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Professor Richard Kolodner, Co-chair 
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Synthetic lethal strategies for cancer therapeutics seek to target genetic defects or 

vulnerabilities in tumor cells, while sparing normal cells. Here we identified that RAD27/ 

FEN1, which encodes Flap Endonuclease 1, has the greatest number of synthetic lethal 

interactions with Saccharomyces cerevisiae genome instability genes and is thus a 

potential target for an inhibitor-based approach to kill cancer cells with genome instability. 

FEN1 inhibition specifically targeted BRCA1- or BRCA2-defective members of matched 

pairs of human cell lines, and BRCA-deficient cancer cell lines tended to show increased 

sensitivity to FEN1 inhibition or knockdown, regardless of their olaparib sensitivity. Both 
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sensitive and resistant cell lines showed increased DNA damage responses upon FEN1 

inhibition; however, sensitive cell lines were unable to recover and replicate DNA even 

when the drug was removed. Although FEN1 inhibition can induce an apoptotic response, 

inhibition of apoptosis did not rescue sensitive cell lines. Rather, we found that FEN1 

inhibition increased chromosome breaks in sensitive cells characteristic of mitotic 

catastrophe. These results suggest that FEN1 inhibitors are potentially valuable for 

targeting cancers with defects in homologous recombination and that cycles of drug 

treatment could be effective for killing sensitive cells. 
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CHAPTER 1 

INTRODUCTION 
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1-A. Breast Cancer Type 1 Susceptibility Gene (BRCA1) 

In 1990, researchers established a concrete genetic link between early-onset 

familial breast cancer and chromosome 17q21 through linkage mapping (1). In the years 

that followed, both academic labs and private companies raced to identify and clone the 

gene responsible for inherited breast cancer, and in 1994, BRCA1 was successfully 

identified by positional cloning methods (2). 

1-A-1. BRCA1 functional domains and binding partners 

BRCA1 is an 1863 amino acid or 208 kDa protein. It has many functional domains 

that interact with a wide range of binding partners (Fig. 1-1). Thus, BRCA1 has diverse 

functions ranging from hormone signaling to DNA damage response (DDR) coordination, 

playing roles in cell cycle checkpoint activation and double-strand DNA break (DSB) 

repair by homologous recombination (HR) (3-5). 

 
Figure 1-1. Human BRCA1 functional domains (6). 

 

The N-terminus of BRCA1 contains a nuclear localization sequence (NLS) and a 

Really Interesting New Gene (RING) domain that heterodimerizes with BRCA1-

associated RING domain protein 1 (BARD1) (7). One of the many functions of the 

BRCA1-BARD1 complex is regulation of estrogen signaling. Higher levels of estrogen 

increase risk of breast cancer (8) as estrogen promotes transcriptional activation of pro-

proliferative genes. The BRCA1-BARD1 complex acts as an E3 ubiquitin ligase (9) and 

https://www.nature.com/articles/nrc3181/figures/2
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can ubiquitinate and degrade estrogen receptor alpha (ERα) (10, 11) to regulate estrogen 

signaling and thus breast cancer proliferation.  

BRCA1 is also phosphorylated in response to DNA damage. Located in its central 

region are multiple phosphorylation sites for the DDR kinases Checkpoint Kinase 2 

(CHK2) and Ataxia Telangiectasia Mutated (ATM). CHK2 phosphorylation (on Serine 988 

of BRCA1) is required for BRCA1-mediated HR (12); inhibition of this phosphorylation by 

mutating S988 disrupted regulation of HR. The central region also contains a SQ/TQ 

cluster domain with multiple ATM phosphorylation sites. These phosphorylation sites 

mediate G2/M and S phase checkpoint activation; a transfected BRCA1 mutant without 

3 of these phosphorylation sites (Serine 1387, 1423, 1524) could not rescue defective 

checkpoint activation or ionizing radiation (IR) hypersensitivity in a BRCA1-deficient cell 

line (13, 14).  

The C-terminus of BRCA1 contains a coiled-coil domain, which binds to partner 

and localizer of BRCA2 (PALB2). This interaction is important for loading of BRCA2-

Radiation Sensitive 51 (RAD51) at DSB, a central step in HR (15, 16).  

The C-terminus of BRCA1 also contains a BRCA1 C Terminus (BRCT) domain, 

an important phosphoprotein binding motif which is conserved in multiple DDR proteins 

(facilitates binding to proteins phosphorylated on serine motifs SXXF by ATM). Through 

its BRCT domain, BRCA1 forms distinct complexes that function in DDR. These binding 

partners include the BRCA1 A Complex Subunit (ABRAXAS), BRCA1-interacting protein 

C-terminal helicase 1 (BRIP1), and CtBP-interacting protein (CtIP) (17). The BRCA1–

abraxas complex aids BRCA1 recruitment to sites of DNA damage (18-21), in part 

because this complex recognizes ubiquitylated histones, an important posttranslational 
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modification in DDR. The BRCA1–BRIP1 complex is required for HR (22, 23). Lastly, the 

BRCA1–CtIP complex acts as a molecular switch in DSB repair, promoting HR over DNA 

end-joining by associating with the MRN complex (Meiotic Recombination 11/ Mre11, 

Radiation Sensitive 50/ Rad50, and Nibrin/ Nbs1) to facilitate end resection (24, 25).  

1-A-2. BRCA1 is a tumor suppressor 

In the context of disease, BRCA1 is a tumor suppressor that follows the two-hit 

model, in which an inherited deleterious mutation in one allele is later combined with a 

somatic deleterious mutation in the other allele to cause cancer (26). BRCA1 deficiency 

is most prominently implicated in hereditary breast and ovarian cancer (HBOC) (27) but 

increases risk for other cancer types too. While many unique cancer-causing BRCA1 

mutations have been documented (28-30), they fall into two main groups. 

The first group includes missense, deleterious mutations in the RING domain. 

These mutations can disrupt binding to BARD1 and thus also disrupt the E3 ubiquitin 

ligase activity of the BRCA1-BARD1 complex (31-33). The second group of cancer-

associated mutations includes truncations and missense mutations of the C-terminal 

domain (34, 35). While all truncating mutations are considered functionally deleterious, 

missense mutations in the C-terminal BRCT domain can also contribute to BRCA1 loss 

of function or loss of binding to its interactors by causing protein misfolding and 

destabilization (24, 35). The presence of cancer-associated mutations in the RING and 

BRCT domains suggests that these sequences are important for mediating BRCA1 tumor 

suppressor function (28-30). 

1-B. Breast Cancer Type 2 Susceptibility Gene (BRCA2) 
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Breast cancer is a complex disease, and studies in 1993 predicted the existence 

of multiple breast cancer susceptibility genes, beyond those at the 17q locus (36). In 1995, 

researchers identified another causative gene, BRCA2, at chromosome 13q12-q13 by 

studying families with multiple cases of early-onset breast cancer with clear linkage to 

BRCA1 (37). 

1-B-1. BRCA2 functional domains and binding partners.  

BRCA2 is a 3418 amino acid or 384 kDa protein. It’s a DNA binding and 

phosphoprotein that, in contrast to the multiple functions of BRCA1, is primarily involved 

in HR (Fig. 1-2). 

 
 

Figure 1-2. Human BRCA2 functional domains (6). 

 

The N-terminus of BRCA2 binds the partner and localizer of BRCA2 (PALB2) (38). 

As its name implies, PALB2 association with BRCA2 is required for the localization of 

BRCA2 to sites of DNA damage during HR, where BRCA2 is then required for the 

assembly of RAD51 recombinase on single-strand DNA (ssDNA) at DSB (39, 40).  

BRCA2 binds directly to RAD51 through its 8 conserved Breast Cancer Type 2 

Susceptibility Protein (BRC) repeats. This interaction is required for the assembly of 

RAD51 in vivo as BRCA2-deficient cancer cells show aberrant RAD51 foci formation in 

response to IR (39). In addition to recruiting RAD51 to sites of DNA damage, the BRC 

repeats also regulate RAD51 DNA-binding selectivity, promoting the assembly of RAD51 

https://www.nature.com/articles/nrc3181/figures/2
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onto ssDNA, not double-strand DNA (dsDNA). To target RAD51 onto ssDNA, the BRC 

repeats accelerate displacement of the abundant ssDNA binding protein, replication 

protein A (RPA), from ssDNA (37) and maintain the active ATP-bound form of the RAD51-

ssDNA filament (by blocking ATP hydrolysis) (41). In conjunction, the BRC repeats also 

block RAD51 nucleation onto dsDNA (42). These steps promote DNA strand exchange 

by expanding the ssDNA in preparation for homology search and facilitating the 

interaction between invading and homologous template DNA strands.  

BRCA2 also contains a DNA-binding domain that interacts with both ssDNA and 

dsDNA. This domain is divided into an α-helical domain and 3 oligonucleotide binding 

(OB) folds that bind ssDNA, and a tower domain that binds dsDNA (43, 44). During DNA 

repair, the BRCA2 OB folds target BRCA2 to ssDNA and in turn promote RAD51 

recruitment to ssDNA (45). One study found that, in fact, a fusion protein of BRCA2 BRC 

repeats (which recruit RAD51) and the large RPA subunit (which binds ssDNA) was 

enough to partially restore HR in Brca2-mutant cells, suggesting that the ssDNA binding 

domains are important to the ability of BRCA2 to mediate HR.  

The C-terminus of BRCA2 contains an NLS and additional binding sites for RAD51. 

C-terminal interactions between BRCA2 and RAD51 is regulated by a cyclin-dependent 

kinase (CDK) phosphorylation site (Serine 3291), which when phosphorylated, blocks  

BRCA2 interaction with RAD51 (46). During S phase or in the presence of DNA damage, 

phosphorylation of this site decreases, to stimulate interaction with RAD51, and increases 

as cells progress towards mitosis.  

1-B-2. BRCA2 is a tumor suppressor  
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Similar to BRCA1, BRCA2 is a tumor suppressor that follows the two-hit model. 

BRCA2 mutations are also a predominant cause of HBOC (27) and increase risk of other 

cancer types as well. Cancer-causing mutations in BRCA2 can be found as point 

mutations in BRC repeats that disrupt RAD51 binding (47) or mutations in the DNA 

binding domain (48) that are linked to defects in HR (49). Mutations in the BRC repeats 

and the DNA binding domain highlight the importance of the BRCA2-RAD51 and BRCA2-

DNA interactions to tumor suppression. 

1-C. BRCA1 and BRCA2 Function in Double-Strand Break Repair by Homologous 

Recombination 

The initial clue for understanding the functions of BRCA1 and BRCA2 came from 

the observation that Brca-deficient mice are phenotypically similar to mice deficient in the 

Rad51 recombinase. Homozygous mutations in Brca1, Brca2, and Rad51 all lead to 

embryonic lethality (50-52), and the few respective early stage embryos that form all show 

hypersensitivity to IR and increased chromosome aberrations, which are characteristic of 

error-prone repair of chromatid breaks (53). These mouse models suggested that BRCA1 

and BRCA2 could participate in the RAD51-mediated HR pathway (50, 51). 

1-C-1. Homologous Recombination: An Overview  

Homologous recombination (HR) is a mechanism for maintaining genome integrity 

that is found in all eukaryotes (Fig. 1-3). HR is required for repair of DSB (54) and can be 

initiated either at two-ended DSB or at one-ended DSB that are generated by nucleolytic 

cleavage of stalled replication forks. This pathway is active during S and G2 phases of 

the cell cycle when sister chromatids, or identical copies of a chromosome, are available 

as templates. 
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Figure 1-3. Homologous recombination pathway (55). Step 1. DSB formation. Step 2. Detection and 
binding of the broken ends by the MRN complex, which then leads to ATM recruitment and HR initiation. 
Step 3. Resection of 5′ DNA to expose two regions of ssDNA on either side of the DSB. This step is BRCA1-
dependent. Step 4. BRCA2 localizes the DNA recombinase RAD51 to the exposed 3' overhanging ssDNA 
of the resected DSB. This step is dependent on PALB2. Step 5. RAD51 bound to DNA forms a nucleoprotein 
filament with the ability to invade an intact, homologous donor stretch of DNA (red). Step 6. DNA 
polymerases use the homologous DNA sequence as a template and the invaded ssDNA as a primer to 
synthesize new DNA. Steps 7 and 8. Lastly, DNA ligases and endonucleases resolve the resulting DNA 
structures to complete DSB repair. Tumor suppressor proteins are in bold. 
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Many key eukaryotic genes that act in HR were first identified in Saccharomyces 

cerevisiae by mutant isolation, epistasis analysis, and cloning of corresponding genes by 

complementation of the mutant phenotype (54). This work identified a panel of 

recombinases, or enzymes which mediate pairing and exchange of DNA strands and 

which catalyze HR, known as the Radiation Sensitive 52 (RAD52) epistasis group. These 

proteins are highly conserved in eukaryotes from yeast to man. 

The most notable member of this group is the RAD51 recombinase. RAD51 is 

central to assembly of the presynaptic filament, a crucial step in HR. At resected DSB, 

RAD51 polymerizes onto the exposed ssDNA to form a highly ordered and helical 

presynaptic filament. This ssDNA filament then invades dsDNA in search of homology 

between recombining and donating DNA strands. 

Loading of RAD51 onto ssDNA, however, is slow and competes with RPA, an 

abundant protein that binds ssDNA with high affinity. Although it’s true that RPA can 

facilitate HR by removing secondary structures in ssDNA (56) and by sequestering 

ssDNA intermediates (57, 58), it can also strongly inhibit the function of recombinases by 

excluding their binding to ssDNA (59, 60). To overcome the inhibitory effect of RPA in the 

assembly of the RAD51 presynaptic filament, HR enlists the help of BRCA1 and BRCA2. 

1-C-2. BRCA1 is an adaptor protein that facilitates HR 

BRCA1 is directly involved in HR-mediated repair of DSB (18, 19, 61). BRCA1 is 

recruited to DNA damage sites through its direct interaction with the abraxas-Receptor-

Associated Protein 80 (RAP80) complex (mediated by BRCT repeats), in part because 

this complex recognizes ubiquitylated histones, an important posttranslational 

modification in DDR (18).  
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BRCA1 also aids 5’-end resection of DSB during HR (25) through its interaction 

with CtIP and the MRN complex (also mediated by BRCT repeats). This process is 

abrogated by three independent tumor-associated mutations in the BRCT domain of 

BRCA1 (24, 62), suggesting that BRCA1-mediated end resection is important for tumor 

suppression.  

Lastly, BRCA1 also aids BRCA2 recombination mediator function through its 

interactions with PALB2 (mediated by BRCA1’s coiled-coil domain). PALB2 binds directly 

to both BRCA1 and BRCA2 (15, 16, 38, 63). The BRCA1-PALB2 interaction is a 

prerequisite for the recruitment of BRCA2 and RAD51 to sites of DNA damage during HR 

(15, 16), and the PALB2-BRCA2 interaction is required for BRCA2 to load RAD51 onto 

RPA-bound ssDNA (64). PALB2 depletion abolished the interaction between BRCA1 and 

BRCA2 and generated a phenotype resembling that of BRCA2 depletion. 

Together, these data support the importance of BRCA1 in end resection and in 

cooperating with BRCA2 in loading RAD51. In this pathway, BRCA1 functions upstream 

of BRCA2, with the function of BRCA2 dependent on BRCA1.  

1-C-3. BRCA2 is a recombination mediator that loads RAD51 in HR 

The primary function of BRCA2 is to facilitate HR. As a recombination mediator in 

this pathway, BRCA2 increases the efficiency of RPA displacement from and Rad51 

assembly onto ssDNA at DSB (44, 65). These steps expand the ssDNA in preparation for 

homology search and facilitate strand exchange between invading and homologous 

template DNA.  
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To do this, BRCA2 binds directly to Rad51 via its BRC repeats (66-69) and also 

via its C-terminal domain (70, 71). BRCA2 then targets Rad51 to ssDNA at DSB through 

its interaction with PALB2 and also with the help of its DNA binding domain (45). 

BRCA2 is essential for efficient RAD51 assembly during HR (42, 72, 73) as cells 

deficient in BRCA2 showed impaired recruitment of RAD51 to the nucleus (74), defective 

nuclear RAD51 foci formation (39, 73), and defective repair of DSB by HR (39).  

The roles that the BRCA proteins play in repairing DSBs through HR underlie the 

sensitivity of BRCA1 or BRCA2-defective tumors to DNA damaging agents, such as Poly 

(ADP-ribose) Polymerase (PARP) inhibitors.  

1-D. BRCA1 and BRCA2 Function in Replication Fork Protection  

During S phase, DNA replication forks can encounter a variety of stresses such as 

template damage, unusual DNA secondary structures, slow-moving or paused 

transcription complexes, covalent protein-DNA complexes, or a shortage of 

deoxyribonucleotides (75, 76). These stresses can stall replication fork progression, and 

if left unresolved, exposed ssDNA at stalled forks are potential targets for endonucleases 

to generate DSBs. To ensure the completion of replication and genome integrity, the cell 

relies on DNA repair pathways that remodel and restart stalled replication forks (Fig. 1-

4).  

At the stalled fork, remodelers (such as RAD51 and DNA translocases) (77, 78) 

generate a reversed arm of nascent DNA. This reversed arm resembles single-ended 

DNA at a DSB, or a DNA break, and is vulnerable to excessive resection by nucleases. 

RAD51, a ssDNA binding protein recruited to DSB, is central in protecting these types of 

breaks as its binding prevents nuclease access (79-81).  
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Figure 1-4. Protection of nascent DNA from degradation at stalled replication forks (82). A replication 
fork can stall when it encounters a lesion (red asterisk). Nascent strands (green) at a stalled fork can pair 
with each other such that the fork reverses. At the reversed fork, BRCA1 and BRCA2 protect nascent 
strands from degradation by stabilizing RAD51 filaments. Without these proteins (gray box), nascent 
strands can become substrates for degradation (by MRE11 and other nucleases) and lead to genome 
instability. 

 

 

 

 

 

 

 

 



13 
 

1-D-1. BRCA1 in replication fork protection 

Recent work showed that BRCA1 plays a role in fork protection. BRCA1 is found 

at ongoing and stalled replication forks (83, 84), and in complex with BARD1, directly 

interacts with and recruits RAD51 (85, 86). In fork protection, the BRCA1-BARD1 complex 

acts independently of the canonical BRCA1–PALB2 interaction and the PALB2–BRCA2–

RAD51 pathway (87).  

Studies also identified a separation-of-function BRCA1 mutant (Serine 114A), 

which was HR proficient but fork protection deficient; these cells were resistant to PARP 

inhibitors (PARPi) and formed RAD51 foci after treatment with olaparib, but were sensitive 

to agents that induced replication fork stalling and collapse, such as hydroxyurea (HU) 

and aphidicolin. 

1-D-2. BRCA2 in replication fork protection  

BRCA2 plays a role in protecting stalled replication forks and does so also by 

assembling RAD51 filaments on the reversed arm of nascent DNA (86). Initial evidence 

for the role of BRCA2 in this process came from BRCA2-deficient cells that showed 

defects in maintaining the length of nascent DNA at stalled replication forks (based on 

single-molecule DNA fiber analysis) upon treatment with HU (80).  

Crucial evidence supporting this role of BRCA2 was a separation-of-function 

mutant (Serine 3291A). This mutant affected the ability of BRCA2 to stabilize 

RAD51 filaments and thus was defective in protection of replication forks, but it did not 

affect the ability of BRCA2 to load RAD51 onto DNA, showed proficient HR and resistance 

to PARP inhibitors and crosslinking agents (80). 

1-D-3. BRCA1 and BRCA2 in replication fork protection  
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BRCA1 and BRCA2 both protect stalled replication forks by stabilizing RAD51 

filaments on nascent DNA and preventing its nucleolytic degradation (88) (80, 86, 89). 

These functions can prevent the formation of replication stress induced DSB.  

1-E. BRCA1 and BRCA2 in tumorigenesis 

The BRCA genes are frequently evaluated together in the context of disease 

because germline mutations in either gene are causative in the majority of inherited 

breast and ovarian cancers, or HBOC. This inherited disorder increases an individual’s 

lifetime risk of developing breast (early-onset, or before the age of 50) and ovarian 

cancers, bilateral breast cancer, a second primary tumor in a different tissue, and cancer 

recurrence.  

HBOC follows an autosomal dominant inheritance pattern, in which a mutation in 

only one copy of the gene is needed to increase risk of developing a disease. In this case, 

germline heterozygous mutations in either BRCA1 or BRCA2 cause haploinsufficiency in 

DNA repair and trigger subsequent genetic alterations that can lead to cancer. This is 

followed by loss of heterozygosity in the cancers that arise in mutation carriers. Additional 

alterations include loss of Tumor Protein 53 (TP53), ATM, or CHK2 functions. These 

alterations may allow cells to bypass checkpoint controls, evade apoptosis, and 

consequently initiate tumorigenesis.  

5-10% of all breast cancers and 10-15% of all ovarian cancers are hereditary 

through HBOC, but individuals with HBOC have a lifetime risk of 50-80% for developing 

breast cancer and 30-50% for developing ovarian cancer (6). Although HBOC is most 

frequently associated with breast and ovarian cancer, it also increases risk for pancreatic, 

stomach, laryngeal, fallopian tube and prostate cancer. Additionally, individuals who 



15 
 

inherit two copies of mutant BRCA2 develop Fanconi Anemia, a disease characterized 

by bone marrow failure, physical abnormalities, organ defects, and an increased risk of 

certain hematological cancers. 

BRCA1 and BRCA2 protect the genome by 1) repairing DSB through HR and 2) 

preventing DNA lesions at stalled replication forks from becoming DSB. The loss of either 

protein can lead to DSB accumulation and cause cells to use error-prone DNA repair 

processes, such as non-homologous end joining (NHEJ), that increase mutations and 

chromosomal abnormalities. These alternatives can contribute to genome instability and 

subsequent tumorigenesis. 

The role of BRCA proteins in mediating DSB repair, genome stability, and tumor 

suppression is supported by evidence from Brca-mutant mice. The mice used in these 

studies have a targeted null mutation in Brca1 (Brca1−/−) restricted to the T-cell 

compartment and in a p53−/− background or they have a targeted, homozygous mutation 

in Brca2 that results in truncations, from which partial transcripts are expressed. Both 

Brca1- and Brca2-mutant mice showed replication-associated DNA damage, such as 

chromatid aberrations including translocations, breaks and exchanges (90, 91). These 

Brca1- and Brca2-mutant mice also developed thymic lymphomas, a common tumor that 

arises due to defective DSB repair (90, 91). Furthermore, conditional expression of 

homozygous Brca1 or Brca2 mutants in mammary epithelium is sufficient to generate 

mammary cancers (92). 

Loss of BRCA function leads to defects in HR and/ or replication fork protection, 

which can contribute to genome instability and tumorigenesis, reflected in both mouse 

models and in HBOC.  
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1-F. BRCA1 and BRCA2 Defects Sensitize Cancer Cells to PARP1 Inhibition 

 In 2005, studies reported that BRCA1 and BRCA2-deficient cells are 

hypersensitive to PARP inhibitors (93, 94). This paved the way for using synthetic lethality 

(SL) as a therapeutic approach in cancer. 

1-F-1. PARP1 is a signal transduction protein in DNA damage response 

Poly(ADP-ribose) polymerase 1 (PARP1) catalyzes post-translational 

modifications important in DDR. PARP1 contains an N-terminal DNA binding, 

automodification, and C-terminal catalytic domain (95). The DNA binding domain has high 

affinity for DNA single-strand breaks, which mediates PARP1 to respond rapidly to 

damage. Upon DNA binding, the catalytic domain initiates poly(ADP-ribose) (PAR) 

synthesis, using nicotinamide adenine dinucleotide (NAD+) as a donor of ADP-ribose (96, 

97), on target proteins and on PARP1 itself. These negatively charged, branched PAR 

chains cause chromatin decondensation around damage sites and recruit additional 

repair proteins (98-101).  

PARP1 is not essential to development; Parp1 knockout mice develop normally 

(102), though they are sensitized to DNA damage (103). While PARylation is ubiquitous 

in higher eukaryotes, it is absent from yeast (104). 

1-F-2. PARP inhibitors and mechanisms of action  

In 2014, the PARPi olaparib became the first Food and Drug Administration (FDA) 

approved drug to exploit synthetic lethal targets. These inhibitors, olaparib and since then 

many others, trap PARP on DNA; these compounds interact with the catalytic site of 

PARP, preventing autoPARylation and subsequent PARP release from DNA (105-107) 

(as autoPARylation decreases PARP’s affinity for DNA). This trapping mechanism is 
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supported by evidence showing that cells without PARP1 are resistant to PARPi (105, 

108). Additionally, the potency of PARP trapping has become a predictor of cytotoxicity 

in BRCA-defective cells (105, 106, 109). 

In the cell, trapping of PARP on DNA leads to the accumulation of single-strand 

DNA breaks that are predicted to collapse replication forks and trigger recombination 

repair (110). These DSB are most effectively repaired by HR. In the absence of HR, or in 

cancer cells that have lost BRCA1 or BRCA2 function, DSB repair is compromised and 

this can lead to chromosomal aberrations, genome instability, and cell death.  

1-F-3. PARP inhibitors and clinical outcome 

For olaparib, phase I trial in patients with ovarian, breast, or prostate cancers that 

carried germline BRCA1 or BRCA2 mutations found that 63% of patients showed clinical 

benefit and that side effects were less severe compared with chemotherapy (111). Phase 

II trials of olaparib also showed clinical benefit (112-114). One key finding from these trials 

though is that while olaparib increased progression free survival, it did not significantly 

improve overall survival (Fig. 1-5). 

Some of these clinical challenges can be explained by mechanisms of resistance 

to PARPi. Studies have found that reversion mutations of BRCA1 or BRCA2 that restore 

HR led to resistance in vivo (115, 116). Other mechanisms of restoring HR, such as 

inactivation of p53-binding protein 1 (53BP1) (117) or Revertibility Protein 7 (REV7) (118), 

led to resistance as well in vitro. The development of PARP inhibitors for the treatment of 

BRCA-deficient tumors, despite ongoing challenges, establishes a paradigm for 

exploiting synthetic lethal targets in cancer therapy (119). 
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Because clinical challenges for using PARP inhibitors to treat BRCA-deficient cells 

remain, such as limited improvements in overall survival and drug resistance, the goal of 

my thesis project is to find other SL targets for BRCA1 and BRCA2.  
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A. 

 
  

B. 

 
 
Figure 1-5. Olaparib increased progression free survival but did not significantly improve overall 
survival (114). A. Median progression free survival was 7, 3.7, 4.6, and 7.2 months in the ovarian, breast, 
pancreatic, and prostate cancer groups, respectively. The proportion of patients who were progression free 
at 6 months was 54.6%, 29.0%, 36.4%, and 62.5% in the ovarian, breast, pancreatic, and prostate cancer 
groups, respectively. B. Median overall survival was 16.6, 11, 9.8, and 18.4 months in the ovarian, breast, 
pancreatic, and prostate groups, respectively. The proportion of patients alive at 12 months was 64.4%, 
44.7%, 40.9%, and 50.0% in the ovarian, breast, pancreatic, and prostate cancer groups, respectively. 
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1-G. SL Interactions of HR Genes with RAD27 (Human FEN1) in S. Cerevisiae  

1-G-1. Using SL networks in yeast to identify SL targets in human cells 

Synthetic lethality (SL) or synthetic sickness is a genetic interaction in which the 

combination of two genetic events leads to cell death or impaired growth, whereas neither 

alone is sufficient (120). These genetic events can include loss of function mutations or 

chemical inhibition. Identifying SL gene pairs can enable selective targeting of cancer 

cells that are already defective in one of the genes, such as BRCA1 or BRCA2, while 

sparing normal cells. 

SL networks have been most systematically and comprehensively identified in S. 

cerevisiae using high-throughput genetic screens (121). In yeast, defects in DNA repair 

pathways exhibit extensive SL interactions, and since these pathways are highly 

conserved in eukaryotes, we hypothesized that their SL interactions are also conserved.  

In a previous study, Putnam, Srivatsan, and Kolodner used SL relationships in S. 

cerevisiae and other functional genomics data sets to construct a network of genes that 

were predicted to act in the suppression of genome rearrangements. Validation studies 

identified 266 genome instability suppressing (GIS) genes and an additional 38 candidate 

GIS genes and then implicated their corresponding human homologs and pathway genes 

as candidate human GIS genes (122, 123). Analysis of The Cancer Genome Atlas 

(TCGA) data suggested that the human homologs of the GIS genes, which include 

recombination repair genes, are frequently defective in cancers that exhibit genome 

instability. These studies asked if S. cerevisiae SL networks can be used to predict 

possible therapeutic targets for cancers that have defects in GIS genes and identified 

RAD27/ FEN1 as a candidate. 
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1-G-2. Yeast RAD27 (human FEN1) is SL with HR genes 

Yeast Radiation Sensitive 27 (RAD27) is a 5’ flap endonuclease in Okazaki 

fragment processing and long-patch base-excision repair. Among its numerous SL 

interactions, RAD27 is SL with DSB recombination repair genes RAD51, RAD52 (124), 

and Radiation Sensitive 55-Radiation Sensitive 57 (RAD55-RAD57) in yeast (125, 126), 

which suggests that the majority of replication lesions that accumulate in rad27∆ strains 

are processed by HR (Fig. 1-6). 

While RAD27 is conserved in humans as FEN1, RAD52 and RAD55-RAD57 are 

functional analogs of the human HR and replication fork protection gene BRCA2. The 

goal of this thesis is to validate the predicted SL interactions between FEN1 and HR 

genes and to understand the cell death mechanisms associated with these SL 

interactions.  

 



22 
 

 
 

Figure 1-6. A subset of RAD27 synthetic lethal interactions in S. cerevisiae. RAD27, part of the 
Radiation Sensitive 2 (Rad2) nuclease family, shows many growth-based genetic interactions with genes 
in DNA replication, cell cycle checkpoint, and recombination repair. Among its many SL interactions, RAD27 
is SL with RAD52, and the RAD55-RAD57 complex in recombination. RAD27 is homologous with human 
FEN1 (not shown). While RAD52 and the RAD55-RAD57 complex don’t have homologs in humans, they 
are functionally analogous with BRCA2 in recombination. 
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1-G-3. Flap endonuclease 1 (FEN1) is an endonuclease in DNA replication and 

repair 

FEN1 is a structure-specific endonuclease in DNA synthesis and repair. It is part 

of a family of conserved, structure-specific endo- and exonucleases including 

Exonuclease 1 (EXO1), Flap endonuclease GEN homolog 1 (GEN1), and Xeroderma 

Pigmentosum (XPG). FEN1 is a constitutively expressed nuclear protein active in the 

processing of the 5’ ends of Okazaki fragments during lagging strand DNA synthesis 

(127-132) (Fig. 1-7) and in the processing of branched structures during long-patch base-

excision repair (133-136). 

To do this, FEN1 specifically recognizes dsDNA with 5’ unannealed ssDNA flaps, 

binds both the flap and duplex regions of the substrate (137), and cleaves at the base of 

the flap (135, 138). During lagging strand synthesis, this removes the RNA primer (FEN1 

can cleave both DNA and RNA (135, 138, 139)) and generates a nick in the 

phosphodiester backbone for DNA ligase I to form an intact DNA strand (140).  

In addition to FEN1’s role in Okazaki fragment maturation, studies have proposed 

that FEN1 may play a role in restarting stalled replication forks via the break-induced 

recombination pathway, in which a DSB is created on the stalled fork to convert the stalled 

fork into a recombination substrate (141). In this process, FEN1 cleaves the chicken foot 

structure associated with a regressed replication fork, which would generate a DSB (142).  
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Figure 1-7. FEN1 functions in lagging strand DNA synthesis (143). During polymerase δ or 
polymerase ɛ-mediated strand-displacement synthesis on the lagging strand, 5’ flaps are created on 
the Okazaki fragments when the elongating DNA displaces the 5’ end of the downstream strand. This 
flap, which contains the RNA primer, must be removed to allow ligation of the newly synthesized DNA. 
FEN1 removes this 5’ flap and leaves behind nicked DNA that is a substrate for ligation.  
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In the absence of FEN1, ssDNA flaps on Okazaki fragments or at stalled replication 

forks accumulate, which when combined with cleavage of the parental strand by 

nucleases, can lead to DSB or equilibrate into structures that lead to duplications and 

repeat sequence expansions (144). The activity of FEN1 prevents the direct accumulation 

of ssDNA flaps and indirect accumulation of mutations or DSB to maintain genome 

integrity. 

FEN1 is conserved through evolution. Its biological importance was primarily 

revealed by studies of its S. cerevisiae homolog RAD27. The rad27 null genotype shows 

a spontaneous mutator phenotype with increased rates of microsatellite instability (133, 

145-147). In addition, rad27 mutants undergo S phase arrest, chromosome loss, and 

slowed growth (145-151).  

The mammalian homolog of yeast RAD27 is mouse Fen1 or human FEN1. Fen1 

is essential in development. Fen1 homozygous knockout mice (Fen1-/-) are 

embryonically lethal (152, 153); Fen1 null blastocysts that form can’t enter S phase to 

carry out DNA synthesis and are arrested in the endocycle (152). These Fen1-/- cells also 

undergo extensive IR-induced apoptosis (152), suggesting that they cannot maintain 

normal DNA replication and repair. Fen1 is critical for normal cell cycle progression in the 

mouse embryo. 

Fen1 heterozygote animals appear normal, but Fen1 haploinsufficiency 

contributes to genome instability and tumor progression. Studies found that Fen1 

heterozygous knockout mice that are also heterozygous for adenomatous polyposis coli 

(APC) develop adenocarcinomas that contain microsatellite instability (153). These 
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results suggest that, in mammals, Fen1 is essential for embryonic development and later 

acts as a tumor suppressor by maintaining genome integrity.  

Although Fen1 haploinsufficiency can promote tumor progression in mice, other 

studies found that FEN1 overexpression may support malignancy as well. FEN1 is 

overexpressed in small cell lung cancer cell lines compared to control (154) and also in 

other cancer types (155-157). The level of FEN1 expression has been correlated with 

tumor grade and aggressiveness (155). This suggests that FEN1 may provide a 

proliferative advantage by supporting replication or repairing damaged DNA. Since FEN1 

may play a dual role in tumorigenesis, it’s important to understand the genetic context 

when targeting FEN1 in cancer therapy. 

While FEN1 is essential in development, gene essentiality projects have shown 

that it is not essential in cell lines such as DLD1 colorectal cancer cells (158). 

Furthermore, FEN1 knockouts in human cell lines have also been published (159). 

1-H. Goals of Thesis Research: To identify and characterize SL targets as a 

therapeutic approach in cancer 

Previously observed SL interactions between RAD27 and DSB repair genes 

RAD51, RAD52, RAD55-RAD57 in yeast (125, 126) suggests that the majority of 

replication lesions that accumulate in rad27∆ strains are processed by DSB repair. In 

mammalian cells, the DNA repair protein FEN1 (RAD27 homolog) and the DSB repair 

and replication fork protection proteins BRCA1 and BRCA2 (RAD52 and RAD55-RAD57 

are BRCA2 functional equivalents) contribute to the maintenance of genome integrity.  

FEN1 catalyzes the removal of ssDNA flaps on replication intermediates, 

preventing unrepaired flaps from being converted into DSB by nucleases. FEN1 also 
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plays a role in restarting stalled replication forks via the break-induced recombination 

pathway, in which a DSB is created on the stalled fork to initiate recombination (141, 142, 

160).  

In a FEN1 deficient system, we hypothesize that BRCA1 and BRCA2 are required 

for DSB repair and/ or resolution of stalled replication forks. We expect that the loss of 

FEN1 and BRCA proteins would lead to DSB accumulation, replication fork stalling, cell 

cycle arrest, chromosomal aberrations, and cell death.  

The goals of this thesis are 1) to determine whether FEN1 is a SL target for killing 

BRCA1/ BRCA2-deficient cancer cells and 2) to understand the mechanisms of cell death 

in human cancer cells with combined defects in FEN1 and BRCA1/ BRCA2.  
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Chapter 2 Introduction 

To determine whether FEN1 is a SL target for killing BRCA1 or BRCA2-deficient 

cells, we tested the effects of FEN1 inhibition using a small molecule inhibitor C8 and 

FEN1 knockdown by siRNAs in BRCA-deficient and proficient cancer cell lines and 

matched cell line pairs with BRCA-deficient derivatives.  

2-A. Identification of RAD27/ FEN1 as a genome instability suppressor (GIS) gene 

synthetic lethal target. 

Previous work in the Kolodner Lab identified 266 GIS genes and an additional 38 

candidate GIS genes in S. cerevisiae, and analysis of TCGA data suggested that the 

human homologs of GIS genes are frequently defective in cancers that exhibit genome 

instability. Evaluation of known SL interactions in yeast demonstrated that RAD27 had 

the greatest number of SL relationships with identified GIS genes, closely followed by 

SGS1 (Fig. 2-1-A). Because the human homolog of SGS1, BLM, is a human disease 

gene, we focused subsequent studies on RAD27 and its human homolog FEN1, which 

encodes Flap Endonuclease 1. FEN1 acts during Okazaki fragment maturation and long-

patch base-excision repair. The majority of RAD27 SL genes encoded proteins that 

function in chromosome metabolism, including homologous recombination (HR)/ double-

strand break repair (DSB repair), DNA damage checkpoints, chromatin assembly, 

chromatin remodeling, chromosome cohesion and the nuclear pore (Fig. 2-1-B); 

identification of nuclear pore genes could reflect the role of the nuclear pore in DSB repair. 

2-B. FEN1 inhibitors selectively kill BRCA1/BRCA2 defective cell lines.   

To determine if RAD27 SL relationships with HR defects were recapitulated in 

human cells, we synthesized 4 previously published FEN1 inhibitors: C2, C8, C16, and 
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C20 (Fig. 2-2-A) (161) and tested their ability to kill PEO1 and PEO4 cells as assessed 

by clonogenic survival assays after a 3-day exposure to the inhibitor. 

PEO1 is a BRCA2-defective cell line derived from an ovarian tumor; PEO1 has a 

nonsense mutation in BRCA2 that led to loss of BRCA2 expression and function, causing 

sensitivity to cisplatin and PARP inhibition. PEO4 is a cell line derived from a relapse 

tumor from the same patient as PEO1 in which the initial BRCA2 mutation was reverted 

(162). This secondary mutation restored BRCA2 expression and function; PEO4 is 

cisplatin and PARP inhibitor resistant. 

The BRCA2-mutant PEO1 cells were more sensitive to killing by the FEN1 inhibitor 

C8 than the BRCA2-revertant PEO4 cells (Fig. 2-2-B); PEO1 showed an EC50 value of 

3 µM, in contrast to PEO4 with a 5-fold higher EC50 of 15 µM. In addition, PEO1 cells 

were more sensitive to killing by the other three FEN1 inhibitors than PEO4 cells, with the 

relative sensitivity C8>C16>>C2>C20 (Fig. 2-2-C). C8 was used in all subsequent 

experiments because, in comparison with the next most potent inhibitor C16, C8 had a 

greater half-life in serum after intraperitoneal administration to a mouse (1.6 hr half-life, 

Cmax = 16 M vs no measurable exposure, data not shown). 

 FEN1 is a member of a family of nucleases, including XPG, EXO1, and GEN1, 

with conserved active site residues. Since C8 binds to the active site, we determined the 

IC50 of C8 for FEN1 and its family members in vitro. Of these enzymes, FEN1 is the most 

sensitive target with an IC50 of 1 nM (Table 2-1, in collaboration with the Small Molecule 

Discovery Lab, Ludwig San Diego, CA).  

The effect of C8 on cell proliferation in PEO1 and PEO4 was also measured using 

the trypan blue exclusion assay. Two concentrations of C8 that showed differential 
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clonogenic survival responses between PEO1 and PEO4 were chosen: 12.5 and 25 µM. 

Cells were treated with C8 for 3 days and then grown in drug-free media for 6 more days. 

Viable cell counts showed that at 12.5 µM of C8, both cell lines proliferated after drug 

removal. But at 25 µM C8, viable cell counts decreased over time in PEO1 cells even 

after drug removal, in contrast to PEO4 cells. 

Two additional pairs of matched cell lines were examined for their sensitivity to C8: 

1) Tert-transformed, p53-null retinal pigmental epithelial (RPE) cells and a derivative in 

which BRCA1 was inactivated with CRISPR; and 2) DLD1 colorectal tumor cells and a 

derivative in which the wild type copy of BRCA2 was inactivated by gene disruption. In 

each case the BRCA-deficient derivative cell lines were more sensitive to killing by C8 

than the matched BRCA-WT or proficient parental cell lines by clonogenic survival assays 

(Fig. 2-4). 

To determine whether differential survival to C8 could be repeated in other BRCA-

deficient and BRCA-proficient cell lines, a larger panel of human breast (Fig. 2-5-A), 

ovarian (Fig. 2-5-B), colorectal (Fig. 2-5-C) and lung cancer cell lines (Fig. 2-5-D) was 

tested. The ability of C8 to kill was assessed by clonogenic survival assay. Cells were 

treated with 12.5 M C8 for 3 days; this C8 concentration was between the EC50 values 

for PEO1 and PEO4 cells. For cell lines derived from each tumor type, the response to 

C8 treatment ranged from highly sensitive to completely resistant. When the data for all 

of the cancer cell lines are combined, those with reported BRCA mutations tend to be 

more sensitive to C8 treatment than those without reported BRCA mutations (Fig. 2-5-E; 

p=0.0015, Kolmogorov-Smirnov test).  
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Many cell lines were sensitive to killing by C8 and had mutations in BRCA1 

(HCC1954, MDA-MB-436, UWB1.289, JHOS-2) or BRCA2 (HCC1395, HCC1599, PEO1, 

Kuramochi, Ovmana, IGR-OV1, OVCAR-4), including the olaparib-resistant BRCA1-

mutant cell line HCC1937. 

Despite this, there were other tumor cell lines whose reported BRCA mutation 

status was not predictive of their sensitivity to killing by C8. Cell lines with BRCA mutations 

without C8 sensitivity may contain mutations that do not substantially affect the HR 

proficiency of these cell lines, whereas cell lines without BRCA mutations with C8 

sensitivity may contain other genetic or epigenetic defects affecting HR or other pathways 

that are required in the absence of normal FEN1 activity. Among these latter C8-sensitive 

cell lines is the breast cancer cell line MDA-MB-468, which is not sensitive to killing by 

olaparib.  
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Figure 2-1. RAD27 shares the greatest number of known SL interactions with S. cerevisiae GIS 
genes. A. The number of reported SL interactions of genes with the 266 S. cerevisiae non-essential GIS 
and essential GIS (eGIS1) genes; inset shows the entire distribution for all interactors. B. RAD27 SL 
interactors (Sc genes) fall into common pathways, which are often conserved in humans (Hs genes). 
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A. 

 
 
B.     C. 

 
 
Figure 2-2. BRCA-deficient cancer cell lines are hypersensitive to FEN1 inhibition. A. Structures of 
the synthesized FEN1 inhibitors. B. Clonogenic survival of BRCA2-deficient PEO1 and BRCA2-revertant 
PEO4 cells demonstrates that PEO1 cells are more sensitive to a 3-day exposure to the C8 FEN1 inhibitor. 
C. Clonogenic survival demonstrates that PEO1 cells are more sensitive than PEO4 cells to all of the FEN1 
inhibitors, with C8 and C16 causing the greatest reduction in percent survival. Cells were treated for 3 days 
with compounds 2 and 20 at 25 µM, 8 and 16 at 12.5 µM.  
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Table 2-1. C8 inhibits FEN1 and family member nucleases. (In collaboration with the Small Molecule 
Development Lab, Ludwig San Diego, CA) 

FEN nuclease family C8 IC50 (nM) Function  

FEN1 1 Replication, base excision repair 

XPG 5 Nucleotide excision repair 

EXO1 45 Mismatch repair, double-strand break repair 

GEN1 750 Homologous recombination 
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Figure 2-3. BRCA2-deficient cells are hypersensitive to C8 even after drug removal. PEO1 and PEO4 
cells were treated with C8 for 3 days and then grown in drug-free media for 6 more days. Two 
concentrations of C8 that showed differential clonogenic survival responses between PEO1 and PEO4 
were chosen: 12.5 and 25 µM. The number of viable cells was measured using the trypan blue exclusion 
assay (n=9). The 25 µM condition is highlighted on the right, where the scale is magnified to show the 
differential responses more clearly.  
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A. B. 

  
 
Figure 2-4. BRCA1 or BRCA2-deficient cells are hypersensitive to C8 compared to parental BRCA-
WT or proficient cells. A. Tert-transformed and p53-null RPE cells with a BRCA1 disruption are more 
sensitive to C8 than the parental BRCA1-wildtype cells. Percent clonogenic survival of RPE1 hTERT p53-
/- BRCA1-/- and BRCA1+/+ cells after exposure to 11.1 µM C8 for 3 days compared to DMSO. Cell survival 
was measured by crystal violet staining 4 days post drug removal for BRCA1+/+ cells and 5 days post drug 
removal for BRCA1-/- cells (n=3). B. DLD1 cells with a BRCA2 disruption are more sensitive to the C8 
FEN1 inhibitor than the parental BRCA2 proficient cells. Percent clonogenic survival of DLD-1 BRCA2-/- 
and BRCA2+/- cells after exposure to 7 µM C8 for 3 days compared to DMSO. Cell survival was measured 
by crystal violet staining 3 days post drug removal for BRCA2+/- cells and 5 days post drug removal for 
BRCA2-/- cells (n=3). 
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Figure 2-5. Sensitivity of breast, ovarian, colorectal, and lung cancer cell lines to the C8 FEN1 
inhibitor. Clonogenic survival of breast cancer cell lines (A), ovarian cancer cell lines (B), colorectal cancer 
cell lines (C), and lung cancer cell lines (D) treated with 12.5 μM C8 for 3 days are displayed as bars (n=12). 
The BRCA1 and BRCA2 mutation status information from the Broad Institute Cancer Cell Line Encyclopedia 
(CCLE (163)); zygosity was inferred from mutant vs. wild-type read counts and copy number information. 
Homozygous mutations are solid black circles, hemizygous mutations are black circles with a central white 
spot, heterozygous mutations are half-filled circles, multiple heterozygous mutations are displayed as split 
filled circles, and no mutations are displayed as empty circles. Cell lines with TP53 mutations are shown 
with filled red circles and those without TP53 mutations are shown with empty circles. Cell lines with no 
data in the CCLE are shown without circles. E. Cumulative percent survival of cell lines with and without 
BRCA mutations after 12.5 μM C8 for 3 days. The breast, ovarian, colorectal, and lung cancer cell lines 
were separated into two groups. One group of cell lines with BRCA mutations (including homozygous, 
hemizygous, heterozygous, and multiple heterozygous) and the other without. The cumulative fraction of 
cell lines was plotted in increasing order of % survival.  
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2-C. BRCA-deficient cell lines are sensitive to FEN1 siRNA knockdown 

In addition to the FEN1 inhibitor C8, we used an orthogonal approach to target 

FEN1 expression by siRNA. siRNA knockdown of FEN1 was examined in 2 BRCA1-

deficient (UWB1.289, HCC1937), 1 BRCA2-deficient (PEO1) and 3 BRCA-proficient 

(PEO4, OV-90, OVCAR-3) cancer cell lines.  

Three days after transfection of FEN1-targeting siRNAs (siFEN1) or non-targeting 

control siRNAs (siNT), siFEN1 treatment caused FEN1 protein levels to be reduced by 

40 to 80% in both BRCA-deficient and BRCA-proficient cell lines (Fig. 2-6) and the 

number of viable cells were reduced specifically in the BRCA-deficient cell lines (Fig. 2-

7-A).  

To test whether the effects of FEN1 knockdown persist over time or whether 

siFEN1-treated cells recover, the ability of FEN1 knockdown cells to form colonies was 

measured. Six cultures of each cell line were treated for 1 day with siFEN1 or siNT. The 

cells were then cultured in fresh media for 2 days and then the media was changed every 

3 days for a total of 15 to 21 days after which colonies were counted (Fig. 2-7-B,C) and 

colony sizes were determined (Fig. 2-8).  

In comparison to the siNT control, siFEN1 treatment resulted in large and 

significant decreases in colony numbers for the BRCA-deficient cell lines, whereas only 

one of the BRCA-proficient cell lines (OVCAR-3) had a small decrease in colony number 

(Fig. 2-7-C). Similarly, siFEN1 treatment resulted in decreases in colony size in BRCA-

defective cell lines but little if any decrease in colony size in BRCA-proficient cell lines 

(Fig. 2-8).  Remarkably, the short-term effect of siFEN1 treatment on cell viability was not 

as large as seen in the clonogenic survival assays, suggesting that many of the siFEN1 
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treated BRCA-deficient cells that were viable after 3 days either died over time or could 

not undergo additional cell divisions. 

Experiments with the FEN1 inhibitor C8 and with FEN1 siRNAs showed that FEN1 

is a SL target for killing BRCA1 or BRCA2-deficient cells. BRCA-deficient cells are 

hypersensitive to C8, and FEN1 siRNAs reduced viability, clonogenic survival, and colony 

size in BRCA-deficient cells. 

Chapter 2 is currently being prepared for submission for publication. Guo, Elaine; 

Ishii, Yuki; Mueller, James; Srivatsan, Anjana; Putnam, Christopher; Wang, Jean Y. J.; 

Kolodner, Richard. FEN1 is a potential therapeutic target for human cancers with defects 

in homologous recombination. The dissertation author is the co-author of this paper.  
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Figure 2-6. siFEN1 reduces the expression of FEN1 in both BRCA-deficient and BRCA-proficient 
cell lines. A. FEN1 and GAPDH levels in HCC1937 after no treatment, siNT treatment, or siFEN1 
treatment. Three technical replicates are shown.  B. The average FEN1 expression in the siFEN1 treated 
cells relative to siNT treated cells after normalization to GAPDH levels are displayed as bars. Individual 
measurements are shown as points (n=3). Error bars correspond to 2 times the standard error of the mean. 
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Figure 2-7. Treatment of BRCA-deficient cell lines with siFEN1 decreased viable cell numbers and 
reduced clonogenic survival. A. The number of viable cells is reduced 3 days post siFEN1 treatment 
relative to 3 days post control siNT treatment for BRCA-deficient cell lines but not BRCA-proficient cell lines 
(n=6, except for UWB1.289 where n=5). P-values were calculated using the 2-tailed t-test. B. Example 
images of the clonogenic survival assay of BRCA-deficient and BRCA-proficient cell lines treated with siNT 
or siFEN1. C. The number of colonies in the clonogenic survival assay 15-21 days post transfection were 
reduced with siFEN1 treatment relative to siNT treatment in BRCA-deficient cell lines and OVCAR-3, but 
not PEO4 or OV-90 (n=6). P-values were calculated using the 2-tailed t-test. 
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Figure 2-8. FEN1 inhibition reduces the size of colonies in clonogenic survival assays in BRCA-
deficient cell lines. The sizes of the colonies arising during a clonogenic survival assay after treatment 
with siNT (blue) or siFEN1 (red) were determined for BRCA-deficient (A.) and BRCA-proficient (B.) cell 
lines (n=6). Reduced colony sizes were observed for the BRCA-deficient and two BRCA-proficient cell lines 
(OV-90 and OVCAR-3); however, the reduction in colony size was much greater for the BRCA-deficient cell 
lines. The median colony size and 95% confidence interval for the median (below x-axis) were determined 
for all of the observed colonies; the 95% confidence interval was determined by a bootstrap approach from 
which random samples (n=20,000) were taken with replacement and a new median was taken for each 
random sample. The 95% confidence interval was taken at the 2.5% and 97.5% percentiles of the medians 
from the randomized samples. The ratio of the colony sizes and range of the ratio were calculated from the 
medians and the 95% confidence intervals of the medians. The p-values for the difference between colony 
sizes of the siNT and siFEN1 treated samples were calculated using a 2-sided Kolmogorov-Smirnov test. 
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Chapter 3 Introduction 

FEN1 inhibition increases flaps on lagging strands during DNA replication, which 

in combination with nucleolytic cleavage on the template strand, can lead to potentially 

lethal DSBs. We first tested the effects of C8 on DNA damage levels and cell cycle 

progression in both BRCA-proficient and BRCA-deficient cells and asked whether these 

changes were dependent on BRCA mutation status or function. To understand the 

mechanism of FEN1 inhibition induced cell death, we measured the effects of C8 on 

caspase activity, chromosomal phenotype, and checkpoint pathway activation in BRCA-

deficient and BRCA-proficient cells, also asking if the results were dependent on BRCA 

mutation status or function. 

3-A. C8 differentially affects cell cycle and cell death in BRCA-deficient and BRCA-

proficient cells.  

To determine how FEN1 inhibition might affect the cell cycle, a panel of 6 cell lines, 

3 BRCA-deficient and 3 BRCA-proficient, was treated with 25 μM C8 for 3 days. At the 

end of drug treatment, these cells were pulsed with BrdU (5-bromo-2’-deoxyuridine) for 

45 minutes to identify cells undergoing active DNA synthesis. BrdU incorporation by DNA 

synthesis was measured by FACS.  

Treatment of the BRCA-defective PEO1, UWB1.289, and HCC1937 cells with C8 

resulted in cells with a decreased ability to synthesize DNA and an increased sub-G1 

DNA content, which indicates dying cells, relative to untreated controls (Fig. 3-1, Table 

3-1; sub-G1 content is qualitative). Similar effects were observed with other C8-sensitive 

cell lines both with and without BRCA defects (HCT116, Ovmana, Kuramochi, NCI-H460, 

OVCAR-4 and JHOS-2; Fig. 3-2, Table 3-2).  
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In contrast, C8 treatment of the BRCA-proficient and C8-resistant PEO4, MDA-

MB-231, OVCAR-3, and MCF7 cells resulted in little change in the ability of the cells to 

synthesize DNA and in the number of sub-G1 cells compared to untreated controls (Fig. 

3-1; Fig. 3-2). FEN1 inhibitor-sensitive cell lines showed strong defects on cell cycle 

progression after inhibitor treatment. 

To determine if the loss of DNA replication was only an acute response to FEN1 

inhibition, we tested the ability of BRCA2-mutant PEO1 cells and BRCA2-revertant PEO4 

cells to recover from treatment by C8. Both PEO1 and PEO4 cells were treated with 25 

µM C8 for 3 days followed by incubation in either C8-free or C8-containing medium for an 

additional 3 days; the ability of the cells to incorporate BrdU was analyzed by FACS at 

each step (Fig. 3-3, Table 3-3). C8-treated PEO4 cells had a modest increase in sub-G1 

cells and decrease in S-phase cells relative to control that was more pronounced after 6 

days of C8 treatment than after 3 days of C8 treatment (Fig. 3-3). PEO4 cells, however, 

had a robust restoration of S-phase cells after 3 days of C8 treatment and 3 days in C8-

free medium (Fig. 3-3).  

In contrast, at the end of both 3 and 6 days of C8 treatment, PEO1 cells had severe 

defects in their ability to incorporate BrdU. Moreover, after drug removal for 3 days, the % 

of BrdU-incorporating PEO1 cells continued to decrease while the % of subG1 cells 

continued to increase, compared to PEO1 cells after only 3 days in C8 containing 

medium. 

PEO1 cells were unable to recover their ability to incorporate BrdU even after drug 

removal, while PEO4 cells continued to incorporate BrdU at each time point. These 

results suggest that FEN1 inhibitor sensitive cell lines cannot recover the ability to 
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replicate their DNA and that exit from the cell cycle is permanent after inhibitor treatment 

(Fig. 3-3).  
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A. B. 

 
 
Figure 3-1. Treatment of BRCA-deficient cell lines with C8 leads to cell cycle progression defects. 
FACS profiles of total DNA (x-axis) and incorporated BrdU (y-axis) of BRCA-deficient (A.) and BRCA-
proficient (B.) cells treated with 25 μM C8 for 3 days. Rectangles depict the gates used to determine cell 
cycle distribution percentages. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



49 
 

Table 3-1. Treatment of BRCA-deficient cell lines with C8 leads to cell cycle progression defects: 
quantified cell cycle distributions. Percentages of cells in different phases of the cell cycle are shown 
for BRCA-deficient (A.) and BRCA-proficient (B.) cells treated with 25 μM C8 for 3 days.  

A.   

S  G1 G2/M 

PEO1 untreated 36% 53% 11%  

C8 treated 16% 47% 37% 

UWB1.289 untreated 38% 56% 6%  

C8 treated 1% 87% 12% 

HCC1937 untreated 39% 46% 15%  

C8 treated 7% 60% 32% 

B.    

S  G1 G2/M 

PEO4 untreated 28% 58% 13%  

C8 treated 18% 65% 18% 

MDA-MB-231 untreated 23% 62% 16%  

C8 treated 22% 57% 21% 

OVCAR-3 untreated 25% 56% 19%  

C8 treated 31% 50% 19% 
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Figure 3-2. Treatment of BRCA-deficient cell lines with C8 leads to cell cycle progression defects. 
FACS profiles of total DNA (x-axis) and incorporated BrdU (y-axis) of cells treated with 25 μM C8 for 3 days. 
Rectangles depict the gates used to determine percentages. 
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Table 3-2. Treatment of BRCA-deficient cell lines with C8 leads to cell cycle progression defects: 
quantified cell cycle distributions. Percentages of cells in different phases of the cell cycle are shown 
after treatment with 25 μM C8 for 3 days. 
   

S G1 G2/M 

OVMANA untreated 20% 70% 10%  

C8 treated 8% 70% 22% 

KURAMOCHI untreated 18% 71% 11%  

C8 treated 8% 75% 17% 

NCl-H460 untreated 33% 60% 7%  

C8 treated 4% 43% 53% 

MCF7 untreated 28% 56% 16%  

C8 treated 24% 63% 13% 

   

S G1 G2/M 

JHOS-2 untreated 15% 71% 14%  

C8 treated 3% 82% 15% 

HCT116 untreated 22% 65% 13%  

C8 treated 8% 50% 42% 

OVCAR-4 untreated 39% 43% 18%  

C8 treated 1% 74% 25% 
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Figure 3-3. PEO1 cells do not recover from C8 treatment after drug removal. Both PEO1 and PEO4 
cells were treated for 3 days with 25 µM C8 and then shifted to drug-free medium or left in the same C8-
containing medium for an additional 3 days. At each time point, cells were shifted into BrdU-containing 
medium (10 µM) for 45 minutes, and BrdU incorporation was then analyzed by FACS. FACS profiles are 
displayed with total DNA along the x-axis and incorporated BrdU along the y-axis. Rectangles depict the 
gates used to determine percentages. 
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Table 3-3. PEO1 cells do not recover from C8 treatment after drug removal: quantified cell cycle 
distributions. Percentages of cells in different phases of the cell cycle are shown for PEO1 and PEO4 
cells treated for 3 days with 25 µM C8 and then shifted to drug-free medium or left in the same C8-containing 
medium for an additional 3 days.      

PEO1 S G1 G2/M 

Untreated 37% 53% 9% 

C8 treated 3 days 26% 40% 34% 

C8 treated 3 days + 
washout 3 days 

16% 72% 13% 

C8 treated 6 days 14% 61% 26% 

     

PEO4 S G1 G2/M 

Untreated 25% 60% 15% 

C8 treated 3 days 18% 65% 17% 

C8 treated 3 days + 
washout 3 days 

30% 56% 14% 

C8 treated 6 days 10% 75% 15% 
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3-B. C8 induces DNA damage in BRCA-deficient and BRCA-proficient cell lines.  

To test if the observed replication defects were associated with increased levels of 

DNA damage, PEO1 and PEO4 cells were treated with C8 for 3 days and then monitored 

for histone H2AX levels, histone H2AX foci, and 53BP1 foci. In both PEO1 and PEO4 

cells, C8 treatment caused increased levels of histone H2AX protein levels (Fig. 3-4-A), 

an increase in the percent of cells with > 25 histone H2AX foci per nucleus (Fig.  3-4-

B,C), and an increase in the number of cells with > 25 53BP1 foci per nucleus (Fig. 3-4-

D,E) relative to untreated controls. PEO1 cells, however, had more pronounced levels of 

these DNA damage markers after C8 treatment than PEO4 cells.  

These results suggest that treatment of cells with FEN1 inhibitors results in 

increased DNA damage, including DSBs, in both BRCA-proficient PEO4 and BRCA-

deficient PEO1 cells. Additionally, the higher levels of 53BP1 foci in PEO1 cells compared 

to PEO4 cells is consistent with reduced HR and increased unrepaired DSBs in PEO1 

cells lacking functional BRCA2. 

3-C. C8 treatment induces caspase activity in PEO1 cells. 

C8 treatment caused increased caspase 3 activity in PEO1 cells relative to PEO4 

cells (Fig. 3-5-A). The level of caspase 3 activation increased between 1 and 3 days of 

treatment with C8, in contrast to treatment with staurosporine which resulted in more rapid 

caspase 3 activation (Fig. 3-5-B). Addition of the pan-caspase inhibitor ZVAD-fmk caused 

a decrease in caspase 3 activation in both PEO1 and PEO4 cells after treatment by C8 

but did not increase clonogenic survival of these treated cells (Fig. 3-5-C).  

Together, these results suggest that the replication defects and resulting DNA 

damage caused by FEN1 inhibition can induce apoptotic pathways, but that FEN1 
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inhibition alone is sufficient to prevent cell proliferation and cause cell death even when 

apoptosis is inhibited. 
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Figure 3-4. C8 induces DNA damage markers in both PEO1 and PEO4 cells. A. PEO1 and PEO4 cells 
were treated for 12, 24, and 72 hours with medium containing 25 μM C8. Cells were then lysed, and the 
protein extracts were analyzed by western blot using a phospho-specific γ-H2AX antibody and a GAPDH 
antibody (loading control). Both PEO1 and PEO4 showed induction of γ-H2AX formation upon prolonged 
exposure to C8. B. Representative images of PEO1 cells treated for 2 days with vehicle or 25 μM C8, then 
stained with DAPI (blue) and an antibody against γ-H2AX (pink). C. Quantification of the percent of PEO1 
or PEO4 cells containing greater than 25 nuclear γ-H2AX foci after being treated for 2 days with 0, 12.5, or 
25 μM C8. (n=3, with n>100 nuclei per condition). D. Representative images of PEO1 cells treated for 1 
day with vehicle or 25 μM C8, then stained with DAPI (blue) and an antibody against 53BP1 (green). E. 
Quantification of the percent of PEO1 or PEO4 cells containing greater than 25 nuclear 53BP1 foci after 
being treated for 1 day with vehicle or 25 μM C8 (n=2, with n>100 nuclei per condition). 
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Figure 3-5. C8 induces caspase activity in PEO1 cells. A. Caspase activity was measured for PEO1 and 
PEO4 cells at 1 day and 3 days in 0, 12.5, or 25 μM C8 (n=3). Higher caspase induction was observed with 
PEO1 cells than PEO4 cells after 1 day and 3 days of treatment. B. Caspase activity was measured in 
PEO1 cells after 1 day or 3 days when untreated, treated with 0.5 μM staurosporine, or treated with 12.5 
μM C8 (n=3). Caspase activity was highest in day 1 with staurosporine, whereas it was highest in day 3 
with C8. Caspase activity at day 3 was suppressed by addition of 20 µM ZVAD-fmk caspase inhibitor 
(ZVAD-fmk was added 1 hour before C8). C. Clonogenic survival of PEO1 and PEO4 cells was measured. 
Cells were treated simultaneously with 0, 12.5, or 25 μM C8 and 0 or 20 μM ZVAD-fmk for 3 days (ZVAD-
fmk was added 1 hour before C8). After 3 days of treatment, both C8 and ZVAD-fmk were washed out. 
PEO1 and PEO4 cells were re-plated in fresh media and allowed to grow for 14 days (n=2). Addition of the 
ZVAD-fmk caspase inhibitor only modestly increased the survival in C8-treated PEO1 and PEO4 cells.  
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3-D-1. C8 treatment decreased mitotic entry in both C8-hypersensitive and non-

hypersensitive cell lines. 

In addition to changes in S and subG1 cell cycle distributions, C8 treatment 

followed by drug removal led to a decrease in G2/M content in PEO1 cells (Fig. 3-3). This 

led us to next test whether C8 affects mitotic entry and/ or exit. Two cancer cell lines, one 

hypersensitive and one non-hypersensitive to C8, HCT116 and MDA-MB-231, 

respectively, were chosen because versions of these cell lines that contain mono red 

fluorescent protein (mRFP) tags on their H2B histones were available from the 

laboratories of Karen Oegema and Arshad Desai (Ludwig Institute for Cancer Research, 

UC San Diego, CA).  

We monitored the chromatin of these cell lines by fluorescence microscopy to 

observe whether C8-treated cells could enter and/ or complete mitosis. HCT116 H2B- 

mRFP and MDA-MB-231 H2B-mRFP cells were treated for 2 days with 12.5 µM C8 

(enough time for asynchronized cells to go through S phase at least once), released into 

drug-free media and imaged by fluorescence microscopy every 10 minutes for 3 days (or 

at least two cell cycles). The fates of individual nuclei were followed to determine the 

timing and fraction of nuclei that entered and completed the first mitosis after release from 

C8.  

 We observed two major phenotypes: mitotic nuclei and aberrant nuclei. Mitotic 

nuclei are defined by frames that contain chromatin condensation, which indicate mitotic 

entry, followed by chromatin decondensation and generation of daughter nuclei about 5 

frames or 50 minutes later, which indicate mitotic exit (Fig 3-6). The majority of the 

remaining fraction of nuclei are aberrant nuclei, which are defined as nuclei that 



59 
 

fragmented, that condensed in size, or that cycled through mitosis but then almost 

immediately fragmented (data not shown). 

For both cell lines, most cells in DMSO-treated conditions completed the first 

mitosis within one cell cycle time. 12.5 µM C8 decreased the ability of HCT116 H2B-

mRFP cells to undergo mitosis, but caused a similar defect in MDA-MB-231 H2B-mRFP 

cells too.  

For C8-hypersensitive HCT116 H2B-mRFP cells treated with 12.5 µM C8 for 2 

days, 63% (n=40) completed the first mitosis, compared to 94% of control (n=117). In C8-

treated samples, additional phenotypes included 31% that fragmented into aberrant 

nuclei and a remaining fraction that showed no change (data not shown).  

For C8-non-hypersensitive MDA-MB-231 H2B-mRFP cells, 68% of C8-treated 

cells (n=30) completed the first mitosis, compared to 87% of control (n=74). In the C8-

treated sample, another 23% fragmented into aberrant nuclei and the remaining showed 

no change in phenotype (data not shown). 

3-D-2. In contrast to MDA-MB-231 cells, HCT116 cells do not continue to divide to 

form colonies after C8 treatment. 

For MDA-MB-231 H2B-mRFP, 68% of cells completed the first mitosis after 12.5 

µM C8 for 2 days. Taken in parallel with clonogenic survival results of MDA-MB-231 cells 

that showed 85% recovery after 12.5 µM C8 for 3 days (Fig. 2-5-A), these data suggest 

that C8-treated cells that were able to divide at day 2 continued to divide to form colonies. 

Clonogenic survival recovery of C8-treated HCT116 cells, however, was only 1% 

(Fig. 2-5-C), compared to 63% of HCT116 H2B-mRFP cells that completed the first 
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mitosis after 2 days of C8 at the same concentration. These data suggest that while nuclei 

divided at 2 days after drug treatment, they did not continue to divide to form colonies. 

What might explain the difference in clonogenic survival between these two cell 

lines, despite comparable ability to enter mitosis at 2 days after C8 treatment? MDA-MB-

231 cells have intact G2/M checkpoints (164, 165) so that C8-treated cells might have 

activated G2/M to allow DNA repair and long-term survival of colonies. While HCT116 

cells also have intact G2/M checkpoints (166-168), which might have been activated,  

DNA damage was not repaired in this cell line and led to permanent exit from the cell 

cycle. The ability to repair DNA damage prior to mitotic entry underlies the differential 

sensitivity between HCT116 and MDA-MB-231 cells to C8.  
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A. 

 
B.  

 
C.  

 
Figure 3-6. C8 inhibits mitotic entry and exit in both C8-hypersensitive and non-hypersensitive cells. 
HCT116 H2B-mRFP and MDA-MB-231 H2B-mRFP cells were treated for 2 days, then imaged every 10 
minutes in fresh media for 3 more days. Representative time lapse images of nuclei undergoing mitosis for 
HCT116 H2B-mRFP (A.) and MDA-MB-231 H2B-mRFP (B.) are shown. Each montage follows the same 
field from left to right, top to bottom; frames were captured every 10 minutes. C. Individual nuclei (n>40) 
were followed by eye and the fraction of nuclei that entered and exited mitosis was quantified and the timing 
of the first metaphase graphed. P-values of C8-treated samples compared to control were calculated using 
the Freeman-Halton extension of the Fisher Exact, 2-tailed. 
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3-E. C8 increases fragmented chromosomes and chromatid breaks in BRCA-

deficient more so than in BRCA-proficient cells.  

We hypothesize that C8 induces DNA damage that remains unrepaired in BRCA-

deficient or C8-sensitive cells. These cells cannot complete replication and re-enter the 

cell cycle with damaged DNA to undergo mitosis. The cells accumulate DNA damage and 

as they undergo one or more defective mitoses, they die. Cell death caused by premature 

entry into mitosis before replication is complete in the presence of severe DNA damage 

is defined as mitotic catastrophe (169-171). 

To test whether C8-treated cells that enter mitosis contain chromosomal 

abnormality, we looked directly at the chromosomes using the metaphase spread assay. 

C8-sensitive, BRCA2-deficient PEO1 and C8-resistant, BRCA-WT OV-90 cancer cell 

lines were treated with DMSO or 25 µM C8 for 3 days and then released into drug-free 

media for 0-16 hours, after which the cells were incubated in hypotonic solution, fixed, 

and their DNA prepared and stained for metaphase spread imaging. 

C8 significantly increased chromosomal aberrations, including fragmented 

chromosomes and chromatid breaks, in PEO1 cells (Fig. 3-7); all metaphase spreads in 

C8-treated samples showed >5 aberrations, in contrast to control, in which most 

metaphase spreads had 0-5 aberrations. The majority of metaphases in C8-treated OV-

90 cells, on the other hand, contained 0-5 aberrations per metaphase. These results 

suggest that treatment with C8 leads to the accumulation of unrepaired DNA breaks, 

followed by shattered chromosomes in mitosis, and eventual cell death.  

To extend this experiment, results from these two cell lines will be expanded to a 

panel of 3 BRCA-deficient (PEO1, UWB1.289, HCC1937) and 3 BRCA-proficient (PEO4, 
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OV-90, OVCAR-3) cell lines. To increase the fraction of metaphase cells, the cell lines 

will be treated with C8 for two cell cycles and then arrested with colcemid for 1 hour before 

fixing and staining for imaging.  
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Figure 3-7. C8 increases chromosomal aberrations in BRCA-deficient cells. PEO1 and OV-90 cells 
were treated with vehicle or 25 µM C8 for 3 days. Cells were then released into drug-free media for 0-16 
hours and then prepared for metaphase spread imaging. Metaphases were analyzed for chromosomal 
aberrations, which included fragmented chromosomes or chromatid breaks. Representative metaphase 
spreads are shown for each cell line, where examples of fragmented chromosomes (yellow arrows) and 
chromatid breaks (blue arrows) are marked.  
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3-F. C8 differentially activates checkpoint pathways triggered by DSB or stalled 

replication forks in PEO1 and PEO4 cells. 

3-F-1. Introduction to PIKKs 

In mammalian cells, the DDR is controlled by three PIKKs: ATM, ATR, and DNA-

PK (Fig. 3-8). Upon DNA damage recognition, these kinases are activated and then 

phosphorylate hundreds of substrates to initiate cellular signaling cascades that promote 

a variety of processes, including checkpoint activation and DNA repair.  

The ATM-Chk2 pathway is primarily activated by DSBs and promotes HR. ATR is 

recruited to regions of RPA-coated ssDNA, which are found at stalled replication forks; 

the ATR-Chk1 pathway mainly responds to DNA replication stress. DNA-PKcs is also 

activated by DSB; DNA-PKcs is recruited and activated by Ku-bound DSB ends to 

promote NHEJ (172). Because FEN1 inhibition induces DNA damage and chromosomal 

aberrations, we next asked how FEN1 inhibition affects PIKK activation. In the context of 

BRCA-deficient cells, we are interested in the effects of FEN1 inhibition on ATM and ATR 

signaling.  

ATM is responsible for the global regulation of cellular responses to DSB.  

ATM is recruited to and activated by the MRN complex at DSB (173, 174). Active 

ATM then phosphorylates hundreds of DDR substrates and induces a DNA damage 

signaling cascade, which includes activation of cell cycle checkpoints and DSB repair. 

ATM is needed for the initiation and completion of DSB repair by HR (175). In this 

process, ATM triggers DSB end resection by stimulating the nucleolytic activities of CtIP 

and MRE11 to generate 3’-ssDNA overhangs, which then promotes HR over NHEJ. 
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(Upon ATM inhibition, ATR can compensate in part for the deficiency in early, but not later 

steps of HR after RAD51 nucleofilament formation.) 

ATM, along with BRCA1, BRCA2, and PALB2, regulate the G2/M checkpoint.  

In addition to DSB repair, ATM also regulates cell cycle checkpoints, including 

G2/M. The G2/M checkpoint inhibits mitotic entry upon DNA damage to minimize the 

segregation of broken chromosomes into daughter cells. Both ATM and BRCA1, in 

particular the phosphorylation of BRCA1 by ATM, are required for effective G2/M 

checkpoints (176). The expression of BRCA1 variants defective for ATM-mediated 

phosphorylation is associated with a defect in G2/M arrest (13). 

In addition to ATM and BRCA1, recent studies also established BRCA2 and 

PALB2 as regulators in G2/M checkpoint maintenance. PALB2 links BRCA1 and BRCA2 

in G2/M checkpoint control (177), where the BRCA1-PALB2 interaction is important for 

checkpoint activation, and PALB2-BRCA2 formation is more critical for G2/M checkpoint 

maintenance.  

ATR is an essential kinase involved in the DNA replication stress response.  

ATR coordinates DNA replication origin firing and guards replication fork stability. 

ATR is recruited, by ATRIP, to extended tracts of ssDNA coated with RPA (178) found at 

stalled replication forks or resected DSB. Activated ATR phosphorylates CHK1, which 

then promotes degradation of CDC25A (179), followed by inhibition of CDK activity, 

inhibition of late-origin firing, and slowing of replication to prevent premature mitotic entry. 
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Figure 3-8. PIKK recruitment and activation in response to DSB and stalled replication forks (180). 
DNA-PKcs is recruited and activated by Ku-bound DSB ends. ATM is activated and recruited to DSB by 
the MRE11-RAD50-NBS1 (MRN) complex. ATR is recruited to RPA-coated ssDNA by its stable binding 
partner ATRIP. 
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3-F-2. C8 differentially activates checkpoint kinases in PEO1 and PEO4 cells.  

To determine the effect of C8 on activation of these three kinases in a BRCA-

deficient vs. BRCA-proficient background, I treated PEO1 and PEO4 cells with C8, 

followed by PIKK inhibitors, and then monitored the phosphorylation of three PIKK 

substrates by immunoblotting.  

PEO1 and PEO4 cells were treated for 2 days with DMSO, 25 µM C8, or left 

untreated. At 2 days, cells were additionally treated for 3.5 hours with DMSO, individual, 

or a combination of inhibitors against ATM, ATR, and DNA-PK (all at 2 µM) before being 

harvested for immunoblotting.  

The substrates include: H2AX/ ꝩH2AX, Chk1/ pChk1 (Serine 317) and Chk2/ 

pChk2 (Threonine 68). H2AX can be phosphorylated by all three PIKKs. Chk1 is primarily 

the substrate of ATR (181), while phosphorylation of Chk2 involves primarily ATM (182, 

183). Although the PIKKs have distinct modes of activation and different interacting 

proteins, they share certain substrates and have overlapping functions. 

In BRCA2-deficient PEO1 cells, C8 increased ꝩH2AX, as previously shown (Fig. 

3-4-A). This phosphorylation was reduced by DNA-PKi, combined ATMi and ATRi, 

combined ATRi and DNA-PKi, and all 3 inhibitors, suggesting that C8 activated all 3 

PIKKs in PEO1 cells (Fig. 3-9). 

C8 also increased pChk1 levels that were decreased by ATRi and all combinations 

that included ATRi; these results confirm that ATR is responsible for Chk1 

phosphorylation, which is consistent with the literature (184). The increase in pChk1 due 

to ATR activation suggest that stalled replication forks might have been present in C8-

treated BRCA2-deficient PEO1 cells. ATR-Chk1 activation is also responsible for 
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inhibition of late-origin firing and slowing of replication, which would be consistent with the 

previously shown S phase progression defects in C8-treated PEO1 cells (Fig. 3-1).  

Interestingly, C8 did not increase pChk2 in PEO1 cells. One interpretation of this 

data is that cells with high levels of DSBs induced by C8 did not survive.  

C8 also increased ꝩH2AX levels in BRCA2-proficient PEO4 cells, which was 

reduced by ATRi, DNA-PKi, and ATMi (compare combined ATRi and DNA-PKi with all 

three), suggesting that C8 also activates all 3 PIKKs in PEO4 cells (Fig. 3-9).  

Unlike in PEO1 cells though, C8 increased pChk2 in PEO4 cells and did not 

change pChk1 levels. Phosphorylation of Chk2 was reduced by ATMi, DNA-PKi, 

combined ATMi and ATRi, ATMi and DNA-PKi, ATR and DNA-PKi, and all 3 inhibitors. 

This result suggests that ATM and DNA-PK both phosphorylate Chk2, which is consistent 

with previous results showing DSB are present in C8-treated PEO4 cells (Fig. 3-4-A). 

In addition, ATM activation, which is needed for the initiation and completion of HR 

and which works together with BRCA1, BRCA2, and PALB2 to maintain the G2/M 

checkpoint, might indicate G2/M checkpoint activation and proficient HR in PEO4 cells. 

These pathways would allow cells to repair damaged DNA and continue to progress 

through the cell cycle.  

C8 activated all 3 PIKKs in both PEO1 and PEO4 cells, as seen by increased 

ꝩH2AX levels that were reduced with combinations of PIKK inhibitors (Table 3-4). There 

was, however, differential phosphorylation of Chk1 and Chk2 between the two cell lines. 

Phosphorylation of Chk1 through ATR is mainly in response to stalled forks, while 

phosphorylation of Chk2 through ATM and DNA-PK is mainly in response to DSB. 
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Differences in checkpoint kinase phosphorylation may suggest the presence of different 

forms of DNA damage and repair activity in C8-treated PEO1 and PEO4 cells.  

3-F-3. Model for FEN1 inhibition induced synthetic lethal mechanism. 

Our proposed model suggests that FEN1 inhibition by C8 increases DSB in both 

BRCA-proficient and BRCA-deficient cells. In a BRCA-proficient background, normal 

checkpoint signaling can occur, and DSB can be repaired by HR and replication fork 

protection pathways, leading to cell survival. In a BRCA-deficient background, however, 

the lack of checkpoint signaling and the lack of DSB repair and/ or stalled fork protection 

leads to cell lethality (Fig. 3-10). 

Future studies are needed to determine whether C8 increases stalled replication 

forks or ssDNA in either BRCA-proficient or BRCA-deficient cells. To test this, we would 

initiate experiments to measure RPA foci using immunofluorescence or monitor nascent 

DNA lengths using DNA fiber assays. 

If stalled replication forks are present in C8-treated cells, do they require activation 

of BRCA-dependent replication fork protection pathways? To test this, one approach we 

could use is separation-of-function BRCA mutants, such as the BRCA1 (Serine 114A) 

and the BRCA2 (Serine 3291A) mutants; both are HR proficient but defective in protection 

of stalled replication forks. Would cell lines with these BRCA mutants be able to as 

effectively repair C8-induced DNA damage?  

Additional questions remain about whether the G2/M checkpoint is activated in and 

whether activation is required for survival of C8-treated, BRCA-proficient cells. 

Experiments that inactivate the G2/M checkpoint and measure survival could clarify these 

questions.  
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Lastly, to confirm HR activation in C8-treated, BRCA-proficient cells and the lack 

thereof in BRCA-deficient cells, we would measure RAD51 foci by immunofluorescence 

and resistance to PARP inhibition.  

Chapter 3, in part, is currently being prepared for submission for publication. Guo, 

Elaine; Ishii, Yuki; Mueller, James; Srivatsan, Anjana; Putnam, Christopher; Wang, Jean 

Y. J.; Kolodner, Richard. FEN1 is a potential therapeutic target for human cancers with 

defects in homologous recombination. The dissertation author is the co-author of this 

paper.  
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Figure 3-9. C8 differentially activates PIKK kinases in PEO1 and PEO4 cells. PEO1 and PEO4 cells 
were treated for 2 days (or at least one cell cycle, PEO1 doubling time=37 hours, PEO4=46 hours) with 
either vehicle, 25 µM C8, or left untreated. At 2 days, the cells were additionally treated for 3.5 hours with 
vehicle, individual, or a combination of inhibitors against ATM, ATR, and DNA-PK (all at 2 µM). Samples 
were then harvested at 2 days and 3.5 hours for immunoblotting.  
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Table 3-4. Summary of Differential Checkpoint Kinase Activation by C8 in PEO1 and PEO4 Cells. 
PEO1 and PEO4 cells were treated for 2 days with either vehicle, 25 µM C8, or left untreated. At 2 days, 
the cells were additionally treated for 3.5 hours with vehicle, individual, or a combination of inhibitors against 
ATM, ATR, and DNA-PK (all at 2 µM). Samples were then harvested at 2 days and 3.5 hours for 
immunoblotting.  

 

 ATR ATM DNA-PK 

PEO1 (BRCA2-deficient) ꝩH2AX 

pChk1 

ꝩH2AX ꝩH2AX 

PEO4 (BRCA2-proficient) ꝩH2AX ꝩH2AX 

pChk2 

ꝩH2AX 

pChk2 
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Figure 3-10. Model for FEN1 inhibition induced synthetic lethal mechanism. FEN1 inhibition in the cell 
leads to an accumulation of flaps on lagging strands during DNA replication, which in combination with 
nucleolytic cleavage on the template strand, can lead to DSB. In a BRCA-proficient background, normal 
checkpoint signaling can occur, and DNA double stranded breaks can be repaired by homologous 
recombination, leading to cell survival. In a BRCA-deficient background, DSB and stalled forks are not 
repaired, leading to cell lethality. 
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Identification of the S. cerevisiae GIS gene interaction network.   

SL interactions that were not conditional SL interactions and not SL interactions 

involving three or more mutations (also called “genetic complex” interactions) were 

extracted from the BioGRID database version 3.5.168 (https://thebiogrid.org/). The 

numbers of SL interactions that each gene had with the 266 S. cerevisiae GIS genes 

were counted, and genes were sorted based on this count. 

 

C8 clonogenic survival assays.   

Breast, ovarian, colorectal, and lung cancer cell lines were cultured in the media 

listed (Tables 4-1, 4-2, 4-3, 4-4) following American Type Culture Collection (ATCC) 

passaging and splitting guidelines.  

Cells in log phase were plated in 12-well plates at 5x103 cells/well (n=3) and 

incubated at 37˚C, 5% CO2, in a humidified chamber. After 24 hours of growth, the cells 

were treated with 12.5 µM C8 or DMSO. After 3 days of incubation with C8 in DMSO, the 

media was aspirated and 1 ml of PBS was gently added per well and aspirated to wash 

the cells. The cells were trypsinized by addition of 100 µl/well of 0.25% W/V Trypsin [2.21 

mM] EDTA in HBSS followed by incubation for 5 minutes at 37˚C, 5% CO2, in a humidified 

chamber. 900 µl of media was added per well and the cells were gently resuspended. 

The resuspended cells were then re-plated in 2 ml of media in 6-well plates at two different 

dilutions (4-fold difference) per condition. Plates were then incubated for 1-2 weeks.  

Media was replenished every 3 days. After 1-2 weeks the media was aspirated 

and the wells washed with 2 ml/well of PBS. 2 ml/well of fixative (10% acetic acid, 10% 

methanol, 80% PBS) was then added, followed by incubation at room temperature for 5 
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minutes. The fixative was aspirated from each well and the wells washed by 2 ml/well of 

PBS. To stain the fixed cells, 0.5 ml/well of crystal violet (1% W/V in methanol) was then 

added and the plates incubated at room temperature for 5 minutes. Finally, the crystal 

violet solution was aspirated from each well and the plates washed by immersing in 1L of 

water three times. Colonies were counted and the % survival relative to control 

determined. 

 

C8 trypan blue exclusion assay.  

Cells were seeded at 1.5x105 cells/6-cm dish for DMSO or at 1.5x105 cells/6-well 

plate well for 12.5 and 25 µM C8-treated conditions (n=3). Cells were treated with C8 or 

DMSO for 3 days and then grown in drug-free media for 6 more days. DMSO-treated cells 

were split at days 3 and 6, while C8-treated conditions were not split. Media was changed 

every 3 days for all conditions.  

To determine the number of viable cells, equal volumes of cell suspension and 

trypan blue solution (0.4% in 0.81% sodium chloride and 0.06% potassium phosphate 

dibasic solution, Bio-Rad) were mixed and the samples counted using a TC20 Automated 

Cell Counter (Bio-Rad). Each biological replicate was counted 3 times.  

 

BrdU incorporation assay. 

DNA synthesis was quantified by analyzing incorporated bromodeoxyuridine 

(BrdU) using a BrdU Flow Kit (BD Pharmingen) according to the manufacturer’s 

instructions. Cells were treated with 25 µM of C8  or DMSO for 3 days, pulse-chased with 

BrdU (10 µM) for 45 min at the end of treatment, then fixed and permeabilized. The 
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subsequent double staining of cells with FITC-conjugated anti-BrdU antibody and 7-

aminoactinomycin D (7-AAD), which binds to total DNA, allowed the determination of 

BrdU incorporation at each step of the cell cycle. Stained cells were acquired with the 

LSRII flow cytometer (BD Biosciences), and the results were analyzed using FlowJo 

software (FlowJo, LLC, Ashland, OR). 

 

Measurement of caspase 3 activity.  

Cells were washed with PBS at the end of treatment, lysed in a lysis buffer (50 mM 

HEPES pH 7.5, 100 mM NaCl, 2 mM EDTA, 0.1% CHAPS, 10% sucrose) and the protein 

concentration was measured. Next, 30 µg of each sample was incubated with 20 µg/ml 

of Ac-DEVD-AMC caspase-3 fluorogenic substrate (BD Pharmingen) in the lysis buffer 

supplemented with 10 mM of DTT for 1 hour at 37 ºC. Fluorescent AMC liberated from 

Ac-DEVD-AMC was detected using a fluorometer with excitation at 380 nm and emission 

at 440 nm. 

 

Immunofluorescence.  

Cells were plated on sterile Poly-L-Lysine coated cover slips (Fisher Scientific) and 

left to grow overnight. Following treatment with DMSO, 12.5 or 25 µM C8 for the indicated 

times, cells were fixed in 4% paraformaldehyde, permeabilized in 0.1% Triton-X/0.5% 

BSA, and blocked in 2% BSA.  

After incubation with primary antibodies against ꝩH2AX (Millipore Sigma 05-636) 

and 53BP-1 (Novus Biologicals NB100-304) at concentrations of 1:1000 overnight at 4 

ºC, secondary antibodies at concentrations of 1:1000 (Alexa Fluor 594 for ꝩH2AX, Alexa 
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Fluor 488 for 53BP-1, Thermo Fisher Scientific) were applied, followed by an 1 hour 

incubation at room temperature. Coverslips were mounted using ProLong Gold Antifade 

Mountant with DAPI (Life Technologies). Images were collected using a Nikon ECLIPSE 

TE2000-S fluorescence microscope at 60X and processed using FIJI. 

 

siRNA treatment for immunoblotting and short-term survival assays.  

Cells were seeded at 1x105 cells/well in 6-well plates and then transfected with 

either non-targeting pooled siRNA (Dharmacon ON-TARGETplus) or FEN1 SMARTpool 

siRNA (Dharmacon ON-TARGETplus) at 50 nM following the manufacturer’s instructions. 

At 1 day post transfection, media containing OPTIMEM (Gibco) and Lipofectamine 

RNAiMAX (Thermo Fisher Scientific) were replaced with fresh media. For 

immunoblotting, at 3 days post transfection, cells were scraped in ice cold PBS, 

centrifuged at 4ºC, and the pellet stored at -80ºC. For trypan blue exclusion assays, at 

the time of transfection and at 3 days post transfection, trypsinized cell suspensions were 

mixed with equal volumes of 0.4% trypan blue solution (Bio-Rad) and viable cells were 

counted using a TC-20 Automated Cell Counter (Bio-Rad). 

 

Immunoblotting.  

Pellets were lysed in RIPA buffer with protease and phosphatase inhibitor cocktails 

(Cell Signaling Technology), sonicated for 5 pulses at 50% duty cycle (Ultrasonics, Inc), 

cleared by centrifugation at 17,900 xg for 10 minutes at 4ºC, and the protein concentration 

was quantified using a modified Lowry protein assay (Bio-Rad DC Protein Assay). Total 

cell lysates, prepared with 4X Laemmli buffer (Bio-Rad), were separated by SDS-PAGE 
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on 4-15% gradient gels (Bio-Rad TGX) and transferred to PVDF membranes (Bio-Rad) 

using a Trans-Blot Turbo (Bio-Rad).  

Blots were incubated with primary antibodies against FEN1 (Abcam ab462), Chk1 

(Cell Signaling Technology 2360, 1:1000), phospho-Chk1 (Ser317) (Cell Signaling 

Technology 2344, 1:1000), Chk2 (Cell Signaling Technology 2662, 1:1000), phospho-

Chk2 (Thr68) (Cell Signaling Technology 2197, 1:1000), GAPDH (Cell Signaling 

Technology 2118S, 1:1000), and phospho-histone H2A.X (Ser139) (Cell Signaling 

Technology 2577, 1:1000), followed by incubation with HRP-linked rabbit or mouse 

secondary antibodies (Cell Signaling Technology). Blots were developed using the HRP 

substrate and detected using a ChemiDoc MP (Bio-Rad). 

 

Clonogenic survival assays for siRNA-treated cells.  

Single cells were seeded at low density in 6-well plates and then transfected with 

either non-targeting pooled siRNA or FEN1 SMARTpool siRNA at 50 nM. Media 

containing OPTIMEM and transfection reagents were replaced with 2ml fresh media at 1 

day post transfection. At 3 days post transfection, an additional 2ml fresh media was 

added per well. Every 3 days thereafter, media was completely replaced with 2ml fresh 

media, and every 6 days thereafter, 2ml of fresh media was added to the 2ml already in 

each well. Cells were cultured for a total of 15 or 21 days, depending on the cell line, and 

then fixed (10% acetic acid, 10% methanol in PBS) and stained with crystal violet (1% 

W/V in methanol). 

 

Colony count and size determination.  
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Colony counts and sizes were determined using FIJI. To provide a gold standard 

for calibrating FIJI though, colonies were first counted by eye (n=8 wells per cell line), 

regardless of colony size. To use FIJI, plates were first imaged using the AlphaImager 

HP (ProteinSimple). The background for each image was then subtracted and the image 

inverted. Thresholding was applied to convert the image to binary; this step was optimized 

for each cell line so that the automated colony counts reflected counts determined by eye. 

Watershed function was next applied to separate overlapping objects. Finally, particle 

counts and sizes were calculated; this step was also optimized for each cell line based 

on size and circularity. The data was displayed using GraphPad Prism software 

(GraphPad Software, La Jolla, CA).  

 

Live cell imaging.  

MDA-MB-231 H2B-mRFP and HCT116 H2B-mRFP cell lines were generously 

provided by the Karen Oegema and Arshad Desai (Ludwig Institute for Cancer Research, 

San Diego, CA). MDA-MB-231 H2B-mRFP was cultured in RPMI 1640 media (Gibco), 

supplemented with 10% Fetal Bovine Serum (FBS, Atlanta Biologicals) and 1% Penicillin-

Streptomycin-Glutamine (PSG, Thermo Fisher Scientific). HCT116 H2B-mRFP was 

cultured in McCoy’s 5A phenol red free media (HyClone), supplemented with 10% FBS 

and 1% PSG. Cells were maintained at 37 ºC with 5% CO2 in a humidified chamber. 

The cells were seeded into 96-well plates with MDA-MB-231 H2B-mRFP at 2,000 

cells/well and HCT116 H2B-mRFP at 750 cells/well. Cells were treated for 2 days with 

DMSO or 12.5 µM C8, at the end of which, drug was washed out and fresh media added. 

Cells were then immediately imaged in fresh media at 10 minute intervals for 72 hours 
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using the Yokogawa CQ1 Confocal Imager (in collaboration with the Small Molecule 

Development Lab, Ludwig Institute for Cancer Research, San Diego, CA). The fate of 

each nuclei was tracked by eye.   

 

Metaphase spread assay.  

Cells were seeded at 9.6x104 cells/well in a 6-well plate. The cells were treated 

with DMSO or 25 µM C8 for 3 days and then harvested by trypsin and centrifugation at 

1000 rpm for 5 minutes. Hypotonic, pre-warmed 0.075M KCl solution was added dropwise 

to the cells while vortexing the cells slowly, followed by incubation in this solution for 6 

minutes at 37 ºC. Ice-cold Carnoy fixative (3:1 methanol: acetic acid) was then added to 

the cells in KCl at a ratio of 1:5, and the cells were centrifuged to remove the supernatant. 

The pellet was washed again in ice-cold Carnoy fixative before final resuspension in ice-

cold Carnoy fixative.  

10 µl per sample was dropped from 2 inches high onto glass slides, allowed to air 

dry, and stained with Hoechst 33342 (Thermo Fisher Scientific). ProLong Gold Antifade 

mounting media (Life Technologies) was added and the slides imaged the next day using 

a GE Life Sciences DeltaVision Elite microscope at 60X. Images were scored based on 

the methods described in Theunissen and Petrini (185).  

 

PIKK inhibitor treatment for immunoblotting.  

PEO1 cells were seeded at 3.15x105 cells/6-cm dish, and PEO4 cells were seeded 

at 7.5x105 cells/6-cm dish. Cells were treated the following day with DMSO or 25 µM C8 

for 2 days. At 2 days, they were additionally treated with DMSO or checkpoint inhibitors 
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AZD156 (ATMi), AZD6738 (ATRi), NU7441 (DNA-PKi) at 2 µM for 3.5 hours. At the end 

of treatment, cells were harvested by scraping in ice cold PBS, centrifuged at 4ºC, and 

the pellets stored at -80ºC. 
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Table 4-1. Breast Cancer Cell Lines and Media. Fetal bovine serum (FBS). 
 

AU-565 RPMI-1640, 10% FBS 

BT-549 RPMI-1640, 10% FBS, 0.023 IU/mL bovine insulin  

CAMA-1 Eagles Minimum Essential Medium, 10% FBS 

HCC1395  RPMI-1640, 10% FBS 

HCC1419 RPMI-1640, 10% FBS 

HCC1428 RPMI-1640, 10% FBS 

HCC1500  RPMI-1640, 10% FBS 

HCC1806 RPMI-1640, 10% FBS 

HCC1937  RPMI-1640, 10% FBS 

HCC1954 RPMI-1640, 10% FBS 

HCC202 RPMI-1640, 10% FBS 

HCC38 RPMI-1640, 10% FBS 

HCC70 RPMI-1640, 10% FBS 

Hs 578T  DMEM, 10% FBS, 0.01 mg/mL bovine insulin  

MCF7 Eagle's Minimum Essential Medium, 10% FBS, 0.01 mg/mL bovine insulin  

MDA-kb2 Leibovitz's L-15, 10% FBS  

MDA-MB-134-VI  Leibovitz's L-15, 20% FBS 

MDA-MB-157  Leibovitz's L-15, 10% FBS  

MDA-MB-175-VII Leibovitz's L-15, 10% FBS  

MDA-MB-231 Leibovitz's L-15, 10% FBS  

MDA-MB-361 Leibovitz's L-15, 20% FBS 

MDA-MB-436 Leibovitz's L-15, 10 mcg/mL insulin, 16 mcg/mL glutathione, 90%; 10% FBS  

MDA-MB-453 Leibovitz's L-15, 10% FBS  

MDA-MB-468 Leibovitz's L-15, 10% FBS  

SK-BR-3 McCoy's 5A, 10% FBS 

T47D RPMI-1640, 0.2 U/mL bovine insulin, 10% FBS  

UACC-893 Leibovitz's L-15, 10% FBS  

ZR-75-1 RPMI-1640, 10% FBS 

ZR-75-30 RPMI 1640, 10% FBS 
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Table 4-2. Ovarian Cancer Cell Lines and Media. Fetal bovine serum (FBS), non-essential amino acid 
(NEAA). 
 

Caov-3 DMEM, 10% FBS   

Caov-4 Leibovitz's L-15, 20% FBS  

ES-2 McCoy's 5A, 10% FBS   

IGR-OV1 RPMI-1640, 10% FBS   

NCI-ADR-RES RPMI-1640, 10% FBS   

OV-90 
1:1 mix of MCDB 105 1.5 g/L sodium bicarbonate and Medium 199 2.2 g/L sodium 
bicarbonate, 15% FBS 

OVCAR-3 RPMI-1640, 20% FBS, 0.01 mg/mL bovine insulin    

OVCAR-4 RPMI-1640, 10% FBS   

OVCAR-5 RPMI-1640, 10% FBS   

OVCAR-8 RPMI-1640, 10% FBS   

PEO1 DMEM, 10% FBS   

PEO4 DMEM, 10% FBS   

SKOV3 McCoy’s 5A, 10% FBS   

SW626 Leibovitz's L-15, 10% FBS   

TOV-21G 
1:1 mix of MCDB 105 1.5 g/L sodium bicarbonate and Medium 199 2.2 g/L sodium 
bicarbonate, 15% FBS 

UWB1.289 1:1 mix of RPMI-1640, MEGM and SingleQuot additives, 3% FBS 

KURAMOCHI RPMI-1640, 10% FBS 

OVMANA RPMI-1640, 10% FBS 

JHOS-2 1:1 mix of DMEM and Ham-F12, 10% FBS, 0.1 mM NEAA 
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Table 4-3. Colorectal Cancer Cell Lines and Media. Fetal bovine serum (FBS). 
 

HCT-116 McCoy's 5A, 10% FBS 

HCT-15 RPMI-1640, 10% FBS 

HT29 McCoy's 5A, 10% FBS 

LoVo F-12K, 10% FBS 

LS 180 Eagle's Minimum Essential Medium, 10% FBS 

LS1034 RPMI-1640, 10% FBS 

LS123 Eagle's Minimum Essential Medium, 10% FBS 

RKO Eagle's Minimum Essential Medium, 10% FBS 

SK-CO-1 Eagle's Minimum Essential Medium, 10% FBS 

SW1116 Leibovitz's L-15, 10% FBS 

SW1417 Leibovitz's L-15, 10% FBS 

SW48 Leibovitz's L-15, 10% FBS 

SW480 Leibovitz's L-15, 10% FBS 

SW837 Leibovitz's L-15, 10% FBS 

SW948 Leibovitz's L-15, 10% FBS 

T84 DMEM-F12, 5% FBS 
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Table 4-4. Lung Cancer Cell Lines and Media. Fetal bovine serum (FBS). 
 

EKVX RPMI-1640, 10% FBS 

HOP-62 RPMI-1640, 10% FBS 

HOP-92 RPMI-1640, 10% FBS 

NCI-522 RPMI-1640, 10% FBS 

NCI-H1299 RPMI 1640, 10% FBS 

NCI-H1437 RPMI 1640, 10% FBS 

NCI-H1563 RPMI 1640, 10% FBS 

NCI-H1975 RPMI 1640, 10% FBS 

NCI-H226 RPMI-1640, 10% FBS 

NCI-H23 RPMI-1640, 10% FBS 

NCI-H322M RPMI-1640, 10% FBS 

NCI-H460 RPMI-1640, 10% FBS 

NCI-H661 RPMI 1640, 10% FBS 
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5-A. Identifying synthetic lethal targets as a therapeutic approach in cancer. 

The introduction of the first synthetic lethal drug (the PARP inhibitor olaparib in 

ovarian cancers with BRCA1 or BRCA2 mutations) has increased interest in applying SL 

to the development of cancer therapeutics. This approach is particularly useful in targeting 

cells that have lost a tumor suppressor gene, such as BRCA1 or BRCA2, and that may 

have gained an increased dependence on other genes. 

PARP inhibitors established using SL as a therapeutic approach, but clinical 

challenges, such as limited improvements in overall survival and drug resistance, remain 

unresolved. Our studies aimed to find other SL targets for BRCA1 and BRCA2.  

Many tools are available for identifying SL gene targets, including screens using 

CRISPR-Cas9, shRNA, and small molecule inhibitor libraries. Another approach is to use 

the knowledge gained from yeast genetics, in which extensive screens have already been 

performed to map SL networks. The Kolodner Lab’s expertise in yeast genetics guided 

us to use this last approach.  

5-B. RAD27/ FEN1 is a SL target for genome instability suppressor (GIS) genes, 

including HR genes. 

The Kolodner Lab has identified 266 GIS genes in S. cerevisiae, which include 

genes that encode proteins that act in or that function in DNA replication, checkpoints, 

and recombination and which are often conserved in humans, and then documented their 

SL interactions. Analysis of this data showed that RAD27 (human FEN1) had the greatest 

number of SL interactions with GIS genes, including the HR genes RAD52 and RAD55-

RAD57 (that encode proteins that are to some extent functionally equivalent to BRCA2).  

5-C. FEN1 is a SL target for killing BRCA1/ BRCA2-deficient cancer cells. 
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To determine whether the SL interactions identified in yeast are conserved in 

humans, we treated BRCA1/ BRCA2-defective cell lines with a FEN1 inhibitor C8, the 

most potent of four compounds tested, and measured their clonogenic survival 

responses.  

Initial experiments using two ovarian cancer cell lines derived from the same 

patient, BRCA2-deficient PEO1 and BRCA2-proficient PEO4, the latter which carries a 

secondary mutation that restored BRCA2 function, showed that PEO1 cells are more 

sensitive to killing by C8. Additionally, cell proliferation assays showed that, in contrast to 

PEO4 cells, PEO1 cells do not recover from drug treatment; C8 induces irreversible 

damage in PEO1 cells that leads to cell death over a period of up to 9 days.  

In addition, matched cell line pairs, the RPE BRCA1-null or WT retina cell lines 

and the DLD1 BRCA2-null or proficient colorectal cancer cell lines, showed that the 

BRCA-deficient derivatives are more sensitive to killing by C8 than the parental cell lines. 

These results increased the confidence that hypersensitivity to C8 was due to BRCA1 or 

BRCA2 mutation status, rather than another property of the cell lines. 

Larger panels of human breast, ovarian, colorectal, and lung cancer cell lines 

showed there was a range of responses to C8. Many cell lines that were sensitive to killing 

by C8 had mutations in BRCA1 or BRCA2, including the olaparib-resistant BRCA1-mutant 

cell line HCC1937. But BRCA mutation status was not entirely predictive of sensitivity. 

Cell lines with BRCA mutations without sensitivity to C8 may contain mutations that do 

not significantly affect HR activity; consistent with this, some of these cell lines contain 

heterozygous BRCA1 or BRCA2 missense mutations of unknown functional significance. 

On the other hand, cell lines without BRCA mutations with sensitivity to C8 may contain 
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mutations in other SL gene targets, as predicted by the spectrum of genetic alterations 

SL with RAD27. Alterations may include various genetic or epigenetic defects affecting 

HR or other DNA metabolism pathways that are required in the absence of normal FEN1 

activity. Cell lines without BRCA mutation that are C8-sensitive include the olaparib 

sensitive HCC1806 and the olaparib resistant MDA-MB-468 (186).  

An orthogonal approach, using FEN1 knockdown by siRNAs, showed that in a 

subset of 6 BRCA-deficient and BRCA-proficient cancer cell lines tested, FEN1 siRNAs 

differentially reduced viability, clonogenic survival, and colony size in BRCA-deficient cells 

vs. BRCA-proficient cells. The effect of siFEN1 on clonogenic survival was also more 

significant than on short-term cell viability, suggesting that many of the siFEN1 treated 

BRCA-deficient cells that were viable at 3 days either died over time or could not undergo 

additional cell divisions; siFEN1-treated BRCA-deficient cells also do not recover.  

Experiments with the FEN1 inhibitor C8 and with FEN1 siRNAs showed that FEN1 

is a SL target for killing BRCA1 or BRCA2-deficient cells. In addition, both C8-treated and 

siFEN1-treated BRCA-deficient cells do not recover from FEN1 inhibition or depletion. 

The range of sensitivities to C8 in the large panel of cancer cell lines highlight other 

defects besides mutations in BRCA1 and BRCA2 that increase killing by FEN1 inhibitors. 

Lastly, cell lines that are resistant to PARP inhibitors but sensitive to C8 suggest that 

PARP inhibitor resistance mechanisms do not necessarily cause resistance to C8.  

5-D. FEN1 inhibition induces toxic replication intermediates that require HR to 

resolve. 

FEN1 catalyzes the removal of ssDNA flaps on replication intermediates, 

preventing unrepaired flaps from being converted into DSB by nucleases and/ or stalling 
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replication forks. Our data shows that FEN1 inhibition by C8 leads to DSB accumulation 

in both BRCA-proficient and BRCA-deficient cells. But specifically, in BRCA-deficient 

cells, C8 leads to strong, irreversible defects on cell cycle progression, increased 

chromosome breaks, and increased cell death. These data suggest that defects in HR-

related genes and inhibition of the compensatory process carried out by FEN1, leads to 

high levels of DNA damage, cell cycle arrest, and cell death.  

FACS data of BRCA-defective or C8-sensitive cells showed that C8 decreases 

DNA synthesis and increases sub-G1 DNA content, whereas BRCA-proficient or C8-

resistant cells showed little change in cell cycle distribution when treated with C8. 

Importantly, this strong defect on cell cycle progression in BRCA-deficient cells is 

irreversible; specifically, PEO1 cells do not recover the ability to incorporate BrdU, even 

after drug removal, and exit the cell cycle, in contrast to PEO4 cells that continued to 

incorporate BrdU at each time point.  

These replication defects were associated with increased levels of DNA damage, 

including DSB, in both BRCA-proficient PEO4 and BRCA-deficient PEO1 cells, as shown 

by the DNA damage markers histone H2AX and 53BP1. PEO1 cells, though, had more 

pronounced levels of these DNA damage markers. 

In BRCA-deficient cells, changes in S and subG1 cell cycle distributions resulting 

from C8 treatment and release are also accompanied by decreases in G2/M cells, 

suggesting potential defects in mitotic entry. C8 treatment decreases mitotic entry but did 

so in both C8-hypersensitive and non-hypersensitive cell lines, based on time lapse 

imaging of H2B-mRFP tagged cells. Although C8 does not differentially affect mitotic entry 

in C8-hypersensitive vs. non-hypersensitive cells, we found that C8 leads to higher levels 
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of chromosome breakage during mitosis in BRCA-deficient cells than BRCA-proficient 

cells, as shown by metaphase spread assays.  

Consistent with previous data, C8 activated the DDR, which is regulated by the 

PIKKs: ATM, ATR, and DNA-PK. C8 activated all 3 PIKKs in both PEO1 and PEO4 cells, 

as seen by increased ꝩH2AX levels that were reduced with combinations of PIKK 

inhibitors. There was, however, differential phosphorylation of Chk1 and Chk2 between 

the cell lines. Increased phosphorylation of Chk1 through ATR in C8-treated PEO1 cells 

suggests that stalled replication forks might have been present, whereas the lack of 

phospho-Chk2 may suggest that cells with high levels of DSB did not survive. Increased 

phosphorylation of Chk2 through ATM and DNA-PK in C8-treated PEO4 cells suggest 

that DSBs are recognized and repair pathways activated. 

The differential activation of checkpoint pathways in PEO1 and PEO4 cells require 

further investigation to determine whether stalled replication forks are present in C8-

treated BRCA-proficient or BRCA-deficient cells, play a role in sensitivity to C8, and 

require activation of replication fork protection pathways in addition to HR to resolve.  

FEN1 inhibition leads to an accumulation of flaps on lagging strands during DNA 

replication, which in combination with nucleolytic cleavage on the template strand, can 

lead to potentially lethal DSBs in both BRCA-proficient and BRCA-deficient cells. In a 

BRCA-proficient background, DSBs can be repaired by HR and cells survive. But in a 

BRCA-deficient background, C8-induced DSBs are not repaired. These cells cannot 

complete replication and enter mitosis with damaged DNA. As the cells accumulate DNA 

damage with one or more cell cycles and undergo one or more defective mitoses 

characterized by shattered chromosomes, they die by mitotic catastrophe. 
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5-E. Therapeutic potential of FEN1 inhibitors. 

These results suggest that FEN1 inhibitors are potentially valuable for the 

treatment of cancers with defects in HR and possibly other repair and checkpoint 

pathways. The compounds used in our studies are unlikely to translate into the clinic due 

to insufficient potency and low stability because they are likely a target for glucuronidation. 

Efforts to develop more potent, longer half-life inhibitors are needed and are ongoing.  

Studies using cancer and non-cancer cell lines showed differential responses to 

C8: cells that can recover from FEN1 inhibition and cells such as BRCA1 and BRCA2 

mutants that cannot recover. To mitigate toxicity from FEN1 inhibitors, though, cycles of 

drug treatment and recovery may be a useful approach. 

Lastly, the C8-sensitive, olaparib-resistant cell lines used in our studies suggest 

that FEN1 inhibitors can be used to treat cancer cells that have acquired some kinds of 

resistance to PARP inhibitors or used in combination with PARPi. Mechanisms of 

resistance to PARPi include secondary mutations that restore the wildtype function of HR 

proteins such as BRCA1/2, loss of 53BP1 that shifts the balance of repair from NHEJ to 

HR, over-expression of drug efflux transporters, and PARP1 mutations that decrease 

PARPi binding and/ or trapping. While FEN1 inhibitors will not likely kill cells that become 

resistant to PARPi due to genetic or epigenetic alterations that restore HR or increase HR 

activity, they may be able to target cells harboring different PARPi resistance pathways.  
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