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It is time to take timing seriously in
clinical genetics

György Kosztolányi*,1

Observations made by molecular techniques on the genome along the individuals’

lifetime indicate that the genome in somatic cells displays changes at molecular,

cellular, and organismal levels. Timing of genetic events leading to somatic

mosaicism and gene expression dynamism results in a highly important variable for

comprehending the role of genetics in health and disease. Consideration of time in

clinical genetics should be enthusiastically invested into research strategy,

interpretation of the results, diagnostic routine, and particularly in ethical discussions.
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Over the first century of Mendelian
genetics, up until the recent decades,

the central dogma of germline stability has
dominated thinking in biology, with continu-
ing refinements in the understanding of
inheritance, genetic control of life processes,
and genotype–phenotype correlations. Genetics,
the science of inheritance, emphasizes the
widely accepted view that human beings
feature a lifelong genetic stability. The genetic
determination inherited from the parents and
transmitted to the offspring renders unique
identity for every human being. Since the
advent of molecular genetics methodology,
we have been learning that the basis of this
belief is the DNA sequence of the genome,
which is transmitted from one generation to
the next through the germ line. The base
sequence stability of the human genome has
been validated by robust molecular genetic
techniques, and it serves as an essential
supposition not only for the Mendelian rules
of inheritance but also for a variety of applied
research such as population genetics, evolu-
tionary genetics, ethnological studies, forensic
analyses, and so on. Moreover, the stability of
the human genome is the fundamental
supposition of clinical genetics. Any muta-
tions, that is, significant differences from the
supposed 'normal' genomic architecture
detected by cytogenetic or molecular technol-
ogies, will result in aberrations in the pheno-
type. The stability of the germline genome is

the base of Mendelian genetics, at least in
transgenerational aspect of genetics.
In recent work, we recommended1 to

extend the approach to genetic disorders with
a developmental viewpont, which, in contrast
to the transgenerational view, focuses on how
the genetic program assembled in the zygote
controls the formation of a new individual
and how this becomes gradually manifested
during the life span. In the developmental
aspect of genetics, however, genetic stability
of a human being should be seen differently.
This review illuminates the issue particularly
focusing on time, a neglected variable in our
thinking in clinical genetics, which should be
considered seriously, if we are to approach
the genetic causation of diseases at an indivi-
dual level with a developmental view.
The role of time and its relation to genetic

stability during the lifetime are discussed by
reviewing somatic mosaicism and gene
expression dynamics.

SOMATIC MOSAICISM

We usually think of cells taken from a person
for genetic analysis as representing the indi-
vidual’s whole organism by sharing the same
genome.2 However, if we approach genetics
in a developmental view, this supposition has
to be modified by the knowledge that
during the whole life, from embryonic differ-
entiation to death, the genome of every
cell in the organism is subject to continuous

environmental exposure. The fact that muta-
tion of the germline genome may occur and
that the cell that is affected may survive has
first been demonstrated by chromosomal
investigation, leading to the coexistence of
two or more cell lines in the organism
(somatic mosaicism).3 In mosaicism, the
proportion of cells carrying the mutation
depends on the time the mutation occurred
during differentiation and postnatal life, occa-
sionally residing only in certain tissues (tissue
mosaicism). The mosaicism may also disap-
pear during development. Essentially, it
means that the normal chromosome discov-
ery in the blood does not exclude the
possibility of mosaicism.
In addition to chromosomal abnormalities,

mosaicism has been documented in a
growing number of monogenic disorders
caused by somatically acquired mutations.
The mitochondrial genome also accumulates
alterations throughout the lifetime of an
individual. According to his catalog reviewing
observations on somatic mosaicism, Erickson4

suggests that depending on the disorder and
the class of mutation of cases for which there
are sufficient numbers of patients studied,
6–20% are due to somatic mutation. The
detection of mosaicism in single-gene disor-
ders depends mainly on the method used for
identifying the deleterious mutations. Somatic
mutations leading to clonal mosaicism are
likely to be the primary triggering event in
many, if not all, cancers.
Evidence is mounting that cells of an

individual do not share the same genome
even in relation to genomic variants such as
single-nucleotide polymorphisms and copy
number variants.5,6 The genomic differences
in DNA variants between monozygotic twins
resulting from mitotic changes during differ-
entiation and development may lead to dis-
cordance in common complex disorders.7

Recent investigations revealed also intraindi-
vidual genetic differences. In the sequence of
the genome between individual sperm cells
obtained from one person, Wang et al.8

demonstrated significant genetic differences
between them, confirming that each sperm is
indeed unique. A single tumor can have many
different mutations at various locations; this
finding highlights the difficulty of treating
cancer based solely on one biopsy.9

The techniques required to identify all
types of genomic variants are far beyond the
capacity of usual testing methods. Moreover,
the ability of even cell separation techniques
to detect mosaicism is poor, particularly when
the mosaicism rate is low. Nevertheless,
extending molecular techniques into various
tissues has proved that mosaicism is much
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more common than we originally thought.
Consequently, cells in a person do not share
the same genome. The genetic make-up of an
individual may vary during lifetime; it is not
the same in an adult than it was in the
individual’s infancy or childhood, one half
century earlier in life. One may postulate that
our genome in somatic cells is far less stable
when compared with germ cells and that the
stability of our genome should be viewed
accordingly in developmental aspect of dis-
eases. Recently, Shipony et al.10 showed that
human embryonic stem cells preserve their
epigenetic state by balancing antagonistic
processes, whereas the somatic epigenome is
more vulnerable to noise, as random epimu-
tations can accumulate to massively perturb
the epigenomic ground state.

DYNAMISM IN GENE EXPRESSION

Commitment of multipotent cells toward
differentiated cell types and tissues during
development, and the continuous reactions
of cells to their fluctuating environment
with changes in gene expression by epige-
netics regulation must be dynamically
coordinated by time.11 Genomic studies in
plant cells have already revealed that gene
expression is highly flexible and that light or
temperatures induce massive reprogramming
of the transcriptome.12 The temporal patterns
of gene expression in mammalian cells are
largely unknown, because data measuring the
cells’ activity over different points in time
from a variety of tissues and under different
conditions are difficult to obtain. Most assays
provide a single snapshot of cellular regula-
tory events, whereas a time series capturing
how such processes change would be
preferable.13 Development of RNA-specific
dynamic methods for identifying temporal
changes in gene expression (RNA-seq) will
ideally reveal a snapshot of RNA presence and
quantity from a genome at a given point in
time.14

Yet, some recent microarray studies could
already demonstrate that expression timing
has a vital role in cellular responses to cope
with an environmental perturbation.15 The
gene for prolactin, for example, was reported
to display dynamic expression and pulsating
transcription with implications for cellular
differentiation.16 Jouffe et al.17 observed
rhythmic diurnal expression of many of the
components required for translation initia-
tion, indicating that the circadian clock
coordinates the regulation of the biogenesis
of ribosomes. The characterization of gene
regulation revealed an unexpected nonlinear
transcriptional program and indicates that the
function of regulatory elements is complex on

many time scales ranging from milliseconds
to hours.18 Disrupting the timing of the
sleep–wake cycle can markedly affect the
circadian rhythm of gene expression.19 In
their analysis, Chen et al.20 combined various
omics profiling of a single individual over a
14-month period and revealed extensive,
dynamic changes in diverse molecular com-
ponents and biological pathways across
healthy and diseased conditions.
Although X-chromosome inactivation

(XCI), also an epigenetic phenomenon, is
presumably executed very early during
embryogenesis in somatic cells, recent works
detected that skewing in XCI may be estab-
lished also in early childhood and may
become more prevalent with age.21 In popu-
lations of women past 55–60 years of age, an
increased degree of skewing was found.22

These data have implications for our under-
standing about sex differences in complex
diseases and the potential causes of pheno-
typic discordance between monozygotic
female twins.
The role of time in (epi) genetic modifica-

tion is better understood relative to develop-
ment, which is controlled by temporally
organized variable combinations of gene
activity. However, timing and environmental
epigenetics should be additionally considered
in disease causation, first, in common com-
plex disorders in which environmental pro-
vocations are a well-known triggering factor
for manifestation of the inherited polygenic
susceptibility. Advances in molecular techni-
ques will place gene expression analysis into
routine diagnostic use, completing base
sequence determination, within the next few
years. The scientific and clinical benefits of
gene expression approach will, however, be
accompanied by concerns about how the
gene expression profile of an individual
determined in a given point of lifetime
represents the health likelihood and disease
risk. It may prove beneficial to know whether
or not the genes currently in research are
involved in functional processes directly
relevant to the phenotype. In theory, the use
of functional gene annotations will represent
the utmost support for this specific task.23

System-wide approaches are being developed
to construct and mine integrated databases of
human genes and transcripts for global
analysis of biological processes and clinical
outcomes. One of the major future challenges
for the ENCODE project24 whose primary
objective is to orchestrate the entire encyclo-
pedia of DNA elements of the human
genome ideally capturing the dynamic aspects
of gene regulation.

IMPLICATION OF ETHICAL–LEGAL

ISSUES

The lifetime dynamic changes in the genome
of humans should be implicated not only in
research activity but also in clinical use of
genetic testing. All instruments, guidelines, or
documents regulating ethical/legal issues in
genetics are founded on the premise that the
genomic data do not change during lifetime.
The increasing knowledge on time-dependent
omics changes in composition and expression
of the genome during the life of a person
poses the question as to whether or not this
notion can be sustained. Instead of lifelong
stability, plasticity is an important attribution
of the human genome, meaning that any
genetic test result derived from certain cells
taken at a given point of lifetime of a person
may not produce identical results derived
from other groups of cells taken years
(or decades) earlier or thereafter. Indeed,
longitudinal personalized omics profiling
approach across multiple time points for the
same individual indicates that the predictive
value of a genetic test result for lifelong health
likelihood and disease risk is restrictive and
ought to be considered on a strictly individual
basis.20 Bunnik et al.25 suggest a tiered–
layered–staged model for informed consent
in personal genome testing, spotlighting
various limitations of the tests including the
fact that the test results may change over
time. Screening studies in a cohort of patients
with steroid-resistant nephrotic syndrome
suggest an inverse relationship of the rate of
genetic diagnosis with age, the prevalence
figures of genetic causes ranging from 100%
downward to 57%, 36%, and 14% for
congenital-onset, infantile-onset, childhood-
onset, and adult-onset cases, respectively,
suggesting that the clinical utility of genetic
testing for a diagnostic purpose depends on
the age of the patients.26,27

Accordingly, the current guidelines on
ethical issues involving the definition of
personal data, privacy, identifiability, and
confidentiality, moreover, controlling bio-
banking, may possess reconsideration to meet
the concept of dynamic changes in the
genome during the lifetime.28,29

IN CONCLUSION

Observations made by molecular techniques
on the human genome along time scale
indicate that the genome in developmental
view of genetics, that is, focusing on how the
genetic program assembled in the zygote
manifests during the individual’s lifetime, is
not static and displays changes at the mole-
cular, cellular, and organismal levels. There
are two definitive reasons as to why timing in
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clinical genetics should be taken seriously.
First, the time when disease-causing de novo
mutations occur during development,
establishing mosaicism, contributes signifi-
cantly to the phenotype. Second, the
knowledge accumulated suggests that gene
expression in living cells changes along
time. Timing of genetic events such as
mutations leading to somatic mosaicism
and gene expression dynamism results in
an essential variable for understanding the
role of genetics in health and disease, and it
will likely affect the personalized genomic
medicine in the future. From reductionist
approaches in biology, researchers should
focus on system-level properties of living
organisms, including dynamism, well
beyond the circadian clock.30 It is worth
investigating whether the genome’s plasti-
city in the function of time, the fourth
dimension of the genetic control of life,
may be a possible reason behind the ‘miss-
ing heritability’. It is suggested the devel-
opmental way of thinking, specifically
making the effort and investing the time
intensively in genetics, implementing into
future research strategy, study protocol,
interpretation of the results, diagnostic
routine, including genuine esthical discus-
sions, since the pillar of lifelong genetic
stability should be reconsidered.
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