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ABSTRACT 

The DNA of living organisms is constantly experiencing wide range of DNA 

damaging agents that can result in altered DNA bases or more serious damage such as 

double-strand breaks (DSBs). Unrepaired DNA damage can lead to genome instability 

and it is implicated in disease process including cancer. 

TP53 binding-protein 1 (53BP1) is a key DSB repair protein that regulates the 

repair pathway choice1. It is implicated in PARP inhibitor resistance in BRCA1-dificient 

tumors2,3. In order to identify novel 53BP1 regulators, we performed a screen using an 

siRNA library against the human deubiquitinating (DUBs) enzymes with 53BP1 ionizing 

radiation induced foci as a read out. Two DUBs achieved a top negative score; BRCA1 

Associated protein 1 (BAP1). BAP1 is an important tumor suppressor protein whose 

function is lost in more than 7% of all cancers4. Here we demonstrate that BAP1 

stabilizes 53BP1 by preventing its ubiquitination and degradation by the proteasome. 

BAP1 associates with 53BP1 and it is required for 53BP1 ionizing radiation (IR)-induced 

foci (IRIF) formation, G2/M checkpoint and radiation sensitivity. Similar to 53BP1, BAP1 

deficiency confers PARP inhibitor resistance in BRCA1-deficient cells, and it leads to 

impaired immunoglobulin class switch recombination. 

Additionally, we discovered a ubiquitin ligase, UBE2O interaction with 53BP1 

diminished after IR damage, and overexpression of UBE2O leads to diminished 53BP1 

IRIF formation. We show evidence that BAP1 and UBE2O binds 53BP1 nuclear 

localization signal (NLS) basic stretch within its minimal focus forming region (FFR), and 

they regulate FFR ubiquitination and recruitment to the histone basic patch. Through 
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further work, we discovered that an NLS binding family (Karyopherin (KPNA) family) 

interacts with and regulates 53BP1 recruitment.  

Our findings shed light into important aspects of 53BP1 regulation through 

deubiquitination and provide mechanistic insights into the function of an important tumor 

suppressor BAP1. 
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CHAPTER 1. INTRODUCTION 

1.1 Significance of this project 

BAP1 is one of the genes most frequently mutated in cancer and little is known 

about how BAP1 suppresses tumor formation5. BAP1 loss results in resistance to 

standard therapies and dismal outcome, and the paucity of data regarding its molecular 

action hinders therapeutic targeting6. We show that BAP1 functions in DSB repair 

through interaction with 53BP1, which provides a link to carcinogenesis. The latter has 

emerged as a critical regulator of DSB repair pathway choice, and it assembles a 

complex that antagonizes BRCA1 and mediates resistance to PARP1 inhibitors2. 

One popular proposed function of nuclear BAP1 is reversing histone H2A 

monoubiquitylation that is assembled on lysine 119 (H2AK119) by the polycomb 

repressive complex 1 (PRC1). This was deduced from work on BAP1 Drosophila 

orthologue calypso that displays a polycomb enhancing phenotype when mutant7. This 

model of BAP1 activity towards H2A-Ub is counterintuitive as it is expected for a 

deubiquitinase loss to rescue, and not enhance, the Polycomb phenotype that results 

from defective E3 ligase (PRC1). H2A ubiquitylation by BAP1 could simply be non-

specific in vitro activity. 

Understanding the physical interaction between BAP1 and 53BP1, as well as 

analysis of how BAP1-KPNA family complex regulate 53BP1 IRIF results in genetic 

control of pathway activity, will provide an understanding of how 53BP1 regulates DSB 

repair choice. Two clinical trials (NCT03207347 and NCT03531840) are currently 

investigating PARP inhibitors (Niraparib and Olaparib) in patients with BAP1 mutations. 
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One study has shown that chicken lymphoblast cells deficient in BAP1 (DT40) are as 

sensitive to PARP inhibitors as are BRCA1 deficient cells2. However, a phase II study 

treating mesothelioma with Olaparib showed limited efficacy in patients with BAP1 

germline or somatic mutations8. 

My work will enable the development of treatment-specific approaches to treat 

BAP1-mutated tumors, which are resistant to current therapies6. 

1.2 Double-Stranded Breaks 

Living cells experience numerous assaults on their DNA. These assaults can be 

exogenous (e.g. carcinogen chemicals, diet, UV light and ionizing radiation) or 

endogenous (e.g. inflammation, cellular metabolism, and generating reactive oxygen 

and nitrogen species) resulting in DNA lesions (e.g. bulky adducts, abasic sites, 

interstrand cross-links, single- and double-strand breaks). DNA damage also occurs 

during replication of difficult to replicate genome regions such as repetitive elements, 

repeated AT-rich region, G4 quadruplex regions and common fragile sites, among 

others, if left unrepaired. The lesions will result in genome instability, cell death or 

chromosomal 9–13. Therefore, cells evolved a DNA damage response network 

comprised of sensors, mediators and effectors essential to detect and repair different 

DNA lesions1,14. 

Double-stranded breaks (DSB) are considered the most toxic lesions as one 

DBS can lead to cell death in certain settings13,15–17. Some DSBs emerge from 

physiologic DNA processing events known as “programmed DSBs” (e.g. transcription, 

V(D)J recombination and immunoglobulins class switching) while others emerge from 
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endogenous errors (e.g. stalled replication forks or R-loops)10,11,13,18 or exogenous 

sources. There are two main pathways to repair DSBs: homologous recombination 

(HR), classical non-homologous end-joining (c-NHEJ), and several subtypes exist within 

each such as microhomology-mediated end joining (MMEJ, also known as alt-NHEJ) 

and single-strand annealing (SSA) 1,10,13. 

The current view of DSB detection is thought to be carried out by three protein 

complexes: PARP1/2, the heterodimer KU70/80, and MRN. These abundant complexes 

are recruited quickly to damage sites and they can compete against each other to bind 

DSB. KU70/80 binds the DNA free ends and activates DNA-dependent protein kinase 

(DNA-PK) initiating classic NHEJ. The MRN complex is made up of MRE11, RAD50 

and NBS1. MRE11 is capable of both endo- and exo-nuclease activities. This complex 

plays an important role in recruiting and activating a key P13 like kinase, ataxia–

telangiectasia mutated (ATM). While these sensing complexes compete, Britton at al. 

reported that MRN and KU complexes can occupy the same DSB site simultaneously19. 

The current model of repair proteins’ recruitment indicates that activated ATM 

phosphorylates a histone variant (H2AX) on S139 generating what is known as γ-H2AX. 

The latter facilitates MDC1 recruitment, which is also phosphorylated by ATM. In return, 

additional MRN and ATM molecules are recruited amplifying the signal. A ubiquitin E3 

ligase RNA8 is recruited though binding phosphorylated MDC1 and it assembles 

ubiquitin chains on chromatin proteins such as the linker Histone 1, and these ubiquitin 

chains attract other proteins that harbors ubiquitin interacting motifs (UIM) such as 

RNF168. Finally, ubiquitination of H2AK13/15 by RNF168 serves as a recognition site 

for proteins involved in DSB repair such as BRCA1, 53BP1, RAD80 and others (Figure 
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1). SUMO ligases PIAS1/4 play a poorly described role in this recruitment as well. 

Ubiquitination is not the only PTM involved in DNA damage response (DDR) 

recruitment, SUMOylation, acetylation, neddylation and methylation have been reported 

to play an important role, as well removal of these signals such as deubiquitinases, 

demethylases and deacetylases1,14,15,20,21. 

 
Figure 1: Principles of DNA damage response activation. 

When DSB is sensed by the MRN complex, ATM is recruited and phosphorylates H2AX becoming γ-H2AX. 
MDC1 localizes to DSB because of γ-H2AX, and recruits RNF8 which ubiquitinates H1. RNF168 localizes to DSB 
because of H1 ubiquitination and ubiquitinates H4K13/15, which is recognized by 53BP1 and BRCA1. Adapted 
from14. 
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1.3 Homologous Recombination 

 Homologous recombination (HR) is a high-fidelity repair pathway for DSB. HR is 

constrained to S and G2 phases of the cell cycle because it uses the sister chromatid as 

a template (Figure 2). 

 After detection of DSB, MRE11 nicks the 5’ end of the DNA near the DSB, then 

forms a complex with CtIP to initiate 3’à5’ “short-range resection” allowing for BLM-

DNA2 and EXO1 to carry out “long-range resection”. The latter complex generates 

single-stranded DNAs (ssDNA) which are quickly coated by RPA1/2/3. RAD51 

displaces RPA on ssDNA through the action of BRCA2 member of the BRCA1-PALB2-

BRCA2 complex. Recently, a study utilizing in vitro experiments suggested that RAD51-

mediated strand invasion is stimulated by RAD51AP1 binding to the nucleosome core 

particles22. Resolving the formed double Holliday junctions is carried out by BLM-

TOPOIII-RMI1/2 complex ending with separation of the sister chromatids without 

crossover1,15,23. Persisting double Holliday junctions are resolved by SLX4/1-MUS81-

EME1 complex which can result in crossover. Alternatively, synthesis-dependent strand 

annealing occurs when the overhang of the second end anneals to the resected 

end1,17,23. There are several complexes that act at different stages during HR, for 

example: BRCA1 forms BRCA1-C complex with CtIP and MRN thought to fine tune 

resection leading to inhibition of NHEJ24. Interestingly, BRCA1 forms a complex with 

RAP80, MERIT40, BRCC3, BABAM1/2 and ABRAXAS1 (BRCA1-A complex). RAP80 

complex inhibits resection and HR23. Similar to HR, SSA requires more than 20 

nucleotides of homology sequence and end processing by EXO1 and BLM-DNA2 to 
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mediate RAD52 exchange and annealing of ssDNA25. Unlike HR, SSA only generates 

deletions. 

1.4 Classic Non-homologous End-Joining 

While HR is restricted to the S and G2 phases of the cell cycle, classic or 

canonical non-homologous end-joining (c-NHEJ) operates throughout the cell cycle with 

increased activity in the G1 phase. NHEJ accounts for most DSB repairs in human cells. 

After KU70/80 bind the DSB, they recruit DNA-PK to create a long-range hold “locking” 

the broken DNA ends in close proximity. The broken ends are aligned by XLF-PAXX 

and directly ligated by XRCC4-LIG4. If direct ligation is not feasible, Artemis and PNKP 

create compatible ends1,15. Although NHEJ can generate insertions or deletion, it is 

efficient and fast compared to HR (Figure 2). 

MMEJ requires the end processing function of the CtIP-MRN complex to expose 

microhomology regions. Long resection carried out by the BLM-DNA2 and EXO1 are 

not required for this pathway, as it has been shown to suppress this pathway in favor of 

HR. RPA70/32 complex interfere with microhomology regions annealing. MMEJ can 

generate insertions or deletion. 
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Figure 2: Double-stranded DNA break repair pathways. 

After activation of the DNA damage response, KU70/80 dimerize and are one of the first binders of DSB, In HR, 
MRN and CtiP create a nick around the DSB and recruit BLM-DNA2 and EXO1 for long resection. Next RPA 
binds the generated ssDNA overhangs. BRCA1/2 loads RAD51 by displacing RPA and RAD51 with RAD51AP1 
initiate strand invasion creating Holliday junction which is later resolved by resolvases resulting in highly 
accurate DNA repair. In NHEJ, KU70/80 bind the DSB and recruit DNAPKc which recruits XRCC4-LIG4 and 
XLF-PAXX for end and short processing concluding with DSB ligation. NHEJ could result with small insertions 
and deletions. Adapted from1. 

 
1.5 Tumor suppressor p53-binding protein 1 

In 1994, the tumor suppressor protein p53-binding proteins 1 (TP53BP1, 

hereafter called 53BP1) was discovered in a Y2H assay as an interactor of p5326. 

53BP1 forms distinct foci around DSBs that co-localize with other DSB markers such as 

γ-H2AX. While several proteins have been reported to accumulate around DSBs, 
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53BP1 forms the most prominent foci, likely because it accumulates on chromatin from 

nucleoplasmic stores27.  

53BP1 plays an important role in promoting NHEJ and inhibiting HR. Its depletion 

rescues the embryonic lethality and PARP inhibitor sensitivity of hypomorphic BRCA1 

cell lines2,28. The functional antagonism between BRCA1 and 53BP1 has been 

extensively characterized although mechanistic details are still lacking. Extensive 

research went into understanding the focus forming region (FFR) of 53BP1, which is the 

region required for 53BP1 recruitment and localization at the DSB29 (Figure 3). The 

FFR is comprised of the LC8 domain, oligomerization domain (OD), GAR motif, Tudor 

domain, ubiquitin-dependent recruitment motif (UDR) and nuclear localization sequence 

(NLS) (Figure 3)29. At the DSB, the Tudor domain (a methyl protein binding) binds to 

H4K20me2 while 53BP1 UDR recognizes and interacts with ubiquitin on the 

nucleosomal particle (H2AK13/15ub). Thousands of molecules aggregate through 

oligomerization and liquid-liquid phase serration covering >1Mb of chromatin around the 

DSB forming a subnuclear compartment known as focus or nanodomains29–32. The 

Lukas group overlapped nanodomain with topology-associated domains (TAD) that are 

defined by cohesion and CTCF interactions, a few nanodomains coalesce to form the 

visible microdomain or the focus33,34.  

In large-scale siRNA screens several groups identified the two E3 ubiquitin 

ligases (RNF8 and RNF168) as required for 53BP1 requirement35,36. RNF8 appears to 

work upstream of RNF168. While the model of 53BP1 keeps evolving, the current one 

presents either Histone H1 or the polycomb protein L3MBTL2 as a substrate for RNF8 

that assembles ubiquitin chains with the ubiquitin molecules attached through their 
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lysine 63 (K63)37,38. RNF168 generates K63 ubiquitin chains through its multiple 

ubiquitin binding domains, and it assembles a ubiquitin molecule on H2AK13/15ub and 

this binds 53BP1 UDR domain, squeezing itself between the ubiquitin molecule and the 

histone39. 53BP1 Tudor domain is required for focus formation although it is debatable 

how it recognized H4K20m1/2 as this histone methylation is ubiquitous and does not 

change much after damage40,41. 

Labs have suggested that certain proteins that mask H4K20m1/2 may depart the 

damage site to allow for 53BP1 requirement. One example is L3MBTL1 that normally 

interacts with H4K20me3 and may get removed by the unfoldase VCP/p97 and its co-

factor NPL4. Proteasomal degradation of another H4H20m2 binding protein (JMJD2A) 

was suggested to play a role as well42,43. The OD domain orchestrate the formation of 

53BP1 multimere and phase-separation self-assembly32,44. The LC8 promotes 53BP1 

recruitment to DSB through its interaction with DYNLL145. It is not clear what the 

function of GAR motif is currently. The BRCT domain has been shown to interact with 

p53 and USP28 and enhances its transcriptional function and it potentially binds γ-

H2AX46,47. Lastly, 53BP1 N-terminal domain mediates interactions through ATM-

phosphorylation of the 28 S/T-Q sites with replication timing regulatory factor 1 (Rif1) 

and Pax transactivation-domain interacting protein (PTIP). Rif1 antagonizes resection 

and required for immunoglobulin class switch recombination (CSR) and it functions at 

the telomere48 and PTIP is thought to help 53BP1 inhibit resection and suppresses 

HR49. 



 

 25 

 
In a physiological context, 53BP1 is critical for CSR, a process that yield antibody 

diversity in maturing B cells. Transcription activation through cytokine stimulation of the 

heavy chain repeated switch (S) regions recruits the Activation-induced (cytidine) 

deaminase (AID), which catalyzes the deamination of cytosine to uracil that is removed 

by uracil DNA glycosylase resulting in DSBs in the repeated switch (S) regions. The 

resulting junctions (S-S) are repaired through long-range 53BP1-depedent processes 

that are ultimately completed by the c- and alt-NHEJ pathways9,17. The loss of 53BP1, 

and to a lesser extent its mediators Rif1, MAD2L2 and the shieldin complex, 

dramatically impairs CRS50–52. 53BP1-/- mice are born alive but display increased cancer 

formation when crossed with P53-/- mice and show marked reduction in heavy chain 

CSR53. 53BP1 also has a function at the telomere by joining dysfunctional telomeres. 

Telomere ends look like DSBs, therefore to protect them from the DNA damage 

response and 5′ end hyperresection, they are shielded by a six-subunit complex called 

Shelterin. Experimentally, TRF2 deletion results in telomeres deprotection leading to an 

increased telomere fusion events through 53BP1-depedent c-NHEJ and its effectors 

Rif1and MAD2L254. Initial KU70/80 binding the telomeres and finally ligation by Lig417. 

 
Figure 3: Domain structure of 53BP1. 

Schematic representation of human 53BP1. The N-termina contains 28 S/TQ sites that are 
phosphorylated by ATM/ATR which are required for 53BP1 to interact with its downstream effectors. The 
focus forming region contains multiple domains that are required for 53BP1 recruitment and localization to 
DSB. 



 

 26 

53BP1 has been implicated in resistance to the important cancer drug class poly 

(ADP-ribose) polymerase (PARP) inhibitors (PARPi)2,3. As almost all cancers have 

defective DNA repair in order to promote genomic instability, there have been efforts to 

target cancer cells’ defective repair capacity. Synthetic lethality is a phenomenon where 

inactivation of one of two genes is compatible with survival but inactivation of both 

results in cell death14,55. In 2005 two groups described that BRCA1/2-mutated cell lines 

were exceptionally vulnerable to PARPi55,56. PARP1/2 are involved in DNA damage 

signaling and repair through PARylation. In the context of DNA repair, PARP1 binds 

single-stranded breaks PARylating the chromatin resulting in recruitment of XRCC1, 

polymerase β and LIG3 to repair them in a process called base excision repair and 

PARP1 leaves the repair site by self-PARylation17. PARP1 inhibitors’ efficacy correlate 

with their capacity to trap PARP1/2 at damage sites57. PARP2 recently emerged as 

potentially the target of toxicity in BRCA1/2-deficient background. Several scenarios 

have been proposed to explain the extreme sensitivity of cells deficient in HR when 

treated with PARP inhibitors, such as the accumulation of ssDNA breaks that are 

converted into DSBs when forks arrive. These breaks require HR to repair, unlike the 

accumulation of ssDNA gaps around replication forks58. Although, some provocative 

reports describe that depleting 53BP1 in the background of BRCA1-deficiency, but not 

BRCA2, rescues embryonic lethality, PARPi sensitivity, and genome instability2,59. 

53BP1 deficiency at-least partially reverses the HR defect associated with BRCA1-

deficiency. While 53BP1 depletion enhances RPA foci suggestive of enhanced 

resection, the mechanism by which 53BP1 antagonizes BRCA1 is far from understood. 

BRCA1 deficiency is associated with a modest resection defect phenotype. 
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1.6 Ubiquitination and deubiquitination 

 1.6.1 Ubiquitination 

 Cells utilize post-translational modifications (PTM) to regulate protein activity, 

subcellular localization, structure and function. Ubiquitination is a multistep enzymatic 

reaction covalently attaching a 76 amino acid ubiquitin (Ub) peptide molecule or Ub 

chains to proteins, and ubiquitination plays an important role in DNA repair, among 

other cellular functions (Figure 4A & B). 
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Figure 4: Mechanism of ubiquitination and deubiquitination. 

A) Protein ubiquitination starts by forming a thioester bond, through an ATP-dependent manner, 
between ubiquitin (Ub) and ubiquitin-activating enzyme (E1). Ub is then transferred and carried 
transiently by Ubiquitin-conjugating enzyme (E2). Ubiquitin ligase (E3) binds to both the substrate 
and E2 and catalyzes the transfer of ubiquitin from E2 to the target substrate. The latter step 
repeats until the desired chain length is achieved, and the substrate is shuttled to the 26S 
proteasome for degradation. Adapted from60 (insert citation Crosstalk Between Mammalian 
Autophagy and the Ubiquitin-Proteasome System). 

B) The range of ubiquitin chains, conjugated through M1 (methionine) or the internal lysine residues 
(K6, 11, 27, 29, 33, 48 and 63), accompanied with short description of cellular function. Adapted 
from61 (Visualizing ubiquitination in mammalian cells). 

C) The different organization of mono and polyubiquitination. Adapted from62. 
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Ub is universally expressed and evolutionary conserved from yeast to 

humans62,63. Ub contains seven lysine residues (K6, K11, K27, K29, K33, K48, and 

K63) and one amine group in the N-terminus (M1), and it can assemble as either a 

mono-Ub or poly-Ub chains that binds on other proteins61,64 (Figure 4C). Ubiquitination 

is achieved through three enzymatic steps: ubiquitin-activating enzyme (E1), ubiquitin-

conjugating enzyme (E2), and ubiquitin ligase (E3) (Figure 4A). To date, only two E1 

enzymes have been identified, about 40 E2s and more than 700 different E3 enzymes, 

suggesting most of the selectivity of ubiquitination is directed by E362,64. E1 activates Ub 

by binding the latter to its active site through the formation of thioester bond between Ub 

terminal glycine and E1 cysteine through ATP hydrolysis. E2 binds E1-Ub and catalyzes 

the transfer of Ub to its cysteine residue. Lastly, E3 catalyzes the transfer of Ub from E2 

to the lysine of the desired substrate. Some E2s can transfer Ub to the substrate 

directly, however, the majority of substrate selection is achieved by E362,64,65. Ub chains 

regulates several processes such as protein-protein interaction through a number of Ub 

binding domains, however, the most common outcome of ubiquitination is protein 

degradation via the proteasome and lysosome machineries62,64. Ub is conjugated on the 

glycine located in carboxyl-terminal of Lys 48 in order to form a polyubiquitinate chain 

that is recognized by the 26S proteasome machinery for degradation62,64. The 19S cap 

recognizes the Ub-tagged protein and passes it through the 20S catalytic unit after 

unfolding the protein and removing the Ub molecules62,66. Growing evidence shows 

monoubiquitination is involved in protein recognition, internalization of membrane 

proteins, and DNA repair62,64.  
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 1.6.2 Deubiquitination 

 Ubiquitination is reversed by a class of enzymes called deubiquitinases (DUBs) 

which catalyzes the removal of Ub from ubiquitinated proteins (Figure 4A)64,65,67. The 

human genome encodes approximately 100 DUBs62,64. The number of DUBs hints at 

the likelihood of some levels of functional specificity and substrate selectivity64,67. 

Deconjugation of Ub protects the targeted substrate from proteasomal degradation, as 

well as, maintaining a pool of free Ub molecules64,65. Ubiquitinated substrates are 

recognized through the deubiquitinase enzyme’s S1 site. Some DUBs contain multiple 

S recognition sites (S2, S2’, S3 and S3’ sites) which binds to Ub on ubiquitinated 

substrate. Evidence point to S recognition sites involvement in DUB specificity64. 

 DUBs are important regulators of proliferation, inflammation, apoptosis, cell cycle 

transcription regulators, and DNA damage response. DUBs have been shown to have 

oncogenic and tumor suppressor functions62,64. One prominent example of the 

importance of ubiquitination in cancer is through the regulation of p53, the partner of 

53BP1. In healthy cells, USP7 deubiquitinates the E3 ligase MDM2, leading to 

ubiquitination and proteasome-mediated degradation of p5368. Under stress, however, 

USP7 can deubiquitinates p53 directly, resulting in stabilization and accumulation of p53 

in the cell and resulting in cell arrest to either remedy the problem or apoptose69. 

Therefore, DUB regulation is important in cancer progression. DUB regulation is 

classified into two main categories: regulation of abundance and localization of DUBs, 

and DUB catalytic activity regulation64,67. 

 DUBs are classified in two main classes: the metalloproteases and the cysteine 

proteases. The metalloprotease class comprises the Zn-dependent proteases known as 
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JAMMs (JAB1/MPN/MOV34), containing 16 members. Their catalytic site contains 

histidine and aspartate residues, sometimes serine, and use zinc ions as cofactor to 

activate water molecules to attack isopeptide for Ub cleavage. Metalloproteases do not 

form a covalent intermediate with the substrate, rendering them immune to redox 

reactions and some DUB inhibitors62,64,65,67. 

 The cysteine protease class comprises the majority of DUBs and they are well 

characterized mechanistically and structurally. There are six subclasses making up this 

group: ubiquitin-specific proteases (USP), ovarian tumor proteases, also known as 

otubain proteases (OTU), Machado-Josephin domain (MJD), motif interacting with Ub-

containing novel DUB family (MINDY), C-terminal hydrolase (UCH), along with the 

newest discovered ZUFSP, a zinc finger with UFM1-specific peptidase62,65,70. 

 The USP family is comprised of approximately 58 mammalian members, making 

it the largest DUB family. Members of the USP family mostly lack linkage specificity 

since they do not contain S1’ sites. Instead they contain three domains referred to as 

thumb, palm and fingers which form a hand. The catalytic site resides between the 

thumb and palm, while the fingers domain stabilizes the interaction between USP and 

substrate at the Ub chain67,71. The OTU family is the second largest with 17 mammalian 

members. Studies utilizing engineered proteins with specific isopeptide bonds and 

resolving crystal structures revealed Ub linkage specific accomplished through extra Ub 

interaction sites67,72. Mevissen et al., showed through comprehensive analyses utilizing 

the eight Ub linkages that the OTU family favoring couple of linkages, for example: 

OTUB1 is highly specific for K48, while OTUD1 and Cezanne are specific for K63 and 

K11, respectively72.  
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 There are 4 DUBs in the MJD family. This family shares two Ub binding sites 

and a conserved catalytic site comprised of two histidine and one cysteine residues. 

This family is specific for K48 and K63. The MJD family is the only family not found in 

yeast67. The fifth group is MINDY, comprising 5 members. The crystal structure of this 

family does not share folding homology with other DUBs families and they are specific 

to K48-linked polyubiquitin. They cleave polyubiquitinated chains from the distal end 

using their catalytic site made of cysteine, histidine and glutamine residues67,73. 

 Lastly, the UCH family which has 4 mammalian members. The catalytic site for 

this family is made up of histidine, cysteine, and aspartic acid residues found in the 

UCH domain found in the N-terminus74. The catalytic site is covered by a crossover loop 

structure, which is not found in the other families. It is thought this loop limits the 

interaction to small peptides, however, partial unfolding of larger substrates allows 

access to the active site. UCH primarily hydrolyzes esters and amides of Ub at the C-

terminal. UCHL1 was the first identified member, and it is mainly expressed in the brain. 

UCHL3 shares significant similarity with UCHL1 structurally, however, the former is 

expressed in most tissues. Both are believed to target monoubiquitinated proteins. 

UCH37 was discovered as an associate of 19S cap DUB. While UCH members target 

K48, UCH37 is the only member targeting the distal portion of K48-linked 

polyubiquitinated chains. Furthermore, UCH37 is the only one in the UCH family 

requiring hRpn13, a Ub receptor, to bind a stretch of alternating lysine and glutamate in 

order achieve catalytic activity. BAP1 is the largest DUB of the UCH family. It is the only 

one with a nuclear localization sequence (NLS). Further review of BAP1 is below (see 

section 1.3)64,65,67. 
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1.7 Overview of BAP1 

The first efforts to identify BAP1 interacting partners showed BAP1 forming 

complexes with transcriptional co-regulator host cell factor-1 (HCF-1), transcription 

factor forkhead box proteins K1 and 2 (FOXK1/2), O-linked N-acetylglucosamine 

transferase (OGT), additional sex combs like 1 and 2 (ASXL1/2, human homologs of 

ASX), and lysine-specific histone demethylase 1B (KDM1B)74,75,76 (Figure 5). Further 

efforts added ASXL3 and MDB5/677,78 to bind BAP1 through one of its functional 

domains (Figure 6). The ASXL1-3 subunits dictate which BAP1 partner will be part of 

the complex, hinting at specialized function and chromatin localization. However, further 

studies are required to validate this concept. 

 
Figure 5: PR-DUB complex for Calypso and BAP1. 

The Drosophila PR-DUB complex is comprised of calypso and ASX. The human PR-DUB complex, 
however, is more complex. 
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1.7.1 Familial BAP1 Cancer Syndrome Discovery 

 Three villages in Cappadocia, Turkey (Karain, Tuzkoy and Sarihidir) had a grim 

reputation, 50% of deaths had symptoms of “pain in the chest and belly”. In 1978, Baris 

et al., published a report detailing the illness was mesothelioma, a cancer of the linings 

of the lungs or the abdomen, commonly caused by asbestos exposure79–81. A follow-up 

study suggested the three villages had higher levels of asbestos82, however, Baris et al., 

verified asbestos was not the culprit83. Later Baris and colleagues indicated that a 

zeolite mineral used in stones to build houses called erionite may be responsible81. 

However, not all villagers suffered from mesothelioma, and other parts of the world that 

contained erionite did not show a prevalence of mesothelioma cases. By constructing a 

genetic epidemiology map, it was concluded that mesothelioma was transmitted in a 

Mendelian manner across generations. This revelation prompted the investigators to 

propose that mesothelioma can be caused by genetics-environment interactions84. 

Researchers carried out manual Sanger sequencing and linkage analyses to screen two 

unrelated families in Louisiana and Wisconsin (henceforth denoted as L and W, 

respectively) in the USA that reported multiple cases of mesothelioma; the family in W 

did not get exposed to asbestos or erionite, while L might had members exposed to 

asbestos85. The L family had incidents of uveal melanoma and mesothelioma, the 

probability of these two rare cancers occurring in the same person is extremely low 

(1/10)8. Germline DNA screening revealed that both cancers had high mutation 

frequency in BAP1, which they coined “BAP1 cancer syndrome”5,85. Another study 

linked BAP1 mutations to benign melanocytic tumors that developed at a young age86. 

These melanocytic tumors displayed different histological profiles than other myelocytic 
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lesions. The authors suggested calling them melanocytic BAP1-associate intradermal 

tumors (MBAITs)6. DNA sequencing of MBAITs enabled dermatologists to identify BAP1 

mutant patient carriers6. Soon after classification of MBAITs, it was noticed both L and 

W families carried MBAITs, and patients diagnosed with MBAITs developed 

mesothelioma, this work led biomedical researchers to question why BAP1 loss is such 

a potent cancer driver yet only specific to certain cancers. 

1.7.2 BAP1 Mutations 

 There has been a tremendous number of studies linking BAP1 mutations to 

cancer. BAP1 mutations are found in 60% of mesothelioma, 84% of class II high risk 

ocular melanoma, 20% of cholangiocarcinoma, 14% of renal cell carcinoma, and in a 

lesser percentage of liver, bladder, lung, and other cancers6. In fact, almost 7% of all 

cancers involve defective BAP1 protein complex4 (Figure 7). The majority of BAP1 

germline mutation are near or in the NLS in the CTD domain, which leads to 

cytoplasmic sequestering of BAP1, while somatic mutations span the whole protein-

coding region (Figure 6). 
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Class II high risk ocular melanoma was the first cancer discovered to contain 

BAP1 somatic mutations and accounts of 84% of cases. Mesothelioma and renal cell 

carcinoma are among the cancers with high BAP1 somatic mutations (60% and 14%, 

respectively)6,87,88. A study utilizing Sanger sequencing to detect point mutation, MLPA 

to spot large deletions, and other genomic techniques along with immunohistochemical 

analysis (IHC), examined 22 frozen malignant mesotheliomas samples, concluded that 

63.6% of studied samples had somatic mutations in both BAP1 alleles. It could be 

worse: the authors indicate that point mutations in their samples were detected by 

Sanger sequencing and MLPA was only able to detect them if they fell within MLPA’s 

probe covered region. Additionally, MLPA was able to detect large deletions where 

Sanger sequencing failed due to the size of deletion. Homozygous BAP1 deletion were 

found in 14 of the 22 samples which were detected by genomic analyzes and IHC89. 

 
Figure 6: BAP1 domains, PTM and mutational landscape. 

Top) Schematic diagram of WT BAP1 and its domains along with the location of 274 reported mutations. The UCH 
domain is a hotspot for missense mutations. Bottom) BAP1 PTM sites from cBioPortal database 
(https://www.cbioportal.org/). BD: Binding domain. 
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BAP1 germline mutation has been confirmed as a direct driver of multiple 

predispositions to cancers such uveal melanoma, mesothelioma, clear cell renal cell 

carcinoma, which are considered the main cancer types in BAP1 cancer syndrome 

87,88,90–92. Further, studies indicate that breast cancer and basal cell carcinomas should 

be added to the list, however, more data is required to answer that question93,94. The 

most common familial BAP1 mutation is a truncation mutation resulting in loss of the C-

terminal region containing NLS. Other deletions or point mutations in the catalytic 

domain prevent BAP1 from deautoubiquitinating itself, preventing BAP1 from entering 

the nucleus. Loss of BAP1 catalytic activity yields either low or lack of BAP1 nuclear 

staining86,95,96. All germline BAP1 heterozygous mutations identified in 106 individuals 

confirmed heritability when access to family history was available97. Incidents for cancer 

in germline BAP1 mutation carriers is close to 85% and increase with age6. 
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Figure 7: Types of cancer with BAP1 mutation. 

BAP1 complex mutation frequencies and different types of mutation types in numerous human cancer 
types from cBioPortal database (https://www.cbioportal.org/). 
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1.7.3 Biological Activity of BAP1 

In 1994, a common genetic loss was observed at chromosomal location 3p21 

and was proposed as a tumor suppressor due to it being a common event in malignant 

mesothelioma cases98. In 1998, utilizing the RING finger domain of BRCA1 as bait in a 

yeast two-hybrid screen, Jensen and colleagues identified BAP1 and mapped it to 

chromosome 3.2199. They reported two main findings: 1) expression of BAP1 and 

BRCA1 slowed colony formation more effectively than BRCA1 alone. It was proposed 

that BAP1 binds to the wild-type (WT) BRCA1 but not to germline mutants of BRCA1 

RING domain in familial breast cancer, and shared an overlapping subnuclear 

localization. 2) BAP1 deubiquitinated BRCA1, protecting it from proteasome-mediate 

degradation99. However, others have called the interaction between BRCA1 and BAP1 

into question. Two independent groups reported the BRCA1-BARD1 complex displayed 

dual E3 ligase activity. First, it mediated the monoubiquitination of H2A and H2AX, 

secondly, BRCA1-BARD1 polyubiquitinated itself, a process known as 

autoubiquitination, enhanced the complex’s E3 ligase activity. Mallery et al., showed 

that BAP1 did not deubiquitinate the BRCA1-BARD1 complex100,101. Years later, 

Nishikawa et al., proposed that BARD1 is the interacting partner of BAP1and not 

BRCA1, and this interaction disrupts the BRCA1-BARD1 complex E3 ligase activity in 

vitro102. However, multiple mass spectrometry analysis of BAP1 did not show BRCA1 or 

BARD1 peptides to associate with BAP1 or the Polycomb Complex74,103,104. As of this 

writing, there is no consensus to which degree BAP1 interacts with BRCA1 or BARD1. 
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BRCA1 associated protein-1 (BAP1) is a 729-amin acid protein, making it the 

largest members of the UCH DUB family (BAP1 weighs 90kDa, compared to other UCH 

family members at 24 to 37kDa). There are 17 exons in the BAP1 gene, yielding various 

isoforms. Only one isoform contains the ubiquitin C-terminal hydrolase (UCH) domain. 

The N-terminal UCH domain, responsible for removing ubiquitin from unknown 

substrates, is almost identical in structure and function between the UCH family. 

Furthermore, BAP1 is highly conserved between vertebrate and Drosophila. Calypso is 

the BAP1 homologue in Drosophila, identified by Scheuermann et al.7,105–108. Calypso 

forms a complex called Polycomb-Repressive Deubiquitylase (PR-DUB) with its partner, 

additional sex combs (ASX), a putative Polycomb Group protein. This complex was 

proposed to deubiquitinate monoubiquitinated histone H2A at lysine 118 (H2AK118ub, 

K119 in humans) in order to increase transcriptional activity, signifying an important role 

in transcriptional regulation. 

According to Protein Atlas, BAP1 protein is expressed ubiquitously in most 

tissues at different levels, with the exception of the retina where BAP1 protein 

expression is abscent109. 

BAP1 tumor suppression activity was first demonstrated when Ventii et al., 

injected athymic mice with human non-small cell lung cancer (NC1-H226) cells either 

expressing WT BAP1 or empty vector. NC1-H226 cells do not express BAP1 naturally 

due to a homozygous deletion. Mice injected with NC1-H226 WT BAP1 expression 

showed significantly smaller tumor volume compared to their empty vector counterparts 

(37 mm3 vs 567 mm3, respectively). Furthermore, BAP1 deubiquitinase activity and NLS 

were both required for BAP1 tumor suppression function because mice injected with 
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cells expressing mutant BAP1 (lacking DUB activity [C91A] or lacking NLS [NLS2-Ala]) 

resulted in bigger tumors (426 and 338 mm3, respectively)110. Utilizing an in vitro cell 

survival assay, they tested if BAP1-driven growth suppression is independent of 

BRCA1. Using human breast carcinoma cell line (HCC1937) which expresses BRCA1 

lacking BRCT a domain required for BRCA1 function. Reconstituting WT BRCA1 in 

HCC1937 (HCC1937-BRCT1), Ventii et al., expressed BAP1 or empty vector in both 

HCC1937 and HCC1937-BRCT1. Setting 100% growth from HCC1937 as 0% 

suppression, HCC1937+BAP1 and HCC1937-BRCT1+BAP1 showed 60% and 80% 

growth suppression, respectively110, providing evidence that BAP1 growth suppression 

was independent of BRCA1 function. 

Since BAP1 is critical for embryonic development, multiple mouse global or 

tissue-specific knockout (KO) models have been developed75,111–114. In adult mice, 

global or hematopoietic-specific BAP1 deletion mirrored the phenotype observed in 

human myelodysplastic syndrome. BAP1-deficient mice showed impaired hematopoietic 

stem cell differentiation leading to hematopoiesis and splenomegaly75. BAP1-deficient 

mice displayed significant thymic atrophy and loss of early thymic progenitors, Single- 

and Double-Positive cells and Double-Negative thymocytes and impaired thymocytes 

maturation113. Conditional deletion of one BAP1 allele in the background of Vhl deletion 

in nephron progenitor cells caused mice to develop renal cell carcinoma (RCC) with 

several lesions at different stages of tumorigenesis , as well as, abnormal nuclei similar 

to human clear cell RCC (ccRCC)111.  

As mentioned previously, BAP1 has several binding partners (Figure 5). These 

partners are part of multiprotein complexes themselves, with poorly understood 
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function. How BAP1 functions as a tumor suppressor is largely unknown. It was also 

shown that BAP1 forms a complex with HCF-1 and YY1, playing an important role in 

gene expression74. Two groups have shown FOXK2, via its FHA domain, recruits BAP1 

to target genes, and in turn, BAP1 recruits the SIN3A complex through BAP1 interaction 

with HCF-1. However, the results from these studies are contradictory. One showed 

FOXK2 FHA domain recruits phosphorylated BAP176, while the second show this 

recruitment is phosphorylation-independent115. One thing is agreed: FOXK2 recruits 

BAP1 to DNA to modulate gene activity.  

BAP1 forms two complexes with ASXL1 and 2, which are mutually exclusive. 

Daou et al., showed that ASXL1 and 2 depletions, individually or together, resulted in 

significantly low expression of BAP1, and BAP1 depletion resulted in significantly low 

ASXL2 expression, suggesting BAP1 and ASXL1/2 co-regulate each other. They also 

showed that BAP1 CTD domain interacts with the ASXM domain of ASXL1/2 in order to 

stabilize ASXL2 through deubiquitination. The BAP1 CTD domain is lost is several 

cancers due to truncation or deletion mutations (Figure 6), and loss of CTD domain 

leads to loss of BAP1 and ASXL1/2 interaction potentially leading to tumorigenesis116.  

BAP1 is important for normal DNA synthesis and replication. Lee et al., showed 

that BAP1 deubiquitinates and stabilizes INO80 and is essential for INO80 recruitment 

to replication forks based on BAP1 interaction with H2Aub. In a subsequent study, it 

was shown that BAP1 restarts stress-induced stalled replication forks via INO80 

recruitment and depletion of BAP1 resulted in an increase of RAD51 foci 

formation117,118.  
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Recently, Bononi et al. showed that the BAP1 cytoplasmic fraction regulates 

mitochondrial metabolism and cell apoptosis. Utilizing skin biopsies with BAP1 WT 

(BAP1+/+) and heterozygous BAP1 (BAP1+/-) mutation from two unrelated families, they 

showed BAP1 deubiquitinating and stabilizing IP3R3 (responsible for Ca2+ release from 

the ER) at the endoplasmic reticulum (ER) to trigger Ca2+ release from the ER into the 

mitochondria stimulating apoptosis. Cells carrying BAP1+/- showed reduction in BAP1 

protein levels leading to cells that accumulated DNA damage to escape apoptosis119. 

Clevers’ group generated a stem cell-based 3D model organoid that captures the 

physiology and epithelial architecture human liver cholangiocytes. Using CRISPR/Cas9 

technology, they generated BAP1+/+ and BAP1-/- cholangiocytes120, and observed that 

BAP1-/- organoids developed a thicker wall and numerous invaginations into the lumen, 

compared to BAP1+/+. Furthermore, BAP1-/- organoids lost cellular organization and 

polarity. Only the catalytically active nuclear BAP1 fraction was able to restore to 

BAP1+/+ phenotype120. It was shown that an E2-E3 hybrid UBE2O multi-

monoubiquitinates BAP1 NLS in order to remove it from the nucleus. However, BAP1 

counteracts UBE2O multi-monoubiquitination by autoubiquitinating its NLS121. UBE2O 

targets subgroup of bipartite NLS-containing chromatin interacting proteins by binding 

and ubiquitinating a patch of hydrophobic amino acids called VLI patch. 

Through a genome-wide analysis of H2AK119ub and chromatin 

immunoprecipitation followed by high-throughput sequencing analyses in UMRC6 (renal 

cancer cell line), Zhang et al., analyzed four conditions, UMRC6 with BAP1+/+, BAP1-/-, 

BAP1 C91A, and empty vector expression. They noticed a list of genes that were 

downregulated in BAP1+/+ involved in metabolism regulation, one of these genes was 
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SLC7A11 (a transporter that exchanges extracellular cystine with the release of 

glutamate). They concluded that BAP1 deubiquitination of H2A resulted in 

downregulation of SLC7A11, leading to elevated lipid peroxidation and iron-dependent 

cell death called ferroptosis122.  

Under normal physiological circumstances, cells generate energy using the 

tricarboxylic acid cycle (TCA cycle), which generates 36 ATP molecules per one 

molecule of glucose. In 1956, Otto Warburg discovered that tumors generate energy by 

fermenting glucose to lactate, which generates 2 ATP molecules per glucose, named 

“Warburg effect” after him123,124. Bononi and colleagues, established primary fibroblasts 

cultures from two families L and W which carry BAP1+/- mutation (see section 1.3.1 for 

details). The metabolomic analysis of serum showed reduced BAP1 levels caused the 

cells to switch from the TCA cycle to Warburg effect metabolism, and had decreased 

ATP production compared to cells which were BAP1 WT. They were able to reproduce 

the data by transient knockdown of BAP1 in mesothelial cells. They suggest using 

metabolism to predict BAP1 status of individuals since the reported metabolism 

changes appear specific to BAP1 mutation125. 

 In summary, BAP1 is a bona fide tumor suppressor, where heterozygous BAP1 

mutation carriers experience another BAP1 mutation leading to loss of heterozygosity 

(LOH), which is seen in 100% of germline BAP1 carriers, in accordance with Knudson’s 

two-hit model. It remains unclear why BAP1 has such high cancer penetrance in 

specific tissues or cancer syndromes. Clinically, immunohistochemistry is a reliable and 

affordable method to examine biopsies for BAP1 truncation mutations. However, protein 
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levels accompanied with sequencing would provide a better picture of mutation that a 

patient may be carrying. 

1.8 Specific Aims 

Aim 1: Define the functional and physical interaction between BAP1 and 53BP1 

No known mechanism links BAP1 function to known DDR mechanisms. We 

discovered that BAP1 physically interacts with 53BP1, which provides a plausible 

explanation that BAP1 may be necessary for 53BP1 stabilization through 

deubiquitylation. We will determine if BAP1 directly regulates 53BP1 activity through 

deubiquitylation, extending its half-life and allowing interactions with partners by 

validating the direct physical interaction, measuring the half-life of 53BP1 under BAP1 

WT and mutant conditions, and demonstrating that BAP1 activity is necessary for 

53BP1 activity. 

Aim 2: Define the mechanism by which 53BP1 ionizing radiation-induced foci form 

DNA damage repair foci formation is an active area of research126. We 

discovered that the BAP1-KPNA protein family complex is involved in 53BP1 ionizing 

radiation-induced foci formation (IRIF). We propose this BAP1-KPNA complex provides 

a layer of regulation to recruit and facilitate 53BP1 focus formation. To test this, we will 

validate interactions between KPNA2/4/6, BAP1 and 53BP1, and demonstrate that 

BAP1 deubiquitylase activity and phosphorylation, along with the KPNA family, are 

necessary for 53BP1 IRIF. 
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CHAPTER 2. MATERIALS AND METHODS 

2.1 Cell Lines and Cultural Conditions 

 HEK-293 (ATCC, CRL-1573), 293T (ATCC, CRL-3216), U2OS (ATCC, HTB-96), 

A549 (ATCC, CRM-CCL-185) and H226 (ATCC, CRL-5826) were purchased from 

ATCC. CAL51 CRISPR-engineered for BAP1+/+ and BAP1-/- cells were a gift from Dr. Ali 

Shilatifard127 (Northwestern, Chicago, IL). Cells were cultured in DMEM media 

supplemented with 10% FBS (Corning) and 100 U/ml Penicillin and 100 μg/ml 

Streptomycin (Corning). HAP1 BAP1+/+ and BAP1-/- (C631 and HZGHC003319c004, 

respectively) were purchased from Horizon Discovery (Waterbeach, United Kingdom) 

and were cultured in IMDM media supplemented with 10% FBS (Corning) and 100U/ml 

Penicillin and 100μg/ml Streptomycin. 

 U2OS DR-GFP cells were a gift from Dr. David Weinstock128 (Dana-Farber 

Cancer Institute, Boston, MA) and U2OS EJ2 cells were a gift from Dr. Jeremy Stark129 

(City of Hope, Duarte, USA) were cultured in DMEM media without Sodium Pyruvate 

supplemented with 10% FBS and 100U/ml Penicillin and 100μg/ml Streptomycin. 

 B lymphoma clone CH12F3-2 was a gift from Dr. Tasuku Honjo130 (Kyoto 

University, Kyoto, Japan). CRISPR-engineered 53BP1-/- and 53BP1+/+ CH12F3-2 cells 

were a gift from Dr. Alberto Martin131 (University of Toronto, Toronto, Canada). Cells 

were cultured in RPMI1640 media supplemented with 5% NCTC 109 (Thermofisher, 

21340039), 2% HEPES (Corning, 25-060-CI), 1% Sodium Pyruvate, 1% Non-essential 

amino acid (Thermofisher, 11140050), 50μM β-Mercaptoethanol (Sigma, 444203) and 
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100U/ml Penicillin and 100μg/ml Streptomycin. All cells were incubated at 37°C in 5% 

CO2. 

2.2 Human Deubiquitinating Enzymes siRNA Screen Library 

 An siRNA library targeting 96 human DUBs was purchased from Horizon 

Discovery (G-104705-01). Each well contains 4 independent siRNAs against each DUB. 

Approximately, 20,000 U2OS cells per well were transfected with 120nM of each siRNA 

pools using Lipofectamine RNAiMAX (Thermofisher) for 6 hours for two consecutive 

days. 72 hours post-transfection, cells were exposed to IR (1Gy) then processed 4 

hours later according to section 2.9. Image acquisition and analysis discussed in 

sections 2.9 and 2.10.  

2.3 Lentiviral and Overexpression Plasmids 

 pMD2.G was a gift from Didier Trono (Addgene plasmid #12259; 

http://n2t.net/addgene:12259; RRID:Addgene_12259), psPAX2 was a gift from Didier 

Trono (Addgene plasmid #12260; http://n2t.net/addgene:1226; RRID:Addgene_12260), 

lentiCRISPR v2 was a gift from Feng Zhang (Addgene plasmid #52961; 

http://n2t.net/addgene:5296; RRID:Addgene_52961) and turboGFP (tGFP) tagged 

53BP1 was purchased from Origene (RG227930). BAP1 was cloned into Vivid Colors™ 

pcDNA™6.2/N-EmGFP-DEST Vector (Thermofisher, V35620) after amplification from 

placenta cDNA library. BAP1 was cloned into pFLAGCMV2 (Sigma, E7033) using 

EcoRI and NotI restriction sites. Catalytically inactivated BAP1 was generated by 

silently mutating cysteine at position 91 to alanine (C91A) using a QuikChange II Site-

Directed Mutagenesis Kit from Agilent (200523). Lenti GFP-BAP1 was purchased from 
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Origene (RC200378L4) and mutated to generate catalytically inactivated and phosphor-

mutant versions (see Table 1 for primers). LentiCRISPR v2 BAP1 plasmid was 

generated using Zhang’s lab protocol132,133 by cloning sgRNA against BAP1 (see Table 

1 for sgRNA) into lentiCRISPR v2 using BsmBI site. Clones were verified by Sanger 

sequencing at Azenta Life Sciences (Indiana, USA). HA-53BP1 full length and truncated 

mutants were a gift from Dr. Junjie Chen (MD Anderson Cancer Center, Texas). MYC 

and FLAG-UBE2O were a gift from Dr. Guoqiang Xu (Soochow University, China). 

Lenti-N-FLAG-HA 53BP1 ∆N∆C (FFR) was a gift from Dr. J. Ross Chapman (University 

of Oxford, Oxford, UK). 

2.4 Lentivirus Production and Infection 

 HEK-293T cells were seeded at 3x106 cells per 100-mm dish in DMEM 

supplemented with 10% FBS, and transfected with12μg of the desired lenti plasmid 

construct, 9μg of psPAX2, 3μg of pMD2.G, 20μL Lipofectamine 3000, 20μL of p3000 

mixed in 500μL Opti-MEM (Thermofisher, 31985062). 15 hours post-transfection, media 

was replaced with fresh media. The media was harvested 48 hours post-transfection 

and spun down at 1000x G for 5 minutes to get rid of cell debris then filtered through 

0.45μm. 

 To infect U2OS and CH12F3-2, cells were seeded at 3x105 cells per well in a 6-

well plate. The next day 1mL of the non-concentrated virus was added to the cells with 

5μg/mL Polybrene (Sigma) and incubated overnight. The next morning, fresh medium 

was added for 48 hours then cells were selected with 4μg/mL puromycin for a week. 
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2.5 Protein Silencing and Genome Editing 

 U2OS and A549 cells were transfected with 120nM siRNA (see Table 1 for 

siRNA sequences) purchased from Horizon Discovery using Lipofectamine RNAiMAX 

according to the manufacturer’s instruction for two days. After 72 hours, cells were 

subjected to IR (6Gy) and/or proteasome inhibitor (MG132 or Carfilzomib). 

 LentiCRISPR-sgBAP1 plasmid was generated by cloning sgBAP1 oligo 1 and 2 

into lentiCRISPR v2 using BsMBI site according to Zhang lab protocol132,133. CRISPR 

knockout of BAP1 in CH12F3-2 cells was generated by infecting CH12F3-2 cells with 

LentiCRISPR-sgBAP1 as described above (2.3). 

Table 1: siRNA, primers and sgRNA Oligonucleotides Sequences 

Gene Sequence 

Scramble 5' AATTCTCCGAACGTGTCACGT 3' 

siBAP1 #5 5' GAUGAUACGUCCGUGAUUGUU 3' 

siBAP1 #6 5' CAACCGUGCUGUCCGUGAUUU 3' 

si53BP1 5' GAACAGAAGUAGAAAGAAAUU 3' 

siUBE2O 5' UGAAGGAGACCAAGCUGAAUU 3' 

siBRCA1 5' GAACAAAGCACAUCAGAAAUU 3' 

BAP1 

C91A 

5' CTTTGCCCACCAGCTGATACCCAACTCTGCTGCAACTCATGCCTTGCTGAGCGTGC 3' 

BAP1 

S592A 

5' CCCTCCATCAGACCAATCCAAGGCGCCCAGGGGTCCAGCAGCCCAGTGG 3' 
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BAP1 

S582-83-

5A 

5' 

CGCTGACAGAGGGTGGGAAGGGTGCTGCCCCCGCCATCAGACCAATCCAAGGCAGCCAGGGGT 

3' 

BAP1 

S595-96-

97A 

5' TCAGACCAATCCAAGGCAGCCAGGGGGCTGCTGCCCCAGTGGAGAAGGAGGTCGT 3' 

BAP1 all 

P-Mut 

Mutated S595-96-97A in BAP1 S582A, S583A and S585A using:  

5' TCAGACCAATCCAAGGCAGCCAGGGGGCTGCTGCCCCAGTGGAGAAGGAGGTCGT 3' 

sgBAP1 

oligo 1 

5' CACCGCCGCCGCAAGGTTTCTACGT 3' 

sgBAP1 

oligo 2 

5' AAACACGTAGAAACCTTGCGGCGGC 3' 

 
2.6 Protein Overexpression 

 U2OS or A549 cells plated in 100-mm dishes were transfected with 8μg of 

plasmid, as indicated in figure, using Lipofectamine 2000 (Thermofisher) according to 

the manufacturer’s instruction at a ratio of 1:2. Cells incubated with DNA:Lipofectamine 

complex for 4 hours and media was replaced with fresh DMEM media supplemented 

with 10% FBS. Experiments carried out 72 hours after transfection. 

2.7 Cell Treatments 

Cells were treated with 50μM Carfilzomib (Tlc Pharmaceutical Standards Ltd, 

Ontario, Canada, C-121001) or MG132 (HY-13259, MedChemExpress, NJ, USA) for 4 

hours. Cells were exposed to ionizing radiation using Cesium-137 (dose indicated in 
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figures). For protein half-life experiments, cells were treated with 50mg/ml 

cycloheximide and collected at indicated time points. 

2.8 Immunoblotting and Immunoprecipitation 

Procedure carried out as previously134 described with some modifications. Briefly, 

for immunoblotting, cells were collected with NP-40 lysis buffer (150mM NaCl, 50mM 

Tris pH 8.0, 1mM dithiothreitol (DTT), 0.5% NP-40, complimented with mixture of 

protease and phosphatase inhibitors (Sigma)). For immunoprecipitation, similar lysis 

buffer as mentioned with the addition of 5% glycerol and 1mM EDTA. Cells were 

sonicated and centrifuged at 14,000x G speed for 1 hour at 4°C. Lysates were 

precleared and incubated with Dynabeads™ Protein G beads (Invitrogen, 10004D). 

After preclearance, lysates were incubated with either Protein G bound to 

corresponding antibodies, Myc-Trap® (Chromotek, ytma-20), GFP-Trap® (gtma-20) or 

TurboGFP-Trap® (tbtma-20) Magnetic Agarose (Proteintech, Illinois, USA) for 4 hours. 

Beads were extensively washed with the IP lysis buffer and PBS, suspended in 

Laemmli buffer and boiled for 5 minutes at 105°C. Proteins were separated on 7.5% 

SDS-PAGE, transferred to PVDF membranes, then blocked with 5% milk or 5% BSA 

before incubation overnight with primary antibodies (see Table 2 for antibodies). 

Membranes were washed 3x for 5 minutes with T-BST. Membranes were incubated 

with horseradish peroxidase conjugated secondary antibodies for 1 hour at room 

temperature (RT), washed 3x for 10 minutes with T-BST then visualized on x-ray film 

using enhanced chemiluminescence (ECL) substrate from Santa Cruz Biotechnology. 
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Table 2: Antibodies used 

Antibody Source Identifier 

Rabbit polyclonal 53BP1 Novus Biologicals NB100-305 

Mouse monoclonal BAP1 Santa Cruz SC-28383 

Mouse monoclonal Ku70 Santa Cruz SC-5309 

Rabbit polyclonal UBE2O Fortis Life Sciences A301-873A 

Mouse monoclonal GFP Cell Signaling 2955S 

Mouse monoclonal p53 Santa Cruz SC-126 

Rabbit polyclonal TuroGFP Origene TA150071 

Mouse monoclonal β-Actin Sigma A5441 

Mouse monoclonal FLAG Sigma F1804 

Mouse monoclonal FK2 MilliporeSigma 04-263 

Mouse monoclonal MYC Cell Signaling 2276S 

Mouse monoclonal HA Cell Signaling 2367S 

Mouse monoclonal KPNA2 Santa Cruz SC-55538 

Rabbit polyclonal KPNA4 Novus Biologicals NBP131260 

Mouse monoclonal KPNA6 Santa Cruz SC-390055 

Rabbit polyclonal p-BAP1 S592 Cell Signaling 9373S 

Rabbit polyclonal p-Histone H3-

Ser10-AF647 

Cell Signaling 3458S 
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Goat Anti-Mouse IgA-PE Southern Biotech 1040-09 

 
2.9 Immunofluorescence and Confocal Microscopy  

Some modification applied to procedure135. Briefly, approximately 20,000 U2OS 

or CAL51 cells cultured on glass coverslips washed with PBS and fixed 4% 

paraformaldehyde and 4% sucrose in PBS for 10 minutes. After washing, cells were 

permineralized with ice cold Triton X-100 solution (50mM NaCl, 3mM MgCl2, 20mM 

HEPES pH 7.4, 300mM sucrose, 0.2% Triton X-100 in PBS) for 10 minutes, washed 

again and blocked for 1 hour at RT with 4% BSA in PBS. Cells were incubated with 

designated antibodies diluted in 0.1% BSA solution (see Table 2) for 1 hour at RT. After 

washing with PBS, the coverslips were incubated with Alexa Fluor 488 and 568 

conjugated secondary antibodies along with Hoechst 33342 (1μg/mL) in PBS for 1 hour 

at RT in a dark room. After PBS washes, the coverslips were mounted on glass slides 

using ProLong™ Gold Antifade (Thermofisher, P36934). Slides were visualized on a 

Leica SP5-II confocal microscope using oil-immersion 63x objective at the University of 

Arizona Cancer Center. Sequential imaging using a multi-channel utilizing the following 

laser settings and detectors: 405nm Diode (blue), 488nm Argon (25% laser power, 

green) and HeNe 543nm (red). Scale bar is for all images is 10μm unless stated 

otherwise. 

2.10 Image Analysis 

 Images were exported as non-compressed TIFFs using LAS X software and 

analyzed using NIS Elements Advanced Research Software (Nikon, NY, USA). An 

image analysis pipeline was applied to every picture, which segments the cell nuclei by 
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region of interest (ROI). A threshold for speckle (focus) size was applied to each γ-

H2AX (0.2μm2)136 and 53BP1 (0.68μm2)137 and foci were counted and compiled by the 

software.  

2.11 In Vivo Ubiquitination Assay 

Approximately 4x106 U2OS cells seeded in 100-mm culture plates and 

transfected with 8μg of plasmid encoding 6x HIS-tagged Ub construct using 

Lipofectamine 2000. 48 hours later, cells were treated with 50μM Carfilzomib for 1 hour 

then exposed to IR (6Gy) and collected 4 hours later under denaturing conditions (8M 

urea, 1% Triton X-100, 50mM Tris, pH 8, 50mM Na2HPO4, 300mM NaCl, and 10mM 

imidazole, supplemented with 10mM N-Ethylamine and protease inhibitors). After 

sonication, lysates were incubated with 30μL Ni-NTA agarose beads for 2 hours at room 

temperature. Beads were washed multiple times with lysis buffer. Bound proteins were 

eluted in Laemmli buffer supplemented with 6M urea and 250mM imidazole and boiled 

for 5 minutes at 105°C, then analyzed via immunoblotting. 

2.12 Mass Spectrometry 

 Three days post-transfection, U2OS cells expressing different GFP-tagged, 

tGFP-tagged or MYC-tagged proteins with their proper controls were collected from 10x 

100-mm plates and lysed in IP buffer (50mM HEPES-KOH, pH8.0, 100mM KCl, 2mM 

EDTA, 0.1% NP-40, 10% glycerol, complimented with mixture of protease and 

phosphatase inhibitors). Cells were sonicated using QSonica Q125 at 60% Hz for 10 

seconds (QSonica, CT, USA), and centrifuged at max speed for 1 hour. Lysates were 

affinity-purified using GFP-Trap, tGFP-Trap or MYC-Trap Nano magnetic beads 
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(ChromoTek). Mass spectrometry analysis was carried at Taplin Mass Spectrometry 

Facility (Harvard Medical School, MA, USA). All immunoprecipitations were performed 

in three biological replicates. 

2.13 Class Switch Recombination Assay 

To examine IgM to IgA switching in CH12F3-2 cell, 200,000 cells were cultured 

for 48 hours in CH12 F3 medium supplemented cytokines TGF-β 1ng/ml (R&D 

Systems, 7666-MB-005), anti-CD40 antibody 1μg/ml (eBioscience, 16-0401-86) and IL4 

10ng/mL (R&D Systems, 404-ML-050). Cells were washed with PBS and stained with 

anti-IgA-PE antibody and analyzed with FACS. 

2.14 G2/M Checkpoint and Cell Cycle Analysis  

Procedure carried out as described previously with some modification135. CAL51 

BAP1+/+ and BAP1-/- cells were exposed to IR (2Gy) and after 1 hour they were treated 

with 50ng/mL Nocodazole (Fisher Scientific, 50464564) for 8 hours. Cells were washed 

and subsequently fixed with -20°C chilled 70% EtOH overnight, washed with PBS then 

permeabilized using 0.25% Triton-100X solution for 15 minutes on ice. Cells were 

washed with PBS then incubated with Alexa Fluor® 647-conjugate p-Histone H3-Ser10 

diluted in PBS with 1%BSA for 40 minutes. After PBS washes, cells were treated with 

RNase and incubate in 37°C for 30 minutes, then add 7-AAD at 50μg/ml. 

For cell cycle analysis, cells were incubated with BrdU for 40 minutes. After 

multiple washes with PBS, the cells were processed and stained with anti-BrdU-FITC 

according to the manufacturer’s instructions (BD Biosciences, 51-2354AK). Both G2/M 

checkpoint and cell cycle analysis were analyzed by FACS.  
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2.15 Flow Cytometry 

For G2/M checkpoint, cell suspensions were stained with Alexa Fluor® 647-

conjugate p-Histone H3-Ser10 antibody. Cell cycle analysis cell suspensions were 

stained with FITC-conjugated anti-BrdU. For class switch experiments, cell suspensions 

were stained with PE-conjugated Anti-IgA antibody. For DR-GFP, EJ-2 and EJ-5 DNA 

repair assays, cells were gated on BFP-positive cells, then for GFP-positive cells. All 

experiments were captured using FACSCanto II.  

2.16 Cell Survival Assay 

 Clonogenic assays were performed previously135. Briefly, approximately 500 

siRNA treated or CRISPR-generated cells were seeded 24 hours prior to drug 

treatment. Culture plates were exposed to IR, Cisplatin or Olaparib (doses indicated in 

figure). Colonies were allowed to form for 2 weeks and then stained with 1% aqueous 

solution Crystal violet (Sigma, V5265). Colonies of >50 cells were counted manually. 

2.17 DNA Repair Assays 

For DR- and EJ5-reporter assays, U2OS cells harboring the respective GFP 

expression cassette were transfected with siRNA (indicated in figure) for two days. After 

48 hours, cells were infected with lentiviral BFP-I-SceI or lenti empty vector (BFP) or 

transfected with I-SceI plasmid. After 48 h, cells were collected, washed and suspended 

in PBS. GFP-positive cells were analyzed by FACS. 
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2.18 Statistical Analysis 

Statistical analyses (unpaired t test, ordinary one-way analysis of variance 

[ANOVA]) were performed using GraphPad Prism 8.0.2 (GraphPad Software Inc., CA, 

USA). P-values indicated in the figure and all experiments were at least an n of 3. 
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CHAPTER 3. BAP1 AND 53BP1 CONNECTION RESULTS 

 This chapter is the text from an upcoming manuscript, hence its presentation and 

plural pronoun usage. 

 Ubiquitylation has emerged as an important DNA damage response 

regulator138,139, however, little is known about the role of deubiquitinase enzymes in 

DNA damage repair, and more specifically, 53BP1 regulation. In this chapter we set out 

to investigate BAP1’s, a deubiquitinase enzyme, role during the DNA damage response 

and how it regulates 53BP1. 

 The specific questions we addressed were: 

1) How does BAP1 regulate 53BP1? 

2) Does BAP1 recapitulate 53BP1 phenotypes? 

3) How is BAP1 involved in double-strand break repair? 

3.1 BAP1 Is Essential For 53BP1 Stability 

3.1.1 Identification of DUBs Candidates for 53BP1 

While significant progress has been made in uncovering 53BP1 biology, new 

players continue to emerge17. To identify DUBs regulating 53BP1, we utilized an siRNA 

screen library comprising pools of 4 siRNA against each of the 96 human DUBs and 

analyzed 53BP1 focus formation according to the procedure described in Figure 8A. 

We performed a two-day knockdown of individual DUBs in U2OS and exposed the cells 

to 1Gy dose of IR, then immunostained for 53BP1 IRIF 4 hours later. Out of the 96 

candidates, 8 showed significant decrease in 53BP1 IRIF (Figure 8B & Appendix A 
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supplemental Figure 24A). Among the 8 DUBs, BAP1 caught our attention because it 

reduced 53BP1 IRIF by >50%, more than any of the DUBs (Figure 8B & supplemental 

Figure 24A). In order to validate the DUB library findings, we examined 53BP1 IRIF in 

U2OS by knocking down BAP1 using siRNA targeting different region of BAP1 mRNA, 

as well as a CRISPR-generated BAP1+/+ and BAP1-/- CAL51 cell line. We verified that 

BAP1 absence resulted in compromised 53BP1 IRIF formation without impacting γ-

H2AX (Figure 8C & D & supplemental Figure 24B & C). To confirm the decrease in 

53BP1 IRIF was due to BAP1 DUB activity, we generated a catalytically-inactive BAP1 

(BAP1-CAT) by mutating the cysteine at position 91 to alanine. BAP1 wild-type (BAP1-

WT) rescued 53BP1 IRIF when expressed in BAP1-/- CAL51 cells, while BAP1-CAT 

failed (Figure 8E & F). 

This finding compelled us to look for proteins that associate with BAP1, therefore 

we performed immunoprecipitation followed by mass spectrometry analysis (IP-MS) of 

exogenously expressed GFP-BAP1 with and without IR exposure. We analyzed the 

protein list and eliminated non-specific binders using controls alongside of experimental 

groups. We identified 53BP1 peptides and all BAP1 known partners in the GFP-BAP1 

pull-down. The peptide counts increased after IR exposure (Figure 8G). These two 

unbiased approaches strongly point to BAP1 physical and functional links to 53BP1. 
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Figure 8: A siRNA DUBs screen identifies BAP1 as a regulator of 53BP1. 

A) Schematic of screening procedure to identify 53BP1 DUBs. 
B) Analysis of 53BP1 IRIF after knockdown of 96 DUBs genes using NIS Elements. 
C) 53BP1 IRIF in CAL51 BAP1+/+ and BAP1-/- CRISPR cells to validate siRNA DUBs screen. 
D) Histogram of 53BP1 IRIF showing per cent of cells with >5 foci. 
E) Expression of BAP1-WT in BAP1-/- rescued 53BP1 IRIF while BAP1-CAT did not. 
F) Similar to D, except for E. 
G) List of selected BAP1-associated proteins before and after IR (6Gy) exposure analyzed by mass 

spectrometry. Scale bar is 10μm. Photo micrographs are pseudo-colored, blue is DAPI, green is γ-
H2AX and red is 53BP1. All experiments were 3 biological replicates. P-values: **** <0.0001. EV = 
Empty vector. Error bars represent the mean with SEM. 

 
To validate the IP-MS results, we performed an endogenous IP of 53BP1, as well 

as pull-down of overexpressed tGFP-53BP1 and GFP-BAP1, and immunoblotted for 

each BAP1 and 53BP1 in U2OS cells, respectively. As shown in Figure 9, 53BP1 and 

BAP1 pull down BAP1 and 53BP1, respectively, and their interaction increases after IR 

exposure. 

G) Proteins associate with BAP1 
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Figure 9: BAP1 associate with 53BP1. 

A) U2OS cell lysates either exposed to IR or not were collected at indicated time points and 
endogenous 53BP1 was immunoprecipitated and subjected to immunoblot with indicated 
antibody. 

B) U2OS cells were transfected with GFP-BAP1 and pulled down with GFP-Trap and immunoblot 
with indicated antibodies. 

C) U2OS cells were transfected with tGFP-53BP1 and pulled down with tGFP-Trap and 
immunoblot with indicated antibodies. EM = Empty magnetic beads. 

 
3.1.2 BAP1 Stabilizes 53BP1 in a Proteasome-dependent Manner 

 As BAP1 is a DUB, we investigated whether BAP1 stabilizes 53BP1 by 

preventing potential proteasomal degradation. We depleted BAP1 using multiple 

siRNAs, targeting different mRNA regions, and observed a decrease in 53BP1 protein 

A) U2OS 

B) U2OS A) U2OS 
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levels in several cell lines, mainly after IR exposure (Figure 10A & B & supplemental 

Figure 25A & B). We observed a dramatic decrease of 53BP1 in CRISPR-generated 

BAP1-/- cell lines compared to BAP1+/+ (Figure 10C & supplemental Figure 25C). We 

reconstituted BAP1 in a mesothelioma cell line (H226), which is naturally deficient in 

BAP1, by retroviral transduction, and observed enhanced 53BP1 stability after BAP1 

expression (Figure 10D). To rule out off-target effects of siRNA, we performed rescue 

experiments using siRNA-resistant BAP1-WT and BAP1-CAT. BAP1-WT but not BAP1-

CAT failed to rescue the decrease in 53BP1 protein levels (Figure 10E & 

supplemental Figure 25D). 

 

 

C) U2OS 
A) A549 

D) HAP1 B) H226 
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Figure 10: BAP1 loss causes 53BP1 instability. 

A) U2OS cells treated with siRNA scramble (siSC) or siRNA against BAP1 (siBAP1) using two 
different siRNA, exposed to IR and immunoblotted for indicated proteins. 

B) A549 cells depleted of BAP1, subjected to IR and collected after indicated time points. 
C) CRISPR-generated BAP1+/+ and BAP1-/- HAP1 cells show destabilization of 53BP1 protein 

levels after IR treatment. 
D) Retroviral re-introduction of BAP1 in H226 cells that naturally lack BAP1 shows 53BP1 

instability in the absence of BAP1. 
E) Transfecting BAP1-WT, BAP1-CAT or empty vector (EV) in CAL51 BAP1-/- compared to 

BAP1+/+ after IR. 
 

We blocked new protein synthesis using cycloheximide and observed faster 

decline in 53BP1 protein levels in cells depleted of BAP1 (Figure 11A & B). The decline 

is 53BP1 protein levels in the absence of BAP1 was reversed when the cells were 

treated with proteasome inhibitor MG132 or Carfilzomib (Figure 11C & supplemental 

Figure 26A). Furthermore, when we examined 53BP1 ubiquitination we observed an 

increase in 53BP1 ubiquitination in the absence of BAP1 (Figure 11D). Reconstituting 

BAP1 in H226 cells reversed the increase of 53BP1 ubiquitination levels (Figure 11E). 

Put together, the data presented demonstrates that BAP1 protects 53BP1 from 

proteasomal degradation through deubiquitination. 

E) CAL51 
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Figure 11: BAP1 antagonizes 53BP1 deubiquitination. 

A) Fibroblast cells were treated with either siRNA scramble (siSC) or siBAP1 for 2 days. Treated 
with 50mg/mL cycloheximide (CHX) and collected at indicated time points. 

B) Normalization of 53BP1 protein band intensity to ACTIN using ImageJ. 
C) U2OS cell lysates from cells treated with siSC or siBAP1 were treated with 50μM MG132 

before IR exposure and immunoblotted for indicated proteins. 
D) Immunoprecipitation of endogenous 53BP1 under denatured conditions after treatment with 

siSC or siBAP1 then immunoblotted for FK2 which recognizes all ubiquitin chains. 
E) Similar to D, except in H226 cells after retroviral infection of BAP1. 

 
3.1.3 BAP1 Is Phosphorylated After DNA Damage 

 We mined large-scale phospho-proteomic databases after DBA damage and 

found that BAP1 is phosphorylated on several serine/threonine residues after 

E) Fibroblast 

D)  

C) U2OS 

B) U2OS 

A) H226 
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damage140. One of them is serine 592, which lies within an ATM/ATR recognition 

sequence, as well as, 6 other sites that are potentially targeted by other kinases (582-

583-585 and 595-596-597)141,142. We showed that BAP1 S592 is phosphorylated after 

IR and other DNA damage causing agents that generate DSB either directly or during 

the repair process (Figure 12A-E), and treating cells with caffeine, an ATM/ATR 

inhibitor, blocked BAP1 S592 phosphorylation (Figure 12C & D). We generated GFP-

tagged BAP1 lentivectors with mutated serine residues to alanine and established a 

stable CAL51 cell line in BAP1-/- background where only specific BAP1 phosphomutants 

are expressed. Surprisingly, all BAP1 phosphomutants failed to rescue the decrease in 

53BP1 IRIF in BAP1-/- cells, while BAP1-WT reconstitution rescued the phenotype 

(Figure 12F & supplemental Figure 27). Whether all or a combination of BAP1 

phosphorylation sites are required for BAP1 recruitment to DNA damage site or its 

ability to stabilize 53BP1 is still an open question. BAP1 was reported to be recruited to 

laser-induced DNA damage139. We and others could not generate BAP1 IRIF. 

 

A) U2OS B) HEK293 
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Figure 12: BAP1 is phosphorylated after DNA damage and required for 53BP1 focus formation. 

A) U2OS cells were exposed to IR and collected at indicated time points and immunoblotted with 
antibody recognizing phosphorylated BAP1 on S592 and total BAP1. 

B) Similar to A except in HEK293 cells. 
C) HEK293 cells were treated with caffeine, which inhibits ATM/ATR kinases, show BAP1 S582 

phosphorylation significantly diminished. 
D) Similar to C but in U2OS cells and with longer time points. 
E) Different DNA damaging agents caused BAP1 phosphorylation. Eto = Etoposide, Cis = 

Cisplatin and HU = Hydroxyurea. 
F) Histogram shows 53BP1 IRIF defect in CAL51 BAP1-/- cell line stably expressing BAP1 

phosphomutants. Photomicrographs were analyzed using NIS Element. P-value: <0.0001. 
Error bars represent the mean with SEM. 

 
3.2 BAP1 Deficiency Recapitulates 53BP1 Loss Phenotypes 

3.2.1 BAP1 Loss Impairs G2/M Checkpoint Activation and Sensitizes Cells to 

DNA Damage Agents 

 During carcinogenesis, the DDR is disrupted to bypass oncogenic-induced 

apoptosis and/or genome instability-mediated cell cycle arrest, which explains the high 

rate of DDR-associated proteins mutations in cancer143,144. 53BP1 is involved in G2/M 

F) 
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checkpoint activation and its absence impairs this checkpoint145. We hypothesized that 

BAP1 loss would impair the activation of G2/M checkpoint. We trapped BAP1+/+ and 

BAP1-/- cells in G2 using nocodazole, fixed and permeabilized, then stained for Histone 

H3 phosphorylated on Serine 10 (pH3-S10), which is associated with gene transcription, 

meiosis, and mitosis (Figure 13A). Using FACS, we analyzed the cells based on their 

pH3-S10 expression and observed significantly more BAP1-/- cell entered mitosis after 

inducing DNA damage by IR (Figure 13B & C). This defect is similar to what has been 

reported of 53BP1 loss. We examined the sensitivity of BAP1+/+ and BAP1-/- cells to IR 

exposure at different dosages. While BAP1-/- cells showed moderate sensitivity, it was 

significant compared to BAP1+/+ counterparts (Figure 13D) in agreement with multiple 

reports showing 53BP1 deficient cells exhibited moderate IR sensitivity51,145. We also 

observed moderate Cisplatin sensitivity in BAP1-/- cells compared to BAP1+/+ cells 

(Figure 13E). 

 

B)   CAL51 

A) 

C) 
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Figure 13: BAP1 loss causes G2M checkpoint defect and sensitivity to different DNA damaging 
agents. 

A) Experimental diagram for G2M checkpoint. 
B) CAL51 cells either exposed to IR (2Gy) or not and left to recover for 1hr in the incubator. Cells 

were treated with nocodazole at 50ng/mL for 8hr to trap them in mitosis. Cells fixed in 100% 
ethanol overnight in -20°C then incubated with Alexa Fluor 647 conjugated phospho-Histone 
H3-S10 in the dark with gentle rotation for 1hr at room temperature. After washing, cells were 
analyzed by FACS for cells positive for phospho-Histone H3-S10. 

C) Histogram representation of data from B. 
D) Clonogenic assay of BAP1+/+ and BAP1-/- cells exposed to IR. Approximately 500 cells were 

seeded and exposure to IR at indicated doses and left to grow in the incubator for 2 weeks. 
Then stained with 1% Crystal Violet. 

E) Similar to D, except cells were incubated with indicated doses of Cisplatin, generates DSB as 
intermediates, washed with PBS three times and left to in the incubator for two weeks. P-value: 
*<0.01. Error bars represent the mean with SEM. 

 

D)   CAL51 

E)   CAL51 
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3.2.2 BAP1 Loss Impairs NHEJ and Rescues HR Defect in BRCA1-Deficient 

Cells 

 DNA DSBs are mainly repaired by HR or NHEJ. 53BP1 protects the DNA ends 

from excessive nuclease activities thus suppressing HR, and BRCA1 deficiency leads to 

profound defect in HR. It has been reported that BAP1 deficiency is associated with 

sensitivity to DNA damaging agents and impaired DSB repair141,146. In order to shed 

more light on BAP1 role in DSB repair, we used a widely-utilized reporter assays DR-

GFP147 and EJ5-GFP129. DR-GFP contains two defective GFP genes positioned as 

direct repeats. The first GFP gene is interrupted via a rare-cutting I-SceI endonuclease 

and the downstream GFP is a truncated fragment. I-SceI expression generates DSB in 

the first GFP, which if repaired via HR using the GFP fragment downstream results in 

GFP-positive cells (Figure 14A). EJ5-GFP, on the other hand, contains a GFP gene 

that is separated from the promoter by a puromycin gene between two I-SceI sites. 

Upon I-SceI transfection, puromycin is excised and if repaired via NHEJ by joining the 

distal ends, yield GFP-positive cells (Figure 14D). When we transfected I-SceI in DR-

GFP cells depleted of BAP1 or BRCA1 alone and BAP1 together with BRCA1, and 

FACS analyzed them, we observed that BAP1 knockdown partially impaired HR 

compared to BRCA1 knockdown which resulted in 0% GFP-positive cells (Figure 14B 

& C). Interestingly, knockdown of both BAP1 and BRCA1 resulted in moderate rescue 

of HR compared to BRCA1 knockdown alone and arguing against BAP1 promoting HR 

through BRCA1 to repair DSB. When 53BP1 was knocked down in EJ5-GFP it resulted 

in impaired NHEJ repair which is the same phenotype observed when we knocked 
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down BAP1 (Figure 14E & F) pointing to BAP1 promoting NHEJ since it phenocopied 

53BP1. 

 

 
Figure 14: BAP1 loss causes defect in NHEJ and moderately impairs HR. 

A) Depiction of the HR substrate. HR is measured by the percent of GFP-positive cells after 
transfection of I-Sce1. 

B) Cells were treated with either siSC, siBRCA1, si53BP1, siBAP1, siBAP1+siBRCA1 or 
si53BP1+siBRCA1 for two days then either transfected with PCMV or I-Sce1 to generate GFP-
positive cells and analyzed using FACS. 

C) Histogram quantification of B. 
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D) Depiction of the NHEJ substrate. NHEJ is measured by the percent of GFP-positive cells after 
transfection of I-Sce1. 

E) Similar to B, except cells were treated with siSC, si53BP1, siBAP1 or siKU70. 
F) Similar to C except for D. P-values: *<0.01, ***<0.0002, **** <0.0001. Error bars represent the 

mean with SEM. 
 

3.2.3 BAP1 Loss Alters Cell Cycle Distribution 

 In order to provide more context to the results from the DR-GFP assay, we 

looked into how the cells were distributed throughout the cell cycle phases. 

Asynchronous BAP1+/+ and BAP1-/- cells were fixed and stained with anti-BrdU-FITC. 

Analysis by FACS showed strikingly different cell cycle distributions (Figure 15A & B). 

BAP1+/+ cell were significantly more in S phase compared to BAP1-/- cells, while the 

latter showed significantly more cells in G1/G0 phase. Therefore BAP1 depletion is 

associated with decreased cell proliferation103,148. Since HR occurs mainly in S/G2 

phases of the cell cycle where sister chromatids are in close proximity for repair, and 

NHEJ shows increased activity in G11,17, the increase in cells in G1 and decrease in S 

phase could be the primary explanation for the partial impairment of HR observed after 

BAP1 depletion in DR-GFP(Figure 14B & C). 
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Figure 15: BAP1 loss impairs cell cycle. 

A) Asynchronous BAP1+/+ and BAP1-/- CAL51 cells were fixed in 70% EtOH overnight in -20°C 
and stained with anti-BrdU-FITC and analyzed by FACS. 

B) Histogram quantification of A. P-value: ** <0.001. Error bars represent the mean with SEM. 
 

3.2.4 BAP1 and PARP Inhibitors Sensitivity 

 BAP1 is an acronym for BRCA1 associated protein-1, and this name-association 

with BRCA1 promoted the use of PARP inhibitors (PARPi) in BAP1-mutated tumors. 

Cells deficient in HR due to BRCA1 or BRCA2 loss of function or mutations in their 

respective HR members are extremely sensitive to PARPi, a phenomenon termed 

synthetic lethality14,55. To investigate if BAP1 loss also sensitizes cells to PARPi, we 

treated BAP1+/+ and BAP1-/- cells with PARP inhibitor Olaparib. We observed no 

A)   CAL51 

B) 
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significant difference between BAP1 proficiency and deficiency (Figure 16A). Our 

model predicts that BAP1 loss will restore PARPi resistance similar to 53BP1 loss. We 

depleted BRCA1 in both BAP1+/+ and BAP1-/- cells and treated them with Olaparib. We 

found BAP1-/- cells depleted of BRCA1 resulted in Olaparib resistance (Figure 16B), in 

agreement with our model and a report showing loss of 53BP1 in BRCA1-mutated cells 

reverses PARPi sensitivity2. 



 

 76 

 
Figure 16: Cells deficient in BAP1 are not sensitive to PARPi. 

A) Approximately 500 cells of BAP1+/+ and BAP1-/- were seeded and incubated with Olaparib at 
indicated doses and left to grow in the incubator for 2 weeks then stained with 1% Crystal 
Violet. 

B) BAP1+/+ and BAP1-/- cells were treated with siBRCA1 for two days and incubated with Olaparib 
at indicated doses and left to form clones in the incubator for 2 weeks. Then stained with 1% 
Crystal Violet. P-value: ** <0.001. Error bars represent the mean with SEM. 

 
3.2.5 BAP1 Loss Impairs Class Switch Recombination 

 Class switch recombination (CSR) is an event activated by Activation-induced 

(cytidine) deaminase (AID) resulting in the change of immunoglobulin gene structure of 

developing B cells from one class to another. This process requires the generation and 

repair of DSB through 53BP1-depedent NHEJ pathway, and loss of 53BP1 leads to 

severe defects in CSR9,17 (see section 1.4). We hypothesized that BAP1 loss would 

A)   CAL51 

B)   CAL51 
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lead to impaired CSR similar to 53BP1 loss. We utilized a lymphoma cell line CH12F3-2 

(provided by Professor Tasuku Honjo) that switches from IgM to IgA when stimulated 

with cytokines. Using CRISPR, we generated BAP1-/- CH12F3-2 cells and incubated 

them with cytokines along with 53BP1-/- and BAP1+/+. As predicted, 53BP1-/- severely 

impaired CSR, and BAP1-/- mirrored this phenotype (Figure 17A & B) in agreement with 

our BAP1 model functioning parallel to 53BP1. We also generated the same phenotype 

when we depleted BAP1 in these cells with lenti-shRNA against BAP1. 
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Figure 17: BAP1 loss impairs CSR. 

A) CRISPR-generated BAP1-/-, 53BP1-/- and control CH12F3 murine B cell lymphoma cells. CSR 
was induced by incubating cells with cytokine stimulating medium (IL4 10 ng/mL, TGFβ 1 
ng/ml, anti-CD40 antibody 1 μg/ml) for 48 h. Then stained with anti-IgA-PE and fluorescence 
signal was acquired on a FACS CantoII flow cytometer. 

B) Quantification of IgG-PE positive cells from A. P-value: ** <0.001, **** <0.0001. Error bars 
represent the mean with SEM. 

 
3.2.6 BAP1 Interacts and Ubiquitinates 53BP1 Focus Forming Region 

 Based on BAP1’s ability to bind a handful of proteins with methyl-binding 

domains, such as ASXL1/2 and MLL375,127 and 53BP1 FFR region facilitating 53BP1 

recruitment to DSB and binding to H2K20m3 through its Tudor domain17,29, we 

investigated the interaction between BAP1 and 53BP1-FFR. We obtained HA-FLAG-
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tagged 53BP1 truncation mutations51 and performed a pull-down on FLAG-conjugated 

beads (Figure 18A). GFP-BAP1 was strongly pulled down by 53BP1 constructs that 

contained the FFR (Figure 18B). Since 53BP1 IRIF formation is significantly impaired 

after BAP1 loss to a level that cannot be explained by the partial protein instability in 

examined cell lines, we hypothesized that BAP1 augments 53BP1-FFR binding 

methylated histone at DSB through removal of a Ub barrier. We overexpressed His-Ub 

in cells stably expressing 53BP1-FFR and performed a pull-down in cells depleted of 

BAP1 or control. We observed an increased ubiquitination of the FFR in BAP1 depleted 

cells (Figure 18C). We asked if BAP1 catalytic activity was required: we overexpressed 

His-Ub and siRNA-resistant BAP1-WT and BAP1-CAT after BAP1 depletion and 

performed a Nickel pull-down. BAP1-WT reversed the ubiquitination of 53BP1-FFR 

while BAP1-CAT failed to do so (Figure 18D). Next, we examined BAP1 role in 

facilitating 53BP1-FFR binding to methylated histone: we depleted BAP1 in 53BP1-FFR 

expressing cells and incubated the cell lysate with biotin-conjugated H4K20me1 and 

performed a streptavidin pull-down. BAP1 status did not alter the interaction of 53BP1-

FFR with H4K20me1 (Figure 18E).  

 Based on these results, we rejected the hypothesis that BAP1 facilitates 53BP1-

FFR methyl binding at DSB. In the next chapter we explore another idea of BAP1 

regulating 53BP1 IRIF. 
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Figure 18: BAP1 interacts and ubiquitinates 53BP1 FFR.  

A) HA-tagged 53BP1 truncation deletion adapted from51. 
B) U2OS cells stably expressing FLAG-53BP1 truncation constructs were pulled down on FLAG 

beads and immunoblotted for GFP-BAP1. 
C) U2OS cells stably expressing FLAG-53BP1-FFR were treated with siBAP1 for two days 

followed by His-Ub transfection. Cells were collected under denatured conditions, pull-down on 
Nickle beads and immunoblotted for FLAG. 

D) Similar as C, except cells were transfected with siRNA-resistant BAP1-WT and BAP1-CAT 
plasmid. 

E) After siBAP1 treatment for two days, U2OS cells stably expressing HA-53BP1-FFR were 
exposed to IR and cell lysates were incubated with biotin-H4K20me and pull-down on 
streptavidin beads and immunoblotted for HA. 

C)   U2OS 

D)   U2OS E)   U2OS 
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CHAPTER 4. BAP1-KPNA FAMILY COMPLEX IN IRIF 

REGULATION RESULTS 

This chapter is the text from an upcoming manuscript, hence its presentation and 

plural pronoun usage. 

53BP1’s recruitment to DSB and ionizing radiation-induced focus formation is an 

active area of research. In order to gain more insight into 53BP1 focus formation 

regulation, we isolated the 53BP1 protein complex by IP followed by mass 

spectrometry. We uncovered peptides of several Karyopherin alpha (KPNA) proteins 

and UBE2O as 53BP1 partners. 

 The specific questions we addressed were: 

1) How does UBE2O regulate 53BP1? 

2) How do KPNA2, KPNA4, and KPNA6 regulate 53BP1 focus formation? 

3) Impact of 53BP1 localization in KPNA4-, KPNA6- or UBE2O-depleted cells? 

4.1 BAP1 and UBE2O Interact with 53BP1 NLS and Regulates its 

Recruitment 

We were interested in mapping which 53BP1 domain interacted with BAP1. We 

utilized HA-tagged 53BP1 truncation deletions (Figure 19A)149 and overexpressed them 

along with FLAG-BAP1 and performed a pull-down on HA-conjugated beads before and 

after IR exposure. BAP1 interacted with all constructs (Figure 19B). The only common 

sequence between the truncation constructs was the ectopic NLS (Figure 19A). This 

was interesting because BAP1 autodeubiquitinates its own NLS that is multi-
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monoubiquitinated by an E2-E3 hybrid UBE2O121. Interestingly, UBE2O associates with 

53BP1 in a proteomic analysis of chromatin associated proteins150. We performed pull-

downs of HA-tagged 53BP1 and MYC-tagged UBE2O and immunoblotted for UBE2O 

and 53BP1, respectively. The two proteins physically interacted with each other (Figure 

19B & C & Figure 28), consistent with mass spectrometry data150. Intriguingly, 53BP1 

and UBE2O dissociated after DNA damage, suggesting that IR may release an 

inhibitory effect by UBE2O on 53BP1 (Figure 19C). We think the decrease between 

UBE2O and 53BP1 physical interaction after IR is because UBE2O ubiquitinates 53BP1 

creating a ubiquitin barrier interfering with the interaction between 53BP1 and DSB. 

Further experiments are needed to decipher the possible mechanisms of UBE2O 

forming a ubiquitin barrier on 53BP1 preventing its interaction with DSB. 

 

A) 
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Figure 19:BAP1 and UBE2O Interact with 53BP1. 

A) HA-53BP1 truncation mutation, adapted from149. 
B) Overexpression of HA-53BP1 truncation deletions in U2OS cells and pulled down on HA beads 

and immunoblotted for indicated proteins. 
C) U2OS cells transfected with MYC-UBE2O pulled down on MYC-Trap and immunoblotted for 

indicated antibodies. 
  

After we established 53BP1 and UBE2O interaction, we asked if UBE2O impacts 

53BP1 IRIF. When we knocked down UBE2O, we noticed 53BP1 foci persisted longer 

compared to control cells after IR (Figure 20A & B). Therefore, we hypothesized, 

overexpression of UBE2O would negatively impact 53BP1 IRIF. Indeed, cells transiently 

expressing FLAG-UBE2O showed a significant decrease in 53BP1 IRIF compared to 

B)   U2OS 

C)   U2OS 
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adjacent cells not expressing FLAG-UBE2O (Figure 20C & D). It is worth noting that 

overexpressing UBE2O or BAP1 loss did not change 53BP1 nuclear localization 

(Figure 20A & B, Figure 8C & supplemental Figure 24B). We thought if UBE2O 

targeted 53BP1 to proteasome-mediate degradation, depletion of UBE2O would 

increase 53BP1 protein levels. Interestingly, when we treated cells with siRNA against 

UBE2O, there was a slight decrease in 53BP1 protein levels compared to control 

(Figure 20E). This ruled out proteasome-mediated degradation and one suspects that 

in the absence of UBE2O, 53BP1 performs its functions with less amount of protein due 

to lack of UBE2O antagonism. 
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Figure 20: UBE2O anatomizes 53BP1 foci formation. 

A) Photomicrographs of U2OS cells treated with siUBE2O or siSC for two days, exposed to IR 
and processed 4 hours later. 

B) Quantification of A. 
C) U2OS cells overexpressing FLAG-UBE2O, treated and processed similarly to A. 
D) Quantification of B. 
E) CAL51 cells treated with siUBE2O and exposed to IR and immunoblotted for 53BP1. P-value: 

**** <0.0001. Error bars represent the mean with SEM. 
 

A)   U2OS 

C)   U2OS 

B)   

D)   

E)   CAL51 
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4.2 Discovering New 53BP1 Interactors 

4.2.1 KPNA Family Interact with 53BP1 NLS 

In order to understand how BAP1 and UBE2O regulate 53BP1 IRIF formation, 

and to expand our knowledge of 53BP1 partners and function, we pulled down the 

53BP1 complex using tGFP-53BP1, as well as MYC-tagged UBE2O and GFP-BAP1 

after IR exposure. The Karyopherin (KPNA) family was one of the most abundant 

53BP1 binders consistent with other two mass spectrometry data of 53BP1 

complex131,151. The KPNA family was reported as BAP1 partners in recent published 

mass spectrometry152, and UBE2O also binds KPNA6150 (Figure 21A). We validated 

the IP-MS results by performing pull-downs of MYC-, tGFP-53BP1 and MYC-UBE2O. 

The interaction between 53BP1 and KPNA2, KPNA4, and KPNA6 increased after IR 

exposure suggesting KPNA2/4/6 possible involvement in 53BP1 recruitment or function 

at DSBs (Figure 21B). The KPNA family is comprised of seven members, which 

mediates nuclear import and export of proteins by binding to the NLS of its target 

protein. Overexpression of KPNA2 resulted in abnormal cytoplasmic retention of key 

DDR proteins153,154. Some of nucleoporins/Karyopherin have been reported to associate 

with chromatin and regulate chromatin processes such as transcription150. 

53BP1 contains a mono- and a bipartite NLS, the first NLS (NLS1), 1624-

EGKRKRRSNVS-1634, is not required for 53BP1 nuclear shuttling and is preceded by a 

hydrophobic stretch (ILLV)155, but is critical for 53BP1 recruitment29 (Figure 21C). Both 

NLS2 and NLS3 are required for 53BP1 nuclear import155. Therefore, using HA-tagged 

53BP1 truncation deletions (Figure 19A)149, we performed a pull-down on HA-

conjugated beads and immunoblotted for BAP1, KPNA2, 6 and UBE2O. All 53BP1 
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truncation deletions interacted with BAP1, KPNA2, KPNA4, KPNA6, and UBE2O 

(Figure 19B). We conclude that BAP1, KPNA2, KPNA6, and UBE2O interaction with 

53BP1 is most likely mediated through the NLS1. 

UBE2O ubiquitinates proteins with basic amino acid motifis that are preceded by 

a hydrophobic stretch156. It is predicted that an acidic motif within BAP1 and UBE2O 

mediates the interaction with 53BP1 basic NLS1. We aligned BAP1 and UBE2O amino 

acid sequences and identified an acidic stretch with significant homology between the 

two proteins (Figure 21D). We infer that BAP1 and UBE2O’s acidic patches mediate 

the interaction here. 
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Figure 21: UBE2O and KPNA2, 4 and 6 are novel 53BP1-associated proteins. 

A) Selected proteins from mass spectrometry analysis of 53BP1, UBE2O and BAP1 pull-down. 
B) U2OS cells transfected with MYC-53BP1 were not or exposed to IR and pull-down on MYC-

Tap and immunoblotted for indicated antibodies. 
C) 53BP1 NLS sequences and identification of residues of interest. 
D) BAP1 and UBE2O acidic motifs with significant homology. 

 
4.2.2 KPNA6 Loss Impairs 53BP1 IRIF 

 Tissue expression for KPNA2, KPNA4, and KPNA6 shows low tissue 

specificity109. They share the same protein expression in most tissue, except for KPNA2 

B)   U2OS 
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which is not expressed in connective and soft tissues. The KPNA family share structural 

homology and a reported functional redundancy154. We wondered if the KPNA proteins 

in our IP-MS would impact 53BP1 IRIF formation or protein localization. We depleted 

the cells of KPNA2, 4 and 6 and examined 53BP1 IRIF status. Depletion of KPNA6 or 

KPNA4 resulted in significant defect in 53BP1 IRIF formation, >50% and ~40% 

decreases, respectively. While KPNA2 depletion showed no significant alternation in 

53BP1 IRIF (Figure 22A & B). It is plausible that KPNA2 interacts with 53BP1 initially at 

some capacity, however this interaction is not significant to alter 53BP1 IRIF formation 

or protein localization. Depletion of both KPNA2 and KPNA4 resulted in a similar 

phenotype to KPNA4 depletion, alone suggesting that KPNA2 might not participate in 

53BP1 IRIF (supplemental Figure 29). Additionally, depletion of KPNA2, KPNA4, or 

KPNA6 did not result in 53BP1 cytoplasmic sequestration indicating the impact KPNA4 

and KPNA6 on 53BP1 is independent of cytoplasmic to nucleus shuttling (Figure 22A & 

B). Given that KPNA6 had the strongest phenotype, we questioned why KPNA6 had the 

least number of peptides in 53BP1 mass spectrometry analysis (Figure 21A). Since we 

collected the cell lysate 4hr after IR exposure, we hypothesize that KPNA6 is an early 

interactor with 53BP1. One way to test this hypothesis, is by collecting the cell lyase at a 

shorter time point after IR exposure. 
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Figure 22: KPNA4 and KPNA6 impaired 53BP1 focus formation. 

A) Photomicrographs of U2OS cells depleted of KPNA2, KPNA4 or KPNA6 exposed to IR and 
processed 4 hours later. 

B) Quantification of A. P-values: *<0.02, ***<0.0007. Error bars represent the mean with SEM. 
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CHAPTER 5. SUMMARY AND FUTURE DIRECTIONS 

5.1 Summary 

 My work of Dr. Shaheen’s lab over the past few years, we describe a novel 

function of BAP1 in DSB repair by enhancing the recruitment and function of 53BP1. 

Research on the latter is an active area of research given that 53BP1 represents a hub 

for other repair proteins, regulates HR/NHEJ pathway choice, and PARPi resistance. 

However, since the discovery that BAP1 is a BRCA1 interactor through a Y2H in 199899, 

the interaction between BAP1 and BRCA1 have been called into question74,103,104. The 

current paradigm of BAP1 function is derived from work on its Drosophila orthologue 

Calypso. When mutated, Calypso displays a Polycomb enhancing phenotype7. The 

model suggests H2AK119ub, an important epigenetic repression mark146, is a substrate 

of BAP1 deubiquitination activity7,88. However, BAP1 deubiquitinase activity on 

H2AK119ub is contradictory as it suggests BAP1 antagonizes PRC1 through H2A, 

which is the same phenotype observed when BAP1 or components of the PRC1 is 

mutated116. When we examined H2AK119ub levels in cells treated with siRNA against 

BAP1 or CRISPR-generated BAP1+/+ and BAP1-/- cells, we observed an increase in 

monoubiquitination of H2A in one cell line out of the five we tested (supplemental 

Figure 30), which could be purely by chance or specific to that cell line. The known 

connection between BAP1 and H2A monoubiquitination does not explain why is BAP1 

mutated in cancer5,6. In this work, we provide mechanistic evidence, for the first time, 

that impaired DSB repair pathway through dysfunctional 53BP1 links BAP1 loss directly 

to carcinogenesis. 
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 In Chapter 3, we discovered that BAP1 is a novel interactor with 53BP1 through 

an siRNA screen against 96 human deubiquitinase enzymes, as well as an endogenous 

53BP1 IP followed by mass spectrometry analysis. We confirmed the association 

between BAP1 and 53BP1 through multiple reciprocal pull-downs, and showed the 

association is stronger after IR exposure. We validated the data from the siRNA library 

and observed BAP1 depletion severely impairs the formation of 53BP1 IRIF. It has been 

reported that BAP1 deubiquitinase activity is required for its tumor suppression 

function74,146. We hypothesized that BAP1 deubiquitinase activity is required for 53BP1 

protein stability and proper IRIF formation. Indeed, lack or depletion of BAP1 resulted in 

decreased 53BP1 protein level, and the phenotype was exacerbated after IR exposure. 

When we re-introduced wild-type and catalytically inactivated BAP1 into multiple siRNA 

treated and deficient cell lines, we observed BAP1-WT reversed the 53BP1 protein 

instability and IRIF defect, while BAP1-CAT was unable to. Moreover, inhibition of the 

proteasome degradation machinery restored 53BP1 stability. We also showed that 

BAP1 absence resulted in high levels of 53BP1 ubiquitinated species. We also 

demonstrated different DNA damaging agents induced BAP1 phosphorylation, in line 

with global mass spectrometry data141,142. We examined the impact of BAP1 

phosphorylation on 53BP1 IRIF formation by generating multiple phosphomutant 

constructs and were surprised to discover that mutation of all 6 lysine residues impaired 

53BP1 IRIF formation. Further experimentation is necessary to understand the role of 

these individual residues in BAP1 DNA damage response and their need to stabilize 

53BP1 protein levels. Overall, our data supports a model whereby BAP1 stabilizes 

53BP1 by antagonizing its ubiquitination. 
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Some of our data have been validated by large scale siRNA screens or 

proteomic studies. As an example, one large-scale siRNA screen investigated proteins 

that regulate 53BP1 recruitment to damage sites, BAP1 siRNA had one of the highest 

negative Z-scores in this screen consistent with what we demonstrated157. We also 

searched a recent biotin-based (BioID) proteomic analysis of proteins that reside in 

proximity to 53BP1, and BAP1 peptides were identified in this screen52. The findings in 

these independent large-scale siRNA/Proteomic experiments are strong validation of 

our findings. 

 We then investigated whether BAP1-deficiency recapitulated the 53BP1 defect 

phenotype. Indeed, absence of BAP1 caused defects in G2/M checkpoint and moderate 

sensitization to IR exposure as reported for 53BP1 defects51,145. Next, we utilized two 

DNA repair reporter assays, DR-GP and EJ5, to examine BAP1 role in HR and NHEJ, 

respectively. Upon BAP1 depletion in the DR-GFP assay, we observed moderate HR 

defect compared to complete loss after BRCA1 depletion. However, co-depletion of 

BAP1 and BRCA1 resulted in partial HR rescue. On the other hand, depletion of BAP1 

in the EJ5 assay resulted in significant decrease in GFP-positive cells similar to 53BP1 

depletion. We interpret this to mean that BAP1’s role in cell cycle regulation provides an 

explanation to the DR-GFP results. When we examined the cell cycle distribution of 

BAP1+/+ and BAP1-/- cells, we observed significantly more cells in the G1/G0 phases in 

BAP1-/- compared to BAP1+/+, where more cells were in the S phase. HR operates in the 

S/G2 phases of the cell cycle because it requires sister chromatids to be in close 

proximity for repair, while NHEJ show increased activity in G1 phase. HR is defective in 

BRCA1-mutated tumors, therefore, cancer cells rely on PARP-mediated DNA repair for 
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survival rendering them extremely sensitive to PARPi14,55. Others report PARP1 inhibitor 

sensitivity in BAP1-deficient chicken DT40 B cells141, a result we were unable to 

reproduce in multiple cell lines. When we depleted BRCA1 in BAP1-/- cells, we saw 

restored resistance of BRCA1 depleted cells to PARPi, consistent with an effect of 

BAP1 on 53BP1. Another mechanism regulated by 53BP1 is class switch 

recombination. DSB are generated by Activation-induced (cytidine) deaminase and 

repaired by NHEJ through 53BP1 influence, resulting in different immunoglobulin 

population of developing B cells9,17. When we stimulated class switch recombination in 

CH12F3-2 WT, 53BP1-/- and BAP1-/- cells, we observed a significant class switch 

recombination drop (>50%) in BAP1-/- cells, mirroring 53BP1-/- phenotype. Taken 

together, our data point to BAP1 necessity for optimal 53BP1 recruitment and functions 

in NHEJ. Our results contradict reports suggesting BAP1’s role in promoting 

HR141,146,158. 

We suspected BAP1 regulates 53BP1 IRIF formation by additional mechanism(s) 

since proteasome inhibition partially restored 53BP1 protein levels. When mapping 

domain interactions between BAP1 and 53BP1, BAP1 interacted strongly with the FFR 

of 53BP1 (see section 1.4 for review). BAP1 depletion resulted in an increased 

ubiquitination of FFR, which BAP1-CAT could not deubiquitinate. We ruled out 

polyubiquitination because there was no smearing and the band shifted only slightly 

above the control band. Surprisingly, BAP1 depletion did not alter 53BP1-FFR binding 

with H4K20me1 peptide. It is possible that BAP1 depletion impacts 53BP1 interaction 

with histone and using H4K20me1 peptide bypasses BAP1 role because it lacks other 
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histone components. It is tempting to speculate so; experiments using a recombinant 

H4K20me2 nucleosome could test this hypothesis. 

In Chapter 4, we presented a new complex facilitating 53BP1 focus formation. 

How DNA damage foci are formed and regulated is under intense investigation in the 

field126. We documented BAP1 interacting with all truncation constructs that contained 

an NLS. The reported antagonism between UBE2O and BAP1, and association 

between 53BP1 and UBE2O121,150, promoted us to look at UBE2O impact on 53BP1. 

UBE2O interacted with BAP1 and 53BP1, and depletion of UBE2O resulted in longer 

53BP1 IRIF presence without impacting 53BP1 protein levels. Depletion of BAP1 or 

UBE2O did not change 53BP1 localization suggesting another layer of 53BP1 

regulation. We also identified the KPNA family as common interactors between BAP1, 

53BP1 and UBE2O through mass spectrometry analysis. We observed an increase in 

association between 53BP1 and KPNA2, KPNA4, and KPNA6 after IR exposure. 

KPNA2 and KPNA6 interacted with all 53BP1 truncation constructs that contained NLS. 

KPNA2 depletion did not result in 53BP1 IRIF formation defect while KPNA4 and 

KPNA6 did. We suspect KPNA2 could be involved in another mechanism of 53BP1 

regulation. KPNA family interacts with NUP153 and NUP50 which are part of the 

nuclear pore complex, facilitating the shuttling of proteins from and into the nucleus, and 

knockdown of NUP153 results in impaired 53BP1 nuclear shuttling159. However, 

knocking down any of the KPNA2, KPNA4, and KPNA6 did not result in 53BP1 

cytoplasmic retention suggesting their interaction with 53BP1 is independent of their 

protein shuttling function. More studies are needed to integrate the role the KPNA family 

perform in DNA repair and if they are involved in 53BP1 antagonizing BRCA1 at DSB.  
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Our data inform our model in the following way: when DNA double-strand breaks 

are generated, KPNA6 is the first KPNA protein to interact with 53BP1 and recruits 

KPNA2 and KPNA4. The KPNA complex directs 53BP1 to the site of DNA double-

strand break by interacting with 53BP1 NLS1. Once at the double-strand break, the 

KPNA complex dissociate from 53BP1 by an unknown mechanism, subjecting 53BP1 to 

another layer of regulation through BAP1 and UBE2O antagonism (Figure 23). UBE2O 

monoubiquitinates 53BP1 NLS1 creating a ubiquitin barrier preventing 53BP1 from 

interacting with the damaged chromatin. BAP1 deubiquitinates 53BP1 NLS1 allowing 

53BP1 to facilitate repair through NHEJ by recruiting downstream effectors like RIF1 

and the shieldin complex. More research is needed to decipher the involvement of 

BAP1-UBE2O-KPNA complex in regulating 53BP1 and DDR, however, our data 

provides valuable insight into 53BP1 regulation and, more importantly, BAP1 role in 

DSB repair.  

 
Figure 23: Model of BAP1-KPNA-UBE2O function 

We speculate that the KPNA4 and KPNA6 direct 53BP1 through interacting with its NLS. Then BAP1 
and UBE2O antagonize each other on 53BP1. We hypothesize that UBE2O ubiquitinates 53BP1, like it 
does BAP1, to drive it away from DSB. While BAP1 deubiquitinates 53BP1 to maintain it at the DSB. 
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5.2 Remaining Questions 

 There may be other forms of 53BP1 regulation through BAP1, including roles in 

transcription or translation. We plan on investigating the interaction between 53BP1 and 

the KPNA family after BAP1 loss and dissecting the NLS interaction by mutating lysine 

residues to alanine and observing the interaction. While K1626 of NLS1 is ubiquitylated 

in proteomic databases, other lysine residues including those in NLS2 and 3 are also 

ubiquitylated160. We mutated several lysine residues in the FFR (K1574, 1582, 1626, 

1628, 1685) individually in order to identify the ubiquitinated lysine essential for 

interaction with BAP1 but it caused a misfolding problem. We will synthesize NLS1 

peptide with N and C terminus extensions, to assure proper folding, and attach ubiquitin 

on K1626 or the pertinent lysine through site specific chemical ubiquitination. 
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APPENDIX A: Supplemental Figures 

 

 
Figure 24: A siRNA DUBs screen identifies BAP1 as a regulator of 53BP1. 

S1A) Analysis of 53BP1 IRIF after knockdown of 96 DUBs genes using NIS Elements. 
S1B) 53BP1 foci in U2OS cells treated with either siSC and siBAP1 after IR exposure. 
S1C) Histogram of 53BP1 IRIF showing per cent of cells with >5 foci in U2OS cells. Scale bar 
is 10μm. Photo micrographs are pseudo-colored, blue is DAPI and red is 53BP1. All 
experiments were 3 biological replicates. P-values: **** <0.0001. Error bars represent the 
mean with SEM. 

 

S1B)   U2OS 
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Figure 25: BAP1 loss causes 53BP1 instability. 

S2A) A549 cells depleted of BAP1 using siRNA, exposed to IR and immunoblotted for 
indicated proteins at indicated time points. Show decrease 53BP1 stability in the absence of 
BAP1. 
S2B) Fibroblast cells depleted of BAP1, subjected to IR and immunoblotted for indicated 
proteins. Show decrease 53BP1 stability in the absence of BAP1. 
S2C) CRISPR-generated CAL51 cells show destabilization of 53BP1 protein levels after IR 
treatment. 
S2D) Retroviral re-introduction of BAP1-WT or BAP1-CAT in H226 cells that naturally lacks 
BAP1 shows 53BP1 rescue in BAP1-WT expressing cells. 

 

S2B)   Fibroblast 

S2C)   CAL51 
S2S)   H226 
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Figure 26: BAP1 antagonizes 53BP1 deubiquitination. 

S3A) CAL51 cells treated with Carfilzomib show partial rescue of 53BP1 protein levels in the 
absence of BAP1. 

 

S3A)   CAL51 
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Figure 27: BAP1 phosphorylation is required for 53BP1 focus formation. 

S4A) CAL51 BAP1+/+ and BAP1-/- cells along with expression of BAP1-WT, BAP1-CAT and 
phosphomutants in BAP1-/- cell show dramatic decrease in 53BP1 IRIF in BAP1-/-. Only BAP1-
WT is able to rescue 53BP1 IRIF while BAP1-CAT and phosphomutants show significant 
decrease. Photo micrographs are pseudo-colored, blue is DAPI, red is 53BP1 and green is 
GFP-tagged BAP1 WT and mutants. 
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Figure 28: UBE2O is a novel 53BP1-associated protein. 

S5A) Pull-down of overexpressed tGFP-53BP1 in U2OS cells with and without IR exposure, 
shows interaction with MYC-tagged UBE2O. 

 

 
Figure 29: KPNA 2 is not required for 53BP1 IRIF. 

S6A) Photomicrographs of U2OS cells treated with siKPNA2 and KPNA4 or siSC for two days, 
exposed to IR and processed 4 hours later. Double knockdown of KPNA2 and 4 results in 
KPNA4 phenotype indicating KPNA2 does not participate in 53BP1 IRIF. Photo micrographs 
are pseudo-colored, blue is DAPI and red is 53BP1. 

 

S5A)   U2OS 

S6A)   U2OS 
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Figure 30: H2K119ub levels after BAP1 loss. 

U2OS and fibroblast cells were treated with siSC or siBAP1 along with two different CRISPR-
engineered BAP1 cell lines collected and immunoblotted for H2AK119. Most cell lines showed 
no change in H2AK119 levels. CAL51 cell line showed an increased in H2AK119 levels, while 
HAP1 showed decrease. 
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APPENDIX B: ADDITIONAL WORK COMPLETED DURING 

PHD 
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