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Abstract 
The integrity of our DNA is constantly threatened by endogenous and exogenous 

sources of damage. In the absence of sufficient repair mechanisms, this damage 

can lead to mutations, potentially resulting in the development of cancer. For this 

reason, our cells have evolved a mechanism, termed the DNA damage response 

to correct DNA damage and prevent its propagation to further cell generations.  

ATM is central to the DDR. In our lab, a proteomic study of ATM was carried 

out to identify new ATM binding partners. Among the candidates identified was 

ZC3H11A, a member of the C3H1 class of zinc finger proteins previously 

identified as a potential ATM substrate after IR. Here we show that ZC3H11A is 

required for ATM autophosphorylation following DNA damage. To examine the 

effect of ZC3H11A depletion on ATM function, we examined checkpoint 

activation and DNA repair. While ZC3H11A was dispensible for G2/M 

checkpoint activation and NHEJ, it was essential for BRCA1 recruitment and 

Homologous recombination. We also show that ZC3H11A resides in the 

heterochromatic compartment of DNA and is required for the relaxation of 

heterochromatin in response to IR. Using bioinformatic analysis, we identified 

several new potential PIK kinase phosphorylation sites on ZC3H11A. Two of 

these sites are highly conserved, suggesting that they are important for 

ZC3H11A function. We also identified a highly structured, heavily 

phosphorylated C-terminal region and a coiled coil region within the ATM 

interacting domain. These findings provide the bases for future structure-function 

studies of the ZC3H11A protein. 

The DDR is highly conserved from yeast to human. Rad9 is the budding yeast 

DDR mediator and is required for checkpoint activation and DNA repair. Rad9 is 

heavily phopshorylated and much of this phosphorylation is believed to be cell 

cycle regulated. To understand Rad9 phosphorylation in the context of cell cycle 

timing, we performed mass spectrometric analysis on purified Rad9 from G1 and 

G2-arrested cells. Here we present 22 previously unidentified phosphorylation 

events on Rad9. Within the Chk1 activating domain of Rad9 we identified two 

sites, T125 and T143 which differentially regulate the Rad9-Chk1 interaction. 
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1.1 The DNA Damage Response 
 

DNA damage occurs on a daily basis within our cells. It is estimated that a single cell 

can encounter up to one million DNA errors or changes per day (Lodish 2008). Despite 

this, the spontaneous mutation rate of DNA was estimated to be as low as 10-6 to 10-4 

mutations per gamete when specific loci were examined for genetic mutations (Crowe et 

al., 1956; Ramos-Arroyo et al., 2005). The variation in the mutation rate found in 

different studies suggests that certain loci are more prone to error than others. The low 

mutation rate compared with the high frequency of DNA errors can be accounted for in 

the fact that cells have the ability to sense and repair pro-mutagenic errors and damage 

to the DNA before they are propagated to daughter cells. The mechanism for the 

correction of these lesions is a complex signaling cascade known as the DNA damage 

response. This pathway consists of sensor proteins that detect the damage and recruit 

mediator proteins that serve as docking sites for effectors. Effector proteins are 

responsible for the implementation of cell cycle arrest, DNA repair or, if all else fails, 

sacrifice of the damage-containing cell (apoptosis). Defects at any point in this pathway 

will result in an increased risk of accumulating pro-oncogenic mutations. 

DNA damage comes in a multitude of forms. Erroneous insertions introduced by DNA 

polymerases during replication are a common culprit. These lesions can take the form of 

single base insertions, mismatches or deletions. Normally these lesions are dealt with by 

nucleotide, base excision or mismatch repair (NER, BER or MMR) (Kamileri et al., 

2012; Wallace et al., 2012; Martin et al., 2010). Lesions introduced by methylation, 

alkylation, oxidation and hydrolysis are also repaired by BER. While helix-distorting 

lesions, for example, the thymidine dimers introduced by UV radiation, are repaired by 

NER (Kamileri et al., 2012). DNA double strand breaks occur when both strands of the 

DNA helix are severed and can be introduced by ionizing radiation or chemotherapeutic 

drugs. Similarly, if the replication machinery encounters an obstacle, such as a bulky 

adduct, this lesion can be converted to a double strand break. DSBs are repaired by non-

homologous end joining (NHEJ) or homologous recombination (HR). DSBs are perhaps 

the most deleterious of all DNA mutations as they can lead to the translocation of entire 

chromosome fragments or erroneous fusion of genes. 
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1.1.1  Single strand break signalling 

The RPA complex, consisting of RPA70, RPA32 and RPA14, is present on all single 

stranded DNA and functions in the prevention of its degradation by endonucleases 

(Binz et al., 2008). When single strand breaks are generated, the RPA complex binds to 

the free DNA and recruits the RAD17 complex which consists of RAD17 and four RFC 

subunits (RFC 2-5) (Zou et al., 2003). The RPA and RAD17 complexes in turn recruit 

the 9-1-1 complex, composed of RAD9-RAD1 and HUS1. This complex acts like a 

PCNA sliding clamp, while RAD17 forms the clamp-loader. Once loaded, the 9-1-1 

complex facilitates the activation of CHK1 by the Ataxia Telangiectasia and RAD3 

related (ATR) PIK kinase, resulting in cell cycle arrest and replication fork stabilization 

(Parrilla-Castellar et al., 2004).  In parallel to 9-1-1 loading, the ATR/ATR Interacting 

protein (ATRIP) complex is recruited to the ssDNA. This binding is mediated by 

ATRIP binding to RPA70 (Xu et al., 2008, Xu and Leffak, 2010). ATR also becomes 

autophosphorylated on T1989 following DNA damage (Liu et al., 2011). TOPBP1 has 

also been found to play a key role in ATR signaling as it is required for the interaction 

between phosphorylated ATR and the 9-1-1 complex (Lee et al., 2007). While the 9-1-1 

complex is required for TOPBP1 function, it is not required for TOPBP1 recruitment. 

Instead, it is believed that the MRE11-RAD50-NBS1 (MRN) complex mediates the 

interaction between TOPBP1 and the break (Duursma et al., 2013).  

 

1.1.2 Double strand break signaling 

DNA double strand breaks cannot be repaired by the ATR-9-1-1 pathway and instead 

require the activation of ATM-mediated repair (Fig.1.1). One of the first factors 

recruited to the site of DNA double strand breaks is the MRN complex, composed of 

MRE11, RAD50 and NBS1. This complex is responsible for the activation and 

recruitment of the phosphatidylinositol(PI)3-kinase-like kinase (PIKK), ATM to DSBs. 

Activation of ATM is a key step in the implementation of the DDR cascade and without 

it, the entire pathway fails. Patients with defects in NBS1 or MRE11 genes are unable to 

activate ATM in response to DSBs, resulting in defective checkpoint signaling, cell 

survival and DNA repair (Rupnik et al., 2010).  
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Figure 1. 1. The ATM-dependent response to DSBs. ATM is required for the repair of DSBs. It is first 
recruited to the site of damage by the MRN complex where it phosphorylates histone H2AX on S139 
(H2AX phosphorylated on S139 is known as γΗ2AX). γΗ2AX recruits MDC1 which is subsequently 
phosphorylated by ATM. Phosphorylated MDC1 then recruits the RNF8 ubiquitin ligase which 
ubiquitinates γΗ2AX. BRCA1 or 53BP1 are recruited to ubiquitinated γΗ2AX. 
 

 

 



  17 

NBS1 contains an ATM binding motif at its C-terminus and was found to be essential 

for the recruitment of ATM to DSBs as well as the translocation of the MRN complex 

to the nucleus after DNA damage (You et al., 2005). Removal of the ATM binding site 

of NBS1 resulted in defective ATM recruitment and, as a result, defective checkpoint 

signaling and cell survival.  

Inactive ATM exists in a homodimeric form, which is separated into active monomers 

through autophosphorylation at S1981 (Bakkenist and Kastan, 2003). Debate continues 

as to whether S1981 phosphorylation is the key step in ATM activation or not. Many 

studies have shown that mutation of this site to a non-phosphorylatable form abolishes 

ATM activity, while other studies in murine cells suggest that this mutation (S1987 in 

mouse) does not have any discernible effect on ATM function (Daniel et al., 2008, 

Pellegrini et al., 2006). In vitro studies also show that ATM can be activated in the 

absence of S1981 phosphorylation (Dupre et al., 2006 and Lee and Paull. 2005). Prior to 

DNA damage, ATM is associated with the PP2A protein phosphatase. PP2A dissociates 

from ATM upon DNA damage and this event was proposed to be essential for ATM 

S1981 phosphorylation (Goodarzi and Lees-Miller, 2004). Similarly, the related 

phosphatase, PP5 was shown to be required for ATM activation and ATM-dependent 

phosphorylation of p53 and RAD17 (Ali et al., 2004). Another phosphatase, WIP1 has 

been shown to promote the reversal of ATM activation by removing S1981 

phosphorylation (Shreeram et al., 2006, Lu et al., 2005). Independent of DNA damage, 

it was found that the majority of soluble ATM is associated with the chromatin 

remodeller TIP60 (Sun et al., 2005). Following DNA damage, both TIP60 and ATM are 

recruited to DSBs. Recently, it was shown that TIP60 is recruited to H3K9 

trimethylated residues. This triggers TIP60-mediated acetylation of ATM, which was 

shown to be essential for ATM function (Kaidi and Jackson, 2013).  It was previously 

shown that MDC1 interacts with and is required for the recruitment of the MRN 

complex (Chapman and Jackson, 2008). In support of this, it was shown that MDC1 

depletion resulted in decreased ATM autophosphorylation and downstream activity 

(Wilson and Stern, 2008). ATMIN (ATM interacting protein) is a more recently 

identified co-factor also required for the activity of ATM and was found to bypass the 

need for NBS1 (Kanu and Behrens, 2007).  
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1.1.3 DNA damage mediators 

One of the main roles for ATM is in the phosphorylation of the histone variant, H2AX. 

ATM directly phosphorylates H2AX on S139 and this mark acts as a recruitment 

platform for DDR mediators. H2AX phosphorylation can extend for up to 1Mb either 

side of the break, becoming a large, immunostainable structure (focus) where DDR 

mediators and effectors accumulate (Rogakou et al., 1999). MDC1 is recruited directly 

to γH2AX where it serves as a recruitment platform for 53BP1, RNF8 and BRCA1 

(Stucki et al., 2005, Huen et al., 2007, Kolas et al., 2007, Sobhian et al., 2007). The 

importance of MDC1 is highlighted in the fact that its deletion results in a similar 

phenotype to γH2AX-deficient cells and that MDC1-deficient mice accumulate tumours 

at a much higher than normal frequency (Jungmichel and Stucki, 2010 and Minter-

Dykhouse et al., 2008). Following its recruitment, MDC1 is phosphorylated by ATM 

and this leads to the recruitment of RNF8. RNF8, through its binding of the E2 

conjugating enzyme, UBC13 subsequently catalyses the polyubiquitination of H2A and 

H2AX which is essential for the recruitment of 53BP1 and BRCA1 (Yan and Jetten, 

2008). 

BRCA1 is a member of a number of protein complexes required for DNA repair. One of 

these complexes is the BRCA1-BARD1 complex that acts as an E3 ubiquitin ligase. 

This complex itself forms a subset of distinct complexes by binding to various adaptors 

including BACH1 (BRCA1-associated C-terminal helicase), CtIP (CtBP-interacting 

protein), and CCDC98. Each of these complexes has distinct roles in DNA repair and 

checkpoint signalling. BACH1 and CtIP recruitment to DSBs is BRCA1-dependent (Yu 

et al., 1998; Yu et al., 2006). Recently, RAP80 was found to interact with the BRCA1-

BARD1-BRCC36 complex during mitosis. While it does not interact with the BRCA1-

BARD1-BACH1 commonly found during S-phase (Sobhian et al., 2007). RAP80 

localises to IRIFs with relatively late kinetics (90-120 mins) following IR, suggesting 

that it is not involved in the early, sensing stage of DNA damage signalling (Yan et al., 

2007). RAP80 focal recruitment depends on MDC1 and γH2AX and is required for 

BRCA1 recruitment, suggesting that it lies between MDC1 and BRCA1 in the DDR 

pathway. The fact that RAP80 is required for BRCA1 and BRCC36, but not BACH1 

recruitment suggests that RAP80 specifically targets the BRCA1-BARD1-BRCC36 

complex to DSBs (Wang et al., 2007, Sobhian et al., 2007; Kim et al., 2007a). 

Since RAP80 does not contain any BRCT-binding motifs, the interaction with BRCA1 

must be mediated by another binding partner, namely, Abraxas. Knockdown of Abraxas 
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was shown to impair BRCA1 focal recruitment while leaving RAP80 foci intact. 

However, RAP80 depletion results in a decrease of both BRCA1 and Abraxas foci, 

suggesting that Abraxas mediates the recruitment of BRCA1 by RAP80 (Liu et al., 

2007; Kim et al., 2007). 

MDC1, BRCA1 and the p53 binding protein, 53BP1 are all considered to be 

homologues of the main budding yeast mediator protein, Rad9. Rad9 is required for 

DNA repair and checkpoint activation in budding yeast. Structurally, 53BP1 is the most 

closely related homologue of Rad9 as both proteins possess tandem tudor and tandem 

BRCT repeats at their C-termini (Fitzgerald et al., 2009). In the absence of DNA 

damage, 53BP1 is phosphorylated in a basal state. Once damage is induced it becomes 

hyperphosphorylated in an ATM or ATR-dependent manner (Fitzgerald et al., 2009). 

Compared to BRCA1, relatively little is known about the recruitment of 53BP1 to DNA 

damage sites. The hyperphosphorylation, while observed in damaged cells, does not 

appear to be required for its localisation to IRIFs (Ward et al., 2003). Conversely, 

53BP1 does not need prior recruitment to damage sites in order to become 

hyperphosphorylated. To be recruited to DNA damage, 53BP1 requires a functional 

MDC1 signalling cascade (involving RNF8 and RNF168) and the presence of one of 

two epigenetic marks; H4 dimethylated at lysine 20 or H3 dimethylated at lysine 79 

(Bohgaki et al., 2011; Botuyan et al., 2006; Huyen et al., 2004).  

While 53BP1 is itself a substrate of ATM, it has also been shown to facilitate ATM 

phosphorylation of a number of substrates including CHK2, SMC1, RPA2 and BRCA1 

(Wang et al., 2002). Along with its roles in the response to DNA damage, 53BP1 has 

also been found to play roles in class switch recombination (CSR) and VDJ 

recombination (Manis et al., 2004, Morales et al., 2003, Ward et al., 2003). Both of 

these processes require NHEJ, a repair pathway for which 53BP1 is known to be 

essential. 

 

1.1.4 DDR effectors 

The final step of DDR signalling lies in the activation of transducer or “effector” 

proteins. These are tightly regulated proteins which co-ordinate a variety of outcomes 

including DNA repair, cell cycle arrest or apoptosis. CHK1 and CHK2 are the main 

effector proteins in the ATR and ATM pathways, respectively.  
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CHK1 is a Serine/threonine-protein kinase phosphorylated by ATR following UV-

induced DNA damage and ATM in response to IR-induced damage, however, ATM 

preferentially phosphorylates CHK2, as described in further detail below. 

Once activated, CHK1 induces cell cycle arrest and promotes DNA repair in response to 

DNA damage or unreplicated DNA. CHK1 binds to the consensus sequence [R-X-X-

S/T] on its target proteins, which include CDC25A, B and C (Sanchez et al., 1997). 

Phosphorylation of CDC25A and C promotes the binding of 14-3-3 proteins that inhibit 

their activity (Jiang et al., 2003, Chen et al., 2003). This inhibition leads to an increase 

in inhibitory phosphorylation of CDK-cyclin complexes, thus blocking cell cycle 

progression. Similarly, CHK1 has been found to phosphorylate p53 at multiple sites, 

leading to its activation by acetylation and preventing cell cycle progression (Ou et al., 

2005). CHK1 has also been linked directly with HR as its phosphorylation of the repair 

factor RAD51 promotes the release of RAD51 from BRCA2, thus facilitating its 

binding to DNA (Sorensen et al., 2005; Bahassi et al., 2008). In addition, CHK1 has 

also been linked with DNA cross-link repair through FANCE, replication fork 

maintenance through the regulation of PCNA and transcriptional regulation of particular 

genes through direct phosphorylation of histone H3.1 at Threonine 11 (Wang et al., 

2007; Pichierri and Rosselli, 2004; Yang et al., 2008; Shimada et al., 2008) 

The related checkpoint kinase, CHK2 is also required for cell cycle arrest and DNA 

repair in response to DNA damage. The first step in CHK2 activation is 

phosphorylation on Ser-73 by PLK3 (Bahassi et al., 2006). This is followed by 

phosphorylation at Thr-68 by ATM, which induces dimerisation and 

autophosphorylation at Thr-383 and Thr-387 (Matsuoka et al., 2000; Ahn et al., 2002). 

Once autophosphorylated, CHK2 becomes active and can phosphorylate its targets on 

the [L-X-R-X-X-S/T] consensus motif. In keeping with CHK1, CHK2 also 

phosphorylates CDC25A, B and C to inhibit their activity and thus promote cell cycle 

arrest (Falck et al., 2001). CHK2 also promotes the binding of RAD51 to chromatin 

through phosphorylation of BRCA2 (Bahassi et al., 2008). The phosphorylation of the 

transcription factor, FOXM1 by CHK2 also promotes the transcription of DNA repair 

genes including BRCA2 (Tan et al., 2007). While the initial, rapid cell cycle arrest is 

carried out through the regulation of CDC25 proteins, CHK2 phosphorylation of p53 is 

believed to be responsible for the maintenance of this arrest. In the absence of this 

phosphorylation event, checkpoint arrest was dramatically shortened (Iliakis et al., 
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2003). In the case of irreparable DNA damage, CHK2 is believed to promote apoptosis 

by phosphorylating p53, MDM4 and PML (Yang et al., 2002) 
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1.2 The Cell Cycle 
 

1.2.1 Physical changes throughout the cell cycle 

A cell begins its life with two copies of every chromosome. During this stage, termed 

Gap 1 phase (G1), the cell grows in size, metabolises nutrients and produces proteins 

required for DNA synthesis. At the end of this phase, prior to entry into the next cell 

cycle stage, cells pass through a checkpoint that prevents entry into the DNA synthesis 

phase in the presence of DNA damage (Siede et al., 1994).  

When G1 is completed, the cell begins to replicate its DNA in what is known as DNA 

synthesis or “S” phase. During this phase, the cell doubles its number of chromosomes, 

resulting in four copies of each (Bell and Dutta 2002). Throughout the synthesis 

process, the DNA is closely monitored by the DNA damage response machinery. This is 

to ensure that damage caused by erroneous replication is repaired prior to cell division 

(Branzei and Foiani 2005).   

Following S phase, the cell enters into another gap phase termed G2. Again, the cell 

increases in size, this time in anticipation of cell division. Near the end of this phase, the 

cell passes through another checkpoint termed the G2/M checkpoint. Here, erroneous or 

damaged DNA activates the checkpoint response, which halts cell cycle progression, 

thus preventing potentially hazardous mutations from being inherited by future cell 

generations following cell division (Cuddihy and O’Connell 2003). 

Mitosis, the final stage of the cell cycle involves the division of the cell into two new 

daughter cells and can be subdivided into five distinct stages. The first stage of mitosis 

is prophase. During this phase, the duplicated chromatin is condensed into 

chromosomes, a process which can actually be traced back to the end of S-phase when 

the Aurora kinases begin to phosphorylate histones (Hendzel et al., 1997; Crosio et al., 

2002). The two identical copies of each chromosome generated during S-phase, termed 

sister chromatids, are attached to each other via the kinetochore. The two centrosomes 

are also re-located to opposite sides of the nucleus during prophase. Towards the end of 

prophase and prior to entry into metaphase (prometaphase), the nuclear membrane is 

broken down and microtubules attach to the kinetochores (McIntosh et al., 2002). 

During metaphase, the chromosomes are aligned along the metaphase plate, attached to 

the spindle pole bodies via their kinetochores by microtubules. Each sister chromosome 
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attaches to the opposite pole in preparation for equal separation of the genetic material 

(Koshland and Strunnikov., 1996). At this point, the cell ensures correct attachment of 

the kinetochores to the mitotic spindle in an Aurora-B-dependent mechanism termed the 

spindle assembly checkpoint (Mussachio et al., 2007). Anaphase, the third stage, is 

characterized by the separation of the chromosomes towards the spindle pole bodies at 

opposite poles of the cell. This is followed by telophase, during which the cell 

membrane pinches inwards prior to cytokinesis, the final stage of cell separation 

(Straight and Field, 2000). 

 

1.2.2 Cell cycle control by cyclins and CDKs 

The cell cycle is driven by oscillations in the levels of regulatory proteins known as 

cyclins and variations in the phosphorylation states of their associated cyclin-dependent 

kinases (CDKs) (Evans et al., 1983; Lees 1995).  With the exception of early embryonic 

cells, which begin DNA synthesis immediately after mitosis ends, most cells spend a 

considerable amount of time in G1 phase, before entering S phase (Murray, 2004). The 

length of time spent in G1 phase is governed by a combination of the anaphase 

promoting complex and CDK inhibitors. Gradually throughout G1 phase, the expression 

levels of cyclin D rise (Fig. 1.2).  

 

Figure 1. 2. Oscillations in cyclin levels and their associated CDKs throughout the cell cycle. The 
expression levels of the four main cyclins fluctuate throughout the cell cycle, as represented by coloured 
lines. Interactions between cyclins and specific CDKs regulate the entry of cells into the next cell cycle 
phase. 
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To induce progression to S phase of the cell cycle, cyclin D must rise to a sufficient 

level to activate CDK4/6 (Morgan, 1997). CDK4/6 then phosphorylates the inhibitory 

retinoblastoma (Rb) protein (Guan et al., 1994; Lukas et al., 1995). As a major role of 

Rb is to suppress the transcription of cyclins E and A, its inactivation allows the levels 

of these cyclins to rise (Lukas et al., 1997).  

Mechanistically, this occurs through the dissociation of Rb from the transcription factor 

E2F. E2F, once released, is free to initiate the transcription, along with MYC, of cyclins 

E and A as well as DNA synthesis genes (Bartek and Lukas, 2001). To complete the 

transition to S phase, cyclin E binds to CDK2 and, following the removal of inhibitory 

phosphate groups by the CDC25A phosphatase, activates it. CDK2 completes the 

phosphorylation of Rb, leading to further activation of E2F-mediated transcription 

(Satyanarayana and Kaldis, 2009). Cyclin E/CDK2 promotes the assembly of the pre-

replication complex, which is essential for DNA replication. 

At the onset of S phase, A-type cyclin expression is up-regulated. These cyclins initiate 

the activation of CDK2, which in turn phosphorylates and activates DNA replication 

factors (Petersen et al., 1999). Once the Cyclin A/CDK complex levels have reached a 

threshold, pre-replication complex assembly is stopped and DNA replication begins 

(Coverley et al., 2002). 

At the mitotic entry point, CDK2/Cyclin A hyperphosphorylate the mitotic transcription 

factor, FOXM1 which is silenced throughout the rest of the cell cycle by auto-

inactivation. Hyperphosphorylation alters the conformation of the protein and allows it 

to recruit the histone deacetylase p300/CREB binding protein (Ep300/Crebbp). 

Together FOXM1 and Ep300/Crebbp act as transcriptional co-activators of spindle 

assembly checkpoint and mitotic regulating proteins (Chen et al., 2009; Laoukili et al., 

2008a and b). Activation of FOXM1 is balanced through dephosphorylation by 

PP2A/B55a to ensure that the timing of mitotic entry is correct (Alvarez-Fernandez et 

al., 2011). At the G2/M transition, CDK1/cyclin A are responsible for the initiation of 

prophase (Furuno et al., 1999). 

Transcription of cyclin B begins in S phase and peaks in G2 phase (Laoukili et al., 

2008). Cyclin B complexes with CDK1 and, unlike most of the other cyclin-CDK 

complexes, resides mainly in the cytoplasm (Hagting et al., 1999; Toyoshima et al., 

1998; Yang et al., 1998). CDK1 expression levels must be low for licensing of 
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replication origins in G1. As CDK1 levels rise, bulk DNA synthesis begins until a 

CDK1 activity threshold is reached, triggering the onset of mitosis (Fisher and Nurse, 

1996; Diffley, 2004). CDK-activating kinase (CAK)-mediated phosphorylation of 

CDK1 is required for its binding to cyclin B (Russo et al., 1996). At the end of mitosis, 

cyclin B is ubiquitinated by the Anaphase promoting complex/cyclosome (APC/C), 

leading to the loss of CDK1 activity (Murray 2004). CDK1 is also inhibited through the 

binding of CDK inhibitory proteins (CKIs), including members of the p21Cip1 family. 

CDK1 is also phosphorylated by WEE1 and MYT1 at Tyr14 and Try15, leading further 

to its inactivation (Parker et al., 1992). This modification can be reversed by the CDC25 

family of phosphatases. Interestingly, in an “inner feedback loop”, the CyclinB-CDK1 

complex can promote WEE1 and MYT1 phosphorylation, thus leading to their 

degradation or inhibition of their kinase activity (Booher et al., 1997; Nakajima et al., 

2008; Watanabe et al., 2004). CyclinB-CDK1 can also activate the CDC25 

phosphatases. Both of these events lend to the promotion of CyclinB-CDK1 activity 

(Lindqvist et al., 2007). CyclinB-CDK1 also employs an “outer” feedback loop in 

which it indirectly regulates its activators and inhibitors through intermediate proteins. 

This can be done through the activation of polo-like kinase 1 (PLK1) which can 

phosphorylate WEE1 and MYT1 to inhibit their function and increase the levels of 

CDC25C (Toyoshima-Morimoto et al., 2001). PLK1 can also activate the FOXM1 

kinase responsible for the transcription of Cyclin B, CDK1, PLK1 and the CDC25 

phosphatases (Laoukili et al., 2008). CyclinB-CDK1 can also activate the Aurora A-

Bora complex, which promotes CDC25B and PLK1 activity (Dutertre et al., 2004;  

Macurek et al., 2009; Seki et al., 2008) 

As an additional layer of regulation, RNA Pol II, the protein responsible for the 

transcription of RNA from DNA, contains multiple CDK phosphorylation sites at its C-

terminus (CTD). CDKs 1, 7, 8 and 9 as well as c-Abl and casein kinase II (CKII) have 

all been shown to phosphorylate this CTD. Without CTD hyperphosphorylation, RNA 

Pol II cannot begin transcription (Phatnani et al., 2006). 
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1.3 DNA damage checkpoints 
 

When DNA damage occurs in normal cells, DNA damage checkpoints are triggered at 

specific points in the cell cycle; at the G1/S transition (G1/S), mid-S phase (Intra-S) or 

at the G2/M transition (G2/M). Checkpoint activation results in the cessation of cell 

cycle progression, allowing time for DNA repair to occur and preventing the 

propagation of damaged DNA to subsequent cell generations. 

 

1.3.1 The G1/S checkpoint 

Entry into S phase of the cell cycle is dependent on the interaction of cyclin E with 

CDK2 and the removal of inhibitory phosphates from CDK2 by CDC25A 

(Satyanarayana and Kaldis, 2009). When DNA damage is detected by sensor proteins, 

ATR and ATM activate CHK1 and CHK2, respectively. Both of these checkpoint 

kinases can phosphorylate CDC25A, targeting it for degradation and thus preventing 

CDK2 activation and entry into S phase (Falck et al., 2001). If DNA damage remains 

unrepaired, a second wave of checkpoint signaling occurs, maintaining the arrest. This 

second wave involves p53-dependent activation of p21 transcription. Once transcribed, 

p21 can bind to and inhibit CDK2, preventing it from interacting with cyclin E and thus 

preventing entry into S phase (Vogelstein et al., 2000). How the G1/S checkpoint 

machinery is deactivated is still poorly understood. However, the S. cerevisiae DEAD-

box helicase DHH1 was shown to be essential for the successful resumption of the cell 

cycle following G1 checkpoint arrest (Bergkessel and Reese, 2004). 

 

1.3.2 The Intra-S checkpoint 

During S-phase, ATM and ATR can initiate another DNA damage checkpoint to slow 

the progression of DNA replication. This checkpoint can be split into two separate 

pathways. The first of these pathways involves the phosphorylation of CDC25A by 

CHK1, CHK2 and ATM, leading to its degradation (Falck et al., 2001; Busino et al., 

2003). As CDC25A is required for CDK2 activation, its degradation leads to down-

regulation of CDC25A activity. One of the main roles for CDC25A in S phase is in the 

loading of CDC45 onto origins of replication, an essential step in the recruitment of 

DNA polymerase α and the initiation of replication (Takisawa et al., 2000). The second, 
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less well understood, pathway involves the recruitment of ATM by NBS1. ATM 

subsequently phosphorylates SMC1 and FANCD2, leading to the inhibition of 

replication. Specifically, phosphorylation of SMC1 leads to loss of sister chromatid 

cohesion, while FANCD2 phosphorylation leads to the inhibition of replication via 

BRCA1-mediated transcription of growth arrest and DNA-damage-inducible transcripts 

alpha and beta (GADD45 alpha/beta). p53 is also believed to regulate GADD45 

alpha/beta by up-regulating p21. P21 prevents proliferating cell nuclear antigen (PCNA) 

binding to GADD45 (Chen et al., 1995). Prevention of the binding of GADD45 by 

PCNA seems to play an important role in negative growth control (Vairapandi et al., 

2000). Recovery from the Intra-S checkpoint requires the Artemis-mediated degradation 

of cyclin E by the SCFFBW7 E3 ligase complex (Wang et al., 2009). Falling cyclin E 

levels allow cyclin A binding of CDK2 and as a result, up-regulation of DNA 

replication (Coverley et al., 2002). 

 

1.3.3 The G2/M checkpoint 

The G2/M checkpoint involves the inhibition of the cyclin B-CDK1 complex, normally 

required for entry into mitosis (Linqvist et al., 2009). The WEE1 kinase can directly 

phosphorylate CDK1 to inhibit its function. Thus activation of WEE1 by the G2/M 

checkpoint machinery results in reduced CDK1 activity (Linqvist et al., 2009). 

Similarly, CDC25, the phosphatase responsible for the removal of the inhibitory 

phosphate introduced by WEE1, is down-regulated or degraded by the G2/M 

checkpoint machinery. Recent evidence also suggests that active CDKs are required for 

the resection step of homologous recombination, thereby limiting HR to S and G2 

phases of the cell cycle. This is partly due to the regulatory phosphorylation of CtIP by 

CDKs (Huertas and Jackson, 2009). It is thought that a residual amount of CDK activity 

is retained during checkpoint arrest to allow both repair and checkpoint recovery to 

occur (Alvarez-Fernandez et al., 2010). As in the case of the G1/S and intra-S 

checkpoints, the G2/M checkpoint is triggered by ATM/ATR activation of 

CHK2/CHK1. When DNA is repaired, PLK1 induces the degradation of WEE1 and 

Claspin, a CHK1 activator (Peschiaroli et al., 2006; van Vugt, 2004; Freire et al., 2006). 

Phosphorylation of PLK1 by Aurora A has also been shown to promote checkpoint 

recovery, although this mechanism is not as well understood (Macurek, et al., 2009). 
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1.4 DNA repair 
 

1.4.1 Homologous recombination 

Homologous recombination (HR) is the most faithful, error free way to repair DNA 

lesions. However, it can only occur in late S and G2 phases due the requirement for a 

homologous sister chromatid. The first step of Homologous Recombination (HR) is 

DNA end-resection (Fig. 1.3). The first step of resection is catalysed by the BRCA1-

CtIP-MRN complex and involves the 5’-3’ degradation of one strand at either side of 

the break (Chen et al., 2008). Long-range resection extends the resected DNA further 

and may involve the EXO1-Bloom helicase (BLM) or DNA2-BLM complexes (Karanja 

et al., 2012; Nimonkar et al., 2011). Processing of the DNA ends is dependent on the 

exonuclease activity of the MRN complex. Breaks introduced by Ionising Radiation 

(IR) often have modified bases at their 3’ and 5’ ends and require further processing. On 

the other hand, breaks introduced by the HO endonuclease are “clean” and do not 

require further processing. Repair of these “clean” breaks is not dependent on the MRN 

complex as they do not require processing. In budding yeast, ExoI and Sae2 are also 

required for 5’-3’ DNA processing (Ivanov et al., 1996; Krishna et al., 2007). Resection 

generates single-stranded DNA (ssDNA), which is then coated with the ssNDA-binding 

molecule RPA. This RPA-coated strand attracts RAD51, which generates a right-

handed DNA-RAD51 helix with 18 RAD51 molecules per turn (Yu et al., 2001). 

BRCA2 appears to be an important mediator of RAD51 filament formation as it has 

been shown to target RAD51 to the ssDNA-dsDNA junction on RPA-coated ssDNA. 

When loaded onto the resected DNA, RAD51 facilitates the physical interaction of the 

coated strand with the template strand in the formation of a D-loop. RAD54 is thought 

to stabilize the RAD51 filament and stimulate RAD51 strand invasion. RAD51 

dissociates from the D-loop to expose the 3’OH required for DNA synthesis. At this 

point, RAD54 is required for the removal of RAD51 from the DNA complex (Solinger 

et al., 2002).  

The capture and addition of the second end of the break to this complex leads to the 

creation of the Holliday junction (Liu and West, 2004). This homologous sequence is 

then used as a template for DNA synthesis. The newly synthesized DNA is then ligated 

to the resected strands to form an interlocking structure known as a Holliday junction. 

Holliday junctions must be processed to detach the newly synthesized DNA from the 

template strand. 
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Figure 1. 3. Homologous recombination. Homologous recombination involves the resection of a DSB 
and subsequent invasion of an homolgous sequence by the resected end. In DSBR, the second end of the 
break is also captured and DNA is synthesised from the template sequence in a structure known as a 
Holliday junction. The Holliday junction is then resolved to form a crossover product between the 
template and invading sequence..Alternatively, following DNA synthesis using the homologous sequence 
as a template, the invading strand can either dissociate from the template strand and re-anneal with the 
other end of the break to form a non-crossover product.  
 

Although this process is not yet fully understood, one model suggests that the 

dissolution of the Holliday junction requires the helicase activity of the BLM-TOPIIIα-

RMI1-RMI2 (BTR) complex and favours the generation of non-crossover products (Wu 

and Hickson, 2003). Other models, involving resolution of the junction involve either 

MUS81-EME1 associated with SLX1-SLX4 or GEN1.All of the resolution pathways 

favour the generation of crossover products. A recent study in which MUS81, SLX4 or 

GEN1 were depleted in BLM-deficient cells showed that Holliday junctions are 

primarily resolved by the BLM pathway, while the others are required in its absence and 

each can compensate for the other’s absence (Wechsler et al., 2011).  
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In addition to the classical DSB repair pathway of HR, two less-well studied pathways 

have also been observed. The first of these is the synthesis-dependent strand annealing 

(SDSA) pathway, involving dissolution of the D-loop after minimal DNA synthesis. 

This dissolution step is believed to involve the BLM helicase (Adams et al., 2003; 

Bachrati et al., 2006). The invading strand then anneals with the second end of the DSB, 

resulting only in non-crossover products, in which the invading strand is not 

recombined with the template strand. Budding yeast Rad52 (and possibly BRCA2 in 

mammals) is required for annealing of the invading strand with the second end 

(Petalcorin et al., 2006). Due to the potential for recombinational errors in crossover 

products, it is often beneficial for cells to employ a pathway such as SDSA, as in the 

case of somatic cells, which are susceptible to loss of heterozygosity in the generation 

of crossover products (Moynahan and Jasin, 1997; Richardson and Jasin, 2000; Elliot 

and Jasin 2002). 

The second alternative pathway, termed break-induced replication (BIR), involves the 

creation of a replication fork that copies the entire 3’ end of the template chromosome 

from the position of the invading strand (Lydeard et al., 2007; Malkova et al., 1996). 

This results in the disengagement of the second end of the break and loss of the genetic 

information in that fragment. The incidence of BIR increases in the case of MRE11 and 

RAD51 mutation in S. cerevisiae (Malkova et al., 1996, Krishna et al., 2007, Nickoloff 

et al., 1999). While it seems a poor choice for repair, this mechanism is used in 

telomerase-deficient cancer cells (10-15% of cancer cells) to combat the telomere 

attrition associated with increased proliferation via the alternative lengthening of 

telomeres (ALT) pathway (Cesare et al., 2010). This makes BIR an ideal target for 

certain cancer types. 

 

1.4.2 Non-homologous end joining 

Non-homologous end-joining (NHEJ) is the other major DSB repair pathway in 

mammalian cells. It is the predominant repair pathway in G1 phase when the lack of an 

available sister chromatid prevents HR from occurring. Unlike HR-repair, NHEJ does 

not require an homologous template sequence. Instead, broken DNA ends are ligated 

directly end-to-end. The first step of NHEJ is binding of the broken DNA ends by the 

KU70/80 heterodimer (the DNA binding subunit of DNAPK). Binding of KU70/80 

aligns the DNA for ligation and prevents degradation (Poplawski and Blasiak, 2005). 
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Next, the Ku heterodimer recruits the PIK kinase component of the DNAPK complex; 

DNAPKcs. Crystal structures of the DNAPK-KU80-DNA complex show that DNAPKcs 

has a ring-shaped structure with a gap that is likely to be responsible for DNA binding 

and a “head-like” structure containing the kinase domain (Sibanda et al., 2010). Once 

bound to DNA, DNAPKcs becomes autophosphorylated, loosening its DNA binding 

ability and allowing the DNAPK molecules at either end of the break to form a bridge-

like structure, bringing the ends of the break in close proximity for ligation (DeFazio et 

al., 2002; Spagnolo et al., 2006; Weterings et al., 2003). A recent study also revealed 

that the XRCC4-DNA Ligase IV (X4LIG4) complex is required for DNAPKcs 

autophosphorylation and as a consequence, its bridging function (Cottarel et al., 2013). 

Next, in the case of complex breaks (those that produce non-complementary or “blunt” 

ends), the DNA must be resected before ligation. This is accomplished partially through 

the exonuclease activity of the MRN complex but also through the FEN-1 exonuclease 

and the Werner syndrome (WRN) and Bloom syndrome (BLM) helicases (Khanna and 

Jackson 2001; Wu et al., 1999; Wilson et al., 2003). More recent additions to this list of 

processing factors include Artemis and PNKP (Ma et al., 2002; Zolner et al., 2011). 

Gaps created by the resection processes are filled in by polymerases such as pol m and l 

recruited by DNA bound Ku (Mahajan et al., 2002). The third and final step of NHEJ 

involves the recruitment of the XRCC4-LIG4 complex to the break where it ligates both 

ends together (Junop et al., 2000).  

When HR and classical NHEJ (here referred to as C-NHEJ) fail, a final backup repair 

pathway becomes available. This pathway, termed alternative NHEJ (A-NHEJ) has a 

much longer repair time than C-NHEJ (30 mins to 20h). As a result, mutations are more 

frequent than in classical NHEJ (Ferguson et al., 2000; Simsek and Jasin 2010). As an 

anti-mutagenic measure, C-NHEJ and HR pathways suppress A-NHEJ. Like C-NHEJ, 

A-NHEJ is active throughout the cell cycle, however, it does appear to become more 

frequent in S and G2 phases (Wu et al., 2008). 
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Figure 1. 4. Nonhomologous end-joining. Broken DNA ends are first captured by the Ku heterodimer. 
This facilitates the recruitment of end-processing factors, Artemis, DNAPK and the MRN complex. 
Processed ends lead to the recruitment of DNA polymerase which fills in gap produced by the break. 
XRCC4 binds to the Ku heterodimer and promotes the recruitment of Ligase 4, which completes the end-
joining process. 
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It is currently believed that A-NHEJ only occurs after C-NHEJ and HR have been 

attempted and have failed. In this model several C-NHEJ factors remain at the break site 

with LIG1 or LIG3 remaining there to carry out end ligation (Wang et al., 2005; Liang 

et al., 2008). PARP1 has also been implicated in A-NHEJ as a sensor for discontinuous 

DNA fragments and is believed to compete with Ku for binding at DSBs (Wang et al., 

2006; Paddock et al., 2011). While there is no known substitute for Ku in the A-NHEJ 

pathway, histone H1 has been implicated by biochemical assays in DNA end 

stabilisation (Rosidi et al., 2008). While A-NHEJ does not require the long stretches of 

homology needed by HR, it often utilizes short stretches of homologous sequences to 

aid in end-joining in a process called microhomology-mediated end-joining (Mladenov 

and Iliakis 2011; McVey and Lee 2008). MRN, CtIP and BRCA1 were all shown to be 

required for A-NHEJ (Della-Maria et al., 2011; Zhang and Jasin, 2011; Zhong et al., 

2002). 
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1.5 When DNA repair goes awry 
 

Failure to repair DNA lesions is associated with the accumulation of genetic mutations 

and increased cancer risk. Several genetic disorders involving mutation of one or more 

DNA damage response genes have been thoroughly studied throughout the years, 

providing valuable insight into the complexity of the DNA repair mechanisms within 

our cells. 

 

1.5.1 BRCA1/2 

The study of familial mutations in key tumour suppressor genes has greatly helped our 

understanding of the DNA damage response. Two of the best-studied are the BRCA1 

and BRCA2 mutations associated with breast and ovarian cancer. 

In cases of hereditary breast and ovarian cancer, almost all can be explained by 

mutations in the BRCA1 gene. In cases where only breast cancer is inherited, BRCA1 

mutations are responsible for 50% and BRCA2 mutations are responsible for the other 

50% (Easton et al., 1995; Wooster et al., 1994). BRCA1 mutations are also associated 

with a 4-fold increased risk of colon cancer and a 3-fold increased risk of prostate 

cancer in the case of male carriers (Ford et al., 1994). 

Studies in mouse models were hindered by the fact that homozygous mutations in 

BRCA1 and BRCA2 (equivalent to those responsible for breast and ovarian cancer in 

humans) resulted in embryonic lethality, while heterozygous mutants did not display 

increased cancer susceptibility phenotypes (Gowen et al., 1996; Hakem et al., 1996; Liu 

et al., 1996; Ludwig et al., 1997; Sharan et al., 1997; Deng and Scott 2000). In 

conditional BRCA1 knockout mice, however, the rate of breast cancer was found to 

increase to that observed with human BRCA1 mutations and p53 mutations were also 

observed (Xu et al., 1999; Crook et al., 1998; Eisinger et al., 1998). Tumor formation 

was also seen to increase in the case of BRCA1 exon 11 deletion, a mutation that results 

in the expression of a partially functional BRCA1 protein (Xu et al., 1999). BRCA1-

null cells display increased IR and MMS sensitivity but are not sensitive to UV 

radiation (Gowen et al., 1998; Scully et al., 1999; Xu et al., 1999; Zhong et al., 1999). 

Among the other phenotypes observed in BRCA1-null cells are defective G2/M 

checkpoint control, improper centrosome duplication, defective HR and defective repair 
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of oxidative damage (Xu et al., 1999; Gowen et al., 1998; Moynahan et al., 1999). 

BRCA2-deficient cells were also found to have elevated levels of unrepaired DNA 

DSBs, in line with its role in DNA repair (Connor et al., 1997). 

 

1.5.2 Ataxia telangiectasia 

Ataxia telangiectasia (AT) is the hereditary condition arising from mutation of the ATM 

gene. It is a relatively rare condition with only 1-3% of the population carrying the 

responsible mutation. AT patients are hypersensitive to ionizing radiation, suffer from 

neurological defects resulting in ataxia (lack of voluntary coordination of muscle 

movement), have impaired immune function due to failures in the CSR mechanism. 

More than one third of AT patients develop cancer (Gatti et al., 1991). The disease is 

caused by the loss of ATM function. ATM, as discussed earlier, is an apical kinase in 

the DDR signaling pathway. The hypersensitivity to IR observed in AT patients is due 

to the inability of their cells to activate repair factors and checkpoint responses 

downstream of ATM. Neurological degeneration associated with AT is a more 

complicated issue and the cause it relatively unknown. Several theories include the 

failure of the DDR to remove genetically damaged cells during development, leading to 

an over-abundance of poorly functioning cells, failure to prevent mature cell re-entry 

into the cell cycle and aneuploidy arising from dysregulated transcription (Dar et al., 

2006; Gorodetsky et al., 2007; Yang and Herrup 2005). 

Defects in the MRE11 gene are the cause of another radiosensitising condition called 

Ataxia Telangiectasia-like disorder (ATLD). In ATLD cells, unlike AT cells, however, 

p53 induction levels are relatively normal and IR sensitivity is intermediate between 

that of AT and wild type cells (Varon et al., 1998; Stewart et al., 1999). Individuals with 

a truncating mutation of the NBS1 gene are similarly radiosensitive and display an 

increased risk of genomic instability, in a condition known as Nijmegen Breakage 

Syndrome (NBS) (Carney et al., 1998). Nibrin, the product of the NBS1 gene forms part 

of the MRN complex along with MRE11 and RAD50. While heterozygous mutations of 

the NBS1 and MRE11 genes result in similar cancer genomic instability phenotypes, 

ATLD and NBS patients share few other clinical symptoms. The microcephaly, short 

stature and congenital malformations observed in NBS patients are absent in ATLD 

patients (Taylor et al. 2004). This is surprising considering that the NBS1 and MRE11 

gene products form part of the same protein complex (MRN). However, it can be 
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partially explained by the fact that mutations of the MRE11 gene that severely impair its 

function result in embryonic lethality, thus ATLD patients usually express a partially 

functional MRE11 protein (Taylor et al. 2004). The distinct clinical phenotypes 

observed in ATLD and NBS patients also suggest that MRE11 and NBS1 have 

diverging functions within the MRN complex. Clinically, NBS is very similar to Seckel 

syndrome. This condition, caused by a hypomorphic mutation of the ATR gene also 

gives rise to microcephaly, growth retardation and facial malformations (O’Driscoll et 

al. 2003). At the cellular level, this condition does not lead to increased radiosensitivity 

but does result in increased rates of replication-induced micronucleus formation 

(Alderton et al. 2004). This is most likely due to the role of ATR in ensuring the 

completion of DNA replication prior to mitosis, which prevents the missegregation of 

chromosomes and subsequent formation of micronuclei and binuclear cells 

(Eykelenboom et al. 2013). The similarity of phenotypes between NBS and Seckel 

syndrome patients suggests that NBS1 shares some functions with ATR. This is 

supported by a recent study in which Nbs1 knockout DT40 cells failed to activate the 

replication-induced ATR pathway as measured by the failure to phosphorylate Chk1 or 

ubiquitinate FANCD2 in the presence of replication-stalling agents. The divergence of 

phenotypes between NBS and ATLD patients can also be explained by the fact that the 

ATR pathway was activated as normal in Mre11-conditional knockout DT40 cells, thus 

suggesting that Nbs1 has an Mre11-independent role in ATR activation (Kobayashi et 

al. 2013). 

 

1.5.3 Li-Fraumeni syndrome 

Li and Fraumeni first described this cancer-prone condition in 1969 (Li and Fraumeni, 

1969). The condition is associated with early-onset breast cancer, soft tissue sarcomas, 

leukemia, lymphoma and brain and lung carcinomas. It is caused by an inherited 

mutation in the P53 gene required for checkpoint arrest and apoptosis. The P53 

mutations associated with Li-Fraumeni syndrome are dominant-negative, resulting in 

silencing of the functional p53 allele. Mutations in exons 5-8 are responsible for 70% of 

Li-Fraumeni cases and another 25% are caused by mutations in either exon 4 or 9. 

CHK2 functions upstream of p53 in the ATM signaling pathway and, as expected, its 

mutation results in a similar syndrome known as Li-Fraumeni syndrome 2 (LFS2). 

Mutations in other DDR genes include RAD51 (Scheckenbach et al., 2013) and MSH2 

(Lynch syndrome) (Lynch et al., 2009). KU80 mutations are associated with higher 
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frequency of telomere fusion due to the role of NHEJ in telomere maintenance and 

capping (Hande 2004). 

 

1.5.4 Alternative NHEJ 

Although not a heritable syndrome, A-NHEJ is noteworthy for its correlation with high 

rates of oncogenic mutations. A-NHEJ has been implicated in chromosomal 

translocations observed in leukemias and lymphomas (Simsek and Jasin 2010; Wang et 

al., 2009) often originating from errors in the repair of breaks induced during V(D)J 

recombination or class switch recombination (CSR). RAG1/2 and C-NHEJ factors were 

shown to suppress A-NHEJ during V(D)J recombination, presumably to limit the 

accumulation of repair-induced mutations (Corneo et al., 2007; Arnal et al., 2010). In 

the absence of C-NHEJ factors, CSR occurs through A-NHEJ but the rate of 

chromosomal translocations increases (Yan et al., 2007a; Simsek et al., 2011). 

Similarly, mice deficient in C-NHEJ factors develop defects in immune development 

and tumors with translocations of the IgH locus with other loci, particularly c-MYC 

(Boboila et al., 2010; Yan et al., 2007a). The high frequency of translocations between 

some genes can be partially explained by the use of small regions of homology for 

repair in the case of Microhomology-mediated end-joining (MMEJ). In BCR-ABL 

translocations associated with chronic myelogenous leukemia (CML), microhomology 

regions are often found at the junctions of the two genes (Mattarucchi et al., 2008). A-

NHEJ is considered a backup pathway in the absence of the main DSB repair pathways. 

While A-NHEJ does promote the survival of cells that would otherwise die in the 

absence of an alternative repair mechanism, it also promotes the accumulation of 

genetic mutations and is considered to drive pro-oncogenic mutations in some cancers 

(Dueva and Iliakis, 2013). For this reason, targeting of A-NHEJ may prove valuable in 

future cancer therapies.   
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1.6 The choice between HR and NHEJ 
 

By enlarge, DNA double strand breaks are repaired by one of two mechanisms; 

Homologous Recombination (HR) or Non-homologous End Joining (NHEJ). NHEJ is 

the more rapid of the two (completed in 20-60 mins) as it requires little or no processing 

of the break (Mao et al., 2009). A major downside of NHEJ lies in the fact that it does 

not always restore the sequence at the vicinity of the break, leading to mutation or 

partial loss of sequence. This is largely due to the fact that there is no known 

mechanism to ensure that the two ends of the break being joined were originally 

contiguous (Kuhfittig-Kulle et al., 2007). Erroneous NHEJ can ultimately lead to 

inversion and translocation of genes. While HR is considered a more precise way of 

repairing a break, there are cases where it can lead to erroneous gene translocations and 

loss of heterogeneity unless tightly regulated (Moynahan and Jasin, 1997; Richardson 

and Jasin, 2000; Elliot and Jasin 2001). NHEJ is the predominant DNA repair pathway 

in G1 phase but becomes a secondary pathway in late S and G2 phases when HR takes 

over. The key limiting step in the HR pathway is DNA end resection (Sonoda et al., 

2006). This process inhibits NHEJ, which can only occur on minimally processed DNA. 

HR only occurs in late S and G2 phases, due to the unavailability of a sister chromatid 

template prior to replication. As such, resection will only take place in the presence of 

active CDKs (Ferretti et al., 2013). Yeast Sae2 is phosphorylated at S267 by CDK and 

blocking this phosphorylation event results in decreased rates of resection (Huertas et 

al., 2008; Ferretti et al., 2013). The same residue is found in the human homologue, 

CtIP and is also required for end resection and the balance between HR and NHEJ 

(Wang et al., 2013). CtIP protein levels also increase in S and G2 and CtIP 

phosphorylation at Ser327 by CDKs promotes its interaction with BRCA1 in S/G2. This 

CtIP-BRCA1 interaction was shown in one study to promote HR-mediated repair while 

inhibiting NHEJ in DT40 cells (Yun and Hiom., 2009). However, the role of this 

interaction in HR has since become a controversial topic. Another study using DT40 

cells showed that abolition of the BRCA1-CtIP interaction using a mutation of Ser332 

does not affect DNA end resection or HR (Nakamura et al. 2010). In mice it was found 

that, while the interaction between BRCA1 and CtIP was also ablated by the mutation 

of Ser327, this interaction was also dispensible for HR-mediated repair (Reczek et al. 

2013). 
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1.6.1 Control of end resection 

In some cases, such as stalled replication forks, HR can be more harmful than good. In 

these cases it is essential that the HR pathway be prevented from progressing at an early 

stage. In budding yeast, the Srs2 protein has been shown to antagonize RAD51 function 

and its deletion leads to an increase in recombination rates (Marini and Krejci, 2010). 

Srs2 is believed to trigger ATP hydrolysis by RAD51, thus loosening its interaction 

with the resected DNA filament (Antony et al., 2009). Mediator proteins including 

Rad52, 55 and 57 have been shown to suppress Srs2 anti-recombinase activity, adding a 

further layer of regulation (Liu et al., 2011; Krejci et al., 2012). In some cases, Srs2 was 

found to shift HR repair towards the SDSA pathway. Although Srs2 has no known 

mammalian homologue, the RecQ5, BLM and FANCJ helicases and FBH1 protein have 

all been implicated in Srs2-like roles (Krejci et al., 2012). 

At a later step in the HR pathway, FANCM (Mph1 in budding yeast and Fml in fission 

yeast) can disrupt RAD51-coated-D-loops and displace the primer strand in the DNA 

synthesis step of HR (Sebesta, 2011). Mhf1 and 2 have been implicated in facilitating 

Mph1 anti-HR function (Singh et al., 2010). 

 

1.6.2 Cell cycle timing 

RPA is phosphorylated by ATM and CDKs. This phosphorylation is essential for the 

recruitment of RAD51 and downstream HR activity (Shi et al., 2010). Phosphorylation 

of RPA results in increased affinity of RAD52 for ssDNA. This triggers the mediator 

function of RAD52 mentioned above, resulting in the repression of SRS2 anti-

recombination activity. CDK1 activity is required for RAD52 recruitment in late S and 

G2/M phases. It is postulated that CDK1 generates the ssDNA required for RAD52 

recruitment and modifies RPA to facilitate RAD52 recruitment (Barlow and Rothstein, 

2010). RPA must also be dephosphorylated for HR to occur, as depletion of the 

phosphatases required for its dephosphorylation (PP4C and PP4R2) impairs HR (Lee et 

al., 2010a). 

Phosphorylation of CtIP by CDK1 has also shown to be a limiting step in end resection 

(Sartori et al., 2007). ssDNA cannot be generated without prior phosphorylation of CtIP 

on Thr 847 by CDK1, an event which cannot take place in G1 due to the lack of CDK1 
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expression. CtIP must also be phosphorylated by CDK1 on Ser 327 to allow for HR (Yu 

and Chen 2004; Yun and Hiom 2009). Phosphorylation at this site promotes the 

interaction between BRCA1 and CtIP. 

HR is also prevented in mitosis, where it could interfere with chromosome segregation. 

This is achieved through phosphorylation of BRCA2 on Ser 3291. This residue is 

located close to the RAD51 binding site, thus its modification prevents the interaction 

between BRCA2 and RAD51, a key step in the HR pathway (Esashi et al., 2005; Sharan 

et al., 1997). This phosphorylation is carried out by CDK-cyclin A, thus limiting 

BRCA2 repression to M phase of the cell cycle. RAD54 activity is also tightly regulated 

in G1 phase. Firstly, RAD54 expression is limited to S and G2 phases 

 

1.6.3 The type of broken end 

Often, the type of broken DNA end determines whether or not NHEJ will take place. 

Complementary ends and blunt ends are easiest to repair by NHEJ and require only a 

single enzyme (a ligase). Non-complementary 5’ overhangs require filling in by a DNA 

polymerase (Mahajan et al. 2002). The most difficult to repair lesion involves non-

complementary 3’ overhangs. This requires alignment of the two strands of the 

overhangs, probably by the Ku heterodimer and fill-in DNA synthesis to close the gap. 

5’-P and 3’-PG ends are the primary break types produced by ionizing radiation and 

radiomimetic drugs such as bleomycin (Dizdaroglu et al., 1975; Blasiak 2001). Using 

human cell extracts, it was shown that these breaks were not repaired as efficiently as 

those generated by restriction enzymes, probably owing to the increased level of 

processing required (Chen et al., 2001; Pastwa et al., 2003). An even more complex 

lesion to repair is the DSB known as the multiply damaged site (MDS). This type of 

break has blocked, non-ligatable ends and missing or damaged bases (Ward, 2000). The 

repair efficiency of this type of lesion is at least 10-fold lower than for simpler breaks. 

In addition, NHEJ was found to cause high-levels of mutation when repairing these 

lesions (Mezhevaya et al., 1999; Odersky et al., 2002). 
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1.6.4 BRCA1 vs 53BP1 

BRCA1 plays a critical role in HR, although this role is not fully understood. It was 

believed to promote end resection, however this is not consistently observed (Schlegel 

et al., 2006). The HR deficiency associated with BRCA1 loss can be rescued by co-

depletion of 53BP1, indicating that the two operate in competing pathways (Bouwman 

et al., 2010; Pierce et al. 1999). 53BP1 is required for NHEJ as evidenced by G1-

specific sensitivity to DNA damage and defects in CSR observed in chicken and mouse 

deletion mutants (Nakamura et al., 2006; Manis et al., 2004; Ward et al., 2004). The 

role of BRCA1 in antagonizing 53BP1 function in NHEJ was further evidenced by the 

fact that BRCA1 does not form IRIFs in G1 phase but excludes 53BP1 from IRIFs in S 

phase (Chapman et al., 2012). It was recently shown that 53BP1 also suppresses 

BRCA1 recruitment in G1 phase through the recruitment of RIF1. RIF1 accumulation is 

inhibited by BRCA1 and CtIP in S and G2 phase, leading to inhibition of NHEJ and 

promotion of HR. Similarly, the absence of BRCA1 allows RIF1 to suppress end 

resection, highlighting the importance of RIF1 in the suppression of HR (Escribano-

Diaz et al., 2013). 

 

1.6.5 Chromatin structure 

Recently, the heterochromatin binding family of HP1 proteins was found to influence 

the decision process between HR and NHEJ. HP1 a and b were found to stimulate HR 

and single strand annealing (SSA), while the third subunit, HP1g was inhibitory to HR. 

HP1α and b appear to be specifically required for RPA loading and phosphorylation 

(Soria and Almouzni 2013). All three HP1 proteins were recently found to be required 

for BRCA1 recruitment to DNA damage sites without affecting 53BP1 recruitment. As 

a result, knockdown of the HP1 proteins resulted in failure of HR and loss of G2/M 

checkpoint control (Lee et al., 2013). Paradoxically, HP1α was also shown to be 

required for 53BP1 recruitment to DSBs but was not required for the accumulation of 

NHEJ factor XRCC4 (Baldeyron et al., 2011). This suggests either that NHEJ can 

bypass the need for 53BP1 in the absence of HP1α or that HP1α has separate roles in 

early damage signalling and DNA repair. The clear involvement of heterochromatin 

proteins in the HR pathway strongly suggests that DNA repair is heavily influenced by 

the chromatin environment. 

 



  42 

1.7  ATM 
 

1.7.1 Ataxia Telangiectasia 

The ATM gene acquires its name from the genomic instability disorder Ataxia-

telangiectasia. This disease is caused by homozygous or compound heterozygous 

inherited mutations of the ATM gene, typically resulting in truncation of the ATM gene 

product or inactivation via missense mutation (Shiloh and Ziv 2013). The disease itself 

is characterized by hypersensitivity to ionizing radiation, neurodegeneration, ataxia, 

telangiectasia of the eyes, immunodeficiency and cancer predisposition. AT cells exhibit 

sensitivity to DNA damaging agents, increased chromosomal breakage and checkpoint 

deficiency. 

 

1.7.2 ATM structure 

 The key characteristic of ATM is the PI3K domain at its C-terminus. It is this domain 

that gives it the ability to phosphorylate its many downstream targets. Other PIKK-

containing proteins include ATR, DNAPK, mTOR, SMG1 (suppressor of mutation in 

genitalia 1) and TRRAP (transformation/transcription domain-associated protein). In 

addition to the PI3K domain, ATM also possesses several HEAT repeats throughout the 

length of the protein, a FAT and FATC domain. 

ATM, along with ATR and DNAPK preferentially phosphorylate the consensus 

sequence S/TQ on target proteins. It is believed that the partial activity of some DDR 

pathways observed in AT cells can be explained by the likelihood that ATM, ATR and 

DNAPK can compensate for each others’ loss (Tomimatsu et al., 2009). 

 

1.7.3 ATM activation and recruitment 

ATM is activated by DNA damage in a mechanism that is not yet fully understood. 

Activation of ATM is associated with its dissociation from a dimeric to a monomeric 

form. This active form of ATM is hallmarked by the autophosphorylation of S1981 

(Bakkenist and Kastan, 2003). This autophosphorylation event is not required for ATM 

monomerisation, however it is, along with three additional autophosphorylation sites, 

required for ATM retention at DSBs and downstream DDR functions (Bensimon et al., 



  43 

2010; Lee and Paull, 2005, Shiloh and Ziv, 2013). The MRN complex is essential for 

ATM recruitment and activation at DSBs, specifically, the interaction between ATM 

and NBS1 (Lee and Paull, 2005; Difilippantonio and Nussenzweig, 2007). This 

interaction is promoted by 53BP1 and BRCA1 and SKP2-mediated ubiquitination of 

NBS1 (Luo et al., 2011). In addition to activating ATM, the MRN complex is itself 

further activated by ATM in what may be a positive feedback loop. ATM 

phosphorylation of NBS1 is also required for S-phase checkpoint activation (Lim et al., 

2000). MDC1 is another example of a dual substrate and activator of ATM. MDC1 

binds to γH2AX where its primary role appears to be recruitment of ubiquitin ligases 

RNF8 and RNF168. In parallel, MDC1 also binds and recruits more ATM to the break 

site. This allows ATM to amplify the damage signal by phosphorylating more H2AX 

(Luo et al., 2006; Savic et al., 2009; So et al., 2009). While MDC1 is at the break, its 

oligomerization is enhanced by ATM phosphorylation, further enhancing the 

recruitment of DDR mediators and effectors (Liu et al., 2012; Luo et al., 2011; 

Jungmichel et al., 2012). Other factors required for ATM activation include AVEN, 

FOXO3A, KAT8 (MOF), HMGN1, RNF8 and CHFR (Gou et al., 2008; Wu et al., 

2011; Tsai et al., 2008; Kim et al., 2009; Gupta et al., 2005). When the DDR is 

complete, ATM is deactivated at least partially through its dephosphorylation by the 

phosphatase, WIP1 (PPM1D) (Shreeram et al., 2006; Yamaguchi et al., 2007). 

However, little else is known about the deactivation process. 

The mechanism behind ATM recruitment to DSBs remains unclear. Some studies 

suggest that ATM is recruited through a conformational change that happens to 

chromatin after DSB induction while others suggest that tethering ATM to unbroken 

DNA alone is sufficient to activate the DDR (Bakkenist and Kastan, 2003; Soutoglou 

and Misteli, 2008). Other mechanisms suggested include ATM recruitment through 

contact with single stranded DNA and binding of ATM to oligonucleotides generated 

by DNA end resection (Shiotani and Zou, 2009; Jazayeri et al., 2008). 

 

1.7.4 ATM substrates and functions 

One striking feature of ATM is its ability to phosphorylate a massive and varied array of 

substrates. Large-scale proteomic screens of ATM substrates have shown that its targets 

are in their hundreds (Matsuoka et al., 2007). One of the better characterized ATM 

substrates is the checkpoint kinase, CHK2 (Smith et al. 2010). CHK2 in turn has 
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numerous phosphorylation targets of its own, in effect amplifying the ATM-dependent 

phosphorylation cascade. Another well-documented ATM substrate is p53. When p53 is 

activated by ATM, the expression of checkpoint and apoptotic proteins is increased 

(Sullivan et al., 2012). ATM also activates the anti-apoptotic transcription factor, 

nuclear factor-kB (NF kB), perhaps resulting in a shift of the p53-dependent pathway 

towards checkpoint activation (Wu et al., 2006). 

ATM is known to phosphorylate several targets involved in chromatin relaxation, a 

process essential to the efficient repair of DNA lesions. These targets include KRAB-

associated protein 1 (KAP1) and RNF20-RNF40 (Ziv et al., 2006; Goodarzi et al., 

2010). ATM phosphorylation results in the amplification of KAP1 signal around the 

break site, leading to chromatin relaxation. RNF20-RNF40 activation by ATM results in 

monoubiquitylation of H2B and subsequent chromatin relaxation (Moyal et al., 2011). 

ATM has recently been implicated, through a novel interacting protein PA28g, in the 

recruitment of the proteasome to DNA damage sites. This process is believed to play a 

role in deciding between HR and NHEJ (Levy-Barda et al., 2011). In addition, ATM is 

required for the repression of transcription and the up-regulation of several miRNAs at 

the break site as well as the stress responses to hypoxia and hyperthermia (Shanbhag et 

al., 2010; Shiloh and Ziv, 2013). The list of roles for ATM was further expanded by the 

discovery that its phosphorylation by the Aurora B kinase is required for the spindle 

assembly checkpoint during mitosis and that this phospho-form of ATM (S1403) 

localizes to the midbody during cytokinesis, implying a potential role for ATM in 

abscission (Yang et al., 2011). 
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1.8 DNA repair in the context of chromatin environment 
 

In the cellular context, DNA is tightly wound around histone proteins to form 

chromatin. The core unit of chromatin is the nucleosome and this is composed of 

approximately 147 base pairs of DNA wrapped around a histone octamer. Each histone 

octamer contains two copies each of H2A, H2B, H3 and H4 (Luger et al., 1997). 

Chromatin is further compacted through linkages between nucleosomes aided by linker 

histones and other components such as HP1 (Bryant et al., 2012; Fanti and Piminelli et 

al., 2008). As compacted chromatin poses an obstacle for DNA repair, the chromatin 

must first be relaxed to allow access to the repair machinery. 

One mechanism of chromatin relaxation is ATP-dependent relaxation. This is carried 

out by ATP-dependent chromatin remodelers that can weaken histone-DNA interactions 

and slide individual nucleosomes out of the way. This results in a 30-40% reduction in 

chromatin density around the DSB (Kruhlak et al., 2006). 

PARP has been recently identified as a possible candidate in chromatin relaxation 

around the break site. PARP inhibitors prevent chromatin expansion around the break 

site. A number of ATP-dependent chromatin remodelers have been shown to play roles 

in DSB repair; these include yeast Swr1 which is required for HR, INO80 and 

SMRCAD1 also required for HR 

 

1.8.1 Histone modifications 

Histone tails can be modified in numerous ways, including phosphorylation, 

methylation, acetylation, ubiquitination and sumoylation (Lee et al., 2010b). All of 

these modifications have the potential to alter the surrounding chromatin environment. 

Many of these histone “marks” are heritable and form the basis of the histone code – an 

extension of the genetic code that regulates DNA altering events such as replication, 

transcription and DNA repair (Jenuwein and Allis, 2001). Perhaps the most studied 

histone mark is the DNA damage induced phosphorylation of H2AX (also known as 

γH2AX). H2AX is a variant of H2A containing a modifiable tail not present on H2A. 

ATM phosphorylates H2AX on Ser 139 within seconds of DNA damage (Rogakou et 

al., 1998). This modification then spreads for a distance of up to 2 megabases from the 
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site of damage, serving as a recruitment platform for DDR mediator MDC1 and its 

downstream targets (Rogakou et al., 1999).  

Following phosphorylation at S139, H2A and γH2AX must subsequently be 

ubiquitinated to complete recruitment and retention of DDR components. When MDC1 

is recruited by γH2AX it comes into contact with and is phosphorylated by ATM. This 

promotes the recruitment of the E3 ubiquitin ligases RNF8 and RNF168. These proteins 

catalyse the polyubiquitination of H2A-type histones, creating docking sites for the 

mediator proteins, BRCA1 and 53BP1 (Bohgaki et al., 2011; Stewart et al., 2003). 

Another form of modification of histone tails comes in the form of acetylation. This 

involves the addition of an acetyl group to the histone tail by histone acetyltransferases 

(HATs), a reaction that can be reversed by histone deacetylases (HDACs). The addition 

of an acetyl group neutralises the positive charge of the histone, weakening its 

interaction with the negatively charged phosphate groups of the DNA backbone 

(Grunstein, 1997). This results in a more relaxed chromatin structure. One of the key  

acetylases required for the DDR is TIP60. HR defects were observed in TRRAP/TIP60 

depleted cells. These defects could be rescued by forced chromatin relaxation, 

indicating that TRRAP/TIP60 is required for chromatin remodelling to allow access to 

the repair machinery (Murr et al., 2006; Gospodinov et al., 2013). Hyperacetylation of 

H4 tails by TRRAP/TIP60 is required for the recruitment of 53BP1, RAD51 and 

BRCA1 but not MDC1 (MDC1 may be recruited in an alternative way) (Murr et al., 

2006). The role of histone acetylation in 53BP1 recruitment has recently been called 

into question, however. Tang and colleagues showed that TIP60 deficiency resulted in 

increased 53BP1 recruitment, while HDAC inhibition lead to impaired 53BP1 

recruitment (Tang et al. 2013). Together with another study showing that HDAC1 and 

HDAC2 are required for NHEJ, this suggests that histone acetylation regulates the 

balance between HR and NHEJ through the prevention of 53BP1 binding (Tang et al. 

2013; Miller et al. 2010). TIP60 is an acetyltransferase required for the activation of 

ATM. It binds to trimethylated H3K9. Without H3K9 trimethylation, TIP60 is not 

recruited and ATM is thus not activated (Sun et al., 2009). In addition, TIP60 must be 

phosphorylated by c-Abl at Tyr44 before it can activate ATM. This modification is 

induced by chromatin relaxation (Kirkland and Kamakaka 2013). Acetylation of H4 at 

lysine 16 by TIP60 is also important for the recruitment of repair factors as its depletion 

leads to delayed γH2AX foci formation and impaired BRCA1 and 53BP1 recruitment 

(Sharma et al., 2010; Li et al., 2010; Tang et al. 2013). Histone acetylation levels 
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change throughout the repair process. Much of this can be attributed to histone 

deacetylases (HDACs). For example, HDAC1 and HDAC2 deacetylate H3K56 and 

H4K16 and are required for NHEJ (Miller et al., 2010). 

Histone methylation is another important modification catalysed by methyltransferases. 

H3K79 methylation by DOT1, although not damage-induced, is important for Rad9 

recruitment to DNA damage sites in budding yeast (Nguyen et al., 2011). However, 

DOT1 was found to be dispensible for 53BP1 recruitment in chicken DT40 cells 

(FitzGerald et al., 2011). It is now widely accepted that 53BP1 is recruited by H4K20 

dimethylation induced by Suv420h1/2. This modification is required for maintenance of 

genome integrity and S-phase progression (Lu et al., 2008; Jorgensen et al., 2013). 

H3K9 trimethylation is required for higher order chromatin compaction in the form of 

heterochromatin. 

 

1.8.2 Heterochromatin relaxation 

Heterochromatin consists of tightly compacted chromatin, marked by the presence of 

the repressive histone mark, H3K9me3 along with H3K9me3-associated proteins, HP1α, 

β and γ (Dormann et al., 2006; Motamedi et al., 2008; Probst et al., 2009). The majority 

of γH2AX foci are located outside or adjacent to heterochromatic regions, suggesting 

that heterochromatin is not readily accessible to the repair machinery (Kim et al., 2007a; 

Cowell et al., 2007). As a result, damage induced in heterochromatin repairs with much 

slower kinetics. HP1 variants (α, β and γ) inhibit DNA repair (Goodarzi et al., 2009). 

Upon DNA damage, these proteins are initially dispersed but eventually accumulate at 

the sites of DNA damage. HP1 depletion results in increased IR sensitivity, defective 

BRCA1 recruitment and decreased end resection (Lee et al., 2013). ATM and several of 

its downstream targets have been shown to down-regulate the inhibitory effect of 

chromatin compaction. Depletion of chromatin-condensing proteins KAP1, HP1 and 

HDACs bypassed the need for ATM signalling, suggesting that chromatin relaxation is 

a key regulatory step in the signalling of DSBs (Goodarzi et al., 2008). The role of HP1 

proteins was further highlighted in a recent study showing that HP1 depletion leads to 

delayed DSB repair, elevated levels of apoptosis after DNA damage and impaired 

BRCA1 recruitment and HR efficiency. Interestingly, 53BP1 recruitment and NHEJ 

efficiency was increased rather than inhibited in HP1 depleted cells, suggesting that 

HP1 plays a role in the decision between HR and NHEJ (Lee et al., 2013). 
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Heterochromatin is associated with low levels of transcription and makes up 

approximately 10-25% of the total chromatin in the cell (Goodarzi et al., 2009). 

Transcriptional repressors such as KAP1 promote the formation of heterochromatin by 

enhancing deacetylation and methylation of H3K9 (Cann and Dellaire 2011). 

Nucleosome remodelling factors such as the nucleosome remodelling and deacetylase 

complex (NuRD) further enhance chromatin compaction. The recruitment of HP1 

proteins by H3K9me3 helps to stabilise the chromatin structure (Goodarzi et al., 2010).  

Relaxation of heterochromatin is needed to allow access to the DNA repair machinery. 

This is partially achieved by the damage-induced release of KAP1 from 

heterochromatin. Following DNA damage, ATM phosphorylates KAP1 on serines 824 

and 473 (White et al., 2012). This results in reversal of chromatin binding by KAP1 and 

subsequent relaxation of the heterochromatin (Ziv et al., 2006). KAP1 binds indirectly 

to heterochromatin via HP1. Recently, HP1 depletion was shown to result in the loss of 

KAP1 focal recruitment but the persistence of overall KAP1 phosphorylation (White et 

al., 2012). Recently, it was shown that following the initiation of HR in 

heterochromatin, ATM is released from the break site, allowing re-condensation of the 

heterochromatin. This is believed to facilitate HR and prevent error-prone A-NHEJ 

(Geuting et al., 2013). 
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1.9 C3H1type Zinc finger domains 
 

Zinc fingers (ZnFs) are common structural motifs in biology. Approximately 1% of all 

encoded proteins contain zinc fingers. These relatively small protein motifs are 

composed of finger like protrusions often occurring in clusters. This conformation 

allows the protein to make physical contact with target substrates such as DNA, RNA or 

lipid molecules (Laity et al., 2001). The binding specificities of ZnF proteins are 

determined by the amino acid composition of the ZnF motifs and each finger within the 

cluster can have its own specific function (Paillard et al., 2004; Roy et al., 2012). In a 

zinc finger, a zinc or other metal atom, is used to stabilise the structure. This atom is 

coordinated by His residues in the α-helix and Cys residues within the β-sheet. A single 

zinc finger can only bind a few bases of DNA, therefore they are often found in tandem 

repeats of 2 or more, resulting in a larger DNA binding region within the protein (Laity 

et al., 2001). The alpha helix lies within the major groove of the bound DNA molecule, 

allowing amino acid side-chains protruding from it to contact bases in the DNA. It is the 

identity of these side-chains that determines the binding specificity of the zinc finger 

(Paillard et al., 2004). The majority of zinc fingers in mammalian cells are of the CCHH 

or CCCC type (i.e. zinc atoms are coordinated by two Cys and 2 His residues or four 

Cys residues, respectively). A less common family of zinc proteins is the CCCH-type, 

which makes up ~0.8% of all zinc fingers encoded by the mammalian genome (Mackay 

and Crossley, 1998; Matthews and Sunde, 2002). Some examples of well known zinc 

finger proteins in the DNA damage response are BRCA1 and PARP. The PARP family 

of proteins is well established in the base excision repair pathway of the DNA damage 

response and all 4 members share characteristic tandem CCHC zinc finger motifs. 

These motifs were recently shown to be indispensible for the DNA repair functions of 

PARP. This function was also shown to rely heavily on the presence of zinc (Sun et al., 

2013). The increased cancer risk associated with zinc deficiency has been attributed to 

the involvement of zinc finger proteins, such as PARP in the DDR and transcriptional 

regulation (Ho et al., 2004; Sun et al., 2013)   

The CCCH-type family of zinc finger proteins consists of 55 members in human cells 

and 58 in mouse (Liang et al., 2008). These proteins contain CCCH-type zinc fingers 

which coordinate zinc ions between three Cys residues and a single His. Typically, 

proteins in this family are involved in cell cycle or growth phase regulation e.g. TIS11B 

(butyrate response factor 1), which is involved in regulating the response to growth 
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factors (Table 1.1). Another member of this family is the human splicing factor U2AF 

35kDa subunit, which mediates protein-protein interactions and protein-RNA 

interactions required for enhancer-dependent splicing. Two other CCCH family 

members, TTP and ZAP are involved in mRNA turnover (Carrick et al., 2004, Gao et 

al., 2002). The functions of each member of the CCCH family members are listed 

below. The first functional studies of CCCH zinc fingers were carried out on the 

budding yeast homologue Nuclear poly(A)-Binding protein 2 (Nab2) (Anderson et al., 

1993; Hector et al., 2002). This protein is essential in budding yeast and Nab2 

conditional mutants have increased poly(A) RNA accumulation in the nucleus and fail 

to process RNA tails (Hector et al., 2002; Marfatia et al., 2003). The zinc finger domain 

of Nab2 is required for Poly(A) RNA binding (Kelly et al., 2010). ZC3H14, the human 

homologue of Nab2 is similar in both structure and function (Kelly et al., 2012). 

Mutation of ZC3H14 has also been associated with intellectual disability and was found 

to be differentially expressed in specific parts of the brain (Kelly et al., 2012). The 

neurological defects associated with ZC3H14 have been postulated to originate from the 

heavy reliance of the brain on RNA regulation (Kelly et al., 2012).  

Tristetraprolin (TTP) is perhaps the best-characterised member of the C3H1 family. It 

was originally acknowledged when TTP knockout mice were shown to exhibit severe 

growth retardation, inflammation and autoimmunity (Taylor et al., 1996). These defects 

were attributed to overexpression of the pro-inflammatory cytokine, tumour necrosis 

factor alpha (TNF). It was later discovered that TTP is responsible for the degradation 

of TNF mRNA (Carballo et al., 1998). The tandem zinc finger motif of TTP is required 

for RNA binding and loss of any of the cystine or histidine residues within this motif 

resulted in complete loss of RNA binding (Lai et al., 2000). It is believed that TTP 

mediates mRNA decay through recruitment of the Ccr4/Caf1/Not deadenylase complex 

required for deadenylation and decay of mRNAs. This interaction is regulated by p38-

MK2 signalling (Clement et al., 2011; Marchese et al., 2010). 

Roles for C3H1 family members in the DDR have been steadily emerging in recent 

years. A recent study highlighted the specificity of arsenate binding with C3H1 and 

CCCC zinc finger motifs. It is believed that the inhibition of DDR C3H1 or CCCC zinc 

finger proteins accounts for the DNA repair defects observed in cases of arsenic 

exposure (Zhou et al., 2011). One of the more closely linked C3H1 proteins to the DDR 

is Makorin (MKRN1). This protein contains 5 zinc fingers in total (4 C3H1 type and 

one RING type), spanning almost the entire length of the protein (Gray et al., 2000). 
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MKRN1 is an ubiquitin ligase and has been linked to a range of processes from 

telomere length maintenance to RNA pol-II regulation (Omwancha et al., 2006; Kim et 

al., 2005). From a DDR perspective, the most interesting role of Mkrn1 is in the 

regulation of the tumour suppressors p53 and p21 (Lee et al., 2009). This study shows 

that depletion of Mkrn1 results in checkpoint arrest through activation of p53 and p21. 

They also show that depletion of Mkrn1 leads to a reduction in the efficiency of p21 

degradation in response to stress, thereby slowing the rate of damage-induced death. 

Another DDR C3H1 protein is ZC3H15, also known as TMA46. Its first identified role 

was in the protection of DRG1 (a critical cell growth regulator) from proteolytic 

degradation (Ishikawa et al., 2005; Ishikawa et al., 2009). More recently, it was shown 

to be overexpressed in acute myeloid leukemia (AML) and to interact with the tumour 

necrosis factor receptor associated factor 2 (TRAF-2), implicating a potential role in 

apoptosis (Capalbo et al., 2013). Further links to the DDR were provided when 5 

members of the C3H1 family (ZC3H4, ZC3H8, ZC3H14, ZC3H11A and ZC3H13) 

were identified as ATM/ATR substrates following DNA damage (Matsuoka et al., 

2007). 

The C3H1 family of zinc finger proteins is a diverse family with roles in widely varying 

pathways. Their common feature, the C3H1 motif, appears to be crucial for the 

interaction of these proteins with RNA. Many of the members of this family remain 

poorly characterised. Considering the close links of several C3H1 proteins with cancer 

and DNA repair, this family is becoming more and more likely to function in the DNA 

damage response. 

Protein name Function Reference 
BC003883 Unknown  
Cpsf4 Pre-mRNA splicing Barabino et al., 1997 
Cpsf4l Unknown  
DHX57 Putative RNA helicase  
Dus3l tRNA processing (from 

homologue) 
Xing et al., 2002 

Helz Putative RNA helicase  
Leng9 Unknown  
Mbnl1 Activator and repressor of 

pre-mRNA splicing 
Ho et al., 2004 

Mbnl2 Activator and repressor of 
pre-mRNA splicing 

Ho et al., 2004 

Mbnl3 Activator and repressor of 
pre-mRNA splicing 

Ho et al., 2004 

Mkrn1 E3 ubiquitin ligase 
(represses p53 expression 

Lee et al., 2009 
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in normal cells and 
stimulates apoptosis by 
repressing CDKN1A) 

Mkrn2 Putative E3 ubiquitin ligase  
Mkrn3 E3 ubiquitin ligase Kanber et al., 2009 
Nkn1 Unknown  
Nupl2 mRNA export  
Pppfr10 Chromatin remodelling 

Binds mRNA 
Kreivi et al., 1997 

Prr3 Cell-cell adhesion Fujito et al., 2005 
Rbm22 Pre-mRNA splicing Montaville et al., 2006 
Rbm26 Unknown  
Rbm27 Unknown  
Rc3h1 Post-transcriptional 

repressor of mRNAs 
(inferred from C. elegans 
homologue) 

Heissmeyer and Vogel, 
2013 

Rc3h2 Post-transcriptional 
repressor of mRNAs  

Pratama et al., 2013 

Rnf113a1 Unknown  
Rnf113a2 Unknown  
Tiparp Putative Poly(ADP-ribose) 

polymerase 
Katoh and Katoh, 2003 

Toe1 Inhibits cell growth rate 
and cell cycle 

DeBelle et al., 2003 

Trmt1 tRNA methyltransferase Liu and Straby, 2000 
U2af1 RNA splicing Zuo and Maniatis 1996 
U2af1l4 IGFL1 and 3 binding cell 

membrane receptor 
Lobito et al., 2011 

ZC3H1 Unknown  
ZC3H10 Unknown  
ZC3H11A mRNA export 

ATM/ATR substrate 
Folco et al., 2012 
Matsuoka et al., 2007 

ZC3H12A RNAse 
Up-regulates apoptosis 

Zhou et al., 2006 

ZC3H12B Potential RNase and target 
RNA regulator 

 

ZC3H12C Potential RNase and target 
RNA regulator 
Induced by cytokines in 
acute monocytic leukemia 
cell line 

Liang et al., 2008 

ZC3H12D Negative regulator of G1/S 
transition by suppressing 
RB1 phosphorylation 
Negative regulation of cell 
growth 

Huang et al., 2012 

ZC3H13 Unknown 
ATM/ATR substrate 

Matsuoka et al., 2007 

ZC3H14 Binds polyadenosine RNA 
oligonucleotides 

Kelly et al., 2007 
Matsuoka et al., 2007 



  53 

ATM/ATR substrate 
ZC3H15 Protects DRG1 from 

proteolytic degradation 
(potential) 

Ishikawa et al., 2009 

ZC3H16 (RBM22) Pre-mRNA splicing 
Protein import into nucleus 

Rasche et al., 2012 

ZC3H18 Unknown  
ZC3H2 Destruction of viral mRNA 

(predicted) 
 

ZC3H3 mRNA polyadenylation 
poly(A)+ mRNA export 
from nucleus 
regulation of mRNA export 
from nucleus 

Hurt et al., 2009 

ZC3H4 Unknown 
Potential ATM/ATR 
substrate 

Matsuoka et al., 2007 

ZC3H5 Unknown  
ZC3H6 Unknown  
ZC3H7A Unknown  
ZC3H7B Host-virus interaction Harb et al., 2008 
ZC3H8 (Fliz1) Transcriptional repression 

Regulation of thymocyte 
homeostasis 
Potential ATM/ATR 
substrate 

Hwang and Ho. 2002 
Matsuoka et al., 2007 

ZC3H9 EGFR transcriptional 
repression (potential tumor 
suppressor) 
Down-regulated in breast 
carcinomas 

Li et al., 2009 

Zfp36 (TTP) mRNA degradation Fabian et al., 2013 
Zfp36l1 Unknown  
Zfp36l2 mRNA degradation (self 

renewal of erythroid cells) 
Hudson et al., 2004 

Zfp36l3 mRNA degradation 
(placenta-specific) 

Blackshear et al., 2005 

Zmat5 Component of U12-type 
spliceosome 

Will et al., 2004 

Zrsr1 Unknown  
Zrsr2 Pre-mRNA splicing Tronchere et al., 1997 
 

Table 1. 1. Members of the C3H1 family of zinc finger proteins and their functions. 
Protein and literature databases were scanned for the functions of C3H1 family 
members
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1.11. ZC3H11A 

 

ZC3H11A is a member of the CCCH-type family of zinc finger proteins. It contains 3 

repeats of the CCCH-type of zinc finger at its N-terminus, is 810aa in length and has a 

molecular weight of 89kDa. While, to our knowledge, there is no known function for 

ZC3H11A in the DNA damage response, it has been shown to interact with MLH1, a 

component of the DNA mismatch repair pathway (Rual et al., 2005). ZC3H11A was 

also shown to be sumoylated and is phosphorylated upon DNA damage at S108 by 

ATM or ATR (Matafora et al., 2009; Matsouka et al., 2007).  Several sites on 

ZC3H11A were shown to be phosphorylated through a number of large-scale mass 

spectrometric screens (Beausoleil et al., 2004, Olsen et al., 2006, Beausoleil et al., 2006, 

Nousiainen et al., 2006, Molina et al., 200., Wang et al., 2008, Cantin et al., 2008, 

Dephoure et al., 2008, Gauci et al., 2009, Mayya et al., 2009)  one of which (T321) has 

been shown directly to be phosphorylated by CDK2 and CDK1-cyclin B (Chi et al., 

2008, Blethrow et al., 2008). Two sites, K286 and K764, were also found, by mass 

spectrometric analyses, to be acetylated (Zhao et al., 2010, Choudhary et al., 2009). 

Recently, ZC3H11A was shown to interact with the TREX complex and function in 

mRNA export (Folco et al., 2012). Its depletion led to the accumulation of poly A RNA 

in the nucleoplasm, indicating that without ZC3H11A, mRNA is not exported to the 

cytoplasm for translation. The TREX complex is required for the expression of sub-sets 

of genes, particularly those involved in development.   

The ZC3H11A gene encodes 7 splice variants and interestingly, a protein called ZBED6 

is encoded by a transposable element in the first intron of the ZC3H11A gene (Gregory 

et al., 2006). This protein has relatively little sequence or structural similarity to 

ZC3H11A, although it does contain 3 Znf-CCCH-type domains at its N-terminus. 

However, these zinc finger motifs do not share any sequence similarity with ZC3H11A. 

A predicted histone acetyltransferase domain is also present at the ZBED6 C-terminus. 

ZBED6 is primarilty nucleolar and was shown to bind to the consensus sequence “5’-

GCTCGC-3’ and represses the transcription of IGF2 (Markljung et al., 2009). 
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2.1 Summary 
 

A recent proteomic screen for ATM interactors led to the identification of several novel 

binding partners, among them the relatively uncharacterized zinc finger protein, 

ZC3H11A (F. Pessina, unpublished). This protein is a member of the C3H1 family of 

zinc finger proteins, several members of which have previously been linked to the DNA 

damage response. The fact that ZC3H11A interacts with the apical DDR kinase ATM 

inspired us to examine its potential involvement in the DNA damage response. 

 

Here we show that ZC3H11A interacts with ATM in an IR-dependent manner. ATM 

interacts with the region of ZC3H11A between amino acids 280 and 600. Strikingly, we 

find that ZC3H11A is required for the phosphorylation of ATM at S1981 and its 

recruitment to IRIF, suggesting that it plays a role in the up-stream promotion of ATM 

activity. To examine the role of ZC3H11A in ATM function, we examined the ability of 

ZC3H11A-depleted cells to carry out normal ATM-dependent functions. We show that 

ZC3H11A-depletion leads to higher IR sensitivity and decreased DSB repair efficiency. 

When examined further, we found that ZC3H11A is specifically required for HR and 

not NHEJ and that it is required for the preferential recruitment of BRCA1 over 53BP1. 

Finally, we show that ZC3H11A is constitutively bound to heterochromatin and 

promotes chromatin relaxation following IR. 

 

2.2 Highlights 

 
o ZC3H11A interacts with ATM 

o ZC3H11A is required for ATM S1981 phosphorylation and recruitment to IRIFs 

o ZC3H11A depletion leads to increased IR-sensitivity and decreased DNA repair 

efficiency 

o ZC3H11A is required for HR but not NHEJ 

o ZC3H11A depletion results in impaired BRCA1 focal recruitment 

o ZC3H11A is a heterochromatic protein required for chromatin decondensation 

after IR 
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2.3 Introduction 
 

The integrity of our DNA is threatened on a daily basis by both endogenous and 

exogenous sources of genotoxic stress. When DNA damage is detected, a complex 

signalling cascade known as the DNA damage response (DDR) is activated. This results 

in repair of the damage or elimination of errant cells, thus preventing the accumulation 

of genetic mutations which can contribute to oncogenesis or degenerative disorders. 

 

The ATM protein kinase is a vital early component of the DDR. It is recruited to the site 

of DNA double strand breaks (DSBs) via the MRE11-RAD50-NBS1 (MRN) complex 

where it phosphorylates histone H2AX at serine 139, thereby recruiting the mediator 

protein, MDC1 and the E3 ubiquitin ligase, RNF8. RNF8 ubiquitinates H2A and 

H2AX, providing a platform for the recruitment of the major mediators of the double 

strand break repair pathways; 53BP1 (non-homologous end-joining) and BRCA1 

(homologous recombination) (Bekker-Jensen & Mailand 2010).There are numerous 

targets of ATM phosphorylation, most of which are phosphorylated at the consensus 

PIKK recognition site [S/T]-Q (Matsuoka et al., 2007). These include NBS1, Chk1, 

p53, BRCA1 and RAD9, key players in checkpoint signalling, DNA repair and 

apoptosis. (Matsuoka et al., 2000; Cortez et al., 1999; Canman et al., 1998; Banin et al., 

1998) 

 

The most faithful and error-free method for the correction of DNA DSBs is homologous 

recombination (HR). This method generally occurs late in the cell cycle as it is 

dependent on the presence of a homologous sister chromatid. In its absence, Non-

homologous end-joining is used to repair the lesion, albeit in a more error-prone 

manner. BRCA1 and 53BP1 play antagonising roles at the decision point between 

homologous recombination (HR) or non-homologous end-joining (NHEJ). BRCA1 

blocks 53BP1 binding at damage sites thus repressing NHEJ and promoting HR, while 

53BP1 represses BRCA1 recruitment, instead favouring NHEJ (Bunting et al., 2010; 

Escribano-Díaz et al., 2013). 

 

BRCA1 is a mediator of the DNA damage response and is essential for DNA repair by 

HR (Moynahan et al., 1999; Kass et al., 2013). It is thought to be involved in the early 

end processing step of HR, most likely through interaction with CtIP (Moynahan & 

Jasin 2010). CtIP is phosphorylated by CDK2, allowing it to interact with BRCA1, with 
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the aid of MRE11 (Buis et al., 2012). BRCA1 also plays a role in the G1, Intra-S and 

G2/M checkpoints and phosphorylation on residues S1387, S1423 and S1524 are 

required for each of these checkpoints respectively (Xu et al., 2001, Fabbro et al., 2004).  

 

DNA damage in heterochromatin poses an additional problem for the DNA repair 

machinery. Heterochromatin consists of tightly compacted chromatin marked by the 

presence of the repressive histone mark, H3K9me3. To allow access to the repair 

machinery, ATM phosphorylates the transcriptional repressor KAP1 on S824, resulting 

in the temporary removal of KAP1 from the chromatin and subsequent chromatin 

decondensation around the site of the break. In undamaged cells, KAP1 promotes 

chromatin condensation by enhancing the deacetylation and methylation of H3K9 

(Cann and Dellaire, 2011). KAP1 binds to the heterochromatin protein 1 α (HP1α), 

depletion of which results in persistent IR-induced KAP1 phosphorylation but impaired 

recruitment of KAP1 to damage sites (White et al., 2011). In the absence of HP1, the 

rate of HR-mediated repair is reduced, while NHEJ is increased, suggesting that HP1 

plays an important role in the decision between HR and NHEJ (Lee et al., 2013). 

 

ZC3H11A is a member of the CCCH-type family of zinc finger proteins. To date, 

members of this class of proteins have been associated with RNA splicing, mRNA 

transportation, poly ADP-ribosylation, ubiquitination , subcellular localization and 

transcription (Carballo et al., 1998; Barabino et al., 1997; Kanadia et al., 2003; Zhang et 

al., 1992; Hwang and Ho, 2002; Kim et al., 2005). ZC3H11A contains 3 repeats of the 

CCCH-type of zinc finger at its N-terminus and is 810aa in length. ZC3H11A has been 

shown to interact with MLH1 (Rual et al., 2005) and SUMO1 (Matafora et al., 2009) 

and is phosphorylated upon DNA damage, most likely by ATM or ATR (Matsuoka et 

al., 2007). Several sites on ZC3H11A were shown to be phosphorylated through large-

scale mass spectrometric screens, one of which (T321) has been shown directly to be 

phosphorylated by CDK1-Cyclin B (Blethrow et al., 2008). A single site, K286, was 

found to be acetylated in mass spectrometric analysis of liver samples (Zhao et al., 

2010). Recently, ZC3H11A was found to form part of the TREX mRNA export 

complex and was required for the export of mRNAs from the nucleus (Folco et al. 

2012) 

 

Here we show the first evidence that ZC3H11A is involved in the DNA damage 

response. ZC3H11A interacts with ATM in an IR-independent manner and is required 
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for its recruitment to IRIFs and its autophosphorylation at S1981. ZC3H11A was found 

to be required for some, but not all ATM functions. ZC3H11A was found to be required 

for HR-mediated repair and resides in the heterochromatic compartment where it 

promotes chromatin decondensation following IR. 
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2.4 Materials and Methods 
 

2.4.1 Cell Culture  

U2OS and HEK293 cells were cultured at 37°C in a humidified atmosphere of 5% CO2 

using DMEM supplemented with 10% FBS (Lonza) and 1% penicillin-streptomycin 

(Sigma Aldrich). hTERT Rpe-1 cells were cultured in DMEM-F12 media supplemented 

with 10% FBS and 1% penicillin-streptomycin. 

 

2.4.2 siRNA knockdown 

2x105 U2OS cells were transfected with 40 pmol of negative control siRNA 

(Dharmacon) or ZC3H11A siRNA (Ambion (s19127) or Dharmacon (MU-021238-01) 

with 6 µl of Oligofectamine (Invitrogen) in 0.8 ml of Opti-MEM I (Invitrogen) per 

35mm dish. 4 hours after transfection, 0.5ml of DMEM (without Penicillin and 

streptomycin) supplemented with 30% FBS and 4mM L-Glutamine was added to the 

media. The following Silencer Select siRNA sequence (Ambion) was used to silence 

ZC3H11A expression: Sequence (5’-3’) sense, GGAAAAAUCUAAGAAGCAAtt. 

Dharmacon smart pool ZC3H11A siRNAs were also used to independently confirm 

results. The sequences in the pool were: GUGAAAGGGUGCAAGCGAA, 

AGCUAAAGAUUGAUAGUGA, GGUGACAUGAUUAGAGGAA, 

UGACAGUGAUCCUCCAUUA. After 24 h, 1ml of DMEM with 10% FBS and 1% 

Penicillin-streptomycin was added. Biological triplicates were used for each siRNA 

treatment. 

 

2.4.3 Protein extracts 

Whole cell extracts were prepared by boiling cells in 3x Laemmli sample buffer 

containing 15% β-mercaptoethanol for 5 mins. The samples were then sonified at 40% 

amplitude for 10 seconds before boiling for a further 5 minutes. Native extracts were 

prepared by lysing cells in lysis buffer (50mM Tris-HCl, 0.5% Triton-X 100, 150mM 

NaCl, 10% glycerol) and a 1:1,000 dilution of Benzonase nuclease (Sigma – E1014) for 

1hr at 4OC. 
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2.4.4 Western blotting 

Samples were separated by sodium doedecyl sulphate-polyacrylamide gel 

electrophoresis (SDS-PAGE). Proteins were transferred to a nitrocellulose membrane 

using a voltage of 85 for 80mins on a BioRad Protran apparatus at 4OC. For primary 

antibody blotting conditions see table 4.1. Membranes were incubated with the relevant 

secondary antibody at 1:5,000 in 5% milk-PBST for 45mins at room temperature. 

 

2.4.5 Immunoprecipitation 

HEK293 cells were harvested and lysed by incubation with lysis buffer (50mM Tris-

HCl, 0.5% Triton-X 100, 150mM NaCl, 20% glycerol) containing a 1:1,000 dilution of 

benzonase nuclease (Sigma – E1014), protease and phosphatase inhibitors, for 45 

minutes at 4OC. Debris was pelleted by centrifugation for 15mins at 14,000rpm. To pre-

clear, 5mg of lysate was incubated with DynaBeads (Invitrogen) for 30mins at 4OC with 

gentle agitation. Following this, the DynaBeads were removed and the extract incubated 

with 5mg of primary antibody for 2hrs, at which point 33µl of DynaBeads were added 

and the mixture incubated for a further 2hrs. The supernatant was removed and the 

DynaBeads washed 4 times in lysis buffer. The beads were then boiled in 3xlaemmli 

buffer for 5 mins and pelleted for 5mins at 14,000rpm before analysis of bound proteins 

by western blot. 

 

2.4.6 Clonogenic survival assays 

48 hours after siRNA transfection, U2OS cells were trypsinised and 500 cells plated per 

60mm dish. Cells were treated with indicated doses of Ionising radiation, Olaparib 

(Santa Cruz sc-302017) or ICRF-193 (Sigma Aldrich I4659). Cells were incubated at 

37°C in 5% CO2 for 10 days at which point colonies were stained using 1,9-

dimethylmethylene blue-70% methanol solution, washed with deionised water and 

counted. Colony numbers were normalised to the untreated control for each siRNA 

condition. 

 

2.4.7 G2/M checkpoint assay 

U2OS cells were transfected with siRNA as described. 48 hours later, cells were treated 

with 3Gy of ionising radiation and samples taken at the indicated times. For FACS 
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samples, cells were fixed in 70% ethanol and stored at -20C. The cells were then 

resuspended in PBS containing 0.25% Triton X-100, 1% BSA and 1:50 dilution of 

H3S10ph antibody (Millipore -06-570) and incubated for 2hrs at room temperature. 

Cells were washed in PBS prior to resuspension in PBS containing 0.25% Triton X-100, 

1% BSA and a 1:50 dilution of goat anti-rabbit IgG FITC conjugate (Jackson 

ImmunoResearch).  After a 1hr incubation at room temperature, cells were again 

washed and resuspended in 1ml PBS containing 25mg/ml propidium iodide and 

250mg/ml RNAse A. Following a 30 incubation at room temperature, H3S10ph-

positive cells were quantified on a FACSCanto (BD Biosystems) using FACSdiva 

software. Western blot samples were boiled in Laemmli buffer for 5 mins, sonified at 

40% amplitude for 10 seconds and boiled again for 5 mins. 

 

2.4.8 HR and NHEJ GFP reporter assays 

U2OS cells with an integrated DR-GFP construct (Janna Luessing, unpublished) or 

H1299dA3-1 cells (Ogiwara and Kohno, 2011) were transfected with 40pmol of siRNA 

and 5µg of I-SceI plasmid by electroporation in 0.5ml of Opti-MEM (Invitrogen). The 

cells were returned to culture in DMEM with 10% FBS and 1% Penicillin-streptomycin 

for two days. GFP expression was measured by FACS analysis on a FACSCantoII Cell 

analyzer (BD Biosystems) using FACSdiva software.  

 

2.4.9 Immunofluorescence 

4x105 U2OS or hTERT Rpe-1 cells were grown on a sterile coverslip in DMEM with 

10% FBS and 1% Penicillin-streptomycin. Cells were fixed in 4% PFA for 10mins, 

washed three times in PBS and then permeabilised with 0.125% Triton-X 100 for 2 

minutes at room temperature. The cells were again washed in PBS before being blocked 

in 1% BSA overnight at 4oC. For antibody staining conditions see table 4.4.1. Images 

were captured on a DeltaVision (Applied Precision) or Olympus 1X51 fluorescence 

microscope. For pre-extraction, cells were treated with CSK buffer (100 mM NaCl, 300 

mM sucrose, 3 mM MgCl2, 10 mM PIPES (pH 6.8), 0.5mg/ml RNAse A) for 10 mins 

at room temperature prior to PFA fixation. 

 

2.4.10 Quantitative PCR 

Total RNA was extracted from approximately 1x105 cells using RNA Isolate II mini kit 
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(Bioline – BIO-52072). RT-PCR was carried out on 100ng of RNA using RNA to 

cDNA kit (Applied Biosystems). qPCR was carried out on 200ng of the resulting cDNA 

using SYBR green PCR master mix (Applied Biosystems - 4387406). 

GAPDH_qPCR_FW (5’-AATCCCATCACCATCTTCCA-3’) and GAPDH_qPCR_Fw 

(5’-TGGACTCCACGACGTACTCA-3’) primers were used for amplification of 

GAPDH cDNA. RAD51_qPCR_FW (5’-GCAGATGCAGCTTGAAGC-3’) and 

RAD51_qPCR_Rev (5’-CCATCCACTTGAGCTACC-3’) were used to amplify the 

RAD51 cDNA.  

 

2.4.11 Proximity Ligation Assay 

Cells were grown on a sterile coverslip, fixed with 4% PFA and permeabilised with 

0.125% Triton-X 100. Primary antibody staining was carried out using 1:1,000 dilutions 

of ZC3H11A (Bethyl - A301-525A), BRCA1 D-9 (Santa Cruz - Sc-6954), ATM 

(Bethyl - A300-136A) and C-Abl (Santa Cruz – K12, sc-131) antibodies for 1h at 37OC 

in 1% BSA. PLA assay was performed using Duolink system (Olink). Fluorescence was 

visualised on an Olympus 1X51 microscope. 

 

2.4.12 ZC3H11A GST fragment pull-down 

Fragments were amplified by PCR from ZC3H11A cDNA and cloned into pGEX4T1 

vector using XhoI and EcoRI restriction sites. GST-tagged protein fragments were 

expressed overnight at 20OC in rosetta cells induced with 0.3mM IPTG (Thermo 

Scientific - R1171). The fragments were immobilised on α-GST beads and washed 4 

times before incubation with HEK293 whole cell extracts for 1hour at 4OC. Beads were 

then pelleted and washed 3 times in lysis buffer, then resuspended in 3 volumes of 

laemmli buffer and boiled for 5 mins. The beads were then pelleted again and the 

supernatant loaded on a gel for western blot analysis. 

 

2.4.13 Heterochromatin expansion assay 

Cells were grown on coverslips and transfected with siRNA. 48 hours after transfection, 

cells were irradiated and treated with CSK buffer followed by fixation in 4% PFA. 

Fixed cells were stained with H3K9me3 antibody (Active Motif – 39161). H3K9me3-

staining particle size was estimated using Image-J. Individual nuclei were selected 

based on DAPI-staining. Using the “analyze particles” function, foci were automatically 
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selected within the nucleus and the area of each focus calculated. 

 

2.4.14 FACS analysis 

4x106 cells were collected by centrifugation at 1500 rpm for 5mins at 4OC. Cells were 

then washed in PBS and resuspended in 1ml cold PBS before vortexing and 

simultaneous addition of 3ml of ice-cold 100% ethanol. Cells were stored at 4OC 

overnight before being pelleted at 1500 rpm. Cells were then washed in 1% BSA in 

PBS and resuspended in 50µl of 1% BSA-PBS-0.5% Triton-X 100 containing a 1:50 

dilution of anti-H3S10ph antibody (Millipore – 06-570). Cells were incubated in the 

primary antibody for 2 hours at room temperature. Cells were washed twice in 1%BSA-

PBS and resuspended in 50µl of 1%BSA-PBS-0.5% Triton-X 100 containing a 1:50 

dilution of FITC conjugated anti rabbit secondary antibody (Jackson Immunoresearch 

111-096-045). Samples were incubated for 1hr at room temperature in the dark. 

Samples were then washed twice in 1%BSA-PBS. After final pelleting, cells were 

resuspended in PBS containing 40µg/ml Propidium Iodide (Sigma Aldrich) and 

250µg/ml RNAse A and incubated for 30 mins at room temperature before analysis 

using a FACSCantoII (BD Biosciences). 

 

2.4.15 COMET assay 

1x104 cells were resuspended in 100µl of molten agarose (Trevigen CometAssay kit), 

spread on a microscope slide and allowed to set at room temperature for 30 minutes. 

Slides were then immersed in pre-chilled Lysis solution (Trevigen CometAssay kit) for 

1hr at 4oC. Samples were then equilibriated for 30 mins in Neutral elecrophoresis buffer 

(0.1M Tris base, 0.3M Sodium acetate) at 4oC. For the elecrophoresis, samples were run 

in neutral electrophoresis buffer at 24 volts for 1hr at 4oC. Samples were then placed in 

DNA precipitation solution (1M Ammonium acetate, 95% Ethanol) for 30 mins at room 

temperature. Samples were then dried at room 37oC for 15 mins prior to staining with a 

1:10,000 dilution of SYBR green I staining solution (Trevigen 4250-050-05) diluted in 

10mM Tris-HCl pH 7.5, 1mM EDTA. Comets were visualized using an Olympus 1X51 

fluorescence microscope and Comet tail moments calculated using Comet Score 

software (TriTek Corp.) 
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Antibody Dilution Blocking Secondary Manufacturer Cat. No. 

Actin 1:2,000 5% Milk Rabbit Sigma A2066 

ATM 1:2,500 5% Milk Goat Bethyl A300-136A 

pATM 

(S1981) 

1:2,000 5% BSA Rabbit R&D AF1655 

BRCA1 (D-9) 1:500 5% BSA Mouse Santa Cruz Sc-6954 

Chk2 (H300) 1:1,000 5% Milk Rabbit Santa Cruz Sc-9064 

pChk2 1:1,000 5% BSA Rabbit Cell Signaling 2661 

γΗ2AX 

(S139) 

(JBW301) 

1:2,000 5% BSA Mouse Millipore 05-636 

Η3 1:80,000 5% Milk Rabbit Abcam Ab1791 

KAP1 1:1,000 5% Milk Rabbit Bethyl A300-274A 

pKAP1 

(S824) 

1:1,000 5% BSA Rabbit Bethyl A300-767 

RAD51 1:2,000 5% Milk Rabbit Calbiochem PC130 

β-Tubulin 1:20,000 5% Milk Mouse Abcam Ab6046 

ZC3H11A 1:1,000 5% Milk Rabbit Bethyl A300-525A 

Table 2. 1 Antibody conditions used for Western blotting 
 

Antibody Dilution Blocking Secondary Manufacturer Cat. No. 

53BP1 1:500 1% BSA Rabbit Bethyl A300-272A 

pATM 

(S1981) 

1:500 1% BSA Rabbit Millipore MAB3806 

BRCA1 (D-9) 1:500 1% BSA Mouse Santa Cruz Sc-6954 

γΗ2AX 

(S139) 

1:200 1% BSA Mouse Millipore 05-636 

H3K9me3 1:200 1% BSA Rabbit Active Motif 39161 

H3K9me3 1:200 1% BSA Mouse Abcam Ab6001 

RAD51 1:500 1% BSA Rabbit Calbiochem PC130 

β-Tubulin 1:1,000 1% BSA Mouse Abcam Ab6046 

ZC3H11A 1:1,000 1% BSA Rabbit Bethyl A300-525A 

Table 2. 2 Antibody conditions used for immunofluorescence 
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2.5 Results 
 

2.5.1 ZC3H11A interacts with ATM 

To identify novel ATM interactors, SILAC quantitative proteomic analysis on chicken 

DT40 cells expressing ATM tagged with a four-residue HFSC affinity tag (HA-FLAG-

Strep-CBP) was performed. ATM was purified from undamaged and irradiated (10Gy) 

DT40 cells for comparison of IR-dependent and IR-independent interactions. Of the 

interactors identified, we chose to focus on the C3H1-type zinc finger-containing 

protein, ZC3H11A. This protein was found to interact with ATM only after IR, and was 

even more enriched (2.11 times more ZC3H11A peptides were found in the HFSC-

ATM sample purified after IR than in a negative control sample using cell extracts with 

untagged ATM) than established ATM interactors such as PP2A and USP10 (Table 2. 

3). The ZC3H11A-ATM interaction was found only after ionizing radiation, suggesting 

that the interaction is DNA damage-dependent.  
 
Relative enrichment 
Protein ID Protein Name Minus IR Plus IR Reference 
IPI00601074 ATM 17.91427 17.75186 Bakkenist and Kastan, 2003 
IPI00819631 USP10 1.3185755 1.2726537 Yuan et al., 2010 
IPI00604115 MCM3 1.1388219 1.4613473 Shi et al., 2007 
IPI00589014 PPP2A 0.9870803 0 Goodarzi et al., 2004 
IPI00598956 CHD4 1.2257783 1.635424 Urquhart et al., 2011 
IPI00585717 ZC3H11A 0 2.117886 - 
 
Table 2. 3. ZC3H11A interacts with ATM in chicken DT40 cells. Results of SILAC analysis of ATM 
interacting partners in chicken DT40 cells. DT40 cells were grown in SILAC heavy, medium or light 
isotope media, irradiated at 10Gy and harvested 1 hour later. Relative abundance represents fold-
enrichment of identified peptides compared to negative (untagged) control. Relevant references are shown 
for previously known ATM interactors identified in this study. 
 

 

To confirm this interaction and to assess the ability of ZC3H11A to bind ATM in 

human cells, we co-immunoprecipitated ATM and ZC3H11A from HEK293 cellular 

extracts before and after ionizing radiation (Fig. 2.1A). In agreement with our SILAC 

analysis, the ZC3H11A-ATM interaction occurs in the presence of IR. However, we 

also found that the interaction occurs in the absence of IR. The discrepancy in these 

results may be explained by the fact that even a three-fold reduction in ZC3H11A-ATM 

interaction falls below the threshold for detection (0.8) of this SILAC experiment. To 

assess the role of ATM phosphorylation in this interaction, we inhibited ATM kinase 

activity using a chemical inhibitor (Santa Cruz - KU 55933). The addition of this 
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inhibitor to cells prior to the Co-IP does not affect this interaction, suggesting that the 

ZC3H11A-ATM interaction does not depend on ATM kinase activity. This interaction 

was also validated in U2OS human osteosarcoma cells, in which it was also found to 

occur in the presence and absence of IR (Fig. S2.1). To further confirm the interaction 

of ZC3H11A with ATM, we performed a PLA assay using the Olink detection system. 

Standard primary antibodies were incubated with fixed, permeabilised cells as per 

standard IF protocol. Following incubation and washes, cells were incubated with 

secondary antibodies conjugated with complementary oligonucleotide tails. Using this 

method, oligonucleotide tails within a 40nm distance are annealed and circular 

amplification using a fluorochrome is used to generate a detectable signal. In this case, 

red spots are indicative of an interaction. The ZC3H11A-ATM interaction was found to 

take place in the presence and absence of IR, but increases 2-fold following IR (Fig. 2.1 

B and C). Due to the lack of positive and negative interaction controls (i.e. a known 

interaction and an assay using two proteins that do not interact), the PLA assay results 

alone cannot be used to show a positive ZC3H11A-ATM interaction. However, 

considering that we have also shown these two proteins to interact by Co-IP and 

SILAC, it is likely that the interaction is true. 

 

To map the position of ZC3H11A binding within the ATM protein, we performed 

pulldown experiments using GST-tagged ZC3H11A fragments. These fragments were 

immobilized on α-GST beads and incubated with HEK293 cellular extracts. When 

bound proteins were analysed by western blot, we found that ATM co-purified with the 

region of ZC3H11A encompassing amino acids 280-600 (Fig. 2.2). In agreement with 

the co-IP and PLA experiments, more ATM is associated with ZC3H11A after IR. To 

confirm that the observed band was ATM, we probed with two independent antibodies 

from different species (ATM Goat polyclonal from Bethyl and ATM rabbit polyclonal 

from Abcam). Using the goat ZC3H11A antibody, we observed an increase in signal 

following IR, again confirming our PLA and SILAC analysis that the ZC3H11A-ATM 

interaction is IR-dependent. 
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Figure 2. 1. ZC3H11A interacts with ATM in human cells. (A) Co-Immunoprecipitation of ATM and 
ZC3H11A from HEK293 cellular extracts. Cells were treated with 3Gy IR and/or ATM kinase inhibitor 
prior to harvesting. ATM was immunoprecipitated as described in section 2.4.5 and the resulting western 
blot was probed for ZC3H11A (Bethyl A300-525A). Goat α-rabbit IgG was used in place of the ATM 
antibody (Bethyl A300-136A) as a negative immunoprecipitation control. (B) Proximity ligation assay 
(Olink) using ATM and ZC3H11A primary antibodies. Red foci indicate proximity of secondary 
conjugated antibodies of <40nm. +IR samples were treated with 3Gy IR. Control panel represents an 
identical reaction in the absence of primary antibodies. (C) Histogram of the data represented in (B). 
Error bars represent the standard error of mean across 3 independent experiments. 100 cells were 
analyzed per experiment. P=0.00126.  
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Figure 2. 2. ATM interacts with fragment 3 of ZC3H11A. Western blot showing the interaction of 
ATM with GST-tagged ZC3H11A fragments. GST-fused fragments of the ZC3H11A protein were 
generated as shown in the schematic. These fragments were affinity purified using the GST tag and cell 
extracts from unirradiated or irradiated HEK293 cells (30 mins post 3Gy IR) were applied to the purified 
GST fragments for immunoprecipitation. The resulting western blot was probed with ATM antibodies 
(Bethyl or Abcam. See table 2.1). 
 

Many of the C3H1 class of zinc finger proteins are known RNA-binding factors and 

reside primarily in the cytoplasm. To gain further insight into the location of ZC3H11A 

function, we examined its subcellular localization before and after IR. 

Immunofluorescence staining revealed that ZC3H11A localizes mainly to the nucleus 

and has a granular nuclear pattern that does not change following IR. When cells were 

treated with CSK buffer and RNAse A prior to fixation, the staining pattern became 

much more punctate. This pattern, again was not affected by IR, suggesting that 

ZC3H11A localization is unaffected by DNA damage and it does not accumulate in 

IRIFs (fig. 2.3). Similarly, pre-treatment of cells with an ATM kinase inhibitor does not 

alter the staining pattern of ZC3H11A, suggesting that its localization to these bodies 

does not require prior phosphorylation by ATM (fig. S2.2). These results suggest that 

ZC3H11A functions primarily in the nucleus. 
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Figure 2. 3. ZC3H11A is localized to the nucleus. Immunofluorescence staining of ZC3H11A (using 
Bethyl A300-525A antibody) with and without CSK extraction and RNAse A (0.5mg/ml) treatment. Cells 
were irradiated at 3Gy and fixed with 4% PFA with or without CSK pre-extraction 1hr after IR. 
 

2.5.2 ZC3H11A depletion results in reduced ATM recruitment to damage-

induced foci 

The fact that ZC3H11A interacts with ATM independently of ATM kinase activity 

strongly suggests that it functions up-steam of ATM in the DNA damage response. To 

test this hypothesis, we examined ATM activation after IR in ZC3H11A siRNA cells. A 

consistently high knockdown efficiency of ZC3H11A was achieved throughout all 

experiments using Invitrogen Silencer Select siRNA (Fig. S2.3). ATM 

autophosphorylation at S1981 is an important early step in the signaling of DNA DBSs 

and is an indicator of ATM activity (Bakkenist and Kastan, 2003).  

 

When ATMS1981 nuclear focus formation was examined by immunofluorescence, we 

found that its focal recruitment was impaired (Fig. 2.4A and B). Similarly, when we 

examined ATM S1981 phosphorylation by western blot, we found that ZC3H11A 

depletion resulted in reduced ATM autophosphorylation at early timepoints (Fig. 2.4C). 

The kinetics of ATM phosphorylation and recruitment appear both delayed and 

diminished, suggesting that ZC3H11A is required for the early stages of ATM 

phosphorylation and recruitment. These results show that in addition to being an ATM 
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substrate after IR, ZC3H11A also acts upstream of ATM to promote its 

autophosphorylation and accumulation in IRIFs. 

 

 
 
Figure 2. 4. ZC3H11A is required for the recruitment of ATM to DNA damage sites. (A) 
Representation of pATM focal recruitment after 3Gy IR at the indicated timepoints. Cells were treated 
with either ZC3H11A siRNA or scrambled siRNA before irradiation (3Gy). Cells were fixed with PFA 
and stained with anti-pATM (S1981) antibody (Santa Cruz). (B) Quantification of experiments 
represented in (A). 200 cells were counted per experiment and the average focal number across 3 
independent experiments is shown for each timepoint.  Error bars represent the SEM across 3 independent 
experiments. (C) Western blot probed with anti-phospho ATM antibody (phospho-S1981). Cells were 
treated with either ZC3H11A or scrambled siRNA and treated with 3Gy IR. Cells were harvested at the 
indicated timepoints and prepared in laemmli buffer as described in section 2.4.3. 
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2.5.3 ZC3H11A depletion results in defective DSB repair 

The fact that we have shown ZC3H11A to be required for efficient and full ATM 

autophosphorylation raises the distinct possibility that this protein plays a role in ATM 

function. A key hallmark of ATM-deficient cells is heightened radiosensitivity. To test 

the theory that ZC3H11A is required for ATM function, we performed clonogenic 

survival assays on ZC3H11A siRNA knockdown U2OS cells over increasing doses of 

IR. ZC3H11A-depleted cells were found to be sensitive to IR and this sensitivity was 

increased when ATM kinase activity was inhibited (ATMi). The degree of sensitivity 

observed in combined ZC3H11A knockdown-ATMi cells was similar to that observed 

in ATMi cells alone. The fact that ATMi cell sensitivity was not increased by the 

additional knockdown of ZC3H11A suggests that ZC3H11A functions epistatically with 

ATM (Fig. 2.5A). 

 

Failure to activate the G2/M checkpoint is a key characteristic of ATM-depleted cells, a 

defect that can lead to the accumulation of DNA mutations and subsequent cell death 

(Xu et al., 2002). To determine if the observed sensitivity to IR was a result of the 

failure of the G2/M checkpoint in ZC3H11A-knockdown cells, we monitored H3S10 

phosphorylation levels after IR using FACS analysis. ZC3H11A-depleted cells entered 

the checkpoint with similar kinetics to the scrambled siRNA control, as evidenced by a 

sharp decline in H3S10ph levels immediately following IR, while ATM inhibited cells 

failed to activate the checkpoint as previously reported (Xu et al., 2002). The decrease 

in H3S10ph is representative of cells failing to enter mitosis, when H3S10 becomes 

phosphorylated (Johansen and Johansen, 2006). While sc siRNA cells gradually re-

entered the cell cycle following checkpoint de-activation, ZC3H11A cells were much 

slower to do so (Fig. 2.5B). This slow checkpoint exit is indicative of impaired DNA 

repair or checkpoint recovery in the absence of ZC3H11A. In response to IR, ATM 

phosphorylates CHK2 on T68 to induce checkpoint activation (Matsuoka et al., 2000; 

Ahn et al., 2002). As such, CHK2 T68 phosphorylation is often used as a marker for 

ATM-dependent checkpoint activation. In agreement with the H3S10ph assay, western 

blot analysis shows that ATM checkpoint responses are normal, as CHK2 T68 

phoshporylation in ZC3H11A-depleted cells is unimpaired. Again, western blot analysis 

indicates that the checkpoint appears to remain active for longer in ZC3H11A 

knockdown cells, as evidenced by a prolonged CHK2 phosphorylation signal (Fig. 

2.5C). The results of these experiments suggest that, while ZC3H11A-depletion results 

in increased IR-sensitivity, it is not required for ATM checkpoint function. While 
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checkpoint activity can remain high in the absence of sufficient recovery mechanisms, 

prolonged checkpoint activation can also result from the inability of cells to repair DNA 

damage (Sturgeon et al., 2006). As ZC3H11A depletion leads to prolonged checkpoint 

activation and IR sensitivity, we hypothesised that ZC3H11A is required for the repair 

of IR-induced DSBs. 

 

 

Figure 2. 5. ZC3H11A depletion leads to increased IR sensitivity and prolonged checkpoint 
activation.  (A) Clonogenic survival assay showing increased sensitivity of ZC3H11A knockdown cells 
to ionising radiation. Cells were treated with the indicated doses of radiation and allowed to grow for 10 
days at which point surviving colonies were stained and counted. Values were normalized to the 
unirradiated control. Three replicates were performed per experiment and each experiment was repeated 
three times. Error bars represent the SEM across three independent experiments. (B) FACS analysis of 
H3S10ph levels following IR showing effective but prolonged checkpoint activation in ZC3H11A 
knockdown cells. Cells were incubated with an antibody to the mitotic marker, H3S10ph followed by a 
secondary FITC-conjugated antibody. FITC-positive cells were counted using FACS. 10,000 events were 
recorded for each timepoint and each data point represents the average value obtained across three 
independent experiments. Error bars represent the SEM across three independent experiments. (C) 
Western blot for Chk2 T68 phosphorylation following 3Gy of IR. Samples were taken at the indicated 
timepoints after IR, boiled in laemmli buffer and the resulting western blot probed for pChk2 (T68 – Cell 
Signaling), total Chk2 (Santa Cruz) and ZC3H11A (Bethyl). 
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A widely used marker for DNA DSBs is the histone variant H2AX phosphorylated on 

S139 (γH2AX). H2AX S139 is phosphorylated by ATM and acts as a recruitment 

platform for DDR factors (Rogakou et al., 1999). To assess the possibility of a role for 

ZC3H11A in DNA repair, we monitored γΗ2AX levels by western blot and 

immunofluorescence microscopy in ZC3H11A-depleted cells. In control scrambled 

siRNA cells, we found that the γΗ2AX signal peaks at 30 mins post-IR and returns to 

its basal level 2-4 hours after IR, whereas in ZC3H11A-depleted cells, γΗ2AX signal 

does not peak until 1hr post IR and persists for at least 24 hours after IR (Fig. 2.6A, B 

and C). The persistence of γΗ2AX signal is suggestive of delayed repair kinetics in 

ZC3H11A-depleted cells or a failure to repair DNA damage. Delayed phosphorylation 

of H2AX S139 also suggests that ATM signalling is somewhat perturbed. 

 

Next, we directly assayed the repair status of the DNA in ZC3H11A-depleted cells 

following IR using a neutral comet assay. The comet tail moment ((Tail mean–head 

mean) X Tail%DNA/100)) indicates the amount of DNA damage present in the cell, as 

shorter, broken fragments of DNA migrate further in the gel. In control cells, the tail 

moment has returned to normal by 24 hours post-IR, indicating that DNA repair is 

complete. In ZC3H11A siRNA cells, the tail moment remains high 24 hours post-IR 

(Fig. 2.7A and B). Interestingly, in the absence of DNA damage (-IR), ZC3H11A 

siRNA treated cells display much longer commetary tails, suggesting the presence also 

of unrepaired endogenous DNA damage. Together these results demonstrate for the first 

time that ZC3H11A is required for DNA DSB repair. 

 



  75 

 
Figure 2. 6. H2AX S139 phosphorylation is impaired in ZC3H11A siRNA treated cells. (A) 
Immunofluorescence microscopy experiment showing prolonged γΗ2AX phosphorylation after IR in 
ZC3H11A siRNA cells. Cells were treated with 3Gy IR and fixed in 4% PFA at the indicated timepoints 
before staining with a γH2AX (S139) primary antibody (Millipore) and FITC-conjugated secondary 
antibody. (B) Quantification of data represented in (A). The γH2AX foci of 100 cells were counted per 
timepoint per experiment. Experiments were carried out in triplicate and error bars represent the SEM 
across three independent experiments. (C) Western blot for γΗ2AX showing elevated signal at late 
timepoints following IR treatment in ZC3H11A depleted cells. Cells were treated with 3Gy IR before 
lysis in laemmli buffer and western blotting for γH2AX (Millipore), Actin (Sigma) and ZC3H11A 
(Bethyl). 
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Figure 2. 6. ZC3H11A is required for effective DNA repair. (A) Neutral COMET assay showing 
failure of ZC3H11A siRNA cells to resolve DNA DSBs following IR. Cells were treated with 3Gy IR 
prior to harvesting and prepared as described in section 2.4.15. (B) Quantification of data shown in (A). 
Columns represent the average COMET tail moment across 2 independent experiments. 100 cells were 
analysed per experiment. 
 

2.5.4 ZC3H11A is required for repair of DSBs by Homologous 

recombination 

The vast majority of DNA DSBs in eukaryotic cells are repaired by either 

Nonhomologous end-joining (NHEJ) or Homologous recombination (HR). HR is the 

least erroneous of the two but depends on the availability of an homologous sister 

chromatid. The persistence of DNA damage in ZC3H11A knockdown cells suggested to 

us a possible involvement in one or both of these pathways. Firstly, we assayed NHEJ 

in an H1299dA3-1 reporter cell line as previously described (Ogiwara et al., 2011). In 

this assay, a DSB is introduced at the I-SceI cleavage sites and GFP signal is examined 

by flow cytometry.  
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The presence of a GFP signal indicates successful repair of the lesion by NHEJ. In the 

scrambled siRNA control cells, the lesion is successfully repaired in 3-4% of cells. 

Conversely, in a cell population treated with a DNAPK inhibitor, the detection rate of 

GFP drops to 0.3%, demonstrating the specificity of the assay for NHEJ. ZC3H11A 

depletion does not decrease NHEJ efficiency and appears, in fact, to increase it (Fig. 

2.8A). 

 

 
Figure 2. 7. ZC3H11A is required for DNA repair by Homologous Recombination. (A) H1299dA3-1 
reporter cells were transfected with an I-sceI expression vector to induce DNA DSBs at the integrated I-
SceI cut site. GFP signal (FITC) is only detectable in the case of correct repair by NHEJ and is thus used 
as a readout for DNA repair efficiency. (B) DR-GFP cells were transfected with an I-SceI vector as 
above. FITC signal is used as a readout for correct repair by HR. (C) Clonogenic survival following 
olaparib treatment. Cells were treated with the indicated doses of olaparib and surviving colonies counted 
after 10 days. Data points represent the % surviving colonies across three independent experiments. Each 
experiment was performed in triplicate. Values were normalized to the untreated control for each siRNA 
condition. Error bars represent the SEM across the three independent experiments for each data point. 
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Next, we assayed HR efficiency using a DR-GFP assay as previously described (Pierce 

et al., 2001).  Similarly, in this assay, a positive GFP signal indicates successful repair, 

this time by HR. Here we show that depletion of ZC3H11A results in a decrease in HR 

efficiency to a level similar to that observed in RAD54 siRNA cells (Fig. 2.8B). To 

support this, ZC3H11A depletion leads to an increase in cell sensitivity to HR-specific 

breaks, induced by the PARP inhibitor Olaparib (Fig. 2.8C). 

 

Following DNA damage, repair and signaling factors are recruited to the break site to 

form nuclear foci. This recruitment is vital for the successful repair of DNA damage. To 

determine if the role of ZC3H11A in HR is due to a failure of focal recruitment, we 

examined the ability of ZC3H11A knockdown cells to recruit several members of the 

DDR signaling cascade including 53BP1, BRCA1 and RAD51 to DNA damage-

induced foci. The formation of RAD51 foci was dramatically reduced in ZC3H11A 

knockdown cells when compared to the scrambled siRNA control (Fig. 2.9A and B).  

 

BRCA1 focal recruitment was also dramatically reduced in ZC3H11A knockdown cells, 

while 53BP1 focal recruitment was unaffected (Fig. 2.10A, B and C and Fig. S2.4). 

This suggests that ZC3H11A is involved specifically in the recruitment of the HR 

machinery to DNA damage sites. When we examined the direct interactions of 

ZC3H11A with these DDR factors, we found that it associated specifically with BRCA1 

following IR and that depletion of ZC3H11A resulted in impaired binding of BRCA1 

by ATM following IR (Fig. S2.5). Interestingly, while the expression levels of BRCA1 

and 53BP1 remain normal in ZC3H11A knockdown cells, RAD51 expression, as 

determined by western blot and qPCR is dramatically reduced, suggesting a parallel and 

specific role for ZC3H11A in the transcription of RAD51 (Fig. S2.6).  
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Figure 2. 8. Rad51 recruitment is impaired in ZC3H11A siRNA cells, leading to defective HR. (A) 
Immunofluorescence microscopy analysis of RAD51 focal recruitment after IR in Sc siRNA and 
ZC3H11A siRNA treated cells. Cells were fixed with 4% PFA at the indicated timepoints after IR (3Gy) 
and stained with anti-RAD51 (Calbiochem – PC130) and anti-γH2AX (Millipore – 05-636) antibodies 
and DAPI. (B) The average number of RAD51 foci per cell was calculated using ImageJ software. Plotted 
data is representative of 3 independent experiments. 100 cells were counted per experiment. Error bars 
represent the SEM across the 3 independent experiments for each timepoint. 
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Figure 2. 9. ZC3H11A is required for BRCA1 focal recruitment. (A) Immunofluorescence staining 
showing decreased BRCA1 focal recruitment in ZC3H11A depleted cells. Cells were irradiated (3Gy) 
and fixed with PFA at the indicated timepoints. Samples were then stained with anti-BRCA1 (Santa Cruz  
- D-9) and anti-53BP1 (Bethyl – A300-272A) antibodies prior to DAPI staining. (B) Quantification of 
data shown in (A). Average focal number was calculated using ImageJ software. 100 cells were counted 
per condition, per experiment. 3 independent experiments were performed and the average focal number 
taken for each data point. Error bars represent the SEM across three independent experiments. (C) 
Quantification of 53BP1 focal numbers as shown in (A). 100 cells were counted per experiment and three 
independent experiments were quantified. Error bars represent the SEM across three independent 
experiments. 
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To ensure that the obesrved effects were not due to perturbed cell cycle distribution in 

ZC3H11A knockdown cells, we examined the cell cycle profiles of ZC3H11A and sc 

siRNA cells using FACS analysis of PI staining. In doing this, we found that ZC3H11A 

depletion did not result in any significant change in cell cycle distribution (Fig. 2.11). 

The only significant difference observed occurred at the 24h timepoint following IR, in 

which G2 cell numbers were higher in ZC3H11A-depleted cells. However, as observed 

in fig. 2.5B, ZC3H11A-depleted cells exit the G2/M checkpoint with slower kinetics 

and are thus likely to accumulate late in the cell cycle at later timepoints after IR. We 

can conclude, therefore, that ZC3H11A depletion does not lead to perturbed cell cycle 

distribution.  

 

Overall, we have shown that ZC3H11A is essential for the successful repair of DNA 

DSBs by HR but not NHEJ and that it may function at several points in the HR 

pathway, including ATM-BRCA1 binding and RAD51 expression. 

 

 

 
 
Figure 2. 10. Cell cycle profiles for ZC3H11A and sc siRNA treated cells following IR. Cells were 
treated with 3Gy of IR and fixed in ethanol at the indicated times following IR. Cells were then stained 
with propidium iodide for analysis on FACSCantoII using Cell Quest software. 10,000 events were 
recorded per timepoint. 
 

2.5.5 ZC3H11A is a heterochromatic protein 

ZC3H11A is required for BRCA1 recruitment and HR but not 53BP1 recruitment or 

NHEJ, similar to the heterochromatic HP1 proteins (Lee et al., 2013). Interestingly, we 

noticed that treatment of cells with  a cytoskeleton extraction buffer in combination with 

RNAse A prior to immunofluorescence revealed an underlying ZC3H11A staining 

pattern consisting of large nuclear bodies and nuclear periphery staining which remains 
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unchanged after IR (Fig. 2.3). This pattern somewhat resembled heterochromatic 

staining, thus we decided to examine its localization by co-staining with the 

heterochromatic histone mark, H3K9me3. This revealed that a large proportion of the 

RNAse A-resistant ZC3H11A staining resides in the heterochromatic compartment 

(Fig. 2.12A). To confirm that ZC3H11A is in fact associated with chromatin, we 

performed chromatin fractionation experiments in which chromatin was left intact or 

treated with benzonase. 

 

 
 
Figure 2. 11. ZC3H11A is a heterochromatic protein. (A) Immunofluorescence experiment showing 
co-localisation of ZC3H11A with the heterochromatin marker, H3K9me3. +IR samples were irradiated at 
3Gy prior to fixation. Samples were harvested 30 minutes after IR and permeabilised using CSK buffer 
(with 0.5mg/ml RNAse A) before fixation in 4% PFA. Cells were co-stained with ZC3H11A (Bethyl 
A300-525A) and H3K9me3 (Abcam – Ab6001) antibodies. (B) ZC3H11A Western blot for chromatin 
fractionation experiment. U2OS cells were lysed with cellular lysis buffer (Sol) and the remaining debris 
pelleted and lysed with benozonase nuclease (CB). Western blot was carried out using ZC3H11A (Bethyl 
A300-525A), H3 (Abcam –Ab1791) and β-tubulin (Abcam – Ab6046) antibodies. 
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Treatment with benzonase results in the solubilisation of the chromatin, thus when 

centrifugation is carried out, it does not pellet. Supernatant fractions were analysed after 

centrifugation and H3 used as a chromatin marker, while β-tubulin was used as a 

marker for the cytoplasmic fraction (fig. 2.12B). ZC3H11A was found to constitutively 

bind to chromatin, in agreement with our immunofluorescence analysis. While a small 

portion of a high molecular weight form of ZC3H11A appears to be released by ATM 

kinase inhibition, the vast majority of ZC3H11A remains bound to the chromatin. This 

suggests that ZC3H11A does not require ATM activity for its localisation to chromatin 

and that ionising radiation does not alter its localisation. 

 

2.5.6 ZC3H11A is required for heterochromatin decondensation after IR 

The induction of DNA damage results in the passive relaxation of heterochromatin 

around the site of damage (Cann and Dellaire 2011; Dinant and Luijsterburg, 2009). 

Relaxation of the hetrochromatin allows access to the DNA repair machinery and 

disruption of this mechanism abrogates repair in heterochromatic regions (Noon et al., 

2010; Goodarzi et al., 2008). Chiolo and colleagues (2011) showed that 

heterochromatin expansion can be visualised by microscopy and that this expansion 

peaks 30 minutes after IR in Drosophila cells (Chiolo et al., 2011). Using H3K9me3 as a 

marker for heterochromatin, we followed the expansion of the heterochromatic regions 

by measuring the relative H3K9me3-staining particle size. Strikingly, the 

heterochromatin expansion observed in sc siRNA cells is abolished in the ZC3H11A 

siRNA cells, suggesting that ZC3H11A is required for the relaxation of heterochromatin 

after IR (Fig. 2.13 A and B and Fig. S2.7).  
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Figure 2. 12. ZC3H11A is required for IR-induced chromatin relaxation. (A) Example of 
heterochromatin decondensation observed after IR when cells are stained for H3K9me3. Decondensation 
is observed as an increase in the volume of heterochromatic regions (H3K9me3-staining particle size). 
(B) Quantification of the H3k9me3-staining particle size observed in immunofluorescence experiment. 
Particle size was estimated using the number of pixels within each H3K9me3-staining body. Pixel number 
was calculated using ImageJ software. The P value for Sc siRNA vs ZC3H11A siRNA 30 minutes after 
IR is 0.023 (C) Western blot for KAP1 phosphorylation after IR in Sc siRNA and ZC3H11A siRNA cells. 
Cells were treated with 3Gy IR and harvested at the indicated timepoints. Western blot was carried out 
using pKAP1 (Bethyl – A300-767), ZC3H11A (Bethyl –A300-525A) and KAP1 (Bethyl – A300-274A) 
antibodies. 
 

Phosphorylation of KAP1 by ATM is a key step in this process. To assess the role of 

ZC3H11A in ATM phosphorylation of KAP1, we examined the status of KAP1S824 

phosphorylation in ZC3H11A-depleted cells after IR by western blot. Interestingly, 

KAP1 is successfully phosphorylated at the ATM phosphorylation site, S824 in the 

absence of ZC3H11A. However, while the overall level of KAP1S824 phosphorylation 

gradually returns to its basal level in the sc siRNA control, it remains elevated in 

ZC3H11A knockdown cells (Fig. 2.13C). The persistence of KAP1 phosphorylation is 

in agreement with elevated γH2AX levels observed earlier and is indicative of the 

impaired ability of ZC3H11A-depleted cells to repair DNA damage, perhaps through 

the failure of chromatin decondensation. 
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2.5.7 ZC3H11A depletion leads to the accumulation of binuclear cells 

 

When analysing ZC3H11A localisation, we noticed that its mitotic staining pattern was 

dramatically different to that observed in interphase. Strikingly, ZC3H11A staining at 

the midbody was particularly intense (Fig. 2.14A). The midbody is a structure 

composed of microtubules and proteins involved in cytokinesis. Cleavage of the 

midbody in a process known as abscission, is essential for cell separation. Failure of 

abscission can result in binuclear cells and aneuploidy (Steigmann et al., 2009). The 

localisation of ZC3H11A at the midbody raised the possiblity that it plays a role in the 

abscission process. To examine the potential role of ZC3H11A in abscission, we 

quantified the number of binuclear cells present after 48 hours of siRNA treatment in 

ZC3H11A knockdown cells (Fig. 2.14B). These cells serve as an indicator for the rate 

of failure during cell separation. In ZC3H11A knockdown cells, we observed a 6-fold 

increase in the number of mitotic cells when compared to cells expressing ZC3H11A. 

Binuclear cells are often associated with decreased cell proliferation due to the impaired 

ability of mitotic cells to divide (Fujiwara et al., 2005). To test ZC3H11A long-term cell 

viability, we plated cells as in the clonogenic survival assay, and allowed them to grow 

in the absence of exogenous damage for 10 days. When surviving colonies were 

counted, a 6-fold reduction in colony number was observed in the ZC3H11A 

knockdown (Fig. 2.14C). Interestingly, this phenotype is much stronger than that 

observed in ATM kinase inhibited cells, suggesting an ATM-independent function for 

ZC3H11A in mitosis. 
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Figure 2. 13. ZC3H11A has a potential role in cytokinetic abscission. (A) U2OS cells were stained 
with ZC3H11A antibody (Bethyl – A300-525A) and DAPI. Cell cycle stage was categorised based on 
chromosomal condensation. (B) U2OS cells were transfected with ZC3H11A siRNA (Ambion) or a 
scrambled siRNA control (Dharmacon). 48 hours after treatment, the number of binuclear cells were 
counted using DAPI and β-tubulin (Abcam – Ab6046) staining. (C) U2OS cells were transfected with 
ZC3H11A siRNA or scrambled siRNA and 48 hours later, 500 cells were plated in 60mm dishes. 
Colonies were stained and counted after 10 days of growth.  
 

 

Here, we conclusively demonstrate that ZC3H11A is a novel ATM interactor and a key 

player in the Homologous Recombination DNA repair process. We show that depletion 

of ZC3H11A results in impaired ATM autophosphorylation and recruitment to IRIFs. 

ZC3H11A functions specifically in HR, seemingly through the recruitment of BRCA1 

to DNA damage sites. We also show that ZC3H11A is constitutively bound to 

heterochromatin and is required for its relaxation after IR. 
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2.6 Discussion 
 

DNA damage poses a major threat to the genomic integrity of our cells. Failure of cells 

to accurately repair DNA lesions increases the risk of oncogenesis. The DDR is the 

major protective mechanism against DNA damage and mutations of many of its 

components are associated with elevated cancer risk. ATM is a central PIKK in the 

DDR and is responsible for the phosphorylation of a multitude of downstream targets 

required for DNA repair, checkpoint signaling and apoptosis (Matsuoka et al., 2007). A 

vast array of ATM substrates has been identified by proteomic screens, many of which 

have since been characterized as important DDR factors in their own right (Shiloh and 

Ziv, 2013). This highlights the broad cellular implications of the DDR singalling 

cascade to which ATM is central. Using SILAC proteomic analysis of ATM in chicken 

DT40 cells, we identified the relatively uncharacterized C3H1-type zinc finger protein, 

ZC3H11A as an ATM interactor. This protein was also identified as a potential 

ATM/ATR substrate after IR in HEK293 cells and is known to play a role in mRNA 

export (Matsuoka et al., 2007; Folco et al., 2012).  However, before this work, its role in 

the DDR had not previously been examined. 

 

ZC3H11A is a member of the C3H1 class of zinc finger proteins. These proteins are 

characterized by their ability to bind DNA or RNA through their zinc finger domains. 

Many members of this class are involved in mRNA processing, and have direct 

functions in a range of cellular pathways including cell signalling and proliferation 

(Hwang and Ho, 2002). MKRN1 and ZC3H12A have been shown to function in 

apoptosis, while several C3H1 zinc finger proteins, including ZC3H11A, are direct 

substrates of ATM or ATR following DNA damage (Omwancha et al., 2006; Lee et al., 

2009; Matsuoka et al., 2007). ZC3H11A, like many of its family members was recently 

shown to play a role in mRNA export from the nucleus (Folco et al., 2012). It associates 

with the TREX complex and is required for nuclear export of mRNA. However, to our 

knowledge, little else is known about its function. Using SILAC technology, we linked 

this protein to the DDR kinase, ATM. This was not the first indication of an interaction 

between the two proteins. A previous study showed that ZC3H11A contains several 

putative PIKK consensus sites, and that it is phosphorylated after IR by either ATM or 

ATR (Matsuoka et al., 2007). Interestingly, we have shown that the interaction between 

ZC3H11A and ATM does not depend on ATM kinase activity. This suggests that 
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ZC3H11A may not just simply be a substrate of ATM but may itself be regulating ATM 

activity. 

 

ATM phosphorylation at S1981 is considered a marker for DDR activation. However, 

its role in ATM function remains controversial. Mutation of this site to alanine in A-T 

cells failed to rescue A-T associated defects in ATM signalling and radiosensitivity 

(Kozlov et al., 2006). Other studies also suggest that S1981 is required for ATM 

chromatin retention and its mutation to an alanine residue results in impaired ATM 

signalling (So et al., 2009; Berkovich et al., 2007). Mouse knock-out studies, on the 

other hand, suggest that a S1987A (the mouse equivalent of S1981) mutation does not 

impair checkpoint signalling or localisation of ATM to DSBs (Pellegrini et al., 2006). 

We demonstrated that ATM S1981 phosphorylation and recruitment to IRIFs is delayed 

and diminished by ZC3H11A depletion, showing that ZC3H11A plays a role in ATM 

autophosphorylation and recruitment to DNA damage sites.  Since ZC3H11A 

knockdown cells are deficient in ATM S1981 phosphorylation but proficient in 

checkpoint activation and CHK2 phosphorylation, our data suggests that S1981 

phosphorylation is dispensible for certain ATM functions, specifically checkpoint 

activation. The interaction between ATM and ZC3H11A occurs independently of IR but 

is increased by DNA damage status, suggesting that at least a portion of ZC3H11A is 

permanently associated with ATM. The discrepancy between our co-IP and SILAC and 

PLA results could be explained by the fact that the PLA-determined increase in 

interaction status was only two-fold – an increase which is difficult to detect by 

immunoblotting, particularly if the antibody has been saturated with protein during 

immunoprecipitation. In addition, the lack of positive and negative interaction controls 

for the PLA assay needs to be addressed before we can be entirely confident in the PLA 

results. Techinical limitations may have prevented the detection of ZC3H11A in the –IR 

fraction of the SILAC analysis, alternatively, the interaction between ZC3H11A may 

only occur in the presence of IR in chicken DT40 cells. To examine this possibility for 

sure, co-immunoprecipitation of ZC3H11A and ATM should be carried out in DT40 

cells. 

 

Depletion of ZC3H11A results in increased sensitivity of cells to Ionising Radiation. 

The persistence of γΗ2AX signal in the irradiated cells suggested a failure of the cells to 

repair the induced damage. This hypothesis was confirmed by the direct analysis of 

DNA DSB repair using a neutral COMET assay. As expected of cells with a repair 
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defect, ZC3H11A depletion resulted in delayed exit from the G2/M checkpoint. When 

the main DSB repair pathways were specifically examined, we found that HR efficiency 

was dramatically reduced while NHEJ efficiency was increased. This is also reflected in 

the increased sensitivity of ZC3H11A-depleted cells to the topoisomerase inhibitor, 

Olaparib. Again, the involvement of ZC3H11A in HR was highlighted by the 

impairment of RAD51 focal recruitment resulting from ZC3H11A knockdown. 

 

While γΗ2AX foci persisted for longer at damage sites, we also noticed that the kinetics 

of γΗ2AX recruitment was significantly slower in ZC3H11A knockdown cells. 

Examination of early timepoints revealed significantly fewer foci in ZC3H11A siRNA 

cells up to 1 hour post-IR. Similar kinetics were observed for ATMS1981 

phosphorylation. S1981 phosphorylation levels were much lower in ZC3H11A depleted 

cells prior to 1 hour post-IR, while its levels stabilised after 1 hour. As ATM is required 

for H2AX phosphorylation, together this data suggests that overall DDR recruitment is 

delayed in the absence of ZC3H11A. 

 

HR is ZC3H11A-dependent, while NHEJ is not. The choice between these pathways is 

dependent on several factors, including cell cycle timing and break type. As cell cycle 

profiles for ZC3H11A siRNA cells did not differ from wild-type, and the break-type 

was tightly controlled using the DR-GFP and IRES-TK-eGFP reporter systems, we are 

confident that these factors have not influenced the balance between HR and NHEJ 

(Pierce at al. 2001; Ogiwara et al., 2011). Another factor influencing the choice of repair 

pathway is the balance between BRCA1 and 53BP1 binding at the site of damage 

(Bouwman et al., 2010; Bunting et al., 2010). BRCA1 depletion leads to defective HR 

but this can be rescued by depletion of 53BP1. Similarly, when 53BP1 alone is 

depleted, NHEJ is impaired and HR is up-regulated. The present study shows that 

BRCA1 focal recruitment is dramatically reduced when ZC3H11A is depleted, while 

53BP1 focal numbers are unaffected. Interestingly, as well as binding to ATM, 

ZC3H11A also binds to BRCA1 in an IR-dependent manner. As expected in the 

absence of ATM activation, the ATM-BRCA1 interaction is also reduced when 

ZC3H11A is depleted. 

 

When we examined ZC3H11A localization, we found that it remains at permanent 

nuclear spots in the presence and absence of DNA damage. There is no visible 

localization of ZC3H11A to IR-induced foci (IRIFs) using standard 
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immunofluorescence techniques.  Co-localisation of ZC3H11A with H3K9me3 clearly 

indicates that ZC3H11A is a largely heterochromatic protein. While ZC3H11A is an 

RNA-binding protein, the addition of RNAse A to our nuclear extraction buffer did not 

interfere with the localisation of ZC3H11A to heterochromatin, suggesting that its 

localisation to heterochromatin is RNA-independent. DNA breaks in the 

heterochromatic compartment pose a distinct obstacle for the DDR machinery. To allow 

access to the break, the chromatin must first be relaxed through the temporary removal 

of the heterochromatic HP1 proteins in a poorly understood mechanism requiring 

KAP1. Only when the chromatin is relaxed can DDR factors be recruited to the site of 

the break. Interestingly, removal of the HP1 alpha and beta subunits results in impaired 

HR and up-regulated NHEJ (Lee et al., 2013). As ZC3H11A depletion resulted in a 

similar phenotype, we became curious about its potential involvement in 

heterochromatin relaxation. Using chromatin fractionation experiments we also showed 

that ZC3H11A is constitutively associated with chromatin, independent of IR and ATM 

kinase activity, again suggesting that ZC3H11A is anchored to the chromatin or one of 

its components. HP1 is temporarily released from the chromatin following IR to allow 

chromatin decondensation. This process is dependent on the phosphorylation of KAP1 

by ATM. The relaxation of chromatin allows the DNA repair machinery to access the 

break. Following the initiation of HR, ATM is removed and HP1 returns to its original 

position on the chromatin, allowing it to re-condense. Chiolo and colleagues, 2011 

demonstrate that chromatin relaxation occurs within 30 mins of IR and this process 

begins to reverse again by 1hr post-IR. When we examined the physical expansion of 

H3K9me3 staining particles after IR, we observed a similar rate of expansion in control 

siRNA cells. However, ZC3H11A depletion resulted in a failure of H3K9me3 

expansion. This suggests that ZC3H11A is directly required for the IR-induced 

relaxation of heterochromatin. The initiating event in heterochromatin relaxation is 

KAP1 phosphorylation (White et al., 2011). KAP1 phosphorylation on S824 is ATM-

dependent and is essential for chromatin de-condensation. In its absence, DNA in 

heterochromatic regions remains unrepaired. To assess the involvement of ZC3H11A in 

this early step of chromatin relaxation, we examined KAP1 phosphorylation by western 

blot. Interestingly, KAP1 phosphorylation is unperturbed, suggesting that ATM is 

successfully activating the chromatin relaxation response. However, according to our 

western blot analysis, KAP1 phosphorylation signal remains elevated much longer in 

ZC3H11A siRNA cells compared to the control siRNA cells. This ties in with the 

observed accumulation of γΗ2AX signal and also suggests the persistance of unrepaired 
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DNA damage. The fact that ZC3H11A is not required for this early step in the pathway 

suggests that it functions downstream of KAP1 in the relaxation of heterochromatin. 

The mechanism for KAP1-dependent chromatin remodelling remains unknown. Based 

on our results, it appears that ZC3H11A is required for this process.  

 

While examining ZC3H11A localization by immunofluorescence we noticed that it 

becomes excluded from the chromatin during mitosis. This is reminiscent of HP1 (Minc 

et al., 1999). HP1 is displaced from the chromatin during mitosis by the induction of 

H3S10 phosphorylation. This raises the question; is ZC3H11A also displaced from the 

heterochromatin by a post translational modification or is it simply anchored to the 

chromatin indirectly by HP1? If the latter is the case, HP1 depletion should result in the 

loss of ZC3H11A from the heterochromatin. During cytokinesis, we found ZC3H11A 

staining at the midbody. The fact that HP1 is also found at the midbody during 

cytokinesis suggests that ZC3H11A and HP1 perform similar functions throughout the 

cell cycle, even when their respective roles in heterochromatin relaxation are not at 

play. To further investigate this theory, their interaction would require assessment in the 

context of cell cycle timing. The possibility that ZC3H11A has a role in mitosis is 

strongly implied by this localization, but also its heavy phosphorylation status during 

this stage of the cell cycle. 7 phosphorylated residues were found on ZC3H11A during 

mitosis in two independent screens (Dephoure et al., 2008; Olsen et al., 2010). 

However, little is known about its mitotic function as this is the first report of its 

distinctive mitotic localization pattern. Interestingly, we found that the proportion of 

binuclear cells increases when ZC3H11A is depleted, suggesting that cells are unable to 

separate successfully in the absence of ZC3H11A. The placement of ZC3H11A at the 

midbody during telophase suggests that it plays a role in abscission, the process of 

midbody cleavage, resulting in separation of duplicated cells during cytokinesis (Neto 

and Gould, 2011). 
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Figure S2.1. ZC3H11A co-immunoprecipitates with ATM before and after damage. 10mg of U2OS 
cell extracts were incubated with 5µg of ATM antibody (Bethyl). Antibody-protein complexes were then 
captured using DynaBeads (Invitrogen). The beads were boiled in laemmli buffer and the supernatant 
analysed by western blot. The western blot was performed using ZC3H11A (Bethyl –A300-525A) and 
ATM (Bethyl – A300-136A) antibodies. 
 

 

Figure S2.2. ZC3H11A staining pattern is unaffected by the inhibition of ATM kinase activity. 
U2OS cells were untreated or treated with ATM kinase inhibitor (KuDos) for 1hr before irradiation. Cells 
were harvested 30 minutes post-IR (3Gy), fixed with PFA and stained with ZC3H11A (Bethyl A300-
525A) antibody and DAPI. Images were captured using an Olympus 1X51 fluorescence microscope. 
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Figure S2. 3 ZC3H11A knockdown efficiency in human U2OS osteosarcoma cell line. Western blot 
showing an example of knockdown efficiency achieved using ZC3H11A Silencer Select siRNA (Ambion 
– see section 2.4.2). 1x106 cells were plated and transfected with 40pmol of siRNA after 24 hours. Cells 
were harvested 48 hours after transfection and examined by western blot using ZC3H11A (Bethyl A300-
525A) and Actin loading control (Sigma - A2066) antibodies.  
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Figure S2.4 ZC3H11A is required for BRCA1 focal recruitment. U2OS cells were treated with 
ZC3H11A siRNA or scrambled siRNA control and 48 hours later, irradiated using 3Gy IR. Cells were 
fixed at the indicated timepoints and stained with BRCA1 (Santa Cruz – D-9) and 53BP1 (Behtyl – 
A300-272A) antibodies and DAPI. Images were captured using a DeltaVision (Applied Precision) 
microscope. 
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Figure S2.5. ZC3H11A interacts with BRCA1 and is required for the interaction of BRCA1 with 
ATM. (A) HEK293 cells were treated with a scrambled siRNA or ZC3H11A siRNA. BRCA1 was 
immunoprecipitated from the cell extracts and the bound material released by boiling. Western blots were 
probed for BRCA1 (Santa Cruz – D-9), ATM (Bethyl – A300-136A) and ZC3H11A (Bethyl – A300-
525A). (B) Proximity ligation assay using ZC3H11A (Bethyl – A300-525A) and BRCA1 (Santa Cruz – 
D-9) primary antibodies was performed using Olink Duolink system. Assays were performed in the 
presence and absence of IR-induced damage (3Gy IR). Cells were fixed 1 hour post-IR. (C) 
Quantification of data represented in (B). The number of spots per nucleus was calculated using ImageJ 
software. 100 cells were analysed. (D) Proximity ligation assay using ATM (Abcam – A300-136A) and 
BRCA1 (Santa Cruz – D-9) primary antibodies was performed using Olink Duolink system. Assays were 
performed in the presence and absence of IR-induced damage (3 hours post-3Gy IR) and the presence and 
absence of ZC3H11A siRNA (Ambion). (E) Quantification of data represented in (D). The number of 
spots per nucleus was counted using ImageJ software. 100 cells were analysed and the average focal 
number per cell plotted. 
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Figure S2.6. ZC3H11A depletion results in decreased RAD51 expression. (A) Western blot analysis 
of RAD51 expression following IR in ZC3H11A siRNA and scrambled siRNA treated cells. Cells were 
treated with 3Gy IR and harvested at the indicated timepoints. Western blot was carried out using RAD51 
(Calbiochem – PC130), ZC3H11A (Bethyl – A300 525A) and Actin loading control (Sigma – A2066) 
antibodies. (B) qPCR analysis of RAD51 mRNA levels before and after IR in scrambled siRNA and 
ZC3H11A siRNA treated cells. Cells were treated with 3Gy IR and harvested 6 hours later. Total RNA 
was extracted and reverse-transcribed using Applied Biosystems RNA to DNA kit. Quantitative PCR was 
carried out using RAD51 primers described in section 2.4.10. 
 
 
 

 

Figure S2. 7. H3K9me3 diffusion after IR in sc siRNA and ZC3H11A siRNA cells. Representative 
fields of H3K9me3-stained cells in sc siRNA and ZC3H11A siRNA cells prior to and 30 minutes after 
irradiation (3Gy). Cells were permeabilised using CSK buffer containing 0.5mg/ml RNAse A prior to 
PFA fixation and stained with H3K9me3 antibody (Active motif – 39161). 
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3.1 Summary 
 

ZC3H11A is a poorly characterized member of the C3H1 class of zinc finger proteins. 

To date, its function remains unknown and its sole identified structural feature is the 

triplet of C3H1 zinc fingers found at its N-terminus. While zinc fingers are normally 

involved in DNA or RNA binding, the vast scope of function of zinc finger-containing 

proteins means that it is quite difficult to gain any further insight into ZC3H11A 

function solely based on the zinc finger motifs. In an attempt to further elucidate the 

function of ZC3H11A, we have performed bioinformatic analyses of its structural 

composition and protein sequence. To scan the protein sequence for potentially 

unidentified domains, we used the pfam and SMART sequence analysis tools. 

Interesting features identified included a coiled-coil domain, a common protein-protein 

interaction motif, at position 362-423 and poly-Asp region at position 161-168. Using 

the NetPhos2 online server for the identification of post-translational modifications, we 

found two novel potential ATM phosphorylation sites, and several potential DNAPK 

phosphorylation sites, strongly suggesting a connection with the DNA damage 

response. Finally, using NCBI BLAST homology tool, we show that ZC3H11A is 

highly conserved throughout vertebrate species and that these homologues appear to 

originate from a single common ancestral protein in bony fish. 

3.2 Highlights 
• ZC3H11A is highly conserved among vertebrates 

• ZC3H11A is highly structured at its N- and C-termini 

• ZC3H11A contains many potential DDR kinase phosphorylation sites 
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3.3 Introduction 
 

As established in chapter 2, ZC3H11A is a novel player in the DNA damage response 

with roles in homologous recombination repair and heterochromatin remodeling. A 

potential mitotic for ZC3H11A role also emerged based on its distinct localization 

pattern observed at this stage of the cell cycle. The next obvious step in ZC3H11A 

characterization is to identify potential modification sites and functional motifs that 

could provide the basis for structure/function studies. 

 

3.3.1 Protein structure prediction 

In recent years, exponential growth in the areas of genome and protein sequencing has 

provided us with a wealth of resources that facilitate the automated prediction of protein 

behaviour. Online databases store masses of information on protein interaction 

networks, disease-associated genetic mutations, protein expression and regulation and 

evolutionary relationships, to name but a few. All of these resources help us to establish 

patterns that can in turn be associated with particular functions. Protein structure can be 

predicted based on the amino acid sequence determined either by mass spectrometry or 

translation from the DNA sequence. Most protein structure prediction tools rely on 

homology searches to assign functional motifs to a protein. In other words, stretches of 

the protein of interest are aligned with hundreds of thousands of other protein 

sequences. A protein is predicted to have a specific feature e.g. an alpha helix, when the 

positions of amino acid residues in the query sequence match the positions of those in a 

reference sequence. For example, ZC3H11A is predicted to have 3 C3H1 zinc finger 

motifs at its N-terminus because it contains a pattern of three interspersed cystine 

residues followed by a histidine, at each zinc finger (Brown, 2005). 

 

3.3.2 Common structural features 

An alpha helix is one structural feature that can easily be predicted. The a helix consists 

of short stretches of amino acids (usually averaging 10 amino acids) rotated into a 

helical structure containing 3.6 amino acids per turn. The structure is stabilized by 

hydrogen bonding between every fourth residue. α helices are typically rotated with 
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hydrophobic residues facing inwards and hydrophilic residues facing out, as such, they 

are typically found at the surface of proteins (Chen et al., 2013). A simple prediction 

method for α helices relies on the principle that every third or fourth amino acid in the 

alpha helix is hydrophobic. Alpha helices with higher hydrophobic content are predicted 

to be “buried” in the protein core and can give a good indication of protein tertiary 

folding (Jones 2007). Beta sheets are much larger and much harder to predict 

considering the variations that can occur. Sheets are formed between stretches of 5-10 

amino acids at various points throughout the sequence and can bind in a parallel or anti 

parallel fashion. Due to their difficult to find nature, homology searches are often 

employed to improve the possibility of finding such structures. Other features such as 

loops, coils and turns are located in the gaps between a helices and b sheets and are 

often identified by their tendency to accumulate point mutations among homologues 

(McGuffin et al. 2000). 

 

3.3.3 Prediction of protein modifications 

Post-translational modification of proteins allows modification of their behaviour after 

they are synthesized. This modification can be irreversible (in the case of proteolytic 

cleavage) or dynamic (in the case of phosphorylation). Phosphorylation is a particularly 

important modification in the DNA damage response as many of its pathways are 

regulated by critically timed phosphorylation cascades.  The ATM kinase, as discussed 

in section 1.7, is a particularly promiscuous kinase with a multitude of targets, many of 

which have their own phosphorylation targets (Matsuoka et al., 2007). The prediction of 

kinase-specific phoshporylation sites is progressively becoming simpler due to our 

increased understanding of specific kinase behaviour. Tools such as NetphosK utilize 

this information to provide predictions based on known phosphorylation consensus sites 

(Blom et al., 2004). 

Taken together, the information gleaned from sequence-based protein prediction 

methods can provide clues to the potential functions of a protein. In the case of 

ZC3H11A, its function has been identified, but we will use sequence analysis to predict 

potential functional modules and regulatory elements, which can be used for future 

structure/function studies. 
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3.4 Materials and Methods 
 

3.4.1 Sequence alignments and homology searches 

ZC3H11A (human) protein sequence (EBI accession O75152) was obtained from  

EMBL-EBI European Nucleotide Archive (ENA). This sequence was used as the input 

sequence for a PSI-BLAST search of non-redundant protein sequences using the NCBI 

BLAST tool. To detect more distant homologues, more specific PSI-BLAST searches 

were carried out by limiting the search query to bacteria and fungi. For C-terminus 

specific searches, the highly conserved region encompassing residues 745 to 810 was 

blasted (blastp) against the Homo sapiens database. Sequence alignments were carried 

out using the Clustal Omega multiple sequence alignment tool provided by EMBL-EBI. 

Yeast homology searches were performed using Clustal Omega alignment of human vs 

yeast C3H1 protein sequences. Alignment scores were generated and used as the basis 

for a cladogram of phylogenetic relationships. 

 

3.4.2 Phospho-site prediction 

ZC3H11A human protein sequence (EBI accession O75152) was used as the input 

sequence for kinase-specific phospho-site prediction using the NetphosK server 

(described in Blom et al., 2004). Threshold was set at 0.50. The mouse sequence (EBI 

accession Q6NZF1) was also scanned for comparison with the human sequence. For 

generic phosphorylation potential prediction, the human ZC3H11A sequence was 

analysed with the NetPhos 2.0 server (Blom et al., 1999). Phosphorylation potential was 

calculated for tyrosines, serines and threonines. 

 

3.4.3 Secondary structure prediction 

The ZC3H11A human protein sequence (EBI accession O75152) was analysed for 

potential protein folding using the PsiPred v3.3 tool (McGuffin et al., 2000). This 

program predicts protein secondary structure using results obtained from a position 

specific iterated BLAST (PSI-BLAST). These results are then analysed using two-feed 

forward neural networks (a search algorithm that does not loop back on itself - a single 

input sequence query of a few amino acids e.g. MPNQ is used to find similar sequences 
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from the search database of known protein sequences. The sequence is then expanded a 

few amino acids either side, and only matching sequences are taken to the next search 

round. This process is repeated for a set number of iterations and the results are 

generated). The principle underlying PsiPred secondary structure prediction is that 

certain protein folds have specific combinations of amino acids at specific positions in 

their sequences. 
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3.5 Results 
 

3.5.1 ZC3H11A is highly conserved among vertebrate species 

The protein sequence for ZC3H11A obtained from EMBL-EBI ENA was used as the 

basis for a search for similar protein sequences across all species using the NCBI 

BLAST tool. The search returned similar sequences from a variety of eukaryotic species 

as outlined in Fig. 3.1. ZC3H11A homologues appear to originate from a single 

ancestral protein in bony fish. No significant homology was returned from the fungal or 

bacterial kingdoms, suggesting that the ZC3H11A gene originated late in evolution and 

is unique to vertebrate species. The sequence similarity of a selection of ZC3H11A 

homologues returned in the above search was estimated using the EMBL-EBI Clustal 

Omega alignment tool. The percentage of identical residues (% sequence identity) 

among these homologues is striking, with each sharing at least 58% sequence identity 

(Fig 3.2). The bovine homologue appears to be the closest to human with a score of 

86.67%. Both the N-terminus, containing the zinc finger motifs, and the uncharacterised 

C-terminus contain particularly high rates of sequence conservation, implying potential 

functional importance for these regions.  

 

3.5.2 ZC3H11A does not have any obvious yeast homologues 

Alignments of human and yeast C3H1 family members were carried out using the 

Clustal Omega alignment tool. A cladogram of phylogenic relationships was created 

based on the obtained alignment scores (Fig. 3.3). Known homologues such as Yeast 

Unk and Human ZC3H5 and NAB2/ZC3H14 were identified as close in relationship, 

adding validity to the method (Havugimana et al., 2012; Soucek et al., 2012). ZC3H11A 

does not appear to have any close homologues in either budding or fission yeast, 

lending further weight to the theory that ZC3H11A developed late in evolution. The 

closest homologue of ZC3H11A in budding yeast is TMA46. This protein is a member 

of the TMA46/ZC3H15 family and forms part of the DRG1-DFRP1 complex, which 

provides protein stability to DRG1, a regulator of cell growth and cell cycle arrest 

(Ishikawa et al., 2005). 
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Figure 3. 1. Summary of BLAST search for ZC3H11A homologues. ZC3H11A (human) sequence was 
used as the search query as described in section 3.4.1. Length of andjoining lines represents distance of 
relationship based on sequence alignment score as determined by NCBI BLAST tool. 
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 G. gallus M. musculus R. norvegicus H. sapiens B. taurus 

G. gallus 100.00 59.33 58.82 59.89 60.50 
M. musculus 59.33 100.00 89.69 81.02 80.40 
R. norvegicus 58.82 89.69 100.00 79.41 78.68 
H. sapiens 59.89 81.02 79.41 100.00 86.67 
B. taurus 60.50 80.40 78.68 86.67 100.00 
 

Figure 3. 2 % sequence identity between ZC3H11A higher eukaryotic homologues. Sequences for 
ZC3H11A homologues were obtained from GenBank and aligned using EMBL-EBI Clustal Omega 
multiple sequence alignment tool. % Sequence identity was calculated from alignments scores. 
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Figure 3. 3. ZC3H11A is not conserved in yeast. Cladogram representing relative relationship of 
aligned sequences based on sequence similarity. Budding yeast and Fission yeast C3H1 zinc finger family 
member sequences were obtained from GenBank and aligned with human C3H1 zinc finger family 
members using Clustal Omega. 



  108 

 

Similarly, in S. pombe, there is no closely related protein, however, ZC3H11A is closest 

in homology to AMO1, (a protein required for microtubule growth termination during 

interphase), CPS3 (a protein with a role in meiosis that confers sensitivity to 

microtubule poisons), and YQC1 (an as-yet uncharacterized protein) (Pardo and Nurse 

2005; Ishiguru et al., 1994). None of these potential homologues, however, have been 

linked to the DNA damage response. 

 

3.5.3 ZC3H11A is highly structured at its N- and C-termini 

Pfam and SMART were used to identify putative protein motifs within the ZC3H11A 

amino acid sequence. SMART predicted the presence of 3 CCCH-type zinc finger 

domains at the N-terminus of the protein as previously reported (Liang et al., 2008) 

while Pfam did not detect any conserved domains. Uniprot has listed a potential Coiled-

coil domain at position 362-423 and a poly-Asp region (DDDEDDDD) at position 161-

168 in the amino acid sequence of the protein. While the significance of Poly-Asp 

regions is not well defined, one example is found in the intracellular matrix protein 

Asporin and is involved in calcium-binding (Kalamajsk et al., 2009) 

The PsiPred online server was used to predict protein secondary structure based on the 

ZC3H11A amino acid sequence (Fig. S3.1). As expected, the prediction returned 3 

alpha-helical regions at the N-terminus corresponding to the zinc finger motifs. Several 

more predicted alpha helices are scattered throughout the protein, while much of the 

space between appears unstructured. An interesting feature containing an alpha helix, a 

beta-strand followed by another alpha helix was predicted at the highly conserved C-

terminus of the protein. This lends further weight to the potential for a functionally 

important domain in this region. A summary of the secondary structure can be found 

below in Fig. 3.4. 

 

Figure 3. 4. Summary of ZC3H11A predicted secondary structure. Domains were identified using 
SMART and Pfam prediction tools. Helices and sheets were predicted using PsiPred analysis tool. A 
predicted coiled-coil domain listed on Uniprot.org is also shown. 
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3.5.4 ZC3H11A contains several potential PIKK and CDK phosphorylation 

sites 

ZC3H11A contains 18 previously identified phosphorylation sites (Fig. 3.5A). Many of 

these sites are phosphorylated during mitosis. The N-terminal residue, S116 was shown 

to be phosphorylated by the PIK kinases ATM or ATR following IR-induced DNA 

damage (Matsuoka et al., 2007). We used the NetPhos 2.0 server to predict the 

phosphorylation potential along the ZC3H11A protein sequence. This analysis is based 

on the hydrophobicity of regions of the protein. Hydrophobic regions are less likely to 

be phosphorylated as they are generally buried towards the interior of the protein. 

Serines, Threonines and Tyrosines are identified in these regions and given a value 

based on the hydrophobicity of the surrounding region (Blom et al., 1999). Our analysis 

shows that the phosphorylation potential of ZC3H11A is high at regular intervals 

throughout the protein, particularly at the C-teminus (Fig. 3.5B). This correlates with 

the clustering of known phosphorylation sites at the C-terminus and the scattering of 

other known sites throughout the protein and again, suggests the presence of a 

regulatory region at the C-terminus. We also examined the surface accessibility 

throughout the ZC3H11A sequence, again based on hyrophobicity vs hydrophilicity, 

using an independent tool, ProSite (Sigrist et al., 2013) (Fig. 3.5C). Accessible regions 

identified mostly correlate with the phosohorylation potential shown in Fig. 3.5B. 

Interestingly, the C-terminus appears to be the least accessible portion of the protein but 

contains the most known phosphorylation sites. This hints towards the presence of a 

folded domain in this region.  

As ZC3H11A is a binding partner and target of ATM, we attempted to identify potential 

ATM phosphorylation sites. Using the PIKK consensus pattern (S or T followed by a Q) 

we manually examined the ZC3H11A sequence and identified 8 residues conforming to 

this pattern (Fig. 3.5D). This suggests that ZC3H11A is targeted by ATM on several 

residues including the known target site at S116 (identified by Matsuoka and 

colleagues, 2007). 
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Figure 3. 5. ZC3H11A has the potential to be phosphorylated throughout the entire length of the 
protein and contains several predicted PIKK sites. (A) Summary of known phosphorylation sites on 
ZC3H11A. (B) Phosphorylation potential was examined using the NetPhos 2.0 server. (C) Prediction of 
surface accessibility using ProSite prediction tool. (D) Summary of manual identification of PIKK 
consensus sites. 
 

To predict novel, unidentified phosphorylation sites, the kinase-specific prediction tool; 

NetphosK was used. This program scans the input protein sequence for known 

consensus motifs and assigns a score based on the similarity of regions of the input 

sequence to the consensus motif. The specificity of NetphosK is improved by weighting 

based on taxonomic conservation (i.e. if it is also found in a related organism, it is more 

likely to be true), cellular compartment (e.g. phosphorylation rarely occurs on 

extracellular parts of proteins) and if the modification is found on a specific domain 

type which is believed to be devoid of PTMs (e.g. globular domains).  
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All of the previously reported ZC3H11A phosphorylation sites were successfully 

predicted with the exception of the ATM/ATR site at S108 (Fig. 3.6). However, this site 

was predicted from the mouse sequence (Fig. S3.2). The majority of predicted sites are 

protein kinase A (PKA) or PKC target sites. PKA proteins function mostly in metabolic 

processes and induce activation or deactivation of the target protein. The PKC family 

has been implicated in a wide range of processes from immune responses to 

transcriptional regulation. In each case, the effects of these proteins are cell-type 

specific. The cell cycle associated kinases, CDK1 and CDK5 were also predicted to 

phosphorylate ZC3H11A, implying that ZC3H11A function may be cell cycle 

regulated. Several DDR proteins including ATM, DNAPK, casein kinase I (CKI) and 

casein kinase II (CKII) were also predicted to phosphorylate ZC3H11A. 

To increase the stringency of the results, the mouse ZC3H11A sequence was also 

analysed (Fig. S3.2). Sites of particular interest returned in both scans include the 

predicted ATM site at S108 (mouse), predicted DNAPK sites at S370 and S617 

(corresponding to S346 and S599 in the mouse sequence) and the DNAPK/ATM site at 

S748 (S730 in mouse). These sites were used for homology searches to further 

investigate their potential as functional phosphorylation sites. Of the 4 sites analysed, 

only S748 is conserved across all 5 species examined (mouse, cow, chicken and dog). 

S617 displays a high level of conservation in all except chicken where it appears to be 

replaced by a lysine, while S116 and S370 are only conserved in 3 out of 5 species. 

However, the region surrounding the implicated serine in both cases is very well 

conserved. 
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Figure 3. 6. ZC3H11A contains several potential phosphorylation sites. NetPhosK prediction of 
kinase-specific phosphorylation sites using ZC3H11A (human) protein sequence as input. A score of 1.0 
represents 100% certainty that this residue is phosphorylated by the kinase in question. 
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Figure 3. 7. Local sequence alignment for predicted ZC3H11A PIKK phosphorylation sites. 
Alignments of the amino acid sequences surrounding selected predicted PIKK sites were performed using 
EBI Clustal Omega sequence alignment tool across a variety of vertebrate species. In each case, the 
residue predicted to be phosphorylated is highlighted in red. 
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3.6 Discussion 
Here we show that ZC3H11A is conserved across vertebrate species. The degree of 

conservation is high, with the most distant homologue showing 58% sequence identity. 

This high degree of sequence conservation suggests that the protein has changed very 

little throughout late evolution. Whether this is due to its relatively late appearance in 

evolution or its functional importance remains to be seen. The N- and C-termini of 

ZC3H11A are particularly well conserved. The N-terminus contains the zinc finger 

motifs. The degree of conservation of these domains is unsurprising as zinc finger 

domains usually mediate sequence-specific binding of DNA, RNA or protein targets. 

The integrity of the amino acid sequence of zinc finger domains is often essential to 

their function. For example, even small changes to the zinc finger motifs of TTP result 

in the loss of its RNA binding function (Lai et al., 2000).  

The C-terminus of ZC3H11A is also highly conserved and while it doesn’t contain any 

obvious functional motifs, it is predicted to be highly structured. Helix-turn-helix motifs 

are DNA binding modules composed of two alpha helices either side of a short strand of 

amino acids. This motif is commonly found in proteins that regulate gene expression. 

These domains do not tolerate insertions or deletions, which possibly explains the tight 

sequence conservation in this region of ZC3H11A (Religa et al., 2007). These domains 

are found across a wide variety of proteins from those involved in RNA metabolism to 

DNA repair and can often be involved in RNA and protein interactions as well as DNA 

interactions. The sequence conservation and the highly structured nature of the C-

teminus suggest that it, along with the zinc finger motifs may be crucial to ZC3H11A 

function. The presence of several known and potential phosphorylation sites at this 

terminus increases the likelihood that it is important for ZC3H11A function and that if it 

does function, is tightly regulated. 

ZC3H11A lacks any significant S. cerevisiae or S. pombe homologues. One possible 

reason for this may be that ZC3H11A emerged quite late in evolution and is dispensible 

in unicellular organisms. However, the lack of a sequence-homologue does not preclude 

the possibility that ZC3H11A possesses functional yeast homologues. For example, 

budding yeast Rad9 does not share a high degree of sequence similarity with 53BP1, 

BRCA1 and MDC1 but all 3 are Rad9 functional homologues in higher cells (Lancelot 

et al., 2007; Sweeney et al. 2005). Common features shared by these proteins include 

BRCT and tandem tudor domains. As ZC3H11A does not contain any distinctive motifs 

besides the C3H1 zinc fingers, the only clear way to determine ZC3H11A yeast 
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homologues is through comparison of their molecular functions. If ZC3H11A does not 

have any yeast or bacterial homologues, this could also suggest that it is involved in 

cellular processes specific to multicellular organisms such as development or tissue 

specific gene regulation. Once a function is determined for ZC3H11A, 

complementation studies in yeast would provide insight into the presence or absence of 

a functional homologue. 

Using the NetPhosK kinase-specific phosphorylation site prediction software, we 

identified 109 potential phosphorylation sites targeted by 15 different kinases. 9 of these 

sites conformed to the PIKK consensus and were predicted to be phosphorylated by 

either ATM of DNAPK. While the roles of all of these sites in the DDR should be 

examined further by site directed mutagenesis, particular attention should be payed to 

the highly conserved S748 and S617. Similarly, four predicted PIKK consensus sites 

(S370, S497, S531 and T590) were found within the region shown in the previous 

chapter to interact with ATM (aa 280-600). It is highly likely, therefore, that at least one 

of these sites is required for the interaction of ZC3H11A with ATM. 

Several sites on ZC3H11A were also predicted to be targets of CKII. This is a 

promiscuous kinase with at least 307 known targets (Meggio and Pinna, 2003). It is 

involved in a range of cellular processes including cell cycle progression, apoptosis and 

transcription. It also takes part in the spindle assembly checkpoint to prevent abberant 

mitosis (Shimada et al., 2008). Interestingly, two of the predicted CKII phosphorylation 

sites (T171 and S768) were previously found in a mitotic screen for phosphorylation 

events (Dephoure et al., 2008). This suggests that either or both of these sites may play 

a role in CKII-dependent spindle assembly checkpoint functions. Recently, CK2 has 

also been shown to be an important factor in several DDR functions. It was found to 

localize to the site of DNA damage where it stabilizes DNAPKcs binding (Olsen et al., 

2012). It was also found to regulate RAD51 binding to DSBs by phosphorylating T13, 

thus inducing the binding of RAD51 by NBS1 (Yata et al., 2012). More recently, it was 

shown to be required for the recruitment of 53BP1 to DSBs (Guerra et al., 2014). Since 

we also showed ZC3H11A to be required for RAD51 recruitment to DSBs, it may be 

worth investigating the roles of the predicted CKII sites in this function. 

CDKs have also been shown to play roles in the DNA damage response, particularly in 

the regulation of homologous recombination (Sartori et al., 2007). In our analysis, 12 

CDK sites were predicted on ZC3H11A, suggesting a high degree of cell cycle 

regulation. Considering the role of ZC3H11A in HR, it would be unsurprising if 
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ZC3H11A function was limited to G2 phase by CDK-dependent phosphorylation. 

Mutational analysis of the predicted CDK sites would shed further insight into the cell 

cycle regulation of ZC3H11A. 

Here we have established that ZC3H11A is highly conserved across vertebrate species. 

However, we could find no obvious yeast homologue. The C-terminal region of 

ZC3H11A was predicted to contain a dense cluster of phosphorylation sites and 

contains interesting structural features, suggesting the possible presence of a functional 

domain. We have shown that ZC3H11A contains several potential phosphorylation sites 

in addition to the many already known. Specifically, we have identified several 

potential PIKK phosphorylation sites, of which two are highly conserved across several 

vertebrate species. Several other kinases, including the DDR factors, CKII and CDK1/5 

were also predicted to phosphorylate ZC3H11A. The features identified here will 

provide the basis for future structure-function studies on ZC3H11A. 
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Figure S3. 1. Secondary structure prediction using PsiPred prediction software (Buchan et al., 
2013). ZC3H11A human protein sequence obtained from GenBank was used as the input query for a 
PsiPred search for protein folds and motifs. Helix and strand predictions are based on sequence 
alignments with known protein motifs. 
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Figure S3. 2. NetphosK analysis of Mouse ZC3H11A sequence for predicted kinase-specific 
phosphorylation sites. The ZC3H11A mouse sequence was obtained from GenBank and used as the 
input query for a NetphosK search. Predicted phosphorylation sites are listed next to their respective 
predicted kinases. Residues highlighted in red were also predicted to be phosphorylated from the human 
sequence. 
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4.1 Summary 
 

Rad9 is the prototypical checkpoint kinase and is the budding yeast homologue of the 

mammalian “Rad9-like” mediator proteins, 53BP1, BRCA1 and MDC1. Rad9 and the 

“Rad9-like” mediators are all heavily phosphorylated proteins and contain several CDK 

consensus motifs, which are phosphorylated even in the absence of DNA damage. 

Many of these sites have no clearly defined function as of yet. Western blot analysis 

revealed that Rad9 phosphorylation status changes throughout the cell cycle. Here we 

attempt to construct a clear map of the changes in the phosphorylation status of Rad9 

throughout the cell cycle using mass spectrometry. To do this, we purified Rad9 from 

large-scale G1-or G2- synchronized budding yeast cultures. Phosphorylated residues on 

Rad9 were then identified by ETD mass spectrometry. Our analysis revealed 22 

previously unidentified phosphorylation events on Rad9. 9 sites were uniquely 

phosphorylated in G2, while 17 were found to be more abundant in G2. Only 3 sites 

were more abundant in G1. Overall, these results suggest that Rad9 becomes more 

phosphorylated as the cell cycle progresses. 

Two of the novel sites discovered (T125 and T143) were examined in more detail. Both 

of these sites are found in the Chk1 interaction domain of Rad9 and conform to the 

CDK consensus motif. Here we show that these sites are phosphorylated by the yeast 

CDK (Cdc28), and that they both play roles in the Rad9-Chk1 interaction. Interestingly, 

phosphorylation of T143 is required for the Rad9-Chk1 interaction, while 

phosphorylation of T125 prevents it. Together, these results suggest a complex role for 

phosphorylation in the regulation and promotion of Rad9 function. 

4.2 Highlights 
o GFP-FLAG epitope tag is used to purify Rad9 for mass spectrometric analysis 

o 22 novel phosphorylation events are identified on Rad9 

o Rad9 is differentially phosphorylated throughout the cell cycle and accumulates 

phosphates as the cell cycle progresses 

o Differential phosphorylation of T125 and T143 regulates the interaction between 

Rad9 and Chk1 
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4.3 Introduction 
 

The DNA damage response is essential to all living organisms and is highly conserved 

from yeast to human. For years, budding yeast has served as an invaluable model for the 

study of the DDR network and its individual components. Defects in the DNA damage 

response lead to DNA damage sensitivity in yeast and cancer susceptibility in humans. 

In Saccharamoyces cerevisiae (budding yeast), many of the DDR components are 

structurally and functionally very similar to their human equivalents. Discoveries in 

budding yeast have often paved the way for those in higher cells, for example, the 

discovery that Rad9 is required for cell cycle arrest (Weinert and Hartwell 1988) and the 

role of Cdc kinases in cell cycle control (Hartwell et al., 1973). 

The budding yeast DDR follows a similar pattern to the human equivalent: DNA 

damage is detected by the MRX (equivalent to the human MRN) complex, which 

recruits the Tel1 (ATM) or Mec1 (ATR) PIK kinases (Finn et al., 2012). Mec1 is 

considered to be important for the repair of replication-induced damage and resected 

DSBs, while Tel1 plays a greater role in the repair of multiple DSBs (Zou and Elledge, 

2003; Dart et al., 2004; Mantiero et al., 2007). These PIKKs activate the Rad53 and 

Chk1 kinases (human CHK1 and CHK2), which in turn activate the primary mediator 

protein, Rad9 (Harper and Elledge, 2007).  

Rad9 is homologous to no less than three mammalian mediator proteins; 53BP1, 

BRCA1 and MDC1 and shares both structural and functional similarities with all three 

(Harper and Elledge, 2007). It is considered to be the “prototypical” checkpoint protein 

due to the fact that it has served as a model for the study of the checkpoint response in 

higher organisms (Weinert and Hartwell, 1988). It is a large, 148kDa protein required 

for checkpoint activation in G1, S and G2 phases, DNA repair and DSB resection 

(O’Shaughnessy et al., 2006; Barbour et al., 2006; Barlow et al., 2008; Lazzaro et al., 

2008).  

In undamaged cells, Rad9 exists in a hypophosphorylated state. This 

hypophosphorylated form of Rad9 associates with the Ssa1 and Ssa2 chaperone proteins 

in a large, 850kDa complex. The induction of DNA damage is associated with PIKK-

dependent phosphorylation of hypophosphorylated Rad9 and the subsequent 

dissociation of this complex into a smaller (560kDa) complex containing 

hyperphosphorylated Rad9, Ssa1 and 2 and Rad53 (Gilbert et al., 2003; van den Bosch 
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and Lowndes, 2004).  The formation of this smaller complex facilitates the activation of 

Rad53. The current model for Rad9-dependent activation of Rad53 is that Rad9 is 

recruited to DSBs where it is phosphorylated by Mec1. This causes remodeling of the 

larger Rad9 complex into a smaller one containing hyperphosphorylated Rad9. The 

smaller complex allows greater access of Rad53 to Rad9 and it is postulated that some 

of the Mec1-induced phosphorylation sites on Rad9 form docking sites for Rad53. 

Binding of Rad53 by Rad9 allows multiple Rad53 molecules to come into close contact. 

Rad53 then becomes in-trans autophosphorylated and is released from the Rad9 

complex to induce the phosphorylation of downstream effector proteins (van den Bosch 

and Lowndes 2004). Chk1, as mentioned above, is also activated by DNA damage. 

PIKK-dependent phosphorylation (particularly by Mec1) of its C-terminus induces its 

activation and subsequent in cis autophosphorylation (Chen et al., 2009). In a similar 

manner to Rad53, Chk1 activation also requires Rad9. Both Rad9 and its fission yeast 

homologue, Crb2 have been suggested to play roles in Chk1 activation by acting as 

platforms for Chk1 activation (Blankley and Lydall 2004; Esashi et al., 2000). The N-

terminal region is required for Chk1 activation, although specific sites have not yet been 

identified.  

CDKs are master regulators of the cell cycle and play critical roles in the control of 

checkpoint activation. CDKs modulate the resection of DNA DSBs and the choice of 

repair pathway (Wohlbold and Fisher, 2009). Rad9 and its homologues contain many 

CDK consensus phosphorylation motifs (S/T-P or the more specific S/T-P-X-K/R), the 

functional significance of which have not yet been defined. The Rad9 sequence contains 

20 potential S/T-P sites, of which 9 conform to the highly stringent (S/T-P-X-K/R) 

motif (Moses et al., 2007; Ubersax et al., 2003). Throughout the cell cycle, the Rad9 

phosphorylation status changes dramatically. Mobility shift analysis of Rad9 throughout 

the cell cycle has revealed that Rad9 migrates slower as the cell cycle progresses 

(O’Shaughnessy et al., 2007). However, little is known about the nature of these cell 

cycle-regulated phoshpo-forms. 

Here we examine the specific sites phosphorylated on Rad9 during G1 and G2 phases 

using state of the art mass spectrometry. Overall we identified 23 known and 24 novel 

in vivo Rad9 phosphorylation sites. We show increases in the relative abundance of 

phosphorylation in the CAD region in G2 phase, particularly at S11 and T125. We 

identify 7 sites that are uniquely phoshporylated in G2, 4 sites that are more heavily 

phsohporylated in G1 and 10 sites that are more abundantly phosphorylated in G2. We 
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also show that two CDK sites, T125 and T143 are particularly important for Chk1 

activation and that T143 phosphorylation promotes the Rad9-Chk1 interaction while 

T125 inhibits it. 
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4.4 Materials and methods 
 

4.4.1 Cell culture conditions 

Starter cultures were inoculated into 10ml of YPD (1% yeast extract, 2% peptone, 2% 

glucose in dH2O) and allowed to grow for 8 hours at 30°C with gentle agitation (170 

rpm). Cells were then diluted into the appropriated volume of YPD and allowed to grow 

overnight until a density of 1x107 cells/ml was reached. At this point, the cultures were 

supplemented with 10% w/v glucose and allowed to cycle for a further doubling time. 

At a density of 2x107 cells/ml, cells were harvested by centrifugation. 

 

4.4.2 Cell cycle arrest 

For G1 arrest, alpha factor was added at a final concentration of 10mg/ml. Full arrest 

was achieved at approximately 105 mins following addition of alpha factor, as 

determined by the presence of at least 95% unbudded cells. For G2 arrest, the media 

was supplemented with 20mg/ml nocodazole and the cultures allowed to cycle for 

approximately 120 mins. Arrest was confirmed by the presence of more than 80% large 

budded cells (O’Shaughnessy et al.,, 2006) 

 

4.4.3 Large scale clarified whole cell extracts 

Large-scale yeast cultures (40L – equivalent to approximately 8x108 yeast cells) were 

pelleted and washed twice with ice-cold water. The pellet was then passed through a 

syringe directly into liquid nitrogen to form a “spaghetti” suitable for grinding (Schultz, 

1999). The cells were lysed in liquid nitrogen using either a mortar and pestle (in the 

case of 10HisHA-Rad9 and HFSC-Rad9) or SPEX cryo-millTM. When approximately 

50% lysis was confirmed by microscopy, an equal volume of 2X lysis buffer (300mM 

potassium acetate, 100mM HEPES pH 7.5, 20% glycerol, 8mM β-mercaptoethanol, 

0.1% CHAPS, 4xPis and 2xPpis) was pre-frozen as droplets and added to the partially 

ground yeast pellet. Grinding was resumed until the lysis buffer was incorporated and 

approximately 70% lysis was observed by microscopy. The ground pellet was allowed 

to defrost at 4°C before centrifugation at 3,000 rpm for 15 mins to pellet the majority of 

cellular debris. The supernatant was removed and centrifuged at 42,000 rpm in a 
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Beckman ultracentrifuge for 1hr. The middle layer was extracted and passed through a 

2nm filter syringe before freezing on dry ice. Protein concentration was determined by 

Bradford assay. 

 

4.4.4 Protein purification 

1.5g each of clarified whole cell extract, from Asynchronous, G1 arrested and G2 

arrested Rad9-GFP-FLAG cultures, were incubated for 2hrs with 200µl of M2 FLAG-

affinity beads (Sigma Aldrich – A2220). The beads were washed 6 times with 1x lysis 

buffer (with 1xPis and 1xPpis). Elution of bound Rad9-GFP-FLAG was carried out by 

the addition of 200µl of 100µg/ml 3xFLAG peptide (Sigma Aldrich – F4799) and 

incubation for 15 mins at 4°C with gentle agitation. This elution was repeated 5 times. 

Elution fractions shown to contain Rad9 by western blot were pooled and incubated 

with 10ml GFP-trap A beads (Chromotek – gta-20) for 2 hours at 4°C with gentle 

agitation. The beads were washed 5 times with lysis buffer (containing 4xPis and 

2xPpis), pelleted, and resuspended as a 50% slurry (10µl GFP-trap A beads, 10µl lysis 

buffer) buffered with 0.3µl glacial acetic acid in a low-adhesion microcentrifuge tube. 

 

4.4.5 Rad9-GFP-FLAG strain construction 

Two PCR products with a 20bp overlapping region of homology were generated from 

the PML4 plasmid (a GFP-KANMX plasmid). Primers (listed in table S4.3) were used 

to introduce a BamHI restriction site and 40bp N-terminal fragment of the FLAG tag at 

the 3’ end of the GFP tag in the first PCR fragment. The C-terminal portion of FLAG 

was introduced in the second PCR fragment. This portion of FLAG contained 20bp 

homology to the FLAG fragment contained in the first PCR fragment, which would act 

as an anchor region for the subsequent fusion PCR reaction. An EcoRI site was also 

introduced at the 3’ end of PCR fragment 2. Using the forward primer for fragment 1 

and the reverse primer for fragment 2, both fragments were joined by fusion PCR. The 

resulting PCR product was then amplified using primers containing 60bp homology to 

the Rad9 C-terminus and terminator. This PCR product was then transformed into 

W303 Rad5+ cells and positive clones selected on kanamycin plates. Positive clones 

were confirmed by diagnostic PCR (using Rad9seq12 and GFP3’ primers) and 

sequencing. DNA damage sensitivity was analysed by drop test. 
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4.4.6 Peptide pull-down experiment 

Chk1-3FLAG was immunopurified from rad9Δ cell crude extracts as described in 

supplementary material. Biotin-labelled Rad9 peptides, synthesised by Pepceuticals 

Limited (Leicestershire, UK), were used to saturate pre-washed Streptavidin Dynabeads 

M-280 (Invitrogen). In experiment involving phosphatase treatment, peptides beads 

were treated with 10 unit of λ phosphatase for 20 min at 30°C in the presence or in the 

absence of phosphatase inhibitors. Immunopurified Chk1-3FLAG was added to the 

peptides beads and incubated for 2 hours, on a rotating wheel at 4°C. The washed beads 

were resuspended in sample buffer, boiled at 95°C, loaded onto a 20% SDS-PAGE gel 

for peptide detection by Ponceau staining or on a 6.5% 80/1 acrylamide/bis-acrylamide 

SDS-PAGE gel to visualize Chk1-3FLAG. 

 

4.4.7 SPOT synthesis of peptides and array experiment 

The peptides arrays of Rad9 on nitrocellulose were generated as previously described 

(Kiely et al., 2009). Essentially, scanning libraries of overlapping 19-mer peptides 

covering the 260 first amino-acids of Rad9 (listed in S4.1) were produced by automatic 

SPOT synthesis and synthesized on continuous cellulose membrane supports on 

Whatman 50 cellulose using Fmoc (9-fluorenylmethyloxycarbonyl) chemistry with the 

AutoSpot-Rosbot ASS 222 (Intavis Bioanalytical Instruments). Peptide arrays were 

submitted to Cdc28/Clb2 kinase assays. 

 

4.4.8 G1 and G2 Yeast Two Hybrid analysis 

Yeast two hybrid interaction between RAD9CDK1-9 and Chk1 was analyzed in G2/M or in 

G1 using the Clontech MatchmakerTM Gold Yeast Two Hybrid System (Catalog no 

630489). Y2H gold cells harboring pGBKT7rad9CDK1-9A (DNA binding domain vector) 

and pGADT7-CHK1 (activation domain vector) plasmid DNA were grown in minimal 

media (SD/-Leu-Trp). Overnight grown cells (corresponding to OD value 1) were 

arrested in either G2/M or G1 as described earlier. 1ml of cells was centrifuged at 14000 

rpm for 3 minutes and supernatant was collected in a fresh tube. The PNP (Para-

Nitrophenyl α-D-Galactopyranoside, Sigma Cat no. N0877) assay was performed with 
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the supernatant and α-galactosidase activity was measured according to Clontech Y2H 

instruction manual. Expression of the bait and prey was verified by western blotting. 
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4.5 Results 
 

4.5.1 Generation of Rad9-GFP-FLAG strain 

Previous attempts to purify Rad9 using a 10His-HA epitope tag resulted in poor yields 

and insufficient purity for ETD mass spectrometric analysis (Fig. S4.1). Purification of 

higher yields of protein would require the use of more efficient affinity tags. Both the 

FLAG and GFP tags were previously shown to be among the most efficient for protein 

purification (Lichty et al., 2005; Rothbauer et al., 2008). Using fusion PCR we 

integrated a FLAG epitope into a GFP-KANMX tagging vector (PML4) (fig. 4.1A). 

 

Figure 4. 1. Fusion PCR strategy for the generation of GFP-FLAG tag. (A) Schematic representation 
of fusion PCR strategy. Two PCR products were generated from the GFP plasmid, PML4. Primers were 
used to introduce an overlapping region of the FLAG tag to the 3’ end of fragment 1 and the 5’ end of 
fragment 2. The two fragments were fused using fusion PCR to generate a 1.8kb GFP-FLAG fragment 
with kanamycin resistance suitable for targeting (see figure 4.2) to any gene in the yeast genome. (B) 
PCR products for fragment 1, 2 and fusion of fragment 1 and 2 
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This produced a construct with a FLAG epitope joined by a short linker sequence to the 

C-terminus of the GFP epitope. PCR fragment 1, containing the GFP coding sequence 

and the N-terminal half of the FLAG sequence was fused with PCR fragment 2, 

containing the C-terminal half of FLAG, the ADH1 terminator, KANMX (Kanamycin 

resistance) and its promoter and terminator elements (fig. 4.1B). Restriction sites were 

introduced during the initial PCR steps to facilitate cloning into a carrier plasmid. 

Using long PCR primers, 60bp of homology to the Rad9 locus was added at either end 

of the fusion PCR product. This would facilitate recombination of the construct with the 

target sequence for integration (Fig. 4.2). 

Successful targeting would result in the insertion of the GFP-FLAG-KANMX construct 

at the 3’ end of the endogenous Rad9 gene. A diagnostic PCR strategy using a forward 

primer within the endogenous Rad9 coding sequence and a reverse primer within the 

GFP tag was designed (fig. 4.3A). Of the 13 clones screened, 100% showed successful 

integration of the construct at the Rad9 locus (fig. 4.3B). Screening by western blot 

showed that 12 of the 13 clones expressed a slower migrating form of Rad9 than wild 

type, similar to the Rad9-GFP control (fig. 4.3C). 

 

Figure 4. 2. Targeting strategy for the integration of GFP-FLAG tag at the Rad9 locus. (A) Primers 
were used to introduce a 60bp homology to the Rad9 C-terminus and terminator region at the 5’ and 3’ 
end, respectively, of the GFP-FLAG fusion PCR product. This resulted in the introduction of a GFP-
FLAG tag at the C-terminus of Rad9 plus a Kanamycin resistance cassette allowing for the selection of 
positive clones 
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Figure 4. 3. Screen of Rad9-GFP-FLAG candidate strains. (A) Diagnostic PCR strategy for the 
selection of Rad9-GFP-FLAG positive clones. A forward primer within the Rad9 gene paired with a 
reverse primer within the GFP gene was used to confirm successful integration of the tag at the Rad9 
locus. (B) Diagnostic PCR showing a 0.9kb product in the positive control (Rad9-GFP) and positive 
clones. (C) Western blot for Rad9 showing Rad9 expression levels and phosphorylation status in the 
candidate clones. (D) Drop tests for IR sensitivity and growth on glycerol in candidate clones 
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Clones 2, 3, 4 and 7 were selected for DNA damage sensitivity and tolerance to growth 

media containing glycerol was used to assess the aerobic fitness of yeast strains. Often 

cloning can inadvertently introduce mutations in the mitochondrial DNA, resulting in 

the inability of the yeast to respire aerobically, these strains become known as “petites”. 

As glycerol is non-fermentable the yeast are forced to use aerobic respiration to survive 

on it. Petite yeasts characteristically produce small, white anaerobic colonies in the 

presence of fermentable carbon sources such as glucose (Ferguson and von Borstel, 

1992). Clone 2 was glycerol sensitive and produced white colonies on standard YPD 

media (containing glycerol). For this reason, clone 2 was omitted from further screening 

(fig. 4.3D). Clones 3, 4 and 7 had similar IR-sensitivity kinetics to wild type cells, thus 

Rad9 function was considered unperturbed by the GFP-FLAG tag. 

 

4.5.2 Purification of Rad9-GFP-FLAG 

To optimise the binding conditions for Rad9-GFP-FLAG, increasing amounts of whole 

cell extract were loaded onto a fixed volume (10µl) of FLAG beads (fig. 4.4A). A 

satisfactory enrichment of Rad9 was achieved using 20mg of total cell extract. FLAG 

peptide elution efficiency was also assessed by western blot. The vast majority of Rad9 

was eluted in the first fraction (fig. 4.4B). Next, silver staining was used to assess the 

purity and enrichment of the eluted sample. Rad9 is clearly bound to the beads, which 

were incubated with at least 15mg of total cell extract (fig. 4.4C). A sample of the Rad9 

eluted in part B shows an almost 1:1 elution ratio with very little material remaining on 

the beads. The low number of bands in the “elution” lane suggests that the sample 

contains very few contaminating proteins.  

Satisfied with the optimisation of the FLAG purification, we proceeded to scale-up the 

purification to generate enough protein for mass spectrometric analysis. Yeast cultures 

were grown overnight and synchronised in G1 or G2 phase using alpha factor (a yeast 

pheromone used to induce G0/G1 arrest) and nocodazole (a microtubule poison), 

respectively. 1.5g of clarified whole cell extract was applied to 200µl of FLAG beads 

and Rad9 was successfully bound and eluted (fig 4.5A). The eluted fractions were then 

pooled and incubated with GFP-Trap beads (Clontech). Silver staining showed that a 

highly pure sample of Rad9 was obtained for each condition (fig. 4.5B). The cell cycle 

distribution of the cultures under each synchronisation condition was examined by 

budding index to confirm successful arrest (fig. 4.5C). The % of unbudded cells is 
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indicative of the population in G1 phase of the cell cycle, in an asynchronous 

population, approximately 30% of cells are expected to be in G1 phase during mid-log 

growth (O’Shaughnessy et al., 2007). Approximately 95% of the alpha factor 

synchronised cells were in G1 phase, while approx. 88% of nocodazole-arrested cells 

were in G2 phase. 

 

Figure 4. 4. Optimisation of FLAG immunoaffinity purifcation of Rad9-GFP-FLAG. (A) Western 
blot for Rad9 showing a titration of increasing quantities of Rad9 extract onto FLAG M2 affinity beads 
(Sigma). 10µl of beads were used for the titration. Following the purification, the beads were boiled in 
laemmli buffer to release bound protein (”Beads” lane). (B) Western blot for Rad9 to show the efficiency 
of FLAG peptide elution of bound proteins from the FLAG beads. 10mg of extract was bound to 10ml of 
beads. Following 6 washes, bound protein was eluted using 1xFLAG peptide (Sigma) in lysis buffer. 
33.3% of each elution fraction and beads fraction was loaded. 0.5% each of the Input and flowthrough(ft) 
were loaded. (C) Silver stain for analysis of purity of eulted Rad9.  Input fraction corresponds to 25mg of 
starting material. 33.3% of each of the “beads” fractions from the titration experiment (A) and 33.3% of 
the elution fraction from (B) were loaded. Rabbit IgG bound to protein G beads was used as a negative 
control for Rad9 binding  
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Figure 4. 5. Two-step FLAG-GFP purification of Rad9 for ETD mass spectrometry analysis. (A) 
Western blot for Rad9 showing the binding of Rad9-GFP-FLAG to FLAG affinity beads and subsequent 
elution using FLAG peptide. Elution and bead fractions were loaded at 50x concentration relative to the 
input and flowthrough. (B) Silver stain gel to show Rad9 binding to GFP beads following FLAG 
purification and elution. Rad9 is seen as a band running at approximately 200kDa. Two intenesly staining 
proteins, similar in mass to Rad9 are removed during the GFP purification. (C) Cell cycle analysis of 
Rad9-GFP-FLAG cultures used for this purification. Unbudded cells are conidered to be in G1 phase of 
the cell cycle 
 

4.5.3 Identification of novel Rad9 phosphorylation sites 

A sample each of Rad9-GFP-FLAG isolated from asynchronous, G1 arrested and G2 

arrested cultures bound to GFP-trap beads was analysed by mass spectrometry. Overall 

47 fully site-mapped phosphorylation events were recorded. 23 of these events were 

previously reported, while 24 were novel. In addition to mapped sites, 13 unmapped 

phosphorylation events were recorded. Unmapped events were recorded on 

phosphopeptides that were not enriched enough for site-specific mapping. 7 of these 

unmapped sites, however, were found on peptides corresponding to regions where no 

phosphorylation sites had previously been identified and can be considered novel. The 

sites mapped by this mass spectrometric analysis are summarised in Table 4.1. 
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Table 4. 1. Summary of phosphorylation sites identified by ETD mass spectrometry. Mass 
spectrometry was performed on Rad9 purified from asynchronous, G1-arrested and G2-arrested cells. 
This table represents sites identified across all three samples. Previously identified (literature sites/known) 
sites are compared with sites identified in this analysis. Highlighted sites are new to this study. 
 

4.5.4 Identification of key residues specific to or up regulated in G1 and G2 

phase 

As mentioned previously, Rad9 is a heavily phosphorylated protein. In this screen we 

identified 63 phosphorylation sites in G1 Rad9 and 70 in G2. None of the 

phosphorylation sites identified were unique to G1, which suggests that Rad9 

accumulates phosphate groups as the cell cycle progresses (Fig. 4.6 and Table S4.1). 9 

phosphorylation events unique to G2 were recorded. The relative abundance of certain 

sites was seen to fluctuate between G1 and G2 phase. In G1, phosphorylation at 3 sites 

was found to be more abundant than in G2, while 13 sites were more abundant in G2. 

Overall Rad9 is more heavily phosphorylated in G2 phase.  
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Figure 4. 6. Schematic representation and categorisation of phosphorylation sites identified by ETD 
mass spectrometry. Indicated sites were identified by mass spectrometry in G1 and G2-arrested cells. 
Sites represented in blue are G2-specific. Stars denote novel sites identified in this study. “G1” schematic 
shows all sites identified in G1 cells. “G2” schematic represents all sites identified in G2 cells. Sites 
found only in G1/G2 are also represented, followed by those that were more abundant in G1/G2 
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4.5.5 All CAD sites are up regulated in G2, especially T125 

When the Chk1-activating domain (CAD) of Rad9 was specifically examined, we 

observed a general increase in the abundance of phosphorylation of this domain in G2 

phase (Table 4.2). T125 (CDK6) in particular was greatly enriched, suggesting a G2-

specific mechanistic role for this site. In general, phosphoryaltion of T125 was 

identified as the most abundant event in this region, suggesting that it is important for 

the activation of Chk1. The phosphorylation of T125 and T143 has not previously been 

reported.  

 

Residue CDK site Asyn abundance G1 abundance G2 abundance 

S11 CDK1 29% 34% 127% 

S26 CDK2 48% 26% 45% 

S56 CDK3 129% 111% 170% 

T125 CDK6 650% 676% 5250% 

T143 CDK7 1% 2% 10% 

T155 CDK8 3% - - 

 
Table 4. 2. Summary of phosphorylation site abundance in the CAD region of Rad9. % abundance of 
CDK site-containing peptides within Rad9 isolated from asynchronous, G1- and G2/M arrested cells. 
Relative abundances were determined by mass spectrometry. Residues T125 and T143 (CDK sites 6 and 
7 respectively) are differentially. -= Not detected. Non-phosphorylated and phosphorylated peptides were 
not detected.  

4.5.6 Differential regulation of Rad9/Chk1 interaction by T125 and T143 

phosphorylation 

The significance of these sites in the Rad9-dependent activation of Chk1 was 

unequivocally proven by yeast-2-hybrid add-back experiments. As the Rad9 CAD 

region is sufficient for the interaction with Chk1, we mutated all 9 CDK consensus sites 

and from this, generated CAD fragments with each of the individual CDK consensus 

sites individually restored (fig. 4.7A). As expected, the wild type CAD fragment 

interacts with Chk1, while this interaction is abolished in the case of the fragment 

containing all 9 mutated residues. Of the add-back mutants, the newly identified T143 
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(CDK7) site restored Chk1 binding to the greatest extent, closely followed by the other 

newly identified site, T125 (CDK6). This data indicates that the newly identified CDK 

sites are required for the interaction of Rad9 with Chk1. 

Using CAD peptides containing combinations of mono- or di-phosphorylated residues 

to precipitate Chk1, we found that phosphorylated T143 pulled down Chk1 most 

efficiently (Fig. 4.7B). Lambda phosphatase treatment abolished this interaction, 

indicating that the interaction is mediated by phosphorylation. Peptides containing both 

T125 and T143 phosphorylation showed less interaction with Chk1 than those 

containing T143 phosphorylation alone (Fig. 4.7B). Together this data suggests that 

T143 phosphorylation promotes the Rad9-Chk1 interaction, while T125 inhibits it. 

The apparent discrepancy between the yeast-2 hybrid and peptide pull-down 

experiments can be at least partially explained by the use of protein over-expression in 

the yeast-2-hybrid screen. Also, according to our mass spectrometry data, T125 

phosphoryaltion does not occur independently of T143 phosphorylation, suggesting that 

the use of a bait protein with T125 phosphorylation alone does not reflect the scenario 

within normal cells. Similarly, the use of phospho-mimetic mutations for the Y2H 

screen also comes with the caveat that phospho-mimetic mutations may not behave in 

the same way as phosphorylation. 

To investigate whether T125 and T143 were phosphorylated by Cdc28, we purified the 

Cdc28/Clb2 complex and examined its interaction with a Rad9 peptide-scanning array 

corresponding to the Rad9 N-terminus. A library of 83 overlapping 19 mer peptides of 

residues 1-260 of Rad9 was synthesised and hybridised to nitrocellulose membranes 

(Table S4.2). The purified complex phosphorylated several control peptides consisting 

of known Cdc28/Clb2 targets, while negative controls belonging to known targets of 

CKII and Cdc7 were phosphorylated to a much lesser extent (Fig. 4.7C). This confirms 

the efficacy of the experiment. From our Rad9 N-terminal library, peptides containing 

the first 5 CDK consensus motifs were not phosphorylated, while those containing 

T125, T143, T155 and T218 were. This confirms that T125 and T143 are Cdc28/Clb2 

substrates. 
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Figure 4. 7. T125 and T143 differentially regulate the Rad9-Chk1 interaction. (A) The Y2H 
interaction between Rad9 and Chk1 mostly requires the 6 and 7 CDK sites, T125 and T143, of the CAD 
region (B) Peptide pull down experiments showing that phosphorylated T143 (CDK site 7) and 
unphosphorylated T125 (CDK site 6) is the optimal condition for Rad9-Chk1 binding. Purified Chk1-
FLAG (from rad9Δ cells) was incubated with four different biotinylated 35 aminoacid peptides.  T125 
T143, T125p, T143p and T125p143p peptides were un-, mono- or di-phosphorylated on residues T125 
and T143. The dependency on the phosphorylation of T143 was confirmed by lambda phosphatase 
treatment in the absence (λ) or in the presence of phosphatase inhibitors (λ+Inh). (C) The Rad9 CAD 
peptide array phosphorylation profile shows that peptides containing consensus CDK sites 6 (T125), 7 
(T143), 8 (T155) and 9 (T218) are phosphorylated by Cdc28/Clb2 in vitro. 
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4.6 Discussion 
Using mass spectrometric analysis, we identified a total of 47 mapped phosphorylation 

sites, of which 24 were not previously shown to be phosphorylated. Of the novel 

phosphorylation sites, 19 map to regions outside of known Rad9 functional domains. 

Three novel sites, T143, T474 and S584 conform to the minimal CDK consensus motif 

(S/TP) while three other sites (T125, S494 and S720) conform to the full consensus 

(S/TP-x-K/R).  

Interestingly, S494 was more abundant in G1 cells than G2 cells, suggesting that this 

site may have a G1-specific role such as G1 checkpoint activation or NHEJ-mediated 

repair. Four novel sites mapped to the CAD region (T16, T125, T143 and S152), which 

is known to be required for the interaction between Rad9 and Chk1. Here, when we 

specifically analyzed the CAD region, we found that T125 and T143 play conflicting 

roles in mediating the interaction between Rad9 and Chk1. T16 and S152 do not 

conform to the consensus CDK phosphorylation motif and were thus not examined in 

this study. It is also unlikely that they function in Chk1 recruitment, as restoration of 

T143 phosphorylation alone is sufficient to restore the Rad9-Chk1 interaction. This, 

however does not rule out other roles for these sites in the CDK-dependent regulation of 

Rad9 function. 

Another interesting site, which we did not have sufficient time to analyse, is S1138, 

located within the tandem BRCT region. This region is required for the dimerisation of 

Rad9 and its interaction with phosphorylated H2AX (Hammet et al., 2007; Soulier and 

Lowndes, 1999). As this analysis was carried out in undamaged cells, it is unlikely that 

this site is required for either of these functions. However, similar to T125, this site may 

have a regulatory role in a specific Rad9 function. The fact that this site was not 

identified in mass spectrometric analysis of IR-induced phosphorylation events lends 

weight to the theory that this site could play a regulatory role in Rad9 function 

(Albuquerque et al., 2008). 

Several known phosphorylation sites were also identified in this study. When we 

examined the relative abundance of these sites in G1 and G2 phases, we found, as 

expected, that Rad9 becomes increasingly phosphorylated as the cell cycle progresses. 

Nine sites were found only in G2 cells, while there were no sites unique to G1 cells. 

This suggests that Rad9 accumulates phosphate groups throughout the cell cycle and 

does not undergo dephosphorylation until G2 phase is completed. The relative 
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abundance of certain phosphorylated residues fluctuates between G1 and G2 phases. 

The reason for this is unclear, but could be due to technical limitations with cell cycle 

arrest or the mass spectrometry analysis. Another possibility is that sub-populations of 

Rad9 are differentially phosphorylated and account for distinct Rad9 functions. T125, 

for example, becomes almost 10-fold more abundant in G2 phase. As shown in section 

4.5.8, phosphorylation of T125 prevents the interaction of Chk1 with T143 of Rad9. 

The relative enrichment of T125 phosphorylation in G2 phase may therefore prevent 

checkpoint activation during G2 phase, when Cdc28 is most abundant. If this is the 

case, the relative enrichment of T125 phosphorylation would likely drop upon induction 

of DNA damage to allow Chk1 binding to T143. 

The CAD region of Rad9 contains over half of its consensus CDK phosphorylation sites 

and is required for its interaction with Chk1 (Blankley and Lydall, 2004). The molecular 

mechanism behind Rad9 CAD-dependent activation of Chk1 has been determined here. 

Using Y2H analysis, we found that the interaction of Rad9 and Chk1 requires prior 

phosphorylation of Rad9 by Cdc28/Clb kinases in G2/M phase. However, the 

interaction of Rad9 and Chk1 in G1 cells occurs independently of Cdc28 activity and 

may even occur in the absence of phosphorylation. Our analyses here have identified 

T125 and T143 as the key sites for the Rad9-Chk1 interaction. Restoration of the non-

phosphorylatable alanine mutations at T125 and T143 to their original threonines 

restores the Rad9-Chk1 interaction. Similarly, the introduction of a phosphomimetic 

residue (aspartate) at these sites is also sufficient to restore the interaction. Using 

peptide pull-down experiments, we examined the ability of phosphorylated T125 and 

T143 to mediate an interaction with Chk1. Interestingly; T143 phosphorylation was 

found to promote the Rad9-Chk1 interaction, while phosphorylated T125 was found to 

inhibit the interaction. From our analyses, the optimal state of Rad9 phosphorylation for 

the Rad9-Chk1 interaction appears to involve phosphorylation at T143 but not T125. 

The fact that T143 is only a minor site of phosphorylation site, while T125 

phosphorylation was the most abundant phosphorylation event in the CAD region 

suggests that only a small proportion of Rad9 molecules interact with Chk1. This is 

supported by our immunoprecipitation data showing that the majority of Rad9 is not 

Chk1-bound. Our data suggests a dual-regulatory mechanism for the Rad9-Chk1 

interaction where T143 phosphorylation combined with T125 dephosphorylation work 

to promote the interaction. 

 



  144 

While we speculate that T143 phosphorylation promotes the interaction of Rad9 with 

Chk1 following IR, it was not identified in previous screens of IR-dependent 

phoshporylation events. This could be explained by the low abundance of T143 

phosphorylation we observed in our analysis. Limitations of the mass spectrometric 

techniques used may have caused the T143 phosphorylation to be missed. T125 

phosphorylation, on the other hand, is a highly abundant event. This residue too was not 

detected as an IR-dependent event, however, our data shows that this event is required 

to prevent the Rad9–Chk1 interaction, and is thus likely to become much less abundant 

following DNA damage. 
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Figure S4. 1. Purification of Rad9 using 10HisHA tag. (A) Coomassie blue stain for coupling of 
12CA5 (HA) antibody to protein G beads.  12CA5 antibody was covalently crosslinked to protein G 
sepharose beads and crosslinking efficiency quantified by visualisation of the IgG chains removed by 
boiling in laemmli buffer. (B) Coomassie blue stain of HH-Rad9 clarified whole cell extract to ensure 
extract quality, as judged by the presence of two distinct, high molecular weight bands running just above 
the 180kDa marker. (C) Western blot for Rad9 showing its binding to 12CA5 beads and subsequent 
elution using a HA competitor peptide. Unbound material is shown in the flowthrough lane and material 
removed durin the wash steps are also shown (Wash 1, 2 and 3). Rad9 is visible as a dark band just above 
the 180kDa marker. (D) Western blot for Rad9 showing its binding to nickel beads and subsequent 
elution. Elution fractions 10-24 were pooled and used for mass spectrometric analysis. (E) Silver stain of 
Input (HA elutions), flowthrough (material which did not bind to nickel beads), Elution 12 from the 
nickel purification step and an “on-beads” sample (a sample from a parallel nickel purification which was 
not eluted from the nickel beads) which was boiled in Laemmli buffer to release bound protein. This 
sample was also used for mass spectrometric analysis 
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Relative	  Abundancea	  

Residue

s	  
Peptide	  sequence	  

#	  Phosphos	  

Phosphorylation	  

Site(s)	  

A
synch	  

G
1	  

G
2	  

10-‐21	   SSPDRVTQSAIK	   1	   S11	   ++	   ++	   ++++	  

2-‐21	   SGQLVQWKSSPDRVTQSAIK	   1	   S11	   ++	   ++	   ++++	  

2-‐21	   SGQLVQWKSSPDRVTQSAIK	   2	  
S10	  &	  

S11	  
+	   +	   ++	  

2-‐21	   SGQLVQWKSSPDRVTQSAIK	   2	  
S11	  &	  

T16	  
-‐	   -‐	   +	  

22-‐46	   EALHSPLADGDMNEMNVPVDPLENK	   1	   S26	   +++	   ++	   +++	  

47-‐58	   VNSTNIIEGSPK	   1	   S56	   ++++	   ++++	   ++++	  

47-‐65	   VNSTNIIEGSPKANPNPVK	   1	   S56	   ++++	   ++++	   ++++	  

76-‐85	   SLGLLDESPR	   1	   S83	   ++	   ++	   ++	  

76-‐109	  
SLGLLDESPRHDDELNIEVGDNDRPNANILHNE

RT	  
1	   S83	   ++	   ++	   ++	  

76-‐109	   DRPNANILHNERTP	   1	   S110	   ++	   NDc	   NDc	  

76-‐109	   DRPNANILHNERTPDL	   1	   S110	   ++	   NDc	   NDc	  

135-‐149	   YQSSDLEDTPLMLRK	   1	   T137	   +b	   +b	   ++	  

135-‐149	   YQSSDLEDTPLMLRK	   1	   T143	   +b	   +b	   +	  

135-‐149	   YQ(SSDLEDT)PLMLRK	   2	   d	   +b	   -‐	   +b	  

150-‐163	   KMTFQTPTDPLEQK	   1	   T152	   +	   +b	   +b	  

150-‐163	   KMTFQTPTDPLEQK	   1	   T155	   +	   +b	   ++	  

205-‐220	   SADNYDCALEGIVTPK	   1	   S205	   +b	   +	   +	  

205-‐220	   SADNYDCALEGIVTPK	   1	   T218	   ++	   ++	   ++	  
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205-‐220	   SADNYDCALEGIVTPK	   2	  

T218	  

&	  

S205	  

+b	   +b	   +	  

240-‐257	   TQIMISAESPNSISSYDK	   1	   S248	   +++	   +++	   ++++	  

240-‐257	   TQIMISAESPNSISSYDK	   2	  

S248	  

&	  

S251	  

++b	   +	   +b	  

240-‐257	   (TQIMISAESPNSISSY)DK	   3	   d	   +	   +b	   +b	  

294-‐305	   SENYSSDDLRER	   1	   S298	   ++	   ++	   ++	  

294-‐305	   SENYSSDDLRER	   1	   S299	   ++	   +	   +	  

294-‐305	   SENYSSDDLRER	   2	  
S298	  

&	  299	  
++	   +	   +	  

306-‐323	   NNQIIQSNESEEINELEK	   1	   S312	   ++	   -‐	   ++	  

306-‐323	   NNQIIQSNESEEINELEK	   1	   S315	   +	   -‐	   +	  

306-‐323	   NNQIIQSNESEEINELEK	   2	  

S312	  

&	  

S315	  

+	   -‐	   ++	  

331-‐351	   ENDVNNLDIDIN(SAVSGTPS)R	   1	   d	   +b	   -‐	   +b	  

352-‐371	   NNAEEEM(YSSESVNNREPS)K	   1	   d	   +b	   +b	   +b	  

352-‐371	   NNAEEEMYSSESVNNREPSK	   2	  

S360	  

&	  

S361	  

+b	   +b	   +	  

382-‐415	  
(TENNSNRSTQIVNNPRTQEMPLDSISIDTQPLS

)K	  
1	   d	   +b	   -‐	   +b	  

443-‐456	   GPVFH(STGQT)EEIK	   1	   d	   +b	   +b	   +b	  

457-‐480	   TQIINSPEQNALNATFETPVTLSR	   1	   S462	   ++	   ++	   ++	  

457-‐480	   TQIINSPEQNALNATFETPVTLSR	   1	  
T471	  

&	  474	  
+b	   +b	   +	  



  148 

457-‐480	   TQIINSPEQNALNATFETPVTLSR	   2	  

S462	  

&	  

T474	  

-‐	   +	   +	  

481-‐497	   INFEPILEVPETSSPSK	   1	   S493	   ++	   +	   ++	  

481-‐497	   INFEPILEVPETSSPSK	   1	   S494	   ++	   +++	   ++	  

481-‐497	   INFEPILEVPETSSPSK	   2	  

S493	  

&	  

S494	  

+	   -‐	   -‐	  

481-‐497	   INFEPILEVPE(TS)SPSK	   2	  

T492/	  

S493d,	  

&	  

S494	  

-‐	   +	   -‐	  

481-‐497	   INFEPILEVPETSSPSK	   2	  

T492,	  

S493,	  

&	  

S494	  

-‐	   -‐	   ++	  

498-‐511	   NTMSKPSNSSPIPK	   1	   S506	   +	   +	   +	  

498-‐511	   NTMSKPSNSSPIPK	   1	   S507	   +++	   +++	   ++	  

498-‐511	   NTMSKPSNSSPIPK	   2	  

S506	  

&	  

S507	  

++	   +b	   +	  

512-‐521	   EKDTFNIHER	   1	   T515	   -‐	   +b	   +	  

543-‐557	   DDIIIAG(SS)DFNNEQK	   1	   d	   +b	   +b	   +b	  

558-‐570	   EI(TDRIYLQLS)GK	   1	   d	   -‐	   -‐	   +b	  

571-‐582	   QISDSGSDETER	   1	   	  S575	   +e	   +b	   +	  

571-‐591	   QISDSGSDETERMSPNELDTK	   1	   S584	   ++	   ++	   +	  

571-‐591	   QISD(SGS)DETERMSPNELDTK	   2	  

S575/	  

S577d	  

&	  

S584	  	  

+	   +	   +	  
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571-‐591	   QI(SDSGSDETERMSPNELDT)K	   3	   d	   +b	   +b	   +b	  

593-‐620	   ESTIMSEVELTQELPEVEEQQDLQTSPK	   1	   S618	   ++	   +++	   ++++	  

635-‐647	   (SKGNS)LQLHDDNK	   1	   d	   -‐	   -‐	   +b	  

637-‐670	  
ECNSDKQDGTESLDVALIEHESK/	  

GNSLQLHDDNKECNSDK	  
1	   S651	   +	   +	   +	  

654-‐670	   QDG(TESLDVALIEHES)K	   1	   d	   +b	   +b	   +b	  

679-‐699	   NLMQLFPSESQEIIQNRRTIK	   1	   S688	   +	   +	   +	  

704-‐718	   DTIEIGEEEENRSTK	   1	   S716	   +	   +	   ++	  

704-‐723	   DTIEIGEEEENRSTKTSPTK	   1	   S720	   +e	   +be	   +be	  

704-‐723	   DTIEIGEEEENRSTKTSPTK	   2	  
S716	  

&	  720	  
+be	   +e	   +be	  

704-‐723	   D(TIEIGEEEENRSTKTSPT)K	   3	   d	   +be	   +be	   -‐	  

727-‐738	   RNSDLDDAASIKR	   1	   S729	   ++	   ++	   ++	  

727-‐738	   RNSDLDDAASIKR	   1	   S735	   -‐	   -‐	   +	  

738-‐755	   REP(SCSIT)IQTGETGSGK	   1	   d	   +	   +b	   +b	  

866-‐873	   G(YDT)VHLK	   1	   d	   -‐	   -‐	   +b	  

931-‐940	   SMTNVLSPKK	   1	   S931	   +	   ++	   ++	  

931-‐940	   SMTNVLSPKK	   1	   S937	   ++	   ++	   ++	  

931-‐940	   SMTNVLSPKK	   2	  

S931	  

&	  

S937	  

+b	   +b	   +	  

931-‐946	   SMTNVLSPKKHTDDEK	   1	   T943	   +e	   +e	   +e	  

931-‐946	   SMTNVLSPKKHTDDEK	   2	  

S937	  

&	  

T943	  

+e	   +e	   +e	  

931-‐946	   (SMTNVLS)PKKHTDDEK	   2	  
S931/	  

T933/	  

S937d	  

+be	   +be	   +e	  
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&	  

T943	  

947-‐966	   DINTHTEVYNNEIESSSEKK	   1	   S961	   +	   +	   +b	  

947-‐966	   DINTHTEVYNNEIE(SSS)EKK	   1	  
S961	  

&	  963	  
-‐	   +	   +	  

947-‐966	   DINTHTEVYNNEIESSSEKK	   2	  

S961,	  

962,	  &	  

963	  

+b	   +b	   +	  

975-‐994	   DALAEHAGAPSLLFSSGEIR	   1	  

S989	  

&	  

S990	  

-‐	   +	  

975-‐994	   DALAEHAGAPSLLFSSGEIR	   1	  

S985,	  

S989,	  

&	  

S990	  

+b	  

+	   -‐	  

1132-‐

1139	  
LSLDSPSK	   1	  

S1136	  

&	  

S1138	  

-‐	   +	   +b	  

 
Table S4. 1. Relative abundances of phosphorylated residues identified by mass spectrometry. (a) 
Phosphorylated peptide levels are reported as % total peptide abundance detected, (++++) = 50-100%, 
(+++) 26-50%, (++) = 6-25%, (+) = ≤5%, (-) no phosphorylated peptide detected. % Total abundances 
were calculated from ion currents observed in the main beam mass spectra [(phosphorylated peptide ion 
current)/ (phosphorylated peptide + non-phosphorylated peptide ion current) x (100)].  Abundance 
calculations account for all forms (normal and miscleaved) of the peptides detected. (b) Phosphorylated 
peptide containing this phosphorylation site(s) was assigned by HPLC retention time and correct accurate 
mass, only. (c)	   ND	   =	   Not	   detected.	   	   Non-‐phosphorylated	   and	   phosphorylated	   peptides	   were	   not	  
detected.	   (d)	  Phosphorylation	   site	   is	   located	  on	  S,T,and/or	  Y’s	  within	   ()	   (e)	  Abundance	  not	  able	   to	  be	  
determined	  accurately	  due	  to	  lack	  of	  unmodified	  peptide(s) 
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Grid position Peptide Sequences Comment 

A1 

A2 

A3 

A4 

A5 

A6 

A7 

A8 

A9 

A10 

A11 

A12 

A13 

A14 

A15 

A16 

A17 

A18 

A19 

A20 

A21 

A22 

A23 

A24 

A25 

A26 

A27 

A28 

S-G-Q-L-V-Q-W-K-S-S-P-D-R-V-T-Q-S-A-I  

M-S-G-Q-L-V-Q-W-K-S-S-P-D-R-V-T-Q-S-A  

Q-L-V-Q-W-K-S-S-P-D-R-V-T-Q-S-A-I-K-E  

Q-W-K-S-S-P-D-R-V-T-Q-S-A-I-K-E-A-L-H  

S-S-P-D-R-V-T-Q-S-A-I-K-E-A-L-H-S-P-L  

D-R-V-T-Q-S-A-I-K-E-A-L-H-S-P-L-A-D-G  

T-Q-S-A-I-K-E-A-L-H-S-P-L-A-D-G-D-M-N  

A-I-K-E-A-L-H-S-P-L-A-D-G-D-M-N-E-M-N  

E-A-L-H-S-P-L-A-D-G-D-M-N-E-M-N-V-P-V  

H-S-P-L-A-D-G-D-M-N-E-M-N-V-P-V-D-P-L  

L-A-D-G-D-M-N-E-M-N-V-P-V-D-P-L-E-N-K  

G-D-M-N-E-M-N-V-P-V-D-P-L-E-N-K-V-N-S  

N-E-M-N-V-P-V-D-P-L-E-N-K-V-N-S-T-N-I  

N-V-P-V-D-P-L-E-N-K-V-N-S-T-N-I-I-E-G  

V-D-P-L-E-N-K-V-N-S-T-N-I-I-E-G-S-P-K  

L-E-N-K-V-N-S-T-N-I-I-E-G-S-P-K-A-N-P  

K-V-N-S-T-N-I-I-E-G-S-P-K-A-N-P-N-P-V  

S-T-N-I-I-E-G-S-P-K-A-N-P-N-P-V-K-F-M  

I-I-E-G-S-P-K-A-N-P-N-P-V-K-F-M-N-T-S  

G-S-P-K-A-N-P-N-P-V-K-F-M-N-T-S-E-I-F  

K-A-N-P-N-P-V-K-F-M-N-T-S-E-I-F-Q-K-S  

P-N-P-V-K-F-M-N-T-S-E-I-F-Q-K-S-L-G-L  

V-K-F-M-N-T-S-E-I-F-Q-K-S-L-G-L-L-D-E  

M-N-T-S-E-I-F-Q-K-S-L-G-L-L-D-E-S-P-R  

S-E-I-F-Q-K-S-L-G-L-L-D-E-S-P-R-H-D-D  

F-Q-K-S-L-G-L-L-D-E-S-P-R-H-D-D-E-L-N  

S-L-G-L-L-D-E-S-P-R-H-D-D-E-L-N-I-E-V  

L-L-D-E-S-P-R-H-D-D-E-L-N-I-E-V-G-D-N  

Amino acids 2-20 of Rad9  

Amino acids 1-19 of Rad9 

Amino acids 4-22 of Rad9 

Amino acids 7-25 of Rad9 

Amino acids 10-28 of Rad9 

Amino acids 13-31 of Rad9 

Amino acids 16-34 of Rad9 

Amino acids 19-37 of Rad9 

Amino acids 22-40 of Rad9 

Amino acids 25-43 of Rad9 

Amino acids 28-46 of Rad9 

Amino acids 31-49 of Rad9 

Amino acids 34-52 of Rad9 

Amino acids 37-55 of Rad9 

Amino acids 40-58 of Rad9 

Amino acids 43-61 of Rad9 

Amino acids 46-64 of Rad9 

Amino acids 49-67 of Rad9 

Amino acids 52-70 of Rad9 

Amino acids 55-73 of Rad9 

Amino acids 58-76 of Rad9 

Amino acids 61-79 of Rad9 

Amino acids 64-82 of Rad9 

Amino acids 67-85 of Rad9 

Amino acids 70-88 of Rad9 

Amino acids 73-91 of Rad9 

Amino acids 76-94 of Rad9 

Amino acids 79-97 of Rad9 
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A29 

A30 

B1 

B2 

B3 

B4 

B5 

B6 

B7 

B8 

B9 

B10 

B11 

B12 

B13 

B14 

B15 

B16 

B17 

B18 

B19 

B20 

B21 

B22 

B23 

B24 

B25 

B26 

B27 

B28 

E-S-P-R-H-D-D-E-L-N-I-E-V-G-D-N-D-R-P  

R-H-D-D-E-L-N-I-E-V-G-D-N-D-R-P-N-A-N  

D-E-L-N-I-E-V-G-D-N-D-R-P-N-A-N-I-L-H  

N-I-E-V-G-D-N-D-R-P-N-A-N-I-L-H-N-E-R  

V-G-D-N-D-R-P-N-A-N-I-L-H-N-E-R-T-P-D  

N-D-R-P-N-A-N-I-L-H-N-E-R-T-P-D-L-D-R  

P-N-A-N-I-L-H-N-E-R-T-P-D-L-D-R-I-A-N  

N-I-L-H-N-E-R-T-P-D-L-D-R-I-A-N-F-F-K  

H-N-E-R-T-P-D-L-D-R-I-A-N-F-F-K-S-N-R  

R-T-P-D-L-D-R-I-A-N-F-F-K-S-N-R-T-P-G  

D-L-D-R-I-A-N-F-F-K-S-N-R-T-P-G-K-E-N  

R-I-A-N-F-F-K-S-N-R-T-P-G-K-E-N-L-L-T  

N-F-F-K-S-N-R-T-P-G-K-E-N-L-L-T-K-Y-Q  

K-S-N-R-T-P-G-K-E-N-L-L-T-K-Y-Q-S-S-D  

R-T-P-G-K-E-N-L-L-T-K-Y-Q-S-S-D-L-E-D  

G-K-E-N-L-L-T-K-Y-Q-S-S-D-L-E-D-T-P-L  

N-L-L-T-K-Y-Q-S-S-D-L-E-D-T-P-L-M-L-R  

T-K-Y-Q-S-S-D-L-E-D-T-P-L-M-L-R-K-K-M  

Q-S-S-D-L-E-D-T-P-L-M-L-R-K-K-M-T-F-Q  

D-L-E-D-T-P-L-M-L-R-K-K-M-T-F-Q-T-P-T  

D-T-P-L-M-L-R-K-K-M-T-F-Q-T-P-T-D-P-L  

L-M-L-R-K-K-M-T-F-Q-T-P-T-D-P-L-E-Q-K  

R-K-K-M-T-F-Q-T-P-T-D-P-L-E-Q-K-T-F-K  

M-T-F-Q-T-P-T-D-P-L-E-Q-K-T-F-K-K-L-K  

Q-T-P-T-D-P-L-E-Q-K-T-F-K-K-L-K-S-D-T  

T-D-P-L-E-Q-K-T-F-K-K-L-K-S-D-T-G-F-C  

L-E-Q-K-T-F-K-K-L-K-S-D-T-G-F-C-Y-Y-G  

K-T-F-K-K-L-K-S-D-T-G-F-C-Y-Y-G-E-Q-N  

K-K-L-K-S-D-T-G-F-C-Y-Y-G-E-Q-N-D-G-E  

K-S-D-T-G-F-C-Y-Y-G-E-Q-N-D-G-E-E-N-A  

Amino acids 82-100 of Rad9 

Amino acids 85-103 of Rad9 

Amino acids 88-106 of Rad9 

Amino acids 91-109 of Rad9 

Amino acids 94-112 of Rad9 

Amino acids 97-115 of Rad9 

Amino acids 100-118 of Rad9 

Amino acids 103-121 of Rad9 

Amino acids 106-124 of Rad9 

Amino acids 109-127 of Rad9 

Amino acids 112-130 of Rad9 

Amino acids 115-133 of Rad9 

Amino acids 118-136 of Rad9 

Amino acids 121-139 of Rad9 

Amino acids 124-142 of Rad9 

Amino acids 127-145 of Rad9 

Amino acids 130-148 of Rad9 

Amino acids 133-151 of Rad9 

Amino acids 136-154 of Rad9 

Amino acids 139-157 of Rad9 

Amino acids 142-160 of Rad9 

Amino acids 145-163 of Rad9 

Amino acids 148-166 of Rad9 

Amino acids 151-169 of Rad9 

Amino acids 154-172 of Rad9 

Amino acids 157-175 of Rad9 

Amino acids 160-178 of Rad9 

Amino acids 163-181 of Rad9 

Amino acids 166-184 of Rad9 

Amino acids 169-187 of Rad9 
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B29 

B30 

C1 

C2 

C3 

C4 

C5 

C6 

C7 

C8 

C9 

C10 

C11 

C12 

C13 

C14 

C15 

C16 

C17 

C18 

C19 

C20 

C21 

C22 

C23 

 

 

 

D1 

D2 

T-G-F-C-Y-Y-G-E-Q-N-D-G-E-E-N-A-S-L-E  

C-Y-Y-G-E-Q-N-D-G-E-E-N-A-S-L-E-V-T-E  

G-E-Q-N-D-G-E-E-N-A-S-L-E-V-T-E-A-D-A  

N-D-G-E-E-N-A-S-L-E-V-T-E-A-D-A-T-F-V  

E-E-N-A-S-L-E-V-T-E-A-D-A-T-F-V-Q-M-A  

A-S-L-E-V-T-E-A-D-A-T-F-V-Q-M-A-E-R-S  

E-V-T-E-A-D-A-T-F-V-Q-M-A-E-R-S-A-D-N  

E-A-D-A-T-F-V-Q-M-A-E-R-S-A-D-N-Y-D-C  

A-T-F-V-Q-M-A-E-R-S-A-D-N-Y-D-C-A-L-E  

V-Q-M-A-E-R-S-A-D-N-Y-D-C-A-L-E-G-I-V  

A-E-R-S-A-D-N-Y-D-C-A-L-E-G-I-V-T-P-K  

S-A-D-N-Y-D-C-A-L-E-G-I-V-T-P-K-R-Y-K  

N-Y-D-C-A-L-E-G-I-V-T-P-K-R-Y-K-D-E-L  

C-A-L-E-G-I-V-T-P-K-R-Y-K-D-E-L-S-K-S  

E-G-I-V-T-P-K-R-Y-K-D-E-L-S-K-S-G-G-M  

V-T-P-K-R-Y-K-D-E-L-S-K-S-G-G-M-Q-D-E  

K-R-Y-K-D-E-L-S-K-S-G-G-M-Q-D-E-R-V-Q  

K-D-E-L-S-K-S-G-G-M-Q-D-E-R-V-Q-K-T-Q  

L-S-K-S-G-G-M-Q-D-E-R-V-Q-K-T-Q-I-M-I  

S-G-G-M-Q-D-E-R-V-Q-K-T-Q-I-M-I-S-A-E  

M-Q-D-E-R-V-Q-K-T-Q-I-M-I-S-A-E-S-P-N  

E-R-V-Q-K-T-Q-I-M-I-S-A-E-S-P-N-S-I-S  

Q-K-T-Q-I-M-I-S-A-E-S-P-N-S-I-S-S-Y-D  

Q-I-M-I-S-A-E-S-P-N-S-I-S-S-Y-D-K-N-K  

I-M-I-S-A-E-S-P-N-S-I-S-S-Y-D-K-N-K-I  

 

Control peptides 

 

G-G-A-T-P-K-K-S-A-K-K-T-P-K-K-A-K-K-P  

K-K-S-A-K-K-T-P-K-K-A-K-K-P-A-A-A-T-V  

Amino acids 172-190 of Rad9 

Amino acids 175-193 of Rad9 

Amino acids 178-196 of Rad9 

Amino acids 181-199 of Rad9 

Amino acids 184-202 of Rad9 

Amino acids 187-205 of Rad9 

Amino acids 190-208 of Rad9 

Amino acids 193-211 of Rad9 

Amino acids 196-214 of Rad9 

Amino acids 199-217 of Rad9 

Amino acids 202-220 of Rad9 

Amino acids 205-223 of Rad9 

Amino acids 208-226 of Rad9 

Amino acids 211-229 of Rad9 

Amino acids 214-232 of Rad9 

Amino acids 217-235 of Rad9 

Amino acids 220-238 of Rad9 

Amino acids 223-241 of Rad9 

Amino acids 226-244 of Rad9 

Amino acids 229-247 of Rad9 

Amino acids 232-250 of Rad9 

Amino acids 235-253 of Rad9 

Amino acids 238-256 of Rad9 

Amino acids 241-259 of Rad9 

Amino acids 242-260 of Rad9 

 

 

 

hH1.2  

hH1.2  
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D3 

D4 

D5 

D6 

D7 

D8 

D9 

D10 

D11 

D12 

D13 

D14 

D15 

D16 

D17 

D18 

D19 

D20 

Y-P-A-K-L-R-I-P-E-T-P-V-K-K-S-P-L-V-E  

H-D-E-V-V-E-I-G-P-T-P-Q-V-Y-G-K-A-I-S  

A-I-S-I-F-D-M-N-L-S-P-I-K-P-I-Y-M-T-F  

F-D-N-L-R-N-R-S-K-S-P-P-G-F-G-R-L-D-F  

T-P-S-P-K-K-N-K-R-S-P-V-K-N-G-G-R-F-T  

E-F-L-K-P-P-M-R-I-S-P-N-K-T-D-G-M-K-H  

H-I-T-N-I-I-F-P-T-S-P-T-K-L-T-F-S-N-E  

 (space) 

R-R-R-E-E-E-T-E-E-E-E-E-E  

S-S-T-S-V-T-P-D-V-S-D-N-E-P-D-H-Y-R-Y  

Y-S-K-W-D-K-I-E-L-S-D-D-S-D-V-E-V-H-P  

S-G-R-G-K-G-G-K-G-L-G-K-G-G-A-K-R-H-R  

G-K-M-V-V-T-G-A-K-S-E-D-D-S-K-L-A-S-R  

 (space) 

L-D-T-S-S-S-S-A-P-P-S-E-A-S-E-P-L-R-I  

E-H-S-L-M-I-T-E-T-S-S-P-F-R-S-I-F-S-H  

R-D-L-P-P-F-E-D-E-S-E-G-L-L-G-T-E-G-P  

R-R-T-D-A-L-T-S-S-P-G-R-D-L-P-P-F-E-D  

ySwe1-T196  

ySld2-T84  

ySld2-S100  

ySae2-S267 

yOrc6-S116S123  

yFin1-S54  

yFin1-S117 

 

Classical CK2 site 

hPTEN CK2site 

yCdc37-S14 

yhistoneH4-S1 

yTBP-S128 

 

yMcm4 5S2S 

yMer2 S29S30 

hMcm2S53 

hMcm2 S40_41 

 

Table S4. 2. Sequences of peptides used in array. Peptide arrays of immobilized overlapping 19-mer 
peptides, each shifted to the right by 3 amino acids encompassing the entire Rad9 sequence were 
generated. The array started with amino acids 2-20 (A1) (i.e. without starting Methionine). Control 
peptides containing target sites for Cdc28 (D1 to D9), CK2 (D11 to D15) and Cdc7 kinases (D17 to D20) 
were also used. 
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Primer name Sequence (5’-3’) 
1A GFP_BamHI GGTCGACGGATCCCCGGGTTAATTAAC 
1B GFP-FLAG Rev GTCGTCGTCGTCCTTGTAATCGCCAGC 

GGCGCTGCCGTGTTTGTATAGTTCATC 
CATGCCATGTG 

2A GFP-FLAG_FW GATTACAAGGACGACGACGACAAGAGC 
GCTGCCTCTGGCTAGGGCGCGCCACTTCTAAATAAGC 

2B EcoRI_Pfa6aR CGATGAATTCGAGCTCGTTTAAACTG 
Rad9_PML_FW GAGGACACTGGTTTTCACGATGATATTACGGACAAT 

GATATATACAACACTATTTCTGAGGTTAGACGGATC 
CCCGGGTTAATTAA 

Rad9_PML_Rev CTAAATTTTTTTTTATTTAATCGTCCCTTTCTATCAA 
TTATGAGTTTATATATTTTTATAATTGAATTCGAGC 
TCGTTTAAAC 

Rad9seq12 GGTAAATCTCAGATGAAGC 
GFP 3’ TTGTATAGTTCATCCATGCC 
Table S4. 3. Primers used for Rad9-GFP-FLAG strain construction and screening 



  156 

Conclusions and future perspectives 
 

The aim of this work was to define the function of ZC3H11A in the DNA damage 

response. As this protein interacts with and is a substrate of ATM (Matsuoka et al., 

2007), we chose to specifically focus on its potential role in the ATM-dependent 

response to IR-induced DNA DSBs. Using siRNA, we found that depletion of 

ZC3H11A resulted in impaired ATM recruitment and autophosphorylation following 

IR. Next, we assayed the role of ZC3H11A in the ATM-dependent processes of 

checkpoint activation and repair of IR-induced breaks. ZC3H11A-depletion led to 

impaired cell survival after IR and delayed DNA repair kinetics as suggested by 

COMET assays and persistence of the DNA damage marker, γH2AX. ZC3H11A, on the 

other hand, was not required for G2/M checkpoint activation, suggesting that it is 

involved in some, but not all ATM functions. HR and NHEJ are the primary ATM-

dependent pathways for the repair of IR-induced breaks. To determine which of these 

pathways required ZC3H11A, we utilised siRNA knockdown of ZC3H11A in HR and 

NHEJ-specific GFP-reporter cell lines (Pierce et al., 1999; Ogiwara et al., 2011). Using 

this approach, we found that ZC3H11A was required for HR but not NHEJ. We 

confirmed this by assessing RAD51 and BRCA1 IRIF recruitment and cell survival in 

the presence of the PARP inhibitor, Olaparib. In agreement with the role of ZC3H11A 

in HR and not in NHEJ, 53BP1 was recruited as normal in ZC3H11A knockdown cells, 

while BRCA1 recruitment was impaired. In addition, RAD51 expression was shown to 

be reduced in the absence of ZC3H11A, suggesting that it is involved in promoting HR 

at two key steps; the initial recruitment of BRCA1 to DSBs and the increase in RAD51 

expression in response to IR. Finally, we observed significant localisation of ZC3H11A 

to heterochromatic regions of the DNA. This led us to investigate the role of ZC3H11A 

in the recruitment of HR-specific repair factors to heterochromatin. To do this, we 

assessed chromatin relaxation after IR by measuring H3K9me3 signal diffusion. Our 

results indicate that ZC3H11A is required for the early relaxation of heterochromatin 

that normally allows access to the repair machinery. The fact that KAP1 

phosphorylation was unimpaired in ZC3H11A depleted cells suggests that ZC3H11A is 

involved in heterochromatin relaxation at a point in the pathway downstream of KAP1. 

This is further supported by the persistence of KAP1 phosphorylation observed by 

western blot, suggesting that KAP1-dependent repair is delayed. 
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DNA repair in heterochromatin is primarily carried out by the BRCA1-dependent HR 

pathway (Lee et al., 2013). KAP1 phosphorylation by ATM is required for this 

relaxation and this process appears to be regulated by HP1. HP1 is also required for the 

assembly of KAP1 into nuclear foci (White et al., 2011). The mechanism for KAP1-

dependent chromatin relaxation is not yet fully understood. In the absence of DNA 

damage, KAP1 promotes the compaction of DNA into heterochromatin by acting as a 

platform for the recruitment of SETDB1 and the NuRD complex which promote 

H3K9me3 and histone deacetyation (Iyengar et al., 2011). It is likely, therefore that 

ATM phosphorylation of KAP1 following DNA damage abolishes the interaction 

between KAP1 and SETDB1/NuRD. To fully understand ZC3H11A function at 

heterochromatin, it would be essential to determine whether it interacts with KAP1. 

Additionally, examining KAP1 downstream activity such as SETDB1/NuRD binding 

would allow us to determine conclusively whether ZC3H11A is involved in the KAP1-

dependent heterochromatin relaxation pathway. 

Another effect of ZC3H11A depletion was the reduced expression of RAD51. It is 

possible that ZC3H11A also plays a role in the transcriptional control of DDR factors. 

This would tie in with its recently identified role in mRNA export. To determine if this 

is the case, we would like to assess the ability of ZC3H11A to bind to the RAD51 

mRNA. The likelihood that ZC3H11A controls the expression of other DDR factors 

could also be assessed using RIPseq to determine RNA interactors. It is also possible 

that the observed effect on RAD51 expression is due to the silencing effect of chromatin 

compaction. Perhaps ZC3H11A is also involved in the decondensation of chromatin 

around IR-inducible genes. 

As determined from chapter 3, ZC3H11A is a highly phosphorylated protein. One site 

(S108) is known to be targeted by ATM after IR (Matsuoka et al., 2007). However, we 

have identified several other PIKK consensus sites within the ZC3H11A protein 

sequence. To fully understand the relationship between ATM and ZC3H11A we would 

like to perform site-directed mutagenesis on these sites. This would allow us to identify 

the sites responsible for ZC3H11A DDR functions. To do this, we will generate an 

siRNA-resistant cDNA of ZC3H11A. This cDNA will then be used as the template for 

site directed mutagenesis of key residues and regions. Co-transfection of the mutated 

siRNA resistant cDNA with the ZC3H11A siRNA will allow us to study the mutant 

ZC3H11A in the absence of the endogenous form and determine if it can rescue the 

phenotypes observed in the ZC3H11A knockdown. Using bioinformatic analysis, we 



  158 

also found a highly structured and heavily phosphorylated region at the C-terminus of 

ZC3H11A. Mutation of this region would allow us to determine if it is required for 

ZC3H11A function.  

Zinc finger motifs are often required for DNA-protein interactions. We therefore 

hypothesise that ZC3H11A is tethered to the heterochromatin via its zinc finger 

domains. To confirm this theory, we would need to disrupt the zinc fingers by 

introducing point mutations at the key cysteine and histidine residues within the zinc 

finger backbone. Co-localisation of the ZC3H11A zinc finger mutant with H3K9me3 

will allow us to determine if it is still capable of binding heterochromatin. Similarly, to 

assess whether zinc ion binding is required for the ZC3H11A-chromatin and ZC3H11A-

ATM interactions, immunoprecipitations should be carried out in the presence of a zinc-

chelating agent such as EDTA as per (Reed et al., 1998). 

Work on the study of Rad9 phosphorylation was halted to focus on ZC3H11A. 

However, several interesting observations were made and could prove useful for future 

studies. Using ETD mass spectrometry, we identified 24 novel phosphorylation sites on 

the already heavily phosphorylated Rad9. Six of these sites contain the CDK consensus 

motif and we showed that two of these, (T125 and T143) are phosphorylated by the 

yeast CDK, Cdc28. Several sites were found to be phosphorylated only in G2 phase, 

while others were shown to be more abundant in G2, suggesting a model where Rad9 

becomes increasingly phosphorylated as the cell cycle progresses. However, three sites 

were found to be more abundant in G1 cells.  

When we dissected the role of the CDK consensus sites within the CAD region of Rad9, 

we found that the newly identified sites, T125 and T143 were required for the Rad9-

Chk1 interaction. Interestingly, the optimal conformation for the Rad9-Chk1 interaction 

appears to involve phosphorylation on T143 in the absence of phosphorylation on T125. 

When T125 is phosphorylated together with T143, the interaction is somewhat 

diminished, suggesting that T143 has an inhibitory effect on the Rad9-Chk1 interaction. 

To further dissect the roles of these residues in the Rad9-Chk1 interaction would require 

the effect of phosphorylation of these residues in the presence of IR. To do this, we 

would generate phospho-mimetic and alanine mutants for these sites in budding yeast 

and assess their ability to interact with Chk1 and trigger checkpoint activation in vivo.  

Several other potentially interesting sites were also identified in this screen. One 

example is the S494 residue, which is more abundant in G1 cells. This site has not yet 
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been characterised but our data suggests that it plays a role in G1-specific Rad9 

functions such as G1 checkpoint activation or NHEJ. Another interesting site was found 

in the tandem BRCT domain of Rad9. This region is required for Rad9 dimerisation in 

response to IR. As our study was carried out in unirradiated cells and other screens of 

IR-induced phosphorylation sites did not identify this residue, this raises the possibility 

that S1138 is required for the prevention of Rad9 dimerisation in the absence of DNA 

damage. Mutation of these sites, as well as the G2-specific residues we identified would 

allow us to further understand the complex regulaton of Rad9 function. 
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