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Post-translational modification of proteins by small ubiquitin-like modifier (SUMO) is known to be
involved in a variety of cellular events. This modification, called SUMOylation, is carried out by the E1
activating enzyme, the E2 conjugating enzyme, and multiple E3 ligases. Previous studies have demon-
strated that the SUMO E3 ligases, protein inhibitors of activated STAT 1 (PIAS1) and 4 (PIAS4), and the
SUMO-targeted ubiquitin ligase, RING finger protein 4 (RNF4), play important roles in the repair of DNA
double-strand breaks (DSBs). However, the mechanism by which these SUMO-related enzymes promote
DSB repair is still poorly understood. In the present study, we focused on homologous recombination
(HR), the most accurate DSB repair pathway, and aimed to elucidate the mechanism by which PIAS],
PIAS4, and RNF4 promote HR. In y-ray-irradiated normal human fibroblasts, DSB end resection and
RADS51 loading, the two essential steps of HR, were significantly impaired by small interfering RNA
(siRNA)-mediated depletion of PIAS1, PIAS4, or RNF4. The recruitment of BRCA1, a major HR factor, to DSB
sites was reduced in cells depleted of these SUMO-related enzymes. Consistent with the role of BRCA1 in
counteracting the p53-binding protein 1 (53BP1)-mediated resection blockade, 53BP1 depletion rescued
the reduced resection and RAD51 loading in the cells depleted of PIAS1, PIAS4, or RNF4. Moreover, Rap1-
interacting factor 1 (RIF1), a resection inhibitor downstream of 53BP1, became more abundant at DSBs
when PIAS1, PIAS4, RNF4, or BRCA1 was depleted. Importantly, the concomitant depletion of BRCA1 with
either one of the SUMO-related enzymes did not further increase RIF1 at DSBs, when compared to single
depletion of BRCA1. Collectively, these results suggest that PIAS1, PIAS4, RNF4, and BRCA1 work epis-
tatically to counteract 53BP1/RIF1-mediated resection blockade, thereby promoting resection.

© 2021 Elsevier Inc. All rights reserved.
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1. Introduction

Genome integrity is constantly challenged by exogenous and
endogenous factors, such as ionizing radiation, reactive oxygen
species, and transcription [1—3]. Cells have evolved finely tuned
mechanisms to repair DNA damage. DNA double-strand breaks
(DSBs) are one of the most cytotoxic types of DNA damage. Failure
or error in DSB repair can lead to cell death and chromosome
rearrangement [4,5]. Thus, accurate repair of DSBs must be ensured
to maintain genome integrity. Higher eukaryotes have two major
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pathways to repair DSBs: non-homologous end joining (NHE]) and
homologous recombination (HR) [6,7]. In NHEJ, DSB ends are first
detected and bound by the Ku70/80 heterodimer [6,7]. Then, the Ku
heterodimer recruits other NHE] factors, such as DNA-PKcs, XRCC4,
XLF, PAXX, and LIG4, and LIG4 ligates two DSB ends [6,7]. NHE] can
operate in any cell cycle phase [6,7]. In HR, DSB ends first undergo
5'—3' resection, which is carried out by resection factors, such as
MRE11/RAD50/NBS1/CtIP and EXO1/BLM/DNA2 [6,7]. The resultant
3’-overhanged single-stranded DNA (ssDNA) was coated with the
replication protein A (RPA). Then, RPA on ssDNA was replaced with
RADS51 recombinase. RAD51 helps ssDNA invade the duplex DNA
molecules and search homology, thereby facilitating base-pairing
with complementary sequences [6]. Thereafter, several distinct
pathways can operate; however, in somatic cells, synthesis-
dependent strand annealing is the predominant pathway, where
RAD51-mediated invasion occurs only at one end of the two-ended
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Abbreviations

SUMO small ubiquitin-like modifier

PIAS1 protein inhibitors of activated STAT 1
PIAS4 protein inhibitors of activated STAT 4
RNF4 RING finger protein 4

DSB DNA double-strand break

NHE] non-homologous end-joining

HR homologous recombination

siRNA small interfering RNA

DSBs, with the other end not involved in the invasion [6]. HR
operates mainly in late S and G, phase, when sister chromatids are
available [6,7].

Small ubiquitin-like modifier (SUMO) is a protein of approxi-
mately 100 amino acids, which is used for a post-translational
modification, called SUMOylation [8,9]. Although lower eukary-
otes possess only one SUMO, higher eukaryotes have at least three
SUMO isoforms (SUMO1-3) [9]. SUMOylation is carried out by the
E1 activating enzyme, E2 conjugating enzyme, and E3 ligase [8,9].
While only a single E1 and E2 have been identified so far, there are
multiple E3 ligases that determine the substrate specificity [8,9].
SUMOylation is known to affect several intracellular structures and
events, including the formation of nucleoli and promyelocytic
leukemia (PML) bodies, chromosomal structure, and phase sepa-
ration [9]. Previous studies have demonstrated that SUMOylation is
also involved in DSB repair. SUMO1 and SUMO2/3 are detected in
chromatin containing DSBs [10,11]. The SUMO E3 ligases, protein
inhibitors of activated STAT 1 (PIAS1) and 4 (PIAS4), promote both
NHE] and HR, and enhance cellular resistance to ionizing radia-
tion [10]. Moreover, RING finger protein 4 (RNF4), a SUMO-targeted
ubiquitin ligase, is recruited to DSB sites in a manner dependent on
PIAS1 and PIAS4 [12]. Additionally, RNF4 is involved in both NHE]
and HR [12]. However, the mechanism by which PIAS1, PIAS4, and
RNF4 facilitate DSB repair remains unclear.

In the present study, we focused on HR and aimed to elucidate
the mechanism by which PIAS1, PIAS4, and RNF4 promote HR. We
found that PIAS1, PIAS4, and RNF4 promote DSB end resection and
RAD51 loading, which are the two critical steps of HR. Moreover, we
obtained evidence that these SUMO-related enzymes and BRCA1
work epistatically to counteract the p53-binding protein 1 (53BP1)/
Rap1-interacting factor 1 (RIF1)-mediated resection blockade.

2. Materials and methods
2.1. Cell culture and irradiation

BJ-hTERT cells (normal human foreskin fibroblasts immortalized
with hTERT) were cultured in a-modified minimal essential me-
dium (¢-MEM) supplemented with 10% fetal bovine serum and
10 mM 4-(2-hydroxyethyl)-1-piperazineéthanesulfonic acid
(HEPES). Cells were irradiated with 3’Cs y-ray irradiator at a dose
rate of 1 Gy/min.

2.2. Small interfering RNA (siRNA) transfection

Reverse transfection of siRNA was performed with Lipofect-
amine RNAIMAX (Thermo Fisher Scientific, MA, USA), according to
the manufacturer's protocol, with some modifications. Briefly,
siRNA and Lipofectamine RNAIMAX were diluted in Opti-MEM 1
(Thermo Fisher Scientific, MA, USA) and incubated for 10—20 min at
room temperature (r.t.). During incubation, the cells were
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harvested by trypsinization and suspended in the medium. Then,
the cell suspension (1 x 10° cells/mL) was mixed with diluted
siRNA/Lipofectamine RNAIMAX and plated in a 35 mm dish. The
final concentration of siRNA was 30 nM. siRNA transfection was
performed twice on days 1 and 2. On Day 3 or 4, the cells were
subjected to downstream experiments, such as irradiation and
fixation. The siRNA sequences of PIAS1, PIAS4, and RNF4 are shown
in Table S1.

2.3. Immunofluorescence

For immunofluorescence, the cells were plated onto coverslips
in 35 mm dishes. To label the cells that had undergone DNA syn-
thesis, they were treated with 10 uM 5-ethynyl-2’-deoxyuridine
(EdU), a thymidine analogue, for 30 min before irradiation until
fixation. For the detection of RPA, RAD51, and BRCA1 foci, the cells
were pre-extracted with 0.2% Triton X-100 in phosphate-buffered
saline (PBS) for 1 min followed by fixation with 3% para-
formaldehyde/2% sucrose in PBS for 10 min at room temperature.
For detection of RIF1 foci, the cells were fixed with 3% para-
formaldehyde/2% sucrose in PBS for 10 min at r.t,, followed by
permeabilization with 0.2% Triton X-100 in PBS for 2.5 min. Primary
antibodies were then incubated for 30 min at 37 °C, followed by
incubation with Alexa Fluor 488- or 555-conjugated secondary
antibodies for 30 min at 37 °C. The primary antibodies used for
immunofluorescence are listed in Table S2. All antibodies were
diluted in 2% bovine serum albumin (BSA) in PBS. After the sec-
ondary antibody reaction, samples were treated with the EdU
detection solution (Alexa Fluor 647 azide in 100 mM Tris-HCI,
100 mM t-ascorbic acid, and 4 mM CuSQOy4) for 30 min at r.t. in the
dark. Then, coverslips were mounted onto glass slides with Vec-
taShield containing 4/, 6-diamidino-2-phenylindole (DAPI) (Vector
Laboratories, USA). Foci images were acquired using a confocal laser
microscope (LSM800; Zeiss, Germany) with a 100x objective. Z
stacks were taken at interval of 0.2—0.25 pm and maximal intensity
projection images were obtained using ZEN 2.3 image analysis
software (Zeiss, Germany).

2.4. Foci counting

In this study, we counted the foci of RPA, RAD51, BRCA1, and
RIF1 in G; phase cells using a fluorescence microscope (Olympus,
Japan). Since EdU (+) cells are S phase cells and centromere protein
F (CENPF) (+) cells are S or G, phase cells, EAU (—)/CENPF(+) cells
were regarded as G, phase cells.

2.5. Statistical analyses

Statistical analyses were performed using Prism 7 software
(GraphPad Software, CA, USA). The two-tailed Mann—Whitney U
test and Dunn's multiple comparison test were used to compare
two or more populations, respectively. Statistical significance was
set at P < 0.05.

3. Results
3.1. Roles of PIAS1, PIAS4, and RNF4 in DSB end resection

Previous studies have shown that PIAS1, PIAS4, and RNF4 are
involved in HR, using the endonuclease (I-Sce I)-based reporter
assay [10,12]. However, whether and how these SUMO-related
enzymes promote HR of radiation-induced DSBs remain poorly
understood. One of the essential steps in HR is DSB end resection
[6,7]. Resection results in the formation of sSDNA, which is subse-
quently coated with RPA [6,7]. RPA assembly on ssDNA can be
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visualized as RPA foci by immunofluorescence [13]. Thus, the RPA 3.2. Roles of PIAS1, PIAS4 and RNF4 in RAD51 loading

foci were used as an indicator of resection. Using RPA foci, we

investigated whether PIAS1, PIAS4, and RNF4 promote resection. After resection, RPA bound to ssDNA is replaced by RAD51 [6,7].
Since RPA can form foci in the S phase, even without exogenous RAD51 loading can also be visualized as RAD51 foci by immuno-
DNA damaging stimuli, we analyzed RPA foci in the G, phase. To fluorescence [14]. Thus, the roles of PIAS1, PIAS4, and RNF4 in
identify the G, phase, S phase cells were labeled with EdU, a RAD51 loading were examined using RAD51 foci. PIAS1, PIAS4, or
thymidine analog, and S/G, phase cells were stained with CENPF, an RNF4 were depleted by siRNA, and RAD51 foci in G, phase were
S/G, phase marker [13]. EAU (—)/CENPF(+) cells were regarded as counted. We found that the number of RAD51 foci formed after y-
G; cells, and RPA foci in y-ray-irradiated G cells were counted. We ray irradiation was significantly lower in the cells depleted of PIAS1,
found that siRNA-mediated depletion of PIAS1, PIAS4, or RNF4 PIAS4 or RNF4 than in the mock-depleted cells (Fig. 1E—H,
significantly reduced the RPA foci (Fig. 1A—D, Supplementary Supplementary Figs. S3A—C). The reduction was comparable be-
Figs. SIA—C). The reduction of RPA foci by depletion of PIASI, tween the cells depleted of PIAS1, PIAS4, or RNF4 (Supplementary
PIAS4, or RNF4 was similar and not significantly different between Figs. S4A—B). These results indicate that PIAS1, PIAS4, and RNF4
them (Supplementary Figs. S2A—B). These results suggest that facilitate RAD51 loading on resected DSBs in the G; phase.

PIAST1, PIAS4, and RNF4 promote DSB end resection in the G, phase.
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Fig. 1. Roles of the protein inhibitors of activated STAT 1 (PIAS1) and 4 (PIAS4), and RING finger protein 4 (RNF4) in DNA double-strand break (DSB) end resection and RAD51
loading. (A) Representative images of the replication protein A (RPA) foci in mock-depleted cells (siControl) or cells depleted of PIAS1, PIAS4, or RNF4 (siPIAS1, siPIAS4, and siRNF4).
BJ-hTERT cells were transfected twice with the indicated small interfering RNA (siRNA). Two to three days after the 1st siRNA transfection, the cells were irradiated with 2 Gy and
then fixed 2 h later. Then, these cells were subjected to immunofluorescence of RPA/centromere protein F (CENPF) and 5-ethynyl-2’-deoxyuridine (EdU) detection. The figure shows
RPA foci in CENPF( + )/EdU(—) G, phase cells. Scale bar, 5 um. (B) (C) (D) Numbers of RPA foci in mock-depleted cells (siControl) or the cells depleted of PIAS1 (B), PIAS4 (C), or RNF4
(D). The samples were prepared as described in (A). The graph shows a violin plot of the number of RPA foci in BJ-hTERT cells transfected with siControl (B—D), siPIAS1 (B), siPIAS4
(C), or siRNF4 (D). (E) Representative images of RAD51 foci in mock-depleted cells (siControl) or the cells depleted of PIAS1, PIAS4, or RNF4 (siPIAS1, siPIAS4, and siRNF4). BJ-hTERT
cells were transfected with the indicated siRNA. Two to three days after siRNA transfection, the cells were irradiated with 2 Gy and then fixed 2 h later. Then, these cells were
subjected to immunofluorescence of RAD51/CENPF and EdU detection. The figure shows RAD51 foci in CENPF( + )/EdU(—) G, phase cells. Scale bar, 5 pm. (F) (G) (H) Numbers of
RAD51 foci in mock-depleted cells (siControl) or the cells depleted of PIAS1 (F), PIAS4 (G), or RNF4 (H). The samples were prepared as described in (E). The graph shows a violin plot
of the number of RAD51 foci in BJ-hTERT cells transfected with siControl (F—H), siPIAS1 (F), siPIAS4 (G), or siRNF4 (H). Red solid lines and black dotted lines indicate the medians and
quartiles of the number of foci, respectively. The foci were counted in 50 G cells in one experiment, and two independent experiments were done for each sample (i.e., foci were
counted in a total of 100 cells for each sample). ****P < 0.0001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this
article.)
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3.3. Roles of PIAS1, PIAS4, and RNF4 in the recruitment of BRCA1 to
DSBs

BRCAT1 plays important roles in several steps of HR, including
resection and RAD51 loading [15]. Therefore, we next investigated
whether PIAS1, PIAS4, and RNF4 have some relationship with
BRCA1. Upon DSBs, BRCA1 is recruited to DSB sites, which can be
visualized as BRCA1 foci by immunofluorescence [16]. Thus, we
examined the impact of PIAS1, PIAS4, and RNF4 on the foci for-
mation of BRCA1 after y-ray irradiation. We found that the deple-
tion of PIAS1, PIAS4 or RNF4 significantly reduced the number of
BRCA1 foci in the cells irradiated in the G, phase (Fig. 2A—C,
Supplementary Figs. SSA—C). The reduction of BRCA1 foci by the
depletion of PIAS1, PIAS4, and RNF4 was similar (Supplementary
Figs. S6A—B). Together, these results suggest that PIAS1, PIAS4,
and RNF4 promote BRCA1 recruitment to DSBs.

3.4. PIAS1, PIAS4, and RNF4 counteract 53BP1-mediated resection
blockade

BRCAT1 facilitates resection by counteracting 53BP1-mediated
resection blockade [15]. The finding that PIAS1, PIAS4, and RNF4
promoted BRCA1 foci formation (Fig. 2) led us to hypothesize that
these factors may help BRCA1 antagonize 53BP1. To test this hy-
pothesis, we investigated whether the requirement of PIAS1, PIAS4,
and RNF4 for resection was reduced by 53BP1 depletion. As shown
in Fig. 3A, 53BP1 depletion significantly increased the number of
RPA foci in PIAS1-depleted cells (cf. siPIAS1 and siPIAS1 + si53BP1).
Similarly, under the condition where PIAS4 or RNF4 was depleted,
RPA foci were increased by 53BP1 depletion (Fig. 3B and C; cf.
siPIAS4 and siPIAS4 + si53BP1; siRNF4 and siRNF4 + si53BP1).
These results indicated that the requirement of PIAS1, PIAS4, and
RNF4 for resection was reduced when 53BP1 was depleted. Since

A B

BRCAT1 foci in G2

BRCA1 foci in G2
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increased resection should restore RAD51 loading, we next exam-
ined the effect of 53BP1 depletion on RAD51 foci in the cells
depleted of PIAS1, PIAS4, or RNF4. As shown in Fig. 3D, 53BP1
depletion significantly increased the RAD51 foci number in PIAS1-
depleted cells (cf. siPIAS1 and siPIAS1 + si53BP1). Rescue of RAD51
foci number by 53BP1 depletion was also observed in PIAS4- and
RNF4-depleted cells (Fig. 3E and F; cf. siPIAS4 and siPIAS4 +
si53BP1; siRNF4 and siRNF4 + si53BP1). These results suggest that
53BP1 depletion bypassed the need for the SUMO-related enzymes
for RAD51 loading. Collectively, the results in Fig. 3 indicate that
PIAS1, PIAS4, and RNF4 counteract 53BP1-mediated resection
blockade.

3.5. PIAS1, PIAS4, and RNF4 limit RIF1 recruitment to DSB sites

RIF1 protein functions as a resection inhibitor downstream of
53BP1 [6,7,17]. RIF1 is recruited to DSBs in a manner dependent on
53BP1 phosphorylation [18]. A previous study demonstrated that
BRCA1 promotes dephosphorylation of 53BP1 and limits RIF1 as-
sembly at DSBs, thereby facilitating resection [13]. Since PIAST,
PIAS4, and RNF4 promoted BRCA1 recruitment to DSBs (Fig. 2), we
speculated that these SUMO-related enzymes help BRCA1 control
RIF1 recruitment to DSBs. Therefore, we examined the role of the
SUMO-related enzymes in RIF1 assembly at DSBs. For this purpose,
we examined RIF1 foci, which indicate RIF1 localization at DSB sites
[13,18]. The number of RIF1 foci was quantified at 30 m and 4 h after
1 Gy of y-ray irradiation (Fig. 4). We found that depletion of PIAS1,
PIAS4, RNF4, and BRCA1 similarly increased the number of RIF1
foci, both at 30 m and 4 h after IR (Fig. 4A—F). Moreover, the
concomitant depletion of BRCA1 and either one of the SUMO-
related enzymes did not further increase the number of RIF1 foci,
indicating that BRCA1 and these enzymes work epistatically to limit
RIF1 recruitment to DSBs (Fig. 4A—F).
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Fig. 2. Role of PIAS1, PIAS4, and RNF4 in BRCA1 recruitment to DSBs. (A) (B) (C) Numbers of BRCA1 foci in mock-depleted cells (siControl) or cells depleted of PIAS1 (A), PIAS4 (B), or
RNF4 (C). BJ-hTERT cells were transfected with the indicated siRNA. Two to three days after siRNA transfection, the cells were irradiated with 2 Gy and then fixed 2 h later. Then,
these cells were subjected to immunofluorescence of BRCA1/CENPF and EdU detection. The graph shows the violin plot of the numbers of BRCA1 foci in BJ-hTERT cells transfected
with siControl (A—C), siPIAS1 (A), siPIAS4 (B), or siRNF4 (C). Red solid lines and black dotted lines indicate the medians and quartiles of the numbers of foci, respectively. The foci
were counted in 50 G, cells in one experiment, and two independent experiments were done for each sample (i.e., foci were counted in a total of 100 cells for each sample).
##x4P < 0.0001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. PIAS1, PIAS4, and RNF4 counteract the p53-binding protein 1 (53BP1)-mediated resection blockade. (A) (B) (C) Numbers of RPA foci in mock-depleted cells (siControl), cells
singly depleted of PIAS1 (A), PIAS4 (B), or RNF4 (C), or cells doubly depleted of PIAS1 + 53BP1 (A), PIAS4 + 53BP1 (B), or RNF4 + 53BP1 (C). BJ-hTERT cells were transfected with the
indicated siRNA(s). Two to three days after siRNA transfection, the cells were irradiated with 2 Gy and then fixed 2 h later. Then, these cells were subjected to immunofluorescence
of RPA/CENPF and EdU detection. The graph shows the violin plot of the numbers of RPA foci in BJ-hTERT cells transfected with siControl (A—C), siPIAS1 (A), siPIAS1 + si53BP1 (A),
siPIAS4 (B), siPIAS4 + si53BP1 (B), siRNF4 (C), or siRNF4 + si53BP1 (C). (D) (E) (F) Numbers of RAD51 foci in mock-depleted cells (siControl), cells singly depleted of PIAS1 (D), PIAS4
(E), or RNF4 (F), or cells doubly depleted of PIAS1 + 53BP1 (D), PIAS4 + 53BP1 (E), or RNF4 + 53BP1 (F). BJ-hTERT cells were transfected with the indicated siRNA(s). Two to three
days after siRNA transfection, the cells were irradiated with 2 Gy and then fixed 2 h later. Then, these cells were subjected to immunofluorescence of RAD51/CENPF and EdU
detection. The graph shows the violin plot of the numbers of RAD51 foci in BJ-hTERT cells transfected with siControl (D—F), siPIAS1 (D), siPIAS1 + si53BP1 (D), siPIAS4 (E), siPIAS4 +
si53BP1 (E), siRNF4 (F), or siRNF4 + si53BP1 (F). Red solid lines and black dotted lines indicate the medians and quartiles of the numbers of foci, respectively. The foci were counted
in 50 G, cells in one experiment, and two independent experiments were done for each sample (i.e., foci were counted in a total of 100 cells for each sample). ****P < 0.0001. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

4. Discussion Regarding BRCA1, previous studies reported that BRCA1
recruitment to DSBs induced by laser or hydroxyurea was
In this study, we investigated the roles of the two SUMO E3 li- decreased by the depletion of PIAS1 or PIAS4 [10,11]. Our results
gases (PIAS1 and PIAS4) and the SUMO-targeted ubiquitin ligase showed that RNF4 depletion impaired BRCA1 foci formation simi-
(RNF4) in HR of radiation-induced DSBs in G, phase. We showed larly to the depletion of PIAS1 or PIAS4 (Supplementary Fig. S6).
that the depletion of PIAS1, PIAS4, and RNF4 suppressed foci for- Considering the above studies and ours, it is suggested that PIAS1
mation of RPA, RAD51, and BRCA1. Moreover, the depletion of these and PIAS4 promote BRCA1 recruitment via RNF4.
SUMO-related enzymes increased the foci number of RIF1, a We found that reduction of RPA-, or RAD51 foci in PIAS1-, PIAS4,
resection inhibitor working downstream of 53BP1, at DSB sites. or RNF4-depleted cells was partially rescued by concomitant
Galanty et al. reported that RPA recruitment to the track of DSB- depletion of 53BP1 (Fig. 3). Moreover, the depletion of PIAS1, PIAS4,
generating laser was decreased in PIAS1-, or PIAS4-depleted cells or RNF4 promoted foci formation of RIF1 (Fig. 4). These results
[10]. Yin et al. showed that RPA70 recruitment to endonuclease indicate that PIAS1, PIAS4, and RNF4 are all involved in antago-
(AsiSI)-induced DSBs was diminished by RNF4 depletion [19]. Thus, nizing 53BP1/RIF1-mediated resection blockade. This is supported
these studies and ours suggest that PIAS1, PIAS4, and RNF4 by the previous study reporting that resolution of RIF1 foci after
generally promote resection of DSBs generated by different kinds of bleomycin treatment was delayed in PIAS4-depleted cells [20]. We
DSB inducers. Regarding RAD51, two groups reported that RAD51 propose that these SUMO-related enzymes counteract 53BP1/RIF1-
recruitment to laser track was compromised in RNF4-depleted cells mediated resection blockade through BRCA1, because (1) these
[12,19]. We found that the depletion of PIAS1 or PIAS4 reduced the enzymes promoted BRCA1 recruitment to DSBs (Fig. 2), (2) RIF1 foci
number of RAD51 foci similarly to RNF4 depletion (Supplementary were increased similarly by BRCA1-depletion and the depletion of
Fig. S4). Given that RNF4 recruitment to DNA damage is dependent these enzymes (Fig. 4), (3) the concomitant depletion of BRCA1 and
on PIAS1 and PIAS4 [12], it is likely that PIAS1 and PIAS4 promote any of PIAS1, PIAS4, or RNF4 did not further increase RIF1 foci,
RAD51 loading through RNF4. compared to the single depletion of BRCA1 (Fig. 4). To our best
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Fig. 4. PIAS1, PIAS4, and RNF4 limit Rap1-interacting factor 1 (RIF1) recruitment to DSB sites. (A—F) Numbers of RIF1 foci in mock-depleted cells (siControl), cells singly depleted of
PIAS1, PIAS4, or RNF4, or cells doubly depleted of PIAS1 + BRCAT1, PIAS4 + BRCAL1, or RNF4 + BRCA1. BJ-hTERT cells were transfected with the indicated siRNA(s). Two to three days
after siRNA transfection, the cells were irradiated with 1 Gy and then fixed 30 m (A, C, E) or 4 h (B, D, F) later. Then, these cells were subjected to immunofluorescence of RIF1/CENPF
and EdU detection. The graphs show the violin plot of the numbers of RIF1 foci in BJ-hTERT cells transfected with siControl (A—F), siBRCA1 (A—F), siPIAS1 (A, B), siPIAS1 + siBRCA1
(A, B), siPIAS4 (C, D), siPIAS4 + siBRCA1 (C, D), siRNF4 (E, F), or siRNF4 + siBRCA1 (E, F). Red solid lines and black dotted lines indicate the medians and quartiles of the numbers of
foci, respectively. The foci were counted in 50 G, cells in one experiment, and two independent experiments were done for each sample (i.e., foci were counted in a total of 100 cells
for each sample). ****P < 0.0001; ns, not significant. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

knowledge, this is the first study reporting epistatic relationship
between BRCA1 and PIAS1/PIAS4/RNF4 in limiting RIF1 recruitment
to DSBs.

In summary, we showed that PIAS1, PIAS4, and RNF4 promoted
resection and RAD51 loading, the two critical steps in HR. Our re-
sults suggest that these SUMO-related enzymes help BRCA1
counteract 53BP1/RIF1-mediated resection blockade, thereby
facilitating resection.
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