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Abstract

DNA end resection is a key step in homologous recombination-mediated DNA repair. The ability to
manipulate resection capacity is expected to be a powerful strategy to rationally modulate DNA repair
outcomes in cancer cells and induce selective cell lethality. However, clinically compatible strategies
to manipulate resection are not yet well established. Here we find that long-term inhibition of the ATR
kinase has a drastic effect on DNA end resection. Inhibition of ATR over multiple cell division cycles
depletes the pool of pro-resection factors and prevents RAD51 as well as RAD52-mediated DNA
repair, leading to toxic end-joining and hypersensitivity to PARP inhibitors. The effect is markedly
distinct from acute ATR inhibition, which blocks RAD51-mediated repair but not resection and RAD52-
mediated repair. Our findings reveal a key pro-resection function for ATR and define how ATR
inhibitors can be used for effective manipulation of DNA end resection capacity and DNA repair

outcomes in cancer cells.
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Introduction

DNA replication is a major source of DNA double-strand breaks (DSBs), which arise as replication
forks encounter nicks on DNA or collide with obstacles such as DNA-protein or DNA-DNA crosslinks,
actively transcribed genes and hard-to-replicate sequences®. The ability of cells to sense and repair
replication-induced lesions heavily relies on the ataxia-telangiectasia-mutated (ATM)-rad3-related
kinase ATR?. ATR, together with its cofactor ATRIP, is recruited to RPA-coated single-stranded DNA
(ssDNA) exposed at replication-induced lesions and DSB intermediates®. Upon recruitment, ATR
becomes activated by the proteins ETAA1 and TOPBP1 to initiate an extensive signaling response*.
In its canonical mode of action, ATR phosphorylates and activates the CHK1 kinase, which has
established roles in the control of cell cycle progression and transcriptional responses, among other
processes®**. While chemical or genetic ablation of ATR or CHK1 function results in loss of viability

113 the mechanisms by which these kinases maintain

and exquisite sensitivity to replication stress
genome integrity are still enigmatic. In particular, it remains unclear how ATR and CHK1 control DNA

repair processes necessary to repair DSBs generated during DNA replication.

Recently, ATR has emerged as an important regulator of homologous recombination (HR)** 2. HR is
initiated by the 5'-3' nucleolytic processing of DNA ends (referred to as resection), which allows
subsequent recruitment of the RAD51 recombinase'®. Resection initially requires the activity of the
MRN (MRE11-RAD50-NBS1) nucleolytic complex together with the stimulatory factors BRCA1 and
CTIP? . Short ssDNA overhangs generated by MRN are then further processed by the concerted
activity of the exonuclease EXO1, the flap- endonuclease DNA2, and the helicase BLM?*?5, ssDNA

R which then controls RAD51 loading

intermediates generated by resection robustly activate AT
by directly phosphorylating PALB2%, a tumor suppressor required for the recruitment of BRCA2-
RADS51 to resected breaks®. In addition, ATR indirectly promotes HR capacity through the activation

of E2F transcription and the consequent expression of HR proteins during the S-phase of the cell
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cycle’’. Mechanistically, ATR-CHK1 signaling mediates the release of E2F6, E2F7 and E2F8
repressors from target promoters allowing the E2F1 activator to initiate gene transcription®*33.
However, it remains unclear how the depletion of E2F-regulated HR factors alters the steps of HR and

the impacts for DNA repair outcomes.

Most cancer cells exhibit intrinsically high levels of ATR activation, which has been attributed to their
increased levels of replication stress caused by oncogene-induced de-regulation of DNA
replication*®*’. Given the higher reliance of cancer cells on ATR signaling, inhibition of ATR signaling
has been explored as a strategy for cancer therapy****=°. Early development of potent ATR inhibitors
enabled recent clinical trials for the treatment of different malignancies, including prostate, ovarian,
and lung cancer’”*. Numerous ATR inhibitors have been developed since then, and a range of
clinical trials are currently on phase | and phase 11°®*°. Notably, ATR inhibitors were found to exhibit

17,40-43

strong synergism with PARP-inhibitors in sensitizing cancers , although the mechanism behind

such synergy remains elusive.

Here, using chemical and genetic approaches to manipulate ATR signaling, we find that ATR inhibition
severely impairs DNA resection, the initial step of homology-directed DNA repair. Long-term treatment
with sub-lethal doses of different ATR inhibitors led to a significant depletion of BRCA1, CTIP, and
BLM, three essential DNA end resection factors. Loss of these resection factors correlates with a
substantial reduction in DNA end resection capacity as measured quantitatively through a CRISPR-
Cas9-based assay, and hypersensitivity to PARP inhibitors. Our results support a mechanism by
which long-term ATR inhibition is more effective at hyper-sensitizing cells to PARP inhibitors
compared to short term ATR inhibition. We find that loss of DNA end resection after prolonged
suppression of ATR signaling sensitized cells to PARP inhibitors in a DNA-PKcs-dependent manner
and propose that long-term ATR inhibition allows NHEJ-mediated repair and the subsequent

accumulation of toxic chromosomal aberrations. Short-term ATR inhibition, while effective at
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suppressing canonical HR by preventing RAD51 loading, has little impact on resection, and therefore
allows engagement of alternative rescuing repair pathways, including RAD52-mediated repair.
Overall, our findings reveal a key pro-resection function for ATR and define how ATR inhibitors can be
used for effective manipulation of DNA end resection capacity and DNA repair outcomes in cancer

cells.


https://doi.org/10.1101/2020.01.13.905059

bioRxiv preprint doi: https://doi.org/10.1101/2020.01.13.905059; this version posted January 14, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Results

Chemical and genetic ablation of ATR signaling depletes the abundance of key resection
factors

We have previously shown that long-term treatment with the ATR inhibitor (ATRi) VE-821 severely
depletes the abundance of HR factors and reduces HR capacity in cancer cells'’. Here, using two
distinct ATR inhibitors, VE-821, and AZD6738, we find that the abundance of three central resections
factors, BRCAL, BLM and, CTIP, is strongly reduced by long-term ATR inhibition in U-20S cells (Figs.
la-d). Of importance, only minor alterations in cell cycle distribution were observed under the
conditions used (Fig. 1e), indicating that the observed changes in protein abundance are not due to
the indirect effects of a cell cycle arrest. To further confirm that the diminished abundance of DNA end
resection factors was caused by loss of ATR signaling, we monitored the abundance of these proteins
upon genetic ablation of the ATR activators TOPBP1 and ETAAL. We used an HCT116-derivative cell
line where the ATR Activating Domain (AAD) in the ETAAL gene has been removed by CRISPR-
Cas9, and both alleles of TOPBP1 were tagged with an mAID epitope to conditionally induce TOPBP1

degradation upon auxin treatment***

(Fig. 1f). TOPBP1 auxin-dependent degradation resulted in
destabilized BRCA1, BLM, and CTIP (Fig. 1g), similar to the effect observed with ATRi treatment. The
abundance of resection factors was restored after auxin washout, indicating that loss of resection
capacity is transient and is caused by the temporary and reversible suppression of ATR signaling (Fig.
1h). Importantly, auxin-induced TOPBP1 depletion did not alter the cell cycle distribution (Fig. 1i).
Taken together, these results show that ATR signaling plays a key role in maintaining the abundance
of crucial pro-resection factors. Since genotoxins are not used in the described experiments, the
findings suggest that the maintenance of resection factor abundance relies on intrinsic ATR activation.
Furthermore, since acute treatment (up to 24 hours) with ATR inhibitors does not result in similar

depletion of resection factors, the activity of ATR must be inhibited over multiple cell division cycles for

the altered abundances to become noticeable.
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Long-term ATR inhibition severely impairs DNA end resection

Based on the results above, we predicted that long-term ATR inhibition leads to a strong decrease in
DNA end resection efficiency. To test this, we used an engineered system to introduce DSBs at a
defined genomic locus through CRISPR-Cas9 technology and measured nearby ssDNA accumulation
using Droplet Digital PCR (ddPCR). The combination of these tools allows precise and reliable
quantitation of resection intermediates®. We selected a locus on Chromosome | and analyzed ssDNA
accumulation at 364bp from DSB ends in U-20S cells®*** (Fig. 2a). Importantly, all the ssDNA
measurements through ddPCR were normalized on Cas9 cleavage efficiency to circumvent a potential
decrease of cleavage efficiency in ATRI treated cells. Strikingly, VE-821 pretreatment caused a dose-
dependent reduction in the ssDNA signal detected by ddPCR (Fig. 2b), consistent with the prediction
that the depletion of resection proteins is causing loss of resection capacity. In particular, the highest
VE-821 dose tested caused a decrease in sSDNA accumulation comparable to the profound loss of
resection observed in cells where BRCA1 has been depleted by siRNA (Fig. 2c). To confirm that the
observed impairment of resection required multi-day long-term ATRI treatment, and is not due to a
rapid effect of the ATR inhibitor, such as impairment of protein-protein interactions*®, we also
measured ssDNA after an acute and high-dose VE-821 treatment. Consistent with the idea that the
gradual depletion of central resection factors, and not a short-term effect of ATR inhibition, acute
inhibition of ATR or CHK1 for 8 hours only caused a minor reduction in ssDNA exposure (Fig. 2d).

Acute ATRI treatment did not cause any change in the abundance of BRCAL, CTIP, or BLM (Fig. 2e).

Because BRCAL abundance is strongly affected by long-term ATR inhibition (Figs. 1a-d), we asked
whether the impairment of resection was predominantly caused by the loss of BRCA1's function in
counteracting the anti-resection factor 53BP1. Since 53BP1 inactivation restores resection and HR in
BRCA1-deficient tumors*" ™, we asked whether loss of 53BP1 could restore resection in cells treated

chronically with ATR inhibitors. Consistent with previous works, we found that 53BP1 depletion by
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SiRNA significantly rescues resection in cells depleted for BRCAL, as measured by ddPCR at Cas9-
induced breaks (Fig. 2f, g). Further analysis in U-20S cells stably expressing inducible shRNA against
53BP1 and subjected to a 5-day pre-treatment with VE-821 revealed that 53BP1 inactivation does not
accelerate resection speed upon long-term ATRi treatment (Fig. 2h, i). Therefore, loss of resection
capacity in cells treated chronically with ATR inhibitors is not solely due to loss of BRCA1 but is likely
a consequence of the loss of multiple important pro-resection factors. Overall, these results support
the model whereby ATR inhibition severely impairs resection when cells undergo multiple cell
divisions in the presence of ATR inhibitors (Fig. 2j). The long-term treatment not only prevents the de
novo synthesis of resection proteins by blocking the E2F-mediated transcription of new factors'’ but
also allows for progressive degradation of the pre-existing pool (Fig. 2j). In addition, these findings
establish a key pro-resection function for ATR, especially in cancer cells undergoing intrinsically high
levels of ATR-CHK1 signaling due to elevated oncogene-induced replication stress. In these cells,
increased ATR signaling should drive increased resection capacity and increased engagement of HR-

mediated repair.

Long-term ATR inhibition impairs RAD51 and RAD52 localization to DNA damage-induced foci

Given the differences in resection capacity upon long-term versus acute ATR inhibition, we reasoned
that these distinct modes of ATRi treatment should lead to different outcomes in how DNA lesions are
repaired. Acute ATR inhibition was previously reported to impair RAD51 localization to IR-induced
foci, which requires ATR-mediated phosphorylation of PALB2 and its subsequent interaction with
BRCA1™. Since resection is only mildly affected upon acute ATR inhibition, we predicted that cells
treated acutely with ATR inhibitors should still be proficient in utilizing Single Strand Annealing (SSA),
a homology-directed repair pathway dependent on RAD52, but independent of RAD51-PALB2-
BRCA2°. Consistent with this prediction, we found that acute VE-821 treatment impaired PARPI-
induced RADS51 foci in U-20S cells (Fig. 3a, b), but did not alter PARPi-induced RAD52 foci (Fig. 3c,

d). As a positive control for the requirement of resection for SSA™, the ability of cells to form PARPI-
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induced RAD52 foci was severely impaired in cells treated with the MRN inhibitor Mirin (Fig. 3d).
Importantly, and congruent with the requirement of resection for SSA, long-term ATRi treatment
severely reduced RAD52 foci formation after PARPI treatment (Fig. 3e, f). Long-term ATRI treatment
further diminished the number of cells with detectable RAD51 foci compared to an acute ATRI
treatment (Fig. 3g). These findings highlight how acute and long-term ATR treatment can drastically
shape distinct DNA repair outcomes. In a condition where ATR signaling is not inhibited, ATR
promotes HR by maintaining the proper abundance of the HR machinery and by directly
phosphorylating HR factors (Fig. 3h). Since direct phosphorylation of HR factors by ATR seems
dispensable for resection, but essential for RAD51 loading, acute ATR inhibition still allows resection,
which in turn enables the engagement of resection-dependent repair pathways, such as RAD52-
dependent repair (Fig. 3i). Long-term ATR inhibition leads to a distinct scenario, in which resection is
severely blocked, therefore preventing both RAD51 and RAD52 engagement, and generally impairing

any type of homology-directed repair (Fig. 3i).

Long-term ATR inhibition induces hypersensitivity to PARP inhibitors in a DNA-PKcs-
dependent manner

Since RAD51 or RAD52-dependent repair represent parallel HR pathways for promoting resistance to
PARP inhibitors®*°*®° we reasoned that long-term ATR inhibition should lead to greater sensitization
to PARP inhibitors as compared to acute ATR inhibition. To test this prediction, we monitored cell
survival in cells subjected to a 5-day ATRi pre-treatment, followed by a 24-hour treatment with the
PARP inhibitor Olaparib (Fig. 4a). At the end of the 5-day ATRi pre-treatment, cells should be highly
defective in resection and unable to utilize any HR pathway for repairing PARPI-induced DNA lesions
(Fig. 4a). We tested the protocol in three distinct cell lines, two cancer cell lines (HCT116 and U-20S),
and an untransformed cell line (RPE1). Congruent with our hypothesis, we found that ATRIi pre-
treatment increased the sensitivity of the two cancer cell lines to PARPI but did not increase sensitivity

in the RPEL1 cell line (Fig. 4b).
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Since loss or delayed DNA end resection leads to prolonged binding of NHEJ machinery at DSB
ends®®, we reasoned that long-term ATRi treatment leads to increased DNA-PKcs activation and,
consequently, to the pronounced use of NHEJ to repair PARPi-induced lesions. Strikingly, long-term
ATR inhibition induced activation of DNA-PKcs and the magnitude of DNA-PKcs activation in the
different cell lines correlated with the degree of sensitization to PARPi conferred by the long-term

ATRI pre-treatment (Fig. 4c).

The results suggest that the increased sensitization to PARPi induced by long-term ATRi pre-
treatment is dependent on toxic NHEJ repair events that lead to loss of viability. Consistent with this
possibility, we observed a significantly higher number of radial chromosomes, a typical output of toxic
NHEJ of PARPi-induced breaks, in HCT116 cells exposed to the ATRi pre-treatment (Fig. 4d). Radial
chromosomes after ATRi pre-treatment were NHEJ-dependent and where reduced by DNA-PK
inhibition (Fig. 4d). In addition, the DNA-PKcs inhibitor NU7441 was able to rescue the sensitivity to
PARPI conferred by the ATRI pre-treatment (Fig. 4e). Taken together, these findings support the
model whereby ATRI pre-treatment induce hypersensitization to PARPi by allowing toxic NHEJ-
mediated repair of DSBs. Of importance, the degree of sensitization to PARPI that is induced by long-
term ATRI is distinct in different cell lines and directly correlates with the level of DNA-PKcs activation

of each cell line.

Long-term ATR inhibition bypasses overexpression of E2F1

E2F transcription is often elevated in cancer by mutations in the pRb pathway®’. Since long-term ATR
inhibition affects the abundance of E2F targets'’, many of which are components of the HR
machinery, the ability of cancer cells to upregulate E2F transcription could, in principle, bypass the
effects of long-term ATR inhibition. In this case, cancer cells would become refractory to the effects of

ATR inhibition and resection factor abundance would not decrease. To verify whether elevated E2F
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transcription could bypass the effects of long-term ATRIi, we generated a conditional system to
overexpress E2F1 using CRISPR/dCas9 transcriptional activation®®. Using HCT116-dCas9-VP64
stable clones and five distinct sgRNAs targeting the E2F1 promoter, we were able to achieve robust
overexpression of E2F1 (Fig. 5a, b). As expected, overexpression of E2F1 was associated with an
increase in the abundance of several E2F targets (Fig. 5b). As a control, the abundance of 53BP1,
whose expression is not regulated by E2F1, remained unaltered. Next, we subjected HCT116-dCas9-
VP64 control or E2F1 overexpressing cells to a 5-day treatment with the ATRi AZD6738.
Unexpectedly, long-term treatment with AZD6738 overcame high E2F1 expression and led to the
efficient and gradual depletion of BRCA1 and CTIP resection factors (Fig. 5¢). These results indicate
that long-term ATRI treatment depletes DNA end resection factors independently of E2F1 status,
suggesting that altering E2F expression does not represent a mechanism by which cancer cells may

become refractory to changes in resection factors induced by long-term ATRI treatment.
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Discussion

5’-3' DNA end resection is a crucial step in defining DNA repair outcomes. The ability to manipulate
resection capacity is expected to be a powerful strategy to rationally modulate DNA repair outcomes in
cancer cells and induce selective cell lethality. Here we report that ATR inhibitors can be used as
potent modulators of DNA end resection. We further build on this finding to define how ATRi-induced
resection loss promotes hypersensitivity to PARP inhibitors. Since PARP inhibitors are already FDA
approved drugs used in cancer therapy, and ATR inhibitors are already in phase Il clinical trials, our
work should be directly applicable to the better design of drug treatment regimes. In particular, the
understanding that long-term ATR inhibition promotes a resection block that forces NHEJ repair of

PARPi-induced lesions reveals a defined rationale for enhancing the effectiveness of these inhibitors.

These findings establish a new role for ATR in modulating DNA end resection capacity. While

previous studies elucidated the contribution of ATM and DNA-PKcs in resection initiation**>°

, it was
still unclear whether ATR contributes to DNA end resection. Part of this knowledge gap is caused by
the employment of RPA or thymidine analog-based assays to visualize resection intermediates, which

might conflict with the ATR role in suppressing origin firing and buffering RPA pool®

. Here, employing
a CRISPR-Cas9-based resection assay?’, we found that up to 24 hours of ATR inhibition (acute
inhibition) only caused a minor reduction in sSDNA accumulation. These findings are also in line with
the established hierarchical mode of kinase activation at resected breaks, whereby ATR activation
occurs after ATM signaling®®°. A modest reduction in ssDNA accumulation is still appreciable after
acute ATR inhibition, indicating that ATR has a direct role in DNA end resection. Consistent with this
idea, we have previously proposed that, upon recruitment and activation, ATR promotes an interaction
between BRCA1 and the TOPBP1 scaffold to form a pro-resection complex that counteracts 53BP1-
dependent resection inhibition*®. While acute ATR inhibition has minor effects on resection, it does

d16,61

lead to severe reduction in RAD51 loading, as previous reporte , and confirmed here (Fig. 3a, b).
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Interestingly, however, the inability of acute ATRI treatment to impair DNA end resection allows the
engagement of RAD52-dependent pathways that mitigate the cytotoxic effect of PARP inhibitors and
other drugs. Previous studies have shown that RAD52-mediated repair could compensate for loss of
HR in cells lacking the PALB2-BRCA2 machinery and therefore, could represent a mechanism of
resistance to acute treatments with PARP inhibitors and ATR inhibitors®*°*>>? Notably, RAD52 was
reported to foster RAD51-dependent recombination in brca2-deficient cells®, therefore bypassing the
requirement of PALB2 phosphorylation by ATR and possibly explaining the residual levels of RAD51
foci observable after acute ATRi and PARPIi. Moreover, acute ATR inhibition has been shown to
disrupt restored RAD51 foci and HR in brcal 53bp1l cells after PARPI treatment®®. Because 53bpl-
deficient cells have a pronounced preference for RAD52-mediated repair®®, we predict that acute ATR
inhibition would still allow RAD52-dependent pathways to occur in brcal 53bpl cells. In this sense,
the ability of long-term ATRi treatments to inhibit both RAD51 and RAD52-dependent DNA repair
provides the mechanistic rationale to utilize ATRI in treating HR-deficient tumors with acquired
resistance to PARPI and other drugs. While it is still unclear whether the loss of a specific factor is
responsible for the decrease in DNA end resection capacity upon long-term ATRI, our data suggest
that loss of resection capacity upon long-term ATRI treatment is complex and due to loss of multiple
pro-resection factors rather than loss of one specific factor, such as BRCAL. This is supported by our
experiments showing that loss of 53BP1 does not increase resection efficiency upon long-term ATR
inhibition. While loss of 53BP1 can restore HR and RAD51 foci in brcal cells*, it fails to do so in cells
depleted of other resection factors such as CtIP**®*. Since the inability to promote resection upon
long-term ATR inhibition could be due to the combined loss of BRCA1, CtlP, and additional pro-
resection factors, we do not expect that restoring any specific factor alone is enough to restore

resection.

Our findings strongly support the model whereby a decrease in DNA end resection and HR capacity

upon long-term ATR inhibition leads to increased engagement of DNA-PKcs at DNA ends caused by
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PARPI, which promotes increased NHEJ, chromosomal aberrations, and cell death. Congruent with
this model, we find that inhibition of DNA-PKcs restores cell viability in cells treated chronically with
ATRI. This finding is also consistent with previous reports showing that genetic and chemical ablation
of DNA-PKcs can suppress the formation of radial chromosomes in HR-deficient cancers and Fanconi
Anemia patient-derived cells®®. These reports and our findings raise the question of how cells
deprived of both HR and NHEJ repair pathways survive to PARPI treatment. We propose that the
engagement of DNA-PKcs at DNA breaks prevents any resection and rapidly directs DNA repair
toward NHEJ, and that inhibition of DNA-PKcs allows time for residual resection to eventually occur,
which in turn allows microhomology-mediated end joining (MMEJ) repair events. In the future, to
understand the mechanism of DNA-PKcs-induced cell lethality, it would be essential to identify the
DNA-PKcs target(s) through which DNA-PKcs promotes NHEJ. In particular, such analysis should be
performed in the context of cells treated with ATRi, which might expand the spectrum of DNA-PKcs
substrates, including proteins that are normally not targeted by the kinase. While other studies
previously observed DNA-PKcs activation after ATR inhibition**®’, it is still unclear what DNA
structures arising after ATR inhibition trigger DNA-PKcs activation in cells. A possible scenario is that
the gradual decrease in resection capacity caused by long-term suppression of ATR signaling leads to
a progressive engagement of DNA-PKcs at DNA breaks naturally forming during DNA replication or as
a consequence of ATR inhibition. Also, DNA breaks could arise from extensive degradation of stalled
replication forks, since long-term ATR inhibition could deplete the abundance of fork protection factors
such as BRCA1/2'". As a consequence, extensive fork degradation allows the SLX4-MUS81 nuclease
complex to cleave replication forks leading to DNA-PKcs activation*#°®®_ According to our data, DNA-
PKcs activation by long-term ATRI pretreatment is not only a key event in the sensitization of cancer
cells to PARP inhibitors but also the magnitude of DNA-PKcs activation/signaling could be considered
as a predictive marker of long-term ATRI efficacy in sensitizing cancer cells to PARP inhibitors. These
findings provide mechanistic rationales for the design of more effective inhibitor treatment regimes and

to better predict the treatment efficiency based on the levels of DNA-PKcs activation.
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Modulation of the E2F-dependent transcription program is at the heart of the observed effects of long-
term ATR inhibition. E2F-dependent transcription has a range of relevant implications to understand
cancer proliferation and the ability of cancer cells to withstand high levels of endogenous and
genotoxin-induced replication stress. E2F transcription is increased by oncogenic mutations that
alleviate the pRb inhibitory activity on E2F1 (mutations on pRb or CDKNZ2A, for instance). In addition,
increased E2F-transcription is a common feature of cancers undergoing increased levels of intrinsic
replication stress and ATR signaling®*’°. We further speculate that E2F transcription is also induced in
tumors undergoing repeated cycles of chemotherapy, and that increases in the E2F-dependent
transcriptional program represent a potential source of resistance to anticancer drugs. In agreement
with this idea, a recent study showed that a pre-exposure to cisplatin is sufficient to induce an ATR-
dependent adaptive response to subsequent cisplatin treatments that involves transcription of the
PRIMPOL protein to rescue fork degradation in brcal cancer cells”. This finding is in line with our
model positioning ATR as a sensor of intrinsic or drug-induced replication stress and a regulator of
genome stability through the modulation of the E2F transcription program and HR-coupled repair.
Importantly, our ability to overcome induced E2F1 overexpression by long-term ATR inhibition
indicates that resection and HR capacity can be remodeled independently of the levels of E2F
transcription. This finding should be relevant to addressing ATRi-mediated therapies in tumors that are
highly dependent on EZ2F transcription or in tumors that have built an adaptive response to

chemotherapy’".

In the future, it will be essential to transfer the knowledge accumulated about the effect of long-term
ATR inhibition to more complex systems such as tumor organoids and, more importantly, to mouse
models of human cancers. To date, an effective strategy to inhibit DNA end resection with high

tolerability and minimized side effects in patients is still missing. Long-term ATR inhibition represents
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an innovative and efficient strategy to inhibit DNA end resection and manipulate DNA repair outcomes

in many cancers.
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Methods

Cells. U-20S, HCT116, RPE1, 293T cells were cultured in Dulbecco Modified Medium supplemented
with 10% fetal calf serum, 1% penicillin/streptomycin and 1% Non-essential aminoacids. HCT116-
ETAALAAAD-TOPBP1-mAID, a kind gift from David Cortez, were cultured in Dulbecco Modified
Medium supplemented with 10% fetal calf serum, 1% penicillin/streptomycin and 1% Non-essential
aminoacids. U-20S-SEC (Stably Expressing inducible Cas9) clones were generated by lentiviral
infection with TLCV2 vector (a kind gift from Adam Karpf, Addgene plasmid #87360) followed by
puromycin selection (1pg/ml). HCT116-dCas9-VP64 clones were generated by lentiviral infection with
the pHAGE EF1a dCas9-VP64 vector (a kind gift from Rene Maehr and Scot Wolfe, Addgene plasmid
#50918) followed by puromycin selection (1ug/ml).

U-20S-shSCRAMBLE and U-20S-sh53BP1 were generated by lentiviral infection with pLKO.1
derivative  plasmid followed by puromycin selection (1pg/ml). shSCRAMBLE.FOR:
CCGGCCTAAGGTTAAGTCGCCCTCGCTCGAGCGAGGGCGACTTAACCTTAGGTTTTTG.
ShSCRAMBLE.REV:AATTCAAAAACCTAAGGTTAAGTCGCCCTCGCTCGAGCGAGGGCGACTTAA
CCTTAGG.
sh53BP1.FOR:CCGGGATACTCCTTGCCTGATAATTCTCGAGAATTATCAGGCAAGGAGTATCTTTT
TG.
sh53BP1.REV:ATTCAAAAAGATACTCCTTGCCTGATAATTCTCGAGAATTATCAGGCAAGGAGTAT
C.

All the cell lines were regularly tested for mycoplasma contamination with the Universal Mycoplasma

Detection Kit (ATCC).

Inhibitors and chemicals. The inhibitors used in this study are VE-821 (ATRi, Selleckchem),
AZD6738 (ATRI, Selleckchem), UCN-01 (CHK1i, Sigma Millipore), Mirin (MRE11i, Sigma Millipore),

NU7441 (DNA-PKIi, Selleckchem), Olaparib (PARPi, Selleckchem). 5-iododeoxyuridine (IdU, Sigma
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Millipore) was used at 25uM concentration. Auxin (IAA, Sigma Millipore) was used at a 10ug/ml

concentration.

Antibodies. The antibodies used in this study are: BRCA1"® (provided by Raimundo Freire), CTIP
(A300-488A, Bethyl Laboratories), BLM (A300-110A, Bethyl Laboratories), 53BP1 (NB100-304, Novus
Biologicals), B-Actin (MA1-140, Thermo Fisher Scientific), TOPBP1"® (provided by Raimundo Freire),
RRM2' (provided by Raimundo Freire), RPA2-pS4/8 (A300-245A, Bethyl Laboratories), DNA-PKcs-
pS2056 (PA5-78130, Thermo Fisher Scientific), DNA-PKcs (A300-516A-T, Bethyl Laboratories),
Vinculin (#4650, Cell signaling), RAD51 (PC130, Calbiochem), RAD52 (5E11E7, Thermo Fisher
Scientific), yH2AX (JBW301, Sigma Millipore), yH2AX (A300-081A, Bethyl Laboratories), E2F1 (sc-

251, Santa Cruz Biotechnology).

RNAIi. U-20S-SEC cells were transfected with the indicated siRNA using Lipofectamine RNAIMAX
(Thermo Fisher Scientific) according to the manufacturer’s instructions and used 72 hours after sSiRNA
transfection. SINT was purchased from Ambion (Cat#AM4629), SiBRCAL:

AAAUGUCACUCUGAGAGGAUAGCCC, si53BP1: AGAACGAGGAGACGGUAAUAGUGGG.

Cell Cycle Analysis. To analyze cell cycle distribution, cells were pulse-labelled with 25uM IdU for 30
minutes. After fixation, an additional incubation with BrdU primary antibody followed by an incubation
with AlexaFluor488 secondary antibody was done. Data acquisition was performed with a FACS DIVA

Software.

DSB generation through CRISPR-Cas9. For resection experiments in U-20S-SEC, DSB2 sgRNAs
were synthetized and purchased from Thermo Fisher Scientific and transfected using Lipofectamine
RNAIMAX (Thermo Fisher Scientific) according to the manufacturer’'s instructions. Prior to sgRNA

transfection, Cas9-eGFP expression was induced for 24 hours with 1ug/ml doxycycline. For resection
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experiments in Cas9 not expressing cell lines, DSB2 sgRNAs and TrueCut Cas9 protein were
synthetized and purchased from Thermo Fisher Scientific and transfected using Lipofectamine

CRISPRMAX (Thermo Fisher Scientific) according to the manufacturer’s instructions.

Genomic DNA extraction. U-20S cells were pretreated with ATRi VE-821 and then seeded O/N on
12-well plate. 8 hours after sgRNA transfection, cells were harvested and genomic DNA was extracted
by Nucleospin™ Tissue Kit (Macherey-Nagel) according to the manufacturer’s instructions. The day
after, a desired volume of genomic DNA was equally mock or digested with BamHI (New England
BioLabs) for 4 h at 37°C. Digested and mock digested DNA was precipitated, purified and 5ul were

used for each ddPCR reaction.

DNA end resection measurement through Droplet Digital PCR (ddPCR). The ddPCR reaction was
assembled as follows: 5l of genomic DNA, 1X ddPCR™ Supermix for Probes (no dUTP, Bio-Rad),
900nM for each pair of primers, 250nM for each probe, and dH,O to 20ul per sample. Droplets were
produced pipetting 20pl of the PCR reaction mix into single wells of a universal DG8™ cartridge® for
droplets generation (Bio-Rad). 70ul of droplet generation oil® was also added in each well next to the
ones containing the samples. Cartridges were covered with DG8™ droplet generator gaskets (Bio-
Rad) and then placed into the droplet generator (QX200™, Bio-Rad). After droplet generation, 40pl of
emulsion were transferred from the cartridge to a 96-well ddPCR plate (Bio-Rad). Before PCR
reaction, 96-well PCR plates were sealed with peelable foil heat seals at the PCR plate sealer
machine (PX1™, Bio-Rad). For PCR reaction, Taq polymerase was activated at 95°C for 5 minutes
and then 39 cycles of 95°C for 30 s and 58.7°C for 1 minute were made. At the end of the cycles, a 5
minute-step at 90°C was made and then temperature was held at 12°C. After the PCR, FAM and HEX
fluorescence was read at the droplet reader (QX200™, Bio-Rad) using QuantaSoft™ software (Bio-
Rad). For each sample the number of droplets generated were on an average of 15,000. The number

of copies/ul of the target loci was determined setting an empirical baseline threshold identical in all the
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samples. For the calculation of Cas9 cleavage efficiency, a ratio (r) was made between the number of
copies of the locus across the Cas9 site (HEX probe) and a control locus on Chr. XXII (FAM probe) in
cells transfected or not with the sgRNA. We then calculated R= r.grna/f-grna @nd the final cleavage
efficiency with the following equation: % Cas9 cleavage efficiency= (1-R)*100. For the measurement
of ssDNA generated by the resection process (% ssDNA) we calculated the ratio (') between the
number of copies of DSB2 locus (364bp from the Cas9 site) and a control locus on Chr. XXII with or
without sgRNA digested or mock with BamHI restriction enzyme. The absolute percentage of SSDNA
was then calculated with the following equation: % SSDNA= (I'gigested/I'mock)+grnA= (I digested/I'mock)-grna- The
final percentage of DSB resected was calculated making the ratio between the % ssDNA and the %

Cas9 cleavage efficiency.

E2F1 overexpression through CRISPRa. Five different sgRNAs sequences targeting the E2F1
promoter were individually cloned into a LentisgRNA-neo (a gift from Brett Stringer, Addgene plasmid
#104992). sgRNAs were designed using the GPP sgRNA designer tool, from Broad Institute/MIT

(https://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design-crisprai)  (sequences  are

available in the Supplementary Table 1). Lentivirus for each sgRNA were produced in 293T cells using
standard procedures. HCT116-dCas9-VP64 stable clone was transduced with viral pools containing
five different sgRNAs specific for the E2F1 promoter. Viral transduction was then followed by selection

with G418 (700ug/ml) for 3-5 days.

Cell viability assay. U-20S, HCT116, or RPEL1 cells were treated for 5 days with DMSO or 2.5 pM
VE-821, refreshing media on days 2 and 4. Then either 1 x 10° cells were passaged in new plates with
media containing DMSO, VE-821 (2.5 uM), Olaparib (2.5 uM or 5 uM), or a combination of VE-821
and Olaparib. Cells were treated in these conditions for 24 hours, after which the drugged media was

removed, allowing the cells to recover for 8 days in drug-free media. After the recovery period, live cell

27


https://doi.org/10.1101/2020.01.13.905059

bioRxiv preprint doi: https://doi.org/10.1101/2020.01.13.905059; this version posted January 14, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

number was quantified. Live cell number quantification was performed by trypsinizing the cells and

counting with the MOXI Z Automated Cell Counter Kit (Orflo, MXZ001).

Metaphase spreads preparation. Prior to harvest, cells were treated with 150 ng/ml Colcemid for 1
hour and then collected by centrifugation. Cell pellets were shortly resuspended in Hypotonic Buffer
and then fixed in fixation buffer overnight (3:1 Methanol: Acetic Acid). Fixed cells were extensively
washed with fixation buffer and then spotted on microscope slides with Vectashield Antifade mounting
medium with DAPI (Vector Laboratories). Metaphase spreads were imaged using a Leica DFC9000
GTC cMOS camera with a 100X objective. Each condition was repeated in three independent
biological experiments approximately 50 metaphases were analyzed per condition. The two-tailed

Student’s t test was used for statistical analysis.

Immunofluorescence and Microscopy Analysis. U-20S cells were grown on coverslips and treated
with the indicated combination of acute/chronic ATRi and PARPI treatment. Cells were then fixed with
3.7% formaldehyde in PBS for 10min at RT. Fixed cells were then washed three times with PBS,
permeabilized 5 minutes with 0,2% Triton-X100/PBS at RT and blocked in 10%BSA/PBS 20 minutes
at RT. Coverslips were incubated first with primary antibodies for 2 hours at RT, followed by three
washes with PBS, and then for 1 hour with relative secondary antibodies (Alexa Fluor488 Goat anti-
Mouse IgG (H+L) and Alexa Fluor568 Donkey anti-Rabbit IgG (H+L), Thermo Fisher Scientific). After
incubation with secondary antibody, coverslips were washed three times with PBS and then mounted
on glass microscope slides using DAPI-Vectashield mounting medium (Vector Laboratories).
Microscope slides were imaged using a Leica DMi8 inverted fluorescent microscope with a 63X
objective. For RAD51 and RAD52 foci scoring, approximately 150-200 cells/replicate were counted
and the fraction of cells with more than 5 distinct RAD51 foci or 10 distinct RAD52 foci was

determined. The two-tailed Student’s t test was used for statistical analysis.
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Immunoblotting analysis. Cells were harvested and lysed in modified RIPA buffer (50mM Tris-HCI
pH 7.5, 150mM NaCl, 1% Tergitol, 0.25% Sodium Deoxycholate, 5mM EDTA) supplemented with
Complete EDTA-free protease inhibitor cocktail (Roche), 1mM PMSF and 5mM NaF. Whole cell
lysates, after sonication, were cleared by 15 minutes centrifugation at 13,000 rpm at 4°C. 20ug of
protein extract were mixed with 3X SDS Sample Buffer and resolved by SDS-PAGE. Gel were
transferred on PVDF membranes and western blot signal was acquired with a Chemidoc Imaging

System (Bio-Rad).

Statistical analysis. All experimental results were analyzed using unpaired two-tailed Student’s t test

as indicated in figure legends.

Data availability

The authors declare that all data supporting the findings of this study are available within the article or

from the corresponding author upon request.
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FIGURE LEGENDS

Fig.1 Chemical and genetic ablation of ATR signaling depletes the abundance of key
resection factors. (a) U-20S cells were cultured for 5 days in medium containing DMSO or the
indicated concentrations of ATR inhibitor (ATRi) VE-821 and analyzed by immunoblotting. (b)
Quantification of blots in (a). (c) U-20S cells were treated as in (a) but with the ATRi AZD6738. (d)
Quantification of blots in (c). (e) IdU incorporation analysis of U-20S cells treated as in (c). (f)
Strategy for abrogating ATR activators using the HCT116-ETAA1A4AAD-TOPBP1-mAID cell line. (g)
Immunoblot analysis in HCT116-ETAALAAAD-TOPBP1-mAID cells after 2 days in auxin. (h)
Immunoblot analysis of HCT116-ETAA14AAD-TOPBP1-mAID cells treated for 2 days with auxin and
released in fresh medium for additional 2 days. (i) IdU incorporation analysis of HCT116-

ETAALAAAD-TOPBP1-mAID cells treated as in (g).

Fig. 2 Long-term ATR inhibition severely impairs DNA end resection. (a) Experimental workflow
of the CRISPR-Cas9-based resection assay used to induce DSBs in a defined locus on Chromosome
| and the adopted restriction digestion strategy to measure ssDNA accumulation (b) U-20S-SEC
(Stably Expressing Cas9) cells were cultured for 5 days in medium containing DMSO or the indicated
concentrations of VE-821 (ATRI). 24 hours prior to sgRNA transfection, Cas9-eGFP expression was
induced by doxycycline (1pg/ml). Cells were then harvested 8 hours after sgRNA transfection and
processed for DNA extraction. Mean + SD (n=4). (c) DNA end resection analysis in U-20S-SEC 72
hours after transfection of SiRNA against BRCAL. Results are same as shown in (f) (n=2) (d) DNA end
resection analysis in U-20S-SEC treated with 5uM VE-821 (ATRI) or 0.5uM UCN-01 (CHKL1i) 8 hours
after sgRNA transfection. Cas9-eGFP expression was induced 24 hours before sgRNA transfection.
Mean + SD (n=2). *P<0.05 (e) Immunoblot analysis of cells treated as in (d). (f) DNA end resection
analysis in U-20S-SEC 72 hours after transfection of the indicated siRNA. Mean + SD (h=2). *P<0.05;

**P<0.01 (g) Immunoblot analysis of cells treated as in (f). (h) DNA end resection analysis in U-20S-
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SEC-shSCR and U-20S-SEC-sh53BP1 cells treated for 5 days with the indicated VE-821
concentrations. After ATRi pretreatment, DSB was induced by co-transfecting sgRNA and purified
Cas9. Mean = SD (n=3). **P<0.01. (i) Immunoblot analysis of cells treated as in (h). (j) A schematic
model showing how long-term ATRI treatment leads to the efficient depletion of HR proteins by

preventing the de novo synthesis of new factors.

Fig. 3 Long-term ATR inhibition impairs RAD51 and RAD52 localization. (a) Representative
image showing RAD51 foci in U-20S cells after a 24-hour treatment with Olaparib (10uM) with or
without VE-821 (2.5uM) (b) Quantification of U-20S cells as in (a) displaying >5 RAD51 distinct foci.
Mean £ SD (n=3). **P<0.01 (c) Representative image showing RAD52 foci in U-20S cells after a 24-
hour treatment with Olaparib (10uM) with or without VE-821 (2.5uM) (d) Quantification of U-20S cells
as in (c) displaying RAD52 visible foci. Mean + SD (n=3). **P<0.01. (e¢) Representative image showing
RADS52 foci in U-20S cells after a 5-day pretreatment with or without VE-821 (2.5uM) and followed by
a 24-hour treatment with Olaparib (10uM) and VE-821 (2.5uM). (f) Quantification of U-20S cells
treated as in (e) displaying RAD52 visible foci. Mean + SD (n=3). ***P<0.001. (g) Quantification of U-
20S cells treated as in (e) displaying >5 RADS51 distinct foci. Mean + SD (n=3). **P<0.001. (h) ATR
controls HR both through the de novo synthesis of DNA end resection and HR factors as well as
through the direct phosphorylation of central HR proteins (e.g. BRCAL1 and PALB2). (i) Distinct DNA
repair outcomes upon acute or long-term ATR inhibition. While acute ATR inhibition impairs RAD51
loading but does not prevent DNA end resection allowing alternative RAD52-dependent DNA repair
pathways, long-term ATR inhibition prevents both RAD51 and RAD52-dependent DNA repair enabling

unscheduled NHEJ-repair.

Fig. 4. Long-term ATR inhibition induces hypersensitivity to PARPi and hyperactivation of
DNA-PKcs in cancer cell lines. (a) Experimental workflow of the assay used to measure cell survival

after long-term ATRI. (b) HCT116, U-20S and RPEL1 cells were treated as shown in the schematic (a).
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Cell viability was measured relative to cells treated with DMSO throughout all the pretreatment and
treatment period. Mean + SD (n=3). *P<0.05; *P<0.01; **P<0.001. (c) Levels of DNA-PKcs-pS2056
and total DNA-PKcs in cells after a 5-day treatment with the indicated concentrations of VE-821. (d)
HCT116 cells were treated as in (a) for 5 days. After 5 days, cells were treated with Olaparib (5uM)
with or without NU7441 (5uM) for additional 24 hours. Metaphase spreads were then prepared as
described in the Methods section. Mean + SD (n=3). *P<0.05. (¢) HCT116 cells were treated as in (d).
Cell viability was measured relative to cells treated with acute ATRi and PARPi. Mean + SD (n=4).

*P<0.05; ***P<0.001.

Fig. 5. Long-term ATR inhibition bypasses overexpression of E2F1. (a) Schematic design of the
CRISPR/dCas9 transcriptional activation protocol to induce E2F1 overexpression. (b) Immunoblot
analysis of HCT116-dCas9-VP64 cells transduced with pooled lentivirus targeting a control region or
the E2F1 promoter. (c) Immunoblot analysis of HCT116-dCas9-VP64 cells transduced with pooled
lentivirus targeting or not the E2F1 promoter and treated for 5 days with the indicated concentrations

of AZD6738.
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