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Abstract. Since the very first publications on preimplantation genetic
testing, researchers have faced a serious problem — a high mosaicism level
in the preimplantation human embryos obtained by means of in vitro
fertilization cycles. The nature of this mosaicism and its high impact
on embryo development draws attention to this issue. In this research
we studied the cells from different parts of preimplantation human embryos
with mosaicism in the trophectoderm cells detected using Next-generation
Sequencing (NGS). Six human blastocysts with mosaicism in their
trophectoderm cells were each sectioned in three parts: two containing only
trophectoderm cells and one predominantly inner cell mass. These parts
were then analyzed individually. Our data indicate that the proportion
of aneuploid cells in bioptate taken for preimplantation genetic testing does
not necessarily reflect the true chromosomal status of the whole embryo
and cannot be extrapolated to that in the embryoblast cells. The results
of our study strongly suggest that mosaicism revealed in blastocyst reduces
the likelihood of finding the euploid chromosome set in the other parts
of the embryo. Karyotypes of cells from different parts of mosaic embryos
show low concordance. Chromosomal abnormalities in mosaic embryos are
unpredictably diverse, which may lead not only to loss of conception, but also
to the development of genetic disease in the offspring. According to our data,
the mosaic rate tends to increase in the samples containing trophectoderm
adjacent to the embryoblast, which may have physiological significance
for the implantation. Comparative studies focused on the concordance
of mosaicism level of and the type of chromosomal abnormalities detected
in different parts of preimplantation human embryos will improve clinical
recommendations regarding the transfer of mosaic embryos.

Keywords: mosaicism, human embryos, aneuploidy, preimplantation genetic
testing, in vitro fertilization.
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Introduction

Postzygous mitotic errors might result in cell
clones with unequal chromosomal sets within the
same embryo. This phenomenon has been described
as embryonic mosaicism. Mosaicism should be
considered thoroughly when being examined
in preimplantation embryos at blastocyst stage.
Numerous data estimate relatively high mosaicism
frequency in blastocyst (Weissman et al. 2017).
Meanwhile, mosaicism of trophectoderm (TE) cells
does not necessarily correspond to the one within
the inner cell mass (ICM) (Munné et al. 2017). This
fact can significantly complicate the interpretation
of preimplantation genetic testing (PGT) results.
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The observation that mosaicism in preimplanta-
tion human embryos is often identified in vitro
fertilization cycle with preimplantation genetic
testing for aneuploidy (PGT-A) raises the inevitable
question of how a mosaicism level can be reliably
estimated. Rapid advancement of Next-generation
Sequencing (NGS) in conjunction with a single cell
whole genome amplification techniques have stim-
ulated implementation of this approach for PGT-A.
The high sensitivity of the NGS method enables
researchers to identify with high confidence the
mosaicism in TE DNA samples with a single ab-
normal cell (20% for samples with 5 cells). With the
NGS approach it has been shown that mosaicism
frequency in preimplantation blastocysts varies
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from 17% to 47% in nine diverse artificial reproduc-
tive technology (ART) centres (Sachdev et al. 2016).
Nevertheless, the available comparative data on
chromosomal mosaicism values in TE and ICM
cells remains limited and controversial (Munne
et al. 2017).

Thus, maintaining the efficiency of ART requires
additional investigation of mosaicism. The principal
goal of the present paper is to discuss the applica-
tion of NGS-techniques in evaluating the mosaicism
level in diverse cell fractions of preimplantation
human embryos with TE mosaicism detected ear-
lier by PGT-A.

Materials and methods

All procedures were fulfilled according to the World
Medical Association’s Declaration of Helsinki.
The Scientific Review Board of the Research Insti-
tute of Obstetrics, Gynecology and Reproductol-
ogy named after D. O. Ott approved the research
and endorsed the fundamental research topic
No. AAAA-A19-119021290033-1. Informed consent
was obtained from all healthy voluntary participants,
who provided gametes for the research. Early hu-
man embryos were obtained by artificial insemina-
tion by means of intracytoplasmic sperm injection
procedure. Oocytes from 16 clinically healthy
fertile voluntary participants at the age of 20—
32 years with a normal karyotype were fertilized
in vitro with sperm from 11 clinically healthy donors
with a normal karyotype from the International
Centre for Reproductive Medicine (ICRM) sperm
bank according to the published protocol (Korsak
etal. 2019). Pronuclei and polar bodies were checked
16-18 hours after fertilization. Embryos were cul-
tured in sequential culture media solutions (COOK)
for 5—6 days up to blastocyst stage. The latter were
examined and graded in accordance with Gardner
classification (Gardner, Schoolcraft 1999). High
quality blastocysts were subjected to TE biopsy and
cryopreserved by vitrification in Kitazato medium
according to recommended protocol (Kitazato
Supply Co., Fujinomiya, Japan).

PicoPLEX whole genome amplification (WGA)
Kit (Rubicon Genomics) was used for whole genome
amplification. The concentration of WGA products
was measured with Quantus™ Fluorometer (Pro-
mega) and QuantiFluor® dsDNA System reaction
kit. DNA libraries were prepared according to
VeriSeq PGS kit (Illumina) and assessed for quality
with TapeStation 4200 (Agilent). Sequencing of
the libraries was performed on Illumina MiSeq.
Numerical chromosome abnormalities analysis was
carried out in BluFuse Multi v4.3 (Illumina) software.
This method provides effective resolution of 20 Mb.
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Embryos with detected single or multiple chro-
mosomal mosaicism in TE cells were thawed and
incubated until complete expansion. Such blastocysts
were sectioned in three parts with two containing
TE cells and one — predominantly with ICM cells
as previously described (Taylor et al. 2016). WGA,
sequencing, and qualitative DNA evaluation were
performed for each sample as indicated above.

Results and discussion

After morphological evaluation blastocysts
of high quality were subjected to TE biopsy for
PGT-A by NGS technique and cryopreserved. Six
blastocysts in which TE cells mosaicism was ob-
served were thawed and analyzed further (Table 1).

Embryo 492x94 e5 (No. 1) was characterized
by mosaic monosomy for chromosome 16 as indi-
cated by PGT-A. Non-mosaic monosomy 16 was
detected in the other two TE sites, however, in ICM
it was also detected in mosaic state. Presumably
the monosomy 16 had occurred during meiosis and
in some cells reduplication restored chromosome
set to euploid state. Mosaicism for trisomy of chro-
mosome 1 was detected in a sample containing ICM.
It is most likely that trisomy 1 emerged during the
cleavage stage, given that monosomy 16 and espe-
cially trisomy 1 are not found during prenatal stage.

Embryo 500x97 el5 (No. 2) demonstrated
mosaic trisomy for chromosome 8 as detected
by PGT-A. However, when analyzing cells from
other sites, not only monosomy 8, but also trisomy 8,
trisomy 3, monosomy 10, and X and Y aneuploidy
were found. All these anomalies most probably
resulted from mitotic nondisjunction during
cleavage. The presence of reciprocal mosaic aneu-
ploidy on chromosome 8 can indirectly point
to this. The transfer of this embryo could result
in pregnancy loss during the first trimester with
the high probability, as autosomal monosomy and
X nullisomy are lethal, and trisomy 3 in the pla-
centa leads to complicated pregnancy whereas
trisomy 8 by itself is responsible for 0.7%—0.8%
of all spontaneous abortions (Campbell et al. 2001).
Mosaic trisomy 8 is compatible with embryonic
development and live birth. The prognosis for em-
bryos with the male set of sex chromosomes (XY)
is more negative, as they are more likely to be born
since the ratio of newborn girls to boys with this
syndrome is 1:5 (Gardner, Amor 2018).

Embryo 590x77 e2 (No. 3) was marked by chro-
mosome 6 monosomy in the first sample and tri-
somy 6 in the ICM+TE sample. Reciprocal mosaic
aneuploidy for chromosome 6, as in the previous
case No. 2), may arise from chromosome nondis-
junction of euploid cell during the cleavage stage.
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Table 1. Molecular genetic study of embryos with detected TE mosaicism

Ne I])Zmbryo Embt:yo Analysis type Number | Detected chromosomal Percent
arcode quality of cells anomaly of abnormal cells
1 492x94 e5 BI3AB PGT-A 5 Monosomy 16 80

HBI3AB TE1 7 Monosomy 16 100%

TE 2 7 Monosomy 16 100%

ICM+TE 10 Trisomy 1 40%

Monosomy 16 80%

2 500x97 el5 BI3AA PGT-A 5 Trisomy 8 40%

HBI6AA TE1 10 Trisomy 3 50%

Trisomy 8 50%

XYY 10%

TE2 7 Monosomy 8 40%

Nullisomy X, Y 10%

ICM+TE 10 Monosomy 8 40%

Monosomy 10 20%

XYY 10%

3 590x77 €2 BI3AA PGT-A 5 Monosomy 6 40%
HBI3AA TE1 5-7 Euploid

TE 2 10 Nullisomy X, Y 10%

ICM+TE 10 Trisomy 6 60%

Trisomy 11 40%

Monosomy 13 60%

Nullisomy X, Y 40%

4 | 605x100 e4 BI3AB PGT-A 5 Trisomy 2 40%

Trisomy 9 40%

HBI6AB TE1 5 Trisomy 2 20%

Trisomy 9 20%

TE 2 7 Trisomy 2 40%

Trisomy 9 40%

ICM+TE 7 Trisomy 2 30%

Trisomy 9 30%

5 1605x100 e8 BI2AB PGT-A 5 Trisomy 8 70%

Trisomy 12 70%

Trisomy 16 70%

Monosomy 6 40%

Monosomy 7q 40%

HBI6AB TE1 5-10 Monosomy 6 20%

Monosomy Xq 40%

TE2 5-10 Trisomy 8 30%

Trisomy 12 30%

Trisomy 16 30%

Monosomy Xq 20%

ICM+TE 15 Trisomy 21 30%

Trisomy 4p 30%

Monosomy 6q 60%

Monosomy Xq 50%

6 |597x88 el8 BI2AA PGT-A 5 Trisomy 13 60%
HBI6AA TE1 5-10 Euploid

TE 2 5-10 Monosomy 13 20%

ICM+TE 15 Monosomy 13 10%
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However, it is probable that the nondisjunction
occurred later than in embryo No. 2, because embryo
No. 3 has a euploid cell line (TE 1) and a line diploid
for chromosome 6 (TE 2). Yet, as in the previous
case, an overall karyotype destabilization could be
suspected with probable aneuploidy for other chro-
mosomes not found in the first sample. The prob-
ability of giving birth to a healthy child with mono-
somy 6 detected in PGT-A sample in definite
proportion of its cells was negligible and the embryo
would not be recommended for transfer.

Embryo 605x100 e4 (No. 4) was a true mosaic
since trisomy for chromosomes 2 and 9 was found
in all samples from this embryo, although in differ-
ent proportions. The stage of its origin is difficult
to pinpoint, but it could possibly be a result
of multipolar mitosis. Chromosome nondisjunction
occurred rather early as the resulted blastocyst
contained cells with different chromosomal con-
stitution. It should be emphasized that mosaicism
on trisomy 2 is exclusively tissue-specific and was
detected only in extraembryonic mesoderm cells
during prenatal diagnostics (Griffin 1996; Wolsten-
holme et al. 1994). There is only one report which
describes cases of prenatal diagnosis of acardiac
twin pregnancy with mosaic trisomy 2 (Blaicher
et al. 2000). Full and mosaic trisomy 9 is often de-
tected in spontaneous abortion, but it is sublethal
(Baranov, Kuznetsova 2007). Thus the probability
of becoming pregnant after the transfer of an embryo
with simultaneously mosaic trisomy 2 and 9 seems
very low.

Embryo 605x100 e8 (No. 5) contained aneuploid
cells with imbalances in the entire chromosomes or
their arms. Such anomalies are indicative of karyotype
destabilization through mitotic divisions and mitotic
recombination in centromeric regions of chromosomes
(Giunta, Funabiki 2017). All these chromosomal
anomalies could occur during early cleavage divisions
(Daughtry, Chavez 2016). The probability of becom-
ing pregnant after the embryo transfer is low.

Embryo 597x88 e18 (No. 6) was marked with
chromosome 13 trisomy in 40% of its cells. Analy-
sis of the sample from different parts of the embryo
also showed monosomy 13 (reciprocal mosaic
aneuploidy) and euploid cells, indicating its origin
from mitotic nondisjunction at cleavage and pre-
dominant selection of monosomy clone.

The first article about the birth of a healthy child
with a normal karyotype as a result of transferring
an embryo with mosaic TE was published in 2015
(Greco et al. 2015). The number of relevant publica-
tions on the transfer of embryos with mosaicism
revealed by PGT-A detected by the NGS method is
increasing (Munne et al. 2017; Kushnir et al. 2018;
Victor et al. 2019). Hereby, transfer of embryos with
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mosaic TE can give rise to pregnancy and result
in the birth of a child with a euploid karyotype.
Nevertheless, the rate of successful pregnancies
is lower compared to that following the transfer
of euploid embryos (Kushnir et al. 2018).

The trend to transfer mosaic embryos gradu-
ally expands as the efficiency of prenatal testing for
chromosome imbalances steadily increases due
to further improvements of PGT-A techniques
(Sachdev et al. 2016; Victor et al. 2019). It is obvious
that the transfer of mosaic embryos should be
justified providing the absence of euploid embryos
for transfer in the same couple. Our data indicate
that the proportion of aneuploid cells in biopsy
taken for PGT-A analysis does not necessarily reflect
the true chromosomal status of the whole embryo
and cannot be extrapolated to that in ICM cells.
Meanwhile, our preliminary results indicate that
if a mosaic chromosomal imbalance was detected
in blastocyst, the probability of an euploid chromo-
some set in other parts is low. Consequently, mo-
saic embryo transfers should be considered with
caution. Clinical recommendation for embryo
transfer describes the requirements on prioritizing
the transfer of mosaic embryos respective of PGT-A
results (PGDIS position statement... 2019). The
main idea of the recommendation is that the deci-
sion regarding the transfer should be taken respec-
tively of the level of mosaicism and the data on the
effects of the particular chromosome (chromo-
somal region) on prenatal and postnatal develop-
ment (Grati 2014). Our data revealed that mosaic
rate in the samples containing TE adjacent to ICM
tends to increase, which may have physiological
significance for implantation. Further comparative
studies focused on the concordance of mosaicism
level of and the type of chromosomal abnormalities
detected in different parts of preimplantation hu-
man embryos will improve clinical recommendation
for embryo transfer.
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