding the accuracy of the test and the standard care pathway is needed for successful
NIPT implementation for SGDs.

5. CONCLUSION

With the successful implementation of NIPT for aneuploidies, research on NIPT for SGDs has
gathered momentum. Initial efforts focused on the detection of paternally inherited mutations
because it was relatively more straightforward to detect mutations that were not present in the
mother. The development of RMD and RHDO analysis overcame the limitations caused by the
maternal DNAbackground in plasma, enabling the detection ofmaternally inheritedmutations by
counting allelic ratio differences. A proband-free haplotype-based protocol reduced some of the
restrictions previously imposed on cffDNA analysis for SGD assessment. The service provision
of NIPT for SGDs has primarily received positive feedback from service users and professionals.
We envisage that research into NIPT for SGDs will continue and will gradually be adopted in
prenatal care. More research is ongoing to examine the feasibility of expanding the spectrum of
tested SGDs and their clinical adoption.
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