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ABSTRACT

Homologous recombination (HR) serves multiple
roles in DNA repair that are essential for maintain-
ing genomic stability, including double-strand DNA
break (DSB) repair. The central HR protein, RAD51,
is frequently overexpressed in human malighancies,
thereby elevating HR proficiency and promoting re-
sistance to DNA-damaging therapies. Here, we find
that the non-canonical NF-«B factors p100/52, but
not RelB, control the expression of RAD51 in various
human cancer subtypes. While p100/p52 depletion
inhibits HR function in human tumor cells, it does
not significantly influence the proficiency of non-
homologous end joining, the other key mechanism
of DSB repair. Clonogenic survival assays were per-
formed using a pair DLD-1 cell lines that differ only
in their expression of the key HR protein BRCAZ2.
Targeted silencing of p100/p52 sensitizes the HR-
competent cells to camptothecin, while sensitization
is absent in HR-deficient control cells. These results
suggest that p100/p52-dependent signaling specifi-
cally controls HR activity in cancer cells. Since non-
canonical NF-kB signaling is known to be activated
after various forms of genomic crisis, compensatory
HR upregulation may represent a natural conse-
quence of DNA damage. We propose that p100/p52-
dependent signaling represents a promising onco-
logic target in combination with DNA-damaging treat-
ments.

INTRODUCTION

Homologous recombination (HR) is a highly conserved
DNA repair process, which repairs DNA double strand
breaks (DSBs) and promotes tolerance of replication-
blocking lesions (1,2). In contrast to the error-prone non-
homologous end-joining (NHEJ) pathway of DSB rejoin-

ing, HR faithfully repairs DNA damage by utilizing an un-
damaged homologous DNA template to guide the repair
process. Since HR facilitates cellular recovery from harm-
ful DNA lesions, cells with deficient HR functionality are
highly sensitive to radiation and chemotherapeutic agents
that generate DSBs or DNA replication-blocking lesions
(3,4). Some components of the HR machinery also serve an
important function in stabilizing stalled DNA replication
forks (5,6).

The expression of genes that mediate DNA repair is
a dynamically regulated process. We previously reported
that a family of HR-related genes have variable expres-
sion levels, with overexpression occurring in cells that har-
bor HR defects (7). This overexpression is proposed to
act as a compensatory mechanism, particularly since over-
expression of the central HR protein RADSI can par-
tially suppress the HR defects that occur when other
key HR genes are downregulated (4,8). We described 20
such DNA repair genes that become overexpressed in this
setting, including the key HR-associated genes BRCAI,
BRCA2, RADS51, RAD54 and RADS51API (7). Similarly,
Bishop and coworkers reported that RADS1, RADS54 and
RADSIAP1 become highly transcribed in breast cancers
that harbor mutations in the HR-associated gene BRCA1
(8). Taken together, these observations suggest that coordi-
nated transcriptional programs exist to modulate the profi-
ciency of specific repair pathways.

DSB-induced activation of nuclear factor kappaB (NF-
kB) is also known to influence cellular resistance to DSB-
inducing treatments. Consequently, NF-kB has long been
considered a potential therapeutic target for sensitizing tu-
mor cells to DNA-damaging therapies (9). This pro-survival
influence of NF-kB activation is partially explained by its
classical role in promoting anti-apoptotic responses (10,11).
However, its full influence is more complex, given that
ATM-dependent activation of NF-kB can influence the
proficiency of DNA repair pathways (12-16). For example,
early studies demonstrated that knockdown of certain NF-
kB subunits was sufficient to reduce expression of FANCD?2
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and to sensitize cells to melphalan (16). Subsequent work
demonstrated that functional stimulation or inhibition of
canonical NF-kB signaling results in corresponding modu-
lation in HR gene expression and DNA repair proficiency
(15). Kozono and colleagues exploited this phenomenon
using dimethylaminoparthenolide (DMAPT) to radiosen-
sitize cells (14). While DMAPT is a somewhat non-specific
inhibitor of NF-«kB signaling, it successfully promotes NF-
kB-dependent inhibition of both HR and NHEJ. The au-
thors attribute DMAPT’s activity to a reduced expression
of some repair proteins (FANCD2, BRCA1, RADS51) and
reduced chromatin binding by others (Ku80 and XRCC4);
however, the functional interactions between NF-kB and
DNA repair pathways may be more complex. For example,
the key HR protein BRCA1 is known to physically inter-
act with the canonical NF-«kB subunit p65 and to augment
its ability to activate transcription of NF-kB target genes
(17). Furthermore, p65 reportedly interacts directly with the
CtIP-BRCA1 complex and promotes processing of DSBs
to generate the single-stranded DNA ends that serve as sub-
strates for HR (15). These observations highlight the appar-
ently complex relationships between these pathways.

Most reported connections between NF-«kB and DNA re-
pair pathways have focused on canonical NF-kB signaling,
wherein target gene transactivation is mediated primarily
by the p65 NF-«kB subunit (13-16). While canonical NF-
kB signaling clearly does affect DNA repair, it also exerts
broad influences over other cellular processes ranging from
innate/adaptive immune responses to central nervous sys-
tem development. This presents a central limitation for the
strategy of using canonical NF-«B inhibitors to sensitize
cancers to DNA-damaging oncology therapies, and it may
explain why no direct inhibitors of canonical NF-kB have
been approved for clinical use despite decades of drug de-
velopment efforts (18,19). In this context, some have advo-
cated for therapeutically targeting the non-canonical NF-
kB pathway, in which target gene transactivation is primar-
ily mediated by the p52/RelB heterodimer (20,21). Consti-
tutive activation of this pathway has been associated with
adverse prognostic features in numerous solid tumor types
and hematologic malignancies (21). Additionally, constitu-
tive activation of non-canonical NF-kB upregulates ma-
lignant features in experimental tumor models, resulting
in faster tumor growth, cellular invasion, and metastasis
(22,23).

Given that non-canonical NF-«kB is constitutively acti-
vated in human malignancies, we sought to characterize
its impact on DNA repair and oncologic treatment resis-
tance. Herein we report that the non-canonical NF-«B fac-
tor p100/pS2 is a key transcriptional regulator of DNA re-
pair proteins, most notably RADS5]1, the central recombi-
nase that promotes HR. By targeting p100/p52-dependent
signaling, we can reduce HR activity in cancer cells and sen-
sitize them to DNA-damaging oncologic treatments in an
HR-dependent manner.

MATERIALS AND METHODS
Cell lines

PC-3 cells were a gift from Ralph Weichselbaum. U20S
and 293-HEK cell lines bearing an HR reporter construct

(DR-GFP) were gifts from Jeremy Stark and Maria Jasin.
Human DLD-1 cell lines are from Horizon Discovery, as
is an otherwise identical clone with targeted disruption of
BRCAZ2 at exon 11. PC-3 cells were grown in DMEM:F12
(1:1) with 10% FBS. DLD-1 cells were grown in RPMI-
1640 (ATCC formulation) with 10% FBS. All other cell lines
were grown in DMEM (high glucose) with 1 mM sodium
pyruvate and 10% FBS. Cell lines were tested monthly for
mycoplasma contamination using a VenorGem PCR kit
(Sigma).

siRNA knockdown and transfection

Cells were treated with siRNAs (or pools thereof) at 75
nM total concentration unless otherwise indicated. siR-
NAs used include NFKBI (Ambion AM16704 Assay ID
143856); NFKB2: pool of 5-CAGCCUAAGCAGAGA
GGCU, 5-CUACGAGGGACCAGCCAAG, 5-GAUG
AAGAUUGAGCGGCCU (Sigma custom siRNAs) or
individually and non-silencing control (All Stars Nega-
tive Control siRNA, Qiagen 1027281). RNA transfection
was carried out using Lipofectamine RNAIMAX (Thermo
Fisher 13778150) according to the manufacturer instruc-
tions. Cells were incubated with siRNA for 24 h, after which
the media was replaced with normal growth media and in-
cubated for a further 24 h to achieve knockdown before con-
ducting experiments unless otherwise indicated.

Cellular proliferation assay

siRNA transfections were performed as above, and 24
h post-transfection cells were re-plated into multiple repli-
cate 96-well plates in fresh medium and allowed to adhere
and outgrow. At the end of each time point, one of the
replicate plates was developed with CellTiter-Glo reagent
(Promega) according to the manufacturer’s instructions and
luminescence was examined on a Tecan infinite F200 plate
reader.

Immunoblots and antibodies

Whole cell extracts were prepared in RIPA buffer (50 mM
Tris—HCI pH 8.0, 150 mM NaCl, 1% Igepal CA-630, 0.5%
sodium deoxycholate, 0.1% SDS and Roche complete mini
protease inhibitors). Sample protein concentrations were
determined by BCA assay (Pierce) and the same amount
of protein was loaded into each well. Electrophoresed sam-
ples were transferred and immobilized onto PVDF mem-
branes and immunoblotted according to antibody man-
ufacturer instructions. The following primary antibodies
were used: mouse anti-human NF-«kB1 p105/p50 (Santa
Cruz 8414), mouse anti-human NF-kB2 p100/p52 (Milli-
pore 05-361), rabbit anti-human RelB (Cell Signaling Tech-
nology 4922), rabbit anti-human RADS51 (Pacific Immunol-
ogy, affinity purified from serum and used at 1:1000), mouse
anti-human 53BP1 (Upstate 05-726 Clone BP13), rabbit
anti-human H2A . X (Abcam ab229914), mouse anti-human
vH2A.X (Millipore 05-636), rabbit anti-human BRCA2
(Bethyl A303-434A), rabbit anti-human GAPDH (Cell Sig-
naling Technology 5174), and mouse anti-chicken a-tubulin
(Fitzgerald 10R-T130A). The following secondary antibod-
ies were used: goat anti-rabbit IgG-Alexa Fluor 488 (Life



Technologies A11034), goat anti-mouse IgG-Alexa Fluor
488 (Life Technologies A11001), donkey anti-rabbit IgG-
HRP (GE Healthcare NA934V) and sheep anti-mouse [gG-
HRP (GE Healthcare NA931V).

RINA-Seq

Total RNA was extracted from three biological replicates
of exponentially growing U20S-DR-GFP cells transfected
with non-silencing RNA, siNFKB2 or siRELB using a Qi-
agen RNeasy Mini kit. All RNA samples were quantified
on a Bioanalyzer and had RIN > 8.0. Oligo-dT enriched
mRNA was run on an Illumina HiSeq 4000 instrument us-
ing single end 50 bp reads. For gene-level expression analy-
sis, reads were aligned to the human genome (GRCh38.p13)
using STAR 2.7.1a and feature counts were generated us-
ing the Subread package 1.6.4; each biological replicate
had at least 1.5¢7 uniquely-mapped reads. Lowly-expressed
genes that did not have at least one count per million in
at least two samples were excluded from analysis. Differ-
ential expression and pathway analysis were performed us-
ing edgeR /limma to determine fold-change in gene expres-
sion relative to the non-silencing RNA control; pathways
were obtained from the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database.

RT-qPCR

Total RNA was extracted from growing cells in buffer
containing 10 nM Tris-HCI pH 7.4, 150 nM NaCl, 1%
Triton X-100 and 150 mM B-mercaptoethanol, extracted
with phenol:chloroform, treated with 3 U DNAse I (New
England Biolabs) for 10 min at 37°C, re-extracted with
phenol:chloroform, and quantified by UV absorbance. We
found that this extraction technique yields RNA of simi-
lar yield and quality compared to the kit extraction used
for RNA-seq samples above (RIN = 8.5 4+ 1.2). For each
sample, 250 ng total RNA was annealed to 500 nM oligo-
dT, 500 nM random hexamer primers, and incubated with
5 pmol MMLYV reverse transcriptase (kindly provided by
Dr Song Tan) in 25 pl for 1 h at 42°C. These reactions were
diluted in water to provide 0.75 wl equivalent in a 7.5 .l
PCR containing 1X Sso Advanced Universal SYBR Green
Supermix (Bio-Rad) and 500 nM PCR primers for RADS51
(5-TTGGCCCACAACCCATTTCA and 5-TTAGCTC
CTTCTTTGGCGCA), or COX7C (5-TGGTCCGTAGG
AGCCACTAT and SYCGACCACTTGTTTTCCACTGA)
and amplified in a CFX384 thermal cycler (Bio-Rad) ac-
cording to the manufacturer’s directions. Primers were de-
signed using NCBI Primer-BLAST. PCRs were performed
with two technical replicates per sample along with cor-
responding no-reverse transcriptase and no-template con-
trols. Cq values were calculated automatically in Bio-Rad
CFX Manager software (version 3.1).

Immunocytochemistry

Cells were seeded onto glass coverslips 24 h after addi-
tion of siRNA/lipid complexes and allowed to grow for
another 24 h prior to a 1-h pulse with 10 wM 5-ethynyl-
2'-deoxyuridine (EdU, Lumiprobe) & 30 nM camptothecin
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(CPT, Alfa Aesar), followed by the indicated outgrowth
time in fresh medium. Samples were fixed in 3.0% PFA in
PBS with 3.4% sucrose, and permeabilized with 0.5% Tri-
ton X-100 in 20 mM HEPES pH 7.4, 50 mM NaCl, 3 mM
MgCl, and 300 mM sucrose. EQU was fluorescently labeled
using click chemistry: samples were incubated in freshly-
prepared 1 x TBS with 2 mM CuSO,, 20 mM sodium ascor-
bate, 10% DMSO and 5 pM sulfo-cyanine-5-azide for 30
min at room temperature. Immunostaining was performed
by blocking in 1% BSA in PBS for 20 min at room temper-
ature, staining with primary antibody at 1:1000 for 2 h at
room temperature, followed by fluorescent secondary anti-
body at 1:1000 for 1 h at room temperature. Coverslips were
mounted with Vectashield with DAPI (Vector Laboratories,
H-1200) and imaged on a Zeiss M.l Axiovision fluorescent
microscope at 1000x total magnification. For data sets of
unselected nuclei, at least 213 nuclei per condition were im-
aged and for all samples at least 100 EdU-positive nuclei
were imaged. Image analysis was carried out using CellPro-
filer.

DSB repair reporter assays

U20S and 293-HEK cells bearing reporter constructs were
transfected with siRNAs. After 24 h, siRNA transfectants
were collected by trypsinization and electroporated with
30 pg pCAGGS or pBASce in 0.8 ml Opti-MEM (Gibco)
in 4 mm cuvettes at 325 V, 975 pF, 15-20 ms pulse time,
seeded into six-well plates with complete media, and grown
for an additional 48 h. Transfectants were collected by
trypsinization, resuspended in PBS containing 1 pg/ml 7-
aminoactinomycin D (7-AAD), and analyzed on a BD
LSR-II cytometer. Live non-apoptotic cells were selected on
a forward scatter versus side scatter plot followed by gating
out 7-AAD positive cells, and GFP positive cells were se-
lected on an orange versus green plot.

Cell cycle analysis

Growing cells were collected by trypsinization, fixed with
4% paraformaldehyde in PBS, permeabilized with 0.5% Tri-
ton X-100 in PBS, and stained with 10 pg/ml DAPI in PBS
with 1% BSA, 0.5% Triton X-100, and 1 mM EDTA. Sin-
gle cells were analyzed on a BD Fortessa X-20 cytometer
for DAPI content. G1, S and G2 cell populations were de-
termined by univariate modelling in FlowJo software.

Clonogenic survival

Cells were plated at an appropriate density (800-2000 cells
per well) into six-well plates in complete medium with the
indicated dose of camptothecin and grown until colonies
of >50 cells appeared in the control wells. For IR treat-
ment, cells were re-plated as above 24 h after siRNA trans-
fection and allowed to attach for an additional 24 h, after
which X-rays were administered using a Philips Maxitron
RT250 irradiator. Colonies were fixed and stained with 6%
glutaraldehyde, 0.5% crystal violet, photographed and enu-
merated using an in-house developed macro for Imagel.
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Statistical analysis

Data for protein expression quantitation, average RADS51
foci per nucleus, percent GFP + cells, cell cycle dis-
tribution and clonogenic survival are presented as the
mean + SEM. Differences between the means of two groups
were analyzed by unpaired two-tailed Student’s ¢-test. Dif-
ferences in cell cycle distributions between two groups were
analyzed using Hotelling’s T-squared distribution. Differ-
ences in EdU-positive cells between two conditions were
analyzed by Pearson’s chi-squared test. Differences in cyto-
logical foci per nucleus and colony size between two condi-
tions was determined by Wilcoxon Rank-Sum test. P-values
<0.05 were considered to be significant for these tests. For
RNA-seq data, differences in individual gene expression
levels between two conditions were examined by two-tailed
exact test for the negative binomial distribution, with p-
values adjusted for multiple testing by the Benjamini and
Hochberg method (24). Publicly-available microarray data
for mice overexpressing p52 and wild-type littermate con-
trols (GEO GSE71648) were RMA-normalized using the
‘oligo’ package for Bioconductor, filtered to remove probes
that map to multiple genes, fitted to a linear model using
the ‘limma’ package, and differential expression was deter-
mined by applying an empirical Bayes method to the fit-
ted data. Each of the two groups of mice contained two
biological replicates (25). Differences in KEGG pathway
enrichment analysis between two conditions were tested
by one-tailed Fisher’s exact test. For RT-qPCR, relative
gene expression was determined by the ddCq method us-
ing COX7C as the reference gene (dCq = Cq[RAD5I]
— Cq[COX7C]) and the non-silencing control samples as
reference samples (ddCq = dCq[siNFKB2] — dCq[siNS]);
COX7C was selected as the reference gene based on its rel-
atively high and invariant expression observed in the RNA-
seq data. All statistical testing and graphing were performed
in R.

RESULTS

Disruption of p100/p52 in human tumor cells reduces the ex-
pression of RADS1 and other HR-promoting genes

Prior studies have demonstrated that canonical NF-kB sig-
naling controls the expression of DNA repair proteins and
the functional proficiency of these pathways (13-16). We
questioned whether p100/p52 and/or RelB, which are cen-
tral mediators of non-canonical NF-«B signaling, also exert
influences on DNA repair. If so, we hypothesized that tar-
geting of this pathway may offer a relatively tolerable onco-
logic treatment approach.

RNA-seq was performed 48 h after treatment with siR-
NAs that target NFKB2 or RELB in human osteosarcoma
(U20S) cells. Efficient knockdown was achieved for both
pl00/p52 and RelB at the mRNA and protein levels (Fig-
ure 1A, Supplementary Figure S1a). In addition to reducing
p100/p52 levels, siNFKB2 also reduces RelB expression;
this is expected since p100/p52 is known to bind and sta-
bilize RelB protein (26). To predict the impact on biologi-
cal processes, global gene expression changes were analyzed
using over/under-representation of Kyoto Encyclopedia of
Genes and Genomes (KEGG) terms to predict the 10 most

upregulated and 10 most downregulated pathways (Figure
1B). Using a threshold of P < 0.01, this identified HR as
the only DSB repair pathway significantly affected by siN-
FKB2 (P < 10%). By comparison, these data suggest that
siRELB is not predicted to influence HR (Supplementary
Figure S1b). NFKB2 knockdown in U20S cells also has
predicted effects on additional genomic housekeeping func-
tions, including DNA replication, mismatch repair, base ex-
cision repair, and the Fanconi Anemia pathway.

Given this regulation of HR by p100/p52, we focused on
transcriptional regulation of 39 select genes with known rel-
evance to HR, as defined by the KEGG database (release
91). In response to siNFKB2, only two HR-related genes
are significantly (P < 0.01) upregulated (Figure 1C, Sup-
plementary Figure Slc, d). 14 HR-related genes are signifi-
cantly (P < 0.01) downregulated. Of these 14 genes, RADS51
is the most differentially expressed gene (4.5-fold downreg-
ulated, P < 104).

NFKBI or NFKB2, which encode pl05/p50 and
p100/p52 proteins, respectively, were transcriptionally tar-
geted using siRNA. Parallel experiments were performed
using three human cells lines derived from a wide range
of malignancies, including prostate carcinoma (PC-3),
osteosarcoma (U20S), and colorectal carcinoma (DLD-1).
Consistent with prior reports (14), we find that p105/p50
controls the expression of RADSI protein, the central
recombinase that mediates HR. Additionally, we find
that p100/p52 similarly controls RADS51 protein at the
transcriptional level (Figure 2A, B, Supplementary Figure
S2a-d). This significant effect by siNFKB2 persists up to
4 days following siRNA transfection and is reproducibly
confirmed using various individual siRNAs to silence
expression (Figure 2C, Supplementary Figure S2e). While
KEGG pathway analyses had suggested that DNA repli-
cation and cell cycle pathways are downregulated upon
NFKB? disruption (Figure 1B), this effect appears to be
modest since we observe only a slight reduction in cellular
proliferation for U20S cells and no effect on proliferation
for PC-3 and DLD-1 cells transfected with siNFKB2
(Supplementary Figure S2f). By comparison, knockdown
of the canonical NF-kB pathway with siNFKBI induces
significant growth abnormalities in all three cell lines.

Finally, we asked whether forced overexpression of p52
might induce an increase in RADS5I expression. This was
accomplished by examining publicly-available data from
Saxon and colleagues, who performed forced overexpres-
sion of FLAG-tagged p52 in mouse lung tissue (27). In-
deed, we find that p52 overexpression induces a significant
increase in the transcription of Rad51 (Figure 2D).

Disruption of p100/p52 in human tumor cells inhibits
damage-induced RAD51 focus formation in S-phase cells

The initial steps of HR involve 5 to 3’ nuclease activity
that generates a 3’ single-stranded DNA (ssDNA) tail at the
site of damaged DNA (2). This ssDNA tail becomes coated
with Replication Protein A (RPA), which is subsequently
replaced by a helical filament of RADS51 protein. The dis-
placement of RPA by RADS1 is facilitated by several medi-
ator proteins, which include BRCA2 and RADSI paralog
complexes. Since RADSI filaments can be imaged as sub-
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Figure 1. Targeting of p100/p52 promotes a transcriptional downregulation of RADS51 and other proteins known to control DSB repair by HR. RNA-seq
was performed on U20S cells transfected with non-silencing (NS), NFKB2 or RELB siRNA. (A) Knockdown is efficient for both p100/52 and RelB,
based on mRNA measurements by RNA-seq (left) and protein level by western blot (right). (B) KEGG pathway analysis of was performed to predict the
10 most upregulated and 10 most downregulated pathways in response to siNFKB2. Corresponding effects in response to siRELB are also displayed. (C)
Expression levels are displayed for 39 genes with known relevance to HR, as defined by the KEGG database. Genes are arrayed from left to right based

on degree of expression change after siNFKB2 (* denotes P < 0.01).

nuclear foci, immunofluorescence microscopy is commonly
utilized to directly visualize HR intermediates in cells (28).

The impact of siNFKB2 on RADS51 focus formation
was tested, again using PC3, U20S, and DLD-1 cancer
cell lines. To focus on dynamic changes occurring dur-
ing replication, we simultaneously pulsed cells with 5-
ethynyl-2'-deoxyuridine (EdU) to mark S-phase cells, and
treated cells with camptothecin (CPT) to induce replication-
associated DSBs (Figure 3A, B). As predicted, the target-
ing of p100/p52 reduces the appearance of CPT-induced
RADSI foci in replicating (i.e. EQU+) cells. The impact of
siNFKB2 on HR proficiency cannot be explained by non-
specific effects on S-phase dynamics, since sSiNFKB2 does
not influence EdU incorporation in PC-3 or DLD-1 cells
(Figure 3C). Of note, siNFKB2 does modestly reduce EQU
incorporation in U20S cells (46% versus 37%, P = 0.049);

this finding is consistent with our KEGG pathway analysis,
which had predicted that modest replication alterations may
occur in this specific condition (Figure 1B). The inhibitory
effect of sSINFKB2 on HR persists for at least 7 h after CPT
treatment, indicating that HR suppression persists through-
out S/G2 (Figure 3D, E). Even at 24 h after CPT treatment,
a significant number of unrepaired DSBs persist in the siN-
FKB2 treated cells (Supplemental Figure S3).

Disruption of p100/p52 in human tumor cells inhibits HR
proficiency

We tested whether disruption of p100/p52 influences HR
proficiency using functional reporters in cancer cells. The
DR-GFP assay relies on a stably-integrated reporter con-
struct that carries two non-functional copies of green fluo-
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rescence protein (GFP), one of which is interrupted by an
I-Scel endonuclease site (29). Induction of a DSB at the I-
Scel site prompts repair by HR-mediated gene conversion
that generates a functional copy of GFP.

The impact of siNFKB2 on HR proficiency was tested
using two separate human cell lines, both stably transfected
with a single copy of the DR-GFP cassette. Indeed, the tar-
geting of p52-dependent signaling reduces HR proficiency
by 71.7% in U20S cells (P = 0.009, 95% CI 52.2% to
91.3%), and by 50.2% in HEK-293 cells (P = 1.1e—9, 95%
CI 46.3% to 54.1%) (Figure 4A, B). Mirroring our find-
ing regarding S-phase dynamics, the impact of siNFKB2
on HR proficiency cannot be explained by non-specific ef-
fects on S-phase entry, since siNFKB2 does not significantly
influence the portion of cells in S-phase in HEK-293 cells
carrying the DR-GFP cassette (Figure 4C, Supplementary
Figure S4a). We find that siNFKB2 does exert a small ef-
fect on cell cycle in U20S cells; this again suggests that
pl100/p52 loss exerts a modest impact on DNA replication
in at least some cell types, which is consistent with our prior
functional predictions in U20S cells (Figure 1B).

We next asked whether disruption of p100/p52 influences
efficiency of single-strand annealing (SSA). The SSA is a
pathway that repairs DSBs occurring between a pair of
tandem-repeated sequences, such that single-strand degra-
dation from the site of the DSB creates a pair of ssDNA
tracts with an extensive complementary sequence (30). The

two ssDNA tails then anneal to heal the DSB, and the DNA
originally located between the repeats is thereby deleted.
SSA does not involve the NHEJ pathway, nor does it re-
quire most HR-related proteins (31). Interestingly, SSA ef-
ficiency is known to be elevated in situations where RADS1
function has been disrupted by a variety of means (32-35).
As expected, we find that disruption of p100/p52 does in-
crease SSA by a modest 14.5% (P = 0.032, 95% CI 4.5% to
24.4%) (Figure 4D, Supplementary Figure S4b).

Disruption of p100/p52 in human tumor cells preserves the
function of NHEJ

We next investigated whether the disruption of pl100/p52
affects NHEJ, the other major mechanism for DSB re-
pair. This is an important consideration, since prior NF-kB
targeting methodologies have demonstrated relatively non-
specific effects on various DNA repair processes. For exam-
ple, treatment with DMAPT inhibits the proficiency of both
HR and NHEJ (14). Likewise, experimental changes in p65
activity modulate the proficiency of both HR and NHEJ
(15).

Therefore, we tested the impact of siNFKB2 on HEK-
293 cells, which carry a single copy of a stably-integrated
GFP-based reporter of NHEJ (32). Disruption of p100/p52
does not significantly impact NHEJ function in asyn-
chronous cells (Figure 5A, B). We additionally asked
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and immune-stained as indicated. Representative microscopic images of unselected nuclei (A) are displayed for cells collected 3-hours after CPT treatment,
and (B) quantitation of RADS]1 foci per nucleus is plotted for each of the indicated conditions. (C) Quantitation of EdU intensity in CPT-untreated cells
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whether p100/p52 loss affects the appearance NHEJ] inter-
mediates in replicating cells. This was tested using a sim-
ilar methodology to that used for quantifying HR inter-
mediates following DSB induction with CPT (Figure 5C).
We find that siNFKB2 does not prevent the appearance
of damage-induced p53-binding protein 1 (53BP1) foci or
their timely resolution in replicating cells (Figure 5D, E).
Taken together, these results indicate that the targeting of
p100/p52 specifically reduces HR-mediated DSB repair.

Targeting of p100/p52-dependent signaling leads to HR-
dependent sensitization to CPT treatment

We next examined whether targeting of p52-dependent sig-
naling represents a potential therapeutic strategy in oncol-

ogy. We chose to focus on CPT-induced DNA damage, since
topoisomerase I (Topl) inhibitors are selectively toxic to S-
phase cells (36). CPT leads to accumulation of Top1 cleav-
age complexes on DNA, and single-stranded DNA breaks
are converted to DSBs when replication forks collide with
these complexes (37). Importantly, cells are particularly re-
liant on HR for repairing CPT-induced DSBs (38).
Clonogenic survival assays were performed using an iso-
genic pair of colorectal adenocarcinoma cell lines that differ
only in their expression of a key HR protein, BRCA2. As
predicted, the disruption of p100/p52 leads to CPT sensiti-
zation in BRCA2-competent cells (Figure 6A). By contrast,
CPT sensitization is absent in cells that lack BRCA2. This
sensitization in HR-competent cells is not caused by dif-
ferences in cellular proliferation, since p100/p52 loss does
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not significantly alter the growth rate of these DLD-1 based
cell lines (Supplementary Figure S2f, 5B). The sensitiza-
tion is also not caused by variable levels of CPT-induced
DNA breaks, since comparable levels of y H2A.X phospho-
rylation are induced by CPT regardless of p100/p52 sta-
tus (Supplementary Figure S5c¢). Finally, this sensitization is
not related to unintended changes in RelB levels (as was ob-
served in Figure 1A), since siRelB does not sensitize DLD-1
cells to CPT (Supplementary Figure S5d).

We repeated these experiments using ionizing radiation
in place of CPT. Again, the disruption of p100/p52 leads
to significant sensitization in BRCA2-competent cells, while
radiation sensitization is absent in DLD-1 derivatives that
lack BRCA2 (Figure 6B). Taken together, these results
demonstrate that pl100/p52 promotes resistance to DSB-
causing treatments by supporting HR-mediated DSB re-
pair.

DISCUSSION

Herein, we demonstrate that the non-canonical NF-kB fac-
tor p100/p52 is a key transcriptional regulator of DNA re-
pair proteins, most notably RADS51, the central recombi-
nase that promotes HR. Inhibition of p100/p52-dependent
signaling leads to a robust reduction in HR activity in
cancer cells, thereby sensitizing them to DNA-damaging
oncologic treatment in a manner that is specific to HR.
While various other HR-related genes are also downregu-
lated after p100/p52 targeting, RADS5! is the most differ-
entially expressed gene and is likely a central driver of this
response.

We propose that pl00/p52-dependent signaling pro-
motes compensatory HR in response to genomic insults.
This builds on recent studies demonstrating that non-
canonical NF-kB signaling is activated after various forms
of genomic crisis. For example, both radiation-induced
DSBs and genomic instability can promote the liberation
of nucleic acids into the cytoplasm after mitosis, which ul-
timately leads to the activation of non-canonical NF-kB
(22,39). In this context, we propose that HR upregulation
represents a natural consequence of DNA damage. This

concept is supported by our prior work demonstrating that
RADSI is overexpressed in cells that harbor DNA repair
defects or stigmata of genomic instability (e.g. DNA copy
number variations, estrogen receptor loss, and HER2 ampli-
fication) (7,40). Other groups have similarly observed over-
expression of HR proteins in cells harboring repair-deficient
states (41,42). Compensatory upregulation of RADSI pro-
tein levels may be especially impactful in this context be-
cause RADSI overexpression can functionally compensate
for other causes of HR deficiency (4,8). Expression changes
in other DNA repair proteins may also contribute to the
functional HR upregulation. For example, RAD54 and
RADSIAP1 are known to be overexpressed in BRCAI-
mutant breast tumors (8), and MREI11 is overexpressed in
radiation-sensitive bladder tumors (43). Both may represent
clinical examples wherein compensatory HR upregulation
occurs in response to chronic endogenous DSB repair defi-
ciencies.

Additional DNA repair pathways have been reported to
have altered regulation in response to HR loss and genomic
instability. For example, DNA polymerase 6 (Pol6) is over-
expressed in BRCA1-deficient cell lines, and this overex-
pression can be reversed by BRCA1 complementation (43).
Since Pol® promotes MMEJ, this implies that mutation-
prone DNA repair mechanisms become upregulated in can-
cers as a means to compensate for HR loss (44,45). We ob-
served no significant changes in Polf expression in response
to p100/p52loss (Supplementary Figure S1d). We did, how-
ever, find that targeting of p100/p52 increases the functional
proficiency of error-prone SSA (Figure 4D). We also ob-
served expression changes that predict that other genome
maintenance pathways (DNA replication, base excision re-
pair, and mismatch repair) may be functionally modulated
(Figure 1B). Interestingly, we also observed a significant,
5.8-fold, upregulation in Replication Protein A 30 kDa sub-
unit (RPA4) in response to p100/p52 depletion (Figure 1C).
The RPA heterotrimeric protein complex is responsible for
binding and stabilizing ssSDNA in eukaryotic cells, and in
general this complex is composed of the subunits RPA1
(70kDa subunit), RPA2 (32kDa subunit) and RPA3 (14kDa
subunit) (46,47). Under certain circumstances that remain



incompletely understood, RPA4 can replace RPA2 in the
heterotrimer complex, thereby yielding an alternative RPA
(aRPA) complex (48). Although the aRPA complex does
not support DNA replication, it may support the early steps
of nucleotide excision repair or HR (49,50). Further work
is needed to better understand the significance of RPA4 up-
regulation after p100/p52 depletion.

The genome-wide landscape of promoter/enhancer ele-
ments bound by NF-«kB subunits has been characterized
previously (51). These and other published results suggest
that RADS51’s promoter/enhancer elements might not be di-
rectly bound by NF-kB subunits (52). It’s possible, for ex-
ample, that p100/p52-dependent regulation of RADS51 oc-
curs through an indirect mechanism. E2F transcription fac-
tors (TFs) are known to bind RAD51’s promoter (52,53),
and E2F TFs are transcriptionally regulated by NF-«B
subunits (51,54). Taken together, pS2 may regulate RADS51
transcription indirectly by modulating E2F TFs. Further
work is underway to test this and other competing possi-
bilities. For example, target gene transactivation can be in-
fluenced by p52 homodimers and by p52-p65 heterodimers
(55). Additionally, phosphorylated Bcl3 can form a ternary
complex with p52 to regulate transcriptional activity (56—
58). Finally, ETS-1 and p52 were recently shown to directly
interact, forming a heterotetrametric complex that can bind
promoter elements and influence gene expression (59). In
some settings, the ETS-1-p52 complex acts as a transcrip-
tional activator, while free ETS-1 acts as a transcriptional
repressor. A potential role for ETS-1 in mediating our ob-
served HR effects is intriguing, since ETS-1 has been im-
plicated in the regulation of some HR genes (60,61), and
since RADS51’s protomer contains an ETS-1 binding motif
(52). Other, more remote mechanistic explanations might
also be considered. For example, cytoplasmic p100 is known
to bind and sequester p65, thereby reducing its activity by
preventing its nuclear localization (62,63), and therefore de-
pletion of p100 might conceivably affect HR indirectly by
modulating canonical NF-kB signaling. Our ongoing work
will clarify these remaining open questions.

This work has practical relevance to evolving pharmaco-
logic strategies for inhibiting non-canonical NF-kB signal-
ing (21). This pathway may represent a relatively tolerable
therapeutic target in oncology, since pharmacologic inhibi-
tion of its functions in normal tissues (e.g. lymphoid organ
development, B cell survival and maturation, and differenti-
ation of osteoclasts) are predicted to be relatively tolerable
(55,64,65). Small molecules have been developed to selec-
tively bind the inhibitory kappa B kinase o (IKKa), an up-
stream kinase that governs pathway activation (20). A com-
peting approach targets NF-kB-inducing kinase (NIK),
which governs the non-canonical NF-kB cascade by phos-
phorylating IKKa (66,67). It is worth noting, however, that
the NIK-IKK signaling axis acts as a master regulator of
additional processes, and therefore these inhibitory com-
pounds may exert wide-ranging effects that are off-target
relative to non-canonical NF-«B signaling (20).

In summary, we find that p100/p52 dependent signal-
ing controls the proficiency of HR in human cells. Since
non-canonical NF-«kB is constitutively upregulated in hu-
man tumors, drug discovery programs aimed at overcoming
p100/p52-dependent signaling may offer a means to over-
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come therapeutic resistance and improve oncology patient
outcomes.
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