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Abstract

Genetic studies in mice and human cancers established BCL118B as a haploinsufficient tumor suppressor gene. Paradoxically, BCL11B is overex-
pressed in some human cancers where its knockdown is synthetic lethal. We identified the BCL11B protein in a proximity-dependent biotinyla-
tion screen performed with the DNA glycosylase NTHL1. /n vitro DNA repair assays demonstrated that both BCL11B and a small recombinant
BCL11B2'3560 protein lacking transcription regulation potential can stimulate the enzymatic activities of two base excision repair (BER) en-
zymes: NTHL1 and Pol 3. In cells, BCL11B is rapidly recruited to sites of DNA damage caused by laser microirradiation. BCL17B knockdown
delays, whereas ectopic expression of BCL11B213%60 accelerates, the repair of oxidative DNA damage. Inactivation of one BCL11B allele in TK6
lymphoblastoid cells causes an increase in spontaneous and radiation-induced mutation rates. In turn, ectopic expression of BCL11B213560 ¢o-
operates with the RAS oncogene in cell transformation by reducing DNA damage and cellular senescence. These findings indicate that BCL11B
functions as a BER accessory factor, safeguarding normal cells from acquiring mutations. Paradoxically, it also enables the survival of cancer
cells that would otherwise undergo senescence or apoptosis due to oxidative DNA damage resulting from the elevated production of reactive
oxygen species.
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Introduction

Base excision repair (BER) repairs most base lesions includ-
ing alkylated, deaminated and oxidized bases, as well as
apurinic/apyrimidinic (AP) sites. This pathway is initiated
by one of many DNA glycosylases which recognize spe-
cific base lesions and cleaves the N-glycosylic bond link-
ing the altered base to the DNA backbone to produce an
apyrimidinic/apurinic (AP) site (1,2). In mammals, AP sites
are targeted by the AP endonuclease 1, APE1, which incises
the DNA backbone 5’ to the AP site to generate a single-strand
break with a 5'-deoxyribose phosphate (dRP) (3). In addition,
DNA glycosylases for oxidized bases are also endowed with
an AP/lyase activity that generates a single-strand nick 3’ to
the AP site via beta (OGG1, NTHL1) or beta-delta (NEIL1,
NEIL2) elimination (reviewed in (4)). 5’ or 3’ end processing
of the resulting single-strand breaks are then performed by
DNA pol B, APE1 or PNKP, and repair synthesis and liga-
tion are accomplished by the short-patch or long-patch path-
ways (5-7). In short-patch repair, DNA pol  (Pol B) adds a
single base and removes the 5'- dRP to allow ligation (8). In
long patch repair, 2-13 bp are synthesized by Pol  or §/¢,
thereby generating a displaced strand that is cleaved by FEN1
prior to ligation (2,9). There is considerable overlap in sub-
strate specificities among DNA glycosylases that repair oxida-
tive DNA lesions, suggesting that redundancy has been built
into the system (reviewed in (4)). However, in general, OGG1
is the primary repair enzyme for oxidized purines, whereas ox-
idative pyrimidine lesions are removed primarily by NTHL1,
NEIL1 or NEIL2 (4).

Multiple connections have been reported between the BER
pathway and transcription factors. On the one hand, several
studies documented the role of the OGG1 DNA glycosylase in
recruitment of transcription factors such as NF«B and the es-
trogen receptor (reviewed in (10)). On the other hand, several
transcription factors and DNA binding proteins were shown
to stimulate the enzymatic activity of one or several BER en-
zymes. YB-1 and hnRNP-U stimulate NEIL1 (11,12) HMGB1
stimulates the functions of the APE1 and FEN1 endonucleases
(13). The FACT complex facilitates uracil removal by UDG
(14). In vitro, P53 stimulates the activity of Pol § (15). CUT
domains within CUX1, CUX2 and SATB1 stimulate OGG1
(16-19). CUT domains also stimulate the enzymatic activities
of APE1 and Pol B to ensure repair completion (20,21).

The present study was initiated after we found that CUT
domains do not stimulate glycosylases other than OGG1. We
therefore hypothesized that other transcription factors may
cooperate with distinct DNA glycosylases. As OGG1 exhibits
specificity towards oxidized purines, we set out to identify
accessory factors for the DNA glycosylase NTHL1 which is
specific for oxidized pyrimidines. A proximity-dependent bi-
otinylation screen with a NTHL1-BirA* protein uncovered
the BCL11A and BCL11B proteins, which had previously been
identified as oncogenes (22). We have shown that BCL11A
stimulates the enzymatic activities of NTHL1 and Pol B and
that its DNA repair function is required for triple-negative
breast cancer cells to avoid senescence and continue to prolif-
erate despite producing excess levels of reactive oxygen species
(22). The implications of BCL11B in cancer are more com-
plex since it has been characterized both as an oncogene and a
haplo-insufficient tumor suppressor gene. BCL11B was iden-
tified as radiation-induced tumor suppressor gene 1 (Ritl) by
studying y-ray-induced mouse thymic lymphomas for losses
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of specific chromosomal DNA (23-26). Subsequent analysis
in human T-cell acute lymphoblastic leukemias (T-ALL) re-
vealed monoallelic BCL11B inactivating point mutations or
deletions in 9-16% of cases (27-29). Heterozygous Bcl11B
mice suffer higher incidence of thymic lymphomas after y-
radiation or crossing with p53 heterozygous mice (30-32).
These genetic data clearly establish BCL11B as a haploinsuf-
ficient tumor suppressor gene. Paradoxically, BCL11B over-
expression is reported in acute T-cell lymphomas, cutaneous
T-cell lymphomas (CTCL), squamous cell carcinomas, Ew-
ing sarcomas and glioblastomas (33-37). Notably, BCL11B
knockdown is lethal in human T-cell leukemia, while normal
mature T cells remain unaffected (30,38,39). In Ewing sar-
comas, BCL11B represents a specific immunohistochemistry
marker together with GLG1 and CD19 (40,41). Interestingly,
BCL11B overexpression increases resistance to radiomimetic
drugs and etoposide, however, the mechanism of action re-
mains to be defined (42,43).

Mechanistically, BCL11B was originally identified as
chicken ovalbumin upstream promoter transcription fac-
tor interacting protein 2 (CTIP2) (44). BCL11B encodes a
Kruppel-like C2H2-type zinc finger transcription factor that
binds to DNA and can function as a transcriptional repres-
sor or activator depending on posttranslational modifications
and promoter context (35,45-50). BCL11B is normally ex-
pressed in a tissue and cell-type specific manner, particularly in
stem/progenitor cells (reviewed in (32,51)). Knockout mouse
models reveal that BCL11B plays important roles in the de-
velopment of several tissues, including T cells, the central
nervous system (CNS), skin, tooth and the mammary gland
(32,45,51). In particular, BCL11B specifies T cell fate (52-535).
In human, several distinct heterozygous de novo mutations
resulting in lower BCL11B expression or in the production
of a truncated BCL11B protein cause a neurodevelopmental
disorder, termed BCL11B-Related Disorder, characterized by
speech impairment, intellectual disability, craniofacial anoma-
lies, dermal defects, and immunological abnormalities (56—
58). A case of severe combined immunodeficiency (SCID) as-
sociated with craniofacial and dermal abnormalities in a new-
born was found to result from a heterozygous de novo mis-
sense BCL11B mutation, p.N441K. The dominant negative
effect of this mutation was explained by the observation that
the mutant protein forms nonfunctional heterodimers with
the wild type BCL11B protein (59). Structure/function anal-
ysis identified an atypical CCHC zinc finger motif in the N-
terminal region as being responsible for protein dimerization
(60).

In the present study, we investigated the DNA repair func-
tions of BCL11B in the BER pathway. In cancer cell lines that
overexpress BCL11B we verified the effect of BCL11B knock-
down on DNA repair and genomic DNA damage. We ana-
lyzed the functions of BCL11B in BER using in vitro DNA
repair assays and defined the smallest peptide still able to stim-
ulate the enzymatic activities of the NTHL1 DNA glycosylase
and Pol 3 polymerase. We verified that a small peptide, devoid
of transcription regulation potential, can rescue repair pheno-
types resulting from BCL11B knockdown and cooperate with
a RAS oncogene in cell transformation. We generated two in-
dependent clones of TK6 lymphoblastoid cells, in which one
BCL11B allele has been inactivated, and measured their spon-
taneous and radiation-induced mutation rates using the fluc-
tuation assays. Altogether our results establish that the DNA
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repair functions of BCL11B are important for its roles as an
oncogene and a haploinsufficient tumor suppressor gene.

Materials and methods

Cell culture and virus production

HEK293FT and U20S cells were cultured in Dulbecco’s mod-
ified Eagle’s medium (DMEM, Wisent), Jurkat was cultured
in Roswell Park Memorial Institute medium (RPMI, Wisent)
and SKES-1 was cultured in McCoy 5A medium (Wisent).
All media were supplemented with 10% fetal bovine serum
(FBS, Gibco) and 1% penicillin streptomycin (Invitrogen). All
cells were maintained at 37°C, 5% CO;, and atmospheric O,.
Lentiviruses were produced by co-transfecting HEK293FT
cells with plasmids encoding BCL11B full length, BCL11B
EGFP, short hairpin RNA against BCL11B (Mission shRNA
pLKO.1 library, Sigma) or plenti6VS-BCL11B?'3-5¢0 with
packaging plasmid psPAX2 and envelop plasmid pMD2G.
The medium of the transfected cells was collected for 3 days,
48 h post-transfection.

Plasmid construction

Plasmids expressing his-tagged BCL11B frag-
ments (BCL11B'-213,  BCL11B213-420 BCL11B*'1-550,
BCL11B711-8%% and BCL11B213-5¢0) were prepared by insert-
ing gBlocks gene fragments (Integrated DNA Technologies)
into pET-30a vector using restriction enzymes. C-His-BCL11B
plasmid was purchased from GeneCopoeia in vector system
pReceiver-B31. 3xHA-BCL11B?'33%0 was cloned by insert-
ing the gBlock fragment into plenti6 VS backbone by gateway
cloning.

Bacterial protein expression

All proteins were expressed in the BL21 strain of Escherichia
coli. Bacteria were cultured until they reached an optical den-
sity of 0.3-0.4 at 600 nm. Isopropyl-B-D thiogalactopyra-
noside was added to 1 mM and bacteria were incubated at
12°C for 20 h. In the case of his-tagged fusion proteins, nickel
beads were washed several times in 20 and 40 mM imidazole,
and elution was performed in 250 mM imidazole. Following
elution from the nickel beads several buffer exchanges were
carried in 3-kDa molecular weight cut-off dialysis membrane
(Amicon Ultra, Millipore) to bring down imidazole concen-
tration to less than 0.1 uM. In the case of the BCL11B213-5¢0
protein, in addition to a C-terminal His-tag, we added an N-
terminal Strep-tag to be able to perform affinity chromatog-
raphy over Strep-Tactin®XT resin according to the manufac-
turer’s instructions (Iba, Gottingen, Germany).

Immunoblotting

Nuclear extracts were prepared according to the procedure of
Lee et al. (61), except that nuclei were obtained by submitting
cells to 3 freeze/thaw cycles in buffer A (10 mM HEPES, pH
7.9, 10 mM KCl, 1.5 mM MgCl,, 1 mM DTT). Nuclei were
then resuspended in Buffer C (20 mM HEPES, pH 7.9, 25%
glycerol 1.5 mM MgCI2, 420 mM NaCly, 0.2 mM EDTA)
and incubated at 4°C for 30 min. After 15 min of centrifuga-
tion, the supernatant was collected. Buffers A and C were sup-
plemented with protease inhibitor mix tablet purchased from
Roche. Whole cell extracts extracts were prepared by apply-
ing buffer X (50 mM HEPES, pH 7.9, 0.4 M KCl, 4 mM NaF,
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4 mM Na;VO4, 0.2 mM EGTA, 0.2 mM EDTA, 0.1% NP-
40, 10% glycerol, 0.5 mM DTT, protease inhibitor mix tablet
from Roche) to a monolayer plate. After 10 min incubation
on ice, the resulting slurry was centrifuged for 15 min at 4°C
and the supernatant was collected.

For immunoblotting, protein extracts were recovered as
described above and separated by electrophoresis on 6%
polyacrylamide. For the primary antibody incubation, an-
tibodies were incubated with the membrane in TBST (10
mM Tris pHS, 150 mM NacCl, 0.1% Tween) for 1 hour at
room temperature. After four 10 min washes with TBST,
secondary antibodies were added to membrane in TBST
and incubated for 1h at room temperature. Following four
10 min washes with TBST, proteins were visualized with
the ECL system from Amersham. The following antibodies
and dilutions were used: anti-BCL11B (1:2000, Bethyl), anti-
NTHL1 (1:1000, Proteintech), anti-GST (1:1000, Abcam),
anti Pol B (1:1000, Abcam), anti-His (1:3000, Sigma), anti-
HA (1:1000 Covance), anti-y-tubulin (1:10 000, Sigma) and
VS5 antibody (1:1000 Sigma). Secondary HRP-conjugated an-
tibodies, anti-mouse or anti-rabbit are from Jackson Labora-
tories (1:10 000).

Affinity purification

293T cells were co-transfected with 3xHA-BCL11B and c-avi
NTHL1 (plasmids purchased by GeneCopoeia) using Lipo-
fectamine3000 (Invitrogen) according to the manufacturer’s
instructions. 50 uM of biotin was added into the media 48 h
after transfection, and cells were collected after 24 h. Cells
were lysed in 20 mM Tris (pH 8.0), 150 mM NaCl, 1%
NP40 supplemented with a protease inhibitor cocktail (Sigma)
and centrifuged at 13000 g for 20 min. c-avi NTHL1 was
affinity-precipitated with magnetic streptavidin beads (GE
Healthcare). The samples were separated by SDS-PAGE fol-
lowed by immunoblotting with anti-NTHL1 antibody and
anti-BCL11B antibody.

Split intein

293T cells were transfected with the following combinations
of expression vectors: BCL11B -V5-IN and IC2-flag-NTHL1;
IC2-flag-Pol p and BCL11B2'3-9¢0.V5.IN; BCL11B213-560-y/§-
IN and IC2-flag-LIG3 or IC2-flag-FOXN2. No selection was
performed. Total extracts were obtained with RIPA lysis
buffer. For each sample, 40 ug were loaded onto an SDS PAGE
gel and blotted against V5 (Cell Signaling Technologies) or
Flag (Sigma).

GST-pull down assay

Bacterially expressed GST-tagged NTHL1 and bacteria car-
rying the empty GST tag vector were bound to glutathione-
Sepharose beads (GE Healthcare) and incubated overnight at
4°C with 1 pg of purified his-tagged BCL11B fragments. The
samples were washed three times NP40 lysis buffer (50 mM
Tris pH 8), 150 mM NaCl, 1% NP40, 50 mM NaF and
protease inhibitor) and separated by SDS-PAGE and proteins
were visualized by immunoblotting against GST and His.

In vitro fluorescent cleavage assay

The fluorescent cleavage assay was performed as previously
described (62), with minor modifications. We used a 43-mer
oligonucleotide (Midland) with DHT modification at its sixth
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position. The 5" end of the DNA was conjugated to a FAM flu-
orophore, and 3’ end conjugated to a Dabcyl quencher. Cleav-
age reactions were conducted in a 25 pl reaction containing 50
nM of oligonucleotide, 10 nM of enzyme and proteins, in 20
mM Tris (pH 8), 1 mM EDTA (pH 8.0), 1 mM DTT. The re-
actions were incubated at 37°C, and fluorescence data were
collected on a Realplex machine (Eppendorf Mastercycler)
equipped with standard optics (excitation filter, 494 nm; emis-
sion filter, 520 nm). A linear regression model was used to de-
termine the initial velocity of each enzymatic activity curve.
The effects of each protein in the presence of 5 nM NTHL1
were determined from nonlinear regression of initial velocity
versus concentration of proteins using Prism 6.0 (GraphPad).

In vitro radioactive cleavage assay

Double-stranded 32-mer oligonucleotides containing a
Thymine-Glycol modification at the 18th position (Midland)
were labeled with y-P32-dATP at the 5" end of the top strand
(*) using polynucleotide kinase. Cleavage reactions were
conducted using indicated concentration of bacterially pu-
rified proteins and enzyme in 20 mM Tris (pH 8), 1 mM
EDTA (pH 8.0), 1 mM DTT and 1 pmol of labeled probe.
Reactions were performed for 30 min at 37°C and 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 electrophoresis in Tris-borate
and EDTA (TBE; pH 8.0) at 20 mA. The radiolabeled DNA
fragments were visualized by storage phosphor screen (GE
Healthcare).

Tg cleavage assay with a fluorophore-based probe
Double-stranded 32-mer oligonucleotides containing a
thymine-glycol modification at the 18th position were labeled
with 6-FAM fluorescein. Reactions were performed as de-
scribed above for the radioactively-labeled probe, except that
at the end of the reaction, samples were adjusted to 0.5%
SDS and 20 mM EDTA, 1 mg/ul proteinase K and incubated
for another 30 min.

Sodium borohydride trapping of NTHL1

5’-End-labeled 32-mer duplex containing a thymine—glycol
modification was incubated with purified NTHL1, and
BCL11B proteins 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 sub-
strate by 10% SDS-PAGE gel.

Electrophoretic mobility shift assay (EMSA)

EMSAs with BCL11B proteins were performed using the in-
dicated amounts of purified proteins and incubated at room
temperature for 15 min in a final volume of 30 ul of 25 mM
HEPES (pH 7.5), 50 mM KCl, 5 mM MgCl,, 10 uM ZnCl,,
5% glycerol, 0.1 M DTT, with 0.1 ug poly dIdC and 1 pg BSA
as nonspecific competitors of DNA and protein. End-labeled
double-stranded oligonucleotides (1 pmol) were added and
further incubated for 15 min at room temperature. Samples
were loaded on 5% native polyacrylamide gels and separated
by electrophoresis at 100 V. Gels were dried and visualized by
autoradiography. EMSAs with NTHL1 and Pol B were per-
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formed in a different buffer: 25 mM NaCl, 10 mM Tris, pH
7.5, 1 mM MgCl,, 5 mM EDTA, pH 8.0, 5% glycerol, 1 mM
of DTT, with 30 ng of poly dIdC and 30 pg of BSA as nonspe-
cific competitors.

Laser microirradiation

U20S stable cell populations expressing EGFP-BCL11B were
seeded onto a 96-well plate with 170 pum glass bottom (Ibidi).
Cells were imaged in real-time as described previously (63).
Briefly, cells were pretreated with 2 uM Hoechst 33 342
(Sigma-Aldrich) for 5 min before being micro-irradiated using
a FV-3000 Olympus confocal microscope equipped with a 405
nm laser line. The microscope was configured for the micro-
irradiation step using the fluorescence-recovery after photo-
bleaching (FRAP)_module of the system. A single line scan
of the 405-nm laser at 70% power was sufficient to gener-
ate oxidized bases and activate the base excision repair path-
way. Recruitment of GFP-BCL11B to micro-irradiation stripes
was quantitatively monitored using the Damage Analyzer Fiji
script (64). 12-bit images were collected at 1x zoom and pro-
cessed using the Outliner Fiji script, The Outliner, which au-
tomatically outlines cell nuclei using a DNA dye-associated
channel (e.g. DAPI). This script makes it easier to distinguish
micro-irradiation stripes and individual cells by leaving out
uninformative DNA staining from the final images. Output
data were plotted using Microsoft Excel.

Single cell gel electrophoresis

Jurkat cells were plated at 300 000 cells/ml. SKES-1 and A673
cells were plated at 150 000 cells/ml. 50 uM of H,O, was
used to treat cells on ice for 20 min to induce DNA damage.
Immediately after treatment, cells were washed with PBS to
eliminate HyO, 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 BCL11B?'3-°¢0 were infected with pBABE—
HRASS2P or pPBABE—empty vector. 48 h after infection, cells
were selected with 4 pug/ml puromycin for 3 days and pelleted
for comet assay. Comet assay was carried out as described in
Ramdzan et al. (19).

Polymerase and strand-displacement activity with a
fam-probe

The FAM- and DABCYL-linked oligodeoxynucleotides were
purchased from Midland Oligos. The oligodeoxynucleotides
were annealed and Pol B activity was performed as de-
scribed (635). Briefly, the short complementary oligodeoxynu-
cleotide primer (§-TCACCCTCGTACGACTC) and re-
porter labeled with FAM (5- TTTTTTTTTTTTTTTGC-
FAM - 3’) were annealed, in 50 mM Tris-HCI,
pH 8.0 and 100 mM NaCl, to an oligodeoxynu-
cleotide template linked to DABCYL (5'- DABCYL -
GCAAAAAAAAAAAAAAAGAGTCCATTAAGGGTGA-

3’) to create double-stranded DNA substrates in which the
FAM signal is quenched. The annealed oligonucleotides were
then stored at —=20°C as 50 uM stocks. The fluorophore-based
probe (500 nM) was incubated with 5 nM of Pol § and 10
nM of BCL11B protein or BSA in the presence of 50 mM
Tris=HCI, pH 8.0, 10 mM KCI, 1 mM MgCl,, 2 mM DTT,
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0.01% Tween-20, 500 ng BSA, 100 uM dTTP and 500 nM
fluorescent probe.

Polymerase assays with radiolabeled probes

For the polymerase/elongation assay of Figure 5D, a
46-bp oligonucleotide containing uracil at position 20
(5’-TAGATGCCTGCAGCTGATGUGCCGTACGGATCC
ACGTGTACGGTCA-3) was labeled at its 5’end by T4
polynucleotide kinase and y-3?P dATPs, annealed with the
complementary oligonucleotide (5'-TGACCGTACACGTGG
ATCCGTACGGCGCATCAGCTGCAGGCATCTA-3') and
purified on a 12% non-denaturing gel. Prior to each assay, the
32p-labeled uracil containing duplex oligodeoxynucleotide
was pre-treated for 15 min at 37°C with uracil-DNA gly-
cosylase and APE1 to create an abasic site and produce a
nicked substrate for Pol B. The polymerase reactions were
performed in 50 mM Tris-HCl, pH 8.0, 10 mM KCI, 1 mM
MgCl,, 2 mM dithiothreitol, 0.01% Tween-20 with 20 nM
Pol p and 10 nM of either HOXB3 or BCL11B?!3-3¢0 or 360
nM BSA in the presence of cold dNTPs.

Polymerase 3 deoxyribose phosphate (dRP)-lyase
activity

A 32-bp oligonucleotide containing uracil at position 18 (5'-
CCGGTGCATGACACTGTUACCTATCCTCAGCG-3') was
labeled at its 3’end with the Klenow fragment and CF 660R
dCTP. The radiolabeled oligos were purified on a 12% non-
denaturing gel and resuspended in Tris-EDTA buffer. Just
prior to each dRP lyase assay, the fluorescent labeled uracil
containing duplex oligodeoxynucleotide was pre-treated for
15 min at 37°C with uracil-DNA glycosylase (UDG) and
APE1. The dRP-lyase reactions were performed as previously
described, with some modifications (66). Reactions took place
in 50 mM Tris-HCI, pH 8.0, 10 mM KCI, 1 mM MgCl,, 2
mM dithiothreitol, containing 0.01% Tween-20 with 200 nM
fluorescent labeled DNA and 10 nM of purified Pol g (ENZ-
168; ProspecBio). The reactions were terminated with EDTA,
and the product was stabilized by addition of sodium boro-
hydride (NaBHjy) to a final concentration of 340 mM and in-
cubated for 30 min at 4°C. The stabilized DNA product was
recovered by ethanol precipitation in the presence of 20 ug of
glycogen and 200 mM NaOAC. The precipitated DNA was
then resuspended in 20 ul of gel loading buffer. After incuba-
tion at 75°C for 2 min, the DNA was loaded on a pre-warmed
20% polyacrylamide-urea gel (19:1) and separated by elec-
trophoresis in Tris-Taurine and EDTA (TTE; pH 8.0) at con-
stant SOV.

Senescence quantification

IMR90 cells stably expressing BCL11B2'3-%¢0 or carrying
the empty vector were infected with pBABE -HRAS®!2V or
pBABE -empty vector. 48h after infection, cells were selected
with 4 pg/ml puromycin. On day 35, cells were counted and
plated to perform the B-galactosidase senescence assay the
next day, on day 6. 3-gal senescence was measured by flow
cytometry (BD LSR Fortessa) following the instructions of the
Spider-Bgal senescence kit from Dojindo.

CFSE proliferation assay

SKES-1 cells were infected with a lentivirus expressing a
BCL11B shRNA. On day 6, cell proliferation was measured by
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staining with CellTrace™ CFSE according to manufacturer’s
instructions. 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 4 days.
Cells were fixed and analyzed by flow cytometry. The 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.

Apoptosis assay

SKES-1 cells overexpressing BCL11B213-3¢0 were infected with
a lentivirus expressing shBCL11B or an empty vector. 3 days
after puromycin selection (0.2 ug/ml), cells were treated for
apoptosis assay following the manufacturer’s instructions (BD
biosciences cat. no. 556 547). Briefly, 1 million cells were re-
suspended in 1 ml of 1x binding buffer. 100 000 cells were
transferred to a new tube and 5 pl of annexin V and 5 ul of
propidium iodide were added to cells and incubated for 20
min at RT in the dark. After incubation, 400 ul of 1x bind-
ing buffer were added and cells were immediately analyzed by
flow cytometry.

On/Off rate of DNA binding

EMSAs were performed using indicated amount of purified
proteins and incubated at room temperature for 15 min in a
final volume of 30 uL of 25 mM HEPES (pH 7.5), 50 mM KCl,
5 mM MgCly, 10 uM ZnCl,, 5% glycerol, 0.1 M DTT, with
0.1 pg poly dIdC and 1 pg BSA as nonspecific competitors of
DNA and protein.

On rate: End-labeled double-stranded oligonucleotides (0.1
pmol) were added to incubate for the indicated amount of
time.

Off rate: End-labeled double-stranded oligonucleotides (0.1
pmol) were added to incubate for 15 min to establish stable
binding. 100 pmol of unlabeled oligonucleotides of the iden-
tical sequence were added for the indicated amount of time.

Samples were loaded on 5% native polyacrylamide gels and
separated by electrophoresis at 100V. Gels were dried and vi-
sualized by autoradiography.

Abasic site quantification

SKES-1 cells expressing BCL11B213-5¢0 or an empty vec-
tor were infected with a lentivirus carrying an shRNA
against BCL11B or an empty vector. Jurkat cells expressing
BCL11B213-3%0 and/or an shRNA against BCL11B under the
control of a doxycycline-inducible promoter were treated with
doxycycline. Three days after infection or doxycycline induc-
tion, 5 million cells were pelleted. DNA extraction was per-
formed with a DNA extraction kit (Qiagen) and aldehyde-
reactive probe labeling and quantification of abasic sites were
performed as described by an AP-sites assay kit (Dojindo
Molecular Technologies).

Clonogenic viability assay

Clonogenic ability of irradiated cells was conducted as de-
scribed previously (67). Briefly, 100-250 cells were then plated
in either 60 mm or 6-well plates in triplicate. Different cell
densities were plated to ensure that sufficient cell colonies
were observed in all conditions. After 10-14 days of in-
cubation, cells were washed with phosphate-buffered saline
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(PBS), fixed with cold methanol for 20 min then stained with
0.1% crystal violet (Acros Organics) in 20% methanol for
30 min. The number of colonies with 50 cells or more was
counted. Clonogenic efficiency is represented as the percent-
age of seeded cells that gave rise to clones under control
conditions (no treatment). The reported values are the aver-
ages =+ standard deviations.

Soft agar colony formation assay

IMR90 cells stably expressing BCL11B>1373%0 or carrying the
empty vector were infected with pBABE -HRASC2P, 48 h
after infection, cells were counted and plated for soft agar
colony formation assay. Briefly, cells were counted and re-
suspended 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 con-
dition, 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 pl of fresh
DMEM was then added to the top layer. An extra 500 ul of
DMEM was added after 4 days at 37°C. After 10 days, 500
ul 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.

Oligonucleotide sequences

Fluorescent cleavage:
(X = dihydrothymine)
5'(FAM) CCACTXTTGAATTGACACGCCATGTCGA
TCAATTCAACAGTGG (3'-Dabcyl)3’
Radioactive cleavage/Schiff base trapping assay:
(X = thymine glycol, sequences modified from (68))
5" CCGGTGCATGACACTGTXACCTATCCTCAGCG 3
3’ GGCCACGTACTGTGACAATGGATAGGAGTCGC ¥’
EMSA /On/off rate/ KD calculation:
5'CCGGTAACCACATGATGCTTGCCTAGTGCTATC
CTCA 3
3'GGCCATTGGTGTACTACGAACGGATCACGATAG
GAGTCGC 5’

Generation of BCL11B*/~ heterozygous TK6 cells
using CRISPR/Cas

To increase the probability of obtaining heterozygous clones,
TK6 cells were electroporated with the CRISPR/Cas protein
(Alt-R® S.p. Cas9 Nuclease V3, 100 pg, IDT catalog number
1081 058) together with one of three single-guide RNAs.

#1, CAGGUGGUCAUCUUCGUCGG, nt 857-876 of
BCL11B cDNA;

#2, GAUCCCGAUCUCCACCGGCU, nt 827-846;

#3, ACUUGGAUCCCGAUCUCCAC, nt 832-851

Fluctuation assay to measure mutation rates in the
HPRT gene

To calculate spontaneous mutation rates, after counter-
selection to eliminate pre-existing HPRT-minus cells, 5
cells/well were plated in 2 x 96 well plates to calculate the
plating efficiency (69). In parallel, 24 wells were seeded with
100 cells per well. These 24 independent cultures were al-
lowed to expand up to 8 million. At that point, 40 000
cells/well were plated in 2 x 96 well plates supplemented with
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6-thioguanin. Twelve days later, the presence of positive wells
was investigated in each of the 24 cultures.

To calculate radiation-induced mutation rates, following
counter-selection to eliminate pre-existing HPRT-minus cells,
1 million cells were irradiated at 1.5 Gy. Then 5 cells/well
were plated in 2 x 96 well plates to calculate the plating effi-
ciency (69). In parallel, 24 wells were seeded with 800 cells per
well. These 24 independent cultures were allowed to expand
up to 8 million cells before being plated at 40 000 cells/well
in 2 x 96 well plates supplemented with 6-thioguanin.

The mutation rate was calculated using the following equa-
tion where Py is the number of populations without mutants,
P is the total number of populations (26), Ny is the total num-
ber of cells plated for the mutation rate (7 680 000), and CE
is the clonogenic efficiency (70).

_In(Py/P)

MR = ————
CEXN()

Results

Interaction between NTHL1 and BCL11B

The BCL11B protein was identified in a proximity-dependent
biotinylation (BioID) assay performed with a fusion protein
containing NTHL1 fused to the R118G mutant E. coli bi-
otin conjugating enzyme BirA, commonly designated BirA*
(22). A complete list of retained preys can be found in sup-
plementary table 1 of that article (22). The interaction be-
tween NTHL1 and BCL11B in cells was confirmed by two ap-
proaches. First, we performed a pull-down using streptavidin
beads and protein extracts from cells expressing BCL11B and
NTHLI1 fused to an AviTag. The BCL11B protein is clearly
visible in the affinity precipitate (Figure 1A, lane 4). As a sec-
ond approach, we took advantage of the recently developed
method of Split Intein-Mediated Protein Ligation, whereby fu-
sion proteins that respectively carry the N- and C-terminal
portion of a modified Intein protein can recombine to produce
a third fusion protein (71). A diagram illustrating this method
is presented in Supplementary Figure 3A. Co-expression of
BCL11B-V5-IN4b with IC2-FLAG-NTHLI1 led to the pro-
duction of a third fusion protein, BCL11B-V5-FLAG-NTHL1
that can be detected with both the FLAG and V5 antibodies
(Figure 1B, lane 3).

BCL11B knockdown causes an increase in genomic
DNA damage and a delay in the repair of oxidized
bases and abasic sites

We verified the effect of BCL11B knockdown on genomic
DNA damage and DNA repair in cell lines derived from can-
cers in which BCL11B is overexpressed. In SKES-1 sarcoma
cells, BCL11B knockdown with two distinct shRNAs caused
a significant increase in genomic DNA damage, as judged from
single-cell gel electrophoresis (Figure 2B, non-treated). Similar
results were obtained in Jurkat T-lymphoma cells and A673
sarcoma cells (Supplementary Figure 1A and 1C, non-treated).
To assess the effect of BCL11B knockdown on DNA repair,
we submitted cells to HO; exposure and allowed them to re-
cover for different periods of time before performing comet as-
says. BCL11B knockdown in SKES-1 cells caused a significant
delay in DNA repair (Figure 2B). Similar DNA repair delays
were observed in Jurkat T-lymphoma cells and A673 sarcoma
cells (Supplementary Figure 1A and 1C). We also performed
comet assays at pH 10 following treatment of cells with the
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Figure 1. BCL11B interacts with the NTHL1 glycosylase. (A) HEK293FT
cells were transfected or not with two vectors respectively expressing
BCL11B and NTHL1-AviTag. 20 uM of biotin was added into the media 48
hr after transfection, and cells were collected after 24 hr. Affinity
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analysis with the V5 and FLAG antibodies.
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E. coli Endo III DNA glycosylase. 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. In particular, the E. coli NTH DNA glycosy-
lase allows the detection of a variety of oxidized pyrimidines
such as thymine glycol, 5-hydroxycytosine, 5-hydroxyuracil,
as well as Fapy-purine residues (72). BCL11B knockdown was
seen to cause a delay in the repair of oxidized bases (Figure
2E, pH 10 + Endolll). Moreover, we also observed a dras-
tic increase in the number of abasic sites in the genome of
SKES-1 cells (Figure 2F). Increases in abasic sites following
BCL11B knockdown were also observed in Jurkat and A673
cells (Supplementary Figure 1B and 1C). In summary, BCL11B
knockdown causes a delay in DNA repair and an increase
in genomic DNA damage in cancer cells where it is overex-
pressed.

BCL11B Is recruited to sites of DNA damage
induced by laser-microirradiation.

To investigate whether BCL11B plays a direct role in the re-
sponse to DNA damage, we expressed a fusion protein con-
taining the green fluorescent protein fused to the N-terminus
of BCL11B and submitted cells to laser-microirradiation. Of
relevance to the present study, recruitment of NTHL1 and
other BER enzymes to DNA lesions has previously been doc-
umented following laser micro-irradiation with similar con-
ditions (73,74). We observed co-localization of y-H2AX and
GFP-BCL11B 2 minutes after irradiation (Figure 3A). Using
timelapse imaging, we observed recruitment of GFP-BCL11B
on the DNA damage track at 1min post-irradiation (Figure
3B). The signal remained strong at 2 min, decreased at 3
and 4 min and disappeared after 5 min (Figure 3B). Analy-
sis of BCL11B-GFP recruitment in 12 independently micro-
irradiated cells revealed an enrichment peak at 100 s, followed
by a strong decline during the next 300 s, then a slower decline
during the next 600 s.

BCL11B stimulates the enzymatic activities of
NTHL1 In Vitro

We next verified the effect of BCL11B on the enzymatic activi-
ties of NTHLI1. Proteins were purified from bacteria and incu-
bated in the presence of a FAM-fluorophore probe containing
a 5,6-dihydrothymidine (DHT) base at position 6 and a dabcyl
quencher that resides next to the fluorophore upon annealing
of the probe (Figure 4A). As shown in the diagram, removal
of the DHT base followed by the introduction of a single-
strand break through the AP/lyase activity of NTHL1 will
release a short single-strand fragment with the fluorophore,
away from the quencher (Figure 4A). The BCL11B protein
stimulated the enzymatic activities of NTHL1 (Figure 4A).
As controls, NTHL1 was incubated in the presence of BSA,
HOXB3 or a CUX1 protein containing the CUT domains 1
and 2, which was previously shown to stimulate OGG1 en-
zymatic activities (17,19). As a second assay, we used a ra-
diolabeled double-stranded oligonucleotide that contains a
thymine-glycol (Tg) base (Figure 4B). Addition of BCL11B to
the reaction increased the production of a cleaved fragment
by NTHL1 (Figure 4B, compare lane 6 with lanes 7-10). As
a further confirmation of these results, incubation in the pres-
ence of sodium borohydride showed that BCL11B stimulates
the formation of a Schiff base between NTHL1 and the ra-
dioactively labeled probe (Figure 4C, compare lanes 5 and 6).
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Figure 2. Knockdown of BCL11B leads to an increase of DNA damage (A, B) SKES-1 sarcoma cells were infected with lentiviral vectors expressing the
BCL11B shRNA #3 or nothing. (A) Immunoblotting analysis.(B) Cells were exposed or not 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 > 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
ttest. (C-F) SKES-1sarcoma cells were infected with lentiviral vectors expressing the BCL11B shRNA #4 or nothing. (C) Immunoblotting analysis. (D, E)
Cells were exposed or not 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 (D), and pH10 after treatment with the Endo Ill DNA glycosylase (E). 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 t-test. (F)
Genomic DNA was purified and abasic sites were quantified using an aldehyde-reactive probe.

Structure-function analysis of BCL11B defines a
region that interacts with NTHL1 and stimulates its
enzymatic activity

We next expressed and purified recombinant proteins con-
taining various regions of the BCL11B protein (Figure 4D
and Supplementary Figure 2A and B). In pull-down assays us-
ing His-tagged BCL11B proteins with GST or GST-NTHLI1,
we observed an interaction between GST-NTHL1 and the
BCL11B?!329 and BCL11B*''-59 proteins, although the lat-
ter protein was also pulled down by GST alone, albeit to
a lesser extent (Figure 4E, lanes 3-6). Neither of these pro-
teins significantly stimulated NTHL1 enzymatic activities in
the DHT cleavage assay with the FAM-fluorophore probe,
however, a protein containing the amino acids present in both,
BCL11B?!3-5%0 was able to stimulate NTHL1 (Figure 4F).
Stimulation of NTHL1 by BCL11B?'3-5¢0 was confirmed us-
ing the radiolabeled probe containing a thymine glycol base
(Figure 4G, compare lanes 3 and 5). As the Tg-cleavage assays
in Figure 4B and G were performed with different batches of
purified NTHL1, we repeated these assays with a third batch
of NTHL1 this time using 6-FAM fluorescein labeled double-
stranded oligonucleotides (Figure 4H). The assays were per-
formed three times to compare Tg-cleavage by NTHL1 in the
presence of either BSA, BCL11B or BCL11B2!3-3%%, Quantifi-
cation of the substrate and cleaved product bands indicate that
both BCL11B and BCL11B?'3-%60 stimulated cleavage approx-
imately 2-fold (Figure 4H).

Importantly, the two probes that were used in the in vitro
DNA repair assays did not contain a consensus BCL11B bind-
ing site. Moreover, the BCL11B2'375¢0 protein does not include
the C-terminal zinc fingers that are responsible for DNA bind-
ing. Indeed, in addition to the full-length protein, only the
BCL11B7"1-8%* protein is able to bind with high affinity to
DNA that contains a BCL11B binding site (Supplementary
Figure 2C, lanes 2, 9 and 10). Of note, both the full-length
BCL11B protein and the BCL11B7'1-84 fragment exhibit very
fast DNA binding kinetics: they bind to DNA in less than one
minute (Supplementary Figure 2D and 2E, on rate, lanes 9),
and they are released from DNA in <1 min (Supplementary
Figure 2D, compare lanes 4 and 11; Supplementary Figure 2E,
compare lanes 11 and 12). This finding suggests that BCL11B
may not remain bound to its preferred binding site for ex-
tended periods of time.

BCL11B interacts with pol 3

The increase in the number of genomic abasic sites following
BCL11B knockdown (Figure 2F and Supplementary Figure 1B
and C) suggested that BCL11B may act on a downstream BER
step. This observation was reminiscent of previous results with
CUX1 that stimulates the enzymatic activities of OGG1 and
Pol B and with BCL11A that stimulates the enzymatic activi-
ties of NTHL1 and Pol 8 (17,20,22). As an approach to verify
the interaction between BCL11B and Pol 3, we performed the
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Figure 3. BCL11B is recruited to sites of DNA damage induced by laser
micro-irradiation. (A) U20S cells were infected or not with a lentivirus
expressing BCL11B fused to a GFP protein and DNA damage was
induced by laser micro-irradiation at 405 nm. Cells were fixed and stained
for v-H2AX by immunofluorescence at 2 min post-irradiation. The GFP
signal was obtained, and the two images were merged. (B) Timelapse
imaging of BCL11B-GFP recruitment to the sites of DNA damage after
laser micro-irradiation. The 00:00 time point was taken before
micro-irradiation. (C) Recruitment of BCL11B-GFP to micro-irradiation
stripes was quantitatively monitored using the Damage Analyzer Fiji
script (106). Output data were plotted using Prism. The blue points are
the mean enrichment-fold of BCL11B-GFP at micro-irradiated sites
relative to the pre-irradiation signal and the error bars represent the
standard error of the mean of 12 independently micro-irradiated cells.
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split intein assay (71). Co-expression of BCL11B213-560_y§.
IN with IC2-FLAG-Pol B led to the production of a new fu-
sion protein, BCL11B213-5¢0.V5-FLAG-Pol B, that is detected
with both the V5 and FLAG antibodies (Figure SA, lane 3). In
contrast, co-expression of BCL11B?'39¢0-VS5-IN with either
C2-FLAG-LIG3 or C2-FLAG-FOXN2 did not generate a new
fusion protein (Supplementary Figure 3B, lanes 2 and 4). In
pull-down assays, we observed an interaction between GST-
Pol B and the His-tagged BCL11B2'3-420 protein (Figure SB,
lane 4).

BCL11B stimulates pol 3 enzymatic activities

We performed a series of iz vitro DNA repair assays to mon-
itor whether BCL11B can stimulate the enzymatic activities
of Pol B. Using a FAM fluorophore-based probe containing
a nick, we observed that BCL11B and BCL11B?!3-5¢0 stimu-
late strand-displacement by Pol B (Figure 5C). Using 5’ end-
labeled double-stranded oligonucleotides containing an abasic
site, we observed that the BCL11B213-5¢0 peptide was able to
stimulate the addition of several nucleotides by Pol § (Figure
5D, compare lane 2 with lanes 1 and 3). As controls, the reac-
tions were performed in the presence of either BSA or HOXB3
(Figure 5D, lanes 1 and 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 represent a rate-
limiting step in base excision repair (75,76). We prepared a
fluorescently labeled DNA probe containing a single-strand
break with a 5’end dRP residue (Figure SE, diagram). Note
that the dRP residue is a labile chemical group, but its conver-
sion into phosphate can be limited by adding NaBHj4 to the
reaction (Figure SE, compare lane 1 with lane 2 in which NaCl
was replaced with NaBHjy). The probe was incubated with Pol
B in the presence of either BSA or BCL11B?'3-3¢° Importantly,
in the absence of Pol 3, we did not observe any conversion of
dRP into P (Figure SE, lanes 2 to 4). The dRP-lyase activity of
Pol B was stimulated in the presence of BCL11B*13-5¢0 at the
15 min time point (Figure SE, compare lane 5 with 6).

BCL11B stimulates the binding of NTHL1 and pol
to their substrate

In previous work with another BER auxiliary factor, we ob-
served that the CUT domains stimulate the binding of OGG1
and Pol B to their respective substrates (17) and unpublished
observations). We therefore verified whether the same mecha-
nism is at play in the case of BCL11B. In these electrophoretic
mobility shift assays (EMSAs), we used conditions that did
not enable enzymatic activities to be able to catch the enzyme
as it binds to its substrate. EMSAs with a probe containing a
thymine glycol base showed that the BCL11B2'3-5¢0 peptide
was able to enhance the binding of NTHL1 to its substrate
(Figure 6A, compare lanes 1 and 3, lanes 2 and 4, lanes 5 and
7, and lanes 6 and 8). Likewise, the BCL11B2!3-5¢0 peptide
increased the binding of Pol B to double-stranded DNA that
contains a single-strand break with a 5'-dRP group (Figure
6B, compare lane 1 with lanes 2, 3 and 4 and lane 11 with
lanes 12, 13 and 14). However, the BCL11B?'3-5%0 peptide on
its own did not form a retarded complex with either probe
(Figure 6A, lane 9; B, lane 9).
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Figure 5. BCL11B2'3-%0 recombinant protein interacts with Pol 3 and
stimulates its activity. (A) 293 cells were transfected with vectors
expressing fusion proteins containing either the N-terminal or C-terminal
portion of Intein, as indicated: BCL11B2'3-560.\/5-IN4b or IC2-Flag-Pol (3.
Whole cell extracts were submitted to immunoblotting analysis with the
V5 and FLAG antibodies. (B) Pull-down assays were performed using
His-tagged BCL11B fragments and either GST or GST-Pol 3, followed by
immunoblotting with anti-His antibodies. (C) Diagrammatic
representation of the strand displacement assay using a fluorophore
reporter probe. F: FAM fluorophore; Q: Quencher. The strand
displacement assay was performed using 10 nM of BCL11B and 5 nM of
Pol 3. 50 nM of BSA were added to each reaction. (D) Double-stranded
oligonucleotides containing a uracil residue were labeled at the 5’-end
and incubated with UDG and APE1 to form a gapped substrate for Pol 3.
The gapped probe was then incubated with all 4 dNTPs in the presence
of 20 nM of Pol 3 and either10 nM BCL11B2'350 or 10 nM HOXB3 or
360 nM BSA as negative controls. (E) Double-stranded oligonucleotides
containing a uracil residue, that were labeled at the 3’ end using Klenow
and fluorescent CF 660R dCTPR, were incubated with UDG and APE1 to
produce a single-strand nick with a 5’-deoxyribose phosphate (dRP). This
DNA substrate was incubated with Pol 3 in the presence of BSA or
BCL11B2'3-%60 Except for the first lane, NaBH4 was added to all samples
to prevent the spontaneous conversion of dRP into P
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Ectopic expression of the BCL11B2'3-560 fragment
accelerates DNA repair and increases resistance to
oxidative DNA damage

As a first step to verify whether the BCL11B213-5¢0 peptide
can stimulate the repair of oxidative DNA damage in cells, the
peptide was ectopically expressed in RPE1 cells, which express
low levels of BCL11B. Since the BCL11B213-%¢0 peptide does
not contain the nuclear localization signal of BCL11B (77), we
added the MYC nuclear localization signal to ensure that the
peptide would localize to the nucleus. Measurement of DNA
damage by comet assay revealed a decrease in DNA damage
in RPE1 cells expressing BCL11B2!3-5%0 a5 compared to cells
harboring the empty vector (Figure 7A, untreated cells). More-
over, following treatment of cells with H,O,, we observed an
acceleration of DNA repair in BCL11B?'3-5%0 expressing cells
(Figure 7A). In agreement with the comet assay results, clono-
genic assays showed that the BCL11B213-3¢0 peptide increased
the resistance of RPE1 cells to treatment with 50 and 100 uM
H,0, (Figure 7B).

The DNA repair defects caused by BCL11B
knockdown are rescued by ectopic expression of
the BCL11B2"3-5€0 fragment

We verified whether ectopic expression of the BCL11B213-560
peptide can rescue the DNA repair defect caused by BCL11B
knockdown. The increase in the number of genomic abasic
sites following BCL11B knockdown was rescued by overex-
pression of the BCL11B?!3-3¢0 peptide. While we observed a
partial rescue in SKES-1 cells (Figure 8A), the rescue was com-
plete in Jurkat cells (Supplementary Figure 4). The increase
in genomic DNA damage detected in comet assays at pH 13
and at pH 10 following treatment with the Endo III endonu-
clease were completely rescued by the BCL11B213-5¢0 peptide
(Figure 8B). In addition, following treatment with H,O,, the
delay in DNA repair caused by BCL11B knockdown was res-
cued by the BCL11B2'3-5¢0 peptide (Figure 8B, recovery after
H,0O,). Immunoblotting analysis did not detect changes in the
expression of NTHL1, Pol 3, OGG1 and APE1 (Figure 8B).
In these experiments, we noticed that BCL11B knockdown
caused a decrease in the number of SKES-1 cells. Subsequent
experiments failed to detect senescent cells as was previously
observed following BCL11A knockdown in breast cancer cells
(22). However, upon BCL11B knockdown in SKES-1 cells we
observed an increase in the number of early (Annexin V*/PI™)
and late (Annexin V*/PI*) apoptotic cells, that was partially
rescued by ectopic expression of the BCL11B213-30 peptide
(Figure 8C). Moreover, CFSE staining on the remaining cells
revealed that BCL11B knockdown caused a decrease in prolif-
eration that was partially rescued by the BCL11B>13-5¢0 pep-
tide (Supplementary Figure 5). That the BCL11B?'3-50 pep-
tide was able to rescue at least partially the apoptosis and pro-
liferation delay phenotypes imparted by BCL11B knockdown
in sarcoma and T-lymphoma cells demonstrate that the repair
function of BCL11B is essential to the fitness of these cancer
cells. That the rescue was not complete suggests that the tran-
scriptional activities of BCL11B may also play a critical role
in cancer cell fitness.

BCL11B213-560 cooperates with RAS to transform
primary cells and escape senescence

The acceleration of DNA repair by the BCL11B213-560 pep-
tide following treatment with H, O, raised the possibility
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that BCL11B could cooperate with RAS oncogene in cellu-
lar transformation (78). One obstacle to RAS-transformation
is the increased production of reactive oxygen species that
cause oxidative DNA damage and, ultimately, cellular senes-
cence (79-81). To test whether the DNA repair activity
of BCL11B may cooperate with RAS, we performed co-

ndition. Results are a representative of one of three different experiments.
: Student's ttest. (B) RPE1 cells expressing the BCL11B2'3-560 peptide were
Error bars represent standard error. ***P < 0.001; **P < 0.01; *P < 0.05;

infections into the IMR90 human primary fibroblastic cells to
express the HRASS'2V oncogene together with BCL11B213-560
or the empty vector (Figure 9A). The number of soft agar
colonies was increased when HRASS'2V was expressed with
BCL11B*13-5¢0 (Figure 9B). As expected, the HRAS onco-
gene caused an increase in DNA damage measured by comet
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assay, but this increase was prevented by co-expression with
the BCL11B213-5¢0 fragment (Figure 9C). The increase in DNA
damage caused by the HRAS oncogene was associated with
a block to cell proliferation as monitored by cell counting
(Figure 9D) and an increase in the number of senescent cells
as measured by B-galactosidase activity (Figure 9E). Prolifera-
tion was rescued by co-expression of the BCL11B213-5¢0 pep-
tide (Figure 9D). The number of senescent cells was also re-
duced by co-expression of the BCL11B213750 peptide (Figure
9E). We conclude that the DNA repair function of BCL11B
helps primary cells in which the RAS pathway becomes per-
manently activated to avoid cellular senescence and continue
to proliferate.

Inactivation of one BCL11B allele causes an
increase in spontaneous and radiation-induced
mutation rates

We then used the CRISPR/Cas approach to generate clones
of TK6 lymphoblastoid cells in which one allele of BCL11B
is inactivated. We chose to transfect the CRISPR/Cas pro-
tein instead of an expression vector to increase the proba-

bility of inactivating only one of the two alleles. Three dif-
ferent single-guide RNAs were designed. Following optimiza-
tion, we isolated and analyzed clones generated with differ-
ent guide RNAs. Two clones that harbored one wild type al-
lele and a frameshift mutation in the other allele were chosen
for further investigation (Figure 10A). The fluctuation assay
was performed to measure the spontaneous and radiation-
induced mutation rates within the HPRT gene. Since there is
only one copy of the HPRT gene and it is easy to select for
HPRT-minus and HPRT-positive cells, measuring inactivation
of the HPRT gene is a standard method to measure mutation
rates (82). The fluctuation assay was devised by Luria and
Delbruck to test the hypothesis that mutations occur spon-
taneously in bacteria (83). The assay was later adapted to the
measurement of mutation rates in mammalian cells (69,70).
Briefly, for the spontaneous mutation rate, following selec-
tion against HPRT-minus cells 24 independent cultures were
started each with 100 cells and were allowed to proliferate un-
til they reached 8 million cells at which point 6-thioguanine
was added to the medium to select for HPRT-minus cells.
The number of cultures with some HPRT-minus cells served
to calculate the mutation rate according to the equations
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detailed in Materials and Methods (69,70). We observed spon-
taneous mutation rates of 3.1 x 107 for the parental TK6
cells and of 17 x 1078 and 13 x 10~? for the heterozygous
clones 101 and 203, respectively (Figure 10B and C). After
1.5 Gy irradiation, the mutation rates increased to 5.6 x 10~
for the parental TK6 cells and to 13 x 1077 and 14 x 10~/
for the heterozygous clones 101 and 203, respectively (Figure
10B and C). Thus, inactivation of one BCL11B allele caused
an increase in spontaneous mutation rates of 5.5- and 4.4-
fold in clones 101 and 203, respectively (Figure 10B and C).
The increase in radiation-induced mutation rates was 2.3-
and 2.6-fold in clones 101 and 203, respectively (Figure 10B
and C).

Discussion

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 identify ac-
cessory factors for NTHL1, the main glycosylase that removes
oxidized pyrimidines. Proximity biotinylation with a NTHL1-
BirA* protein identified BCL11B, a protein that functions as a
transcription factor (22). The increase in genomic DNA dam-

age and the decrease in DNA repair upon BCL11B knock-
down in SKES-1 and A673 sarcoma cells and in Jurkat T lym-
phoma cells indicated that BCL11B is required at some level
for efficient DNA repair (Figure 2 and Supplementary Figure
1). In particular, the increase in oxidized bases and abasic sites
pointed to a defect in base excision repair. As we did not ob-
serve any change in the expression of base excision repair pro-
teins upon BCL11B knockdown (Figures 2C and 8B), we ver-
ified whether BCL11B could play a direct role in DNA repair.
The recruitment of BCL11B to laser microirradiation-induced
DNA damage is consistent with a direct role in DNA repair,
however, we cannot exclude the possibility that this recruit-
ment may simply be the consequence of chromatin opening
at the sites of DNA damage making it easier for a transcrip-
tion factor to bind to DNA (Figure 3). Results from in vitro
DNA repair assays showed that BCL11B can stimulate the
enzymatic activities of two enzymes of the base excision re-
pair pathway, NTHL1 and Pol B (Figures 4 and 5). Moreover,
structure-function analysis revealed that the BCL11B region
required and sufficient to stimulate DNA repair enzymatic
activities, BCL11B2133¢0 does not include the C-terminal
zinc fingers that are needed for specific DNA binding nor
the N-terminal domains involved in transcriptional regulation
and dimerization (Figures 4, 5 and Supplementary Figure 2)
(60,77). Importantly, ectopic expression of the BCL11B>!3-560
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peptide in RPE1 cells led to a reduction of genomic DNA dam-
age and acceleration of DNA repair following treatment with
H,0, (Figure 7). Moreover, the BCL11B?'3-5¢0 peptide was
able to rescue the DNA repair defects resulting from BCL11B
knockdown (Figure 8A, B and Supplementary Figure 4). While
ectopic expression of the BCL11B213-5¢0 peptide rescued DNA
repair defects, it only partially rescued the increase in the num-
ber of apoptotic cells caused by BCL11B knockdown in SKES-
1 cells (Figure 8C). This finding suggests that the transcrip-
tional functions of BCL11B are also required for the fitness of
SKES-1 cells. Altogether these results demonstrate that in ad-
dition to its transcriptional functions BCL11B can also carry
out biochemical activities that are directly involved in DNA
repair. These findings provide a mechanistic explanation for
previous observations linking BCL11B overexpression and re-

sistance to genotoxic treatments (42,43). It is also likely that
the DNA repair function of BCL11B is particularly important
in stem/progenitor cells where it is expressed.

Our results showed that the BCL11B*13-5%0 peptide was
able to enhance the binding of NTHL1 and Pol § to their
respective substrates. This biochemical activity probably ex-
plains how BCL11B can stimulate the enzymatic activities
of these enzymes. The exact mechanism by which BCL11B
increases the binding of these enzymes to their substrates
remains to be investigated. We did not observe that the
BCL11B?!3-5¢0 peptide formed a retarded complex with ei-
ther probe, however, we cannot exclude that a very weak or
short-lived interaction can occur that helps the BER enzymes
recognize their substrates. Alternatively, we would have to en-
vision that the interaction between BCL11B and the enzymes
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triggers a conformational change that makes the enzymes bind
more rapidly to their substrate.

The role of BCL11B as an accessory factor stimulating both
NTHL1 and Pol B is coherent. Indeed, since NTHL1 is also
endowed with an AP-lyase activity, it is important that the
resulting single-strand break 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 (84). For
example, cancer cells can be rendered more susceptible to the
killing effect of the mono-alkylating agent temozolomide 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 §’-deoxyribose phos-
phate (75,85). In a similar manner, the stimulation of OGG1
or NTHL1 enzymatic activities by accessory factors in can-
cer cells that exhibit high levels of reactive oxygen species
could potentially produce cytotoxic single-strand breaks that
are deleterious to cell viability unless the increased glycosylase
activity is matched with an increase in Pol B activity.

The finding that ectopic expression of BCL11B?'3-5¢0 in
RPE1, SKES-1 and Jurkat cells leads to a reduction in ge-
nomic DNA damage suggested that the DNA repair function
of BCL11B may cooperate with RAS in cell transformation
since one roadblock to cellular transformation is the senes-
cence response triggered by excess oxidative DNA damage.
Indeed, in the RAS-transformation assay, we observed that
BCL11B213-560 cooperates with RAS to transform IMR90 pri-
mary fibroblast cells in a soft agar assay (Figure 9B). This was
associated with a lower level of DNA damage, an increase in
cell proliferation and a reduction in the number of senescent
cells (Figure 9C-E). Similar observations had been made with
the CUX1 and BCL11A transcription factors that also func-
tion as BER accessory factors (19,22). Overall, these findings
show that the upregulation of BER accessory factors can be
exploited by cancer cells to avoid senescence and continue to
proliferate despite producing excess levels of reactive oxygen
species.

Many cancer cells produce an excess of reactive oxygen
species (ROS) that cause oxidative DNA damage and, ulti-
mately, cellular senescence (79-81). This has been documented
not only in tissue culture and mouse models (86-88), but
also in premalignant human colon adenomas (89-91), as well
as in human benign lesions caused by the BRAFV%F mu-
tation (92) or NF1 inactivation (93). In this context, cellu-
lar senescence has been deemed a tumor suppression mech-
anism (94). Unfortunately, cancer cells can sometimes adapt
and continue to proliferate despite producing high levels of
ROS. One mechanism of adaptation that has been firmly
documented is through the increased expression of antiox-
idants, notably following inactivation of the KEAPI tumor
suppressor gene, an event observed in 15-30% of cancers
(95-98). A different mechanism of adaptation has recently
emerged. A synthetic lethality screen had revealed that RAS-
transformed cells are significantly more dependent on an ef-
ficient BER pathway than are normal cells (99). Subsequent
studies identified a number of transcription factors that func-
tion as BER accessory factors and are overexpressed in cancer:
CUX1, CUX2, SATB1 and BCL11A (16,18,19,21,22,100).
Strikingly, the DNA repair activity of these accessory factors
was shown to enable cancer cells to avoid cellular senescence
and continue to proliferate in spite of elevated ROS levels
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(16,18,19,21,22,100). This led us to propose a second mecha-
nism of adaptation to elevated ROS production: some cancer
cells can adapt by increasing their capacity to repair oxidative
DNA damage. This can be achieved through increased expres-
sion of enzymes of the base excision repair (BER) pathway,
as well as BER accessory factors (101,102). Results from the
present study add yet another BER accessory factor, BCL11B,
whose DNA repair function is exploited by some cancer cells
to ensure their survival.

From studies in humans and mice, BCL11B has been ge-
netically characterized as a haploinsufficient tumor suppres-
sor gene. Monoallelic BCL11B deletions or inactivating point
mutations have been reported in 9-16% of human T-cell acute
lymphoblastic leukemias (27-29). In mice, the study of y-ray
induced mouse thymic lymphomas led to the identification of
Bcl11B, which was first termed radiation-induced tumor sup-
pressor gene 1 (Rit1) (23-26). Subsequent studies showed that
heterozygous Bcl11B mice exhibit higher incidence of thymic
lymphomas after -y-radiation or crossing with p53 heterozy-
gous mice (30-32). Mechanistically, it has been challenging
to explain how the same transcription factor can function as
an oncogene and a tumor suppressor gene in the same cell
lineage. We showed here that two independent clones of TK6
lymphoblastoid cells, in which one BCL11B allele has been in-
activated, exhibit higher spontaneous and radiation-induced
mutation rates (Figure 10). As BCL11B*/~ heterozygous cells
accumulate mutations at a faster rate, the probability that they
acquire cancer driver mutations is increased. Thus, the DNA
repair functions of BCL11B protect certain cells against the
acquisition of mutations. We consider likely that the stimula-
tion of Pol B enzymatic activities is the biochemical activity
of BCL11B that explains its role as a haploinsufficient tumor
suppressor. Indeed, somatic mutations in the Pol B gene were
found in approximately 30% of tumours analyzed (103). One
mutant in particular, Pol ¥28M caused a 2.5-fold increase in
mutation frequency and was shown to induce a transformed
phenotype in mouse cells (104).

The BCL11A and BCL11B genes have arisen recently dur-
ing evolution such that the two proteins are very similar. In-
deed, our structure-function analysis, i7z vitro DNA repair as-
says and cell-based assays revealed that the two proteins ful-
fill similar functions in base excision repair. Our results also
showed that BCL11A and BCL11B are required for the sur-
vival of the cancer cells in which they are overexpressed. Yet,
only the BCL11B gene has been characterized as a haploin-
sufficient tumor suppressor gene. We believe one explanation
has to do with the particular cell types in which each of these
proteins is expressed. Specifically, T cells are a type of cells
that must proliferate and expand very rapidly upon immune
stimulation. Moreover, T cells are often present at sites of in-
flammation. The physiological functions of T cells may require
a more efficient base excision repair pathway in which BER
accessory factors become important. These properties could
make T cells more susceptible to the acquisition of mutations
when the expression of the BCL11B accessory factor is re-
duced. In contrast, the DNA repair functions of BCL11A do
not appear to be required in normal cells.

To our knowledge, only the CUX1 and BCL11B genes
have been characterized genetically both as oncogenes and
haplo-insufficient tumor suppressor genes (27-29,105). Re-
sults from the present study demonstrate that in addition
to its function as a transcription factor, the BCL11B protein
also plays a direct role in base excision repair. Notably, the
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findings that reduced BCL11B expression causes an increase in
spontaneous and radiation-induced mutation rates, and that
increased BCL11B expression in cancer cells accelerates the
repair of oxidative DNA damage provide a mechanistic un-
derstanding for the paradoxical roles of BCL11B in cancer.
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