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Abstract

Chromosomal instability syndromes (CIS) show autosomal recessive inheritance patterns and are identified by breakage of
the chromosome and chromosomal instability which are mostly direct results of DNA repair machinery defects that lead to
many phenotypic manifestations including an increased predisposition to malignancies. The most commonly known CIS are
Fanconi anaemia (FA), Nijmegen syndrome (NS), Bloom’s syndrome (BS), Ataxia-telangiectasia (A-T) and Ataxia telangi-
ectasia like disorder (ATLD). Inherited bone marrow failure syndromes constitute a group of diseases that are extremely rare
and can be described by inadequate blood cell production of single or multiple hematopoietic lineages. A major proportion
of IBMFs is caused by defective genes that are involved in cellular pathways like ribosome function, telomere biology, tran-
scription regulation, DNA repair, and telomere maintenance. In these diseases, bone marrow failure is frequently linked to
other somatic abnormalities. IBMFS includes disorders such as Thrombocytopenia absent radii, Congenital amegakaryocytic
thrombocytopenia and Fanconi anemia. The clinical phenotypes of these diseases are often overlapping and hence proper and
accurate diagnosis is a challenge. Moreover, these diseases show great clinical heterogeneity and disease penetrance which
can be explained to some extent by somatic mosaicism. Mosaicism can be a result of several mutations that have proliferated
to only a small cluster of adult cells during the early developmental stages of the organism and subsequently during aging.
The tissues in the body of an individual are regularly subjected to several intrinsic and extrinsic mutagenic stresses which
can result in the accumulation of many genetic variations ranging from single base pair to ploidy level changes. During the
past decades, somatic mosaicism has emerged as one of the major contributing factors in many monogenic disorders. These
disorders are often associated with a predisposition to cancer, therefore, early and proper diagnosis is extremely important
for adequate management and treatment.
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CAMT Congenital amegakaryocytic
thrombocytopenia

FA Fanconi anemia

LARs Lymphocyte associated
rearrangements

FISH Fluoroscent in situ hybridization

CGH Comparative genomic hybridization

SNP microarrays Single nucleotide polymorphism
microarrays

aCGH Array CGH

SCS Single-cell sequencing

Introduction

Somatic mosaicism can be defined as the existence of somat-
ically diverse clusters of somatic cells in an individual which
is derived from one fertilized egg. Mosaicism can be a result
of several mutations that have proliferated to only a small
cluster of adult cells during the early developmental stages
of the organism and subsequently during aging. Genetic
differences that are present in the tissues give rise to the
mosaic phenotype and these variations are not inherited in
accordance with Mendelian rules. Somatic mosaicism is an
important contributor to the phenotypic variations present
in an individual.

Somatic mosaicism was first identified by Curt Stem in
the year 1936. He demonstrated that the phenomenon of
genetic recombination, which was a normal occurrence in
meiosis, was also possible in the mitotic division. He discov-
ered the presence of somatic crossing over and segregation
in Drosophila melanogaster. He also identified many inser-
tions and deletions in the chromosome and described them
as somatic mosaics (Stern, 1936). Bridges, in the year 1925,
described a mosaic condition in the X chromosome of a fruit
fly. Patterson, in the year 1929 demonstrated the actual seg-
regation of chromosomes in somatic cells (Patterson, 1929).
Cytological evidence confirming the presence of varying
chromosome constitution in diverse cells was obtained by
Mc Clintock in the year 1932 by her work on variegated Zea
mays. She found varying degrees of changes in the length of
chromosomes in many cells which may have been a result of
somatic crossing over events (McClintock, 1932). Kaufmann
in 1934 reported that homologous chromosomes of somatic
cells of Drosophila melanogaster showed chiasma-like
arrangements (Kaufmann, 1934). Peto reported that under
radiation the root tip cells of Hordeum vulgare showed the
formation of chiasmata (Peto, 1935).

The tissues in the body of an individual are regularly sub-
jected to several intrinsic and extrinsic mutagenic stresses
which can result in the accumulation of many genetic varia-
tions ranging from single base pair to ploidy level changes.
Examples of extrinsic factors include nicotine usage and

UV exposure which can cause damage to the DNA result-
ing in somatic mutations. In addition, intrinsic mutagenic
factors such as ploidy changes (loss or gain of entire chro-
mosomes), transposable elements, faulty DNA replication,
errors of DNA repair machinery may give rise to genetic
alterations in both diseased as well as normal tissues. During
the past decades, somatic mosaicism has emerged as one of
the major contributing factors in many monogenic disorders
(Venugopal et al., 2019). Mosaicism has also emerged as the
major source of antigenic diversity, embryo twinning and is
also responsible for few aspects of mitochondrial disorders.

An increase in the rate of somatic mutation and DNA
lesions arising as a result of an aberrant DNA repair pathway
or error-prone polymerase has been shown to be directly
related to neurodegenerative phenotypes, early aging and
cancer predisposition in both human and mouse.

Though the exact role of mosaicism in disease pathology
is being actively investigated, it is evident that functional
mosaicism has an important role in human disease. Cytoge-
netic and sequencing techniques have been tremendously
advanced in the last decade, enabling researchers to discover
pathogenic somatic mutations for many diseases and many
driver mutations for cancers.

Sources of Somatic mosaicism

Single nucleotide variations and small insertions
or deletions

Single nucleotide variants (SNVs) come about in six primi-
tive varieties: T-A>G-C, T-A>A-T, C-G>G-C and C-G>A-
T (transversions) and T-A>C-G, C-G>T-A (transitions).
Post-zygotic mutations studies in tumours indicate that envi-
ronmental stressors cause distinct signatures of mutations
(Helleday et al., 2014; Pfeifer et al., 2005; Pleasance et al.,
2010). It was reported that the distribution of mosaic SNVs
in healthy tissues is parallel to the distribution of mutations
in cancer cells (Huang et al., 2014). Therefore, the uterine
environment might make an individual susceptible to certain
types of mosaicism. Small (<~ 100-200 bps) insertions and
deletions (indels) is a mutational type which is of similar
scale to single nucleotide variations. Plausibly, any poly-
merase might cause deletions, however, certain particular
human polymerases are empirically shown to lead to the
production of small deletions at increased rates (Hile et al.,
2012). Incorporation of substitute polymerases because of
stress or damage during the course of development can affect
mosaic indels distribution (Fig. 1a). Thompson et al.. identi-
fied a rare association of CAMT with proximal radioulnar
synostosis (RUS) which was due to a heterozygous variant
of HOXA11 (RUSATI; MIM 605,432), which is a homeobox
gene (Thompson & Nguyen, 2000; Thompson et al., 2001).
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Fig. 1 Major sources of somatic mosaicism. a Single nucleotide vari-
ation (transition or transversion mutations lead to accumulation of
single nucleotide variations), b Chromosomal aneuploidy (nondis-
junction during meiotic recombination can lead to the formation of
gametes with abnormal chromosome numbers, which when fertilized
with normal gametes can give rise to aneuploid cells), ¢ Loss or gain

Niihori et al. identified heterozygous mutations MDS1 and
EVII complex locus (MECOM) in three unrelated RUS and
AT (RUSAT 2, MIM 616,738) patients (Niihori et al., 2015).

Chromosomal Aneuploidy and large-scale structural
changes in the chromosome

In the constitutional state of human life only monosomy of
X, and trisomy of 13, 18, 21 and X chromosomes are toler-
ated. However, in the mosaic state a wide array of aneuploi-
dies are reported. These comprise of monosomy of 7, 18
and 21 and include trisomy of 7, 8, 9, 12, 14, 15, 16, 17, 20
and 22, each with variable phenotypic features, proportions
of affected cells, and occurrence. With increasing maternal
age, the meiotic risk increases and might result in whole

@ Springer

of copy number (various molecular events like deletion, duplication
and inversion of gene segments can lead to copy number variations)
d Trinucleotide repeat expansion (expansion of trinucleotide repeats
in the coding regions arise due to mitotic recombination whereas
repeat expansion in the non-coding region typically occurs via mei-
otic recombination)

chromosomal aneuploidy through nondisjunction (Fig. 1b).
Meiotic nondisjunction which may be corrected by post-
zygotic formation or loss of a duplicate copy of a whole
chromosome can lead to mosaic aneuploidy, which in the
euploid cell line can result in uniparental disomy (UPD)
or otherwise due to post-zygotic nondisjunction (Conlin
et al., 2010). Isochromosomes and ring chromosomes are
two other significant anomalies that are seen in the mosaic
state. Pallister-Killian syndrome (MIM#601,803) caused by
mosaic abnormality involving isochromosomes (of 12p) is
a notable one. Isochromosome 12p is only reported in the
mosaic state, most probably as such an anomaly would be
fatal in the constitutional state (M. Campbell, 2015). Large
scale structural changes in the chromosome locations 7p14,
7935, 14932 and 14q11 have been reported in AT patients
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by Kojis et al. (Kojis et al., 1989). Iourov et al. have also
that stochastic aneuploidy in the cerebrum and cerebellum
of AT patients have been reported to be were two to three
folds more than the unaffected controls (Iourov, Vorsanova,
Liehr, et al., 2009a, 2009b). The presence of these chromo-
somal anomalies in AT patients could explain tissue specific
clinical features of the disease.

Loss or gain of copy number

The methods that revealed the significant correlation
between copy number variations and health have ampli-
fied sensitivity and implicated mosaicism as the source of
many known disease-related mutations (Boone et al., 2010;
Cheung et al., 2007; Conlin et al., 2010; Pham et al., 2014).
The mosaicism frequency observed for disease-related
copy number variation is a balance between post-zygotic
mutagenesis frequency and non-severe mosaicism-related
phenotypes that dodge medical diagnosis. A major portion
of recurring copy number variations are a result of nonal-
lelic homologous recombination (NAHR) between adjoin-
ing low-copy number repeats (LCRs). NAHR usually takes
place during the course of meiosis (Turner et al., 2008).
Lack of obvious paternal age effect on the danger of standard
genomic syndromes like Smith-Magenis (MIM#182,290)
and Angelman (MIM#105,830) syndromes along with insig-
nificant prejudice in the parent of origin of frequent copy
number variations reinforces the supposition that most recur-
rent copy number variations have a meiotic origin (Hehir-
Kwa et al., 2011). Nevertheless, sporadically, copy number
variations that seem to be facilitated by LCRs have been
reported in the mosaic state (Messiaen et al., 2011) (Fig. 1c).
Likewise, the percentage of mosaic copy number variations
that truly result from post-zygotic mitotic recombination
causing the absence of heterozygosity (AOH) rather than a
post-zygotic new mutation has not been completely discov-
ered. However, the occurrence of such mitotic LOH events
in humans (Choate et al., 2010) and mice (Shao et al., 2001)
is known.

Two key mechanistic classes: nonhomologous end join-
ing (NHEJ) and replicative mechanisms seem to form Non-
recurrent CN'Vs. While particulars of the suggested repli-
cative mechanisms vary, common characteristics emerge:
stalled replication (which leads to double-stranded DNA
breaks due to collapsed replication forks), long-distance
template switching and template switching which is facili-
tated by stretches of short homology. Independent of which
mechanism of mutation is involved, mosaicism can arise due
to DNA replication errors. Non- homologous end joining
(NHEJ) which usually takes place throughout the full dura-
tion of the cell- cycle, also contributes to the accumulation
of mosaic mutations. Around 0.5 to 5 percent of patients
with genetic disorders harbour non-recurrent copy number

variations, highlighting the mitotic nature of these events
(Ballif et al., 2006; Conlin et al., 2010; Pham et al., 2014).

Expansion of trinucleotide repeats

Many human diseases can be attributed to expansions of
tri- or seldom tetra nucleotide recurrences and other sim-
ple sequence recurrences (C. T. McMurray, 2010a, 2010b).
In these syndromes, wild-type length repeat alleles are first
expanded to pre-mutation alleles, further increase in the
length of these alleles into longer alleles leads to accumu-
lation of harmful expansions. Trinucleotide repeats occur-
ring in the coding regions of the genome are inclined to
accumulate in the paternal germline via mitotic replication.
Expansion in the non-coding regions is reported via meiotic
replicative process in the oogonia (J. J. V. McMurray, 2010a,
2010b; Rifé et al., 2004). Nevertheless, it has been observed
that somatic variations occur in the non-coding and coding
trinucleotide repeat lengths (Fig. 1d). Early age of onset of
Huntington syndrome is associated with the expansion of
trinucleotide repeat in the coding region of HD gene (Swami
et al., 2009). Monozygotic twins discordant for noncoding
FMRI repeat length have also been reported, suggesting that
expansion can also occur mitotically (Helderman-van Den
Enden et al., 1999). The degree to which somatic mosai-
cism due to nucleotide repeat expansion affects disease self-
expression and communication is less understood.

Expansion of D474, a repeat of length 3.3 kilobases on
chromosome six, causes Facioscapulohumeral muscular dys-
trophy (FSHD) (Lemmers et al., 2010). The exact underlying
process of pathogenesis is undetermined, however, repres-
sive chromatin marks and a reduction in methylation in the
vicinity of a specific haplotype of the gene DUX4 might pos-
sibly be related (Lemmers et al., 2012; Lupski, 2012). Post
zygotic mutations make up about twenty to forty percent
of the de novo mutations in FSHD and these are present at
comparatively higher fractions of mutant cells (Lemmers
et al., 2004; Van Der Maarel et al., 2000). This points to the
possibility that the genome might be highly susceptible to
D474 contraction during early embryogenesis.

Retrotransposition of autonomous mobile elements

Despite being traditionally labelled as ‘junk’ certain ele-
ments of the human genome such as mobile, repetitive ele-
ments are emerging as important factors with major func-
tional roles in various physiological and disease processes.
For instance, LINE-1 holds on to its intrinsic transposition
capability and can traverse throughout the genome. There-
fore, during organism’s life span, many DNA elements are
frequently copied from one genetic location and pasted to
another locus on the chromosome via a replicative mecha-
nism which is called transposition (Shapiro, 1979). This is
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evident in adult cortical neurons where insertion of mobile
elements is responsible for somatic mosaicism (Erwin
et al., 2014; Evrony et al., 2015). Events of constitutional
retrotransposition can result in Mendelian syndrome
because of disruption in the coding sequence, alteration
in splicing sequence, and even due to subtle positional
effects (Beck et al., 2011).

Methods to detect mosaicism
Cytogenetics

Though widespread somatic mosaicism has been sus-
pected in many human diseases as well as healthy tissues
for a long time, the detection of the presence of two or
more genetically distinct cellular subpopulations within
the same tissue has been a challenge until recently. Ini-
tial papers that have reported mosaicism relied heavily on
the use of a light microscope for the detection of mosaic
events in single cells. Study of metaphase chromosomes
under the light microscope provided information about
ploidy level changes. Banding techniques involving stains
like Giemsa and other dyes allowed the detection of large
structural changes such as inter- and intra- chromosomal
duplications, deletions, translocations and structural rear-
rangements. The limitation of these banding techniques
was that they could only resolve abnormalities which were
larger than 3 Mb. Another cytogenetic technique used for
the detection of the specific genomic region is fluoroscent
in situ hybridization (FISH) which can detect deletion and
duplication with a resolution of 100 Kb. These techniques
can be used to detect low levels of mosaicism (Freed et al.,
2014).

Comparitive genomic hybridization

In comparative genomic hybridization (CGH), DNA from
test and control sample are labelled using a fluorophore and
are hybridized to a reference metaphase chromosome. Dele-
tions or duplications are then detected by measuring the ratio
of emitted fluorescence. Sample DNA having the same copy
number have a ratio of 1:1. Any deviations from this are
indicative of variation in copy numbers. SNP microarrays
(Single nucleotide polymorphism microarrays) and array
CGH (aCGH) are two array-based substitutes to CGH. Both
SNP microarray and aCGH can be used for the detection of
copy number variation in large genomic regions. SNP micro-
arrays can be used to detect low-level mosaic events and
genotypic analysis of individuals at the probed sites (Freed
et al., 2014).

@ Springer

Next-generation sequencing

Our understanding of human genetics was revolutionized by
the advances in next-generation sequencing techniques in
recent years. Bulk tissue, a group of cells or even single cells
can be sequenced and may provide information about single
nucleotide polymorphisms or variations, retrotransposition
events, translocations, deletions and insertions. Sequencing
can also provide information about copy number changes
based on the frequency of reads associated with specific
genomic regions. Whole-genome or whole-exome sequenc-
ing from tissues obtained from unaffected and affected parts
of an individual can be used to discover somatic variants.
In addition to the identification of variants, sequencing
techniques can also provide information about the extent of
mosaicism in tissues as well as the developmental period of
origin of the mosaicism by quantifying the affected fraction
of cells (Machiela & Chanock, 2014).

Single-cell sequencing

Single-cell sequencing (SCS) depends on isolation, ampli-
fication and sequencing of DNA derived from single cells
which allows the examination of mosaic events at the small-
est biological scale. SCS makes almost ninety percent of
the genome accessible for analysis and hence can be used to
discover mosaic events within tissues, cell types and even
single cells. Analysis of single-cell somatic events can help
in reconstructing cell lineage and provide information about
body localization, affected cell types and developmental
occurrence of variation (Machiela & Chanock, 2014).

Mosaicism in IBMF and CIS diseases

Chromosomal instability syndromes (CIS) show autosomal
recessive inheritance patterns and are identified by break-
age of the chromosome and chromosomal instability which
are mostly direct results of DNA repair machinery defects
that lead to many phenotypic manifestations including an
increased predisposition to malignancies. The most com-
monly known CIS are Fanconi anaemia (FA), Nijmegen syn-
drome (NS), Bloom’s syndrome (BS), Ataxia telangiectasia
(A-T) and Ataxia telangiectasia like disorder (ATLD). The
molecular characteristics of each CIS are distinct. Fanconi
anaemia is caused by loss of function mutations in any of the
22 known genes that are involved in DNA interstrand cross-
link repair. Nijmegen syndrome and ataxia telangiectasia are
caused by defects in the repair mechanism of double-strand
DNA breaks. The genes responsible are NBN (gene encod-
ing nibrin) and ATM (gene encoding serine-protein kinase
ATM). Bloom syndrome is caused by defects in homologous
recombination pathways caused by a mutation in the BLM
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gene which results in instability of replication fork, DNA
end resection and double Holiday junction dissolution (Wu,
2016).

Inherited bone marrow failure syndromes constitute
a group of diseases that are extremely rare and can be
described by inadequate blood cell production of single or
multiple hematopoietic lineage (Foglesong et al., 2017). A
major proportion of IBMFs is caused by defective genes that
are involved in cellular pathways like ribosome function,
transcription regulation, DNA repair, and telomere main-
tenance. In these diseases, the marrow failure is frequently
linked to other somatic abnormalities. IBMFS includes
disorders like Thrombocytopenia absent radii, Congenital
amegakaryocytic thrombocytopenia and Fanconi anemia.
These disorders are often associated with a predisposition
to cancer therefore, early and proper diagnosis is extremely
important for adequate management and treatment (Table 1).
Proper diagnosis of these diseases is extremely complicated
due to the presence of great clinical heterogeneity in terms
of the symptoms presented. Moreover, designating a disease
as a CIS or IBMF is very difficult because of the overlap-
ping phenotypes and clinical manifestations of these dis-
eases. The clinical phenotypes of these diseases are often
overlapping and hence proper and accurate diagnosis is a
challenge. Moreover, these diseases show great clinical het-
erogeneity and disease penetrance which can be explained
to some extent by somatic mosaicism.

Fanconi anaemia
Fanconi anaemia follows an autosomal recessive inherit-
ance pattern and is caused due to a loss of function muta-

tion in a set of genes involved in DNA interstrand crosslink
repair (ICL). Bone marrow failure, chromosomal instability,

Table 1 Genotypes and phenotypes of CIS and IBMFs

various congenital anomalies and an enhanced risk of can-
cers are characteristic of this disease. However, this disease
shows great clinical heterogeneity as a smaller fraction of
patients with FA do not display any congenital abnormal-
ity. Patients with FA have an increased susceptibility to die-
poxy butane (DEB) and mitomycin C (MMC)- which are
known to induce DNA crosslinks. The clinical heterogeneity
displayed by FA is mirrored at the molecular level by the
various complementation groups corresponding to defects
in a total of 22 genes discovered till now. Out of all these
complementation groups, FANCA and FANCC are the most
predominant in the population. There is very little homology
between the many identified FA genes.

The presence of somatic mosaicism in patients with FA
was reported even before the actual identification of the
FANCC gene in the year 1992 (Strathdee et al., 1992). Kwee
et al., reported that around sixty to eighty percent of lympho-
cytes in culture isolated from FA patients were resistant to
the cytotoxic concentration of alkylating agents, which was
a deviation from the established action of these agents on
FA patient cells (Auerbach et al., 1981; Kwee et al., 1983).
Mosaicism in the somatic cells which is observed in FA may
arise due to reversion or many other gain of function muta-
tions in hematopoietic stem cell/progenitor cells (HPSCs),
which, then lead to the development of blood and bone mar-
row cell populations with a restored capacity of repairing
DNA. The presence of two distinct cell populations has
been reported in the blood of FA patients with a revertant
pathogenic FA gene. One of these cell populations shows
susceptibility to alkylating agents that cause DNA damage
such as MMC or DEB and display the known FA character-
istics. The other population of blood cells has resistance to
these clastogenic agents, thus leading to the mosaic state in
these individuals with two cell population coexisting with

Syndrome Clinical Phenotypes Chromo-  Mutated genes Chromo- Bone marrow failure
some somal
location Instability
Fanconi Anemia Congenital abnormalities, pan- Various FANC-A, B, C, DI, D2, E, F, Yes Yes
cytopenia G LJLMNO,PQRS
and T
Blooms Syndrome Immunodeficiency, premature 15q26.1 BLM Yes Suspected
aging
Ataxia telangiectasia Neurodegeneration, immuno- 11923 ATM Yes No
deficiency, premature ageing,
radiation sensitivity
Congenital amega- Pancytopenia 1p34 MPL No Yes
karyocytic thrombo-
cytopenia
Dyskeratosis congentia Mucosal leucoplakia, nail Various TERC, NHP2, TERT, DKCI, Suspected Yes

dystrophy and abnormal skin
pigmentation

NOPI0, TINF2
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distinct molecular features. Formation of a functional FA
gene and protein by additional genetic events by several dif-
ferent molecular mechanisms such as second site mutation,
back mutation, intragenic crossover and gene conversion
have been reported. These molecular events may restore the
mutated gene to the wildtype version (Gross et al., 2002;
Kalb et al., 2007; Lo Ten Foe et al., 1997). Second site muta-
tions typically include either a compensatory indel mutation
at a specific site within the gene which is mutated which
results in the formation of a functional gene and protein
which cannot be distinguished from the wildtype protein.

A case study involving two monozygotic twin sisters who
were diagnosed with FA very early in life but had shown
hematologic stability in a twenty-eight-year follow-up study,
has provided strong evidence that mosaic state can impart
proliferative advantage at the hematopoietic stem cell level.
Though the cultured fibroblasts from these sisters displayed
the fragility characteristic of FA, their peripheral blood lym-
phocytes had clastogen resistance. The presence of multi-
lineage compensatory mutations was reported by analysing
the bone marrow progenitor cells. This provided support to
the hypothesis that prenatal reversion events had taken place
in a long-term hematopoietic stem cell which resulted in a
multilineage engraftment during early developmental stages
(Mankad et al., 2006; Poole et al., 1992). This case of selec-
tive growth advantage imparted by spontaneous gene rever-
sion allowing sustained haematopoiesis provides a potential
mechanism for gene therapy for hematologic correction of
FA. Several studies have reported that gene-corrected FA
cells have a selective advantage in [PSCs (Raya et al., 2009),
human embryonic stem cells (Tulpule et al., 2010), murine
models (Battaile et al., 1999; Kamimae-Lanning et al., 2013;
Suzuki et al., 2017) and transplant studies of gene-corrected
FA patient cells in immunocompromised mice (Rio et al.,
2017).

The existence of a population of revertant hematopoietic
cells has frequently been considered a favourable hemato-
logic outcome in FA patients, but long-term bone marrow
failure- or AML- free survival cannot be uniformly asso-
ciated with the presence of blood and marrow cells that
display clastogen resistance. This is reported by Gregory
et al., in a study involving a male patient who displayed
hematologic stability in the initial nine to seventeen years
of his life and had a stable DEB-resistant peripheral blood
lymphocyte population. Multilineage revertant mutations
(including erythroid, myeloid and lymphoid progenitors)
were reported in the bone marrow progenitors of this indi-
vidual at age fifteen. However, at fifteen and seventeen years
of age, the patient displayed an 11q deletion (potentially
linked to myeloid malignancy) in a non- revertant bone mar-
row cell population (Gregory et al., 2001).

The predictive ambiguity about the existence of revertant
hematopoietic population is made additionally difficult due
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to the methods employed in the diagnosis of FA as they are
often focused on differentiated T- lymphoid cells which may
have genetically different than multilineage progenitor and
stem cell population. Mosaicism in FA has been reported
mostly in the genes belonging to the FA core complex and
the genes involved in ubiquitination such as FANCC, FANCA
and FANCD?2. Reports of mosaic mutations in recently dis-
covered FA genes and other FA genes are very limited (Asur
et al., 2018; Rickman et al., 2015; Virts et al., 2015). Reports
of hematologic improvement and stability are present in sin-
gle lineage or often bi- and tri- lineage settings, supporting
the hypothesis that mutations resulting in reversion might
occur across a broad spectrum of pluripotent hematopoietic
stem and progenitor cells (Nicoletti et al., 2020). A wide
array of peripheral blood lymphocytes resistant to clastogens
such as diepoxy butane have been reported and a few studies
have reported a link between the percent of resistant periph-
eral blood cells and clinical manifestations. Fifteen to twenty
percent of FA patients show T lymphocyte mosaicism which
is often linked to the failure of hematopoietic stem cell trans-
plant engraftment prior to the use of conditioning based on
fludarabine (MacMillan et al., 2000).

Blooms syndrome

Bloom’s syndrome is an autosomal recessive disorder whose
characteristics include: photosensitive skin changes, prenatal
and postnatal growth deficiency, insulin resistance growth
retardation, immune deficiency, susceptibility to malignan-
cies and highly enhanced early onset of cancer risk and for
the possibility of developing different types of cancers. The
gene responsible for causing BS, BLM encodes for RecQ
helicase in which more than 60 different types of mutations
have been reported. A non-functional BLM protein results
in an increase in homologous recombination, chromo-
some instability and a higher number of sister chromatid
exchanges which are a characteristic of the disease. Around
1 percent of the population having Eastern European Jew-
ish ancestry have the BLM Ash founder mutation (Nathan
A. Ellis, Groden, et al., 1995; Ellis, Lennon, et al., 1995).
Many other founder mutations are also prevalent in other
populations. Nonsense, frameshift and missense varia-
tions have also been observed in this disease. BS is an ideal
example of CIS and the somatic mutations that are seen as a
result of that instability lead to an enhanced risk of cancer.
Though at present there are no specific treatments for the
causal genetic abnormality, people with Bloom’s syndrome
are benefitted from aggressive treatment of infections, sun
protection, monitoring for insulin resistance, and early detec-
tion of cancer (Hirschhorn, 2003).

The lymphoid cells of around 1/5th of BS patients show
the presence of mosaicism. A small percentage of these
mosaic cells exhibit low sister chromatid exchange. The
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patients with mosaicism in the frequency of sister chro-
matid exchange are mostly heterozygotes having 2 distinct
mutations and this mosaicism resulting in low exchange
of sister chromatids can be attributed to intragenic recom-
bination (N. A. Ellis, Groden, et al., 1995; Ellis, Lennon,
et al., 1995). When the homologous chromosomes are
segregated after intragenic recombination event, few cells
receive either both inherited mutations or only one of the
mutations while few cells do not inherit even one of the
mutant chromosome. The revertant cells circulating in
the blood of BS patients might have some proliferative
advantage over the mutated cells, which probably differs
in degree based on developmental stage or contact with
antigen. This might be the reason behind the variable fre-
quencies of revertant cells seen in BS patients. Another
possible phenomenon that might favour the prolifera-
tion of the revertant cell population is the characteristic
immunodeficiency seen in BS. Studies focussed on the
molecular pathways of BS have revealed that back muta-
tion and somatic intragenic recombination are the genetic
mechanisms responsible for the somatic mosaicism seen
in BS. Back mutation was reported to be the molecular
mechanism which led to phenotypic reversion in 2 patients
out of the 11 having high/ low- sister chromatid exchange
mosaicism (Nathan A. Ellis et al., 2001).

In 1974, the German laboratory, for the first time
reported the presence of a higher than normal frequency
of sister chromatid exchanges (SCEs) in patients suffer-
ing from BS (Chaganti et al., 1974; James German et al.,
1974). They reported an average of 6.9 SCEs per meta-
phase in phytohemagglutinin-stimulated lymphocytes from
normal patients, which was much lower than 89 SCEs
per metaphase in cells from BS patients. German et al.,
reported the coexistence of two distinct population of cells
in BS patients- one with an elevated number of SCEs and
cells with a normal number of SCEs. An increased rate of
Sister chromatid exchanges is a characteristic feature of
BS and is present in all known patients, however, approxi-
mately twenty percent of BS patients have shown the pres-
ence of a smaller population of cells with normal sister
chromatid exchanges in venous blood(J. German et al.,
1977). High/ low- SCE mosaicism is most commonly seen
in patients who are allozygous at BLM whereas autozygous
BLM patients very rarely exhibit this type of mosaicism (J.
German et al., 1977).

It has been indicated by studies that patients who are
heterozygous the pathogenic variant of BLM have an
increased predisposition to cancer despite being oth-
erwise healthy. This might be because of a diminished
DNA repair efficiency in heterozygous cells. This may also
result if the normal allele is lost and a somatic clone is
developed which has a highly increased rate of mutation
(Gross et al., 2002).

Ataxia telangiectasia

AT (MIM 208,900) is an autosomal recessive neurodegen-
erative disease which manifests in early childhood. Pre-
mature ageing, gonadal atrophy, immunodeficiency, pre-
disposition to cancer, ocular telangiectasia and cerebellar
ataxia are some of the characteristics of this multi-system
disorder which is currently incurable. AT is induced by a
mutation in the ATM gene which is involved in the regula-
tion of genetic recombination, DNA repair, apoptosis and
cell cycle checkpoints. ATM codes for a protein kinase
which is essential for processing double-stranded DNA
breaks during meiotic or somatic recombination. ATM is
primarily involved in the maintaining genomic integrity
and DNA damage response. Gradual cerebellar degenera-
tion is a hallmark of Ataxia telangiectasia. However, other
tissues and areas of the brain are not as much affected by
atrophy and progressive degeneration in AT (McKinnon,
2004).

Balanced, non-random chromosomal rearrangements in
the cells of the immune system are considered to be the
cellular ‘marker’ of chromosomal instability associated
with AT. Common breakpoints that can be seen in the
lymphocytes of AT patients are 7pl4, 7q35, 1432 and
14q11. These chromosomal locations harbour the genes
that are involved in coding for T-cell receptors and immu-
noglobulins (Kojis et al., 1989). Kojis et al., have studied
the relationship between high chromosomal breaks at these
locations and the different features of the AT phenotype.
They report that widespread chromosome rearrangements
reported in the lymphocytes are frequently absent from
fibroblasts. However, the degree of chromosome instability
is relatively higher in fibroblasts than in the lymphocytes.
Additionally, the variations observed in the fibroblast cells
was found to be more random (Kojis et al., 1989).

Tourov et al., studied the effects of chromosomal insta-
bility in the cerebellum of AT brain. They studied ten ran-
domly selected chromosomes 1, 7, 8, 9, 11, 14, 16, 17,
18, 19, 21, X and Y to assess the rates of aneuploidy in
the cerebral cortex and cerebellum of 7 AT patients and 7
sex and age matched controls. They reported that stochas-
tic aneuploidy in the cerebrum and the cerebellum of the
AT patients were two to three folds more than the unaf-
fected controls (Iourov, Vorsanova, Liehr, et al., 2009a,
2009b). They also analyzed the structural rearrangements
of the interphase chromosomes in the neuronal cells. They
identified non-random breaks of chromosome 1, 7, 14, 21
and X in the neuronal cells of the cerebellum of the AT
patients. They also report an age-dependent increase in
chromosome breakage and aneuploidy in these chromo-
somes in the cerebellum of the AT individuals (Iourov,
Vorsanova, Zelenova, et al., 2009a, 2009b).
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Congenital amegakaryocytic thrombocytopenia
(CAMT)

CAMT commonly manifests in neonates or at infancy as
simple thrombocytopenia with absent or reduced produc-
tion of bone marrow megakaryocytes, and subsequently pro-
gresses to bone marrow failure in early childhood. Although
patients with CAMT are not known to have any physical
deformities specifically associated with the disease (Ball-
maier & Germeshausen, 2011), few cases have been reported
of patients with abnormal facial features, malformations of
the collective system, strabismus and defect in the cardiac
septa. CAMT progresses to pancytopenia at the median age
of thirty-nine months. It is a rare IBMF syndrome which
is caused due to a mutation in the MPL gene and follows
autosomal recessive inheritance pattern (Zhao et al., 2021).
Both homozygotes and compound heterozygotes positively
inherit the disease (Yildirim et al., 2015). The MPL gene
codes for a 635 amino acid long receptor for thrombopoietin
(TPO) which comprises an intracellular domain, transmem-
brane domain, an extracellular cytokine receptor domain and
a signal peptide. TPO plays a major role in the production
and maturation of megakaryocytes and platelets. It is also
an important factor in the development of early myeloid and
erythroid precursor cells and pluripotent hematopoietic stem
cells (12). The MPL gene has twelve exons and is positioned
on chromosome 1p34 (5). Sixty percent of the forty known
mutations reported in MPL gene are located in the 2nd and
the 3rd exon and include intron splicing site mutations,
frameshift mutations, missense mutations and exon nonsense
mutations (Ballmaier & Germeshausen, 2011).

A study involving three patients belonging to two dif-
ferent families revealed a rare association of CAMT with
proximal radioulnar synostosis (RUS) which was due to a
heterozygous variant of HOXA11 (RUSATI; MIM 605,432),
which is a homeobox gene(Thompson & Nguyen, 2000;
Thompson et al., 2001). Heterozygous mutations MDS1
and EVII complex locus (MECOM) were identified by
Niihori et al. in three unrelated RUS and AT (RUSAT 2,
MIM 616,738) patients (Niihori et al., 2015). Since then,
many patients with IBMFs and thrombocytopenia have been
identified having MECOM mutation (Kjeldsen et al., 2018).
Germeshausen et al., published a study with twelve thrombo-
cytopenia patients who had germline mutations in MECOM
and identified ten novel mutations. Out of the 12 patients
studied, the father of the patient P1 was suspected to have
somatic mosaicism in the MECOM gene due to the pres-
ence of an only minor signal in the DNA extracted from the
peripheral blood even though his son had inherited heterozy-
gous missense mutation and had severe thrombocytopenia
(Germeshausen et al., 2018).

Osumi et al., reported a case study of a female patient
with possible somatic mosaicism in MECOM who had

@ Springer

congenital bone marrow failure but did not show any radial
abnormality (Osumi et al., 2018). The patient was found to
be anemic and had severe thrombocytopenia with a normal
leukocyte count, which was revealed by a blood test taken
at birth. Skeletal abnormalities like radial dysplasia were
not detected by echography and radiography, at birth. At 2
months the patient showed a severe decrease in her amount
of total leukocyte and advanced to pancytopenia. A novel,
nonsynonymous MECOM (NM_001105078, c.2248C > T,
p.Arg750Trp) variation was identified by whole-exome
sequencing. The variant to wild-type allele ratio in the foot
and hand nail, umbilical cord and peripheral blood was
found to be 0.933, 0.356, 0.515 and 1.028, respectively. This
variation in allelic frequency in DNA obtained from differ-
ent sources suggests that this variation in the MECOM was
a result of somatic mosaicism (Osumi et al., 2018).

Dyskeratosis congentia

Dyskeratosis congentia (DC) is classically described as a
IBMF syndrome whose symptoms include mucosal leuco-
plakia, nail dystrophy and abnormal skin pigmentation. In
addition to these, a plethora of other abnormalities including
gastrointestinal, dental, neurological, dental, skeletal, pul-
monary and ophthalmic irregularities. Autosomal recessive
(MIM 224,230), autosomal dominant (MIM 127,550) and
X-linked recessive (MIM 305,000) modes of inheritance
are recognised in this disease (Inderjeet Dokal & Vulliamy,
2003). Those diagnosed with DC have shorter chromosomes
than age-matched controls (Alter et al., 2007). Around fifty
percent of patients of dyskeratosis congentia have mutations
in 1 of 6 genes that are involved in the synthesis of pro-
teins that constitute the telomerase complex; TERC (MIM
602,322), NHP2 (MIM 606,470), TERT (MIM 187,270),
DKCI (MIM 300,126) and NOP10 (MIM 606,471) or the
telomerase shelterin complex TINF2 (MIM 604,319). Loss
of function mutations in the above-mentioned genes leads
to impaired maintenance of telomere length, the effects of
which are most profoundly witnessed in tissues that have
rapid turnover such as nails, skin and bone marrow (Jong-
mans et al., 2012).

Clinical severity varies considerably in individuals with
DC, a part of which can be attributed to genotype—phenotype
correlations. Out of the six causal mutations responsible for
DC, mutations in TINF2 and DKCI1 lead to the most severe
presentation in patients (Vulliamy & Dokal, 2008). Batista
et al., 2011 provided evidence that mutations in DKCI lead
to more severe defects in telomere- maintenance than muta-
tions in TERT (Batista et al., 2011).

Patients having mutations in the genes associated with
DC also exhibit variation in their clinical phenotypes.
Mitotic recombination is most probably initiated by shorten-
ing of telomere length in patients with DC. Skin fibroblasts
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obtained from DC patients have abnormal growth rate as
well as morphology than age-matched controls. These fibro-
blasts have been reported to display abnormal chromosomal
rearrangements like translocations, di- and tricentric cen-
tromeres (I Dokal et al., 1992) which underlies the propen-
sity for chromosomal instability in DC. This instability is
triggered by the shortening of the telomeres; by induction
of improper joining of chromosome ends. This attachment
may occur either through homologous recombination (HR)
or via non-homologous end joining (NHEJ) (Verdun & Karl-
seder, 2007).

Jongmans et al., screened specifically for mitotic recom-
bination events resulting in reversion to the normal pheno-
type (Jongmans et al., 2012). The authors have reported the
presence of spontaneous reversion in 6 DC patients belong-
ing to 4 different families with autosomal dominant inherit-
ance pattern. In the 6 individuals studied, 7 distinct rever-
sion events in the TERC gene were reported which could be
attributed to somatic mosaicism. They further speculate that
random molecular events might also lead to meiotic recom-
bination on chromosome 3q, which may result in reversion
to a normal state, thereby providing a proliferative advantage
to the cells that now have two functional copies of the TERC
gene (Jongmans et al., 2012).

Vulliamy et al., reported the presence of somatic mosai-
cism in a female carrier who was also a germline mosaic
for the gene DKC1 (Vulliamy et al., 1999). The blood of the
female did not show the presence of the DKC1 deletion but
two of her children had inherited the affected allele. Moreo-
ver, both the affected sons had inherited the same haplotype,
suggesting that the mother was a germline mosaic. This dele-
tion was found to be also present in about five percent of
the peripheral blood cells from the female suggesting that
she was also a somatic mosaic for the same mutation. The
percentage of cells harboring the deletion in the germline tis-
sue was reported to be higher than the somatic tissues. This
observation suggests that the mutation might have originated
in a precursor cell during early developmental stages which
passed on the mutation to both somatic and germline tissues
(Vulliamy et al., 1999).

Discussion

Though the presence of somatic mosaicism has been well
documented in FA, it is not very widely reported in the other
chromosomal instability disorders and bone marrow failure
syndromes. Howeyver, reports exist that point to the presence of
widespread mosaicism in these disorders. Studying the mecha-
nisms behind mosaicism in these disorders has very important
implications in the clinical diagnosis and management of these
diseases. The diagnosis of most of these diseases is based on
the presence of disease-causing genetic mutations which are

carried out on the DNA isolated from the peripheral blood
of suspected patients. As is evident from the above discus-
sion, analysis of only the peripheral blood does not provide the
complete picture of all the underlying mutations present in an
individual. Therefore, sequence analysis needs to be extended
to DNA extracted from other sources such as skin fibroblasts
for obtaining a holistic view of the mutational landscape of
an individual. This will also result in a better understanding
of the reasons behind variable penetrance of these diseases in
individuals and might also explain some of the unexplained
phenotypes observed in these disorders.

Somatic variations might provide important clues about
predisposition of certain types of cells and tissues to the devel-
opment of specific disease-related phenotype. For example, the
chromosomal rearrangement pattern observed in AT lympho-
cytes is completely different from that of AT fibroblasts. Pres-
ence of LARs in AT lymphocytes which are manifestations
of chromosomal changes at a molecular level can be directly
correlated with deficiency of the immune system and increased
rate of malignancies related to the immune system in individu-
als homozygous for AT. The substantial variation observed in
chromosomal rearrangement frequencies in AT fibroblasts and
lymphocytes advocates that the diverse characteristics of the
AT phenotype can be accounted by damage at specific sites
in different tissues. It has been reported that CIS and IBMF
disorders have an increased predisposition to cancer as well
as a high rate of chromosomal mutational events. Studying
the high rates of chromosomal mosaic events in individuals
with CIS and IBMF can be used as biomarkers for the risk of
cancers. This might help in the early detection of cancers in
patients with chromosomal instability. Thus, it is extremely
important to include the study of somatic mosaic events for
proper diagnosis and treatment of CIS and IBMF. Future stud-
ies that integrate clinical data, biomarkers and mosaic events
can provide important insights for the development of novel
screening techniques for early detection of cancer and predict-
ing incidence rates of many other complex diseases.
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