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SUMMARY

Nonrandom DNA segregation (NDS) is a mitotic event in which sister chromatids carrying the oldest DNA
strands are inherited exclusively by one of the two daughter cells. Although this phenomenon has been
observed across various organisms, the mechanism and physiological relevance of this event remain poorly
defined. Here, we demonstrate that DNA replication stress can trigger NDS in human cells. This biased inher-
itance of old template DNA is associated with the asymmetric DNA damage response (DDR), which derives at
least in part from telomeric DNA. Mechanistically, we reveal that the ATR/CHK1 signaling pathway plays an
essential role in mediating NDS. We show that this biased segregation process leads to cell-cycle arrest and
cell death in damaged daughter cells inheriting newly replicated DNA. These data therefore identify a key role
for NDS in the maintenance of genomic integrity within cancer cell populations undergoing replication stress

due to oncogene activation.

INTRODUCTION

It is generally considered that the distribution of cell constituents
between the two daughter cells during cell division is equal.
However, this dogma has been challenged recently by evidence
indicating that asymmetric cell division is fundamental in many
aspects of stem cell biology (Habib et al., 2013; Rocheteau
et al., 2012; Tran et al., 2012; Zimdahl et al., 2014), in lympho-
cytes (Chang et al., 2011; Thaunat et al., 2012; Verbist et al.,
2016), and in cancer (Knoblich, 2010; Zhang et al., 2014). The
phenomenon of asymmetric cell division has been widely dis-
cussed in the context of nonnuclear components and nuclear
components in different organisms (Burke, 2013; Denoth-Lippu-
ner et al., 2014; Derivery et al., 2015; Gallo et al., 2010; Katajisto
et al., 2015; Kressmann et al., 2015; Liu et al., 2013; Lopez-Ver-
naza and Leach, 2013; Yang et al., 2015). There has been a long-
standing interest in the possibility that chromosomes segregate
nonrandomly during mitosis and that some of the differences be-
tween mother and daughter cells could be explained by selective
chromatid segregation. However, the mechanism underlying
nonrandom separation of sister chromatids has remained elusive

(Akera et al., 2017; Ginda et al., 2017; Yadlapalli and Yamashita,
2013), despite the so-called immortal strand hypothesis (Cairns,
1975), which was put forward decades ago as a potential expla-
nation for how long-lived daughter stem cells might retain
genomic integrity. The validity of the immortal strand hypothesis
is still controversial, and it is not clear why some cells might
retain their template DNA and whether or not the phenomenon
is restricted to stem cells (Lansdorp, 2007; Rando, 2007).
Nonrandom DNA segregation (NDS) has been observed in
stem cells, fibroblasts, and epithelial, neural, and muscle satellite
cells (Conboy et al., 2007; Freida et al., 2013; Karpowicz et al.,
2005; Potten et al., 1978; Rebollo et al., 2007; Shinin et al.,
2006). Several studies have demonstrated that epidermal basal
cells, hematopoietic stem cells, and intestinal epithelial stem
cells segregate their chromosomes randomly (Barker et al.,
2007; Charville and Rando, 2011; Escobar et al., 2011; Kiel
et al., 2007; Sotiropoulou et al., 2008; Zimdahl et al., 2014).
Certain cancer cell lines harbor a subpopulation of cells exhibit-
ing NDS, which is modulated by stress conditions such as high
cell density, hypoxia, and serum deprivation (Pine et al., 2010),
suggesting that stress signaling from the microenvironment
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Figure 1. Replication Stress Induces Nonrandom Chromatid Segregation

(A) Schematic representation of random and nonrandom division of template DNA strands. Cells were grown in CldU (red) for 2 weeks to ensure that all parental
DNA was labeled. CldU was then removed and the cells were allowed to progress through one cell cycle in CldU-free medium. During the second cell division
following removal of CldU (the chase), cells were synchronized using RO-3306 in late G2 and then released into mitosis. The sister chromatids containing the
CldU-labeled template DNA were then segregated either randomly or exclusively to one of the two daughter cells.

(B) Representative images of daughter cells that partition their CldU-labeled template DNA (red) either randomly (Crop image 2) to both daughter cells or
exclusively to the one daughter cell (Crop image 1). Scale bars, 10 um.

(C) Quantification of the frequency of NDS in U20S cells without (n = 452) or with (n = 396) APH treatment.

(D) Schematic representation of random and nonrandom division of template DNA. Cells were grown in CldU (red). During the second cell division following
removal of CldU, IdU (green) was added, and the IdU-labeled new DNA strands were then segregated either randomly (random) or exclusively to one of the
daughter cells (nonrandom).

(E and F) U20S daughter cells in G1 (cyclin A negative) were gated and sorted into CldU-positive and IdU-positive fractions and then analyzed for the percentage

of nonrandom segregation (only IdU-labeled DNA) by flow cytometry. (E) Representative FACS images of control and APH-treated cells. (F) Quantification of the
data from (E.) At least 50,000 cells were analyzed in each condition.

(legend continued on next page)
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plays an important role in NDS. One potentially relevant feature
of cancers is their propensity to develop so called DNA replica-
tion stress, which is largely linked to a deregulation of the cell
cycle resulting from the activation of oncogenes during tumori-
genesis. Replication stress is a perturbation of DNA replication
that causes DNA replication forks to progress slowly or stall.
In this study, we set out to investigate whether replication
stress might be a factor that could trigger NDS in mitosis and,
furthermore, whether this process could be modulated and
linked to cell fate.

RESULTS

Replication Stress Induces Nonrandom Chromatid
Segregation in Human Cells

Using a pulse-chase experiment (Escobar et al., 2011; Pine
et al.,, 2010; Shinin et al., 2006) (Figure 1A), we observed
that the older parental DNA strands (labeled with a DNA
analog, chlorodeoxyuridine [CldU]) of most or all sister chro-
matids were nonrandomly segregated in mitosis in the human
U-20S osteosarcoma cell line in a small proportion of the cell
population (~7%) (Figures 1B, 1C, S1A, and S1B). To address
the possibility that this might be triggered by replication
stress, we treated several cell lines, including cancer-derived
U-20S, A549, HCT116, and Hela, and the primary cell line
HFF-1 (human foreskin fibroblast) (Gravel et al., 2017; Morales
et al., 1999; Schnabl et al., 2002), with the DNA polymerase
a/d/e inhibitor aphidicolin (APH) at a low dose that slows,
but does not arrest, S-phase progression. This regimen is
used commonly to induce mild replication stress, which leads
to incomplete DNA synthesis in the nascent DNA strands and
replication slowing/stalling in some already difficult-to-repli-
cate regions (Chan et al., 2009). We observed that APH treat-
ment induced an elevated frequency of NDS compared to that
in untreated cells, consistent with replication stress being a
driver of NDS (Figures 1C and S2). To provide more direct ev-
idence to support this conclusion, we analyzed cells in which
newly synthesized DNA and the older template DNA strands
could be distinguished from each other due to being labeled
with IdU (iododeoxyuridine) and CldU, respectively (Figure 1D).
Using a fluorescence-activated cell sorting (FACS)-based
assay, we observed that exposure of cells to APH induced
an elevated level of NDS (Figures 1E and 1F). To investigate
whether non-cancer cells expressing an activated oncogene
might also exhibit NDS, we created a derivative of mouse
embryonic fibroblasts (MEFs) that overexpresses oncogenic
c-Myc. Although the parental MEF cells displayed only a
very low level of NDS, a substantial increase was observed
following c-Myc overexpression (Figures 1G-11 and S1C).
These data are consistent with the proposal that oncogene-
induced replication stress induces the nonrandom segrega-
tion of parental and nascent DNA strands, at least in some
cells in a population.

¢ CellP’ress

Replication Stress Induces Asymmetric Distribution of
DDR Proteins

During replication stress, cells mobilize a network of DNA dam-
age response (DDR) proteins in an attempt to resolve any DNA
damage and subsequently to make cell fate decisions depend-
ing on the success or failure of DNA repair processes (Magdalou
et al., 2014). Typically, these DDR factors form nuclear foci
following DNA damage. We considered whether the distribution
of replication-stress-induced DDR factors might also be biased
between the daughter cells during NDS. To investigate this, we
labeled the template DNA with CldU as described above and
then simultaneously tracked the segregation of DDR foci and
CldU-labeled DNA. We observed asymmetric segregation of
foci for the single-stranded DNA-binding protein replication
protein A (RPA) and the FANCD2 protein, which defines the
location of common fragile sites and other loci that are particu-
larly prone to replication-stress-induced DNA damage. More
specifically, those daughter cells exhibiting DDR markers were
generally CldU negative, indicating that they failed to receive
the normal complement of parental DNA strands (Figure 2A).
Moreover, there was a clear association between NDS and
nonrandom DDR protein segregation. Indeed, in most cases
where the DNA strands were partitioned nonrandomly, the
RPA or FANCD2 foci were also asymmetrically distributed
(Figures 2B and 2C). These data suggest that the asymmetric in-
heritance of DDR proteins (and by inference damaged DNA)
might be the underlying mechanism for NDS.

Next, we sought more definitive evidence that replication
stress induces asymmetric DDR protein segregation to daughter
cells. To this end, we established a stable cell line ectopically
expressing RPA protein tagged with mCherry. After exposing
these cells to low-dose APH in S phase, we performed live-cell
imaging and observed by that the fluorescent RPA protein segre-
gated asymmetrically during cell division (Figure S3A). Further-
more, we also observed that the endogenous DDR protein
FANCD2 was asymmetrically inherited by daughter cells, such
that one daughter cell inherited most (or in some cases all) of
the FANCD2 foci (Figures 3A, S4A, S4C, and S4E). Indeed, this
asymmetric inheritance of endogenous DDR proteins was not
limited to FANCD2, but endogenous RPA and yH2AX were
also distributed asymmetrically following APH treatment (Figures
3B, S4B, S4D, S4F, and S4G). Quantification of these data
indicated that mild replication stress in the form of a low dose
of APH enhanced the frequency of asymmetric inheritance (using
an asymmetry index; see Figure 3C legend) over 2-fold (Fig-
ure 3C). To analyze the generality of our findings, we studied
two other classes of replication stress inducers, an inhibitor of
the ATR kinase (ATRIi) and a G-quadruplex DNA-stabilizing
ligand (pyridostatin [PDS]). We observed that both the ATRI
and PDS increased the frequency of asymmetric DDR protein
segregation in daughter cells (Figure 3D). In contrast, although
the radiomimetic agent bleomycin induced extensive DNA
damage (Figure S3B), it did not produce any marked change in

(G) Schematic representation of a pulse chase experiment with c-Myc overexpression.
(H and I) Representative daughter cell images (H) and the quantification data (I) of MEF cells without (n = 610) or with (n = 455) c-Myc-induced replication stress.

Scale bars, 10 pm.

Data are the mean + SEM from three independent experiments. *p < 0.05, **p < 0.01, t test.
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Figure 2. Daughter Cells with Immortal DNA Strands in NDS Contain Fewer DNA Damage Response (DDR) Foci

The cells were labeled and treated as described in Figure 1A.

(A-C) Images (A) and quantification (B and C) of co-stain CldU-labeled parental DNA and the FANCD2 (n = 354) and RPA (n = 476) proteins in daughter cells. Scale
bars, 10 um. Data are the mean + SEM from three independent experiments. **p < 0.01, two-way ANOVA (B and C).

DDR protein segregation (Figure 3D). A similar result was
observed for etoposide, a topoisomerase |l inhibitor, where
neither the symmetry of the DDR protein YH2AX nor NDS was
affected (Figures S7C and S7D).

Thus far, our data indicate that DNA damage per se is not
sufficient to activate NDS; instead, it appears that asymmetric
DDR protein segregation is induced by various forms of replica-
tion stress. Consistent with this, we observed that primary MEF
cells exhibited an increase in asymmetric yH2AX focus distribu-
tion in daughter cells following lentivirus-mediated expression
of c-Myc (Figure 3E). Hence, oncogenic replication stress also
induces asymmetric DDR protein segregation.

Telomeric Replication Stress Preferentially Induces
Asymmetric DDR and NDS

To further explore the mechanism of asymmetric DDR distribu-
tion in detail, we analyzed the cellular response to PDS treat-
ment, which is known to induce replication perturbation and
fragility at telomeres (Min et al., 2017). PDS also promoted asym-
metric DDR protein distribution in daughter cells, suggesting that
telomeres might play a role in this process. To address this
further, we analyzed the behavior of TRF2, which is a component
of the telomere Shelterin protein complex. We observed that in
those cases where the DDR protein YH2AX was segregated
asymmetrically, TRF2 frequently co-localized with the yH2AX
foci (Figure 4A). To eliminate the possibility that these TRF2
foci might form at non-telomeric loci, we analyzed telomeric
DNA directly using a well-established cy3-(TTAGGC); peptide
nucleic acid (PNA) probe (5'). We demonstrated that this telo-
meric PNA probe also asymmetrically segregated together
with the DDR protein FANCD2 (Figure 4B). Indeed, depletion of
either TRF1 or TRF2 promoted asymmetric inheritance of DDR
proteins under APH-induced replication stress (Figures 4C and
S5A-S5E). As controls, we demonstrated that asymmetric
FANCD?2 foci rarely co-localized with rDNA loci (labeled by the
UBF protein) or PML bodies (Figure S5F). Hence, we conclude
that the asymmetric inheritance of DDR protein foci is frequently
associated with telomeric DNA. Moreover, PDS induced a
slightly higher rate of NDS in daughter cells than did APH (Fig-
ures 4D and 4E), suggesting that telomere dysfunction further
aggravated NDS.

4 Molecular Cell 78, 1-11, May 21, 2020

Replication Stress Induces ATR/CHK1-Dependent
Asymmetric DDR and NDS

The ATR/CHK1 and ATM/CHK2 signaling pathways are impor-
tant for the DDR and for telomere maintenance (Bartek et al.,
2007; Bi et al., 2005). Therefore, we analyzed whether either of
these signaling pathways might be activated in mitosis following
replication stress. We observed that APH-induced replication
stress elevated the level of CHK1 phosphorylation in mitotic
cells (Figures 5A and S7A). Moreover, foci of phosphorylated
CHK1 showed a strong degree of co-localization with the DDR
protein RPA and the telomere-associated protein TRF2 (Fig-
ure 5B), suggesting that the ATR/CHK1 pathway might be impor-
tant for the asymmetric DDR distribution. To investigate this
further, we exposed cells to low-dose APH, synchronized them
at the G2/M boundary, and then released into mitosis in the pres-
ence of an ATR, an ATM, or a CHK1 inhibitor (Figure 5C). We
observed a significant reduction in the frequency with which
FANCD2 and yH2AX foci segregated asymmetrically following
ATR or CHK1 inhibition in the mitotic phase, but not with ATM
inhibition (Figures 5D, 5E, and S7B). We also confirmed that
ATR/CHK1 inhibition in mitosis led to a reduction in the fre-
quency of NDS (Figures 5F and S7D). Considering that ATR
and CHK1 inhibitors are able to induce cell-cycle checkpoint
override and cell death, which may affect the analysis of NDS,
we performed additional experiments to examine mitotic pro-
gression after ATR/CHK1 inhibitor treatment. For this, we exam-
ined the percentage of cells in different M-phase stages at
10 min and 2 h after release from G2/M synchronization and
found no significant difference (Figures S6A and S6B). Moreover,
we did not detect any significant increase in the level of cell
death after ATR/CHK1 inhibitor treatment for 2 h (Figure S6C).
Taken together, these data suggest that replication-stress-
induced asymmetric DDR protein segregation, which serves as
a marker of NDS, is ATR-CHK1 dependent.

Nonrandom Chromatid Segregation Induces Genomic
Instability and Cell Death in Damaged Daughter Cells
Because it is well established that DNA replication stress can
activate cell-cycle arrest or cell death, we explored the fate
of two different daughter cells that arise in cases of asym-
metric distribution of the DDR (Palmieri et al., 2018). For
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Figure 3. Replication Stress Induces Asymmetric Distribution of DDR Proteins

(A) Left: schematic representation of asymmetric and symmetric division of DDR proteins in daughter U20S cells following replication stress. Right: stillimages of
live-cell imaging showing the asymmetric and symmetric division of the DDR protein FANCD2. Asymmetric division of the DDR protein (e.g., FANCD2) is defined
as the event that occurs in a pair of daughter cells (each containing more than 3 DDR protein foci) where the ratio of the number of foci in the two daughter cells is
<0.4. Scale bars, 10 pm.

(B) Immunofluorescence images of the asymmetric and symmetric division of the DDR proteins yH2AX, RPA, and FANCD2. Scale bars, 10 pm.

(C) Bar graph showing an increased asymmetry index (the asymmetry index is defined as the ratio of the percentage of DDR protein asymmetry in the APH-
induced group compared to that in the control group) of the DDR following APH-induced replication stress. More than 300 G1 daughter pairs were counted for
each condition.

(D) The frequency of asymmetric division of FANCD2 foci in daughter cells with replication stress induced by different agents (APH, an ATR inhibitor [ATRIi], and
PDS). Bleomycin was included as a DNA-damaging agent that generates little or no replication stress. More than 300 G1 daughter pairs were counted for each
condition.

(E) Quantitative data showing that c-Myc overexpression induces more YH2AX asymmetry of primary MEFs, and at least 500 G1 daughter pairs were counted in
each condition.

Data are the mean + SEM from three independent experiments. *p < 0.05; **p < 0.01; ns, not significant; two-way ANOVA (C), one-way ANOVA (D), or t test (E).

this, we generated a cell line with stable expression of both
RPA-mCherry and histone H2B-GFP. Using both live cell im-
aging and an immunofluorescence assay, we demonstrated
that NDS (through following CldU-labeled DNA) was accom-
panied by an accumulation of micronuclei (Figures 6A and
S7F). A similar phenomenon was observed in those cells
where RPA foci segregated asymmetrically (Figure 6B). Inter-
estingly, inhibition of CHK1 in mitosis suppressed not only

asymmetric DNA segregation but also micronucleus formation
and other manifestations of APH-induced chromosome insta-
bility (chromatin bridges and lagging chromatin; Figure 6C).
These data suggest that asymmetric segregation of DNA pro-
motes genomic instability in at least one of the affected
daughter cells. To address this issue more directly, we fol-
lowed individual cells over two cell cycles by live imaging.
We observed that those mother cells that underwent

Molecular Cell 78, 1-11, May 21, 2020 5



Molecular Cell (2020), https://doi.org/10.1016/j.molcel.2020.04.005

Please cite this article in press as: Xing et al., Replication Stress Induces ATR/CHK1-Dependent Nonrandom Segregation of Damaged Chromosomes,

¢ CellPress

A DAPI MERGE <
£ 3
H
T
. 8 ~ 6
Asymmetric % 9
a4
3K
é 2
Symmetric ¢
>
FANCD2
B %
o _ 100
. ==
Asymmetric w < 80
50
o2 60
=
g H 40
Symmetric 22 20
<
w
Cy ) D
o 35 o . 1stCell Cycle
Z_30 : ‘
w e 25 5 1
£520 , s : |
g8 15 : /@:H
EY% 90 @ _.@—n’ H
s s oo | N
< Pulse with CldU | -c|du '
\ \ | '
e edamanae ‘ ‘
&
gora®™ &1 |CldU labeled Old DNA  |Newly synthesized DNA
APH
E
Control APH PDs
5
3 o
=1
<
=
a
=
2K ] ]
1 Non-random Non-random 1 Non-random
4.53% 14.7% 18.0%

New Synthesized DNA (IdU)

asymmetric inheritance in the first cell division generated two
daughter cells with different fates; the daughter cells lacking
RPA foci remained competent for continued proliferation,
while the others retaining the RPA foci underwent cell-cycle
arrest or apoptosis (Figures 6D-6F). These data suggest that
a selective advantage exists for a cell population able to effect
asymmetric segregation of damaged DNA in that it ensures
the survival of at least one daughter cell.

DISCUSSION

It is well established that telomeres are particularly suscepti-
ble to replication stress and are hotspots for conducting
DNA synthesis in mitosis (MiDAS) following APH treatment in
S phase (Dilley et al., 2016; Min et al., 2019; Ozer et al.,
2018; Verma et al., 2019). When cancer cells suffer replication
stress, ATR/CHK1 signaling tends to be persistently activated,
thus inducing asymmetric inheritance of the damaged/undam-
aged DNA strands. The net result of this DDR-driven segrega-
tion asymmetry is the production of one relatively healthy cell
that can continue to proliferate and one cell that is “sacri-
ficed” (Figure 6G). Central to this model is the concept that
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Figure 4. Telomeric Replication Stress Pref-
erentially Induces Asymmetric DDR and
NDS

(A) Representative images and quantification of
asymmetrically or symmetrically segregated
vYH2AX foci that co-localize with TRF2. Scale bars,
10 um. 12 G1 daughter pairs were counted for
each condition.

(B) Representative images and quantification of
asymmetrically (n = 42) or symmetrically (n = 123)
segregated FANCD2 foci that co-localize with a
telomeric PNA probe. Scale bars, 10 um.

(C) Quantification of asymmetrically segregated
FANCD2 foci in daughter cell pairs after small
interfering RNA (siRNA)-mediated depletion of
TRF2 or TRF1 and APH treatment in S phase. More
than 300 G1 daughter pairs were counted for each
condition.

(D) Schematic representation of (E). Cells were
pulsed with CldU (red) for 2 weeks. During the
second cell division following removal of CldU, IdU
(blue) was added, and the IdU-labeled new DNA
strands were then segregated either randomly
(random) or exclusively to one of the daughter cells
(nonrandom) under each condition.

(E) U20S daughter cells in G1 (Cyclin A negative)
were gated and sorted into CldU positive and IdU
positive fractions, and then analyzed for the per-
centage of nonrandom segregation (only IdU-
labeled DNA) by flow cytometry. Left: Represen-
tative FACS images of control and APH/PDS-
treated cells. Right: Quantification of the data from
left. At least 20000 cells were analyzed in each
condition. Data are the mean + SEM from three
independent experiments. *p < 0.05, **p < 0.01,
***p < 0.001, ***p < 0.0001, ns, not significant, t
test (A-B), one-way ANOVA (C and D).
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damage generated by replication stress should be located
predominantly on the newly replicated DNA strands and that
this serves to distinguish them from the older (clean) template
strands (Figures 2A-2C). This begs the question as to why the
recently synthesized DNA is damaged in some way during the
process of DNA replication while the older DNA template from
an earlier cell cycle is not. We propose that the chromatid
containing the younger template DNA strand is different
because it is not synthesized during S phase by conventional
DNA replication in those cases where the cell is experiencing
replication stress. Instead, the DNA is synthesized during
MIDAS or a related DNA repair process that occurs in the
late G2/M phases, when the cell attempts to rescue regions
of underreplicated DNA. Further, we propose that, because
this repair process is likely to occur via break-induced replica-
tion (BIR), a process that is highly error prone, at least in yeast
(Elango et al., 2017, 2018). If this model has validity, there
must be a mechanism to differentiate the older template
strand from the new one. One possible mechanism involves
epigenetic marks that differentially decorate the template
DNA strand and the nascent strand (Lansdorp, 2007). Another
potential mechanism is that the DNA template synthesized in
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Figure 5. Replication Stress Induces ATR/CHK1-Dependent Asymmetric DDR and NDS

(A) Representative images and quantification of the phosphorylation of CHK1 in mitosis induced by APH. Scale bars, 5 um. Cells with more than five phospho-
CHK?1 foci were counted as positive. More than 1,000 mitotic cells were counted in each condition.

(B) Representative images demonstrating that phospho-CHK1 co-localizes with RPA or TRF2 in mitosis. Scale bars, 5 um.

(C) Experimental workflow for results described in (D)-(F). For CldU detection, cells were treated with APH in S phase and ATR, CHK, or ATM inhibitors in the

second cell cycle after CldU labeling.

(D and E) Asymmetric FANCD2 foci (D) or asymmetric yH2AX foci (E) in daughter pairs from cells treated with APH in S phase and ATR, CHK, or ATM inhibitors in

mitosis. More than 300 G1 daughter pairs were counted for each condition.

(F) The frequency of nonrandom distribution of DNA in cells chased two cell cycles after CldU labeling. At least 300 G1 daughter pairs were counted for each

condition.

Data are the mean + SEM from three independent experiments. *p < 0.05; **p < 0.01; ns, not significant; t test (A) or one-way ANOVA (D-F).

the previous cycle is more likely to contain replication-related
errors, such as incorporation of incorrect bases, ribonucleo-
tides, or oxidized bases, which may also serve as a marker
to distinguish the newer template DNA strand from the older
one. Interestingly, our data support the previous hypothesis
of Gregory Charville and Thomas Rando that DNA damage
caused by replication stress can generate signals for distin-
guishing old versus new sister chromatids during NDS (Char-
ville and Rando, 2013).

In the context of tumorigenesis, our data support the notion
that cancer cells might employ a set of tools to maintain

genome stability, allowing the daughter cells to have as many
“clean” old DNA strands as possible. However, this asym-
metric segregation would inevitably also create daughter cells
containing predominantly newly synthesized strands, which
are more likely to have mutations or abnormal epigenetic mod-
ifications. Although most of the cells with “damaged” DNA
would be expected not to survive, some might inadvertently
acquire traits that provide a selective advantage, permitting
the development of more aggressive or invasive tumors.
Further work is warranted to analyze the fate of cells containing
newly synthesized strands.
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Figure 6. Nonrandom Chromatid Induces Genomic Instability and Cell Death in Damaged Daughter Cells
The cells were labeled and treated as described in Figure 1A.

(A) Left: representative stillimages from movies of dividing cells that contain a micronucleus and partition their CldU-labeled template DNA (red) either randomly
to both daughter cells or exclusively to one of the daughter cells. Scale bars, 10 um. Right: quantification of immunofluorescence data of G1 daughter pairs

showing either nonrandom (n = 105) or random (n = 320) segregation of CldU-labeled DNA.
(B) Quantification of live-cell imaging data of dividing cells (n = 69) showing either asymmetric or symmetric segregation of RPA foci.

(legend continued on next page)
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(C) Representative images (left) and quantification (right) of DAPI-positive bulky chromatin bridges, micronuclei, and lagging chromosomes in U20S cells. APH
was added in S phase, and the CHK1 inhibitor (CHK1i) was added in mitosis. Scale bars, 10 um. At least 200 anaphase or G1 daughter pairs were counted for
each condition.

(D) Representative still images from a live-cell imaging experiment showing the different fate of daughter cells that are DNA-damage positive (RPA-foci positive,
cyan dotted line) or “undamaged” (RPA-foci negative, red dotted line). A dead, damaged daughter cell (RPA-foci positive, cyan dotted line) is shown. Scale
bars, 10 um.

(E) Cell-cycle arrest in a damaged daughter cell (marked by cyan dotted line). Scale bars, 10 um.

(F) Quantification of the different fate of daughter cells from live-cell imaging data by tracking the extent of RPA focus asymmetry (n = 30).

(G) A cartoon showing how nonrandom sister chromatid segregation induces asymmetric segregation of DDR proteins (yH2AX, RPA, FANCD2). Cells were
treated with CldU for 2 weeks to ensure that all parental DNA was labeled, and then the CldU was removed and the cells were allowed to progress through one cell
cycle in CldU-free medium. During the second cell cycle, cells were treated with APH in S phase to induce replication stress. When the replication-stress-induced
DDR occurs at a telomere, cells activate the ATR/CHK1 signaling pathway that leads to asymmetric segregation of DDR proteins to produce one healthy daughter
and one damaged daughter (which either dies or shows cell-cycle arrest). In the presence of the ATR inhibitor or CHK1 inhibitor added in mitosis, DDR proteins
segregate symmetrically. When the replication-stress-induced DDR proteins are localized to chromosome arms (non-telomeric loci), they are prone to symmetric
division.

Data are the mean + SEM from three independent experiments. **p < 0.01, ***p < 0.001, t test (A and B) or one-way ANOVA (C).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-FANCD2 Abcam Cat#ab108928; RRID: AB_10862535
Rabbit anti-FANCD2 Novus Cat#NB100-182; RRID: AB_1108498
Mouse anti-Ser139-phosphorylated H2A.X Millipore Cat#05-636; RRID: AB_309864
Rabbit anti-phospho-RPA Abcam Cat#ab109394; RRID: AB_10860648
Rabbit anti-phospho-CHK1 Abcam Cat#ab47318; RRID: AB_869137
Mouse anti-cyclin A Santa Cruz Cat#sc-752; RRID: AB_2072134
Mouse anti-TRF2 Abcam Cat#ab13579; RRID: AB_300474
Rabbit anti-TRF2 Abcam Cat#ab108997; RRID: AB_10866674
Rabbit anti-TRF1 Abcam Cat#ab236061

Mouse anti-TRF1 Abcam Cat#ab10579; RRID: AB_2201461
Mouse anti-PML Abcam Cat#ab96051; RRID: AB_10679887
Anti-UBF Abcam Cat#ab244287

APC-BrdU antibody BiolLegend Cat#339807; RRID: AB_10900446
Anti-BrdU antibody BU1/75 Abcam Cat#ab6326; RRID: AB_305426

Mouse anti-BrdU antibody B44
Anti-rabbit 1I9G, HRP-linked Antibody
Anti-mouse IgG, HRP-linked Antibody
B-Actin-HRP Rabbit Monoclonal Antibody
Alexa Fluor 488 goat anti-Rabbit

Alexa Fluor 568 goat anti-Rabbit

Alexa Fluor 568 goat anti-Mouse

Alexa Fluor 488 goat anti-Mouse

BD Biosciences

Cell Signaling Technology
Cell Signaling Technology

Beyotime

Life Technologies
Life Technologies
Life Technologies
Life Technologies

Cat#347580; RRID: AB_400326
Cat#7074; RRID: AB_2099233
Cat#7076; RRID: AB_330924
Cat#AF5006

Cat#A-11034; RRID: AB_2576217
Cat#A-11036; RRID: AB_143011
Cat#A-11031; RRID: AB_144696
Cat#A-11029; RRID: AB_138404

Alexa Fluor 594 goat anti-Rat Abcam Cat#Ab150160; RRID: AB_2756445
Chemicals, Peptides, and Recombinant Proteins

RO3306 Selleck Cat#S7747
Aphidicolin Sigma Cat#38966-21-1
ATR inhibitor Selleck Cat#S7050
CHK1 inhibitor Selleck Cat#S1532
ATM Kinase inhibitor Selleck Cat#S1092
Pyridostatin (PDS) Selleck Cat#S7444
Bleomycin Selleck Cat#S1214
Etoposide Selleck Cat#S1225
3,3'-Diaminobenzidine (DAB) Beyotime Cat#P0203
Triton X-100 Sangon Biotech Cat#9002-93-1

BSA, Bovine Serum Albumin

PMSF, Phenylmethylsulfonyl fluoride
SDS

Trizol

Lipofectamine 2000 Transfection Reagent
Neomycin

Opti-MEM

Polyethylenimine

Sangon Biotech
Roche

Sigma

Invitrogen

Life Technologies
Selleck

GIBCO
Polysciences

Cat#9048-46-8
Cat#329-98-6
Cat#151-21-3
Cat#15596018
Cat#11668019
Cat#S2568
Cat#31985-062
Cat#23966-2
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REAGENT or RESOURCE SOURCE IDENTIFIER

Critical Commercial Assays

MycoAlert™ Mycoplasma Detection Kit Lonza Cat#L.T07-318

PNA telomere probe PANAGENE Cat#F1002

Deposited Data

Original data This paper https://doi.org/10.17632/
z9kt7w4myd.1

Experimental Models: Cell Lines

U-2 0S ATCC ATCC ® HTB-96

293T Chinese Academy of Sciences Cell Bank SCSP-502

Hela Chinese Academy of Sciences Cell Bank TCHu187

HCT116 ATCC ATCC® CCL-247

MEF ATCC ATCC ® SCRC-1040

HFF-1 Chinese Academy of Sciences Cell Bank SCSP-656

A549 Chinese Academy of Sciences Cell Bank TCHu150

Oligonucleotides

siCtrl: 5'-UCUCCGAACGUGUCACGUTT-3’ GenePharma N/A

siTRF2: 5'-GAGGAUGAACUGUUUCAAGTT-3 GenePharma Stagno D’Alcontres et al., 2007

siTRF1: 5-CGCAGAGGCUAUUAUUCAUTT-3’ GenePharma N/A

Actin-forward: 5-TGCTAGGAGCCAGAGCAGTA-3’ TSINGKE Biological Technology N/A

Actin-reverse: 5'-AGTGTGACGTTGACATCCGT-3' TSINGKE Biological Technology N/A

TRF1-forward: 5'-TGCCGACCCTACTGAGGAG-3' TSINGKE Biological Technology N/A

TRF1- reverse: 5-GCAGAGGAAATCGAGCATCCA-3 TSINGKE Biological Technology N/A

TRF2-forward: 5'-GTACGGGGACTTCAGACAGAT-3’ TSINGKE Biological Technology N/A

TRF2-reverse: 5'-CGCGACAGACACTGCATAAC-3 TSINGKE Biological Technology N/A

Recombinant DNA

PENTER cloning vectors Life Technologies 11813-011

pc-myc HANBIO pHBLV000144

RPA-mcherry This paper N/A

psPAX2 This paper N/A

pMD2.G This paper N/A

Software and Algorithms

ImageJ (used for analysis of immunofluorescence Imaged Software N/A

microscopy images)

GraphPad Prism 6 GraphPad Software N/A

NIS-Elements (used for capturing or exporting Nikon Elements software N/A

immunofluorescence microscopy images)

ZEN (used for capturing or exporting ZEN software N/A

immunofluorescence microscopy images)

OLYPUS FV31S-SW (used for capturing or exporting OLYPUS FV31S-SW software N/A

immunofluorescence microscopy images)

RESOURCE AVAILABILITY

Lead Contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Songmin

Ying (yings@zju.edu.cn).

Materials Availability

Source of cell lines used in the study is reported in the Key Resources Table. All unique/stable reagents generated in this study are

available with an MTA.
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Data and Code Availability
Original imaging data (microscopy as well as gels and blots) have been deposited to Mendeley Data and are available at https://doi.
org/10.17632/z9kt7w4myd.1.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines including U-20S, A549, HelLa and 293T were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Hyclone) supple-
mented with 10% fetal bovine serum (FBS; Excell). Primary MEF and HFF-1 were grown in DMEM supplemented with 10% FBS,
Glutamax (GIBCO, 35050-061) and non-essential amino acids (GIBCO, 11140-050). The cell lines HCT116 and MEF were
grown in DMEM supplemented with 10% FBS. All cells were cultured at 37°C under a humidified atmosphere containing 5% carbon
dioxide and subjected to monthly mycoplasma testing (using MycoAlert; Lonza) and found to be negative.

METHOD DETAILS

RNA interference
For knockdown experiments, cells were transfected 24-72 h before sample collection with the indicated siRNA using GenMute
siRNA Transfection Reagent (SL100568, SignaGen Laboratories) according to the manufacturer’s instructions:

Scrambled siRNA: (5'-UUCUCCGAACGUGUCACGUTT-3),
TRF2 siRNA: (5'-GAGGAUGAACUGUUUCAAGTT-3),
TRF1 siRNA: (5'-CGCAGAGGCUAUUAUUCAUTT-3').

Establishment of RPA-mCherry or H2B-GFP overexpression stable cell lines and c-MYC lentiviral infections
RPA-mCherry cDNA was cloned into pENTER cloning vectors (Life Technologies). Final constructs were verified by sequencing. The
RPA-mCherry construct was transfected into U-20S cells using lipofectamine 2000 (Life Technologies). Stable cell lines were
established by FACS sorting to isolate cells with high expression levels of m-Cherry and then maintained after neomycin (G418) anti-
biotic selection. Stable cell line with RPA-mCherry and H2B-GFP co-overexpression was conducted in the same way, and neomycin
(G418) was also used to select cells with H2B-GFP cDNA expression.

The c-myc-GFP cDNA and lentivirus package vector plasmids psPAX2 and pMD2.G were purchased from HANBIO (Shanghai,
China). Lentiviruses were produced in 293T cells using standard methods. Briefly, 293T cells were plated at 70%-80% confluency
and were transfected using modified polyethylenimine (PEI) transfection method as follows. The medium of a 10-cm dish was
replaced with 9 mL fresh DMEM medium. A mixture of 15 ug plasmid and 960 pL Opti-MEM (GIBCO) was mixed vigorously after add-
ing 45 uL PEI (Polysciences, 1 mg/ml) and was incubated at room temperature for 10 min, and then was added into the medium in
the 10-cm dish. The supernatant of the transfected 293T cells were harvested using a syringe and filtered through a 0.22 um filter.
Cells were infected with lentivirus containing media in the presence of polybrene.

Cell synchronization and induction of replication stress using low-dose APH

For synchronization in S phase, cells were cultured in the presence of 2 mM thymidine for 18 hours, followed by 3x washing with
PBS. Cells were synchronized in late G2 phase of the cell cycle by incubation with 9 uM RO3306 for 16 h. Where stated, 0.3 uM
APH (termed low-dose APH) was added for 16 h. Cells synchronized in G2 were subsequently washed with 1 x PBS for 5 min
and allowed to progress for a further 30 min into prometaphase before mitotic shake off. For collection of anaphase cells or early
G1 daughter cells, pelleted prometaphase cells were re-seeded onto either poly-lysine-coated glass coverslips (WHB) and incubated
at 37°C in an atmosphere of 5% CO2 and allowed to progress into anaphase for a further 20 min or into the subsequent G1 phase for a
further 140 min.

Immunofluorescence and fluorescence microscopy

For quantification of nuclear foci, cells were seeded in 12-well plates and treated as indicated before fixation in 4% formaldehyde
containing 0.1% Triton X-100 (Sigma) at room temperature (RT) for 15 minutes. Fixed samples were permeabilized and blocked
for at least 1 hour (with 0.5% Triton X-100 and 3% BSA in PBS) or stored at 4°C until use. The samples were incubated with indicated
primary antibodies at 4°C overnight. The incubations with secondary antibodies conjugated to Alexa Fluor 488 or 555 (Life Technol-
ogies) was performed at RT for 1 hour followed by staining for DAPI. Images were visualized using either an automated Nikon Eclipse
Ti microscope with Nikon Elements software (Nikon Instruments) or a high-resolution laser Confocal Microscope. DAPI was used to
visualize the nuclei.

CldU administration and chase

CldU was added to the culture medium at a concentration of 1 uM for 2 weeks to label U-20S, A549, HCT116, HeLa and MEF cell
lines (Pine et al., 2010). For primary HFF-1 cells, which can only be cultured in vitro for a limited time, CldU was added to the culture
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medium at a concentration of 1 uM for for 72h (Karpowicz et al., 2005). During the pulse, the medium was supplemented with
fresh CldU every 72 h, and cell growth was maintained in log phase. For the single mitotic cell assays, cells were cultured for two
weeks and then cultured in the absence of CldU (the chase) for two cell cycles followed by mitotic shake-off. Unless specified other-
wise, mitotic shake-offs were performed when the cells were at 60%-90% confluence.

Immunostaining
To reveal CldU-labeled DNA, cells were fixed in cold 70% ethanol and incubated in 2 N HCI containing 0.5% Triton X-100 for 1 hour.
After two washes in 0.5% Triton X-100/0.5% BSA and one wash in 0.5% Triton X-100/0.1% BSA, cells were blocked in PBS con-
taining 0.5% Triton X-100/5% BSA for 1 hour, then incubated with a 1:1000 dilution of rat monoclonal antibody BU1/75 (ab6326,
Abcam) for more than 12 hours at 4°C. Cells were then washed and incubated with a 1:2000 dilution of anti-rat Alexa Fluor 594
(ab150160, Abcam) for 1 hour at room temperature. After washing cells were mounted with DAPI to label the nuclei.

For the time-lapse imaging experiments, CldU-pulsed cells were plated onto poly-L-lysine-coated glass slides and cultured for two
cell divisions. Then stained with CldU as above.

Combined immunofluorescence staining and FISH

Cells were cultured for about 2-3h when most cell were in Telophase after mitotic shake-off. Then cells were fixed and subjected to
immunofluorescence staining as described above. After washing, samples were re-fixed in paraformaldehyde (4%) at 4°C for 10 min.
Following ethanol dehydration, samples were denatured along with the PNA telomere probe (PANAGENE) at 85°C for 5 min. Slides
were then incubated in a humidified chamber at 37°C for 2 h. DNA was counterstained with DAPI.

Flow cytometry

For flow cytometric analysis of the phosphorylation level of CHK1, cells were cultured with or without APH, and synchronized to G2/M
phase with RO-3306 for 16h. With three washes, cells were harvested after release for 1h and fixed for 15 min with 4% formaldehyde/
PBS. Cells were washed with 3% BSA/PBS, pH 7.4, permeabilized with 3% BSA/PBS and stained with phospho-CHK1 and then
DAPI. Samples were analyzed on a cytoflex (Beckman Coulter).

For flow cytometric analysis of CldU and IdU, cells were labeled with CldU for 2 weeks, and then removed CldU and chased for 2
cell cycles with IdU. During the chase process, cells were exposed to APH and RO-3306 as the protocol described. Then cells
were harvested after release to G1 phase and stained with Cyclin A, CldU (anti-BrdU rat monoclonal antibody BU1/75, which is
known to stain for CldU but not for IdU), and IdU (mouse monoclonal antibody B44, which is known to stain for IdU but not for
CldU under optimal staining conditions) (Pine et al., 2010). The Cyclin A negative, CldU negative and IdU positive cells were defined
as the new-synthesized DNA resulting from non-random chromatid segregation.

RT-PCR

Cells were collected after transfection with siRNA for 24-72h, and immediately lysed using Trizol (Invitrogen). RNA extraction
was isolated by phenol-chloroform extraction and then reversed for cDNAs. Transcripts of interest were quantified with real-time
gPCR amplification. All the experiments were repeated for three times. The primers used in the gRT-PCR assays were as follows.

Actin-F: 5-TGCTAGGAGCCAGAGCAGTA-3'
Actin-R: 5'-AGTGTGACGTTGACATCCGT-3’
TRF1-F: 5-TGCCGACCCTACTGAGGAG-3'
TRF1-R: 5-GCAGAGGAAATCGAGCATCCA-3’
TRF2-F: 5-GTACGGGGACTTCAGACAGAT-3’
TRF2-R: 5'-CGCGACAGACACTGCATAAC-3’

Western blot analysis

Cells were lysed in ice cold RIPA buffer (50mM Tris-HCI, pH 7.4, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS
(Sigma)) supplemented with proteinase inhibitors (1 mM PMSF (Roche)). Cell lysates were sonicated at 80% amplitude for 15 s and
then cleared by centrifugation at 1000 rpm for 5 minutes. Total protein content was measured for each sample using the BCA assay
before 5 x loading buffer (bromophenol blue (0.25%), glycerol (50%), SDS (sodium dodecyl sulfate; 10%), Tris-HCI (0.25 M, pH 6.8),
2-mercaptoethanol (3.6%)) was added and protein samples were boiled for 10 minutes. Equal amounts of protein were loaded
and separated on 10% SDS-PAGE gels. Proteins were then transferred onto PVDF membranes (Millipore) using wet transfer with
transfer buffer (25 mM Tris base, 189 mM glycine, 20% methanol). Membranes were washed in PBST and blocked with 5% non-
fat milk in TBST for 1 hour, followed by sequential incubation with primary and HRP-labeled secondary antibodies. Signals were de-
tected using ImageQuant LAS 4000 from GE Healthcare.
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Live imaging

Time-Lapse Imaging. CldU-pulsed cells were plated onto poly-L-lysine-coated 12-well plate in the absence of CldU. After one cell
division, cells were synchronized in late G2 phase and release to mitotic phase for photography. In the final step, cells were fixed for
CldU staining. Filming of cells was carried out with a Nikon inverted microscope.

Analysis of mitotic defects

Cells were inoculated on poly-L-Lysine coated glass coverslips and grown for 16 h in the absence or in the presence of 0.3 uM APH.
For ‘chromatin bridges’, ‘lagging chromosome’ and ‘micronuclei’ analysis, cells were released for additional 1 hour before being
fixed with 4% paraformaldehyde for 15 min and permeabilized with 0.5% Triton X-100 in PBS for 20 min. Coverslips were saturated
using BSA 3%, Triton X-100 0.5% in PBS for a minimum of 1 hour. Slides were then mounted in mounting medium containing DAPI.

QUANTIFICATION AND STATISTICAL ANALYSIS
GraphPad Prism 6 software was used for statistical analysis, and results were displayed as the means + SEM. Statistical

significance was determined with Student’s t tests, one-way Anova or two-way Anova tests, respectively. Data were considered
as statistically significant at p < 0.05, *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.001.
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