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Abstract 

 

 A cellular response to damaged DNA, known as the DNA damage response 

(DDR), has evolved to combat damage that occurs from exposure to genotoxic agents or 

byproducts of normal cellular metabolism. Upon recognition of DNA damage, the cell 

arrests the cell cycle and repairs damaged DNA to maintain genome integrity. However, 

if the damage is severe, cells undergo apoptosis or initiate cellular senescence. The DDR 

is a highly coordinated event linking many pathways involved in various cellular 

processes. A previous study from this lab implicated mammalian septins in the DDR, 

although through an unknown mechanism. These cytoskeletal proteins function as 

signaling platforms and diffusion barriers and associate with various proteins including 

the adaptor proteins SOCS7 and NCK.  In response to multiple types of DNA damage, 

NCK relocalizes from the cytoplasm to the nucleus, using the nucleocytoplasmic 

shuttling protein SOCS7. The nuclear accumulation of NCK in response to UV 

irradiation is dependent on the kinase activity of ATR, a member of the PIKK family that 

is activated early in the DDR. Depletion of NCK results in elevated phosphorylation of 

the transcription factor p53 and an early induction of apoptosis. Depletion of SOCS7, 

which blocks the nuclear accumulation of NCK, also increases phosphorylation of p53 

and also results in an early induction of apoptosis. This indicates the anti-apoptotic role 

of NCK is dependent on its nuclear translocation during the DDR. Another septin 

interacting protein was identified using a proteomic approach.  This novel nuclease called 

Septin Associated Nuclease 1 (SAN1) possesses unique 5’ exonuclease activity mediated 
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by a FEN1-related nuclease domain necessary for the proper repair of DNA interstrand 

crosslinks (ICL). Depletion of SAN1 results in a low rate of homologous recombination 

(HR) due to a decrease in end-resection of double-strand breaks generated during ICL 

repair. Additionally, SAN1 is mostly localized in the cytoplasm but accumulates in the 

nucleus following treatment with ICL-inducing agents. However, in the absence of 

septins, SAN1 becomes mislocalized and distributed throughout the cell. Depletion of 

septins also results in a decrease in HR and end-resection. This suggests septins are 

necessary for the proper response to ICL by regulating SAN1 localization and activation. 

Taken together, these data demonstrate that mammalian septins play a role in the DDR 

and highlight an unexpected link between cytoskeletal elements and DNA damage 

signaling. 
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Chapter 1: Introduction 

 

 The coordination of many molecular processes is essential for cellular survival. 

Discrete molecular pathways are becoming increasingly well understood, but the 

interconnectivity and coordination of multiple pathways remains less clear. This thesis 

work illustrates this by connecting cytoplasmic scaffolding proteins, namely septins, and 

cellular events in response to DNA damage, such as DNA repair. The inability of cells to 

properly respond to DNA damage can lead to apoptosis (cell death), genomic instability, 

and ultimately disease, premature aging and cancer. 

 

Septins 

 

 Septins are ubiquitous GTP-binding proteins that have been identified in nearly 

all eukaryotes, with the exception of land plants [1, 2]. They were first discovered in S. 

cerevisiae, as cell division cycle (CDC) genes, named cdc3, cdc10, cdc11, cdc12, with 

mutations in any of these four genes resulting in defects in cytokinesis [3]. The protein 

products of these genes were named septins and were shown to localize as rings at the 

site of the emerging bud neck [4-6]. There is variability in the number of septin genes 

between organisms, with humans having 13 genes (SEPT1-SEPT12 and SEPT14), many 

of which undergo alternative splicing in addition to multiple pseudogenes [7]. These 

genes are further divided into four subgroups named after their founding members, 

SEPT2, SEPT3, SEPT6 and SEPT7 [2, 7, 8]. Seven of the septin genes, with at least one 
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from each subgroup, are expressed in all tissues, while the other six are tissue specific 

[2]. 

 There are multiple conserved features among all septins (Fig. 1.1A). The N-

terminus contains a variable proline-rich region and a polybasic region, which has been 

demonstrated to bind phosphoinositides and might target septins to the plasma membrane 

[8-10]. The central region contains a GTP-binding domain, through which septins interact 

with each other [11]. GTP hydrolysis has been observed from purified and recombinant 

septin complexes, and might regulate septin-septin interactions through conformational 

changes [8, 12-16]. The SEPT6 subgroup, however, is unable to hydrolyse GTP to GDP, 

and thus cannot be regulated by GTP hydrolysis like the other subgroups [8, 12]. C-

terminal to the GTP-binding domain are 53 highly conserved amino acids, with unknown 

function, called the septin unique element [17]. Except the SEPT3 subgroup, there also 

contains a C-terminal extension with a coiled-coil domain of varying length [8, 18]. This 

domain is important for septin-septin interactions in combination with the N-terminus, as 

well as interaction of septins with other proteins, such as the Cdc42 effector Borg3 [11, 

12, 16, 19, 20].  

Septins form as rod-shaped hetero-oligomers in a non-polar manner (Fig. 1.1B) 

and form as either six or eight subunit complexes containing members of SEPT2, SEPT6 

and SEPT7 in both complexes, with SEPT3 also present in the eight subunit complexes 

[11, 21-25]. In mammalian cells, similar to yeast, higher-order structures, such as rings, 

are found. Septin rings have been observed in the spermatozoa annulus, the base of 

primary cilia, at the base of dendritic spines, and during bacterial infection [26-36]. These  



Figure 1.1: Septin domain structure and filament assembly. (A) Schematic drawing 

of each septin group (figure from [8]). The 13 individual septin proteins are classified 

into four groups according to sequence homology and the ability to substitute for each 

other within a septin multimer. Domains consist of: N-terminal proline-rich domain (Pro-

rich), phosphoinositide-binding polybasic region (Polybasic), GTP-binding domain (GTP 

binding), septin unique element (SUE), and C-terminal coiled-coil domain (Coiled-coil). 

The N- and C-terminal regions vary in length and sequence. The SEPT6 group lacks a 

threonine residue (indicated by *), which prevents the proteins from hydrolyzing GTP-

GDP. (B) Surface representation of the SEPT2-SEPT6-SEPT7 complex, with two copies 

of each septin generating a hexameric complex (figure from [11]). The hexamer makes 

contacts with SEPT7 (in grey) to form septin filaments. Arrows indicate the presumed 

orientations of the coiled-coil domains, which are absent from the crystal structure. 
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ring-like structures are thought to act as subcellular scaffolds for protein recruitment and 

as diffusion barriers to compartmentalize membrane proteins to specific cellular domains 

[2, 37]. However these functions can also be attributed to septins not forming higher-

order structures, especially as a scaffold since there are many interacting partners and 

diverse molecular roles of mammalian septins. 

As described above, septins were initially characterized as genes with a role in 

cytokinesis, and this function is conserved to humans. Multiple septins have been shown 

to localize to the cleavage furrow during anaphase, and depletion of most septins results 

in cytokinetic defects, such as multinucleation, however the phenotype is not completely 

penetrant [14, 38-42]. The defects in cytokinesis caused by septin depletion can be 

attributed by a failure of certain factors to be recruited. This has been suggested by 

different studies, such as SEPT9, which has been implicated in mediating exocyst 

complex localization to the midbody during abscission [42]. In addition, SEPT1 and the 

SEPT2, SEPT6, SEPT7 complex have been shown to be necessary for proper localization 

of the Aurora B kinase and the motor protein CENP-E, respectively [41, 43, 44]. 

Consistent with this, septins also interact with the actin cytokeleton and microtubules [14, 

15, 39, 41, 45-50]. Septins interact with actin through proteins like anillin, which recruits 

septins to the actomyosin ring during cell division, non-muscle myosin II during 

interphase, a septin associated RhoGEF, and the Rho effector rhotekin [46, 51-53]. Septin 

association with microtubules is less well understood, with the microtuble-associated 

protein, MAP4, as the only known protein known to bridge this interaction [38, 54]. 
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In addition to their roles in cytokinesis, septins are associated with various other 

cellular processes. This includes acting as a scaffold at the plasma membrane, where they 

regulate the distribution of surface receptors, like the receptor tyrosine kinase MET [55]. 

Septin scaffolds also play a role in vesicle trafficking. Multiple septins interact with the 

exocyst complex and soluble NSF attachment protein receptors (SNARE), thus mediating 

vesicle fusion events by localizing the exocyst complex and regulating the availability of 

SNAREs for fusion [42, 49, 56-61]. Septins have also been involved in the endocytosis of 

receptors, such as GLAST, possibly through their interaction with dynamin [62, 63]. The 

involvement of septins at the membrane may also involve their direct interaction with 

phospholipids, which assemble into filaments and facilitate tubule formation of 

phospholipid-based liposomes using purified proteins [64]. In addition, septins have been 

shown to be important for cell motility by providing a scaffold for membrane 

reabsorption, and for contraction of the leading edge in cooperation with the actomyosin 

cytoskeleton [65, 66]. 

Septins are also implicated in other cellular process, although less well 

understood. Examples of these are a role in platelet function, cardiac myocyte 

development, parkinson’s pathogenesis, angiogenesis, cell proliferation, and 

tumorigenesis [67-75]. In addition, septins have been implicated in the DNA damage 

response (DDR) [76-78]. In humans, septins interact with suppressor of cytokine 

signaling 7 (SOCS7) and its binding partner non-catalytic region of tyrosine kinase 

(NCK), and retain these adaptor proteins in the cytoplasm at a steady state to regulate 

actin organization. However, following DNA damage SOCS7 translocates NCK to the 
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nucleus where it accumulates, although the significance of this accumulation is not well 

understood [76]. Although septin interaction with the actin cytoskeleton is well 

documented, the connection to the DDR is not well characterized. 

 

DNA Damage Response 

 

 Damage to DNA can occur from endogenous sources, such as natural products of 

metabolism, or exogenous sources, such as ultraviolet radiation (UV) and 

chemotherapeutic reagents (De Bont van Larebeke 2004). Although there are many 

agents that cause damage to DNA, they differ in the way they alter the DNA molecule. 

These include base-pair mismatches, stalled replication forks, oxidized and alkylated base 

modifications, pyrimidine dimers, a nick, single-stranded gaps, double-strand breaks 

(DSB), and interstrand crosslinks (ICL) (Fig. 1.2) [79-81]. Since undamaged DNA is far 

more abundant then damaged DNA, proteins are continuously monitoring for aberrant 

DNA structures and the magnitude of the response is amplified by the presence of DNA 

damage [81]. Some of the biochemical pathways elicited by DNA damage are DNA 

repair, transcriptional response, DNA damage checkpoints, chromatin remodeling, and 

apoptosis, collectively known as the DDR [82]. 

 

 

 

 



Figure 1.2: DNA lesions. DNA base and noncanonical DNA structures that elicit a DNA 

damage response (figure from [81]). O
6
MeGua indicates O

6
-methyldeoxyguanosine; T< 

> T indicates cyclobutane thymine dimer; Cross-link indicates a cisplatin G-G interstrand 

crosslink. 
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DNA Damage Checkpoints 

 

 DNA damage checkpoints are signaling transduction pathways to delay or arrest 

cell cycle progression in the presence of DNA lesions thus preventing chromosome 

alterations and cell death [83]. Four checkpoints have been described in eukaryotic cells. 

The G1/S checkpoint prevents cells from entering S phase by inhibiting replication, the 

intra-S-phase checkpoint blocks replication, the G2/M checkpoint prevents mitosis, and 

the replication (S/M) checkpoint inhibits mitosis and suppresses initiation of DNA 

replication [81, 84, 85]. 

 Like other signal transduction pathways, DNA damage checkpoints can be 

divided into components: sensors, mediators, transducers, and effectors. Sensors are 

recruited to sites of DNA damage and are necessary to initiate subsequent events [86]. 

Mediator proteins provide specificity by associating with sensors and transducers at 

certain cell cycle phases [81]. Transducers are kinases, which propagate the signal by 

phosphorylating and regulating downstream effectors to control cellular responses, such 

as cell cycle progression and DNA synthesis [85]. Proteins in the DNA damage 

checkpoint pathway are not restricted to a role in one component; for example sensors 

can also function as transducers. 

The earliest event in the DDR, and one of the most well studied, is the activation 

of the sensors ataxia telangiectasia mutated (ATM), ataxia telangiectasia and Rad3 

related (ATR) and DNA-dependent protein kinase (DNA-PK). ATM, ATR, and DNA-PK 

belong to the phosphoinositide 3-kinase-like kinase (PIKK) family of serine/threonine 
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kinases. Through the MRE11-RAD50-NBS1 (MRN) complex, a sensor of DSBs, ATM 

becomes activated by autophosphorylation at serine 1981, which dissociates inactive 

dimers to monomers [87, 88]. Although the MRN complex is necessary for activation of 

ATM at DSBs, ATM is regulated by other mediators, and even in the absence of damage 

through direct tethering to chromatin [89, 90]. Unlike ATM, the recruitment of ATR to 

DNA lesions is mediated by its binding partner ATR-interacting protein (ATRIP), which 

is recruited to replication protein A (RPA)-coated single-stranded DNA (ssDNA) [91]. 

DNA-PK is a heterotrimer of a catalytic subunit (DNA-PKcs) and the KU70/KU80 

dimer, which binds DNA ends and recruits and activates DNA-PKcs [92].  

According to the canonical model of PIKK activation, ATM and DNA-PK are 

activated by DSBs, while ATR responds primarily by stalled replication forks [81]. 

However, the sensing of damage and initial signaling of the DDR is more complex then 

this simplified model. Besides activating ATM, DSBs activate ATR, through 

ATM/MRE11-dependent end resection, which generates ssDNA [93, 94]. In addition, 

during replication fork stalling, or UV treatment, ATM and DNA-PK are phosphorylated 

and activated in an ATR dependent manner [95-97]. Thus, the PIKKs do not function 

independently of each other only in response to distinct types of DNA lesions, but instead 

act in concert. 

Once activated, the PIKK family initiates a signaling cascade with mediator 

proteins as the immediate downstream substrates, which act to recruit additional 

substrates, as scaffolds for complexes to form, and to maintain different DDR proteins at 

sites of damage. One of the earliest events is the phosphorylation of the histone variant 
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H2AX on serine 139 (γH2AX), which promotes recruitment of other DDR proteins 

including chromatin modifying complexes [98, 99]. Because of the prominence of 

phosphorylation as a mark of DNA damage signaling, many proteins also contain 

phospho-binding domains. These include Forkhead associated (FHA) and BRCA1 C-

terminal (BRCT) domains, which preferentially bind to phospho-serines and phospho-

threonines motifs in substrates phosphorylated by the PIKK family [100-102]. Proteins 

with FHA and BRCT domains interact with specific PIKK substrates, which leads to an 

accumulation of proteins near sites of DNA damage, which is observed as nuclear foci 

when visualized by indirect immunofluorescence or by expressing fluorescently tagged 

proteins [99, 103]. This leads to an amplification of the DNA damage signal and 

activation of the downstream kinases CHK1, CHK2, and MK2. 

Traditionally the DDR has been divided into two signaling branches, the 

ATR/CHK1 arm and the ATM/CHK2 module, with the more recently discovered MK2 

kinase sharing substrate homology with CHK1 and CHK2 [104]. The CHK1 protein 

plays a prominent role in the intra-S and G2/M checkpoints and is active in the absence 

of DNA damage [105-107]. The importance of CHK1 in the cell cycle is highlighted by 

the embryonic lethality in Chk1-deficient mice [108, 109]. However, CHK2 null mice are 

viable and display only a mild defect in the intra-S and G1/S checkpoints [110, 111]. 

CHK2 is largely inactive, yet stable, throughout the cell cycle, but following DNA 

damage, CHK2 is phosphorylated on threonine 68, which then leads to 

autophosphorylation and oligomerization activating the kinase [112-114]. However, 

similar to which types of DNA lesions activate the PIKK family, there is also overlap in 
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the activation of the checkpoint kinases with both checkpoint kinases being 

phosphorylated and activated by the other PIKK family members [115-118]. The targets 

of CHK1 and CHK2 are proteins involved in chromatin remodeling, damage-induced 

transcription, DNA repair, cell cycle arrest and apoptosis. Examples of these effector 

proteins include the cell cycle proteins CDC25A and CDC25C, the transcription factor 

E2F1, and the tumor suppressors BRCA1 and p53 [119-122]. 

DNA damage can induce cell cycle arrest or apoptosis, which is implemented 

primarily by p53. Multiple models exist that explain how this decision is determined, 

with none of them being mutually exclusive, and probably a combination of all of them 

contributing to the process. A common model suggests the amount of accumulated p53 

dictates cell fate, where a low level of p53 results in cell cycle arrest, and it is not until 

higher levels are reached when apoptosis occurs [80, 123]. Under normal conditions, p53 

protein stability and activity are inhibited through its interaction with the ubiquitin ligase, 

MDM2, which targets p53 for degradation [124]. In response to a variety of stimuli, 

including DNA damage, p53 is rapidly stabilized and activated [125]. Stability occurs 

through post-translational modifications of p53, or MDM2, leading to accumulation of 

the p53 protein [126]. 

There are over 30 different sites of modification on p53 including 

phosphorylation, ubiquitination, sumoylation, acetylation, methylation, and ADP-

ribosylation [127]. The majority of these modifications are phosphorylations, which 

occur in the amino-terminus, where they mostly regulate protein stability, and the 

carboxyl-terminus, where they mostly enhance DNA binding [126]. Phosphorylation of 
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p53 at serine 15 occurs rapidly in response to DNA damage and has been proposed as a 

priming event for other modifications to occur [128, 129]. Multiple DDR kinases 

phosphorylate p53, including ATM, ATR, DNA-PK, CHK1, and CHK2 [120, 125, 130-

132]. It has also been shown that p53 binds to DNA strand breaks, suggesting p53 might 

play a role in detection or amplification of DNA damage signaling [126, 133]. Thus, the 

influence of upstream signals may also drive cell fate decisions, which could affect p53 

levels and post-translational modifications to accommodate the appropriate cellular 

response. 

The primary role of p53 in apoptosis is to act as a transcriptional activator of 

multiple pro-apoptotic genes, such as BAX, and transcriptional repressor of a subset of 

genes, such as Survivin [134, 135]. In mammalian cells, apoptosis occurs through either 

an extrinsic or intrinsic pathway. The extrinsic pathway is induced by pro-apoptotic and 

pro-inflammatory cytokines, which bind to death-domain receptors resulting in the 

formation of intracellular death-induced signaling complexes [136]. These complexes can 

lead to direct activation of caspases, by activating upstream caspases, such as Caspase-8, 

or amplification of the cell death signal, by activating the pro-apoptotic proteins, which 

cause mitochondrial damage [136, 137]. The intrinsic apoptotic pathway is initiated by 

transcriptional upregulation, or activation, of pro-apoptotic members of the BCL2 family 

[138]. Activation of pro-apoptotic proteins leads to inhibition of anti-apoptotic members 

of the BCL2 family. Anti-apoptotic members of the BCL2 family protect cells by 

preventing caspase activation, via adaptor molecules, as well as protecting the integrity of 

the mitochondria, through inhibition of the pro-apoptotic BCL2 family members BAX 
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and BAK [138]. Activation of BAX and BAK lead to mitochondrial damage and 

cytochrome c release, which promotes the formation of the heptameric apoptosome 

complex [136, 138]. This leads to activation of Caspase-9, which in turn cleaves and 

activates downstream caspases, including Caspase-3, that carry out apoptosis [139]. 

Another possible outcome if DNA damage is especially severe, besides apoptosis, 

is for cells to undergo senescence. Cellular senescence is an irreversible cell-cycle arrest 

that is implemented by the DDR, however the mechanism of choice between apoptosis ad 

senescence is not clear [140]. The establishment of cellular senescence is associated with 

prolonged DNA damage signaling leading to persistent foci of DDR proteins, especially 

at short telomeres [141, 142]. These foci are likely a result of DNA lesions unable to be 

repaired, thus prompting cellular senescence, or death, presumable to eliminate cells with 

potentially dangerous mutations. 

 

DNA Repair 

 

 A major element of the DDR is the detection and repair of DNA damage to 

prevent genomic instability and to avoid transmission to progeny. The initiation of cell 

cycle checkpoints and execution of DNA repair are intertwined, and although they are 

discussed independently, they occur simultaneously and utilize some of the same 

proteins. Multiple repair pathways have evolved, which act independently although there 

is often crosstalk, to combat the variety of DNA lesions that can occur. These include 

base excision repair (BER), single strand break (SSB) repair, mismatch repair (MMR), 
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nucleotide excision repair (NER), non-homologous end joining (NHEJ), and homologous 

recombination (HR) (Fig. 1.3). Another repair pathway that is thought to integrate 

components of all the other repair pathways is DNA ICL repair. It remains perplexing 

how a cell decides which repair pathway to utilize given the plethora of DNA lesions and 

the overlap among detection and repair pathways. 

 

Base Excision and Single Strand Break Repair 

 

 The BER pathway is the most adaptable repair pathway, responsible for the repair 

of damage to DNA bases produced by oxidation, alkylation, hydroxylation, or 

deamination [143, 144]. BER is initiated with excision of a damaged base by a damage-

specific DNA glycosylase, leaving an apurinic or apyrimidinic (AP) site [144]. These AP 

sites, which also occur by the spontaneous hydrolysis of bases, are removed by an AP-

endonuclease, or the AP lyase activity of bifunctional DNA glycosylases [143, 144]. This 

leaves a SSB, which can also arise through reactive oxygen species (ROS) or stalled 

topoisomerase activity, and where BER and SSB repair converge [145]. Although the 

detection of the SSB is different between BER and SSB repair, the latter utilizing PARP, 

the two pathways share similar end processing and gap filling mechanisms [145, 146]. 

The processed SSB is filled in by one of two sub-pathways, short-patch BER, which fills 

a one-nucleotide gap through DNA polymerases, or long-patch BER, where the repair 

size is two to eight nucleotides and removed as a ssDNA flap, before the final step of 

DNA ligation [144, 145]. 



Figure 1.3: DNA repair mechanisms. Simplified models of various forms of DNA 

repair pathways (figure from [157]). See text for details. 
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Mismatch Repair 

 

 Unlike other DNA repair pathways that recognize aberrant DNA structures, MMR 

has evolved to correct errors that escape the DNA proofreading capabilities of DNA 

polymerases during replication. MMR can be broken up into three steps, licensing, or 

recognition of the mismatch, degradation of the strand with the mismatch, and resynthesis 

to restore the damaged DNA [147, 148]. Also unique to MMR is strand discrimination, 

which is vital to restore the genetic information. In prokaryotes this is determined by 

recognition of a hemimethylated dam site located near the mismatch [143, 149]. 

However, in eukaryotes the strand containing the mismatch is marked with proliferating 

cell nuclear antigen (PCNA), which activates and orientates the nucleases involved in the 

degradation of the damaged strand [147, 150]. In addition to repairing a single nucleotide 

mismatch, MMR also corrects insert and deletion loops and is involved in the metabolism 

of trinucleotide repeats and antibody maturation [147]. 

 

Nucleotide Excision Repair 

 

 The NER pathway recognizes bulky, helix-distorting lesions occurring from 

chemical modification of DNA bases, such as generated from UV, which is not repaired 

by BER [151]. There are two subpathways of NER, global genome NER (GG-NER), 

which senses reduced rigidity of DNA from helix distortion, and transcription-coupled 

NER (TC-NER), which recognizes lesions which block RNA polymerase II during 
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transcription [152]. Although, GG-NER and TC-NER differ in how they sense DNA 

damage, they share a common mechanism for the remaining repair steps. During this 

process, two incisions, one on the 5’ side of the lesion by ERCC1-XPF, and one on the 3’ 

side by XPG, release 24-32 nucleotides containing the lesion, which is then filled in by 

one of three polymerases using the undamaged strand as a template [153-156]. 

 

Double-Strand Break Repair 

 

 One of the most lethal DNA lesions is the DSB, generated by environmental 

factors like ionizing radiation and chemical agents, or from replication fork stalling and 

as intermediates of recombination, of which a single unrepaired DSB is sufficient to 

cause cell death [157-159]. There are two major pathways devoted to repairing DSB, 

NHEJ and HR. These two pathways differ, as their names suggest, in whether they use a 

homologous sequence to repair the break. They also differ in when they are utilized 

during the cell cycle and the context of the DSB, such as during the collapse of a 

replication fork, where there is only one end available and thus NHEJ can not be used 

[157]. NHEJ is active throughout the cell cycle, while HR, since it requires a homologous 

sequence for repair, is generally restricted to S and G2 phases [99, 160, 161]. Although 

these two pathways are complementary there is also competition in determining the 

choice between the two pathways, which mainly resides in DSB recognition and initial 

end processing. 
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Non-Homologous End Joining 

 

 NHEJ is the dominant DSB repair pathway in higher eukaryotes and essentially 

rejoins the broken ends. During NHEJ, the DSB is recognized by the Ku70/Ku80 dimer, 

which binds to each side of the break and recruits DNA-PKcs, forming the DNA-PK 

holoenzme [92]. If the ends are not compatible, minimal end processing occurs by 

nucleases and polymerase to either remove or fill-in ssDNA overhangs to form ligatable 

termini for the DNA ligase IV/XRCC4 and XLF/Cernunnos complex [162-165]. Since 

NHEJ may result in small insertions or deletions of DNA at the DSB location it has been 

considered an error-prone repair mechanism. There are also alternative end-joining 

pathways, microhomology-mediated end-joining (MMEJ) and single-strand annealing 

(SSA), that rely on terminal microhomologies for the joining reactions, leading to larger 

deletions, 5-25 basepairs and more than 30 basepairs respectively, opposed to the 1-4 

nucleotide deletions and insertions of the classical NHEJ pathway [166, 167]. These 

alternative end-joining subpathways utilize components of the NHEJ and HR pathways, 

however because of their propensity to delete genetic information are likely to be highly 

mutagenic in vivo [168]. 

 

Homologous Recombination 

 

 Unlike NHEJ and alternative end-joining, HR is an error-free pathway for DSB 

repair, utilizing duplicate DNA as a source of sequence homology. During HR, the DSB 



 22 

is recognized by the MRN complex, which besides binding and tethering the broken 

DNA ends, also, through Mre11, processes the ends, possible removing modified ends 

[169, 170]. The DNA ends are then further processed by 5’ to 3’ degradation creating 3’ 

ssDNA, which is coated with RPA before being displaced by the recombinase Rad51, 

which invades a homologous DNA region to use as a template for DNA synthesis [171].  

A shared step among the different DSB repair pathways, and a process thought to 

influence the choice of pathway is DNA end resection. DNA end resection, once started, 

makes the DNA ends poor substrates for the Ku70/Ku80 dimers, thus directing repair of 

DSB towards the HR pathway [172-174]. The initiation of DNA end resection is 

promoted by cyclin-dependent kinases (CDK), thus providing a mechanistic link to cell 

cycle control of pathway choice [172]. CDK phosphorylation of NBS1 of the MRN 

complex, and its cofactor C-terminal binding protein interacting protein (CtIP) are 

important steps in controlling the initiation of DNA end resection [175-177]. CtIP is 

required for promoting the nuclease activity of MRE11 of the MRN complex to carry out 

initial limited end resection [178]. Phosphorylation of CtIP by CDKs, besides facilitating 

its association with NBS1 and CtIP, also facilitate its association with BRCA1 [177, 179, 

180]. One way in which BRCA1 promotes DNA end resection is through displacing 

53BP1 at DSB ends [181, 182]. 53BP1 promotes NHEJ, particularily during DSB repair 

of heterochromatic DNA, uncapped telomere rejoining, long range V(D)J recombination 

and class switch recombination [183]. However, 53BP1 also blocks HR through RIF1 to 

impair DNA end resection illustrating a competition between 53BP1 promoted NHEJ and 

BRCA1 promoted HR [184-187]. This is further supported in Brca1-deficient mice where 
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the embryonic lethality, genomic instability, and HR defect is rescued by deletion of 

53BP1 [182, 188, 189]. 

While the MRN/CtIP complex initiates end resection, the nuclease and helicase 

activity of other proteins are responsible for generating extensive ssDNA. The two 

activities, helical unwinding and single-strand specific degradation, are a conserved 

mechanism [174, 190]. The multifunctional enzyme, RecBCD, or the combined activities 

of the RecQ helicase and the RecJ exonuclease, in E. coli performs end resection [174, 

191]. In yeast, two similar pathways, perform this function. A RecQ homolog, Sgs1, 

along with Dna2, a helicase and flap-endonuclease, or the exonuclease Exo1, perform 

extensive resection [173, 174, 192-194]. In human cells, the RecQ homolog, BLM, has 

been shown to stimulate end resection in vivo and in vitro through direct interactions with 

either the exonuclease EXO1 or endonuclease DNA2 [192, 195-197]. However, unlike 

yeast where Exo1 can function independently of Sgs1, in human cells, EXO1 is 

stimulated by BLM by increasing EXO1 affinity for DNA ends [195]. In addition to 

BLM, humans have four other RecQ homologs, WRN, RECQ4, RECQ1, and RECQ5 

[198]. RECQ5 has been shown to be recruited to sites of DSB by MRE11, and WRN has 

been implicated as an alternative end resection pathway with EXO1, but not DNA2 [195, 

197, 199]. Although in Xenopus cell-free extracts, WRN and DNA2 function in end 

resection [200]. Extensive end resection leaves long stretches of ssDNA, which are 

coated with RPA. As a result, RPA foci can be used as an indirect measurement of end 

resection [173].  
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RPA coated ssDNA serves many roles during DNA repair and signaling besides 

protecting the unstable ssDNA from further degradation. RPA is a target of 

phosphorylation by the PIKK family in response to DNA damage, recruits ATR through 

ATRIP binding to RPA-coated ssDNA, and stimulates DNA2 and EXO1 mediated end 

resection [93, 195, 201]. Although RPA coated ssDNA is a prerequisite for RAD51 

loading, RPA also exerts an inhibitory effect by excluding the loading of the recombinase 

[202]. Recombination mediators overcome this inhibition by facilitating the loading of 

RAD51 to form the presynaptic filament. A key mediator is BRCA2, which promotes 

RAD51 filament assembly onto ssDNA and stabilizes RAD51 nucleoprotein filaments by 

blocking its ATPase activity, which inactivates and turns over RAD51 [203-205]. 

BRCA2 also interacts with other proteins to mediate RAD51 loading, specifically partner 

and localizer of BRCA2 (PALB2) [206]. PALB2 interacts with BRCA1 and BRCA2, 

thus linking end resection and presynaptic filament formation [207-209]. There are also 

five paralogues to RAD51 in humans (RAD51B, RAD51C, RAD51D, XRCC2, XRCC3), 

which are thought to influence the stability and assembly of the RAD51 presynaptic 

filament [202]. 

Once formed, the RAD51 coated ssDNA nucleoprotein filament invades and 

searches for homologous sequence in double-stranded DNA (dsDNA), forming a 

displaced strand called a D-loop [210]. This process is performed by RAD54, or the 

paralogue RAD54B, which interacts with RAD51 during homology search, chromatin 

remodeling, and D-loop formation, and finally displaces RAD51 in a dsDNA and ATPase 

dependent manner [202]. A factor promoting D-loop formation is RAD51AP1, which 
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interacts and enhances the recombinase activity of RAD51 [211, 212]. Also, in BRCA2-

defective cells, RAD52 interacts with RAD51 and performs a stimulatory role in strand 

invasion and homologous pairing, in addition to mediating the alternative end-joining 

pathways SSA [167, 213, 214]. After DNA strand invasion, synthesis is performed by a 

number of DNA polymerases to restore the nucleotides removed during end resection 

using the donor strand as a template [210]. Depending on how the newly synthesized 

DNA is resolved there are three different subpathways of HR. In the classical HR 

pathway second end capture occurs, where the other end of the break is captured by the 

displaced template strand during D-loop formation, extended, and the newly synthesized 

DNA is ligated with the end of the resected strands forming Holliday junction 

intermediates, which are then resolved to form crossover or non-crossover products [210, 

215]. Alternatively, the newly synthesized DNA can be displaced and reannealed in a 

process called synthesis-dependent strand annealing (SDSA), or after the initial strand 

invasion the synthesis can continue to the end of the chromosome in a process called 

break-induced replication (BIR) [174]. 

 

Interstrand Crosslink Repair 

 

An especially toxic DNA lesion is an ICL, which covalently links the two DNA 

strands together, thus preventing cellular processes such as replication and transcription. 

Although ICLs can form from the by-products of lipid peroxidation, most arise from 

exposure to environmental mutagens, such as chemotherapeutic drugs [216]. There are 
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four main classes of ICL-inducing agents (platinum compounds, mitomycin C and 

furocoumarins, psoralens, and nitrogen mustards), with differences in their cellular 

uptake, base and sequence specificity, DNA distortion, and other types of DNA lesions 

they produce, but the mechanism of action of all ICL are generally the same [216-219]. 

One reason for this is that even though ICLs may represent only a small fraction of total 

DNA adducts formed, they are thought to be the main cause of toxicity such that 

cytotoxicity is linked to the number of ICLs formed [217]. 

Cellular recognition of ICLs occurs during S phase, by replication fork collision, 

but also during G1 phase, by a block in transcription, and in untranscribed regions of the 

genome [219]. In general, when an ICL is detected by a block in transcription, or in 

quiescent DNA, the TC-NER, or GG-NER pathways, respectively, are recruited to 

remove the lesion [218, 219]. When an ICL is detected during S-phase, a HR component 

is necessary to repair a DSB generated during the repair process [220-223]. In both cases, 

because the ICL binds to both strands of the DNA, there is not a copy for retaining 

genetic information, thus leading to the accumulation of mutations at the site of the ICL 

[219, 221]. A simplified model of ICL repair includes components of the NER pathway, 

translesion synthesis (TLS), which is an adduct tolerance pathway, and HR when a 

homologous template is present (Fig. 1.4). In this model, the NER proteins recognize the 

ICL and unhook the lesion by performing incisions on either side of the ICL on one of 

the DNA strands [218, 224]. The now mono-adduct is flipped-out and the resulting gap is 

filled in by TLS polymerases before the remaining adduct is excised in a NER dependent 

manner [218, 224]. If repair is in the context of a replication fork, a DSB is formed,  



Figure 1.4: Model of interstrand crosslink repair. In G0/G1 phase of the cell cycle, 

NER proteins make an initial excision of the ICL, and if a futile cycle of ligation and 

excision does not occur, the flipped out lesion is followed by translesion synthesis and 

excision of the damaged DNA. During S phase of the cell cycle a replication fork 

encounters the damaged lesion leading to the collapse of the fork. If the ICL was partially 

processed this would lead to a one-sided double-strand break. If the ICL is first 

recognized by a replication fork, HR-mediated replication fork stabilization by 

components of the Fanconi anaemia pathway, allows coordinated incisions 5’ and 3’ of 

the lesion. After unhooking, translesion synthesis past the flipped out lesion occurs, HR is 

then completed along with removal of the lesion and replication is re-established. If a 

second replication fork encounters the ICL from the opposite direction, unhooking and 

translesion synthesis occurs as described for a single replication fork. However, extension 

of the leading strand of one fork would join with the lagging strand of the other fork, 

followed by end capture, extension and joining of the other lagging and leading strands. 

This would generate a double Holliday junction, which would be resolved either by a 

helicase or structure-specific nucleases. (Figure from [216]). 
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which is repaired through a HR dependent manner [218, 221]. Although this model 

implies every step leading up to HR is identical, different protein complexes are 

involved, influenced by the phase of the cell cycle, but also by the chemical nature of the 

ICL [219]. 

At the heart of ICL repair encountered during replication is the Fanconi anaemia 

(FA) pathway. The blocked replication fork is recognized by the FANCM and FAAP24 

heterodimer, which is constitutively bound to chromatin through an interaction with the 

histone-fold-containing proteins MHF1 and MHF2 [225-228]. FANCM then enables 

access, through branch migration activity, and recruits the core FA complex [229-231]. 

The core FA complex, consists of seven additional FA proteins FANCA, FANCB, 

FANCC, FANCE, FANCF, FANCG, and FANCL, in addition to FANCM, as well as two 

additional FA accessory proteins, FAAP100 and FAAP20, in addition to FAAP24 [216, 

218, 224, 232, 233]. The activity of the core complex is the monoubiquitination of two 

additional FA proteins, FANCI and FANCD2, leading to their retention on chromatin 

[234, 235]. The ubiquitin ligase activity of the complex is through the E3 ligase FANCL, 

with UBE2T functioning as the E2 ligase [236-238]. Loss of any component of the core 

complex leads to failure of ubiquitination, even in the case of FANCM or FAAP24 

depletion, when the rest of the core complex forms, suggesting monoubiquitination of 

FANCI and FANCD2 may only occur on chromatin [230, 239, 240]. 

Downstream of FANCI and FANCD2 monoubiquitination is the coordination of 

multiple nuclease, polymerases, and helicases to remove the ICL and restore DNA 

integrity. A key scaffold, and cofactor is FANCP, also known as SLX4, that functions 
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with the structure-specific nucleases XPF-ERCC1, MUS81-EME1, and SLX1, which are 

endonucleases with a preference for 3’-flap structures involved in unhooking the lesion 

and other downstream events such as HR [241-247]. Two proteins specifically interacting 

with the ubiquitinated forms of FANCD2 and FANC1 are the nuclease, FAN1, and the 

TLS polymerase, POLN [248-252]. While the exact function of these proteins is not 

clear, the requirement of multiple nucleases and polymerases are necessary for resolution 

of the ICL. Another recently identified exonuclease, SNM1A, works in concert with 

XPF-ERCC1 after the initial incision during unhooking to remove ssDNA past the lesion, 

thus creating a potential substrate for TLS polymerases [253]. In addition to the 

recruitment of POLN, several other TLS polymerases have also been implicated in ICL 

repair [216, 218]. 

Following unhooking of the lesion and TLS, a DSB must form for HR to occur. 

There are multiple models of how this process might occur. The main difference between 

these models is whether one fork encounters the ICL or if two forks converge on the 

lesion. If one fork encounters the ICL, this can lead to a collapsed fork if the unhooking 

occurs before the fork encounters the lesion, or a stalled fork if, as described above, the 

FA core complex recognizes the lesion and stabilizes the fork [216]. The one-sided DSB 

undergoes end resection, strand invasion, and following extension the replication fork 

would be regenerated [221]. There is also evidence that certain HR proteins, specifically 

RAD51C, also known as FANCO, which has a more specific role in one-sided opposed 

to two-sided DSBs [254, 255]. If two forks converge on the ICL, which might occur in 

late S phase, then second end capture and synthesis would lead to the formation of 
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Holliday junctions [216]. The resolution of these structures is dependent on BLM, 

through an interaction with the FA core complex [256, 257]. However, in the absence of 

BLM, other nucleases resolve Holiday junctions, such as MUS81-EME1, SLX1-SLX4, 

and the resolvase GEN1 [257]. Although the mechanistic details of HR during ICL is still 

poorly understood, there appears to be unique features compared to HR occurring during 

repair of DSB formed from other sources. For example, RAD51 appears to be recruited to 

ICL stalled forks prior to DSB formation, which inhibits the MRN complex most likely 

to prevent extensive end resection and to promote strand invasion as soon as possible 

[223, 258]. Also, the MCM8 and MCM9 helicase appears to be necessary for HR in the 

context of ICLs, performing a function in the recruitment of RAD51 [259-261]. 

 

DNA Damage Response and Human Disease 

 

 While most of our knowledge of the DDR has come from studies in yeast, the 

study of human genetic diseases has led to not only an understanding of the underlying 

cause of the disease, but also a greater understanding of DNA damage signaling and 

repair. The disorders range from neurodegenerative and neuromuscular diseases, to 

immune deficiencies, stem cell dysfunction, and in many cases predisposition to cancer 

[262, 263]. In many cases a single mutated gene causes the disease, while others result 

from more global defects in the DDR, such as DNA repeat instability and increased ROS 

[262]. 
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 The accumulation of DNA lesions through an impairment of the DDR and 

defective DNA repair results in many types of human diseases. The accumulation of 

lesions, possible through increased ROS, in neurons is associated with many 

neurodegenerative disorders, such as Alzheimer’s, Parkinson’s, and Huntington’s [264, 

265]. Similarly, the accumulation of DNA repeats, typically a trinucleotide motif is 

involved in many diseases, such as myotonic dystrophy and Fragile X syndrome [262, 

266]. While increased ROS may have a role in these processes, this also suggests BER 

and SSB repair might be involved, and as shown to be the case for diseases such as 

spinocerebellar ataxia with axonal neuropathy (SCAN1) and ataxia with oculomotor 

apraxia 1 (AOA1) [262, 263]. 

 There are many human disorders resulting from defective DNA damage signaling 

resulting from mutations in key molecules. An example of this is ataxia telangiectasia 

(AT), which is caused by a mutation in ATM, as the name indicates [267]. AT is an 

autosomal recessive neurological disorder with cerebellar degeneration, predisposition to 

cancer, radiation sensitivity, and immunodeficiency [262, 263, 267]. Similarly, defects in 

ATR, or ATRIP, cause Seckel syndrome, also an autosomal recessive disease, 

characterized by microcephaly, growth retardation and developmental delays [268]. As 

mentioned above, the MRN complex is involved in detecting DSBs and defects in these 

proteins give rise to AT-like disorder, Nijmegen breakage syndrome (NBS), and NBS-

like syndrome, caused by mutations in the MRE11, NBS1, and RAD50 genes, respectively 

[263]. While these disorders are characterized by many symptoms in addition to cancer 

predisposition, many DDR components, when mutated, are characterized by early onset 
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to many tumors. These include p53 and Chk2, which are mutated in Li-Fraumeni 

syndrome, BRCA1 and BRCA2, which give rise to familial breast cancer went mutated, 

and Chk2, ATM, the MRN complex, PALB2, and other genes, which when mutated give 

rise to non-familial breast cancer [262, 263]. In addition, Lynch syndrome is caused by 

defects in the MMR pathway, which leads to microsatellite instability and predisposes 

individuals to colon, gastric and endometrial carcinomas [269]. 

 Defects in DNA repair pathways also lead to human diseases. As already 

mentioned, defects in MMR, BER, SSB repair and DSB, specifically HR, through other 

repair proteins, such as BRCA1, lead to human disease. This is also true for the other 

repair pathways. Defects in NHEJ, such as hypomorphic mutations in DNA ligase IV, 

cause LIG4 syndrome [270]. Mutations in the NER pathway lead to Xeroderma 

pigmentosum (XP), Cockayne syndrome (CS), and tricothiodystrophy (TTD), all 

characterized by hypersensitivity to UV light [271]. XP was the first human disorder 

characterized by a defect in DNA repair [272]. There are seven complementation groups 

plus one variant form, which have lead to the identification of the appropriately named 

proteins XPA to XPG and XPV, also known as DNA Pol η [273]. Similarly, many of the 

proteins involved in ICL repair have been named after the complementation groups 

within the disease FA. FA is a rare recessive chromosomal instability disorder 

characterized by bone-marrow failure, congenital abnormalities, infertility and increased 

susceptibility to haematological and solid tumors [216, 224, 274]. There are 14 

complementation groups involving 15 genes identified to date, although there are still 

some patients who have not had a mutated gene identified [224]. As mentioned above, 
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ICL repair utilizes proteins from other repair pathways, and thus defects in ICL repair not 

only lead to FA, but other diseases such as XP, karyomegalic interstitial nephritis (KIN), 

which has been linked to mutations in FAN1, and Blooms’s syndrome, which results 

from a mutation in BLM [91, 275]. Knowledge gained from studying this non-exhaustive 

list of human diseases caused by defects in the DDR leads to an increase in the basic 

understanding of how these conditions occur, the pathways involved, and eventually a 

better understanding and treatment of these and other human diseases. 

 

Research Objectives 

 

 The functions of mammalian septins are still being defined and recent advances 

point to their role in multiple biological processes. One such function that septins have 

been implicated in, but not well defined, is the DDR. It is surprising that septins, a 

cytoskeletal element, might play a role in this nuclear event, but not entirely unexpected 

considering recent proteomic screens have suggested septins, as well as other proteins 

involved in various cellular processes, could be involved in the DDR. These screens, 

among other advances, highlight how complex the DDR is. Understanding how these 

seemingly different cellular pathways intersect and coordinate is important to fully 

elucidating this response mechanism, as well as potentially shed light on various diseases 

and treatment options. 

The objectives of this research were to expound upon the previous data of 

mammalian septins in the DDR and to explore the possibility of other factors involved in 
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this connection. Previous data in the lab demonstrated an involvement of septins in the 

DDR, through the adaptor proteins NCK and SOCS7, but the function of this pathway 

was not clearly defined. As such, the first objective of this research was to further explore 

the role of the septin associated adaptor proteins, NCK and SOCS7, in the DDR. This 

work led to a role of the adaptor protein NCK in UV-induced p53 phosphorylation and 

apoptosis. The other goal of this research was to explore the possibility that other septin 

associated proteins might be involved in the cellular response to DNA damage. This 

objective led to the discovery of a novel septin associated nuclease and the implication of 

septins in a DNA repair process. These discoveries have further defined and revealed 

novel pathways connecting septins to the DDR, the identification and characterization of 

a new nuclease involved in ICL repair, and demonstrating the importance of 

interconnectivity and coordination of various proteins and pathways during this cellular 

response to DNA damage. 
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Chapter 2: Depletion of the Adaptor Protein NCK Increases 

UV-Induced p53 Phosphorylation and Promotes Apoptosis 

 

Errington TM, Macara IG 

PloS ONE. 2013 Sep 23;8(9):e76204. 
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Abstract 

 

The cellular response to DNA damage requires the coordination of many proteins 

involved in diverse molecular processes. Discrete molecular pathways are becoming 

increasingly well understood, but the interconnectivity and coordination of multiple 

pathways remains less clear. We now show that NCK, an adapter protein involved in 

cytoskeletal responses to tyrosine kinase receptor signaling, accumulates in the nucleus in 

response to DNA damage and this translocation can be blocked by specific inhibition of 

the ATR protein kinase. Strikingly, HeLa cells depleted of NCK undergo apoptosis 

shortly after UV irradiation, as monitored by caspase-3 cleavage and PARP cleavage. 

This rapid, hyperactive apoptosis in NCK depleted cells might be p53 dependent, because 

loss of NCK also increased UV-induced p53 phosphorylation. Importantly, depletion of 

SOCS7, which is necessary for NCK nuclear translocation, phenocopies NCK depletion, 

indicating the nuclear accumulation of NCK is responsible for these molecular events. 

There are two NCK isoforms that have mostly redundant functions, and although NCK2 

appears to have a greater contribution, depletion of NCK1 or NCK2, led to increased p53 

phosphorylation and early apoptosis after UV exposure. These data reveal a novel 

function for NCK in regulating p53 phosphorylation and apoptosis, and provide evidence 

for interconnectedness of growth factor signaling proteins and the DNA damage 

response. 
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Introduction 

 

Damage to DNA can occur from endogenous sources, such as reactive oxygen 

species and short telomeres, or exogenous sources, such as ultraviolet light (UV) and 

ionizing radiation (IR) [79]. The cellular response to DNA damage involves the 

recognition of damage, resulting in the initiation of a signal that is transmitted to 

mediator and signaling kinases, which then act upon different target proteins to mount an 

appropriate response, such as cell cycle arrest and DNA repair, or apoptosis [82]. Failure 

to mount an effective DNA damage response (DDR) leads to genetic instability, with 

impacts on aging, development, and cancer [262]. Three key protein kinases in the DDR 

pathway are ATM, ATR, and DNAPK, members of the phosphoinositide-3-kinases 

related kinase (PIKK) family, which phosphorylate multiple proteins, including the 

histone variant H2AX, the checkpoint protein CHK2, and the tumor suppressor p53, to 

initiate a signaling cascade [98, 99, 118, 128, 276]. A proteomic screen for substrates of 

ATM and ATR revealed over 700 proteins phosphorylated in response to IR or UV, a 

surprising number of which are associated with signaling pathways quite distinct from the 

DDR, illustrating the broad potential for intersection of multiple cellular processes [277]. 

 NCK (non-catalytic (region of) tyrosine kinase adaptor protein) is part of a family 

of Src homology domain containing adaptor proteins, which are composed almost 

entirely of protein-protein interaction domains with no known catalytic activity [278]. 

Similar to other members of this family, NCK has been shown to couple signals from 

activated receptor tyrosine kinases to downstream effectors through its various SH 
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domains [279]. In mammals there are two isoforms of NCK, NCK1 and NCK2, which 

share 68% amino acid identity and have been considered functionally redundant [280-

282]. NCK is predominantly cytoplasmic but, unexpectedly, continually shuttles in and 

out of the nucleus, as determined by the nuclear accumulation of NCK in cells treated 

with leptomycin B [76]. A binding partner of NCK, SOCS7 (suppressor of cytokine 

signaling 7) has been identified as the carrier protein that mediates the nucleo-

cytoplasmic translocation of NCK [76, 283]. An earlier study from our group identified 

an unexpected link between NCK, SOCS7, and the DDR, through the nuclear 

accumulation of NCK following UV damage [76]. 

 In this study we address the functional significance of UV-induced nuclear 

accumulation of NCK. We discovered that depletion of NCK in HeLa cells leads to 

apoptosis shortly after UV damage, possibly by increased phosphorylation of p53. 
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Materials and Methods 

 

Cell Culture, Constructs, and Transfections 

HeLa, MCF7 and 293T cells were purchased from ATCC and grown in DMEM 

supplemented with 10% fetal calf serum. pK-GFP-NCK1, pK-GFP-NCK2, pK-myc-

NCK1, and pK-myc-NCK2 constructs were generated by cloning NCK1 and NCK2 into 

BamHI/EcoI sites of pKGFP or pKmyc vectors. siRNAs were purchased from Thermo 

scientific: siControl (custom, described previously [38], siNCK1 (M-006354-01), 

siNCK2 (M-0197547-01), siCHK2 (M-003256-06), siSOCS7 (M-027197-00), siNCK2#2 

(GGAAGUGGCGCUCGUGCAU). Knockdown transfections with siRNA were 

performed with Lipofectamine RNAiMAX (Invitrogen) and transfected 16 hr after 

plating then transfected a second time 48 hr after the first transfection following the 

manufacturer suggested amount of reagent, siRNA and media.  Overexpression 

transfections were performed with Lipofectamine 2000 (Invitrogen) as described 

previously [284]. Cells were treated, as indicated, 24 hr after transfections. Unless 

indicated otherwise, siNCK indicates equal amounts of siNCK1 and siNCK2 siRNA were 

transfected and GFP-NCK indicates equal amounts of GFP-NCK1 and GFP-NCK2 were 

transfected. 

 

Immunofluorescence 

Cells were grown on Lab-Tek II chambers (Nunc) and, when indicated, treated with 50 

J/m
2
 UV, 10 µM etoposide (Sigma) or 10 Gy IR and allowed to recover for 2 hr or 1 hr 
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before being fixed in 3.7% paraformaldehyde in PBS. Cells were permeabilized and 

blocked in 0.3% saponin with 0.5% BSA in PBS for 1 hr before incubation with 

antibodies. Antibody incubations and washes were carried out in 0.3% saponin with 0.5% 

BSA in PBS. Where indicated cells were pretreated with 50 µM wortmannin (Sigma), 5 

µM ATR inhibitor, VE-821 (3-amino-6-(4methylsulfonyl_phenyl-N-phenylpyrazine-2-

carboxamide), (described previously [285]), (a gift from David Cortez (Vanderbilt 

Univ.)), or vehicle (DMSO) for 30 min prior to UV treatment and then allowed to recover 

2 hr in the presence of wortmannin, ATR inhibitor, or vehicle. Primary antibodies used 

were: mouse anti-NCK (1:250) (BD Biosciences), rabbit anti-CHK2-pT68 (1:100) (Cell 

Signaling), rabbit anti-γH2AX (pS139) (1:750) (Novus Biologicals), rabbit anti-cleaved 

CASP3 (1:100) (Cell Signaling), mouse-anti-γH2AX (pS139) (1:250) (Millipore). Alexa 

Fluor-conjugated secondary antibodies (Invitrogen) were used at a dilution of 1:1,000. 

Nuclei were counterstained with DRAQ5 (1:500) (Cell Signaling) and mounted in 

Fluormount-G (Southern Biotech). Images were captured using a LSM510 Meta confocal 

microscope (Carl Zeiss, Thornwood, NY) using a 100x oil immersion lens (NA 1.3). 

Images were converted to TIFF format using ImageJ and processed using Adobe 

Photoshop CS4 Levels tool (Adobe Systems, Mountain View, CA) to enhance contrast. 

Nuclear and cytoplasmic flurorescence signal was quantified using ImageJ. 

 

Immunoblotting 

Immunoblotting was performed as described previously [286]. When indicated cells were 

treated with 50 J/m
2
 UV and allowed to recover for 2 hr before being harvested. Primary 
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antibodies used were: rabbit anti-NCK (a gift from Tony Pawson (Univ. of Toronto, 

Canada)), rabbit anti-cleaved CASP3 (Cell Signaling), rabbit anti-CASP3 (Cell 

Signaling), rabbit anti-PARP (detects total and cleaved forms) (Cell Signaling), rabbit 

anti-RAN (described previously [287]), rabbit anti-p53-pS15 (Cell Signaling), rabbit anti-

CHK2-pT68 (Cell Signaling), sheep anti-p53 (Millipore), rabbit anti-NCK2 (a gift from 

Louise Larose (McGill Univ., Canada)), rabbit anti-CHK2 (Santa Cruz), rabbit anti-

γH2AX (pS139) (Novus Biologicals). HRP-conjugated secondary antibodies (IgG, 

Jackson ImmunoResearch Laboratories; Protein-A, Millipore) were used at a dilution of 

1:5,000. Band intensities were quantified using ImageJ. 

 

Cell Survival Assay 

HeLa cells were plated and then transfected in a 96 well plate. Cells were treated with 

UV at 50 J/m
2
 and allowed to recover for the indicated time. Wells were assayed with 

CellTiter 96 AQueous One Solution (Promega) following the manufacturer protocol. 

 

Reverse-Transcription (RT)-PCR 

RNA was harvested with TRIzol Reagent (Invitrogen) and then treated with RQ1 RNase-

free DNase (Promega) supplemented with RNasin (Promega) before a reverse 

transcription reaction was performed with random hexamers (Invitrogen) and SuperScript 

II Reverse Transcriptase (Invitrogen) supplemented with RNasin. PCR of the reverse 

transcribed cDNA was performed with p53, GAPDH, NCK1, NCK2, and SOCS7 primers 

as described previously [288] [289] [290]. 
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Immunoprecipitation 

HeLa cells were lysed and clarified as described previously [286]. Lysates were 

incubated with rabbit anti-NCK or rabbit IgG antibodies overnight, rocking, at 4°C 

before incubation with GammaBind plus sepharose (GE Healthcare) for 4 hr. Beads were 

washed 3X with lysis buffer before 2X sample buffer was added and samples heated at 

95°C for 5 min. All subsequent immunoblots were performed with Protein A-conjugated 

HRP secondary antibody to prevent detection of denatured antibody chains as described 

previously [291]. 

 

Statistical analysis 

Two-tailed Student’s t-tests were used in the statistical analysis. All graphs and statistical 

analysis were performed with GraphPad Prism, Version 4.0a (GraphPad Software, Inc.). 
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Results 

 

NCK Accumulates in the Nucleus Following DNA Damage 

 Previously, we had discovered that NCK, which constitutively shuttles between 

the cytoplasm and nucleus and is primarily cytoplasmic in undamaged cells, accumulates 

in the nucleus in response to UV irradiation [76]. We sought to confirm this observation 

and expand it to other types of DNA damage. HeLa cells were irradiated with UV or IR, 

or treated with the topoisomerase inhibitor etoposide, and then stained to determine NCK 

localization with a specific NCK antibody (Fig. 2.2A). Phosphorylated CHK2 (pT68) was 

used to monitor whether the treatments had triggered an appropriate DDR [113]. In all 

cases, NCK accumulated in the nuclei of damaged cells, versus a primarily cytoplasmic 

staining in untreated, or vehicle-treated, cells (Fig. 2.1A). This result is further supported 

by a similar relocalization of ectopically expressed GFP-NCK after UV treatment (Fig. 

2.1B). Moreover, similar results were obtained using MCF7 cells, with NCK 

accumulating in the nucleus following UV treatment (Fig. 2.2B). These data show that 

nuclear relocalization of NCK occurs in response to multiple types of DNA damage, 

occurs in different cell types, and correlates with CHK2 phosphorylation. Therefore, we 

focused on HeLa cells and UV irradiation to further study the significance of nuclear 

accumulation of NCK in response to DNA damage. 

 

 

 



Figure 2.1: DNA damage induces the nuclear accumulation of NCK. (A) HeLa cells 

were treated with 50 J/m
2
 UV, 10 µM Etoposide, or 10 Gy IR and allowed to recover for 

2 hr, 1 hr, and 1 hr, respectively, before being fixed and stained with the indicated 

antibodies and DRAQ5 to visualize nuclei. Scale bars are 20 µm. All images are confocal 

sections. (B) HeLa cells transfected with GFP-NCK1 and GFP-NCK2 were treated with 

50 J/m
2
 UV and allowed to recover for 2 hr before being fixed and stained with indicated 

antibodies and DRAQ5. Bar graphs below each panel are ratio of nuclear to cytoplasmic 

fluorescence of endogenous NCK, A, or GFP-NCK, B, with no treat, or vehicle, defined 

as 1. n = 19-82; error bars represent SE; (*) P < 0.0001. 

 

 

 

 

 

 

 

 

 

 

 

 



 



Figure 2.2: NCK antibody is specific and UV-induced nuclear accumulation of NCK 

occurs in other cell lines. (A) HeLa cells transfected with control or NCK1 and NCK2 

siRNA were fixed and stained with the indicated antibody and DRAQ5. Scale bars are 20 

µm. All images are confocal sections. n = 4. (B) MCF7 cells were treated with 50 J/m
2
 

UV and allowed to recover for 2 hr before being fixed and stained with indicated 

antibodies and DRAQ5. Scale bars are 20 µm. All images are confocal sections. Bar 

graph below is ratio of nuclear to cytoplasmic fluorescence of NCK with no treat defined 

as 1. n = 20-27; error bars represent SE; (*) P < 0.0001. 
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NCK Nuclear Accumulation Requires the Activity of the PIKK Family Member 

ATR 

 We next sought to determine the upstream signaling requirements for NCK 

nuclear accumulation. An early event in response to DNA damage is the activation of the 

PIKK family of protein kinases, which phosphorylate multiple downstream targets 

including histone H2AX, p53, and the checkpoint kinase, CHK2 [99]. Because CHK2 

phosphorylation correlates with NCK nuclear accumulation after UV irradiation, we first 

tested the requirement for CHK2 in this process by RNAi. However, despite efficient 

knockdown of the kinase, NCK still accumulated in the nucleus following UV irradiation, 

indicating that CHK2 is not required for NCK relocalization and that NCK acts upstream, 

or parallel, to the checkpoint kinase (Fig. 2.3A,B).  Phosphorylation of the histone variant 

H2AX on serine 139 (γH2AX) was, as expected, also unaffected by depletion of CHK2 

(Fig. 2.3B,C).  

We next asked if NCK nuclear accumulation is dependent on PIKK kinase 

activity. To first test the general requirement for these kinases in UV-induced NCK 

nuclear accumulation we used the PIKK inhibitor wortmannin [292]. Treatment of cells 

with wortmannin did not affect the untreated cytoplasmic localization of NCK, but did 

prevent the UV-induced nuclear accumulation of NCK, compared to vehicle treatment 

(Fig. 2.4A). This result indicates that NCK nuclear accumulation is likely dependent on 

the activity of the PIKK family. To further elucidate which PIKK family member was 

responsible for UV-induced NCK nuclear translocation, specific inhibitors were tested. 

Treatment of cells with a potent and specific ATR kinase inhibitor, VE-821 [285],   



Figure 2.3: Loss of CHK2 does not alter nuclear accumulation of NCK. (A) HeLa 

cells transfected with control or CHK2 siRNA were treated with 50 J/m
2
 UV and allowed 

to recover for 2 hr before being fixed and stained with the indicated antibodies and 

DRAQ5. Scale bars are 20 µm. All images are confocal sections. Bar graph below is ratio 

of nuclear to cytoplasmic fluorescence of NCK with siControl, no treat, defined as 1. n = 

8-73; error bars represent SE. (B) Cells were treated as in A, and equal amounts of lysates 

were immunoblotted for CHK2 and γH2AX. RAN was used as a loading control. * 

indicates non-specific band. n =3 (C) HeLa cells transfected with control or CHK2 

siRNA were treated with 50 J/m
2
 UV and allowed to recover for 2 hr before being fixed 

and stained with the indicated antibodies. Scale bars are 20 µm. All images are confocal 

sections. n = 3. 

 

 

 

 

 

 

 

 

 

 

 



 



Figure 2.4: ATR activity is necessary for nuclear accumulation of NCK. (A) HeLa 

cells were pretreated for 30 min with 50 µM wortmannin and then treated with 50 J/m
2
 

UV and allowed to recover for 2 hr in the presence of wortmannin before being fixed and 

stained with the indicated antibodies and DRAQ5. Scale bars are 20 µm. All images are 

confocal sections. Bar graph below is ratio of nuclear to cytoplasmic fluorescence of 

NCK with vehicle pretreated, no treat, defined as 1. n = 125-174; error bars represent SE; 

(*) P < 0.0001. (B) Same as in A, except 5 µM ATR inhibitor (VE-821) was used, and n 

= 79-117. 
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prevented the nuclear accumulation of NCK compared to vehicle treatment (Fig. 2.4B). 

This result indicates that NCK nuclear accumulation in response to UV damage is 

dependent on ATR activity. 

 

Depletion of NCK Results in the Hyper-activation of DNA Damage-induced 

Apoptosis 

 We next examined if NCK is required for the cellular response to DNA damage. 

Remarkably, when HeLa cells were depleted of NCK (both isoforms) and irradiated with 

UV, cell death appeared to occur within 2 hrs after treatment, as opposed to UV-

irradiated control cells, all of which showed no change in morphology over this period 

(Fig. 2.5). There are various forms of cell death, but a hallmark of cells undergoing 

apoptosis is the induction of the caspase cascade, leading to cleavage, and thus activation 

of downstream caspases, specifically caspase-3 (cleaved CASP3) [136]. Strikingly, cells 

depleted of NCK were positive for cleaved caspase-3 staining within 2 hr after UV 

treatment (Fig. 2.6A). As determined by immunoblotting, both cleaved CASP-3 and 

cleaved PARP, a downstream target of the caspases, were increased in UV-irradiated 

NCK-depleted cells compared to control (Fig. 2.6B). To further examine the effects of 

NCK-depletion on apoptosis, cell viability was monitored following UV irradiation. 

While control cells showed a modest decrease in cell viability 12 hr after UV irradiation, 

depletion of NCK resulted in a significant decrease in cell viability as early as 2 hr after 

UV treatment that further decreased to less than 50% after 12 hr (Fig. 2.6C). These data 

show that loss of NCK results in unusually rapid UV-induced apoptosis. 



Figure 2.5: Loss of NCK causes early UV-induced cell death in HeLa cells. HeLa 

cells transfected with control or NCK1 and NCK2 siRNA were treated with 50 J/m
2
 UV 

and allowed to recover for 2 hr before being fixed and stained with the indicated 

antibodies and DRAQ5. Scale bars are 20 µm. All images are confocal sections. n = 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 



Figure 2.6: Loss of NCK causes early UV-induced apoptosis in HeLa cells. (A) HeLa 

cells transfected with control or NCK1 and NCK2 siRNA were treated with 50 J/m
2
 UV 

and allowed to recover for 2 hr before being fixed and stained with the indicated antibody 

and DRAQ5. Scale bars are 20 µm. All images are confocal sections. n = 3. (B) Cells 

were treated as in A, and equal amounts of lysates were immunoblotted for cleaved 

CASP3, total CASP3, cleaved PARP, total PARP, and NCK. RAN was used as a loading 

control. n = 4. (C) HeLa cells transfected with control or NCK1 and NCK2 siRNA were 

treated with 50 J/m
2
 UV and allowed to recover for the indicated amount of time before 

cell viability was assayed. Percent cell viability for each siRNA at time 0 hr (no treat), is 

defined as 100%. n = 8; error bars represent SE; (*) P < 0.05, (**) P < 0.01, (#) P < 

0.001, (##) P < 0.0001. 
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Depletion of SOCS7 Blocks UV-Induced Nuclear Accumulation of NCK, and 

Hyper-Activates DNA Damage-Induced Apoptosis 

Previously, we had discovered that SOCS7 is necessary for the nuclear 

translocation of NCK [76]. Thus, through depletion of SOCS7, we could test specifically 

the requirement for nuclear accumulation of NCK during DNA damage. We first sought 

to confirm that SOCS7 is necessary for NCK translocation in response to UV irradiation. 

Depletion of SOCS7 from HeLa cells did not affect the untreated cytoplasmic 

localization of NCK, but did prevent the nuclear accumulation of NCK, compared to 

control, following UV (Fig. 2.7A). This result confirms our previous data that NCK 

nuclear accumulation is dependent on SOCS7. Importantly, however, loss of SOCS7 also 

resulted in early UV-induced apoptosis as assessed by immunoblots of lysates from 

SOCS7 depleted cells, which showed increased cleaved CASP3 and cleaved PARP 

compared to control cells (Fig. 2.7B). Because of the low expression of SOCS7 at the 

protein level and the lack of a suitable antibody, we were unable to detect SOCS7 by 

immunoblot, but confirmed silencing at the mRNA level (Fig. 2.7C). These data show 

that blocking NCK nuclear accumulation, through the knockdown of SOCS7, 

phenocopies NCK depletion, causing rapid UV-induced apoptosis. 

 

UV-induced p53 Phosphorylation is Elevated in NCK, or SOCS7, Depleted Cells 

 In our previous study, mouse embryonic fibroblasts cell lines null for NCK1 and 

NCK2 were used to examine the effect of NCK on p53 phosphorylation following DNA 

damage. These cells were unable to induce PIKK-dependent phosphorylation of p53 on  



Figure 2.7: Loss of SOCS7 prevents nuclear accumulation of NCK and results in 

early UV-induced apoptosis and elevated p53 phosphorylation. (A) HeLa cells 

transfected with control or SOCS7 siRNA were treated with 50 J/m
2
 UV and allowed to 

recover for 1 hr before being fixed and stained with the indicated antibodies and DRAQ5. 

Scale bars are 20 µm. All images are confocal sections. Bar graphs below are ratio of 

nuclear to cytoplasmic fluorescence of NCK with siControl, no treat, defined as 1. n = 

43-67; error bars represent SE; (**) P < 0.0001. (B) HeLa cells were treated as in A, and 

equal amounts of lysates were immunoblotted for cleaved CASP3, total CASP3, cleaved 

PARP, total PARP, and NCK. RAN was used as a loading control. n = 3. (C) RT-PCR of 

SOCS7 mRNA from HeLa cells transfected with control or SOCS7 siRNA. GAPDH was 

used as an internal control. RT = reverse transcriptase. n = 3. (D) HeLa cells transfected 

with control, NCK1 and NCK2, or SOCS7 siRNA were treated with 50 J/m
2
 UV and 

allowed to recover for 2 hr before lysates were prepared. Equal amounts of lysates were 

immunoblotted for p53-pS15 (phospho-specific), CHK2-pT68 (phospho-specific), and 

NCK. RAN was used as a loading control. Band intensities were measured with ImageJ. 

Bar graph is ratio of p53-pS15 band intensity to RAN band intensity with siControl, no 

treat (NT), defined as 1. n = 4; error bars represent SE; (*) P < 0.005. (E) RT-PCR of p53 

mRNA from HeLa cells transfected with control, NCK1 and NCK2, or SOCS7 siRNA. 

GAPDH was used as an internal control. Bar graph is ratio of p53 mRNA to GAPDH 

mRNA with siControl ratio defined as 1. n = 4; error bars represent SE. (F) 293T cells 

transfected with control, NCK1 and NCK2, or SOCS7 siRNA were treated with 50 J/m
2
 

UV and allowed to recover for 2 hr before lysates were prepared. Equal amounts of 



lysates were immunoblotted for p53-pS15, p53 (total protein), and NCK. RAN was used 

as a loading control. n = 3. (G) RT-PCR of SOCS7 mRNA from 293T cells transfected 

with control or SOCS7 siRNA. GAPDH was used as an internal control. n = 3. 
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serine 18 (mouse homolog to human serine 15) following UV irradiation [76]. In 

contrast, however, HeLa cells depleted of either NCK, or SOCS7, exhibited a dramatic 

increase in p53 phosphorylation on serine 15 after UV treatment, as compared to control 

cells (Fig. 2.7D). We asked if this increase was due to an increase in p53 transcript levels 

in NCK, or SOCS7, depleted cells, but as determined by RT-PCR, there was no 

difference with control cells (Fig. 2.7E). Since HeLa cells have a low level of p53 protein 

due to the human papillomavirus E6 oncoprotein, we tested another cell line to confirm 

this result [293]. Using 293T cells we observed the same UV-induced increase in p53 

phosphorylation in NCK, or SOCS7, depleted cells compared to control cells (Fig. 

2.7F,G). However, there was no effect on total p53 levels, indicating that the increased 

phosphorylation was not due to increased protein levels (Fig. 2.7F). Taken together, these 

data strongly suggest that elevated UV-induced p53 phosphorylation is correlated with a 

loss of nuclear NCK. 

 

Contributions of NCK Isoforms on UV-Induced p53 Phosphorylation and Apoptosis 

 Two isoforms of NCK exist and are expressed in human cells [294]. However, the 

antibodies used in the above experiments are not selective for either isoform (Fig. 2.9A), 

and knockdowns were performed with siRNAs against both transcripts. Therefore, we 

next asked if the UV damage response phenotype might be specific to one or the other 

isoform. First, HeLa cells transfected with either GFP-NCK1 or GFP-NCK2 showed 

mostly cytoplasmic fluorescence, and nuclear accumulation occurred to similar extents 

for both constructs following UV irradiation (Fig. 2.8A). The loss of each NCK isoform  



Figure 2.8: Specific contributions of the NCK isoforms. (A) HeLa cells transfected 

with GFP-NCK1 or GFP-NCK2 were treated with 50 J/m
2
 UV and allowed to recover for 

2 hr before being fixed and stained with indicated antibodies and DRAQ5. Scale bars are 

20 µm. All images are confocal sections. Bar graphs below each panel are ratio of nuclear 

to cytoplasmic fluorescence of GFP-NCK with no treat defined as 1. n = 14-28; error bars 

represent SE; (*) P < 0.001, (**) P < 0.0001. (B) HeLa cells transfected with control, 

NCK1, or NCK2 siRNA were treated with 50 J/m
2
 UV and allowed to recover for 2 hr 

before lysates were prepared. Equal amounts of lysates were immunoblotted for p53-

pS15 (phospho-specific) and NCK. RAN was used as a loading control. n = 3. (C) RT-

PCR of p53 mRNA from HeLa cells transfected with control, NCK1, or NCK2 siRNA. 

GAPDH was used as an internal control. RT = reverse transcriptase. n = 4.  (D) HeLa 

cells transfected with control, NCK1, or NCK2 siRNA were treated with 50 J/m
2
 UV and 

allowed to recover for 2 hr before lysates were prepared. Equal amounts of lysates were 

immunoblotted for cleaved CASP3, total CASP3, cleaved PARP, total PARP, and NCK. 

RAN was used as a loading control. n = 3.  (E) RT-PCR of NCK1 and NCK2 mRNA 

from HeLa cells transfected with control, NCK1, or NCK2 siRNA. GAPDH was used as 

an internal control. n = 3. (F) Cell lysates from HeLa cells transfected with control, 

NCK1, or NCK2 siRNA were immunoprecipitated with a NCK antibody, which detects 

NCK 1 and NCK2, or IgG control, and immunoblotted for NCK or NCK2. n = 4. 

 

 

 



 



Figure 2.9: Isoform specificity of NCK antibodies used and experiments with 

additional NCK2 siRNA. (A) Equal amounts of lysates from 293T cells transfected with 

myc-vector, myc-NCK1, or myc-NCK2 were immunoblotted with indicated NCK 

antibodies and Myc. IB indicates antibody was used for immunoblots. IP indicates 

antibody was used for immunoprecipitations. IF indicates antibody was used for 

immunofluorescence. ^ indicates endogenous NCK.  * indicates non-specific band. n = 3. 

(B) HeLa cells transfected with control, or NCK2 siRNA#2 were treated with 50 J/m
2
 

UV and allowed to recover for 2 hr before lysates were prepared. Equal amounts of 

lysates were immunoblotted for p53-pS15 (phospho-specific). RAN was used as a 

loading control. n = 3. (C) Cells were treated the same as in B, and equal amounts of 

lysates were immunoblotted for cleaved CASP3, total CASP3, cleaved PARP, and total 

PARP. RAN was used as a loading control. n = 3. (D) RT-PCR of NCK2 mRNA from 

HeLa cells transfected with control, or NCK2 siRNA#2. GAPDH was used as an internal 

control. RT = reverse transcriptase. n = 3. (E) Cell lysates from HeLa cells transfected 

with control, or NCK2 siRNA#2 were immunoprecipitated with a NCK antibody, which 

detects NCK1 and NCK2, or IgG control, and immunoblotted for NCK or NCK2. n = 3. 
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was then tested to determine the effect on p53 phosphorylation. Increased UV-induced 

p53 phosphorylation was observed after knockdown of either isoform (Fig. 2.8B), an 

effect that was not due to any change of the p53 transcript (Fig. 2.8C).   

We next asked if there is a differential effect of silencing NCK1 versus NCK2 on 

apoptosis. While the depletion of either isoform resulted in an increase in cleaved CASP3 

and cleaved PARP compared to control, the loss of the NCK2 isoform caused a greater 

increase compared to NCK1-depleted cells (Fig. 2.8D). This result is particularly striking 

because NCK2 is expressed at a much lower level than NCK1 in these cells.  We base 

this conclusion on the observation that although the NCK antibody used in the 

immunoblots detects both NCK isoforms (Fig. 2.9A), depletion of NCK2 did not cause a 

significant decrease of the total NCK detected (Fig. 2.8B,D). We confirmed the 

knockdown of each isoform at the mRNA level with isoform-specific primers (Fig. 2.8E). 

Using a NCK2-specific antibody (Fig. 2.9A) we were also able to detect the loss of 

NCK2 at the protein level, although only after immunoprecipitation (IP) of total NCK 

from cells (Fig. 2.8F). NCK2-specific silencing reduced the level of NCK2 detected in 

the pan-NCK IP.  As would be expected, NCK1-specific silencing decreased the amount 

of total NCK in the IP; interestingly, however, NCK1 depletion increased the amount of 

immunoprecipitated NCK2 compared to control, probably because of reduced 

competition for binding to the pan-NCK antibody (Fig. 2.8F).  

Finally, we also further confirmed the effect of NCK2 depletion on UV-induced 

p53 phosphorylation and apoptosis by performing the experiments with another NCK2 

specific siRNA (Fig. 2.9B-E). Taken together, these data indicate both NCK isoforms 
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undergo UV-induced nuclear accumulation, their loss is correlated with an increase in 

p53 phosphorylation, and they contribute to post-UV viability, although it appears that 

loss of NCK2 might have a more prominent role in the apoptotic response. 
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Discussion 

 

 The cellular response to DNA damage involves a cascade of signaling events 

initiated by the members of the PIKK family [82]. This network of phosphorylation 

events has been demonstrated to encompass proteins involved in multiple cellular 

pathways, but little is understood about which proteins are involved and how they 

intersect with the core DNA signaling pathway [277]. The adaptor protein NCK, and 

SOCS7, a binding partner required for its nuclear-cytoplasmic shuttling, were previously 

shown to accumulate in the nucleus following UV damage [76]. We found that the 

nuclear accumulation of NCK occurs in response to different types of DNA damage and 

requires PIKK signaling. Based on the use of a specific ATR inhibitor, the nuclear 

accumulation of NCK in response to UV irradiation appears to be dependent on ATR 

kinase activity, consistent with previous studies identifying ATR as the primary PIKK 

family member activated in response to UV damage [81]. 

 Cells exposed to UV damage can survive through DNA repair; however, if 

damage is too severe, or there are defects in repair or other protective mechanisms, cell 

death usually occurs via p53-dependent apoptosis [80]. In our experiments we used a UV 

dose shown to induce apoptosis, but not until 12-16 hr after exposure to UV [295, 296]. 

Remarkably, in NCK-depleted cells, this apoptosis event started to occur within 2 hr, 

indicating that NCK plays a key anti-apoptotic role following UV treatment. Importantly, 

depletion of SOCS7, which blocks the UV-induced nuclear accumulation of NCK, also 

induced rapid apoptosis. This result suggests that the anti-apoptotic role of NCK is 
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dependent on its nuclear translocation during the DDR. However, it is possible nuclear 

accumulation of SOCS7 during the DDR could also contribute to this result if there is 

impaired UV-induced SOCS7 nuclear translocation in NCK depleted cells. Additionally, 

the data indicates nuclear accumulation of NCK is required during the DDR, but does not 

address if it is sufficient. A possible way to determine the sufficiency of nuclear NCK 

during the DDR would be to perform rescue experiments in NCK depleted cells with 

variants of NCK that are only nuclear, such as with a nuclear localization signal added. 

NCK depletion resulted in early UV-induced apoptosis, however the role of NCK 

is still unclear. It is possible NCK depletion affects the balance between cell cycle arrest 

and apoptosis. The response of NCK depleted cells to undergo rapid UV-induced 

apoptosis could be a consequence of the cells failure to undergo cell cycle arrest and/or 

attempt DNA repair. NCK might repress the cellular response to apoptosis during DNA 

damage by promoting cell cycle arrest and DNA repair. To examine this possibility a 

dose curve of UV irradiation could be tested in control and NCK depleted cells. 

Examining the cells for apoptosis and cell cycle arrest might elucidate if NCK has a role 

in this decision process. 

Our data suggest that the early apoptotic events that occur in NCK, or SOCS7, 

depleted cells might be mediated by p53. Phosphorylation of p53 on serine 15 occurs 

rapidly in response to DNA damage and has been proposed as a priming event for other 

modifications to occur [128, 129]. Once activated, p53 can cause cell cycle arrest or 

induce cells to undergo apoptosis [80, 126]. Since NCK does not possess intrinsic 

enzyme activity, it ability to suppress p53 phosphorylation and apoptosis is likely 
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mediated through an associated protein, perhaps recruiting a phosphatase to p53, or 

activating a negative regulator of p53 S15 phosphorylation. Although numerous proteins 

bind NCK, interaction studies have not yet been investigated in the context of DNA 

damage [297]. Since the nuclear accumulation of NCK is only correlated with the 

increase in p53 phosphorylation and apoptosis in NCK depleted cells, identification of a 

NCK binding partner during the DDR would aid in the elucidation of the mechanism. 

Proteomics on immunoprecipitated NCK following DNA damage would be a possible 

way to examine this. Additionally, performing rescue experiments in NCK depleted cells 

with variants of NCK lacking each of the SH2/SH3 protein interacting domains could test 

the importance of these domains in the protective function of NCK. 

It is also possible that the negative inhibition of p53 phosphorylation by NCK is 

only correlated with the protection from apoptosis. Apoptosis can occur through p53- 

dependent and p53-independent mechanisms [134]. This could be tested with p53 null 

cells to examine if depleting cells of NCK, or SOCS7, results in an increase in apoptosis 

compared to wild-type p53 cells. Another avenue to explore would be the examination of 

p53 transcriptional targets, such as BAX and PUMA. This would test if the increase in 

p53 phosphorylation has a direct effect on known targets genes that have a role in 

apoptosis [134, 135]. Also, the acetylation of the C-terminus of p53 is necessary for the 

transcriptional activity of p53 [126, 127]. Thus, it would be interest to examine the status 

of p53 acetylation in NCK, or SOCS7, depleted cells following DNA damage. 

 In our earlier work, mouse embryonic fibroblasts (MEFs) null for NCK showed a 

decrease in UV-induced p53 phosphorylation compared to wild-type cells [76], in 
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contrast to the effects described here for HeLa and 293T cells depleted of NCK (Fig. 

2.7D,F). However, these MEFs were cell lines that might have undergone additional 

genetic changes during culture, or in response to long-term loss of NCK.  With this in 

mind, we attempted to rescue the NCK knockout mouse embryonic fibroblasts with 

human NCK, but despite expression of the proteins, the defect in p53 phosphorylation 

was not reversed (data not shown). Moreover, we found that siRNA mediated knockdown 

of NCK, or SOCS7, in wild-type primary mouse embryonic fibroblasts also increased 

p53 phosphorylation compared to control siRNA, similar to the observations reported in 

this study (data not shown). We conclude, therefore, that the lack of response to UV 

irradiation in the NCK knockout MEFs was an artifact of the MEF cell lines, and that for 

multiple mouse and human cell types the loss of NCK causes an increase in p53 

phosphorylation in response to DNA damage. 

The two NCK isoforms are considered to be functionally redundant, because the 

knockout of either isoform in mice has no detectable effect, but the double knockout 

mouse is embryonic lethal [282]. In our study, we sought to determine if the NCK 

isoforms are functionally redundant in their response to DNA damage. Both NCK 

isoforms translocate to the nucleus following UV irradiation and their loss correlates with 

an increase in p53 phosphorylation, and results in early apoptosis. This suggests the two 

isoforms are able to compensate for each other. However, NCK2 might have a more 

prominent role in the protection from an apoptotic response since it displayed greater 

caspase activation when depleted compared to the loss of NCK1, despite being expressed 

at lower levels. Important questions for the future concern whether there are different 
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binding partners of NCK1 and NCK2 following DNA damage, whether the UV-induced 

increase in p53 phosphorylation and increase in apoptosis are causative or correlative, 

and whether NCK is involved in other types of cellular stress or if it is specific to DNA 

damage. 
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Chapter 3: Septins and SAN1, a Novel Septin-Associated 

Nuclease that Functions in DNA Interstrand Crosslink Repair 
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Abstract 

 

Septins are cytoskeletal elements that function as signaling platforms and 

diffusion barriers. Additionally, circumstantial evidence suggests a role in the DNA 

damage response, through unknown mechanisms. Here, we show that septin depletion 

sensitizes cells to multiple DNA damaging agents. Distinct mechanisms detect and repair 

damaged DNA depending on the nature of the lesions.  Proteomic analysis revealed an 

uncharacterized septin-interacting protein, which possesses 5’ exonuclease activity 

mediated by a FEN1-related nuclease domain. Cells depleted of SAN1 (Septin-

Associated Nuclease 1) are sensitized to interstrand crosslink (ICL)-inducing agents. 

Additionally, SAN1, which becomes mislocalized by the loss of septins, translocates to 

the nucleus during ICL repair. SAN1 and septins are each required for efficient 

homologous recombination by participating in the resection of double-strand breaks 

generated during ICL repair. Our results identify SAN1 as a new nuclease required for 

repair of ICLs and suggest a novel and unexpected role for septins in this repair process. 
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Introduction 

 

Septins are abundant filamentous GTP-binding proteins that have multiple 

cellular functions. They were discovered in budding yeast, where they form a ring at the 

bud neck during cytokinesis, but are also expressed throughout the animal kingdom 

[298]. There are 13 genes encoding septins in vertebrates, which can form hetero-

oligomers in various combinations, the most common of which is a hexamer consisting of 

septins 2, 6, and 7, which can associate into filaments [7, 11]. Septins can act as scaffolds 

and diffusion barriers, regulate actin filament structure and microtubule stability, and are 

necessary for efficient cytokinesis [298]. Unexpectedly, septins have also been implicated 

in the DNA damage response (DDR), although through unknown mechanism [76-78]. 

 DNA damage occurs in many forms and each type elicits different mechanisms 

and protein complexes to detect and repair the lesions so as to ensure genomic integrity. 

An especially toxic form of DNA damage is DNA interstrand crosslinks (ICLs), which 

disrupt transcription and replication by covalently joining the two strands of DNA. 

Repair of ICLs involves the collective effort of multiple repair pathways and proteins to 

sense the damage, remove the lesion, undergo translesion synthesis (TLS), and regenerate 

the DNA through homologous recombination (HR) [299]. ICLs are detected after a 

transcription or replication fork stalls at the site of the damage, mainly during S phase of 

the cell cycle [222]. After fork stalling, the Fanconi anemia (FA) complex is activated, 

which leads to unhooking of the lesion on one strand, filling of the resulting gap by TLS 

polymerases, and removal of the unhooked lesion by excision repair [300]. The resulting 
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double strand break (DSB) undergoes 5’-3’ resection of the DNA ends to generate long, 

3’ single-stranded DNA (ssDNA) tails, which are coated with replication protein A 

(RPA) [173, 174]. RPA is displaced by RAD51, which initiates homology search and 

strand invasion [223]. 

 We now report the discovery of a septin-binding protein that possesses a sequence 

related to the catalytic domains of the FEN1 family of structure-specific nucleases. This 

protein, which we named SAN1 (Septin Associated Nuclease 1), has not previously been 

characterized, other than a single report that it can act as a transcriptional co-activator of 

PPAR-gamma [301]. FEN1 and related nucleases are essential for many aspects of DNA 

replication, recombination, transcription, and repair [302]. We now report that SAN1 is a 

novel exonuclease involved in DNA end resection, and is important for the resolution of 

ICLs. These data highlight a novel, unexpected link between cytoskeletal elements and 

the DNA repair machinery. 
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Materials and Methods 

 

Cell culture 

HeLa (ATCC), 293T (ATCC) and HeLa-DR (provided by R. Fishel) cells were grown in 

DMEM supplemented with 10% FCS, 100 U/ml penicillin and 100 U/ml streptomycin 

(GIBCO). Transfection of plasmids or siRNA was performed with calcium phosphate, 

Lipofectamine 2000 (Invitrogen), or Lipofectamine RNAiMAX (Invitrogen). Virus was 

made, collected and titered as described previously [303]. 

 

Plasmids and siRNA 

SAN1 cDNA (FLJ56631) was purchased from the NBRC, Japan and cloned into the 

pRK7 expression vector with a C-terminal FLAG tag. SAN1 (D90A) and SAN1 rescue 

constructs were made by QuikChange site-directed mutagenesis (Agilent Technologies). 

I-SceI expressing plasmid (pCBASce) was provided by R. Fishel. Firefly luciferase 

cDNA from pBESTluc (Promega) was cloned into pRK7 expression vector to make pK-

Firefly. pRL-TK was purchased from Promega. shRNA constructs targeting SEPT2 

(sense sequence: GCAGGAAAGTGGAGA ATGA), SEPT7 (sense sequence: 

GGACTTAAACCATTGGATA), RAD51 (sense sequence: 

GGGAATTAGTGAAGCCAAA), and KU70 (sense sequence: 

GAGTGAAGATGAGTTGACA) were cloned into the pLVTHM vector as described 

previously [303]. The human SAN1 (sense sequence: AGGCGAGAAGTTCCCGTGT) 

lentiviral shRNAmir pGIPZ and control (described previously (Tooley et al., 2010) 
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constructs were obtained from Open Biosystems and grown and purified according to 

their protocol. siRNA targeting SAN1 (sense sequence: 

UAUUAUGGCUGAACCAAGA), SAN1 pool (M-014898-00), control (described 

previously [38]), and SEPT7 (described previously [38]) were obtained from Thermo 

Scientific. 

 

Antibodies 

The following antibodies were used: rabbit anti-SAN1 (polyclonal antisera produced by 

Cocalico and purified), mouse anti-SEPT6, rabbit anti-SEPT2, and rabbit anti-SEPT7 (all 

septin antibodies described previously [38]), mouse anti-γH2AX (pS139) (Millipore), 

mouse anti-FLAG (Sigma), rabbit anti-γH2AX (pS139) (Novus Biologicals), rabbit anti-

RAN (described previously [287]), rabbit anti-RPA70 (Cell Signaling), mouse anti-SAN1 

(Novus Biologicals), mouse anti-alpha Tubulin (Sigma), mouse anti-FLAG-HRP 

(Sigma), rabbit anti-RAD51 (Santa Cruz, H-92), mouse anti-KU70 (Transduction 

Laboratories). 

 

Immunodetection 

Immunoblotting and immunoprecipitation (IP) was performed as described previously 

[286] with anti-SEPT6 or control antibody (mouse anti-GST, described previously [38]) 

on protein A-sepharose beads (Sigma) or with anti-SAN1 or control antibody (rabbit IgG, 

Santa Cruz) on GammaBind plus sepharose (GE Healthcare). When indicated cells were 

treated with 5µM cisplatin for 2 hrs, replaced with fresh media and harvested 24 hrs later. 
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Cell viability assay 

HeLa cells transduced with control or SEPT2 shRNA were plated in a 96 well plate at 

100 cells/well and allowed to adhere overnight. Media was then replaced with vehicle or 

the following concentration of DNA damage agents for the following time: 2.5 µM 

cisplatin (Biovision) for 2 hrs; 800 nM mitomycin-C (MMC) (Sigma) for 2 hrs; 40 

µg/mL methyl methanesulfonate (MMS) (Sigma) for 2 hrs; 50 µM hydrogen peroxide 

(H2O2) (Sigma) for 2 hrs; 25 µM etoposide (Sigma) for 16 hrs; 250 nM camptothecin 

(CPT) (Sigma) for 16 hrs; 4 µM 6-thioguanine (C-TG) (Sigma) for 16 hrs. Growth media 

was replaced after treatment time. After 10 days, the wells were assayed with CellTiter 

96 AQueous One Solution (Promega). Percent cell viability was determined by dividing 

DNA damage agents by vehicle for each shRNA and then defining the control hairpin as 

100% for each agent. 

 

Clonogenic survival assay 

The assay was performed as described previously [249] with the following changes. 

Sixteen hrs after plating, HeLa cells were treated with the indicated concentrations of 

cisplatin, MMC, MMS, ionizing radiation (IR), or carmustine (Sigma). Growth medium 

was replaced 2 hrs (cisplatin, MMC, MMS, and carmustine), or directly (IR) after 

treatment. After 10 days, the cells were fixed, stained and counted. 
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Protein Digestion and Mass Spectrometry 

Visible bands were excised from the gel and cut into 1mm x 1mm pieces. These were 

washed x3 with water, x2 with 1:1 acetonitrile: 100mM ammonium bicarbonate, and 

dehydrated in 100% acetonitrile. After removing all acetonitrile, 30µl of porcine trypsin 

(Promega) at a concentration of 20 µg/ml was added. After incubation on ice for 1 hr the 

gel pieces were incubated at 37°C for 12-16 hrs. The supernatant was transferred to a 

second tube, and peptides were further extracted from the gel with acetonitrile. The two 

supernatants were mixed then frozen and lyophilized. The peptides were redissolved in 5 

µl of 1:1 acetonitrile: 0.25% trifluoroacetic acid immediately prior to spotting on the 

MALDI target. 

The matrix solution consisted of alpha-cyano-4-hydroxycinnamic acid (Sigma) saturating 

a solution of 1:1:0.02 acetonitrile: 25mM ammonium citrate in water:trifluoroacetic acid. 

Peptide (0.15 µl) was spotted on the MALDI target immediately followed by 0.15 µl 

matrix solution and allowed to dry. MALDI MS and MS/MS data were then acquired 

using a AB 4700 TOFTOF Mass Spectrometer (Applied Biosystems Inc.). Resultant 

peptide mass fingerprint and peptide sequence data were submitted to the NCBI database 

using the Mascot search engine. 

 

Purification of SAN1-FLAG  

293T cells were transfected with pK-SAN1-FLAG, pK-SAN1 (D90A)-FLAG or pK-

FLAG vector and 24 hrs later pelleted by centrifugation, washed in PBS, and lysed in 

HLB (25 mM HEPES (pH 7.4), 10% glycerol, 1mM EDTA, 1 mM DTT, 20 nM 
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calyculin A (Sigma) and protease inhibitors). Cells swelled for 5 min on ice before being 

subjected to three freeze thaws (liquid nitrogen and 37°C) before NaCl was added to 300 

mM. The lysates were spun at 16,100g at 4°C for 15 min and the supernatant was added 

to an equal amount of HLB with 0.2% NP-40 before another spin at 16,100g at 4°C for 5 

min. Clarified lysates were incubated with mouse anti-FLAG M2-Agarose (Sigma) for 2 

hrs at 4°C. Beads were washed x2 for 15 min with HLB with 0.1% NP-40 and 150 mM 

NaCl, then x2 for 15 min with elution buffer (62.5 mM HEPES (pH 7.4), 62.5 KCl, 5% 

glycerol, 1mM DTT, 50 µg/ml BSA). Bound proteins were eluted with FLAG-peptide 

(150 ng/µl) for 30 min at 4°C in a shaker (600 rpm). 

 

Nuclease assay 

Oligonucleotide (IDT) X1 

(TGGGTCAACGTGGGCAAAGATGTCCTAGCAATGTAATCGT CTATGACGTT) 

and oligonucleotide X2 (TGCCGAATTCTACTGGGTCAACGTGGGC 

AAAGATGTCCTAGCAATGTAATCGTCTATGACGTT) were 5’ end-labeled with T4 

polynucleotide kinase (NEB) and [γ-32
P]ATP (MP Biomedicals). Oligonucleotides X1, 

X3 (GTCGGATCCTCTAGACAGCTCCATG), X4 

(CAACGTCATAGACGATTACATTGCTACA TGGAGCTGTCTAGAGGATCCGA), 

and X5 (TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT TTTTTTTTTTTTTTTTTT) 

were 3’ end-labeled with terminal transferase (NEB) and [α-
32

P] cordycepin 5’-

triphosphate (Perkin Elmer). To make splayed arm DNA structure, 5’ end-labeled X2 and 

unlabeled X4 were annealed. To make 5’ flap DNA structure, 5’ end-labeled X2, 
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unlabeled X4, and unlabeled X6 

(GGACATCTTTGCCCACGTTGACCCAGTAGAATTCGGC) were annealed. To make 

dsDNA, 3’ end-labeled X1 and unlabeled X7 (AACGTCATAGACGA 

TTACATTGCTAGGACATCTTTGCCCACGTTGACC CA) were annealed. All 

substrates were PAGE-purified and eluted. Nuclease reactions (10 µl) contained 

radiolabeled DNA substrates (5 nM) and 4 µl of the indicated IP in reaction buffer (25 

mM HEPES (pH 7.4), 25 mM KCl, 2% glycerol, 50 µg/ml BSA, 1 mM β-ME). Reactions 

were started by the addition of 3 mM MgCl2 and allowed to proceed for 2 hrs at 37°C. 

The reaction was stopped by the addition of 3 mM EDTA, the samples were boiled at 

95°C for 5 min, and analyzed by denaturing PAGE (15% polyacrylamide, 7 M urea, 1X 

TBE). Gels were exposed to film at 4°C. The purine-specific chemically digested ladder 

(oligo X1) was performed as previously described [102]. 

 

Immunofluorescence 

HeLa cells were grown on Lab-Tek II chambers (Nunc) and, when indicated, treated with 

vehicle, 5 µM cisplatin, or 1 µM MMC for 2 hrs, replaced with fresh media and 24 hrs 

later fixed in 3.7% paraformaldehyde and quenched in 2% H2O2 (for endogenous SAN1 

detection). Cells were permeabilized and blocked in 0.3% saponin with 1x blocking 

reagent (Roche), except for RPA foci formation when cells were permeabilized in 0.5% 

Trition X-100 and blocked in 3% BSA. Nuclei were counterstained with DRAQ5 (Cell 

Signaling). For endogenous SAN1 detection, rabbit-anti-HRP was used as secondary 

antibody, and tyramide signal amplification plus fluorphore cyanine 3 (PerkinElmer) was 
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added for 10 min. Imaging was on a Zeiss LSM510 Meta confocal microscope using a 

x100 oil immersion lens (NA 1.3). 

 

GFP-based HR assay 

The assay was performed as described previously [304], with the following changes. For 

transfections of control, SAN1 pool, or SEPT7 siRNA, Lipofectamine RNAiMAX was 

used and the second siRNA transfection was performed separately and 6 hrs before 

transfection with pCBASce or vector plasmid (pK-myc). After 60 hrs, cells were 

analyzed by flow cytometry to detect GFP-positive cells, with viable cells determined as 

propidium iodine (Sigma) negative. 

 

Luciferase-based HR assay 

For the luciferase-based HR assay, pK-Firefly was digested with KpnI and XcmI and gel 

purified to produce one fragment (long) or digested with BstBI and NaeI and gel purified 

to produce the other fragment (short) (Fig. 3.10C,D). Long contains the promoter and the 

5’ region of firefly gene. Short contains the remaining part of the firefly gene and lacks 

the start codon. The long and short fragments contain two complimentary regions 

between the BstB1 and Xcm1 sites in the firefly gene, and between the Kpn1 and Nae1 

sites in the vector backbone 3’ of the gene. 293T cells were transfected with equal molar 

concentrations of long and short fragments, as well as pRL-TK, which expresses renilla 

luciferase, as a transfection control. After 24 hrs cells were harvested and assayed with 
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the Dual-Luciferase Reporter Assay (Promega) and assayed using a 20/20
n
 luminometer 

(Promega). 

 

Proliferation assay 

HeLa cells transduced with shRNA were plated in a 96 well plate at 100 cells/well and 

allowed to adhere. Every day a number of the wells were assayed with CellTiter 96 

AQueous One Solution (Promega). Relative cell growth was determined by dividing each 

time point by day 1. 

 

Cell cycle analysis 

HeLa cells were transfected with indicated siRNA and then treated with vehicle or 5 µM 

cisplatin for 2 hrs, replaced with fresh media and 24 hrs later harvested for flow 

cytometric analysis. Cells were washed in PBS and then fixed in ice-cold 70% ethanol for 

at least 2 hrs. The cells were washed in PBS and resuspended in propidium iodide 

staining solution (PBS, 0.1% Triton X-100, 0.2 mg/mL DNase-free Rnase A (Sigma), 20 

µg/mL PI (Sigma)) and analyzed using a FACSCalibur machine (BD). 

 

Statistical analysis 

Two-tailed Student’s t-tests were used in the statistical analysis when comparing two 

samples. A two-way ANOVA test was used for colony survival assays and proliferation 

assays. All graphs and statistical analysis was performed with GraphPad Prism, Version 

4.0a (GraphPad Software, Inc.). 



 87 

Results and Discussion 

 

Depletion of septins and a novel septin-associated protein, SAN1, decreases cellular 

survival to ICLs 

 To test the requirement for septins in the DDR, we assayed cellular viability 

against different DNA damage agents in cells depleted of septins. Individual septin 

subunits are unstable, but form stable heteromeric complexes, so that a reduction in any 

one septin type causes a parallel decrease in the expression of the others [38]. We 

designed a short-hairpin sequence against SEPT2, which decreased not only SEPT2 

expression, but also SEPT6 and SEPT7, three septins known to form a hexameric 

complex in vivo and in vitro (Fig. 3.1A) [16, 46]. Using a range of DNA-damaging 

agents we measured the viability of control and SEPT2 shRNA expressing cells. 

Compared to control, cells depleted of septins were more sensitive to the ICL-inducing 

agents, cisplatin and mitomycin-C (MMC), the alkylating agent, methyl 

methanesulfonate (MMS), oxidative stress induced by hydrogen peroxide (H2O2), and the 

topoisomerase inhibitors, etoposide and camptothecin (CPT) (Fig. 3.1B). However, loss 

of septins had no effect when cells were treated with 6-thioguanine (6-TG) (Fig. 3.1B), a 

compound that is toxic to cells defective in mismatch repair [305]. Therefore, it is 

unlikely that septins are involved in this pathway, but seem to be required for the 

response of a broad array of other types of DNA damage.  For the current study we focus 

on damage involving ICL. 

 



Figure 3.1: Cells depleted of septins are hypersensitive to DNA damage agents. (A) 

Immunoblot for septins from cells transduced with indicated shRNA. RAN was used as a 

loading control. (B) Cell viability assay in cells transduced with indicated shRNA. Cells 

were treated with vehicle or indicated DNA damage agents. Percent cell viability was 

determined by dividing cell number of each DNA damage agent by vehicle with survival 

of cells transduced with control hairpin defined as 100% for each condition. n = 6-12; 

error bars represent SD; (*) P < 0.001; (**) P < 0.0001. (C) Proliferation assay of cells 

transduced with indicated shRNA. For each shRNA, day 1 is set to 1. n = 6; error bars 

represent SD. (D) Clonogenic survival assay of cells transduced with indicated shRNA. 

For each shRNA, colony number of untreated cells is defined as 100%. n = 4-9; error bars 

represent SE; (#) P < 0.05; (##) P < 0.01. 
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Since loss of septins can sometimes cause cytokinetic defects, which might result 

in reduced growth rates, we performed a proliferation assay, but could detect no 

difference between control and septin-depleted cells (Fig. 3.1C). To exclude off-target 

effects we performed clonogenic survival assays (CSAs) with cells expressing an shRNA 

targeting a different septin, SEPT7. As expected, loss of SEPT7 resulted in the co-

depletion of SEPT2 and SEPT6 (Fig. 3.1A). Importantly, however, cells expressing the 

SEPT7 shRNA were hypersensitive to cisplatin and MMC compared with control (Fig. 

3.1D). This result confirms septin depletion sensitizes cells to ICL-inducing agents. 

 We next sought to determine the mechanism through which septins might 

potentiate this response to DNA damage. Notably, we identified by mass spectrometry a 

novel septin-binding protein, FAM120B, which possesses a putative nuclease domain 

related to FEN1 (Fig. 3.2A). First, we confirmed that endogenous FAM120B, which we 

have renamed SAN1, binds to the endogenous septins and vice versa (Fig. 3.2B). Next, 

we tested if SAN1 might be involved in the DDR by performing CSAs. Strikingly, cells 

depleted of SAN1 by expression of an shRNA became hypersensitive to the ICL-

inducing agents, cisplatin, MMC, and carmustine, compared to control, but not to other 

DNA damage agents (Fig. 3.2C). The response to ICL agents was not due to any 

difference in growth rates as determined by a proliferation assay and cell cycle analysis 

(Fig. 3.2D,E). Additionally, SAN1 levels were not reduced by septin depletion (Fig. 

3.2F). Taken together, these data suggest septins are involved in the response to ICLs 

through a novel associated protein, SAN1. 

 



Figure 3.2: Loss of the septin-associated protein SAN1 sensitizes cells to ICL-

inducing agents. (A) Mass spectrometric analysis revealed 12 unique peptides that 

correspond to FAM120B/ SAN1. (B) Cell lysates were immunoprecipitated (IP) with the 

indicated antibodies and analyzed by immunoblot to detect SAN1 and septins. (C) 

Clonogenic survival assays performed with cells transduced with indicated shRNA. 

Immunoblot shows knockdown of SAN1 compared to control shRNA. For each shRNA, 

colony number of untreated cells is defined as 100%. n = 2-11; error bars represent SE; 

(*) P < 0.05; (**) P < 0.01; (***) P < 0.001. (D) Proliferation assay of cells transduced 

with indicated shRNA. For each shRNA, day 1 is set to 1. n = 6; error bars represent SD. 

(E) Cell cycle analysis of control or SAN1-depleted cells, treated with vehicle or 

cisplatin. (F) Immunoblot for SAN1 from cells depleted of septins with indicated shRNA. 

RAN was used as a loading control.  
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SAN1 is a FEN1-related nuclease, which possess 5’ ssDNA exonuclease activity 

SAN1 contains a putative FEN1-related nuclease domain, which raised the 

interesting possibility that it might function as a novel repair nuclease. The FEN1 family 

is involved in DNA replication and a variety of repair pathways [302]. These nucleases 

possess distinct features that are conserved among family members, including two 

regions, N and I, which together form a domain containing seven acidic residues essential 

for enzymatic activity [302]. A sequence alignment of the nuclease domain of human 

SAN1 with the other family members, FEN1, EXO1, XPG, and GEN1, shows the 

location of the conserved residues (Fig. 3.3A). Moreover, the Robetta server found a 

confident match between the nuclease domain of SAN1 and the crystal structure of A. 

fulgidus FEN1, which allowed for comparative modeling (Fig. 3.3B). The locations of the 

active site carboxylates in the SAN1 model correspond very closely with those of FEN1 

(Fig. 3.3C). 

In addition to the N-terminal nuclease-like domain, SAN1 also possesses a central 

region of unusual repeated motifs containing the consensus sequence TDPESRQEVPMC 

(Fig. 3.3D and Fig. 3.4A). While absent from Drosophila or C. elegans genomes, 

orthologs of SAN1 were identified in other insects and the lower Metazoa, including the 

sea anemone and Hydra (Fig. 3.4B). 

 Based on this concordance we asked if SAN1 has nuclease activity. As a control, 

we created a mutant version of SAN1 in which the conserved Aspartate-90 residue was 

mutated to Alanine (D90A). We expressed FLAG-tagged wild-type (WT) SAN1, 

SAN1(D90A), or vector in 293T cells, purified the proteins on M2 beads, and eluted with  



Figure 3.3: Alignment and modeling of SAN1 nuclease domain to FEN1 family 

members. (A) Sequence alignment of nuclease domains of human SAN1, EXO1, FEN1, 

GEN1 and XPG. Identical and similar residues are in bold. Conserved acidic residues in 

the active site are highlighted in red. (B) The nuclease domain sequence of SAN1 was 

submitted to the Robetta server (http://robetta.bakerlab.org) and the server found a 

confident match to the A. fulgidus FEN1 protein, whose structure was used as a template 

for comparative modeling. SAN1 model (light blue) and FEN1 template (PDB 1RXW) 

(green) were aligned and visualized with the PyMol Molecular Graphics System, Version 

1.3 Schrödinger, LLC. (C) Modeling of conserved carboxylates in active site of SAN1 

(light blue) using A. fulgidus FEN1 structure (green) as template. (D) Schematic of the 

domain architecture of SAN1. N-terminal nuclease domain (N), internal nuclease domain 

(I), central repeats (R). 

 

 

 

 

 

 

 

 

 



 



Figure 3.4: Central repeats of SAN1 protein and phylogenetic analysis of SAN1 gene 

in metazoa. (A) Dot plot analysis of SAN1 against SAN1. Parallel diagonals offset from 

the main diagonal indicate repetitive regions in the central repeats region. MacVector was 

used to generate the plot. (B) Phylogenetic analysis of SAN1 gene in metazoa. 

MacVector was used to generate the tree.  
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FLAG peptide (Fig. 3.5A). Given the specificities of the FEN1 family as structure-

specific nucleases, we tested the ability of the purified SAN1 to cleave splayed arm and 

5’ flap oligonucleotide structures, and detected cleavage only with the splayed arm 

structure in a region where the labeled oligo was single-stranded (Fig. 3.5B). We then 

tested ssDNA, labeling the oligonucleotide at the 5’ or 3’-end with 
32

P. After incubation 

with SAN1, the reaction products were visualized by denaturing PAGE and 

autoradiography. SAN1 displayed nuclease activity towards the 5’-end of the substrates, 

to generate two cleaved products (~3 and 7 nt) when detected using a 5’ label and five 

cleaved products when observed with a 3’ label (Fig. 3.5C). Importantly, the nuclease 

activity of SAN1(D90A) was severely reduced compared with WT SAN1 (Fig. 3.5C). 

The unusual pattern of cleaved products prompted us to examine another oligonucleotide 

with a different sequence. The cleaved products of the second 3’-labeled ssDNA also 

produced multiple cleaved products, but with different sized products (Fig. 3.5D), 

suggesting that SAN1 shows sequence specificity. However, from comparisons of the 

sizes and sequences of the oligonucleotide cleavage products we have been unable to 

decipher the recognition code (Fig. 3.5E). An oligonucleotide composed of all thymidines 

was only inefficiently cleaved by SAN1, and produced a smear rather than discrete bands 

(Fig. 3.5F). 

One unexpected feature of SAN1-mediated cleavage is that no products shorter 

than 25 nt were generated from the 3’ labeled oligonucleotides. We speculated that SAN1 

requires ~25 nt for binding, and cuts 5’ to its binding site, a model which predicts that an 

oligonucleotide of 25 nt or less would not be a SAN1 substrate. Indeed, a 25 nt  



Figure 3.5: SAN1 possesses a unique type of 5’ exonuclease activity. (A) Immunoblot 

(top) and silver stain (bottom) of wild-type (WT) SAN1, D90A SAN1, and vector (V) 

eluates used in nuclease assays. L denotes protein molecular weight ladder. (B) Cleavage 

of splayed arm or 3’ flap DNA structures. * denotes oligonucleotide with 5’ 
32

P-label. (C) 

Cleavage of ssDNA (X1 oligo) radioactively 5’ (left panel) or 3’ (middle and right 

panels) 
32

P-labeled. The position of the fragments from a purine-specific chemical 

digestion of X1 oligo is indicated on the right. (D) Cleavage of different ssDNA 

sequences 3’ 
32

P-labeled. The position of the fragments from a purine-specific chemical 

digestion of the X1 oligo is indicated on the left. (E) Size and sequence of cleavage 

products from nuclease reactions with X1 or X4 oligo. (F) Cleavage of 3’ 
32

P-labeled 

ssDNA composed of all thymidines (X5 oligo). 
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oligonucleotide did not generate any detectable products (Fig. 3.6A). To further 

investigate the substrate preference of SAN1, we tested double-stranded DNA (dsDNA). 

Unlike ssDNA substrates, a dsDNA substrate with one of the strands 3’ labeled was not 

cleaved by SAN1 (Fig. 3.6B). We conclude that SAN1 has highly unusual 5’ to 3’ 

exonuclease activity that requires the DNA to be single-stranded and more than 25 nt in 

length. The data are consistent with a model in which the enzyme slides down the ssDNA 

and cuts 5’ to its binding site at intervals, in a sequence-specific manner. 

 To determine if the nuclease activity of SAN1 is required for repair of ICLs we 

generated cDNAs of SAN1-FLAG containing silent mutations, which made the 

transcribed mRNA resistant to knockdown by a SAN1 siRNA. The siRNA decreased 

endogenous SAN1, but the WT and D90A variants expressed to similar levels in the 

presence or absence of the siRNA (Fig. 3.6C). Treatment of cells with SAN1 siRNA 

increased their sensitivity to cisplatin compared to control, but when the SAN1 

knockdown cells expressed WT SAN1, the sensitivity was significantly decreased, 

whereas SAN1 (D90A) remained sensitized to cisplatin treatment (Fig. 3.6D). The level 

of rescue was consistent with the cell transfection efficiency (~50%). This result confirms 

that the phenotype of SAN1 knockdown is not due to an off-target effect and, most 

importantly, demonstrates that the nuclease activity is indispensable for the role of SAN1 

in ICL repair. 

 

 

 



Figure 3.6: ssDNA exonuclease activity of SAN1 is necessary for survival to ICLs. 

(A) Cleavage of 3’ 
32

P-labeled ssDNA of either 50 (X1 oligo) or 25 (X3 oligo) 

nucleotides (nt) in length. (B) Cleavage of 3’ 
32

P-labeled ssDNA (X1 oligo) or dsDNA. 

(C) Immunoblot of cells transfected with indicated siRNA and rescue plasmid. (D) 

Clonogenic survival assay of cells transfected with indicated siRNA and rescue plasmid. 

For each transfection, colony number of untreated cells is defined as 100%. n = 4; error 

bars represent SD; (*) P < 0.0001. 
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SAN1 translocates to the nucleus during ICL repair and requires septins for proper 

localization in the absence of damage. 

Septins are exclusively cytoplasmic proteins, but DNA repair enzymes must 

access the nucleus, therefore, it was of interest to determine the subcellular distribution of 

SAN1. Expression of the nuclease was too low to detect by standard 

immunofluorescence, but tyramide amplification permitted the specific detection of 

endogenous SAN1, which was abolished by knockdown of SAN1 expression (Fig. 3.7). 

Staining was cytoplasmic, as predicted from its interaction with septins; however, when 

cells were damaged with either cisplatin or MMC, SAN1 partially re-localized and 

accumulated in the nucleus (Fig. 3.8A). To further test the subcellular distribution, we 

expressed SAN1-FLAG, which was also mostly cytoplasmic in control cells and seen as 

filaments, detected under the nucleus, which co-localized with septins (Fig. 3.8B). Also, 

SAN1-FLAG moved partially into the nucleus following damage by ICL-inducing 

agents, consistent with endogenous SAN1 staining (Fig. 3.8C). Considering that septins 

have diverse roles as signaling scaffolds, we tested if loss of septins might affect SAN1 

localization. As a note, septins play multiple additional roles in cytokinesis and 

cytoskeletal organization, so silencing of SEPT7 causes changes in cell shape and 

cytokinetic defects that can result in multi-nucleation [38]. Strikingly, depletion of 

septins caused a partial redistribution of endogenous and SAN1-FLAG into the nucleus, 

even in the absence of DNA damage (Fig. 3.8D,E and Fig. 3.9). Thus, septins are 

necessary for the proper subcellular localization of SAN1 in the absence of damage. 

 



Figure 3.7: Specificity of SAN1 antibody. Confocal images of cells transduced with 

indicated shRNA and treated as indicated (left) and stained with anti-SAN1 antibody. 

DRAQ5 was used to visualize nuclei. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 



Figure 3.8: DNA ICLs increase nuclear accumulation of SAN1 and depletion of 

septins cause mislocalization of SAN1. (A) Confocal images of HeLa cells treated and 

stained with antibodies as indicated. DRAQ5 used to visualize nuclei. Images are 

confocal sections through the middle of cells. (B) Confocal images of HeLa cells 

expressing SAN1-FLAG stained with antibodies as indicated. DRAQ5 used to visualize 

nuclei. Images are confocal sections taken in different locations in z-axis, either through 

the middle of cells (Middle) or under the nucleus (Under). (C) Same as A, but with HeLa 

cells expressing SAN1-FLAG. (D) Confocal images of HeLa cells transfected with 

indicated siRNA and stained with antibodies as indicated. (E) Same as D, but with HeLa 

cells expressing SAN1-FLAG. Bar graphs are ratio of nuclear (FNUC) to cytoplasmic 

(FCYTO) fluorescence of endogenous SAN1 (A,D), or SAN1-FLAG (C,E), with vehicle 

(A,C), or siControl (D,E) defined as 1. n = 15-93; error bars represent SE; (*) P < 0.05; 

(**) P < 0.001; (***) P < 0.0001. 

 

 

 

 

 

 

 



 



Figure 3.9: Effect of SEPT7 knockdown on SEPT2. Confocal images of cells transfect 

with indicated siRNA (left) and stained with anti-SEPT2 antibody. DRAQ5 was used to 

visualize nuclei. 
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Septins and SAN1 are necessary for efficient HR 

We next sought to determine at what stage of ICL repair SAN1 and septins act. 

Resolution of ICLs is a complicated process involving numerous repair proteins, but two 

major steps involving nucleases are unhooking of the lesion and HR. We initially 

measured HR efficiency, using a reporter system induced by I-Sce1, which generates a 

double-stranded break between tandem mutant copies of GFP [306]. HR at the break 

generates functional wild-type GFP, detectable by flow cytometry. Depletion of SAN1 or 

septins significantly reduced the frequency of HR compared to control (Fig. 3.10A,B). 

Although significant, the HR defect was modest (50 – 70% reduction), similar to that 

previously found for FA proteins, which have a relatively minor defect in HR when 

assayed in the context of this reporter system [220, 249]. 

To further test the involvement of SAN1 and septins in HR, we used a new, 

quantitative luciferase-based HR assay. The assay uses two overlapping fragments of the 

firefly luciferase plasmid, one containing the promoter and the 5’ region of luciferase and 

the other containing the remaining 3’ part of the gene, lacking a start codon (Fig. 

3.10C,D). Formation of a functional firefly luciferase open reading frame requires in-

frame recombination of the two fragments, and indeed, only when both plasmids are co-

transfected is a substantial signal produced (Fig. 3.10E). One advantage of this assay is 

the renilla internal control, which will correct for nonspecific toxic effects of gene 

silencing. To validate the luciferase assay, we tested the effects of silencing RAD51, a 

recombinase known to be necessary for HR [171], and KU70, a component of non-

homologous end-joining, the depletion of which has been shown previously to increase  



Figure 3.10: SAN1 and septins are required for efficient HR. (A) GFP-based HR 

assay. Cells were transfected with indicated siRNA and following depletion, cells were 

transfected with a plasmid expressing I-Sce1 or vector. GFP expression was determined 

by flow cytometry and cells transfected with control siRNA is defined as 100%. n = 6; 

error bars represent SE. Immunoblot of cells transfected with control or SAN1 siRNA 

shows knockdown efficiency. (B) Same as A, except cells were transfected with control 

or SEPT7 siRNA. n = 4-5; error bars represent SE. (C) Diagram of plasmids used in 

luciferase-based HR assay. pK-Firefly-luciferase is digested with the indicated restriction 

enzymes to produce two fragments, long and short. (D) Ethidium bromide-stained DNA 

agarose gel of pK-Firefly luciferase plasmid cut with single-cutting restriction enzyme 

(linear), uncut, or digested as described in C. bp = basepairs. (E) Cells were transfected 

with indicated plasmids (bottom) and renilla normalization plasmid. Firefly to renilla 

ratio for long + short is defined as 100%. n = 9; error bars represent SD. (F) Cells were 

transduced with control or RAD51 shRNA and were transfected with firefly long and 

short plasmids and renilla normalization plasmid. Immunoblot shows knockdown 

efficiency. For graph firefly to renilla ratio for control is defined as 100%. n = 9-12; error 

bars represent SD. (G) Same as E, except cells were transduced with control or KU70 

shRNA. n = 7-9; error bars represent SD. (H) Cells were transduced with indicated 

shRNA and were transfected with firefly long and short plasmids and renilla 

normalization plasmid. Firefly to renilla ratio for control is defined as 100%. n = 6-35; 

error bars represent SD. (*) P < 0.01; (**) P < 0.001 (***) P < 0.0001. 
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HR efficiency [307]. Consistent with these functions, cells expressing shRNA against 

RAD51 exhibited a significant decrease in luciferase activity, while silencing of KU70 

increased luciferase activity compared to control cells (Fig. 3.10F,G). While basal 

luciferase activity is quite high, the assay is extremely sensitive and quantitative, enabling 

precise measurements of extra-chromosomal HR efficiency. Using this reporter system in 

cells depleted of SAN1 or septins we observed a significant decrease in the efficiencies of 

HR compared to a control knockdown (Fig. 3.10H). Taken together, these data 

demonstrate that both SAN1 and septins are involved in HR. 

 

Septins and SAN1 are necessary for DNA end resection during ICL repair 

Unhooking of the DNA lesion creates DSBs, which initiate HR during ICL repair 

[221]. To test whether the decreased HR efficiency in cells depleted of SAN1 or septins 

results from a decrease in DSB formation we looked at γ-H2AX, a marker of DSBs [98]. 

Cells treated with cisplatin, and depleted of SAN1 or septins, did not show any difference 

in γ-H2AX phosphorylation compared to control (Fig. 3.11A). This result indicates that 

SAN1 and septins do not affect the detection and unhooking of ICLs, but participates in a 

downstream process. 

After generation of DSBs, HR is initiated by 5’-3’ resection, generating ssDNA 

that is coated by RPA [173, 174]. We hypothesized that the exonuclease activity of SAN1 

could affect HR by controlling the end resection of DSBs. To test this mechanism, we 

analyzed RPA foci after exposure of cells to cisplatin. Depletion of either SAN1 or 

septins caused a significant decrease in both the average number of RPA foci per cell,  



Figure 3.11: SAN1 and septins are required for formation of RPA foci. (A) 

Immunoblot of cisplatin treated cells transfected with indicated siRNA. RAN was used as 

a loading control. (B) Representative confocal images of cisplatin treated cells transfected 

with indicated siRNA and stained with anti-RPA antibody. (C) Average number of 

cisplatin-induced RPA foci per cell transfected with indicated siRNA. n = 3-5, > 100 

cells/n; error bars represent SD. (D) Percent of indicated siRNA transfected cells with > 9 

cisplatin-induced RPA foci per cell. n = 3-5, > 100 cells/n; error bars represent SD. (**) P 

< 0.001; (***) P < 0.0001. (E) Cells transfected with SAN1 siRNA and indicated SAN1 

rescue plasmid. Representative confocal images of cisplatin treated cells stained with 

anti-RPA antibody, FLAG antibody to detect rescue plasmid, and DRAQ5 used to 

visualize nuclei. Graphs show average number of cisplatin-induced RPA foci per cell and 

percent of cells with > 9 cisplatin-induced RPA foci per cell. n = 18-21. 
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and in the average number of cells with more than nine RPA foci (Fig. 3.11B-D). To 

determine if the nuclease activity of SAN1 is required for end resection we expressed WT 

and D90A variants of siRNA resistant cDNA in cells transfected with SAN1 siRNA. We 

then analyzed RPA foci after exposure of cells to cisplatin. Expression of WT SAN1 

rescued the decrease in RPA foci, while SAN1 (D90A) remained decreased in both the 

average of RPA foci per cell, and in the average number of cells with more than nine 

RPA foci. These data strongly suggest that SAN1 and septins are involved in the end 

resection of DSBs during ICL repair. 

 

Conclusions 

 While circumstantial evidence has linked septins to DDR signaling, mechanisms 

have remained unclear and it was unknown whether these cytoskeletal proteins might 

also be engaged in DNA repair. We were surprised, therefore, to discover that silencing 

of the septin 2,6,7 complex compromises the survival of cells exposed to several different 

types of DNA damaging agents. However, these observations are supported by the results 

of previous genome-wide screens for genes involved in the DDR, which uncovered 

several septins as candidates [248, 277, 308, 309].  

Our investigation of potential mechanisms through which septins might interface 

with the DDR unexpectedly revealed an association with an uncharacterized protein that 

possesses nuclease activity, and which we have named Septin-Associated Nuclease 1, 

SAN1. While these data demonstrate the involvement of septins in the response to ICL-

inducing agents through the actions of SAN1, the mechanism of septins in response to 
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other DNA damage agents remains to be determined. SAN1 is a FEN1-related 

exonuclease, necessary for the efficient repair of ICLs by resecting DSBs formed from 

the unhooking of the lesion, which leads to the initiation of HR and resolution of the 

damaged DNA. SAN1 is unusual in that it specifically cleaves from the 5’ end of ssDNA 

at apparently random intervals of 2 – 10 nts. The cleavages appear to be sequence-

specific, but we have been unable, thus far, to decipher the code that governs cleavage 

site identity. Since SAN1 will not cut oligonucleotides shorter than ~25 nt, we speculate 

that it binds 3’ to the cleavage sites, and that these sites are ~25 nt 5’ to binding. 

Interestingly, SAN1 re-localizes from the cytoplasm to the nucleus during DNA damage.  

Functionally, septins prevent the inappropriate nuclear accumulation of SAN1 in 

the absence of DNA damage. Additionally, however, septins must somehow convey an 

activating signal to SAN1, because nuclear accumulation of SAN1 caused by depletion of 

septins is insufficient in itself to enable efficient repair of ICLs. This suggests that 

retention of SAN1 in the cytoplasm by septins is necessary for the activation of SAN1, 

indicating that septins might be acting as a signaling platform during the DDR. To test 

this possibility, the SAN1 and septin interaction should be examined. The region in 

SAN1 necessary for septin binding would need to be identified and then exploited to 

determine if the effects of SAN1 knockdown and septin knockdown are correlated or 

causative. Rescue experiments with SAN1 variants lacking the septin binding domain 

could be examined for their localization, which would test if septins are necessary for 

their cytoplasmic retention.  
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It is also possible SAN1 and septins are functioning independently of each other. 

Rescue experiments for any of the functional assays, such as colony survival with ICLs, 

HR and RPA foci formation with a SAN1 variant that is unable to bind to septins would 

test if the interaction of SAN1 with septins is necessary for SAN1 function. However, 

these tests would still not identify the underlying mechanism of this interaction. The 

model presented here suggests septins relay a signal to SAN1 during the DDR. To test 

this, post-translational modifications, such as phosphorylation and mono-ubiquitination 

on SAN1 or septins, which have been demonstrated to be important for the function of 

other DDR proteins, could be explored. Further studies would then be necessary to 

determine if these modifications lead to a change in binding partners, or a change in 

protein structure. 

  SAN1 is a new exonuclease involved in HR, specifically during end resection of 

ICL repair. Because of the potential involvement of other exonucleases, such as EXO1 

and DNA2 in HR during ICL repair, it would be important to test for the expression 

levels of these nucleases in SAN1 knockdown cells. It would also be of interest to 

identify other SAN1 interacting proteins during ICL repair. Proteomic analysis of SAN1 

in cells treated with ICL agents should identify associated proteins, specifically the 

nuclear fraction of SAN1. It is possible SAN1 could interact with components of the FA 

complex, other nucleases, and helicases.  Overall, these data identify a new member of 

the FEN1 family of nucleases, reveal its role in the resolution of ICLs, and highlight a 

novel and unexpected link between cytoskeletal elements and the DNA repair machinery. 
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Chapter 4: Discussion 

 

 Every day, the approximately 10
13

 cells in the human body receives tens of 

thousands of DNA lesions, that if left unrepaired, or repaired incorrectly, can lead to 

mutations, genomic instability, cell death, disease, premature aging, and cancer [262]. 

The DDR has evolved to cope with these insults, coordinating multiple proteins and 

pathways to ensure DNA integrity and cellular survival. The breadth of this response is 

becoming increasingly understood as multiple screens have been performed to look for 

proteins involved in multiple aspects of the cellular response to DNA damage. While 

these screens reinforce the involvement of key proteins in the DDR, they also discover 

the potential involvement of proteins involved in other cellular processes. A screen that 

highlights the complexity of the DDR was one designed to look for phosphorylation 

substrates of the PIKK family, particularly ATM and ATR [277]. The screen identified 

over 900 sites on more than 700 proteins, with functional analysis performed on 421 

candidate substrates revealing many biological processes potentially involved in the DDR 

[277]. While many known proteins and pathways were identified, there were also 

proteins involved in cellular processes such as insulin signaling, cell structure and 

motility, intracellular protein traffic, as well as many others that were previously 

unconnected, or only hinted at in previous studies [277]. Although this screen was 

designed to find only ATM and ATR substrates, based on the kinases substrate 

preference for a glutamine C-terminally adjacent to a serine, or threonine, other kinases 

could have phosphorylated these sites, although the response would still have been 
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activated in response to DNA damage [310, 311]. Of particular interest to the work 

presented here, SEPT6 was identified in this screen with potential phosphorylations on 

three serine residues, all present in the coiled-coil domain [277]. Although, these 

phosphorylations have not been confirmed, the identification of SEPT6 in a screen for 

phosphorylation targets during the DDR suggests septins might play a role during this 

process. 

 Septins have been implicated in the DDR in both yeast and human cells. In yeast, 

septins were reported to bind the CHK2 homolog Rad53, where, through unknown 

mechanisms, septins participate in the response to DNA damage, in particular DNA 

replication stress [77, 78]. Interestingly, Rad53 was shown to directly phosphorylate the 

septin Shs1 using recombinant proteins, which, at least in the context of DNA damage 

induced by the alkylating agent MMS, was confirmed in vivo [78, 312]. However, to 

date, there is no evidence of CHK2 phosphorylation of a human septin. In human cells, 

though, previous work in our lab also indicated the involvement of septins in the DDR. 

This was through septins involvement in mediating the localization of SOCS7 and NCK 

[76]. Septins appear to be necessary for regulating the predominantly cytoplasmic 

localization of these adaptor proteins, which, through an unknown mechanism, become 

mostly nuclear upon DNA damage [76]. The nuclear accumulation of NCK only occurs 

in cells mounting a proper DDR and although it is not dependent on CHK2, it does 

require PIKK family activity, specifically ATR during UV damage. NCK negatively 

regulates the phosphorylation, and activation, of p53, because depletion of NCK, or 

SOCS7, results in hyper-phosphorylation of p53 on serine 15, a residue that is 



 122 

phosporylated by PIKK family members, in addition to CHK1 and CHK2 [118, 120, 128, 

129, 313]. Furthermore, loss of NCK, or SOCS7, results in cells undergoing early DNA 

damage-induced apoptosis. 

 Several questions remain to be answered about the mechanism of NCK nuclear 

accumulation in response to DNA damage, as well as how NCK negatively regulates p53 

phosphorylation and apoptosis. Although, an ATR specific inhibitor blocked the nuclear 

accumulation of NCK following UV irradiation, determining how this signal is relayed to 

retain NCK in the nucleus will be important to elucidate. Since NCK is cycling between 

the nucleus and cytoplasm, it is possible NCK and/or SOCS7, or another unidentified 

binding partner could be modified and thus retained in the nucleus during the DDR. 

Possible candidates might be c-Abl and EGF receptor, which have been shown to interact 

with NCK and have been shown to relocalize to the nucleus upon DNA damage where 

they interact with the PIKK family [314-319]. It is also possible NCK is acting as an 

adaptor in the nucleus during the DDR and it is only when a nuclear binding partner of 

NCK in the nucleus becomes modified does NCK remain nuclear. Similarly, identifying 

how NCK negatively regulates p53 phosphorylation and how it specifically protects 

against apoptosis would be of interest. Identifying NCK1 and NCK2 specific binding 

partners during the DDR might help elucidate the mechanism. NCK might transport 

proteins into the nucleus during the DDR, or act as a scaffold in the nucleus. The 

phosphorylation of p53 on serine 15 prevents its interaction with MDM2, thus preventing 

its degradation, and resulting in nuclear accumulation of p53 [125]. It could be possible 

that NCK might somehow foster this interaction, either directly, or indirectly by blocking 
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p53 phosphorylation, to keep p53 levels low during the DDR and in the absence of 

nuclear NCK, p53 phosphorylation and protein levels increase above what they normally 

would during the DDR. Indeed, p53 protein levels have been shown to oscillate during 

the DNA damage response, and only when they are sustained at a high level do cells 

undergo apoptosis [320]. Interestingly, p53, besides having a function as a nuclear 

transcription factor for genes involved in cellular responses such as apoptosis and cell 

cycle control, also has additional roles in the cytoplasm, where it has been shown to 

induce apoptosis via mitochondrial outer membrane permeabilization by directly 

activating Bax [321-323]. Thus, NCK might perform an inhibitory role during this 

process separate from the function of NCK negatively regulating p53 phosphorylation. 

More study should determine how the NCK proteins mediate their effects during the 

DDR. 

 Mammalian septins are also involved in the DDR through the interaction with a 

new DNA repair exonuclease, SAN1. The central region of SAN1, composed of unusual 

repeated motifs, is necessary for this interaction, although further study will determine if 

the repeats are sufficient and if this interaction is direct. In addition to the redistribution 

of NCK and SOCS7, depletion of septins also mislocalize SAN1. This suggests there is 

an underlying mechanism of how septins are involved in the DDR. In both situations, 

septins are necessary to prevent the inappropriate nuclear accumulation of the associated 

proteins in the absence of DNA damage. It is possible septins are binding and 

sequestering these proteins in the cytoplasm until they are released through some 

mechanism. However, in the case of NCK and SOCS7, this is probably not occurring 
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since these proteins still accumulated in the nucleus after cells were treated with the 

Crm1 inhibitor leptomycin B, in the presence of intact septins, indicating septins are not 

preventing the cycling of these proteins [76].  

Whether SAN1 is also cycling in the absence of DNA damage has yet to be 

determined, but additionally, septins must somehow convey an activating signal to 

SAN1, because nuclear accumulation of SAN1, caused by depletion of septins, is 

insufficient in itself to enable efficient repair. Septins roles in maintaining the correct 

localization of SAN1 in the absence of damage and transmission of an activating signal 

are not necessarily mutually exclusive. If SAN1 is cycling between the nucleus and 

cytoplasm in the absence of damage, it is possible SAN1 is activated and recruited in the 

nucleus upon DNA damage recognition. It is also possible that DNA damage could lead 

to the activation of a nuclear protein, thus triggering its relocalization to the cytoplasm 

where it could release SAN1 from septins and also possible activate SAN1. Indeed, this is 

similar to how the transcription factor NF-κB, which is kept inactive in the cytoplasm 

through an interaction with inhibitor of κB (IκB), is activated in response to DNA 

damage [324, 325]. DNA damage induces ATM phosphorylation of NF-κB essential 

modulator (NEMO), which results in ubiquitination and then nuclear export of NEMO 

[326, 327]. Cytoplasmic NEMO activates the IκB kinase, which phosphorylates and 

degrades IκB and thus activates NF-κB, which then translocates into the nucleus to 

regulate gene transciption [326-328]. While NEMO might not be a candidate to perform 

this function with septins and SAN1, the checkpoint kinase MK2 could perform this 

function. Following DNA damage, MK2 translocates from the nucleus to the cytoplasm, 
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where it phosphorylates downstream effector proteins [329]. Interestingly, a recent 

phospho-proteomic screen for CHK1 identified SEPT7 as a potential substrate [330]. 

CHK1, CHK2 and/or MK2 could be responsible for this phosphorylation since these 

three kinases share similar consensus motifs, and MK2 has been shown to phosphorylate 

CHK1 substrates in cells [104, 329]. 

The activating signal septins somehow convey to SAN1 to enable efficient ICL 

repair might be to facilitate the phosphorylation of SAN1, or an associated protein. This 

phosphorylation event may be necessary for the retention of SAN1 in the nucleus during 

DNA damage possibly through an interaction with a BRCT domain-containing protein. 

Septins are required for SAN1 binding to BRCT domains following DNA damage, which 

could be explained by SAN1, or an associated protein, not being phosphorylated. Thus, 

even though loss of septins leads to mislocalization of SAN1, SAN1 is unable to be 

activated and/or properly localized to sites of DNA damage. Further studies to identify 

the BRCT domain-containing protein, as well as the phosphorylation of SAN1, or an 

associated protein, should elucidate the mechanism of SAN1 activation and nuclear 

retention. An important step will be determining if the phosphorylation occurs in the 

nucleus or the cytoplasm, and if septins are required. 

The models presented here suggest septins play a role as a cytoplasmic scaffold in 

the regulation of associated proteins. This function of septins has been demonstrated for 

other proteins and pathways, but the involvement of septins in the nucleus during DNA 

damage cannot be ruled out. While endogenous septins seem to exist only as hetero-

oligomers, overexpression of septins in mammalian cells, as well as purification of 
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recombinant septins, have shown septins can exist as dimers or monomers [11, 16, 19, 

331]. However, no physiological functions of septin monomers or dimers have been 

described. Although the abundance of septins in the cytoplasm and that septin stability is 

dependent on other septins complicates studies, it would be interesting to investigate the 

potential role of septins in the nucleus during the DDR. 

Our data identify SAN1 as a novel exonuclease necessary for ICL repair. The 

nuclease domain of SAN1 is related to other members of the FEN1 family of structure-

specific nucleases. The conserved acidic residues are important for the activity of SAN1 

and other members of the FEN1 family [332-336]. These residues coordinate two metal 

ions (Mg
2+

or Mn
2+

) to create the nuclease active site [337]. Recently the structure of 

FEN1 and EXO1 bound to DNA substrates was determined, which have defined other 

important and conserved features of the FEN1 family, including a K
+
-binding site, a 

hydrophobic wedge, and a helical gateway formed by alpha helices [333, 334]. 

Additional studies should determine the importance of these features for substrate 

binding and SAN1 activity. Interestingly, we show SAN1 possesses exonuclease activity 

towards ssDNA that might be sequence dependent, although ssDNA secondary structure 

is more likely. This activity is unique compared to FEN1 family members, which appear 

to recognize the junction between dsDNA and ssDNA of a variety of substrates [302]. It 

is possible SAN1 also recognizes other substrates besides ssDNA and further studies 

would need to be done to determine this. Another interesting feature is the unique 

cleavage pattern of SAN1. Although the recognition sequence, or secondary structure, 

recognized by SAN1 should be determined with further studies, the current model 
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predicts SAN1 requires 25 nucleotides 3’ of where the cleavage occurs. This would 

indicate SAN1 is binding these 25 nucleotides because nuclease activity is not recognized 

with a substrate of this length, nor are products produced smaller than ~25 nucleotides 

when a 50 nucleotide substrate is used. The nuclease domain of EXO1 was determined to 

bind 10 base pairs, which is in agreement with the crystal structure of EXO1 with DNA 

[334, 338]. Since it is likely the nuclease domain of SAN1 would bind the same length, 

the additional length must be through the remaining C-terminal portion of the protein. 

Future studies, such as a DNA footprinting assay, should be able to determine if this 

model is correct.  

The 5’ to 3’ nuclease activity towards ssDNA, but not dsDNA, is consistent with 

a role of SAN1 in DNA end resection during ICL repair. However, because SAN1 

appears unable to resect one strand of dsDNA, there must be a mechanism in which a 

displaced ssDNA is exposed for SAN1 to cleave. This is performed by helicases, which 

unwind the DNA at the DSB. The BLM helicase, which plays a role in end resection 

during DSB repair, has been implicated in ICL repair, but is postulated to function in the 

resolution of Holliday junctions [216, 256, 257]. The related RecQ homolog, WRN, has 

also been implicated in ICL repair, through interactions with HR proteins, including 

BRCA1, RAD51, RAD54, and RAD54B, however it is not clear where in the repair 

process WRN functions [339, 340]. The helicase, HEL308, has also been shown to be 

involved in ICL repair, through an interaction with the TLS polymerase, POLN, although 

it is suggested HEL308 functions in a late step of HR [251, 341]. Also, the 

MCM8/MCM9 helicase has recently been shown to be necessary for HR during ICL 
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repair, through the recruitment of RAD51, although similar to BLM, WRN, and HEL308, 

a role in end resection during ICL repair has not be determined [259-261]. Finally, the 

helicase FANCJ, one of the genes mutated in FA, functions in HR during ICL repair, 

although the precise nature remains unclear [342]. Interestingly, FANCJ was recently 

shown to participate in end resection with MRE11, but only during DSB repair, not ICL 

repair [343]. During ICL repair, FANCJ cooperates with components of the MMR 

machinery, such as interacting with MLH1, which is necessary for proper localization of 

FANCJ to sites of ICLs [343, 344]. The involvement of these, and other unidentified, 

helicases, in ICL repair illustrates the complexity of this repair process. Further studies 

should determine which helicase, or helicases, are working in cooperation with SAN1 

during end resection of ICL repair. 

Similar to the potential involvement of multiple helicases in end resection during 

ICL repair, multiple nucleases could also be involved. While the identification of FAN1, 

provided a mechanistic link between FANCD2 monoubiquitination and ICL repair, the 

exact step of where FAN1 acts to promote ICL repair remains unclear [248-250, 252]. 

While FAN1 possesses 5’ to 3’ exonuclease activity, it is unlikely to participate in end 

resection since RPA foci formation was not decreased following ICL formation, but 

instead persisted consistent with a downstream defect in the repair pathway [249, 250]. 

The endonuclease DNA2 and the exonuclease EXO1 were recently implicated in end 

resection during ICL repair [345]. DNA2 and EXO1 have been shown to be important in 

end resection during DSB repair [195, 197]. Interestingly, although DNA2 and EXO1, 

working in concert, are necessary for DNA end resection, their depletion results in a 
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defect in SSA and an increase in HR [345]. Thus, it appears the role of these nucleases 

during end resection alters the balance between which repair pathway is utilized. It is also 

likely that these nucleases are acting during a part of the cell cycle when a homologous 

region is not present, which would promote the use of the error-prone SSA pathway. 

Unlike DNA2 and EXO1, the role of SAN1 during end resection appears to promote a 

HR pathway, since loss of SAN1 results in a decrease in HR. Further studies should 

further elucidate the role of SAN1 in ICL repair and determine the possible coordination 

with other components of the FA and HR pathway. 

It now appears mammalian septins are involved in the DDR, through the 

interaction of NCK and SAN1. There is also the possibility septins, through other 

interacting proteins, could have other connections to the DDR. Interestingly, a yeast two-

hybrid screen of human septins found a number of novel septin-interacting proteins, some 

of which have a demonstrated role in the DDR, such as CASP8AP2, an associated protein 

of CASP8 necessary for apoptosis, the SUMO-conjugating enzyme UBC9 involved in the 

SUMOylation of BRCA1 during DNA damage, and thymine DNA glycosylase a BER 

enzyme which excises thymine when mispaired with guanine [346-349]. In addition, 

multiple septins were identified in a screen for proteins ubiquitinated in response to UV 

damage [350]. Intriguingly, a recent study demonstrated the ubiquitin ligase RNF8 

monoubiquitinates septins [351]. Although this modification was not in response to DNA 

damage, RNF8 has an established role in recruiting repair proteins to DNA damage sites 

[352]. More studies should determine the importance of these interactions and 
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modifications and potentially expand, and further clarify, the role of septins during the 

DDR.  

Our findings, summarized in Fig. 4.1A, demonstrate septins have multiple roles in 

the DDR. Septins through the adaptor protein NCK, regulate DNA damage induced p53 

phosphorylation and apoptosis. This interaction is mediated by SOCS7, which is 

necessary for the nucleo-cytoplasmic translocation of NCK. Septins also mediate DNA 

repair, through the interaction with the novel DNA repair nuclease, SAN1. Following 

DNA damage, NCK and SAN1 accumulate in the nucleus where they appear to function. 

In addition to maintaining proper cellular localization, at least in the case of SAN1, 

septins are also necessary for relaying an activating signal. SAN1 localization to sites of 

damage appears to be dependent on an interaction with a BRCT domain containing 

protein, possibly mediated by SMC1. The interaction of SAN1 at the site of the ICL 

might also be facilitated by an interaction with PCNA. SAN1 is necessary for DNA end 

resection, a necessary step for HR and for proper resolution of ICLs (Fig. 4.1B). Further 

study should shed light on the exact mechanisms of SAN1 in ICL repair, as well as 

explore the possible involvement of septins in other aspects of the DDR.  

 

 

 

 

 

 



Figure 4.1: Model of our findings. (A) Septins are involved in the DDR through 

interaction and regulation of the adaptor protein NCK, mediated by SOCS7, and SAN1. 

See text for more details. (B) SAN1 is necessary for DNA end resection during ICL 

repair. After unhooking and translesion synthesis past the flipped out lesion occurs, HR is 

completed, along with removal of the lesion, and replication is re-established. A 

necessary step during the HR step of ICL repair, where SAN1 acts, involves 5’ – 3’ end 

resection at the site of the DSB generated during removal of the lesion. The involvement 

of SAN1, and the necessity of DNA end resection, would occur whether one replication 

fork, or a second replication fork from the opposite direction, encounters the lesion. 
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Appendix I: Additional Data 

 

Central repeats of SAN1 bind septins 

 

 In addition to the N-terminal FEN-1-related nuclease domain, composed of the 

two regions N and I, SAN1 also possesses a central region of unusual repeated motifs 

(Fig. 5.1A). Dot plot analysis of the amino acid sequence of SAN1 against itself revealed 

the repetitive region, which contains 15 repeats, of 12 amino acids each (Fig. 3.4A and 

Fig. 5.1B). A sequence alignment of the repeats was generated and reveals some 

conserved features[353]. At position four and eight there is a glutamic acid residue, and 

in between these residues, at position six, is a basic residue (Fig. 5.1C). This is interesting 

because at physiological pH, these would generate a positively charged residue in 

between two negatively charged residues. This might form a salt bridge between the 

oppositely charged residues either within a repeat, or more likely between repeats. Salt 

bridges have important roles in the stability and function of proteins, such as affecting 

oligomerization, flexibility, and affecting interaction specificity with other proteins and 

molecules that may be involved in allosteric regulation [354]. 

 To test the requirement of the central repeats of SAN1 for binding to septins we 

expressed a variant of SAN1 expressing just the central region of SAN1 (255-700) that 

contains the repeats, or a variant of SAN1 that lacked all of the repeats (∆repeat) (Fig. 

5.1D). While ∆repeat expressed to a high level, 255-700 was undetected by immunoblot 

(Fig. 5.1D). This may be due the repetitive nature of the repeats, which might be  



Figure 5.1: Characterization of septin binding region of SAN1. Repeat sequence of 

SAN1 is necessary for binding to septins. (A) Schematic of the domain architecture of 

SAN1. N-terminal nuclease domain (N), internal nuclease domain (I), central repeats (R). 

(B) Sequence of SAN1 with 15 central repeats highlighted in blue. (C) Graphical 

representation of an amino acid sequence alignment of the 15 central repeats generated 

by WebLogo [353]. (D) FLAG-tagged SAN1 variants 255-700 or ∆repeat were 

transfected into cells. Input lysates were analyzed by immunoblot to detect the indicted 

proteins. (E) Lysates from D were immunoprecipitated (IP) with anti-SEPT6 antibody or 

mouse IgG (mIgG) and analyzed by immunoblot to detect the indicated proteins. (F) 

Confocal images of HeLa cells expressing SAN1-FLAG-∆repeat treated and stained with 

antibodies as indicated. DRAQ5 used to visualize nuclei. Images are confocal sections 

through the middle of cells. 
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unstructured, and thus vulnerable to degradation or insolubility. When SEPT6 was 

immunoprecipitated from these lysates, the 255-700 variant interacted specifically with 

septins and was enriched greatly considering it was undetectable on the input blot, while 

the ∆repeat was undetectable (Fig. 5.1E). This indicates the central repeats of SAN1 are 

interacting with septins. However, when the ∆repeat variant was expressed in cells and 

visualized by immunofluorescence, the SAN1 variant still localized to the cytoplasm and 

partially relocalized to the nucleus upon cisplatin treatment (Fig. 5.1F). Although the 

repeats are necessary for a biochemical interaction with septins in soluble cellular extract, 

this data suggests the region might not be the only interaction SAN1 makes with septins 

in the context of an intact cellular architecture. Further study should determine the nature 

of the septin and SAN1 interaction; such as whether it is direct and what other region, or 

regions, of SAN1 interact with septins. Further insight into how these proteins interact 

should help elucidate how septins regulate SAN1 function during ICL repair. 

 

SAN1 interacts with PCNA and BRCT domains 

 

 Many proteins involved in DNA repair form associations with PCNA, a DNA 

clamp that functions as a recruiter, organizer, and a cofactor during catalytic steps, and 

with proteins that contain BRCT domains, which recognize peptide sequences 

phosphorylated by PIKK family members during the DDR [102, 355-357]. Interestingly, 

within the SAN1 sequence are candidate motifs for both proteins – the PCNA binding 

motif in the nuclease domain (RFALK) and the BRCT motif in the C-terminal region 
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(SQAF). The potential PCNA binding motif is not a classical PIP (PCNA-interacting 

peptide) sequence, but instead a recently identified APIM (AlkB homologue 2 PCNA-

interacting motif) [358]. The potential BRCT binding motif, characterized by an aromatic 

residue at position +3 of the phosphorylated residue, would be recognized by a type 1 

BRCT domain-containing protein since it is not at the carboxyl terminus of SAN1 [102]. 

Based on this we used the tandem BRCT motifs of BRCA1, which has been shown to 

bind peptides similar in sequence and location to the potential BRCT motif in SAN1 

[100, 101, 359]. To test if SAN1 interacts with these two proteins, we used recombinant 

GST-fusions on glutathione beads incubated with FLAG-tagged SAN1 from cell extracts. 

Both PCNA and BRCT domains specifically pulled down SAN1 (Fig. 5.2A). We 

confirmed that SAN1 binding to BRCT domains are phosphorylation-dependent by 

treating lysate with lambda phosphatase prior to incubation with bound BRCT domains, 

which decreased SAN1 binding (Fig. 5.2B,C).  

Since BRCT domains are present on proteins involved in the DDR, and in 

particular DNA repair, and used to recruit proteins to sites of damage we next used this 

binding assay to determine if SAN1 binding increases upon induction of ICLs. 293T cells 

expressing FLAG-tagged SAN1 were treated with the ICL-inducing agents cisplatin, 

MMC, or UV irradiation prior to extract preparation. BRCT association with SAN1 was 

not altered by UV irradiation, but was significantly enhanced when the cells were treated 

with ICL-inducing agents (Fig. 5.2D-F). Taken together with the relocalization of SAN1 

from the cytoplasm to the nucleus during ICL repair, this suggests SAN1 may be 

recruited to sites of damage by interacting with a BRCT domain-containing protein.  



Figure 5.2: Recombinant PCNA and BRCT domains bind to SAN1. SAN1 binds 

recombinant PCNA and BRCT domains and increases BRCT binding with ICL-inducing 

agents, which is dependent on septins. (A) Recombinant GST-tagged BRCT domains, 

GST-PCNA, or GST vector were used to co-precipitate Flag-tagged SAN1 from cellular 

extract. Immunoblots show GST-tagged proteins used as bait and amount of Flag-tagged 

SAN1 protein that co-precipitated. (B-C) SAN1 interaction with BRCT domains are 

phosphorylation dependent. (B) Flag-tagged SAN1 was transfected into cells and lysates 

were treated with, or without, lambda phosphatase (λ PPase) prior to binding assay. Input 

lysates were analyzed by immunoblot to detect Flag-tagged SAN1. (C) Binding assay 

was performed as described in A with lysates from B. (D-F) ICL-inducing agents 

increase binding to BRCT domains. (D) Flag-tagged SAN1 was transfected into cells and 

treated as indicated prior to extract preparation. Input lysates were analyzed by 

immunoblot to detect indicated proteins. (E) Binding assay was performed as described 

in A with lysates from D. (F) Quantification of BRCT binding assays. For each set 

analyzed the IP to input ratio of Flag-tagged SAN1 treated with vehicle was set to 1. 

Error bars, ± 1 sem, n = 3. Data analyzed by paired, two-tailed t-test. (G-I) Depletion of 

septins block cisplatin-induced SAN1 binding to BRCT domains. (G) Flag-tagged SAN1 

was transfected into cells expressing shRNA against SEPT7 or control and treated as 

indicated prior to extract preparation. Input lysates were analyzed by immunoblot to 

detect indicated proteins. (H) Binding assay was performed as described in A with lysates 

from G. (I) Quantification of BRCT binding assays, as described in F. Error bars, ± 1 

sem, n = 3. Data were analyzed by 2-way ANOVA. (J) Flag-tagged SAN1, WT or S617A 



mutant, were transfected into cells and treated with cisplatin prior to extract preparation. 

Binding assay was performed as described in A. (*) P < 0.05; (**) P < 0.001; (***) P < 

0.0001. 
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 To further explore the role of septins in regulating SAN1 during ICL repair we 

asked if septins mediate SAN1 engagement during DNA repair, using the BRCT binding 

assay. Notably, enhanced BRCT domain binding of SAN1 from cells treated with 

cisplatin was abolished by silencing expression of septins (Fig. 5.2G-I). This result 

suggests septins are required for SAN1 binding to BRCT domains following DNA 

damage, which could explain their involvement in HR and end resection during ICL 

repair. 

 Finally, we tested if SAN1 directly binds the BRCT domains. A mutation in the 

potential BRCT binding motif was made that changed the serine to alanine, which should 

prevent binding since a phosphorylated serine is essential to binding [100, 101, 359]. 

However, the S617A mutant still bound as efficiently as wild-type SAN1, indicating 

binding is not direct (Fig. 5.2J). Thus, although SAN1 interacts with BRCT domains, it is 

not direct and appears to be mediated by another protein, or proteins. Further study 

should identify what bridges the interaction of SAN1 with BRCT domains, whether the 

BRCT domain-containing protein is BRCA1, or another type 1 protein, and how septins 

are involved during this process, possibly by providing a signaling platform for the 

essential phosphorylation required during for BRCT binding. 

 

SAN1 interacts with SMC1 

 

 We performed a co-precipitation study to identify other proteins that might have a 

biological link with SAN1 and the DDR. Using cells that expressed SAN1 with a C-
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terminal tag containing both the FLAG tag and two copies of the Strep II tag, we 

performed a previously described tandem affinity purification approach to identify 

associated proteins [360, 361]. Mass spectrometric analysis identified 22 unique peptides 

corresponding to 7.8% coverage of the protein SMC1 (Fig. 5.3A). The structural 

maintenance of chromosomes (SMC) proteins are highly conserved proteins that function 

in different aspects of chromosome biology with SMC1 part of the cohesin complex 

necessary for proper chromosome segregation [362]. The cohesin complex is composed 

of SMC1, SMC3, and two non-SMC proteins, SA1 and SA2, which functions to regulate 

sister-chromatid cohesion [362]. In response to various forms of DNA damage, SMC1 

and SMC3 are phosphorylated by ATM or ATR, which are necessary for the intra-S 

phase checkpoint [363-366]. However, the role of these phosphorylations is still 

unknown. In addition to the role in the checkpoint response, SMC1 and the cohesion 

complex have been implicated in DSB repair, specifically HR. It is proposed that during 

HR, the cohesion complex maintains sister-chromatid cohesion near the DSB to promote 

strand invasion and sister-chromatid HR [362]. Consistent with this, the cohesion 

complex was detected at sites of DSBs and depletion of cohesion subunits led to defects 

in DNA repair and sister-chromatid exchange (SCE) [367-369]. 

 We verified SMC1 interacts with SAN1, by affinity purifying SAN1-FLAG from 

transfected cells and analyzing endogenous SMC1 by immunoblot (Fig. 5.3B). While we 

did not pursue this result further, a number of questions remain. Does endogenous SAN1 

and SMC1 interact? Do septins interaction with SMC1? Do SMC1 and SAN1 and/or 

septins co-localize? Does SMC1 participate with SAN1 during ICL repair? While it  



Figure 5.3: SMC1 identified as potential SAN1 binding partner. SAN1 interacts with 

SMC1. (A) Mass spectrometric analysis revealed 22 peptides (bold/underlined) 

corresponding to SMC1. (B) FLAG-tagged SAN1 or FLAG vector were transfected into 

cells, lysed, and incubated with FLAG-M2 agarose beads. Input lysates and FLAG IP 

were analyzed by immunoblot to detect the indicted proteins. 
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appears SAN1 has a necessary role in the repair of ICL, specifically during end resection, 

a role for SMC1 in ICL repair is not clear. The phosphorylation of SMC1, at least in 

response to IR treatment, is not altered in cell lines from FA patients [370]. However, the 

importance of homologous DNA sequences in ICL repair has been well documented as 

has the involvement of SMC1, and the cohesion complex, in maintaining sister 

chromatids in close proximity. Recombination between sister chromatids is not the only 

method of HR during ICL repair, with recombination between sister chromosomes 

thought to be more prevalent, especially when repair occurs prior to the completion of 

DNA replication [371]. Interestingly, Bloom’s syndrome and FANCM-deficient cells, but 

not other FA subtypes, display increased frequency of SCEs, which are further increased 

by ICL-inducing agents [216, 342]. Thus, even though the exact role of SMC1 and the 

cohesion complex in ICL repair is not known, there is evidence that suggests the 

importance of cohesion in ICL repair. Further study should identify the importance of 

SAN1 interacting with the cohesion complex, if septins are involved in this interaction, 

and how these proteins mechanistically function during ICL repair. 
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Appendix II: Protocols 

 

Buffer recipes 

Lysis Buffer: 

Reagent   Stock   To make 10 mL 

25 mM HEPES, pH 7.4 1 M 250 µl 

150 mM NaCl   5 M   300 µl 

0.5% (v/v) Triton X-100 10 %   500 µl 

0.5 mM EDTA  250 mM  20 µl 

1 mM MgCl2   4.9 M   2 µl 

2 mM DTT   1 M   20 µl 

1 mM PMSF   100 mM  100 µl 

10 µg/ml leupeptin  25 ng/ml  4 µl 

20 µg/ml aprotinin  25 ng/ml  8 µl 

dH2O       Q’sd to 10 ml (~8796 µl) 

 

Wash Buffer: 

Reagent   Stock   To make 10 mL 

25 mM HEPES, pH 7.4 1 M 250 µl 

450 mM NaCl   5 M   900 µl 

0.5% (v/v) Triton X-100 10 %   500 µl 

0.5 mM EDTA  250 mM  20 µl 
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1 mM MgCl2   4.9 M   2 µl 

2 mM DTT   1 M   20 µl 

1 mM PMSF   100 mM  100 µl 

10 µg/ml leupeptin  25 ng/ml  4 µl 

20 µg/ml aprotinin  25 ng/ml  8 µl 

dH2O       Q’sd to 10 ml (~8196 µl) 

 

TGN Buffer: 

Reagent   Stock   To make 10 mL 

50 mM Tris (pH 7.4)  500 mM  1000 µl 

150 mM NaCl   5 M   300 µl 

10% glycerol   100%   1000 µl 

1% NP-40   10%   1000 µl 

1 mM DTT   1 M   10 µl 

1 mM NaF   250 mM  40 µl 

1 mM NaVO4    250 mM  40 µl 

1 mM PMSF   100 mM  100 µl 

5 µg/mL leupeptin  25 mg/mL  2 µl 

10 µg/mL aprotinin  25 mg/mL  4 µl 

1 nM calyculin A  20 mM   5 µl    

dH2O       6499 µl 
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Hypotonic Lysis Buffer: 

Reagent   Stock   To make 10 mL 

25 mM HEPES (pH 7.4) 1 M   250 µl 

10% Glycerol   100%   1000 µl 

1 mM EDTA   250 mM  40 µl 

1 mM DTT   1 M   10 µl 

0.1 mM PMSF   100 mM  10 µl 

25 µg/ml leupeptin  25 ng/ml  10 µl 

25 µg/ml aprotinin  25 ng/ml  10 µl 

1 µM microcystin  1 mM   10 µl 

dH2O       Q’sd to 10 ml (~8660 µl) 

 

Nuclease assay Elution Buffer: 

Reagent   Stock   To make 10 mL 

62.5 mM HEPES (pH 7.4) 1 M   625 µl 

62.5 mM KCl   2 M   312.5 µl 

5% Glycerol   100%   500 µl 

1 mM DTT   1 M   10 µl 

50 µg/mL BSA  10 mg/mL  50 µl 

dH2O       Q’sd to 10 ml (~8502 µl) 
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Substrates for nuclease assay 

For 5’ end’labeled substrates: 

- combine 1 µL (resuspend oligo in 100 picomole/µL) with 2 µL T4 PNK 

Buffer (10X), 2 µL  DTT (100 mM), 5 µL ϒ-
32

P-ATP (specific activity 7,000 

Ci/mmol), 8 µL dH2O 

- start reaction with 2 µL T4-PNK (10U/µL) 

- incubate @ 37°C for 1 hr 

- inactivate PNK @ 70°C for 20 min 

- add to cleared G-25 spin column; spin @ 3K for 2 min 

For 3’ end’labeled substrates: 

- combine 1 µL (resuspend oligo in 100 picomole/µL) with 2 µL Terminal 

Transferase Buffer (10X), 2 µL  CoCl2 (10X), 5 µL α-
32

P-cordycepin 5’ 

triphosphate (specific activity 5,000 Ci/mmol), 8 µL dH2O 

- start reaction with 2 µL Terminal Transferase (10U/µL) 

- incubate @ 37°C for 1 hr 

- inactivate PNK @ 70°C for 20 min 

- add to cleared G-25 spin column; spin @ 3K for 2 min 

(note, if you want to make structures, you will then take the labeled oligo and add to 

unlabeled oligos (always use less of the labeled to ensure complete incorportation) 

25 picomol labeled, 50 picomole for one equally long substrate, 100 picomole if a 

smaller substrate 

Add all together with 6X annealing buffer (0.9M NaCl, 90 mM NaCitrate) 
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Heat 500 mL H2O in beaker (in microwave) until boiling, add tubes and let cool slowly to 

room temp 3 hr to O/N 

Purify substrates: 

- pour 29:1 acrylamid:bis, 1X TAE gel (Check which percentage based on size 

of substrates, I use 8-10%) 

- let polymerize for at least 30 min 

- pre-run gel @ 10V/cm for 15 min 

- add 10X native DNA loading buffer (50% glycerol, 0.005% BB, pH 8.0) 

- load samples, preferable with space between each lane, and run @ 10V/cm till 

good separation (may take 2 plus hr) 

- expose gel to film (30 sec to a few minutes), match up band with gel and cut 

out bands (reexposure to make sure you removed band) 

- soak bands in Buffer (water or EB) O/N at RT, store at 4 °C 

 

Nuclease assay 

Make SAN1-Flag (always C-term tag) by transfection 293T cells according to lab 

protocol. (For a 10 cm I would get about 20 µL eluate to assay, for 15 cm about 60 µL 

and I would use 4 µL/reaction) 

On day of harvest (18-24 hr after transfection) 

- wash cells with 1X PBS and transfer to µfuge tube 

- aspirate 1X PBS (don’t suck up cells) 

- add HLB (250 µL for 10 cm, 750 µL for 15 cm) and incubate on ice for 5 min 
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- snap/freeze cells (you can store at -80°C here if you want) 

- quick thaw at 37°C, repeat 2 more times and put thawed tubes on ice 

- add NaCl to 300 mM, incubate on ice 5 min 

- spin max speed for 20 min at 4°C 

- add supernatant to µfuge tube with equal amount of HLB + 0.2% NP-40 

- mix and spin 5 min at 4°C 

- add supernantant to washed FLAG-M2 beads (10 µL for 10 cm, 30 µL for 15 

cm) 

- incubate for 1-2 hr at 4°C rocking 

- wash 2X (15 min/wash) with HLB + 150 mM NaCl + 0.1% NP-40 

- wash 2X (15 min/wash) with elution buffer 

- add elution buffer + 150 ng/µL FLAG pepide (20 µL/10cm, 60 µL/15 cm) 

- incubate at 4°C shaking at 600 rpm for 30 min 

- spin and use eluate in nuclease assay 

Nuclease assay: 

- add 4µL eluate, 5mM labeled oligo (make 1 µL),  start reaction with 5 µL 

start buffer (6 mM MgCl2, 2 mM ß-ME, 0.05 µg/µL BSA) 

- incubate @37°C for indicated time (2 hr for standard) 

- stop reaction with 2.5 µL 5X loading buffer (15 mM EDTA, formamide + 

0.005% BB, 0.005% XC) 

- boil 3 min, ice, store at -20°C if needed 

Run gel to visualize products: 
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- pour 7M urea, 19:1 acrylamide:bis, 1X TBE gel (run percentage based on size 

of products (usually run 15% until XC about 2/3 way down (XC is about 35-

40 nucleotides))) 

- polymerize for at least 30 min 

- pre-run gel @ 20 mAmps/gel for about 15 min (blow out urea in wells) 

- load gel (blow out urea in gels) 

- run @ 20 mAmps/gel until desired marking (be sure glass doesn’t get too hot 

and crack) (might need to make voltage max out at 250) 

- expose gel to film at 4°C (if you can, dry gel to get better signal) 

 

Chemically digested ladder 

- combine 
32

P-labeled oligo (usually 18 µL), with 1 µL carrier DNA (1 µg/µL), 

and 2 µL 4% formic acid. 

- Incubate @ 37°C for 30 – 90 min, put on ice 

- Add 300 µL piperidine (1/10 diluted stock) 

- Incubate @ 90°C for 30 – 60 min, put on ice for 5 min 

- Add 1 mL n-butanol; vortex 

- Centrifuge for 5 min @ max speed to pellet DNA 

- Remove supernatant, add 300 µL 1% SDS 

- Add 1 mL n-butanol, vortex 

- Centrifuge for 5 min @ max speed 

- Remove supernatant 
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- Centrifuge for 5 min @ max speed 

- Remove excess supernatant 

- Dry in speedvac for 10 min 

- Add formamide loading buffer 

 

Immunofluorescence 

Plate cells in LabTekII slides and treat as needed: 

- wash 2X with 1X PBS 

- fix with 3.7% PFA/1X PBS for 10 min 

- wash with 50 mM NH4Cl/1X PBS for 10 min 

- wash 2X with 1X PBS (if staining endogenous quench with 2% H2O2/PBS for 

15 min and wash with 1X PBS for 5 min) 

- permabilize/block with 0.3% saponin/1X PBS/1X Roche WBR O/N at 4 C (or 

1 hr at RT) 

- incubate with primary antibodies in 0.3% saponin/1X PBS/1X Roche WBR 

(1:100 for endogenous) for 1 hr at RT 

- wash 3X with 0.3% saponin/1X PBS/1X Roche WBR at RT (5 min/wash) 

- incubate with secondary antibodies in 0.3% saponin/1X PBS/1X Roche WBR 

for 1hr at RT 

- wash 3X with 0.3% saponin/1X PBS/1X Roche WBR (5 min/wash) 

- if staining endogenous incubate with TSA Plus Flurophore (typically used 

Cy3) amp solution for 10 min (1:50 following protocol) 
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- stain nuclei, wash, mount/seal 

- image 

 

BRCT binding assay 

Make GST-vector and GST-BRCT domains following lab protocol and store at -80 

Split, transfect and treat cells following lab protocol: 

- pretreat plates with 10 nM calyculin A for 10 min @ 37°C 

- harvest in 800 µL TGN (with C.A. inhibitor), ice for 15 min 

- sonicate 3x5 sec (can store at -80 here) 

- thaw/spin GST-vector and GST-BRCT proteins 

- incubate Gluthione beads with GST proteins for 30 min @ 4°C rocking 

- wash 2X with 1XPBS + 1% TX-100 

- wash 1X with TGN buffer and divide into tubes for each condition 

- spin cell lysate at max speed @ 4°C for 15 min 

- divide equally into GST protein bound bead tubes (save input) 

- incubate @ 4°C, rocking for 1 hr 

- wash 3X with TGN buffer + 0.5% TX-100 + 0.5% NP-40, 5-10 min each 

- add 2X SDS buffer, boil 5’ 

 

Strep-Flag immunoprecipitation 

Using cells expressing SAN1-SSF (or SSF vector) with or without a treatment 

- scrape cells with PBS into µfuge tube, spin down, aspirate 



 155 

- add TGN buffer (2 mL/15cm), ice 15 min, sonicate 3x5 sec 

- add DNaseI @ 30µg/mL 

- incubate on ice for 30 min (can store at -80 after this) 

- spin lysate at max speed @ 4°C for 20 min, save input 

- add lysate to strep-tactin superflow (IBA) (150 µL/15 cm) 

- incubate @ 4°C for 1 hr, rocking 

- wash 3X with TGN (-DTT, -NP-40, only 5% glycerol), 5 min each 

- add TGN (-DTT, -NP-40, only 5% glycerol) + 2 mM desthiobiotin (750 

µL/15 cm) 

- incubate @ 4°C for 30 min, rocking 

- add elution to FLAG-M2 beads (50 µL/15 cm) 

- incubate @ 4°C for 1 hr, rocking 

- wash 3X with TGN (-DTT, -NP-40, only 5% glycerol), 5 min each 

- add 2X SDS buffer, boil 5 min 
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