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Abstract
Embryos containing distinct cell lines are referred to as mosaic embryos, which are considered to be caused by mitotic errors in
chromosome segregation during preimplantation development. As the accuracy and resolution of detection techniques improve,
more and more mosaic embryos were identified recently. The impacts of mosaic embryos on survival and potential pregnancy
outcome have been reported to be diverse in different studies. Because of the universality and clinical significance of mosaicism,
it is essential to unravel the mechanisms and consequences with regard to this phenomenon in human pre- and post-implantation
embryos. The purpose of this review is to explore the mechanisms, causes of mosaicism, and the development of pre- and post-
implantation mosaic embryos in the light of recent emerging data, with the aim of providing new references for clinical
applications.
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Introduction

Preimplantation embryonic mosaicism is a prevalent phenom-
enon defined as the simultaneous presence of two or more
different cell lines in an embryo. The general origin of the
mosaicism is due to post-zygotic mitotic errors, as opposed
to the view that aneuploidy results from meiotic errors.
Although the first few divisions after fertilization are mitosis,
they are not identical to the typical mitotic pattern of somatic
cells. Before the activation of the human genome, most of the
materials and energy necessary for embryo division rely on
oocytes. This is why embryos are prone to chromosomal seg-
regation errors in the first development stage. According to the
cell lineage involved and when mitotic errors occur, it can be
divided into four forms: total mosaicism, inner cell mass
(ICM) mosaicism, trophectoderm (TE) mosaicism, and ICM/
TE mosaicism. Aneuploid cells in the total mosaic embryos
are equally distributed in TE and ICM, rather than preferen-
tially distributed in any cell line. For the other three types
termed confined mosaicism, aneuploid cells are partially or
entirely localized to specific cell lines [1, 2]. Furthermore,
confined mosaicism can be composed of confined placental
mosaicism (CPM) or true fetal mosaicism (TFM), and the
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former occurs more frequently than the latter [3]. In human
embryos, mosaicism is thought to be associated with recurrent
implantation failure, spontaneous miscarriages, and stillbirths
or live births with a wide spectrum of genomic abnormalities.
The incidence of mosaicism in embryos varies greatly in dif-
ferent studies, which is related not only to multiple external
technical factors but also to complex internal factors. Here, we
will elaborate on the occurrence and development of mosai-
cism and its clinical application.

The association between gametogenesis
and mitosis after fertilization

It is well known that uniform aneuploidy, which is derived
from meiotic chromosomal malsegregation, is critically de-
pendent on maternal age [4]. The current mainstream thinking
believes that errors in maternal meiosis, especially the MI, are
the main factors leading to aneuploidy [5–7], while the pater-
nal meiosis errors only account for 1% [8]. The reason can be
attributed to the following: there is a rigorous checkpoint in
the process of male spermatogenesis, which can effectively
avoid the development of abnormal chromosomes while in
the process of oogenesis, such checkpoints are often lacking
or not strict enough [9]. Further, in the process of oogenesis,
oocytes are stored in follicular pools since the fetal period and
arrested in the prophase of meiosis I until ovulation occurs
years later. During this long-term period, cohesion of sister
chromatids is deteriorated with maternal age [7, 10]. Thus,
oogenesis is more prone to errors than spermatogenesis.

On the contrary, some previous studies revealed that chro-
mosomal mosaicism from mitotic errors is independent of
maternal age [6, 11]. Although meiosis and mitosis possess
very different mechanisms and consequences, they are nearly
related to each other. Kuliev and Verlinsky indicated that er-
rors from meiosis I could be corrected during meiosis II,
whereby so-called “aneuploidy rescue,” but the corrected oo-
cytes are more predisposed to generating aneuploidy affecting
uninvolved chromosome during mitosis after fertilization, al-
luding it might damage meiotic apparatus instead of specific
chromosome only [5]. Griffin and Ogur suggested that abnor-
mal meiosis may be a catalyst for the subsequent presence of
mosaicism [12]. Previous studies have observed that there is a
gradual transition from acentriolar spindle to centrosome-
driven spindle between meiosis and mitosis in rodents [13].
A recent published study utilized kinesin-14 HSET as a tool
for transforming mouse oocytes from meiotic multiple
acentriolar microtubule-organizing centers (aMTOCs) to a
mitotic-like focused mode. HSET is a microtubule cross-
linked motor, which plays an important role in regulating
spindle assembly, the length of spindle, and organization of
the pole. HSET can separate anti-parallel microtubules and
arrange them into parallel bundles during mitosis. This study

confirmed that meiotic barrel-shaped spindles are indispens-
able to the circumvention of chromosomal misalignment and
malsegregation. Therefore, we presumed that the shift from
meiotic toward mitotic mode might disturb the stability of
genome during early preimplantation embryonic development
[14]. Moreover, the first mitotic divisions after fertilization
require the integrity of centrosome originating from sperma-
tozoon. It was found that the incidence of embryo mosaicism
from ejaculated sperm was significantly lower than that of
testicular sperm extraction (TESE) [15]. Defects in the centro-
some and the physiological transformation of apparatus may
be factors in the fallibility of early stages after fertilization.

On the other hand, human oocytes play an important role in
providing proteins and mRNA for cleavage and development
of early embryos until the embryo genome is fully activated
3 days after fertilization [6, 16]. Telomere attrition in oocyte
could promote genomic instability via non-homologous end
joining (NHEJ), and the inefficient telomere reconstitution
could give rise to the recombination of chromothripsis and
subsequent mosaicism [17]. With the proliferation and con-
sumption of the cells in embryo, the maternal transcripts grad-
ually diminished, which provides a possible explanation that
the second or third cleavage is more prone to mitotic errors
comparing with the first [18–21]. Cell-cell interaction acts as a
mediator either taking part in the cell fate decisions or induc-
ing the demise of highly mosaic embryos [22, 23].

Mechanisms and molecular biological events
in mosaicism formation

Mechanisms of mosaicism formation

There are various theories that can elucidate the mechanism of
mosaicism formation such as anaphase lagging,
endoreplication, non-disjunction, demolition, cytokinesis er-
rors, or cell fusion. Herein, we will discuss the most common
theories under the light of the recent data.

Some studies indicated that more than 50% of all mosaic
embryos are caused by anaphase lagging [24]. The lagging
chromosomes separated from themain group of chromosomes
during anaphase result in a monosomy and a disomy of this
chromosome in each daughter cell, respectively (Fig. 1b).
Recent time-lapse imaging for abnormal chromosomal segre-
gation in human embryos intuitively supported this theory as
it showed a presence of micronuclear containing one or a few
number of chromosome(s) during anaphase [25]. This extra
structure can destroy the integrity of chromosomes leading to
a detrimental rearrangement termed chromothripsis, concom-
itant with the dysfunction of kinetochore to attach to the spin-
dle adequately [26]. As a matter of fact, some clinical embry-
ologists have proposed that the appearance of micronucleus
encapsulating fractured chromosomes is often associated with
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the increase of chromosome aneuploidy and is negatively cor-
related with the implantation rate [27]. Further, previous stud-
ies found that chromosome loss is more common than gain in
human preimplantation embryos [8, 24, 28–32]. These obser-
vations supported anaphase lagging as the primary mecha-
nism in mosaicism formation.

Duplication of chromosome(s) without cell division
can result in endoreplication, in which a trisomy or
polyploidy would be generated (Fig. 1c). Polyploidy is
thought to be of relevance for multipolar spindle in
mitosis giving rise to multinucleation and chaotic em-
bryos [18, 25, 33] and is supposed as a prevalent phe-
nomenon in tumor invasion as well. Given that
tetraploidization is a characteristic in human placenta
and a motivator in the invasion of extra villous tropho-
b l a s t s i n t o de c i dua [34 ] , we sp ecu l a t e t h a t
endoreplication is more common in trophoblast than em-
bryo proper.

The failure of the sister chromatids to separate prop-
erly is referred as non-disjunction, resulting in a pair of
daughter cells with reciprocal chromosomal complement
(Fig. 1d). This was thought to be the most common
mechanism in preimplantation development, but current
views suggested that it is a rare event during mosaicism
formation. Munne et al. found that only 2 out of 28
embryos showed reciprocal aneuploidy for the same
chromosome [11]. This observation was supported by
Mertzanidou et al. who showed no concurrence of the
monosomy and trisomy for any chromosome in all em-
bryos [28]. Non-disjunction is considered not only a

mechanism of mitotic mosaicism but also one of the
basic mechanisms leading to aneuploidy in meiosis and
is influenced by chromosome-specific effects in different
stages; thus, chromosomes are prone to non-disjunction
in either MI or MII depending on different types [10,
35, 36]. Moreover, the incidence of this event is sup-
posed to increase with old maternal age mostly because
of the age-related malfunctioning of the female mitosis
apparatus at early embryonic cleavage development
stage [4].

Molecular biological events in mosaicism formation

Above and beyond these essential mechanisms, there are
some specific biological events in early human embryos;
those could correct mitotic errors to avoid mosaicism
formation (Fig. 2). The spindle assembly checkpoint
(SAC) is responsible for arresting mitotic cells at the
onset of the anaphase until all kinetochores of chromo-
somes a r e a t t a ched to the sp ind l e p rope r l y.
Chromosomal misalignment and spindle dysfunction in
human preimplantation embryos can activate SAC, but
it is insufficient to delay the onset of anaphase and
induce the apoptosis of aneuploid cells [16, 21, 37].
In rapidly dividing cells, SAC could not effectively in-
hibit anaphase-promoting complex/cyclosome (APC/C)
activity in a relaxed state. Experiments in early mouse
embryos showed that SAC lost the ability to correct
errors effectively that give rise to aneuploidy and mosa-
icism [37, 38]. Study in the Caenorhabditis elegans

Fig. 1 The most common mechanisms of mosaicism formation. a normal mitotic process. b Anaphase lagging with a micronuclear containing a
fragmented chromosome termed chromothripsis. c Endoreplication of chromosomes without cell division. d Non-disjunction of the sister chromatids
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embryo indicated that both the ratio of DNA or kineto-
chore to cytoplasm and lineage-specific factors are the
important determinants of SAC strength. This means
that SAC would strengthen as cell size decreases pro-
gressively [39]. However, it remains largely unknown
whether this correlation also holds in human early em-
bryos. BUB-1 is one of the essential components of
SAC, which is located on the kinetochore and plays
an accurate role in promoting chromosome biorientation
[40]. It was found that the level of BUB-1 is low in
preimplantation embryos and is related to the occurrence
of spontaneous miscarriage [41, 42]. Previous study in
mouse embryos demonstrated that Polo-like kinase 1
(PLK1), a key cytokinesis-related gene involved in reg-
ulation of spindle assembly, anaphase onset, and APC/C
activation [13], showed lower expression before the ac-
tivation of the embryo genome at the 8-cell stage com-
pa r ed w i th the subsequen t b l a s t ocy s t s t ag e .
Compromised level of PLK1 could contribute to chro-
mosome malsegregation and aneuploid karyotypes [43].

Apart from these crucial regulatory elements for mitosis
mentioned above, cell cycle checkpoints remain at a low-
level until 8-cell stage, while there is overexpression of cell
cycle driver. Due to the shortening of the G1 phase and rapid
proliferation [16], cells lack enough time and regulators to

respond to DNA damage and maintain the genetic integrity
of daughter cells [44]. All these can make early preimplanta-
tion embryos more sensitive to adverse external influences
and thus to mosaicism.

The variation in frequencies in pre-
and post-implantation of mosaic embryos

The frequencies of mosaicism in preimplantation embryos
vary considerably in different previous studies. The incidence
of mosaicism in cleavage-stage embryos was estimated to be
15–93% [4, 20, 28, 30, 31, 45–48] while the rate was reported
to vary from 3 to 44% in later stages such as morula and
blastocyst [11, 35, 48–54]. Diploid-aneuploid mosaicism is
considered to be the most common in mosaic embryos [45].
Data showed visible heterogeneity in the rate of mosaicism
among various laboratories. There may be several reasons for
the discrepancies.

Artificial factors

One of the important reasons is the heterogeneity of the diag-
nostic criteria of mosaicism in different laboratories and cen-
ters. A high level of evidence for identifying mosaicism is a

Fig. 2 The molecular biological
mechanisms that mosaicism is
more common in early cleavage-
stage embryos. a The shift from
meiotic toward mitotic mode of
spindle might disturb the stability
of genome. b The diminished
maternal transcripts before the
activation of the embryo genome
at the 8-cell stage and the
increased self-sufficiency after the
activation of the human genome.
c The spindle assembly
checkpoint (SAC) could not
effectively inhibit anaphase-
promoting complex/cyclosome
(APC/C) activity in early
embryos and would strengthen as
cell size decreases progressively.
The Polo-like kinase 1 (PLK1)
and BUB-1 show compromised
level before the activation of the
embryo genome at the 8-cell stage
compared with the subsequent
blastocyst stage. Cell cycle
controls remain at a low-level
until 8-cell stage and increase in
later stage. d There is
overexpression of cell cycle
drivers, and in the blastocyst, the
opposite is true
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double biopsy and blinded analysis showing reciprocal aneu-
ploidies [55]. Nonetheless, this standard is difficult to imple-
ment because the occurrence of reciprocal aneuploidies has
scarcely been reported, which indicated that non-disjunction
is a rare mechanism in the formation of mosaic embryos. Most
investigators identified mosaicism as long as cells analyzed
with different chromosome constitutions appeared in the same
embryos, whereupon the stringency of methodology and plat-
form is also a variable factor between different centers. In
addition, because of ethical issues, most studies were based
on discarded embryos, and only a small number of studies use
euploid human embryos of single gene or X-linked disorders
[46]. Thus, this may lead to conclusions that cannot be extrap-
olated to all types of embryos.

Technical/external factors

Another important factor that influence the frequency of mo-
saicism is the technical procedure used for diagnosis of mosa-
icism. Fluorescence in situ hybridization (FISH) is a classical
and conventional technique initially applied in preimplanta-
tion genetic diagnosis (PGD), primarily for sexing in terms of
X-linked disorders [56, 57]. Previous studies applied biopsy
of only one or two blastomere(s) coupled with FISH in
cleavage-stage embryos, which was proved to be poorly rep-
resentative of the rest of the embryos. The limited number of
probes that can be used to label the chromosomes in a cycle is
another inherent limitation of FISH usage. Moreover, the oc-
currence ofmosaicism is chromosome-specific while all of the
chromosomes are potential to be implicated in different pro-
pensities. Thus, the number and type of chromosomes inves-
tigated resulted in the high heterogeneity in frequencies from
different laboratories [58]. Early randomized controlled trials
conducted with FISH technique found that the live birth rate
after preimplantation genetic screening (PGS) did not improve
but decreased compared with the control group, which fully
exposed the limitations and inapplicability of FISH [59–61].
One of the determinant reasons may be that the biopsy process
at cleavage stage has significant impacts on the embryo, espe-
cially when two blastomeres are aspirated. Because there are
so limited amounts of cells in embryos at this stage, removal
of a number of two could be detrimental to embryos [62]. By
contrast, it is logical that the biopsy of TE in blastocyst com-
bined with comprehensive chromosome screening (CCS) is
more robust and reliable because multiple cells meet the re-
quirement for detection of mosaicism upholding the principle
of security and demonstrate higher accuracy with reducing the
deviation.

The latest next-generation sequencing (NGS) protocol of-
fers more advantages than the array CGH implemented in
previous years: higher cost-effectiveness, increased resolution
to detect segmental aneuploid, wider dynamic range for inter-
pretation of low-rate aneuploidy, higher throughput, reduced

hands-on time, and decreased artificial background noise.
Recent studies have indicated that the sensitivity of NGS to
detect aneuploidy is the same as array CGH, and the consis-
tency can reach almost 100% [63]. Hitherto, the ability of
NGS to detect mosaicism correctly was reported to contain
as low as 17% aneuploidy in a sample while array CGH can
measure a shift from normality only when the level of aneu-
ploid cells in the sample was > 25% [64, 65]. Theoretically,
increasing sensitivity can also reduce specificity leading to
false positives and discard euploid embryos bymistake, which
gives rise to adverse pregnancy outcomes as well.
Nonetheless, studies have shown that the pregnancy outcomes
of euploid embryo transplantation detected by NGS were bet-
ter than those of array CGH [66]. Therefore, NGS has been
widely accepted as an alternative to other methods because of
its high accuracy and distinctive preponderance.

Both the biopsies in the cleavage and blastocyst stages are
invasive processes, and the potential damage to embryos is
still controversial. On the other hand, two mathematical
models established by Gleicher et al. demonstrated that even
in the ideal scenario, assuming uniform distribution of mosa-
icism in TE, a single biopsy of at least 27 TE cells is required
to obtain minimal diagnostic predictability [67]. This raises
more questions about the effectiveness and accuracy of inva-
sive biopsies. Circulating cell-free DNA sampling from blas-
tocoel fluid and spent culture media of blastocysts in conjunc-
tion with NGS has been sought as an attractive approach to
obtain genetic information of preimplantation embryos, which
is known as non-invasive preimplantation genetic testing
(NIPGT). Intriguingly, encouraging findings are being made
in vast majority of investigations. The concordance rates on
genetic constitution of cell-free source compared with TE bi-
opsies varied from 33 to 100% while whole embryo biopsies
from 50 to 99%, which supports NIPGT as a reliable and
promising source of embryonic genetic information [68–71].
However, Capalbo et al. argued that blastocoel fluid and spent
culture media genetic analysis cannot provide sufficiently re-
liable results to be employed neither for gene-level abnormal-
ities (PGT-M) nor for chromosomal aneuploidies (PGT-A) in
clinical settings. They identified higher maternal contamina-
tion by the characterization of discordant genotypes due to the
dominant paternal allele drop-out (ADO) [72]. Most of these
studies obtained DNA information in spent culture media
from day 3 to day 5, while one recent study collected culture
media from thawed blastocysts after 24 h cultured. Obviously,
this method avoided the maternal contamination to the
greatest extent. The main conclusion they brought was that
NIPGT-A in spent medium may be more reliable than TE
biopsy; they assumed that DNA in spent culture medium
might originate from both ICM and TE while the DNA in
the TE biopsy might only represent the TE content [73].
This finding provided a new channel for the research and
discussion of mosaicism. DNA materials of embryos from
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blastocoel fluid and spent culture media are supported to be
marginalized from aneuploid or euploid cells in mosaic em-
bryos by way of apoptosis during development (Fig. 3) [74].
Whether the cell-free DNA represent the corresponding em-
bryos truly remains controversial. On the other hand, it is
plausible that cell-free DNA may be better represented than
TE biopsies since it originates from embryonic cells uniform-
ly, and the challenge of mosaicism detection will also be read-
ily solved. What is well known to us is that mosaicism is a
major obstacle to NIPGT; however, if we can better under-
stand the source of DNA in spent culture medium, it may be of
great significance to non-invasive testing of mosaic embryos.
As such, well-designed studies should be performed to ex-
plore the actual biological origin and mechanism of DNA
materials in the extraembryonic environment. The practicabil-
ity of NIPGT to diagnose mosaicism also requires other trials.

Biological/internal factors

Apart from possible technical and artificial issues, the exis-
tence of self-selection and correction of abnormal cells in pre-
implantation embryos can be responsible for the reduced mo-
saic embryos from cleavage to blastocyst stage. A study indi-
cated that the incidence of mosaic embryos decreased from 83
on day 4 to 42% on day 8 in vitro. It also illustrated the
differentiation of embryos and formation of cavitation as a
pivot to the negative selection of abnormal cells [48].
Further, the mosaicism rates were reported to be as low as
2% in chorionic villus sampling while reduced to be approx-
imately 0.2% in amniocentesis, which supported a nature se-
lection process during development [3, 75].

Embryos can reduce the magnitude of mosaicism and even
eventually develop into completely euploid embryos via

arrest/apoptosis of aneuploid cells or the preferential prolifer-
ation of euploid cells, which is referred as clonal depletion.
Cell cycle checkpoints can arrest cells with chromosomal ab-
normalities in metaphase and delay the onset of anaphase until
the DNA repair system corrects the errors; otherwise, it will
initiate programmed cell apoptosis. In the earliest stage from
fertilization to 8-cell embryo development, DNA repair is reg-
ulated by maternal transcripts in the absence of efficient
checkpoints. It has been proposed that the ability to repair
DNA damages in oocytes is less than 8–10% of the haploid
genome and the occurrence of chromothripsis caused by abor-
tive apoptosis in preimplantation embryos could give rise to
multiple and chaotic chromosome rearrangements [76].
During the differentiation frommorula to blastocyst stage, cell
cycle checkpoints are reestablished to be more stringent and
aneuploid cells can be targeted for clearance [21, 77]. The
level of transcripts of apoptotic genes, such as BAX and
BIX, is very low in the zygotes and increased rapidly in the
morula whereas the anti-apoptotic gene BCL shows the oppo-
site [78]. Bolton et al. revealed that aneuploid cells in ICM are
eliminated by apoptosis while those in the TE show restriction
on proliferation in a mouse model [79]. This suggests a lack of
apoptotic pathways during early stage and provides an expla-
nation for the lower rate of mosaicism at the blastocyst stage
compared with the cleavage stage.

In addition to the clonal depletion mechanisms that posi-
tively or negatively eliminate abnormal blastomeres as men-
tioned above, another hypothesis is that aneuploid cells in
mosaic embryos can be cleared by self-correction such as
“trisomy rescue.” Trisomic cells can eliminate excess chromo-
some(s) through anaphase lagging or demolition. Similarly,
monosomic cells can also self-correct by endoreplication of
the lost chromosome. There is currently no direct evidence for

Fig. 3 a The biopsy of only one
or two blastomere(s) coupledwith
FISH in cleavage-stage mosaic
embryos. b The biopsy of TE in
mosaic blastocyst combined with
comprehensive chromosome
screening (CCS). Both a and b are
misdiagnosed, and the potential
damage to embryos is still
controversial. c Circulating cell-
free DNA sampling from
blastocoel fluid and spent culture
media of blastocysts in
conjunction with NGS has been
sought as an attractive approach
to obtain genetic information of
preimplantation embryos with the
assumption that cell-free DNA
materials should be marginalized
from both aneuploid and euploid
cells in mosaic embryos by way
of apoptosis during development
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this mechanism; however, since self-correction is considered a
prevalence mechanism, the incidence of subsequent uniparen-
tal disomy (UPD) should theoretically be at least one-third,
but studies showed it was as low as 0~2.1% in both preim-
plantation embryos and newborns [3, 31, 80, 81]. This fact
suggests that trisomy rescue may be a rare mechanism in the
process of embryonic development and progression.

Preferential allocation means that aneuploid cells in
embryos are prone to distribute to trophectoderm (TE)
whereas euploid cells tend to be placed in inner cell
mass (ICM). In the blastocyst stage, multiple studies
have shown that the extent of mosaicism in TE is con-
sistent with ICM, and there is no tendency of euploid
cell distribution in ICM. Therefore, TE biopsy exhibits
a good representative of the chromosomal constitution
of the ICM and even the whole embryo [22, 49, 50,
53, 54, 79, 82–84]. Nevertheless, TE biopsy is not able
to predict pregnancy outcomes, such as ongoing preg-
nancy and miscarriage [85]. Confined placental mosai-
cism (CPM) is more common than true fetal mosaicism
(TFM) in the gestation period. The incidence of mosa-
icism in chorionic villus sampling (CVS) was reported
to be 1.8~2.2% [3, 86], of which only 13–28% in the
followed amniocentesis showed TFM involvement [3,
75]. Both fetal and mesenchymal cells are derived from
the epiblast, and the cytotrophoblast is derived from the
trophoblast, the former shows a closer relative to the
fetus. The possibility of fetal involvement in the mosa-
icism of mesenchymal cells was significantly higher
than that of cytotrophoblast [75, 87]. This finding indi-
cated that the preferential allocation of aneuploidy to
non-fetal tissue may occur in the post-implantation
stage. However, the possibility that apoptosis of aneu-
ploid cells in fetal tissue increases while aneuploid cells
in placenta are compatible with live birth cannot be
ruled out.

Embryo selection for transfer

The fate and viability of mosaic embryos pre- and post-
implantation are determined by multiple factors such as the
type of chromosome involved, the location of aneuploid cells,
and the degree of mosaicism. Although mosaicism can occur
on each chromosome, the likelihood of involvement is not the
same but varies widely with the time of occurrence of the
mosaicism (meiosis or mitosis), the source (maternal or pater-
nal), and its own characteristics (size and type). Accordingly,
the aneuploidy of different chromosomes will lead to different
developmental destinies and clinical manifestation. Here, we
discuss the various factors affecting the viability of mosaic
embryo as follows.

The type of chromosome involved

Mosaicism can impact single or multiple chromosomes with
copy number variation of whole chromosome. Complex mo-
saic blastocysts present more compromised embryonic devel-
opment potential and pregnancy outcome compared with oth-
er types, such as single or double mosaic embryos [11]. It is
noteworthy that the majority of monosomy originate from
mitotic errors, while most trisomy originate from maternal
meiotic errors [31, 49]. It was previously thought that mosaic
embryos derived from early meiotic errors showed a higher
degree of abnormalities, compared with mosaic embryos oc-
curred after fertilization, especially mitotic errors at the last
phase of in vitro development that had a lower mosaic extent.
In addition, the viability of monosomic cells is lower than
trisomic cells; thus, the majority of monosomic cells will be
cleared in the post- implantat ion phase [88, 89].
Preimplantation Genetic Diagnosis International Society
(PGDIS) recommended that mosaic euploid-monosomy trans-
fer should be preferred over euploid-trisomy [90]. However,
Munne et al. found no significant discrepancy in pregnancy
outcomes between monosomic and trisomic mosaic embryos
[11]. This suggests that ploidy is not the only factor determin-
ing the survival potential of embryos. Certain types of chro-
mosomes can pose a fatal threat on the development of em-
bryos, while others can coexist with embryos or even
live births. Moreover, different types of chromosomes
are not equally affected. Aneuploidy 16 is the most
frequently affected chromosome in preimplantation em-
bryos and miscarriage products of conception, which is
strongly associated with potential intrauterine growth re-
striction. Further, chromosomes X, 21, and 22 were also
reported to be the most susceptible to whole chromo-
some errors [4, 8, 49, 91–93]. Different types of chro-
mosomes show different copy number tendencies.
Chromosomes 11 and 15 are more prone to be trisomy,
while chromosomes 20 and 18 are more prone to be
monosomy [24, 29]. This suggests that the origin of
d i f f e r en t ch romosomes may a l so be d ive r se .
Chromosome length is positively correlated with
chromosome-specific rates of mitotic error but negative-
ly with meiotic error in preimplantation embryo [8].

Uniparental disomy (UPD) is defined as a phenomenon
that two homologous chromosomes are inherited from one
parent rather than each of the two parents, respectively. UPD
can result in imprinting disorders and serious recessive disor-
ders. Well-known or proposed chromosomes involved in clin-
ical significant UPD are chromosomes 6, 7, 11, 14, 15, 16, and
20 [94, 95]. Although UPD has proven to be a clinically rare
phenomenon, its occurrence can lead to complex and intrac-
table diseases such as Angelman syndrome and Prader-Willi
syndrome [1]. Furthermore, UPD affects only a part of chro-
mosome, called segmental UPD, which often occurs in
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Beckwith-Wiedemann syndrome. Therefore, detailed discus-
sion is warranted when mosaic embryos involving these chro-
mosomes are considered for transfer.

The location of aneuploid cells

The distribution of chromosome aneuploidy in different cell
lines is also heterogeneous. Different chromosomal abnormal-
ities showed different distribution patterns in fetal tissue,
cytotrophoblast, and mesenchyme. Malvestiti et al. found that
mosaic aneuploidy can involve all chromosomes, but chromo-
somes 1, 6, and 17 are commonly observed in CPM, while
chromosomes 4, 8, 12, 13, 16, 18, 20, and 21 are preferentially
observed in fetal tissue [3]. Mesenchymal cells are more
closely related to fetal tissue than cytotrophoblast, so the mo-
saicism of chromosomes in mesenchymal cells is more likely
to be involved in fetal tissue [75, 87]. Although some chro-
mosomes are confined to extra fetal tissues, abnormalities in
certain chromosomes (particularly chromosomes 2, 7, 16, and
possibly 22) in CPMmay also increase the risk of intrauterine
growth restriction or other complications [19, 91], which re-
sults in stillbirth or congenital defect particularly when both
the mesenchyme and the cytotrophoblast are affected [3].

Segmental mosaicism

With the development and progress of detection technology,
more and more segmental aneuploidy has been discovered
gradually with a majority being mitotic in origin. So far, the
frequencies of segmental aneuploidy have been reported rang-
ing from 1.1 to 70% in different literatures [31, 46, 96, 97]. It
should be noted that during chromosome separation, large
chromosomes are more likely to break and result in segmental
mosaicism [11, 51, 97, 98]. Conversely, small chromosomes
and acrocentric chromosomes are more prone to copy number
errors [99, 100]. In addition to the size, fragile sites of chro-
mosomes may be an important factor leading to segmental
mosaicism [22, 101]. Studies demonstrated that chromosomal
breaks appear to concentrate at fixed loci [102, 103].
Chromosome 19 is common in segmental abnormalities in
virtue of the highest GC content even its relative small
size [103]. Chromosomal abnormalities affecting centro-
meres (such as whole chromosome aneuploidy or entire
chromosome arm breakage) are more likely to result
from meiosis and inclined to be passed on to the next
generation, so the impact on pregnancy may be more
pronounced. However, segmental mosaicism is usually
accompanied by the formation of micronucleus and
chromothripsis, in which the DNA fragmentation
followed by cell cycle arrest is inevitable [27, 82].

From the above, segmental mosaic embryos should be giv-
en priority to be transferred compared with whole chromo-
somal mosaic embryos. It is worth noting that the true

incidence of segmental mosaicism may be overestimated
due to technical and biological errors. Several studies sug-
gested that NGS is more sensitive, and its ability to detect
low-level and segmental aneuploidy is better than array
CGH [66, 96, 104]. It was reported that the minimum segmen-
tal abnormality the high-resolution NGS can detect is as small
as 1.8 Mb [105]. In comparison with array CGH, it was
proved that NGS can detect more segmental abnormalities
[96]. In addition to artificial factors, biological factors such
as cell cycle S phase interference are also a major issue. The
S phase of the cell cycle may contain DNA replication do-
mains with different copy numbers, leading to false positives
[106]. Furthermore, rapidly dividing cells such as tumor cells
or blastomere contain a longer S phase and a shorter G1 phase
causing a larger proportion of cells remaining in S phase [102,
107]. This increases the risk of misdiagnosis especially the
single cell biopsy, and we must manage the diagnosis of seg-
mental mosaicism with prudence.

The degree of mosaicism

Grati et al. proposed a set of scoring system for prioritizing
mosaic aneuploid embryos. They indicated that mosaic triso-
mies 1, 3, 10, 12, and 19 have the highest priority for transfer
due to the very low risk of any adverse outcomeswhile mosaic
trisomies 13, 14, 16, 18, 21, 45, and X should be avoided
because of the high risk of compatibility with live birth
[108]. However, this scoring system was based solely on cho-
rionic villus samples and products of conception and could not
evaluate the degree of mosaicism in preimplantation embryos
so that the scoring criterion failed to use the proportion of
aneuploid cells in embryos for prioritization. There is no gen-
eral consensus and unified standard about the degree of mo-
saicism. Studies in mice suggested that the implantation rates
of mosaic embryos are the same as those of the control group,
provided the existence of a sufficient proportion of normal
cells [79]. Theoretically, any mosaic embryo can survive in
the presence of euploid cells. PGDIS suggested that the pro-
portion of aneuploid cells in mosaic embryos should be con-
sidered, but the level of mosaicism in biopsy samples cannot
represent the state of rest embryos [90]. CoGEN indicated that
even though biopsy samples may be less representative, when
embryos contain higher levels of mosaicism in the
trophectoderm, a higher probability with aneuploidy in the
inner cell mass is logical [109]. Previous studies have revealed
that the grade and the distribution of mosaic abnormal cells
were correlated with the proportion of aneuploid cells and the
likelihood of being diagnosed on clinical TE biopsies [50].
Remarkably, a recent study demonstrated an overall high sen-
sitivity but relatively low specificity of only 67% in the con-
text of PGT-A, indicating a dramatic number of false positive
diagnosis based on TE biopsy result [110]. As a consequence
of this observation, we should acknowledge that the
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interpretation of the results warrants further consideration, and
more efficient methods and platforms are required as the de-
gree of mosaicism is an important factor in considering the
transfer of mosaic embryos.

Clinical outcome of mosaic embryo transfer

The clinical outcome of mosaic embryo transfer has been
reported in many publications, but the debate on mosaic em-
bryos remains intensive. The reported rate of ongoing preg-
nancy after mosaic embryo transfer ranged from 15 to 41%,
showing significant decrease compared with the control group
[11, 52, 82, 111]. Mosaic in placenta may have a higher risk of
prenatal and perinatal complications [112]. A recent world-
wide web-based survey reported that 20% of respondent
IVF units performed transfers of chromosomally “abnormal”
embryos, of which 49.3% cycles resulted in ongoing pregnan-
cies or live births with a low miscarriage rate (9.3%) [113].
These results suggest that mosaic embryos also have the po-
tential to develop into normal karyotype offspring and should
be classified as viable rather than discarded [114].

Based on the proposed criteria for mosaic embryo
transfer, it is necessary to thoroughly review the risks
and limitations in appropriate genetic counseling for pa-
tients to make prudent decisions in the context of clin-
ical management. Patients should be fully informed of
some factors leading to misdiagnosis, for instance, the
false negative resulting from the inability of NGS to
effectively identify reciprocal chromosomal aneuploidy
and euploidy/aneuploid mosaic embryos and the false
positive results due to heterogeneity at the cell cycle
stage [115]. These issues suggest that normal or low-
level mosaic embryos diagnosed by preimplantation ge-
netic screening may actually be complete aneuploidy,
while embryos diagnosed as abnormal may also be
completely normal and mistakenly discarded. Non-
invasive PGT of mosaic embryos is also confronted
with new opportunities and challenges. Once a pregnan-
cy has been established after a transfer of mosaic em-
bryo, periodic prenatal diagnosis should be strongly rec-
ommended thereafter to track the possible outcomes.
The benefits and limitations of prenatal diagnosis should
also be provided by a genetic counselor. At present, the
application value of mosaic embryos has been affirmed
to some degree. Nevertheless, how to make the best use
of this special embryo type needs more rigorous clinical
controlled studies.
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