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ABSTRACT

Background: Mosaicism poses challenges for genetic counseling and preimplantation
genetic testing for monogenic disorders (PGT-M). NGS-based PGT-M has been ex-
tensively used to prevent the transmission of monogenic defects, but it has not been
evaluated in the application of PGT-M resulting from mosaicism.

Methods: Four women suspected of mosaicism were confirmed by ultra-deep se-
quencing. Blastocyst trophectoderm cells and polar bodies were collected for whole
genome amplification, followed by pathogenic variants detection and haplotype anal-
ysis based on NGS. The embryos free of the monogenic disorders were transplantable.
Results: Ultra-deep sequencing confirmed that the four women harbored somatic mo-
saic variants, with the proportion of variant cells at 1.12%, 9.0%, 27.60%, and 91.03%,
respectively. A total of 25 blastocysts were biopsied and detected during four PGT
cycles and 5 polar bodies were involved in one cycle additionally. For each couple, a
wild-type embryo was successfully transplanted and confirmed by prenatal diagnosis,
resulting in the birth of four healthy infants.

Conclusions: Mosaic variants could be effectively evaluated via ultra-deep sequenc-
ing, and could be prevented the transmission by PGT. Our work suggested that an
NGS-based PGT approach, involving pathogenic variants detection combined with

haplotype analysis, is crucial for accurate PGT-M with mosaicism.
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1 | INTRODUCTION

Mosaicism refers to the presence of two or more genotypi-
cally distinct cell populations in an individual due to post-
zygotic de novo sequence variants and may include somatic,
germline, and gonosomal mosaicism (a combination of so-
matic mosaicism and germline mosaicism) (Biesecker &
Spinner, 2013; Campbell et al., 2015). Somatic mosaicism
typically manifests distinct clinical phenotypes depending
on the distribution and extent of the variants (Malcov et al.,
2010; Tarilonte et al., 2018). Although germline mosaicism
does not lead to clinical phenotypes, it may be passed on to
future generations and result in disorders (Altarescu et al.,
2012; Patel et al., 2018; Viart et al., 2017). Mosaic genetic
variants display a "non-Mendelian" inheritance pattern and
thus pose challenges in genetic counseling and result in an
underestimated or overestimated recurrence risk in offspring
(Wright et al., 2019). Therefore, it is essential to develop ac-
curate tools to identify mosaicism.

A range of molecular biology techniques with varied
sensitivities is applied in the detection of mosaicism for sin-
gle nucleotide variants or small copy number variants,in-
cluding Sanger sequencing, multiplex ligation-dependent
probe amplification (MLPA), various PCR techniques, and
next-generation sequencing (NGS) (Gajecka, 2016). Sanger
sequencing and MLPA, two classical techniques applied in
diagnostic laboratories, exhibit low sensitivity in detecting
low-grade mosaicism, in which mosaic variants are usually
disregarded as a background signal if the altered allele is
at a low level (Jamuar et al., 2014; Summerer et al., 2019).
Although allele-specific PCR is more sensitive than Sanger
sequencing, it has the disadvantage of low throughput and
can only be used to amplify the altered allele (Ihle et al.,
2014). NGS identifies very low-abundance variants with
high sensitivity because it performs massive, parallel anal-
ysis of thousands of DNA fragments (Miyatake et al., 2014;
Summerer et al., 2019). Thus, NGS is deemed to be the first
choice for the identification of mosaicism.

The detection of mosaicism provides a basis for precise
reproductive interventions. Preimplantation genetic testing
(PGT) is a powerful tool for patients to prevent the transmis-
sion of genetic aberrations to the next generation. There are
three popular technologies applied in PGT for monogenic
diseases (PGT-M), including multiplex fluorescent PCR,
karyomapping (Handyside et al., 2010), and NGS. Although
multiplex fluorescent PCR and karyomapping have been
used in PGT-M for many years, these methods have few dis-
advantages. Multiplex fluorescent PCR is a time-consuming
and labor-intensive technique (Khosravi et al., 2016), and
karyomapping has a potential risk of misdiagnosis due to
lack of direct pathogenic variants detection (Konstantinidis
et al., 2015). In contrast, NGS-based PGT-M, which com-
bines pathogenic variants detection with haplotype analysis,

has the advantage of high efficiency and low labor cost and
is gaining prominence. Herein, we performed ultra-deep se-
quencing to confirm mosaic variants in the subjects. NGS-
based PGT was subsequently used to reduce the recurrence
risk of monogenic diseases in these families, resulting in
healthy live births.

2 | MATERIALS

2.1 | Patients

The couples were recruited from the Reproductive and
Genetic Hospital of CITIC Xiangya (Changsha, China) be-
tween December 2017 and May 2019 according to previ-
ously described criteria. Briefly: (a) one partner with or
without clinical symptoms in the couple carried a de novo
pathogenic sequence variant (Biesecker & Spinner, 2013;
Naja et al., 2016; Steffann et al., 2014), (b) the asymptomatic
parents, who had one or more children affected with the same
disorder, did not possess the genomic alterations carried by
the children as per Sanger sequencing (Altarescu et al., 2012;
Rechitsky et al., 2011). The written informed consent were
obtained from these couples.

2.2 | Evaluation of mosaicism

Peripheral blood samples were collected from these couples
and their relatives, and oral mucosa cells were collected,
when available. Genomic DNA was extracted using the
QIAamp DNA Blood Mini Kit (QIAGEN). The DNA sam-
ples of individuals suspected to carry mosaic variants were
sent to Jiajian Medicine Tech., Ltd for ultra-deep sequenc-
ing. Target variant sites were amplified using the Taq Ready
Mix (Takara), followed by library preparation and sequenc-
ing on a NEXTSeq 500 system (Illumina). The proportion of
mosaicism was calculated based on the depth of ultra-deep
sequencing (Biesecker & Spinner, 2013; Summerer et al.,
2019).

2.3 | Haplotype construction

Preliminary experiments on genomic DNA were conducted
before PGT; the pathogenic variants and the linked single
nucleotide polymorphism (SNP) of target genes were iden-
tified, and the haplotypes were constructed according to
family history. The SNPs in a 2 Mb range on each side
of the target gene with minor allele frequency >0.2 in the
1000 Genomes Project were selected. The number of SNPs
was generally more than 200. In addition, the SNPs on the
Y chromosome were also included in the case of X-linked
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diseases. Primers were designed (https://www.ampliseq.
com/), and the amplicon sizes were between 125 and
275 bp. The SNP haplotype construction was performed
by Peking Jabrehoo Med Tech., Ltd. Briefly, multiplex
PCR was performed to capture the coding region of the
target gene and the relevant SNPs. Then, multiple samples
were added with different label sequences (barcode), fol-
lowed by library preparation by the Illumina standard pro-
cess. Finally, sequencing was performed using the MiSeq
Sequencing System (Illumina) with an average depth of
over 100X. The sequencing data were analyzed by a soft-
ware developed by Peking Jabrehoo Med Tech., Ltd. The
reference genome was human GRCh37/hg19.

2.4 | In vitro fertilization, biopsy, and
vitrification

The couples underwent In vitro fertilization (IVF)/intracy-
toplasmic sperm injection (ICSI) treatment, biopsy, and em-
bryo vitrification as previously reported (Tan et al., 2014).
Briefly, the first polar body (PB) was removed 1-2 h after
ICSI fertilization on the day of oocyte retrieval (day 0), and
the second PB was removed using the same zona pellucida
opening on day 1 (Levin et al., 2012). Blastocyst trophec-
toderm cells were biopsied on day 5 or day 6 after fertili-
zation, depending on embryo development. Each biopsied
sample was transferred to a separate 0.2 ml tube, and the
blank culture medium and the last wash droplet of each bi-
opsied sample were also collected to ensure the absence of
contamination.

2.5 | Genetic testing

Blastocyst trophectoderm cells, PBs, blank culture me-
dium, and the last wash droplet of each biopsied sample
were amplified by REPLI-g Single Cell Kit (QIAGEN,
Hilden, Germany) as per manufacturer's instructions.
The amplified products were tested for mutated sites and
linked SNPs at Peking Jabrehoo Med Tech., Ltdfor hap-
lotype construction. Meanwhile, pathogenic variants/SNPs
of target genes were amplified at our hospital, followed
by Sanger sequencing (Shanghai Sangon). In one cycle of
case 4, specific short tandem repeat (STR) markers were
detected via capillary electrophoresis using an ABI 3130
XL genetic analyzer (Applied Biosystems) to validate the
genotype of embryos. Primer sequences for variants and
markers are shown in Table S1. PCR was performed using
the GoTaq Master Mix 2x kit (Promega) as per the manu-
facturer's instructions. The genotype of embryos was de-
termined based on the results of pathogenic variants and
haplotype analysis (Harton et al., 2011).
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2.6 | Blastocyst transfer and clinical outcome
The disease-free embryos were transferred, and pregnancy
outcomes were followed up as previously reported (Tan
et al., 2014). To verify the results of PGT-M, amniocente-
sis was performed at 17-18 weeks of gestation, and genomic
DNA was extracted from amniocytes for prenatal diagnosis.

3 | RESULTS

A total of four couples were enrolled in this study according
to the recruitment criteria. Mosaic pathogenic variants were
detected via ultra-deep sequencing, and the recurrence risk
of monogenic diseases was successfully eliminated by NGS-
based PGT-M.

3.1 | Identification of somatic mosaicism
Four couples were enrolled in this study according to the re-
cruitment criteria. Couple 1 (case 1) gave birth to a boy with
X-linked adrenoleukodystrophy (Figure 1a). Sanger sequenc-
ing of the ABCDI gene (NM_000033.3) showed that the
patient carried the c.1859_1860insTA (p. His621Thrfs*16)
variant, whereas the corresponding altered allele signal of
his mother was very low (Figure Sla). Couple 2 (case 2)
gave birth to a boy with Fanconi anemia who died (Figure
1b). Sanger sequencing showed that the female partner was
heterozygous for c.1411delT(p. Ser471GlInfs*4) variant in
FANCB (NM_001018113.1) (Figure S1b), which may be a
de novo pathogenic variant, as the mutate allele signal was
low in the female, and this alteration was absent in her fa-
ther, aunt, and sister. Maternal somatic mosaicism was in-
dicated by the low mutant allele signal at these variant sites
via Sanger sequencing. Thereafter, ultra-deep sequencing
revealed that the proportions of the mutant cells were 9.0%
and 27.6% in the women from cases 1 and 2, respectively
(Table 1).

The female of couple 3 (case 3) experienced two consec-
utive pregnancy terminations, as the ultrasound showed the
two fetuses had skeletal malformations (Figure 1c). The sec-
ond aborted fetus was subjected to genetic analysis, and a
c.1685G>T(p.Gly562Val) heterozygous variant in COLIA2
(NM_000089.3) was identified. However, the couple lacked
this pathogenic variant, as assessed by Sanger sequencing.
Ultra-deep sequencing revealed that the female exhibited mo-
saicism for the COLIA?2 variant, in a proportion of 1.12%
(Table 1).

In couple 4 (case 4), the female partner was affected with
neurofibroma, but her parents were healthy (Figure 2a).
MLPA assay revealed that she carried a heterozygous dele-
tion of the entire NFI gene (NM_000267.3). As none of the
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FIGURE 1 The haplotypes of family members and blastocysts of cases 1-3. The yellow and green rectangles indicate the paternal haplotype,
the blue rectangles indicate the maternal wild-type haplotype, and the gray rectangles indicate the maternal disease-causing haplotype with variant
and the disease-causing haplotype without variant. (a) Case 1, X-linked adrenoleukodystrophy. Embryos 1, 3, 5, 8, and 9 inherited the wild-type
maternal haplotype. Embryos 2, 4, 6, and 7 inherited the disease-causing maternal haplotype with no variant. Embryo 1 was transplanted. (b)
Case 2, X-linked Fanconi anemia. Embryos 2, 3, and 4 inherited the wild-type maternal haplotype; embryos 1 and 5 inherited the disease-causing
haplotype without variant; embryos 6, 7, and 8 inherited the disease-causing haplotype with the variant. Embryo 3 was transplanted. (c) Case 3,
Autosomal dominant skeletal malformations. Embryos 2 and 5 inherited the wild-type maternal haplotype; embryos 1 and 3 inherited the disease-
causing haplotype without variant; embryo 4 inherited the disease-causing haplotype with variant. Embryo 2 was transplanted. *Embryos with
disease-causing haplotypes without variant. ET, embryo transplantation.
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TABLE 1 Four cases of female de novo sequence variants with mosaicism.
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Case 1 Case 2 Case 3 Case4
X-linked
Monogenic disease adrenoleukodystrophy  Fanconi anemia Skeletal malformations Neurofibromatosis
Female age (year) 33 37 33 31
Mode of inheritance XR XR AD AD
Gene ABCDI1 FANCB COLIA2 NF1
Sequence variants NM_000033.3: NM_001018113.1: NM_000089.3:¢.1685G>T NM_000267.3:entire

Novel/Previously reported

c.1859_1860insTA
(p- His621 Thrfs*16)

Novel

c.1411delT
(p- Ser471Glnfs*4)

Novel

(p. Gly562Val)

Previously reported
Unaffected
Blood, 1.12

3573X

2 (abortion)

NFI gene deletion

Previously reported
Affected

Blood, 91.03; Oral
mucosa cells, 15.70

2580X; 1002X

No pregnancy

Phenotype of the female Unaffected Unaffected

Sample Type, Proportion of Blood, 9.0 Blood, 27.60
sequence variant cells %

Read depth at variant 5462X 5129X
position

No. of Affected children/ 1(died) 1(died)
fetuses

other family members carried this deletion, we inferred that
it was a de novo pathogenic variant. The SNP haplotypes of
relatives revealed that the de novo deletion had occurred in
the proband's maternal allele. Interestingly, a set of 18 SNPs
in the deletion regions of the proband showed a low propor-
tion of heterozygosity (Table S2), and the average sequencing
depth of paternal and maternal signals was 2364x and 215X,
respectively. These results indicated that the sequence variant
exhibited mosaic status in the peripheral blood of the patient.
Six of the eighteen SNPs were present in the SNP haplotype
(indicated by a black box in Figure 2a). According to earlier
reported methods of calculation (Biesecker & Spinner, 2013;
Summerer et al., 2019), most cells of the patient carried
the deletion (91.03%), whereas a small percentage of cells
(8.97%) did not exhibit this sequence variant in the blood
(Table S2). In addition, MLPA analysis was performed on
the proband's DNA extracted from oral mucosal cells and
showed that the NFI copy number was normal. However,
analysis of the 18 SNPs using the MiSeq Sequencing System
showed that only a small proportion of oral mucosal cells
(15.7%) carried the deletion (Table S3).

3.2 | Outcome of PGT-M

PGT-M was successfully implemented, a total of 25 blasto-
cysts from the four couples were biopsied and 5 PBs were
biopsied in one cycle. The haplotype of every embryo/polar
body was successfully determined using the NGS platform
and described as wild-type haplotype, disease-causing hap-
lotype with variant, and disease-causing haplotype with no
variant (Table 2).

In case 1 (Figure 1a), nine blastocysts were biopsied and
no pathogenic variants were detected. Embryos 1, 3, 5, 8, and
9 inherited the wild-type maternal haplotype. Embryos 2, 4,
6, and 7 inherited the disease-causing maternal haplotype
without the ABCD] variant. Embryo 1 was transferred; this
was confirmed by prenatal diagnosis, and a healthy boy was
born.

In case 2 (Figure 1b), a total of eight blastocysts were bi-
opsied. The haplotype analysis revealed that embryos 2, 3,
and 4 inherited the wild-type maternal haplotype; embryos
1 and 5 inherited the disease-causing haplotype without the
FANCB variant, and embryos 6, 7, and 8 inherited the disease-
causing haplotype with the variant. The haplotype informa-
tion of embryos 6, 7, and 8 suggested that the c.1411delT
variant in the FANCB gene of the female was a de novo mu-
tation that occurred in the paternal chromosome. Embryo 3
was transplanted successfully; this was confirmed by prenatal
diagnosis and resulted in the birth of a healthy boy.

In case 3 (Figure 1c¢), five blastocysts were biopsied in the
PGT cycle, and the results showed that embryos 2 and 5 had
inherited wild-type maternal haplotype. The other three em-
bryos inherited the same maternal chromosome as the second
aborted fetus; however, the COLIA?2 variant was not detected
in embryos 1 and 3. This couple decided to transfer embryo 2,
resulting in a singleton pregnancy. Prenatal diagnosis showed
consistent results with PGT, and a healthy girl was born.

In case 4 (Figure 2b,c), three blastocysts and the corre-
sponding PBs were biopsied (PB2 of embryo 1 was degraded).
The SNP haplotype indicated that obvious heterozygous SNP
signals existed in the NF'I gene of embryo 1 PB1. The PB1 of
embryos 2 and 3 inherited the wild-type haplotype, whereas
PB2 inherited the disease-causing haplotype lacking NFI
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with variant and the disease-causing haplotype without variant. The black box indicates the deletion area. (a) The haplotypes of family members.

The female was a neurofibromatosis patient resulting from a de novo deletion variant. The de novo deletion occurred on the patient's maternal

chromosome. (b) The haplotypes of polar bodies. PB2 of embryo 1 was degraded. None of the polar bodies carried the deletion. (c) The haplotypes

of blastocysts. None of the three blastocysts carried the deletion; the heterozygous STR signals in the NF] gene of embryos 2 and 3 were direct

evidence that these embryos did not carry the deletion variant. Embryo 1 was transferred. *embryos with disease-causing haplotypes without
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TABLE 2 PGT-M outcomes of four female de novo sequence variants with mosaicism.
Casel Case2 Case3 Cased4
X-linked Skeletal
Monogenic disease adrenoleukodystrophy Fanconi anemia malformations Neurofibromatosis
Oocytes obtained 16 17 15 4
Oocytes fertilized 13 15 8 3
No. of blastocysts 9 8 5 3
Polar body biopsy NO NO NO YES
PGT-M result 5 3 2 1
No. of embryos with wild-type
haplotype
No. of embryos with disease- 0 3 1 0
causing haplotype with variant
No. of embryos with disease- 4 2 2 2

causing haplotype but no
variant

Embryo transplantation
Prenatal diagnosis

Pregnancy outcome

1 Wild-type embryo
YES
A healthy boy was born

1 Wild-type embryo
YES
A healthy boy was born

1 Wild-type embryo
YES
A healthy girl was

1 Wild-type embryo
YES
A healthy boy was

deletion. Embryo 1 inherited the wide-type maternal haplo-
type. Embryos 2 and 3 inherited the disease-causing haplotype
but did not carry the deletion based on the analysis of PBs.
To verify the results, STR haplotypes were constructed. The
heterozygous STR signals in the NFI gene of embryos 2 and
3 were direct evidence that these embryos did not carry the
pathogenic variant. Therefore, all three embryos were normal
and transplantable. Prenatal diagnosis confirmed that the fe-
male proband received embryo 1, and a healthy boy was born.

4 | DISCUSSION
In this study, ultra-deep sequencing was used to confirm
that the four women harbored mosaic pathogenic variants in
four different genes, and NGS-based PGT-M was employed
to reduce the recurrence risk of monogenic diseases. During
four PGT cycles, trophectoderm cells from 25 blastocysts
and 5 PBs from three oocytes were subjected to genetic test-
ing. A wild-type embryo was transferred for each woman and
confirmed by prenatal diagnosis, resulting in the birth of four
healthy infants. This is the first report that illustrates the suc-
cessful application of NGS-based PGT-M to prevent the trans-
mission of maternal mosaic pathogenic variants to offspring.
Our study showed that ultra-deep sequencing was an ef-
fective and sensitive method to identify mosaic sequence
variants. In our study, Sanger sequencing showed that the
women included in cases 1 and 2 carried heterozygous vari-
ants in ABCDI and FANCB, respectively, and the signal in-
tensity of the altered allele was very low. Additionally, Sanger

born born

sequencing confirmed that the woman in case 3 did not ex-
hibit the COLIA2 variant. Furthermore, MLPA revealed that
the woman in case 4 was a carrier of a heterozygous dele-
tion in the NFI gene. However, the four women exhibited
mosaicism, confirmed by ultra-deep sequencing, with the
mosaicism proportion ranging from 1.12% to 91.03% for
the mutant cells (Table 1). Our findings suggested that even
exceptionally low proportions of mosaic variants can be
identified via ultra-deep sequencing techniques, which was
in agreement with previous studies (Campbell et al., 2014;
Gajecka, 2016; Stosser et al., 2018).

It should be considered as a mosaic carrier in a couple who
have a child with Mendelian genetic diseases due to de novo
pathogenic variants. Subsequently, whether the parent is mo-
saicism should be confirmed, and the objective assessment
of the recurrence risk could be provided. In the past clinical
practice, asymptomatic parents delivering a child with a dom-
inant genetic disorder is usually explained by the offspring
carrying de novo pathogenic variant. After the birth of a sec-
ond child with the same disorder, the existence of parental
mosaicism is inferred (Altarescu et al., 2012). In our study,
the couple in case 3 experienced two pregnancies wherein the
two fetuses received a diagnosis of osteogenesis imperfecta.
This indicated parental mosaicism, which was further con-
firmed by ultra-deep sequencing. Thus, mosaic parents carry
a higher risk of giving birth to affected offspring than the
general population. In contrast, the risk of recurrence among
mosaic carriers was lower than that of heterozygous carriers;
this lightened the patient's psychological burden, raising their
confidence to give birth to a healthy child.
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The level of mosaicism in different tissues may exhibit
surprising variability, even within the same embryonic lin-
eage (Goriely et al., 2010). Our results supported the obser-
vation that even if a very low proportion of altered alleles is
found in peripheral blood, a higher percentage of sequence
variants may exist in other tissues. In our study, the periph-
eral blood of the woman in case 3 exhibited mosaicism for
the COLIA2 variant at a low rate (1.12%). However, the
mosaicism may have been predominant in germ cells, as the
woman had two consecutively affected fetuses. Additionally,
the proportion of mutant cells was as high as 91.03% in the
peripheral blood of the woman from case 4, but only 15.70%
in her oral mucosal cells and all tested embryos did not exhibit
the variant. Therefore, it is reasonable to conduct PGT-M for
individuals with mosaicism to avoid the transmission of ge-
netic disorders.

The strategy of pathogenic variants detection combined
with SNP haplotype analysis may be more suitable for
PGT-M in mosaic individuals. In our study, the SNP haplo-
type analysis showed that the male embryos 4 and 7 inherited
the disease-causing chromosome in case 1, indicating that
these embryos may be affected. However, the variant detec-
tion analysis showed that the two embryos did not exhibit
ABCDI alteration, suggesting that these embryos were ac-
tually healthy. Similarly, embryo 1 of case 2 was judged to
be a normal male. When the results of pathogenic variants
conflict with haplotypes in PGT of X-linked disorder, the
genotype of male embryos (with only one X chromosome)
is preferred to depend on the results of pathogenic variants
detection. In the same situation, female embryos (with two
X chromosomes) have the risk of misdiagnosis due to allele
drop out (ADO). However, when wild-type embryos are not
available, such female embryos can be considered to trans-
fer after the couples’ understanding and accepting the risks.
The detection of pathogenic variants is essential for PGT-M
in parental mosaicism to lower false-positive results and in-
creases the number of embryos for transfer (ESHRE PGT-M
Working Group et al., 2020).

Our study highlighted the importance of PB information
in the determination of embryo genotypes for maternal mo-
saicism. In our study, although the five embryos (embryos
2 and 6 in case 1, embryo 5 in case 2, and embryos 1 and 3
in case 3) did not exhibit the pathogenic variants, they were
suggested not to be a priority for transplantation due to the
fact that ADO could not be ruled out completely. The ge-
netic analysis of trophectoderm cell and PB could define the
definite genotype of embryos, and avoid misdiagnosis due
to ADO in sequence variants detection. The embryos 2 and
3 of case 4 inherited the “disease-causing chromosomes,”
but these two embryos were definitely diagnosed as a nor-
mal condition, combining with the SNP information of PBs.
Therefore, PB analysis eliminates the wastage of normal em-
bryos in PGT-M for maternal mosaicism.

5 | CONCLUSION

Herein, we demonstrated the validity of ultra-deep sequenc-
ing in the identification of mosaicism and the necessity of
NGS-based PGT for the detection of single-gene disorders
with mosaicism. NGS-based PGT is an effective strategy
for the detection of monogenic diseases resulting from mo-
saicism. Furthermore, NGS-based PGT combined with PB
genetic analysis can improve the accuracy of PGT for mo-
nogenic diseases due to maternal mosaicism. Large-scale
studies are needed to further evaluate the efficacy of this
approach. This approach will assist clinicians to undertake
a more objective assessment of disease recurrence risk for
mosaic individuals and obtain the accurate diagnosis of the
genotype of embryos for reproductive interventions.
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