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Abstract

ATR is a key regulator of cell cycle checkpoints and homologous recombination (HR). 

Paradoxically, ATR inhibits CDKs during checkpoint responses, but CDK activity is required for 

efficient HR. Here, we show that ATR promotes HR after CDK-driven DNA end resection. ATR 

stimulates the BRCA1-PALB2 interaction after DNA damage, and promotes PALB2 localization 

to DNA damage sites. ATR enhances BRCA1-PALB2 binding at least in part by inhibiting CDKs. 

The optimal interaction of BRCA1 and PALB2 requires phosphorylation of PALB2 at S59, an 

ATR site, and hypo-phosphorylation of S64, a CDK site. The PALB2-S59A/S64E mutant is 

defective for localization to DNA damage sites and HR, whereas the PALB2-S59E/S64A mutant 

partially bypasses ATR for its localization. Thus, HR is a biphasic process requiring both high-

CDK and low-CDK periods. As exemplified by the regulation of PALB2 by ATR, ATR promotes 

HR by orchestrating a “CDK-to-ATR switch” post resection, directly coupling the checkpoint with 

HR.
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eTOC Blurb

Activation of ATR inhibits CDKs, but paradoxically it also promotes homologous recombination 

(HR), a CDK-dependent repair process. Buisson et al. show that after the CDK-driven DNA end 

resection, ATR promotes the HR function of PALB2 by phosphorylating PALB2 and suppressing 

CDK-mediated PALB2 phosphorylation, directly coupling checkpoint-mediated CDK inhibition to 

HR.

Introduction

Cell cycle checkpoints are pathways that control the order and timing of cell cycle 

progression, and they are particularly important when the genome is facing DNA damage 

and replication stress (Elledge, 1996). The ATR (ataxia telangiectasia mutated and rad3-

related) kinase is a master regulator of DNA damage signaling (Cimprich and Cortez, 2008; 

Marechal and Zou, 2013). The activation of ATR in S-phase cells suppresses firing of 

replication origins and restrains DNA synthesis, whereas the activation of ATR in G2 cells 

promotes the G2/M cell-cycle arrest. The ability of ATR to promote checkpoint responses is 

at least in part attributed to its effects on CDKs. Through Chk1-mediated degradation or 

inhibition of CDC25 phosphatases (Busino et al., 2003; Jin et al., 2003; Mailand et al., 2000; 

Peng et al., 1997; Sanchez et al., 1997), the ATR-Chk1 pathway suppresses activities of 

CDK2 and CDK1, thereby hindering origin firing and mitotic entry. Checkpoint responses 

are thought to provide time for DNA repair (Elledge, 1996), but whether they directly 

participate in DNA repair is not known.

In addition to checkpoint responses, ATR also regulates DNA repair. ATR is implicated in 

homologous recombination (HR) (Adamson et al., 2012; Wang et al., 2004), a pathway that 

repairs DNA double-stranded breaks (DSBs). The function of ATR in HR has not been 

clearly defined (see discussion). Paradoxically, although ATR is known to inhibit CDKs, 

CDK activity is required for efficient HR. CDKs promote resection of DNA ends at DSBs 
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(Huertas et al., 2008; Huertas and Jackson, 2009), which gives rise to the single-stranded 

DNA (ssDNA) necessary for HR. These seemingly contradictory findings raise the question 

as to whether ATR-mediated checkpoint responses are compatible with HR and, if so, how 

the functions of ATR in checkpoint responses and HR are coordinated.

We previously showed that ATM and ATR kinases are consecutively activated by DSBs, and 

that ATR activation is driven by resection, raising the possibility that ATR has a post-

resection function in HR (Shiotani and Zou, 2009). Here, we investigate the function of ATR 

in HR. During HR, BRCA1 recruits the PALB2-BRCA2 complex to DSBs (Orthwein et al., 

2015; Sy et al., 2009; Zhang et al., 2009), promoting RAD51 filament formation (Buisson et 

al., 2010; Jensen et al., 2010; Liu et al., 2010; Thorslund et al., 2010). We find that ATR 

enhances the BRCA1-PALB2 interaction after DNA damage, and that ATR is required for 

efficient PALB2 accumulation at DSBs. Unexpectedly, the optimal interaction between 

BRCA1 and PALB2 not only requires the phosphorylation of PALB2 at Serine 59 (S59), an 

ATR site, but also the hypo-phosphorylation of Serine 64 (S64), a CDK site, suggesting that 

ATR regulates HR at least in part through controlling the S59–S64 “phosphorylation 

switch”. Our results suggest that HR occurs in two consecutive phases: high CDK activity 

drives resection and ATR activation in the first, and ATR suppresses CDKs and 

phosphorylates HR substrates in the second (see Fig. S4G). This CDK-to-ATR switch is 

necessary for optimal BRCA1-PALB2 interaction and possibly other HR events. Thus, ATR 

promotes HR by phosphorylating HR substrates and by inhibiting CDKs, directly coupling 

the checkpoint to HR.

Results

ATR promotes PALB2 accumulation at DNA damage sites

To assess the function of ATR in HR, we first tested the effects of a panel of ATR inhibitors 

on ionizing radiation (IR)-induced RAD51 focus formation. U2OS and HeLa cells were 

treated with three different ATR inhibitors (ATRi: VE-821; ATRi#2: AZ20; ATRi#3: 

EPT46464) (Foote et al., 2013; Reaper et al., 2011; Toledo et al., 2011), irradiated with IR, 

and RAD51 foci were analyzed in 2–4 hours (Fig. 1A–B, S1A–B). All three ATR inhibitors 

drastically reduced RAD51 foci, confirming that ATR promotes RAD51 accumulation at 

DSBs (Fokas et al., 2012; Prevo et al., 2012). To test if ATR has a post-resection function in 

HR, we sought to inhibit ATR after resection (Fig. S1C). RPA foci were readily detected 1 

hour after IR (Fig. S1D), showing resection of DSBs (Gruz-Garcia et al., 2014). When ATR 

inhibitors were added 1 hour after IR, RAD51 foci were still reduced (Fig. 1C, S1E–G). 

Notably, ATR inhibitors reduced RAD51 foci in RPA foci-positive cells (Fig. 1C, S1G), 

highlighting a post-resection role of ATR in HR.

To pinpoint the execution point of ATR in HR, we analyzed the effects of ATRi on BRCA1 

and PALB2. During the IR response, both BRCA1 and PALB2 are recruited to DSBs, and 

BRCA1 promotes formation of PALB2 foci. ATRi did not affect BRCA1 foci (Fig. 1A, DE), 

but it diminished PALB2 foci (Fig. 1D). While BRCA1 foci were readily detected in ATRi-

treated cells, the PALB2 in BRCA1 foci was reduced (Fig. 1F). To test the effects of ATR 

inhibition on PALB2 recruitment more rigorously, we analyzed the recruitment of YFP-

tagged wild-type PALB2 (PALB2WT) to sites of laser-induced DNA damage in living cells. 
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Two different ATR inhibitors reduced the localization of PALB2 to DNA damage sites in 

time-lapse experiments (Fig. 1G, S1H). These results suggest that ATR acts between 

BRCA1 and PALB2 to promote the accumulation of PALB2 at DSBs.

ATR promotes the BRCA1-PALB2 interaction after DNA damage

Given that BRCA1 interacts with PALB2 and promotes PALB2 recruitment to DNA damage 

sites, we next tested if ATR inhibition affects the interaction between BRCA1 and PALB2. 

HeLa cells were treated with IR, and Flag-tagged PALB2WT was immunoprecipitated at 

different time points after irradiation (Fig. 2A). While an interaction between BRCA1 and 

PALB2 was detected in undamaged cells (Buisson and Masson, 2012; Sy et al., 2009; Zhang 

et al., 2009), this interaction was enhanced from 2 to 4 hours after IR, coinciding with the 

colocalization of BRCA1 and PALB2 in nuclear foci (Fig. 1D, 2A, S2A). To test if the 

enhancement of BRCA1-PALB2 interaction is dependent on the ATR-Chk1 pathway, we 

treated cells with two different ATR inhibitors and two Chk1 inhibitors (Chk1i: MK-8766; 

Chk1i#2: UNC-01) (Fig. 2B). All of these ATR and Chk1 inhibitors suppressed the 

enhancement of BRCA1-PALB2 binding after IR. In contrast, ATRi and Chk1i did not affect 

the interactions of PALB2 with BRCA2 and RAD51. ATRi did not alter the cell cycle when 

it suppressed the IR-induced BRCA1-PALB2 interaction (Fig. S2B). The BRCA1-PALB2 

interaction is inhibited by KEAP1-mediated PALB2 ubiquitination in G1 (Orthwein et al., 

2015). A PALB2 mutant unable to bind KEAP1 (PALB2-ΔETGE) still interacted with 

BRCA1 in an IR-induced and ATR-regulated manner (Fig. 2C, S2C) (Ma et al., 2012), 

showing that ATR and KEAP1 regulate the BRCA1-PALB2 interaction interdependently. 

These results suggest that ATR promotes the BRCA1-PALB2 interaction during S and G2 

phases when the KEAP1 inhibitory mechanism is inactive and HR is active.

CDK inhibition is required to promote the BRCA1-PALB2 interaction

Activation of the ATR-Chk1 pathway inhibits CDK activity. The involvement of this 

pathway in the BRCA1-PALB2 interaction raised the possibility that CDK inhibition may 

promote BRCA1-PALB2 binding. To test this idea, we first analyzed if ATRi prevents the 

inhibition of CDKs during the IR response. In DMSO-treated control cells, CDC25A was 

gradually degraded after IR as Chk1 became phosphorylated (Fig. 2D). Concomitantly, the 

inhibitory phosphorylation of CDK2 at Y15 gradually accumulated. Moreover, CDK-

mediated phosphorylation of BRCA2 at S3291 declined after IR (Esashi et al., 2005). These 

results suggest that CDK activity is gradually inhibited during the IR response when the 

ATR-Chk1 pathway is activated. Importantly, in ATRi-treated cells, Chk1 was not 

phosphorylated and CDC25A did not decline (Fig. 2D). Furthermore, CDK2 pY15 remained 

low, and BRCA2 pS3291 stayed high. These results confirm that ATR promotes CDK 

inhibition during the IR response.

Next, we tested if ATR affects the CDK phosphorylation of PALB2 during the IR response. 

Using anti-pS/TP antibodies, we detected phosphorylation events on immunoprecipitated 

endogenous PALB2 (Fig. 2E, S2D–E). The pS/TP signals of PALB2 were inhibited by 

roscovitine, an inhibitor of CDKs, and enhanced by Wee1 inhibitor (Wee1i), an inducer of 

CDK1/2 activities (Hughes et al., 2013), confirming that they reflect CDK phosphorylation 

events (Fig. S2D–E). The CDK phosphorylation of PALB2 was suppressed by IR in an 
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ATR-dependent manner (Fig. 2E). To assess the relevance of CDK inhibition to the 

enhanced BRCA1-PALB2 interaction after DNA damage, we sought to elevate CDK activity 

after IR. In cells treated with Wee1i, the IR-induced enhancement of BRCA1-PALB2 

interaction was diminished (Fig. 2F), suggesting that CDK inhibition is necessary to 

promote the BRCA1-PALB2 interaction during the IR response.

Post-resection CDK inhibition is not sufficient to promote PALB2 recruitment

Since CDK activity is required for efficient DNA end resection, we asked if the inhibition of 

CDKs during the IR response occurs after resection. Consistent with the positive role of 

CDKs in resection, treatment of cells with CDK inhibitors roscovitine and PHA-793887 

prior to IR reduced the phosphorylation of RPA32 and Chk1 (Fig. S2F–G). Furthermore, 

inhibition of CDKs prior to IR reduced RAD51 foci (Fig. 2G). As indicated by the robust 

Chk1 phosphorylation 1 hour after IR (Fig. S2F), substantial resection had occurred by this 

time. Adding ATRi 1 hour after IR did not reduce RAD51 foci as much as pretreating cells 

with ATRi prior to IR (Fig. 2G). Furthermore, adding CDK inhibitors 1 hour after IR did not 

affect PALB2 foci (Fig. 2H). Thus, while CDK activity is important for resection and ATR 

activation, the requirement of CDKs for PALB2 recruitment and HR is alleviated after 

resection.

The requirement of ATR activity and ATR-mediated CDK inhibition for the DNA damage-

induced BRCA1-PALB2 interaction raised the possibility that the sole function of ATR in 

PALB2 recruitment is to inhibit CDKs. However, PALB2 and RAD51 foci did not form 

efficiently in cells treated with both ATR and CDK inhibitors after resection (Fig. 2H–I), 

showing that CDK inhibition cannot bypass the role of ATR in PALB2 recruitment. 

Therefore, in addition to CDK inhibition, ATR must have another role in promoting PALB2 

recruitment and HR.

Phosphorylation of PALB2 during the IR response

To understand how PALB2 recruitment is regulated by ATR and CDKs, we used tandem-

mass spectrometry to identify the phosphorylation sites on endogenous PALB2 before and 

after IR. We identified a total of 12 phosphorylation sites on PALB2 (Fig. 3A), a subset of 

which was shown previously (Ahlskog et al., 2016; Guo et al., 2015; Matsuoka et al., 2007). 

The N-terminal coiled-coil domain of PALB2 interacts with BRCA1 directly (Fig. 3A) (Sy 

et al., 2009; Zhang et al., 2009). A truncated PALB2 mutant lacking exon 4 is functional for 

RAD51 recruitment (Xia et al., 2007), suggesting that the first 70 amino acids at the N 

terminus are sufficient to target PALB2 to sites of DNA damage. Among the sites that we 

identified, S59 and S64 are located within this small N-terminal region of PALB2 (Fig. 3A). 

S59 and S64 reside in SQ and SP motifs, respectively, suggesting that they are substrates of 

ATM/ATR and CDKs.

Next, we generated phospho-specific antibodies against PALB2 pS59 to further characterize 

this phosphorylation event. The pS59 antibody recognized Flag-PALB2WT but not Flag-

PALB2S59A after IR (Fig. 3B). Endogenous PALB2 was also phosphorylated at S59 in an 

IR-induced manner (Fig. 3C). ATRi reduced the phosphorylation of PALB2 at S59 (Fig. 

3C), confirming that it is an ATR-mediated event. Notably, the ATR-mediated 
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phosphorylation of PALB2 at S59 and the CDK-mediated phosphorylation of PALB2 

(pS/TP signals) were inversely regulated during the IR response. ATR-mediated S59 

phosphorylation was induced by IR, but CDK phosphorylation was reduced (Fig. 3C). 

Furthermore, while S59 phosphorylation was inhibited by ATRi, CDK phosphorylation was 

enhanced (Fig. 3C). Our mass spectrometry analysis of endogenous PALB2 revealed that the 

phosphorylation of S64 was reduced after IR (Fig. S3A–B). Moreover, S64 phosphorylation 

was reduced by roscovitine and enhanced by Wee1i (Fig. S3C), confirming that it is a CDK-

mediated event. Thus, through suppressing CDKs and phosphorylating its own substrates, 

ATR drives a phosphorylation switch at S59 and S64 on PALB2 during the IR response.

The CDK phosphorylation of PALB2 is inhibited by IR in an ATR-dependent manner (Fig. 

3C). Although it is unlikely that the phosphorylation of PALB2 by ATR at S59 affects the 

ability of ATR to inhibit CDKs, S59 phosphorylation may be influenced by the nearby CDK 

site S64. To test this possibility, we expressed Flag-tagged PALB2WT, PALB2S64A and 

PALB2S64E in cells, isolated the proteins before or after IR, and analyzed them using anti-

pS59 antibody. S59 phosphorylation was similarly induced by IR in PALB2WT, PALB2S64A, 

and PALB2S64E (Fig S3D). These results show that S59 phosphorylation occurs 

independently of the phosphorylation status of S64, suggesting that these two 

phosphorylation sites of PALB2 are regulated by ATR independently of each other.

Phosphorylation of PALB2 at S59 and S64 influences BRCA1 binding

To understand how the phosphorylation status of PALB2 at S59 and S64 effects the BRCA1-

PALB2 interaction, we analyzed a set of PALB2 mutants including PALB2S59A, 

PALB2S59E, PALB2S64A, and PALB2S64E. In IR-treated cells, the interactions of 

PALB2S59A and PALB2S64E with BRCA1 were reduced compared to that of PALB2WT, 

whereas PALB2S64A interacted with BRCA1 more efficiently (Fig. 3D–E, S3E). These 

results suggest that the phosphorylation of S59 favors the BRCA1-PALB2 interaction, while 

the phosphorylation of S64 is unfavorable. Consistent with this idea, the PALB2S59A/S64E 

double mutant interacted with BRCA1 less efficiently than PALB2WT and PALB2S64E (Fig. 

3F, S3E). PALB2S59A/S64E was only defective for the interaction with BRCA1 but not 

BRCA2, showing that S59A and S64E mutations specifically affect the ability of PALB2 to 

bind BRCA1.

The proximity of S59 and S64 to the coiled-coil domain of PALB2 raised the possibility that 

the phosphorylation status of these sites may affect the direct interaction with BRCA1. To 

test this idea, we generated an N-terminal PALB2 fragment (PALB2N) containing the 

coiled-coil domain as well as S59 and S64 for expression in E. coli. The mutant derivatives 

of this PALB2 fragment, PALB2NS59E/S64A and PALB2NS59A/S64E, were purified to 

homogeneity (Fig. S3F). In a direct binding assay, PALB2NS59E/S64A bound to the coiled-

coil domain of BRCA1 more efficiently than PALB2NS59A/S64E (Fig. 3G). This result 

suggests that the phosphorylation status of S59 and S64 indeed affects the direct interaction 

between the coiled-coil domains of PALB2 and BRCA1.
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Phosphorylation of PALB2 at S59 and S64 regulates its localization and function

To test whether the phosphorylation status of S59 and S64 affects PALB2 localization and 

function in cells, we analyzed cells expressing PALB2WT, PALB2S59A/S64E and 

PALB2S59E/S64A. In cells microirradiated with laser, YFP-tagged PALB2S59E/S64A was 

recruited to sites of DNA damage more rapidly and efficiently than PALB2WT (Fig. 4A). In 

contrast, the recruitment of PALB2S59A/S64E was delayed and attenuated compared to 

PALB2WT (Fig. 4A). These results lend further support to the notion that the combination of 

S59 phosphorylation and S64 hypo-phosphorylation is necessary for the optimal 

accumulation of PALB2 at DSBs.

If the role of ATR in PALB2 recruitment were to promote S59 phosphorylation and suppress 

S64 phosphorylation, one would expect that this function of ATR could be bypassed by 

S59E and S64A mutations. Indeed, ATRi reduced IR-induced interaction of BRCA1 with 

PALB2S64A, but not PALB2S59E/S64A (Fig. 4B). PALB2S59E also partially bypassed the 

requirement of ATR for IR-induced BRCA1 binding, although the bypass was less complete 

compared to that of PALB2S59E/S64A (Fig. S4A). To further test if PALB2S59E/S64A bypasses 

ATR, we compared the recruitment of PALB2WT, PALB2S59E/S64A, and PALB2S59A/S64E to 

IR-induced BRCA1 foci in the absence or presence of ATRi (Fig. 4C–D). ATRi significantly 

diminished the PALB2WT signals in BRCA1 foci (Fig. 4C, 4D lanes 1–2), but only modestly 

reduced the PALB2S59E/S64A signals (Fig. 4C, 4D lanes 3–4), suggesting that 

PALB2S59E/S64A partially bypasses ATR for localization to sites of DNA damage. Compared 

to PALB2WT and PALB2S59E/S64A, PALB2S59A/S64E displayed a defect in localization to 

BRCA1 foci even in the absence of ATRi (Fig. 4D lanes 1, 3, 5). Nonetheless, ATRi further 

reduced the PALB2S59A/S64E signals in BRCA1 foci (Fig. 4D lanes 5–6), suggesting that 

ATR has additional roles in PALB2 recruitment independent of the phosphorylation states of 

S59 and S64.

In addition to analyzing PALB2 foci, we used time-lapses to compare the recruitment of 

YFP-tagged PALB2WT, PALB2S59E/S64A, and PALB2S59A/S64A to laser-induced DNA 

damage (Fig. 4E). Even in the presence of ATRi, PALB2S59E/S64A accumulated at sites of 

DNA damage more efficiently than PALB2WT (Fig. 4E). In contrast, PALB2S59A/S64E was 

recruited less efficiently than PALB2WT. Notably, the recruitment of all three PALB2 

proteins was reduced by ATRi (Fig. 4A, 4E), suggesting that ATR has additional functions in 

PALB2 recruitment independent of the phosphorylation switch at S59 and S64. Nonetheless, 

PALB2S59E/S64A indeed bypasses, although partially, the function of ATR in PALB2 

recruitment.

Finally, to determinate if the phosphorylation of PALB2 at S59 and S64 regulates its HR 

function, we generated stable cell lines that inducibly express PALB2WT, PALB2S59A/S64E, 

or PALB2S59E/S64A at levels slightly higher than endogenous PALB2 (Fig. S4B). All the 

PALB2 variants were expressed at the same levels and localized to the nucleus efficiently 

(Fig. S4B–C). To measure the HR function of the PALB2 variants, we preformed Cas9/

mClover assays after depletion of endogenous PALB2 (Fig. S4D) (Pinder et al., 2015). The 

Cas9/mClover assay measures the HR-dependent insertion of a mClover-containing cassette 

into Cas9-generated DSBs in the LMNA gene, which results in green lamin A/C (Fig. S4D–

E). Using the Cas9/mClover assay, we confirmed that ATR is required for efficient HR (Fig. 
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S4F). PALB2WT efficiently restored HR in cells lacking endogenous PALB2 (Fig. 4F). 

PALB2S59A/S64E, which is compromised for BRCA1 binding, was defective for HR 

restoration. In contrast, PALB2S59E/S64A, which binds BRCA1 more efficiently than 

PALB2WT, elevated HR to a higher level than PALB2WT did (Fig. 4G). Even after ATRi 

treatments, HR efficiency was still higher in cells expressing PALB2S59E/S64A than in cells 

expressing PALB2WT (Fig. 4G), supporting the idea that S59E and S64A mutations of 

PALB2 partially bypass ATR. Together, these results show that ATR promotes HR in part by 

driving the S59–S64 phosphorylation switch on PALB2, highlighting the importance of the 

CDK-to-ATR switch in HR regulation.

Discussion

The relationship of checkpoint and DNA repair

In the context of DNA damage and replication stress responses, the term “checkpoint” is 

often used to describe pathways that arrest or slow the cell cycle when genomic stability is 

challenged (Elledge, 1996). The DNA damage-signaling pathways mediated by ATM and 

ATR are both critical for checkpoint responses. Checkpoints are important for preventing 

cells carrying DNA damage from going through the cell cycle, thereby reducing the chance 

of passing incorrect genetic information to daughter cells. In addition, it was proposed that 

checkpoint-mediated cell cycle arrest provides time for DNA repair, allowing cells to fix or 

overcome genomic problems before entering the next cell-cycle phase. The inhibition of 

CDKs by checkpoints is important for the functions of these pathways in G1, S, and G2 

phases. Although the role of checkpoints in cell-cycle control has been long appreciated, 

whether they function directly in DNA repair is not known. In this study, we find evidence 

that ATR-mediated CDK inhibition directly contributes to regulation of PALB2, a key HR 

protein. This finding reveals a surprising link between the checkpoint response and DNA 

repair. While our current results are limited to the ATR pathway and HR, it is tempting to 

speculate that checkpoints function broadly in various DNA repair processes. It is 

conceivable that the inhibition of CDKs by checkpoints coordinates DNA repair and cell 

cycle progression, giving cells the best chance to resolve DNA lesions or other genomic 

problems before they damage the cells irreversibly.

CDK and two critical phases of HR

HR primarily occurs in S and G2 phases of the cell cycle, a period when CDK2 and CDK1 

are active. Nonetheless, how CDK activity influences HR is not completely understood. On 

one hand, CDK activity is clearly required for DNA end resection, one of the initial events in 

HR (Ferretti et al., 2013; Huertas et al., 2008; Huertas and Jackson, 2009; Wang et al., 

2013). On the other hand, some CDK-mediated phosphorylation events are inhibitory to 

proteins involved in HR (Davies and Pellegrini, 2007; Esashi et al., 2005; Luo et al., 2015; 

Yata and Esashi, 2009). The results from this study suggest that CDKs play both positive 

and negative roles in HR. During the initial phase of HR, CDK activity promotes DNA end 

resection and activation of the ATR-Chk1 pathway (Fig. S4G). As the ATR pathway is 

gradually activated, it functions to inhibit CDKs, driving HR into the second phase. During 

the second phase of HR, CDK-mediated phosphorylation of HR proteins gradually declines, 

allowing these proteins to interact with their functional partners more efficiently. The 
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opposite effects of CDK activity in these two consecutive phases of HR may be important 

for keeping specific molecular events in order, preventing formation of inappropriate 

intermediates before DNA ends are properly processed. In addition, the requirement of both 

high- and low-CDK phases for HR may prevent the initiation of HR in G1, when CDK1/2 

activities are low. Importantly, the model of two-phase HR elucidates how HR is intertwined 

with checkpoint responses, explaining how this CDK-driven DNA repair pathway is 

compatible with checkpoint-mediated CDK inhibition.

The roles of ATR in HR

Our results not only shed light on the process of HR but also on the role of ATR in this 

pathway. The inhibition of CDKs by ATR is required for efficient BRCA1-PALB2 

interaction and possibly other HR events. A recent study suggested that CDKs are recruited 

to DSBs to stimulate resection (Chen et al., 2016), which may create a dependency on ATR 

to prevent excessive CDK phosphorylation of HR proteins after resection. The 

dephosphorylation of various HR proteins at CDK sites might take place at different rates, 

depending on activities of their respective phosphatases. Regardless of the 

dephosphorylation rates of various HR proteins, the inhibition of CDKs by ATR likely 

prevents CDK-mediated phosphorylation and maintains a pool of HR proteins that is hypo-

phosphorylated at CDK sites. The presence of a pool of CDK-hypo-phosphorylated HR 

proteins at DNA damage sites may be critical for the second phase of HR. In addition to 

CDK inhibition, ATR also promotes HR by phosphorylating its substrates in the HR 

pathway. Furthermore, some of the functions of ATR in HR may be mediated by its effector 

kinase Chk1. In the context of PALB2 regulation, the phosphorylation of PALB2 by ATR 

plays a positive role in PALB2 recruitment.

While the phosphorylation status of S59 and S64 of PALB2 is important for optimal PALB2 

recruitment and may explain at least part of ATR’s function in HR, the regulation of PALB2 

is probably more complex. Notably, the recruitment of PALB2S59E/S64A still requires ATR 

(Fig. 4G). ATR may have additional roles in PALB2 regulation. A recent study suggested 

that the phosphorylation of PALB2 at S157 and S376, two putative ATM/ATR sites, is 

dispensable for HR but required for the recovery from the DNA damage response (Guo et 

al., 2015). Another study proposed that the phosphorylation of PALB2 by ATM/ATR at S59, 

S157, and S376 promotes HR by enhancing the interaction between PALB2 and RAD51 

(Ahlskog et al., 2016). However, we did not observe a reduction in the PALB2-RAD51 or 

PALB2-BRCA2 interaction after inhibition of ATR and Chk1 (Fig. 2B). Although ATR has 

an execution point between BRCA1 and PALB2, it may have additional functions 

downstream of PALB2. The phosphorylation of XRCC3 by ATM/ATR and the 

phosphorylation of RAD51 by Chk1 have been suggested to promote RAD51 recruitment in 

specific contexts (Somyajit et al., 2013; Sorensen et al., 2005). Our study suggests that 

efficient HR not only requires ATR-mediated phosphorylation of ATR/Chk1 substrates, but 

also ATR-dependent CDK inhibition. Future studies investigating different types of ATR-

regulated phosphorylation events in HR proteins will further elucidate the role of ATR in 

this critical DNA repair pathway.
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Highlights

1. ATR acts after DNA end resection to promote HR.

2. The CDK-to-ATR switch after resection is important for efficient HR.

3. ATR promotes the BRCA1-PALB2 interaction and PALB2 localization to 

DSBs.

4. ATR regulates PALB2 by driving a phosphorylation switch on S59 and S64.

Buisson et al. Page 13

Mol Cell. Author manuscript; available in PMC 2018 January 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. ATR promotes PALB2 localization to DSBs after resection
A. BRCA1 and RAD51 localization in U2OS cells 2 h after IR (4 Gy). Cells were pre-

treated with DMSO or ATRi for 30 min before IR. B. Quantification of cells displaying >5 

RAD51 foci in A. Error bar: S.D. (n=3). C. RPA and RAD51 localization in HeLa cells 4 h 

after IR (10 Gy). Cells were pre-treated with DMSO of ATRi 30 min before IR. D. BRCA1 

and PALB2 localization in U2OS cells 2 h after IR (4 Gy). Cells were pre-treated with 

DMSO or ATRi 30 min before IR. E. Quantification of cells displaying >10 BRCA1 foci in 

D. Error bar: S.D. (n=3). F. The fractions of BRCA1 foci-positive cells displaying >10 

PALB2 foci were quantified after DMSO or ATRi treatment. Error bar: S.D. (n=3). G. 
Localization of YFP-PALB2WT to laser-induced DNA damage sites was analyzed by time-

lapse after indicated treatment. The fluorescence intensity of YFP-PALB2WT at DNA 

damage sites was quantified over time. For each cell analyzed, the signal in an unirradiated 

nuclear area in the same cell was determined as background. Error bar: S.E. (n > 50).
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Fig. 2. ATR promotes the BRCA1-PALB2 interaction through CDK inhibition and an additional 
mechanism
A. Immunoprecipitation of PALB2 from HeLa cells after IR (10 Gy) at the indicated time 

points. Co-immunoprecipitated BRCA1 was analyzed by Western blot. B. HeLa cells were 

treated with ATRi or Chk1i prior to IR (10 Gy). PALB2 was immunoprecipitated 2 h after 

IR, and levels of co-immunoprecipitated BRCA1 and BRCA2 were analyzed by Western 

blot. C. HeLa cells were treated with ATR inhibitor prior to IR (4 Gy). PALB2-ΔETGE was 

immunoprecipitated 2 h after IR, and levels of co-immunoprecipitated BRCA1 were 

analyzed by Western blot. D. HeLa cells were irradiated (10 Gy) and levels of the indicated 

proteins were analyzed by Western blot at the shown time points. E. HeLa cells were treated 

with ATRi prior to IR (4 Gy). Endogenous PALB2 was immunoprecipitated and levels of 

pS/TP were analyzed by Western blot. F. HeLa cells were treated with Wee1 inhibitor prior 

to IR (10 Gy). PALB2 was immunoprecipitated 2 h after IR, and levels of co-

immunoprecipitated BRCA1 were analyzed by Western blot. G-I. U2OS cells were treated 

with DMSO or ATRi 1 h before IR, and then with DMSO, Roscovitine, or PHA-793887 1 h 

after IR. Fractions of BRCA1 foci-positive cells displaying >10 PALB2 foci (H) or >5 

RAD51 foci (I) were quantified. Error bar: S.D. (n=2 in H, n=3 in I)
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Fig. 3. PALB2 phosphorylation at S59 and S64 affects BRCA1 binding
A. A schematic representation of PALB2 and the 12 phosphorylation sites identified by mass 

spectrometry. S/TQ motifs are shown in red and S/TP motifs are shown in blue. CC : Coil –

coiled domain; DNA: DNA binding domain; ChAM: Chromatin-Association Motif; WD40: 

WD40-repeat-containing domain. B. Flag-tagged PALB2WT or PALB2S59A were transiently 

expressed in HeLa cells. Flag immunoprecipitation was performed 2 h after IR (10 Gy), and 

levels of pS59 were analyzed by Western blot. C. HeLa cells were treated with ATRi prior to 

IR (4 Gy). At 4 h after irradiation, endogenous PALB2 was immunoprecipitated, and levels 

of pS59, pS/TP, and co-immunoprecipitated BRCA1 were analyzed by Western blot. D-F. 
Indicated Flag-tagged PALB2 variants were transiently expressed in HeLa cells. Flag 

immunoprecipitation was performed 2 h after IR, and levels of co-immunoprecipitated 

BRCA1 or BRCA2 were analyzed by Western blot. G. Purified GST-tagged BRCA1 coiled-

coil domain (BRCA1-cc) was incubated with purified His-tagged PALB2N fragments 

(PALB2N) containing the indicated mutations. The direct interaction between BRCA1-cc 

and PALB2N was analyzed by GST pulldown.
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Fig. 4. The S59/S64 phosphorylation switch on PALB2 regulates its localization and HR function
A. Localization of YFP-PALB2 variants to laser-induced DNA damage sites was analyzed 

by time-lapse. The fluorescence intensity of YFP-PALB2 at DNA damage sites was 

quantified as in Fig. 1G. Error bar: S.E. (n > 50). B. Indicated Flag-tagged PALB2 variants 

were transiently expressed in HeLa cells. Cells were treated DMSO or ATRi, irradiated with 

IR, and Flag immunoprecipitation was performed 2 h after IR. Levels of co-

immunoprecipitated BRCA1 were analyzed by Western blot. C. Representative images of 

GFP-PALB2WT or GFP-PALB2S59E/S64A foci in DMSO or ATRi-treated cells 2 h after IR. 

D. The intensity of PALB2 staining in BRCA1 foci was determined in the indicated cell 

Buisson et al. Page 17

Mol Cell. Author manuscript; available in PMC 2018 January 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



populations. Cells expressing GFP-tagged PALB2WT, PALB2S59E/S64A, or PALB2S59A/S64E 

were treated with DMSO or ATRi as shown. ***, P< 0.001 and ****, P< 0.0001. E. 
Localization of YFP-PALB2 variants to laser-induced DNA damage sites in the presence of 

ATRi (1 μM VE-821). Error bar: S.E. (n > 50). F-G. Flag-tagged PALB2 variants were 

stably integrated in U2OS cells under the control of a Tet-on promoter. Cells were treated 

with PALB2 siRNA to deplete endogenous PALB2, and with Doxycycline to induce the 

expression of the PALB2 variants. Gene-targeting efficiency were quantified (mClover 

positive cells) after the indicated treatments. *, P<0.05; **, P< 0.01 and ****, P< 0.0001.
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