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Summary

The bivalent histone modification reader 53BP1 accumulates around DNA double-strand breaks
(DSBs), where it dictates repair pathway choice decisions by limiting DNA end resection. How
this function is regulated locally and across the cell cycle to channel repair reactions toward non-
homologous end joining (NHEJ) in G1 and promote homology-directed repair (HDR) in S/G2 is
insufficiently understood. Here, we show that the ability of 53BP1 to accumulate around DSBs
declines as cells progress through S phase and reveal that the inverse relationship between 53BP1
recruitment and replicated chromatin is linked to the replication-coupled dilution of 53BP1’s
target mark H4K20me2. Consistently, premature maturation of post-replicative chromatin restores
H4K20me2 and rescues 53BP1 accumulation on replicated chromatin. The H4K20me2-mediated
chromatin association of 53BP1 thus represents an inbuilt mechanism to distinguish DSBs in pre-
versus post-replicative chromatin, allowing for localized repair pathway choice decisions based on
the availability of replication-generated template strands for HDR.

Introduction

In order to maintain genome stability, cells must repair DNA lesions efficiently and with
greatest precision. DNA double-strand breaks (DSBs) are among the most dangerous DNA
lesions, because they can disintegrate the genome. Several dedicated repair pathways have
thus evolved to sense DSBs and coordinate DSB repair with other vital cellular functions.
While re-ligation by non-homologous end joining (NHEJ) works independently of a
template DNA strand and is therefore the pathway of choice during the G1 phase of the cell
cycle, homology-directed repair (HDR) uses homologous DNA sequences and functions
primarily in S/G2, when sister chromatids are available (Ceccaldi et al., 2016).
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DNA end resection is a prerequisite for HDR, and the extent to which resection is allowed
can determine the choice between HDR and NHEJ (Chapman et al., 2012b). A key regulator
of DNA end resection at DSBs is the chromatin reader 53BP1 (Panier and Boulton, 2014;
Zimmermann and de Lange, 2014). Through its accumulation around DSBs and the
recruitment of various effector proteins, 53BP1 limits end resection and thereby dictates
repair pathway choice decisions. Indeed, 53BP1 accumulation around DNA lesions into
ionizing radiation (IR)-induced foci (IRIF) is inversely proportional to the extent of DNA
end resection (Ochs et al., 2016), suggesting that the amount of 53BP1 on damaged
chromatin must be tightly regulated to restore genome integrity with minimal repair-
associated mutagenicity.

A prerequisite for 53BP1 recruitment is the activation of two ubiquitin ligases, RNF8 and
RNF168 (Schwertman et al., 2016). Following DSB-induced ATM activation and
phosphorylation of the histone variant H2AX, RNF8 ubiquitylates linker histone H1 to
recruit RNF168, which in turn ubiquitylates H2AK15 (Gatti et al., 2012; Mattiroli et al.,
2012; Thorslund et al., 2015). Through a recently uncovered ubiquitination-dependent
recruitment (UDR) motif, 53BP1 directly binds to the DSB-induced and RNF168-mediated
ubiquitylation on H2AK15 (Fradet-Turcotte et al., 2013). The localized RNF8/RNF168-
mediated chromatin ubiquitylation thus ensures that 53BP1 accumulates specifically on
chromatin in the vicinity of DSB sites (Altmeyer and Lukas, 2013; Gudjonsson et al., 2012).
In addition, 53BP1 contains a tandem tudor domain, which in vitro work has shown to
confer micromolar affinity for H4K20me2 (Botuyan et al., 2006; Greeson et al., 2008),
making 53BP1 a bivalent histone mark reader (Fradet-Turcotte et al., 2013) whose mode of
interaction with modified nucleosomes was recently solved at the structural level by
cryoelectron microscopy (cryo-EM) (Wilson et al., 2016). Despite this biochemical
characterization, it has remained unclear why the genome caretaker 53BP1 evolved to
simultaneously bind two distinct histone marks, H2AK15ubi and H4K20me2. While current
models propose that H4K20me2 either becomes more accessible in chromatin surrounding
DSBs to promote 53BP1 recruitment (Acs et al., 2011; Mallette et al., 2012), or is enhanced
upon DNA damage (Dulev et al., 2014; Pei et al., 2011; Tuzon et al., 2014), whether and
how this abundant histone mark is involved in modulating 53BP1-centered repair pathway
choice decisions as cells progress through S phase is not well understood.

Here we use high-content microscopy-based cell cycle staging of asynchronously growing
cell populations to show that the ability of 53BP1 to accumulate around DSBs gradually
declines as cells progress from early to late S phase. We further show that the reduced
affinity of 53BP1 and its downstream effector RIF1 for damaged chromatin is tightly linked
to the dilution of the H4K20me2 mark as cells replicate their genome and that premature
chromatin maturation can restore 53BP1 accumulation on replicated chromatin. Replication-
coupled alterations in the H4K20 methylation status therefore regulate DSB repair pathway
choice in at least two cooperative ways: through recruitment of the homologous
recombination-promoting protein complex TONSL-MMS22L to newly incorporated
histones, as demonstrated recently (Saredi et al., 2016), and by concomitantly restraining the
association of the 53BP1 anti-resection protein complex (this work). This dual mechanism
enables localized repair pathway choice decisions on the basis of the absence or presence of
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replicated template DNA sequences, and it ensures that the maximal strength of the 53BP1
anti-resection barrier is limited to pre-replicative chromatin.

In light of the prominent role of 53BP1 to regulate repair pathway choice decisions
(Chapman et al., 2012b; Ochs et al., 2016; Orthwein et al., 2015; Panier and Boulton, 2014;
Pellegrino and Altmeyer, 2016; Schwertman et al., 2016), we set out to investigate the role
of histone marks required for 53BP1 recruitment to damaged chromatin specifically as a
function of cell cycle progression. To this end, we used quantitative image-based cytometry
(QIBC), which allows cell cycle staging of asynchronously growing cell populations by
automated high-content imaging (Ahuja et al., 2016; Altmeyer et al., 2013, 2015; Roukos et
al., 2015; Toledo et al., 2013). This microscopy-based approach can be used to sensitively
assess multiple cellular features and subcellular structures in individual cells and as a
function of the cell cycle status independent of cell synchronization or other chemical or
physical perturbations (Figure 1A). Using the total DAPI intensity per nucleus as a marker
for DNA content, which doubles as cells progress from G1 to G2, we gated asynchronously
growing U-2-0S cells into five subpopulation, roughly corresponding to G1, early S, mid S,
late S, and G2 (Figure 1B). We then tested the levels of 53BP1’s recognition mark
H4K20me2 across the cell cycle. QIBC revealed a gradual decrease of H4K20me2 as cells
progressed from G1 through S phase, with H4K20me2 levels being reduced to about 50% in
late S phase and only going up again in a subpopulation of late G2 cells (Figures 1C and
S1A). To validate these results using an independent approach, we synchronized cells with
thymidine at the G1/S transition, released them from the cell cycle block for different time
periods, and performed acid extraction of histones for western blot analysis (Figures S1B—
S1D). These experiments confirmed the QIBC data and, consistent with previous reports
(Alabert et al., 2015; Pesavento et al., 2008; Saredi et al., 2016), provide evidence that
H4K20me2 in chromatin decreases as cells progress through S phase. In contrast, the levels
of H4K16ac, another histone mark that affects 53BP1 accumulation in response to DNA
damage (Jacquet et al., 2016; Tang et al., 2013), showed only very mild variation across the
cell cycle (Figure S1E). Next, we quantified the amount of 53BP1 accumulation around
DNA lesions together with H4K20me2 levels in unperturbed cells. Sub-nuclear 53BP1
accumulation under these conditions marks lesions originating from under-replicated DNA
(e.g., at common fragile sites), which are processed during mitosis when sister chromatids
separate (Harrigan et al., 2011; Lukas et al., 2011; Mankouri et al., 2013; Moreno et al.,
2016). QIBC identified 53BP1 accumulation primarily in G1 and early S phase cells that
contained high levels of H4K20me2 in unreplicated chromatin (Figure 1D). The nuclear
53BP1 bodies disappeared as cells progressed through S phase. Consistent with previous
work (Chapman et al., 2012a), we observed that also after clastogen-inflicted DSB
formation 53BP1 accumulation was most avid in G1 and early S phase cells, whereas its
accumulation was markedly reduced in late S phase, when most of the genome had been
replicated and H4K20me2 was lowest (Figures 1E and S2A-S2C). Co-staining experiments
with EdU to directly mark S phase cells confirmed the association between 53BP1 and
H4K20me2 (Figure 1F). Remarkably, both 53BP1 accumulation around DSBs and
H4K20me2 were reproducibly reduced 2-fold when comparing late S to G1 cells (Figures
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S2D and S2E). The specificity of the 53BP1 staining was confirmed by knockdown
experiments (Figure S2F), a very similar trend was observed in cells stably expressing
GFP-53BP1 (Figure S2G), and the compound UNC2170, a 53BP1 antagonist that obstructs
its methyl-binding pocket (Perfetti et al., 2015), suppressed 53BP1 accumulation on
damaged chromatin (Figure S3A). Moreover, blocking H4K20 di- and trimethylation by the
SUV4-20 inhibitor A-196 (Bromberg et al., 2017) reduced H4K20me2 levels (Figure S3B),
concomitantly increased H4K20mel (Figure S3C), and impaired 53BP1 accumulation on
damaged chromatin (Figures 1G and S3D), without affecting the upstream phosphorylation
of H2AX (Figure S3E). Taken together, these results validate the specificity of our QIBC
readouts, confirm the role of H4K20me2 in 53BP1 recruitment, and suggest that although
53BP1 marks IR-induced DNA lesions throughout interphase, its ability to do so is inversely
correlated with the amount of replicated DNA and largely mirrors the availability of
H4K20me2. To directly address whether 53BP1 accumulation in response to DSBs occurs
more efficiently in pre- versus post-replicative chromatin, we combined a short EdU pulse
with DSB induction by IR, staged cells according to their EdU and cyclin A levels (Figures
2A and 2B), and analyzed 53BP1 foci formation specifically in very early S phase cells (low
DAPI/EdU/cyclin A with EdU marking all replicated areas of the genome). This revealed
that 53BP1 foci poorly co-localize with EdU-marked replicated chromatin, supporting the
notion that replicated chromatin is refractory to 53BP1 accumulation (Figure 2C). Similar
analyses using confocal microscopy confirmed that in early S phase cells (marked by low
DAPI/EdU) IR-induced 53BP1 accumulation showed a strong preference for non-replicated,
EdU-negative areas of the genome (Figure 2D).

The cell cycle-dependent association between 53BP1 and H4K20me2 in unreplicated
chromatin became even more apparent when we staged cells according to their H4K20me2
levels, quantified 53BP1 accumulation after different doses of irradiation, and normalized
53BP1 foci numbers to nuclear area to account for the increase in DNA content as cells
progress through S phase (Figures 3A and 3B). These analyses recapitulated the previously
described rate limitation of the RNF8/RNF168-driven 53BP1 response at higher doses of IR
(Gudjonsson et al., 2012) and revealed a pronounced defect in marking DSBs in late S phase
cells, when H4K20me2 levels are low. Additional experiments showed that this defect
persisted at least from 45 min to 4 h after damage induction (Figure S4A), could be observed
also when etoposide was used to induce breaks (Figure S4B), and was present in other cell
lines tested (Figures S4C and S4D).

Interestingly, this gradually impaired recruitment appeared to be specific for 53BP1, because
the formation of the upstream DNA damage signal yH2AX was largely independent of the
amount of replicated DNA (Figures 3C and S5A). A prediction based on these findings is
that the co-localization between 53BP1 and yH2AX should decrease as cells progress
through the cell cycle. Indeed, we found that 53BP1 and yH2AX co-localized in G1 but that
in mid and late S phase cells, an increasing number of yH2AX foci was not marked by
53BP1 accumulation (Figure 3D). Moreover, confocal imaging of EdU-labeled early S phase
cells revealed that whereas most yH2AX foci co-localized with 53BP1, a small fraction did
not and, different from 53BP1, was found in EdU-positive, replicated chromatin (Figure 3E).
Thus, the discrimination between pre- and post-replicative chromatin occurs primarily at the
level of 53BP1 and its detection of H4K20me2 rather than at a more apical level. In support
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of this notion, the damage-induced RNF168-dependent ubiquitin conjugates upstream of
53BP1 accumulation (Gudjonsson et al., 2012; Thorslund et al., 2015) followed the trend
observed for yH2AX (Figures 3F, S5B, and S5C), and also H2AK15 ubiquitylation did not
show a drop in late S phase (Figure 3G) as measured by a specific antibody raised against
K15-ubiquitylated H2A (Wang et al., 2016).

Conversely, and similar to 53BP1, the downstream effector and anti-resection regulator RIF1
also showed impaired focal accumulation in mid and late S phase (Figures 4A and S5D), and
co-staining of irradiated cells for RIF1 and 53BP1 in conjunction with EdU labeling to mark
S phase cells confirmed a strong positive correlation between RIF1 foci formation and
53BP1 accumulation throughout the cell cycle (Figure 4B), thus arguing that the differential
recruitment of 53BP1 entails functional consequences for DNA end resection and the DSB
repair pathway choice.

On the other hand, 53BP1’s antagonist, the homologous recombination (HR) factor and
tumor suppressor protein BRCA1, showed progressively increased accumulation around IR-
induced DSBs as cells progressed through S phase, consistent with increased HDR in
replicated areas of the genome (Figures 4C and S5E). A very similar trend was observed
when we directly measured DNA end resection as a hallmark of HDR: native BrdU assays
showed that resection scaled with the amount of replicated DNA and was inversely
correlated with H4K20mez2 levels; that is, the highest degree of DNA end resection was
observed in cells with lowest H4K20me?2 levels in late S phase, despite FK2 and H2AK15ub
foci being up in late S phase under these conditions (Figures 4D, S5F, and S5G).

Taken together, these data reveal an intricate link between H4K20me2 levels in chromatin
and DSB repair pathway choice: the replication-coupled dilution of H4K20me2 in post-
replicative chromatin represents an inbuilt mechanism to reinforce 53BP1’s engagement in
pre-replicative chromatin, which is needed to restrict DNA end resection and promote repair
by NHEJ, and at the same time lowers the affinity of 53BP1 to DSB-surrounding chromatin
in replicated regions of the genome in order to facilitate repair by HDR.

BRCA1 was previously shown to displace 53BP1 from chromatin in the vicinity of DSBs,
thus countering the resection barrier and promoting HDR in S phase (Chapman et al.,
2012a). Accordingly, BRCA1’s function to displace 53BP1 might synergize with 53BP1’s
reduced affinity to DSBs in post-replicative chromatin containing low H4K20me?2 levels.
Indeed, and consistent with previous work (Chapman et al., 2012a), when we depleted
BRCAL by small interfering RNA (siRNA), the drop in 53BP1 focal accumulation in late S
phase cells after IR was completely abolished, despite the fact that H4K20me2 patterns
remained largely unchanged (Figure 5A). Importantly, however, inhibition of H4K20 di- and
trimethylation by A-196 partially reduced 53BP1 recruitment even in BRCA1-depleted cells
(Figure 5B). We therefore conclude that the replication-coupled dilution of H4K20me2
functionally cooperates with BRCAL by lowering the threshold to displace 53BP1 from
replicated chromatin and thereby facilitates HDR.

The H4K20-targeting methyltransferase SET8 acts upstream of SUV4-20 (Beck et al., 2012)
and is likely the rate-limiting factor for restoring parental H4K20me2 levels in replicated
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chromatin. Interestingly, SET8 is degraded specifically during the S phase of the cell cycle
and in a PCNA-dependent manner (Beck et al., 2012; Jgrgensen et al., 2011, 2013; Oda et
al., 2010), raising the possibility that maintaining low levels of SET8 during S phase
progression prevents premature restoration of H4K20 methylation patterns in post-
replicative chromatin. We thus overexpressed SET8 in cells, reasoning that this should
elevate the levels of H4K20me2, particularly in post-replicative chromatin, given that
H4K20mez2 is highly abundant and close to saturation in pre-replicative chromatin
(Pesavento et al., 2008). We expressed HA-FLAG-tagged wild-type SET8, a PIP2 deletion
mutant (SET8 *) that is resistant to S phase-specific PCNA-dependent degradation
(Jergensen et al., 2011), and a mutant that is catalytically inactive (SET8 ). Using QIBC,
we discriminated cells with ectopic SET8 expression on the basis of a positive HA signal
from HA-negative cells (Figure S5H) and monitored H4K20me2 and 53BP1 accumulation.
Although expression of wild-type SET8 only mildly elevated H4K20me2 levels in late S
phase, most likely because it was not inert against S phase-specific degradation (Figure
S5H), the non-degradable version of SET8 clearly enhanced H4K20me2 levels in late S
phase (Figure 5C, left, and Figure S5H). Remarkably, the non-degradable SET8 and, to a
lesser extent, also overexpression of wild-type SET8 rescued 53BP1 accumulation in late S
phase, while the catalytically inactive mutant could neither level the H4K20me2 pattern nor
significantly alter 53BP1 (Figure 5C). Consistent with elevated 53BP1 accumulation on
damaged chromatin upon SET8 * overexpression, HA-positive cells showed markedly
reduced accumulation of BRCA1 and RADS51 in response to IR (Figures 5D and 5E). To
further corroborate these data, we depleted two ubiquitin ligase complex components, CDT2
and beta-TRCP, which cooperate to mediate PCNA-dependent SET8 degradation (Jgrgensen
etal., 2011; Oda et al., 2010; Wang et al., 2015). Consistent with the SET8 overexpression
data, depletion of CDT2/beta-TRCP mitigated the drop in H4K20me2 levels in mid/late S
phase (Figure 5F) and partially rescued the accumulation of 53BP1 in post-replicative
chromatin (Figure 5G).

Collectively, our findings unravel a role for H4K20me2 in modulating the 53BP1 response
to DSBs throughout S phase, thereby guiding the DSB repair pathway choice in a locus-
specific manner as a function of pre- versus post-replicative chromatin. This provides
experimental support for the recently proposed post-replicative chromatin marking model
(Hustedt and Durocher, 2016) and extends previous work on the HR-promoting role of
newly incorporated histones (Saredi et al., 2016) to an additional role as NHEJ antagonists
by restraining 53BP1 accumulation (Figure 6). Coupling the balance between HR and NHEJ
to histone marks, whose abundance discriminates pre- from post-replicative chromatin thus
represents an elegant inbuilt dual mechanism to choose the appropriate DSB repair pathway
dependent on the absence or availability of a homologous template strand.

Discussion

Cells regulate DSB repair pathways both globally (e.g., by pannuclear signals) and locally
(e.g., as a function of the chromatin environment or the transcription status). For instance, by
virtue of mitotic kinases, 53BP1 is globally prevented from binding to broken chromosomes
during mitosis in order to prevent aberrant telomere fusions (Orthwein et al., 2014).
Similarly, HR is suppressed in G1 by a cell cycle-regulated ubiquitylation circuit, which
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prevents formation of the BRCA1-PALB2-BRCA2 complex prior to S phase entry
(Orthwein et al., 2015). Further, as cells progress into S phase, the ability to form functional
BRCA1-PALB2-BRCA2 complexes synergizes with the CDK activity-mediated globally
enhanced processivity of the resection machinery (Huertas et al., 2008; Ira et al., 2004) as
well as with the nuclear export of the resection antagonist HELB (Tk&C et al., 2016).
Although such global regulation can efficiently prevent untimely engagement of repair
pathways and help to set the right conditions for appropriate repair pathway decisions, it is
insufficient to guide the choice between NHEJ and HDR as cells progress through S phase
and when unreplicated and replicated areas of the genome co-exist within the same nucleus.
Throughout S phase, DSB repair must therefore be regulated also locally and dependent on
the availability of replicated DNA sequences as templates for repair. The chromatin makeup
in front of and behind the replication fork may constitute a means to guide repair pathway
choices (Hustedt and Durocher, 2016). Indeed, it was recently shown that the HR-promoting
TONSL-MMS22L complex is recruited to newly incorporated histones in post-replicative
chromatin by recognizing unmethylated H4K20 tails (Saredi et al., 2016). Our data
complement and further extend these findings by showing that post-replicative chromatin
not only supports recruitment of HR factors, but at the same time is refractory to 53BP1
accumulation.

Consistent with our findings on cell cycle resolved DNA damage-induced chromatin
modifications, previous nascent chromatin capture (NCC) experiments coupled to SILAC-
based mass spectrometry to analyze histones and their marks on parental histones and in
newly replicated DNA provided evidence that di- and trimethylation marks are diluted 2-fold
upon replication, whereas the histone variant H2AX is quickly incorporated into newly
replicated DNA (Alabert et al., 2014, 2015). Taken together, this suggests that whereas the
apical, H2AX-based responses to DSBs can work efficiently in pre- and post-replicative
chromatin, the downstream and repair pathway determining response at the level of 53BP1
and its effectors works more efficiently in pre- versus post-replicative chromatin. From an
evolutionary perspective 53BP1 may have evolved as a bivalent histone reader in order to be
able to couple the sensing of a damage-induced chromatin signal (H2AK15ub, generated de
novo in the vicinity of DSBs through cooperative action of the ATM/MDC1/RNF8/RNF168
signaling cascade) with the sensing of unreplicated chromatin (marked by high H4K20me2
levels). In this way, cells ensure that the 53BP1-mediated constraint to DNA end resection is
most efficient in genomic areas, which have yet to be replicated, and in which resection
would lead to loss of genetic information. We noticed that 53BP1 accumulation occurs again
in a subpopulation of late G2 cells, when H4K20me2 levels are restored, and it is interesting
to speculate that NHEJ might be particularly suppressed in post-replicative chromatin during
S phase progression, when replication intermediates bear a high risk for NHEJ-mediated
chromosome fusions, and is enabled again in late G2 when the vast majority of replication
intermediates has been resolved.

Our model is compatible with a recently described function of 53BP1 to restrain resection
throughout S phase in order to favor gene conversion over single strand annealing (Ochs et
al., 2016). In fact, compared with pre-replicative chromatin, nascent chromatin with low
levels of H4K20me2 might be exquisitely prone to undergo mutagenic single strand
annealing upon breakage under conditions when 53BP1 becomes limiting. Although
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previous work (Saredi et al., 2016) and our data indicate that DSB repair pathway choice is
inherently linked to replication-coupled changes in the chromatin state, our results neither
exclude that H4K20me2 is locally modulated in response to DNA damage to provide an
additional layer of regulation, nor that additional genomic features and chromatin states
impact the repair pathway choice during S phase progression.

An important ramification of our model relates to current gene targeting approaches, which
are generally limited by the efficiency of HDR. In G1 cells, for instance, HDR is suppressed
by a cell cycle-regulated ubiquitylation circuit, which prevents formation of the BRCA1-
PALB2-BRCA2 HDR complex and thereby limits gene targeting (Orthwein et al., 2015).
Our data suggest that also during S phase, constraints exist for HDR, one of them being the
histone methylation status of H4K20. Because H4K20 methylation is tightly coupled to
DNA replication, cell-type-specific differences in replication timing and the corresponding
maturation of epigenetic marks may emerge as relevant factors for gene targeting approaches
and their therapeutic application.

Experimental Procedures

Cell Culture, DNA Damage Treatments, and Nucleoside Analogs

Human U-2-0S, HelLa, and hTERT-RPEL cells as well as U-2-0S cells stably expressing
GFP-53BP1 (kind gift of Jiri Lukas) were grown under standard cell culture conditions
(humidified atmosphere, 5% CO,) in DMEM containing 10% fetal bovine serum (GIBCO)
and penicillin-streptomycin antibiotics. All cell lines were routinely tested for potential
mycoplasma contamination and scored negatively. X-ray irradiation (0.5-5 Gy) of cells was
performed with a XYLON.SMART 160E/1.5 device, a RS-2000 Rad Source Irradiator, and
a Faxitron Cabinet X-ray System Model RX-650. Etoposide (Selleckchem) was used at a
final concentration of 5 pM, and cells were treated for 1-4 hr as indicated. Thymidine
(Sigma) and Nocodazole (Sigma) were used at final concentrations of 2 mM and 50 ng/ml,
respectively. BrdU (5-bromo-2-deoxyuridine; Sigma) was used at a final concentration of 10
UM, and cells were allowed to incorporate BrdU for 24 hr. For pulsed EdU (5-ethynyl-2’-
desoxyuridine; Thermo Fisher Scientific) incorporation, cells were incubated for 20 min in
medium containing 10 uM EdU. The Click-iT EdU Alexa Fluor 488 Imaging Kit (Thermo
Fisher Scientific) was used for EdU detection. The SUV4-20 inhibitor A-196 (Sigma) was
used at a final concentration of 1 uM for 24-72 hr, and UNC2170 (Sigma) was used at a
final concentration of 300 uM for 4 hr.

Plasmid and siRNA Transfections

Plasmid transfections were performed with polyethylenimine (PEI) according to standard
procedures using a PEI/DNA ratio of 2:1. The following plasmids were used for
transfections: pCMV-HA-FLAG-SET8 wild-type, pPCMV-HA-FLAG-SET8 PIP2 mutant
(LTDFY), pCMV-HA-FLAG-SET8 methyltransferase dead (NH/AA) (Jgrgensen et al.,
2011). Cells were treated and fixed 24 hr after transfection. Duplex siRNA transfections
were performed for 72 hr with Ambion Silencer Select siRNAs using Lipofectamine
RNAIMAX (Thermo Fisher Scientific). The following Silencer Select siRNAs were used at
a final concentration of 25 nM: 53BP1 (s14313), BRCAL (s459), CDT2 (5226739), bTRCP
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(s17109), and RNF168 (s46600). Negative control (4390843) from Ambion was used as a
non-targeting control and is abbreviated as “siCon.”

Cell Synchronization and Histone Extraction

For cell synchronization and release experiments, exponentially growing U-2-OS cells were
incubated with 2 mM thymidine for 20 hr and subsequently washed and cultured in fresh
medium. For cell synchronization in G2/M exponentially growing U-2-0S cells were
incubated with nocodazole (50 ng/ml) for 14 hr. For acid extraction of histones, cell pellets
were resuspended in Triton Extraction Buffer (TEB: PBS containing 0.5% Triton X-100
[v/v], 2 mM PMSF, 0.02% [w/v] NaN3) at a cell density of 107 cells/mL and lysed on ice for
10 min. Cells were centrifuged at 6,500 x g for 10 min at 4°C and then washed with TEB at
a cell density of 2 x 107 cells/ml. Cell pellets were resuspended in 0.2 N HCI at a density of
4 x 107 nuclei per ml and extracted over night at 4°C. Samples were centrifuged at 6,500 x g
for 10 min at 4°C and the supernatants neutralized with 20% 1 M NaOH. Protein amounts
were quantified using the standard Bradford method.

Immunochemical Methods

Proteins were resolved by SDS-PAGE and transferred onto polyvinylidene fluoride (PVDF)
membranes. Membranes were blocked with PBS-Tween 20 (0.01%) containing 5% milk
powder for 1 hr at room temperature. Primary antibodies in blocking solution were applied
over night at 4°C. The following primary antibodies were used for western blot analysis:
H4K20me2 (rabbit, Abcam ab9052, 1:500), H4 (rabbit, Abcam ab10158, 1:5,000), H3
(rabbit, Abcam ab1791, 1:20,000). Secondary horseradish peroxidase-coupled antibodies
(\Vector Labs and Thermo Fisher Scientific) were applied for 1 hr at room temperature in
PBS-Tween 20 (0.01%) containing 1% milk powder prior to detection by ECL-based
chemiluminescence.

Immunostaining

Cells were grown on sterile 12 mm glass coverslips, fixed in 3% formaldehyde in PBS for
12 min at room temperature, washed once in PBS, permeabilized for 5 min at room
temperature in 0.2% Triton X-100 (Sigma-Aldrich) in PBS, and washed twice in PBS. For
native BrdU stainings, cells were pre-extracted in 0.2% Triton X-100 in PBS for 2 min on
ice prior to formaldehyde fixation. All primary antibodies (see below for specifications) and
secondary antibodies (Alexa fluorophores, Life Technologies) were diluted in filtered
DMEM containing 10% FBS and 0.02% sodium azide. Antibody incubations were
performed for 1-2 hr at room temperature. Following antibody incubations, coverslips were
washed once with PBS and incubated for 2 min with PBS containing DAPI (0.5 pg/mL) at
room temperature to stain DNA. Following three washing steps in PBS, coverslips were
briefly washed with distilled water and mounted on 5 pL Mowiol-based mounting media
(Mowiol 4.88 [Calbiochem]/glycerol/Tris). The following primary antibodies were used for
immunostaining: H2AX Phospho S139 (mouse, Biolegend 613401, 1:1,000), 53BP1 (rabbit,
Santa Cruz sc-22760, 1:500), 53BP1 (mouse, Upstate MAB3802, 1:1,000), H4K20me2
(rabbit, Abcam ab9052, 1:100), H4K20mel (rabbit, Abcam ab9051, 1:1,000), H4K16ac
(rabbit, Abcam ab109463, 1:100), H2AK15ub (mouse, 1:300, kind gift of Zhiguo Zhang),
RIF1 (rabbit, Bethyl A300-569A, 1:1,000), BRCA1 (mouse, Santa Cruz sc-6954, 1:100),
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RAD51 (rabbit, Bioacademia 70-002, 1:1,000), FK2 (mouse, Enzo Life Sciences BML-
PW8810-0500, 1:1,000), Cyclin A (mouse, Abcam ab 16726, 1:100), BrdU (mouse, Becton
Dickinson 347580, 1:100), HA (mouse, BioLegend 901501, 1:250), HA (rabbit, Abcam
abh9110, 1:1,000).

QIBC and Confocal Microscopy

Automated multichannel wide-field microscopy for QIBC was performed as described
previously (Altmeyer et al., 2013; Toledo et al., 2013; Duda et al., 2016; Ochs et al., 2016)
on an Olympus ScanR Screening System equipped with an inverted motorized Olympus
IX83 microscope, a motorized stage, IR-laser hardware autofocus, a fast emission filter
wheel with single-band emission filters, and a 12-bit digital monochrome Hamamatsu
ORCA-FLASH 4.0 V2 sCMOS camera (dynamic range 4,000:1, 2,048 x 2,948 pixel of size
6.5 x 6.5 um, 12-bit dynamics). For each condition, image information of large cohorts of
cells (typically at least 500 cells for the UPLSAPO 40x objective [NA 0.9], at least 2,000
cells for the UPLSAPO 20x objective [NA 0.75], and at least 5,000 cells for the UPLSAPO
10x [NA 0.4] and UPLSAPO 4x [NA 0.16] objectives was acquired under non-saturating
conditions. ldentical settings were applied to all samples within one experiment. Images
were analyzed with the inbuilt Olympus ScanR Image Analysis Software Version 2.5.1, a
dynamic background correction was applied, nuclei segmentation was performed using an
integrated intensity-based object detection module using the DAPI signal, and foci
segmentation was performed using an integrated spot-detection module. Fluorescence
intensities were quantified and are depicted as arbitrary units. Color-coded scatterplots of
asynchronous cell populations were generated with Spotfire data visualization software
(TIBCO). Within one experiment, similar cell numbers were compared for the different
conditions. To visualize discrete data in scatterplots (e.g., foci numbers), mild jittering
(random displacement of data points along the discrete data axes) was applied in order to
demerge overlapping data points. Representative scatterplots and quantifications of
independent experiments, typically containing several thousand cells each, are shown.
Confocal microscopy was performed on a Leica SP8 laser scanning microscope equipped
with solid-state diode lasers for 405 nm (50 mW), 488 nm (20 mW), 552 nm (20 mW), and
638 nm (30 mW) using an HCX PL APO CS2 63x immersion oil objective (NA 1.4).

Statistical Methods

Averages and SDs from n = 3 samples were calculated, and averages were compared using
unpaired t tests. p values < 0.05 were considered to indicate statistical significance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

The genome caretaker 53BP1 preferentially marks DSBs in pre-replicative
chromatin

Replication-coupled dilution of H4K20me2 restrains 53BP1 function

DSB repair pathway choice is linked to replication status of broken genomic
loci

Premature chromatin maturation shifts the balance from HDR to NHEJ
activities
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Figure 1. 53BP1 Marks DSBs Preferentially in Pre-replicative Chromatin with High Levels of
H4K20me2

(A) Experimental setup for quantitative image-based cytometry (QIBC), which allows us to
assess cellular features (e.g., ionizing radiation-induced foci [IRIF]) in individual cells of
large cell populations as a function of the cell cycle status.

(B) QIBC for cell cycle staging of asynchronous cell populations. DAPI-based 1D and 2D
cell cycle profiles of U-2-OS cells are shown. Cells were gated into five sub-populations
with increasing DNA content from G1 to G2.

(C) H4K20mez2 levels across the cell cycle based on QIBC.
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(D) Asynchronously growing unperturbed U-2-0S cells were stained for H4K20me2 and
53BP1. Accumulated intensities in sub-nuclear 53BP1 bodies are shown as a function of cell
cycle progression and H4K20me2 levels. Representative cells are shown below.

(E) Cells were fixed 45 min after 1 Gy of IR and stained for H4K20me2 and 53BP1.
Accumulated 53BP1 intensities in sub-nuclear foci are shown as a function of cell cycle
progression and H4K20me2 levels. Representative cells are shown below.

(F) Cells were pulsed with EAU for 20 min, irradiated as in (E), and stained for EdU, 53BP1,
and H4K20me2. 53BP1 foci counts and H4K20me2 levels are shown as a function of cell
cycle progression.

(G) Cells were treated for 48 hr with 1 uM SUV4-20 inhibitor A-196, irradiated with 1 Gy,
fixed after 45 min, and stained for 53BP1.

Color codes as defined in the figure panels. The scale bars represent 10 um. See also Figures
S1-S3.
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Figure 2. 53BP1 Accumulation Is Excluded from EdU-Marked Replicated Chromatin
(A-C) Cells were pulsed with EdU for 20 min, irradiated with 1 Gy, fixed after 45 min, and

stained for EdU, cyclin A, and 53BP1. Multidimensional cell cycle staging based on
DAPI/EdU (A) and DAPI/cyclin A (B) was performed. Cell cycle positions were attributed
to individual cells accordingly, and overlap between 53BP1 and EdU in early S phase cells
was analyzed (C).

(D) Cells were pulsed with EdU, irradiated with 1 Gy, fixed after 45 min, stained for EdU
and 53BP1, and analyzed by confocal microscopy. Cells in early S phase were identified by
low DAPI/EdU.

Color codes as defined in the figure panels. The scale bars represent 10 um.
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Figure 3. The Discrimination between Pre- and Post-replicative Chromatin Occurs at the Level
of 53BP1

(A) Cells were treated with the indicated doses of IR and fixed after 45 min. Cell cycle
staging was done based on DAPI and H4K20me?2 intensities as indicated.

(B) 53BP1 accumulation into IRIF was quantified and is displayed as a function of cell cycle
progression and H4K20me2 levels. Normalization against nuclear area was performed to
correct for the cell cycle progression-associated increase in nuclear volume, DNA content,
and, presumably, amount of DSBs generated in the genome; see (C).

DAPI/FK2
DAPI/H2AK15ub
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(C) Cells were treated with IR as indicated and fixed 45 min later, and yH2AX foci were
quantified as a function of cell cycle progression and H4K20me2 levels. Note that
normalization against nuclear area corrects the cell cycle-related increase in yH2AX foci
numbers.

(D) Cells were treated with 1 Gy, fixed 45 min later, and stained for 53BP1 and yH2AX,
and 53BP1 and yH2AX foci were quantified as a function of cell cycle progression.
Representative images are shown on the right.

(E) Similar to (D), cells were pulsed with EdU, irradiated (1 Gy, 45 min), stained for EdU,
53BP1, and yH2AX, and analyzed by confocal microscopy. Cells in early S phase were
identified by low DAPI/EdU.

(F) Cells were treated with IR (1Gy, 45 min), and nuclear foci of ubiquitin conjugates
detected by the FK2 antibody were quantified. Representative images are shown below.
(G) Cells were treated with IR as in (F) and nuclear foci of H2AK15ub were quantified.
Representative images are shown below.

Color codes as defined in the figure panels. The scale bars represent 10 um. See also Figures
S4 and Sb.
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Figure 4. DNA End Resection for HDR Occurs Most Efficiently in Chromatin with Low Levels of
H4K20me2

(A) Cells were treated with IR as indicated and fixed 45 min later, and RIF1 foci were
quantified and are displayed as a function of cell cycle progression. Representative images
are shown below.

(B) EdU-labeled cells were treated with IR (0.5 Gy, 45 min) and co-stained for RIF1 and
53BP1. RIF1 and 53BP1 foci were quantified and are displayed as a function of cell cycle
progression.
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(C) Cells were treated as in (A), and BRCA1 foci were quantified as a function of cell cycle
progression. Representative images are shown below.

(D) Cells were grown in the presence of 10 uM BrdU for 24 h, irradiated with 5 Gy, allowed
to recover for 2 h, pre-extracted on ice in 0.2% Triton X-100 for 2 min, and stained for
H4K20me2 and BrdU. DNA end resection-associated BrdU signals were quantified as a
function of cell cycle progression and H4K20me2 levels.

Color codes as defined in the figure panels. The scale bars represent 10 um. See also Figure
S5.
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Figure 5. Premature Chromatin Maturation Restores H4K20me2 Levels and Rescues 53BP1
Recruitment in Post-replicative Chromatin

(A) Cells were transfected with negative control siRNA or siRNA against BRCAL, treated
with IR (0.5 Gy, 45 min), and stained for H4K20me2 and 53BP1. DAPI/H4K20me2-based
cell cycle staging was performed, and 53BP1 foci were quantified and displayed as a
function of cell cycle progression and H4K20me2 levels.

(B) Cells were transfected as above in the presence or absence of 1 uM SUV4-20 inhibitor
A-196 for 72 hr, irradiated (0.5 Gy, 45 min), and stained for 53BP1 or H4K20me2. 53BP1
foci and H4K20me2 levels are shown as a function of cell cycle progression.
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(C) Cells were transfected with wild-type HA-FLAG-SETS, a non-degradable PIP2 version
(SET8 *), or a catalytically inactive mutant (SET8 t), and stained for HA and H4K20me?2.
Cells were gated according to the HA signal and staged according to DAPI intensities.
H4K20mez2 levels in HA-negative (top) and HA-positive (bottom) cells are displayed as a
function of cell cycle progression. Right: cells were transfected with the same set of
plasmids, irradiated with 0.5 Gy, fixed 45 min later, and stained for HA and 53BP1. 53BP1
foci in HA-negative and HA-positive cells were quantified and the ratio between 53BP1 foci
in G1 cells over late S phase cells was determined. Averages from three independent
experiments are shown. Representative images are shown on the right.

(D) Cells were transfected with the non-degradable PIP2 version of SET8 (SET8 *),
irradiated with 0.5 Gy, fixed 45 min later, and stained for HA and BRCAL.

(E) Cells were transfected and treated as in (D) and stained for HA and RAD51.

(F) Cells were transfected with negative control siRNA or siRNA against CDT2/bTRCP and
stained for H4K20me2. H4K20me2 levels are displayed as a function of cell cycle
progression.

(G) Cells were transfected as in (F), irradiated with 0.5 Gy, and fixed 45 min later, and
53BP1 foci were quantified and the ratio between 53BP1 foci in G1 cells over late S phase
cells was determined. Averages from three independent experiments are shown.
Representative images are shown on the right.

Color codes as defined in the figure panels. Error bars depict SDs. *p < 0.05; n.s., not
significant (p = 0.05). The scale bars represent 10 pm. See also Figure S5.
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; High affinity bivalent 53BP1 binding
Low affinity 53BP1 binding facilitates
displacement by the HR machinery

\iﬁ\m\&(
Pﬁ@\vﬁk&i
VY SN

NHEJ HR NHEJ HR

Figure 6. Model for H4K20-Guided DSB Repair Pathway Choice
Replication-coupled dilution of H4K20me2 in nascent chromatin, together with

concomitantly increased concentrations of unmethylated H4K20, which helps recruit
components of the HDR machinery (Saredi et al., 2016), complement global HDR-
promoting signaling events by providing a means to locally discriminate pre- from post-
replicative chromatin throughout S phase. DSBs in unreplicated DNA are associated with a
high density of H4K20me2, allowing high-affinity bivalent chromatin binding of 53BP1 and
its downstream effectors to efficiently inhibit DNA end resection. In contrast, DSBs in
replicated DNA are associated with a lower density of H4K20me2 (and higher density of
H4K20me0) resulting in a reduced affinity of 53BP1, thus lowering the threshold for its
displacement by the HR machinery.
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