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Abstract 

Title of Dissertation:  Characterizing the relationship between the DNA repair proteins in 

the Classical NHEJ and the ALT NHEJ pathways and investigating the role of homeobox 

genes in abnormal DNA repair in breast cancer 

Parth Sawhney, Master of Science, 2012  

Dissertation Directed by:   Feyruz Rassool Ph.D.,  

Associate Professor, 

Department of Radiation Oncology 

 

Cancer cells, including the sporadic breast cancers, often show defects in DNA double 

strand break (DSB) repair that can lead to accumulation of genomic aberrations. 

However, mechanisms leading to these defects are not well understood. Recent studies in 

Rassool lab have showed that relative to non-tumorigenic cells, estrogen receptor- and 

progesterone receptor-negative (ER/PR-) breast cancer cells have reduced state levels of 

Ku70, a component of the classical non-homologous end-joining (C-NHEJ) pathway.  

However, components of the highly error-prone alternative NHEJ (ALT NHEJ) pathway, 

PARP1 and DNA Ligase III, are increased. The study also found that downregulation of 

Ku70 in ER/PR+ MCF7 cells leads to an upregulation of ALT NHEJ proteins. Herein, we 

have conducted preliminary studies to determine the mechanisms that regulate the switch 

between C-NHEJ and ALT NHEJ. To determine whether the expression of ALT NHEJ 

proteins is inversely correlated to more than one component of C-NHEJ, we generated 

individual transient knockdown (KD) of Ku70 and XRCC4 in MCF7 cells. Whereas 

Ku70 KD resulted in an increase in steady state levels of ALT NHEJ components, no 

significant changes were observed following XRCC4 KD, suggesting that this is a Ku-

specific effect.  We also investigated the role of homeobox family of transcription 

factors, particularly HOXB7, in enhancing C-NHEJ, or ALT-NHEJ, or both pathways. A 



 
 

 
 

recent study has indicated an important role of HOXB7 in regulating C-NHEJ activity by 

functional interaction with Ku70. Our in vivo plasmid-based NHEJ repair assay in 

ER/PR- SKBR3, generated for overexpression of HOXB7 (SKBR3-B7), revealed that 

these cells have a 2-fold increase in NHEJ repair efficiency as compared to vector-

transfected cells (SKBR3-Vec). However, sequencing of repair junctions revealed no 

significant changes in size of deletions and occurrence of microhomologies at the break 

sites of repaired plasmids between SKBR3-B7 and SKBR3-Vec cells. These results 

suggest that although HOXB7 increases the repair capacity, it is not a critical regulator in 

dictating fate between C-NHEJ and ALT-NHEJ. In order to provide insights into 

pathways that lead to genomic instability, further studies are required to establish whether 

HOXB7 is indeed a master regulator of activity of both C-NHEJ and ALT NHEJ 

pathways. 
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CHAPTER I: BACKGROUND 

 

Introduction 

 

Breast cancer is a malignant tumor that has developed from cells in the breast.  The 

majority of breast cancers occur in postmenopausal women with 75% of these tumors 

being estrogen-dependent as defined by estrogen receptor (ER) positivity (Jordan and 

Brodie, 2007). Tamoxifen, an anti-estrogen, has been the mainstay of treatment for 

hormone-dependent breast cancers. However, recent clinical trials have shown that 

inhibitors of aromatase, an enzyme that catalyzes the last steps of estrogen biosynthesis 

from androgens, may be more effective than tamoxifen in treating hormone-dependent 

breast cancers in postmenopausal women. Unfortunately, resistance to both these 

endocrine therapies is inevitable in metastatic breast cancer (Macedo et al., 2009). For the 

approximately 30% of breast cancers that are ER negative (ER-), very few therapeutic 

options are available (Naderi et al., 2011). Thus, there is a compelling need to develop 

more effective therapies for breast cancer patients with acquired anti-estrogen resistance 

in addition to those with intrinsic resistance to anti-estrogen therapies.  

 Approximately 10% of all cases of breast cancer exhibit a familial pattern of 

incidence. Germline mutations in breast cancer 1 and breast cancer 2, early onset (i.e. 

BRCA1 and BRCA2 genes) account for 20-60% of breast cancer cases in families where 

multiple individuals are affected (∼2-6% of all cases) (Nathanson et al., 2001). The 

tumors in inherited breast cancer that result from loss of either BRCA1 or BRCA2 

function have a defect in the homologous recombination (HR) repair of replication-
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associated double-strand breaks (DSBs) (Marshall and Solomon, 2007). HR is critical in 

ensuring an error-free mechanism of DSB repair during replication. Thus, a defect in HR 

in the BRCA negative tumors not only underlies the numerous chromosomal 

rearrangements in these cells but also results in their hypersensitivity to inhibitors of poly 

(ADP-ribose) polymerase 1 (PARP) that generate replication-associated DSBs by 

inhibiting the repair of DNA single-strand breaks (McCabe et al., 2006; Venkitaraman, 

2002). Based on these pre-clinical studies, potent and specific inhibitors of PARP were 

developed and are currently being evaluated in clinical trials as therapeutic agents for 

inherited forms of breast and ovarian cancer (Bryant et al., 2005; Farmer et al., 2005).   

The promising initial results with PARP inhibitors have stimulated interest in 

DNA repair proteins as therapeutic targets and the characterization of DNA repair defects 

in sporadic cancers that lack the ER alpha (ERα) receptor or have become resistant to 

tamoxifen.  While genomic instability, including chromosomal abnormalities, is a 

characteristic of both hereditary and sporadic breast cancers (Venkitaraman, 2002), little 

is known about DSB repair in these breast cancer subtypes and whether indeed these 

pathways are abnormal.  

Evidence suggests that chromosomal abnormalities in breast cancer characterized 

by BRCA2 defects are generated through other error-prone repair pathways (Fig. 1), 

including another DSB repair pathway that joins DSBs directly, i.e. classical DNA 

protein kinase (DNA-PK)-dependent non-homologous end joining (C-NHEJ) repair 

(Venkitaraman, 2002). 
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Figure 1. Chromosomal Instability through inappropriate DNA DSB Repair (A–D) 

An example of spontaneous chromosomal instability in BRCA2-deficient murine cells. A 

typical metaphase spread is shown in the largest panel, with aberrations in the U shaped 

normal mouse chromosomes enlarged on the right. Abbreviations are as follows: Ctb, 

chromatid break; Tr, triradial; and Qr, quadriradial. E) DSB repair in BRCA-deficient 

cells is routed down error-prone pathways because the preferred pathway, error-free HR, 

is not functional. BRCA1 deficiency may also compromise SSA. (Adapted from: 

Venkitaraman, 2002)  

 

C-NHEJ, which is initiated by DNA-PK catalytic subunit (DNA-PKcs) binding to the 

ends of a DSB, is the main DSB repair pathway used in mammalian cells and results in 

small DNA sequence errors. However, recent studies have identified an alternative form 

of non-homologous end-joining (ALT NHEJ) that that is much more error-prone than 

classical mechanisms. The hallmark features of the ALT NHEJ pathway are larger 
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deletions and insertions, longer tracts of microhomology (microhomologies refer to at 

least 2 or more than 2 homologous base pair sequences on both the strands that are used 

to align the broken strands before joining) and a much higher frequency of chromosomal 

translocations compared with DNA PK-dependent NHEJ (Nussenzweig and 

Nussenzweig, 2007). A number of DNA repair proteins, including PARP1, MRN, WRN 

and DNA ligase IIIα/XRCC1 (Audebert et al., 2008; Wang et al., 2006; Sallmyr et al., 

2008; Deriano et al., 2009; Wang et al., 2005; Dinkelmann et al., 2009; Xie et al., 2009; 

Rass et al., 2009) have been implicated in ALT NHEJ, but the mechanisms and 

regulation of this repair pathway or pathways are poorly defined. Although ALT NHEJ is 

a relatively minor pathway in normal cells, there is emerging evidence that this pathway 

is upregulated whereas the DNA-PK-dependent pathway is downregulated in a 

significant fraction of cancers (Chen et al., 2008; Fan et al., 2010; Sallmyr et al., 2008). 

Since 50–75% of sporadic breast cancers exhibit loss of heterozygosity of a number of 

chromosomal regions, it is likely that ALT NHEJ plays a role in generating chromosomal 

abnormalities in breast cancers. These studies suggest that, while genomic instability 

generated by ALT NHEJ may drive disease progression, ALT NHEJ may be a cancer 

cell-specific therapeutic target.  

In a recent study in the Rassool lab, Tobin et al examined the ALT NHEJ pathway in 

breast cancer (Tobin et al., 2012). Notably, the steady state levels of PARP1 and DNA 

ligase IIIα, both of which have an important role in ALT NHEJ (Sallmyr et al., 2008; 

Wang et al., 2003; Wang et al., 2005; Audebert et al., 2004) are significantly increased in 

cell lines derived from sporadic ERα positive breast cancer with acquired resistance to 

anti-estrogen therapies and in ER/PR- breast cancer cell lines. These cell lines also 
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demonstrated reduced steady state levels of Ku70 and DNA ligase IV, which are the 

other components of the C-NHEJ pathway. Ku70 along with Ku80 makes up the Ku 

heterodimer, which binds to DNA double-strand break ends and recruits DNA PKcs to 

commence the C-NHEJ pathway of DNA repair. An important yet unanswered question 

following these studies is what mechanism drives the switch from C-NHEJ to ALT NHEJ 

in these sporadic breast cancers.  

Recently, Rubin et al (2007) demonstrated a role for the HOXB7 gene, which belongs to 

a family of homeobox (HOX) transcription factors in NHEJ repair in sporadic breast 

cancers.  A search for protein interaction partners of HOXB7 led to the identification of 

the DSB repair proteins, Ku70, Ku80, DNA-PKcs, all of which are components of C-

NHEJ, and PARP1, which is a component of ALT NHEJ. This group reported that 

interaction between HOXB7 and the Ku antigens is functionally significant and HOXB7 

overexpression enhances NHEJ, DNA-PK activity and DNA damage repair in 

mammalian cells. Given that HOXB7 also interacts with PARP1, for the purpose of my 

studies, it would be important to determine whether overexpression of HOXB7 also plays 

a role in ALT NHEJ or whether it functions mainly in C- NHEJ repair, or whether it 

plays a role in both pathways. 

 

In this study, we examined whether the upregulation of ALT NHEJ proteins in sporadic 

breast cancer cells is exclusively dependent on Ku70 or if it is an overall response to C-

NHEJ pathway downregulation. Furthermore, we determined whether HOXB7 and 

another HOX gene (HOXB13) play a role in C-NHEJ and/ or Alt NHEJ in breast cancer 

http://en.wikipedia.org/wiki/Ku80
http://en.wikipedia.org/wiki/Ku_(protein)
http://en.wikipedia.org/wiki/Ku_(protein)
http://en.wikipedia.org/wiki/DNA
http://en.wikipedia.org/wiki/DNA_end
http://en.wikipedia.org/wiki/DNA_repair
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cells (Fig. 2, proposed model). Our novel results suggest that HOX proteins may play a 

role in enhancing the Classical NHEJ and ALT NHEJ pathways. 

 

 

Figure 2. Proposed Model System I: Influence of alteration in HOXB7 and HOXB13 

levels on the activity of Classical and ALT NHEJ repair mechanisms (Adapted from: 

Rassool and Tomkinson, 2010) 

 

Breast Cancer 

 

Breast cancer (malignant breast neoplasm) is a type of cancer originating 

from breast tissue, most commonly derived from the inner lining of milk ducts or 

the lobules that supply the ducts with milk.  Cancers originating from ducts are known 

as ductal carcinomas; those originating from lobules are known as lobular 

carcinomas. Mammary Ductal Carcinoma is the most common type of breast 

cancer in women.  

 

http://en.wikipedia.org/wiki/Malignant
http://en.wikipedia.org/wiki/Breast_neoplasm
http://en.wikipedia.org/wiki/Cancer
http://en.wikipedia.org/wiki/Breast
http://en.wikipedia.org/wiki/Milk
http://en.wikipedia.org/wiki/Duct_(anatomy)
http://en.wikipedia.org/wiki/Lobules
http://en.wikipedia.org/wiki/Mammary_ductal_carcinoma
http://en.wikipedia.org/wiki/Lobular_carcinoma
http://en.wikipedia.org/wiki/Lobular_carcinoma
http://en.wikipedia.org/wiki/Breast_cancer
http://en.wikipedia.org/wiki/Breast_cancer
http://en.wikipedia.org/wiki/Women
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Classification: 

Breast cancers are classified according to several grading systems. Each of these 

influences the prognosis and can affect treatment response. Description of a breast cancer 

optimally includes all of these factors. 

 Histopathology. Breast cancer is usually classified primarily by 

its histological appearance. Most breast cancers are derived from the epithelium 

lining the ducts or lobules, and these cancers are classified as ductal or lobular 

carcinoma. Carcinoma in situ is growth of low grade cancerous or precancerous cells 

within a particular tissue compartment such as the mammary duct without invasion of 

the surrounding tissue. In contrast, invasive carcinoma does not confine itself to the 

initial tissue compartment.  

 Grade. Grading compares the appearance of the breast cancer cells to the appearance 

of normal breast tissue. Normal cells in an organ like the breast become 

differentiated, meaning that they take on specific shapes and forms that reflect their 

function as part of that organ. Cancerous cells lose that differentiation. In cancer, the 

cells that would normally line up in an orderly way to make up the milk ducts 

become disorganized. Cell division becomes uncontrolled. Cell nuclei become less 

uniform. Pathologists describe cells as well differentiated (low grade), moderately 

differentiated (intermediate grade), and poorly differentiated (high grade) as the cells 

progressively lose the features seen in normal breast cells. Poorly differentiated 

cancers have a worse prognosis. 

http://en.wikipedia.org/wiki/Prognosis
http://en.wikipedia.org/wiki/Breast_cancer_classification#Histopathology
http://en.wikipedia.org/wiki/Mammary_ductal_carcinoma
http://en.wikipedia.org/wiki/Breast_cancer_classification#Grade


8 
 

 
 

 Stage. Breast cancer staging using the TNM system is based on the size of the tumor 

(T), whether or not the tumor has spread to the lymph nodes (N) in the armpits, and 

whether the tumor has metastasized (M) (i.e. spread to a more distant part of the 

body). Larger size, nodal spread, and metastasis have a larger stage number and a 

worse prognosis. 

The main stages are: 

o Stage 0 is a pre-cancerous or marker condition, either ductal carcinoma in 

situ (DCIS) or lobular carcinoma in situ (LCIS). 

o Stages 1–3 are within the breast or regional lymph nodes. 

o Stage 4 is 'metastatic' cancer that has a less favorable prognosis. 

 Receptor status. Breast cancer cells have receptors on their surface and in 

their cytoplasm and nucleus. Chemical messengers such as hormones bind 

to receptors, and this causes changes in the cell. Breast cancer cells may or may not 

have three important receptors: estrogen receptor (ER), progesterone receptor (PR), 

and HER2. 

ER+ cancer cells depend on estrogen for their growth, so they can be treated with 

drugs to block estrogen effects (e.g. tamoxifen), and generally have a better 

prognosis. HER2+ breast cancer had a worse prognosis (Sotiriou et al., 2003) but 

HER2+ cancer cells respond to drugs such as the monoclonal 

antibody trastuzumab (in combination with conventional chemotherapy), and this has 

improved the prognosis significantly (Romond et al., 2005).  Cells with none of these 

receptors (i.e. ER-/PR-/HER2-) are called triple negative although they frequently 

http://en.wikipedia.org/wiki/Breast_cancer_classification#Staging
http://en.wikipedia.org/wiki/Breast_cancer_classification#TNM_system
http://en.wikipedia.org/wiki/Ductal_carcinoma_in_situ
http://en.wikipedia.org/wiki/Ductal_carcinoma_in_situ
http://en.wikipedia.org/wiki/Lobular_carcinoma_in_situ
http://en.wikipedia.org/wiki/Metastatic_breast_cancer
http://en.wikipedia.org/wiki/Breast_cancer_classification#Receptor_status
http://en.wikipedia.org/wiki/Cytoplasm
http://en.wikipedia.org/wiki/Cell_nucleus
http://en.wikipedia.org/wiki/Hormone
http://en.wikipedia.org/wiki/Receptor_(biochemistry)
http://en.wikipedia.org/wiki/Estrogen_receptor
http://en.wikipedia.org/wiki/Progesterone_receptor
http://en.wikipedia.org/wiki/HER2/neu
http://en.wikipedia.org/wiki/Tamoxifen
http://en.wikipedia.org/wiki/Trastuzumab
http://en.wikipedia.org/wiki/Triple_negative_breast_cancer
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express receptors for other hormones such as androgen receptor and the prolactin 

receptor. 

 DNA assays. DNA testing of various types including DNA microarrays has 

compared normal cells to breast cancer cells. The specific changes in a particular 

breast cancer can be used to classify the cancer in several ways, and may assist in 

choosing the most effective treatment for that DNA type. 

The current understanding of breast tumorigenesis is that invasive cancers arise through a 

series of molecular alterations at the cellular level, resulting in the outgrowth and spread 

of breast epithelial cells with immortal features and uncontrolled growth. 

Genomic profiling has demonstrated the presence of discrete breast tumor subtypes with 

distinct clinical behavior (e.g., 4 subclasses: luminal A, luminal B, basal, and human 

epidermal growth factor receptor 2 [HER2]-positive). The exact number of disease 

subtypes and molecular alterations from which these subtypes derive remains to be fully 

elucidated, but they generally align closely with the presence or absence of hormone 

receptor and mammary epithelial cell type (luminal or basal). 

Fig. 3 summarizes the current understanding of breast tumor subtypes, prevalence, and 

the major associated molecular alterations. This view of breast cancer--not as a set of 

stochastic molecular events, but as a limited set of separable diseases of distinct 

molecular and cellular origins--has altered thinking about breast cancer etiology, type-

specific risk factors, prevention, and treatment strategies. 

http://en.wikipedia.org/wiki/Androgen_receptor
http://en.wikipedia.org/wiki/Prolactin_receptor
http://en.wikipedia.org/wiki/Prolactin_receptor
http://en.wikipedia.org/wiki/Breast_cancer_classification#DNA_classification
http://en.wikipedia.org/wiki/DNA_microarrays
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Figure 3.  Intrinsic subtypes of breast cancer 

(Adapted from: http://emedicine.medscape.com/article/1947145-overview#a0156) 
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The number of available breast cancer cell (BCC) lines is small, and only a very few of 

them have been extensively studied. Lacroix and Leclercq (2004) evaluated the accuracy 

of the few of them widely used (MCF-7, BT-474, SKBR3, MDA-MB-231) as tumor 

models (Table 1).It is concluded that these BCC lines are likely to reflect, to a large 

extent, the features of cancer cells in vivo: 

 

 

Table 1. List of breast cancer cell lines (Adapted from: Lacroix and Leclercq, 2004) 

 

The role of DNA DSB repair defects in breast cancer 

 

DNA double strand break (DSB) repair dysfunction increases the risk of familial and 

sporadic breast cancer. The fact that the family breast cancer susceptibility 

genes, BRCA1 and BRCA2, are involved in the homologous recombination pathway for 

DNA double-strand break (DSB) repair (Venkitaraman, 2002) supports the idea that 

breast cancer pathogenesis is driven by DSB-initiated chromosome instability (Shen et 
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al., 2000) , and the mechanisms involved in DNA DSB repair are of particular etiological 

importance during breast tumorigenesis (Bau et al., 2007). 

Advances in the understanding of genetic predisposition to breast cancer have also been 

made by screening naturally occurring polymorphisms. These studies revealed that subtle 

defects in DNA repair capacity arising from low-penetrance genes, or combinations 

thereof, are modified by other genetically determined or environmental risk factors and 

correlate to breast cancer risk (Ralhan et al., 2007). Overexpression of DSB repair 

enzymes, absence of surveillance factors and mutation or loss of heterozygosity in any of 

these genes contributes to the pathogenesis of sporadic breast cancers. The results 

identifying DSB repair defects as a common denominator for breast carcinogenesis focus 

attention on functional assays in order to assess DSB repair capacity as a diagnostic tool 

to detect increased breast cancer risk and to enable therapeutic strategies specifically 

targeting the tumor (Ralhan et al., 2007). 

 

DNA DSB Repair 

 

Genomic stability is maintained
 
by a complex machinery of repair, damage tolerance, and 

checkpoint
 
pathways that counteracts DNA damage. Also, DNA damage

 
and other 

stresses can generate a highly conserved, anticancer,
 
anti-aging survival response that 

suppresses metabolism and growth
 
and enhances defenses that maintain cell integrity.

 

Repair systems are compromised in tumors (Khanna and Jackson, 2001). 
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The lethality of DSBs presumably reflects the difficulty of repairing these lesions 

because, unlike almost all other types of DNA damage that have an intact undamaged 

template strand to guide the repair, the integrity of both strands of the duplex is lost. 

Thus, cells that incur more than one DSB have the problem of distinguishing between the 

previously linked DNA ends and DNA ends from other molecules. The repair of DSBs 

occurs via two mechanistically distinct groups of pathways, HR and NHEJ pathways.  

Homologous recombination (HR) repair  

 

The predominant pathway that repairs replication-associated DSBs is characterized by the 

invasion of single strand DNA into a homologous duplex (Hartlerode and Scully, 2009; 

Khanna and Jackson, 2001). This repair pathway is active in late S phase and in the G2 

phase of the cell cycle and uses the undamaged sister chromatid as the template for 

repair, hence it is usually error-free.  In the initial stage of HR, the ends of the DSBs are 

resected to generate 3′ single stranded regions. If the ends are resected but HR is 

inactivated, the DSBs can be joined by back-up pathways, single strand annealing and 

alternative non-homologous end joining. In contrast to the error-free homologous 

recombination pathways, the back-up pathways generate genomic rearrangements 

(Rassool and Tomkinson, 2010). 

 

HR also occurs between homologous chromosomes in G1 cells although at a much lower 

frequency  (Stark and Jasin, 2003). These events may generate genetic alterations ranging 

from gene conversion to loss of heterozygosity. In the G1 phase of the cell cycle and non-

dividing cells, the majority of DSBs are repaired by DNA-PK-dependent NHEJ. If this 



14 
 

 
 

pathway is inactivated, the DSBs can be repaired by homologous recombination (HR) 

but, in the absence of the sister chromatid, the homologous chromosome will be used to 

guide the repair. Alternatively, the DSBs can be joined by back-up pathways, single 

strand annealing and alternative non-homologous end joining (Rassool and Tomkinson, 

2010). 

 

Non-homologous end-joining 

In the repair of DSBs by NHEJ, the DNA ends are brought together in a reaction that is 

independent of extensive DNA sequence homology and thus is susceptible to introducing 

errors ranging from small insertions and deletions at the break site to the joining of 

previously unlinked DNA ends (Hartlerode and Scully, 2009; Khanna and Jackson, 2001; 

Lieber, 2008). In addition to repairing DSBs caused by endogenous and exogenous DNA 

damaging agents, the NHEJ proteins also participate in immunoglobulin gene 

rearrangements (Lieber et al., 2006). While the repair of DSBs by NHEJ occurs 

throughout the cell cycle, NHEJ is the major DSB repair pathway in G0, G1 and early S 

phase (Lieber, 2008; Lieber et al., 2006). Most DSBs are rapidly repaired by NHEJ, but 

there is a slower phase that reflects the repair of a subset of DSBs that are either more 

complex DSB lesions or occur in condensed chromatin (Riballo et al., 2004; Goodarzi et 

al., 2008).  

The NHEJ pathway is initiated by the Ku70/Ku86 heterodimer, a ring-shaped complex 

that binds to and encircles DNA ends (Walker et al., 2001) (Fig. 4). This serves to protect 

the DNA ends from degradation and to recruit the DNA-PKcs (Falzon et al., 1993; 
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Gottlieb and Jackson, 1993; Mimori and Hardin, 1986) to form the activated DNA-PK 

(Calsou et al., 1999; Singleton et al., 1999). The kinase activity of DNA-PK is critical for 

NHEJ with a key substrate being the DNA-PKcs itself (Lees-Miller et al., 1990). In 

addition, DNA-PK phosphorylates Artemis, which binds to DNA-PKcs (Ma et al., 2002), 

and activates its endonuclease activity. The key step in NHEJ is the physical 

juxtaposition of DNA ends. This end-bridging occurs via interactions between DNA-

bound DNA-PKcs molecules (Yaneva et al., 1997; DeFazio et al., 2002) 

.  

 

 

Figure 4. NHEJ Repair pathways: In normal cells (upper panel), alternative NHEJ 

pathway (ALT NHEJ) is a minor DSB pathway repair pathway compared with DNA-PK-

dependent NHEJ (Classic NHEJ). In cancer cells (lower panel), the steady state levels of 

key DNA-PK-dependent NHEJ proteins are reduced whereas the steady state levels of 

key alternative NHEJ are increased. This results in increased activity of the Alt NHEJ 

pathway and reduced activity of the DNA-PK-dependent NHEJ (C-NHEJ) pathway 

(Adapted from: Rassool and Tomkinson, 2010) 
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Approximately 10% of endogenous DSBs in mammalian cells have non-ligatable ends 

(Chen et al., 2000), whereas a significantly higher fraction of DSBs generated by ionizing 

radiation (IR) are not directly ligatable. When juxtaposed ends can be directly ligated, the 

repair reaction is completed by DNA ligase IV/XRCC4, which is recruited to DSBs by 

interactions with DNA-PK (Lobrich and Jeggo, 2005) . In contrast, there appear to be 

multiple factors involved in processing non-ligatable ends to generate a ligatable 

substrate. These include polynucleotide kinase (Chappell et al., 2002), the nucleases 

FEN-1 (Wu et al., 1999) and Artemis (Chen et al., 2000), and the Pol X family members, 

Pol µ and λ (Ma et al., 2004b). As a consequence of these processing reactions, the 

joining of DSBs by DNA-PK-dependent NHEJ often results in the loss or addition of a 

few nucleotides at the break site and the presence of short complementary sequences, 

microhomologies, at the break site that presumably contributed to the alignment of the 

DNA ends (Roth et al., 1985; Roth and Wilson, 1986).  Another NHEJ factor, XLF or 

Cernunnos, contributes to the joining of non-complementary DNA ends by interacting 

with DNA ligase IV/XRCC4 and stimulating the joining of mismatched DNA ends 

(Ahnesorg et al., 2006).  

Although DNA-PK-dependent NHEJ frequently causes small alterations in DNA 

sequence around the break site, it usually does not join previously unlinked DNA ends 

(Nussenzweig and Nussenzweig, 2007). There is, however, increasing evidence for an 

alternative  version of NHEJ (ALT NHEJ) that results in larger deletions and 

chromosomal translocations (Nussenzweig and Nussenzweig, 2007; Iliakis, 2009). For 

example, chromosomal abnormalities, including c-myc/IgH translocations are observed 

in the absence of either Ku or DNA ligase IV/XRCC4 (Jankovic et al., 2007; 
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Difilippantonio et al., 2000; Zhu et al., 2002) and rare aberrant V(D)J coding joins are 

found in lymphocytes lacking either Ku or DNA-PKcs (Bogue et al., 1997). Cell-based 

assays measuring rearrangement of immunoglobulin genes have detected robust end 

joining by ALT NHEJ that is even detectable in cells with a functional DNA PK-

dependent NHEJ pathway (Corneo et al., 2007; Soulas-Sprauel et al., 2007; Yan et al., 

2007).  

Tobin et al (2012) demonstrated a role for ALT NHEJ in breast cancer and in particular 

those cells that are resistant to hormone therapy. To measure the repair of DSBs by 

NHEJ, they used a plasmid-based assay and found that the NHEJ repair efficiency was 

higher in tumorigenic breast cancer cells than in the non-tumorigenic cells. (Tobin et al., 

2012). In addition, the size of DNA deletions and frequency of microhomologies at DSB 

repair junctions was higher in plasmids in tumorigenic cells. Importantly, ALT NHEJ 

abnormalities were further increased in hormone therapy resistant cell line derivatives. In 

addition, Tobin et al (2012) also demonstrated an increase in the frequency of genomic 

deletions and insertions in tumorigenic breast cancer cell lines and therapy resistant 

derivatives using comparative genomic hybridization (CGH) microarrays. Notably, cells 

with this DNA repair abnormality were hypersensitive to a PARP inhibitor in 

combination with an inhibitor of DNA ligase I/III, providing evidence that the ALT 

NHEJ pathway is a novel therapeutic target in breast cancers that have either failed or are 

intrinsically resistant to anti-estrogen therapies (Tobin et al., 2012). Furthermore, since 

similar changes in expression of these DSB repair proteins were also observed in biopsies 

from ER/PR- tumors, these studies suggest that altered expression levels of NHEJ 

proteins may serve as biomarkers to identify breast cancer patients whose disease is 
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likely to respond to DNA repair inhibitors that target ALT NHEJ. Notably, knockdown of 

C-NHEJ factor Ku70 in the tumorigenic ERα-positive breast cancer cell line  MCF7 led 

to increased expression of PARP1 and DNA ligase III, suggesting that C-NHEJ and ALT 

NHEJ factors were reciprocally regulated. In addition, Ku70 knockdown decreased 

expression of ERα that led to resistance to tamoxifen. The question still to be addressed is 

whether Ku70 specifically or other members of the NHEJ repair or DSB response 

pathway also involved in regulating ALT NHEJ repair.   

 

Homeobox genes in breast cancer 

 

A growing body of literature has emerged in the last decade on the involvement of HOX 

genes in the pathogenesis of cancer. Many studies have reported aberrant expression of a 

number of HOX genes in cancer (Table 2) (Shah and Sukumar, 2010). Focusing on breast 

cancer, HOXA5 expression was lost in 60% of breast cancers (Raman et al., 2000). 

Expression of HOXA5 in MCF7 cells induced p53-dependent apoptosis, whereas in 

HS578T cells, which harbor mutant p53, cell death was mediated by the caspase pathway 

(Chen et al., 2004). HOXD10 was reported to be progressively reduced in epithelial cells 

as malignancy increases, and restored expression of HOXD10 in a highly invasive breast 

cancer cell line, MDA-MB-231, could significantly impair migration (Carrio et al., 2005). 

The ratio of HOXB13 versus interleukin-17β receptor was documented to be an accurate 

biomarker for prediction of tumor recurrence in the setting of adjuvant tamoxifen 

monotherapy, and overexpression of HOXB13 could increase MCF10A motility and 

invasion in vitro (Ma et al., 2004a). 
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Many have tried to classify these changes by the mechanisms that drive the deregulation 

and (Abate-Shen, 2002) has proposed three mechanisms. The first is temporospatial 

deregulation, in which the pattern of expression of HOX genes in a tumor arising in a 

specific tissue is temporospatially different from that in normal tissue. The second 

mechanism is gene dominance, in which HOX genes are expressed at an increased level 

not normally seen in that tissue type. The third proposed mechanism is epigenetic 

deregulation in which downregulation or silencing of HOX genes is evident in a tissue at 

a time when they are normally expressed. The first two mechanisms generally occur 

when expression of HOX genes is associated with oncogenesis, and the third is evident in 

tissues in which HOX genes function in tumor suppression (Shah and Sukumar, 2010). 

Through the mechanisms mentioned above, disruption of normal HOX gene expression 

affects various pathways that promote tumorigenesis and metastasis. In some tumors, 

organogenesis pathways, such as receptor signaling pathways, are altered and drive tumor 

growth. At other times, HOX gene expression is altered and results in the maintenance of 

a more embryonic state through the activation of anti-apoptotic pathways or suppression 

of differentiation. Additionally, new mechanisms, such as protein– protein interactions, 

might also enable HOX proteins to maintain an oncogenic state.  
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Table 2. Overview of HOX genes involved in tumorigenesis and metastasis 

(Adapted from: Shah and Sukumar, 2010) 

 

 

 

In some situations, HOX genes have been specifically implicated as the causal factors of 

the invasive properties of some cancers. In most cases, the HOX genes involved are 

aberrantly expressed in tissues in which they are otherwise never expressed. For example, 

Wu et al. (2006) demonstrated that HOXB7 was specifically overexpressed in primary 

breast tumors when compared with normal breast tissue. Recently, HOXB13 was found 

http://www.uniprot.org/uniprot/P09629
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to be associated with therapy-resistant breast and ovarian cancers. Using microarray 

analyses of ER-positive breast tumors from patients with recurrent disease after receiving 

ongoing treatment with tamoxifen, studies in normal breast cell lines (Ma et al., 2003) 

and ovarian cancer cell lines (Miao et al., 2007) demonstrated that HOXB13 

overexpression increases cell invasiveness, proliferation and colony formation. 

Interactions with the ER pathway, either directly or indirectly, by HOXB13 do seem to be 

important, but these mechanisms are still being elucidated. 

Aberrant HOX gene expression is often noted to have direct effects on receptor signaling 

in different tissues. HOXB13 bypasses the pathways that regulate response to ER in 

ovarian and breast cancers, in which it has oncogenic effects (Miao et al., 2007; Ma et al., 

2003). Wang et al. (2007) have reported that endogenous HOXB13 is specifically 

downregulated in breast cancer cell lines that are exposed to oestradiol (which binds and 

activates ER). Moreover, overexpression of HOXB13 can directly suppress ER-

dependent transcription and expression of components of the ER pathway, such as the 

progesterone receptor and cyclin D1, while also conferring tamoxifen resistance in ER-

positive cell lines (Shah and Sukumar, 2010) 

Rubin et al. (2007) found that HOXB7 transformed human mammary epithelial cells, 

MCF10A, to grow in minimally supplemented medium, to form colonies in Matrigel, and 

display resistance to IR. Searching for protein partners of HOXB7 that might contribute 

to resistance to IR, they identified four HOXB7-binding proteins by GST pull-

down/affinity chromatography and confirmed their interactions by 

coimmunoprecipitation in vivo. Remarkably, all four HOXB7-binding proteins shared 

http://www.cancer.gov/drugdictionary/?CdrID=42901
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functions as genomic caretakers and included members of the DNA-PK holoenzyme 

(Ku70, Ku80 and DNA-PKcs) responsible for DNA double-strand break repair by NHEJ 

pathway and also PARP1. They presented evidence to indicate that interaction between 

HOXB7 and the Ku antigens is functionally significant as the exogenous and endogenous 

expression of HOXB7 enhanced NHEJ and DNA repair functions in vitro and in vivo, 

which were reversed by silencing HOXB7. This was the first mechanistic study providing 

definitive evidence for the involvement of any HOX family of proteins in DNA double-

strand break repair.(Rubin et al., 2007). Therefore, the question for us is whether HOXB7 

plays a role in regulation of C-NHEJ, ALT NHEJ or both.  
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Hypothesis & Study Aims 

 

This study will test the hypothesis that upregulation of ALT NHEJ results from 

downregulation of C-NHEJ pathway and that HOX-family of proteins regulate both C-

NHEJ and ALT NHEJ pathways. 

The specific aims are as follows: 

1. To determine whether the upregulation  of ALT NHEJ proteins in breast cancer 

cells is dependent on Ku70 specifically or is an overall responses to  C-NHEJ 

downregulation 

2. To determine whether HOXB7 overexpression in ER/PR- breast cancer cell lines 

results in reactivation of the C-NHEJ, ALT NHEJ or both pathways. 
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CHAPTER II: MATERIALS AND METHODS 
 

 

Cell Culture 

The ER/PR+ breast cancer cell line MCF7 was cultured in phenol red-free DMEM/F12 

(1:1) with L-glutamine (Gibco), 10% fetal bovine serum (FBS; Sigma), and 1% 

penicillin-streptomycin (Invitrogen). The ER/PR- and HER2+ breast cancer cell line 

SKBR3 was grown in McCoy’s 5A modified medium with L-glutamine (Gibco), 10% 

FBS and 1% penicillin-streptomycin (Invitrogen). The ER/PR+ breast cancer cell line 

BT-474 was cultured in RPMI 1640 with L-glutamine (Cellgro), 10% FBS and 1% 

penicillin-streptomycin (Invitrogen). Cells were incubated at 37°C in 5% CO2. SKBR3 

cells: SKBR3 Vector (vector transfected cells) and SKBR3 HOXB7 (cells stably 

expressing FLAG-tagged HOXB7). FLAG-tagged HOXB7 or vector-transfected SKBR3 

cells were selected in 800 µg/mL of G418-containing medium and cell clones were 

analyzed for expression of the fusion protein by Western blot and fluorescence 

microscopy.  The BT-474 cells – scr (control cells); shHOXB13 (2+1) 24 hr and 

shHOXB13 (2) 24 hr (cells with stable knockdown of HOXB13) were selected in 0.2 µg 

puromycin. (The SKBR3 cells and BT-474 cell lines were kindly provided by Dr. 

Saraswati Sukumar, JHU). 

 

siRNA 

Target plus SMART pool siRNA oligonucleotides for Ku70, ATM and XRCC4 mRNAs 

were purchased from Dharmacon RNA Technologies (Chicago, IL). The oligonucleotides 

were transiently transfected into cells using Amaxa Nucleofector Kit V (VCA-1003) in 
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Nucleofector II Amaxa Biosystems. For transfection, 3-5 μL of 20 μM siRNA was used 

per 2 x 10
6
 cells. Cells were harvested for Western blotting 72 hours after transfection. 

siRNA non-targeting pool (Dharmacon RNA Technologies) was used as a control. 

 

Protein Extraction. 

Cells were lysed with RIPA buffer comprised of 25 mM Tris-HCI (pH 7.5), 150 mM 

NaCl, 1% NP-40, 1% sodium deoxycholate, and 0.1% SDS after treatment (protease and 

phosphatase inhibitors added), and kept on ice for 15 minutes. The mixture was 

centrifuged at ~13,500 rpm for 20 minutes at 4°C to pellet the cell debris. The 

supernatant (cytoplasmic extract) was transferred to a new tube for further analysis.  

 

Protein Estimation 

Protein estimation was done using the Thermo Scientific Pierce BCA Protein Assay Kit. 

Cytoplasmic extracts were placed in a 96 well plate (1:10 dilution) along with Bovine 

serum albumin (BSA) standards.  200 µL of BCA Protein Assay Reagent was added to 

each well.  Samples were blanked against the lysis buffer and estimated using the 

standard curve as measured by the optical density plate reader at 562 nm. 

 

Western Blotting 

20-30 µg of cytoplasmic protein extracts were boiled in 2X Laemmli sample buffer 

(BioRad) for 10 minutes. The proteins were then separated on 10% SDS - polyacrylamide 
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gel electrophoresis (PAGE) and transferred on PVDF membrane. After blocking, 

membranes were probed with first antibody and secondary antibody as indicated below. 

Proteins were detected using enhanced chemiluminescence (ECL; 100 mM Tris-HCl pH 

8.5, luminal, coumaric acid, and hydrogen peroxide). 

The following antibodies were used in this study: polyclonal anti-DNA ligase IIIα 

(BD Biosciences) produced in mouse, 1:1000; monoclonal anti-PARP1 (eBioscience) 

produced in mouse, 1:1000; polyclonal anti-Ku70 (Santa Cruz) produced in goat, 1:1000; 

polyclonal anti-Ku86 (Santa Cruz) produced in goat, 1:1000; polyclonal anti-XRCC4 

(Abcam) produced in rabbit, 1:1000; monoclonal anti-ATM  (Sigma) produced in mouse, 

1:1000; polyclonal anti-ERα (Santa Cruz) produced in rabbit, 1:1000; polyclonal anti-

HOXB7 (Invitrogen) produced in rabbit, 1:100; monoclonal anti-HOXB13 (Santa Cruz) 

produced in mouse, 1:100; monoclonal anti-beta-Actin (Abcam) produced in mouse, 

1:2000; HRP goat anti-rabbit (Santa Cruz), 1:5000; and HRP goat  anti-mouse (Santa 

Cruz), 1:5000; HRP rabbit anti-goat (Santa Cruz),1:5000. 

 

In vivo NHEJ repair assay 

 

EcoR1-linearized pUC18 plasmids (Fermentas) were transfected into cells using Amaxa 

Nucleofector Kit V. Plasmid DNA was extracted (Qiagen Plasmid Mini Kit) and used to 

transform E. coli DH5α cells (Invitrogen), which were plated onto agar plates containing 

X-gal and IPTG. Colonies were analyzed by counting the total number of white 

(misrepaired) and blue (correctly repaired) colonies. Plasmids from white colonies were 

characterized by polymerase chain reaction (PCR) amplification of the  breakpoint region 
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using primers 5’-CGGCATCAGAGCAGATTGTA-3’ and                                              

5’-TGGATAACCGTATTACCGCC-3’. Microhomologies are defined by two or more 

identical nucleotides at the breakpoint junctions. 
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CHAPTER III: DETERMINATION OF THE 

RELATIONSHIP BETWEEN DNA PK DEPENDENT NHEJ 

AND ALT NHEJ PROTEINS 

 

Previously Established Work 

 

Altered expression of DNA repair proteins in breast cancer cell lines  

While DSB repair defects in inherited breast cancers caused by mutations in either 

BRCA1 or BRCA2 have been extensively studied, DNA repair abnormalities in sporadic 

breast cancers are less well defined. It was shown previously in the Rassool Lab that the 

ER/PR+ MCF7 cell line established from a sporadic breast cancer had a lower steady 

state level of DNA ligase IV, a component of the major DNA-PK-dependent NHEJ 

pathway, and a higher steady state level of DNA ligase III, a component of ALT NHEJ, 

compared with the non-tumorigenic MCF10A cell line established from normal breast 

epithelium. Tobin et al (2012) found that MCF7 also has increased levels of PARP1, 

another component of ALT NHEJ, compared to MCF10A. 

 

An intriguing feature that is particularly evident in breast cancer lines and primary 

biopsies is the reciprocal changes in the steady state levels of key factors involved in 

DNA PK-dependent and ALT NHEJ. To determine whether expression levels of ALT 

NHEJ and DNA PK-dependent NHEJ factors have an inverse relationship, siRNA 

knockdown was performed in MCF7 cells to modulate the levels of Ku70. A 50% 

reduction of Ku70 levels in ER/PR+ MCF7 cells resulted in increased steady state levels 

of both PARP1 and DNA ligase III with a  concomitant increase in the repair of DSBs by 
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ALT NHEJ (Tobin et al., 2012). Interestingly, reducing Ku70 by siRNA also resulted in a 

significant decrease in the expression of both DNA ligase IV and ERα (Tobin et al., 

2012) 

 

Specific Aims and Results 

 

To determine whether the upregulation of ALT NHEJ proteins in breast cancer 

cells is dependent on Ku70 specifically or is a C-NHEJ pathway effect 

First, to confirm that decreasing levels of Ku70 leads to increased expression of ALT 

NHEJ proteins, knockdown of Ku70 was  performed in ER/PR+ MCF7 cells, using 

siRNA technology.  80% reduction in Ku70 level by siRNA knockdown was noted (Fig. 

5). An increase in PARP1 (p<0.05) was observed but there was no significant change in 

DNA ligase III (Fig. 5).  
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Figure 5. Western blots (all three replicates shown) for Ku70, PARP1 and DNA ligase 

III levels in MCF7 cell extracts following siRNA knockdown of Ku70 compared with 

siRNA control. Actin was used as a loading control; relative protein levels of PARP1 and 

DNA ligase III Ku70 knocked down MCF7 cells and controls.(N=3, mean±SEM, 

*p<0.05 by T-test) 
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Next, to determine whether the increase in ALT NHEJ proteins was due specifically to 

Ku70 or was an NHEJ pathway effect, XRCC4, another C-NHEJ component that is 

important in completing the repair reaction by directly ligating the juxtaposed ends, was 

knocked down using siRNA technology. siRNA knockdown of XRCC4 was performed in 

MCF7 cells and 60% reduction in XRCC4 level was noted.  We did not observe any 

significant changes in the DNA ligase III and PARP1 levels, suggesting that the ALT 

NHEJ upregulation may be specific to Ku70, and not to the C-NHEJ pathway as a whole. 

(Fig. 6) 
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Figure 6. Western blots (all three replicates shown) for XRCC4, PARP1 and DNA ligase 

III levels in MCF7 cell extracts following siRNA knockdown of XRCC4, compared with 

siRNA control. Actin was used as a loading control; relative protein levels of XRCC4, 

PARP1 and DNA ligase III in XRCC4 knocked down MCF7 cells and controls. (N=3, 

mean±SEM, *p<0.05 by Ttest) 
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Figure 7. Western blots (all three replicates shown) for ATM, PARP1 and DNA ligase 

III levels in MCF7 cell extracts following siRNA knockdown of ATM compared with 

siRNA control. Actin was used as a loading control; relative protein levels of PARP1 and 

DNA ligase III in ATM knocked down, MCF7 cells and controls. (N=3, mean±SEM, 

*p<0.05 by T-test) 

 

 

Our next step was to investigate the influence of Ataxia Telangiectasia Mutated (ATM) 

on the ALT NHEJ proteins. ATM is upregulated in cancer cells, acts as one of the earliest 

sensor in response to DSBs, and an important central player in the activation of 
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downstream phosphorylation of DSB repair targets such as H2AX and cell-cycle 

checkpoints by DSBs. ATM is recruited to DSBs by the MRN complex (Falck et al., 

2005). This results in ATM autophosphorylation and its conversion from an inactive 

dimer to an active monomer (Bakkenist and Kastan, 2003). Once activated ATM 

phosphorylates MRN and downstream effector proteins to initiate cell cycle checkpoints 

at the G1/S, intra-S, and G2/M boundaries (O'Driscoll and Jeggo, 2006). Also, ATM has 

a role in the repair of a subset of DBSs in both G0 and G2 cells.  (Riballo et al., 2004). 

Our goal was to assess if knocking down ATM would affect the expression of ALT 

NHEJ pathway genes.  

Hence, we performed siRNA knockdown of ATM in MCF7 cells and 75% reduction in 

ATM levels were obtained (Fig 7). Upon checking the ALT NHEJ protein levels, we did 

not find any significant change in DNA ligase III and PARP1 steady state levels due to 

ATM downregulation., further adding evidence that ALT NHEJ upregulation might be 

only specific to Ku70 downregulation.  

No significant changes in the PARP and DNA ligase III levels were observed for ATM 

and XRCC4 knockdowns, while the increase in PARP steady state levels due to Ku70 

knockdown was confirmed. (Fig. 5). Thus, these results suggest that upregulation of the 

ALT NHEJ pathway is specifically dependent on Ku70 downregulation. 

 



35 
 

 
 

CHAPTER IV: INVESTIGATION OF THE ROLE OF 

HOXB7 IN ABNORMAL DNA REPAIR IN ER/PR- BREAST 

CANCER 

 

Previously Established Work 

 

ER/PR- Breast cancer cell lines have increased expression of DNA ligase III and 

PARP1 

 

An intriguing feature that is particularly evident in ER/PR- breast cancer lines and 

primary biopsies is the reciprocal changes in the steady state levels of key factors 

involved in DNA PK-dependent and ALT NHEJ. Tobin et al (2012) examined the steady 

state levels of NHEJ proteins in the intrinsically resistant, ER/PR- breast cancer cell lines, 

MDA-MB-231 and SKBR3. The steady levels of the ALT NHEJ proteins DNA ligase III  

and PARP1 were significantly increased whereas the steady state levels of the DNA-PK-

dependent  NHEJ proteins, Ku70 and DNA ligase IV, were significantly decreased in 

both the ER/PR- cell lines,  relative to non-tumorigenic MCF10A cells. Also it was 

observed that the ER/PR- cell lines have elevated levels of endogenous DSBs and 

increased error-prone repair of DSBs by ALT NHEJ. 

 

Rubin et al (2007) found that HOXB7 transformed human mammary epithelial cells, 

MCF10A grow in minimally supplemented medium to form colonies in Matrigel, and 

display resistance to ionizing radiation. Upon exposure to low-dose gamma radiation, 

MCF10A cells overexpressing HOXB7 had a ∼2-fold enhanced survival advantage over 
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the vector-transfected and parental MCF10A cells.  Similar results were obtained with 

SKBR3 cells overexpressing HOXB7. 

 

Searching for protein partners of HOXB7 that might contribute to the resistance to 

ionizing radiation, Rubin et al (2007) identified four HOXB7-binding proteins by GST 

pull-down/affinity chromatography and their interactions were confirmed by 

coimmunoprecipitation in vivo. Remarkably, all four HOXB7-binding proteins shared 

functions as genomic caretakers and included members of the DNA-dependent protein 

kinase holoenzyme (Ku70, Ku80 and DNA-PKcs) responsible for DNA double-strand 

break repair by NHEJ pathway and PARP1. They presented evidence to indicate that 

interaction between HOXB7 and the Ku antigens is functionally significant (not mediated 

by DNA) as the exogenous and endogenous expression of HOXB7 enhanced non 

homologous end joining and DNA repair functions in vitro and in vivo. To further test the 

relevance of these findings and the contribution of HOXB7 to DNA repair, the DNA 

DSB repair after IR exposure following suppression of HOXB7 expression using siRNA 

was investigated. The frequency of chromosomal aberrations was higher in cells with 

reduced levels of HOXB7, indicating defective repair of chromosome damage. This was 

the first mechanistic study providing definitive evidence for the involvement of any HOX 

protein in DNA double-strand break repair. The evidence shown here, indicating roles 

for HOXB7 in enhanced cell survival and DNA repair rates after irradiation, suggests 

that HOXB7 joins other important proteins in its involvement in DNA repair and 

maintenance of genomic stability. Taken together, it seems that HOXB7 may play a 

novel role in DNA repair by forming complexes with the Ku proteins. 
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Tobin et al (2011) have shown that ALT NHEJ is upregulated in ER/PR- breast cancers. 

We propose that the increase in NHEJ repair efficiency observed with HOXB7 

overexpression may be due to HOXB7 playing a role in C-NHEJ pathway. 

 

Specific Aims and Results 

 

To determine whether downregulation of Ku70 would alter the HOXB7 and 

HOXB13 steady state levels 

Since Ku70 has significant interaction with HOXB7 (Rubin et al., 2007), we investigated 

whether silencing of Ku70 would have an effect on steady state steady state levels of 

HOXB7 proteins.  In addition, Ku70 down-regulation in MCF7 cells increased PARP1 

levels with which HOXB7 also interacts. (Fig. 5). Moreover, since HOXB13 (another 

HOX protein)  overexpression increases cell invasiveness, proliferation and colony 

formation in breast cancers and it has a role in conferring tamoxifen resistance in ER+  

primary tumors (Jerevall et al., 2010; Miao et al., 2007; Ma et al., 2003), we also 

investigated the steady state levels of HOXB13 after Ku70 downregulation.  
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Figure  8. Western blots (all three replicates shown) for Ku70, HOXB7 and HOXB13 in 

MCF7 cell extracts following siRNA knockdown of Ku70 compared with siRNA control. 

Actin was used as a loading control; relative protein levels of Ku70, HOXB7 and 

HOXB13 in Ku70 knocked down MCF7 cells and controls. (N=3, mean±SEM, *p<0.05 

by Ttest) 

 

 

 

As shown in Fig. 8, 80% reduction in the Ku70 levels was noted by siRNA knockdown in 

ER/PR+ MCF7 cells. No significant changes were observed in the HOXB7 and HOXB13 
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levels indicating that downregulation of Ku70 did not have any influence on the HOX 

proteins.  This suggests that HOXB7 and HOXB13 may not a role in mediating the 

switch from C-NHEJ to ALT-NHEJ pathway, and the increased NHEJ repair efficiency 

observed with HOXB7 overexpression (Rubin et al, 2007) may not be exclusively due to 

ALT NHEJ activation. Thus, it was important to determine whether HOX proteins 

enhanced C NHEJ, ALT NHEJ or both pathways.  

 

To investigate whether HOXB7 overexpression affects C-NHEJ or ALT-NHEJ or 

both  

In ER/PR- breast cancer cell lines, it has been shown that the ALT NHEJ repair pathway 

is upregulated. In contrast to the major DNA PK-dependent NHEJ repair pathway, the 

ALT NHEJ pathway frequently generates large chromosomal rearrangements, including 

large deletions and translocations, during the repair of DSBs. It has been indicated that 

HOXB7 has a role in increasing NHEJ repair activity. We investigated whether HOXB7 

overexpression in SKBR3, an ER/PR- breast cancer line, plays a role in upregulating  C-

NHEJ or ALT-NHEJ or both of the pathways. We first performed Western blot analysis 

for the SKBR3-Vec and SKBR3-B7 cells (kindly provided by Dr. Saraswati Sukumar, 

JHU) and found that there were no significant changes in the steady state levels of Ku70, 

PARP and DNA ligase III. (Fig. 9) 
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Figure 9. Western blots (all three replicates shown) for PARP, DNA ligase III and Ku70 

in ER-/PR- breast cancer cells SKBR3-Vector and SKBR3-HOXB7 cells; relative steady 

state levels of Ku70, PARP1, and DNA ligase III proteins in extracts from SKBR3-Vec 

and SKBR3- B7. (The SKBR3 cells stably overexpressing HOXB7 and the vector 

transfected SKBR3 cells were kindly provided by Dr. Saraswati Sukumar, JHU.) (N=3, 

mean±SEM, *p<0.05 by Ttest) 

  

 

 

To measure the repair of DSBs by NHEJ, we used a plasmid-based assay in which a 

linearized plasmid is transfected into the tumor cell lines and then recovered for analysis 

after transformation into E coli. The NHEJ repair efficiency was found to be ~ 2 fold 
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higher in the SKBR-3-HOXB7 than in the SKBR-3-Vector cells (Fig. 10A). This 

confirmed the data by Rubin et al (Rubin et al., 2007). However, there was no change in 

the relative misrepair frequency (Fig. 10B). 

 

Figure 10 A-B. NHEJ repair assays measuring the repair of a single DSB within the 

LacZ gene of pUC18 plasmids in SKBR3-Vector and SKBR3- HOXB7 cells. A, The 

relative efficiency of NHEJ repair. The repair efficiency is represented by the number of 

bacterial colonies. B. A graphic representation of relative misrepair frequency in SKBR3 

Vector and SKBR3-B7 cells. The misrepair frequency is calculated by the number of 

white (misrepaired) colonies as a percentage of total colonies (blue plus white). (N=3, 

mean±SEM, *p<0.05 by Ttest) 
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To ascertain if the increased NHEJ in the plasmid-based assay is due to the C- NHEJ 

pathway or the ALT NHEJ pathway or both, we measured the size of deletions (by 

colony PCR and sequencing analysis) (Fig. 11A) and the occurrence of DNA sequence 

microhomologies (by sequencing analysis) at the break sites in the repaired plasmids 

because deletions of more than a few nucleotides and microhomology-mediated joins 

distinguish ALT NHEJ from DNA-PK dependent or C-NHEJ (Nussenzweig and 

Nussenzweig, 2007). We analyzed a total of 48 PCR products, 24 each for SKBR3-Vec 

and SKBR3-B7 cells by both DNA sequencing and agarose gel electrophoresis but 

overall there was no difference between the mean size of DNA deletions for both 

SKBR3-Vec and SKBR3-B7 cells (Fig 11B). 

 

 

Figure 11 A-C. Colony PCR and sequence analysis of randomly selected white 

bacterial colonies from NHEJ assays using SKBR3-Vector and SKBR3-B7 cells. 

Colony PCR reveals the deletion size of NHEJ products and DNA sequencing allows the 

analysis of both the deletion size and nucleotide microhomology at the repair junction. A. 

Representative agarose gel image of the colony PCR products. The arrow indicates the 

size of a PCR product for a correctly repaired DSB. Lane B, colony PCR product 

obtained from a blue colony; Lane 1-6: colony PCR products obtained from white 

colonies from SKBR3-Vector cells; Lane 6-12: colony PCR products obtained from 

white colonies from SKBR3-Vector cells. B. Scatter diagram showing size of DNA 

deletions within the DSB region of repaired plasmids in randomly selected white 

bacterial colonies. Individual repaired DSBs are represented by square and triangle 

symbols for SKBR3- Vector and SKBR3 – B7 cells respectively and the mean size of 

deletions is indicated by horizontal lines. C, DNA sequence microhomologies (≥2 bp) 

within repaired plasmids in SKBR-3 – Vector and SKBR3-B7 cells. Bar graph showing 

proportion of repaired DSBs with sequence microhomologies vs. no microhomologies at 

the repair junctions. 
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Figure 11 Continued 

 

 

 

In summary, we found there was an overall increase in repair efficiency with 

overexpression of HOXB7. But our results suggest that there was no significant change in 

the ratio of C-NHEJ vs. ALT NHEJ: there was no increase in the frequency of  deletions 

sizes although the proportion of microhomologies at DSB repair junctions was higher in 

plasmids recovered from the SKBR3-B7 cells compared with the SKBR3-Vec cells (Fig. 

11C), the differences are likely not significant. Based on these results, we cannot 

conclude that the Classical NHEJ or the ALT NHEJ makes a greater contribution to DSB 

repair in the SKBR-3 HOXB7 cells. In all likelihood, HOXB7 may enhance repair in 

both pathways. 
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CHAPTER V: DISCUSSION  
 

In this study, we confirmed our previous finding that Ku70 knockdown upregulates the 

expression of PARP1. However, it appears that this effect could be a Ku70-specific 

phenomenon rather than an overall response to the C-NHEJ repair downregulation. These 

results suggest that the activation of the ALT NHEJ proteins might be specific to only 

Ku70 downregulation.  However, more DNA repair assays such as the in vivo plasmid 

NHEJ repair assay are required with ATM and XRCC4 knockdowns to further establish 

this observation.  

Rubin et al. (2007)  demonstrated that HOXB7 binds both Ku70 and PARP1 and 

enhanced NHEJ repair. We determined that HOXB7 overexpression in ER/PR- breast 

cancer cell line SKBR3 did not increase the steady state levels of PARP1 and ligase III. 

We observed a ~2 fold increase in the NHEJ repair efficiency upon conducting the in vivo 

NHEJ repair assay, which agrees with the in vitro data from the Sukumar lab (Rubin et 

al., 2007). However, the relative misrepair frequency was not altered.  When colony PCR 

and sequencing of the repaired plasmids was performed, we did not see a major change in 

deletion sizes. While a subtle increase in microhomology frequency was noted in 

SKBR3-HOXB7 cells, we believe that this is not significant. It is plausible that HOXB7 

may upregulate both DNA PK dependent NHEJ and ALT NHEJ mediated repair 

pathways due to which an increase in NHEJ repair efficiency is observed.  The increase 

in HOXB7 levels would enhance the activities of DNA PKcs and PARP1, thus acting as a 

master regulator that increases both the repair pathways simultaneously (Fig 12). 
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Figure 12: Proposed Model System II: The effect of HOXB7 overexpression on C-

NHEJ and ALT-NHEJ pathways in ER/PR- breast cancer  
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CHAPTER VI: FUTURE DIRECTIONS 
 

A critical unanswered question following the previously established work from the 

Rassool lab was the mechanism by which sporadic breast cancers downregulate C-NHEJ 

activity and upregulates the highly error-prone ALT-NHEJ activity. The finding by Rubin 

et al. (2007) that HOXB7 drives NHEJ-mediated repair through Ku70 interaction raises 

an important question as to whether HOXB7 has a role in the alteration of DSB repair 

forms in sporadic breast cancers. Besides the studies described earlier, to further 

investigate on the role of HOXB7 in DNA repair, knockdown of HOXB7 by siRNA can 

be performed in ER/PR+ MCF7 cells. Western Blot analysis and in vivo NHEJ repair 

assay along with colony PCR and sequencing analysis may give more information on 

how HOXB7 mediates the decision between C-NHEJ and ALT-NHEJ pathways. 

In addition, studies with cells overexpressing HOXB7 wild-type and HOXB7 mutant  

∆h3 in SKBR3 cells to investigate DNA repair in the absence of the interaction of 

HOXB7 with DNA repair proteins (Ku70, Ku80, DNA PKcs, PARP1) (Rubin et al., 

2007) can be performed. Other strategy is to knockdown Ku70 in HOXB7 

overexpressing ER/PR- breast cancer. This might help in understanding more about the 

HOXB7 and Ku70 interaction, and give us more insight into activity of the NHEJ repair 

pathways. Another strategy is to knockdown Ku70 in HOXB7 overexpressing ER/PR- 

breast cancer. This might help in understanding more about the HOXB7 and Ku70 

interaction, and give us more insight into activity of the NHEJ repair pathways. 

One more study that needs to be conducted is to investigate the influence of other HOX 

proteins e.g. HOXB13 on the NHEJ repair pathways. The expression of  HOXB13 is 
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known to be upregulated in breast cancer cells compared with normal breast epithelium  

(Ma et al., 2004a; Cantile et al., 2003) and it has also been shown that HOXB13 is an 

estrogen-regulated gene negatively correlated to estrogen receptor (ER) status. 

(Rodriguez et al., 2008;  Wang et al., 2007).  It has been reported that high HOXB13 

expression is associated with decreased benefit from tamoxifen, which indicates that 

HOXB13 protein level may be used as a predictive marker for tamoxifen treatment.  

(Jerevall et al., 2010). Hence it would be interesting to see the influence of HOXB13 

overexpression or downregulation on the activity of C-NHEJ and ALT-NHEJ pathways. 

 

Figure 13.  Representative western blot for PARP1, DNA ligase III, Ku86 and Ku70 

levels in BT474 cells with a stable knockdown of HOXB13 compared to the control cells. 

Actin was used as a loading control; relative protein levels of HOXB13, DNA ligase III, 

Ku70 and Ku86 in HOXB13 knocked down BT474 cells and controls; relative protein 

levels of HOXB13 and PARP in HOXB13 knocked down BT474 cells and controls. (The 

BT 474 cells with stable knockdown of HOXB13 were kindly provided by Dr. Saraswati 

Sukumar, JHU) 
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We were able to conduct some preliminary studies in the BT474 cells (ER/PR+; primary 

tumor: invasive ductal carcinoma) (Table 1) with a stable knockdown of HOXB13 

(kindly provided by Dr. Saraswati Sukumar, JHU). Our Western Blot analysis showed 

that a major increase in PARP1 steady state levels was observed in HOXB13 knockdown 

cells as compared to the control cells. Moreover, a decrease in the expression of Ku70 

and Ku86 proteins was noted (Fig. 13). This might indicate that HOXB13 may play a role 

in regulating the DNA PK dependent and ALT NHEJ repair pathways as well. Thus a 

potential future study would be to conduct DNA repair assays with breast cancer cells 

with HOXB13 overexpression as well as HOXB13 knockdown to further establish the 

role of HOXB13 in DNA repair. 

 

Another potential future direction is to follow-up the work of Tobin et al (2012). In this 

study, the frequency of genomic deletions and insertions in MCF7 cells and the letrozole 

therapy- resistant MCF7 derivatives LTLTCa was examined using CGH microarrays. 

The therapy-resistant derivatives showed an increased incidence of genomic deletions 

and insertions, compared with the parental MCF7 cells. To measure the repair of DSBs 

by NHEJ, plasmid-based assays were conducted and it was found that the repair is more 

error-prone in the therapy-resistant derivatives as compared to parental tumorigenic 

MCF7 cells and non-tumorigenic MCF10A cells. Thus, it was concluded that ALT NHEJ 

makes a greater contribution to DSB repair in the therapy-resistant derivatives and is 

specifically inhibited by the combination of PARP and DNA ligase III inhibitors. Recent 

findings indicate that tumor progression can be driven by the small proportion of cancer 

stem cells (CSCs) found within the tumor cell population. To further understand the 
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mechanism of resistance of breast cancer cells to hormone therapy, it would be a good 

idea to evaluate the presence of cell populations with tumor-initiating capacities in human 

breast tumors. CSCs, or tumor-initiating cells (TICs), exhibit properties of normal stem 

cells and are associated with resistance to current therapies (Kim et al., 2011) They 

are cancer cells (found within tumors or hematological cancers) that possess  the ability 

to give rise to all cell types found in a particular cancer sample. CSCs are therefore 

tumorigenic (tumor-forming), perhaps in contrast to other non-tumorigenic cancer cells. 

CSCs may generate tumors through the stem cell processes of self-renewal and 

differentiation into multiple cell types (Fig. 14). 

 

Figure 14. Cancer stem cells. (Adapted from: Pardal et al., 2003) 

 

Understanding which breast cancer cell populations possess tumor-initiating capabilities 

is critical to characterizing and understanding the biology of breast CSCs towards 

therapeutic ends. Moreover, checking the status of DNA repair proteins may give us 

http://en.wikipedia.org/wiki/Cancer
http://en.wikipedia.org/wiki/Tumor
http://en.wikipedia.org/wiki/Hematological_cancer
http://en.wikipedia.org/wiki/Tumorigenic
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information about the DNA damage and predominant DNA repair mechanisms in breast 

CSCs. 

 

A study can be conducted with a focus on investigating if the LTLTCa TICs have an 

equivalent DNA damage and repair characteristics as compared to LTLTCa, and to 

determine if the ALT NHEJ repair pathway is also upregulated in the LTLTCa cancer 

stem cell populations (Fig 15). 

 

 

 

 

Figure 15. Proposed Model System – LTLTCa TICs: To determine the activity of 

Classical and ALT NHEJ repair mechanisms and the DNA repair protein levels in 

LTLTCa tumor initiating cells, as compared to LTLTCa cells, in which the ALT NHEJ 

repair pathway is upregulated and Classical NHEJ is downregulated. 

 

We were able to conduct some preliminary studies in LTLTCa TICs, which are basically 

letrozole resistant cells having properties of stem cells (protein lysates were kindly 

provided by Dr. Angela Brodie, University of Maryland). A Western Blot analysis was 

conducted for the LTLTCa TICs with high ALDH, low ALDH and live (random) ALDH 

levels. It was observed that cells populations with high ALDH had increased levels of 
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DNA ligase III, PARP1 and Ku70, whereas the populations with low ALDH had 

relatively low levels of DNA ligase III, PARP and Ku70. (Fig. 16). This may suggest that 

inherent DNA damage and the repair mechanisms are upregulated in the TICs. However, 

further studies and DNA repair assays need to be conducted with more TICs samples to 

get more insight. 

 

 

Figure 16. Western blot for PARP1, Ku70 and DNA ligase III levels in LTLTCa TICs-

high ALDH, low ALDH and live ALDH respectively.  Actin was used as a loading 

control; relative protein levels of PARP1, Ku70 and DNA ligase III in LTLTCa TICs. 

 

Thus, in order gain further insight into mechanisms that contribute to genomic instability, 

further studies are required to establish the role of HOX proteins, HOXB7 and HOXB13, 

as critical regulators that determine the activity of both C-NHEJ and ALT-NHEJ 

pathways. 
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