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a b s t r a c t

Objective: To apply a Hidden Markov Model to test Hemophilia B in a fetus by maternal plasma
sequencing only employing proband and maternal haplotypes.
Case Report: A family at risk for Hemophilia B was recruited in this study. We performed genetic diag-
nosis on the proband using our targeted capture system (containing F9 gene coding region, highly
heterozygous SNPs and a 13-kb chromosome Y specific region), and revealed a causative F9 gene mu-
tation (c.190T>C, p.Cys64Arg). Maternal plasma cell-free DNA obtained at 8 weeks of gestation was
targeted-captured and sequenced using the customized system. The fetus inherited the F9 (c.190T>C,
p.Cys64Arg) mutation according to the Hidden Markov Model. The mother continued the pregnancy.
Conclusions: This study is the first report of a haplotype-based approach in NIPD of Hemophilia B. With
further evaluation, this method might be useful for NIPD of Hemophilia B and for other X-linked single-
gene disorders.
© 2017 Taiwan Association of Obstetrics & Gynecology. Publishing services by Elsevier B.V. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Hemophilia B is a genetic bleeding disorder with X-linked in-
heritance, characterized by spontaneous or provoked, often un-
controlled, bleeding into joints, muscles and other soft tissues. The
disorder is caused by an anomaly of the gene responsible for the
synthesis of factor IX. It affects 1:25,000 male births [1] and is
characterized by varying levels of impaired blood coagulation.

Current methods of Hemophilia B treatment are expensive,
challenging, and involve the regular administration of clotting
factors. Prenatal diagnosis for families with Hemophilia B is an
important, valuable, and effective prevention measure, because
male patients will pass on the F9mutation to all of their daughters,
jing, 210004, Jiangsu, China.
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and female carriers have a 50% chance to transmit the F9 mutation
to their offspring. However, conventional prenatal diagnosis of
hemophilia by directly analyzing fetal DNA samples through cho-
rionic villus sampling or amniocentesis, has a 0.5e1% risk of loss of
pregnancy [1], and cannot be offered to women who decline or
have a contraindication for invasive procedures.

Recently, the discovery of cell-free fetal DNA (cff-DNA) in the
maternal blood circulation has opened new possibilities for the
noninvasive-prenatal diagnosis of fetal genetic diseases in utero [2].
Notably, maternal plasma DNA sequencing using massively parallel
sequencing (MPS) is feasible for the noninvasive prenatal detection
of fetal common chromosome aneuploidy because it has a high
detection sensitivity and specificity [3]. Noninvasive prenatal
diagnosis only requires 5 ml of peripheral blood and does not
require amniotic fluid puncture, whichmay result in fetus loss. This
method can be applied to nearly all pregnant women. However, few
studies have reported the use of MPS in the field of noninvasive
prenatal detection of monogenic diseases to date. Thus, it is
y Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
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important to develop a noninvasive diagnostic method that can be
used to identify a hemophilic fetus at early gestational stages.

Here, we report the noninvasive prenatal diagnosis of Hemo-
philia B based on the MPS of maternal plasma obtained as early as 8
gestational weeks. We used a haplotype-assisted analysis method
instead of direct sequencing of the mutation site. The fetus’ geno-
type was successfully determined by NIPD and confirmed by the
Sanger sequencing of amniotic fluid cells.

Case presentation

A 29-year old woman (II2) came to our center for genetic
counseling because her brother, the proband (II4) (Fig. 1), was
affected by Hemophilia B.

Genetic test was performed on the proband using our targeted
sequencing, and a missense mutation F9: NM_000133.3:exon2:
c.190T>C was identified. Sanger sequencing confirmed the muta-
tion in the proband, the grandmother, and the woman's sister. All
these women were carriers with normal clotting FIX levels (Fig. 2).
This mutation, which is recorded in the HGMD (accession number:
CM940422), causes a Cys to Arg transition in the important gluta-
mic acid-rich g-carboxyglutamic acid (Gla) domain and prevents
the correct folding and calcium binding of factor IX. It is a rare
mutation with no frequency data in dbSNP, but is predicted to be
detrimental by SIFT and PolyPhen2. Enayat MS and Ludwig M re-
ported that patients with the F9 gene mutation c.190T>C were
affected by severe Hemophilia B [4,5].
Fig. 1. Workflow of the noninvasive prena
The woman returned to our center at 8 gestational weeks. This
study was designed and performed in two parts (Fig. 1). Custom-
designed NimbleGenSeqCap EZ probes were used in this study.
The target region was 120 kb, containing the coding region of F9, a
10 bp flanking region, and 1037 high heterozygous SNPs (single-
nucleotide polymorphisms) distributed within the region 1 Mb
upstream and downstream of the F9 gene (Fig. 3). To determine the
fetal gender, a 13 kb chromosome Y specific sequence was also
captured.

A Hidden Markov Model (HMM) was established with the
grandmother, proband, and maternal haplotypes and maternal
plasma sequencing data was used to deduce which haplotype was
inherited by the fetus (Fig. 4A). The process of fetus haplotype
deductionwas similar to that reported previously [2,8,10]. A Hidden
Markov Model was established to deduce which haplotype was
inherited by the fetus. The hidden state indicates whether the
haplotype transmitted to the fetus is the same as in the proband,
and is denoted as Q ¼ {X1GM-M, X3GF}. The observed state is the
allele ratio in each SNP in plasma data, and is denoted as S ¼ {Ni}
(i ¼ 1, 2, 3,…,n). The initial state distribution is defined as p ¼ {1/2,
1/2}. The emission probability matrix is B ¼ {bi,j}, bi,j ¼ P{XijNj},
Xi ¼ {X1GM-M, X3GF}, j ¼ 1, 2, 3,…,n., where the emission proba-
bilities P{X1GM-M jNi} and P{X3GFjNi} follow binomial distribution
and are calculated for each phased SNP as illustrated in Table 1. The
transition probabilities matrix is denoted as A ¼ {a{i}}, where

afig ¼
�
1� P P
P 1� P

�
, P ¼ Pcomb{i,i þ 1}, and Pcomb is the
tal diagnosis of the fetal F9 genotype.



Fig. 2. Results of clinical tests for the causative mutation in this family. A. The pedigree of F9 mutation in the family. B. Electropherogram of a segment of the F9 gene showing the
mutation c.190T>C in the family member.

Fig. 3. Target regions surrounding the F9 gene for enrichment and haplotyping.
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probability of recombination between two neighboring SNPs
calculated by the genetic distance obtained fromHapmap 3. Finally,
the Viterbi algorithmwas used to find the most likely path through
the observed data and to deduce the inherited maternal haplotype
in the fetus. The result of NIPD for the fetus is shown in Fig. 4B. The
fetus was a male, who was identified as a hemizygote carrying the
disease-causing mutation and was affected by Hemophilia B. Eight
months after the baby was born, Sanger sequencing on peripheral
blood cell DNA confirmed the newborn had inherited the missense
mutation (c.190T>C) in the F9 gene, as seen in the proband (Fig. 2).
Preimplantation genetic diagnosis and prenatal diagnosis is
strongly recommended for the couple's next pregnancy.

Discussion

New technologies, such as digital PCR and next-generation
sequencing, have greatly accelerated the development of NIPD for
clinical applications, including fetal gender estimation and RhD
status determination [6,7]. However, most studies have been
restricted to the identification of paternal-specific sequences. The
ability to non-invasively predict whether the genetic variants have
been passed from the mother to the fetus remains challenging,
mainly because of the high background of maternal DNA in the
plasma mixture. Few studies on the noninvasive diagnosis of
single-gene disorders have been reported [8e16]. In this study, we
reported a noninvasive prenatal diagnosis of Hemophilia B, a
classical X-linked disease, and highlighted the feasibility and
importance of haplotype-assisted NIPD in the prevention of He-
mophilia B.

Non-invasive prenatal diagnosis of hemophilia by the direct
mutation analysis of plasma cff-DNA from a pregnant woman was
previously reported [17]. In the direct mutation analysis strategy,
the detecting probe must be individually designed and pretested
before use according to the specific mutation sites and types, which
are infeasible for clinical practice as they delay the turnaround
time. Here, we used an indirect strategy via the haplotype con-
struction of the F9 gene. Using our customized targeted sequencing
of genomic DNA of three familymembers and plasma DNA from the
pregnant woman, we obtained the haplotype surrounding the F9
gene of the fetus. Of note, this indirect strategy is a universal
method for the noninvasive prenatal analysis of F9 gene defects in
different mutation sites and types. In addition, our method is
powerful and accurate, because it is based on information from
hundreds of informative SNPs. Taken together, our method, theo-
retically, is suitable for all types of F9 gene defects, expanding its
scope of application.

In the previous study, genomic information from four grand-
parent samples and a complicated experimental procedure were
required. However, in most cases, grandparent information and
samples were not available, which increased difficulties in the
disease diagnosis. In our study, we deduced the fetal haplotype
employing the HMM model, which has high accuracy and was



Fig. 4. Noninvasive prenatal diagnosis (NIPD) using maternal plasma DNA by massively parallel sequencing. A. a haplotype-based approach for noninvasive prenatal
testing. (*, disease causing haplotype). B. The x-axis and y-axis indicate the target region surrounding the F9 gene and the odds ratio of the fetal inherited haplotype in the maternal
plasma, respectively. An odds ratio less than zero indicates that the fetus has inherited the maternal wild-type haplotype, whereas a value of greater than zero indicates inheritance
of the mutant haplotype.

Table 1
Target region (F9) sequencing data production.

Sample Sample ID Reads mapped to
target region (M)

Mean depth of target
region in F9 ± 1M

Fraction of target
covered �20X

ChrY depth
(deduplication)

ChrY coverage
(deduplication)

Mother 14D1008115 0.48 220.26 98.93% 0 0
Grandma 14D1008117 0.64 295.57 99.00% 0 0
Uncle 14D1008118 0.23 108.98 98.48% 186.04 100%
Fetus 14D1008119 0.33 153.64 98.81% 255.48 100%
Plasma 14P1008115-1 1.09 422.29 99.01% 13.34 100%
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effective in CAH [8], maple syrup urine disease [9], DMD [10] and
congenital deafness [11]. The strategy in this study used only
genomic information from the mother, the proband and maternal
plasma, which is feasible for clinical applications. Meantime,
employing this strategy could reduce the cost and time for diag-
nosis. Thus, we believe that this method might have broader ap-
plications for all autosomal and X-linked genetic diseases with
different mutant types in the future.

In this study, the plasma was obtained at 8 weeks of gestation,
and the turnaround time of NIPD was 4 weeks. The NIPD result was
obtained at 12 weeks, which is earlier than the gestation stage for
amniocentesis. Furthermore, NIPD for Hemophilia B has several
advantages for the pregnant woman and family: make earlier
decisions, safer for women's health, greater privacy, less emotional
distress, and etc.

In conclusion, this is the first report of the noninvasive diag-
nosis of Hemophilia B using targeted MPS for cell-free DNA in
maternal plasma. We also demonstrated that the haplotype can be
deduced by collecting genetic information from other family
members, providing a one-step solution for NIPD of a single gene
disorder, which might also be extended to other X-linked single
gene diseases. We successfully diagnosed Hemophilia B in one
family; however, large-scale prospective studies are needed to
determine the sensitivity and specificity of the method. With
acceptable cost and reasonable turnaround time, families may be
more willing to undergo noninvasive prenatal diagnosis and
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prenatal treatment for affected fetuses with appropriate genetic
counseling.

Conflicts of interest

The authors have no conflicts of interest relevant to this article.

Funding/support statement

The study was supported by the National Natural Science Foun-
dation of China (81300495, 81602300), Medical Leading Talent and
Innovation Team Project of Jiangsu Province (LJ201109), Project on
Social development of Jiangsu Province (BE2015614), the Foundation
of Jiangsu Provincial Department of Health (H201343, F201314) and
the Natural Science Foundation of Jiangsu Province (BK20160139).

Acknowledgements

We are grateful to the patients for participating in this study.

References

[1] Peyvandi F, Garagiola I, Mortarino M. Prenatal diagnosis and preimplantation
genetic diagnosis: novel technologies and state of the art of PGD in different
regions of the world. Haemophilia 2011;17(Suppl 1):14e7.

[2] Chen S, Ge H, Wang X, Pan X, Yao X, Li X, et al. Haplotype-assisted accurate
non-invasive fetal whole genome recovery through maternal plasma
sequencing. Genome Med 2013;5(2):18.

[3] Zhang H, Gao Y, Jiang F, Fu M, Yuan Y, Guo Y, et al. Non-invasive prenatal
testing for trisomies 21, 18 and 13: clinical experience from 146,958 preg-
nancies. Ultrasound Obstet Gynecol 2015;45(5):530e8.

[4] Enayat MS, Karimi M, Chana G, Farjadian S, Theophilus BD, Hill FG. Mutation
analysis in F9 gene of 17 families with haemophilia B from Iran. Haemophilia
2004;10(6):751e5.
[5] Ludwig M, Grimm T, Brackmann HH, Olek K. Parental origin of factor IX gene
mutations, and their distribution in the gene. Am J Hum Genet 1992;50(1):
164e73.

[6] Devaney SA, Palomaki GE, Scott JA, Bianchi DW. Noninvasive fetal sex
determination using cell-free fetal DNA: a systematic review and meta-anal-
ysis. JAMA 2011;306(6):627e36.

[7] Freeman K, Szczepura A, Osipenko L. Non-invasive fetal RHD genotyping tests:
a systematic review of the quality of reporting of diagnostic accuracy in
published studies. Eur J Obstet Gynecol Reprod Biol 2009;142(2):91e8.

[8] You Y, Sun Y, Li X, Li Y, Wei X, Chen F, et al. Integration of targeted sequencing
and NIPT into clinical practice in a Chinese family with maple syrup urine
disease. Genet Med 2014;16(8):594e600.

[9] Xu Y, Li X, Ge HJ, Xiao B, Zhang YY, Ying XM, et al. Haplotype-based approach
for noninvasive prenatal tests of Duchenne muscular dystrophy using cell-free
fetal DNA in maternal plasma. Genet Med 2015;17(11):889e96.

[10] Meng M, Li X, Ge H, Chen F, Han M, Zhang Y, et al. Noninvasive prenatal
testing for autosomal recessive conditions by maternal plasma sequencing in
a case of congenital deafness. Genet Med 2014;16(12):972e6.

[11] New MI, Tong YK, Yuen T, Jiang P, Pina C, Chan KC, et al. Noninvasive prenatal
diagnosis of congenital adrenal hyperplasia using cell-free fetal DNA in
maternal plasma. J Clin Endocrinol Metab 2014;99(6):E1022e30.

[12] Parks M, Court S, Cleary S, Clokie S, Hewitt J, Williams D, et al. Non-invasive
prenatal diagnosis of Duchenne and Becker muscular dystrophies by relative
haplotype dosage. Prenat Diagn 2016. http://dx.doi.org/10.1002/pd.4781.

[13] Zeevi DA, Altarescu G, Weinberg-Shukron A, Zahdeh F, Dinur T, Chicco G, et al.
Proof-of-principle rapid noninvasive prenatal diagnosis of autosomal reces-
sive founder mutations. J Clin Investig 2015;125(10):3757e65.

[14] Van den Oever JM, Bijlsma EK, Feenstra I, Muntjewerff N, Mathijssen IB,
Bakker E, et al. Noninvasive prenatal diagnosis of Huntington disease:
detection of the paternally inherited expanded CAG repeat in maternal
plasma. Prenat Diagn 2015;35(10):945e9.

[15] Lam KW, Jiang P, Liao GJ, Chan KC, Leung TY, Chiu RW, et al. Noninvasive
prenatal diagnosis of monogenic diseases by targeted massively parallel
sequencing of maternal plasma: application to b-thalassemia. Clin Chem
2012;58(10):1467e75.

[16] Lv W, Wei X, Guo R, Liu Q, Zheng Y, Chang J, et al. Noninvasive prenatal testing
for Wilson disease by use of circulating single-molecule amplification and
resequencing technology (cSMART). Clin Chem 2015;61(1):172e81.

[17] Tsui NB, Kadir RA, Chan KC, Chi C, Mellars G, Tuddenham EG, et al. Nonin-
vasive prenatal diagnosis of hemophilia by microfluidics digital PCR analysis
of maternal plasma DNA. Blood 2011;117(13):3684e91.

http://refhub.elsevier.com/S1028-4559(17)30209-7/sref1
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref1
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref1
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref1
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref2
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref2
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref2
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref3
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref3
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref3
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref3
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref4
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref4
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref4
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref4
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref5
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref5
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref5
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref5
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref6
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref6
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref6
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref6
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref7
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref7
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref7
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref7
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref8
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref8
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref8
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref8
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref9
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref9
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref9
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref9
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref10
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref10
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref10
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref10
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref11
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref11
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref11
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref11
http://dx.doi.org/10.1002/pd.4781
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref13
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref13
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref13
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref13
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref14
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref14
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref14
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref14
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref14
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref15
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref15
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref15
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref15
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref15
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref16
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref16
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref16
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref16
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref17
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref17
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref17
http://refhub.elsevier.com/S1028-4559(17)30209-7/sref17

	Noninvasive prenatal diagnosis for X-linked disease by maternal plasma sequencing in a family of Hemophilia B
	Introduction
	Case presentation
	Discussion
	Conflicts of interest
	Funding/support statement
	Acknowledgements
	References


