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Abstract

Background Triple-negative breast cancer (TNBC) is a highly aggressive form of breast cancer subtype often treated
with radiotherapy (RT). Due to its intrinsic heterogeneity and lack of effective targets, it is crucial to identify novel
molecular targets that would increase RT efficacy. Here we demonstrate the role of BUB1 (cell cycle Ser/Thr kinase)

in TNBC radioresistance and offer a novel strategy to improve TNBC treatment.

Methods Gene expression analysis was performed to look at genes upregulated in TNBC patient samples com-
pared to other subtypes. Cell proliferation and clonogenic survivals assays determined the ICs, of BUB1 inhibitor
(BAY1816032) and radiation enhancement ratio (rER) with pharmacologic and genomic BUB1 inhibition. Mammary fat
pad xenografts experiments were performed in CB17/SCID. The mechanism through which BUB1 inhibitor sensitizes
TNBC cells to radiotherapy was delineated by y-H2AX foci assays, BLRR, Immunoblotting, gPCR, CHX chase, and cell
fractionation assays.

Results BUB1 is overexpressed in BC and its expression is considerably elevated in TNBC with poor survival out-
comes. Pharmacological or genomic ablation of BUB1 sensitized multiple TNBC cell lines to cell killing by radiation,
although breast epithelial cells showed no radiosensitization with BUB1 inhibition. Kinase function of BUB1 is mainly
accountable for this radiosensitization phenotype. BUB1 ablation also led to radiosensitization in TNBC tumor xeno-
grafts with significantly increased tumor growth delay and overall survival. Mechanistically, BUB1 ablation inhibited
the repair of radiation-induced DNA double strand breaks (DSBs). BUB1 ablation stabilized phospho-DNAPKcs (52056)
following RT such that half-lives could not be estimated. In contrast, RT alone caused BUB1 stabilization, but pre-treat-
ment with BUB1 inhibitor prevented stabilization (t;,, ~8 h). Nuclear and chromatin-enriched fractionations illustrated
an increase in recruitment of phospho- and total-DNAPK, and KAP1 to chromatin indicating that BUB1 is indispen-
sable in the activation and recruitment of non-homologous end joining (NHEJ) proteins to DSBs. Additionally, BUB1
staining of TNBC tissue microarrays demonstrated significant correlation of BUB1 protein expression with tumor
grade.
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Conclusions BUBT ablation sensitizes TNBC cell lines and xenografts to RT and BUB1 mediated radiosensitization
may occur through NHEJ. Together, these results highlight BUB1 as a novel molecular target for radiosensitization

in women with TNBC.
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Background

Breast cancer (BC) affects more than 2 million women
worldwide each year. Triple-negative breast cancer
(TNBC) is the most lethal subtype of BC and while effec-
tive targeted therapies exist for the prevention and treat-
ment of ER-positive breast cancer, no effective targeted
therapy exists for TNBC. TNBC tend to be more aggres-
sive, occur in younger women, and are less likely to be
cured by adjuvant therapy [1]. As radiotherapy is stand-
ard in the management of BC, there is a need to identify
molecular targets with potential to increase the efficacy
of radiation therapy (RT). To this end, DNA damage
repair pathways are of interest.

DNA damage is a critical determinant of radiation-
induced cell death [2]. Radiation mediated base dam-
ages and single strand breaks (SSBs) are more efficiently
repaired by cells, whereas double strand breaks (DSBs)
are more difficult to repair and, if unrepaired, lead to
lethality in cells. The ability of cells to recognize and
respond to DSBs is fundamental in determining the sen-
sitivity (or resistance) of cells to radiation [3]. DSB repair
is comprised of two major and mechanistically distinct
processes: non-homologous end-joining (NHEJ) and
homologous recombination (HR). NHE] involves directly
ligating two broken DNA ends and is initiated by bind-
ing of Ku70/Ku80 hetero dimers at DSB sites [4]. Ku70/
Ku80 localization recruits DNA-dependent protein
kinase (DNAPKcs) to the DSB site, followed by Artemis-
dependent end-processing, strand synthesis by DNA
polymerase-beta (POLp) and strand ligation by XRCC4,
ligase IV, and XLF complex [5]. HR on the other hand is
initiated by lesion recognition by ATM and processing
of DSB ends by MRN complex (Mrel—Rad50-Nbsl).
53BP1 protein may play a role in pathway choice between
NHE] and HR [6, 7]. Target-based radiosensitization
approaches increase radiotherapy efficiency by selectively
sensitizing tumor tissue to ionizing radiation [8]. Sev-
eral new molecular targets are currently being evaluated
in clinical trials to measure their radiation sensitization
potential [9].

Following DNA damage, cell cycle checkpoints are acti-
vated to block cell cycle progression and prevent propa-
gation of cells with damaged DNA. Both DNA damage
repair and cell cycle checkpoints are positively regulated
by several kinases, including BUB1 (Budding uninhibited
by benzimidazoles-1). BUBL is a serine/threonine kinase

implicated in chromosomal segregation during mitosis.
BUBI regulates cell-cycle and is known to impact DNA
damage signaling. However, it is still uncertain how BUB1
contributes to radioresistance in TNBC. BUB1 is known
to localize near DSB sites where early DNA damage sen-
sor proteins such as phosphorylated H2AX are also
recruited [10]. Moreover, BUB1 co-localizes with 53BP1
suggesting a role in NHE] pathway [10]. Knockdown of
BUBI results in prolonged yH2AX foci and comet tail
formation as well as hypersensitivity in response to ion-
izing radiation [11]. Increased expression of BUBI is
associated with resistance to DNA-damaging agents (i.e.
radiotherapy and some chemotherapies) [12] and we
have shown that BUBI inhibition reduces invasion and
migration in cancer cell lines [13] through direct inter-
action with TGF[ receptors [14, 15]. Moreover, BUB1
regulates cell cycle through its roles in spindle assembly
checkpoint and chromosome alignment [16-18].

Here, we demonstrate that BUBI is overexpressed in
TNBC, and that its overexpression correlates with poorer
outcome and radiation resistance. Moreover, we confirm
that pharmacological or genomic ablation of BUBI is
cytotoxic to TNBC cell lines and leads to radiation sen-
sitization. BUB1 ablation delays DSB repair as evident
by prolonged YH2AX foci and affects NHE] as evalu-
ated by bioluminescent DNA damage repair reporters
(BLRR). BUB1 inhibition causes significant decrease in
tumor volume when combined with radiation in SUM159
mammary fat pad tumor xenograft models and demon-
strates significant reduction in tumor cell proliferation
as evaluated by Ki67 immunostaining of tumor sections.
Additionally, our mechanistic studies show that BUB1
mediates radioresistance through impacting chromatin
localization of core NHE] proteins and increasing radia-
tion mediated DNAPKcs phosphorylation and stability.
Overall, our results provide evidence that BUB1 medi-
ated radiation resistance takes place through NHE], spe-
cifically by regulating chromatin binding of key proteins
and that combining BUBI ablation with radiation could
be an effective approach for radiosensitization of TNBC.

Methods

Gene expression data

Normalized expression data for the cell lines were down-
loaded from the EMBL-EBI ArrayExpress website as
described in the original publication [19]. The Hatzis
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gene expression and survival data were downloaded from
the Gene Expression Omnibus (GEO) database with
series number GSE25066 [20]. A log-rank (Mantel-Cox)
test was used for survival curve analyses. Data for the
TCGA cohort was downloaded from http://tcga-data.nci.
nih.gov. Expression levels were log transformed, median
centered and scaled, subtype calls were based on previ-
ous description [21].

A receiver operating characteristic curve (ROC) was
generated as an alternate way to measure the perfor-
mance of BUBI as a biomarker using area under the
curve (AUC) as a metric, with an AUC >0.65 being con-
sidered of significant clinical value. BUB1 expression was
evaluated as a continuous variable. BUB1 expression was
measured by using RNA isolated from patients tumors at
time of surgical expression, then log transformed values
from the Affymetrix Human Genome U133A Array were
assessed. Other clinical covariates included ER, PR, over-
all stage, size, nodal status, and PAM50 classification (p
=0.0003).

Gene expression and metastasis correlation

In vivo screening for metastases was performed using
Chick Chorioallantoic Membrane assays in 21 preclinical
breast cancer models with data published previously [22].
Correlation coefficients were calculated using Pearson’s
correlation methods.

Cell culture

Triple-negative breast cancer cell lines (MDA-MB-231,
MDA-MB-468, BT-549), normal breast epithelial cell
line (MCF10A) and Estrogen Receptor (+), Progesterone
Receptor (+) breast cancer cell line T47D were obtained
from the American Type Culture Collection (ATCC).
SUM159 cells were originally sourced from Steve P.
Either (University of Michigan) and were acquired
from Sofia Merajver (University of Michigan). SUM159
cells were grown in HAM'S F-12 media (Catalog No.
31765035, Thermo Fisher Scientific) supplemented with
5% FBS, 10 mM HEPES, 1 pg/ml Hydrocortisone, 6 pg/
ml Insulin, and 1% Penicillin-Streptomycin. MDA-
MB-231 and MDA-MB-468 cells were grown in DMEM
media (Catalog No. 30-2002, ATCC) supplemented with
10% FBS and 1% Penicillin-Streptomycin. BT-549 and
T-47D cells were grown in RPMI-1640 media (Catalog
No. 30-2001, ATCC) supplemented with 10% FBS, 0.023
U/ml insulin, and 1% Penicillin-Streptomycin. MCF10A
cells were also grown in RPMI-1640 media supplemented
with 10% FBS, and 1% Penicillin-Streptomycin. All cell
lines were maintained at 37°C in a 5% CO, incubator
and passaged at 70% confluence. Cell lines were routinely
tested for mycoplasma contamination. Mutations in key
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genes is listed in Supplementary Table S1 (See Additional
file 1 for Supplementary figures and tables).

Drug treatment and irradiation

A BUBI inhibitor (BUB1i) BAY1816032 (Catalog No.
HY-103020, MedChemExpress) and DNAPK inhibitor
(DNAPKi) NU7441 (Catalog No. S2638, Selleckchem)
were dissolved in DMSO (20 mM BUBIi and 15 mM
DNAPKi) and stored at -80°C. For each experiment, a
fresh vial was thawed, and any remaining stock solu-
tion was discarded. Working concentrations were made
in media with serum and supplements and cells were
exposed to a range of concentrations, from 125 nM to
1000 nM. Irradiation was performed 1 h after the drug
treatment using a CIX-3 orthovoltage unit (Xstrahl Life
Sciences) operating at 320 kV and 10 mA with 1 mm Cu
filter.

Proliferation assay

To investigate the effect of BAY1816032 on cell prolifera-
tion in TNBC cell lines, 2 x 10® cells were plated into a
96-well plate 24 h prior to treatment. Cells were exposed
to different concentrations of BUBI inhibitor (BUBIi)
ranging from 1 nM to 10 pM and cultured for 72 h. Cell
proliferation was measured using alamarBlue (Catalog
No. DAL1025, Thermo Fisher Scientific) following the
manufacturer’s protocols. Absorbance was read at 570
nM on Synergy H1 Hybrid Reader (BioTek Instruments).
Values were normalized to mock (DMSO/vehicle) treated
cells. The IC;, values were estimated on GraphPad Prism
(V9) using a non-linear regression best-fit equation.

Clonogenic survival assay

Cells were plated in 6-well plates at different cell densi-
ties overnight. The next morning, cells were treated with
BAY1816032 (125 nM to 1000 nM) for 1 hr and irradiated
(2 to 6 Gy). Cells were allowed to grow for 7-23 days until
visible colonies formed before being fixed and stained
with methanol and crystal violet. All the colonies with
>50 cells were manually counted, and the cell survival
was plotted using GraphPad (V9). Plating efficiency (PE
%) was estimated as: (100 x Number of colonies formed
/ Number of cells plated x 100). Radiation enhancement
ratios (rER) were determined from the survival curve
using the formula: D bar of varying inhibitor concentra-
tions / D bar of vehicle (DMSO) (Microsoft Excel) which
indicates radiation dose to produce some level of cell
killing in the absence of inhibitor (i.e., vehicle) divided
by the radiation dose in the presence of the inhibitor to
produce the same level of cell kill. rER >1 was considered
to be radiation sensitization while rER <1 was radiation
resistance/protection.
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Transfections

Cells were seeded in 6-well plates overnight and the
transfection was performed with 60% confluent cells.
The siGENOME SMARTPool siRNA for human BUBI1
and DNAPK (gene ID: PRKDC) were purchased from
Dharmacon. Next morning, 100 nM siRNAs were
diluted in Opti-MEM reduced serum media (Catalog
No. 31985062, Thermo Fisher Scientific) and transfected
using Lipofectamine RNAiMAX (Catalog No. 13778075,
Thermo Fisher Scientific). Diluted siRNAs and lipo-
fectamine reagent were separately incubated for 5 mins
at RT before being combined and incubated further for
20-30 mins after combining them. The siRNA-lipid com-
plex was added to the cells in plain media without serum
and antibiotics. After 48 h of transfection, the transfected
cells were used for further experiments. BUB1 Wild-
type (WT) and Kinase-dead (KD) plasmids were a kind
gift from Dr. Hongtao Yu (UT Southwestern). The BUB1
plasmids or siRNA with plasmids were transfected with
Lipofectamine 2000 (Catalog No. 11668500, Thermo
Fisher Scientific) per manufacture’s protocol.

Generation of BUB1 CRISPR knockout cell lines

Cells were transfected with CRISPR/CAS9 ribonucleo-
protein (RNP) for generating BUB1 knockout cell lines.
BUB1 sgRNAs were designed with the CRISPR tool
(www.benchling.com) and synthesized by Integrated
DNA Technologies (IDT). We combined two sgRNAs
(sgRNA1 and sgrna2) in this experiment each targeted
different exons (exon 2 and 3) for better knockout effi-
ciency. Purified CAS9 protein was purchased from IDT
(Catalog No. 1081058) while Lipofectamine RNAIMAX
(Catalog No. 11668027) was from Thermo Fisher Scien-
tific. TNBC cell lines were plated in 2 wells of a 24-well
plate overnight. Next morning, the cells in one well were
transfected by combining BUB1 sgRNA1 and sgRNA2
(each 300 ng/well), Cas9 protein (1 pg/well) using Lipo-
fectamine RNAIMAX (3 pl/well) and the other well was
used as a negative control without sgRNAs [23-25].
24-hours after transfection, cells were trypsinized and
plated in 96-well plate at 1 cell/well. Cells were allowed
to grow until colonies formed (2-4 weeks) and expanded
into 24 well plates. Genomic DNA was isolated from
these clones using the QuickExtract DNA extraction
solution (Catalog No. QE09050, Lucigen) following
manufacturer’s protocol. The extracted DNA was PCR-
amplified with following conditions: 98°C for 30 s, 98°C
for 10 s, 61.5°C for 30 s, 72°C for 23 s, and 72°C for 10
mins for 34 cycles. The putative BUB1 null clones were
sequence verified (Sanger sequencing, Azenta Life Sci-
ences, NJ, USA) and absence of BUB1 protein was con-
firmed by western immunoblotting. The efficiency of
BUB1 CRISPR knockout was estimated by Synthego ICE
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software. gRNA sequences for BUB1 knockout, primer
sequences for PCR amplification and Sanger sequencing
are listed in Supplementary Table S2.

Immunoblotting

Total protein was extracted using IP-lysis buffer (50mM
Tris PH 7.4, 1% NP40, 0.25% Deoxycholate sodium salt,
150mM NaCl, 10% Glycerol, and 1ImM EDTA) sup-
plemented with PhosStop (Roche), Protease inhibi-
tor (Roche), Sodium Ortho Vanadate, Sodium fluoride,
PMSE, and B-Glycerol phosphate (2 puM each). Protein
concentrations were determined using Pierce BCA pro-
tein assay kit (Catalog No. 23225, Thermo Fisher Sci-
entific) and equal amounts of samples were loaded on
NuPAGE 4-12%, Bis-Tris Midi protein gels (Catalog No.
WG1402BOX, Thermo Fisher Scientific) along with See-
Blue Plus2 Pre-stained Protein Standard (Catalog No.
LC5925, Thermo Fisher Scientific). Samples were trans-
ferred to Immobilon-P PVDF membranes (Catalog No.
IPVHO00010, Millipore). The blots were blocked using 5%
non-fat dry milk (Catalog No. 1706404, BioRad) and/or
5% BSA and incubated with primary antibodies at 4°C
overnight. Membranes were incubated with HRP-tagged
secondary antibodies and protein bands were detected
using ECL Prime western blotting system (Catalog No.
GERPN2232, Millipore Sigma). Protein band density was
measured using Image] 1.52a. Specific antibody informa-
tion and dilutions are listed in Supplementary Table S3.

Animal studies

Fox Chase SCID female mice (CB17/lcr Prkdcscid/lcrlco-
Crl; 8 weeks old) (N = 52) were procured from Charles
River Laboratories through the Department of Biore-
sources, Henry Ford Health. Mice were acclimatized for
a week and housed at the Animal Facility, E&R building,
Henry Ford Hospital. Experimental animals were housed
and handled in accordance with protocols approved by
IACUC of Henry Ford Health (protocol # 00001298). We
used >9-10 mice per treatment group (2 tumors/mouse).
After injecting SUM159 cells (1 x 10° bilaterally) into the
4™ mammary fat pads, animals were randomly assigned
to receive treatment once the tumors reached a size of
about 80 mm?® BAY1816032 (25 mg/kg, in vivo grade,
Catalog No. CT-BAY181, Chemietek) dissolved in 50%
PEG 400, 10% DMSO, and 40% saline was given orally
twice daily (5 days) for four weeks. RT was administered
in three 5 Gy fractions over 5 days (total 15 Gy) using the
small animal radiation research platform (SARRP, Xstrahl
Life Sciences). Animals wherein tumors were generated
with SUM159 BUB1 CRISPR KO cells were treated only
with radiation or sham irradiated. Tumor volume and
animal body weights were measured twice a week using
a digital vernier caliper and tumor volume was calculated


http://www.benchling.com

Sriramulu et al. J Exp Clin Cancer Res (2024) 43:163

using the formula: (Length x Width?) x 3.14/6. When
the tumor volume reached >1000 mm?, mice were euth-
anized according to IACUC guidelines. Linear mixed
model (LMM) of log2 (tumor volume) was built on time
and time* arm interaction. LMM was clustered by each
tumor and nested within each mouse. 95% CI was 0.1
while p-value <0.001 was considered significant. Animal
survival was estimated and depicted in a Kaplan-Meier
survival plot. Logrank test were performed to estimate
if the arms (treatment groups) were different (p<0.0001).
Cox proportional hazards model with Firth’s penalized
maximum likelihood bias reduction method was used to
compare if experimental conditions resulted in signifi-
cant differences.

Immunohistochemical staining

Five random tumors from each treatment groups were
harvested, fixed in buffered formalin and paraffin
embedded. Histological sections from individual par-
affin-embedded xenograft tumor tissues were initially
deparaffinized and rehydrated. These tumor sections
were stained at the Histology core (Henry Ford Health)
according to the manufacturer’s protocols (Ki-67 IHC
MIB-1, Dako Omnis). Proliferating cells were immu-
nostained with FLEX monoclonal mouse anti-human
Ki-67 (Catalog No. GA626, Ready-to-use (Dako Omnis),
Clone MIB-1, Agilent). Images of the microscopic slides
were taken under the light microscope at 20x magnifica-
tion in two to three random fields for each tumor (N =
5, each arm). The % of Ki-67 positive cells was calculated
using the formula: 100 x number of Ki-67 positive cells
in treated / sham. H&E staining was also performed to
assess the structural changes in the tumor sections.

YH2AX foci formation assay

Cells (1 x 10°) were plated into a 6-well plate contain-
ing glass coverslips (12 mm Catalog No. 633029, Caro-
lina). After treatment with BUB1i or DNAPKi (1 uM)
for an hour, cells were irradiated (4 Gy) and coverslips
were collected at different time points. Coverslips were
washed with ice-cold PBS, fixed with 2% w/v Sucrose,
0.2% Triton X-100 in formaldehyde, and permeabilized
0.5% triton in PBS for 10 min. Coverslips were blocked
for 30 min at 4°C (2.5% Horse serum, 2.5% FBS, 0.5%
w/v BSA, 0.05% Triton X-100 in PBS) and were incu-
bated with Anti-phospho-Histone H2A.X (Ser139);
Millipore) for 1 h at room temperature. After wash-
ing, coverslips were incubated with Goat anti-Mouse-
Alexa Fluor 488 (Thermo Fisher Scientific) for 30 min
at 4°C. DAPI (1 pg/ml) was used as a nuclear counter
stain and the coverslips were mounted using ProLong
Gold Antifade Mountant (Catalog No. P10144, Thermo
Fisher Scientific) onto glass slides and observed under
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a microscope (Zeiss Axio Imager 2). At least 3 random
fields were imaged for each condition. Cells with more
than 10 YH2AX foci were scored as positive. The per-
centage of YH2AX foci positive cells was calculated
as: (100 x number of YH2AX foci positive cells / Total
number of cells counted).

Bioluminescent NHEJ and HR reporter assays

The rate of DNA repair by NHE] and HR was measured
by the bioluminescent repair reporter (BLRR) kindly
gifted by Dr. Christian E Badr, Harvard Medical School
[26]. Cells (2.5 x 10°) were plated in a 6-well plate and
transfected with pLenti-BLRR (Addgene # 158958),
pLenti-trGluc (Addgene # 158959), and pX330-gRNA
(Addgene # 158973) plasmids with Lipofectamine 2000.
After 48 h of transfection, the cells were reseeded into a
96-well plate, treated with BUB1i or DNAPKi (1 uM) for
1 h followed by RT (4 Gy), and replaced with fresh media.
After 48 h of treatment, the cell supernatant was col-
lected, centrifuged and 20 pl was transferred in a white
opaque 96-well plate (Catalog No. IP-DP35F-96-W, Stel-
lar Scientific). 1 mM Coelenterazine (Catalog No. 16123,
Cayman Chemical) diluted to 80 pl was added to the
supernatant and Gaussia luciferase activity (GLuc; HR
efficiency) was measured for 0.8 s on Synergy H1 Hybrid
(Biotek Instruments). 6.16 mM Vargulin (Catalog No.
305, NanoLight Technology) diluted in 50 pl was added
to measure Cypridina luciferase activity (VLuc; NHE]
efficiency) with integration time of 1 s.

Quantitative PCR

Cells (1.5 x 10°) were seeded in 6-well plates 24 h prior
to treatment with BUB1i or DNAPKi (1 uM) and irradia-
tion (4 Gy). Cells were harvested after 72 h and stored at
-80°C. Total RNA was isolated with TRIzol (Catalog No.
15596026, Thermo Fisher Scientific) and concentration
was measured on Nanodrop (Nanodrop 2000c, Thermo
Fisher Scientific). RNA was reverse transcribed into
c¢DNA using Super Script III Reverse Transcriptase kit
(Catalog No. 18080044, Thermo Fisher Scientific), ANTPs
(Catalog No. R0191, Thermo Fisher Scientific), and Ran-
dom Primers (Catalog No. 48190011, Thermo Fisher
Scientific). The qPCR was performed using Takyon Low
ROX SYBR 2X MasterMix (Catalog No. UF-LSMT-
B0701, Eurogentec) and KiCqgStart pre-designed SYBR
green gene-specific primers (Supplementary Table S4) in
QuantStudio 6 Flex Real-Time PCR System (Applied Bio-
systems). Expression level for each gene was normalized
to GAPDH for each experiment. All QRTPCR reactions
were performed in triplicates and all experiments were
repeated at least three times.
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Cycloheximide-chase assay

1.5 x 10° cells were seeded in a 6-well plate over-night.
Next morning cells were treated with 50 pM Cyclohex-
imide (CHX; Catalog No. 14126, Cayman Chemical) to
block nascent protein synthesis followed by BAY1816032
(1 uM) and 4 Gy irradiation. BUB1 CRISPR KO cells were
treated with CHX followed by 4 Gy irradiation. Proteins
were eluted at different time points (0 - 24h) by direct
lysis (IP lysis buffer with 1.25X SDS protein loading
buffer), sonicated, boiled for 7-8 mins before loading on
the SDS-PAGE gels. Protein band density was quantified
using Image] 1.52a software and calculated fold change
using Microsoft Excel. The graphs were plotted in Graph-
Pad Prism 9 software and the average half-life of BUB1
protein (t, ,) was determined using Microsoft Excel.

Subcellular fractionation

The effect of BUB1 ablation on localization and move-
ment of key DNA repair proteins on break sites and
chromatin was investigated by subcellular fractionation
assays. Different protein fractions were collected using
Subcellular Protein Fractionation Kit (Catalog No. 78840,
Thermo Fisher Scientific) according to the manufacturer’s
protocols. Briefly, 2.5 x 10° cells were plated in 100 mm
petri dishes 48 h prior to treatment. BUB1i was added 1
h prior to irradiation (8 Gy) and allowed to recover for 10
mins. Cells were harvested, protein fractions were eluted
as recommended and 40 pg protein was loaded onto
NuPAGE 4-12%, Bis-Tris gels for western blot analysis.

Laser micro-irradiation

U2-OS cells expressing YFP-tagged Ku80 and YFP-
tagged DNA-PKcs were generated in the earlier stud-
ies (PMID: 22179609, PMID: 35580045). YFP-Ku80 and
YFP-DNA-PKcs were transfected into U2-OS DNA-PKcs
+/4 and —/— cells with JetPrime® (Polyplus transfection
reagent, Catalog No. 101000027) following the manufac-
turer’s instructions. To observe the role of BUBI in the
accumulation of DNA-PKcs and KU80 at DNA DSBs,
BUBI was inhibited, and the cells were subjected to laser
micro-irradiation. Twenty-four hours after the trans-
fection, laser micro-irradiation and real-time recruit-
ment were carried out using a Carl Zeiss Axiovert 200M
microscope with a Plan-Apochromat 63X/NA 1.40 oil
immersion objective (Carl Zeiss) as described in previ-
ous studies [27]. A 365-nm pulsed nitrogen laser (Spec-
tra-Physics) connected directly to the microscope’s
epifluorescence path was used to create DSBs [27]. Dur-
ing micro-irradiation, the cells were kept in an Invitro-
gen CO,-independent medium at 37°C. The fluorescence
intensities of the micro-irradiated and control areas
were measured using the Carl Zeiss Axiovision soft-
ware, version 4.5. The irradiated area’s intensity was then
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normalized to the non-irradiated control area in accord-
ance with earlier descriptions [28, 29].

Tissue Microarray

Tissue microarray (TMA) panels of human breast carci-
noma with adjacent normal breast tissues (BC081120f -
110 cores/110 cases and BR1191 — 119 cores/119 cases)
were purchased from Tissue Array (formerly US Biomax,
Derwood, MD). Breast TMAs were stained by the His-
tology Core-HFH with an anti-BUBI1 antibody, (Cata-
log # ab195268, Clone EPR18947, Abcam, 1:50 dilution)
following standard protocols. The slides were scanned/
imaged using Aperio digital pathology slide scanner
(Leica Biosystems). The TMAs were reviewed (manual
scoring) by a blinded pathologist who provided the score
of 0, 1+, 2+, 3+ that measures the staining intensity of
BUBI, and the percentage of cells stained positive for
BUBI. Graphs were plotted based on the staining inten-
sity and % of cells positive for BUB1 to compare between
normal and breast cancer tissues, molecular subtypes,
tumor grades and stages.

Statistical analysis

For the analyses of in vitro data, the Student’s t-test
method was used in GraphPad Prism 9 software. Results
are presented as mean * standard error of the Mean
(SEMs). All experiments were performed in triplicates
and were repeated at least three times. Correlation coef-
ficients were calculated using Pearson’s correlation meth-
ods. P < 0.05 was considered statistically significant. The
statistical analysis of in vivo tumor growth data is pre-
sented under that section.

Results

BUBT1 is overexpressed in TNBC and correlates with poorer
survival and metastatic potential

In an effort to identify novel therapeutic targets for radi-
osensitization, we performed a screen focused on the
human kinome to identify kinases upregulated in across
21 breast cancer cell lines that also impacted radiation
sensitivity in human breast tumors [30]. We identified a
list of 52 kinases whose expression was significantly ele-
vated in triple-negative breast cancer. We hypothesized
that many of these kinases would govern mitogenic, met-
astatic, survival, or growth regulatory pathways critical
to the development and dissemination of triple-negative
breast cancer that could be readily targeted for the treat-
ment of patients with triple-negative and basal-like breast
cancer. To further characterize which of these 52 kinases
played an important role in the aggressive features of tri-
ple-negative breast cancer, we combined expression, phe-
notypic, and clinical outcomes data to prioritize kinases
that warranted further interrogation. We prioritized
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those kinases that had the highest level of differential
expression in triple-negative breast cancer, showed lim-
ited to no expression in normal tissues (including the
mammary gland, thus were specific for breast cancer),
were associated with clinically relevant outcomes, and
for which we would be able to obtain or generate a spe-
cific inhibitor that was of clinical-grade quality to aid in
translational efforts. To that end, BUB1 was one of the

As B s0

Page 7 of 22

top nominated of the 52 kinases as it showed significantly
elevated expression in triple-negative and basal-like
breast cancers and limited expression in normal tissues
(Fig. 1A-B, data based on expression in over 1000 patient
tumors from TCGA). Additionally, BUB1 expression is
significantly associated with basal-like and luminal B
tumors and in triple-negative breast cancers (Fig. 1C-D).
BUBLI expression is also much higher in breast cancer cell
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Fig. 1 BUBT is highly expressed in breast cancer compared to normal, non-malignant breast tissue and is associated with triple-negative

and basal-like breast cancers. A-B, BUB1 expression is significantly increased in breast tumors compared to normal breast tissue. C, BUB1 expression
is strongly associated with the PAM50-defined basal-like subtype of breast cancer and (D), is also significantly elevated in TNBC. E, BUB1 expression
is significantly increased in basal-like breast cancer cell lines. F, BUB1 expression strongly correlates with metastatic potential to the lungs and liver
as measured by CAM assay in vivo. All CAM assays performed at least in triplicate. G, Kaplan-Meier survival plot demonstrate that high BUB1 levels
are associated with worse overall survival in breast cancer patients (data from Hatzis et al, JAMA 2011). H, On multivariable analysis, BUB1 expression
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lines with basal-like characteristics and in cell lines with
increased metastatic potential (Fig. 1E) [19]. To further
investigate the association of BUB1 expression with the
metastatic potential of various breast cancer cell lines,
we performed chick chorioallantoic membrane (CAM)
assays on 21 breast cancer cell lines and quantitated the
number of metastatic cells in the lungs and liver of chick
embryos after injection of each of these 21 cell lines. This
data was then correlated with BUB1 expression and there
was a significant association between BUB1 expression
and metastatic potential in this in vivo system (Fig. 1F,
R?=0.64, p-value 0.004).

To investigate the clinical relevance of our findings, we
assessed the impact of BUBI expression on clinical out-
comes. We found that BUBI expression was significantly
associated with poor outcomes (including higher mor-
tality and increased rates of recurrence) in both women
treated with chemotherapy and radiation therapy, the two
most common adjuvant treatment modalities for women
with breast cancer, with high BUB1 expression being
strongly associated with worse overall survival in women
with breast cancer (Fig. 1G) [20, 32]. Furthermore, we
demonstrate that BUB1 outperforms every other clini-
cal or pathologic parameter (i.e., T-stage, grade, age,
nodal status, ER, PR, Her2, margin, etc.) as a predictive
biomarker of response (as measured by metastasis-free
survival) to chemotherapy in a dataset of patients treated
with paclitaxel and anthracycline-based chemotherapy
with an AUC of 0.68 (Fig. 1H; ***P= 0.0003). The con-
trol group, tissue sample type, and detection method for
Fig. 1H are described in the Fig. 11.

Pharmacological inhibition of BUB1 reduces viability

of breast cancer cells

To study the effect of BUB1 inhibition in TNBC, we used
the selective inhibitor of BUB1 kinase, BAY1816032.
We assessed the effects of BAY1816032 on prolifera-
tion of TNBC (SUM159, MDA-MB-231, MDA-MB-468,
BT-549) cells (Fig. 2A-D), luminal A subtype (T-47D)
(Fig. 2E) and the non-tumorigenic human breast epi-
thelial cell line, MCF10A (Fig. 2F). BAY1816032 is cyto-
toxic in all breast cancer cell lines tested with ICg, values
ranging from 1.6 uM to 3.9 uM. However, BAY1816032
had less cell killing and/or growth inhibitory effects in
MCF10A with ICs, around 18 pM. This response corre-
lated with differential BUB1 mRNA expression (Fig. 1E)
and BUBI1 protein expression (Fig 2G). Based on these
observations, we hypothesize that breast cancer cell
lines that express high BUB1 would be radiosensitized by
BAY1816032 while the cell lines that express low to mod-
erate BUB1 would not.
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BUB1 inhibition causes durable radiosensitization in TNBC

cell lines

We evaluated the effect of BAY1816032 on radiation
sensitivity in Basal A (MDA-MB-468), Basal B (MDA-
MB-231, SUM159, BT-549) (Fig. 2H-K) and Luminal
A (T-47D) (Fig. 2L) cell lines by clonogenic survival
assays. High levels of BUB1 expressed in selected Basal
A and B cell lines (BUBI-high) while expressed at low
level in Luminal cells (BUB1-low). BUBI-high cells were
radiosensitized by BAY1816032 (rER from 1.1 to 1.38)
while the radiation sensitivity of BUBI-low cells did
not increase with BAY1816032 (rER 0.91). As expected,
BAY1816032 had no effect on radiosensitivity in
MCF10A cells (Fig. 2M). BAY1816032 led to a significant
dose-dependent reduction in the surviving fraction at 2
Gy (SF-2 Gy) in BUBI-high cells indicating that BUB1
kinase function is important for radioresistance. Moreo-
ver, BAY1816032 did not significantly impacted SF-2Gy
in BUBI-low cells.

Genomic depletion of BUB1 is cytotoxic and makes TNBC
cells radiosensitive

We evaluated the effect of BUB1 genomic depletion
on cell survival and radiation sensitivity. SUM159 and
MDA-MB-231 cells were transiently transfected with
an increasing concentration of BUB1 siRNA (20, 60 and
100 nM) or control siRNA (100 nM) and cell viability was
measured by alamarBlue assay (Fig. 3A-B). The siRNA-
mediated BUB1 depletion demonstrated a dose-depend-
ency on cell survival. Additionally, BUB1 was depleted
in MDA-MB-468, BT-549 and T-47D cells which also
exhibited significant reduction in cell viability as com-
pared to control siRNA (Fig. 3C-E). DNAPKcs (gene ID:
5591, PRKDC) siRNA was used as a positive control since
its inhibition or knockdown is known to reduce cell sur-
vival [33] because of the role it plays in DNA DSB repair
process [34].

Effect of siRNA-mediated BUB1 depletion on radio-
sensitization was measured in all the selected breast
cancer cell lines (Fig. 3F-G; Supplementary Fig. S5). We
observed moderate radiosensitization (rER 1.0 to 1.2)
when BUB1 was transiently depleted by siRNA. BUB1
depletion led to a significant reduction in the surviving
fraction at 2 Gy (SF-2 Gy). Western blot analyses of total
cell lysates following transfection of siRNA revealed that
BUBI could be efficiently repressed. In order to confirm
that these effects are mediated by BUB1, we performed
the same experiments in SUM159 and MDA-MB-231
(BUB1 depleted) cells with reintroduction of wild-type
or kinase dead BUB1 (BUB1-wt, BUB1-kd) (Fig. 3H-I).
Addition of BUB1-wt restored radioresistance in both the
cell lines (rER 0.9) while BUB1-kd addition did not (rER
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1.0 to 1.1) and this response was correlated with immu-
noblotting analyses.

Since transient BUB1 depletion by siRNA did not
lead to significant radiation sensitization, we gener-
ated BUB1 knockout (BUB1 KO) SUM159 and MDA-
MB-231 cell lines by CRISPR-CAS9 RNP transfection.
Multiple BUB1 CRISPR clones were validated by West-
ern blotting and Sanger sequencing to confirm complete
BUB1 KO (Supplementary Fig. S6). Two different BUB1
KO clones for each cell line were used for subsequent
experiments. SUM159 BUB1 KO clones demonstrated
significant radiation sensitization (clone #18 rER 1.24,
clone #48 rER 1.27) (Fig. 3]). There was also significant
decrease in surviving fractions at 2 Gy (SF-2 Gy) in these

clones. Similarly, significant radiation sensitization was
observed in MDA-MB-231 BUB1 KO clones (clone #12
rER 1.57, clone #15 rER 1.37) and also significant reduc-
tion in surviving fractions at 2 Gy (Fig. 3K). To further
confirm a role for BUBI in radiation sensitization, BUB1-
wt and BUB1-kd plasmids were transfected in one BUB1
CRISPR KO SUM159 and MDA-MB-231 clone each
and clonogenic survival assay was performed (Fig. 3L-
M). In both the cases, we observed significant radiation
sensitization which was reversed when BUBl-wt was
expressed (rER 0.9) but not in BUB1-kd expressed cells
(rER 1.0), as demonstrated by immunoblotting. The rER
value of SUM159 and MDA-MB-231 BUB1 KO clones
presented in Fig. 3L-M is lower than that of Fig. 3]-K due
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Fig. 3 Effect of BUB1 genomic depletion on cell survival and radiation sensitivity. Transient transfection of BUB1 siRNA (20, 60 and 100 nM)

or control siRNA (100 nM) measured cell viability using alamarBlue assay in (A) SUM159, (B) MDA-MB-231, (C) MDA-MB-468, (D) BT-549, and (E)
T-47D. Effect of siRNA-mediated BUB1 depletion on radiosensitization was measured in these cell lines. Transient BUB1 siRNA transfection led

to moderate radiosensitization with rER 1.0 to 1.2 in (F) SUM159, and (G) MDA-MB-231; After silencing of BUB1, BUBT-WT re-expression rescues

the radiosensitization phenotype while BUB1-KD does not in (H) SUM159 and () MDA-MB-231. Genomic depletion of BUB1 by CRISPR/Cas9 leads
to radiosensitization in (J) SUM159 and (K) MDA-MB-231 cells; Re-expression of BUBT-WT rescues the radiosensitization phenotype in BUB1 CRISPR
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to the toxicity that is commonly observed with the Lipo-
fectamine 2000 transfection reagent, which we used to
transfect the BUB1-wt and BUB1-kd plasmids.

BUB1 inhibition radiosensitizes SUM159 tumor xenografts

and prolongs animal survival

To determine the effects of BUBI inhibition on radio-
sensitization in vivo, xenograft tumors (N= >9-10/arm)

were generated by injecting SUM159 cells into the 4%
mammary fat pads of female CB17/SCID mice. Mice
were randomized to different treatment groups once the
tumors reached ~80 mm?. Mice received either BUB1
inhibitor BAY1816032 (25 mg/kg, twice daily for 4 weeks,
week days only), RT (5Gy X3, 2 days apart), combination
or sham irradiation/vehicle (Fig. 4A). We initially tested
the doses/fractions (2.5 GyX8, 5 GyX3 and 10 GyX1)
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Fig. 4 BUBT inhibition sensitizes SUM159 tumor xenografts to radiation (A) Timelin

B 2
e of the experiment; (B) Representative images of tumor

growth in different treatment groups; (C) Combination treatment of BAY1816032 + RT reduces tumor volume in vivo; (D, E) Combination treatment
increases tumor volume doubling time in Fox Chase SCID mice; Representative images of (F) H&E staining showing structural changes and Ki67
staining (a proliferation marker) revealed a significant reduction in combination treatment of SUM159 xenografts; (G) Ki-67 plot showing decrease
in 9% of positive cells in combination treatment of BUB1i + RT. P-value was defined as **** P<0.0001

that yielded similar equivalent dose (EQD2; 21.7-23.3Gy)
and biologically effective dose (BED; 32.5-35Gy) using an
alpha/beta ratio of 4 which enabled us to explore whether
high dose/fraction was more effective than standard
fractionation. We observed insignificant benefits of add-
ing 2.5GyX8 and 10 GyX1 radiation with BUBL1i while
5GyX3 schema demonstrated superior tumor control

(Supplementary Fig. S7A) which was selected for the
subsequent repeat experiments. In combination treat-
ment arm, RT started 24 h after the first treatment with
BUBLi. BAY1816032 with RT significantly reduced tumor
growth (Fig. 4B) compared with inhibitor or RT alone
and significantly extended animal survival (Fig. 4C-
E). There was no toxicity of BUBI1 inhibitor since body
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weight of experimental animals remained constant dur-
ing the study period (Supplementary Fig. S7B). Immuno-
histochemical staining of Ki67 (marker for proliferation)
from tumors collected at the study end point revealed a
significant reduction in Ki67 positivity in combination
treatment than either treatment alone which also corre-
lated with H&E staining pattern (Fig. 4F-G).

Additionally, we generated mammary fat pad tumor
xenografts in CB17/SCID mice (N = 4-10/arm) using
SUM159 BUB1 CRISPR KO cell line (clone #48). Animals
were randomly divided into treatment groups once the
tumors established (~80 mm?) and treated with RT (5Gy
X3) or sham irradiated (Fig. 5A). There was a significant
increase in mouse survival in combination treatment
group as compared to sham irradiation (Fig. 5B-E).

BUB1 inhibition reduces radiation induced DSB repair

as visualized by yH2AX foci

We next investigated the effect of BAY1816032 on
dsDNA break repair. yH2AX foci (> 10 foci per cell),
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a marker for unresolved double strand DNA dam-
age was assessed in cells treated with DMSO and 1 uM
BAY1816032, either with or without RT (4 Gy) at dif-
ferent time points (30 min, 4 h, 16 h, 24 h). NU7441
(DNAPK inhibitor) was used as a positive control. Repre-
sentative images are shown of yH2AX (16 h) in SUM159
and MDA-MB-231 cell lines (Fig. 6A and C). Non-irradi-
ated cells had fewer YH2AX positive cells. RT induced the
formation of yH2AX foci in approximately 40% of cells
within 30 mins post-irradiation, peaked at 4 h, gradually
decreased by 16 h and reached near baseline levels by 24
h. However, pretreatment with BAY1816032 resulted in a
slight increase in the number of foci (approximately 90%
of cells) at 30 min post-irradiation and the expression
of YH2AX foci continued to remain elevated thereafter;
even at 16 and 24 h with a significantly higher number
of foci in the BAY1816032 pre-treated group compared
to RT alone group (Fig. 6B and D). Cells treated with RT
alone efficiently repaired the RT-induced dsDNA dam-
age than the combination over the time, suggesting that

A
I Inject SUM159 +RT(5Gn)
oy
mamary o)
it
coisc e gt
w7t
B C
Mock KO KO + 5Gy Mock
* B B - KO
) Ty & 7 ¥ j f 1500 KO+RT (5GyX3)
9 A3 B 43 )
X €
X Sk E
¥ hea it e 2 1000
¥ & $
2% 1 Z
S S
1 i E 500
-£ i E
é e
= o
= 0 10 20 30 40
Days
D E
Mock == O KO+5Gy
2 1.00 Characteristic Beta | 95%Cl | p-value
3 time 0.177 | 0.15,0.19 | <0.001
< 0.7 group
‘8 Mock - -
5 0.50 KO 0.51 0.14,1.2 0.12
= KO +5 Gy 0.52 -0.06, 1.1 0.079
g scale(log2(bs)) 1.0 0.87,12 <0.001
S 02 time * group
5 time * KO ©0.01 [ -0.04,0.02 0.5
9 .00 time*KO+5Gy | -0.10 | -0.12,-0.08 | <0.001
0 10 20 £ 20 time * 0.02 | -0.03,-002 | <0.001
Days scale(log2(bs))
Number at risk
10 10 2 0
KO 4 2 1 0
6 6 5 3
10 20 30 40
Days
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Fig. 6 BUB1 ablation radiosensitize through NHEJ

. Representative images of (A) SUM159 and (C) MDA-MB-231 yH2AX foci at 16 h. Original

magnification, x63; Combination treatment of BUB1i and RT leads to delayed resolution of yH2AX foci in (B) SUM159, and (D) MDA-MB-231 cell
lines. Inhibition of BUB1 kinase function by BAY1816032, at 1 uM and 10 uM, decreases NHEJ efficiency (V Luc) and increases HR efficiency (G
Luc) in (E) SUM159, and (F) MDA-MB-231. Effect of DNAPK inhibitor (NU7441) on cell proliferation in TNBC cell lines. NU7441 is cytotoxic to cells
at low nanomolar range (G) SUM159, ICq: 368 nM; (H) MDA-MB-231, IC: 503 nM; Combination of BAY1816032 and NU7441 does not increase
DNAPKcs-mediated radiosensitization in (I) SUM159 (J) MDA-MB-231 cell lines. Inhibition of BUB1 increased transcription of DNA damage genes
after radiation. Significant upregulation of H2AFX and downregulation of PRKDC levels in (K) SUM159 and (L) SUM159 BUB1 CRISPR KO cells were

observed. P-values were defined as * P<0.05, ** P<0.01

BUBLI inhibition delayed the RT induced dsDNA break
repair efficiency.

We also assessed the dsDNA break repair using
BUBI siRNA in SUM159 and MDA-MB-231 cell lines.
Representative images of YH2AX (16 h) are shown in

, % P<0.001, **** p<0.0001

Supplementary Fig. S8. Almost all cells treated with
BUBI siRNA were YH2AX foci positive in presence or
absence of RT (4 Gy) at 30 min and 4 h. The largest dif-
ferences were seen at subsequent time points (16 and 24
h) in which BUB1 depletion resulted in persistence of
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YH2AX foci, whereas the foci began to resolve in pres-
ence of BUBL. These results indicate that inhibition of
BUBI kinase activity most likely results in a slower rate of
DNA damage repair.

BUB1 inhibition reduces non-homologous end joining
(NHEJ) repair

The two major pathways for repair of DNA DSBs include
HR and NHE] [35]. Though either may be involved in
repairing dsDNA breaks, earlier reports suggested a
potential link between BUB1 expression and NHE] path-
way [10]. Thus, we hypothesized that reduced NHE]
repair efficiency is partly responsible for BUB1-mediated
radiosensitization and prolonged unresolved dsDNA
breaks. Following the induction of a DSB, we used BLRR
approach to simultaneously monitor the NHE] and HR
dynamics [26]. We aimed to confirm if BUBI inhibi-
tion impacted NHE] or HR since it has been previously
demonstrated that knockdown of BUB1 reduces NHE]
efficiency [10]. BLRR transfected cells treated with
BAY1816032 at two different concentrations (1 and 10
uM) in presence of RT (4 Gy) led to a significant decrease
in NHEJ (VLuc activity) signal as the GLuc signal (HR
activity) increased reciprocally in a dose-dependent man-
ner (Fig. 6E-F). NU7441 was used as a positive control.
These results indicate that BUB1 inhibition decreases
NHE]J-mediated DNA damage repair efficiency and
BUBI-mediated radiosensitization may take place
through the NHE] pathway.

BUB1 inhibition does not increase DNAPKi-mediated
radiosensitization

The above results encouraged us to further assess the
effect of BUB1 inhibition in combination with a DNAPK
specific inhibitor NU7441, which is well-known to
impair NHE]J-mediated radiation-induced DSB repair
[36]. Initially, we investigated the cytotoxicity of NU7441
in SUM159 and MDA-MB-231 cells at 72 h. The ICy,
value of NU7441 on these cells ranges from 300 - 500
nM (Fig. 6G-H). The radiosensitization effects follow-
ing treatment with a combination of BAY1816032 and
NU7441 (250 nM each) in presence of radiation (0, 2,
4, 6 Gy) were assessed using clonogenic survival assays.
When combined, BUB1 inhibition does not increase
DNAPK inhibitor driven radiosensitization (combination
rER ranges from 1 to 1.3) which further confirms that
BUB1-mediated radiosensitization takes place through
NHE] pathway (Fig. 6I-]). Furthermore, the surviv-
ing fraction at 2 Gy (SF-2 Gy) was significantly reduced
by the combined effect of BAY1816032 and NU7441
(Fig. 61-J; inset plots) but it was not significantly different
than either agent alone.
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Pharmacological and genomic ablation of BUB1

causes increased transcription of DNA damage genes

after radiation

Cells were pre-treated with BUB1j, irradiated (4 Gy) 1h
after BUBIi and harvested 72h post RT to examine the
impact of BUBI inhibition on NHE] pathway associ-
ated genes by qPCR. The expression of H2AFX, XRCCS,
XRCC6, PRKDC, and BUBI was measured and nor-
malized against GAPDH. These results demonstrated
an increase in H2AFX, XRCC5, and XRCC6 in BUBIi
treated SUM159 (Fig. 6K) and MDA-MB-231 cells (Sup-
plementary Fig. S9, top panel). We observed significant
downregulation of PRKDC and BUB1 in BUBIi treated
cells. (Fig. 6K and Supplementary Fig. S9). Similar results
were obtained in both BUB1 CRISPR KO cell lines
(SUM159 KO #48; Fig. 6L and MDA-MB-231 KO #12;
Supplementary S9, bottom panel) further supporting a
role for BUBL1 in regulating mRNA levels of key NHE]
genes in response to radiation.

BUB1 ablation increases DNAPKcs phosphorylation

and stabilizes it after irradiation

DNAPK catalytic subunit (DNAPKcs) is a well-known
mediator of DNA DSB repair through the activation of
NHE]J [37, 38]. DNAPK autophosphorylates at Ser2056
(PQR cluster) and Thr2609 (ABCDE cluster) in response
to DSB induction [39-41] which may limit or promote
DNA end processing during NHE] [40, 42]. Thus, we
evaluated if BUB1 ablation had any effect of DNAPK
phosphorylation at Ser2056 (S2056) in MDA-MB-231
(Fig. 7A) and MDA-MB-468 (Supplementary S10A) cells.
As expected, radiation treatment led to an increase in
DNAPK phosphorylation (pDNAPKcs) at S2056 which
was significantly increased in samples that had been
pre-treated with BUBIi (Fig. 7A). DNAPK inhibitor
NU7441 was used as a positive control in parallel experi-
ments. Not surprisingly, pre-treatment with NU7441
almost completely blocked radiation induced DNAPKcs
$2056 phosphorylation in these cells (Fig. 7A and Sup-
plementary S10A). There were no noticeable changes in
the expression of KU70, KU80, or total DNAPKcs. Since
radiation induced DNAPKcs autophosphorylation can
be observed within minutes [28, 39, 40] and phospho-
DNAPKGcs levels decrease afterwards [41], we next inves-
tigated if BUB1 ablation changes pDNAPKcs dynamics
following radiation. Cells were pre-treated with BUBLi
for 1hr followed by 4 Gy radiation and collected at vari-
ous intervals (0, 15, 30, and 120 min). We observed that
the pre-treatment with BAY1816032 augmented the
expression of pDNAPKcs (52056), which was noticeable
up to 2h while pDNAPKcs started to decrease after 30
minutes in the radiation alone group in MDA-MB-231
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Fig. 7 BUBT ablation leads to increased phosphorylation of DNAPKcs, alters chromatin localization of key NHEJ factors and induces apoptotic

cell death upon irradiation. A MDA-MB-231 cells were treated with BUB1i or DNAPKi an hour prior to radiation treatment. Cells were harvested 30
minutes post RT (4Gy) and resolved on SDS-PAGE gels and probed with indicated antibodies. B MDA-MB-231 cells were treated as (A) and harvested
at 1-, 15-, 30- and 120-minutes post-RT and immunoblotted as specified. C SUM159 (top panel) MDA-MB-231 cells (bottom panel) were treated
with cycloheximide followed by BUB1i or DNAPKi and radiation (4Gy). Total protein lysates were made at the indicated time-points and resolved

on gels. D BUB1 CRISPR KO SUM159 (left panel) or MDA-MB-231 (right panel) cells were treated with cycloheximide, and radiation and samples were
harvested at different time points. E Quantitation of pDNAPKcs protein levels in SUM159 and MDA-MB-231 cells (from 7C and other experiments).

F Quantitation of BUB1 protein levels in SUM159 and MDA-MB-231 cells (from above experiments). G Nuclear and chromatin fractions of SUM159
and MDA-MB-231 cells treated with BUB1i, DNAPKi and RT (left) and BUB1 CRISPR KO SUM159 and MDA-MB-231 cells treated with RT (right panels).
H Effect of BUB1 inhibitor (red circles) on initial recruitment of YFP-tagged KU80 and YFP-DNAPKcs by laser microirradiation in U20S cells. I effect

of BUBT inhibition on the accumulation of YFP-KU80 and YFP-DNAPKcs at laser-induced DSBs for up to 120 minutes. J QRT-PCR of BAX, BCL2, PCNA,
CASP3 and CASP9 in SUM159 cells treated with BUBTi, DNAPKi and radiation (4 Gy, 72 hours). (I) QRT-PCR of BAX, BCL2, PCNA, CASP3 and CASP9

in SUM159 BUBT CRISPR cells 72 hours post-irradiation (4 Gy). P-values were defined as * P<0.05, ** P<0.01, and *** P<0.001

while it was noticeable in MDA-MB-468 only at 120 min-
utes in RT only lanes (Fig. 7B and Supplementary S10B).
This data indicates that BUBI1 ablation increases the
amplitude and duration of radiation induced pDNAPKcs

within a PQR cluster site.

To validate if observed increase in amplitude and
duration of pDNAPKcs was due to the stabilization of
pDNAPKcs-S2056, we carried out an experiment wherein
nascent protein synthesis was blocked by cycloheximide
(CHX). MDA-MB-231 and SUM159 cells were treated
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with CHX, followed by BUB1i, DNAPKi, vehicle/mock
and radiation (4Gy). Protein samples were collected at
various time points (0 min, 30 min, 2 h, 8 h, 16 h, and 24
h) and resolved on SDS-PAGE gels (Fig. 7C). Densitomet-
ric analysis yielded half-life (t;,,) of pPDNAPKcs at >24h
in radiation treated samples which significantly increased
upon DNAPKi treatment in SUM159 cells. Surprisingly,
combination of BUBLi with RT significantly stabilized
pDNAPKcs up to the longest time point evaluated (24h)
such that t;, could not be estimated (Fig. 7C). These
results demonstrate that BUBI ablation stabilizes radia-
tion induced pDNAPKGcs. In BUB1 CRISPR KO cell lines
(SUM159 KO#48 and MDA-MB-231 KO#12), DNAPKcs
phosphorylation was detectable up to 24 h in the pres-
ence of RT further confirming a role for BUBLI in stabi-
lizing pDNAPKcs (i.e., active DNAPKcs) in response to
radiation (Fig. 7D). Interestingly, we observed that BUB1
protein was stabilized upon radiation treatment (t, ,, = co,
Fig. 7C and 7E) which was reversed in cells pre-treated
with BAY1816032 (t,,, = 8h, Fig. 7F). BUBI inhibitor at
clonogenic concentrations did not affect BUB1 protein
levels in MCF10A cells (Supplementary Fig. S11).

BUB1 ablation alters chromatin localization of NHEJ
proteins

Chromatin remodeling increases the accessibility of the
region surrounding a DNA lesion for proteins involved
in DNA damage response and repair [43]. DNA damage
sensors and early signal transducers are rapidly attracted
to damaged DNA sites right after the radiation expo-
sure [44]. We postulated that the initial local chroma-
tin relaxation brought about by BUB1 kinase activity is
necessary for the rapid loading of the NHE] machinery
to DSBs. To examine this, nuclear and chromatin frac-
tions were isolated 10 min post-DNA damage with 8 Gy
RT in BUBIli-treated and BUB1 CRISPR KO SUM159
and MDA-MB-231 cell lines (Fig. 7G). We observed an
increased recruitment of phospho-DNAPKcs, total-
DNAPKcs, and KAP1 in both nuclear and chromatin-
enriched fractions suggesting that BUB1 plays a crucial
role in the activation and recruitment of key NHE] pro-
teins to DSBs. There was no change in the enrichment of
KU70 and KU80 proteins in these fractions. The hypoth-
esis that BUBL is necessary for the quick recruitment of
the NHE] factors to DNA damage sites was supported
by laser micro-irradiation experimental findings. Since
BUBI interacts with DNAPKcs just after DSB induction
[10], we additionally looked at whether BUBI1 regulates
DNAPKcs at DSBs. Inhibition of BUB1 does not affect
the initial recruitment of YFP-KUB80 as viewed in Fig. 7H
(top, 200 sec) while BUBIi results in rapid recruitment of
YFP-DNAPKcs to DSBs compared to the vehicle treated
cells (Fig. 7H, bottom). In contrast, BUB1 inhibition
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resulted in prolonged retention of KU80 and DNAPKcs
at DSBs for up to 120 minutes (Fig. 7I). Gene correlation
analysis on the METABRIC dataset identified very strong
correlation between BUB1 and H2AX (spearman correla-
tion 0.58), PRKDC (0.39), and moderate correlation with
XRCC5 (0.05) and XRCC6 (0.29) further corroborating a
strong link between BUB1 and NHE] mediators (Supple-
mentary S12).

BUBT1 ablation increases transcription of apoptotic genes
after irradiation

Since BUBI increased radiation induced cell death
(Fig. 2H-M, and Fig. 3F-M) and led to increased loading
of key NHE] factors chromatin fractions (i.e., DNA dam-
age; Fig. 7G), we next sought out to elucidate cell death
mechanisms mediated by the combination treatment.
qRT-PCR for pro-apoptotic, anti-apoptotic and prolif-
eration genes demonstrated significant upregulation of
BAX, CASP3 and CASP9 while significant downregula-
tion of PCNA and BCL2 was observed after BUB1 abla-
tion in SUM159 and MDA-MB-231 cell lines (Fig. 7] and
Supplementary S13). Gene correlation studies using the
METABRIC dataset identified very strong correlation
between BUB1 and MKI67 (spearman correlation 0.71),
CASP3 (0.44), BAX (0.27), BCL2 (-0.42) and PCNA (0.48)
all with p <*** (Supplementary S13) further supporting a
role for BUB1 in facilitating radiation induced apoptosis.

BUBT1 is overexpressed in tumors and its expression
correlates with tumor grade

We examined the expression of BUB1 in breast tumors
(N = 202) and compared with normal breast tissues (N
= 15). Expression levels of BUB1 protein were graded
based on staining intensity and percentage of cells posi-
tively stained for BUBL. Levels of immunopositivity were
scored as follows: 0 (No staining); 1+ (Weak staining);
2+ (Moderate staining); 3+ (Strong staining). Scores of
0 designated as negative, and scores of 1, 2, and 3 were
designated as positive. Examples of BUBI1 staining are
illustrated in Fig. 8A under 4x and 20x magnifications.
Immunohistochemical analysis revealed a significantly
high BUBI protein expression in breast tumors com-
pared to normal breast tissue. We observed significant
correlation between BUBI protein expression (staining
intensity) and tumor grades and stages (Fig. 8B). Fur-
thermore, BUB1 was overexpressed in TNBC (N = 50;
P<0.05), ER+/PR+ (N = 63; P<0.001), ER+/PR+/HER2+
(N = 19; P<0.05), ER+ (N = 37; P<0.05), ER+/HER2+
(N = 12; P<0.01), HER2+ (N = 18; P<0.0001), and PR+
(N = 3; P<0.0001) compared to normal breast (N = 15).
Although, we observed highest BUB1 staining inten-
sity in PR+ tumors, the number of PR+ samples in the
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Fig. 8 BUB1 is overexpressed in breast tumors. A Representative images of BUB1 staining intensity at 4x and 20x magnifications in breast TMA.

B Quantification of BUB1 staining in breast tumor TMA. C Proposed model for a role of BUB1 in mediating radiation induced NHEJ signaling. We
propose that radiation induced DNA DSB are repaired efficiently when BUB1 is present (left panel) leading to radiation resistance. In the absence

of BUB1 activity or availability, radiation induces hyper phosphorylation of DNAPKcs (Ser2056) and increased binding of NHEJ mediators at the DNA
DSB sites (right panel). These NHEJ mediators may not stay on the extended chromatin thus hamper end processing causing radiation-sensitization.
P-values were defined as * P<0.05, ** P<0.01, *** P<0.001, and **** P<0.0001
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current TMA are too small to statistically support the
findings.

Discussion
BUBL is a serine/threonine kinase required for optimal
DNA damage response as there is increasing evidence
that DNA damage response elements and spindle assem-
bly checkpoint components crosstalk [11]. We identified
BUBI as a key kinase associated to radiosensitivity in a
focused human kinome screen [30]. Nevertheless, there
is no data that links BUBLI to radiation therapy or DNA
damage repair in TNBC. Here, we demonstrate that
BUBI1-specific inhibitor BAY1816032 radiosensitized
TNBC models, a subtype of breast cancer known to have
limited treatment options with poorest prognosis [45].
Previous studies have shown the advantage of radiation
therapy in reducing local recurrence rates, and this was
validated in a randomized controlled trial in patients with
TNBC [46]. However, radioresistance is a major cause of
treatment failure or locoregional relapse in TNBC. Here,
we provide evidence that BUB1 mediates radiation resist-
ance in TNBC through modulating DNA DSB repair.
Our study showed that BUBI1 is overexpressed (dif-
ferential mRNA levels) in breast cancer with the highest
expression in TNBC (Fig. 1D). However, BUB1 protein
expression is found to be slightly different when com-
pared to the differential mRNA expression (Fig. 2G). We
hypothesize that several factors including delayed pro-
tein synthesis, post-transcriptional and post-translational
modifications, different protein half-lives cause reduced
mRNA/protein correlations [47—-49]. Generally, only 20 —
40% correlation is observed between protein expression
and corresponding mRNA levels [50, 51]. Our findings
that BUBLi was effective at a log lower concentration in
cancer cells (Fig. 2A-E) compared to normal breast epi-
thelial MCF10A cell line (Fig. 2F) demonstrate the selec-
tivity and potentially minimal toxicity of BUBLi in future
translational studies given it was found to be safe in large
animal models [52]. Our observations that BUB1 abla-
tion sensitizes TNBC cell lines (SUM159, MDA-MB-231,
MDA-MB-468, and BT-549) but not Luminal A sub-
type (T47D) further support a role for BUB1 in mediat-
ing radiation-resistance phenotype in TNBC [30]. PI3K
family kinases including ATM, ATR, and DNAPK phos-
phorylate Ser139 in H2AX upon DNA damage which is
necessary to sustain the stable association of repair fac-
tors at DSB sites [53]. ATM phosphorylates BUBI at
Ser314 that activates BUBI1 resulting in optimal DNA
damage response [11]. By re-expressing BUB1-WT and
BUBI-KD in BUBI1 knockout cells, we confirmed that
BUBI activity plays a role in radiation (Fig. 3) and DDR
responses (Fig. 6A-D). Biochemical or genomic BUBI1
ablation radiosensitized SUM159 mouse xenograft model
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(Figs. 4 and 5) further corroborating a role for BUBI in
mediating radiation response. Prolonged presence of
YH2AX foci after irradiation in BUB1 ablated cells sup-
ports earlier reports on delayed or unrepaired DSB after
BUBI ablation [10, 54]. The BLRR assay confirmed that
BUBII radiosensitizes TNBC through NHE] (Fig. 6E-F)
which was further confirmed by no increase in DNAPKi
mediated radiosensitization by BUB1i (Fig. 6I-]). Similar
observations with DNAPKi have been reported [55].

Recent evidence has shown that the DNAPKcs
and DNA methyltransferase inhibitors are effec-
tive at sensitizing TNBC to PARPi and radiation [56].
Autophosphorylation of DNAPKcs at Ser2056, a known
autophosphorylation site within the PQR cluster regu-
lates DNA end processing and possibly DSB repair path-
way choice [57, 58]. Surprisingly, we identified that BUB1
ablation increased the level and amplitude of pDNAPKcs-
52056 following radiation. The pPDNAPKcs was stabilized
till the longest time point evaluated (24hr). Our obser-
vations support previous studies which demonstrated
higher or persistent pDNAPKcs following DNAPKi,
ATMi with IR or other DNA damaging agents [39, 58—
60]. Although, we have not confirmed the mechanism
of pDNAPKcs stabilization by BUB1, we are tempted to
speculate that known (RNF144A [61], MARCHS5 [62],
CRL4ADTL [63]) or yet unrelated E3-ubiquitin ligase(s)
may be involved. Although tumor suppressor protein P53
(p53) has been linked to BUBI expression [64], the data
has been lacking that demonstrated BUB1 protein regu-
lation by radiotherapy. Our cycloheximide chase assays
clearly demonstrates that BUBI1 is stabilized upon RT
while pretreatment with BUB1i or DNAPKi reverses this
and causes BUB1 degradation after irradiation (Fig. 7C,
7F). Future studies will determine the mechanism of
BUBI regulation by radiation.

Chromatin remodeling increases the accessibility
of DNA damage response and repair proteins in area
around a DNA lesion [43]. Phosphorylation of H2AX
and KAP1 are key steps that enhance chromatin relaxa-
tion and allow the recruitment of the DDR machinery to
a DSB [65, 66]. Our findings (Fig. 7G) that BUB1 ablation
causes increased loading of pDNAPKc, pKAP1, KAPI,
and pATM to chromatin fractions and alters the recruit-
ment of YFP-KU80 and YFP-DNAPKcs (Fig. 7H-I) sup-
port a role for BUBI in this step. Lu et al., identified a role
for DNAPK kinase activity wherein attenuated chromatin
recruitment of MRN complex was detected in DNAPK-
KD or null (-/-) cells [28]. Additionally, they observed
decreased localization of NHE] factors including LIG4,
XRCC4 and XLF in chromatin fractions in these cells
further supporting a role for DNAPKcs activity in NHE].
The above data supports our hypothesis wherein BUB1
mediate radiation induced NHE] through regulating
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activation (phosphorylation) of DNAPKcs thus chroma-
tin relaxation and access of NHE] factors. Taken together,
our results provide evidence to the hypothesis that BUB1
is necessary for the quick recruitment of the NHE] fac-
tors to DNA damage sites (Fig. 7G-I). In future, we will
perform in-depth mechanistic studies such as micro-
nuclease digestion, immunoprecipitation (CO-IP), and
proximality ligation assay (PLA) to confirm a role for
BUBLI in this step of NHE]. Since mutagenesis of DNAP-
Kcs Ser2056 confirmed that it limits end-processing [58],
additionally we will evaluate if BUB1 ablation impacts
this process. Because DNAPKcs inhibition or depletion
leads to reduction in NHE] and reciprocally a shift to
HR [67, 68] and since certain phosphorylation in DNAP-
Kcs promote HR while inhibiting NHE] [67], it would
be interesting to see if these phospho sites in DNAPKcs
are affected by BUB1 and thus downstream signaling
(HR). Moreover, ATM phosphorylates members of MRN
complex (that initiates HR cascade) [69], NHE] factors
(including DNAPKcs [70], and H2AX) and is shown to
phosphorylate BUB1 at Ser314 in response to irradia-
tion [11], it would be fascinating to investigate if BUB1
indeed affects HR response through ATM or some other
mechanism.

BUBI transcripts are significantly higher in breast can-
cer cell lines and in high-grade primary breast cancer tis-
sues compared to normal mammary epithelial cells, or in
normal breast tissues [71]. High BUB1 expression (tran-
script) correlates with extremely poor outcome in breast
cancer [72, 73]. Our meta-analysis that BUB1 expression
significantly correlates with Ki67 (Supplementary Fig.
S12) supports earlier findings [72-74] and signifies our
in-vivo observations that tumors harvested from mice
treated with a combination of BUBI1i and radiation have
statistically significant reduction in Ki67 (Fig. 4F-G) or
PCNA in cells (Fig. 7J). Our TMA analysis found strong
correlation between BUB1 protein expression and tumor
grade (Fig. 8A-B) and identified high BUB1 expression in
TNBC samples. Our BUB1 immunostaining TMA data
support earlier findings wherein nuclear BUB1 staining
was found to strongly correlate with stage, pathological
tumor factors, lymph node metastasis, distant metastasis,
histological grade, and proliferation [74]. In future it will
be important to assess if BUBL protein expression cor-
relates with treatment naive or radioresistant-recurrence
cases. Based on our data that BUBI is stabilized upon
radiation treatment (Fig. 7C) we speculate higher BUB1
expression in radiation resistant, recurrent cases com-
pared to treatment naive cases.

Our results are consistent with previous reports
where knockdown of BUB1 was demonstrated to pro-
long YH2AX foci, comet tail as well as hypersensitiv-
ity in response to ionizing radiation [11]. Since BUBI1
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co-localizes with 53BP1 [10] and interacts with NHE]
factors [10] and we identified that BUB1 ablation
increases the amplitude and duration of DNAPKcs phos-
phorylation and increases chromatin localization of key
NHE] factors, we describe a model on BUBI’s role in
NHE]J (Graphical Abstract, Fig. 8C). In the presence of
BUBI (left panel), the NHE] is efficient and can repair
radiation induced DSB thus causes radio-resistance. On
the other hand, BUBI inhibition or depletion causes
increased phosphorylation of DNAPKcs and increased
binding of NHE] factors at the DSB sites (right panel).
These NHE] mediators do not stay on the extended/open
chromatin required for proper end processing and liga-
tion of the DNA ends. This leads to reduced NHE] repair
leading to radiation-sensitization. DNAPKcs phosphoryl-
ation is essential for its dissociation from Ku bound DNA
[46, 75, 76]. Although we observed increased binding of
NHE]J factors at the chromatin following BUB1i+RT (10
minutes post RT), we cannot rule out that these factors
fall off at a later time without repairing broken DNA ends
(limited end processing) as has been demonstrated using
DNAPKcs phospho-site mutants [76]. Taken together,
our data demonstrate that BUB1 is overexpressed in
breast cancer including TNBC and BUB1 ablation leads
to radiosensitization through regulating DNAPKcs phos-
phorylation and chromatin localization of key NHE] fac-
tors. Our findings strongly support nomination of BUB1
as a potential biomarker and a therapeutic target for radi-
osensitization in TNBC.
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