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Abstract 

 

The integrity of our genome is very important therefore, our cells have developed efficient DNA 

repair mechanisms to control this integrity and avoid mutations. Although the DNA double 

strand break response pathway is well known, there are still many aspects of this pathway that 

required further characterisation. The ATM protein is a major player in the DNA Damage 

Response (DDR). Through a proteomic screen of ATM three C3H1-type zinc finger proteins 

ZC3H8, ZC3H11A and ZC3H14 were identified as new ATM interacting partners. These 

proteins had been implicated in several aspects of RNA biogenesis but nothing has been reported 

about their implication in the DDR. We found these three zinc finger proteins being chromatin 

bound proteins and forming foci within the nucleus, with ZC3H14 co-localising with Nuclear 

Speckles (SC35). Depletion of ZC3H11A and ZC3H14 induces spontaneous damage, which 

results in block of the replication fork since accumulation of BrdU foci and pRPA2 (S4/S8) foci 

is visible upon ZC3H11A and ZC3H14 knock down. R-loop resolution is also affected when 

ZC3H11A and ZC3H14 are depleted suggesting that their role in RNA biogenesis might be 

important to avoid transcription/replication collision. Human cells are sensitive to IR, ICRF-193, 

but not to Olaparib, when ZC3H14 is depleted. Depletion of ZC3H14 also leads to persistent 

γH2AX foci and pATM S1981 foci confirming a role for this protein in DSBs repair. ZC3H14 

is involved in the NHEJ, but not in the HR, repair pathway. The recruitment to site of DNA 

double strand breaks for 53BP1, BRCA1, FK2, RNF168 and RNF8, but not MDC1, is affected 

upon ZC3H14 depletion suggesting that ZC3H14 is required for DSBs repair pathway choice. 

ZC3H14 interacts with MDC1 and its depletion increases the total MDC1 protein levels, before 

and after damage, with the MDC1 lower band being more abundant than the upper band. 

Surprisingly, depletion of ZC3H14 does not affect the MDC1-RNF8 interaction. 
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1.1 The DNA damage response 

 

Our cells face the daily threat of the DNA damage. This damage can bring a change in our 

genome sequence or in the DNA structure. In both cases, if it is not properly repair, this can lead 

the cells to tumorigenesis (Ciccia et al., 2010). Our DNA has limited chemical stability therefore, 

the spontaneous decay of our DNA is the major factor in mutagenesis, carcinogenesis and ageing 

(Lindahl, 1993). All biological macromolecules can decompose. For instance, nucleic acids can 

undergo spontaneous decomposition when in solution with the RNA being more vulnerable due 

to the presence of a 2’ hydroxyl group of ribose (Lindahl, 1993). Because of the presence of 

water in our cells the DNA hydrolysis represents a major threat. The DNA hydrolysis leads to a 

base loss, which produces instability in the DNA chain. Fortunately, the AP endonuclease 

initiates the DNA repair process by introducing a DNA strand break at the 5’ side of the free-

base site (Lindahl, 1993). The gap is subsequently filled in by a DNA polymerase followed by a 

DNA ligase. The presence of oxygen in our cells can represents another major threat. The two 

major types of spontaneous premutagenic events in living cells are the hydrolytic deamination 

of a cytosine to uracil in the DNA, and oxidation of a guanine to 8 hydroxyguanine. The oxidative 

stress in our cells, generated by oxidation of the DNA, can be released by a specific DNA 

glycosylase (Lindahl, 1993). The uracil-DNA glycosylase removes the uracil and the lesion in 

the DNA is repaired by the AP endonuclease followed by the DNA polymerase and the DNA 

ligase. Another source of spontaneous damage is the presence of S-adenosylmethionine (Lindahl, 

1993). A nonenzymatic methylation on guanines or adenines with formation of the 7-

methylguanine and 3-methyladenine are the major DNA lesions. The 3-methyladenine is a 

cytotoxic lesion that leads to a block in replication. This type of lesion can be promptly repaired 

by a 3-methyladenine-DNA glycosylase, which excises the altered base. On the other hand, the 

7-methylguanine is poorly repaired and so it rapidly accumulates in the DNA of mammalian 

cells (Lindahl, 1993). Damage on our DNA can come from endogenous sources or it can also 
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come from an external source. For instance, the exposure to ultraviolet light (UV) or any other 

type of radiation can generate a break on the DNA structure (Lorraine et al., 2011). In addition 

to DNA repair mechanisms cells are able to delay the cell cycle, when crossing a checkpoint, to 

allow the DNA repair before a major cell cycle transition (Ciccia et al., 2010). 

 

1.1.1 Single strand break signalling 

 

Although single strand break (SSB) occurs frequently in the cells the response to such damage 

and how it is repaired is not well understood. A critical and very early event in the SSBs repair 

pathway is the activation of the poly (ADP-ribose) polymerases (PARPs). These are enzymes 

that can modify themselves and other factors by attachment of mono and poly ADP-ribose 

molecules (Caldecott, 2014). Subsequently the X-ray repair cross complementing protein 1 

(XRCC1) is recruited by direct binding to PARP through its phosphate-binding pocket, a region 

which is localised in the BRCT domain of XRCC1 (Breslin et al., 2015). The accumulation of 

XRCC1 at DNA damage induced by UV is also mediated by the phosphate-binding pocket 

(Breslin et al., 2015). The XRCC1 recruitment together with the PARylation of histones serves 

to transduce the signal to the downstream DDRs mediators and effectors required for efficient 

SSB repair. 

 

When SSBs occur during genome replication and they are not repaired rapidly they can be 

converted to double strand breaks (DSBs). In this case the replication will stop in order to repair 

the damage. When damage occurs the very early step is PARylation, which occurs in the first 

few minutes after the actual break (Ciccia and Elledge, 2010); subsequently the recruitment of 

one of the three main phosphatidylinositol 3-kinases (PIKKs): Ataxia-telangiectasia Mutated 

(ATM), ATM and Rad3-related (ATR), and DNA-dependent protein kinase (DNA-PK) is crucial 



17 
 

to sense the damage and to induce the downstream signalling so that the cells can go through 

different biological responses. The double strand breaks (DSBs) activates both ATM and 

DNAPK, while ATR can be activated by many types of DNA damage that when processed result 

in single-stranded DNA (ssDNA) (Cimprich et al., 2009). ATR is mainly active during the S-

phase progression in response to DNA damage and replication fork stalling (Shechter et al., 

2004). The single strand of DNA is coated by the replication protein A (RPA) (Figure 1.1). RPA 

bound to ssDNA will then trigger the recruitment of the ATR interacting protein (ATRIP) and 

ATR itself. The recruitment of RPA is necessary for the localisation of the ATR-ATRIP complex 

to the single strand of DNA (Byun et al., 2005). While the ATR-ATRIP complex is localised to 

the single strand of DNA the Rad9-Rad1-Hus1 (9-1-1) complex is independently recruited to the 

junction between ssDNA and dsDNA. The 9-1-1 complex will then trigger the recruitment of 

TOPBP1, which activates ATR-ATRIP activator (Lee et al., 2007). In Xenopus the N-terminal 

region of TOPBP1, containing the BRCT repeats I and II, binds the 9-1-1 complex by 

specifically interacting with Rad9. This region is also necessary for the TOPBP1 interaction with 

the ATR-ATRIP complex. Once it is bound to the ATR-ATRIP complex, in vitro, TOPBP1 

activates ATR via its ATR activation domain (AAD) (Kumagai et al., 2006). Although the 

mechanism through which TOPBP1 activates ATR is still unclear it seems that ATRIP interacts 

with TOPBP1 through a region that is necessary for the association of TOPBP1 and ATR and 

the subsequent ATR activation (Mordes et al., 2008). ATR activation is also mediated by the 

Ewing tumor-associated antigen 1 (ETAA1) factor (Lee et al., 2016). ETAA1 specifically 

interacts with RPA upon DNA replication stress and activates ATR via a conserved ATR-

activating domain (AAD) located at its N-terminus. 

 

Once activated ATR can phosphorylate and activate other factors to initiate the single strand 

DNA signalling cascade. It is known that the main ATR substrate is CHK1 (Liu et al., 2000). 
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CHK1 is phosphorylated on the Serine 345 upon damage. It has been shown that this 

phosphorylation is dependent on ATR and it is mediated by Claspin, which is found at the 

replication fork and brings ATR and CHK1 together (Kumagai et al., 2000). In both fission yeast 

and human cells CHK1 activation will result in a checkpoint arrest (Furnari et al., 1997; Sanchez 

et al., 1997). CHK1 binds and phosphorylates in vitro three CDC25 phosphatases CDC25A, 

CDC25B and CDC25C, which control the cell cycle transition by de-phosphorylating the cyclin-

dependent kinases (CDK) necessary for cell cycle progression. 
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Figure 1.1: Single strand DNA signalling. RPA binds the single strand of DNA. The 9-1-1 complex is 

recruited to the junction between ssDNA and dsDNA. The recruitment of ETAA1 is then triggered by its 

interaction with RPA2. Subsequently the ATR-ATRIP complex is loaded on ssDNA due to the interaction 

between ATRP and RPA2. Simultaneously, TOPBP1 loaded on ssDNA and it interacts with the 9-1-1 

complex. ETAA1 together with TOPBP1 will activate ATR, which will then phosphorylate CHK1 on the 

Serine 345. CHK1 will then transduce the signal by phosphorylating the CDC25 phosphatases which will 

cause a cell cycle arrest due to the inhibition of the cyclin-dependent kinases CDKs. 
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1.1.2 Double strand break signalling 

 

DNA double strand breaks (DSB) are more dangerous lesions that can be repaired by two major 

pathways: homologous recombination (HR) and non homologous end-joining recombination 

(NHEJ). In addition to the HR and NHEJ repair pathway, alternative-NHEJ (alt-NHEJ) and 

single-strand annealing (SSA) are also responsible for DSBs repair. The pathway choice is 

determined by the extent of the DNA end processing (Ciccia and Elledge, 2010). 

 

A crucial event necessary to sense the DSB is the phosphorylation of the histone variant H2AX 

on the Serine 139 (Rogakou et al., 1998). The H2AX phosphorylation on the Serine 139 spreads 

a few mega-bases from the break and it is dependent on ATM and MDC1 recruitment to the 

breaks (Figure 1.2). DSBs are sensed by the MRE11-RAD50-NBS1 complex (MRN complex) 

which localises to both sides of the break (Goldberg et al., 2003; Lukas et al., 2004). MDC1 

interacts with NBS1 through its N-terminus enriched Ser-Asp-Thr (SDTD) repeats (Melander et 

al., 2008) (Figure 1.3). This region of MDC1 is constitutively phosphorylated by casein kinase 

2 (CK2) and it is necessary for the interaction between MDC1 and NBS1 and also for the 

subsequent enrichment of NBS1 into foci (Spycher et al., 2008). MDC1 also presents an TQXF 

cluster domain at its N-terminus, which is phosphorylated by ATM. Consistent with this Ataxia 

telangiectasia (AT) cells show a reduction in MDC1 phosphorylation (Stewart et al., 2003). This 

ATM-dependent phosphorylation of MDC1 is crucial for the recruitment of the E3 ubiquitin 

ligase RNF8 (Kolas et al., 2007). RNF8 interacts with the phosphorylated N-terminus of MDC1 

via its forkhead-associated (FHA) domain. RNF8 is found at site of damage together with the E2 

ubiquitin-conjugating enzyme UBC13, which specifically generates K63-ubiquitin chains 

(Hofmann et al., 1999). RNF8 and UBC13, but not RNF168, ubiquitinate the histone linker type 

1 (Thorslund et al., 2015) but can also ubiquitinate the histone variants H2A and H2AX (Mailand 
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et al., 2007). The E3-ligase RNF168 will subsequently be recruited to the site of damage by 

binding the RNF8-mediated K63 ubiquitin chains via its UDM1 module (Panier et al., 2012). 

However, the precise ubiquitination events are still to be determined. Initially, it was proposed 

that RNF8 firstly ubiquitinates H2A, while RNF168 will amplify this signal (Mailand et al., 

2007). Later, it has been shown that RNF168 binds RNF8-dependent ubiquitylated histone 

H2AX, it mono-ubiquitinates H2AX on Lys13/15, as well as amplifying the K63 ubiquitination 

on H2A. This poly-ubiquitination of H2A on Lys63 is necessary for the retention of 53BP1 and 

BRCA1 at ionising radiation induced DSBs (Doil et al., 2009; Mattiroli et al., 2012). It seems 

that these two E3 ligases cross-talk in the DDR in order to transduce the signal to the subsequent 

effectors.  
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Figure 1.2: Double strand break signalling. i) Double strand break is induced by IR ii) The MRN 

complex is recruited at the break sites. iii) ATM binds the MRN complex and gets activated by its 

autophosphorylation on S1981. MDC1 binds ATM on the S1981 via its FHA domain. MDC1 is also 

recruited via its interaction with the MRN complex and its interaction with phosphorylated γH2AX via 

its BRCT domains. iv) MDC1 is phosphorylated by ATM and RNF8 is recruited to the break via its 

interaction with phosphorylated MDC1 through the FHA domain. v) RNF8, together with UBC13 will 

initiate the K63 ubiquitination of the histones H1. RNF168 will bind the RNF8 Lys63-mediated 

ubiquitination chains in order to amplify this ubiquitination event and trigger the recruitment of 53BP1 

and BRCA1. 
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Figure 1.3: Schematic of human MDC1. MDC1 presents a FHA domain necessary for its interaction 

with phosphorylated ATM; SDTD and TQXF repeats phosphorylated by CK2 and ATM respectively, a 

PST rich domain and two BRCT domains necessary for its interaction with γH2AX. 

 

1.1.3 DNA damage mediators  

 

In the DNA damage response ATM, ATR and DNAPK are among the first DDR proteins 

recruited to the ssDNA and DSBs. They have roles in sensing breaks and transducing this 

information to downstream mediators and effectors, which will effect the different context 

specific biological responses to breaks in DNA (Marechal et al., 2017). 

 

The MDC1 activation triggers the recruitment of the two E3 ubiquitin ligases, RNF8 and 

RNF168, which will ubiquitinate the histone H1 and H2AX via Lys63 dependent linkages; 

another necessary event for the recruitment of BRCA1 and 53BP1 (Kolas et al., 2007; Mailand 

et al., 2007; Doil et al., 2009). BRCA1 is an E3 ubiquitin ligase, which forms a heterodimer with 

the BRCA1-associated RING protein 1 (BARD1) (Wu et al., 1996). BRCA1 is an important 

tumor suppressor that binds the Abraxas protein, through its BRCT domains (Wang et al., 2007), 

Abraxas will then recruit the ubiquitin-interacting motif (UIM)-containing protein RAP80 to 

BRCA1 and together they will facilitate the recruitment of this last two on DNA damage sites 

through recognition of ubiquitinated proteins. Cells depleted for Abraxas or RAP80 show defect 

in HR repair although this defect is less severe than the defect in BRCA1-depleted cells, which 
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suggests that Abraxas or RAP80 mediates a subset of BRCA1 functions (Wang et al., 2007). 

Once BRCA1 is recruited to the break it binds and ubiquitinates CtIP, (Barber et al., 2006; 

Nakamura et al., 2010, Roy et al., 2012) to initiate resection. Resection allow subsequent 

recruitment of RPA2 and RAD51. BRCA1 is also required for the RAD51 recruitment the sites 

of DNA damage through its interactions with PALB2 and BRCA2 (Roy et al., 2012). Although 

it seems that resection is initiated by ubiquitinated CtIP (Barber et al., 2006; Nakamura et al., 

2010, Roy et al., 2012) a recent study provide evidence for CtIP to act independently of BRCA1 

(Polato et al., 2014). In mouse B cells deficient for CtIP resection is not affected by the loss of 

the BRCA1-CtIP complex but, it is the CDK-mediated phosphorylation of CtIP on T847 that is 

required to promote resection (Polato et al., 2014). 

 

Effective recruitment of 53BP1 requires three elements of its primary structure: its 

oligomerization domain, its tudor domain, and a short carboxy-terminal extension of the tudor 

domain, termed the ubiquitination-dependent recruitment (UDR) motif. The Tudor domain of 

53BP1 is necessary for its interaction with the Lysine20 of H4 (H4K20me2) whereas the UDR 

is required for interaction with H2A ubiquitinated on Lys 15 (Fradet-Turcotte et al., 2013; Zgheib 

et al., 2009). The oligomerisation domain is also required for the 53BP1 phosphorylation 

necessary for 53BP1 to bind RIF1 and blockage of BRCA1-dependent resection specifically in 

the G1 phase of the cell cycle (Escribano-Diaz et al.,2013). This event, together with the 

recruitment of the Shieldin complex will allow the cells to repair the damage via NHEJ.  

 

Recent studies have identified the Shieldin complex as a four-subunit putative single-stranded 

DNA-binding complex essential for REV7-dependent DNA end-protection and non-

homologous end joining during class-switch recombination (Ghezraoui et al., 2018). The 
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Shieldin complex localises to site of DNA DSB in a 53BP1 and RIF1-dependent manner 

(Noordermeer et al., 2018).  

 

53BP1 also plays an important role in DSB repair pathway choice between HR and NHEJ. Cells 

lacking BRCA1 and 53BP1 are able to repair the damage by using HR (Bunting et al., 2010; 

Zong et al., 2016). This is because a lack of 53BP1-dependent shieldin of DSB ends is permissive 

for extensive BRCA1-independent resection, which will be then repaired by gene conversion 

(GC) and/or single strand annealing (SSA). Due to its interaction with 53BP1 and requirement 

for shieldin recruitment depletion of RIF1 restores the resection and RAD51 loading in BRCA1-

depleted cells (Escribano-Diaz et al.,2013). 

 

1.2 DNA double strand break repair 

 

While GC is RAD51-dependent, SSA is RAD52-dependent. SSA occurs when excessive 

resection exposes homologous repetitive sequences up to several kilobases away from the break. 

Alternative NHEJ (aNHEJ), also termed microhomology mediated end joining (MMEJ) occurs 

in absence of the classical NHEJ factors such as Ku or XRCC4 (Guirouilh-Barbat et al., 2007). 

MMEJ requires limited resection to reveal very short regions of homology, which are annealed 

with the resulting ssDNA tails being to produce small deletion (Yan C.T. et al., 2007). DNA 

polymerase θ (Polθ) promotes MMEJ of DSBs (Black et al., 2019). Importantly, the helicase is 

essential for Polθ MMEJ of long ssDNA overhangs which model resected DSBs (Black et al., 

2019). SSA is mainly initiated by BRCA1, while the NHEJ and the alt-NHEJ are mainly initiated 

by 53BP1 and DNAPK. There is evidence that these main DNA damage repair factors crosstalk 

and inhibit each other in order to lead the cells through one pathway or the other. What exactly 

leads the cells to choose for one repair pathway or the other is not yet well understood (Zong et 
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al., 2016; Bunting et al., 2010). A main factor influencing the pathway choice seems to be the 

DNA end processing (Hartlerode and Scully, 2009). In HR the DNA ends are resected to yield 

3’ single stranded DNA tail with a 3’ hydroxylated (3’OH) end which will then be repaired by 

annealing with the homologous single strand of DNA in case of SSA. In case of NHEJ DNA 

resection is not needed and simple ligation of the broken DNA occurs. 

 

1.2.1 Homologous Recombination (HR) 

 

In the case of homologous recombination once the double strand break has been sensed by MRN 

the localisation of BRCA1 and CtIP will catalyse resection thereby inhibiting NHEJ-dependent 

simple ligation. BRCA1 will activate CtIP by ubiquitination (Yu et al, 2006) and together they 

will initiate the 5’ to 3’ DNA resection, which is then extended by DNA2 and EXO1 (Hoa et al, 

2015; Nakamura et al., 2010). The presence of sister chromatids is essential for repair by HR, 

this is why cells use this repair pathway when they are in S or G2 of the cell cycle (You et al., 

2010). The formation of ssDNA with a 3’ terminus leads to the recruitment of RPA2, which 

protects the ssDNA from degradation (Figure 1.4). RAD51 subsequently is loaded onto the RPA-

ssDNA in a BRCA2-dependent manner and replaces RPA (Wong et al., 1997). At this point a 

search for homology starts involving collision between the RAD51-coated ssDNA and DNA 

duplex as elsewhere in the nucleus. The close proximity of the sister chromatid immediately 

following replication greatly facilitates the homologous search. Once the homology is found the 

resected strand will invade the homologous strand of the DNA duplex by forming a D-loop 

structure (Figure 1.4 A-B). At this point the invaded strand of DNA is used as a template and the 

3’ end revealed by resection will be extended by a DNA polymerase. It is still unclear which 

polymerase is required in HR but a study shows that DNA polymerase η can perform this 

function in vitro (McIlwraith et al., 2006). The HJ is then resolved by different enzymes; it can 
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be resolved by the Bloom’s syndrome protein (BLM) in complex with the topoisomerase IIIa to 

form a non-crossover product (Wu and Hickson 2003) or it can be resolved by the MUS81-

EME1 complex (Chen et al., 2001), which will generate a crossover product (Figure 1.4 B). If 

the 3’ ssDNA goes through extensive resection then RAD52 will coat the single strand of DNA 

by binding the RPA-ssDNA complex (Ma et al., 2017). RAD52 forms a different complex with 

RPA compared to the RAD51 and plays a role in the annealing of complementary ssDNA 

(Shinohara et al., 1998). RAD52 promotes the RAD51-independent recombination through 

single strand annealing (SSA), where a sister chromatid is not required since the homologous 

sequence for the repair is found on the same DNA duplex (Figure 1.4 C). 
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Figure 1.4: HR repair pathway. The double strand break is sensed by the MRN complex which will 

activate the DDR cascade. BRCA1 will be recruited to the damage site, it will ubiquitinate CtIP and 

together they will initiate HR repair by inhibiting the 53BP1/RIF1 recruitment and triggering the 

resection. The 5’ DNA ends resection is performed by the exonucleases DNA2 and EXO1 which generate 

a 3’ resected ssDNA which is coated by RPA2 which protects this from degradation. RAD51 is 

subsequently brought to the single strand of DNA through its interaction with BRCA2. The resected 

strand will then invade the sister chromatid strand where there is a homologous sequence by forming a 

D-loop structure (A-B). A DNA polymerase will extend the resected strand by using the sister chromatid 

as a template. This way we can end up with a non-crossover product (A) or a crossover product (B). If 

there is a hyper-resection with a homology sequence nearby then the HR repair occurs in a RAD51-

independent way also known as single strand annealing or SSA (C). This pathway is dependent on 

RAD52. 
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1.2.2 Non-homologous end joining recombination (NHEJ) 

 

The NHEJ pathway is initiated by the recruitment of the Ku heterodimer complex Ku70/Ku80 

to each end of broken DNA (Figure 1.5). The Ku complex forms a ring-like structure and the 

DNA helix, which is positioned through this ring (Walker et al., 2001). The topological 

principles of DSB recognition and alignment-based end joining are currently unknown. 

However, Ku has no sequence specificity when binding to DNA ends (Walker et al., 2001). 

Subsequently, the Ku heterodimer recruits the DNA-dependent protein kinase catalytic subunit 

(DNA-PKcS). The Ku-DNAPK interaction is essential for the activation of the serine/threonine 

kinase activity of DNA-PK (Gottlieb and Jackson, 1993). Two molecules of DNA-PK are 

brought to both broken DNA ends, one on each side, suggesting that DNA-PK bridges DNA 

ends together to facilitate their repair (De Fazio et al., 2002). The MRN complex also seems to 

play a role in the NHEJ repair pathway. A studie suggest a role for the MRN complex in bridging 

DNA ends together with DNA-PK (Dinkelmann et al., 2009). This role for the MRN complex in 

bridging DNA ends seems to be conferred by RAD50 and its conserved motif (Cys-X-X-Cys), 

which forms a Zn (2+) ion dependent hook (Hopfner et al., 2002). This RAD50 motif is 

functional since if mutated it can lead to IR sensitivity in yeast and disruption of the MRN 

complex. This suggests that this RAD50 conserved motif is necessary for forming metal-

mediated bridging complexes between two DNA ends. 

 

Once DNA-PK is activated it can phosphorylate itself on different residues and it also 

phosphorylates different substrates required in the NHEJ repair cascade (Chan et al., 2002). 

Artemis interacts with DNA-PK, which phosphorylates Artemis (Ma et al., 2002). Free Artemis 

possesses a single strand 5’-3’ exonuclease activity but, once it forms a complex with DNA-PK, 

and gets phosphorylated by DNA-PK, it acquires a 5’-3’ endonucleolytic activity necessary for 
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the 5’ and 3’ overhang processing in NHEJ. The final step in the NHEJ repair pathway is the 

ligation of the DNA ends. This step is carried out by the XRCC4-LIG4 complex. This complex 

is phosphorylated by DNA-PK even though the phosphorylation of XRCC4 and XLF by DNA-

PK is not essential for cell survival or DNA repair (Yu et al., 2003; Yu et al., 2008; Wang et al., 

2004). DNA ligase IV is responsible for the ligation of blunt ends and its activity is stimulated 

by XRCC4 (Grawunder et al., 1998). DNA ligase IV can ligate one DNA strand independently 

from the other one, and ligate across gaps or incompatible DNA ends by generating short 

overhangs (Gu et al., 2007).  
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Figure 1.5: NHEJ repair pathway. When DSB occurs the Ku heterodimer (Ku70/80) is recruited to the 

site of damage. Subsequently two molecules of DNA-PK interact with Ku70/80 and it bridges the DNA 

blunt ends. By interacting with Ku70/80 and the DNA DNA-PK gets activated by autophosphorylation 

and it phosphorylates and recruits Artemis first and then the XRCC4-LIG4 (X4-L4) complex, composed 

of DNA Ligase IV, XRCC4 and XLF, which will ligate the two DNA blunt ends together. 
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1.2.3 The choice between HR and NHEJ 

 

It is still not completely clear how the choice between the HR and the NHEJ is made at DSBs. 

There is evidence for BRCA1 to promote HR by antagonising 53BP1 but it remains unknown 

how BRCA1 function is limited to the S and G2 phases (Nakamura et al., 2019). BRCA1 

recruitment requires recognition of histone H4 unmethylated at lysine 20 (H4K20me0), linking 

DSB repair pathway choice directly to sister chromatid availability (Nakamura et al., 2019).  

 

Resection is a critical step for the HR initiation. CtIP, together with MRE11, initiates the short-

range resection which is then extended by DNA2 and EXO1 (Hoa et al., 2015). Resected DNA 

ends are not a good substrate for the recruitment and binding of Ku, a main player in the NHEJ 

pathway. NHEJ occurs throughout the cell cycle and is the principle DSB repair pathway of cells 

in the G1 phase of the cell cycle, HR primarily occurs when the cells are in the S and G2 stages 

of the cell cycle when sister chromatids are available as a template for repair (Symington and 

Jean Gautier, 2011). HR in G1 would require a homologous chromosome which will be more 

difficult to find then the proximal sister chromatid upon replication. In budding yeast, for 

example, CDK1 is responsible for DSB-induced HR. CDK1 levels are low in G1, which could 

explain why the cells are more prone to repair the break via NHEJ. CDK1 regulates resection, 

and so the HR repair pathway by phosphorylating Sae2, the yeast equivalent of CtIP (Ira G. et 

al., 2004). Inhibition of HR by using an analogue-sensitive CDK1 protein results in an increased 

NHEJ. In Saccharomyces cerevisiae, DSB end resection and checkpoint activation seem to be 

dose-dependent (Zierhut and Diffley, 2008) and more efficient in G2/M then in G1; but the 

highest efficiency of DSB processing is reached at the S stage of the cell cycle at breaks 

encountered by DNA replication fork. Since resection is the important initiating step for HR 

initiation this has to be inhibited in order for the cells to repair via NHEJ repair. 
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HR and resection inhibition is due to the recruitment to site of damage of 53BP1, which recruits 

effector proteins with DNA end protection activity. 53BP1 interacts with REV7, one of the 

subunits of the Shieldin 1 complex. The Shieldin complex is necessary for the REV7-dependent 

DNA-end protection during the NHEJ class-switch recombination (Ghezraoui et al., 2018; 

Noordermeer et al., 2018). The Shieldin complex is recruited to DSBs in a 53BP1-RIF1-

dependent manner, it binds the ssDNA via the FAM35A (SHLD2) subunit and protects the DNA 

from extensive resection (Noordermeer et al., 2018). In G1 cells RIF1 is recruited to site of 

damage by its direct interaction with 53BP1 and it inhibits the HR by recruiting shieldin which 

inhibits the recruitment of BRCA1 and CtIP to the breaks. The depletion of RIF1, on the other 

hand, restores the resection and the recruitment of RAD51 in BRCA1-depleted cells suggesting 

that the resection is a major feature for the initiation of the HR repair pathway and its inhibition 

will activate the NHEJ repair pathway (Escribano-Diaz et al., 2013).  

 

Even if the two DSB repair pathways look like they antagonise each other all the time there is 

some evidence of crosstalk. Loss of 53BP1 reduces the sensitivity to PARP inhibition in 

BRCA1-mutated cells and it promotes DSB repair through HR (Bunting et al., 2010). In BRCA1-

deficient cells, if 53BP1 is silenced or its localisation to DSB is inhibited then the DSB resection 

is converted to hyper-resection which leads the cells to repair the breaks through HR but more 

specifically through SSA which is an alternative error-prone RAD51-independent and RAD52-

dependent HR pathway (Ochs et al., 2016).  

 

1.3 Regulation of the DNA double strand break repair by Ubiquitination and Sumoylation 

 

In presence of a double strand break the DNA around the break goes through distinct chromatin 

modifications. It is well known that one of the most important histone modifications during DNA 
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repair is the phosphorylation of the histone variant H2A on the Serine 139 (Savic et al., 2009; 

Iacovoni et al., 2010). All DSBs trigger this phosphorylation which, is bidirectional and spreads 

up to 1Mb from the site of damage (Iacovoni et al., 2010). The mechanism behind H2AX 

phosphorylation and its spreading is still not completely clear but this event is necessary for the 

recruitment of DDR factors such as MDC1 and the subsequent DSB repair. Histone methylation 

is another important epigenetic modification in the DNA double strand break repair pathway. 

For instance, 53BP1 is recruited to DSBs by direct binding between its Tudor domain, and 

H4K20me2, while its UDR binds specifically to H2A mono-ubiquitylated on Lys13 and Lys15 

(Botuyan et al., 2006). The E3-ubiquitin ligase enzyme RNF8 is responsible for poly-

ubiquitination of H1 and H2A yet to be discovered residues (Thorslund et al., 2015). This 

epigenetic modification is important for the recruitment of a second E3-ubiquitin ligase enzyme, 

RNF168, which binds the poly-ubiquitinated histone H2A and stimulates their further poly-

ubiquitination (Doil et al., 2009). Additionally, RNF168 is responsible for the mono-

ubiquitination of histone H2A on Lys13 and Lys15 required for efficient binding of 53BP1 to 

chromatin in the vicinity of DSB (Mattiroli et al., 2012).  

Sumoylation is another important epigenetic modification in the genome stability (Jackson and 

Durocher 2013). Vertebrate cells possess two types of SUMO proteins: SUMO1 and the highly 

related pair SUMO2 and SUMO3, which appear to be redundant and only  differ from each other 

by three residues at the N-terminus. Interestingly SUMO2/3 only share 50% similarity with 

SUMO1 (Wilkinson and Henley 2012). Many substrates can be modified by SUMO1 and 

SUMO2/3 even though it is not clear how the SUMOylation machinery distinguishes between 

these two and for most of these SUMO substrates the functional differences between SUMO1 

and SUMO2/3 conjugation have yet to be defined. Many proteins are substrates for 

Ubiquitination as well as SUMOylation, often can be the same Lysine residue (Wilkinson and 

Henley 2012). 
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1.3.1 Ubiquitin conjugation machinery 

 

Ubiquitins (Ub) are very small proteins that are conjugated to the amino group of lysines on 

target proteins and recognised in a way that leads to downstream events (Pickart and Eddins 

2004). The ubiquitin can be attached to the target protein as a monomer or form polymers which 

are called polyubiquitin chains. This ubiquitin conjugation occurs on a Lysine residue of the 

target protein. The fate of the specific target depends on the type of ubiquitin modification. For 

example, polyubiquitin chains linked on Lys48 are the main signal for targeting substrates to the 

proteasome (Thrower et al., 2000), while Lys63 polyubiquitination is a signal for initiating the 

DNA repair pathway (Mattiroli et al., 2012). The ubiquitination of histone H2A on Lys11 is 

another important event in the DNA damage response. A recent study suggests that this Lys11 

ubiquitination is responsible for silencing-transcription in the regions either side of DSBs (Atanu 

et al., 2017). 

 

The conjugation of an ubiquitin (Ub) to the target protein requires three enzymes: Ub-activating 

enzymes (E1); Ub-conjugating enzymes or Ubc (E2) and Ub-protein ligases (E3). In general, 

each Ub has a specific E1 enzyme and more than one E2 and E3 enzyme (Dye and Schulman, 

2007). The first step of the Ub conjugation is its own activation which is catalysed by the E1 

enzyme. Firstly, an intermediate product is formed by E1-dependent adenylation of the Ub. This 

intermediate product will then bind the E1 on the cysteine residue to form an E1-Ub thiol-ester. 

This E1-Ub thiol ester product is then transferred from an E1 catalytic cysteine to an E2 catalytic 

cysteine. The E2-Ub thiol-ester product is released and it can be attached to the target protein by 

an E3 ligase enzymes. In the human genome, there are hundreds of E3 ligases genes, which could 

explain the specificity of ubiquitination. E3 ligases can be classified into three big families which 

share a common biochemical property of E2 binding: Homologous to E6AP Carboxy Terminus 
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(HECT), Really Interesting New Gene (RING), and UFD2 homology proteins (U-box) (Pickarta 

and Eddinsb, 2004).  

 

The HECT E3 ligases differ slightly from the RING and the U-box. HECT E3 act like the E6 

associated protein (E6-AP). This E3 ligase, involved in the human papillomavirus E6-induced 

ubiquitination of p53, forms an ubiquitin thiol-ester which is actually an intermediate. In this 

particular case the transfer of the ubiquitin molecule is from E1 to E2, from E2 to E6-AP and 

finally from this to the substrate. In this particular case the Ub conjugation cascade does not stop 

at the E2-Ub product but it goes further with one more intermediate, the E3-Ub (Scheffner et al., 

1995). The first U-box E3 ligase was identified in yeast and it is known as Ufd2. This Ufd2 

ligase is unusual, as it does not have a proper substrate but it polyubiquitinates others E3 ligase 

substrates (Koegl et al., 1999). U-box E3 ligases are often called E4 rather than E3 because they 

present a different kind of E3 ligase activity. On the other hand, E3 ligases that are part of the 

RING family show a RING domain, which consists of a short motif rich in Cysteines and 

Histidines, which includes two zinc atoms. BRCA1 contains a RING domain at its N-terminus. 

Mutations in the BRCA1 RING domain seem to predispose people to breast cancer suggesting 

that the BRCA1 E3 ligase activity is essential for its role as a tumor suppressor (Hashizume et 

al., 2001). A study shows that BRCA1 ubiquitinates CtIP and this event is necessary for the 

recruitment of CtIP at the site of damage (Yu et al., 2006) although, a recent study provides 

evidence for CtIP to act independently of BRCA1 (Polato et al., 2014). 

 

1.3.2 SUMO conjugation machinery 

 

SUMO proteins are synthesised as inactive precursors. Their activation is mediated by the 

SUMO-specific protease enzyme, which cleaves the C-terminus of the SUMO protein by 
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exposing a di-glycine motif necessary for the conjugation of the SUMO protein to lysine residues 

of the protein target (Wilkinson and Henley, 2012). 

 

The SUMO conjugation machinery works similarly to the ubiquitin conjugation machinery. 

They are first activated in an ATP-dependent manner by the SUMO E1-activating enzyme SAE1 

and SAE2 (Gong et al., 1999). In this step a thioester bond is formed between the active-site 

cysteine residue of SAE2 and the glycine residue of SUMO located at its C-terminus. Via a 

thioester linkage the activated SUMO is passed to the active-site cysteine of the conjugating 

enzyme Ubc9 (ubiquiting-conjugating 9) (Johnson et al., 1997). At this point a SUMO E3-ligase 

is required to attached the SUMO protein to the protein target. Similarly to RING E3-ligases, 

SUMO E3-ligases do not receive the SUMO protein through a thioester linkage, but act as 

scaffolds bringing SUMO-loaded Ubc9 into contact with the substrate protein (Wilkinson and 

Henley, 2012). 

 

The first SUMO E3-ligases were identified in budding yeast and they are known as Siz proteins 

(Johnson et al., 2001). The mammalian homologous of the Siz proteins are the PIAS proteins 

(protein inhibitor of activated STAT (signal transducer and activator of transcription). This 

family is composed of five PIAS proteins all showing SUMO-dependent E3-ligase activity. They 

also possess a RING domain that is also found in the ubiquitin E3-ligases (Schmdit et al., 2002). 

A number of other RING domain-containing proteins have been reported to function as SUMO 

E3 ligases such as TOPORS (topoisomerase I-binding, arginine/serine-rich) and the 

mitochondrial E3 ubiquitin ligase 1 (Weger et al., 2005; Braschi et al., 2009). 

Lower Eukaryotes posses only one SUMO protein while high Eukaryotes posses three SUMO 

isoforms known as SUMO1, SUMO2 and SUMO3 (Zhao, 2018). These three SUMO isoforms 

differ from each other for several reasons, for example, they can have different preferences for 
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E3 ligases or they can form poly or mono SUMO chains on different lysine residues of the target 

protein (Pitchler et al., 2017). SUMO1 is attached to the protein target as a mono-Sumoylation 

while SUMO2/3 are attached as a poly-Sumoylation (Tatham et al., 2001). SUMO1 does not 

form chains but it can be attached to lysine residues of SUMO2/3 chains leading to chain 

termination (Matic et al., 2008). SUMO1 is mostly found conjugated to proteins while, 

SUMO2/3 are found in a free form and become attached to substrates upon cellular stresses 

(Saitoh et al., 2000) Once attached to the substrate they can have different effects. They can 

change the substrate interaction with DNA, RNA or other proteins by simply changing the 

conformation of the protein; the effect of the sumoylation can be reversed when the SUMO is 

removed by SUMO-specific proteases or desumoylases (Zhao, 2018).  

 

1.3.3 Ubiquitination and Sumoylation in the DNA damage response 

 

Some important ubiquitination events in the DDR occur on the histones. For example, the histone 

H2A is ubiquitinated on Lys127 and Lys129 by the E3 ligase activity of the BRCA1/BARD1 

complex. Even though the role of this ubiquitination is still poorly understood it seems to be 

necessary for repositioning 53BP1 and completion of resection through HR (Densham et al., 

2016). The BRCA1 complex is recruited to breaks via RAP80 and its interaction with 

RNF8/RNF168 catalises K63-linked ubiquitin chains (Sobhian et al., 2007). BRCA1 interacts 

with BRCA2 and subsequently binds PALB2 allowing the BRCA2-dependent recruitment of 

RAD51 to DSBs (Shirley et al., 2009). BRCA1 recruitment depends on the BRCA1-PALB2 

interaction. The presence of PALB2 at the site of damage is dependent on MDC1 and RNF8 

recruitment, suggesting that histone ubiquitination strongly regulates the PALB2 recruitment 

(Zang F. et al., 2012). BRCA1 recruitment to breaks is also dependent on its interaction with 

BARD1 (Yu et al., 2006). In response to DNA damage BARD1 interacts with Lys9-dimethylated 
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histone H3 (H3K9me2) in an ATM-dependent but RNF168-independent manner (Wu et al., 

1996). The BRCT domain of BARD1 is crucial for its retention at DNA damaged sites via its 

interaction with HP1 (Wu et al., 1996). 

 

The histone variant H2B is also ubiquitinated (Weake and Workman, 2008). Mono-ubiquitinated 

H2B on Lys123 (H2BK123ub1) was identified for the first time in yeast Saccharomyces 

cerevisiae and mutation of the conserved ubiquitination site is shown to confer mitotic defects 

in mitotic cell (Robzyk et al., 2000). This H2BK123ub1 is required to promote error-free trans-

lesion synthesis mediated by DNA polymerase eta (Polη) upon damage. In absence of 

H2BK123ub1, DNA polymerase zeta (Polζ) is responsible for mutagenic mechanisms (Northam 

et al., 2016). In mammalian cells, H2B ubiquitination is primarily mediated by an E3 ubiquitin 

ligase complex, which is composed of two RING finger proteins RNF20 and RNF40 (Shiloh et 

al., 2011). This H2B123ub1 mono-ubiquitination is also associated with gene transcription, 

probably by modulating the chromatin condensation at transcribed regions (Shiloh et al., 2011). 

Recent studies suggest that this modification can enhance or suppress the transcription of specific 

set of genes through a mechanism, which involves the hPAF1 complex and TFIIS protein. 

Because some of these genes are involved in genome stability RNF20 and RNF40 are classified 

as tumor suppressors. In mammalian cells these two RING finger proteins localise at sites of 

damage in an ATM-dependent manner and ubiquitinate histone H2B (Moyal et al., 2011). 

RNF8 together with UBC13 and the Lys63 ubiquitination of H2A is necessary for the 

recruitment of the BRCA1 complex (Wang et al., 2007). The BRCA1 complex contains the 

BRCA1/BARD1 heterodimer, RAP80, Abraxas and the Lys63-specific deubiquitinase BRCC36. 

RAP80 contains an Abraxas-interaction domain (AIR), but it also contains two ubiquitin-

interacting motifs (UIMs), which bind the Lys63-ubiquitin chains (Sobhian et al., 2007). This 

suggests that the RNF8-UBC13 Lys63-dependent ubiquitination is necessary for the recruitment 
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of the BRCA1 complex and that RAP80 functions as a link between the K63-polyubiquitination 

chains and the recruitment of the entire complex.  

 

The mono-ubiquitination of H2A on Lys13 and Lys15 by RNF168 is, on the other hand, 

necessary for the 53BP1 recruitment to the site of damage. In fact, 53BP1 is directly recruited to 

DSBs by its interaction with H2AK15/K13 via its ubiquitin-dependent recruitment (UDR) motif 

(Zgheib et al., 2008; Fradet-Turcotte et al., 2013). The recruitment of 53BP1 will inhibit the 

resection thus leading the cells towards NHEJ repair rather than HR repair. A recent study has 

associated RNF168 with HR repair (Luijsterburg et al., 2017) 53BP1 together with RIF1 

suppresses HR in G1 cells. In S/G2 cells HR inhibition is relieved due to the presence of PALB2, 

which drives the cells towards HR repair. This is possible because PALB2 indirectly recognises 

histone ubiquitylation by associating with ubiquitin-bound RNF168 (Luijsterburg et al., 2017). 

This interaction occurs between the PALB2-interacting domain (PID) of RNF168 and the WD40 

domain in PALB2. This strongly suggests that, while RNF8 is responsible for the initiation of 

the ubiquitination cascade, RNF168 is necessary for its amplification, which is necessary for the 

recruitment of downstream DDR factors (Luijsterburg et al., 2017).  

 

In case of Sumoylation, mammalian SUMO E3-ligases PIAS1 and PIAS4 are required to 

promote the DNA double strand break response (Galanty et al., 2010). They are recruited to sites 

of damage via their SAP domain. PIAS4 is mainly required for the recruitment of 53BP1, RNF8 

and RNF168, while PIAS1 is required for RAP80 and BRCA1 accumulation at sites of damage 

(Galanty et al., 2010). BRCA1, in fact, is found at DSBs together with SUMO1, SUMO2/3 and 

the SUMO-conjugating enzyme Ubc9 (Morris et al., 2009). The SUMO1 modification of 

BRCA1 by PIAS1 increases its ubiquitin-ligase activity (Morris et al., 2009). A very well 

characterised link between sumoylation and the DDR is the Rad52 sumoylation in budding yeast. 
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Rad52 acts in HR and its activity is promoted by SUMO E3-ligase Siz2-dependent sumoylation 

(Torres-Rosell et al., 2007). Emerging studies are suggesting a connection between 

ubiquitination and sumoylation. Many recent studies have been focused on SUMO-targeted 

ubiquitin ligases (STUbLs), which include human RNF4. These STUbLs contain SUMO binding 

motifs (SIMs) that bind SUMO proteins on target proteins and then ubiquitylate such proteins, 

often leading to their proteasomal degradation. RNF4 is found at DSBs and it is brought there 

via its interaction with MDC1, 53BP1 and RPA2 (Luo et al., 2012; Galanty et al., 2012; Jackson 

et al., 2013). The RNF4 recruitment to DSB is necessary for MDC1 sumoylation and subsequent 

ubiquitination, which is RNF4-dependent. MDC1 sumoylation and ubiquitination is important 

for its turnover and regulation in the DDR (Luo et al., 2012). RNF4 can also ubiquitinate RPA2 

after it has been sumoylated, this event is necessary for the degradation of RPA2 and its 

replacement by RAD51 necessary in HR repair (Galanty et al., 2012). 

 

1.4 PIKKs and the DNA damage response 

 

PIKKs are responsible to activate a wide range of substrates. PIKKs possess a kinase activity 

that allows them to phosphorylate other proteins on Serine and Threonine residues. In the DNA 

damage response ATM (ataxia-telangiectasia mutated) is mainly involved in multiple responses 

to DSBs, while ATR (ATM- and Rad3-Related) is mainly involved in replication stress but also 

functions DSB repair. DNA-PKcs (DNA-dependent protein kinase) is involved in DSB repair 

via NHEJ. ATM and ATR seem to activate a wider range of substrates and so to have a wider 

range of DDR responses compare to DNAPK, which seems to have fewer targets consistent with 

a main role in the NHEJ repair pathway (Marechal and Zou, 2013).  
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1.4.1 The human PIKKs family: ATM, ATR and DNAPK 

 

These three PIKKs were first identified based on sequence analysis (Keith et al, 1995). These 

kinases share common protein domains: the PIK-related kinase domain, the FAT-C terminal 

motif (FATC), a large region of α-helical HEAT repeats at the N-terminal some of which 

contribute to a second FAT domain localised upstream the kinase domain (Figure 1.6). The first 

PIKK to be identified was mTOR. It was initially identified in budding yeast to play a role in 

cell growth but not in the DDR (Kunz J. et al., 1993). On the other hand, ATM, ATR and DNA-

PK all play a role in the DDR. 

 

 ATM forms a dimer, which is then dissociated when ATM is activated by autophosphorylation 

on the residue serine 1981 in the presence of DSBs (Bakkenist et al., 2003). ATR is found in a 

complex with ATRIP (Cortez et al., 2001). The structures for ATM and ATR has not been 

identified yet. However, the structure of DNA-PK is known (Sibanda et al., 2010). DNA-PK, 

which consists of the DNA-PK catalytic subunit and the Ku70/80 heterodimer, forms a hollow 

circular structure with the kinase domain located at the top of this ring. Although there is no 

evidence that these HEAT repeats bind DNA, it is known that, for ATM and ATR, HEAT repeats 

are required for protein-protein interactions. It has been shown in yeast that ATM (Tel1) binds 

the C-terminus of NBS1 through two separated pairs of HEAT repeats (You et al., 2005). This 

interaction is necessary for the ATM activation and its retention at the site of damage. ATR also 

binds ATRIP through the HEAT repeats located in its N-terminus region (Ball et al., 2005). The 

FAT and FATC domains in ATM and ATR play important roles in regulation and activation of 

the kinase activity of these two PIKKs. In absence of damage the FAT domain and the kinase 

domain of ATM interact with each other to inhibit ATM activity (Bakkenist et al., 2003). This 

interaction is disrupted by autophosphorylation on S1981, a residue that is located in the FAT 
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domain, and triggers ATM activation in presence of damage. Although the phosphorylation on 

S1981 is important to disrupt the interaction between the FAT domain and kinase domain of 

ATM and initiate the DNA double strand break repair, in ATM-/- mice, which show immune 

system deficiency and extreme radiosensitivity, the restoration of wild-type is only possible by 

complete restoration and expression of ATM (Di Siena et al., 2018). The FATC domain of ATM 

is required for binding of the acetyltransferase TIP60 which also contributes to ATM activation 

by its acetylation (Sun et al., 2005). 

Phosphorylation of the threonine 1989 of ATR is recognised by TOPBP1 through its BRCT 

domain, it enables TOPBP1 to engage ATR-ATRIP and stimulates the ATR kinase activity. The 

FATC domain of ATR, on the other hand, still has no clear role but, is probably indispensable 

for its kinase activity (Marechal et al., 2013). 

 

Figure 1.6: Schematic of human ATM, ATR and mTOR. The three human PIKKs share some 

conserved domains such as the FAT, the PIKK and the FATC domain. 

 

1.4.2 ATM structure and function 

 

The FAT and FATC domains, in ATM, are located at the C-terminus either side of its kinase 

domain (Bakkenist et al., 2003; Sun et al., 2005). The kinase domain is enzymatic, catalysing 
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the transfer of a phosphate from ATP to its main substrates. Phosphorylation follows binding of 

substrates HEAT repeats via various specific domains found on ATM substrate proteins 

(Marechal et al., 2017). In vitro, inactive ATM dimers were activated by the presence of free 

dsDNA and MRN complex (Lee et al., 2005). This recognition by the MRN complex, 

subsequently, triggers the recruitment of ATM to the site of damage and its activation (Shiotani 

B. et al., 2009).  

 

1.4.3 ATM downstream signalling 

 

Once activated, ATM can phosphorylate and activate many downstream factors. MDC1 is one 

of these ATM substrates. MDC1 has a SQ/T rich region at the N-terminal that is phosphorylated 

by ATM (Stewart et al., 2003). This phosphorylation is necessary for the subsequent 

transmission of the DDR signal to the downstream factors. The activation of the ATM effector 

checkpoint kinase 2 (CHK2) leads to the CHK2-dependent phosphorylation of the HP1-binding 

domain of KAP-1 on the S473, which results in mobilisation and dissociation of HP1-β from the 

heterochromatin. This event is necessary to allow DDR factors to access the heterochromatic 

DSBs for subsequent repair (Bolderson et al., 2012). The tumor suppressor protein p53 is an 

ATM effector and acts as a tumor suppressor by regulating apoptosis and checkpoint regulation 

in presence of damage. p53 can be phosphorylated by ATM and is also a CHK2 substrate 

(Nakagawa et al., 1999). Chk2-/- mouse cells are defective for p53 stabilisation and for p53-

dependent transcription (Hirao et al., 2000). Human CHK2 is able to directly phosphorylate p53 

which then increases its stability and accumulation in the cell. The ATM activation and 

subsequent H2AX phosphorylation also triggers the ubiquitination and the SUMOylation 

cascades. These two modifications can occur on histones and on different DDR factors and are 

important for the subsequent recruitment of 53BP1 and BRCA1. 
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1.5 Zinc finger proteins 

 

Zinc finger (Znf) proteins are a large diverse family with different biological functions. Multiple 

zinc fingers domains are often found in zinc finger proteins with each zinc finger binding one 

zinc ion. The zinc finger domain was shown to be involved in different biological roles such as 

DNA and RNA binding, as well protein-protein interactions. In the zinc finger domain the zinc 

ion is usually coordinated to cysteine and histidine residues. The zinc ion is usually not involved 

in binding targets rather it is required to stabilise the zinc finger fold. There are different zinc 

finger domains classified in function of their structure and role (Laity et al., 2001).  

 

1.5.1 Zinc finger proteins: classes, structures and functions 

 

A zinc finger domain is characterised by the consensus sequence X3-Cys-X2–4-Cys-X12-His-X3-

5-His-X4. This consensus sequence forms a globular finger-like structure, which contains α-

helices and β-sheets held together by the zinc ion (figure 1.7). The first zinc finger domain 

(Cys2His2 or C2H2) was identified in the transcription factor IIIA in Xenopous laevis (Miller et 

al., 1985). These zinc finger domains allow the IIIA transcription factor to bind the 5S of the 

rRNA gene.  
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Figure 1.7: Schematic of a C2H2-type zinc finger domain. The zinc finger domain typically contains 

a Zinc atom surrounded by β-sheets and α-helices.  

 

C2H2 is the main class of the zinc finger proteins. Proteins falling into this class can bind DNA 

and RNA through the zinc finger domains (Laity et al., 2001). There is also some evidence for 

the presence of a consensus sequence, in these C2H2 type zinc finger proteins, which is 

necessary for the DNA binding (Laity et al., 2001). This consensus sequence (TGEKP) links two 

zinc finger domains and forms a cap at the C-terminus of the upstream domain (Laity et al., 

2001). The hypothesis is that C2H2 DNA-binding zinc finger proteins can interact with a specific 

DNA sequence as this TGEKP linker sequence consensus is highly conserved through species 

(Laity et al., 2001). Although the majority of C2H2 zinc finger type proteins is involved in 

nucleic acid binding there is evidence, for some members of this family, to be involved in 

protein-protein interactions (Laity, Lee and Wright, 2001).  

 

There are different zinc finger proteins, which are classified in function of how many cysteines 

and histidines they present in their domains and they are also classified by their function (Laity 



47 
 

et al., 2001). While C2H2 zinc finger proteins are mainly involved in DNA-RNA binding the 

C4H1 and C3H1 type zinc finger proteins are primarily involved in protein-protein interactions 

(Laity et al., 2001). GATA transcription factors are C4H1 zinc finger containing proteins 

implicated in adipogenesis in Drosophila and mammalian cells. GATA transcription factors 

recruit members of the Friend of GATA (FOG) family (Jack et al., 2010). The interaction 

between the GATA and the FOG co-factors has been shown to occur between the C4H1 domain 

at the N-terminus of GATA and three or four of the C3H1 domains of the FOG (Jack et al., 

2010). The C2H2 domain in FOG doesn’t seem to play a role in this interaction. It has also been 

shown that a substitution of one histidine with a cysteine in the zinc finger domain does not 

affect the domain structure (Jack et al., 2010). Although this other class of zinc finger proteins 

are mainly involved in protein-protein interactions, there is also some evidence for DNA binding 

among some members of this family. The doublesex protein is a transcription factor which is 

involved in sexual differentiation in Drosophila. This protein presents two intertwined zinc 

finger domains CCHC and HCCC, which are able to bind DNA (Zhu et al., 2000).  

 

1.5.2 Zinc finger proteins and the DNA damage response 

 

Zinc finger domains are present in many human proteins. They have been characterised as 

proteins, typically involved in transcription, that interact with DNA, RNA or proteins. 

Proteomic, cellular and molecular studies of these proteins have highlighted a possible role for 

this large family in protecting our genome. Findings show a role for already existing and new 

zinc finger containing proteins in genome integrity, telomere maintenance and DNA repair 

(Lahity et al., 2001). 

 



48 
 

The ability of the C2H2 zinc finger proteins to bind other proteins can also be mediated by 

protein modification such as ubiquitination and sumoylation (Campbell et al.,2012). Some of 

these proteins, such as Really Interesting New Gene (RING) proteins and homeodomain proteins 

(PHD), have already been implicated in the DNA damage response. RNF8 and RNF168 are well 

known for transducing the DDR signal by histone ubiquitination. The RING domain is actually 

a C3HC4 type zinc finger domain. Although it is clear that the RING domain for RNF8 is 

responsible for its interaction with the E2 ubiquitin-conjugating enzyme UBC13, it is not clear 

what the RING domain for RNF168 is involved in (Campbell et al.,2012). RNF168 might bind 

another E2 ubiquitin-conjugating enzyme, since the two RING domains of the two E3 ligases 

are very similar in terms of structure (Campbell et al.,2012). The only difference is that while 

the RNF8 RING domain dimerises upon its interaction with UBC13, the RNF168 RING domain 

is a monomer.  

 

A recent proteomic screen to identify proteins that localise to DNA breaks after damage showed 

that more than 120 proteins can localise to site of damage with most of them being DNA-binding 

proteins or transcription factors (Izhar et al., 2015). A random analysis of the transcription factors 

revealed that some of them have never been associated with the DDR, while some others were 

zinc finger proteins. Among these transcription factors which are zinc finger proteins, 70% were 

found to accumulate at DSBs. 

 

 The zinc finger ZNF451, also known as ZATT, is a C2H2-type zinc finger protein responsible 

for processing the protein-TOP2 DNA cleavage complex (TOP2cc) together with tyrosyl-DNA 

phosphodiesterase 2 (TDP2) (Schellenberg et al., 2017). TOP2 normally creates DSBs, which 

form intermediates (TOP2cc) where TOP2 is found to bind the DNA and that are used to resolve 

the stress coming from DNA supercoiling (Schellenberg et al., 2017). ZNF451 is a SUMO E3 
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ligase, which can sumoylate TOP2 and promote the TDP2 interaction with sumoylated TOP2 

(Schellenberg et al., 2017). TDP2 with its hydrolase activity can so resolve the TOP2cc complex. 

It is still unclear whether the role of ZNF451 is actually mediated by its zinc finger domains. 

The ZNF506 is another C2H2-type zinc finger protein that is found at DSBs and facilitates 

MDC1 recruitment via de-phosphorylation of H2AX on Y142 (Nowsheen et al., 2018). ZNF506 

is recruitment to DSB in an ATM-dependent manner. The ZNF506 activation triggers the EYA 

phosphatase recruitment to site of break, which is responsible for the H2AX de-phosphorylation 

at Y142 necessary for the MDC1 and other DDR factors recruitment to DSB. 

  

The lethal(3)malignant brain tumour-like protein 2 (L3MBTL2) is an usual C2C2-type zinc 

finger protein (Lechtenberg et al., 2009). L3MBTL2 possess a transcription repression activity. 

Importantly, in the DDR it is found to interact with RNF8 and RNF168. L3MBTL2 seems to be 

the linker between RNF8 and RNF168 since, once L3MBTL2 is ubiquitinated by RNF8, then it 

recruits RNF168 to DSBs (Nowsheen et al., 2018).  

 

Another class of zinc finger proteins, which is involved in the DDR, is the myeloproliferative 

and mental retardation MYM-type. Members of this family are characterised by a tandem zinc-

binding MYM motif. The MYM motif gets is nomenclature from the fact that proteins with this 

motif have been identified in genes mutated in X-linked mental retardation and a 

myeloproliferative disorder (Van der Maarel et al., 1996). One of the members of this MYM-

type zinc finger protein family, ZMYM3, has been recently associated with the DDR (Leung et 

al., 2017). ZMYM3 is found at sites of damage and recruited through its ability to bind histones 

and components of the nucleosome. ZMYM3 directly binds the BRCA1-A complex and 

mediates the function of this complex at DNA damage sites to facilitate DNA repair by HR 

(Leung et al., 2017). ZMYM3 acts to harness the HR-suppressive properties of the BRCA1-A 
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complex. ZMYM3 directly binds RAP80 and ABRA1 and facilitates BRCA1 accumulation at 

DSBs, which ensures its requisite loading for HR repair. (Leung et al., 2017) 

 

Other zinc finger proteins, on the other hand, are responsible for transcription regulation at the 

DSBs. The zinc finger myeloid, Nervy, and DEAF-1 domain containing 8 (ZMYND8) protein 

has been recently identified as a new DDR factor required for the recruitment of the nucleosome 

remodelling and histone deacetylation (NuRD) complex to damaged chromatin (Gong et al., 

2015). The NuRD complex is responsible for transcription regulation in the DDR. ZMYND8 

bridges the NuRD complex with many other zinc finger proteins, which associate with DNA 

damage regions and regulate the ZMYND8-NuRD DDR axis (Spruijt, et al 2016). The histone 

demethylase KDM5A, for example, is responsible for the demethylation of the histone variant 

H3 on the lysine 4 (H3K4me3). This demethylation is essential for the subsequent recruitment 

of the ZMYND8-NuRD complex. KDM5A depletion results in impaired transcriptional 

silencing and DSB repair (Gong et al.,2017).  

 

1.5.3 C3H1-type zinc finger proteins ZC3H8, ZC3H11A and ZC3H14 

 

Very little is known about ZC3H8 and ZC3H11A. They are both involved in RNA biogenesis 

with ZC3H8 being a component of the little elongation complex (LEC) in human cells and 

playing a role in small nuclear RNA biogenesis (Hu et al., 2013). On the other hand, ZC3H11A 

is required for nuclear mRNA export together with PDIP3 (polymerase delta interacting protein 

3) (Folco et al., 2012). 

 

 A little more is known about ZC3H14, which is considered a polyadenosine binding protein. 

The fate of a new transcript is primarily dependent on the proteins binding the transcript. These 
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transcript-binding proteins act as maturation factors involved in capping, splicing, 

polyadenylation or cleavage of the transcript. Other proteins can be, instead, involved in packing 

the transcript to stabilise it and exporting it out of the nucleus. One important class of proteins 

involved in post-transcriptional regulation of gene expression is the poly(A) binding protein 

class (Pab). These proteins can bind the poly(A) tail trough a specific ribonucleoprotein 

consensus sequence (RNP) (Adam et al., 1986). Although this motif is specific for all Pabs there 

is another sub-class among these, where the binding to the poly(A) tail of a transcript is mediated 

through the C3H type zinc finger domain (Anderson et al., 1993).  

 

Nab2 is one of the major Pabs associated with nuclear polyadenylated RNA in vivo (Anderson 

et al., 1993). Nab2 shows two distinct RNA-binding motifs: the RGG box and the C3H motif 

repeats, which are also found in the large subunit of RNA pol I, II and III. This C3H zinc motif 

of Nab2 in yeast has been found to be important for the protein to bind the poly(A) tail of 

transcripts (Kelly et al., 2007). Similarly to yeast, in human, the ZC3H14 protein contains C3H 

zinc finger homologous to the one found in Nab2 and it specifically binds the polyadenosine 

RNA through those repeats. A mutation in the human gene encoding for ZC3H14 causes an 

autosomal recessive intellectual disability (Pak et al., 2011). ZC3H14 mRNAs are found in the 

human central nervous system, in rodents ZC3H14 is found in hippocampal neurons and 

colocalises with poly(A) RNA in neuronal cell bodies, while in D. Melanogster a mutation in 

the ZC3H14 gene reveals defects in development and in neurons that are involved in locomotion 

and flight (Pak et al., 2011). Nab2 is essential for controlling the poly(A) tail length of transcripts 

and its depletion results in hyperadenylation of the poly(A) (Soucek et al., 2013). Given that a 

mutation in the human homologue ZC3H14 gives an autosomal recessive intellectual disability; 

it is possible that the role of this C3H type zinc finger protein in controlling the poly(A) tail 

length might be related to the intellectual disability. The role of ZC3H14 is very conserved 
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through different species. Once firstly identified in yeast more studies have been conducted on 

Nab2/ZC3H14 especially to properly understand its role in human. Mutation in the dNab2 gene 

causes defects in locomotion and flight. Such defects can be rescued by introduction of the 

human dNab2, ZC3H14, in dNab2 null flies suggesting that the human gene might have a role 

in the development of certain regions of the human brain. Although ZC3H14 has been associated 

with an intellectual disability as yet there is no evidence for ZC3H14 functioning in the DDR.  

 

1.6 Cellular compartments 

 

1.6.1 Nuclear and sub-nuclear compartments 

 

The primary function of the eukaryotic nucleus is to package the genetic material (Pollard et al., 

2017). Inside the nucleus the DNA is found to bind different DNA binding proteins such as the 

nucleosomes, which are responsible for the DNA packaging. The nucleus is separated from the 

cytoplasm by a double nuclear membrane similar to the cellular membrane (Pollard et al., 2017). 

The nucleus is connected to the cellular cytoplasm through nuclear pores that are distributed all 

over the nuclear membrane. These nuclear pores are a complex network of proteins and 

important for export and import of proteins out of and into the nucleus. Inside the nucleus, the 

soluble fraction is termed the nucleoplasm (Pollard et al., 2017) while there are also several 

membrane-less organelles such as the nucleolus, paraspeckles, Cajal bodies, PML bodies and 

nuclear speckles (Handwerger et al., 2006). These membrane-less sub-nuclear organelles are 

dynamic structures typically involved in RNA metabolism. They can rapidly exchange 

components with the surrounding environment and also respond to external stress (Mitrea and 

Kriwacki, 2016). The paraspeckles are involved in gene expression (Handwerger et al., 2006). 

The Cajal bodies are the less well understood membrane-less organelles but seem to be linked 
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to the regulation of small nucleolar ribonucleoprotein particles (snoRNPs) (Handwerger et al., 

2006). On the other hand, the nuclear speckles are linked to mRNA processing and proteins that 

are involved in splicing and poly(A) tail length accumulate in nuclear speckles (Handwerger et 

al., 2006).  

 

1.6.2 Molecular organisation of nuclear speckles 

 

Nuclear speckles are nuclear structures enriched in mRNA splicing factors and polyadenosine 

RNA-binding proteins. They are dynamic membrane-less organelles that vary in size and shape. 

Their dynamic structures allows continuous exchange of RNA and proteins between speckles 

and other nuclear structures (Lamond and Spector, 2003). By electron microscopy these nuclear 

structures are seen as interchromatin granule clusters. In the nucleoplasm they form regions 

where there is little or no DNA. Although there is some evidence for nuclear speckles localising 

at transcriptionally active sites more studies describe the nuclear speckles as storage, assembly 

and modification compartments (Xing et al., 1995).  

 

An important signal for proteins to localise to nuclear speckles is the presence of serine and 

arginine rich regions (RS) (Lamond and Spector, 2003). Many splicing factors as well as kinases 

and phosphatases, which can phosphorylate and dephosphorylate components of the splicing 

machinery, have been localised to nuclear speckles (Mintz et al., 1999). Of particular interest in 

these nuclear structures is the presence of transcription factors and 3’ end RNA-processing 

factors. Although transcription does not occur within the nuclear speckles and there is no DNA 

localising to these regions, several sub-units of RNA polymerase II have been identified at the 

nuclear speckles together with a subset of transcription factors (Galganski et al., 2017). It is 

unclear what determines the localisation of this subset of transcription factors to the nuclear 
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speckles but their presence in these regions might relate to some regulatory steps affecting the 

modification or the accessibility of transcription factors. Additionally, poly(A) RNAs and non-

coding RNAs have been identified at the nuclear speckles (Galganski et al., 2017) but it is still 

unknown, why such RNAs are located at these nuclear structures.  

Ubiquitination and Sumoylation machinery is also found in nuclear speckles. Recent studies 

have identified many E3 ubiquitin ligase enzymes, together with de-SUMOylating enzymes at 

the nuclear speckles (Galganski et al., 2017). It seems that SUMO-1 is a typical signal to target 

proteins to these nuclear structures. This data might suggest that nuclear speckles are a centre 

for such processes but the role of ubiquitination and SUMOylation at the nuclear speckles 

remains to be determined. More studies, regarding nuclear speckles and their components, have 

to be carried out in order to address these observations and the relationship between these 

proteins and mRNA processing.  

Because nuclear speckles are membrane-less organelles they are very dynamic structures and 

they can change in size and re-distribute during the cell cycle (Thiry, 1995). The biggest change 

for these organelles occurs when cells go through mitosis. During interphase, nuclear speckles 

are very stable but upon prophase initiation and nuclear envelope breakdown they disassemble. 

From metaphase to telophase nuclear speckles form mitotic interchromatin granules, which are 

probably required for modifications, assembly and delivery of pre-mRNA processing complexes 

to transcription sites in daughter nuclei. The mechanisms behind this nuclear speckle’s re-

distribution during the cell cycle are still unknown (Lamond and Spector, 2003). 

 

1.6.3 Nuclear Speckles and DNA damage 

 

Nuclear speckles are dynamic nuclear structures whose roles in cells is still unclear. They have 

been associated with pre-mRNA processing simply because, from a proteomic screen, 54% of 



55 
 

proteins found at the nuclear speckles are pre-mRNA splicing components and 20% are RNA 

associated proteins (Saitoh et al., 2004). Although the association of nuclear speckles with 

proteins involved in mRNA processing, more studies have suggested the presence at the nuclear 

speckles of proteins that have nothing to do with RNA metabolism such as SUMOylated and 

ubiquitinated proteins and PIKKs such as DNA-PK suggesting that their role in human cells 

might extend beyond RNA biogenesis (Lamond and Spector, 2003). 

 

Studies have linked nuclear speckles to the DNA damage; in particular to the UV-induced 

damage response (Campalans et al., 2007; Wong et al., 2013). UV radiation relocates the DNA 

glycosylase hOGG1 to the nuclear speckles (Campalans et al., 2007). This glycosylase is 

responsible for the initiation of the base excision repair (BER) of oxidised purines. One of the 

most dangerous lesions in the DNA is the presence of oxidised bases, such as the 8-oxoguanine, 

which, if not repaired, leads to the substitution of a T-A pair to a G-C pair. The hOGG1 is an 

important enzyme, which allows the repair of the DNA upon oxidative stress (Campalans et al., 

2006). It has been shown that hOGG1 is usually distributed in the entire nucleus of human cells 

but, upon UV radiation forms foci that correspond to nuclear speckles. This hOGG1 relocation 

can be inhibited with anti-oxidant treatment, suggesting that reactive oxygen species are the 

signal for this protein to be relocated to nuclear speckles. Another important enzyme involved 

in the BER pathway is apurinic endonuclease APE1, which is responsible for the repair of the 

mismatch on the DNA caused by the excision of the oxidased base by the glycosylase. APE1, 

together with hOGG1, relocalises to speckles upon UV-radiation. Transcription blockage does 

not induce the hOGG1 localisation to the nuclear speckles suggesting that such mechanism is 

entirely dependent on UV damage. The reason why this relocation occurs only upon UV damage 

has not been elucidated yet (Campalans et al., 2006). A protein involved in cell cycle 

progression, B-Myb, is found to be phosphorylated and relocated to nuclear speckles upon UV 
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treatment (Werwein et al., 2013). Little is known about the role of B-Myb at the nuclear speckles. 

Upon damage, the cells arrest or slow down their progression in the cell cycle in order to repair 

the damage so, for B-Myb, the hypothesis is that the protein is sequestered at these organelles 

till the cell proliferation restarts (Werwein et al., 2013). 

 

Other membrane-less organelles have been associated with UV-induced damage. The 

polymerase delta interacting protein 38 (PDIP38) is also found at PML nuclear bodies upon UV 

radiation (Wong et al., 2013). The PDIP38 relocation to PML bodies is important for the 

accumulation of alternative splice variants of MDM2 upon damage. Some of the MDM2 spliced 

variants have been associated with different human cancers so this role for PIPD38 in the PML 

bodies might suggest that there is a correlation between nuclear structures and different types of 

genotoxic stress (Wong et al., 2013).  

 

1.7 Summary 

 

Human cells daily face the threat of endogenous and exogenous damage (Lindahl et al., 1993). 

This damage leads cells to mutations, which can subsequently result in tumorigenesis and cancer. 

This is the reason why human cells have developed different DNA damage repair pathways 

(Ciccia et al., 2010). Many proteins have been identified in playing a role in these repair pathways 

but the majority of them yet has to be discovered. ATM is the main player in the repair of DNA 

DSB repair. We carried out a proteomic screening for ATM (Pessina et al., 2014) and identified 

new players in the DDR. We identified three human zinc finger proteins ZC3H8, ZC3H11A and 

ZC3H14 as new ATM-interacting proteins. These proteins are part of the C3H1-type family of 

zinc fingers and they are known for playing different roles in the RNA biogenesis (Hu et al., 2012; 
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Folco et al., 2013; Soucek et al., 2013). Although they have a role in RNA processing, nothing 

has yet been reported concerning a role for ZC3H8, ZC3H11A and ZC3H14 in the DDR.  

 

Here we provide new evidence for these zinc finger proteins, as ATM-interacting partners, in 

playing new quite distinct roles in genome stability. Based on the data accumulated around the 

role of ZC3H14 in the DDR, we hypothesise that ZC3H14 might be required for MDC1 

phosphorylation on specific residues that are required for the MDC1 activation/turnover and 

subsequent transduction of the signal to the downstream DDR factors. These new findings provide 

evidences for an important new player in the DDR pathway, ZC3H14, which acts above the repair 

pathway choice. Considering the role of ZC3H14 as a polyadenosine binding protein, here we 

hypothesise that this C3H1-type of zinc finger protein might be required for efficient MDC1 

splicing and transduction of the DNA double strand break signal to the downstream DDR factors.  
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CHAPTER 2 

 

 

Characterisation of C3H-type zinc finger containing protein 

ZC3H8, ZC3H11A and ZC3H14 
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2.1 Summary  

 

Zinc finger proteins are very abundant in biology. A stable isotope labelling with amino acids in 

cell culture (SILAC) screen carried out in our laboratory identified several proteins, previously 

unreported to be interacting with ATM in presence and absence of DNA damage. Among them, 

we identified three zinc finger-containing proteins ZC3H8, ZC3H11A and ZC3H14. Apart from 

their C3H-type zinc finger domains very little is known about these three zinc finger proteins 

and their structures. The first few experiments showed in this chapter were performed to identify 

which zinger finger protein between ZC3H8, ZC3H11A and ZC3H14 were to pursue for further 

investigation. We performed a primary sequence analysis of ZC3H8, ZC3H11A and ZC3H14 

and found that they are mainly hydrophilic and contain alpha-helix and beta-turns. We show that 

ZC3H8 forms foci primarily in the nucleus, while some focal structures are also visible in the 

cytoplasm. ZC3H14 forms foci exclusively in the nucleus. Interestingly ZC3H14, but neither 

ZC3H8 nor ZC3H11A, localises to Nuclear Speckles a subnuclear compartment primarily 

associated with mRNA processing. The fact, that they interact with ATM strongly suggests a 

role for these proteins in the DNA damage response. Among these three zing finger proteins 

ZC3H8 was the only one which showed a lower score, in terms of its interaction with ATM, 

compared to ZC3H11A and ZC3H14 (data from the SILAC). This is the reason why we decided 

to focused on the role that ZC3H11A and ZC3H14 might play in the DDR. We so observed 

spontaneous damage upon ZC3H11A or ZC3H14 knock down and, when examined further, we 

found that their depletion induces accumulation of single-stranded DNA (ssDNA) coated by 

pRPA2 (S4/S8). Furthermore, we provide preliminary evidence that DNA-RNA hybrids (R-

loops) are not properly resolved when ZC3H11A or ZC3H14 are depleted. 
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2.2 Highlights 

 

• ZC3H8, ZC3H11A and ZC3H14 are mainly hydrophilic proteins organised in alpha-helix 

and beta-turn structures 

• ZC3H8 forms foci primarily in the nucleus and it is found as chromatin bound protein and 

also in the cytoplasm 

• ZC3H14 forms foci exclusively in the nucleus and it is found only in the chromatin fraction 

• ZC3H14, but neither ZC3H8 nor ZC3H11A, is found at the Nuclear Speckles 

• Depletion of ZC3H11A or ZC3H14 induces spontaneous damage 

• Accumulation of ssDNA and pRPA2 (S4/S8) upon ZC3H11A or ZC3H14 depletion 

• R-loops formation/resolution is affected upon ZC3H11A or ZC3H14 knock down 
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2.3 Introduction 

 

In our cells, macromolecules such as proteins, DNA and RNA are organised in membrane-bound 

compartments and non-membrane-bound compartments. In organelles containing a membrane 

these macromolecules are accumulated within lipid membranes where the hydrophilic region 

will contain hydrophilic molecules within the aqueous phase. On the other hand, membrane-less 

organelles do not show a bilayer structure and thus are more dynamic.  

 

Nuclear Speckles, Cajal Bodies and PML Bodies are membrane-less organelles localised in the 

nucleus. The Nuclear speckles are enriched in mRNA splicing factors and found in the 

interchromatin region in mammalian cells. These are dynamic structures, which can change their 

pattern during the cell cycle due to phosphorylation and dephosphorylation of the nuclear 

speckles proteins. This regulation of phosphorylation results in release of these proteins, which 

will then migrate to the transcription sites (Lamond and Spector, 2003). Although Cajal bodies 

have been linked to the small nuclear RNA (snRNA) and to the small nuclear ribonucleoprotein 

particles (snoRNPs) their biological roles still remain unclear (Cioce and Lamond, 2005). The 

role of the PML bodies has yet to be fully elucidated. Their number is influenced by the cell 

cycle (Eskiw et al., 2003) and they are also localised at the nucleolar caps in senescent cells 

(Condemine et al., 2007) suggesting a role in RNA metabolism. 

 

Nuclear Speckles have been also linked to the DNA damage. One example of this is polymerase 

delta interacting protein 38 PDIP38 which was first identified as a polymerase δ and PCNA 

interacting protein (Liu et al., 2003). PDIP38 is found to re-localise to spliceosome/nuclear 

speckles upon UV damage and it is required for alternative splicing of MDM2 upon UV-

irradiation (Wong et al., 2013).  
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Here we focus on three C3H-type zinc finger proteins ZC3H8, ZC3H11A and ZC3H14, 

previously reported to have roles in RNA biogenesis. ZC3H8 is a component of the little 

elongation complex (LEC) in human cells and plays a role in small nuclear RNA biogenesis (Hu 

et al., 2013). ZC3H11A is required for nuclear mRNA export together with PDIP3 (polymerase 

delta interacting protein 3) (Folco et al., 2012), while ZC3H14 binds RNA for regulation of 

poly(A) tail length during mRNA processing and is found at the nuclear speckles in N2A mouse 

cells (Kelly et al., 2014). ZC3H8 localises to PML bodies in Drosophila (Hu et al., 2013), but 

we could not confirm this in human cells. On the other hand, we found ZC3H14 localising to 

nuclear speckles in human cells. We were able to link ZC3H11A and ZC3H14 to the DNA 

damage response. Furthermore, we observed spontaneous DNA damage upon ZC3H11A and 

ZC3H14 depletion. Specifically, this spontaneous damage may result from replication stress as 

we found BrdU foci colocalising with pRPA2 (S4/S8) foci upon ZC3H11A and ZC3H14 

depletion. Interestingly, the R-loops resolution was also affected upon depletion of these two 

zinc finger proteins. 
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2.4 Materials and Methods 

 

2.4.1 Cell culture 

 

U2OS and U2OS GFP-ZC3H14 were cultured at 37°C in a humidified atmosphere of 5% CO2 

using DMEM (Sigma-Aldrich) supplemented with 10% Fetal Bovine Serum (Gibco) and 1% 

penicillin-streptomycin (Sigma-Aldrich). 

hTERT RPE-1 cells were cultured at 37°C in a humidified atmosphere of 5% CO2 using DMEM-

F12 (Sigma-Aldrich) media supplemented with 10% Fetal Bovine Serum (Gibco) and 1% 

penicillin-streptomycin (Sigma-Aldrich). 

 

2.4.2 siRNA knockdown, plasmid transfection and plasmid generation 

 

1.5x105 U2OS cells were plated in 35mm dishes and 24 hours later transfected with siZC3H11A 

Ambion (60nM) and siZC3H14 Dharmacon pool (80nM), (negative control siRNA (Ambion) 

was used as a control) by using oligofectamine. 1ml of fresh media was added one day after 

transfection. The cells were then left for further 24h at 37°C before further analysis. See appendix 

1 table 4 for the siRNAs sequences. 

For DNA transfection 1.5x105 cells were plated in a 35mm dish and transfected 24 hours later 

with DNA by using lipofectamine 2000 (1:3 DNA:lipofectamine ratio). 5 hours after 

transfection, the media was switched to media containing fetal bovine serum only and the cells 

were left for 48 hours at 37°C before further analysis. The plasmid pEGFP-C1-ZC3H14 was 

generated by cloning the ZC3H14 cDNA resistant to the siRNA (isoform 1) into the pEGFP-C1 

plasmid. XhoI and HindIII restriction enzyme sites were used to clone the ZC3H14 cDNA into 

the pEGFP-C1 vector (see appendix 1 table 1 for primers sequences). The ZC3H14 cDNA 

resistant to the siRNA was generated by site-directed mutagenesis of the ZC3H14 cDNA (see 
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appendix 1 table 1 for primers sequences). 4 point mutations, G2040A, T2049C, A2184G and 

T2196A were inserted in the region of ZC3H14 siRNA 1 and 2 of the Dharmacon pool binding. 

 

2.4.3 Immunofluorescence 

 

For analysis of the different nuclear structures and γH2AX foci 1.5x105 U2OS cells or RPE1 

cells were plated in a 35mm dish 24 hours prior fixation. Cells were fixed in 4% PFA diluted in 

1X PBS for 10 minutes at RT. They were washed three times in 1ml of 1X PBS and then 

permeabilised for 2 minutes at RT in 0.125% Triton X-100 diluted in 1X PBS. Three more 

washes in 1X PBS were performed prior blocking in 1% BSA for 1h at 37°C. The cells were 

washed again three times with 1ml of 1X PBS and incubated for 1 hour at 37°C in 1% BSA 

containing the primary antibody. The same incubation was performed with secondary antibody. 

Vectashield mounting-DAPI was used to stain the nuclei. 

 

For analysis of ssDNA and phosphorylation of RPA2 on Ser4/8 upon ZC3H11A and ZC3H14 

knockdown, 1.5x105 U2OS cells were plated in a 35mm dish. 24 hours later siRNA transfection 

was performed as previously described (scramble RNA was used as a control). One day later 

BrdU was added at the final concentration of 500uM and the cells were left further 24 hours at 

37°C. The BrdU was then washed off and, where specified, the cells were treated with 2mM 

Hydroxyurea for 2 hours. At this point the coverslips were collected and pre-extracted with CSK 

(100mM NaCl; 300mM Sucrose; 10mM Pipes ph 6.8; 3mM MgCl2; 0.3% Triton X-100) for 10 

min at RT, while remaining cells were lysed for 1 hr on ice by adding 100ul of 1X lysis buffer 

containing phosphatase/protease inhibitors and Benzonase (1/1000), followed by centrifugation 

at 14000 rpm for 10 minutes at 4°C. The supernatant was collected and proteins were quantified 

by Bradford. The lysates were then analysed by western blot. Antibodies used for the western 
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blot analysis were diluted in primary antibody buffer containing 2% BSA, 0,1% Sodium Azide, 

25mM Tris-HCl pH 7.4, 150mM NaCl. Secondary antibodies were diluted in 5% milk TBST 

1X. The coverslips were fixed for 10 minutes at RT in 4% PFA diluted in 1X PBS and 

permeabilised with 0.125% Triton X-100 for 2 minutes at RT. The cells were then blocked at 

37°C for 1 hour in 1% BSA and subsequently incubated 1 hour at 37°C with 1% BSA containing 

anti-BrdU and anti pRPA2 S4/S8. Same incubation was performed for the secondary antibody. 

In between each of the above steps, cells were washed three times in 1ml of 1X PBS. Vectashield 

mounting-DAPI was used to stain the nuclei. 

 

For the R-loops study 1x105 U2OS were plated in a 35mm dish and 24 hours later transfected 

with siRNAs as previously described. 24 hours after transfection, cells were transfected with 

pEGFP plasmid expressing RNAseH1 (empty vector was used as a control) as previously 

described. The coverslips were then recovered and processed and remaining cells were lysed and 

lysates were analysed as previously described.  The coverslips were pre-extracted for 10 minutes 

at RT with CSK and fixed in 4% PFA diluted in 1X PBS for 10 minutes at RT followed by 2 

minutes permeabilisation at RT in 0.3% Triton X-100 diluted in 1X PBS. The cells were then 

blocked in 5% BSA for 1 hr at RT, followed by 1 hr incubation at RT with primary antibody 

diluted in blocking buffer and 1 hr incubation at RT with secondary antibody diluted in blocking 

buffer. Each of the steps above was followed by three washes with 1 ml of 1X PBS. DAPI 

(Vectashield mounting medium) was used to stain the nuclei. 

 

2.4.4 Chromatin Binding Assay 

 

In 10cm dish 90% confluent U2OS cells were treated with 50uM Etoposide, where specified, for 

1hr. The cells were then harvested and washed twice with 1 ml of ice-cold 1X PBS. Half of the 



66 
 

cells were resuspended in 400ul of 2X laemmli buffer (Input), while the other half was lysed in 

200ul of CSK buffer I containing protease inhibitors (10mM Pipes pH 6.8; 100mM NaCl; 1mM 

EDTA; 300mM Sucrose; 1mM MgCl2; 1mM DTT; 0.5% Triton X-100) for 15 minutes on ice. 

The lysates were then centrifuged at 1000g for 6 minutes at 4°C. The supernatant (S1 fraction) 

containing the triton-soluble proteins (not chromatin bound proteins) was further clarified by 

centrifugation at 12000g for 5 minutes and transferred to a fresh tube. The pellet was washed 

once in 200ul of CSK buffer I and then resuspended in 200ul of CSK buffer II (10mM Pipes pH 

6.8; 50mM NaCl; 300mM Sucrose; 6mM MgCl2; 1mM DTT) containing Benzonase (1/1000) 

and protease inhibitor followed by 40 minutes incubation on ice. 250mM Ammonium Sulfate 

was then added to the pellet and incubated for further 15 minutes at 37°C. The samples were 

then centrifuged at 12000g for 10 minutes at 4°C and the supernatant was recovered (S2 fraction) 

containing released chromatin-associated proteins. The protein concentration was measured by 

Bradford and the input with the S1 and S2 fractions were analysed by western blot. Antibodies 

used for the western blot analysis were diluted in primary antibody buffer containing 2% BSA, 

0,1% Sodium Azide, 25mM Tris-HCl pH 7.4, 150mM NaCl. Secondary antibodies were diluted 

in 5% milk TBST 1X. 
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2.5 Results 

 

2.5.1 Primary analysis of the human ZC3H8, ZC3H11A and ZC3H14 protein sequences 

 

Little is known about human C3H type Zinc finger ZC3H8, ZC3H11A and ZC3H14 proteins. 

We know, from the Uniprot database, that ZC3H8 (Q8N5P1) has three C3H Zinc finger domains 

localised in the C-terminus of the protein. ZC3H11A (O75152) has three C3H Zinc finger 

domain localised in the N-terminus, while ZC3H14 (Q6PJT7) has five C3H Zinc finger domain, 

two in its C-terminus and three centrally located. Additionally, ZC3H14 has a Piwi-like domain 

spanning from residue 172 to residue 199 (Figure 2.1). All three zinc finger proteins present 

several SQ/TQ sites spanned throughout the entire protein sequence, with those of ZC3H11A 

being mainly found in a C-terminal cluster, while for ZC3H8 and ZC3H14 the SQ/TQ sites are 

primarily N-terminally located. 

 

 

Figure 2.1: Human ZC3H8, ZC3H11A and ZC3H14 protein structures. The ZC3H8, ZC3H11A and 

ZC3H14 protein sequences were obtained from the Uniprot database. The coloured boxes in the sequence 

highlight the C3H1 Zinc finger domains and the Piwi-like. The different colours for the Znf domains 

represents how conserved these domains are with in the three proteins. The yellow stars indicate the 

SQ/TQ sites. 
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The protein sequence of each C3H-type zinc finger protein obtained from the Uniport website 

was used in the ExPASy bioinformatic website to obtain more information about the secondary 

structure of these proteins. By using the ProtScale tool, we were able to identify predicted alpha-

helices and beta-turns. The ProtScale tool uses the Deleage-Roux apha-helicity and beta-turnicity 

plot. In this method each amino acid has a score. The score for the amino acid changes between 

the alpha-helix and the beta-turn plot. In the plot the amino acid position is on the X-axis while 

the amino acid score is on the Y-axis. A cut-off score is taken at 0.99. Using the ZC3H8 Uniprot 

ID, we obtained the apha-helicity and beta-turnicity plot (Figure 2.2). ZC3H8 mainly contains 

an alpha-helical structure with beta-turns in aa145 to 155. 
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Figure 2.2: ZC3H8 alpha-helix and beta-turn structures. The Deleage and Roux plot for the alpha-

helix (A) and the beta-turn (B) uses a cut-off of 0.99. The amino acid position is reported on the X-axys 

while the score is on the Y-axis. The zinc finger domains for ZC3H8 are localised from position 191 to 

position 271 of the protein sequence. 

 

 

 

 

ZC3H11A consists of an equal distribution of alpha-helices and beta-turns throughout the entire 

protein sequence (Figure 2.3). We identified some alpha-helix spikes corresponding to the 
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central region of the protein (~350th amino acid) and the C-terminus, and a couple of spikes for 

the beta-turns around position 220 and 300. 

 

 

 

Figure 2.3: ZC3H11A alpha-helix and beta-turn structures. The Deleage and Roux plot for the alpha-

helix (A) and the beta-turn (B) uses a cut-off of 0.99. The amino acid position is reported on the X-axis 

while the score is on the Y-axis. The zinc finger domains for ZC3H11A are localised from position 2 to 

position 86 of the protein sequence. 
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Something similar is observed in the case of ZC3H14 (Figure 2.3). ZC3H14 contains an equal 

distribution of alpha-helix and beta-turn structures, throughout the entire protein. 

 

Figure 2.4: ZC3H14 alpha-helix and beta-turn structures. The Deleage and Roux plot for the alpha-

helix (A) and the beta-turn (B) uses a cut-off of 0.99. The amino acid position is reported on the X-axis 

while the score is on the Y-axis. The zinc finger domains for ZC3H14 are localised from position 595 to 

position 719 of the protein sequence.  
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The ExPASy bioinformatic website allows to investigate the total hydrophobicity/hydrophilicity 

of a protein. We used the Eisenberg et al plot, which assigns a score to each amino acid. A 

positive score is given to the hydrophobic amino acid, while a negative score is given to the 

hydrophilic ones. The output is a plot (Hphob/Eisenberg plot) showing the position of the amino 

acids on the X-axis and the score on the Y-axis. The Hphob/Eisenber et al. plots for ZC3H8, 

ZC3H11A and ZC3H14 shows many spikes falling in the negative region of the plot suggesting 

that these proteins are mainly hydrophilic (Figure 2.5 A-B-C). Apart from their zinc finger 

domains, ZC3H8, ZC3H11A and ZC3H14 are largely unstructured proteins since no other 

domains have been identified. This is the reason why they are primarily hydrophilic.  

 

 

Figure 2.5: Hphob/Eisenberg plots for ZC3H8, ZC3H11A and ZC3H14. The Eisenberg method to 

determine whether a protein is hydrophilic or hydrophobic is based on giving a positive score to 

hydrophobic residues and a negative score to the hydrophilic residues. The position of the amino acid is 

then plotted on the X-axis, while the score is on the Y-axis. A) ZC3H8. B) ZC3H11A. C) ZC3H14. 
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2.5.2 ZC3H8 and ZC3H14 are nuclear proteins found primarily in the chromatin fraction   

 

We asked whether ZC3H8 and ZC3H14 are nuclear or cytoplasmic. Note that a previous PhD 

student in our laboratory showed that ZC3H11A forms foci exclusively in the nucleus and is a 

chromatin bound protein (Danielle Hamilton, PhD thesis 2013).  

 

We carried out IF for ZC3H8 and ZC3H14 in U2OS cells and observed similar patterns for both 

proteins. Specifically, ZC3H14 is primarily in the nucleus (Figure 2.6 B), while ZC3H8 is 

primarily in the nucleus with some small foci apparent in the cytoplasm (Figure 2.6 A). Also, 

the two zinc finger proteins show a slightly different nuclear pattern. ZC3H14 foci are bigger in 

size compared to ZC3H8 foci. 

 

 

 

Figure 2.6: Nuclear localisation of ZC3H8 and ZC3H14. U2OS cells were grown on a coverslip and 

subsequently stained for ZC3H8 (Ab) and ZC3H14 (Ab) respectively. DAPI was used to stain the nuclei. 

The experiment was repeated twice. Images were acquired with an Olympus IX73 inverted microscope 

(DV Core, Imsol system). A) ZC3H8. B) ZC3H14. 
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We next decided to investigate if ZC3H8 and ZC3H14 were chromatin binding proteins as 

previously described for ZC3H11A (Danielle Hamilton, PhD thesis 2013). To do so we carried 

out a chromatin binding assay (Figure 2.7) and observed a strong band for both proteins 

appearing in the chromatin bound fraction (S2). In case of ZC3H8, a fainter band was visible in 

the non-chromatin bound proteins fraction (S1). The faint band could correspond to the ZC3H8 

foci around the nucleus observed in our immunofluorescence experiments. In addition, ZC3H8 

and ZC3H14 localisation did not change in presence of Etoposide, which induces DSB. 
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B 

 

Figure 2.7: ZC3H8 and ZC3H14 are chromatin bound proteins. A) Schematic of experimental 

protocol. B) U2OS cells were treated with 50μM of Etoposide for 1hr. The input corresponds to the 

untreated cells, with S1 being the cytoplasmic fraction and the S2 the nuclear. Anti-Tubulin and anti-H3 

antibodies were used as controls. The middle band detected with anti-ZC3H14 antibody is a non-specific 

band (ns). See Figure 2.12 B. 

 

The ZC3H8 and ZC3H14 antibodies, also, showed a different pattern. ZC3H8, which size is 38 

KDa, came up as a single band at around 40 KDa. In case of ZC3H14 we could see three bands, 

very close to each other, coming up between 64 and 98 KDa. These bands could correspond to 

different ZC3H14 spliced variants as previously described by Leung SW et al., 2009 as they 
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migrate close to the size expected for their specific sequence 82 kDa for isoform 1 and 64 kDa 

for isoforms 2 and 3. 

We were also confident of the results obtained since the band for the Tubulin protein was visible 

only in the cytoplasmic fraction (S1) while the band for the Histone H3 was visible only in the 

nuclear fraction (S2) suggesting that the fractionation of chromatin from non-chromatin bound 

proteins was very efficient. 

 

2.5.3 ZC3H14, but neither ZC3H8 nor ZC3H11A, co-localises with the Nuclear Speckles 

 

It is known that ZC3H8 is found in the Cajal bodies in Drosophila (Shilatifard et al., 2013), 

while ZC3H14 is found in the Nuclear Speckles in N2A mouse cells (Corbett et al., 2014). 

ZC3H11A co-localisation remains to be determined. To determine whether ZC3H8 and ZC3H14 

could be found in the Cajal bodies or PML or nuclear speckles in human cells we performed IF 

analysis. We used Coilin or PML or SC35 as markers of Cajal bodies, PML bodies and nuclear 

speckles respectively. ZC3H8, ZC3H11A and ZC3H14 were not found in the Cajal bodies using 

two different human cell lines, U2OS and RPE1 (Figure 2.8 A-B). Furthermore, these three zinc 

finger proteins did not localise to PML bodies in either cell lines. Furthermore neither ZC3H8 

nor ZC3H11A or ZC3H14 co-localised with the PML bodies in human U2OS and RPE1 cell 

lines (Figure 2.9 A-B). 
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Figure 2.8: ZC3H8, ZC3H11A and ZC3H14 do not co-localise with Cajal Bodies. U2OS (A) and 

RPE1 (B) were stained with ZC3H8, ZC3H11A, ZC3H14 and Coilin respectively. DAPI was used to 

stain the nuclei. Images were acquired with an Olympus IX73 inverted microscope (DV Core, Imsol 

system). 
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Figure 2.9: ZC3H8, ZC3H11A and ZC3H14 do not co-localise with PML Bodies. U2OS (A) and 

RPE1 (B) were stained with ZC3H8, ZC3H11A, ZC3H14 and PML, respectively. DAPI was used to stain 

the nuclei. Images were acquired with an Olympus IX73 inverted microscope (DV Core, Imsol system). 

 

Similarly, to mouse N2A cells (Kelly et al., 2014) we observed co-localisation of ZC3H14 with 

the nuclear speckles marker, SC35, in both U2OS and RPE1 human cells(Figure 2.10 A-B). We 

could not see any co-localisation between the nuclear speckles marker SC35 and ZC3H8 or 
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ZC3H11A in both U2OS and RPE1 cells indicating that neither of these proteins localises to 

nuclear speckles, PML bodies, nor Cajal bodies (Figure 2.10 A-B). The localisation of ZC3H14 

in Nuclear speckles was also confirmed by examinating the GFP tagged ZC3H14 localisation in 

U2OS cells stabling expressing the ZC3H14 siRNA resistant construct (Figure 2.11). 

Importantly, knockdown of ZC3H14 abolished ZC3H14 focal localisation, indicating the 

specificity of the antibody used. 
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Figure 2.10: ZC3H14, but neither ZC3H8 nor ZC3H11A, co-localises with the nuclear speckles. 

U2OS (A) and RPE1 (B) were stained with ZC3H8, ZC3H11A, ZC3H14 and SC35 respectively. DAPI 

was used to stain the nuclei. Images were acquired with an Olympus IX73 inverted microscope (DV Core, 

Imsol system). 
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Figure 2.11: GFP tagged ZC3H14 co-localises with nuclear speckles. U2OS and U2OS-GFP-ZC3H14 

were transfected with siRNA against ZC3H14, where the GFP-ZC3H14 construct is resistant to the 

siRNA. They were stained for ZC3H14 and SC35. Images were acquired with an Olympus IX73 inverted 

microscope (Imvisage, Imsol system). 

 

2.5.4 Depletion of ZC3H11A or ZC3H14 induces spontaneous damage 

 

The ATM proteomic screen carried out in our laboratory allowed us to identify ZC3H11A as an 

ATM interactor (Pessina et al., 2014). In this proteomic screen ZC3H14 had a lower interaction 

score than ZC3H11A but was stronger than ZC3H8. Based on these scores we decided to focus 

on ZC3H11A and ZC3H14. ZC3H11A depletion induces spontaneous damage in U2OS cells 

(Danielle Hamilton, PhD thesis 2013). Based on this, we asked whether ZC3H14 depletion had 

a similar phenotype. Upon DNA damage induced by ionising radiation we observed γH2AX foci 

after IR throughout all the samples but some of these foci were also visible upon ZC3H11A or 

ZC3H14 knock down in undamaged cells, suggesting that depleting these two proteins might 

have resulted in spontaneous damage (Figure 2.12 A). In about 7% of ZC3H11A depleted cells 

γH2AX foci were observed in the absence of damage, while 12% of ZC3H14 depleted cells 

contained γH2AX foci in the absence of damage compare to the control.  
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Figure 2.12: Spontaneous damage upon ZC3H11A or ZC3H14 knockdown. A) U2OS cells were 

transfected with siRNA against ZC3H11A and ZC3H14 respectively. 48 hours later they were irradiate 

at 3Gy and let recover for 1 hour at 37°C. They were subsequently stained for γH2AX S139. DAPI was 

used to stain the nuclei. The percentage showed for the siZC3H11A (-IR) sample and for the siZC3H14 

(-IR) sample represents the percentage of cells with more than 5 γH2AX foci. Images were acquired with 

an Olympus IX73 inverted microscope (DV Core, Imsol system). B) Corresponding knock down of 

ZC3H11A and ZC3H14. 
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To make sure that such phenotype was due to the ZC3H11A or ZC3H14 knock downs the lysates 

were analysed by western blot (Figure 2.12 B). The ZC3H11A signal appeared as the expected 

single band of 98 kDa, while of the three bands we previously observed from an anti-ZC3H14 

blot (Figure 2.7) we could assess that the middle band was likely to be an unspecific band. The 

top and the bottom band probably corresponded to the ZC3H14 spliced variants 1 and 2 as 

previously reported by Leung S. W. et al. (Leung et al., 2009). 

 

2.5.5 Accumulation of single-stranded DNA upon ZC3H11A or ZC3H14 knockdown 

 

Spontaneous damage upon ZC3H11A or ZC3H14 knock down could be an indication that 

depletion of these two C3H-type zinc finger proteins causes replication stress. Replication stress 

can be a result of stalled replication fork progression when such forks encounter difficult to 

replicate regions of the genome. Upon replication fork stalling, ssDNA accumulates and triggers 

recruitment of RPA2 and the consequent phosphorylation of the RPA2 subunit on residue S4 

and S8. 

The hydroxyurea (HU) blocks the DNA replication thereby increasing ssDNA. As expected, in 

the positive control 90% of the cells showed BrdU foci overlapping with pRPA2 (S4/S8) foci 

(Figure 2.13 A). Cells had an accumulation of ssDNA upon depletion of ZC3H11A and ZC3H14 

compared to control cells. In the siZC3H11A treated cells about 5% of the population showed 

BrdU foci colocalising with the pRPA2 (S4/S8) foci, while in the siZC3H14 treated cells about 

12% showed accumulation of ssDNA. In ZC3H14 depleted cells we could observe a more severe 

phenotype in terms of Brdu foci compared to ZC3H11A depleted cells. 
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Figure 2.13: Accumulation of ssDNA upon ZC3H11A and ZC3H14 knock down. A) U2OS cells were knocked 
down for ZC3H11A and ZC3H14 respectively (siGFP was used as a control). Cells were grown for 24 hours in 
presence of BrdU, which was then removed and HU was added for 2 hours at final concentration of 2mM. Cells were 
then stained for BrdU and pRPA2 S4/S8. DAPI was used to stain the nuclei. The percentages on the merge channel 
represent the percentage of cells showing BrdU and pRPA2 (S4/S8) foci. Images were acquired with an Olympus IX73 
inverted microscope (DV Core, Imsol system). B) Western blot analysis of pRPA2 S4/S8. U2OS cells were knocked 
down for ZC3H11A and ZC3H14 respectively (siGFP was used as a control). 2 mM Hydroxyurea was added, as 
indicated, for 2 hours.
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Surprisingly, when we analysed the lysates by western blot we could not detect any pRPA2 

S4/S8 signal in cells depleted for ZC3H11A or ZC3H14 compared to HU treated cells (Figure 

2.13 B). The western blot analysis is less sensitive than the immunofluorescence, the 5% and 

12% of cells showing pRPA2 S4/S8 foci when ZC3H11A or ZC3H14 are depleted might be to 

little to be detected by western blot. On the other hand, we can’t exclude the possibility that 5% 

and 12% we observed in term of cells showing pRPA (S4/S8) foci when ZC3H11A or ZC3H14 

are depleted might have been apoptotic cells, although this is still a high percentage if compared 

to siCTL. 

 

2.5.6 R-loops formation is affected upon ZC3H11A or ZC3H14 depletion 

 

It is known that ZC3H11A is involved in mRNA export (Folco et al., 2012), while ZC3H14 

plays a role in mRNA processing particularly in controlling the poly(A) tail length (Kelly et al., 

2014. Kelly et al., 2017). Replication and transcription occur simultaneously during S-phase. At 

the same time, newly RNA molecules can be bound by mRNA processing factors. It is known 

that if the DNA replication and transcription proceed in the same direction the DNA-RNA 

hybrids, if not resolved quickly, can be an obstacle for the replication which will subsequently 

stop (García-Muse and Aguilera, 2016). 

Since ZC3H11A and ZC3H14 are both mRNA binding proteins involved in processing new 

mRNA (Folco et al., 2012; Kelly et al., 2014) it is possible that their loss could lead to an 

accumulation of DNA-RNA hybrids, which in turn, could impede progression of the replication 

fork. We depleted ZC3H11A or ZC3H14 and stained cells with the anti-S9.6 an antibody that 

recognises DNA-RNA hybrids (Figure 2.14). In control cells, we could observe signal consistent 

with R-loop accumulation in the nucleoli. The R-Loop signal was removed upon expression of 

RNAseH1 enzyme, which disrupts RNA-DNA hybrids, suggesting that the signal we observed 



86 
 

indeed corresponds to R-loops. Loss of ZC3H11A resulted in reduction of the S9.6 signal 

suggesting that ZC3H11A might be required for efficient formation of R-loops. On the other 

hand, when ZC3H14 was depleted the S9.6 signal in the nucleoli was more intense with larger 

nucleoli relative to the control. Thus, there might be a defect in R-loop resolution when ZC3H14 

is absent. 

 

 

Figure 2.14: R-loop formation is affected upon ZC3H11A and ZC3H14 depletion. U2OS were 

transfected with ZC3H11A or ZC3H14, respectively. 24 hours later the RNAseH1 enzyme was expressed 

as indicated. The cells were subsequently stained for S9.6 and DAPI was used to stain the nuclei. Images 

were acquired with an Olympus IX73 inverted microscope (DV Core, Imsol system). The percentages 

indicate the amount of cells showing the phenotype. 
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2.6 Discussion 

 

There is newly evidence for a role for C3H-type zinc finger proteins in mRNA processing but 

little is known about any potential function in the DNA damage response pathways. Our 

identification of them as ATM-interacting proteins suggests a function for ZC3H8, ZC3H11A 

and ZC3H14 in the DDR. 

We previously identified ZC3H11A as chromatin bound protein forming foci exclusively in the 

nucleus (Danielle Hamilton, PhD thesis 2013). Here, we could confirm that ZC3H8 and ZC3H14 

are chromatin bound proteins with ZC3H14 being exclusively in the chromatin bound proteins 

fraction and ZC3H8 being partially in the non-chromatin bound proteins fraction. ZC3H14 is 

found in Nuclear Speckles, which are not chromatin structure. Although, it could be possible that 

nuclear speckles are disrupted during chromatin fractionation or not all ZC3H14 is found at 

nuclear speckles but a small amount of the ZC3H14 protein might be at chromatin. ZC3H8 forms 

foci primarily in the nucleus and some foci are visible in the cytoplasm while ZC3H14 forms 

foci exclusively in the nucleus. The cytoplasmic ZC3H8 foci could result from additional 

structures in the cytoplasm or could merely result from non-specific background. Previously it 

has been shown that ZC3H14 is found at the nuclear speckles in neuronal N2A cells (Leung et 

al.,2009). Here we could confirm the localisation to nuclear speckles for ZC3H14, and 

demonstrate that neither ZC3H11A nor ZC3H8 localise to nuclear speckles in human cells. In 

Drosophila ZC3H8 has been reported to localise to the Cajal bodies (Shilatifard et al., 2013) but 

we could not see ZC3H8 colocalising with this nuclear structure in human cells. This could be 

due to a different role that the human ZC3H8 might play compared to the ZC3H8 Drosophila 

orthologues. 

We focused on the possible role of ZC3H11A and ZC3H14 in the DNA damage response 

suggested by their identification as ATM-interacting partners but, excluded ZC3H8 from further 
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analysis given its relatively lower interaction score in our proteomic studies. In previous 

unpublished work we obtained evidence that ZC3H11A functions in the DDR; in particular 

U2OS cells are sensitive to ionising radiation (IR) upon ZC3H11A depletion and persistent 

γH2AX foci are visible upon ZC3H11A depletion after IR (Danielle Hamilton, PhD thesis 2013). 

Before damage, the average number of γH2AX foci per cell in the ZC3H11A depleted population 

looks higher than the control cells. We confirmed this data for ZC3H11A and, while we could 

see that 7% of the ZC3H11A knocked down population was showing spontaneous damage 

compare to the control cells, about 12% of the ZC3H14 knocked down population showed 

γH2AX foci compare to the control cells. This suggests that ZC3H11A and ZC3H14 are required 

for genome integrity. Although the number of U2OS cells showing spontaneous damage when 

ZC3H11A or ZC3H14 are depleted is quite high we cannot be sure about this phenotype. This 

spontaneous damage could be an off-target effect of the actual siRNAs. A rescue experiment for 

ZC3H11A and ZC3H14 would confirm the data above and exclude the off-target effect 

hypothesis. 

Depletion of ZC3H11A or ZC3H14 also leads to an accumulation of BrdU and pRPA2 (S4/S8) 

foci. This might suggest the presence of replication stress upon ZC3H11A or ZC3H14 resulting 

depletion. This could explain why we see such an accumulation of spontaneous damage when 

we deplete ZC3H11A or ZC3H14. The percentages of cells showing BrdU and pRPA2 (S4/S8) 

foci was higher in the ZC3H14 depleted population compared to the ZC3H11A depleted one 

suggesting that, ZC3H14 might play a major role in the DDR compared to the ZC3H11A role. 

Phosphorylation of RPA2 on S4/S8 was detectable by western blot in U2OS treated with HU but 

not in control cells or cells knocked down for ZC3H11A or ZC3H14. This might suggest that 

even though we could see 5% and 12% of cells showing pRPA2 S4/S8 foci when ZC3H11A or 

ZC3H14 are knocked down by immunofluorescence, these percentages might have been very 

low to detect the pRPA S4/S8 signal by western blot. Another hypothesis is that the 5% and 12% 
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we observed in terms of pRPA2 S4/S8 foci when we deplete ZC3H11A or ZC3H14 are apoptotic 

cells, although these percentages are still high compare to the 0% observed in the siCTL sample. 

Further analysis is required to investigate whether ZC3H11A and ZC3H14 have a role in 

replication and resection. 

Next question was to try to understand why we were observe replication stress upon ZC3H11A 

and ZC3H14 depletion. The DNA replication and transcription can occur simultaneously leading 

to the DNA-RNA hybrids formation (R-loops), which if not properly resolved can cause a block 

in the DNA replication (García-Muse and Aguilera, 2016). ZC3H11A and ZC3H14 are found to 

be involved in mRNA processing (Folco et al., 2012; Kelly et al., 2014) so we wondered whether 

we could observe a defect in terms of R-loops resolution upon ZC3H11A or ZC3H14 depletion.  

Our data suggests opposite phenotypes upon ZC3H11A or ZC3H14 depletion. The depletion of 

ZC3H14 resulted in bigger and brighter R-loops foci in the nucleoli while, in case of ZC3H11A 

depletion, resulted in reduction of the R-loop signal. We do not really understand what the role 

for ZC3H11A and ZC3H14 might be in terms of replication but this data suggests that these two 

zinc finger proteins might play more separate roles in cells. 
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CHAPTER 3 

 

 

ZC3H14 is required for genome integrity functioning between 

MDC1 and RNF8 to regulate the recruitment of repair and 

signalling factors to DSBs 
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3.1 Summary 

 

The relatively poorly described ZC3H14 protein has been assigned functions as an RNA binding 

protein. In neuronal cells from mice ZC3H14 co-localises with poly(A) RNA in neuronal cell 

bodies indicating brain-specific function (Pak et al., 2011). The budding yeast ortholog of 

ZC3H14, known as Nab2 was shown to be involved in mRNA maturation (Soucek et al., 2016). 

Analysis of ZC3H14 function in a neuronal cell line (N2A cells) as well as in vivo 

complementation studies in the Drosophila model system identify a role for ZC3H14 in proper 

control of poly(A) tail length in neuronal cells (Kelly et al., 2014). Consistent with the presence 

of ZC3H14 mRNA transcripts in the human central nervous system and its role in neuronal 

mRNA maturation, a mutation in the ZC3H14 gene causes a human brain disorder which leads 

to intellectual disability (Pak et al., 2011). 

 

Here we show a novel role for ZC3H14 in the DNA damage response in cultured human cells. 

First identified as an ATM-interacting protein (Pessina and Lowndes, 2013), we confirmed the 

interaction between ZC3H14 and ATM. We also observed that U2OS cells were sensitive to 

ionising irradiation upon ZC3H14 depletion. Persistent damage was detectable upon ZC3H14 

knock down as we could observe persistent γH2AX foci, as well as pATM S1981 foci upon 

depletion of this zinc finger protein relative to control cells. Preliminary data suggests defect in 

the NHEJ repair pathway but not in the HR repair pathway when ZC3H14 is depleted compare 

to control cells. Although, immunofluorescence data strongly suggests that ZC3H14 acts above 

DNA repair pathway choice since ZC3H14 depletion affects both 53BP1 IRIF and BRCA1 IRIF. 

Depletion of ZC3H14 also caused defective FK2 IRIFs, RNF168 IRIFs and RNF8 IRIFs but not 

MDC1 IRIFs. When we immunoprecipitated MDC1 we could detect an interaction between 

MDC1 and tagged ZC3H14. ZC3H14 depletion also leads to increased MDC1 protein levels 
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with the MDC1 lower band being more abundant than the upper MDC1 band in cells depleted 

for ZC3H14 compared to control cells. Surprisingly, ZC3H14 does not appear to regulate the 

MDC1-RNF8 interaction. These results suggest that ZC3H14 is acting upstream of pathway 

choice. 

 

3.2 Highlights 

 

• ZC3H14 interacts with ATM 

• Persistent γH2AX foci and pATM (S1981) foci upon ZC3H14 depletion 

• ZC3H14 cannot be detected at sites of DNA DSB 

• Defective 53BP1 and RIF IRIFs upon ZC3H14 depletion 

• Defective BRCA1 in non S-phase cells upon ZC3H14 depletion 

• Defective damage-dependent ubiquitination upon ZC3H14 depletion 

• Defective RNF8 and RNF168 focal recruitment upon ZC3H14 knock down 

• ZC3H14 depletion does not impact upon the levelling of several DDR factors 

• Normal MDC1 recruitment to DSBs upon ZC3H14 depletion 

• ZC3H14 depletion leads to increased total MDC1 protein levels 

• ZC3H14 interacts with MDC1 but it is not required for the MDC1-RNF8 interaction 

• U2OS are sensitive to IR and ICRF193, but not to Olaparib, upon ZC3H14 depletion 

• ZC3H14 is involved in the NHEJ repair pathway but not in the HR repair pathway 
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3.3 Introduction 

 

Our genome integrity is threatened daily. These threats can bring a change into our genome 

sequence. During DNA replication a nucleotide insertion or deletion might occur and this will 

bring a change in the genome sequence. DSB can arise by exposure to an external agent such as 

ionising radiation (IR) or it can arise when DNA replication fork encounters an unrepaired DNA-

lesion (Pfeiffer et al., 2000). Such changes are detected in our cells by the DNA damage response 

proteins, which will activate a cascade of events necessary to initiate the repair (Marechal A. et 

al., 2013). The two major DNA DSBs repair pathways are homologous recombination (HR) and 

the error prone nonhomologous end-joining recombination (NHEJ). In the NHEJ 5’ DNA ends 

are blocked by the Ku70-Ku80 heterodimer and resection is inhibited. NHEJ promotes directly 

ligation of blunt DNA ends in an error prone manner, often resulting in small deletions, insertions 

or substitutions at the break site (Chapman et al., 2012). In contrast, HR is largely error free and 

is triggered when the resection is initiated. The resection generates 3’ ssDNA ends which are 

bind by the RAD51 and the RPA2 protein. This structure invades homologous duplex DNA 

which is used as a template for the repair (Chapman et al., 2012). 

 

Following DSB the histone variant H2AX is phosphorylated on S139 in the proximity of the 

break (Rogakou et al, 1998). This phosphorylation event spreads a few megabases from each 

side of the break and functions as platform for the recruitment of the subsequent DDR factors 

necessary for the repair. The MRN complex is retained at sites of damage by its direct interaction 

with MDC1 via NBS1 (Chapman and Jackson, 2008) (Figure 1,2). MDC1 is constitutively 

phosphorylate by Casein Kinase 2 (CK2). This kinase phosphorylates the SDTD consensus 

sequence of MDC1 promoting so the direct binding of MDC1 with NBS1 via its FHA domain 

(Chapman and Jackson, 2008). MDC1 is also phosphorylated by ATM (Goldberg et al., 2003; 
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Kolas et al., 2007). ATM preferentially phosphorylates MDC1 on the TQXF consensus 

sequence. This phosphorylation event is necessary for the recruitment of the ubiquitin E3 ligase 

RNF8, which binds the pT719 residue of MDC1 via its FHA domain (Kolas et al., 2007). RNF8, 

together with UBC-13, an E2 ubiquitin-conjugating enzyme, will initiate the formation of 

ubiquitin chains on Lysine-63 of the linker-histone H1 (Thorslund et al., 2015). This 

ubiquitination recruits RNF168 to the site of damage, which then initiates the ubiquitination on 

Lysine-63, Lysine 13 and 15 of the histone variant H2A (Doil et al., 2009; Mattiroli et al., 2012).  

 

The H2AX ubiquitination is an important event necessary for the recruitment of 53BP1 and 

BRCA1 and the subsequent DNA DSB repair. 53BP1 is recruited to sites of damage by its 

interaction with the H4K20me2 and H2AK13/K15 via the Tudor domain and the UDR, 

respectively (Zgheib et al., 2008; Fradet-Turcotte et al., 2013). 53BP1 is subsequently 

phosphorylated by ATM and binds RIF1 (Chapman et al., 2013). RIF1 and 53BP1 cooperate to 

block the DNA DSB resection and initiate the NHEJ in G1 cells. The block of the resection is 

mainly provided by the 53BP1-RIF1 dependent recruitment of the shieldin complex 

(Noordermeer et al., 2018). This complex encounters four subunits, C20orf196 (SHLD1), 

FAM35A (SHLD2), CTC-534A2.2 (SHLD3) and REV7, where the SHLD2 binds the ssDNA 

and protects the DNA ends to mediate 53BP1-dependent DNA repair. Loss of the Shieldin 

complex results in impaired non homologous end-joining. In BRCA1-deficient cells shieldin 

promotes DNA DSB end-joining by restricting DSB resection and to inhibit homologous 

recombination by antagonizing BRCA2/RAD51 loading (Dev et al., 2018). 53BP1 regulates the 

NHEJ class-switch recombination and NHEJ long range V(D)J recombination. REV7 interacts 

with 53BP1 to promote non-homologous end joining during class-switch recombination, but 

REV7 is not required for 53BP1-dependent V(D)J recombination (Ghezraoui et al., 2018). The 

NHEJ repair pathway is antagonised by BRCA1 in S-phase. The BRCA1-BARD1 complex is 
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brought to site of damage by RAP80 (Sobhian et al., 2007). BRCA1 interacts with CtIP which 

is responsible for the initiation of 3’ DNA ends resection and subsequent recruitment of RPA2 

on ssDNA promoting DSB repair via HR (Sartori et al., 2007; Hoa et al., 2015). 

 

Here we report new evidences for a new player in the DDR, ZC3H14. ZC3H14 is found to 

interact with ATM. Depletion of ZC3H14 results in increased IR sensitivity in U2OS and RPE1 

cells suggesting an important role for this zinc finger protein in the DNA damage response 

pathway. Here we investigated on the role that ZC3H14 might play in the DDR and where, in 

this pathway, this new zinc finger protein might act. 
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3.4 Materials and Methods 

 

3.4.1 Cell culture 

 

U2OS, U2OS-DSB reporter, U2OS ZC3H14 KO and HEK293-T cells were cultured at 37°C in 

a humidified atmosphere of 5% CO2 using DMEM (Sigma-Aldrich) supplemented with 10% 

Fetal Bovine Serum (Lonza) and 1% penicillin-streptomycin (Sigma-Aldrich). 

RPE-1 hTERT cells were cultured at 37°C in a humidified atmosphere of 5% CO2 using DMEM 

F12 (Sigma-Aldrich) supplemented with 10% Fetal Bovine Serum (Lonza) and 1% penicillin-

streptomycin (Sigma-Aldrich). 

 

3.4.2 Plasmids and siRNA 

 

Flag-tagged ZC3H14 was generated by cloning the ZC3H14 cDNA into the pCMV2C plasmid 

by Dr. Murilo T.D. Bueno. The plasmid pEGFP-C1-ZC3H14-WTr was generated by cloning the 

ZC3H14 cDNA resistant to the siRNA (isoform 1), by using XhoI and HindIII restriction sites, 

into the pEGFP-C1 plasmid. The ZC3H14 cDNA resistant to the siRNA was generated by site-

directed mutagenesis of the ZC3H14 cDNA. 4 point mutations, G2040A, T2049C, A2184G and 

T2196A were inserted in the region of ZC3H14 siRNA 1 and 2 of the Dharmacon pool binding. 

The ZC3H14 mutant lacking of the Piwi-like domain (pEGFP-C1-ZC3H14ΔPiwi) was generated 

by Fusion PCR of the ZC3H14r cDNA (see appendix 1 table 1 for primers sequence). The 

ZC3H14 cDNA lacking of the Piwi-like domain (aa172-199) was then cloned, using XhoI and 

HindII restriction sites, into the pEGFP-C1 plasmid. The ZC3H14 mutant lacking of the c-

terminus of the protein where the five Zinc finger domains are located (pEGFP-C1-

ZC3H14ΔZF) was generated by PCR of the ZC3H14r cDNA (see appendix 1 table 1 for primers 
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sequence). The PCR product lacking of the region coding for the c-terminus (aa595-736) was 

then cloned, using XhoI and HindIII restriction sites, into the pEGFP-C1 plasmid. Plasmid 

transfection was performed using Lipofectamine 2000 (1:3 DNA:lipofectamine ratio). 5 hours 

after transfection, the media was changed to media containing fetal bovine serum only and the 

cells were left for 48 hours at 37°C before further analysis. 

Cells were transfected with siRNAs by using oligofectamine 24 hours after plating. Negative 

control siRNA (Ambion AM4611) and siGFP were used as controls.  

A pool of four siRNAs for ZC3H14 was used at final concentration of 80nM. The DNA-PK 

siRNA was used at the final concentration of 50nM, while the siRNAs for BRCA1 and DNA 

ligase 4 were used at the final concentration of 40nM. See appendix 1 table 4 for the details about 

the siRNAs sequences. 

 

3.4.3 Immunoprecipitation 

 

For the WT GFP-ZC3H14/ATM CoIP, HEK293-T cells were plated in a 10cm dish. 24 hours 

later, the cells were transfected with WT ZC3H14 (pEGFP-C1 was used as a control). 48 hours 

later the cells were irradiated (3Gy) and let recover for 1h at 37°C. They were then harvested 

and lysed in 1ml of 1X lysis buffer (50mM Tris pH 7.5, 150mM NaCl, 0.5% NP40, 10% 

Glycerol) containing phosphatase/protease inhibitors and Benzonase (1/1000), followed by 

centrifugation at 14000 rpm for 10 minutes at 4°C. 5mg of crude cell extract was incubated with 

5ug of mouse anti-GFP antibody (Roche 11814460001) for 2h under rotation at 4°C. 60ul of 

Sepharose G-beads 4 Fast-flow (Sigma), which were washed twice in 200ul of 1X lysis buffer 

w/o benzonase, were added to the crude cell extract/antibody mix and incubated for further 2 

hours under rotation at 4°C. The flow through was recovered and the beads were washed three 

times with 200ul of 1X lysis buffer (tubes were inverted upside down for 3 times in each wash). 
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The beads were resuspended in 10ul of 2X laemmli buffer, boiled at 95°C and span down at max 

speed. The samples were then analysed by SDS-page gel. The proteins were transferred to a 

nitrocellulose membrane at 100mA ON at 4°C. The membrane was blocked in 5% milk TBST 

1X for 1 hour at RT and then incubated ON at 4°C with primary antibodies. The day after the 

membrane was washed for 30 minutes in TBST 1X at RT, incubated with the secondary 

antibodies for 1 hour at RT, washed again for 30 minutes with TBST 1X prior to X-Ray films 

analysis. Primary antibodies were diluted in primary antibody buffer containing 2% BSA, 0,1% 

Sodium Azide, 25mM Tris-HCl pH 7.4, 150mM NaCl. Secondary antibodies were diluted in 5% 

milk TBST 1X. 

 

For the Flag-tagged ZC3H14 immunoprecipitation, HEK293-T cells were plated in a 10cm dish 

24 hours later the cells were transfected with pCMV2C-FLAG-ZC3H14 plasmid. The cells were 

left further 48 hours at 37°C when they were irradiated (3Gy) and let recover for 1h at 37°C. In 

case of ZC3H14 knock down, the cells were transfected with the siZC3H14 (80 nM) 24 hours 

after plating. 24 hours later a second round of siRNA transfection was performed together with 

DNA transfection and left in the incubator for further 24 hours. They were then harvested and 

lysed in 1ml of 1X lysis buffer containing phosphatase/protease inhibitors and Benzonase 

(1/1000), followed by centrifugation at 14000 rpm for 10 minutes at 4°C. 10mg of crude cell 

extract was incubated with 30ul of Flag magnetic beads for 2 hours at 4°C under rotation. The 

beads were washed three times with 500ul of lysis buffer 1X without benzonase (tubes were 

inverted upside down for 3 times in each wash), resuspended in 10ul of 2X laemmli buffer, 

boiled at 95°C and span down at max speed. The samples were then analysed by SDS-page gel. 

The proteins were transferred to a nitrocellulose ON at 100mA at 4°C. The membrane was 

blocked in 5% milk TBST 1X for 1 hour at RT and then incubated ON at 4°C with primary 

antibodies. The day after the membrane was washed for 30 minutes in TBST 1X at RT, incubated 
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with the secondary antibodies for 1 hour at RT, washed again for 30 minutes with TBST 1X 

prior to X-Ray films analysis. Primary antibodies were diluted in primary antibody buffer 

containing 2% BSA, 0,1% Sodium Azide, 25mM Tris-HCl pH 7.4, 150mM NaCl. Secondary 

antibodies were diluted in 5% milk TBST 1X. 

 

For the MDC1/GFP-ZC3H14 CoIP, HEK293-T cells were plated in a 10cm dish. 24 hours later 

the cells were transfected with WT ZC3H14 (pEGFP-C1 was used as a control. 48 hours later 

the cells were irradiated (3Gy) and let recover for 1h at 37°C. They were then harvested and 

lysed in 1ml of 1X lysis buffer containing phosphatase/protease inhibitors and Benzonase 

(1/1000), followed by centrifugation at 14000 rpm for 10 minutes at 4°C. 5mg of crude cell 

extract was incubated with 5ug of rabbit anti-MDC1 antibody (Bethyl A300-053A) for 2h under 

rotation at 4°C. 60ul of Sepharose G-beads 4 Fast-flow (Sigma), which were washed twice in 

200ul of 1X lysis buffer w/o benzonase, were added to the crude cell extract/antibody mix and 

incubated for further 2 hours under rotation at 4°C. The flow through was recovered and the 

beads were washed three times with 200ul of 1X lysis buffer (tubes were inverted upside down 

for 3 times in each wash). The beads were resuspended in 10ul of 2X laemmli buffer, boiled at 

95°C and span down at max speed. The samples were then analysed by SDS-page gel. The 

proteins were transferred to a nitrocellulose membrane by a costant voltage of 85V for 80 

minutes at 4°C. The membrane was blocked in 5% milk TBST 1X for 1 hour at RT and then 

incubated ON at 4°C with primary antibodies. The day after the membrane was washed for 30 

minutes in TBST 1X at RT, incubated with the secondary antibodies for 1 hour at RT, washed 

again for 30 minutes with TBST 1X prior to X-Ray films analysis. Primary antibodies were 

diluted in primary antibody buffer containing 2% BSA, 0,1% Sodium Azide, 25mM Tris-HCl 

pH 7.4, 150mM NaCl. Secondary antibodies were diluted in 5% milk TBST 1X. 
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For the MDC1/RNF8 CoIP 4x10 cm dishes of U2OS WT and U2OS ZC3H14 KO were plated, 

per condition. Once they were 90% confluent they were radiated at 5Gy and harvested 15minutes 

after. Cells were lysed for 1 hour on ice with 1ml of lysis buffer 1X containing 

phosphatase/protease inhibitors and Benzonase (1/1000). The supernatant was recovered after 

10 min centrifugation at max speed at 4°C. 3mg of lysate was incubated for 2,5 hours at 4°C, 

under rotation, with 3ug of rabbit anti-MDC1 antibody (Bethyl A300-053A) (anti-rabbit IgG 

was used as control). 60ul of sepharose G-beads 4 Fast flow (Sigma) were washed twice with 

200ul of 1X lysis buffer w/o Benzonase and incubated for 2,5 hours at 4°C, under rotation, with 

the lysate/antibody mix. They were then washed 3 times (tubes were inverted upside down for 3 

times in each wash) with 1X lysis buffer w/o Benzonase. The first and third wash were performed 

with 200ul of lysis buffer while, the second wash was performed with 100ul of lysis buffer. 

Beads were resuspended in 10ul of 2X laemmli buffer, boiled at 95°C and span down at max 

speed. The samples were then analysed by SDS-page gel. The proteins were transferred to a 

nitrocellulose membrane at 100mA ON at 4°C. The membrane was blocked in 5% milk TBST 

1X for 1 hour at RT and then incubated ON at 4°C with primary antibodies. In case of the RNF8 

blot the membrane was incubated 48 hours with primary antibody. The day after the membrane 

was washed for 30 minutes in TBST 1X at RT, incubated with the secondary antibodies for 1 

hour at RT, washed again for 30 minutes with TBST 1X prior to X-Ray films analysis. Primary 

antibodies were diluted in primary antibody buffer containing 2% BSA, 0,1% Sodium Azide, 

25mM Tris-HCl pH 7.4, 150mM NaCl. Secondary antibodies were diluted in 5% milk TBST 

1X. 
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3.4.4 Clonogenic survival assay 

 

1.5x105 U2OS cells were plated in a 35mm dish. 24 hours later they were transfected with siRNA 

(negative control siRNA was used as a control) and left for further 48 hours at 37°C. Cells were 

trypsinised and 500 cells were plated in a 60mm dish. Cells were treated with indicated doses of 

ionising radiation, Olaparib (Santa Cruz sc-302017) and ICRF-193 (Sigma Aldrich I4659). For 

the ATM inhibitor treatment, this was added at final concentration of 10uM 1 hour before 

irradiation. The cells were left at 37°C till colonies appear (10/14 days). Colonies were stained 

with 1,9-dimethylmethylene blue-70% methanol solution, washed with milli-Q water and then 

counted. Colony numbers were normalised to the untreated control for each siRNA condition. 

 

3.4.5 GFP Reporter Assay 

 

Polyclonal HEK293-T cells with an integrated DR-GFP and TK-GFP plasmid (Janna Luessing, 

unpublished) were plated (1.5x105) in a 35mm dish and transfected, the day after, with siRNAs 

(negative control siRNA was used as a control). 24 hours after siRNA transfection the cells were 

transfected with ISceI plasmid and left for 48 hours at 37°C. The cells were then trypsinised, 

washed and resuspended in ice-cold 1X PBS prior analysis by FACS. The total level of GFP was 

normalised to the scramble.  

Some cells were lysed in 1X lysis buffer as previously described for western blot analysis. 

 

3.4.6 Immunofluorescence 

 

1.5x105 U2OS were plated in a 35mm dish in presence of a coverslip. 24 hours later they were 

transfected with siRNAs (negative control siRNA or sieGFP were used as controls) and left for 
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further 48 hours at 37°C. The cells were irradiated (3Gy) and let recover for 1 hour at 37°C. The 

coverslips were processed for the immunofluorescence analysis while, the cells left in the dish 

were lysed for 40 minutes on ice with 100ul of 1X lysis buffer containing protease/phosphatase 

inhibitors and Benzonase (1/1000). The supernatant was recovered after centrifugation at 

14000rpm for 10 min at 4°C. 30ug of lysates was used for western blot analysis. The coverslips 

were washed three times in 1X PBS and subsequently fixed in 4% PFA in 1X PBS for 10 minutes 

at RT and the permeabilised for 10 minutes at RT with 0.125% Triton X-100. They were then 

blocked for 1 hour at 37°C in 1% BSA followed by 1 hour incubation at 37°C with primary 

antibody firstly, diluted in 1% BSA, and secondary antibody secondly. Three washes with 1 ml 

of 1X PBS were performed in between each of the above steps. DAPI (vectashield mounting 

medium) was used to stain the nuclei. 

 

In case of RNF8 and RNF168 staining the cells were fixed in 4% PFA diluted in 1X PBST (1X 

PBS containing 0.1% Triton X-100) for 10 minutes at RT. The cells were washed three times 

with 1 ml of 1X PBS and permeabilised for 3 minutes at RT with 0.5% Triton X-100 diluted in 

1X PBS. The cells were washed three times in 1X PBS and then blocked ON at 4°C with 10% 

FBS in 1X PBST. They were subsequently incubated for 2 hours at RT with primary antibody 

diluted in blocking buffer. Cells were washed three times with 1X PBS and incubated for 40 

minutes at RT with the secondary antibody diluted in blocking buffer. Vectashield mounting-

DAPI was used to stain the nuclei.  

 

3.4.7 Analysis of ZC3H14 at site of damage in the U2OS-DSB reporter cell line 

 

U2OS-DSB reporter cells were plated in a 35mm dish with a coverslip. The day after they were 

exposed to 1μM hydroxytamoxifen (4OHT) together with 5μM Shield-1 for 5 hours. The cells 
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were then harvested and subsequently fixed in 4% PFA in 1X PBS for 10 minutes at RT and the 

permeabilised for 10 minutes at RT with 0.125% Triton X-100. They were then blocked for 1 

hour at 37°C in 1% BSA followed by 1 hour incubation at 37°C with primary antibody firstly, 

diluted in 1% BSA, and secondary antibody secondly. Three washes with 1 ml of 1X PBS were 

performed in between each of the above steps. DAPI (vectashield mounting medium) was used 

to stain the nuclei. 

 

3.4.8 Microscopy and images analysis 

 

Images were acquired with an Olympus IX73 inverted microscope (Imvisage, Imsol system). 

Each image was taken as Z-stacks (0.5µm thickness) which were then deconvolved with the 

Huygens software (Scientific Volume Imaging). Quantification of the different DDR factors foci 

was performed with the ImageJ software. The parameters for the foci quantification were set on 

the positive control (siCTL+IR) and kept constant throughout the entire analysis. Images of 16-

bit were converted to 8-bit and split into three channels creating three individual images. The 

DAPI channel was used to adjust the threshold in order to highlight the nuclei. The FITC or 

TRITC channel, corresponding to the foci, was used to highlight these as single points (black 

dots on a white background). Equal noise tolerance was then kept constant throughout the images 

analysed. The number of foci per cell was then calculated by dividing the raw integrated density 

by the maximum grey value for each cell. 

 

3.4.9 Analysis of DDR factors protein levels 

 

1.5x105 U2OS cells were plated in a 35mm dish and transfected with siZC3H14 (sieGFP was 

used as a control) the day after. The cells were left for 48 hours at 37°C. They were irradiated 



104 
 

(3Gy) and let recover for 1 hour at 37°C. The cells were lysed for 40 minutes on ice with 100ul 

of 1X lysis buffer containing phosphatase/protease inhibitors and Benzonase (1/1000) followed 

by centrifugation at 14000rpm for 10 minutes at 4°C. The supernatant was then collected and 

30ug of lysates were loaded on a SDS-page gel. Proteins were subsequently transferred to a 

nitrocellulose membrane for 80 minutes at 85V at 4°C. The membrane was then blocked for 1 

hour in 5% milk in TBST 1X at RT, washed for 30 minutes in 1X TBST and incubated ON at 

4°C with the different antibodies diluted in primary antibody buffer (2% BSA, 0.1% Sodium 

azide, 25mM Tris-HCl pH7.4, 150mM NaCl) followed by 1 hour incubation at RT with HRP-

conjugated secondary antibody diluted in 5% milk. The membrane was washed for 30 minutes 

in TBST 1X and exposed to X-ray films. 

 

3.4.10 MDC1 analysis by western blot 

 

1.5x105 U2OS cells were plated in a 35mm dish and transfected with siRNA against ZC3H14 

(negative control siRNA was used as control) the day after. 48 hours after transfection the cells 

were radiated at 5Gy and harvested at different timepoints. They were lysed with with 80ul of 

lysis buffer 1X, containing benzonase (1:1000), for 1 hour on ice. The lysates were recovered 

after 10 minutes centrifugation at max speed (4°C). Between 30ug and 50ug of total cells extract 

was loaded on a 6.5% SDS-page gel 80:1 cross-linking ratio (see appendix 1 table 6 for the 

recipe) and run at 120V for 90 minutes. The proteins were then transferred to a nitrocellulose 

membrane at 0.16 A for 1 hour in transfer buffer (4°C). The membrane was blocked in 5% milk 

in TBST 1X, washed and incubated ON at 4°C with anti-MDC1 antibody. The day after it was 

washed for 30 minutes at RT in TBST 1X, incubated for one hour at RT with HRP-conjugated 

secondary antibody, washed again for 30 minutes and analysed by X-ray films.  
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The ratio between the MDC1 top and bottom band on the western blot was determined by the 

Ly-Cor system using the Image studio digits Ver5.2 software. 
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3.5 Results 

 

3.5.1 ZC3H14 interacts with ATM 

 

In our laboratory we performed two SILAC analysis in DT40 chicken cells to find potential 

ATM interactors (Pessina et al., 2014 Fabio Pessina, PhD thesis, 2014). ZC3H14 was identified 

as a novel ATM partner in both analysis. Interestingly this interaction was only detectable after 

damage. 

We confirmed this result by co-immunoprecipitating GFP-tagged ZC3H14 with ATM in 

presence and absence of damage (Figure 3.1). Using an ant-GFP antibody to precipitate 

overexpressed GFP-ZC3H14 we could detect an interaction between the GFP tagged ZC3H14 

and ATM. Surprisingly this interaction was visible before and after damage, while the SILAC 

data only showed interaction between ATM and ZC3H14 after damage. This result might be due 

to the fact that when we looked at the ZC3H14 interaction with ATM by SILAC screening we 

did not overexpress tagged ZC3H14 but we were looking at the interaction between endogenous 

ZC3H14 and ATM.  
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Figure 3.1: ZC3H14 interacts with ATM. HEK293-T cells were transfected with GFP WT ZC3H14 

(GFP empty vector was used as a control). 48hours after transfection they were radiated at 3Gy, allowed 

to recover for 1hour at 37°C and crude cell extracts were prepared. 5mg of crude cell extract was used to 

immunoprecipitated GFP tagged ZC3H14 using anti-GFP antibody. The beads were resuspended in 10μl 

of 2X laemmli buffer and loaded on an SDS-page gel together with 30μg of lysates coming from the input 

and analysed by western blot. 
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3.5.2 Persistent γH2AX foci and pATM (S1981) foci upon ZC3H14 depletion 

 

The ZC3H14 interaction with ATM suggested a role for this C3H1-type zinc finger protein in 

the DNA damage response. We next wanted to look at the kinetics of DNA repair. Using γH2AX 

foci as an indicator of DSBs, we knocked down ZC3H14 and analysed γH2AX (S139) foci at 

different timepoints after IR (Figure 3.2 A-B). In control cells we could see γH2AX foci at 1 

hour and fewer foci at 4 hours, while they were lost at 8 and 24 hrs after IR. Depletion of ZC3H14 

resulted in persistence of γH2AX foci into the 8 and 24hrs samples. Quantification of this data 

(Figure 3.2 B) confirmed the reproducible persistence of γH2AX foci relative to control cells 

upon depletion of ZC3H14. This data suggests that ZC3H14 is required for efficient DSB repair. 

Because ZC3H14 interacts with ATM and this is recruited and activated by autophosphorylation 

on the SER1981 upon DSB we wondered if the ZC3H14-dependent persistent γH2AX phenotype 

observed for γH2AX foci could also be detected using an antibody specific to phosphorylation 

of ATM at Serine 1981 (ATM-S1981p). Similarly to γH2AX, ATM-S1981p foci upon ionising 

radiation were clearly visible at 1 hour and 4 hours post-irradiation, with clearly fewer ATM-

S1981p foci at 4 hours post IR. Only minimal ATM-S1981p foci were detected at 8 and 24 hours 

after ionising radiation (Figure 3.3 A-B). Just as we observed for γH2AX foci, ATM-S1981p 

foci were reproducibly persistent after IR upon ZC3H14 depletion. Thus, γH2AX and ATM-

S1981p, suggests that ZC3H14 has a role in the efficient repair of DDR.  
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Figure 3.2: Persistent γH2AX foci upon ZC3H14 depletion. A) U2OS cells were transfected with 

siRNA against ZC3H14 (scramble RNA was used as a control). 48 hours after transfection they were 

radiated at 3Gy and harvested at different timepoints. The cells were stained for γH2AX. Images were 

acquired with an Olympus IX73 inverted microscope (DV Core, Imsol system). B) Quantification of the 

IF images showed in A (n=3). The statistical analysis was done by paired t-test (p<0.0001). 
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Figure 3.3: Persistent pATM(S1981) foci upon ZC3H14 depletion. A) U2OS cells were transfected 

with siRNA against ZC3H14 (scramble RNA was used as a control). 48 hours after transfection they were 

radiated at 3Gy and harvested at different timepoints. The cells were stained for pATM(S1981). Images 

were acquired with an Olympus IX73 inverted microscope (DV Core, Imsol system). B) Quantification 

of the IF images showed in A (n=3). The statistical analysis was done by paired t-test (p<0.0001). 
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3.5.3 ZC3H14 cannot be detected at sites of DNA double strand breaks 

 

ATM is the main player in the DDR and is found at sites of damage. ZC3H14 likely interacts 

with ATM and is required for efficient DNA double strand break repair we next investigated 

whether ZC3H14 is also found at DNA DSB sites by immunofluorescence. We induced damage 

by IR and 1 hour later we harvested U2OS cells and stained them with anti-γH2AX and anti-

ZC3H14 antibody (Figure 3.4). Interestingly, while ZC3H14 localisation into nuclear speckles 

was unaffected by IR, we could not detect any ZC3H14 foci co-localising with γH2AX after IR. 

if only a small portion of ZC3H14 localises to sites of DSBs this would not be detectable against 

the large fraction in nuclear speckles. 

Even though, ZC3H14 interacts with ATM and its depletion affects the DSBs repair suggesting 

a role for ZC3H14 in the DNA damage response pathway we could not detect ZC3H14 IRIFs 

(Figure 3.6). Therefore, we then decided to examine the localisation of ZC3H14 to sites of 

damage in a more sensitive system, the U2OS-DSB reporter cell line (Shanbhag et al., 2010; 

Tang et al., 2013). In this cell line it is possible to examine DSBs that occur on a specific locus 

by using the LacO system from bacteria (Shanbhag et al., 2010; Tang et al., 2013). 256 copies 

of the LacO construct are integrated in the genome of these U2OS cells (Figure 3.5 A). This 

LacO construct contains a sequence that is recognised by the FokI endonuclease. The U2OS-

DSB reporter cell line also expresses a LacI fusion protein. Specifically, the LacI construct used 

expresses a fusion of LacI to the estrogen receptor (ER), the mCherry fluorescent protein, the 

FokI endonuclease and a destabilising domain (DD). This LacI-ER-mCherry-FokI-DD fusion 

protein is expressed, stabilised and transported into the nucleus by the presence of the 

hydroxytamoxifen (4OHT) and Shield-1, which blocks the DD-dependent proteolysis. Once in 

the nucleus, this LacI fusion protein binds LacO and DSBs are generated within the 256 copies 
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of the LacO array via the FokI component of the LacI fusion protein. The DSB is so detectable 

as a single red spot within the nucleus.  

The U2OS-DSB reporter cell line was grown for 24 hours and DSBs induced by exposure of the 

cells to 4OHT and Shieldin-1 for 5 hours. The cells were then harvested and stained with anti-

ZC3H14, anti-53BP1 and anti-γH2AX antibody (Figure 3.5 B). 53BP1 was clearly localising 

with the FokI and γH2AX. Unfortunately, we could not detect ZC3H14 at the FokI site of 

damage. 

 

 

Figure 3.4: ZC3H14 cannot be detected in IRIFs. U2OS were radiated with a 3Gy IR dose and let to 

recover for 1h at 37°C. They were fixed, permeabilised and stained for ZC3H14 and γH2AX. DAPI was 

used to stain the nuclei. Images were acquired with an Olympus IX73 inverted microscope (DV Core, 

Imsol system). 
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Figure 3.5: ZC3H14 cannot be detected at the FokI DSB-induced sites A) Schematic of the U2OS-

DSB reporter cell line system. B) U2OS-DSB reporter cells were plated and seeded for 24 hours after. 

DSB was induced by 5 hours treatment with 4OHT and Shieldin-1. Subsequently, they were fixed, 

permeabilised and stained with anti-53BP1 and anti-γH2AX (i) as control, and anti-γH2AX and anti-

ZC3H14 antibody (ii). Images were acquired with an Olympus IX73 inverted microscope (DV Core, 

Imsol system). 
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3.5.4 Defective 53BP1 and RIF1 IR induced foci (IRIF) upon ZC3H14 depletion 

 

Since we saw that ZC3H14 is required for efficient DNA DSB repair we started investigating 

whether ZC3H14 is involved in the NHEJ repair pathway or in the HR repair pathway. We 

started by looking at 53BP1 which is a DDR factor involved in the NHEJ repair pathway. We 

knocked down ZC3H14 and looked at the recruitment of 53BP1 by immunofluorescence (Figure 

3.6 A).  

In absence of damage 53BP1 presents a pan-nuclear pattern with a few big bright foci, known 

as G1 nuclear bodies, visible only in G1 cells. After damage 53BP1 localises to the breaks 

resulting in loss of the pan-nuclear pattern and the appearance of clear foci co-localising with 

γH2AX. Interestingly, when ZC3H14 is depleted 53BP1 IRIF cannot be detected even though 

DSBs are been induced as shown by the γH2AX IRIF signal (Figure 3.6 A-Bi). What we can see 

in these cells is the pan-nuclear staining with fewer foci compare to our control cells. No 

difference is recorded, in terms of 53BP1 G1 nuclear bodies, before damage between control 

cells and cells knocked down for ZC3H14. This data might suggest a potential role for ZC3H14 

in the NHEJ repair pathway. Total cell extracts from control cells and cells knocked down for 

ZC3H14 were analysed by western blot (Figure 3.6 Bii) to confirm that the defective 53BP1 

IRIF observed in cells depleted for ZC3H14 was actually due to the absence of the ZC3H14 

protein. 

Importantly, expression of the GFP-tagged ZC3H14 resistant to the siRNA was able to rescue 

the 53BP1 IRIFs indicating that loss of 53BP1 IRIF upon ZC3H14 depletion is not a result of an 

off-target effect of the siRNA used (Fig 3.7 A-B). The 53BP1 IRIFs rescue in the sample 

expressing the GFP-tagged ZC3H14 rescues 53BP1 IRIF to nearly 80% of that observed in 

control cells. 
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Next we examined the recruitment of RIF1 which, together with 53BP1, is recruited to the breaks 

in order to inhibit the resection and promote the repair by NHEJ. RIF1 focal recruitment is 

dependent on the phosphorylation of 53BP1 on its N-terminal phospho-SQ/TQ domain 

(Chapman et al., 2013). Since we could see a defect on 53BP1 IRIF upon ZC3H14 depletion, as 

a consequence, we were expecting to see the same phenotype for RIF1. We repeated the IF 

experiment showed in Fig 3.10 A, this time staining the cells for 53BP1 and RIF1 (Figure 3.8 

A-B). Similar to 53BP1, RIF1 shows a pan-nuclear pattern upon damage and forms IRIFs when 

damage occurs. As for 53BP1, we observed defective RIF1 IRIFs upon ZC3H14 depletion, 

consisting with ZC3H14 functioning upstream of 53BP1 focal recruitment. 
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3.5.5 Defective BRCA1 IRIF in non-replicating cells upon ZC3H14 depletion 

 

Since ZC3H14 depletion results in defective 53BP1 and RIF1 recruitment after IR we were 

wondering if similar phenotype was detectable for another important DDR factor, BRCA1. It is 

known that BRCA1 forms foci in S-phase cells in absence of damage (Scully et al., 1997). Arrest 

of DNA synthesis leads to loss of these S-phase specific focal structures, suggesting that BRCA1 

is recruited to DNA replication structures. To discriminate cells in S-phase from cells in other 

stages of the cell cycle we used an anti PCNA antibody (Figure 3.9 A). Prior to damage, and as 

expected, BRCA1 foci were visible in PCNA positive S-phase cells, while upon damage BRCA1 

IRIFs are visible in every single cell as indicated by the white arrows in Figure 3.13A. When 

ZC3H14 is depleted, in absence of damage, BRCA1 foci are visible in S-phase cells but not in 

the PCNA negative non-replicating cells. After damage, depletion of ZC3H14 leads to a loss of 

BRCA1 foci in non-replicating cells (Figure 3.9 A-B). A second marker, such as RAD52, could 

be used to confirm whether ZC3H14 acts above the BRCA1 focal recruitment or not. 

This data, together with the defective 53BP1 IRIFs upon ZC3H14 knock down, suggests that 

this C3H1-type zinc finger protein acts in the DDR upstream the recruitment of both 53BP1 and 

BRCA1. 
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3.5.6 Ubiquitination at sites of DNA damage requires ZC3H14 

 

When ZC3H14 is depleted we observed defective recruitment of 53BP1, RIF1 and BRCA1 into 

IRIFs. This data strongly suggests a role for ZC3H14 upstream of 53BP1 and BRCA1 focal 

recruitment. 

In order, for 53BP1 and BRCA1, to be recruited at sites of damage, the histone H1 has to be 

mono and poly-ubiquitinated on Lys63, together with mono-ubiquitination of Lys13 and Lys15 

of histone H2A. These ubiquitination events are a result of the recruitment of two important E3 

ligases, RNF8 and RNF168, which are required for the subsequent recruitment of the 

downstream factors 53BP1 and BRCA1. 

To test whether ZC3H14 might regulate these ubiquitination events, once again, we knocked 

down ZC3H14 and looked at the formation of polyubiquitin chains by staining the cells for FK2, 

an antibody specific to ubiquitin (Figure 3.10 A). Before damage we detected only a few FK2 

foci in both control cells and cells knocked down for ZC3H14, while 53BP1 showed the usual 

pan nuclear staining with large, bright foci corresponding to the G1 nuclear bodies in the G1 

cells (Figure 3.10 A-B). Upon damage, FK2 IRIFs could not form when ZC3H14 was depleted. 

As observed for 53BP1 IRIFs, the FK2 IRIFs were also rescued by expression of the GFP-tagged 

ZC3H14 resistant to the siRNA (Figure 3.11 A-B). Defective enrichment of ubiquitin in IRIF 

upon ZC3H14 knock down suggests that ZC3H14 acts early in the DNA damage response, 

perhaps, being required for RNF8 and RNF168 focal recruitment. 
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3.5.7 RNF8 and RNF168 focal recruitment is affected upon ZC3H14 depletion 

 

Histones ubiquitination is an early event that occurs when DNA double strand breaks accumulate 

in the cells. One important ubiquitination event is the one that occurs on the Lys63 (K63) of the 

histone-linker H1 (Thorslund et al., 2015). This H1 ubiquitination event is mediated by RNF8, 

which also ubiquitinates the histone H2A. Subsequently, RNF8 binds the ubiquitinated H2A and 

amplifies local concentration of lysine 63-linked ubiquitin conjugates, which are necessary for 

the recruitment of 53BP1 and BRCA1 (Doil et al., 2009). 

Since we saw a defect in ubiquitination upon ZC3H14 depletion we decided to test if such defect 

was due to a defective focal recruitment of RNF8 and RNF168 upon ZC3H14 knock down. Once 

again, we depleted ZC3H14 and we looked at RNF8 and RNF168 IRIFs by immunofluorescence 

(Figure 3.12 A-B, Figure 3.13 A-B). When ZC3H14 is knocked down both RNF8 and RNF168 

IRIFs are barely visible compared to control cells. Importantly, once more, γH2AX IRIF are 

unaffected by ZC3H14 depletion. 

Data suggests that ZC3H14 acts above both of these E3 ubiquitin ligases. The RNF8 recruitment 

at sites of damage is dependent on the phosphorylation of MDC1 (Kolas et al, 2007). MDC1 is 

phosphorylated by ATM and interacts with RNF8, which is then recruited at DSBs (Kolas et al., 

2007). 
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3.5.8 Expression levels of DDR factors are not affected upon ZC3H14 depletion 

 

To ensure that the defect we observed for RIF1, 53BP1, BRCA1, RNF168 and RNF8 upon 

ZC3H14 depletion was not due to a defect on their level of expression we analysed their 

expression in western analyses (Figure 3.14). We could not detect any difference in terms of 

total levels of expression for RIF1, 53BP1, BRCA1, RNF168 and RNF, nor for ATM, between 

control cells and cells knocked down for ZC3H14 before or after damage. This suggested that 

the defective recruitment of these factors functioning downstream of ATM upon ZC3H14 

depletion is not due to a reduction in their levels of protein expression. There is also no evidence 

for subcellular re-organisation of DDR factors before and after damage. Thus, ZC3H14 appear 

to be a novel factor required for the focal recruitment of their DDR factors at sites of DNA 

damage. 
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Figure 3.14: DDR factors level of expression. U2OS cells were transfected with siRNA against 

ZC3H14 (sieGFP was used as a control). 48 hours after transfection the cells were radiate at 3Gy and 

harvested 1 hour later. They were lysed on ice for 40minutes with 1X lysis buffer. 30ug of lysate was 

loaded on a SDS-page gel and analysed by western blot. 
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3.5.9 MDC1 focal recruitment is not affected upon ZC3H14 depletion 

 

MDC1 is an important player in the DNA damage response. Its recruitment to sites of damage 

is necessary for the subsequent recruitment of RNF8 into IRIF. This RNF8 recruitment to DSBs 

occurs directly through RNF8 interaction, via its FHA domain, with TQXF phosphorylated sites 

localised at the N-terminus of MDC1 (Kolas et al., 2007). Since the depletion of ZC3H14 led to 

defective RNF8 focal recruitment we next looked at the MDC1 IRIFs upon ZC3H14 knock down 

(Figure 3.15 A). In absence of damage MDC1 is diffused within the nucleus while, upon gamma 

radiation, accumulates into foci, which co-localise with the γH2AX IRIFs. When we knocked 

down ZC3H14 we could not detect any defect for MDC1 IRIFs (Figure 3.15 A-B) indicating 

that this zinc finger protein must act in the DNA damage response pathway between the focal 

recruitment of MDC1 and RNF8. 
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3.5.10 Perturbation of MDC1 isoforms upon ZC3H14 depletion 

 

RNF8 interaction with MDC1 is mediated through the fork head domain of RNF8 and the 

phosphorylation of MDC1 on TQXF sites (Kolas et al., 2007). As observed defective RNF8 

IRIFs, but not MDC1 IRIFs upon ZC3H14 depletion suggests that ZC3H14 might regulate the 

MDC1-RNF8 interaction.  

 

MDC1 presents many TQXF sites which can be phosphorylated by ATM, ATR and DNA-PK 

upon damage (Stewart et al., 2003). MDC1 is also sumoylated and ubiquitinated upon damage 

(Luo et al., 2012). MDC1 Lys48-linkage ubiquitination, mediated by a SUMO-targeted E3 

ubiquitin ligase StUbl termed RNF4, leads to degradation of MDC1 (Luo et al., 2012). 

Surprisingly, this MDC1 degradation does not affect its recruitment to DSBs (Luo et al., 2012). 

We examined MDC1 protein levels upon ZC3H14 depletion and knock out (Figure 3.16 B-C). 

This ZC3H14 knock out U2OS cell line was generated in the laboratory by CRISPR-Cas9 

approach (Isabelle McDonald, Master thesis, 2018). The type of mutations generated in this 

ZC3H14 knock out U2OS cells by the CRISPR-Cas9 approach are reported in the table 5 of the 

appendix. In control cells, MDC1 shows up as two strong bands, with similar intensity, which 

migrate between the 250 and 148 kDa marker proteins. A middle band can also be detected 

between the two main MDC1 bands upon long exposure. Upon DNA damage, at 15 minutes 

after IR, the two main MDC1 bands migrate more slowly due to phosphorylation (Stewart et al., 

2003). Lou and colleagues have also reported sumoylation and ubiquitination of MDC1 after IR 

that leads to its degradation (Lou et al., 2012). In control siRNA treated cells 15 minutes after 

damage there is no evidence for degradation, in fact the faster migrating lower band becomes 

more abundant, while at later time points the abundance of the upper and lower MDC1 bands 
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clearly diminishes, being barely detectable in the 3 hrs timepoint. For some reason, both the 

upper and lower forms of MDC1 are slightly, but reproducibly increased in abundance at 1 hour 

relative to the 30’ sample (Figure 3.16 B compare lane 4 with lane 3). Upon ZC3H14 depletion 

(siZC3H14), in undamaged cells, the level of both MDC1 isoforms is significantly increased 

relative to control cells with the lower, more quickly migrating form, being relatively more 

abundant than the upper form (Figure 3.16 B compare lane 6 with lane 1). Upon damage the 

level of both MDC1 isoforms is significantly increased relative to control cells (Figure 3.16 B 

compare lane 7 with lane 2). Furthermore, the proportion of signal in the lower form appear 

significant increased relative to the upper form. In ZC3H14 depleted cells after DNA damage 

degradation is again detected at all timepoints examined, with the more abundant lower isoform 

persisting for longer than the less abundant upper isoform. To ensure that this MDC1 phenotype 

was not due to off-target effects of the ZC3H14 siRNA we looked at the MDC1 protein pattern 

in the U2OS ZC3H14 KO cells (Figure 3.16 C and Figure 3.17). In these ZC3H14 KO cells we 

could detect a more abundant MDC1 lower band compare to the upper MDC1 band, before and 

after damage, compared to control cells. MDC1 degradation upon damage was also detected in 

U2OS ZC3H14 KO cells. 

 

 

 

 

 

 

 



133 
 

A 

 

 

B          C 

 

Figure 3.16: MDC1 is degraded upon damage. A) Schematic of RNF8 and MDC1. The region of each 

protein require for their interaction is indicated by the red arrow. B) U2OS cells were transfected with 

siRNAs against ZC3H14 24 hours after seeding. 48 hours after transfection they were radiated at 5Gy 

and harvested at different timepoints. They were lysed and 30ug of total cell extracts were loaded on a 

6% SDS-page gel (37:1 cross-linking ratio) they were then analysed by western blot analysis. The blots 

shown are representative of 4 repeated experiments. C) U2OS cells WT and ZC3H14 KO were radiated 

at 5Gy and harvested at different timepoints. They were lysed and the lysates were run on a 6,5% 80:1 

cross-linking ratio gel and analysed by western blot. The blots shown are representative of 4 repeated 

experiments. 

 

 

250 kDa

148 kDa

98 kDa

Time after IR

(5Gy)    -      15’     30’     1h     3h       -      15’     30’     1h     3h

siCNT siZC3H14

MDC1

iso1

iso2/3
ns

ZC3H14

250 kDa

148 kDa

98 kDa

64 kDa

ponceau

staining

TUBULIN

64 kDa

64 kDa

1        2        3       4       5      6     7      8      9    10

250 kDa

148 kDa

98 kDa

64 kDa

MDC1

ZC3H14

iso1

iso2/3
ns

Time after IR

(5Gy)   -        15’      30‘      1h       -       15’       30‘     1h

U2OS ZC3H14 KO

ponceau

staining

250 kDa

98 kDa

148 kDa

64 kDa

U2OS WT

64 kDa

250 kDa

148 kDa

Low

Exp

High

Exp

1        2         3         4        5         6        7          8



134 
 

 

Figure 3.17: MDC1 total protein levels is increased upon ZC3H14 depletion. U2OS cells were 

transfected with siRNAs against ZC3H14 24 hours after seeding. 48 hours after transfection they were 

radiated at 5Gy and harvested at different timepoints. They were lysed and 30ug of total cell extracts 

were loaded on a 6% SDS-page gel (37:1 cross-linking ratio) they were then analysed by western blot 

using the Ly-Cor system. The blots shown are representative of 4 repeated experiments.  

 

We also looked at the MDC1 protein levels in h-TERT RPE1 cells (Figure 3.18). Once again, 

we could detect two strong MDC1 bands in control cells, while in the ZC3H14 depleted cells the 

lower band is relatively more abundant than the upper one. MDC1 degradation upon damage 

was also detectable in the h-TERT RPE1 cells, suggesting that ZC3H14 is not required for post-

IR degradation of MDC1, albeit the kinetic of MDC1 degradation were faster in RPE1 cells than 

in U2OS cells. Nevertheless, and despite some differences in the kinetic of degradation, MDC1 

is clearly degraded after IR in both cell types indicating that ZC3H14 is not required for post-IR 

dependent degradation of MDC1. Moreover, depletion of ZC3H14 results in relatively greater 

levels of the fastest migrating isoform of MDC1 indicating that ZC3H14 is required for the 

normal abundance of the fastest migrating form. 

Little is known about the nature of the isoforms of MDC1 detected by SDS-page. Both forms 

are phosphorylated after DNA damage (Stewart et al., 2003; Kolas et al., 2007) (Figure 3.16 B-

C and Figure 3.17 A). However, the major effect of ZC3H14 depletion is the relative abundance 
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of the upper to lower which are roughly equally abundant in control cells but upon loss of 

ZC3H14 the lower, faster migrating, form is more abundant than the upper form.  

MDC1 has also been reported to be both SUMOylated and ubiquitinated and subjected to 

degradation after DNA damage (Lou et al., 2012) and post-IR dependent degradation does not 

require ZC3H14.  However, the SUMOylated/ubiquitinated forms are not detected by SDS-page, 

presumably because of their rapid degradation. Interestingly, MDC1 recruitment into IRIF 

remains stable until repair is complete (Lou et al., 2012 and see Figure 3.15 A) suggesting that 

it is the nucleoplasmic pool of MDC1, rather than the MDC1 recruited to chromatin flanking 

DSBs, that is subjected to degradation. 

Little is known about the MDC1 pattern and what those bands are. They are likely to be MDC1 

splicing isoforms. The possibility that the upper band could be a modified form of MDC1 is less 

likely given the apparent size difference detected in SDS-page. 

 

 

Figure 3.18: MDC1 pattern in h-TERT RPE1 cells. Cells were transfected with siRNAs against 

ZC3H14 (scramble RNA was used as a control) 24 hours after seeding. 48 hours later they were radiated 

at 5Gy and harvested at different timepoints. The cells were lysed and the lysates were run on a 6,5% 

80:1 cross-linking gel. They were then analysed by western blot. The blots shown are representative of 3 

repeated experiments. 
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3.5.11 ZC3H14 interacts with MDC1 but it is not required for the MDC1-RNF8 interaction 

 

Since we observed a defect on RNF8, but not on MDC1 IRIFs upon ZC3H14 depletion we 

wondered if ZC3H14 might affect the interaction between MDC1 and RNF8. We first 

investigated whether ZC3H14 might interact with MDC1. We pulled down MDC1, in presence 

and absence of damage, and looked for the interaction with GFP-ZC3H14 (Figure 3.19). We 

could detect a constitutive interaction between MDC1 and GFP-ZC3H14 before and after 

damage. It is important to notice that when we use a 3Gy dose of γ radiations and harvest the 

cells one hour later, the MDC1 phospho-shift is not as great as when we use a 5Gy dose (see 

Figure 3.16 B) and there is also less MDC1 degradation. In fact, by testing different IR doses 

(Figure 3.20) we could asses that the MDC1 phospho-shift and degradation is dependent on the 

IR dose. The higher the IR dose the greater is the MDC1 phospho-shift and the faster is the 

degradation. 
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Figure 3.19: MDC1 interacts with ZC3H14. HEK 293T cells were plated and transfected with GFP-

ZC3H14 construct (GFP empty vector was used as a control) 24 hours after. 48 hours after transfection 

they were radiated at 3Gy and harvested 1hr later. The cells were lysed and 5mg of total cell extract was 

used to pull down MDC1. Total cell extracts and IP samples were loaded on an SDS-page gel and 

analysed by western blot. 

 

 

Figure 3.20: MDC1 phospho-shift and degradation are dose dependent. U2OS cells were seeded for 

24 hours and then radiated with different IR doses and harvested at different timepoints. Cells were lysed 

and 30μg of crude cell extract were loaded on a 6% SDS-page gel and analysed by western blot. 
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The fact we could detect an interaction between ZC3H14 and MDC1 might suggest that ZC3H14 

regulates the MDC1-RNF8 interaction previously reported (Mailand et al., 2007). To test such 

hypothesis, we pulled down MDC1 in U2OS WT and ZC3H14 KO cells and looked for the 

interaction with RNF8 (Figure 3.21). Although, it has previously been shown a constitutive 

interaction between MDC1 and RNF8 (Mailand et al., 2007), here we detected RNF8 to interact 

with MDC1 only upon damage (Figure 3.21 compare lane 3 with lane 2). This interaction was 

also visible in ZC3H14 KO cells upon damage but not in absence of damage (Figure 3.21 

compare lane 5 with lane 4). Although the MDC1 protein level is affected upon ZC3H14 

depletion compare to control cells, with the lower MDC1 band being more abundant than the 

upper MDC1 band compare to control cells (Figure 3.17), this does not impact on the MDC1-

RNF8 interaction. This data suggests that the upper band of MDC1 is not required for its 

interaction with RNF8 whether this is a MDC1 isoform or a modified form of MDC1. 

 



139 
 

 

Figure 3.21: MDC1-RNF8 interaction is not affected in U2OS ZC3H14 KO cells. U2OS WT and 

ZC3H14 KO cells were plated in 10 cm dishes. When 90% confluent they were radiated at 5Gy and 

harvested 15 min after. The cells were lysed and 3mg of total cell extract was used to pull down MDC1. 

The cell extracts and the IP samples were loaded on an SDS-page gel and analysed by western blot. 
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3.5.12 U2OS are sensitive to IR and ICRF193, but not to Olaparib, upon ZC3H14 depletion 

 

Our data supports a role for ZC3H14 in efficient DNA DSB repair. To support this hypothesis 

we examined the viability of U2OS and RPE1 upon ZC3H14 depletion after treatment with 

different DNA damage agents.  

We first looked at cell viability using different IR doses. We ran clonogenic survival assays in 

U2OS and RPE1 cells depleted for ZC3H14 and also in cells treated with ATM inhibitor 

(positive control). In both the transformed U2OS and immortalised h-TERT RPE1 cells ATMi 

resulted in fewer cell colonies. Also, in both cell types depletion of ZC3H14 resulted in identical 

clonogenic survival phenotypes to ATMi (Figure 3.22 A-B). This data, together with the 

persistence of γH2AX foci upon ZC3H14 depletion, strongly suggests a role for this zinc finger 

protein in the repair of DNA double strand breaks. Interestingly, ZC3H14 depletion results in 

highly similar survival defects to inhibition of ATM, the central regulator of the cellular 

responses to DSBs, indicating an important role for ZC3H14 in survival upon ionising radiation.  
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Figure 3.22: Cells are sensitive to IR upon ZC3H14 depletion. A) U2OS cells were transfected with 

siRNA against ZC3H14. 48 hours after transfection 100 cells were plated in duplicate per each IR dose 

and, only for the ATMi treated, they were treated with 10uM of ATM kinase inhibitor (KU-55933) for 1 

hour before radiation. The cells were left at 37°C for 10 days when colonies were stained and counted. 

The number of colonies was normalised to the control (non-radiated cells) within the same population. 

Error bars indicate the standard deviation (n=3). B) RPE1 cells were transfected with siRNA against 

ZC3H14 (scramble RNA was used as a control). 48 hours after transfection 100 cells were plated in 

duplicate per each IR dose and, only for the ATMi treated, they were treated with 10uM of ATM kinase 

inhibitor (KU-55933) for 1 hour before radiation. The cells were left at 37°C for 10 days when colonies 

were stained and counted. The number of colonies was normalised to the control (non-radiated cells) 

within the same population. Error bars indicate the standard deviation (n=3). 
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We then tested the cellular viability upon treatment with two further DNA damage agents, 

Olaparib and ICRF193. Olaparib is an inhibitor of the poly (ADP-ribose) polymerase. PARP is 

recruited to ssDNA (Caldecott, 2014) and PARP inhibition leads to an accumulation of ssDNA 

breaks, which if not repaired efficiently during replication, are converted to single-ended DNA 

double strand breaks that are efficiently repaired by a HR-dependent mechanism (Helleday, 

2011). The ICRF193, on the other hand, has been linked to the NHEJ repair pathway. ICRF193 

is a drug that inhibits the topoisomerase II. Studies show that MEF Lig4-/- and Ku70-/- cells are 

sensitive to ICRF-193 while MEF Rad54-/- cells show no sensitivity to ICRF-193 treatment 

(Adachi et al., 2003). Since Lig4 and Ku70, but not Rad54, are involved in the NHEJ repair 

pathway ICRF-193 has been linked to this repair pathway. 

Consistent with the role for BRCA1 in HR (Hartlerode & Scully, 2009) its depletion results in 

sensitivity to Olaparib relative to control cells (Figure 3.23 A). However, when ZC3H14 is 

depleted these behave similarly to control cells, suggesting that ZC3H14 is not important in the 

HR repair pathway.  

DNA-PK is important for NHEJ (Hartlerode & Scully, 2009) and is sensitive to ICRF193 relative 

to control cells (Figure 3.23 B). Upon depletion of DNA-PK U2OS cells are sensitive to 

ICRF193 compare to control cells. ZC3H14 depletion, on the other hand, displayed decreased 

viability when cells were treated with ICRF193 compare to control cells suggesting a role in 

NHEJ. Interestingly, the sensitivity of ZC3H14 depleted cells to ICRF193, relative to DNA-PK 

depleted cells, was similar. This suggests an important role for ZC3H14 in NHEJ. 
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Figure 3.23: Cells are sensitive to ICRF193, but not to Olaparib, upon ZC3H14 depletion. A) U2OS 

cells were transfected with siRNA against ZC3H14 and BRCA1 (positive control). 48 hours after 

transfection 100 cells were plated in duplicate per each Olaparib dose. The cells were left at 37°C for 10 

days when colonies were stained and counted. The number of colonies was normalised to the control 

(untreated) within the same population. Error bars indicate the standard deviation (n=3). B) U2OS cells 

were transfected with siRNA against ZC3H14 and DNA-PK (positive control). 48 hours after transfection 

100 cells were plated in duplicate per each ICRF193 dose. The cells were left at 37°C for 10 days when 

colonies were stained and counted. The number of colonies was normalised to the control (untreated) 

within the same population. Error bars indicate the standard deviation (n=3). 
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3.5.13 ZC3H14 in involved in the NHEJ but not in the HR repair pathway 

 

When DNA double strand breaks occur the cells have two main options for their repair: 

homologous recombination (HR) or non-homologous end joining recombination (NHEJ). In case 

of HR resection is critically required for the formation of a free 3’ single-stranded DNA end and 

subsequent DNA strand invasion and repair. In case of NHEJ, DNA resection is not needed since 

no template is required in order to repair the break. In fact, resection inhibits NHEJ. Thus, 

inhibition of resection is required for NHEJ and is achieved largely by 53BP1-dependent 

recruitment of the SHEILDIN complex (Ghezraoui et al., 2018; Noordermeer et al., 2018; 

Harveer Dev et al., 2018). the two non-resected ends are substrates for NHEJ-dependent ligation 

by DNA ligase 4 (Grawunder U. et al., 1998). 

 

Since we observed a defect for both 53BP1 and RIF1 IRIF upon ZC3H14 depletion (Figure 3.6 

and figure 3.8) we hypothesised a possible role for this protein in the NHEJ repair pathway. To 

test such hypothesis we generated two polyclonal HEK 293-T cell lines stably transfected with 

plasmids suitable for assaying HR or NHEJ (Dr. Murilo T.D. Bueno). One polyclonal cell line 

was generated by stably transfecting cells with the DR-GFP plasmid (Vriend et al., 2014). The 

other polyclonal cell line was generated by stably transfecting cells with the TK-GFP plasmid 

(Dr. Janna Luessing) in order to look at the NHEJ repair pathway. In both cell lines DSBs are 

induced by the I-SceI restriction enzyme and the repair is measured as GFP expression (Figure 

3.24 Ai-Bi). In case of the TK-GFP construct two I-SceI cut sites are beside the Tyrosine Kinase 

(TK) gene. The eGFP gene is downstream the TK domain. If both sites are simultaneously cut 

and the interfering TK gene fragment is lost the CMV promoter can be ligated close to the eGFP 

resulting in green cells. Any resection at either I-SceI site would prevent ligation of CMV to 

GFP and would not allow eGFP expression. For the DR-GFP construct there is a Sce-GFP gene 

containing mutations that inactivate the GFP. This mutated GFP is also engineered to contain an 
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ISceI cut site compare to the iGFP (wild type GFP gene) downstream, which contains a BcgI 

site. Upon an I-SceI-induced DSB the iGFP gene downstream can function as a template for 

gene conversion, converting the Sce-GFP mutation and allow expression of full-length WT GFP. 

Both polyclonal stable cell lines were depleted for ZC3H14 and GFP positive cells counted by 

FACS analysis upon transfection of these cells with a plasmid expressing the I-SceI restriction 

enzyme. We observed that ZC3H14 is involved in the NHEJ but not in the HR repair pathway 

(Figure 3.24 Aii-Bii). In terms of NHEJ efficiency when ZC3H14 is knocked down we get a 

20% GFP expression compared to control cells. A similar percentage is detected in cells depleted 

of DNA ligase 4, which is a protein involved in the NHEJ pathway. In terms of HR efficiency 

when ZC3H14 is knocked down we get a 100% efficiency similar to control cells, while in case 

of BRCA1 knock down the HR efficiency drops to 50% since BRCA1 has important function in 

HR. 

Interestingly, we have observed that ZC3H14 depletion does not affect HR-dependent DSB 

repair even though a slightly sensitivity to Olaparib is visible at higher dose when ZC3H14 is 

depleted (Figure 3.23 A), yet both 53BP1 (Figure 3.6) and BRCA1 (Figure 3.9) recruitment to 

DSBs is defective. When ZC3H14 is depleted we observe defective BRCA1 IRIFs in PCNA 

negative cells only while BRCA1 foci are not affected in PCNA positive cells (Figure 3.9) This 

might explain the reason why we cannot detect any defect in the HR repair pathway (Figure 3.24 

Bii). Cells in S-phase might still be able to efficiently repair the DSBs by HR when ZC3H14 is 

depleted. Also, upon depletion of BRCA1, BRCA1-dependent HR is rescued by co-depletion of 

53BP1 (Bunting et al., 2010; Ochs et al., 2016). In absence of BRCA1 and 53BP1, DSBs is 

repaired by SSA (Bunting et al., 2010). Based on what is known in the literature, our data could 

suggest a role for ZC3H14 in SSA. ZC3H14 depletion might cause hyper-resection which is then 

repaired by SSA repair pathway. Further analysis might be required to assess the levels of 

resection upon ZC3H14 depletion and its role in SSA. 



146 
 

 

Figure 3.24: ZC3H14 is involved in the NHEJ, but not in the HR, repair pathway. Ai) The TK-GFP 

construct contains a CMV promoter followed by the TK domain, the eGFP domain, the IRES and a Puro 

cassette for the selection. Two ISceI cut sites are localised at the sides of the TK domain. Aii) HEK 293-

T TK-GFP polyclonal cells were transfected with siRNAs against DNA ligase 4, BRCA1 and ZC3H14. 

24 hours later they were transfected with a plasmid expressing the ISceI restriction enzyme in order to 

induce the cut and they were left for 48hours at 37°C when they were trypsinised and analysed by FACS. 

The level of GFP expression was normalised to the control cells (siCTL) Bi) The DR-GFP presents a 

mutated GFP (SceGFP) which contains an ISceI cut site and a wild type GFP (iGFP) which contains a 

BcgI cut site. The two GFP domains are separated by a puro cassette for the selection. Bii) HEK 293-T 

DR-GFP polyclonal cells were transfected with siRNAs against DNA ligase 4, BRCA1 and ZC3H14. 24 

hours later they were transfected with a plasmid expressing the ISceI restriction enzyme in order to induce 

the cut and they were left for 48hours at 37°C when they were trypsinised and analysed by FACS. The 

level of GFP expression was normalised to the control cells (siCTL). 
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3.6 Discussion 

 

Human cells have developed different mechanisms to act against different threats. DNA 

damage is one of the most dangerous threats our cells can go through because, if it is not 

properly repaired, it can lead to cancer. This is the reason why our cells have a complex 

pathway through which they recognise the presence of DNA damage and coordinate a 

complex series of cellular responses to maintain genome stability. One of the most important 

player in this pathway is ATM, a member of the PIKKs family, which once is recruited at 

sites of damage, phosphorylates many downstream proteins required for cell signalling, repair 

and apoptosis (Matsuoka et al., 2007). Because of its central role our laboratory performed a 

quantitative proteomic screen for ATM partners. We identified many potential ATM-

interacting proteins including the C3H-type zinc finger protein, ZC3H14, as a novel ATM 

interactor (Pessina et al., 2014). 

 

Zinc finger motifs are abundant proteins with the C2H2 type being the biggest family. With 

its five zinc finger domains, which contain three cysteines and one histidine, ZC3H14 belongs 

to the C3H1 family. A part from this difference in the zinc finger domain structure, zinc finger 

motifs are well known for binding DNA, RNA and proteins. The majority of them are found 

in transcription factors. ZC3H14 has been reported to be a polyadenosine binding protein, 

first identified in yeast (Kelly et al., 2014). A role for ZC3H14 in the DNA damage response 

(DDR) has not been reported. Here we identify a new biological function for ZC3H14. We 

provide evidence of a role for ZC3H14 in the DDR, in particular we show a function for 

ZC3H14 in the recruitment of DDR proteins that function downstream of MDC1 to sites of 

DNA damage. 
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Although we could confirm the interaction between ATM and ZC3H14 and assess a role for 

the relevance of this interaction in the DDR we could not detect ZC3H14 at ionising radiation 

induced foci (IRIF). This last data could lead to different hypothesis. ZC3H14 was found to 

localise to Nuclear Speckles which are interchromatin granules. In intact cells it is possible 

that only a small fraction of the abundant ZC3H14 protein associates with chromatin which 

prevents its visualisation to site of DNA damage upon ionising radiation, while the majority 

of ZC3H14 localises to nuclear speckles. This could also explain our failure to detect ZC3H14 

at sites of DNA DSBs using the more sensitive U2OS-DSB reporter cell line system 

(Shanbhag et al., 2010; Tang et al., 2013). Although Nuclear Speckles are interchromatin 

granules, they might get disrupted during chromatin fractionation explaining the reason why 

we see ZC3H14 precipitating with the chromatin fraction. The importance of ZC3H14 in the 

DDR was confirmed by looking at two important markers in the DNA damage response such 

as H2AX-S139p, termed γH2AX, and ATM-S1981p. Interestingly, cells depleted for 

ZC3H14 displayed persistent γH2AX and ATM-S1981p foci compared to control cells 

suggesting that this zinc finger containing protein is required for efficient DNA repair. We 

also showed that cells are more sensitive to IR in absence of ZC3H14, as its depletion in both 

U2OS and RPE1 cells resulted in comparable sensitivity to ionising radiation as observed for 

inhibition of ATM kinase activity. This suggests an important role for this zinc finger protein 

in the DNA damage response pathway. 

 

ZC3H14 depletion in U2OS cells also resulted in sensitivity to ICRF-193, but little if any 

sensitivity to the doses of Olaparib used. It is been previously shown that ICRF-193 inhibits 

topoisomerase II resulting in hypersensitivity of cells defective in the nonhomologous DNA-

end joining machinery (Adachi et al., 2003), whereas Olaparib inhibits the poly (ADP-ribose) 

polymerase (Caldecott, 2014). The inhibition of the poly (ADP-ribose) polymerase leads to 
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an accumulation of single-strand DNA breaks (SSB) which are converted into DSB during 

DNA replication, which in turns are repaired by HR-dependent mechanism (Helleday, 2011). 

Our data is consistent with ZC3H14 being required for the NHEJ repair pathway. Further, 

support for this hypothesis was obtained using GFP reporter assays specific to either NHEJ 

or HR in polyclonal HEK-293T (Bindra et al., 2010; Vriend et al., 2014). Using these reporter 

assays we could detect a significant defect in the NHEJ, but not in the HR repair, pathway 

when ZC3H14 was depleted.  

 

Upon establishing a role for ZC3H14 in the DDR we started dissecting this pathway to see 

where this protein might function. We first examined recruitment of 53BP1 into IRIF upon 

ZC3H14 depletion. Defective recruitment of 53BP1 into these sites of DNA damage was 

observed upon ZC3H14 depletion compared to control cells. Similar results were obtained 

with RIF1, consistent with its role downstream of 53BP1. Next, we examined BRCA1 

recruitment to IRIFs. BRCA1 is required for resection and is also recruited into focal 

structures during S phase. To distinguish BRCA1 IRIF from these S phase foci we co-stained 

cells for PCNA and only scored PCNA-negative cells. We observed that PCNA negative cells 

were defective for BRCA1 focal recruitment when ZC3H14 was depleted. Since we could not 

detect a defect in repair by gene conversion upon ZC3H14 depletion, the defective BRCA1 

IRIF in PCNA negative cells, together with a slightly accumulation of RPA2 S4p/S8p foci 

when ZC3H14 is depleted might suggest a much more important role for this zinc finger 

protein in single strand annealing (SSA) than gene conversion (GC); for instance depletion of 

ZC3H14 might promote error prone HR due to excessive resection. It would be interesting to 

see whether RAD52 focal recruitment is affected when ZC3H14 is knocked down since 

RAD52 plays a major role in SSA (Ma et al., 2017). All together the data above strongly 

suggests a role for ZC3H14 in upstream DNA repair pathway choice, that is upstream the 
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53BP1 and BRCA1 focal recruitment. All additional markers of DSBs we examined FK2, 

RNF168 and RNF8 were defective upon depletion of ZC3H14, whereas the upstream markers 

γH2AX, ATM-S1981p and MDC1 were not. Our data suggests a potential role for ZC3H14 

between MDC1 focal recruitment and the RNF8 focal recruitment upon damage. RNF8 

recruitment to sites of damage is triggered by the presence of phosphorylated MDC1 at the 

DSBs (Kolas et al., 2007). It is known that RNF8 specifically binds to MDC1-Thr719p and 

MDC1-Thr752p via its forkhead-associated (FHA) domain (Kolas et al., 2007). MDC1 is 

mainly phosphorylated by ATM (Stewart et al., 2003; Kolas et al., 2007), while MDC1 is 

recruited to DSB via its interaction with NBS1 (Melander et al., 2008). Specifically, 

phosphorylation of the so called SDTD region of MDC1 by Casein kinase 2 (CK2) is required 

for the MDC1-NBS1 interaction (Spycher et al., 2008). MDC1 recruitment to sites of damage 

triggers its sumoylation and ubiquitination (Luo et al., 2012), which in turn leads to MDC1 

degradation. These important MDC1 modifications upon damage do not seem to affect its 

recruitment to DSBs. MDC1 migrates on SDS-PAGE gels as two strong bands of similar 

intensity, one upper and one lower, with a middle band that is much less intense (Goldberg et 

al., 2003; Stewart et al., 2003). These bands migrate at an apparent molecular weight of 

between 250 kDa and 148 kDa, and all three bands shift upon DNA damage due to 

phosphorylation. When we examined the MDC1 pattern upon ZC3H14 depletion in the 

absence of exogenous DNA damaging agents, in U2OS and RPE1 h-TERT cells, we could 

detect the three MDC1 isoforms, upper, middle and lower, but the bottom one was much 

stronger than the top one compared to control cells. Even at time points after IR when less 

MDC1 can be detected in control cells and ZC3H14 depleted cells, the MDC1 lower band 

was always more abundant than the upper band in ZC3H14 depleted cells compared to control 

cells. Nothing is known about these three MDC1 isoforms. They could be different isoforms 

which are generated by alternative splicing. As a poly(A) binding protein, ZC3H14 might 
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regulate the length of the poly(A) tail of transcripts allowing a longer 3’ extended transcripts 

with extra exons. Since MDC1 is subject to different modifications, the three MDC1 bands 

detectable by western blot, could be modified forms of MDC1 with the lower band of MDC1 

being the actual protein and the upper band being a modified form of MDC1. It has been 

reported that both upper and lower MDC1 bands are phosphorylated on Thr719 upon damage 

and that only the phospho-form, which resulted to be the upper band, disappears upon ATMi 

treatment (Kolas et al., 2007). Interestingly, we detected an interaction between MDC1 and 

ZC3H14. Because ZC3H14 is also found to interact with ATM and MDC1 is an actual ATM 

substrate, this last data might suggest that ZC3H14 could act as bridge between MDC1 and 

ATM and be required for the MDC1 ATM-dependent phosphorylation. Based on the fact that 

ZC3H14 is required for RNF8, but not MDC1, recruitment to DSBs we tested whether 

ZC3H14 is important for the MDC1-RNF8 interaction in U2OS WT and ZC3H14 KO cells. 

However, the MDC1-RNF8 interaction was not affected in ZC3H14 KO cells.  

 

It is known that RNF8 binds phosphorylated MDC1 and its recruitment to DSBs is ATM-

dependent (Kolas et al., 2007). When we saw defective RNF8 recruitment to sites of DNA 

damage, but not MDC1, upon ZC3H14 depletion we hypothesised that this C3H1-type zinc 

finger protein might be involved in the regulation of the MDC1-RNF8 interaction. However, 

this was not the case. RNF8 binds MDC1 on pThr719 and pThr752 and its recruitment to 

DSBs is dependent on ATM (Kolas et al., 2007). The ATM-dependent focal recruitment of 

RNF8 is likely explained by the fact that ATM is required for the MDC1 phosphorylation on 

the Thr719 and Thr752, although there is no currently evidence of a direct defect of RNF8 

focal recruitment when those MDC1 residues are mutated. This does not exclude a few 

additional hypotheses. RNF8 might bind other MDC1 phosphorylated sites, which might be 

phosphorylated by ATM, or other PIKKs upon damage in order to be recruited to DSBs 
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(Goldberg et al., 2003). In fact, MDC1 presents many TQXF consensus sites that can be 

phosphorylated upon damage (Kolas et al., 2007) and might be necessary for the MDC1-

RNF8 interaction. In this case, the mutation of Thr719 or Thr752 of MDC1 might not affect 

the RNF8 recruitment to sites of damage, although a direct relationship between the RNF8 

recruitment to DSBs and these phospho-MDC1 sites has never been shown. RNF8 could be 

itself an ATM substrate, this would mean that the RNF8 recruitment to sites of damage is not 

exclusively MDC1-dependent and explain the reason why its recruitment to DSBs is affected 

upon ATM kinase activity inhibition. (Kolas et al., 2007). 

 

From the literature and our data we could hypothesise that ZC3H14 might be required for 

MDC1 phosphorylation on specific residues that are required for the MDC1 activation and 

subsequent transduction of the signal to the downstream DDR factors. This suggests that 

ZC3H14 is functioning upon DNA repair pathway choice. In conclusion, here we report that: 

• ZC3H14, which is found at Nuclear Speckles, interacts with ATM and is required for 

genome integrity. ZC3H14 depletion results in sensitivity to ionising radiation in U2OS 

and RPE1 cells. U2OS cells also show persistent γH2AX and ATM-S1981p upon 

ZC3H14 depletion. 

• U2OS cells are sensitive to ICRF-193, but not to Olaparib, upon ZC3H14 depletion 

suggesting a role for this zinc finger protein in the NHEJ repair pathway, but not in the 

HR repair pathway. 

• RIF1, 53BP1, BRCA1, FK2, RNF168, RNF8 IRIFs but not MDC1 IRIFs are affected 

upon ZC3H14 depletion. 

• ZC3H14 depletion results in more abundant MDC1 lower band compare to control cells. 

• ZC3H14 interacts with MDC1 but it does not affect the MDC1-RNF8 interaction. 
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3.7 Future work 

 

Although we narrowed down where in the DDR pathway ZC3H14 acts there are many questions 

to be answered. 

Firstly, does ZC3H14 play a role in resection and SSA? We could look at the recruitment of 

DDR factors required for efficient SSA when ZC3H14 is depleted. We could examine a GFP 

reporter assay specific for SSA upon ZC3H14 depletion.  

Secondly, is ZC3H14 an ATM substrate? We could test this hypothesis by looking at the 

phosphorylation of ZC3H14 in presence or absence of ATM kinase activity inhibitor by 

immunoprecipitating tagged ZC3H14. It would be nice then to mutate the sites identified and 

investigate whether ZC3H14 activity is increased or reduced in some of these mutants.  

Thirdly, does ZC3H14 localise to site of DNA damage? A more sensitive technique might be 

needed to see ZC3H14 localisation at breaks, such as the laser-striping methodology. If ZC3H14 

is found at laser stripes then it would be extremely interesting to see if this hypothetical 

localisation is dependent on all or some of the zinc finger domains. 

Fourthly, Are the MDC1 bands isoforms or different MDC1 modifications? It would be 

interesting to mass spec these two MDC1 bands to clearly understand what they are. Once this 

is clear, based on our data, we could investigate the role that ZC3H14 has on regulating MDC1 

stabilisation. 

Fifthly, is ZC3H14 required for the phosphorylation of MDC1 on the Thr719 and Thr752? We 

could test whether these MDC1 phosphorylation events are responsible for the RNF8 recruitment 

to DSBs. RNF8 might also be phosphorylated upon damage and perhaps, ZC3H14 might be 

responsible for such phosphorylation. 
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Sixthly, does ZC3H14 act as a bridge between ATM and MDC1? Since MDC1 is phosphorylated 

by ATM (Stewart et al., 2003; Kolas et al., 2007) and ZC3H14 interacts with both ATM and 

MDC1, ZC3H14 might work as a bridge between ATM and MDC1 and allow the MDC1 

activation by ATM. In this case it would be interesting to map the region of ZC3H14 that 

interacts with ATM and MDC1. 

 

Considering the published literature and taking all the above data together is clear that ZC3H14 

plays more than one role in the human cells. We report here, for the first time, a role for ZC3H14 

in the DDR. ZC3H14 acts upstream of DNA double strand break repair pathway choice between 

the MDC1 and RNF8 proteins. It is still unclear precisely how this C3H1-type zinc finger protein 

modulates the DNA damage repair. 
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Appendix 1 

 

Primer name    Primer Sequence (5’-3’) 

XhoI ZC3H14 Fw CTCGAGAAATGGAGATCGGCACCGAG 

HindIII ZC3H14 Rv AAGCTTGAGCTATTCGCTGGTTTGAGGTCG 

ZC3H14 G2040A-

T2049C Fw 

CACCTTCCAGTAGTCAACTCTGCCGCTACTTCCCTGCTTGTAAG 

ZC3H14 G2040A-

T2049C Rv 

CTTACAAGCAGGGAAGTAGCGGCAGAGTTGACTACTGGAAGGTG 

ZC3H14 A2184G-

T2196A Fw 

CACGACATGCCTTGAAGTGGATTCGACCACAAACCAGCGAATAG 

ZC3H14 A2184G-

T2196A Rv 

GTGCTGTACGGAACTTCACCTAAGCTGGTGTTTGGTCGCTTATC 

ZC3H14 ΔPiwi 

Fusion PCR Fw 

CCCTCTGAAGATGTGCCTACAGTGACACTTACATATGGTTCTTCTCGCC 

ZC3H14 ΔPiwi 

Fusion PCR Rv 

AAGTGTCACTGTAGGCACATCTTCAGAGGGTGCTGGCTCC 

ZC3H14 ΔZF Fw CTCGAGAAATGGAGATCGGCACCGAG 

ZC3H14 ΔZF Rv AAGCTTCTATGGTTTCTGTGCCACACTCAG 

Table 1: Primers sequences 
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Antibody Dilution Blocking Secondary Manufacturer Cat. Num. 

Β-Tubulin 1:10000 5% Milk Mouse Abcam Ab6046 

Actin 1:2000 5% Milk Rabbit Sigma A2066 

H3 1:10000 5% Milk Rabbit Abcam Ab1791 

ZC3H11A 1:1000 5% Milk Rabbit Bethyl A301-525A 

ZC3H14 1:1000 5% Milk Rabbit Sigma HPA049798 

ZC3H8 1:1000 5% Milk Rabbit Bethyl A303-090A 

pRPA32 

(S4/S8) 
1:1000 5% BSA Rabbit Bethyl A300-245A-T 

Total RPA32 1:5000 5% Milk Rabbit Bethyl A300-244A-T 

GFP 1:2000 5% Milk Mouse Roche 11814460001 

Total ATM 1:2500 5% Milk Rabbit Abcam Ab91 

RNF8 (B2) 1:500 5% Milk Mouse Santa Cruz Sc-271462 

RNF168 1:1000 5% Milk Rabbit Millipore ABE367 

53BP1 1:1000 5% Milk Rabbit Novus 

Biologicals 
NB100-304 

RIF1 1:1000 5% Milk Rabbit Bethyl A300-569A 

MDC1 1:1000 5% Milk Rabbit Bethyl A300-051A 

Ubiquitin 1:1000 5% Milk Rabbit Bethyl A300-317A 

Table 2: Antibodies conditions used for Western Blot 
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Antibody Dilution Blocking Secondary Manufacturer Cat. Num. 

ZC3H11A 1:1000 1% BSA Rabbit Bethyl A301-525A 

ZC3H11A 1:200 1% BSA Mouse Sigma SAB1400368 

ZC3H14 1:200 1% BSA Rabbit Sigma HPA049798 

ZC3H8 1:200 1% BSA Rabbit Bethyl A303-090A 

Coilin 1:200 1% BSA Mouse Abcam Ab11822 

PML 1:500 1% BSA Mouse Abcam Ab96051 

SC35 1:500 1% BSA Mouse Abcam Ab11826 

FLAG (M2) 1:500 1% BSA Mouse Sigma A2220 

pRPA32 

(S4/S8) 
1:200 1% BSA Rabbit Bethyl A300-245A-T 

BrdU 1:50 1% BSA Mouse Becton 

Dickinson 
347580 

DNA-RNA 

hybrids (S9.6) 
1:200 1% BSA Mouse Kerafast ENH001 

γH2AX (S139) 1:500 1% BSA Mouse Millipore 05-636 

γH2AX (S139) 1:200 1% BSA Rabbit Abcam Ab2893 

pATM 

(S1981) 

1:500 1% BSA Rabbit Millipore MAB3806 

RNF8 (B-2) 1:50 10% FBS in 

PBST ON 4°C 
Mouse Santa Cruz Sc-271462 

RNF168 1:50 10% FBS in 

PBST ON 4°C 
Rabbit Millipore ABE367 

RIF1 1:200 1% BSA Rabbit Bethyl A300-569A 

53BP1 1:200 1% BSA Rabbit Novus 

Biologicals 
NB100-304 

BRCA1 (D9) 1:500 1% BSA Mouse Santa Cruz sc-6954 

PCNA 1:1000 1% BSA Rabbit Abcam Ab18197 

anti-

ubiquitinylated 

proteins (FK2) 

1:200 1% BSA Mouse Millipore 04-263 

MDC1 1:1000 5% Milk Rabbit Bethyl A300-051A 

Table 3: Antibodies conditions used for immunofluorescence 
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siRNA Sequence 

ZC3H14 seq1 GUAGUCAGCUCUGCCGUUA(dTdT) 

ZC3H14 seq2 GAAAUGGAUUCGACCUCAA(dTdT) 

ZC3H14 seq3 GGAAAGGCUUGAAACACGA(dTdT) 

ZC3H14 seq4 UGCAAAGGCUCACGUUUAA(dTdT) 

ZC3H11A seq1 GAAGCCACUUCUGAUCUAA(dTdT) 

ZC3H11A seq 2 GGAAAAAUCUAAGAAGCAA(dTdT) 

eGFP GCCACAACGUCUAUAUCAU(dTdT) 

BRCA1  AGAUAGUUCUACCAGUAAA(dTdT) 

DNA-PK GAUCGCACCUUACUCUGUU(dTdT) 

DNA ligase 4 AAGCCAGACAAAAGAGGUGAA(dTdT) 

Table 4: siRNA sequences 

 

gRNA gRNA sequence (5’-3’) ZC3H14 

Exon 

Mutation and position in the 

ZC3H14 cDNA 

ZC3H14 

gRNA1 

TGATTACATTATGGTGATGGTGG 2 deletion (C) p116, insertion (A) 

p110, C→A p116, T→A p113, 

insertion (C and A) p110 and 

111 

ZC3H14 

gRNA2 

AAGTCAGGACCAAATGACAGAGG 2 Deletion of 2 G p149, insertion 

(A) p143 

ZC3H14 

gRNA3 

TGAGATGAGTGAACTGAGTGTGG 13 T→G p1769, G→A p1766 

ZC3H14 

gRNA4 

CTGGCCTGCTTGTAAAAATGGGG 13 Deletion (A) p1826 

Table 5: gRNAs sequences and mutations. The PAM sequence is outlined in yellow.  
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Table 6: 6,5% Gel (80:1 cross-linking ratio) recipe. 

 

 

 

 

 

 

 

 

 

 

 

 

 6,5% Gel 

(80:1 cross-linking ratio) 

Stacking Gel 5% 

(36:1 cross-linking ratio) 

H2O 1720 μl 1690 μl 

40% Acrylamide 642 μl 320 μl 

2% Bis-solution 160 μl 175 μl 

1M Tris-HCl pH 8.7 1480 μl - 

1M Tris-HCl pH 6.8 - 313 μl 

10% SDS - 12,5 μl 

10% Ammonium Persulfate 20 μl 12,5 μl 

TEMED 5 μl 6,5 μl 
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CHAPTER 4 

 

 

Publication arises during the PhD 

Recruitment of lysine demethylase 2a to DNA double strand 

breaks and its interaction with 53BP1 ensures genome stability 
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4.1 Personal contribution to the paper 

 

I worked on this project together with Dr. Murilo T.D. Bueno, who held a Post-Doc position 

when I started working in Prof Noel F. Lowndes’ lab. Dr. Bueno started this project during his 

PhD in Canada, he brought it over and at the time he left the project was almost ready for a 

publication so I took it over and completed it. 

 

My contribution to this paper is listed below. 

• Fig 3A-B 

• Fig 4A-B-C together with the relative text 

• Fig 5C 

• Materials and Methods: Immunofluorescence; Microscopy and images analysis, Analysis 

of ATM Phosphorylation 

• I addressed all the reviewer’s suggestions by generating so all the supplementary 

materials 
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4.2 Paper 

 

 



163 
 

 

 

 



164 
 

 

 



165 
 

 

 



166 
 

 

 

 



167 
 

 

 

 



168 
 

 

 

 



169 
 

 

 

 



170 
 

 

 

 



171 
 

 

 



172 
 

 

 

 



173 
 

 

 

 



174 
 

 

 

 



175 
 

 

 

 



176 
 

 

 

 



177 
 

 

 

 



178 
 

4.3 Supplementary materials 

 

 



179 
 

 

 

 



180 
 

 

 

 



181 
 

 

 



182 
 

 

 

 



183 
 

 

 

 



184 
 

 

 

 



185 
 

References 

 

1. Adam SA, Nakagawa T, Swanson MS, Woodruff TK, Dreyfuss G. mRNA polyadenylate-

binding protein: gene isolation and sequencing and identification of a ribonucleoprotein 

consensus sequence. Mol Cell Biol. 1986;6(8):2932-2943. doi:10.1128/MCB.6.8.2932 

2. Adachi N, Suzuki H, Iiizumi S, Koyama H. Hypersensitivity of nonhomologous DNA end-

joining mutants to VP-16 and ICRF-193: Implications for the repair of topoisomerase II-

mediated DNA damage. J Biol Chem. 2003;278(38):35897-35902. 

doi:10.1074/jbc.M306500200 

3. AlexandreMaréchal, Zou L. DNA Damage Sensing by the ATMand ATR Kinases. 2017:1-

18. doi:10.1101/cshperspect.a012716 

4. Anderson JT, Wilson SM, Datar K V, Swanson MS. NAB2: a yeast nuclear polyadenylated 

RNA-binding protein essential for cell viability. Mol Cell Biol. 1993;13(5):2730-2741. 

doi:10.1128/MCB.13.5.2730 

5. Bakkenist CJ, Kastan MB. DNA damage activates ATM through intermolecular 

autophosphorylation and dimer dissociation. Nature. 2003;421(6922):499-506. 

doi:10.1038/nature01368 

6. Black SJ, Ozdemir AY, Kashkina E, Kent T, Rusanov T, Ristic D, Shin Y, Suma A, Hoang 

T, Chandramouly G, Siddique LA, Borisonnik N, Reed KS, Mallon JS, Skorski T, Carnevale V, 

Murakami KS, Wyman C & Pomerantz RT. Molecular basis of microhomology-mediated end-

joining by purified full-length Polθ. Nature Communication. 2019, 10:4423 

https://doi.org/10.1038/s41467-019-12272-9  

7. Bolderson E, Savage KI, Mahen R, et al. Krüppel-associated box (KRAB)-associated co-

repressor (KAP-1) Ser-473 phosphorylation regulates heterochromatin protein 1β (HP1-β) 

mobilization and DNA repair in heterochromatin. J Biol Chem. 2012;287(33):28122-28131. 

doi:10.1074/jbc.M112.368381 

8. Boronenkov I V, Loijens JC, Umeda M, Anderson RA. Phosphoinositide signaling pathways 

in nuclei are associated with nuclear speckles containing pre-mRNA processing factors. Mol Biol 

Cell. 1998;9(12):3547-3560. doi:10.1091/MBC.9.12.3547 



186 
 

9. Botuyan MV, Lee J, Ward IM, et al. Structural Basis for the Methylation State-Specific 

Recognition of Histone H4-K20 by 53BP1 and Crb2 in DNA Repair. Cell. 2006;127(7):1361-

1373. doi:10.1016/j.cell.2006.10.043 

10. Braschi E., Zunino R and McBride H. M. MAPL is a new mitochondrial SUMO E3 ligase 

that regulates mitochondrial fission. EMBO Rep. 2009 Jul;10(7):748-54. doi: 

10.1038/embor.2009.86. Epub 2009 May 1. 

11. Breslin C, Hornyak P, Ridley A, et al. The XRCC1 phosphate-binding pocket binds poly 

(ADP-ribose) and is required for XRCC1 function. Nucleic Acids Res. 2015;43(14):6934-6944. 

doi:10.1093/nar/gkv623 

12. Bunting SF, Callén E, Wong N, et al. 53BP1 inhibits homologous recombination in brca1-

deficient cells by blocking resection of DNA breaks. Cell. 2010;141(2):243-254. 

doi:10.1016/j.cell.2010.03.012 

13. Byun TS, Pacek M, Yee MC, Walter JC, Cimprich KA. Functional uncoupling of MCM 

helicase and DNA polymerase activities activates the ATR-dependent checkpoint. Genes Dev. 

2005;19(9):1040-1052. doi:10.1101/gad.1301205 

14. Caldecott KW. Protein ADP-ribosylation and the cellular response to DNA strand breaks. 

DNA Repair (Amst). 2014;19:108-113. doi:10.1016/j.dnarep.2014.03.021 

15. Campalans A, Amouroux R, Bravard A, Epe B, Radicella JP. UVA irradiation induces 

relocalisation of the DNA repair protein hOGG1 to nuclear speckles. J Cell Sci. 2006;120(1):23-

32. doi:10.1242/jcs.03312 

16. Campbell SJ, Edwards RA, Leung CCY, et al. Molecular insights into the function of RING 

finger (RNF)-containing proteins hRNF8 and hRNF168 in Ubc13/Mms2-dependent 

ubiquitylation. J Biol Chem. 2012;287(28):23900-23910. doi:10.1074/jbc.M112.359653 

17. Chan DW, Chen BPC. Autophosphorylation of the DNA-dependent protein kinase catalytic 

subunit is required for rejoining of DNA double-strand breaks. Genes Dev. 2002;16:2333-2338. 

doi:10.1101/gad.1015202.We 

18. Chapman JR, Barral P, Vannier JB, et al. RIF1 Is Essential for 53BP1-Dependent 

Nonhomologous End Joining and Suppression of DNA Double-Strand Break Resection. Mol 

Cell. 2013;49(5):858-871. doi:10.1016/j.molcel.2013.01.002 



187 
 

19. Chapman JR, Jackson SP. Phospho-dependent interactions between NBS1 and MDC1 

mediate chromatin retention of the MRN complex at sites of DNA damage. EMBO Rep. 2008 

Aug;9(8):795-801. doi: 10.1038/embor.2008.103. Epub 2008 Jun 27. 

20. Chapman JR. , Taylor MR, Boulton SJ. Playing the end game: DNA double-strand break 

repair pathway choice. Mol Cell. 2012 Aug 24;47(4):497-510. doi: 

10.1016/j.molcel.2012.07.029.  

21. Chen XB, Melchionna R, Denis CM, et al. Human Mus81-associated endonuclease cleaves 

Holliday junctions in vitro. Mol Cell. 2001;8(5):1117-1127. doi:10.1016/S1097-2765(01)00375-

6 

22. Ciccia A, Elledge SJ. The DNA Damage Response: Making It Safe to Play with Knives. Mol 

Cell. 2010;40(2):179-204. doi:10.1016/j.molcel.2010.09.019 

23. Cioce M, Lamond AI. CAJAL BODIES: A Long History of Discovery. Annu Rev Cell Dev 

Biol. 2005;21(1):105-131. doi:10.1146/annurev.cellbio.20.010403.103738 

24. Condemine W, Takahashi Y, Le Bras M, de The H. A nucleolar targeting signal in PML-I 

addresses PML to nucleolar caps in stressed or senescent cells. J Cell Sci. 2007;120(18):3219-

3227. doi:10.1242/jcs.007492 

25. Cortez D, Guntuku S, Qin J, Elledge SJ. ATR and ATRIP: Partners in checkpoint signaling. 

Science (80- ). 2001;294(5547):1713-1716. doi:10.1126/science.1065521 

26. DeFazio L, Stansel R, Griffith J, Chu G. Synapsis of DNA ends by DNA‐dependent protein 

kinase. EMBO J. 2002;21(12):3192-3200. doi:doi: 10.1093/emboj/cdf299 

27. Densham RM, Garvin AJ, Stone HR, et al. Human BRCA1-BARD1 ubiquitin ligase activity 

counteracts chromatin barriers to DNA resection. Nat Struct Mol Biol. 2016;23(7):647-655. 

doi:10.1038/nsmb.3236 

28. Deshaies RJ, Joazeiro CAP. RING Domain E3 Ubiquitin Ligases. Annu Rev Biochem. 

2009;78(1):399-434. doi:10.1146/annurev.biochem.78.101807.093809 

29. Dev H, Chiang TW, Lescale C, de Krijger I, Martin AG, Pilger D, Coates J, Sczaniecka-Clift 

M, Wei W, Ostermaier M, Herzog M, Lam J, Shea A, Demir M, Wu Q, Yang F, Fu B, Lai Z, 

Balmus G, Belotserkovskaya R, Serra V, O'Connor MJ, Bruna A, Beli P, Pellegrini L, Caldas C, 

Deriano L, Jacobs JJL, Galanty Y, Jackson SP. Shieldin complex promotes DNA end-joining 

and counters homologous recombination in BRCA1-null cells. Nat Cell Biol. 2018 



188 
 

Aug;20(8):954-965. doi: 10.1038/s41556-018-0140-1. Epub 2018 Jul 18. 

30. Dinkelmann M, Spehalski E, Stoneham T, et al. Multiple function of MRN in end-joinin 

pathways during isotype class switching. Nat Struc Mol Biol. 2009;16(8):808-813. 

doi:10.1038/nsmb.1639.Multiple 

31. Di Siena S, Campolo F, Gimmelli R, Di Pietro C, Marazziti D, Dolci S, Lenzi A, 

Nussenzweig A and Pellegrini M. Atm reactivation reverses ataxia telangiectasia phenotypes in 

vivo. Cell Death and Disease (2018) 9:314. 

32. Doil C, Mailand N, Bekker-Jensen S, et al. RNF168 Binds and Amplifies Ubiquitin 

Conjugates on Damaged Chromosomes to Allow Accumulation of Repair Proteins. Cell. 

2009;136(3):435-446. doi:10.1016/j.cell.2008.12.041 

33. Dye BT, Schulman BA. Structural Mechanisms Underlying Posttranslational Modification 

by Ubiquitin-Like Proteins. Annu Rev Biophys Biomol Struct. 2007;36(1):131-150. 

doi:10.1146/annurev.biophys.36.040306.132820 

34. Escribano-Díaz C, Orthwein A, Fradet-Turcotte A, et al. A Cell Cycle-Dependent Regulatory 

Circuit Composed of 53BP1-RIF1 and BRCA1-CtIP Controls DNA Repair Pathway Choice. 

Mol Cell. 2013;49(5):872-883. doi:10.1016/j.molcel.2013.01.001 

35. Eskiw CH. Size, position and dynamic behavior of PML nuclear bodies following cell stress 

as a paradigm for supramolecular trafficking and assembly. J Cell Sci. 2003;116(21):4455-4466. 

doi:10.1242/jcs.00758 

36. Fradet-Turcotte A, Canny MD, Escribano-Díaz C, et al. 53BP1 is a reader of the DNA 

damage-induced H2A Lys15 ubiquitin mark. Nature. 2013;499(7456):50-54. 

doi:10.1038/nature12318 

37. Furnari B, Rhind N, Russell P. Cdc25 mitotic inducer targeted by Chk1 DNA damage 

checkpoint kinase. Science (80- ). 1997;277(5331):1495-1497. 

doi:10.1126/science.277.5331.1495 

38. Galanty Y, Belotserkovskaya R, Coates J, Jackson SP. RNF4, a SUMO-targeted ubiquitin 

E3 ligase, promotes DNA double-strand break repair. Genes Dev. 2012 Jun 1;26(11):1179-95. 

doi: 10.1101/gad.188284.112. 

39. Galanty Y. et al. Mammalian SUMO E3-ligases PIAS1 and PIAS4 promote responses to 

DNA double-strand breaks. Nature. 2009 Dec 17;462(7275):935-9. doi: 10.1038/nature08657 



189 
 

40. Galganski L, Urbanek MO, Krzyzosiak WJ. Nuclear speckles: Molecular organization, 

biological function and role in disease. Nucleic Acids Res. 2017;45(18):10350-10368. 

doi:10.1093/nar/gkx759 

41. García-Muse T, Aguilera A. Transcription-replication conflicts: How they occur and how 

they are resolved. Nat Rev Mol Cell Biol. 2016;17(9):553-563. doi:10.1038/nrm.2016.88 

42. Ghezraoui H, Oliveira C, Becker JR, Bilham K, Moralli D, Anzilotti C, Fischer R, 

Deobagkar-Lele M, Sanchiz-Calvo M, Fueyo-Marcos E, Bonham S, Kessler BM, Rottenberg 

S5, Cornall RJ, Green CM, Chapman JR. 53BP1 cooperation with the REV7-shieldin complex 

underpins DNA structure-specific NHEJ. Nature. 2018 Aug;560(7716):122-127. doi: 

10.1038/s41586-018-0362-1. Epub 2018 Jul 25  

43. Goldberg M, Stucki M, Falck J, et al. MDC1 is required for the intra-S-phase DNA damage 

checkpoint. Nature. 2003;421(6926):952-956. doi:10.1038/nature01445 

44. Gong F, Chiu LY, Cox B, et al. Screen identifies bromodomain protein ZMYND8 in 

chromatin recognition of transcription-associated DNA damage that promotes homologous 

recombination. Genes Dev. 2015;29(2):197-211. doi:10.1101/gad.252189.114. 

45. Gong F, Clouaire T, Aguirrebengoa M, Legube G, Miller KM. Histone demethylase KDM5A 

regulates the ZMY ND8-NuRD chromatin remodeler to promote DNA repair. J Cell Biol. 

2017;216(7):1959-1974. doi:10.1083/jcb.201611135 

46. Gong L. Li B, Millas S, Yeh ET. Molecular cloning and characterization of human AOS1 

and UBA2, components of the sentrin-activating enzyme complex. FEBS Lett. 1999 Apr 

1;448(1):185-9 

47. Grawunder U, Zimmer D, Lieber MR. DNA ligase IV binds to XRCC4 via a motif located 

between rather than within its BRCT domains. Curr Biol. 1998;8:873-876. doi:10.1016/S0960-

9822(07)00349-1 

48. Grzegorz I, Pellicioli A, Balijja A, et al. DNA end resection, homologous recombination and 

DNA damage checkpoint activation require CDK1. Nature. 2004;431(October):1011-1017. 

doi:10.1038/nature02991.1. 

49. Gu J, Lu H, Tippin B, Shimazaki N, Goodman MF, Lieber MR. XRCC4:DNA ligase IV can 

ligate incompatible DNA ends and can ligate across gaps. EMBO J. 2007;26(4):1010-1023. 

doi:10.1038/sj.emboj.7601559 



190 
 

50. Guirouilh-Barbat J, Rass E, Plo I, Bertrand P, Lopez BS. Defects in XRCC4 and KU80 

differentially affect the joining of distal nonhomologous ends. Proc Natl Acad Sci. 

2007;104(52):20902-20907. doi:10.1073/pnas.0708541104 

51. Handwerger K.E. and Gall J.G. Subnuclear organelles: new insights into form and function. 

2005 Elsevier Ltd. All rights reserved. doi:10.1016/j.tcb.2005.11.005 

52. Hartlerode AJ, Scully R. Mechanisms of double-strand break repair in somatic mammalian 

cells. Biochem J. 2009;423(2):157-168. doi:10.1042/BJ20090942 

53. Harvey L., Berk A., Zipursky S.L., Matsudaira P., Baltimore D. and Darnell J. Molecular 

Cell Biology, 4th edition. W. H. Freeman; 2000. ISBN-10: 0-7167-3136-3. 

54. Helleday T. The underlying mechanism for the PARP and BRCA synthetic lethality: 

Clearing up the misunderstandings. Mol Oncol. 2011;5(4):387-393. 

doi:10.1016/j.molonc.2011.07.001 

55. Higgs HN, Peterson KJ. Phylogenetic analysis of the formin homology 2 domain. Mol Biol 

Cell. 2005;16(1):1-13. doi:10.1091/mbc.E04 

56. Hirao A, Kong Y. DNA Damage – Induced Activation of p53 by the Checkpoint Kinase 

Chk2. 2000;287(March):1824-1827. 

57. Hoa NN, Kobayashi J, Omura M, et al. BRCA1 and CtIP are both required to recruit Dna2 

at double-strand breaks in homologous recombination. PLoS One. 2015;10(4):1-17. 

doi:10.1371/journal.pone.0124495 

58. Hofmann RM, Pickart CM. Noncanonical MMS2-encoded ubiquitin-conjugating enzyme 

functions in assembly of novel polyubiquitin chains for DNA repair. Cell. 1999;96(5):645-653. 

doi:10.1016/S0092-8674(00)80575-9 

59. Hopfner KP, Craig L, Moncalian G, et al. The Rad50 zinc-hook is a structure joining Mre11 

complexes in DNA recombination and repair. Nature. 2002;418(6897):562-566. 

doi:10.1038/nature00922 

60. Hu D, Smith ER, Garruss AS, et al. NIH Public Access. 2014;51(4):493-505. 

doi:10.1016/j.molcel.2013.07.003.The 

61. Iacovoni JS, Caron P, Lassadi I, et al. High-resolution profiling of γh2AX around DNA 

double strand breaks in the mammalian genome. EMBO J. 2010;29(8):1446-1457. 



191 
 

doi:10.1038/emboj.2010.38 

62. Izhar L, Adamson B, Ciccia A, et al. A Systematic Analysis of Factors Localized to Damaged 

Chromatin Reveals PARP-Dependent Recruitment of Transcription Factors. Cell Rep. 

2015;11(9):1486-1500. doi:10.1016/j.celrep.2015.04.053 

63. Jack BHA, Crossley M. GATA proteins work together with Friend of GATA (FOG) and C-

terminal Binding Protein (CTBP) co-regulators to control adipogenesis. J Biol Chem. 

2010;285(42):32405-32414. doi:10.1074/jbc.M110.141317 

64. Jackson SP, Durocher D. Regulation of DNA damage responses by ubiquitin and SUMO. 

Mol Cell. 2013 Mar 7;49(5):795-807. doi: 10.1016/j.molcel.2013.01.017. Epub 2013 Feb 14 

65. Johnson ES, Gupta AA. An E3-like factor that promotes SUMO conjugation to the yeast 

septins. Cell. 2001 Sep 21;106(6):735-44. 

66. Johnson ES, Blobel G. Ubc9p is the conjugating enzyme for the ubiquitin-like protein Smt3p. 

J Biol Chem. 1997 Oct 24;272(43):26799-802. 

67. Kalb R, Mallery DL, Larkin C, Huang JTJ, Hiom K. BRCA1 is a histone-H2A-specific 

ubiquitin ligase. Cell Rep. 2014;8(4):999-1005. doi:10.1016/j.celrep.2014.07.025 

68. Kelly SM, Pabit SA, Kitchen CM, et al. Recognition of polyadenosine RNA by zinc finger 

proteins. Proc Natl Acad Sci. 2007;104(30):12306-12311. doi:10.1073/pnas.0701244104 

69. Kelly SM, Leung SW, Pak C, Banerjee A, Moberg KH. protein , ZC3H14 , in control of poly 

(A) tail length A conserved role for the zinc finger polyadenosine RNA binding protein , 

ZC3H14 , in control of poly ( A ) tail length. 2014:681-688. doi:10.1261/rna.043984.113.5 

70. Koegl M, Hoppe T, Schlenker S, Ulrich HD, Mayer TU, Jentsch S. A novel ubiquitination 

factor, E4, is involved in multiubiquitin chain assembly. Cell. 1999;96(5):635-644. 

doi:10.1016/S0092-8674(00)80574-7 

71. Kolas NK, Chapman JR, Nakada S, et al. Orchestration of the DNA-damage response by the 

RNF8ubiquitin ligase. Science (80- ). 2007;318(5856):1637-1640. doi:10.1126/science.1150034 

72. Kumagai  a, Dunphy WG. Claspin, a novel protein required for the activation of Chk1 during 

a DNA replication checkpoint response in Xenopus egg extracts. Mol Cell. 2000;6(4):839-849. 

doi:10.1016/S1097-2765(05)00092-4 

73. Kumagai A, Lee J, Yoo HY, Dunphy WG. TopBP1 activates the ATR-ATRIP complex. Cell. 



192 
 

2006;124(5):943-955. doi:10.1016/j.cell.2005.12.041 

74. Laity JH, Dyson HJ, Wright PE. DNA-induced α-helix capping in conserved linker 

sequences is a determinant of binding affinity in Cys2-His2zinc fingers. J Mol Biol. 

2001;295(4):719-727. doi:10.1006/jmbi.1999.3406 

75. Lamond AI, Spector DL. Nuclear speckles: A model for nuclear organelles. Nat Rev Mol 

Cell Biol. 2003;4(8):605-612. doi:10.1038/nrm1172 

76. Lechtenberg BC, Allen MD, Rutherford TJ, Freund SM, Bycroft M. Solution structure of the 

FCS zinc finger domain of the human polycomb group protein L(3)mbt-like 2. Protein Sci. 2009 

Mar;18(3):657-61. doi: 10.1002/pro.51. 

77. Lee C, Smith BA, Bandyopadhyay K, Gjerset RA. DNA damage disrupts the p14ARF-

B23(nucleophosmin) interaction and triggers a transient subnuclear redistribution of p14ARF. 

Cancer Res. 2005;65(21):9834-9842. doi:10.1158/0008-5472.CAN-05-1759 

78. Lee J, Paull TT. R EPORTS ATM Activation by DNA Double-Strand Breaks Through the 

Mre11-Rad50-Nbs1 Complex. Science (80- ). 2005;308(April):551-554. 

doi:10.1126/science.1108297 

79. Lee J, Kumagai A, Dunphy WG. The Rad9-Hus1-Rad1 checkpoint clamp regulates 

interaction of TopBP1 with ATR. J Biol Chem. 2007;282(38):28036-28044. 

doi:10.1074/jbc.M704635200 

80. Lee YC, Zhou Q, Chen J, Yuan J. RPA-Binding Protein ETAA1 Is an ATR Activator 

Involved in DNA Replication Stress Response. Curr Biol. 2016 Dec 19;26(24):3257-3268. doi: 

10.1016/j.cub.2016.10.030. Epub 2016 Nov 3. 

81. Leung JWC, Makharashvili N, Agarwal P, et al. ZMYM3 regulates BRCA1 localization at 

damaged chromatin to promote DNA repair. Genes Dev. 2017;31(3):260-274. 

doi:10.1101/gad.292516.116 

82. Leung SW, Apponi LH, Cornejo OE, et al. NIH Public Access. 2010;439(404):71-78. 

doi:10.1016/j.gene.2009.02.022.Splice 

83. Lindahl T. Instability and decay of the primary structure of DNA. Nature. 1993 Apr 

22;362(6422):709-15. 

84. Liu L, Rodriguez-Belmonte EM, Mazloum N, Xie B, Lee MYWT. Identification of a novel 



193 
 

protein, PDIP38, that interacts with the p50 subunit of DNA polymerase δ and proliferating cell 

nuclear antigen. J Biol Chem. 2003;278(12):10041-10047. doi:10.1074/jbc.M208694200 

85. Liu Q, Guntuku S, Cui XS, et al. Chk1 is an essential kinase that is regulated by Atr and 

required for the G2/M DNA damage checkpoint. Genes Dev. 2000;14(12):1448-1459. 

doi:10.1101/gad.14.12.1448 

86. Liu S, Shiotani B, Lahiri M, et al. ATR Autophosphorylation as a Molecular Switch for 

Checkpoint Activation. Mol Cell. 2011;43(2):192-202. doi:10.1016/j.molcel.2011.06.019 

87. Lou Z, Minter-Dykhouse K, Franco S, et al. MDC1 maintains genomic stability by 

participating in the amplification of ATM-dependent DNA damage signals. Mol Cell. 

2006;21(2):187-200. doi:10.1016/j.molcel.2005.11.025 

88. Luijsterburg MS, Typas D, Caron MC, et al. A PALB2-interacting domain in RNF168 

couples homologous recombination to DNA break-induced chromatin ubiquitylation. Elife. 

2017;6:1-26. doi:10.7554/eLife.20922 

89. Lukas C, Melander F, Stucki M, et al. Mdc1 couples DNA double-strand break recognition 

by Nbs1 with its H2AX-dependent chromatin retention. EMBO J. 2004;23(13):2674-2683. 

doi:10.1038/sj.emboj.7600269 

90 Luo K, Zhang H, Whang L, Lou Z. Sumoylation of MDC1 is important for proper DNA 

damage response. EMBO Journal (2012) 31(13) 3008-3019 

91. Ma CJ, Kwon Y, Sung P, Greene EC. Human RAD52 interactions with replication protein a 

and the RAD51 presynaptic complex. J Biol Chem. 2017;292(28):11702-11713. 

doi:10.1074/jbc.M117.794545 

92. Ma Y, Pannicke U, Schwarz K, Lieber MR. Hairpin opening and overhang processing by an 

Artemis/DNA-dependent protein kinase complex in nonhomologous end joining and V(D)J 

recombination. Cell. 2002;108(6):781-794. doi:10.1016/S0092-8674(02)00671-2 

93. Mailand N, Bekker-Jensen S, Faustrup H, et al. RNF8 Ubiquitylates Histones at DNA 

Double-Strand Breaks and Promotes Assembly of Repair Proteins. Cell. 2007;131(5):887-900. 

doi:10.1016/j.cell.2007.09.040 

94. Matic I. Van Hagen M., Schimmel J., Macek B., Ogg SC., Tatham MH., Hay RT., Lamond 

AI., Mann M., Vertegaal ACO. In vivo identification of human small ubiquitin-like modifier 

polymerization sites by high accuracy mass spectrometry and an in vitro to in vivo strategy. Mol 



194 
 

Cell Proteomics. 2008 Jan;7(1):132-44. doi: 10.1074/mcp.M700173-MCP200. Epub 2007 Oct 

15. 

95. Matsuoka S, Ballif BA, Smogorzewska A, et al. Supporting Online Material for ATM and 

ATR Substrate Analysis Reveals Extensive Protein Network Responsive to DNA Damage. 

Science (80- ). 2007;316(May):1160-1167. doi:10.1126/science.1140321 

96. Mattiroli F, Vissers JHA, Van Dijk WJ, et al. RNF168 ubiquitinates K13-15 on H2A/H2AX 

to drive DNA damage signaling. Cell. 2012;150(6):1182-1195. doi:10.1016/j.cell.2012.08.005 

97. McIlwraith MJ, Vaisman A, Liu Y, Fanning E, Woodgate R, West SC. Erratum: Human 

DNA polymerase η promotes DNA synthesis from strand invasion intermediates of homologous 

recombination (Molecular Cell (December 9, 2005) 20 (783-792). Mol Cell. 2006;21(3):445. 

doi:10.1016/j.molcel.2006.01.027 

98. Miller J, McLachlan AD, Klug A. Repetitive zinc-binding domains in the protein 

transcription factor IIIA from Xenopus oocytes. J Trace Elem Exp Med. 2001;14(2):157-169. 

doi:10.1002/jtra.1022 

99. Mintz PJ, Patterson SD, Neuwald AF, Spahr CS, Spector DL. Purification and biochemical 

characterization of interchromatin granule clusters. EMBO J. 1999;18(15):4308-4320. 

doi:10.1093/emboj/18.15.4308 

100. Mitrea DM, Kriwacki RW. Phase separation in biology; Functional organization of a higher 

order Short linear motifs - The unexplored frontier of the eukaryotic proteome. Cell Commun 

Signal. 2016;14(1):1-20. doi:10.1186/s12964-015-0125-7 

101. Mordes DA, Glick GG, Zhao R, Cortez D. TopBP1 activates ATR through ATRIP and a 

PIKK regulatory domain. Genes Dev. 2008;22(11):1478-1489. doi:10.1101/gad.1666208 

102. Morris J. R. et al. The SUMO modification pathway is involved in the BRCA1 response to 

genotoxic stress. Vol 462| 17 December 2009| doi:10.1038/nature08593 

103. Nakagawa K, Taya Y, Tamai K, Yamaizumi M. Requirement of ATM in phosphorylation 

of the human p53 protein at serine 15 following DNA double-strand breaks. Mol Cell Biol. 

1999;19(4):2828-2834. doi:10.1128/MCB.19.4.2828 

104. Nakamura K, Kogame T, Oshiumi H, et al. Collaborative action of Brca1 and CtIP in 

elimination of covalent modifications from double-strand breaks to facilitate subsequent break 

repair. PLoS Genet. 2010;6(1). doi:10.1371/journal.pgen.1000828 



195 
 

105. Nakamura K, Saredi G, Becker JR, Foster BM, Nguyen NV, Beyer T, Cesa LC, Faull PA, 

Lukauskas S, Frimurer T, Chapman JR, Bartke T, and Groth A. H4K20me0 recognition by 

BRCA1-BARD1 directs homologous recombination in sister chromatids. Nat Cell Biol. 2019 

March ; 21(3): 311–318. doi:10.1038/s41556-019-0282-9. 

106. Nam E a., Cortez D. ATR signaling: more than meeting at the fork Edward. Biochem J. 

2013;436(3):527-536. doi:10.1042/BJ20102162.ATR 

107. Noordermeer SM, Adam S, Setiaputra D, Barazas M, Pettitt SJ, Ling AK, Olivieri M, 

Álvarez-Quilón A, Moatti N, Zimmermann M, Annunziato S, Krastev DB, Song F, Brandsma I, 

Frankum J, Brough R, Sherker A, Landry S, Szilard RK, Munro MM, McEwan A, Goullet de 

Rugy T, Lin ZY, Hart T, Moffat J, Gingras AC, Martin A, van Attikum H, Jonkers J, Lord CJ, 

Rottenberg S, Durocher D. The shieldin complex mediates 53BP1-dependent DNA repair. 

Nature. 2018 Aug;560(7716):117-121. doi: 10.1038/s41586-018-0340-7. Epub 2018 Jul 18. 

108. Northam MR, Trujillo KM. Histone H2B mono-ubiquitylation maintains genomic integrity 

at stalled replication forks. Nucleic Acids Res. 2016;44(19):9245-9255. doi:10.1093/nar/gkw658 

109. Nowsheen S. et al. L3MBTL2 orchestrates ubiquitin signalling by dictating the sequential 

recruitment of RNF8 and RNF168 after DNA damage. Nat Cell Biol. 2018 Apr;20(4):455-464. 

doi: 10.1038/s41556-018-0071-x. Epub 2018 Mar 26. 

110. Nowsheen S. et al. ZNF506-dependent positive feedback loop regulates H2AX signaling 

after DNA damage. Nat Commun. 2018 Jul 16;9(1):2736. doi: 10.1038/s41467-018-05161-0. 

111. Ochs F, Somyajit K, Altmeyer M, Rask MB, Lukas J, Lukas C. 53BP1 fosters fidelity of 

homology-directed DNA repair. Nat Struct Mol Biol. 2016;23(8):714-721. 

doi:10.1038/nsmb.3251 

112. Otherwein A. Fradet-Turcotte A, Noordermeer SM, Canny MD, Brun CM, Strecker J, 

Escribano-Diaz C, Durocher D. Mitosis inhibits DNA double-strand break repair to guard against 

telomere fusions. Science. 2014 Apr 11;344(6180):189-93. doi: 10.1126/science.1248024. Epub 

2014 Mar 20. 

113. Pak C, Garshasbi M, Kahrizi K, Gross C, Apponi LH, Noto JJ. Mutation of the conserved 

polyadenosine RNA binding protein , ZC3H14 / dNab2 , impairs neural function in Drosophila 

and humans. 2011:1-6. doi:10.1073/pnas.1107103108/-

/DCSupplemental.www.pnas.org/cgi/doi/10.1073/pnas.1107103108 



196 
 

114. Panier S, Ichijima Y, Fradet-Turcotte A, et al. Tandem Protein Interaction Modules 

Organize the Ubiquitin-Dependent Response to DNA Double-Strand Breaks. Mol Cell. 

2012;47(3):383-395. doi:10.1016/j.molcel.2012.05.045 

115. Paul A, Wang B. RNF8- and Ube2S-Dependent Ubiquitin Lysine 11-Linkage Modification 

in Response to DNA Damage. Mol Cell. 2017;66(4):458-472.e5. 

doi:10.1016/j.molcel.2017.04.013 

116. Pessina F and Lowndes N. The RSF1 Histone-Remodelling Factor Facilitates DNA Double-

Strand Break Repair by Recruiting Centromeric and Fanconi Anaemia Proteins. PLoS Biol. 2014 

May 6;12(5):e1001856. doi: 10.1371/journal.pbio.1001856. eCollection 2014 May 

117. Pichler A., Fatouros C., Lee H. and Eisenhardt N. SUMO conjugation – a mechanistic view. 

BioMol Concepts 2017; 8(1): 13–36 

118. Pickart CM, Eddins MJ. Ubiquitin: Structures, functions, mechanisms. Biochim Biophys 

Acta - Mol Cell Res. 2004;1695(1-3):55-72. doi:10.1016/j.bbamcr.2004.09.019 

119. Plans V, Scheper J, Soler M, Loukili N, Okano Y, Thomson TM. The RING finger protein 

RNF8 recruits UBC13 for lysine 63-based self polyubiquitylation. J Cell Biochem. 

2006;97(3):572-582. doi:10.1002/jcb.20587 

120. Polato F, Callen E, Wong N, Faryabi R, Bunting S, Chen HT, Kozak M, Kruhlak MJ, 

Reczek CR, Lee WH, Ludwig T, Baer R, Feigenbaum L, Jackson S and Nussenzweig A. CtIP-

mediated resection is essential for viability and can operate independently of BRCA1. J. Exp. 

Med. 2014 Vol. 211 No. 6 1027-1036 www.jem.org/cgi/doi/10.1084/jem.20131939 

121 Pollard T.D. et al. Cell Biology E-Book, 3rd Edition. Elsevier 2017. ISBN: 978-0-323-

40002-2. 

122. Rha J, Jones SK, Fidler J, et al. The RNA-binding protein, ZC3H14, is required for proper 

poly(A) tail length control, expression of synaptic proteins, and brain function in mice. Hum Mol 

Genet. 2017;26(19):3663-3681. doi:10.1093/hmg/ddx248 

123. Rivera-Calzada A, López-Perrote A, Melero R, et al. Structure and Assembly of the PI3K-

like Protein Kinases (PIKKs) Revealed by Electron Microscopy. AIMS Biophys. 2015;2(2):36-

57. doi:10.3934/biophy.2015.2.36 

124. Robzyk K. Rad6-Dependent Ubiquitination of Histone H2B in Yeast. Science (80- ). 

2000;287(5452):501-504. doi:10.1126/science.287.5452.501 



197 
 

125. Rogakou EP, Pilch DR, Orr AH, Ivanova VS, Bonner WM. Double-stranded Brekas Induce 

Histone H2AX phosphorylation on Serine 139. J Biol Chem. 1998;273(10):5858-5868. 

doi:10.1074/jbc.273.10.5858 

126. Roy R, Chun J, Powell SN. BRCA1 and BRCA2: Different roles in a common pathway of 

genome protection. Nat Rev Cancer. 2012;12(1):68-78. doi:10.1038/nrc3181 

127. Saitoh H. & Hinchey J. Functional heterogeneity of small ubiquitin-related protein 

modifiers SUMO-1 versus SUMO-2/3. J Biol Chem. 2000 Mar 3;275(9):6252-8. 

128. Sanchez Y, Wong C, Thoma RS, et al. Conservation of the Chk1 checkpoint pathway in 

mammals: Linkage of DNA damage to Cdk regulation through Cdc25. Science (80- ). 

1997;277(5331):1497-1501. doi:10.1126/science.277.5331.1497 

129. Sartori AA, Lukas C, Coates J, Mistrik M, Fu S, Bartek J, Baer R, Lukas J, Jackson SP. 

Human CtIP promotes DNA end resection. Nature. 2007 Nov 22;450(7169):509-14. Epub 2007 

Oct 28. 

130. Satoh MS, Lindahl T. Role of poly(ADP-ribose) formation in DNA repair. Nature. 

1992;356(6367):356-358. doi:10.1038/356356a0 

131. Savic V, Yin B, Maas NL, et al. Formation of Dynamic γ-H2AX Domains along Broken 

DNA Strands Is Distinctly Regulated by ATM and MDC1 and Dependent upon H2AX Densities 

in Chromatin. Mol Cell. 2009;34(3):298-310. doi:10.1016/j.molcel.2009.04.012 

132. Scheffner M, Nuber U, Huibregtse JM. Protein ubiquitination involving an E1–E2–E3 

enzyme ubiquitin thioester cascade. Nature. 1995;373(6509):81-83. doi:10.1038/373081a0 

133. Schellenberg MJ, Schellenberg MJ, Lieberman JA, et al. ZATT ( ZNF451 )– mediated 

resolution of topoisomerase 2. Science (80- ). 2017;6468(September):1-11. 

doi:10.1126/science.aam6468 

134. Schmidt D, Müller S. Members of the PIAS family act as SUMO ligases for c-Jun and p53 

and repress p53 activity. Proc Natl Acad Sci U S A. 2002 Mar 5;99(5):2872-7. Epub 2002 Feb 

26. 

135. Schwertman P, Bekker-Jensen S, Mailand N. Regulation of DNA double-strand break repair 

by ubiquitin and ubiquitin-like modifiers. Nat Rev Mol Cell Biol. 2016;17(6):379-394. 

doi:10.1038/nrm.2016.58 



198 
 

136. Scully R, Chen J, Ochs RL, et al. Dynamic changes of BRCA1 subnuclear location and 

phosphorylation state are intiated by DNA damage. Cell. 1997;90:425-435. 

137. Shanbhag NM, Rafalska-Metcalf IU, Balane-Bolivar C, Janicki SM, Greenberg RA. ATM-

dependent chromatin changes silence transcription in cis to DNA double-strand breaks. Cell. 

2010 Jun 11;141(6):970-81. doi: 10.1016/j.cell.2010.04.038. 

138. Shechter D, Costanzo V, Gautier J. Regulation of DNA replication by ATR: Signaling in 

response to DNA intermediates. DNA Repair (Amst). 2004;3(8-9):901-908. 

doi:10.1016/j.dnarep.2004.03.020 

139. Shinohara A, Shinohara M, Ohta T, Matsuda S, Ogawa T. Rad52 forms ring structures and 

co-operates with RPA in single-strand DNA annealing. Genes to Cells. 1998;3(3):145-156. 

doi:10.1046/j.1365-2443.1998.00176.x 

140. Shiotani B, Zou L. Single-Stranded DNA Orchestrates an ATM-to-ATR Switch at DNA 

Breaks. Mol Cell. 2009;33(5):547-558. doi:10.1016/j.molcel.2009.01.024 

141. Sibanda BL, Chirgadze DY, Blundell TL. Crystal structure of DNA-PKcs reveals a large 

open-ring cradle comprised of HEAT repeats. Nature. 2010;463(7277):118-121. 

doi:10.1038/nature08648 

142. Soucek S, Corbett A, Fasken M. The long and the short of it: The role of the zinc finger 

polyadenosine RNA binding protein, Nab2, in control of poly (A) tail length. Biochim Biophys 

Acta (BBA)- …. 2012;1819(6):546-554. doi:10.1016/j.bbagrm.2012.03.006.The 

143. Soucek S, Zeng Y, Bellur DL, et al. Evolutionarily Conserved Polyadenosine RNA Binding 

Protein Nab2 Cooperates with Splicing Machinery To Regulate the Fate of Pre-mRNA. Mol Cell 

Biol. 2016;36(21):2697-2714. doi:10.1128/MCB.00402-16 

144. Spruijt CG, Luijsterburg MS, Menafra R, et al. ZMYND8 Co-localizes with NuRD on 

Target Genes and Regulates Poly(ADP-Ribose)-Dependent Recruitment of GATAD2A/NuRD 

to Sites of DNA Damage. Cell Rep. 2016;17(3):783-798. doi:10.1016/j.celrep.2016.09.037 

145. Spycher C, Miller ES, Townsend K, et al. Constitutive phosphorylation of MDC1 physically 

links the MRE11-RAD50-NBS1 complex to damaged chromatin. J Cell Biol. 2008;181(2):227-

240. doi:10.1083/jcb.200709008 

146. Stewart GS, Wang B, Bignell CR, Taylor AMR, Elledge SJ. MDC1 is a mediator of the 

mammalian DNA damage checkpoint. Nature. 2003;421(6926):961-966. 



199 
 

doi:10.1038/nature01446 

147. Sun Y, Jiang X, Chen S, Fernandes N, Price BD. A role for the Tip60 histone 

acetyltransferase in the acetylation and activation of ATM. Proc Natl Acad Sci U S A. 

2005;102(37):13182-13187. doi:10.1073/pnas.0504211102 

148. Sy SM, Huen MS, Chen J. PALB2 is an integral component of the BRCA complex required 

for homologous recombination repair. Proc Natl Acad Sci U S A. 2009 Apr 28;106(17):7155-

60. doi: 10.1073/pnas.0811159106. Epub 2009 Apr 15. 

149. Symington LS, Gautier J. Double-Strand Break End Resection and Repair Pathway Choice. 

Annu Rev Genet. 2011;45(1):247-271. doi:10.1146/annurev-genet-110410-132435 

150. Tang J, Cho NW, Cui G, Manion EM, Shanbhag NM, Botuyan MV, Mer G, Greenberg RA. 

Acetylation limits 53BP1 association with damaged chromatin to promote homologous 

recombination. Nat Struct Mol Biol. 2013 Mar;20(3):317-25. doi: 10.1038/nsmb.2499. Epub 

2013 Feb 3.  

151. Tatham M.H., Jaffray E., Vaughan O.A., Desterro J.M., Botting C.H., Naismith J.H., Hay 

R.T. Polymeric chains of SUMO-2 and SUMO-3 are conjugated to protein substrates by 

SAE1/SAE2 and Ubc9. J Biol Chem. 2001 Sep 21;276(38):35368-74. Epub 2001 Jul 12. 

152. Thorslund T, Ripplinger A, Hoffmann S, et al. Histone H1 couples initiation and 

amplification of ubiquitin signalling after DNA damage. Nature. 2015;527(7578):389-393. 

doi:10.1038/nature15401 

153. Thrower JS. Recognition of the polyubiquitin proteolytic signal. EMBO J. 2000;19(1):94-

102. doi:10.1093/emboj/19.1.94 

154. Torres-Rosell J et al. The Smc5-Smc6 complex and SUMO modification of Rad52 regulates 

recombinational repair at the ribosomal gene locus. Nat Cell Biol. 2007 Aug;9(8):923-31. Epub 

2007 Jul 22. 

155. Uckelmann M, Sixma TK. Histone ubiquitination in the DNA damage response. DNA 

Repair (Amst). 2017;56(June):92-101. doi:10.1016/j.dnarep.2017.06.011 

156. Van Der Maarel SM, Scholten IHJM, Huber I, et al. Cloning and characterization of 

DXS6673E, a candidate gene for X-linked mental retardation in Xq13.1. Hum Mol Genet. 

1996;5(7):887-897. doi:10.1093/hmg/5.7.887 



200 
 

157. Vilas CK, Emery LE, Denchi EL, Miller KM. Caught with One’s Zinc Fingers in the 

Genome Integrity Cookie Jar. Trends Genet. 2018;34(4):313-325. doi:10.1016/j.tig.2017.12.011 

158. Vriend LE, Jasin M, Krawczyk PM. Assaying break and nick-induced homologous 

recombination in mammalian cells using the DR-GFP reporter and Cas9 nucleases. Methods 

Enzymol. 2014;546:175-91. doi: 10.1016/B978-0-12-801185-0.00009-X. 

159. Walker JR, Corpina RA, Goldberg J. Structure of the Ku heterodimer bound to dna and its 

implications for double-strand break repair. Nature. 2001;412(6847):607-614. 

doi:10.1038/35088000 

160. Wang B, Elledge SJ. Ubc13/Rnf8 ubiquitin ligases control foci formation of the 

Rap80/Abraxas/Brca1/Brcc36 complex in response to DNA damage. Proc Natl Acad Sci. 

2007;104(52):20759-20763. doi:10.1073/pnas.0710061104 

161. Wang YG, Nnakwe C, Lane WS, Modesti M, Frank KM. Phosphorylation and regulation 

of DNA ligase IV stability by DNA-dependent protein kinase. J Biol Chem. 

2004;279(36):37282-37290. doi:10.1074/jbc.M401217200 

162. Weake VM, Workman JL. Histone ubiquitination: triggering gene activity. Mol Cell. 2008 

Mar 28;29(6):653-63. doi: 10.1016/j.molcel.2008.02.014. 

163. Weger S, Hammer E, Heilbronn R. Topors acts as a SUMO-1 E3 ligase for p53 in vitro and 

in vivo. FEBS Lett. 2005 Sep 12;579(22):5007-12. 

164. Werwein E, Dzuganova M, Usadel C, Klempnauer KH. B-Myb switches from Cyclin/Cdk-

dependent to Jnk- and p38 kinase-dependent phosphorylation and associates with SC35 bodies 

after UV stress. Cell Death Dis. 2013;4(2):e511-10. doi:10.1038/cddis.2013.36 

165. Wilkinson KA, Henley JM. Mechanisms, regulation and consequences of protein 

SUMOylation. Biochem J. 2010 May 13;428(2):133-45. doi: 10.1042/BJ20100158. 

166. Wong A, Zhang S, Mordue D, et al. PDIP38 is translocated to the spliceosomes/nuclear 

speckles in response to UV-induced DNA damage and is required for UV-induced alternative 

splicing of MDM2. Cell Cycle. 2013;12(19):3184-3193. doi:10.4161/cc.26221 

167. Wong AKC, Pero R, Ormonde PA, Tavtigian S V., Bartel PL. RAD51 interacts with the 

evolutionarily conserved BRC motifs in the human breast cancer susceptibility gene brca2. J 

Biol Chem. 1997;272(51):31941-31944. doi:10.1074/jbc.272.51.31941 



201 
 

168. Wu L, Wang Z, Tsan J, et al. Identification of a RING protein that can interact in vitro with 

the BRCA1 gene product. Nat Genet. 1996;14(4):430-440. doi:10.1038/ng0496-417 

169. Wu L, Hickson IO. The Bloom’s syndrome helicase suppresses crossing over during 

homologous recombination. Nature. 2003;426(6968):870-874. doi:10.1038/nature02253 

170. Kaphingst KA, Persky S, Lachance C. NIH Public Access. 2010;14(4):384-399. 

doi:10.1080/10810730902873927.Testing 

171. Xing Y, Johnson C V., Moen PT, McNeil JA, Lawrence JB. Nonrandom gene organization: 

Structural arrangements of specific pre-mRNA transcription and splicing with SC-35 domains. 

J Cell Biol. 1995;131(6 II):1635-1647. doi:10.1083/jcb.131.6.1635 

172. Yan CT, Boboila C, Souza EK, et al. IgH class switching and translocations use a robust 

non-classical end-joining pathway. Nature. 2007;449(7161):478-482. doi:10.1038/nature06020 

173. Yin J, Lu J, Yu FSX. Role of small GTPase Rho in regulating corneal epithelial wound 

healing. Invest Ophthalmol Vis Sci. 2008;49(3):900. doi:10.1038/nrm2450.ATR 

174. You Z, Chahwan C, Bailis J, Hunter T, Russell P. ATM Activation and Its Recruitment to 

Damaged DNA Require Binding to the C Terminus of Nbs1. Mol Cell Biol. 2005;25(13):5363-

5379. doi:10.1128/MCB.25.13.5363-5379.2005 

175. You Z, Bailis JM. DNA damage and decisions: CtIP coordinates DNA repair and cell cycle 

checkpoints. Trends Cell Biol. 2010;20(7):402-409. doi:10.1016/j.tcb.2010.04.002 

176. Young PJ, Day PM, Zhou J, Androphy EJ, Morris GE, Lorson CL. A direct interaction 

between the survival motor neuron protein and p53 and its relationship to spinal muscular 

atrophy. J Biol Chem. 2002;277(4):2852-2859. doi:10.1074/jbc.M108769200 

177. Yu X, Fu S, Lai M, et al. BRCA1 ubiquitinates its binding partner CtIP. Genes Dev. 

2006;1:1721-1726. doi:10.1101/gad.1431006.CtIP 

178. Yu Y, Wang W, Ding Q, et al. DNA-PK phosphorylation sites in XRCC4 are not required 

for survival after radiation or for V(D)J recombination. DNA Repair (Amst). 2003;2(11):1239-

1252. doi:10.1016/S1568-7864(03)00143-5 

179. Zeidner LC, Buescher JL, Phiel CJ. A novel interaction between glycogen synthase kinase-

3α (GSK-3α) and the scaffold protein receptor for activated C-Kinase 1 (RACK1) regulates the 

circadian clock. Int J Biochem Mol Biol. 2011;2(4):318-327. doi:10.1074/jbc.C000881200 



202 
 

180. Zgheib O, Pataky K, Brugger J, Halazonetis TD. An Oligomerized 53BP1 Tudor Domain 

Suffices for Recognition of DNA Double-Strand Breaks. Mol Cell Biol. 2009;29(4):1050-1058. 

doi:10.1128/MCB.01011-08 

181. Zhang F, Bick G, Park J-Y, Andreassen PR. MDC1 and RNF8 function in a pathway that 

directs BRCA1-dependent localization of PALB2 required for homologous recombination. J 

Cell Sci. 2012;125(24):6049-6057. doi:10.1242/jcs.111872 

182. Zhao X. SUMO-Mediated Regulation of Nuclear Functions and Signaling Processes. 

molcel.2018.07.027 

183. Zhu L, Wilken J, Phillips NB, et al. Sexual dimorphism in diverse metazoans is regulated 

by a novel class of intertwined zinc fingers. Genes Dev. 2000;14(14):1750-1764. 

doi:10.1101/gad.14.14.1750 

184. Zierhut C, Diffley JFX. Break dosage, cell cycle stage and DNA replication influence DNA 

double strand break response. EMBO J. 2008;27(13):1875-1885. doi:10.1038/emboj.2008.111 

185. Zong D, Chaudhuri AR, Nussenzweig A. More end resection is not merrier. Nat Struct Mol 

Biol. 2016;23(8):699-701. doi:10.1038/nsmb.3274 

186. Zou L, Stephen J E. ATRIP Recognition of RPA-ssDNA. Science (80- ). 

2003;300(June):1542-1548. doi:10.1126/science.1083430 

 




