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16  Abstract

17 The 53BP1-RIF1 pathway antagonizes resection of DNA broken ends and confers
18  PARP inhibitor sensitivity on BRCA 1-mutated tumors. However, it is unclear how this
19  pathway suppresses initiation of resection. Here, we identify ASF1 as a partner of RIF1
20  via an interacting manner similar to its interactions with histone chaperones CAF-1 and
21 HIRA. ASF1 is recruited to distal chromatin flanking DNA breaks by 53BP1-RIF1 and
22 promotes non-homologous end joining (NHEJ) using its histone chaperone activity.
23 Epistasis analysis shows that ASF1 acts in the same NHEJ pathway as RIF1, but via a
24 parallel pathway with the shieldin complex, which suppresses resection after initiation.
25  Moreover, defects in end resection and homologous recombination (HR) in BRCA1-
26 deficient cells are largely suppressed by ASF1 deficiency. Mechanistically, ASFI
27  compacts adjacent chromatin by heterochromatinization to protect broken DNA ends
28  from BRCA1-mediated resection. Taken together, our findings identified a RIF1-ASF1
29  histone chaperone complex that promotes changes in high-order chromatin structure to

30 stimulate the NHEJ pathway for DSB repair.
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32 INTRODUCTION

33 Double-strand breaks (DSBs) are one of the most cytotoxic DNA lesions and must
34  Dbe effectively and accurately repaired to prevent genomic instability, carcinogenesis,
35 and cell death. To this end, cells must properly choose from two mutually exclusive
36 major DSB repair pathways, homologous recombination (HR) and non-homologous
37  end joining (NHEJ), based on cell cycle position and the nature of the DNA end. DNA
38  end resection, in which broken DNA is converted into 3'-overhang ends suitable for HR,
39  plays a central role in determining the DSB repair pathway choice and is controlled by
40  functional antagonism between the HR-promoting factor BRCA1 and NHEJ-promoting
41 proteins 53BP1 and RIF1 /. Mutations in BRCAI or BRCA2 genes cause breast,
42 ovarian, prostate and other cancers, and tumors with such mutations show PARPi
43 hypersensitivity 3°. Unfortunately, PARPI resistance is frequently acquired in patients
44  with advanced cancer. In addition to restoration of BRCA1/2 expression or function by
45  secondary mutations, loss of 53BPl or its downstream effectors is one major
46  mechanism of PARPi resistance '°.

47 End resection is initiated at proximal chromatin flanking DSBs by BRCAI-
48  promoted CtIP-MRN, and is extended by EXO1 and DNA2/BLM. Recent studies
49 reveal that the shieldin complex (REV7-SHLDI1-SHLD2-SHLD3), which is
50 downstream of 53BP1-RIF1, counteracts end resection through CST- and Pola-
51  dependent fill-in ''"*°, As the shieldin-CST-Pola pathway acts on single-strand DNA
52 (ssDNA) 3161720 this pathway acts like a retrieval system after resection is initiated
53 by mistakes (or in a “trial-and-error” way between HR and NHEJ), or as a restriction
54  system to limit over-resection. In principle, it’s more critical for NHEJ to suppress
55 endonuclease-mediated resection on chromatin flanking DSBs at the initiation step in
56  comparison with the extension step. However, whether and how this function is
57  executed by the 53BP1 pathway remains unclear, although it has long been postulated
58 that the 53BP1-RIF1 complex strengthens the nucleosomal barrier to end-resection
59  nucleases 2122,

60 ASF1 is a histone chaperone conserved from yeast to human cells. Higher

61  eukaryotes contain two paralogs of yeast ASF1, ASFla and ASFIlb, which are
3
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62  distinguishable by their C-terminal tails >*. ASF1 functions by transferring H3-H4
63  heterodimers to the histone chaperone CAF-1 or HIRA for nucleosome assembly 2* and
64  contributes to heterochromatin formation 2*%%, In addition to its role in nucleosome
65 assembly, ASF1 also plays a role in nucleosome disassembly and histone exchange 2’
66 3% Here, we find that ASF1 forms a complex with RIF1 in response to DNA damage
67  through a B-domain, which is also responsible for the interactions of CAF-1 and HIRA
68  with ASF1. ASFI1 promotes formation of high-order chromatin structure, antagonizes
69 BRCAI-dependent DNA end resection and stimulates NHEJ via its histone chaperone
70  activity. Thus, we identify a RIF1-ASF1 histone chaperone complex that protects
71 broken DNA ends in a parallel pathway with shieldin and confers PARP1 sensitivity on
72 BRCAl-deficient cells.

73

74  RESULTS

75  The shieldin complex only plays a partial role of RIF1 to promote NHEJ

76 Previously, we and other groups identified the shieldin complex as a downstream
77 effector of RIF1 to antagonize BRCAl-medicated HR and promote NHEJ '31° Cell
78  survival experiments using a MTT assay showed that rifl”~ cells were more sensitive
79  to ICRF193, a topoisomerase II inhibitor that induces DSBs and is specifically toxic to
80 cells deficient in NHEJ "33, in comparison with SHLD2/FAM35A-deficient cells (see
81  Fig. Ib in reference 13). We confirmed this result using a colony formation assay with
82  sensitivity greater than that of the MTT assay (Supplemental Fig. S1A). PARPis induce
83  one-end DSBs during replication and are toxic to cells deficient in HR proteins such as
84  BRCALI. Disruption of the 53BP1-RIF1 pathway restores HR in BRCA1-deficient cells
85 and thus reduces their PARPi sensitivity /. Consistent with the results of the
86  experiments assessing ICRF193 sensitivity, disruption of SHLD2 was not as effective
87  as knockout of RIF1 with regard to rescuing the PARPi (olaparib)-sensitivity of brcal
88  ” cells (Supplemental Fig. S1B). Therefore, the shieldin complex only plays a partial
89  role in mediating antagonism of BRCA1 and promotion of NHEJ by RIF1.

90 Additionally, the colony formation assay showed that shld2”" cells were more

91  sensitive to etoposide, another topoisomerase Il inhibitor that induces DSBs that can be
4
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3132 in comparison with rif1” cells (Supplemental

92  repaired by NHEJ or other pathways

93  Fig. S1A), suggesting that the shieldin complex may have more functions in addition

94  to promoting NHEJ to repair DSBs.

95

96 RIF1 forms a histone chaperone complex with ASF1

97 To explore the potential parallel pathways of the shieldin complex, we immuno-

98  purified and analyzed the RIF1 complexes from HEK293 cells transiently expressing

99  FLAG-RIF1 with an anti-FLAG antibody. Mass spectrometry analysis revealed that the
100  histone chaperone protein, ASF1la, and H3-H4 were co-immunoprecipitated with RIF1
101 (Fig. 1A), and immunoblotting confirmed this finding (Fig. 1B). Immunoblotting and
102  mass spectrometry analysis of reciprocal immunoprecipitation showed that RIF1 was
103  present as one major component in the immunoprecipitate of FLAG-ASF1a (Fig. 1A,

3436 These results

104 C), which is consistent with previous interactome analyses
105  demonstrate that RIF1 forms a stable complex with ASFla-H3-H4.

106 Moreover, the interaction of ASFla with RIF1, but not HIRA or CAF-1, was
107  enhanced by DNA damage induced by bleomycin (Fig. 1B; Supplemental Fig. S2A, B),
108  implying that RIF1-ASF1a may play a role in response to DNA damages. ASF1-bound
109  non-nucleosomal H3-H4 heterodimer contains pre-modified H3K9mel, particularly in
110  genotoxic conditions 37. Interestingly, H3K9mel was enriched in the RIF1-ASF1
111 complex when DNA was damaged (Fig. 1B), implying that RIF1-bound ASF1 tends to
112 provide H3K9mel upon DNA damages.

113 ASF1b, a paralog of ASFla, was not enriched as effectively as ASFla in the
114  FLAG-RIF1 immunoprecipitate (Fig. 1B), although RIF1 was present as one major
115  component in the FLAG-ASF1b immunoprecipitate (Fig. 1A, C), suggesting that only
116  asubset of RIF1 forms complex with ASF1b.

117 The downstream histone chaperones CAF-1 p60 and HIRA interact with ASF1 in
118  a mutually exclusive manner via a B-domain motif ***°. Sequence alignment analysis
119  reveals that RIF1 contains a putative B-domain with a high similarity to the domains
120  present in CAF-1 p60, HIRA and CDANI1 (Fig. 1D). Mapping the interacting region

121 revealed that a conserved region (aal180-1270) of RIF1, which contains the B-domain,
5


https://doi.org/10.1101/2021.11.19.469338
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.19.469338; this version posted November 19, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

122 was necessary and sufficient for its interaction with ASF1a (Supplemental Fig. S2C-E).
123 Importantly, point mutation in the B-domain of RIF1 (R1217A/R1218A/Q1219D)
124  dramatically reduced its interaction with ASFla (Fig. 1D, E; Supplemental Fig. S2C).
125  Consistently, mutation of the ASF1a residues (E36A/D37A) critical for binding the B-
126 domain in CAF-1 and HIRA, but not the residue (V94R) for binding H3-H4, disrupted
127  its interaction with RIF1 (Supplemental Fig. S2F, G). Taken together, these results
128  demonstrate that ASFla binds RIF1 in a manner similar to its interaction with CAF-1
129  and HIRA, implying that these interactions are mutually exclusive.

130

131 ASF1is recruited to DSB sites by 53BP1-RIF1

132 We observed that both GFP-tagged ASFla and ASF1b were recruited to sites of
133 laser-induced DNA damage (Fig. 1F-I). Recruitment of GFP-ASF1a was dramatically
134  decreased when 53BP1 or RIF1 was disrupted (Fig. 1F, G, J), demonstrating that ASF1a
135  is mainly recruited to DNA damage sites by 53BP1-RIF1. The recruitment of GFP-
136  ASF1b was only modestly reduced in 53BP1- or RIF1-null cells (Fig. 1H, I), suggesting
137  that proteins other than 53BP1-RIF1 also contribute to its recruitment to DSB sites.
138  Consistently, ASFla mutant EDAA (E36A/D37A), in which residues required for
139  interaction with RIF1 were mutated, showed strongly reduced recruitment to DSB sites
140 (Fig. IK, L).

141

142 ASF1 colocalizes with 53BP1 and RIF1 at distal chromatin flanking DSBs

143 53BP1 is excluded from chromatin proximal to DSBs by BRCA1 in the S/G2
144  phase, resulting in a specific spatial distribution, in which recruitment of BRCAT1 into
145  the core of the damage focus is associated with exclusion of 53BP1 to the focal
146  periphery ***!. This distribution of 53BP1 at distal chromatin during HR was deemed
147  to prevent hyper-resection and subsequent single-strand annealing (SSA) to foster its
148  fidelity *>. However, due to technical barriers, this spatial distribution has been observed
149  for only a limited number of DSB repair proteins ***!. To examine whether other
150  proteins downstream of 53BP1 are also recruited to chromatin distal to DSB sites, we

151  developed a new method: high-energy-laser-induced recruitment to distal chromatin
6
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152  flanking DSBs (HIRDC). The high-energy-laser-microirradiated regions (1-2-um-
153  diameter dots) in the cell nucleus are supposed to contain DSB ends, ssDNA and DSB-
154  flanking proximal chromatin, but to largely exclude distal chromatin because of dense
155  DSBs (Fig. 2A). Consistently, ssDNA binding proteins RADS51 and RPA were
156  exclusively recruited in the irradiated dots (Supplemental Fig. S3A), whereas YH2AX
157  localized both inside and outside the dots, although the inside signal was weaker
158  (Supplemental Fig. S3A); BRCA1 and MREI11 were located in regions slightly larger
159  than the dots marked by RPA (Supplemental Fig. S3A), in agreement with reports that
160 BRCA1l and MREI11 are recruited to both ssDNA and proximal chromatin *;
161  Interestingly, both endogenous 53BP1 and GFP-tagged 53BP1 were excluded from the
162  irradiated dots and formed a ring surrounding BRCA1/MREI1 (Fig. 2B, C;
163  Supplemental Fig. S3A-C). The spatial distribution of these proteins was not due to
164  destruction of chromatin by laser microirradiation because staining for H3 and DNA
165  was normal in these regions (Supplemental Fig. S3A). As expected, exclusion of 53BP1
166  was dose-dependent and impaired when BRCA1 was absent (Supplemental Fig. S3B-
167 D), suggesting that BRCA1 promotes exclusion of 53BP1 from the core region during
168  resection, in agreement with previous studies *>*!. Both endogenous and GFP-tagged
169  RIF1 showed re-localization patterns similar to that of 53BP1 (Fig. 2D, E), suggesting
170  that they may work together to prevent hyper-resection during HR in a role similar to
171 their function in promoting NHEJ.

172 Both GFP-tagged ASF1a and ASF1b were able to re-distribute at distal chromatin
173 flanking DSBs (Fig. 2F, G). In 53BPI4 and RIF 1/ cells, these distributions of ASFla
174 and ASF1b were dramatically and modestly decreased, respectively (Fig. 2H-J),
175  demonstrating that ASF1 acts downstream of 53BP1-RIF1, possibly to limit resection.
176 Different from 53BP1 and RIF1, ASFla and ASF1b were also recruited to the
177  core irradiated regions, although to a lesser degree in comparison with the periphery
178  (Fig. 2F, G). Recruitment of ASFla and ASF1b to the core regions was not significantly
179  affected by disruption of 53BP1 or RIF1 (Fig. 2H-J). These results suggest that ASF1
180  1is also recruited to ssDNA or proximal chromatin by other proteins, consistent with the

181  recent report that ASF1 promotes MMS22L-TONSL-mediated RADS51 loading onto
7
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182 ssDNA during HR *.

183

184  ASF1 promotes NHEJ via the same pathway as RIF1 through its histone
185  chaperone activity

186 Although HEK293T cells lacking either ASFla or ASF1b were viable, double
187  knockout cells were not available, possibly due to lethality (Supplemental Fig. S4A).
188  We generated ASF1b heterozygous mutants in ASF'/a-null cells, which showed more
189  than 50% reduced abundance of ASF1b (Supplemental Fig. S4A). Both ASFla” and
190  ASFIb cells were sensitive to ionizing radiation (IR), while ASF1a?ASF1b" cells were
191  more sensitive to IR in comparison with the single knockout cells (Supplemental Fig.
192  S4B), suggesting that the two paralogs of ASF1 have overlapping functions in DSB
193  repair.

194 Chicken DT40 cells have only one paralog of ASF1, ASF1a, which is essential *°.
195 By fusing an auxin-inducible degron (AID) at its C-terminus, we generated ASFla
196  conditional knockout DT40 cells (asfla’*P), which showed nearly full loss of the
197  ASFla protein and proliferation when auxin was present (Supplemental Fig. S4C-E).
198  Even without auxin, asfla”"*P cells, which retained <10% of the ASF1a protein level of
199 normal cells, were sensitive to etoposide and ICRF193 (Fig. 3A; Supplemental Fig.
200  S4D). In fact, asfia”" cells, which retained 33% of the ASF1a protein level of normal
201 cells, also showed modest etoposide and ICRF193 sensitivity (Fig. 3A; Supplemental
202 Fig. S4D). These results suggest that ASF1 is important for DSB repair. In contrast,
203 both asfia”" and asfla’"*'’ cells were not (or only very weakly at low doses) sensitive
204  to topoisomerase I inhibitor, camptothecin (CPT; Supplemental Fig. S4F), which

205  induces one-end DSBs that depend on the HR pathway for repair '*!

, suggesting that
206  ASF1 is almost dispensable for HR in DT40 cells. NHEJ is essential for foreign DNA
207  random integration (approximate 300-fold reduction in ku70" cells compared to wild-
208  type DT40 cells; #!*46, Random integration in asfla”’* and asfla”"*'" cells was decreased
209 by 3.1-fold and 6.6-fold, respectively (Fig. 3B). Together, these results demonstrate
210  that ASF1 promotes the NHEJ pathway for DSB repair.

211 We performed genetic interaction analysis to determine whether ASF1 acts via the
8
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212 same NHEJ pathway through which RIF1 functions. The rifI”asfla’’* cells did not
213 show more sensitivity to etoposide or ICRF193, or reduction of foreign DNA random
214  integration, in comparison with the corresponding single knockout cells (Fig. 3A, B),
215  demonstrating that ASFla and RIF1 are epistatic in the NHEJ pathway. Consistently,
216  the interaction between RIF1 and ASFla was required for promotion of NHEJ: the
217  ASFla-interacting-defective mutant (AAD) of RIF1 was not as effective as its wild-
218  type form with regard to rescuing the defect of rif1”~ cells in etoposide resistance (Fig.
219  3C; Supplemental Fig. S4G); wild-type ASF1a, but not its RIF1-interacting-defective
220 mutant (EDAA), rescued the etoposide sensitivity of asfla”P cells (Fig. 3D;
221 Supplemental Fig. S4H). Thus, ASF1 and RIF1 act in the same pathway to promote
222 NHEJ.

223 The shieldin complex acts downstream of 53BP1 and RIF1 to protect broken ends
224 and promote NHEIJ. Interestingly, asfla”’/*shid2”- cells showed more sensitivity to
225  etoposide and ICRF193 in comparison with shld2” or asfla’”" cells, demonstrating
226 that ASFla and the shieldin complex act in two parallel pathways to promote NHEJ
227  downstream of 53BP1-RIF1 (Fig. 3E, F).

228 Moreover, wild-type ASF1a, but not its histone-binding-defective mutant V94R,
229 rescued the defect of asfla”*P cells in resisting etoposide (Fig. 3D; Supplemental Fig.
230  S4H), demonstrating that the histone chaperone activity of ASF1 is required for its
231 function in NHEJ.

232

233  ASF1 protects broken ends and antagonizes HR in BRCA1-deficient cells

234 We determined whether ASF1 antagonizes the function of BRCA1 in a manner
235  similar to 53BP1-RIF1. As expected, depletion of ASF1 rescued the PARPi-sensitivity
236 of both BRCAI1-deficient DT40 and HEK293T cells (Fig. 3G-J). RPA binds to resected
237  ssDNA after end resection and is subsequently replaced by RADS51, which promotes
238 strand invasion and strand exchange during HR #’. Reduced foci of both RPA and
239  RADSI were recovered from BRCA 1-deficient cells after ASF1 depletion (Fig. 3K, L;
240  Supplemental Fig. S5A-C), demonstrating that ASF1 opposes HR by limiting resection

241  in BRCAl-deficient cells, similar to 53BP1 and RIF1 7.
9
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242

243  53BP1-RIF1-ASF1 promotes heterochromatinization flanking DSBs

244 DSBs induce ATM-dependent transcriptional silencing and chromatin
245  condensation at regions flanking damage sites in U20S-265 cells, which harbor
246  approximately 200 copies of a LacO-TetO array integrated at a single site on
247  chromosome 1p3.6 ¥*-*°. Using the same system (Fig. 4A), we confirmed that mCherry-
248  LacR-Fokl-caused DSB induced chromatin condensation at the LacO array
249  (Supplemental Fig. S6A-C), while an ATM inhibitor suppressed this condensation
250  (Supplemental Fig. S6A-C). Recently, RIF1 was reported to promote compaction of
251  DSB-flanking chromatin °!. Consistently, depletion of 53BP1, RIF1 or ASF1 impaired
252  chromatin condensation at the LacO array after induction of DSBs (Fig. 4B, C;
253 Supplemental Fig. S6D), demonstrating that the S3BP1-RIF1-ASF1 pathway promotes
254  changes in high-order chromatin structure flanking DSBs.

255 Both RIF1 %37 and ASF1 26 promote heterochromatin assembly in multiple
256 species. Given that RIF1-ASF1 accumulates H3K9mel (Fig. 1B), a precursor of
257  H3K9me3 for heterochromatin, we thus assessed the impact of RIFI-ASF1 on
258  heterochromatinization at the LacO array upon DNA damage. The signals of
259  heterochromatin markers H3K9me3 and HP 1y were significantly increased at the array
260 after DSB induction (Supplemental Fig. S6A-C), indicating the formation of
261  heterochromatin or heterochromatin-like structures. Interestingly, these signals were
262  decreased when 53BP1, RIF1 or ASF1 was depleted (Fig. 4B, C), demonstrating that
263  these proteins promote chromatin condensation after DNA damage through
264  heterochromatinization.

265 Chromatin condensation surrounding DSBs via tethering of HP1 or KAPI
266  suppresses BRCA 1-mediated resection °%. We determined whether 53BP1-RIF1-ASF1-
267 mediated chromatin condensation at the array suppressed resection. Depletion of
268  53BPI, RIF1 or ASF1 significantly increased the signals of BRCA1 and RPA32 at the
269  array after DSB induction (Fig. 4D-G), which is consistent with our point that 53BP1-
270  RIF1-ASF1-dependent chromatin condensation antagonizes BRCA1-dependent end

271  resection.
10
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272 We determined whether 53BP1-RIF1-ASF1-mediated heterochromatinization
273 flanking DSB sites is universal or limited to the artificial sites of the LacO array. GFP-
274  HPIly was recruited to laser-induced DSB sites and distributed to chromatin distal to
275 DSBs in a manner similar to 53BP1, RIF1 and ASF1 (Fig. 4H-J), suggesting that
276 heterochromatinization occurs at common DSB sites. Recruitment of GFP-HP1y to
277  laser-induced DSB sites and distal chromatin was significantly decreased when 53BP1,
278  RIF1 or ASF1 was absent (Fig. 4H-J), suggesting that the 53BP1-RIF1-ASF1 pathway
279  promotes universal heterochromatinization flanking DSBs in a manner that is not
280  limited to specific sites.

281

282 RIF1-ASF1 condenses chromatin by promoting heterochromatinization

283 To assess the molecular mechanism of ASF1 in the formation of higher-order
284  chromatin structure, we monitored changes in the chromatin compaction status of a
285  LacO-TetO array under non-DSB conditions in murine NIH2/4 cells. This array tends
286  to form heterochromatin under normal conditions (Fig. 5A) %°. We first decondensed
287  this heterochromatic region by tethering the transcription factor VP16 or the BRCT1
288  domain of BRCA1, both of which trigger chromatin decompaction **°! to this array by
289  fusing them with mCherry-LacR (Fig. 5B, C; Supplemental Fig. S7A, B). Interestingly,
290  ASFla, but not its mutant V94R or EDAA, antagonized VP16 or BRCT]1 to re-compact
291  the array when it was fused with GFP-rTetR (Fig. 5B, C; Supplemental Fig. S7A, B).
292 In addition, fusing ASFla to mCherry-LacR-BRCT1 achieved similar results
293 (Supplemental Fig. S7C, D), which were also validated in human U20S-265 cells (Fig.
294 5D, E). Therefore, ASFla is able to compact opened-chromatin through its histone
295  chaperone activity and its interactions with RIF1 and (or) other histone chaperone,
296  HIRA or CAF-1.

297 Tethering the N-terminal region (AA 1-1270) of RIF1, RIF1N2, which contains B
298  domain, but not its mutant AAD, to this array also compacted BRCT1-opened-
299  chromatin under non-DSB conditions (Fig. 5F, G), suggesting that RIF1 is also able to
300 condense chromatin through its interaction with ASF1. Interestingly, ASFla was no

301  longer able to compact opened-chromatin in RIF1-depleted cells, but not in HIRA- or
11
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302  CAF-1-depleted cells (Fig. SH, I; Supplemental Fig. S7E). Those results suggest that
303  ASFla acts in chromatin condensation through forming a complex with RIF1, but not
304 HIRA or CAF-1.

305 We further examined whether ASF1 compacts chromatin at the LacO-TetO array
306 by promoting heterochromatinization. As expected, tethering of the BRCT1 domain
307  almost fully removed heterochromatin markers H3K9me3 and HP 1y at the array, while
308 tethering of ASF1a, but not its mutant V94R or EDAA, induced a low but statistically
309  significant increase of these signals (Fig. 5D, E). These results demonstrate that ASF1
310 s able to condensate opened-chromatin by heterochromatinization through its histone
311 chaperon activity and its interaction with RIF1, although its activity level may be low
312  if DSBs are not present. Depletion of RIF1, but not HIRA or CAF-1, suppressed
313  ASFla-induced-heterochromatinization (Fig. 5H, I). Therefore, the RIF1-ASF1
314  complex is able to compact chromatin through heterochromatinization in the absence
315  of DNA damages.

316

317  SUV39h1/2 acts downstream of ASF1 to promote heterochromatinization at DSB
318  sites and antagonize BRCAL-dependent HR

319 SUV39H enzymes catalyze the conversion of H3K9mel to H3K9me3 and
320 promote the subsequent formation of heterochromatin ®. GFP-tagged SUV39h2 was
321  relocalized to laser-induced DNA damage sites and distributed to chromatin distal to
322 DSBs, similar to 53BP1, RIF1 and ASF1 (Fig. 6A-C). And these recruitments of GFP-
323 SUV39h2 were dramatically decreased in 53BP1-, RIF1- or ASFla/b-deficient cells
324  (Fig. 6A-C), suggesting that SUV39H enzymes may play a role in DSB repair
325  downstream of 53BP1-RIF1-ASF1. The recruitment of SUV39H may be meditated
326 by ASF1-provided H3K9me1 through the affinity between enzyme and its substrate, or
327  (/and) by its interaction with RIF1 as previously described”’.

328 As predicted, depletion of SUV39hl and SUV39h2 prevented chromatin
329  condensation and heterochromatinization, and promoted the recruitment of BRCA1 and
330 RPA32 to the array after DSB induction (Fig. 6D-I), suggesting that SUV39h1/2

331 promotes heterochromatinization surrounding DSBs and suppresses BRCAI-
12


https://doi.org/10.1101/2021.11.19.469338
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.19.469338; this version posted November 19, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

332 dependent end resection.

333 Importantly, disruption of SUV39h1/2 leads to reduced cellular resistance to
334  etoposide and random integration of foreign DNA (Fig. 6J, K; Supplemental Fig. S8A-
335  E), suggesting that SUV39h1/2 promotes NHEJ. Moreover, the absence of SUV39h1/2
336 rescued PARPI sensitivity of brcal”- DT40 cells (Fig. 6L), demonstrating that SUV39H
337 enzymes play a role in antagonizing BRCA1 to suppress HR. The rescue effect of the
338  absence of SUV39h1/2 was weaker than that of deficiency in 53BP1 or ASFla (Fig.
339  6L). This difference may have been due to two reasons: one is the activity of a potential
340 parallel pathway to SUV39h1/2 for H3K9 trimethylation; the other is neutralization via
341  the loss of other functions of SUV39h1/2, such as promotion of ATM activity %%,
342 which is required for PARPi resistance in 53BP1/BRCA1 double-knockout cells '.
343  These findings are in agreement with our conclusion that ASFI1-SUV39H]1/2-axis-
344  dependent heterochromatinization antagonizes BRCA1 to suppress HR and promote
345  NHEIJ.

346

347 DISCUSSION

348  RIF1-ASF1 promotes formation of high-order chromatin structure to protect
349  broken ends

350 It has been long proposed that the 53BP1-RIF1 pathway antagonizes BRCA1-
351  dependent end resection possibly by changing high-order chromatin structure and
352 subsequently controlling nuclease access 12>, Here, we identified ASF1 as a partner
353  of RIF1 to protect broken ends through heterochromatinization of the DSB-flanking
354  region (Fig. 7A, B). It is well established that heterochromatin and heterochromatin-
355 like structures represent relatively condensed chromatin that is inaccessible for
356  nucleases. Limiting the accessibility of chromatin neighboring DNA ends not only
357  suppresses excessive resection, but also inhibits its initiation (Fig. 7A, B). This function
358 is quite different from that of shieldin-CST-Pola, which suppresses resection after
359 initiation. Consistently, our data reveal that ASF1 and the shieldin complex act at two

360  parallel pathways to repair DSBs.

13
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361 Assembly of the RIF1-ASF1 complex is dynamically regulated and significantly
362  enhanced in response to DNA damage, although it mimics that of histone chaperone
363 complexes CAF1-ASF1 and HIRA-ASF1. Moreover, upon DSBs, the RIF1-ASF1
364  complex accumulates H3K9mel, a precursor of H3K9me3 on nucleosomes. It remains
365 to be investigated whether RIF1, like CAF1 and HIRA, has direct histone chaperone
366  activity in the process of H3-H4 deposition, or whether it is only a platform that
367 provides ASFI-H3-H4 to other histone chaperones. Chromatin around DSBs
368 transiently expands (reaching a maximum at about 1.5 min), followed by
369  hypercondensation beyond the predamage baseline level at 20-30 min . If the
370  expansion accompanied by nucleosome disassembly, RIF1-ASF1 may promote the re-
371 assembly of nucleosome during followed condensation. Otherwise, RIF1-ASF1 may
372 directly promote a nucleosome exchange activity to deposit H3K9mel, which is
373 converted to H3K9me3 for formation of heterochromatin by SUV39H1/2 2. More
374  recently, super-resolution imaging revealed that 53BP1 and RIF1 play a shieldin-
375 independent role in stabilization of compact chromatin topology via an unknown
376  mechanism °!. The question of whether ASF1 acts together with 53BP1 and RIF1 in

377  safeguarding chromatin topology around DSBs remains open for future study.

378  ASF1 plays multiple functions in DSB repair

379 It was reported recently that ASF1 promotes MMS22L-TONSL-mediated RADS1
380 loading onto ssDNA during HR . Consistently, we detected localization of ASF1 on
381  the ssDNA-region in the HIRDC assay (Fig. 2F, G), and ASF1-defcient cells also
382  showed mild sensitivity to CPT at low dosages (Supplemental Fig. S4F). It’s proposed
383  that NHEJ makes the first attempt to repair DSBs and, if rapid rejoining is not achieved,
384  then the DNA ends are resected and repaired via HR ¢’. The functions of ASF1 in HR
385 and NHEJ may be temporally and spatially separated: ASF1 is initially recruited to the
386  broken ends by 53BP1-RIF1 for NHEJ; if NHEJ repair does not ensure, then after end
387  resection, accumulated ASF1 around DSBs may in turn promote RADS51 loading for
388  HR at ssDNA regions and simultaneously prevent over-resection at adjacent chromatin

389  regions, respectively.

14
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390 Moreover, ASFla was reported to interact with MDC1 and promote NHEJ in a
391  manner independent of its histone chaperone activity ®®. Indeed, unlike RIF1 and
392  MMS22L-TONSL, MDCI1 was not detected by mass spectrometry analysis in ASFla

3436 indicating that the

393  immunoprecipitates from both our (Fig.1A) and other groups
394  interaction between ASFla and MDC1 may be quite weak or transient. Additionally,
395  unlike that reported in some mammalian cell lines ®, histone-binding-defective ASFla
396 (V94R) could not recover NHEJ activity of asfla”~4P chicken DT40 cells (Fig. 3D),
397  suggesting that the importance of the histone chaperone activity -dependent and -
398 independent functions of ASFla in NHEJ is species- or cell- dependent. The question

399  of how the two functions of ASFla in NHEJ are coordinated in different species and

400  cells remain to be investigated in future.

401  Heterochromatin impacts both the efficiency and the balance of HR- and NHEJ-
402  mediated repair of DSBs

403 Heterochromatic DSBs are repaired more slowly than euchromatic lesions,
404  reflecting that compacted structure of heterochromatin impairs the overall efficiency of
405  DSB repair possibly due to limited accessibility of the sites for repair factors 7%, On
406  the other hand, the balance between HR and NHE] is strongly influenced by chromatin
407  structure: DSBs that occur in the more open, active chromatin environment of
408  euchromatin are readily repaired by HR, while those occurring in closed, repressive
409  heterochromatin are generally repaired by NHEJ %7172, This mechanism may be
410 evolved to avoid genomic instability mediated by HR repair at repetitive DNA elements,
411 which are abundant at heterochromatin 74, It can be explained that the pre-existing
412 heterochromatin status will facilitate the formation of high-order structure by 53BP1-
413  RIFI-ASFI after DNA damage, making the balance towards NHEJ repair. Therefore,

414  these studies are in agreement with our model.

415 Several lines of evidence suggest that heterochromatin marks (HP1, KAPI,

416  SUV39H, H3K9me2, H3K9me3 and macroH2A) and chromatin condensation could

75-78 58,78,79

417  take place surrounding DSBs. These marks have both positive and negative

418  roles in BRCAl-mediated resection and HR. For example, among three HP1 paralogs,
15


https://doi.org/10.1101/2021.11.19.469338
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.19.469338; this version posted November 19, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

419  HPla and HP1 stimulates HR, while HP1y tends to promote NHEJ %78, Moreover,
420  heterochromatinization is also able to promote ATM-dependent DNA damage response
421  signaling %%, These contradictory findings can be reconciled to a model in which
422  chromatin condensation may play multiple (even opposite) roles in DSB repair in a
423  spatio-temporally dependent manner (Supplemental Fig. S9). After a transient (about
424 1.5 min) expansion, chromatin at DSB sites is condensed by heterochromatinization,
425  and then re-relaxes ®»737* The maintaining time for condensed chromatin is variable
426  from less than 5 min to more than 30 min in different studies possibly due to different
427  chromatin regions, cells and methods %3-%38%8! In a systematic analysis of the kinetics
428  of DNA repair proteins at laser-induced DNA damage sites, HP1 is recruited to damage
429  sites by at least two independent events with a removal halftime of more than 20 min
430 and 60 min, respectively . This heterochromatinization may be mediated by the
431 53BP1-RIF1-ASF1-SUV39H axis and protect the broken ends from resection for NHEJ
432  repair at early stage (Supplemental Fig. S9). When rapid repair by NHEJ does not
433  ensure, the heterochromatin mark H3K9me3 then recruits TIP60 to DSBs to
434  hyperacetylate H4 %283, which leads to chromatin relaxation, promoting BRCAI-
435  dependent end resection and HR °. TIP60 also acetylates and fully activates ATM 84,
436 which results in KAP1 phosphorylation and release the KAP-1/HP1/SUV3-9 and
437  CHD3 complexes, promoting the relaxation of heterochromatin "%, Simultaneously,
438 BRCAI is recruited by HPI to promote end resection and HR 777, Therefore, the
439  temporal and spatial coordination of chromatin dynamics plays a key role in the

440  pathway choice to optimize DSB repair (Supplemental Fig. S9).

441 Suppression of histone demethylation in isocitrate dehydrogenase 1/2 (IDH1/2)—
442  mutated human malignancies by accumulated 2-hydroxyglutarate causes hyper-
443  trimethylation of H3K9, which confers exquisite sensitivity to PARPi %7, Our data
444  provide mechanistic insight into how H3K9me3-mediated chromatin compaction
445  causes PARPi sensitivity. Overexpression of epigenetic enzymes such as HADC1/2,

446 SET and SETBDI, which cause chromatin compaction, is widely found in human
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447  cancers ¥, Future investigations should assess whether such epigenetic enzymes are

448  biomarkers that could indicate the potential responses of cancers to PARPi therapy.
449

450  Materials and Methods

451 Cell culture and transfection

452 HEK?293T, U20S and NIH2/4 cells were cultured in DMEM medium supplemented
453  with 10% fetal bovine serum (FBS; Invitrogen). HEK293 suspension cells were
454  cultured in SMM 293-TI medium (Sino Biological Inc.) with 1% FBS and 1%
455  glutamine in an incubator with shaking at 140 rpm. The cell lines were obtained from
456  the ATCC and were not among those listed as commonly misidentified by the
457  International Cell Line Authentication Committee. All cell lines were subjected to
458  mycoplasma testing twice per month and found to be negative. The identity of the cell
459  lines was validated by STR profiling (ATCC) and by analysis of chromosome number

460  in metaphase spreads.

461 DT40 cells were cultured in RPMI 1640 medium with 10% FBS, 2% chicken serum,
462 10 mM HEPES and 1% penicillin-streptomycin mixture at 39.5 °C (5% COx).
463  Transfection was performed by electroporation using a Lonza Nucleofector 4D
464  instrument. For selection, growth medium containing G418 (2 mg mL"), puromycin
465 (0.5 ug mL™), blasticidin (25 pg mL™") or histidinol (1 mg mL™") was used.

466 For knock-down, siRNAs targeting ASFla (5-AAGUGAAGAAUACGAUC
467  AAGU-3"), ASF1b (5'-AACAACGAGUACCUCAACCCU-3'), RIF1 (5'-GCAGCU
468 UAUGACUACUAAA-3'), 53BP1 (5'-GAAGGACGGAGUACUAAUA-3"),
469  SUV39hl (5'-ACCUCUUUGACCUGGACUA-3"), SUV39h2 (5'-UAAUUAUGCUU
470 GUCAUUAGAG-3'), BRCA1l (5'-AAUGCCAAAGUAGCUAAUGUA-3"), CHDI
471 (5'-GCGGTTTATCAAGAGCTATAA-3), HIRA (5'-
472 GGAGAUGACAAACUGAUUA-3"), and CAF-1 p60 (5'-
473  AAUCUUGCUCGUCAUACCA-3') were transfected using RNA1 MAX (Invitrogen).

474  Antibodies
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Antibodies are listed below:

Antibody Designation Source or reference Identifiers | Additional
information
Asfla(rabbit polyclonal) Proteintech (China) 22259-1- WB:1:2000
AP
Asflb(rabbit polyclonal) Proteintech (China) 22258-1- WB:1:2000
AP
Histone3(rabbit polyclonal) | Novus Biologicals NB500- WB:1:2000
(Littleton, USA) 171
RIF1(rabbit polyclonal) homemade WB:1:2000
53BP1(rabbit polyclonal) Abcam (Cambridge, UK) ab36823 WB:1:2000
53BP1(rabbit polyclonal) Novus Biologicals | NB100- IF:1:250
(Littleton, USA) 304
BRCA I (rabbit polyclonal) Millipore (St. Louis, MO, | 07-434 WB: 1:5000 ;
USA) IF:1:1000
BRCA1(mouse monoclonal) | Santa Cruz (Dallas, TX, | sc-6954 WB:1:100 ;
USA) IF:1:40
RADS5]1(rabbit polyclonal) Santa Cruz (Dallas, TX, | sc-8349 IF:1:250
USA)
RADS51(rabbit polyclonal) Abcam (Cambridge, UK) ab133534 | IF:1:250
vyH2AX (mouse Millipore (St. Louis, MO, | 05-636 IF:1:5000
monoclonal) USA)
RPA32(rabbit polyclonal) Bethyl (Montgomery,TX, | A300- IF:1:250
USA) 244A
Histone H3K9me3(rabbit Abcam (Cambridge, UK) ab176916 | IF:1:1000
polyclonal)
Histone H3K9me3(rabbit Abcam (Cambridge, UK) ab8898 IF:1:250

polyclonal)
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Brdu(mouse monoclonal) Becton Dickinson 347580 IF:1:50
MRE11 Abcam (Cambridge, UK) ab214 IF:1:250
B-actin (mouse monoclonal) | MBL (Japan) M177-3 WB:1:1000
476
477

478  Immunoprecipitation/MBP-pulldown

479 For immunoprecipitation (IP), expression plasmids were transfected into HEK293
480  suspension cells with polyethyleneimine. HEK293 cells were harvested 64 hours after
481  transfection, after which the pellet was lysed with NTEN buffer (20 mM Tris-HCI [pH
482  7.5], 150 mM NaCl, 10% glycerol, 0.5% NP40, 10 mM NaF, 1 mM
483  phenylmethylsulfonyl fluoride (PMSF), 1 ug mL"" leupeptin, and 1 ug mL! aprotinin).
484  The lysate was subjected to ultracentrifugation at 440,000 x g for 15 minutes, after
485  which the supernatant incubated with anti-FLAG M2 conjugated agarose beads at 4 °C
486  for 4 hours. The beads were washed four times with IP buffer (20 mM Tris-HCI [pH
487  7.5], 150 mM NacCl, 5 mM MgClz, 10% glycerol, 0.1% NP40, ] mM DTT and 1 mM
488  PMSF) and incubated with 400 ug mL' 3x Flag peptide in IP buffer for 1-2 hours.
489  Subsequently, the eluted complexes were analyzed with sodium dodecyl sulfate-
490  polyacrylamide gel electrophoresis (SDS-PAGE) and quality spectroscopy.

491 For MBP pulldown, 30 ng pDEST26-MBP-RIF1 B or pDEST26-MBP was
492  transfected into a 30-mL suspension of HEK293 cells using polyethyleneimine. After
493 64 hours, cells were harvested and lysed in 3 mL NTEN buffer. After ultracentrifugation
494  at 440,000 x g for 15 minutes at 4 °C, the supernatant was incubated with amylose resin
495 at 4 °C for 4 hours. The beads were washed four times with NTEN buffer and eluted
496  with 50 uL of phosphate buffered saline (PBS) containing 20 mg mL! of maltose.

497

498  Generation of HEK293T knockout cells

499 HEK293T knockout cells were generated using the CRISPR/Cas9 genome-editing
500 system. Briefly, pX330 plasmids °' containing the guide sequences

501 (TACAAACATATGCCTTCCTG for ASFla, GATGAACTCCTGTCCATGGT for
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502  ASFlb, ACCTCTGACCAGAGAGCTGC for 53BP1 and
503 GAAGGTAAAGAACCTGCAAC for BRCAI1) were transfected into cells. Single
504  colonies were picked after 10—14 days of culture. The isolated single colonies were
505  subjected to western blotting and DNA sequencing to verify protein loss.

506 RIF1 knockout cells were generated as described previously 3.

507  Generation of the DT40 knockout strains

508 The MultiSite Gateway Three-Fragment Vector Construction Kit was used to
509 generate DT40 knockout constructs for the asfla gene. The primer pairs
510 GGAGCTGTGTATCAGGTTGGTATGTTAG/CCCAGCACCTGAGTAGAGACTCT
511 ATG and
512 CCTGAAGAGCAAAGCTCTTATTAGAGGAAG/CAGCCACATCACCCATACCAT
513  GAAC were used to amplify the 5" and 3’ arms from genomic DNA, respectively. The
514 5" and 3’ arms were cloned into the pDONR P4-PIR and pDONR P2R-P3 vector,
515  respectively. A knockout construct was generated by attL x attR recombination of the
516 pDONR-5"arm, pDONR-3’ arm, pDONR-211 resistance gene cassette and pDEST R4-
517  R3 target vector. The C-terminal region of the asf7a gene was amplified from genomic
518 DNA using the primer pair
519 CGGGGTACCATGGCAAAGGTTCAGGTGAA/CCGGAATTCTCACATGCAGTC
520 CATGTGGG and cloned into the pAID1.1-C vector. The knockout constructs were

521 linearized before transfection. The asfla”"4/P

cells were verified by western blotting.

522 To generate knockout constructs of SUV39h1 and SUV39h2, the 5’ arm and 3’ arm
523 were amplified from chicken genomic DNA using the primers
524 AAGCACAGAGTGGTTGGGTT/AACCCACTTCGGGAGCATTTG (for  the
525  SUV39hl 3 arm),
526 TCCCTCCACCCGCAATAAAC/GTAACCCACTTCCGAGGGTG (for the SUV39h1
527 %' arm),
528 GTATGTATTTATCTCATGTGGATTATTTTGAAGGACAAAACAGGAG/CTGGAT
529 GAGCTCAGACCATCAGCAGAG (for the SUV3%9h2 3" arm) and
530 AGGGCTGGCGAGGAGGTGAG/CTTTAAATACAGAAACAGATAACAGATTTA

531  GCCATGGTTTCAATTC (for the SUV39h2 5" arm). The first arm was cloned into the
20
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532 pClone007 vector (Beijing Tsingke biotech TSV-007S) using the pClone007 simple
533  vector kit. The second arm and the resistance genes were successively inserted into the
534  pClone007-3"arm. The knockout construct was linearized before transfection. The gene

535  knockout clones were validated by genomic DNA PCR.

536 Generation of RIFI7, SHLD2” and BRCAI’- DT40 cells was performed as
537  described previously 12,

538

539  Cell survival assay

540 For the cell survival assay, 200—400 cells were plated into each well of a 96-well

541  plate with a range of doses of olaparib. After 72 h of incubation, cells were pulsed for
542 4 h with CellTiter 96 Aqueous One solution reagent (Promega). Cell viability was
543 measured by a luminometer, and each dosage was measured in triplicate. For
544  camptothecin (CPT), a density of 1000—1500 cells per well was used, and the incubation
545  period was 48 hours.

546 To perform a clone formation assay using DT40 cells, 200-20,000 cells were seeded
547  into each well of a six-well plate filled with 0.7% methylcellulose medium. The plates
548  were treated with the appropriate dose of etoposide or ICRF193. The number of
549  colonies was counted after 7-14 days of incubation at 39.5 °C.

550 For the clone formation assay with HEK293T cells, 300-20,000 cells were
551  seeded into each well of a six-well plate containing DMEM medium (10% FBS, 1%
552 P/S). The plates were treated with the appropriate dose of olaparib or exposed to the
553  appropriate dose of X-ray radiation. After 10 days of incubation at 37 °C, the number
554  of colonies was counted.

555

556  Random integration assay

557 DT40 cells were transfected with a linearized pLox-puro plasmid. After 24 hours,
558 100 cells were plated into 96-well plates to determine the cell plating rate, and one
559  million cells were plated into 96-well plates with 0.5 pg mL™!' puromycin for detection
560  of the random integration efficiency. The number of clones was counted after 5—7 days

561  of incubation. The random integration efficiency was normalized by the plating rate.
21
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562

563 Immunofluorescence

564 Briefly, U20S or 293T cells were seeded on polylysine-coated overslips before the
565  experiments. After washing with cold PBS, the cells were pre-extracted with 0.5%
566  TritonX-100 in CSK buffer (20 mM HEPES [pH 7.0], 100 mM NacCl, 300 mM sucrose,
567 and 3 mM MgCl2) for 10 min at 4 °C. Next, the cells were washed three times with PBS
568  and fixed with 3% paraformaldehyde for 10 min at room temperature. The cells were
569  permeabilized for 10 min with 0.5% TritonX-100 in CSK buffer, washed three times
570  with 0.05% Tween-20 in PBS and blocked with 5% BSA for 15 min. Next, the cells
571  were incubated with the primary antibodies for 90 min. After washing, the cells were
572  incubated with the secondary antibodies diluted in 1% BSA/PBS for 30 min. After three
573  washes, the cells were mounted with ProLong Gold antifade reagent with DAPI
574  (Invitrogen). Images were acquired with an ANDOR Dragonfly system on a Leica
575  DMIS8 microscope with a 100x oil immersion objective.

576

577  Laser-induced foci and HIRDC

578 U20S or HEK293 cells expressing GFP- or/and mCherry-fused proteins were
579  cultured at 37 °C in DMEM medium containing 10% FBS. During microirradiation and
580  imaging, the cells were maintained in a temperature-controlled container with 5% CO2
581 in glass-bottom dishes (NEST Biotechnology). The laser system (Micro-Point Laser
582  Illumination and Ablation System, ANDOR) was directly coupled to a Leica DMIS8
583  microscope with a 100x oil immersion objective. Images were acquired with ANDOR
584  1Q3 software through an ANDOR IXON camera with an ANDOR Dragonfly system.
585 In order to obtain images of unperturbed cells, time-lapse image acquisition was
586  begun before laser microirradiation. Microirradiation was performed on an indicated
587 line in the nuclei of cultured cells via micro-point laser illumination (65% output) at the
588  time of the second image. Images were collected every 30 seconds for 10 minutes and
589  analyzed with Image] software (NIH). Recruitment was measured by determining the
590 mean fluorescence intensity within the damage region and normalizing this value to the

591  mean fluorescent intensity of the unirradiated nucleus. For each cell, a separate region
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592  was measured for background subtraction. The relative fluorescence intensity was
593  calculated by the following formula: RFI(t) = (It - Iv) / (Inu-Iv), where I: is the mean
594  fluorescence intensity of the microirradiated region, /» is the mean fluorescence
595 intensity of the background, and /.. is the mean fluorescence intensity of the
596  unirradiated nucleus.

597 For the HIRDC assay, microirradiation was carried out within a dot (approximately
598 1 um in diameter) in the nucleus with a fill-in program. The micro-point laser
599 illumination output was set at 65% unless indicated.

600

601  Imaging quantification in U20S or NIH2/4 cells

602 U20S-265 or NIH2/4 cells expressing mCherry-LacR or GFP-rTetR were cultured
603 at 37 °C in DMEM medium containing 10% FBS. Images were acquired with Imaris
604  software (Bitplane) through an ANDOR IXON camera with an ANDOR Dragonfly
605  system. The area of the array was analyzed using Imaris (Bitplane). Cells were chosen
606  at random for the analysis of the intensity of the indicated signals. The region of the
607 array was defined by the mCherry-LacR signal. The accumulated signals were
608 measured by determining the mean fluorescent intensity of the array region and
609  normalizing this value to the mean fluorescent intensity of the entire nucleus. For each
610  cell, a separate region was measured for background subtraction. The accumulated
611  signal was calculated by the following formula: As = (Larray - Ib) / (Inu-Ib), where luray 18
612  the mean fluorescence intensity of the array region, /» is the mean fluorescence intensity
613  of the background, and I is the mean fluorescence intensity of the nucleus. All
614  intensity analysis was performed on unprocessed images using ImageJ software.

615

616  Statistics and Reproducibility

617 All immunoblots were performed at least three times unless otherwise noted in the
618  legend. GraphPad Prism 6 and Excel 2013 were used for statistical analysis. Statistical
619  significance was assessed using the two-tailed Student’s #-test. The data were normally
620  distributed and the variance between groups being statistically compared was similar.

621  No statistical methods or criteria were used to estimate sample size or to
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622  include/exclude samples. All image analyses were carried out in a double-blind
623  approach.
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883  Figure Legends

884  Figure 1. ASF1 forms a complex with RIF1 and is recruited to DSB sites by 53BP1-
885 RIFLl. (A) A silver-stained SDS-PAGE gel showing the polypeptides that were
886  immunopurified from extracts of HEK293 cells expressing FLAG-tagged RIF1, ASFla
887 and ASF1b using the anti-FLAG antibody. The major polypeptides on the gel were
888 identified by mass spectrometry. The mean numbers of peptides discovered for each
889  protein from two replicates are listed at the bottom. (B, C) Immunoblot showing IP of
890 FLAG-tagged RIF1 (B), ASFla and ASF1b (C). HEK293 cells expressing FLAG-RIF1
891  were treated with/without bleomycin (20 pg/mL) for 3 h before harvest. (D) Schematic
892  representation of RIF1 and sequence alignment of the B domains of RIF1, CAF-1 P60,
893  HIRA and CDAN!I. For proteins with two motifs, both are aligned and designated (1)
894  and (2). hu, Homo sapiens; mu, Mus musculus; ch, Gallus gallus; xp, Xenopus laevis;
895 fish, Danio rerio. (E) Immunoblot showing FLAG-IP from extracts of HEK293 cells
896  expressing FLAG-tagged ASFla and GFP-RIF1 wild-type (WT) or the AAD mutant.
897  (F-1) Recruitment of GFP-ASFla (F) and GFP-ASF1b (H) to laser-induced DNA
898  damage sites in wild-type, 53BPI% or RIF 14 HEK293T cells and quantification (G, I).
899  Mean + SEM is shown for every time point. (J) Immunoblots showing protein level of
900  53BPI in knockout HEK293T cells. (K, L) Recruitment of GFP-tagged wild-type or
901 mutated ASF1a to laser-induced DNA damage sites (K) and quantification (L). Mean +

902  SEM is shown for every time point. Scale bar, 5 um.
903

904  Figure 2. ASFL1 is recruited to distal chromatin flanking DSBs by 53BP1-RIF1. (A)
905  Schematic representation of the distribution of DNA repair proteins in the HIRDC assay.
906  (B) Immunofluorescence showing the distribution of 53BP1 and BRCA1 after micro-
907 irradiation using a high energy laser in the HIRDC assay. The right panel shows the
908 distribution of the red and green signals on the white dashed line as indicated in the left
909 image. (C) GFP-53BP1 and mCherry-MRET11 in the HIRDC assay in HEK293T cells.
910 (D) Immunofluorescence showing the distribution of RIF1 and BRCA1 in the HIRDC
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911  assay. (E-G) GFP-tagged RIF1 (E), ASFla (F) and ASF1b (G) in the HIRDC assay in
912 HEK293T cells. (H) GFP-ASFla in the HIRDC assay in wild-type or 53BPI*
913  HEK293T cells. ASFla > MREI1, the area of accumulated GFP-ASF1a is bigger than
914  that of mCherry-MRE11; ASFla = MREI11, the area of accumulated GFP-ASF1a is
915  equal with that of mCherry-MRE11; no ASF1a, no accumulated GFP-ASF1a signal. (I,
916  J) Quantification of the distributions of GFP-tagged ASFla (I) and ASF1b (J) in the
917  HIRDC assay in wild-type, 53BP14 or RIF1* HEK293T cells. The bars represent the
918 mean + s.d.; n =3 (i) and 5 (j) independent experiments; ns, p>0.05; *, p<0.05; ****,
919  p<0.0001; Statistical analysis was performed using the two-tailed ¢-test. Scale bar, 5

920 pm.
921

922  Figure 3. ASF1 suppresses end resection and HR in BRCAL1-deficient cells and
923  promotes NHEJ. (A, C-E) Etoposide- or ICRF193-sensitivity assays of various groups
924  of DT40 cells. The mean and s.d. from three independent experiments are shown. (B)
925  Random integration assays of various groups of DT40 cells. Data are expressed as the
926  mean number of puromycin resistant colonies £s.d.; n=7,4, 7, 3 and 3 replicates from
927  left to right. (F) Cartoon showing the genetic relationships of 53BP1, RIF1, Shieldin
928  and ASFI. (G, H) PARPi (Olaparib) sensitivity assay of brcal”, asfla’*P, asfla™
929  “Pprcal”’ (G) and asfla’” brcal” (H) DT40 cells. The mean and s.d. from three
930 independent experiments are shown. (I) PARPi sensitivity assay for ASF1- and
931  BRCAl-deficient HEK293T cells. The mean and s.d. of the results from two
932 independent experiments are shown. (J) Immunoblots showing the knockdown
933  efficiency of BRCA1l in HEK293T cells. (K, L) Immunofluorescence (K) and
934  quantification (L) showing that ASF1a blocks end resection in BRCA 1-deficient DT40
935  cells. Cells were treated with 4 Gy X-ray radiation and released 4 h before fixing. The
936 mean and s.d. from three independent experiments are shown. Scale bar, 5 um. *,
937  p<0.05; **, p<0.01; *** p<0.001; **** p<0.0001. Statistical analysis was performed

938  using the two-tailed #-test.
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939

940  Figure 4. 53BP1-RIF1-ASF1 condenses chromatin flanking DSBs. (A) Scheme of
941  U20S-265 DSB reporter cells. Doxycycline (DOX) induces binding of rTetR-VP16 to
942  chromatin and subsequent chromatin decondensation. Shield1 and 4-OHT induce FokI-
943  mediated DSBs within LacO repeats and subsequent chromatin condensation. (B, C)
944  GFP-HP1y and H3K9me3 signals (B) in the array and their quantification (C) in 53BP1-,
945  RIF1- or ASFla/b-depleted U20S-265 cells after DSB induction. The mCherry-LacR
946  area was also quantified in (C). The mean intensity in the nucleus was set as 0. The
947  error bars represent the SEM. (D-G) Immunofluorescence of BRCA1 (D) and RPA32
948  (F) in the array of DSB-induced USOS-265 cells after depleting 53BP1, RIF1 or
949  ASFla/b and their quantification (E, G). For RPA32 staining, cells were synchronized
950 in G1 phase as described previously °2. The error bars represent the SEM. (H, 1)
951  Recruitment of GFP-HP1ly (H) to laser-induced DNA damage sites in wild-type,
952 53BPI% RIFI% or ASF1a®ASFI1b""HEK293T cells and quantification (I). The mean and
953  SEM values are shown for every time point. (J) GFP-HP1y in the HIRDC assay in wild-
954  type, 53BPI?, RIFI% or ASF1a®ASF1b" HEK293T cells. Scale bar, 5 um. ***_ p<0.001;

955  **** n<(0.0001. Statistical analysis was performed using the two-tailed z-test.
956

957  Figure 5. RIF1-ASF1 condenses opened-chromatin by heterochromatinization
958  under non-DSB conditions. (A) Scheme of the LacO-TetO array in NIH2/4 cells. (B,
959  C) Images (B) and quantifications (C) of NIH2/4 cells expressing GFP-rTetR-fused
960  ASFla or its mutants (V94R or EDAA), and mCherry-LacR-fused BRCT1 domain of
961 BRCAI (D, E) with 1 pg/mL DOX. The mCherry-LacR area in the array was quantified.
962  The error bars represent the SEM. (D) Left—U20S-265 cells expressing mCherry-
963 LacR-BRCTI-fused ASFla or its mutants and GFP-HPly. Right—H3K9me3
964  immunofluorescence in U20S-265 cells expressing mCherry-LacR-BRCT1-fused
965  ASFla or its mutants. (E) Quantification of the mCherry-LacR area, intensity of GFP-

966  HP1ly and H3K9me3 in the array of experiments as in (D). The mean intensity in the
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967 nucleus was set as 0. The error bars represent the SEM. (F, G) Images (F) and
968 quantification (G) of U20S-265 cells expressing GFP-rTetR-fused RIFIN2 or its
969  mutants (AAD), and mCherry-LacR-BRCT]1. The error bars represent the SEM. (H, I)
970  H3KO9me3 signals (H) in the array and their quantification (I) in RIF1-, HIRA- or CAF-
971 I-depleted U20S-265 cells expressing mCherry-LacR-BRCT1-ASF1a. The mCherry-
972  LacR area was also quantified in (I). The mean intensity in the nucleus was set as 0.
973  The error bars represent the SEM. Scale bar, 5 um. ns, p>0.05; *, p<0.05; **, p<0.01;

974  **¥* p<0.0001. Statistical analysis was performed using the two-tailed #-test.
975

976  Figure 6. SUV39h1/2 compacts chromatin and antagonizes BRCAL1-dependent
977  resection to promote NHEJ. (A, B) Recruitment of GFP-SUV39h2 (A) to laser-
978  induced DNA damage sites in wild-type, 53BP14, RIF1* or ASF1a*ASF1b" HEK293T
979  cells and quantification (B). The mean and SEM values are shown for every time point.
980 (C) GFP-SUV39h2 in the HIRDC assay in wild-type, 53BPI%, RIFI* or
981  ASF1a*ASFI1b"HEK293T cells. (D-H) GFP-HP1y (D), H3K9me3 (E), BRCA1 (F) and
982 RPA32 (G) signals in the array and their quantification (H) in SUV39h1/2-depleted
983  U20S-265 cells after DSB induction. The mCherry-LacR area was also quantified in
984  (H). For RPA32 staining, cells were synchronized into G1 phase. Some experiments
985  were carried out together with those in Figure 5B-5G and thus the same controls were
986  used. The error bars represent the SEM. (I) Immunoblots showing the knockdown
987 efficiency of SUV39h1/2 in U20S-265 cells. (J, K) Etoposide-sensitivity assay (J) and
988 random integration assay (K) of wild-type and SUV39h1/2 double knockout DT40 cells.
989  The mean and s.d. of the results from three independent experiments are shown. (L)
990  Olaparib-sensitivity assay of brcal, suv39h1/2% and suv39hl1/2%brcal’”- DT40 cells.
991  The mean and s.d. of the results from three independent experiments are shown. ****,

992  p<0.0001. Statistical analysis was performed using the two-tailed #-test.

993
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994  Figure 7. Model of suppression of BRCAL-dependent resection by the RIF1-ASF1
995 complex. (A, B) Models showing the function of RIF1-ASF1 in protection of DNA
996  broken ends. 53BP1-RIF1-ASF1 suppresses the initiation of broken end resection by
997  heterochromatinization, which inhibits microhomology-mediated end joining (MME]J),
998  HR and SSA (A). After initiation, ASF1 and the shieldin complex cooperate to limit
999  endresection (B). Suppressing resection with full fill-in promotes NHEJ, while limiting
1000  resection with partial fill-in promotes MMEJ or HR and inhibits SSA. HP1 might
1001  recruit the shieldin complex to DSB sites through direct their interaction, which was

1002 shown in several studies '*'%!8, HMT, histone methyltransferase.

1003

35


https://doi.org/10.1101/2021.11.19.469338
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.19.469338; this version posted November 19, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Figure 1. ASF1 forms a complex with RIF1 and is recruited to DSB
sites by 53BP1-RIF1
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Figure 2. ASF1 is recruited to distal chromatin flanking DSBs by
53BP1-RIF1
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Figure 3. ASF1 suppresses end resection and HR in BRCA1-deficient
cells and promotes NHEJ
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Figure 4. 53BP1-RIF1-ASF1 condenses chromatin flanking DSBs
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Figure 5. RIF1-ASF1 condenses opened-chromatin by
heterochromatinization under non-DSB conditions
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Figure 6. SUV39h1/2 compacts chromatin and antagonizes BRCA1-
dependent resection to promote NHEJ
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Figure 7. Model of suppression of BRCA1-dependent resection by the RIF1-
ASF1 complex
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Supplemental Figure S1. SHLD2 is not as effective as RIF1 to promote NHEJ and suppress resection in
BRCA1-deficient cells.

(A) Etoposide- or ICRF193-sensitivity of various groups of DT40 cells using colony formation assay. The mean
and s.d. from three independent experiments are shown. (B) The graphic shows the PARPI (olaparib) -sensitivity of
BRCA1-deficient DT40 cells when RIF1 or SHLD2 was knockout. Two brcal”-shld2- clones were used. The

mean and s.d. from three independent experiments are shown.
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Supplemental Figure S2. Mapping the interacting regions of RIF1 and ASF1la.

(A, B) Immunoblot showing IP of FLAG-tagged HIRA (A) and CAF-1 p60 (CHAF1B) (B). Cells were treated with/without
bleomycin (20 pg/mL) for 3 h before harvest. (C) Schematic representations of different RIF1 mutants (left) and their ability
to coimmunoprecipitate with ASF1a (right). (D, E) Immunoprecipitation (D) and MBP-pulldown (E) to assess whether the
various deletion mutants of RIF1 co-purified with ASFla. (F) Schematic representations of different ASFla mutants (left)
and their ability to coimmunoprecipitate with RIF1 (right). EDAA, E36A/D37A. (G) Immunoprecipitation to assess whether
the various mutants of ASF1a co-purified with RIF1.
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Supplemental Figure S3. Exclusion of 53BP1 from the core irradiated region is dose-dependent and promoted by
BRCAL

(A) Immunofluorescence showing the distribution of multiple proteins in the HIRDC assay. For ssDNA staining, cells were
incubated with BrdU for 24 hours before micro-irradiation. The right panels for every image show the intensity distribution
of the red and green signals on the white dashed line indicated in the image. (B) GFP-53BP1 in the HIRDC assay with
various doses of laser energy in HEK293T cells. (C) Quantification of the distribution pattern of GFP-53BP1 in the
HIRDC assay in wild-type or BRCA14 HEK293T cells. Two patterns of GFP-53BP1 distribution were defined as in (B).
Scale bar, 5 um. *, p<0.05; Statistical analysis was performed using the two-tailed #-test. (D) Immunoblots showing protein
level of BRCA1 in knockout cells.


https://doi.org/10.1101/2021.11.19.469338
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.19.469338; this version posted November 19, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

A 3 B
- ~ 100 +
@ ASFla® & ASF1a®ASF1b"
X
ASFla| — — S0 —=— ASF1q©
>
ASF1b| - & - S }: ASF1b¥0
=] %
@ 1 :I:I* KO H
B-actin| W - —— - —e— ASF1a¥CASF1b
0.1 . . . .
(] 2 4 6
C asfl locus IR (Gy)
. E E WT asfla’//* asfla’7/AP
asfla*/*/+  wlm— |
=} T . : IAA (100pM): - + + -+
12 ¢ i3 4 : Asfla-AID » —
: : 5 :
asfla knockout constructs‘—MP—S, ARM > ARM (Long
exposure)
\1, Recombination Asf1a —| M. . ——
LoxP
P xr o Asfla-AID -
bsr/hi () hi
asf1abs/his/+ =i ' i_ is (Short
u ]
1 2 3 4 exposure)
41 Cre Asfla—>| e w— o
. I ' B-actin | — — —— e
asfla’/+ == > Ratiosra/pacin’ 100 104 33 19 6 0
4 — E
B [)]
- e}
C Y2 S o
c = WT+50uM IAA
[neo] ﬁﬁ Y 102 + WT+100pM IAA
o g o asfla’/-/AI
¢,Recomb|natlon E 101 & asfla’/7AP+50uM IAA
-3 n N & + asfla’//AP+100uM IAA
| 14 100 T T - )
asfla?/ /A0 =ii—] > 0 Yo 2 y N
ime (da
i ! sl (day)
1 2 3 4 F
100
G H asfla”//AP + ——WT
rif1/+ chRIF1 FLAG-ASFla S T
o —_— 10 \l —=— asfla’/*
T 5 WT_ AAD g ¢ e g IS
o e 1 2 1 2 5 ¢ '§ 2 9 ; asfla’/AD
— 2
RIF1 ! - e AsFla| | e " - breal”
L W | c— —
B-actin| wme - - - -— — B-actin .'-.. 0.1 T T T
— 0 20 40 60 80
CPT (nM)

Supplemental Figure S4. Generation of ASFla knockout HEK293T and DT40 cells.

(A) Immunoblots showing the expression levels of ASFla and ASF1b in knockout cells. (B) IR sensitivity assay for ASF1a?,
ASFI1b* and ASF1a*ASF1b" HEK293T cells. The mean and s.d. of the results from two independent experiments are shown. *,
p<0.05; **, p<0.01. Statistical analysis was performed using the two-tailed s-test. (C) Schematic representation of the chicken
wild-type and targeted genomic DNA in the asfla gene. The regions containing exons (marked by red) of these genes were
replaced by histidinol or blasticidin resistance genes. The two regions between two pairs of dotted lines were used as the arms of
the knock-out constructs. The third allele was fused with AID at the C-terminal. (D) Immunoblots showing the ASF1a level in the
knockout cells with or without IAA. (E) Growth curves of asfla’74P cells. (F) CPT-sensitivity assay of asfla’”* and asfla’"4/°
cells. The mean and s.d. of the results from three independent experiments are shown. (G, H) Immunoblots showing RIF1 (G) and

ASF1la (H) levels in their complemented cells.
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Supplemental Figure S5. ASF1 suppresses broken end resection in BRCAZ1-deficient cells.

(A, B) Immunofluorescence (A) and quantification (B) of RPA32 foci. BRCAI- or/and ASF1a/b-depleted U20S cells were
treated with 25 Gy X-ray radiation 1 h before staining. The mean and s.d. from three independent experiments are shown.
Scale bar, 5 um. ns, p>0.05; *, p<0.05; *** p<0.001; **** p<0.0001. Statistical analysis was performed using the two-
tailed t-test. (C) Immunoblots showing the knockdown efficiency of BRCA1 and ASFla/b in U20S cells. Crossreactive
polypeptides are indicated by an asterisk.
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Supplemental Figure S6. DSBs induce chromatin condensation.

(A-C) H3K9me3 (A) and GFP-HP1y (B) signals in the array and their quantification (C) in U20S-265 cells. Cells were
transfected with mCherry-LacR, mCherry-LacR-fused wild-type or D450A mutant Fokl. DOX and ATMi were added 5 hr
and 3 hr before imaging, respectively. The mCherry-LacR area was also quantified in (C). (D) Immunoblots showing the
knockdown efficiency of 53BP1, RIF1 and ASF1a/b in U20S-265 cells. Scale bar, 5 pm. ns, p>0.05; ***_ p<0.001 ; ****,
p<0.0001. Statistical analysis was performed using the two-tailed t-test.
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Supplemental Figure S7. ASF1 condenses opened-chromatin under non-DSB conditions.

NE * kKK

33 Xkok¥ lﬁl % %k %k k
@

2 .
L

]

I~ 2

o

L

T

1 e

£ 5

c |$P

S 5

€0

n=63 70 69 67 71
VP16 VP16 VP16 VP16

GFP-rTetR: - - ASFla V94R EDAA

12, P60

1.0

0.8:

0.6

0.4-

0.2:

0.0 =
c o
o
o 8
»w %

mCherry-LacR-

none

BRCT1

BRCT1-
ASFla

BRCT1-
ASFla_
V94R

BRCT1-
ASFla_
EDAA

NIH2/4 cells

mCherry-LacR area (um?)

44 3k 3k 5k
Xokok¥ 'ﬁ| %k % % k
31 . . .
21
_:-:. 'v;:v' .~
v Tt *
0-+— T T T T
n=64 66 65 68 65
V] -
e E g g
=] QO o o
c g > o
BRCT1-ASFla

(A-B) Images (A) and quantifications (A) of NIH2/4 cells expressing GFP-rTetR-fused ASFla or its mutants (V94R or
EDAA), and mCherry-LacR-fused with 1 pg/mL DOX. The mCherry-LacR area in the array was quantified. The error bars
represent the SEM. (C, D) Images (C) and quantification (D) of NIH2/4 cells expressing mCherry-LacR-BRCT1-fused
ASF1la or its mutants (V94R or EDAA). The error bars represent the SEM. (E) mRNA levels of RIF1, HIRA and CAF-1
p60 in U208-265 cells after siRNA knockdown. mRNA levels were measured by RT-PCR. The mean and s.d. from three
independent experiments are shown. Scale bar, 5 um; **** p<0.0001. Statistical analysis was performed using the two-

tailed t-test.
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Supplemental Figure S8. Generation of SUV39h1/2 knockout DT40 cells.

(A, C) Schematic representation of the chicken wild-type and targeted genomic DNA in the suv39h1 (A) and suv39h2
(C) genes. Regions containing exons (marked by red) were replaced by histidinol or puromycin resistant genes. The
two regions between two pairs of dotted lines were used as the arms of the knock-out constructs. Arrows indicated
targeted locations of the primers for genomic PCR. (B, D) Genomic PCR analysis to show that suv39h1 (B; primers:

TTCGTCTACATCAACGAGTACAAAGT and AAGATGCAGAGGTCGTAGCGGAT) and suv39h2 (D; primers:

GGAAAGGATGGCCAGAATCTT CAAATACTTGGGAACC and

CTGCAAAATGAATTGCATTCATAGATGGGCAAGCC) genes are undetectable in the respective knockout DT40
cells. Brcal (primers: CAATTGAGGGCCAGAGTTCTC and GAGAATCATCC ATGGGTTCACAC) was included

as a positive control. (E) Immunoblots showing that H3K9me3 is reduced in the knockout cells.
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Supplemental Figure S9. A model for chromatin dynamics during DSB repair.

DSB induces a transient chromatin expansion in 90 seconds in a PARylation-dependent manner. Then,
the chromatin undergoes a condensation through heterochromatinization mediated by the 53BP1-RIF1-
ASF1-SUV39H axis. This condensation protects the broken ends from resection, and thus the DSBs
tend to be repair by NHEJ. If rapid repair by NHEJ does not work (in 30 or 60 min), the accumulated
heterochromatin marks will recruit TIP60 and BRCAL, which lead to chromatin relaxation and end

resection. And then, the DSBs tend to be repaired by HR.
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