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ABSTRACT 

Breast cancer linked with BRCA1 / 2 mutations com-
monly recur and resist current therapies, including
PARP inhibitors. Given the lack of effective targeted
therapies f or BRCA1-m utant cancers, we sought to
identify novel targets to selectively kill these cancers.
Here, we report that loss of RNF8 significantly pro-
tects Br ca1-m utant mice against mammary tumori-
genesis. RNF8 deficiency in human BRCA1-mutant
breast cancer cells was found to promote R-loop
accumulation and replication fork instability, lead-
ing to increased DNA damag e , senescence , and syn-
thetic lethality . Mechanistically , RNF8 interacts with
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XRN2, which is crucial for transcription termination
and R-loop resolution. We report that RNF8 ubiqui-
tylates XRN2 to facilitate its recruitment to R-loop-
prone genomic loci and that RNF8 deficiency in
BRCA1-mutant breast cancer cells decreases XRN2
occupancy at R-loop-prone sites, thereby promoting
R-loop accumulation, transcription-replication col-
lisions, excessive genomic instability, and cancer
cell death. Collectively, our work identifies a syn-
thetic lethal interaction between RNF8 and BRCA1,
which is mediated by a pathological accumulation of
R-loops. 
akem@uhnres.utoronto.ca 
es.utoronto.ca 
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RAPHICAL ABSTRACT 

R-loop accumulation
Defective XRN2 function 
Replication stress; TRCs
Genomic instability
Synthetic lethality  

RNF8
proficiency

RNF8
deficiency

BRCA1 mutant breast
cancer risk 

NTRODUCTION 

utations in the BRCA1 gene predispose for breast, ovar- 
an and other cancer types ( 1 , 2 ). Women carriers of BRCA1
utations have a cumulati v e breast cancer risk of 72% by 
he age 80 ( 1 ). While the identification of PARP trapping 
eing synthetically lethal for BRCA1- mutant tumor cells 
as led to the approval of se v eral PARP inhibitors (PARPi) 
or clinical use, patients with BR CA1- m utant cancers tend 

o de v elop resistance to PARPi and to the platinum-based 

ompounds currently used to treat these cancers ( 2 ). Drug 
esistance and the recurrence of the BR CA1 -m utant can- 
ers highlight the unmet need for novel therapeutic targets 
or these cancer patients. 
BRCA1 is a multi-functional protein that plays a canon- 

cal role in the repair of DNA double-strand breaks (DSB) 
 3 , 4 ) by homologous recombination (HR). Growing evi- 
ence also supports a role for BRCA1 in transcriptional 
 egulation, r eplication fork stability, and the resolution of 
N A–RN A hybrids (R-loops) ( 5–7 ). R-loops form when 

he nascent RNA strand invades the DNA helix behind the 
ranscribing RN A pol ymerase, forming a DN A–RN A hy- 
rid and a displaced single-stranded DNA ( 8 , 9 ). In physio- 
ogical contexts, R-loops regulate several cellular processes 
ncluding DN A replication, transcription, and DN A dam- 
ge repair ( 8 , 9 ). Howe v er, the accumulation of R-loops
an cause transcription-replication collisions (TRCs) in S- 
hase, leading to elevated genomic instability and cell death 

 8–10 ). 
The canonical function of BRCA1 in DSB repair de- 
ends on se v eral signaling and repair factors and post- 
ransla tional modifica tions of chroma tin a t the DNA break 

 3 , 11 ). RNF8 is critical for DSB signaling and repair ( 11–
3 ). In response to DSBs, RNF8 ubiquitylates the linker 
istone H1 around the DNA br eaks, ther eby triggering a 
ascade of e v ents culminating in the recruitment of fac- 
ors necessary for the signaling and repair of these DSBs 
hrough HR (e.g. BRCA1) or the non-homologous end 

oining (e.g. 53BP1) pathways ( 3 ). Interestingly, prior stud- 
es indica te tha t w hile BR CA1 m utations impair the HR-
ependent DSB repair pathway, loss of 53BP1 in BRCA1- 
utant cells r estor es HR r epair and genomic stability and 

rotects against mammary tumorigenesis associated with 

R CA1 m utations ( 14 , 15 ). 
Gi v en that 53BP1 deficiency protects from breast cancer 

ssociated with BRCA1 mutations and the loss of RNF8 
mpairs 53BP1 recruitment to DSB-flanking sites ( 11 ), we 
xamined the role of RNF8 in BR CA1 -m utant breast can- 
er. Here, we show that RNF8 deficiency is synthetic lethal 
or human BR CA1 -m utant breast cancer cells and protects 
rca1- mutant preclinical mouse models from mammary tu- 
origenesis. Mechanistically, our data indicate that RNF8 
eficiency in BR CA1 -m utant breast cancer cells potentiates 
he le v els of R-loops and replication stress, leading to TRCs, 
ncreased genomic instability and e v entually cell death. This 
ighlights the dependence of BRCA1 mutated breast cancer 
ells on RNF8 for survival. 

ATERIALS AND METHODS 

thics appro v al 

ll procedures and studies involving mice were performed 

er the Princess Margaret Cancer Centre Animal Care 
ommittee guidelines (Protocol numbers: 1223, 4805 and 

287). 

ioinformatic analysis 

ene e xpression le v els were mapped to genes using RNA- 
eq of tumor and normal tissue samples obtained from 

he Cancer Genome Atlas (TCGA) for the following can- 
ers: Bladder urothelial (BLCA), Breast invasi v e (BRCA), 
ervical squamous cell, and Endocervical adenocarcinoma 
CESC), Colon adeno (COAD), Head and neck squa- 
ous cell (HNSC), Kidney renal clear cell (KIRC), Li v er 
epatocellular (LIHC), Lung adenocarcinoma (LUAD), 
ung squamous cell (LUSC), P ancr eatic adenocar cinoma 
PAAD), Prostrate adenocarcinoma (PRAD), Stomach 

denocarcinoma (STAD) and Thyroid adenocarcinoma 
THCA). Clinical and gene expression (RNA-seq frag- 
ents per kilobase of transcript per million mapped reads 
FPKM) upper quartile normalized data from TCGA stud- 
es were obtained from the Genomic Data Commons portal 
 https://portal.gdc.cancer.gov ). The HRD mutational sig- 
ature was defined using the deconstructSigs ( 16 ) R pack- 
ge and MuTect soma tic muta tions in GDC . Individual- 
e v el data, including those relating to somatic mutations, 
ere obtained with approval from the Data Access Com- 
ittee (project 11689). 

ice 

nf8 −/ − mice ( 17 ) (AS0574 strain) were crossed with WAP- 
re ; Brca1 flox5-6, flox5-6 mice ( 18 ), which carry loxP sites flank- 
ng exons 5 and 6, to generate Rnf8 −/ −; WapCre;Brca1 −/ −
ouble mutant mice. Mice used in this study had a mixed 

29 / J × C57BL / 6 genetic background and were genotyped 

y PCR as indicated ( 17 , 18 ). All female mice used in the
urvival cohort were allowed to pr ogress thr ough a mini- 
um of four pregnancies to ensure proper Cre expression 

https://portal.gdc.cancer.gov
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and recombination of floxed alleles. Survival cohorts of fe-
male mice were monitored twice a week for over 500 days
for mammary tumor onset by palpation and other tumor
signs. All mice were housed in a pathogen-free mouse fa-
cility at the Princess Margaret Cancer Centre (PMCC). All
procedures and studies involving mice were performed per
the Princess Margaret Cancer Centre Animal Care Com-
mittee guidelines (Protocol numbers: 1223, 4805 and 2287).

Xenograft models 

Lo garithmicall y growing MDA-MB-436 shScr- or
shRNF8-Tet-On cells were harvested, resuspended in
PBS, and combined in a 1:1 ratio with Matrigel (Corning,
354248) at a concentration of 1.0 × 107 cells / ml. 100 �l
of tumor cell suspensions were orthotopically injected
into the inguinal fat pads of female NOD scid gamma
(NSG) mice 6–7 weeks old. Tumor volume was measured
externally using a digital caliper. Tumor volume was calcu-
lated as volume = ( � × length × width 2) / 6, where length
r epr esents the largest tumor diameter and width r epr esents
the diameter perpendicular to the length. Mice were gi v en
Dox at a concentration of 2mg / ml in their drinking water
during experiments as indicated. To increase palatability,
we supplemented the Dox-containing drinking water with
10% sucrose. Patient-deri v ed xenograft e xperiments were
performed using BRC#141 and IB-1 cells from breast
cancer patient-deri v ed x enograft models. Fr eshly collected
xenograft tissue was minced using sterile scalpels and
dissociated in a mixture containing DMEM / F-12 / HEPES
(GIBCO), 1 mg / ml collagenase (Roche), 100 U / ml
hyaluronidase (Sigma), 25% BSA fraction V (GIBCO),
5 �g / ml insulin and 50 �g / ml gentamycin (GIBCO).
Xenograft organoids were dissociated further using trypsin
(GIBCO), dispase (StemCell technologies), and DNase
(Sigma). Red blood cells were lysed by resuspending
the cell pellet in a 1:4 solution of HF media (GIBCO):
ammonium chloride (StemCell technologies). Following
red blood cell lysis, cells were resuspended in HuMEC
medium (GIBCO), divided into two equal aliquots, and
tr ansduced with lentivir al supernatant, either pLKO.shScr
or pLKO.shRNF8, containing polybrene (8 �g / ml). The
next day, single-cell suspensions were washed with PBS be-
fore being plated in triplicates in 96-well plates (day 0). Cell
viability was monitored using CellTiter-Glo (Promega) at
day 0 and then for an additional 10 days. ATP luminescence
was normalized to day 0. RNF8 knockdown was verified
on day 3 using real time quantitati v e re v erse transcription
PCR (RT-qPCR). 

Cell lines and culture 

Primary murine mammary epithelial cells were deri v ed
from double knockout mice and their single mutant and
WT controls. SUM149PT cells ( RRID:CVCL 3422 ) were
cultured in Ham’s F-12 nutrient mix (GIBCO, 11765054)
supplemented with 10 mM HEPES, 1 �g / ml hydrocorti-
sone (1 �g / ml), 5% FBS, insulin (5 �g / ml), penicillin and
str eptomycin. MDA-MB-436 (AT CC HTB-130), MDA-
MB-231 (ATCC HTB-26), and HEK293FT cell lines
(AT CC CRL-3249) wer e cultur ed in Dulbecco’s modified
Eagle’s medium (DMEM) (Wisent, 319-005-CL) contain-
ing HEPES buffer, penicillin and streptomycin. DMEM
was supplemented with 10% FBS (Wisent, 080-150) to
support cell growth. PEO1 cells, obtained from R. Rottapel
(Princess Margaret Cancer Centre, Uni v ersity Health
Network, Toronto , Ontario , Canada), and Kuramochi
( RRID:CVCL 1345 ) cells were cultured in RPMI (GIBCO)
supplemented with 10% FBS, 5 × 10–5M 2-ME, 100 �/ ml
penicillin and 100 �g / ml streptomycin (complete RPMI).
All cell lines were passaged using 0.05% Trypsin–EDTA
solution (Wisent, 325-542-EL) and maintained in a hu-
midified 37 ◦C, 5% CO 2 environment. Both MDA-MB-436
and SUM149PT cell lines carry mutations in the BRCA1
gene, 5396 + 1G > A and c.2288delT, respecti v ely ( 19 ). For
virus generation, HEK293FT cells were transfected using
calcium phosphate precipitation with constructs containing
shRN A or sgRN A with psPAX-2 and pMD2.G. MDA-
MB-231 cells were transduced with LentiCRISPR-V2
(Addgene #52961) containing a sgRNA targeting RNF8
(sgRNF8: 5 ′ -CGGGGTCGA GTA GGCGATGG-3 ′ ) or
a sgRNA targeting a non-coding region of chromosome
10 (sgCh10: 5 ′ -CAATA CA CCCATA GTTGA GC-3 ′ ).
We confirmed knockout clones using Western blotting.
MDA-MB-231 cells were also transduced with pLKO.1-
blast (Addgene #26655) containing an shRNA tar-
geting human BRCA1 (shBR CA1 ; TR CN0000244984:
5 ′ -GA GTATGCAAACA GCTA TAA T-3 ′ ) or an
shRNA targeting a scrambled sequence (shScr: 5 ′ -
CCT AAGGTT AAGT CGCCCT CG-3 ′ ). MDA-MB-436,
SUM149PT, Kuramochi and PEO1 cells were trans-
duced with Tet-pLKO-Puro (Addgene #21915) encod-
ing an shRNA targeting human RNF8 (shRNF8.1:
TR CN0000003438, shRNF8.2: TR CN0000003441) or
shScr. Human XRN2 was knocked down in the MDA-
MB-436 cells using pLKO.1-blast containing an shRNA
targeting XRN2 (TRC293639 or shScr. For ov ere xpression
experiments, HEK293FT or MDA-MB-436 cells were tran-
siently transfected using the calcium phosphate method.
Human XRN2 was ov ere xpressed using the p3xFlag-CMV-
7-hXRN2 plasmid generously gifted to us from J Manley
(Department of Biological Sciences, Columbia Uni v ersity,
Ne w Yor k, Ne w Yor k). For rescue e xperiments, mouse
Rnf8 was ov ere xpressed in MDA-MB-436 cells using the
pINDUCER20 lentiviral construct (Addgene #44012).
Western blotting was used to ensure proper knockdown or
ov ere xpression of all proteins. 

DSB repair assays 

To assess homologous recombination (HR), non-
homologous end joining (NHEJ), and alternate end
joining (a-EJ) repair efficiency, constructs containing
HR or NHEJ ( 20 ) or alternati v e end-joining (a-EJ) ( 21 )
reporter cassettes were linearized with the I-SceI restriction
enzyme (NEB) and transfected into BR CA1 -m utant breast
cancer cell lines using GenJet in vitro DNA transfection kit
(SignaGen Laboratories). Red Fluorescent Protein (RFP)
expressing construct was co-transfected as an internal
control. Transfected cells were examined 48 h later by flow
cytometry (BD Biosciences FACSCanto) and the le v els
of GFP and RFP expression were determined. FACS

https://scicrunch.org/resolver/RRID:CVCL_3422
https://scicrunch.org/resolver/RRID:CVCL_1345
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nalyses were performed using FlowJo 10 software. Repair 
fficiencies of experimental samples were normalized 

elati v e to the control and represented as bar graphs. 

mmunofluorescence 

mmunofluorescence for sub-nuclear foci and IR-induced 

oci (IRIF) was performed in primary murine mammary 
pithelial cells and human cell lines. Cells were seeded 

nto coverslips and were treated with 8Gy � -irradiation 

efore fixation as indicated. Cells were fixed using 4% 

araformaldehyde (Bioshop, PAR070) and permeabilized 

sing 0.25% Triton-X 100 (Sigma, X100-5ML). After 
locking in a buffer consisting of 5% FBS, 2.5% fish 

kin gelatin, 0.2% Triton X-100, and 0.5% BSA in 1X 

BS, coverslips were incubated with primary antibodies 
t 4 ◦C o vernight. Co verslips were washed with 0.25% 

BS-Tween20 (PBS-T). Secondary antibodies conjugated 

o Alexa Fluor 488 or 594 (1:1000; Life Technologies, 
11008, A11037, A11001, A11032) were applied at room 

emperature for 1 h. while pr otected fr om light. Follow- 
ng washes, coverslips were counterstained with DAPI 
nd mounted using Mowiol (Sigma, 81381). Primary an- 
ibodies used were anti- �H2AX (1:600; Millipore, 07- 
64; 05-636 JBW301), anti-53BP1 (1:1000; Bethyl, A300- 
72), anti-RNaseH1 (Proteintech Group, 15606-1-AP), and 

9.6 (ATCC, HB-8730). For RNaseH1 ov ere xpression e x- 
eriments, cells were seeded and, after 24 h, transfected 

ith pcDNA3-Empty or pcDNA3-RNase H1. 48 h post- 
ransfection, cells were processed for immunofluorescence. 
nti-RNaseH1 antibody was used to confirm the ov ere x- 
ression of RNaseH1. 
DNA damage le v el of cells seeded onto cov erslips was vi- 

ualized using �H2AX immunofluorescence following 1h 

reatment with vehicle control, 2 �M flavopiridol (Sell- 
ckchem cat: S1230), 50 ng / ml actinomycin D (Sigma cat: 
9415), or 500 nM APH (Sigma cat: A4487) and then pro- 
essed for �H2AX immunofluor escence. Images wer e taken 

sing a Lecia DM4000 B fluorescence microscope using 
3 × or 100 × magnification. For the image quantifications, 
 100 cells were counted for all conditions from at least three 

ndependent experiments. ImageJ software (National Insti- 
utes of Health) was used to process and analyze raw image 
les. When scoring S9.6 nuclear intensity (mean grey inten- 
ity), nuclei in at least 5 random fields of view were mea- 
ured per experiment. Microscope exposure settings were 
eld constant within each experiment. 

FP-dRNH1 purification 

FP-tagged RNaseH1 (both WT and D210N) was trans- 
ormed into Escherichia coli BL21(DE3) / Rosetta, cultured 

n media supplemented with kanamycin (50 �g / ml) and 

vernight induction by IPTG at 15 ◦C. Induced bacterial 
ells (1L) were harvested and pelleted by centrifugation at 
0 000 × g for 10 min. Bacterial pellets were resuspended 

n ice in 100 ml lysis buffer (50 mM Tris pH 8.0, 300 
M NaCl, 10% glycerol, 1 mM TCEP and EDTA-free 
rotease inhibitor cocktail tablets) along with benzonase 
nd lysed by sonication. Total cell lysate was centrifuged 
t 37 000 rpm for 60 min. The cleared supernatant was 
ransferred to a new column containing 2ml of preequi- 
ibrated Ni–nitrilotriacetic acid Superflow beads and col- 
ected flowthrough. The columns were washed with 20 CV 

ash buffer (25 mM Tris pH 8.0, 300 mM NaCl, 10% glyc- 
rol, 1 mM TCEP, 15mM imidazole, 1 mM PMSF), fol- 
owed by 20 CV of stringent wash buffer (25 mM Tris pH 

.0, 300 mM NaCl, 10% glycerol, 1mM TCEP, 30mM imi- 
azole, 1 mM PMSF) and collected as wash. Samples were 
luted fiv e times with 2.5 CV elution buffer (25 mM Tris 
H 8.0, 300 mM NaCl, 10% glycerol, 1 mM TCEP, 300 
M imidazole, 1 mM PMSF). The eluted samples were 
ash frozen and stored at −80 ◦C. Purified GFP-RNaseH1 
as quantified along with BSA standards and analyzed by 
oomassie stained 4–12% SDS-PAGE to determine pro- 
ein purity and concentrations. The protein stocks were 
liquoted, stored at −80 ◦C, and freshly thawed for each 

xperiment. 

FP-dRNH1 immunofluorescence 

ells were seeded on 18mm coverslips. 48 h post seeding, 
ells were washed twice with 1 × PBS and fixed with 4% 

FA for 10 min. The coverslips were washed twice with 

 × PBS, and permeabilized with 0.3% Triton X-100 in PBS. 
fter two 1 × PBS washes, cells were blocked with 3% BSA 

n PBS for 30 min. RNaseH (1:50; New England Biolabs 
at: M0297S) was diluted in 1X RNaseH buffer and incu- 
ated on coverslips for 3 h at 37 ◦C. Cells were washed and 

locked with 3% BSA in PBS for 30 min. Coverslips were 
hen incubated with purified GFP-dRNH1 (1:2000; 0.188 
g / ml) in staining buffer for 1.5 h at 37 ◦C. After wash-

ng thrice with PBST for 5 min, coverslips were counter- 
tained with DAPI and mounted using MOWIOL. Slides 
ere dried overnight prior to imaging and stored at 4 ◦C in 

he dark. 

mmunoprecipitation 

DA-MB-436 or HEK293FT cells were harvested, washed 

wice with ice-cold PBS, and centrifuged at 1500 RPM for 
 min at 4 ◦C. Cell pellets were resuspended in a lysis buffer
50 mM Tris–HCl pH 7.5, 150 mM NaCl, 0.5% Triton- 
100, and protease inhibitor cocktail tablets) and incu- 
ated on ice for 30 min. Cell debris was removed by cen- 
rifuga tion a t 13200 RPM for 30 min at 4 ◦C. 3 �g anti-
NF8 (Novus Biologicals, NBP1-77166), 2 �g Anti-Flag 
Sigma, F3165), or control IgG antibody (Cell Signaling, 
415S) were added to the cleared lysate, and the mixture 
as rotated for 16 h at 4 ◦C. Magnetic Protein G Dynabeads 
Thermo Fisher, 10007D) were added and incubated for 2 
 a t 4 ◦C . The beads were collected and washed with ly-
is buffer and eluted with 1 × Laemmli SDS buffer. Im- 
unopr ecipitated proteins wer e detected using Western blot 
ssay. RNF8, XRN2, and Flag-XRN2 were detected us- 
ng the above primary antibodies, horseradish peroxidase- 
onjugated secondary antibodies to mouse (1:2000; Cell 
ignaling, 7076), and an enhanced chemiluminescence sys- 
em (ECL) (Amersham). 
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Sample processing for liquid-chromatography-mass spec-
trometry 

HEK293FT cells were transiently transfected with Flag-
EV or Flag-RNF8. 48 h post-transfection, the cells were
lysed, and pulldown was conducted using the IP proto-
col above. Following Flag-IP, beads were rinsed three times
with the IP buffer and twice using NH 4 HCO 3 (50mM, pH
8.3) / KCl (75 mM). Proteins were next eluted from the beads
using NH 4 OH (125mM). The eluates wer e lyophilized, r e-
constituted in NH 4 HCO 3 (50 mM, pH 8.3) and digested
with sequencing-grade trypsin (1 �g; Promega) overnight
at 37 ◦C on an end-to-end rotator. Samples were de-salted
on C18 re v erse-phase columns and lyophilized prior to LC–
MS. The two experimental replicates allowed us to gauge
the global reproducibility of the experiment. In addition,
each replicate was analyzed as two technical replicates in
the LC–MS to allow evaluation of the variations observed
at the instrument-le v el. This was done not only to ensure
quality control at the LC–MS le v el, but also to separate
these variations, as minute as they may be, from variations
observed between experimental replicates. 

Liquid chromatography–mass spectrometry 

Lyophilized samples were reconstituted in HCOOH (0.1%)
and loaded on a pre-column (C18 Acclaim PepMapTM
100, 75 �m × 2 cm, 3 �m, 100 Å , Thermo Scientific) prior
to chromato gra phic separation through an analytical col-
umn (C18 Acclaim PepMapTM RSLC, 75 �m × 50 cm, 3
�m, 100 Å , Thermo Scientific) by HPLC over a reversed-
phase gradient (120-minute gradient, 5–30% CH 3 CN in
0.1% HCOOH) at 225 nl / min on an EASY-nLC1200 pump
in-line with a Q-Exacti v e HF mass spectrometer (Thermo
Scientific) operated in positi v e ESI mode. An MS1 ion scan
was performed at 60 000 fwhm followed by MS / MS scans
(HCD, 15 000 fwhm) of the 20 most intense parent ions
(minimum ion count of 1000 for activation). Dynamic ex-
clusion (10 ppm) was set at 5 s. 

LC–MS data processing 

Ra w MS files (.ra w) were converted to .mzML using Pro-
teowizard (v3.0.19311), then searched using X!Tandem
(v2013.06.15.1) and Comet (2014.02 rev. 2) against human
RefSeqV104 (containing 36113 entries). Search parame-
ters specified a parent MS tolerance of 15 ppm and an
MS / MS fragment ion tolerance of 0.4 Da, with up to two
missed tryptic cleavages. No fixed modifications were set.
Deamida tion (NQ), oxida tion (M), acetyla tion (protein N-
term) and diglycine (K) were set as variable modifications.
Sear ch r esults wer e pr ocessed thr ough the trans-pr oteomic
pipeline (TPP v4.7), and proteins were identified with ≥2
unique peptides and an iProphet probability ≥0.9. For sta-
tistical analysis of interactors, a Bayesian false discovery
rate (1% cut-off) was assigned using SAINT (v2.5.0) by
comparing the spectral counts of each identified protein in
a total of 18 negati v e control samples to counts in the Flag-
RNF8 samples. For both the control and Flag-RNF8 sam-
ples, the top-2 counts across samples for each protein were

used.  
Chromatin immunoprecipitation 

Cells wer e fix ed in 1% formaldehyde followed by glycine
neutralization. Cells were washed with ice-cold PBS and
lysed with lysis buffer (50mM Tris pH 8.0, 2mM EDTA
pH 8.0, 0.1% v / v NP40, 10% glycerol) supplemented with
protease inhibitor. Nuclei were pelleted by centrifugation at
4 ◦C and then lysed in nuclear lysis buffer (1% SDS, 10 mM
EDTA pH 8.0 and 50 mM Tris pH 7.5). Chromatin was son-
icated to produce an average fragment length of 250–400
bp. For each IP, 50 �l of chromatin was diluted 10 times in
IP dilution buffer (0.01% SDS, 1.1% TritonX-100, 1.1 mM
EDTA, 20 mM Tris–HCl pH 8.0, 167 nM NaCl) and in-
cubated with 3 �g anti-XRN2 (Bethyl, A301-103A), 4 �g
anti-SETX (Bethyl, A301-105A) or an equivalent amount
of control IgG overnight with rotation at 4 ◦C. The next
day, 30 �l of pre-washed Dynabeads were added to each
sample and incubated for 2 h. at 4 ◦C with rotation. Beads
were washed using rotation, and the immunoprecipitated
DN A eluted as previousl y described ( 22 ). DN A samples
wer e r e v erse cr oss-linked and treated with RNaseA and pr o-
teinase K (PK). DNA was purified using a GeneAid PCR
purification kit (GeneAid Biotech, DFH100, DFH300) as
per the manufacturer’s instructions. Real-time quantitati v e
PCR (RT-qPCR) was run in triplicate using an ABI PRISM
7900HT Sequence Detection System or Bio-Rad CF96. The
primers used are listed in Supplementary Table S2. 

Drip 

shScr- and shRNF8-Tet-On MDA-MB-436 cells were pel-
leted and lysed using a DNA lysis buffer (10 mM Tris–
HCl, 1 mM EDTA, 10% SDS) supplemented with PK
and incubated overnight at 37 ◦C. Genomic DNA was pre-
cipitated using 5 M NaCl followed by isopropanol. The
DNA w as w ashed with 70% ethanol and resuspended in
1 × TE (10 mM Tris–HCl, 1mM EDTA). DNA concentra-
tion was measured using a NanoDrop One Microvolume
UV-vis spectrophotometer (ThermoFisher). Sixty �g of ge-
nomic DNA was digested using HindIII, EcoRI, XbaI &
BamHI restriction enzymes (NEB) overnight at 37 ◦C. The
f ollowing da y, the DNA sample was divided into equal
aliquots, and 30 �g of DNA were treated with RNaseH
(NEB) for 4 h at 37 ◦C as an S9.6 antibody specificity con-
tr ol. Phenol / chlor oform extraction and ethanol precipita-
tion were used to purify the DNA. Per IP, 10 �g of di-
gested DNA was used along with antibodies against S9.6
or IgG. The DNA / antibody mixture was rotated overnight
a t 4 ◦C . The f ollowing da y, the IP samples were added to
equilibrated Dynabeads and rotated for 2–4 h at 4 ◦C. Af-
ter rotating, the beads were washed with IP buffer and were
incubated with PK diluted in PBS for 3 h a t 56 ◦C . The
DNA was purified from the beads using phenol / chloroform
extraction followed by ethanol precipitation. The resulting
DNA was resuspended using 1 × TE and was analyzed us-
ing qPCR. The primers used are listed in Supplementary
Table S2. 

DRIP-sequencing library preparation and analysis 

DN A–RN A hybrids isolated using the method out-
lined above were submitted for libr ary prepar ation and
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equencing to Novogene. NEB Next Ultra II DNA Library 
reparation kit was used to pr epar e the library. Follow- 
ng quality control, fragments were repaired and dA-tailed. 
he DNA fragments with A tail were ligated to sequenc- 
ng adaptors. The final DNA library was obtained by size 
election and PCR amplification. After the construction of 
he library, the initial quantification was done with Qubit 
.0, and the library is diluted to 1 ng / l. Then the inser-
ion size of the library was detected with NGS3K. If meet- 
ng the expectation, the accur ate concentr ation of the li- 
rary was quantified by qPCR (library effecti v e concentra- 
ion > 2 nM) to ensure the accurate molar amount that will 
e pooled for sequencing. After library quality control, se- 
uencing was performed for different libraries according to 

he concentration and the demand of data amount on Illu- 
ina NovaSeq platform (NovaSeq 6000). RNF8 DRIP-Seq 

ata can be accessed using the following credentials: Acces- 
ion: GSE202723; Re vie wer token: kbsjkyagxhsntyn. 
Raw reads were trimmed using trim galore! (v. 0.6.6) and 

apped to hg38 using Bowtie2 ( 23 ) (v. 2.2.6). Low quality 
nd m ultima pping r eads wer e r emoved using samtools (v. 
.14) and duplicate r eads wer e marked and removed using 
ICARD (GATK tools v. 2.10.9). Peaks were called using 
ACS2 ( 24 ) (v. 2.2.7.1) with the -q flag indicating and FDR 

utoff of 0.01. Reproducible peaks from replicates within 

ach condition were identified using the irreproducible dis- 
overy rate (IDR) method ( 25 ) using the default parameters. 
RIP signal coverage files were generated using deeptools 

 26 ) (v. 3.5.1) bamCompare to normalize samples to read 

epth and calculate the log 2 ratio of IP signal over input. 
verage signal was calculated using bigwigCompare or wig- 
letools mean (v. 1.2.11) and av erage DRIP cov erage was 
alculated for acti v e gene bodies ( ±10 kb) using computeM- 
trix scale-regions or acti v e gene transcription termination 

ites (TTS; + / - 3kb) using computeMatrix r efer ence-point. 
etagene profiles and average DRIP signals were plotted 

sing a custom script and ggplot2 in R (v. 4.0.2). Repro- 
ucible peaks were annotated to the human genome us- 
ng the Bioconductor packages ChIPseeker (v. 1.32.0) and 

xDb.Hsapiens.UCSC.hg38.knownGene. R-loop positi v e 
‘R-loop + ve’) genes were defined as expressed protein- 
oding genes (TPM > 0) with peaks annotated to the 
ranscription termination sites (TTS) in either shScr (3822 
enes) or shRNF8 (3314 genes) samples. Expression of R- 
oop +ve genes wer e compar ed to expressed protein-coding 
enes without peaks annotated to the TTS (R-loop nega- 
i v e; ‘R-loop-v e’) using a Wilco x on Rank-Sum test. 

NA-sequencing and analysis 

otal RNA from MDA-MB-436 cells transduced with 

crambled or RNF8 shRNA was extracted using the 
Neasy kit (Qiagen), and RNA quality was assessed by 
gilent 2100 Bioanalyzer (Agilent Technologies). Total 
NA was submitted for library preparation and sequenc- 
ng to Novogene. Raw reads were trimmed using trim ga- 
ore! (v. 0.6.6; https://www.bioinformatics.babraham.ac.uk/ 
rojects/trim galore/ ) and mapped to hg38 using STAR ( 27 ) 
v. 2.7.9a). Low quality and m ultima pping r eads wer e r e-
oved using samtools ( 28 ) (v. 1.14) and r eads wer e counted
o exonic features using featureCounts ( 29 ) (subread v. 
.0.1). Raw gene counts were normalized to transcripts per 
illion (TPM) and protein coding genes with an average 
PM > 0 across all samples were identified as acti v e genes 
nd used for downstream anal yses. RNF8 RN A-Seq data 
an be accessed using the following credentials: Accession: 
SE202723; Re vie wer token: kbsjkyagxhsntyn. 

NA fibre assay 

DA-MB-436 shRNF8- or shScr-Tet-On cell lines were in- 
ubated with media containing either 1 �M Dox or DMSO 

or 4 days before DNA fibre analysis. Cells were pulse- 
abelled with 25 �M CldU for 20 min, washed with medium, 
nd subsequentially pulse-labelled with 250 �M IdU for an 

dditional 20 min. Cells were harvested by trypsinization 

nd washed in PBS. 10000 cells were then l ysed directl y onto 

lass microscope slides using spreading buffer (200 mM 

ris–HCl pH 7.5, 50 mM EDTA, 0.5% SDS), and DNA 

br es wer e allowed to spread down the slide by gravity. 
NA fibr es wer e fix ed in methanol:acetic acid (3:1 ratio), 
enatured with 2.5M HCl, and immunostained. CldU was 
etected using rat anti-Bromodeoxyuridine (BrdU) (1:750; 
bcam, ab6326), and IdU was detected using mouse anti- 
rdU (1:750; BD Biosciences, 347583). Slides wer e fix ed in 

% paraformaldehyde and incubated with secondary anti- 
odies conjugated to Alexa Fluor 594 or Alexa Fluor 488 
Life Technologies). Labelled DNA fibr es wer e visualized 

sing a Nikon Eclipse Ni microscope with NIS-Elements 
oftware (Nikon Instruments), and images were captured 

sing 60 × oil-immersion objecti v es and analysed using Im- 
geJ software. Tract lengths were measured using ImageJ, 
nd pixel length values were converted into �M using the 
cale bars created by the microscope. 

A- �-gal staining 

-gal activity at pH 6.0 was used to monitor senescence lev- 
ls in vitro . Staining was performed using a commercially 
vailable kit (Cell Signaling Technologies, 9860S) as per the 
anufacturer’s instructions. 

lonogenic assays 

ells were seeded in 6 cm dishes as indicated in figure leg- 
nds. Cells w ere allow ed to grow under experimental con- 
itions for 14–28 days before methanol fixation and crystal 
iolet staining. In PARPi sensitivity assays, olaparib (Sel- 
eckchem, S1060) was used at a concentration of 1–2 �M 

or MDA-MB-231 cells, and the media was changed e v ery 
 days to maintain drug concentration throughout the ex- 
eriment. The MDA-MB-436 cells wer e tr eated with 5–10 
M as indica ted. Da ta from trea ted samples were normal- 
zed to untreated (DMSO) conditions. Images of r epr esen- 
ati v e dishes were captured using a Canon LiDE scanner 
nd brightened using Adobe Illustrator. Experiments were 
erformed in technical triplicates. 

n vivo ubiquitylation assay 

P was perf ormed f or XRN2 using MDA-MB-436 and 

DA-MB-231 cells as previously described. The cell lysates 

https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
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wer e immunopr ecipita ted with an anti-XRN2 antibod y
(1:500; Santa Cruz, sc-365258). The ubiquitin conjugates
were detected by Western blot analysis as previously de-
scribed using anti-Ubiquitin antibodies (1:000; Cell Signal-
ing, P4D1). 

In vitro ubiquitination assay 

Recombinant RNF8 (0.3 �g), recombinant XRN2 (2 �g),
UBE1 (0.05 �g; E1), UBE2E2 (0.2 �g; E2), HA-Ub (5 �g)
wer e mix ed, and the r eactions wer e incuba ted a t 30 ◦C for
90 minutes in buffer containing 50 mM Tris / HCl (pH 7.5),
5 mM MgCl 2 , 5mM ATP and 2 mM DTT. Ubiquitylation
was examined using Western blotting and anti-ubiquitin an-
tibody (1:000; Cell Signaling, P4D1). 

Western blotting 

Cell extracts were prepared in RIPA buffer (10 mM Tris–
HCl pH 8.0, 1 mM EDTA, 0.5 mM EGTA, 1% Triton
X-100, 0.1% sodium deoxycholate, 0.1% SDS and 140
mM NaCl) and sonicated to release DNA-bound pro-
teins. Primary antibodies used were anti-RNF8 (Santa Cruz
sc-271462, 1:500), anti-BRCA1 (Millipore cat: MS110,
1:100), anti-phospho-S428 ATR (Cell Signaling 2853T,
1:1000), anti-ATR (Cell Signaling 2790S, 1:1000), anti-
RPA32 (Bethyl A300-081A, 1:1000), anti-phospho-S33
RPA32 (Bethyl A300-426A, 1:1000) and anti- �-ACTIN
(Santa Cruz sc-47778, 1:5000). 

Proximity ligation assay (PLA) 

Cells were seeded on 12 mm coverslips. 48 h post-seeding,
cells were treated with cold 0.5% NP-40 for 4 min on ice.
Cells were then fixed with 1% PFA / PBS for 15 min and
washed three times with PBS. The coverslips were blocked
for 1 h at room temperature with 2% BSA in PBS. Cells were
then incubated in primary antibody overnight at 4 ◦C (1:500
anti-Pol II (Santa Cruz cat: sc-17798) alone; 1:500 anti-
PCNA (Santa Cruz cat: sc-7907) alone; or 1:500 anti-Pol
II with 1:500 anti-PCNA). After the incubation, coverslips
were washed two times with wash buffer A and incubated in
a mixture of PLA probe anti-mouse minus and PLA probe
anti-rabbit plus (Sigma cat: DUO92101) for 1 h at 37 ◦C. The
Duolink in Situ detection reagents (Sigma cat: DUO92008)
were used to perform the PLA reaction according to the
manufacturer’s instructions. Cells were counterstained with
DAPI and fixed on a glass slide using MOWIOL. All im-
munofluorescence images were taken and analyzed using a
Lecia DM4000 B fluorescence microscope using 100 ×mag-
nification as indicated in figure legends. For the image quan-
tifications, > 100 cells were counted for all conditions from
at least three independent experiments. 

EU incorporation assay 

EU incorporation assays were performed using the Click-
iT RNA Alexa Fluor 594 Imaging Kit (Invitrogen) accord-
ing to the manufactur er’s instructions. Cells wer e incubated
with 1 mM EU for 30 min, fixed with 4% PFA for 15 min at
room temperature, permeabilized with 0.3% Triton X-100
for 15 min, and the Click-iT reaction was performed. DNA
was counterstained with DAPI, and images were acquired
using a Lecia DM4000 B fluorescence microscope. 

Statistical analysis 

Graphs are depicted as mean ± SEM unless otherwise in-
dicated. Experiments were perf ormed f or at least three bio-
logical replicates. All statistical analyses were performed us-
ing GraphPad Prism 9 and the specific statistical tests used
are indicated in the figure legends. n represents the num-
ber of biological replicates that were performed. P values
< 0.05 wer e consider ed statistically significant. * P < 0.05,
** P < 0.01, *** P < 0.001 and **** P < 0.0001. 

RESULTS 

RNF8-deficiency protects against BRCA1 mutant breast can-
cer and r estr ain in vitro and in vivo growth of BRCA1 mutant
cancer cells 

The E3 ubiquitin ligase RNF8 propagates the DSB signal-
ing cascade critical for repairing DNA damage and main-
taining genomic stability ( 13 ). Gi v en the importance of
RNF8 in HR-mediated DSB repair ( 13 , 30 ), we examined
the effect of Rnf8 loss on mammary tumorigenesis asso-
ciated with Brca1 mutations. We generated mouse models
deficient for Rnf8, Brca1, or both proteins in the mammary
epithelium. Mouse models with mutations in Brca1 in mam-
mary epithelial cells have a high risk of de v eloping mam-
mary tumors ( 18 , 31 ), and while Rnf8 −/ − mice de v elop lym-
phomas, they also display an increased risk for mammary
tumorigenesis ( 17 , 32 ). In order to examine the effect of dual
loss of Brca1 and Rnf8 on breast cancer, we crossed mice
that carry a Brca1- null mutation in mammary epithelial
cells(18) ( WAP-Cre ; Brca1 flox5-6, flo x5-6 ; r eferr ed to as WAP-
Cre ; Brca1 −/ −) with Rnf8 −/ − mice ( 17 ), and generated co-
horts of double mutant ( Rnf8 −/ −; WAP-Cre ; Brca1 −/ −), sin-
gle mutant ( Rnf8 −/ − or WAP-Cre ; Brca1 −/ −) and wildtype
( WT ) females. After 17 months monitoring these cohorts
of female mice, we observ ed an ele vated risk for mammary
tumorigenesis in the cohort of WAP-Cre ; Brca1 −/ - females,
with over half of these females succumbing to mammary tu-
mors (Figure 1 A). While Rnf8 −/ − females also de v eloped
mammary tumors, the frequency was significantly lower
than in WAP-Cr e ; Brca1 −/ − female litterma tes (Figure 1 A).
Contrasting with the elevated risk of mammary tumorigen-
esis in Brca1 -mutant females, Rnf8 −/ −; WAP-Cre ; Brca1 −/ −
females were remar kab ly pr otected fr om de v eloping spon-
taneous mammary tumors, and there was no difference
in mammary tumor-free survival when comparing double-
mutant females with RNF8 mutant or wildtype controls
(Figure 1 A). These data re v ealed that loss of Rnf8 signifi-
cantly protects against mammary tumorigenesis associated
with Brca1 mutations. 

Ne xt, we e xplored the role of RNF8 in human cancer
using the provisional TCGA (The Cancer Genome At-
las) datasets and compared RNF8 expression in a panel
of 13 different cancers with their normal tissue counter-
parts. Compar ed to corr esponding normal tissue, RNF8
was significantly ov ere xpressed in six different cancers, in-
cluding breast cancer (Supplementary Figure S1a). Gi v en
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Figure 1. Incr eased expr ession of RNF8 in HRD br east cancer and its deficiency markedly protects mouse models of Brca1 mutation from mammary tu- 
morigenesis. ( A ) Graph showing mammary tumor-free survival of mice with the cohorts of WT ( n = 40), Rnf8 – / – ( n = 36), Wap-Cre Brca1 −/ − ( n = 35), and 
Rnf8 – / – ;Wap-Cre Brca1 −/ − ( n = 31). ( B ) Western blot (WB) analysis of the indicated MDA-MB-436 cells (upper panel). MDA-MB-436 cells transduced 
with Tet-On shRNF8 and shScr were treated with Dox for 7 days (BR CA1 Mut : BR CA1 mutant). �-Actin was used as a loading control. The indicated 
Dox-induced MDA-MB-436 cells (100 000) were seeded per 6 cm dish, grown for 14 days, and stained with crystal violet (bottom panel). ( C ) Relati v e 
growth of primary cultures of the indicated PDX cells expressing mutated (IB-1) and WT (BRC#141) BRCA1 ( n = 3). The chart depicts relati v e light units 
(RLU) detected for each primary x enograft, measur ed daily for 10 days. ( D ) A schematic of the experimental setting used to examine the effect of RNF8 
deficiency on in vivo growth of xenografts of BRCA1 -mutant TNBC cells and r epr esentati v e images of the indicated MDA-MB-436 mammary tumors 
resected 3 weeks post-injection (n = 5 per condition; bar = 1 cm). ( E ) Graph depicting changes in tumor volume over 21 days as in (D). ( F ) Tumors in (D) 
were sectioned and immunostained with RNF8, Ki67, and cleaved CASP3 antibodies. Representati v e images are shown (bar = 12.5 �m). ( G ) A schematic 
of the experimental setting used to examine in vivo effects of RNF8 depletion on established BR CA 1-m utant tumors. MDA-MB-436 cancer cells were 
injected into NSG mice , and tumors were allowed to grow for two weeks before giving all cohorts of mice Dox in drinking water for another 3 weeks. 
Representati v e images 5 weeks post transplantation are shown for the indicated MDA-MB-436 mammary tumors resected from NSG mice ( n > 4 per con- 
dition; bar = 1 cm). ( H, I ) Tumor volumes and mass from mice in (G) wer e monitor ed for 5 weeks. Graphs are depicted as mean ± SEM unless otherwise 
indica ted. Da ta were analyzed using the log-rank test (A), two-tailed, paired Student’s t -test (C), two-way ANOVA with Sidak’s multiple comparisons test 
(E, H), and one-way ANOVA with Tukey’s multiple comparisons test (I). ns: not significant. WT: wildtype. Mut: mutant. 
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that BR CA1 m utations are associated with defects in HR-
mediated repair of DSBs ( 3 , 4 ), we examined RNF8 ex-
pression in HR-deficient or proficient breast cancers. Ho-
mologous recombination deficiency (HRD) occurs when
genes tha t regula te the HR-dependent repair pathway are
mutated. HRD has been linked with a specific pattern of
genome-wide mutations (mutational signature 3), which
can predict biallelic inactivation of BRCA1 and germline
or soma tic altera tions of HR-rela ted genes ( 33 , 34 ). Interest-
ingly, we observed high RNF8 expression in HRD breast tu-
mors (mutational signature 3-positi v e) compared to signa-
ture 3-negati v e tumors (Supplementary Figure S1b). Simi-
larl y, in m uta tional signa ture 3 positi v e HRD breast cancers
we observed higher expression of RNF168 and RAD51,
factors that function downstream of RNF8 in the DSB re-
pair pathway (Supplementary Figur e S1b). Furthermor e,
examina tion of signa tur e 3 scor es in T CGA primary br east
tumors classified into tertiles of RNF8 expression identified
a significant correlation between high signature 3 scores and
ele vated e xpr ession of RNF8 (Supplementary Figur e S1c).
Gi v en that BRCA1 mutations predispose for the de v elop-
ment of triple-negati v e breast cancer (TNBC) ( 1 ), we ne xt
examined signature 3 scores in TCGA within TNBC clas-
sified into tertiles of RNF8 e xpression. We observ ed that
RNF8 expression was elevated in TNBC displaying muta-
tional signature 3 (Supplementary Figure S1d). Notably, the
ele vated e xpression of RNF168 and RAD51 positi v ely co-
related with high signature 3 scores in TCGA BRCA, but
this correlation was not significant in TCGA BRCA TNBC
(Supplementary Figure S1c,d). Collecti v ely, these data re-
veal that RNF8 is over expr essed in several cancers, includ-
ing breast cancer, and the le v els of RNF8 e xpr ession ar e
higher in HRD breast tumors including TNBC compared
to HR-proficient tumors. 

To examine the clinical relevance of increased RNF8
expr ession in HRD br east tumors, we performed in
vitro colon y-f orming assa ys and examined the growth of
BR CA1 / 2 -m utant breast and ovarian cancer cells trans-
duced with Doxy cy cline (Dox) -inducib le shRNA for
RNF8 (shRNF8) or scrambled sequence (shScr). We ob-
served that RNF8 depletion significantly impaired the
growth of BRCA1 mutant MDA-MB-436 TNBC cells and
BRCA2 mutant Kuramochi ovarian cancer cell line (Fig-
ure 1 B and Supplementary Figure S2a). To further exam-
ine the effect of RNF8 knockdown on the growth of hu-
man BR CA1- m uta ted breast tumor cells, we used pa tient-
deri v ed xenografts (PDX) deri v ed from a breast cancer pa-
tient harboring a deleterious BRCA1 germline mutation
(IB-1) and a breast cancer patient carrying wildtype BRCA1
alleles (BRC#141). We transduced cells from these PDXs
with shRNF8 or shScr and assessed RNF8 knockdown us-
ing RT-PCR (Supplementary Figure S2b). We then exam-
ined the viability of shRNF8 and shScr PDX cells using an
ATP luminescence assay. Whilst RNF8 depletion did not al-
ter the viability of breast cancer cells proficient for BRCA1
(BRC#141), it significantly reduced the viability of BRCA1 -
mutatant IB-1 PDX cells (Figure 1 C). 

Gi v en that RNF8 loss resulted in defecti v e in vitro growth
of BRCA1-deficient TNBC cells, we explored the effect of
RNF8 depletion on the in vivo growth of these cells. We
transplanted Dox-inducible shRNF8 and shScr MDA-MB-
436 cells in the mammary fat pads of immunocompro-
mised NOD scid gamma (NSG) mice. To induce expres-
sion of the shRNA, we provided each cohort of mice with
drinking water supplemented with Dox for 21 days start-
ing immediately following cell injection (Figure 1 d). Consis-
tent with the impact of RNF8 knockdown on PDX tumor
cell growth, MDA-MB-436 cells depleted of RNF8 formed
markedly smaller tumors compared to shScr transduced
controls (Figure 1 D, E). Immunohistochemistry (IHC)
staining of shRNF8 MDA-MB-436 tumors from NSG mice
that were gi v en Dox immediately post-transplantation (Fig-
ure 1 D), validated the knockdown of RNF8, and re v ealed
decreased proliferation (Ki67 marker) and increased apop-
tosis (cleaved CASP3) (Figure 1 F and Supplementary Fig-
ure S2c,d) compared to NSG mice bearing shScr MDA-
MB-436 xenografts. 

Ne xt, we e xamined whether RNF8 depletion could halt
the growth of established BR CA1 -m utant breast tumors in
vivo . Thus, we conducted a set of experiments in which
shRNF8 and shScr MDA-MB-436 xenografts were first
allowed to grow in the absence of Dox for two weeks
post-transplantation before giving the mice drinking wa-
ter with or without Dox for the following three weeks
(Figure 1 g). No significant differences in tumor volume or
mass were observed between shRNF8 and shScr MDA-
MB-436 tumor bearing mice that were not gi v en Dox-
containing drinking water for 3 weeks (Figure 1 G–I). Mice
gi v en Dox-containing drinking water at week three post-
xenotransplantation of shScr MDA-MB-436 cells de v el-
oped tumors with a comparable volume and mass com-
pared to their control cohort of mice not gi v en Dox, yield-
ing tumors of a comparable volume and mass (Figure 1 G–
I). In contrast, RNF8 knockdown tumors showed signifi-
cantly reduced in vivo growth compared to all other cohorts
(Figure 1 G–I). Examination of the tumor volume of the co-
hort of mice xenografted with RNF8-depleted MDA-MB-
436 cells indicated no significant difference of their tumor
volumes at the two-week time point compared to the fiv e-
week endpoint (Figure 1 G–I). 

Gi v en the sensiti vity of BR CA1 -m utant cells to PARPi
( 2 , 35 , 36 ), we examined the effect of RNF8 deficiency on
the response of MDA-MB-436 cells to the PARPi olaparib.
We observed a higher olaparib sensitivity of RNF8 depleted
BRCA1 mutant MDA-MB-436 cells compared to their
shScr controls (Supplementary Figure S2e,f). To validate
this finding, BRCA1 proficient MDA-MB-231 TNBC cells
and their isogenic counterparts deficient for RNF8 (sgRNA
RNF8: sgRNF8), BR CA1 (shBR CA1) or both proteins,
along with controls (sgCh10 and shScr), were also exam-
ined for their sensitivity to PARPi. MDA-MB-231 cells
deficient for either RNF8 or BRCA1 displayed increased
sensitivity to olaparib compared to controls (Supplemen-
tary Figure S2g, h). Consistent with data from MDA-
MB-436 cells (Supplementary Figure S2e,f), deficiency of
RNF8 further sensitized BRCA1-depleted MDA-MB-231
cells to olaparib (Supplementary Figure S2g, h). Together,
these findings identify a dependence on RNF8 for the in
vitro and in vivo growth of BR CA1 -m utant cancer cells.
Furthermor e, our r esults indica te tha t RNF8 deficiency
hyper-sensitizes BR CA1 -m utant TNBC cells to PARP
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NF8 deficiency increases genomic instability and senes- 
ence in BRCA1- mutant cells 

he above results clearly indicate the critical function of 
NF8 in BRCA1 / 2 -associated tumorigenesis. Interestingly, 
NF8 plays an important role in the recruitment of 53BP1 
o DSB-flanking sites ( 11 , 37 ) and the loss of 53BP1 pro-
ects Brca1 -mutant mouse models from mammary tumori- 
enesis ( 14 ), hence we used MDA-MB-231 cells deficient for 
NF8, BRCA1 or both (Figure 2 a), and examined the ef- 
ect of RNF8 deficiency on the formation of 53BP1 foci in 

R CA1- m utant human breast cancer cells. Six hours post- 
rradiation (IR), immunofluorescence staining of BRCA1- 
eficient MDA-MB-231 cells showed no significant defect 
n 53BP1 recruitment to DSB-flanking sites compared to 

RCA1-pr oficient contr ols (Supplementary Figure 3A, B). 
owe v er, as e xpected IR-induced 53BP1 f oci f ormation was 
e v er ely impair ed in MDA-MB-231 cells deficient for RNF8 
lone or both RNF8 and BRCA1 (Supplementary Figure 
A, B), confirming that loss of RNF8 in BRCA1 deficient 
ells compromised the integrity of the ubiquitin-dependent 
NA damage response. 
Considering the importance of RNF8, BRCA1, and 

3BP1, in maintaining genomic stability ( 3 , 11 ) and that the
oss of RNF8 impaired 53BP1 foci formation in MDA-MB- 
31 cells, we examined the ability of these cells to form 

H2AX foci, a marker of DNA damage. We observed el- 
 vated le v els of spontaneous DNA damage in MDA-MB- 
31 cells deficient for both RNF8 and BRCA1 compared 

o their isogenic cells deficient for either RNF8 or BRCA1 
Figure 2 A and B). To validate this observation, we depleted 

NF8 in the BR CA1- m utant TNBC cell lines (MDA-MB- 
36 and SUM149PT), and BR CA2 -m utant ovarian can- 
er cell lines (Kuramochi and PEO1) and examined their 
e v el of DNA damage. Notab ly, we observ ed that deple-
ion of RNF8 in cell lines with mutations in either BRCA1 
r BR CA2 significantl y increased the le v el of spontaneous 
NA damage (Figure 2 C, D and Supplementary Figure 
3c–f) as well as the ability to resolve IR-induced DNA 

amage a t la te timepoints post-irradia tion (Figure 2 C). Im- 
ortantly, a similar phenotype was observed in the Rnf8 
nd Brca1 double-knockout primary murine mammary ep- 
thelial cells (MECs) when compared to single knockout 
r WT control MECs (Figure 2 E and Supplementary Fig- 
re S3g). To further support the role of RNF8 in main- 
aining genomic stability in BR CA1 -m utant cells, we trans- 
uced shRNF8 MDA-MB-436 cells with a Dox-inducible 
enti viral v ector e xpressing mouse Rnf8 that is insensi- 
i v e to the shRNA targeting human RNF8 (Supplementary 
igur e S3h). Crucially, expr ession of mouse Rnf8 signifi- 
antly reduced the ele vated le v els of DNA damage observ ed 

n shRNF8 MDA-MB-436 cells (Supplementary Figure 
3i, j), further supporting the role of RNF8 in maintaining 
enomic stability in BRCA1 mutant breast cancer cells. 
To further determine the effect of RNF8 deficiency on 

he capacity of BRCA1 mutant TNBC cells to repair DSBs, 
DA-MB-436 cells with or without RNF8 knockdown 

ere analyzed using well characterized I-SceI based DSB re- 
air reporter assays ( 20 , 21 ) (Supplementary Figure S4). We 
ound that RNF8 depletion in MDA-MB-436 cells signifi- 
antly decreased the efficiency of HR and non-homologous 
NA end joining (NHEJ) mediated DSB r epair, wher eas 
o significant change was observed in the alternati v e end- 
oining (a-EJ) DSB repair (Figure 2 F). DNA content anal- 
sis using Hoechst staining of RNF8-depleted MDA-MB- 
36 cells re v ealed an increase in the sub-G1 population in- 
icati v e of cell death, as well as elevated frequency of poly- 
loidy (Figure 2 g). These results highlight the importance 
f RNF8 in DSB repair and genome stability in BRCA1 - 
utant cells. 
Impaired genomic stability can induce cellular senes- 

ence ( 38 ). Ther efor e, using the senescence-associated �- 
alactosidase staining (SA- �-gal) ( 38 ), we assessed the le v el
f senescence in Rnf8 and Brca1 double-mutant primary 
ECs and RNF8 depleted human cancer cells with and 

ithout BRCA1. MECs lacking RNF8 and BRCA1 ex- 
ibited increased SA- �-gal positivity and were more en- 
arged and flattened than the single mutants and WT con- 
rols (Figure 2 h and Supplementary Figure S5a). This was 
ecapitulated in the RNF8-deficient MDA-MB-436 and 

UM149PT cells, and MDA-MB-231 cells deficient for 
oth RNF8 and BRCA1 (Supplementary Figure S5b-d and 

i,j). Interestingly, Rnf8 and Brca1 double-mutant MECs 
xhibited reduced proliferation, as judged by Ki67 staining, 
elati v e to Rnf8 or Brca1 single knockout MECs (Supple- 
entary Figur e S5e). Furthermor e, RNF8 depleted MDA- 
B-436 cells also displayed a reduction in Ki67 staining, 

ncr eased expr ession of the senescence markers P16 INK4 and 

21 CIP1 and an elevated percentage of apoptotic cells com- 
ared to shScr controls (Supplementary Figure S5f-h and 

upplementary Tab le S1). Collecti v ely, these data re v eal 
hat RNF8 deficiency in BR CA1 -m utant cells impairs mul- 
iple DSB repair pathways and promotes genomic instabil- 
ty, senescence, and cell death. 

NF8 deficiency increases transcription dependent DNA 

amage and R-loop accumulation 

NF8 plays a critical role in the ubiquitin-dependent re- 
ponse to DSBs and acts as a positi v e regulator of the 
epair signaling cascade ( 11–13 ). Prior studies indicated 

hat depletion of RNF8 and RNF168 partially re v erses the 
TM-dependent transcription silencing at the sites of DSBs 

 39 , 40 ). As such, RNF8 mediated DSB repair might pre v ent
SB-induced RNAPII stalling, ther eby r educing conflicts 
ith replication machinery. Hence, we examined the global 
ranscription activity in shRNF8 MDA-MB-436 cells and 

heir shScr controls by quantifying nascent RNA synthe- 
is based on the incorporation of the modified RNA pre- 
ursor 5-ethynyluridine (EU). Interestingl y, RN A synthe- 
is was found significantly higher in RNF8-depleted cells 
hen compared to controls, indicating aberrant transcrip- 
ional regulation in cells lacking RNF8 and BRCA1 (Sup- 
lementary Figure S6a). 
R-loops are transcriptional by-products that function as 

rucial regulatory intermediates in different cellular pro- 
esses ( 8 , 9 ). Howe v er, the presence of e xcessi v e DN A–RN A
ybrid-containing structures can also promote DNA dam- 
ge and disease ( 8 , 9 ). While BRCA1 is important for HR-
ediated DSB repair and replication fork stability ( 6 , 41 ), 
RCA1 also interacts with the helicase Senataxin (SETX) 
o facilitate the resolution of R-loops associated with DNA 
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Figure 2. RNF8 depletion increases genomic instability and senescence in BRCA1 / 2-deficient cells. ( A ) Western blot analysis of the indicated MDA-MB- 
231 cells. �-Actin was used as a loading control. ( B ) The indicated MDA-MB-231 cells were stained with anti- �H2AX and DAPI, and cells with more than 
15 �H2AX foci were quantified. Scale bar, 25 �m; n = 3. ( C ) The indicated MDA-MB-436 cells (untreated (UT), 6 or 24 h post-IR 8Gy) were stained with 
anti- �H2AX and DAPI, and cells with more than 10 �H2AX foci were scored. Scale bar, 25 �m; n = 3. ( D ) The indicated Kuramochi cells were stained 
with anti- �H2AX, and cells with more than 10 �H2AX foci were scored. Scale bar, 25 �m; n = 3. ( E ) Quantification of �H2AX staining of the indicated 
Mammary epithelial cells ( n = 3). ( F ) Box plots depicting the efficiency of DSB repair pathways (homologous recombination (HR), non-homologous DNA 

end joining (NHEJ), and alternati v e end-joining (a-EJ) pathways) in mediating the repair of I-SceI–induced DSBs in indicated cells ( n = 3). ( G ) Cell cycle 
distribution analysis using li v e Hoechst staining of the indicated cells ( n = 3). ( H ) Representati v e images of SA- �-gal staining of the indicated mammary 
epithelial cells. Scale bar, 100 �m; n = 3. Graphs are depicted as mean ± SEM unless otherwise indica ted. Da ta were analyzed using a one-way ANOVA 

with Tukey’s multiple comparisons test (B , C , E), unpaired Student’s t test (D, G) and unpaired t -test with Welch’s correction (F). ns: not significant. WT: 
wildtype. Mut: mutant. 
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amage at transcription termination pause sites ( 42 ). Based 

n this, we sought to determine the effect of RNF8 loss on 

-loop formation in BR CA1 -m utant cancer cells. Initiall y 
e utilized S9.6 imm unofluorescence, w hich can reco gnize 
N A–RN A hybrids. Importantl y, to ensure that the S9.6 
ntibody was not detecting single- and double-strand RNA, 
ll coverslips were subjected to RNaseT1 and RNaseIII 
reatment prior to immunofluorescence. This analysis re- 
ealed a marked increase in nucleoplasmic (Nuclear minus 
ucleolar) and nucleolar R-loop le v els in shRNF8 MDA- 
B-436 cells compared to RNF8-proficient controls (Sup- 
lementary Figure S6b). To corroborate these observations, 
enomic DNAs was isolated from RNF8-deficient and - 
roficient MDA-MB-436 cells and subjected to dot blot 
nalysis using S9.6 antibody. Pr etr eatment of the genomic 
NA with RNaseH was used to validate the specificity 
f S9.6 antibody. Consistent with the S9.6 immunofluores- 
ence data, the dot blot assay indicated increased S9.6 in- 
ensity in RNF8 deficient MDA-MB-436 cells compared to 

ontrols (Supplementary Figure S6c). To further strengthen 

hese findings, we used purified catal yticall y inacti v e GFP- 
agged recombinant RNaseH1 (GFP-dRNH1) as an al- 
ernati v e tool to visualize R-loops using fluorescence mi- 
roscopy ( 43 , 44 ). Again, we found that depletion of RNF8 
n MDA-MB-436 cells resulted in a significant increase in 

-loops as judged by the nuclear GFP-dRNH1 signal (Fig- 
re 3 A and B). 
Next, using DN A–RN A imm unoprecipitation sequenc- 

ng (DRIP-seq) we examined the global distribution of 
-loops in RNF8 depleted MDA-MB-436 cells and their 
hScr controls. Results from the DRIP-seq identified a 
ignificant increase in S9.6 enrichment in RNF8-depleted 

DA-MB-436 cells compared to shScr controls (Figure 3C; 
upplementary Figure S6d–f). Importantly, we observed a 
epletion of S9.6 signal in RNaseH treated compared to 

ntreated samples (Supplementary Figure S6d–f). Notably, 
N A–RN A hybrids in RNF8-depleted cells were signifi- 
antly enriched around the gene bodies of protein coding 
enes and at transcription termination sites (TTS), with the 
ost significant enrichment of R-loops at TTS (Figure 3 C, 
upplementary Figur e S6d–f). Inter estingly, ther e was no 

ignificant difference of DRIP signal around transcription 

tart sites (TSS; Supplementary Figure S6e). This is consis- 
ent with published da ta demonstra ting tha t R-loops form 

t highly transcribed GC-rich sequences and regulate gene 
xpression by associating with both promoters and termi- 
ator regions ( 45 ). 
To examine the mechanisms by which RNF8 regulates 
-loop le v els, we first inv estigated whether RNF8 local- 
zes to R-loop prone loci in MDA-MB-436 cells by chro- 
a tin immunoprecipita tion (ChIP) using an antibod y tar- 
eting endogenous RNF8. To analyze the binding of RNF8 
o R-loop prone loci, we performed ChIP experiments us- 
ng three R-loop positi v e loci (AFAP1, ZNF425 and HN- 
NPUL2) and two R-loop negati v e loci (PRKCSH and 

AF4) identified from the DRIP-seq data. ChIP-qPCR ex- 
eriments showed a significant enrichment of RNF8 at the 
-loop positi v e loci and no significant RNF8 binding was 
bserved at the R-loop negati v e loci (Figure 3 D). Addi- 
ionall y, we anal yzed the RNF8 recruitment to the acti v ely
ranscribed genes which are known to be R-loop prone loci 
 42 , 46 ). We observed a significant enrichment at the 5 ′ pro-
oter, 5 ′ pause, pause regions of the β-A CTIN ( A CTB ) 
ene and endosulfine alpha ( ENSA ) gene pause site (Sup- 
lementary Figure S6g). 
To further validate the DRIP-Seq data and to exam- 

ne the correlation between low RNF8 expression and R- 
oop accumulation in BRCA1-deficient cells, we performed 

RIP assays utilizing the S9.6 antibody. We examined 

N A–RN A hybrid enrichments at se v eral R-loop prone 
oci, including the ribosomal DN A (rDN A) repeats, telom- 
ric repeats, ENSA gene transcriptional pause site, and 

ultiple locations along the ACTB gene in Dox-inducible 
hRNF8 and shScr MDA-MB-436 cells. Depletion of 
NF8 in BRCA1-deficient MDA-MB-436 and MDA-MB- 
31cells significantly increased DNA–RNA hybrid le v els 
 t rDNA repea ts, telomeric repea ts, and the ENSA gene 
ranscriptional pause site (Supplementary Figure S7a,b). 
imilarly, RNF8 depleted MDA-MB-436 cells showed in- 
reased DN A–RN A hybrids at the 5 ′ pause , pause , C, and
 regions of the ACTB gene (Supplementary Figure S7c). 
otably, the S9.6 signal was depleted following treatment 
ith RNaseH ( 47 ) indica ting tha t the S9.6 signal is spe-
ific to DN A–RN A hybrids (Supplementary Figure S7a- 
). Consistent with the DRIP-Seq data, results from the 
RIP-qPCR showed that RNF8 depletion specifically in- 
reased R-loop accumulation across the gene body and TTS 

n ACTB gene but not the promoter site (Supplementary 
igure S7c). To ensure the specificity of pull down using 
9.6 antibody, we analyzed the le v els of DNA–RNA hy- 
rids at three R-loop positi v e loci (AFAP1, ZNF425 and 

NRNPUL2) and two R-loop negati v e loci (PRKCSH and 

AF4) from the DRIP-seq data. DRIP-qPCR confirmed 

he enrichment of R-loops at the positi v e loci and no signif- 
cant change was observed at the negati v e loci (Supplemen- 
ary Figure S7d). Together, our da ta genera ted using GFP- 
RNH1 and S9.6 immunofluorescence, R-loop dot blot as- 
ay, DRIP-Seq and DRIP-qPCR re v eal that loss of RNF8 
ncreases R-loop le v els in BRCA1-proficient breast cancer 
ells, and that dual loss of RNF8 and BRCA1 further exac- 
rba tes the accumula tion of R-loop structures at multiple 
enomic loci. 
Gi v en the ele vated DN A damage in BR CA1 -m utant cells
epleted of RNF8 and the role of e xcessi v e R-loops in 

ompromising genomic integrity ( 9 ), we sought to exam- 
ne whether a correlation existed between R-loop accumu- 
ation in these cells and the ele vated le v els of DNA damage.
irst, we performed ChIP-qPCR using the �H2AX anti- 
ody and observed an increased enrichment of �H2AX at 
pecific regions of the ACTB gene, rDNA repeats and the 
NSA transcriptional pause-site in RNF8-depleted MDA- 
B-436 cells compared to their shScr controls (Supple- 
entary Figure S7e). Furthermore, ectopic expression of 
NaseH in RNF8-depleted MDA-MB-436 cells was found 

o significantly reduce the le v els of DNA damage (Figure 
 e). These data suggest that R-loop accumulation may be 
ausing the increased genomic instability we observed with 

oss of RNF8 in BR CA1 -m utant cells. 
RNF168 cooperates with RNF8 to mediate DSB sig- 
aling and repair ( 11–13 ). RNF8-mediated histone H1 
biquityla tion facilita tes RNF168 recruitment to DSBs 
nd promotes ubiquitylation cascade to recruit various 
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Figure 3. RNF8 deficiency in BRCA1 mutant breast cancer cells potentiates R-loop accumulation leading to increased genomic instability. ( A, B ) Rep- 
resentati v e images and quantification of R-loop le v els as detected by GFP-tagged dRHN1 in indicated cells after mock or RNaseH treatment. Bar = 25 
�m. ( C ) Metagene plot of the distribution of S9.6 signals (IP-Input) along all the expressed protein coding genes (TPM > 0; 12 080 genes) and flanking 
regions ( ±5 kb) in control (blue) and shRNF8 (purple) MDA-MB-436 cells. ( D ) ChIP-qPCR analysis of RNF8 recruitment to the R-loop positi v e (AFAP1, 
ZNF425 and HNRNPUL2) and R-loop negati v e (PRKCSH and TAF4) loci ( n = 3). ( E ) Representati v e images of RNaseH1 and �H2AX staining of the 
indicated MDA-MB-436 cells transiently transfected with RNaseH1. Scale bar, 10 �m. �H2AX foci were counted only in RNaseH1 ov ere xpressing cells 
( n = 3). More than 200 nuclei wer e scor ed per condition. ( F ) Quantification of nuclear �H2AX foci in the indicated cells post-treatment with flavopiridol 
(Flav o) and actinom y cin D (ActD) or v ehicle control ( n = 3). Scale bar = 25 �m; n = 3. Graphs are depicted as mean ± SEM. Data were analyzed using a 
Mann–W hitney U test (B , F), a two-tailed unpaired student’s t -test (D), and a one-way ANOVA with Tukey’s multiple comparisons test (E). Mut: mutant. 
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epair factors to these DNA damage sites ( 12 ). Gi v en
hat RNF168 interacts with the R-loop-resolving helicase 
HX9 to suppress e xcessi v e R-loop formation ( 48 ), we in-
estigated whether the RNF8 mediated resolution of R- 
oops was dependent on RNF168. Interestingly, in contrast 
ith RNF168, we failed to detect RNF8 interaction with 

HX9 using co-immunoprecipitation (Supplementary Fig- 
r e S7f). Furthermor e, RNF168 ChIP-qPCR using RNF8- 
eficient and -proficient MDA-MB-436 cells showed that 
NF8 deficiency had no significant effect on RNF168 re- 
ruitment to R-loop prone sites (Supplementary Figure 
7g). Collecti v ely, these data suggest that RNF8 mediates 
-loop resolution independently of RNF168. 
Gi v en our observation that EU staining is increased 

n cells lacking both RNF8 and BRCA1, suggesti v e of 
heir aberrant transcription (Supplementary Figure S6a), 
e evaluated whether transcription-induced DNA damage 
nderpinned the increased genomic instability in RNF8- 
epleted BRCA1-proficient and deficient cells. To this end, 
N A synthesis was transientl y inhibited in RNF8-depleted 

D A-MB-436 and MD A-MB-231 cells using the tran- 
cription inhibitors flavopiridol and actinomycin D (ActD) 
nd then stained for �H2AX as a marker of DNA damage. 
e observed a significant decrease in �H2AX nuclear in- 

ensity in RNF8-deficient MDA-MB-436 and MDA-MB- 
31 cells treated with these transcription inhibitors com- 
ared to untreated cells (Figure 3 F and Supplementary Fig- 
re S8a–d), indicating that transcriptional dysregulation in 

NF8 depleted BRCA1-proficient and deficient cells may 
ontribute to the ele vated le v el of genomic instability. Of 
ote, we observed higher levels of DNA damage in RNF8 
epleted MDA-MB-231 cells (Figure 2 B), indicating that 
he aberr ant tr anscription upon RNF8 depletion is not de- 
endent on BRCA1. 
Since we observed a significant change in �H2AX nu- 

lear intensity in RNF8-deficient MDA-MB-436 cells upon 

reatment with low concentration of ActD, which inhibits 
N API-dependent rDN A transcription ( 49 ), we examined 

he presence of �H2AX in regions positi v e for the nucle- 
lar marker nucleolin. Our data revealed that a subset of 
H2AX foci in RNF8-deficient MDA-MB-436 cells were 
olocalizing with nucleolin (Supplementary Figure S8e, f). 
ollecti v ely, our data re v eal RNF8 enrichment at R-loop 

rone loci and that its loss promotes R-loop accumulation, 
eading to elevated genomic instability in BR CA1 -m utant 
ancer cells. 

NF8 loss triggers replication stress in BRCA1 -mutant 
reast cancer cells 

he inability of cells to resolve replication stress can lead 

o genomic instability and cancer ( 50 ). R-loop accumula- 
ion introduces obstacles to replication f orks, f orcing them 

o stall, thereby resulting in TRCs ( 9 , 51–53 ). Gi v en that
NF8 depletion in BR CA1 -m utant cells resulted in in- 
reased R-loop accumulation and transcription-dependent 
NA damage, we hypothesized that TRCs might be signif- 

cantly higher in the absence of RNF8. To examine TRCs 
n shRNF8 and shScr MBA-MD-436 cells, we performed 

 proximity ligation assay (PLA) using antibodies against 
N A pol ymerase II (RN AP II; a marker for transcription) 
nd proliferating cell nuclear antigen (PCNA; a marker 
or replication). Notably, we found a significant increase in 

N AP II-PCN A PLA foci in RNF8-depleted MDA-MB- 
36 cells compared with shScr controls, indicati v e of more 
RCs arising as a consequence of loss of RNF8 and BRCA1 
Figure 4 A). Since loss of BRCA1 compromises replication 

ork stability and increases replication stress ( 41 ), we used 

he DNA fibre assay ( 54 ) to investigate the effect of RNF8- 
eficiency on replication fork progression in MBA-MD-436 
ells. In keeping with more TRCs, we observed that loss of 
NF8 in MDA-MB-436 cells caused a significant decrease 
n the percentage of ongoing forks and an increase in the 
mount of replication fork stalling (Figure 4 B–D). Consis- 
ent with the elevated levels of fork stalling, we found an 

ncrease in the asymmetry of bidirectional replication forks 
n shRNF8 MDA-MB-436 cells relati v e to the shScr con- 
rols (Figure 4 E). Together, these data indicate the increased 

NA r eplication str ess in BR CA1- m utated cells depleted of 
NF8 may arise due to elevated levels of TRCs. 
Se v eral factors are essential to mediate the cellular re- 

ponse to replication stress ( 9 ). For instance, replication 

ork stalling triggers phosphorylation and activation of 
he kinase ATR. This e v ent results in the phosphoryla- 
ion of other factors such as replication protein A (RPA32) 
nd the subsequent activation of the replication stress re- 
ponse pathwa y. Theref ore, we examined the effect of RNF8 
nockdown on the activation of the replication stress path- 
ay in MDA-MB-436 cells. Depletion of RNF8 in the 
DA-MB-436 cells moderately raised the le v el of pATR- 
er428 and pRPA32-Ser33 without changing the expres- 
ion of total ATR and RPA32, indicating that the increased 

 eplication str ess in cells lacking both RNF8 and BRCA1 is 
ufficient to trigger activation of the ATR-dependent DNA 

amage response (Figure 4 F). 
To validate the role of aberrant transcription and repli- 

ation in TRCs, we measured the le v els of RN AP II-PCN A
LA foci in RNF8-depleted MDA-MB-436 cells upon in- 
ibition of transcription and replication using ActD and 

phidicolin (APH) (Figure 4 G) respecti v ely. These anal- 
ses indicated that the ele vated le v el of TRCs in RNF8- 
epleted MDA-MB-436 cells is significantly decreased fol- 
owing transient inhibition of transcription or replication. 
RCs constitute a major intrinsic source of genomic insta- 
ility ( 8 , 9 , 52 , 53 ). Ther efor e, we measur ed the le v els of DNA
amage in RNF8-depleted cells upon transcription and 

eplication inhibition using ActD and APH, respecti v ely. 
e observed a significant decrease in �H2AX nuclear in- 

ensity in RNF8-deficient MDA-MB-436 cells treated with 

hese inhibitors compared to untreated cells (Figure 4 H). 
hese results indicate that TRCs r epr esent a potent source 
f genomic instability in these cells. Together, these findings 
uggest that RNF8 deficiency in BR CA1 -m utant cells in- 
uces aberr ant tr anscription, leading to r eplication str ess, 
RCs and further impairment of genomic integrity. 

NF8 interacts with XRN2, promoting its ubiquitylation and 
nrichment at R-loop-prone loci 

o gain insight into the molecular mechanisms that dri v e 
he accumulation of R-loops in the absence of RNF8, 
e searched for RNF8 interactors by coupling mass 
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Figure 4. RNF8 deficiency promotes replication stress in BR CA1 -m utant breast cancer cells. ( A ) Representati v e images and quantification of PLA foci 
indicating the interaction between RNA Pol II and PCNA (scale bar = 25 �m; n = 3). ( B ) Schematic of the experimental design used for DNA fibre 
analysis. shRNF8 and shScr MDA-MB-436 cells were treated with Dox for 4 days and sequentially pulse-labelled with two thymidine analogues CldU 

and IdU for 20 min each before being harvested for DNA fibre analysis. ( C. D ) The percent of ongoing and stalled replication forks in the indicated cells 
is plotted and r epr esentati v e images are shown. ( E ) The replication fork asymmetry in the indicated cells is plotted and r epr esentati v e images are shown. 
For the replication fork structures (C. D: ongoing and stalled forks) more than 1250 CldU-labelled fibres in total were counted for the whole experiment. 
For the replication fork asymmetry ( E ) over 50 bi-directional first label origins in total were counted for the whole experiment. All the fibre data (C–E) are 
r epr esentati v e of three independent experimental replicates. ( F ) Western blot showing the expression of the indicated proteins in RNF8-depleted MDA- 
MB-436 cells and their shScr controls. ( G ) Quantification of PCN A-RN APII CTD PLA foci per nucleus in the indicated MDA-MB-436 cells treated for 1hr 
with DMSO, APH (500 nM) or ActD (0.5 �M). ( H ) Quantification of nuclear �H2AX foci in shRNF8 and shScr MDA-MB-436 cells after 1 h treatment 
with APH, ActD, and DMSO as indicated ( n = 3). Graphs are depicted as mean ± SEM. Data were analysed using two-tailed unpaired Student’s t -test 
(A, C, D), Mann–Whitney U test (E), and one-way ANOVA with Tukey’s multiple comparisons test (G, H). Mut: mutant. 
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pectrometry (MS) to Flag-RNF8 and Flag empty vec- 
or (Flag-EV) co-immunoprecipitation in HEK293FT 

ells ( ftp://MSV000089537@massi v e.ucsd.edu ). Compar- 
ng with the R-loop interactome from published studies 
 55 , 56 ), we analyzed the R-loop factors which were iden-
ified as RNF8 interactors from our mass spec data (Sup- 
lementary Figure S9). This analysis re v ealed putati v e in- 
eractors of RNF8 involved in different cellular processes, 
ncluding RNA processing, translation, and RNA binding. 
ne of the top hits in the RNF8-IP / MS data was XRN2, 
 5 ′ -3 ′ exoribonuclease 2, known to regulate transcription 

ermination and R-loop resolution. XRN2 deficient cells 
isplay ele vated le v els of replicati v e str ess and incr eased R-
oop accum ulation 

. Interestingl y, DRIP-seq anal ysis of R- 
oop accumulation in XRN2-depleted U2OS cells identi- 
ed the highest accumulation of R-loops at TTS, similar to 

NF8 depleted cells ( 57 ). Based on this, we hypothesised 

hat RNF8 and XRN2 functioned together to suppress R- 
oop formation and genome instability. We confirmed the 
nteraction between endogenous XRN2 and RNF8 pro- 
eins in MDA-MB-436 and MDA-MB-231 cells using co- 
mmunoprecipitation assay and this interaction was fur- 
her validated using HEK 293FT cells transiently express- 
ng Fla g-ta gged XRN2 (Figure 5 A and Supplementary Fig- 
r e S10a, b). Mor eover, using domain-mapping assays, we 
emonstra ted tha t XRN2 interacts with RNF8 through its 
 
′ -3 ′ exonuclease N-terminal domain (Figure 5 B). 
Gi v en the interaction of RNF8 with XRN2, we exam- 

ned the effect of RNF8 deficiency on XRN2 expression. 
ur da ta indica ted tha t loss of RNF8 has no effect on
he expression of XRN2 protein in MDA-MB-436 and 

DA-MB-231 cells (Figure 5 C). Since XRN2 inter- 
cts with RNF8 and is ubiquitylated on se v eral lysine 
esidues ( https://thebiogrid.org/116483/summary/homo- 
a piens/xrn2.html ), we examined w hether RNF8 could 

ediate XRN2 ubiquitylation in BRCA1 proficient and 

eficient cells. Thus, we performed ubiquitylation assays 
nd examined XRN2 ubiquitylation in the presence or 
bsence of RNF8. RNF8 depletion decreased the extent 
f XRN2-associated Ub smears in MDA-MB-436 and 

DA-MB-231 cells, suggesting that XRN2 ubiquitylation 

s dependent on RNF8 (Figure 5 D, E). In support of 
his, ov ere xpression of WT RNF8 but not a catal yticall y 
ead mutant (C406S) in HEK293T cells significantly 
ncreased XRN2 ubiquitylation (Figure 5 F). Next, we per- 
ormed in vitro ubiquitylation assay and examined whether 
NF8 directly ubiquitylates XRN2. We observed strong 
biquitylation of recombinant XRN2 in the presence of 
ecombinant RNF8, E1, E2 and Ub proteins (Figure 5 G). 
owe v er, in vitr o ubiquityla ted XRN2 was not observed 

hen ubiquitin was omitted from this assay. These data 
ndica te tha t XRN2 is a novel and direct ubiquitylation 

ubstrate for RNF8. 
Since RNF8 depletion did not affect XRN2 protein lev- 

ls (Figure 5 C), we hypothesised that the RNF8-dependent 
RN2 ubiquitylation may regulate its binding to sites of R- 
oops. Interestingly, XRN2 binding to three R-loop positi v e 
oci (AFAP1, ZNF425 and HNRNPUL2) was decreased 

pon RNF8 depletion and no significant difference in bind- 
ng was observed at R-loop negati v e loci (PRKCSH and 

AF4) (Figure 5 H). Additionally, loss of RNF8 signifi- 
antly decreased the occupancy of XRN2 at the R-loop 

rone loci rDNA, telomeric repeats, and specific sites within 

he ACTB gene (Supplementary Figure S10c). 
Gi v en that R-loop resolution over the GC-rich pause sites 
y SETX allows the binding of XRN2 to promote tran- 
cription termination ( 46 ), we ne xt inv estigated whether the 
ETX occupancy at R-loop sites is affected by RNF8 de- 
ciency in MDA-MB-436 cells. Interestingly, SETX bind- 
ng to the 5 ′ promoter, pause and C regions of ACTB gene 
as significantly decreased upon RNF8 depletion (Supple- 
entary Figure S10d). Thus, defecti v e XRN2 recruitment 
o R-loop-enriched loci and increased accumulation of R- 
oops in RNF8 depleted BR CA1 m utant cancer cells might 
e partially due to a reduction in SETX recruitment to 

-loops. 
To understand the functional consequences of RNF8- 
RN2 interaction, RNF8-depleted MDA-MB-436 cells 
econstituted with RNF8-WT or RNF8-C406S mutant 
ere examined for XRN2 recruitment to R-loop prone 
oci. Whilst RNF8-WT r estor ed XRN2 r ecruitment to the 
DNA, telomeric repeats, and specific sites within the ACTB 

ene in RNF8-depleted cells, a catal yticall y inacti v e RNF8 
utant did not (Figure 6 A). While RNF8 depletion in 

DA-MB-436 cells significantly increased GFP-dRNH1 
uclear staining, reconstitution of these RNF8-depleted 

ells with RNF8-WT significantly decreased GFP-dRNH1 
uclear staining (Supplementary Figure S10e). Howe v er, R- 
oop le v els remained comparab le in shRNF8 MDA-MB- 
36 cells, and their counterparts reconstituted with RNF8- 
406S mutant (Supplementary Figure S10e). Next, we gen- 
rated shXRN2 MDA-MB-436 cells and their shScr con- 
rols and examined the effect of XRN2 deficiency on DNA 

amage, R-loop accumulation, and transcription. Similar 
o the loss of RNF8, XRN2 deficient MDA-MB-436 cells 
lso showed a significant increase in the le v el of DNA dam- 
ge and nuclear GFP-dRNH1 signal (Figure 6 B–D). Fur- 
hermore, we observed that depletion of XRN2 in MDA- 
B-436 cells led to a significantly reduced colon y-f orming 

bility (Figure 6 E). Howe v er, consistent with a previous 
eport ( 58 ), XRN2 depletion in BR CA1 -m utant cells did 

ot affect transcription rate (Supplementary Figure S10f) 
or the recruitment of RNF8 to R-loops prone sites in the 
CTB gene (Supplementary Figure S10g). Taken together, 
e conclude that RNF8 interacts with XRN2 to mediate 
ts ubiquitylation and recruitment at R-loop-prone loci to 

esolve R-loops and preserve genome stability. 

ISCUSSION 

R CA1 m utations predispose for breast, ovarian and other 
ancers ( 1 , 2 ). Studies of synthetic lethal interactions re- 
ealed potential therapeutic targets for BRCA1 -mutant 
ancers ( 2 , 35 , 36 , 59 ). The approval of PARP inhibitors to
reat advanced and metastatic breast, ovarian and pancre- 
tic cancers with BRCA1 / 2 mutations illustrates how syn- 
hetic lethal interactions can be exploited for cancer therapy. 
owe v er, drug r esistance r emains a significant limitation of 
ARPi, highlighting the need for novel and more effecti v e 
herapies for these high-risk cancer patients ( 2 ). 
In the present study, we uncovered that RNF8 is essen- 

ftp://MSV000089537@massive.ucsd.edu
https://thebiogrid.org/116483/summary/homo-sapiens/xrn2.html
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Figure 6. Reconstitution of RNF8-depleted cells with wildtype RNF8 rescues XRN2 recruitment to R-loops. ( A ) Anti-XRN2 ChIP-qPCR was performed 
using MDA-MB-436 cells to examine the effect of RNF8-WT and its C406S mutant on the recruitment of XRN2 to the indicated R-loop–prone loci ( n = 3). 
( B ) Representati v e WB validating XRN2 knockdown in MDA-MB-436 cells. ( C ) Representati v e images and quantification of �H2AX foci in shXRN2 
and shScr MDA-MB-436 cells ( n = 3). Scale bar, 25 �m. ( D ) Quantification of R-loop le v els as detected by GFP-tagged dRHN1 in indicated cells after 
mock or RNaseH treatment. ( n = 3; Bar = 25 �m). ( E ) Representati v e images and quantification of the colon y-f orming ability of shXRN2 and shScr 
MDA-MB-436 cells ( n = 3). Graphs are depicted as mean ± SEM. The data was analyzed using the 2-way ANOVA with Tukey’s multiple-comparison test 
(A), two-tailed unpaired Student’s t -test (C), Mann–Whitney U test (D), unpaired t -test with Welch’s correction (E). ns: not significant. Prom: promoter. 
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cell with mutations in BRCA1 or BRCA2 . Using a mouse
model for BR CA1 -m utant breast cancer, we demonstrated
that genetic deletion of Rnf8 in the mammary epithelial
cells of Brca1 mutant female mice remar kab ly reduces their
risk for mammary tumorigenesis. Consistent with this find-
ing, the T CGA br east cancer dataset analysis indicates that
RNF8 is expressed at a higher le v el in HR-defecti v e tumors
than those proficient in HR-mediated r epair. Inter estingly,
among the key factors functioning in the HR pathway, the
expression of the RNF8 gene was significantly higher in HR-
defecti v e TCGA BRCA TNBC dataset. 

Previous studies have demonstrated that loss of 53BP1,
a factor important for NHEJ r epair, r estor es HR and ge-
nomic stability in BR CA1 -m utant cells ( 14 , 15 ). Further-
more, 53BP1 deficiency protects Brca1- mutant mouse mod-
els from mammary tumorigenesis ( 14 ). In contrast, our data
indica te tha t although TNBC cells deficient for both RNF8
and BRCA1 fail to recruit 53BP1 to sites of DNA dam-
age, these cells display a reduction rather than restoration of
HR-dependent repair. As a consequence, unlike 53BP1 loss,
compromising RNF8 function in breast and ovarian cancer
cells lacking BRCA1 or BRCA2 exacerbated the endoge-
nous le v els of spontaneous and IR- or olaparib-induced
genome instability. This indicates that although RNF8 is
critical for recruiting 53BP1 to sites of DNA damage, loss
of RNF8 in the context of an HR deficiency has opposing
consequences to loss of 53BP1 i.e. synthetic lethality versus
synthetic viability. 

Excessi v e genomic instability promotes senescence and
cell death, contributing to the suppression of tumor growth
( 38 ). Consistent with their elevated levels of DNA damage,
TNBC cells and mammary epithelial cells depleted of both
RNF8 and BRCA1 exhibited increased cellular senescence.
Mor eover, orthotopic x enografts of BRCA1-mutant TNBC
cell lines further confirmed that RNF8 confers survival of
BRCA1-mutant TNBC tumors in vivo . This finding agrees
with the pre v enti v e effect of Rnf8 deficiency on the de v elop-
ment of mammary tumors in Brca1-mutant mouse models.

Genomic instability results from impaired DNA damage
repair but can also be a consequence of aberrant R-loops,
increased transcription and replication, and transcription-
replication collisions ( 8 , 9 , 51–53 ). In this study, we report a
novel function of RNF8 in facilitating the resolution of R-
loops. We demonstra ted tha t RNF8 is enriched a t R-loop-
prone genomic loci, particularly TTS, and that RNF8 de-
ficiency in BRCA1-mutant TNBC cells resulted in R-loop
accumulation and DNA damage at those R-loop enriched
sites. Ov ere xpression of exogenous RNaseH in TNBC cells
deficient for both RNF8 and BRCA1 significantly reduced
their le v els of DNA damage, suggesting that R-loop accu-
mulation contributes to their genomic instability. 

A growing number of factors, including the 5 ′ -3 ′ exori-
bonuclease XRN2, have been identified for their impor-
tant roles in the resolution of R-loops ( 8 ). XRN2 is a
critical for transcription termina tion, degrada tion of RNA
and the resolution of R-loop structures ( 60 ). Similar to
XRN2 depleted cells ( 57 ), RNF8 depletion significantly
increased R-loop accumula tion a t TTS, suggesting that
XRN2 and RNF8 might function co-operati v ely to re-
solve R-loops. Through this study, we have identified that
RNF8 directly ubiquitylates XRN2. In BRCA1-deficient
cells, RNF8 ubiquitylated XRN2 to facilitate its recruit-
ment to R-loop prone loci. This mechanism regulated ex-
cessi v e R-loops accum ulation, w hich can lead to genomic
instability and replication stress. Consistent with this, we
observ ed defecti v e XRN2 recruitment to R-loop prone loci,
and increased R-loops le v el in RNF8 depleted BRCA1 mu-
tant cells. Reconstitution of these RNF8 depleted BRCA1
mutant cells with RNF8 WT , but not its E3 ligase dead mu-
tant (RNF8 C406S ), rescued XRN2 binding to R-loop prone
loci and restrained R-loop le v els. Collecti v ely our data in-
dica ted tha t RNF8 media tes XRN2 ubiquityla tion to facil-
itate its recruitment to R-loop-enriched genomic loci and
the resolution of DN A–RN A hybrids. Whilst the mecha-
nism with which RNF8 regulates the recruitment of XRN2
to R-loops through ubiquitylation remains unclear, it is
plausible that XRN2 ubiquitylation increases its affinity for
DN A–RN A hybrids and / or enhances its nucleolytic activ-
ity. Howe v er, these possibilities r equir e further investiga-
tion. Pr evious studies r eported the importance of the he-
licase SETX for R-loops dissolution and transcription ter-
mination ( 46 , 61 ). Our examination of the effect of RNF8
loss on SETX occupancy at R-loop sites indicated a signif-
icant decrease of SETX binding to the 5 ′ promoter, pause
and C regions of ACTB gene in breast cancer cells lacking
both RNF8 and BRCA1. Thus, enhanced R-loops accumu-
lation specifically at TTS in RNF8 depleted BRCA1 mu-
tant cancer cells might be partially due to defecti v e XRN2
and SETX recruitment to R-loop prone loci. It is tempt-
ing to specula te tha t the higher le v el of DNA damage and
TRC in RNF8 depleted BRCA1 mutant cancer cells may re-
late to the defecti v e transcription termination in these cells.
Furthermore, our proteomics studies indicated other poten-
tial RNF8 interactors with known functions in sensing and
resolving R-loops. These factors engage in different pro-
cesses, including RNA binding and processing (Supplemen-
tary Figur e 9). Ther efor e, in addition to XRN2 and SETX,
RNF8 might also regulate other factors involved in R-loop
resolution. 

Transcription promotes the formation of R-loops ( 62 ).
Notably, w e show ed that aberr ant tr anscription in RNF8
and BRCA1-deficient cells resulted in elevated DNA dam-
age and replication stress. Prior studies indica ted tha t de-
pletion of RNF8 and RNF168 partially re v ersed ATM-
mediated transcriptional silencing at DSB sites ( 39 ). It is
ther efor e plausible that depletion of RNF8 in BRCA1 -
mutant cells may contribute to the re v ersal of transcrip-
tional silencing, resulting in aberrant transcription. The el-
e vated le v el of DNA damage upon RNF8 knockdown in
BR CA1 -m utant TNBC cells is transcription dependent as
it was re v ersed in response to treatment with the transcrip-
tion inhibitors Flavopiridol and actinomycin D. This sug-
gests that aberrant transcription in the absence of RNF8
and BRCA1 promotes the accumulation of R-loops and in-
creases genomic instability. 

RNF8 is essential for the recruitment of RNF168 to
DSB-flanking sites ( 63 ). We have recently reported that
RNF168 plays a critical role in R-loop resolution by recruit-
ing the helicase DHX9 to these hybrid structures ( 48 ). How-
e v er, our data indicated that knockdown of RNF8 had no
significant effect on RNF168 occupancy at R-loop-prone
loci. In addition, contrasting with RNF168, RNF8 does
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Figure 7. Schematic of RNF8 and XRN2 mediated R-loop regulation to 
control BRCA1-mutant cancers. The proposed model depicts a new role 
for RNF8 in mediating the ubiquitylation of XRN2, facilitating its re- 
cruitment to DN A–RN A hybrids. In BR CA1 m utant cancer cells, RNF8- 
dependent recruitment of XRN2 to R-loops allows it to resolve the DNA– 
RNA hybrids, limiting genomic instability. RNF8 deficiency in BRCA1 - 
mutant breast cancer cells induces R-loop accumulation and transcription- 
replication collisions, leading to increased DNA damage, further exacer- 
bating genomic instability, senescence, and growth defects in these cancer 
cells. RNF8 deficiency also increases the sensitivity to PARP inhibitors 
(PARPi) and irradiation of BR CA1 -m utant cells and protects against 
BR CA1 -m utated breast cancer. 
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ot interact with DHX9. Collecti v ely, these data suggests 
hat RNF8 pre v ents R-loops accumulation in RNF168- 
ndependent manner. 
Accumulation of R-loop leads to se v er e r eplication fork 

lowing and DNA breakage ( 9 ). In this study, we observed 

hat RNF8 deficiency in BR CA1 -m utant cancer cells re- 
ulted in increased stalling and asymmetry of replication 

orks. Supporting a role for the aberrant R-loop accumu- 
ation in promoting r eplication str ess and genomic instabil- 
ty in RNF8 depleted BRCA1 mutant TNBC cells, treat- 
ent of these cells with the replication inhibitors aphidi- 
olin and actinomycin D significantly reduced their le v els 
f DNA damage. 
Transcription-replication collisions are arguably the pri- 
ary source of R-loop-induced DNA damage and genomic 

nstability ( 8 , 9 , 51–53 ). In addition to R-loop accumulation 
nd the aberrant transcription and replication in cells defi- 
ient for both RNF8 and BRCA1, our da ta indica ted tha t 
ual loss of RNF8 and BRCA1 promotes transcription- 
eplication collisions . Notably, TNBC cells deficient for 
NF8 and BRCA1 treated with inhibitors of transcription 

r replication displayed reduced Transcription-replication 

ollisions, and as a consequence restrained their le v el of 
NA damage. These observations highlight the contribu- 
ion of transcription-replication collisions to the elevated 

enomic instability in cancer cells deficient for both RNF8 
nd BRCA1. These data also indicated that RNF8 deple- 
ion in BRCA1-mutant TNBC cells deregulates se v eral vital 
ellular processes, thus leading to increased transcription- 
eplication collisions and defecti v e growth of TNBC cells. 
ollecti v ely, our data support an essential role for RNF8 in 

 estraining br east cancer risk associated with BR CA1 m uta- 
ions. We provide evidence to support RNF8 involvement in 

uppressing DNA damage associated with transcription, R- 
oops, r eplication, and transcription-r eplication collisions 
n BR CA1 -m utant br east tumors (Figur e 7 ). These find-
ngs, together with the pre v enti v e effect of Rnf8 deficiency 
n mammary tumorigenesis in Brca1 -mutant mouse mod- 
ls, indica te tha t future evalua tion of RNF8 as a potential 
herapeutic target for cancers associated with BRCA1 mu- 
ations is warranted. 
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