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Abstract

BRCAI gene mutations impair homologous recombination (HR) DNA repair, resulting in cellular
senescence and embryonic lethality in mice. Therefore, BRCA1-deficient cancers require
adaptations that prevent excessive genomic alterations from triggering cell death. RNF168-
mediated ubiquitination of yH2AX at K13/15 (ub-H2AX) serves as a recruitment module for the
localization of 53BP1 to DNA break sites. Here, we found multiple BRCAI mutant cancer cell
lines and primary tumors with low levels of RNF168 protein expression. Overexpression of
ectopic RNF168 or a ub-H2AX fusion protein induced cell death and delayed BRCAI mutant
tumor formation. Cell death resulted from the recruitment of 53BP1 to DNA break sites and
inhibition of DNA end resection. Strikingly, re-introduction of BRCA1 or 53BP1 depletion
restored HR and rescued the ability of cells to maintain RNF168 and ub-H2AX overexpression.
Thus, downregulation of RNF168 protein expression is a mechanism for providing BRCA1 null
cancer cell lines with a residual level of HR that is essential for viability. Overall, our work
identifies loss of RNF168 ubiquitin signaling as a proteomic alteration that supports BRCA1
mutant carcinogenesis. We propose that restoring RNF168-ub-H2AX signaling, potentially
through inhibition of de-ubiquitinases, could represent a new therapeutic approach.
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Introduction

BRCAI mutation-driven carcinogenesis initiates when epithelial cells undergo loss of
heterozygosity (LOH), where the wild-type copy of BRCA1 is lost and the remaining
mutation-containing allele lacks tumor suppressor activity (1, 2). BRCAL is a critical
component of HR DNA repair, consequently, loss of BRCA1 activity and HR fosters
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genomic instability, propagating favorable conditions for epithelial cell transformation and
the development of cancer (3, 4). HR repair is required for the repair of double stranded
DNA breaks (DSBs) that arise during DNA synthesis and for the progression of replication
forks. Thus, non-transformed cells are negatively impacted by loss of BRCA1 activity, and
homozygous mutations often induce embryonic lethality in mice (5). Although cancers favor
genome instability, highly mutagenic DNA repair can also trigger senescence and death (6,
7.

DSBs are initially detected by the MRE11-RAD50-NBS1 (MRN) complex (8), which
subsequently recruits and activates ATM-mediated phosphorylation of H2AX (yH2AX) and
MDC1 (9). Phosphorylated MDC1 and H2AX promote the recruitment of the RNF8
ubiquitin ligase that adds lysine (K) 63-linked chains to histone H1 and serves as a scaffold
for the recruitment of ubiquitin binding proteins (10, 11). RNF168 interacts with K63-linked
ubiquitin chains that are conjugated to histone H1 (12, 13). After binding to the ubiquitin
chain, RNF168 monoubiquitinates histone H2A/H2AX on K13/15 (14). Ubiquitin binding
proteins recruited to monoubiquitinated yH2AX (ub-yH2AX) include 53BP1, as well as
RNF168 itself (15, 16). 53BP1 is an inhibitor of DNA end resection and HR (17, 18).

HR DNA repair depends on the initial resection of DSBs to form single stranded DNA
(ssDNA) overhangs that are coated by RPA proteins. RAD51 subsequently displaces RPA
and forms RAD51-ssDNA filaments. RAD51 coated ssDNA is required for the strand
invasion step of HR, where D-loops are formed and homologous template DNA sequences
are sought for DNA synthesis (19). BRCAL promotes DNA end resection, potentially
through displacing the end resection inhibitory protein 53BP1 from chromatin surrounding
breaks, providing CtIP and MRE11 with access to DSBs (20, 21). Downstream of DNA end
resection, the BRCA1-PALB2-BRCA2-RAD51 complex recruits and loads RAD51 onto
sSDNA (22).

BRCAI mutant cancers invariably harbor 7P53 mutations, and loss of p53 activity is an
established mechanism that abrogates DNA damage-induced senescence. In mouse genetic
experiments, BrcalA/A11- Tp53** mice die in utero, but BrcalA2V/A1L: 7537/~ mice are
born at near Mendelian ratios (5). Interestingly, p53 KO was unable to rescue the embryonic
viability of another Brca1Z4 mutant allele (23). Notably, Brca7411 generates a truncated but
hypomorphic protein product, referred to as Brcal-All, capable of promoting residual HR
(24, 25). In contrast, Brca1??-, which was unable to be rescued by p53 KO, fails to generate
a Brcal protein. These findings raise the possibility that p53 loss of function may be
insufficient to support the viability of cancers that lack BRCA1 hypomorphic protein
expression. In the current study, we found that multiple BRCAI mutant cancer cell lines and
primary tumors have reduced RNF168 protein expression. Moreover, that downregulation of
RNF168 protein expression is a mechanism for providing residual HR repair in BRCA1 null
cancers, and is necessary for cell and tumor viability.
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Materials and methods

cDNA constructs and lentivirus production

Cell culture

The cDNA constructs was obtained as follows: ub-H2AX (Dr. Thanos Halazonetis),
RNF168 and RNF8 (Dr. Daniel Durocher). The cDNA were PCR amplified and ligated into
the Gateway entry vector pPENTR1A (ThermoFisher Scientific). pPENTR1A-RNF168
constructs were generated with and without mCherry tags. RNF168 mutagenesis was
performed using Platinum SuperFi DNA Polymerase (ThermoFisher , catalog# 12358-010).
BRCAZ1 cDNA was shuttled into vector pDest-IRES-GFP (ThermoFisher Scientific) using
the LR Clonase 1l Enzyme Mix (ThermoFisher Scientific). Vlector pCW57.1 was used for
doxycycline inducible expression of GFP, Ub-H2AX, RNF168, and RNF8. RNF168 was
shuttled into PLX304 for constitutive expression of mCherry-tagged constructs as well as
GFP and mCherry controls. To generate lentivirus HEK293T cells were transfected with
pxPAX2 packaging plasmid, VSV-G envelope plasmid, and cDNA containing expression
plasmids using TransIT-LT1 transfection reagent. Cell culture media was changed 18h post-
transfection to DMEM + 30% FBS and was collected 48h later then filtered with a 0.45 um
filter. Cell lines and dissociated tumor cells were infected with lentivirus in media containing
polybrene and selected using FACS or antibiotic selection. Cell lines containing a dox-
inducible expression construct were maintained in media containing TET-free FBS (Atlanta
Biologicals). Expression of the cDNAs were assessed by Western blot.

Cell lines were obtained from ATCC or Asterand. All cell lines were maintained in media
with 10% FBS and pen/strep. MDA-MB-231, MCF7, and MDA-MB-436 cell lines were
cultured in RPMI. SUM149PT cell lines were grown in Ham’s F-12 with 5 pg/ml insulin, 1
pg/ml hydrocortisone, and 10 mM HEPES. SUM1315MO2 cell lines were cultured in
Ham’s F-12 with 5 pg/ml insulin, 10 ng/ml EGF, and 10 mM HEPES. HCC1395 cells were
cultured in RPMI with 4.5 g/L glucose, 1.5 g/L sodium bicarbonate, 10 mM HEPES, 1 mM
sodium pyruvate. 293T cells were cultured in DMEM and MEFs were cultured in DMEM
with 1 mM sodium pyruvate, 5 pg/ml insulin, and 2 mM L-glutamine. Cell line
authentication was carried out by IDEXX using the short-tandem repeat (STAR) profiling
method. Cells were tested for mycoplasma 2 weeks after thawing new vials, the last date of
testing was 12/9/19 using MycoAlert (Lonza). Cells were passaged for a maximum of three
months before returning to new frozen vials.

Western blotting

Nuclear extracts were obtained using the NE-PER Nuclear and Cytoplasmic Extraction Kit
following the manufacturer’s instructions (Thermo Scientific). Whole cell extracts were
obtained using RIPA buffer. Protease and phosphatase inhibitors were added for nuclear and
whole cell extracts. Proteins were separated by SDS-PAGE and transferred to a PVDF
membrane. Membranes were blocked with 5% nonfat milk in PBST at room temperature for
1h. Primary antibodies were incubated overnight at 4 degrees and HRP-conjugated
secondary antibodies were incubated for 1h at room temperature. The following primary
antibodies were used: BRCA1 (EMD Millipore, catalog# OP92), 53BP1 (EMD Millipore,
catalog# MAB3802), RNF8 (EMD Millipore, catalog# 09-813, Santa Cruz Biotechnology,
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catalog# sc-271462 ), RNF168 (EMD Millipore, catalog# ABE367 and #06-1130-1, R&D
Systems, catalog# AF7217), Tubulin (Cell Signaling, catalog# 2148), GFP (Santa Cruz
Biotechnology, catalog# sc-9996), RFP (ChromoTek, catalog# 6g6-20), FLAG (Cell
Signaling, catalog# 14793), RPA32 (Santa Cruz Biotechnology, catalog# sc-28709),
phospho-RPA32 S4/S8 (Bethyl Laboratories, catalog# A300-245A), PALB2 (Bethyl
Laboratories, catalog# A301-246A), and yH2AX (EMD Millipore, catalog# 05-636).

Immunofluorescence

Cells were exposed to 10 Gy +y-irradiation or mock irradiated and fixed at 8h after treatment
unless otherwise noted. Pre-extraction was performed prior to fixation for RNF168, RPA,
and RAD51 foci analysis. For pre-extraction, we treated cells with cold cytoskeleton buffer
(10mM Pipes pH 6.8, 200mMNaCl, 300 mM sucrose, 3mM MgCI2,1mM EGTA, 0.5%
Triton X-100) for 5 min on ice followed by 5 min incubation with cold cytoskeleton
stripping buffer (10mM TrisHCI pH 7.4, 10mMNaCl, 3mM MgClI2, 1% Tween 40(v/v),
0.5% sodium deoxycholate). Cells were fixed with 4% paraformaldehyde and permeabilized
with 1% Triton-X100 in PBS for 10 min. Primary antibody incubation was performed
overnight at 4 degrees in 5% goat serum. FITC or Texas Red conjugated secondary
antibodies (Jackson ImmunoResearch) were incubated for 1h at room temperature and
coverslips were mounted with mounting media containing DAPI (Vector Laboratories Inc.).
The following primary antibodies were used: RNF168 (EMD Millipore, catalog# ABE367),
Ubiquitin conjugations clone FK2 (EMD Millipore, catalog# 04-263), 53BP1 (EMD
Millipore, catalog# MAB3802), RPA32 (EMD Millipore, catalog# NA18), RAD51
(Genetex, catalog# GTX100469), Geminin (Abnova, catalog# 110-209 and Proteintech,
catalog#10802-1-AP), yH2AX (EMD Millipore, catalog# 05-636), and BRCA1 (EMD
Millipore, catalog# OP92). Z-stack images were captured using a Nikon NIU Upright
Fluorescence microscope and generated images using Nikon NIS Elements software. Foci
quantifications were reported as either the number of foci per nuclei or the percentage of
nuclei that contain foci. Percent positivity was determined based on nuclei containing 5 or
more foci for RAD51 and 10 or more foci for all other proteins and a minimum of 200 cells
from 5 fields of view were quantified for each sample. For the number of foci per nuclei
count analyses, ImageJ was used for a minimum of 100 random nuclei.

Colony assays

Cells were seeded in 6 well plates at differing cell densities or PARPi concentrations, grown
for 2 weeks, then fixed in 4:1 methanol:acetic acid and assessed for colony formation using
crystal violet staining. For experiments examining the effects of siRNA, cells were
pretreated for 72h in 24 well plates prior to seeding for colony assays. PARPI sensitivity was
assessed at seeding densities of 1000 and 500 cells per well and cells were maintained in
rucaparib with media changes every 96h. Effects of RNF168, Ub-H2AX, and GFP
expression on colony formation were assessed at seeding densities of 2000, 1000, 500, 250,
125, and 63 cells per well. Experiments using inducible constructs were maintained in 4
ug/ml doxycycline and normalized to dox-free wells. In experiments using mCherry or
mCherry-tagged RNF168, cells were sorted for mCherry expression, counted, and
immediately seeded for colony formation assays.
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Comet assay

The alkaline comet assay was conducted according to the manufacturer’s instructions
(Trevigen, catalog #4250-050-K). Briefly, doxycycline-treated cells were trypsinized,
embedded in agarose, lysed, electrophoresis performed, and DNA stained with SYBR gold.
Images were captured using a Nikon NIU Upright Fluorescence microscope and generated
images using Nikon NIS Elements software. Analysis was performed in ImageJ using the
OpenComet (v1.3) plugin. Data is presented as DNA% in the tail of the comet.

Cell cycle analysis

Exponentially growing cells were treated with doxycycline for 5 days then trypsinized and
fixed in 50% ethanol at 4 degrees overnight. Fixed cells were then washed with PBS and
incubated for 30 min in FxCycle PI/RNase staining solution (ThermoFisher Scientific,
catalog #F10797). Cell cycle profiles were acquired using a BD FACScan flow cytometer
and analyzed using FlowJo software.

Annexin V staining

Extracellular Annexin V staining was performed on cell lines treated for 5 days with
doxycycline according to the manufacturer’s instructions (BD Biosciences, catalog
#559763). Flow cytometry was performed with a BD LSR Il flow cytometer and analyzed
using FlowJo software.

Xenograft studies

Studies were approved by the FCCC Institutional Animal Care and Use Committee
(IACUC). Cancer cell lines or PDX cell suspensions were subcutaneously injected into 6-
week-old female NSG mice in a 1:1 suspension to Matrigel ratio. PDXs were first extracted
and dissociated into cell suspensions, and transduced with RNF168 or control lentivirus
prior to injection. Dissociation was performed by incubation in media containing 1.7 mg/ml
collagenase (Sigma Aldrich) and 3 U/ml dispase (Sigma Aldrich) for 3h at 37 degrees with
shaking at 175 rpm. Cells were washed with media and forced through a 0.70 pm cell
strainer to obtain a cell suspension from the PDX. Two million PDX cells per T25 flask
were plated then infected using 10 pg/ml polybrene and lentivirus containing GFP-tagged
RNF168 or GFP control constructs. After 24 h of lentivirus exposure the media was
replaced, retaining both suspension and adherent PDX cells in culture for an additional 24 h.
Infected cells were then sorted by FACS, washed three times with PBS, then 1 million cells
were injected into NSG mice at a ratio of 1:1 suspension to Matrigel. MDA-MB-436
xenograft experiments were conducted using cell lines with dox-inducible GFP or RNF168
expression. Mice were fed doxycycline-containing food for one week prior to cell injection
and for the duration of the experiment. Tumors were measured twice weekly with calipers
and volume calculated using (length x width2)/2. Mice were euthanized and tumors collected
once established tumors reached 1500 mm? in accordance with institutional guidelines. The
established tumors were snap frozen in liquid nitrogen for Western blot analysis or fixed in
10% neutral buffered formalin prior to paraffin block embedding for IHC analysis.
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Immunohistochemistry

Slides were deparaffinized with xylene and rehydrated. Antigen retrieval was performed at
100 degrees for 45 min in pH 9.0 Tris/EDTA buffer (Dako Target Retrieval Solution).
Endogenous peroxide was quenched with 3% hydrogen peroxide for 20 min. Blocking was
performed at room temperature for 30 min (Background Sniper, Biocare). Primary anti-
RNF168 antibody (EMD Millipore, catalog# 06-1130-1) was diluted 1:300 (Da Vinci Green
diluent, Biocare) and incubated overnight at 4 degrees in a humidified chamber. Slides were
then washed and incubated for 1h at room temperature with EnVision+ Labelled Polymer
HRP (Dako). Slides were again washed, developed with DAB (Dako DAB+ Chromogen),
counterstained with Mayer’s hematoxylin, dehydrated and coverslips mounted. Tissue
microarrays were compiled and provided by the Fox Chase Cancer Center Biosample
Repository from triple-negative breast cancer and serous ovarian cancer patients and
approved by the FCCC Institutional Review Board (IRB). Blinded immunohistochemistry
scoring for nuclear RNF168 staining was performed by pathologist Dr. Kathy Cai from the
Fox Chase Cancer Center Histopathology Core Facility. Some tissue cores were available in
duplicate and triplicate and were independently scored then averaged to present a single case
per data point.

siRNA and shRNA Experiments

siRNA experiments were conducted by reverse transfection with Lipofectamine RNAimax
(ThermoFisher Scientific, catalog# 13778030) according to manufacturer instructions. The
following siRNA were used: AllStars Negative Control siRNA (scrambled control) (Qiagen,
catalog# S103650318), 53BP1 SmartPool (Dharmacon) contains four unique sequences: #1
GAAGGACGGAGUACUAAUAUU, #2 GCUAUAUCCUUGAAGAUUUUU, #3
GAGCUGGGAAGUAUAAAUUUU, # 4GGACUCCAGUGUUGUCAUUUU, RNF168 #1
GACACUUUCUCCACAGAUAUU, RNF168 #2 CAGUCAGUUAAUAGAAGAAAUU,
RNF8 #1 UGCGGAGUAUGAAUAUGAAUU, RNF8 #2
CAGAGAAGCUUACAGAUGUUU, PALB?2 #1 GGUGUACAUAAAGCUUCAAUU,
PALB2 #2 GGAUAUAUUGGGCCUCUUAUU. The plko.1 vector was used to produce
lentivirus and generate ShRNA cells with a non-targeting sequence or targeting of 53BP1
with the sequence AATCAATACTAATCACACTGG. We previously established the efficacy
of two independent 53BP1 shRNAs and confirmed no off-target effects in the same BRCA1
null cancer cell lines as used here(26). Stable ShRNA cell lines were selected with
puromycin.

Statistical Analysis

Statistical tests were performed as indicated in each figure legend. Comparisons of foci
positivity were performed with unpaired t-tests due to similar variances and sample sizes
between conditions. IHC scoring between BRCAI mutant and wild-type patient tissue
sections was assessed for significance by Welch’s t-test due to unequal sample sizes to
account for the larger wild-type BRCAI sample size. Statistical tests were performed using
Graphpad Prism software. Statistically significant p values are indicated in figure legends.
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Results

BRCAL1 mutant cells have reduced RNF168-mediated ubiquitin signaling

To characterize BRCA1 mutant cancers for alterations in DNA damage response proteins,
we measured the expression levels of BRCA1, 53BP1, RNF8 and RNF168 proteins in a
panel of BRCA1 wild-type (WT) and mutant cancer cell lines. MDA-MB-231 and MCF7
cell lines are BRCAI WT and expressed the full-length and BRCA1-A11q isoforms.
SUM149PT cells harbor a BRCA1 exon 11 mutation and express the BRCA1-Al1q splice
isoform that retains partial function (25). In contrast, SUM1315MQO2, HCC1395, and MDA-
MB-436 cells have RING or BRCT domain mutations and had undetectable BRCAL protein
expression. Across cell lines, we found that 53BP1 and RNF8 levels were similar. However,
RNF168 expression was markedly lower in SUM1315M02, HCC1395, and MDA-MB-436
cell lines (Fig. 1A and S1A). Because RNF168 directly ubiquitinates yH2AX(14), we
subjected cells to mock or y-irradiation (IR) treatments and measured -yH2AX gel migration
patterns. As expected, the levels of yH2AX increased in all IR treated cell lines. However,
IR-induced mono- and di- ubiquitinated forms of yH2AX were abundant in MDA-MB-231,
MCF7 and SUM149PT cells, but were markedly lower in SUM1315M02, HCC1395, and
MDA-MB-436 cells (Fig. 1B).

In line with protein expression patterns, RNF168 formed robust foci in MDA-MB-231,
MCF7, and SUM149PT cell lines, but -y-irradiation-induced foci (IRIF) were reduced in
SUM1315M02, HCC1395, and MDA-MB-436 cell lines (Fig. 1C and Fig. S1B). 53BP1 is a
K13/15 yH2AX ubiquitin binding protein that form foci at sites of DNA damage (16).
Ubiquitin (FK2) and 53BP1 foci were detected in all cell lines and there were minimal
differences between untreated cells. However, FK2 and 53BP1 formed robust IRIF in MDA-
MB-231, MCF7, and SUM149PT cell lines, but similar to RNF168, the number of IRIF
were reduced in SUM1315M02, HCC1395, and MDA-MB-436 cell lines (Fig. 1D-E and
Fig. S1B). Cell cycle variations did not account for differences in foci as similar patterns
were observed in G1 and S/G2-labelled populations (Fig. S1C). SUM1315M0O2, HCC1395,
and MDA-MB-436 cells were highly sensitive to PARPI treatment (Fig. S1D), suggesting
that inefficient 53BP1 recruitment to DSBs, unlike 53BP1 gene knockout, is insufficient to
support PARPI resistance. In summary, we found that several BRCAI mutant cancer cell
lines have reduced RNF168 protein expression and consequently H2A-ubiquitin associated
DNA damage signaling.

RNF168 protein levels are reduced in subsets of BRCA1 mutant cancers

We aimed to determine whether RNF168 expression was reduced at the transcriptional or
proteasomal level. RNF168 mRNA was measured in cell lines by quantitative (q) RT-PCR,
and was reduced 4.1-, 2.7-, and 1.9-fold in SUM1315M02, HCC1395 and MDA-MB-436
cells relative to MDA-MB-231 cells (Fig. 2A). Treatment with the proteasome inhibitor
MG132 minimally impacted RNF168 in SUM1315MO2 cells, but increased protein
expression in HCC1395 and MDA-MB-436 cells (Fig. 2B), indicating that both reduced
MRNA expression and proteasomal degradation contribute to the reduction in RNF168
protein levels. Moreover, we assessed the levels of several proteasomal regulatory factors
and DUBs reported to impact RNF168 expression (27, 28). However, we were unable to
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identify a single factor that could account for the reduction in RNF168 across the cell line
panel (Fig. S2A).

We next set out to measure RNFI68 mMRNA and protein expression in a panel of primary
BRCAI mutant cancers. We utilized TCGA datasets to examine potential relationships
between BRCAI mutations and RNVF168 mRNA expression in breast and ovarian cancers
(29-31). Overall, there were no clear patterns between RNVF168 mRNA expression and
BRCA1 wild-type or mutant cancers (Fig. 2C). However, at the genomic level, RNF168
copy number was unexpectedly increased in multiple BRCAI mutant tumors (Fig. S2B).
Although, the RVF168 gene is located (3g29) in close proximity to P/IK3CA (3926.32), and
tumors frequently had co-occurring RNF168and PIK3CA amplifications (Fig. S2C-D),
giving rise to the possibility that RNF168 amplification is a passenger event.

Protein expression was examined in primary tumor samples using an RNF168 antibody
optimized for IHC detection (Fig. S2E). Here, we observed low levels of RNF168 protein
expression in the majority of primary BRCAI mutant cancers examined, and expression was
significantly lower than BRCAI wild-type TNBC and HGSOCs (Fig. 2D). In conclusion,
while RNF168 mRNA expression is variable, multiple BRCAI mutant primary cancers
demonstrated reduced RNF168 protein levels.

RNF168 is subject to negative selection

The above results give rise to the possibility that BRCA1 directly impacts RNF168 protein
expression. To examine this possibility, we generated BRCA1 wild-type and mCherry
control add-back SUM1315M02, HCC1395, and MDA-MB-436 isogenic cell lines (Fig.
S3A). Here, BRCAL add-back restored BRCA1 and RAD51 foci formation (Fig. S3B), but
did not impact RNF168 protein expression (Fig. S3A) or the efficiency of 53BP1 foci
formation (Fig. S3C). Therefore, rather than the BRCA1 protein directly regulating RNF168
MRNA or protein stability, we hypothesized that RNF168 is subject to negative selection in
BRCAI mutant cancers. To test this idea, we examined the consequences of restoring
RNF168 expression. Ectopic RNF168-mCherry or an mCherry control were expressed in
isogenic BRCA1 deficient and wild-type complemented cell lines. mCherry positive cells
were sorted and immediately subject to Western blotting analyses to confirm expression as
well as seeded for colony formation experiments (Fig. 3A). Expression of mCherry alone
had no impact on colony formation, but RNF168-mCherry resulted in a 9.1-fold and 4.0-fold
reduction in the number of BRCAL deficient SUM1315MO2 and MDA-MB-436 colonies
forming. Strikingly, RNF168-mCherry had no effect on the colony formation of BRCA1
complemented cells (Fig. 3B).

To determine if the reduction in colony formation resulted from yH2AX mono-
ubiquitination, we expressed a ubiquitin N-terminal H2AX (ub-H2AX) fusion cDNA,
previously shown to mimic K13/15 ub-yH2AX(32). Because RNF168 expression was
detrimental to the viability of BRCAL deficient cells, a doxycycline (dox) system was
utilized to overexpress ub-H2AX, RNF168 or a GFP control in an inducible manner (Fig.
S4A). Here, RNF168 and ub-H2AX had little impact on MCF7, MDA-MB-231 or
SUM149PT cells that express BRCAL full-length or BRCA1-Allq isoforms (Fig. 3C).
However, RNF168 and ub-H2AX significantly reduced the colony formation of BRCA1
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deficient MDA-MB-436, HCC1395 and SUM1315MO2 cell lines compared to GFP
expressing control cells. Significantly, BRCA1 add-back rescued the ability of ub-H2AX
and RNF168-expressing cells to form colonies (Fig. 3D).

We also measured the expression of ectopic proteins in cells that were incubated with dox
for short and long-term cultures (Fig. 3E). As expected, GFP expression was similar at 3 and
21 days of dox in all cell lines. RNF168 and ub-H2AX expression was either similar or
moderately reduced by 21 days in MCF7, MDA-MB-231 or SUM149PT cell lines. In
contrast, RNF168 and ub-H2AX expression were lower at 3 days compared with BRCA1
proficient cells, and were significantly decreased by 21 days of dox culture in
SUM1315MO2, HCC1395, and MDA-MB-436 cells. Interestingly, RNF168 and ub-H2AX
expression was maintained in long-term cultures in isogenic BRCA1 add-back cell lines
(Fig. 3E). The short- and long-term ectopic RNF168 expression status did not affect PARPI
sensitivity in BRCA1 deficient cells (Fig. S4B).

Importantly, BRCA1-deficient cells were able to maintain constitutive expression of the
RNF168 C16S and R57D mutant proteins that specifically disrupt the ability of RNF168 to
ubiquitinate H2A (13, 14) (Fig. S4C). CRISPR/Cas9-mediated deletion of the BRCA1-Allq
isoform, which retains partial functionality(25), in conjunction with ectopic RNF168
expression, resulted in loss of viability in SUM149PT cells, indicating that BRCA1
hypomorphic isoforms enable cells to tolerate RNF168 overexpression (Fig. S4D).
Therefore, RNF168-mediated histone ubiquitination is detrimental to the viability of
BRCAZ1-null human cancer cells, and is subject to negative selection.

RNF168 overexpression delays BRCA1 mutant tumor formation

We next examined the effects of ectopic RNF168 overexpression on BRCAI mutant tumor
formation and growth. Isogenic MDA-MB-436 control and BRCA1 add-back cells
expressing either GFP or RNF168 cDNA were injected into NSG mice and the time required
for tumors to form measured. MDA-MB-436 BRCAL- and BRCA1+ cells with GFP
expression developed palpable (=200 mm3) tumors at median of 52- and 46-days post-
injection, respectively. In contrast, BRCA1- and BRCAL+ cells with ectopic RNF168
expression developed palpable tumors at median of 90- and 44-days post-injection,
respectively (Fig. 4A). Similar to long-term cell growth cultures in vitro, GFP was equally
abundant, but RNF168 expression was markedly lower in BRCAZ1-deficient compared with
BRCA1 add-back established tumors (Fig. 4B).

RNF168 expression was also assessed in patient-derived xenograft (PDX) tumors. Here,
BRCAIWT PDX036 (HGSOC) demonstrated abundant BRCAL full-length and BRCA1-
Al1q isoform expression, as well as readily detectable RNF168 expression (Fig. S4E). As
expected, full-length BRCAL1 was undetectable in BRCAI mutant PDX196 (HGSOC),
PDX124 (TNBC), and PDX056 (HGSOC) tumors. Despite the latter tumors harboring
BRCAI exon 11 mutations, BRCA1-A11q isoform expression was relatively low compared
with PDX036. Moreover, RNF168 protein expression was also markedly lower in BRCAI
mutant PDX tumors compared with BRCAIWT PDX036 (Fig. S4E).
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We assessed the effects of ectopic RNF168 overexpression in BRCAI mutant PDX tumors.
PDX tumors were disaggregated, infected with lentivirus containing GFP or RNF168-GFP
cDNA, sorted, and an equal number of cells re-implanted into NSG mice. Of note, PDX196
tumors did not re-grow after disaggregation under any conditions. However, GFP and
RNF168 expressing PDX124 cells formed tumors (=200 mm3) at a median of 55- and 121-
days, respectively. Similarly, GFP and RNF168 expressing PDX056 cells formed tumors at a
median of 48- and 64-days, respectively (Fig. 4C). While tumors maintained GFP
expression, cells initially expressed an abundance of ectopic RNF168 immediately prior to
injection, but tumors that formed had selected against RNF168 expression (Fig. 4D). Thus,
RNF168 is subject to negative selection and delays BRCAI mutant tumor formation.

RNF168 augments 53BP1-mediated inhibition of HR

To gain mechanistic insight into the effects of RNF168 overexpression on the DNA repair
activity of BRCA1-deficient cells, we measured RPA32 and RAD51 IRIF, which are
markers for the DNA end resection and RAD51 loading steps of HR, respectively. We
confirmed that RNF168 expression significantly increased the number of 53BP1 foci in dox-
inducible MDA-MB-436 and SUM1315MO2 cells (Fig. 5A). Because BRCAI mutant cell
lines are defective for HR, few RAD51 foci positive cells were observed at early time points
post-IR. However, quantifiable numbers of RAD51 foci positive cells could be detected at
later time points (Fig. S5A). Subsequently, we found that RNF168 expression resulted in
significant reductions in the number of RPA32 and RAD51 foci positive cells. In contrast,
RNF168 expression did not significantly impact foci in BRCAL add-back cells (Fig. 5B and
Fig. SS5A-B). RNF168-mediated inhibition of residual HR in BRCA1 deficient cells resulted
in increased numbers of spontaneously arising yH2AX foci (Fig. 5C), comet tails (Fig. 5D),
G2/M phase population (Fig. 5E), and Annexin-positive cells (Fig. 5F).

53BP1 is an inhibitor of DNA end resection and HR. To verify that 53BP1 was responsible
for RNF168 overexpression-induced inhibition of residual HR, MDA-MB-436 and
SUM1315MO2 dox-inducible GFP, RNF168, or ub-H2AX overexpressing cells were
incubated with scrambled or 53BP1-targeting siRNA. 53BP1 knockdown counteracted the
RNF168 and ub-H2AX-induced reduction in RPA32 and RAD51 IRIF in MDA-MB-436
and SUM1315MO2 cells (Fig. 6A-B and Fig. S5C). Similarly, an RNF168-induced
reduction in phospho(S4/S8)-RPA levels, another marker of active DNA end resection, was
also abrogated with 53BP1 siRNA (Fig. S5D). Thus, in the absence of BRCA1, RNF168
inhibits residual HR activity via 53BP1 recruitment to DSBs.

We predicted that depletion of 53BP1 would increase tolerance to ub-H2AX expression in
BRCAI mutant cancer cells. To test this possibility, cells were infected with non-target or
53BP1 shRNA followed by ub-H2AX and colony formation assessed. In line with previous
results, ub-H2AX expressing MDA-MB-436 cells with BRCAL add-back formed robust
colonies. Moreover, cells expressing 53BP1 shRNA formed significantly more colonies after
infection with ub-H2AX expressing lentivirus compared non-target ShRNA expressing cells
(Fig. 6C). Western blotting analyses of surviving colonies revealed robust ub-H2AX
expression in BRCA1 add-back cells, while 53BP1 depletion enabled cells to express
moderate levels of ub-H2AX (Fig. 6D). BRCA1 deficient and non-target (NT) shRNA
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expressing-cells that survived infection had selected against ub-H2AX expression. Although,
there were several colonies that also demonstrated detectable ub-H2AX expression in NT
shRNA treated cells, and these cells had downregulated 53BP1 expression in the absence of
exogenous manipulation (Fig. 6D). Additionally, 53BP1 shRNA treated cells that expressed
ub-H2AX demonstrated RAD51 IRIF (Fig. 6E), suggesting restored HR. All in, in the
absence of full-length or hypomorphic BRCA1 isoforms, RNF168-mediated ubiquitin
signaling can be tolerated through loss of 53BP1 and restoration of HR DNA repair.

Residual RNF168 expression is required for BRCAl-independent RAD51 loading

In addition to countering HR via 53BP1 recruitment to DSB sites, RNF168 can also promote
HR through directly recruiting PALB2-BRCA2-RAD51 to DSBs in a BRCAZ1-independent
manner (33, 34). We speculated that residual levels of RNF168 expression remained present
in BRCAL null cells for the purpose of promoting PALB2-BRCA2-RAD51 loading. Indeed,
RNAi-mediated depletion of RNF168 and PALB2, but less so RNF8, significantly reduced
the residual RAD51 IRIF levels that could be detected in BRCAL deficient MDA-MB-436
and SUM1315MO2 cells (Fig. 7A-B). Furthermore, while RNF8 depletion moderately
reduced colony formation, RNF168 and PALB2 RNAI dramatically reduced the number of
MDA-MB-436 and SUM1315MO2 cells that formed colonies relative to scrambled siRNA-
treated control cells (Fig. 7C).

Because RNF8 is required for RNF168 recruitment to DNA breaks, we examined the effects
of RNF8 manipulation. Here, ectopic RNF8 was expressed and expression maintained and
did not impact the colony formation of BRCA1 deficient cells (Fig. S6A). We found that
RNF8 inducible expression resulted in a milder increase in 53BP1 IRIF compared to
RNF168 (Fig. S6B), likely accounting for the ability of cells to maintain expression of the
former. In line with RNF8 being required for RNF168 recruitment, depletion of RNF8
abrogated RNF168 foci, and consequently RNF168 overexpression-induced 53BP1 foci
(Fig. S6C). These data confirm the role of RNF8 in recruiting RNF168 and indicate that
RNF168-induced cell death is likely dependent on RNF8 activity.

In summary, we propose that when there is an abundance of RNF168, robust 53BP1
recruitment blocks DNA end resection, and in the absence of ssDNA, RNF168 is unable to
promote PALB2-BRCA2-RAD51 loading, resulting in a complete shutdown of HR and cell
death. Similarly, when both BRCA1 and RNF168 are entirely absent, DNA end resection
occurs efficiently, but PALB2-BRCA2-RAD51 are unable to be loaded, resulting in loss of
residual HR and cell death. In contrast, a reduction in basal RNF168 expression levels
alleviates the 53BP1-mediated end resection block, and remaining RNF168 molecules
promote PALB2-BRCA2-RADS51 loading, these events provide a residual level of HR that is
sufficient to support cell viability (Fig. 7D).

Discussion

Genome instability drives the development and progression of cancer, with low fidelity DNA
replication and repair responsible for generating mutations, translocations and
rearrangements that provide a genomic niche favorable to carcinogenesis. Nonetheless, high
mutational rates and improper DNA repair can also result in an inability to replicate the
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genome, and may trigger cellular senescence. Therefore, a balance between genome
instability-driven carcinogenesis and maintaining a tolerable level of DNA damage is
necessary for viability. Here, we describe a cellular adaptation involving the downregulation
of RNF168 protein expression and ub-yH2AX signaling, which supports BRCAI mutation-
driven tumorigenesis.

BRCAL and BRCAZ2 are essential mediators of HR. Because HR is critical for the viability
of replicating cells, severely deleterious mutations or gene knockout results in cell death and
embryonic lethality. Paradoxically, BRCA1/21oss of function is beneficial to carcinogenesis,
and mutation-containing cancer cells are highly malignant. Despite this accepted hallmark,
in the context of established cancers, the absence of BRCA1/2 may not necessarily translate
to loss of HR in its entirety; rather, we show here that cancer cells can acquire epi/genetic
modifications that enable a residual level of HR to be maintained. In support of this notion,
low numbers of RAD51 foci positive cells can often be detected in BRCAI and BRCAZ2
mutant cancer cell lines (25, 35, 36), and it may be possible for limited RAD51 loading to
occur below the threshold of experimental detection.

In mouse genetic experiments, 53BP1 knockout rescues HR and the development of BRCA1
mutant embryos (17). 53BP1-mediated inhibition of DNA end resection is dependent on
RNF168 activity, with the latter ubiquitinating yH2AX and recruiting 53BP1 to sites of
DNA damage. RNF168 depletion was previously shown to restore HR via loss of 53BP1
recruitment in BRCAI mutant cancer cells (37). We found that decreased RNF168
expression provided enough HR activity to support basal cell viability, but was not sufficient
to induce PARPI resistance. We previously reported a similar finding where 53BP1 KO
rescued the embryonic viability of a BRCAI null mouse allele, but derived cells had
minimal RAD51 foci and remained sensitive to PARPi (26). Downstream of DNA end
resection, BRCAL1 is thought to be primarily responsible for recruiting PALB2-BRCA2-
RADS51 to DSB sites. However, in the absence of BRCA1, RNF168 has a role in loading
RAD51 via the PALB2-BRCA2 complex (33, 34). We show that while reduced RNF168
expression promotes end resection and HR, depleting RNF168 levels further resulted in loss
of residual RAD51 loading activity in BRCA1 null cells.

BRCAI mutant PDX tumors that had low levels of BRCA1-A11q expression were also
intolerant to RNF168 overexpression. However, it is important to note that RNF168
expression was not universally downregulated in BRCAI mutant cancers. SUM149PT
BRCAI mutant cells, which express an abundance of BRCA1-Allq, were able to readily
tolerate ectopic overexpression. Indeed, the presence of wild-type or hypomorphic BRCA1
protein expression provided tolerance for RNF168 overexpression. Similarly, depletion of
53BP1 enabled cells to tolerate ectopic ub-H2AX expression. Thus, hypomorphic forms of
BRCAL, loss of 53BP1 expression, and downregulation of RNF168 protein expression, are
all mechanisms that BRCAI mutant cancers employ to maintain residual HR pathway
proficiency.

Overall, our work points to the retention of HR as a critical factor that is required for the
viability and tumorigenicity of BRCA1 deficient cancers. Finally, de-ubiquitinases (DUBS)
such as USP11 have been reported to specifically counteract RNF168-mediated
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ubiquitination of K13/15 yH2AX (38). We advocate that small molecule inhibitors of DUB
enzymes could restore ub-H2AX signaling and consequently reduce HR activity to
unsustainable levels, opening the possibility of a new synthetic lethal approach.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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This study explores the concept that homologous recombination DNA repair is not an all-
or-nothing concept but a spectrum, and that where a tumor stands on this spectrum may

have therapeutic relevance.

Statement of significance
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Figure 1. Assessment of RNF168 signaling in BRCA1-deficient cell lines
(A) MDA-MB-231 (231), MCF7 (MCF), SUM149PT (149), SUM1315MO02 (1315),

HCC1395 (1395) and MDA-MB-436 (436) cell lines were assessed for BRCAL, 53BP1,
RNF8 and RNF168 protein expression by Western blotting. BRCAL full length and the
BRCAZ1-Al1q splice isoform are indicated as well as M.W. markers. Dark and light
exposures of RNF168 are shown, also see Fig. S1A.

(B) Western blot analyses of yH2AX in cell lines from (A) at 8h after mock or 10 Gy IR.
Mono- and di- ubiquitinated yH2AX forms are indicated.

(C) Cell lines from (A) were analyzed by immunofluorescence (IF) for RNF168 foci at 8h
post mock (grey) or 10 Gy IR (red) treatments. The number of foci per nucleus are shown, a
minimum of 100 nuclei were assessed. Black solid lines indicate median value; black dotted
line indicate 10 foci per nucleus. See Fig. S1B for representative images.

(D) FK2/ubiquitin foci were assessed as described in (C)

(E) 53BP1 foci were assessed as described in (C)
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Figure 2. Analyses of RNF168 expression in BRCA1 mutant cancers.
(A) Cell lines were analyzed for RNF168 mRNA levels by g-RT-PCR. Values normalized to

HPRT gene expression and presented as a percentage of RAF168 mRNA expressed in
MDA-MB-231 cells. Mean + S.D. is shown, **p < 0.01, ***p < 0.001 (unpaired t-test).
(B) SUM1315M0O2, HCC1395, and MDA-MB-436 cells were treated with 10 uM MG-132
proteasome inhibitor for O, 2, or 24h and subject to Western blotting for RNF168 protein

level.

(C) RNF168and BRCAI mRNA expression was examined in BRCAI wild-type and mutant
patient cohorts that were sub-divided into truncating and missense mutations in the
following datasets using cBioPortal: Breast Invasive Carcinoma (TCGA, PanCancer Atlas),
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Breast Invasive Carcinoma (TCGA, Nature 2012), Ovarian Serous Cystadenocarcinoma. The
results are based upon data generated by the TCGA Research Network: https://
www.cancer.gov/tcga. Additional details are in Fig. S2.

(D) RNF168 protein expression was assessed by IHC staining of human TNBC and HGSOC
tissue microarrays generated by the Fox Chase Cancer Center Biosample Repository.
Staining was scored 0-3 for nuclear RNF168 intensity. Representative images are shown, 10
um scale bar. Tissue cores that were available in duplicate or triplicate were independently
scored then averaged to present a single case per data point. The mean scores for each group
are indicated with a black bar (WT-TNBC 7= 34, Mut-TNBC n= 10, WT-HGSOC = 31,
Mut-HGSOC n=7). *p<0.05, **p < 0.01 (Welch’s t-test).

Cancer Res. Author manuscript; available in PMC 2021 January 01.


https://www.cancer.gov/tcga
https://www.cancer.gov/tcga

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Krais et al.

Page 20

B SUM1315MO2 MDA-MB-436
SUM1315MO2 MDA-MB-436 - i
mCherry[+[-1+]1-] [*]-1+]- 2 & mCh 168
ANFI68 [~ T+ -1+ 1=~ [= g [
BRCAT[-T-1+[+]| [-[-[+[+ & ‘g
£
AnFres] e e[ = @ O 5
mCherry (@~ - w» ”; - | 5 5
3 3
Tubulin M ’:--q mCherry [+ [ - | + [ -
RNF168[ = [+ [~ [ = o I
BRCAI [~ -+ 1= o T R
- MDA-MB-231  _. MCF7 - SUMI4PT p
7.§D1 %1 %1 - 3
& & g g
S S 8 S
8 8 8 £
£ £ S 5
5 5 5 :
3 8 S %FP i o= -1+ -
OGFP + = iz UGFP + = = OGFP + = = Ub-H2AX [~ ¥ P 7 T
Ub-H2AX]| - | + | - Ub-H2AX|[ - | + | - | Ub-H2AX| - [ + | - RNFi68 =T -1+ 1 -1
RNF168[ - | - |+ | RNFi68[- |- |+ | RNFie8[ - |- |+ BRCAI [T T=T1+1=
% HCC1395
+GFP 231 MCF 149 1315 1395 436 1315 1395 436 2120 = -
+BRCAT: + 4+ 4+ 4+ + o+ §100-
daysdox: 321 3 21 3 213 21 321 3 213 21 3 21 3 2 £
GFP’m..“’- E
[
Tubulin i...'- --m--------‘ §
+UB-H2AX 231 MCF 149 1315 1395 436 1315 1395 436 ;é::; ol N IS D
+BRCAT: + + + + 4+ o+ Ub-H2 B L A I s

daysdox: 321 3 21 3 213 21 321 3 213 21 3 21 3 21 RNF168

FLAG ’ - - -‘——--1 BROMI=T -1 -T%]%
(Ub-H2AX) ,§ ... MDA-MB-436
Tubulin 3120 —=
00
+RNF168 231 MCF 149 1315 1395 436 1315 1395 436 é
+BRCA1: + + + + + + £
daysdox: 321 3 21 3 213 21 321 3 213 21 3 21 3 21 i
RNF‘lGB‘.-.‘..— - - ..“-d| §
Tubulin‘mml % 1 -1 -1+ -
Ub-H2AX[ - T+ -1 -1+
RNF168[ - [ - | + 1 - | -
BRCAI| - -1 -1+1+

Figure 3. Ectopic RNF168 expression decreases the viability of BRCAL deficient cells

(A) SUM1315MO02 and MDA-MB-436 —/+ BRCA1 add-back cell lines were transduced
with lentivirus for expression of mCherry-tagged RNF168 or an mCherry control. mCherry

positive cells were sorted and subject to Western blotting for the indicated proteins.

(B) Cells that were mCherry positive from (A) were assessed for colony formation. Colony
formation was calculated as a percentage of mCherry expressing BRCA1 add-back cells.
Mean + S.D. is shown, ***p < 0.001 (unpaired t-test). Representative plates and colonies are

shown (right).
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(C) Dox-inducible GFP, ub-H2AX, or RNF168 expressing MDA-MB-231, MCF7, and
SUM149PT cell lines were assessed for colony formation in the absence or presence of dox.
Colony formation of dox treated cells is shown as a percentage of colonies formed in the
absence of dox. Mean = S.D. is shown, *p < 0.05 (unpaired t-test). See Fig. S4A for more
details.

(D) Dox-inducible GFP, ub-H2AX, or RNF168 expressing SUM1315M02, HCC1395, and
MDA-MB-436 cell lines, as well as isogenic BRCAL add-back cell lines, were assessed for
colony formation in the absence or presence of dox. Colony formation of dox treated cells is
shown as a percentage of colonies formed in the absence of dox. Mean + S.D. is shown, *p <
0.05, **p < 0.01, ***p < 0.001 (unpaired t-test)

(E) Cell lines from (C) and (D) were cultured in the presence of dox for 3 or 21 days and
Western blotting performed assessing the indicated proteins.
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Figure 4. RNF168 delays BRCA1 mutant tumor formation
(A) Dox-inducible GFP (green lines) and RNF168 (red lines) MDA-MB-436 +/- BRCA1

cell lines were injected into mice and tumor sizes measured. Individual tumor volumes are
displayed (/7=5, minimum), including instances when injected cells did not form tumors

(B) Established tumors samples described in (A) were subjected to Western blotting for the
indicated proteins. Two tumor samples were analyzed per group.

(C) BRCAI mutant PDX124 and PDX056 were transduced with lentivirus to express GFP
or GFP-tagged RNF168, sorted and injected into mice. Individual tumor volumes showing
tumor growth are displayed (=6 minimum), including include instances when injected cells
did not form tumors. See Fig. S4E for more details.

(D) Established tumors from (C) were collected and compared with transduced cells that
were generated prior to injection by Western blotting.
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Figure 5. RNF168 regulates RPA32 and RAD51 IRIF
(A) Dox-inducible GFP and RNF168 MDA-MB-436 and SUM1315MO2 cells were

analyzed for 53BP1 IRIF. The number of foci per nucleus is shown, a minimum of 150
nuclei were assessed. Black solid lines indicate median value; black dotted line indicate 10
foci per nucleus. Representative images are shown, 10 pm scale bar. ***p<0.001 (Mann-
Whitney test).
(B) Dox-inducible GFP and RNF168 MDA-MB-436 and SUM1315MO2 +/- BRCAL cells
were assessed for RPA32 and RADS51 foci 18h post 10 Gy IR. Nuclei with 5 or more foci
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were scored positive. Mean £ S.D. foci positive cells are shown, *p < 0.05, **p < 0.01, ***p
< 0.001, (ns), not significant (unpaired t-test). Representative images are shown in Fig. S5B.
(C) Dox-inducible GFP and RNF168 SUM1315MO2 cells were incubated with doxycycline
for 5 days then fixed and assessed for yH2AX foci formation, /nset, representative images.
Mean + S.E.M foci positive cells are shown, ***p < 0.001, (ns), not significant (unpaired t-
test).

(D) Cells were treated as in (C) and assessed for DNA damage by comet assay. Mean +
S.E.M DNA% in tail cells are shown, ***p < 0.001, (ns), not significant (unpaired t-test) for
a minimum of 70 comet tails per sample.

(E) Cells were treated as in (C), fixed, and cell cycle profile obtained. FlowJo software was
utilized to quantify G1, S, and G2 phase populations based on DNA content. Left,
representative histograms. Right, mean £ S.E.M for percent population within each cell
cycle phase are shown, **p < 0.01, (ns), not significant (unpaired t-test).

(F) Cells were treated as in (C), and stained for extracellular Annexin V, assessed by flow
cytometry. Mean £ S.E.M for percent of cells staining positive for Annexin V are shown, *p
< 0.05, (ns), not significant (unpaired t-test).
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Figure 6. L oss of viability is 53BP1-dependent
(A) Dox-inducible GFP, RNF168, ub-H2AX expressing MDA-MB-436 cells were subject to

scrambled (sc) or 53BP1 siRNA and assessed for RPA32 and RAD51 foci at 18h post 10 Gy
IR. Mean £ S.D. foci positive cells are shown, *p < 0.05, **p < 0.01, ***p < 0.001, (ns), not
significant (unpaired t-test). Inset, Western blotting showing 53BP1 depletion.
Representative images are shown in Fig. S5C.

(B) Dox-inducible GFP, RNF168, ub-H2AX SUM1315MQ2 cells, as for (A).
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(C) MDA-MB-436 cells with the indicated genetic manipulations were transduced with GFP
or ub-H2AX lentivirus and assessed for colony formation under blasticidin selection. Ub-
H2AX colony formation was normalized to GFP control colonies for each condition. Mean
+ S.D. is shown, ***p < 0.001 (unpaired t-test).

(D) MDA-MB-436 and SUM1315MO2 cells with the indicated genetic manipulations were
transduced for ub-H2AX as described in (C). Lysates were collected from colonies that
survived blasticidin selection and subjected to Western blot for the indicated proteins.

(E) SUM1315MO2 cells with inducible GFP control or ub-H2AX expression, as well as
cells that survived blasticidin selection and expressed 53BP1 shRNA and ub-H2AX cDNA
from (D), were assessed for RAD51 IRIF at 8h post 10 Gy IR. Representative images are
shown, 10 pm scale bar. Mean + S.D. foci positive cells are shown, ***p < 0.001 (unpaired
t-test) compared to +GFP cells.
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Figure 7. RNF168isrequired for RAD51 loading in BRCA1 null cells

(A) Western blot showing the effects of scrambled (Sc) and two independent siRNAs
targeting RNF8, RNF168 and PALB2 in MDA-MB-436 and SUM1315MO2 cell lines.
(B) Cells from (A) were assessed for RAD51 IRIF and quantified as described in Fig. 6A.
Inset, representative images.

(C) Cells from (A) were assessed for colony formation. Mean + S.E.M. are shown
normalized to Sc treated cells, **p < 0.01, ***p < 0.001 (unpaired t-test) compared to Sc
cells.
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(D) Model for the role of RNF168 protein expression levels in regulating residual HR in
BRCA1 null cancers.

Cancer Res. Author manuscript; available in PMC 2021 January 01.



	Abstract
	Introduction
	Materials and methods
	cDNA constructs and lentivirus production
	Cell culture
	Western blotting
	Immunofluorescence
	Colony assays
	Comet assay
	Cell cycle analysis
	Annexin V staining
	Xenograft studies
	Immunohistochemistry
	siRNA and shRNA Experiments
	Statistical Analysis

	Results
	BRCA1 mutant cells have reduced RNF168-mediated ubiquitin signaling
	RNF168 protein levels are reduced in subsets of BRCA1 mutant cancers
	RNF168 is subject to negative selection
	RNF168 overexpression delays BRCA1 mutant tumor formation
	RNF168 augments 53BP1-mediated inhibition of HR
	Residual RNF168 expression is required for BRCA1-independent RAD51 loading

	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.

