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Abstract 

Role of PARP Trapping in Regulation of DSB Repair and PARP Inhibitor 

Sensitivity in Triple Negative Breast Cancers 

 

Bryan Pelkey, Master of Science 

Thesis Directed by: Dr. Feyruz Rassool, Associate Professor, Department of 

Radiation Oncology. 

 

PARP inhibitors have exhibited clinical success in inherited breast cancers with 

mutations in the BRCA1/2 tumor suppressor genes. Novel PARPi have been shown 

to function not only by catalytic inhibition of PARP1/2 activity, but also by 

“trapping” PARP to sites of DNA damage. In this study, we investigated whether 

PARP catalytic inhibition versus trapping had distinct effects on regulation of DNA 

DSB repair in breast cancer cells, highlighting inhibitor efficacy. To test our 

hypothesis, we utilized breast cancer cell lines with stably integrated GFP-reporter 

plasmids designed to assess interchromosomal DSB repair activity. We showed 

combination PARPi/MMS led to increased PARP trapping, and overall resulted in 

decreased HR and increased ALT-NHEJ.  Knockdown of PARP1 did not affect HR 

activity, but decreased the ALT-NHEJ activity in the PARPi/MMS combination. 

Our data shows that PARP1 is not the only signaling molecule for ALT-NHEJ, and 

that ALT-NHEJ may compensate for lack in HR activity. 
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Chapter 1: Introduction 

 

Today in the United States, cancer stands as the second leading cause of death in 

both men and women, and is only passed by heart disease. With the increases in incidence 

and mortality rates, cancer is predicted to become the leading cause of death in upcoming 

years. In 2015, it was estimated that there were 1,685,210 new cases of cancer and 595,690 

deaths from cancer (Figure 1, Figure 2)(1). Approximately 50% of new cases and 47% of 

deaths from cancer were reported in women. Breast cancer alone accounted for 29% of all 

new cases, more than any other cancer, and accounted for about 14% of estimated deaths 

in females, only second to lung cancer(1). Women have an estimated 1 in 8 chance of 

developing breast cancer at some point in life(2). With such a large risk, the need for new 

and modified therapeutics continues to grow. 

 

 

Figure 1. Estimated new cases of cancer in 2016. Adapted from Siegel et al., 2016(1). 
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Figure 2. Estimated total deaths from cancer in 2016. Adapted from Siegel et al., 2016(1). 

 Therapeutic strategies for breast cancer are dependent on the stage and type of 

cancer. Depending on the invasiveness of the cancer and the stage to which it is detected, 

surgery is usually a top choice for therapy(3, 4). If detected early enough, the surgery can 

simply remove the tumor and some surrounding tissue, a “lumpectomy,” or remove the 

tumor and majority of the breast tissue, a “mastectomy.” The farther in the progression of 

the cancer, the more difficult and impractical surgery becomes. Chemotherapy is another 

common form of treatment for both pre and post-surgery, and is used in cases where other 

treatments are not optimal or available(4). The specific type of chemotherapy can vary, 

again with the progression and type of can, but chemotherapy in its entirety serves as a 

treatment for almost all stages of the cancer. The majority of breast cancers occur in 

postmenopausal women with 75% of these tumors being estrogen-dependent tumors as 

defined by estrogen receptor (ERα) positivity (Figure 3)(5). Tamoxifen, an anti-estrogen, 

has been the mainstay of treatment for hormone-dependent breast cancers(6, 7). However, 

recent clinical trials have shown that inhibitors of aromatase, which catalyzes the rate 

limiting step of estrogen biosynthesis, may be more effective than tamoxifen in treating 
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hormone dependent breast cancers in post-menopausal women(5). Unfortunately, resistance 

to these endocrine therapies is inevitable in metastatic breast cancer. 

 

 

Figure 3. Molecular Classification of Breast Cancer subtypes. Over 80% of breast cancers 

are susceptible to hormone therapy by means of ER or HER-2 treatments. Triple Negative 

Breast Cancers (TNBCs) comprise around 15% of total breast cancer cases, and are 

normally complexed with mutation in important oncogenes or tumor suppressor genes. 

BRCA mutant models represent a small portion of total breast cancers, but are around 1/5 

of TNBCs. (Adapted from Curigliano, New drugs in subsets of breast cancer, 2011). 

 

 Not all breast cancers are susceptible to hormone therapies. ER, progesterone 

receptor (PR) or HER-2 hormone negative breast cancers, which constitute approximately 

30% of all breast cancers, are resistant to therapy. Triple Negative, ER-, PR- and HER-2-

recepror negative Breast Cancer (TNBC), account for 15% of total breast cancers (Figure 

3)(8). These cancers belong to a basal-like subset of breast cancer(8, 9). Generally, TNBCs’ 
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only treatment option is chemotherapy(4, 8). Thus, there is a compelling need to develop 

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

resistance in addition to those with intrinsic resistance to anti-hormone therapies(9). 

 Another main classification for breast cancers are their BRCA status. BRCA1 and 

BRCA2 are both tumor suppressor genes that play important roles in DNA repair and 

genomic stability(2). Mutations in the BRCA1 and/or BRCA2 genes are normally inherited, 

and introduce a heightened risk for breast and ovarian cancer susceptibility. Hereditary 

BRCA mutation cancers account for about 5-10% of all cancers(10, 11). Women with a 

BRCA1 mutation have an estimated 55-65% chance lifetime risk of being diagnosed with 

breast cancer, and those with a BRCA2 mutation have an estimated 45% chance(2). On top 

of that, approximately 75% of the BRCA1 mutation tumors are TNBCs, belonging to the 

specific subset of cancers that lack viable therapeutics(8). 

 Targeting genomic stability and DNA repair are of particular interest in breast 

cancer treatment since BRCA1 and BRCA2 play important roles in double strand break 

(DSB) repair pathways. There are three major DSB repair pathways (Figure 4). 

Homologous Recombination (HR) is the most desirable pathway for a cell to use, since it 

utilizes the homologous sister chromatids to perform error-free DSB repair (Figure 4B)(12). 

Briefly, during replication, a break is sensed when the replication fork reaches a single 

strand break (SSB) or a DSB. The MRN-CtIP complex is the first to respond to the break, 

which works to cut back and resection the DNA to form 5’ overhangs. Several Replication 

Protein A’s (RPA) bind to the overhang simultaneous to RAD52 binding to one of the 

overhangs. The binding of RAD52 recruits several other molecules, including RAD51, 

BRCA1, BRCA2, and XRCC2 to bind to the overhangs and form a protein complex. 
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RAD51 replaces the RPAs and prepares the DNA for the strand invasion. In coordination 

with the sister chromatid, the complex orchestrates a strand invasion which allows for the 

formation of the complete nucleotide sequence on the original DNA strand. Ending with 

either a crossover or non-crossover event, both strands of DNA are completed error-free(13). 

This pathway is of particular interest for BRCA mutant cancers, for the inactive BRCA 

proteins result in the inability to carry out this form of repair. The inability to perform HR 

results in the cells’ use of other DSB pathways that do not repair DSBs with efficacy, 

resulting in deletions of nucleotide sequences. 

Figure 4. Mechanisms of Double Strand Break DNA Repair. Single strand break inducing 

agents result in the production of an abasic site, which when left unrepaired, develops into 

a Double Strand Break (DSB) during DNA replication. Depending on the availability of 

repair constituents and their binding to the DNA damage site, one of several major repair 

pathways can occur. (A). Classic Nonhomologous End Joining (c-NHEJ) begins with the 

binding of Ku70 and Ku80 proteins to the DNA ends, signaling DNA-PKcs to attach, 

which signals Artemis. The final product is a repaired DNA strand with a 1-4 nucleotide 

deletion. (B). Homologous Recombination (HR) begins with DNA resectioning from the 

MRN-CtIP complex. When the overhangs are formed, RPA proteins attach to the open 

nucleotides and are replaced with RAD51 upon binding of RAD52. A complex of BRCA1, 

BRCA2, and XRCC2 and more bind to the DNA, and utilize the sister chromatid to perform 

an error-free repair product. (C). Alternative NHEJ (ALT-NHEJ) is initiated when PARP1 

binds to the site of damage. Like HR, ALT-NHEJ requires DNA resectioning. After the 

overhangs are formed, POLθ and an ERCC1/XPF complex pull the DNA ends together, 

excluding the overhangs. XRCC1 and LIG3 interact to complete the ligation activity, 

resulting in a product with large nucleotide deletions.  
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 The next major DSB repair pathway is Non-homologous End Joining (NHEJ), and 

consists of two independent and distinct pathways. Classic NHEJ (c-NHEJ) is the most 

well-known form of NHEJ, which utilizes the Ku70 and Ku80 proteins (Figure 4A). This 

pathway lacks the HR capability of DNA resectioning, and simply aims to bring together 
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two ends of a DNA strand. When a DSB is formed, the Ku70/80 complex binds to both 

blunt ends of DNA, and holds them spatially close in proximity. DNA-PKcs and the 

Artemis protein are recruited to the DNA, and with the help of Ligase 4 (LigIV) and 

XRCC4, seals the DNA together. This error-prone pathway results in minimal error, with 

normally 1-4 nucleotides being lost. 

 More recently, an alternative NHEJ has been reported, that is highly error-prone, 

Alternative NHEJ (ALT-NHEJ, Figure 4C). This pathway utilizes SSB repair pathway 

proteins for repair. Starting off, the pathway is set into motion by poly-ADP ribose 

polymerase 1 (PARP1), and unlike c-NHEJ, signals for the MRN-CtIP resectioning 

complex. With the production of the overhangs, POL-Q, ERCC1, and XPF attach to the 

overhangs, and push the two strands together. This strand combination results in the 

overhangs being excluded from the repaired DNA segment. XRCC1 and Ligase 3 (Lig3) 

remove the overhangs and stitch together the DNA, resulting in a repair product with large 

nucleotide deletions. This pathway has become a therapeutic target in BRCA mutant 

cancers, for it is upregulated in the absence of HR.  

 PARP1 is a target of strong interest in the treatment of breast cancers. It is best 

known for its role in single strand break (SSB) repair. Historically in DNA repair, PARP1 

serves as a signaling molecule for Base Excision Repair (BER), a SSB repair pathway(14, 

15). PARP1 signals abasic sites on the DNA, and works with POL-Q, Lig3, and XRCC1 to 

repair the site. In ALT-NHEJ, the binding of PARP1 to the site of damage is the first step 

and a good target for inhibition (Figure 4C)(16). Other proteins that are downstream of 

PARP1 in the pathway have been seen to be compensated by sister proteins. For example, 

the use of Ligase 1 (Lig1) in the absence of Lig3. Though several other proteins can initiate 
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BER, PARP1 is the only known signaling molecule for the ALT-NHEJ pathway. PARP1 

also plays a role in several aspects of cellular function, including chromatin modification, 

regulation of inflammation, and cell death. Most importantly, inhibition of PARP1 in cells 

with BRCA mutations has led to a concept of synthetic lethality (Figure 5)(17, 18). Briefly, 

inhibition of PARP1 leads to accumulation of SSBs that lead to DSBs during replication. 

In BRCA mutant BCs DSBs cannot be repaired by HR, leading to cell death. 

 

Figure 5. Synthetically Lethality Model. When introduced with a double strand break, a 

cell can use HR to repair said break. In BRCA mutant tumors, HR cannot properly function, 

causing the cell to use other pathways to repair the DNA. A common pathway of choice is 

ALT-NHEJ, but results in large deletions of genomic information. The inhibition of this 

pathway via PARP inhibitors results in the inability for the cell to repair the DSB. Without 

any way to repair the DNA, the cell is subject to Synthetic Lethality and ends in cell death.  

 

 PARP inhibitors (PARPi) have grown as a class of drugs over the past decade, with 

its first market approval in 2014. PARPi are structurally similar to NAD+ and 

competitively bind to PARP1 and PARP2 molecules. PARPi work by two main 

mechanisms of action that are completely independent of each other and vary in potency 
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depending on the inhibitor (Figure 6). The first mechanism is catalytic inhibition, where 

the inhibitor binds to the PARP1/2 proteins at their N-Terminus Zinc fingers and prevents 

the PARP molecule from binding to SSBs (Figure 6A). This accumulation of SSBs results 

in the production of DSBs. The DSBs, when present in the replication phase of the cell 

cycle, can lead to replication fork collapse, and if unrepaired leads to cell death. The other 

mechanism is by PARP ‘trapping,’ in which the PARP protein is locked into place on the 

site of DNA damage by the inhibitor (Figure 6B)(19). The same interactional binding occurs 

between the PARPi and PARP protein while it is on the DNA. The PARP/PARPi 

interaction prevents the auto-PARylation activity of PARP, which allows it to be released 

from the DNA after recognizing the damage. This prevents the downstream signaling of 

other proteins in the repair pathway, leaving the PARP/PARPi complex on the DNA. Like 

the catalytic inhibition mechanism, the bound PARP results in a replication fork collapse 

when in the S-phase. The exact mechanism for the removal of the trapped PARP is 

unclear(20).  

Figure 6. Mechanisms of inhibition for PARP inhibitors. PARP inhibition can occur by 

two main mechanisms, catalytic inhibition and trapping. PARP inhibitors contain 

structural components similar to NAD+, a precursor for PARP activity. (A). In the 

catalytic inhibition model, the inhibitor binds to the PARP protein via the N-Terminal 

Zinc Fingers, and prevents the binding capability of PARP. (B). In the trapping model, 

PARP is successfully recruited to the site of DNA damage, but the inhibitor binds to the 

protein preventing its ability to auto-PARylate. The lack of auto-PARylation impedes the 

signaling of the downstream molecules in ALT-NHEJ. 
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 Currently, there are two PARP inhibitors on the market; Olaparib and Rucaparib(21). 

Olaparib was granted approval in December 2014 as a monotherapy for advanced ovarian 

cancer patients with a BRCA mutation, after three or more lines of chemotherapy. 

Rucaparib was granted accelerated approval in December 2016 for advanced ovarian 

cancer patients with a BRCA mutation, after two or more lines of chemotherapy. Though 

these PARPi are clinically available, the class of inhibitors is still in development, finding 

different potencies and minimizing the side-effects and adverse events. BMN-673 is a 

PARPi currently in Phase 3 clinical trials for its breast cancer indication(22), and has 

particularly potent PARP trapping capabilities, compared to the other drugs in the class(21). 

Studies have been completed in breast cancer, but most of the inhibitors have indications 

for advanced ovarian cancer.  

While breast cancers with BRCA mutations are showing responses to PARPi many 

cases of BRCA-mutant breast cancers do not respond to therapy. In addition, PARPi have 

failed in cells with intact BRCA genes and HR(23). Therefore, understanding the DSB repair 
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responses following PARPi treatment may lead to knowledge of resistance pathways to 

these therapies.  With the absence of HR, BRCA mutant tumors may resort to NHEJ to 

resolve their DSB repair, leading to survival of breast cancer cells(24). Patel et al have shown 

that cNHEJ is increased following PARP inhibition(25). Notably, Ceccaldi et al have shown 

that decreased HR leads to increased ALT-NHEJ(26). The Rassool laboratory previously 

reported that TNBC cell lines have increased expression in both DNA Lig3 and PARP1, 

and are more dependent on ALT-NHEJ activity for repair of DSBs(27). 

Utilizing BRCA wild type and BRCA mutant breast cancer models, this study will 

define the effects of PARP inhibition on different DSB repair pathways, in particular ALT-

NHEJ and HR activity. This will provide insight for breast cancer models, and provide 

therapeutic evidence for the use of these inhibitors in a broader range of cancers. We also 

seek to further study the PARPi mechanisms of action, to distinguish the effects of catalytic 

inhibition versus PARP trapping on DSB repair outcomes. We believe that PARP catalytic 

inhibition versus PARP trapping may lead to different and distinct outcomes on DNA DSB 

repair pathways, dictating inhibitor efficacy.  
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Chapter II: Developing Reagents to Measure DSB Repair in Breast Cancer Cells 

 The effects of PARP inhibitors on DSB repair in breast cancer, especially with 

respect to those with intact BRCA genes, is still not fully understood. The definitive way 

to measure DSB repair is by stably integrating plasmid reporters that generate GFP upon 

repair. These cells are not available. This chapter will describe for the first time, the 

creation of multiple clones of breast cancer cells with stable integration of these repair 

plasmids that can measure DSB repair activity following treatment with agents such as 

PARP inhibitors. 

To generate breast cancer cells with DSB repair capability, two reporter plasmids 

were utilized pDRGFP (DR-GFP) that measures HR and EJ2-GFP that measures ALT 

NHEJ. For DR-GFP, GFP was only generated if the cells repair the DSB by HR(28). The 

primary feature of the plasmid is the unique, single recognition site for the Isce1 restriction 

enzyme (Figure 7). The ISCE1 site is within the promoter region for the GFP expression 

gene, and must be properly repaired without mutation or deletion to express GFP, by 

Homology Directed Repair (HDR) to produce a viable promoter region for GFP(28). 

 

Figure 7. The DR-GFP repair plasmid construct, to measure in vitro Homology Directed 

Repair (HDR) activity. The cassette contains a single recognition site for the I-Sce1 

restriction enzyme. Repair by HDR will produce a GFP+ product. Adapted from Gunn et 

al, 2012(29). 

The EJ2-GFP-puro (EJ2-GFP) plasmid provides a GFP-linked reporter plasmid that 

produces GFP after large deletions that remove the Isce1 stop codon (Figure 8)(29). Like 



13 
 

the DR-GFP plasmid, EJ2-GFP also has a single Isce1 restriction site, and allows for a site 

directed DSB. What makes this plasmid specific to ALT-NHEJ is the utilization of micro-

homologies on both sides of the Isce1 stop site. Induction of the ISCE1 site provides 

flanking overhangs that bridge together, removing the stop codon and creating GFP. The 

micro-homologies provide a directed route for ALT-NHEJ and allow for the proper 

measuring of ALT-NHEJ from large deletions. 

 

Figure 8. The EJ2-GFP repair plasmid construct, to measure in vitro Alternative-NHEJ 

activity. The cassette contains a stop codon for the production of GFP. The removal of the 

stop codon by ALT NHEJ will produce a GFP+ product. Adapted from Gunn et al, 2012(29). 

 These plasmids were integrated into separate parental cultures of MDA-MB-231 

cells by nucleofection. Thereafter, cells were grown in Puromycin to select for the cells 

with stably integrated plasmid reporters, due to the plasmids containing puromycin 

resistance genes. Given that integration was likely a random event, multiple single clones 

were isolated. Only those clones that demonstrated high enough base line levels of GFP 

were used selected for further study in chapter 3. Plasmids integrated in lowly transcribed 

regions or in non-coding regions would not provide a reliable production of GFP to 

measure. 

 When testing the GFP production of our clones, the plasmid encoing the Isce1 

restriction endonuclease was introduced into the cells to provide the DSB cut via 

lipofection. This assay ran for 72 hours and was measured via flow cytometry, isolating 
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the primary population of cells and identifying GFP from positively expressing cells 

(Figure 9). 

 

Figure 9. Sample Flow Cytometry layout for isolating GFP+ expressing cells. All events 

were captured by the cytometer, and the bulk population was isolated out. From the bulk 

population, duplicates were excluded to only identify for single cells. From the singlet 

population, cells were gated to remove auto-fluorescence (Methods 3.4). The GFP+ output 

was measured.  

Our clones were tested for baseline GFP against many controls to ensure that the 

GFP product from our cells was specific to the GFP from the plasmid. First, we had a 

positive and negative control for GFP from our cells, lipofecting nothing in our negative 

control and p-GFPmax in our positive control. The parental line was also used as a control 

for GFP. Between two parental samples, Isce1 was introduced into one and not the other. 

This verified that the parental lines were not affected by the Isce1 enzyme. Finally, we had 

a non-Isce1 control for the clone of interest. This provided the gating needed to distinguish 
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true GFP from artifacts and debris (Figure 10). Following these stringent control studies, 

several working clones were isolated for HR and ALT NHEJ repair in breast cancer cells 

with intact BRCA genes. For these studies, we utilized the DR-GFP Clone 4 and the EJ2-

GFP Clone 6 for their high baseline GFP expression, as described in the next chapter. 

 

Figure 10. Sample Flow Cytometry plot for clone verification against parental line. Once 

a stable clone is formed, introduction of I-Sce1 is compared against the parental cell line 

and a no I-Sce1 control. Production of GFP+ confirms a viable and measurable clone. 
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Chapter III: Role of DSB repair with PARP inhibitor treatment 

This chapter focuses on the identification of optimal conditions for PARP trapping, under 

several different PARP inhibitor combinations and concentrations, and examines the 

effects of these treatments on HR and ALT-NHEJ DSB repair. Our data shows significant 

decreases in HR activity, while showing significant increases in ALT-NHEJ activity. 

Notably, however, the presence of PARP1 does not affect DSB repair outcomes.   

Optimizing PARP trapping conditions in TNBCs  

PARP trapping is considered the main mechanism for the cytotoxic effects of PARP 

inhibitors(19). To determine the optimal conditions for PARP trapping with Talazoparib, 

breast cancer MDA-MB-231 cells were exposed to Talazoparib and/or MMS for 4 hours. 

Talazoparib was also treated with or without Daparinad, an NAD inhibitor. Thereafter, 

chromatin was isolated and immunoblotted for PARP1.Cells that were not treated with any 

drugs showed no bound PARP in the chromatin (Figure 11A). Likewise, Talazoparib alone 

and Talazoparib in combination with Daporinad did not show bound PARP in the 

chromatin.  Combination Talazoparib with MMS resulted in increased amounts of PARP 

in the chromatin from all three treatment concentrations. Combination Daporinad with 

MMS also resulted in increased amounts of PARP in the chromatin, while MMS alone and 

Daporinad alone do not (Figure 11B).  
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Figure 11. MDA-MB-231 nuclear extracts for PARP1, 4 hours post drug addition.  (A). 

The left blot: Concentrations of BMN 673 were 5nM, 50nM, and 100nM, from left to right 

respectively. MMS stayed at 0.01%, or 1mM, for each lane. Concentrations of FK866 were 

20nM, 50nM, and 100nM, from left to right respectively. (B). The right blot: Concentration 

for FK866 was 100nM, for MMS was 1mM, and for NMN was 0.5mM. 

 Homologous Recombination is down-regulated in TNBCs treated with PARP inhibitor 

Talazoparib and MMS 

To determine the effects on HR repair under conditions that were optimal for PARP 

trapping, the MDA-MB-231 DR-GFP clone 4 was subject to the Talazoparib and MMS 

treatments (as described in the section above), the ISCE1 site was induced by transfection 

of the endonuclease, and GFP was measured by Flow Cytometry 72 hours after drug 

treatment. The cells that were untreated were used to set a relative scale of GFP expression. 

PARP inhibitor alone at 5nM and 50nM concentrations resulted in insignificant decreases 

in overall HR activity. MMS alone resulted in a significant decrease, while combination 

Talazoparib and MMS resulted in an even greater decrease in HR activity (Figure 12).  
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Figure 12. MDA-MB-231 DR-GFP Clone 4 repair data. Flow cytometry was used to 

measure GFP+ output 72 hours post drug addition. ±SEM, n=4. (* = p<0.001) 

 

ALT-NHEJ is upregulated in TNBCs treated with BMN673 (Talazoparib) and MMS 

 

To determine the effects on Alt NHEJ of cells optimized for PARP trapping, the MDA-

MB-231 EJ2-GFP clone 6 was subject to the same treatments as described above and GFP 

was measured as described. PARP inhibitor alone at 5nM and 50nM concentrations 

resulted in insignificant decreases in overall ALT-NHEJ activity. MMS alone resulted in 

an increase in overall ALT-NHEJ activity, but was insignificant. Combination Talazoparib 



19 
 

and MMS resulted in a significant increase in overall ALT-NHEJ activity (Figure 13).

 

Figure 13. MDA-MB-231 EJ2-GFP Clone 6 repair data. Flow Cytometry was used to 

measure GFP+ output 72 hours post drug addition. ±SEM, n=4. (* = p<0.001) 

PARP1 knockdown does not abolish ALT NHEJ activity 

To determine the role of PARP in DSB repair found with the combination treatment of 

Talazoparib with MMS, PARP1 was depleted using siRNA technology. An siRNA pool 

specific for PARP1 was transfected into MDA-MB-231 cells prior to drug treatment and 
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Isce1 induction as described. PARP1 was measured at day 2 and day 5 post-treatment with 

siRNA. Compared to a Non-targeting siRNA control, PARP1 was prominently knocked 

down at both day 2 and day 5 (Figure 14). 

 

Figure 14. siRNA for PARP1 in MDA-MB-231. Samples were taken at Day 2 and Day 5 

from siRNA introduction to assess silencing efficiency at the time of I-Sce1 introduction 

and the time of Flow Cytometry analysis.  

When used in combination with our Isce-1based repair assay, the MDA-MB-231 DR-GFP 

clone showed no significant decrease in HR activity from Talazoparib alone or MMS alone. 

The combination treatment with and without siRNA treatment showed a significant 

decrease from the no drug control (Figure 15). 
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Figure 15. MDA-MB-231 DR-GFP Clone 4 repair data with and without siRNA for 

PARP1. Flow cytometry was used to measure GFP+ output 72 hours post drug addition.  

Solid lines indicate repair alone, and stripped lines indicate repair plus siRNA for PARP1.  

(* = p<0.001, # = p<0.001) 

PARP1 siRNA studies were also performed in MDA-MB-231 EJ2-GFP treated with drugs 

and ISCE1 induced as described. Again, the Talazoparib alone and MMS alone did not 

show any significant change in activity. While the siRNA treated cells for the drug 

combination showed a slight decrease in ALT NHEJ activity, they were still significantly 

increased relative to the controls (Figure 16). 
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Figure 16. MDA-MB-231 EJ2-GFP Clone 6 repair data with and without siRNA for 

PARP1. Flow cytometry was used to measure GFP+ output 72 hours post drug addition.   

Solid lines indicate repair alone, and stripped lines indicate repair plus siRNA for PARP1.  

(* = p<0.001, # = p<0.001)
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Chapter IV: Discussion 

Development of TNBC cell lines that stably express DSB reporters provide novel 

reagents to measure repair in breast cancer 

While other laboratories have generated osteosarcoma and kidney cell lines that 

stably express DSB repair reporters, this is the first time it has been achieved in TNBCs. 

(16, 30). The generation of TNBC cell lines stably expressing the DR-GFP and EJ2-GFP 

plasmids for measuring activity of HR and NHEJ, respectively, enables the measurement 

of baseline repair activity at high enough percentages to allow for distinguishable increases 

and decreases in activity. This also enables the measurement of the effects of drug 

treatment and key repair factor depletion on DSB repair activity(29).   

Optimizing PARP trapping conditions in TNBCs. 

PARP trapping is one of the key features of PARP inhibitors that correlated with 

its cytotoxic effects(19). BMN 673 (Talazoparib) is a PARP inhibitor with potent PARP 

trapping ability. The combination of BMN 673 and MMS results in significantly higher 

trapping under all three doses of BMN 673(21, 31). However, the combination of BMN 673 

and FK866 does not result in PARP trapping, showing that the mechanism of trapping is 

dependent on the introduction of a large number of  SSBs(15) (Figure 9A). Trapping is also 

seen when FK866 is in combination with MMS(31) (Figure 9B). PARP is trapped 

presumably because NAD is depleted and non-PARylated PARP remains bound to DNA. 

These results indicate that DNA damage under conditions of PAR depletion elucidate 

further mechanisms for PARP1 trapping. We have thus optimized the conditions for PARP 

trapping in TNBCs that allows us to study the effects of PARP trapping on DSB repair for 

the first time. 
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Homologous Recombination is down-regulated in TNBCs treated with PARP inhibitor 

Talazoparib and MMS 

Saleh-Gohari et al showed that the introduction of SSBs, in cells that lack XRCC-

1 and thus SSB repair capabilities, produce DSBs at the replication fork and signals HR.  

Importantly, however, the Helleday laboratory has looked at the impact of PARP on HR, 

and shows that PARP may play a controlling role in HR activity, be it directly or 

indirectly(32). We show that TNBCs treated with PARPi alone results in small, but 

insignificant, decreases in HR activity. However, MMS alone and in combination with 

PARPi resulted in a significant decrease in HR activity (Figure 10). This suggests that 

while high levels of SSBs are generated that are converted into DSBs, PARP’s proposed 

role in HR activity may be dominant and be affected with PARP inhibition. In addition, 

trapping of PARP may be linked to decreasing HR. While we show that HR activity is 

decreased under conditions for PARP trapping, further work is needed to support a role for 

trapping on HR activity. It is still unclear how the PARP-trapped complexes are removed 

and how it regulates and influences repair. Literature suggests that HR and Fanconi Anemia 

proteins may play a role in the removal of protein-DNA complexes, but there is still much 

work to be done to understand how these mechanisms excise trapped PARP(19, 33). Our 

future studies seek to better understand the impact of PARP trapping by using Veliparib, 

the PARPi with the least potent PARP trapping abilities(19). The use of other PARP 

inhibitors in these studies will help us better define if these trends are trapping specific, or 

if they are effects of PARP inhibitors as a whole.  

ALT-NHEJ is upregulated in TNBCs treated with BMN673 (Talazoparib) and MMS 

Bennardo et al showed that the highly error-prone pathways ALT-NHEJ, is 

influenced by proteins early in DSB repair, such as Ku and CtIP(16). Like HR, ALT NHEJ 
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also utilizes DNA end-resectioned DSBs for repair(34). However, it is the downstream 

machinery that are independent and uninfluenced by proteins that normally influence HR 

directed repair(16, 35). We show that TNBCs treated with BMN 673 and MMS resulted in a 

highly significant increase in ALT-NHEJ activity. This suggests that PARP inhibitors may 

play a dominant role in inhibiting HR, leaving ALT NHEJ to repair the damage. This also 

leaves the possibility that PARP trapping to sites of DNA damage increases ALT-NHEJ. 

However, as mentioned previously, the mechanism through which trapped PARP is 

removed is still unclear. Nevertheless, whatever mechanism(s) removes the trapped PARP 

may result in ALT-NHEJ repair activity.  

PARP1 knockdown does not abolish ALT NHEJ activity 

PARP1 has been reported to play an important initiating role in ALT NHEJ(33). 

Therefore it is expected that PARP inhibition would decrease ALT NHEJ activity. We 

showed in TNBCs with an approximately 80% siRNA depletion of PARP1 that ALT NHEJ 

was only slightly decreased, and it was still increased overall, compared to the no drug 

control with siRNA treatment. PARP2 has also been shown to be involved in the DNA 

damage response and may compensate for PARP1(19, 36). Therefore, it will be important to 

deplete PARP2 alone and in combination with PARP1 followed by measurement of ALT 

NHEJ activity.  If PARP2 depletion has no effect on ALT NHEJ, then we will consider the 

role of other proteins in ALT-NHEJ activity. Again, several pathways have been proposed 

for removing the trapped PARP. In this case, we also have to consider the potential for 

other molecules, such as FANCD2, that play a role in removing trapped PARP, that could 

initiate ALT-NHEJ(33, 37). Our data provides the first evidence that PARP1 is not necessary 

for ALT-NHEJ to occur.  
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Proposed Potential Mechanisms to explain changes in DSB repair activity under 

varying conditions.  

In trying to understand the relationship between PARP inhibition and changes in 

DSB repair activity, we have created models to potentially explain why HR decreased and 

Alt-NHEJ increased. In Homologous Recombination, we saw a decrease in activity under 

all treatments containing MMS (Figure 12, Figure 15). This suggests that the introduction 

of SSBs alone have a direct impact on HR (Figure 17). When SSBs are not attended to, 

they form DSBs that may be lethal during replication(38). Under high stress, HR may be 

overwhelmed by the number of DSBs generated from SSBs, and may not be able to recruit 

proteins and the sister chromatid fast enough. This may be part of the inherently cytotoxic 

nature of MMS, which is not used clinically on patients. In this case, ALT-NHEJ acts as a 

compensatory pathway, picking up in activity where HR is decreased. In this case we could 

perform functional assays to confirm decreased HR by measuring RAD51 foci and DSB 

markers gamma H2AX. We could also use alkylating agents that are used in the clinic, 

such as temozolamide, to determine their effects on HR and ALT-NHEJ. 
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Figure 17. Potential scenarios for decrease in HR activity upon treatment of BMN/MMS 

in TNBCs with intact BRCA genes. MMS generates large amounts of single strand breaks 

(SSBs) that are converted into DNA double strand breaks (DSBs) during replication. The 

large amount of potentially lethal DSBs leads the cell towards apoptotic cell death, down-

regulating HR repair. 

 With respect to ALT-NHEJ, we suggest two possible mechanisms for the increase 

in activity. If the concept of a compensatory mechanism is true, and PARP1 plays an 

initiating role in this repair, then how can ALT-NHEJ occur and increase when PARP is 

depleted?  We first propose a secondary molecule, perhaps PARP2, as a back molecule for 

PARP1 (Figure 18). We also have shown optimal conditions for PARP trapping, and have 

found that in those conditions, ALT-NHEJ is increased. Although the effects of PARP 

trapping on DSB is not clear, we propose that when PARP is trapped, proteins that remove 

the trapped PARP complex (Figure 18), may be responsible for initiating ALT NHEJ. As 

mentioned from Murai et al., such pathways as HR or FANCD2 may be responsible for 

removing trapped PARP, but this needs further investigation(19).  
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Figure 18. Potential scenarios for increased ALT-NHEJ with PARP trapping and PARP1 

knock-down. On the left, PARP2 may compensate for the absence of PARP1, enabling 

ALT-NHEJ. On the right, Unknown molecule(s) associated with excision of trapped 

PARP may play a role in ALT NHEJ. 

 

Conclusions 

We have shown that in TNBC cell lines with intact BRCA, HR activity is decreased 

and ALT-NHEJ activity is increased upon BMN 673 and MMS treatment. This suggests a 

potential pathway to create BRCAness in these cells. At the same time, ALT-NHEJ 

increases with this treatment suggesting a pathway for generating therapy resistance in 

these cancers. It has been shown that treatment with alkylating agents can cause secondary 

malignancies(39). This is a looming problem with PARPi treatments, and therapeutic 

strategies could be used to reduce ALT NHEJ as the Rassool lab has previously reported(27). 

We seek to further understand the role of trapping on these pathways, and to expand our 

research into BRCA mutant models and other cancers. We also seek to define the effects 

of alkylating agents on ALT NHEJ that may lead to genomic instability. This could 
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potentially provide a new therapeutic approach when treating patients with a variety of 

cancers.
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Chapter V: Materials and Methods 

1 Cell Culturing 

1.1 MDA-MB-231 

MDA-MB-231cells are adherently grown cells, cultured in tissue-culture treated growth 

flasks. The cells were grown with DMEM media (10% FBS, 1% Pen/Strep; Cellgro) in an 

incubator set at 37C with 5% CO2. For passaging, the media was aspirated, and cells were 

washed twice with 1x PBS. For a T25 flask, we used approximately 1mL of 0.05% Trypsin. 

For a T75 flask, we used approximately 2mL of 0.05% Trypsin, 0.53 mM EDTA (Corning). 

Trypsin sat for 5 to 8 minutes in the incubator, and was removed when cells were dislodged 

from the plastic base. Trypsin was neutralized with 2x the amount of media, and transferred 

to a conical tube. Centrifuge settings were 1050 rpm for 5 minutes. The media was 

aspirated, and the cell pellets were washed twice with 1x PBS, repeating the same 

centrifuge settings. Media was used to re-suspend and count cells. T25 flasks were seeded 

at 7.5x103 cells/mL in 5mL of media. T75 flasks were seeded at 2.5x104 cells/mL in 10mL 

of media. Cells were regularly checked, maintaining fresh media and incubator conditions. 

2 Cell Line Development 

2.1 DR-GFP Plasmid Amplification 

The pDRGFP (DR-GFP) plasmid was a gift from Maria Jasin (Addgene plasmid # 26475). 

The plasmid was amplified using Chemically Competent Cells and the Subcloning 

Efficiency protocol (Invitrogen). The plates for the overnight incubation were ampicillin-

based. The following day, clones were selected and placed in a 5mL tube with 2mL of LB 

Broth, and ampicillin at a final concentration of 100mg/mL. The clones were set in a shaker 

for 6 hours at 225rpm and 37C. Post 6 hours, 1mL of the amplified clone was moved to a 
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1000mL Erlenmeyer flask containing 200mL of fresh LB Broth containing ampicillin at a 

final concentration of 100mg/mL. At the same shaker conditions, the cells grew up 

overnight. The next morning, cells were moved to a 200mL conical tube, and centrifuged 

at 5000rpm for 10 minutes. The pellet was then used in an Endofree Plasmid Maxi Prep 

(Qiagen). The final product was measured via Nano-drop. 

2.2 EJ2-GFP Plasmid Amplification 

The EJ2-GFP-puro (EJ2) plasmid was gift from Jeremy Stark (Addgene plasmid # 44025). 

Proceed with the protocol for amplification as explained previously (2.1)  

2.3 Isce1 Plasmid Amplification 

The pCBASce1 (Isce1) plasmid was gift from Maria Jasin (Addgene plasmid # 26477). 

Proceed with the protocol for amplification as explained previously (2.1) 

2.4 Plasmid Preparation 

Prior to nucleofection, we performed a plasmid digest on the EJ2 plasmids to linearize 

them. The EJ2-GFP plasmids were linearized the night before, using the restriction enzyme 

Hpa1 (New England Biolabs). The digestion mixture consisted of 10g of EJ2-GFP DNA, 

10L of Hpa1, 10L of 1x CutSmart Buffer (New England Biolabs), and remainder water, 

reaching a total final volume of 100L. The mixture ran overnight, for roughly 16 hours, 

at 37C. The following morning, the mixture underwent DNA purification via QIAprep 

Spin Mini prep Kit (Qiagen), and was re-suspended in 35L of TE Buffer. The 

concentration of the sample was measured via Nanodrop. The DR-GFP plasmids were able 

to be transfected as circular plasmids, therefore, a restriction enzyme digestion was not 

required. 

2.5 Nucleofection 
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To prepare for the nucleofection, we grew up the desired parental cell in a T75. We 

performed a passage, and separated out roughly 3 million cells per nucleofection sample. 

Those cells were re-suspended in 100L of Nucleofector Solution (Lonza) along with the 

plasmid of interest. When adding our plasmids to the samples, we added 4g of DNA for 

EJ2 and added 10g for DR to adjust for the configuration of the cells at the time of 

nucleofection (linearized or circularized). The solution was moved to an Amaxa electrode 

cuvette (Lonza) and placed in the Amaxa Nucleofector II (Lonza). The settings for 

nucleofection for MDA-MB-231 was the “MBA-MB-231 high efficiency” setting. After 

the transfection, cells were quickly transferred to a single well in a 6-well treated plate with 

2mL of media. The cells rested for one day, followed by a change in media. 48 hours after 

transfection, the cells were trypsinized and placed in a 35mL culture dish with 25mL of 

media. 

2.6 Colony Formation 

Cells were given a 24 hour rest period to settle onto the dish before adding our selective 

measure, puromycin, at a final concentration of 5-7.5g/mL. From this point on, whenever 

media was changed, puromycin was added to maintain the selective pressure. We changed 

media once every 4 days. Colonies usually became viable to extract after 2 to 4 weeks.  

2.7 Colony Selection 

To remove individual colonies, the media was aspirated off of the dish, followed by a wash 

with 1x PBS. After the wash, a thin layer of PBS was added to the plate. Using vacuum 

sealant grease, we encompassed the colony of interest with a small cloning cylinder. 150L 

of trypsin was added to remove the cells. 2x the amount of media was used to neutralize 

the trypsin, and the cells were moved to a 24 well plate with 750L of media. When the 
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plates reached 100% confluency, cells were moved to a 12-well plate. When the 12-well 

plate became confluent, the cells were split between two 12-well plates, one for 

verification, and one for stock.   

2.8 Plasmid Verification 

Colony transfection was verified by Flow Cytometry. Parental and transfected cell lines 

were plated in duplicates; one serving as the no-Isce1 negative control, and the other as the 

positive Isce1 based repair sample. Plating and lipofection were completed as described 

below in the Isce1-based Plasmid Repair Assays (3.1, 3.2). Cells were gated during flow 

cytometry against the no Isce1 controls to subtract out auto-fluorescence. Set-up of the 

flow cytometer and analyses were completed as described below in the Isce1-based 

Plasmid Repair Assays (3.4, 3.5). Clones were selected based on GFP expression, and 

grown in culture to use for future experiments.  

3 Isce1-based Plasmid Repair Assays 

3.1 Cell Plating 

To begin the repair assays, cells were cultured several days before in a T75 to ensure a 

large cell quantity. Following culturing procedures (1.1), cells were plated at 7x104 cells 

per well in a 12-well plate. Cells were given 48 hours rest after plating. When plating, we 

plated duplicates for all drug concentrations and combinations. 

3.2 Isce1 Lipofection 

30 minutes before lipofection, the wells were washed with 1x PBS, and were given serum-

free media. Using the Lipofectamine 3000 Transfection Kit and Protocol (Invitrogen) with 

Opti-MEM (Gibco), each well on the 12-well plate was transfected with 1g of Isce1. 

Positive and negative controls were completed as listed in the protocol. The transfected 
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plates were placed in the incubator for 6 hours. Post lipofection, the cells underwent drug 

treatment. 

3.3 Drug Addition 

When the lipofection was complete, wells being treated with Methane Methylsulfonate 

(MMS; Acros Organics) were aspirated and washed with 1x PBS. MMS was prepared in 

serum-free media at a concentration of 1.0% by volume. 10L of 1.0% MMS was added 

to the wells containing 1mL of fresh serum-free media to reach a final concentration of 

0.01%. The wells incubated for 30 minutes undisturbed. After MMS treatment, all wells 

were aspirated and treated with fresh serum media. Those wells marked to have PARP 

inhibitor added were given media containing the dosage of interest, either 5nM or 50nM 

BMN673 (Talazoparib). The final drug combinations and concentrations included; BMN 

5nM, BMN 50nM, MMS 0.01% alone, BMN 5nM plus MMS 0.01%, and BMN 50nM plus 

MMS 0.01%.Cells were placed in the incubator and grew for 72 hours untouched. After 72 

hours, cells were prepared for flow cytometry(29).  

3.4 FACS Flow Cytometry 

All wells were checked for cell growth before proceeding with flow cytometry. Wells were 

washed twice with 1x PBS and trypsinized. Trypsin was neutralized with media, and the 

cells were moved to 5mL round bottom tubes (Falcon). The tubes were centrifuged at 

1250rpm for 5 minutes. The media was aspirated off, and the pellets were washed with 

1mL of 1x PBS, centrifuged again at the same settings. The PBS was aspirated off and cells 

were re-suspended in fresh 1x PBS. The amount of PBS was adjusted to the pellet size, 

ranging from 100L to 500L to control flow rate during flow cytometry. Using BD FACS 

CANTO II flow cytometer, we used the 488nm laser to read the fluorescence of GFP, 
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which is based in the FITC channel. We accounted for any auto-fluorescence spill over 

with the 633nm laser, which is based in the PE channel. Singlets were gated from the viable 

bulk population, and from that GFP+ cells were identified.  

3.5 Analysis 

Analysis was completed using the DIVA Software, version 6.1.2 operating system. Some 

analyses were further examined via FlowJo, versions 9 and 10. FlowJo analysis was used 

as confirmation for some samples that experienced population shifts. GraphPad Prism was 

used to compute statistical analyses and calculate fold changes between samples. Dunnett’s 

multiple comparisons test was used to identify significant difference between samples. 

Analyses were completed after two experimental replicates. 

3.6 Assay Timeline 

Cell plating on Day 0, lipofection with Isce1 and drug addition on Day 2, and flow 

cytometry on Day 5. 

4 siRNA Transfection Assays 

4.1 Cell Plating 

Proceed with the cell plating protocol as explained previously (3.1). The only modification 

was the number of cells per well. 5x104 cells were plated per well for the silencing assay.  

4.2 siRNA Lipofection 

30 minutes before lipofection, the wells were all washed with 1x PBS, and were given 

serum-free media. Using the Lipofectamine 2000 Transfection Kit and Protocol 

(Invitrogen) and Opti-MEM, each well indicated on the 12-well plate was transfected with 

10 picomoles (pm) of siRNA. For silencing, On-Target plus SmartPool, Human PARP1 

(Dharmacon) and On-target plus Control siRNA, Non-Targeting siRNA (Dharmacon) 
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were used. The transfected plates were placed in the incubator for 6 hours. After the 

incubation period, the media was aspirated off, and fresh serum media was added. Cells 

rested for 48 hours to allow for maximum silencing efficiency before proceeding with the 

Isce1 lipofection. 

4.3 Isce1 Lipofection 

Proceed with the Isce1 lipofection protocol as explained previously (3.2). 

4.4 Drug Addition 

Proceed with the drug addition protocol as explained above (3.3). All drug concentrations 

were the same; the only addition was a second set of plated cells that were treated with the 

siRNA, as well as the drugs of interest.  

4.5 FACS Flow Cytometry 

Proceed with the FACS Flow Cytometry protocol as explained previously (3.4). 

4.6 Analysis 

Proceed with the Analysis for Flow Cytometry as explained previously (3.5). 

4.7 Assay Timeline 

Cells plating on Day 0, lipofection with siRNA on Day 2, lipofection with Isce1 and drug 

addition on Day 4, and flow cytometry on Day 7. 

5 Protein Analysis 

5.1 Protein Extraction 

Protein Extraction was performed via two methods. When looking at whole-cell extraction, 

we used RIPA Buffer (Sigma) and followed protocol for Lysis of Mammalian Cells 

(Thermoscientific). For our cells, we trypsinized the cells off of the plate and followed 

Procedure for Lysis of Suspension-cultured Mammalian Cells (Thermoscientific). When 
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looking at subcellular protein fractions, we used the Subcellular Protein Fractionation Kit 

for Cultured Cells and protocol (Thermoscientific). The only modification was in step 10; 

we adjusted the incubation time at 37C from 5 minutes to 15 minutes.  

5.2 Protein Quantification 

For protein quantification, we used the Pierce BCA Protein Assay Kit (Thermoscientific). 

Using the Microplate Procedure, we performed all samples in duplicate and analyzed them 

with our plate reader, using SoftMax Pro for analysis.  

5.3 SDS-PAGE 

For Sample Preparation, we adjusted protein amount based on the type of extraction. For 

whole-cell extractions, we used between 4g and 6g, depending on concentrations from 

the quantification. For fractionated protein extractions, we used between 2g and 5g, 

depending on concentration from the quantification. Using the Mini-Protean, 4-20%, 10-

well comb gel (BioRad), we followed General Protocol: SDS PAGE (BioRad)) with 

reducing agent. Our gel electrophoresis was run at 180 volts for about 35 minutes. Once 

finishing the gel and reaching step 6 of the protocol, we proceeded with western blotting. 

5.4 Western Blot Transfer 

We followed standard operating procedures for a western blot construction, using a PDVF 

transfer membrane, and running the transfer at 350 milliamps for 1 hour. When the transfer 

was complete, the blot was moved to a small dish, and was washed with Wash Buffer (1x 

TBS with 0.1% TWEEN) 3 times for 5 minutes each. After washing, the blot was placed 

in Blocking Buffer (Wash Buffer with 5% Nonfat Dry Milk) for 1 hour at room 

temperature. After blocking, the blot was washed with Wash Buffer 3 times for 5 minutes 

each.   
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5.5 Western Blot Development 

For blotting and development, use the Pierce ECL Western Blotting Substrate and protocol 

(ThermoScientific). Working dilution for PARP1 antibody was 1:1000, antibody to 

blocking buffer (Cell Signaling; 46011). Working dilution for GAPDH antibody (whole-

cell loading control) was 1:20,000 (Cell Signaling; D16H11). Working dilution for histone 

3 (chromatin protein fraction loading control) was 1:50,000 (Cell Signaling; 96C10). 

Secondary antibodies (goat-α-mouse or goat-α-rabbit) working dilutions were 1:10,000.  

5.6 Analysis 

Analysis was completed with the use of ImageJ software. Bands of interest were measured 

after comparing them to the loading control within their respective lanes. The exposures 

provided quantitative values for band density, and were able to be converted to fold 

changes in protein expression.  
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