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Histone chaperone ASF1 acts with RIF1 to promote DNA end
joining in BRCA1-deficient cells
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Replication timing regulatory factor 1 (RIF1) acts down-
stream of p53-binding protein 53BP1 to inhibit the resection
of DNA broken ends, which plays critical roles in deter-
mining the DNA double-strand break repair pathway choice
between nonhomologous end joining and homologous
recombination (HR). However, the mechanism by which this
choice is made is not yet clear. In this study, we identified
that histone chaperone protein ASF1 associates with RIF1
and regulates RIF1-dependent functions in the DNA damage
response. Similar to loss of RIF1, we found that loss of ASF1
resulted in resistance to poly (ADP-ribose) polymerase
(PARP) inhibition in BRCA1-deficient cells with restored HR
and decreased telomere fusion in telomeric repeat—binding
protein 2 (TRF2)-depleted cells. Moreover, we showed that
these functions of ASF1 are dependent on its interaction
with RIF1 but not on its histone chaperone activity. Thus,
our study supports a new role for ASF1 in dictating double-
strand break repair choice. Considering that the status of
53BP1-RIF1 axis is important in determining the outcome of
PARP inhibitor-based therapy in BRCA1l- or HR-deficient
cancers, the identification of ASF1 function in this critical
pathway uncovers an interesting connection between these S-
phase events, which may reveal new strategies to overcome
PARP inhibitor resistance.

Double-strand breaks (DSBs) are highly deleterious lesions
that, if unrepaired or misrepaired, can lead to genomic
instability, tumorigenesis, and cell death (1-3). To preserve
genome integrity, cells repair DSBs via two evolutionary
conserved mechanisms: nonhomologous end joining (NHE])
and homologous recombination (HR) (4—6). NHE] can occur
throughout cell-cycle phases via the direct ligation of two
blunt DNA ends with simple end trimming (4, 7). DSB
repair by HR is restricted in the S and G2 phases because it
needs unbroken sister chromatids as a repair template (8, 9).
HR is initiated via two sequential steps of 5'-to-3' DNA end
resection by MRN (MRE11-RAD50-NBS1)-CtIP, EXO1-
DNA2, and other nucleases to generate 3' ssDNA overhang
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(5, 10-13). The 3’ ssDNA overhang is rapidly covered by
replication protein A (RPA), which is then replaced by
recombinase RAD51 with the help of the BRCA1-PALB2—
BRCA2 recombination mediator complex (14-22). The
resulting RAD51 nucleoprotein filaments conduct homology
search and strand invasion followed by DNA synthesis at
the resected strand to precisely repair the broken DNA (10,
15, 22, 23).

Whether a given DSB will be processed by NHE] or HR
is determined by DNA end resection. The equilibrium be-
tween NHE] and HR is mainly established by 53BP1 and
BRCA1 (24-26). Upon DSB induction, 53BP1 rapidly accu-
mulates at DSBs by recognizing two histone modifications:
H4K20 dimethylation and H2AK15 monoubiquitination
(27, 28). Then ATM (mutated in ataxia—telangiectasia
[A-T])-dependent phosphorylation of 53BP1 promotes the
recruitment of PTIP (pax transactivation domain—interacting
protein) and RIF1 to facilitate NHE] (29-34). PTIP recruits
Artemis to trim DNA ends and support NHE] (35), whereas
RIF1 recruits the Shieldin complex (SHLD1-SHLD2-
SHLD3-REV7) and the CST/pola/primase complex to
antagonize BRCA1-dependent end resection, thus promoting
NHE] (26, 36—41). Conversely, BRCA1 activates DNA end
resection and impairs NHE] by impeding RIF1 retention at
DSBs in S-phase cells (29, 30, 32).

RIF1 was originally identified as a telomere-binding protein
that negatively regulates telomere length in budding yeast
Saccharomyces cerevisiae (42-44). Later, this function was
found to be conserved in fission yeast Schizosaccharomyces
pombe (45). However, in mammalian cells, RIF1 only binds to
aberrant telomeres in an ATM-53BP1-dependent manner
when telomeres are unprotected and recognized as sites of
DNA damage (46, 47). Recent studies showed that in both
yeasts and metazoans, RIF1 functions in both the timing of
DNA replication and DNA repair (46, 48—52). RIF1 is a large
protein that contains two conserved domains: N-terminal o-
helical HEAT repeats, which are required for its localization to
sites of DNA damage (29) and two RVxF/SILK motifs at its C
terminus, which are implicated in the recruitment of PP1
phosphatase to control the initiation of DNA replication (50).
While RIF1 has also been shown to interact with BLM or CSB
via its C-terminal region, which could regulate DNA
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replication or DSB repair choice (53-55), it remains unclear
how RIF1 coordinates with different proteins and regulates
diverse cellular functions.

In this study, we used CRISPR-Cas9 technology and HR-
based knock-in strategy to insert an SFB (S protein, FLAG,
and streptavidin-binding peptide) tag at the N terminus of
human RIF1 and performed purification of endogenous RIF1—
containing protein complexes. We identified ASF1 as a novel
binding partner of RIF1, which participates in DNA repair
pathway along with RIF1. We showed that the middle region of
RIF1 (967-1350) is required for its binding to ASF1A. The N-
terminal chaperone domain of ASF1A, but not the key residue
critical for its histone chaperone activity, is required for its
interaction with RIF1. Depletion of ASF1 leads to resistance to
poly (ADP-ribose) polymerase (PARP) inhibitor (PARPi)
treatment in BRCAI1-deficient cells via restoration of HR.
Moreover, depletion of ASF1 also decreases telomere fusion
observed in telomeric repeat-binding protein 2 (TRF2)-
depleted cells, suggesting its role in promoting NHE].
Furthermore, we found that the binding of ASF1 to RIF1, but
not its histone chaperone activity, is required for its role in
regulating PARPI sensitivity in BRCA1-deficient cells. Taken
together, our study uncovers a new role of ASF1 in DSB repair
choice, which is dependent of its interaction with RIF1.

Results
ASF1 is a novel RIF1-interacting protein

RIF1 is a large protein that contains 2446 amino acids. We
were unable to efficiently uncover RIFl-associated protein
complexes because its exogenous expression level via any
mammalian expression vector we used was quite low. In order
to identify RIF1-associated proteins, we utilized an HR-based
CRISPR knock-in strategy to insert an SFB tag to the N ter-
minus of RIF1 at its endogenous genomic loci in human em-
bryonic kidney 293T (293T) cells (Fig. S1A). Correctly edited
clones were identified by genomic PCR (Fig. S1B) and Western
blotting (Fig. S1C) and confirmed by analysis of their locali-
zation to DSB foci induced by phleomycin D1 (Zeocin) treat-
ment (Fig. S1D). We then carried out tandem affinity
purification (TAP) to analyze endogenous RIF1-associated
proteins in soluble and chromatin fractions (Fig. 1A4). As
shown in Figure 1B and Table S1, we identified several known
RIF1-associated proteins such as three isoforms of PP1 phos-
phatase (PPP1CA, PPP1CB, and PPP1CC) (56, 57) and
TP53BP1 (29, 30, 32, 58). Interestingly, these proteins also
included several novel RIF1-binding proteins, including
ASF1A, Tousled-like kinases (TLK1 and TLK2), and MRN
complexes either mainly in soluble or in chromatin fraction.
We carried out S protein pull down of SEB-tagged endogenous
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Figure 1. Identification of RIF1-associated proteins. A, strategy for tandem affinity purification (TAP) of 293T RIF1 SFB N-terminal knock-in cells. B,
selected lists of RIF1-associated proteins in soluble and chromatin fractions analyzed by mass spectrometry. C, endogenous RIF1 interacts with ASF1A and
MRN complexes. Cell lysates from 293T RIF1 SFB N-terminal knock-in cells were prepared and pulled down with S protein-conjugated beads. Pull-down
samples were blotted using antibodies as indicated. MRN, MRE11-RAD50-NBS1; RIF1, replication timing regulatory factor 1; SFB, S protein, FLAG, and

streptavidin-binding peptide; 293T, human embryonic kidney 293T cell line.

2 J Biol. Chem. (2022) 298(6) 101979

SASBMB



RIF1 and confirmed the binding of both MRN complexes and
ASF1A with RIF1 (Fig. 1C). Among those newly identified
RIF1-associated proteins, ASF1A showed the strongest binding
to RIF1.

ASF1 is an upstream H3—H4 histone chaperone that helps
the handover of the H3.1-H4 and H3.3-H4 histones,
respectively, to a downstream histone chaperone CAF-1 for
replication-dependent chromatin assembly and to another
histone chaperone HIRA for replication-independent chro-
matin assembly (59-63). Higher eukaryotes contain two
paralogs of ASF1, ASF1A, and ASF1B, with significant
sequence divergency at their C terminus (64, 65). ASF1 has
been reported to participate in diverse regulation of DNA
repair. For example, ASF1A promotes H3K56 acetylation by
CBP/p300 acetyltransferase, which is required for nucleo-
some reassembly after DNA repair (66). Codepletion of his-
tone chaperones ASF1A and ASF1B could rapidly induce
alternative lengthening of telomeres (ALT) (67). ASF1A
promotes NHE] repair by facilitating phosphorylation of
MDC1 (mediator of DNA damage checkpoint protein 1) by
ATM at DSBs (68). In response to DSBs, ASF1 also regulates
the activation of ATM and DNA-PKcs (69). ASF1 and CAF-1
promote the recruitment of MMS22L/TONSL to ssDNA to
load RAD51 during HR in human cells (70). While multiple
roles of ASF1 in DNA damage repair have been identified,
whether it has a role in RIF1-related function remains to be
clarified.

We next performed reverse TAP purification of ASF1A to
identify ASF1A-associated proteins. Considering that ASF1B
shares similar domain structures with ASF1A (Fig. 24), we
also conducted TAP purification of ASF1B. As shown in
Figure 2B and Table S2, ASF1A TAP purification pulled
down many known ASF1A-binding proteins, such as
Importin-4, HIRA, CHAF1l, TLK1l, and TLK2. We also
noticed that we identified a lot of RIF1 peptides in our ASF1A
purification. Similar to ASF1A purification, ASF1B also
pulled down many known ASF1-binding proteins as well as
RIF1 (Fig. 2C and Table S3). We validated these results by
coimmunoprecipitation experiments using overexpressed
SFB-tagged ASF1A and ASF1B and showed that both ASF1A
and ASF1B could bind to RIF1 (Fig. 2D). However, when we
performed endogenous coimmunoprecipitation experiments
with antibodies recognizing ASF1A or ASF1B, we found that
endogenous ASF1A can pull down a proportion of RIFI,
whereas the endogenous interaction between ASF1B and
RIF1 was barely detectable (Fig. 2E). These results indicate
that RIF1 binds predominantly to ASF1A at endogenous
level. Taken together, we identified ASF1 as a new RIF1-
associated protein and suggested a potential role of ASF1—
mainly ASF1A—in DNA damage repair through its interac-
tion with RIF1.

Mapping the interaction domains between RIF1 and ASF1A

Next, we examined which domain of RIF1 is required for its
interaction with ASF1A. Because the tagged full length (FL) of
RIF1 is difficult to express, we first made three truncation
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mutants (ie., residues 1-967, 967-1690, or 1691-2446) of
RIF1 and performed coimmunoprecipitation experiments with
overexpressed SFB-tagged RIF1 mutants in 293T cells. We
found that the region of RIF1 containing residues 967 to 1690
is required for its interaction with ASF1A (Fig. 3, A and B). We
then further divided this region of RIF1, that is, residues 967 to
1690, into two parts and found that the region containing
residues 967 to 1350 is required for its binding to ASF1A
(Fig. 3C).

We separated ASF1A into two parts (Fig. 3D) and per-
formed coimmunoprecipitation experiments with overex-
pressed SFB-tagged ASF1A FL and mutants in 293T cells.
We found that the N-terminal part (residues 1-154), which is
the domain that exhibits histone chaperone activity, is
required for its interaction with RIF1 (Fig. 3E). We then
checked whether the histone chaperone activity is required
for the interaction with RIF1. We overexpressed the SFB-
tagged histone-binding defective mutant (V94R) of ASF1A
(71) in 293T cells and carried out coimmunoprecipitation
experiments. We found that ASFIA V94R abolished its
interaction with histone H3, but this mutant could still bind
to RIF1 (Fig. 3F). These results suggest that the histone
chaperone activity of ASF1A is not required for its interac-
tion with RIF1. We further designed five deletion mutants
within the N-terminal ASF1A histone chaperone domain
(Fig. S2A) to further narrow down the minimal region
required for its binding to RIF1. Surprisingly, through the
coimmunoprecipitation experiments, we found that none of
these mutants could bind to RIF1, three of these mutants lost
their ability to bind to H3, whereas two still could bind
weakly to H3. Taken together, these findings show that the
residues 967 to 1350 region of RIF1 is required for its binding
to ASF1A and that the intact histone chaperone domain of
ASF1A, but not its histone chaperone activity, is required for
its binding to RIFI.

ASF1 promotes telomere fusion in TRF2-depleted cells and
PARPi sensitivity in BRCA1-deficient cells

RIF1 acts downstream of 53BP1 to control DSB repair by
promoting NHE] and inhibiting the HR-dependent 5 end
resection (29, 30, 32, 58). RIF1 has been shown to regulate
telomere fusion in TRF2-depleted cells and PARPi sensitivity
in BRCA1-deficient cells (29, 32, 58). We sought to deter-
mine whether ASF1 depletion affects these RIF1-mediated
functions. As shown in Figure 4, A—C, we found that telo-
mere fusion was significantly decreased by knocking down
both ASF1A and ASF1B in inducible TRF2 KO HeLa cells
compared with control siRNA-treated cells, suggesting a role
of ASF1 in the regulation of end joining of dysfunctional
telomeres in TRF2-depleted cells. Next, we generated stable
LentiV2 mock guide RNA transfected control cells and
ASF1A, ASF1B, ASF1A + ASF1B, and RIF1 single-guide RNA
(sgRNA) knockdown cells in RPE1 FLAG-Cas9 pP537/~
BRCA1™~ cells (Fig. 4D) and examined their response to
PARPi (olaparib) treatment. As shown in Figure 4, E and F,
similar to RIF1 knockdown, knockdown of ASF1A only or
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Figure 2. ASF1A associates with RIF1. A, schematic representation of ASF1A and ASF1B protein structure. B, selected lists of ASF1A-associated proteins
analyzed by mass spectrometry. C, selected lists of ASF1B-associated proteins analyzed by mass spectrometry. D, mock-transfected 293T cells or 293T cells
transfected with constructs encoding SFB-tagged ASF1A or ASF1B were lysed and pulled down with streptavidin-conjugated beads. Pull-down samples
were blotted using antibodies as indicated. E, cell lysates from 293T cells were immunoprecipitated (IP) with IgG, antibodies recognizing endogenous ASF1A
or ASF1B, and the immunoprecipitates were blotted using antibodies as indicated. IgG, immunoglobulin G; RIF1, replication timing regulatory factor 1; SFB,
S protein, FLAG, and streptavidin-binding peptide; 293T, human embryonic kidney 293T cell line.

both ASF1A and ASF1B significantly increased the survival of
cells treated with PARPi, whereas knockdown ASF1B only
did not have the same effect. These data suggest that
although ASF1A and ASF1B may have redundant functions,
ASF1A plays a dominant role in the response to PARPi in
BRCA1-deficient cells.

We further determined whether the binding of ASF1 with
RIF1 is required for PARPI resistance in BRCA1-deficient cells.

4 ] Biol. Chem. (2022) 298(6) 101979

We restored the expression of wildtype ASF1A (with intact H3
and RIF1 binding), ASF1A V94R (with intact RIF1 binding but
disrupted H3 binding), ASF1A A91 to 120 (with disrupted
binding to both H3 and RIF1), or ASF1A 1 to 154 (with intact
H3 and RIF1 binding) mutant in RPE1 BRCA1 KO cells with
depletion of both ASF1A and ASF1B (Fig. S3A). We found that
ASF1A A91 to 120 could not restore PARPi sensitivity in
ASF1A + ASF1B knockdown cells, whereas ASF1A V94R
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Figure 3. Mapping the binding regions on RIF1 and ASF1A. A, schematic presentation of full-length and truncation mutants of RIF1 used in this study. B
and G, 293T cells were transfected with plasmids encoding various truncation mutants of SFB-tagged RIF1. Pull downs were performed with the use of

streptavidin-conjugated beads, and Western blotting was conducted with FLAG and ASF1A antibodies. D, schematic presentation of full-length and

truncation mutants of ASF1A used in this study. E, 293T cells were transfected with plasmids encoding WT or various mutants of SFB-tagged ASF1A. Pull

downs were performed with the use of streptavidin-conjugated beads, and Western blotting was conducted with FLAG and RIF1 antibodies. F, 293T cells
were transfected with plasmids encoding SFB-tagged WT or V94R mutant ASF1A. Pull downs were performed with the use of streptavidin-conjugated
beads, and Western blotting was conducted with FLAG and RIF1 antibodies. RIF1, replication timing regulatory factor 1; SFB, S protein, FLAG, and

streptavidin-binding peptide; 293T, human embryonic kidney 293T cell line.

could in a manner similar to that of reconstitution with

wildtype ASF1A or ASF1A 1 to 154 mutant (Fig. S3B), sug-
gesting that the interaction of ASF1A with RIF1, but not its

histone binding activity, is required for its role in regulating

These data together indicate that ASF1 phenocopies RIF1 in

sensitivity to PARPi in BRCA1-deficient cells. This activity of
ASF1 is dependent on its interaction with RIF1.

Loss of ASF1 rescues an end resection defect caused by BRCA1
deficiency
We next examined whether loss of ASF1 in BRCAI-
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Figure 4. Loss of ASF1 phenocopies RIF1 deficiency in the regulation of telomere fusion in TRF2-deficient cells and PARPi sensitivity in BRCA1-
deficient cells. A, Western blot was conducted to determine ASF1A and ASF1B knockdown efficiency as well as TRF2 KO efficiency in inducible TRF2
KO Hela cells. B, representative images of metaphase DNA fluorescence in situ hybridization with telomere probe in siControl and siASF1A + siASF1B-
transfected inducible TRF2 KO Hela cells. C, statistical quantification of percentage of telomere fusions in inducible TRF2 KO Hela cells after knock-
down of ASF1A and ASF1B (with chromosome counts >1000) from (A). Data are represented as mean + SD (n = 2). ***p < 0.001 (Student’s ttest) D, Western
blotting for confirmation of sgASF1A, sgASF1B, and sgRIF1 knockdown efficiency is |nd|cated in sgRNA-transfected stable RPE1 FLAG-Cas9 P53/~ BRCAT/’
cells. E, results of long-term clonogenic assays performed using cells from (D). About 2 x 103 cells were seeded in triplicate in each well of 6-well plate and
incubated with the indicated concentration of olaparib for 14 days. Colonies were fixed and stained with 0.5% crystal violet. F, quantification of relative cell
survival in the clonogenic assays in (E). Data are presented as means (£SD) (n = 3). **p < 0.01; ***p < 0.001; ns (Student’s t test). Dox, doxycycline; ns, not
significant; PARPI, poly (ADP-ribose) polymerase inhibitor; RIF1, replication timing regulatory factor 1; sgRNA, single-guide RNA; TRF2, telomeric repeat-
binding protein 2.
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mechanisms that lead to PARPi resistance. We performed cells. Loss of both ASF1A and ASF1B also led to increased
immunostaining to check whether depletion of ASF1 can IR-induced RPA2 foci formation (Fig. 5, D and E), suggesting
affect ionizing radiation (IR)-induced RAD51 and RPA2 foci that ASF1 protects DNA ends. We also noticed that deple-
formation, which respectively serve as the markers of HR and tion of ASF1 did not affect RIF1 foci formation, indicating
end resection, in RPE1 BRCA1 KO cells. We observed that, that ASF1 may act downstream of or in parallel to RIF1
compared with control cells, depletion of both ASF1A and (Fig. 5F). Furthermore, HR reporter assay showed that HR
ASF1B significantly increased the percentage of cells with repair was partially recovered in BRCA1l knockdown cells
RAD51 foci upon IR treatment, whereas the percentage of with depletion of ASF1A and ASF1B (Fig. 5, G and H). Taken
cells with yH2AX foci remained the same (Fig. 5, A-C), together, our results indicate that the mechanism of resis-
suggesting that ASF1 loss reactivates HR in BRCAl-null tance to PARPi in BRCAIl-deficient cells upon ASF1
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Figure 5. Loss of ASF1 rescues end resection defect caused by BRCA1 deficiency. A, RPE1 FLAG-Cas9 P53/~ BRCA1™~ LentiV2 and sgASF1A + sgASF1B
cells were untreated (NT) or treated with 10 Gy of IR and released for 6 h. Cells were fixed and then immunostained with yH2AX and RAD51 antibodies. B,
statistical quantification of yH2AX foci formation from (A). Data are represented as mean (£SD) (n = 3). ns (Student'’s t test). C, statistical quantification of
RAD51 foci formation from (A). Data are represented as mean (£SD) (n = 3). **p < 0.01 (Student’s t test). D, RPE1 FLAG-Cas9 P53~ BRCA1™~ LentiV2 and
sgASF1A + sgASF1B cells were untreated (NT) or treated with 10 Gy of IR and released for 6 h. Cells were fixed and then immunostained with RPA2 and RIF1
antibodies. E, statistical quantification of RPA2 foci formation from (B). Data are represented as mean + SD (n = 3), ***p < 0.001, Student's t test. F, statistical
quantification of RIF1 foci formation from (B). Data are represented as mean (£SD) (n = 3). ns (Student’s t test). G, Western blot to determine the siRNA
knockdown efficiency in U20S DR-GFP reporter cell lines transfected with indicated siRNAs. H, U20S DR-GFP reporter cell lines transfected with indicated
siRNAs and I-Scel plasmids were collected for flow cytometry analysis to determine HR repair efficiency. Quantification data are represented as mean (+SD)
(n=3).*p < 0.01, ***p < 0.001 (Student’s t test). DR, direct repeat; HR, homologous recombination; IR, ionizing radiation; ns, not significant; RPA, replication
protein A.
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depletion is due to increased end resection and the restora-
tion of HR.

Discussion

In this study, we identified ASF1 as a player in the 53BP1-
dependent pathway. We showed that ASF1 acts with RIF1 to
promote telomere fusion in TRF2-depleted cells and suppress
HR in BRCA1-deficient cells. The question of how cells stra-
tegically and precisely employ the NHE] and HR DSB repair
pathways to help maintain genomic stability has attracted
much attention over the past 2 decades. The key pathway
involved in this repair pathway choice is the 53BP1-dependent
pathway. We now know that 53BP1 acts as an adaptor protein
to control two downstream subpathways, which are mediated
by RIF1-Shieldin—-REV7 and PTIP—-Artemis to promote end
joining and suppress BRCA1-dependent HR repair, respec-
tively (29, 30, 32, 35-39, 41, 58). Here, we uncovered a pre-
viously unknown component, ASF1, in this process.

In yeasts and metazoans, RIF1 plays critical roles in at least
two cellular processes: DNA replication timing and DNA
repair (46, 48-52). However, only a few factors have been
identified that act with RIF1 to regulate these functions. To
analyze RIF1-associated protein complexes at the endogenous
level, we inserted an SFB tag at the N terminus of human RIF1
genomic loci and performed TAP purification of endogenous
RIF1. We identified ASF1 as a novel binding partner of RIF1.
As mentioned previously, the major function of ASF1 is to act
as an upstream H3-H4 histone chaperone that helps the
handover of H3.1-H4 histones to histone chaperone CAF-1
for replication-dependent chromatin assembly and the hand-
over of H3.3—H4 histones to histone chaperone HIRA for
replication-independent chromatin assembly (59-63). Several
reports also found that ASF1 may participate in the regulation
of DNA repair. ASF1A promotes NHE] repair by facilitating
MDC1 phosphorylation by ATM at DSBs (68). ASF1 may also
regulate the activation of ATM and DNA-PKcs in response to
DSBs (69). ASF1 and CAF-1 help recruit MMS22L/TONSL to
ssDNA to load RAD51 during HR in human cells (70). Our
findings support these early studies and suggest an additional
mechanism of ASF1 in these repair pathways via its binding to
RIF1.

In this study, we discovered that a previously undefined
region, residues 967 to 1350, of RIF1 is required for its inter-
action with ASF1A. Moreover, the N-terminal chaperone
domain of ASF1A, but not its histone chaperone activity, is
required for its interaction with RIF1. We also suggested that
the binding of ASF1 to RIF1, but not its histone chaperone
activity, is critical for its role in regulating PARPi sensitivity in
BRCA1-deficient cells. These results are similar to a previous
report of the role of ASF1A in DSB repair via facilitating
MDCI1 phosphorylation, which does not require its histone
chaperone activity (68). Nevertheless, the whole chaperone
domain of ASF1 is required for its binding to RIF1. We also
identified that RIF1 itself contains a histone H3 binding region
(unpublished data), which may help histone deposition. We
propose that ASF1, RIF1, and histone H3 may act together,
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which on one hand promotes chromatin assembly and on the
other hand facilitates proper DSB repair in S-phase cells. The
connection between DSB repair choice and chromatin as-
sembly by ASF1 and RIF1 needs to be further investigated.

In summary, our data reveal a crucial role of ASF1 in the
regulation of DSB repair choice, which is dependent on its
interaction with RIF1. Our discovery of the ASF1-RIF1 asso-
ciation has important implications for the treatment of
BRCA1-mutated cancers, as alterations in the ASF1 gene may
cause clinical resistance to PARPis.

Experimental procedures
Cell lines

293T cells were purchased from the American Type Culture
Collection and cultured in Dulbecco’s modified Eagle’s me-
dium (DMEM) supplemented with 10% fetal bovine serum.
RPEI-hTERT FLAG-Cas9 TP537/~ BRCA1 ™'~ cells were a gift
kindly provided by Dr Daniel Durocher (University of Tor-
onto) and were cultured in DMEM with 10% fetal bovine
serum. Inducible TRF2 KO HeLa cells were cultured in
DMEM with 10% fetal bovine serum.

Plasmids

DNA fragments corresponding to sgRNAs were cloned into
pX330 (Addgene: 42230) for the knock-in of N-terminal SFB
tag at endogenous RIF1 locus. LentiCRISPRv2 (Addgene:
52961) was used for ASF1A, ASF1B, and RIF1 knockdown.
Donor vector for RIF1 knock-in was generated by Gibson as-
sembly of 5 homolog arm, Puro-P2A-SFB, and 3’ homolog
arm into PUC19 vector. The human RIF1 and ASF1A/ASF1B
open reading frames were generated by PCR amplification
from complementary DNA prepared from 293T cells. RIF1-
truncation mutants, FL ASF1A, FL ASF1B, and the indicated
RIF1 or ASF1A domain deletion or point-mutation mutants
were subcloned into the pBabe-SFB or modified pLEX_307
SEB vector by Gateway recombination cloning technology.

Antibodies, siRNAs, and sgRNAs

Antibodies used in this study are 53BP1 (catalog no.:
NB100-304; Novus Biologicals), RIF1 (catalog no.: 95558S; Cell
Signaling Technology), BRCA1 (catalog no.: sc-6954; Santa
Cruz Biotechnology), ASF1A (catalog no.. 2990S; Cell
Signaling Technology), ASF1B (catalog no.. 2902S; Cell
Signaling Technology), Vinculin (catalog no.: V9131; Milli-
poreSigma), FLAG (catalog no. F3165; MilliporeSigma),
B-tubulin (catalog no.. T5168; MilliporeSigma), RAD51
(catalog no.: ab63801; Abcam), YH2AX (catalog no.: 05-636l;
MilliporeSigma), and RPA?2 (catalog no.: 2208S; Cell Signaling
Technology).

siRNAs used in this study are control siRNA (catalog no.:
1022076; Qiagen), BRCA1 siRNA (catalog no.: S102664361;
Qiagen), ASF1A siRNA (catalog no.. SI04270182; Qiagen),
ASF1B siRNA (catalog no.. SI04278414; Qiagen), ON-
TARGETplus Human ASF1A siRNA (catalog no.: L-020222-
02-0005; Dharmacon), and ON-TARGETplus Human ASF1B
siRNA (catalog no.: L-020553-00-0005; Dharmacon). sgRNAs
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used in this study for knockdown experiments were ligated to
LentiCRISPR V2 (catalog no.: 52961; Addgene) vector. sgRNA
sequences are RIF1 sgRNA: GCAGACATTTCCCTCTGAAG;
ASF1A sgRNA: CTAATTACTTGTACCTATCG; and ASF1B
sgRNA: CTCCTGTCCATGGTAGGTGC.

SFB tagging of endogenous RIF1

CRISPR-Cas9 technology was used to knock in SFB tag to
the N terminus of endogenous RIF1 as previously reported
(72). 293T cells were cotransfected with RIF1 knock-in sgRNA
and a donor vector containing puromycin resistance selection
gene, P2A self-cleavage site, and SFB sequence, flanked by
approximately 1 kb of homology arms in PUC19 backbone.
After selected with puromycin (2 pg/ml) for 4 days, the
remained colonies were seeded in 96-well plate, positive clones
were screened by genomic PCR, and further validated by
Western blotting and immunofluorescence staining. The RIF1
NKI sgRNA sequence is CCTCAGGGTGGCCGACATGA.

TAP

293T RIF1 SFB knock-in cells and 293T cells with over-
expression of N-terminal SFB-tagged ASF1A or ASF1B were
collected for TAP. For the analysis of endogenous RIF1-
associated proteins, cells were first lysed in NETN (250 mM
NaCl, 1 mM EDTA, 20 mM Tris—HCI [pH 8.0], 0.5% NP-40)
buffer and separated into soluble and chromatin fraction as
previously described (72). For the analysis of ASF1A- and
ASF1B-associated proteins, cells were lysed in NETN buffer
with turbonuclease for 1 h and centrifuged at 13,000 rpm for
15 min at 4 °C to get the whole cell lysates. The soluble and
chromatin fractions of RIF1, the whole cell lysates of ASF1A or
ASF1B were first incubated with streptavidin-conjugated beads
(Amersham) for 2 h at 4 °C. After being washed with NETN
buffer for three times, proteins binding on the beads were
eluted with 2 mg/ml biotin (Sigma—Aldrich) for 1 h. The
eluted proteins were then incubated with S-protein beads
(Novagen) for 2 h at 4 °C. After being washed with NETN for
five times, the bound proteins were boiled in 2x Laemmli
buffer, resolved by SDS-PAGE and stained with Coomassie
brilliant blue.

Mass spectrometry analysis

The Coomassie brilliant blue—stained gel samples were
excised and destained completely. Then in-gel digestion was
performed with trypsin (Promega Corporation) in 50 mM
NH4HCO; at 37 °C. After 24 h, the digested peptides were
extracted and vacuum dried. The samples were reconstituted
in the mass spectrometry (MS) loading solution (2% acetoni-
trile and 0.1% formic acid) before MS analysis.

MS sample was separated by nano-reverse-phase high-
performance liquid chromatography and eluted with acetoni-
trile gradient from 5% to 35% for 60 min at a flow rate of
300 nl/min. The elute was analyzed by the Q Exactive HF MS
system (Thermo Fisher Scientific) with positive ion mode and
data-dependent manner. The full MS scan was performed with
a scanning range of m/z 350 to 1200 and resolution at 60,000
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at m/z 400. After one full scan, up to 20 MS/MS scans
followed.

The raw MS data were accessed with Proteome Discoverer
2.2 (Thermo Fisher Scientific) to generate peak list and sub-
mitted to Mascot 2.5 (Matrix Science) for database search. The
database was Homo sapiens downloaded from UniProt (July
2020) with 20,383 entries in total. Tolerance of two missed
trypsin cleavages was applied. Variable modifications included
carboxyamidomethyl for cysteine and oxidation for methio-
nine. The mass tolerance settings are 10 ppm for precursor ion
and 0.02 Da for product ion. Percolator algorithm was
applied to examine the MS analysis and false discovery rate
lower than 1%.

Coimmunoprecipitation or pull-down assays

For all coimmunoprecipitation and pull-down assays con-
ducted in this study, cells were lysed in NETN buffer, with
phosphatase and proteinase inhibitors, and 50 U turbonu-
clease) for 1 h and centrifuged at 13,000 rpm for 15 min at 4
°C. For pull down with endogenous antibodies, the superna-
tant was collected and incubated with the indicated antibodies
overnight and then incubated with Protein A/G agarose beads
(Santa Cruz Biotechnology) for 2 h at 4 °C; for pull down with
SFB-tagged proteins, the supernatant was incubated with
streptavidin-conjugated beads (Amersham) or S-protein beads
(Novagen) for 2 h at 4 °C. After being washed with NETN for
three times, the bound proteins were boiled in 2x Laemmli
buffer, resolved by SDS-PAGE, and blotted with the indicated
antibodies.

Clonogenic survival assay

About 2 x 10 cells each for indicated Lenti-sgRNA trans-
fected RPE1-hTERT TP53~/~ BRCA1™'~ cells used in the study
were seeded onto 6-well plates in triplicate, treated with
various doses (0, 50, and 100 nM) of Olaparib (BioVision), and
then incubated for 14 days. Colonies were fixed and stained
with 0.5% crystal violet. Relative cell viability was measured
using Image] (National Institutes of Health).

CellTiter-Glo assay

Five hundred cells in a volume of 100 pl were plated into
each well of 96-well plates on day 0. After 24 h, 100 pl of the
2x dilution of olaparib was added to the cells in technical
triplicates. After 7 days of incubation, cell viability was
measured using a CellTiter-Glo luminescent cell viability assay
(catalog no.. G7572; Promega) with a BioTek Synergy 2
Multimode Microplate Reader.

Immunofluorescence staining

Immunostaining assays were performed as described pre-
viously (30). Briefly, cells seeded on glass coverslips were first
fixed in 4% formaldehyde for 10 min. After washed with PBS
for twice, cells were then permeabilized in 0.5% Triton X-100
for 15 min. After blocking with 5% bovine serum albumin for
1 h, cells were then incubated with indicated primary anti-
bodies for 2 h at 37 °C and secondary antibodies for 1 h at
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room temperature. After being washed with PBS for three
times, coverslips were dried and mounted with 4/,6-diamidino-
2-phenylindole solution (Thermo Fisher Scientific).

Telomere fusion analysis

TRF2-inducible KO HelLa cells transfected with indicated
siRNAs were first treated with or without 0.5 ug/ml doxycy-
cline for 6 days to induce TRF2 depletion. Detailed procedures
were done as described previously (72). For each group, a
minimum of 1000 chromosomes were counted for analysis.

HR reporter assays

U20S cells stably expressing HR reporter (direct repeat—
GEP reporter) were used to determine DSB repair efficiency
by HR as previously described (73). Briefly, U20S direct
repeat-GFP cells were transfected with same amount of con-
trol siRNA, ASF1A + ASF1B siRNAs, BRCA1 siRNA, or
ASF1A + ASF1B siRNAs + BRCA1 siRNA with Lipofectamine
RNAiIMAX (Thermo Fisher Scientific). About 24 h later, 2 g
of pCBASce plasmid (I-Scel expression vector) were trans-
fected into each cells with Lipofectamine 3000 (Thermo Fisher
Scientific). After culture for another 48 h, cells were subjected
to flow cytometry analysis to determine the percentage of
GFP-positive cells.

Statistical analyses

Statistical analyses were performed by using two-tailed
Student’s ¢ tests or one-way ANOVA in GraphPad Prism 8
(GraphPad Software, Inc). All results are presented as means +
SD, and all experiments were repeated at least two times.
p Value <0.05 was considered statistically significant.

Data availability

The MS proteomics data have been deposited to the Pro-
teomeXchange Consortium (http://www.ebi.ac.uk/pride) with
the dataset identifier PXD027727.

Supporting article  contains

information.

information—This supporting

Acknowledgments—We are grateful to Dr Daniel Durocher (Uni-
versity of Toronto) for kindly sharing with RPE1-hTERT FLAG-
Cas9 TP53™'~ BRCA1™'~ cells. We thank all members of the Chen
laboratory for their help and constructive discussion. We also
thank Bryan Tutt, Scientific Editor in Research Medical Library at
MD Anderson Cancer Center, who provided the editorial support.

Author contributions—M. T. and J. C. conceptualization; M. T.,
Z.C,C.W,X.F,N.L, M. H, H. Z, S. L,, and Y. X. investigation;
M. T. and J. C. writing—original draft.

Funding and additional information—This work was supported in
part by the Cancer Prevention and Research Institute of Texas
award RP180813 (to J. C.). In addition, many reagents used in this
study were obtained in part with the support of the Cancer
Prevention and Research Institute of Texas award RP160667 and
National Institutes of Health grants (R01CA210929, R0O1CA216911,

10 J Biol Chem. (2022) 298(6) 101979

and RO1CA216437) (to J. C.). J. C. also received support from the
Pamela and Wayne Garrison Distinguished Chair in Cancer
Research. The content is solely the responsibility of the authors and
does not necessarily represent the official views of the National
Institutes of Health.

Conflict of interest—The authors declare that they have no conflicts
of interest with the contents of this article.

Abbreviations—The abbreviations used are: ATM, mutated in
ataxia—telangiectasia [A—T]; DMEM, Dulbecco’s modified Eagle’s
medium; DSB, double-strand break; FL, full length; HR, homolo-
gous recombination; IR, ionizing radiation; MDC1, mediator of
DNA damage checkpoint protein 1; MRN, MRE11-RAD50-NBS1;
MS, mass spectrometry; NETN, NaCl, EDTA, Tris—HCl, NP-40;
NHE]J, nonhomologous end joining; PARP, poly (ADP-ribose) po-
lymerase; PARPi, PARP inhibitor; PTIP, pax transactivation
domain—interacting protein; RIF1, replication timing regulatory
factor 1; RPA, replication protein A; SFB, S protein, FLAG, and
streptavidin-binding peptide; sgRNA, single-guide RNA; 293T, hu-
man embryonic kidney 293T cell line; TAP, tandem affinity puri-
fication; TLK, Tousled-like kinase; TRF2, telomeric repeat—binding
protein 2.

References

1. Hakem, R. (2008) DNA-damage repair; the good, the bad, and the ugly.
EMBO J. 27, 589-605

2. Jackson, S. P., and Bartek, J. (2009) The DNA-damage response in human
biology and disease. Nature 461, 1071-1078

3. O'Driscoll, M. (2012) Diseases associated with defective responses to
DNA damage. Cold Spring Harb. Perspect. Biol. 4, a012773

4. Lieber, M. R. (2010) The mechanism of double-strand DNA break repair
by the nonhomologous DNA end-joining pathway. Annu. Rev. Biochem.
79, 181-211

5. Symington, L. S, and Gautier, J. (2011)
end resection and repair pathway choice. Annu. Rev. Genet. 45,
247-271

6. Heyer, W. D., Ehmsen, K. T., and Liu, J. (2010) Regulation of homologous
recombination in eukaryotes. Annu. Rev. Genet. 44, 113—-139

7. Davis, A. ], and Chen, D. J. (2013) DNA double strand break repair via
non-homologous end-joining. Transl. Cancer Res. 2, 130—143

8. Haber, J. E. (2016) A life investigating pathways that repair broken
chromosomes. Annu. Rev. Genet. 50, 1-28

9. Johnson, R. D., and Jasin, M. (2000) Sister chromatid gene conversion is a
prominent double-strand break repair pathway in mammalian cells.
EMBO J. 19, 3398-3407

10. Liu, T., and Huang, J. (2016) DNA end resection: Facts and mechanisms.
Genom. Proteom. Bioinform. 14, 126—130

11. Sung, P, and Klein, H. (2006) Mechanism of homologous recombination:
Mediators and helicases take on regulatory functions. Nat. Rev. Mol. Cell
Biol. 7, 739-750

12. Nimonkar, A. V., Genschel, J., Kinoshita, E., Polaczek, P., Campbell, J.
L., Wyman, C., Modrich, P., and Kowalczykowski, S. C. (2011) BLM-
DNA2-RPA-MRN and EXO1-BLM-RPA-MRN constitute two DNA
end resection machineries for human DNA break repair. Genes Dev.
25, 350-362

13. Mimitou, E. P., and Symington, L. S. (2011) DNA end resection—unrav-
eling the tail. DNA Repair (Amst) 10, 344—3438

14. Davies, A. A., Masson, J. Y., Mcllwraith, M. J., Stasiak, A. Z., Stasiak,
A., Venkitaraman, A. R.,, and West, S. C. (2001) Role of BRCA2 in
control of the RAD51 recombination and DNA repair protein. Mol.
Cell 7, 273-282

15. Jensen, R. B., Carreira, A., and Kowalczykowski, S. C. (2010) Purified
human BRCA2 stimulates RAD51-mediated recombination. Nature 467,
678-683

Double-strand break

SASBMB


http://www.ebi.ac.uk/pride
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref1
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref1
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref2
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref2
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref3
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref3
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref4
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref4
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref4
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref5
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref5
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref5
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref6
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref6
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref7
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref7
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref8
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref8
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref9
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref9
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref9
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref10
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref10
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref11
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref11
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref11
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref12
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref12
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref12
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref12
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref12
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref13
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref13
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref14
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref14
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref14
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref14
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref15
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref15
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref15

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Renkawitz, J., Lademann, C. A., and Jentsch, S. (2014) Mechanisms and
principles of homology search during recombination. Nat. Rev. Mol. Cell
Biol. 15, 369-383

Taylor, M. R. G., Spirek, M., Chaurasiya, K. R., Ward, J. D., Carzaniga, R.,
Yu, X.,, Egelman, E. H.,, Collinson, L. M., Rueda, D., Krejci, L., and
Boulton, S. J. (2015) Rad51 paralogs remodel pre-synaptic Rad51 fila-
ments to stimulate homologous recombination. Cell 162, 271-286
Thorslund, T., Mcllwraith, M. J., Compton, S. A., Lekomtsev, S., Pet-
ronczki, M., Griffith, J. D., and West, S. C. (2010) The breast cancer
tumor suppressor BRCA2 promotes the specific targeting of RAD51 to
single-stranded DNA. Nat. Struct. Mol. Biol. 17, 1263-1265

Zhao, W., Vaithiyalingam, S., San Filippo, J., Maranon, D. G., Jimenez-
Sainz, J., Fontenay, G. V., Kwon, Y., Leung, S. G., Lu, L., Jensen, R. B,
Chazin, W. J., Wiese, C., and Sung, P. (2015) Promotion of BRCA2-
dependent homologous recombination by DSS1 via RPA targeting and
DNA mimicry. Mol. Cell 59, 176-187

Xia, B., Sheng, Q., Nakanishi, K., Ohashi, A., W, J., Christ, N., Liu, X., Jasin,
M., Couch, F.J., and Livingston, D. M. (2006) Control of BRCA2 cellular
and clinical functions by a nuclear partner, PALB2. Mol. Cell 22, 719-729
Sy, S. M., Huen, M. S, and Chen, J. (2009) PALB2 is an integral
component of the BRCA complex required for homologous recombina-
tion repair. Proc. Natl. Acad. Sci. U. S. A. 106, 7155—7160

Liu, J., Doty, T., Gibson, B., and Heyer, W. D. (2010) Human BRCA2
protein promotes RAD51 filament formation on RPA-covered single-
stranded DNA. Nat. Struct. Mol. Biol. 17, 1260-1262

Carreira, A., Hilario, J., Amitani, I, Baskin, R. J., Shivji, M. K, Ven-
kitaraman, A. R., and Kowalczykowski, S. C. (2009) The BRC repeats of
BRCA2 modulate the DNA-binding selectivity of RAD51. Cell 136,
1032-1043

Bunting, S. F.,, Callen, E., Wong, N., Chen, H. T, Polato, F., Gunn, A.,,
Bothmer, A., Feldhahn, N., Fernandez-Capetillo, O., Cao, L., Xu, X,
Deng, C. X,, Finkel, T., Nussenzweig, M., Stark, J. M., et al. (2010) 53BP1
inhibits homologous recombination in Brcal-deficient cells by blocking
resection of DNA breaks. Cell 141, 243-254

Jaspers, J. E., Kersbergen, A., Boon, U., Sol, W., van Deemter, L., Zander,
S. A, Drost, R., Wientjens, E., Ji, ]., Aly, A., Doroshow, J. H., Cranston, A.,
Martin, N. M., Lau, A., O’Connor, M. ], et al. (2013) Loss of 53BP1
causes PARP inhibitor resistance in Brcal-mutated mouse mammary
tumors. Cancer Discov. 3, 68—81

Chapman, J. R., Sossick, A. J., Boulton, S. J., and Jackson, S. P. (2012)
BRCA1l-associated exclusion of 53BP1 from DNA damage sites underlies
temporal control of DNA repair. J. Cell Sci. 125, 3529-3534

Charier, G., Couprie, J., Alpha-Bazin, B, Meyer, V., Quemeneur, E.,
Guerois, R., Callebaut, I., Gilquin, B., and Zinn-Justin, S. (2004) The tudor
tandem of 53BP1: A new structural motif involved in DNA and RG-rich
peptide binding. Structure 12, 1551-1562

Fradet-Turcotte, A., Canny, M. D., Escribano-Diaz, C., Orthwein, A.,
Leung, C. C., Huang, H., Landry, M. C., Kitevski-LeBlanc, J., Noorder-
meer, S. M., Sicheri, F., and Durocher, D. (2013) 53BP1 is a reader of the
DNA-damage-induced H2A Lys 15 ubiquitin mark. Nature 499, 5054
Escribano-Diaz, C., Orthwein, A., Fradet-Turcotte, A., Xing, M., Young,
J. T., Tkac, J., Cook, M. A., Rosebrock, A. P., Munro, M., Canny, M. D,,
Xu, D., and Durocher, D. (2013) A cell cycle-dependent regulatory circuit
composed of 53BP1-RIF1 and BRCA1-CtIP controls DNA repair pathway
choice. Mol. Cell 49, 872—883

Feng, L., Fong, K. W., Wang, J., Wang, W., and Chen, J. (2013) RIF1
counteracts BRCAI-mediated end resection during DNA repair. J. Biol.
Chem. 288, 11135-11143

Daley, J. M., and Sung, P. (2013) RIF1 in DNA break repair pathway
choice. Mol. Cell 49, 840—841

Chapman, J. R., Barral, P., Vannier, J. B., Borel, V., Steger, M., Tomas-
Loba, A., Sartori, A. A., Adams, I. R, Batista, F. D., and Boulton, S. J.
(2013) RIF1 is essential for 53BP1-dependent nonhomologous end joining
and suppression of DNA double-strand break resection. Mol. Cell 49,
858-871

Munoz, I. M., Jowsey, P. A, Toth, R, and Rouse, J. (2007) Phospho-
epitope binding by the BRCT domains of hPTIP controls multiple aspects
of the cellular response to DNA damage. Nucl. Acids Res. 35, 53125322

SASBMB

ASF1 acts with RIF1 to promote DNA end joining

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

Callen, E., Di Virgilio, M., Kruhlak, M. J., Nieto-Soler, M., Wong, N.,
Chen, H. T, Faryabi, R. B,, Polato, F., Santos, M., Starnes, L. M., Wese-
mann, D. R, Lee, J. E.,, Tubbs, A., Sleckman, B. P.,, Daniel, J. A., et al.
(2013) 53BP1 mediates productive and mutagenic DNA repair through
distinct phosphoprotein interactions. Cell 153, 1266—1280

Wang, J., Aroumougame, A., Lobrich, M., Li, Y., Chen, D., Chen, ], and
Gong, Z. (2014) PTIP associates with Artemis to dictate DNA repair
pathway choice. Genes Dev. 28, 2693—-2698

Noordermeer, S. M., Adam, S., Setiaputra, D., Barazas, M., Pettitt, S. J.,
Ling, A. K, Olivieri, M., Alvarez-Quilon, A., Moatti, N., Zimmermann,
M., Annunziato, S., Krastev, D. B,, Song, F., Brandsma, I, Frankum, J.,
et al. (2018) The shieldin complex mediates 53BP1-dependent DNA
repair. Nature 560, 117-121

Mirman, Z., Lottersberger, F., Takai, H., Kibe, T., Gong, Y., Takai, K.,
Bianchi, A., Zimmermann, M., Durocher, D., and de Lange, T. (2018)
53BP1-RIF1-shieldin counteracts DSB resection through CST- and
Polalpha-dependent fill-in. Nature 560, 112-116

Ghezraoui, H., Oliveira, C., Becker, J. R., Bilham, K., Moralli, D., Anzi-
lotti, C., Fischer, R., Deobagkar-Lele, M., Sanchiz-Calvo, M., Fueyo-
Marcos, E., Bonham, S., Kessler, B. M., Rottenberg, S., Cornall, R. ],
Green, C. M., et al. (2018) 53BP1 cooperation with the REV7-shieldin
complex underpins DNA structure-specific NHE]. Nature 560, 122—127
Gupta, R., Somyajit, K., Narita, T., Maskey, E., Stanlie, A., Kremer, M.,
Typas, D., Lammers, M., Mailand, N., Nussenzweig, A., Lukas, J., and
Choudhary, C. (2018) DNA repair network analysis reveals shieldin as a
key regulator of NHE] and PARP inhibitor sensitivity. Cell 173, 972—988.
€923

Dev, H., Chiang, T. W., Lescale, C., de Krijger, I., Martin, A. G., Pilger, D.,
Coates, J., Sczaniecka-Clift, M., Wei, W., Ostermaier, M., Herzog, M.,
Lam, J., Shea, A., Demir, M., Wu, Q., et al. (2018) Shieldin complex
promotes DNA end-joining and counters homologous recombination in
BRCAI1-null cells. Nat. Cell Biol. 20, 954—965

Xu, G., Chapman, J. R., Brandsma, L, Yuan, J., Mistrik, M., Bouwman, P.,
Bartkova, J., Gogola, E., Warmerdam, D., Barazas, M., Jaspers, J. E.,
Watanabe, K., Pieterse, M., Kersbergen, A., Sol, W., et al. (2015) REV7
counteracts DNA double-strand break resection and affects PARP inhi-
bition. Nature 521, 541-544

Hardy, C. F., Sussel, L., and Shore, D. (1992) A RAPI-interacting protein
involved in transcriptional silencing and telomere length regulation.
Genes Dev. 6, 801-814

Wotton, D., and Shore, D. (1997) A novel Raplp-interacting factor, Rif2p,
cooperates with Riflp to regulate telomere length in Saccharomyces
cerevisiae. Genes Dev. 11, 748-760

. Marcand, S., Wotton, D., Gilson, E., and Shore, D. (1997) Raplp and

telomere length regulation in yeast. Ciba Found. Symp. 211, 76-93
Kanoh, J., and Ishikawa, F. (2001) spRapl and spRifl, recruited to telo-
meres by Tazl, are essential for telomere function in fission yeast. Curr.
Biol. 11, 1624—-1630

Silverman, J., Takai, H., Buonomo, S. B., Eisenhaber, F., and de Lange, T.
(2004) Human Rifl, ortholog of a yeast telomeric protein, is regulated by
ATM and 53BP1 and functions in the S-phase checkpoint. Genes Dev. 18,
2108-2119

Xu, L., and Blackburn, E. H. (2004) Human Rifl protein binds aberrant
telomeres and aligns along anaphase midzone microtubules. J. Cell Biol.
167, 819-830

Bhowmick, R., Thakur, R. S., Venegas, A. B., Liu, Y., Nilsson, J., Barisic,
M., and Hickson, I. D. (2019) The RIF1-PP1 Axis controls abscission
timing in human cells. Curr. Biol. 29, 1232-1242.e1235

Garzon, J., Ursich, S., Lopes, M., Hiraga, S. L., and Donaldson, A. D. (2019)
Human RIF1-protein phosphatase 1 prevents degradation and breakage of
nascent DNA on replication stalling. Cell Rep. 27, 2558—2566.€2554
Hiraga, S. I, Ly, T., Garzon, J., Horejsi, Z., Ohkubo, Y. N., Endo, A,
Obuse, C., Boulton, S. J., Lamond, A. I, and Donaldson, A. D. (2017)
Human RIF1 and protein phosphatase 1 stimulate DNA replication origin
licensing but suppress origin activation. EMBO Rep. 18, 403—419
Yamazaki, S., Ishii, A., Kanoh, Y., Oda, M., Nishito, Y., and Masai, H.
(2012) Rifl regulates the replication timing domains on the human
genome. EMBO J. 31, 3667-3677

J. Biol. Chem. (2022) 298(6) 101979 11


http://refhub.elsevier.com/S0021-9258(22)00419-7/sref16
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref16
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref16
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref17
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref17
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref17
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref17
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref18
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref18
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref18
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref18
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref19
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref19
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref19
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref19
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref19
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref20
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref20
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref20
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref21
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref21
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref21
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref22
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref22
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref22
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref23
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref23
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref23
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref23
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref24
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref24
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref24
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref24
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref24
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref25
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref25
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref25
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref25
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref25
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref26
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref26
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref26
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref27
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref27
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref27
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref27
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref28
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref28
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref28
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref28
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref29
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref29
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref29
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref29
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref29
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref30
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref30
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref30
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref31
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref31
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref32
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref32
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref32
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref32
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref32
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref33
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref33
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref33
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref34
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref34
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref34
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref34
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref34
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref35
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref35
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref35
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref36
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref36
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref36
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref36
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref36
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref37
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref37
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref37
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref37
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref38
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref38
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref38
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref38
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref38
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref39
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref39
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref39
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref39
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref39
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref40
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref40
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref40
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref40
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref40
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref41
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref41
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref41
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref41
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref41
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref42
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref42
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref42
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref43
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref43
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref43
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref44
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref44
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref45
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref45
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref45
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref46
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref46
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref46
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref46
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref47
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref47
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref47
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref48
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref48
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref48
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref49
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref49
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref49
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref50
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref50
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref50
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref50
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref51
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref51
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref51

ASF1 acts with RIF1 to promote DNA end joining

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Klein, K. N., Zhao, P. A., Lyu, X., Sasaki, T., Bartlett, D. A., Singh, A. M.,
Tasan, L, Zhang, M., Watts, L. P, Hiraga, S. I, Natsume, T., Zhou, X.,
Baslan, T., Leung, D., Kanemaki, M. T., et al. (2021) Replication timing
maintains the global epigenetic state in human cells. Science 372,
371-378

Sreesankar, E., Senthilkumar, R., Bharathi, V., Mishra, R. K., and Mishra,
K. (2012) Functional diversification of yeast telomere associated protein,
Rifl, in higher eukaryotes. BMC Genomics 13, 255

Xu, D., Muniandy, P., Leo, E., Yin, J., Thangavel, S., Shen, X,, Ii, M,,
Agama, K., Guo, R, Fox, D., 3rd, Meetei, A. R,, Wilson, L., Nguyen, H.,
Weng, N. P., Brill, S. ], et al. (2010) Rifl provides a new DNA-binding
interface for the Bloom syndrome complex to maintain normal replica-
tion. EMBO J. 29, 3140-3155

Batenburg, N. L., Walker, J. R., Noordermeer, S. M., Moatti, N., Dur-
ocher, D., and Zhu, X. D. (2017) ATM and CDK2 control chromatin
remodeler CSB to inhibit RIF1 in DSB repair pathway choice. Nat.
Commun. 8, 1921

Dave, A., Cooley, C., Garg, M., and Bianchi, A. (2014) Protein phos-
phatase 1 recruitment by Rifl regulates DNA replication origin firing by
counteracting DDK activity. Cell Rep. 7, 53-61

Kedziora, S., Gali, V. K., Wilson, R. H. C,, Clark, K. R. M., Nieduszynski,
C. A., Hiraga, S. L, and Donaldson, A. D. (2018) Rif1 acts through Protein
Phosphatase 1 but independent of replication timing to suppress telomere
extension in budding yeast. Nucl. Acids Res. 46, 3993—-4003
Zimmermann, M., Lottersberger, F., Buonomo, S. B., Sfeir, A,, and de
Lange, T. (2013) 53BP1 regulates DSB repair using Rifl to control 5" end
resection. Science 339, 700—704

Hammond, C. M., Stromme, C. B., Huang, H., Patel, D. J., and Groth, A.
(2017) Histone chaperone networks shaping chromatin function. Nat.
Rev. Mol. Cell Biol. 18, 141-158

Mello, J. A, Sillje, H. H., Roche, D. M., Kirschner, D. B., Nigg, E. A, and
Almouzni, G. (2002) Human Asfl and CAF-1 interact and synergize in a
repair-coupled nucleosome assembly pathway. EMBO Rep. 3, 329-334
Tyler, J. K, Collins, K. A., Prasad-Sinha, J., Amiott, E., Bulger, M., Harte,
P. J., Kobayashi, R., and Kadonaga, J. T. (2001) Interaction between the
Drosophila CAF-1 and ASF1 chromatin assembly factors. Mol. Cell Biol.
21, 6574—6584

Tang, Y., Poustovoitov, M. V., Zhao, K., Garfinkel, M., Canutescu, A.,
Dunbrack, R., Adams, P. D., and Marmorstein, R. (2006) Structure of a

12 J Biol Chem. (2022) 298(6) 101979

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

human ASFla-HIRA complex and insights into specificity of histone
chaperone complex assembly. Nat. Struct. Mol. Biol. 13, 921-929

Tyler, J. K., Adams, C. R, Chen, S. R., Kobayashi, R., Kamakaka, R. T, and
Kadonaga, J. T. (1999) The RCAF complex mediates chromatin assembly
during DNA replication and repair. Nature 402, 555—-560

De Koning, L., Corpet, A., Haber, J. E., and Almouzni, G. (2007) Histone
chaperones: An escort network regulating histone traffic. Nat. Struct.
Mol. Biol. 14, 997-1007

Sillie, H. H., and Nigg, E. A. (2001) Identification of human Asfl chro-
matin assembly factors as substrates of Tousled-like kinases. Curr. Biol.
11, 1068-1073

Das, C., Lucia, M. S., Hansen, K. C., and Tyler, J. K. (2009) CBP/p300-
mediated acetylation of histone H3 on lysine 56. Nature 459, 113-117
O'Sullivan, R. J., Arnoult, N., Lackner, D. H., Oganesian, L., Haggblom, C.,
Corpet, A., Almouzni, G., and Karlseder, J. (2014) Rapid induction of
alternative lengthening of telomeres by depletion of the histone chap-
erone ASF1. Nat. Struct. Mol. Biol. 21, 167-174

Lee, K. Y., Im, J. S., Shibata, E., and Dutta, A. (2017) ASFla promotes
non-homologous end joining repair by facilitating phosphorylation of
MDC1 by ATM at double-strand breaks. Mol. Cell 68, 61-75.e65
Huang, T. H., Shen, Z. J., Sleckman, B. P., and Tyler, J. K. (2018) The
histone chaperone ASF1 regulates the activation of ATM and DNA-PKcs
in response to DNA double-strand breaks. Cell Cycle 17, 1413-1424
Huang, T. H., Fowler, F., Chen, C. C,, Shen, Z. ], Sleckman, B., and Tyler,
J. K. (2020) The histone chaperones ASF1 and CAF-1 promote MMS22L-
TONSL-mediated Rad51 loading onto ssDNA during homologous
recombination in human cells. Mol. Cell 77, 1153

Agez, M., Chen, J., Guerois, R, van Heijenoort, C., Thuret, J. Y., Mann, C,,
and Ochsenbein, F. (2007) Structure of the histone chaperone ASF1
bound to the histone H3 C-terminal helix and functional insights.
Structure 15, 191-199

Tang, M., Feng, X., Pei, G., Srivastava, M., Wang, C., Chen, Z, Li, S,,
Zhang, H., Zhao, Z., Li, X,, and Chen, J. (2020) FOXK1 participates in
DNA damage response by controlling 53BP1 function. Cell Rep. 32,
108018

Wang, C., Chen, Z., Su, D,, Tang, M., Nie, L., Zhang, H., Feng, X., Wang,
R, Shen, X,, Srivastava, M., McLaughlin, M. E., Hart, T., Li, L., and Chen,
J. (2020) C170rf53 is identified as a novel gene involved in inter-strand
crosslink repair. DNA Repair (Amst) 95, 102946

SASBMB


http://refhub.elsevier.com/S0021-9258(22)00419-7/sref52
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref52
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref52
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref52
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref52
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref53
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref53
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref53
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref54
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref54
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref54
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref54
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref54
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref55
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref55
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref55
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref55
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref56
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref56
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref56
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref57
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref57
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref57
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref57
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref58
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref58
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref58
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref59
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref59
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref59
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref60
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref60
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref60
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref61
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref61
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref61
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref61
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref62
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref62
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref62
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref62
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref63
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref63
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref63
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref64
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref64
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref64
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref65
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref65
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref65
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref66
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref66
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref67
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref67
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref67
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref67
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref68
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref68
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref68
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref69
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref69
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref69
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref70
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref70
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref70
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref70
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref71
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref71
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref71
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref71
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref72
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref72
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref72
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref72
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref73
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref73
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref73
http://refhub.elsevier.com/S0021-9258(22)00419-7/sref73

	Histone chaperone ASF1 acts with RIF1 to promote DNA end joining in BRCA1-deficient cells
	Results
	ASF1 is a novel RIF1-interacting protein
	Mapping the interaction domains between RIF1 and ASF1A
	ASF1 promotes telomere fusion in TRF2-depleted cells and PARPi sensitivity in BRCA1-deficient cells
	Loss of ASF1 rescues an end resection defect caused by BRCA1 deficiency

	Discussion
	Experimental procedures
	Cell lines
	Plasmids
	Antibodies, siRNAs, and sgRNAs
	SFB tagging of endogenous RIF1
	TAP
	Mass spectrometry analysis
	Coimmunoprecipitation or pull-down assays
	Clonogenic survival assay
	CellTiter-Glo assay
	Immunofluorescence staining
	Telomere fusion analysis
	HR reporter assays
	Statistical analyses

	Data availability
	Supporting information
	Author contributions
	Funding and additional information
	References


