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In eukaryotes, in response to replication stress, DNA damage response kinase, ATR is activated, whose signalling abrogation leads to cell lethality due to aberrant fork remodelling and excessive origin ﬁring. Here we report that inhibition of
ATR kinase activity speciﬁcally during replication stress recovery results in persistent ATR signalling, evidenced by the
presence of ATR-dependent phosphorylation marks (cH2AX, pChk1 and pRad17) and delayed cell cycle re-entry. Further,
such disruption of ATR signalling attenuation leads to double-strand breaks, fork collapse and thereby ‘replication
catastrophe’. PPM1D phosphatase, a nucleolar localized protein, relocates to chromatin during replication stress and reverts
back to nucleolus following stress recovery, under the control of ATR kinase action. Inhibition of ATR kinase activity,
speciﬁcally during post replication stress, triggers dislodging of the chromatin-bound PPM1D from nucleus to cytoplasm
followed by its degradation, thereby leading to persistence of activated ATR marks in the nuclei. Chemical inhibition of
PPM1D activity or SiRNA mediated depletion of the protein during post replication stress recovery ‘phenocopies’ ATR
kinase inhibition by failing to attenuate ATR signalling. Collectively, our observations suggest a novel role of ATR kinase
in mediating its own signal attenuation via PPM1D recruitment to chromatin as an essential mechanism for restarting the
stalled forks, cell-cycle re-entry and cellular recovery from replication stress.
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1. Introduction
Stalling of active replication forks in response to various
physiological factors such as DNA lesions, polymerase stalling
and nucleotide depletion, is a major source of genome instability during DNA synthesis (Zeman and Cimprich 2015). To
ensure genome stability in the face of such varied extracellular
and intracellular replication stressors, considerable mechanistic
crosstalk ensues between the replication machinery and DNA
damage response pathway (DDR) in the cell (Jossen and
Bermejo 2013). In eukaryotes, the primary mediator of replication stress response is ATR (Ataxia Talagiectasia-mutated
and Rad3 related) kinase (Cimprich and Cortez 2008), which
on being activated by recruitment to RPA coated single stranded DNA (generated due to replication stress) (Choi et al.
2010), phosphorylates various fork repair and checkpoint proteins to bring about protection of stalled forks and cell cycle
arrest (Eykelenboom et al. 2013; Kondratova et al. 2015). The

major arm of ATR signalling is mediated by Checkpoint
kinase1 (Chk1), which is phosphorylated by ATR at S317 and
S345, leading to its activation (Capasso 2002). Activated Chk1
(pChk1), despite activating dormant origins in the vicinity of
stalled forks (Fragkos, Ganier, Coulombe, and Méchali 2015;
Ge and Blow 2010), reduces pan-genome origin ﬁring by
inhibiting chromatin loading of Cdc45 (Liu et al. 2006), As
deregulation of origin ﬁring results in global collapse of stalled
forks by exhaustion of soluble RPA pool, ATR kinase protects
cells from replication catastrophe by regulating Chk1 activity
(Toledo et al. 2014). The ATR-Chk1 axis is also essential for
mediating intra-S checkpoint arrest (Feijoo et al. 2001; Luciani
2004), by sustained inhibition of Cyclin-dependant kinase2
(Cdk2) (Hughes et al. 2013) leading to slowing down of cell
cycle progression and prevention of pre-mature mitotic entry.
Independent of Chk1, studies using ATR kinase inhibitors
have shown that during replication stress, ATR protects
stalled forks by preventing excessive fork regression, by
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inhibitory phosphorylation of DNA remodeller SMARCAL1
(Couch et al. 2013). ATR kinase also positively regulates
DNA helicase like WRN (Pichierri et al. 2003) and BLM
(Davies et al. 2007) which has been shown to be essential
for protection of stalled forks, origin regulation and fork
restart. Further, studies in mammalian cells, have shown that
even in the absence of replication stress, in proliferating
cells, ATR kinase regulates origin ﬁring timing and fork
elongation (Petermann and Caldecott 2006).
While the above studies have focused on understanding the
role of ATR kinase in the presence of replication stress and also
during unperturbed replication, little is known about the function
of ATR kinase during replication stress recovery. Once replication stress is removed, the protected forks must restart in order to
complete DNA replication (Marians et al. 2013). Further, cell
cycle re-entry is essential for G2/M progression of cycling cells.
Thus, the recovery period following replication stress must
involve robust fork remodelling and attenuation of checkpoint
activity in order to restore the genome to a state wherein replication can resume. Indeed, most studies have evoked ATR kinase
function, during replication stress, in priming stalled forks for
restart (Davies et al. 2007; Schwab et al. 2010; Gatei et al. 2014),
but have not addressed its role during recovery.
Furthermore, though the mechanism of activation of replication stress response by ATR kinase is well understood, an
appreciation of phosphatase mediated attenuation of ATR signalling is lacking. Indeed, no speciﬁc phosphatase has been
implicated to directly regulate ATR kinase activity. However,
members of PPP (Phosphoprotein Phosphatase) and PPM
family of Ser/Thr phosphatases, speciﬁcally PPP4 and PPP2A
of the former and PPM1D of the later family, have been
reported to dephosphorylate several ATR downstream targets
such as pChk1, pRPA32 and cH2AX, under different damage
conditions (Lu et al. 2005a, b; Chowdhury et al. 2008; Feng
et al. 2009; Cha et al. 2010; Zheng et al. 2015). Of these,
PPM1D phosphatase is especially interesting, as it has been
implicated in attenuation of ATM signalling in response to
DNA damage. ATM kinase mediates a negative feedback loop,
wherein the kinase stabilizes PPM1D protein level to bring
about attenuation of its signalling, post DNA repair (Shreeram
et al. 2006; Choi et al. 2013; Brazina et al. 2015). Additionally,
PPM1D is part of p53 mediated negative feedback regulation,
and is also known to dephosphorylate cH2AX and pChk1
generated in response to ultraviolet and ionizing radiation (Lu
et al. 2005a, b; Cha et al. 2010; Moon et al. 2010a, b).
However, despite its well-established role in attenuation of
DNA Damage response evoked on DSB formation, PPM1D
has not been implicated in regulation of transient replication
stress response. Noteworthy, PPM1D is overexpressed in many
cancer cells and its function is thought to be regulated by DDR
evoked by DNA Damage kinases (Lu et al. 2005a, b; Nannenga et al. 2006; Castellino et al. 2008). Further, loss of
PPM1D causes stress and DNA Damage induced apoptosis
(Xia et al. 2009).

In this study, we provide cellular and biochemical evidence that, post replication stress, active ATR mediates its
own signal attenuation by regulating cellular localization and
protein stability of PPM1D phosphatase. PPM1D, a nucleolar protein, by relocating to chromatin during replication
stress, dephosphorylates ATR downstream targets on chromatin to attenuate replication stress signalling. When ATR
kinase is inhibited, PPM1D relocalization cycle (nucleolus
to chromatin and back to nucleolus) is hampered and the
phosphatase is dislodged to cytoplasm instead followed by
its degradation. Further, we show that PPM1D mediated
ATR signal attenuation is important for restart of stalled
forks, cell cycle re-entry and maintenance of genome stability, post replication stress. As expected of this model,
chemical inhibition of ATR kinase and PPM1D or protein
depletion in cells during post-replication stress phase ‘phenocopy’ each other’s effects by uncovering persistent ATR
signalling that in turn leads to fork collapse. Together, our
ﬁndings underscore the importance of timely attenuation of
DNA damage signalling, and provide important insights
about the existence of an ATR kinase regulated self-inhibition loop, mediated by ATR kinase-dependent PPM1D
phosphatase. These ﬁndings serve as an additional example
of kinase-phosphatase regulatory circuitry employed by cells
for timely attenuation of protein-phosphorylation signals
during transient replication stress, a process that rapidly
proliferating cells are constantly subjected to.

2. Material and methods
2.1

Cell culture and drug treatments

Normal Human Dermal Fibroblasts (NHDFs) and Human
Embryonic Kidney cells (HEK293) (Sigma-Aldrich) were
grown in Dulbeco’s modiﬁed Eagle’s Medium (DMEM, 1
g/l glucose, 200 mM Glutamine) (Invitrogen) Supplemented
with 15% Foetal Bovine Serum (FBS) (Sigma-Aldrich) and
10% FBS respectively. The cells were maintained at 37°C in
5% CO2 conditions. For inducing replication stress, cells
were treated with 2 mM Hydroxyurea (Sigma) (HU) dissolved in PBS, for 2 h. For the recovery experiments, after
HU treatment, cells were washed twice with incomplete
media, and released in fresh media, containing DMSO
(mock treated) or different DNA damage kinase inhibitors.
For indicated periods, ATR kinase was speciﬁcally inhibited
using inhibitor VE-821 (Calbiochem), ATM kinase was
inhibited using KU55933 (Calbiochem) and DNAPKcs was
inhibited using LY293646 (Calbiochem). All the three
inhibitors were reconstituted in DMSO and added to complete culture media at a ﬁnal concentration of 10 lM. For
inducing Double Strand Break (DSB) formation, cells were
treated for 4 h with 25 lM of Cisplatin (Calbiochem) or
Ellipticine, reconstituted in DMSO. To inhibit ATR signal
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attenuation, cells were treated with 1 lM Okadaic Acid (OA,
Abcam) for 40 min. PPM1D phosphatase was inhibited by
using 10 lM of GSK2830371 (PPM1Di, Calbiochem) (Chen
et al. 2016) for at least 2 h.

2.2

Comet assay

Alkaline and neutral comet assays were performed using
Trevigen Comet Assay kit, according to manufacturer’s
instructions. The comets were stained with Sybr green and
imaged at 40X. Tail moment and tail length of comets were
measured using OpenComet Plugin of ImageJ.

2.3

DNA ﬁbre analysis

DNA ﬁbre analysis was performed in NHDF cells. (Dorn,
Chastain, Hall, and Cook 2009). Brieﬂy, exponentially
growing NHDF cells were incubated with 100 lM Chlorodeoxyuridine (CldU) for 20 min, the medium containing
CldU was removed and fresh DMEM medium was added.
After 2 h HU treatment, 250 lM Iododeoxyuridine (IdU)
was added for 40 min (ﬁgure 5A). Cells were streaked on the
slides and were allowed to dry a little followed by addition
of 15 ll lysis buffer and tilting the slide to 25°. Allow the
slides to dry for 4 h and ﬁx the ﬁbres with methanol for 3
min and keep overnight at room temperature followed by 24
h at -20°C. The slides were treated with 2.5 M HCl for 30
min, washed several times in PBS, and blocked in 2%
bovine serum albumin in PBS for 60 min. The slides were
incubated at room temperature with the antibodies indicated
below, rinsed three times in PBS, and incubated for 30 min
in blocking buffer between each of the following incubations. For detecting CldU, Rat anti-BrdU (1:100) (AbD
Serotec), Rabbit anti-Rat Alexa488 (Molecular Probes,
Invitrogen) and Donkey anti-Rabbit Alexa488 (Molecular
Probes, Invitrogen) were used as primary, secondary and
tertiary antibody respectively. IdU was detected using
Mouse anti-BrdU (1:500) (BD Biosciences), Goat antiMouse Alexa596 (Molecular Probes, Invitrogen) and Donkey anti-Goat Alexa596 as primary, secondary and tertiary
antibody, the slides were placed for 10 min in a stringency
buffer containing 10 mM Tris HCl (pH 7.4), 400 mM NaCl,
0.2% Tween 20, and 0.2% NP-40 to remove any nonspeciﬁcally bound primary antibodies after primary antibody
incubation. The slides were rinsed three times in PBS and
mounted in antifade reagent. Fibres were visualized at room
temperature in 100X oil immersion lens, using Axiovert 200
M microscope (Carl Zeiss) equipped with Axiocam MR3
camera (Carl Zeiss). Images were captured with Axiovision
software. Replication dynamics and lengths of ﬁbres was
analysed using CASA software developed by Prof. Paul
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Chastain, William Carey University (http://dnaﬁberanalysis.
com).
At least 150 well-laid-out ﬁbres per sample were visualized as dual labelled tracks. The ﬁbres were threshold-selected (manually and by CASA) in which IdU speciﬁc (red)
and CldU speciﬁc (green) colors marked different zones of
replication (see ﬁgure 5A cartton): Fibres that are red followed by green (or vice versa) were marked as replication
‘restart’, whereas green-alone and red-alone were categorized as ‘collapsed’ and ‘new origin ﬁring’ categories
respectively. Three or four independent repeat experiments,
with each set of internal duplicates, were considered to
generate the population statistics of the three replication fork
categories. Similarly, length of at least 150 ﬁbres/sample was
measured using Image J and frequency distribution of length
was generated across three independent repeat experiments
with internal duplicates.

2.4

EdU incorporation assay

EdU incorporation assay for analysing replication restart
kinetics was performed using Click-iT EdU imaging kit
(Thermo Fischer Scientiﬁc). Brieﬂy, proliferating NHDFs,
grown on 12 mm round coverslips were either mock treated
or treated with 2 mM HU for 2 h and released in media
containing 10 lM EdU for a minimum of 20 min to a
maximum of 60 min recovery period. Samples were collected at 10 min interval, ﬁxed with 3.7% paraformaldehyde
in PBS for 15 min at room temperature, and permeabilized
with 0.5% Triton X-100 in PBS for 20 min at room temperature. Following permeabilization, click chemistry reaction was performed according to kit instructions. For
visualizing the cells, the coverslips were mounted in Vectasheild Antifade Mounting medium containing DAPI
(Vector Laboratories) and images were obtained at room
temperature using Axiovert 200 M microscope (Carl Zeiss)
equipped with Axiocam MR3 camera (Carl Zeiss). Nuclei
were imaged at 40X using Axiovision software. At least 20
ﬁelds were imaged per coverslip/sample.

2.5

Flow cytometry

For cell cycle proﬁle analysis, following appropriate treatments as mentioned in the ﬁgure legends (ﬁgure 6A),
HEK293 cells were harvested, ﬁxed in ice cold 70% ethanol
and stored at -20°C for at least 12 h. Following this, cell
pellets were washed with PBS to remove ethanol and stained
with Propidium Iodide (20 lg/ml) (Sigma-Aldrich) solution
in 38 mM sodium citrate, containing RNase A (20 lg/ml).
Flow cytometry was performed using BDFacs machine.
Flow cytometry proﬁles were analysed using cell cycle
proﬁle plugin of FlowJo software.
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Immunoﬂuorescence

NHDF cells were grown on 12 mm round glass coverslips
(Blue star) till they attained 50–60% conﬂuency. After
appropriate treatment, as indicated in the ﬁgure legends,
coverslips were collected, washed thrice in 1X PBS and ﬁxed
with 4% paraformaldehyde for 10 min. Following this, cells
were incubated in 0.5% Triton X-100 in PBS, for 20 min at
room temperature. Fixed cells were blocked with 1% BSA in
PBS for 1 h followed by 1 h incubation at room temperature
with primary antibody diluted in 1% BSA. Primary antibodies used were: Rabbit anti-cH2AX (1:3000, Abcam),
Rabbit anti-pChk1(S345) (1:250, Abcam), Rabbit p-Chk1
(Ser 317) (1:500, Cell Signalling Technologies), Rabbit antipRad17 (1:500, Abcam) and Mouse anti-pATM (1:50, Santacruz), Rabbit anti-RPA32 (T21) (1:500, Abcam). Cells
were washed in PBS and further incubated with appropriate
secondary antibodies: Donkey Anti-Rabbit Alexa488 or
Donkey Anti-Mouse Alexa488 (Molecular probes, Invitrogen) for 1 h at room temperature. Following incubation with
secondary antibody, cells were washed in PBS and distill
water, and the coverslips were mounted in Vectasheild
Antifade Mounting medium containing DAPI (Vector Laboratories) to counterstain the nucleus. Images were obtained
at room temperature using Axiovert 200 M microscope (Carl
Zeiss) equipped with Axiocam MR3 camera (Carl Zeiss).
Nuclei were visualized and imaged in 40X using Axiovision
software. Nuclear intensity measurements and subsequent
analysis was done using ImageJ software. At least 20 ﬁelds
were imaged per coverslip/sample

2.7

Image analysis

In immunoﬂuorescence assay, for quantifying the number of
nuclei/cell positive for a particular marker of ATR signalling
(cH2AX, pChk1, pRad17, pRPA32), the nuclear intensity of
the immunoﬂuorescence staining (for that protein) was
measured using ImageJ software. The value of nuclear
intensity was normalized by subtracting the value of background intensity (of each image). For each antibody staining,
an arbitrary intensity cut-off value was set, and all nuclei
having intensity higher than the cut-off were considered as
positive for that staining. Depending on the staining, the cutoff value was usually set to be at least 5 a.u. more than the
background intensity of the image. For assays using a particular antibody, the cut-off value was kept constant for all
sample sets in a particular biological replicate. However, the
different intensity cut-off value was set for different antibodies. Noteworthy, in order to remove bias, for
immunoﬂuorescence assay, the nuclear intensity (on staining
with a particular antibody) of all nuclei present in the ﬁeld
was measured, irrespective of whether apparently they were
positive or negative for the staining.

For EdU incorporation assay, given the low background/
non-speciﬁc staining, all nuclei visible in the 488 nm
channel, were counted as EdU positive. However, as the
intensity of EdU varied between EdU positive nuclei (in
different sample sets), we measured the nuclear intensity (of
EdU) in all EdU positive nuclei, using ImageJ software, and
represented it in the data. The value of nuclear intensity of
EdU was normalized by subtracting background intensity of
each image.

2.8 Cellular and nuclear fractionation and Western
blotting
For whole cell lysate preparation, cells were harvested,
washed twice in ice-cold PBS, and incubated on ice for 30
min in Lysis buffer containing 50 mM Tris-HCl, pH 7.4, 150
mM NaCl, 0.5% Triton X-100, 0.1% SDS, 1 mM
Ethylenediaminetetraacetic acid (EDTA), and protease and
phosphatase inhibitors (Roche). Following lysis, the cell
extracts were sonicated 3 times for 5 secs each and centrifuged at maximum speed for 15 min. Laemmli sample
buffer was added to the supernatant at a ﬁnal concentration
of 1X, and the samples were boiled for 10 min at 100°C.
Nuclear (Mendez and Stillman 2000) (for experiment in
ﬁgure 7) and cellular (Suzuki, Bose, Leong-Quong, Fujita,
and Riabowol 2010) (for experiment in ﬁgure 8) fractionation were performed as previously described. After appropriate treatments, HEK293 cells were harvested, washed
twice in ice-cold PBS, and resuspended in Buffer A ([10 mM
HEPES (pH = 7.9), 1.5 mM MgCl2, 10 mM KCl, 1 mM
DTT, 1X protease inhibitor cocktail (Roche), 1X phosphatase inhibitor (Roche)} and incubated on ice for 5 min.
Following centrifugation at 1300 g for 4 min at 4°C, nuclei
was collected in the pellet. The pellet was washed once with
Buffer A, resuspended in Buffer B [3 mM EDTA, 0.2 mM
EGTA, 1 mM DTT, 1X protease inhibitor cocktail, 1X
Phosphatase inhibitor) and incubated on ice for 10 mins.
Centrifugation at 1700g for 4 min at 4°C was used to collect
nuclear insoluble fraction. The pellet was washed with
Buffer B, and chromatin fraction was collected as the pellet.
Pellet was resuspended in Buffer B, sonicated three times for
5 s each, and boiled in Laemmli Buffer [50 mM Tris-HCl,
pH 6.8, 100 mM mercaptoethanol, 1% sodium dodecyl
sulphate (SDS), 10% glycerol, 0.0025% Bromphenol blue]
before loading.
For Western Blotting, the samples were resolved in SDSPAGE (10% gels) and blotted on to PVDF membrane having
pore size of 0.45 micron (Biorad). Following transfer, the
blots were probed with primary antibodies against the proteins of interest. Equal loading was monitored by
immunoblotting for Actin. Primary antibodies used were:
Rabbit anti-cH2AX(1:1000, Abcam) Rabbit anti-pChk1 (Ser
345) (1:1000, Abcam), Rabbit anti-pRad17 (1:1000)
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(Abcam), Rabbit Anti-RPA32(T21) (1:5000, Abcam), AntiRPA32 (1:500, Abcam), Rabbit anti- PPMID (1:5000,
Bethyl Laboratories), Rabbit anti-PPM1A/PP2C(alpha)
(1:1000, Cell Signalling Technologies) and Mouse antiActin (1:10,000) (Sigma). Proteins were visualized using
HRP-conjugated anti-rabbit and anti-mouse IgGs (1:5000)
(Sigma) and Western Blot Hyper HRP substrate (Takara
chemicals). Band intensity was quantiﬁed using ImageJ
software and normalized to corresponding Actin band
intensities.

2.9

Statistical analysis

All experiments were performed in triplicates; using
independent biological samples (biological replicates).
Additionally, for DNA ﬁbre Analysis experiments, each
biological replicate consisted of two technical replicates.
Data are expressed as Means ± S.E.M in bar graphs.
Boxplots were generated using BoxPlotR (Spitzer,
Wildenhain, Rappsilber, and Tyers 2014), combining the
data points obtained from all three repeats. Student’s t-test
was performed to compare between control and corresponding inhibitor treated samples. In the ﬁgures, p\0.05
is indicated by, while other p values were not considered
non-signiﬁcant and indicated as ‘n.s’. Additionally, for a
more stringent non-parametric analysis we performed
Kruskal-Wallis test.

3. Results
3.1 A paradigm of ATR kinase inhibition speciﬁcally
during cellular recovery from replication stress
ATR kinase role during replication stress induction leading
to fork protection mechanism has been well studied, but the
same during cellular recovery from replication stress has
remained unclear. Even though ATM kinase role in recovery
paradigm has been uncovered, that of ATR role has escaped
careful probing, which is the focus of the current study. We
studied short or transient replication stress (2 h treatment
with 2 mM HU) in NHDF cells as a physiologically relevant
stress paradigm. We inhibited ATR kinase using a chemical
inhibitor (10 lM of VE-821) speciﬁcally during the recovery
phase of the short replication stress (ATRi). ATRi cells
started incorporating EdU within 20 min of release from
replication stress, proceed slower than the control samples
(‘DMSO Release’), but eventually catch up by about 50 min
(supplementary ﬁgure 1A). Using ATR signalling marker
pRad17, we observed that at least 20 min of ATRi treatment
was necessary to bring about measurable decrease in ATR
kinase activity, and that complete kinase inhibition required
a minimum 30 min of ATRi treatment (supplementary
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ﬁgure 1B). Moreover, ATRi was speciﬁc as the treatment led
to decrease in ATR-dependent cH2AX formation, but not to
any signiﬁcant decrease in ATM-dependent cH2AX formation (supplementary ﬁgure 1C). Noteworthy, given that HU
stress does not persist beyond 20 min of the drug removal
(control in supplementary ﬁgure 1A), and complete ATR
kinase inhibition (by VE-821) requires more than 20 min
(ATRi in supplementary ﬁgure 1B), the experimental protocol ensured that ATR inhibition sets in only after HU stress
has receded.
In order to ascertain that 2 h HU treatment paradigm
indeed leads to transient replication stress in our conditions,
we compared 2 h versus 24 h HU treatments followed by
repair marker status in the treated nuclei. We surmised that
transient stress, by its very design, must give rise to repair
response that recovers faster than that in 24 h treated HU
cells where fork collapses lead to DSBs, followed by more
elaborate and slower repair recovery. Transient replication
stress by 2 h HU provoked cH2AX positive response which
was resolved within an hour of recovery from HU, whereas
longer stress (24 h HU) generated a response that failed to
resolve within that time-duration (supplementary ﬁgure 2A,
B). High-zoom images revealed that transiently stressed
nuclei got fully depleted of the cH2AX foci within the ﬁrst
hour of recovery from HU stress, whereas 24 h treated HU
nuclei showed stably persisting foci (supplementary ﬁgure 2C). We corroborated the transient cH2AX foci response
by monitoring another repair mark also, namely, hRad51: as
expected even hRad51 foci were fully resolved within 1 h of
recovery from 2 h HU treated nuclei (supplementary
ﬁgure 3A).
We further established that 2 h HU treatment resulted
mostly in single-stranded DNA breaks in the genome
whereas 24 h HU led to DSB’s, which was consistent
again with the expected response of short versus long
HU treatments in mammalian cells. The nuclei following
DSB generation after 24 h HU treatment showed
prominent p53 positivity in essentially all nuclei which,
in contrast, was completely absent in 2 h HU treated set
(supplementary ﬁgure 3B, C), again reiterating that these
two different conditions of HU treatment belonged to
two different bona ﬁde cases of replication stresses,
namely, transient, single-strand break generating versus
prolonged, fork-collapsing DSB promoting replication
stress states.
Having established the validity of the short (transient)
versus prolonged replication stress paradigms, we went
ahead with establishing the speciﬁcity of ATR versus ATM
inhibitor treatments used in the current study in later
experiments. Taking a cue from the vast amount of published
literature that largely ATR and ATM apical kinases are
involved in the maintenance of fork repair during short
versus prolonged replication stresses, respectively, we tested
the validity of VE-821 (10 lM) and KU55933 (10 lM) as
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ATR versus ATM speciﬁc inhibitors in our conditions. As
expected, and documented in the ﬁeld of replication stress,
prior treatment of cells with VE-821 and KU55933 (10 lM
each) resulted in speciﬁc abrogation of ATR versus ATM
responses, respectively. We, based on our validation of short
and long replication stress paradigms, used cH2AX positivity as replication stress response in 2 h versus 24 h HU
treatments as ATR and ATM active marks, respectively. As
expected, VE-821 and KU55933 treatments speciﬁcally
exhibited ATR and ATM inhibitions, respectively. A 2 h HU
treatment was sensitive to prior exposure to VE-821 inhibitor rather than KU55933 and the result was converse for
24 h HU treated cells (supplementary ﬁgure 4), thereby
revealing the required speciﬁcity of these two inhibitors to
different apical kinases, namely ATR and ATM. Similarly,
DNA-pkcs inhibitor (10 lM LY293646) treatment speciﬁcity was shown in the context of another ongoing project
involving pAKT signalling (data not shown) where growthfactor-dependent signalling axis operates speciﬁcally under
the control of DNA-pkcs (Lana Bozulic et al 2008) rather
than ATR or ATM apical kinases (unpublished
observations).

3.2 ATR kinase inhibition led to persistence of ATR
signalling markers (cH2AX, pChk1 and pRad17)
during recovery
(i)

cH2AX mark: Since ATR kinase was active during
replication stress (HU treatment), we surmised that
ATR signalling marks must have been activated. We
probed the status of the same during recovery timecourse in ATRi regime. We observed a rapid recovery
of ATR kinase-dependent cH2AX in control samples
(ﬁgure 1B, a-d; ﬁgure 1D), but the same in ATRi
samples persisted during the observed time regime
(ﬁgure 1B, e-f; 1D). In order to rule out the possibility
that acute ATR kinase inhibition (post replication
stress) might be activating DNAPKs (Buisson, Boisvert, Benes, and Zou 2015) or ATM kinase activity
(Couch et al. 2013; McNeely et al. 2010) leading to
sustained cH2AX observed during ATRi, we inhibited
ATR in combination with either ATMi [ATM speciﬁc
inhibition (Hickson et al. 2004)] or DNAPKi
[DNAPKs speciﬁc inhibitor, (Vlahos, Matter, Hui, and
Brown 1994)] or both for same recovery periods (ﬁgure 1A). Interestingly, combinatorial inhibition of all
the three apical kinases (ATRi?ATMi?DNAPKi) also
resulted in persistence of cH2AX positive nuclei (during recovery), as was observed on ATR inhibition
(ﬁgure 1B, e-h; ﬁgure 1D), thereby suggesting that it is
ATR inhibition that led to persistent cH2AX signalling
during replication stress recovery. We conﬁrmed the
immunoﬂuorescence results by performing western

blotting. Quantitation of western blotting experiment
conﬁrmed that while ATR active control reactions
showed expected drop in cH2AX signal following
recovery from HU stress, those with ATRi or combinatorial inhibition of all three apical kinases resulted in
unabated levels of cH2AX during recovery (supplementary ﬁgure 5A-B).
(ii) pChk1: We also checked the status of other ATR
signalling marks during recovery in ATRi: Chk1 and
Rad17 proteins are known to undergo ATR-dependent
phosphorylation at Ser345/Ser317 and Ser635, respectively, in response to replication stress (PiwnicaWorms 2001; Post et al. 2001; Wang et al. 2006).
As expected, we observed a marked decrease in the
number of pChk1 positive nuclei by 2 h and 4 h
recovery respectively in control samples (ﬁgure 2A,
a-d; 2B), but only a marginal drop in ATRi during even
after 4 h recovery (ﬁgure 2A,e-f; 2B). Even combinatorial inhibition of all three kinases did not bring about
a decrease in the high percentage of pChk1 positive
nuclei observed during recovery in ATRi samples
(ﬁgure 2A, g-h; 2B) indicating the increased pChk1
was possibly independent of ATM and DNAPKcs
kinase activity. Immunoﬂuorescence results of pChk1
(S345) was corroborated by western analyses where its
level increased on short replication stress, followed by
decrease to basal levels by 4 h recovery in control
samples, but on ATR inhibition and other kinase
inhibition remained persistent during recovery (ﬁgure 2C, 2D).
Chk1 also undergoes ATR kinase and DNAPKcs-dependent
phosphorylation at S317 (in response to replication stress)
(Piwnica-Worms 2001). Immunoﬂuorescence for this phosphorylation mark revealed a similar replication stress-dependent increase in pChk1(S317) positive nuclei followed
by a steep decay on recovery (supplementary ﬁgure 5C).
However, this decay in pChk1(S317) positive nuclei (over
recovery) was not observed on ATR kinase inhibition (ATRi)
or all three kinase inhibition, post replication stress (supplementary ﬁgure 5C). These results suggested that similar
to pChk1 (S345), pChk1(S317) also remains persistent when
ATR kinase is inhibited during recovery from replication
stress. A recent study reported that ATR kinase inhibition in
proliferating cells results in DNAPKcs mediated Chk1
phosphorylation, even in absence of replication stress
(Buisson et al. 2015). We also monitored for this phosphorylation, after treating NHDF cells with ATR kinase inhibitor
for 2 h and 4 h, without prior treatment with HU. On probing
for pChk1(S317), we observed a basal level increase in
Chk1 phosphorylation in ATRi samples compared to control
samples. However, compared to 2 h HU samples, the levels
of pChk1 was much lower in the ATRi samples. Thus,
though ATR inhibition alone (without prior replication
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Figure 1. Persistence of ATR signalling markers (cH2AX and pRad17) on ATR kinase inhibition during replication stress recovery:
(A) Treatment paradigm for inhibition of ATR kinase during replication stress recovery. Asynchronous population of NHDFs were either left
untreated (‘No Treatment’) or were treated with 2mM HU for 2 h. After removal of HU, samples were either released in fresh media containing
DMSO (‘DMSO Release’) or in media containing ATR inhibitor (‘ATRi Release’), for 2 h or 4 h. Alternatively, for some experiments, post HU
treatment, cells were released in media containing a combination of inhibitors (‘ATRi ?ATMi Release’, ‘ATRi ?DNAPKi Release’ and ‘ATRi
?ATMi?DNAPKi Release’) for 2 h or 4 h. For all the sample sets, cells were collected at 0 h, 2 h and 4 h recovery time points. (B) Upper panel,
representative images of yH2AX positive nuclei at indicated recovery time points, in the sample sets discussed in (A). The samples were given
appropriate treatments as described in (A), ﬁxed and immunostained for cH2AX (a-h). Lower panel, nuclei were counterstained with DAPI (i-p).
(C) Quantitation of percentage of cH2AX positive nuclei in the samples described in (A). At least 200 nuclei/sample were analysed and scored for
cH2AX positivity. The percentage of cH2AX positive nuclei in each sample was averaged for three independent biological replicates.
(D) Asynchronous population of NHDFs were either left untreated (‘No Treatment’) or were treated with 2mM HU for 2 h. After removal of HU,
samples were either released in fresh media containing DMSO (‘DMSO Release’) or in media containing ATRi (‘ATRi Release’), for 2 h or 4 h.
Alternatively, for some experiments, post HU treatment, cells were released in media containing a combination of inhibitors (‘ATRi ?ATMi
Release’, ‘ATRi ?DNAPKi Release’ and ‘ATRi ?ATMi?DNAPKi Release’) for 2 h or 4 h. For all the sample sets, cells were collected at 0 h, 2 h
and 4 h recovery time points.Detection pRad17 by immunoﬂuorescence, in the sample sets. Upper panel, representative images of pRad17 positive
nuclei at indicated recovery time points in the sample sets discussed above (a-h). Lower panel, nuclei were counterstained with DAPI (i-p).
(E) Quantitation of percentage of pRad17 positive nuclei in the samples sets described in (A) averaged for three independent biological replicates.
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Figure 2. Persistence of ATR signalling markers (pChk1 345) on ATR kinase inhibition during replication stress recovery: A)
Asynchronous population of NHDFs were either left untreated (‘No Treatment’) or were treated with 2mM HU for 2 h. After removal of
HU, samples were either released in fresh media containing DMSO (‘DMSO Release’) or in media containing ATRi (‘ATRi Release’), for 2
h or 4 h. Alternatively, for some experiments, post HU treatment, cells were released in media containing a combination of inhibitors
(‘ATRi ?ATMi Release’, ‘ATRi ?DNAPKi Release’ and ‘ATRi ?ATMi?DNAPKi Release’) for 2 h or 4 h. For all the sample sets, cells
were collected at 0 h, 2 h and 4 h recovery time points.Detection pChk1(S345) by immunoﬂuorescence, in the sample sets. Upper panel,
representative images of pChk1(S345) positive nuclei at indicated recovery time points in the sample sets discussed above (a-h). Lower
panel, nuclei were counterstained with DAPI (i-p) (B) Quantitation of percentage of pChk1 positive nuclei in the samples sets described in
(A) averaged for three independent biological replicates. Pixel intensity of at least 150 nuclei/ sample was measured and pChk1 positivity
was scored by counting nuclei having pixel intensity above an arbitrary threshold value. (C) Asynchronously growing HEK293 cells were
either left untreated (Lane 1) or were treated with 2 mM HU for 2 h prior to being released for recovery in DMSO containing media (Lane
2, 3, 6) or in media containing 10 lM ATRi (Lane 4, 7) or a combination of ATRi?ATMi?DNAPKi (Lane 5, 8) for indicated recovery
periods. After appropriate treatment, cells were harvested, and whole cell extract was prepared, and immunoblotted for pChk1(345) of
whole cell lysate using actin as a loading control, (D) Quantiﬁcation of band intensities of pChk1(345) normalized to actin.

stress) increases pChk1 levels in normally proliferating cells,
such increase in phosphorylation was much lower than
observed on ATR inhibition post replication stress. All these
put together, strongly suggest that pChk1 levels resulting
from replication stress persist in the recovery phase when
ATR kinase is inhibited, a result that is in line with that of
persistent cH2AX mark observed in the same conditions.
(iii)

pRad17: Just as other two ATR marks (cH2AX and
pChk1), the persistence of pRad17 signal in ATRi was

discernible in comparison compared to control sample
(ﬁgure 1C, 1E). Combinatorial inhibition of all the
three kinases did not reduce pRad17 persistence.
Western blotting for pRad17, also recapitulated the
trend observed by immunoﬂuorescence (supplementary ﬁgure 5E-F).
Thus, by checking for different markers of ATR signalling
[cH2AX, pChk1(S345), pChk1(S317) and pRad17] in two
different proliferating cell lines, we inferred that inhibition of

ATR attenuation requires active ATR

ATR kinase post transient replication stress, results in persistence of the kinase-dependent phosphorylation marks.
Given that the increase observed in all the 4 markers of ATR
signalling is independent of ATM and DNAPKcs activity,
we hypothesize that ATR kinase inhibition post replication
stress possibly disrupts the attenuation of HU induced ATR
signalling, thus resulting in its persistence during recovery.

3.3 ATR kinase inhibition during replication stress
recovery increases genome instability and prevents cell
cycle re-entry
In NHDF cells, short replication stress resulted in comet tail
formation, indicating that even acute replication stress
results in generation of strand breaks. However, we observed
a measurable decrease in mean tail moment in control
samples by 2 h and 4 h recovery, indicating break repair and
recovery (ﬁgure 3A; 3B, c,f). In contrast, for the same time
points (post replication stress) the tail moment values on
ATR inhibition was signiﬁcantly higher than the corresponding control and 2 h HU treated samples (ﬁgure 3A;
3B, e,g). Noteworthy, ATR inhibition alone, for 2 h or 4 h,
does not give rise to excessive strand breaks (ﬁgure 3A; 3B,
d,g). Taken together, alkaline comet assay revealed that
following replication stress, ATR kinase inhibition prevents
repair of strand breaks generated due to replication stress.
Neutral comet assay revealed that DSB formation occurred only when cells were released in presence of ATRi for at
least 4 h, post HU removal (‘4 h Recovery? ATRi’). Indeed,
as indicated by the corresponding boxplot, the median tail
moment value of ‘4 h Recovery? ATRi’ sample is close to
that of cells treated with Ellipticine, a DSB inducing agent
used as a positive control. Interestingly, DSB formation was
not observed in ‘2 h Recovery?ATRi’ sample or in the
corresponding controls (ﬁgure 3C; 3D). Importantly, ATR
inhibition alone for 4 h, does not result in DSB formation,
implying that increased genome instability observed in ‘4 h
Recovery ?ATRi’ sample is not simply an effect of prolonged ATR kinase inhibition, but rather due to defective
recovery following replication stress. We hypothesized that
DSB formation in ‘4 h Recovery?ATRi’ sample maybe due
to excess fork collapse.
To validate this, we performed immunoﬂuorescence for
pRPA32 (T21) phosphorylation mark, excess of which is
indicative of ‘replication catastrophe event’ and fork collapse (Vassin et al. 2009; Toledo et al. 2014). As reported
earlier, levels of pRPA32 increased greatly upon short
replication stress, but decreased signiﬁcantly by 2 h recovery. Interestingly, unlike other markers of ATR signalling,
pRPA32 was not persistent on ATR kinase inhibition, where
the levels of RPA32 phosphorylation was observed to be
lower than its corresponding control samples (supplementary
ﬁgure 5D). In contrast, a signiﬁcant increase in pRPA32
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levels ensued on 4 h of ATR kinase inhibition (post replication stress) compared to the 2 h inhibition. However, on
combinatorial treatment with all three kinase inhibitors there
was reduction in increased phosphorylation signiﬁcantly by
4 h recovery (supplementary ﬁgure 5D), indicating that the
excess phosphorylation was ATM or DNAPKcs kinase
activity dependent. We further veriﬁed these observations by
immunoblotting, wherein we observed a similar increase in
the number of pRPA32 positive nuclei on ATR kinase
inhibition for 4 h (compared to the corresponding 2 h
recovery sample), which decreased on combination treatment with all the three kinase inhibitors for the same
recovery time point (data not shown).
Other than ATR kinase, ATM kinase is also known to
phosphorylate RPA32 at T21 residue (Vassin et al. 2009).
To check if ATM kinase signalling was activated following
ATR kinase inhibition at either recovery time point, we
probed for active ATM kinase by staining with pATM
antibody speciﬁc for DNA damage-dependent autophosphorylation mark on ATM. Other than in the positive
control (4 h Cisplatin treated cells), we observed pATM
positive nuclei only on ATR kinase inhibition for 4 h
(ﬁgure 3E, a-g; 3F) indicating that ATM kinase signalling
is activated in this condition, which could possibly be
contributing to excess RPA32 phosphorylation. Together,
the above experiments reveal that inhibition of ATR kinase
post replication stress, results in replication catastrophe
event resulting in ATM signalling activation due to the
generation of DSBs.
Next, we probed if excessive genome instability and
persistent pChk1 observed on ATR kinase inhibition affect
cell cycle progression during recovery; we performed ﬂow
cytometry based cell cycle analysis in HEK293 cells. Parallel analyses of replication stress experiments showed that
HU (2 h) treated HEK293 cells also exhibit persistent ATR
signalling marks during ATRi recovery regime (data not
shown) validating the paradigm under study. As expected,
following 2 h HU treatment, replication stress led to increase
in G1 and S phase population and a concomitant drop in G2/
M population in mock-treated cells, which was consistent
with activation of Chk1 mediated intra-S arrest in HU treated
cell samples (ﬁgure 4). However, despite a small decrease in
G2/M population, ATR inhibition-alone for 2 h did not result
in any measurable alteration in the cell cycle proﬁle of
normally proliferating HEK293 cells. On recovery, the G2/
M population in control samples increased by 2 h and 4 h
recovery, respectively. Interestingly, on ATR kinase inhibition, the G2/M population did not recover post HU release,
following 4 h recovery (ﬁgure 4). It is noteworthy that on
ATR kinase inhibition in 2 h recovery, we observed a high
G1 population, the same decreased and a concomitant
increase in S population ensued by 4 h recovery, suggesting
a reinforced intra-S arrest on prolonged ATR kinase inhibition during replication stress recovery.

34

Debadrita Bhattacharya et al.
(B)
Alkaline comet assay

(A)

4 h Recovery
+ATRi
4 h ATRi

h

4 h Recovery
+ATRi

g

4 h ATRi

e..
e

*

*

f

4 h Recovery

e

2 h Recovery
+ATRi

f

4 h Recovery
2 h Recovery
+ATRi
2 h ATRi

d

*

*

2 h ATRi

c

2 h Recovery

2 h Recovery
b

2 h HU

2 h HU

a
a.

No Treatment

20

0

60

40

a

No treatment

h

4 h Recovery
+ATRi

80

Tail Moment

(D)

Neutral comet assay

(C) 4 h Recovery

g.
g.

*

+ATRi
4 h ATRi

g

4 h ATRi
f.

4 h Recovery
2 h Recovery
+ATRi
2 h ATRi

f

e.

n.s

e

2 h Recovery

d

2 h HU

20

0

60

40

80

100

2 h Recovery

D M S O R e le a s e

No treatment
0 h recovery

aa

b
b

c

2 h recovery
dd

c

d

Ellipticine

A T R i R e le a s e
4 h recovery

ee

2 h HU
a

a

Tail Moment

a

c. h ATRi
2

b

b

Cisplatin

d
2 h Recovery
d.
+ATRi

c

c

*

Ellipticine

(E)

4
e h Recovery

2 h recovery
f

e

f

4 h recovery
g

g

pATM

h

j

i

l

k

m

n

DAPI

% of pATM posi ve
nuclei

(F)

Cisplan
DMSO Release

70
60
50
40
30
20
10
0

No Treatment
ATRi Release

*

*
n.s

0h recovery

2h recovery

4h recovery

Figure 3. ATR kinase inhibition during replication stress recovery results in DSB formation and activation of ATM signalling
(A) Quantitation of (alkaline comet assay) tail moments of NHDF cells left untreated (‘No Treatment’) or treated with 2 mM HU for 2 h (‘2 h
HU’ Sample) prior to being released in DMSO containing media (‘2 h Recovery’ and ‘4 h Recovery’ samples) or in media containing ATRi ‘2 h
Recovery ?ATRi’ and ‘4 h Recovery?ATRi’ samples), for indicated periods of recovery. Alternatively, cells were treated with 10 lM ATRi
for 2 h or 4 h (‘2 h ATRi’ and ‘4 h ATRi’ samples respectively) without prior treatment with HU. Following appropriate treatment, cells were
harvested and alkaline comet assay was performed. At least 75 individual cells/sample were scored for comet tail moment using OpenComet
software. (B) Representative images of comet tails of samples described in (A). (C) Quantitation of (neutral comet assay) tail moment of
experimental sample sets described in (A). Additionally for Neutral comet assay experiment, NHDF cells treated with Ellipticine, were used as
a positive control for DSB formation. At least 75 individual cells/sample were scored for comet tail moment using Open Comet software.
(D) Representative images of comet tails of experimental samples described in (C). (E) pATM staining in NHDFs for experimental sample sets
described in (A). Additionally, for this experiment, NHDF cells treated for 4 h with 25 lM of Cisplatin, was used as a positive control for ATM
activation. After appropriate treatments, cells were ﬁxed and immunostained for pATM. Upper panel, representative images of pATM positive
nuclei for indicated recovery periods, in the sample sets described (a-g). Lower panel, Nuclei were counterstained with DAPI (h-n).
(F) Quantitation of percentage of pATM positive nuclei in the samples described in (A). At least 150 nuclei/sample were analysed and scored
for pATM positivity and was averaged for three independent biological replicates.
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Figure 4. Disruption of ATR signalling attenuation affects cell cycle re-entry: Cell cycle analysis of HEK293 cells. Asynchronous
population of HEK293 cells were left untreated (‘No Treatment’) or treated for 2 h with either with 10 lM ATRi (‘2 h ATRi’ samples)
or with 2 mM HU (‘2 h HU’ Sample). After HU treatment, cells were released in media containing either DMSO (‘DMSO Release’) or
10 lM ATRi and allowed to recover for 2 h or 4 h. After appropriate treatment cells were harvested, ﬁxed and nuclei were stained with
propidium iodide (PI). Cell cycle proﬁle was obtained by performing ﬂow cytometry. 10000 PI positive samples were gated per sample.
Top, representative cell cycle proﬁles at indicated recovery time points for the sample sets described above. Below, Quatitation of
percentage of cells in G1, S and G2 phase of cell cycle in the sample sets described, averaged for three independent biological
replicates.

3.4 Inhibition of ATR kinase during different phases
of replication stress has differential effects on fork restart
In order to assess the effect of ATR kinase inhibition post
replication stress on stalled replication forks, we performed
DNA ﬁbre analysis and the ﬁbres were scored for collapsed
fork, restarted forks and for new origins ﬁring events. In the
control samples, 46% of the forks restarted with 32% stalled
forks and 20% percent new origin ﬁring (ﬁgure 5A). This
observation is in agreement with previous studies, which had
reported that most stalled forks restart after short replication
stress. However, on ATR kinase inhibition (post replication

stress), nearly 60% of the forks were stalled, with only 30%
forks restarting after replication stress removal (ﬁgure 5A).
Interestingly, we also observed a small (statistically nonsigniﬁcant) but reproducible decrease in new origin ﬁring on
ATR kinase inhibition (ﬁgure 5A), which is in agreement
with our observation of persistent pChk1 in these cells. On
ATR kinase inhibition we observed decrease in red (IdU)
track lengths, possibly indicating slower dynamics of replication restart in these cells (ﬁgure 5B, 5D). As a control we
also performed ﬁbre analysis on samples where ATR was
inhibited prior to induction of replication stress. Interestingly
in these samples, restart frequency was comparable to that of
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Figure 5. Disruption of ATR signalling attenuation affects replication restart : (A) Top, labelling scheme for DNA ﬁbre analysis.
Proliferating NHDF cells were pulse labelled with 100 lM CldU for 20min, treated with 2mM HU for 2 h, and released into media
containing 250 lM IdU for 40 min. CldU was detected by a speciﬁc primary antibody and a secondary antibody in green. IdU was detected
using a speciﬁc primary antibody and secondary antibody in red. Below, quatitation of percentage of restarted, stalled and collapsed forks.
In ‘ATRi Release’ samples, NHDFs were labelled with CldU, treated with HU and released in media containing IdU?ATRi, while in
‘HU?OA Release’ samples, the cells were released in IdU?Okadaic acid (1lM) containing media. Alternatively, in ‘ATRi?HU’ samples,
NHDFs were pre-incubated with ATRi, before following the labelling protocol. At least 600 ﬁbres were scored per sample, and replication
dynamics was analysed using CASA software. (B) Representative images of dual labelled replication tracks of the samples described in (A).
(C) Distribution of CldU track lengths of replication ﬁbres obtained from the samples described in (A). Length of at least 150 ﬁbres/sample
was measured using ImageJ and frequency of ﬁbres in each bin was averaged for three independent biological replicates. (D) Distribution of
IdU track lengths of replication ﬁbres obtained from the samples described in (A). Length of at least 150 ﬁbres/sample was measured using
ImageJ and frequency of ﬁbres in each bin was averaged for three independent biological replicates.
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control samples and no signiﬁcant increase in fork collapse
or new origin ﬁring was observed (ﬁgure 5A). However, in
these samples, we did observe a signiﬁcant decrease in the
length of the green (CldU) tracks (ﬁgure 5C), possibly
indicating improper fork protection in these samples. Taken
together, this data suggests that disruption of ATR signalling
attenuation affects replication fork restart in cells recovering
from replication stress.
In order to scrutinize if excessive fork collapse and
inability to restart stalled forks is a direct consequence of
disruption of ATR signalling attenuation, we mimicked the
persistence of ATR signalling, by using phosphatase inhibitor Okadaic acid. Okadaic acid is speciﬁc inhibitor of
PPP family of Ser/Thr phosphatases (Dounay and Forsyth
2002). Since these phosphatases have been previously
implicated in removing ATM/ATR phosphorylation marks
during DNA damage recovery, we surmised that Okadaic
acid treatment during replication stress recovery might
mimic the general effects of persistent ATR signalling.
Fibre analysis revealed that Okadaic acid treatment indeed
results in decreased fork restart along with an increase in
percentage of collapsed forks (ﬁgure 5A, 5B). Red (CldU)
track lengths were also found to be shorter in Okadaic acid
treated samples compared to control samples (ﬁgure 5B,
5D). These observations conﬁrm that Okadaic acid treatment mimics ATR kinase inhibition effects on replication
fork dynamics.
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essential for its function (Zuazua-Villar et al. 2015). We
reasoned that if the functioning of these phosphatases is
indeed under ATR kinase regulation, then inhibition of ATR
kinase during recovery may affect chromatin bound levels
of the phosphatases. Hence, we studied the levels of chromatin bound PPM1D, PPM1A, PPP4C and PPP2A following replication stress and during its recovery in the
presence of ATRi or a combination of all the three apical
kinase inhibitors. We observed that the chromatin bound
PPM1D and PPP4C levels decrease by 4 h recovery from
replication stress, whereas 2 h recovery is marginal and
somewhat inconsistent (ﬁgure 6A–C). Similar drop in the
level was not evident for PP2A and PPM1A phosphatases
(ﬁgure 6A,D and E). This drop was higher when ATR
kinase was inhibited. When all three kinases were inhibited,
the loss of chromatin-bound PPM1D and PPP4C was signiﬁcantly enhanced at 4 h recovery compared to controls
where kinases were normal (ﬁgure 6A–C). We validate this
result further using immunoﬂuorescence assay for PPM1D
later in the study. Interestingly enough, in these conditions,
the levels of chromatin bound PP2A and PPM1A were
unaffected by replication stress, its recovery, whether or not
kinases were active or not. We conclude that chromatinbound phosphatase changes were speciﬁc to PPM1D and
PPP4C only.

3.6 PPM1D inhibition during replication stress led
to persistence of ATR signalling
3.5 Chromatin levels of phosphatases decreased
on ATR kinase inhibition
Okadaic acid result (as a ﬁrst pass) hinted at the existence of
a negative feedback loop involving phosphatase action in
ATR signalling, such that ATR kinase mediates its own
signal attenuation, possibly by regulating a putative Ser/Thr
phosphatase. PPM1D, PPP2A and PPP4 phosphatases are
known to desphosphorylate pChk1, cH2AX and pRPA32
generated during canonical DDR (Lu et al. 2005a, b;
Chowdhury et al. 2008; Nakada et al. 2008; Macůrek et al.
2010; Moon et al. 2010a, b). Given that these proteins are
also ATR targets, these Ser/Thr phosphatases could be
putative targets through which ATR kinase can mediate its
signal attenuation. Since no speciﬁc phosphatase has been
implicated to directly regulate ATR kinase activity, understanding the involvement of a phosphatase in ATR attenuation is relevant. Similar attenuation mechanism for ATM is
well worked out. Moreover, subsequently we also want to
test whether the cognate phosphatase activity is itself under
ATR action, such that ATR kinase is feedback regulated by
such a phosphatase.
Earlier reports have shown that PPM1D is regulated by
protein stabilization post damage repair (Choi et al. 2013),
while chromatin loading of PPP4 has been shown to be

Motivated by the result that chromatin-bound PPM1D
phosphatase levels are maintained by ATR kinase activity,
thereby possibly leading to attenuation of ATR marks, we
asked a reverse question: namely whether speciﬁc inhibition of this phosphatase activity could indeed lead to the
persistence of such ATR marks ‘phenocopying’ ATR
inhibition effects during replication stress recovery.
Immunoblotting assay revealed that PPM1D inhibition led
to the persistence of ATR phosphorylation marks (cH2AX,
pChk1 and pRPA32) till 4 h recovery, following replication
stress (ﬁgure 7). However, the turnover of pRAD17,
another bona ﬁde marker of active ATR signalling was
unaffected on PPM1D inhibition, which suggests that
dephosphorylation of pRAD17 is possibly not mediated by
PPM1D (ﬁgure 7).
We corroborated PPM1D inhibitor effects by downregulating the protein level using SiRNA approach. SiRNA
treated cells showed discernible loss of PPM1D protein level
in these cells compared to untreated controls (ﬁgure 7F).
PPM1D depletion in turn resulted in persistently higher level
of ATR activity mark assessed by cH2AX (ﬁgure 7G),
reiterating the involvement of PPM1D phosphatase in
attenuating ATR active marks, as suggested also by the
inhibitor experiment, described above.
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Figure 6. Decrease in chromatin bound PPM1D and PPP4C phosphatase levels upon ATR kinase inhibition during recovery:
(A) Immunoblotting for chromatin bound fractions of PPM1D, PPP4C, PPP2A, PPM1A, and Histone H3. Asynchronously growing
HEK293 cells were either left untreated (Lane 1) or were treated with 2 mM HU for 2 h prior to being released for recovery in DMSO
containing media (Lane 2, 3, 6) or in media containing 10 lM ATRi (Lane 4, 7) or a combination of 10 lM ATRi?ATMi?DNAPKi (Lane
5, 8) for indicated recovery periods. After appropriate treatment, cells were harvested, and chromatin fraction of the cell lysates was probed
with speciﬁc antibodies. Representative blots for PPM1D, PPM1A, PPP4C, PPP2A and Histone H3 have been shown in the ﬁgure. (B-E).
Quantitation of band intensity of chromatin fractions of PPM1D, PPM1A, PPP4C, and PP2A respectively, for the samples described in (A).

3.7 ATR kinase activity is essential for preventing
cytoplasmic relocalization and degradation of PPM1D
Interestingly, self-attenuation of damage signalling is a
recurrent theme among DDR kinases. Indeed, a self-inhibitory circuit is known to exist for ATM kinase, which post
DSB repair, stabilizes phosphatase PPM1D (WIP1), via
AMPK, to mediate its own signal attenuation (Choi et al.
2013). Further, a previous study has reported that inhibition
of ATR and ATM kinase with caffeine, prevents PPM1D
mediated dephosphorylation of the kinase targets (Macůrek
et al. 2010). Based on these reports and our observation that
ATR kinase activity is essential for stabilization of chromatin
bound PPM1D during replication stress recovery, we inferred that this phosphatase could be a potential candidate
which is regulated by ATR kinase to mediate its signal
attenuation. Hence in the subsequent experiments, we

focused on PPM1D, and investigated whether the reduced
chromatin levels of PPM1D observed on ATR kinase inhibition during recovery, was due to protein mislocalization or
degradation. Following the same experimental design, we
performed cellular fractionation of each sample and checked
for the levels of PPM1D in the chromatin bound fraction,
whole nuclear extract, nuclear soluble fraction, cytoplasmic
fraction and in the whole cell lysate (supplementary ﬁgure 6). Interestingly, marginal increase in the cytoplasmic
levels of PPM1D concomitant with loss from nuclear soluble
form was observed by 2 h of ATR kinase inhibition which
indicates a relocalization of nuclear soluble PPM1D from
nucleus to cytoplasm following replication stress (ﬁgure 8A). In contrast, inhibition of ATR kinase for 4 h
resulted in signiﬁcant decrease in PPM1D levels in both
chromatin-bound fraction and nuclear soluble fraction and in
whole cell lysate (ﬁgure 8A). These results suggest that

ATR attenuation requires active ATR
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Figure 7. PPM1D inhibition during replication stress led to persistence of ATR signalling: (A) Immunoblotting for cH2AX, pChk1,
Chk1, pRPA32, RPA32, pRad17 and Actin. HEK293 cells were either left untreated (Lane 1) or treated with 2 mM HU (Lane 2) for 2 h.
Following HU treatment, cells were released in DMSO (Lane 3 and 4) or in PPM1Di (Lane 5 and 6) for 2 h or 4 h. Alternately, cells were
treated with only PPM1Di (Lane 7 and 8) for 2 h and 4 h without prior treatment with HU. Samples were collected and whole cell lysates
were prepared and propbed with appropriate antibody. (B-E) Quantitation of band intensity of cH2AX, pChk1, pRPA32, Rad17
respectively, for the samples described in (A). (F) Cells treated with SiRNA against PPM1D or scrembled SiRNA (no speciﬁc SiRNA
control) are blotted for PPM1D, cH2AX and Actin after either without HU (2mM, 2 h) or with HU treatment and released post HU wash.
(G) Band intensities of PPM1D and cH2AX expressed as a ratio of actin intensity within the lane, expressed in an arbitrary scale.

PPM1D gets relocalized from nucleus to cytoplasm on ATR
kinase inhibition and gets degraded. A more drastic effect on
PPM1D localization was observed on combinatorial inhibition of all the three kinases, wherein a decrease in whole cell

levels of PPM1D was observed even in the 2 h and essentially complete loss by 4 h recovery (ﬁgure 8A). This indicates that PPM1D degradation sets in earlier on inhibition of
all the three apical kinases of DDR, which is in agreement
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PPM1D relocalization and degradation on ATR kinase
inhibition during recovery: (A) Immunoblotting for PPM1D in
chromatin fraction, nuclear soluble fraction, cytoplasmic fraction
and whole cell lysate of HEK293 cells. Asynchronously growing
HEK293 cells were either left untreated (Lane 1) or were treated
with 2 mM HU for 2 h prior to being released for recovery in
DMSO containing media (Lane 2, 3, 6) or in media containing 10
lM ATRi (Lane 4, 7) or a combination of 10 lM ATRi?ATMi?DNAPKi (Lane 5, 8) for indicated recovery periods. After
appropriate treatment, cells were harvested, cell fractionation was
performed and each fraction was probed with antibodies for
PPM1D and appropriate loading controls. (B) Immunoblotting for
PPM1D in chromatin fraction, nuclear soluble fraction, cytoplasmic
fraction and whole cell lysate of HEK293 cells. HEK293 cells were
either left untreated (Lane 1) or treated with 10 lM ATRi (Lane 2
and 3) or with a combination of 10 lM ATRi?ATMi?DNAPKi
(Lane 4 and 5) for 2 h or 4 h without prior HU treatment. After
appropriate treatment, cells were harvested, cell fractionation was
performed and each fraction was probed with antibodies for
PPM1D and appropriate loading controls. (C) Immunoblotting for
PPM1D in whole nuclear fraction and cytoplasmic fraction of
HEK293 cells. HEK293 cells were either left untreated (Lane 1) or
treated with 10 lM ATRi (Lane 2 - Lane 8) and were collected after
every 30 minutes. (D) Immunoblotting for PPM1D in whole
nuclear fraction and cytoplasmic fraction of HEK293 cells.
HEK293 cells were either left untreated (Lane 1) or treated with
10 lM ATRi?ATMi? DNAPKi (Lane2-Lane8) and were collected
after every 30 minutes.

b Figure 8.

with our hypothesis that the DDR kinases may have synergistic roles in stabilization of PPM1D.
We validated the western blot results by performing
immunoﬂuorescence for PPM1D in HEK293 cells. Recently
it has been shown that PPM1D is localized to nucleolus
(Kozakai et al. 2016). We observed PPM1D gets recruited to
chromatin from nucleolus following the onset of replication
stress, but re-localizes back to nucleolus by 4 h recovery
(ﬁgure 9A). However, on ATR kinase inhibition (post
replication stress), we observed rerouting of PPM1D from
nucleus to cytoplasm, followed by its degradation. This
cycle, namely, nucleolus to chromatin to nucleosol to cytosol
followed by its degradation, was rendered even more rapid
when all three kinases are inactive in the system. We
therefore have uncovered hitherto unknown dynamic regulation PPM1D spatially within the cell, which is ﬁne-tuned
by the action of ATR, ATM and DNAPkcs activities, where
ATR kinase role stands out by itself (ﬁgure 9A).
We also probed, whether in absence of replication stress,
endogenous levels of PPM1D is also regulated by ATR
kinase. We observed that ATR kinase inhibition for 2 h is
sufﬁcient to cause a complete loss of chromatin bound
PPM1D, and relocalization of the protein to the cytoplasm,
followed by its degradation beyond 2 h inhibition of ATR
(ﬁgure 8B–C). However, whole cell levels of PPM1D
remains constant after 2 h ATR kinase inhibition and
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decreases by 4 h, indicating that degradation of PPM1D
occurs later. Combinatorial inhibition of all the three apical
DDR kinase resulted in decreased chromatin-bound PPM1D,
along with a concomitant decrease in whole cell levels of
PPM1D (ﬁgure 8C). This suggests that concurrent inhibition
of all three kinases enhances PPM1D degradation.
To further validate the same, we performed immunoﬂuorescence in HEK293 cells for PPM1D. Interestingly, we
observed that on ATR kinase inhibition led to relocalization
of PPM1D from nucleolus to cytoplasm by 2 h and degradation by 4 h. Most interestingly, ATM inhibition did not
seem to have any effect on PPM1D stability or localization,
while DNAPKcs inhibition showed similar effect as ATR
inhibition (ﬁgure 9B). There was dramatic loss of PPM1D
on combinatorial inhibition of all the three kinases by 2 h.
Further, as the degradation was really rapid, we performed a
time course experiment to elucidate the kinetics of PPM1D
degradation on apical kinase inhibition. Immunoblotting for
these fractions, we observed that on ATR kinase inhibition
PPM1D relocalizes itself by 600 and gets degraded in the
cytoplasm by 1800 (ﬁgure 8C) wherein on combinatorial
inhibition of all the three apical kinase this relocalization
occurs by 300 and degradation by 600 (ﬁgure 8D).Taken
together, the PPM1D localization experiments suggests that
post replication stress, inhibition of ATR kinase activity
results in relocalization of PPM1D from the nucleus to the
cytoplasm followed by its subsequent degradation. Further,
even in the absence of replication stress, ATR kinase activity
is essential to maintain basal levels of chromatin bound
PPM1D.
In conclusion the above observations evoke a deﬁnitive
role of ATR kinase in regulation of PPM1D, such that
PPM1D dephosphorylates speciﬁc downstream targets of
ATR kinase basally and during replication stress recovery in
order to bring about attenuation of replication stress
response. However, the observation that PPM1D cannot
dephosphorylate all downstream targets of ATR kinase,
evokes the role of additional phosphatases, possibly PPP4C,
which may also be involved in ﬁne regulation of ATR kinase
signalling, during replication stress and recovery.

4. Discussion
In the present study, by pharmacologically inhibiting ATR
kinase activity after removal of replication stress (‘ATRi
Release’), we identiﬁed a role of the kinase in attenuating its
own signalling (activated in response to transient replication
stress). Further, we showed that mechanistically ATR kinase
mediates this negative feedback loop by regulating the
chromatin levels and localization of phosphatase PPM1D,
endogenously and post replication stress.
Existence of a self- inhibitory feedback loop involving
Ser/Thr phosphatases, is a recurrent theme in DNA Damage
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Figure 9. PPM1D cellular localization is regulated by ATR Kinase: (A) Asynchronous population of HEK293 were either left untreated (‘No
Treatment’) or were treated with 2mM HU for 2 h. After removal of HU, samples were either released in fresh media containing DMSO (No
Treatment) or in media containing ATRi, or in media containing ATRi?ATMi?DNAPKi for 2 h or 4 h.For all the sample sets, cells were
collected at 0 h, 2 h and 4 h recovery time points. Upper panel, nuclei were counterstained with DAPI (a-h), Second panel, PPM1D staining for
each sample (i-p). Third panel, Representative merged images of PPM1D and nuclear staining (q.1-x.1), Lower panel, zoomed image of single
nuclei of merged images for the sample sets described (q.2-x.2) (B) HEK293 cells were either left untreated or treated with ATRi or ATMi or
DNAPKi or with a combination of ATRi?ATMi?DNAPKi for 2 h or 4 h, without prior HU treatment. Samples were collected after appropriate
treatment, ﬁxed and immunostained for PPM1D and nuclear counterstained with DAPI. Upper panel, nuclei were counterstained with DAPI (a.1i.1). Second panel, PPM1D staining for each sample (a.2-i.2). Third panel, representative merged images of PPM1D and nuclear staining (a.3-i.3).
Lower panel, zoomed image of single nuclei of merged images for the sample sets described (a.4-i.4).
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signalling. Indeed, it was only following the discovery of the
negative feedback loops mediated by DDR apical kinases
ATM, Chk1, Chk2 and repair protein p53, that the importance of phosphatases in DDR was appreciated (LeungPineda et al. 2006; Lu et al. 2007; Choi et al. 2013). Given
the overlapping targets of and functional similarity between
ATR and ATM kinases, a similar negative feedback loop was
also speculated to exist for ATR kinase, but had not been
experimentally demonstrated. Our work shows for the ﬁrst
time, that in the context of replication stress, ATR kinase is
indeed involved in inhibition of its own signalling. By
monitoring the status of 4 different (canonical) markers of
active ATR signalling during replication stress recovery, we
demonstrated that ATR kinase activity is essential for the
turnover of these phosphorylation marks following replication stress.
Our results also reveal an interesting regulation of PPM1D
phosphatase by ATR kinase. Though it was previously
reported that PPM1D function is sensitive to caffeine, a nonspeciﬁc inhibitor of ATM and ATR kinase (Lu et al.
2005a, b), the mechanism of ATR kinase mediated regulation of PPM1D was unknown. Indeed, following the discovery that ATM kinase stabilizes PPM1D protein in
ionizing radiation stressed cells; the caffeine sensitivity of
PPM1D was mainly attributed to absence of ATM kinase
activity. However, in this work we show that independent of
ATM, ATR kinase regulates the cellular localization and
protein stability of PPM1D. Further, we also demonstrate a
positive correlation between chromatin binding of PPM1D
and its function in attenuation of ATR signalling.
In the context of attenuation of DDR, ATM kinase has
been shown to indirectly stabilize PPM1D by mediating the
phosphorylation and degradation of PPM1D antagonist
kinase HIPK2 in IR stressed cells (Choi et al. 2013). Whether ATR kinase adopts a similar mechanism to stabilize
PPM1D by promoting degradation of HIPK2, remains to be
elucidated. However, our results indicate that other than
preventing PPM1D degradation, ATR kinase is also
involved in ensuring nuclear localization of PPM1D. Indeed,
our time course experiments for cellular localization of
PPM1D in the presence of ATRi reveal that there is a temporal separation between loss of nuclear PPM1D and
decrease in whole cell levels of PPM1D protein, suggesting
that relocalization of PPM1D to the cytoplasm precedes its
degradation. Further, this temporal separation (between
relocalization and degradation) is observed on inhibition of
ATR kinase alone, while simultaneous inhibition of both
ATM and ATR kinase, results in rapid decrease in whole cell
level of PPM1D without noticeable relocalization. Hence in
the absence of ATR kinase activity, PPM1D is lost from the
nucleus and accumulates in the cytoplasm, which might lead
to its degradation, possibly due to high levels of HIPK2 in
the cytoplasm. The rapid degradation of PPM1D on simultaneous inhibition of ATR and ATM kinase can then be
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possibly explained by loss of ATM mediated HIPK2 inhibition. Although we implicate HipK2 as a common facilitator of ATR and ATM mediated attenuation of its own
signals, we believe that these two apical kinases follow two
distinct mechanistic routes in achieving this end-goal and
involvement of nucleolar control speciﬁcally via ATR signalling perhaps adds to this distinction, which is currently
under investigation (unpublished observations).
While the regulation of PPM1D during late phases of
DNA repair is well understood, our study highlights that the
phosphatase must be maintained on the chromatin even
under unstressed conditions, possibly to reduce spurious
activation of replication stress response. Interestingly, our
results also show that even without exogenous replication
stress, ATR kinase regulates chromatin levels of PPM1D.
Inhibition of ATR kinase leads to dissociation of PPM1D
from nucleolar compartment, release into cytoplasm, followed by its degradation. Most interestingly, while
DNAPKcs inhibition leads to similar effects, that of ATM
kinase inhibition does not. In the absence of stress, ATM
kinase does not seem to regulate PPM1D localization or
stability in any appreciable manner. Therefore, we propose
that both ATR and possibly DNAPKcs kinases prevent
PPM1D from exiting nucleolus and reaching cytoplasm,
thereby maintain the PPM1D steady state in unstressed cells
while ATM has no role in this basal maintenance of PPM1D
phosphatase. When cells are transiently replication stressed,
the role of ATR expands whereby PPM1D that is chromatin
recruited is brought back to the nucleolus by ATR action,
whose inhibition leads to mislocalization of PPM1D into the
cytoplasm followed by degradation possibly via HIPK2
mediated cycle (ﬁgure 10). Again, in this transient replication stress, ATM has no particular role.
It is relevant to highlight the importance of the approach
we followed in the current study: We established the ATR
role solely by employing speciﬁc chemical inhibitor at a
critical time-window in the HU treated system: short replication stress is elegantly simulated by transient exposure of
cells to HU treatment, followed by its washing-off step to
create the cellular recovery phase where we ensured that HU
stress was removed completely before we create full ATR
inhibition rapidly by adding the speciﬁc inhibitor. This type
of timing-based ‘ATR on to ATR off switch’ is not as efﬁciently achievable in conditional in SiRNA or ShRNA
approaches directed against ATR kinase. Moreover, such
depletions at protein level are likely to create other extraneous cellular effects since ATR protein is surely involved in
myriad other kinase-independent functions. Therefore, we
relied on ATR chemical inhibition approach, judiciously, and
corroborated PPM1D effects, both by chemical inhibition as
well as by SiRNA depletion experiment.
Finally, this study provides experimental evidence that
implicates PPM1D in attenuation of replication stress
response downstream to activated ATR kinase. Previous

44

Debadrita Bhattacharya et al.
Re-entry into
Cell cycle

Chk1

P
ATR

ATRIP
H2AX
RAD17

P

+
PPM1D

Endogenous state

2h Hydroxyurea

(unstressed)

(ATR kinase acve)

PPM1D

(NUCLEOLUS)

(CHROMATIN)

ATR kinase acve

Replicaon stress

Ongoing replicaon

Recovery
ATR kinase inacve

PPM1D

PPM1D

(CHROMATIN)

(NUCLEOLUS)

PPM1D

Proteosomal

(CYTOPLASM)

degradaon

P
ATR

ATRIP

P

P

H2AX

P

RAD17

ATR

ATRIP

P

RPA

P

H2AX

P

RPA 32

RAD17

32

P

RPA

Chk1

P

RPA 32
32

Chk1

New origin ﬁring

P

Cell cycle arrest
Persistent ATR

Cell cycle arrest

signaling

Fork collapse

Figure 10. Model for self-attenuation of ATR signalling cascade: When an ongoing replication fork encounters replication stress (2 h of
2mM HU), ATR gets activated and phosphorylates its downstream targets (Chk1, Rad17, H2AX, RPA32) which leads to cell cycle arrest
and prevents new origin ﬁring. Nucleoli localized PPM1D is recruited to chromatin. During recovery (ATR kinase active), these
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from nucleus (nucleolus/chromatin) to cytoplasm (both endogenously and during stress) followed by proteosomal degradation which results
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studies had independently shown that PPM1D dephosphorylates most targets of ATM kinase, as well as some common
ATM/ ATR kinase targets such as cH2AX and pChk1 (Lu
et al. 2005a, b; Oliva-Trastoy et al. 2007; Cha et al. 2010;
Moon et al. 2010a, b; Sakai et al. 2014; Shreeram et al.

2006). Further, although several different phosphatases have
already been shown to regulate individual ATR targets (Lu
et al. 2007; Chowdhury et al. 2008; Lee et al. 2010), no
single phosphatase has been implicated in attenuation of
ATR signalling circuit per se. Moreover, PPM1D, the
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attenuator of ATM signalling has generally been implicated
in ATR circuit attenuation as well without any direct
experimental veriﬁcation. Here, by monitoring a slew of
ATR marks, we try to provide this evidence, speciﬁcally in
post-replication stress recovery phase. It is pertinent to
mention that this is the ﬁrst mechanistic study that focuses
on the role of PPM1D cell biology as well as its molecular
action on ATR signal attenuation speciﬁcally in replication
stress recovery phase. We also show here that ATR kinase
itself regulates PPM1D phosphatase levels on chromatin
scaffold to attenuate its own signalling by dephosphorylating
multiple targets such as pRPA32, pChk1 and cH2AX, generated in response to replication stress. However, the
observation that PPM1D does not mediate dephosphorylation of ATR target pRAD17, evokes that additional phosphatases, possibly PPP4C, might be involved in ﬁne-tuning
the ATR attenuation. Interestingly while PPP4C phosphatase
(PP4C, PP4R3B, and PP4R2 subunits) does not substantially
change its intracellular localization following DNA damage
(Chowdhury et al. 2008) that of PPM1D does so by relocalizing from nucleolar to chromatin compartment (ﬁgure 9A). While it is known that ATR kinase activity is not
regulated by PPP4C (Chowdhury et al. 2008), it is not clear
whether PPM1D does regulate the kinase activity per se or
not, which is an important open question. We surmise that as
PPM1D, which is recruited to chromatin during DDR,
possibly encounters ATR-kinase there and regulates its
activity in time-dependent manner during DDR cycle, which
is an exciting possibility that we are probing now. The
number and sites of phosphorylation marks on ATR or even
ATM that might be ‘tuned’ up or down by PPM1D mediated
dephosphorylation, if at all, has remained an open challenge
in the ﬁeld.
In conclusion, we summarize the results in the model
(ﬁgure 10) and state that the current study, for the ﬁrst time,
evidences a novel role of ATR kinase speciﬁcally during
replication stress recovery, wherein the kinase stabilizes
PPM1D protein and retains it on the chromatin post replication stress to mediate attenuation of all the different arms
of ATR signalling. Interestingly, prior to replication stress,
PPM1D is stabilized in nucleolar compartment, again under
the control of ATR by an unknown mechanism, although it
is possibly linked to nucleolar homeostasis control exerted
by ATR. The work also underscores the importance of timely
attenuation of replication stress response, in absence of
which fork restart and cell cycle re-entry are disrupted.
Interpreting our observations in the context of cellular
physiology, we hypothesize that deregulation of ATR signalling attenuation during recovery (from replication stress)
creates a ‘jammed’ state in the genome such that even
though the replication stress is no longer present, the cell is
unable to resume DNA replication due to persistence of
damage signalling. It is hypothesized that increased fork
collapse on ATR inhibition is due to deregulation of origin
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ﬁring. However, here, we uncouple the role of ATR kinase in
regulation of origin ﬁring and evoke a novel role of ATR
kinase in mediating its own signal attenuation, via facilitating PPM1D recruitment to chromatin, perhaps in the vicinity
of activated ATR-targets (ﬁgure 10). In the absence of active
ATR in the recovery phase, PPM1D ‘dislodges’ to cytoplasm
and gets degraded, leaving ATR marks to stay persistently
ON. Interestingly, in the context of persistent ATR signalling, fork collapse can occur even without increased new
origin ﬁring or defects in fork protection (ﬁgure 5). This
ﬁnal outcome underscores the complex regulation ATR
kinase activity imposes on preventing the accumulation of
persistently regressed fork during replication recovery, perhaps by timely activation of SMARCAL1 helicase. Timedependent modulation of SMARCAL1 under the control of
ATR activity is still to be discovered.
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