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Abstract In recent years, our views on how DNA and
genes are organised and regulated have evolved signifi-
cantly. One example is provided by reports that single
DNA strands in the double helix could carry distinct
forms of information. That chromatids carrying old and
nascently replicated DNA strands are recognised by the
mitotic machinery, then segregated in a concerted way to
distinct daughter cells after cell division is remarkable.
Notably, this phenomenon in several cases has been
associated with the cell fate choice of resulting daughter
cells. Here, we review the evidence for asymmetric or
template DNA strand segregation in mammals with a
focus on skeletal muscle.
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Abbreviations
5hmC 5(hydroxy)methylcytosine
BrdU 5-Bromo-2′-deoxyuridine
CldU 5-Chloro-2′-deoxyuridine
CO-
FISH

Chromosome orientation fluorescence in
situ hybridization

EdU 5-Ethynyl-2′-deoxyuridine
IdU 5-Iodo-2′-deoxyuridine
mGSC Male germline stem cell
PCNA Proliferating cell nuclear antigen
TDSS Template DNA strand cosegregation

Introduction

The seminal experiments by Meselson and Stahl demon-
strated the semi-conservative nature of DNA replication
(Meselson and Stahl 1958). During replication, each
original strand of the double helix serves as a template
for the synthesis of a newDNA strand. This configuration
then results in two hybrid sister chromatids, each con-
taining a ‘new’ and an ‘old’ DNA strand. Since then, it
has been generally assumed that chromatids are randomly
distributed between the two daughter cells duringmitosis.
After several rounds of DNA replication, a cell popula-
tion then contains DNA molecules of different ages but,
for practical purposes, of identical sequences due to the
relatively high fidelity of the DNA polymerase complex
and nucleotide mismatch editing enzyme machinery.

However, the copied DNA sequences might not be
equivalent. Their sequences could diverge because of
errors arising during DNA replication itself or editing.
Furthermore, DNA damage, errors in repair, or genomic
rearrangements can contribute to the infidelity of the
process. In addition, genome function is reflected by
the primary DNA sequence, but also from its modi-
fication and spatial organization. Notably, eukaryotic
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DNA might be covalently modified via cytosines
(hydroxy)methylation. It is wrapped around different
histones, which are each subject to a combination of a
large variety of posttranslational modifications (acetyla-
tion, methylation, phosphorylation, ubiquinitation, sumoy-
lation, etc.). These dynamic epigenetic modifications can
influence the genome structure and its transcriptional out-
put. In other words, two DNA molecules with identical
primary sequences can be treated differently by the tran-
scriptional machinery within the same nucleus. Notable
examples are provided by the inactivation of one X-
chromosome in female XX mammals, and the specific
monoallelic expression of imprinted genes in mammals.

If single DNA molecules with identical primary
sequences were not strictly identical, could these DNA
molecules then be treated differently by the mitotic
machinery? If so, could sister chromatids be identified
and segregated in a non-random manner, depending on
the age of their DNA strands?

Experiments in the 1960s with plants and mam-
malian cells in culture showed that nucleotide analogues
(3H-Thymidine) were in some cases not diluted after cell
divisions (see Tajbakhsh et al. 2009 and Yennek and
Tajbakhsh 2013). These rather unusual observations
prompted John Cairns to propose the immortal
DNA strand hypothesis (Cairns 1975) according to
which dividing adult stem cells transmit the nascent
DNA to commit ted daughter ce l l s through
invariant asymmetric cell divisions, whereas the
template DNA strands of all chromosomes are retained
in the stem cells. In so doing, adult stem cells were
thought to avoid the accumulation of replication errors
(Cairns 1975) and telomere shortening (Potten et al.
2002; Karpowicz et al. 2005), thereby extending
their proliferative potential in the long term while pre-
venting tumour development.

Studies in Schizosaccharomyces pombe have suggested
an alternative model, one where regulated gene expression
can be mediated by the selective segregation of DNA
strands (Klar 1994). Here, expressed and non-expressed
alleles would segregate to different daughter cells, thereby
promoting effective gene regulation through the selection
of chromatids differentially expressing critical loci. The
‘silent sister’ hypothesis (Lansdorp 2007) has also been
proposed as an alternative interpretation of template DNA
strand cosegregation (TDSS) where epigenetic differences
between sister chromatids would drive different gene
expression patterns in daughter cells, thereby promoting
distinct cell fates. This hypothesis could potentially

apply to any asymmetric division, from founder cells
during development to stem cells and amplifying pro-
genitors in adult organisms.

The immortal strand hypothesis has received much
attention since it was proposed, and its premise is still
actively debated (for reviews, see Rando 2007; Lansdorp
2007; Lew et al. 2008; Tajbakhsh and Gonzalez 2009).
Some studies have refuted this notion for mammalian
hematopoietic and skin stem cells (Kiel et al. 2007;
Waghmare et al. 2008; Sotiropoulou et al. 2008), and
conflicting results were obtained for the intestinal
epithelium (Potten et al. 2002; Falconer et al. 2010;
Quyn et al. 2010; Escobar et al. 2011; Steinhauser et
al. 2012).Much of the debate arises from (1) uncertainties
about the identity or stem cell status of the cells being
investigated; (2) uncertainties about the proliferation
status (symmetric vs. asymmetric division, cell cycle
length, fraction of proliferating vs. quiescent cells, etc.
in the population); (3) variabilities in the detection
methods used to distinguish the old vs. new chromatids;
and (4) variabilities in the time periods used to track the
cells under study (long term vs. a few cell divisions). To
find out if non-randomDNA segregation does occur in a
particular tissue, one should ask in which cells, when
and which chromosome(s) is (are) involved. Arguably,
the most convincing evidence is provided by experi-
ments with mouse skeletal muscle, yet its relationship
with cell fate determination, and the mechanism guiding
asymmetry of DNA segregation remains unknown. In
this review, we will highlight the current knowledge
about the physiology of muscle stem cells during devel-
opment, homeostasis, and tissue repair and highlight
differences and similarities in selected systems with a
focus on mouse skeletal muscle. We also propose
potential mechanisms that might allow asymmetric label-
ling, recognition, and segregation of sister chromatids.

Skeletal muscle stem cells, growth,
and regeneration

Stem cells with regenerative potential in skeletal
muscle

Adult skeletal muscle stem cells, or satellite cells, are
located between the muscle fibre and the basement
membrane ensheathing it. This cell population which
is largely quiescent accounts for a low proportion
(<5 %) of nuclei in homeostatic adult muscles.
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Lineage tracing studies have shown that they derive
from embryonic Pax7-expressing cells that become lin-
eage restricted at E12.5 (Tajbakhsh 2009; Gayraud-
Morel et al. 2009). During regeneration, they exit qui-
escence, undergo a proliferative expansion phase, and
generate myoblasts that differentiate into muscle fibres
by fusing with each other, or with nascent or damaged
fibres (Reznik 1969; Gayraud-Morel et al. 2009). A
fraction that does not differentiate will self-renew and
reconstitute a de novo satellite cell pool. During myo-
genic commitment, Pax7 expression is downregulated.
Similarly, satellite cells fuse to existing fibres in growing
muscles during development and perinatal growth
(Moss and Leblond 1971; White et al. 2010). Different
degrees of heterogeneity have been identified among
skeletal muscle stem cells, based on embryological ori-
gin, association with the fibre, type of cell division, and
age of the muscle (Ono et al. 2010; for review, see
Tajbakhsh 2009; Biressi and Rando 2010). Other non-
satellite cell types with distinct anatomical locations
have also been reported to exhibit regenerative capacity
after transplantation. These include Pw1+ interstitial
cells in postnatal skeletal muscle (Mitchell et al. 2010)
and mesoangioblasts (Tedesco and Cossu 2012).

Different surface markers are used to identify and
isolate muscle stem cells by FACS (Kuang and
Rudnicki 2008; Bosnakovski et al. 2008). The use of
a transgenic Tg:Pax7-nGFP mouse (Sambasivan et al.
2009) has circumvented the need to rely on surface
markers that can be affected by the enzymes used to
dissociate satellite cells from the myofibres. Based on
GFP intensity, and therefore endogenous Pax7 expres-
sion, satellite cells can be isolated directly by FACS
and fractionated into different subpopulations.
Interestingly, Pax7-nGFPHi and Pax7-nGFPLo frac-
tions that represent the top or bottom 10 % of the
number of cells in the GFP+ satellite cell population
exhibit distinct properties, both during quiescence and
proliferation (see below and Rocheteau et al. 2012).

Strategies for promoting skeletal muscle degeneration
and regeneration

Different methods have been developed to study
skeletal muscle regeneration in animal models by
inducing partial or complete muscle damage
(Schultz et al. 1985; Irintchev and Wernig 1987;
Lefaucheur and Sebille 1995; Gayraud-Morel et al.
2009). Myotoxins extracted from snake venoms

are the most widely used to induce muscle regen-
eration. Cardiotoxin is a protein kinase C inhibitor
that induces depolarization and contraction of mus-
cle cells, membrane disorganization, and cell lysis.
Notexin is a phospholipase A2 that blocks neuro-
muscular transmission by inhibiting acetylcholine
release. Other methods include injection of barium
chloride, crushing or freezing, denervation/devascular-
isation, necrosis by transplantation of the muscle, and
intensive exercise (Gayraud-Morel et al. 2009). Muscle
injury is followed by phases of degeneration and necro-
sis, then regeneration involving inflammation, vasculo-
genesis, and myofibre reconstruction via satellite cells.
However, the kinetics and amplitude of each phase vary
depending on the muscle, the nature and the extent of
the injury. Lineage progression from stem to differenti-
ated cells can bemonitored by the successive expression
of markers of activation (e.g. Myod, CyclinA, Ki67,
PCNA), commitment (e.g. Desmin), and differentiation
(e.g. Myogenin; Kuang and Rudnicki 2008).

Investigating non-random DNA segregation
in muscle

Methods for selective DNA strand labelling
with nucleotide analogues

Experimental approaches involve pulse-labelling of
template and/or nascent DNA strands by administra-
tion of thymidine analogues [5-bromo-2′-deoxyuridine
(BrdU), 5-chloro-2′-deoxyuridine (CldU), 5-ethynyl-
2′-deoxyuridine (EdU), 5-iodo-2′-deoxyuridine (IdU)]
and observation of their distribution over subsequent
cell divisions during the chase period, together with
their association with cell fate markers. It is important
to consider the different labelling regimes used to
assess TDSS, namely inclusion (old DNA strand
labelled) and exclusion (new DNA strand labelled;
Fig. 1). During the following discussion, we will refer
to the cell division allowing readout of TDSS as ‘T2’,
the previous divisions as ‘T1’ and ‘T0’ (see Fig. 1 for
details). Using these protocols, several critical param-
eters should be met for observing TDSS: (1) selective
labelling of template vs. nascent DNA; (2) chase
period corresponding to a predetermined cell cycle
time to assess T1 and T2 empirically; (3) rigorous
methods of analysis to identify non-random DNA
segregation and true daughter cell identities.
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Proliferation state of the cells exiting dormancy
or quiescence

As indicated above, an important parameter is the
proliferation status of the cell population of interest.
Several studies involve the activation of a quiescent
stem cell population. This raises the following ques-
tions: Are some, or all, cells activated? How rapidly
does this take place? How often do the cells divide
subsequently? Once activated, this population could
perform symmetric (self-renewal or differentiation
type), asymmetric (self-renewal/differentiation or
commitment/differentiation type) divisions, or both.
In mouse skeletal muscle, we characterised the Pax7-
expressing population, using transgenic Tg:Pax7-
nGFP mice (Rocheteau et al. 2012). Although both
Pax7-nGFPHi and Pax7-nGFPLo subpopulations are
quiescent in adult muscle, they exhibit heterogeneous
properties with distinct metabolic activities (lower in
Pax7-nGFPHi than in the Pax7-nGFPLo) and gene
expression patterns (stem cell markers Cxcr4, Cd34,
Pax7: GFPHi>GFPLo; commitment markers Sca1,
Desmin, Myog: GFPHi<GFPLo). Furthermore, the qui-
escent Pax7-nGFPHi subpopulation takes longer than
the quiescent Pax7-nGFPLo cells to activate and enter
the cell cycle in vitro (first division within 33 vs. 26 h,
respectively) and in vivo (S-phase entry within 24 vs.
18 h, respectively). Therefore, Pax7-nGFPHi cells are
in a more ‘dormant’ cell state than the quiescent Pax7-
nGFPLo cells. Subsequently, each population divides
every 7–8 h, in vitro in low oxygen (3–5 %) as in vivo.

Empirical detection of non-random DNA segregation
patterns

Different labelling protocols are used to assess TDSS,
with single or double thymidine analogues. Although
in vivo doses employed are comparable between dif-
ferent studies, the number and timing of injections
differ. These doses need to be relatively low, given
the toxicity of these halogenated analogues, and their
ability to affect gene expression, for example, repres-
sion of Myod (Ogino et al. 2002) and cell differentia-
tion (Bischoff and Holtzer 1970). At lower doses of
BrdU Pax7 and Myod expression, clonogenicity, pro-
liferation, and differentiation potential were not affected
(Shinin et al. 2006). When discriminating between
DNA-label+ and DNA-label− cells after a chase period,
the sensitivity of detection might vary according to the

dose of analogue used and the detection protocol (BrdU,
CldU, and IdU detected by immunochemistry, EdU by
click-chemistry).

As indicated above, two cell divisions are required
to observe TDSS empirically. As far as in vivo chase
divisions are concerned, it is important to determine
the clearance time of the thymidine analogues (∼8 h in
vivo; unpublished observation). After DNA labelling
of proliferating muscle stem cells, two different meth-
ods are employed to demonstrate TDSS. With both
protocols, a mother cell performing TDSS should be
first-label+ by T1 (cf Fig. 1), and give rise to two
daughter cells, one first-label+ and one first-label− at
T2. This can be assessed at the single-cell level or at
the population level. Clonal cell analysis is the most
powerful method currently in use, although evidence
for clonality should be rigorously demonstrated as
cells can migrate extensively in vitro as shown by live
videomicroscopy (Shinin et al. 2006). Interestingly,
one study co-cultured primary myoblasts from WT
and fluorescently marked mice (ubiquitous fluorescent
Tomato protein, added exogenously), to identify false
(Tomato + and −) and true (Tomato-negative) cell
pairs (Liu et al. 2012). As cells in contact may not
necessarily be true sister cells, unambiguous identifi-
cation of sister cells also involves the demonstration of
a physical connection between daughter cells (e.g.
Aurora B kinase immunostaining at the midbody
(Terada et al. 1998)). Drugs such as nocodazole or
cytochalasin D can be used to prevent cytokinesis
between sister cells (Karpowicz et al. 2005; Conboy
et al. 2007; Huh et al. 2011; Huh and Sherley 2011),
although these might also interfere to some extent with
the mechanism of TDSS.

Another important control requires demonstration
that mother cells are indeed positive for the first DNA
label at T1 (cell division preceeding TDSS readout)
because label-negative cells, an outcome of TDSS,
might also result from failure to have incorporated
the first nucleotide analogue. This is also crucial when
analysing TDSS at the population level. For example,
by isolating Pax7-nGFPHi and Pax7-nGFPLo popula-
tions from regenerating muscle subjected to succes-
sive EdU (first label) and BrdU (second label)
injections, both subpopulations of myogenic cells
were shown to be >95 % positive for both labels in
an aliquot taken at T1 (Rocheteau et al. 2012). Label
exclusion was then noted in Pax7-nGFPHi but not
Pax7-nGFPLo cells after the second division.
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Fig. 1 Tracking TDSS via
inclusion or exclusion label-
ling protocols. T2 is referred
as the division at which
TDSS is observed; T1 and T0
as the preceding divisions. a
Inclusion protocol. Template
DNA is labelled over multi-
ple cell divisions with a first
thymidine analogue until T0.
During exponential cell ex-
pansion, it is assumed that
cells containing the initial
oldest DNA strands
(unlabelled) are diluted in the
population among cells that
undergo successive rounds of
divisions, thereby resulting in
both DNA strands being la-
belled. Cells are then allowed
to complete two divisions (T1
and T2) during the chase pe-
riod, with a second thymidine
analogue (to check the pro-
liferation status of cells la-
belled with the first
analogue). In case of TDSS,
the daughter cell that inherits
the oldest (or newest, respec-
tively) DNA strands is posi-
tive (or negative respectively)
for the first DNA label, and
both daughter cells are posi-
tive for the second DNA la-
bel. b Exclusion protocol.
Nascent DNA is labelled over
one cell division with a first
label, then cells undergo mi-
tosis (T1). Cells that perform
a division during the chase
(in the presence of a second
analogue to monitor contin-
ued proliferation) give rise to
T2 cells. In case of TDSS, the
daughter cell that inherits the
oldest (or newest respective-
ly) DNA strands is negative
(or positive respectively) for
the first DNA label, and both
daughter cells are positive for
the second DNA label
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Conversely, Conboy et al. (2007) applied an exclusion
labelling protocol using sequential injections of CldU
and IdU to proliferating adult muscle stem cells, and
observed the asymmetric distribution of CldU in cell
pairs at T2. Therefore, analyses of TDSS should be
carried out at the single-cell level from homogeneously
labelled populations.

An important distinction between the inclusion
(template) and exclusion (nascent) protocols for label-
ling strands is the persistence of the labelled DNA
strands. For labelling of the older template strands,
two scenarios are possible: (1) DNA strands that are
labelled during symmetric cell divisions, for example
during exponential cell expansion, can then act as
template strands in subsequent cycles. In this case,
original unlabelled template strands will be diluted in
the expanding cell population (see Fig. 1a); (2) nascent
DNA strands from asymmetric divisions might act as
future template strands that will segregate asymmetri-
cally. In either case, two rounds of asymmetric DNA
segregation during the chase period would result in
labelled template strands and unlabelled nascent
strands in daughter cell pairs. If cells divide symmet-
rically (random segregation) during the chase period,
label dilution will compromise the detection of asym-
metric segregation patterns (six to eight divisions
dilutes label to below robust threshold levels for de-
tection). Notably, if template strands are labelled, label
retention could in principle persist for successive divi-
sions, if invariant asymmetric divisions follow. Using
the exclusion protocol, however, if the labelled na-
scent DNA strands will segregate randomly, each di-
vision will result in retention of half the label, thereby
resulting in less than ten labelled chromatids in the cell
after two to three divisions (for mouse, 40 chromo-
somes). A random segregation of these chromatids
that is skewed by chance could then be falsely inter-
preted as a non-random segregation pattern.

Non-random DNA segregation: one, some, or all
chromatids?

If protection of the genome from accumulated muta-
tions, and consequently ‘immortal’ DNA strand seg-
regation were the primary mechanism driving this
asymmetry, one would expect that all old template
strands should segregate asymmetrically. However,
reports of TDSS implicat ing one or a few

chromosomes suggest that this might not be the
case—therefore, alternative explanations were pro-
posed for this phenomenon. For example, in mouse
ES cells, chromosome 7, but not chromosome 11, was
initially reported to segregate non-randomly
(Armakolas and Klar 2006), yet more recent results
by Strand-seq (Falconer et al. 2012) and Chromosome
orientation fluorescence in situ hybridization (CO-
FISH; Sauer and Klar, this issue) indicate that this
is not the case. Non-random segregation of some
but not all chromatids was suggested for cells in
the mouse intestinal crypt (Falconer et al. 2010),
although this study did not discriminate between
some or all cells performing TDSS for a subset of
chromosomes. Nevertheless, these observations un-
derscore the importance of following the fate of
single chromatids by CO-FISH (Bailey et al. 1996;
Falconer et al. 2010) or other methods (Falconer et
al. 2012).

Non-random DNA segregation is associated
with cell fate in skeletal muscle stem cells

Evidence for non-random DNA segregation

In vivo investigation of TDSS in mouse adult skeletal
muscle has involved different approaches. In one case,
DNAwas labelled with BrdU during postnatal growth
(P3-P10), followed by a chase period from 1 to
10 weeks (Shinin et al. 2006). Clonal analysis of
label-retention in in vitro reactivated adult satellite
cells revealed that up to 7 % of the clones showed a
single BrdU+ cell, expressing markers of activation
(Myod, CyclinA; Fig. 2a).

The occurrence of TDSS was also investigated in
muscle regeneration paradigms. Adult satellite cells
were reactivated by myotoxin injection, serially
labelled with thymidine analogues, and examined for
DNA strand segregation and expression of cell fate
markers (Conboy et al. 2007; Rocheteau et al. 2012;
see Fig. 2 for detailed protocols). The myogenic pop-
ulation was fully (Rocheteau et al. 2012) or partially
(Conboy et al. 2007) labelled by the first thymidine
analogue. The proliferation during the chase period
was confirmed by the presence of a second thymidine
analogue. Briefly, TDSS was identified in both stud-
ies, up to 50 % of the total satellite cell population
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(Conboy et al. 2007) and 80 % of the Pax7-nGFPHi

population (8 % of total; Fig. 2b, c; Rocheteau et al.
2012). It is currently not clear why the frequencies
vary between these two studies; it does not appear to
result from the labelling regimes as alternative ones
(inclusion vs. exclusion, various thymidine analogues)
gave similar results.

TDSS has also been investigated in mouse skeletal
muscle stem cells and human cardiac stem cells in vitro.
When pulse/chase studies were performed in vitro from
P3 with skeletal myogenic cells, 1.5 % of cell pairs
displayed asymmetric BrdU labelling (Shinin et al.
2006). Similarly, less than 5 % of DNA-labelled asym-
metric cell pairs were observed with established myo-
blast cultures (Conboy et al. 2007). The differences in
frequencies from the two studies indicated above and
the lower frequencies obtained in vitro underscore the
importance of the microenvironment, or niche. Given
these observations, it would be interesting to determine
if all myogenic cells have the potential to perform
TDSS. This raises another issue concerning empirical
sampling of frequencies of symmetry and asymmetry. It
is currently not clear if all myogenic cells explore both
modes of division, perhaps depending on their position
within a polarized niche, or whether obligate modes of
symmetry or asymmetry define myogenic cell divisions.
Isolation of cells at any timepoint provides a snapshot of
current events, but not past or future divisions of the
cells being sampled. An important consideration is that
in the protocol used by Rocheteau and colleagues, vir-
tually all muscle stem cells from injured Tibialis anteri-
ormuscle entered the cell cycle within 44 h after injury,
and analysis was done 5 days post-injury. Conversely,
the protocol used by Conboy and colleagues resulted in
a low percentage of CldU-incorporating cells 48 h post-
injury, at which point TDSS was examined. This low
percentage of CldU incorporation indicates (1) an acti-
vation of a subpopulation ofmuscle stem cells and/or (2)
that analyses were performed when muscle stem cells
were undergoing their first cell cycles. To resolve these
differences and better understandmuscle stem cell prop-
erties, the dynamics of symmetric vs. asymmetric DNA
segregation within activated muscle stem cells at timed
intervals following muscle injury will need to be done.

In striking contrast to observations suggesting that
the in vivo niche is necessary to maintain TDSS in
skeletal muscle, recent work with human cardiac stem
cells suggests that this might not always be the case
(Kajstura et al. 2012). Clonal analysis of c-Kit+ human

cardiac cells labelled in vitro with BrdU identified 7 %
of clones with a single BrdU+ cell, the progeny of
which were reported to be BrdU−. Notably, those
BrdU+ cells within the clones were cycling. In this
model, the frequency of non-random segregation
remained constant, even after multiple passages.
Another intriguing observation is that these cardiac
cells in vitro appeared to be in an obligate or invariant
mode of asymmetric DNA segregation. Indeed, appli-
cation of an exclusion protocol (nascent DNA
labelled) using CldU and IdU with a chase period
extending from one to multiple cell divisions identi-
fied 5 % of clones containing only a single CldU+ cell,
two IdU+ cells, and the remaining cells negative for
both labels (Fig. 2d). In addition, labelling of clones
for one cell cycle during their expansionary phase
of growth, followed by a single round of chase
resulted in label retention in half of the cells in the
clone, and exclusion in the remaining cells. These
observations suggest that a mother cell dividing by
asymmetric DNA segregation gives rise to daugh-
ter cells also dividing by TDSS. This intriguing
observation that cardiac myogenic cells can per-
form TDSS in vitro independent of the niche
needs to be confirmed in vivo, and should also
include the demonstration that all chromatids are
involved in this asymmetry.

In summary, parameters such as the cell cycle
length, labelling regimes, and rigorous methods of
analysis need to be established to observe TDSS.
Of note, each of the methods includes an in vitro
step to reveal TDSS. Therefore, in vivo assays for
TDSS in muscle stem cells need to be developed.
This is particularly challenging given the technical
difficulties in detecting mitotic muscle stem cells
in sufficient numbers (unpublished observations).
Nevertheless, Rocheteau and colleagues showed
in one series of experiments by CO-FISH that
cells isolated directly from the muscle and blocked
in mitosis performed TDSS. In addition, live ob-
servation of the phenomenon is rendered difficult
due to the lack of fluorescent nucleotide analogues
with sufficient resolving power. Thus far, only one
study has demonstrated the occurrence of TDSS
with single chromosome resolution, by CO-FISH
(Rocheteau et al. 2012). The mechanisms and
function of TDSS in muscle stem cells remain
unknown, although the association of this phenom-
enon with cell fate has been established.
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Non-random DNA segregation and cell fate decisions

The silent sister hypothesis presumes that asymmetric
DNA segregation could be associated with differential
gene expression patterns between daughter cells, pos-
sibly driving asymmetric cell fate (Lansdorp 2007).
Accordingly, reports of TDSS in skeletal muscle stem

cells associated DNA asymmetry with cell fate (Shinin
et al. 2006; Conboy et al. 2007; Rocheteau et al. 2012).
Clonal analysis of label-retaining muscle stem cells
(3 weeks chase in vivo, 6 days in culture) showed a
retention of old DNA strands in the less differentiated
cells, i.e. those expressing Pax7 (Shinin et al. 2006).
Similarly, template DNA strands were inherited by the
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less differentiated daughter cells during muscle regener-
ation, based on Pax7 (Rocheteau et al. 2012) or Sca1
expression (Conboy et al. 2007), whilst newly synthe-
sized DNA strands were transmitted to the more

committed daughter cells, expressing the differentiation
marker Myogenin (Rocheteau et al. 2012) or Desmin
(Conboy et al. 2007). We note that some discrepancies
exist in the association of some markers with the up-
stream or downstream cell fates of muscle stem cells in
these studies. For example, Sca1 protein was used as an
upstream marker by Conboy and colleagues, whereas
Rocheteau colleagues showed Sca1 transcripts were
more expressed in committed cells (Pax7-GFPLo sub-
population). These differences need to be reconciled.
Whether TDSS can be systematically uncoupled from
this cell fate decision in skeletal muscle stem cells
remains an open question.

In contrast to skeletal myogenic cells, TDSS in
cultured human cardiac myogenic cells was not asso-
ciated with a cell fate decision (Kajstura et al. 2012).
The origin and nature of these cells are not yet clear,
and there is active debate regarding the presence of
tissue-specific stem cells in the heart (Harvey and
Tajbakhsh 2012). More studies with other tissues are
required to determine to what extent TDSS is associ-
ated with a cell fate decision.

Mechanisms that could promote non-random DNA
segregation

Non-random DNA segregation has been investigated
in a number of systems, from bacteria to a variety of
mammalian cells (for review, see Yennek and
Tajbakhsh 2013). Mechanisms promoting TDSS
remain largely unknown in mammals, but several
hypotheses have been proposed (Klar 1994;
Lansdorp 2007; Lew et al. 2008; Tajbakhsh and
Gonzalez 2009). One can distinguish different levels
of regulation involving extracellular signals, cytoplas-
mic determinants, and chromosomal determinants.

As discussed earlier, the frequency of TDSS in adult
skeletal muscle stem cells decreases as they are dissoci-
ated from their niche. In addition, we raised the possi-
bility that muscle stem cells might switch between
asymmetric and symmetric modes of cell division and
DNA segregation during growth and tissue regenera-
tion. As this has not been tested, the possibility should
be considered. Therefore, non-random DNA segrega-
tionmight respond to extracellular cues originating from
the niche. These signals could then be transduced by
membrane-associated proteins or cytoplasmic determi-
nants, allowing the asymmetric recognition and

Fig. 2 Evidence for biased DNA segregation in muscle stem cells
TDSS was associated (a, b, c) or not (d) with an asymmetric cell
fate. a An inclusion protocol was applied to muscle skeletal
satellite cells during post-natal growth (post-natal days 3 to 10),
followed by a chase in vivo and clonal analysis of label retention in
in vitro reactivated adult satellite cells. Up to 7 % of the clones
showed a single label-retaining cell, expressing markers of activa-
tion (Myod, CyclinA) and stemness (Pax7, Myf5). Additional
analysis provided evidence for TDSS in in vivo pulsed/chased
daughter cell pairs on isolated muscle fibers (≈7 %) and in vitro
(≈1.5 %). TDSS was also directly observed by tracking daughter
cells by videomicroscopy (not shown here) (Shinin et al. 2006). b
An inclusion protocol was applied to adult Tg:Pax7-nGFP mice
where satellite cells were reactivated following notexin injury, then
GFPHi and GFPLo satellite cells were sorted. At T1, both subpo-
pulations were homogeneously positive for both DNA labels. At
T2, cells negative for the first label were observed in the Pax7-
nGFPHi subpopulation, up to 40 %, indicating up to 80 % of cells
performing TDSS. Myogenin expression was detected in cells
having inherited newDNA strands. In addition, CO-FISH analysis
showed that virtually all chromatids were segregated by TDSS.
Finally, Pax7-nGFPHi and Pax7-nGFPLo subpopulations
expressed (RT-qPCR) different levels of lineage progression
markers (Cxcr4, Cd34, Pax7: GFPHi>GFPLo; Sca1, Desmin,
Myog: GFPHi<GFPLo), either in resting or regenerating (5 days
post-injury) muscle (not shown here; Rocheteau et al. 2012). Tc,
measured cell cycle time. c An exclusion protocol was applied to
adult satellite cells that were reactivated following diffuse cardio-
toxin injury. At T1, myogenic progenitors were dissociated from
the muscle fibres and allowed to complete the last cell cycle until
telophase, producing attached daughter cell pairs; 45 % of cell
pairs showed asymmetric distribution of the first label. This was
associated with mostly asymmetric expression of Desmin in the
label-inheriting cell. Additionally, most cell pairs also expressed
Sca1 (referred here to be a more upstream marker) in Desmin-
negative cell (Conboy et al. 2007). d Exclusion protocols were
applied to cKit+ human cardiac stem cells either to expand clones
(Exp. #1) or single cells (Exp. #2). Different chase periods were
used. At T2, 5 % of expanding clones showed DNA-labelling
positivity in 50 % of the cells. Similarly, 5 % of the single cells
gave rise to clones showing one cell positive for the first label, two
cells positive for the second label, and the remaining cells negative
for both labels. Such clones were referred to as ‘Asymmetric
Chromatid Segregation (ACS)’ clones, as opposed to ‘Symmetric
Chromatid Segregation (SCS)’ clones where the label was
diluted. ACS and SCS clones expressed no lineage com-
mitment markers and showed uniform α-adaptin staining.
ACS clones proliferated faster than SCS clones, had longer
telomeres, and less expression of senescence or apoptosis
markers. The frequency of ACS clones decreased with the
age of donor patients, and upon loss-of-function of Dynein.
Finally, ACS clones showed better reconstitution of infarct-
ed hearts than SCS clones (Kajstura et al. 2012). Tc, mea-
sured cell cycle time

�
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segregation by the mitotic machinery of ‘marked’ sister
chromatids. Sufficient information for non-random seg-
regation of sister chromatids might be present within
centromeres, which provide a physical link between
DNA and the mitotic apparatus (Fig. 3). This notion
needs to be tested empirically. A key point is the estab-
lishment of an asymmetry between sister chromatids,
beginning during S phase and subsequently maintained,
most probably at centromeres.

Symmetry breaking between sister chromatid
centromeres

Replication, transcription, repair, and maintaining
quality control in stem cells

The movement of the replication fork inherently cre-
ates an asymmetry between the two template DNA
strands, one being replicated by the leading strand
apparatus, the other by the lagging strand apparatus.
In Escherichia coli, leading and lagging DNA strands
can be segregated to different locations in response to
the direction of DNA replication (White et al. 2008).
Some reports indicate that the speed of progression of
the replication fork can vary between the different
sides of the origin (Raghuraman et al. 2001; Karnani
et al. 2007). In addition, preferential direction of rep-
lication can result from a non-random distribution of
origins and termination signals (e.g. preferentially on
one side of origins), or from the presence of unidirec-
tional terminators, allowing fork progression in a sin-
gle direction (Rothstein et al. 2000). An elegant
example of unidirectional DNA replication is provided
by mating type switching in the fission yeast. S.
pombe cells exist as two mating types, P and M, that
switch during cell divisions. It was shown that unidi-
rectional DNA replication of the mat1 locus directs the
imprinting of one of the two sister chromatids during
the following round of DNA replication, leading to
mating-type switching by recombination (Dalgaard
and Klar 1999). The nature of this imprint has been
proposed to be a site- and strand-specific break
(Arcangioli 1998) or an RNA residue from an
Okasaki fragment (Klar 1987; Nielsen and Egel 1989).

It has been proposed that proliferating cell nuclear
antigen (PCNA) remains associated with double-
strand DNA before removal by the Replication
Factor-C in Saccharomyces cerevisiae (Bylund and
Burgers 2005). In this case, leading and lagging

strands could retain different amounts of PCNA
(Fig. 3b1; Lew et al. 2008; Tajbakhsh and Gonzalez
2009). Furthermore, PCNA has been suggested to link
DNA replication and inheritance of epigenetic states
via CAF-1 protein complex that deposits histone
H3-H4 proteins onto replicating DNA (Shibahara
and Stillman 1999). As a consequence, biased orien-
tation of replication might induce secondary asymme-
try between sister chromatids, for example, in the form
of asymmetry in the methylation patterns, histone
distribution, or histone modifications. Strikingly, a
mutation that inhibits CAF-1-mediated nucleosome
formation results in failure to form bilateral asymme-
try in the Caenorhabditis elegans nervous system,
thereby providing a direct link between left–right
asymmetric epigenetic regulation post-replication and
bilateral asymmetric cell fates (Nakano et al. 2011).

In addition, strand-specific transcription could
determine an asymmetry between sister chromatids,
either by itself (Fig. 3c1) or by impinging on the
progression of the replication machinery. Strand-
specific transcription has been shown to occur at cen-
tromeres (Kanellopoulou et al. 2005; Murchison et al.
2005), and to be necessary for the proper organization
of pericentric heterochromatin during early mouse
development (Probst et al. 2010).

In some cases, robust transcription and DNA
replication can occur in opposite directions during
S phase. This can result in paused replication forks
as opposing tasks compete for function on the
same DNA strand. If readthrough at the fork
occurs, this could potentially modify the epigenetic
signature of the DNA and consequently gene ex-
pression (Bermejo et al. 2012).

Other structural configurations that could potentially
result in strand-specific asymmetry during replication
involves G-quadruplexes. These sequences are four-
stranded nucleic acid structures that are associated with
many metazoan replication origins (Méchali et al. 2013).
They exhibit asymmetrical behaviour during replication,
exclude nucleosomes, and their processing is critical for
maintaining genome stability (Méchali et al. 2013). We
propose that their behaviour during leading and lagging
strand synthesis could potentially promote asymmetric
behaviours of the replicated DNA. Furthermore, emerg-
ing studies point to active and silenced origins that con-
stitute a replicon, and these regions are enriched in
epigenetic marks (Méchali et al. 2013). The resetting of
these marks could also impact on gene expression, thus
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Fig. 3 Possible mechanisms promoting TDSS during cell cycle
progression (a) Representation of a mother chromatid in G1,
with centromeres associated with ‘old’ nucleosomes and two
genes, A and B, of unknown expression status. ‘A’ would be a
master regulatory gene, ‘B’ an irrelevant gene for cell fate
decisions (e.g. housekeeping). b1 Preferential replication fork
progression across the mother centromere can result in asym-
metric loading of PCNA on leading and lagging strands. b2
Alternatively, after centromere replication, sister chromatids
might be loaded with equal amounts of limiting specific factors
within centromeres. Transient pairing of centromeres could then
result in the redistribution of such factors on one centromere vs.
the other, similar to what is assumed to happen during symmetry
breaking between the two X chromosomes in the X-
chromosome inactivation model (Navarro and Avner 2010;
Augui et al. 2011). c1–4 Primary symmetry breaking according

to the asymmetric replication fork progression model or the
transient sister chromatid pairing model can result in secondary
asymmetries. These can be asymmetric transcription (c1), asym-
metric DNA (hydroxy)methylation (c2), asymmetric histone
modifications (c3), or asymmetric distribution of ‘new’ and
‘old’ histone pools (c4), within centromeres. d Centromere
asymmetry might enable future asymmetric expression of mas-
ter regulatory genes (‘A’), without affecting ‘housekeeping’
genes (‘B’), according to the silent sister hypothesis (Lansdorp
2007). e Asymmetrically labelled centromeres might be differ-
entially recognized by kinetochore proteins. A crosstalk might
exist between centromeres and centrosomes, via cargo proteins
shuffling between kinetochores and centrosomes. This could
enable the biased segregation of ‘old’ vs. ‘new’ chromatids. f
Asymmetric cell fate decision in daughter cells inheriting ‘old’
or ‘new’ sister chromatids
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providing another potential link between the replication
process and gene regulation.

In extreme cases, or during stress, the replisome can
remain associated with the DNA fork, resulting in a
stalled fork, and this is protected by an inter-S-phase
checkpoint (Mizuno et al. 2013). Fork collapse result-
ing from dissociation of polymerases, or broken forks,
can be accommodated if replication restarts by homol-
ogous recombination or microhomology-primed
re-initiation (Bermejo et al. 2012). It is not known
how these processes affect tissue-specific stem cells
or their mode of cell division.

In this context, it is worthwhile considering the pos-
sibility that stem cells might avoid replication or other
types of errors, or preserve their proliferative capacity
by limiting telomere shortening. Independently of the
immortal strand hypothesis, the notion that adult stem
cells might avoid accumulating mutations after DNA
replication has not been empirically tested. This is a
challenging experiment to do as one should compare
cell populations and their progeny for extended periods
of time. In addition, the extent of quality control follow-
ing excision/repair, sister chromatid exchange, or
double-stranded break repair has not been evaluated
extensively in stem cells. Whether these events impact
on or promote TDSS remains an open question (see
Lansdorp 2007; Tajbakhsh and Gonzalez 2009,
Yennek and Tajbakhsh 2013).

Interestingly, recent findings have pointed to robust
repair after DNA damage in stem cells compared to
committed cells (Sotiropoulou et al. 2010; Blanpain et
al. 2011, S. Tajbakhsh and M. Ricchetti, unpublished
results). DNA damage comes in different forms, and
repair generally takes place with high fidelity, depend-
ing on the choice of the polymerase recruited and its
proof-reading capacity (Kunkel 2004; Blanpain et al.
2011). In some cases, however, specific translesion
synthesis polymerases copy past DNA lesions that
can block replication, and these can exhibit high error
rates. Some of these polymerases (e.g. Pol ζ, Pol η,
Pol ι, and Pol κ) lack proofreading activity, and intro-
duce errors ranging from 10–1 to 10–3 (Kunkel 2004).
Another consideration regarding DNA replication
itself is that lagging strands can accumulate less errors,
at least in bacterial chromosomal DNA, compared to
leading strands (Fijalkowska et al. 1998).

Therefore, defects in processes that determine DNA
replication fidelity can confer mutator phenotypes.
Although managing errors by selective DNA strand

segregation was initially the premise put forth for the
immortal strand hypothesis (Cairns 1975, 2006), non-
random DNA segregation might result from asymme-
tries inherent in the replication process itself, or the
quality control associated with post-replication events.
Although it is estimated that approximately one error
occurs during DNA replication for each 109–1010

nucleotides polymerized (Prindle et al. 2010), this
has not been measured directly in adult vertebrate stem
cells and their progeny over extended periods. Future
studies should consider how these different processes,
as well as the fidelity of DNA repair following in-
duced DNA damage, contribute to mutation load in
tissue-specific cells in long living metazoans.

Thus, quality control is a process that is intimately
linked to DNA replication. The recent findings that DNA
repair enzymes are associated with the transcriptional
machinery and that they can affect gene expression
provide a tantilizing link between the maintenance of
DNA fidelity and the regulation of gene expression
(Compe and Egly 2012). In this context, we note that
the tumour suppressor gene p53was reported to regulate
symmetric versus asymmetric cell divisions in cultured
cells, where retention of template DNA strands by non-
random chromosome segregation was suppressed in p53
null cells (Rambhatla et al. 2005). Given the reported
link between p53 and the cell cycle determinant Numb,
which can regulate asymmetric cell divisions (Cicalese et
al. 2009), this raises the possibility that DNA damage
response mediated by p53 or other effectors could link
the DNA repair pathway with non-random DNA segre-
gation. We note that TDSS was not fully suppressed in
cultured p53 null skeletal muscle stem cells (Shinin et al.
2006). With the higher resolution protocols recently
described for prospectively isolated muscle stem cells
(Rocheteau et al. 2012), the role of the DNA damage
response pathway, as well as p53, could be investigated
in more detail.

Non-random DNA segregation and X-chromosome
inactivation

In mammalian cells, symmetry breaking between
identical DNA sequences occurs during X-
chromosome inactivation. It is thus tempting to
consider the possibility that the mechanisms
involved in X-chromosome inactivation could ap-
ply to symmetry breaking between sister chroma-
tids of autosomes. In the inner cell mass of female
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mouse embryos as well as in female mouse ES
cells, one of the two X chromosomes is inacti-
vated. The choice of the inactivated copy is ran-
dom. Briefly, X chromosomes contain an X-
inactivation center (Xic), which contains the Xist
gene. Xist is a long non-coding RNA that is
mono-al lel ical ly upregulated from one X-
chromosome at the onset of inactivation. Xist coats
the X-chromosome from which it is expressed, and
is necessary for its inactivation in cis. Before
inactivation, pluripotency factors (Nanog, Sox2,
Oct4) repress Xist expression to low levels on both
chromosomes. As differentiation is initiated, their
concentration decreases under the threshold neces-
sary to inactivate both Xist alleles. It has been
proposed that symmetry breaking between the
two active X chromosomes might occur via a
transient interaction between the Xic regions
(Masui et al. 2011), allowing a monoallelic upre-
gulation of Xist, involving pluripotency factors
(Navarro and Avner 2010; Augui et al. 2011).
Low and high expressions of Xist on both chro-
mosomes are then consolidated by hetero/euchro-
matin deposition marks, respectively, and it
becomes independent of pluripotency factors. A
similar mechanism might apply to sister chromatids of
autosomes. One possibility is that sister chromatid cen-
tromeres are loaded with equal amounts of specific
factors. In response to extracellular cues, the expression
of such factors would decrease, and symmetry could be
broken between sister chromatid centromeres via their
transient pairing (Fig. 3b2). One chromatid would then
be randomly defined as the ‘template’DNA, the other as
the ‘nascent’DNA. The asymmetric distribution of such
specific factors could, as in the case of the asymmetric
progression of the replication fork, result in secondary
asymmetries between sister chromatids such as asym-
metric methylation patterns, histone distribution, or his-
tone modifications.

Secondary asymmetry between sister chromatids

Strand-biased DNA methylation has been observed in
Arabidopsis thaliana centromeres (Luo and Preuss
2003) and hepatocellular carcinoma within the Apc gene
(Jain et al. 2011). Recently, members of the 10-11
translocation proteins (Tet1, Tet2, and Tet3 in mouse)
were shown to oxidize 5-methylcytosines (5mC) into
other derivatives such as 5-(hydroxy)methylcytosines

(5hmC), 5-formyl-cytosines, and 5-carboxy-cytosines
(Fu and He 2012). 5hmC was reported to be enriched in
mouse ES cells and in the cerebellum (Kriaucionis and
Heintz 2009; Tahiliani et al. 2009). It is still unclear
whether 5hmC is a degradation intermediate of 5mC or
a bona fide epigenetic mark. 5hmC might inhibit the
repressive effect of 5mC by preventing binding of
methyl-binding proteins (Valinluck et al. 2004), or it
might recruit specific partners involved in gene regula-
tion. 5hmC is believed to be an intermediate of passive
DNA demethylation by replication. The 5mC modifica-
tion is usually maintained on the nascent DNA strand
after replication by DNA methylation maintenance
enzymes such as Dnmt1. Provided that 5hmC is not
maintained after replication, this might generate an asym-
metry between template and nascent DNA strands
(Fig. 3c2). The presence and function of 5hmC in cells
performing TDSS, in addition to a potential role for the de
novoDNAmethylating enzymesDnmt 3a and 3b, remain
to be explored. Interestingly, a MeDIP-Seq protocol was
described where information on strand specificity of
(hydroxy)methylation was determined (Ficz et al. 2011).

Over three decades ago, it was proposed that old
and new nucleosomes segregate asymmetrically dur-
ing DNA replication in a cell line (Weintraub 1976).
This was later revealed to be the result of an experi-
mental artifact (Russev and Hancock 1982). Ironically,
recent studies in Drosophila melanogaster showed
that during asymmetric division of male germline stem
cells (GSCs), the ‘old’ pool of histone H3 remained
associated to the stem cell, while the neosynthesized
pool was enriched in the differentiating daughter cell
(Tran et al. 2012). Interestingly, the histone variant
H3.3 was distributed in a symmetric fashion in these
cells. Strikingly, ectopic activation of the JAK-STAT
signaling pathway forced symmetric division of
GSCs, and subsequent symmetric distribution of
‘old’ and ‘new’ pools of H3. It is therefore possible
that these different pools could carry information that
can distinguish sister chromatids. In addition, it has
recently been shown that sex chromosomes, but not
autosomes, are non-randomly segregated during
asymmetric divisions of D. melanogaster male GSCs
(Yamashita, review this issue). The relationship
between non-random sister chromatid segregation
and histone segregation remains to be investigated in
this case. In other studies, it has been suggested that
the histone variant H2A.Z is differentially deposited
on template and non-template DNA strands, within
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immortalized murine fibroblasts conditionally divid-
ing asymmetrically (Huh and Sherley 2011). In that
study, H2A.Z was either detected specifically on tem-
plate DNA strands or on both template and non-
template DNA strands, depending on the immunode-
tection protocol, suggesting that there is a molecular
cloaking of H2A.Z on non-template DNA strands. In
addition, pericentric heterochromatin has been shown
to be a biophysically elastic component of the mitotic
apparatus (Bouck and Bloom 2007). Different chro-
matin compositions between sister chromatids within
these regions (Fig. 3c3, c4) might then mediate differ-
ent interactions with chromatid recognition and segre-
gation systems. Furthermore, it has recently been
shown that nucleosomes can exhibit asymmetric his-
tone modifications, such as permissive H3K4me3 and
repressive H3K27me3. Such bivalent marks, coupled
to non-random redistribution of histone pools during
replication, might allow the expression of specific loci
regulation on sister chromatids (Voigt et al. 2012).

Whatever the mechanism of symmetry breaking
between sister chromatids might be, old and new
centromeres would need to play a critical role in
regulating the expression status of master regulatory
genes (Fig. 3d), thereby allowing cell fate decisions to
be executed during subsequent cell divisions.

Crosstalk between centromeres and master regulatory
genes?

According to the silent sister hypothesis, epigenetic dif-
ferences might exist between sister chromatids, within
centromeres and stem/commitment genes. Asymmetric
recognition of centromeres would then be the basis for
non-random DNA segregation and this would in turn
lead to asymmetric gene expression and differential cell
fates between daughter cells (Lansdorp 2007). If true,
when does the differential regulation of those ‘master’
genes occur? Before or after mitosis? Before or after
asymmetric epigenetic labelling of centromeres? In other
words, is there a crosstalk between epigenetic asymme-
tries at centromeres andmaster regulatory genes? If this is
the case, which epigenetic mark appears asymmetric and
acts as the initiating event? Asymmetric epigenetic mod-
ification of specific loci (centromeres or master gene
bodies) between sister chromatids has not been explored
in cells dividing with TDSS. Recently, a powerful strand-
specific sequencing protocol was developed that can
address some of these issues (Falconer et al. 2012).

Briefly, ES cells are cultured in presence of BrdU for
one cell cycle, resulting in hemi-labelled DNA. DNA
from single cells is extracted, and high-throughput se-
quencing libraries are prepared. Before sequencing, li-
braries are exposed to UV light in the presence of
Hoechst 33258, which sensitizes BrdU-labelled DNA
to UV photolysis. Remaining unlabelled DNA strands
are then sequenced from single cells, and sister chromatid
exchanges are mapped with unprecedented resolution.
Together with chromatin immunoprecipitation or bisul-
fite conversion of unmethylated cytosines to uracil, this
method might allow the identification of epigenetic dif-
ferences between sister chromatids that are differentially
labelled with BrdU. However, a sequencing strategy
might not be useful for centromeres, given their repetitive
nature and the difficulty in mapping sequencing reads
originating from repeats.

Recognition of specific chromatids by the mitotic
machinery

Once sister chromatids are asymmetrically labelled, how
does the mitotic apparatus segregate them selectively?
Sister chromatid segregation by the mitotic spindle ap-
paratus involves interactions between microtubules from
spindle poles, kinetochore proteins, and centromeres.
Achieving non-random sister chromatid segregation
could require functionally different spindle poles to con-
nect specifically, via kinetochores, with ‘old’ or ‘new’
centromeres. Interestingly, kinetochore proteins were
reported to be distributed asymmetrically among progeny
of a mother cell in S. cerevisiae (Thorpe et al. 2009). This
cell gives rise to phenotypically distinct mother (m) and
bud (b) cells, each of which in turn gives rise to two
daughter cells: ‘mm’/’mb’ and ‘bm’/’bb’, respectively. A
‘mother’ lineage can then be defined: the ‘m’ cell, giving
rise to the ‘mm’ cell, which in turn gives rise to the
‘mmm’ cell. Strikingly, the kinetochore proteins
remained associated with the mother lineage, being
mostly transmitted from the ‘m’ cell to the ‘mm’, and
then the ‘mmm’ daughter cells. Such an asymmetric
inheritance of kinetochore proteins might be related to
asymmetric labelling and recognition of sister chroma-
tids. Given its role in the attachment of microtubules to
centromeres, Aurora B kinase would be an interesting
candidate to regulate this process. Furthermore, micro-
tubules can serially attach the two kinetochores, one
before and the other one after chromosomes align during
metaphase (Skibbens et al. 1995). Hence, sister
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chromatids asymmetrically loaded with kinetochores
proteins could be recognized in a sequential fashion,
ensuring their inheritance within the same daughter cell.

The existence of nonequivalent spindle poles has also
been reported in many systems. Replication of centrioles
is semi-conservative, generating ‘old’ and ‘new’ centro-
somes with different structural properties (Uzbekov and
Prigent 2007). InD.melanogaster, it has been shown that
centrosomes can be inherited in a defined manner.
During asymmetric divisions of male GSGs, the mother
centrosome remains in the stem cell (Yamashita et al.
2007). In contrast, the mother centrosome is inherited by
the committed daughter cell during neuroblast divisions
(Conduit and Raff 2010; Januschke et al. 2011). In
mGSCs and neuroblasts, centrosomes are important reg-
ulators of the balance between self-renewal and differen-
tiation (Yamashita et al. 2003; Gonzalez 2008; Rusan and
Rogers 2009).

It has been proposed that a crosstalk could exist
between centromeres and centrosomes, via cargo pro-
teins shuttling between kinetochores and centrosomes
during TDSS (Tajbakhsh and Gonzalez 2009). Such a
cargo protein could ensure that daughter cells will
inherit matching types of chromatids and centrosomes
(e.g. ‘old’ chromatids with mother or daughter centro-
some). In yeast, the APC-related protein Kar9 is prefer-
entially recruited by the old spindle pole (Maekawa et
al. 2003). It binds to Myosin2 and moves along actin
cables towards the bud (Liakopoulos et al. 2003).
Asymmetric distribution of Kar9 is maintained by
Dynein (Grava et al. 2006). These factors might be
candidates for the selective capture of some sister chro-
matids by microtubules of a given spindle pole (Fig. 3e).

Conclusions and perspectives

Since the discovery of the double helix, and the mode
of semi-conservative replication of DNA to transmit
genetic material to daughter cells, it had been assumed
that chromosomes containing old and new DNA
strands are distributed randomly. There is now compel-
ling evidence in prokaryotes and eukaryotes that DNA
molecules of identical sequences can be treated differ-
ently. Beyond this notion, that old and new DNA can be
recognized and distributed in a regulated manner is in
itself truly remarkable. Recent evidence that this phe-
nomenon is directly associated with differential cell
fates of daughter cells points to a novel mode of gene

regulation that needs to be considered among the more
established mechanisms reported to date. Future studies
will need to determine if this coupling is absolute, and
how the in vivo niche regulates TDSS. Other consider-
ations include DNA replication during S phase, chro-
matid choice selection during metaphase, and when
differential cell fates are initiated. How global informa-
tion on a chromatid is associated with local regulation of
gene expression remains a mystery. It will not be sur-
prising if, in addition to the putativemechanisms evoked
above, new players will enter the scene to fill in these
gaps in our knowledge. Whether TDSS of all or a few
chromosomes is restricted to stem cells, or more widely
used in different contexts, including cancers, also
remains to be determined. The employment of rigorous
standards linking single cell analysis, true daughter cell
identities, and nucleotide analogues is necessary to quell
some of the debate, and to focus discussions on mech-
anisms regulating chromatid identity. Finally, a shift in
thinking from experimentally seeking ‘immortality’ of
DNA strands to assessing asymmetry punctually in
different developmental and physiological contexts is
critical to introduce an unbiased view in the field of
non-random DNA segregation.
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