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ABSTRACT

Increased DNA repair efficiency, in particular of the base excision repair (BER) pathway,
is essential to the survival of many cancer cells. BER not only enable cancer cells to resist to
genotoxic treatments, but also to proliferate in the presence of elevated reactive oxygen species
(ROS) produced by cancer-associated metabolic changes. Previous work from the laboratory
demonstrated that CUX1 is required for the survival of Ras-driven cancer cells because it
functions as an auxiliary factor in DNA repair, stimulating the enzymatic activities of core BER
enzymes, OGGI1, APE1, and DNA Pol . OGG1 is a bifunctional DNA glycosylase that initiates
the repair of oxidized purines by removing the faulty base; APE1 is an endonuclease that
generates single-stranded DNA breaks at apurinic/apyrimidinic (AP) sites; and DNA Pol B is
responsible for synthesizing the removed base. Our laboratory had launched a project to identify
the full repertoire of accessory factors for other BER enzymes, with my project focusing on
NTHL1, a DNA glycosylase that initiates the repair of oxidized pyrimidines. Using the BiolD
approach, we curated a list of potential candidates by identifying proteins that come into close
contact with NTHL1 in the cell. After a thorough literature review, we focused our investigation
on one protein, B-cell lymphoma/leukemia 11B (BCL11B). The purified BCL11B protein was
found in vitro to stimulate the enzymatic activities of NTHL1. Structure/function analysis
identified distinct BCL11B regions responsible for DNA binding and the stimulation of NTHL1.
Consistent with the results of in vitro BER assay, BCL11B knockdown caused a decrease in
DNA repair and an increase in DNA damage. BCL11B has previously been characterized as a
haplo-insufficient tumor suppressor gene. Paradoxically, BCL11B is overexpressed in many
cancer cells and its knockdown is synthetic lethal in T cell lymphomas. BCL11B's transcriptional

activities fail to explain these contradictory observations. I propose that the DNA repair



functions of BCL11B explains why inactivation of one BCL11B allele promotes tumor
development, why BCL11B knockdown results in apoptosis of malignant T cells but not normal
mature T cells, and why resistance to genotoxic treatments is increased by BCL11B

overexpression.

RESUME

La survie de nombreuses cellules cancéreuses dépend de mécanismes efficaces de
réparation de I'ADN, en particulier la voie de réparation des bases (VRB). Cette voie de
réparation permet non seulement aux cellules cancéreuses de résister aux traitements
génotoxiques, mais encore de proliférer en présence d'un exces de radicaux libres qui résultent
d'un métabolisme perturbé. Des études antérieures de notre laboratoire ont montré que la protéine
CUX1 est nécessaire a la survie des cellules cancéreuses dont la voie de signalisation RAS est
activée, parce que CUX1 fonctionne comme facteur auxiliaire qui stimule l'activité enzymatique
d'enzymes VRB, notamment OGG1, une glycosylase qui enléve les bases purines oxydées dans
I'"ADN génomique. Notre laboratoire a dés lors démarré un projet pour identifier le répertoire
complet des facteurs auxiliaires de la voie VRB. Mon projet était d'identifier les facteurs
auxiliaires de NTHLI1, une glycosylase qui enléve les bases pyrimidiques dans I'ADN. La
technique de BiolD nous a permis d'identifier un grand nombre de protéines qui viennent en
contact avec l'enzyme NTHL1 dans la cellule. Aprées une revue exhaustive de la littérature, nous
avons décidé de porter notre attention sur la protéine BCL11B (B-cell lymphoma/leukemia 11B).
Des tests de réparation de I'ADN in vitro ont montré que la protéine BCL11B purifiée est
capable de stimuler I'activité enzymatique de NTHL1. L'analyse structure/fonction a permis

d'identifier deux régions distinctes de BCL11B responsables respectivement de la liaison a



I'ADN et de la stimulation de NTHL1. En accord avec les résultats obtenus in vitro, 1'inhibition
de l'expression de BCL11B dans les cellules Jurkat cause une diminution dans leur capacité a
réparer ' ADN et une augmentation dans la quantité de dommages oxydatifs dans leur ADN
génomique. Le géne BCLI 1B a été précédemment caractérisé génétiquement comme étant un
gene suppresseur de tumeur haplo-insuffisant. De facon paradoxale, BCL1 1B est surexprimé
dans plusieurs cancers et 1'inhibition de son expression cause une 1étalité synthétique dans les
cellules de lymphomes T. Ces observations contradictoires ne peuvent étre expliquées par les
fonctions de BCLI1B dans la transcription. J'émets 'hypothése que les fonctions de BCLI 1B
dans la réparation de I'ADN permettent d'expliquer pourquoi l'inactivation d'un seul all¢le de
BCL11B augmente le risque de développer un cancer, pourquoi l'inhibition de son expression
cause la létalité synthétique dans les lymphomes T mais pas dans les cellules T normales, et
pourquoi la surexpression de BCL11B augmente la résistance des cellules cancéreuses aux

traitements génotoxiques.
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1. Introduction
1.1 DNA Damage and Repair

Mammalians have developed efficient response to DNA insults from both external and
internal origins. Exogenous sources of DNA damage include ionizing radiation (IR), ultraviolet
(UV) radiation, and chemical agents” °. The vast majority of DNA damage is from endogenous
sources, including hydrolysis, deamination, alkylation, mis-incorporation of DNA by
polymerase, and exposure to reactive oxygen species (ROS) and other reactive metabolites
produced from cellular processes™ .

It has been estimated that roughly 70,000 lesions occur in each human cell per day’.
Given the large amount of daily DNA damage, it is evident that effective DNA repair pathways
are essential for the maintenance of genome integrity. When damaged DNA is not repaired
correctly and efficiently, it can result in genomic instability, apoptosis, and senescence. Cells
have evolved an intricate network of DNA repair mechanisms to deal with the different types of
DNA damage. A highly coordinated process known as the DNA damage response (DDR) is
responsible to sense the DNA damage, signal its presence, and mediate its repair”.

DNA damage comes in different forms, such as base modifications or loss, strand breaks,
cross-linkage, and mismatches’. Each type of DNA damage has its own dedicated DNA repair
pathway. The major DNA repair pathways are base excision repair (BER), mismatch repair

(MMR), nucleotide excision repair (NER), and double-strand break repair®.
1.1.1 Types of DNA damage

Spontaneous hydrolysis of DNA is one of the simplest form of endogenous damage’. The

N-glyosidic bond between the deoxyribose and nucleobase is particularly susceptible to



hydrolysis, and hydrolysis leaves behind an apurinic/apyrimindinic site (AP site), also known as
an abasic site’. Abasic sites are also intermediates produced in base excision repair, when DNA
glycosylases remove the damage bases’. In addition to abasic sites, hydrolysis of DNA can
cause deamination of nitrogenous bases carrying exocyclic amino groups, such as cytosine,
adenine and guanine, creating uracil, hypoxanthine and xanthine, respectively” .

Reactive molecules produced from cellular metabolism are also sources of DNA damage.
Some examples of reactive molecules are reactive carbonyl species, created from lipid
peroxidation and glycation; reactive nitrogen species, important cell signaling molecules; and
reactive oxygen species, produced in the mitochondria as a result of oxidative respiration® " %,
Among the different reactive molecules, DNA damage by reactive oxygen species occur most
frequently’. ROS can be generated by NADPH oxidases (NOX) and dual oxidases (DUOX), as
well as by mitochondria and peroxisome as a result of aerobic metabolic processes such as

e e 13,14
oxidative respiration ™

. They function as mediators for signal transduction related to growth,
angiogenesis, and apoptosis’’. These reactive oxygen species include superoxide (O; +),
hydrogen peroxide (H,0,), and hydroxyl radicals (OH-)"’. Some highly reactive ROS, such as
hydroxyl radicals, react non-specifically and extremely rapidly with biomolecules, causing
molecular damage such as DNA mutation, lipid peroxidation and protein oxidations’*. Therefore,
ROS production is elevated in phagocytes, mainly neutrophils and macrophages, by phagocyte
NAPDH oxidases (Phox) as a part of microbicidical mechanism, making ROS an important
component of host defence and innate immune response. However, presence of ROS in cells also
makes proteins and DNA of the host organism susceptible to damage. ROS in cells can be

converted to less reactive molecules, such a water, by antioxidant systems including catalase,

peroxidase, and superoxide dismutase’”. ROS can generate over a hundred different oxidative



DNA adducts, such as base modification, deoxyribose oxidation, and single- or double-strand
breaks’. Aberrant levels of intracellular ROS have been attributed to diseases including cancer,
neurodegenerative disorders, cardiovascular diseases, and endocrine disorders’?. For example,
elevated ROS level caused by overexpression of ROS producing enzymes, especially NOX1, and
altered levels of antioxidant enzymes is essential for Ras-driven oncogenic transformation’”"’,
Alkylation is another type of DNA damage caused by endogenous reactive molecules. Molecules
generated by lipid peroxidation including S-adenosylmethionine (SAM) and methyl radicals are
methyl donors, and are capable of alkylating the O- and N- atoms of nucleobases” *’.

Error in DNA synthesis reactions is another source of endogenous damage of DNA. For
example, mis-incorporation of bases during DNA replication by DNA polymerases introduces
mismatches, as well as insertions and deletions of bases”’. In addition, accidental incorporation
of chemically altered nucleotide precursors, such as dUTP, can also lead to replication-related
DNA damage”. Importantly, DNA polymerases involved in DNA repair and damage tolerance
exhibit higher error rates, in part because they do not carry proofreading exonuclease activity,

result in an increase of fidelity up to 100 fold * **

. Moreover, DNA polymerases that perform
translesion synthesis have a larger catalytic pocket to enable them to accommodate various types
of DNA structures™. The larger catalytic pocket has lower specificity requirement of correct
base-pairing and results in lower fidelity rate compare to DNA polymerases involved in DNA
replication. Since the fidelity of replicating DNA polymerases is conferred by the tightness of
their catalytic pocket, which can accommodate only the correct base-pairs (C-G, G-C, A-T and

T-A), the larger pockets of DNA polymerases involved in repair and damage tolerance increases

error rates by 100 to 1000 fold, depending on the specific enzyme®” . As a result, mutations that



arise following DNA damage are the products or errors made by DNA polymerases involved in
DNA repair, the very enzymes whose role is to maintain genomic integrity.

Topoisomerases are additional enzymes participating in DNA synthesis that can cause
DNA damage. The function of topoisomerase is to relax DNA supercoils by generating transient
single- or double- strand breaks, depending on the topoisomerase’’. Furthermore, abortive
topoisomerase activity can sometimes create an irregular lesion where a covalent linkage is
formed between termini of DNA strand breaks and the enzyme”® %’

In addition to endogenous sources of damage, DNA is also susceptible to damage by
exogenous agents, both physical and chemical. Physical stresses are caused by exposure to
electromagnetic radiations. Ultraviolet (UV) exposure from the sun can cause the formation of
abnormal covalent bond between adjacent pyrimidine bases”. Ionizing radiation, originated from
cosmic radiation or from medical sources (X-rays and radiotherapy), directly induces double
strand breaks®’. In aqueous systems, ionizing radiation can ionize water molecules and produce
reactive oxygen species such as hydroxyl radicals™. These free radicals is capable of base
modifications, generation of abasic sites, and strand breaks®’. Chemical sources of exogenous
damage include alcohol, tobacco, and chemotherapeutics. Chronic exposure to ethanol in the
body results in elevated production of hydrogen peroxide, and when reacted with metal ions (i.e.

. . - 32,33
iron), can produce reactive oxygen species”

. It’s well-established that smoking is a risk factor
for developing lung cancer, because tobacco contains many carcinogens that cause genome
instability’’. Clinical drugs, especially those developed specifically to combat cancer, often

induce DNA damage. These include mono- and bi-functional alkylators (i.e. temozolomide and

cisplatin), topoisomerase inhibitors, and replication inhibitors™.



1.1.2 Base Excision Repair

Base excision repair is the predominant mechanism for the repair of damaged DNA
bases, and does not distort the overall DNA helix structure during the course of the repair. BER
repairs most base lesions including deaminated, alkylated, and oxidized bases, as well as
apurinic/apyrimidinic (AP) sites’. The BER pathway is initiated by the excision of damaged
bases by a monofunctional or bifunctional DNA glycosylase’®. Uracil and alkylation lesions in
DNA are targeted by monofunctional glycosylases, uracil DNA glycosylase (UDG) and N-
methylpurine glycosylase (MPG)’’. Monofunctional glycosylases hydrolyze the N-glycosylic
linkage between the damaged base and its corresponding deoxyribose, a process that produces an
AP site’. Following the base removal, AP endonuclease 1 (APE1) will incise the DNA
backbone 5’ to the AP site, resulting in a single-strand break with a 3* hydroxyl group and 5’

36-38

deoxyribose phosphate group (dRP)™”°. The dRP moiety at the 5'-end is subsequently removed
by the dRP-lyase activity of DNA polymerase B to produce a 5'-phosphate (5'-P) that is suitable
for ligation with a 3'-hydroxyl group (3'-OH)*”. On the other hand, repair of oxidative DNA
lesions is initiated by bifunctional glycosylases that are also capable of AP/lyase activity, which
generates a single-strand nick 3’ to the AP site via either - (NTHL1, OGG1) or B,6-elimination
(NEIL1, NEIL2)". These glycosylases replace the damaged base by nucleophilic substitution,
and covalently bond to the deoxyribose of the AP site, forming the Schiff base intermediate™. In
general, OGGl1 is the primary glycosylase for oxidized purines, whereas oxidative pyrimidine
lesions are removed primarily by NTHL1, NEIL1, or NEIL2?. The resulting single-stranded
nicked DNA undergoes end-processing by APE1 and polynucleotide kinase 3’-phosphatase

41, 42

(PNKP) depending on the specific nature of the terminus™ **. End-processing allows DNA to

become suitable substrate for DNA pol B to synthesize the removed base in the long or short



43, 44

patch pathway™ ™. In short-patch repair, DNA pol B adds a single base and removes the 5'- dRP

to allow ligation”. In long patch repair, 2 to 13 bases are synthesized by pol p or /¢, thereby

43,45

generating a displaced strand that is cleaved by FENI prior to ligation™ ™. Base excision repair

is completed by DNA ligase III to seal the nick in the DNA backbone™® **.

1.1.3 Mismatch Repair

Mismatch repair (MMR) is especially important in detecting replication errors and targets
mismatches due to mis-incorporation, and insertion and deletion loops (IDLs) resulting from
polymerase slippage. Mismatch repair is very crucial because it prevents a mistake from
becoming permanent and passed on to daughter cells. This system reduces the overall error rate
by approximately 1000 folds*. There are three major steps in mismatch repair, recognition of
mismatches, excision of the mismatch on the error-containing strand, and repair the damage
resulted from the excision”’.

MMR pathway is highly conserved between human and E. coli’’. In E. coli, the
homodimer MutS recognizes and binds to base mismatches and insertion/deletions”’. Although
the two MutS dimers are sequentially identical, they act as virtual heterodimers because they are
structurally and functionally different’®. The human MutS homologues are formed using true
heterodimers: hMSH2 dimerizes with hMSH6 or hMSH3 to form hMutSa or hMutSp. hMutSa
recognizes mismatches of 1 to 2 nucleotides, and hMutSp recognizes larger mismatches®’. In E.
coli, MutL interacts with MutS to recruit and activates MutH. MutH, in the presence of ATP,
will nick the DNA at the unmethylated strand”’. DNA in E. coli is methylated at GATC sites, and

MMR enzymes use hemi-methylated sites to distinguish newly synthesized DNA from the



template DNA. In human, three MutL heterodimers have been identified””. MLH1 and PMS2
forms the heterodimer MutLa, and is responsible for majority of DNA incision”’. In E. coli,
depending on the position of the mismatch to the site of the nick, different exonucleases will
remove DNA up to slightly past the mismatch site. The resulting single-stranded gap is repaired
by DNA polymerase III and DNA ligase’’. In human, after incision by MutLa, exonuclease 1
(Exo1) degrades DNA via 5’ to 3’ direction. Then MMR is completed by DNA polymerase ¢ and

DNA ligase I/,

1.1.4 Nucleotide Excision Repair

Nucleotide excision repair recognizes and removes a wide range of bulky, helix-
distorting lesions, such as UV-induced photoproducts, clyclobutane pyrimidine dimers (CPD)
and pyrimidine 6-4 pyrimidone photoproducts, and cisplatin-DNA intra-strand crosslinks’’. NER
defects threaten genome integrity, and are the underlying causes of several human genetic
disorders, such as xeroderma pigmentosum and Cockayne syndrome. NER deficiencies are also
implicated in cancer, immunological defects and neurodegeneration’”.

There are two subsets of NER, global genomic nucleotide excision repair (GG-NER) and
transcription-coupled nucleotide excision repair (TC-NER), with the two subsets only differ in
the mechanism by which DNA lesions are recognized™. GG-NER eliminates DNA lesions
throughout the genome, and TC-NER, due to its method of lesion recognition, preferentially
targets the coding strand of genes actively being transcribed’’. In GG-NER, the
XPC/HR23B/CEN2 complex detects and binds to DNA lesions, which results in further

distortion of the double helix’’. HR23B and CEN2 are accessory factors that increase the affinity



and specificity of XPC binding to damaged DNA. The affinity of XPC to DNA is positively
correlated with the amount of DNA distortion. Therefore, in the case of CPD damage that results
in minor distortions, additional auxiliary factors, such as UV-damaged DNA binding complex
(UV-DDB) are needed to increase helix distortion and facilitate XPC binding’*. Contrastingly,
damage recognition in TC-NER is initiated by the stalling of RNA polymerase II (RNAPII) upon
encountering a damage. Next, Cockayne syndrome A and B (CSA/CSB) displace RNAPII to
allow the binding of other NER proteins™.

Following damage recognition, both GG-NER and TC-NER accomplish the rest of NER
in the same manner. XPC, from GG-NER, and CSA/CSB, from TC-NER, recruit the
transcription factor complex TF11H. Two TF11H-asscoiated helicases, XPB and XPD, then
flank the damage site at opposite directions, creating a bubble of unwound DNA (~30 nt) at the
damaged region™. Following the unwinding of DNA, XPA and RPA (replication protein A) bind
to the damaged DNA. XPA acts as a secondary damage recognition and RPA stabilizes the pre-
incision complex. Subsequently, two endonucleases, XPG and XPF/ERCCI1, cleave DNA 3’ and
5’ to the damage, resulting in a 30 nucleotide-long of excised DNA strand containing the
damage. Lastly, DNA polymerase 6 and € re-synthesize the gap, and the nicks are sealed by

DNA ligases.

1.1.5 Double Strand Break Repair

Double-strand breaks (DSBs) are the most detrimental type of DNA damage. When left
unrepaired, DSBs often result in cell death. In addition, inaccurate repair can lead to permanent

chromosomal alterations’®. Therefore, once a DSB occur, rapid detection and repair is key to



maintain genome integrity. In mammalian cells, there are two main mechanisms to repair DSBs,
homologous recombination (HR) and non-homologous end-joining (NHEJ). The two pathways
differ in their dependency on homologous templates and the fidelity of the repair’’. Homologous
recombination-directed repair utilizes the undamaged sister chromatid as a template for repair,
and it’s a generally error-free repair. Since it requires a sister chromatid template, it only occurs
during late-S and G2 phases. On the other hand, non-homologous end-joining repairs DSBs by
direct ligation. While it’s more error-prone than HR, it is the predominant pathway for DSB
repair in cells.

There are four general steps in HR, DNA resection, strand exchange, branch migration
and DNA synthesis, and resolution. The purpose of DNA resection is to prepare the site of DSB
to become a suitable substrate for subsequent repair. DSB ends are processed through 5’ to 3’
end resection to generate a single-strand overhang with a 3’ end”. The resection is facilitated by
the MRN complex (Mrel1-Rad50-Nbs1), Ctlp, BLM helicase, and Exol exonuclease’” ®. Then
Rad51 recombinase, Rad51 paralogs, RPA, together with other mediator proteins, including
BRCA1, BRCA2, and Rad52, bind and coat the 3’ overhanging DNA, this is known as the
Rad51 nucleoprotein filament”. The Rad51 nucleoprotein filament facilitates homology search
and strand invasion of the template DNA in the sister chromatid. DNA polymerase synthesizes
DNA based on the template, extending in the 3’ direction of the invading strand to allow branch
migration. This results in an four-way DNA junction known as the Holliday junction®’. DNA
ligase 1 seals the nicks, and the Holliday junction is resolved to complete homologous
recombination repair. The Holliday junction can be resolved in one of three ways,

disengagement mediated by the BLM-Topllla complex, symmetric cleavage by GEN1/YEN1 or



SIx1/Slx4, or asymmetric cleavage by Mus81/Eme1*

. Depending on the resolution method, a
non-crossover or crossover product will be produced.

The first step in non-homologous end-joining is the recognition and binding of the
Ku70/Ku80 heterodimer to the exposed termini of DSB. Upon binding, the Ku-DNA complex
recruits the catalytic subunit of DNA-dependent protein kinase (DNA-PK), which promotes
tethering of the two DNA termini®’. Depending on the nature of the double-strand break, the
ends may require modification prior to ligation. In order for termini to be ligateable, there should
be no overhangs, and the appropriate 5’ phosphate and 3’ hydroxyl groups need to be present.
This processes, while not fully understood, may involve the exonuclease activity of FEN1, WRN
and Artemis”. DNA polymerases then perform any necessary DNA repair synthesis. Lastly
LIG4-XRCC4—XLF complex is recruited to perform the ligation and complete NHEJ.
Consequently, after ligation of the two DNA ends, there may be a few bases that were added or
removed in the process. This is the reason why NHEJ is considered error-prone. Within coding
sequences, addition or loss of bases will cause a frameshift two third of the time, potentially

leading to production of truncated proteins with different c-terminal regions. This process is

exploited in the recently developed method of CRISPR/Cas gene inactivation.

1.2 Paradoxical Role of DNA repair in Cancer

Living organisms are constantly experiencing DNA damage, and require effective repair
pathway to fix the damage. When the repair pathway is overpowered by the presence of excess
carcinogens, or when repair pathways are defective, it leaves the genome vulnerable to
mutations. Somatic mutations in DNA repair pathways lead to accumulation of mutations and

genome instability, and germline aberrations in these pathways leads to cancer predisposition®
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%7 Although DNA repair defects contribute to cancer initiation and progression, DNA repair
pathways are also needed by cancer cells for their survival”. Cancer cells typically proliferate
more rapidly, and many are burdened with elevated reactive oxygen species (ROS) produced by
cancer-associated metabolic changes®. In addition, classical cancer treatments such as
radiotherapy and chemotherapy employ DNA-damaging agents to induce DNA lesions or
interfere with DNA synthesis, and cause cell cycle arrests, apoptosis and senescence™. Increased
DNA repair efficiency, in particular of the base excision repair (BER) pathway, is essential for
many cancer cells, not only to resist genotoxic treatments but also to proliferate in the presence
of elevated ROS®. For example, cancer cells in which the RAS pathway is activated produce
elevated ROS levels’”. Although ROS contribute to RAS transformation of cells to
tumorigenesis, there is a fine balance of ROS level that cancer cells need to maintain so that they
benefit from the mutational advantage without suffering from excessive DNA damage. Cancer
cells can adapt by increasing expression of ROS scavenging proteins. This is often accomplished
through inactivation of the KEAPI tumor suppressor gene. KEAPI is a cytoplasmic protein that
interacts with the transcription factor NRF2, resulting in NRF2 retention in the cytoplasm. When
cells sense signal for oxidative stress, NRF2 is activated and upregulates transcription of
antioxidant proteins”. Mutations that prevent KEAP1 expression or reduce its affinity for NRF2
cause an accumulation of NRF2 in the nucleus and the anti-oxidant genes under its regualtion””
7! Inactivation mutations within the KEAPI gene are found in 15 to 30% of cancers depending
on the tissue of origin”’. As an alternative mechanism of adaptation to high ROS level, cancer
cells can enhance their capacity to repair oxidative DNA damage’. This is accomplished mostly
by increasing the expression and efficiency of proteins involved in the base excision repair

(BER) pathway. It’s important to note that increased BER efficiency enables RAS-transformed
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cells to avoid senescence (or apoptosis, depending on cell-type) and proliferate, however, there is
a cost associated with this”’. As described earlier, enzymes involved in DNA repair are more
error-prone than the replicative DNA polymerases. The BER DNA polymerase, DNA pol B,

077, The increased error rate is compounded by the fact that Ras-

exhibits an error rate close to 1
cancer cells suffer more DNA damage from ROS than normal cells. As a result, Ras-transformed

cells are expected to acquire mutations faster than normal cells, a phenomenon that may

contribute to their genetic heterogeneity.

1.2 Oncogenes and Tumor Suppressors

It’s well recognized that cancer is a genetic disease that arises as a result of mutations and
abnormal expression of specific cancer genes. Genetic alterations in these two types of genes
are responsible for tumorigenesis: oncogenes, and tumor suppressors. Proto-oncogenes, when
mutated, become oncogenes. Oncogenes have genetic alterations that are activating in nature,
such as gain-of-function mutation, amplification in copy number, or overexpression. These
mutations generally lead to an increase of activity of the mutated oncogenes, promoting
tumorigenesis. Some classical functions of oncogenes are growth factors and their receptors, cell
cycle regulators, and apoptosis inhibitors. Contrastingly, tumor suppressors often have
alterations that’s deactivating in nature, with loss-of-function mutation, deletion, and epigenetic
silencing”’. These genes often regulate essential cellular processes, such as cell proliferation,
differentiation, and development. There are generally two types of tumor suppressors, termed the
gatekeepers and the caretakers. Gatekeeper genes directly regulate cell proliferation and their
mutations are rate-limiting steps for tumorigenesis. Inactivation or down-regulation of

gatekeepers generally results in unregulated, rapid cell proliferation, a hallmark of cancer”.
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Caretaker genes do not directly partake in proliferation regulation, but contribution to prevent
genomic instability. A famous example of caretakers is the p53 tumor suppressor gene.
Inactivation of p53 is found in over 50% of human tumours’®. It acts as a cell cycle “checkpoint”
prior to DNA replication. If a cell is suffering from DNA damage, p53 either stalls DNA
replication until the damage is repaired, or in the case of high level DNA damage, signal the cell
to apoptosis’®. Cells with p53 inactivation will enter S phase and replicate DNA regardless of the
damaged, producing daughter cells containing the same DNA damage.

A single mutational event in proto-oncogene is often enough to activate it and contribute
to abnormal cell growth. However, this is not the case for tumor suppressors. The inactivation of
one tumor suppressor allele leaves behind one intact and functional allele that is usually
sufficient enough to perform the tumor suppression task. As a result, both alleles need to be
inactivated to disable tumor suppression. This is known as the Knudson two-hit hypothesis’”.
Haplo-insufficient tumor suppressors are the exceptions, where the loss of function on one allele
is enough to impart a phenotype. Due to the recessive nature of most inactivated tumor
suppressor, the mutation can be inherited through germline, since a carrier would show no
physical consequences, other than being more at risk for cancers. Indeed, familial cancers such
as familial breast and ovarian cancers often involve the inheritance of mutated BRCA1/2 protein,

which are caretaker tumour suppressors.

1.2.1 Oncogene Addiction

Oncogene addiction describes the phenomenon when some cancers are so heavily reliant

on the survival benefits provided by an oncogene, such that the inhibition of said oncogene can
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lead to serious deleterious effects on cancer cells. In this case, we will say that cancer cells have
become addicted to an oncogene. Some oncogenes are so coveted that their inhibition can lead to
tumor cell death, arrest or senescence. These oncogenes are often of great clinical interest as
targets for cancer therapy. A good example of such is the usage of imatinib, an inhibitor of BCR-
ABL to treat chronic myeloid leukemia (CML). A large number of CML cases are caused by the
oncogene BCR-ABL, which is a fusion gene coding for an active tyrosine kinase signaling

protein that’s always active’.

1.2.2 Non-oncogene Addiction and Synthetic Lethality

Since the original six hallmarks of cancer proposed in 2000, additional hallmarks have
been proposed as our understanding on cancer initiation and progression expands’’. Some of
these new hallmarks are stress phenotypes of cancer, such as oxidative stress and DNA damage
stress”’. Some of these stress phenotypes are not uniquely observed in cancer cells, and can be
found in other conditions such as chronic inflammation. These stress phenotypes are likely
oncogenesis-associated cellular stresses. The concept of non-oncogene addiction depicts the
dependence of cancer cells on genes involved in normal cellular functions that are not classical
oncogenes, but can assist cancer cells on overcoming the stress phenotype®’. Due to this
dependence, a new therapeutic strategy is to target the function of these “non-oncogenes” to
cause synthetic lethality in cancer cells. PARP1 inhibition in BRCA defective cells is one such
success story. Poly(ADP-ribose) polymerase (PARP1) facilitates repair of single-stranded
breaks®’. Inhibition of PARP1 in cells will result in accumulation of SSBs, and if these breaks

are present in close proximity, double-strand breaks are created. DSBs in cells are repaired by
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either homologous recombination-mediated DNA repair and non-homologous end joining.
Therefore, PARP1 inhibition is well-tolerated in normal cells. BRCA1/2 are mediators of HR
repair, and are tumour suppressors frequently inactivated in cancers, especially in breast and
ovarian cancers"". In cancer cells with inactivated BRCA1/2, PARP1 inhibition is synthetic
lethal, because the generation of double strand breaks cannot be effectively repaired due to
BRCA1/2 mutations™ **. Synthetic lethality refers to the idea that a combination of two or more
individually non-lethal mutations, when present together, result in unviability®. In this case,
PARPI itself is not an oncogene, however, BRCA inactivated cancer cells rely on the function of
PARP1 to survive.

This concept of non-oncogene addiction and synthetic lethality can be exploited for novel
therapies by inhibition of these non-oncogenes. Cancer cells are under constant oxidative stress
and DNA damage stress’”. In order to manage these stress, they rely on the activity of proteins
involved in DNA repair to combat theses stresses. As a result, some cancers cells have up-
regulation or overexpression of proteins involved in DNA repair, such an example is the CUX1

protein®’.

1.3 CUX1
The cut gene was initially identified and characterized in Drosophila melanogaster,
where it plays a role in cell-type specification in the peripheral nervous system and the wing

%057 The mammalian orthologue of the cut gene in Drosophila is CUX1 (CUT-like

margin
homeobox 1). The human CUXI1 protein was initially identified as the CCAAT-displacement

protein (CDP). Following the cloning of its cDNA, the sequence conservation with the cut

gene revealed that these genes are orthologs™. Since then, CUX1 has been named
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successively as CDP, CDP/Cut, Cut-like 1 (CUTLI). Upon consultation with a world expert
on homeobox genes, Dr. William J. Muller, the gene has finally been called CUXI%’. Three
CUT domains, a Cut homeodomain, and a coiled-coil region are evolutionarily conserved
between drosophila and human.

CUXI encodes two main isoforms, the full-length protein p200, and a smaller isoform,
p110%. The p200 protein contains all three Cut repeats (CR1, CR2 and CR3), and a Cut
homeodomain (HD); while the p110 protein contains only two Cut repeats and the
homeodomain. The p110 isoform is produced by proteolytic processing of p200 during late-
G1 phase®® *’. The p110 isoform is much less abundant than p200 in cells. It exhibits stable
interaction with DNA, and functions as a transcription regulator, the promoter context dictating

91, 92

whether it behaves as a transcription activator or repressor . It’s been reported as a

transcription factor that stimulates cell cycle progression and the expression of DNA replication

genes”” /. In addition, p110 CUX1 is also involved in the strengthening of the spindle assembly

checkpoint and the establishment of a transcriptional program that ensures that cells are prepared

to launch a rapid DNA damage response’”

. It should be noted that the DNA damage response
is triggered and is amplified by a series of post-translational modifications of several types’’. The
transcriptional program governed by p110 CUXI1 ensures that the necessary proteins are in place
ahead of time, such that they can rapidly be activated by post-translational modifications in
response to DNA damage”” **.

In contrast, p200 CUX1 is more abundant, and binds DNA with extremely rapid “on” and
“off” rate, rare for a classical transcription factor”’. This property precludes p200 CUX1 from
functioning as a transcriptional activator. However, p200 CUX1 was reported to function as a

100-102

transcription repressor by competing for binding site occupancy . This was the function
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originally described for the CCAAT-displacement protein’”.

1.3.1 CUXI1 as a Tumour Suppressor

CUXI has a very complex role in cancer, in that although it is characterized
genetically as a haplo-insufficient tumor suppressor, the gene has characteristics that defy that
classification. CUX1 is located at chromosome 7q22.1, a region where frequent loss of
heterozygosity is found in various cancer, namely in 14% of uterine leiomyomas, 18% of
breast cancers, and 15-25% of acute myeloid leukemia (AMLs) and myeloproliferative
disorder (MPD)'**'% There are also RNAseq and RT-PCR data showing drastic reduction of

109

CUXI mRNA expression in leukemia patient samples’”". Among the cancer cells with both

110

CUX1 allele present, 1-5% of them have inactivating point mutation in one allele’"”. In human

blood progenitors cells, knockdown of CUX1 led to approximately 40% increase in engraftment

. . . . . 109
on transplantation into immunodeficient mice

. In addition, subcutaneous injection of T cell
acute lymphoblastic leukemia (T-ALL) with CUX knockdown into mice showed an increase in

110
tumour’ .

1.3.2 CUXI1 as an Oncogene

Paradoxically, copy number variation (CNV) analysis indicated gains of copy numbers of
CUXI gene, are more frequent than losses in cancer of different tissues. For example, in the case
of cancers of the large intestine, 2.9% of the cancer has copy number reduction while 37.2% has
a gain of copy number. Interestingly, approximately one-third (25 of 77) of tumors and cancer

cell lines with CUX1 LOH show amplification of the remaining allele. A plausible
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explanation for this observation is that inactivation of one CUXI allele facilitates tumor
initiation. In tumor cells, the remaining allele is then amplified to increase CUXI expression
to support cancer cell survival and tumorigenic progression.

Transgenic mice expressing p200 CUX1 protein under a cytomegalovirus promoter
had striking multi-organ hyperplasia and organomegaly’’’. Expression of p200 CUX1 protein
under the control of the mouse mammary tumor virus long terminal repeat (MMTV-LTR)
resulted in the development of mammary tumors with long latency and a penetrance of 21%.
Spontaneous activating mutation of Kras (G12V or Q61L) were observed in 45% of mammary
tumors. Lung tumor formation was observed in 20% of transgenic mice as well’’.
Transgenic mice expressing the p75 CUX1 or p110 CUX1 isoform also developed mammary
tumors after a long latency period. Metastasis to the lung was observed in small portion of p75

CUXI1 transgenic mice’ "’

. In addition to mammary tumors, sarcomas were also observed in the
uterus and liver of p110 CUX1 and p75 CUXI1 transgenic mice’’?. These transgenic mice models

demonstrated that the expression of CUX1 isoforms increase tumor incidence in mouse genetic

background.

1.3.3 CUXI1 in Base Excision Repair

Oncogenic Ras cannot transform primary culture cells on its own, and induces
senescence in primary cells by elevating ROS level. However, co-expression of p200 CUX1 and
activating RAS mutation was found to prevent cellular senescence in human primary
fibroblasts’’“. In addition, mouse embryonic fibroblasts (MEF) isolated from CUX7 null mice

showed a longer G1 phase and slower proliferation compare to wildtype MEFs when cultured
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89,115

in 3% oxygen . However, when these MEFs were cultured in 20% oxygen, striking

proliferation stress was observed in Cux1”~ MEFs. Cux1”~ MEFs also showed a reduced
efficiency to repair DNA damage induced by hydrogen peroxide compared to wildtype MEFs'"”.
These observations from our laboratory led to the discovery of CUXI1 as an accessory factor of
base excision repair. BER enzymes in mammalian cells, unlike their bacterial homologs, can be
stimulated by accessory factors’'’””?’. Consequently, BER efficiency can be modulated by
controlling the expression of accessory factors.

p200 CUX1 functions as an accessory factor in base excision repair through its three
CUT repeats’’? '’ p200 CUX1 is able to both accelerate the binding of OGG1 to damaged
DNA, and stimulate the enzymatic activity of OGG1'/% /7> 117 12! A a result, p200 CUX1
accelerates the removal of oxidizes base, 8-oxoguanine. In addition, CUXI1 also stimulates the
APEI endonuclease activity”. Preliminary work from the laboratory has generated evidence

suggesting that Cut repeats of CUX1 can stimulate the polymerase and dRP-lyase activities of

DNA polp (Ramdzan et al, submitted).

1.3.4 Duality of CUX1 in Cancer

CUX1 is heavily involved in maintaining genome stability. The p110 CUX1 protein
transcriptionally activate genes in DNA replication, DNA damage response and spindle
assembly checkpoint, together ensuring proper DNA replication and cell cycle progression. In
addition, p200 CUX1 directly promote genome stability by its involvement in the base
excision repair pathway” . Such functions are atypical for oncogenes, but overexpression of

p200 or p110 CUX1 contribute to tumorigenicity in both cell lines and transgenic mice’’”.
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This phenomenon suggests that cancer cells exhibit non-oncogene addiction to the roles
CUXI1 plays in maintaining genome stability.

In Ras-transformed cells, high level of reactive oxygen species is produced from pro-
longed activation of the Ras pathway. This causes oxidative DNA damage and sustained DNA
damage would typically lead to cellular senescence. However, high level of CUX1 present in
cells tolerates the ROS level, as base excision repair is the main pathway for the repair of
oxidative DNA damage. Indeed, CUX1 knockdown is synthetic lethal with activation of the
Ras pathway, including activating mutations in KRas, HRas, NRas, BRAF or EGFR 112,122,
%3 Lastly, CUX1 was shown to increase resistance of glioblastoma cells treated with

temozolimide®™. The paradoxical role of CUX1 in cancer is quite different from that of

classical tumor suppressors. Thus, it represents the potential for a new class of cancer gene.

1.4 Project Rationale

CUXI1 doesn’t stimulate the activity of DNA glycosylases other than OGG1 in base
excision repair. Therefore, we hypothesized that additional accessory factors must exist to
stimulate other enzymes in the pathway. Studies have identified some additional accessory
factors that stimulate BER enzymes: for example, YB-1 stimulates NTHL1, NEIL1, and
NEIL2%*? However, in order to fully elucidate the complex roles BER accessory factors play
in cancer, we will need a complete repertoire of accessory factors. Therefore, our laboratory
decided to perform systematic identification of accessory factors of BER enzymes.

My project is one of the first initiatives of this ambitious goal, which we attempt to
identify accessory factors for NTHL1. NTHL1, is a bifunctional glycosylase in BER and it is

responsible for removing oxidative pyrimidine bases, specifically oxidative variants of thymine,
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such as thymine glycol (Tg) or 5,6-dihydrothymine (DHT)"?’,

This is achieved by using the powerful technique of BioID. Proximity identification by
biotinylation (BioID) is a powerful method for the study of protein interactions in living cells.
This technique fuses a promiscuous biotin ligase mutant derived from Escherichia coli, coined

BirA*, to a protein of interest’”’

. This biotin ligase can efficiently modify biotin to biotinyl-
AMP, an activated form for biotinylation, yet has poor affinity for the molecule’*”. As a result,
biotinyl-AMP diffuses away from the fusion protein, reacts with nearby lysine residues, and

biotinylates neighboring proteins within a 10 nm radius’*” /%

. The greatest advantage of using
BiolD is its sensitivity, it can label binding partners with weak or transient interactions.

Moreover, since biotin is linked through a covalent bond to target proteins, this made it possible

to use harsh purification methods to prepare protein extracts.

2. Materials and Methods

Cell Culture and Viral Production

HEK293FT and U20S were cultured in Dulbecco’s modified eagle medium (DMEM, Wisent),
and Jurkat was cultured in Roswell Park Memorial Institute medium (RPMI, Wisent), both
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 293-FT cells with plasmids encoding BCL11B,
BCL11B EGFP, short hairpin RNA against BCL11B (Misson shRNA pLKO.1 panel, Sigma)
with packaging plasmid psPAX2 and envelop plasmid pMD2G. The medium of the transfected

cells were collected for 3 days, 48 h post-transfection.

21



Bacterial Protein Expression

Plasmids expressing histidine-tagged BCL11B fragments (F1-4) were prepared by inserting
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. All proteins were expressed in the BL21 strain of Escherichia coli and were
induced with isopropyl-p-D-thiogalactopyranoside. His-tagged fusion proteins were purified
using nickel beads (Qiagen) and were eluted with 300 mM imidazole. Imidazole was eliminated
by buffer exchanges with PBS molecular weight cut-off dialysis membrane (Spectra/Pro Dialysis

tubing, Spectrum Laboratories).

Immunoblotting

Protein extracts were re-suspended in Laemmli buffer, boiled for 5 min, resolved by
SDS-PAGE. The resolved gel was electrophoretically transferred to a PVDF membrane in
transfer buffer (20% (v/v) methanol, 25 mM Tris, 19.2 mM glycine). Membranes were blocked
in TBS-T (10 mM Tris, pH 8, 150 mM NacCl, 0.1% Tween X-100) with 5% milk and 2% bovine
serum albumin for 2 hours. Following blocking, membranes were incubated with indicated
primary antibodies diluted in TBS-T, washed with TBS-T, and incubated with corresponding
secondary antibodies conjugated to horseradish peroxidase for 1 hr. Proteins were then
visualized using the ECL system according to the manufacturer’s instructions (BioRad). The
following antibodies were used: anti-y-tubulin (1:10,000, Sigma), BCL11B (1:2000, Bethyl),
NTHLI1 (1:1000, proteintech), anti-Flag (1:1000, Sigma), anti-streptavidin (1:2000, BioLegend),

anti-GST (1:1000, Abcam), anti-His (1:3000, sigma).
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BiolD

Human NTHL1 was cloned into pcDNAS FRT/ FLAGBirA* vector (from Dr. Anne-Claude
Gingras’ laboratory). Using the Flp-In™ T-REx™ system (Thermofisher), we generated 293 T-
REX Flp-In cells stably expressing NTHL1-BirA*-FLAG, eGFP-NLS-BirA*-FLAG, and eGFP-
BirA*-FLAG under a tetracyclin inducible system. Cells were treated with 1pg/mL of tetracyclin
for 24 hr to induce protein expression. Six hours before cell collection, 50uM of biotin was
added and immediately followed by irradiation treatment. Cells were pelleted and delivered to
our collaborator Dr. Anne Claude Gingras’ laboratory to be lysed and analyzed with mass

spectrometry] 7,

Immunoprecipitation

293T cells were co-transfected with 3xHA-BCL11B and c-avi NTHL1 (plasmids purchased by
GeneCopoeia) using Lipofectamine3000 (Invitrogen) according to the manufacturer’s
instructions. 20uM of biotin was added into the media 48hr after transfection, and cells were
collected after 24 hr. Cells were lysed using lysis buffer (20 mM Tris (pH 8.0), 150 mM NaCl,
1% NP40) supplemented with a protease inhibitor cocktail (Sigma) and centrifuged at 13000g
for 20 min. c-avi NTHL1 was immunoprecipitated with magnetic streptavidin beads (GE
Healthcare). The samples were separated by SDS-PAGE followed by immunoblotting with anti-

NTHL1 antibody and anti-BCL11B antibody.

In Vitro Fluorescent Cleavage Assay
The fluorescent cleavage assay was performed using a 43-mer oligonucleotide (Midland) with

DHT modification at its sixth position, modified from Svilar e a/’*’. The 5’ end of the DNA was
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conjugated to a FAM fluorophore, and 3’ end conjugated to a Dabcyl quencher. Cleavage
reactions were conducted in 25uL reaction containing using 50 nM of oligonucleltide, 10nM of

enzyme and proteins, in 20 mM Tris (pH 8), 1 mM EDTA (pH 8.0), | mM DTT.

In Vitro Radioactive Cleavage Assay

Double-stranded 32-mer oligonucleotides containing a DHT modification at the 18" position
(Midland) were labeled with **p-gamma ATP at the 5” end of the top strand (*) using poly
nucleotide kinase. Cleavage reactions were conducted using indicated concentration of
bacterially purified proteins and enzyme in 20 mM Tris (pH 8), 1 mM EDTA (pH 8.0), | mM
DTT and 1 pmol of labelled probe. Reactions were performed for 30 min in 37°C and terminated
by formamide DNA loading buffer (90% formamide with 0.05% bromphenol 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 radio-

labeled DNA fragments were visualized by storage phosphor screen (GE Healthcare).

Sodium Borohydride Trapping of NTHL1

5’-end-labeled 32-mer duplex containing DHT modification was incubated with purified
NTHL1, and BCL11B proteins or BSA at the indicated concentrations. After incubation at 37°C
for 30 mins, 50 mM sodium borohydride was added and the reactions were incubated for 15
minutes at 37 °C. The trapped complexes were separated from free substrate by 10% SDS-PAGE

gel.
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Electrophoretic Mobility Shift Assay (EMSA)

EMSAs were performed using indicated amount of purified proteins and incubated at room
temperature for 15 minutes in a final volume of 30uL of 25mM HEPES (pH 7.5), 50mM KClI,
5mM MgCl,, 10uM ZnCl,, 5% glycerol, 0,1M DTT, with 0.1ug poly dIdC andlpug 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 100V. Gels were dried and

visualized by autoradiography.

On/Off Rate of DNA binding

EMSAs were performed using indicated amount of purified proteins and incubated at room
temperature for 15 minutes in a final volume of 30uL of 25mM HEPES (pH 7.5), 50mM KClI,
S5mM MgCl,, 10uM ZnCl,, 5% glycerol, 0,1M DTT, with 0.1pg poly dIdC and 1pg 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
minutes to establish stable binding. 100 pmol of unlabeled oligonucleotides of the identical
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 visualized by autoradiography.
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Strand-Displacement Assay of DNA PolB

Oligonucleotides used in this experiment were purchased from Midland Oligos. The short
complementary oligonucleotide primer (5’-TCACCCTCGTACGACTC) and reporter labeled

(5’ TTTTTTTGC - FAM 3’) were annealed to oligonucleotide template
(3’-AGTGGGAGCATGCTGAGAAAAAAACG -DABCYL-5’) to create quenched double-
stranded DNA substrates. These were annealed in 50mM Tris—HCI, pH 8.0 and 100mM NaCl by
heating at 95°C for 5 min and allowed to cool gradually to room temperature. Polymerase and
strand-displacement activity was conducted by incubating 25 nM of PolB and the indicated
concentration of BCL11B or BSA in the presence of 50 mM Tris—HC]I, pH 8.0, 10 mM KCI, 1

mM MgCI2, 2 mM dithiothreitol, 0.01% Tween-20, and 500 ng BSA.

Oligonucleotide Sequences

Fluorescent cleavage

(X= dihydrothymine)

5’(FAM) CCACTXTTGAATTGACACGCCATGTCGATCAATTCAACAGTGG (3’-Dabceyl)3’
Radioactive cleavage/ Schiff base trapping assay
(X=thymine glycol, sequences modified from Paz et al.”’")
5" CCGGTGCATGACACTGTXACCTATCCTCAGCG 3’
3’ GGCCACGTACTGTGACAATGGATAGGAGTCGC 5°
EMSA/On/off rate/ Kp calculation

(bolded sequences are conserved binding motif of BCL11B)"*’

5" CCGGTAACCACATGATGCTTGCCTAGTGCTATCCTCA 3’

3> GGCCATTGGTGTACTACGAACGGATCACGATAGGAGTCGC 5°
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Strand-displacement assay
5" TCACCCTCGTACGACTC 3° 5 TTTTTTTGC (FAM) 3’

3> AGTGGGAGCATGCTGAGAAAAAAACG (Dabceyl) 5°

GST-Pull Down Assay

GST-NTHLI1 and GST are bound to glutathione beads (GE healthcare) in 50mM Tris (pH 8),
150mM NaCl, 1% NP40, 50mM NaF, 0.5% BSA and protease inhibitor in room temperature for
4 hours. Then 1pg of purified his-tagged BCL11B fragments was incubated with 1pg of
GST/GST-NTHLI1 bound to glutathione beads. Add NP40 lysis buffer (50mM Tris (pH 8),
150mM NaCl, 1% NP40, 50mM NaF) until the total volume is 700uL, then incubate at 4 °C
overnight. Wash the beads three times with ImL of NP40 lysis buffer the next day. Run the
samples in 12% SDS-PAGE and proteins are visualized by immunoblotting against GST and

His.

Single Cell Gel Electrophoresis

Single cell electrophoresis (comet assay) was used to measure DNA damage. 50uM of H,0,
was used to treat cells on ice for 20 min to induce DNA damage. 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. Then cell pallets were collected and re-suspended in
1% agarose. The mixture was loaded on pre-coated slides and allowed to solidify (Trevigen).
The slides were lysed in alkaline condition and subjected to electrophoresis to resolve damaged
DNA from intact DNA. The slides were stained with propidium iodide and visualize with

Axiovert 200M microscope with an LSM 510 laser module (Zeiss). Comet tail moments were
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measured on a minimum of 50 cells using the Comet Score software (TriTeck Corp).

Methodology of single cell gel electrophoresis was modified from Olive and Banath (2006)"%,

3. Results

BCL11B Interacts with NTHL1

The first aim of this project was to create a list of potentially NTHL I-interacting proteins,
from which we can identify an accessory factor that is capable of stimulating the activity of
NTHL1. We achieved this by performing a BiolD experiment where we expressed a fusion
protein containing the human NTHL1 enzyme, BirA" and a FLAG tag (Fig. 1B). The BirA*
moiety is a mutant of a biotin ligase from E. coli'’’ Two negative controls were used in this
experiment, eGFP-BirA*-Flag, a cytoplasmic control, and eGFP-NLS-BirA*-Flag, a nuclear
control. It is important that negative controls were included, because any proteins identified from
these controls are likely caused by nonspecific interactions, and should be eliminated from our
curated list of NTHL1 interacting protein. The expression of the fusion proteins was controlled
under a tetracycline inducible system and biotin was added to the media to allow for the
biotinylation of proteins in close proximity to NTHL1. Immunobloting for NTHL1 and the
FLAG tag were performed to confirm expression of the intended fusion proteins (Fig. 1D); and
immunoblotting for streptavidin, which has a strong binding affinity for biotin and therefore
recognizes biotinylated proteins, was done to confirm successful biotinylation (Fig. 1E, lanes 2,
6 and 8). Immediately after biotin addition, cells were submitted to ionizing irradiation to induce
DNA damage and collected 6 hours later. Cell pellets were lysed, and biotinylated proteins were

isolated using streptavidin beads and identified using mass spectrometry (schematics of BiolD

see Fig. 1A and C). All mass spectrometry work was performed by Dr. Payman S. Tehrani in the
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laboratory of Dr. Anne-Claude Gingras at the University of Toronto. All protein candidates
identified in mass spectrometry were given a Bayesian false discovery rate (BFDR), defined as
the expected proportion of false positives. After eliminating all candidates with a BFDR greater
than 0.2, 223 candidates remained: 41 unique to unirradiated cells, 36 unique to irradiated cells,
and 146 are common (Fig. 1F). Table 1 provides a list of all these proteins together with their
BFDR in unirradiated and irradiated cells. The number of amino acids of each protein is also
indicated. This criterion enabled us to eliminate proteins that would be too large to purify from
bacteria for eventual enzymatic assays with the NTHL1 enzyme. After intensive literature review
of some of the more interesting candidates, we decided to investigate further with the BCL11B
protein.

BCL11B, B-cell leukemia/lymphoma 11B, belongs to the Kruppel-like C,H; zinc finger
transcription factor family, and contains 6 zinc finger domains for DNA binding’* /**. The
BCL11B gene consists of 4 exons, and two alternatively spliced variants, with the smaller

3134135 No known function has been attributed to the smaller

isoform, V2, lacking exon
BCL11B variant. BCL11B is primarily expressed in T cells, thymocytes and brain tissue’*’. It is
a bi-functional transcription regulator, and can function both as a transcriptional repressor or

137-142
. Loss-of-

activator depending on posttranslational modifications and promoter context
function studies performed in mouse demonstrates that BCL11B plays a significant role in T-cell
development and lineage commitment’*’.

BCL11B has also been implicated in cancer in multiple ways. BCL11B is identified as a
haplo-insufficient tumour suppressor’*’. It was initially named radiation-induced tumor
suppressor gene 1 (Rit/), because it contained homozygous deletions and point mutations in

143, 145-147

gamma-ray induced mouse thymic lymphomas . Mice with heterozygous BCL11B are
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135, 148, 149
1175 %7 The absence of a

more susceptible to thymic lymphomas after exposure to y-radiation
BCL11B allele also contribute to vulnerability to DNA replication stress and damage’*’.
Heterozygous BCL11B mutations and deletions were also found in major molecular subtypes of
T-cell acute lymphoblastic leukemia (T-ALL)"’. Subsequent analysis in human T-cell acute
lymphoblastic leukemia (T-ALL) revealed monoallelic BCL 1B inactivating point mutations or
deletions in 9 to 16% of cases””' ">’

All these findings are evidence that BCL11B is a haplo-insufficient tumor suppressor, yet
there are contradicting observations suggesting otherwise. BCL11B is found overexpressed in T-
ALL, cutaneous T-cell lymphomas (CTCL), squamous cell carcinomas, Ewing sarcomas and

glioblastomas '*% 7717

. The Sanger/COSMIC site reports BCL11B copy number gain or loss in
35 and 15 cancer patient samples, respectively; while overexpression and underexpression are
observed in 394 and 2 cases, respectively.
[http://cancer.sanger.ac.uk/cosmic/gene/analysis?In=BCL11B]. Down-regulation of BCL11B led
to growth inhibition and synthetic lethality in T-ALL and glioblastoma cells, but not in normal

158-160

. . . . . . 161
mature T cells . BCL11B overexpression also increases resistance to radiomimetic drugs "

162

The status of BCLI1B as a haplo-insufficient tumor suppressor gene, with the fact that it
is overexpressed in several cancers, and its knockdown is synthetic lethal in some T-cell
lymphomas, are reminiscent of the situation with the CUX/ gene.

After we decided to investigate further with BCL11B, we performed a co-
immunoprecipitation in 293FT cells to validate the protein-protein interaction between NTHL1
and BCL11B. Two vectors, one coding for c-3xHa-BCL11B, another for c-avi-NTHL1 and a

biotin ligase (vectors purchased from GeneCopoeia), were introduced into 293FT by
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transfection. The avi tag is a 15 amino acid peptide that can be biotinylated by biotin ligase in the
presence of biotin. The biotinylated avi tag allowed us to pull-down NTHL1 using magnetic
streptavidin beads, and immunoblot analysis showed successful pull-down of NTHL1, as well as
its binding partner, BCL11B (Fig. 2A). This result, in combination of the identification of
BCL11B from BioID of NTHLI, are strong evidences of the protein-protein interaction between

BCL11B and NTHL1.

BCL11B Stimulates Enzymatic Activities of NTHL1

We next investigated whether BCL11B is capable of stimulating the glycosylase and
AP/lyase activities of NTHL1. First, we used a fluorescence-based assay to evaluate the cleavage
efficiency of NTHLI. This assay utilised a 43 base oligonucleotide, with an oxidized thymine
base (dihydrothymine, DHT) at its sixth position, designed specifically to form a hairpin loop
when hybridized (Fig 3A). A green FAM fluorophore was conjugated to the 5’ end of the
oligonucleotide, positioned adjacent to a Dabycl quencher when the probe is in its hairpin form.
When NTHLI1 was in contact with this fluorescent probe, the enzyme excised the damaged DHT
base, cleaved the resulting AP site through its AP-lyase activity, thereby releasing the short
oligonucleotide containing the fluorophore. Hence, fluorescence emission was observed.
Therefore, by measuring the fluorescent intensity, we were indirectly measuring the enzymatic
activities of NTHL1. When purified BCL11B was added into the reaction mixture, we observed
a significant increase in fluorescent intensity, compared to reactions in the presence of non-
stimulating proteins such as BSA, CUX1 and HOXB3 (Fig. 3B). Next, we confirmed this
observation using a radioactive cleavage assay, with a 32 base pair double-stranded

oligonucleotide that was radioactively labelled at the 5’ end, containing another variant of the
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oxidized thymine base, thymine glycol (Tg) (Fig. 4A). When NTHL1 was in contact with the
DNA probe, it excised the damaged base and cleaved the AP site, resulted in a 17 nucleotide
labelled product that can be resolved from the 32 nucleotide substrate by electrophoresis and
visualized on a radiograph. When BCL11B was added in the reaction, there was significantly

more product formation compared to enzyme alone (Fig. 4B, compare lane 6 with lanes 7 to 10).

BCL11B Increases the Formation of the Schiff Base Intermediate

A key intermediate is produced in between the glycosylase and AP/lyase activity of
NTHL1, where the catalytically active lysine residue of NTHL1 is covalently bonded to the
deoxyribose of the damaged base to form a Schiff base intermediate. Typically, the subsequent
chemical reaction would release NTHL1 from the Schiff base, allowing the AP/lyase reaction to
take place. In the Schiff base trapping assay, sodium borohydride (NaBHy), a reducing agent is
added into the reaction mixture. As a result, the double bond is reduced, and NTHLI1 is
permanently bonded to DNA (Fig. 5A). This trapped complex can be resolved from the unbound
DNA using 10% SDS-PAGE. In this experiment, we allowed varying concentrations of BCL11B
and BSA, a control protein, to incubate with NTHL1 and radioactively labelled oligonucleotide
(identical to the one used in the cleavage assay), and the resulting Schiff base was trapped using
NaBHs. Lanes with the addition of BCL11B showed significantly more trapped complex
compare to lanes with BSA, suggesting that BCL11B increased the formation of Schiff base
intermediate (Fig. 5B, compare lane 6-8 to lane 3-5). As the concentration of BCL11B increased,
we surprisingly saw diminishing amount of the trapped complex. A possible explanation is that
the high concentration of BCL11B increased the reaction rate such that much of the Schiff base

intermediate was already resolved and couldn’t be trapped by NaBHa.
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BCL11B Binds DNA with Rapid On and Off Rate

BCL11B is a transcription factor with six C;H, zinc finger domains for DNA binding.
Therefore, we wanted to investigate the DNA binding behaviour of BCL11B. A study from 2011
performed a ChIP-seq analysis of BCL11B in striatal cells and found consensus DNA binding
motifs’*. Based on the three identified DNA binding motifs from the study (ACCACA,
TGCTTGC, AGTGCT), we designed a 39-mer double stranded oligonucleotide and performed
the on/off rate experiments (Fig. 6A). To examine the on rate, the rate at which BCL11B binds to
DNA, we allowed the protein to incubate with the radioactively labelled oligonucleotide for
various periods of time. When protein is bound to DNA, the resulting complex, termed retarded
complex, can be resolved from the free unbound DNA probe using gel electrophoresis. In as few
as 30 seconds, BCL11B already formed a retarded complex with DNA (Fig. 6B, lane 9). In order
to examine the off rate, the rate at which BCL11B dissociates from a bound DNA, we first
incubated the protein with radioactively labelled DNA for 15 minutes to reach an equilibrium, as
seen in lane 4. Then, 1000-fold excess of unlabelled DNA of the same sequence was added into
the reaction mixture and allowed to incubate for various amount of time. When BCL11B
dissociates from the labelled probe, due to the excess amount of unlabelled probe present in the
environment, it will likely bind to an unlabelled probe, and therefore no visible retarded complex
should be observed on a radiograph. From the off rate portion of the experiment, BCL11B
dissociated from the labelled DNA in as few as 30 seconds (Fig. 6B, lane 11). In conclusion,
BCL11B binds DNA with a very rapid on and off rate. As will be discussed later, this DNA
binding behavior may be important in the cellular context where large regions of DNA must be

patrolled by the NTHL1 enzyme.
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BCL11B Preferentially Binds to DNA with Thymine Glycol Damage

Next, we wanted to explore whether BCL11B binds preferably to DNA with a damaged
base, and potentially assists NTHL1 in the recognition of damaged bases. Using the same
oligonucleotide sequence from the on/off rate experiment, we modified the base at position 24
from a wildtype thymine to an oxidative variant, thymine glycol, and evaluated the DNA binding
affinity of BCL11B to the two different oligonucleotides (Fig. 7A). The binding affinity is
assessed in the form of equilibrium dissociation constant, Kp, which is calculated based on when

50% of the DNA is bound by the protein of interest’®’

. By definition, a smaller Ky, value
indicates that a lower concentration of protein is required to bind 50% of DNA. Therefore,
equilibrium dissociation constant and binding affinity are reciprocal in relationship, in that
smaller Kp calculation suggests higher binding affinity. We allowed BCL11B in a wide range of
concentrations to incubate with 10 pmol of DNA, both wildtype and with thymine glycol (Tg)
modification, and the protein-bound DNA was separated from the unbound DNA using
electrophoretic mobility shift assay (Fig. 7B). The radioactive signals were quantified using the
software ImageQuant, and the percentage of free DNA in each lane was plotted against protein
concentration (Fig. 7C). The final calculations of the apparent equilibrium dissociation constant,
Kopapp » 15 5.0 x 10" nM and 1.6 x 10 nM for DNA containing thymine glycol damage and

wildtype DNA, respectively (Fig. 7D). The smaller Kp,pp value for the Tg probe suggests that

BCL11B has a slightly higher preference for DNA with thymine glycol base.

BCL11B Stimulates Polymerase Activity of DNA Polf

DNA Pol B plays an important role in base excision repair, as it synthesizes the base

removed by glycosylases and fills the gap via either the short patch or long patch repair pathway.
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In addition, Pol B is involved in end processing where it removes the 5'-deoxyribose phosphate
(5'-dRP), produced when APE1 cleaves the DNA backbone during an earlier step of BER.
Completion of base excision repair by Pol B and ligase III is crucial because single-strands that
remain untended during DNA replication can generate a special type of double strand breaks that
are conducive to DNA rearrangements. Therefore, stimulation of BER enzymes upstream of Pol
B will not provide survival advantage to cells if more single-strand breaks were produced than
can be processed by Pol B, as the bottleneck can lead to accumulation of single-strand breaks and
eventually double-strand breaks. Consequently, we wanted to examine if BCL11B is capable of
stimulating the polymerase activity of Pol . This was assessed using a fluorescence-based strand
displacement assay. The DNA probe used in this experiment was produced by annealing three
oligonucleotides to mimic a nicked DNA substrate for Pol § (Fig. 8A). Pol B, in the presence of
dTTP, will polymerize and elongate the DNA probe at the site of the nick, resulting in the
displacement of the oligonucleotide containing the FAM fluorophore. The displacement
separates the fluorophore from its quencher, and fluorescent emission can be detected in real
time using a qPCR machine (Fig. 8B). The result of the displacement assay showed that the
addition of BCL11B significantly increased the fluorescent intensity, when compared to the
addition of the control protein, BSA (Fig. 8C). This observation suggests that BCL11B
stimulates the polymerase and strand displacement activities of Pol  in the long patch repair

pathway.

Residue 213-420 of BCL11B Stimulates NTHL1 Enzymatic Activity

Next, we aimed to dissect BCL11B into fragments and identify the domain(s) or region(s)

of BCL11B responsible for the stimulation of NTHL1 activity. We performed a
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function/structure analysis where we expressed four shorter fragments containing key domains:
1) fragment 1, residue 1-213, contains the region encoded by the first 3 exons of BCL11B; 2)
fragment 2, residue 213-420, contains the first zinc finger domain, and a proline rich region; 3)
fragment 3, residue 411-550, contains two zinc finger domains; 4) fragment 4, residue 711-894,
contains the three C-terminal zinc fingers (Fig. 9A). These four fragments were expressed as
His-tagged proteins, purified using immobilized metal affinity chromatography, and tested in the
previously mentioned fluorescent cleavage assay with NTHL1. The result of the cleavage assay
suggests that at 10 nM of proteins and 10 nM of NTHL1, fragment 2 is the only fragment
capable of stimulation to the extent similar to that of the full length BCL11B protein (Fig. 9C).
Next, a Schiff base trapping assay was performed using the purified fragments (Fig. 10B). The
full length BCL11B used in this experiment was from a different purification than the previously
shown Schiff base experiment, and likely contained a lower amount of active protein, as we
observed less trapped Schiff base in this experiment. Nonetheless, there is noticeable increase in
trapped Schiff base upon addition of full length BCL11B when compared to lanes with the
control protein, BSA (Fig. 10B, lane 3 and 4). Among the four BCL11B fragments tested in
Schiff base assayi, it is clear that fragment 2 significantly increases Schiff base formation, a result
that is consistent with our fluorescent cleavage data (Fig. 10B, lane 6). In addition, we also
performed a pull down assay using the four BCL11B fragments and NTHL1 to identify the
region(s) on BCL11B responsible for the interaction. We purified His-tagged BCL11B fragments
and GST-tagged NTHL1. GST-NTHL1 and GST, a negative control for non-specific binding to
GST tags, were bound to glutathione beads and then incubated with the His-tagged fragments of
BCL11B. We visualized the proteins using immunoblot against the His and the GST tags (Fig.

11B). GST-NTHLI1 is approximately 62 kDa (GST is 25 kDa and NTHLI1 is 37 kDa). The two
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GST western blots confirmed successful binding of GST proteins to glutathione beads. Of the
four BCL11B fragments tested, GST-NTHL1 was able to pull-down fragment 2 and 3 of
BCL11B (Fig. 11 B, histidine blot, lane 4 and 5). However, the binding of fragment 3 appears to
be non-specific, as it is also pull-downed by GST (Fig. 11B, histidine blot, lane 9). Although
fragment 2 is also pull-downed by GST alone, it is present at a much lesser amount, suggesting
its binding to GST is much weaker compared to GST-NTHLI1. The data presented on this pull

down experiment is only preliminary, and will be optimized.

C-terminal Zinc Fingers of BCL11B are Responsible for DNA Binding

Our next course of action was to determine which fragment(s) can bind to DNA, and
characterize the binding behaviour of such fragment(s). We performed an EMSA experiment
with the four fragments and the full length protein, where we allowed the proteins to incubate
with radioactively labelled oligonucleotides for 15 minutes, and the retarded complex was
resolved from the unbound DNA. The full length protein used in this experiment is from the
same purification as the Schiff base assay from Fig.10, and therefore, although still present, we
observed less retarded complex formation than in the previous EMSAs shown in Fig. 6 and 7. Of
the four fragments tested, fragment 4, which contains the three C-terminal zinc finger domains,
is the only fragment capable of DNA binding (Fig. 12B, lane 9-10). Next we examined the DNA
binding behaviour of fragment 4 by evaluating its on and off rate. Much like the full length
protein, fragment 4 exhibits rapid on and off rate of binding to the oligonucleotides: it is able to
bind to DNA in less than 12 seconds, and dissociates from previously bound DNA within 12

seconds (Fig. 13B, lane 9 and 12, respectively).

37



BCL11B Recruitment to Site of DNA Damage

After investigating BCL11B’s interaction with NTHL1 in vitro, we decided to investigate
the recruitment of BCL11B to the site of DNA damage in cells using micro-irradiation. The
micro-irradiation and microscopy work was done in collaboration with the laboratory of Dr.
Alexandre Marechal at the University of Sherbrooke. We created a U20S cell line stably
expressing a GFP-BCL11B fusion protein (Fig. 14A). DNA damage was induced using micro-
irradiation, and cells were fixed and stained by immunofluorescence for GFP and y-H2AX, a
marker for double strand breaks. There is a higher concentration of GFP signal at the site of
double strand breaks, inferring BCL11B recruitment to the site of DNA damage (Fig. 14B). Life-
imaging was also performed on these cells once per minute post-irradiation, and BCL11B was
recruited to the site of damage in less than one minute and lingers until at least four minutes post

irradiation.

BCL11B Knockdown in Jurkat Cells Reduces DNA Repair Efficiency

Following the laser micro-irradiation, we investigated BCL11B’s impact on DNA repair
efficiency using single cell gel electrophoresis. We generated Jurkat cells stably expressing
BCL11B shRNAs from a lentiviral vector. The decision to use Jurkat cells was based on the fact
that BCL11B is overexpressed in Jurkat cells and BCL11B knockdown in these cells was
previously reported to cause synthetic lethality’”® ©°°. A panel of 5 SIRNAs were tested, and two
out of five, shBCL11B #3 and #4, showed significant reduction of BCL11B expression and were
used in the subsequent experiment (Fig. 15B). We chose single cell gel electrophoresis, also
known as comet assay, to evaluate the efficiency of DNA repair. In this assay, cells were treated

with hydrogen peroxide, H>O,, to induce DNA damage, and allowed to recover for 0, 60 or 120
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minutes. Then, cells were embedded in agarose droplets and lysed under alkaline condition. The
alkaline lysis buffer enables hydrolysis of AP sites and alkali-labile bases, thereby producing
single strand breaks. Using gel electrophoresis, we can separate the denatured DNA fragments
from the intact genome. Damaged DNA migrates slower than intact DNA, resulted in the
formation of a “comet tail”. These agarose beads were stained with propidium iodide, and the
comet tails were visualized under a microscope and quantified into comet tail moments
(schematics of single cell gel electrophoresis shown in Fig. 15A). The scored comet tail moment
of the three Jurkat cell lines, one cell line with empty vector acting as negative control, and two
cell lines each expressing one of the two selected shRNAs, were plotted (Fig. 15C). Reduced
BCL11B expression was associated with an increase in DNA damage at baseline level in
untreated samples. In addition, at both 60 or 120 minutes of recovery time, cell lines with
BCL11B knockdown showed significantly higher DNA damage compared to control, suggesting
BCL11B knockdown reduces DNA repair efficiency, resulting in higher amount of unrepaired

damage (Fig. 15C).
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4. Figures

Fig. 1: Biotin Dependent Proximity Identification Experiment of NTHL1.

A) Schematics of biotin dependent proximity identification (BiolD).

B) Flp-In"™ T-REx™ 293 cell lines stably expressing NTHL, eGFP, or eGFP-NLS fusion
proteins conjugated to a modified biotin ligase, BirA", and a flag tag was generated using
transfection.

C) Flow chart of events took place during the BiolD experiment for NTHL1.

D,E) Immunoblots confirming the expression of BirA* fusion proteins and successful
biotinylation by BirA".

F) Venn diagram showing the number of NTHL1 target proteins identified from mass

spectrometry after removing all candidates with BFDR above 0.2, and proteins identified in cells

expressing eGFP-BirA*-FLAG and eGFP-NLS-BirA*-FLAG.
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Fig. 2: Co-Immunoprecipitation of NTHL1 and BCL11B.
A) HEK293FT cells were transfected with two vectors, expressing c-3xHA BCL11B and c-avi
NTHLI1. Immunoprecipitation was performed using magnetic streptavidin beads and analyzed by

immunoblotting with BCL11B antibody. Input (1%) was loaded as a protein expression control.
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Fig. 3: BCL11B Stimulates Enzymatic Activities of NTHL1 in Fluorescent Cleavage Assay.
A) Schematic representation of the NTHL1 cleavage assay using a fluorophore-based probe that
contains a green FAM fluorophore, a dihydrothymine (DHT) base at position 6 and the Dabcyl
quencher.

B) NTHL1 cleavage assay was performed using the fluorophore-based probe and histidine-
tagged affinity purified NTHL1 (10 nM) in the presence of another protein (5 nM), either BSA,
BCL11B, HOXB3 or CUX1 CUT domains 1 and 2. The experiment was performed in triplicates.

Error bars represent standard deviation. Curves were plotted using Prism (6.0) Graphpad.
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Fig. 4: BCL11B Stimulates Enzymatic Activities of NTHL1 in Radioactive Cleavage Assay.
(A) Double-stranded oligonucleotides with a thymine glycol base (red star) were labeled with
P-y ATP at the 5” end of the top strand using polynucleotide kinase.

(B) His-tagged NTHL1 and varying concentrations of BCL11B proteins were incubated at 37°C

for 30 min.
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Fig. 5: BCL11B Promotes Schiff Base Formation by NTHLI1.

A) Schematics of the Schiff base assay.

B) Radioactively end-labeled double-stranded oligonucleotides containing a thymine glycol (Tg)
base were incubated with his-NTHLI, in the presence of His-BCL11B or BSA, and the Schiff
base complex was trapped using 50 mM sodium borohydride. The trapped complexes were

separated from free substrate using 10% SDS-PAGE.
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Fig. 6. BCL11B Binds DNA with Rapid On and Off Rate.

A) Schematics of the on/off rate electrophoretic mobility shift assay. The bolded sequences are
BCL11B binding motifs based on ChIP-seq analysis’*".

B) Left: 9 ng of purified BCL11B protein was incubated with radiolabeled oligonucleotides at
room temperature for the indicated time points to determine the on rate for DNA binding.

Right: The off rate experiment was performed by allowing purified BCL11B protein to bind to
radiolabeled oligonucleotides for 15 min to reach equilibrium at room temperature (see lane 4).
Then 1000-fold molar excess of unlabeled oligonucleotides was added and allowed to incubate
for the indicated amount of time. The reaction mixtures were resolved on a non-denaturing

polyacrylamide gel and analyzed for EMSA.
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Fig. 7: Calculations of Apparent Equilibrium Dissociation Constant (Kp.pp) of BCL11B for
Binding to DNA with a Normal or an Oxidized Thymine.

A) Sequence of the radiolabeled oligonucleotides used in the EMSA experiment. The underlined
base is thymine in WT probe (wild type) and thymine glycol in Tg probe.

B) 10 pM of radiolabeled oligonucleotides, WT or Tg probes, containing conserved BCL11B
binding sites were incubated with varying concentrations of BCL11B fusion proteins and
analyzed in EMSA.

C) The percentage of free DNA in each lane was plotted against protein concentration.

D) Calculation of Kp (spp) to DNA containing oxidized and wildtype thymine.
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Fig. 8: BCL11B Stimulates the Polymerase and Strand-Displacement Activities of DNA Pol
.

A) The nicked probe was designed by annealing a 17-mer and a 15-mer forward oligonucleotide
with a 32-mer reverse oligonucleotide.

B) Schematics of the fluorescent strand-displacement assay. A FAM fluorophore conjugated
with the forward oligonucleotide is placed adjacent to a quencher. Upon incubation with Pol 3
and dTTPs, in the presence or BSA or purified BCL11B protein, the polymerase and strand-
displacement activities of Pol  release the short oligo with the fluorophore to generate
fluorescence.

C) The nicked fluorophore-based probe was incubated with Pol (25 nM) and 5 or 10 nM of

BSA or recombinant BCL11B protein, in the presence or absence of dTTP.
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Fig. 9: Amino Acids 213-420 of BCL11B Are Sufficient to Stimulate the Enzymatic
Activities of NTHL1.

A) Diagrammatic representation of the four BCL11B protein fragments. ZF represents zinc
fingers, Pro represents a proline rich region, and E is a glutamic acid rich region. The four
BCL11B fragments were expressed with a His-tag and purified using immobilized metal affinity
chromatography.

B) Schematics of the fluorescent cleavage assay.

C) NTHLI cleavage assay was performed in triplicates using 10nM of NTHL1 enzyme and 10
nM of other proteins, as indicated. Error bars represent standard deviation. Curves were plotted

using Prism (6.0) Graphpad.
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Fig. 10: BCL11B Recombinant Protein Fragments Stimulates Schiff Base Formation by
NTHLI1.

A) Schematics of the Schiff base assay.

B) Radioactively end-labeled double-stranded oligonucleotides containing a thymine glycol (Tg)
base were incubated with his-NTHLI protein, in the presence of his-tagged BCL11B protein
fragments or BSA. FL is the BCL11B full length protein, F1-4 are the four BCL11B protein
fragments. The Schiff base complex was trapped using 50 mM sodium borohydride, and the

trapped complex was separated from free substrate using 10% SDS-PAGE.
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Fig. 11: BCL11B Recombinant Protein Fragments Interacts with NTHL1 in Pull Down
Assay.

A) Diagrammatic representation of the four BCL11B protein fragments.

B) GST-pull down assay was performed using purified GST-NTHL1 and His-tagged BCL11B
fragments. GST-tagged proteins, GST-NTHL1 and GST, were immobilized using glutathione
beads and incubated with four his-tagged BCL11B protein fragments. GST-tagged and His-

tagged proteins were visualized by immunoblotting.
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Fig. 12: C-terminal Zinc Fingers of BCL11B are Responsible for DNA Binding.

A) Diagrammatic representation of the four BCL11B protein fragments.

B) Sequence of radiolabeled probe used in EMSA, the bolded regions are the putative BCL11B
binding sites.

C) EMSA experiment performed by incubating 3 or 9 ng of various BCL11B proteins with

radiolabeled probe for 15 minutes.
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Fig. 13: C-terminal Zinc Fingers of BCL11B Binds DNA with Rapid On and Off Rate.

A) Schematics of the on and off rate experiment.

B) Purified BCL11B fragment 4, containing three C-terminal zinc fingers, was incubated with
radiolabeled oligonucleotides at room temperature for the indicated time points to determine the
on rate for DNA binding. The off rate experiment was performed by allowing purified BCL11B
fragment proteins to bind to radiolabeled oligonucleotides for 15 min to reach equilibrium at
room temperature. Then 1000-fold molar excess of unlabeled oligonucleotides was added and
allowed to incubate for the indicated amount of time. The reaction mixtures were resolved on a

non-denaturing polyacrylamide gel.
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Fig. 14: BCL11B is Rapidly Recruited to Laser Micro-Irradiation-Induced DNA Lesions.

A) U20S cells stably expressing a GFP-BCL11B fusion protein from a lentiviral vector were
submitted to 405 nm laser micro-irradiation.

B) U20S cells were fixed and stained for y-H2AX by immunofluorescence at 5 min post
irradiation. The GFP signal was obtained and the two images were merged.

C) Live-imaging of U20S cells imaged once per minute post-irradiation. The 00:00 time point

was taken before micro-irradiation. Scale bars = 10um.
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Fig. 15: BCL11B Knockdown in Jurkat cells Decreases DNA Repair Efficiency.

A) Schematics of single cell gel electrophoresis.

B) Immunoblot of BCL11B expression in Jurkat cells infected with a set of five pLKO.1 vectors
each expressing a specific BCL11B shRNA.

C) Cells were exposed to 50 uM of 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 50 cells per condition. Error bars represent standard error. *p<0.05, **p<0.01,

*#%p<(0.001; Student’s t-test.
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S. Tables

Table 1: NTHL1 Preys Identified in Unirradiated and Irradiated Cells.

The table lists all proteins (preys) identified from mass spectrometry with a BFDR below 0.2.
Preys in the table is sorted in the order of increasing BFDR value in unirradiated cells (0 Gy),
starting from “0” to 0.2. Some preys are identified from irradiated cells (2 Gy) but not in
unirradiated cells, they were not given a BFDR value, and are located towards the bottom of the
table. Cases left blank in this column of BFDR 2 Gy indicate that the prey was not identified in

irradiated cells.
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Prey Gene BFD | BFDR Prey Notes
R 2 Gy | Sequence
0 Gy Length
(aa)
ABCEI 0 0.16 599 | ATP-binding cassette
ACOTI1 0 0 421 | Acyl-coenzyme thioesterase 1
AFG3L2 0 0 797 | AFG-like 3
ARID5B 0 0 1188 | AT-rich interaction domain
ATP5B 0 0 529 | Mitochondrial ATP synthase
ATPAF1 0 0 283
BAZ2B 0 0 2168 | Acetyl-transferase, bromodomain + Zn finger
BCL11A 0 0 773 | B-Cell CLL/Lymphoma 11A,
not a tumor suppressor
CBX2 0 0 532 | Chromobox 2, Polycomb complex
CBX8 0 0 389 | Chromobox 8, Polycomb complex
CCDC7IL 0 0 235 | Coiled-coil domain
ClZ1 0 0 842 | Zn finger
CDKNI1A, p21 interactor
CLPX 0 0 633 | Mitochondrial protease
DBT 0 0 482 | Mitochondrial acetyltransferase
DDX39A 0 0 427 | DEAD box RNA helicase
DDX56 0 0.01 507 | DEAD box RNA helicase
DHX30 0 0 1155 | DEAD box RNA helicase
ETFA 0 0 333 | Electron transfer flavoprotein
FLYWCHI 0 0 703 | FLYWCH-type Zn finger
GNL3L 0 0 582 | Guanine nucleotide binding protein-like 3-like
protein
GUF1 0 0 669 | Translation Factor GUF1, mitochondrial
H2AFX 0 0.14 143 | H2AX
HSD17B10 0 0 252 | 3-hydroxyacyl-COA dehydrogenase type-2
[IARS2 0 0 1012 | isoleucine—tRNA ligase, mitochondrial
KDMS5A 0 0 1690 | lysine-specific demethylase Sa
LETM1 0 0 739 | letm1 and ef-hand domain-containing,
mitochondrial
LRPPRC 0 0 1394 | leucine-rich ppr motif-, mitochondrial
MAZ 0 0 493 | ZNF801, myc- associated Zn
MBD4 0 0 574 | Methyl-CpG binding protein
MRPL37 0 0 423 | Mitochondrial
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MRPL42 0 0.16 142

MRPS24 0 0 167

MRPS31 0 0 395

MRPS9 0 0 396

MYBL2 0 0.02 700 | MYB-like 2

NDUFAF4 0 0.01 169 | mitochondrial

NDUFV3 0 0 175

NF1 0 0 2818 | Neurofibromin 1, negative regulator of RAS
NFIA 0 0 509

PHB2 0 0 299 | Prohibintin 2

PHF2 0 0 1096 | Lysine demethylase
PITX2 0 0 324 | HD protein, bicoid type
POLRMT 0 0 1230 | mitochondrial

PREPL 0 0.01 661 | Serine protease

RBAK 0 0 714 | RB Associated KRAB Zinc Finger
SHMT?2 0 0 483 | methyltransferase
SUV39HI1 0 0 412 | Suppressor of variegation
TACO1 0 0 297

TIMM44 0 0 452

TRAPI1 0 0 651

TRIP12 0 0 1992

TRMT10C 0 0 403

TSR1 0 0 804

VARS2 0 0 923

WDR76 0 0 562 | DDR responder

ZMAT?2 0 0.14 199

ZNF12 0 0 659

ZNF518A 0 0 1483

ZNF91 0 0 1191

ARL2 0.01 0.01 157 | ADP-rybosylation like
BUD31 0.01 0 144

FASTKD?2 0.01 0 710 | FAST kinase domain
FBL 0.01 0.03 321 | Fibrillarin nucleolar

GLS 0.01 0.01 598 | mitochondrial

HOXD13 0.01 0.01 343

LRIF1 0.01 0 769 | Nuclear factor interacting
MIS18BP1 0.01 0 1132 | MIS18 binding protein
REV3L 0.01 0.01 3130
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RLF 0.01 0.01 1914 | Insulin-like 3

RPS7 0.01 ribosomal

RTEL1 0.01 0.15 1219 | Telomere helicase

ZNF512B 0.01 0 892 | amyotrophic lateral sclerosis

ZNF644 0.01 0 1327 | Replication associated DNA damage

BAZ1A 0.02 0 1556 | Zn finger

CDKALI1 0.02 0.01 579

ELAC2 0.02 0.03 786

ESCO2 0.02 0 601

KIF22 0.02 0.01 597

PBRM1 0.02 0.1 1582

PHB 0.02 0 272 | Prohibitin
Tumor suppressor, protection against oxidative
stress

POU2F1 0.02 0.02 755 | POU domain

TFAM 0.02 Transcription factor A, Mitochondrial
Methyl transferase

XRCCl1 0.02 0.04 633

ZKSCAN4 0.02 0.01 545 | Zn finger KRAB domain

ZNF107 0.02 Zn finger KRAB domain

ZNF780A 0.02 0.04 641 | Zn finger

ARHGAPIIA | 0.03 0.09 1023 | Rho GTPase activating protein 11A

RALY 0.03 0.08 290 | mRNA processing factor

RNF169 0.03 0.01 708 | E3 ubiquitin-protein ligase RNF169

SALL1 0.03 0.01 1227 | Spalt Like Transcription Factor 1
Zn finger

UNG 0.03 0.03 304 | U DNA glycosylase

ZNF507 0.03 0.02 953 | Zn finger

KDM2A 0.04 0.01 723 | LYSINE-SPECIFIC DEMETHYLASE 2A

L3MBTL3 0.04 0.01 755 | Lethal (3) malignant brain tumor-like protein 3,
methyl-lysine binding repressor,
deletion in medulloblastoma

SMCHD1 0.04 0.03 2005 | Structural maintenance of chromosomes
flexible hinge domain-containing protein 1

TARDBP 0.04 0.02 246 | TAR DNA-binding protein 43

ZNF136 0.04 0.03 540 | Zn finger

ZNF711 0.04 0.06 761 | Zn finger

ZNF8 0.04 0.03 575 | Zn finger

BEND3 0.05 0.08 828 | BEN domain, repressor with NoRC, nucleolar

remodeling complex
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GTF3C3 0.05 General transcription factor 3C polypeptide 3

HLTF 0.05 0.04 1009 | Helicase-like transcription factor, SWI/SNF
member

UHRFI 0.05 0.05 793 | E3 ubiquitin-protein ligase UHRF1

ZSCAN21 0.05 0.09 473 | Zinc finger and SCAN domain containing
protein 21

BRIX1 0.06 Biogenesis Of Ribosomes

CDCAS 0.06 0.05 280 | Borealin, chromosomal passenger complex

KHDRBS1 0.06 0.2 404 | K homology domain-containing, RNA-binding

PDS5B 0.06 0.11 1447 | Cohesin Associated Factor B

PIASI1 0.06 0.06 651 | protein inhibitor of activated STAT (PIAS)
SUMO E3 ligase

ZNF195 0.06 0.06 606 | Gemcitabine association

ZNF92 0.06 Zn finger

DDX24 0.07

INCENP 0.07 0.04 918 | Inner centromere protein

JADE3 0.07

PRDM2 0.07

RB1 0.07

XPC 0.07 0.03 903

ZNF174 0.07 0.07 407

BCORLI1 0.08 0.03 1711 | BCL-6 corepressor-like protein 1

NOL10 0.08 0.09 662 | Nucleolar Protein 10

NUSAP1 0.09 0.02 439 | Nucleolar and spindle associated protein 1

ZBTBI10 0.09

ZNF516 0.09

ATP5A1 0.1 0.06 503

DGCR14 0.1 0.1 476

PHEFS 0.1 0.05 1060 | PHD Zn finger lysine demethylase

ZNF770 0.1 0.03 691 | Zn finger

CDC23 0.11

CcwC27 0.11 0.11 472 | CWC27 Spliceosome Associated Protein
Homolog

HNRNPAB 0.11

LASIL 0.11

MCM3 0.11

NUP107 0.11

SUGT]1 0.11 0.08 365 | MIS12 Kinetochore Complex Assembly

Cochaperone
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ZNF280D 0.11

CASZ1 0.12 0.09 1759 | Castor Zn finger 1, tumor suppressor
overexpressed in some cancer

LCORL 0.12

PRPF31 0.12 0.16 499 | Pre-MRNA Processing Factor 31

SMARCAI1 0.12 0.12 1054 | SWI/SNF Related, Matrix Associated, Actin-
Dependent Regulator Of Chromatin

ATP5J2- 0.13 0.01 749 | PENTATRICOPEPTIDE REPEAT-

PTCDI1 CONTAINING PROTEIN 1,
MITOCHONDRIAL-RELATED

BCL11B 0.13 0 823 | B-Cell CLL/Lymphoma 11B, Zn finger,
Haplo-insufficient tumor suppressor
Ctip2 (chicken ovalbumin upstream promoter
transcription factor (COUP-TF) interacting
protein 2
Ritl zinc finger protein hRitl alpha

C170rf80 0.13 0 573 | Uncharacterized protein

GRSF1 0.13 0 318 | G-rich sequence factor 1, ribosomal

SSBP1 0.13 0.01 148 | Single-stranded DNA-binding protein,
mitochondrial

PIAS4 0.14

STRBP 0.14

ZNF462 0.14 0 2506 | Zn finger

C1QBP 0.15 0 282 | Complement component 1 Q subcomponent
binding
protein, mitochondrial

DNMT3A 0.15 0.15 912 | DNA Methyltransferase 3 Alpha

FASTKDS 0.15

HKRI1 0.15 0 659 | transmembrane

MRPLA45 0.15 0.16 306 | Mitochondrial Ribosomal Protein L45

MRPS22 0.15 0.01 360 | Mitochondrial Ribosomal Protein S22, interacts
with p53

NSD1 0.15 0.02 2696 | Histone-lysine N-methyl transfer

NUDT19 0.15

PTCD3 0.15 0.01 689 | Pentatricopeptide repeat domain containing
protein 3, mitochondrial

QRSL1 0.15

RBM15 0.15

ATAD2B 0.16 0.05 1390 | ATPase Family, AAA Domain Containing 2B

BRD1 0.16 0.14 1058 | Bromodomain Containing 1
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CBX4 0.16

DCLREIA 0.16

EHMT2 0.16 0.16 1210 | Euchromatic Histone Lysine Methyltransferase
2

ENSEMBL:E 0.16

NSBTAP0000

0038253

ERALI 0.16 0.01 437 | GTPase Era, mitochondrial

ERICH1 0.16

FKBP4 0.16

H2AFZ 0.16 0 128 | H2A Histone Family Member Z

HMGB3 0.16

IBAS7 0.16

MORC2 0.16 0.01 970 | MORC Family CW-Type Zinc Finger 2
Zn finger

MORC3 0.16 MORC Family CW-Type Zinc Finger 2
Zn finger

MRPL10 0.16 0.01 261 | Mitochondrial Ribosomal Protein L10

MRPS28 0.16

NFS1 0.16

NOM1 0.16 0.15 860 | Nucleolar Protein With MIF4G Domain 1

PDE12 0.16

RBM19 0.02 960 | Probable RNA binding protein 19

RECQL5 0.16

RUNX1 0.16

USP22 0.16 0 525 | Ubiquitin carboxyl terminal hydrolase 22

ZNF160 0.16 0 818 | Zn finger

CHD9 0.2

CLSPN 0.2

FOXCI 0.2

LIG3 0.2

TOP1 0.2 0.06 765 | Topoisomerase (DNA) I

XRN2 0.2

BRD7 0.09 652 | Bromodomain Containing 7

Clorf131 0.16 293 | Chromosome 1 Open Reading Frame 131

C9orf78 0.15 289 | Chromosome 9 Open Reading Frame 78

CDCA5 0.15 252 | Cell Division Cycle Associated 5,
cohesin association

CENPC 0.04 943 | Centromere protein C
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CENPF 0.1 3114 | Centromere protein F

CENPT 0.16 561 | Centromere protein T

CHD6 0.1 2715 | Chromodomain Helicase DNA Binding Protein
6

DNAJA2 0 412 | DnalJ homolog subfamily A member 2, heat
shock

FOXK1 0.05 733 | Forkhead box protein K1

FOXMI1 0 748 | Forkhead box protein M1
Activates DDR genes, increases resistance
Not a tumor suppressor except in the context of
urethane-induced lung tumorigenesis
Gagoski2016

GLTSCR2 0.05 478 | Glioma tumor suppressor candidate region gene
2; DDR

HDGF 0.08 240 | Hepatoma-Derived Growth Factor, DNA
binding
High Mobility Group Protein 1-Like 2
Not a tumor suppressor

HIST1H2AC 0.14 130 | Histone Cluster 1 H2A Family Member C

HOXB9 0.16 250 | Homeobox B9

HSPE1 0.01 102 | Heat shock protein E1, mitochondrial

KIAA0391 0.16 567 | Mitochondrial RNase P Subunit 3

KIAA1143 0.07 154 | Not known

KIF18A 0.06 898 | Kinesin Family Member 18A

KIFCl1 0.08 673 | Kinesin Family Member C1

NDUFV3 0 473 | NADH dehydrogenase [ubiquinone]
flavoprotein 3,
mitochondrial

PRC1 0.01 525 | Protein regulator of cytokinesis 1

PSIP1 0.03 530 | PC4 and SFRS1-interacting protein

RBM22 0.01 420 | RNA Binding Motif Protein 22, Zn finger

RBMX 0.08 196 | RNA Binding Motif Protein, X-Linked

RECQLS 0.01 991 | RecQ Like Helicase 5

SATB2 0.16 733

SGO2 0.2 1260 | Shugoshin 2, cohesin association

UIMC1 0.1 719 | Ubiquitin Interaction Motif Containing 1

UTP3 0.2 479 | UTP3, Small Subunit Processome Component
Homolog

WIZ 0.03 794 | Widely Interspaced Zinc Finger Motifs

ZBED4 0.01 1171 | Zinc Finger BED-Type Containing 4

ZBTB4 0.01 1013 | Zinc Finger And BTB Domain Containing 4
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ZMYM3 0.07 1358 | Zinc Finger MYM-Type Containing 3
ZNF106 0.01 1883
ZNF226 0.03 803
ZNF486 0.16 463
ZNF850 0.16 1090
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6. Discussion

Mechanism of BCL11B Stimulation of NTHL1

Our BiolD identification of BCL11B (Fig. 1), as well as the co-immunoprecipitation
result (Fig. 2), both suggest interaction between BCL11B and NTHL1. Both the fluorescent
cleavage assay (Fig. 3) and radioactive cleavage assay (Fig. 4) indicate that BCL11B stimulates
the enzymatic activity of NTHLI. Since the two cleavage assays used different oxidative DNA
modifications (DHT for fluorescent cleavage and Tg for radioactive cleavage sequence), DNA
structure (hairpin for fluorescent cleavage, and double-stranded DNA for radioactive cleavage),
DNA sequence, length of the sequence, and nature of the reporter, I am confident that our results
were not artifacts impacted by these factors. Both experiments measured the end product,
therefore we could not deduct which, if not both, activity of NTHL1, glycosylase or AP/lyase, is
stimulated by BCL11B from the cleavage assays alone.

The Schiff base assay using the full length BCL11B protein (Fig. 5) shed some light on
that aspect. The Schiff base assay captured the amount of Schiff base intermediates present at the
time they were trapped by sodium borohydride. The Schiff base intermediate is produced before
the AP/lyase activity occur, but after the removal of the damaged base has occurred. Our
observations from the Schiff base assay shows that BCL11B increases the amount of Schiff base
intermediates produced by NTHL1. Therefore, BCL11B must be able to stimulate at least one
step of action for NTHL1 prior to Schiff base formation. Two possible steps are that BCL11B
stimulates the glycosylase activity of NTHL1, or, it enhances the binding or recognition of
NTHLI to damaged DNA. Our work of measuring the binding affinity of wildtype DNA versus
one with a thymine glycol modification showed preference of binding to damaged DNA (Fig. 7).

It is possible that BCL11B enhances NTHLI activity by assisting in the recognition and binding

79



of NTHL1 to damaged DNA. Unfortunately, from the experiments we performed, we were
unable to determine whether this preference is specific to thymine glycol damage, or also applied
to other modified bases NTHLI repairs, for example, DHT. It is possible that BCL11B
preferentially binds to damaged DNA in cells, and through interaction with NTHL1, BCL11B
brings NTHL1 closer to the damaged base its bound to, thus increasing the efficiency of DNA
repair. Our findings of the DNA binding dynamics of BCL11B also supports this idea. BCL11B
binds DNA with extremely rapid on and off rate (Fig. 6), which is atypical for classical
transcription factors. Transcription factors normally binds DNA stably over a period of time to
regulate the expression of genes. A “jumpy” transcription factor seemingly defeats that purpose.
I speculate that BCL11B actually scans the genome for damaged DNA, which explains the rapid
association and dissociation of DNA. Whenever BCL11B senses DNA damage, due to its
preference for binding, will linger in that region, and increases the chance of interacting with
NTHLI at the site of damage, thus repairing the damage.

However, from our structure/function analysis of BCL11B, the findings do not support a
direct association between NTHL1 stimulation and DNA binding properties of BCL11B. In the
four protein fragments of BCL11B we expressed, fragment 2 (residue 213-420) was the only
fragment capable of NTHLI stimulation in fluorescent cleavage assay (Fig. 9), as well as the
only fragment stimulating Schiff base formation by NTHL1 (Fig. 10). In addition, fragment 2
also exhibit specific binding to purified GST-NTHL1 (Fig. 11). However, the EMSA experiment
showed that fragment 4 (residue 711-849) was the only fragment capable of DNA binding, at
least with the DNA probe we used (Fig. 12). In addition, similar to the full length protein,
fragment 4 also exhibits rapid on and off rate for DNA binding (Fig. 13). Since fragment 2

doesn’t possess DNA binding capability, our previous hypothesis of attributing NTHL1
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stimulation to DNA binding alone is not correct. Based on our observations from the GST-
pulldown assay, I speculate it is the protein-protein interaction between BCL11B and NTHL1
that is responsible for the stimulation of NTHL1 activities. Indeed, fragment 2 of BCL11B
contains a proline rich region, which is reported to be responsible for protein binding and

164 Unfortunately,

interactions in various families of proteins, including transcription factors
there are currently no published crystal structure on BCL11B and human NTHL1 for us to
postulate the nature of how this interaction can lead to stimulation of NTHL1 activities. It is
possible that BCL11B binds to NTHL1 at specific regulatory sites or the active site, which lead
to a change in activity. The crystal structure of prokaryotic orthologues of NTHL1 has been

d’ % Based on these structures, the group of Robey-Bond et al. used site-directed

solve
mutagenesis and identified the residue GIn287 near the active site is important for catalysis’®’.
For future work, we can create smaller fragments of NTHL1 containing the catalytically active
residues and verify their interactions with BCL11B.

Although fragment 4 doesn’t stimulate NTHL1 in in vitro cleavage assay, we cannot
deny the possibility of its involvement in NTHL1 stimulation. It is entirely likely the dual
functions of fragment 2 and 4 of BCL11B work cohesively in stimulating the enzymatic activity
of NTHL1. Published crystallographic, kinetics, and single molecules studies suggested DNA
glycosylases locate and identify DNA damage in the genome by one dimensional diffusion

rotationally along DNA helix’®"

. This is a daunting task for NTHL1 given the size of the
human genome, and it is possible that BCL11B assists NTHL1 in damage recognition. I propose
that both fragment 2 and 4 of BCL11B play important role in NTHL1 stimulation: fragment 4
with DNA binding ability scans and binds to damaged DNA, and fragment 2 is responsible for

interacting with NTHL1, and assisting in recognition of damaged base, as well as direct
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stimulation of activity by interaction. It is important to note that the in vitro cleavage assays were
done in small volume with high concentration of proteins and DNA probe, and NTHL1 can find
its substrate with relative ease; whereas in the cells, NTHL1 needs to navigate through a network

of proteins and complex chromosomal structures.

Impact of BCL11B on DNA Repair in Cells

While our in vitro work showed interaction and stimulation of NTHL1 by BCL11B, our
cell line works cemented the importance of BCL11B in DNA repair. In our micro-irradiation
experiment, we saw clear evidence of BCL11B migration to sites of DNA damage. This
migration was rapid and directional, triggered by the laser-induced DNA damage, as recruitment
was observed within 60s (Fig. 14). Given that NTHL1 participates in the initiation of base
excision repair, this observation was not surprising. The group Lan ef al. published a study in
2004 where they induced DNA damage in mammalian cells using 365-nm UVA irradiation and
examined the recruitment of various enzymes involved in repair of oxidative damage’”’. They
reported the recruitment of NTHL1 to UVA-induced damage in as little as thirty seconds. Both
NTHL1 and BCL11B are recruited to site of damage in similar time frames post-damage, which
agrees with our hypothesis of BCL11B assisting NTHL1 during base excision repair.

Next, in our single cell gel electrophoresis experiment, we observed a difference in DNA
damage level (represented by comet score), between our control cell line and a cell line with
BCL11B knockdown in Jurkat cells (Fig. 15). Moreover, following treatment with H202, an
agent that causes oxidative DNA damage, cells in which BCL11B expression were reduced
exhibited a delay in DNA repair (Fig. 15). Jurkat is a T-ALL cell line with BCL11B

overexpression. A previous study showed that BCL11B knockdown is synthetic lethal in Jurkat
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cells, while it does not affect normal T cells’”?

. The authors of this study, Grabarezyk et al.
showed 50% of Jurkat cells undergo apoptosis 72 hr after transfection of BCL11B siRNA. In
addition, using global gene expression profiling, they found upregulation of TRAIL (the tumor
necrosis factor-related apoptosis-inducing ligand) mRNA and downregulation of the anti-
apoptotic BCLXL mRNA in cells with reduced BCL11B expression. From these findings, the
authors concluded BCL11B is involved in regulation of apoptosis and is anti-apoptotic in nature.
As aresult, its suppression in cells induces apoptosis, which explains the synthetic lethality of its
knockdown in Jurkat cells, as well as the paradoxical role of BCL11B in cancer.

However, the findings presented in this thesis proposed an alternative explanation to the
observations by Grabarezyk ef al. BCL11B is an accessory factor in base excision repair.
Therefore, reduction of BCL11B expression decreases the efficiency of DNA repair. Cancer
cells are under constant oxidative stress as a result of cancer-associated metabolic changes. As a
result, cancer cells become reliant on enhanced DNA repair to combat the oxidative DNA
damage. We propose cancer cells with BCL11B overexpression, such as Jurkat cells, exhibit
non-oncogene addiction to BCL11B, and become dependant on BCL11B for efficient DNA
repair. When BCL11B expression is reduced in Jurkat cells, they lost their DNA repair
efficiency, and cells undergo apoptosis as a result of excessive DNA damage. Therefore, at
baseline level of DNA damage, without H,O, treatment, reduction of BCL11B expression
already had an impact on DNA repair efficiency (Fig. 15). This impact was also observed after
we induced DNA damage with hydrogen peroxide and allowed the cells to recover over time.
Hydrogen peroxide is responsible for a large amount of oxidative damage and generation of

single-strand breaks, both of which are repaired by base excision repair. However, we would not
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be surprised if BCL11B is also involved in other pathways of DNA repair, since many DNA

repair proteins are found in more than one repair pathway.

Potential for Novel Classification of Cancer Genes

While reviewing the literatures on the various BiolD candidates for NTHL1, we decided
to investigate further with BCL11B for its many similarities to CUX1. Both CUX1 and BCL11B
are transcription factors and classified as haplo-insufficient tumour suppressors. Furthermore,
both tumour suppressors have increased expression or copy number in cancer cells that’s
paradoxical to the role of traditional tumor suppressors. In addition, both proteins are found to
participate and enhance DNA repair. This leads to the interesting and exciting possibility that
they belong to a special class of cancer genes that’s beyond the traditional classification of
oncogenes and tumour suppressors. During early stages of tumorigenesis, these genes function as
tumor suppressors, and are inactivated to decrease DNA repair efficiency, thus contributing to
tumor initiation and progression. However, as the DNA damage burden increases in cancer cells
due to their abnormal metabolism, they become dependent on DNA repair to maintain the
integrity of the genome. They exhibit non-oncogene addiction to these accessory factors, which
explains the phenomenon that some cancer cell lines are synthetic lethal to BCL11B knockdown.

In addition, the discovery of these unique role of accessory factors in cancer opens doors
for novel therapeutic options. Inhibitors of these accessory factors can reduce the efficiency of
base excision repair. Therefore, these inhibitors could be used in combination therapy to
sensitize currently available therapeutic options. Indeed, studies have shown overexpression of
CUXI1 and BCLI11B in cells contribute to resistance of chemo- and radio-therapy, and reduction

of their expression by shRNA sensitizes cells to these therapy” .
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7. Conclusion

In conclusion, utilizing the powerful technique of BiolD, we identified BCL11B as an
accessory factor of NTHL1. We demonstrated protein-protein interaction between BCL11B and
NTHLI1. We also have convincing evidence of BCL11B stimulating the enzymatic activities of
NTHLI1 in two different in vitro assays. We studied the DNA binding kinetics of BCL11B, and
showed that BCL11B binds DNA with extremely rapid association and dissociation rate. In
addition, we showed evidence of BCL11B preferentially binds DNA sequence with thymine
glycol modification. We also performed structure/function analysis of BCL11B, and identified
regions of BCL11B responsible for stimulating NTHL1 and DNA binding. Based on our in vitro
findings, we proposed plausible mechanisms of how BCL11B stimulates NTHL1 activities. Our
cell line works demonstrated recruitment of BCL11B to sites of laser-induced DNA damage.
Using single cell gel electrophoresis, we showed evidence that BCL11B knockdown in Jurkat
cells reduces the DNA repair efficiency. Lastly, we proposed the possibility of a new class of
cancer genes with paradoxical roles during progression of cancer, based on work presented on

this thesis, as well as past work on CUX1.
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