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The DNA repair function of BCL11A suppresses
senescence and promotes continued proliferation of
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ABSTRACT

We identified the BCL11A protein in a proximity-
dependent biotinylation screen performed with the
DNA glycosylase NTHLA1. In vitro, DNA repair assays
demonstrate that both BCL11A and a small recom-
binant BCL11A60-520 protein that is devoid of DNA
binding and transcription regulatory domains can
stimulate the enzymatic activities of two base ex-
cision repair enzymes: NTHL1 and DNA Pol B. In-
creased DNA repair efficiency, in particular of the
base excision repair pathway, is essential for many
cancer cells to proliferate in the presence of elevated
reactive oxygen species (ROS) produced by cancer-
associated metabolic changes. BCL11A is highly
expressed in triple-negative breast cancers (TNBC)
where its knockdown was reported to reduce clono-
genicity and cause tumour regression. We show that
BCL11A knockdown in TNBC cells delays repair of
oxidative DNA damage, increases the number of oxi-
dized bases and abasic sites in genomic DNA, slows
down proliferation and induces cellular senescence.
These phenotypes are rescued by ectopic expres-
sion of the short BCL11A60-520 protein. We further
show that the BCL11A'6%-520 protein accelerates the
repair of oxidative DNA damage and cooperates with
RAS in cell transformation assays, thereby enabling
cells to avoid senescence and continue to proliferate
in the presence of high ROS levels.
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INTRODUCTION

Base excision repair (BER) is the pathway that re-
pairs single-strand breaks and base lesions including
apurinic/apyrimidinic (AP) sites, alkylated, deaminated
and oxidized bases as well as uracil residues. In the presence
of an altered base, the pathway is initiated by a DNA gly-
cosylase that specifically recognizes and removes the faulty
base. UNG, SMUGI1 and TDG remove uracil bases, while
methyl-purine DNA glycosylase (MPG) removes alkylated
purines and MUTYH removes the adenine from an Ae8-
oxoG base pair to produce an apyrimidinic/apurinic site
(AP site) (1,2). In mammals, the AP endonuclease 1, APEI,
incises the DNA backbone 5 to the AP site to gen-
erate a single-strand break with a 5’-deoxyribose phos-
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phate (5-dRP) (3). Oxidized bases are removed by four
DNA glycosylases that exhibit a broad substrate range
(4). Oxidized purines are primarily removed by OGGl],
whereas oxidized pyrimidines are targeted by NTHLI,
NEIL1 and NEIL2, the last two enzymes demonstrating
affinity for single-stranded or bubble DNA. DNA glyco-
sylases for oxidized bases are bifunctional, being also en-
dowed with an AP/lyase activity that generates a single-
strand nick 3’ to the AP site. OGGI1 and NTHI generate
the single-strand nick through beta elimination, leaving a 3’-
phospho-a,B-unsaturated aldehyde (3’'PUA), while NEIL1
and NEIL2 proceed by beta delta elimination and produce
a 3'-phosphate (3'-P) (reviewed in (4)). As the final ligation
step requires a 3’-hydroxyl (3'-OH) and a 5'-phosphate (5'-
P), the single-strand breaks produced by BER enzymes or
DNA damage must be processed. Pol B carries out a dRP-
lyase reaction to convert 5-dRP into 5'-P, APEI converts
3’-PUA to 3’-OH, and PNKP changes the 3’-P into 3’-OH.
In short-patch repair, Pol B adds a single nucleotide and the
single-strand break is then sealed by Ligase 3 in conjunction
with XRCCI. In long-patch repair, 2—-13 bases are added
by Pol B or /¢, thereby generating a displaced strand that
is cleaved by the flap structure-specific endonuclease FEN1
prior to ligation (1,5).

The implication of BER in cancer is complex. On the one
hand, somatic mutations in POLB were found in 30% of
cancer, while germline mutations in MUTYH and NTHLI
have been associated with colorectal polyposis as well as
other cancers including duodenal carcinoma, bladder, ovar-
ian, and skin cancer (6-15). As these mutations were shown
to reduce enzymatic activity, one can reasonably conclude
that a decrease in BER efficiency increases the risk of can-
cer. On the other hand, several BER enzymes including
Pol B, APE1 and FENI1 were found to be overexpressed in
multiple cancers (16-24). Likewise, aberrant or increased
expression of the BER accessory factors CUXI1, CUX2
and SATBI1 were reported in multiple tumours and cancer
cell lines (reviewed in (25)). Notably, knockdown of these
BER accessory factors was shown to be synthetic lethal in
cell lines that exhibit high levels of reactive oxygen species
(26-30). In agreement with these findings, a genome-wide
RNALI screen to identify synthetic lethal interactions with
the KRAS oncogene identified five genes involved in BER:
NEIL2, XRCCI, POLB, LIG3 and CUXI (31). These stud-
ies established that increased activity of BER enzymes ac-
celerates the repair of oxidative DNA damage and enables
cancer cells to avoid senescence despite producing excessive
levels of reactive oxygen species.

We have previously established that the CUT domain
proteins CUX1, CUX2 and SATBI function as DNA re-
pair accessory proteins that stimulate the enzymatic activ-
ities of the 8-oxoguanine DNA glycosylase, OGGI, but
no other DNA glycosylases (26-29,32). We therefore hy-
pothesized that other DNA glycosylases may interact with
distinct accessory factors. As OGGI1 specifically recog-
nizes oxidized purines, we aimed to identify accessory pro-
teins for NTHLI, the main DNA glycosylase for oxidized
pyrimidines. Using the proximity-dependent biotinylation
screen (BioID) approach, we identified proteins that come
into close-proximity to NTHL1. One of these proteins,

BCLI11A, was found in vitro to stimulate the enzymatic ac-
tivity of NTHL1.

BCLI1A was originally identified as a gene that is am-
plified or present at a site of chromosomal translocation in
B-cell lymphomas (33). BCL11A was quickly found to be
the human homolog of Evi9, a mouse gene that was iden-
tified as a common site of retroviral integration in murine
myeloid leukemias (34,35). These early studies clearly iden-
tified BCL11A as an oncogene. Subsequent studies revealed
that BCLI11A knockdown in triple-negative breast can-
cer cells (TNBC) decreases tumor development and im-
pedes tumor growth (36). Moreover, cooperation between
BCLI11A and inactivation of the NF1 GTPase-activating
protein in leukemogenesis suggested cooperation between
BCLI11A and the RAS pathway (37). BCL11A codes for
a zinc finger transcription factor that plays a role in B-
lymphopoiesis, erythropoiesis, skin development, primary
islet cells and neurogenesis (38-42). BCL11A haploinsuf-
ficiency and single nucleotide variants have been associ-
ated with cerebellar abnormalities (43), intellectual disabil-
ity (44) and epileptic encephalopathy (45) (reviewed in (46)).
It is generally assumed that these disorders result from a de-
ficiency in BCL11A transcriptional activity.

Here, we present the results of in vitro and in cellulo ex-
periments demonstrating that in addition to its role as a
transcription factor, BCL11A also functions as an acces-
sory factor in base excision repair. We further show that
the DNA repair functions of BCL11A are co-opted by can-
cer cells to limit oxidative DNA damage below a threshold
that would otherwise trigger cellular senescence. Indeed, the
synthetic lethality of BCL11A knockdown in some cancer
cells is rescued by the expression of a BCL11A fragment
that is competent in DNA repair but entirely devoid of tran-
scriptional potential. Moreover, we show that the DNA re-
pair function of BCL11A cooperates with RAS in cellular
transformation by preventing senescence triggered by RAS-
induced oxidative DNA damage.

MATERIALS AND METHODS
Cell lines and cell culture

293 Flp-In T-REx cells (Invitrogen), HEK293FT, MDA-
MB-231, HS578T, MDA-MB-468 and IMR90 cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM,
Wisent). MDA-MB-436 and BT549 were cultured in
Roswell Park Memorial Institute medium (RPMI, Wisent),
and RPEl was cultured in Dulbecco’s modified Eagle’s
medium F/12 (DMEM F/12, Wisent). All media were sup-
plemented with 10% fetal bovine serum (FBS, Gibco) and
1% penicillin streptomycin (Invitrogen). All cells were main-
tained at 37°C, 5% CO,; and atmospheric O,. Lentiviruses
were produced by co-transfecting HEK293FT cells with
plasmids encoding 3xHA-BCL11A!'%520 3xHA-BCL11A-
XL, 3xHA- BCL11AA10-520 o short hairpin RNA against
BCL11A (Mission shRNA pLKO.1 library from Sigma
or GipZ shRNA from Dharmacon) with packaging plas-
mid psPAX2 and envelop plasmid pMD2G. Dicer-substrate
siRNA (DsiRNAs) transfections were carried out with two
different sequences and cells were collected for the different
assays three days after transfection. For doxycline induced



knockdown of BCL11A, the sequence of Dicerl was cloned
into a pTRIPZ plasmid. A list of the different shRNA and
DsiRNA sequences can be found in Supplementary Ta-
ble S4. 293 Flp-In T-REX cells were co-transfected with
pOG44 (Flp-recombinase expression vector) and a plasmid
containing the coding sequence for FLAG-BirA* fusion
protein, e GFP-BirA*-FLAG or eGFP-NLS-BirA*-FLAG.

Plasmid construction

Human NTHL1 (GeneCopoeia) was cloned into pcDNAS5
FRT/ FLAG-BirA* vector. eGFP-BirA*-FLAG and
eGFP-NLS-BirA*-FLAG were provided by Dr Anne-
Claude Gingras. For bacterially purified proteins, plasmids
expressing histidine-tagged BCL11A small fragments, and
the BCL11A'%0520 fragment were prepared by inserting
gBlocks gene fragments (Integrated DNA Technologies)
into pET-30a vector using restriction enzymes. The N-His-
BCL11A-XL plasmid was purchased from GeneCopoeia
in vector system pReceiver. For the pulldown experiments,
GST-NTHLI1 recombinant proteins or GST-Pol B were
cloned into the pGEX backbone. BCL11A-XL expres-
sion plasmid for mammalian cells was purchased from
genecopoia (pReceiver-Lv118) and BCLI11A!%0520 and
BCL11AA160-520 wwere cloned into a plenti6 expressing
vector using gateway cloning.

Bacterial protein expression

All proteins were expressed in the BL21 strain of Es-
cherichia coli and were induced with Isopropyl B-D-1-
thiogalactopyranoside (ITPG) as described in Ramdzan et
al. 2015 (32).

BiolD

Human NTHLI1 was cloned into pcDNAS FRT/ FLAG-
BirA* vector. Using the Flp-In™ T-REx™ system (Ther-
mofisher), we generated 293 TRE Flp-In cells sta-
bly expressing NTHL1-BirA*-FLAG, eGFP-NLS-BirA*-
FLAG, and eGFP-BirA*-FLAG under a tetracycline in-
ducible system. Cells were treated with 1 pg/ml of tetracy-
cline for 24 h to induce protein expression. Six hours before
cell collection, 50 wM of biotin were added and immedi-
ately followed by irradiation treatment. BioID purification
and mass spectrometry data acquisition and analysis were
performed as described (47).

Gene enrichment analysis

Gene enrichment analysis of preys identified by BiolD was
performed using g:Profiler (48). Analysis is available in Sup-
plementary Tables S2 and S3.

Immunoblotting

Protein extraction and western blotting were performed
as described (49). The following antibodies and dilutions
were used: FLAG-BirA* fusion proteins were detected us-
ing mouse M2 anti-FLAG (1:1000; Sigma-Aldrich). Bi-
otinylated proteins were detected using HRP-conjugated
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streptavidin (1:1000; BioLegend). Other antibodies used are
BCLI11A 382A (1:4000, Bethyl), NTHL1 (1:1000, Protein-
tech), anti-GST (1:1000, Abcam), anti-His (1:3000, Sigma),
anti-HA (1:1000 Covance) and anti-y-tubulin (1:10 000,
Sigma). The AF3 BCLI11A antibody was made by the
McGill Animal Health Facility and raised against a His-
tagged peptide of BCL11A (aa 370-509). The V5 antibody
for Split Intein-Mediated Protein Ligation (SIMPL) was
purchased from Protein Signaling and the Flag antibody
was purchased from Sigma. Secondary HRP-conjugated
antibodies are from Jackson Laboratories.

Immunoprecipitation

MDA-MB-231 cells were collected, and nuclear proteins
were extracted. 500 g of nuclear extracts were incubated
with either 3 pl of anti-NTHL1 antibody (Proteintech), 3
pl of anti-Pol B antibody (Abcam) or 6 pul of AF3 BCL11A
antibody and left to spin overnight at 4°C. The next day,
20 w1 of magnetic beads (Dynabeads protein-G from Invit-
rogen) were added for 1 h. Samples were washed 5 times
with NP40 buffer and resuspended in 2x Laemmli buffer.
Samples were separated by SDS-PAGE followed by im-
munoblotting with anti-NTHL1 antibody, anti-Pol B anti-
body or anti-BCL11A antibody.

Split intein-mediated protein ligation (SIMPL)

293T cells were transfected with either BCL11A0-520_y5.
IN, IC2-Flag-Pol B, CIC2a-Pol B-Flag or IC2-Flag-LIG3,
IC2-Flag-FOXN2, CCNB1-V5-IN4b or CCNE1-V5-IN4b
for negative controls. No selection was performed. Cells
were treated for 16 h with tetracycline to induce expression
of recombinant proteins and total extracts were obtained
with RIPA lysis buffer. For each sample, 40 pg were loaded
onto an SDS PAGE gel and blotted against V5 (Cell Signal-
ing Technologies) or Flag (Sigma).

GST-pull down assay

Pulldown assays were performed as described in (50), with
the following modifications: 1 g of GST-NTHLI1 full
length (1-312), GST-NTHLI1 peptides (1-116 or 88-312),
GST-Pol B or GST-bound beads were incubated with 1 g
of bacterially purified BCL11A peptides.

In vitro fluorescent cleavage assay

The fluorescent cleavage assay was performed as previ-
ously described with the following modifications (51,52).
We used a 43-mer oligonucleotide (Midland) with a 5,6-
dihydrothymidine (DHT) base at its sixth position. The 5
end of the DNA was conjugated to a FAM fluorophore, and
3’ end conjugated to a Dabcyl quencher. Cleavage reactions
were conducted as described in Ramdzan et al. (29).

In vitro radioactive cleavage assay

Double-stranded 32-mer oligonucleotides containing a Tg
modification at the 18th position (Midland) were labeled
with y-32P dATPs at the 5’end of the top strand (*) using T4
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polynucleotide kinase. Cleavage reactions were conducted
in a 20 pl reaction using the indicated concentration of bac-
terially purified proteins (5, 10 or 15 nM of BCL11A) and
enzyme (10 nM of NTHLI1) in 20 mM Tris (pH 8), 1 mM
EDTA (pH 8.0), 1 mM DTT and 1 pmol (50 nM) of labelled
probe. A 5-fold molar excess of DNA over NTHL1 was
thus used. Reactions were performed for 30 min at 37°C.
Where indicated in Figure 3C and F, 100 mM of NaOH
were added and samples were incubated at 70°C for 10 min.
Reaction was neutralized by adding 2 wl of 1 M HCI. The
reaction was terminated by formamide DNA loading buffer
(90% formamide with 0.05% bromophenol blue and 0.05%
xylene cyanol). The DNA was loaded on a pre-warmed
20% polyacrylamide-urea gel (19:1) and separated by elec-
trophoresis in Tris-borate and EDTA (TBE; pH 8.0) at 20
mA. The radiolabeled DNA fragments were visualized by
storage phosphor screen (GE Healthcare).

Sodium borohydride trapping of NTHL1

5’-End-labeled 32-mer duplex containing a Tg modification
at the 18th position (Midland) was incubated with purified
NTHLI, and BCL11A full length protein, short fragment
BCL11A!0-520 or BSA at the indicated concentrations. Af-
ter incubation at 37°C for 30 min, 50 mM sodium borohy-
dride was added, and the reactions were incubated for 15
min at 37°C. The trapped complexes were separated from
free substrate by 10% SDS-PAGE gel.

Electrophoretic mobility shift assay (EMSA)

EMSAs were performed as previously described (53). For
the BCL11A EMSA, the probe carried the consensus se-
quence from (54).

Clonogenic viability assay

Clonogenic ability of H,O; treated cells was conducted as
described previously (29).

Single cell gel electrophoresis

50 000 cells per condition were plated and 50 wM of H,0,
was used to treat cells on ice for 20 min to induce DNA dam-
age. Immediately after treatment, cells were washed with
PBS to eliminate H,O, residue and allowed to recover at
37°C in fresh medium for the indicated amount of time.
For the comet assay performed at pH 10 with Endo III
treatment, slides were immersed in lysis solution containing
Endo III enzyme for 1h at 37°C prior to electrophoresis.
For IMR90, the cells stably carrying BCL11A%0520 were
infected with pBABE -HRASS'?P or pBABE -empty vec-
tor. 48h after infection, cells were selected with 4 g/l
puromycin for 3 days and pelleted for comet assay. Comet
assay was carried out as described in Ramdzan et al. (26).

Abasic site quantification

MDA-MB-231 cells stably carrying a lentivirus expressing
a BCLI1A short hairpin RNA (shBCL11A) were treated
with H,O, for 20 min or no H,O,. After treatment, cells

were washed with PBS and fresh medium was added. In
Figure 6C, MDA-MB-231 cells were transfected with Dicer
siRNA and pelleted 3 days after transfection. After pellet-
ing, DNA extraction was performed with a DNA extraction
kit (Qiagen). Aldehyde-reactive probe labeling and quantifi-
cation of abasic sites were performed as described by an AP-
sites assay kit (Dojindo Molecular Technologies). Briefly, 1
pg of the extracted DNA is incubated with 10 pl of the ARP
solution containing the ARP-labelled probe for 1h at 37°C.
Labelled DNA is then washed twice with TE buffer on the
provided filtration tubes and resuspended from the mem-
brane in 400 pl of TE. ARP-labelled DNA is then bound to
the provided 96-well plate overnight by incubation at room
temperature with binding buffer. The next day, plates are
washed and incubated with HRP-streptavidin solution for
1 h at 37°C, then, washed and incubated for 1 h at 37°C with
the substrate solution. The colorimetric reaction is read by
the SpectraMax ID3 from Molecular devices.

Polymerase and strand-displacement activity

Experiments were performed as described (50), with the fol-
lowing modifications: Polymerase and strand-displacement
activity was investigated by incubating 15 nM of Pol B and
indicated amounts of BCL11A-XL protein or BSA in the
presence of 50 mM Tris—HCI, pH 8.0, 10 mM KCI, 1 mM
MgCl,, 2 mM DTT, 0.01% Tween-20, 500 ng BSA, 100 uM
dTTP and 500 nM fluorescent probe.

Polymerase assays with radiolabeled probes

The gapped probe of Figure 4 was prepared as described
(50). Single-nucleotide addition was performed in 50 mM
Tris—HCI, pH 8.0, 10 mM KCI, 1 mM MgCl,, 2 mM dithio-
threitol, 0.01% Tween-20 with 3*P-dCTP in the presence of
DNA Pol B (1.25 nM) and either BSA (50 nM) or bacteri-
ally purified BCL11A (indicated amounts in the figure).

For the polymerase/elongation assay of Figure 4F, the
probe was prepared as described (50). The polymerase re-
actions were performed with either 1.25 nM or 2.5 nM Pol
B and 25 nM of either HOXB3, BCL11A or BSA in the
presence of cold dNTPs.

Polymerase 3 dRP lyase activity

An oligonucleotide containing 32 bp and a uracil at the 18th
position (5YCCGGTGCATGACACTGT(0:bold )U(/0:bo
Id)ACCTATCCTCAGCG-3") was labeled at the 3’end with
Klenow fragment and CF 660R dCTP. The dRP-lyase as-
say was performed as in Ramdzan et al., with some mod-
ifications. Briefly, 200 nM of the CF 660R dCTP labeled
oligonucleotide was pre-treated with uracil-DNA glycosy-
lase (UDG) for 15 min and with APE1 for 4 min at 37°C.
Next, the oligo was added to the reaction mix, contain-
ing 50 mM Tris—HCI pH 8.0, 10 mM KCI, 1 mM MgCl,,
0.01% Tween-20, 2 mM DTT and 10 nM dCTP. The reac-
tion mix was then incubated with 25 nM BCL11A!00520 or
BSA as a control. Lastly, 10 nM of purified Pol B (ENZ-168;
ProspecBio) was added and the samples were incubated at
37°C for 7.5 or 15 min. To terminate, 50 mM EDTA was
added to each sample, and the reaction was stabilized by



addition of 340 nM of sodium borohydride (NaBH4) fol-
lowed by incubation on ice for 30 min. The DNA product
was recovered by ethanol precipitation in the presence of 20
wg of glycogen and 300 mM NaOAC. The pelleted DNA
was resuspended in 20 wl of 10 mM Tris pH 8.0 + 1 mM
EDTA buffer. After addition of formamide loading buffer,
samples were incubated at 75°C for 3 min and loaded on a
pre-warmed 20% polyacrylamide (19:1)-urea gel. The elec-
trophoresis took place in Tris-Taurine and EDTA (TTE; pH
8.0) at constant 50 W.

Soft agar colony formation assay

IMR90 cells stably expressing BCLI1A-XL or
BCL11A'020 were infected with pBABE -HRASS!?P
or pBABE -empty vector. 48 h after infection, cells were
counted and plated for soft agar colony formation assay.
Briefly, cells were counted and resuspended to 40 000
cells/ml. A first layer of 1 ml of 0.6% medium-agarose was
added to the 6-well plates (for each condition, triplicate
wells were plated). Cells at 40 000 cells/ml were then
mixed with 0.6% agarose at a ratio of 1:1. Then, 1 ml of
agarose-mixed cells was added to the 0.6% agarose layer.
Plates were left to solidify for 30 min and 500 wl of fresh
DMEM was then added to the top layer. An extra 500 .l
of DMEM was added after 4 days at 37°C. After 10 days,
500 pl of thiazolyl blue (at 1 mg/ml) were added to each
well and plates were left at 37°C overnight. Colonies were
counted the next day.

Senescence quantification

IMRO0 cells stably expressing BCL11A-XL or
BCL11A0520 were infected with pBABE -HRASSG!?Y
or pBABE-empty vector. 48 h after infection, cells were
selected with 4 pg/ml puromycin for 7 days. On day 6, cells
were counted and plated to perform the B-galactosidase
senescence assay the next day. B-gal senescence was mea-
sured by flow cytometry (BD LSR Fortessa) following the
instructions of the Spider-Bgal senescence kit from Do-
jindo. MDA-MB-231 cells overexpressing BCL11A!60-520
or not were transfected with Dicer siRNA against
BCLI11A. Senescence was measured by flow cytometry
using the Spider-Bgal senescence kit from Dojindo.

RT-qPCR

MDA-MB-231 cells were transfected with two different
Dicer siRNAs targeting BCL11A or a non-target dicer
siRNA. 3 days after transfection, cells were pelleted.
IMRO0 cells carrying the plenti6-BCL11A'%0520 vector
or the plenti6-empty vector were infected with pBABE -
HRASS?V or pBABE -empty vector as described for the
B-galactosidase senescence assay. Three days after selection,
cells were pelleted, RNA was extracted using the Qiagen
blood & tissue RNA extraction kit which includes a gDNA
elimination step. Samples were eluted in 30 pl of RNAse
free water. After nanodrop quantification and confirmation
of RNA purity (Az60/A4280 > 2), 1 g of RNA was reverse
transcribed using the Qiagen quantitect reverse transcrip-
tion kit. Reverse transcription was carried out at 42°C and
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included an initial gDNA wipe out step. gPCRs were per-
formed in triplicate, using 9 .l of the Biorad SSO advanced
sybergreen super mix with 1 pl of cDNA, in the Eppendorf
Realplex Mastercycler. The gPCR cycles are the following:
95°C for 30 s—40 cycles (95°C for 15 s—-60°C for 45 s)-95°C
for 15 s-60°C for 15 s, followed by a melting curve. For each
primer pair, standard curves were measured by serial dilu-
tion and primer efficiency was measured. Only primer pairs
with an efficiency between 0.9 and 1.1 were selected. Anal-
ysis was performed by normalizing copy number values of
the gene of interest to the copy number values of the house-
keeping gene, GAPDH. All primer sequences are available
in Supplementary Table S5.

CFSE proliferation

MDA-MB-231 cells were infected with a lentivirus con-
taining a BCL11A shRNA under the control of a doxycy-
cline inducible promoter. On day one, 5 pg/ml doxycline
was added or not to the cells. On day 3, cells were stained
with CFSE (CellTrace CFSE proliferation kit) according to
manufacturer’s instructions. Cells were analyzed by Flow
cytometry 3 days after CFSE staining.

Total DNA repair assay

MDA-MB-231 cells were infected with a lentivirus contain-
ing a BCL11A shRNA under the control of a doxycycline
inducible promoter. On day one, 5 pg/ml doxycline was
added or not to the cells. On day 3, cells were pelleted. In
Figure 7, TNBC cell lines were transfected with two dif-
ferent DsiRNAs and pelleted three days after transfection.
Whole cell proteins were extracted with LTGO bufter (50
mM Tris-HCI pH 7.1, 1 mM EDTA, 0.5 mM spermidine,
0.1 mM spermine, 222 mM KClI, 10.2% glycerol). 10 g of
extracts were incubated with a 46 nt probe (at 10 pmol/pl)
containing a Tg damaged base in 1 x BER buffer (50 mM
HEPES (pH 7.5), 10 mM MgCl,, 0.2 mM EDTA, 10%
Glycerol, 2 mM DTT, 4 mM ATP (Add fresh)), 400 mM
phosphocreatine, 2.5 mg/ml creatine phosphokinase, 100
mM ATP, 10 mM dATP, dGTP, dCTP and 1:50 P3>-dTTP
(0.25 wCi/pl). Reaction was carried out for 15 min at 37°C.
2 pl of 10 mg/ml Proteinase K and 4 pl of 2.5% SDS and
100 mM EDTA were added, and samples were incubated at
37°C for 60 min. Finally, 2 pl of IN NaOH were added and
incubated for 15 min at 70°C and the reaction was neutral-
ized with 2 wl of 1 M HCI.

RESULTS
Proximity biotinylation with NTHL1-BirA*

To identify proteins that come in close-proximity to the hu-
man NTHL1 DNA glycosylase we performed proximity-
dependent biotinylation (BioID) in 293 cells by inducing
expression of a fusion protein containing NTHLI fused to
the R118G mutant Escherichia coli biotin conjugating en-
zyme BirA, commonly designated BirA*. The 293 cells have
been extensively used for this type of procedure (55). A flow
chart of the procedure is presented in Figure 1A. Two neg-
ative controls were used in this experiment, BirA*-Flag, a
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Figure 1. Proximity Biotinylation with NTHL1-BirA*. (A) Flow chart of manipulations for the BiolD experiment. Following treatment with tetracycline
and addition of biotin to the medium, cells were treated (2 Gy) or not (0 Gy) with ionizing radiation prior to cell lysis, affinity purification on streptavidin
beads and mass spectrometry identification. (B) Immunoblotting analysis of Flp-In™ T-Rex™ 293 cells that were engineered to stably carry vectors that
express BirA*-FLAG or NTHL1-BirA*-FLAG upon tetracycline induction. (C) Immunoblotting analysis with streptavidin confirming the expression of
BirA* fusion proteins and successful biotinylation by BirA". (D) The Venn diagram shows the number of NTHLI-BirA* target proteins identified from
mass spectrometry after removing all candidates with BFDR above 0.2, and proteins identified in cells expressing BirA*-FLAG and NLS-BirA*-FLAG.
146 preys were identified in both unirradiated and irradiated cells, while 41 and 36 preys were respectively identified only in unirradiated or irradiated
cells. (E) Nuclear protein extracts (500 pg) from MDA-MB-231cells were submitted to immunoprecipitation (IP) alternatively with NTHL1 or BCL11A
antibodies and then immunoblotted (IB) with either anti-NTHL1 or anti-BCL11A antibody. The control lanes did not include a primary antibody while
the input was loaded directly onto the gel. (F) 293 cells were transfected with vectors expressing BCL11A and NTHLI fusion proteins containing the
N-terminal or C-terminal portion of intein, respectively: BCL11A-V5-IN and IC2-FLAG-NTHLI1. Whole cell extracts were submitted to immunoblotting
analysis with the V5 and FLAG antibodies. The new band detected by both antibodies represents the recombined protein.



cytoplasmic control, and NLS-BirA*-Flag, a nuclear con-
trol. Immediately after adding biotin to the medium, cells
were submitted or not to 2 Gy ionizing radiation. Radi-
ation causes DNA damage through direct ionization of
DNA and indirectly, through ionization of water to pro-
duce hydroxyl radicals that react with DNA to produce
single-strand breaks, abasic sites and oxidized DNA base
lesions (56). We reasoned that it was likely that the radia-
tion treatment would increase the number of proteins that
come in contact with NTHLI. Ectopic expression of the fu-
sion proteins was verified by immunoblotting with NTHL1
and FLAG antibodies (Figure 1B), while biotinylation of
cellular proteins following addition of biotin to the medium
was confirmed by immunoblotting for streptavidin (Figure
1C). All protein candidates identified in mass spectrometry
were given a Bayesian false discovery rate (BFDR), defined
as the expected proportion of false positives. After elimi-
nating all candidates with a BFDR greater than 0.2, 223
preys remained: 41 unique to unirradiated cells, 36 unique
to irradiated cells, and 146 common to both (Figure 1D).
Supplementary Table S1 provides a list of all retained preys
together with their BFDR in unirradiated and irradiated
cells. The functional enrichment analysis of NTHLI1 preys
identified in unirradiated and irradiated cells is shown in
Supplementary Tables S2 and S3. A literature review of
all proteins suspected to function as transcription factors
brought our attention to BCL11A because of its reported
implication in triple-negative breast cancers and its sus-
pected cooperation with the RAS pathway (36,37,57,58). As
afirst approach to verify whether these two proteins interact
with each other, we performed co-immunoprecipitation as-
says with endogenous proteins from MDA-MB-231 triple-
negative breast cancer cells. Immunoprecipitation with the
NTHLI1 antibody was able to bring down the BCL11A pro-
tein (Figure 1E, top panel, lane 3); while immunoprecipita-
tion with the BCL11A antibody brought down the NTHLI
protein (Figure 1E, bottom panel, lane 4). As a complemen-
tary approach to confirm the interaction between NTHLI1
and BCL11A, we took advantage of the recently devel-
oped method of Split Intein-Mediated Protein Ligation,
whereby fusion proteins that respectively carry the N- and
C-terminal portion of a modified Intein protein can recom-
bine to produce a third fusion protein (see diagram in Sup-
plementary Figure S1A) (59). Co-expression of BCL11A-
V5-IN with IC2-FLAG-NTHLI led to the production of a
third fusion protein, BCL11A-V5-FLAG-NTHLI1 that can
be detected with both the FLAG and V5 antibodies (Figure
IF, lane 3). In contrast, IC2-Flag-NTHL1 did not recom-
bine with CCNA2-V5-IN4b (Supplementary Figure S1B).

BCL11A knockdown causes an increase in genomic DNA
damage and a delay in the repair of oxidized bases and abasic
sites

Using single-cell gel electrophoresis (comet assay), we mon-
itored the effect of BCL11A knockdown on genomic DNA
damage and DNA repair in the MDA-MB-231 breast can-
cer cells. We observed a significant increase in comet tail
moment following BCL11A knockdown (Figure 2A, non-
treated cells). To verify the impact of BCL11A knockdown
on DNA repair, cells were treated with 50 wuM H,0O, and
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allowed to recover for various periods of time. We observed
a drastic increase in comet tail moment immediately after
treatment (0 min), and a gradual decrease during recovery
(Figure 2A, compare 0 min with 45, 60 and 90 min). Im-
portantly, DNA repair was significantly delayed following
BCL11A knockdown. BCL11A knockdown with a differ-
ent shRNA confirmed these results in MDA-MB-231 cells
as well as in another triple-negative breast cancer cell line,
MDA-MB-436 (Supplementary Figure S2A and B). Next,
we verified whether BCL11A knockdown impacts specifi-
cally on the repair of oxidized bases, the repair of which is
initiated by NTHL1. To do this, we performed comet as-
says at pH 10 following treatment of cells with the E. coli
Endo III DNA glycosylase, which removes oxidized bases.
In alkaline conditions (pH > 13), the comet assay detects
many types of DNA damage including double-strand and
single-strand breaks (DSBs and SSBs), abasic sites and sev-
eral types of altered bases that are intrinsically labile at high
pH. Comet assay performed at pH 10 only detects DSBs
and SSBs; however, pre-treatment with a DNA glycosylase
allows the detection of a specific type of altered base, as
shown in our previous publications (26-28,32,60). In partic-
ular, the E. coli NTH DNA glycosylase allows the detection
of a variety of oxidized pyrimidines such as thymine glycol,
5-hydroxycytosine, 5-hydroxyuracil (61). However, it should
be noted that this enzyme can also cleave abasic sites and
Fapy-purine residues. BCL11A knockdown caused an in-
crease in the level of oxidized bases in non-treated cells, and
a delay in the repair of these bases following treatment with
H,O; (Figure 2B, right panel). We conclude that BCL11A is
required for efficient repair of oxidized bases in these breast
cancer cells.

Measurement of abasic sites revealed that BCLI1A
knockdown also causes an increase in the number of aba-
sic sites in the genome of MDA-MB-231 cells (Figure 2C,
no treatment), and a delay in the repair of abasic sites fol-
lowing treatment with H,O, (Figure 2C, H,O; + 45 min).
These results suggest that BCL11A knockdown causes a de-
fect in a downstream step of base excision repair. The de-
fects in base excision repair caused by BCL11A knockdown
were associated with a decrease in clonogenic efficiency and
proliferation potential (Supplementary Figure S2C, 0 pnM
H,0; and 2D, CFSE assay). Importantly, BCL11A knock-
down did not cause a significant decrease in the expression
of NTHL1 nor Pol B, while expression of MDM2, a previ-
ously characterized transcriptional target of BCL11A, was
markedly decreased (Supplementary Figure S2E) (36).

BCL11A stimulates the enzymatic activities of NTHLI1 in
vitro

The diagram in Figure 3A shows the longest BCL11A
isoform, BCL11A-XL. To verify the effect of BCL11A-
XL on the glycosylase and AP-lyase activities of the
NTHL1 DNA glycosylase, we performed cleavage assays
with purified proteins and two types of probes each con-
taining an oxidized pyrimidine residue and devoid of a
BCLI11A binding site. The first probe contained a 5,6-
dihydrothymidine (DHT) base at position 6 and a FAM-
fluorophore next to a dabcyl quencher on the opposite
strand (Figure 3B). As indicated in the diagram, increase
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Figure 2. BCL11A knockdown causes an increase in genomic DNA damage and a delay in the repair of oxidized bases and abasic sites. MDA-MB-231
cells were infected with lentiviral vectors expressing a BCL11A shRNA or a non-targeting sequence. Knockdown of BCLI1A is ~60%. (A) Cells were
exposed to 50 wuM H, O, for 20 min and allowed to recover for the indicated times before carrying out single cell gel electrophoresis at pH > 13. Comet
tail moments were scored for at least 100 cells per condition. Results are a representative of one of three independent experiments. Error bars represent
standard error. ***P < 0.001; **P < 0.01.; *P < 0.05; Student’s z-test. (B) Cells were exposed to 50 uM H»O; for 20 min and allowed to recover for the
indicated time before carrying out single cell gel electrophoresis at pH 10 and pH 10 after treatment of cells with the Endo III DNA glycosylase. Comet
tail moments were scored for at least 100 cells per condition. Results are a representative of one of three independent experiments. Error bars represent
standard error. ¥***P < 0.001; **P < 0.01; *P < 0.05; Student’s ¢-test. (C) Cells stably carrying a lentivirus expressing an shRNA against BCL11A or an
empty vector were treated or not with 50 wM H»O;. Genomic DNA was purified and abasic sites were quantified using an aldehyde-reactive probe. Results
are an average of three independent experiments. Error bars represent standard error. ***P < 0.001; **P < 0.01.; *P < 0.05; Student’s 7-test.

in fluorescence depends on both NTHL1 glycosylase and
AP/lyase activities. The BCL11A-XL protein stimulated
the enzymatic activities of NTHL1 (Figure 3B). The sec-
ond probe was a 5’-radiolabelled double-stranded oligonu-
cleotide that contains a thymine-glycol (Tg) base. In this
case, removal of the altered base by NTHLI1 produces
an abasic site that is incised in the presence of NaOH,
thereby producing a shorter radiolabelled product that can
be separated by electrophoresis on a denaturing gel (Fig-
ure 3C). In this assay, the glycosylase activity of NTHLI
was stimulated by increasing amounts of the BCL11A-
XL protein (Figure 3C, compare lane 2 with lanes 3, 4
and 5).

Structure-function analysis of BCL11A defines a region of
BCL11A that interacts with NTHL1 and stimulates its enzy-
matic activity

We performed structure-function analysis to map the re-
gion(s) of BCLI1A that are involved in the interaction
with NTHL1 and the stimulation of its enzymatic ac-
tivities. Multiple His-tagged BCLI1A fragments and a
GST-NTHLI1 fusion protein were expressed in bacteria
and purified by affinity chromatography (Figure 3A and
Supplementary Figure S3A and B). In pull-down assays,

we observed a strong interaction between GST-NTHLI1
and His-BCL11A!'6'3% and a weaker interaction with
BCL11A3%3% (Figure 3D, lanes 4 and 6). Neither of these
fragments was able to stimulate NTHL1 enzymatic activ-
ity in the cleavage assay with the FAM-probe that con-
tains a DHT base (Figure 3E). However, the BCL11A60-520
fragment exhibited a strong stimulation of NTHLI activ-
ity (Figure 3E). In this assay, production of a cleaved DNA
fragment requires both NTHLI glycosylase and AP-lyase
enzymatic activities. This result was confirmed in the cleav-
age assay with the radioactively labeled probe that contains
a Tg base (Figure 3F, compare lanes 3 and 4). As a further
confirmation of these results, incubation in the presence of
sodium borohydride showed that the BCL11A!60-520 frag.
ment stimulates formation of a Schiff base between NTHL1
and the radioactively labeled probe (Figure 3G, lanes 6—
8). Of note, as the C-terminal zinc fingers are required for
DNA binding, the BCL11A%0520 fragment is unable to
bind to DNA containing the optimal BCL11A binding site
(Supplementary Figure S3C: C-terminal fragment, lanes
6 and 13; BCL11A'%0520 Janes 7 and 14). Pull-down as-
says with a His- BCL11A!%1-3% fragment and various GST-
tagged NTHL1 peptides showed no interaction with a pep-
tide containing amino acids 88-312 of NTHLI1, however,
we observed an interaction with a peptide containing the
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Figure 3. Structure—function analysis of BCL11A defines a region of BCL11A that interacts with NTHL1 and stimulates its enzymatic activity. (A) Di-
agrammatic representation of the BCL11A-XL and fragments tested in pull-down and DNA repair assays. (B) Diagrammatic representation of the 5,6-
dihydrothymidine (DHT) cleavage assay using a fluorophore reporter probe. The assay was performed using 5 nM of NTHL1 and 20 nM of BCL11A-XL,
in the presence of 50 nM of BSA. (C) Diagrammatic representation of the thymine glycol (Tg) cleavage assay using a radioactively labeled probe. The assay
was performed using purified NTHL1 (10 nM) and the indicated amounts of BSA and/or BCL11A-XL. The reaction in lane 1 was performed with a probe
that contains a normal thymidine base instead of thymine glycol. (D) Pull-down assays were performed using His-tagged BCL11A fragments and either
GST or GST-NTHLI, followed by immunoblotting with anti-His antibodies. (E) DHT cleavage assays were performed using 20 nM of BCL11A fragments,
in the presence of absence of NTHLI (5 nM), as indicated. An additional assay was performed with 40 nM of BCL11A 19020 All samples included 50 nM
of BSA; the sample labeled ‘BSA’ included an additional 20 nM BSA. (F) Thymine-glycol (Tg) cleavage assays were performed using radioactively end-
labeled double-stranded oligonucleotides containing a Tg oxidized base, and 250 nM BSA. Where indicated, NTHLI (2.5 nM), BSA or BCL11A160-520 (|5
nM) were included in the reaction. Production of a cleaved product in samples that have not been treated with NaOH (lanes 1-4) requires the glycosylase
and AP/lyase activities of NTHLI. In the absence of NaOH, NTHLI alone cleaves 9.7% of the substrate, whereas BCL11A%0320 cleaves 49%. In the
presence of NaOH, NTHLI alone cleaves 20.3% of the substrate, whereas BCL11A100-520 cleaves 43.8%. (G) Radioactively end-labeled double-stranded
oligonucleotides containing a thymine glycol (Tg) base were incubated with the indicated amount of NTHL1, BSA and BCL11A'90-520 After incubation
at 37°C, 50 mM sodium borohydride was added. The reactions were incubated for another 15 min at 37°C. After termination of the reaction, the trapped
complexes were separated from free DNA by 10% SDS-PAGE. (H) Pull-down assays were performed using the His-tagged BCL11A'01-3% peptide and
either GST or GST-NTHL1!'-312, GST-NTHL1%-312 or GST-NTHL1!"11¢ followed by immunoblotting with anti-His antibodies.
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N-terminal amino acids 1-116 (Figure 3H). We conclude
that BCL11A interacts with the N-terminal portion of
NTHLI.

BCL11A interacts with Pol 3

The increase in the number of genomic abasic sites fol-
lowing BCL11A knockdown (Figure 2C) suggested that
BCLI1A may act on a downstream BER step. Co-
immunoprecipitation assays using nuclear extracts from
MDA-MB-231 cells show that the BCL11A antibody is able
to bring down the Pol B protein (Figure 4A, IB: Pol j3,
lane 2). In turn, the Pol B antibody was able to bring down
BCLI11A (Figure 4, IB: BCL11A, lane 2). As an alterna-
tive approach to verify the interaction between BCL11A
and Pol B, we performed the split intein assay (Supple-
mentary Figure S1A). Co-expression of BCL11A!609-520.
V5-IN with IC2-FLAG-Pol B led to the production of a
third fusion protein, BCL11A%0520.V5.FLAG-Pol B, that
is detected with both the V5 and FLAG antibodies (Fig-
ure 4B, lane 6). As controls for the specificity of split
intein-detected interactions, we observed no recombina-
tion between BCL11A!'%0-20_V5.FLAG and IC2-FLAG-
LIG3 nor IC2-FLAG-FOXN2 (Figure 4B, lanes 2 and
4). Likewise, IC2-FLAG-Pol B did not recombine with
CCNBI1-V5-IN4B nor CCNEI-V5-IN4b (Supplementary
Figure S1C, lanes 3 and 6). In pull-down assays, we ob-
serve an interaction between GST-Pol 3 and the His-tagged
BCL11A®1-3% protein, and a very weak signal with His-
tagged BCL11A3793% protein (Figure 4C, lanes 4 and 6).

BCL11A stimulates Pol 3 enzymatic activities

We performed a series of in vitro DNA repair assays to mon-
itor whether BCL11A is able to stimulate the enzymatic ac-
tivities of Pol B. Using a FAM fluorophore-based probe
containing a nick, we observed that BCL11A-XL stimulates
strand-displacement by Pol B (Figure 4D). Using double-
stranded oligonucleotides containing an abasic site, we ob-
served that the BCL11A%0520 peptide was able to stimulate
incorporation of >P-dCTP in a concentration-dependent
manner (Figure 4E, compare lane 2 with lanes 3, 4 and 5).
This assay was repeated using the same double-stranded
oligonucleotides but this time it was labeled at its 5° end
and the four tri-phosphate deoxynucleotides (ANTPs) were
added (Figure 4F). As controls, the reactions were per-
formed in the presence of either BSA or HOXB3. The
BCL11A%0-520 peptide stimulated the addition of several
nucleotides by Pol B (Figure 4F, compare lane 5 with lanes
4 and 6, and lane 8 with lanes 7 and 9). Together, the results
from the in vitro repair assays with purified proteins indicate
that BCL11A-XL and the BCL11A!0520 peptide stimulate
the polymerase activity of Pol (3.

Another important enzymatic activity of Pol B involves
the conversion of a 5'-deoxyribose phosphate (dRP) into
a 5-phosphate (P) to enable the final ligation step. The
dRP-lyase activity of Pol B was previously shown to rep-
resent a rate-limiting step in base excision repair (62,63).
We prepared a fluorescently labeled DNA probe contain-
ing a single-strand break with a Send dRP residue (Figure
4G, diagram). Note that the dRP residue is a labile chem-

ical group, but its conversion into phosphate can be lim-
ited by adding NaBHj4 to the reaction (Figure 4G, compare
lane 9 with NaCl with lane 10 with NaBHy). The probe
was incubated with Pol B in the presence of either BSA or
BCL11A'%-520 Importantly, in the absence of Pol B, we did
not observe any conversion of dRP into P (Figure 4G, com-
pare lanes 1, 2, 7 and 8 with lane 10). The dRP-lyase activity
of Pol B was stimulated in the presence of BCL11A'90-520 at
both the 7.5 min and 15 min time points (Figure 4G, com-
pare lane 5 with 6, and lane 3 with 4). From four indepen-
dent pairs of assays, we calculated an average 1.8 fold (£0.3)
stimulation of Pol  dRP-lyase activity by BCL11A!00-520,

Ectopic expression of the BCL11A'%-52 fragment acceler-
ates DNA repair and increases resistance to oxidative DNA
damage

As a first step to verify whether the BCL11A'%020 peptide
can stimulate the repair of oxidative DNA damage in cells,
the peptide was ectopically expressed in RPEI cells, which
express low levels of BCL11A. We added a nuclear local-
ization signal to the peptide to ensure that it would local-
ize to the nucleus. Measurement of DNA damage by comet
assay revealed a decrease in DNA damage in RPE1 cells
expressing BCL11A0520 a5 compared to cells harbour-
ing the empty vector (Figure 5A, untreated cells). More-
over, following treatment of cells with H,O,, we observed
an acceleration of DNA repair in BCL11A99520 expressing
cells (Figure 5A). In agreement with the comet assay results,
clonogenic assays showed that the BCL11A!'%5%20 peptide
increased the resistance of RPEI cells to treatment with 100
wM H,O; (Figure 5B). In contrast to these results, ectopic
expression of a BCL11A protein lacking amino acids 160 to
520, BCL11A2190520 " did not reduce genomic DNA dam-
age nor accelerate DNA repair after H,O; treatment (Sup-
plementary Figure S4A and B).

The DNA repair and proliferation defects caused by
BCL11A knockdown are rescued by ectopic expression of the
BCL11A%-520 fragment

Using MDA-MB-231 breast cancer cells, we verified
whether ectopic expression of the BCL11A!0-520 peptide
can rescue the DNA repair defect caused by BCL11A
knockdown. Comet assays revealed that the increase in
DNA damage following BCL11A knockdown was rescued
by overexpression of the BCL11A'0520 peptide (Figure
6A, untreated cells). Moreover, following treatment with
H,0,, the delay in DNA repair caused by BCL11A knock-
down was rescued by the BCL11A!00520 peptide (Figure
6A, recovery after H,O,). In contrast to these results, ec-
topic expression of the BCL11A2!60-520 deletion mutant
did not rescue the phenotypes caused by BCL11A knock-
down but caused a further increase in genomic DNA dam-
age and a slight delay in DNA repair following H,O, treat-
ment (Supplementary Figure S4C). Rescue of DNA repair
by the BCL11A%0-520 peptide was confirmed in MDA-MB-
436 breast cancer cells (Supplementary Figure S4D). Comet
assays at pH 10 following treatment with the Endo III en-
zyme showed that the BCL11A!'0520 peptide rescued the
repair of oxidized bases (Figure 6B). In addition, ectopic ex-
pression of the BCL11A!90-520 peptide was able to prevent
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Figure 4. BCL11A interacts with Pol  and stimulates its enzymatic activities. (A) Nuclear protein extracts (500 pg) from MDA-MB-231 cells were submit-
ted to co-immunoprecipitation (IP) alternatively with Pol 8 or BCL11A antibodies and then immunoblotted (IB) with either anti-PolB or anti-BCL11A
antibody. Input (1%) was loaded as a protein expression control. (B) 293 cells were transfected with vectors expressing fusion proteins containing either
the N-terminal or C-terminal portion of Intein, as indicated: BCL11A60-520.v5.IN4b with either IC2-Flag-LIG3, IC2-Flag-FOXN2 or IC2-Flag-Pol B.
Whole cell extracts were submitted to immunoblotting analysis with the V5 and FLAG antibodies. (C) Pull-down assays were performed using His-tagged
BCLI11A fragments and either GST or GST-Pol B, followed by immunoblotting with anti-His antibodies. (D) Diagrammatic representation of the strand
displacement assay using a fluorophore reporter probe. F: FAM fluorophore; Q: quencher. The strand displacement assay was performed using 2.5 nM of
BCLI1A and 15 nM of Pol 3. 50 nM of BSA were added to each reaction. (E) Double-stranded oligonucleotides containing a uracil residue were incubated
with UDG and APEI1 to form a gapped substrate for Pol . The DNA was then incubated with 3>P-dCTP in the presence of DNA Pol B and either BSA
or BCL11A160-520 (F) Double-stranded oligonucleotides containing a uracil residue were labeled at the 5’-end and incubated with UDG and APEI to
form a gapped substrate for Pol 8. The gapped probe was then incubated with all 4 dNTPs in the presence of DNA Pol 8 and either 25 nM BSA or 25 nM
BCL11A!%0-520 (G) Double-stranded oligonucleotides containing a uracil residue, that were labeled at the 3’ end using Klenow and fluorescent CF 660R
dCTP, were incubated with UDG and APEI to produce a single-strand nick with a 5’-deoxyribose phosphate (ARP). This DNA substrate was incubated
with Pol B in the presence of BSA or BCL11A%0-520, NaBH4 was added to most samples, except in lane 9, to prevent the spontaneous conversion of dRP
into P. From four independent pairs of assays, we calculated an average 1.8 fold (0.3) stimulation of Pol B dRP-lyase activity by BCL11A160-520,
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the increase in genomic abasic sites resulting from BCL11A
knockdown (Figure 6C).

Importantly, expression of NTHL1 and Pol B were not
affected by BCL11A knockdown or ectopic expression of
BCL11A!'%-520 (Figure 6C and Supplementary Figures S2E
and 5B). RT-PCR analysis further confirmed that BCL11A
has no impact on the expression of base excision repair
genes and that BCL11A!'920 has no transcriptional activ-
ity (Supplementary Figure S5A and B). Notably, expression
of MDM2, a reported transcriptional target of BCLI1A,
was increased following ectopic expression of BCL11A-
XL (Supplementary Figure SSA) and reduced by BCL11A
knockdown (Supplementary Figure S5B) but was not af-
fected by BCL11A!90-520 gyerexpression (Supplementary
Figure S5A and B).

We investigated the effect of BCL11A knockdown on the
repair of an oxidized base by cell extracts using double-
stranded oligonucleotides containing a thymine glycol base
in the presence of *>P-dTTP. As shown in the diagram of
Figure 6D, in this assay we expect that NTHL1 present in
the extract will remove the oxidized pyrimidine and intro-
duce a single-strand break that will be processed by APE1
to produce a 3’-OH group, and Pol 3 will add a radiolabeled
thymidine and Ligase III will seal the strand-break thereby
generating a single-strand that migrates more slowly on
a denaturing gel. BCL11A knockdown caused a decrease
in thymidine addition and repair completion (Figure 6D,
compare lanes 1 and 2), however, ectopic expression of
BCL11A!'09520 restored the efficiency of both enzymatic re-
actions (Figure 6D, compare lanes 3 and 4).

In agreement with these results, the decline in clonogenic
efficiency caused by BCL11A knockdown was partially res-
cued by the BCL11A'%9-520 peptide (Figure 6E). Using the
CFESE cell stain assay to investigate cell proliferation, we
observed that BCL11A knockdown caused a slight delay
in the rate of cell division that was fully rescued by the
BCL11A!0-520 peptide (Figure 6G). Moreover, the increase
in the proportion of senescent cells caused by BCL11A
knockdown was also rescued by the BCL11A60-520 pep-
tide (Figure 6F). The significance of these results will be
addressed in the discussion.

The impact of BCL11A knockdown on DNA repair, genomic
DNA damage and clonogenic efficiency is confirmed in other
triple-negative breast cancer cells

Experiments in three other triple-negative breast cancer cell
lines confirmed that BCL11A knockdown causes a defect in
the DNA repair activity of cell extracts (Figure 7A), an in-
crease in genomic DNA damage (Figure 7B), a decrease in
clonogenic efficiency (Figure 7C, 0 uM H;0,), and a de-
crease in the resistance to H,O; treatment (Figure 7C, 20
and 50 I.LM HzOz).

BCL11A cooperates with RAS to transform primary cells
and escape senescence

The previously reported cooperation between BCLI11A
and NF1 inactivation in leukemogenesis raised the pos-
sibility that BCL11A could cooperate with RAS onco-
gene in cellular transformation (37). One obstacle to RAS-
transformation is the increased production of reactive oxy-
gen species that causes oxidative DNA damage and ul-
timately, cellular senescence (64-66). To test whether the
DNA repair activity of BCL11A may cooperate with RAS,
we performed co-infections into the IMR90 human pri-
mary fibroblastic cells to express the HRASS!'?Y oncogene
together with BCL11A!920 or the empty vector (Fig-
ure 8A). Co-expression of HRAS with BCL11A%0-520 pep-
tide greatly increased the number of colonies in soft agar
(Figure 8B). As expected, the HRAS oncogene caused
an increase in DNA damage measured by comet assay,
but this increase was prevented by co-expression with
the BCL11A!0520 fragment (Figure 8C). Importantly, the
HRAS oncogene increased the proportion of senescent
cells whereas BCL11A!%0-520 expression was able to tame
the increase in senescence as judged by the number of
cells exhibiting senescence-associated (-galactosidase ac-
tivity (Figure 8D and E). These results were confirmed by
measuring expression of the senescence markers P16, P21,
116 and 118 (Figure 8E). We conclude that the DNA repair
function of BCL11A helps RAS-driven cancer cells to avoid
cellular senescence and continue to proliferate.
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Figure 6. The DNA repair and proliferation defects caused by BCL11A knockdown are rescued by ectopic expression of the BCL11A00-520 Fragment.
(A, B, E and F) MDA-MB-231 cells were infected with lentiviral vectors as indicated: an empty vector, a vector expressing BCL11A shRNA, and a vector
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DISCUSSION (36). BCLI1A knockdown in three TNBC cell lines sup-
presses tumor growth in xenografts (36). In the DMBA-
induced tumor model, prior deletion of BCL11A greatly de-
creases tumor formation, whereas deletion of BCL11A af-
ter tumor appearance causes tumor regression, indicating
that BCL11A represents a potential therapeutic target (36).
A retroviral mutagenesis screen in leukemogenesis revealed
a strong cooperation between BCL11A overexpression and
loss of the NFI tumor suppressor gene (37). This obser-
vation suggested cooperation between BCL11A and RAS
pathway activation since NF1 encodes a GTPase-activating
protein that negatively regulates RAS signaling (76-78). In-
deed, in the RAS-transformation assay, we observed that
BCL11A!0-520 cooperates with RAS to transform IMR90
primary fibroblast cells in a soft agar assay (Figure 8B). This
was associated with a lower level of DNA damage and a
reduction in the number of senescent cells (Figure 8C, D
and E). These results indicate that the DNA repair func-
tion of BCL11A is required for transformation of cells by a
RAS oncogene. Moreover, in the fully transformed MDA-
MB-231 cells which carry a KRASC!3P oncogene, BCL11A4
knockdown reduced clonogenic efficiency, slowed down cell
proliferation and increased the proportion of senescent cells
(Figure 6E-QG). Similar effects were observed in three other
triple-negative breast cancer cells (Figure 7). We conclude
that the DNA repair function of BCL11A is required not
only for the establishment of the transformed phenotype
but also for the continued survival and proliferation of can-
cer cells.

The role of BCL11A as an accessory factor stimulating
both NTHLI and Pol B is coherent. Indeed, since DNA
glycosylases that recognize oxidized bases are also endowed
with an AP-lyase activity, it is important that the result-
ing single-strand break can be rapidly resolved by BER en-
zymes acting downstream in the pathway. Earlier studies
have previously revealed the importance of maintaining a
proper balance in the enzymatic activities of BER enzymes
(79). For example, cancer cells can be rendered more suscep-

Prior findings demonstrated that CUT domain proteins can
stimulate the enzymatic activities of OGG1 but not of other
glycosylases of the base excision repair pathway. Hence,
we hypothesized that other DNA glycosylases may interact
with distinct accessory factors, and therefore aimed to iden-
tify accessory factors for NTHLI, the main glycosylase that
removes oxidized pyrimidines. Proximity biotinylation with
a NTHLI1-BirA* protein identified BCL11A, a transcrip-
tion factor previously characterized as an oncogene. We
confirmed that BCL11A interacts with NTHLI and stim-
ulates its enzymatic activities (Figure 3). In contrast to the
situation with CUT domains and OGG]1, we did not ob-
tain solid evidence that BCL11A accelerates the binding of
NTHLI1 to DNA that contains an oxidized base (Supple-
mentary Figure S3D). However, the fact that BCLI1A in-
teracts with the N-terminal domain of NTHLI1 raises the
possibility that it may alleviate the inhibitory effect of this
domain as was previously shown for the YB-1 accessory fac-
tor (Figure 3F) (67,68). In addition, we found that similarly
to CUT domain proteins, BCL11A helps Pol B complete
the repair of damaged bases (Figures 4D, E and F; 6D and
7A). In TNBC cells, BCL11A knockdown caused a delay in
the repair of oxidative DNA damage and an increase in the
number of oxidized bases and abasic sites in genomic DNA
(Figures 2B and C; 6A-C and D; 7). The DNA repair de-
fects caused by BCL11A knockdown were rescued by over-
expressing BCL11A00-520 3 peptide that is devoid of DNA
binding and transcriptional activity (Figure 6A-D).

In cancer, elevated BCL11 A expression has been reported
in triple-negative breast cancers (36,57,58), lung squamous
cell carcinoma (69), non-small-cell lung cancer (70,71),
acute myeloid leukemias (72,73), natural killer/T-cell lym-
phoma (74) and laryngeal squamous cell carcinoma (75).
In breast cancers, BCL11A is highly expressed in the triple-
negative breast cancer subtype (TNBC), while its genomic
locus is amplified in up to 38% of basal-like breast cancers

expressing BCL11A100-520 (A) Cells were exposed to 50 wM H,0, for 20 min and allowed to recover for the indicated time before carrying out single cell
gel electrophoresis at pH >13. Comet tail moments were scored for at least 100 cells per condition. Results are a representative of one of three different
experiments. Error bars represent standard error. ***P < 0.001; **P < 0.01; *P < 0.05; Student’s z-test. (B) Cells were exposed to 50 uM H,O; for 20 min
and allowed to recover for the indicated time before carrying out single cell gel electrophoresis at pH 10 after treatment of cells with the Endo 11T DNA
glycosylase. Comet tail moments were scored for at least 100 cells per condition. Results are a representative of one of three different experiments. Error
bars represent standard error. ***P < 0.001; **P < 0.01.; *P < 0.05; Student’s 7-test. (C) MDA-MB-231 cells stably carrying an empty vector or a vector
expressing BCL11A99520 were transfected with either of two distinct BCL11A dicer RNAs or a control dicer RNA. Genomic DNA was purified and
abasic sites were quantified using an aldehyde-reactive probe. Results are an average of three different experiments. Error bars represent standard error.
¥*EP < 0.001; **P < 0.01; *P < 0.05; Student’s 7-test. (D) MDA-MB-231 cells were stably infected with a vector expressing BCL11A shRNA under the
control of a tetracycline-inducible promoter, as well as an empty vector or a vector expressing BCL11A190-520_ Cells were treated or not with doxycycline
for 3 days before cell extracts were prepared and anal}yzed in a DNA repair assay using as a substrate double-stranded oligonucleotide containing a thymine
glycol base (Tg). Upon incubation in the presence of *2P-dTTP, NTHLI present in the cell extract removes the thymine glycol and introduces a single-strand
break; Pol B adds a radioactively labeled thymidine and ligase III seals the strand-break thereby generating a single-strand that migrates more slowly on a
denaturing gel. The amount of repair completion (top band) for each sample was normalized to the value of ‘Vector no dox’. The enzymatic activity of the
BCLI11A knockdown (‘vector + dox’) is 55.7% whereas the activity of ‘BCL11A'%0-520 no dox’ is 365% and ‘BCL11A'%0-520 + dox’ is 361%. (E) Cells were
treated with increasing amounts of H,O, and then submitted to a clonogenic assay. Error bars represent standard error. ***P < 0.001; **P < 0.01; *P <
0.05; Student’s r-test. (F) MDA-MB-231 cells carrying BCL11A90-320 or not were infected with lentiviruses expressing either control or BCL11A sShRNA.
B-Gal associated senescence was measured 5 days after infection. All values are normalized to the control sShARNA value. Error bars represent standard
error. Results are a representative of one of two different experiments. ***P < 0.001; **P < 0.01; *P < 0.05; Student’s -test. (G) MDA-MB-231 cells were
stably infected with a lentiviral vector expressing a BCL11A shRNA under the control of a doxycycline-inducible promoter and either an empty vector
or a vector expressing BCL11A160-520, Doxycycline was added to the medium or not and 3 days later cell proliferation was measured by staining with
CellTrace™ CFSE. CFSE was added to the medium and a portion of the population was fixed immediately as the ‘0’ generation. The remaining cells were
allowed to proliferate for 3 days. Cells were fixed and analyzed by flow cytometry. Small peaks within the CFSE profiles represent successive generations,
as indicated above the peaks. The proliferation index is the total number of divisions divided by the number of cells that went into division. The division
index is the average number of cell divisions, taking into account the cells that never divided.
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Figure 7. The impact of BCL11A knockdown on DNA repair, genomic DNA damage and clonogenic efficiency is confirmed in other triple-negative breast
cancer cells. (A and B) The triple-negative breast cancer cell lines BT549, MDA-MB-468 and Hs578T were transfected with either of two distinct BCL11A
dicer RNAS or a control dicer RNA. After 2 days, cell extracts were prepared and in parallel cells were submitted to a comet assay. (A) Cell extracts were
prepared and analyzed in a DNA repair assay with a probe containing a thymine glycol, as described in Figure 6D. (B) A fraction of the cells was submitted
to single cell gel electrophoresis at pH >13. Comet tail moments were scored for at least 100 cells per condition. Results are a representative of one of
three different experiments. Error bars represent standard error. ***P < 0.001; **P < 0.01; *P < 0.05; Student’s 7-test. (C) Cells were stably infected with
a lentiviral vector expressing a BCL11A shRNA under the control of a doxycycline-inducible promoter. Doxycycline was added to the medium or not and
3 days later cells were treated with the indicated concentrations (0, 20, 50) of H,O; and then submitted to a clonogenic assay. Results are a representative
of one of three different experiments. Error bars represent standard error. ***P < 0.001; **P < 0.01; *P < 0.05; Student’s #-test.

tible to the killing effect of the mono-alkylating agent temo-
zolomide by increasing expression of methylpurine DNA
glycosylase or alternatively, by decreasing Pol B expression.
The resulting imbalance in base excision repair leads to
the accumulation of cytotoxic single-strand breaks with 5’-
deoxyribose phosphate (62,80). In a similar manner, the
stimulation of OGG1 or NTHLI1 enzymatic activities by
accessory factors in cancer cells that exhibit high levels of
reactive oxygen species could potentially produce cytotoxic
single-strand breaks that are deleterious to cell viability un-
less the increased glycosylase activity is matched by an in-
crease in Pol B activity.

In their seminal study on the role of BCLIIA in
triple-negative breast cancers, Khaled et al. reported that
BCLI11A knockdown reduces clonogenic efficiency in sev-
eral triple-negative breast cancer cell lines but did not have
a significant impact on cell viability or apoptosis (36). Re-
sults from the present study are entirely consistent with
their results, although it should be pointed out that some
of the assays performed in the two studies measure distinct
cell properties. For example, Khaled ef al. observed no dif-
ference in cell viability using an MTS assay, however, this
metabolic assay is not likely to reveal the increased pres-
ence of senescent cells in a population (36). In turn, in the
present study subtle differences in cell proliferation were
revealed by the CFSE stain assay because this assay mea-
sures the proportion of each generation of cells. Following
BCLI11A knockdown, most cells had only reached genera-

tion 2 after 3 days in culture and no cell had reached gen-
eration 4, whereas most control cells had reached genera-
tion 3, and some cells were at generation 4 (Figure 6G).
Strikingly, ectopic expression of BCL11A!0-520 restored
the ability to progress to generation 4 and even to gener-
ation 5 (Figure 6G). The BCL11A90520 peptide also pre-
vented the increase in senescent cells caused by BCL11A
knockdown (Figure 6F). Since the BCL11A!60520 peptide
is devoid of transcription regulatory potential, we conclude
that the BCL11A DNA repair functions are needed and
sufficient for senescence avoidance and efficient prolifer-
ation when cells are plated at high density. However, in
the clonogenic assay the BCL11A!%020 peptide only par-
tially rescued the decrease in clonogenic efficiency caused
by BCL11A knockdown (Figure 6E). We conclude that
BCLI11A transcriptional function is also needed for efficient
proliferation when cells are plated at a very low density. This
conclusion is in line with the evidence from Khaled et al.
showing that BCL11A provides critical functions in stem
and progenitor cells (36).

We note that the TNBC cells that exhibit a dependence on
BCLI11A all harbor a mutation that leads to the activation
of the phosphoinositide 3-kinase and AKT (PI3K/AKT)
pathway: KRASS3P in MDA-MB-231, HRASS"?P in
Hs578T, PIK3R1Y" in MDA-MB-436, PTENY?"*" in
BT549, PTENA72S in MDA-MB-468. Such mutations lead
to an increase in reactive oxygen species (ROS) production
(81-84), which can cause oxidative DNA damage and ulti-
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Figure 8. BCL11A cooperates with RAS to transform primary cells and escape senescence. IMR90 primary fibroblastic cells were infected with retroviruses
expressing either HRAS alone or HRAS and BCL11A90-520 a5 indicated. (A) Total cell extracts were analyzed by immunoblotting with the indicated
antibodies. (B) Cells were plated in soft agar 2 days after infection and colonies were counted after 2 weeks Results are an average of three different
experiments. Error bars represent standard error. ***P < 0.001; **P < 0.01; *P < 0.05; Student’s z-test. (C) IMR90 cells were selected for 5 days with
puromycin, cells were then submitted to single cell gel electrophoresis at pH >13. Comet tail moments were scored for at least 100 cells per condition.
Error bars represent standard error of three different experiments. ***P < 0.001; **P < 0.01; *P < 0.05; Student’s 7-test. (D) B-Gal associated senescence
was measured 7 days after infection with vectors expressing HRAS or HRAS and BCL11A09520 Values were normalized to the value of empty vector.
Error bars represent standard error of three different experiments. ***P < 0.001; **P < 0.01; *P < 0.05; Student’s 7-test. (E) Expression of the senescence
markers P16, P21, IL6 and IL8 was measured by RT-PCR 5 days following infection of IMR90 cells with vectors expressing either HRAS, BCL11A160-520,
HRAS and BCL11A'60-520 or nothing. Error bars represent standard error of three different experiments. ***P < 0.001; **P < 0.01; *P < 0.05; Student’s

1-test.

mately, senescence (65,66,85,86). This has been documented
in tissue culture, transgenic mouse models and human pre-
malignant lesions (87-93). Cancer cells can reduce ROS lev-
els by increasing the expression of anti-oxidants (94-96),
notably following inactivation of the KEAPI tumor sup-
pressor gene (97). Results from our group and others sug-
gest another mechanism of cancer cell adaptation to el-
evated ROS production. A genome-wide RNAI screen to
identify synthetic lethal interactions with the KRAS onco-
gene identified 4 enzymes involved in distinct steps of base
excision repair (BER): NEIL2, XRCCI1, POLB, LIG3 (31).
These results indicated that RAS-driven cancer cells are
significantly more dependent on an efficient BER pathway
than are normal cells. The CUX1 gene was also identified in
the same screen and later studies showed that CUX1 func-
tions as a BER accessory factor that accelerates the repair of
oxidative DNA damage, thereby enabling RAS-driven can-
cer cells to avoid cellular senescence and continue to prolif-
erate in spite of elevated ROS levels (26). Altogether these

findings suggest an alternative mechanism of adaptation to
heightened ROS production where cancer cells can adapt
to elevated ROS and avoid cellular senescence by increasing
their capacity to repair oxidative DNA damage. This can
be achieved, at least in part, by increasing the expression of
BER accessory factors such as CUX1 and BCL11A.

In addition to BCL11A, only a few transcription fac-
tors were reported to function as BER accessory factors.
YB-1 was reported to stimulate the enzymatic activities of
NTHLI1 and NEIL2 (68,98,99), XPG was shown to stimu-
late NTHL1 excision of thymine glycol residue by increas-
ing its DNA binding (100), HMGBI, the functions of the
APE1 and FENI endonucleases (101), P53, the enzymatic
activity of Pol B (102), and CUX1, CUX2 and SATBI, the
glycosylase and AP-lyase activities of OGG1 (26-29,32). In
addition, CUX1 was shown to stimulate the enzymatic ac-
tivities of APE1 and Pol B (30,50). While the list of BER
accessory factors is still limited, we suspect that a system-
atic search for such factors would reveal many more. For ex-



ample, we speculate that the process of DNA demethylation
that occurs during differentiation may involve transcription
factors that stimulate the DNA binding or enzymatic activ-
ity of DNA repair enzymes such as the ten-eleven transloca-
tion (TET) proteins, activation-induced deaminase (AID),
apolipoprotein B editing complex (APOBEC) proteins, and
thymidine-DNA glycosylase (TDG) (103,104). If this no-
tion was confirmed, it would raise the question of why there
should be a need for accessory factors in mammalian cells
when there does not seem to be any BER accessory factor
in bacteria. We suggest that the need for BER accessory fac-
tors may be linked to the large genome size of higher organ-
isms. While surveillance of a large genome could be ensured
by simply increasing the number of enzymes, one could see
benefit in enrolling the proteins that patrol the genome and
are active in the regions that are transcribed and thus need
better protection from DNA damage.
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