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Abstract

The effectiveness of checkpoint kinase 1 (Chk1) inhibitors at killing
cancer cells is considered to be fully dependent on their effect on
DNA replication initiation. Chk1l inhibition boosts origin firing,
presumably limiting the availability of nucleotides and in turn
provoking the slowdown and subsequent collapse of forks, thus
decreasing cell viability. Here we show that slow fork progression
in Chk1-inhibited cells is not an indirect effect of excess new origin
firing. Instead, fork slowdown results from the accumulation of
replication barriers, whose bypass is impeded by CDK-dependent
phosphorylation of the specialized DNA polymerase eta (Poly). Also
in contrast to the linear model, the accumulation of DNA damage
in Chk1-deficient cells depends on origin density but is largely inde-
pendent of fork speed. Notwithstanding this, origin dysregulation
contributes only mildly to the poor proliferation rates of Chkl-
depleted cells. Moreover, elimination of replication barriers by
downregulation of helicase components, but not their bypass by
Poln, improves cell survival. Our results thus shed light on the
molecular basis of the sensitivity of tumors to Chkl inhibition.
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Introduction

DNA replication is a complex process: It demands accuracy despite
the vast number of replication barriers that stall DNA polymerases

(Zeman & Cimprich, 2014). DNA replication is thus subject to exqui-
site control, i.e., checkpoint signaling and DNA lesion repair or
tolerance (Branzei & Foiani, 2010; Ciccia & Elledge, 2010). Challeng-
ing such control has devastating consequences, as it can lead to
genomic instability and cell death. Even cancer cells, which benefit
from losing genomic stability, do keep many of such regulatory
mechanisms to control DNA replication, although in a more permis-
sive way (Gaillard et al, 2015; Tubbs & Nussenzweig, 2017).
Checkpoint kinase 1 (Chk1) is instrumental in regulating S phase
progression (Gonzalez Besteiro & Gottifredi, 2015) and thus essen-
tial to the survival of cancer cells that lack other cell cycle check-
points or possess high replication stress (Massey, 2017; Qiu et al,
2018). In unperturbed conditions, Chk1 loss triggers excess origin
firing and reduced rates of fork elongation (Syljuasen et al, 2005;
Petermann et al, 2006; Maya-Mendoza et al, 2007). Chk1 inhibits
origin firing by modulating two key actors of DNA replication initia-
tion: Cyclin E-CDK2 (cyclin-dependent kinase 2) and Ddk (Dbf4-
Drfl-dependent Cdc7 kinase). In particular, Chkl phosphorylates
and thereby triggers the degradation of the phosphatase Cdc25A
(Sorensen et al, 2003), a positive regulator of CDK2 (Sorensen &
Syljuasen, 2012); Chkl also phosphorylates Dbf4 and thereby inhi-
bits Ddk (Heffernan et al, 2007). Our current understanding of the
mechanisms controlling fork progression in Chkl-defective cells
lacks such molecular detail. One hypothesis is that reduced fork
elongation is triggered by increased replication initiation (Peter-
mann et al, 2010). Indeed, this has been proposed also in the
context of the inactivation of another regulator of CDK activity,
Weel (Beck et al, 2012). However, mounting evidence suggests that
fork elongation rates and origin firing are not strictly interdependent
variables in Chk1-deficient cells. For example, the stable expression
of a mutant version of Chkl (Chk1S317A) in Chkl-inactivated DLD-
1 cells reduces excess origin firing without restoring fork elongation
rates (Wilsker et al, 2008). Moreover, a recent report showed that
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activation of the ATM pathway induces fork slowing in Chk1-inhib-
ited JEFF cells, independently of origin density (Techer et al, 2016).

Origin firing and ATM activation are signals that affect nascent
DNA elongation at a global, nucleoplasmic scale. However, local
signals, i.e., events that take place at the slow fork itself, should also
be taken into consideration (Toledo et al, 2013; Gonzalez Besteiro &
Gottifredi, 2015). Replication barriers are one of such local events
that can be detrimental to fork progression. In response to genotoxic
agents, Chkl promotes translesion synthesis (TLS) at replication
barriers (Yang et al, 2008; Speroni et al, 2012; Yamada et al, 2013);
Chk1 thus directly contributes to the elongation of nascent DNA at
damaged forks. In unperturbed conditions, MAP kinase-activated
protein kinase 2 (MK2) inhibition, which promotes TLS across
gemcitabine-damaged DNA, also aids fork progression in Chkl-
inhibited cells (Kopper et al, 2013). Thus, local signals in Chk1-defi-
cient cells may dictate the fate of replication forks.

In this report, we show that Chk1 deficiency in unperturbed cells
directly affects fork elongation, as forks devoid of Chkl are over-
flowed with replication barriers. Although such barriers recruit TLS
polymerase Poln, high CDK activity prevents Poln-dependent repli-
cation. As a result, fork elongation in Chkl-deficient cells is
profoundly affected, in a manner that is completely dissociated from
the control of new origin firing. Indeed, the downregulation of the
initiation factors CDT1 and CDC7, which restore origin firing levels
in Chkl-depleted cells, does not mitigate fork elongation defects.
Interestingly, unleashed origin firing, not reduced elongation rates,
accounts for the excess of DNA damage observed upon Chkl1 loss.
Poor proliferation rates, on the other hand, result from elevated new
origin firing and high levels of replication barriers, while the bypass
of such barriers is irrelevant to cell survival. Hence, in Chk1-defi-
cient cells, origin firing and fork elongation rates are modulated
independently and control distinct biologically relevant outputs.

Results

Chk1 loss generates replication-associated obstacles that impair
nascent DNA elongation

Chk1 deficiency severely restrains replication fork rates in unper-
turbed cancer cells (Petermann et al, 2006). Reduced fork elonga-
tion can result from a constant reduction in fork speed and/or the
increased frequency of encounter of forks with replication barriers.
To explore these possibilities, we conducted DNA fiber assays in
which the thymidine analogues CldU and IdU were sequentially
pulsed for equal times (20-min each). If forks encounter obstacles as
they progress, the CldU/IdU ratio should deviate from 1, the
expected ratio for constant replication fork speed (Galanos et al,
2016; Techer et al, 2016; Maya-Mendoza et al, 2018). The distribu-
tions of ratios in U20S cells depleted of Chk1 by siRNA were similar
to the control (Fig EV1IA-D). These data are in agreement with
previous reports (Speroni et al, 2012; Koundrioukoff et al, 2013;
Techer et al, 2016) and support the notion that, although slower,
replication in Chk1-deficient cells is steady.

Notwithstanding this, we were intrigued by the fact that Chkl-
depleted cells do show a very slight, though reproducible increment
in the CldU/IdU ratio. We reasoned that some defects might go
unnoticed by using equal CldU and IdU labeling times, so we turned
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to a 10-min CIdU + 30-min IdU labeling protocol. The expected
CldU/1dU ratio should be 0.33 in case forks do not encounter barri-
ers as they progress. However, because the probability that an
obstacle blocks fork progression is higher during the longer pulse,
the CldU/IdU ratio should be > 0.33 in the presence of replication
barriers. Interestingly, although in control U20S cells the median
CldU/IdU ratio (0.31) was close to the expected ratio, Chk1-depleted
or inhibited cells showed a median ratio of ~0.6 (Fig 1A-E); i.e.,
upon Chkl loss forks elongate relatively less during the second
pulse (Fig EVIC and D). We obtained similar results in HCT116
cells (Appendix Fig S1).

These data rule out the possibility that in Chkl1-deficient cells
forks progress at a constant speed and suggest that replication elon-
gation is slower as forks progress further from origins. To test this
possibility, we labeled U20S cells for 10 min with CIdU, followed
by increasing pulses of IdU (10-80 min) (Fig 2A). As expected, we
observed constant replication fork speeds in control cells, which
fully overlapped with the theoretical estimates. However, forks in
Chk1-depleted cells deaccelerated as labeling time with the second
thymidine analogue increased (Fig 2B and C). Consistently, Chkl
deficiency in HCT116 cells provoked fork asymmetry (Fig 2D), as
measured by DNA combing, an unequivocal proof of the presence
of obstacles to replication (Conti et al, 2007). Altogether, our data
suggest that fork progression in the absence of Chkl generates
obstacles to the replisome, which negatively feedback on fork elon-
gation.

High CDK activity prevents Poln-dependent bypass of replication
barriers created by Chk1 loss

To explore the nature of the replication barriers created by Chkl
loss, we asked which transactions known to control track length
took place at forks in Chkl-depleted cells (Fig EV2A-G). Our data
indicate that replication roadblocks created by Chkl loss may
induce fork reversal (but not Mrell-mediated degradation;
Fig EV2A and E) and are prone to TLS (Fig EV2F and G).
Monoubiquitination of the proliferating cell nuclear antigen PCNA,
a processivity factor for DNA polymerases (mono-Ub PCNA),
enables the recruitment of specialized polymerases to damaged
forks or post-replicative DNA lesions (Vaisman & Woodgate, 2017).
Supporting the notion that Chkl loss generates DNA replication
barriers, Chk1 depletion caused the accumulation of mono-ub PCNA
and of TLS polymerase Poln (Fig EV2F). Importantly, Poln accumu-
lated at replication forks following Chk1 depletion, as evidenced by
iPOND (isolation of proteins on nascent DNA) (Sirbu et al, 2011;
Fig EV2G). Together, these results suggest that Chk1 deficiency elic-
its the accumulation of replication fork barriers, which recruit Poln.

Even if Poln accumulates at forks in Chkl-depleted cells, siRNA
depletion of Poln had no major effect on the progression of forks
(Fig 3A and B). CDK2 phosphorylates Poln and thereby modulates
Poln-dependent synthesis (Dai et al, 2016; Bertoletti et al, 2017).
Roscovitine, a CDK inhibitor, attenuates reduced replication rates in
Chk1-deficient cells, which aberrantly activate CDK2 (Petermann
et al, 2010; Gonzalez Besteiro & Gottifredi, 2015; Sanjiv et al, 2016).
We thus hypothesized that CDK2-dependent phosphorylation of
Poln restrains the bypass of the replication barriers created by Chk1l
loss, resulting in reduced replication fork rates. Indeed, Chk1 deple-
tion augmented Poln phosphorylation (Appendix Fig S2) and the
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Figure 1. Replication fork progression is unsteady after Chk1 loss.

A Labeling scheme and representative DNA fibers from control (siLuc) and
Chk1-depleted (siChk1) U20S cells.

B Western blot of Chkl in U20S cells, 48 h after transfection with siRNA.
Actin was used as loading control.

C U208 cells were labeled with CldU and IdU for 10 and 30 min, respectively.
Mean (& SEM) track lengths (top) and CldU/IdU ratios (bottom) are shown.
Data come from 6 independent experiments and a total of 579 (siLuc) and
590 (siChk1) fibers were scored.

D Western blot of phospho-serine-296-Chk1 (p-Chk1) in U20S cells. Cells
were treated 1.5 h with the Chk1 inhibitor G66976 (Chk1i) or DMSO
(control), irradiated with 100 J/m? UV to induce high levels of p-Chki, and
collected 1.5 h afterward. Actin was used as a loading control.

E U20S cells treated with DMSO or Chk1i were labeled with CldU and IdU for
10 and 30 min, respectively. Data come from three independent
experiments and a total of 304 (DMSO) and 312 (Chk1i) fibers were scored.

Data information: The bars/numbers on top of the distribution clouds indicate
the median; different letters indicate significant differences, calculated by
unpaired t-test.

Source data are available online for this figure.

depletion of Poln prevented the roscovitine-dependent rescue of
fork progression in Chkl-depleted cells (Fig 3B and Appendix Fig
S3A). Poln downregulation did not interfere with roscovitine-

© 2019 The Authors
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mediated rescue of excess origin firing (Fig 3A and C). This is
important because a modification in origin firing levels could gener-
ate differences in replication fork progression rates (Rodriguez-
Acebes et al, 2018).

Excess origin firing in cells with high CDK activity is thought to
underline nucleoside (NS) starvation and subsequent slowdown of
forks (Petermann et al, 2010; Beck et al, 2012). Indeed, similar to
roscovitine, supplementation with NS alleviated fork asymmetry
and slow fork progression in Chkl-depleted cells (Appendix Fig
S3B). However, NS-dependent recovery of fork progression
depended strongly on Poln (Appendix Fig S3C), arguing against a
predominant effect of a nucleoplasmic signal on fork progression.
Altogether, our results imply that excess CDK activity in Chk1-defi-
cient cells hinders fork elongation directly, via phosphorylation of
Poln, and thus independently of origin firing.

Serine 687 phosphorylation status determines GFP-Poln function
at replication barriers created by Chk1 loss

To further reinforce the notion that high CDK activity compromises
fork progression in Chkl1-depleted cells by acting at a local scale, we
sought to strengthen the link between CDK and Poln in this context.
Poln contains four conserved putative CDK phosphorylation sites
(Fig 4A). To identify the site(s) relevant to the bypass of replication
barriers created by Chkl loss, we overexpressed phosphomimetic
versions of GFP-Poln in a Chk1-deficient background and performed
a DNA fiber assay. If Poln function is negatively regulated by CDK
activity (Fig 3B and Appendix Fig S3A), phosphomimetic GFP-Poln
should be unable to rescue impaired fork progression provoked by
Chk1 depletion. While GFP-Poln overexpression, but not catalyti-
cally inactive GFP-Poln, increased fork elongation in Chk1-depleted
U20S cells (Appendix Fig S4A), phosphomimetic mutation of three
highly conserved residues (S512, T591, S416) had no impact on
GFP-Poln-mediated fork elongation in Chkl-depleted cells
(Appendix Fig S4B). The fourth site, S687, resides within the NLS
(nuclear localization signal) of Poln (Fig 4A). Notwithstanding this,
GFP-Poln-S687D (serine 687 to aspartate), similar to GFP-Poln-WT
and GFP-Poln-S687A (serine 687 to alanine), localized in the
nucleus (Dai et al, 2016; Bertoletti et al, 2017) (Fig 4B). Interest-
ingly however, overexpression of phosphomimetic GFP-Poln-S687D
did not rescue impaired fork elongation of Chkl-depleted U20S
cells, in contrast to the effect of GFP-Poln-WT or GFP-Poln-S687A
(Fig 4C and D). Importantly, and in contrast to GFP-Poln-S687A,
GFP-Poln-WT rescued fork slowdown in Chkl-depleted cells in a
dose-dependent manner, suggesting that overexpression overrides
phosphorylation (Fig EV3A).

In agreement with reduced rates of replication barrier bypass,
GFP-Poln-S687D presented a reduced ability to form foci, sites of
GFP-Poln activity in vivo (Kannouche et al, 2001), after a mild
extraction with CSK buffer, which removes proteins unbound to
chromatin. This was unveiled by measuring the percentage of cells
with foci (Fig EV3B) and the number of foci per cell (Fig 4E and F).
iPOND (Fig EV3C) and Western blot of insoluble cellular fractions
(Fig EV3D) showed that enrichment of Poln at forks in Chkl1-defi-
cient cells is unaffected by roscovitine. Taken together, these results
demonstrate that CDK-dependent phosphorylation of Poln-S687
represses Poln-dependent fork elongation (and not Poln recruitment
to ongoing forks) in Chkl-depleted cells (Fig 4G). Furthermore,
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Figure 2. Chk1 loss generates replication-associated obstacles that impair nascent DNA elongation.

A-C U20S cells were labeled with CIdU for 10 min, followed by increasing IdU labeling times and subjected to DNA stretching. (A) Labeling scheme and representative
DNA fibers. Scale bars: 5 pm. (B) IdU track length after 10-80 min. Theoretical IdU track lengths are shown in red; the theoretical 10-min points were considered
equal to the experimental values obtained for siLuc or siChk1, and the following theoretical points were calculated proportionally. (C) Fork speed for each IdU
labeling time. Data were calculated as the mean (4 SD) of mean IdU track lengths (B) or mean fork speeds (C). n = 4 for IdU times 20-60 min or n = 3 for IdU
times 10 and 80 min; for each experiment and condition 60-100 fibers were scored.

D DNA combing from HCT116 cells labeled with CIdU and IdU for 20 min. The upper left panel shows the labeling scheme. The upper right panel shows
representative sister replication forks that emanate from the same origin (ORI = origin of replication); a pair of sister forks is considered asymmetric if their
lengths (CldU + 1dU) differ in more than 33%. The percentage of asymmetric forks (lower left panel; a Western blot of Chkl and Ku80, loading control, performed in
parallel to the combing experiments, is shown) and the lengths of each pair of forks (lower right panel; points outside of the dotted lines correspond to asymmetric
forks) are shown. Data (siLuc, n = 131; siChk, n = 117) come from two independent experiments; the numbers indicate the mean (& SD) percentage of

asymmetric forks.

Data information: Different letters indicate significant differences, calculated by two-way ANOVA with a Tukey’s post-test (B—C) or unpaired t-test (D).

Source data are available online for this figure.
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Figure 3. High CDK activity prevents Poln-dependent bypass of replication barriers created by Chk1 loss.

A Labeling protocol used here and in all figures that follow, except otherwise indicated. The lower panels show representative images and schemes of an ongoing fork
and of origins that fired during the CldU (1*%) or IdU (2"%) pulses. Gray dotted lines represent unlabeled DNA. Percentage of origins was calculated as: (1°+2" pulse

origins)/total number of fibers.

B 1dU track lengths from U20S cells (Rosc, roscovitine). 180-200 DNA fibers obtained from two independent experiments were measured for each condition. The upper
panel shows a Western blot of Poln, 48 h after transfection with siRNA. Actin was used as a loading control.
C Percentage of origin firing (mean & SD) from DNA fibers in (A) (n = 2). The dotted line represents the mean percentage of origin firing in control samples.

Data information: The bars on top of the distribution clouds indicate the median; different letters indicate significant differences, calculated by one-way ANOVA with a
Bonferroni post-test (B) or repeated measures ANOVA with a Newman—Keuls post-test (C).

Source data are available online for this figure.

these data imply that high CDK activity in Chkl-depleted cells
impacts on fork elongation and origin firing by divergent pathways.

Replication fork progression and origin firing are independent
variables in Chkl-deficient cells

CDK activity stimulates DNA replication initiation in Chk1-deficient
cells (Sorensen & Syljuasen, 2012; Gonzalez Besteiro & Gottifredi,
2015). Upon Chkl loss, the CDK inhibitor roscovitine restores not
only origin firing levels, but also fork elongation rates (Petermann
et al, 2010); thus, the current model proposes that CDK-dependent
excess origin firing reduces DNA replication rates (Sorensen &
Syljuasen, 2012). However, our data show that a reduction in origin
firing is insufficient to revert reduced fork elongation rates (Fig 3)
and thus challenge this model. To get more insight into the relation-
ship between origin firing levels and fork elongation rates in Chk1-
deficient cells, we tested if the inhibition of origin firing by means
other than roscovitine also reduces DNA elongation rates. We chose
CDC7, an essential activator of DNA replication initiation, and
CDT1, an origin licensing factor (Yekezare et al, 2013). The deple-
tion of either protein has proven to efficiently reduce excessive
origin firing (Petermann et al, 2010; Beck et al, 2012). In fact, CDC7
downregulation or inhibition in Chkl-depleted U20S cells normal-
ized origin firing levels. Remarkably however, such reduction in
origin firing did not correlate with increased fork progression
(Fig SA and Appendix Fig S5), in contrast to the effect of roscov-
itine, which controls both variables (Fig 3). In full agreement, CDT1
downregulation, while rescuing exacerbated origin firing in Chk1-
depleted cells, had no impact on fork elongation (Fig 5B). Impor-
tantly, CDT1 downregulation per se is no impediment to fork elon-
gation (Appendix Fig S6A and B) and, in agreement with (Beck

© 2019 The Authors

et al, 2012), alleviated slow replication fork progression in cells
lacking WEEI, another CDK regulator (Appendix Fig S6C). Our data
thus imply that excess origin firing does not alter fork progression
rates in Chk1-depleted cells. It is also plausible that slow elongation
rates impact on origin firing levels (Techer et al, 2016). However,
variables such as NS and GFP-Poln overexpression, while rescuing
impaired fork elongation in a manner that depends on Poln expres-
sion, had no impact on origin firing (Fig 5C and D). Altogether,
Chk1 controls fork elongation and origin firing by independent
mechanisms, albeit both are CDK-dependent (Fig 6A).

Excess origin firing, not reduced fork elongation, triggers DNA
damage in Chkl-deficient cells

Because excess origin firing and reduced fork elongation are sepa-
rate variables in Chkl-deficient cells, they might differentially
impact on biological relevant parameters. While characterizing the
DNA replication choreography in Chkl-depleted cells, we have
developed an array of tools that specifically restore fork elongation
or origin firing. CDT1/CDC7 depletion/inhibition and NS supple-
mentation or GFP-Poln overexpression were used to unambiguously
assess the biological relevance of dysregulated origin firing and fork
elongation, respectively. Roscovitine, which restores fork elongation
and origin firing phenotypes, was used as a control (Fig 6A).

In U20S cells, Chk1 loss induces the accumulation of the DNA
damage marker YH2AX (Syljuasen et al, 2005; Sanjiv et al, 2016).
Consistent with its holistic control of DNA replication, roscovitine
reverted the accumulation of yH2AX in Chkl-inhibited cells.
However, NS supplementation did not restore yH2AX levels in
Chk1-inhibited cells (Fig 6B and C). Also, GFP-Poln delivery by
lentiviral transduction, which guarantees more homogenous and
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Figure 4. Serine 687 phosphorylation status determines GFP-Poly function at replication barriers created by Chk1 loss.

A

Schematic representation of human Poln showing conserved, putative CDK phosphorylation S/TP sites and cyclin-binding domains (RxL). POL: polymerase domain,
UBZ: ubiquitin-binding zinc finger, NLS: nuclear localization signal, PIP: PCNA-binding domain.

Representative images of Chk1-depleted U20S cells showing nuclear localization of GFP-Poln-WT/S687A/S687D. Numbers indicate percentage of cells showing
nuclear GFP-Poln (mean =+ SD, n = 2). Scale bar: 100 pum.

Western blot of GFP-Poln in U20S cells, 48/24 h after transfection with siRNA/GFP(-Poln). Actin was used as loading control.

1dU track lengths from U20S cells transfected with GFP (—) or GFP-Poln-WT/S687A/S687D. > 180 fibers obtained from two independent experiments were measured
for each condition.

Number of foci per cell after CSK extraction in U20S cells transfected with GFP-Poln-WT/S687A/S687D. > 150 cells/sample were analyzed in four independent
experiments. P < 0.05 was considered significant.

Representative images of cells with GFP-Poln foci used for quantification in (E). The number of foci per cell for each representative nucleus is indicated. Scale bar:
10 pm.

Model that depicts the effect of CDK-dependent phosphorylation of Poln on fork elongation. In Chk1-deficient cells, replication barriers accumulate and recruit Poln.
CDKs, whose activity is high in Chk1-deficient cells, phosphorylate Poln, impeding its engagement in fork elongation. Upon CDK inhibition, Poln bypasses replication
barriers created by Chk1 loss, promoting fork elongation.

Data information: The bars on top of the distribution clouds indicate the median; different letters indicate significant differences, calculated by one-way ANOVA with a
Bonferroni post-test.
Source data are available online for this figure.
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Poln

widespread expression than transfections, did not alter yH2AX
levels in Chkl-deficient cells (Fig EV4A-C). Maya-Mendoza et al
(2018) recently proposed that fork deceleration beyond 20% induces
DNA damage. In Chkl-depleted U20S cells, even if supplemented

© 2019 The Authors
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Figure 5. Replication fork progression and origin firing are independent
variables in Chk1-depleted cells.

A 1dU track lengths and percentage of origin firing (mean + SD) from U20S
cells treated or not with a CDC7 inhibitor (CDC7i). > 380 (track length) and
> 600 (origin frequency) fibers obtained from 4 (track length) or 3 (origin
frequency) independent experiments were measured for each condition.

B IdU track lengths and percentage of origin firing (mean £ SD) from U20S
cells transfected or not with siCDT1. Track lengths from > 290 fibers
obtained from three independent experiments were measured for each
condition. To calculate origin frequency, > 700 DNA fibers from three
independent experiments were scored.

C 1dU track lengths and percentage of origin firing (mean £ SD) from U20S
cells supplemented or not with nucleosides (NS). > 195 (track length) and
> 350 (origin frequency) fibers obtained from two independent experiments
were measured for each condition.

D IdU track lengths and percentage of origin firing (mean + SD) from U20S
cells transfected or not with GFP-Poln. > 180 (track length) and > 400
(origin frequency) DNA fibers obtained from 2 independent experiments
were measured for each condition.

Data information: The bars on top of the distribution clouds indicate the
median; different letters indicate significant differences, calculated by one-way
ANOVA with a Bonferroni post-test (track lengths) or repeated measures
ANOVA with a Newman—Keuls post-test (% of origins).

with NS or transfected with GFP-Poln, fork velocity reaches at most
50% of the normal speed (Fig 5C and D). It could then be argued
that such a limited rescue of fork elongation is not sufficient to
unveil the potential impact of fork speed on DNA damage accumula-
tion. To address this issue, we titrated replication fork speed by
expression of increasing amounts of Chkl and monitored yH2AX
accumulation. Interestingly, low levels of exogenous Chkl rescued
origin firing fully and restored yH2AX levels almost fully. In
contrast, fork elongation was only modestly rescued by low Chkl
expression levels (Fig EV4AD-F). Therefore, when compared to the
relevance of excessive origin firing, the contribution of fork speed to
vyH2AX accumulation is minor. Moreover, the overexpression of
GFP-Poln from a lentivirus in cells depleted of Chk1 accelerated fork
speed beyond 80% of normal speed and still did not reduce yH2AX
accumulation (Fig EV4AA-C). In conclusion, we have found no
evidence that impaired fork elongation in Chk1-deficient cells contri-
butes to increasing DNA damage levels.

In contrast to the null effect of fork elongation defects on yH2AX
accumulation, restoring origin firing levels by CDC7 inhibition (Fig 6B
and C) or CDT1 depletion (Fig EV4G and H) rescued Chkli-induced
YH2AX accumulation. In full agreement, CDC7 inactivation, not NS
supplementation, circumvented DSB (Fig 6D and E) and ssDNA accu-
mulation (Fig 6F and G), a marker of replication stress and commit-
ment to cell death (Toledo et al, 2013; Buisson et al, 2015).
Importantly, CDC7 inhibition did not noticeably modify the percent-
age of cells in S phase (Appendix Fig S7), arguing against a potential
indirect effect of cell cycle alterations on S phase replication markers.
Altogether, these results demonstrate that excess origin firing, not
reduced fork elongation, damages DNA in Chk1-deficient cells.

Excess origin firing and CDC45/MCM2-dependent replication
barriers compromise fitness of Chk1-deficient cells

Even if roscovitine fully abrogated DNA damage in Chk1-depleted
U20S cells, the roscovitine effect on survival assays was invariably
modest (Fig 7A). We ascribe such rescue to roscovitine-mediated
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normalization of origin firing levels, because Poln downregulation,
which abolishes roscovitine-dependent rescue of fork speed, did not
compromise roscovitine-dependent rescue of cell survival upon
Chk1 inhibition (Fig 7A). This suggests that Poln-mediated replica-
tion fork bypass is irrelevant to cell survival. In fact, growth of
Chk1-inhibited cells was unaffected by GFP-Poln overexpression

A

Marina A Gonzdlez Besteiro et al

(Fig 7B and Appendix Fig S8A) or NS supplementation, which
restores fork progression in a Poln-dependent manner
(Appendix Fig S8B). We reasoned that increasing fork elongation
rates in a Poln-independent manner, by impeding the formation of
the obstacles that recruit Poln, might be the key to improving cellu-
lar fitness of Chkl-deficient cells. CDC45 is a helicase cofactor
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Figure 6. Replication barrier bypass in Chkl-deficient cells does not alleviate DNA damage.

A Scheme of the tools used to revert DNA replication phenotypes caused by Chk1 deficiency. CDK inhibition rescues impaired fork elongation and excess origin firing;
NS supplementation or GFP-Poln overexpression specifically rescues reduced fork elongation; CDT1 depletion or CDC7 depletion/inhibition specifically rescues excess

origin firing.

B Percentage of yH2AX-positive U20S cells (mean + SD) after 5-h treatment with the Chkl inhibitor G66976 (ChkLi), in the presence of 5 uM NS, 1.25 uM CDC7i, or
10 pM roscovitine. > 900 (DMSO) or > 2,000 (Chk1i) cells/sample were analyzed in two independent experiments. Total YH2AX was used to perform the statistics.

C Representative images of data shown in (B). Scale bar: 50 pum.

D DSB accumulation measured by neutral comet assay after 8-h treatment with Chk1i, in the presence of 5 uM NS, siCDC7, or 10 uM roscovitine. 85-170 cells/sample

were analyzed in two independent experiments.
E Representative images of data shown in (D). Scale bar: 25 pum.

F  Percentage of parental ssDNA-positive U20S cells (mean + SD) after 5-h treatment with Chk1i, in the presence of 5 pM NS, 1.25 uM CDC7i, or 10 pM roscovitine.
> 450 cells/sample were analyzed in two independent experiments. The induction of ssDNA on control samples was null.

G Representative images of data shown in (F). Scale bar: 25 pum.

Data information: The bars on top of the distribution clouds indicate the median; different letters indicate significant differences, calculated by one-way ANOVA with a
Bonferroni post-test (D) or repeated measures ANOVA with a Newman—Keuls post-test (B, F).

whose increased loading onto chromatin following treatment with
Chk1 and replication inhibitors triggers apoptosis in HCT116 cells
(Syljuasen et al, 2005; Rodriguez et al, 2008; Zuazua-Villar et al,
2015). CDC45 excess provokes fork asymmetry (Srinivasan et al,
2013; Kohler et al, 2016) and Poln recruitment to replication foci
(Kurashima et al, 2018); surplus CDC45 might therefore generate
the obstacles that block the replisome in Chkl-depleted cells. In
support of this hypothesis, chromatin-bound levels of CDC45
increased in Chkl-depleted cells, independently of roscovitine,
which in fact functions downstream of replication barrier formation
according to our model (Fig 8A). Moreover, CDC45 abrogation
restored fork elongation rates independently of Poln and showed an
epistatic relationship with roscovitine (Fig 8B and C). Similar results
were obtained by downregulation of other helicase component,
MCM2, even if we did not observe an enrichment of MCM2 in the
chromatin fraction of Chkl-depleted cells (Fig EV5A and B). Thus,
CDC45/MCM2 downregulation promotes Poln-independent fork
elongation and restores origin firing levels (Figs 8C and D, and
EVSB and C), in contrast to roscovitine, which similarly normalizes
origin firing levels, but promotes Poln-dependent fork elongation
(Fig 3B and C). Remarkably, CDC45 downregulation fully restored
the proliferation rates of Chkl-depleted U20S cells (Fig 8E and F,
and Appendix S8C), while the effect of roscovitine was only partial
(Fig 8G and H, and Appendix Fig S8D). Similarly, MCM2 downregu-
lation improved survival of Chkl-depleted U20S cells to a greater
extent than roscovitine (Fig EV5D). In HCT116 cells, CDC45 deple-
tion improved the growth of Chkl-deficient cells (Appendix Fig
S8E), while the rescue by roscovitine remained undetectable
(Appendix Fig S8F). We conclude that excess new origin firing and
the accumulation of replication barriers compromise the prolifera-
tion of Chkl-inactivated cells (Fig 9A and B).

Discussion

This work provides an insightful analysis of the replication dynam-
ics in Chkl-deficient cells. We describe an unprecedented mecha-
nism limiting fork elongation in the absence of Chkl: high CDK
activity restricts Poln-dependent bypass of replication barriers,
which are created by excessive loading of helicase components.
Additionally, we demonstrate that fork elongation and origin firing
are independent players of the DNA replication program, which

© 2019 The Authors

govern the different outcomes of replication stress. While origin
usage determines the DNA damage load and the proliferation of
Chkl1-depleted cells, the formation of replication barriers, but not
their bypass, impacts exclusively on the proliferation rates.

Chk1 loss creates replication barriers

Although our data conclusively demonstrate that Chk1 loss prompts
unsteady replication fork progression, i.e., fork asymmetry, others
have rejected this hypothesis (Koundrioukoff et al, 2013; Techer
et al, 2016). In those reports, conclusions were based on 20-min
CldU/20-min IdU ratios. Using this labeling scheme, we were also
unable to detect fork asymmetry in Chk1-depleted cells. DNA comb-
ing (20-min CldU + 20-min IdU) and also alternative labeling proto-
cols (10-min CIdU + 30-min IdU and 10-min CldU + 10-80-min
IdU) did unveil the occurrence of asymmetric forks in Chk1-defi-
cient cells. Our research (this report and Vallerga et al, 2015) thus
highlights the importance of exploiting the DNA fiber analysis
beyond the conventional protocols to shed light on key aspects of
DNA replication.

Because the specialized polymerase Poln can alleviate fork
progression defects of Chk1-depleted cells, replication barriers might
lie at the heart of the problem. Poln is able to separate non-B DNA
(Biertumpfel et al, 2010) and efficiently replicates DNA that adopts
secondary structures characteristic of difficult-to-replicate genomic
regions (Bergoglio et al, 2013; Garcia-Exposito et al, 2016). The
DNA fiber assay unveils replication defects at a global scale, rather
than at such specific regions in the genome. Thus, our observation
that Poln overexpression alleviates slow elongation in Chk1-defi-
cient cells implies the presence of replication barriers all along the
genome.

Our data also show that excess CDC45/MCM2, but not high CDK
activity, contributes to the generation of the replication intermedi-
ates that recruit Poln in Chkl-depleted cells. CDK activity controls
the number of replication factories rather than the origins within
them (Thomson et al, 2010), while CDC45 activates dormant origins
(Wong et al, 2011). Thus, replication barriers in Chkl-depleted
samples may be related to increased proximity between neighbor
activated origins within a cluster. Supporting the potential influence
of CDC45 expression levels in the generation of DNA replication
barriers are two reports indicating that the sole overexpression of
CDC45 causes fork asymmetry (Srinivasan et al, 2013; Kohler et al,
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Figure 7. Replication barrier bypass in Chk1-deficient cells does not ameliorate cellular fitness.

A Sensitivity of U20S cells to Chkl inhibition, roscovitine (5 tM), and Poln depletion. Cell number was determined 4 days after a 24-h treatment (5 days in total) with

Chkli + Rosc. Data represent the mean (£ SD) of three independent experiments.

B Sensitivity of U20S cells transduced with shRNA targeting Chk1 (shChkl) or non-targeting shRNA (shScr) and Lenti-GFP-Poln or Lenti-GFP (—). Cell number was
determined 7 days after transduction (5 days after maximal downregulation). Data represent the mean (£ SD) of three independent experiments.

Data information: Different letters indicate significant differences, calculated by repeated measures ANOVA with a Newman—Keuls post-test.

2016). In an alternative scenario, excess loading of helicase
complexes might itself constitute the obstacle to replication in Chk1-
deficient cells. However, the fact that MCM2 levels at chromatin are
not increased in Chk1-deficient cells favors the first explanation.

Replication fork progression in Chkl-deficient cells is hampered
by TLS inhibition and other signals

Chk1 loss activates CDK2 in S phase (Sakurikar et al, 2016) and
CDK2 phosphorylates Poln at serine 687 in vitro and in vivo, even in
the absence of DNA damage (Dai et al, 2016; Bertoletti et al, 2017).
In agreement with PCNA-Poln interaction in vitro data (Bertoletti
et al, 2017), our iPOND analysis shows that phosphorylation does
not control Poln recruitment to replication forks. We thus favor the
hypothesis that CDK2-mediated Poln phosphorylation at S687 regu-
lates the bypass of replication obstacles. The outcome may vary
depending on the obstacle: negative after Chkl loss but positive
after UV irradiation (Dai et al, 2016; Bertoletti et al, 2017). Thus,
rather than controlling Poln catalytic activity (Bertoletti et al, 2017),
S687 phosphorylation status might articulate with other signals to
tailor Poln ability to bypass a given replication barrier to suit a
particular cellular context.

In line with CDK- and NS-dependent control of Poln-dependent
tolerance, roscovitine and NS supplementation reverted fork asym-
metry in Chkl-depleted cells. However, fork elongation was only
partially restored. Such observations indicate that fork elongation in
Chk1-deficient cells is not exclusively hampered by replication barri-
ers, but is most likely also governed by other variables, independent
from TLS. While our data rule out the contribution of R-loops,
MUS81-dependent DSBs, which accumulate upon Chkl loss
(Forment et al, 2011; Murfuni et al, 2013), Mrell-dependent
degradation and surplus converging forks to the replication defects
of Chkl-depleted U20S cells, they suggest an increase in fork

10 of 16 The EMBO Journal ~ 38: 101284 | 2019

reversal. Fork reversal might occur after the collision of replication
forks with the barriers created by Chkl1 loss; alternatively, reversed
forks themselves might constitute the replication barriers. In any
case, the contribution of fork reversal to replication speed was
modest. Thus, we speculate that other as-yet-unidentified transac-
tions determine fork progression rates in Chk1-deficient cells.

Origin firing and replication fork elongation are uncoupled in
Chk1-deficient cells

Origin firing and fork progression influence each other (Anglana
et al, 2003; Zhong et al, 2013). Thus, manipulation of origin firing
levels will invariably affect fork speed and vice versa, unless such
intervention is somehow restricted (Rodriguez-Acebes et al, 2018).
In fact, Techer et al (2016) have reported that NS supplementation
rescues excess origin firing in Chk1l-depleted JEFF cells. However,
we could not reproduce such a scenario in U20S cells. This incon-
sistency might be explained by the fold reduction in replication
speed achieved by Chkl inhibition. If fork speed is profoundly
affected by Chkl depletion (this study), NS supplementation might
not suffice to revert excessive origin usage. Hence, the dependence
of origin firing on fork progression after Chk1 depletion is not strict.
In a similar fashion, we have found conditions in which excessive
origin firing is reverted without changes in fork speed. Our model of
modest feedback between fork speed and origin firing is further
supported by our Chkl titration experiment that demonstrates that
normalizing origin firing levels does not notoriously alleviate fork
elongation defects. Others have proposed that, in the context of
Chk1 depletion, fork progression is restricted by the exhaustion of
resources needed for DNA polymerization, which supposedly
follows excess origin firing (Petermann et al, 2010; Sorensen &
Syljuasen, 2012). However, this model is in contradiction to two
facts: (i) Fork elongation in Chkl-depleted cells is modulated by

© 2019 The Authors
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Figure 8. CDC45-dependent generation of replication barriers compromise the fitness of Chkl1-deficient cells.
A Western blot of CDC45 and Chk1 in U20S cells after an extraction with CSK buffer to separate the insoluble and soluble fractions. Roscovitine (25 pM) was added 2 h

before harvesting. H2B was used as a loading control.

B IdU track lengths from U20S cells. 200 DNA fibers obtained from two independent experiments were measured for each condition.
IdU track lengths from U20S cells. > 170 DNA fibers obtained from two independent experiments were measured for each condition. For comparison, the data
showing that Poln is required for roscovitine-dependent rescue of fork elongation in Chk1-depleted cells (Fig 3B) are shown on the right. The lower panel shows the
corresponding Western blot of Chkl, Poln, and CDC45. Actin was used as a loading control.

D Percentage of origin firing (mean £ SD) from DNA fibers in C (n = 2). > 490 fibers per condition were scored.

E Sensitivity of U20S cells to Chkl and CDC45 depletion. Cell number was determined 7 days after transfection (5 days after maximal downregulation). Data represent

the mean (£ SD) of two independent experiments.

F Representative image of data shown in (E). Scale bar: 100 pm.
Sensitivity of U20S cells to Chk1 inhibition and roscovitine (5 uM). Cell number was determined 4 days after a 24-h treatment (5 days in total) with Chk1i + Rosc.
Data represent the mean (& SD) of two independent experiments.

H Representative image of data shown in (G). Scale bar: 100 pm.
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Data information: The bars on top of the distribution clouds indicate the median; different letters indicate significant differences, calculated by one-way ANOVA with a
Bonferroni post-test (B-C) or repeated measures ANOVA with Newman—Keuls post-test (D-E, G).

Source data are available online for this figure.
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A Model in which excess CDC45 creates replication barriers in Chk1-deficient
cells. These barriers recruit Poln, which remains inactive due to CDK-
mediated phosphorylation.

B Model in which reduced origin firing and Poln-independent increased fork
elongation promote proliferation in Chk1-deficient cells.

CDK-dependent phosphorylation of Poln; (ii) GFP-Poln elongates
forks, even in face of surplus DNA initiation and restricted
resources, presumably characteristic of Chkl-deficient cells.
Together, our results show that the invariable association between
origin firing and fork speed that has been previously postulated is
not a general rule and does not hold in the context of Chk1 inactiva-
tion.

Fitness of Chkl-deficient cells is multifactorial

It is becoming increasingly clear that sensitivity to Chk1 inhibitors is
a consequence of DNA damage in S phase (Koh et al, 2015; Parsels
et al, 2016; Sakurikar et al, 2016; Sanjiv et al, 2016; Techer et al,
2016; Wayne et al, 2016). Our work complements these findings, by
defining excess origin firing as the predominant mechanism that
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causes such DNA damage. Consistent with previous reports (Beck
et al, 2012; Techer et al, 2016), and in contrast to another (Maya-
Mendoza et al, 2018), we found no causal connection between fork
speed and DNA damage in Chk1-deficient cells. Perhaps these dif-
ferences indicate that general rules cannot be applied, as cellular
responses are very much influenced by the genetic background. In
any case, it is really puzzling to have identified a scenario in which
DNA damage is totally reverted by repressing excessive origin firing
but without notoriously accelerating fork progression. Yekezare
et al (2013) have suggested that origin firing frequency provides
information about the number of active factories, rather than the
origins within them. Moreover, Chkl blocks new factories but
promotes dormant origin firing (Ge & Blow, 2010). We thus propose
that the homeostasis of DNA replication is more sensitive to changes
in DNA replication choreography than to the average speed of
nascent DNA elongation. If this is the case, replication speed variations
could be easily buffered as far as the factories fire in the correct order.
In addition to unscheduled origin firing, the accumulation of
replication barriers compromises cell growth. Upon Chkl loss, the
difference between roscovitine and CDC45/MCM2 depletion is the
quality, not the speed, of DNA elongation (with obstacles being
bypassed by Poln and without obstacles, respectively). Thus, the
accumulation of barriers in Chk1-deficient cells negatively affects
proliferation rates, independently of whether they are tolerated or
not. This is intriguing since TLS prevents breaks at naturally occur-
ring structured DNA (Betous et al, 2009) and enhances survival in
cells displaying high CDK activity (Yang et al, 2017) or Myc-induced
replication stress (Kurashima et al, 2018). We envision that,
depending on the DNA template and the cellular context, specialized
polymerases might contribute to cell growth in unpredictable ways.
Our observations are against a simple, universal relationship
between fork speed and DNA damage and/or cell proliferation.

Materials and Methods

Cell culture and chemicals

U20S (ATCC), HEK293T (a gift from A Schinder, FIL), and HCT116
p21*/* (a gift from B Vogelstein, Johns Hopkins University, Balti-
more) were grown in Dulbecco’s modified Eagle’s medium (Invitro-
gen) with 10% fetal calf serum (Natocor). For DNA fibers assays,
the Chk1 inhibitor G66976 (Calbiochem, 1 uM), roscovitine (Sigma,
25 uM), the CDC?7 inhibitor PHA-767491 (Selleckchem, 5 uM),
nucleosides (Sigma, 5 pM each), 5,6-Dichloro-1-p-D-ribofuranosyl-
benzimidazole (DRB, Sigma, 100 uM), Olaparib (Selleckchem,
10 uM), and mirin (Tocris Bioscience, 100 uM) were added before
the first pulse for 1.5, 1, 3, 0.5, 1, 1.5, and 0.5 h, respectively. All
inhibitors were additionally maintained during both pulses. For
survival assays, cells were incubated for 24 h with G66976 1 pM and/
or roscovitine 2.5-5 pM or nucleosides 5 uM each. For other assays,
chemicals were used as specified below or in the figures legends.

siRNAs and expression plasmids
Transfections of siRNAs and/or plasmids were performed using Jet

Prime (Polyplus) according to the manufacturer’'s instructions.
Except from cell survival assays, cells were harvested 48 h after
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transfection with siRNA and 24 h after transfection with expression
plasmids. GFP-Poln was a gift from Dr. A. Lehmann (Kannouche
et al, 2001). GFP-Poln was mutated by site-directed mutagenesis as
described in the Appendix. siRNA sequences are listed in the
Appendix.

Lentiviral plasmids, production, and infection

pLenti-GFP-Poln and pLKO.1-shScramble were gifts from G Soria
(Villafanez et al, 2019). Chk1-WT (Speroni et al, 2012) was cloned
into the lentiviral transfer plasmid pLenti CMV/TO Puro (Addgene
#17482) using BamHI and Xbal. The shRNA insert (Peng et al,
2014) was cloned into the lentiviral transfer plasmid pLKO.1
(Addgene #8453) following manufacturer’s instructions. Lentivirus
production and infection was conducted exactly as previously
described (Mansilla et al, 2016). When transfection was required,
cells were infected 5 h after transfection.

Extraction of soluble proteins

Cells were incubated with ice cold CSK buffer (10 mM Pipes pH 7.5,
100 mM NaCl, 300 mM sucrose, 1 mM EGTA, 3 mM MgCl,)
containing Triton X-100. For Western blot analysis of chromatin-
bound proteins, extraction time and Triton concentration were as
follows: 30-60 s and 0.5% for Poln, 2 min and 2% for CDC45 and
MCM2. Prior to protein harvest, cells were washed once with cold
CSK buffer without Triton to avoid contamination of the insoluble
fraction with soluble proteins. For microscopy analysis of GFP-Poln
foci, extraction time was 15 s and Triton concentration was 0.5%.

Western blot

Cells were lysed and harvested with Laemmli buffer, followed by an
8-min incubation at 99°C. The primary antibodies are listed in the
Appendix. Incubation with secondary antibodies (Jackson Immu-
noResearch) and ECL detection (Amersham GE Healthcare) was
performed according to the manufacturer’s instructions. Western
blot images were taken with Image Quant™ LAS4000 (GE Health-
care), which allows capture and quantification of images within a
linear range. Alternatively, X-ray films were used.

Immunostaining and microscopy

Immunodetection of YH2AX and BrdU was conducted exactly as
previously described (Vallerga et al, 2015). GFP-Poln was detected
by auto-fluorescence after fixation with 2% paraformaldehyde/
sucrose. For detection of single-stranded DNA (ssDNA) in parental
DNA, cells were incubated with 10 uM BrdU for 36 h, treated as
indicated, and fixed with 2% paraformaldehyde/sucrose. Nuclei
were stained with DAPI (Sigma). Images were acquired with a
Zeiss LSM 510 confocal microscope and processed with ImageJ
software.

DNA fiber spreading and combing
DNA fiber spreading was performed as previously described

(Speroni et al, 2012); ~100 DNA fibers were measured per sample
per experiment. CldU (20 uM) was pulsed first and immediately
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followed by an IdU (200 uM) pulse; unless otherwise specified in
figures legends, each analogue pulse lasted 20 min. The bars on top
of the distribution clouds indicate the median. Percentage of origins
(shown as mean 4+ SD) was calculated as the percentage of IdU-
CldU-IdU and only IdU tracks over the total number of forks.
Percentage of terminations (shown as mean + SD) was calculated
as the percentage of CIdU-1dU-CIdU tracks over the total number of
forks. For DNA combing, HCT116 cells were labeled with IdU
(50 uM) and CIdU (100 uM) for 20 min each. Plugs (50,000 cells
each) were prepared with the FiberPrep DNA Extraction Kit
(Genomic Vision) according to the manufacturer’s instructions.
DNA was combed on silanized coverslips (Genomic Vision) and
baked at 65°C for 2-4 h. DNA was denatured (NaOH 0.5 M, NaCl
1 M) for 8 min with gentle agitation; slides were dehydrated by
sequential 1-min incubations with 70-90-100% ethanol. After
drying, samples were blocked in 1x PBS, 1% BSA, 0.5% Tween-20
for 15 min. IdU and CldU were simultaneously detected with mouse
anti-BrdU (Becton Dickinson, 1:6) and goat anti-mouse Alexa 488
(Invitrogen, 1:25) or rat anti-BrdU (Seralab, 1:10) and donkey anti-
rat Alexa 633 (Invitrogen, 1:25), respectively. ssDNA was detected
with mouse anti-ssDNA (Millipore, MAB3034, 1:4) and goat anti-
mouse Alexa 555 (Invitrogen, 1:25). All antibodies were diluted in
blocking solution, incubations were done in a humid chamber at
37°C for 2 (primary antibodies) or 0.5 (secondary antibodies) h, and
three washes of 5 min each in 1x PBS, 0.05% Tween-20 were
performed after each antibody incubation. Slides were dehydrated
before mounting with Prolonged Diamond Antifade Mountant
(Invitrogen). Images were acquired with a Nikon Eclipse Ni micro-
scope, equipped with a DS-Qi2 camera, and processed using NIS
Elements Software (Nikon). ~60 DNA fibers were measured per
sample per experiment.

iPOND

HCT116 cells were seeded on 100-mm dishes (one per condition)
and transduced 24 h later with shScramble or shChkl. Cells were
split on four 150-mm dishes 24 h after transduction and subjected
to iPOND 72 h later, when they reached ~80% confluence. iPOND
was performed as described in Sirbu et al (2012). Briefly, 1 h after
treatment with DMSO or roscovitine (10 uM) cells was labeled
with 10 uM EdU (Life Technologies) for 15 min. For chase
samples, EAU was replaced by 10 pM thymidine (Sigma) and incu-
bated for 45 min. Cross-linking was performed with 0.2%
formaldehyde (Sigma) in PBS for 15 min and quenched with
0.125 M glycine. Cells were permeabilized with 0.25% Triton X-
100 in PBS at RT for 30 min. Click reaction was conducted at RT
for 2h in PBS containing 10 uM azide-PEG3-biotin (Sigma),
10 mM sodium ascorbate (Sigma) and 2 mM CuSO, (Fisher). Cells
were washed and lysed in 1 ml lysis buffer (1% SDS in 50 mM
Tris pH 8.0) containing leupeptin and aprotinin (Sigma). Sonica-
tion was carried out in a Bioruptor UCD-200 (Diagenode) until the
solution was clear (high power, 8x[20 s constant pulse, 40 s
pause]). After centrifugation, biotin-tagged DNA was captured with
50 pl (packed volume) of Streptavidin agarose (Novagen) at 4°C
overnight. After washing the beads, proteins were eluted by boil-
ing in 2x SDS Laemmli buffer. 0.2% of the input and the whole
iPOND fraction were loaded on standard SDS-PAGE gels, resolved,
and analyzed by immunoblotting.
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Neutral comet assay

U20S cells were treated with G66976 1 uM (8 h), nucleosides 5 uM
(8 h), and roscovitine 10 uM (first 5 h) 48 h after transfection. Cells
were embedded in 0.5% low-melting Agarose on a slide and treated
with lysis solution (EDTA 30 mM, SDS 0.5%) for 30 min at 4°C.
Slides were immersed in TBE 1x and subjected to electrophoresis at
17 V (7-6 mA) during 10 min at 4°C. DNA was stained with ethid-
ium bromide and examined at 40x magnification with a Zeiss fluo-
rescence microscope. OpenComet (a script of ImageJ) was used to
obtain tail moment values (tail length x fraction of total DNA in the
tail). ~50 events were measured per sample per experiment.

Cell survival assays

Cells were transfected or transduced as required; 24 h later, cells
were replated on 24-well (HCT116) or 96-well (U20S) dishes at a
density of 3,000 (HCT116) or 1,000 (U20S) cells/well. Drugs were
added 24 h after transfection/transduction when required. HCT116
cells were counted on a Neubauer chamber 48 or 120 h afterwards,
as specified in figure legends. U20S cells were fixed with 2%
paraformaldehyde/sucrose 120 h after replating. InCell 2200° was
used to obtain images of DAPI-stained nuclei, and InCell Analyzer
WorkStation® was used to count nuclei. Alternatively, the number
of viable U20S cells was determined with CellTiter-Glo® Lumines-
cent Cell Viability Assay G-7570 (Promega), according to the manu-
facturer’s instructions.

Statistical analysis

GraphPad Prism 5 and InfoStat were used for statistical analyses. In
all graphs, different letters indicate groups that are significantly dif-
ferent. Thus, if two samples share the same letter they are not signif-
icantly different, while if two samples do not share any letter they
are significantly different. P < 0.001 or P < 0.05 was considered
significant, for frequency distribution or data shown as mean of
independent experiment, respectively, unless otherwise indicated.

Expanded View for this article is available online.
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