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Abstract

Clonal mosaicism arises when a post-zygotic mutational event is detectable in subpopulations of
cells as an alternative genotype while not present in the germline genome. Although described in a
subset of pediatric disorders, new genomic technologies have detected higher than anticipated
frequencies of clonal mosaicism in adult population studies, stimulating investigation as to how
clonal mosaicism could contribute to chronic human diseases, such as cancer, diabetes and
neurodegenerative disorders. It has also been postulated to be an important mechanism for
functional cellular diversity, including the brain. Early studies have characterized the spectrum of
detectable mosaic alterations and have begun to investigate whether detectable mosaicism could be
important as an overall biomarker for risk or in the case of hematologic cancers, identification of
preleukemic clones.

Introduction and Background

Classically, genetic mosaicism is the presence of one or more distinct populations of cells
within an individual with acquired genomic alteration(s) that differ from the inherited,
germline genome (Figure 1)[1,2]. Mosaicism is distinct from de novo mutations, namely
those detected in the offspring, but not the parents; in some pediatric diseases, de novo
mutations account for an increasing, measurable fraction of the identified mutational events,
mainly due to next generation sequencing[3,4]. Genetic mosaicism can be differentiated
from chimerism because the former arises post-zygotically (e.g., somatic) whereas the later
refers to the presence of cells from another individual, as in fetal cells detectable in the
circulating blood of post-partum women[5]. Genetic mosaicism is not considered to be
constitutional, but instead occurs in tissue compartments that undergo somatic mutation
post-fertilization and either disrupt normal cellular function or as we are learning in larger
population studies, can be tolerated with no immediate health consequences[6-9]. It is
important to point out that acquired somatic mutations are important hallmarks of the cancer
genome, driving abnormal proliferation as well as clinically dangerous disease[10]; in rare
cases, somatic alterations can drive noncancerous diseases, particularly neurologic
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disorders[11]. It is notable that not all somatic alterations detected result in abnormal
proliferation or cell survival. In fact, it has been suggested that mosaic events could
contribute to normal development of the brain[12-14].

The new tools of genomic sciences, namely the massively parallel platforms that enable
genotyping of single nucleotide polymorphisms (SNP) using microarrays and next
generation sequencing, have led to the detection of a spectrum of genetic mosaic events. The
majority of large survey studies examining detectable genetic mosaicism have characterized
events in leukocytes DNA isolated from blood or buccal swabs. Examples of genetic
mosaicism include mosaic single nucleotide substitutions[8,9], mosaic structural deletions
larger than 1 megabase (Mb)[15-17] or mosaic gains of an entire chromosome[18]. Genetic
mosaicism has been described in all chromosomes, including the sex chromosomes at a
higher frequency[19-21] than the autosomes[6,7,17,18]; so far, large surveys have not yet
provided an accurate estimate of the frequency of mosaic mitochondrial DNA[22,23].
Current technologies permit detection of cellular fractions with alternative genotypes in
between 5 and 95% of circulating leukocytes and have shown these fractions can increase by
approximately 1% per year in adult cohorts[18].

Instructive rare case reports and syndromes have provided sufficient evidence that acquired
somatic events early in development can result in pediatric disorders. Mosaic trisomy 21
accounts for 2-4% of Down’s syndrome cases, which are distinct from complete trisomy in
that the former can have less severe intellectual and developmental manifestations[24].
Mosaic Turner’s syndrome, also known as mosaic X loss, also manifests in a less severe
phenotype than classical Turner’s syndrome[25]. McCune-Albright syndrome is an example
of a potentially embryonic lethal genetic mutation in the GNMASI gene that can be present in
the mosaic state[26]. Likewise, Proteus syndrome is believed to be caused by early mosaic
mutations in the AK71 oncogene[27], an oncogene implicated in several solid
tumors[28,29]. Additionally, embryonic mosaic mutations in /DH1 and /DHZ have been
linked to Ollier disease and Maffucci syndrome[30] and early mosaic mutations in HRAS,
KRAS, and NRAS have been associated with nevus sebaceous[31], Schimmelpenning
syndrome[31], and keratinocytic epidermal nevus syndrome[32].

The genetics of mosaicism

How and why mosaic events arise remains a challenging question, but the evidence so far
points towards three issues, none of which can be adequately reviewed here: (1) errors in
DNA replication in different tissues have distinct errors rates and mechanisms[33,34]; (2)
timing of the mutational event- does it occur early or later in life- as part of senescence; and
(3) the capacity to be tolerated and actually increase with age. The initiating event is likely
related to errors in background DNA repair, transcription coupled repair or nondisjunction in
cell division. In rare and informative cases, ‘endogenous’ events can be the result of
inherited mutations in genomic maintenance (eg. CEP57, BUBI1B and NFI)[35-37],
breakdowns in DNA repair and stability pathways or age-related telomere attrition[38]. For
example, familial truncating mutations in CEP57 result in variegated aneuploidy and
predisposition to cancer[35].
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Genomic aberrations can occur early in development when cells are rapidly undergoing cell
division to expand from a zygote into differentiated organs and tissues[39]. These rapidly
dividing cells are most susceptible to acquiring errors in transcription as well as undergoing
damage by environmental agents. An initiating event can also be driven by exogenous
factors, such as tobacco smoke[20,40], radiation[41] or chemotherapy[42] exposure that, in
turn, lead to DNA damage. So far, large prospective birth cohorts have not progressed to the
age at which genetic mosaicism is more readily detected; consequently, we must speculate
as to whether some or all events occur early in life, remain below detection and at a later
time, steadily increase as a fraction of the overall cell population (Figure 2a). Alternatively,
it is plausible that mutational events can accumulate and increase with age, as senescence
sets in and the host capacity to remove cells with alternative genotypes is hampered (Figure
2b). We must also consider that mosaic subpopulations can populate more efficiently
because the mutation can confer a selective advantage such as when a cell produces daughter
cells at an elevated rate compared to other normal, non-mutated cells of the same tissue type,
or subpopulations could arise due to the depletion of the pool of tissue progenitor cells such
that the population of cells in the tissue are comprised of a detectible portion of mutated
daughter cells. Understanding the temporality of when mosaic events arise and what aspects
govern their clonal expansion is an important aspect to evaluate when considering the use of
genetic mosaicism as a marker for disease risk.

Based on the surveys of genetic mosaicism in large-population-based studies, there are four
attributes that could contribute to its possible impact on health[2,43]. First, the genomic
location of the event could result in alterations affecting important housekeeping or cell
cycle genes that have greater potential to impact health. Examples already have been
described in pediatric diseases for years, such as mosaic trisomy 18 and mosaic trisomy 21
(e.g., Down’s syndrome). Similarly, there is evidence that it could contribute to
neurodevelopment[11]; rare, informative cases point towards mosaic events as an
explanation for neurodevelopmental problems, such as hemimegalencephaly due to
mosaicism of the AK73gene as well as others in the mTOR pathway[44]. Second, the
proportion of cells with an alternative genotype may need to reach a critical fraction at
which point deleterious consequences arise, suggesting that low mosaic proportions could
have sub-clinical or be tolerated with no apparent health effects. Third, the consequences of
the altered genotypes could vary by specific tissue types, as seen in Proteus Syndrome[27].
For example, phenotypic manifestations of a mutated melanocyte could be quite benign, but
the same mutation in a vital tissue or organ could have life altering or potentially fatal
outcomes; examples of this has been described for 7P53and KRAS mutations in the
skin[32,45]. Fourth, the timing of the mutation has important developmental consequences,
as observed in pediatric disorders cited above.

Detectible clonal mosaicism in the population

Recently, new bioinformatic algorithms have been applied to SNP microarrays analyzed in
large adult population-based studies, providing estimates of the frequencies of different
types of events[46,47]. Examination of B allele frequency and log R ratio intensity signals
yields high-resolution karyotypes capable of detecting large (>2 Mb) structural mosaicism in
samples of tens of thousands of individuals[46,48-50]. Unexpectedly, the initial studies of
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mosaic events discovered large structural genetic changes in the autosomes of approximately
1% of adult participants, nearly half of whom were healthy and asymptomatic, suggesting
these events are tolerated[6,7,17]. Evidence suggests a striking relationship between
increasing age and increasing frequency of mosaicism with frequencies in excess of 2% in
individuals over 80 years of age[6,7,16]. A combined analysis of DNA from leukocytes from
nearly 130,000 individuals provided additional evidence for the association of mosaicism
with increasing age as well as suggested elevated frequencies of mosaicism in males[18].

Hot spot regions of recurrent mosaicism have also been identified in regions commonly
altered in hematologic malignancies such as mosaic 13g14 deletions and 20q
deletions[15,18]. Studies have established a strong link between clonal mosaicism detected
in the blood and risk of future hematologic malignancies[6,7,51], with mosaic hematologic
cancer associated mutations present in blood derived DNA as many as 14 years prior to
diagnosis. Another study also suggests large structural clonal mosaicism may be associated
with type 2 diabetes, and in particular, associated with vascular complications[52].

SNP array studies have identified elevated frequencies of mosaicism of the sex
chromosomes. Mosaicism on the X chromosome is 4 times more common than autosomal
mosaicism and the female inactivated X chromosome is preferentially affected, interestingly
similar to the higher rate of somatic alterations observed in the inactivated X chromosome in
many cancers[19,53]. Mosaic chromosome Y loss is more common than autosomal and X
mosaicism, reaching frequencies in excess of 15% in men over 80 years old[20,21].
Smoking is an important risk factor for mosaic Y loss and its effect attenuates after smoking
cessation[20,40]. It is not clear that mosaic Y loss represents a risk factor for cancer
overall[20,21]. New evidence suggests a connection between mosaic Y loss and Alzheimer’s
risk[54], although further replication is needed. Interestingly, a germline variant near

TCL 1A has been found to be associated with susceptibility to mosaic Y loss[20], suggesting
a heritable predisposition to at least mosaicism of the Y chromosome.

A combined analysis of large scale exome (e.g., all of the coding exons in the genome)
sequencing projects has yielded new insights into the frequency and class of genes
frequently displaying mosaicism of single nucleotide variants (SNVs) in leukocytes. Age-
related frequencies of mosaic SNVs were elevated in individuals over 60 years old
(approximately 10% frequency) as compared to individuals younger than 50 years of age
(approximately 1% frequency)[8,9]. Mosaic SNVs were associated with hematologic cancer
risk as well as coronary heart disease and ischemic stroke[8,9]. As with large-scale mosaic
events >2 Mb in size, mosaicism of single nucleotides preferentially clusters in certain
genomic regions. Genes in which mosaic SNVs are commonly detected include DNMT3A,
TETZ and ASXL1[8,9,55-57]. These are key genes commonly mutated in hematologic
cancers and therefore cells harboring such mutations, while still phenotypically normal, may
have greater potential to progress to precancerous or cancerous states. Similarly, an analysis
of DNA derived from normal skin biopsies also detected high burdens of mosaic point
mutations in a panel 74 cancer genes[45]. Very high sequencing coverage (average of 500X)
detected an average of 140 mosaic mutations per square centimeter of skin, suggesting aged,
sun-exposed skin is a patchwork of mosaic clones that carry mutations in cancer driver
genes, but yet still retains normal physiological characteristics.
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Detection of genetic mosaicism as a biomarker

The use of SNP microarrays and next generation sequencing platforms has yielded new
opportunities to investigate whether detectable genetic mosaicism in leukocytes as well as in
buccal swabs or skin could serve as an effective biomarker for chronic diseases associated
with aging (e.g., cancer, diabetes or neurodegenerative disorders). Examples of such
biomarkers may be to search for mosaic DNMT3A mutations in leukocytes or mosaic
KRAS mutations in epidermal cells as a means to detect precancerous lesions. However, it is
still too early to determine whether the presence of specific somatic alterations directly leads
to disease or perhaps is a barometer of overall genomic integrity. In this regard, a higher
burden of events could stochastically increase the likelihood of one or more events that can
drive a cancer or lead to complications of diabetes or neurodegenerative disorders[10]. In
preliminary studies, it has not been possible to identify large structural mosaic alterations in
the tumors that exactly correspond to what was observed in peripheral leukocytes[17]. Large
structural mosaic deletions of 13914 or 20q in leukocyte-derived DNA have been associated
with increased risk for hematological neoplasms[6,7,15] and could be used as an example of
how detection of events that are characteristic of a hematologic neoplasm could be used as
an early biomarker. For instance, in a prospective cohort, it was possible to detect a mosaic
13914 deletion fourteen years before the diagnosis of chronic lymphocytic leukemia (CLL)
[7]. However, not all individuals with 13q14 deletion mosaicism develop CLL, which
suggests that some can tolerate this event, or at least until other drivers arise in the same
subpopulation that eventually lead to CLL. Further prospective studies with sampling at
multiple time points are needed to follow individuals with mosaic mutations in genes or
regions commonly associated with cancer over time so precise measures of risk can be
determined and used to inform clinical management.

Cataloging mosaic mutation profiles could lead to accurate and informative predictors for
early detection and thus reduce severity of disease. Past studies have suggested associations
of mosaicism with a host of rare disorders as well as adult onset diseases such as
hematologic cancers[6,7], type 2 diabetes[52], Alzheimer’s disease[54], coronary heart
disease[8] and ischemic stroke[8]. For example, sequencing data from a large-scale case-
control study suggests mosaic protein truncating mutations in PPM1D may be a risk factor
for breast and ovarian cancer[58], although further prospective studies are needed to verify
this relationship. Additionally, a recent investigation of uninvolved margin tissue from breast
cancer cases suggests mosaic copy number aberrations are present in over a third of cases
and often include mosaic gains of £/RBBZ2and growth factor receptor genes[59]. Better
understanding which events are important for future disease risk and the penetrance of such
events will be important as the field moves forward in assessing clonal mosaicism as
markers of risk for common diseases.

Key opportunities for future investigation

Genetic mosaicism has great potential to be used as an informative genetic intermediate
between normal and disease states, nevertheless much remains to be understood before
genetic mosaicism can be effectively used as a biomarker for early detection, as part of
‘precision prevention’[60]. Further methodological work is needed to improve the accuracy
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of detection before testing in larger, prospective cohorts to assess the possible impact on risk
for a spectrum of diseases. Methods exist to detect mosaic SNVs and very large structural
events, but current methods fail to provide good estimates on the frequency and distribution
of intermediate-sized mosaic events, which is further confounded by difficulty in filtering
inherited copy number variants. To date, most studies have focused on DNA from accessible
tissues such as blood or buccal cells, but to fully investigate the role of genetic mosaicism in
disease multiple tissue types, particularly tissues affected by solid tumors or other common
diseases, need to be interrogated. Serial sampling from large, prospectively collected cohort
studies with thorough characterization of exposures and phenotypes should yield new
insights and serve as the foundation to explore the role of genetic mosaicism in human
health.
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Figure 1.

Depiction of a genetically normal cellular population that acquires a somatic mutation and
clonally expands to daughter cells to form a mosaic cellular population.
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Figure 2.
Exploring two biologically plausible models for the acquisition of mosaicism. In the first

model (a), a somatic event is acquired early in development during periods of rapid cellular
growth and division, but the aberrant cells remain at low cellular proportions until later in
life when changes in the cellular environment confer a selective advantage of aberrant clones
over normal cells allowing them to expand to a detectable proportion of the cellular
population. In the second model (b), somatic events are acquired later in life and soon after
clonally expand to become a detectable proportion of the cellular population.
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