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ABSTRACT 
 

The tumor suppressor Breast Cancer Susceptibility Protein 1 (BRCA1) protects our cells 

from genomic instability in part by facilitating the efficient repair of DNA double-strand 

breaks.  Other functions of BRCA1 include transcriptional regulation, apoptosis, DNA 

damage signaling, chromatin remodeling and protein ubiquitination.  The major 

contribution of BRCA1 to maintaining genomic stability is thought to be through its role 

in DNA repair.  BRCA1 promotes the error-free repair of double-strand breaks by 

homologous recombination, and is also implicated in the regulation of non-homologous 

end joining repair.  Here we investigated the role of BRCA1 in maintaining the fidelity of 

non-homologous end joining repair following a double-strand break.  We also examined 

the frequency of microhomology-mediated end joining (MMEJ) and the fidelity of 

double-strand break repair relative to BRCA1 protein levels in both control and 

tumorigenic breast epithelial cells.  In addition to altered BRCA1 protein levels, we 

tested the effects of cellular exposure to mirin, an inhibitor of Meiotic recombination 

enzyme 11 (Mre11) 3’ to 5’ exonuclease activity.  Knockdown or loss of BRCA1 protein 

resulted in an increased frequency of overall plasmid DNA repair mutagenesis and 

MMEJ following a double-strand break.  Inhibition of Mre11 exonuclease activity with 

mirin significantly decreased the occurrence of MMEJ, but did not considerably affect 

the overall mutagenic frequency of plasmid double-strand break repair, although some of 

our data indicate that the size of sequence deletions may be reduced by mirin inhibition.  

The results suggest that BRCA1 protects DNA from mutagenesis during non-homologous 

double strand break repair in plasmid-based assays.  The increased frequency of double-
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strand break mutagenesis and MMEJ repair in the absence of BRCA1 suggests a potential 

mechanism for carcinogenesis.  
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INTRODUCTION 

 

Overview 

Maintenance of genomic integrity through proper repair of DNA damage is essential for 

the continued health and well being of all organisms.  Cellular responses to DNA damage 

have evolved to include a variety of repair pathways that function based on the type and 

context of the sustained damage.  The activation of proteins that are involved in DNA 

damage recognition, cell cycle control, and repair to prevent mutagenesis is central to the 

inhibition of cancer progression (Valerie and Povirk, 2003). 

 The most deleterious type of genomic insult that can lead to mutagenesis is a 

DNA double-strand break (DSB) (Riches et al., 2008).  Cells have evolved numerous 

pathways to deal with this type of lesion, including homologous recombination (HR) and 

non-homologous end joining (NHEJ).  Although repair of a DSB through homologous 

recombination is considered efficient and error-free, there are not always homologous 

templates available to facilitate HR.  The most commonly used and efficient DSB repair 

pathway in human cells is NHEJ (Bau et al., 2004; Mao et al., 2008).  A key mediator of 

the cellular response to a DSB is Breast Cancer Susceptibility Protein 1 (BRCA1), which 

functions to regulate the efficient repair of many DNA lesions (Narod and Foulkes, 2004; 

Wang et al., 2000).   

    The involvement of BRCA1 in DNA repair is well established, but the functions 

of BRCA1 protein during NHEJ and other alternative pathways of DNA end joining 

following a DSB are not clear.  The work presented here suggests a role for BRCA1 in 
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maintaining the fidelity of NHEJ repair following a DSB to prevent mutagenesis.  We 

also show that BRCA1 suppresses an error-prone pathway of DSB repair that depends on 

the functions of Meiotic Recombination Enzyme 11 (Mre11).     

 

Review of the literature 

BRCA1: the gene 

Discovery of the BRCA1 gene and the direct correlation with high rates of breast and 

ovarian cancer progression has contributed greatly to our understanding of tumor 

suppressor functions and their role in cancer development (Miki et al., 1994).  The 

BRCA1 gene was first discovered using positional cloning methods on genomic 

sequences from patients with familial, hereditary breast and ovarian cancers (Miki et al., 

1994).  The BRCA1 gene is located on the long arm of chromosome 17 at band 21.  There 

are hundreds of different mutations shown to occur in the BRCA1 gene, although they do 

not always manifest as disease, for example in cases where there is only partial loss of 

protein functions.  The most deleterious mutations in BRCA1 are frameshift and nonsense 

mutations that result in early stop codons, causing the protein to be degraded or severely 

truncated (Antoniou et al., 2003; Castilla et al., 1994; King et al., 2003).  Much of the 

characterization of BRCA1 mutations is based on studies done with patients that have 

haploinsufficiency in the BRCA1 gene, having only one wild-type copy of the gene in 

diploid cells.  In mouse models, the absence of at least one wild-type copy of the BRCA1 

gene is an embryonic lethal mutation, indicating a critical role for BRCA1 during 

development (Gowen et al., 1996; Shrivastav et al., 2008; Snouwaert et al., 1998).  In 
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addition, the absence of homologous genes in most non-mammalian model systems has 

made the characterization of BRCA1 more difficult.        

 Mutations in the BRCA1 gene thus far have only been correlated with the 

development of breast and ovarian cancers, although ongoing studies suggest there may 

be another small subset of pancreatic and prostate cancers that can result from BRCA1 

haploinsufficiency (Venkitaraman, 2002).  The loss of heterozygosity or sporadic loss of 

both BRCA1 alleles is not uncommon in many types of cancers, including sporadic breast 

cancer (Antoniou et al., 2003; Kennedy et al., 2004).  The role of BRCA1 in non-specific 

sporadic tumor formation is still unclear, but the characterization of BRCA1 mutations in 

patient tumors has allowed clinicians to optimize treatment regimens for a subset of 

cancer patients and the status of BRCA1 protein expression in tumors can help clinicians 

decide on optimal treatment strategies (Kennedy et al., 2004).  The analysis of BRCA1 

gene mutations in malignant tumors is becoming commonplace, and clinicians are 

pushing for the standardization of tests for BRCA1 gene characterization in patient tumors 

(Kennedy et al., 2004). 

 

BRCA1: the protein 

The protein product of the BRCA1 gene is a large protein (~220 kD) that has two BRCT 

domains, a RING domain, and a DNA-binding domain (Venkitaraman, 2002) (Figure 1).  

The BRCT domains of BRCA1 function as phospho-protein binding domains that 

mediate a large number of protein interactions by BRCA1 (Wang et al., 2000; Yu et al., 

2003; Zhang et al., 1998).  The proteins that BRCA1 interact with are involved with 



 

11

DNA repair, chromatin remodeling, cell cycle control, transcriptional regulation, 

ubiquitin ligation and apoptosis (Figure 2) (Bekker-Jensen and Mailand, 2010 ; Bochar et 

al., 2000; Wang et al., 2000).  The large number of interactions with DNA repair and 

chromatin remodeling factors has led to characterization of the BRCA1-associated 

signaling complex (BASC), an aggregation of proteins that function to sense DNA 

damage, alter DNA topology at damage sites, and recruit repair factors to the sites of 

damage (Figure 3) (Wang et al., 2000).  The DNA-binding domain of BRCA1 binds to 

DNA molecules of >300-500 bp, and has a higher affinity for complex DNA structures 

such as cruciform DNA rather than single-stranded DNA or linear double-stranded DNA 

(Paull et al., 2001).  Interestingly, BRCA1 formed looped structures when incubated with 

linear DNA, and showed the highest affinity for plasmid DNA, indicating a circular 

structural preference (Paull et al., 2001).  DNA damage detection and signaling, and the 

choice of repair pathways also depends on BRCA1 and its binding partners (Shrivastav et 

al., 2008; Venkitaraman, 2002; Yun and Hiom, 2009).  The BRCA1 protein often co-

precipitates in vivo and in vitro with BARD1 that has ubiquitin ligase functions, and CtIP, 

a nuclease that resects DNA ends following a DSB (Sartori et al., 2007; Yu et al., 2006).  

Many of the functions of BRCA1 depend on its association with other proteins such as 

BARD1 and BACH1, and disruption of these interactions is thought to promote tumor 

development (Rosen et al., 2003).  To date, elucidating molecular functions of the 

BRCA1 protein has shed light on several possible mechanisms of tumor origination, 

including suppression of estrogen-mediated transcription, induction of apoptosis, mitotic 

spindle formation, and DNA repair (Durant and Nickoloff, 2005; Narod and Foulkes, 
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2004).  The focus of our investigation is centered on the mechanisms of BRCA1 

inhibition of nuclease-mediated DSB resection activities. 
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Figure 1. The BRCA1 protein.  BRCA1 protein consists of 1,863 amino acids, and 
has two BRCT (BRCA1-C-terminus) domains for phospho-protein interactions at the 
C-terminal end, 5 phosphorylation sites, a DNA-binding domain, and a nuclear 
localization signal (NLS).  The RING (really interesting new gene) is a zinc finger 
domain that functions as an E3 ubiquitin ligase.  The RING and BRCT domains are 
linked through an unstructured, flexible middle domain that includes some protein 
binding sites and DNA-binding activity.   
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Figure 2.  BRCA1 protein functions.  BRCA1 is involved with numerous cellular 
processes.  The major functions of BRCA1 include DNA damage signaling and repair, 
transcriptional control, apoptosis, checkpoint signaling, and E3 ubiquitin ligase 
activities.  Some of the proteins that interact directly with BRCA1 and participate in 
the specified activities are included. 
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Figure 3. BRCA1 protein interactions.   The RING domain at the N-terminus of 
BRCA1 interacts with proteins involved with ubiquitination.  The BRCT domains on 
the C-terminus interact with proteins involved in transcription, DNA repair and 
chromatin remodeling.  BRCA1 is also a phosphorylation target of ATM, ATR, and 
Chk2.  The phosphorylation of BRCA1 occurs following DNA damage sensing by the 
BASC complex.  Additionally, the interactions with Rad51 and the MRN complex are 
located in the DNA-binding domain, indicating a function for BRCA1 binding to 
DNA during DSB repair. 
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BRCA1 haploinsufficiency 

Many familial, hereditary mutations in the BRCA1 gene result in the presence of only 

one wild-type copy of the BRCA1 gene.  The cellular phenotype of BRCA1 

haploinsufficieny exhibits expression levels of BRCA1 protein reduced to approximately 

20-40% of that seen in non-carriers (Baldeyron et al., 2002).  This condition leads to a 

significantly elevated risk for breast and ovarian cancers, although why these mutations 

result in such tissue-specific tumors is still unclear.  Experiments done on cells from 

haploinsufficient patients show that the reduced levels of BRCA1 can cause mutagenesis 

during DSB repair (Baldeyron et al., 2002; Coupier et al., 2004).  These genetic 

conditions also increase the probability of a loss of heterozygosity at the BRCA1 gene 

locus, resulting in complete loss of BRCA1 protein (Monteiro, 2003).  Although the loss 

of both BRCA1 alleles is known to occur in many cancers, BRCA1 haploinsufficiency 

only rarely leads to cancers other than breast and ovarian (Monteiro, 2003).  This 

phenotype suggests that BRCA1 may participate in repair of a specific type of DNA 

damage that occurs only in estrogen-regulated tissues (Cavalieri et al., 2006).  The tissue-

specificity of BRCA1-dependent cancer progression may result from estrogen-regulated 

tissues being able to tolerate the loss of BRCA1 for a period of time sufficient to allow 

for accumulation of further mutations that allow pre-cancerous cells to survive (Elledge 

and Amon, 2002).  The inability of haploinsufficient cells to properly repair DNA 

damage induced by estrogen metabolism coupled with a tolerance for genomic 

aberrations could explain the rapid progression of cancer in BRCA1 haploinsufficient 

patients.  In this study, we have attempted to mimic BRCA1 haploinsufficiency by 



 

17

knocking down the expression of BRCA1 protein in a non-tumorigenic breast epithelial 

cell line to examine the fidelity of DSB repair in the presence of reduced levels of 

BRCA1 protein.    

 

BRCA1 regulation during DNA repair 

Throughout the cell cycle, BRCA1 undergoes several phosphorylation events to regulate 

its protein interaction activities during the DNA damage response (Figure 3).  Following 

DNA damage, BRCA1 is phosphorylated by ataxia telangiectasia mutated (ATM), and 

ataxia telangiectasia-related (ATR) kinases in response to DSBs or DNA adducts, 

respectively (Cortez et al., 1999; Foray et al., 2003; Gatei et al., 2001; Xu et al., 2001).  

Additionally, the phosphorylation of BRCA1 by checkpoint homolog 2 (Chk2) can 

regulate the activities of BRCA1 to prevent chromosome instability and control DSB 

repair pathway choices (Stolz et al., ; Wang et al., 2006; Zhuang et al., 2006).  The 

phosphorylation of BRCA1 following DNA damage is functionally redundant to ensure 

its proper regulation, an indication of the central role BRCA1 plays in the cellular 

responses to DNA damage (Gatei et al., 2001).  The interaction of BRCA1 with C-

terminus interacting protein (CtIP) has been shown to regulate the choice of DSB repair 

pathway, and this interaction is also implicated in the resection of DNA ends following a 

DSB (Sartori et al., 2007; Yu et al., 2006; Yun and Hiom, 2009).  Additionally, BRCA1 

ubiquitinates CtIP in a phosphorylation-dependent manner, and together they are 

implicated in the removal of covalent modifications on the ends of a DSB (Nakamura et 

al., ; Yu et al., 2006).  BRCA1 also interacts with the Mre11, Rad50, Nbs1 (MRN) 
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complex at the sites of DNA damage following phosphorylation, and inhibits the 

exonuclease activity of Mre11 in vitro by binding directly to DNA (Paull et al., 2001; 

Zhong et al., 1999).  In order to clarify the role of BRCA1 in DSB mutagenesis, we will 

test the hypothesis that BRCA1 inhibits Mre11 from mutagenic nuclease resection 

activities during MMEJ and NHEJ.  

 

BRCA1 and DSB Repair 

The generation of a DSB may be due to normal cellular processes, such as estrogen 

metabolism, or can be as a result of exogenous and endogenous mutagens (Cavalieri et 

al., 2006; Wang et al., 2009).  Many exogenous sources such as radiation and pollution 

are responsible for causing DSBs, but the occurrence of a DSB can also be useful during 

meiosis and the generation of genetic diversity in lymphocytic tissues (Keeney and 

Neale, 2006).  Normal cellular activities often result in DSBs, such as during replication 

in mitotic cells or transcription (Kolodner et al., 2002).  However, damage-induced DSBs 

are considered the most detrimental genomic insult a cell can sustain, as even a single 

unrepaired break can lead to cell death or malignancy (Valerie and Povirk, 2003).  

Two major distinct pathways of double-strand break (DSB) repair are thought to 

function in mammalian cells: homologous recombination (HR) and non-homologous end 

joining (Figure 4).  Efficient repair of a DSB by HR is known to depend upon BRCA1 

protein function and interactions with Rad51 and replication protein A (RPA) (Moynahan 

et al., 1999; Moynahan et al., 2001; Scully et al., 1997; Scully et al., 1999; Valerie and 

Povirk, 2003; Xu et al., 2001).  Numerous in vivo and in vitro studies also suggest that 
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BRCA1 influences the frequency and fidelity of NHEJ repair of DSBs during all phases 

of the cell cycle, including when homologous recombination is active (Baldeyron et al., 

2002; Bau et al., 2004; Coupier et al., 2004; Snouwaert et al., 1999; Wang et al., 2001; 

Wang et al., 2006; Zhong et al., 2002a; Zhong et al., 2002b).  However, one question that 

remains unanswered is what role BRCA1 plays in NHEJ and other “alternative” end 

joining repair pathways. 

 

Homologous recombination 

During certain phases of the cell cycle when a homologous template is available, cells 

preferentially use the homologous recombination to repair a DSB (Figure 4).  The use of 

a homologous template to accurately repair a DSB is considered more useful during 

meiosis and in the late replication stages (S phase) of mitotic cells (Haber, 2000; Valerie 

and Povirk, 2003). BRCA1-negative cells display high levels of chromosome instability 

and show increased sensitivity to DSB-inducing agents, including mitomycin C (MMC), 

cisplatin, and irradiation (Moynahan et al., 2001).  In addition, BRCA1 localizes by 

immunofluorescence and co-immunoprecipitation with known homologous 

recombination proteins, including RAD51 (Figure 3) (Scully et al., 1997).  BRCA1 has 

been implicated in the control of DNA resection activities for generating single-stranded 

DNA during homologous recombination (Schlegel et al., 2006).  In the absence of 

BRCA1, cells generate less single-stranded DNA following irradiation-induced DSBs 

and are unable to properly regulate homologous recombination activities, raising the 

possibility that some DSBs that have already been partially resected in preparation for 
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homologous recombination may be subsequently repaired by NHEJ (Schlegel et al., 

2006; Snouwaert et al., 1999).  Without BRCA1, cells show a significant decrease in HR-

mediated DSB repair, but are still able to re-join DNA ends, albeit through more error-

prone repair pathways (Moynahan et al., 1999; Wang et al., 2001).  However, because 

BRCA1-deficient cells are very sensitive to cell death following irradiation, it is possible 

that BRCA1 is necessary to repair a subset of complex lesions by HR that are more 

important for cell survival, and cannot be repaired by NHEJ or other pathways (Scully et 

al., 1999). 

 

Non-homologous end joining 

In mammalian cells, NHEJ is the most commonly used pathway of DSB repair due to the 

availability of this pathway throughout the cell cycle, and the much faster rate of repair in 

contrast to HR (Bau et al., 2004; Mao et al., 2008).  In the absence of a homologous 

template, NHEJ can re-join DNA ends with or without the use of small homologies at the 

ends.  During NHEJ in mammalian cells, the Ku70-Ku80 heterodimer binds to and aligns 

the DNA ends of a DSB, and recruits the DNA protein kinase catalytic subunit (DNA-

PKcs).  The DNA-PKcs then undergoes autophosphorylation and a conformational 

change to phosphorylate and recruit other proteins to the ends for resection, ligation and 

damage signaling activities (Figure 4) (Meek et al., 2008).  The DNA ends are either 

directly ligated together, or resected to eliminate any chemical modifications, and then 

ligated.  DSB ends can be processed by Artemis, a nuclease with 5’ to 3’ exonuclease 

activity on single-stranded DNA and endonuclease activity on overhangs and hairpins 
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(Ma et al., 2002).  Additionally, the MRN complex may play a role in processing the 

DNA ends during NHEJ by bridging the ends together and resecting the ends to reveal 

microhomologies (Xie et al., 2009).  The ends of the DSB are joined by XRCC4-DNA 

ligase IV following resection, and then gap filling polymerases complete the repair if 

necessary (Meek et al., 2008).  The defined classical NHEJ pathway described here is 

most commonly used following a DSB, but in the presence of large numbers of breaks, 

there are alternative pathways of repair that are genetically and functionally distinct from 

NHEJ (Bennardo et al., 2008). 
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Figure 4.  Models of homologous recombination and non-homologous end 
joining.  Repair of a DSB can be accomplished by either of the major DSB repair 
pathways.  During HR, a homologous template is used to repair the DSB without 
sequence loss.  In contrast, NHEJ can re-join DNA ends without the use of a 
homologous template, although this pathway of repair is often error-prone due to 
processing of the DNA ends prior to re-joining.  Artemis mediates processing of the 
DNA ends during NHEJ, although a role for Mre11 nuclease activity cannot be ruled 
out. 
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BRCA1 regulation of non-homologous end joining 

Considerable debate exists about whether the BRCA1 protein directly participates in 

NHEJ repair processes, and while a few investigations have determined that BRCA1 

influences the overall frequency of end-joining (Zhong et al., 2002b; Zhuang et al., 

2006), most studies show that the size and frequency of sequence deletions are greater in 

the absence of BRCA1 (Baldeyron et al., 2002; Bau et al., 2004; Coupier et al., 2004; 

Snouwaert et al., 1999; Wang et al., 2001; Wang et al., 2006; Zhuang et al., 2006).  These 

results suggest that BRCA1 functions to maintain the fidelity of NHEJ through nuclease 

regulation (Bau et al., 2004).  In addition, laser microirradiation studies in mammalian 

cells show that accumulation of the BRCA1 amino-terminus at the site of a DSB is 

dependent on its association with a NHEJ protein, Ku80 (Wei et al., 2008).  These results 

suggest that BRCA1 plays a direct role in maintaining the fidelity of NHEJ.  Investigators 

have shown that there are additional factors required for efficient NHEJ beyond the 

classical proteins, Ku70-Ku80, XRCC4, and DNA ligase IV (Dai et al., 2003).  Thus, loss 

of wild-type BRCA1 could greatly reduce the capacity of a cell to maintain genomic 

fidelity using either of the major DSB repair pathways.  Loss of BRCA1 function in a cell 

could therefore allow other less commonly used “alternative” pathways of end joining 

DSB repair, including distal end-joining (DEJ), single-strand annealing (SSA), and 

microhomology-mediated end joining (MMEJ), to be used more frequently.  Indeed, 

there is evidence that the longer a DSB persists, the more chance for mutagenesis of the 

sequence by these “alternative” end-joining pathways (Bennardo et al., 2009).  Therefore, 

BRCA1 may enhance repair fidelity by promoting more rapid repair of the DSB through 
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recruitment of repair factors to the DNA ends and/or by directly or indirectly inhibiting 

the activity of nucleases that target the broken ends of a DSB (Bennardo et al., 2009; 

Paull et al., 2001).     

 

Alternative end-joining 

Investigators have long recognized the presence of DNA end-joining repair pathways that 

are genetically and functionally distinct from NHEJ (Feldmann et al., 2000; Ferguson et 

al., 2000; Verkaik et al., 2002).  These modes of DSB repair are thought to serve as back-

up repair pathways in the absence of classical NHEJ proteins, or the presence of a high 

number of breaks (Bennardo et al., 2008; Katsura et al., 2007; Lieber et al., 2008).  Many 

of the genetic alterations such as chromosomal translocations that are seen in cancerous 

cells contain regions of microhomology at the breakpoints (Mattarucchi et al., 2008; 

Nussenzweig and Nussenzweig, 2007; Weinstock et al., 2007).  These alternative 

pathways of end-joining are commonly used in lymphoid tissues to generate genetic 

diversity, and the presence of microhomologies at breakpoints is a common occurrence in 

many cancers (McVey and Lee, 2008; Nussenzweig and Nussenzweig, 2007; Yan et al., 

2007).  The role of alternative pathways of DNA repair during period of high cellular 

stress may allow for cells to survive significant amounts of DNA damage, but can also be 

responsible for serious genomic alterations and pre-cancerous proliferation.  The MRN 

complex is believed to be responsible for at least a percentage of the alternate repair 

events through its nuclease and DNA end-bridging activities (Zhuang et al., 2009).  

Recent studies have also shown that the mechanism of DNA end-joining using 
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microhomologies is not as simple as was previously thought (Yu and McVey).  The 

involvement of DNA polymerase theta in the generation of microhomologies for use in 

re-joining activities has prompted the proposal of new models for error-prone, synthesis-

dependent DNA end-joining pathways of DSB repair (Chan et al., ; Yu and McVey).  

These models have elaborated on the model of microhomology-mediated end joining 

(MMEJ) directly mediated by Mre11 exonuclease activity put forth several years ago 

(Paull and Gellert, 2000; Williams et al., 2008).  Although this investigation focuses on 

the current model of MMEJ (Figure 5), it has become clear that the flexibility of cellular 

DNA repair processes is key to prolonged maintenance of genomic stability, and that we 

must have a better understanding of the genetic and biochemical requirements of 

alternative DSB repair pathways (Lieber et al., 2008).   

 

Microhomology-mediated end joining 

This investigation focuses on the role of BRCA1 in the suppression of mutagenic 

“alternative” pathways of DNA double-strand break repair including microhomology-

mediated end joining (Figure 5) (MMEJ).  In conjunction with BRCA1, the effects of a 

small molecule nuclease inhibitor, mirin on double-strand break repair fidelity and 

MMEJ frequency will be evaluated. Mirin has previously been shown to suppress MMEJ 

by specifically inhibiting the exonuclease activity of Mre11 (Rahal et al.).  Mre11 

functions in double-strand break repair as part of a heterotrimeric complex that binds to 

DNA ends and is thought to mediate MMEJ (Hopfner et al., 2001; Williams et al., 2008). 
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MMEJ is an error-prone Ku-independent end joining repair pathway that requires 

the pairing of approximately 5 to 25 bases of homology flanking the DSB site (Figure 5). 

Creating genetic diversity in lymphocytes is a process unique to higher vertebrates, and 

often requires the use of error-prone DSB repair pathways such as MMEJ.  Considered 

uncommon in non-lymphocytic tissues, the frequency of MMEJ increases with the 

number of genomic insults to a cell, suggesting that the limited availability of proteins for 

more common repair pathways such as homologous recombination and NHEJ may be an 

important factor in regulating the frequency of MMEJ (Bennardo et al., 2009) (Katsura et 

al., 2007). 

Translocation events that occur between DNA ends from different DSBs are more 

likely to occur by alternative end-joining repair events like MMEJ than any other DSB 

repair mechanism in the cell (Guirouilh-Barbat et al., 2004).  Sequencing of translocation 

events in many types of human tumors reveals the frequent use of microhomologies at the 

breakpoints, suggesting the involvement of MMEJ in at least a percentage of these cases 

(Mattarucchi et al., 2008; McVey and Lee, 2008).  MMEJ repair has also been shown to 

lead to dicentric chromosomes and other translocations that can result in significant 

chromosomal instability following mitosis (Zhu et al., 2002).  These observations raise 

important questions regarding the contribution of MMEJ repair to genomic instability and 

how MMEJ is regulated in various tissues.  

Genetic evidence shows that the Mre11, Rad50, Nbs1 (MRN) complex and 

specifically, the exonuclease activity of Mre11, is required for MMEJ to occur in both 

yeast and mammalian cell systems (Chen et al., 2008; Lee and Lee, 2007; Ma et al., 
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2003; Moore and Haber, 1996; Xie et al., 2009).  In addition, Mre11 exonuclease activity 

is required for deletional NHEJ, but not for accurate NHEJ (Zhuang et al., 2009), and the 

use of microhomologies is significantly reduced without Mre11 (Xie et al., 2009).  MRN 

produces ssDNA at the ends of a DSB through Mre11 3’-to-5’ exonuclease activity and 

has the capacity to join 5’ DNA ends together at regions of microhomology (Paull and 

Gellert, 1998; Paull and Gellert, 2000; Rass et al., 2009).  Mutations in the MRN 

complex genes are associated with hereditary susceptibility to breast and ovarian cancer 

(Heikkinen et al., 2003), and loss of heterozygosity (LOH) at the Mre11 locus is 

associated with sporadic breast cancer (Petrini et al., 1995).  In mammalian cells, 

additional proteins have been implicated in the MMEJ pathway.  Mammalian Ku80 and 

CtIP levels influence the frequency of MMEJ (Katsura et al., 2007; Yun and Hiom, 

2009), and BRCA1/MRN/CtIP work in concert to eliminate covalent modifications from 

the DSB ends and facilitate subsequent DSB repair (Nakamura et al.).  DNA ligases I and 

III, and polyADP-ribose polymerase-1 (PARP-1) are thought to complete the ligation and 

fill-in steps of MMEJ (Audebert et al., 2004; Liang et al., 2008). 

Paull and Gellert proposed a model by which Mre11 can join DNA ends at 

regions of microhomology on the 5’ ends of a DSB and that this process is mediated by 

the exonuclease activity of Mre11 (Figure 5) (Paull and Gellert, 2000) (Paull and Gellert, 

1998).  Further support for this model comes from crystal structure studies that have 

shown the MRN complex can bridge DNA ends together, and homodimers of Mre11 

have the ability to process DNA ends in a manner that facilitates MMEJ (Williams et al., 

2008).  These studies have led to a model that suggests the direct involvement of the 
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MRN complex in facilitating MMEJ (Buis et al., 2008; Paull and Gellert, 1998; Paull and 

Gellert, 2000; Williams et al., 2008).  If this model holds, the question becomes does 

BRCA1 regulate the MRN complex, and specifically the nuclease activity of Mre11, to 

influence the frequency and fidelity of MMEJ (Figure 5)?  
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Figure 5.  Speculative model of BRCA1 inhibition of Mre11-dependent 
microhomology-mediated end joining.  Speculative model of BRCA1 binding 
to DNA and inhibiting the exonuclease activity of Mre11 from resecting DNA 
ends to reveal microhomologies.  Following resection, the 5’ flaps are removed, 
and the DNA ends are joinied at the region of microhomology resulting in loss of 
the DNA sequences between the microhomologies, and one of the 
microhomology sequences. 
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BRCA1 and MMEJ Regulation 

Evidence for the involvement of BRCA1 in regulating the MMEJ pathway comes from 

studies on the biochemical properties of BRCA1 and its protein interactions.  Initial 

findings report that BRCA1 interacts/localizes with the MRN complex at the site of a 

DNA DSB, specifically with Rad50 by co-IP and Rad50 and Mre11 by 

immunofluorescence (Scully et al., 1997; Zhong et al., 1999).  Furthermore, in vitro 

studies using purified proteins demonstrated that BRCA1 can bind directly to complex 

DNA structures such as cruciforms, and inhibit the exonuclease activity of Mre11 (Paull 

et al., 2001).  This data also suggests that the participation of BRCA1 in DSB repair may 

be restricted to a limited set of DNA structures that form following a DSB. These 

investigations have led to the model that BRCA1 inhibition of Mre11 nuclease activity 

may enhance the fidelity of DNA end joining by suppressing MMEJ (Figure 5).  In the 

absence of BRCA1, the frequency of MMEJ increases by about 3-fold in HCC 1937 

breast cancer cells, especially if BRCA1 is unable to be phosphorylated by checkpoint 

kinase 2 (chk2), and that the rejoining of DNA ends by any microhomologies is reduced 

in the presence of BRCA1 (Zhuang et al., 2006).  In addition, the absence of BRCA1 

increases the length of the microhomologies used for end joining and the distance from 

the DSB where joining occurs is increased (Zhuang et al., 2006).  Recent findings using 

mouse embryonic stem cells show that BRCA1 promotes accurate end-joining of distal 

chromosomal breaks and suppresses alternative end-joining events that are characterized 

as being about 90% microhomology-mediated (Bennardo et al., 2009).  This study also 

showed that BRCA1 suppresses overall distal end-joining events, consistent with the 
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hypothesis that BRCA1 protects the genome from such translocations.  However, existing 

data do not always support this model. Studies using a linearized GFP reporter assay in 

chicken DT40 lymphoid cells show that the frequency of MMEJ is not affected by 

BRCA1, suggesting that it does not actively participate in MMEJ repair (Yun and Hiom, 

2009).  Another study shows that mouse embryonic fibroblasts need BRCA1 to facilitate 

MMEJ re-joining of a chromosomal DSB, showing that BRCA1 promotes and is required 

for MMEJ (Zhong et al., 2002b).  

While some of the conflicting data may partially stem from the use of different 

cell lines, the idea that a tumor suppressor such as BRCA1 would promote a mutagenic 

repair pathway seems unlikely.  However, it is still possible that BRCA1 facilitates 

cohesive end joining even after there has been strand resection, although the mechanism 

by which this might occur is not clear (Bennardo et al., 2009).  Perhaps the affinity of 

BRCA1 for complex DNA structures might lead to its involvement in the intermediate 

steps of repair events distinct from its normal functions.  Taken together, the current data 

points to a model whereby BRCA1 prevents DNA mutagenesis during repair of a DSB 

(Figure 6). 

 

BRCA1 and cancer 

Since discovery of the correlation between BRCA1 gene mutations and a significantly 

increased lifetime risk for developing breast and/or ovarian cancer, it has become clear 

that DNA repair processes play a central role in the development of tumors.  The 

underlying cause of hereditary breast and ovarian cancers may be due to the inability of 
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BRCA1 haploinsufficient cells to accurately repair DNA damage sustained during 

estrogen metabolism in these tissues which can lead to loss of heterozygosity (LOH) in 

the BRCA1 gene (Yager and Liehr, 1996).  Downstream products of estrogen metabolism 

can cause significant DNA damage including double-strand breaks (Cavalieri et al., 2006; 

Wang et al., 2009; Yager and Liehr, 1996).  The combination of anti-apoptotic effects of 

estrogen (Elledge and Amon, 2002; Gompel et al., 2000), with the DNA-damaging 

byproducts of this hormone’s metabolism, produces an increased risk for tumor 

development in patients with familial hereditary BRCA1 mutations.  Recently, Mre11 has 

also been identified as a candidate gene for predisposition to breast cancer highlighting 

the connection between DNA repair proteins and hereditary cancers (Bartkova et al., 

2008). The molecular characterization of MMEJ repair in response to estrogen 

metabolism may provide insights into breast and ovarian cancer progression. 

Truncating mutations in the BRCA1 gene result in the highest risk of cancer 

(Castilla et al., 1994), but the identification of missense mutations that are not truncating 

or loss-of-function has yet to yield any correlation of cancer risk with specific functions 

of the protein domains (Narod and Foulkes, 2004).  Loss of heterozygosity in the BRCA1 

gene is observed in both hereditary and spontaneous cancers, and thus it is important to 

characterize the DNA repair functions that are lost in these tumors to determine their 

susceptibility to specific treatments (Kennedy et al., 2004). Importantly, checkpoint 

kinase 2 (Chk2)-regulated DNA repair functions of BRCA1 during G0, G1, S, and G2 

phases of the cell cycle may combine with Chk2/BRCA1 spindle assembly functions 

during M phase to have a significant impact on the genomic stability of a cell (Stolz et 
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al.).  Information gained from these and additional studies will be useful to provide 

options for patients in both prophylactic and acute treatment situations.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

34

 

 

 

 

 

 

BRCA1

P

HR

CHK2

P

NHEJ

Mre11
RAD50

Nbs1

3Õ exo

MMEJ

?

 
 
 
Figure 6.  Speculative model of BRCA1 functions during double-strand break 
repair.  Following a DSB, BRCA1 becomes phosphorylated by Chk2 to promote 
homologous recombination.  In the absence of a homologous template, BRCA1 
binds to the DNA and inhibits the exonuclease activity of Mre11 to prevent MMEJ 
and maintain the fidelity of NHEJ.  A possible alternative mechanism of maintaining 
NHEJ fidelity is through inhibition of another as yet unknown nuclease to prevent 
resection of DNA ends prior to ligation.  
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Summary  

Despite the evidence for BRCA1 involvement in the regulation of classical and 

alternative pathways of NHEJ, more studies are needed to determine the true role of 

BRCA1 in regulating the frequency and fidelity of NHEJ.  In regard to MMEJ, there is 

currently insufficient data to clearly define the influence this pathway has on the 

progression of hereditary or spontaneous breast and ovarian cancers.  Experiments that 

use cells from human patients who have BRCA1 haploinsufficiency may be able to 

clarify if MMEJ truly contributes to breast and ovarian cancer development.  In addition, 

experiments that clearly define DNA substrates formed in response to estrogen-mediated 

damage will be very useful in future studies to ascertain which repair processes are most 

frequently associated with estrogen-induced DNA damage.  Examining the frequency 

with which MMEJ is used in response to various levels of DNA damage in different 

tissues will clarify its role in tissue-specific-cancers.  Clearly defining MMEJ and other 

repair pathways will help to find new molecular targets for the development of 

personalized cancer therapies.  Although the treatment of cancers is of vital importance, 

perhaps the most beneficial information to be gleaned from these studies is how we can 

prevent tissue-specific cancers from forming in otherwise healthy individuals.   
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Explanation of the dissertation format 

This dissertation is comprised of two chapters: an introductory chapter containing a 

review of all the pertinent literature to this topic (Chapter I: Introduction), and a second 

chapter summarizing the novel findings and conclusions of the dissertation work 

(Chapter II: Present study).  These studies are included in the form of a manuscript 

(Appendix B).  The manuscript is based on experiments I carried out based on my own 

design and with guidance from my advisors, Dr. Hanna (Johnny) Fares and Dr. Kathleen 

Dixon. Earlier studies done in collaboration with the lab of Dr. Hanna “Johnny” Fares are 

included in Appendix A as a published journal article. 
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CHAPTER II: PRESENT STUDY 
 
 
The methods, results, and conclusions of this study are presented in the paper appended 

to this dissertation/thesis (Appendix A).  The data and conclusions are discussed in the 

appended manuscript.  The following is a summary of the most important findings in this 

document.  The conclusions section following is a brief overview of future directions and 

experiments to examine additional questions.  

 

Effects of BRCA1 loss on the fidelity of DNA double-strand break repair.   
 
(Appendix A). 
 

Summary 
 

 
The effects of BRCA1 on double-strand break repair are important for investigators to 

discover how tissue-specific cancers arise, and to determine optimal courses of treatment 

for patients with BRCA1-negative tumors.  Although the cellular defects associated with 

BRCA1 deficiency or haploinsufficiency have been well studied, we still do not know 

how hereditary breast and ovarian cancers arise, nor what the role of BRCA1 is in 

proliferation of sporadic cancers.  Many studies have determined the cause of 

carcinogenesis arises from defects in DNA repair genes, and it is clear that maintenance 

of genomic stability is the key component of cancer prevention.  We previously observed 

a difference in the pattern of DNA end-degradation in vitro in nuclear extracts from 

BRCA1-deficient and wild-type cells’, suggesting a defect in the regulation of nuclease-

mediated resection of DSB ends.  This observation led to the hypothesis that the loss of 
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BRCA1 may allow for more error-prone repair of DSBs, specifically in the NHEJ 

pathway.   

 To assess the defects associated with BRCA1 loss during DSB repair, we 

designed a series of experiments based on methods of introducing exogenous “broken” 

DNA into cells to observe any differences in DSB repair fidelity following the loss of 

BRCA1 protein in cancerous cells.  In addition, we wanted to know if BRCA1 

haploinsufficiency is associated with defects in DSB repair fidelity.  To this end, we used 

a non-tumorigenic breast epithelial cell line to examine the effects of reduced levels of 

BRCA1.  The cells were transduced with lentivirus constructs containing shRNA 

sequences designed to knockdown BRCA1 protein expression to the levels seen in 

haploinsufficient patients.  The use of these cell models allowed us to assess the capacity 

for tumorigenesis following DNA damage in breast epithelial tissues, and the 

contribution of BRCA1 to DSB mutagenesis in cancerous cells.  In addition, we used an 

inhibitor of Mre11 exonuclease activity to determine the contribution of this nuclease to 

DNA end-resection activities during MMEJ and NHEJ.   

 An increase in the frequency of error-prone DSB repair was observed in both cell 

models following loss or reduction of BRCA1 protein levels.  We also observed a 

decrease in DSB repair fidelity during NHEJ in the BRCA1-deficient cells.  Our 

experiments also examined the contribution of Mre11 exonuclease activity to the 

frequency of MMEJ and overall NHEJ repair fidelity.  We found that the exonuclease 

activity of Mre11 mediates MMEJ, but does not significantly contribute to the overall 

frequency of mutagenesis during NHEJ.  The results from sequencing analysis of re-



 

39

joined plasmid suggested that inhibition of Mre11 exonuclease activity by mirin did 

reduce the size of sequence deletions during NHEJ, although the results were not 

consistently significant across all the samples.   

 

Conclusions 

 

Our studies show that BRCA1 protein contributes significantly to the fidelity of non-

homologous DSB repair in breast epithelial tissues.  We also show that the absence of 

BRCA1 increases the frequency of Mre11-mediated MMEJ in breast epithelial cells, thus 

increasing the potential for carcinogenesis and/or chemotherapeutic drug sensitivity.  In 

addition, we found that reduced levels of BRCA1 protein are sufficient to increase the 

frequency of DNA mutagenesis following a DSB.   

 The nuclease activity responsible for mutagenesis during NHEJ repair of a DSB is 

yet to be identified, but one likely candidate is Artemis, a nuclease involved with NHEJ 

repair.  Although there have not been any studies linking the regulation of Artemis to 

BRCA1, experiments to test this interaction would be warranted given the results from 

our studies. Other potential candidates for nuclease resection during classical and 

alternative NHEJ are Exo1, Fen1, and CtIP.  The approach to study the role of these 

nucleases would be similar to our strategy of chemical inhibition or lentiviral-mediated 

knockdown.  It is clear that Mre11 nuclease mediates a significant proportion of MMEJ 

activities seen in our assays, but there is still some MMEJ repair being facilitated despite 

Mre11 inhibition with mirin.  It is possible that mirin exposure resulted in an incomplete 
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inhibition of Mre11, but there is also the possibility that the re-joining of DSB ends via 

MMEJ could be mediated by another mechanism involving synthesis-dependent 

microhomology mediated end joining (SDSA). To test this, we could examine the 

involvement of translesion polymerases like polymerase theta in MMEJ and mutagenic 

NHEJ.   

 The type of DNA damage is also important for examining the cellular responses 

and outcomes of damage repair.  Ideally, the use of estrogen metabolites to modify the 

ends of linear DNA substrates would provide important information regarding the 

development of tissue-specific cancers following estrogen-mediated DNA damage.  The 

affinity of BRCA1 for specific types of DNA damage may clarify the role of different 

types of DNA damage to cancer progression.  Previous studies have shown that BRCA1 

has a wide variety of affinities for different DNA substrates in vitro, showing increased 

binding to more complex DNA structures.  The intermediate structures observed during 

many pathways of DNA repair could play a key role in determining the potential for 

mutagenesis and genomic instability.  Future experiments should include a representation 

of several types of DNA damage, including end modifications, to assess the importance 

of this issue during repair.  Applying these strategies to future experiments will clarify 

the role of BRCA1 in DNA repair regulation, and will provide clues to the tissue-

specificity of cancer progression due to BRCA1 deficiencies. 
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Abstract 

Background 

Mucolipidosis Type IV is currently characterized as a lysosomal storage disorder with 

defects that include corneal clouding, achlorhydria and psychomotor retardation.  

MCOLN1, the gene responsible for this disease, encodes the protein mucolipin-1 that 

belongs to the "Transient Receptor Potential" family of proteins and has been shown to 

function as a non-selective cation channel whose activity is modulated by pH.  Two cell 

biological defects that have been described in MLIV fibroblasts are a hyperacidification 

of lysosomes and a delay in the exit of lipids from lysosomes. 

 

Results 

We show that mucolipin-1 localizes to lysosomal compartments in RAW264.7 mouse 

macrophages that show subcompartmental accumulations of endocytosed molecules.  

Using stable RNAi clones, we show that mucolipin-1 is required for the exit of lipids 

from these compartments, for the transport of endocytosed molecules to terminal 

lysosomes, and for the transport of the Major Histocompatibility Complex II to the 

plasma membrane. 

 

Conclusion 

Mucolipin-1 functions in the efficient exit of molecules, destined for various cellular 

organelles, from lysosomal compartments. 
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Background 

Mucolipidosis Type IV (MLIV) is a genetic neurodevelopmental and neurodegenerative 

disease affecting a variety of functions in patients [1-3].  A very thin corpus callosum 

found in MRI scans of the brain of patients indicates a deficit in embryonic brain 

development [1, 3].  A neurodegenerative process that causes optical nerve atrophy and 

loss of vision occurs in all patients in childhood [4].  Patients suffer severe psychomotor 

retardation and most do not learn how to walk and speak.  MLIV patients also have 

achlorhydria, or the inability to secrete gastric acid by parietal cells [5, 6].   

 Cells in MLIV patients exhibit a number of defects.  Many tissues, including the 

cornea, stomach parietal cells, and pancreas have large vacuoles containing 

fibrinogranular inclusions, multilamellar membranes and vesicles [5-10].  MLIV cells 

show a delay in the degradation and/or transport of endocytosed lipids that accumulate in 

these large vacuoles [11-15].  MLIV fibroblasts also show a defect in the fusion of 

lysosomes with the plasma membrane in response to treatment with the Ca2+ ionophore 

ionomycin [16].   

 The gene mutated in MLIV is MCOLN1, which encodes mucolipin-1 (ML1) [17-

19].  ML1 is predicted to have six transmembrane domains and is a group 2 Transient 

Receptor Potential (TRP)-related cation channel [20].  ML1 is a non-selective, pH-

regulated cation channel with a preference for monovalent cations [21-24].  One possible 

cell biological function for ML1 in skin fibroblasts is as a proton leak channel that 

regulates the rate at which endosomes/lysosomes acidify [25].  ML1 localizes to late 
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endocytic compartments and its overexpression results in abnormalities in these 

structures [15, 22, 23, 26-28]. 

ML1 is first transported to the plasma membrane and is subsequently endocytosed 

and targeted to lysosomes [15, 27-29].  However, the transport of ML1 is also dependent 

on the AP-1 adaptor complex, but not the AP-2 or the AP-3 adaptor complexes, 

suggesting a second direct transport route from the Trans-Golgi Network to lysosomes 

[30].  ML1 can be cleaved within the first intracellular loop and the two resulting portions 

remain associated.  It is not clear whether this cleavage occurs in endosomes/lysosomes 

or at the Trans-Golgi Network, and whether it is required for the inactivation of the 

protein or is part of its normal processing [22, 30]. 

There are two other mucolipins in mammals.  Mucolipin-1, mucolipin-2, and 

mucolipin-3 interact to form homo- and hetero-multimers [27].  All three proteins 

localize to late endosomes/lysosomes, though the localization of mucolipin-3 requires an 

interaction with either of the other two homologues [27].  It is therefore not known 

whether some of the symptoms in MLIV patients are due to the mislocalization of 

mucolipin-3 due to the absence of ML1.  While there are no known existing mutations in 

mucolipin-2, varitint-waddler (Va) mice have mutations in mouse mucolipin-3 resulting 

in deafness and pigmentation defects [31, 32].  There is likely some redundancy in 

function between the mucolipins since DT40 B-lymphocytes lacking ML1 do not show a 

pronounced lysosomal defect, while in contrast, overexpression of dominant negative 

forms of ML1 or of mucolipin-2 results in the large vacuole defect characteristic of 

MLIV cells [33]. 
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 CUP-5 is the sole Caenorhabditis elegans mucolipin and is required for the 

biogenesis of lysosomes from late endosome [34, 35].  Analogous to the cellular 

abnormalities in MLIV, mutations in cup-5 result in the accumulation of large vacuoles in 

some cells and in embryonic lethality, mostly due to developmental/tissue degeneration 

defects [34, 36, 37].  Mucolipin function is conserved since expression of human ML1 or 

mucolipin-3 rescues both of these defects [35, 36].  Mucolipin-2 has not yet been tested.  

 In this study, we sought to define more accurately the sites at which ML1 

functions and to identify primary defects in cells with reduced ML1 levels.  We used 

RAW264.7 cells because, like coelomocytes of C. elegans, macrophages have elaborate 

lysosomal transport pathways that allow us to visualize intermediate steps in lysosomal 

transport.  Here, we show that ML1 is required for dynamic late endosomal/lysosomal 

trafficking events in macrophages.  

 

 

Results 

Co-localization of ML1 with markers for various endocytic compartments 

We made a stable RAW264.7 clone in which GFP-ML1 is expressed under the control of 

the CMV promoter.  In these stable clones, approximately 70% of the cells express GFP-

ML1.  A similar GFP fusion to CUP-5 is fully functional and rescues all defects of cup-

5(null) worms, while a similar fusion to human ML1 rescues the MLIV defects in 

fibroblasts [16, 35]. 
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To determine the subcellular localization of GFP-ML1, we immuno-stained these 

cells using antibodies against the early endosomal protein HRS, M6PR that cycles 

between late endosomes and the Golgi apparatus, the late endosomal/lysosomal lipid 

LBPA, and the lysosomal marker LAMP1 (Fig. 1A) [38-42].  Consistent with previous 

studies that localized ML1 to late endocytic compartments in other cell types, we saw 

more extensive co-localization of GFP-ML1 with late endocytic markers (Fig. 1B) [15, 

22, 26-28].   The high incidence of co-localization of GFP-ML1 with LBPA is a novel 

result and indicates that ML1 localizes primarily to compartments that contain internal 

vesicles and lamellae [41, 43].  

 We also made a functional fusion of the red fluorescent protein mCherry to the 

amino-terminus of ML1.  To ascertain that this fusion protein shows the same 

localization pattern as GFP-ML1, we co-transfected cells with the mCherry-ML1 and the 

GFP-ML1 or YFP-Lamp1 expressing plasmids.  Consistent with the Lamp1 

immunofluorescence staining, mCherry-ML1 co-localized strongly with YFP-Lamp1 and 

with GFP-ML1 (Fig. 1C, D).  We then co-transfected cells with mCherry-ML1 and GFP-

Rab7 (late endosome/lysosome) expressing plasmids [44].  We saw significant co-

localization of mCherry-ML1 with GFP-Rab7. 

 

Co-localization of GFP-ML1 with endocytosed substrates 

To further define the localization and behavior of ML1 in lysosomal compartments, we 

examined the localization of GFP-ML1 relative to endocytosed soluble solutes.  We 

pulsed stable GFP-ML1 clones with BSA-AlexaFluor 594 for 1 minute and then fixed the 
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cells after various chase times (Fig. 2).  There are four main conclusions from this 

analysis.  First, we saw progressively increased co-localization between BSA-AlexaFluor 

594 and GFP-ML1 that peaked at around 15 minutes and remained the same for 24 hours 

(Fig. 2B).  Second, there were always some compartments that contained BSA-

AlexaFluor 594 but that were not labeled with GFP-ML1, even at the 24-hour time point 

when all of the BSA-AlexaFluor 594 is in terminal compartments.  Third, we saw many 

tubules emanating from GFP-ML1-labeled compartments (Fig. 2A).  Fourth, we saw 

BSA-AlexaFluor 594 concentrations in substructures that were 300-500 nm in diameter 

and that were attached by tubules to endocytic compartments.  GFP-ML1 localizes to 

these endocytic compartments, including the tubules and attached substructures  (Fig. 2A, 

15 min zoom).   The number of these GFP-ML1-labeled compartments that showed a 

polarized distribution of BSA-AlexaFluor 594 increased over the time course of the 

experiment, peaked to about 15 +/- 2 per cell at the 15-minute time point, and remained 

the same at later time points.  These structures were not a consequence of the 

overexpression of GFP-ML1 since they were apparent in untransfected RAW264.7 cells 

(data not shown). 

 We also examined the progress of the fluid-phase marker dextran-Rhodamine 

through GFP-ML1-labeled compartments [45].  We essentially saw the same behavior 

using Dextran-Rhodamine, including the extent of co-localization at various time points 

and the appearance of substructures with polarized distributions of Dextran-Rhodamine 

(Fig. 2C, D). 
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Reduction of ML1 levels results in a delay in the transport of lipids to the Golgi 

apparatus 

We made two independently isolated RAW264.7 stable clones, called LS9 and LS10, 

expressing an shRNA from the constitutive histone H1 promoter and targeting MCOLN1.  

The levels of MCOLN1 mRNAs are significantly reduced, 19.8 +/- 3.2% and 18.7 +/- 

1.7% of RAW264.7 levels in LS9 and LS10, respectively (Fig. 3A).  The levels of 

MCOLN2 mRNAs are unchanged, 97.4 +/- 2.5% and 102.6 +/- 3.1% of RAW264.7 levels 

in LS9 and LS10, respectively (Fig. 3A).  We could not detect MCOLN3 RNA in 

repeated Northern blot experiments (data not shown). 

 Reducing ML1 levels in RAW264.7 cells does not result in the hyperacidification 

of late endosomal/lysosomal compartments.  This was determined either by staining of 

cells with the pH-sensitive dye Acridine Orange or after loading the terminal 

compartments with the pH-sensitive endocytic substrate dextran-Oregon Green 488 (Fig. 

3B, C).  Previous studies have produced conflicting data on the hyperacidification of 

lysosomes in MLIV fibroblasts [25, 46, 47].  The lack of hyperacidification of terminal 

compartments in our RAW264.7 RNAi lines may be due to residual ML1 activity, to 

redundancy with mucolipin-2, and/or the presumed pH regulatory function of ML1 may 

be tissue-specific. 

 MLIV fibroblasts also show a delay in the transport of the fluorescent lipid 

analogue Bodipy-LacCer from endocytic compartments to the Golgi apparatus [12, 15].  

To determine whether RAW264.7 cells had a similar defect, we pre-labeled the terminal 

compartments of RAW264.7, LS9, and LS10 cells with dextran-Cascade Blue, pulsed 
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cells with Bodipy-LacCer for 30 minutes, and chased for 45 minutes or 90 minutes.  By 

45 minutes, all of the Bodipy-LacCer reached the peri-nuclear Golgi apparatus of 

RAW264.7 and did not co-localize with the dextran-Cascade Blue (Fig. 3D).  In contrast, 

while some of the Bodipy-LacCer reaches the peri-nuclear Golgi apparatus in LS9 and 

LS10 cells, there is still significant co-localization of the Bodipy-LacCer with dextran-

Cascade Blue-labeled compartments indicating a delay in the exit of Bodipy-LacCer from 

these compartments (Fig. 3D).  

 

Reduction of ML1 levels results in a delay in the transport of endocytosed proteins to 

lysosomes 

Previous results had shown that CUP-5 in C. elegans is required for the transport of 

endocytosed BSA from late endosomes to lysosomes [35].  To determine whether ML1 is 

also required for lysosomal transport, we loaded the terminal compartments of 

RAW264.7, LS9 or LS10 cells with BSA-AlexaFluor 594 by incubating cells with the 

fluorescent marker the first day for 4 hours followed by a 24-hour incubation in the 

absence of the marker.  Approximately 5% of LS9 and LS10 cells showed a significantly 

enlarged terminal compartment that contained the fluorescent endocytosed marker (Fig. 

4A).  In the absence of ML1-specific antibodies, we cannot determine whether these 

represent cells with the most reduction in ML1 levels or whether loss of ML1 in all cells 

would give a similarly low penetrant phenotype.  The complete loss of ML1 in DT40 B 

lymphocytes has been reported not to affect the sizes of the terminal compartments [33]. 
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To determine whether there is a delay in the trafficking of endocytosed proteins to 

terminal compartments of LS9 and LS10 cells, we pulse-chased BSA-AlexaFluor 488 

into cells whose terminal compartments were pre-loaded with BSA-AlexaFluor 594 (Fig. 

4A).  After a 10-minute pulse, most of the BSA-AlexaFluor 488 has reached the BSA-

AlexaFluor 594-stained terminal compartments in RAW264.7 cells.  This co-localization 

in wild type cells remains the same after 15 or 30 minutes chase times (Fig. 4A).  In 

contrast, in LS9 and LS10 cells, there is no co-localization of the BSA-AlexaFluor-488 

and the BSA-AlexaFluor 594-stained compartments, either normal-sized ones or enlarged 

ones, after the 10-minute pulse (Fig. 4A),  By 15 minutes of chase, some of the BSA-

AlexaFluor 488 has reached the terminal compartments, and this co-localization is 

complete by 30 minutes (Fig. 4A). 

Having observed a delay in lysosomal transport, we asked whether there was a 

delay in the degradation of endocytosed proteins.  We therefore pulsed cells with Hen 

Egg Lysozyme (HEL) for 5 minutes and determined the remaining HEL in cells at 

various chase times.  LS9 and LS10 cells showed increased cellular levels of endocytosed 

HEL at the different chase times relative to RAW264.7 cells (Fig. 4B, C).  The BSA 

transport and HEL degradation results indicate that ML1 is required for the efficient 

transport of endocytosed proteins to lysosomes.  

 

Nature of the enlarged compartments in MCOLN1 RNAi RAW264.7 cells 

To determine the nature of the enlarged vacuoles in the MCOLN1- RNAi clones, we pre-

loaded their terminal compartments with BSA-AlexaFluor 594 and stained these cells for 
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various markers (Fig. 5).  None of the enlarged vacuoles stained for M6PR or for HRS, 

indicating that they do not have typical early or late endosomal characteristics.  These 

enlarged vacuoles stain for LAMP1 and for Rab7, which is consistent with their 

lysosomal nature.  Furthermore, they strongly stain for LBPA, which is consistent with 

cells isolated from MLIV patients showing enlarged compartments that contain both 

multivesicular and multilamellar membranes [5-10]. 

 

Reduction of ML1 levels results in a delay in the transport of MHCII to the plasma 

membrane 

GFP-ML1 localizes to late endocytic LBPA-positive compartments and is likely required 

for the efficient exit of lipids and of endocytosed proteins from these compartments.   The 

Major Histocompatibility Complex II (MHCII) localizes to LBPA-positive late 

endosomal/lysosomal compartments of antigen presenting cells and is transported to the 

plasma membrane upon stimulation of these cells [48, 49].  To determine whether ML1 is 

required for this transport step, we first determined whether MHCII co-localizes with 

GFP-ML1 in normally growing cells or after addition of LPS at 100 µg/ml for one day to 

the cells.  This LPS treatment has been previously shown to induce the differentiation of 

RAW264.7 macrophages into dendritic-like cells while upregulating plasma membrane 

levels of MHCII and of other dendritic cell surface markers [50, 51]. 

 In the absence of LPS, we saw some MHCII expression in GFP-ML1-positive 

vesicles in RAW264.7 macrophages (Fig. 6A).  The addition of LPS to these cells 

resulted in the described increase in cell size and morphology and a dramatic 
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enhancement of MHCII expression.  In these LPS treated cells, MHCII co-localized with 

GFP-ML1 on tubulovesicular compartments (Fig. 6A).  Because of the substantial 

amount of MHCII that remained in the cytoplasm of cells, we could not unambiguously 

visualize MHCII that had been transported to the plasma membrane. 

 To determine whether ML1 is required for the transport of MHCII to the plasma 

membrane of RAW264.7 cells, we treated RAW264.7, LS9, and LS10 cells with LPS for 

one days and stained cells to detect MHCII at the plasma membrane.  In the absence of 

LPS, none of the three lines showed any surface staining.  In the presence of LPS, 

RAW264.7, LS9, and LS10 showed plasma membrane staining, indicating that MHCII is 

transported to the plasma membrane in all three lines (Fig. 6B).  However, the levels of 

MHCII at the plasma membrane of LS9 and LS10 cells were approximately four-fold 

lower than those of RAW264.7 cells (Fig. 6B, C).  We saw the same result using two 

different anti-MHCII antibodies and in the presence or in the absence of IFN-γ that 

elevates total MHCII levels (unpublished data).  RAW264.7, LS9 and LS10 cells express 

similar levels of intracellular MHCII as assayed by immunofluorescence staining 

following permeabilization (Fig. 6D).  In all three lines, MHCII localizes to LBPA-

positive intracellular compartments (Fig. 6D).  These results indicate that in the absence 

of ML1, there is a reduction in the efficiency of the transport of MHCII to the plasma 

membrane. 

 

Discussion 
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Macrophages, like C. elegans coelomocytes, are highly endocytic cells.  Because of the 

dynamic nature of lysosomal pathways in these cells, it is technically easier to 

characterize intermediates steps in lysosomal transport.  In this study, we show that ML1 

localizes primarily to LBPA-positive lysosomal compartments and is required for the 

efficient transport of at least two kinds of molecules from these compartments. 

 

ML1 localization in RAW264.7 macrophages 

ML1 localizes primarily to LBPA-positive, Lamp1-positive, and Rab7-positive 

compartments.  The limited co-localization of overexpressed GFP-ML1 with early (HRS-

positive) and with late (M6PR-positive) endosomal markers is consistent with ML1 being 

transported to the surface and subsequently being endocytosed and transported through 

various endosomes before accumulating in these LBPA-positive compartments [15, 27-

29].  It is not known whether ML1 has separate functions in earlier steps, for example, in 

HRS-positive or in M6PR-positive endosomes.  We think that this is unlikely because if 

there is a delay in trafficking from one compartment to another, then we would expect 

that the resulting enlarged structure would be a hybrid of these two compartments.  

Reducing ML1 levels results in expanded compartments that do not stain for either HRS 

or M6PR but that do stain for LBPA, Lamp1, and Rab7.  

 

Transport of endocytosed solutes in RAW264.7 macrophages 

During their transport to lysosomes, endocytosed BSA and dextran are found in 

intermediate structures where  BSA and dextran concentrate in substructures that are 
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attached by tubules to parent compartments.  GFP-ML1 localizes to all of these 

structures.  This is strikingly similar to what has been previously observed in 

coelomocytes [35].  The substructures have a diameter of 300 to 500 nm, and given the 

time course of the experiments, likely are subcompartments that contain concentrations of 

lumenal proteins that are destined for lysosomes.  The scission of these "buds" would 

segregate lysosomally-destined proteins from the rest of the LBPA-positive 

compartments.  This is, or is analogous to, the reformation of lysosomes from hybrid 

organelles that has been observed both in vitro and in live cells [52, 53]. 

While it is not yet known how BSA, dextran, and very likely other molecules are 

concentrated in substructures, these substructures, are topologically similar to endocytic 

invaginations at the plasma membrane.  A possible mechanism for the concentration of 

endocytosed solutes in these substructures is the use of scavenger receptors that would 

bind lumenal molecules and cytoplasmic adaptors to concentrate these receptors in the 

substructures.   ML1 is unlikely to have such a function since the absence of CUP-5 in 

worm coelomocytes does not block the concentration of BSA in substructures though it 

does block the scission of these from the parent compartments [35]. 

 If GFP-ML1 is found primarily in a pre-terminal compartment, then why do we 

always detect a high co-incidence of localization of endocytosed molecules with GFP-

ML1, even at late chase times.  We think this is because terminal lysosomal 

compartments continuously fuse with, and deliver their content to, late endosomal 

compartments forming what has been termed hybrid organelles [52, 53].  As mentioned 

above, a budding and fission reaction is used for the reformation of lysosomes [52, 53]. 
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Even at 24 hours of chase time after the uptake of fluorescent BSA, there are 

always some terminal compartments that contain endocytic tracers and that do not stain 

for GFP-ML1.  We think these represent dense core lysosomes in which GFP-ML1 has 

been inactivated, possibly by Cathepsin B-mediated cleavage as has previously been 

described [22].  These dense core lysosomes continuously fuse with earlier GFP-ML1-

positive compartments.  

 

ML1 requirement in lysosomal transport pathways 

We show that reducing ML1 levels results in the delay in the transport of Bodipy-LacCer 

to the Golgi apparatus, of endocytosed proteins to the terminal compartments, and of 

MHCII to the plasma membrane.  As has been previously shown, the Bodipy-LacCer co-

localizes with endocytosed dextran during its transit to the Golgi apparatus, and given the 

high incidence of localization of dextran with GFP-ML1,  very likely with GFP-ML1.  

Similarly, MHCII and GFP-ML1 co-localize extensively. 

 In our model we suggest that ML1 localizes primarily to a pre-lysosomal M6PR-

negative, LBPA-positive compartment that serves as a hub for the transport of molecules 

to various destinations (Fig. 7).  Soluble molecules like BSA and dextran are 

concentrated in substructures that emanate and separate from these compartments.  

Following the fission reaction, these substructures fuse with lysosomes, during which 

time ML1 is inactivated, possibly due to a reduction in pH and the activation of 

proteases.  Previous results have implicated Cathepsin B in the proteolytic cleavage and 

the inhibition of ML1 channel activity in lysosomal compartments [22].  This is an 
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iterative process in which ML1-negative lysosomes continuously fuse with GFP-ML1-

labeled compartments, thus delivering partially digested peptide fragments for loading on 

MHCII.  The transport of MHCII to the plasma membrane also involves tubulovesicular 

intermediates, and thus may also require ML1 for their formation or for the scission of 

tubules before they fuse with the plasma membrane [49]. 

 Reducing ML1 levels results in a delay and not a block in these lysosomal 

transport events.  In the case of BSA transport, the assays we used would only detect a 

delay in transport and not a complete bloc if for example ML1 is required for the 

formation or scission of substructures but is not required for the fusion of lysosomes with 

late endosomes.  In addition, mucolipin-2 likely has redundant functions with ML1 since 

while a genomic knockout of MCOLN1 in DT40 B-lymphocytes does not result in 

expanded terminal compartments, the overexpression of dominant-negative carboxyl-

terminal GFP fusions of ML1 or of mucolipin-2 both show this phenotype. 

 Finally, we do not know whether ML1 directly functions in Bodipy-LacCer 

trafficking, in BSA transport, and/or in MHCII transport.  One possibility is that ML1 

performs a similar function in all of these transport steps, for example, in the formation 

and/or scission of tubulovesicular extensions.  Alternatively, ML1 may be required in one 

transport step such that the loss/reduction of ML1 levels retards this step leading to the 

accumulation of substrates in the hub compartment, and this accumulation indirectly 

interferes with other transport pathways.  Future studies will identify specific 

requirements of ML1 in these transport pathways.  
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Conclusion 

Mucolipin-1 localizes to dynamic compartments in murine macrophages.  Mucolipin-1 is 

required for the efficient exit of lipids destined for the Golgi apparatus, of endocytosed 

molecules destined for terminal lysosomes, and of MHCII destined for the plasma 

membrane, from these compartments. 

 

 

Methods 

Cell culture and transfection 

Mouse RAW264.7 macrophages (ATCC, Manassas, VA) were grown in Dulbecco's 

Modified Eagle Medium (DMEM) containing 2 mM Glutamax and supplemented with 

10% Fetal Bovine Serum, 100 U/ml penicillin, and 100 µg/ml streptomycin (Invitrogen, 

Carlsbad, CA) at 37o in  95% air at 5% carbon dioxide.  LS5, the GFP-ML1 stable clone, 

and LS9 and LS10, the MCOLN1 RNAi stable clones, were grown under the same 

conditions and including G418 at 250 µg/ml.  

 Transfections of plasmids were done using Fugene 6 (Roche, Indianapolis, IN).  

 

Molecular methods 

Standard methods were used for the manipulation of recombinant DNA [54].  Polymerase 

chain reaction (PCR) was done using the Expand Long Template PCR System (Roche) 

according to the manufacturer's instructions.  All other enzymes were from New England 

Biolabs (Beverly, MA), unless otherwise indicated. 
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Plasmids 

All PCR fragments were sequenced after insertion into plasmids.  

Plasmid pHD300 encoding a fusion protein of EGFP to the amino-terminus of 

mouse ML1 is the ~1.7 kb PCR fragment (template:  mouse cDNA; primers:  5' 

CACACAAAGCTTATGGCCACCCCGGCGGGCCGGCGC 3' and 5' 

CACACAGTCGACTCAGTTCACCAGCAGCGAATGGTC 3') restriction digested      

with HindIII + SalI and inserted into the same sites of pEGFP-C3 (Clontech, Mountain 

View, CA). 

 Plasmid pHD334, in which the red fluorescent protein mCherry replaces EGFP in 

the same frame of pEGFP-C3, was made by restriction digesting the 720 bp PCR 

fragment (template: pmCherry; primers: 5' 

CACACAACCGGTCGCCACCATGGTGAGCAAGGGCGAGGAGG 3' and 5' 

CACACAAGATCTGAGTACTTGTACAGCTCGTCCATGCCG 3') with AgeI + BglII 

and inserting into the same sites of pEGFP-C3 [55]. 

Plasmid pHD339 encoding a fusion protein of mCherry to the amino-terminus of 

mouse ML1, was made by subcloning the ~1.7 kb HindIII + SalI fragment from pHD300 

into the same sites of pHD334. 

Plasmid pHD307 expressing the mouse MCOLN1 shRNA was made by annealing 

and ligating the two complimentary oligos 84696 (5' 

AGCTTAAAAATCAGCCTCTTCATCTACATTCTCTTGAAATGTAGATGAAGAGG

CTGAGGG 3') and 84697 (5' 
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GATCCCCTCAGCCTCTTCATCTACATTTCAAGAGAATGTAGATGAAGAGGCTG

ATTTTTA 3') into BglII-HindIII cut pSUPER-neo (Oligoengine, Seattle, WA).  This 

shRNA is expressed in front of the histone H1 promoter and targets the sequence 5' 

UCAGCCUCUUCAUCUACAU 3' in the mouse MCOLN1 mRNA. 

 

Making MCOLN1 RNAi clones 

We identified two stable transfectants, LS9 and LS10, using plasmid pHD307.  To 

determine the efficiency of the RNAi, we ran 15 µg of total RNA from RAW264.7, LS9, 

or LS10 cells on a gel.  The Northern blot was probed with DNA fragments 

complimentary to MCOLN1, to MCOLN2, or to GAPDH.  The same filter was probed for 

MCOLN1, stripped, and re-probed for GAPDH, stripped again and re-probed for 

MCOLN2.  The intensities of the bands were quantitated using ImageJ software (N.I.H., 

Bethesda, MD).  To determine the levels of MCOLN1 or MCOLN2 in LS9 (or LS10) 

relative to RAW264.7 cells, we divided the intensity of the MCOLN1 band by that of the 

GAPDH band in LS9 (or LS10) to get a "relative level" in each strain.  The "relative 

level" from LS9 (or LS10) was divided by the "relative level" from RAW264.7 and 

multiplied by 100 to get percent change of MCOLN1 or MCOLN2 mRNA levels.   The 

RNA isolation and Northern blots were repeated twice to calculate means and standard 

deviations. 

 

Time course of uptake:  GFP-ML1 
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Cells that were grown on coverslips were incubated in DMEM/F-12 medium (Invitrogen) 

for at least 1 hour before the start of the experiment.  Bovine Serum Albumin (BSA)-

AlexaFluor 594 (Invitrogen) was dissolved and added to cells at 1 mg/ml in DMEM/F-12 

for 1 minute at 37o.  Alternatively, dextran MW 10,000-Rhodamine (Invitrogen) was 

added to cells at 1 mg/ml in DMEM/F-12 for 1 minute at 37o.   Following the first minute 

of incubation, the medium was replaced with DMEM/F-12 containing 1 mg/ml BSA and 

the cells were fixed after various chase times at 37o.  Fixation was done by adding ice-

cold 2% paraformaldehyde in PBS to the cells and incubating at room temperature (RT) 

for 1 hr.  Coverslips were washed three times with PBS before loading in Slowfade 

mounting medium (Invitrogen) on slides for viewing.  The percent co-localization is the 

number of BSA-AlexaFluor 594 (or Dextran Rhodamine)-stained discrete structures that 

co-localized with GFP-ML1-stained structures divided by the total number of BSA-

AlexaFluor 594 (or Dextran Rhodamine) stained structures in a section and multiplied by 

100.  The graphs show the average from sections of at least 20 different cells. 

 

Time course of uptake: MCOLN1- 

Cells that were grown on coverslips were incubated in DMEM/F-12 medium for at least 1 

hour before the start of the experiment.  BSA-AlexaFluor 594 was added to cells at 1 

mg/ml in DMEM/F-12 for 1 hour at 37o.   The medium was replaced with regular 

medium and the cells were left for 24 hours to pre-label the terminal compartments.  

Cells were again  incubated in DMEM/F-12 medium containing 2 mM glutamine for at 

least 1 hour before the start of the experiment.   BSA-AlexaFluor 488 (Invitrogen) was 
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added to cells at 1 mg/ml in DMEM/F-12 for 10 minutes at 37o.  Cells were washed once 

with DMEM/F-12, incubated in DMEM/F-12 containing 1 mg/ml BSA, and the cells 

were fixed after various chase times at 37o.  Fixation was done by adding ice-cold 2% 

paraformaldehyde in PBS to the cells and incubating at room temperature (RT) for 1 

hour.  Coverslips were washed three times with PBS before loading in Slowfade 

mounting medium (Invitrogen) on slides for viewing.   

 

Immunofluorescence 

For conventional immunofluorescence, cells that were grown on coverslips were fixed for 

20 minutes in 4% paraformaldehyde in PBS at RT or in 100% MetOH (kept at -20o) for 

15 minutes at -20o.  Cells were washed three times with PBS at RT, 5 minutes each time.  

Paraformaldehyde-fixed cells were incubated in 50 mM NH4Cl in PBS for 10 minutes at 

RT and washed two more times with PBS.  Blocking was done for 30 min in blocking 

buffer (1% BSA, 0.1% Saponin, in PBS).  Cells were then incubated in primary 

antibodies diluted in blocking buffer for two hours at RT, washed three times with PBS,  

incubated in Cy2 or Cy3 labeled secondary antibodies (Jackson ImmunoResearch 

Laboratories, West Grove, PA) diluted 1:200 in blocking buffer for one hour at RT, 

washed three times with PBS, and mounted in Slowfade mounting medium (Invitrogen) 

on slides for viewing. 

 For surface staining of MHCII, cells that were grown for 24 hours in the presence 

or absence of 100 µg/ml LPS were first washed three times with ice-cold PBS and were 

then incubated with primary antibody diluted in 1xPBS/1 mg/ml BSA at 4o for two hours.  
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Cells were then washed three times, five minutes each, with 1xPBS/1 mg/ml BSA at 4o 

and were then incubated in secondary antibody diluted in 1xPBS/1 mg/ml BSA at 4o for 

one hour.  Cells were washed again and then fixed in 1% formaldehyde for 1 hour at 4o 

before washing with PBS and loading on slides.   The confocal images of these cells were 

acquired using the same exposure and magnification.  Quantitation of the intensity of 

surface MHCII labeling was done using Adobe Photoshop (Adobe Systems Incorporated, 

San Jose, CA). 

 Antibodies/dilutions used were Chicken anti-GFP/1:200 (Abcam, Cambridge, 

MA), Rat anti-Lamp1/1:1 (Developmental Studies Hybridoma Bank, Iowa City, IA), 

Mouse anti-lyso(bis)phosphatidic acid (LBPA)/1:1 [41], Rabbit anti-Mannose 6-

Phosphate (CI-M6PR)/1:500,  Rabbit anti-HRS/1:250 [42], and Rat anti-Mouse Major 

Histocompatibility Complex II (MHCII) - M5/114.15.2/1:5 (BD Biosciences, San Jose, 

CA) [56], or Mouse anti-Mouse Major Histocompatibility Complex II (MHCII) - 34-5-

3/1:5 (BD Biosciences).  For the 34-5-3 antibody, Fc Block was included with the 

primary antibody at a 1:50 dilution (BD Biosciences).  

 The percent co-localization is the number of GFP-ML1-stained structures that co-

localized with markers for various compartments divided by the total number of GFP-

ML1-stained structures in a section and multiplied by 100.  The graphs show the average 

from sections of at least 20 different cells. 

 

Acridine Orange staining 
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RAW264.7, LS9, and LS10 cells were washed twice with PBS/0.5 mg/ml BSA and 

incubated in a 100 µm solution of Acridine Orange (AO, Sigma-Aldrich, St. Louis, MO) 

diluted in PBS/0.5 mg/ml BSA for 10 minutes at RT.  Cells were then washed twice in 

PBS/0.5 mg/ml BSA and imaged immediately by confocal microscopy.  All images were 

taken using the same exposure and magnification.  Unstained cells were imaged as a 

control and did not show any background fluorescence under the conditions used to 

visualize the AO.  We used ImageJ software to measure the mean intensity of staining of 

individual AO-stained compartments.  At least 100 structures were measured for each 

strain to determine the means and standard deviations.    

 

Dextran-Oregon Green staining 

RAW264.7, LS9, and LS10 cells were washed once with DMEM/F-12 medium and 

incubated in the same medium for 1 hour at 37o.  Cells were then incubated in DMEM/F-

12 medium containing 1 mg/ml dextran (MW-10,000)-Oregon Green 488 (Invitrogen) for 

5 minutes at 37o.   Cells were washed twice with DMEM/F-12 medium and chased for 

another hour at 37o before confocal microscopy.  All images were taken using the same 

exposure and magnification.  Unstained cells were imaged as a control and did not show 

any background fluorescence under the conditions used to visualize the dextran-Oregon 

Green 488.   We used ImageJ software to measure the mean intensity of staining of 

individual dextran-Oregon Green 488-stained compartments.  At least 60 structures were 

measured for each strain to determine the means and standard deviations.     
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Bodipy-LacCer trafficking 

Growing cells were washed twice with PBS and once with DMEM/F-12 medium.  Cells 

were then incubated in DMEM/F-12 medium containing 10 mg/ml dextran (MW-

10,000)-Cascade Blue (Invitrogen) for 4 hours at 37o.  The staining solution was replaced 

with normal medium and the cells were left for 24 hours at 37o.   Cells were washed 

twice with PBS and once with DMEM/F-12 medium and then left in DMEM/F-12 

medium  for 1 hour at 37o.  Cells were then incubated in DMEM/F-12 medium containing 

5 µM BODIPY-FL LacCer-BSA (Invitrogen) for 30 minutes at 37o.   The staining 

solution was replaced with  2 ml of pre-heated DMEM/F-12 and the cells were left for 45 

minutes or 90 minutes at 37o.   To remove plasma membrane labeling after the chase, 

cells were back exchanged six times, 10 min each time, with 2 ml ice-cold DMEM/F-

12/5% BSA and the plates were left on ice until all samples were ready for confocal 

microscopy.  Unstained cells that were similarly treated, except for the addition of the 

dyes, were imaged as a control and did not show any background fluorescence under the 

conditions used to visualize the dextran-Cascade Blue or the BODIPY-FL LacCer-BSA. 

 

Hen Egg Lysozyme degradation assay 

Growing cells were washed twice with PBS and once with DMEM/F-12 medium.  Cells 

were then harvested in DMEM/F-12 medium and 107 cells were added to 100 mm plates.  

After 2 hours at 37o, cells were washed twice with 37o-pre-heated DMEM/F-12 medium.  

Cells were then incubated for 5 minutes in 37o-pre-heated Hen Egg Lysozyme (HEL) 

dissolved in DMEM/F-12 medium at 10 mg/ml.  This solution was removed and the cells 
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were washed three times with 37o-pre-heated PBS and 5 ml of 37o-pre-heated DMEM/F-

12 was added to the cells.  Cells were dislodged from the plates by scraping and clumps 

were broken up by pipetting.  The 5 ml solution of cells was then added to 37o-pre-heated 

15 ml tubes and incubated while mixing at 37o.  This is time zero.  At times 0 min, 30 

min, 60 min, and 90 min, 1 ml of cells was removed and added to pre-chilled eppendorf 

tubes.  Cells were spun down in the cold, washed once with ice-cold PBS, and 

resuspended in 150 µl of Western loading buffer (50 mM Tris pH 6.8, 10% glycerol, 4% 

SDS, 10 mM DTT, 0.01% Bromophenol Blue) preheated to 95o. 

 For Western analysis, 10 µl of each sample was used per lane.  Each filter was cut 

horizontally such that the top half was probed using Rabbit anti-GAPDH (Cell Signaling 

Technology, Danvers, MA, 1:1000 dilution) and the bottom half was probed using Rabbit 

anti-HEL (Abcam, 1:5000 dilution).  For antigen detection, we used Goat anti-Rabbit IgG 

secondary antibodies conjugated to HRP (Pierce, Rockford, IL, 1:50,000) and the 

Amersham ECL Advance Western Blotting Detection Kit (Amersham Biosciences, 

Pittsburgh, PA). 

 To quantitate the cellular levels of HEL over time, we used ImageJ to quantitate 

the intensities of the HEL and GAPDH bands on scanned images.  For each lane, we 

divided the HEL intensity by the GAPDH intensity to normalize HEL levels relative to 

cellular protein.  We then divided the normalized HEL number at the 30 min, 60 min, and 

90 min time point by the number at the 0 min time point to determine the percent of 

cellular HEL relative to the 0 time point.  We note that the reported differences between 
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the cell lines may be more robust than shown here because of the non-linear nature of the 

HRP-based ECL detection assay. 

 The whole experiment was repeated twice to get averages and standard 

deviations. 

 

Microscopy  

Confocal images were taken with a Nikon PCM 2000 using HeNe 543 excitation for the 

red dye and Argon 488 for the green dye or with a Zeiss-Meta 510 microscope. 
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Figure 1:  Co-localization of ML1 with markers for various compartments.  A) 

Confocal images of stable GFP-ML1 (green) cells stained for the indicated markers (red).  

The inset in the LBPA panels is a magnification of individual compartments.  Bar is 10 

µm.   B) Quantitation of the fraction of GFP-ML1 stainings that overlaps with each of the 

markers from panel A.  Bars represent standard deviations.  C) Confocal images of cells 

co-transfected with mCherry-ML1 (mCH-ML1, red) and with GFP or YFP fusions to the 

indicated markers (green).   Bar is 10 µm.  D) Quantitation of the fraction of mCherry-

ML1 stainings that overlaps with each of the markers from panel C.  Bars represent 

standard deviations. 

 

 

Figure 2:  Co-localization of GFP-ML1 with soluble endocytosed molecules.  A) 

Confocal images of stable GFP-ML1 (green) cells that endocytosed BSA-AlexaFluor 594 

(red) for 1 minute and then chased for the indicated times before fixation.  The bottom 

panel of the 15-minute time point represents a magnification of the area indicated in the 

top panel.  Bar is 5 µm in unmagnified panels.  B) Quantitation of the extent of co-

localization of BSA-AlexaFluor 594 with GFP-ML1 at various chase times.  Bars 

represent standard deviations.  C) Confocal images of stable GFP-ML1 (green) cells that 

endocytosed Dextran-Rhodamine (red) for 1 minute and then chased for the indicated 

times before fixation.  Some chase times are not shown.  The bottom panel of the 15-

minute time point represents an artificial magnification of the area indicated in the top 

panel.  Bar is 5 µm in unmagnified panels.  D) Quantitation of the extent of co-
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localization of Dextran-Rhodamine with GFP-ML1 at various chase times.  Bars 

represent standard deviations. 

 

Figure 3:  MCOLN1 RNAi clones.  A) Northern blot done on 15 µg of total RNA 

isolated from RAW264.7, LS9, or LS10 cells.  The same filter was probed for MCOLN1, 

stripped, and re-probed for GAPDH, stripped again and re-probed for MCOLN2.  B) 

Confocal images of RAW264.7, LS9, and LS10 cells stained with Acridine Orange (AO).  

Bar is 6 µm.  C) Quantitation of the intensity of staining of AO-stained compartments 

and of dextran-Oregon Green (OG)-stained compartments.  Bars represent standard 

deviations.  D) Confocal images of RAW264.7, LS9, and LS10 cells whose terminal 

compartments were pre-loaded with Dextran-Cascade Blue (DEX-CB, red).  BSA-

Bodipy LacCer (B-LACCER, green) was added for 30 minutes and chased for the 

indicated times before fixation.  Arrows indicate co-localization of the two markers.  Bar 

is 5 µm. 

 

Figure 4:  Trafficking and endocytosis defect of proteins in MCOLN1 RNAi clones.  

A) Confocal images of RAW264.7, LS9, and LS10 cells whose terminal compartments 

were pre-loaded with BSA-AlexaFluor 594 (BSA-AF 594, red).  BSA-AlexaFluor 488 

(BSA-AF 488, green) was added for 10 minutes to the cells and the cells were chased for 

the indicated times before fixation.  Bar is 5 µm.  B) Western blots of HEL that was 

endocytosed for 5 minutes and chased for the indicated times.  C) Quantitation of the 
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HEL that remains in cells relative to the 0 time point.  Bars represent standard deviations 

from two independent assays. 

 

Figure 5:  Nature of the enlarged compartment in MCOLN1 RNAi clones.  Confocal 

images of RAW264.7 and LS9 cells whose terminal compartments were pre-loaded with 

Dextran-Rhodamine (red) and stained for the indicated markers (green).  All of the 

makers were detected using immuno-specific antibodies, except for GFP-Rab7 that was 

transfected into wild type and MCOLN1- cells.  Bar is 5 µm. 

 

Figure 6:  Co-localization of GFP-ML1 with MHCII and MHCII transport to the 

plasma membrane.  A) Confocal images of fixed and permeabilized GFP-ML1 cells co-

stained to detect MHCII (red) and GFP-ML1 (green) either in the absence of LPS or after 

48 hours in 100 µg/ml LPS.   Bar is 10 µm.  B) Confocal images of RAW264.7, LS9, and 

LS10 cells stained to detect surface MHCII either in the absence of LPS or after 24 hours 

in 100 µg/ml LPS.  All images were taken using the same exposure and magnification.  

C) Quantitation of the levels of MHCII at the plasma membrane in the LPS-treated cells 

shown in panel B.  Bars represent standard deviations from at least 60 measurements for 

each strain.  D) Confocal images of fixed and permeabilized RAW264.7, LS9, and LS10 

cells co-stained to detect MHCII (red) and LBPA (green) after 24 hours in 100 µg/ml 

LPS.  Bar is 10 µm.  
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Figure 7:  Model of ML1 functions.   The cartoon shows the localization of ML1 (green 

dots) relative to soluble endocytosed molecules (shades of red).  The grey circles and 

sheets are LBPA-stained membranes.  ML1 that co-localizes with HRS and M6PR is not 

shown.   
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APPENDIX B:  Effects of BRCA1 loss on the fidelity of DNA double-strand break 

repair. 
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ABSTRACT 

The tumor suppressor Breast Cancer Susceptibility Protein 1 (BRCA1) protects our cells 

from genomic instability in part by facilitating the efficient repair of DNA double-strand 

breaks.  BRCA1 promotes the error-free repair of double-strand breaks through 

homologous recombination, and is also implicated in the regulation of non-homologous 

end joining repair fidelity.  Here we investigate the role of BRCA1 in non-homologous 

end joining repair mutagenesis following a double-strand break.  We examined the 

frequency of microhomology-mediated end joining (MMEJ) and the fidelity of double-

strand break repair relative to BRCA1 protein levels in both control and tumorigenic 

breast epithelial cells.  In addition to altered BRCA1 protein levels, we tested the effects 

of cellular exposure to mirin, an inhibitor of Meiotic recombination enzyme 11 (Mre11) 

3’ to 5’ exonuclease activity.  Knockdown or loss of BRCA1 protein resulted in an 

increased frequency of overall plasmid DNA mutagenesis and MMEJ following a 

double-strand break.  Inhibition of Mre11 exonuclease activity with mirin significantly 

decreased the occurrence of MMEJ, but did not considerably affect the overall mutagenic 

frequency of plasmid double-strand break repair.  The results suggest that BRCA1 

protects DNA from mutagenesis during non-homologous double strand break repair in 

plasmid-based assays.  The increased frequency of double-strand break mutagenesis and 

MMEJ repair in the absence of BRCA1 suggests a potential mechanism for 

carcinogenesis.  
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INTRODUCTION 

Mutations in the BRCA1 gene contribute to the development of hereditary breast 

and ovarian cancers, although the events that lead to cancer progression remain unclear.  

Patients who have BRCA1 haploinsufficiency have a significantly elevated lifetime risk 

of developing breast or ovarian cancers (Castilla et al., 1994; Miki et al., 1994; Narod and 

Foulkes, 2004).  Studies have shown that BRCA1 protects cells from deleterious genomic 

events that can lead to tumor development, including chromosome instability and DNA 

mutagenesis, suggesting that the functions of BRCA1 during DNA repair contribute 

significantly to its role as a tumor suppressor (Moynahan et al., 2001; Scully et al., 1999; 

Stolz et al.).                

Double-strand breaks (DSBs) are the most deleterious genomic insult, and cells 

have numerous responses to deal with the repair of these lesions.  The two major 

pathways of DSB repair are homologous recombination and nonhomologous end-joining 

(NHEJ), which are utilized differently based on the availability of a homologous 

template.  In human tissues, NHEJ is thought to be the most frequently used pathway of 

DSB repair (Bau et al., 2004), but the cellular requirements for additional pathways of 

inherently mutagenic, Ku-independent nonhomologous DSB repair are being investigated 

(McVey and Lee, 2008; Yu and McVey, 2010).  Studies suggest that BRCA1 influences 

both major DSB repair pathways (Bau et al., 2004).  Evidence points to a key role for 

NHEJ in maintaining genomic stability (Fu et al., 2003; Guirouilh-Barbat et al., 2004), 

and investigators have proposed additional factors involved in NHEJ that may contribute 

to maintaining the fidelity of DNA end-joining during double-strand break repair (Dai et 



 

98

al., 2003; Durant and Nickoloff, 2005).  The results from several investigations suggest 

that BRCA1 may be an additional factor involved with maintaining repair fidelity during 

NHEJ, although the role of BRCA1 during NHEJ is not yet clear (Baldeyron et al., 2002; 

Coupier et al., 2004; Wang et al., 2001; Wang et al., 2006; Zhong et al., 2002a; Zhong et 

al., 2002b; Zhuang et al., 2006).  

Mutagenesis following a DSB and chromosomal translocation events between 

DNA ends from different DSBs are likely to occur via “alternative” end-joining repair 

events such as MMEJ (Guirouilh-Barbat et al., 2004).  Sequencing of translocation 

breakpoints in several types of human tumors reveals the frequent use of 

microhomologies at the joined ends, suggesting the involvement of MMEJ in at least a 

fraction of these cases (McVey and Lee, 2008).  Studies have suggested a model by 

which meiotic repair enzyme 11 (Mre11) can join DNA ends at regions of 

microhomology on the 5’ ends of a DSB and that this process is mediated by the 3’ to 5’ 

exonuclease activity of Mre11 (Paull and Gellert, 1998; Paull and Gellert, 2000).  Further 

support for this model comes from crystal structure studies that have shown the MRN 

complex can bridge DNA ends together, and homodimers of Mre11 have the ability to 

process DNA ends in a manner that facilitates MMEJ (Williams et al., 2008).  

Additionally, in vitro studies using purified proteins demonstrated that BRCA1 can bind 

directly to DNA and inhibit the exonuclease activity of Mre11 (Paull et al., 2001).  

Mutations in the MRN complex genes are associated with hereditary susceptibility to 

breast and ovarian cancer (Heikkinen et al., 2003), and loss of heterozygosity at the 

Mre11 locus is associated with sporadic breast cancer (Petrini et al., 1995).  These studies 
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highlight the connection between BRCA1 and MRN complex activities and the 

progression of sporadic and hereditary breast cancers.  

Some investigations have determined that BRCA1 influences the overall 

frequency of end-joining (Zhong et al., 2002b; Zhuang et al., 2006), and several studies 

show that the size and frequency of sequence deletions are greater in the absence of 

BRCA1 (Baldeyron et al., 2002; Coupier et al., 2004; Snouwaert et al., 1999; Wang et al., 

2001; Wang et al., 2006; Zhong et al., 2002a; Zhuang et al., 2006).  These observations 

have led to the idea that BRCA1 may inhibit error-prone repair events such as MMEJ.  

However, there are conflicting results on the roles of BRCA1 in MMEJ.  Studies done in 

mouse embryonic fibroblasts suggest that BRCA1 facilitates MMEJ (Zhong et al., 

2002b), and other experiments in chicken lymphoma DT40 B cells suggest that BRCA1 

does not affect MMEJ (Yun and Hiom, 2009).  Additionally, experiments in HCC1937 

human breast carcinoma cells show that BRCA1 suppresses deletional MMEJ (Zhuang et 

al., 2006).  

Our studies are aimed at determining potential functions of BRCA1 and Mre11 on 

NHEJ and MMEJ in breast epithelial cells.  Our results suggest that BRCA1 protects 

DNA from mutagenic NHEJ repair pathways that are not dependent on Mre11.  

Furthermore, we show that Mre11-mediated MMEJ repair is inhibited by BRCA1.  Thus, 

using in vivo plasmid-based assays, we demonstrate that BRCA1 protects DNA ends of 

DSBs from mutagenic repair.  

 

 



 

100

MATERIALS AND METHODS 

Reagents and Chemicals.  All chemicals were purchased from Sigma-Aldrich (St Louis, 

MO), and reagents were purchased from Fisher scientific (Pittsburgh, PA).  All restriction 

enzymes were from New England Biolabs (Ipswich, MA). 

 

DNA plasmids and restriction enzyme digestion.  Plasmid DNA was purified using the 

Bio-RAD (Hercules, CA) Midi-Prep kit, and linearized by restriction enzyme digestion at 

the desired temperature for two hours followed by phenol extraction, ethanol 

precipitation, and another digest with the same enzyme for an additional two hours.  

Plasmid DNA was then treated with Anatarctic Phosphatase (NEB) for 1 hour followed 

by phenol extraction and ethanol precipitation.  DNA was visualized on agarose gels with 

ethidium bromide (0.5 µg/ml) to verify complete digestion.  DNA was quantified by 

spectrometry (Nanodrop-1000, Nanodrop technologies, Wilmington, DE), and when 

applicable (pMMEJ), gel-purified using a Zymoclean gel DNA recovery kit (Zymo 

Research Corp., Orange, CA).   

 

Cell lines and culture conditions.  MCF10A mammary breast epithelial cells are from 

ATCC (#CRL10317, Manassas, VA), maintained in DMEM/F-12 with 5% FBS, 5 µg/ml 

insulin, 20 ng/ml EGF, 0.5 µg/ml hydrocortisone, and 1X penicillin/streptomycin 

(Invitrogen, Carlsbad, CA).  SUM149PT Primary Inflammatory Breast Cancer (ER/PR 

negative) cells are from Asterand (Detroit, MI), and are maintained in Ham’s F-12 

medium supplemented with 5% Fetal Bovine Serum, 5 µg/ml insulin, 2 µg/ml 



 

101

hydrocortisone, 10 mM HEPES (pH 7.5), and 1X penicillin/streptomycin. All cell lines 

were maintained in a humidified incubator at 37° and 5% CO2. 

 

Lentiviral transduction in MCF10A cell line.   To knockdown BRCA1 protein levels, 

cells at a confluency of 35-40% were transduced with lentiviral particles encoding 

shRNA for BRCA1 in DMEM/F-12 containing polybrene (8 µg/ml) (Sigma, St. Louis, 

MO). Three shRNA sequences selected from the MISSION TRC shRNA Target Set 

NM_005591 (Sigma, St. Louis, MO) were used according to manufacturers instructions. 

The three BRCA1-specific shRNA plasmids used had Sigma reference numbers 

TRCN0000009823, referred to as BRCA1 sh1 in the text, TRCN0000039834, referred to 

as BRCA1 sh2, and TRCN0000039836, referred to as BRCA1 sh3.  In addition, scrambled 

sequence plasmid SHC002 was used as the shRNA control. Cells were incubated with the 

virus particles for 18 hours, medium was replaced with DMEM containing 5% FBS, and 

the cells were tested for expression or employed in subsequent experiments 48 hours later 

(Figures 2 & 6).    

 

Restoration of BRCA1 expression in SUM149PT cell line.  Independent, stable clones 

were selected by dilution in DMEM/F-12 following transfection of SUM149PT cells with 

pBRCA1-385 (a generous gift from Michael Erdos, NIH) or pCDNA3 (control plasmid).  

Following selection of stably integrated clones for 10 days with G418 (250 µg/ml) 

(Hyclone, Logan, UT), cells were diluted into individual wells and further propagated 
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with 120 µg/ml G418 until they could be analyzed for BRCA1 expression by 

immunoblotting.      

 

Immunoblotting. Samples (30 µg) were incubated at 100° for 5 min in Laemmli sample 

buffer and then electrophoresed on 1.5 mm, 6% SDS-polyacrylamide mini-gels. Proteins 

were transferred to Trans-Blot Medium nitrocellulose membranes (Bio-Rad Laboratories) 

using a semi-dry transfer cassette (Trans-Blot SD), probed and then visualized with the 

SuperSignal West Dura Extended Duration Substrate (Pierce Biotechnology, Inc., 

Milwaukee, WI).  Membranes were exposed to blue lite autorad film (ISC Bio Express, 

Kaysville, UT) for visualization of the BRCA1 bands.  The BRCA1 (1:4,000) primary 

antibody was obtained from Bethyl, Inc. (Montgomery, TX). The Mre11 (1:50,000) 

primary antibody was obtained from Abcam, Inc. (Cambridge, MA).  

 

Assessment of microhomology-mediated end joining in vivo. To examine MMEJ in 

vivo, the pMMEJ plasmid was constructed as previously described (Rahal et al.). The 

pMMEJ plasmid was derived from the pEGFP-C3 plasmid by an insertion of 35 bp of 

DNA within the ORF of the EGFP gene. This creates an I-SceI megaendonuclease 

recognition site flanked by two 5 bp microhomologies (GGGCG).  Inserts of 10 bp were 

cloned into the I-Sce site to create blunt and 5’ compatible overhang recognition sites 

between the microhomologies. The repair of a linearized pMMEJ plasmid by MMEJ 

reconstitutes the EGFP gene and allows expression of EGFP. To create 5’ and blunt ends, 

we inserted two unique restriction sequences (Swa I-5’-ATTTAAATAA-3’; Afl II-5’-
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CTTAAGATAA-3’) into I-SceI site of pMMEJ using linker ligation. This modified 

pMMEJ plasmid was linearized with Swa I (blunt ends) or Afl II (5’ overhangs) and then 

gel-purified using the Zymoclean gel DNA recovery kit (Zymo Research Corp., Orange, 

CA).  Linear plasmid was then transfected into cells and measuring GFP fluorescence by 

flow cytometry assessed reconstitution of the EGFP gene via MMEJ.  

Cells were grown in 6- or 12-well plates in DMEMF-12 supplemented with 5% 

FBS, allowed to reach a confluency of 50% (SUM149PT) or 80% (MCF10A) and the 

medium was then replaced with Opti-MEM (Invitrogen).  Linearized modified pMMEJ 

(3.7 µg, and 2.25 µg for SUM149PT and MCF10A, respectively) was transfected along 

with an mCherry transfection control plasmid (0.3 µg and 0.25 µg for SUM149PT and 

MCF10A cells, respectively) using Turbofect transfection reagent (6 µl for SUM149PT 

or 3 µl for MCF10A) according to manufacturer instructions. Circular modified pMMEJ 

was used as a control. Cells were incubated 3-6 hours with the transfection medium at 

37° in 5% CO2, washed 1X with DMEM/10% FBS, and the medium was replaced with 

either SUM149PT or MCF10A medium containing 5% FBS and incubated for another 48 

hours. Assessment of EGFP and mCherry expression was conducted using the BD LSR II 

(BD Biosciences, Franklin Lakes, NJ) cytometer and data was analyzed with the 

FACSDiva v6.1.1 software.  The modified pMMEJ was transfected in excess of the 

mCherry plasmid; consequently, cells expressing only EGFP were disregarded. The 

percentage of EGFP expression, and consequently that of MMEJ, was calculated using 

the following formula: %EGFP expression= (number of cells expressing both EGFP and 

mCherry / number of cells expressing mCherry) x 100.  For Mre11 inhibition, cells were 
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treated with 25 µM mirin or DMSO (control) overnight prior to transfection and then this 

concentration of mirin or DMSO was maintained in the growth medium after 

transfection. For the MCF10A experiments, cells were transduced with BRCA1 shRNA, 

as described above, prior to transfection with the MMEJ assessment plasmids.      

 

Assessment of mutagenic frequency in vivo.  Cells were seeded in 6-well plates 

according to the manufacturer instructions (Turbofect, Fermentas, Glen Burnie, MD) for 

transfection with 2.0 µg total linearized pUC19 DNA and 2.5 µl Turbofect.  MCF10A 

cells were first infected for 48 hours with lentiviral-encoded BRCA1 shRNA sequences, 

followed by transfection with linear (within LacZα gene) pUC19 DNA (Figure 6).  

Controls included linear plasmid DNA (not cut within LacZα gene) and circular plasmid 

DNA transfected into cells, and linear (cut within LacZα gene) plasmid DNA incubated 

in wells without cells.  For Mre11 exonuclease inhibition, cells were treated with DMSO 

or 25 µM mirin overnight prior to transfection and then this concentration of mirin or 

DMSO was maintained in the growth medium after transfection.  Following transfection 

for 24 hours, cells were collected and plasmid DNA was extracted using the Qiagen spin 

miniprep kit (Qiagen, Valencia, CA).  The protocol described in detail in the 

manufacturer’s handbook was modified to extract plasmid DNA from transfected 

mammalian cells as previously described (Ziegler et al., 2004).  Plasmid DNA was then 

transformed into competent E.coli DH5∝ cells (Invitrogen) as per manufacturers 

instructions, spread onto IPTG/X-gal/Amp LB plates, and blue/white colonies were 

counted.  Mutant frequency was determined by subtracting the number of blue or white 
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colonies counted from the control linear DNA samples without cells, then dividing the 

number of white colonies by the total number of colonies counted [(Number of white 

colonies / total number of colonies) x100].  Cell-free control samples did not result in 

more than two white colonies in any of the experiments.     

 

Sequencing of re-joined plasmids 

Approximately 200 white colonies were chosen to amplify re-joined pUC19 plasmid 

DNA from, including 1 blue colony and 2 light blue colonies.  Twenty colonies from 

each sample were chosen for sequencing with the primer 5’-GTC ACA GCT TGT CTG 

TAA GCG-3’.  Plasmids (~200 ng/µl and primer (~5 pmol/µl) were sent to the University 

of Arizona Genetics Core for sequencing. Plasmid DNA was amplified as described 

above, and purified using the Qiagen Spin Miniprep Kit.      

 

Statistical Methods.  Students’ t-test was used to compare average measurements from 

two samples using a two-tailed distribution (Tails = 2) and a two-sample unequal 

variance (Type = 2).  All samples in each experiment were tested in triplicate (n=3). 

 

 

 

 

 

 



 

106

RESULTS 

Knockdown of BRCA1 protein expression in MCF10A cells.  

 To determine whether the levels of BRCA1 protein in breast epithelial cells are 

important for promoting high fidelity DSB repair, a strategy of partial knockdown of 

BRCA1 protein expression was employed in MCF10A cells to mimic levels of BRCA1 

seen in samples from haploinsufficiency patients (~20-40% of wild type levels) 

(Baldeyron et al., 2002).  Cells were transduced with lentivirus encoding shRNA 

sequences designed to reduce the levels of BRCA1 protein expression.  Western blots of 

samples taken following transient transduction of MCF10A cells with three shRNA 

sequences show levels of BRCA1 protein expression at approximately 5%  (sh2), 35% 

(sh3), and 60% (sh1) of levels in scrambled control, in the presence or absence of mirin 

(Figure 1A,B).  In all subsequent experiments with MCF10A cells, we utilized this 

transient knockdown approach and checked levels of BRCA1 by western blot analysis; 

we achieved consistent levels of knockdown from each shRNA.  We assayed in parallel a 

cancer cell line to determine if reduced levels of BRCA1 recapitulate effects due to 

complete loss of BRCA1 protein. 

 

Restoration of BRCA1 protein expression in SUM149PT cells. 

 To determine if the absence of BRCA1 protein affects double-strand break 

mutagenesis, we conducted experiments in SUM149PT cells that do not express BRCA1 

protein due to a single base deletion (2288delT) in the BRCA1 open reading frame. We 

selected 2 clones of SUM149PT cells that re-express BRCA1 protein from a stably 
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integrated BRCA1 expression plasmid (pBRCA1-385).  The levels of BRCA1 protein 

expression in the two clones (lanes 3-4, Figure 1C) were quantified by densitometry 

following western blotting for BRCA1 protein (Figure 1D).  Levels of BRCA1 protein in 

MCF10A cells were included as a control (lane1, Figure 1C); compared to MCF10A, 

BRCA1 protein levels were 100% (clone 1) and 160% (clone 2).  We also made a 

SUM149PT clone that stably expresses the neomycin resistance gene without expressing 

BRCA1 (lane 2, Figure 1C).  Using the BRCA1 -/- (cancerous), and non-tumorigenic 

knockdown (shRNA) breast epithelial cell lines, we conducted a series of experiments to 

determine if BRCA1 protein protects breast epithelial cells from mutagenic DSB repair 

pathways.   

 

Microhomology-mediated end joining frequency in cancerous breast epithelial cells. 

Previous studies have shown that BRCA1 can inhibit the exonuclease activity of 

Mre11 by binding directly to DNA (Paull et al., 2001).  Crystal structures of Mre11 and 

biochemical assays also suggest a model whereby Mre11 homodimers can mediate 

MMEJ repair of a double-strand break (Paull and Gellert, 2000; Williams et al., 2008).  

We sought to test the hypothesis that BRCA1 can inhibit mutagenic MMEJ repair in 

breast epithelial cells.  SUM149PT clones were transfected with an MMEJ reporter 

plasmid (pMMEJ) that contains a 45 bp insertion within the open reading frame of EGFP 

(Figure 2).  These insertions create unique  (Swa I or Afl II) restriction sites flanked by 5 

bp microhomologies.  Repair of the linearized pMMEJ plasmid by MMEJ results in 

reconstitution of the EGFP gene and subsequent expression of GFP.  Cells were 
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transfected with linearized pMMEJ plasmids along with an mCherry control plasmid and 

restoration of GFP expression was assayed by flow cytometry. In the absence of BRCA1, 

SUM149PT cells show a significantly increased frequency of MMEJ following a blunt 

(Swa I) DSB as compared to the clones with restored BRCA1 expression (Figure 3 

*p=0.0003, and p=0.03, respectively for clones 1 & 2).  In addition, treatment with mirin 

significantly reduced the frequency of MMEJ in the BRCA1 -/- cells (Figure 3 

�p=0.0001, and p=0.008, respectively for clones 1 & 2), and in the BRCA1 +/+ cells 

(Figure 3 �p= 0.001, and p=0.004, respectively, for clones 1 & 2).  Similar effects were 

seen when the pMMEJ plasmid was cut with Afl II  to produce compatible ends (Figure 

4).  An increased frequency of MMEJ was observed in the BRCA1 -/- cells in both clones 

(Figure 4, p=0.002, and p=0.03, respectively, for clones 1 & 2).  In this assay, treatment 

with mirin significantly reduced the frequency of MMEJ in the BRCA1 -/- cells (Figure 

4, �p=0.00006, and p=0.0004 respectively, for clones 1 & 2), and in the BRCA1 +/+ cells 

only in clone 1 (Figure 4, �p=4 x 10-6, and p=0.43, respectively, for clones 1 & 2).  The 

lack of MMEJ suppression by mirin in clone 2 (Figure 4) may be due to incomplete 

inhibition of Mre11.   These results indicate that BRCA1 protects against MMEJ repair 

potentially mediated by Mre11.   

 

Microhomology-mediated end joining frequency in non-tumorigenic breast 

epithelial cells. 

 We sought to confirm these results in MCF10A cells to determine if 

reduced levels of BRCA1 are sufficient to increase the frequency of MMEJ in our 
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system.  To examine the effects of reduced BRCA1 levels on MMEJ, we tested the 

MCF10A cell line clones using the same reporter assay including the lentiviral 

transduction steps (Figure 2).  GFP expression was significantly and consistently higher 

in all three BRCA1 shRNA samples when compared to scrambled samples following a 

blunt (Swa I) DSB (Figure 5 *p=0.002, p=0.0001, and p=0.002, respectively, for sh1, sh2 

& sh3), or a compatible (Afl II) DSB (Figure 5, *p=0.00002, p=0.0001, and p=0.003, 

respectively for sh1, sh2, & sh3).  Following treatment with mirin, we saw a significant 

reduction in the frequency of MMEJ compared to untreated control samples with both the 

blunt  (Figure 5, �p=0.0007, p=0.04, and p=0.01 respectively, for sh1, sh2, and sh3) and 

the compatible ends (Figure 5, �p=0.002, p=0.005, and p=0.005 respectively, for sh1, 

sh2, and sh3).  Treatment with mirin significantly reduced the frequency of MMEJ in all 

the samples, although some repair via MMEJ did occur, potentially due to incomplete 

inhibition by mirin or via an Mre11-independent pathway (Figure 5). The increase in 

MMEJ frequency by knockdown of BRCA1 expression supports the observations from 

the SUM149PT cell line, indicating that the suppression of MMEJ is BRCA1 and Mre11-

dependent, and that reduced levels of BRCA1 protein are sufficient to increase the 

frequency of MMEJ. Having established roles for BRCA1 and Mre11 in MMEJ, we then 

assayed whether either protein regulates the fidelity of general NHEJ repair pathways.       

 

Mutagenic frequency of SUM149PT cells following repair of a double-strand break.   

We sought to investigate if BRCA1 inhibits overall NHEJ mutagenesis in addition 

to MMEJ.  We also tested the effects of mirin inhibition of Mre11 exonuclease activity to 
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determine if it contributes significantly to mutagenic repair of a DSB.  The pUC19 

plasmid was cleaved with the restriction enzyme Sma I (blunt end) within the lacZα gene 

so that the mutation frequency of DSB repair could be measured by the frequency of 

lacZα mutants following transfection of the linear plasmid DNA into SUM149PT or 

MCF10A cells (Figure 6).  Following transfection, pUC19 plasmid DNA was isolated 

from the cells and transformed into DH5∝ bacteria for blue/white screening to determine 

the overall mutation frequency of each sample (Figure 6).  The mutation frequency 

following a blunt (Sma I) double-strand break in BRCA1 +/+ cells was significantly 

decreased in both clones compared to cells lacking BRCA1 (Table I *p=0.006, and 

p=0.01, respectively, for clones 1 & 2).  Exposure to mirin did not significantly change 

the mutation frequency in the BRCA1 -/- cells (Table 1 ^p=0.41, and p=0.07 

respectively, for clones 1 & 2), although mirin did increase the mutation frequency by a 

small but significant percentage in the BRCA1 +/+ cell population (Table I, ^p=0.013, 

and p=0.012 respectively, for clones 1 & 2). Similarly, the mutation frequency following 

a compatible (HindIII ) double-strand break in BRCA1 +/+ cells was significantly 

decreased in both clones compared to cells lacking BRCA1 (Table I *p=7x10-5, and 

p=0.008, respectively, for clones 1 & 2).  Exposure to mirin did not significantly change 

the mutation frequency in the BRCA1 -/- cells (Table 1 ^p=0.14, and p=0.08 

respectively, for clones 1 & 2), although mirin did increase the mutation frequency in the 

BRCA1 +/+ cell population (Table I, ^p=0.035, and p=0.007 respectively, for clones 1 & 

2).  These results indicate that BRCA1 protects double-strand breaks from general 

mutagenic NHEJ repair.  Furthermore, Mre11 exonuclease activity is not required for this 
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mutagenic repair pathway and may even have a slight protective role in DSB repair only 

when BRCA1 is present.  

 

Mutagenic frequency of shRNA-transduced MCF10A cells following repair of 

plasmid DNA double-strand break.  

To confirm these findings in a non-tumorigenic cell line, we performed the 

experiment outlined in Figure 6 in the MCF10A cell line using the blunt (Sma I) cut 

plasmid DNA.  The MCF10A cells that were transduced with BRCA1 shRNA sequences 

show a significant increase in mutation frequency relative to scrambled shRNA control 

samples (Table III *p=0.017, p=0.019, and p=0.007 respectively, for untreated sh1, sh2, 

and sh3, and *p=0.014, p=0.006, and p=0.059, respectively for 25 µM mirin treated sh1, 

sh2, and sh3 samples).  These increases were statistically significant with the exception 

of BRCA1 sh3 in the presence of mirin.  Furthermore, and in contrast to the MMEJ 

assay, mirin did not alter mutation frequency in control or BRCA1 shRNA samples 

(Table III, ̂ p=0.33, p=0.086, p=0.25, and p=0.75 respectively, for 25 µM mirin treated 

scr., sh1, sh2, and sh3 vs. untreated samples).  These observations indicate that BRCA1 

protects DSBs from general mutagenic NHEJ repair.  Furthermore, Mre11 exonuclease 

activity is not required for the observed mutagenesis in our assays. 

 

Sequencing of mutants from MCF10A pUC19 re-joining assay. 

To identify the size of sequence deletions and the use of microhomologies during repair 

of the pUC19 plasmid, we sequenced re-joined plasmids isolated from approximately 20 
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white colonies per sample (total~200) in the MCF10A pUC19 plasmid re-joining assay 

(Table IV).  We also sequenced a plasmid from one blue colony containing no deletions, 

and 2 light blue colonies each harboring a plasmid with a 1 bp deletion at the Sma I break 

site (data not shown).  We were able to verify that all the white and light blue colonies 

counted as mutants in our assays did indeed represent sequence deletions.  Comparing the 

average deletion size between the scrambled and BRCA1 knockdown samples, we found 

no consistent pattern of changes to attribute to BRCA1 knockdown (Table IV).  Analysis 

of the DMSO and mirin treated samples revealed a significant reduction in the mean 

deletion size for the scrambled and sh2 samples following exposure to mirin (Table IV, 

*p=0.031 and 0.028, respectively).  The sh1 sample showed a decrease that was not 

significant (Table IV, p=0.072), and the control and sh3 samples showed no significant 

increases or decreases in the mean deletion size (Table IV, p=0.52 and p=0.69, 

respectively).  We also looked at the percentage of total repair events for each sample that 

used microhomologies greater than 1 bp to facilitate plasmid DNA re-joining (Table IV).  

The control and scrambled samples showed a greater use of microhomologies during 

plasmid repair events following mirin exposure, and the shRNA samples showed a lesser 

use of microhomologies during plasmid repair following mirin treatment (Table IV).  

These results suggest that inhibition of Mre11 exonuclease activity may decrease the size 

of nucleotide deletions following a plasmid DSB.  
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DISCUSSION 

Our results support a model whereby BRCA1 protein protects cells from error-

prone repair of double-strand breaks by suppressing Mre11-mediated MMEJ, and 

inhibiting mutagenesis during NHEJ through an Mre11-independent mechanism.  The 

observed inhibition of MMEJ and NHEJ mutagenesis is specific to BRCA1 activities, 

and the NHEJ mutagenesis does not depend on Mre11 exonuclease activity.  It is possible 

that mirin exposure may simply reduce the size of the sequence deletions during NHEJ 

repair rather than inhibit them altogether.  However, we cannot rule out the contribution 

of BRCA1 to another independent series of events such as ubiquitination or 

transcriptional regulation that result in the inhibition of MMEJ, rather than the model of 

Mre11 nuclease inhibition. The contribution of MMEJ and NHEJ to overall genomic 

stability in breast epithelial cells is not entirely clear, although our results strongly 

suggest that the presence of BRCA1 inhibits this mutagenic repair process efficiently.  

Indeed, the highly mutagenic nature of MMEJ and NHEJ suggests that even infrequent 

occurrences, as seen in our assays, can be detrimental to genomic stability.   

BRCA1 has previously been shown to promote the repair of double-strand breaks 

by homologous recombination, and experiments using cell-free extracts suggest that 

BRCA1 does not strongly affect NHEJ frequency or fidelity (Merel et al., 2002; Wang et 

al., 2001).  However, other investigations have concluded that the efficiency of end-

joining in BRCA1 deficient cells is similar to wild type and defects in double-strand 

break repair observed in the absence of BRCA1 protein consistently show an increase in 

DNA mutagenesis rather than a lack of total repair efficiency, which is similar to our 
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observations (Baldeyron et al., 2002; Coupier et al., 2004; Wang et al., 2001; Wang et al., 

2006; Zhong et al., 2002a; Zhong et al., 2002b; Zhuang et al., 2006).  This suggests that 

BRCA1 may inhibit nuclease resection activities associated with error-prone double-

strand break repair.  Considering that BRCA1 localizes with the MRN complex at the site 

of a DNA DSB, specifically with Rad50 by co-IP and Rad50 and Mre11 by 

immunofluorescence, we tested the effects of mirin on the frequency of DSB mutagenesis 

(Scully et al., 1997; Wang et al., 2000; Zhong et al., 1999).  The exonuclease activity of 

Mre11 does not appear to be responsible for the total percentage of DNA mutagenesis in 

our NHEJ assay, in contrast to what was observed in the MMEJ assays.  One possible 

explanation for these observations is the differences in availability and/or sequence 

content of microhomologies on the pUC19 plasmid in contrast to the pMMEJ plasmid.  

Another possibility for an increase in nuclease-mediated mutagenesis in our pUC19 

mutagenesis assay is that BRCA1 acts to promote rapid repair of a double-strand break 

by high-fidelity processes such as homologous recombination; in the absence of BRCA1 

to coordinate repair activity, the DNA breaks persist.  Persistence of DNA damage can 

lead to alternative pathways of NHEJ such as MMEJ following nuclease digestion of the 

ends resulting in mutagenesis (Bennardo et al., 2009; Katsura et al., 2007).  

The mechanism by which BRCA1 haploinsufficiency leads to cancer progression 

has been theorized to result from tissue-specific DNA damage due to estrogen 

metabolites interacting with DNA and causing damage that can result in DSBs (Cavalieri 

et al., 2006; Wang et al., 2009).  Our results show that reduced levels of BRCA1 are 

sufficient to cause significant effects on DNA damage repair.  Increased double-strand 
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break induced mutagenesis due to BRCA1 haploinsufficiency can potentially enhance the 

frequency of further loss of heterozygosity at the BRCA1 locus and/or mutations in other 

DNA repair genes or tumor suppressors that could then lead to tissue-specific cancer 

progression.  The conclusion that reduced levels of BRCA1 are sufficient to allow for 

greater mutagenesis are consistent with previous studies done using cells from 

haploinsufficient patients (Baldeyron et al., 2002; Coupier et al., 2004).  Our results also 

show that the mutation frequency of double-strand break repair is higher in cancerous 

rather than non-tumorigenic breast epithelial cells, although the reduction in mutagenesis 

of the two cell lines with regard to BRCA1 functions are very similar.  Thus, total loss of 

BRCA1 is likely more detrimental to cells. Our results indicate that the levels of BRCA1 

protein present in a cell at any given time is important for maintaining genomic stability. 

Elucidating the molecular functions of BRCA1 has shed light on several possible 

mechanisms of tumor origination. In addition, the characterization of BRCA1 mutations 

in patient tumors has allowed clinicians to optimize treatment regimens for a subset of 

cancer patients. The DNA repair functions of BRCA1 make it a useful target for 

genotype analysis during tumor characterization to help determine clinical treatment 

options for patients (Kennedy et al., 2004).  These studies will shed light on BRCA1-

dependent molecular mechanisms of accurate DNA damage repair and may identify 

avenues for the treatment of some cancers.   
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Table I.  Mutation frequency of Sma I-linearized pUC19 plasmids following 
repair in SUM149PT breast epithelial cell clones. 

  SUM149PT             
(-/-) 

SUM149PT 
(+/+) 

SUM149PT (-/-)                            
(25 µM mirin) 

SUM149PT (+/+)                              
(25 µM mirin) 

DSB 
Ends 

Sample 
Number 

Mut. Freq.% Mut. Freq.% Mut. Freq.% Mut. Freq.% 

Sma I         
(Blunt)          

Clone #1    

Average              
n=3 

22.71% ± 1.7 
*17.24% ± 

0.5        

* (p=0.006) 

23.62% ± 0.5 

^ (p=0.41) 

*^ 19.28% ± 0.3       

* (p=0.0008)  

^ (p=0.013) 
Sma I                

(Blunt)                
Clone #2 

Average              
n=3 

22.56% ± 0.62 
*18.23% ± 

1.5       

* (p=0.01) 

24.81% ± 1.6 

^ (p=0.07) 

*18.66% ± 0.44         

* (p=0.003) 

^ (p=0.77) 
*p is a students 2-tailed t-test comparing SUM149PT-/- to SUM149PT+/+, in the absence or presence 
of mirin. ^p compares DMSO and mirin treatments for each clone. 
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Table II.  Mutation frequency of Hind III-linearized pUC19 plasmids following 
repair in SUM149PT breast epithelial cell clones. 

  SUM149PT             
(-/-) 

SUM149PT 
(+/+) 

SUM149PT (-/-)                            
(25 µM mirin) 

SUM149PT (+/+)                              
(25 µM mirin) 

DSB 
Ends 

Sample 
Number 

Mut. Freq.% Mut. Freq.% Mut. Freq.% Mut. Freq.% 

Sma I         
(Blunt)          

Clone #1    

Average              
n=3 

25.31% ± 0.5   
*19.45% ± 0.3       

* (p=0.0001) 
27.26% ± 1.6 

^ (p=0.14) 

*^ 23.23% ± 1.4      

* (p=0.035) 

^ (p=0.011) 

Sma I                
(Blunt)                

Clone #2 

Average              
n=3 

24.25% ± 1.0   
*20.62% ± 0.7       

* (p=0.008) 
26.56% ± 1.4 

^ (p=0.08) 

*^ 23.16% ± 0.2       

* (p=0.01)  

^ (p=0.007) 
*p is a students 2-tailed t-test comparing SUM149PT-/- to SUM149PT+/+, in the absence or 
presence of mirin. ^p compares DMSO and mirin treatments for each clone. 
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Table III.  Mutation frequency following repair of  Sma I-linearized pUC19 plasmids in 
MCF10A cells transduced with scrambled or BRCA1 shRNA. 
  Control Scrambled shRNA 1 shRNA 2 shRNA 3 

DSB Ends 
Sample 
Number 

Mut. 
Freq.% Mut. Freq.% Mut. Freq.% Mut. Freq.% Mut. Freq.% 

Sma I        
(Blunt)     
Average 

Average                  
n=3 

5.9% ± 2.6  7.24% ± 2.6  
*11.75% ± 2.3          

* (p=0.017)  
*14.14% ± 2.4         

* (p=0.019)  
*11.39% ± 3.0          

* (p=0.007)  

  
 

Control                            
(25 µM 
mirin) 

Scrambled                                     
(25 µM 
mirin) 

shRNA 1                                       
(25 µM mirin) 

shRNA 2                                         
(25 µM mirin) 

shRNA 3                                      
(25 µM mirin) 

Sma I        
(Blunt)      

Average               
n=3 

7.1% ± 3.0  
7.73% ± 2.6 
^(p=0.33) 

*15.17% ± 2.7         

* (p=0.014) 
^(p=0.086) 

*15.87% ± 3.2         

* (p=0.006) 
^(p=0.25) 

11.87% ± 3.7       

* (p=0.059)          
^(p=0.75) 

*p is a students 2-tailed t-test of average (n=3) mutation frequency as compared to untreated scrambled sample. ̂p 
compares DMSO and mirin treatments for each sample. 
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Table IV.  Characterization of repaired pUC19 mutant sequences in MCF10A cells. 

  
Cells 

# Mutants 
sequenced 

Average 
Deletion 

Size 

Median deletion 
size 

>1bp Microhomologies 
involved (% of total) 

D
M

S
O

 

Control 16 293 263 31.30% 

Scrambled 14 323 318 21.4% 

sh1 14 473 379 35.7% 

sh2 15 314 242 20.0% 

sh3 9 299 192 44.4% 

25
uM

 M
iri

n 

Control 15 
248           

(p=0.52) 
203 53.30% 

Scrambled 16 
  205*          

(p=0.031) 
143.5 37.5% 

sh1 17 
274           

(p=0.072) 
201 11.8% 

sh2 13 
  170*             

(p=0.028) 
131 7.7% 

sh3 9 
338                   

(p=0.69) 
313 22.2% 

*is a 2-tailed students t-test of average deletion size as compared to DMSO treated cells.  
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Figure Legends. 

Figure 1.  Cell lines used for the in vivo assays.  A. Western blots of BRCA1 

protein levels in MCF10A cells following transduction with scrambled or BRCA1-

specific shRNA sequences.  Blots are of MCF10A whole cell extracts following 

treatment with DMSO or 25 µM mirin. B. Quantification of BRCA1 protein levels 

normalized to loading controls in MCF10A whole cell extracts following treatment with 

DMSO or mirin.  C. Western blot of SUM149PT stable clones following transfection of 

pBRCA1-385 (+/+) (lanes 3 & 4) or pcDNA3 (-/-) (control, lane 2).  Whole cell extract 

from MCF10A cells were included for comparison (lane 1). D. Densitometry analysis of 

SUM149PT clones.  BRCA1 protein expression for SUM149PT clone 1 (C; lane 3) and 

clone 2 (C; lane 4) are expressed as a percentage of MCF10A cell expression (C; lane 1).     

 

Figure 2.  Schematic representation of in vivo assay used to measure MMEJ 

frequency.  MCF10A cells were first transduced for 48 hours with media containing 

lentivirus encoding BRCA1 shRNA sequences.  Following transduction, cells were 

transfected with circular (control) or linear (Swa I or Afl II—cut) pMMEJ plasmid and an 

mCherry transfection control plasmid, and then analyzed for EGFP expression 48 hours 

later by flow cytometry.  SUM149PT cells were transfected with pMMEJ plasmid and 

then assayed 48 hour later for EGFP expression.  

 

 Figure 3.  Frequency of MMEJ following blunt-end double-strand break 

repair in SUM149PT breast epithelial cells.  SUM149PT cells from one BRCA1 (-/-) 
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clone and two representative BRCA1 (+/+) clones were transfected with either blunt-end 

linear or circular uncut pMMEJ and an mCherry transfection control plasmid in the 

absence or presence of 25 µM mirin. Repair through MMEJ is represented by %EGFP 

expression (%EGFP expression= (number of cells expressing both EGFP and mCherry / 

number of cells expressing mCherry) x 100. *p< 0.05 students t-test as compared to 

scrambled control (n=3). � p< 0.05 students t-test as compared to untreated samples 

(n=3). 

 

Figure 4.  Frequency of MMEJ following compatible end double-strand 

break repair in SUM149PT breast epithelial cells.  SUM149PT cells from one BRCA1 

(-/-) clone and two representative BRCA1 (+/+) clones were transfected with either 

compatible-end (5’TTAA) linear or circular uncut pMMEJ and an mCherry transfection 

control plasmid in the absence or presence of 25 µM mirin.  Repair through MMEJ is 

represented by %EGFP expression (%EGFP expression= (number of cells expressing 

both EGFP and mCherry / number of cells expressing mCherry) x 100. *p< 0.05 students 

t-test as compared to scrambled control (n=3). � p< 0.05 students t-test as compared to 

untreated samples (n=3). 

 

Figure 5.  Frequency of MMEJ double-strand break repair following shRNA 

knockdown of BRCA1 protein expression in MCF10A breast epithelial cells. 

MCF10A stable clones were transfected with either linear or circular pMMEJ (as control) 

and with an mCherry transfection control plasmid in the absence or presence of 25 µM 
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mirin. Cells were analyzed for fluorescent protein expression by flow cytometry. Repair 

through MMEJ is represented by %EGFP expression [%EGFP expression= (number of 

cells expressing both EGFP and mCherry / number of cells expressing mCherry) x 100].  

*p< 0.05 students t-test as compared to scrambled control (n=3). � p< 0.05 students t-test 

as compared to untreated samples (n=3). 

 

 Figure 6.  Schematic representation of pUC19 double-strand break repair 

assay.  MCF10A cells were first transduced for 48 hours with media containing lentivirus 

encoding BRCA1 shRNA sequences.  Following transduction, cells were transfected with 

Swa I (blunt) cut linear pUC19 DNA, and plasmid DNA was collected 24 hours later.  

Plasmid DNA was then transformed into E. coli DH5∝, and screened for LacZα 

expression by blue/white screening.  SUM149PT cells were transfected with Swa I 

(blunt) or Hind III (5’AGCT) linear plasmid DNA, and collected 24 hours later. 
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