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SUMMARY

Repair of DNA double-strand breaks (DSBs) elicits three-dimensional (3D) chromatin topological changes. A
recent finding reveals that 53BP1 assembles into a 3D chromatin topology pattern around DSBs. How this
formation of a higher-order structure is configured and regulated remains enigmatic. Here, we report that
SLFNS5 is a critical factor for 53BP1 topological arrangement at DSBs. Using super-resolution imaging, we
find that SLFN5 binds to 53BP1 chromatin domains to assemble a higher-order microdomain architecture
by driving damaged chromatin dynamics at both DSBs and deprotected telomeres. Mechanistically, we
propose that 53BP1 topology is shaped by two processes: (1) chromatin mobility driven by the SLFN5-
LINC-microtubule axis and (2) the assembly of 53BP1 oligomers mediated by SLFN5. In mammals, SLFN5
deficiency disrupts the DSB repair topology and impairs non-homologous end joining, telomere fusions,
class switch recombination, and sensitivity to poly (ADP-ribose) polymerase inhibitor. We establish a molec-

ular mechanism that shapes higher-order chromatin topologies to safeguard genomic stability.

INTRODUCTION

In response to DNA double-strand breaks (DSBs), mammalian
cells use two main repair pathways, homologous recombination
(HR) and non-homologous end joining (NHEJ), to safeguard
genome integrity." NHEJ rejoins broken ends, whereas HR
requires end resection, which is restricted to the S and G2
phases."?*® DSB repair pathway choice is orchestrated by chro-
matin-proximal factors that couple DNA repair events with chro-
matin topological changes.’** BRCA1 and 53BP1, two key
factors for HR and NHEJ, respectively, are observed to form
unique and mutually exclusive topological domains on damaged
chromatin.*® Recent work indicates that 53BP1 can form nano-
domains (NDs) that highly overlap with topologically associated
domains (TADs), which then mature into a higher-order topolog-
ically organized microdomain (MD)° to restrict BRCA1 physically
and functionally. The downstream effector RIF1 subsequently
binds to the 53BP1-ND boundaries and stabilizes the topological
architecture.® Importantly, the loss of higher-order 53BP1-MD

structure leads to BRCA1 spreading, which may cause exces-
sive resection and genomic instability.>”° However, how
53BP1 organizes into an MD after the induction of DSBs and
whether this is an actively regulated process remain unclear.
The function of 53BP1 in DSB repair has been implicated in
NHEJ, telomere fusion, class switch recombination (CSR), and
poly (ADP-ribose) polymerase inhibitor (PARPi) response.®'°
These functions for 53BP1 are mediated both by its role in protect-
ing the ends of DSBs and by its role in regulating chromatin
dynamics in response to DSBs.>''"'® 53BP1 governs DSB end
protection by recruiting the RIF1-Shieldin complex, which in turn
promotes CST-Pola-primase dependent fill-in or ASTE1-depen-
dent cleavage processing to antagonize ssDNA resection.® %22
On the other hand, 53BP1 is required for increased mobility of
damaged chromatin which is linked to the microtubule-LINC
complex dynamics.'*'® However, the main factor proposed to
mediate the mobility of DSB ends remains unknown.*'® In addi-
tion, the relationship between 53BP1-mediated chromatin
mobility and 53BP1 topological reorganization is unclear.
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Figure 1. SLFN5 promotes telomere-mediated fusions
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(A) UpSet plot shows the intersection of significant proximal proteins in the PROX-NET dataset of 53BP1, BRCA1, and MDC1."® Horizontal bars show the set of
proteins with (EN, the logy[bait/control] was >1 in six independent replicates) or without (NA, not detected in six independent replicates) enrichment of 53BP1,
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Schlafen (SLFN) family proteins have been implicated in im-
mune cell proliferation, differentiation, activation, and antiviral
restriction.”*” All SLFNs contain an SLFN domain, and the
largest subgroup lll harbors an additional domain, which is
homologous to the DNA/RNA helicase superfamily 12728 As
a SLFN subgroup Il member, SLFN5 has three paralogs
(SLFN11, SLFN13, and SLFN14) in humans.?’° The SLFN
family has poorly described roles in genome stability, with
SLFN11 implicated in regulating HR®® and stressed replication
forks.®" SLFN5 acts as a transcriptional co-repressor in the
interferon response,®” viral transcription,”® and epithelial-
mesenchymal transition-driving factor®>>* but has no known
function in DNA repair.

In this study, we report that SLFN5 is a critical factor in shaping
53BP1 chromatin topology at DSBs. Our data suggest that SLFN5
links 53BP1 and microtubule-LINC to drive 53BP1-MD formation.
Similar to 53BP1, SLFN5 deficiency impairs NHEJ, interferes with
telomere maintenance and CSR, and causes genomic instability.
Our findings establish the SLFN5-microtubule-LINC axis as a
key regulator of damaged chromatin mobility and 53BP1 topolog-
ical rearrangement while also connecting these two processes
together.

RESULTS

SLFNS5 facilities deprotected telomere fusions

Recent proximity-based proteomics of DNA repair networks
(PROX-NET dataset) reveal 53BP1, BRCA1, and MDC1 interac-
tion neighborhoods.'® The UpSet plot showed shared or unique
interactions among the above baits (Figure 1A; Table S1).
SLFN5 was among the high-confident hits in the same
53BP1-enriched intersection node as SHLD3, a recently identi-
fied Shieldin complex component that promotes DSB end
jointing.'®2%3> SLFN5 and 53BP1 interacted reciprocally, and
the interaction network of SLFN5 extended to other NHEJ fac-
tors, including RIF1, PTIP, and the Shieldin complex subunits
(Figures 1B and S1A). No interaction was detected between
SLFN5 and BRCA1 or CtIP. We also verified this association
using proximity ligation assays between SLFN5 and 53BP1 in
cells following DNA damage (Figures S1B and S1C). Interest-
ingly, analyses of the weighted genomic integrity index (WGlI)
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from The Cancer Genome Atlas (TCGA), an indicative signature
of genomic instability, showed that patients with SLFN5-defi-
ciency harbored higher genomic instability (Figure S1D). These
hints prompted us to determine a connection between SLFN5
and 53BP1-dependent pathway.

53BP1 promotes the joining of dysfunctional telomeres
through NHEJ.'*'® To test whether SLFN5 is involved in the
regulation of damaged telomeres, we used conditional Trf2-
knockout (KO) mouse embryonic fibroblasts (MEFs) that show
telomere uncapping and NHEJ-dependent end-to-end fusions
after the deletion of TRF2."* Like 53BP1, SLFN5 deficiency re-
sulted in a dramatic suppression of end-to-end telomere fusions
induced by Trf2-KO (Figures 1C-1E). Following telomere uncap-
ping, SLFN5 accumulated at the dysfunctional telomeres
(Figures 1F and 1G). These results suggest that SLFN5 regulates
NHEJ at telomeres that lack TRF2 protection. Consistent with
this, we observed genetic epistasis between Sifn5 and 53bp1
in modulating telomere fusions in Trf2-KO MEFs (Figures 1H-
1J), which suggests that SLFN5 and 53BP1 act in the same
genetic pathway at damaged telomeres.

SIfn5~~ mice exhibit genomic instability

To investigate the function of SLFN5 in vivo, we generated a
mouse model in which a “KO” allele was inserted in the Sifn5
gene (Figures S1E and S1F). MEFs derived from Sifn5~/~ em-
bryos showed more chromosomal abnormalities than those of
wild-type (WT) controls (Figures S1G and S1H). In agreement,
a significant accumulation of YH2AX signals was observed in
Slfn5~/~ splenocytes (Figures S1l and S1J). In addition, we
found that mouse normochromic erythrocytes had a markedly
increased frequency of micronuclei compared with WT controls
(Figures S1K and S1L). These data suggest that Sifn5~'~ mice
have genomic instability.

SLFNS5 is important for lg CSR

53BP1 and its downstream effectors RIF1 and REV7 have been
proposed to be important for DSB repair during CSR.**° We
asked whether SLFN5 also regulates CSR. We first characterized
the levels of serum immunoglobulin (Ig) and found Sifn5~'~ mice
had normal IgM but reduced titers of IgG1, IgG2a, IgG2b, I1gG3,
and IgA (Figure 2A). In agreement with this, the KO of Sifn5

BRCA1, and MDC1 neighborhood networks. Connected lines represent shared proteins between sets. Bar graphs show intersection sizes. A full list is provided in

Table S1.

(B) HEK293T cells transfected with empty vector (Vec) or FLAG-SLFN5 were untreated or irradiated (5 Gy, 1 h). Cell lysates were immunoprecipitated with FLAG

beads and blotted with indicated antibodies.

(C) DNA sequencing showed that Sifn5 KO Trf27~; CreER"™ MEFs have a frameshift mutation at the CRISPR-Cas9 targeted site.

(D) The indicated Trf2"~; CreER™ MEFs were treated with 4-hydroxytamoxifen (4-OHT) for the indicated times. Metaphase spreads were stained by telomeric
fluorescence in situ hybridization (FISH) and assessed for telomere fusion. Telomeres and DNA were stained with PNA probe (red) and DAPI (blue), respectively.
Representative images are shown in (D). Scale bars, 10 um.

(E) Telomere fusion quantification from (D). Each dot represents an individual metaphase cell, and the center line indicates the mean; n = 45 per condition. Data are
representative of three independent experiments.

(F) Trf2™~ Sifn5~/~; CreER™ MEFs stably expressing Vec or FLAG-human SLFN5 were treated with MeOH or 4-OHT for 70 h. FLAG-SLFN5 and TRF1 accu-
mulation at deprotected telomeres was detected by ChlP. Input, 12.5% of the input DNA. Slot blots were hybridized with telomeric or B1 probes.

(G) Telomere ChIP quantification from (F). Signals were normalized to input. Error bars indicate the mean + SD of four independent experiments.

(H-J) The indicated Trf2"~; CreER™ MEFs were treated with 4-OHT for 96 h. Metaphase spreads were assessed for telomere fusion by Telomeric FISH.
Telomeres and DNA were stained with PNA probe (red) and DAPI (blue), respectively. The expression level of the indicated proteins was assessed by western blot
(H). Representative images are shown in (l). Telomere fusion quantification is shown in (J). Each dot represents an individual metaphase cell, and the center line
indicates the mean; n = 45 per condition. Data are representative of three independent experiments. Scale bars, 10 pm.

p values calculated with two-tailed unpaired t tests.
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Figure 2. SIfn5”~ mice exhibit defective CSR

(A) Quantification of serum immunoglobulin from Sifn5*/* and Sifn5~'~ mice. n = 6 mice per genotype. Error bars indicate mean + SD.

(B and C) Sifn5** and Sifn5~'~ splenic B cells were cultured with the indicated stimuli for 96 h and stained for surface IgG1, IgE, IgG2b, and IgG3. Representative
plots of flow cytometry (FACS) are shown in (B). Quantification of CSR percentage for indicated isotypes is shown in (C). n = 5 mice per genotype. Error bars
indicate mean + SD.

(D) Sifn5*"* and SIfn5~'~ splenic B cells transduced with control-GFP (Ctri®™) or 53bp1 shRNA-GFP (sh53bp1%7") were cultured in the presence of lipopoly-
saccharides (LPS) for 96 h. Transduced cells were stained for IgG2b and analyzed by FACS. IgG2b quantification is shown in (D). Sifn5*'* splenic B cells were
included as a control. n = 4 mice per genotype. Error bars indicate mean + SD.

(legend continued on next page)
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impeded class switching to IgG1, IgE, IgG2b, and IgG3 in splenic
B lymphocytes (Figures 2B and 2C), indicating that SLFN5 defi-
ciency results in CSR failure. We also observed that Sifn5 and
53bp1 were epistatic (Figure 2D), supporting that they function
within the same pathway during CSR. Sifn5~/~ mice displayed
normal lymphocyte development in the spleen, bone marrow,
and thymus (Figures S2A-S2N). We also examined the thymus
and spleen weight and found that Sifn5~/~ mice had normal
spleen and thymus development (Figures S20 and S2P). These
data suggest that SLFN5 promotes CSR without affecting
lymphocyte development.

During CSR, cytidine deamination and DNA cleavage on
opposite strands generate DSBs.®” These DSBs at the switch re-
gion are repaired by components of the NHEJ pathway.***° We
found that SLFN5 deficiency resulted in RAD51 accumulation at
the Su and Sy regions (Figures 2E and 2F), without affecting the
cell cycle (Figures S2Q-S2T). These findings suggest that SLFN5
loss shifts NHEJ to HR during CSR.

Finally, we tested the role of SLFN5 in CSR in vivo. To do so,
Slfn5~'~ mice and WT littermates were immunized with the anti-
gen NP-CGG and monitored for the production of NP-specific Ig
isotypes. We observed that serum concentrations of NP-specific
IgG1 in Sifn5~~ mice were significantly lower than those of
Slfn5** mice, whereas NP-specific IgM levels were comparable
between groups (Figures 2G and 2H). These data further support
that SLFN5 functions in the 53BP1 axis.

Loss of SLFN5 restores HR in BRCA1-deficient cells
53BP1 plays an important role in PARPI sensitivity by protecting
DSB ends.® The concurrent loss of 53BP1 in BRCA1-deficient
cells has been shown to restore HR, leading to PARPI resis-
tance.'”?%“? Therefore, we hypothesized that SLFN5 depletion
might modulate PARPi sensitivity. Like 53BP1, the loss of
SLFN5 conferred resistance to the PARPI olaparib in BRCA1-
depleted U20S cells (Figures 3A and 3B). Consistently, Sifn5~/~
MEF cells with BRCA1 deficiency also showed marked resistance
to olaparib or cisplatin (Figures 3C-3E). Furthermore, in BRCA1-
deficient cells, SLFN5 depletion restored HR, similar to the effect
in cells lacking 53BP1 (Figure 3F). lonizing radiation (IR)-induced
focus formation of RAD51 and RPA2 were also restored in the
absence of both SLFN5 and BRCA1 (Figures 3G-3l), implying
the reactivation of DNA end resection. In addition, the HR defi-
ciency (HRD) score, which describes the sum of three metrics of
chromosomal level aberration (loss of heterozygosity [LOH], telo-
meric allelic imbalance [TAl], and large-scale transitions [LSTs]),
was analyzed in triple-negative breast cancer samples from
TCGA. We found that SLFN5 deficiency had lower HRD scores
in BRCA1-deficient breast tumors (Figure 3J), consistent with
the effect of SLFN5 on HR in BRCA1-deficient cells. Taken
together, these data suggest that, like 53BP1, the loss of SLFN5
confers PARPI resistance in BRCA1-deficient cancers through
the restoration of HR.

¢ CellP’ress

SLFN5 accumulates at DSB sites and functions
downstream of 53BP1

The observed effects of SLFN5 on telomere fusions, CSR, and
PARPI response suggest a role of SLFN5 in regulating 53BP1-
dependent DSB repair. Indeed, SLFN5 deficiency resulted in
enhanced yH2AX foci at late time points (Figures 4A and S3A-
S3E), implying that SLFN5 loss impairs DSB repair in cells.
Consistently, increased comet tail moments, an indicator for un-
repaired DSB lesions, were also observed in SLFN5-depleted
cells at late time points (Figures 4B and S3F-S3H). Using dual re-
porter assays, SLFN5 deficiency led to an increase in HR but a
decrease in NHEJ without affecting the cell cycle (Figures S3I-
S3M), suggesting a role for SLFN5 in regulating the balance of
HR versus NHEJ. These data are consistent with SLFN5 acting
in three specialized NHEJ contexts described above (see Fig-
ures 1, 2, and 3), establishing SLFN5 as a bona fide regulator
of NHEJ in the 53BP1 pathway.

To address how SLFN5 promotes NHEJ, we next assessed its
localization. We examined SLFNS5 localization using an inducible
mCherry-Lacl-Fokl nuclease to generate DSBs with local tran-
scription silencing.*'*?> SLFN5 was localized at Fokl-generated
DSB sites, as revealed by co-localization with mCherry-Fokl
focus formation and quantifying its enrichment by chromatin
immunoprecipitation gPCR (ChIP-gPCR) (Figures 4C and S3N).

We next determined whether SLFN5 localized to DSBs in a
53BP1-dependent manner. As shown in Figures 4D-4F and
S30-S3Q, the recruitment of SLFN5 to DSB sites was dramati-
cally decreased in 53BP1-depleted cells, but not in RIF1/
REV7-depleted cells, suggesting that SLFN5 recruitment to
DSBs requires 53BP1. On the other hand, SLFN5 depletion did
not affect the recruitment of 53BP1, RIF1, and Shieldin complex
to DSBs (Figures 4G-4J), placing SLFNS5 functions in a different
functional module than RIF1-Shieldin. Conversely, the loss of
SLFNS5 significantly promoted BRCA1 recruitment at DSBs (Fig-
ure 4K). Consistently, BRCA1 focus intensity at DNA damage
sites was enhanced upon SLFN5 depletion (Figures 4L, S4A,
and S4B). Considering that SLFN5 and 53BP1 promote NHEJ
while inhibiting HR, it is likely that the higher BRCA1 intensity in
SLFN5-depleted cells is due to a defect in the 53BP1 pathway.

SLFN5 modulates the higher-order topological
arrangement of 53BP1

Previous studies indicate that BRCA1 and 53BP1 spatially orga-
nize into defined and mutually exclusive territories at sites of
damaged chromatin.® Recent super-resolution imaging of DNA
damage foci reveals a more complex chromatin topology with
different domains occupied by BRCA1 and 53BP1.° To charac-
terize how SLFN5 affects BRCA1 recruitment in more detail, we
set out to visualize the three-dimensional (3D) organization of
BRCA1/53BP1 foci. We found that BRCA1 largely localized to
focal compartments, whereas 53BP1 exhibited a high-order,
ring-shaped pattern form (Figure 5A). This observation is

(E and F) Sifn5** and Slfn5~~ splenic B cells were cultured in the presence of LPS + IL-4 (E) or LPS (F) for 96 h. RAD51 accumulation at the CSR-targeted S region
DNA sites was detected by ChIP-gPCR. Error bars indicate the mean + SD of four independent experiments.

(G and H) Sifn5*"* and SIfn5~/~ mice were immunized with 4-hydroxy-3-nitrophenyl)acetyl-chicken y-globulin (NP-CGG), and NP-specific serum IgM (G) and
IgG1 (H) were measured at indicated times after immunization. n = 6 mice per genotype. Error bars indicate mean + SD.

p values calculated with two-tailed unpaired t tests.

Molecular Cell 83, 1-18, April 6, 2023 5




Please cite this article in press as: Huang et al., SLFN5-mediated chromatin dynamics sculpt higher-order DNA repair topology, Molecular Cell (2023),
https://doi.org/10.1016/j.molcel.2023.02.004

¢? CellPress Molecular Cell

e
§ ' = S =" FEE. T T B
g o TR, 20 g £ % g
T 40 5 40 5 40
2 © «©
£ 20 g 20 £ 20
(7] 0 R : 0 0
Olaparib (uM) 0 0.25 0.5 0.75 1 Olaparib (UM)0 2.5 5 10 20 40  Cisplatin(uM)0 05 5 10 20
SgBRCA1 E F __poww
ShSLENS £ 150 [ o —
s9 SlfnG ++ ++ +/+ == =/ = 125
BRCA1 shBrcal - #1 #2 #1#2 %
- B PTR —
i I 9 (]
sLFNS [ arcat [ .. 2
= BRCA1KO
Tubulin |8 ShSLFN5 e *
53BP1 KO [ )

o
I

BRCA1 KO 50 - o000t 100 ~ —p=00001
ctrl ctrl shSLFN5  53BP1 KO 3 P=0.0001 3 e
8 40 ~ p<0.0001 8 80 4 p=0.0001
— o} i 5
g £ 30 A S 60 -
5} )
< 8 g
14 Z 20 = 40 4
i <
_ o .
~ é 10 ¥ 20
<
o 0= 0 -
BRCA1KO e o o BRCA1KO e o o
ShSLFN5 ° ShSLFN5 °
53BP1 KO ° 53BP1 KO °
J
p=0.84 p=0.042 p=0.37 p=0.033 40 p=0.7 40 p=0.76 p=0.02
901 .. N , 30 - n . ; —
[} . o, o £ . . % 30 3 2 30 . B SLFNGoetet
geol 4 4 320 & ¢ 3 j 5 ! -
7] o i o 20 8 20
2 5 4] 5 3
T 30 I. =10 @ 210 F 10 4
ol = ¢ ¢ 0l + % "' 0 . 0l = & K
BROA T BROAfom BROA T BROAfomw BROATN  BROA BROA T BROA o

Figure 3. SLFN5 loss promotes PARPi resistance in BRCA1-deficient tumors

(A and B) The indicated U20S cells were subjected to colony formation assays to assess olaparib sensitivity (A). Error bars indicate the mean + SD of three
independent experiments. The expression level of the indicated proteins was assessed by western blot (B).

(C-E) Survival assays for SIfn5*+ and SIfn5~/~ MEFs (with or without Brca1 knockdown) exposed to olaparib (C) or cisplatin (D). Error bars indicate the mean + SD
of six independent experiments. The expression level of the indicated proteins was assessed by western blot (E).

(F) Cells from (A) were subjected to a reporter assay to assess the efficiency of HR. Error bars indicate the mean + SD of four independent experiments.

(G-I) Cells from (A) were exposed to irradiation (2 Gy, 4 h), and the indicated foci were detected by immunofluorescence. Representative images are shown in (G).
Quantification of focus numbers is shown in (H) and (l). Each dot represents a single cell; n = 150 per condition. Error bars indicate mean + SD. Data are
representative of three independent experiments. Scale bars, 10 um.

(J) Analysis of HR deficiency (HRD) scores and loss of heterozygosity (LOH), large-scale transitions (LSTs), and telomeric allelic imbalance (TAI) counts in triple-
negative breast cancer samples from TCGA. Each dot represents an individual sample, the center line represents the median, the box limits at the 25th and 75th
centiles, and the whiskers indicate + 1.5x interquartile range; n = 200 distinct patients.

p values calculated with two-tailed unpaired t tests (F, H, and 1) or two-tailed Mann-Whitney U tests (J).
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Figure 4. SLFN5 accumulates at DSB sites and functions downstream of 53BP1
(A) Control (Ctrl) or SLFN5 knockdown U20S cells were irradiated (2 Gy) for the indicated times. YH2AX foci were detected by immunofluorescence. Quantifi-
cation of yH2AX focus numbers is shown in (A). Each dot represents a single cell; n = 150 per condition. Error bars indicate mean + SD. Data are representative of
three independent experiments. Representative images are shown in Figure S3A.
(B) Quantification of tail moments from ctrl or SLFN5 knockdown U20S cells that were irradiated (5 Gy) for the indicated times. Cells were harvested and
subjected to neutral comet assay. The center line represents the median, the box limits at the 25th and 75th centiles, and the whiskers indicate the minimum and
maximum values; n = 60 per condition. Data are representative of three independent experiments. Representative images are shown in Figure S3F.

(C) U20S-Fokl cells transfected with Vec or FLAG-SLFN5 were treated with 4-OHT and Shield1 for 4 h. FLAG-SLFN5 accumulation at DSB sites generated by

Fokl was detected by ChIP-gPCR. Error bars indicate the mean + SD of four independent experiments.
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(legend continued on next page)
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consistent with a recent report suggesting that the 53BP1 repair
focus consists of several NDs, which then assemble into a
higher-ordered MD.® Notably, as shown in Figure 5A, the knock-
down of SLFN5 enhanced BRCAT1 focal appearance and spatial
distribution, consistent with the brighter BRCA1 focus intensity
observed under conventional microscopy. Interestingly, we
found that the depletion of SLFN5 led to the disruption of
53BP1-MD architecture, which appeared as aberrantly disor-
dered 53BP1-NDs (Figures 5A and S4F). Quantification of the to-
pological textures® of 53BP1-MDs also showed the knockdown
of SLFNS5 significantly increased the mean breadth and the aber-
rant distribution of 53BP1-MDs (Figures 5A-5C and S4C-S4G).
In addition, the topologic arrangements of 53BP1-MDs affected
by SLFN5 deficiency were cell cycle independent (Figures S4H-
S4J). SLFN5 deficiency also impaired YH2AX-MD architecture
that is predominately marked by 53BP1-MD° (Figures S4K and
S4L), indicating a role for SLFN5 in maintaining damaged chro-
matin topology. These results suggest that SLFN5 is required
for the topological arrangement of 53BP1-MDs.

In support of this hypothesis, we found that SLFN5 localized
to the 53BP1-MD, crossing the interfaces and borders of the
ring pattern (Figures 5D, 5E, and S5A). Importantly, the kinetic
recruitment of SLFN5 was similar to that of 53BP1, which was
detectable early after DNA breakage and rose to its peak at
around the subsequent 60 min (Figures 5F, S5A, and S5B). These
data suggest that SLFN5 regulates the initial step of 53BP1-MD
assembly. Interestingly, we observed that 53BP1-decorated
dysfunctional telomere formed a higher-order topological struc-
ture (Figure 5G), which is consistent with observations at DSB
ends, indicating that 53BP1-MDs present a general response
in both DSB ends and deprotected telomeres. SLFN5 deficiency
caused the topological disruption of 53BP1-MDs at dysfunc-
tional telomeres (Figures 5G and 5H). We conclude that SLFN5
functions in higher-order chromatin assembly of 53BP1-MDs
at both DSBs and deprotected telomeres.

The ATPase activity is required for SLFN5-mediated
53BP1-MD topology

Protein sequence analysis revealed that SLFN5 has an N-termi-
nal nuclease domain, which is highly conserved with SLFN13’s
RNase domain,*® and the C-terminal domain contains a Walker
A motif and Walker B ATPase motif**** (Figure 5I). To explore
the role of SLFN5’s catalytic activity on 53BP1 regulation, we
generated mutants at the putative RNase domain (E191A/
E169A, 2EA), Walker A domain (K584M, KM), or Walker B
domain (D649A, DA), respectively (Figures 5l and S6A). We found
that only the DA mutant abolished SLFN5’s function in suppress-
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ing HR and promoting NHEJ (Figures 5J, S6B, and S6C). As
expected, recombinant WT SLFN5 displayed ATPase activity
in vitro, whereas the DA mutation abolished the ATPase activity
of SLFN5 (Figures S6D and S6E). Furthermore, this ATPase ac-
tivity was enhanced following DNA damage and this activation
of ATPase activity was significantly suppressed by ATM inhibi-
tion (Figures S6F-S6l), suggesting that the ATPase activity of
SLFN5 is regulated by the DNA damage response (DDR). To
test the functional significance of SLFN5’s ATPase activity, we
reconstituted SLFN5-WT or the DA mutant into cells in which
endogenous SLFN5 had been depleted. SLFN5-WT rescued
the topologically disordered 53BP1-MDs in SLFN5-deficient
cells, whereas the DA mutant had no effect (Figures 5K, 5L,
S6J, and S6K). In agreement with these data, human SLFN5-
WT, rather than SLFN5-DA, could promote end-to-end telomere
fusions induced by Trf2-KO (Figures 5M and 5N). Altogether,
these results suggest that the ATPase activity of SLFN5 is neces-
sary for the topologic arrangement of 53BP1.

SLFNS5 regulates damaged chromatin mobility
through 53BP1
To study how SLFN5 cooperates with 53BP1 to mediate its func-
tion, we set out to investigate which domain(s) of 53BP1 interacts
with SLFN5. First, we found that SLFN5 interacted with the
53BP1 N terminus (residues 1-1,302) but not the Tudor or BRCT
domain (Figures S7A-S7C). We then mapped the SLFN5-interact-
ing region of 53BP1 using a panel of deletion and substitution mu-
tants of the 53BP1 N terminus (Figure 6A). We found that mutation
of all 28 N-terminal S/TQ sites (A28) inhibited SLFN5 binding
(Figures 6B and S7D). These mutations completely abolish its
phosphorylation by ATM following DNA damage.*® The deletion
of the C-terminal BRCT domain (DB) had no effect. We further
used the following mutations'>*° to pinpoint which S/TQ sites
are required: a mutant harboring the first 15 N-terminal S/TQ sites
(APro), a mutant impairing 53BP1-mediated chromatin mobility
(AMob), a mutant spanning the PTIP binding motif (APTIP), and
a mutant compromising RIF1 binding (ARIF1). We also included
a mutant with impaired oligomerization of 53BP1 (ACore).*
Notably, 53BP1-AMob and 53BP1-ACore significantly compro-
mised the interaction between 53BP1 and SLFN5 (Figures 6B
and S7D). The Mob motif has previously been shown to regulate
DSB/chromatin movement following DNA damage.'® These
studies suggest that SLFN5 interacts with 53BP1 functional mod-
ules that mediate DNA damage-dependent chromatin mobility
and oligomerization.

To test this possibility, we first investigated whether SLFN5 in-
fluences chromatin mobility during DSB repair. We visualized DSB

(G) Ctrl or SLFN5 knockdown U20S-Fokl cells were treated with MeOH or 4-OHT + Shield1 for 4 h. 53BP1 accumulation at DSB sites generated by Fokl was
detected by ChIP-gPCR. Error bars indicate the mean + SD of four independent experiments.

(H-J) Ctrl or SLFN5 knockdown U20S-Fokl cells transfected with FLAG-RIF1 (H), SFB-REV?7 (1), or SFB-SHLDS3 (J) were treated with MeOH or 4-OHT + Shield1 for
4 h. FLAG-RIF1 (H), SFB-REV7 (1), or SFB-SHLD3 (J) accumulation at DSB sites generated by Fokl was detected by ChIP-qPCR. Error bars indicate the mean +

SD of four independent experiments.

(K) Ctrl or SLFN5 knockdown U20S-Fokl cells were treated with MeOH or 4-OHT + Shield1 for 4 h. BRCA1 accumulation at DSB sites generated by Fokl was
detected by ChIP-gPCR. Error bars indicate the mean + SD of four independent experiments.

(L) The indicated U20S cells were irradiated (2 Gy, 1 h), and the BRCA1 foci were detected by immunofluorescence. Each dot represents a single cell; n = 150 per
condition. Error bars indicate mean + SD. Data are representative of three independent experiments. Representative images are shown in Figure S4B.

p values calculated with two-tailed unpaired t tests.
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Figure 5. SLFN5 regulates the higher-order chromatin topology of 53BP1

(A) Ctrl or SLFN5 knockdown U20S cells were irradiated (2 Gy, 1 h), and the indicated foci were detected by an Airyscan2 super-resolution microscope
(Airyscan2-SR). Scale bars, 5 um and 200 nm (insets).

(B) Quantification of the mean breadth of 53BP1 microdomains (53BP1-MDs) from (A) was performed by QUANTEX.® The center line represents the median, the
box limits at the 25th and 75th centiles, and the whiskers indicate the minimum and maximum values; n = 90 per condition. Data are representative of three
independent experiments.

(C) Quantification of the percentage of ring distribution patterns versus aberrant patterns of 53BP1-MDs from (A). n = 110 per condition.

(legend continued on next page)
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chromatin movements in cells stably expressing an mCherry-
53BP1 fusion protein (mCherry-BP1-2), a widely used indicator
for monitoring DSB chromatin mobility without affecting endoge-
nous 53BP1 function.'*'>%® Mean square displacement (MSD)
analysis of mCherry-BP1-2 foci in U20S cells revealed a diffusion
coefficient of 1.008 x 10~% um? s~', which is in the range
observed by previous reports'>*"*® (Figures 6C, S8A, and S8K;
Video S1). Calculation of the anomalous diffusion coefficient (o)
showed values of all groups were consistent with sub-diffusive
motion (Figure S8K). Quantification of DSB tracks indicated that
mCherry-BP1-2 foci in U20S cells explored a mean cumulative
distance of 2.04 um over 10 min (Figure 6D). Accordingly, we
investigated DSB movements by tracking mCherry-BP1-2 foci
and calculating the above motion properties. Notably, SLFN5
deficiency significantly decreased mCherry-BP1-2 foci diffusion
coefficient from 1.008 x 10~ to 0.5633 x 10~* um? s~ (Fig-
ure 6C; Video S1). Likewise, the distance traveled by mCherry-
BP1-2 foci was diminished in SLFN5-depleted cells (Figures 6D
and S8K). These data suggest that SLFN5 loss impairs damaged
chromatin mobility. Next, we asked whether the dynamic behavior
of damaged chromatin is dependent on the 53BP1-SLFN5 inter-
action. We reconstituted 53BP7-KO Hela cells with 53BP1-DB
and 53BP1-AMob, respectively. Unlike 53BP1-DB, 53BP1-
AMob was unable to restore damaged chromatin movement, as
previously reported.’® We found that SLFN5 knockdown did
not affect the DSB mobility or the total traveled distance in
53BP1-KO cells expressing 53BP1-AMob (Figures 6E, 6F, S8B,
and S8K; Video S2), suggesting that SLFN5 regulates DSB
chromatin movements through its interaction with 53BP1. In addi-
tion, SLFN5-DA, but not SLFN5-WT, failed to rescue impaired
damaged chromatin movements in SLFN5-deficient cells
(Figures S8C-S8E and S8K; Video S3). These results suggest
that the SLFN5-mediated motion of damaged chromatin requires
its interaction with 53BP1 and its ATPase activity.

To further test this possibility, we assessed the impact of
SLFN5 on the movement of dysfunctional telomeres. Motion

Molecular Cell

analysis of mCherry-BP1-2 foci at dysfunctional telomeres re-
vealed a diffusion coefficient of 1.614 x 10~* um? s~', a mean
cumulative distance of 2.34 um over 10 min, and the «-coeffi-
cient indicated sub-diffusive motion (Figure S8K). Notably, the
depletion of SLFN5 significantly decreased the mobility of de-
protected telomeres (Figures S8F, S8G, and S8K; Video S4),
and this limited telomeric mobility could not be restored by hu-
man SLFN5-DA mutant (Figures S8H-S8K; Video S5). These
results suggest that SLFN5 promotes damaged telomere dy-
namics, as it does at DSB ends.

Because SLFN5 also interacts with the 53BP1 oligomerization
domain, we examined whether SLFN5 regulates 53BP1 oligo-
merization. We utilized fast protein liquid chromatography
(FPLC) to analyze the 53BP1 complex purified from cell lysates
upon DNA damage. We observed, following DNA damage,
53BP1 showed an increase in higher-molecular-weight com-
plexes (Figure 6G). However, SLFN5 deficiency decreased the
sizes of 53BP1 complexes and redistributed them from larger
to smaller ones (Figure 6H), suggesting that SLFN5 may play a
role in promoting 53BP1 oligomerization.

Taken together, our data suggest that the SLFN5-53BP1 inter-
action is critical for 53BP1-mediated damaged chromatin
mobility and 53BP1 oligomerization. The regulation of damaged
chromatin dynamics by SLFN5 and its interaction with the 53BP1
mobility domain is very similar to a Protein X proposed to pro-
mote 53BP1-dependent mobility of DSB ends.*'®

53BP1 Mob and Core domains are required for its
topological arrangement

Based on the results shown above, we hypothesized that the regu-
lation of 53BP1 and damaged chromatin movement might be an
underlying mechanism by which SLFN5 regulates the topological
arrangement of 53BP1. To this end, we reconstituted 53BP7-KO
Hela cells with a panel of deletion and substitution mutants of
53BP1. The 53BP1-ARIF1 mutant disrupted 53BP1 topology,
consistent with a previous report,® which suggests that RIF1

(D) U20S cells stably expressing FLAG-SLFN5 were irradiated (2 Gy, 1 h) and subjected to Airyscan2-SR with the indicated antibodies. Foci 1 and 2 are magnified
from a large-field-of-view image in Figure S5A. Scale bars, 200 nm.

(E) A representative 3D view of an arrangement of 53BP1-MD with FLAG-SLFN5. The 3D image is processed under maximal intensity projection. The 3D opacity
view is displayed in three orientations indicated by arrows.

(F) U20S cells stably expressing FLAG-SLFN5 were irradiated (2 Gy) for the indicated times and subjected to Airyscan2-SR with the indicated antibodies.
Quantification of recruitment of 53BP1 and FLAG-SLFNS5 to DSB sites is shown in (F). n = 40 per condition. Error bars indicate mean + SD. Data are representative
of two independent experiments. Representative images for the indicated times are shown in Figure S5.

(G and H) The indicated Trf2"~; CreER™ MEFs were treated with 4-OHT for 70 h. The 53BP1-MD signals were detected by Airyscan2-SR. Representative images
are shown in (G). Quantification of mean breadth of 53BP1-MDs is shown in (H). The center line represents the median, the box limits at the 25th and 75th centiles,
and the whiskers indicate the minimum and maximum values; n = 60 per condition. Data are representative of three independent experiments. Scale bars, 5 pm
and 200 nm (insets).

(I) A schematic depiction of SLFN5 wild-type (WT) and its mutants.

(J) HEK293T cells were transfected with Vec, WT, or the indicated mutants of SLFN5 and were subjected to a reporter assay to assess the efficiency of NHEJ.
Error bars indicate the mean + SD of three independent experiments.

(K and L) Trfi2¥~ Sifn5~/—; CreER™ MEFs stably expressing Vec, WT, or DA FLAG-human SLFN5 were treated with 4-OHT for 70 h. The 53BP1-MD signals were
detected by Airyscan2-SR. Representative images are shown in (K). Quantification of the mean breadth of 53BP1-MDs is shown in (L). The center line represents
the median, the box limits at the 25th and 75th centiles, and the whiskers indicate the minimum and maximum values; n = 60 per condition. Data are representative
of three independent experiments. Scale bars, 5 um and 200 nm (insets).

(Mand N) Trf2~ Sifn5~'~; CreER™ MEFs stably expressing Vec or WT or DA FLAG-human SLFN5 were treated with 4-OHT for 96 h. Metaphase spreads were stained
with Telomeric FISH and assessed for telomere fusion. Telomeres and DNA were stained with PNA probe (red) and DAPI (blue), respectively. Representative images are
shown in (M). Quantification of the percentage of telomere fusions is shown in (N). Each dot represents an individual metaphase cell, and the center line indicates the
mean; n = 45 per condition. p values calculated with two-tailed unpaired t tests. Data are representative of three independent experiments. Scale bars, 10 um.

p values calculated with two-tailed Mann-Whitney U tests (B, H, and L) or two-tailed unpaired t tests (J and N).
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stabilizes the formation of chromatin topology. Importantly, the
53BP1-AMob mutant failed to mature into a higher-order topolog-
icalformation of 53BP1-MD, phenocopying the topological disrup-
tions in SLFN5-depleted cells (Figures 61-6K). The 53BP1-MD sig-
nals were also weaker and discontinuous in the 53BP1-ACore
mutant (Figures 6l-6K). These data suggest that 53BP1-depen-
dent mobility of damaged chromatin and 53BP1 oligomerization
favor the topological arrangement of 53BP1-MDs, and SLFN5 ap-
pears to have a unique role in promoting this process.

Our data suggest that both 53BP1 Mob and Core domains are
important for 53BP1-MD formation. We next studied their relation-
ship. We found that the 53BP1-ACore mutants did not affect
damaged chromatin mobility and the 53BP1-AMob mutant did
not affect 53BP1 oligomerization, suggesting that the 53BP1-
AMob and 53BP1-ACore mutants are separation-of-function mu-
tations®*? (Figures S8K and S9A-S9C). Given the single mutant
(AMob or ACore) suppresses higher-order assembly of 53BP1-
MD (see Figure 6) yet has a modest effect on DNA end resec-
tion, "> we therefore evaluated the ability of double mutants
(AMob/ACore) to suppress end resection in cells lacking both
53BP1 and BRCA1. Single mutants of 53BP1 suppressed IR-
induced RAD51 focus formation (Figures S9D-S9G), though they
are modestly less effective than 53BP1-DB. By contrast, the
53BP1-AMob/ACore mutant almost abolished the inhibition of
RAD51 foci (Figures S9F and S9G). These results suggest that
higher-order assembly of 53BP1-MD may be important for its
role in blocking resection. In support of this, we found that the dou-
ble-mutant 53BP1 restored HR to a greater extent (Figure S9H).
These data suggest that the higher-order topological formation
of 53BP1-MD is important for 53BP1 activity that suppresses HR.

A previous study suggests that dynamic microtubule-LINC
complex contributes to 53BP1-mediated DSB mobility,15
although how the LINC complex is connected to 53BP1 is not
clear, and there might exist an X factor in between. We hypothe-
sized that SLFNS is said factor that connects the LINC complex to
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53BP1 to promote chromatin movement and the high-order struc-
ture of 53BP1. Consistent with this hypothesis, we found that
chemical perturbation of microtubule dynamics but not actin
polymerization led to the topological disorder of 53BP1-MDs
(Figures 7A and 7B). Moreover, the LINC complex subunits
SUN1 and SUN2 strongly interacted with SLFN5 (Figures 7C
and S7E). The knockdown of SUN1/2 disrupted the 53BP1 topo-
logical structure, phenocopying SLFN5 depletion (Figures 7D-7F).
Consistently, a mutant lacking the nucleoplasmic domain of
SUN2 failed to rescue the topologically disordered 53BP1-MDs
as well as the interaction with SLFN5 in SUN1/2-depleted cells
(Figures 7G-71 and S7F), indicating that SLFN5 acts through inter-
action with SUN. These results suggest that the microtubule-LINC
complex promotes DSB chromatin mobility and drives the topo-
logical arrangement of 53BP1-MDs, and SLFN5 acts as a poten-
tial link between 53BP1 function and dynamic microtubule-LINC
complex in this highly dynamic process.

Collectively, our findings reveal that SLFN5 is a key effector
that mediates 53BP1-dependent DSB chromatin mobility and
53BP1 oligomerization and the formation of a functional 53BP1
topological module.

DISCUSSION

Our results reveal an important role of SLFN5 in the topological or-
ganization of 53BP1. We propose a model in which SLFN5 inter-
acts with 53BP1 to promote damaged chromatin mobility and
53BP1 oligomerization. When DSBs trigger 53BP1 chromatin
decoration to form NDs, SLFN5 might enable damaged chromatin
mobility and oligomerization of 53BP1 to prompt the formation of
a higher-order 53BP1 MD. RIF1 subsequently reinforces this to-
pology.® The depletion of SLFN5 or RIF1° leads to the topological
disruption of 53BP1-MDs, causing BRCA1 spreading, excessive
DSB resection, and genomic instability. Our observations suggest
a temporal difference between SLFN5 and RIF1 in the 53BP1

Figure 6. SLFN5 promotes 53BP1-dependent DSB dynamics
(A) A schematic depiction of 53BP1 mutants.

(B) 53BP1 knockout (KO) 293A cells transfected with the indicated 53BP1-FLAG constructs were irradiated (5 Gy, 1 h). Cell lysates were immunoprecipitated with
FLAG beads and blotted with the indicated antibodies.

(C) Ctrl or SLFN5 knockdown U20S cells expressing mCherry-BP1-2 were irradiated (2 Gy, 10 min). mCherry-BP1-2 foci were then traced over 10 min via live-cell
imaging. Mean square displacement (MSD) analysis of mCherry-BP1-2 foci is shown in (C). At, time interval. n = 269 and 267. Error bars indicate mean + weighted
SD. Data are representative of three independent experiments.

(D) Median cumulative distance traveled by mCherry-BP1-2 foci from (C). Error bars indicate mean + SD. n = 269 and 267. Data are representative of three
independent experiments.

(E) The indicated Hela cells expressing mCherry-BP1-2 were irradiated (2 Gy, 10 min). mCherry-BP1-2 foci were then traced over 10 min via live-cell imaging.
MSD analysis of mCherry-BP1-2 foci is shown in (E). At, time interval. n = 239, 230, 205, 211, and 208. Error bars indicate mean + weighted SD. Data are
representative of three independent experiments.

(F) Median cumulative distance traveled by mCherry-BP1-2 foci from (E). Error bars indicate mean + SD. n = 239, 230, 205, 211, and 208. Data are representative
of three independent experiments.

(G) FLAG-53BP1 was purified from HEK293T cells untreated or irradiated (5 Gy, 1 h). Samples were fractionated by fast protein liquid chromatography (FPLC) and
then immunoblotted with an anti-FLAG antibody.

(H) FLAG-53BP1 was purified from ctrl or SLFN5 knockdown HEK293T cells after irradiation (5 Gy, 1 h). Samples were fractionated by FPLC and immunoblotted
with an anti-FLAG antibody.

(land J) The indicated Hela cells were exposed to irradiation (2 Gy, 1 h). 53BP1-MD signals were detected by Airyscan2-SR. Representative images are shown in
(I). Quantification of the mean breadth of 53BP1-MDs is shown in (J). The center line represents the median, the box limits at the 25th and 75th centiles, and the
whiskers indicate the minimum and maximum values; n = 60 per condition. Data are representative of three independent experiments. Scale bars, 5 um and
200 nm (insets). Out of range, the focus intensity of 53BP1-ACore mutant is too weak/discrete (non-continuous) to detect the successive signals.

(K) Quantification of the percentage of ring distribution patterns versus aberrant patterns of 53BP1-MDs from (I). n = 90 per condition.

p values calculated with two-tailed Mann-Whitney U tests.
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Figure 7. Microtubule-LINC complex mediates the topological arrangement of 53BP1-MDs

(A and B) U20S cells were irradiated (2 Gy, 1 h) with latrunculin B (4 pM), CK-666 (100 uM), nocodazole (1 ug/mL), or Taxol (20 uM). The 53BP1-MD signals were
detected by Airyscan2-SR. Representative images are shown in (A). Quantification of the mean breadth of 53BP1-MDs (B). The center line represents the median,
the box limits at the 25th and 75th centiles, and the whiskers indicate the minimum and maximum values; n = 60 per condition. Data are representative of three
independent experiments. Scale bars, 5 um and 200 nm (insets).

(C) HEK293T cells transfected with Vec or FLAG-SLFN5 were untreated or irradiated (5 Gy, 1 h). Cell lysates were immunoprecipitated with FLAG beads and
blotted with the indicated antibodies.

(D-F) Ctrl or SUN1/2 knockdown U20S cells were irradiated (2 Gy, 1 h). The 53BP1-MD signals were detected by Airyscan2-SR. Immunoblots of the indicated
proteins are shown in (D). Representative images are shown in (E). Quantification of the mean breadth of 53BP1-MDs is shown in (F). The center line represents the
median, the box limits at the 25th and 75th centiles, and the whiskers indicate the minimum and maximum values; n = 60 per condition. Data are representative of
three independent experiments. Scale bars, 5 pm and 200 nm (insets).

(G-l) SUN1/2 knockdown U20S cells stably expressing Vec, WT, or nucleoplasmic domain-mutant FLAG-SUN2 were irradiated (2 Gy, 1 h). Inmunoblots of the
indicated proteins are shown in (G). Representative images are shown in (H). Quantification of the mean breadth of 53BP1-MDs is shown in (l). The center line
represents the median, the box limits at the 25th and 75th centiles, and the whiskers indicate the minimum and maximum values; n = 60 per condition. Data are
representative of three independent experiments. Scale bars, 5 um and 200 nm (insets).

p values calculated with two-tailed Mann-Whitney U tests.

spatial events. In contrast to RIF1, which is recruited later and  step of chromatin arrangement of 53BP1-MD topology, which
located at the borders between 53BP1-NDs,® SLFN5 recruitment  RIF1 helps to stabilize once it forms.

occurred simultaneously with 53BP1 and was largely localized in Interestingly, SLFN5 interacts with the Mob and Core domains
spots or boundaries of 53BP1-MD. Thus, we propose that the of 53BP1, implying that SLFN5 has a unique role in the 53BP1
recruitment of SLFN5 at DSBs contributes to modulating the initial ~ functional modules. The topological disruption of 53BP1-MD
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was reproduced by the 53BP1 mutant that abrogates its regula-
tion on DSB mobility,’® supporting the notion that DSB or
damaged chromatin mobility is linked to 53BP1-mediated topol-
ogy arrangement. More broadly, we note that such 53BP1 spatial
events are also common at dysfunctional telomeres, suggesting
that a higher-order assembly of 53BP1-MD is a central feature
of its function to protect DNA ends. The present model extends
our mechanical insight into the mobility of damaged chromatin
and the formation of 53BP1 higher-order topology. The require-
ment of SLFN5’s ATPase in 53BP1 topological rearrangement
further suggests that SLFN5 plays a unique role in the formation
of higher-order structure, apart from the action of other well-
known 53BP1 effectors such as RIF1, PTIP, and so on. A plausible
scenario is that once SLFN5 accumulates at damaged chromatin
regions, SLFN5 may catalyze the ATP hydrolysis process, which
provides the energy that is necessary for the change of chromatin
dynamics and topology.°®°" We suggest that DSB dynamics
prompt DSB-flanking chromatin to form a favorable topol-
ogy to protect DNA ends. Both chromatin topology and chro-
matin mobility are proposed to be important for genomic
stability>*5141552__the discovery here potentially links the two
processes through SLFN5. However, the temporal order of these
two processes is not precisely determined and should be further
investigated in the future.

The fact that SLFN5 mediates 53BP1-dependent DSB dynamic
behavior is reminiscent of an unidentified factor linking 53BP1 and
microtubule-LINC complex during DSB mobility.'> We found that
SLFNS5 interacted with the nucleoplasmic region of SUN proteins,
the inner components of the LINC complex. Importantly, inter-
fering with microtubule dynamics or depletion of SUN proteins
phenocopied the topological disruption of 53BP1 by SLFN5
depletion. This study therefore establishes a link between micro-
tubule forces and the arrangement of 53BP1 topology to poten-
tiate the NHEJ process. It is interesting that nuclear F-actin facil-
itates HR repair of DSBs®*°* or replication stress,”® whereas
microtubule forces potentiate NHEJ through the arrangement of
53BP1/damaged chromatin topology. As the LINC complexes
are localized at the nuclear envelope (NE), one interpretation is
that SLFN5 as a connector brings the repair complexes to the
NE. Consistent with this, recent live 3D imaging studies showed
that global chromatin organization is fairly close to the NE,**°”
providing another likely scenario that most DSBs are peripheral,
and the repair complexes assemble near the NE. The LINC com-
plexes and microtubule force they transduced might serve to po-
sition and organize 53BP1 complexes at the inner face of the NE
through SLFNS5. These issues warrant attention in future studies.
Other studies also suggest that chromatin mobility at sites of
DSBs not only stems from external cytoskeletal forces®'® but
also arises from internal alteration of chromatin structure.”® The
latter model proposed INO80-C dependent histone degradation
drives damaged chromatin mobility.>>°® INO80 dependent chro-
matin remodeling involves ATPase activity. It will be interesting
to test whether this process sculpts the 3D chromatin architecture
and whether SLFN5 has an epistatic role.

The idea that SLFN5 is important to facilitate the topological
arrangement of 53BP1 and that loss of SLFN5 is sufficient to
restore HR and confer PARPI resistance in the face of BRCA1
deficiency for the first time establishes the clinical significance
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of 53BP1 topology. Furthermore, our findings suggest a possibil-
ity that perturbation of microtubule dynamics might endow HR-
deficient cells with the ability to tolerate PARPi treatment.
Another SLFN family protein, SLFN11 has been reported to
inhibit HR by promoting the disassociation of RPA-ssDNA com-
plex,** and the loss of SLFN11 has also been shown to induce
PARPi resistance.”® Although the evolutionary distance between
SLFN5 and SLFN11 supports their classification into distinct
phylogenetic groups and the evolution of SLFN5 is more
conserved across species,27 whether SLFN11 contributes to
the regulation of chromatin dynamics and topology is a note-
worthy possibility to be explored. Our analysis hints that the re-
maining human SLFN proteins may function in genome integrity
and supports future efforts to study the precise mechanisms
SLFN members play in genome instability or human disease.

In conclusion, we present evidence that SLFN5 is an important
regulator of 53BP1 chromatin topology in DSB repair. Analogous
to 53BP1, SLFN5 regulates NHEJ-dependent physiological pro-
cesses including telomere fusions, CSR, and PARPI sensitivity.
We propose a model where SLFN5 promotes the dynamic
behavior of DSBs and induces a 53BP1 higher-order topological
arrangement, to promote NHEJ, end protection, telomere fusion,
and genome stability.

Limitations of the study

Many of our conclusions are based on observations under super-
resolution imaging. However, the work cannot completely rule out
the possibility that SLFN5 also affects basal chromatin architec-
ture in the absence of DSB induction. Whether SLFN5 depletion
disrupts other chromatin topology/repair factories remains un-
clear. We analyzed DSB motion and 53BP1 topology, a 3D pro-
cess, using 2D-maximum-intensity projections. The nuclei we
studied are intrinsically flat, so 2D motion can largely capture
the 3D mobility.'>>® Furthermore, follow-up studies are required
to mechanistically study how SLFN5 mediates 53BP1 function.
For example, our results show that the ATPase domain of
SLFN5 is important, but its catalytic function during 53BP1-MD
formation remains unclear. Because we propose that SLFN5 con-
nects microtubule-LINC and 53BP1, the relationship and signaling
among 53BP1, SLFN5, LINC, NE, and the nuclear and cytoskel-
etal forces merit further testing. It also will be of interest to test
whether SLFN5 directly connects the LINC complex to DDR foci
or regulates other factor(s) that does. Finally, although we evalu-
ated the impact of disabling the 53BP1 mobility module in
53BP1 topology, we did not assess the DSB movements/53BP1
topology in HR-deficient strain with and without SLFN5. The
temporal correlation between 53BP1-mediated mobility and the
formation of 53BP1-MD remains to be determined.
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Antibodies

Rabbit polyclonal anti-SLFN5
Rabbit polyclonal anti-53BP1
Mouse monoclonal anti-BRCA1
Mouse monoclonal anti-BRCA1

Mouse monoclonal anti-phospho-
Histone H2A.X (Ser139)

Rabbit polyclonal anti-RIF1
Rabbit polyclonal anti-PTIP
Mouse monoclonal anti- REV7/MAD2L2
Rabbit polyclonal anti-SHLD3
Mouse monoclonal anti-CtIP
Goat polyclonal anti-MCM2
Rabbit polyclonal anti-RAD51
Rabbit polyclonal anti-RAD51
Mouse monoclonal anti-RPA2
Rabbit polyclonal anti-SUN1
Rabbit polyclonal anti-SUN2

Rabbit monoclonal anti-
phospho-Chk2 (Thr68)

Rabbit polyclonal anti-mouse
TRF1(#1449)

Mouse monoclonal anti-FLAG
Mouse monoclonal anti-HA
Mouse monoclonal anti-GFP
Mouse monoclonal anti-B-Actin
Mouse monoclonal anti-a-Tubulin
Mouse monoclonal anti-GAPDH
Rabbit IgG (ChIP grade)

Normal rabbit IgG

APC mouse anti-phospho-Histone
H2A.X (Ser139)

APC rat anti-mouse CD71
FITC rat anti-mouse CD19
APC rat anti-mouse CD19
APC rat anti-mouse B220
PE rat anti-mouse IgG1
PE rat anti-mouse IgG2b
PE rat anti-mouse IgE

Rat anti-mouse 19gG3

FITC rat anti-mouse CD45
APC rat anti-mouse CD4
PE rat anti-mouse CD4
APC rat anti-mouse CD8a

Novus Biologicals
Novus Biologicals
Santa Cruz
GeneTex
Millipore

Bethyl Laboratories
Thermo Fisher Scientific
Santa Cruz

Novus Biologicals
Active Motif

Bethyl Laboratories
GeneTex

Abcam

Santa Cruz
Sigma-Aldrich
Sigma-Aldrich

Cell Signaling

Gift from Dr. Titia de Lange;
Lottersberger et al."®

Sigma-Aldrich
Sigma-Aldrich
Santa Cruz
Sigma-Aldrich
Sigma-Aldrich
Proteintech
Abcam
Millipore
BioLegend

BioLegend
BD Biosciences
BD Biosciences
BioLegend
BD Biosciences
BioLegend
BioLegend
BD Biosciences
BioLegend
BD Biosciences
BioLegend
BioLegend

Cat#NBP1-81178; RRID:AB_11003398
Cat#NB100-304; RRID:AB_10003037
Cat#sc-6954; RRID:AB_626761
Cat#GTX70111; RRID:AB_368627
Cat#05-636; RRID:AB_309864

Cat#A300-569A; RRID:AB_669804
Cat#A300-370A; RRID:AB_2160127
Cat#sc-135977; RRID:AB_2139534
Cat#NBP2-49564

Cat#61141; RRID:AB_2714164
Cat#A300-122A; RRID:AB_155897
Cat#GTX100469; RRID:AB_1951602
Cat#ab176458; RRID:AB_2665405
Cat#sc-56770; RRID:AB_785534
Cat#HPA008346; RRID:AB_1080462
Cat#HPA001209; RRID:AB_1080465
Cat#2197; RRID:AB_2080501

N/A

Cat#F1804; RRID:AB_262044
Cat#H9658; RRID:AB_260092
Cat#sc-9996; RRID:AB_627695
Cat#A2228; RRID:AB_476697
Cat#T5168; RRID:AB_477579
Cat#60004-1-Ig; RRID:AB_2107436
Cat#ab171870; RRID:AB_2687657
Cat#12-370; RRID:AB_145841
Cat#613416; RRID:AB_2629534

Cat#113820; RRID:AB_2728135
Cat#557398; RRID:AB_396681
Cat#550992; RRID:AB_398483
Cat#103212; RRID:AB_312997;
Cat#562027; RRID:AB_10894761
Cat#406708; RRID:AB_2563381
Cat#406907; RRID:AB_493291
Cat#553401; RRID:AB_394838
Cat#103108; RRID:AB_312973
Cat#553051; RRID:AB_398528
Cat#100512; RRID:AB_312715
Cat#100712; RRID:AB_312751
(Continued on next page)
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AP-conjugated goat anti-mouse IgM
AP-conjugated goat anti-mouse IgG1
Alexa Fluor 488-labeled

goat anti-mouse 1gG (H+L)

Alexa Fluor 488-labeled

goat anti-rabbit IgG (H+L)

Alexa Fluor 488- labeled

donkey anti-rabbit IgG (H+L)
Rhodamine Red-X-labeled

goat anti-mouse IgG (H+L)
Rhodamine Red-X-labeled

goat anti-rabbit IgG (H+L)

Alexa Fluor 647-labeled

donkey anti-goat IgG (H+L)

HRP goat anti-mouse IgG (H+L)
HRP goat anti-rabbit IgG (H+L)

SouthernBiotech
SouthernBiotech

Jackson ImmunoResearch

Jackson ImmunoResearch

Jackson ImmunoResearch

Jackson ImmunoResearch

Jackson ImmunoResearch

Jackson ImmunoResearch

Jackson ImmunoResearch
Jackson ImmunoResearch

Cat#1020-04; RRID:AB_2794200
Cat#1070-04; RRID:AB_2794411
Cat#115-545-062; RRID:AB_2338845

Cat#111-545-045; RRID:AB_2338049

Cat#711-545-152; RRID:AB_2313584

Cat#115-295-146; RRID:AB_2338766

Cat#111-295-144; RRID:AB_2338028

Cat#705-605-147; RRID:AB_2340437

Cat#115-035-146; RRID:AB_2307392
Cat#111-035-144; RRID:AB_2307391

Bacterial and virus strains

Bacteria: DH5a. competent cells NEB Cat#C2987H
Bacteria: BL21(DE3) competent cells Thermo Fisher Scientific Cat#EC0114
Chemicals, peptides, and recombinant proteins

(2)-4-Hydroxytamoxifen (4-OHT) Sigma-Aldrich Cat#H7904
Shield-1 ligand AOBIOUS Cat#AOB1848
TransIT-X2 Mirus Cat#MIR6006
Anti-FLAG M2 Affinity Gel Sigma-Aldrich Cat#A2220
Anti-HA Affinity Gel Sigma-Aldrich Cat#E6779

3x Flag peptide Sigma-Aldrich Cat#F4799
Protein A/G Magnetic Beads Thermo Fisher Scientific Cat#88803
Gel Filtration Standard Bio-Rad Cat#1511901
Isopropyl B-D-1-thiogalactopyranoside Thermo Fisher Scientific Cat#15529019
(IPTG)

Protease Inhibitor Cocktail Roche Cat#4693159001
Glutathione Sepharose 4B Millipore Cat#GE17-0756-01
Olaparib (AZD2281) LC labs Cat#0-9201
Cisplatin MedChemExpress Cat#HY-17394
ATM kinase inhibitor KU55933 Abcam Cat#ab120637
Latrunculin B (Lat B) Sigma-Aldrich Cat#L.5288
CK-666 Sigma-Aldrich Cat#SML0006
Nocodazole (Noco) Sigma-Aldrich Cat#M1404
Paclitaxel (Taxol) Sigma-Aldrich Cat#T7402
CCK-8 solution MesGen Biotech Cat#MG6432
Giemsa solution Sigma-Aldrich Cat#GS500
Colcemid Thermo Fisher Scientific Cat#15210040
Heparin Calbiochem Cat#375095
PerfectHyb Plus hybridization buffer Sigma-Aldrich Cat#H7033
Red blood cell lysis buffer Sigma-Aldrich Cat#R7757
LPS Sigma-Aldrich Cat#L7770

IL4 R&D Systems Cat#404-ML-050
NP-BSA Biosearch Technologies Cat#5050H
NP-CGG Biosearch Technologies Cat#5055C
Imject Alum adjuvant Thermo Fisher Scientific Cat#77161
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PI/RNase Staining Solution Thermo Fisher Scientific Cat#F10797
DAPI Thermo Fisher Scientific Cat#D1306
SYBR Gold Thermo Fisher Scientific Cat#S11494
Streptavidin PE Conjugate Thermo Fisher Scientific Cat#12-4317-87
Phosphatase substrate Sigma-Aldrich Cat#P4744
Critical commercial assays

Telomere PNA FISH Kit/Cy3 Agilent Cat#K532611-8
QuikChange Site-Directed Mutagenesis Kit Agilent Cat#200518
Duo-link in situ PLA Kit Sigma-Aldrich Cat#DU092101
Biotin Chromogenic Detection Kit Thermo Fisher Scientific Cat#K0661
ATPase/GTPase Activity Assay Kit Sigma-Aldrich Cat#MAK113
Single-Cell Gel Electrophoresis Assay Kit R&D Systems Cat#4250-050-K
Simple ChIP Enzymatic Chromatin IP Kit Cell Signaling Cat#9004
PerfectStart Green qPCR SuperMix TransGen Biotech Cat#AQ601-01
Mouse Immunoglobulin Isotyping Kit BioLegend Cat#740492
EasySep Mouse B Cell Isolation Kit Stemcell Tech Cat#19854

Deposited data

Mendeley dataset This paper https://doi.org/10.17632/9n4g54vcdh.1
Experimental models: Cell lines
Human: HEK293T ATCC Cat#CRL-11268; RRID:CVCL_1926
Human: Phoenix-AMPHO ATCC Cat#CRL-3213; RRID:CVCL_H716
Human: U20S ATCC Cat#HTB-96; RRID:CVCL_0042
Human: HeLa-53BP1 KO Gift from Dr. Junjie Chen N/A
Human: 293A-53BP1 KO Gift from Dr. Junjie Chen N/A
Human: ER-mCherry-Lacl-Fokl-DD U20S Gift from Dr. Roger A. N/A
Greenberg; Tang et al.*
Human: U20S-BRCA1 KO Zhao et al.”’ N/A
Human: U20S-BRCA1/538P1 double KO Zhao et al.*’' N/A
MEF: Trf2™=; CreER™ ATCC Cat#CRL-3317; RRID:CVCL_UE13
MEF: Trf2~ Sifn5~/~; CreER™ This paper N/A
MEF: Sifn5*/* This paper N/A
MEF: Sifn5~/~ This paper N/A
Experimental models: Organisms/strains
Mouse: Slfn5*/+. C57BL/6J This paper N/A
Mouse: Slfn5~. C57BL/6J This paper N/A
Oligonucleotides
Primer for genotyping Sifn5 allele: Forward#1, This paper N/A
5'- TTTACAGATGACCCGAGAGACTTT-3';
Primer for genotyping Sifn5 allele: Forward#2, This paper N/A
5-CTATGATTTCAGGGTGAGTCCAG-3
Primer for genotyping SIfn5 allele: Reverse, This paper N/A
5'-AGTTTCAGAGAAGCCGAGCGTGG-3
Telomeric probe: Biotin-100 bp This paper N/A
of repeated TTAGGG
B1 probe: Biotin-TAATCCCAG This paper N/A
CACTTGGGAGGC
Primer for U20S-DSB-reporter locus qPCR: Tang et al.*? N/A

P1: Forward, 5'-GGAAGATGT
CCCTTGTATCACCAT-3

(Continued on next page)
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Primer for U20S-DSB-reporter locus gPCR: Tang et al.* N/A

P1: Reverse, 5-TGGTTGTCAACA

GAGTAGAAAGTGAA-3

Primer for U20S-DSB-reporter locus qPCR: Tang et al.*? N/A

P3: Forward, 5-GGCATTTC

AGTCAGTTGCTCAA-3'

Primer for U20S-DSB-reporter locus gPCR: P3: Tang et al.* N/A

Reverse, 5'-TTGGCCGATT

CATTAATGCA-3'

Primer for S region: Forward, Zan et al.?®® N/A

5-GCTAAACTGAGGTGATT

ACTCTGAGGTAAG-3'

Primer for Su region: Reverse, Zan et al.?®° N/A

5-GTTTAGCTTAGCGGCC

CAGCTCATTCCAGT-3'

Primer for Sy1 region: Forward, Zan et al.?° N/A

5'-ATAAGTAGTAGTTGGGGATTC-3'

Primer for Sy7 region: Reverse, Zan et al.?° N/A

5'- CTCAGCCTGGTACCTTATACA-3’

Primer for Sy3 region: Forward, Zan et al.®° N/A

5'- AATCTACAGAGAGCCAGGTGG-3'

Primer for Sy3 region: Reverse, Zan et al.®° N/A

5-TGGTTTTCCATGTTCCCACTT-3'

Recombinant DNA

pLVX3-FLAG-SLFN5 This paper N/A

pLVX3-FLAG-SLFN5 (E191A/E196A) This paper N/A

pLVX3-FLAG-SLFN5 (K584M) This paper N/A

pLVX3-FLAG-SLFN5 (D649A) This paper N/A

PGEX-4T-2-SLFN5 This paper N/A

PGEX-4T-2-SLFN5 (D649A) This paper N/A

pMX-53BP1-DB-FLAG Gift from Dr. Titia de Lange; N/A
Lottersberger et al."®

pMX-53BP1-DB-A28-FLAG Gift from Dr. Titia de Lange; N/A
Lottersberger et al.’®

pMX-53BP1-DB-APTIP-FLAG Gift from Dr. Titia de Lange; N/A
Lottersberger et al.'”

pMX-53BP1-DB-AMob-FLAG Gift from Dr. Titia de Lange; N/A
Lottersberger et al."®

pMX-53BP1-DB-APro-FLAG Gift from Dr. Michela Di Virgilio; N/A
Sundaravinayagam et al.*

pMX-53BP1-DB-ARIF1-FLAG Gift from Dr. Michela Di Virgilio; N/A
Sundaravinayagam et al.*”

pMX-53BP1-DB-ACore-FLAG Gift from Dr. Michela Di Virgilio; N/A
Sundaravinayagam et al.*®

pMX-53BP1-DB-AMob/ACore-FLAG This paper N/A

HA-53BP1 Gift from Dr. Junjie Chen N/A

HA-53BP1-A(1-1051) Gift from Dr. Junjie Chen N/A

HA-53BP1-A(1052-1302) Gift from Dr. Junjie Chen N/A

HA-53BP1-ATudor Gift from Dr. Junjie Chen N/A

HA-53BP1-ABRCT Gift from Dr. Junjie Chen N/A

pLVX2-HA-53BP1 This paper N/A

pLVX2-HA-53BP1-ATudor/ABRCT This paper N/A

FLAG-RIF1 Gift from Dr. Dongyi Xu N/A
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SFB-REV7 Gift from Dr. Jun Huang N/A

SFB-SHLD3 Gift from Dr. Jun Huang N/A
pLVX3-FLAG-SUN2 This paper N/A
pLVX3-FLAG-SUN2-A(1-150) This paper N/A

mCherry-BP1-2 pLPC-Puro Addgene Cat#19835

shRNA#1 targeting SLFN5 Sigma-Aldrich Cat#TRCNO0000154288
shRNA#2 targeting SLFN5 Sigma-Aldrich Cat#TRCN0000157669
shRNA#1 targeting 53BP1 Sigma-Aldrich Cat#TRCN0000218999
shRNA#2 targeting 53BP1 Sigma-Aldrich Cat#TRCN0000018865
shRNA#1 targeting RIF1 Sigma-Aldrich Cat#TRCN0000155022
shRNA#2 targeting RIF1 Sigma-Aldrich Cat#TRCN0000220017
shRNA#1 targeting REV7 Sigma-Aldrich Cat#TRCNO0000006573
shRNA#2 targeting REV7 Sigma-Aldrich Cat#TRCN0000006570
shRNA targeting SUNT Sigma-Aldrich Cat#TRCN0000134596
shRNA targeting SUN2 Sigma-Aldrich Cat#TRCN0000141514
shRNA#1 targeting Brcat Addgene Cat#44594

shRNA#2 targeting Brcat Addgene Cat#44595

sgRNA targeting 53bp1 Santa Cruz Cat#sc-424212-KO-2
pLent-U6-CMV-copGFP-P2A-puro-shRNA WZ Biosciences; Xu et al.®’ N/A

targeting 53bp 1

(sense: GCTATTGTGGAGATTGTGTTT)

lentiCRISPRv2-sgRNA targeting Sifn5 Genscript N/A

(sense: TTGCCAAAGCGCCCGATTCC)

Software and algorithms

ZEN Blue Zeiss https://www.zeiss.com/microscopy/en/
products/software/zeiss-zen-lite

Fiji Open source https://imagej.net/software/fiji/

Prism 9 GraphPad https://www.graphpad.com/

FlowJo 10.1 FlowJo LLC https://www.flowjo.com/

Matlab R2019b (9.7.0) MathWorks https://uk.mathworks.com

Python 3.0 Python https://www.python.org/

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Zhenkun
Lou (Lou.Zhenkun@mayo.edu).

Materials availability
Plasmids and cell lines generated in this study will be available upon request from the lead contact.

Data and code availability
o Original imaging data (including microscopy, gels, and western blots) have been deposited to Mendeley Data (https://doi.org/
10.17632/9n4g54vcdh.1).
® This paper does not report original code.
@ Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
SIfn5 knockout mice

SIfn5 knockout (KO) mice (C57BL/6J strain) were generated at Cyagen Biosciences. Briefly, SIfn5 KO mice were gener-
ated using the CRISPR-Cas9 systems. The guide RNA1 (sense: TCCTTCTTGTTCTAGTCTAATGG) and guide RNA2
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(antisense: TTTCAGCAACGGCCTTCGAAAGG) were used to target the region between exon 3 and exon 6 of SIfn5. The size of effec-
tive KO region is 6331 base pair (bp). The guide RNAs were synthesized and co-injected with Cas9 mRNA into fertilized eggs from
C57BL/6J females (3-4-week-old). Surviving embryos were transferred into the oviducts of pseudo-pregnant females (8-10-week-
old). Genotyping was performed by PCR analyses of tail DNA using three primers: forward1 (TTTACAGATGACCCGAGAGACTTT),
forward2 (CTATGATTTCAGGGTGAGTCCAGQG), reverse (AGTTTCAGAGAAGCCGAGCGTGG). The PCR products are 516 bp for the
wild-type allele and 584 bp for the KO allele. All the pups were screened by genotyping with primers flanking the targeting sites fol-
lowed by sequencing of the PCR products. Both male and female mice were used in this study. All the animal procedures were
approved by Mayo Clinic/Tongji University Institutional Animal Care and Use Committee.

Cell lines
Cell lines used in this study are listed in the key resources table.

Primary Sifn5** and Sifn5~'~ MEFs were isolated from E13.5 embryos produced by crossing heterozygous Sifn5 mice and immor-
talized by serial passaging. The Trf2™~ Sifn5~/~; CreER™ MEF cell line was generated from Trf2~; CreER™ MEF using lenti-
CRISPRv2-sgSIfn5, followed by single clone isolation. HEK293T, HelLa and MEFs were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) medium with 10% fetal bovine serum (FBS). U20S was cultured in McCoy’s 5A with 10% FBS. To induce the
Trf2 knockout allele in Trf2™~; CreER™ and Trf2"~ Sifn5~'~; CreER™ MEFs, cells were treated with 1 pM (2)-4-Hydroxytamoxifen
(4-OHT) dissolved in methanol (MeOH) for 2-4 d."* To induce site-specific DSBs by Fokl in ER-mCherry-Lacl-Fokl-DD U20S, cells
were treated with 1 pM Shield-1 and 1 pM 4-OHT for 4 h.*

METHOD DETAILS

Plasmids, transfection, and lentiviral infection

SLFN5 was cloned into pLVX3-CMV-puro (3xFlag at N terminus) and pGEX-4T-2 vectors. SLFN5 E191A/E196A (2EA), SLFN5
K584M, and SLFN5 D649A mutants were generated using a QuikChange site-directed mutagenesis kit (Agilent). HA-53BP1, HA-
53BP1-A(1-1051), HA-53BP1-A(1052-1302), HA-53BP1-ATudor and HA-53BP1-ABRCT plasmids were provided by Dr. Junjie
Chen. 53BP1-DB-Flag, 53BP1-DB-A28-Flag, 53BP1-DB-APTIP-Flag and 53BP1-DB-AMob-Flag plasmids were gifts of Dr. Titia
de Lange. 53BP1-DB-APro-Flag, 53BP1-DB-ARIF1-Flag and 53BP1-DB-ACore-Flag plasmids were gifts from Dr. Michela Di Virgilio.
The Flag-RIF1 plasmid was a gift of Dr. Dongyi Xu. SFB-REV7 and SFB-SHLD3 were gifts from Dr. Jun Huang. SUN2 and SUN2-
A(1-150) mutant were cloned into pLVX3-CMV-puro. The HA-53BP1 plasmid was subcloned into pLVX2-CMV-puro with a HA
cassette. The 53BP1-ATudor/ABRCT mutant was generated by PCR based on HA-53BP1-ATudor backbone and cloned into
pLVX2-CMV-puro with a HA cassette. The 53BP1-DB-AMob/ACore mutant was generated by site-directed mutagenesis from
53BP1-DB-AMob-Flag using QuikChange (Agilent). The mCherry-BP1-2 pLPC-Puro plasmid was obtained from Addgene (Plasmid
#19835).

SLFN5 shRNA (NM_144975), 53BP1 shRNA (NM_005657), RIF1 shRNA (NM_018151), REV7 shRNA (NM_006341), SUNT shRNA
(XM_379766) and SUN2 shRNA (NM_015374) were purchased from Sigma-Aldrich. The shRNAs targeting mouse Brcal were ob-
tained from Addgene (Plasmids #44594, #44595). The shRNA targeting mouse 53bp1 (sense: GCTATTGTGGAGATTGTGTTT)®'
was clone by WZ Biosciences into pLent-U6-shRNA-CMV-copGFP-P2A-puro. The mouse Sifn5 guide RNA (sense:
TTGCCAAAGCGCCCGATTCC) cloned in lentiCRISPRv2 vector was generated at Genscript. The mouse 53bp7 CRISPR/Cas9 KO
Plasmid was obtained from Santa Cruz. Cells were transfected with TransIT-X2 (Mirus) according to the manufacturer’s instructions.
Lentiviruses and retroviruses were packaged in HEK293T and Phoenix-AMPHO cells, respectively. Viral infection of cells was per-
formed as described previously.®?

Immunofluorescence

Cells were grown on coverslips 24 h before experiments and treated with 2 Gy irradiation followed by recovery for the indicated times.
Cells were rinsed in ice-cold PBS and stained dependent on the foci. For yH2AX, 53BP1, BRCA1 and RAD51 staining, cells were pre-
extracted using ice-cold 0.25% Triton-X in PBS for 1 min and fixed with 4% paraformaldehyde (PFA) for 10 min at RT. For RPA2
staining, incubation at —20 °C in methanol for 15 min was used as a fixative. Primary and secondary antibodies were diluted in
Tris-buffered saline with 0.1% Tween-20 (TBST) containing 1% BSA. Cells were incubated with primary antibody at RT for 1h and
subsequently incubated with secondary antibody at RT for 30 min. Nuclei were stained with DAPI. The coverslips were mounted
onto glass slides with an anti-fade solution and visualized using an ImageXpress Micro Confocal system (Molecular Devices).

For super-resolution immunofluorescence, cells were grown on coverslips, treated with irradiation (2 Gy, 1 h), rinsed in PBS, pre-
extracted using ice-cold 0.25% Triton-X in PBS for 1 min and fixed with 4% PFA for 10 min at RT. Cells were then incubated with
primary antibody and subsequently incubated with the corresponding secondary antibody. The coverslips were mounted onto glass
slides with an anti-fade solution and visualized using a Zeiss LSM 980 Airyscan2 super-resolution microscope.

Super-resolution imaging

Super-resolution imaging was carried out on a Zeiss LSM 980 AxioObserver.Z1/7 microscope fitted with an Airyscan2 detector using
a Plan-Apochromat 63 x/1.40 Oil DIC M27 objective using the Zeiss algorithm (ZEN Blue). Cells were imaged using 0.8% excitation
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power of 488 nm laser, 1% excitation power of 561 nm laser, and 1% excitation power of 639 nm laser, with 1.7 x scan zoom for all
laser conditions combined with appropriate filter sets. Z-stacks of 50-70 xy planes at an interval of 0.125 um were captured with
frame scanning, SR mode and bidirectional scanning. Super-resolution images were generated using the Airyscan processing
with ZEN Blue.

Live-cell imaging

The indicated cells were seeded on 35-mm glass-bottom microwell dishes (MatTek). Before imaging, cells were changed into DMEM
without phenol red medium (Thermo Fisher) containing 10% FBS and subjected to irradiation (2 Gy, 10 min). Images were acquired on
a Zeiss LSM 980 microscope equipped with a Plan-Apochromat 63 x/1.40 Oil DIC M27 objective using a heated, humidified chamber
with 5% CO, atmosphere. Focus movements were examined by collecting z-stacks at 0.5 um intervals with frame scanning, multi-
plex (MPLX) mode and bidirectional scanning, throughout the entire nucleus every 30 s for 10 min.

Proximity ligation assay (PLA)

Cells were rinsed in ice-cold PBS, fixed with 4% PFA for 10 min on ice, permeabilized with 0.25% Triton-X for 5 min on ice. PLA was
performed by a Duo-link in situ PLA kit (Sigma) according to the manufacturer’s protocol. Briefly, samples were blocked in blocking
solution at 37 °C for 1 h and incubated with the mixture of primary antibodies (1:1000) at 4 °C overnight. Then probes were incubated
at 37 °C for 1 h, followed by hybridization, ligation, amplification, and detection. Nuclei were stained with DAPI. Coverslips were
mounted onto glass slides with an anti-fade solution and visualized using an ImageXpress Micro Confocal system (Molecular
Devices).

Neutral comet assay

Comet assay was performed using a Single-Cell Gel Electrophoresis Assay Kit (R&D Systems) according to the manufacturer’s in-
struction. Briefly, the indicated cells were left untreated or irradiated (5 Gy) and recovered for indicated times at 37 °C. 2 x 10° cells
were combined with 1% low melting agarose at 37 °C at the ratio of 1:10 (v/v) and pipetted onto slides. Slides were immersed in the
lysis buffer at 4 °C overnight, subjected to electrophoresis at 31 V for 45 min and stained with SYBR Gold (Invitrogen, 1: 20000) for
20 min. Images were captured on a Nikon Eclipse 80i fluorescence microscope. Comet tail data were analyzed using the
OpenComent plugin®® for Fiji/imageJ.

Chromatin immunoprecipitation (ChIP)

ChIP was performed by a Simple ChIP Enzymatic Chromatin IP Kit (Cell Signaling) according to the manufacturer’s instruction. In
brief, the indicated cells were crosslinked with formaldehyde and neutralized with glycine. The cross-linked nuclear lysates were di-
gested with micrococcal nuclease and then sonicated to yield genomic DNA fragments of approximately 150-900 bp. Digested chro-
matins were immunoprecipitated with the indicated primary antibody at 4 °C overnight. The immunocomplexes were pulled down
using magnetic beads, reverse crosslinked at 65 °C for 30 min and digested with proteinase K overnight. DNA samples were purified
using Miniprep columns. gPCR was performed with ABI PRISM 7500 using PerfectStart Green gPCR SuperMix (TransGen Biotech).
Primers for ChIP-gPCR were as follows: P1 (forward: GGAAGATGTCCCTTGTATCACCAT, reverse: TGGTTGTCAACAGAGTAG
AAAGTGAA), P3 (forward: GGCATTTCAGTCAGTTGCTCAA, reverse: TTGGCCGATTCATTAATGCA), Su (forward: GCTAAACTGA
GGTGATTACTCTGAGGTAAG, reverse: GTTTAGCTTAGCGGCCCAGCTCATTCCAGT), Sy1 (forward: ATAAGTAGTAGTTGGGGA
TTC, reverse, CTCAGCCTGGTACCTTATACA) and Sy3 (forward: AATCTACAGAGAGCCAGGTGG, reverse: TGGTTTTCCATGTT
CCCACTT).

Immunoprecipitation and western blot

Cells were lysed with NETN buffer (20 mM Tris-HCI, pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40) supplemented with
50 mM B-glycerophosphate, 10 mM NaF and 1 mg mL™" each of pepstatin A and aprotinin. Whole-cell lysates were centrifuged at
12,000 rpm for 10 min. The supernatants were incubated with Anti-Flag M2 Affinity Gel (Sigma) or Anti-HA Affinity Gel (Sigma) for
2 h or at 4 °C overnight. The immunocomplexes were washed with NETN buffer and separated by SDS-PAGE. Western blotting
was done using standard procedures.

Fast protein liquid chromatography (FPLC)

The indicated HEK-293T cells were left untreated or treated with irradiation (5 Gy, 1 h). Cells were harvested and subjected to immu-
noprecipitation. The supernatants were incubated with Anti-Flag M2 Affinity Gel (Sigma) and eluted with 3 x Flag peptide (Sigma). The
immunocomplexes were run on an AKTA Purifier with a Superdex 200 gel filtration column (GE Healthcare) to separate the different
oligomeric fractions. Gel Filtration Standard (Bio-Rad) was loaded first to indicate the protein size. Collected fractionations were sub-
jected to western blotting.

Recombinant protein expression

The recombinant GST-SLFN5 and SLFN5 D649A were induced in BL21 cells with 0.2 mM isopropy! B-D-1-thiogalactopyranoside
(IPTG) at 18.5 °C for 20 h. Cells were then lysed using lysis buffer (20 mM Tris-HCI, pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5% Nonidet
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P-40, 1% Triton-X) supplemented with Protease Inhibitor Cocktail (Roche). Proteins were purified by binding to glutathione agarose
beads (Millipore) for 30 min at 4 °C. Beads were washed with lysis buffer twice and bound proteins were subsequently eluted using
elution buffer (100 mM Tris-HCI, pH 8.0, 150 mM NaCl, 20 mM reduced glutathione). Samples were dialyzed against buffer containing
50 mM Tris-HCI, pH 7.5, 100 mM NaCl, 10% glycerol before storage at —80 °C.

ATPase assay

ATPase assays were performed using an ATPase Activity Assay Kit (Sigma) according to the manufacturer’s instruction. In brief, equi-
molar amounts (300 nM) of protein were incubated in 1x assay buffer with 1 mM ATP in a final volume of 40 pL at RT for the indicated
times. The reaction was terminated by the addition of 200 uL Malachite green solution and incubated for an additional 30 min. The
optical density at 620 nm was detected using an Epoch2 microplate reader (BioTek). The concentration of free phosphate (Pi) was
calculated from the phosphate standard curve and plotted.

Clonogenic and cell viability assays

For colony formation, 800-1000 cells were plated in triplicate in each well of 6 well plates. 16 h later, cells were treated with olaparib
(LC labs) and left for 10-14 d at 37 °C to allow colony formation. Colonies were stained with Giemsa solution (Sigma) and counted.
Data were normalized to plating efficiencies.

For the cell viability assay, 2000 cells were plated in triplicate in each well of 96 well plates overnight. Cells were treated with ola-
parib (LC labs) or cisplatin (MedChemExpress) and left at 37 °C for 72 h. Cells were subsequently incubated with CCK-8 solution
(MesGen Biotech) at 37 °C for 2 h. The optical density at 450 nm was detected using a SpectraMax M5 microplate reader (Molecular
Devices).

Cell cycle analysis

The indicated cells were harvested and fixed in 70% ice-cold ethanol overnight. Fixed cells were washed with PBS and resuspended
in PI/RNase solution (Thermo Fisher) at RT for 30 min. Samples were analyzed on CytoFLEX flow cytometry (Beckman) and
processed using ModFit LT.

HR and NHEJ reporter assays

To quantify the repair of I-Scel-generated DSBs by HR, the indicated HEK293T cells were transfected with DR-GFP, pCBA-I-Secl
and pCherry. The HR efficiency was determined 48 h later, and GFP-positive cells were quantified by an Attune NxT flow cytometry
(Thermo Fisher). To quantify the repair of I-Secl-generated DSBs by NHEJ, cells were transfected with EJ5-GFP, pCBA-I-Secl and
pCherry. The NHEJ efficiency was determined and quantified as described above.

Metaphase spreads

MEFs were incubated with 20 ng mL™" colcemid (Thermo Fisher) at 37 °C for 2 h. Cells were harvested and swollen in prewarmed
75 mM KCI at 37 °C for 25 min. After centrifugation, cells were fixed with Carnoy’s buffer (methanol: acetic acid in 3:1 ratio) at RT
for 10 min. Fixed cells were centrifuged and then resuspended in Carnoy’s buffer twice. The final supernatant was dropped onto
slides and air-dried. Slides were stained with Giemsa solution (Sigma).

Telomere fusion assay

The indicated Trf2"~; CreER™ MEFs were treated with 1 M 4-OHT for 48 or 96 h. Cells were collected and subjected to metaphase
spread. Then the telomeric fluorescence in situ hybridization (FISH) was performed using a Telomere PNA FISH Kit (Agilent) following
the manufacturer’s instruction. DNA was stained with DAPI. Images were acquired using a Zeiss LSM780 laser-scanning confocal
microscope.

Telomeric ChIP

Telomeric ChIP was performed as described previously with slight modification.®*° Briefly, the indicated Trf2™~; CreER™ MEFs
were treated with MeOH or 4-OHT for 70 h. Cells were collected and subjected to ChIP. The purified DNA was denatured in 2x
SSC (Sigma) at 100 °C for 10 min and blotted on Biodyne B Nylon Membrane (Thermo Fisher) using a slot blot manifold (Hoefer).
Membranes were incubated at 42 °C overnight in PerfectHyb Plus hybridization buffer (Sigma) containing denatured biotin-labeled
telomeric, 100 bp of repeated TTAGGG probes or denatured biotin-labeled murine B1 probe (the Alu-equivalent in human,
TAATCCCAGCACTTGGGAGGC). The ChIP signals were measured using a Biotin Chromogenic Detection Kit (Thermo Fisher) ac-
cording to the manufacturer’s protocol. The signal intensity was normalized to the signals of input DNA on the same blot.

Micronucleus assay

The micronucleus assay was performed as described previously.® Briefly, mouse blood (10-12-week-old) was mixed with 100 pL
PBS containing 1000 U mL™ of heparin (Calbiochem). Blood suspension was added to 1 mL of ice-cold methanol and stored at
—80 °C overnight until further processing. Fixed blood cells were washed with bicarbonate buffer (0.9% NaCl, 5.3 mM NaHCO3).
Cells were suspended in 100 pL of bicarbonate buffer with 1 uL of APC-conjugated CD71 antibodies at 4 °C for 45 min. After
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centrifugation, pellets were washed with bicarbonate buffer and resuspended in 5 pg mL~" PI/RNase Staining Solution. Samples
were analyzed on a CytoFLEX flow cytometry (Beckman) and processed using FlowdJo.

Flow cytometric analyses of lymphocyte

Single-cell suspensions of lymphocyte were prepared from SIfn5~'~ mice or wild-type littermates (10-12-week-old) and analyzed by
flow cytometry. Briefly, mouse spleen, bone marrow, and thymus were disrupted in PBS and the aggregates and debris were
removed using a 70 um mesh nylon strainer. The suspension was centrifuged, resuspended in red blood cell lysis buffer at RT for
10 min, and washed twice with PBS. The final cell suspension was stained with the indicated antibodies at 4 °C for 45 min. Data
were collected on a CytoFLEX flow cytometry (Beckman) and analyzed with FlowJo.

/—

Flow cytometric analyses of serum immunoglobulin

Mouse serum immunoglobulins were examined using a Mouse Immunoglobulin Isotyping Kit (BioLegend) according to the manufac-
turer’s instructions. Briefly, mouse blood samples (10-12-week-old, both male and female) were clotted at least 30 min and centri-
fuge at 1000 g. for 10 min. Serum was diluted at 50000-fold with assay buffer. Dilutes serum was incubated with 25 L Ig capture
beads at RT for 2 h and then added 25 plL detection antibodies for 1 h. Samples were then added 25 pl SA-PE and incubated in
dark at RT for 30 min. Finally, the beads were washed three times with wash buffer and then analyzed on a CytoFLEX flow cytometry
(Beckman) and processed using LEGENDplex data analysis software (BioLegend).

In vitro class switch recombination assay

Mouse splenic B cells were purified from Sifn5~/~ mice (10-12-week-old) and age- and sex-matched littermate controls using an
EasySep Mouse B Cell Isolation Kit (Stemcell Tech) according to the manufacturer’s instructions. Purified B cells were cultured in
RPMI 1640 supplemented with 10% FBS and 50 uM B-mercaptoethanol. 2 x 10° cells were stimulated with 10 pg mL~" LPS (Sigma)
or10 ugmL~" LPS plus 10 ng mL~" mouse recombinant IL-4 (R&D systems) for 96 h. Stimulated B cells were analyzed on a CytoFLEX
flow cytometry (Beckman) and processed using FlowJo.

Immunizations

Slfn5~'~ mice and wild-type littermates were immunized intraperitoneally with 200 ug of NP-CGG (Biosearch Technologies) in an
emulsion with Imject Alum adjuvant (Thermo Fisher). Mouse blood samples were collected from the tail vein at 0, 7, 14, 21 and
28 days after immunization.

Enzyme-linked immunosorbent assay (ELISA)

ELISA was used to quantify the production of NP-specific antibodies in mice serum and performed as described previously.'® Briefly,
polycarbonate 96 well plates (Nunc Maxisorp) were coated with 1 ug mL™' NP-BSA (Biosearch Technologies) in bicarbonate buffer at
4 °C overnight, blocked with 5% milk in PBS at 37 °C for 1h and incubated with serial dilutions of serum collected at the indicated
times from immunized mice. Plates were then probed with alkaline phosphatase-coupled antibodies against mouse IgM or IgG1
(Southern Biotech). phosphatase substrate (Sigma) was used for detection and the optical density was measured at 405 nm. For
IgG1, pooled blood from post-immunization wild-type littermates was used as a standard and serially diluted into a standard curve.
The first dilution was established as 1000 arbitrary units. For IgM, pooled blood from day 7 was used as a standard.

Analysis of 53BP1-MD topological textures

53BP1-MD texture analysis followed the approach recently described.® Imaging data were Airyscan processed in the ZEN Blue soft-
ware and imported into Fiji/lmaged to generate a TIF Image Sequence format. The QUANTEX software was used to quantify the
morphology, texture, and geometry features of 53BP1-MD objects following the software user manual. For segmentation of cell
nuclei, z-stacks were clipped to the minimum number of slices, smoothened by Gaussian filter bullring, and then underwent auto-
mated weighted nuclear Otsu-based segmentation. Then, the segmentation of 53BP1-MDs was conducted using the following pa-
rameters: nuclear background subtraction (Rolling ball, size 3), automated Otsu segmentation (Threshold scale factor 1.0),
morphology filtering-1 (Min object size 10). The parameter output of object features was exported as.xlsm document. The mean
breadth of QUANTEX feature was used to analyze the geometrical change of 53BP1-MD.

Analysis of damaged chromatin mobility

Damaged chromatin mobility was visualized using mCherry-BP1-2 and analyzed as described previously.”® Imaging data were
Airyscan processed and a maximume-intensity projection of each z-stack was generated using the ZEN Blue software. Images
were imported to Fiji/lmageJ and converted to 32-bit tiffs. T-stacks were registered using the StackReg plugin®” to normalize cell
movements. Cells that underwent large-scale deformations or expansions were discarded. Individual focus particle was tracked
using the TrackMate plugin®® for Fiji/imageJ. ImageJ output data were converted to meters by the formula, 1 pixel = 0.049 um, based
on the characteristics of the objective. All foci in a cell that were continuously tracked at least 19 out of 20 frames were analyzed.
Focus trajectories were subsequently transferred into MATLAB (MathWorks) and analyzed using the class @msdanalyzer.®® The
MSD of DNA damage foci plots the average squared distance travelled by foci at increasing time intervals, whereas the diffusion
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coefficient D(t) is approximated through the linear weighted fit of the initial mean MSD curve.®® The MSD values were calculated using
the formula, MSD = (x(t+ At) — x(t))?, where x reflects focus position and t is the time in minutes. The error bars for each data point
represent the weighted SD over all MSD curves. The diffusion coefficient D(t) was calculated from the linear fit of the first 25% of each
MSD curve. The anomalous diffusion coefficient « was derived using MATLAB through log-log fitting of the power law,

MSD = T't?. The cumulative distance traveled in 10 min by each of the foci was calculated using Python by the formula, D(i) =

\/(X(i) —X(i —1))2+(Y(i) = Y(i — 1))?, where X and Y refer to the x and y coordinates of the focus at time i.

WGl signature analysis

Segmented copy number data and SLFN (SLFN5, SLFN11, SLFN12, SLFN13 and SLFN14) RNA expression data as log transformed
TPM in TCGA triple-negative breast cancer cohort (n=225 samples) were downloaded from UCSC xenabrowser.”® The chromatin
instability signature WGII for all samples was recalculated on the basis of Andrea et al.”' Samples were subgrouped based on the
SLFN levels. SLFN deficiency was defined the lowest 20% expression or at least heterozygous deletion. Statistical significance
was tested by two-tailed Mann-Whitney U tests.

HRD score analysis

TCGA breast cancer cohort HRD scores and the three subscores (LOH, LST and TAI) were published previously and were down-
loaded from Genomic Data Commons (GDC).”%"® Expression data as log-transformed transcripts per million (TPM) were down-
loaded from UCSC xenabrowser.”® The analysis was performed on triple-negative breast cancer (=200 samples) as defined by
immunohistochemical stain of ER, PR and HER2 proteins. Samples were subgrouped based on BRCA71 and SLFN5 levels.
BRCAT1 and SLFN5 deficiency was defined the lowest 20% expression or at least heterozygous deletion. Statistical significance
was tested by two-tailed Mann-Whitney U tests.

QUANTIFICATION AND STATISTICAL ANALYSIS
All experiments were repeated at least 3 independent times otherwise stated in the figure legends. The replicate number, mean, and

error bars are explained in the figure legends. The statistical tests we used and resulting p values are indicated in the figure panels
and/or figure legends. Statistical analyses were performed using GraphPad Prism software.
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