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ABSTRACT: Mosaic embryos have the potential to implant and develop into healthy babies. The transfer of mosaic embryos is now
considered to be a possible option for women undergoing ART with preimplantation genetic testing for aneuploidies and in the absence
of euploid embryos, particularly those with diminished ovarian reserve and/or advanced maternal age. It can aid in avoiding the discard of
potentially viable embryos, which might otherwise result in healthy babies. In over 500 studies on mosaicism, there have been no reports of
mosaicism in babies born following the transfer of mosaic embryos. Here, we present a case report of a 39-year-old woman with diminished
ovarian reserve with only one blastocyst available for trophectoderm biopsy. The transfer of the embryo, which showed 35% mosaicism
of monosomy 2, resulted in pregnancy. Amniocentesis revealed a mosaic trisomic mos46,XX(98)/47,XX,+2(2) karyotype. There were
no pathological findings in detailed ultrasonography, and the fetus showed a normal fetal growth with no evidence of intrauterine growth
retardation. A healthy female baby was born at Week 37. The peripheral blood chromosome analysis validated with fluorescence in situ
hybridization showed 2% mosaic monosomy 2 [mos45,XX,-2(2)/46,XX(98)]. This is the first reported case of true fetal mosaicism resulting in
a live birth following the transfer of a known mosaic embryo. Worldwide, prenatal diagnosis has shown the depletion of mosaicism in embryos
transferred after they have been reported as mosaics. Our case demonstrates the need for close prenatal monitoring and diagnosis by early
amniocentesis, preferably at > 14 weeks gestation.
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Introduction

Chromosomal mosaicism is defined as two or more distinct cell lines
within an embryo and is a relatively common finding in IVF-derived
human embryos. Mosaicism arises from mitotic errors occurring after
fertilization, usually after the first three cleavage divisions (Baart et al.,
2006; Fragouli etal. 2011; Taylor etal., 2014). The incidence of
mosaicism in trophectoderm biopsies is variously reported as between
4 and 32% (Fragouli et al., 201 I; Capalbo et al., 2013; Fragouli et al.,
2017; Harton et al., 2017; Vera-Rodriguez and Rubio, 2017). With the
introduction of next-generation sequencing (NGS), it is now possible
to detect chromosomal mosaicism at levels between 20 and 80%. The
term mosaicism covers a broad range. The extent (low, moderate
or high) and the type of mosaicism (segmental, single chromosome,
double chromosome or complex mosaicism) may affect ART success
rates. Also, the percentage of mosaicism in the biopsied sample may
not always be a direct indication of the percentage of mosaicism in

the whole embryo. Sub-chromosomal variations detected by NGS
are mainly post-zygotic events, with high variation between different
centers, and are not dependent on maternal age (Munné et al., 2002;
McCoy et al., 2015).

The variables for the risk stratification of mosaic embryos have
been defined as the percentage of mosaicism, specific chromosomes
involved, monosomy versus trisomy and inclusion of complete or
segmental chromosome mosaicism (Grati et al., 2018; Preimplantation
Genetic Diagnosis International Society (PGDIS) Position Statement
2016, 2019; COGEN Position Statement 2017).

The impact of mosaicism on implantation and the developmental
potential of embryos is not fully known, but it is thought that the
mosaicism is likely to influence the implantation rate. The percentage of
abnormal cells within a euploid/aneuploid mosaic embryo is influenced
by the cleavage stage at which the chromosomal segregation error
occurs. For example, errors occurring at the time of the second
cleavage may result in a greater proportion of abnormal cells than
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Figure | The result of next-generation sequencing revealed 35% mosaicism of monosomy 2. No mosaicism was reported for
chromosome 10 since the ratio of divergence from the baseline was below 20%.

errors occurring during the third cleavage (Spinella et al., 2018). Higher
levels of mosaicism may decrease implantation potential and increase
the risk of miscarriage. A statistically significant reduction in rates
of clinical pregnancy/embryo transfer, implantation and live births
compared to mosaic embryos with a lower aneuploidy percentage has
been reported (Fragouli et al., 2017; Spinella et al., 2018).

Mosaic embryos have the potential to implant and develop into
healthy babies. From centers worldwide, there is an increasing number
of reports of live births following the transfer of mosaic embryos
(Greco et al. 2015; Fragouli et al. 2017; Munné et al., 2017; Spinella
et al, 2018; Victor et al, 2019). However, in most of these studies,
there s a lack of information about the follow-up results during the pre-
natal and postnatal periods. Very few of these reports mention results
of prenatal genetic tests, such as amniocentesis, or the karyotype of
the resulting babies (Greco et al., 2015; Spinella et al., 2018; Victor
etal, 2019).

One of the main problems in preimplantation genetic testing for
aneuploidies (PGT-A) is the frequent occurrence of mosaicism, which
may lead to difficulties in correctly diagnosing the true chromosomal
status of the embryo. Although there are some reports in the literature
proposing risk scoring systems for mosaic embryo transfers (COGEN
Position Statement, 2017; Grati et al, 2018), it is still not known
to what extent mosaicism in trophectoderm cells reflects true fetal
mosaicism. This raises the question of which mosaic embryos can safely
be transferred. This question has led the PGDIS to report Position
Statements in 2016 and 2019 (PGDIS Position Statements, 2016,
2019). The purpose of these documents is to review current infor-
mation and update recommendations regarding the transfer of mosaic
embryos.

In natural pregnancies, mosaicism affects 2% of all gestations in the
form of confined placental mosaicism (Taylor et al., 2014). There are
very few reports of cases of mosaic monosomy of chromosome 2
either in natural pregnancies or in transferred embryos (Greco et dl.,
2015; Victor et al., 2019). Furthermore, the only paper to report live
births with mosaic monosomy 2 did not report a confirmatory diag-
nostic amniocentesis or a peripheral karyotype analysis but confirmed
a normal karyotype by chorionic villus sampling (CVS) in two cases of
mosaic monosomy 2 (Greco et al., 2015).

As far as we know, our case is the first reported in the literature of
a healthy live birth after the transfer of a mosaic monosomy 2 (35%)
embryo presenting mosaic trisomy 2 in amniocentesis and true fetal
mosaicism (2% mosaic monosomy 2) in the karyotype of the resulting
baby.

Case report

Here we present the first report of a successful pregnancy and a healthy
live birth with true fetal mosaicism of monosomy 2 after the transfer of
an embryo with mosaic monosomy of chromosome 2. Ethical approval
(2019/006) from the local ethical board and permission from the family
was obtained prior to this report.

A couple with 2 years of infertility presented with advanced maternal
age, poor ovarian reserve and normal female karyotype (46,XX). Anti-
Mullerian Hormone level was 0.75 ng/ml, and antral follicle count
showed few follicles in both ovaries. She was classified as having poor
ovarian reserve according to the Bologna Criteria (Ferraretti et al.,
201 1). A short antagonist protocol was used, and a total 2025 U
dosage of recombinant FSH (Gonal F, Merck Serono, Switzerland)
with a daily dosage of 225 IU was administered for 9 days. Ovulation
was triggered with one ampoule recombinant hCG (rhCG: Ovitrelle®,
Merck Serono, Switzerland). After controlled ovarian stimulation, only
one follicle developed and only one oocyte was retrieved. This devel-
oped into a blastocyst which was biopsied. Before trophectoderm
biopsy, on Day 3, a hole was made in the zona pellucida using a diode
laser (RI Saturn 3, England). On Day 5 after fertilization, between five
and eight cells were excised using a laser, without loss of the inner
cell mass. One hour after the biopsy, blastocysts were vitrified using
Kitazato vitrification media (Kitazato, Japan) according to the manufac-
turer’s instructions, using a Cryotop® as carrier. The biopsied material
was prepared for DNA extraction and whole genome amplification
(WGA) with a lon Torrent lon SingleSeq™ 96 kit (Thermo Fisher
Scientific, USA). The NGS procedure was completed using the lon
Chef System (Thermo Fisher Scientific, USA) and lon GeneStudio S5
(Thermo Fisher Scientific, USA), and the data was analyzed with lon
Reporter Software v5.6 (Thermo Fisher Scientific, USA). NGS revealed
a mosaic monosomy 2 embryo with 35% mosaicism (Fig. |). After
PGT-A, the blastocyst, mosaic for the monosomy of chromosome 2,
was thawed with Kitazato warming media according to manufacturer’s
instructions.

Following genetic counseling and detailed discussion of the option of
anew ART cycle, the couple decided to proceed with a mosaic embryo
transfer. An informed consent form was signed by the couple. This
included information regarding the risk of a mosaic embryo transfer
and the necessity of close follow-up in the case of pregnancy. The
frozen embryo transfer was performed after endometrial prepara-
tion using a modified natural cycle with rhCG trigger (Ovitrelle®,
Merck Serono, Switzerland). Vaginal progesterone gel with 90 mg (8%)
Crinone® (Merck Serono, Switzerland) administered once a day after
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Figure 2 Two different cultures revealed a mos 46,XX(98)/47,XX,+2(2) karyotype.

rHCG as a luteal phase support. The mosaic embryo transfer resulted
in a pregnancy.

An amniocentesis was performed in the [7th week of the
pregnancy. Amniocyte culture was performed using standard meth-
ods (Howe, etal. 2014). The karyotype was observed to be
mos46,XX(98)/47, XX,+2(2) in two separate culture flasks (Fig. 2).
Fluorescence in situ hybridization (FISH) analysis of amniocytes was
also performed to confirm the mosaic karyotype result (Fig. 3).

After comprehensive counseling with the team comprising an IVF
specialist, perinatologist and geneticist, the couple decided to continue
their pregnancy to term. The development of the fetus was monitored
very closely, and the couple was extensively counseled. Counseling
included the possibility of intrauterine growth retardation (IUGR).
There were no pathological findings in detailed ultrasonography at
Week 20 of pregnancy. There was no sign of limb, genitourinary,
craniofacial, cardiac, spinal or renal abnormalities or hydronephrosis.
The fetus showed normal growth around the 50th percentile in the
ultrasonographic follow-up with no signs of fetal growth retardation
(Fig. 4). After early rupture of the membranes, a healthy 2880-g, female
baby 48 cm in length and with a 34.5-cm head circumference with no
phenotypic abnormalities was born at Week 37 of gestation.

The peripheral karyotype was found to be 2% mosaic monosomy
2 [mos45,XX,-2(2)/46,XX(98)] (Fig. 5). Once again, this result was
validated using FISH analysis, this time of 400 interphase nuclei (Fig. 6).
A buccal smear sample from the baby, analyzed using FISH, showed no
monosomy or trisomy in the 250 cells evaluated (Fig. 7).

Discussion

This case is unique; we present a case report of a 39-year-old woman
with diminished ovarian reserve with only one blastocyst available for
trophectoderm biopsy. The transfer of the embryo, which showed

35% mosaicism of monosomy 2, resulted in pregnancy. Amniocentesis
revealed a mosaic trisomic [mos46,XX(98)/47,XX,+2(2)] karyotype.
There were no pathological findings in detailed ultrasonography and
the fetus showed a normal fetal growth with no evidence of IUGR. A
healthy female baby was born at Week 37. The peripheral blood chro-
mosome analysis validated with FISH showed 2% mosaic monosomy 2
[mos 45,XX,-2(2)/46,XX(98)].

Although in the literature there are cases with variable phenotypic
abnormalities associated with prenatally detected mosaic trisomy 2 or
non-mosaic partial deletions of chromosome 2 (Sifakis et al., 2004; Falk
and Casas, 2007; Chen et al., 2012; Leroy et al., 2013; Fisch et al., 2016;
Tug et al.,, 2017), as far as we know no case of mosaic monosomy 2 has
ever been reported in a live birth after the transfer of a known mosaic
embryo.

Chromosome 2 is the second largest human chromosome, contain-
ing 1200—1300 genes (Genetics Home Reference). Partial deletions of
this chromosome have been linked to a variety of syndromes causing
intellectual disability, skeletal or craniofacial abnormalities and devel-
opmental delays (Falk and Casas, 2007; Leroy et al., 2013; Fisch et al.,,
2016). A wide spectrum of limb, genitourinary, craniofacial, cardiac
and spinal abnormalities, hydronephrosis and fetal growth restriction
have been reported in the ultrasonographic follow-up of cases of pre-
natally detected mosaic aneuploidies of chromosome 2 (Sifakis et al.,
2004; Chen et al,, 2012; Tug et al., 2017).

The follow-up through gestation went uneventfully with no signs of
morphological abnormalities. The amniotic fluid volume and intrauter-
ine growth was around the 50th percentile with no signs of oligo-
hydramnios or fetal growth restriction. There was also no sign of
morphological abnormalities in the newborn.

Grati et al. (2018) have published CVS results in natural pregnancies,
showing to what extent a mosaicism (aneuploid/normal) detected in
the cytotrophoblast is likely to be found in the fetus. Accordingly,
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Figure 3 Fluorescence in situ hybridization analysis of amniocytes. Red dots represent the centromeric probe and green represents
telomeric probe for chromosome 2. After fluorescence in situ hybridization (FISH), the right picture shows two cells, one diploid normal and the other
trisomic. The left picture shows one normal cell and three trisomic cells in the same frame (Vysis CEP2 SpectrumOrange, Vysis Tel2p SpectrumGreen,

Abbott Molecular Inc. USA).
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Figure 4 Intrauterine fetal growth chart. The black dots represent the estimated fetal birthweight calculations of the fetus in the corresponding

week of gestation.

they devised a risk scoring system for prioritizing mosaic embryos by
comparing the results of CVS with further amniocentesis to assess the
incidence of true fetal mosaicism. They also conducted a uniparental
disomy investigation reviewing mosaic aneuploidies likely to be asso-
ciated with miscarriage. It was concluded that mosaicism involving
chromosomes 13, 14, |5, 16, 18 and 21 and monosomy X were all high
risk. Eight trisomy 2 abnormal cell lines and eight confined placental
mosaicisms with no true fetal mosaicism or fetal involvement were
identified. In products of conception in three trisomy 2 cases, the
percentage of mosaicism was 5%. Furthermore, an evidence-based

scoring system for prioritizing mosaic embryos for transfer following
PGT noted two cases of miscarriage (Grati et al., 2018).

Three main mechanisms are proposed in mosaicism of the human
embryos: anaphase lagging, mitotic non-disjunction and endoreplica-
tion. However, the effect of each on the chromosomal constitution
of the cells is different, thus leading to a distinct aneuploidy in the
blastocyst. In anaphase lagging, a single chromatid fails to incorporate in
the nucleus and, as a result, one daughter cell will be disomic whereas
the other will be monosomic for this ‘lagging’ chromosome since it
is lost in the process. The blastocyst derived from this embryo will
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Figure 5 The Giemsa banding from peripheral blood lymphocytes of the newborn. (A) 45,XX,-2, (B) 46,XX from the same sample.

Chr2 Monosomy interphase cell

Figure 6 FISH analysis of chromosome 2 monosomic peripheral blood lymphocytes of the newborn. Red dots represent the
centromeric probe and green represents telomeric probe for chromosome 2 (Vysis CEP2 SpectrumOrange, Vysis Tel2p SpectrumGreen, Abbott
Molecular Inc. USA).

Chr2 diploid interphase cell

Figure 7 FISH analysis of the buccal smear.Red dots represent the centromeric probe and green represents telomeric probe for chromosome
2. Both pictures show diploid normal cells (Vysis CEP2 SpectrumOrange, Vysis Tel2p SpectrumGreen, Abbott Molecular Inc. USA).

therefore be mosaic, with two distinct cell lines, one disomic and one with a monosomy and another with a trisomy of the chromosome
monosomic. In the mitotic non-disjunction event, the sister chromatids which has failed to split. The incidence of this type of mitotic error
fail to separate during mitosis, creating two distinct cell lines, one in embryos is not known but is believed to be dependent on the
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embryo developmental stage (Taylor et al, 2014): interestingly, sex
chromosome malsegregation in early cleavages is mainly caused by this
type of error (Bean et al., 2001, 2002). Finally, endoreplication occurs
when a chromosome replicates itself, but this replication is not followed
by a cell division. As a result, this cell gains one extra chromosome,
thus becoming trisomic, whereas the adjacent cells remain disomic.
Endoreplication is thought to be mainly due to cell cycle checkpoint
failures (Taylor et al., 2014).

The only mechanism out of these three main causes of mosaicism
that can lead to the occurrence of both monosomic and trisomic
cell lines for a specific chromosome is the non-disjunction error. A
mitotic non-disjunction error taking place during the cleavage stage and
before the differentiation of the inner cell mass and the trophoblast
could explain the mirroring mosaicisms observed in our patient for
chromosome 2. The trophectoderm biopsy was mosaic for the mono-
somy of chromosome 2, whereas the amniocentesis revealed a mosaic
trisomy 2. Finally, the peripheral blood chromosome analysis was
mosaic for monosomy 2 postnatally, and the epithelial cells in a buccal
smear were diploid.

The lower ratio of mosaicism observed in amniocentesis and the
peripheral blood chromosome analysis when compared to the tro-
phectoderm biopsy may be the result of one of the two following
proposed mechanisms: the preferential localization of abnormal cells
in trophectoderm or the preferential growth of euploid cells (Harton
et al., 2017). The placenta was not available for testing.

The prioritization of mosaic embryos is not very straightforward.
There are several hypotheses regarding the declining incidence of
mosaicism from the cleavage to blastocyst stages of preimplantation
development: the embryonic mortality model, the clonal depletion
model and the trisomic/monosomic rescue model. The embryonic
mortality model indicates that embryos with high mosaicism or full ane-
uploidy do not survive to implant; however, fully euploid and low-level
mosaic embryos have a chance to implant. In other words, the embry-
onic mortality models invoke selection against embryos based on the
proportion of aneuploid cells. This is the most commonly accepted
model for implantation of mosaic embryos, and it is based on the fact
that the aneuploid cell lines produced after a mitotic error during cleav-
age do not survive and are lost during implantation, so the fetus is fully
composed of euploid cells. The clonal depletion model describes apop-
tosis or reduced propagation of aneuploid cells within a mosaic embryo
(Bolton et al., 2016). The trisomic/monosomic rescue model proposes
that aneuploid cells can give rise to diploid cells through mitotic
chromosome gain or loss, respectively. In other words, this shows
the self-correction of cell lines that are initially aneuploid but which,
through rescue mechanisms, evolve into euploid cells (McCoy, 2017).

Patient counseling regarding mosaic embryo transfer is extremely
important. Detailed genetic counseling prior to the transfer of a mosaic
embryo and referral to a perinatologist as well as an early amnio-
centesis at >14th weeks of gestation are strongly recommended.
Considering the mechanisms of mosaicism, it must be remembered
that discrepancies between embryo chromosomal status and prenatal
or postnatal chromosomal evaluations, such as between monosomy
and trisomy, can also occur.

Our case report illustrates that mosaicism in human embryos arising
from a mitotic non-disjunction error leads to both monosomic and
trisomic cell lines. However, because of the nature of the trophec-
toderm biopsy itself, regarding the random site of biopsy and the

number of cells excised, the trisomy may not be observed. Therefore,
when extrapolating the result of our case to the clinical dilemma of
transferring mosaic embryos, the ‘safer’ choice of transferring mosaic
monosomic embryos must be approached carefully. Additional reports
and data including postpartum karyotype analysis of the newborns are
necessary to provide conclusive decisions.

The transfer of mosaic embryos marks a new era in ART and future
studies and reports of cases are needed to help guide clinicians to make
safe decisions regarding mosaic embryos. Ideally, future studies would
include analysis of more cells, such as placental tissue and skin cells in
the postpartum period. PGT-A is widely used for a number of indica-
tions and with the introduction of NGS into the field and increased
identification of mosaicism, clinicians require more informative data
to guide them to make safe decisions when considering transfer of
mosaic embryos. Meanwhile, clinicians are strongly advised to give
comprehensive counseling to patients regarding the possible risks of
mosaic embryo transfer, including true fetal mosaicism.
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