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Abstract 

Radiation therapy targets cancer cell death by overwhelming cells with harmful 

DNA damage. Understanding how cells repair radiation damage and in particular 

how they become resistant to radiation therapy is important for effective cancer 

treatment. Our lab made the novel discovery that Bcl10, a cytoplasmic protein 

important for NF-κB activation, localizes to endogenous γH2AX foci in the 

nucleus of breast cancer cells. We determined that following radiation treatment 

Bcl10 is recruited to ionizing radiation-induced foci in a dose-dependent matter 

and that it is important for the repair of radiation-induced DNA damage. We also 

observed that breast cancer cells are extremely sensitive to Bcl10 knockdown, 

causing cellular senescence, while normal breast epithelial cells are insensitive. 

Our findings identify Bcl10 as potent anti-cancer target.  
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Chapter 1.Introduction 

The rationale behind effective cancer therapy is to specifically target cancer cells 

without harming normal cells. In order to achieve this it is essential to identify key 

molecules that differentiate cancer cells from normal cells that can be targeted for 

therapy. A large proportion of current cancer therapies, including radiation and 

chemotherapeutics, aim to overwhelm cancer cells with genotoxic lesions leading 

to programmed cell death and senescence. The problem with these types of 

therapies is two-fold: 1) these therapies do not selectively target cancer cells 2) 

cancer cells have evolved mechanisms to resist lethality. If we could improve 

these therapies by selectively targeting cancer cells and overcoming resistance to 

lethality we would significantly improve their efficiency. 

 

In my thesis I describe how, a protein, B-cell lymphoma 10 (Bcl10) plays a 

central and novel role in the repair of radiation-induced DNA damage and cellular 

senescence. Interestingly, we have found that breast cancer cells are extremely 

sensitive to reduction in Bcl10 protein levels resulting in senescence. In contrast 

normal breast epithelial cells are relatively unaffected. Together these identify 

Bcl10 as a promising new therapeutic target in breast cancer. 

 

1.1 Structural features and historical roles of Bcl10  

Bcl10 is a 33 kDa protein with an N-terminal caspase recruitment domain 

(CARD) and a serine/threonine rich C-terminus [1, 2]. The CARD domain 

belongs to the death domain superfamily and consists of 6 antiparallel helices that 
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align in a parallel fashion and mediate strong homotypic interactions [3, 4]. The 

CARD domain mediates CARD-CARD interactions and plays an important role 

in Bcl10 function by allowing Bcl10 to homo-oligomerize as well as hetero-

oligomerize with other CARD-containing proteins leading to their activation [1]. 

Bcl10 also contains multiple sites for post-translational modifications by 

phosphorylation and ubiquitylation suggesting that it is highly regulated. The 

majority of these modifications are targeted to the C-terminus and act to both 

positively and negatively modulate Bcl10 function [2]. Bcl10 may therefore play 

an important role in the assembly and function of complexes involving its 

interaction partners. However, the only well-characterized function for Bcl10 to 

date is in activation of the nuclear factor-κB (NF-κB) signaling pathway. NF-κB 

is a family of transcription factors that regulates genes involved in the cognate 

immune response, cell proliferation and survival [5]. In lymphoid cells Bcl10 

plays an important role in activating NF-κB downstream of antigen receptor 

binding (TCR and BCR), and lipopolysaccharide (LPS) binding while in non-

lymphoid cells it mediates the response to lysophosphatidic acid (LPA), G-

coupled protein receptor binding, and angiotensin-II [6-13]. Importantly, there is 

evidence that constitutive NF-κB activation can result in neoplastic and 

autoimmune disorders while NF-κB deficiency results in immune impairment 

[10].  

 

NF-κB consists of 5 DNA-binding subunits, RelA/p65, RelB, and c-Rel, that bind 

in heterodimers with p50 and p52, which are produced from the larger p105 and 
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p100 precursors, respectively [10]. Activation occurs through two main pathways, 

the canonical/classical pathway and the noncanonical/alternative pathway. The 

canonical pathway is described as being RelA and IKK-β dependent [5, 14]. In 

this pathway cell surface receptor binding results in the formation of a 

cytoplasmic adaptor complex, which recruits an IKK complex composed of 

IKKα, IKKβ and two molecules of IKKγ [5, 14]. This activates the IKK complex 

resulting in phosphorylation of IκB [14]. IκB is responsible for maintaining 

RelA/p50 dimers in the cytoplasm. Phosphorylated IκB is subject to degradation 

resulting in the release of the NF-κB dimers which enter the nucleus and mediate 

transcription [14]. The noncanonical pathway however is IKKα dependent, and 

involves the recruitment of an IKK complex, composed of two IKKα molecules, 

which is activated via phosphorylation by the NF-κB-inducing kinase (NIK) [5, 

14]. Similar to the canonical pathway, activated IKK phosphorylates the IκB 

complex resulting in its degradation and release of p52/RelB dimers that enter the 

nucleus and mediate transcription [14].  

 

In both of these pathways, Bcl10 acts upstream of IKK activation to transmit 

signals from the cell surface, through formation of a multimeric 

Carma/Bcl10/MALT1 (CBM) complex. The CBM complex is composed of 

Carma1, a MAGUK family protein containing a CARD domain or Carma 3 in 

nonlymphoid cells, Bcl10, and MALT1, a paracaspase protein containing a death 

domain, two immunoglobulin-like domains (Ig-like) and a C-terminal caspase-

like domain [10, 12, 15-18]. In general, following signaling at the cell surface 
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Bcl10 is recruited to modified Carma1/3 (phosphorylated), which interact through 

their CARD domains [10, 19]. Bcl10 recruits MALT1 and this complex is thought 

to activate the IKK complex, through lysine-63 ubiquitylation of IKKγ [10, 19]. 

Experimental evidence has shown that the CARD domain of Bcl10 is essential for 

NF-κB activation, indicating that Bcl10 is a key adaptor protein in the formation 

of the CBM complex [1]. The pathway is reviewed in figure 1.0. 

 

Besides this role in NF-κB activation two other functions have been attributed to 

Bcl10. Bcl10 has been shown in be important for T-cell receptor (TCR) and Fc-γ 

receptor (FcγR) induced actin polymerization and to act as potential transcription 

activator in lymphoid cells [20, 21]. Actin polymerization is required for both T-

cell and Fc-γ receptor signaling [20]. Interestingly, phosphorylation of serine-138 

is critical for Bcl10 to mediate TCR- and Fc-γR induced actin polymerization, 

indicating a secondary role of Bcl10 is to regulate the assembly of actin matrices 

[20]. Mutating serine-138 abolishes Bcl10’s ability to polymerize actin but does 

not affect its ability to activate NF-κB [20]. Evidence from in vitro studies 

indicate that Bcl10 may also interact with transcription factor II B (TFIIB) to act 

as a potential transcriptional transactivator [21]. This study was based on a 

previous study that identified Bcl10 as a transactivator in yeast and suggests that 

Bcl10 may perform additional functions in the nucleus [22]. To our knowledge 

these two studies provide the only evidence that Bcl10 has functions outside the 

NF-κB pathway.  
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Figure 1.0 General overview of NF-κB activation through the CBM complex. 
Following signaling at the cell surface Bcl10 is recruited to phosphorylated 
Carma1/3, where they interact through their CARD domains and Bcl10 
subsequently recruits MALT1. The interaction between MALT1 and Bcl10 is 
thought to bring about a conformational change in MALT1, which promotes its 
oligomerization. These MALT1 oligmers recruit and bind the E3 ubiquitin ligase 
TRAF6, promoting its oligomerization and activating its ligase activity. This 
complex is recruited to the IKK complex where MALT1 and TRAF6 mediate 
lysine-63 ubiquitination of IKKγ. This activates the IKK complex, which 
dissociates from the CBM complex, and phosphorylates the IκB complex 
targeting it for degradation. Degradation of the IκB complex releases NF-κB 
dimers, which translocate into the nucleus and promote transcription. [10, 19, 23, 
24] 
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All of the functions of Bcl10 except its potential role as a transcriptional 

transactivator, involve localization to the cytoplasm. However, a number of  

cancer patient studies have found Bcl10 can localize to the nucleus and that this is 

linked to tumor aggression and poorer prognosis. Specifically, Bcl10 nuclear 

expression in primary cutaneous marginal zone B-cell lymphomas correlates with 

extracutaneous spread of disease and decreased patient survival [25]. Similarly, a 

study of oral squamous cell carcinomas identify a correlation between nuclear 

Bcl10 expression and poor patient outcome [26]. Nuclear staining was greatest at 

the invasive front of the tumor suggesting that nuclear localization correlates with 

tumor aggressiveness [26]. These studies suggest that Bcl10 may play a very 

important role in the nucleus that has been overlooked and that aberrant Bcl10 

nuclear localization may contribute to cellular transformation and carcinogenesis.  

 

1.2 Bcl10 localization to cryptogenic foci and the double strand break 

response 

Previous studies in our laboratory identified Bcl10 in the nucleus of breast cancer 

cells where it localizes to a small number of discrete regions enriched in 

phosphorylated histone variant, H2AX (γH2AX). γH2AX foci mediate the 

recruitment of chromatin remodeling proteins and DNA repair proteins to sites of 

DNA damage [27-38]. Interestingly, endogenous γH2AX foci are present in many 

cancer cells in the absence of induced damage and are referred to as “cryptogenic 

foci”. The function of these foci is largely unknown. It has been suggested that 

they are sites of failed DNA repair and more recently that they represent sites of 
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telomere dysfunction[39, 40]. This finding led us to investigate whether Bcl10 

would localize to active sites of DNA repair following treatment with γ-radiation.  

 

Ionizing radiation affects DNA both directly and indirectly by causing chemical 

modifications [41].  These modifications include sugar damage and base lesions 

such as apurinic/apyrimidinic sites, single strand breaks (SSB), double strand 

breaks (DSB), and clustered DNA damage [41]. In fact DNA DSB are the most 

harmful genotoxic lesions that a cell can accumulate. Therefore a cell’s course of 

action in response to this damage is very important. DNA DSB can arise through 

several processes such as DNA replication at single strand breaks, treatment with 

exogenous agents such as bleomycin, and γ-radiation, and repair of clustered 

DNA damage [42-47]. Following DSB damage, cells respond by activating 

several DNA repair pathways, cell cycle checkpoints and pro- and anti- survival 

pathways. If these processes are ineffective, cells can develop further mutations 

and chromatin aberrations [48]. In normal cells the accumulation of unrepaired 

DNA strand breaks leads to the activation of cell death pathways. However, 

cancer cells avoid these pathways, resulting in genetic instability and disease 

progression.   

 

Following the development of a DSB H2AX is rapidly phosphorylated on serine 

139 at the site of damage and accumulates to form sites referred to as γH2AX foci 

[27, 49, 50]. Accordingly, γH2AX foci are the most commonly used marker for 

DSB. H2AX is phosphorylated by the serine/threonine protein kinase, ataxia-
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telangiectasia mutated (ATM), a member of the phosphatidylinositol 3-kinase 

family (PI3-K) [51]. Under normal condition ATM is present in the nucleus as an 

inactive dimer [52, 53]. The protein phosphatase 2A (PP2A) is responsible for 

maintaining ATM in an inactive, dephosphorylated state [52, 53]. When DSB 

occur, the interaction between ATM and PP2A is disrupted in a phosphorylation-

dependent manner enabling ATM to auto-phosphorylate at a serine-1981 residue, 

dissociating the ATM dimers and releasing kinase-activated monomers, which are 

free to phosphorylate several substrates including H2AX [52-54]. These initial 

steps occur within seconds following DNA damage, to create γH2AX foci [27, 

55]. 

 

ATM is recruited to sites of damage by the MRE11-RAD50-NBS1 (MRN) 

complex [56, 57]. The MRN complex, containing a dimer of MRE11, a dimer of 

RAD50 and a monomer of NBS-1, initially recognizes the DSB and tethers the 

free DNA ends [42]. The MRE11 proteins bind the free DNA ends, while RAD50 

mediates the interaction between the two MRE11 molecules on adjacent DNA-

free ends [42, 56-59]. The NBS-1 protein interacts directly with MRE11, and 

binds ATM monomers in its carboxyl terminus resulting in the phosphorylation of 

NBS-1 and retention of ATM to maintain high levels of ATM at the damage site 

and activate ATM-dependent signaling [42, 57]. Apart from H2AX and NBS-1 

the ATM signaling cascade involves the phosphorylation of numerous other 

proteins including mediator of DNA damage checkpoint 1 (MDC1), Artemis, 

checkpoint kinase 2 (Chk2), breast cancer 1 (BRCA1), protein 53 (p53), DNA-
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PKcs kinase, and fanconi anemia complementation group 2 (FANCD2) [60, 61]. 

These proteins mediate repair, via non-homologous end joining (Artemis and 

DNA-Pkcs), and homologous recombination (FANCD2), cell-cycle arrest at 

various checkpoints (Chk2 and MDC1) and the apoptotic response (p53) [60, 61]. 

This pathway is referred to as the DSB response or the DNA damage response 

(DDR) and is reviewed in figure 1.1. 

 

Cells repair DSB through two major pathways non-homologous end joining 

(NHEJ) and homologous recombination (HR). NHEJ is the major pathway used in 

human cells, particularly in G0, G1 and early S phase[48]. Initially Ku70 and 

Ku80 heterodimers are recruited to break sites where they bind and align the free 

DNA ends [48, 62, 63]. DNA bound Ku heterodimers are then able to recruit and 

activate DNA-PK catalytic subunit kinase activity[48, 64]. Artemis along with 

DNA-PK processes the free DNA ends so that DNA ligase IV-XRCC4 complexes 

can ligate the free ends and complete repair [48, 65, 66]. Since DSB can result in 

different free DNA ends, these ends must be processed before the breaks can be 

re-ligated. Processing of DNA ends can be particularly difficult and result in 

errors in the DNA code. For this reason NHEJ is considered an error-prone 

method of repair while HR is considered error-free. Cells repair via HR during 

late S and G2 of the cell cycle [67]. HR involves processing of the free DNA ends 

to create 3’ ssDNA overhangs; the MRN complex is believed to be important for 

this processing [48, 68-70]. RAD51 with the assistance of RPA, BRCA1/BARD1,  
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Figure 1.1 The DSB response. ATM is maintained in an inactive state by the 
protein phosphatase PP2A; when a cell is exposed to DNA damaging agent such 
as γ-irradiation, DSB can occur. When this happens ATM is able to dissociate 
from PP2A and autophosphoylate itself at a serine-1981 residue, this produces 
activated monomers. At the same time the MRN complex, composed of a dimer 
of Mre11, a dimer of Rad50 and a monomer of NBS-1, is recruited to the break 
site. At the break sites Mre11 binds the free DNA end, Rad50 links the Mre11 
proteins and NBS-1 direct binds Mre11 and recruits P-ATM. The interaction 
between the MRN complex and P-ATM promotes an optimal ATM signaling 
cascade. P-ATM phosphorylates H2AX, producing γH2AX foci, and various 
other proteins which lead to repair via NHEJ or HR and the activation of cellular 
checkpoints, cell cycle arrest and apoptotic pathways.[27, 42, 49-61]  
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and BRCA2(FANCD1/DSS1) binds these overhangs and mediates DNA pairing 

and strand invasion [48, 71]. From this stage on, the specific proteins involved in 

strand extension and strand resolution are poorly understood. This is a very 

complex repair process that requires many different proteins for everything to 

occur properly. However, since this process uses the sister chromatid as a 

template it is largely error-free. The decision of which repair pathway to use is 

largely determined by the cell cycle [67].  

 

Pre-existing mutations in many of these key repair proteins have been linked to 

cancer predisposition. This is because any defects in these repair processes can 

cause mutations and genomic instability, leading to cancer development. For 

example, mutation of the breast cancer susceptibility genes BRCA1 and BRCA2 

that encode proteins involved in DNA repair, are linked to an increased risk of 

developing breast and ovarian cancer [72-74]. Not only can mutations in these 

proteins lead to cancer predisposition, cancer cells develop mechanisms to 

manipulate these pathways allowing them to become more resistant to genotoxic 

insults. For example, many cancer cells, in particular cancer stem cells, 

“hyperactivate” these repair pathways to avoid cell death [75-87]. For these 

reasons, understanding how cells recognize and repair damage is extremely 

important for the future development of cancer therapies. 

 

1.3 Cryptogenic foci and cellular senescence 

We originally identified Bcl10 in the nucleus of breast cancer cells in cryptogenic  
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foci; cryptogenic foci are thought to represent sites of failed DNA repair but may 

also result at sites of telomere dysfunction. The major cellular response to 

dysfunctional telomeres is cellular senescence, a permanent state of cell cycle 

arrest [88]. Importantly, cellular senescence is also triggered in response to 

unrepaired DNA damage [89]. It is of importance that we not only identified a 

role for Bcl10 in DNA repair but found that it protects cells from cellular 

senescence, a function associated with dysfunctional telomeres.  

 

Telomere dysfunction can occur through three main mechanisms, direct damage, 

erosion due to cell proliferation, and disruption due to defective telomere proteins 

[88]. Like DSB, telomere dysfunction can be detrimental to a cell, leading to 

chromosome break/fusion cycles, genomic instability, cellular senescence and 

even cell death [88]. Telomere dysfunction has been linked to an array of different 

human diseases including cancer. Cells respond to dysfunctional telomeres by 

triggering the DSB response, which attempts to repair the damage [89-93]. 

Whether the DSB response is triggered by genuine DSB or by shortened 

telomeres, senescence is induced through the p53 pathway [89]. p53 is continually 

degraded by the E3 ubiquitin ligase HDM2 [94-97]. Following DNA damage, p53 

is post-translationally modified by ATM and several other proteins, blocking 

HDM2-mediated degradation [94-97]. The consequent rise in p53 protein levels 

enhances p53 transcriptional activity and induces transient cell cycle arrest [89, 

94, 98]. It is not understood how cells determine whether to transiently arrest the 

cell cycle or to induce cellular senescence. 
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Cellular senescence is a very important pathway for preventing continual cell 

proliferation, especially in the presence of detrimental DNA damage. For this 

reason cancer cells must mutate or otherwise deactivate this pathway in order to 

become tumorigenic. Solidifying this idea, a number of preneoplastic cells have 

been found to maintain the ability to senesce, suggesting that this may halt the 

progression to malignant disease [89]. Nevertheless, it has been shown that 

preventing cellular senescence on its own is not sufficient to promote malignant 

transformation [89]. The majority of mutations in this pathway occur in the p53 

response, particularly in p53 itself [89]. However mutating key proteins is not the 

only way cancer cells overcome senescence; cancer cells can also help prevent 

telomere-induced senescence by up-regulating telomerase or extending telomeres 

using the ALT pathway [99, 100]. Telomerase expression or telomere elongation 

using the ALT pathway prevents senescence by maintaining telomere length so 

that they do not signal the DSB response. Cellular senescence is a very strong 

anti-tumor response yet the specific mechanisms by which cancer cells protect 

themselves from telomere and DSB-induced cellular senescence and death are 

poorly understood [39, 88]. 

 

1.4 Summary 

The only well characterized role for Bcl10 is in the activation of NF-κB signaling 

in the cytoplasm. However, numerous studies have suggested that aberrant Bcl10 

nuclear functioning may contribute to cellular transformation and carcinogenesis. 

To date, no nuclear function has been attributed to Bcl10 that explains these 
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findings. In this thesis project we investigate the novel roles of Bcl10 in the 

nucleus of breast cancer cells and identify Bcl10 as a very important anti-cancer 

target. Specifically we investigated 

i) The nuclear localization of Bcl10 to cryptogenic foci and the kinetics of 

recruitment to ionizing radiation-induced foci (IRIF) 

ii) The role of Bcl10 in radiation-induced NF-κB activation 

iii) The role of Bcl10 in the repair of radiation-induced DNA damage 

iv) Bcl10 and its role in cellular senescence 
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Chapter 2. Materials and Methods  

2.1 Cell Culture 

The human breast carcinoma cell line, T47D, was cultured in RPMI-1640 (Gibco, 

Burlington, ON), supplemented with 2 mM L-glutamine (Gibco), 10 mM HEPES 

(Gibco), 1.0 mM sodium pyruvate (Gibco), 8 µg/mL bovine insulin (Sigma, 

Oakville, ONT), 10% (v/v) fetal bovine serum (FBS) (Gibco) and 100 µg/mL 

penicillin-streptomycin (PS) (Gibco), unless otherwise stated. The human 

mammary epithelium cell line, hTERT-HME1 (obtained from ATCC, Manassas, 

VA), was cultured in Dulbecco’s Modified Eagle’s Medium: Nutrient Mixture F-

12 (DMEM/F12) supplemented with 5 mg/mL Albumin from bovine serum 

(BSA) (Sigma), 10 mM HEPES, 10 ng/mL epidermal growth factor (EGF) 

(Sigma), 10 ng/mL cholera toxin (List Biological laboratories, Campbell, CA), 10 

µg/mL bovine insulin, 500 ng/mL hydrocortisone (Sigma) and 100 µg/mL PS, 

unless otherwise stated. The human foreskin fibroblast cell line, CRL-2522 

(obtained from ATCC), was cultured in DMEM/F12 supplemented with 10% 

(v/v) FBS and 100 µg/mL PS. All the cells were grown in tissue culture dishes 

and were incubated at 37 °C and 5% CO2. 

 

2.2 Bcl10 and MALT1 knockdown 

Transient siRNA transfections were performed using lipofection. A scrambled 

siRNA or mock-transfected and a non-transfected control were included in every 

experiment. Cells were plated in the appropriate antibiotic-free medium at a 

density of ~6 x 104 cells/mL, and incubated overnight at 37°C and 5% CO2. The 



	
   	
   18	
  

following day small interfering RNA (siRNA) duplexes were diluted to the 

appropriate concentration (10-100 nM) in Opti-MEM I reduced serum medium 

(Gibco). At the same time Lipofectamine RNAiMAX (Invitrogen, Burlington, 

ON) was diluted at a ratio of 1:50 with Opti-MEM. The siRNA duplex was 

combined with the diluted Lipofectamine RNAiMAX and incubated at room 

temperature for 15 min.  siRNA-Lipofectamine complexes were then added to the 

appropriates wells containing the cells plated the previous day. For the non-

transfected control an equal volume of Opti-MEM was added to each well. Unless 

otherwise stated the cells were incubated at 37°C and 5% CO2 for 48 h. 

For Bcl10 knockdown we used a 27-mer DsiRNA Dicer-substrate siRNA duplex 

(Intergrated DNA Technologies, San Diego, CA) at a concentration of 20 nM, 

with the following sequence: 

Sense: 5’-CAAAUUCAGAUGAGAGUAAUUUCTC-3’ 

Antisense: 5’-GAGAAAUUACUCUCAUCUGAAUUUGAU-3’ 

A DS Scrambled siRNA (Integrated DNA Technologies) with a similar structure 

was employed as a mock-transfection control. 

For MALT1 knockdown we used a 25-mer StealthRNAi duplex (Invitrogen) at a 

concentration of 100 nM, with the following sequence: 

Sense: 5’-CUGCCUUUGACUCUGGGUUUACAGU-3’ 

Antisense: 5’-ACUGUAAACCCAGAGUCAAAGGCAG-3’ 

A StealthRNAi negative universal control with medium GC content (Invitrogen) 

was used as a mock-transfection control. 
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2.3 Ionizing Radiation and Bay11 Treatment 

Cells were irradiated using a 137Cs irradiator (Shepherd, San Fernando, CA) and 

were allowed to recovery at 37°C and 5% CO2 for a specified amount of time. 

Bay11-7082, referred to as Bay11 (Sigma), was dissolved in dimethyl sulfoxide 

(DMSO) (Sigma) to create a 50 mM stock solution. Bay11, diluted in media to 3.5 

µM, was added to cells two h prior to irradiation and cells were incubated at 37°C 

and 5% CO2. Control cells were treated with an equal amount of DMSO. 

 

2.4 Immunofluorescent staining 

For indirect immunofluorescent staining cells were grown on 12 mm coverslips in 

24-well plates, washed in phosphate buffer solution (PBS) and fixed in 3.7% 

formaldehyde (Sigma) in PBS for 15 min at room temperature (RT). The fixed 

cells were washed 3 times with 0.2% (w/v) BSA in PBS and then extracted in 

CSK extraction buffer (300 mM sucrose (Sigma), 10 mM PIPES (Sigma), 50 mM 

NaCl (BDH Inc., Edmonton, AB), 3 mM MgCl2 (Sigma), 0.5% (v/v) Triton X-

100 (Sigma), 1.2 mM phenylmethylsulfonyl fluroride (PMSF) (Sigma), 

0.1mg/mL DNase (Roche, Mississauga, ON), 0.1 mg/mL RNase A (Roche)) on 

ice for 5 min. The coverslips were blocked in 2% (w/v) BSA in PBS overnight at 

4°C. Following block, the coverslips were washed in 0.2% (w/v) BSA in PBS x3 

and incubated with 1:600 rabbit anti-Bcl10 (B-0431, Sigma), and/or 1:1000 

mouse anti-phospho-Histone H2A.X (JBW301, Millipore, Billerica, MA), and/or 

1:1000 mouse anti-ATM Protein Kinase pS1981 (200-301-400, Rockland, 

Gilbertsville, PA), and/or 1:50 rabbit anti-MALT1 (28246, Santa Cruz, Santa 
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Cruz, CA), and/or 1:500 mouse anti-Mre11 (214-100, Abcam, Cambridge, MA), 

and/or 1:100 mouse anti-NF-κB p65 (sc-8008, Santa Cruz), for 1 hour at RT. 

Once again the coverslips were washed in 0.2% (w/v) BSA in PBS x3 and then 

incubated with 1:100 Alexa Fluor 488 goat anti-mouse IgG (A11029, Invitrogen) 

and 1:100 Alexa Fluor 555 goat anti-rabbit IgG (A21429, Invitrogen) for 20 min 

at RT. The coverslips were rinsed with PBS and stained with 1ug/mL 4,6-

Diamidino-2-phenylindole dihydrochloride (DAPI) (Sigma) for 5 min at RT and 

then mounted onto slides using anti-fade mount. Slides were allowed to dry 

overnight and then were imaged using a Zeiss LSM 710 confocal microscope and 

a Zeiss plan-ApoChromat 40X/1.3 numerical aperture (NA) oil immersion lens. 

Images are representative of at least three separate experiments. 

 

2.5 Image Analysis 

Average nuclear intensity was measured using Metamorph (Molecular Devices 

Inc., Downington, PA). Optical sections were obtained for a minimum of 25 cells 

per experiment; a nuclear mask was created using the Dapi channel and overlaid 

onto the FITC channel where the average intensity was measured within each 

area. Graphs represent a pool of at least three separate experiments. 

    

γH2AX foci quantification was done using Imaris (Bitplane AG, Saint Paul, MN). 

Z-stacks were obtained, 0.3 µM per slice, for ~50 cells from two separate 

experiments. Images were reconstructed on a 3-demenisional scale and noise was 

subtracted using a 3x3x3 median filter. The spots function was used to count the 
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foci above a 0.5 µM size filter and a minimum intensity filter of 800, unless 

otherwise stated.  

 

2.6 Comet Assay for the detection and quantitation of DNA damage 

Cells growing in 6-well plates were washed with PBS, trypsinized with 0.25% 

Trypsin-EDTA (Gibco) and transferred to centrifuge tubes. Cells were centrifuged 

at 1000 rpm for 10 min at 4°C (Beckman GS-6KR Centrifuge), resuspended in 1 

mL ice-cold PBS and counted using a hemocytometer. Counted cells were 

centrifuged at 1000 rpm for 5 min at 4°C and resuspended at a density of 2x 105 

cells/mL in ice-cold PBS, cells were combined with molten LMAgarose 

(Trevigen, Gaithersburg, MD) at a ratio of 1:10 and 75 µl was immediately 

pipetted onto CometSlides (Trevigen).  Slides were placed at 4°C in the dark for 

20 min to allow for gelling, and then were immersed in pre-chilled lysis solution 

(Trevigen) for 30 min at 4°C. Excess buffer was gently tapped off and slides were 

immersed in freshly prepared alkaline solution pH >13 (300 mM NaOH (Fisher, 

Ottawa, ON), 1 mM Ethylenedinitrilo tetracetic Acid, Disodium salt, Dihydrate 

(EDTA) (EMD Bioscience, Gibbstown, NJ) at RT for 30 min. Prior to 

electrophoresis slides were neutralized by washing twice in 1X TBE buffer (89 

mM Tris Base (Invitrogen), 89 mM Boric Acid (EMD Bioscience, Gibbstown, 

NJ), 2 mM EDTA) for 5 min at RT. Electrophoresis was carried out in 1X TBE 

buffer at 26 V for 15 min at 4°C.  Slides were dipped in 70% Ethanol 

(Commercial Alcohols) for 5 mins at RT and then were allowed to dry overnight 

in the dark. 50 µl of SYBR green (Trevigen), diluted to 1:3000 in TE buffer (10 
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mM Tris-HCl (Sigma) pH 7.5, 1 mM EDTA), was added to each circle of dried 

agarose and slides were visualized using a Zeiss Image.Z.1 upright microscope 

with a Cooke SensiCam High performance camera and a 10X/0.3 NA Zeiss EC-

Plan-NEOFluor dry lens. At least 20 images were obtained for each treatment in a 

single experiment. Comets were analyzed using CometScore software (TriTek 

Corp., Sumerduck, VA). Each experiment was performed a minimum of three 

times and graphs were obtained by pooling the data from each experiment. 

Representative images for figures where obtained using a 20X/0.8 NA Zeiss Plan-

ApoChromat dry lens. 

 

2.7 Western Blot Analysis 

Whole cell lysates were isolated in 1X SDS sample buffer (2% w/v Sodium 

dodecyl sulfate (SDS) (Bio-rad, Mississauga, ON), 40 mM Tris pH 6.8, 7.5% v/v 

Glycerol (Invitrogen), Sodium Fluoride (Sigma), Sodium orthovanadate (Sigma), 

Phenylmethylsulfonyl fluroride (Sigma)). Just prior to electrophoresis 50 mM 

Dithiothreitol (DTT) (Sigma) and 0.1% v/v Bromophenol Blue (J.T Baker 

Chemical, Phillipsburg, NJ) was added to the samples and the samples were 

separated on either a 10% or 12% SDS-polyacrylamide gel. Proteins were 

transferred to a nitrocellulose membrane and blocked in 10% milk (Bio-rad) in 

TBST (0.1M Tris, 0.15M NaCl) for at least 30 min at room temperature. Blots 

were immunostained with primary antibody diluted in 4% BSA in TBST (Table 

1) overnight at 4°C. The primary antibody was removed, the blots were washed 

three times in TBST for 10 mins at room temperature, and 1/16000 goat anti-



	
   	
   23	
  

rabbit IgG-Peroxidase (A9169, Sigma) or 1/16000 goat anti-mouse IgG-

Peroxidase (A4416, Sigma) was added to detect the primary antibody and 

incubated for at least an hour at room temperature. Antibodies were detected 

using Amersham ECL Western Blotting Detection Reagent (GE healthcare, 

Fairfield, CT) or SuperSignal West Pico Chemiluminescent Substrate (Thermo 

Scientific, Ottawa, ON). Blots were exposed to X-ray film (Fuji medical X-ray 

film Super RX) and the films were developed using a Kodak X-omat 2000A 

processor. Relative intensity was calculated using ImageJ (NIH). Scanned blots 

were opened in ImageJ, background values were subtracted, and blots were 

inverted, each band was selected and the integrated density was measured. IκBα 

values were normalized to the actin loading control to give the final relative 

intensity values.  

 

2.8 Cell Survival 

Cells were transfected according to the above protocol. At 48 h post-transfection 

the culture medium was removed and the cells were washed with PBS and 

trypsinized. 1.5X-2X volume of complete growth media was added to stop 

trypsinization and the cells were added to a 50 mL centrifuge tube and centrifuged 

at 1000 rpm and 4°C for 5 min. Cells were kept on ice until ready to plate, 

pelleted cells are resuspended in 1 mL of growth medium. 100 µl of cells was 

added to 9.9 mL of isoton (Beckman coulter, Mississauga, ON) and the cells were 

counted using the coulter counter (Beckman coulter), at least four measurements 

were taken, the high and low value were eliminated and the average was taken of 
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the remaining two. Cells were diluted to the desired cell number (0 Gy-150 cells, 

0.2 Gy-150, 0.5 Gy-150, 1 Gy-200, 2 Gy-200, 4 Gy-500, 6 Gy-1000, 8 Gy-5000, 

10 Gy-5000), and 1 mL of cells was added to the appropriate plates containing 2.5 

mL of complete growth media. 6 replicates were plated for each treatment 

condition. Plates were incubator overnight at 37°C and 5%CO2 to allow for the 

cells to attach. The next day cells were irradiated using a 137Cs irradiator 

(Shepherd, San Fernando, CA) and then incubated for ~14 days to allow for 

colony formation. When colony were big enough to visualized by the naked eye, 

~14 days after irradiation, the medium was removed and the colonies were stained 

with crystal violet (1% crystal violet (Fisher), 30% Ethyl Alcohol) for at least 1 h 

at room temperature, the stain was removed and the plates were washed in warm 

water and allowed to dry. The colonies were counted manually and the data was 

graphed using GraphPad Prism (GraphPad software Inc., San Diego, CA). Graphs 

are an average of three separate experiments. 

 

2.9 Senescence-associated β-galactosidase 

Cells were washed twice in PBS and fixed in 3.7% formaldehyde in PBS for 15 

min at room temperature (RT). Fixed cells were washed twice with PBS and then 

freshly prepared senescence-associated β-galactosidase staining solution (1.84 

mM Citric acid (Sigma)/6.3 mM Sodium Phosphate (Sigma) pH 6.0, 150 mM 

NaCl (BDH Inc), 2 mM MgCl2 (Sigma), 5 mM Potassium Ferricyanide (EM 

Science, Gibbstown, NJ), 5 mM Potassium Ferrocyanide (EM Science), 1mg/mL 

5-Bromo-4-Chloro-3-indolyl β-D-galactopyranoside (Sigma)) was added to each 
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plate, such that the cells were completely covered. The plates were incubated at 

37°C without CO2 until staining was detectable, ~6 h for T47D cells and ~8 h for 

hTERT-HME1 cells. Plates were imaged using an Olympus microscope equipped 

with a Zeiss axiocam MRC and an Olympus UPlanFL 20X/0.50 N.A dry lens. 

Images were analyzed using Metamorph (Molecular Devices Inc.); positively 

stained cells were counted by setting a color threshold and counting cells above 

said threshold, total cell number was counted manual in Metamorph or ImageJ. 

Graphs represent a pool of at least three separate experiments. 48 h β-

galactosidase experiments represent cells 48 h post-transfection. 5-day β-

galactosidase experiments were performed by trypsinizing cells at 48 h post-

transfection and re-plating them in a p100 tissue culture dish with fresh medium 

and allowing them to grow for another 72 h. 
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Table 1. Antibodies used for western blot analysis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Antibody Dilution Company and Catalogue # 

Rabbit anti-IκBα 1/1000 Cell Signaling: 9242 

Rabbit anti-Bcl10 1/600 Sigma: B-0431 

Mouse anti-actin 1/16000 Sigma: A5441 

Rabbit anti-MALT1 1/500 Santa Cruz: sc-28246 

Mouse anti-P-ATM 1/1000 Rockland: 200-301-400 
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Chapter 3. Results 

3.1 Nuclear Bcl10 accumulates at endogenous γH2AX foci and nascent sites 

of DNA-damage  

3.1.1 Bcl10 associates with γH2AX foci in resting cells which are equivalent to 

“cryptogenic foci” 

We had observed that Bcl10 co-localizes with endogenous γH2AX foci. 

Endogenous γH2AX foci are present in many cancer cells in the absence of 

induced damage and are referred to as “cryptogenic foci”. The function of these 

foci is largely unknown, however these foci have been found to be enriched in 

DNA repair proteins, suggesting that they represent sites of failed DNA repair 

[40, 101]. To investigate whether the Bcl10 foci we observed had a similar 

composition, we used indirect immunofluorescent staining to look for the 

presence of double strand break (DSB) repair proteins. In T47D cells, we found 

that Mre11 and P-ATM co-localize with endogenous Bcl10 foci (Figure 3.0). This 

supports the concept that these Bcl10 foci are equivalent to “cryptogenic foci”. In 

the cytoplasm Bcl10 associates with MALT1. Nevertheless, MALT1 has not been 

described in nuclear foci. We stained for MALT1 and discovered that MALT1 

also localizes to these foci (Figure 3.0). 

 

3.1.2 Bcl10 is recruited to nascent sites of DNA-damage 

The observation that Bcl10 co-localizes with the DSB repair proteins, Mre11 and 

P-ATM, in the nucleus of resting T47D cells, prompted us to look at Bcl10 

localization following treatment with γ-radiation, which will induce DNA DSB.  
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Figure 3.0 Bcl10 localizes to cryptogenic foci in T47D cells. Resting T47D cells 
were fixed in 3.7% formaldehyde and immunostained, all images were 
counterstained with DAPI (blue). The top column of images shows T47D cells 
stained with mouse anti-γH2AX (FITC, green) and rabbit anti-Bcl10 (Cy3, red); 
the final frame (merge) shows that γH2AX and Bcl10 co-localize (yellow) in 
large nuclear foci. The second column shows T47D cells stained with mouse anti-
Mre11 (FITC, green) and rabbit anti-Bcl10 (Cy3, red) the final frame (merge) 
shows that Mre11 and Bcl10 co-localize (yellow). The third column shows T47D 
cells stained with mouse anti-P-ATM (FITC, green) and rabbit anti-Bcl10 (Cy3, 
red); the final frame (merge) shows that P-ATM and Bcl10 co-localize (yellow). 
The final column shows T47D cells stained with mouse anti-γH2AX (FITC, 
green) and rabbit anti-MALT1 (Cy3, red); the final frame (merge) shows that 
γH2AX and MALT1 co-localize (yellow). Images are representative of at least 3 
separate experiments.                          

DAPI !H2AX Bcl10 Merge 

DAPI Mre11 Bcl10 Merge 

DAPI P-ATM Bcl10 Merge 

DAPI !H2AX Malt1 Merge 
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We used radiation time course experiments in combination with 

immunofluorescence to study the localization of Bcl10 to DSB/IRIF. Following 

treatment with 2 Gy, in T47D cells, we observe that Bcl10 quickly co-localizes 

with γH2AX at 5 mins post-ionizing radiation (IR), by 30 min post-IR Bcl10 co-

localizes with ~100% of the γH2AX foci and then builds up and becomes more 

substantial in these foci at the later time points, 1 h, 4 h, and 8 h (Figure 3.1A). To 

verify that these sites represent radiation-induced DSB, we monitored Bcl10 co-

localization with P-ATM. Activated ATM (P-ATM) is recruited to DSB sites 

where it mediates the phosphorylation of a number of key proteins involved in 

DNA repair and cell cycle arrest [60, 61]. Therefore, P-ATM should be present at 

all DSB sites. Similar to γH2AX, we observe that Bcl10 co-localizes with P-ATM 

as early as 5 mins post-IR (Figure 3.1B). By 30 min post-IR we observe that 

Bcl10 co-localizes with ~100% of the P-ATM foci and builds up to become very 

substantial in these foci at the later time points, 1 h, 4 h, and 8 h (Figure 3.1B). 

 

3.1.3 Bcl10 recruitment to ionizing radiation-induced foci is dose-dependent  

Determining the kinetics of Bcl10 recruitment to IRIF can provide clues as to the 

function of Bcl10 at these sites. To better understand Bcl10 recruitment kinetics 

we wanted to determine if recruitment occurs in a dose-dependent manner. We 

approached this by also observing recruitment following treatment with 5 Gy. As 

shown in Figure 3.2A, Bcl10 is quickly recruited to some of the γH2AX foci at 5 

min post-IR, showing a much stronger association with the foci at 1 h post-IR and 

accumulating in the foci at 4 h and 8 h post-IR. This is different from the kinetics 
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Figure 3.1 Bcl10 is recruited to ionizing radiation-induced foci in T47D cells 
(2 Gy). T47D cells were irradiated at 2 Gy and fixed in 3.7% formaldehyde after 
5 mins, 30 mins, 1 h, 4 h, and 8 h, unirradiated cells were fixed and stained as a 
control. (A) Fixed cells were stained with mouse anti-γH2AX (FITC, green), 
rabbit anti-Bcl10 (Cy3, red), and counterstained with DAPI. (B) Fixed cells were 
stained with mouse anti-P-ATM (FITC, green), rabbit anti-Bcl10 (Cy3, red), and 
counterstained with DAPI.  
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we observed when cells were treated with 2 Gy, suggesting a dose-dependent 

response. Bcl10 and P-ATM show a much stronger association throughout the 

time course; Bcl10 co-localizes with most of the P-ATM foci at 5 mins post-IR, 

co-localizing with 100% of the foci by 30 mins post-IR and remaining strongly 

associated out until 8 h post-IR (Figure 3.2B). Bcl10 foci closely resemble P-

ATM, both in terms of the number of foci and the apparent quantity of the 

proteins in the foci at each time point (Figure 3.2B). 

 

3.1.4 Bcl10 recruitment to ionizing radiation-induced foci is a wide spread 

phenomenon that is not restricted to breast cancer cells 

In order to fully understand the role of Bcl10 in the nucleus, we wanted to 

determine if this descriptive phenomenon was an aberrant function of cancer cells 

or if it also occurred in normal human cells. Therefore, similar experiments were 

carried out in the human mammary epithelial cell line, hTERT-HME1, and the 

normal human foreskin fibroblast cell line, CRL-2522. hTERT-HME1 cells 

contain very few endogenous γH2AX/Bcl10 and P-ATM/Bcl10 foci (Figure 3.3A 

and 3.3B). We observed that following 2 Gy ionizing radiation Bcl10 is quickly 

recruited to IRIF co-localizing with 100% of the γH2AX and P-ATM foci at 30 

mins post-IR, and becoming more prominent in the foci at later time points when 

the foci reduce in number (Figure 3.3A and 3.3B). Bcl10 is also rapidly recruited 

to IRIF following 5 Gy ionizing radiation, but does not co-localize with 100% of 

the γH2AX foci until 1 h post-IR, building up in the remaining foci at 4 h and 8 h 

post-IR (Figure 3.4A). Bcl10 shows a robust association with P-ATM co- 
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Figure 3.2 Bcl10 is recruited to ionizing radiation-induced foci in T47D cells 
(5 Gy). T47D cells were irradiated at 5 Gy and fixed in 3.7% formaldehyde after 
5 mins, 30 mins, 1 h, 4 h, and 8 h, unirradiated cells were fixed and stained as a 
control. (A) Fixed cells were stained with mouse anti-γH2AX (FITC, green), 
rabbit anti-Bcl10 (Cy3, red), and counterstained with DAPI. (B) Fixed cells were 
stained with mouse anti-P-ATM (FITC, green), rabbit anti-Bcl10 (Cy3, red), and 
counterstained with DAPI.  
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Figure 3.3 Bcl10 is recruited to ionizing radiation-induced foci in hTERT-
HME1 cells (2 Gy). hTERT-HME1 cells were irradiated at 2 Gy and fixed in 
3.7% formaldehyde after 5 mins, 30 mins, 1 h, 4 h, and 8 h, unirradiated cells 
were fixed and stained as a control. (A) Fixed cells were stained with mouse anti-
γH2AX (FITC, green), rabbit anti-Bcl10 (Cy3, red), and counterstained with 
DAPI. (B) Fixed cells were stained with mouse anti-P-ATM (FITC, green), rabbit 
anti-Bcl10 (Cy3, red), and counterstained with DAPI.  
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localizing with 100% of the P-ATM foci even at 30 mins post-IR (Figure 3.4B). 

Bcl10 therefore appears to be particularly important in stabilizing foci that contain 

activated ATM. 

 

Similar to hTERT-HME1 cells, normal skin fibroblasts (CRL-2522 cells) contain 

very few endogenous γH2AX/Bcl10 and P-ATM/Bcl10 foci (Figure 3.5). In these 

cells Bcl10 is recruited to 100% of the γH2AX foci by 5 mins post-IR with 2 Gy 

and remains associated with these foci at the later time points (Figure 3.5). This 

trend is maintained when the cells are treated with 5 Gy (Figure 3.6). 

 

3.2 Bcl10 plays a minor role in radiation-induced NF-κB activation while 

MALT1 is absolutely required 

It has been extensively demonstrated that Bcl10 and MALT1 are important for 

NF-κB activation in the cytoplasm of lymphoid cells in response to various types 

of stimuli. We wanted to investigate whether Bcl10 and MALT1 are important for 

radiation-induced NF-κB activation in breast cancer cells. NF-κB proteins, such 

as p65, are held in the cytoplasm by an IκB inhibitory complex [14]. When 

activation occurs, the IκB complex is targeted for degradation and the NF-κB 

proteins are released, allowing them to translocate into the nucleus and mediate 

transcription [14]. We used RNA interference to transiently knockdown Bcl10 

and MALT1 in T47D cells (a scrambled siRNA control was included in every 

experiment) and then monitored NF-κB activation in response to radiation using 

two different approaches: i) measuring NF-κB p65 translocation from the  
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Figure 3.4 Bcl10 is recruited to ionizing radiation-induced foci in hTERT-
HME1 cells (5 Gy). hTERT-HME1 cells were irradiated at 5 Gy and fixed in 
3.7% formaldehyde after 5 mins, 30 mins, 1 h, 4 h, and 8 h, unirradiated cells 
were fixed and stained as a control. (A) Fixed cells were stained with mouse anti-
γH2AX (FITC, green), rabbit anti-Bcl10 (Cy3, red), and counterstained with 
DAPI. (B) Fixed cells were stained with mouse anti-P-ATM (FITC, green), rabbit 
anti-Bcl10 (Cy3, red), and counterstained with DAPI.  
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Figure 3.5 Bcl10 is recruited to ionizing radiation-induced foci in CRL-2522 
cells (2 Gy). CRL-2522 cells were irradiated at 2 Gy and fixed in 3.7% 
formaldehyde after 5 mins, 30 mins, 1 h, 4 h, and 8 h, unirradiated cells were 
fixed and stained as a control.Fixed cells were stained with mouse anti-γH2AX 
(FITC, green), rabbit anti-Bcl10 (Cy3, red), and counterstained with DAPI
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Figure 3.6 Bcl10 is recruited to ionizing radiation-induced foci in CRL-2522 
cells (5 Gy). CRL-2522 cells were irradiated at 5 Gy and fixed in 3.7% 
formaldehyde after 5 mins, 30 mins, 1 h, 4 h, and 8 h, unirradiated cells were 
fixed and stained as a control.Fixed cells were stained with mouse anti-γH2AX 
(FITC, green), rabbit anti-Bcl10 (Cy3, red), and counterstained with DAPI.  
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cytoplasm to the nucleus using immunofluorescence, and ii) by monitoring the 

degradation of the NF-κB inhibitory protein, IκBα, via western blot. 

 

3.2.1 Bcl10 knockdown slightly impairs radiation-induced p65 nuclear 

translocation 

T47D cells were transfected with Bcl10 siRNA and at 48 h post-transfection cells 

were subjected to 5 Gy and NF-κB p65 nuclear localization was monitored at 15, 

30, 60, 90, and 120 mins post-IR. In cells with reduced Bcl10 levels, we see a 

slight increase in nuclear p65 staining at 15 mins post-IR. This level remains 

constant at 30 and 60 mins post-IR and then decreases to levels that are similar to 

the unirradiated control at 90 and 120 mins (Figure 3.7A). In the cells transfected 

with the scrambled siRNA (Mock), we see a slight increase in nuclear p65 at 15 

and 30 mins post-IR, and then a significant increase at 60 mins with maintenance 

of these levels out to 120 mins post-IR (Figure 3.7B).  

 

The average nuclear intensity of p65 staining for ~100 cells (25 cells per 

experiment; pool of 4 separate experiments) was quantified using Metamorph. At 

all the time points, cells treated with Bcl10 siRNA have a lower average nuclear 

p65 intensity then the mock-transfected cells.  The difference in average nuclear 

p65 intensity between Bcl10 siRNA and mock-transfected cells was significantly 

different at 90 and 120 mins post-IR, as assessed by a one-tail T-test (p<0.05) 

(Figure 3.7C). 
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Figure 3.7 Bcl10 knockdown inhibits DNA damage-induced NF-κB p65 
nuclear translocation. T47D cells were transfected with Bcl10 siRNA (A) or a 
scrambled siRNA (B); 48 h post-transfection cells were exposed to 5 Gy ionizing 
radiation and fixed in 3.7% formaldehyde 15, 30, 60, 90, and 120 mins post-IR. 
Unirradiated cells were fixed as a control. Fixed cells were stained with mouse 
anti-p65 (FITC, green) and counterstained with DAPI. (C) Average nuclear p65 
intensity was measured using Metamorph. Error bars represent SEM. 
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3.2.2 Bcl10 knockdown delays radiation-induced IκBα degradation 

To confirm the p65 results, we also monitored NF-κB activation by measuring 

IκBα degradation. At 48 h post-transfection cells were irradiated at 5 Gy and the 

protein was isolated at 15, 30, 60, 90 and 120 mins post-IR and analyzed by 

western blot. As shown in Figure 3.8, cells transfected with Bcl10 siRNA 

maintain fairly constant IκBα levels until 120 mins post-IR where we begin to see 

a decrease. In comparison, the mock-transfected cells show a continual decrease 

in IκBα protein levels from the unirradiated control to 90 mins post-IR and then a 

slight increase at 120 mins (Figure 3.8). This is reflected in the relative intensity 

of the IκBα protein band normalized to the actin control (Figure 3.8). 

 

3.2.3 MALT1 knockdown significantly compromises radiation-induced p65 

nuclear translocation 

Transient knockdown of MALT1 has a more dramatic effect on NF-κB activation 

in response to irradiation than Bcl10 knockdown. Following treatment with 5 Gy, 

MALT1 siRNA transfected cells show very little p65 nuclear translocation at 15, 

30, 60, 90 and 120 mins post-IR (Figure 3.9A). In mock-transfected cells 

however, nuclear p65 levels begin to increase at 30 mins post-IR, hitting a 

maximum at 60 mins, with maintenance of these levels up to 120 mins (Figure 

3.9B). Quantitation of these images revealed that cells treated with MALT1 

siRNA have significantly lower p65 nuclear intensities than the mock-transfected 

cells at 15 (p<0.01), 30, 60, 90 and 120 mins post-IR and significantly higher 

levels in the unirradiated control (p<0.0001) (Figure 3.9C) 
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Figure 3.8 Bcl10 knockdown inhibits DNA damage-induced NF-κB IκBα 
degradation. T47D cells were transfected with Bcl10 siRNA or a scrambled 
siRNA; 48 h post-transfection cells were exposed to 5 Gy ionizing radiation and 
whole cell lysates were isolated 15, 30, 60, 90, and 120 mins post-IR. Whole cell 
lysates was isolated from unirradiated cells as a control. Samples were 
electrophoresed in a 10%, (the top two bands, IκBα and actin) or 12% (bottom 
two bands, Bcl10 and actin) SDS-polyacrylamide gel. The samples were 
transferred to a nitrocellulose membrane and immunostained with rabbit anti-
IκBα, mouse anti-actin, and rabbit anti-Bcl10. Primary antibodies were detected 
with goat anti-mouse IgG-peroxidase or goat anti-rabbit IgG-peroxidase and 
developed with Amersham ECL Western Blotting Detection Reagent. 
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Figure 3.9 MALT1 knockdown inhibits DNA damage-induced NF-κB p65 
nuclear translocation. T47D cells were transfected with MALT1 siRNA (A) or a 
scrambled siRNA (B); 48 h post-transfection cells were exposed to 5 Gy ionizing 
radiation and fixed in 3.7% formaldehyde 15, 30, 60, 90, and 120 mins post-IR. 
Unirradiated cells were fixed as a control. Fixed cells were stained with mouse 
anti-p65 (FITC, green) and counterstained with DAPI. (C) Average nuclear p65 
intensity was measured using Metamorph. Error bars represent SEM. 
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3.2.4 MALT1 knockdown inhibits radiation-induced IκBα degradation 

IκBα degradation analysis confirmed the p65 results. Mock-transfected cells begin 

to show a decrease in IκBα levels at 30 mins post-IR with 5 Gy, a further decrease 

at 60 mins and maintenance out to 120 mins (Figure 3.10).  In contrast, MALT1 

siRNA transfected cells show fairly constant IκBα levels comparable to the 

unirradiated control to 120 mins post-IR, an indication that there is no NF-κB 

activation. These observations are supported by the relative intensities of the IκBα 

protein bands normalized to the actin control (Figure 3.10). 

 

3.3 Bcl10 is required for efficient repair of radiation-induced DNA Damage  

3.3.1 Bcl10 knockdown significantly diminishes the repair of radiation-induced 

DNA damage in T47D cells 

We observed that Bcl10 plays only a minimal role in radiation-induced NF-κB 

activation, so we wanted to determine if it had an alternative function in the 

nucleus. In particular, we wanted to determine if Bcl10 is important for the repair 

of radiation-induced DNA damage. To assess this, we performed comet assays 

with electrophoresis under neutral pH, conditions that allow the detection of 

mostly DSB. With this assay, DNA damage is assessed by the amount of DNA 

present in the tails of the comets, where more DNA damage results in a higher 

percentage of DNA being present in the tail. We observed that T47D Bcl10 

siRNA transfected cells have larger comet tails at 48 h post-transfection than the 

mock-transfected and non-transfected controls prior to irradiation (Figure 3.11A). 

At 2 h post-IR with 5 Gy, all the treatments have similar length comet tails, at 4  
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Figure 3.10 MALT1 knockdown inhibits DNA damage-induced NF-κB IκBα 
degradation. T47D cells were transfected with MALT1 siRNA or a scrambled 
siRNA; 48 h post-transfection cells were exposed to 5 Gy ionizing radiation and 
whole cell lysates were isolated 15, 30, 60, 90, and 120 mins post-IR. Whole cell 
lysates was isolated from unirradiated cells as a control. Samples were 
electrophoresed in a 10%, SDS-polyacrylamide gel. The samples were transferred 
to a nitrocellulose membrane and immunostained with rabbit anti-IκBα, mouse 
anti-actin, and rabbit anti-Bcl10. Primary antibodies were detected with goat anti-
mouse IgG-peroxidase or goat anti-rabbit IgG-peroxidase and developed with 
Amersham ECL Western Blotting Detection Reagent. 
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h post-IR mock-transfected and non-transfected cells begin to show a reduction in 

tail length and by 24 h have tail lengths similar to their unirradiated controls 

(Figure 3.11A). The Bcl10 siRNA transfected cells however, show an increase in 

tail length from 2 h to 4 h and a further increase at 24 h post-IR (Figure 3.11A). 

The percent of DNA in the tail was quantified using CometScore (TriTek Corp.). 

Bcl10 siRNA treated cells have a statistically significant higher percentage of 

DNA in the tail compared to the mock and non-transfected cells in the 

unirradiated control and at 4 h and 24 h post-IR (p<0.00001) (Figure 3.11B). This 

is indicative that these cells have a repair defect, and suggests that Bcl10 is 

important for the repair of radiation-induced DNA damage. Figure 3.11C shows a 

graph of the earlier time points; for all treatments the most DNA damage is 

apparent at 0 mins post-IR, with Bcl10 siRNA-treated cells containing 

significantly more damage than mock transfected cells (p<0.05). The percent of 

DNA in the tail decreases from 0 mins post-IR to 1 h post-IR in the Bcl10 siRNA, 

mock and non-transfected cells (Figure 3.11C). 

 

Radiation causes many different types of DNA damage, the most deleterious 

being DNA DSB. We can monitor DNA DSB and their repair by quantifying 

γH2AX foci. To confirm our comet assay results, we quantified γH2AX foci in 

Bcl10 siRNA, mock siRNA and non-transfected T47D cells, by gathering Z-

stacks and using Imaris software to create 3-D reconstructions. We quantitated 

~50 cells for each time point (25 cells per experiments; pool of 2 experiments). 

Unirradiated Bcl10 siRNA-treated cells contain 1.48 γH2AX foci per nucleus, 1  
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Figure 3.11 Bcl10 knockdown inhibits the repair of radiation-induced DNA 
damage in T47D cells. T47D cells were transfected with Bcl10 siRNA or a 
scrambled siRNA, non-transfected cells were included as a control. 48 h post-
transfection cells were exposed to 5 Gy ionizing radiation and introduced into the 
comet assay 0 mins, 30 mins, 1 h, 2 h, 4 h and 24 h post-IR. Unirradiated cells 
were served as a control. (A) Images were taken using a Zeiss Image.Z.1 upright 
microscope with a Cooke SensiCam High performance camera and a 20X/0.8 NA 
Zeiss Plan-ApoChromat dry lens. (B+C) Comet tails were measured using 
CometScore. Error bars represent SEM.  
 
 
 



	
   	
   57	
  

 
 

 
 

B
cl

10
 s

iR
N

A
 

M
oc

k 

N
on

-T
 

   
   

   
   

 C
on

tro
l  

   
   

   
   

   
   

   
   

   
   

   
5 

 G
y 

2 
h 

   
   

   
   

   
   

   
   

   
   

  5
 G

y 
4 

h 
   

   
   

   
   

   
   

   
   

   
5 

G
y 

24
 h

 
A

 



	
   	
   58	
  

 
 

 
 

0 5 10
 

15
 

20
 

25
 

30
 

C
on

 
5 

G
y 

1 
h 

5 
G

y 
2 

h 
5 

G
y 

4 
h 

5 
G

y 
24

 h
 

% DNA in Tail 

B
cl

10
 s

iR
N

A
 

M
oc

k 
N

on
-T

 

* 

* 
* 

* 
* 

* 

* 
p<

 0
.0

00
01

 

B
 



	
   	
   59	
  

 
 
 

 
 
 

0 2 4 6 8 10
 

12
 

14
 

C
on

 
5 

G
y 

0 
m

in
 

5 
G

y 
30

 m
in

 
5 

G
y 

1 
h 

% DNA in Tail 

B
cl

10
 s

iR
N

A
 

M
oc

k 
N

on
-T

 

* 

* 
**

 
C

 

*p
<0

.0
00

1 
**

p<
0.

05
 



	
   	
   60	
  

h after treatment with 5 Gy 87.25 nuclear γH2AX foci are present and at 4 h post-

IR 71.98 foci are remaining (Figure 3.12A and 3.12D). Mock-transfected and 

non-transfected cells contain 5.21 and 3.10 γH2AX foci in the unirradiated 

control, 112.2 and 116.7 at 1 h post-IR and 51.7 and 57.6 at 4 h post-IR, 

respectively (Figures 3.12B, 3.12C and 3.12D). As shown in Figure 3.12D Bcl10 

siRNA-treated cells contain significantly fewer γH2AX foci than the mock and 

non-transfected cells in the unirradiated control (non-transfected p< 0.05)(mock-

transfected p<0.001) and at 1 h post-IR (p<0.001) and significantly more γH2AX 

foci at 4 h post-IR (non-transfected p<0.01)(mock-transfected p<0.001).  

 

3.3.2 NF-κB inhibition delays Bcl10 recruitment to IRIF at higher doses in T47D 

cells 

Since Bcl10 has no known functions apart from its role in the activation of NF-κB 

in the cytoplasm of lymphoid cells, it was important to determine if this new role 

in DNA repair was independent of NF-κB. To investigate this, we used the NF-κB 

inhibitor, Bay-11, which specifically blocks the degradation of IκBα. Before 

looking at repair, we examined the effect of Bay-11 treatment on the recruitment 

of Bcl10 to IRIF.  T47D cells were treated with 3.5 µM Bay-11 or DMSO 

(control) 2 h prior to irradiation and then analyzed using indirect 

immunofluorescent staining. Figure 3.13A shows that, following treatment with 2 

Gy, Bcl10 is rapidly recruited to γH2AX foci 5 mins post-IR, co-localizing with 

~100% of the foci by 30 mins and then building up in the foci at 1 h, 4 h and 8  
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Figure 3.12 Bcl10 knockdown alters γH2AX foci formation in T47D cells. 
T47D cells were transfected with Bcl10 siRNA (A) scrambled siRNA (B), or non-
transfected (C). 48 h post-transfection cells were exposed to 5 Gy ionizing 
radiation and fixed after 1 h and 4 h post-IR. Unirradiated cells were fixed as a 
control. Fixed cells were stained with mouse anti-γH2AX and counterstained with 
DAPI. Numbers represent average γH2AX foci per nuclei.  (D) Foci were 
quantified using Imaris. Error bars represent SEM. 
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h, in T47D cells treated with Bay-11. We observe the same recruitment kinetics in 

DMSO-treated cells (Figure 3.13B). Both Bay-11 and DMSO-treated cells contain 

large cryptogenic foci. We also monitored Bcl10 co-localization with P-ATM; in 

Bay-11-treated cells, we see that Bcl10 is strongly associated with P-ATM 

throughout the 2 Gy time course, co-localizing with 100% of the foci at 5 mins 

post-IR and building up at later time points (Figure 3.13C). This is also true for 

DMSO-treated cells (Figure 3.13D).  

 

To ensure that Bay-11 was effectively inhibiting NF-κB activation, we monitored 

p65 nuclear localization. As shown in figure 3.13E Bay-11 treatment inhibits p65 

nuclear localization, with p65 being completely absent from the nucleus in the 

unirradiated control and 1 h and 4 h post-IR with 2 Gy. DMSO-treated cells 

however show an increase in nuclear p65 at 1 h post-IR and then a further 

increase at 4 h (Figure 3.13F). This indicates that Bay-11 is effectively blocking 

NF-κB activation. 

 

We performed the same experiments at 5 Gy, to determine if there are any dose-

dependent responses. When we irradiated T47D Bay-11-treated cells at 5 Gy, we 

found that Bcl10 recruitment to γH2AX foci was significantly impaired; at 5 

mins, 30 mins and 1 h post-IR, we see Bcl10 present at only a couple of foci, not 

until 4 h post-IR do we see Bcl10 co-localizing with 100% of the foci and then 

building up in these foci at 8 h (Figure 3.14A). DMSO-treated cells however, 

show rapid recruitment of Bcl10 at 5 min and 30 mins post-IR, 100% co- 
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Figure 3.13 Bcl10 is recruited to ionizing radiation-induced foci in T47D cells 
treated with Bay-11 (2 Gy). T47D cells were treated with 3.5 µM Bay-11 (A, C, 
E) or DMSO (B, D, F) 2 h prior to irradiation with 2 Gy, cells were fixed after 5 
mins, 30 mins, 1 h, 4 h, and 8 h, unirradiated cells were fixed as a control. DAPI 
was used as a counterstain. (A+B) Fixed cells were stained with mouse anti-
γH2AX (FITC, green), rabbit anti-Bcl10 (Cy3, red). (C+D) Fixed cells were 
stained with mouse anti-P-ATM (FITC, green), rabbit anti-Bcl10 (Cy3, red). 
(E+F) Fixed cells were stained with mouse anti-p65 (FITC, green). 
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localization at 1 h and build-up at 4 and 8 h (Figure 3.14B). Bcl10 shows a 

slightly strongly association with P-ATM in Bay-11-treated cells, though we do 

not see 100% co-localization until 4 h post-IR (Figure 3.14C). This stronger 

association with P-ATM compared to γH2AX suggests that Bay-11 treatment may 

alter the formation of P-ATM foci. Figure 3.14D shows that in DMSO-treated 

cells Bcl10 is rapidly recruited to P-ATM foci following ionizing radiation, co-

localizing with 100% of the foci at 1 h post-IR, and becoming very abundant in 

the foci at 4 h and 8 h. 

 

Bay-11 remains an effective inhibitor at 5 Gy. The nucleus of Bay-11-treated 

T47D cells is devoid of p65 at 1 h and 4 h post-IR with 5 Gy as well as in the 

unirradiated control (Figure 3.14E). In DMSO-treated cells, we see an increase in 

nuclear p65 from the unirradiated control to 1 h post-IR with 5 Gy and then a 

further increase at 4 h post-IR (Figure 3.14D).  

 

3.3.3 NF-κB inhibition has a minimal effect on the repair of radiation-induced 

DNA damage in T47D cells 

To determine if the role of Bcl10 in DNA repair is independent of its role in NF-

κB activation, we performed comet assays’ with T47D cells treated with Bay-11 

or DMSO (control). Bay-11 unirradiated cells contain almost no DNA in the tail 

of the comets, while DMSO cells contain a more visible amount; by 2 h post-IR 

DMSO cells show a prominent increase in the amount of DNA in the tail, while 

Bay-11 cells show only a slight increase (Figure 3.15A). The amount of DNA in  
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Figure 3.14 Bcl10 recruitment to ionizing radiation-induced foci in T47D 
cells treated with Bay-11 is delayed at 5 Gy. T47D cells were treated with 3.5 
µM Bay-11 (A, C, E) or DMSO (B, D, F) 2 h prior to ionizing radiation with 5 
Gy, cells were fixed after 5 mins, 30 mins, 1 h, 4 h, and 8 h, unirradiated cells 
were fixed as a control. DAPI was used as a counterstain. (A+B) Fixed cells were 
stained with mouse anti-γH2AX (FITC, green), rabbit anti-Bcl10 (Cy3, red). 
(C+D) Fixed cells were stained with mouse anti-P-ATM (FITC, green), rabbit 
anti-Bcl10 (Cy3, red). (E+F) Fixed cells were stained with mouse anti-p65 (FITC, 
green). 
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tail begins to decrease in DMSO-treated cells at 4 h post-IR and further decreases 

at 24 h, conversely in Bay-11-treated cells this amount begins to increase at 4 h 

and further increase at 24 h post-IR (Figure 3.15A). We quantified the percent of 

DNA in the tail and found that at 1 h, 2 h, and 4 h post-IR as well as in the 

unirradiated control, DMSO-treated cells have a higher percentage of DNA in the 

tail than the Bay-11-treated cells, at 24 h however, Bay-11-treated cells have 

significantly more DNA in the tail than DMSO-treated cells (p< 0.001) (Figure 

3.15B). 

 

We also monitored DNA DSB repair by quantifying γH2AX foci. Unirradiated 

Bay-11-treated cells contain significantly fewer γH2AX foci, 10 per nuclei, 

compared to DMSO-treated cells, 22 per nuclei (Figure 3.16). At 1 h post-IR with 

5 Gy, Bay-11-treated cells contain 157 foci per nuclei while DMSO-treated cells 

contain 144 foci (Figure 3.16). By 4 h post-IR, DMSO-treated cells have 108 foci 

remaining whereas Bay-11-treated cells have 90 foci remaining (Figure 3.16). 

Indicating no repair defect in Bay-11-treated cells. 

 

3.3.4 Bcl10 knockdown significantly diminishes the repair of radiation-induced 

DNA damage in hTERT-HME1 cells 

In order to fully understand the role of Bcl10 in DNA repair, we wanted to 

determine whether this was a normal function of Bcl10 or an aberrant function in 

cancer cells, in particular breast cancer cells. To approach this, we repeated the 

same experiments in the normal breast epithelium cell line, hTERT-HME1. We  
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Figure 3.15 Bay-11 treatment slightly inhibits the repair of radiation-induced 
DNA damage in T47D cells. T47D cells were treated with Bay-11 or DMSO. 2 h 
after treatment cells were exposed to 5 Gy ionizing radiation and introduced into 
the comet assay 1 h, 2 h, 4 h and 24 h post-IR. Unirradiated cells served as a 
control. (A) Images were taken using a Zeiss Image.Z.1 upright microscope with a 
Cooke SensiCam High performance camera and a 20X/0.8 NA Zeiss Plan-
ApoChromat dry lens. (B) Comet tails were measured using CometScore. Error 
bars represent SEM. 
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Figure 3.16 Bay-11 treatment does not alter ionizing radiation-induced 
γH2AX foci formation in T47D cells. T47D cells were treated with 3.5 µM Bay-
11 or DMSO. After 2 h cells were exposed to 5 Gy ionizing radiation and fixed in 
3.7% formaldehyde 1 h and 4 h post-IR. Unirradiated cells were fixed as a 
control. Fixed cells were stained with mouse anti-γH2AX and counterstained with 
DAPI. Foci were quantified using Imaris. Error bars represent SEM. 
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first assessed DNA repair using the neutral comet assay and transient Bcl10 

knockdown. Bcl10 siRNA-treated cells have a large portion of DNA present in 

the tail of the comets in the unirradiated control compared to mock and non-

transfected comets (Figure 3.17A). By 2 h post-IR with 5 Gy, Bcl10 siRNA 

comets look very similar to mock and non-transfected comets; by 4 h post-IR, the 

amount of DNA in the tail decreases in mock and non-transfected comets, while it 

increases in Bcl10 siRNA comets (Figure 3.17A). We see a further increase in the 

amount of DNA present in the tail of Bcl10 siRNA comets at 24 h post-IR, 

whereas the mock and non-transfected comets begin to resemble their unirradiated 

controls (Figure 3.17A). Figure 3.17B shows that Bcl10 siRNA-treated cells 

contain significantly more DNA in the tail than non-transfected cells in the 

unirradiated control, at 5 Gy 1 h, 2 h, 4 h, and 24 h; while Bcl10 siRNA-treated 

cells contain significantly more DNA in the tail than mock-transfected cells in the 

unirradiated control and at 4 h and 24 h post-IR (p< 0.00001). This suggests that 

Bcl10 is important for proper DNA repair. Figure 3.17C shows a graph of the 

earlier time points; we observe that the most DNA damage occurs at 0 mins post-

IR with Bcl10 siRNA-treated cells containing significantly more DNA damage 

than non-transfected cells (p<0.001). The percent of DNA in the tail decreases 

from 0 min to 30 mins post-IR, with Bcl10 siRNA-treated cells still containing 

significantly more damage than non-transfected cells (p<0.05) (Figure 3.17C). 

The percent of DNA in the tail begins to increase at 1 h post-IR, mock transfected 

cells contain significantly more damage than Bcl10 siRNA-treated cells (p<0.05), 
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while Bcl10 siRNA transfected cells contain significantly more DNA in the tail 

than non-transfected cells (p<0.001) (Figure 3.17C). 

 

We also assessed DNA DSB repair by quantifying γH2AX foci in Bcl10 siRNA, 

mock and non-transfected cells. Unirradiated Bcl10 siRNA-treated cells have an 

average of 0.72 foci per nucleus, by 1 h post-IR with 5  Gy, these cells have 46.2 

foci, and then by 4 h post-IR they contain 25.1 γH2AX foci (Figure 3.18A). As 

shown in figure 3.18B, mock-transfected cells contain 1.15, 40.3, and 27.8 foci 

per nucleus in the unirradiated control, at 1 h post-IR, and 4 h post-IR, 

respectively. Finally, non-transfected cells possess  0.90 foci in the unirradiated 

control,  52.6 foci at 1 h post-IR, and 29.1 foci at 4 h post-IR (Figure 3.18C). 

Figure 3.18D shows that there is no significant difference in the average number 

of γH2AX in Bcl10 siRNA-treated cells, mock and non-transfected cells in the 

unirradiated control, at 1 h post-IR or at 4 h post-IR. 

 

3.3.5 NF-κB inhibition does not alter Bcl10 recruitment to IRIF in hTERT-HME1 

cells 

Once again, we used the NF-κB inhibitor, Bay-11, to determine if the role of 

Bcl10 in DNA repair is independent of NF-κB. Initially, we looked at the effect of 

Bay-11 treatment on the recruitment of Bcl10 to IRIF. Following 2 Gy irradiation 

to Bay-11-treated hTERT-HME1 cells, we observed that Bcl10 is rapidly 

recruited to γH2AX foci, co-localizing with 100% of the foci by 30 mins post-IR; 

at the later time points, 1 h, 4 h, and 8 h post-IR, Bcl10 builds up in the foci, as  
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Figure 3.17 Bcl10 knockdown inhibits the repair of radiation-induced DNA 
damage in hTERT-HME1 cells. hTERT-HME1 cells were transfected with 
Bcl10 siRNA or a scrambled siRNA, non-transfected cells were included as a 
control. 48 h post-transfection cells were exposed to 5 Gy ionizing radiation and 
introduced into the comet assay 0 mins, 30 mins 1 h, 2 h, 4 h and 24 h post-IR. 
Unirradiated cells served as a control. (A) Images were taken using a Zeiss 
Image.Z.1 upright microscope with a Cooke SensiCam High performance camera 
and a 20X/0.8 NA Zeiss Plan-ApoChromat dry lens. (B+C) Comet tails were 
measured using CometScore. Error bars represent SEM. (C) Graph represents an 
average of two separate experiments. 
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Figure 3.18 Bcl10 knockdown does not alter γH2AX foci formation in 
hTERT-HME1 cells. hTERT-HME1 cells were transfected with Bcl10 siRNA 
(A) scrambled siRNA (B) or non-transfected (C). 48 h post-transfection cells were 
exposed to 5 Gy ionizing radiation and fixed after 1 h and 4 h. Unirradiated cells 
were fixed as a control. Fixed cells were stained with mouse anti-γH2AX and 
counterstained with DAPI. Numbers represent average γH2AX foci per nuclei. 
(D) Foci were quantified using Imaris. Error bars represent SEM. 
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the foci themselves grow in size and reduce in number (Figure 3.19A). This is 

also what we observe in DMSO-treated hTERT-HME1 cells (Figure 3.19B). We 

also observed that unirradiated hTERT-HME1 cells contain almost no cryptogenic 

foci (Figure 3.19 A and B). Like we previously observed in T47D cells, Bcl10 has 

a very strong association with P-ATM following 2 Gy irradiation, such that Bcl10 

co-localizes with 100% of the P-ATM foci by 5 min post-IR and remains strongly 

associated at 30 mins, 1 h, 4 h, and 8 h, in both Bay-11 (C) and DMSO (D) treated 

cells (Figure 3.19 C and D). Figure 3.19 E shows that Bay-11 treatment 

effectively inhibits p65 nuclear translocation, p65 is largely absent from the 

nucleus at 1 h and 4 h post-IR, as well as in the unirradiated control, whereas with 

DMSO treatment we see an increase in nuclear p65 staining from the unirradiated 

control to 1 h post-IR and then a further increase by 4 h post-IR (Figure 3.19F). 

This indicates that Bay-11 is able to inhibit NF-κB activation induced by 2 Gy. 

 

To determine if there are any dose-dependent responses, we repeated the same 

experiments at 5 Gy. Bcl10 recruitment to γH2AX foci is slower at 5 Gy; by 5 

mins post-IR we see some Bcl10 recruitment to γH2AX foci, not until 1 h post-IR 

do we see ~ 100% co-localization, with the association between Bcl10 and 

γH2AX getting stronger at later time points, this is true for both Bay-11 (A) and 

DMSO (B) treated hTERT-HME1 cells (Figure 3.20 A and B). As shown in 

figure 3.20 C and D Bcl10 has a very robust relationship with P-ATM; in Bay-11 

(C) and DMSO (D) treated cells, we see that Bcl10 is rapidly recruited to P-ATM  
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Figure 3.19 Bcl10 is recruited to ionizing radiation-induced foci in hTERT-
HME1 cells treated with Bay-11 (2 Gy). hTERT-HME1 cells were treated with 
3.5 µM Bay-11 (A, C, E) or DMSO (B, D, F) 2 h prior to ionizing radiation with 2 
Gy, cells were fixed after 5 mins, 30 mins, 1 h, 4 h, and 8 h, unirradiated cells 
were fixed as a control. DAPI was used as a counterstain. (A+B) Fixed cells were 
stained with mouse anti-γH2AX (FITC, green), rabbit anti-Bcl10 (Cy3, red). 
(C+D) Fixed cells were stained with mouse anti-P-ATM (FITC, green), rabbit 
anti-Bcl10 (Cy3, red). (E+F) Fixed cells were stained with mouse anti-p65 (FITC, 
green). 
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foci at 5 and 30 mins post-IR, co-localizing with the majority of P-ATM foci by 

30 mins and 100% of the foci by 1 h post-IR and building up in the foci at 4 and 8 

h post-IR. To ensure that Bay-11 is successfully blocking NF-κB activation, we 

monitored p65 nuclear translocation. In Bay-11-treated cells, we see almost no 

nuclear p65 in the unirradiated control and at 1 h and 4 h post-IR (Figure 3.20E). 

In DMSO-treated cells however, we see a similar amount of nuclear p65 in the 

unirradiated control and at 1 h post-IR and then an increase in nuclear p65 at 4 h 

post-IR (Figure 3.20F). Indicating that Bay-11 is effectively blocking NF-κB 

activation. 

 

3.3.6 NF-κB inhibition has no effect on the repair of radiation-induced DNA 

damage in hTERT-HME1 cells 

Comet assays were performed to assess DNA repair in Bay-11 and DMSO-treated 

hTERT-HME1 cells. Figure 3.21A shows that Bay-11 and DMSO-treated cells 

have similar tail lengths in the unirradiated control and at 2, 4, and 24 h post-IR 

with 5 Gy. Quantification of the percent of DNA in the tail revealed that there is 

no significant difference between Bay-11-treated cells and DMSO-treated cells at 

all time points (Figure 3.21B). Similarly, there is no significant difference in the 

number of γH2AX foci in Bay-11 and DMSO-treated cells in the unirradiated 

control, and at 1 h and 4 h post-IR (Figure 3.22). Bay-11-treated cells contain 

0.56,  57.9 and 27.0 γH2AX foci per nucleus in the unirradiated control, at 1 h 

post-IR and 4 h post-IR, respectively. While DMSO-treated cells contain 0.18,  
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Figure 3.20 Bcl10 is recruited to ionizing radiation-induced foci in hTERT-
HME1 cells treated with Bay-11 (5 Gy). hTERT-HME1 cells were treated with 
3.5 µM Bay-11 (A, C, E) or DMSO (B, D, F) 2 h prior to irradiation with 5 Gy, 
cells were fixed after 5 mins, 30 mins, 1 h, 4 h, and 8 h, unirradiated cells were 
fixed as a control. DAPI was used as a counterstain. (A+B) Fixed cells were 
stained with mouse anti-γH2AX (FITC, green), rabbit anti-Bcl10 (Cy3, red). 
(C+D) Fixed cells were stained with mouse anti-P-ATM (FITC, green), rabbit 
anti-Bcl10 (Cy3, red). (E+F) Fixed cells were stained with mouse anti-p65 (FITC, 
green). 
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Figure 3.21 Bay-11 treatment does not alter the repair of radiation-induced 
DNA damage in hTERT-HME1 cells. hTERT-HME1 cells were treated with 
Bay-11 or DMSO. Two hours after treatment, cells were exposed to 5 Gy ionizing 
radiation and introduced into the comet assay 1 h, 2 h, 4 h and 24 h post-IR. 
Unirradiated cells served as a control. (A) Images were taken using a Zeiss 
Image.Z.1 upright microscope with a Cooke SensiCam High performance camera 
and a 20X/0.8 NA Zeiss Plan-ApoChromat dry lens. (B) Comet tails were 
measured using CometScore. Error bars represent SEM. 
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Figure 3.22 Bay-11 treatment does not alter γH2AX foci formation in 
hTERT-HME1 cells. hTERT-HME1 cells were treated with 3.5 µM Bay-11 or 
DMSO. After 2 h, cells were exposed to 5 Gy ionizing radiation and fixed in 3.7% 
formaldehyde 1 h and 4 h post-IR. Unirradiated cells were fixed as a control. 
Fixed cells were stained with mouse anti-γH2AX and counterstained with DAPI. 
Foci were quantified using Imaris. Error bars represent SEM. 
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63.3 and 22.9 foci per nucleus in the unirradiated control, at 1 h post-IR and 4 h 

post-IR, respectively.  

 

3.4 Bcl10 protects breast cancer cells from cellular senescence  

There is a lot of controversy over the function and origins of cryptogenic foci. 

Recently, it has been published that a proportion of cryptogenic foci in cancer 

cells associate with dysfunctional telomeres [39]. Dysfunctional telomeres and 

severe DNA damage, in particular DSB, have been linked to the induction of 

cellular senescence [89, 102]. Since we have observed that Bcl10 co-localizes to 

cryptogenic foci and has an important role in the repair of radiation-induced DNA 

damage, we wanted to investigate whether Bcl10 also plays a role in cellular 

senescence. 

 

3.4.1 Bcl10 knockdown results in the collapse of cryptogenic foci while MALT1 

has no effect 

Using transient transfection in combination with indirect immunofluorescent 

staining, we examined whether Bcl10 knockdown has any effect on cryptogenic 

foci. When we looked at T47D cells 48 h post-transfection, we noticed that cells 

treated with Bcl10 siRNA have almost no cryptogenic foci, while foci are still 

present in mock-transfected cells (Figure 3.23A). Figure 3.23B shows that Bcl10 

siRNA transfected cells contain significantly fewer γH2AX foci than mock-

transfected cells (p< 0.001). The western blot in figure 3.23C shows that Bcl10 

levels are efficiently reduced. To investigate how Bcl10 knockdown effects cell 
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survival and radio-sensitivity, we performed cell survival experiments. We 

observe that Bcl10 knockdown prior to irradiation causes ~2.4-fold decrease in 

survival, this decrease is maintained until 4 Gy where it increases to ~3-fold and 

continues to further increase out to 10 Gy where we see a ~5.9-fold decrease in 

survival compared to mock-transfected cells (Figure 3.24). This suggests that 

Bcl10 knockdown drastically reduces breast cancer cell survival and radio-

sensitivity.  

 

Apart from Bcl10, we also observed that MALT1, a Bcl10 interacting protein, co-

localizes to cryptogenic foci, so we wanted to determine if MALT1 knockdown 

would have a similar effect. MALT1 knockdown, unlike Bcl10 knockdown, 

appears to have no effect on cryptogenic foci; when we look at cells 48 h post-

transfection, we see that MALT1 siRNA-treated cells still have Bcl10/γH2AX 

foci like mock-transfected cells however, MALT1 is absent from these foci 

(Figure 3.25A). Quantification of the γH2AX foci revealed that there is no 

significant difference in the number of foci present in MALT1 siRNA transfected 

cells compared to mock-transfected cells (Figure 3.25B). Figure 3.25C shows that 

MALT1 siRNA sufficiently reduces MALT1 protein levels. Cell survival 

experiments reveal that MALT1 knockdown increases T47D cell radio-sensitivity, 

starting at 2 Gy, where we see a ~2 fold decrease in survival, out to 10 Gy where 

we see a ~3.7 fold decrease in survival compared to mock-transfected cells 

(Figure 3.26). 
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Figure 3.23 Bcl10 knockdown disrupts cryptogenic foci. T47D cells were 
transfected with Bcl10 siRNA or scrambled siRNA (mock). 48 h after transfection 
cells were: (A) Fixed and stained with mouse anti-γH2AX (FITC, green) and 
rabbit anti-Bcl10 (Cy3, red), and counterstained with DAPI. (B) Foci were 
quantified using Imaris. Error bar represent SEM. (C) Whole cell lysates were 
isolated and separated on a 12% SDS-polyacrylamide gel. The samples were 
transferred to a nitrocellulose membrane and immunostained with mouse anti-
actin, and rabbit anti-Bcl10. Primary antibodies were detected with goat anti-
mouse IgG-peroxidase or goat anti-rabbit IgG-peroxidase and developed with 
Amersham ECL Western Blotting Detection Reagent. 
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Figure 3.24 Bcl10 knockdown impairs T47D cell survival. T47D cells were 
transfected with Bcl10 siRNA or a scrambled siRNA, non-transfected cells were 
included as a control. 48 h post-transfection cells were counted, diluted to the 
desired cell numbers and re-plated, six replicates were plated for each treatment 
condition. The following day plates were irradiated at 0.2, 0.5, 1, 2, 4, 6, 8, or 10 
Gy and incubated at 37°C and 5% CO2 for 14 days, unirradiated cells were 
included as a control. Plates were then stained with crystal violet and the colonies 
were manually counted. Error bars represent SEM.  
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Figure 3.25 MALT1 knockdown does not disrupt cryptogenic foci. T47D cells 
were transfected with MALT1 siRNA or scrambled siRNA (mock). 48 h after 
transfection cells were: (A) Fixed and stained with mouse anti-γH2AX (FITC, 
green) and rabbit anti-Bcl10 (Cy3, red), or rabbit anti-MALT1 (Cy3, red) and 
counterstained with DAPI. (B) Foci were quantified using Imaris. Error bars 
represent SEM. (C) Whole cell lysates were isolated and separated on a 10% 
SDS-polyacrylamide gel. The samples were transferred to a nitrocellulose 
membrane and immunostained with mouse anti-actin, and rabbit anti-MALT1. 
Primary antibodies were detected with goat anti-mouse IgG-peroxidase or goat 
anti-rabbit IgG-peroxidase and developed with Amersham ECL Western Blotting 
Detection Reagent. 
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Figure 3.26 MALT1 knockdown increases radio-sensitivity in T47D cells. 
T47D cells were transfected with MALT1 siRNA or a scrambled siRNA, non-
transfected cells were included as a control. 48 h post-transfection cells were 
counted, diluted to the desired cell numbers and re-plated. Six replicates were 
plated for each treatment condition. The following day plates were irradiated at 
0.2, 0.5, 1, 2, 4, 6, 8, or 10 Gy and incubated at 37°C and 5% CO2 for 14 days, 
unirradiated cells were included as a control. Plates were then stained with crystal 
violet and the colonies were manually counted. Error bars represent SEM.  
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We also compared the number of cryptogenic foci present in breast cancer cells, 

T47D, to the number present in normal breast epithelial cells that have been 

immortalized with telomerase, hTERT-HME1. We found that hTERT-HME1 

cells contain very few cryptogenic foci compared to T47D cells (Figure 3.27A). 

Quantification of these results revealed that this difference is statistically 

significant (Figure 3.27B). 

 

3.4.2 Bcl10 knockdown induces cellular senescence in T47D cells 

Since we observed that Bcl10 knockdown drastically decreases T47D cell 

survival, we wanted to determine if this was attributed to cellular senescence. To 

achieve this, we used transient transfection in combination with a senescence-

associated β-galactosidase (SA-β-gal) assay. With this assay, senescent cells are 

identified by the appearance of a blue color in the cytoplasm. We first looked at 

senescence in T47D cells 48 h after transfection and found that more Bcl10 

siRNA transfected cells were senescent (SA-β-gal positive), compared to mock 

and non-transfected cells (Figure 3.28A). Figure 3.28B shows that significantly 

more Bcl10 siRNA transfected cells stain positive for SA-β-gal compared to mock 

and non-transfect cells (p< 0.05). To verify this phenotype, we passaged cells 48 h 

after transfection and allowed them to grow for another 72 h before performing 

the SA-β-gal staining (5 days post-transfection). We observed that, at 5 days post-

transfection, the majority of Bcl10 siRNA transfected cells stain positive, while 

only a minor proportion of mock and non-transfected cells appear  
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Figure 3.27 hTERT-HME1 cells contain very few cryptogenic foci compared 
to T47D cells. hTERT-HME1 and T47D cells were: (A) Fixed and stained with 
mouse anti-γH2AX (FITC, green) and rabbit anti-Bcl10 (Cy3, red) and 
counterstained with DAPI. (B) Foci were quantified using Imaris. Error bar 
represent SEM.  
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Figure 3.28 Bcl10 knockdown induces cellular senescence in T47D cells (48 
h). T47D cells were transfected with Bcl10 siRNA, scrambled siRNA (mock), or 
non-transfected. 48 h after transfection, cells were fixed and stained for SA-β-
galactosidase. (A) Cells were imaged using an Olympus microscope equipped 
with a Zeiss axiocam MRC and an Olympus UPlanFL 20X/0.50 N.A dry lens. (B) 
Images were analyzed using Metamorph. Error bars represent SEM.  
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positive, we also noted that mock and non-transfected cells are more confluent 

than Bcl10 siRNA cells (Figure 3.29A). Significantly more Bcl10 siRNA 

transfected cells stain positive for SA-β-gal than mock and non-transfected cells 

(Figure 3.29B). When we combine the 48 h and the 5 day data we find that there 

is a significant increase, 23% to 55%, in the number of senescent cells in the 

Bcl10 siRNA transfected population, while there is only a slight increase, 5% to 

10%, in mock-transfected cells, and no change, 3.9% to 4.0%, in non-transfected 

cells (Figure 3.29C).  

 

3.4.3 Bcl10 knockdown enhances DNA damage-induced cellular senescence in 

hTERT-HME1 cells 

Since hTERT-HME1 cells are a normal cell line that is immortalized with 

telomerase, we made the assumption that they have functional telomeres. 

Therefore we decided to use this cell line to assess the role of Bcl10 in DNA-

damage induced cellular senescence. hTERT-HME1 cells were transfected and at 

48 h post-transfection, cells were irradiated at 5 Gy and allowed to recover for 

another 72 h before SA-β-gal staining; unirradiated cells plated and transfected at 

the same time serve as a control. Figure 3.30A shows that Bcl10 knockdown 

alone slightly increases the number of positive SA-β-gal cells compared to the 

mock and non-transfected cells. Irradiation at 5 Gy further increases the number 

of positive SA-β-gal cells in the Bcl10 siRNA population but appears to have a 

minimal effect on the mock and non-transfected cells (Figure 3.30B). 

Quantification revealed that significantly more Bcl10 siRNA transfected control 
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cells stain positive than mock and non-transfected control cells, this is also true 

for cells irradiated at 5 Gy (p<0.01) (Figure 3.30C). Furthermore, there is a 

significant increase in SA-β-gal staining from Bcl10 siRNA control cells to Bcl10 

siRNA cells irradiated at 5 Gy (p<0.01). 
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Figure 3.29 Bcl10 knockdown induces cellular senescence in T47D cells (5 
day). T47D cells were transfected with Bcl10 siRNA, scrambled siRNA (mock), 
or non-transfected. 48 h after transfection cells were passaged into a p100 cell 
culture dish and allowed to grow for another 72 h. Cells were then fixed and 
stained for SA-β-galactosidase. (A) Cells were imaged using an Olympus 
microscope equipped with a Zeiss axiocam MRC and an Olympus UPlanFL 
20X/0.50 N.A dry lens. (B) Images were analyzed using Metamorph. Error bars 
represent SEM. (C) Graph of 48 h and 5 day data. Error bars represent SEM. 
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Figure 3.30 Bcl10 knockdown induces cellular senescence in hTERT-HME1 
cells following 5 Gy irradiation. hTERT-HME1 cells were transfected with 
Bcl10 siRNA, scrambled siRNA (mock), or non-transfected. 48 h after 
transfection cells were irradiated at 5 Gy and allowed to recover for another 72 h. 
Cells plated and transfected at the same time served as a control (A). Cells were 
then fixed and stained for SA-β-galactosidase. (A+B) Cells were imaged using an 
Olympus microscope equipped with a Zeiss axiocam MRC and an Olympus 
UPlanFL 20X/0.50 N.A dry lens. (C) Images were analyzed using Metamorph. 
Error bars represent SEM.  
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Chapter 4. Discussion 

Bcl10 has been largely investigated for its role in NF-κB activation, a process that 

occurs in the cytoplasm of lymphoid cells. However, nuclear localization of Bcl10 

has been linked with more aggressive lymphoid tumors and poor patient outcome 

suggesting that Bcl10 performs additional functions in the nucleus that are linked 

to cancer progression [25, 26]. In our study, we investigated the role of Bcl10 in 

the nucleus of breast cancer cells with the hope of better understanding functions 

performed by Bcl10 outside the lymphatic system. We first identified Bcl10 in the 

nucleus of breast cancer cells where it localized to a small number of large nuclear 

foci enriched in γH2AX and DNA repair proteins known as “cryptogenic foci”. 

Since Bcl10 had not previously been associated with γH2AX in the nucleus, this 

finding raised an intriguing question: “Could Bcl10 contribute to DNA repair?”, a 

question that established the framework for the rest of the project. From here we 

investigated Bcl10 sub-cellular localization in response to treatment with two 

different doses of γ-radiation, 2 Gy and 5 Gy, and found that Bcl10 is rapidly 

recruited to IRIF in a dose-dependent manner. To help determine the role of 

Bcl10 in IRIF, we first asked whether Bcl10 was required for radiation-induced 

NF-κB activation and found that Bcl10 plays only a minimal role. Next, we 

looked at DNA repair and found that Bcl10 has a profound and unexpected role in 

the repair of radiation-induced DNA damage, which was largely independent of 

NF-κB. To determine if this function of Bcl10 was specific for breast cancer cells, 

we performed similar experiments in immortalized normal breast epithelial cells 

and observed that Bcl10 also localized to IRIF and was required for efficient 
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DNA repair. Since DNA damage is usually lethal to normal cells but not to cancer 

cells, we asked whether Bcl10 had any influence on cell survival. To our surprise, 

we found that Bcl10 knockdown alone was sufficient to induce cellular 

senescence in breast cancer cells yet had a minimal effect on normal breast 

epithelial cells. The work in this thesis therefore identifies several novel roles for 

Bcl10 in the nucleus and provides evidence that Bcl10 maybe an important anti-

cancer target. The nuclear roles of Bcl10 are summarized in Figure 4.0 

 

4.1 Bcl10 plays a minor role in radiation-induced NF-κB activation, while 

MALT1 is absolutely required 

DNA damage-induced NF-κB activation is an important pro-survival response 

allowing cells time to repair their DNA by inducing genes associated with cell 

survival [11, 103]. If the DNA is not repaired the cells die. In normal cells, this is 

an advantageous response. However, cancer cells have evolved mechanisms that 

manipulate this response to ensure their continued survival even in the presence of 

unrepaired DNA damage. This poses a significant clinical problem since cancer 

patients treated with genotoxic agents that induce DSB often evolve chemo and 

radio-resistance to treatment. Chemo and radio-resistance of tumors has been 

linked to the specific pro-survival pathways induced by activation of NF-κB 

signaling in response to DSB [104]. Yet, the mechanisms linking DSB to NF-κB 

activation and to the pro-survival phenotype are poorly understood. Since Bcl10 is 

recognized to play an important role in the activation of NF-κB in the cytoplasm, 

we initially hypothesized that Bcl10 might be acting as a signal transducer linking  



	
   	
   126	
  

Figure 4.0 Novel roles of Bcl10 in the nucleus. In the nucleus of resting breast 
cancer cells, Bcl10 is present in discrete foci containing γH2AX, P-ATM, Mre11 
and MALT1. The accumulation of proteins at these sites blocks telomere and 
DNA-damage induced senescence. Following treatment with γ-radiation, two 
things occur 1) Bcl10 and MALT1 complexes exit the nucleus and are recruited to 
and activate the IKK complex. Active IKK complex dissociates from 
Bcl10/MALT1 complexes, and phosphorylates the IκB complex targeting it for 
degradation. Degradation of the IκB complex releases NF-κB dimers, which 
translocate into the nucleus and promote transcription.[10, 19, 23, 24] 2) ATM 
dissociates from PP2A and autophosphorylates itself at a serine-1981 residue, 
producing activated monomers. At the same time the MRN complex, composed of 
a dimer of Mre11, a dimer of Rad50 and a monomer of NBS-1, is recruited to the 
break site. At the break sites, Mre11 binds the free DNA end, Rad50 links the 
Mre11 proteins and NBS-1 directly binds Mre11 and recruits P-ATM. The 
interaction between the MRN complex and P-ATM promotes an optimal ATM 
signaling cascade. P-ATM phosphorylates H2AX, producing γH2AX foci, and 
various other proteins which lead to repair via NHEJ or HR and the activation of 
cellular checkpoints, cell cycle arrest and apoptotic pathways [27, 42, 49-61]. 
Bcl10 is rapidly recruited to these γH2AX foci, where it plays an important role in 
the repair process.   
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DNA damage in the nucleus to cytoplasmic activation of NF-κB. Here we provide 

evidence that although Bcl10 and MALT1 contribute to such a function, the major 

role of Bcl10 appears to be in DNA repair. 

 

MALT1 is a paracaspase protein containing an amino-terminal death domain, two 

Ig-like domains, and a carboxy terminal caspase-like domain [10]. In the 

cytoplasm, association of MALT1 with Bcl10 is required for NF-κB activation 

[105]. Here we found that in contrast to Bcl10, knockdown of MALT1 severely 

impairs the activation of NF-κB in response to irradiation. The association of 

Bcl10 with MALT1 has been extensively investigated. It was originally thought 

that only a small 13 amino acid motif (MALT1 motif) in Bcl10 was important for 

Bcl10 interaction with the MALT1 Ig-like domain [106]. However, a study by 

Langel et al. determined that the area required for interaction is much larger than 

this 13 amino acid region [105]. They found that in addition to the MALT1 motif 

interacting with the Ig-like domain, the C-terminal portion of the CARD domain 

interacts with the MALT1 death domain to stabilize the interaction [105]. This is 

of particular interest because it is only the second reported case of a CARD/death 

domain interaction [105]. Apart from these structural interaction domains, 

MALT1 also contains a C-terminal nuclear export signal (NES) that mediates 

nuclear cytoplasmic shuttling [107]. Not only can MALT1 mediate its’ own 

subcellular localization, it has also been shown to mediate Bcl10 nuclear export 

[107]. This suggests a possible mechanism for Bcl10/MALT1 mediated NF-κB 

activation in response to DNA damage. We hypothesized that following treatment 
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with γ-radiation, Bcl10 could be recruited to DSB sites or in resting cells 

“cryptogenic foci”, where it acts as a damage sensor. At these sites, MALT1 

might bind Bcl10 to form complexes that are exported to cytoplasm, where they 

interact with the IKK complex resulting in degradation of the IκB complex and 

the release of NF-κB dimers, which are then free to translocate into the nucleus 

and activate transcription. Here we provide strong evidence that MALT1 plays a 

major role in linking radiation-induced DSB in the nucleus to NF-κB activation in 

the cytoplasm. 

 

Numerous studies provide evidence that in lymphoid cells MALT1 acts 

downstream of Bcl10, and cannot induce NF-κB activation on its own [10]. In fact 

mutations that disrupt the interaction between MALT1 and Bcl10 abolish NF-κB 

activation [105]. How can we reconcile our observation that MALT1 knockdown 

impairs NF-κB activation following irradiation while Bcl10 knockdown has only 

a negligible effect? In the cytoplasm, the interaction between Bcl10 and MALT1 

promotes MALT1 oligomerization resulting in IKK activation [19, 23, 24].  Our 

results indicate that the availability of MALT1 maybe the limiting factor. If the 

amount of Bcl10 exceeds that of MALT1 then when we reduce Bcl10 protein 

levels there would still be sufficient Bcl10 to interact with MALT1, promote its 

oligomerization and activate NF-κB (Figure 4.1). Conversely, if we reduce 

MALT1 protein levels we might expect to severely impair NF-κB activation 

(Figure 4.1).  
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Figure 4.1 MALT1 protein levels are the limiting factor in Bcl10/MALT1 
mediated NF-κB activation. In order to active NF-κB Bcl10 and MALT1 must 
form these activating complexes, which have a stoichiometric ratio of 3:1 MALT1 
molecules:Bcl10 molecules. Under normal conditions (first panel) there is plenty 
of Bcl10 and MALT1 present to form these complexes, therefore NF-κB 
activation occurs normally. When we reduce Bcl10 protein levels (second panel) 
we slightly decrease the number of active complexes causing a slight decrease in 
NF-κB activation. Finally, when we reduce MALT1 protein levels (third panel) 
we drastically decrease, by half, the number of active complexes formed and 
consequently drastically decrease NF-κB activation. 
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NF-κB activation in response to DSB has been linked to chemo and radio-

resistance [104]. Our results are interesting because they suggest for the first time 

that MALT1 would be an effective target for the treatment of chemo- and radio-

resistant tumors. Small molecule inhibitors of MALT1 might therefore be used in 

combination with radiation to significantly reduce the development of radio-

resistance. 

 

4.2 Nuclear Bcl10 accumulates at endogenous γH2AX foci and nascent sites 

of DNA-damage  

4.2.1 Bcl10 is recruited to ionizing radiation-induced foci, nascent sites of DNA 

damage, in a dose-dependent manner 

A number of proteins are recruited to IRIF, including DNA repair, cell cycle 

checkpoint and pro- and anti-survival proteins [60, 61]. Every protein that is 

recruited to IRIF has a distinct role, determining the kinetics of protein 

recruitment to these foci can provide clues as to their function. We observed that 

Bcl10 co-localizes with the DNA repair proteins, P-ATM and Mre11, and the NF-

κB adaptor protein MALT1, in preformed foci in the nuclei of resting breast 

cancer cells. This prompted us to examine whether Bcl10 would be recruited to de 

novo radiation-induced DSB. To investigate this, we performed radiation time 

course experiments and monitored Bcl10 recruitment using indirect 

immunofluorescent staining. When breast cancer cells were irradiated at 2 Gy, we 

observed that Bcl10 was rapidly recruited to IRIF and strongly co-localized with 

γH2AX and P-ATM early in the time course (5 mins, 30 mins post-IR). In 
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contrast, we were unable to detect MALT1 recruitment to IRIF (supplementary 

figure 1 and 2) suggesting that Bcl10 may perform a function at the foci that is 

independent of its role in NF-κB activation. However, it must be borne in mind 

that MALT1 levels appear limiting and that it may therefore be difficult to 

visualize MALT1 when it is dispersed among multiple foci. When we increased 

the ionizing radiation dose to 5 Gy, we observed that Bcl10 was still recruited to 

IRIF, however the response appeared to be delayed and we did not observe strong 

co-localization of Bcl10 with γH2AX and P-ATM until later time points, when 

the foci were reduced in number (1 h, 4 h post-IR). Since Bcl10 protein levels are 

unlikely to change significantly over this time period, it seems probable that the 

detection of Bcl10 at sites of DNA damage reflect the overall number and size of 

these foci. 

 

Since the visualization of proteins by indirect immunofluorescent staining is 

restricted by sensitivity, it is probable that staining must cross a threshold before 

we can observe it. Consequently, it is likely that Bcl10 must reach a critical 

concentration at break sites in order for us to see it. Our results could be explained 

by assuming that there is sufficient Bcl10 in the nucleus to associate with the 

number of DSB induced by 2 Gy but not by 5 Gy. Thus, Bcl10 build up would be 

most evident at later time-points when most of the easily repaired DSB have been 

repaired. These findings propose that the stoichiometric composition of Bcl10 foci 

varies at different doses and times after irradiation. By exploring the role of Bcl10 
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at these IRIF, we can gain some insight into why we see these recruitment 

kinetics.  

 

4.2.2 Bcl10 recruitment to ionizing radiation-induced foci is a wide spread 

phenomenon that is not restricted to breast cancer cells 

In order to fully understand the role of Bcl10 in the nucleus, it was important for 

us to determine if this descriptive phenomenon was an aberrant function of cancer 

cells or if it also occurred in normal human cells. To approach this question, we 

performed parallel radiation time course experiments on normal breast epithelial 

cells and on normal human foreskin fibroblasts. These revealed that Bcl10 is 

recruited to IRIF in normal cells with similar kinetics to those we observed in 

breast cancer cells suggesting that the phenomenon is widespread and not 

restricted to cancer cells. 

 

4.2.3 Concluding Remarks 

It is possible that Bcl10 builds up at later time points because it is especially 

important for late repair processes. Additionally, there may be something 

structurally and functionally different about the later foci that requires more 

Bcl10. Finally, its likely that DNA damage that is not easily repaired will 

accumulate more Bcl10 simply because there are fewer foci. Either way, the 

recruitment of Bcl10 to IRIF implies that it has an important function at these 

sites; we had already determined that Bcl10 plays only a minimal role in 

radiation-induced NF-κB activation, therefore we wanted to investigate whether 
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localization to IRIF pointed to a role in the repair of radiation-induced DNA 

damage. 

 

4.3 Bcl10 is required for efficient repair of radiation-induced DNA Damage 

4.3.1 Bcl10 knockdown significantly diminishes the repair of radiation-induced 

DNA damage in T47D and hTERT-HME1 cells 

Using a neutral comet assay to measure DNA repair, we found that both T47D 

and hTERT-HME1 cells require Bcl10 to efficiently repair radiation-induced 

DNA damage. In both cell lines, we observed that Bcl10 knockdown results in a 

significant increase in DNA damage at 4 h and 24 h post-IR. We also observed an 

increase in DNA damage in Bcl10 knockdown unirradiated controls. This was 

unexpected but likely indicates that Bcl10 contributes to the repair of endogenous 

DNA damage. The increase in DNA damage attributable to Bcl10 knockdown 

was most evident at later time points following irradiation indicating that Bcl10 

plays a critical role in the repair of radiation-induced DNA damage. To confirm 

these results, we quantified the effect of Bcl10 knockdown on the number of 

γH2AX foci induced by irradiation in T47D cells and found that cells deficient in 

Bcl10 have more γH2AX foci remaining at 4 h post-IR than the controls.. In 

contrast, we found that although Bcl10 knockdown in hTERT-HME1 cells 

reduced DNA repair it did not appear to influence the number of γH2AX foci. 

This could reflect a difference in the types of lesions in transformed and non-

transformed cells. 
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Radiation treatment causes an array of different types of DNA damage including 

sugar damage, apurinic/apyrimidinic sites, single strand breaks (SSB), base 

lesions, double strand breaks (DSB), and clustered DNA damage [41]. Clustered 

DNA damage is defined as “two or more lesions formed within 1-2 helical turns 

of DNA by a single radiation track” [41]. These lesions can be any combination of 

DNA damage.  Consequently the repair of these clustered DNA lesions is difficult 

and complex [47]. Repair of clustered DNA lesion can give rise to DSB as a 

consequence of the repair process, for example if base excision repair was to 

occur on two opposing lesions three or more nucleotides apart a DSB would be 

formed [47, 108, 109]. One could deduce that this would give rise to DSB at later 

time points post-IR such as 2 or 4 h. A large proportion, 50-80%, of the DNA 

damage induced by ionizing radiation is attributed to clustered DNA lesions [47, 

110, 111]. If Bcl10 is important for the repair of these later formed complex DSB, 

it would explain why we see a significant repair defect at 4 and 24 h post-IR. In 

normal cells the repair of these lesions would be complete by this time. This also 

explains why in the mock and non-transfected cells we see an increase in DNA 

damage from 1 h to 2 h post-IR, as this is presumably when these complex DSB 

would be arising. Not only does this explain the repair defect that we see it also 

justifies the recruitment kinetics that we observe, with Bcl10 showing a stronger 

association with foci at later time-points, these later foci representing complex 

DSB. The exact role Bcl10 plays in DNA repair is not understood but there are at 

least two major possibilities: 
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1) The DNA within a cell is extensively packaged; DNA packaged along with 

histone proteins forms what is known as chromatin [112, 113]. Chromatin 

undergoes further packaging to give rise to chromosomes. When DSB occur, the 

chromatin in and around break sites is remodeled in order to allow for efficient 

repair. This remodeling often occurs through the post-translational modification 

of core histones, such as phosphorylation of H2AX [27, 112]. Besides 

phosphorylation, histones are also modified by ubiquitylation. Following the 

development of DSB, H2AX is rapidly phosphorylated by ATM, giving rise to 

γH2AX foci [27, 55]. These γH2AX foci are recognized by a protein, MDC1, this 

interaction not only protects γH2AX from phosphatases it also promotes a 

positive ATM feedback loop [114-122]. More notably, this interaction has been 

found to be important for the recruitment of 53BP1 and BRCA1, a protein 

important for signaling cell cycle checkpoints and repair via HR and NHEJ [122-

133]. Recruitment of these proteins to MDC1 is thought to occur through a 

ubiquitin dependent pathway, the specifics of which are not well understood 

[122]. The E3 ubiquitin ligase RNF8 has an FHA domain that recognizes and 

binds proteins phosphorylated within a “TQXF” motif, such as MDC1, which is 

phosphorylated by ATM [122, 134-136]. RNF8 along with UBC13, a ubiquitin 

conjugating protein, are recruited to γH2AX-MDC1 sites where they mediate the 

ubiquitylation of histones H2A and H2AX [122, 134, 136, 137].These 

ubiquitinated histones then recruit RNF168, another E3 ubiquitin ligase, which 

results in further ubiquitylation and the recruitment of BRCA1 and other proteins 

[122, 134, 136, 137]. This pathway represents a very important regulatory 
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pathway for monitoring DNA lesions in which ubiquitylation has a prominent role 

[122].  

 

Cytoplasmic Bcl10 is important for the activation of the NF-κB pathway in 

response to various types of stimuli. In this pathway, Bcl10 plays a critical role in 

the ubiquitylation of IKKγ [19]. Furthermore, Bcl10 must interact with a 

paracaspase, such as MALT1, and form a complex with UBC13-MMS2 in order 

for ubiquitylation to occur [19]. It is entirely possible that Bcl10 plays a similar 

role in the nucleus where it is involved in the ubiquitylation of histones. This 

would explain the DNA repair defect that we observe when we knockdown Bcl10 

in breast cancer and normal breast epithelial cells.  

 

When we treat cells with 5 Gy, we observe that throughout the entire time course 

Bcl10 has a stronger association with P-ATM than with γH2AX. The fact that 

Bcl10 recruitment to IRIF is very similar to P-ATM suggests that Bcl10 interacts 

directly with P-ATM and might even be a target of ATM phosphorylation. 

Interestingly, ATM phosphorylates proteins within a minimum consensus “S/TQ” 

amino acid motif and upon examination of the Bcl10 amino acid sequence we 

identified a “TQ” amino acid motif at residue 91, that is a potential target for 

ATM phosphorylation [138] . We have preliminary evidence to support such a 

phosphorylation event. When we treated T47D cells with the PP2A inhibitor, 

okadaic acid, we observed an upward shift in the molecular weight of Bcl10 

indicative of a post-translational modification (supplementary figure 3). However, 
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a large-scale proteomics screen failed to identify Bcl10 as an ATM/ATR target 

protein [139]. The “TQ” motif that we identified is part of a larger “TQXF” motif, 

which is a target for interaction with the RNF8 FHA domain [122, 134-136]. This 

suggests a model for the involvement of Bcl10 in DNA repair. We speculate that 

Bcl10 is rapidly recruited to IRIF where ATM is localized. ATM may 

phosphorylate Bcl10 in its  “TQXF” motif, which then recruits RNF8-UBC13 

promoting the ubiquitylation of H2A and H2AX, and the subsequent recruitment 

of repair proteins like BRCA1. An interesting possibility is that complex breaks 

that are more difficult to repair have an increased requirement for Bcl10. 

 

2) It is accepted that actin is present in the nucleus of eukaryotic cells, even 

though F-actin is extremely difficult to visualize [140]. In order for DNA repair 

proteins to gain access to break sites, chromatin has to be opened up or otherwise 

remodeled [51]. To ensure the integrity of the chromatin and proper repair some 

type of support structure needs to be in place [141, 142]. Recent work has shown 

that nuclear actin plays a critical role in DNA DSB repair, by providing such a 

framework [141, 142]. Interestingly, Bcl10 has been implicated in TCR and 

FcγR-induced actin polymerization in lymphocytes [20]. Furthermore, Bcl10 can 

oligomerize through its CARD domain to form large molecular complexes. It is 

possible therefore that Bcl10 is recruited to IRIF where it oligomerizes and 

promotes actin polymerization. One might predict that this would create a strong 

scaffolding network, like a spiderweb, that would stabilize break sites and serve 

as a platform for the recruitment of repair proteins. Break sites that are more 
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difficult to repair such as those present at later time points, in transformed cells, 

would likely require more stabilization and the accumulation of Bcl10. Bcl10 may 

therefore play a basic role in DNA repair, from the earliest to the most persistent 

lesions. However, Bcl10 may also play an additional role by helping cancer cells 

with irreparable DNA lesions avoid cell cycle arrest. These two theories about the 

role of Bcl10 in DNA repair are not mutually exclusive and if verified would 

indicate Bcl10 plays a fundamental role in tumorigenesis. 

 

4.3.2 NF-κB inhibition has a minimal effect on the repair of radiation-induced 

DNA damage in T47D cells and no effect on repair in hTERT-HME1 cells 

Our observations indicate the role of Bcl10 in DNA repair is largely independent 

of NF-κB. However, we did find that Bcl10 recruitment to IRIF following higher 

doses of γ-radiation is reduced in cells treated with NF-κB inhibitors, suggesting 

that NF-κB could exert a positive feedback role. Alternatively, this could be due 

to off target effects of the NF-κB inhibitor. A lot of cancer cells constitutively 

express NF-κB in order to gain survival advantages [143]. This explains the DNA 

damage we observe in Bay11-treated T47D cells. At 24 h post-IR, we see 

significantly more DNA damage in the Bay11-treated cells than the DMSO 

control cells, which can be attributed to DNA fragmentation induced by apoptosis. 

These cells become apoptotic because they are highly dependent on NF-κB to 

promote their survival. This also explains why we see a recruitment delay in the 

T47D cells but not in the hTERT-HME1 cells, the T47D cells simply have a 

higher NF-κB requirement and therefore a higher Bcl10 requirement.  
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4.3.3 Concluding Remarks 

Understanding how cells recognize and repair DNA damage is extremely 

important for the future development of cancer therapies. We have evidence to 

suggest that Bcl10 plays an important role in the repair of radiation-induced DNA 

damage, in particular complex DNA lesions, independent of NF-κB. This 

identifies Bcl10 as an intriguing anti-cancer target, especially if used in 

combination with other genotoxic therapies. In order to fully understand the anti-

cancer effects of inhibiting Bcl10 function, we investigated the effect of Bcl10 

knockdown on cell fate. 

 

4.4 Bcl10 protects breast cancer cells from cellular senescence  

4.4.1.Bcl10 knockdown results in the collapse of cryptogenic foci and induced 

cellular senescence in T47D cells 

Senescence is a general response to DNA damage, whether it is DSB and/or 

dysfunctional telomeres, therefore genetic and epigenetic events that avert 

senescence are necessary for malignant transformation [89, 144]. The exact 

mechanisms that induce or trigger cellular senescence are poorly understood. We 

originally identified Bcl10 in cryptogenic foci, which are thought to be sites of 

failed DSB repair and/or sites of telomere dysfunction. Normal breast epithelial 

cells are largely devoid of these foci, while breast cancer cells contain numerous 

large foci. We found that Bcl10 knockdown resulted in the disappearance of 

cryptogenic foci and induced significant levels of cellular senescence in breast 

cancer cells. This not only indicates that Bcl10 is important for protecting these 
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cells from senescence, but that it is important for stabilizing these foci. 

Furthermore, we observed that senescence induced by Bcl10 knockdown is 

maintained through cell passage indicating that it is a permanent state and not just 

temporary cell cycle arrest, this is also reflected in the cell survival curve. An 

intriguing possibility is that the ability of Bcl10 to stabilize cryptogenic foci may 

be linked to its ability to protect breast cancer cells from senescence. 

 

4.4.2 Bcl10 knockdown enhances DNA damage-induced cellular senescence in 

hTERT-HME1 cells 

Since hTERT-HME1 cells are normal breast epithelial cells immortalized with 

telomerase, they have functional telomeres. We therefore used this cell line to 

determine whether Bcl10 is important for DSB-induced senescence. We observed 

that Bcl10 knockdown in these cells significantly increases DNA damage-induced 

cellular senescence. However, the amount of cellular senescence induced by 

Bcl10 knockdown in hTERT-HME1 cells treated with 5 Gy (~21%) is 

considerably lower than senescence induced in T47D cells treated with Bcl10 

siRNA alone (~60%). This suggests that Bcl10 may play a greater role in 

protecting cells from telomere-induced senescence than DNA damage-induced 

senescence. 

 

4.4.3 Concluding Remarks 

In normal cells, signaling from unrepaired DSB foci and γH2AX foci associated 

with dysfunctional telomeres induces cellular senescence through a p53-
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dependent pathway [91, 92, 145, 146]. Specifically, p53 is activated by ATM and 

signals cellular senescence through the upregulation of p21, a cell cycle regulator 

protein that mediates the activity of cyclin-dependent kinases [90, 147]. Our 

findings are contradictory to this mechanism; instead of a build up of DNA repair 

proteins (γH2AX, P-ATM) at these sites signaling senescence, we find it is the 

removal of these proteins, via Bcl10 knockdown, that signals senescence. It is 

difficult to envision how cancer cells utilize this pathway to prevent cellular 

senescence, yet there is one possible explanation. A recent study has identified 

that p21 can be upregulated through a p53-independent mechanism in response to 

the destabilization of the nuclear actin cytoskeleton [147]. As was previously 

discussed, Bcl10 is know to regulate actin polymerization in the cytoplasm, if a 

similar pathway exists in the nucleus you could infer that Bcl10 knockdown 

would destabilize actin resulting in the upregulation of p21 and the induction of 

cellular senescence [20, 90, 147]. 

 

4.5 Conclusions 

In conclusion, our evidence identifies novel roles for Bcl10 in the nucleus. We 

show for the first time that Bcl10 is a major constituent of γH2AX foci and 

provide evidence linking Bcl10 to the repair of radiation-induced DNA damage 

and in particular complex DSB. Although, we provide evidence that Bcl10 plays a 

minimal role in the activation of NF-κB in response to DNA damage, we 

conclude that its role in DNA repair is independent of NF-κB. We observed that 

MALT1 knockdown severely impairs radiation-induced NF-κB activation and 
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consequently makes cells more radiosensitive. This suggests that MALT1 would 

be an effective therapeutic target for the treatment of radio-resistant tumors. We 

show that Bcl10 protects breast cancer cells from telomere and DNA damage-

induced senescence and have evidence suggesting Bcl10 may play a greater role 

in telomere-induced senescence than in DNA damage-induced senescence. Bcl10 

may therefore function differently at IRIF and at cryptogenic foci, congruent with 

our observation that MALT1 is present in cryptogenic foci and not IRIF.  

 

The majority of current cancer therapies, including radiation and 

chemotherapeutics, aim to overwhelm cancer cells with genotoxic lesions and 

induce apoptosis. The problem with these types of therapies is two-fold, 1) these 

therapies do not selectively target cancer cells and 2) cancer cells often have 

dysfunctional apoptotic pathways. If we could improve these therapies by 

selectively targeting cancer cells and inducing other cell death pathways such as 

senescence, we could overcome some of the obstacles. In this thesis project, we 

provided evidence to identify Bcl10 as a very promising therapeutic target for the 

treatment of breast cancer.  

 

4.6 Future Directions 

In order to better understand the role of Bcl10 in the nucleus, it would be 

beneficial to perform a mutagenesis screen. I suggest performing two different 

mutagenesis screens, a random screen and a site directed screen. With the random 

screen, we would hope to gain information about what parts of the protein are 
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important for recruitment to IRIF and DNA repair. Furthermore, if we can 

identify which amino acids are critical for DNA repair, we can use this mutant to 

determine if Bcl10 is important for histone ubiquitylation. With a site directed 

mutagenesis screen, the plan would be to mutate the “TQXF” motif in Bcl10 in 

order to determine if Bcl10 is phosphorylated by P-ATM. To investigate whether 

nuclear Bcl10 is important for polymerizing actin, we would mutate the serine-

138 residue, which has been shown to be critical for Bcl10-mediated actin 

polymerization [20]. To further understand how post-translational modifications 

play a role, it would be valuable to perform an in vitro phosphorylation assay, 

initially with ATM as the kinase and then ATR and DNA-PK. To help unravel 

more about the role of Bcl10 in cellular senescence, a protein-DNA telomere 

FISH assay should be performed. This will tell us what proportion of Bcl10 

cryptogenic foci co-localize with telomeres. This along with the mutagenesis data 

will hopefully give us a better idea how Bcl10 mediates cellular senescence. 

These are the key experiments that would further the preliminary evidence 

presented in this thesis. 
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Chapter 6. Appendix/Supplementary Figures 

6.1 Malt1 is not recruited to IRIF 

6.1.1 Materials and Methods 

T47D cells were grown as described in materials and methods section 2.1. Cells 

were immunostained as described in materials and methods section 2.4. Cells 

were stained with 1:1000 mouse anti-phospho-Histone H2A.X (JBW301, 

Millipore, Billerica, MA), and 1:50 rabbit anti-MALT1 (28246, Santa Cruz, Santa 

Cruz, CA). 

 

6.1.2 Results 

We used radiation time course experiments in combination with 

immunofluorescence to study the localization of MALT1 to DSB/IRIF. Following 

treatment with 2 Gy, in T47D cells, we observe that MALT1 is not recruited to 

IRIF until 8 h post-IR when we observe a small amount of co-localization 

(supplementary figure 1A). Supplementary figure 1B shows that MALT1 is not 

recruited to IRIF at any time point following treatment with 5 Gy. However, at 

some time points, we do observe intense MALT1 staining that is adjacent to the 

γH2AX foci. To verify these results similar experiments were carried out in the 

human mammary epithelial cell line, hTERT-HME1 cells. Supplementary figure 

2A and B reveal that MALT1 is not recruited to IRIF following treatment with 2 

Gy (A) or 5 Gy (B) except for a small amount of co-localization with γH2AX at 8 

h post-IR. 
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Supplementary Figure 1. MALT1 is not recruited to ionizing radiation-
induced foci in T47D cells. T47D cells were irradiated at 2 Gy (A) or 5 Gy (B) 
and fixed in 3.7% formaldehyde after 5 mins, 30 mins, 1 h, 4 h, and 8 h, 
unirradiated cells were fixed and stained as a control. (A) Fixed cells were stained 
with mouse anti-γH2AX (FITC, green), rabbit anti-MALT1 (Cy3, red), and 
counterstained with DAPI. Images are representative of at least two separate 
experiments. 
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Supplementary Figure 2. MALT1 is not recruited to ionizing radiation-
induced foci in hTERT-HME1. hTERT-HME1 cells were irradiated at 2 Gy (A) 
or 5 Gy (B) and fixed in 3.7% formaldehyde after 5 mins, 30 mins, 1 h, 4 h, and 8 
h, unirradiated cells were fixed and stained as a control. (A) Fixed cells were 
stained with mouse anti-γH2AX (FITC, green), rabbit anti-MALT1 (Cy3, red), 
and counterstained with DAPI. Images are representative of at least two separate 
experiments. 
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6.2 Bcl10 is a potential target for P-ATM mediated phosphorylation 

6.2.1 Materials and Methods 

T47D cells were grown as described in materials and methods section 2.1. Cells 

were plated in 6-well cell culture dishes at a density of 20-25 x 104 cells/mL, and 

allowed to attach overnight. The next day cells were treated with 0.5 µM okadaic 

acid (100 µM stock), diluted in growth medium, for 30, 60, 90, and 120 min prior 

to protein isolation. Protein from untreated cells was isolated as a control. Cells 

were rinsed with 4-5 mL of cold PBS and then 160 µl of RIPA buffer (50 mM 

Tris-HCL pH 7.5 (Sigma, Oakville, ONT),150 mM NaCl (BDH Inc., Edmonton, 

AB) 1% NP-40 (Sigma), 0.5% sodium deoxycholate (Sigma), 0.1% SDS (Bio-rad, 

Mississauga, ON)) plus protease and phosphatase inhibitors (Roche, Mississauga, 

ON) was added to each well and the plates were incubated on ice for 5 mins. 

Following incubation, lysates were vigorously scraped from the dish with a clean 

cell scraper and transferred to an eppendorf tube. On ice lysates were repeatedly 

syringed through a 21G needle and then centrifuged at top speed for 10 mins at 

4°C. Western blot analysis was then carried out as described in materials and 

methods section 2.7. With the exeption that samples were run on a 6% and 10% 

SDS-polyacrylamide gel. 

 

6.2.2 Results 

We monitored phosphorylation by western blot analysis. Okadaic acid selectively 

inhibits that phosphatase PP2A, allowing ATM to auto-phosphorylate itself 

producing kinase active monomers. These monomers are then able to 
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phosphorylate ATM target proteins. Therefore to determine if Bcl10 is a target for 

ATM phosphorylation we treated T47D cells with okadaic acid for various 

lengths of time. After 90 mins of treatment we begin to observe phosphorylated 

ATM, these levels are further amplified at 120 mins (supplementary figure 3). 

Similarly at 90 mins we begin to see an upward shift in the Bcl10 band (indicated 

by arrow), and by 120 mins we see smearing of this band indicative of change in 

molecular weight (supplementary figure 3). In this case this change in molecular 

weight is likely due to a phosphorylation event. The actin band serves as a loading 

control (supplementary figure 3).  
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Supplementary Figure 3. Bcl10 is a target for phosphorylation. T47D cells 
were treated with 0.5 µM okadaic acid and protein was isolated after 30, 60, 90, 
and 120 mins. Protein from untreated cells was isolated as a control. Samples 
were electrophoresed in a 6% (top blot, P-ATM) or 10% (bottom two blots, Bcl10 
and Actin) SDS-polyacrylamide gel. The samples were transferred to a 
nitrocellulose membrane and immunostained with mouse anti-P-ATM, mouse 
anti-actin, and rabbit anti-Bcl10. Primary antibodies were detected with goat anti-
mouse IgG-peroxidase or goat anti-rabbit IgG-peroxidase and developed with 
Amersham ECL Western Blotting Detection Reagent. Arrow points to the specific 
Bcl10 protein band. This blot is representative of a single experiment. 
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