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Tying genetic stability to cell identity
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Replication of the DNA is a fundamental requirement for
progression through the cell cycle and thereby for the develop-
ment and maintenance of all tissues in the human body.
Though all cells duplicate their DNA once before division, they
do so in a manner dependent on cell type. Since replication
tends to begin in regions with active genes, about half of the
human genome is replicated in a cell type dependent temporal
pattern, while the other half is cell type independent." Surpris-
ingly, a functional significance of cell type specific DNA repli-
cation has not been established because of fundamental
experimental challenges. It is not yet possible to manipulate all
cell type specific origins and ask whether a cell can still progress
through the cell cycle. Various observations, including feedback
between replication progression and origin activity,” as well as
checkpoints monitoring the completion of S-phase before entry
into mitosis, suggest that DNA replication is well prepared to
duplicate the genetic information of any cell type. According to
this interpretation, differences in DNA replication patterns are
a mere adaptation to epigenetic changes required to establish
cell type specific gene expression. Hence, most research to bet-
ter understand different cell states has focused on the processes
governing gene expression, while cell type specific DNA repli-
cation remains a little explored dimension of cellular biology.
The work of Chia and colleagues published in Nature Cell
Biology supports a new model of the role of cell type specific
DNA replication.” The authors exchanged the genomes of
human and mouse eggs with either the genome of another egg,
of an embryonic cell, or of various differentiated somatic cell
types. Replication of somatic chromatin in the egg resulted in
DNA damage and chromosome missegregation at the first mito-
sis. Segregation errors were dependent on DNA replication, and
independent of gene expression, as inhibition of transcription
by o amanitin had no effect on cell cycle progression or error
frequency. The incidence of missegregation depended on the
origin of the transferred genome, with terminally differentiated
T cell and fibroblast genomes resulting in the highest error rates.
Transferring genomes from pluripotent stem cells led to inter-
mediate error frequency, while transferring the genome of

another oocyte did not increase error rates compared with
unmanipulated controls. The authors also found that remodel-
ing of somatic chromatin by chromosome condensation reduced
replication-dependent segregation errors. Consistent with this
observation, chromatin condensation is thought to remove most
cell type specific aspects of nuclear architecture,* and thereby
mediate the transition between cell type specific replication pat-
terns. Therefore, cell type-specific aspects of chromatin are
required for normal progression through S phase.

A connection between genetic stability and cellular identity is
also visible in other experimental systems. The conversion of
somatic cells to induced pluripotent stem cells is associated with
DNA damage and replication stress. In the absence of proteins
involved in DNA damage repair, such as Brcal, Brca2 and
Rad51, reprogramming fails.’ Furthermore, cancer cells are
widely known to duplicate their genetic material in an aberrant
manner, often associated with DNA damage and genomic insta-
bility. Since these experimental systems also involve profound
changes in gene expression, it has not been possible to distinguish
cause from consequence. Early embryonic cells are the only cell
type that does not require gene expression for normal cell cycle
progression. Therefore, the results by Chia and colleagues conclu-
sively show that cell type specific DNA replication provides con-
straints on the ability to progress through the cell cycle, at least in
this experimental context. Consequently, the pattern of DNA
replication is not a mere adaption to a cell type specific gene
expression program. Rather, it limits the number of possible cel-
lular states compatible with genetic integrity during cell prolifera-
tion. The organization of the genome and the packaging of the
DNA in chromatin determine the ability to replicate and also
enable cell type specific gene expression patterns, providing a
link between cell identity and genetic stability.

The significance of this model to cellular biology is pro-
found. The model predicts that cells with abnormal gene
expression states will also have a compromised replication pro-
gram, resulting in the activation of checkpoints that prevent or
slow cell cycle progression (Fig. 1). Thereby, checkpoints of
genetic integrity are also checkpoints of cellular identity,
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Figure 1. Cell type specific DNA replication programs limit changes in cell identity. Proliferating cells blue panel: Cell type transitions during normal development follow
along cell type specific replication programs. In contrast, forced changes in cell identity during reprogramming to pluripotency (e.g. fibroblast to iPS cell) or direct conver-
sion to another cell type (e.g., fibroblast to hepatocyte) undermine replication program integrity and activate cell cycle checkpoints. Proliferating cells pink panel: Devia-
tion from a cell type specific replication program compatible with genetic stability (referred to as ‘replication ground state’) occurs during cell transformation. The
outcome may be cell death, or genetic instability in proliferating cells. Cell cycle exit: The cell type specific replication program is compromised in a growing number of
cells during aging, resulting in cellular senescence. Mature neurons lack a replication program compatible with genetic stability and permanently exit the cell cycle.

enabling continuous selection for cellular fitness in proliferat-
ing cells. During growth and development, this ensures the
optimization of cell and organ function. During aging, it results
in cell cycle arrest of damaged cells. During terminal differenti-
ation, the inactivation of a cell type specific replication program
may be used in a physiological manner to permanently halt the
proliferation of entire groups of cells. For instance, neurons do
not proliferate, and forcing them into DNA replication results
in cell death.® Cell type specific DNA replication may also be
the primary impediment to the growth of cells assuming an
abnormal identity. Consistent with this observation, DNA rep-
lication stress has been identified as an early barrier to tumori-
genesis.” Proliferating cancer cells represent the rare gaps in
this quality control system, allowing cell cycle progression of
some abnormal cellular states, albeit with a compromised repli-
cation program and genetic instability. Most abnormal cell
states are incompatible with DNA replication and cell cycle
progression would result in lethal chromosomal abnormalities.
Perhaps the most important implication of this model is that, if
cell type specific DNA replication is a cellular mechanism pre-
venting the proliferation of abnormal cells, it may also be thera-
peutically relevant.
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