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SUMMARY

Although the inverse affinities of 53BP1 and BRCA1-BARD1 complexes for
distinct methylation sates of lysine (K) 20 at histone H4 have underscored a role of
this epigenetic mark in the regulation of DNA-repair pathways choice, how the different
H4K20 methyltransferases are involved remained unclear. Here, we show that the
replication-coupled degradation of the lysine methyltransferase SET8 responsible for
H4K20 mono-methylation (H4K20me1) is primordial for the onset of the
recombinogenic functions of BRCA1 during unperturbed DNA replication. Indeed,
independently of other H4K20me states, we determined that the SET8-induced switch
from un-methyl to mono-methyl H4K20 followed by the activation of the ubiquitin ligase
RNF168 constitutes a turn-off signal of homologous recombination by tipping the
balance from BRCA1-BARD1 to 53BP1 complexes on post-replicated chromatin.
Conversely, the lack of SET8 and the absence of H4K20 monomethylation after DNA
replication led to an inaccurate chromatin accumulation of BRCA1 at the exit of
mitosis, which contributes to the improper progression from G1 to S-phase in daughter
cells. Altogether, these results establish the activity of SET8 on chromatin as the

primary inhibitory lock of BRCA1-mediated HR pathway during the cell cycle.
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INTRODUCTION

The genome of eukaryotic cells is constantly challenged by variety of DNA
insults, which can occur in response to exogenous agents or accidentally during DNA-
dependent processes (Scully et al. 2019). Double-strand breaks (DSBs) represent the
most detrimental lesions, because failure to eliminate them can lead to cell death or a
wide variety of genetic alterations (Xu and Xu 2020). To deal with this threat, cells
have evolved an elaborate DNA repair network where homologous recombination
(HR) and non-homologous end joining (NHEJ) are the two major pathways used for
repairing DSBs (Hustedt and Durocher 2017; Scully et al. 2019). In contrast to NHEJ,
HR usually depends on the presence of a sister chromatid produced by DNA
replication, as it provides an undamaged homologous template for repair of both
broken strands. The use of HR is therefore closely linked to S and G2 phases of the
cell cycle (Hustedt et Durocher 2017). Furthermore, most of HR factors are naturally
found enriched in the vicinity of replication forks, suggesting that they play important
role in the stability of genome during S-phase and making HR as the favored repair
pathway to deal with replication-associated DNA lesions (Kolinjivadi et al. 2017).
However, while the cascade of events that lead to the activation of homologous
recombination is extensively studied in the context of exogenous DNA lesions, less is
known about the mechanisms that regulate HR during unperturbed S-phase
progression. Notably, how HR signaling pathway is specifically restrained to both S
and G2 phases of the cell cycle is still poorly understood. Yet, these mechanisms are
likely essential, since inaccurate activation or misuse in HR pathways during the other
phases of the cell cycle can cause deleterious outcomes associated with cancer (Toh

et Ngeow 2021; Jeggo et Lobrich 2015).
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A critical determinant for the regulation of HR signaling pathway is the balanced
activities between the pro-NHEJ protein 53BP1 and the HR-promoting heterodimer
formed by BRCA1 and BARD1 during the cell cycle (Hustedt and Durocher 2017;
Scully et al. 2019). Upon DNA damage, 53BP1 accumulates at DSB sites by
recognizing notably nucleosomes marked by the di-methylation of histone H4 at lysine
20 (H4K20me2) and to lesser extent ubiquitylation of histone H2A at lysine 15 (Fradet-
Turcotte et al. 2013). This 53BP1 accumulation on damaged chromatin limits HR by
antagonizing the DNA end resection activity of BRCA1-BARD1 and thus the
subsequent loading of RAD51 that catalyzes the repair reaction by recombination
(Tarsounas and Sung 2020). As cells progress through S phase, the ability of 53BP1
to accumulate around DNA breaks decline. This has been notably attributed to the
replication-coupled dilution of H4K20me2 mark on post-replicated chromatin
(Michelena et al. 2021; Tarsounas et Sung 2020). Yet, 53BP1 can also interact with
histone H4K20 mono-methylation (H4K20me1) and tri-methylation (H4K20me3)
(Botuyan et al. 2006; Svobodova et al. 2018), thereby questioning this model.
Conversely, the lack of methylation of H4K20 (H4K20meO) is a mark of post-replicative
chromatin specifically recognized by the ankyrin domain of BARD1, which contributes
to BRCA1 recruitment and the eviction of 53BP1 when sister chromatid is available for
HR repair (Nakamura et al. 2019; Witus et al. 2022). Thus, the inverse affinities of
53BP1 and BARD1 for distinct methylation sates of histone H4K20 have underscored
a potential key role of this lysine methylation in the regulation of DNA repair pathways
choice during the cell cycle. However, this hypothesis has been explored so far only
in response to exogenous DNA damaging agents and never been validated in a more

physiological and unchallenged context. Furthermore, the H4K20 enzymes
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responsible and the biological significance of different H4K20me states in the cell-
cycle regulatory interplay between 53BP1 and BRCA1 still remain poorly understood.

In this work, we provide evidences that the histone H4K20 mono-
methyltransferase SET8 on its own works as the primary turn-off timer of BRCA1
recombinogenic functions. SET8 activity appears essential to avoid improper BRCA1
HR activity on chromatin outside of S and G2 phases. This inhibitory role on BRCA1
functions is linked to the single conversion of H4K20me0 to H4K20me1 followed by
the chromatin binding of the ubiquitin ligase RNF168, which together contributes to
the switch from BRCA1 to the anti-recombinogenic functions of 53BP1 on post-

replicated chromatin.

RESULTS

PCNA-mediated SET8 degradation is required for H4K20me0 enrichment on
post-replicated chromatin. Previous studies showed that the newly incorporated
histones H4 during S-phase remained unmethylated at lysine 20 (H4K20me0) until the
onset of mitosis (Alabert et al. 2015). The absence of methylation of newly synthetized
histone H4 may be related to the higher activity of H4K20 demethylases at the onset
of DNA replication, as suggested by previous studies on PHF8 and hHR23 enzymes
(Cao et al. 2020; Liu et al. 2010). An alternative but not mutually exclusive possibility
is that the H4K20meO enrichment during S-phase could be also favored by the
replication-coupled degradation of the lysine methyltransferase SET8 responsible for
H4K20 mono-methylation (H4K20me1), a prerequisite for higher H4K20me states
(H4K20me2/me3) induced by SUV4-20H enzymes (Beck et al. 2012, 4; Brustel et al.
2011; Jargensen et al. 2013). To explore further this second possibility, we used an

U20S cell line harboring a tetracycline(Tet)-inducible FLAG-SET8PP™ut enzyme


https://doi.org/10.1101/2023.11.22.567520

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.22.567520; this version posted November 22, 2023. 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.

unable to interact with PCNA and thus resistant to the protein destruction mediated by
the CRL4°™P? complex during S-phase (Centore et al. 2010; Oda et al. 2010; Tardat
et al. 2010). The advantage of this Tet-inducible SET8 cellular model is that we can
efficiently synchronized cells and study the immediate impact of FLAG-SET8P!Pmut
expression on chromatin without inducing the re-replication phenotype associated with
long-term SETS8 stabilization as previously described (Beck et al. 2012; Tardat et al.
2010). Thus, U20S cells were first synchronized at G1/S transition by thymidine block
and then the expression of FLAG-SET8"P™twas induced by tetracycline treatment for
at least 2 hours before release into S-phase. Although displaying a slight delay in S-
phase entry, tetracycline-treated cells then progressed similarly in S-phase compared
to untreated cells as observed by FACS analysis (Figure 1A). As cells progressed into
S-phase, immunoblot analysis showed that the levels of endogenous SETS, but not of
FLAG-SET8P'Pm™ut mutant, declined rapidly as expected (Figure 1B). Consistent with
previous studies (Rice et al. 2002; Tardat et al. 2010; Alabert et al. 2015), the lack of
SETS in control cells was accompanied by the decrease in the steady state levels of
H4K20me1 and the concomitant accumulation of unmethylated H4K20 mark
(H4K20meO0) (Figure 1B, left panels). In contrast, the expression of the non-
degradable FLAG-SET8PP™t mutant was sufficient to prevent the decline of
H4K20me1 and the appearance of H4K20meO in tetracycline-treated cells (Figure 1B,
right panels). Since H4K20meO is a hallmark of post-replicated chromatin, we
hypothesized that FLAG-SET8P'PMtexpression on its own was sufficient to trigger de
novo H4K20me1 on newly incorporated histones H4 in the wake of replication forks.
To verify this hypothesis, asynchronous control and tetracycline-treated U20S cells
were pulse-labelled with EAU for 20 minutes and treated with formaldehyde to cross-

link protein-DNA complexes. After covalent linkage of biotin-azide to EAU using click
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chemistry, EdU-labelled DNA and associated proteins were isolated by iPOND
(Isolation of Proteins on Nascent DNA) method and then analyzed by immunoblotting
(Dungrawala et Cortez 2015). The procedure without click-it reaction served as
negative controls. As shown in Figure 1C, immunoblot analysis showed similar levels
of histones and PCNA in untreated and tetracycline-treated U20S samples after click-
it reaction, thereby indicating that replisome and chromatin proteins associated with
EdU-labelled DNA were efficiently and similarly captured in control and FLAG-
SET8PPmut expressing cells. In these conditions, analysis of H4K20me states by
immunoblot revealed a loss of H4K20meO with a concomitant gain of H4K20me1 in
nascent chromatin upon SET8PP™t expression, while the levels of H4K20me2 and
H4K20me3, which mainly corresponded to recycled histones H4 (Alabert et al. 2015),
remained largely unchanged (Figure 1C). Altogether, these results demonstrate that
the expression of a non-degradable SET8 enzyme is sufficient to prevent H4K20me0
accumulation by inducing its premature conversion to H4K20me1 on newly
incorporated histones H4. Hence, the natural enrichment of H4K20meO on post-
replicated chromatin largely depends on the replication-coupled degradation of SET8

in U20S cells.

The premature switch from H4K20me0 to H4K20me1 modify nascent chromatin
composition. To determine whether the switch from H4K20meO to H4K20me1
impacts on the protein composition of nascent chromatin formed in the wake of
replication forks, proteins isolated by iPOND approach were analyzed by mass
spectrometry (MS). iPOND purification without click-it reaction served as controls to
identify non-specific protein binding to EdU labelled DNA in untreated and tetracycline-

treated conditions. Hence, in this IPOND-MS experiment, we identified 547 proteins
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specifically enriched on Edu-labelled DNA in control untreated cells (-TET), while 595
proteins were identified in replicating cells treated with tetracyline (+TET) and that
expressed the non-degradable FLAG-SET8PP™Ut protein (Figure 1D). Of the total
proteins identified, 840 of them (73.5%) were common in both cellular conditions
(Figure 1D). They mostly corresponded to proteins already known to be enriched at
replication forks and functionally linked to DNA replication, DNA repair, chromatin
structure and RNA regulation (Wessel et al. 2019; Ribeyre et al. 2016). Interestingly,
however, 197 proteins were found specifically associated with EdU-labelled DNA in
response to FLAG-SET8P'PMt expression, including SET8 itself, while 105 proteins
normally enriched on newly synthetized DNA in control cells were lost upon SET8
stabilization (Figures 1E-1H). Gene ontology analysis revealed an over-representation
of proteins involved in mMRNA metabolism, chromatin organization and DNA repair
pathways in both cellular conditions (Figures 1E and 1G). Looking closer at the list of
proteins involved in DNA repair and chromatin-related pathways, we noticed the gain
of 53PB1, HDAC2, BABAM2, SMC5 and several non-SMC family proteins upon
FLAG-SET8P'Pmutexpression (Figure 1E). In contrast, we observed the loss of BRCA1
and several other DNA repair-associated proteins such as PARP2, ERCC2, OTUB1
or TONSL. This last result was consistent with previous studies showing the ability of
TONSL to interact in vitro with peptides and nucleosomes harboring H4K20me0 marks
but not H4K20me1 (Nakamura et al. 2019; Saredi et al. 2016). Altogether, these
results suggest that the premature stabilization of SET8 and the subsequent mono-
methylation of lysine 20 on newly incorporated histones H4 were sufficient to modify
significantly the composition of post-replicated chromatin, notably by altering the

binding of several key proteins in chromatin and DNA repair regulatory pathways.
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SET8 upregulation impairs the focal accumulation of HR proteins during S-
phase. During S-phase and even in absence of exogenous DNA damage, BRCA1
spontaneously form nuclear foci to support replication machinery and to ensure
genome stability (Aze et al. 2013; Kolinjivadi et al. 2017). To determine whether
unscheduled SET8 activity impairs BRCA1 foci formation and instead could favor
53BP1 focal accumulation as suggested by our iPOND-MS data (Figure 1), we
examined by immunofluorescence the number of BRCA1 and 53BP1 foci in control
and FLAG-SET8PPmutreplicating cells. We also examined by immunofluorescence the
levels of BARD1 and RADS1 focal accumulation, since BARD1 forms a heterodimer
with BRCA1 and its binding to H4K20meO0 contributes to the subsequent recruitment
of RAD51 on replicated DNA (Nakamura et al. 2019). After treatment or not with
tetracycline to induce FLAG-SET8FP'PMutexpression, cells were pulse-labelled with EdU
for 30 minutes before fixation. Fixed cells were then treated with click-it chemistry to
reveal EdU incorporation in replicating cells and then co-stained with BARD1, BRCA1,
Rad51 or 53BP1 antibodies. The representative images of the results are shown in
Figure 2A and their quantifications are shown in Figures 2B and in Supplementary
Figure S1A. Consistent with FACS analysis (Figure 1A), the EdU staining was similar
between the control and FLAG-SET8PP™ut replicating cells. As expected, RAD51,
BARD1 and BRCA1 nuclear foci were detected in control replicating cells (Figure 2A
and Figure S1A). We also noticed that these control cells displayed few and disperse
53BP1 foci (Figure 2A). In contrast, BRCA1, BARD1 and RADS1 nuclear foci were
almost abolished in replicating cells upon FLAG-SET8PPMut expression, whereas the
number and size of 53BP1 nuclear foci were strongly increased (Figures 2A and 2B,

Figure S1B).
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To demonstrate that the loss of nuclear HR foci is related to the
methyltransferase activity of SET8P'PMt protein, U20S cells were transduced with
pBabe retroviral vectors encoding the active FLAG-SET8P'P™ or its catalytic dead
version FLAG-SET8PIPmut+SETmut - Three days after retroviral infection, the levels of
RAD51 and 53BP1 nuclear foci in replicating cells were examined by
immunofluorescence. As shown in figures 2C and 2D, the expression of the inactive
FLAG-SET8PIPmut+SETmut - byt not of FLAG-SET8P'P™, failed to reduce RAD51 foci
formation and to stimulate 53BP1 focal accumulation during S-phase. Noted of,
defects in RAD51 foci formation during DNA replication are sufficient to impair
homologous recombination (HR) and trigger genome instability (Bhowmick et al. 2022,
51; Costanzo et al. 2011 ; Feu et al. 2022). Consistent with this, we noticed later the
appearance of yH2A.X foci that mostly coincided with the presence of 53BP1 foci in
FLAG-SET8P'Pmut replicating cells (Figures S1C and S1D). This would contribute to
the previous reported DNA damage checkpoint activation and G2/M arrest observed
upon SET8 stabilization (Centore et al. 2010; Oda et al. 2010; Tardat et al. 2010). In
conclusion, our results demonstrate that the switch from H4K20me0 to H4K20me1
induced by SET8 stabilization during S-phase is sufficient to inhibit HR nuclear foci

formation.

SET8 is an inhibitor of homologous recombination. The results described above
suggest that sustaining SET8 activity impairs homologous recombination (HR) during
S-phase. This hypothesis is also supported by a previous report showing that the
overexpression of SET8 reduces the loading of BRCA1 and RAD51 on chromatin upon
ionizing radiation (Pellegrino et al. 2017). To demonstrate that SET8 can function

indeed as an inhibitor of homologous recombination, control (-TET) and SET8P!Pmut
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expressing cells (+TET) were treated with camptothecin (CPT) for 2 hours to induce
DNA damage and then the number of RAD51, BRCA1 and 53BP1 nuclear foci were
examined by immunofluorescence. Camptothecin (CPT) is a Topoisomerase-| poison
that promotes DNA breakage at replication forks and that are mainly repaired by HR
in U20S cells (Han et al. 2022). Accordingly, CPT led to the activation of the DNA
damage checkpoint kinase ATM (Figure S2A) followed by the focal accumulation of
RADS1, BRCA1 and 53PB1 in a dose-dependent manner in control cells (Figures 3A
and 3B). In contrast, although ATM is still normally activated in tetracycline-treated
cells upon CPT treatment (Figure S2A), FLAG-SET8P'PMut expression prevented the
focal accumulation of RAD51 and BRCA1, but not of 53BP1 that was even increased
(Figures 3A and 3B). Importantly, RPA foci formation on DNA lesions was observed
in both control and SET8PPmut expressing cells upon CPT treatment (Figure S2B),
indicating that the loss of RAD51 foci formation was not indirectly caused by defects
in RPA loading at DNA breaks. Consistent with the accumulation of 53BP1 instead of
BRCA1, we also observed the specific phosphorylation of DNA-PKcs at Serine 2056
upon CPT in FLAG-SET8P'Pmut expressing cells (Figure S2A), thereby suggesting the
activation of NHEJ pathway rather than the HR pathway.

To further corroborate these results, the efficiency of HR upon SET8 expression
was assessed using a DR-GFP reporter-based HR system stably integrated into the
genome of U20S cells. This DR-GFP system consists of two unique inactive copies
of the GFP gene integrated at the same loci. The first GFP copy (SceGFP) contains
the I-Scel restriction site with an in-frame stop codon and the second copy (secGFP)
harbors truncations at both ends. After cleavage within SceGFP copy by I-Scel, mostly
HR uses secGFP as a template to restore a functional GFP gene. Then, GFP

fluorescence can be detected using flow cytometry as an indirect measure of HR
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efficiency. DR-GFP cells were first transduced with retroviral vectors encoding either
FLAG-SET8"T, FLAG-SET8P'Pmut or the inactive FLAG-SET8PPMut+SETmut protein and
then transfected with a plasmid expressing Sce1. As shown in figure 3B and consistent
with defects in HR foci formation in absence (Figure 2) as well as in presence of
exogenous DNA damage (Figure 3A), the expression of FLAG-SET8PPmut strongly
reduced the efficiency of HR in a manner depending on its methyltransferase activity
(figure 3C). As expected, however, the HR efficiency was only slightly reduced in cells
expressing FLAG-SET8WT (Figure 3C) that was still highly degraded during S and G2
phases when HR is active (Tardat et al. 2010). Taken together, these results
demonstrate that the proper activation of homologous recombination during S/G2
phases requires the PCNA-coupled degradation of SET8 in order to avoid the HR

inhibition mediated by the SET8-induced lysine methylation on chromatin.

The anti-recombinogenic functions of SET8 depends on the recruitment of
53BP1. BRCA1 was previously shown to displace 53BP1 from chromatin in the vicinity
of DSBs, thus countering the resection barrier and promoting RAD51 loading and HR
during S and G2 phases (Chapman et al. 2012). Accordingly, the loss of 53BP1 can
largely restore HR in BRCA1-deficient mice by rescuing RADS51 foci formation (Bunting
et al. 2010). Given the role of SET8-induced H4K20me1 on the recruitment of 53BP1,
we therefore reasoned that the anti-recombinogenic functions of SET8 might depend
on 53BP1. To test this hypothesis, we examined the levels of RAD51 foci formation in
control and FLAG-SET8PPmut expressing cells depleted or not for 53BP1. Two days
after two rounds of siRNA transfection to efficiently deplete 53BP1, cells were treated
with tetracycline to induce FLAG-SET8P!Pmut expression and then pulse-labelled with

EdU before to evaluate RAD51, BRCA1 and BARD1 nuclear foci formation by
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immunofluorescence. The levels of FLAG-SET8PP™t expression and the depletion of
53BP1 were verified by immunoblotting (Figure S3). As shown in Figure 4A, while
53BP1 depletion slightly increased the number of RAD51 foci in untreated control
cells, the formation of RAD51 foci was fully rescued in FLAG-SET8PPmut expressing
cells depleted for 53BP1(Figure 4A). Similarly, 53BP1 depletion was sufficient to fully
rescue BRCA1 focal accumulation in FLAG-SET8P'P™ut expressing cells (Figure 4B),
although the levels of BARD1 nuclear foci were only slightly rescued (Figure 4C). We
conclude from these experiments that the inhibition of BRCA1 signaling upon SET8
activity and the subsequent loss of RADS1 foci depends on 53BP1 and its recruitment

on replicated chromatin.

The SET8-induced switch from BRCA1/BARD1 to 53BP1 recruitment on
replicated chromatin is independent of SUV4-20H activity on H4K20me1. A
previous report has proposed that the inverse relationship between 53BP1 recruitment
and the maturation of replicated chromatin is triggered by the replication-coupled
dilution of H4K20me2, which is a high-affinity binding site for 53BP1 (Michelena et al.
2021; Pellegrino et al. 2017). Hence, we asked whether a conversion of H4K20me1
to H4K20me2 by SUV4-20Hs was necessary for the accumulation of 53BP1 on
replicated chromatin upon SET8 stabilization or whether the switch from H4K20me to
H4K20me1 might be sufficient on its own since 53BP1 can also bind to H4K20me1.
To discriminate between the two possibilities, we examined whether the
pharmacological inhibition of SUV4-20Hs prevented 53BP1 binding and thus restored
BRCA1 and RAD51 foci formation in FLAG-SET8PPmUt replicating cells. To this end,
Tet-inducible FLAG-SET8PP™t cells were co-treated with tetracycline and the

validated SUV4-20H-inhibitor A196. After EdU-labelling of replicating cells, the
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formation of 53BP1 and HR nuclear foci were examined by immunofluorescence as
described above. The treatment with 10uM of A196 was sufficient to inhibit de novo
SUV4-20H activity and prevents the potential conversion of H4K20me1 to higher
H4K20me states upon FLAG-SET8PP™Utexpression (Figure S4A). As shown in Figure
5, the focal accumulation of 53BP1 and the concomitant loss of BARD1, BRCA1 and
RAD51 nuclear foci during S phase were identical between FLAG-SET8PPmut
expressing cells, whether they were treated or not with A196 (Figures 5A-5D). Similar
results were obtained with cells treated with A196 for 5 days and that displayed a
complete loss of H4K20me2/me3 marks before tetracycline treatment to induce FLAG-
SET8PPmut expression (Figures S5). Taken together, these results show that 53BP1
binding to post-replicated chromatin and the following HR inhibition upon SET8
stabilization are actually independent of SUV4-20Hs activity and the conversion of

H4K20me1 to higher H4K20me states.

SET8-induced 53BP1 focal accumulation requires the recruitment of RNF168 on
replicated chromatin. By inducing the ubiquitination of histones and others factors,
the ubiquitin ligase RNF168 has been reported to be an upstream regulator of 53BP1
that is critical for HR defects caused by BRCA1 deficiency (Krais et al. 2021 ; Zong et
al. 2019 ; Zong et al. 2015). Interestingly, SET8 directly interact with RNF168 and
promotes RNF168 ubiquitin activity towards histone H2A (Dulev et al. 2020; Lu et al.
2021), thereby raising the possibility that 53BP1 focal accumulation induced by SET8
stabilization might depend on RNF168. Consistent with this possibility, FLAG-
SET8PPmut expressing cells displayed RNF168 focal accumulation that significantly
overlapped with 53BP1 (Figures 6A and supplementary Figure S6A). This was

accompanied by an apparent enrichment of ubiquitinated chromatin proteins as
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observed by the detection of 53BP1 foci positive for the anti-ubiquitinylated proteins
antibody FK2 (Figure 6B). As observed for 53BP1, the focal accumulation of RNF168
during DNA replication was also enhanced in presence of DNA lesions in FLAG-
SET8PPmut cells treated with camptothecin (Figure S6B). However, the focal
accumulation of RNF168 was not reduced upon 53BP1 depletion (Figure S6C) or
when SUV4-20H enzymes were inhibited (Figure S6D). These results indicate that the
recruitment of RNF168 on replicated chromatin upon SET8 stabilization occurs
independently of 53BP1 and the conversion of H4K20me1 to higher H4K20me states.
Conversely, to determine whether the recruitment of RNF168 in response to SET8
stabilization contributes to the focal accumulation of 53BP1 on replicated chromatin
and the inhibition of homologous recombination (HR), we examined by
immunofluorescence the levels of 53BP1, BRCA1 and RADS51 nuclear foci formation
in control and FLAG-SET8P'PMtexpressing previously depleted or not with RNF168 by
siRNA. The depletion of RNF168 and the expression of FLAG-SET8PPmutwere verified
by immunoblotting (Figure S6E). As shown in Figures 6C and 6D, depletion of RNF168
significantly decreased 5BP1 focal accumulation in FLAG-SET8P!PmUt replicating cells,
thereby suggesting that RNF168 contributes indeed to the untimely accumulation of
53BP1 orchestrated by SET8 stabilization on replicated chromatin. However, although
53BP1 focal accumulation was strongly reduced upon RNF168 depletion, BRCA1 and
RADS1 foci formation was not rescued (Figures 6C and 6E). Instead, we even
observed a decrease in HR foci in control cells depleted for RNF168 compared to
siRNA control cells (Figure 6E). This was consistent with previous reports showing
that RNF168 activity contributes to BRCA1 recruitment and functions, likely via the
ability of BARD1 to interact with histone H2A ubiquitination (Becker et al. 2021; Krais

et al. 2021, 168). Altogether, our results suggest a scenario where SETS8 stabilization
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on replicated chromatin subsequently favors RNF168 recruitment and protein
ubiquitination that, in parallel to the conversion of H4K20meO0 to H4K20me1, lead to a
post-replicated chromatin organization attractive for 53BP1 but refractory to

BRCA1dependent HR.

The restriction of BRCA1 chromatin binding outside of S/G2 phases depends on
SET8. In order to avoid genetic aberrations, the functions of BRCA1 in homologous
recombination must be suppressed from G1 phase to early S-phase, when only
homologous chromosomes are available (Hustedt et Durocher 2017). Based on the
findings described above and that chromatin is enriched in H4K20me1 during G1 and
early-S phases, we reasoned that the restriction of BRCA1 chromatin recruitment
outside of S/G2 phases might depend on SET8 methyltransferase activity. To explore
further this hypothesis, U20S cells were synchronized at G1/S transition by double
thymidine block, transfected with control or SET8 siRNA for 12 hours, then released
from the G1/S transition before FACS analysis of cell-cycle progression. Both control
and SET8 siRNA-treated cells were able to progress similarly through S-phase, then
exited from mitosis 15 hours after release with, however, high levels of H4K20meO
instead of H4K20me1 in SET8 depleted cells (Supplementary Figure S7). At 15 hours
post release and compared to control cells, immunoblots after biochemical
fractionation showed the loss of BRCA1 in S1 fraction of cytoplasmic components and
its concomitant enrichment in P3 chromatin-enriched fraction of SET8 depleted cells
harboring H4K20meO. In contrast, the chromatin binding of 53BP1 was slightly but
significantly decreased, as observed by the lower levels of 53BP1 in P3 fraction and
its concomitant increase in S2 fraction with soluble nuclear components (Figure 7A).

In a previous study, we showed that G1/S synchronized cells depleted for SET8
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started to accumulate DNA breaks as they progressed in G1 phase after a first mitosis
without SET8 (Shoaib et al. 2018). In agreement with this, FACS analysis showed that
synchronized control cells continued to progress through the cell cycle, whereas an
accumulation at G1/S transition was observed for SET8 depleted cells associated with
improper BRCA1 chromatin enrichment (Figures 7A and 7B). Furthermore, EdU pulse
labelling followed by immunofluorescence showed that this G1/S arrest was
accompanied by a focal accumulation for BRCA1, but not for 53BP1, in most of SET8
depleted cells (Figure 7C). In contrast, control G1 cells negative for EAU only displayed
rare BRCA1 foci, which emerged when control cells entered and progressed into S
phase as expected (Figure 7C). Altogether, these results showed that the loss of SET8
and the following absence of conversion of H4K20me0 to H4K20me1 at the end of
DNA replication impaired 53BP1 chromatin regulation and to induce conversely an
inaccurate focal and chromatin accumulation of BRCA1 in the following G1 phase of

daughter cells.

G1/S arrest upon SET8 depletion depends on BRCA1. Since the inaccurate
BRCA1 foci formation outside of S-phase could have deleterious cellular effects
(Callen et al. 2020), we wondered whether the G1/S transition defects upon SET8
depletion might be actually caused by BRCA1. To address this question, U20S cells
were first transduced with retroviral vectors expressing shRNA control or shRNA SET8
and the following days transduced cells were transfected with an irrelevant control
siRNA or a siRNA directed against BRCA1. Two days after treatment, cells were
pulse-labeled with BrdU and DNA replication progression were analyzed by FACS.
Whereas BRCA1 siRNA treatment by its own did not affect S phase entry as measured

by FACS analysis, depletion of BRCA1 was sufficient to partially restore BrdU
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incorporation and normal S-phase progression in SET8 depleted cells (Figure 7D).
These results suggest that the G1/S arrest upon SET8 depletion was triggered by the
inaccurate binding of BRCA1 on chromatin. Taken together, our results demonstrate
the importance of the timely de novo SET8-induced H4K20 mono-methylation in the
regulatory cell-cycle inhibition of BRCA1 signaling in absence of exogenous DNA
damage, an essential mechanism for the maintenance of genome integrity during

normal cell proliferation.

DISCUSSION

While our knowledge of the mechanisms that activate BRCA1-mediated HR
pathways upon exogenous sources of DNA damage is extensive, the mechanisms
that regulate BRCA1 activity upon unchallenged conditions of cell-cycle progression
still remains poorly understood. Yet, BRCA1-mediated HR signaling is required for
repair of spontaneous double-stranded breaks (DSBs) that arise during DNA
replication, a function that has to be tightly controlled to ensure proper cell cycle
progression and avoid pathological situations such as in breast or ovarian carcinomas
(Tarsounas and Sung 2020). In this study, we demonstrate that the recruitment of
SET8 and the subsequent single switch from K20me0 to K20me1 is a natural inhibitory
signal of BRCA1 functions in homologous recombination during the cell cycle. Indeed,
in absence of exogenous source of DNA damage, the binding of SET8 on newly
replicated chromatin in cooperation with the RNF168 ubiquitin ligase are sufficient to
turn off the HR functions of BRCA1 by promoting the chromatin recruitment of 53BP1,
independently of the H4K20me2/me3 states induced by SUV4-20H enzymes.

Conversely, the lack of SET8 and the following impairment in H4K20me1 restoration
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after DNA replication led to an inaccurate chromatin accumulation of BRCA1 at the
exit of mitosis, contributing to defects in 53BP1 chromatin binding and in the entry of
the following S-phase. Taken together, these results clarify the mechanisms by which
de novo SET8 and H4K20 mono-methylation impact on DNA repair pathways choice
and establish the concerted activities of SET8 and RNF168 on chromatin as the key
inhibitory lock of BRCA1 recombinogenic functions that must be specifically lifted
during S and G2 phases and properly re-established thereafter to ensure proper
regulation of HR during the cell cycle.

Our results are consistent with a previous study showing that the
overexpression of SET8 reduces BRCA1 and RADS1 foci formation and inversely
promotes 53BP1 focal accumulation on damaged chromatin upon ionizing radiation
(Pellegrino et al. 2017). However, upon ionizing radiation, the conversion of
H4K20me1 to H4K20me2 appeared to function downstream of SET8 in 53BP1
chromatin recruitment at DNA breaks (Pellegrino et al. 2017). Our results do not favor
this hypothesis in unchallenging cellular conditions, where the recruitment of 53BP1
on post-replicative chromatin appear independent from the activity of SUV420H1 and
SUV4-20H2 enzymes responsible for the conversion of H4K20me1 to higher
H4K20me states. Strikingly, several studies have reported conflicting results regarding
the H4K20me states and the H4K20 enzymes that dictate the recruitment of 53BP1
on damaged chromatin. Whereas the decrease in H4K20me2/me3 upon the SUV4-
20H inhibitor A196 reduces 53BP1 foci formation upon ionizing radiation in cancer
cells (Bromberg et al. 2017)), the loss of these enzymes and the absence of
H4K20me2/3 only induced a slight delay on 53BP1 focal accumulation at DNA breaks
in mouse embryonic fibroblasts (Schotta et al. 2008). We believe that this apparent

discrepancy ultimately reflects the disparate in vivo affinity of 53BP1 for the different
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H4K20me states. This likely translates into different modes of 53BP1 recruitment
depending on the level and nature of DNA damage sustained, the chromatin
epigenetic landscape, and the phases of the cell cycle. Thus, our results demonstrate
that the 53BP1 recruitment to chromatin in the absence of exogenous DNA damage
is linked to SET8's dual functions: (i) the ability of SET8-induced H4K20me1 to evict
H4K20meO readers and their associated HR factors notably BRCA1 and (ii) the ability
of SET8 to create efficient 53BP1 binding sites along the genome via the switch from
H4K20meO to H4K20me1 and by promoting RNF168-mediated chromatin
ubiquitination.

A potential mechanism by which SET8 could stimulate RNF168 activity is
suggested by two recent studies showing that SET8 directly interacts with RNF168
and that this interaction is important for SET8 recruitment to DNA damage while
enhancing RNF168 ubiquitin activity on chromatin proteins (Dulev et al. 2020, 8; Lu et
al. 2021). Noted of, RNF168 activity is finely regulated notably by two other E3
ubiquitin ligases, TRIP12 and UBRS5, which prevent excessive chromatin ubiquitination
in the vicinity of DNA damage sites (Gudjonsson et al. 2012). In addition, several de-
ubiquitinases (DUBs) and ubiquitin-specific proteases (USPs) have also been found
to counterbalance the chromatin ubiquitination induced by RNF168 (Kelliher et al.
2022), thereby contributing to regulate properly the activity of ubiquitination-dependent
DNA damage response pathway factors, such as 53BP1 and BRCAA1. In this regard,
our iPOND experiments showed that, in addition to BRCA1, the binding of SET8 on
newly replicated chromatin might trigger the eviction of several proteins involved in the
inhibition of histone ubiquitination, such as OTUB1, TRIP12 and USP3 (Figure 1E),
which could also indirectly explain the stimulation of protein ubiquitination upon SET8

binding on post-replicated chromatin.
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It is well established that HR defects in BRCA1-deficient cells can be
compensated by the inactivation of 53BP1 (Bunting et al. 2010). Furthermore,
depending on the mechanism of BRCA1 inactivation, 53BP1 exerts its role of inhibiting
either DNA resection step or the deposition of RAD51 on DNA post-resection (Callen
et al. 2020). Since H4K20meO is a post-replicative mark during S-phase and
incompatible with 53BP1 recruitment, it has been suggested a post-replicative marking
model where H4K20meO and its recognition by BARD1 and TONSL tips the balance
of repair in favor of BRCA1 and HR factors (Nakamura et al. 2019, 0; Saredi et al.
2016, 0). Yet, the full restoration of BRCA1 and RAD51 focal accumulation, but not of
BARD1, can be compensated by the depletion of 53BP1 despite the absence of
H4K20meO (Figure 4). Therefore, our results suggest a more complex model where
BRCA1 is also recruited on replicated chromatin independently of the recognition of
H4K20me0O by BARD1 and that SET8-induced 53BP1 chromatin binding also prevents
the BRCA1 recruitment mechanism independent from H4K20meO0. This could be
related to the ability of BRCA1 to form distinct protein complexes through the
association of different partners (Savage and Harkin 2015). A mutual, but not
exclusive, possibility is that the recruitment of RNF168 induced by SET8 contribute to
restore nuclear BRCA1 and RADS51 foci in absence of 53BP1. Indeed, it has been
recently shown that RNF168 interacts with PALB2, which favors the loading of RADS1
on DNA when BRCA1 HR functions are compromised (Zong et al. 2019).

Another important finding of our study is that the absence of SET8 and the
restoration of H4K20me1 signal at the exit of mitosis leads to an excessive binding of
BRCA1 on chromatin and its focal accumulation, whereas we observed the reverse
effect for 53BP1 (Figure 7). Since the loss of SETD8 activity leads to chromatin

relaxation and progressive DNA damage after exit of mitosis (Shoaib et al. 2018), we
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believe that the untimely BRCA1 focal accumulation in G1 cells are related to these
chromatin alterations. The formation of BRCA1 foci outside of S/G2 phase is not
unprecedented, since 53BP1 depletion resulted in ectopic BRCA1 foci upon ionizing
radiation in G1 cells (Escribano-Diaz et al., 2013). However, 53BP1 depletion is not
sufficient to induce the recruitment of the PALB2/BRCA2/RAD51 complex in G1 cells
(Orthwein et al. 2015), which is consistent with the lack of HR activity despite the focal
accumulation of BRCA1 in these cells. Similarly, the switch from 53BP1 to BRCA1
upon SET8 depletion is not a sufficient event to activate HR in G1 cells. Recently, it
has been shown that BRCA1 foci can been found at damaged centromeric regions in
G1 cells in a manner depending on the histone variant CENP-A and histone H3K4 di-
methylation (Yilmaz et al. 2021), suggesting that the chromatin recruitment of BRCA1
can occur in specialized chromatin regions of the genome independently of DNA
replication. Although further experiments are required to unravel these mechanisms,
it is tempting to imagine that the local and timing regulation of SET8 and H4K20me
states during the cell cycle might play a key role in preventing BRCA1 chromatin
spreading outside of centromeric regions. This would explain the G1-S transition
defects observed after one round of cell division without SET8 and that can be partially
rescued by BRCA1 depletion (Figure 7). This is also reminiscent of a previous
observation showing that targeting RADS51 by siRNA partially restored S-phase
progression in asynchronous SET8 depleted cells (Jargensen et al. 2007). Thus, while
BRCA1 mediated homologous recombination functions are essential to deal with DNA
damage naturally occurring in unchallenged replication conditions, our results indicate
that BRCA1 activation before or too early during S-phase upon loss of SET8

epigenetic functions is incompatible with proper DNA replication process.
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Clinically, SET8 has been found upregulated in several types of cancers and
often associated with poor prognosis (Liao et al. 2018 ; Milite et al. 2016 ; Yang et al.
2021). The higher-level of SET8 in cancer cells could be due to multiple mechanisms,
including DNA copy-number gains, changes in gene expression or enhanced protein
stability (Hernandez-Reyes et al. 2022; Veo et al. 2019 ; Veschi et al. 2017). To date,
however, the benefit of high levels of SET8 on cancer cell development and resistance
is far from understood. Given the importance of BRCA1 deficiency in tumorigenesis
and our novel findings regarding the inhibitory role of SET8 on BRCA1 during the cell
cycle, it will be interesting in near future to explore whether SET8 might contribute to
the reduction of functional BRCA1. Notably, this issue appears important in tumors
where BRCA1 dysfunctions cannot be easily explained by mutations or loss of
expression as observed in certain subtypes of sporadic breast and ovarian cancers

where SET8 is found upregulated.
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EXPERIMENTAL PROCEDURES

Cell culture and chemical drugs

HEK293T, U20S, DR-GFP, U20S Tet-On cell lines were cultured at 37°C in
Dulbecco's Modified Eagle Medium (DMEM) with Glutamax (Gibco) and
supplemented with 10% Fetal Bovine Serum (FCS), 1% antibiotics (Gibco) and 1%
Sodium Pyruvate (Gibco). Expression of the different FLAG-SET8 proteins in U20S
cells were induced by the addition of 2 ug/ml of tetracyclin (TET) (Sigma-Aldrich) into
cell culture medium. G1/S synchronization was performed by double thymidine block
as described previously. Alternatively, confluent cells arrested in G1 were seeded at
low density in presence of 2.5 mM Thymidine (Sigma-Aldrich) for 24 hours. Release
of cells from G1/S block was performed by three cycles of washes with PBS then fresh
medium for 5 minutes at 37°C. The SUV4-20H inhibitor A196 (Sigma-Aldrich) was
used at the concentration of 10 uM. Camptothecin (C9911, Sigma-Aldrich) was used

to induce replicative stress and DNA breaks during S-phase.

RNA interference experiments

One day after seeding 108 U20S cells in 6-well plate, small interfering RNAs (siRNA,
20uM) were delivered using Lipofectamine® RNAI-MAX Reagent (Invitrogen) according
to the supplier's instructions. Briefly, transfection mixture containing 300 pl Optimem
(Gibco), siRNA and Lipofectamine® RNAi-MAX Reagent was added to each well
containing 1 ml of culture medium for 6 to 8 hours at 37°C before washing the cells with
PBS and culturing them in fresh medium. SET8 siRNA sequence was provided and

validated by Cell Signaling (#1307). The other validated siRNA sequences were
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provided by Sigma-Aldrich (MISSION® esiRNA): Control (EHURLUC, EHUFLUC,
EHUGFP), TP53BP1 (EHU156121), RAD51 (EHU045521), BRCA1 (EHU096311),
RNF168 (EHUO011891). Retroviral pSIREN vectors expressing shRNA sequences
directed against SET8 or Luciferase (Control) were described previously (Tardat et al.
2007). Briefly, retroviral particles were collected two days after two rounds (at 24h
interval) of plasmid transfection into HEK293T cells. After filtration, retroviral particles
were directly added to U20S cells in the presence of polybrene (8 pg/ml, Sigma-Aldrich).

Twenty-four hours after infection, shRNA expressing cells were selected with puromycin

(1 pg/ml).

Cell-Cycle analysis by Flow Cytometry

Cells were incubated with BrdU (50 pg/ml, Sigma-Aldrich) for 90 minutes before fixation
in ice-cold 70% ethanol. After incubation for 30 minutes with solution containing 2N HCI
and 0.5% Triton X-100 under gentle agitation, cells were washed with Borax buffer
(pH8.5) and then sequentially incubated in blocking solution (PBS, 0,5% Tween 20,1%
BSA) containing anti-BrdU primary antibody (1/100, BD Biosciences) and anti-mouse
secondary antibody coupled to FITC (1/300, Sigma-Aldrich) for 2 hours each. Total DNA
was labeled with 2 pyg/ml of 7-AAD (7-amino-actinomycin D, Sigma-Aldrich) diluted in
PBS containing 100 ug/ml of RNAse A (Sigma -Aldrich). FACS analysis was carried out
with Gallios flow cytometer (Beckman Coulter) using the Kaluza Acquisition software
(Beckman Coulter). Cell cycle profiles were analyzed using FlowJo software (BD
Biosciences). the data were presented with meants.e.m. from at least three
independent experiments. Statistical significance was evaluated by an unpaired t-test.

ns : p-value > 0.05 ; * : p-value < 0.05 ; ** p-value < 0.01 ; *** : p-value < 0.001.
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Homologous recombination (HR) assays

The HR assays were performed using the U20S DR-GFP cell line (ATCC) that allows
to monitor homologous recombination efficiency through the detection of GFP positive
cells via flow cytometry. One day after infection with retroviral empty pBABE vector or
expressing FLAG-SET8"T, FLAG-Set8P'Pmut or FLAG-Set8PIPmut+SETmut  cells were
transfected with 5 ug of plasmid encoding the I-Scel endonuclease using JetPEI reagent
and following manufacturer’s instructions. Cells were then collected two days later, fixed
in 1% Formaldehyde for 15 minutes and then permeabilized for 1h at 4 °C. After one
hour incubation with 2 ug/ml of 7-AAD, the measure of DNA content and the percentage
of GFP positive cells were carried out with Gallios flow cytometer (Beckman Coulter)
using the Kaluza Acquisition software (Beckman Coulter). FACS data were analyzed
using FlowJo software (BD Biosciences). The results are presented as mean ts.e.m.

from four independent experiments with p-values determined with unpaired t-test.

Immunostaining and Microscopy analysis

After incubation for 20 minutes with 10 uM of EdU (Invitrogen), cells on microscope
slides were treated with ice-cold PBS containing 0.25% Triton for 2 min and then fixed
with 4% formaldehyde for 12 min. After permeabilization with PBS containing 0.25%
Triton for 10 min, incorporated EdU was chemically conjugated to Alexa 647
fluorochrome using Click-iT Plus EdU Cell Proliferation Kit (Invitrogen). After PBS
washing, samples were incubated for one hour in a blocking solution (PBS, 0.1%
Tween 20, 5%BSA), before adding the primary antibody for an overnight incubation in
a humid chamber at 4°C. After washing in PBS containing 0,1% Tween 20, cells were

incubated with secondary antibodies for 2 hours at RT in a humid chamber and DNA
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was counterstained with 0.1 pg/ml of DAPI (DNA intercalator, 4',6-Diamidino-2-
Phenylindole, D1306, Invitrogen). Coverslips were mounted with ProLong Diamond
Antifade (Invitrogen). The following primary antibodies used were anti RPA70 (1:100,
#2267, Cell Signaling), anti-53PB1 (1:500, Cell Signaling and 1:1000, Millipore), anti-
RNF168 (1:100, GTX129617, Genetex), anti-RAD51 (1:500, PC130, Millipore), anti-
gH2A.X (1:1000, Millipore), anti-FK2 (&:250, Millipore), anti-BRCA1 (1:500, , sc-6954,
Santa-cruz), anti BARD1 (1:500, PLAOQO74, Sigma). The secondary antibodies used
were anti-Rabbit-Alexa Fluor 488 (1/500, Thermo Fisher Scientific) and anti-Mouse-
Cy3 (1/500, Thermo Fisher Scientific). Slides were analyzed using Zeiss Axio Imager
M2 upright microscope (Zeiss) equipped with an Apochromat 63X objective (NA 1.4,
immersion oil). Images were acquired using an ORCA-Flash4.0 LT+ Digital CMOS
camera (C1140-42U30, Hamamatsu) controlled by Zen acquisition software (Zeiss).
Images were prepared using Zen software and nuclear foci were quantified using
CellProfiler™ software. Representative images were prepared using Photoshop
software (Adobe). Statistical significance was evaluated by an unpaired t-test. ns : p-

value > 0.05; * : p-value < 0.05 ; ** p-value < 0.01 ; *** : p-value < 0.001.

Protein extraction, immunoblot analysis and small-scale fractionation.

Cells were lysed at 95°C for 10 minutes in 2X SDS Sample Buffer (100 mM Tris-HCI
pH6.8, 20% Glycerol, 2% SDS 2%, 1 mM DTT, 5% B-mercaptoethanol). Proteins
samples were separated on polyacrylamide gel under denaturing conditions (SDS-
PAGE) and transferred to nitrocellulose or PVDF membranes following the primary
antibodies used. Before incubation with primary and secondary antibodies,
membranes were saturated in a solution of TBS containing 0.2% Tween 20 and 5%

w/v of dried milk for 16 hours at 4°C. Forimmunoblots analysis the following antibodies
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were used : anti-H4K20meO (1:1000, Abcam), anti-histone H3 (1:5000, Cell Signaling),
anti-histone H4 (1:1000, Cell Signaling), anti-H4K20me states (1:1000, cell Signaling),
anti-SET8 1:1000 , Cell Signaling), anti-53BP1 (1:1000, cell Signaling), anti-BRCA1
(1:1000, cell Signaling), anti-ATM and anti-pS1981-ATM (1:1000, cell Signaling), anti-
DNA-PK unphosphorylated (1:1000, Millipore) and phosphorylated at S2056 (1:1000,
Cell Signaling), anti-RNF168 (1:1000 Genetex), anti-FLAG (1:1000, Sigma) and anti-
Tubulin (1:1000, Sigma). The following secondary antibodies were used anti-rabbit
(1/10000, Cell Signaling) and anti-mouse (1 /10000, Cell Signaling). Protein bands
were visualized on X-ray film by electro-chemiluminescence (Immobilon Western HRP
Substrate, WBKLS0500, Millipore).

For the isolation of chromatin-enriched proteins, small-scale biochemical fractionation
was prepared with 107 cells as described previously (Tardat et al. 2010). Briefly, cells
were incubated with Buffer A (10 mM Hepes pH 7.9, 10 mM KCI, 1.5 mM MgCI2, 350
mM Sucrose, 0.1% Triton, 10% Glycerol and protease inhibitors (Roche)) for 5 minutes
on ice in order to solubilize cytoplasmic proteins. After centrifugation, supernatant
containing cytoplasmic proteins was collected and nuclei pellet was lysed in Buffer B
(3 mM EDTA, 0.2 mM EGTA) for 30 minutes on ice with regular agitation. After
centrifugation, nuclear soluble proteins were collected (supernatant) and pellet
proteins containing the chromatin-enriched fraction was solubilized in 2X SDS Sample

buffer.

i-POND assay
After incubation with tetracycline (TET) to induce FLAG-Set8P'P™t expression and
eventually G1/S synchronization with thymidine before released into S-phase, 108

cells were incubated with 10 yM EdU for 20 minutes to label ongoing replication forks

28


https://doi.org/10.1101/2023.11.22.567520

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.22.567520; this version posted November 22, 2023. 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.

before fixation with 2% formaldehyde for 20 minutes at a concentration of 2x10°
cells/ml. Formaldehyde quenching was done by adding 125 mM Glycine for 5 minutes.
Cells were then permeabilized for 10 minutes on ice with PBS containing 0.25% Triton.
Samples were then incubated in PBS solution containing 2 mM CUSO4 and 2 mM
BTTP for 60 min at the concentration of 20x10° cells/ml, before EdU conjugation to
Biotin (Click reaction) by adding 10 mM Sodium-L-Ascorbate, 20 yM Biotin-TEG
(Sigma-Aldrich) for 30 minutes on a rotating wheel (Click reaction). For “No Click”
condition, Biotin-TEG was replaced by DMSO. Cells were then lysed in LB3JD Lysis
Buffer (10 mM Hepes, pH 8, 100 mM NaCl, 500 mM EDTA pH 8, 100 mM EGTA pH
8, 0.2% SDS, 0.1% N-Lauroylsarcosine supplemented with 1mM PMSF and protease
inhibitors (Roche)) at the concentration of 4x107 cells/ml. Fixed chromatin was
sheared using Bioruptor Pico (Diagenode) for 15 min or using the EpiShearTM Probe
Sonicator probe. Samples were clarified by centrifugation at 15,000 rpm for 10
minutes. Aliquots corresponding to 1/100 of the final volume were saved for
immunoblots and chromatin fragmentation analysis. 50 pl of streptavidin magnetic
beads (Ademtech) were added to the EdU/Biotin-TEG-labeled chromatin and samples
were incubated for 16-20h on a rotating wheel at 4°C in the dark. Beads were washed
with LB3JD Lysis Buffer, then with 500 mM NaCl and twice again with LB3JD Lysis
Buffer. Finally, purified DNA/protein complexes were eluted from beads and denatured
with 50-70 pl of denaturation buffer (125 mM Tris-HCI pH6.8, 5% Glycerol, 2% SDS,
100 MM DTT, 2% B- mercaptoethanol) by heating at 95° C for 30 minutes with vigorous
shaking. In parallel, one aliquot of total extract was denatured under the same
conditions after adding of denaturation buffer at a 1:1 ratio. To verify chromatin
fragmentation, the second aliquot was two times diluted in SDS buffer (50 mM Tris-

HCI pH8, 1 mM EDTA pH8, 2% SDS) then heated to 65°C overnight with vigorous
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shacking. Aliquot was diluted in TE Buffer (50 mM Tris-HCI pH8, 100 mM NaCl, 1 mM
EDTA) and treated with RNAse A (200 pg/ml, 45 min at 37°C) and with proteinase K
(20 pg/ml, 30 min. at 37°C and 30 min. at 55°C). DNA was then purified with
phenol/chloroform (Sigma-Aldrich) followed by ethanol/sodium acetate precipitation.
DNA was analyzed on 2% agarose gel. For iPOND samples analysis by mass

spectrometry, 2x10° cells per condition were used.

Mass Spectrometry Analysis

For iPOND followed by MS, protein extracts were resolved by SDS-PAGE (10 %) and
detected with Coomasie-brillant blue staining. Electrophoretic lanes were cut in five
fractions. Gel pieces (2 x 2 mm) proceeded as previously described (Shevchenko et
al. 2006). Briefly, gel pieces were washed by water, dehydrated by 50% acetonitrile
(ACN) in 50mM NH4HCOs3, then 100% ACN and dried. After DDT reduction and
iodoacetamid alkylation, gel pieces were re-swollen in a 0.1ug/ul trypsin (Promega)
solution (NH4HCO3100mM, CaClz 0.5M, 1% proteasmax). Resulting peptides were
trapped and desalted on C18 Zip-Tips (Agilent) and concentrated via speed-vaccum.
For LC-MS/MS, the peptide mixtures were dissolved in 10 pl 0.1% formic acid (FA)
and loaded on an Ekspert 425 nanoLC system (Sciex) equipped with a C18 column
(Discovery BIO Wide Pore, 3um, 0.5x10cm, Supelco). The mobile phases were
solvent A (water, 0.1% FA) and B (acetonitrile, 0.1% FA). Injection was performed with
95% solvent A at a flow rate of Spl/min. The peptides were separated with the following
gradient: 5% to 40% B in 100min, 40% to 80% B in 5min and the separation was
monitored on-line on a TripleTOF 5600 mass spectrometer (Sciex). The total ion
chromatogram (TIC) acquisition was made in information dependent acquisition (IDA)

mode using Analyst TF v.1.6 software (Sciex). Each cycle consisted of a TOF-MS
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spectrum acquisition for 250 msec (350-1600Da), followed by acquisition of up to
30MS/MS spectra (75 msec each, mass range 100-1600Da), of MS peaks above
intensity 400 taking 2.5 sec total full cycle. Target ions were excluded from the scan
for 15s after being detected. The IDA advanced ‘rolling collision energy (CE)" option
was employed to automatically ramp up the CE value in the collision cell as the m/z
value was increased. Protein identification was then performed by the ProteinPilot
software v.5.0 (Sciex). From each MS2 spectrum, the Paragon algorithm (Shilov et al.
2007) was used to searched Uniprot/Swissprot database with the following
parameters: trypsin specificity, Cys-carbamidomethylation and search effort set to
rapid. This calculates a confidence percentage (FRD>0.01) that reflects the probability
that the hit is a false positive, meaning that at 99% confidence level (unused
score>1.2), there is a false positive identification chance of about 1%. After database
searching, only proteins identified with a confidence score (FDR<0.01) and a total
protein score >1.0 were retained according to the analysis with ProteinPilot (Sciex).
For each protein of interest, spectral count (the number of peptides assigned to a
protein in an MS/MS experiment) was determined. For variation, spectral counts were
normalized on the total sum of the spectral counts per biological sample using the

following equation: SpCnormi = SpCi / > ni=1 SpCi.
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FIGURE LEGENDS

Figure 1: changes in nascent chromatin composition upon the premature switch
from H4K20me0 to H4K20me1. A. FACS profiles of control (-Tet) and Tetracyline
(+Tet) treated cells synchronized at G1/S transition by double-thymidine block (green
profile) and then 3 hours (orange profile), 6 hours (blue profile) and 12 hours (red
profile) after released into S-phase. (B) Immunoblot analysis of untreated (-Tet) and
Tet-treated (+Tet) cells at each time points analyzed by FACS as shown in Figure 1A.
(C) Immunoblot analysis of iIPOND samples with and without Click-it reaction in
untreated and Tet-treated cells. The samples without Click-it reaction serves as
negative control of pull-down samples. PCNA and Histone H4 immunoblots serve as
loading controls. Similar protein levels (input) before IPOND purification have been
verified by immunoblots (not shown). (D) Upper panels: Venn diagrams of protein sets
purified by iPOND-MS with or without click-it reaction in the control (-Tet) and
tetracycline (+Tet) samples. Lower panel: Venn diagram of proteins specifically
associated with EdU-labelled DNA (+ click/-click) in the control (-Tet) and treated cells
(+Tet) cells. (E) According to the p-value in log base 10, top 5 of enriched terms across
proteins set specifically gained within nascent EdU-labelled DNA upon SET8P!Pmut
expression. (F) Distribution of the proteins specifically enriched within EdU-labelled
DNA upon tetracycline (SET8P'P™ut expression) according to their unused protein score
(amount of unique peptide related for each identified protein) (FDR <0.01). Proteins
known to be involved in DNA repair are shown. Among them, 53BP1 and SET8 are
shown in bold. (G) According to the p-value in log base 10, top 5 of enriched terms
across proteins set specifically depleted from nascent EdU-labelled DNA upon
SET8P'Pmut expression. (H) Distribution of proteins specifically depleted from EdU-

labelled DNA upon SET8PPmut expression (+ Tet) according to their unused protein
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score as described above. (FDR <0.01). Proteins involved in DNA repair are shown in

black. Among them, BRCA1 is shown in bold.

Figure 2: SET8PPmut expression impairs HR focal accumulation during S-phase.
(A) Representative images showing staining of 53BP1 with BARD1 (top), BRCA1
(middle), or RAD51 (bottom) in EdU positive nuclei from control (-Tet) and Setg8PPmut
(+ Tet). replicating cells. Scale bar = 10 um. (B) Scattered box-plot representing the
number of BARD1 (top left), BRCA1 (top right), RAD51 (bottom left) and 53BP1
(bottom right) foci per EdU positive nucleus from control (-Tet) and Set8P'Pmut (+ Tet)
expressing cells. Inside the box-plot graphs, the thick line represents the median, the
limit of the boxes corresponds to the 0.25 and 0.75 quartiles with whiskers showing
values 1.5 times the interquartile range. n = 3. ***, p <0.001. Number of nuclei per
condition> 100. (C). Upper panel: Immunoblots showing similar expression levels of
SET8 protein wild-type (WT) and mutants as indicated. Left panel: Representative
images showing RAD51 and 53BP1 immunostaining in EAU positive nuclei from
replicating cells expressing the different FLAG-SETS8 proteins as indicated. (D) Bar-
plot representing the percentages of EdU positive nuclei that displayed RAD51 or
53BP1 foci in replicating cells expressing the different FLAG-SETS8 proteins. Data =

mean + s.d., n 23. *** p<0.001 (unpaired t-test). Number of nuclei per condition >100.

Figure 3: SET8 stabilization inhibits homologous recombination. (A)
Representative images of RAD51, BRCA1 and 53BP1 staining in EdU positive nuclei
from control (-Tet) and FLAG-Set8PPmut (+Tet) expressing cells treated with 5 or 25
nM of camptothecin during 2 hours or with vehicle (DMSO) as indicated. Scale bar =

10 um. (B) Scattered box-plot representing the quantification of RAD51, BRCA1 and
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53BP1 foci per EdU-positive nuclei from control (- Tet) and FLAG-Set8PPmut
expressing cells (+ Tet) treated with 5 nM or 25 nM of camptothecin during 2 hours, or
with vehicle (DMSOQO). Interquartile range and statistical significance are shown as in
Figure 2A. n = 3; *** p<0.001 (t test). Number of nuclei per condition and experiment
>100. (C) Left panel: Bar-plot representing the relative efficiency of DNA repair by
homologous recombination of |-Scel-induced DNA breaks as evaluated by flow
cytometry using the U20S DR-GFP cell line after expression of different FLAG-SET8
proteins as indicated. Data = mean £ s.d., n = 3. *** p<0.001 (t-test). Number of events
per sample > 10 000. Right panel: immunoblots showing the similar expression of
different FLAG-SET8 proteins and of MYC-tagged nuclease |-Scel in U20S DR-GFP

cells. Tubulin was used as loading control.

Figure 4: SET8-mediated inhibition of BRCA1 signaling depends on 53BP1.

(A). Representative images showing the staining of RAD51 and 53BP1 in EdU-positive
nuclei from control and 53BP1 siRNA treated cells that were subsequent induced (+
Tet) or not (-Tet) for the expression of the FLAG-Set8"'P™!t protein. Scale bar = 10 um.
Right panel is the scattered box-plot representing the number of RADS1 foci per EdU
positive nucleus from the same cells. Inside the box-plot graphs, the thick line
represents the median, the limit of the boxes corresponds to the 0.25 and 0.75
quartiles with whiskers showing values 1.5 times the interquartile range. n=3, ***
p<0.001 (B) Representative images showing staining of BRCA1 and 53BP1 in EdU
positive nuclei from control and 53BP1 siRNA treated cells that were subsequent
induced (+ Tet) or not (-Tet) for the expression of the FLAG-Set8”P™ut protein. Scale
bar = 10 ym. Right panel is a scattered box-plot representing the number of BRCA1

foci per EdU positive nucleus from the same cells. n=3, *** p<0.001 (C) Representative
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images showing staining of BARD1 and 53BP1 in EdU-positive nuclei from control and
53BP1 siRNA treated cells that were subsequent induced (+ Tet) or not (-Tet) for the
expression of the FLAG-Set8P™t_ Scale bar = 10 um. Right panel is a scattered box-
plot representing the number of BARD1 foci per EdU+ nucleus from the same cells as

above. *** p<0.001. n=1, number of analyzed nuclei >100 in this experiment.

Figure 5: The pharmacological inhibition of SUV4-20H activity did not prevent
53BP1 focal accumulation and the loss HR foci on replicated chromatin upon
SET8 stabilization. (A) Representative images showing the staining of BARD1 and
53BP1 in EdU-positive nuclei from control (- Tet) and tetracycline (+ Tet) treated
inducible FLAG-SET8PPmut cells, which were previously incubated with DMSO or with
10uM of the SUV4-20H inhibitor A196 for 24 hours. Scale bar = 10 ym. (B)
Representative images showing staining of BRCA1 and 53BP1 in EdU-positive nuclei
from control (Tet) and tetracycline-treated (+ Tet) Tet-inducible FLAG-SET8P'Pmut cells
in presence or DMSO or A196 as indicated in A. Scale bar = 10 ym. (C) Representative
images showing staining of RADS51 and 53BP1 in EdU-positive nuclei from control (-
Tet) and tetracycline-treated (+ Tet) Tet-inducible FLAG-SET8P'P™ut cells in presence
or DMSO or A196 as indicated above Scale bar = 10 ym. (D) Scattered box-plots
representing the number of 53BP1 foci (upper panel), BARD1 foci (middle up), BRCA1
foci (middle down) and RAD51 foci (lowest panel) per EdU positive nucleus from
control (- Tet) and FLAG-Set8P'Pmut (+ Tet) expressing cells that were incubated with
DMSO or A196 as indicated above. Statistical significance was detected when a
Student’s test (t-test) was performed with p<0.001. Inside the box-plot graphs, the

thick line represents the median, the limit of the boxes corresponds to the 0.25 and
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0.75 quartiles with whiskers showing values 1.5 times the interquartile range

interquartile range. n=3. Number of nuclei per experiment > 100. * p<0.05; *** p<0.001.

Figure 6: RNF168 and chromatin ubiquitination contribute 53BP1 focal
accumulation upon SET8 stabilization. (A). Upper panels are representative
images of the staining of RNF168 and 53BP1 in EdU-positive nuclei from untreated (-
Tet) and tetracycline-treated (+Tet) Tet-inducible FLAG-SET8P!P™t cells. Scale bar =
10 ym. Lower panels are scattered box-plots representing the number (left) and area
(right) of RNF168 foci in EdU-positive nuclei from untreated (- Tet) and tetracycline-
treated (+Tet) Tet-inducible FLAG-SET8PP™Ut cells. number of nuclei >100 per
experiment; n=2. *** p<0.001. (B). Upper panels are representative images showing
the staining of chromatin ubiquitination (FK2) and 53BP1 in EdU-positive nuclei from
untreated (- Tet) and tetracycline-treated (+Tet) Tet-inducible FLAG-SET8P!Pmut cells.
Scale bar = 10 ym. Lower panel are scattered box-plots representing the number (left)
and area (right) of chromatin ubiquitination (FK2) foci in EdU-positive nuclei from
untreated (- Tet) and tetracycline-treated (+Tet) Tet-inducible FLAG-SET8P!Pmut cells.
n=1 and number of analyzed nuclei >100 in this experiment; *** p<0.001. (C)
Representative images of the staining of 53BP1, BRCA1 and RAD51 in EdU-positive
nuclei from untreated (- Tet) and tetracycline-treated (+Tet) Tet-inducible FLAG-
SET8P'Pmut cells that were transfected with control or RNF168 siRNA two days before
tetracycline treatment. Scale bar = 10 ym. n=2. (D) Scattered box-plot representing
the number of 53PB1 foci in the nuclei as indicated in C. n=2, Number of nuclei >100
per experiment. *** p<0.001. (E) scattered box-plot representing the number of RAD51
and BRCAH1 foci in the nuclei as indicated in C. number of nuclei >100 per experiment.

** p<0.01; *** p<0.001.
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Figure 7: BRCA1 accumulation on chromatin upon SET8 depletion triggers cell-
cycle defects. (A). Representative immunoblots showing the localization of BRCA1
and 53BP1 in soluble cytoplasmic (S1) and nuclei (S2) fractions and in chromatin-
enriched fractions (P3) at early G1 phase in control and SET8 SiRNA-treated cells that
excited from mitosis without SET8 and the conversion of H4K20meO0 to H4K20me1 as
shown in supplementary figure S7. Cells were harvested 15 hours after G1/S release.
n=3 (B) FACS analysis of DNA content and BrdU signal after mitotic exit of the control
and SET8 SiRNA-treated cells as described above. Cells were harvested 24 hours
after G1/S release. n=3 (C) Representative images showing EdU incorporation (DNA
synthesis) and staining of 53BP1 and BRCA1 in control and siRNA SET8 treated cells
progressing from G1 to S-phase after a first mitosis without SET8 and H4K20me1 as
described above. Scale bar = 10 ym (D). FACS analysis of DNA content and BrdU
incorporation levels of control (shLuc/siCtrl), SET8-depleted U20S cells (shRNA
SET8/siRNA Ctrl), BRCA1-depleted U20S cells (shRNA Luc/siRNA BRCA1) and cells
depleted for both BRCA1 and SET8 (shRNA SET8/siRNA BRCA1). n=3. Number of

of events per sample > 10 000.

LEGENDS OF SUPPLEMENTARY FIGURES

Figure S1: FLAG-SET8PPmut expression during S-phase inhibits homologous
recombination. (A). left panel: Immunoblots showing the levels of FLAG-SET8P!Pmut
mutant after addition of tetracycline to the cell culture medium during 6 hours (+ Tet).
Tubulin was used as loading control. Right panel: bar-plot representing the
percentages of EdU positive nuclei that showed BARD1, BRCA1, RAD51 and/or

53BP1 foci as indicated in control (- Tet) and tetracyclin (+ Tet) inducible FLAG-
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Set8PPmut cells. Data = mean + s.d., n=3. ** p<0.01 ; *** p<0.001 (t-test). number of
nuclei >100 per experiment. (B). Scattered box-plot representing the 53BP1 foci area
in EdU positive nuclei from control (-Tet) and tetracyclin-treated (+ Tet) Tet-inducible
FLAG-SET8PPmut cells. ** p<0.01; *** p<0.001. Inside the box-plot graphs, the thick
line represents the median, the limit of the boxes corresponds to the 0.25 and 0.75
quartiles with whiskers showing values 1.5 times the interquartile range.n = 3. ***
p<0.001 (t-test), number of nuclei >100 per experiment. (C) Bar-plot representing the
percentages of EdU positive nuclei displaying yH2AX and/or 53BP1 foci as indicated
control (- Tet) and FLAG-SET8PP™ut (+ Tet) cells. Data = mean * s.d., n=3. * p<0.05;
** p<0.01; *** p<0.001. number of nuclei >100 per experiment. (D). Left panel:
scattered box-plot representing the number of yH2AX foci per EdU positive nucleus
from control (-Tet) and FLAG-Set8"P™utexpressing cells (+ Tet). Right panel: Box-plot
representing the yH2AX foci area in EdU positive nuclei from control (-Tet) and FLAG-
SET8PPmut expressing cells (+ Tet). *** p<0.001. Inside the box-plot graphs, the thick
line represents the median, the limit of the boxes corresponds to the 0.25 and 0.75
quartiles with whiskers showing values 1.5 times the interquartile range. n=3. ***

p<0.001 (t-test). number of nuclei >100 per experiment.

Figure S2: Characterization of the camptothecin-induced DNA damage
responses in control and FLAG-SET8PP™ut expressing cells. (A). Western-blot
showing the expression and phosphorylation levels of indicated proteins in control (-
Tet) and FLAG-SET8P'Pmut (+ Tet) cells, untreated (DMSO) or treated with 5 nM or 25
nM of camptothecin during 2 hours. Tubulin was used as loading control. (B). Upper
panel: representative images of the RPA70 and 53BP1 staining in control (- Tet) or

FLAG-SET8PPmut (+ Tet) cells and that were untreated (DMSO) or treated with 25 nM
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of camptothecin during 2 hours. Scale bar = 10 ym. Lower panel: Scattered box-plot
representing the number of RPA foci per EdU positive nucleus from control (- Tet) and
FLAG-SET8P'Pmut expressing cells (+ Tet) treated with 25 nM of camptothecin during

2 hours. number of nuclei >100 per experiment.

Figure S3: 53BP1 depletion in FLAG-SET8PPmut U20S cells. Immunoblots showing
the efficiency of siRNA-mediated depletion of 53BP1 and expression of the FLAG-
SET8PPmut protein in untreated (- Tet) and FLAG-SET8PPmut (+Tet) cells. Tubulin was

used as loading control.

Figure S4: Levels of H4K20me states in FLAG-SET8P'Pmut U20S cells treated with
the SUV4-20H inhibitor A196 for 24 hours. Immunoblots showing mono-, di- and
trimethylation states levels of H4K20, and FLAG-SET8P'P™ut expression in FLAG-
SET8PPmut U20S cells co-treated or not with tetracyline and/or the SUV4-20H inhibitor

A196 for 24 hours. Histone H4 and Tubulin were used as loading controls.

Figure S5: Prolonged inhibition of SUV4-20H enzymes did not prevent 53BP1
focal accumulation and did not restore HR foci in FLAG-SET8PP™ut cells. (A).
immunblots showing mono-, di- and trimethylation states levels of H4K20, and FLAG-
Set8PIPmut expression in control (- Tet) and FLAG-SET8PP™Mut (+Tet) cells that were
treated (A196) or not (DMSO) with 10 uyM of the SUV4-20H inhibitor A196 during 6
days. Histone 4 and Tubulin were used as loading controls. (B) Representative images
showing staining of RADS51 and 53BP1 in EdU positive nuclei from control (- Tet) and
FLAG-SET8P'Pmt expressing cells (+ Tet), and which were previously treated or not

with 10uM of the SUV4-20H inhibitor A196 during 6 days. Scale bar = 10 pm. (C)
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Scattered box-plots representing the number of BARD1, BRCA1, 53BP1 or RAD51
foci per EAU positive nucleus from control (- Tet) and FLAG-SET8P'Pmut replicating
cells (+ Tet) that were previously treated (A196) or not (DMSO) with 10uM of A196
during 6 days. Inside the box-plot graphs, the thick line represents the median, the
limit of the boxes corresponds to the 0.25 and 0.75 quartiles with whiskers showing
values 1.5 times the interquartile range. n=3. * p<0.05 ; **p<0.001 (t-test). number of

nuclei >100 per experiment.

Figure S6: RNF168 recruitment on replicated chromatin upon SET8 stabilization.
(A) Bar-plot representing the percentages of EdU positive nuclei displaying RNF168
and/or 53BP1 nuclear foci in control (-Tet) and FLAG-SET8P'Pmut (+Tet) cells. Data =
mean t s.d., n =3. *p<0.05; ***p<0.001 (t-test). number of nuclei >100 per experiment
(B) Upper panels are representative images of RNF168 and 53BP1 staining in EdU-
positive nuclei from untreated (-Tet) and FLAG-Set8P'Pmt (+Tet) cells, two hours after
exposure of not with camptothecin as indicated. lower panel: Scattered box-plots
representing the number of RNF168 foci per EdU-positive nucleus from untreated (-
Tet) and FLAG-Set8”'P™t (+Tet) cells after exposure of not with camptothecin as
indicated. Inside the box-plot graphs, the thick line represents the median, the limit of
the boxes corresponds to the 0.25 and 0.75 quartiles with whiskers showing values
1.5 times the interquartile range. ***p<0.001. Number of nuclei per condition and per
experiment > 100. (C) Scattered box-plot representing the number of RNF168 foci per
EdU positive nucleus from control and 53BP1 depleted Tet-inducible FLAG-SET8P!Pmut
cells that were subsequent induced (+ Tet) or not (-Tet) for the expression of the
FLAG-SET8P'Pmut protein for 24 hours. the thick line represents the median, the limit

of the boxes corresponds to the 0.25 and 0.75 quartiles with whiskers showing values
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1.5 times the interquartile range. ***p<0.001 (D) Scattered box-plots representing the
number or RNF168 foci per EAU positive nucleus of Tet-inducible FLAG-SET8P!Pmut
cells untreated (-Tet) or treated with tetracycline (+Tet) in presence or not of the Suv4-
20h pharmacological inhibitor A196 (10 pM, 24h). The thick line represents the
median, the limit of the boxes corresponds to the 0.25 and 0.75 quartiles with whiskers
showing values 1.5 times the interquartile range. * p<0.05; ***p<0.001. Number of
nuclei per condition and per experiment > 100. (E) Immunoblots showing the levels of
RNF168 and FLAG-SET8PP™t protein in control (-Tet) and SET8P'Pmut (+ Tet) cells
that were previously transfected with control or RNF168 siRNA two days before

tetracycline treatment. Tubulin was used as loading control.

Figure S7: G1/S synchronization followed by SET8 depletion prevents the switch
from H4K20me0 to H4K20me1 after DNA replication. Upper panel is a cartoon
showing the synchronization protocol. U20S were synchronized with double thymidine
block at G1/S transition, control and SET8 siRNA transfected 12h before G1/S release.
Cells were then collected at different time points and cell-cycle progression was
analyzed by FACS (lower panels). Proteins levels at each time points were analyzed

by immunoblots (right panels).
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