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The proto-oncogene BCL-3 is upregulated in a subset of colorectal cancers (CRC), where it has been shown to
enhance tumour cell survival. However, although increased expression correlates with poor patient prognosis,
the role of BCL-3 in determining therapeutic response remains largely unknown. In this study, we use combined
approaches in multiple cell lines and pre-clinical mouse models to investigate the function of BCL-3 in the DNA
damage response. We show that suppression of BCL-3 increases YH2AX foci formation and decreases homologous
recombination in CRC cells, resulting in reduced RAD51 foci number and increased sensitivity to PARP inhibi-
tion. Importantly, a similar phenotype is seen in Bcl37~ mice, where Bel37~ mouse crypts also exhibit sensitivity
to DNA damage with increased yH2AX foci compared to wild type mice. Additionally, Apc.Kras-mutant x Bel3”
mice are more sensitive to cisplatin chemotherapy compared to wild type mice. Taken together, our results
identify BCL-3 as a regulator of the cellular response to DNA damage and suggests that elevated BCL-3
expression, as observed in CRC, could increase resistance of tumour cells to DNA damaging agents including
radiotherapy. These findings offer a rationale for targeting BCL-3 in CRC as an adjunct to conventional therapies
and suggest that BCL-3 expression in tumours could be a useful biomarker in stratification of rectal cancer pa-
tients for neo-adjuvant chemoradiotherapy.

1. Introduction

Rectal cancers constitute around 30% of colorectal cancer (CRUK).
Whilst early-stage rectal cancers can be treated with surgical excision,
advanced disease requires the addition of neo-adjuvant therapy to sur-
gical resection to achieve cure. Neo-adjuvant therapy, such as studied in
the Rapido [1] or PRODIGE 23 trials [2], reduces the risk of local or
systemic recurrence in these high risk tumours. However, tumour
response to neo-adjuvant therapy is variable [3] and understanding this

variation is critical to improving outcomes in locally advanced rectal
cancer.

Of the multitude of DNA lesions which result from exposure to DNA
damaging therapeutics, the double strand break (DSB) is the most
cytotoxic and thought to be the primary mode by which radiotherapy
reduces tumour growth and survival [4]. DNA damage response (DDR)
pathways are commonly aberrantly activated in cancer cells leading to
tumour cell survival. There are two major DDR pathways by which DSBs
can be repaired, non-homologous end joining (NHEJ) and homologous
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recombination (HR). NHEJ involves recognition of damage by KU pro-
teins which activate DNA-PKcs, followed by repair of the break by end
processing enzymes, DNA polymerases and DNA ligase IV [5]. This
process is fast and active throughout the cell cycle but is error prone. In
contrast, HR retains DNA sequence fidelity, using a sister chromatid as a
template for repair, restricting the process to S and G2 phases of the cell
cycle [6]). RAD51 and BRCA2 are critical to this process [7]. Dysregu-
lation of these repair pathways is important in tumorigenesis but also
confers targetable weaknesses within the tumour, such as by Poly ADP
Ribose Polymerase (PARP) inhibitors [8].

BCL-3 is a proto-oncogene, highly expressed in a number of solid
tumours [9]. It is an atypical member of the IxkB family owing to its
ability to activate or repress transcription of p50 and p52 NF-kB subunits
[10]. Interactions between BCL-3 and co-regulatory proteins such as
TIP60, JAB1, BARDI1, PIR, HSP70, HDACs, CTBP1 and 2 and f-catenin
[11-14] have been observed, offering additional modes of transcrip-
tional regulation by BCL-3. In CRC, BCL-3 was shown to promote cancer
cell growth and survival by phosphoinositide 3-kinase (PI3K) and
mammalian target of rapamycin (MTOR) mediated activation of the
AKT pathway [15]. Additionally, it promotes colorectal cancer cell
proliferation through regulation of Cyclin D1 [16] and stabilisation of
¢-MYC [17]. More recent work has demonstrated a further role for BCL-3
in cancer, promoting the stem cell phenotype in CRC, with implications
for therapeutic resistance [14]. Clinically, BCL-3 expression is nega-
tively correlated with survival in CRC patients, where strong nuclear
staining of BCL-3 observed in tissue microarrays was associated with
reduced patient survival [18] and additionally shown to be independent
of tumour stage [14]. Given the poor outcome of patients with high
BCL-3 expressing tumours and its previously characterised function in
enhancing tumour cell survival, we hypothesised that BCL-3 expression
may determine therapeutic resistance of tumours.

Here we present data identifying a novel role for BCL-3, where
inhibiting BCL-3 expression sensitises CRC cell lines to irradiation-
induced cell death by reducing HR and show that Bcl-37" mice are
sensitised to DNA damage inducing agents. This work furthers our un-
derstanding of therapeutic resistance in CRC and offers a rationale for
targeting BCL-3 as an adjuvant to conventional therapies, particularly in
the setting of neo-adjuvant therapy for locally advanced rectal cancer.

2. Materials and methods
2.1. Cell lines and cell culture

The human rectal carcinoma derived cell line SW1463, and colon
carcinoma derived cell lines LS174T and LoVo were obtained from the
American Type Culture Collection (ATCC), HCA7 (also colon cancer
derived) cells were a kind gift from Sue Kirkham, Imperial College
London. The U20S human osteosarcoma derived cells were a kind gift
from Dr Anna Chambers, University of Bristol. All cell lines were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma
Aldrich, UK) supplemented with 10% foetal bovine serum (Sigma
Aldrich, UK), 2 mM glutamine, 100 U/mL penicillin and 100 pg/mL
streptomycin (Invitrogen). Cells were maintained at 37 °C in a dry
incubator in 5% CO,.

2.2. Gene knockdown with RNAi

Cells were transiently transfected with small interfering RNA (siRNA,
50 nM, Dharmacon, UK) using Lipofectamine RNAi MAX (Thermo Fisher
Scientific, Paisley, UK). BCL-3 was knocked down using a single siRNA

sequence, confirmed with a second sequence (data not shown).

2.3. Generation of BCL-3 knockout cells with CRISPR-Cas9 P19 genome
editing

CRISPR-Cas9 P1% based genome editing was performed according to
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the method developed by Chiang et al. [19] using the All-In-One vector,
provided as a kind gift by Dr Paul Bishop, University of Bristol. Knockout
of BCL-3 was confirmed by Sanger sequencing of edit site and absence of
BCL-3 protein in western blot.

2.4. Irradiation

Cells were seeded 48 h prior to irradiation. Irradiation was per-
formed with a Cs137 source in a RX30/55 M Irradiator (Gravatrom In-
dustries Ltd.). For RAD51 foci assays, cells were treated with 3 ug/mL
aphidicolin (Sigma-Aldrich, UK) immediately prior to irradiation to
prevent progression from S-phase to G2 phase.

2.5. Tandem mass tagging (TMT) phosphoproteomics

HCA7 cells were lysed and 100 pg protein was trypsin digested (2.5
ug trypsin per 100 pg protein; 37 °C overnight) before being labelled
with TMT Isobaric Mass Tag Labelling Kit (Thermo Fisher Scientific,
UK). For phosphoproteomics, samples were enriched with a TiO2 based
phosphopeptide enrichment kit (Pierce, USA). Samples were then
pooled and fractionated by reversed phase liquid chromatography
before analysis with nano-LC MSMS with an Orbitrap Fusion Tribrid
mass spectrometer (Thermo Fisher Scientific, Paisley, UK). Phospho-
proteomic TMT data was processed and quantified using Proteome
Discoverer software v2.1 (Thermo Fisher Scientific, UK) and searched
against the UniProt Human database and a Common Contaminants
database using the SEQUEST algorithm. For phosphoproteomic analysis,
phosphorylation as S, T and Y were also included as possible peptide
modifications. All data was filtered to satisfy a false discovery rate (FDR)
of 5%. Phosphopeptide abundances were ascertained and log2 trans-
formed to linearise protein abundances. A two-tailed Student’s t-test was
performed and proteins with a p-value < 0.05 determined significant
differences. The PANTHER (Protein Analysis Through Evolutionary
Relationships) database was used to identify significantly enriched on-
tologies from the list of differentially expressed proteins. Further anal-
ysis was performed using Ingenuity Pathway Analysis (IPA, Qiagen,
Manchester, UK). Fold changes and p-values were uploaded to IPA and a
core analysis was performed to identify pathways that were significantly
altered between different experimental conditions.

2.6. Crystal violet cell viability assay

Cells were seeded into and treated in 6 well plates and grown for 48 h
before treatment. At 14 days after seeding, cells were fixed in 4%
paraformaldehyde for 10 min and stained with 0.5% w/v crystal violet
solution (Sigma-Aldrich, UK) for 10 min. Bound crystal violet was eluted
with 500 uL 10% acetic acid and absorbance measured at 595 nm.

2.7. Immunofluorescence

Cells grown on glass coverslips were fixed with 4% para-
formaldehyde for 10 min and permeabilized with 0.1% Triton-X 100. To
prevent non-specific antibody binding, slides were blocked with 1%
BSA. Cells were incubated with primary antibody at room temperature
for one hour (phospho-histone H2A.X (1:10000, Millipore #05-636);
RAD51(1:1000, Abcam); CENPF (1:500, Abcam #5) diluted in 1% BSA.
After incubation with secondary antibody (Molecular Probes, Invi-
trogen, UK) the nuclei were stained 100 ng/uL DAPI. Coverslips were
mounted with Mowiol 4-88 (Sigma-Aldrich, UK). Cells were imaged
with a Leica DMI6000 inverted epifluorescence microscope with 100x
lens and Photometrics Prime 95B sCMOS camera or a Leica SPE single
channel confocal laser scanning microscope with 40x lens and Leica
DFC365FX monochrome digital camera.
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2.8. Immunoblotting

Whole cell lysates were made and subjected to SDS-PAGE/western
blotting as previously described [20] using the following antibodies:
BCL-3 (1:2000, Proteintech #, 23959,); CHK2 (1:1000, Millipore
#05-649); phospho-CHK2 (1:1000, Cell Signalling Technology, #160);
a Tubulin (1:10000, Sigma Aldrich, #T9026).

2.9. Clonogenic assay

1 x 10* HCA7 cells were seeded per T25 flask and Olaparib
(AZD2281, Selleckchem, UK) was added at indicated concentrations.
After 12 days growth, cells were fixed with 10% neutral buffered
formalin and stained with 1% Methylene blue (Sigma-Aldrich, UK) for
counting number of colonies.

2.10. I-Scel DNA repair assay

On day one, U20S reporter cell lines (kind gift from Prof J Stark, USA
[21]) were transfected with siRNAs (40 nM) using lipofectamine
RNAiIMAX (Thermo Fisher Scientific) and transferred into new plates on
day two. Cells were transfected on day three using Dharmafect kb
(Dharmacon, UK) with a plasmid pCBAScel to induce I-Scel or with a
transfection control plasmid mCherry2-C1. In addition, siRNAs (20 nM)
were co-transfected to enhance knockdown of the target protein. Cells
were analysed on day five using a LSRFortessa™ cell analyser (BD
Biosciences, UK). The percentage of GFP positive cells were normalised
with percentage of m-cherry positive cells to obtain the DNA repair
efficiencies.

2.11. Mouse studies

All animal experiments were performed in accordance with UK
Home Office regulations (under project licence 70/8646) and adherence
to the ARRIVE guidelines and were subject to review by the Animal
Welfare and Ethical Review Board of the University of Glasgow. All mice
were maintained on a mixed C57BL/6 background. Mice were housed in
conventional cages in an animal room at constant temperature
(19-23 °C) and humidity (55% + 10%) under a 12-h light-dark cycle
and were allowed access to standard diet and water ad libitum. Mice of
both genders, aged 2-6 months, were induced with a single intraperi-
toneal (i.p) injection of 2 mg tamoxifen (#T5648 Sigma-Aldrich,UK) as
indicated. The transgenes/alleles used for this study were as follows:
Bcl37" [22], VilCreER [23] Apcﬂ [24] and Kras®'?P [25]. For regeneration
studies mice were given whole-body irradiation with y-rays (10 Gy). For
treatments, mice were dosed using the following regimens: Cisplatin (5
mg/kg, single intraperitoneal injection), Olaparib (50 mg/kg, once daily
oral gavage) and Weel inhibitor ((Weeli) 90 mg/kg, daily oral gavage).
All of the listed drugs were made up in 0.5% Hydroxypropyl Methyl-
cellulose (HPMC) and 0.1% Tween-80.

2.12. RNA in situ hybridisation

In situ hybridisation for Lgr5 mRNA ((#311838, Advanced Cell Di-
agnostics) was performed using RNAscope 2.5 LS Reagent Kit-BROWN
(Advanced Cell Diagnostics) on a BOND RX autostainer (Leica) accord-
ing to the manufacturer’s instructions.

2.13. Mouse immunohistochemistry

Intestines were flushed with water, cut open longitudinally, pinned
out onto silicone plates and fixed in 10% neutral buffered formalin
overnight at 4 °C. Fixed tissue was rolled from proximal to distal end
into swiss-rolls and processed for paraffin embedding. Tissue blocks
were cut into 5 um sections and stained with haematoxylin and eosin
(H&E). Immunohistochemistry (IHC) was performed on formalin-fixed
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intestinal sections according to standard staining protocols. Primary
antibodies used for IHC were against: BrdU (1:150, BD Biosciences,
#347580), Rad51 (1:100, Abcam, #133534), Cleaved caspase 3 (1:500,
Cell Signaling Technology, #9661) and H2ax (1:50, Cell Signaling
Technology, #9718). Representative images are shown for each
staining.

3. Results
3.1. BCL-3 depletion sensitises CRC cells to gamma irradiation

To investigate whether targeting BCL-3 expression could increase the
sensitivity of colorectal cell lines to gamma irradiation, four high BCL-3
expressing CRC cell lines (colon HCA7, LS174T, LoVo and rectal
SW1463,) were transiently transfected with BCL-3 siRNA, seeded in a 6
well plate and irradiated 48 h later with gamma irradiation (1 and 2.5
Gy). After 14 days, viable cells were measured by crystal violet staining
(Fig. 1, A-D). This revealed that in LS174T and HCA?7 cells (Fig. 1A & B),
BCL-3 knockdown caused lower viability at both 1 and 2.5 Gy, In the
rectal SW1463 cells, (Fig. 1C), despite a significant increase in response
to 1 Gy on knockdown of BCL-3, this was due to the loss of viability on
suppression of BCL-3 expression and no additional effect with irradia-
tion was detected. In contrast, in LoVo cells (Fig. 1D), there was no
significant decrease in viability when BCL-3 was depleted with or
without irradiation. These data suggest that, at least in a subset of CRCs,
the presence of BCL-3 could be promoting radio-resistance enhancing
tumour cell survival.

3.2. Loss of BCL-3 increases DSB associated signalling and DSB number
after y-irradiation in human colorectal cells

Because DSB generation is the primary mode of cell death/quies-
cence in irradiated cells, we hypothesised that suppression of BCL-3
expression reduced the capacity of the cell to repair DSBs. ATM is the
primary transducer of signalling that communicates formation of DSBs
from the proteins that recognise the break to effectors of repair [26].
After DNA damage, ATM is rapidly activated by autophosphorylation
which initiates the phosphorylation and activation of a multitude of
proteins involved in DNA repair and cell cycle arrest including H2AX
and CHK2. To determine whether repression of BCL-3 changed signal-
ling downstream of DSB formation, the sensitive CRC cells (LS174T,
HCA7 and SW1464) were again transiently transfected with BCL-3
siRNA and treated with IR (2.5 Gy) 48 h later. Lysate samples were
then taken between 0 and 6 h post irradiation. Western blotting was
used to measure activation of CHK2 using phosphorylation specific an-
tibodies (Fig. 1, E-G). In all three cell lines there was rapid induction of
CHK2 phosphorylation after irradiation (within 30 min). When BCL-3
was suppressed in the cells, phosphorylation of CHK2 was further
increased in the HCA7 cells at 30 min and 1 h after irradiation and in
SW1463 and LS174T cells at 1 and 2 h post irradiation (refer to Sup-
plementary figure 1), suggesting more damage had occurred following
BCL-3 suppression. To investigate this further, foci of y-H2AX, a marker
that directly corresponds to DSB number, were quantified in HCA7 cells
(chosen for amenability to imaging). BCL-3 was knocked down in HCA7
cell by transient siRNA transfection and cells were irradiated with
2.5 Gy, 48 h later (Fig. 2, A & B). Cells were fixed at points 0-6 h after
irradiation and stained with antibody for visualisation of y-H2AX.
Interestingly, BCL-3 depleted HCA7 cells exhibited significant increased
v-H2AX foci number in the unirradiated cells (Fig. 2A & quantified in
2B), suggesting more DSB are present in the cells in which BCL-3 is
suppressed. On induction of DSB using 2.5 Gy y-irradiation, this differ-
ence was further increased, with the BCL-3 siRNA transfected cells
having significantly higher levels of y-H2AX foci for up to two hours
after irradiation. This increase in DSB number suggests that depletion of
BCL-3 increases spontaneous break formation and/or reduces rate of
DSB repair and supports data in Fig. 1 showing an increased sensitivity
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Fig. 1. BCL-3 depletion increases sensitivity of colorectal cancer cell lines to gamma irradiation. Four colorectal cancer cell lines, LS174T (A), HCA7 (B), SW1463 (C)
and LoVo (D) were treated with BCL-3 or control siRNA. 48 h later, cells were treated with indicated dose of gamma radiation. At 14 days after seeding, viable cells
were stained with crystal violet and quantified by absorbance. Knockdown was confirmed by western blot. Data from three or four independent experiments,
statistical significance determined using ANOVA. BCL-3 depletion increases ionising radiation induced downstream signalling. HCA7 (E), SW1463 (F) and LS174T
(G) cells were treated with BCL-3 or control siRNA and given a 2.5 Gy dose of ionising radiation 48 h later. Cell lysates were taken at time points indicated and
subjected to western blotting for total and phosphorylated CHK2 (Quantification of western blots is shown in Supplementary Figure 1). Tubulin was used as a loading

control. Data representative of three experimental repeats.

to irradiation following BCL-3 suppression [27]. By six hours after
irradiation the difference in y-H2AX foci number is lost, with the number
of y-H2AX foci in BCL-3 siRNA being similar to that of the siRNA control
cells at the two-hour time point (Fig. 2B). This result suggests that either
there is more damage which is repaired within 6 h, or reduced repair at
the early timepoints. The increase in YH2AX foci formation following
BCL-3 suppression and irradiation was confirmed in the rectal cancer
SW1463 cells 30 min after irradiation (Fig. 2C & quantified in 2D).

3.3. Phosphoproteomics reveal a role for BCL-3 in the DNA damage
response

Having observed an increase in DSBs in cells with reduced BCL-3
expression, we sought to investigate the possible mechanism. To take

an unbiased view of potential pathways changed following loss of BCL-3,
TMT-phosphoproteomics was performed on whole cell HCA7 lysates.
For these experiments BCL-3 was deleted by CRISPR-Cas9P1%* gene
editing [19], resulting in production of a BCL-3 knockout clone (KO) and
a pool of control cells (NKO) which had undergone the knockout pro-
tocol but in which BCL-3 was not deleted (see Supplementary Figure 2).
Wildtype (WT), NKO and KO HCA7 cells were seeded at equal density
and lysates were taken after 48 h of growth. Lysates were trypsin
digested and the resulting peptides differentially labelled prior to
MS/MS analysis. The data produced were subject to a Sequest search
against the Uniprot human database and filtered at a 5% false discovery
rate. Protein phosphorylation that was affected by BCL-3 deletion was
identified as that with significantly different (p < 0.05) abundance be-
tween the NKO and BCL-3 KO populations after excluding those proteins
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that also changed between WT and NKO cells (Fig. 3A). This showed an
increased abundance of 258 phosphopeptides and decreased abundance
of 146 phosphopeptides in the BCL-3 KO cells relative to the NKO cells
(Fig. 3A). Ingenuity Pathway Analysis (IPA, QIAGEN) revealed that a
number of pathways related to DNA damage repair (DDR) and control
were changed by the loss of BCL-3 (Fig. 3B). Of interest, changes in “the
role of BRCA1 in DNA Damage Response” canonical pathway suggest
that phosphorylation of proteins directly involved in DNA damage
repair could be changed in BCL-3 KO cells. This includes DNA repair
proteins RAD50, RFC1 and FANCD2. Examining changes in biological
functions by IPA showed a predicted increase in DNA damage in the
BCL-3 KO cells relative to the NKO cells. This analysis was repeated in
another BCL-3 KO colorectal cell line, demonstrating similar changes in
pathways involved in homologous recombination (Supplementary
Figure 3).

3.4. BCL-3 promotes DSB repair by homologous recombination

To investigate whether loss of BCL-3 expression regulated DSB repair
in cells, we used EJ5-GFP and DR-GFP assays to measure the effects of
BCL-3 depletion on rates of NHEJ and HR respectively [21]. These as-
says use U20S cell lines with an integrated cassette for GFP, the
sequence of which is interrupted by a restriction site for the restriction
enzyme [-Scel. Expression of I-Scel in these cells generates double strand
breaks which can be repaired only by the pathway specific to the cell line
(HR; DR-GFP or NHEJ; EJ5-GFP), generating GFP+ cells that are sub-
sequently quantified by flow cytometry (Supplementary Figure 4A & B).
BCL-3 was depleted in the U20S EJ5-GFP cells by siRNA transfection,
followed 48 h later by I-Scel transfection. Flow cytometry subsequently
revealed that in there was no significant difference in reporter activity
(Fig. 3C) suggesting that changes in BCL-3 expression did not affect
NHEJ. However, there was a marked and significant decrease in reporter
activity in DR-GFP cells when BCL-3 was suppressed (Fig. 3D),
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phosphoproteome of BCL-3”" vs CRISPR control
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(IPA) of differentially phosphorylated proteins
when comparing BCL-37" vs CRISPR control
HCA7 cells. Level of enrichment is shown by
-log(p-value). Z-score indicates predicted acti-
vation state of the pathway shown. Blue in-
dicates a negative z-score and pathway
inhibition. Orange indicates a positive z-score
and pathway activation. Grey indicates signifi-
cant change in pathway without predicted di-
rection. BCL-3 was knocked down in EJ5-GFP
(C) and DR-GFP (D) U20S cells transfected with
a I-Scel expression plasmid. NHEJ (C) and HR
(D) activity were measured by percentage of
GFP positive cells in FACS, expressed relative to
control siRNA  population.  Significance
measured with two tailed T-test. (E) U20S cells
were fixed two hours after 2.5 Gy irradiation in
cells treated with indicated siRNA. RAD5I1,
CENPF and DAPI were stained for and confocal
microscopy performed (exemplary images
shown). (F) Quantification of RAD51 foci in
CENPF positive cells shown in (E). Data are
mean of three independent experimental re-
peats =+ s.d. Significance measured by two
tailed T-test. (G) WT, CRISPR control (NKO)
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consistent with a drop in HR and in concordance with HR being the most
changed pathway in the phosphoproteome.

RAD5S1 is a HR specific repair factor that accumulates at repair foci in
S and G2 phase cells. To further investigate whether suppression of BCL-
3 reduced HR as shown by the DR-GFP reporter assay, quantitation of
RAD51 foci by immunofluorescence in U20S cells was used as a measure
of HR activity [28]. This cell line was selected for its suitability in
immunofluorescent imaging of RAD51 after unsuccessful attempts to
stain RAD51 in HCA7 cells. To restrict the analysis to cells in which HR is
active, cells were co-stained with CENP-F, a marker of G2 and S phase
cells. BCL-3 was knocked down in U20S cells by transient siRNA
transfection (Supplementary Figure 4C) and the cells were irradiated
with 2.5 Gy 48 h later. The cells were fixed two hours after irradiation to
capture the peak in foci number [29] and RAD51 foci were visualised
with immunofluorescence using a recombinant RADS51 antibody
(Fig. 3E). Foci were counted in a minimum of 60 CENP-F positive nuclei
per experimental repeat; the number of RAD51 foci were significantly
reduced in BCL-3 depleted U20S cells (Fig. 3F), supporting the role of
BCL-3 in HR.

3.5. BCL-3 depletion sensitises CRC Cells to PARP inhibitors

Cells with a defect in any component of HR are sensitive to treatment
with PARP inhibitors, as exploited therapeutically in cancers where
BRCA1 or BRCA2 are mutated [30]. Inhibition of PARP reduces SSB

1
0.2 0.4 0.6
[Olaparib] (uM)

T 1 olaparib. Number of colonies formed was
counted two weeks after seeding, represented
as relative mean survival of three independent
experimental repeats + s.d. Statistical signifi-

cance measured by one way ANOVA.

repair resulting in a greater DSB load when SSBs are converted to DSBs
in DNA replication [30]. The effect of BCL-3 on sensitivity to PARP in-
hibition was assessed by clonogenic assay where WT, NKO and BCL-3
KO HCA7 were seeded into flasks at 1 x 10* per flask and treated with
olaparib. After 14 days, the number of colonies formed was counted.
BCL-3 KO CRC cells were more sensitive to the PARP inhibitor olaparib
than control cells, showing reduced colony formation after treatment
(Fig. 3G), concordant with defective HR in the CRC cells.

3.6. BCL-3 protects the intestinal crypt from DNA damage

To translate our findings to a more complex system, we used BCL-3
knockout mice (Bcl37") to examine the sensitivity and response of the
intestinal epithelium following ionising radiation and DNA damage. In
this context, wild-type control littermates (WT) and Bcl3”" mice were
given a dose of whole body y-irradiation (10 Gy), triggering a well-
defined cascade of cell death (6-24 h) and epithelial regeneration
(72 h) following damage [31]. Compared to WT control, the regenera-
tive capacity of Bcl3”" mice was significantly impaired, as measured by
the total number of regenerating crypts and BrdU' crypt cells
(Fig. 4A-C). Given the increased frequency of DSBs following loss of
BCL-3 in CRC cells, we sought to determine whether DSBs are also
increased in Bcl3”" intestinal epithelia. In line with previous results
(Fig. 2), Bcl3” intestinal crypts showed higher levels of YH2AX foci 24 h
post-irradiation compared to control mice (Fig. 4D). Importantly, Bcl3””
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Fig. 4. Loss of Bcl3 impairs intestinal regeneration and sensitises the epithelium to DNA damage. (A) Representative H&E staining of wild-type (WT) and Bcl3KO
(Bcl37") mice 72 h following whole-body irradiation (10 Gy). Scale bar, 100 um. (B) Quantification of regenerating crypts per intestinal cross section from mice
described in A. n =7 WT, n =5 Bcl3”". Data are + s.e.m; Mann-Whitney two-tailed U-test. (C) Quantification of BrdU™ cells per regenerating crypt from mice
described in A. n = 4 WT, n = 4 Bcl3”". Data are =+ s.e.m; Mann-Whitney two-tailed U-test. (D) Quantification of yH2AX " foci per crypt over time following whole-
body irradiation (10 Gy). n = 4 WT, n = 4 Bcl3”". Data are =+ s.e.m; *P = 0.01. Mann-Whitney two-tailed U-test. (E) Quantification of cleaved caspase-3* (CC3™)
cells per intestinal cross section over time following whole-body irradiation (10 Gy). n = 4 WT, n = 4 Bcl3”". Data are + s.e.m; *P = 0.01. Mann-Whitney two-tailed
U-test. (F) Quantification of yH2AX™ foci per crypt 24 h following single dose of cisplatin (5 mg/kg) in mice of the indicated genotypes. n = 4 WT, n = 4 Bcl3”". Data
are =+ s.e.m; Mann-Whitney two-tailed U-test. (G) Quantification of apoptotic bodies per crypt in mice described in F. n = 4 WT, n = 4 Bcl3”". Data are =+ s.e.m;

Mann-Whitney two-tailed U-test.

mice showed increased cleaved-caspase 3" (CC3™) cells at the same time
point (24 h) compared to control (Fig. 4E), suggesting that failure to
repair DSBs triggers cell death, and subsequently compromised tissue
regeneration. Importantly, cells with defective DDR or deficient HR
show sensitivity to drugs that induce DNA damage, such as cisplatin [30,
32]. We leveraged this, and treated Bcl3”" mice with cisplatin
(5 mg/kg), olaparib (50 mg/kg) or a weel inhibitor (90 mg/kg) for 5
days to better understand the function of BCL-3 in regulating DNA
damage response.

Examination of crypts 24 h following treatments showed that there
was no significant difference in number of BrdU™" cells between WT and
Bcl3”" mice with any treatment (Supplementary Figure 5A). Although
these results may initially appear at odds with the decrease in
BrdU+ cells observed in Bcl3”" mice following irradiation, this is
consistent with previous findings. The intestine is one of the most radio-
sensitive tissues in the body and the response to whole body irradiation
(10 Gy) is different to those observed following 5 mg/kg cisplatin or
50 mg/kg olaparib [33,34]. One important difference is widespread
epithelial denudation following whole-body irradiation, where the villus
and crypt epithelium are shed from the submucosa. As a consequence,
any impairment in regeneration (which requires the assembly and
mobilisation of stem cell populations), will be evident via changes in cell
proliferation. The dose of cisplatin used in the current study, and to a
lesser extent olaparib, do not evoke the same extent of epithelial shed-
ding, and therefore do not necessarily trigger large differences in cell

proliferation. Importantly, both cisplatin and olaparib are effective in-
ducers of DNA damage and DSBs, which was observed and quantified in
WT and Bcl3” mice (Fig. 4F). Importantly, we demonstrate a significant
increase in YH2AX foci and apoptotic bodies in Bcl3”" mice compared to
WT when treated with cisplatin (Fig. 4F & G). Similarly, Bcl3”" mice
treated with olaparib had increased yYH2AX foci compared to WT control
(Supplementary Figure 5B), consistent with findings in the CRC cells
(Figs. 2 and 3). Interestingly, there was no change to DNA damage
(yH2AX foci) or cell death following weel inhibition (Supplementary.
Fig. 5B & C), which is consistent with its non-HR targeted mechanism of
action [35]. Taken together, the increased damage seen in Bcl3”" mice
with cisplatin and in particular, olaparib treatment is consistent with a
defect in HR as seen in BCL3-deficient human CRC cells.

3.7. Loss of Bcl3 sensitises mouse models of CRC to DNA damage

To extend and confirm our findings in human CRC cells, we gener-
ated mice harbouring common CRC mutations, Apc and Kras, targeted to
the intestinal epithelium (VilCreER;Apcﬂ/ ﬂ;KrasGIZD/ *, hereafter AK) and
crossed them to Bcl3”" mice (VilCreER;Apcﬂ/ ﬂ;KrasGlzD/ +:Bcl3”", here-
after AKBX?). Both AK and AKBX? mice were induced with tamoxifen
(2 mg) and treated with a single dose of cisplatin (5 mg/kg) and har-
vested 24 h after (Fig. 5A). Consistent with cisplatin’s mechanism of
action [36], highly-proliferative transit-amplifying cells were signifi-
cantly reduced in both AK and AKBXC mice compared to untreated
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Fig. 5. Loss of Bcl3 sensitises mouse models of CRC to DNA damage. (A) Schematic illustrating tamoxifen induction, treatment regimen and tissue harvest of VilCre®®;
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(AKBX°) mice 24 h following cisplatin treatment (5 mg/kg). Scale bar, 100 um. (C) Quantification of BrdU™ cells per crypt/villus unit in mice described in B; n = 4
AK, n = 5 AKBXC. Data are =+ s.e.m; Mann-Whitney two-tailed U-test. (D) Quantification of apoptotic bodies per crypt in mice described inB;n = 4AK,n =5 AKBXO.
Data are + s.e.m; Mann-Whitney two-tailed U-test. (E) Representative Lgr5 (in-situ hybridisation) staining of mice described in B. Scale bar, 100 um with quanti-
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controls (Fig. 5B, Supplementary Figure 5D). Compared to
cisplatin-treated AK mice, cisplatin-treated AKBXC mice had reduced
BrdU™ crypt cells with a concomitant increase in apoptosis (Fig. 5B-D,
Supplementary Figure 5D & E), indicating loss of Bcl3 sensitises Apc.
Kras-mutant cells to cisplatin.

We have previously showed Bcl3 promotes stem-cell phenotypes in
CRC cells [14], and therefore wanted to determine whether the combi-
nation of DNA damage (cisplatin) and Bcl3 deficiency preferentially
targets Lgr5" intestinal stem cells [37] and/or transit-amplifying pro-
genitor cells. In support of our previous work [14], Lgr5 expression was
markedly reduced in cisplatin-treated AKBX® mice, while AK mice
retained Lgr5 expression, suggesting cisplatin and loss of Bcl3 synergise
to eliminate both the TA and importantly the Lgr5" ISC populations
(Fig. 5E & F). Finally, to investigate whether the increased sensitivity
following cisplatin in AKBXC mice was due to defective HR, we quanti-
fied Rad517" crypt cells following cisplatin. Consistent with previous
results (Fig. 3E & F), AKBX® mice had reduced Rad51" cells following
DNA damage (cisplatin) compared to AK mice (Fig. 5G), indicating Bcl3
is required for optimal HR signalling after DNA damage.

4. Discussion

Given the relationship between BCL-3 expression levels in CRC and
poor patient prognosis [14,18], we sought to investigate whether BCL-3
plays a role here by altering tumour response to therapeutic agents.
Here, we report that loss of BCL-3 sensitises colorectal cells to DNA
damaging therapeutic agents both in human CRC cells and in mice.
Although BCL-3 has been studied in the context of DNA damaging agents
such as UV irradiation [38-40] and alkylating agents [41], to our
knowledge no investigation have been made of a role for BCL-3 in the
DDR. This builds on previous work that has characterised a role for
BCL-3 in promoting tumour survival, inhibiting apoptosis through the

AKT pathway [15], HDM2 [39,42,43] and DNA-PK [39]. In addition,
recent work in our group has also demonstrated BCL-3 promoting the
stem cell phenotype in CRC cells, a phenotype associated with thera-
peutic resistance [14]. Here, we observed increased yH2AX foci number
upon BCL-3 loss in both CRC cells and mouse epithelium after irradia-
tion, suggesting that this effect is the result of either a greater amount of
DNA damage being sustained or that cells with depleted BCL-3 have
acquired a defect in the DDR. The observed reduction in HR activity
coupled with increased sensitivity to PARP inhibition in BCL-3 depleted
cells, both in human CRC cells and in mice, suggests that loss of repair
activity is at least in part responsible for greater DSB number.

Several earlier studies could potentially shed light on mechanisms by
which BCL-3 may regulate the rate of DNA repair by HR. BCL-3 is
thought to bind to a number of proteins involved in DSB repair. Dechend
et al. [11] identified interaction of a BCL-3-p50 complex with JAB1,
BARD1 and TIP60. BARD1 is the major binding partner of BRCA1 [44]
which in turn plays a direct role in HR, directing RAD51 filament for-
mation and inhibiting NHEJ [6]. The upregulation of this pathway with
loss of BCL-3 seen in phosphoproteomics in BCL-3 KO cells could be to
compensate the loss of the interaction between BCL-3 and BARD1. TIP60
is a histone acetyl transferase (HAT) and another key DNA repair pro-
tein, required for acetylation and activation of ATM and DNA-PKcs in
addition to a role in acetylation of histones H2AX and H4 at DSBs [45].
BCL-3 also interacts with the HAT p300/CBP[46] and histone deacety-
lases (HDACs)[12,47-49]. HDACs are commonly upregulated in CRC
and these proteins are required for expression and catalytic activity of a
multitude of DNA repair proteins as well as altering chromatin
compaction for repair [50]. Therefore, loss of BCL-3 could be mimicking
the radiation sensitivity seen upon knockdown of class I HDACs [51,52].

The identification of BCL-3 as a HR promoting factor has several
implications for treatment of CRC patients. The observed increase in
radiosensitivity upon BCL-3 depletion suggests that rectal patients who
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have higher tumour BCL-3 expression would be less likely to respond to
neo-adjuvant radiotherapy, therefore stratification of therapy by BCL-3
expression could avoid unnecessary treatment or necessitate the addi-
tion of adjunctive therapies to improve therapeutic response [53].
However, we observed that sensitisation to y-irradiation by BCL-3
knockdown was not universal across the high BCL-3 expressing cell
lines tested, a comparison between BCL-3 expression in patient tissue
and response to radiotherapy will therefore be required to demonstrate
the applicability of BCL-3 as a predictor of therapeutic response.

Adjuvant treatment with novel chemical inhibitors of BCL-3 [54]
may allow patients with higher BCL-3 expression to be sensitised to
conventional radiotherapy, improving therapeutic response. As
demonstrated in vivo, this finding would also be relevant to DNA
damaging chemotherapy. Several agents that cause DNA damage
repaired by HR are used or have been trialled in CRC. As well as plat-
inum based compounds, Irinotecan targets topoisomerase I during DNA
replication, causing DSBs [55] whilst Veliparib is a PARP inhibitor and
has been used in trials in combination with other drugs [56]. Further-
more, there is increasing interest in the concept of BRCAness where
factors other than BRCA1 or BRCA2 mutation result in defective HR and
an expanding group of proteins are being targeted to increase sensitivity
to agents such as PARP inhibitors [57]. Our results suggest that targeting
BCL-3 during treatment to achieve an HR reduced phenotype would
increase the efficacy of these drugs. Alternatively, BCL-3 expression
could be used to stratify patients for treatment with these drugs,
avoiding their use in more HR proficient cells. Excitingly, given the
expression of BCL-3 in a wide range of cancers including breast cancer,
these findings could translate into improving therapy response or
stratifying treatment in other cancer types beside CRC.

5. Conclusions

In conclusion, we have demonstrated a novel role for BCL-3 in
conferring resistance to IR in colorectal cancer cells and in mouse in-
testine. In addition, we have shown that inhibition of BCL-3 function
could increase the therapeutic response to chemotherapeutic drugs as
well. We propose that patients with higher BCL-3 expressing colorectal
tumours have poorer survival at least in part because it promotes
increased HR activity, allowing cells to tolerate and repair DNA damage
caused by therapeutic agents.

Ethics approval and consent to participate

All animal experiments were performed in accordance with UK
Home Office regulations (under project licence 70/8646) and adherence
to the ARRIVE guidelines and were subject to review by the Animal
Welfare and Ethical Review Board of the University of Glasgow.

Conflicts of Interest
The authors declare that there are no conflicts of interest.
Funding

CP was supported by a Wellcome Ph.D. studentship (203988/Z/16/
Z); ACC by a Medical Research Council Clinical Research Training
Fellowship (MR/N001494/1); DF, TJC, OJS and ACW by an MRC
Research Grant (MR/R017247/1); GN and DMB by Cancer Research UK
programme grant (A18246/A29202); PT by a Ph.D. Studentship from
Bowel & Cancer Research; RGM by a Kay Kendall Leukemia Fund (KKLF)
Junior Fellowship (KKL1051), CP, ACC, PT by the John James Bristol
Foundation. The funding sources had no involvement in study design;
collection, analysis or interpretation of data; writing the report.

DNA Repair 115 (2022) 103331
CRediT authorship contribution statement

AC, DMB, OJS, ACW - Conceptualization; CP, ACC, TJC, GN, RGM,
DJF, DMB, 0JS, ACW. CP, ACC, TJC, PT and RGM - in-vitro data cura-
tion and formal analysis. GN and DMB - in-vitro data curation and
formal analysis of I-Scel assay. DJF, JWYH and OJS - in-vivo method-
ology, data curation and formal analysis; CP, ACC, DJF and GN -Visu-
alisation; All authors read, reviewed and edited original daft and final
manuscript.

Data availability

Data generated or analysed during this study are included in this
published article [and its Supplementary information files], with any
datasets used and/or analysed during the current study are available
from the corresponding author on reasonable request.

Acknowledgements

We thank Prof. Jeremy Stark (City of Hope Comprehensive Cancer
Centre, USA) for providing the U20S EJ5-GFP and DR-GFP reporter cell
lines. We thank the Wolfson Bioimaging Facility, University of Bristol for
assistance with imaging. Additionally, we thank Drs Kate Heesom and
Phil Lewis (Proteomics facility, University of Bristol) for assistance with
the IPA analysis.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.dnarep.2022.103331.

References

[1] R.R. Bahadoer, E.A. Dijkstra, B. van Etten, C.A.M. Marijnen, H. Putter, E.M.

K. Kranenbarg, et al., Short-course radiotherapy followed by chemotherapy before
total mesorectal excision (TME) versus preoperative chemoradiotherapy, TME, and
optional adjuvant chemotherapy in locally advanced rectal cancer (RAPIDO): a
randomised, open-label, phase 3 trial, Lancet Oncol. 22 (1) (2021) 29-42, https://
doi.org/10.1016/s1470-2045(20)30555-6.

[2] T. Conroy, J.F. Bosset, P.L. Etienne, E. Rio, E. Francois, N. Mesgouez-Nebout, et al.,
Neoadjuvant chemotherapy with FOLFIRINOX and preoperative
chemoradiotherapy for patients with locally advanced rectal cancer (UNICANCER-
PRODIGE 23): a multicentre, randomised, open-label, phase 3 trial, Lancet Oncol.
22 (5) (2021) 702-715, https://doi.org/10.1016/51470-2045(21)00079-6.

[3] J.C. Kong, G.R. Guerra, S.K. Warrier, A.C. Lynch, M. Michael, S.Y. Ngan,

W. Phillips, G. Ramsay, A.G. Heriot, Prognostic value of tumour regression grade in
locally advanced rectal cancer: a systematic review and meta-analysis, Colorectal
Dis. 20 (7) (2018) 574-585, https://doi.org/10.1111/codi.14106.

[4] M.E. Lomax, L.K. Folkes, P. O’Neill, Biological consequences of radiation-induced
DNA damage: relevance to radiotherapy, Clin. Oncol. 25 (10) (2013) 578-585,
https://doi.org/10.1016/j.clon.2013.06.007.

[5] S.P. Jackson, J. Bartek, The DNA-damage response in human biology and disease,
Nature 461 (7267) (2009) 1071-1078, https://doi.org/10.1038/nature08467.

[6] L.S. Symington, J. Gautier, Double-strand break end resection and repair pathway
choice, Annu Rev. Genet. 45 (2011) 247-271, https://doi.org/10.1146/annurev-
genet-110410-132435.

[7]1 W.D. Heyer, K.T. Ehmsen, J. Liu, Regulation of homologous recombination in
eukaryotes, Annu Rev. Genet. 44 (2010) 113-139, https://doi.org/10.1146/
annurev-genet-051710-150955.

[8] H. Farmer, N. McCabe, C.J. Lord, A.N. Tutt, D.A. Johnson, T.B. Richardson,

M. Santarosa, K.J. Dillon, I. Hickson, C. Knights, N.M. Martin, S.P. Jackson, G.

C. Smith, A. Ashworth, Targeting the DNA repair defect in BRCA mutant cells as a
therapeutic strategy, Nature 434 (7035) (2005) 917-921, https://doi.org/
10.1038/nature03445.

[9] V. Maldonado, J. Melendez-Zajgla, Role of Bcl-3 in solid tumors, Mol. Cancer 10
(2011) 152, https://doi.org/10.1186/1476-4598-10-152.

[10] D.N. Legge, A.C. Chambers, C.T. Parker, P. Timms, T.J. Collard, A.C. Williams, The
role of B-Cell Lymphoma-3 (BCL-3) in enabling the hallmarks of cancer:
implications for the treatment of colorectal carcinogenesis, Carcinogenesis 41 (3)
(2020) 249-256, https://doi.org/10.1093/carcin/bgaa003.

[11] R. Dechend, F. Hirano, K. Lehmann, V. Heissmeyer, S. Ansieau, F.G. Wulczyn,

C. Scheidereit, A. Leutz, The Bcl-3 oncoprotein acts as a bridging factor between
NF-kappaB/Rel and nuclear co-regulators, Oncogene 18 (22) (1999) 3316-3323,
https://doi.org/10.1038/sj.onc.1202717.

[12] M. Jamaluddin, S. Choudhary, S. Wang, A. Casola, R. Huda, R.P. Garofalo, S. Ray,
A.R. Brasier, Respiratory syncytial virus-inducible BCL-3 expression antagonizes


https://doi.org/10.1016/j.dnarep.2022.103331
https://doi.org/10.1016/s1470-2045(20)30555-6
https://doi.org/10.1016/s1470-2045(20)30555-6
https://doi.org/10.1016/s1470-2045(21)00079-6
https://doi.org/10.1111/codi.14106
https://doi.org/10.1016/j.clon.2013.06.007
https://doi.org/10.1038/nature08467
https://doi.org/10.1146/annurev-genet-110410-132435
https://doi.org/10.1146/annurev-genet-110410-132435
https://doi.org/10.1146/annurev-genet-051710-150955
https://doi.org/10.1146/annurev-genet-051710-150955
https://doi.org/10.1038/nature03445
https://doi.org/10.1038/nature03445
https://doi.org/10.1186/1476-4598-10-152
https://doi.org/10.1093/carcin/bgaa003
https://doi.org/10.1038/sj.onc.1202717

C. Parker et al.

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

the STAT/IRF and NF-kappaB signaling pathways by inducing histone deacetylase
1 recruitment to the interleukin-8 promoter, J. Virol. 79 (24) (2005) 15302-15313,
https://doi.org/10.1128/JV1.79.24.15302-15313.2005.

A. Keutgens, K. Shostak, P. Close, X. Zhang, B. Hennuy, M. Aussems, J.P. Chapelle,
P. Viatour, A. Gothot, M. Fillet, A. Chariot, The repressing function of the
oncoprotein BCL-3 requires CtBP, while its polyubiquitination and degradation
involve the E3 ligase TBLR1, Mol. Cell Biol. 30 (16) (2010) 4006-4021, https://
doi.org/10.1128/MCB.01600-09.

D.N. Legge, A.P. Shephard, T.J. Collard, A. Greenhough, A.C. Chambers, R.

W. Clarkson, C. Paraskeva, A.C. Williams, BCL-3 promotes a cancer stem cell
phenotype by enhancing beta-catenin signalling in colorectal tumour cells, Dis.
Model Mech. 12 (3) (2019), https://doi.org/10.1242/dmm.037697.

B.C. Urban, T.J. Collard, C.J. Eagle, S.L. Southern, A. Greenhough, M. Hamdollah-
Zadeh, A. Ghosh, R. Poulsom, C. Paraskeva, A. Silver, A.C. Williams, BCL-3
expression promotes colorectal tumorigenesis through activation of AKT signalling,
Gut 65 (7) (2016) 1151-1164, https://doi.org/10.1136/gutjnl-2014-308270.
S.M. Wang, M. Ye, S.M. Ni, X. Wu, G. Yang, [Effect of COX-2 inhibitor on the
expression of BCL-3 and cyclin D1 in human colon cancer cell line SW480],
Zhonghua Wei Chang Wai Ke Za Zhi 13 (8) (2010) 612-615.

Z. Liu, Y. Jiang, Y. Hou, Y. Hu, X. Cao, Y. Tao, C. Xu, S. Liu, S. Wang, L. Wang,
Y. Shi, U. Siebenlist, X. Zhang, The IkappaB family member Bcl-3 stabilizes c-Myc
in colorectal cancer, J. Mol. Cell Biol. 5 (4) (2013) 280-282, https://doi.org/
10.1093/jmcb/mjt020.

S.D. Puvvada, W.K. Funkhouser, K. Greene, A. Deal, H. Chu, A.S. Baldwin, J.

E. Tepper, B.H. O’Neil, NF-kB and Bcl-3 activation are prognostic in metastatic
colorectal cancer, Oncology 78 (3-4) (2010) 181-188, https://doi.org/10.1159/
000313697.

T.W. Chiang, C. le Sage, D. Larrieu, M. Demir, S.P. Jackson, CRISPR-Cas9(D10A)
nickase-based genotypic and phenotypic screening to enhance genome editing, Sci.
Rep. 6 (2016) 24356, https://doi.org/10.1038/srep24356.

A.C. Williams, S.J. Browne, W.A. Yeudal, I.C. Paterson, C.J. Marshall, D.P. Lane,
C. Paraskeva, Molecular events including p53 and k-ras alterations in the in vitro
progression of a human colorectal adenoma cell line to an adenocarcinoma,
Oncogene 8 (11) (1993) 3063-3072.

A. Gunn, J.M. Stark, I-Scel-based assays to examine distinct repair outcomes of
mammalian chromosomal double strand breaks, in: L. B (Ed.), DNA Repair
Protocols Methods in Molecular Biology (Methods and Protocols), Vol. 920,
Humana Press, Totowa, NJ, 2012.

E.M. Schwarz, P. Krimpenfort, A. Berns, I.M. Verma, Immunological defects in mice
with a targeted disruption in Bcl-3, Genes Dev. 11 (2) (1997) 187-197, https://doi.
0rg/10.1101/gad.11.2.187.

F. el Marjou, K.P. Janssen, B.H.-J. Chang, M. Li, V. Hindie, L. Chan, D. Louvard,
P. Chambon, D. Metzger, S. Robine, Tissue-specific and inducible Cre-mediated
recombination in the gut epithelium, Genesis 39 (3) (2004) 186-193, https://doi.
org/10.1002/gene.20042.

H. Shibata, K. Toyama, H. Shioya, M. Ito, M. Hirota, S. Hasegawa, H. Matsumoto,
H. Takano, T. Akiyama, K. Toyoshima, R. Kanamaru, Y. Kanegae, I. Saito,

Y. Nakamura, K. Shiba, T. Noda, Rapid colorectal adenoma formation initiated by
conditional targeting of the Apc gene, Science 278 (5335) (1997) 120-123,
https://doi.org/10.1126/science.278.5335.120.

E.L. Jackson, N. Willis, K. Mercer, R.T. Bronson, D. Crowley, R. Montoya, T. Jacks,
D.A. Tuveson, Analysis of lung tumor initiation and progression using conditional
expression of oncogenic K-ras, Genes Dev. 15 (24) (2001) 3243-3248, https://doi.
org/10.1101/gad.943001.

A.N. Blackford, S.P. Jackson, ATM, ATR, and DNA-PK: the trinity at the heart of the
DNA damage response, Mol. Cell 66 (6) (2017) 801-817, https://doi.org/10.1016/
j.molcel.2017.05.015.

L.J. Mah, A. El-Osta, T.C. Karagiannis, gamma H2AX: a sensitive molecular marker
of DNA damage and repair, Leukemia 24 (4) (2010) 679-686, https://doi.org/
10.1038/1eu.2010.6.

S.A. Lee, C. Roques, A.C. Magwood, J.Y. Masson, M.D. Baker, Recovery of deficient
homologous recombination in Brca2-depleted mouse cells by wild-type Rad51
expression, DNA Repair 8 (2) (2009) 170-181, https://doi.org/10.1016/j.
dnarep.2008.10.002.

L.R. van Veelen, T. Cervelli, M.W. van de Rakt, A.F. Theil, J. Essers, R. Kanaar,
Analysis of ionizing radiation-induced foci of DNA damage repair proteins, Mutat.
Res. 574 (1-2) (2005) 22-33, https://doi.org/10.1016/j.mrfmmm.2005.01.019.
N. McCabe, N.C. Turner, C.J. Lord, K. Kluzek, A. Bialkowska, S. Swift, S. Giavara,
M.J. O’Connor, A.N. Tutt, M.Z. Zdzienicka, G.C. Smith, A. Ashworth, Deficiency in
the repair of DNA damage by homologous recombination and sensitivity to poly
(ADP-ribose) polymerase inhibition, Cancer Res. 66 (16) (2006) 8109-8115,
https://doi.org/10.1158/0008-5472.CAN-06-0140.

C.S. Potten, Extreme sensitivity of some intestinal crypt cells to X and gamma
irradiation, Nature 269 (5628) (1977) 518-521, https://doi.org/10.1038/
269518a0.

F.G.G. Cavallo, C. Antinozzi, D.R. Feldman, J. Houldsworth, G.J. Bosl, Reduced
proficiency in homologous recombination underlies the high sensitivity of
embryonal carcinoma testicular germ cell tumors to Cisplatin and poly (adp-ribose)
polymerase inhibition, PLOS One 7 (12) (2012), e51563.

10

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

DNA Repair 115 (2022) 103331

G.H. Ashton, J.P. Morton, K. Myant, T.J. Phesse, R.A. Ridgway, V. Marsh, J.

A. Wilkins, D. Athineos, V. Muncan, R. Kemp, K. Neufeld, H. Clevers, V. Brunton,
D.J. Winton, X. Wang, R.C. Sears, A.R. Clarke, M.C. Frame, O.J. Sansom, Focal
adhesion kinase is required for intestinal regeneration and tumorigenesis
downstream of Wnt/c-Myc signaling, Dev. Cell 19 (2) (2010) 259-269, https://doi.
org/10.1016/j.devcel.2010.07.015.

F. Shahid, Z. Farooqui, F. Khan, Cisplatin-induced gastrointestinal toxicity: an
update on possible mechanisms and on available gastroprotective strategies, Eur. J.
Pharmacol. 827 (2018) 49-57, https://doi.org/10.1016/j.ejphar.2018.03.009.

K. Do, J.H. Doroshow, S. Kummar, Weel kinase as a target for cancer therapy, Cell
Cycle 12 (19) (2013) 3159-3164, https://doi.org/10.4161/cc.26062.

Z.H. Siddik, Cisplatin: mode of cytotoxic action and molecular basis of resistance,
Oncogene 22 (47) (2003) 7265-7279, https://doi.org/10.1038/sj.0onc.1206933.
N. Barker, J.H. van Es, J. Kuipers, P. Kujala, M. van den Born, M. Cozijnsen,

A. Haegebarth, J. Korving, H. Begthel, P.J. Peters, H. Clevers, Identification of stem
cells in small intestine and colon by marker gene Lgr5, Nature 449 (7165) (2007)
1003-1007, https://doi.org/10.1038/nature06196.

H.J. Choi, J.M. Lee, H. Kim, H.J. Nam, H.-J.R. Shin, D. Kim, E. Ko, D.Y. Noh, K.
1. Kim, J.H. Kim, S.H. Baek, Bcl3-dependent stabilization of CtBP1 is crucial for the
inhibition of apoptosis and tumor progression in breast cancer, Biochem Biophys.
Res. Commun. 400 (3) (2010) 396-402, https://doi.org/10.1016/j.
bbrc.2010.08.084.

1. Garcia, G. Cosio, F. Lizarraga, G. Martinez-Ruiz, J. Meléndez-Zajgla, G. Ceballos,
M. Espinosa, R. Pacheco, V. Maldonado, Bcl-3 regulates UVB-induced apoptosis,
Hum. Cell 26 (2) (2013) 47-55, https://doi.org/10.1007/s13577-012-0056-1.

X. Ren, W. Song, W. Liu, X. Guan, F. Miao, S. Miao, L. Wang, Rhomboid domain
containing 1 inhibits cell apoptosis by upregulating AP-1 activity and its
downstream target Bcl-3, FEBS Lett. 587 (12) (2013) 1793-1798, https://doi.org/
10.1016/j.febslet.2013.04.033.

L. Wu, G.M. Bernal, K.E. Cahill, P. Pytel, C.A. Fitzpatrick, H. Mashek, R.

R. Weichselbaum, B. Yamini, BCL3 expression promotes resistance to alkylating
chemotherapy in gliomas, Sci. Transl. Med. 10 (448) (2018), https://doi.org/
10.1126/scitranslmed.aar2238.

A. Bauer, A. Villunger, V. Labi, S.F. Fischer, A. Strasser, H. Wagner, R.M. Schmid,
G. Hacker, The NF-kappaB regulator Bcl-3 and the BH3-only proteins Bim and
Puma control the death of activated T cells, Proc. Natl. Acad. Sci. USA 103 (29)
(2006) 10979-10984, https://doi.org/10.1073/pnas.0603625103.

D. Kashatus, P. Cogswell, A.S. Baldwin, Expression of the Bcl-3 proto-oncogene
suppresses p53 activation, Genes Dev. 20 (2) (2006) 225-235, https://doi.org/
10.1101/gad.1352206.

I. Irminger-Finger, M. Ratajska, M. Pilyugin, New concepts on BARD1: regulator of
BRCA pathways and beyond, Int. J. Biochem. Cell Biol. 72 (2016) 1-17, https://
doi.org/10.1016/j.biocel.2015.12.008.

Y. Sun, X. Jiang, B.D. Price, Tip60: connecting chromatin to DNA damage
signaling, Cell Cycle 9 (5) (2010) 930-936, https://doi.org/10.4161/cc.9.5.10931.
N. Watanabe, S. Wachi, T. Fuyjita, Identification and characterization of BCL-3-
binding protein: implications for transcription and DNA repair or recombination,
J. Biol. Chem. 278 (28) (2003) 26102-26110, https://doi.org/10.1074/jbc.
M303518200.

S. Rocha, A.M. Martin, D.W. Meek, N.D. Perkins, p53 represses cyclin D1
transcription through down regulation of Bcl-3 and inducing increased association
of the p52 NF-kappaB subunit with histone deacetylase 1, Mol. Cell Biol. 23 (13)
(2003) 4713-4727, https://doi.org/10.1128/mcb.23.13.4713-4727.2003.

P. Viatour, E. Dejardin, M. Warnier, F. Lair, E. Claudio, F. Bureau, J.-C. Marine, M.-
P. Merville, U. Maurer, D. Green, J. Piette, U. Siebenlist, V. Bours, A. Chariot,
GSK3-mediated BCL-3 phosphorylation modulates its degradation and its
oncogenicity, Mol. Cell 16 (1) (2004) 35-45, https://doi.org/10.1016/j.
molcel.2004.09.004.

J. Wessells, M. Baer, H.A. Young, E. Claudio, K. Brown, U. Siebenlist, P.F. Johnson,
BCL-3 and NF-kappaB p50 attenuate lipopolysaccharide-induced inflammatory
responses in macrophages, J. Biol. Chem. 279 (48) (2004) 49995-50003, https://
doi.org/10.1074/jbc.M404246200.

K.R. Stengel, S.W. Hiebert, Class I HDACs affect DNA replication, repair, and
chromatin structure: implications for cancer therapy, Antioxid. Redox Signal. 23
(1) (2015) 51-65, https://doi.org/10.1089/ars.2014.5915.

L. Magnaghi-Jaulin, R. Groisman, I. Naguibneva, P. Robin, S. Lorain, J.P. Le
Villain, F. Troalen, D. Trouche, A. Harel-Bellan, Retinoblastoma protein represses
transcription by recruiting a histone deacetylase, Nature 391 (6667) (1998)
601-605, https://doi.org/10.1038/35410.

K.M. Miller, J.V. Tjeertes, J. Coates, G. Legube, S.E. Polo, S. Britton, S.P. Jackson,
Human HDAC1 and HDAC2 function in the DNA-damage response to promote DNA
nonhomologous end-joining, Nat. Struct. Mol. Biol. 17 (9) (2010) 1144-1151,
https://doi.org/10.1038/nsmb.1899.

K.J. Gash, A.C. Chambers, D.E. Cotton, A.C. Williams, M.G. Thomas, Potentiating
the effects of radiotherapy in rectal cancer: the role of aspirin, statins and
metformin as adjuncts to therapy, Br. J. Cancer 117 (2) (2017) 210-219, https://
doi.org/10.1038/bjc.2017.175.

J. Soukupova, C. Bordoni, D.J. Turnham, W.W. Yang, G. Seaton, A. Gruca,

R. French, K.Y. Lee, A. Varnava, L. Piggott, R.W. Clarkson, A.D. Westwell,


https://doi.org/10.1128/JVI.79.24.15302-15313.2005
https://doi.org/10.1128/MCB.01600-09
https://doi.org/10.1128/MCB.01600-09
https://doi.org/10.1242/dmm.037697
https://doi.org/10.1136/gutjnl-2014-308270
http://refhub.elsevier.com/S1568-7864(22)00064-7/sbref16
http://refhub.elsevier.com/S1568-7864(22)00064-7/sbref16
http://refhub.elsevier.com/S1568-7864(22)00064-7/sbref16
https://doi.org/10.1093/jmcb/mjt020
https://doi.org/10.1093/jmcb/mjt020
https://doi.org/10.1159/000313697
https://doi.org/10.1159/000313697
https://doi.org/10.1038/srep24356
http://refhub.elsevier.com/S1568-7864(22)00064-7/sbref20
http://refhub.elsevier.com/S1568-7864(22)00064-7/sbref20
http://refhub.elsevier.com/S1568-7864(22)00064-7/sbref20
http://refhub.elsevier.com/S1568-7864(22)00064-7/sbref20
http://refhub.elsevier.com/S1568-7864(22)00064-7/sbref21
http://refhub.elsevier.com/S1568-7864(22)00064-7/sbref21
http://refhub.elsevier.com/S1568-7864(22)00064-7/sbref21
http://refhub.elsevier.com/S1568-7864(22)00064-7/sbref21
https://doi.org/10.1101/gad.11.2.187
https://doi.org/10.1101/gad.11.2.187
https://doi.org/10.1002/gene.20042
https://doi.org/10.1002/gene.20042
https://doi.org/10.1126/science.278.5335.120
https://doi.org/10.1101/gad.943001
https://doi.org/10.1101/gad.943001
https://doi.org/10.1016/j.molcel.2017.05.015
https://doi.org/10.1016/j.molcel.2017.05.015
https://doi.org/10.1038/leu.2010.6
https://doi.org/10.1038/leu.2010.6
https://doi.org/10.1016/j.dnarep.2008.10.002
https://doi.org/10.1016/j.dnarep.2008.10.002
https://doi.org/10.1016/j.mrfmmm.2005.01.019
https://doi.org/10.1158/0008-5472.CAN-06-0140
https://doi.org/10.1038/269518a0
https://doi.org/10.1038/269518a0
http://refhub.elsevier.com/S1568-7864(22)00064-7/sbref32
http://refhub.elsevier.com/S1568-7864(22)00064-7/sbref32
http://refhub.elsevier.com/S1568-7864(22)00064-7/sbref32
http://refhub.elsevier.com/S1568-7864(22)00064-7/sbref32
https://doi.org/10.1016/j.devcel.2010.07.015
https://doi.org/10.1016/j.devcel.2010.07.015
https://doi.org/10.1016/j.ejphar.2018.03.009
https://doi.org/10.4161/cc.26062
https://doi.org/10.1038/sj.onc.1206933
https://doi.org/10.1038/nature06196
https://doi.org/10.1016/j.bbrc.2010.08.084
https://doi.org/10.1016/j.bbrc.2010.08.084
https://doi.org/10.1007/s13577-012-0056-1
https://doi.org/10.1016/j.febslet.2013.04.033
https://doi.org/10.1016/j.febslet.2013.04.033
https://doi.org/10.1126/scitranslmed.aar2238
https://doi.org/10.1126/scitranslmed.aar2238
https://doi.org/10.1073/pnas.0603625103
https://doi.org/10.1101/gad.1352206
https://doi.org/10.1101/gad.1352206
https://doi.org/10.1016/j.biocel.2015.12.008
https://doi.org/10.1016/j.biocel.2015.12.008
https://doi.org/10.4161/cc.9.5.10931
https://doi.org/10.1074/jbc.M303518200
https://doi.org/10.1074/jbc.M303518200
https://doi.org/10.1128/mcb.23.13.4713-4727.2003
https://doi.org/10.1016/j.molcel.2004.09.004
https://doi.org/10.1016/j.molcel.2004.09.004
https://doi.org/10.1074/jbc.M404246200
https://doi.org/10.1074/jbc.M404246200
https://doi.org/10.1089/ars.2014.5915
https://doi.org/10.1038/35410
https://doi.org/10.1038/nsmb.1899
https://doi.org/10.1038/bjc.2017.175
https://doi.org/10.1038/bjc.2017.175

C. Parker et al.

[55]

[56]

A. Brancale, The discovery of a novel antimetastatic Bcl3 inhibitor, Mol. Cancer

Ther. 20 (5) (2021) 775-786, https://doi.org/10.1158/1535-7163.MCT-20-0283.
F. Li, T. Jiang, Q. Li, X. Ling, Camptothecin (CPT) and its derivatives are known to
target topoisomerase I (Top1) as their mechanism of action: did we miss something
in CPT analogue molecular targets for treating human disease such as cancer? Am.
J. Cancer Res. 7 (12) (2017) 2350-2394.

M.J. Pishvaian, R.S. Slack, W. Jiang, A.R. He, J.J. Hwang, A. Hankin, K. Dorsch-
Vogel, D. Kukadiya, L.M. Weiner, J.L. Marshall, J.R. Brody, A phase 2 study of the

11

[57]

DNA Repair 115 (2022) 103331

PARP inhibitor veliparib plus temozolomide in patients with heavily pretreated
metastatic colorectal cancer, Cancer 124 (11) (2018) 2337-2346, https://doi.org/
10.1002/cncr.31309.

AK. Byrum, A. Vindigni, N. Mosammaparast, Defining and Modulating
‘BRCAness’, Trends Cell Biol. 29 (9) (2019) 740-751, https://doi.org/10.1016/j.
tcb.2019.06.005.


https://doi.org/10.1158/1535-7163.MCT-20-0283
http://refhub.elsevier.com/S1568-7864(22)00064-7/sbref55
http://refhub.elsevier.com/S1568-7864(22)00064-7/sbref55
http://refhub.elsevier.com/S1568-7864(22)00064-7/sbref55
http://refhub.elsevier.com/S1568-7864(22)00064-7/sbref55
https://doi.org/10.1002/cncr.31309
https://doi.org/10.1002/cncr.31309
https://doi.org/10.1016/j.tcb.2019.06.005
https://doi.org/10.1016/j.tcb.2019.06.005

	BCL-3 loss sensitises colorectal cancer cells to DNA damage by targeting homologous recombination
	1 Introduction
	2 Materials and methods
	2.1 Cell lines and cell culture
	2.2 Gene knockdown with RNAi
	2.3 Generation of BCL-3 knockout cells with CRISPR-Cas9 D10A genome editing
	2.4 Irradiation
	2.5 Tandem mass tagging (TMT) phosphoproteomics
	2.6 Crystal violet cell viability assay
	2.7 Immunofluorescence
	2.8 Immunoblotting
	2.9 Clonogenic assay
	2.10 I-SceI DNA repair assay
	2.11 Mouse studies
	2.12 RNA in situ hybridisation
	2.13 Mouse immunohistochemistry

	3 Results
	3.1 BCL-3 depletion sensitises CRC cells to gamma irradiation
	3.2 Loss of BCL-3 increases DSB associated signalling and DSB number after γ-irradiation in human colorectal cells
	3.3 Phosphoproteomics reveal a role for BCL-3 in the DNA damage response
	3.4 BCL-3 promotes DSB repair by homologous recombination
	3.5 BCL-3 depletion sensitises CRC Cells to PARP inhibitors
	3.6 BCL-3 protects the intestinal crypt from DNA damage
	3.7 Loss of Bcl3 sensitises mouse models of CRC to DNA damage

	4 Discussion
	5 Conclusions
	Ethics approval and consent to participate
	Conflicts of Interest
	Funding
	CRediT authorship contribution statement
	Data availability
	Acknowledgements
	Appendix A Supporting information
	References


