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DNA damage-induced signaling by ATR and CHK1 inhibits DNA
replication, stabilizes stalled and collapsed replication forks, and
mediates the repair of multiple classes of DNA lesions. We and
others have shown that ATR kinase inhibitors, three of which are
currently undergoing clinical trials, induce excessive origin firing
during unperturbed DNA replication, indicating that ATR kinase
activity limits replication initiation in the absence of damage.
However, the origins impacted and the underlying mechanism(s)
have not been described. Here, we show that unperturbed DNA
replication is associated with a low level of ATR and CHK1 kinase
signaling and that inhibition of this signaling induces dormant ori-
gin firing at sites of ongoing replication throughout the S phase.
We show that ATR and CHK1 kinase inhibitors induce RIF1 Ser2205
phosphorylation in a CDK1-dependent manner, which disrupts an
interaction between RIF1 and PP1 phosphatase. Thus, ATR and
CHK1 signaling suppresses CDK1 kinase activity throughout the
S phase and stabilizes an interaction between RIF1 and PP1 in
replicating cells. PP1 dephosphorylates key CDC7 and CDK2 kinase
substrates to inhibit the assembly and activation of the replicative
helicase. This mechanism limits origin firing during unperturbed
DNA replication in human cells.
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he human genome evolved with mechanisms that assemble
and activate the replicative helicase to initiate DNA unwind-
ing and DNA replication at ~50,000 origins in a spatiotemporal
pattern that is broadly conserved from one cell division to the
next (1, 2). MCM2-7 hexamers are loaded onto DNA to license
origins in G1 phase, and CDC7 and CDK2 kinase activities
initiate the assembly of CDC45, MCM2-7 and GINS, as well
as the activation of the replicative helicase CMG in S phase
(3). The assembly and activation of CMG and the initiation of
replication at multiple origins is essential, as the replication of
human chromosome 1 by two replisomes synthesizing 1.5 kb/min
from a single, central origin would take ~50 d (3). Mechanisms
that limit origin firing are also essential, as a human epithelial
cell contains ~200 x 10-18 mol dNTPs (4), 50-fold less than
that required to synthesize the 6 x 109-bp genome. The coinci-
dent initiation of replication at all licensed origins would rapidly
exhaust cellular dNTPs and key replication proteins and stall
DNA synthesis (2). While the mechanisms that limit origin firing
have not been fully elucidated, it is clear that chromatin struc-
ture is among the factors that determine whether origins fire
in early or late S phase (5, 6). Key recent findings are that the
chromatin factor RIF1 is essential for both the generation of
chromatin loops and the spatiotemporal pattern of replication in
human cells (7). RIF1 associates with PP1, and this phosphatase
activity is proposed to oppose CDC7 and CDK2 kinase activi-
ties and prevent the assembly and activation of CMG at licensed
origins (8, 9).
The ~50,000 origins that replicate the human genome are
selected from an 3- to 10-fold excess of licensed origins, with the
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excess “dormant” origins replicated passively by replication forks
emerging from adjacent origins (10, 11). Dormant origins are
important for genome stability. If a single replication fork stalls,
replication can be recovered by a fork traveling in the oppo-
site direction. If two converging replication forks stall, a simple
system to recover the replication lost is to fire an intervening
dormant origin. This system requires a mechanism that limits ori-
gin firing and generates a pattern that positions dormant origins
between active replication forks. Recent computational models
of the spatiotemporal pattern of replication in human cells reveal
that origin firing in euchromatin and facultative heterochromatin
regions can be stochastic and proceed with a domino-like pro-
gression, if an unknown mechanism inhibits additional origin
firing within ~7-120 kb of an origin that fires, a distance that
corresponds with the length of chromatin loops (12, 13).

ATR is a DNA-damage-signaling kinase that is activated at
single-stranded DNA (ssDNA) exposed by the uncoupling of the
CMG helicase from the replicative polymerases at stalled forks
and at resected DNA double-strand breaks (14). ATR phospho-
rylates and activates CHK1 kinase after genotoxic stress, and
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ATR and CHKI1 signaling causes the degradation of CDC25A
phosphatase, which prevents dephosphorylation and activation
of CDK2 kinase and origin firing in late S phase (15). The
ATR and CHKI1 signaling that inhibits origin firing in late S
phase after genotoxic stress does not inhibit dormant origin fir-
ing around stalled replication forks (16). One mechanism that
may facilitate dormant origin firing after genotoxic stress is the
ATR kinase-dependent phosphorylation of MCM2 Ser108 (17).
In Xenopus oocyte extracts, ATR phosphorylates MCM2 after
genotoxic stress and phosphorylated MCM2 associates with Plx1
kinase, which opposes CHKI1 signaling and facilitates dormant
origin firing (18). However, whether this mechanism is present
in unperturbed human cells is unclear. Several proteins involved
in ATR and CHKI1 signaling are required for the assembly and
activation of CMG in unperturbed cells (19). TOPBP1 is an
allosteric activator of ATR kinase activity (20) that associates
with Treslin, and a complex of TOPBP1-Treslin is required for
the recruitment of CDC45 into CMG (21). Treslin also associates
with CHK1, and the Treslin~-CHK1 complex limits origin firing
(22). However, the regulation of their interaction has not been
studied in detail.

Several groups recently showed that clinical ATR and CHK1
kinase inhibitors induce origin firing in unperturbed human
cells with very similar kinetics, revealing the existence of a sig-
naling mechanism that limits origin firing (23-26), which has
not been studied to date. Here, we describe an ATR- and
CHKI1-dependent mechanism that limits origin firing at sites
of ongoing replication in unperturbed human cells. We show
that ATR and CHKI1 kinase activities are temporally associ-
ated and essential for the interaction of RIF1 and PP1 at
sites of ongoing replication. We show that ATR and CHK1
kinase inhibitors induce CDK1 kinase-mediated RIF1 Ser2205
phosphorylation and that this disrupts an interaction between
RIF1 and PP1 phosphatase. Thus, ATR and CHKI signaling
suppresses CDK1 kinase activity throughout S phase and stabi-
lizes an interaction between RIF1 and PP1 at sites of ongoing
replication.

Results

ATR Kinase Activity Inhibits the Initiation of Replication at Origins
around Active Replication Forks. ATR and CHK1 kinase inhibitors
induce origin firing in unperturbed human cells with very similar
kinetics, indicating that an ATR and CHKI1 signaling mecha-
nism that limits origin firing exists in the absence of damage
(23-26). Previous studies included single-molecule DNA comb-
ing that revealed increased origin density in unperturbed cells
treated with ATR kinase inhibitors (23-26). However, the popu-
lation of origins that fire when ATR or CHK1 are inhibited is not
known. The possible populations are (i) origins that fire in late S
phase; (ii) dormant origins around active replication forks; and
(iii) origins that have already fired.

We imaged replication foci pulse-labeled with 5-ethynyl-2’-
deoxyuridine (EdU) in early S-phase cells that had been treated
with vehicle or ATR kinase inhibitor AZD6738 for 45 min
(EdU was added for the last 15 min) using stochastic opti-
cal reconstruction microscopy (STORM) (27) and analyzed the
spatial pattern of single-molecule localizations using the auto-
pair-correlation (auto-PC) function (28). AZD6738 increased
the number of fluorophores per focus, resulting in “brighter”
EdU foci in both U20S and BJ-hTERT cells (Fig. 1 4 and B),
indicating an increase in the amount of DNA synthesized within
each focus during the time of treatment. This increase could not
result from an increase in replication fork speed, as ATR and
CHKI1 kinase inhibitors decrease replication fork velocity (23—
25). Thus, AZD6738 increases the number of replication forks
within each focus, which is consistent with multiple adjacent ori-
gins firing close to each other. Similarly, AZD6738 increased the
number of proliferating cell nuclear antigen (PCNA) molecules
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per focus (Fig. 1C). While AZD6738 did not increase the density
of EdU foci (number of foci per square micrometer), indicating
that new replication factories were not generated (SI Appendir,
Fig. S14), it did increase the density of PCNA foci (SI Appendix,
Fig. S1B). This discrepancy is likely a consequence of PCNA
foci being smaller and therefore easier to resolve within repli-
cation factories than tracks of nascent DNA labeled by EdU.
To determine whether ATR kinase inhibitors equally impact
DNA synthesis in early and late S phase, we used fluorescence-
activated cell sorting (FACS) to quantify the incorporation of
EdU. Cells were treated with vehicle or AZD6738 for 30 min,
and EdU was then added for 15 min. AZD6738 induced a signifi-
cant increase of EAU incorporation: ~45-50% in U20S cells and
~20% in BJ-hTERT cells (Fig. 1 D-F). We confirmed that the
increase in EAU incorporation was due to increased origin fir-
ing by pretreating cells with CDC7 kinase inhibitor PHA-767491,
which prevented the ATR inhibitor-induced EdU incorporation
increase (SI Appendix, Fig. S1 D and E). We compared EdU
incorporation in early S-phase (<50% of DNA replicated) and
late S-phase (>50% of DNA replicated) cells. The increase
in EdU was not significantly different between early and late
S-phase cells, showing that the impact of AZD6738 on DNA
synthesis is similar in these two populations. These data indi-
cate that ATR inhibition impacts replication throughout the
S phase. In addition, we were unable to identify cells with a
DNA content greater than 4N after treatment with AZD6738
for 6 h, indicating that ATR inhibition does not induce rerepli-
cation in S-phase cells during this time frame (SI Appendix,
Fig. S1F).

To determine whether AZD6738 induces origins that typically
fire in the late S phase to fire in early S-phase cells, we analyzed
the spatiotemporal pattern of DNA replication before and after
AZD6738. We pulse-labeled DNA synthesis with iododeoxyuri-
dine (IdU) for 15 min to identify the replication pattern before
treatment, washed the IdU out, and then treated cells with vehi-
cle or AZD6738 for 20 min. We pulse-labeled DNA synthesis
during the last 5 min of vehicle or AZD6738 treatment with
chlorodeoxyuridine (CIdU) (SI Appendix, Fig. S1 G and H). We
observed no difference in the spatiotemporal pattern of DNA
replication before and after AZD6738 in early or late S-phase
U20S and BJ-hTERT cells, indicating that AZD6738 does not
induce late origins to fire in early S-phase cells.

To further confirm the absence of late origin firing in early
S-phase cells in response to ATR inhibition, we performed
Repli-seq. U20S cells were treated with vehicle or AZD6738
for 30 min before labeling nascent DNA with bromodeoxyuri-
dine (BrdU) for another 30 min. Cells were sorted based on their
DNA content by using FACS. BrdU-labeled DNA was purified
from early and late S-phase populations and sequenced, allow-
ing a detailed analysis of replication timing (29). No difference
in replication timing between the control and AZD7638-treated
samples (Fig. 1 G and H) was observed, confirming that ATR
inhibition does not cause immediate late origin firing in early
S-phase cells.

Taken together, these data show that ATR kinase signal-
ing inhibits dormant origin firing in unperturbed cells around
active replication forks throughout S-phase, without affecting the
replication timing program.

ATR and CHK1 Kinase Activities in Unperturbed Cells Are Associated
with Replication. ATR and CHKI1 kinase signaling is essen-
tial for dormant origin suppression in unperturbed cells. We
hypothesized that the cause of ATR kinase activity in unper-
turbed cells is replication. We treated 293T and U20S cells
with CDC7 kinase inhibitor PHA-767491 for 75 min to block
the assembly and activation of CMG. Since, in human cells,
the average replicon is ~30 kb and replication forks move at
~2-3 kb/min, the 75-min incubation with a CDC7 Kkinase
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Fig. 1. ATR inhibition induces local dormant origin firing throughout the S phase. (A-C) U20S or BJ-hTERT cells were treated with vehicle or 5 uM AZD6738
for 45 min, and EdU was added for the last 15 min of treatment. EdU was detected by click-chemistry reaction, and PCNA was detected with fluorescently
tagged antibodies. (A) Representative image of EdU staining is shown. (B and C) Fluorophore per EdU (B) or PCNA (C) focus (FPF) was quantified by
STORM imaging and Auto-PC analysis of individual nucleus. One data point displays the average FPF of the foci within one nucleus. The data from three
independent experiments are pulled together. t test was used for statistical analyses. ***P < 0.0005; ****P < 0.0001. (D-F) U20S or BJ-hTERT cells were
treated with vehicle or 5 uM AZD6738 for 45 min, and EdU was added for the last 15 min of treatment. (D) FACS analysis of EQU/DNA content is shown.
(E and F) Fold increase in EdU incorporation after ATR inhibition is quantified from three independent experimental repeats. t test was used for statistical
analyses. Cells with 2N-3N DNA content were considered “early S” and 3N-4N “late S.” (G) Repli-seq correlation between log ratio of early to late at LOESS
smoothing step of 50-kb windows along the genome of the samples. R, Pearson correlation coefficient. (H) Replication-timing (RT) profiles of U20S-vehicle
and U20S-AzZD6738 for the whole genome and chr7 after LOESS-smoothing step. Data were visualized by using IGV.

inhibitor is sufficient to allow completion of most ongoing with similar kinetics (24). We hypothesized that ATR kinase-
DNA replication. Both CHK1 autophosphorylation of Ser296  dependent CHKI activity is rapidly reversible and that ATR
and ATR kinase-dependent CHK1 phosphorylation of Ser345  kinase inhibitors cause a rapid inactivation of CHKI1 kinase. To
(Fig. 24) were decreased after CDC?7 inhibition (Fig. 2 B and C  address this possibility, we examined the ATR kinase-dependent
and SI Appendix, Fig. S2), indicating that ATR and CHKI1 kinase ~ phosphorylation of CHK1 Ser345 and CHKI1 kinase autophos-
activities in 293T and U20S cells are associated with replication. ~ phorylation of Ser296. We confirmed that while ATR kinase

inhibition blocked UV-irradiation-induced CHK1 phosphoryla-
ATR and CHK1 Kinase Activities Are Temporally Associated. CHK1 tion on both Ser345 and Ser296, the impact of CHKI1 kinase
kinase activity is ATR kinase-dependent after genotoxic stress  inhibition was limited to blocking CHK1 autophosphorylation of
(30) and ATR and CHKI1 kinase inhibitors induce origin firing  Ser296 and not ATR kinase-dependent CHK1 phosphorylation
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Fig. 2. ATR and CHK1 activities are tightly linked and associated with unperturbed replication. (A) Schematic structure of CHK1 and the phosphorylation
sites associated with its activation. (B and C) The 293T (B) or U20S (C) cells were treated with 5 M AZD6738 and/or 10 1M PHA-767491 (CDC7i) for 1 h before
the addition of 5 mM HU. Cells were harvested 30 min after the addition of HU; Western blots of total cell lysates are shown. (D) Schematic representation
of the experiments in E and F. (E and F) The 293T or BJ-hTERT cells were treated with 5 uM AZD6738 or 200 nM UCNO1. Inhibitors were added 15 min before
or 15 min after irradiation with 10 J/m? UV, and cells were harvested 1 h after UV treatment; Western blots of total cell lysates are shown. (G) Schematic
representation of the experiments in H and /. (H and /) A concentration of 5 1M AZD6738 or vehicle was added 30 min after UV, and cells were harvested at

the indicated timepoints after UV; Western blots of total cell lysates are shown.

of Ser345 (Fig. 2 D-F). To determine whether ATR kinase activ-
ity is required to maintain active CHK1, we UV-treated cells
and added AZD6738 30 min after irradiation, at which time
both phosphorylations had been induced. Within 10 min of treat-
ment with AZD6738, both CHK1 autophosphorylation of Ser296
and ATR kinase-dependent CHK1 phosphorylation of Ser345
were reversed, indicating that CHK1 was inactivated very quickly
after ATR kinase inhibition (Fig. 2 G-I). Thus, CHKI1 kinase
activity is ATR kinase-dependent, and the two are temporally
and sequentially associated. These data show that CHK1 kinase
activity is highly dynamic and that CHK1 kinase activity requires
continuous ATR kinase activity. This is an important conclusion
that has not been demonstrated previously.

Spatiotemporal Analyses of CHK1 Kinase Activity. The C-terminal
regulatory domain of CHKI1 interacts with its N-terminal kinase
domain, and this intramolecular interaction physically inhibits
kinase activity in vitro (31, 32). ATR kinase-dependent phospho-
rylations of CHK1 Ser317 and Ser345 induce a conformational
change from closed inactive to open active CHKI1 kinase (32—
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40). We examined CHKI activation using an intramolecular
fluorescence resonance energy transfer (FRET) reporter of this
conformational change. We generated a FRET construct, simi-
lar to that described, in which the two fluorophores are in close
apposition in “closed conformation” inactive CHK1 allowing a
FRET signal, and the two fluorophores do not interact in “open
conformation” active CHK1 allowing no FRET between the two
fluorophores (41). We fused mCherry to the N terminus and
mNeon to the C terminus of CHK1 (Fig. 34). We generated
three mCherry—-CHK1-mNeon constructs with different linker
lengths: two amino acids between mCherry and CHK1 and five
amino acids between CHK1 and mNeon (2-5), as well as 5-5
and 7-5, and transfected these plasmids into U20S cells. These
three recombinant CHKI1 proteins were stably expressed and
active in cells (SI Appendix, Fig. S3A). To determine whether
these recombinant CHK1 proteins were FRET reporters of
CHK1 kinase activity, we labeled ongoing replication with
EdU and then induced replication stress by treating cells with
hydroxyurea (HU) for 30 min. We anticipated increased CHK1
kinase activity and reduced FRET in the EdU-positive cells
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Fig. 3. Spatiotemporal analyses of CHK1 kinase activity. (A) Schematic structure of the CHK1-FRET construct and its conformational change after CHK1 acti-

vation. (B) U20S cells were transfected with mCherry-CHK1-mNeon constructs with different linker lengths. At 48 h after transfection, ongoing replication
was labeled with EdU for 15 min, followed by HU treatment (5 mM, 30 min) to activate ATR and CHK1. Cells were fixed, and EdU was detected by using
click chemistry. Cells were mounted, and FRET was probed by acceptor photobleaching. The relative increase in donor fluorescence is shown. t test was used
for statistical analyses. *P < 0.05. ns, not significant. (C and D) U20S cells were transfected with mCherry-CHK1-mNeon constructs with different linker
lengths. At 48 h after transfections, ongoing replication was labeled with EdU for 15 min, cells were fixed, and EdU was detected by using click chemistry.
Cells were mounted, and FRET was probed by acceptor photobleaching. The relative increase in donor fluorescence within EdU foci vs. EdU-negative areas
of the replicating nuclei is shown. One-way ANOVA was used for statistical analyses. (E and F) U20S cells were transfected with mCherry-CHK1-mNeon 7-5
construct and vector expressing mCerulean-PCNA. FRAP experiments were performed as described in Materials and Methods. HU (5 mM)-treated cells were
imaged between 30 and 60 min of HU treatment. (E) Representative graph of the relative fluorescent intensity normalized to the maximum intensity after

recovery in replicating cells. (F) Time of half-recovery was quantified. One-way ANOVA was used for statistical analyses.

treated with HU, and no change in CHKI1 kinase activity and
FRET in the nonreplicating cells. FRET was determined by mea-
suring the increase in donor fluorescence after photobleaching
the acceptor (SI Appendix, Fig. S3B). We observed increased
CHKI1 kinase activity and reduced FRET in the “2-5” and
“7-5” recombinant CHKI1 proteins in EdU-positive cells after
HU (Fig. 3B).

To determine whether CHKI1 kinase activity is localized at
sites of ongoing DNA replication during unperturbed S-phase,
we transfected U20S cells with the 2-5 and 2-7 constructs. We
pulse-labeled replication with a 15-min EdU treatment and com-
pared FRET at EdU-positive replication foci with FRET at the
EdU-negative (nonreplicating) areas in S-phase cells (Fig. 3C).
We hypothesized that CHK1 kinase activity localized around
replication forks emerging from fired origins might inhibit ori-
gin firing in the vicinity. We observed no significant difference in
CHK1 kinase activity, as measured by FRET, between replica-
tion foci and nonreplicating areas in S-phase nuclei (Fig. 3D).
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Since CHKI1 kinase activity requires continuous ATR kinase
activity, and ATR kinase activity is associated with origin firing,
these data suggest that CHK1 kinase activity diffuses very rapidly
in S-phase nuclei.

To determine the diffusion coefficient of inactive and active
CHKI, we used a stable clonal U20S cell line expressing 7-5
mCherry-CHK1-mNeon. Transient expression of mCerulean—
PCNA was used to identify S-phase cells (SI Appendix, Fig. S3C).
We photobleached mCherry in mCherry-CHK1-mNeon in 50%
of the nucleus of live cells and measured the time to recover half
of maximum fluorescent intensity (fluorescence recovery after
photobleaching; FRAP). We observed no significant difference
in CHKI1 diffusion in replicating and nonreplicating cells. We
observed decreased CHK1 diffusion in S-phase cells treated with
HU, which induces stalled replication forks and CHK1 activa-
tion, compared with G1- and G2-phase cells treated with HU,
as well as unperturbed S-phase cells (Fig. 3 E and F). These
data show that active CHKI has a lower diffusion coefficient
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than inactive CHKI. Since ATR is bound in complexes at struc-
tures that increase its activity, and ATR and CHKI1 activities are
temporally associated, the reduced mobility of active CHK1 may
create increased concentrations of CHK1 kinase activity in the
vicinity of active replication.

ATR and CHK1 Signaling Is Essential for the Association of RIF1
and PP1. Our published data (24) show that ATR and CHK1
activity inhibits origin firing by opposing CDC7 kinase activ-
ity. The mechanism that connects CHK1 and CDC?7 is not
known. Recently, two groups (8, 9) reported that an association
between RIF1 and PP1 inhibits origin firing in S-phase cells. In
the proposed models, PP1 phosphatase opposes CDC?7 kinase-
dependent phosphorylations preventing origin firing. Since the
phenotype induced by ATR and CHKI1 kinase inhibitors is sim-
ilar to the phenotype observed when the association of RIF1
and PP1 is disrupted (9), we hypothesized that the RIF1-PP1
complex is regulated by ATR and CHKI1 signaling.

We examined the association of RIF1 and PP1lalpha using the
proximity ligation assay (PLA). Cells were treated with vehicle
or AZD6738 for 1 h and pulse-labeled with EdU to identify S-
phase cells. RIF1-PPlalpha PLA foci in EdU-positive cells were
enumerated. AZD6738 significantly decreased the number of
RIF1-PPlalpha PLA foci in S-phase U20S and BJ-hTERT cells
(Fig. 4 A and B and SI Appendix, Fig. S4 A and B).

We immunoprecipitated GFP-tagged RIF1 from 293T cells
treated with vehicle or AZD6738. ATR kinase inhibition
decreased the amount of PPlalpha that coimmunoprecipitated
with RIF1 (Fig. 4C). The association of RIF1 and PPlalpha was
not mediated by DNA (SI Appendix, Fig. S4C) and was disrupted
by both ATR and CHKI1 kinase inhibitors (Fig. 4D). The lev-
els of both RIF1 and PP1 proteins in the total cell lysates were
unaffected by ATR or CHKI inhibition (SI Appendix, Fig. S4D).
Together, our data showed that stable RIF-PP1 association
required continuous ATR and CHKI activities.
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Fig. 4. The RIF1-PPlalpha interaction is disrupted by ATR and CHK1
inhibitors. (A) Schematic representation of RIF1-PP1 PLA principle. (B) U20S
were treated with vehicle or 5 uM AZD6738 for 60 min, and EdU was added
for the last 15 min of treatment. The quantification of PLA data in the
EdU-positive (S-phase) cells is shown (the number of PLA foci per nucleus).
One-way ANOVA was used for statistical analyses. ****P < 0.0001. (C and
D) The 293T cells were transfected with a plasmid expressing RIF1-GFP. At
48 h later, cells were treated with 5 uM vehicle or the indicated concen-
trations of AZD6738 or 200 nM CHK1 inhibitor AZD7762 for 1 h. RIF1 was
immunoprecipitated by using GFP-Trap beads. Western blot analyses of RIF1
and PP1alpha in the immunoprecipitation samples are shown.
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RIF1 Is Phosphorylated on $2205 in Response to ATR Inhibition to Dis-
rupt the RIF1-PP1 Interaction. Since the association of RIF1 and
PP1lalpha was disrupted by ATR and CHKI1 inhibitors, we exam-
ined the sequence of RIF1 for phosphorylation sites that might
mediate the interaction with PP1. We identified two known phos-
phorylation sites in the domain of RIF1 that is known to associate
with PP1. RIF1 Ser2205 was identified as a CHK1-dependent
phosphorylation site (42), and RIF1 Ser2189 is followed by glu-
tamine generating a consensus sequence (SQ) for ATR kinase
phosphorylation (Fig. 54). We mutated RIF1 Ser2205 to alanine
(RIF1 S2205A), an amino acid that cannot be phosphorylated,
and to glutamic acid (RIF1 S2205E), which mimics serine phos-
phorylation, and determined the impact of these mutations on
the association of RIF1 and PPlalpha. Both RIF1 S2205A and
RIF1 S2205E disrupted the association of RIF1 and PPlalpha,
revealing a critical role for RIF1 Ser2205 in this association,
but providing no insight as to how the phosphorylation of RIF1
Ser2205 impacts the association (Fig. 5B). Mutations in RIF1
Ser2189 did not impact the association of RIF1 and PPlalpha
(SI Appendix, Fig. S5A4).

To further investigate the role of RIF1 pSer2205 in associ-
ation of RIF1 and PPlalpha, we generated an antibody that
only recognizes RIF1 when it is phosphorylated on Ser2205.
The phosphorylation of RIF1 Ser2205 was greatly increased in
cells treated with AZD6738 (Fig. 5C), two other ATR inhibitors
(Ve822 and ETP46464), and two CHKI inhibitors (AZD7762
and UCNO1) (SI Appendix, Fig. S5 C and D). The selectivity of
this anti-RIF1 pSer2205 antibody was confirmed by immunoblot-
ting and dot blot (Fig. 5D and SI Appendix, Fig. S5B). The
anti-RIF1 pSer2205 antibody recognized RIF1 pSer2205, but
not RIF1 S2205A mutant, and not RIF1 treated with alkaline
phosphatase after the immunoprecipitation (IP) (Fig. 5D). Con-
sistent with our hypothesis, during the course of this work, it was
shown that a RIF1 peptide containing pSer2205 was unable to
bind PPlalpha in vitro (43). Taken together, these data suggest
that ATR and CHKI kinase inhibitors induce the phospho-
rylation of RIF1 Ser2205, and this modification disrupts the
association of RIF1 and PP1lalpha around active replication forks
where it opposes CDC7 and CDK?2 kinase activities and origin
firing.

ATR Inhibitor-Induced Dormant Origin Firing Is CDK1-Dependent. To
identify the kinase that phosphorylates RIF1 Ser2205 after ATR
inhibition, we investigated Aurora B (43) and PKA (44) kinases
that have been reported to phosphorylate this site; CKII, which
phosphorylates a consensus sequence that includes the sequence
at RIF1 Ser2205; and CDC7 and CDK2 that are essential for
the assembly and activation of the replicative helicase. Inhibitors
of these kinases did not prevent ATR inhibitor-induced RIF1
pSer2205 (SI Appendix, Fig. S6).

Recently, ATR kinase was reported to control the S/G2 tran-
sition by preventing CDK1-dependent phosphorylation events in
S-phase cells (45). We used CDK1 and CDK1/4/9 inhibitors to
determine whether CDKI1 plays a role in ATR inhibitor-induced
origin firing. CDK1 inhibition blocked ATR inhibitor-induced
RIF1 pSer2205 (Fig. 64), MCM4 hyperphosphorylation on chro-
matin (Fig. 6B), and an increase in EdU incorporation (Fig. 6C).
We conclude that ATR inhibitor-induced RIF1 phosphorylation
is CDK1 kinase-mediated.

Discussion

Recent computational models of the replication timing program
that accurately predict the spatiotemporal pattern of replica-
tion through the S phase require an unknown mechanism that
inhibits additional origin firing within ~7-120 kb of an origin
that fires (13). Since the chromatin factor RIF1 is essential for
the generation of chromatin loops that are 7-120 kb in length,
it is a candidate platform for this unknown mechanism (12, 13).
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Fig. 5. ATR and CHK1 inhibitors induce phosphorylation of RIF1 on Ser2205. (A) Schematic representation of RIF1 and its PP1-interacting motifs (red font).
Phosphorylation sites are shown with arrows. (B-D) The 293T cells were transfected with a plasmid expressing wild-type (WT) RIF1-GFP or S2205A (SA) or
S2205E (SE) RIF1 mutants. At 48 h later, cells were treated with vehicle or 5 M AZD6738, followed by RIF1-GFP immunoprecipitation. (B) RIF1 and PP1alpha
Western blots are shown. (C and D) RIF1 and RIF1 pSer2205 Western blots are shown. (D) Indicated samples were treated with FastAP phosphatase for

30 min after the immunoprecipitation.

RIF1 is required for the spatiotemporal pattern of replication
in human cells (7). RIF1 also associates with PP1 phosphatase,
which opposes CDC7 and CDK2 kinase activities and prevents
the assembly and activation of CMG at licensed origins (8, 9).
The work presented here advances these findings by showing that
ATR and CHKI signaling limits origin firing at sites of ongoing
DNA replication in unperturbed cells. ATR and CHKI1 kinase
activities stabilize an interaction between RIF1 and PP1 by pre-
venting CDK1 activation and the phosphorylation of RIF1 on
Ser2205 during unperturbed DNA replication. ATR and CHK1
kinase inhibitors induce dormant origin firing through CDK1
kinase-mediated phosphorylation of RIF1 Ser2205 (Fig. 6) Our
FRET-based CHKI1 activity reporter was not sensitive enough
to show CHKI1 kinase activity localized around active replica-
tion forks, perhaps because of the limitations of the FRET
reporters generated to date. However, since ATR is associated
in complex protein machines at DNA lesions and structures that
increase ATR kinase activity, and ATR and CHKI1 activities
are temporally associated, the reduced mobility of active CHK1
may create increased concentrations of CHK1 kinase activity in
the vicinity of active replication forks during unperturbed DNA
replication.

We show that during unperturbed replication, a low number
of ATR and CHKI1 molecules are active, and ATR and CHK1
signaling limits the assembly and activation of the replicative
helicase in regions of ongoing DNA replication. How is ATR
and CHKI signaling activated? ATR and CHKI1 signaling could
be initiated by the ssDNA that is generated by CMG helicase
activity and between unligated Okazaki fragments. TOPBP1 is
an allosteric activator of ATR kinase activity (20) that associates
with Treslin, and a complex of TOPBP1-Treslin is required for
the assembly of CDC45 into CMG (21). ATR and CHKI sig-
naling could be initiated by TOPBP1 that is associated with
CMG. In agreement with this hypothesis, the ATR-activating
domain of TOPBP1 was recently found to play a role in origin
suppression during the S phase (46). Recent findings by Sal-
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divar et al. (45) document ATR signaling suppressing CDK1
activity in the S phase and specifically at the S/G2 transition
in unperturbed cells. The ATR signaling that suppresses CDK1
signaling at the S/G2 transition was shown to be dependent
on ETAALI, a second allosteric activator of ATR kinase activ-
ity, in unperturbed cells (45). Further investigation is needed
to establish the roles of different mechanisms of ATR activa-
tion during unperturbed replication. Our work advances the role
of ATR signaling suppressing CDKI1 activity in the S phase in
a mechanism that limits origin firing during unperturbed DNA
replication.

We propose that the ATR and CHKI1 kinase signaling that
limits origin firing during unperturbed DNA replication is the
essential ATR kinase signaling mechanism. We propose that
ATR and CHKI1 kinase “dormant origin signaling” remains con-
stitutively active during replication stress and after activation
of the replicative checkpoint. This ATR and CHK1 dormant
origin signaling stabilizes an interaction between RIF1 and
PP1 by suppressing CDKI1 kinase-mediated phosphorylation of
RIF1 Ser2205 and the assembly and activation of the repli-
cation fork at the majority of, but not all, licensed origins in
regions of ongoing DNA replication. Following replication stress
and activation of the replication checkpoint, reduced replica-
tion fork velocity and stalled and collapsed replication forks
increase the half-life of licensed origins in regions of active repli-
cation as their passive replication is delayed, and this allows
those that are not suppressed by the ATR-RIF1 pathway to
fire. In addition, CHK1 is degraded after replication stress, and
this would reduce the ATR and CHKI kinase signaling that
suppresses CDK1 (47). In this system, the failsafe is origins
fire in regions of ongoing replication, and genome stability is
promoted.

In our experiments, we used both cancer (U20S) and normal
(BJ-hTERT) cell lines, and the mechanisms we describe here
are common to both cell lines. However, when we quantified the
increase in EAU incorporation induced by ATR kinase inhibitor,
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Fig. 6. ATR inhibitor-induced increase in origin firing is CDK1-mediated.
(A) The 293T cells were transfected with a plasmid expressing RIF1-GFP. At
48 h later, cells were pretreated with 5 1M CDK1 inhibitor Ro-3306 or 5 uM
CDK1/4/9 inhibitor P276-00 for 15 min before adding 5 uM AZD6738 for 1 h,
followed by RIF1-GFP immunoprecipitation. RIF1 and RIF1 pSer2205 West-
ern blots are shown. (B) The 293T cells were pretreated with 5 uM CDK1
inhibitor Ro-3306 or 5 uM CDK1/4/9 inhibitor P276-00 for 15 min before
adding 5 M AZD6738 for 30 min. Western blot of the nuclease-insoluble
chromatin fraction is shown. (C) U20S cells were pretreated with 5 ©M CDK1
inhibitor Ro-3306 for 15 min before adding 5 M AZD6738 for 30 min. EAU
was added for the last 15 min of treatment. EdU incorporation and DNA con-
tent were analyzed by FACS. Fold increase in EdU incorporation after ATR
inhibition was quantified from 3 independent experimental repeats. Cells
with 2N-3N DNA content were considered “early S,” and 3N-4N were “late
S.” Two-way ANOVA test was used for statistical analyses. ***P < 0.0005;
ns, not significant. (D) Proposed mechanism that limits origin firing during
unperturbed replication.

the increase in U20S cells was ~45-50%, while the increase in
BJ-hTERT fibroblasts was ~20% (Fig. 1 E and F). This is an
important difference between cancer and normal cells, proba-
bly indicating differences in the availability of dormant origins or
sensitivity to replication stress or ATR kinase inhibition. Can-
cer cells tend to be more prone to replication stress and may
therefore be more dependent on dormant origins to complete
replication. It has been demonstrated that origin use may vary
between cell lines and cell types (48). As of yet, the numbers of
licensed origins have not been compared between normal and
cancer cells. If normal cells have fewer dormant origins, they
may be less sensitive to ATR kinase inhibitors as a single agent,
and this difference could be exploited to generate a therapeutic
window for cancer treatment.

In summary, we define essential ATR and CHKI1 kinase dor-
mant origin signaling and describe a mechanism that limits origin
firing during unperturbed DNA replication in human cells.

Materials and Methods

Cell Lines. HEK293T cells and BJ-hTERT fibroblasts were cultured in DMEM
and U20S in RPMI medium containing 10% FBS, 100 U/mL penicillin, and
100 mg/mL streptomycin (Lonza). All of the cell lines were purchased from
ATCC. Cells were routinely tested for mycoplasma every 6 mo.

Moiseeva et al.

Antibodies and Chemicals. Antibodies were as follows: MCM4 (Cell Signal-
ing, catalog no. 3228) (used at 1:1,000), CHK1 (Cell Signaling, catalog no.
2360) (used at 1:1,000), CHK1 pS345 (Cell Signaling, catalog no. 2348) (used
at 1;1000), CHK1 pS296 (Cell Signaling, catalog no. 2349) (used at 1:1,000),
GAPDH (Abcam, catalog no. 8245) (used at 1:10,000), IdU (Becton Dickinson,
catalog no. 347580) [used 1:300 for immunofluorescence (IF)], CIdU (Abcam,
catalog no. 6326) (used 1:100 for IF), PCNA (Abcam, catalog no. ab201674)
(used 1:1,000 for STORM), RIF1 [Bethyl, catalog no. A300-568A; used 1:1,000
for Western blot (WB) and 1:500 for PLA], PP1alpha (Thermo, catalog no.
43-8100, used 1:1,000 for PLA; Cell Signaling, catalog no. 2582, used 1:500
for WB). RIF1 pSer2205 antibody was custom-made by Bethyl by injecting
rabbits with KVRRV(pS)FADPI peptide and subsequent purifications. Other
materials included ATR inhibitor AZD6738 (AstraZeneca); CHK1 inhibitor
UCNO1 (Sigma); CHK1 inhibitor AZD7762 (AstraZeneca); CDC7 inhibitor PHA-
767491, Aurora B inhibitor AZD1152, PKA inhibitor H89, CK2 inhibitor
CX-4945, CDK1 inhibitor Ro-3306, and CDK1/4/9 inhibitor P276-00 (all from
Selleckchem); CDK2i CVT-313 (Santa Cruz); EdU (Invitrogen); IdU (Sigma);
and CldU (MP Biomedical).

Immunoprecipitations and Immunoblotting. Cells were lysed in 50 mM
Tris-HCl (pH 7.5), 150 mM Nacl, 50 mM NaF, 0.5% Tween-20, 1% Nonidet
P-40, and protease inhibitors for 20 min on ice. Lysates were cleared by
centrifugation, and soluble protein was used for immunoprecipitation or
mixed with 2x Laemmli Sample Buffer (Bio-Rad) and incubated for 7 min
at 96 °C and analyzed by Western blot. For immunoprecipitation, pro-
tein extracts were incubated with GFP-Trap beads (ChromoTek) at 4 °C for
120 min. Beads were washed five times with lysis buffer and incubated with
2x Laemmli Sample Buffer (Bio-Rad) for 7 min at 96 °C. In case of phos-
phatase treatment, washed beads after IP were incubated with 10 U of
FastAP (Fermentas) in 1x FastAP buffer at 37 °C for 30 min, pelleted, and
incubated with Laemmli Sample Buffer. Proteins were resolved in 4-12%
Bis-Tris or 3-8% Tris—acetate gels (Life Technologies), transferred to 0.45-um
nitrocellulose membrane (Bio-Rad), and immunoblotted.

Purification of the Nuclease Insoluble Chromatin Fraction. Cells were lysed in
buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM Nacl, 50 mM NaF, 0.5%
Tween-20, 1% Nonidet P-40, and protease inhibitors for 20 min on ice. Chro-
matin was pelleted by centrifugation and suspended in 150 mM Hepes (pH
7.9), 1.5 mM MgCl,, 10% glycerol, 150 mM potassium acetate, and pro-
tease inhibitors containing universal nuclease for cell lysis (ThermoFisher,
catalog no. 88700) and incubated for 10 min at 37° on the shaker. Nuclease-
insoluble chromatin was pelleted by centrifugation, washed with water, and
dissolved in Laemmli Sample Buffer.

FRET/Photobleaching. FRET data were acquired on a Nikon A1 confocal sys-
tem by using an Apo 60 x oil [numerical aperture (NA) 1.4] objective. mNeon
was excited at 488 nm, and emission was collected by using a 525/50 band-
pass filter. mCherry was excited at 561 nm, and emission was collected by
using a 595/50 bandpass filter. FRET efficiency was calculated by enhanced
donor fluorescence after acceptor photobleaching [EF = (lpre — /post) X
100//pre]. Photobleaching was performed by using a 561-nm laser at 100%
for four frames.

FRAP. FRAP data were acquired on a Leica SP8 confocal system by using an
Apo 93x glycerolC (NA 1.3) objective, a white light laser, and an acousto-
optic beam splitter. mCherry was excited at 585 nm, and emission was
collected from 599 to 702 nm. A galvo scanner was used to collect 9.25
frames per second. Four continuous time points were collected, followed
by photobleaching in a region of interest covering approximately half of
the nucleus using 100% power at 592 nm, followed by 27 s (250 frames) of
postbleaching imaging. Half recovery was calculated using Nikon Elements
(Version 5.10).

EdU FACS. Cells were treated with 10 uM EdU for 10 min, trypsinized,
washed with PBS, and fixed with cold 70% ethanol on ice for 30 min to
overnight. Cells were washed with PBS, and EdU staining was performed by
using the EdU Click-iT kit (Thermofisher, catalog no. C10632), according to
manufacturer’s instructions. For DNA staining, we used FxCycle™ Far Red
Stain (Thermofisher, catalog no. F10348). Flow cytometry was performed by
using an Accuri C6 flow cytometer, and data were analyzed by using Accuri
C6 software or FlowJo V10 software.

Plasmids. pDEST pcDNA5-FRT/TO-eGFP-RIF1 was a gift from Daniel

Durocher, The Lunenfeld-Tanenbaum Research Institute (Addgene plasmid
no. 52506) (49). pcDNA4-CHK1-Flag was a gift from Aziz Sancar, University
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of North Carolina (Addgene plasmid no. 22894) (50). mCerulean-PCNA-
19-SV40NLS-4 was a gift from Michael Davidson, Florida State University
(Addgene plasmid no. 55386).

IF, EdU Staining, and PLA. For IF staining, cells were plated on eight-well glass
slides (Falcon). After treatments, cells were washed with PBS, fixed with 4%
formaldehyde for 10 min at room temperature, permeabilized with 0.5%
Triton X-100 in PBS for 20 min, blocked by 3% BSA in PBS with 0.1% Triton X-
100 for 1 h, and incubated with primary antibodies overnight at 4 °C. Slides
were washed with 0.5% Triton X-100 in PBS and incubated with secondary
antibodies for 1 h in the dark. After washes with 0.1% Triton X-100 in PBS,
slides were mounted with Prolong Diamond Antifade Mountant with DAPI
(Thermofisher, catalog no. P36962).

In case of IdU/CIdU IF, cells were fixed with 70% ethanol for 10 min on
ice, followed by 90% methanol for 5 min on ice, then washed twice with
PBS. DNA was denatured by incubation with 1.5 N HCI for 40 min at room
temperature. Cells were washed with PBS, incubated with 0.5% Tween-20 in
PBS for 5 min, and blocked for 30 min with NGS buffer (5% normal goat
serum, 0.5% Tween-20, and 0.1% BSA in PBS). Slides were incubated with
primary antibodies diluted in NGS buffer overnight at 4 °C. After washes
with 0.5% Tween-20 in PBS and high salt buffer (250 mM NacCl, 0.2% Tween-
20, and 0.2% Nonidet P-40 in PBS), 15 min each, cells were reblocked for
20 min with NGS buffer and incubated with secondary antibodies labeled
with fluorophores for 1 h at room temperature. After washing with 0.5%
Tween-20 in PBS, cells were mounted as described above.

In case of EdU staining, cells were labeled with 10 uM EdU for 15-30 min.
Click-iT™ Plus Alexa Fluor™ 647 or 488 Picolyl Azide Toolkits (Thermofisher,
catalog nos. C10643 and C10641) were used as directed by the manufacturer
after IF antibodies’ staining but before mounting.

PLA was performed by using the DuolLink kit (Sigma), according to
manufacturer’s instructions. The concentrations of primary and secondary
antibodies were adjusted by analyzing single-antibody controls, that could
not have more than one or two foci per nucleus.

Repli-Seq. U20S cells were treated with vehicle or 5 1M AZD6738 for 30 min
before labeling nascent DNA for 30 min with 10 uM EdU. Cells were fixed
with 70% ethanol, stained with propidium iodide (Thermofisher, catalog
no. F10797), sorted based on DNA content by using Beckman Coulter MoFlo
Astrios into early S (2N-3N) and late S (3N-4N). DNA extraction and library
prep was performed essentially as described (29), with modifications in the
BrdU immunoprecipitation. Anti-BrdU antibody (BD, catalog no. 555627)
was used in combination with bridging antibody for mouse IgG (Active
Motif, catalog no. 53017) and protein A/G PLUS agarose (sc-2003). NEBNext
kit no. 7370 was used for library preparation. Sequencing was performed
by GENEWIZ using Illumina HiSeq. Raw Repli-seq reads were trimmed and
filtered for quality by using Trim Galore. Reads were aligned using bowtie2
(51) against GRCh38(hg38). Genome-wide replication-timing profiles were
constructed, scaled, and pooled for analysis as described (29). Briefly, Log2
ratios of early vs. late read counts were calculated for 50-kb nonoverlapping
windows and locally estimated scatterplot smoothing (LOESS) smoothed at
300-kb windows. Data were visualized by using IGV (52). Repli-seq data have
been deposited in the Gene Expression Omnibus database (accession no.
GSE131018) (53).
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