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ABSTRACT

DNA repair pathways are essential to maintain the
integrity of the genome and prevent cell death and
tumourigenesis. Here, we show that the Barrier-to-
Autointegration Factor (Banf1) protein has a role in
the repair of DNA double-strand breaks. Banf1 is
characterized as a nuclear envelope protein and mu-
tations in Banf1 are associated with the severe pre-
mature aging syndrome, Néstor—Guillermo Progeria
Syndrome. We have previously shown that Banf1 di-
rectly regulates the activity of PARP1 in the repair of
oxidative DNA lesions. Here, we show that Banf1 also
has a role in modulating DNA double-strand break
repair through regulation of the DNA-dependent Pro-
tein Kinase catalytic subunit, DNA-PKcs. Specifically,
we demonstrate that Banf1 relocalizes from the nu-
clear envelope to sites of DNA double-strand breaks.
We also show that Banfi can bind to and directly
inhibit the activity of DNA-PKcs. Supporting this,
cellular depletion of Banf1 leads to an increase in
non-homologous end-joining and a decrease in ho-
mologous recombination, which our data suggest is
likely due to unrestrained DNA-PKcs activity. Over-
all, this study identifies how Banf1 regulates double-
strand break repair pathway choice by modulating
DNA-PKcs activity to control genome stability within
the cell.

INTRODUCTION

DNA double-strand breaks (DSBs) are viewed as one of the
most cytotoxic lesions to damage the genome and as such

the inability to repair these breaks may lead to genomic in-
stability or cell death. Consequently, this may in turn lead to
cellular transformation, promoting tumourigenesis (1). It is
therefore essential that DSBs in human cells are detected,
signalled and repaired efficiently. Cells contain a vast ar-
moury of proteins that function in signalling networks to
detect and signal DSBs, as well as proteins that function
in a highly orchestrated manner to repair these breaks di-
rectly. There are two main pathways available for the repair
of these cytotoxic DSBs. The homologous recombination
(HR) pathway repairs DSBs that specifically occur in the
S or G2 phases of the cell cycle when a sister chromatid
is available (2). The second pathway, non-homologous end
joining (NHEJ) is the predominant pathway and may be
used to repair DSBs in any phase of the cell cycle. NHEJ
essentially results in the re-ligation of the break site with no
or limited DNA processing. If processing does occur during
NHEJ, this can lead to loss of genetic information. The ma-
jor effector of the NHEJ process is the DNA-PK complex
comprising of the phosphatidylinositol-3-kinase like kinase
(PIKK) family member, DNA-dependent Kinase catalytic
subunit (DNA-PKcs), and the Ku70/80 heterodimer (3).
Once a DSB is induced it is recognized by the Ku70/80 het-
erodimer and DNA-PKcs is also recruited and stabilized
at the DSB. The DNA ends are then stabilized and DNA
end processing occurs if required. The DNA ends are lig-
ated back together by several proteins, including DNA Lig-
ase IV and XRCC4. Multiple layers of regulation of DSB
repair pathway choice have been proposed, including the
DNA break complexity, the stage of the cell cycle, chro-
matin complexity, regulation of resection and modulation
of ATM, DNA-PKcs, Ku70/80, 53BP1 and BRCAI (re-
viewed in (4)).

Barrier-to-autointegration factor (Banfl/BAF) is a small
non-specific DNA binding protein that is conserved
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amongst multicellular eukaryotes. Banfl, functions as a
dimer, and binds to the phosphate backbone of the DNA,
compacting the DNA in a looping process (5). The loss of
Banfl results in a loss of nuclear envelope integrity and
aberrant chromatin organization. Our previous work char-
acterized the role of Banfl in regulating PARP1 activity fol-
lowing oxidative stress (6). Specifically, induction of oxida-
tive lesions promotes the binding of Banf1 to PARP1, a crit-
ical NAD*-dependent DNA repair protein. In cells with in-
creased Banfl this leads to the inhibition of PARPI auto-
ADP-ribosylation and defective repair of oxidative lesions.

A single point-mutation in the N-terminal domain of
Banf1 is associated with the severe premature aging syn-
drome, Néstor—Guillermo Progeria Syndrome (7-9). Pre-
mature aging is intrinsically linked with the genome stability
pathways (10,11). Consistent with this, cells from NGPS pa-
tients exhibit defective PARP1 activity and impaired repair
of oxidative lesions, supporting a model whereby Banfl is
crucial to reset oxidative-stress-induced PARP1 activity (6).

In this study, we demonstrate that Banf1 also functions in
DNA DSB repair. Banfl responds to the induction of DSBs
by relocating from the nuclear envelope to the break sites.
Banf1 binds to DNA-PK and inhibits its activity, and sub-
sequently NHEJ, possibly to allow HR to occur at a sub-
set of breaks. Here, we establish a new Banfl-dependent
mechanism regulating the pathway choice between HR and
NHEJ.

MATERIALS AND METHODS

Reagents

Chemical reagents.  All chemical reagents were purchased
from Sigma.

Antibodies. The antibodies used were as follows:

anti-Banfl N-terminus (SAB1409950, Sigma-Aldrich,
1:1000 for WB and 1:500 for IF), anti-Banfl C-terminus
(PRS40170604, Sigma-Aldrich, 1:1000 for WB and 1:500
for IF), anti-Emerin (5430, Cell Signalling Technology,
1:500 for IF), anti-Flag M2 Antibody (F3165, Sigma-
Aldrich, 1:1000 for WB and 1:300 for IF), anti-y-Tubulin
(T6557, Sigma-Aldrich, 1:2000 for WB), anti-H3 (4499,
Cell Signaling Technology, 1:2000 for WB), anti-B-actin
(612656, BD Biosciences, 1:2000 for WB), anti-P-ATM
S1981 (5883, Cell Signaling Technology 1:1000), anti-
Mrell (HPA002691, Sigma-Aldrich, 1:1000 for WB),
anti-MDC1 (PLAO0016, Sigma-Aldrich, 1:1000 for IF),
anti-y-H2AX (ab26350, abcam, 1:1000 for WB; 9718,
Cell Signalling Technology, 1:1000 for IF, ab81299, abcam
for ChIP), anti-p-DNA-PK S2056 (Abcam, ab124918,
1:1000 wb), anti-DNA-PKcs (12311, Cell Signaling Tech-
nology 1:1000 for western blot and ab70205 1:200 for IF),
anti-Ligase IV (ab193353, Abcam, 1:1000), anti-Ku70
(ab92450, Abcam, 1:1000) and anti-nucleolin (14574,
Abcam, 1:1000). Fluorescent secondary antibodies used
were: Donkey anti-Mouse 800 nm (LiCor; IRDye 800CW
926-32212, 1:5000 for WB), Donkey anti-Rabbit (LiCor;
IRDye 680LT 926-28023, 1:5000 for WB) and Alexa Fluor
488 (Cat# A32766, Molecular Probes, 1:200 for IF) and
594 (Cat# A32754, Molecular Probes, 1:200 for IF).
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Biological resources

Cell lines. The U20S and HEK293T cells were obtained
from CellBank Australia (catalogue numbers 92022711 and
85120602, respectively). U20S cells were grown in RPMI
media, supplemented with 10% FCS, HEK293T cells were
grown in DMEM media, supplemented with 10% FCS. Cell
lines were grown at 37°C, 5% CO, and at atmospheric O,,
unless otherwise stated.

Constructs. The Flag-Banfl1 construct was synthesized by
Genscript in the pcDNA3.1+N-DYK vector in the BamHI-
Xhol cloning sites. These constructs were sequenced us-
ing the CMV primer (5-CGCAAATGGGCGGTAGGC
GTG-3). The His-Banf1 was synthesized by Genscript in
the pET-28a(+) vector in the Ndel-Xhol cloning sites.
These constructs were sequenced using the T7 primer (5'-
TAATACGACTCACTATAGG-3).

siRNA. Control and Banfl pooled esiRNA were pur-
chased from Sigma. Control and Banfl siRNA were pur-
chased from GenePharma (Banfl, GGGUUUUGACAA
GGCCUAUdTAT). Control and Banfl Silencer Select
siRNA were purchased from ThermoFisher. Cells were typ-
ically assayed 72 h after transfection.

MATERIALS AND METHODS
Transfections

All DNA constructs were transfected using Fugene HD
(Promega) as per manufacturer’s instructions. RNAiMax
(Invitrogen) was used to transfect esiRNA and siRNA as
per manufacturer’s instructions.

Immunoblotting

Cells were lysed [lysis buffer: 20 mM HEPES pH?7.5, 250
mM KClI, 5% glycerol, 10 mM MgCl,, 0.5% Triton X-
100, protease inhibitor cocktail (Roche) and phosphatase
inhibitor cocktail (Cell Signaling)] and sonicated. Lysates
were cleared by centrifugation. Typically, 30 g of protein
lysate was separated on a 4-12% SDS-PAGE gel (Invitro-
gen) blocked in Odyssey buffer (LiCor Biosciences) and im-
munoblotted with the indicated antibodies. Immunoblots
were imaged using an Odyssey infrared imaging system
(LiCor).

Immunoprecipitation

Cells were treated as stated then lysed using Pierce lysis
buffer (25 mM TriseHCI pH 7.4, 150 mM NacCl, 1% NP-
40, 1 mM EDTA, 5% glycerol) and sonicated as for im-
munoblotting. Lysates were transferred to a new tube and
incubated with Pierce™ Universal Nuclease for Cell Lysis
to digest DNA. Digested lysates were then incubated with
the indicated antibodies or equivalent amount of IgG for
the relevant species for 1 h on rotation at 4°C. Protein A
or G magnetic Dynabeads (Thermofisher) were then added
to the tubes and were incubated for 1 h on rotation at 4°C.
Beads were then washed five times in lysis buffer and boiled
in 2x SDS loading dye before immunoblotting.
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Recombinant Banfl purification and direct protein interac-
tions

The method of Banfl recombinant protein purification was
as in (6). For Banfl:DNA-PK interactions, purified DNA-
PK (Promega) was incubated with wild-type Banfl for 30
min in lysis buffer (50 mM Tris—-HCI, pH 7.8, 10 mM MgCl,
and 1 mM DTT) at room temperature. Banfl was then
immunoprecipitated and immunoblotted using Banfl anti-
bodies as above.

Mass spectrometry

U20S cells were transfected with Flag vector and Flag-
Banfl and prepared as per the immunoprecipitation pro-
tocol. On-bead tryptic digest produced peptides that were
subsequently cleaned, desalted and concentrated using SCX
staged tips. Samples were then separated using LC/MS-MS
on an Orbitrap Q Exactive plus HF.

The dried peptides were resuspended and analysed us-
ing ThermoFisher Scientific Ultimate 3000 RSLC nano ul-
tra high pressure liquid chromatography system (nUHPLC)
interfaced to hybrid quadrupole-Orbitrap Q Exactive Plus
mass spectrometer. Acidified peptides were loaded onto Ac-
claim Pepmap trap (300 pm L.D. x 5 mm, C18, Sum par-
ticle size, 100 A) at 10 wl/min and separated in-line using
a pre-equilibrated analytical column (ThermoFisher Scien-
tific, Basy-Spray C18, 75 um L.D. x 500 mm, 2 um parti-
cle size, 100 A) at a flow-rate of 0.25 pl/min and tempera-
ture of 40°C. The Q Exactive Plus was operated in a data-
dependent mode to automatically switch between Orbitrap-
MS and Orbitrap-MS/MS acquisition. Survey full scan MS
spectra (from m/z 350-1400) were acquired in the Orbi-
trap with resolution r 70 000 at m/z 400. Depending on
the signal intensity, up to 10 most intense ions were sequen-
tially isolated, fragmented in the HCD cell and recorded in
the orbitrap at a resolution of 17 500. For accurate mass
measurements the lock mass option was enabled in MS
mode and the polydimethylcyclosiloxane ions (protonated
Si(CH3)206; m/z 445.120025 from ambient air) were used
for real time internal recalibration.

Protein identification and label-free quantification
were performed using MaxQuant (version 1.6.8.0) (12).
MaxQuant was used to extract peak lists from the Xcalibur
.raw files (ThermoFisher Scientific, Germany) and the em-
bedded database search engine Andromeda (13) was used to
assign peptide sequences to the fragmentation spectra. The
database searched consisted of the reference proteome for
Homo Sapiens (20 369 canonical non-redundant sequences
downloaded from www.uniprot.org on 5 September 2019),
reversed sequences and the MaxQuant contaminant
database. For protein identification, the PSM and protein
FDRs were set to 0.01 and both unique and razor peptides
were used for label-free quantification. For this dataset a
minimum of two peptides were required for identification
of a protein.

Quantitative interaction proteomic analysis was per-
formed on MaxQuant-processed data by Perseus (version
1.6.8.0). Normalized protein group intensities were filtered
for contaminants and reverse hits. Statistical significance by
comparing the bait pull-down to its control replicates was
determined on the basis of a hyperbolic curve threshold of

s0 = 2.5and FDR 0.001 (Class A interactors) and sO0 = 2.5
and FDR 0.005 (Class B interactors).

DNA-PK activity assay

The activity of DNA-PK (DNA-PKcs and Ku70/80) was
determined, according to manufacturer’s instructions, using
a DNA-PK kinase enzyme system (V4106, Promega) and
ADP-Glo assay (V9101, Promega), using increasing doses
of recombinant Banfl (100, 200 and 500 ng), in triplicate.
The Banfl1-suspension buffer was also added to the DNA-
PK alone sample to control for potential buffer-induced in-
hibition of DNA-PK. Luminescence was measured on an
EnSpire 2300 Multi-label reader (Perkin Elmer).

Immunofluorescence

Cells were seeded the day before siRNA transfection. Fol-
lowing siRNA transfection cells were allowed to grow for
72 h before treatment or mock-treatment with the indicated
DNA damaging agent. After treatment cells were treated
with an extraction buffer (20 mM HEPES, 20 mM NacCl,
5 mM MgCl,, 0.5% IGEPAL), to remove soluble proteins
to enable study of chromatin-bound proteins (14) for 5 min
before fixation in 4% PFA. Cells were permeabilized with
0.2% Triton X-100 for 5 min and blocked in 3% BSA for
30 min. Cells were incubated with indicated primary anti-
bodies and Alexa-conjugated secondary antibodies for 1 h
each at room temperature. In order to visualize the colocal-
ization between Banfl and DNA-PK cells were treated as
above but with the addition of 0.3 mg/ml RNase A to the
extraction buffer (15). Cells were stained with DAPI, be-
fore imaging on a Delta Vision PDV microscope, 60x/1.42
or 100x/1.42 oil objective (Applied Precision, Inc). All
immunofluorescence figures were assembled using Imagel.
High content imaging was performed using the InCell Ana-
lyzer 6500 Imaging System (GE Healthcare Life Sciences).
Nuclear staining intensity was analysed using the InCell In-
vestigator software (GE Healthcare Life Sciences) with a
minimum of 500 nuclei quantified per each independent ex-
periment and the results shown represent the mean and S.D.
of three independent experiments. The average Pearson co-
efficient, r, was calculated from the analysis of 10 cells in
each condition using the ImageJ Coloc 2 analysis software.

Nuclear envelope quantification

Immunofluorescence was performed as previously using
anti-Banfl antibodies and images were taken using a
DeltaVision PDV microscope (6). To assess the proportion
of cells with BanfT at the nuclear envelope, cells were treated
with 6 Gy ionizing radiation and 50 cells in each condition
were assessed for the localization of Banf1 using a Delta Vi-
sion PDV microscope.

Homologous recombination and non-homologous end-joining
assays

For the integrated homologous recombination and non-
homologous end-joining assays; the pLCN DSB Repair
Reporter (DRR) (Addgene plasmid #98895; http:/n2t.
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net/addgene:98895; RRID:Addgene_98895) and pCAGGS
DRR mCherry Donor EFla BFP were a gift from
Jan Karlseder (Addgene plasmid #98896; http:/n2t.net/
addgene:98896; RRID:Addgene_98896). Stable U20S cells
containing the pLCN DSB Repair Reporter were generated
and the assay carried out as in (16). Briefly, the stable U20S
cells were transfected with the indicated siRNAs 48 h be-
fore transfection with Iscel and an exogenous donor for HR
(pCAGGS DRR mCherry Donor EFla BFP). Forty-eight
hours after transfection cells were processed for FACS to
detect BFP (as a control for transfection efficiency) GFP or
mCherry expression. Repair by NHEJ or HR leads to GFP
or mCherry expression, respectively.

The homologous recombination DR-GFP assay was car-
ried out as previously (17-19). Briefly, MCF7 stable cell
lines were generated containing the DR-GFP reporter con-
struct (19). Briefly, the stable MCF7 cells were transfected
with the indicated siRNAs, 48 h before transfection with
Iscel (and a separate GFP construct to control for trans-
fection efficiency). Forty-eight hours after transfection cells
were processed for FACS to detect GFP positivity.

Subcellular fractionation

To detect binding of proteins to chromatin, subcellular frac-
tionation was carried out using a Subcellular Protein Frac-
tionation Kit for Cultured Cells, according to the manufac-
turer’s instructions (Thermo Fisher Scientific).

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) assays were per-
formed as described previously (17,20). Briefly, MCF7 cells
stably expressing DRGFP were transfected with Flag or
Flag-Banf1. 24-post Flag transfection cells were transfected
with Iscel to induce a DSB. Immunoprecipitations with
Flag and yH2AX antibodies were performed. Real-time
PCR on ChIP samples used primers directed at 94-378 nu-
cleotides from the DSB. The enrichment of Banfl after in-
duction of the DSB was compared with that of Flag control.

Comet assay

The neutral comet assay was employed to measure DSBs
following IR treatment, as performed previously (21).
Briefly, U20S cells were treated or mock-treated with IR (6
Gy). Immediately after IR, or 0.5 or 4 h post-IR, cells were
embedded in agarose, lysed and subjected to electrophore-
sis, according to the Trevigen neutral comet assay protocol,
with a few variations. The lysis buffer used contained: 2.5 M
NaCl, 100 mM EDTA, 10 mM Tris (pH 10), 1% Triton X-
100. The electrophoresis was carried out with TBE buffer.
Single cells were stained with Sybr Green I (Invitrogen) and
at least 50 randomly selected cells per condition were anal-
ysed using imageJ software and the Olive tail moment cal-
culated (22).

Colony-forming assays

U20S cells were transfected with control or Banfl siRNA.
Forty-eight hours after transfection 500 cells were seeded
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into wells of a six-well plates. Cells were treated or mock-
treated with the 0-6 Gy IR and incubated for 10 days.
Colonies were stained with 4% methylene blue in methanol,
manually counted and normalized back to the number of
colonies in the untreated wells (23).

Statistical analyses

Histograms represent the average value + standard error
of the mean. Statistical analysis of the results was made
using Prism software (GraphPad). 7-test (two-tailed) were
used for statistical analysis. Data are presented as means
and standard deviation (SD) from >3 independent exper-
iments (unless otherwise stated). Statistical significance is
represented by * P-value < 0.05; **P-value < 0.01; ***P-
value < 0.001; **** P-value < 0.0001.

Ethics

All experimental procedures were approved by the
Queensland University of Technology; Human Research
Ethics Committee (approval numbers 1700000940 and
1900000269).

RESULTS
Banf1 rapidly localizes to sites of DSBs

Banfl mutation results in a severe premature aging syn-
drome, Néstor—Guillermo Progeria Syndrome (NGPS) (9).
Premature aging syndromes are often associated with pro-
teins that function directly or indirectly to control genome
stability via DNA double-strand break repair, such as
Werner Syndrome Helicase (WRN) and Lamin A (LMNA),
which lead to Werner Syndrome and Hutchinson-Gilford
Progeria, respectively (24-27). Given that we have previ-
ously shown that Banfl responds to oxidative stress and
single-strand breaks (6), we next examined whether Banfl
also responds to DNA double-strand breaks (DSBs).

Following DNA damage induction, the localization of re-
pair proteins to sites of damage can be observed as nuclear
foci. To determine if Banfl may also have additional roles in
maintenance of genome stability, we initially treated U20S
cells with ionizing radiation (IR) to induce DNA DSB:s.
In unperturbed cells we and others have previously shown
that Banfl is predominantly localized to the nuclear enve-
lope (5-7). Using an extraction buffer to remove the solu-
ble Banfl protein from the cell before fixation, we visual-
ized that within 1 h of IR treatment (6Gy), Banfl relocal-
ized from the nuclear envelope (as marked by Emerin anti-
body staining) in over 95% of cells, suggesting Banfl mo-
bilization was independent of cell cycle phase (Figure 1A,
B, Supplementary Figure S1, for representative images of
Banf1 and Emerin staining without pre-extraction. Supple-
mentary Figure S2 shows Banfl antibody specificity). This
is consistent with the DSB-induced translocation of repair
proteins, to the break site forming distinct chromatin bound
foci that can be observed by immunofluorescence. Quantifi-
cation of Banfl foci showed an ~3-fold increase within 15
min of IR suggesting the mobilization of Banfl from the
nuclear envelope was an early event in the response to IR-
induced DNA damage (Figure 1C).
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To further characterize Banf1 function we next examined
Banfl1 protein levels via immunoblot. Total Banfl protein
levels also showed a modest but significant increase from 0.5
h after IR treatment (Figure 1D, Supplementary Figure S3).
In support of the immunofluorescence, cellular fractiona-
tions showed that prior to IR, Banf1 was localized predom-
inantly to the chromatin fraction, but could also be detected
at low levels in the cytoplasmic and cytoskeletal fractions
(Supplementary Figure S2). However following IR, Banfl
was stabilized on the chromatin within 1 h of IR treatment
(Figure 1E and Supplementary Figure S4).

Since Banfl relocalizes to chromatin after DNA dam-
age we next sought to identify whether it is recruited to
sites of DNA damage. One of the most robust responses
to DNA DSBs is the phosphorylation of H2AX on serine
139 (known as y-H2AX following its phosphorylation) in
the chromatin surrounding the break. In cells treated with

2 Gy IR, 47% of y-H2AX foci overlapped with Banf1 foci,
suggesting that Banfl is recruited to the sites of DSBs (Fig-
ure 2A). The Pearson coefficient r values were 0.02, prior to
IR and 0.26 at 1 h post-IR. It should be noted that there
were more Banfl foci than y-H2AX foci 1 h following IR
and it is possible that these represent sites of IR-induced
DNA single-strand breaks as we have characterized previ-
ously (6). This colocalization of Banfl with y-H2AX, and
another DNA repair protein MDC1, could also be observed
in cells treated with 6 Gy IR (Supplementary Figure S5a,
b). Similarly to y-H2AX, 42% of MDCI foci overlap with
Banfl foci at 1 h post-IR. To further confirm the presence
of Banfl at DNA DSBs we also utilized a method using
a MCF7 cell line with a stably integrated unique Iscel en-
donuclease site. When the Iscel endonuclease is expressed
in the cells it induces a single DSB and chromatin immuno-
precipitation (ChIP) can be used to study the recruitment
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of DNA repair proteins to the sites of damage (17). Us-
ing this method we found that similarly to y-H2AX (28),
Flag-Banfl was bound close to the DNA DSB and could
be detected 94-378 bp from the site of the ISCE-1-induced
DSB, (Figure 2B), supporting that Banf1 localizes directly
to the sites of DSBs. In contrast, Banf1 did not bind to DNA
sequences 330-643 bp from the DSB site, supporting that
it binds specifically to the region directly surrounding the
break, within 94-378 bp.

We next examined the effect of Banfl depletion on -
H2AX formation to measure DSB repair kinetics (29).
When Banfl was depleted using siRNA we found that -y-
H2AX foci were significantly decreased at 0.5 h and 1 h
following 2 Gy IR (Figure 2C, D). The reduced numbers
of y-H2AX foci could represent down regulation of the
regulatory pathways involved in its phosphorylation and
dephosphorylation, including the catalytic activity of the
ATM and DNA-PK kinases responsible for its phosphory-
lation. There is also the possibility that the DSBs are being
repaired more quickly in Banfl-deficient cells. To address
this possibility we next carried out neutral comet assays to
measure the induction and repair of DSBs. Here, we found
that Banfl1-depleted cells had similar length comet tail mo-
ments to control cells prior to and directly after IR, repre-
senting a similar level of DNA damage induction to control
cells (Figure 2E, Supplementary Figure S6). However, 0.5
and 4 h post-IR treatment Banf1-depleted cells had signifi-
cantly shorter comet tails, compared to control cells. This is
consistent with the fewer y-H2AX foci observed in Banf1-
deficient cells 0.5 h after IR in Figure 2C, D, suggesting
that DNA DSBs are repaired more quickly in the absence
of BanfTl.

Depletion of Banf1 leads to decreased HR

Since we have shown that Banfl responds to DNA DSBs
and the absence of Banfl leads to faster repair of DSBs, this
raised the possibility that Banf1-deficient cells may utilize
the faster DSB repair pathway of NHEJ, rather than HR to
repair DSBs. To address this we next analysed the type of
repair of DSBs in Banfl1-depleted cells, using previously de-
scribed cell reporter assays (Figure 3A) (16,20) to measure
DSB repair via the two DSB repair pathways, NHEJ and
HR. We found that in Banf1-depleted cells, HR was signif-
icantly reduced, whereas NHEJ was significantly increased
(Figure 3B). BRCAL depletion was also included as a pos-
itive control for disruption of HR. This reduction in HR
was also observed using siRNA targeting a different region
of Banfl mRNA (Figure 3C) and this effect was rescued by
expression of wild-type Banfl (Figure 3D). Use of another
HR assay using the DR-GFP system, also demonstrated a
HR defect in Banfl-depleted cells (Supplementary Figure
S7, (17-19)). Since HR usually only takes place in the S and
G2 phases of the cell cycle, we next examined the effect of
Banfl-depletion on the cell cycle. In Banfl-deficient cells,
the cell cycle was confirmed to not be significantly altered
in the absence of Banfl, suggesting that this was not the
cause of the HR defect observed in these cells (Supplemen-
tary Figure S8).

Since an increase in NHEJ activity can lead to changes
in cellular sensitivity to IR, we next examined the colony

forming ability of Banfl-depleted cells following IR. Con-
sistent with an increase in NHEJ activity, Banf1 deficient
cells displayed a modest increase in resistance to IR (Sup-
plementary Figure S9).

Following induction of DNA DSBs, multiple signalling
events occur to initiate the repair processes, mediated pri-
marily by phosphorylation of downstream substrates by the
ATM and DNA-PK kinases. Depletion of Banfl was not
observed to significantly affect phosphorylation of DNA re-
pair proteins, including DNA-PKcs, ATM, Chk2 or Chkl
(Supplementary Figure S10). Taken together, these data
support a potential role for Banfl in HR or in supressing
NHEJ without affecting DNA damage signalling.

Banf1 interacts with DNA-PK

To identify the role of Banfl in the cellular response
to DSBs, we next performed immunoprecipitations on
lysates from U20S cells expressing Flag-Banfl. Immuno-
precipitates were subjected to mass spectrometry to iden-
tify Banfl-interacting proteins. This led to the identifica-
tion of several known Banfl-interacting proteins, includ-
ing Emerin (EMD), Lamin A (LMNA) and Thymopoietin
(TMPO) which are known to localize to the nuclear enve-
lope and histone proteins such as Histone H1 (Figure 4A,
B) (30-32). Significantly, one of the highest ranking Banf1-
interacting proteins identified by mass spectrometry was
the DNA damage responsive kinase, DNA-Dependent Pro-
tein Kinase catalytic subunit, DNA-PKcs (also known as
PRKDC). To confirm this interaction between Banfl and
DNA-PK, Flag antibodies were used to immunoprecipi-
tate Flag-Banfl. This showed that an interaction between
DNA-PKcs and Banfl could be detected pre- and post-
IR treatment, however a moderate increase in this inter-
action was detected 0.5 h post-IR (Figure 4C-E). In addi-
tion, Ku70/80 could also be detected in immunoprecipitates
suggesting that Banfl binds to the DNA-PK complex. Im-
munoprecipitations using DNA-PKcs antibodies were also
performed and Flag-Banf1 and Ku70/80 could be detected
in the immunoprecipitates (Figure 4C, D). Using recombi-
nant and purified proteins, Banfl (Supplementary Figure
S11) and DNA-PK were confirmed to interact directly (Fig-
ure 4F). It should be noted that the purified DNA-PK com-
plex included DNA-PKcs, along with Ku70/80, support-
ing the evidence from immunoprecipitations that Banf1 can
bind to the whole DNA-PK complex (Figure 4F).

In order to observe whether Banfl and DNA-PKcs colo-
calized after DNA damage, we treated cells with an extrac-
tion buffer plus RNase to digest RNA, allowing visualiza-
tion of chromatin-associated DNA-PKcs following IR, as
reported previously (15). Using this method we were able
to detect that Banfl foci overlapped with 27% and 31% of
DNA-PKcs foci at 20 min and 1 h, respectively, following 6
Gy IR (Figure 5A).

We next investigated whether DNA-PK was required for
Banf1 recruitment to DSBs. In cells depleted of DNA-PKcs,
BanfT1 still mobilized from the nuclear envelope to form a
comparable number of nuclear foci to control cells in re-
sponse to IR, (Supplementary Figure S12a—d). Similar re-
sults were also observed using a DNA-PK inhibitor (Sup-
plementary Figure S13a—c).



Nucleic Acids Research, 2021, Vol. 49, No. 6 3301

A B 1.8+ mm Con siRNA
[ S o 167 T = BanfisSRNA 2 <
L o 1.4 X Z
2 124 s %
1] : <
2 021 8 5
Repair of Break E 06_ !‘
l l & 0.4 Banf1 ‘
P P 0.2+ ﬁ p-Actin -
O COEDEO @ ool M, . =
NHEJ HR NHEJ HR
c D —
1.2 o - =
1.8+ . == Con siRNA S <32 104 = zZ <<
_ 16 I Banf1 siRNA x Z & : B X
W 1.4+ BRCA1 siRNA 3%z % 0.8 5 22
Z 1.2 R € £ 0 ©  E E
_*% > _ Q @ ©
€ 10 S&& £06 © @ m
2 0.8- BRCA1| s i & 0.4 Banf1 -
3 067 Banf1 0.2 —
Q an e
o 0.4+ .
—ACHDN | v———
0.2+ B-ActinE 0.0- P
0.0 F o ¢
NHEJ HR £ £
NP
S & K&
AR
QT &
Q;b

Figure 3. Banfl depletion inhibits HR and promotes NHEJ. (A) Schematic showing the possible outcomes of the HR /NHEJ reporter assay. (B) Depletion
of Banf1 results in decreased HR and increased NHEJ. U20S cells stably expressing a HR /NHEJ reporter were depleted of Banfl using siRNA. Cells were
transfected with an Iscel-expressing plasmid and a donor plasmid and GFP and mCherry positive cells were detected via FACS. (C) Depletion of Banfl
using esiRNA results in decreased HR and increased NHEJ. U20S cells stably expressing a HR/NHEJ reporter were depleted of the indicated proteins
using esiRNA. Cells were then transfected with an Iscel-expressing plasmid and a donor plasmid and GFP and mCherry positive cells were detected via
FACS. (D) Restoration of Banf1 restores HR activity. U20S cells stably expressing a HR/NHEJ reporter were depleted of Banfl using siRNA. Cells were
then transfected with empty Flag or siRNA resistant Flag-Banf1, an Iscel-expressing plasmid and a donor plasmid and GFP and mCherry positive cells
were detected via FACS. Unless otherwise stated, data shown represent the mean and S.D. of 3 independent experiments and t-test was used for statistical

analysis: *P < 0.05 **P < 0.01, ***P < 0.001, ****P < 0.0001.

Banf1 directly regulates DNA-PK kinase activity

Since we have shown that Banfl binds to DNA-PK this
raised the possibility that Banfl could regulate DNA-PK
kinase activity. To address this we used purified DNA-PK
complex and assessed it’s kinase activity against a sub-
strate in the presence of increasing concentrations of puri-
fied recombinant wild-type Banfl protein (Supplementary
Figure S11). Banfl inhibited DNA-PK activity in a dose-
dependent manner (Figure 5B).

DNA-PK kinase activity is required for NHEJ and its
overexpression has been previously shown to inhibit homol-
ogous recombination (33,34). In light of our data showing
that Banfl can inhibit the kinase activity of DNA-PKcs, we
reasoned that the mechanism behind the increased NHEJ
in Banfl-deficient cells might be an increase in DNA-PKcs
activity. To further confirm that DNA-PKcs activity is al-
tered in Banfl1-deficient cells we next examined the recruit-
ment of NHEJ factors to chromatin. Since we have shown
that the majority of DSBs are repaired within 30 min post-
IR in Banfl-deficient cells, we examined the recruitment of
NHE]J factors to chromatin at 20 min and 1 h post-IR. In
control cells a moderate increase of several NHEJ proteins

on chromatin could be detected at 20 min and 1 h post-
IR. However, a significant increase in NHEJ proteins, in-
cluding DNA-PKcs, Ligase I'V and Ku70, could be detected
on chromatin in Banfl-deficient cells at 20 min post-IR,
consistent with increased activity of DNA-PKcs and subse-
quent recruitment of other NHEJ proteins (Figure 5C, D).
In contrast, the levels of these proteins were comparable in
the cytoplasmic and nuclear fractions in control and Banf1-
depleted cells (Supplementary Figure S14). Consistent with
our previous observations, decreased y-H2AX phosphory-
lation was also observed at 20 min and 1 h post-IR (Figures
2C, D and 5C).

To address whether the increased NHEJ observed in
Banfl-deficient cells was due to increased DNA-PK activ-
ity, we next performed the NHEJ assay with the addition
of a DNA-PK inhibitor. As expected, addition of DNA-
PK inhibitor reduced the rate of NHEJ in both control
and Banfl-depleted cells. The presence of the DNA-PK in-
hibitor also led to an increase of HR in control cells and
also increased HR in the Banfl-deficient cells restoring HR
to a similar level to wild type cells (Figure 6A). Similarly to
Banfl, depletion of BRCAI led to a defect in HR and an
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increase in NHEJ. However, in contrast to Banfl-depleted
cells, treatment of BRCA1-depleted cells with DNA-PK
inhibitor did not restore HR function, presumably since
BRCALI is an essential HR protein (Figure 6A). This sug-
gests that the defective HR in the Banfl1-deficient cells was
likely to be due to unrestrained DNA-PKcs activity and not
due to an additional role of Banfl in HR.

These data support a model whereby the presence of
Banfl inhibits DNA-PK activity, potentially to promote
homologous recombination repair and in the absence of
Banfl DNA-PKcs activity is increased, promoting NHEJ
(Figure 6B).

DISCUSSION

Here, we define a role for Banfl in the regulation of DNA-
PKcs activity and subsequent DSB repair pathway choice.
Following IR, Banfl is rapidly stabilized and translocates
from the nuclear envelope to the chromatin. Since this pro-
tein stabilization occurs within 30 min of IR treatment,
it is likely due to stabilization of the protein, rather than
a transcriptional response. However, further investigation
is required to analyse the regulation of this increase of
Banfl protein. Banfl was shown to be localized at sites
of DSBs, following IR treatment, as marked by y-H2AX
foci. DNA-PK, along with ATM and ATR redundantly
phosphorylates H2AX and paradoxically in the absence of
Banf1 (where we propose there is increased DNA-PK activ-
ity) there is less y-H2AX induction post-IR. We hypothe-
sized that the reason for this could be that DSBs repaired
by NHEJ are repaired significantly faster than breaks re-
paired by HR. Indeed, supporting this, one study estimated
that the majority of NHEJ events are completed within 30
min whereas HR was observed to take up to 7 h (35). Since
we have observed that the depletion of Banfl leads to the
increased recruitment of NHEJ proteins, upregulation of

NHEJ and subsequent inhibition of HR, we suggest that
a large proportion of DSBs and therefore y-H2AX foci are
resolved via NHEJ before the 30 min time point in Banfl-
deficient cells, as observed in our comet assay data.

Mass spectrometry analysis of Banfl-interacting DNA
repair proteins identified DNA-PK as one of the top ranked
hits. DNA-PK was subsequently confirmed as a direct
Banfl interactor. Immunofluorescence also enabled the de-
tection of colocalization of Banfl and DNA-PKcs after IR.
In addition to interacting with Banfl, DNA-PK has also
been shown to interact with other nuclear envelope proteins,
including Sunl, Sun2 and Emerin (36,37). DNA-PK also
displayed colocalization with Sunl and Sun2 along the in-
ner side of the nuclear envelope (36).

Supporting a role for Banf1 in regulating DNA DSB re-
pair, Banfl-deficient cells were more radioresistant, which
is often observed in cells with upregulated DNA-PK and
subsequently increased NHEJ (38). Consistent with this,
Banfl-depleted cells were shown to undergo increased
NHEJ events and decreased HR events compared to con-
trol cells. In support of this being due to upregulation of
DNA-PK activity, inhibition of DNA-PK activity in Banf1-
deficient cells, as expected reduced NHEJ, but also rescued
the HR defect. In contrast, inhibition of DNA-PK catalytic
activity was unable to rescue the HR defect in BRCAI-
depleted cells, likely due to the essential role of BRCAI in
HR (39). Furthermore, DNA-PKcs activity has been shown
to repress HR and overexpression of DNA-PKcs has been
observed to inhibit HR to a comparable extent as Banfl-
depletion in similar assays (34).

The mechanism by which Banfl may inhibit DNA-
PKcs is currently unclear but we speculate there are sev-
eral possibilities. Multiple mechanisms of DNA-PKcs reg-
ulation have been proposed previously, including its auto-
phosphorylation and regulation of its interaction with
DNA ends by Ku70/80, which is required for its activa-



tion (40). The precise mechanism of how the association
of Ku70/80 regulates the catalytic activity of DNA-PKcs
is not well characterized. However, it is considered likely
that there are several layers of regulation and multiple re-
gions of the DNA-PKcs protein are involved in this pro-
cess. Therefore, it can be speculated that Banfl may be in-
volved in one or more of these complex regulatory pro-
cesses. It has been proposed that the interaction of the
Ku-DNA complex induces a conformational change in the
DNA-PKcs FAT and FATC domains that surround the cat-
alytic domain (41-43), facilitating alteration of the catalytic
groups and/or the ATP binding pocket of DNA-PKcs, pro-
moting its activity. In addition to the regulation at the C-
terminus of DNA-PK, the N-terminus also has a regula-
tory impact on DNA-PK catalytic activity. This is high-
lighted by the deletion of the N-terminus leading to spon-
taneous activation of the enzymatic activity of DNA-PKcs
(44,45). Therefore, it is tempting to speculate that bind-
ing of Banfl to DNA-PK may inhibit the conformational
changes in these domains in order to repress DNA-PKcs
activity to promote HR at subsets of DSBs. DNA-PK is
also heavily regulated by phosphorylation and to date over
40 phosphorylation sites have been identified, with many of
these sites characterized as autophosphorylation sites (46—
49) but other DNA-damage response kinases such as ATM
and ATR have also been shown to phosphorylate DNA-
PKcs (50,51). We have shown here that phosphorylation of
DNA-PK on S2056 in Banf1-depleted cells is comparable to
control cells. However, due to the unavailability of commer-
cial antibodies towards these additional phosphorylation
sites, we cannot exclude that Banfl binding to DNA-PK
can block the phosphorylation of one or more of these reg-
ulatory phosphorylation sites on DNA-PK and inhibit ki-
nase activity or interaction with substrates or DNA. Given
that Banfl binding to DNA-PKcs also occurs in the ab-
sence of DNA damage, we also consider it likely that the
conformation of Banfl binding to DNA-PK is also tightly
regulated.

The consequence of the downregulation of HR and re-
liance on NHEJ in Banfl-depleted cells on genome stabil-
ity is unclear. Our comet assay data, here and previously,
suggest there is no immediate increase in DNA damage in
Banfl-depleted cells (6). We consider it is possible that over
time or in the presence of, for example, replication stress, the
reliance of Banfl-depleted cells on NHEJ for DSB repair
may lead to an increase in genome instability, but further
investigation is required to assess this.

‘We have previously shown that Banf1 also negatively reg-
ulates the activity of PARPI1, leading to increased PARPI
activity in Banfl-depleted cells (6). PARP1 has been previ-
ously suggested to positively regulate DNA-PKcs activity
(52,53), although another study suggested that PARPI is
not required for classical NHEJ (54). In light of the above,
it may be predicted that the Banfl-mediated regulation of
DNA-PKGcs could also, at least in part, be through its regu-
lation of PARPI activity. However, although we can’t com-
pletely rule out a role for PARP1 in this process, we consider
that at least part of the Banf1-mediated regulation of DNA-
PKecs is likely to be direct and independent of PARP1, due
to the ability of Banfl to inhibit DNA-PKcs activity in the
absence of PARP1 (Figure 5B).
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Further study of the location of the interaction of Banf1
with DNA-PK and the interplay with PARP1 is required
in order to shed light on the likely mechanism of Banfl-
dependent regulation of DNA-PK activity and DSB re-
pair pathway choice. In summary, these data support a
model whereby Banfl directly binds to and inhibits DNA-
PK function in NHEJ.
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