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A b s t r ac t
“Mosaic” as an adjective describes any type of work or art which is produced by joining of many small pieces differing in size and color. Virtually
all multicellular organisms are mosaics of cells with different forms and functions. Normal developmentally determined mosaicism involves
permanent changes in the DNA of somatic cells giving rise to specialized cells of various organ systems of the body. Several mechanisms,
such as cell cycle dysregulation, centrosome overduplication, and cancer formation, have been reported as end products of mosaicism,
either chromosomal or germline, arisen prenatally or postnatally, in many cases. There is an extensive literature present which describes the
presence of genetic mosaicism in human diseases. With the development of more advanced molecular genetic diagnostic techniques, it has
been recognized that genetic mosaicism is involved in many monogenic and polygenic complex diseases. This review highlights the dilemma
between the creation and transferring of the mosaic embryos detected by preimplantation genetic diagnosis aneuploidy testing during assisted
reproductive technology cycles. The main question of concern is not only the implantation potential of the accepted mosaic embryos but also
the well-being of future generations to follow from these phenotypically normal mosaic individuals.
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W h at

is

Mosaicism?

Mosaicism is the result of mitotic errors and it can be described as
the presence of dissimilar cell populations with distinct genotypes
in an individual. Its clinical repercussions are immense in practice
of embryo transfer during assisted reproductive technology
(ART) cycles as transference of genetic information is crucial to
human growth and development.1 Aneuploidies many times are
an end product of aberrant chromosomal segregations occurring
either during gametogenesis or somatic division. These types of
aneuploidies are generally deleterious for cellular or organismal
fitness. These anomalous mutations give rise to mosaicism within
an organism and are an outcome of postzygotic mutational events.
These kinds of mutations vary from being big structural variants
or aneuploidies to single nucleotide polymorphisms (SNPs). As
our insight on complexities of the human genome is increasing
day by day, our understanding of involvement of mosaicism in
various diseases is also increasing. Now scientists are realizing that
phenotype or expression of a disease may vary depending on the
type of mutation, location, and the number of affected cells by
mosaicism in an organ.2
Almost 70% of cleavage-stage embryos and 90% embryos
in the blastocyst stage were found to have genetic mosaicism in
them during the ART cycles. So, we can say that mosaicism is not an
exception but a rule in the ART industry. At the level of an organism,
mosaicism can be classified into two types, i.e., somatic mosaicism
and germline mosaicism. The most common inheritance patterns
seen in the case of germline mosaicism are autosomal dominant
and X-linked, though it can be observed in any inheritance pattern.
As mosaic germline mutation can be passed on to next generation,
it is the most significant type of mosaicism. 3
In most cases, it is only after the birth of affected children that
individual becomes aware about his/her germline mutation status.
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The progeny of an individual with mosaic germline mutation in its
egg or sperm cell will have mosaicism in all its cells, and in further
worse scenario if this mutation is autosomal dominant, the child
will have a genetic disorder and not just be mosaic-like parents.
In case of somatic mutation, the individual may or may not get
the genetic disorder caused by that particular mutation, and
individual phenotype will depend on the number and type of cells
affected.4 An individual carrying somatic mosaicism who manifests
a milder phenotype of a genetic syndrome may have only a small
proportion of cells with mutation or the mutation is restricted to
a small section of body cells. But in case somatic mutations take
place in the initial development stages, they can affect the whole
organ or organ system. The best example for somatic mosaicism
includes mosaic Down syndrome and mosaic Klinefelter syndrome.
Though all mutations are not deleterious to the tissue structure and
function but as our knowledge is increasing about mosaicism, we
now know that mosaicism in a clonally expanded form can kick in
many detrimental effects in humans. It has been known for long
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about the link of constitutional aneuploidy occurring during egg
development as the main promoter for female fertility decline due
to aging. Turning on or off of genes during cell differentiation is a
very crucial phenomenon, as the outcome of a particular mutation
on a tissue or life stage will directly depend on it. With every coming
day, the overall understanding of the role of somatic mosaicism in
human health is increasing. In diseases like cancer, developmental
or neurological disorders, somatic mosaicism plays a very significant
role as early developmental stage mosaicism has a profound effect
on the prognosis of these diseases.5

How

and

When It Happens?

All life junctures are vulnerable to genetic mosaicism but the
early stages of development are more susceptible to mosaicism
because cellular proliferation rates are quite high, whereas DNA
repair capabilities diminish in the later stages of life.6 During
an embryonic stage, some mutations are proven fatal during
initial developmental periods, especially during the period of
organogenesis, increasing the probability of clonal expansion
and the detrimental effect on phenotype.7 In genetic mosaicism,
mutations can affect a single base to large DNA rearrangements,
which can involve a few or thousands of bases to the whole of the
chromosome. A nondisjunction event during an early embryonic
division can lead to an aneuploidy mosaicism, though with a milder
phenotype because of the absence of mutations in all cells.8 In
some cases, reversion of anomalous genotypes can also lead to
mosaicism in an individual.9

Special Forms of Mosaicism
In gonadal mosaicism, a few gametes carry mutations but the
rest are normal and can be transmitted to next generation as de
novo germline mutations. These mutations happen prior to the
process of spermatogenesis or oogenesis during the origination
of primordial germ cells in parents. The whole of progeny will not
be affected by these mutations as these mutations may present
only in a few stem cells. Many studies have shown that early stages
of development like early embryogenesis and differentiation of
primordial germ cells are more critical and have higher capabilities
to instigate mutations than succeeding stages like postpubertal
spermatogenesis because the rate of mutation per cell division
is much higher in these life stages.10,11 In confined placental
mosaicism, mutations can be spotted in the chorionic villi, whereas
the fetal cells show no abnormality pre or postnatally.12 In this
type of mosaicism, most of the times the fetus experiences no
complication at all, and it develops into a perfectly normal child
but sometimes prenatal or perinatal complications do arise. The
development of placenta and the placental function may get
affected by mosaicism of the placental cells without affecting the
fetal cells.13

Clinical Implications of Mosaicism
Mosaic mutations have been linked to complex diseases like
neurological disorders and cancers. These diseases are the
coalescence of numerous gene mutations and epigenetic
factors. The biggest factor for genomic instability in various
cancers is the genetic heterogeneity of tumors. In literature, this
is a well-documented fact that widespread somatic mosaicism
is caused by developmental mutations in the hematopoietic
system. These developmental mutations are the sole reason for
childhood leukemia in many cases. The childhood cancers are

usually attributed to inheritance that is when mutation occurs
prior to the very first zygotic cell division. However, a few research
studies have indicated that early childhood cancers may originate
from developmental mutations. In case the developmental
mutations occur in the initial rounds of postzygotic cell division,
then numerous stem cells begin life with mutation, and this way
developmental mutations behave the same as the inherited
mutations and metamorphose a fraction of cells causing
mosaicism. In case a disease which is manifested is derived from
mutated cells which are in a very small number, then it may be
regulated by developmental mutations. Best example for this
phenomenon is the cancer progression. In cancer, initially one
or very few cells get affected but ultimately it embraces a large
number of cells of a tissue. This way the developmental mutations
seed abnormality in many stem cells and increase the risk of those
predisposed cells to cancer.14
Mostly disorder caused by mosaicism is present in a milder
form in its carrier than their offspring and in many cases symptoms
present are so different that they can be considered as different
syndromes altogether. For example, a woman had mosaicism for
COL2A1 mutation and she was suffering from Stickler syndrome,
but she gave birth to a child with Kniest dysplasia as her child
carried this mutation in all of its cells.15 Amyotrophic lateral sclerosis
(ALS), a neurodegenerative disease, also shows much of the same
process. The highest risk and the earliest age of onset is for those
with inherited predisposition due to mutation in every single cell
as it happens in germline mosaicism.16 In somatic mosaicism, a
mutation in early developmental stage has only a slightly reduced
risk and outbreak of disease at a later stage, as compared to the
inherited cases.17
Major psychiatric disorders and autoimmune diseases have
higher incidences of chromosomal mosaicism. The degree of
mosaicism in various disorders is like 16% in schizophrenia and
autism, 3–5% in mental retardation, more than 10% in Alzheimer’s
disease, and 4% in autoimmune thyroid disease.18

Mosaicism in Embryos
An embryo with two or more cell populations with different
genotypes is defined as a mosaic embryo. Embryonic mosaicism
results from mitotic errors happening after fertilization. This most
commonly occurs during second or third cleavage but sometimes
happens during the first cleavage stage too. In case of diploidaneuploid mosaics, one cell line is euploid and the second is
aneuploid, but in aneuploid mosaics two or more aneuploid cell
lines exist with 100% of abnormal cells.19

Clinical Implications of Transferring Mosaic Embryos
The pervasiveness and the outcomes of mosaicism are much
more conspicuous when it is detected in the course of the
cleavage stage than during the blastocyst stage, thus indicating
a selection mechanism at odds with mosaicism in the later stages
of development. So, clinical outcomes of mosaicism depend
upon a range of factors like time when the error occurs or after
its occurrence it keeps on propagating or not.20 The validity of a
diagnosis of mosaicism and potential of these mosaic embryos is
now under scanner more because in next-generation sequencing
(NGS) detection, the rate of mosaicism is much higher as compared
to comparative genomic hybridization (CGH). A fear of abnormal
pregnancies due to the transfer of mosaic embryos creates many
apprehensions about transferring mosaic embryos during ART
cycles.21
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A study by Greco and Minasi supported the idea that mosaic
embryos can self-correct themselves because in many cases
mosaic embryo transfer resulted in either healthy live births
with normal karyotyping or biochemical pregnancies. Another
explanation for this phenomenon can be false-negative testing,
i.e., the embryos which were labeled mosaic were actually
euploid. 22 In another study during retrospective reanalysis of
whole genome of 76 blastocysts by means of NGS, which were
marked as euploid by CGH, 6 of 38 blastocysts which resulted in
live births were found to be mosaics. The rest of 38 resulted in
miscarriages, and out of these 12 were found to be mosaics. 23
Though some mosaic embryos result in live births but the risk of
early pregnancy loss is quite high in such embryos. The degree
of implantation in mosaic embryos is far less than the euploid
embryos. The mosaicism frequency in live births, children, and
adults is not studied well because normally chromosomal analysis
in live births is not very sought-after and done only when there is
a clinical symptom or a compelling speculation of a chromosomal
disorder. 24
Since the human karyotyping is introduced, cytogenetic
abnormalities are the well-known reasons for the condition of
being infertile. Infertility has been linked to the cytogenetic
abnormalities in germ cells of individuals with infertility and who are
having normal constitutional karyotypes. Determined by particular
translocation, the risk of an unbalanced karyotype occurrence in
a spermatozoon due to Robertsonian translocation is between 3
and 27%. A pregnancy which is an outcome of such spermatozoon
could end with spontaneous abortion or a chromosomally
abnormal offspring, subject to the lethalness of the chromosome
involved. Most of these unbalanced chromosomal constitutions
are nonviable. Even though the low-risk abnormalities should be
disclosed to parents, the long-term effects of abnormal pregnancy
are devastating. A disomy 13 or nullisomy 13 spermatozoon can
be an end product of a Robertsonian translocation between the
same chromosome 13. As all spermatozoa carry this abnormality,
intracytoplasmic sperm injection (ICSI) cannot be an option for
such individual as all embryos would be monosomy 13 or trisomy
13 and will not survive.25
There are a few kinds of translocations which have higher
possibility of survival but progeny suffers from the serious outcomes
including abnormal physical and mental conditions. A number of
embryos with unbalanced segregations of reciprocal translocations
have already been documented after ICSI.26

Infertile Men with Normal Karyotypes
It is a well-known fact that individuals with somatic chromosomal
abnormalities face reproductive difficulties. But in recent times,
infertility in individuals with normal constitutional karyotypes
but having some kind of cytogenetic abnormalities in germ
cells is becoming very common. In both kinds of abnormalities,
there is an enhanced risk of miscarriage and birth of mentally
or physically disabled children. 27 Some studies have been done
on sperm chromosome complements in men with normal
karyotypes with a condition of infertility. The main focus of these
studies was to find whether meiosis in these infertile individuals
is susceptible to errors of nondisjunction which can end as
an aneuploidy. It was seen that there was a marked rise in the
frequency of disomy for chromosome 1, X and Y. If a spermatozoon
with any disomy fertilizes a normal oocyte, this will produce an
embryo with trisomy, which would in all likelihood be lost prior
to implantation because this trisomy is a lethal condition for the
114

survival of the fetus. 28,29 Aneuploid spermatozoa specifically
for sex chromosome have been reported in infertile patients
with abnormal semen parameters. Men with abnormal semen
parameters like low sperm count, low percentage of motile
sperms, and high follicle-stimulating hormone (FSH) have been
seen carrying sex chromosome mosaicism. 30 Some reports about
ICSI pregnancies where prenatal diagnoses have been done show
an increased risk of sex chromosomal aberration, mostly with
paternal origin. 31 Familial aggregation which affects multiple
individuals and generations could be linked to the germline
mosaicism and this can help in finding an explanation for the
reappearance of rare mutations in a single pedigree. 32,33 Many
molecular mechanisms, such as defective chromatid cohesion,
cell cycle dysregulation, and centrosome overduplication, which
play a crucial role in cancer formation in the body, are also seen
to promote chromosomal mosaicism in human embryos. 34

PGDIS Guidelines
According to preimplantation genetic diagnosis international
society (PGDIS) guidelines, during ART embryo transfers mosaic
trisomies 1, 3, 4, 5, 6, 8, 9, 10, 11, 12, 17, 19, 20, 22, X, and Y should
be favored over mosaic trisomies 2, 7, 13, 14, 15, 16, 18, and 21. This
is may be because the latter group of trisomies carries the known
risks of syndromes like Patau syndrome and Down syndrome.
But mosaicism of other chromosomes increases the risk of
intrauterine growth retardation (IUGR) and uniparental disomy.
The preferred trisomies according to the PGDIS guidelines
have been seen to carry abnormal phenotypes which are most
probably dependent upon the fraction of the affected tissue
types and abnormal cells. 35

Critical Analysis of the Situation
Even if there are live births out of the mosaic embryos, there have
been a number of studies which propose that somatic mutations
of the germ line may be existing in the phenotypically normal
individuals. 36 Various disorders like ornithine transcarbamylase
deficiency, pseudoachondroplasia, Crouzon syndrome, hemophilia
A, Apert syndrome, osteogenesis imperfecta type II, Duchenne
muscular dystrophy, tuberous sclerosis, achondroplasia, aniridia,
and dominantly inherited ectrodactyly have all been reported in
families in which parents are phenotypically normal by all known
tests but in which more than one of their children has been affected
with dominantly inherited or X-linked recessive disorders. 37,38
Potential explanations that have been put forward comprise
germline mosaicism in one of the phenotypically normal parents,
genetic heterogeneity, or epistasis.39,40
Then what is the future of any type of mosaic embryos being
transferred in an in vitro fertilization preimplantation genetic
diagnosis-aneuploidy testing (IVF-PGD-A) cycle? Both embryonic
viability and reproductive end product are critically dependent
on the function of the spermatozoa. Dominant genetic disorders,
childhood cancers, or other complex monogenic or polygenic
disorders in offspring are directly linked to the damaged or
defective spermatozoa.41 Genetics is becoming more important
following the development of IVF and ICSI as these lead to
more genetic abnormalities in offspring. The use of ICSI has
raised major concerns about the safety of the offspring since it
bypasses the physiological protective mechanisms related to
normal fertilization. Natural selection prevents the transmission
of mutations causing infertility, while this protective mechanism
is overcome by ART.42,43
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C r i t i c s V i e w : A D i l e mma
Scenario

in the

Present

Geneticists and molecular biologists are working hard on a very
advanced technology. Attaining that knowledge is good and
fully justified. But application to a person in the society is fully
mismatched, as it cannot be so easily swallowed by an affected
person. Preimplantation genetic diagnosis (PGD) has its own
limitations and has ethical concerns. The question is: Are we
ready for accepting genetically affected individuals in the society
knowingly or unknowingly through IVF/ICSI technology? It may be
a bliss or a boon for the future. In this situation, we cannot say “no”
to advancement, but we also cannot say “yes” to the genetically
suffering generation.
So, with transferring mosaic embryos which can be aneuploid
mosaic/diploid-aneuploid mosaic/ploidy mosaic/chaotic mosaic,
we normal humans in charge of doing PGD-aneuploidy are
putting at risk the future of two generations and others to come,
deliberately increasing the load of genetic disorders in the human
population. The situation remains unanswered today and is critically
under appraisal.
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