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Abstract According to the “immortal” DNA strand
hypothesis (Cairns Nature 255:197–200, 1975), stem
cells would keep their template strands in order to prevent
the accumulation of mutations, which could occur during
DNA replication. Despite the growing number of studies
that attempt to test this hypothesis, the conclusions
remain highly controversial. In the base of this contro-
versy lie the current limitations of available methodology
to selectively and faithfully track the fate of template
DNA strands throughout and upon cell division. Here,
we developed a method that allows the unequivocal
tracking of single chromatids containing template DNA
strands in Drosophila S2 cells in culture. This method
consists in the induction of mitosis with unreplicated
genomes (MUGs) in which cells are allowed to enter

mitosis without prior DNA replication. This is achieved
by RNAi-mediated knockdown of Double parked, a
conserved protein required for the initiation of DNA
replication and post-replication checkpoint response.
The advantages of this system when compared with
MUGs generated in mammalian cells is the preservation
of chromatid morphology, the ease of loss-of-function
studies and the possibility of in vivo applications.
Altogether, this approach allows for the readily visuali-
zation and tracking of template DNA strands by simply
monitoring cells stably expressing GFP-fusions with
either Histone H2B or the centromeric Histone variant
CID/CENP-A by time-lapse fluorescence microscopy.
This might be useful for the dissection of the molecular
mechanism behind asymmetric DNA strand segregation.
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Introduction

Correct segregation of genetic material into daughter
cells during mitosis depends on previously completed
replication of DNA during S phase. In 1975, John
Cairns (Cairns 1975), based on previous reports of
non-random segregation of sister chromatids in mam-
malian cells (Lark et al. 1966), proposed the “immortal
strand” hypothesis according to which stem cells would
retain template DNA strands, whereas newly synthe-
sized DNA replicas would segregate into differentiating
daughter cells. By keeping template strands, stem cells
would avoid the accumulation of mutations that could
occur during DNA replication. This hypothesis implies
a biased/asymmetric distribution of sister chromatids,
but the underlying mechanism remains unknown
(Tajbakhsh and Gonzalez 2009). Some possibilities
include differences in gene expression, chromatin struc-
ture, chromatin modifications between the strands or
asymmetry of mitotic spindle components such as
centrosomes (Lew et al. 2008, Tajbakhsh and
Gonzalez 2009, Charville and Rando 2011).

Support for and against asymmetric segregation of all
or just a few DNA strands associated with specific
chromosomes can be found in the literature in the most
diversified systems, from yeast to man (Tajbakhsh 2008,
Rocheteau et al. 2012, Escobar et al. 2011, Schepers et
al. 2011, Armakolas and Klar 2006, Conboy et al. 2007,
Armakolas et al. 2010), making this a highly controver-
sial topic, mostly due to current limitations in the mo-
lecular identification of truly stem cell populations and
to selectively label and track template DNA strands
throughout and upon cell division. The latter tradition-
ally involves the administration of labelled nucleotides
(e.g., 5-bromo-deoxyuridine or H3-thymidine) that will
mark older or newer DNA strands, depending on the
protocol used, but which cannot reliably distinguish
stem cells from differentiated cells with a slow cell

cycle. Therefore, finding a good model system that
would allow not only the monitorization of chro-
matids containing template DNA strands at high spa-
tial and temporal resolution, but also the dissection of
the molecular mechanism that could account for
biased/asymmetric strand segregation during cell divi-
sion will be detrimental to complement existing
methodology.

Although correct and complete DNA replication is
required to allow cells to proceed with the cell cycle,
mammalian cells treated with hydroxyurea (HU) and
caffeine can enter mitosis without previously replicating
their genomes (Brinkley et al. 1988). Hydroxyurea
blocks DNA replication, whereas caffeine allows the
override of a post-replication checkpoint. This phenom-
enon known as mitosis with unreplicated genomes
(MUGs) has been used in a number of different studies
to demonstrate that kinetochores, which detach from
chromatin in mammalian MUGs, are sufficient to inter-
act with and be segregated autonomously by the mitotic
spindle (Brinkley et al. 1988, Wise and Brinkley 1997,
O'Connell et al. 2008, O'Connell et al. 2009, Johnson
and Wise 2010). An important corollarium from these
experiments is that MUGs can satisfy the spindle
assembly checkpoint (SAC) and proceed with anaphase
(Brinkley et al. 1988, O'Connell et al. 2008), thereby
allowing the subsequent tracking and fate determination
of the segregated DNA.

Drosophila Double parked (Dup) is a conserved
origin of replication protein that is essential for the
initiation of DNA replication in S phase and is involved
in a post-replication checkpoint, thereby preventing cells
to enter mitosis without completing DNA replication
(Whittaker et al. 2000). We reasoned that Dup knock-
down by RNAi would drive cells into mitosis without
previous DNA replication, which would represent an
efficient way to generate and selectively track single
chromatids containing template DNA strands. As
proof-of-principle, we tested this idea in Drosophila S2
cells in culture, in which it is possible to monitor chro-
mosome and mitotic spindle behaviour throughout cell
division by stably expressing GFP (or any other fluores-
cent protein) fusion proteins with core chromosomal and
spindle apparatus components. Due to their simple
cytology that favours high-resolution imaging studies,
the ease of loss-of-function studies by RNAi (Moutinho-
Pereira et al. 2010), together with the capacity to induce
polarity and asymmetric division in Drosophila S2 cells
(Johnston et al. 2009), this system may be potentially
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suited to complement existing methods for the dissection
of the molecular mechanism behind asymmetric DNA
strand segregation.

Materials and methods

Cell lines

Drosophila S2 cells stably expressing either GFP-H2B
Histone and mCherry-α-tubulin (Maiato and Lince-
Faria 2010) or GFP-α-tubulin and CID-mCherry
(Moutinho-Pereira et al. 2010), were grown at 25 °C in
Schneider’s medium (Invitrogen).

RNA interference

Dup dsRNA was obtained following the protocol pre-
viously described in (Maiato et al. 2003). For
synthetizing Dup dsRNA from Drosophila S2 cells
genomic DNA, we used the primers: forward
TAATACGACTCACTATAGGGGTCATAAC
GTGTGGATTCATGG and reverse TAATACGAC
TCACTATAGGGCAAGACTCCCACAAAAATAC
CG. For RNAi of Dup 106 S2 cells were seeded in six
well plates and incubated with 1 ml of Schneider´s
medium without FBS and containing 10 μg/ml of Dup
dsRNA for 1 h (Moutinho-Pereira et al. 2010). After
incubation, 2 ml of Schneider´s medium with FBS
were added and cells were kept for 96 h at 25 °C.

Imaging

Dup-depleted S2 cells stably expressing GFP-H2B
Histone /mCherry-α-tubulin or GFP-α-tubulin/CID-
mCherry were plated on 0.25 mg/ml concanavalin A-
coated glass-bottom dishes (MatTek) and multipoint
time-lapse images of living cells were obtained using a
Nikon TE2000U inverted microscope equipped with a
Yokogawa CSU-X1 spinning-disc confocal head, two
laser lines (488 and 561 nm) and a motorized stage
(Marzhauser). Images were collected as a multi (9)
0.5 μm separated z-planes with a time interval
of 2 min and detected by an iXonEM+Electron
Multiplying CCD camera (Andor). An effective pixel
size of 0.076 μm was achieved using ×100 1.4 NA
plan-Apochromatic DIC objective and two additional
lenses: an ×1.5 optivar and a ×1.41 plan-apochromatic
imaging lens before the CCD. The system was

controlled by NIS-elements software (Nikon, Japan)
and videos were processed and analysed with ImageJ.

Results

With the aim of establishing a tractable cell culture
system undergoing MUGs in Drosophila we performed
Dup Histone knockdown by RNAi in S2 cells stably
expressing GFP-H2B Histone /mCherry-α-tubulin or
GFP-α-tubulin/CID-mCherry. To confirm that Dup-
depleted cells entered mitosis without DNA replication
we performed live cell imaging using a spinning-disc
confocal microscope. As opposed to mammalian
cell MUGs in which unreplicated DNA remains
decondensed, Dup-depleted S2 cells preserved chroma-
tid morphology (Fig. 1b–e, Movies S2–5), which we
used as read-out to validate our experimental strategy.
Typically, control S2 cells stably expressing GFP-H2B
Histone /mCherry-α-tubulin or GFP-α-tubulin/CID-
mCherry established a bipolar spindle with bioriented
chromosomes aligned at the metaphase plate and mito-
sis was completed in 32±9 min (mean±SD; n=11 cells)
(Fig. 1a,Movie S1 and Fig. 2a, Movie S6). In agreement
with previous studies in Drosophila embryos (Parry et
al. 2003), Dup-depleted S2 cells entered mitosis with
single chromatids (Fig. 1b–e, Movies S2-5). This
allowed the unequivocal tracking of chromatids
containing template DNA strands. Accordingly, single
chromatids upon Dup depletion remained scattered up
to several hours (Table 1), likely due to the establish-
ment of unstable kinetochore attachments with spindle
microtubule plus ends as result of reduced/absent cen-
tromeric tension (King and Nicklas 2000, Pinsky and
Biggins 2005). Due to these unstable attachments a
highly variable number of chromosomes/kinetochores
remained close to the poles throughout mitosis
(Fig. 1b–e, Movies S2–5, Fig. 2b, c and Movies S7–8).
Interestingly, three out of four Dup-depleted cells
(Table 1) showed a clear asymmetric distribution of
chromosomes/kinetochores between the two poles imme-
diately upon nuclear envelope breakdown and establish-
ment of initial kinetochore-microtubule attachments
(Fig. 2b–c, Movies S7–8). This correlated with a
much higher microtubule organizing activity from
one of the centrosomes, and spindle bipolarity was
achieved by means of centrosome-independent mecha-
nisms (Maiato et al. 2004). Importantly, all recorded
Drosophila S2 cells undergoingMUGs eventually exited
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mitosis (Table 1), as determined by spindle and cell
elongation together with chromatin decondensation
(Fig. 1b–e, Movies S2–5). This is consistent with previ-
ous studies in mammalian cells undergoing MUGs,
which were shown to satisfy the SAC after a mitotic
delay (Brinkley et al. 1988, O'Connell et al. 2008).
Curiously, mammalian cells undergoing MUGs do not

seem to elongate the spindle during anaphase B (Johnson
and Wise 2010), which was not the case in Drosophila
S2 cells (Fig. 1e, Movie S5 and Table 1).

Contrary to control Drosophila S2 cells in which
chromosomes segregated evenly during anaphase
(Fig. 1a, Movie S1 and Fig. 2a, movie S6), S2 cells
undergoing MUGs showed a 3:1 bias (n=8 cells) in

Fig. 1 Dup-depleted cells enter mitosis with unreplicated genomes
(MUGs) with single, condensed chromatids. Live cell imaging of
control and Dup-depleted Drosophila S2 cells stably expressing
GFP-H2B Histone (shown in green) and mCherry-α-tubulin
(shown in red). a Control cells containing replicated chromosomes

aligned during metaphase and segregated evenly during anaphase.
b–e Dup-depleted S2 cells enter MUGs with single, condensed
chromatids (arrows) which remain scattered within the mitotic
spindle. Spindle elongation and DNA decondensation can be ob-
served at the end of MUGs. Scale bar 5 μm. Time is in h:min
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segregating single chromatids containing template DNA
strands in an asymmetric vs. apparently symmetric fash-
ion (Fig. 1d, e, Movies S4–5 and Table 1).

Discussion

Here, we have established the experimental conditions to
generate MUGs inDrosophila S2 cells in culture (Fig. 3).
MUGs represent an established model system that helped
elucidating a number of important processes in mitosis,
such as kinetochore-microtubule interactions, SAC satis-
faction and the role of chromosomes/kinetochores in
spindle assembly (Wise and Brinkley 1997, O'Connell
et al. 2008, O'Connell et al. 2009, Johnson and Wise
2010). The ability of Drosophila S2 cells to preserve

condensed DNA morphology during MUGs allowed the
unequivocal tracking of single chromatids (Fig. 1b–e,
Movies S2–5) containing template DNA strands, which
is an advantage relative to mammalian systems where
DNA condensation during MUGs is lost.

Although S2 cells are thought to divide in a sym-
metrical fashion, there are inherent asymmetries that
are normally neglected. This is the case for the mother
and daughter centrosomes, which will be inherited by
the two daughter cells. The template and replicated
DNA strands are also inherently asymmetric, in the
sense that one is older than the other, but whether they
segregate asymmetrically in this system remains
unknown. Moreover, even if they do segregate asymmet-
rically, there is no obvious reasoning for such behaviour
aside from the potential conservation of mechanisms that

Fig. 2 Dup-depleted cells undergoing MUGs contain single
kinetochores improperly attached to the mitotic spindle. Live
cell imaging of control and Dup-depleted Drosophila S2 cells
stably expressing GFP-α-tubulin (shown in red) and CID-
mCherry (shown in green). a Control cells contain paired,
bioriented kinetochores with amphitelic attachments (boxed,

enlarged). b–c Single, unpaired kinetochores of Dup-depleted
cells undergoing MUGs. c Kinetochores during MUGs are
either merotelic (left box) or monotelic (right box) attached
(arrowheads on microtubules). b Arrow is pointing to the single
pole excluded from the mitotic spindle showing lower microtu-
bule organization capacity. Scale bar, 5 μm. Time is in h:min
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maybe present in the stem cells from which S2 cells
derived. Importantly, it is possible to induce polarized
division in S2 cells in culture, for example through the
ectopic expression of aPKC or Pins to cell–cell contact
sites (Johnston et al. 2009). The powerful and flexible
experimental tools together with the simple cytology of
S2 cells makes this system potentially suited for the
dissection of the molecular mechanism behind asymmet-
ric DNA strand segregation, namely through the combi-
nation of high-resolution live cell imaging with loss-of-
function studies.

Although beyond the scope of this work, we did
notice that those S2 cell MUGs that were able to exit
mitosis showed a 3:1 bias in asymmetric vs. apparently
symmetric segregation of single chromatids containing
template DNA strands. This was surprising in light of
previous studies in CHO cells where it was shown that
during MUGs small centromere-kinetochore fragments
segregate evenly to the daughter cells without showing
any strong bias or asymmetry (Johnson and Wise 2010).
However, previous studies did detect two populations of
CHO cells undergoing MUGs where some showed
apparently equal segregation and others where segrega-
tion was uneven, depending on whether they had near
“diploid” kinetochore numbers (Brinkley et al. 1988). In
these cases, the reason for discrepancy might lie in the
detection method of small kinetochore fragments, which
in S2 cell MUGs does not represent a problem since
entire chromatids can be tracked. Are these results in S2
cell MUGs relevant to the “immortal strand” hypothesis?

Maybe not, and our results should be taken with caution
given that just a small population of cells was analysed in
the present study. Moreover, the observed bias might be
due to many other mechanisms unrelated to template
strand bias, such as asymmetry in the initial distribution
of chromatids towards one of the two centrosomes or
unequal microtubule nucleation capacity of centrosomes,
which would bias the capture of a single chromatid by a
particular spindle pole. Nevertheless, we do not think
this to be the case as during MUGs initial kinetochore-
microtubule attachments are unstable and therefore can-
not account for the segregation bias observed several
hours after alternating chromatid excursions to both
spindle poles. This is further supported by the observa-
tion that those S2 cells undergoing MUGs that showed a
very early bias of chromatids relative to one of the
spindle poles immediately upon nuclear envelope break-
down (NEB) did not reveal any obvious asymmetry in
their spatial distribution relative to both poles prior to
NEB (Table 1). These situations are particularly relevant
because they further provide an opportunity to dissect
and visualize how the initial interactions between kinet-
ochores from sister chromatids containing template
DNA strands and microtubules from the mitotic appara-
tus are established. Finally, our results do show that there
is no absolute bias/asymmetry in the segregation of all
template DNA strands and, in the best case scenario,
there might only be a segregation bias of template
DNA strands from some, but not all, chromosomes. It
will be interesting in the future to reproduce these

Table 1 Summary of measured parameters from Drosophila S2 cells undergoing MUGs

MUGs Mitotic entry Interpolar distribution
of single chromatids
before NEB

Interpolar distribution
of single chromatids
after NEB

Mitotic exit Minimal
mitosis durationa

Spindle
elongation
in anaphase

Chromatid
segregation
in anaphase

Cell 1 Yes Even Asymmetric Yes 1 h Yes Asymmetric

Cell 2 Yes Even Asymmetric N.A. >6 h N.A. N.A.

Cell 3 Yes Even Asymmetric N.A. >1 h N.A. N.A.

Cell 4 N.A. N.A. N.A. Yes >2 h Yes Asymmetric

Cell 5 N.A. N.A. N.A. Yes >2 h Yes Asymmetric

Cell 6 N.A. N.A. N.A. Yes >45 min Yes Even

Cell 7 N.A. N.A. N.A. Yes >2 h 20 min Yes Asymmetric

Cell 8 Yes Even Even Yes 2 h Yes Even

Cell 9 N.A. N.A. N.A. Yes >2 h Yes Asymmetric

Cell10 N.A. N.A. N.A. Yes >20 min Yes Asymmetric

a Defined as the time between nuclear envelope breakdown until chromatin decondensation. In the cases where the entry /exit of mitosis
is missing from our recordings, the indicated times are an underestimation of the real mitotic duration

N.A. data not available
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experiments upon induction of polarization and selective
labelling of mother vs. daughter centrosomes in S2 cells
using photo-conversion of centriolar proteins (Wang et
al. 2009, Januschke et al. 2011).

One important aspect that deserves further con-
sideration in systems undergoing MUGs is that
kinetochores are not paired and therefore the entire
tension/attachment status of chromosomes is likely
to be very different from normal cells, which may
influence the segregation pattern of chromatids

containing template DNA strands. Accordingly,
we observed that the attachments between single
chromatids and spindle microtubules in Dup-
depleted S2 cells are unstable, with chromatids
often switching orientation between the two poles.
This highly dynamic kinetochore-microtubule interac-
tions and unstable attachments likely result from the
lack of tension in the absence of sister chromatid cohe-
sion and is probably the result of Aurora B-mediated
corrections of improper kinetochore-microtubule

Dup

T

S phase
DNA replication

Mitosis

G
2

S phase
DNA replication

Mitosis

G
2 Dup

a

b

Fig. 3 Model of MUGs
upon Dup depletion in
Drosophila S2 cells. Model
illustrates possible biased/
asymmetric segregation
of chromosomes in Dup-
depleted cells in comparison
to control. a In control cells
chromatids equally segregate
towards the mitotic poles.
b Since Dup-depleted S2
cells only contain template
DNA this system/strategy
might be useful to investigate
biased/asymmetric segrega-
tion of DNA strands
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attachments (e.g. merotelic or monotelic) (Oliveira et al.
2010). Indeed, the majority of Dup-depleted chromatids
are scattered around the mitotic spindle and only some
are able to align to the spindle equator apparently
through the establishment of merotelic attachments,
similar to what has been reported in human cells under-
going MUGs (O'Connell et al. 2008). In these cases,
segregation bias was shown to depend on the number of
microtubules associated between pole and the merotelic
kinetochore, favouring segregation towards the pole
with the higher number of attached microtubules
(Cimini et al. 2003, 2004).

Interestingly, all recorded S2 cells undergoing
MUGs exited mitosis but took about three to four
times longer than control S2 cells (Table 1). This
contrasts with results in Drosophila embryos mutant
for Dup, which arrested in mitosis as a result of acti-
vated SAC, with stabilized mitotic cyclins and Bub1
kinase present on kinetochores (Garner et al. 2001).
On the other hand, mammalian cells undergoing
MUGs were able to satisfy the SAC and exited
from mitosis (O'Connell et al. 2008), although
BubR1 levels on kinetochores were still high.
These differences between systems undergoing
MUGs indicate that the detailed mechanism of
SAC satisfaction/mitotic exit remains to be elucidated
and likely involves structural modifications within the
kinetochore itself in addition to centromere stretching
(Maresca and Salmon 2009, Uchida et al. 2009).

Our results in S2 cells in culture mirror previous
experiments with Drosophila embryos mutant for Dup
(Whittaker et al. 2000, Parry et al. 2003). This pro-
vides an important advantage over in vitro-limited
HU/caffeine induced MUGs in mammalian cells in
culture to investigate biased/asymmetric DNA strand
segregation in vivo using the powerful genetic tools of
Drosophila, including the analysis of hypomorphic
mutations, in vivo RNAi and clonal cell analysis in
specific tissues.
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