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 DNA replication is essential for cell survival. During DNA replication, cells encounter 

many challenges, such as dNTP depletion, transcription intermediates, chemical 

adducts, double strand breaks, and heterochromatin. Replication stress induced by these 

challenges activates the sensor kinase ATR in mammals (Mec1 in S. cerevisiae), which 

coordinates a multifaceted cellular response that is essential for maintaining genome 

integrity. Over the last few decades, ATR’s role in controlling the checkpoint upon the 

DNA damage response has been well studied. However, most studies of ATR function 

have relied on a few well-established substrates, and we still lack a comprehensive and 

unbiased understanding of ATR action in vivo. I employed a combined genetic-

phosphoproteomic approach to monitor Mec1 (S. cerevisiae) substrates in a systematic, 

unbiased and quantitative manner. Unexpectedly, I found from this analysis that Mec1 

is highly active during normal DNA replication, at levels comparable to or higher than 

Mec1’s activation state induced by replication stress. This “replication-correlated” 

mode of Mec1 action requires the Dna2 or the Ddc1 lagging-strand replication factors 

and is distinguishable from Mec1’s action in activating the downstream kinase Rad53. 

I also found evidence supporting that in humans, ATR can also function in a replication-

correlated manner. Overall, we proposed that Mec1/ATR performs key functions during 

ongoing DNA synthesis to prevent genomic instability that are largely distinct from its 



 

canonical checkpoint role during replication stress. 

     To study further the ATR kinase, I discovered a new mechanism for how ATR is 

essential for proper genome maintenance. I found that long-term chronic inhibition of 

ATR signaling severely impairs the ability of cells to utilize homologous recombination 

(HR)-mediated DNA repair. Proteomic analysis revealed that chronic ATR inhibition 

reduces the abundance of key HR factors, suggesting that spontaneous ATR signaling 

promotes enhanced HR capacity by controlling the abundance of the HR machinery. 

This key role of ATR is mediated largely via CHK1-dependent transcription control and 

may also involve protein stabilization of specific HR factors. Interestingly, cancer cells 

seem to exhibit a stronger dependency on ATR signaling for maintaining the levels of 

HR factors, and I propose that elevated constitutive ATR signaling caused by 

augmented replication stress in cancer cells drives the enhanced HR capacity observed 

in certain tumor types. Overall, these findings show that constitutive ATR signaling 

plays a major role in shaping the capacity and abundance of the HR machinery, and 

provides rationale for combination chemotherapy using ATR inhibitors.  
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CHAPTER 1 

AN INTRODUCTION TO MEC1/ATR AND ITS ROLE DURING DNA 

REPLICATION 

 

1.1 The ATR kinase: history and canonical roles 

 

 Cells have evolved an elaborate mechanism to maintain and safely pass on their 

genome to the daughter cells. Before the cell can divide into two, the genetic material 

must be duplicated. This process of replicating the DNA is inherently stressful and needs 

to be performed accurately. Improper duplication of the genome can lead to genomic 

instability, which is a hallmark of cancer (Hills and Diffley, 2014; Macheret and 

Halazonetis, 2015). 

 The replisome is a complex structure of proteins that coordinate DNA replication. It is 

comprised of numerous factors including the MCM helicase that unwinds the DNA, 

DNA polymerases that synthesize DNA, Claspin that plays a role as a scaffold protein 

and ATR kinase and its activator TOPBP1 that safeguards the complex (Leman and 

Noguchi, 2013). ATR kinase is an apical kinase, which is activated upon replication 

stress. The replication fork encounters many challenges throughout the DNA replication 

process such as dNTP depletion, transcription intermediates, chemical adducts, 

irradiation, double strand break, DNA secondary structures and many more (Zeman and 

Cimprich, 2014). Upon encountering these challenges, ATR senses the stress and 

becomes activated.  

 ATR is a member of the family of phosphoinositide 3-kinase related kinases (PIKK). 

It is an evolutionarily conserved kinase that is present from budding yeast (called Mec1) 



 

18 

to humans (Cimprich et al., 1996). ATR was first identified in budding yeast through a 

genetic screen that is important for the S/G2 checkpoint (Weinert et al., 1994). Deletion 

of this gene was shown to be sensitive to hydroxyurea, MMS, UV and IR treatment with 

defects in the checkpoint (al-Khodairy and Carr, 1992; Allen et al., 1994; Jimenez et al., 

1992; Kato and Ogawa, 1994; Nasim and Smith, 1975; Rowley et al., 1992). It was later, 

after the gene was cloned, that it was recognized as a member of PIKK with its C-

terminal kinase domain. The gene also contains N-terminal HEAT repeats, a FAT 

domain, a PRD domain and a FAT C-terminal motif (Blackford and Jackson, 2017). 

ATRIP, a protein that recruits ATR to ssDNA, binds to ATR at its N-terminal domain. 

Whereas TOPBP1, an activator of ATR, interacts at the C-terminus of ATR (Mordes et 

al., 2008a) (Figure 1.1A). Due to its large size, the structure of ATR was not available 

until recently, which was solved through Cryo-EM (Rao et al., 2018; Wang et al., 2017).  

 As mentioned above, ATR becomes active upon replication stress. Once activated, 

ATR phosphorylates numerous substrates. Others and I have shown that ATR 

specifically phosphorylates serine/threonine followed by glutamine motifs (S/TQ) 

(Bastos de Oliveira et al., 2015; Kim et al., 1999; Matsuoka et al., 2007; O'Neill et al., 

2000; Smolka et al., 2007). Among the many substrates, the most well-known substrate 

is a downstream kinase CHK1 (Liu et al., 2000). This phosphorylation happens through 

several activators (TOPBP1, ETAA1: humans and Ddc1, Dna2, Dpb11: yeast) (Bass et 

al., 2016; Haahr et al., 2016; Kumagai et al., 2006; Kumar and Burgers, 2013; Mordes 

et al., 2008a; Mordes et al., 2008b). TOPBP1 interacts with Rad9, which is part of the 

9-1-1 complex that is at the 5’ DNA junctions (Ohashi et al., 2014), and ETAA1 

interacts with RPA (Lee et al., 2016), a protein complex that coats the ssDNA. In 
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addition, Claspin, a scaffold protein, mediates the phosphorylation of CHK1 (Kumagai 

et al., 2004). All of these proteins contribute to the activation of CHK1 by ATR (Figure 

1.1B). 

 Activated CHK1, further phosphorylates CDC25 (Sorensen et al., 2003; Xiao et al., 

2003), a phosphatase that activates CDKs. The phosphorylation of CDC25 causes this 

protein to be degraded, which results in inhibition of entry into the next cell cycle in 

order to give the cells time to repair the damaged DNA.  
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Figure 1.1 

                      

   

 

 

(A) Domains of ATR and how the proteins interact. 

(B) Schematic diagram of canonical ATR activation and signaling. 

Modified from AN Blackford et al., Mol Cell (2017) 
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 The importance of ATR is further emphasized by the fact that mice lacking ATR are 

embryonic lethal (Brown and Baltimore, 2000). Patients with ATR mutation that causes 

a splicing defect suffer from Seckel syndrome, which is accompanied by growth 

retardation, dwarfism, microcephaly, skeletal/brain abnormalities and high genomic 

instability (Alderton et al., 2004; Casper et al., 2004; O'Driscoll et al., 2003).  

1.2 Genome instability and DNA repair 

 Kolodner and colleagues showed that ATR in budding yeast (Mec1) has a crucial role 

in preventing genome instability. By deleting Mec1 and the Mec1-related kinase Tel1 

(ATM in mammals), they showed that mec1∆ tel1∆ cells have an extremely high rate 

of gross chromosomal rearrangements (Myung et al., 2001) However, the mechanism 

by which ATR suppresses deleterious rearrangements is not understood. 

Recently, our lab and others have shown that ATR directly plays a role in homologous 

recombination (HR) repair. Upon double strand break, cells utilize either HR or non-

homologous end joining (NHEJ) to repair the damaged DNA. NHEJ is mainly used 

during G1 phase of the cell cycle. Due to the lack of a sister chromatid to be used as a 

template, NHEJ is error prone. Whereas HR occurs during S/G2 phase of the cell cycle 

and is typically error free since it uses the sister chromatid as a template to repair the 

DNA (Figure 1.2). 
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 Figure 1.2 

 

 

 

        NHEJ: Error prone repair            HR: Error free repair 

 

Diagram of the two repair choices upon DSB. 

 

 ATR plays an important role in certain steps of the HR pathway. It is known that ATR 

phosphorylates many proteins upon DNA damage (Matsuoka et al., 2007), including 

BRCA1, which is highly mutated in many breast/ovarian cancers. We and others have 

shown that the phosphorylation of BRCA1 by ATR is important for the resection 

(interaction with TOPBP1) (Liu et al., 2017) and strand invasion (interaction with 

PALB2) (Buisson et al., 2017) steps of HR repair (Figure 1.3). 
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Figure 1.3 

                  

Fig. 1.3. Diagram of ATR mediated TOPBP1-BRCA1 interaction (top) and BRCA1-

PALB2 interaction (bottom) during the HR pathway  

1.3 Control of transcription via ATR signaling 

 Consistent with the fact that Mec1/ATR is active during S phase, it has been proposed 

that Mec1/ATR also plays a role in the control of transcription during the G1/S phase 

transition. In yeast, two pathways, Mec1-Rad53-Crt1 and Mec1-Rad53-MBF, have 

been proposed (Jossen and Bermejo, 2013). In humans, ATR-p53 is a well-defined 

pathway of controlling the transcription of many oncogenes (Clewell et al., 2014). 
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Interestingly, recent work from Bertoli and colleagues showed that ATR can also 

control the transcription of E2F1 targets through a canonical ATR-CHK1 pathway 

(Bertoli et al., 2016; Bertoli et al., 2013a; Bertoli et al., 2013b) as in yeast (MBF is an 

ortholog of E2F1) (Bastos de Oliveira et al., 2012). They proposed that ATR-CHK1 can 

phosphorylate E2F6, which inhibits the function of E2F1 (Figure 1.4).  

 

Figure 1.4 

                       

Diagram of ATR-CHK1-E2F pathway. (Budding yeast and humans) 

Bertoli et al., Nature Reviews Molecular Cell Biology (2013) 

 

 E2F1 is normally bound to RB (Retinoblastoma). Only when RB is phosphorylated by 

CDK1 during the G1/S phase transition, does E2F1 become free from RB and transcribe 
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its targets (Giacinti and Giordano, 2006; Knudsen and Knudsen, 2008). These targets 

include genes involved in DNA replication such as MCM, GINS, POLE and RRM2 

(Bracken et al., 2004).    

 During my graduate studies, I hypothesized that ATR must play a role in controlling 

the transcription of HR factors as it is needed for DNA repair during S phase. 

Throughout my studies, I found that ATR can specifically control the level of HR factors, 

but not NHEJ factors. 

1.4 ATR inhibitor as a cancer treatment 

 Many cancer cells are often genomically unstable and overexpress oncogenes. Due to 

overexpression of oncogenes, cancer cells are highly proliferative, meaning that they 

are constantly being exposed to high levels of replication stress (Halazonetis et al., 2008; 

Hills and Diffley, 2014). Due to the constant exposure to replication stress, cancer cells 

are thought to depend more on ATR signaling (Bartek et al., 2012). In this sense, cancer 

cells seem to become addicted to ATR signaling.  

 Of importance, ATR inhibitors are now under clinical trial for cancer treatment 

(Karnitz and Zou, 2015; Lecona and Fernandez-Capetillo, 2018; Weber and Ryan, 

2015) (Figure 1.5A). The current concept is that ATR inhibitor induces replication stress 

in cancer cells, leading to mitotic catastrophe (Karnitz and Zou, 2015; Lecona and 

Fernandez-Capetillo, 2018; Weber and Ryan, 2015). However, the basic molecular 

mechanism as to why this happens is still not fully understood. 
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Figure 1.5 

    

Current concept of ATR and PARP inhibitor regimen. 

 

 In my graduate work, I found that ATR controls the transcription of HR factors and 

that inhibiting ATR leads to the loss of HR factors, Based on this concept, we further 

sensitized cells to PARP inhibitor, which is currently being used to treat cancer patients 

with defects in HR (Bryant et al., 2005; Farmer et al., 2005; Fong et al., 2009) (Figure 

1.5B). From this work, I found the underlying mechanism as to why ATRi and PARPi 

double treatment is effective for specifically treating certain cancers. 
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CHAPTER 2 

 

Phosphoproteomics Reveals Distinct Modes of Mec1/ATR Signaling 

during DNA Replication 

 
Chapter 2 was published in Molecular Cell with Francisco Meirelles Bastos de 

Oliveira1, Dongsung Kim1, Jose Renato Cussiol, Jishnu Das, Min Cheol Jeong, Lillian 

Doerfler, Kristina Hildegard Schmidt, Haiyuan Yu, and Marcus Bustamante Smolka*. 

1 indicates co-first author, * indicates corresponding author. 

2.1 Introduction 

 During DNA replication, cells are prone to accumulate genomic instabilities. 

Progression of the replication machinery is often impeded by barriers such as DNA 

adducts, DNA-RNA hybrids, and protein-DNA complexes (Lambert and Carr, 2013). 

Replication forks often stall upon encountering these hard-to-replicate regions, leading 

to exposure of single-stranded DNA (ssDNA), which, in turn, is a major signal for the 

activation of the evolutionarily conserved PI3K-like sensor kinase ATR (yeast Mec1) 

(MacDougall et al., 2007). Once activated, ATR and Mec1 initiate a signaling response 

that induces key effects such as cell-cycle arrest, inhibition of origin firing, and 

stabilization of stalled replication forks (Branzei and Foiani, 2010, Santocanale and 

Diffley, 1998). The importance of ATR is highlighted by the fact that deletion or 

mutations that affect its activity are associated with embryonic lethality, chromosomal 

fragmentation, and increasing sensitivity to genotoxic drugs (Brown and Baltimore, 

2000, Wright et al., 1998). In budding yeast, strains with mec1 mutations were shown 

to accumulate gross chromosomal rearrangements (GCRs) (Myung et al., 2001) and be 
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exquisitely sensitive to genotoxic drugs that induce replication stress (Weinert et al., 

1994). Like ATR, the PI3K-like sensor kinase ATM (yeast Tel1) is also important 

during DNA damage responses. Cells lacking ATM show sensitivity to DNA-damaging 

agents and elevated levels of mitotic recombination (Meyn, 1993), but differently from 

ATR, which is a sensor for ssDNA accumulation, ATM responds mainly to DNA 

double-strand breaks (DSBs) (Shiloh and Ziv, 2013). In yeast, tel1Δ mutants are viable 

and show no significant sensitivity to DNA-damaging agents. However, mec1Δtel1Δ 

double mutants are more sensitive to replication stress and display a more severe growth 

defect than the single deletion mutants, revealing functionally redundant roles for these 

kinases (Morrow et al., 1995). 

 Over the last decade, others and we have identified many candidate substrates of 

Mec1/Tel1 and ATR/ATM using large-scale mass spectrometry (MS)-based approaches 

(Chen et al., 2010, Matsuoka et al., 2007, Smolka et al., 2007). However, our 

understanding of how these kinases promote a systemic cellular response that 

safeguards genomic integrity and allows cells to better cope with the effects of 

replication stress is still limited. A major limitation toward a more comprehensive 

characterization of Mec1/Tel1 and ATR/ATM action is posed by the difficulty of 

reproducibly and quantitatively monitoring the many substrates identified by MS. 

Consequently, the use of antibody-based approaches to monitor well-established 

substrates remains the method of choice. Substrates commonly monitored using western 

blotting techniques include the histone variant H2AX (yeast H2A) and the downstream 

checkpoint kinases CHK1 and CHK2 (yeast Rad53). Despite the biological relevance 

of these substrates, the use of their phosphorylation as readouts for the checkpoint 
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response has introduced a marked bias in studies aiming at characterizing Mec1/Tel1 

action. To address this problem, here we employed a combined genetic-proteomic 

approach (which we refer to as quantitative mass-spectrometry analysis of phospho-

substrates [QMAPS]) for identifying and monitoring multiple in vivo kinase substrates 

in a systematic, unbiased, and quantitative manner. Using QMAPS, we show that Mec1 

is robustly activated during unperturbed DNA replication, in a manner that correlates 

with the extent of DNA replication and that is distinct from a canonical checkpoint. 

Collectively, our results demonstrate the importance of unbiased and quantitative 

analysis of kinase substrates to comprehensively characterize the in vivo action of 

multi-functional kinases. 

2.2 Results 

2.2.1 Unbiased Delineation of Mec1 and Tel1 Action Using a Genetic-Proteomic 

Approach 

 Our current understanding of Mec1 and Tel1 action is biased toward the use of a few 

established substrates as reporters of the in vivo activity of these kinases. In particular, 

the activation state of the major downstream kinase Rad53 has been extensively used as 

a key indicator of Mec1 and Tel1 activation status. To circumvent this bias and be able 

to comprehensively characterize the action of Mec1 and Tel1, we used quantitative MS 

analysis of kinase mutant strains to identify and monitor as many candidate substrates 

of these kinases as possible. First, we performed a proteomic screen to globally define 

the set of Mec1 and Tel1 candidate targets. Building on our previously published work 

(Smolka et al., 2007), we used quantitative MS to compare the phosphoproteome of 
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wild-type (WT) and mec1Δtel1Δ cells treated with methyl methanesulfonate (MMS) or 

hydroxyurea (HU) to induce replication stress. To facilitate the classification of 

Mec1/Tel1-dependent phosphorylation sites into direct or indirect Mec1/Tel1 

phosphorylation events, we also quantified the relative abundance of the 

phosphopeptides in cells lacking Rad53, the major kinase downstream of Mec1/Tel1. 

We were able to identify and quantify more than 6,000 phosphopeptides over distinct 

biological replicates (Figure 2.1A; Table A.1). Of interest, the abundance of 232 of the 

identified phosphopeptides was significantly reduced in cells lacking Mec1 and Tel1, 

and we refer to them as Mec1/Tel1-dependent events. Among the 232 Mec1/Tel1-

dependent targets, 115 were found to be dependent on Rad53, and thus considered as 

indirect Mec1/Tel1-dependent events (Figure 2.1B). In our strategy, direct targets of 

Mec1/Tel1 should be present in the group of phosphopeptides carrying a Mec1/Tel1-

dependent and Rad53-independent phospho-site. As shown in Figure 2.1C (Table A.1), 

analysis of the amino acid in the +1 position of Mec1/Tel1-dependent and Rad53-

independent phospho-sites revealed a strong enrichment of the S/T-Q motif, consistent 

with previous work indicating this preferential motif for Mec1 and Tel1 (Kim et al., 

1999, Smolka et al., 2007). Of the 117 Mec1/Tel1-dependent and Rad53-independent 

phosphorylation events, 97 are in the preferred S/T-Q motif, and we considered them as 

directly targeted by Mec1 or Tel1. On the other hand, Rad53 showed a bias toward the 

S/T-bulky amino acid (ψ) motif (Figure 2.1B; Table A.1). For more than 60% of the 

proteins found to have a Mec1/Tel1-dependent phosphorylation, we were able to also 

detect at least one Mec1/Tel1-independent phosphorylation event, supporting that most 
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of the observed changes are not due to changes in protein abundance (Figure 2.1; Table 

A.1). 

 To sort out the relative contribution of Mec1 or Tel1 in the response, we performed 

similar analyses as described above, but comparing WT cells to cells lacking either 

Mec1 or Tel1 (Figure 2.1D). Of the Mec1 and Tel1 direct phospho-events identified 

above, 67% were found to heavily depend mostly on Mec1 (Figure 2.1E; Table A.1). 

Only four phospho-sites were found to heavily depend exclusively on Tel1, consistent 

with the fact that cells lacking Tel1 don’t exhibit significant sensitivity to replication 

stress-inducing agents (Morrow et al., 1995). Importantly, about 29% of Mec1/Tel1-

dependent sites were found to remain robustly phosphorylated in cells lacking either 

Mec1 or Tel1 and represent a set of common candidate substrates of these kinases 

(Figures 2.D–1F; Table A.1). These results establish a large set of Mec1 and Tel1 targets 

and define their relative level of dependency for each of these kinases. This defined set 

of phosphorylation sites targeted by Mec1 and/or Tel1 forms the basis of our unbiased 

strategy to characterize the action of these kinases in different growth conditions and 

genetic backgrounds. The output of this analysis of substrates is a quantitative map, 

herein named QMAPS, revealing the relative levels of phosphorylation of identified 

phosphopeptides in two different conditions being tested (see Figure 2.2A) 

 

 

 

 

 



 

37 

 

Figure 2.1 
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Figure 2.1 

Proteome-Wide Identification of Mec1/Tel1-Dependent Phosphorylation Events Using 

Quantitative MS 

(A) Identification of Mec1/Tel1-dependent phosphopeptides (cells treated with 0.2M 

HU or 0.04% MMS). Orange dots correspond to 238 Mec1/Tel1-dependent 

phosphopeptides. See text for details. (B) Mec1/Tel1- and Rad53-dependent 

phosphorylation events (light orange shade) are biased toward the S/T-ψ (red) and S/T-

X-ψ (purple) motifs. (C) Mec1/Tel1-dependent and Rad53-independent 

phosphorylation events (light orange shade) are biased toward the S/T-Q motif (blue). 

(D and E) The phosphoproteome of WT cells was compared to the phosphoproteome of 

mec1Δ or tel1Δ cells (all cells treated with 0.04% MMS) and phosphopeptides carrying 

phosphorylation in the S/T-Q motif were categorized according to the observed change 

in abundance. Dotted red lines represent the established cutoff of 3-fold increase in WT 

relative to mec1Δ or tel1Δ cells. (F) Examples of phosphopeptides of each of the 

indicated groups. Data are represented as fold change in phosphopeptide abundance; 

log2 ± SEM (n ≥ 2). See also Table A.1. 
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2.2.2 QMAPS Reveals Robust Activation of Mec1 during Normal DNA Replication 

 It is currently accepted that activation of Mec1 is strongly induced by replication stress. 

This notion is mainly based on the fact that HU-induced replication fork stalling leads 

to a robust activation of Rad53 (Tercero et al., 2003). To test if our unbiased QMAPS 

approach could reveal new insights into the action of Mec1 or Tel1, we compared the 

phosphorylation level of Mec1/Tel1 candidate substrates in cells undergoing normal S-

phase with cells treated with HU. In both cases, cells were arrested in G1 with α-factor 

and then released from the arrest in media containing HU or not for 45 min. As shown 

in Figure 2.2A and Table A.2, nearly all phosphopeptides carrying a Rad53-dependent 

phosphorylation site were induced by HU. Unexpectedly, only a minor fraction of Mec1 

and/or Tel1 candidate substrates was induced by HU treatment. This fraction included 

a phosphorylation site in Rad53 (serine 24) and a phosphorylation in the Mrc1 protein 

(serine 189), the adaptor known to transduce signals from Mec1 to Rad53 in response 

to HU. Most phosphorylation events in Mec1 and/or Tel1 targets were either only 

slightly induced by HU or did not change at all when comparing cells going through 

normal replication with cells experiencing HU-induced replication stress. Remarkably, 

a Mec1 autophosphorylation site (serine 38) and phosphorylation of Rfa1 and Rfa2 

(serines 178 and 122, respectively), which are highly dependent on Mec1, were in fact 

inhibited by HU. Targeted analysis of purified Mec1 complexes further confirmed that 

the Mec1 autophosphorylation site and phosphorylation of Rfa1 are indeed induced 

during normal S-phase and accumulate as more DNA is replicated, following a similar 

trend observed for the acetylation of H3K56, which is a well-established replication 

mark (Figure 2.2B) (Masumoto et al., 2005). To test if Mec1 activation in normal S-
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phase is dependent on DNA replication, we used QMAPS to compare the 

phosphorylation levels of its targets in WT cells as well as in cells lacking the S-phase 

cyclins Clb5 and Clb6, which display delayed replication initiation due to delayed CDK 

activation but undergo normal budding dynamics as they progress through S-phase 

(Figures 2.2C and 2D) (Donaldson et al., 1998). As shown in Figure 2.2D, several Mec1 

candidate substrates are highly induced during S-phase in WT cells but are not induced 

in clb5Δclb6Δ cells at the 35 min time point, when only limited DNA replication had 

occurred in the mutant (Figures 2.2C and 2D; Table A.2). Taken together, these results 

show that Mec1 action in normal S-phase depends, at least partially, on DNA 

replication. While the MS analysis could detect many Mec1/Tel1-dependent 

phosphopeptides in G1 in clb5Δclb6Δ cells (Figure 2.2D), we attributed this basal 

phosphorylation level to the potential accumulation of these phospho-events in the 

extended and deregulated S-phase from the previous cell cycle. Very few Rad53-

dependent phosphopeptides were detected in the absence of drug-induced replication 

stress (data not shown). Even in cells lacking three phosphatases known to act on Rad53, 

namely Ptc2, Ptc3, and Pph3 (Heideker et al., 2007), we were not able to detect robust 

Rad53 action during a normal S-phase as we still identified a very limited set of targets 

(Figure 2.2). Nonetheless, we were able to observe an increase in the level of 

phosphorylation of the detected Rad53 targets in ptc2Δptc3Δpph3Δ triple mutant cells 

compared to WT cells, suggesting that phosphatases play a role in counteracting Rad53 

activation during normal DNA replication. 

 Collectively, the QMAPS results shown in Figure 2.2 reveal that Mec1 is robustly 

activated during normal DNA replication and that this mode of Mec1 signaling is 

javascript:void(0);
https://www.cell.com/cms/attachment/2119191323/2090368281/gr2.jpg
https://www.cell.com/cms/attachment/2119191323/2090368281/gr2.jpg
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partially uncoupled from Rad53 activation. On the other hand, HU-induced replication 

stress leads to an increase in the phosphorylation of most Rad53 targets but to minor 

changes in the phosphorylation of a large fraction of Mec1 targets, or even inhibition of 

some of them. We therefore propose that Mec1 can operate in two distinct modes of 

signaling during DNA replication, one correlated with ongoing DNA synthesis 

(“replication-correlated”) and another correlated with the extent of replication stress that 

involves strong Rad53 activation (canonical checkpoint response). 
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Figure 2.2 
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Figure 2.2 

Quantitative Analysis of Mec1/Tel1-Dependent Phosphorylation during Normal DNA 

Replication 

(A) QMAPS showing the relative abundance of phosphopeptides categorized according 

to results from Figure 2.1. Phosphopeptides carrying Mec1 autophosphorylation or 

Mec1-dependent Rad53 phosphorylation are indicated in gray. α-factor arrested cells 

were released from arrest in normal SILAC media or SILAC media containing 0.1 M 

HU for 45 min. Abscissa indicates fold change in phosphopeptide abundance (linear 

scale) between S-phase cells treated with 0.1 M HU and untreated. (B) Protein extracts 

were prepared from WT cells at indicated times after release from α-factor-arrest into 

fresh media. Mec1 (and Mec1-associated Rfa1) was pulled down, and phosphopeptides 

containing Mec1 autophosphorylation at S38 and Rfa1 phosphorylation at S178 were 

monitored by quantitative MS analysis. FACS analysis and H3K56 acetylation were 

used as positive controls for DNA replication progression while acetylation of H3K19 

was used as a constitutive control. Data are represented as mean ± SEM (n ≥ 2). (C) 

FACS analysis and budding index of WT and clb5Δclb6Δ mutant cells following α-

factor arrest and release in drug-free SILAC media. (D) QMAPS showing the relative 

abundance of phosphopeptides carrying Mec1/Tel1-dependent S/T-Q motifs. Indicated 

cells were released from α-factor arrest in drug-free SILAC media for 35 min. For all 

the QMAPS in Figure 2.2, each dot corresponds to a different phosphopeptide identified 

at least three times in two independent biological replicates. See also Table A.2. 
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2.2.3 The 9-1-1 Clamp and the Lagging-Strand Factor Dna2 Are Important for 

“Replication-Correlated” Mec1 Activation 

 Recent work revealed that activation of the Mec1 kinase in response to replication 

stress or DNA damage requires the action of factors such as Ddc1, Dna2, and Dpb11, 

all of which possess an unstructured region that can tether Mec1 for activation (Kumar 

and Burgers, 2013, Navadgi-Patil and Burgers, 2009, Puddu et al., 2008). To test if the 

replication-correlated mode of Mec1 action also requires these factors for activation, we 

used QMAPS to compare phosphorylation of substrates in WT and mutants of Mec1-

activating factors. As shown in Figure 2.3A and Table A.3, mutation of two residues 

(W128A and Y130A) in Dna2 previously shown to be required for the ability of Dna2 

to activate Mec1 has mild effects on the ability of Mec1 to target some of its specific 

targets, such as Rfa1, Spt7, and Dad1. Deletion of DDC1 had almost no effect in most 

targets (Figure 2.3A; Table A.3), suggesting that Dna2 has a more prominent role in 

activating Mec1 during normal DNA replication. Importantly, deletion of DDC1 also 

prevents the recruitment of Dpb11 and its ability to activate Mec1 (Navadgi-Patil and 

Burgers, 2009). Finally, combination of the dna2 WY-AA mutation (herein referred as 

dna2-AA) with DDC1 deletion had a significant impact on the phosphorylation levels 

of targets that highly depend on Mec1, suggesting that Dna2 and Ddc1 function 

redundantly to activate Mec1 during normal DNA replication (Figure 2.3A; Table A.3). 

This is consistent with the fact that these proteins are known to localize and function on 

the lagging strand of the replication fork. These results suggest that Mec1 may be 

activated mostly at the lagging strand of a moving replication fork during normal DNA 

replication. 
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2.2.4 Tel1 Phosphorylates a Specific Group of Mec1 Targets to Prevent GCR and 

Support Robust DNA Replication in the Absence of Mec1 

 Analysis of GCRs revealed that activation of Mec1 via Dna2 or Ddc1 during 

replication becomes particularly important in the absence of Tel1, as shown by the 

dramatic increase in GCR in tel1Δddc1Δdna2-AA cells (Figure 2.3B). This result 

highlights the key role of Tel1 in compensating for the loss of Mec1 during normal 

DNA replication. Consistent with this data, while ddc1Δdna2-AA cells exhibit a major 

loss of phosphorylation of most Mec1-specific phosphorylation, we could still observe 

robust phosphorylation of targets common to Mec1 and Tel1 during an unchallenged S-

phase (Figure 2.3A). We interpret this result as Tel1 acting in the absence of Mec1 

activation during a normal S-phase. Similar to Mec1’s “replication-correlated” mode, 

the action of Tel1 during normal S-phase (and in the absence of Mec1 activation) does 

not result in higher phosphorylation of Rad53 targets (Figure 2.3). Of importance, while 

ddc1Δdna2-AA cells can still replicate DNA and progress through S-phase at WT rates 

(data not shown), ddc1Δdna2-AA cells lacking TEL1 display severe replication defects 

(Kumar and Burgers, 2013). These results suggest that phosphorylation events in one, 

or several, common Mec1 and Tel1 targets play an important role in promoting robust 

DNA replication and preventing the accumulation of GCRs. As shown in Table A.3, 

most of these targets are proteins involved in transcription, RNA processing, and 

chromatin regulation, and several of them are either essential or required for efficient 

S-phase progression. These results reveal that Tel1 also plays a role during replication-

correlated signaling, in a manner that is uncoupled from Rad53 activation. But 

differently from Mec1, Tel1 does not rely on Ddc1 and Dna2 for activation during 
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replication, so it remains unclear how Tel1 engages and becomes active at sites of 

ongoing DNA replication. Taken together, this analysis uncovers a subset of Mec1 

targets (common to Tel1) whose phosphorylations are correlated with the ability of cells 

to suppress GCRs and maintain robust DNA replication. 
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Figure 2.3 
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Figure 2.3 

 

Importance of Dna2 and Ddc1 for Replication-Correlated Mode of Mec1 Activation 

(A) QMAPS showing the relative abundance of phosphopeptides carrying Mec1/Tel1-

dependent S/T Q motifs. WT, dna2-AA, ddc1Δ, and dna2-AA ddc1Δ cells were released 

from α-factor arrest in SILAC media for 45 min. See also Table A.3. (B) Effects of the 

dna2-AA mutation on accumulation of gross-chromosomal rearrangements in Ddc1 and 

Tel1 defective mutants. All strains are sml1Δ. Error bars indicate 95% confidence 

intervals (CI). 
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2.2.5 Dna2 and Ddc1 Are Not Essential for Activation of the Canonical Mec1-

Rad53 Signaling Response Following Replication Stress 

 To determine the extent in which Dna2 and Ddc1 are necessary for activation of the 

canonical Mec1-Rad53 response during replication stress, we performed QMAPS 

analysis comparing WT cells versus ddc1Δdna2-AA cells treated with MMS, which 

leads to robust Rad53 activation. As shown in Figure 2.4A (Table A.4), ddc1Δdna2-AA 

cells exhibit strong defects in Mec1 activation during MMS treatment, but 

unexpectedly, activation of Rad53 under this condition does not seem to be greatly 

affected. On the other hand, similar QMAPS analysis comparing WT and mec1Δ cells 

revealed a strong impact in the phosphorylation of Rad53 targets in the absence of 

Mec1. These results show that ddc1Δdna2-AA cells do not phenocopy mec1Δ cells 

regarding Rad53 activation and suggest the existence of additional factors that may 

activate Mec1 to specifically activate Rad53, consistent with a recent paper (Bandhu 

et al., 2014). In support of the idea of additional Mec1 activator(s), ddc1Δdna2-AA cells 

are not as sensitive to MMS or HU as mec1Δ cells (Figure 2.4B). Also, while mec1Δ 

and rad53Δ cells are well known to require deletion of the ribonucleotide reductase 

inhibitor SML1 for viability (Zhao et al., 1998), we found that ddc1Δdna2-AA cells do 

not require SML1 deletion for viability (Figure 2.4C). Of note, even tel1Δddc1Δdna2-

AA cells do not require SML1 deletion for viability, despite these cells showing the 

dramatic increase in GCR rates that is characteristic of mec1Δtel1Δ cells. We could 

exclude the possibility of a Ddc1-independent role for Dpb11 in the activation of Mec1 

under MMS in ddc1Δdna2-AA cells as removal of the C-terminal region of Dpb11, 

which is required for its ability to activate Mec1 (Navadgi-Patil and Burgers, 2008), did 
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not cause loss of viability or major growth defect (Figure 2.4D). As shown in the 

working model in Figure 2.4E, we propose two distinct modes of Mec1 action during 

DNA replication, one correlated with DNA replication and another correlated with the 

extent of replication stress as part of a canonical checkpoint signaling. In our model, the 

replication-correlated mode of Mec1 action functions redundantly with Tel1 to ensure 

robust DNA replication and prevent GCR. On the other hand, the canonical checkpoint 

mode leads to the well-established effects of inhibition of DNA replication and 

increased production of dNTPs. 
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Figure 2.4 
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Figure 2.4 

Dna2 and Ddc1 Are Not Essential for Mec1 Activation during Replication Stress 

(A) QMAPS analysis comparing WT and indicated mutant cells. Cells were arrested 

with α-factor and released from arrest in SILAC media containing 0.04% MMS for 

45 min. See also Table A.4. (B) 5-fold serial dilutions of indicated cells with sml1Δ 

background were plated on YPD plates containing indicated drugs and incubated at 

30°C for 48 hr. (C) Meiotic tetrads from a DNA2/dna-AA DDC1/ddc1Δ TEL1/tel1Δ 

SML1/sml1Δ diploid strain were dissected on YPD plates and incubated at 30°C for 

72 hr. (D) 4-fold serial dilutions of indicated cells were plated on YPD plates and 

incubated at 30°C for 36 hr. (E) Model depicting distinct modes of Mec1 action during 

DNA replication. See text in the discussion. Blue arrows correspond to newly 

synthesized DNA strands 
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2.3 Discussion 

 The ATR and ATM kinases, and their yeast orthologs, regulate hundreds of substrates, 

but our ability to fully capture their multi-functional action in vivo has been hampered 

by the common use of one or a few classical substrates as readouts of their activity. Here 

we used a quantitative MS approach to monitor in vivo Mec1/Tel1 kinase action in a 

systematic, unbiased, and quantitative manner. Our analysis revealed surprising insights 

into how Mec1 functions during DNA replication and provided evidence of a non-

canonical mode of Mec1 action, which we propose is distinct from Mec1’s established 

role in the checkpoint response (see model in Figure 2.4E). 

 By quantitatively monitoring the phospho-status of dozens of Mec1 candidate 

substrates, we found that Mec1 is highly active during normal DNA replication. In fact, 

genetic data support the idea that Mec1 functions during normal DNA replication. For 

example, cells lacking MEC1 and TEL1 exhibit high rates of GCR in an assay performed 

in the absence of any exogenously-induced DNA damage (Myung et al., 2001). But the 

prevailing hypothesis has been that the ability of Mec1 to suppress spontaneous GCR 

accumulation is attributed to a residual action of Mec1 in response to spontaneous DNA 

damage generated during DNA replication. Distinct from the notion of residual Mec1 

activation during normal replication, our work supports a model in which Mec1 is highly 

engaged onto sites of ongoing DNA synthesis to become activated in a “replication-

correlated” manner. Also, distinct from the established role of Mec1 in checkpoint 

signaling, our results reveal that the action of Mec1 during normal DNA replication is 

partially uncoupled from the action of the downstream kinase Rad53. Our results are 
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consistent with the idea that Mec1 is either continuously activated during ongoing DNA 

synthesis or is activated at many sites in the genome that pose moderate level of 

difficulty for replication forks to pass. At these sites, forks would only dynamically 

pause, allowing sufficient ssDNA exposure for Mec1 recruitment and activation but not 

for robust Rad53 activation, which requires further recruitment and/or phosphorylation 

of mediator proteins to mount a full checkpoint response. Nonetheless, it is important 

to mention that Rad53 also needs to be activated during normal DNA replication. Cells 

lacking Rad53 are not viable, unless the RNR inhibitor SML1 is also deleted (Zhao et al., 

1998). But contrary to Mec1’s action, our quantitative analysis reveals that the activity 

of Rad53 in normal DNA replication is significantly lower than drug-induced Rad53 

activity (Figure 2.2A). We speculate that during normal DNA replication, Rad53 

becomes preferentially activated at specific genomic sites that pose major challenges 

for replication, such as hard-to-replicate transcriptional barriers. Interestingly, our 

results suggest that phosphatases such as Pph3, Ptc2, and Ptc3 may also function during 

normal S-phase to prevent excess Rad53 activation, consistent with a recent report 

showing a constitutive Mec1-Pph3 interaction (Hustedt et al., 2015). 

 The identification of a replication-correlated mode of Mec1 action leads to a paradox, 

as Rad53 has established roles in inhibiting DNA synthesis as part of a canonical 

checkpoint response to replication stress (Santocanale and Diffley, 1998). We 

hypothesize that Mec1 positively regulates DNA replication when functioning 

uncoupled from Rad53 activation in the replication-correlated mode (Figure 2.4E). 

Consistent with this hypothesis, the Bell lab has shown that Mec1 phosphorylates the 

MCM complex to prime it for activation (Randell et al., 2010). We further speculate 
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that the replication-correlated mode of Mec1 signaling plays a major role in facilitating 

the movement of replication forks by preemptively opening chromatin and/or removing 

RNA and transcriptional machineries from DNA. Consistent with this notion, we found 

that Mec1 targets several proteins involved in transcription, RNA processing, and 

chromatin remodeling during unchallenged DNA replication. Also, we showed that 

during normal DNA replication Tel1 partially compensates for the lack of Mec1 by 

targeting substrates involved in transcription and chromatin regulation. The fact that 

cells lacking both Mec1 and Tel1 are extremely slow growing further strengthens the 

idea that the set of Mec1 substrates that can also be phosphorylated by Tel1 comprise a 

critical set of proteins involved in promoting robust DNA replication. Previous reports 

have functionally connected Mec1 to chromatin and transcription regulation (Rodriguez 

and Tsukiyama, 2013, Seeber et al., 2013). Our work suggests that regulation of these 

processes by Mec1 is actually part of the normal replication program that positively 

controls ongoing DNA synthesis. The delineation of which substrates are common to 

Mec1 and Tel1 should provide the framework of targets that will help better understand 

the mechanisms by which Mec1 and Tel1 positively impact DNA synthesis. Finally, the 

observation that replication-correlated mode of Mec1 and Tel1 action does not 

efficiently relay signaling to Rad53 activation is consistent with these ideas, as it is well 

known that Rad53 activation leads to outputs that would antagonize the potential role 

of Mec1 as a positive regulator of DNA replication. 
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CHAPTER 3 

ATR mediated Proteome Remodeling is a Major Determinant of Homologous 

Recombination Capacity in Cancer Cells 

 

Chapter 3 was published in Nucleic Acids Research with Dongsung Kim1, Yi Liu1, 

Susannah Oberly, Raimundo Freire, Marcus B. Smolka*. 1 indicates co-first author, * 

indicates corresponding author. 

3.1 Introduction 

 ATR (Ataxia telangiectasia and Rad3-related) is a member of the phosphatidylinositol-

3-kinase-like kinase (PIKKs) family involved in genome maintenance. In response to 

DNA replication stress or DNA damage, ATR is activated and phosphorylates an 

extensive network of substrates, evoking a coordinated DNA damage response 

(Matsuoka et al., 2007; Smolka et al., 2007; Stokes et al., 2007). While the related 

kinases ATM and DNA-PKcs are activated upon double strand breaks (DSBs), the ATR 

kinase specifically responds to exposure of single stranded DNA (ssDNA) resulting 

from a broad spectrum of DNA lesions (Zou and Elledge, 2003). Upon replication stress 

or detection of replication-associated lesions, ATR is recruited to RPA-coated ssDNA 

and becomes activated through the action of the ATR activators TOPBP1 and ETAA1 

(Bass et al., 2016; Haahr et al., 2016; Kumagai et al., 2006; Lee et al., 2016; Lin et al., 

2012; Mordes et al., 2008). In response to replication stress, ATR has been shown to 

mediate a global cellular response that promotes cell cycle arrest, inhibition of late 

origin firing, stabilization of replication forks, transcriptional regulation and DNA 

repair (Nam and Cortez, 2011; Zeman and Cimprich, 2014). ATR kinase exerts its 
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function in genome maintenance by targeting and phosphorylating the key effector 

kinase CHK1, which mediates cell cycle arrest through the phosphorylation and 

degradation of the CDC25 phosphatase (Jin et al., 2003; Sorensen et al., 2003; Xiao et 

al., 2003). In addition, ATR-CHK1 signaling plays a prominent role in controlling E2F-

dependent transcription (Bertoli et al., 2016; Bertoli et al., 2013b; Buisson et al., 2015), 

which includes a large set of genes with important roles in DNA replication, DNA repair 

and cell cycle control (Bracken et al., 2004). Mechanistically, CHK1 has been shown to 

phosphorylate and inhibit the E2F6 repressor (Bertoli et al., 2013a). Additional 

mechanisms may also couple ATR and CHK1 to the control of E2F-dependent 

transcription (Bertoli et al., 2013b; Lin et al., 2001).   

 ATR also plays crucial roles in the control of DNA repair. It has been shown that ATR 

signaling regulates the repair of DNA interstrand cross-links and nucleotide excision 

repair by directly phosphorylating Fanconi Anemia (FA) or Xeroderma Pigmentosum 

(XP) proteins (Collins et al., 2009; Collis et al., 2008; Wang and Gautier, 2010). In 

addition, others and we have recently proposed roles for ATR in homologous 

recombination (HR)-mediated repair (Buisson et al., 2017; Liu et al., 2017; Wang et al., 

2004), a crucial pathway to repair DSBs. Of note, HR-mediated repair occurs preferably 

during S/G2 phase of the cell cycle since sister chromatids can be used as a template for 

error-free DNA repair (Aylon et al., 2004; Branzei and Foiani, 2008; Ira et al., 2004). 

As an alternative to HR, cells may repair DSBs using non-homologous end joining 

(NHEJ), which is relatively less favored in S/G2 as compared to in the G1 phase of the 

cell cycle (Branzei and Foiani, 2008; Heidenreich et al., 2003). Since the improper use 

of NHEJ in S phase leads to chromosomal aberrations and decreased survival (Bunting 
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et al., 2010; Escribano-Diaz et al., 2013), balanced engagement of HR and NHEJ repair 

pathways is essential for maintaining genomic integrity. Recently, ATR was shown to 

promote HR by phosphorylating PALB2 and enhancing its localization to DNA lesions 

via an interaction with BRCA1 (Buisson et al., 2017). Additionally, we proposed that 

ATR mediates BRCA1 phosphorylation and its interaction with TOPBP1 to promote 

HR by stabilizing BRCA1 at lesions during S-phase (Liu et al., 2017). Therefore, ATR 

seems to play a key role in promoting HR-mediated repair and suppressing improper 

NHEJ during replication stress. 

 The physiological importance of ATR is highlighted by the fact that mice lacking 

functional ATR are embryonic lethal (Brown and Baltimore, 2000; Liu et al., 2000). 

Also, homozygous mutations in human ATR that cause defective mRNA splicing and 

severely reduced ATR expression are associated with Seckel syndrome, a genetic 

disorder characterized by growth defect (dwarfism), microcephaly and mental 

retardation (O'Driscoll et al., 2003). Notably, Seckel syndrome cells show high genomic 

instability and increased micronuclei formation (Alderton et al., 2004; Casper et al., 

2004), supporting the role of ATR in genome integrity.  

 In the context of cancer, ATR is believed to be crucial for the ability of many cancer 

types to withstand the increased levels of replication stress generated by oncogene-

induced de-regulation of DNA replication (Bertoli et al., 2016; Herlihy and de Bruin, 

2017; Hills and Diffley, 2014; Karnitz and Zou, 2015; Liu et al., 2007). While the 

inhibition of ATR activity leads to moderate cytotoxicity in normal cells due to 

increased fork stalling and collapse, this cytotoxicity is further exacerbated in cancer 

cells with higher replication stress, providing rationale for using ATR inhibitors (ATRi) 
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in cancer treatment (Gilad et al., 2010; Syljuasen et al., 2015). Cancer cells frequently 

bear mutations in components of DNA damage response pathways, leading to increased 

dependency on ATR signaling (Weber and Ryan, 2015). Consistent with this notion, it 

has been shown that inhibition of ATR kinase activity is synthetic lethal in tumor cells 

that have mutations in ATM, p53, ERCC1 and XRCC1 (Huntoon et al., 2013; Josse et 

al., 2014; Mohni et al., 2014; Mohni et al., 2015; Pires et al., 2012; Reaper et al., 2011; 

Sultana et al., 2013). Therefore, specific inhibition of ATR signaling is expected to 

selectively kill cancer cells with genetic defects in DNA damage response pathways 

and/or elevated oncogene-induced replication stress. In the last eight years, highly 

selective and potent ATR inhibitors have been developed and are currently under phase 

I/II clinical trials in cancer treatment (Karnitz and Zou, 2015; Weber and Ryan, 2015).  

 Despite extensive work establishing ATR inhibitors as potential anti-cancer agents, it 

is not yet well understood precisely how ATR inhibition impacts DNA repair in the 

context of normal and cancer cells. As described above, ATR has been shown to control 

HR-mediated repair, however, the effects of short-term treatment with ATR inhibitors 

on HR are rather modest. Here we find that chronic ATR inhibition severely impairs the 

ability of cancer cells to utilize HR-mediated repair, leading to an effect that is 

significantly stronger when compared to acute ATR inhibition. Proteomic analysis 

reveals that chronic, but not acute, ATR inhibition depletes the abundance of key 

components of the HR machinery, including TOPBP1, BRCA1 and RAD51. We show 

that ATR-mediated control of HR factor abundance involves transcription and post-

translational control mechanisms. Interestingly, cancer cells seem to exhibit a stronger 

dependency on ATR signaling for maintaining the levels of HR factors, providing 



 

63 

rationale for the use of ATR inhibitors in combination with drugs known to 

preferentially target HR-deficient cells for anti-cancer therapy. 

 

3.2 Results 

3.2.1 Chronic ATR inhibition severely impairs HR-mediated repair  

 Despite extensive work investigating the roles of ATR in genome maintenance and 

establishing inhibitors as potential anti-cancer agents, the extent to which ATR 

inhibition impacts DNA repair is not well understood. ATR has been shown to control 

HR-mediated repair, in part, by promoting interactions between HR factors, such as 

BRCA1 interactions with PALB2 and TOPBP1 (Buisson et al., 2017; Liu et al., 2017). 

Here, using the DR-GFP reporter system (Pierce et al., 1999), we found that long-term 

ATR inhibition (8 days) in U2OS cells leads to a strikingly more severe impairment in 

HR-mediated repair as compared to short-term ATR inhibition (Figure 3.1A and 

Supplementary Figure B.1), and hypothesized that ATR also controls HR through 

mechanisms other than the regulation of protein-protein interactions. The concentration 

of ATR inhibitor used in these experiments (5 M) resulted in almost complete ATR 

inhibition, as monitored by CHK1 phosphorylation (Supplementary Figure B.2). Of 

note, chronic ATM inhibition did not result in major changes in HR-mediated repair 

efficiency (Figure 3.1A), consistent with previous reports (Chen et al., 2017; Kass et al., 

2013). Analysis using the EJ5-GFP (NHEJ) assay (Bennardo et al., 2008) revealed that 

chronic ATR inhibition does not result in a significant change in NHEJ efficiency 

(Figure 3.1B and Supplementary Figure B3), supporting that after 8 days treatment with 

5 M of ATR inhibitor, cells are still able to utilize NHEJ-mediated repair. Furthermore, 
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the severe reduction in HR-mediated repair upon chronic ATR inhibition was not due 

to major changes in the cell cycle, as it results in a minor increase in the number of S-

phase cells upon chronic ATR inhibition (Figure 3.1C and D). Taken together, these 

findings are consistent with a pro-HR-mediated repair function for ATR. Since ATR-

mediated protein-protein interactions are expected to be impaired by short-term 

treatment, our results suggest that the severe effect of long-term ATR inhibition on HR-

mediated repair occurs through alternative mechanisms.   
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Figure 3.1 
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Figure 3.1 

Chronic inhibition of ATR impairs HR-mediated repair in U2OS cells.  

(A) HR efficiency measured in U2OS cells using the DR-GFP reporter system. Relative 

fold change of GFP positive cells in ATRi or ATMi treated cells over DMSO. (Error 

bars = SEM, N≥5, ****P-value < 0.0001; one sample-t-test was used for the statistical 

analysis). (B) NHEJ efficiency measured in U2OS cells using the EJ5-GFP reporter 

system. Relative fold change of GFP positive cells in ATRi or ATMi treated cells over 

DMSO. (Error bars= SEM, N=5, one sample-t-test was used for the statistical analysis). 

(C) Representative FACS data and (D) quantitation of G1, S and G2/M population for 

cell cycle analysis of ATRi treated cells (Error bars = SD, N=3).   
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3.2.2 Chronic ATR inhibition severely reduces the abundance of HR proteins 

 We hypothesized that chronic ATR inhibition might strongly impair HR-mediated 

repair by altering the abundance of proteins required for HR. While the ATR-CHK1 

pathway has been shown to control gene expression (Bastos de Oliveira et al., 2012; 

Bertoli et al., 2016; Bertoli et al., 2013a; Bertoli et al., 2013b; Travesa et al., 2012), little 

is understood about the impact of ATR inhibition in shaping DNA repair mechanisms 

via control of protein abundance. To test the above hypothesis, we performed proteomic 

analysis of nuclear proteins extracted from U2OS cells, comparing the nuclear proteome 

of untreated cells with the nuclear proteome of cells treated for 8 days with 5 M of 

ATR inhibitor. We used stable isotope labeling with amino acids in cell culture (SILAC) 

and performed two experiments inverting the light and heavy isotopes (Figure 3.2A). 

Consistent with our hypothesis, we found that the abundance of proteins required for 

HR-mediated repair, including BRCA1 and FANCJ, was reduced in cells treated 

chronically with ATR inhibitor (Supplementary Table B.1 and Figure 3.2B). Notably, 

BRCA1 and FANCJ expression is regulated by E2F (Eelen et al., 2008; Wang et al., 

2000), which in turn can be controlled by the ATR-CHK1 pathway (Bertoli et al., 2013a; 

Bertoli et al., 2013b). GO-analysis of the proteomic dataset revealed that the majority 

of the proteins whose abundance is reduced upon chronic ATR inhibition belong to 

categories associated with DNA replication and repair (Supplementary Figure 3.4). 

Down-regulated proteins include many known E2F targets, such as RRM2, RFCs, 

MCMs and POLE. Western blot (WB) analysis validated these findings (Figure 3.2C). 

Moreover, we found that protein levels of RAD51 and TOPBP1, two other E2F targets 

required for HR-mediated repair (Baumann and West, 1998; Liu et al., 2017), were also 
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reduced upon chronic ATR inhibition (Figure 3.2C). Time-course analysis revealed that 

minor changes in protein abundance could be observed after 2 and 4 days of continuous 

treatment with ATR inhibitor, and that the changes become more striking after 6 and 8 

days of chronic drug treatment (Figure 3.2D). Taken together, these findings suggest a 

model that ATR signaling occurring physiologically during every cell cycle is important 

to maintain the abundance of key proteins required for HR-mediated repair.    

 The observed changes in protein abundance are not due to cell cycle changes since 

chronic treatment with 5 M of ATR inhibitor leads only to minor changes in cell cycle 

distribution, as seen by slight increase in S phase cells (Figure 3.1C). Importantly, the 

reduced expression of HR factors upon chronic ATRi treatment cannot be attributed to 

such slight increase in S phase cells since cells in S phase actually express more HR 

factors and E2F targets (see Figure 3.2E and Supplementary Figure B.5). Moreover, 

while the abundance of several proteins involved in HR-mediated repair is severely 

reduced upon chronic ATR inhibition, changes in the abundance of the NHEJ factors 

53BP1 and PTIP were minimal (Figure 3.2F). This finding is consistent with our result 

using the EJ5-GFP assay showing that chronic ATR inhibition does not impair NHEJ 

efficiency (Figure 3.1B). Collectively, the findings above show that chronic ATR 

inhibition has a major impact in the abundance of key proteins required for HR-

mediated repair, which is correlated with the severe reduction in HR-mediated repair 

efficiency observed in U2OS cells. 
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Figure 3.2 
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Figure 3.2 

Chronic inhibition of ATR depletes the abundance of key HR factors.  

(A) Diagram of the SILAC/MS experiment. (B) Quadrant diagram of SILAC/MS 

experiment. Each dot represents a different identified protein. Proteins with abundance 

reduced two-fold or more after ATRi treatment are shown in the upper-left corner (white 

quadrant). Proteins involved in HR-mediated repair are colored in red.  (C) WB 

analysis of U2OS cells after 8 days of chronic treatment with 5 M of ATRi or ATMi. 

(D) Time course WB analysis of U2OS cells during chronic treatment with 5 M ATRi. 

(E) WB analysis of U2OS cells at distinct cell cycle stages. Cells were treated with 1 

mM hydroxyurea (HU) or 50 ng/ml nocodazole (Noc) for 24 hrs. HU treated cells were 

released for 2.5 hours in HU-free media (F) WB analysis of U2OS cells untreated or 

treated for 8 days with 5 M ATRi. 
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3.2.3 Impaired HR-mediated repair in Seckel cells  

 To investigate whether the role of ATR in maintaining the abundance of HR-mediated 

repair factors is consistently observed in a physiological setting, we analyzed a Seckel 

syndrome patient cell line containing the A210G mutation in ATR that generates a 

splicing defect (O'Driscoll et al., 2003). Analysis of a primary fibroblast cell line 

GM18366, which has attenuated ATR signaling (O'Driscoll et al., 2003; Stokes et al., 

2007), revealed reduced abundance of HR-mediated repair factors compared to control 

fibroblasts (Figure 3.3A). Although we were not able to detect BRCA1 in WB for 

technical reasons, we found that the abundance of FANCJ, TOPBP1 and RAD51 is 

decreased. This Seckel cell line did not show any major differences in cell cycle 

distribution, consistent with a previous report (Wilsker and Bunz, 2007), indicating that 

the abundance changes are not due to effects on the cell cycle (Figure 3.3B). To examine 

the ability of Seckel cells to utilize HR-mediated repair, we imaged BRCA1 and RAD51 

foci after irradiation (IR) treatment and observed a significant reduction in RAD51 and 

BRCA1 foci formation post IR (Figure 3.3C and D). The results above reveal 

similarities between these Seckel cells with the U2OS cells chronically treated with 

ATR inhibitor. In both cases, the abundance of important HR-mediated repair factors is 

reduced, and markers of HR-mediated repair are impaired (Alderton et al., 2004; Casper 

et al., 2004). Overall, these findings support a key role for ATR in maintaining the 

abundance of HR-mediated repair factors and suggest that the severe impairment in HR-

mediated repair upon chronic ATR inhibition is caused by depletion of key components 

of the HR-mediated repair machinery. 
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Figure 3.3 
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Figure 3.3 

Primary fibroblasts derived from Seckel syndrome patient have reduced 

abundance and impaired localization of HR factors.  

(A) WB and (B) FACS analysis of untreated Seckel syndrome and healthy control cells. 

(C) Immunofluorescence analysis of Seckel syndrome and healthy control cells treated 

with 10 Gy -irradiation and fixed after 8 hrs of recovery. Staining was performed with 

RAD51 or BRCA1 antibody. (Scale bar= 10 m) (D) Quantitation of 

immunofluorescence results. (Error bars = SEM, N≥3, **P-value < 0.01; one sample-t-

test was used for the statistical analysis). 
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3.2.4 ATR controls HR factor abundance through CHK1-mediated transcription 

 ATR has been shown to control the transcription of E2F targets via activation of the 

downstream checkpoint kinase CHK1 (Bertoli et al., 2013a; Buisson et al., 2017; 

D'Angiolella et al., 2012). We therefore examined if chronic CHK1 inhibition results in 

a similar depletion of HR factors as we observed after chronic ATR inhibition. As 

shown in Figure 3.4A, chronic CHK1 inhibition severely reduced the abundance of the 

HR factors BRCA1 and RAD51, as well as the abundance of the canonical E2F target 

RRM2, and E2F1 itself. The depletion of HR factors after CHK1 inhibition was 

correlated with a sharp decrease in HR efficiency (Figure 3.4B and Supplementary 

Figure B6), and both effects were not a consequence of a reduction in the number of S 

phase cells since CHK1 inhibition actually results in an increase in the relative number 

of S phase cells (Figure 3.4C and D). Of importance, CHK1 as well as ATR inhibition 

results in a reduction in the mRNA levels of BRCA1 and RAD51 (Figure 3.4E). Taken 

together, these results are consistent with the model that ATR controls the transcription 

of key HR factors through the ATR-CHK1 pathway. Notably, we did not observe major 

changes in the mRNA levels of 53BP1 (Figure 3.4E), suggesting that ATR inhibition 

preferentially depletes factors involved in HR, while not changing the protein 

machinery required for NHEJ, and therefore not impairing NHEJ-mediated repair 

(Figure 3.1B).  

 Mechanistically, ATR-CHK1 signaling has been shown to control E2F transcription 

by inhibiting the E2F6 repressor (Figure 3.4F) (Bertoli et al., 2013a). We therefore 

tested whether chronic overexpression of E2F6 leads to the same effect as ATR 

inhibition on the HR machinery. As shown in Figure 3.4G and I, we used a 293-T-REX-
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E2F6 system for doxycycline-induced expression of E2F6 and found that, as expected, 

overexpression of E2F6 does result in severe reduction in HR factor abundance and HR 

capacity. Congruent with these effects not being consequences of differences in cell 

cycle distribution, we did not observe any substantial change in the cell cycle upon 

overexpression of E2F6 (Figure 3.4I). Of note, we also examined if the stability of HR 

proteins can be affected independently of translational control. We treated U2OS cells 

with the translation inhibitor cycloheximide (CHX) and asked if ATR inhibition results 

in changes in the abundance of some HR factors. As shown in Supplementary Figure 

B.7, we noticed that the protein levels of BRCA1 are decreased upon CHX treatment 

and ATR inhibition compared to CHX treatment alone, suggesting that ATR signaling 

promotes BRCA1 protein stabilization. In U2OS cells, such transcription-independent 

mode of protein stabilization was only observed for BRCA1 as the abundance of the 

other HR proteins monitored did not change upon ATR inhibition in CHX-treated cells.  

 Overall, our findings indicate that ATR controls the abundance of HR proteins through 

the control of transcription and, in the case of BRCA1, also through the control of 

protein stability (Figure 3.4J). Since BRCA1 has been proposed to be a target of ATR 

(Buisson et al., 2017; Liu et al., 2017; Tibbetts et al., 2000), we speculate that ATR-

mediated phosphorylation sites in BRCA1 promote BRCA1 stabilization. Overall, we 

propose that ATR plays multiple pro-HR roles by controlling the abundance of a range 

of HR proteins and interactions between them (Figure 3.4J).  
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Figure 3.4 
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Figure 3.4 

ATR controls HR factor abundance via CHK1-mediated transcription.  

(A) WB analysis of U2OS cells after chronic treatment with CHK1 inhibitor (0.2 M 

for 5 days). (B) Analysis of HR-mediated repair using the DR-GFP system. Relative 

fold change of GFP positive U2OS cells treated with CHK1i compared to DMSO 

treatment control. (Error bars = SEM, N=4, ****P-value < 0.0001; one sample-t-test 

was used for the statistical analysis). (C) Representative FACS data and (D) quantitation 

of G1, S and G2/M population for cell cycle analysis of CHK1i treated cells (Error bars 

= SD, N=3) (E) Real time PCR analysis of total RNA extracted from U2OS cells treated 

with DMSO, ATRi (5 M for 8 days) or CHK1i (0.2 M for 5 days). Values were 

normalized to GAPDH mRNA levels. (Error bars = SD, N=3). (F) Proposed model of 

how E2F transcription is regulated through ATR-CHK1 signaling. (G) WB analysis of 

293-T-REX-E2F6 cells after 8 days of treatment with DMSO or doxycycline. (H) DR-

GFP analysis of 293-T-REX-E2F6 cells after 8 days of treatment with DMSO or 

doxycycline. (Error bars=SEM, N=4) (I) Cell cycle analysis of 293-T-REX-E2F6 cells 

after 8 days of treatment with DMSO or doxycycline. (J) A model depicting multiple 

roles of ATR in the control of HR capacity. 
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3.2.5 Correlation of HR factor abundance and HR capacity 

 To explore the hypothesis that HR factor abundance is a major determinant of HR 

capacity, we monitored the abundance of selected HR factors (BRCA1, FANCJ, 

RAD51 and TOPBP1) and HR capacity in a panel of cell lines. As shown in Figure 

3.5A, most cancer cells tested had higher levels of the HR factors compared to 

untransformed hTERT RPE-1 cells, consistent with the fact that increased CHK1 

signaling, RB mutation or E2F1 overexpression are often correlated with cancer (Chen 

et al., 2009; Krajewska et al., 2015; Ma et al., 2013; Sherr and McCormick, 2002). 

Analysis of HR using DR-GFP assay revealed major differences in HR capacity in the 

cells monitored (Figure 3.5B). While hTERT RPE-1 cells had the lowest level of HR 

factors and displayed the lowest HR capacity, HEK293T cells had the highest level of 

HR factors and displayed the highest HR capacity (Figure 3.5A and 5B). Overall, there 

was a reasonable correlation between HR capacity and the abundance of HR factors 

(Figure 3.5C). These findings are consistent with a previous report showing that 

untransformed hESC have lower HR efficiency than cancer cells (Fung and Weinstock, 

2011).  

 Consistent with the hypothesis that E2F transcription impacts the level of HR-mediated 

repair, hTERT RPE-1 cells transformed with Large T (LT) antigen (Figure 3.5D), which 

was previously shown to result in high expression of E2F targets via impairment of RB 

function (Ahuja et al., 2005; Cantalupo et al., 2009), resulted in increased HR factor 

abundance and HR capacity (Figure 3.5E and F). It has also been reported that LT 

antigen transformation and E2F1 overexpression can activate the ATR/ATM pathway 

(Forero et al., 2014; Powers et al., 2004; Rohaly et al., 2010), and as expected, phospho-
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CHK1 levels increased upon LT transformation, suggesting that ATR is more active in 

LT transformed cells (Figure 3.5D). LT transformation did not result in major cell cycle 

changes, confirming that the protein abundance changes are not a cell cycle effect 

(Supplementary Figure B.8). Taken together, these findings are consistent with the 

model that HR factor abundance is a key determinant of HR capacity and further 

supports the importance of the role of ATR signaling in controlling HR capacity via 

modulation of HR factor abundance. 
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Figure 3.5 

 

 

 

 

 

 



 

81 

Figure 3.5 

Correlation between HR factor abundance and HR-mediated repair.  

(A) WB analysis of HR factor abundance in a panel of cell lines. (B) Analysis of HR-

mediated repair using the DR-GFP system. Relative fold change of GFP positive 

population from different cell lines (Error bars= SEM, N≥3). (C) R2 correlation between 

protein abundance and DR-GFP level. Abundance of each protein was measured by 

densitometry and normalized to corresponding abundance of actin. (D) Diagram of the 

experimental setup and rationale for using LT transformation to induce increased 

replication stress, HR factor abundance and HR capacity. (E) WB analysis of hTERT 

RPE-1 and LT transformed hTERT RPE-1 cells. (F) Analysis of HR-mediated repair 

using the DR-GFP system. Relative fold change of GFP positive hTERT RPE-1 cells 

over LT transformed hTERT RPE-1 cells (Error bars = SEM, N≥3, ****P-value < 

0.0001; one sample-t-test was used for the statistical analysis). 
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3.2.6 Cancer cell lines heavily rely on ATR to sustain the abundance of HR factors 

 Many cancer cells are known to have de-regulated DNA replication and, as a 

consequence, higher levels of replication stress (Blow and Gillespie, 2008; Halazonetis 

et al., 2008; Hook et al., 2007). Since ATR signaling is responsive to intrinsic levels of 

replication stress, we reasoned that higher levels of basal ATR signaling in cancer cells 

result in increased abundance of HR factors and higher HR capacity. Consistent with 

this model, it was recently proposed that cells become addicted to E2F transcription to 

cope with high levels of replication stress (Bertoli et al., 2016).   As shown in Figure 

3.5A, phospho-CHK1 and the abundance of key HR proteins were indeed higher in a 

panel of cancer cell lines compared to an hTERT RPE-1 cell typically used as a non-

cancer cell line reference. We predicted that these cancer cell lines would be highly 

dependent on ATR signaling to maintain the abundance of HR proteins. Indeed, while 

chronic ATRi treatment did not result in major changes in the abundance of BRCA1 in 

hTERT RPE-1 cells (Figure 3.6A), severe reduction in the abundance of BRCA1 was 

found in cancer cells (Figure 3.6B and 6C). Consistent with this finding, chronic ATR 

inhibition in hTERT RPE-1 cells did not result in a striking drop in HR-mediated repair 

efficiency compared to short-term (2 day treatment) (Figure 3.6D and Supplementary 

Figure B.9), whereas in the HCT116 colon cancer cell line, the effect of chronic ATR 

inhibition was significantly more severe than that of short-term treatment (Figure 3.6E 

and Supplementary Figure B10). Taken together, the results reveal cell type-specific 

responses to long-term ATR inhibition, with cancer cells often displaying stronger 

dependency on ATR signaling for sustaining the abundance of HR factors. The sharp 

correlation between observed changes in HR protein abundance and measured changes 



 

83 

in HR-mediated repair efficiency strongly suggests that reduction in HR factor 

abundance is the major cause of the reduction in HR-mediated repair efficiency.  
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Figure 3.6 
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Figure 3.6 

Cancer cell lines display high dependency on ATR signaling for sustaining the 

abundance of HR factors and HR-mediated repair.  

(A-B) WB analysis of hTERT RPE-1 or HCT116 (colon cancer) cells after 8-day 

chronic treatment with 5 M ATRi or ATMi. (C) WB analysis of indicated cancer cell 

lines upon 8-day chronic treatment with 5 M ATRi. (D-E) Analysis of HR-mediated 

repair using the DR-GFP system. Relative fold change of GFP positive hTERT RPE-1 

or HCT116 cells over DMSO after ATRi treatment. (Error bars = SEM, N≥3, ****P-

value < 0.0001; one sample-t-test was used for the statistical analysis comparing 2 days 

versus 8 days of treatment). 
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3.2.7 Rationale for synergistic sensitivity of cancer cells to combined ATR and 

PARP inhibition 

 Our results reveal that chronic ATR inhibition mimics “BRCAness”, a term used to 

define a state of cancer cell lines with dysfunctional BRCA1 or BRCA2, and therefore, 

dysfunctional HR-mediated repair (Turner et al., 2004). Of note, BRCAness cells with 

BRCA1 or BRCA2 mutations are highly sensitive to PARP inhibitors (Bryant et al., 

2005; Farmer et al., 2005; Fong et al., 2009; Rottenberg et al., 2008), which are 

clinically effective drugs under FDA approval for ovarian and breast cancer treatment. 

We therefore reasoned that long-term treatment with ATR inhibitor could be used to 

hypersensitize HR-proficient cancer cells to PARP inhibitors. Based on our rationale, 

cells should first undergo a long-term treatment with a low dose of ATR inhibitor to 

deplete key HR components (such low dose would have minor effect on non-cancer 

cells), and PARP inhibitor should only be added after this first treatment phase. In this 

manner, depletion of the HR machinery in HR-proficient cancer cells will make them 

particularly sensitive to a second treatment phase in which PARP inhibitors are also 

added. To test the efficacy of this strategy, we subjected hTERT RPE-1 and HR-

proficient U2OS cancer cells to 5 days of chronic ATR treatment. We then treated these 

cells with ATR and/or PARP inhibitors for additional 3 days (Figure 3.7A). Crystal 

violet cell staining assay showed that hTERT RPE-1 cells did not show major changes 

after inhibitor treatment, whereas U2OS cancer cells showed dramatic loss of viability 

upon combined treatment with ATR and PARP inhibitors. Strikingly, U2OS cells 

treated only with ATRi for 8 days recovered after switching to drug-free media, whereas 

U2OS cells undergoing the full treatment regime including the combination of ATRi 
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and PARPi, could not recover. Interestingly, other cancer cells that have relatively 

higher HR capacity compared to hTERT RPE-1 cells (see Figure 3.5B), including HeLa, 

HCT116 and A2780, also did not recover well after the full ATRi/PARPi combination 

treatment (Figure 3.7B and Supplementary Figure B.11). We note that U87 cancer cells 

did not recover as well as hTERT-RPE-1 cells, but for reasons that remain unknown, 

seem not as impacted as the other cancer cells by the combined ATRi/PARPi treatment. 

Overall, the described findings are consistent with previous reports that showed 

synthetic lethality of ATR and PARP inhibition in cancer cells and tumors (Kim et al., 

2017; Mohni et al., 2015). Collectively, our work provides the mechanistic explanation 

for why the ATRi/PARPi combination can be so effective at sensitizing HR-proficient 

cancer cells.  
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Figure 3.7 
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Figure 3.7 

Chronic treatment with ATR inhibitor hypersensitizes several HR-proficient 

cancer cells, but not hTERT RPE-1 cells, to PARP inhibition. 

(A) Cell viability analysis for testing the synergistic effect of ATRi and PARPi 

following chronic treatment with ATRi. First, cells were treated for 5 days with either 

DMSO or 5 M ATR inhibitor. Next, 1X105 cells of each cell type were plated onto a 

10 cm dish and further treated with DMSO, ATR inhibitor and/or PARP inhibitor for 

additional 3 days. Cells were either fixed or allowed to recover after additional 2 or 8 

days in drug-free media. Crystal violet staining of representative results are shown at 

the top and quantitation of viable cells from multiple experiments is shown at the 

bottom. (Error bars = SD, N=3). (B) Indicated cancer cell lines were subject to the same 

experimental protocol described in A. These cells did not display noticeable sensitivity 

to treatment with PARP inhibitor only (Supplementary Figure B.11A). 
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3.3 Discussion 

The work presented here reveals a major role for ATR signaling in modulating HR 

capacity by controlling of the abundance of the recombination machinery. Our results 

have important implications to understand how cancer cells acquire enhanced HR 

capacity. Furthermore, the reported findings provide rationale for the therapeutic use of 

ATR inhibitors in sensitizing HR-proficient cancer cells to drugs known to target HR-

deficient cancer cells. 

 

3.3.1 A model for the control of HR capacity via ATR signaling 

 ATR signaling mediates key interactions between HR proteins that are important for 

HR-mediated repair (Buisson et al., 2017; Dubois et al., 2017; Liu et al., 2017). In this 

context, short-term inhibition of ATR is expected to impair such pro-HR function of 

ATR. Indeed, we attribute the modest reduction in HR observed upon short-term ATR 

inhibition to loss of specific key pro-HR interactions (for example: BRCA1-TOPBP1 

and PALB2-BRCA1), although we note that it is possible that ATM may partially 

compensate for the loss of ATR signaling in mediating these interactions. While it is 

possible that the impairment of protein interactions contributes partially to the severe 

inhibition of HR observed upon long-term (over 4 days) ATR inhibition, we favor the 

model that the severe reduction in HR capacity is mostly caused by a pre-conditioned 

state of HR factor depletion. In this model, the role of ATR in controlling transcription 

of E2F targets during every S-phase is crucial to maintain the proper abundance of HR 

proteins and, therefore, sustain the capacity of cells to utilize HR (Figure 3.8A). 

Consistent with this model, E2F targets, which include many HR factors, are induced 
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every S phase as part of a G1/S wave of cell cycle transcription (Bertoli et al., 2013b; 

Bracken et al., 2004). Furthermore, the ATR-CHK1 pathway is supposedly active every 

S-phase (Bastos de Oliveira et al., 2015; Enders, 2008; Sorensen and Syljuasen, 2012) 

and is known to prolong E2F transcription (Bastos de Oliveira et al., 2012; Bertoli et 

al., 2016; Bertoli et al., 2013a; Bertoli et al., 2013b; Herlihy and de Bruin, 2017; Travesa 

et al., 2012). Therefore, our work presented here suggests that chronic ATR inhibition 

during multiple cell cycles gradually decreases the abundance of HR factors (Figure 

3.8B). A logical explanation is that under chronic ATR inhibition the amount of protein 

loss due to constitutive protein turnover surpasses the amount of HR factors produced 

by de novo protein synthesis, generating a deficit in HR factor abundance that is 

exacerbated after multiple cell cycles. As a consequence, depletion of the HR machinery 

severely impairs HR capacity.  While it is currently unclear whether the level of a 

specific HR factor or global levels that are behind the synergistic sensitivity to 

ATRi/PARPi, we favor the model that the strong reduction in HR-mediated repair is 

due to the combined reduction in the abundance of several repair factors. 

 

3.3.2 Increased ATR signaling enhances the HR capacity in cancer cells 

 Many cancer cells experience high levels of replication stress (Bartek et al., 2012; 

Halazonetis et al., 2008; Hills and Diffley, 2014; Macheret and Halazonetis, 2015; 

Murga et al., 2011), which results in higher levels of spontaneous ATR signaling (Flynn 

and Zou, 2011; Herlihy and de Bruin, 2017; Marechal and Zou, 2013). Based on our 

model presented in Figure 3.8C, we propose that such constitutively higher ATR 

signaling in cancer cells during every S-phase will create a surplus in HR factor 
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abundance and lead to higher HR capacity. In fact, many cancers have increased HR 

capacity (Fung and Weinstock, 2011). It is worth mentioning that a correlation between 

ATR signaling and HR capacity could be lost due to mutations or alterations that directly 

deregulate the RB-E2F pathway. For example, we noticed that HEK293T cells exhibit 

one of the highest levels of HR factors and the highest HR capacity of all cells examined, 

but not the highest levels of CHK1 phosphorylation (Figure 3.5A and B). This is 

consistent with the fact that LT-transformation is known to directly inhibit RB function, 

and therefore maintain high E2F transcription (Ahuja et al., 2005; Cantalupo et al., 

2009), which would bypass the need for CHK1 signaling for enhanced HR factor 

abundance. Interestingly, we also noted the potential for an ATR-dependent and CHK1-

independent mechanism for HR factor control in HCT116 cells. As shown in 

Supplementary Figure B.12, differently than ATR inhibition, CHK1 inhibition did not 

lower the level of E2F1 nor the abundance of other HR proteins in HCT116. This result 

suggests that there is an alternative pathway, other than CHK1, that regulates E2F 

transcription in these cells. Finally, we note that ATR may also control BRCA1 protein 

stability, revealing transcription-independent mechanisms for ATR-dependent 

regulation of HR factor abundance. Overall, despite possibilities for alternative rewiring 

of the mechanisms for control of E2F transcription, the model for enhanced ATR 

signaling promoting increased HR factor abundance seems applicable in many cases 

and provides a mechanistic explanation for the high HR capacity observed in many 

cancers.  
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Figure 3.8 

 

 

 

Model depicting how modulation of ATR signaling alters HR capacity in cancer cell 

growth and ATRi-mediated cancer therapy. See text in the discussion for details. 
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3.3.3 A chemo-therapy strategy to sensitize HR proficient cancer cells to PARP 

inhibitors 

 Our finding that chronic treatment of cancer cells with sub-lethal doses of ATR 

inhibitor leads to severe impairment of HR-mediated repair has important implications 

for cancer therapy. As described above, many cancer cells seem to rely on constitutive 

ATR hyper-signaling to over-express components of the HR machinery and acquire 

enhanced HR capacity, which would improve their ability to deal with increased levels 

of replication stress. In this context, we propose that partial inhibition of ATR over long-

term treatment protocol is particularly deleterious for cancer cells, since the 

compromised HR machinery is expected to be unable to efficiently deal with enhanced 

replication stress. Of importance, since the treatment uses relatively low doses of ATR 

inhibitor, it is possible that cells such as hTERT RPE-1 (and potentially other non-

cancer cells), that do not explore ATR hyper-signaling, are not subjected to the 

deleterious effects of a high dose of ATR or CHK1 inhibitor, which include the well-

established effects on origin firing and fork integrity. 

 Since chronic ATR inhibition is very effective at depleting the HR machinery and 

reducing HR capacity, we further predicted that this rationale could be explored in 

combination therapy to sensitize HR-proficient cancer cells to the treatment of PARP 

inhibitors, which are typically used to treat HR-deficient cancers such as BRCA1 or 

BRCA2 mutated cancers (Bryant et al., 2005; Farmer et al., 2005; Fong et al., 2009; 

Rottenberg et al., 2008). Indeed, our data on a panel of cancer lines revealed that our 

prediction is correct for most of the cancer cell lines tested. Further analyses involving 

a larger panel of cancer cell lines and in organismal contexts will be required to further 
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evaluate the effectiveness of this approach. We note that a recent study showed that 

ATR inhibition and knockdown of HR factors, such as RAD51, leads to synergistic 

lethality in cancer cells (Krajewska et al., 2015). While this is an interesting and 

potentially effective strategy, it is likely that this synergism arises from the short-term 

effects of ATR inhibitors in causing fork collapse, which would then require the HR 

machinery for fork restart. In this context, ATR inhibitors are being used as a DNA 

damage-generating drug. Such rationale that is fundamentally distinct from our 

proposed rationale in which treatment with sub-lethal doses of ATR inhibitors is used 

to reduce HR capacity and compromise the ability of cancer cells to respond to DNA 

damage.     

 Overall, the findings reported here provide a novel strategy for how the HR capacity 

can be modulated in cancer cells via controlled ATR inhibition. In addition to helping 

improve therapy, we expect that the generated knowledge could have far reaching 

implications to better understand how cancer cells develop an optimized machinery for 

robust genome replication and maintenance. 
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CHAPTER 4 

PERSPECTIVES/DISCUSSIONS 

 

4.1 ATR inhibitor: Manipulating DNA repair in cancers for enhanced 

therapy 

 

 During the process of DNA replication, the DNA is vulnerable to damage due to 

exposure of fragile single strand DNA (ssDNA) at DNA replication forks (Zeman and 

Cimprich, 2014). ssDNA exposure recruits the sensor kinase ATR, which coordinates 

an extensive cellular response to protect genome stability (Zou and Elledge, 2003). The 

ATR kinase is continuously active and phosphorylates numerous substrates during 

replication to promote DNA synthesis and also to prevent genomic instability (Bastos 

de Oliveira et al., 2015). Upon DNA damage, ATR phosphorylates CHK1 to halt cell 

cycle progression and give time for the cells to repair the damaged DNA (Weinert et al., 

1994).  

 Recently, ATR’s direct role in repair has been proposed. During DNA replication 

(S/G2 phase of the cell cycle), DNA is favorably repaired through homologous 

recombination (HR) using sister-chromatids as a template. This is an error free repair 

system. In contrast, non-homologous end joining (NHEJ) is error prone since it occurs 

during G1 phase of the cell cycle where no sister chromatid is present. Upon DNA 

damage, ATR can phosphorylate numerous factors including BRCA1 (Matsuoka et al., 

2007).  

 BRCA1 is a tumor suppressor gene that is often found to be mutated in women with 
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breast and ovarian cancers. The phosphorylation of BRCA1 by ATR is important to 

induce interaction with other proteins during the HR pathway such as PALB2 and 

TOPBP1 (Buisson et al., 2017; Liu et al., 2017). In addition, ATR is responsible for 

maintaining the protein stability of BRCA1 by post-translational modification and also 

through E2F1 involved transcription (Figure 4.1A).  

 Physiologically, ATR is essential, and knockout of ATR has been shown to be 

embryonic lethal in mice (Brown and Baltimore, 2000). Human patients with ATR 

mutation suffer from Seckel syndrome, which is accompanied by growth retardation, 

dwarfism, microcephaly, skeletal/brain abnormalities and high genomic instability 

(Alderton et al., 2004; Casper et al., 2004; O'Driscoll et al., 2003) (Figure 4.1B). In 

contrast, highly proliferative cancer cells have high ATR signaling due to extensive 

replication stress (Bartek et al., 2012; Halazonetis et al., 2008; Hills and Diffley, 2014). 

To deal with enhanced replication stress, cancer cells become more dependent on ATR 

signaling, thereby activating the HR pathway (Figure 4.1B). This addiction to ATR 

signaling would protect cancer cells by preventing extremely high genomic instability 

caused by replication stress that may kill cancer cells. Our recent work published in 

Nucleic Acids Research, showed that high ATR signaling is correlated with high HR 

capacity in cancer cells. In accordance with the fact that cancer cells rely more heavily 

on ATR signaling, ATR inhibitors are now under phase I/II clinical trial to be used to 

treat cancers with high replication stress (Karnitz and Zou, 2015; Lecona and 

Fernandez-Capetillo, 2018; Weber and Ryan, 2015).  
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Figure 4.1 

 

(A) Schematic diagram of how a cancer cell undergoes proteome remodeling by ATR 

kinase. 

(B) A table showing features of Seckel, normal and cancer cells.  

 

 However, the basic mechanism of how ATR inhibitor can selectively kill cancer cells 

is unknown. One proposed model is that ATR inhibitor impedes the phosphorylation of 

ATR substrates, such as BRCA1, by preventing the interaction with other proteins, thus 

lowering HR capacity (Buisson et al., 2017; Liu et al., 2017). Moreover, in a chronic 

condition, where a drug is prescribed to patients for days (not hours), ATR inhibition 

works in a different way. Using a chronic eight-day treatment of ATR inhibitor, we 



 

109 

showed that ATR signaling can modulate the proteome of HR factors through the 

control of the E2F1 transcription factor (Figure 1A and Table 4.1).  

Table 4.1. 

Gene name Known E2F1 target? Gene name Known E2F1 target? 

BARD1  YES POLE  YES 

BLM  YES RAD51AP1  YES 

BRCA1  YES RECQL4  YES 

BRCA2  YES RFC1  YES 

FANCD2  YES RFC2  YES 

FANCJ  YES RFC3  YES 

NDNL2  No RFC4  YES 

POLA1  YES RFC5  YES 

POLD1  YES RPA1  YES 

POLD2  YES TONSL  YES 

POLD3  YES     

 

Table 4.1: HR factors modulated by chronic ATR inhibitor treatment. 

 

 Previously, we and others have shown that Mec1, an ortholog of ATR in S. cerevisiae, 

can control MBF targets during the G1/S phase transition state (Bastos de Oliveira et 

al., 2012). Consistent with this notion, we showed that ATR-CHK1 signaling can 

control the transcription of E2F1 targets and the stability of BRCA1. Furthermore, we 

found that chronic ATR inhibitor treatment can remodel cancer cells into a HR deficient 

state referred to as "BRCAness", a term used for cells with BRCA1/2 mutation (Turner 

et al., 2004) (Figure 4.2A).  
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Figure 4.2 

 

(A) Diagram of ATR inhibitor and PARP inhibitor regime for cancer treatment. 

(B) Diagram of how PARP inhibitor works. 

 

 ATR inhibitor is also now being combined with PARP inhibitor to be used as a cancer 

treatment. PARP inhibitor, which is an FDA approved drug for ovarian cancers with 

BRCA1/2 mutation, prevents base excision repair (BER) at single strand break (SSB) 

sites from occurring, further converting the SSB into a double strand break (DSB) with 

an increased fork speed (Bryant et al., 2005; Farmer et al., 2005; Fong et al., 2009; 

Maya-Mendoza et al., 2018) (Figure 4.2B). BRCA1/2 proficient cancer cells are still 

able to repair the DSB through HR; however, BRCA1/2 deficient cancer cells cannot. 
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This gives a basis for treating HR (BRCA1/2) proficient cancers with both ATR and 

PARP inhibitors because this double inhibitor treatment should allow for specific killing 

of these cancer cells (Figure 4.2).  

 Furthermore, recent work showed that ATR/CHK1 inhibitor treatment combined with 

PARP inhibitor gives higher specificity for killing BRCA1/2 mutated cancer cells (Kim 

et al., 2017). Interestingly, BRCA deficient cells that are PARPi resistant are also 

sensitive to ATRi and PARPi combined treatment (Yazinski et al., 2017). We speculated 

that this is because BRCA mutant cancer cells must have evolved to compensate for 

some level of the alternative HR mechanism other than the BRCA pathway to allow the 

cancer cells to survive.   

 Collectively, we believe that chronic treatment of ATR inhibitor can lower the 

abundance of HR factors, including BRCA1/2, to remodel the proteome of the cell into 

an “HR-null” state. Therefore, with a chronic low dose of ATR inhibitor, we can 

specifically remodel the proteome of cancers with high ATR signaling into an HR-null 

state. This regime of ATR inhibitor pre-treatment further gives a basis for PARP 

inhibitor to be treated for HR proficient cancers in combination with ATR inhibitor. It 

will be of interest to test this in mice PDX models with different cancers to look for the 

effect of pre-ATRi treatment in a physiological condition. However, more mechanistic 

information needs to be defined for how different tumors types maintain the HR levels, 

such as HCT116 colon cancer cells that are not dependent on ATR-CHK1 signaling. 

Discovering an alternative pathway to ATR signaling would be the next step towards 

targeted chemotherapy.   
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APPENDIX A 

 

SUPPLEMENTARY INFORMATION FOR CHAPTER 2 

Figure A.1 
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Figure A.1 

 

(A) Diagram comparing abundance changes between Mec1/Tel1-dependent and 

Mec1/Tel1-independent phosphopeptides. From 142 proteins found to have a 

Mec1/Tel1-dependent phosphorylation we found 92 representative Mec1/Tel1-

independent phosphopeptides. Red and blue bars correspond to Mec1/Tel1-dependent 

phosphopeptides containing S/T-Q or S/T-ψ motifs, respectively. Black bars correspond 

to Mec1/Tel1-independent phosphopeptides. Dotted line represents the 6-fold threshold 

to establish Mec1/Tel1-dependent events. For detailed information see Supplemental 

Table S1. Dotted rectangles highlight Rad9 and Rtt107 phosphopeptides. (B) 

Representative examples for Rad9 and Rtt107 showing the abundance changes 

of theirs Mec1/Tel1-dependent and independent phosphopeptides. 
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Figure A.2 

 

 

 

QMAPS comparing wild-type vs pph3Δptc2Δptc3Δ mutant cells. Cells were released 

from -factor arrest in SILAC media for 45 minutes. Abscissa shows relative fold 

change in phosphopeptide abundance (linear scale). Each dot corresponds to a different 

phosphopeptide identified at least 2 times out of 3 independent biological replicates. 
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Figure A.3 

 

 

 

QMAPS comparing wild-type vs dna2-AA ddc1Δ mutant cells. Cells were released from 

α-factor arrest in SILAC media for 45 minutes. Abscissa shows relative fold change in 

phosphopeptide abundance (linear scale). Each dot corresponds to a different 

phosphopeptide identified at least 2 times out of 3 independent biological replicates. 
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Please refer to Bastos de Oliveira, Molecular Cell. 2015 Mar 19;57(6):1124-1132 for 

more detailed information about: 

Table A.1 

Table A.2 

Table A.3 

Table A.4 
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Table A5: Yeast strains used in this study 
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APPENDIX B 

 

SUPPLEMENTARY INFORMATION FOR CHAPTER 3 
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                      Supplementary Figure B.1 

                                  A 

           

                                 B 

          

(A) Representative DR-GFP analysis of ATRi with 2 days treatment. 

(B) Representative DR-GFP analysis of ATRi with 8 days treatment. 
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Supplementary Figure B.2 

 

 

                   

 

 

U2OS cells were treated with ATRi for 30min prior to HU treatment. HU was treated 

for additional 2hrs with ATRi. WB analysis was performed against phospho-

CHK1(S345), CHK1 and actin. 
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                      Supplementary Figure B.3 

 

 

       

 

 

Representative EJ5-GFP analysis of ATRi with 8 days treatment. 
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                   Supplementary Figure B.4 

 

 

 

 

         GO-Analysis of Figure 2B. Top 22 categories are shown.  
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                     Supplementary Figure B.5 

 

        

                Cell cycle analysis of Figure 2E samples.  

 

                    Supplementary Figure B.6 

 

 

    Representative DR-GFP analysis of CHK1i with 5 days treatment. 
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                      Supplementary Figure B.7 

 

 

 

 

 

WB analysis of U2OS cells treated with cycloheximide (CHX, 50 g/ml) with or 

without 5M of ATRi. Fresh media containing CHX or CHX/ATRi was added every 6 

hrs. Graph was generated by measuring the intensity of the BRCA1 band from three 

independent experiments. Two-tailed Student's t-test was used for the statistics (p < 

0.0001). 
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                  Supplementary Figure B.8 

 

 

 

Cell cycle analysis of hTERT RPE-1 and hTERT RPE-1/LT. (N=3) 
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                   Supplementary Figure B.9 

                              A                                       

      

                            B 

    

(A) Representative DR-GFP analysis of RPE-1 cells with ATRi treatment. 

(B) Cell cycle analysis of RPE-1 cells treated with ATRi for 8 days. (N=3) 
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Supplementary Figure B.10 

A 

       

B 

    

(A) Representative DR-GFP analysis of HCT116 cells with ATRi treatment. 

(B) Cell cycle analysis of HCT116 cells treated with ATRi for 8 days. (N=3) 
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Supplementary Figure B.11 

A 

        

Representative crystal violet images of HCT116, HeLa, A2780 and U87 cancer cells 

treated with DMSO or PARPi for 3 days. 

B 

       

 

Representative crystal violet images of HCT116, HeLa, A2780 and U87 cancer cells 

recovered for 2 days after 3 days of ATRi or ATRi+PARPi treatment. Cells were 

treated with ATRi for 5 days prior to any treatment to allow reduction of HR factors. 

Please see Figure 7B for more information. 
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Supplementary Figure B.12 

 

                      

 

 

WB analysis of HCT116 cells after chronic CHK1i. 
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Supplementary Table B.1 

Protein 

Experiment 
1 (Fig2B: X-

axis) 
Number of 
peptides 
identified 

Experiment 
1 (Fig2B: X-

axis) 
Ratio of 
protein 

abundance 
(DMSO/ATRi) 

Experiment 
2 (Fig2B: 
Y-axis) 

Number of 
peptides 
identified 

Experiment 2 
(Fig2B: Y-

axis) 
Ratio of 
protein 

abundance 
(DMSO/ATRi) 

ACAT2 52 2.26 45 26.55 

ACBD7 4 4.25 4 82.08 

ACTL6A 20 2.27 31 2.50 

ADD1 13 3.02 25 27.28 

ADD3 6 4.31 17 9.91 

ADI1 8 2.44 4 6.99 

ADNP 31 2.79 63 6.06 

AGFG2 7 2.25 3 3.15 

AHDC1 3 2.52 4 9.25 

AIDA 6 2.90 6 29.52 

AIM1 3 2.92 5 51.89 

AKT3 4 3.17 6 76.36 

ALDH7A1 90 2.27 105 2.50 

AMPH 15 8.55 15 96.09 

ANKRD44 8 3.82 4 14.72 

ANKZF1 6 2.62 3 121.99 

ANP32E 21 2.43 4 151.93 

ANXA3 28 2.57 15 3.63 

ANXA8 2 2.55 15 56.85 

ARHGAP12 12 4.39 3 18.78 

ARHGEF10 5 2.94 7 6.70 

ARHGEF17 11 5.75 7 18.20 

ARID1B 21 2.36 18 4.47 

ARNT 6 2.40 10 20.08 

ARRB2 3 3.41 11 7.99 

ASAP3 5 3.15 3 102.53 

ATAD2 16 4.00 29 2.59 

ATAD5 3 5.73 4 49.04 

ATXN3 2 3.76 4 77.62 

ATXN7L3B 7 2.67 4 244.73 

BAIAP2L1 15 3.13 8 44.90 

BARD1 3 2.82 2 2.20 

BAZ2B 4 2.80 12 54.27 

BCAM 12 5.66 11 4.03 
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BEND3 7 2.67 7 2.60 

BLM 4 2.75 4 8.83 

BRCA1 3 2.82 4 53.44 

BRCA2 5 2.50 5 40.78 

BRD7 5 2.86 11 3.24 

BUB1B 13 2.83 7 40.36 

C10ORF119 34 2.76 40 14.61 

C12ORF57 4 2.31 3 3.35 

C15ORF23 8 2.90 10 51.98 

C16ORF87 3 2.85 2 3.00 

C19ORF21 27 4.00 51 20.57 

C1ORF198 8 10.85 6 209.70 

C3ORF37 8 2.25 8 9.22 

C4ORF27 18 2.34 9 4.59 

CALD1 96 2.16 123 2.33 

CAMK1D 2 5.69 2 636.31 

CAMK4 5 6.40 2 636.31 

CAP2 7 2.01 4 95.52 

CAPG 44 2.21 45 2.04 

CARHSP1 15 4.67 10 19.50 

CASKIN2 3 45.74 4 14.02 

CASP7 16 2.49 4 17.26 

CBR3 7 3.18 2 10.91 

CBS 21 2.11 12 26.01 

CBX2 7 9.06 4 50.16 

CEP192 5 3.12 5 84.13 

CEP350 5 4.52 3 5.82 

CFDP1 6 7.61 3 2.67 

CHAF1B 5 2.81 3 3.70 

CHTF18 17 2.15 17 6.36 

CIT 17 2.88 21 20.15 

CKB 36 2.38 15 9.34 

CNN2 30 2.39 23 5.51 

CNN3 42 2.05 38 18.38 

COG6 3 2.23 4 8.94 

CRTC3 4 3.85 2 636.31 

CSE1L 89 2.05 65 12.18 

CSNK1E 3 3.70 2 41.65 

CSRP2 22 2.31 24 5.45 

CTDSPL2 4 2.30 15 2.45 

CUL4B 23 2.25 33 3.03 

CYTH1 4 2.02 4 2.74 
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DCUN1D1 10 2.62 6 10.16 

DDAH2 14 4.46 12 6.27 

DENND4C 8 2.28 8 2.96 

DIS3L 3 2.84 4 5.05 

DLGAP5 15 6.41 16 80.46 

DNAJC21 10 2.96 5 3.36 

DNAJC9 34 3.17 26 4.64 

DNM1 25 5.83 27 8.41 

DNMT1 59 2.95 72 5.21 

DPYSL2 101 3.16 86 38.93 

DPYSL3 67 2.12 70 28.05 

DPYSL4 11 2.18 7 39.96 

DPYSL5 4 3.72 8 141.71 

DSN1 2 2.10 12 8.54 

DUT 34 3.72 35 9.15 

EDIL3 5 2.61 61 3.95 

EEF2K 5 3.50 3 13.02 

ELAVL2 6 2.28 10 2.78 

ELP4 3 2.35 2 7.65 

ERBB2IP 30 2.12 18 11.99 

ERCC6L 26 3.64 28 2.57 

ESPL1 7 2.24 3 2.19 

FANCD2 4 13.38 14 4.22 

FANCJ 5 8.54 6 50.24 

FDPS 28 2.39 6 14.37 

FHL1 53 2.75 33 33.28 

FKBPL 4 2.62 5 61.40 

FNTA 7 2.65 3 25.82 

FPGS 2 5.39 6 4.76 

FTO 14 2.40 9 49.23 

GABPA 14 2.10 12 2.15 

GGA2 9 2.04 5 46.55 

GINS1 3 22.10 5 5.63 

GINS3 3 4.14 6 54.99 

GINS4 5 6.44 13 11.84 

GLI2 5 4.48 6 150.29 

GSDMD 21 4.22 36 6.13 

GSTCD 3 3.73 3 23.15 

H1FX 40 3.18 38 2.07 

HAT1 19 2.22 18 67.24 

HAUS6 6 2.81 8 5.33 

HAUS8 5 4.70 9 6.80 
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HDAC7 2 2.08 3 636.31 

HEATR6 16 2.76 5 17.44 

HEG1 3 3.07 9 3.36 

HIP1 17 2.09 31 3.72 

HIRIP3 3 4.74 12 14.95 

HIST1H1A 20 7.47 37 22.61 

HIST1H1C 19 3.90 32 3.45 

HMBS 6 3.04 2 2.58 

HMGN5 12 2.11 13 17.88 

HN1L 46 2.34 30 14.35 

HSP90AB6P 2 2.56 2 2.79 

HSPB1 201 3.42 135 15.70 

HSPB11 2 2.16 6 37.71 

IAH1 11 4.20 3 23.82 

IL18 29 2.88 14 2.20 

INPP5F 3 2.10 2 15.33 

IPO9 22 2.24 4 27.64 

IQGAP3 7 25.67 8 20.85 

IRS1 3 10.80 8 194.29 

ISOC1 6 2.07 2 43.22 

ITPK1 4 2.45 2 6.74 

ITPKA 2 8.68 3 12.01 

ITSN1 10 2.07 11 55.70 

JUP 6 2.51 21 20.02 

KANK2 4 2.54 4 132.01 

KDM1A 14 2.15 26 3.61 

KIAA0101 2 7.31 8 3.91 

KIAA1279 5 2.36 16 7.56 

KIAA1522 14 2.19 18 14.01 

KIAA1524 21 4.14 7 6.95 

KIAA1598 35 2.48 21 3.68 

KIF11 54 3.37 25 37.82 

KIF15 18 3.44 9 46.96 

KIF20B 4 2.89 18 9.05 

KIF4A 65 2.96 66 5.74 

KIF5C 5 3.24 2 64.14 

KNTC1 7 3.70 4 22.31 

L1CAM 2 2.06 23 3.05 

L3MBTL3 4 2.48 3 3.05 

LANCL1 4 2.03 3 4.32 

LCOR 7 2.59 7 67.52 

LIG1 30 3.58 30 16.51 
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LIMCH1 11 2.25 2 10.46 

LLGL1 11 2.37 13 45.74 

LMCD1 5 2.51 8 255.93 

LMO7 40 2.49 29 16.29 

LPP 25 2.19 30 8.27 

LRBA 2 29.70 5 3.90 

LSM14B 8 2.66 7 9.38 

LUC7L2 52 2.18 33 2.48 

MAGI3 2 3.77 5 31.05 

MAP3K2 12 2.22 6 44.25 

MASTL 7 4.26 4 59.51 

MAT1A 4 46.41 2 4.43 

MCM10 2 2.32 3 2.01 

MCM2 56 2.71 70 5.07 

MCM3 129 2.48 126 2.96 

MCM4 137 2.91 160 4.72 

MCM5 42 2.47 51 3.37 

MCM6 84 2.17 98 4.60 

MCM7 72 2.68 58 2.76 

METT10D 11 3.07 6 12.11 

MGMT 2 2.13 3 95.99 

MKL1 5 2.17 4 47.49 

MKL2 18 4.28 18 97.19 

MLF1IP 2 3.20 6 3.69 

MLH1 20 2.08 41 7.02 

MMS19 15 2.47 10 2.13 

MOCOS 5 2.16 4 3.16 

MOV10 24 2.79 44 8.73 

MRC2 38 2.95 59 2.24 

MRI1 12 5.10 6 45.38 

MSH2 32 2.31 51 3.68 

MSH6 51 2.32 61 3.93 

MTA3 4 5.37 7 18.47 

MTUS1 4 4.66 9 102.33 

MYCBP2 8 2.91 5 8.97 

MYO18B 12 2.14 5 83.61 

N4BP1 2 3.17 4 47.78 

NAP1L1 82 2.17 42 12.29 

NASP 160 2.86 89 37.90 

NCAPD2 65 2.90 100 6.71 

NCAPD3 6 2.77 16 25.58 

NCAPG 20 2.76 14 5.79 
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NCAPH 44 2.65 44 8.89 

NCAPH2 9 2.53 13 45.91 

NCOA1 4 2.07 5 38.82 

NCOA2 3 2.18 4 69.94 

NCOR2 17 2.48 38 47.43 

NDC80 20 5.50 34 8.54 

NDE1 20 2.33 6 9.64 

NDNL2 2 4.81 2 2.38 

NFIC 16 2.59 18 2.46 

NFKBIL2 4 2.04 18 13.72 

NHEJ1 3 2.24 4 26.11 

NNMT 49 2.31 38 2.99 

NRGN 5 2.98 3 5.12 

NTM 7 5.80 2 78.42 

NUCKS1 9 3.26 8 3.06 

NUDCD2 27 2.00 12 8.46 

NUDCD3 12 2.36 2 6.33 

NUDT1 14 3.33 13 3.23 

NUDT15 5 3.18 6 6.90 

NUF2 14 4.05 10 4.59 

NUSAP1 13 2.23 6 9.53 

NXN 8 2.56 2 4.55 

ODZ2 2 2.75 9 70.55 

ODZ3 2 3.26 14 114.41 

OSBPL11 8 2.20 7 7.04 

PALLD 74 5.60 50 51.80 

PALM 3 2.27 8 7.10 

PARG 7 3.57 5 65.94 

PBK 15 5.57 14 18.35 

PCBP4 6 5.14 3 24.39 

PDE5A 11 4.21 2 7.53 

PDLIM1 4 2.39 2 636.31 

PDXK 31 2.07 18 8.34 

PHC3 5 2.18 8 10.53 

PHGDH 107 2.59 106 8.57 

PHLDB2 15 2.41 13 14.06 

PIH1D1 3 2.95 3 27.65 

PKIG 3 7.77 3 13.10 

PLCB3 21 2.45 14 2.12 

PLCD1 4 2.28 5 33.85 

PLEKHA5 36 2.42 23 5.17 

PLS1 34 2.22 16 3.08 
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PMS2 26 2.53 7 14.92 

POLA1 14 2.30 16 40.32 

POLA2 24 4.13 10 34.13 

POLD1 32 3.90 27 120.20 

POLD2 21 3.53 23 43.12 

POLD3 10 4.05 5 46.64 

POLE 12 3.80 21 4.36 

PPM1B 10 3.23 8 6.42 

PPME1 42 2.12 19 15.89 

PPP1R2 8 10.42 5 4.15 

PPP2R5D 8 4.08 7 14.62 

PPP4R1 33 2.16 22 31.01 

PPP4R2 10 3.30 9 14.68 

PRIM2 10 3.06 8 176.94 

PRKAR2B 6 2.29 6 12.98 

PRPSAP1 12 2.19 11 2.58 

PRR12 12 2.67 14 2.91 

PSMA2 38 2.39 35 2.46 

PSPH 12 2.62 5 15.60 

PTK7 18 3.29 53 7.69 

PTMA 53 2.59 11 9.43 

PYGM 2 2.42 6 28.45 

RAD51AP1 4 3.50 2 11.28 

RB1 15 3.14 14 3.65 

RBP1 16 3.11 21 56.66 

RCC2 48 2.12 76 6.41 

RECQL4 12 4.60 24 58.44 

RFC1 44 2.21 27 2.38 

RFC2 19 2.44 23 2.59 

RFC3 41 2.16 49 2.37 

RFC4 35 2.81 48 2.84 

RFC5 18 3.42 21 3.26 

RNASEH2B 4 2.74 9 11.78 

RNF123 3 3.71 2 3.36 

RPA1 26 3.30 51 2.65 

RPS6KB1 7 2.30 7 50.18 

RPS6KB2 4 3.25 2 35.04 

RRM1 21 2.35 26 72.06 

RRM2 6 4.66 5 48.54 

RSBN1L 14 2.62 20 8.67 

S100A2 8 3.54 11 5.24 

SAC3D1 5 2.30 10 31.88 
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SAMD1 8 2.14 5 52.78 

SCRN2 8 2.10 12 9.70 

SETDB1 4 2.03 6 2.17 

SH3BGRL 46 2.20 13 4.48 

SHKBP1 9 2.55 9 2.15 

SHMT1 8 6.95 12 27.15 

SHROOM3 6 4.82 7 105.25 

SKA3 11 4.11 5 35.49 

SMARCC1 37 3.24 43 2.52 

SMC2 100 2.79 78 2.35 

SMC4 81 2.86 103 4.16 

SMYD2 4 14.60 7 37.92 

SNCG 9 2.90 2 41.06 

SORBS3 8 3.50 6 3.54 

SP3 6 2.52 6 2.28 

SPAG5 30 2.52 33 26.76 

SPC24 6 7.78 6 21.96 

SPC25 13 7.65 24 19.60 

SRGAP2 11 2.23 12 8.77 

SSU72 6 2.22 5 9.75 

STAG1 3 2.69 24 3.55 

STMN2 37 3.45 13 14.38 

STRN4 7 2.05 10 12.36 

STXBP4 8 2.15 3 8.92 

SUGT1 24 2.15 19 11.78 

SUN2 9 2.73 40 5.98 

SYNE2 9 6.08 55 17.09 

SYNJ2 11 2.27 6 26.67 

TACC3 16 2.08 10 32.15 

TAF4 18 2.17 10 10.03 

TAGLN 25 2.78 10 4.19 

TAGLN2 184 2.41 33 11.90 

TBC1D1 13 2.46 9 9.15 

TBCB 40 2.05 17 5.36 

TBCD 30 2.26 26 4.73 

TBCE 17 2.57 11 2.67 

TBL1X 2 2.39 2 9.62 

TBL1XR1 18 2.31 14 10.96 

TBL1Y 5 2.68 10 104.42 

TCEB1 29 3.18 26 2.96 

TCP11L1 3 2.24 7 34.11 

TGFB1I1 3 2.22 5 12.31 
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TGFB2 2 8.11 5 106.19 

TK1 10 3.06 14 9.94 

TLK1 6 3.74 8 4.19 

TMPO 98 2.60 110 5.33 

TMSB10 43 2.16 19 2.38 

TMSL3 25 5.32 21 10.50 

TNRC18 2 5.64 2 3.51 

TNS1 20 2.68 16 120.53 

TNS3 19 10.20 19 166.60 

TOR3A 3 3.25 6 2.75 

TPM1 24 4.01 19 3.61 

TPM2 68 2.98 49 3.38 

TRIM65 2 2.76 5 27.23 

TSEN15 5 2.40 4 16.44 

TTC37 15 2.53 12 5.36 

TUBB 86 2.21 40 7.65 

TUBB2B 158 2.20 127 11.94 

TYMS 25 6.72 56 44.84 

UBA2 43 2.22 22 74.90 

UBE2K 27 2.12 16 14.39 

UBE2O 12 2.28 13 6.80 

UBE3C 3 2.09 5 161.43 

UBR7 17 2.43 3 636.31 

UCKL1 4 3.27 3 2.18 

UNC119B 12 2.14 8 38.51 

UNK 6 3.64 5 38.22 

USP11 19 2.64 12 50.33 

USP13 8 4.52 12 9.78 

USP48 20 2.24 25 2.35 

UTRN 54 2.40 73 4.38 

WDHD1 38 3.52 39 25.21 

WHSC1 14 4.03 31 4.15 

XRN1 13 3.19 3 2.01 

YWHAH 22 2.20 18 5.51 

ZBTB2 5 4.02 6 2.78 

ZC3H7A 17 2.27 19 4.11 

ZMYM3 31 3.26 48 6.04 

ZNF507 4 2.02 2 4.02 

ZNF608 5 4.37 15 127.87 

 

Supplementary table B2: Please refer to Kim et al., Nucleic Acids Research. 
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APPENDIX C 

 

METTL13: A new regulator of heterochromatin replication 

 

This work is in preparation to be submitted with Dongsung Kim, Ignacio Alonso-de 

Vega, Susannah Oberly, Kayla E. Brooks, Gongshi Bai, John C. Schimenti, Raimundo 

Freire, Veronique A. J. Smits, Amnon Koren, Marcus B. Smolka*.   

* indicates corresponding author. 

C.1 Introduction 

 Prior to cell division, the entire genome needs to be completely and accurately 

replicated. The persistence of incompletely replicated chromosomes in mitosis can lead 

to DNA breaks and genomic instability (Chan and Hickson, 2009; Mankouri et al., 

2013). Constitutive heterochromatic domains, such as centromeres, telomeres and other 

satellite DNA, pose a major challenge for the proper and timely completion of DNA 

replication (Almouzni and Probst, 2011; Groth et al., 2007). At these regions, an 

elaborate system must be in place to ensure full chromatin de-compaction and the 

subsequent re-assembly of heterochromatin. Compacted heterochromatin is thought to 

inhibit replication initiation and obstruct progression of the replication machinery 

(Alabert and Groth, 2012; Casas-Delucchi et al., 2012; Chakraborty et al., 2011; Eaton 

et al., 2011; Mechali et al., 2013; Yoshida et al., 2013). Failure to properly coordinate 

these key events during heterochromatin replication can impact the specification of cell 

identity, cell growth and organismal development. 
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 However, little is known about the molecular mechanisms that control DNA 

replication at heterochromatic domains and the role of these mechanisms for the 

suppression of genomic instabilities. Of importance, cancer cells may harness these 

mechanisms to facilitate heterochromatin replication to sustain their increased 

proliferative demands. For example, KDM4A/JMJD2, a demethylase that removes the 

heterochromatic mark H3K9 tri-methylation, overexpression enables chromatin de-

compaction leading to accelerated replication in ovarian cancers (Black et al., 2010; 

Black et al., 2013) and knockdown of KDM4D, another H3K9 demethylase, results in 

replication impairment (Wu et al., 2017). Strikingly, KDM4A overexpression in non-

transformed cells results in increased copy number of specific genomic loci often 

amplified in ovarian cancers and multiple myeloma (Black et al., 2013; Inoue et al., 

2004), further strengthening the link between de-regulated heterochromatin replication 

and genomic instability.  

 Although much has been learned about chromatin maturation and heterochromatin 

restoration behind a moving replication fork, little is known about additional factors and 

mechanisms involved in facilitating replication through condensed chromatin, and we 

currently lack a comprehensive model of heterochromatin replication in mammals. 

These observations highlight the need to elucidate the mechanisms required for proper 

heterochromatin replication to understand fundamental aspects of genome maintenance 

and the control of cell proliferation. Here, we propose that Claspin-HAT1-METTL13 

plays a key role in genome maintenance and the control of cell proliferation. 

 The scaffolding protein Claspin is an intrinsic component of the replisome shown to 

be important for maintaining high rates of replication fork progression in human cells 
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during normal, unperturbed S phase (Lee et al., 2003; Petermann et al., 2008; Szyjka et 

al., 2005). Interestingly, it has recently been shown that Claspin-deficient mice are lethal 

and cells lacking Claspin show a severe replication defect  (Yang et al., 2016). 

Consistent with the notion that Claspin is crucial for cellular proliferation, it was found 

over-expressed in various tumors, including ovarian and non-small cell lung cancers 

(Allera-Moreau et al., 2012; Ganzinelli et al., 2011; Lin et al., 2004). Claspin has been 

proposed to play an important role in replication fork progression by associating with 

TIMELESS and TIPIN to form a replication pausing complex that is important to 

protect the stability of replication forks upon replication stress, likely by coordinating 

activities of DNA polymerase and helicase at stalled forks (Chou and Elledge, 2006; 

Errico et al., 2007; Gambus et al., 2009; Gotter et al., 2007; Katou et al., 2003; 

Nedelcheva et al., 2005; Yang et al., 2008; Yoshizawa-Sugata and Masai, 2007). 

Despite the well-established importance of Claspin as a central scaffold in DNA 

replication, it remains unclear how it functions as a positive regulator of fork 

progression.  

 During replication, nucleosomes are formed using both recycled (parental) and newly 

synthesized histones (Annunziato, 2015). Before deposition, newly synthesized H3-H4 

dimers are hyper-acetylated at multiple N-terminal lysines by the HAT1 

acetyltransferase (Nagarajan et al., 2013; Parthun, 2007; Verreault et al., 1998). While 

HAT1 deletion in yeast has no obvious defects, it has recently been shown to be essential 

for mammals (Kleff et al., 1995; Nagarajan et al., 2013; Parthun et al., 1996). Although 

the role of these acetylation events remains poorly understood, it has been proposed to 

facilitate histone deposition and ensure accessibility of nascent chromatin (Alabert and 
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Groth, 2012; Perry and Annunziato, 1989, 1991).   

 Recently, the methyltransferase-like 13 (METTL13) protein was reported to be over-

expressed in many human cancers (Liang et al., 2015; Takahashi et al., 2011). 

METTL13 was first identified through bioinformatic analysis as a putative 

methyltransferase protein that contains S-adenosyl methionine (SAM) binding domains 

(Kagan and Clarke, 1994), although unlike most methyltransferase proteins, METTL13 

contains not one, but two SAM binding domains. METTL13 was shown to bind SAM 

(Takahashi et al., 2011; Wirsing et al., 2011), however there is currently no experimental 

evidence for its methyltransferase activity. Given the enhanced expression of METTL13 

in many highly proliferative cells and tissues, including cancer cell lines and testes, it is 

likely that METTL13 plays important roles in supporting cell proliferation. However, 

this hypothesis has not been directly tested and the cellular functions of METTL13 

remain largely unknown. 

 Here, we used CRISPR/Cas9 system to generate human cell lines lacking METTL13 

and show that METTL13 is required to support the increased proliferative capacity in 

cell lines with high METTL13 expression by playing a role in heterochromatin 

replication. We find that METTL13 is recruited to regions of active DNA synthesis and 

physically interacts with Claspin and with HAT1. Cells lacking either METTL13, 

HAT1 or Claspin accumulate heterochromatin and display spontaneous DNA damage 

(Liu et al., 2006; Nagarajan et al., 2013; Yang et al., 2013). We propose that a 

METTL13-Claspin-HAT1 complex plays key roles in coupling replisome function to 

the regulation of chromatin states, in a mechanism that is particularly important for 

heterochromatin replication. 
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C.2 Results 

METTL13 was identified to interact with the replisome component Claspin 

 To screen for new factors contributing to DNA replication associated with chromatin 

regulation, we used quantitative mass spectrometry (MS) based on SILAC (Stable 

Isotope Labeling by Amino acids in Cell culture) to identify Claspin interacting proteins 

(Fig C.1). We transiently expressed 3xFlag-tagged Claspin in HEK293T cells labeled 

with “heavy” amino acids, and then immunoprecipitated (IP) 3xFlag-Claspin using anti-

Flag resin. As a control, HEK293T cells labeled with “light” amino acids were 

transfected with empty vector and subjected to a similar procedure. Eluates from both 

IPs were combined, digested with trypsin, fractionated using hydrophilic interaction 

liquid chromatography (HILIC) and analyzed by MS. The results are presented in the 

volcano plot shown in Figure C.1A (Table C.1). Surprisingly, we were able to pull-

down the majority of replisome components such as CMG complex, polymerases and 

checkpoint/repair proteins, consistent with Claspin functioning as a hub for replisome 

coordination (Table S1). In addition, we found new potential chromatin regulatory 

interactors such as SMARCAD1 and HAT1, suggesting that Claspin may serve as a 

platform for chromatin regulation. Among the lists of proteins, we also found a putative 

methyltranferase protein METTL13 as a potential regulator for chromatin regulation. 

Interaction of METTL13 and HAT1 to Claspin was further validated using western blot 

(Fig C.1B). The interaction occurs in asynchronous cells as well as cells treated with 

hydroxyurea (HU), which depletes pools of dNTPs and arrests cells in early S phase. 

These results show that Claspin associates with METTL13 and HAT1 and suggest that 

these three proteins are likely part of a protein complex functioning at the intersection 
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of DNA replication and chromatin regulation.  

 

METTL13 is crucial for cell proliferation in HEK293T cells 

 Based on the finding that METTL13 interacts with Claspin, which is often 

overexpressed in many cancers (Lin et al., 2004; Tsimaratou et al., 2007), we 

hypothesized that METTL13 also plays a role in cell proliferation. In fact, METTL13 

protein was recently found to be overexpressed in highly proliferative cells and tissues, 

including cancers and testes (Liang et al., 2015; Takahashi et al., 2011). To test this 

hypothesis, we generated METTL13 knockout (KO) cell lines using CRISPR/Cas9 

system in HEK293T cells. The depletion of METTL13 was validated through western 

blot (Fig C.1C) and through MS comparing WT and KO (Fig C.1D).  Consistent with 

the above hypothesis, METTL13 KO cells grew significantly slower compared to the 

original cell lines (Fig C.1E). A similar experiment was performed in cells treated with 

three different siRNAs (Fig C.1F and C.2) and we found that knockdown (KD) also 

resulted in slower proliferation rates compared to cells treated with control siRNA 

(S1D). These results are congruent with the idea of METTL13 playing important roles 

for cell proliferation and are in accordance with the fact that over-expression of 

METTL13 in mice results in tumors (Takahashi et al., 2011).  
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Figure C.1 
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Figure C.1. Identification of METTL13 as a Claspin interactor and its’ 

importance for cell proliferation in HEK293T cells 

 

(A) Identification of Claspin protein interactions using immunoprecipitation followed 

by mass spectrometry (IP/MS). Volcano plot displays the ratio of protein abundance 

comparing cells transfected with Claspin-Flag versus cells transfected with empty 

vector. For experimental details see Fig S1. Full dataset of identified proteins is shown 

in Table S1. (B) Validation of Claspin interactions with METTL13 and HAT1. 

HEK293T cells were transfected with either 3XFlag-Claspin or empty vector (EV) and 

treated or not with hydroxyurea (HU). (*cross-reacting band). (C) Generation of 

METTL13 KO clones in HEK293T cells (D) Validation of METTL13 KO through 

SILAC MS (E) Growth curve comparison between WT and METTL13 KO cells. 

1X105 cells were plated on 6 well plate and measured their growth over three days. 

The viable cells were counted by trypan blue solution (Corning) staining. (N=3, error 

bar=standard deviation) (F) Number of viable cells was quantified after three days of 

siRNA transfection (N=3, error bars=standard deviation, student t-test statistical 

significance *p value<0.05, **p value<0.01). 
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Abundance of METTL13 and proliferation coordination 

 Based on the fact that METTL13 is required for cellular proliferation, we then made 

METTL13 KO cells in three additional cancer cell lines (Fig C.2A). A2780, an ovarian 

cancer cell, showed similar cell growth defect as seen in HEK293T cells. However, 

METTL13 depleted HeLa and HCT116 cell lines (cervical and colon cancer cell) 

resulted in similar or even greater cell growth compared to WT (Fig C.2B). In fact, a 

recent study showed that METTL13 is down-regulated in bladder carcinoma and 

knockdown of METTL13 promotes cell proliferation (Zhang et al., 2016), suggesting 

that not all cancer cells have high METTL13 expression. Therefore, we then looked at 

the abundance of METTL13 in different cell lines. Interestingly, HEK293T and A2780 

cells showed the greatest expression of METTL13 (Fig C.2C) in congruence with the 

fact that the two cell lines showed growth defects when METTL13 was depleted (Fig 

C.1D and Fig 2B). HEK293T and A2780 cells also showed the highest level of Claspin 

expression indicating a strong correlation between Claspin and METTL13 (Fig C.2C).  
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Figure C.2 

 

 

 

Figure C.2. Abundance of METTL13 and proliferation coordination 

(A) Generation of METTL13 KO cells in HeLa, HCT116 and A2780 cells (B) Growth 

curve comparison between WT and METTL13 KO cells. 1.5X105 cells were plated on 

6 well plate and measured their growth over three days. The viable cells were counted 

by trypan blue solution (Corning) staining. (N=3, error bars=standard deviation) (C) 

Abundance of METTL13, Claspin and HAT1 among seven different cell lines. 
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METTL13 is recruited to regions of newly synthesized DNA and is required for 

proper DNA replication 

 We performed FACS analysis to test whether the growth defect in METTL13 depleted 

cells were caused by replication impairment. METTL13 KO HEK293T cells were 

incubated with BrdU for 30min and then measured for their uptake level during S phase. 

Indeed, METTL13 KO cells showed reduced BrdU uptake compared to the control (Fig 

C.3A). In addition, A2780 cells also showed delayed S phase progression compared to 

WT, when cells were released from HU synchronized early S phase cells (Fig C.3B). 

These results suggest that METTL13 is important for DNA replication in HEK293T and 

A2780 cells.  

 To address the localization of METTL13, we then used the iPOND approach 

(Kliszczak et al., 2011) to show whether METTL13 can be detected at regions of newly 

synthesized DNA. HEK293T cells were arrested at early S phase by treatment with HU 

and then released in HU-free media for 4hrs to enrich cells in intra-S-phase, followed 

by treatment with 5-ethynyl-2’-deoxyuridine (EdU) for 30 minutes (Fig C.3C). As 

shown in Fig C.3D, following pull-down of EdU-containing DNA, which should enrich 

for regions of newly synthesized DNA, we were able to detect the bona-fide replisome 

components PCNA and RFC1 as well as METTL13. This result is consistent with a 

recent large scale analysis of nascent chromatin pulldown performed by the Groth lab 

in which METTL13 was also identified (Alabert et al., 2014). Collectively, these results 

are consistent with a model in which METTL13 promotes cell proliferation by assisting 

robust DNA replication.  
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Figure C.3 
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Figure C.3. METTL13 is recruited to regions of newly synthesized DNA and is 

required for proper DNA replication. 

(A) FACS analysis of WT & METTL13 KO HEK293T cells plotting DNA content (X 

axis) versus BrdU staining (Y axis). Fraction of S phase cells in each analysis is 

indicated at the lower-right corner, corresponding to the area in the square. (B) FACS 

analysis of WT & METTL13 KO A2780 cells. Cells were synchronized at early S 

phase by HU 1mM 16hr treatment then released into HU free media for indicated 

time. Cells were collected at different time points and analyzed for cell cycle 

progression by PI staining. (C) Diagram of the protocol used for iPOND analysis. For 

more information see materials and methods. Western blot analysis of METTL13 

pulled-down by iPOND (*cross-reacting band).  
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METTL13-HAT1-Claspin coordinate chromatin regulation  

 To further explore the cause of heterochromatin accumulation by METTL13 deletion, 

we then performed METTL13 IP coupled with MS in HEK293T cells (Fig C.10). MS 

analysis of proteins co-precipitated with 3xFlag-METTL13 showed Claspin and HAT1 

as top hits (Fig C.4A). The interaction of METTL13-HAT1-Claspin was further 

validated through western blot in both HEK293T and A2780 cells (Figs C.4B & C.4C).  

 In addition, we found components of the HAT1 complex, RBBP4 and RBBP7, 

together with SMARCAD1 suggesting METTL13’s role as a chromatin remodeler (Fig 

C.4A and Table C.2). This finding that METTL13 interacts with HAT1 suggests that 

the replication defects observed in cells lacking METTL13 could be somehow related 

to defects in chromatin regulation, especially during DNA replication (Fig C.4D). 

Because HAT1 catalyzes the acetylation of lysine residues at the N-terminal tails of free 

histone H3-H4 dimers prior to deposition into nascent chromatin (Benson et al., 2007; 

Dutnall et al., 1998; Parthun, 2007; Ruiz-Garcia et al., 1998), we hypothesize that HAT1 

and METTL13 function together in the control of histone acetylation and nascent 

chromatin accessibility. Therefore, we performed an iPOND experiment searching for 

histone acetylation changes. Interestingly, we found that there was a reduction of histone 

H3-H4 N-terminal acetylation, phenocopying HAT1-depleted cells and suggesting a 

potential role for the METTL13-HAT1 interaction (Fig C.4E). 
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Figure C.4 
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Figure C.4. METTL13-HAT1-Claspin coordinate chromatin regulation  

(A) Identification of METTL13 protein interactions using immunoprecipitation 

followed by mass spectrometry (IP/MS). Volcano plot displays the ratio of protein 

abundance comparing cells transfected with METTL13-Flag versus cells transfected 

with empty vector. For experimental details see Fig S3. Full dataset of identified 

proteins is shown in Table S1. (B) Validation of METTL13 interactions with Claspin 

and HAT1. HEK293T cells were transfected with either Flag-METTL13 or empty 

vector (EV) and treated or not with hydroxyurea (HU). (C) co-IP experiment 

confirming that Claspin and HAT1 can be specifically pulled down with Flag-

METTL13 in A2780 cells (D) Potential model for the role of a METTL13-Claspin-

HAT1 complex at the intersection of DNA replication and chromatin regulation. (E) 

iPOND was performed comparing SILAC WT and METTL13 KO#3 HEK293T cells. 

The sample was analyzed through MS.   
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Loss of METTL13 results in accumulation of heterochromatin 

 Based on our finding that histone acetylation is reduced upon METTL13 deletion, we 

then hypothesized that there is more accumulation of heterochromatin in METTL13 

depleted cells. We first validated the reduction of histone acetylation through WB of 

whole cell extract comparing WT and METTL13 KD cells (Fig C.5A). Consistent with 

this, we also found increased H3K9me3, a marker for heterochromatin (Fig C>5A). We 

then looked at the amount of HP1, another marker for heterochromatin which has been 

shown to increase upon decrease of acetylation (Bartova et al., 2005). Indeed, we found 

that there is more accumulation of HP1 when METTL13 is depleted (Figs C.5B, 5C 

& 5D). This increase in HP1 intensity was identified through western blot as well as 

microscopy (Figs C.5B, 5C & 5D). We then asked whether depletion of HAT1 and 

Claspin also leads to increased heterochromatin and we found that the level of HP1 

was also increased upon HAT1 and Claspin knockdown (Figs C.5D &E). We also 

generated HAT1 KO cells in HEK293T cells, which gave the same results (Fig C.5E). 

Interestingly, when we expressed human METTL13 and HAT1 in S. cerevisiae, in 

which a METTL13 ortholog is absent, we were able to find a direct interaction between 

the two proteins (Fig C.5F). Collectively, these results indicate the role of METTL13 in 

the coordination of HAT1 on chromatin remodeling.  
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Figure C.5 
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Figure C.5.  Cells lacking METTL13 display abnormal regulation of histone 

marks and accumulation of heterochromatin. 

(A) Western blot analysis of indicated histone modification marks in WT and 

METTL13 KO HEK293T cells. The anti-H4Ac(N) antibody recognizes multiple 

acetylation sites at the N-terminus of H4. (B) Western blot analysis of indicated marks 

in WT and METTL13 KO A2780 cells. (C) WT and METTL13 KO A2780 cells were 

stained for HP1 (White) and DAPI (Purple). Scale bar=10 μm. Quantitation of 

relative HP1 intensity was analyzed through ImageJ (N=300, Error bars=standard 

deviation). (D) Western blot analysis for HP1 in HEK293T cells in which METTL13 

or Claspin were depleted. (E) Western blot analysis for HP1 in HEK293T cells with 

HAT1 depletion. (F) IP/WB experiment of HA-HAT1 or FLAG-METTL13 

ectopically expressed in S. cerevisiae. 
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Loss of METTL13 results in spontaneous DNA damage by accumulation of 

heterochromatin 

 During replication, the balance of heterochromatin is maintained by factors such as 

KDM4D, SMARCAD1, SUV39h, DNMT1 and WSTF-SNF2 complex (Culver-

Cochran and Chadwick, 2013; Peters et al., 2001; Poot et al., 2005; Rowbotham et al., 

2011; Saksouk et al., 2015; Schermelleh et al., 2007; Wu et al., 2017). A disruption in 

this balance by gene mutations/deletion, causing improper maintenance of 

heterochromatic regions, has been shown to cause genomic instability (Chen et al., 

2007; Peters et al., 2001; Rowbotham et al., 2011). We therefore examined whether 

METTL13 KO and KD cells also spontaneously accumulate DNA damage. Indeed, 

METTL13 KO and KD cells accumulate increased levels of H2AX (Figs C.6A, 6B, 

6D & S4) and suffer enhanced DNA fragmentation as measured by alkaline comet assay 

(Fig C.6C). To better understand how DNA damage arises in METTL13 depleted cells, 

we performed FACS analysis of cells fluorescently stained for H2AX. Interestingly, 

cells depleted for METTL13 display aberrant accumulation of H2AX during G2/M and 

G1 stages of the cell cycle (Fig C.6D). The finding that H2AX does not accumulate 

during S phase suggests a model in which the accumulation of heterochromatin in cells 

lacking METTL13 may impede the proper completion of DNA replication, so that DNA 

breaks occur during segregation of partially unreplicated chromosomes in mitosis and 

persist through G1. Consistent with this model, METTL13 KO cells show increased 

chromatin bridges and laggards during mitosis (Fig C.6E). These results show that 

METTL13 is important for balance of heterochromatin and genomic integrity in cells 

with high METTL13 expression.    
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Figure C.6 
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Figure C.6. Depletion of METTL13 results in DNA damage. 

(A) Western blot for detection of H2AX in METTL13 siRNA-treated HEK293T 

cells. (*cross-reacting band). (B) Western blot for detection of H2AX in METTL13 

siRNA-treated A2780 cells.  (C) Comet assay of WT and METTL13 KO cells. (Error 

bars=standard deviation). (D) FACS analysis of control or METTL13 siRNA treated 

A2780 cells plotting DNA content (X axis) versus H2AX staining (Y axis). Cells in 

square were considered positive for H2AX. The percentage of H2AX positive cells 

is shown at the right bottom corner. (E) Anaphase-Telophase cells of WT or 

METTL13 KO HEK293T and A2780 cells were imaged with DAPI staining (white). 

scale bars=10 μm. Bar charts show percentage of mitotic defects. Statistics were 

analyzed through Pearson’s chi square test. (HEK293T WT N=45, KO N=43 / A2780 

WT N=355, KO N=322). Error bars= standard deviation. 
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C.3 Discussion 

 Replication of the eukaryotic genome requires proper regulation of chromatin 

dynamics. This implies the existence of an intimate crosstalk between components of 

the replication machinery and regulators of chromatin states. Currently, few chromatin 

regulators have been suggested to be particularly important for enhancing the 

accessibility of heterochromatic regions and facilitating replication. These include 

KDM4/JMJD2 (a H3K9 and H3K36 tri-demethylase) (Black et al., 2010; Wu et al., 

2017) and the Williams syndrome transcription factor (WSTF)-SNF2 remodeling 

complex (Poot et al., 2005). Interestingly, KDM4A was found amplified in human 

cancers and its overexpression in cultured cells resulted in focal copy number gains 

(Black et al., 2013; Poot et al., 2004). WSTF-SNF2 forms an ISWI type of ATP-

dependent chromatin-remodeling complex that was proposed to facilitate replication of 

heterochromatin and prevent abnormal accumulation of heterochromatin by keeping 

nucleosomes mobile and DNA accessible to regulatory factors (Poot et al., 2005; Poot 

et al., 2004). The precise action of these regulators, particularly of WSTF, remains 

elusive, and little is known about the involvement of additional factors in the control of 

chromatin transactions that allow replication fork passage through regions of 

heterochromatin. 

 Here we report a putative methyltransferase METTL13, as a new regulator of 

heterochromatin. We found that METTL13 promotes enhanced cell proliferation 

through the regulation of DNA replication and chromatin dynamics. While proliferation 

of cells with low METTL13 expression is not affected by METTL13 depletion, cells 

with high METTL13 expression such as HEK293T and A2780 are greatly affected. 
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Although the results are still preliminary, we speculate that METTL13 can be a potential 

therapeutic target for patients with cancers with high METTL13 expression, as 

depletion of METTL13 can specifically affect only cancer cells.   

 A previous report has proposed that METTL13 is involved in attenuating apoptosis 

(Takahashi et al., 2011). While we do not exclude this possibility, our work provides 

strong evidence for a primary role for METTL13 in heterochromatin replication. 

Through this study, we showed that METTL13 is physically coupled to the HAT1 

acetyltransferase and to the replisome component Claspin. While HAT1’s main role is 

to acetylate newly synthesized histones and deposit them after replication (Grunstein, 

1997; Parthun, 2007), Hiraoka and colleagues recently showed that H4 acetylation is 

required for chromatin decompaction during replication (Ruan et al., 2015). We propose 

that METTL13-HAT1-Claspin complex bridges DNA replication to chromatin 

regulation, playing a crucial role in replication of heterochromatin (Fig C.7).  

 In addition to the finding that a large number of METTL13 interactors are proteins 

involved in chromatin regulation and DNA replication control, functional assays reveal 

that lack of METTL13 compromises DNA replication, genome integrity and proper 

chromatin organization. This is congruent with the finding that cells lacking METTL13 

accumulate heterochromatin and spontaneous DNA damage which is also observed in 

cells depleted of HAT1 or Claspin (Liu et al., 2006; Nagarajan et al., 2013). Taken 

together, the presented data point to METTL13’s role in DNA replication as the basis 

for the ability of METTL13 to promote increased cellular proliferation in cells with high 

METTL13 expression. While, the precise mechanism by which METTL13 controls 

chromatin dynamics and prevents genomic instability remains unclear, it will be of 
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interest to discover in which part of the genome METTL13-HAT1-Claspin complex is 

specifically located. 

 Given its two predicted SAM-binding domains, METTL13 will most likely function 

as a methyltransferase. However, there is currently no evidence for methyltransferase 

activity of METTL13. Of note, other members of the METTL family were found to 

methylate RNA (METTL3 and METTL14) (Liu et al., 2014) and protein (METTL10 

and METTL21A) (Jakobsson et al., 2013; Shimazu et al., 2014). Understanding the 

enzymology of METTL13 and establishing if it is able to catalyze methylation of RNA, 

DNA or proteins will be essential to define the mechanism by which it controls DNA 

replication and chromatin dynamics.  

 Collectively, our work sheds light on a potentially novel molecular mechanism for 

promoting robust DNA replication that is likely heavily explored in cancer cells with 

high METTL13 expression in order to achieve high proliferative capacity.  
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Figure C.7 

 

 

 

Figure C.7. A model for METTL13-HAT1-Claspin complex 

(A) A model depicting how METTL13-HAT1-Claspin modulate replication through 

chromatin remodeling. 
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C.5 Supplementary information 

 

Figure C.8 

  

         
 

 

Diagram of how Claspin Flag-IP/MS was performed. Each corresponding plasmids 

were transfected into SILAC HEK293T cells. Cells were collected after 2 days of 

transfection and then processed for MS. 1mM of HU was treated 24hrs before 

collection. 
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Figure C.9 

 

 

 

 

                

 

 

 

Western blot analysis of METTL13 siRNA treated HEK293T cells. Figure C.1F result 

relates to this figure 
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Figure C.10 

  

            

 

 

Diagram of how METTL13 Flag-IP/MS was performed. Each corresponding plasmids 

were transfected into SILAC HEK293T cells. Cells were collected after 2 days of 

transfection and then processed for MS. 1mM of HU was treated 24hrs before 

collection. 
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Figure C.11 

 

                

 

 

 

Quantification of H2AX level in METTL13 KO cells. For depletion of METTL13 

and loading control, please refer to Fig C.5A & Fig C.5B. 
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Table C.1 Significant Claspin interactors 

 

Protein 

Log2 of 

protein ratio 

(Flag-Claspin / 

empty vector) 

(Gmean) 

pValue 

 (-Log10) 

Number 

of 

identified 

peptides 

Functional category 

CLSPN 
5.48678 

6.76649624 1155 

DNA replication and 

repair 

CHEK1 
5.26633 

6.32403845 118 

DNA replication and 

repair 

USP7 
3.88722 

6.259479414 125 

DNA replication and 

repair 

TIMELESS 
3.79724 

6.196542884 10 

DNA replication and 

repair 

FBXW11 
3.60253 

4.921887709 10 

DNA replication and 

repair 

METTL13 
3.44745 

4.235522732 12 

Chromatin / DNA 

replication 

MCM2 
3.30437 

5.678173816 44 

DNA replication and 

repair 

NCAPD3 3.27438 4.743472269 11 Cell cycle 

FZR1 3.25045 2.960934765 12 Cell cycle 

BCOR 3.17955 5.54524658 25 Transcription 

MCM6 
3.15585 

5.438266724 35 

DNA replication and 

repair 

MCM10 
3.15397 

5.434222996 14 

DNA replication and 

repair 

TMTC3 3.1309 2.172576708 7 Miscellaneous 

CCDC47 2.95626 5.028418026 9 Miscellaneous 

GTF3C4 2.88583 5.572595045 23 Transcription 

SKIV2L 2.86644 4.756597297 11 Miscellaneous 

SMARCAD1 2.85553 5.357031239 13 Chromatin 

MCM4 
2.83873 

5.646026098 57 

DNA replication and 

repair 

ASPM 2.8326 3.61806586 10 Miscellaneous 

MSH3 
2.70451 

4.853716887 25 

DNA replication and 

repair 

CDC45 
2.65983 

3.673770677 11 

DNA replication and 

repair 

POLR3A 2.58367 3.731175234 27 Transcription 

GTF3C1 2.57013 5.078807913 85 Transcription 

GTF3C3 2.52173 5.328096232 17 Transcription 

POLE 
2.49592 

3.23420073 17 

DNA replication and 

repair 
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MSH2 
2.38946 

4.775842608 46 

DNA replication and 

repair 

MCM7 
2.29874 

4.846718808 110 

DNA replication and 

repair 

AURKA 2.2681 4.711127287 10 Cell cycle 

USP11 
2.14093 

3.708637589 12 

DNA replication and 

repair 

BAG5 2.12038 3.491054904 12 Miscellaneous 

POLRMT 2.11756 4.722468714 46 Transcription 

GTF3C2 2.09342 4.194590224 18 Transcription 

MSH6 
2.08738 

4.145922403 28 

DNA replication and 

repair 

TOPBP1 
2.07958 

3.260152768 14 

DNA replication and 

repair 

DNAJA3 2.07474 3.946312434 32 Miscellaneous 

POLR1C 2.07451 4.502110157 11 Transcription 

SMC2 
2.06496 

3.558596796 42 

DNA replication and 

repair 

RNF169 
2.04575 

3.149916139 9 

DNA replication and 

repair 

GTF3C5 2.03295 3.772014884 20 Transcription 

RFC4 
2.00686 

3.484751699 10 

DNA replication and 

repair 

AFG3L2 2.00614 4.134093944 9 Miscellaneous 

DNAJA2 1.92285 4.346663971 17 Miscellaneous 

HAT1 1.86889 4.120339389 14 Chromatin 

SMC4 
1.85952 

3.882422154 33 

DNA replication and 

repair 

SUN1 1.79975 3.08825476 14 Miscellaneous 

MCM8 
1.76364 

3.447943511 11 

DNA replication and 

repair 

CEP78 1.72858 2.91121232 15 Cell cycle 

MCM3AP 
1.70938 

2.800422662 16 

DNA replication and 

repair 

RFC1 
1.69583 

3.359291338 34 

DNA replication and 

repair 

FEN1 
1.66597 

3.085876479 8 

DNA replication and 

repair 

PLK1 1.58832 2.523266816 11 Cell cycle 

FANCI 
1.54627 

2.700744831 8 

DNA replication and 

repair 
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Table C.2 Significant METTL13 interactors 

Protein 

Log2 of protein 

ratio (Flag-

METTL13 / 

empty vector) 

(Gmean) 

pValue 

 (-Log10) 

Number 

of 

identified 

peptides 

Functional category 

METTL13 7.07437 6.069713353 1442 Chromatin / DNA replication 

CLSPN 7.05764 6.750557039 27 DNA replication and repair 

HAT1 4.91446 4.860631037 61 Chromatin 

SMARCAD1 4.2433 5.169924834 10 Chromatin 

HDAC2 3.94708 2.392713988 7 Chromatin 

FANCI 3.93969 3.292401383 7 DNA replication and repair 

CLPX 3.63141 3.623761304 11 Miscellaneous 

ACP1 3.48636 5.588413962 23 Miscellaneous 

RNF219 3.24805 4.356142828 27 Miscellaneous 

NOC2L 3.0421 4.408006551 10 Miscellaneous 

DNAJA1 2.95225 5.332238947 74 Miscellaneous 

GATAD2B 2.85575 3.256587296 20 Transcription 

RBBP7 2.78901 2.384691917 25 Chromatin 

MBD3 2.75254 2.832471449 22 Chromatin 

RBBP4 2.61543 4.809063513 28 Chromatin 

MSH2 2.5657 3.545645331 42 DNA replication and repair 

GATAD2A 2.51496 2.617086569 15 Transcription 

SSR3 2.46021 4.212709593 11 Miscellaneous 

AIFM1 2.45331 4.342118434 72 Miscellaneous 

CNP 2.44553 3.251326223 30 Miscellaneous 

PTPLAD1 2.32438 2.351535888 9 Miscellaneous 

CHD4 2.26426 4.103421428 16 Chromatin 

TCOF1 2.26369 4.004855089 94 Miscellaneous 

FAF2 2.25295 3.995752162 33 Miscellaneous 

USP9X 2.22308 3.543359203 24 Miscellaneous 

C1QBP 2.18744 3.661780241 71 Miscellaneous 

PPP6C 2.1483 3.649926122 12 Miscellaneous 

MSH6 1.97447 2.568180707 18 DNA replication and repair 

RFC3 1.96002 3.499989104 12 DNA replication and repair 

CCT2 1.94526 3.577059059 138 Miscellaneous 

HLTF 1.90101 1.950894432 19 DNA replication and repair 

DNAJA2 1.90045 3.525408481 59 Miscellaneous 

SSR4 1.83953 2.719202944 9 Miscellaneous 

SMC3 1.81564 3.070924303 33 DNA replication and repair 

SMC1A 1.79264 2.119736041 57 DNA replication and repair 
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SRM 1.79083 3.2601568 16 Miscellaneous 

HUWE1 1.78514 2.465995444 25 DNA replication and repair 

EEF1A1 1.78063 3.387085451 130 Miscellaneous 

CCT4 1.76589 2.886435384 61 Miscellaneous 

PPM1F 1.76038 3.075552871 9 Miscellaneous 

PCBP2 1.75332 4.095642097 46 Miscellaneous 

RFC1 1.75032 1.751994896 23 DNA replication and repair 

MTA2 1.71915 3.186901607 49 Chromatin 

MTA1 1.64777 3.26360047 29 Chromatin 

CCT3 1.62155 3.680586398 131 Miscellaneous 

GEMIN4 1.59892 2.164085428 27 Miscellaneous 

UQCRC2 1.56389 2.5304539 35 Miscellaneous 

HDAC1 1.55274 2.745814808 21 Chromatin 
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APPENDIX D 

 

Future directions 

 

D.1 Identify novel factors involved in the HR pathway. 

 From my work published in Nucleic Acids Research, I have identified numerous 

factors that are decreased upon chronic ATR inhibitor treatment. My major finding from 

this paper was that many of these factors are involved in homologous recombination.  

 Recently I have performed a whole proteomic screen to identify factors that are 

overexpressed in cancer cells. One experiment was to compare the protein abundances 

in a normal cell (hTERT RPE-1) to a cancer/cancer-like (HEK293T) cell (Exp #1). From 

this experiment, I was able to identify numerous factors that are overexpressed in the 

HEK293T cells compared to RPE-1. To circumvent different genetic backgrounds, I 

also transformed hTERT RPE-1 cells with Large T antigen. This transformation allowed 

hTERT RPE-1 cells to mimic cancer cell lines and I then performed whole proteomics 

to look for abundance changes between the two cell lines (Exp #2). After crossing the 

two data sets from Exp #1 and Exp #2, I was able to identify factors that are 

overexpressed in the cancer cells. This list included many E2F1 factors as well as HR 

factors, which is consistent with the fact that cancer cells have higher ATR signaling 

and this can increase the abundance of HR factors. From this data set, I then asked which 

of these factors were also found in supplementary table B.1 in order to find factors that 

rely on ATR for maintaining their protein abundance. Interestingly, this cross-set ended 

up with a list of 47 proteins that are not only overexpressed in cancers, but also 

decreased upon chronic ATR inhibitor treatment (Table D.1).  
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Table D.1. List of proteins that are overexpressed in cancers and reduced by chronic 

ATR inhibitor treatment 

Gene 

Name 

Gene 

Name 

Gene 

Name 

Gene 

Name 

Gene 

Name 
ATAD2 DSN1 MCM3AP NCAPH2 RFC4 

BEND3 FANCD2 MCM5 NFKBIL2 RNASEH2B 

BRCA1 GINS1 MCM6 POLA1 RPA1 

BUB1B HIP1 MCM7 POLA2 SMC2 

C15ORF23 HIRIP3 METT10D POLE SSU72 

C3ORF37 KIF20B MLF1IP POLE2 TBC1D10B 

CASKIN2 KIF4A MSH2 POLE3 TLK1 

CBX2 LUC7L2 MSH6 PRIM2  
CHAF1B MCM2 NCAPD3 RFC2  
DNMT1 MCM3 NCAPG2 RFC3  

 

 An interesting factor from the above list is TLK1. TLK1 is a kinase that is known to 

interact with the 9-1-1 complex and also to phosphorylate Asf1, which is a key histone 

H3-H4 chaperone. However, the function and substrate of this kinase is largely 

unknown. Here are some questions to be answered:  

D.1.1 What are TLK1 substrates? 

 We plan to generate a TLK1-mAID cell line, so that we can monitor the effect of TLK1 

in a timely manner. With the mAID system, you can add auxin at any time to selectively 

degrade TLK1. Combined with phospho-proteomics, you can identify substrates of 

TLK1. 

D.1.2 Is TLK1 an E2F1 target? 

 Based on the fact that the abundance of TLK1 depends on the ATR signaling pathway, 

one of the hypotheses is to test if TLK1 is an E2F1 target. In order to do this, an E2F6 

overexpression cell line would be very helpful to understand if TLK1 protein level is 
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also reduced upon E2F6 overexpression. 

D.1.3 Does TLK1 play a role in HR?  

 Based on the fact that TLK1 interacts with the 9-1-1 complex at the site of ssDNA, it 

is highly likely that this kinase may also phosphorylate other substrates in addition to 

Asf1 at the ssDNA lesions. It is reasonable to hypothesize that TLK1 may also play a 

role in the HR pathway. To test this, we plan to use a TLK1-mAID cell line to perform 

the DR-GFP assay and measure the level of HR upon TLK1 deletion.  

D.1.4 Is TLK1 phosphorylated by ATR during DNA replication? DNA damage? 

 TLK1 is shown to be phosphorylated by ATM and also to depend on CHK1 for its 

activity. However, the question still remains how ATR plays a role with TLK1. It is 

highly likely that ATR would also phosphorylate TLK1 and control the function of this 

protein. To test this, we plan to perform IP/IMAC against TLK1 during S phase 

with/without DNA damage, treat with ATR inhibitor to examine the phosphorylation of 

TLK1 and see how the phosphorylation status changes the function of the protein. 

D.2 Identify an alternative pathway for HR. 

 Based on the fact that ATR activation happens through two activators, TOPBP1 and 

ETAA1, I performed an WB analysis to measure HR factor abundance upon deletion of 

TOPBP1 and ETAA1. Since ATR signaling is essential for cell survival, I utilized the 

mAID system to deplete TOPBP1 (on top of ETAA1 exon 2 deletion) for a very short 

amount of time (2 days). Interestingly, I was able to find that the depletion of both 

activators resulted in loss of HR factors, but single activator depletion did not. (Figure 

D.2.1) 
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Figure D.2.1             

 

Complete loss of HR factors upon degradation of both ETAA1 and TOPBP1 

 

Some questions:  

D.2.1 Does restoration of HR factors depend on ATR signaling or specific localization 

of ATR? 

 Recently, our lab has shown a separable role for Mec1 (ATR). The growth of a cell 

can be sufficiently maintained by activating Mec1 signaling through overexpression of 

the MAD (Mec1 Activation Domain) alone. However, this is not sufficient for the cells’ 

ability to maintain genomic integrity. Thus, I would like to understand if the AAD (ATR 

Activation Domain) alone is sufficient for the restoration of HR factors or if specific 

localization of ATR is needed.  

D.2.2 Alternative pathway for ATR signaling and HR maintenance. 

 From my work published in Nucleic Acids Research, HCT116 cells do not lower the 
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level of HR factors after chronic CHK1i treatment. Thus, I’d like to discover what is the 

alternative mechanism in this cell line. With the use of the TOPBP1 ETAA1-mAID cell 

line, I would like to perform phosphoproteomics to identify additional signaling 

pathways that HCT116 cells may have other than CHK1 to maintain the level of HR 

factor abundance. 

 In addition, it is worthwhile to mention that TOPBP1-mAID, ETAA1 exon2/exon2 

cells die after being treated with auxin for more than two days due to lack of ATR 

signaling. Interestingly, I was able to obtain 10 auxin resistant colonies that were 

derived from each single cell after being treated with auxin for more than a week. This 

resistant cell must have gained some type of alternative mechanism to overcome the 

loss of ATR activators. One possibility is that the cells may have undergone some 

genetic aberrations to overexpress HR factors. In this case, we will perform whole 

genome sequencing with collaboration from the Koren lab to identify the loss and gain 

of the chromosomes. Another possibility is that another unknown activator may have 

become active under absence of the two known activators. It will be of interest to 

perform phosphoproteomics comparing G1 and S phase to identify a new activator of 

ATR. 

D.3 Understanding the physiological role of METTL13. 

 During my graduate studies, I have been working to understand the molecular function 

of METTL13 that I found to be an interactor of Claspin (Appendix C). METTL13, is a 

putative methyltransferase but its function remains unknown. The KO of this protein in 

cancer cells leads to DNA damage and increased heterochromatin formation with 
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slowed growth. My hypothesis is that this protein is important for DNA replication and 

loss of this protein can result in many developmental defects. 

 To test this in a physiological setting, I have started generating a METTL13 (CG2614) 

KO fly (D. melanogaster). Since human METTL13 shares a high homology in the 

Drosophila gene, I decided to KO this gene to understand its importance. Preliminary 

data shows that METTL13 KO in flies gives a wing developmental defect with pits at 

the thorax (Figure D.31). 

 

Figure D.3.1 

             

      Phenotype of CG2614 KO flies. Arrows indicate where defects are found. 

 

 I am currently in the process of verifying that this phenotype is indeed due to the loss 

of METTL13 by complementation cross assays.  

 Buchon and his colleagues (Buchon et al., 2013) showed that, CG2614 is upregulated 

upon infection of ECC15 in guts. ECC15 is a pathogen for Drosophila guts causing 

tissue damage and once infected, the internal stem cells grow to replace the damaged 

tissue. I induced the KD of CG2614 in the guts by using CG 2614 RNAi lines crossing 
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with Esg TS Gal4 line. The progeny of the crossed flies was grown in 18°C for ~3 weeks 

until the flies eclosed from the pupae and then the flies were transferred to 29°C to 

increase the RNAi efficiency for an additional week before the ECC15 infection and 

gut dissection. Preliminary results show that the KD of CG 2614 results in decreased 

proliferation of the stem cells (green signal) with an unusual morphology, which is 

consistent with what I see in the cancer cell lines lacking METTL13 (Figure D.3.2).  

Figure D.3.2

 

Green fluorescent indicates the proliferating stem cells. Blue indicate cells stained with 

DAPI. 

 I am currently in the process of re-confirming this phenotype and repeating the 

experiment for statistical analysis.  
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APPENDIX E 

 

E.1 Materials and methods for Chapter 2 

 

Plasmid Construction 

DNA2 sequence was amplified from genomic DNA and cloned into pFA6a plasmid 

(pMBS 538) followed by site-directed mutagenesis reactions for W128A and Y130A 

mutations. The plasmid generated contains a 50bp upstream region of DNA2 (from 

positions -50bp to -1bp of start codon), the DNA2-AA ORF and a 214bp downstream 

region of DNA2 (from positions +1bp to +214bp of stop codon) cloned with PacI and 

AscI. Plasmid pMBS 538 also contains a 500bp downstream region of DNA2 (from 

positions +215bp to +715bp of stop codon) (cloned with PmeI and EcoRI) for 

subsequent integration into the endogenous DNA2 locus. DNA2-AA was integrated into 

the endogenous DNA2 locus in a diploid strain preserving the DNA2 promoter and 3’ 

UTR sequences. After sporulation, haploid strains containing DNA2-AA mutant were 

isolated by tetrad dissection and genotyped based on PCR and analysis of auxotrophic 

markers. Plasmid pMBS 538 is available upon request. 

 

Cell Synchronization 

For synchronization, yeast cells were arrested in G1 with α-factor and released in α-

factor-free media for allowing cells to progress into S-phase. Efficiency of cell cycle 

arrest and release was monitored by FACS analysis. 
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FACS analysis 

Cells sample were collected at appropriate time points, fixed in 70% ethanol and stored 

at -20°C. Yeast cells were harvested by centrifugation, ethanol was removed, cell pellet 

was resuspended in 50mM sodium citrate followed by treatment with 200μg/ml of 

RNase A (Qiagen) for 1h at 37°C and 500μg/ml of proteinase K (Invitrogen) for 1h at 

42°C. Finally, cells were incubated in the presence of Sytox Green (Molecular Probes) 

for 2h at 4°C. FACS profiles were analyzed using a BD Accuri C6 - Flow cytometer 

and CFlow® software. 

 

Gross Chromosomal Rearrangements (GCR) assay 

Rates of accumulating GCRs were determined by fluctuation analysis by taking the 

median rate of at least 15 cultures from at least two isolates (Lea and Coulson, 1949; 

Schmidt et al., 2006) and 95% confidence intervals were calculated according to (Nair, 

1940). Cells with GCRs were identified by their resistance to canavanine and 5-fluoro-

orotic acid (Canr 5-FOAr), which is indicative of simultaneous inactivation of the CAN1 

and URA3 genes on the modified chromosome V. Selective media for the GCR assay 

was prepared as previously described (Schmidt et al., 2006). 

 

Protein Extraction and Sample Preparation 

"Light" and "heavy"-labeled cultures were combined, harvested by centrifugation in TE 

buffer pH 8.0 containing protease inhibitors and stored frozen at -80°C until cell lysis. 

Approximately 0.4 g of yeast cell pellet was lysed by bead beating at 4°C in 4 mL of 

lysis buffer containing 50 mM Tris-HCl, pH 7.5, 0.2% Tergitol, 150 mM NaCl, 5 mM 



 

193 

EDTA, complete EDTA-free protease inhibitor cocktail (Roche), 5 mM sodium fluoride 

and 10 mM β-glycerophosphate. Protein lysates were denatured in 1% SDS, reduced 

with DTT, alkylated with iodoacetamide and then precipitated with three volumes of a 

solution containing 50% acetone and 50% ethanol. Proteins were solubilized in a 

solution of 2 M urea, 50 mM Tris-HCl, pH 8.0, and 150 mM NaCl, and then TPCK-

treated trypsin was added. Digestion was performed overnight at 37°C, and then 

trifluoroacetic acid and formic acid were added to a final concentration of 0.2%. 

Peptides were desalted with Sep-Pak C18 column (Waters). C18 column was 

conditioned with 5 column volumes of 80% acetonitrile and 0.1% acetic acid and 

washed with 5 column volumes of 0.1% trifluoroacetic acid. After samples were loaded, 

column was washed with 5 column volumes of 0.1% acetic acid followed by elution 

with 4 column volumes of 80% acetonitrile and 0.1% acetic acid. Elution was dried in 

a SpeedVac evaporator and resuspended in 1% acetic acid. 

 

Phosphopeptide Enrichment 

After protein extraction and trypsin digestion, desalted peptides were resuspended in 

1% acetic acid and loaded in a tip column containing 30μl of immobilized metal affinity 

chromatography (IMAC) resin prepared as previously described (Albuquerque et al., 

2008). After loading, the IMAC resin was washed with 1 column volume of 25% 

acetonitrile, 100 mM NaCl, and 0.1% acetic acid solution followed by 2 column 

volumes of 1% acetic acid, 1 column volume of deionized water and finally, eluted with 

3 column volumes of 12% ammonia and 10% acetonitrile solution. 
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HILIC Fractionation 

After phosphopeptide enrichment, samples were dried in a SpeedVac, reconstituted in 

80% acetonitrile and 1% formic acid and fractionated by hydrophilic interaction liquid 

chromatography (HILIC) with TSK gel Amide-80 column (2 mm x 150 mm, 5 μm; 

Tosoh Bioscience). One-minute fractions were collected between 10 and 22 min of the 

gradient. Three solvents were used for the gradient: buffer D (90% acetonitrile); buffer 

E (80% acetonitrile and 0.005% trifluoroacetic acid) and buffer F (0.025% 

trifluoroacetic acid). The gradient used consists of a 100% buffer D at time = 0 min; 98 

% of buffer E and 2 % of buffer F at time = 5 min; 82 % of buffer E and 18 % of buffer 

F at time = 15 min; and 5 % of buffer E and 95 % of buffer F from time = 25 to 27 min 

in a flow of 150 μl/min. 

 

Mass Spectrometry Analysis and Data Acquisition 

HILIC fractions were dried in a SpeedVac, reconstituted in 0.1% trifluoroacetic acid 

and subjected to LC-MS/MS analysis using a 20-cm-long 125-μm inner diameter 

column packed in-house with 3 μm C18 reversed-phase particles (Magic C18 AQ beads, 

Bruker). Separated peptides were electrosprayed into a QExactive Orbitrap mass 

spectrometer (Thermo Fisher Scientific). Xcalibur 2.2 software (Thermo Fischer 

Scientific) was used for the data acquisition and the QExactive was operated in the data-

dependent mode. Survey scans were acquired in the Orbitrap mass analyzer over the 

range of 380 to 2000 m/z with a mass resolution of 70.000 (at m/z 200). MS/MS spectra 

was performed selecting up to the 10 most abundant isotopes with a charge state ≥ than 

2 within an isolation window of 2.0 m/z. Selected isotopes were fragmented by Higher-



 

195 

energy Collisional Dissociation (HCD) with normalized collision energies of 27 and the 

tandem mass spectra was acquired in the Orbitrap mass analyzer with a mass 

resolution of 17.500 (at m/z 200). Repeat sequencing of peptides was kept to a minimum 

by dynamic exclusion of the sequenced peptides for 30 seconds. Some analyses were 

performed in an Orbitrap XL mass spectrometer (Thermo Fisher Scientific) as 

previously described (Ohouo et al. 2013). 

 

Peptide Identification and Quantitation 

Raw MS/MS spectra were searched in a SORCERER (Sage N Research, Inc.) system 

using SEQUEST software and a composite yeast protein database, consisting of both 

the normal yeast protein sequences and their reversed protein sequences as a decoy to 

estimate the false discovery rate (FDR) in the search results. To increase the confidence 

of phosphopeptide identification, we performed a parallel search on Proteome 

Discoverer 1.4 software (Thermo Fisher Scientific) running SEQUEST and Percolator. 

Only phosphopeptides identified with high confidence in both SORCERER and 

Proteome discoverer/percolator searches were considered, which resulted in the 

complete elimination of any hits from the decoy database (FDR < 0.02%). Searching 

parameters included a semi-tryptic requirement, a mass accuracy of 15 ppm for the 

precursor ions, differential modification of 8.0142 daltons for lysine, 10.00827 daltons 

for arginine, 79.966331 daltons for phosphorylation of serine, threonine and tyrosine 

and a static mass modification of 57.021465 daltons for alkylated cysteine residues. 

XPRESS software, part of the Trans-Proteomic Pipeline (Seattle Proteome Center), was 

used to quantify all the identified peptides. The phosphorylation localization 
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probabilities were determined using PhosphoRS within Proteome Discoverer (version 

1.4.1.14, Thermo Fisher Scientific). All checkpoint-dependent phosphopeptides were 

manually inspected for phospho site assignment and quantitation. The mass 

spectrometry data have been deposited to the Peptide Atlas. 

 

Criteria for establishing kinase-dependency 

As we were interested in defining phospho-events that are highly-dependent on MEC1 

and TEL1, we began by arbitrarily assigning a high cutoff value (> or = to 6-fold 

WT/mec1Δtel1Δ) to establish Mec1/Tel1-dependent events. This helped eliminate 

phospho events whose regulation is partially affected by the lack of MEC1 and TEL1 

and that are more likely to reflect indirect events. In addition, by establishing a high 

cutoff for defining MEC1/TEL1-dependent events, we were able to employ a low cutoff 

for defining Rad53-dependent events (which are already highly pre-filtered by the high 

cutoff in MEC1/TEL1). Furthermore, as the high cutoff was previously used to 

stringently assign Mec1/Tel1-dependent events, we were also able to apply a rather 

lower cutoff of > or = to 2.5 fold to establish which phosphopeptides were highly 

dependent on either Mec1 or Tel1. Briefly, the following criteria was used for assigning 

Mec1/Tel1-dependent phosphopeptides: (1) At least 6-fold increase in phosphopeptide 

abundance in WT relative to mec1Δtel1Δ cells. (2) For Mec1 or Tel1 we established a 

threshold of 2.5-fold increase in WT relative to mec1Δ or tel1Δ cells. (3) For Rad53- 

dependent phosphopeptides, we established a threshold of 2-fold increase in abundance 

in WT relative to rad53Δ cells. (4) Moreover, to be considered a Mec1/Tel1-dependent 

substrate, each phosphopeptide must be Mec1/Tel1-dependent but not Rad53-dependent 
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and to be considered a Rad53-dependent substrate, each phosphopeptide has to be 

Mec1/Tel1-dependent and Rad53-dependent substrate. (4) Finally, we considered only 

phosphopeptides identified in at least 2 biological replicates. 

 

Fold change calculation and QMAPS generation 

Fold change calculation and QMAPS generation were done using custom designed web 

tool. The web tool allowed upload of data files generated by the SORCERER software. 

Using this data, it calculated the normalized protein/peptide abundances and appropriate 

abundance ratios. These fold changes were used to generate QMAPS using Matlab 

(Mathworks). To generate the QMAPS, results of the phosphoproteome analysis were 

filtered using a list of kinase checkpoint-dependent phosphopeptides identified in this 

study. For each QMAPS, we considered phosphopeptides that were identified at least 3 

times in 2 biological replicates. Phosphopeptides plotted on the QMAPS were manually 

inspected for phospho site assignment and quantitation. 

 

Immunoprecipitation (IP) followed by IMAC 

For immunoprecipitation (IP), cell cultures were collected at 25, 30, 35 and 45 minutes 

after release from alpha factor-arrested into S-phase. Cells collected at 25, 30 and 35 

minutes were cultured in “light” media while cells collected at 45 minutes were cultured 

in “heavy” media. Cell pellet was lysed by bead beating at 4°C in lysis buffer containing 

50 mM Tris-HCl, pH 7.5, 0.2% Tergitol, 150 mM NaCl, 5 mM EDTA, 1 mM PMSF, 

Complete, EDTA-free Protease Inhibitor Cocktail (Roche), 5 mM sodium fluoride and 

10 mM β-glycerophosphate. After adjusting protein concentrations to about 5 mg/ml, 
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lysates were incubated with either EZview™ Red Anti-FLAG M2 agarose (Sigma) or 

acetyl lysine antibody agarose (Immunechem) for 2–3 hrs at 4°C. After three washes in 

lysis buffer, bound proteins were eluted with three resin volumes of elution buffer 

containing 100 mM Tris-HCl, pH 8.0, 1% SDS. Eluted proteins from “light” or “heavy” 

medium were combined accordingly, reduced, alkylated and precipitated with three 

volumes of a solution containing 50% acetone and 50% ethanol. Proteins were 

solubilized in a solution of 2 M urea and 12 mM Tris-HCl, pH 8.0 and then trypsinized 

O.N. at 37°C with 1μg of Trypsin Gold (Promega). For acetylation analysis of histone 

H3, samples were desalted with a Sep-Pak C18 column (Waters), dried in a SpeedVac 

evaporator and resuspended in 0.1% trifluoroacetic acid. For phosphorylation analysis 

of Mec1 and Rfa1, samples were loaded in a tip column containing 15μl of immobilized 

metal affinity chromatography (IMAC) resin. After loading, the IMAC resin was 

washed with 1 column volume of 25% acetonitrile, 100mM NaCl, and 0.1% acetic acid 

solution followed by 1 column volume of deionized water and finally, eluted with 3 

column volumes of 12% ammonia and 10% acetonitrile solution. Samples were dried 

in a SpeedVac and resuspended in 0.1% trifluoroacetic acid. Samples were subjected to 

LC-MS/MS quantitation analysis. 
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E.2 Materials and methods for Chapter 3 

 

Mammalian cell culture 

Human U2OS, HCT116, hTERT RPE-1, HEK293T, HeLa, U87, T98G, A2780 and 

human skin fibroblast cells (GM08398 and GM18366) were grown in DMEM media 

supplemented with 10% bovine calf serum, penicillin/streptomycin and non-essential 

amino acids. SV40 large T antigen transformed hTERT RPE-1 cells were generated by 

infecting hTERT RPE-1 cells with a SV40 large T antigen (SV40 LT)-expressing 

retrovirus and were selected using 500 g/ml G418. The stable SV40 large T antigen 

transformed hTERT RPE-1 cell line was then maintained in culture media supplemented 

500 g/ml G418. For chronic treatment with ATR inhibitor (ATRi, VE-821) or ATM 

inhibitor (ATMi, KU-55933), cells were maintained in media with 5 M ATR or ATM 

inhibitor respectively for 8 days before cells were subjected to western blot analysis, 

proteomic analysis, DR-GFP/EJ5-GFP assay or immunofluorescent staining. For CHK1 

inhibitor (UCN-01), cells were treated for 5 days with 0.2 M of inhibitor before the 

analysis. Primary human fibroblast cells from control subjects (GM08398) and patients 

with Seckel syndrome (GM18366, ATR-defective) were obtained from Coriell Institute 

for Medical Research, Camden, NJ.  

 

DR-GFP and EJ5-GFP assays 

For the DR-GFP assay, cells (U2OS, HCT116, hTERT RPE-1, HEK293T, HeLa, U87, 

T98G, A2780, 293-T-REX-E2F6 cells and SV40 large T antigen transformed hTERT 

RPE-1) were transfected with the mCherry plasmid or DR-GFP reporter plasmid (pDR-
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GFP; addgene plasmid 26475) together with a plasmid coding for I-SceI (pCBASceI; 

addgene plasmid 26477; gifts from M. Jasin) or DR-GFP reporter plasmid together with 

an empty plasmid pCAGGS. Two days after transfection, cells were trypsinized, 

resuspended in PBS and then analyzed by flow cytometry using FACSAria Fusion or 

Accuri C6 cytometer (BD). In each experiment, the percentage of GFP-positive cells 

from the sample transfected with empty plasmid pCAGGS was subtracted from the 

percentage of GFP-positive cells in the sample transfected with I-SceI. The GFP 

percentage was then normalized by the mCherry transfection efficiency. Each graph was 

plotted based on at least 3 independent experiments showing mean  SEM (N≥3). For 

the EJ5-GFP assay, EJ5-GFP reporter plasmid (pimEJ5GFP, addgene plasmid 44026) 

was used instead of DR-GFP reporter plasmid and the assay was performed as described 

for DR-GFP assay.   

 

Immunofluorescence 

Primary human fibroblast cells were grown on glass coverslips and irradiated at 10 Gy. 

Cells were then fixed with 3.7 % formaldehyde/PBS for 15 min at room temperature 8 

hr post-irradiation. Fixed cells were then washed with PBS, permeabilized with 0.2 % 

Triton X-100 for 5 min at room temperature and blocked with 5 % BSA at 37C for 30 

minutes. Blocked samples were incubated with primary antibodies for 1 hr at room 

temperature, followed by three PBS washes and secondary antibody incubation using 

Alexa Fluor488 donkey anti-rabbit (A-21206; Thermo Fisher Scientific) for 1 hr. After 

secondary antibody incubation, cells were washed in PBS for three times and mounted 

onto glass microscope slides using Vectashield mounting media (H1200; Vector 
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Laboratory).  

 

Microscopy analysis 

Fixed cells were imaged at room temperature using a CSU-X spinning disc confocal 

microscope (Intelligent Imaging Innovations) on an inverted microscope (DMI600B; 

Leica), with 63×, 1.4 NA objective lens and a charge-coupled device camera (cool-

SNAP HQ2, Photometrics). Z stack images were obtained and saved in Slidebook 

software (Intelligent, Imaging, Innovations), where maximum intensity projections 

were created. For RAD51 and BRCA1 foci analysis in control skin fibroblast and Seckel 

cells, more than 150 cells for each sample were imaged and analyzed per replicate. The 

fraction of cells with more than 10 distinct RAD51 foci or more than 5 BRCA1 foci 

were determined for each replicate. The graph was plotted using the arithmetic mean 

and SEM derived from 4 independent biological replicates. A two-tailed Student’s t test 

with 95 % confidence interval was used for the statistical analysis.  

 

Immunoblotting analysis 

Cells were harvested and lysed in modified radioimmunoprecipitation assay (RIPA) 

buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 % tergitol, 0.25 % sodium 

deoxycholate, 5mM EDTA) supplemented with Complete EDTA-free protease inhibitor 

cocktail (Roche), 1 mM PMSF, 5 mM sodium fluoride, 10 mM -glycerol-phosphate 

and 0.4 mM sodium orthovanadate. Whole cell lysates were cleared with 5 min 

centrifugation at 13000 rpm at 4 C and mixed with 3X SDS sample buffer 

(bromophenol blue, stacking gel buffer, 50 % glycerol, 3 % SDS and 60 mM DTT). 



 

203 

After resolved on SDS-PAGE gels, proteins were then transferred onto polyvinylidene 

difluoride (PVDF) membranes and detected with designated antibodies. 

 

Proteomic analysis 

For quantitative proteomic analysis, U2OS cells chronically treated with DMSO or ATR 

inhibitor were cultured respectively in “light” or “heavy” SILAC DMEM media 

(ThermoFisher Scientific 88425) supplemented with 10 % dialyzed FBS and 

penicillin/streptomycin. “Light” SILAC media were supplemented with “light” 

(normal) arginine 12C6, 
14N2 and lysine 12C6, 

14N4, while “heavy” SILAC media 

contained “heavy” lysine 13C6, 
15N2 and “heavy” arginine 13C6, 

15N4. From SILAC cells 

chronically treated with DMSO or ATR inhibitor, nuclei were isolated using hypotonic 

buffer and further lysed in modified RIPA buffer. The nuclear lysates were cleared by 

centrifugation for 5 mins at 4 C. The nuclear proteins were reduced, alkylated, 

precipitated and trypsin-digested. The peptides were than desalted, dried and 

resuspended in 80 % acetonitrile and 1 % formic acid and then fractionated using 

Hydrophilic Interaction Chromatography (HILIC). HILIC fractions were dried and 

reconstituted in 0.1 % trifluoroacetic acid and analyzed using a Q-Exactive Orbitrap and 

Lumos mass spectrometer. Database search and quantitation of heavy/light peptide 

isotope ratios were performed using Sorcerer as previously described (53,54).  

 

Chemicals and antibodies  

The following chemicals were used in the study: ATR inhibitor (VE-821) and ATM 

inhibitor (KU-55933) from Selleckchem, CHK1 inhibitor (UCN-01) from Sigma, 
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Geneticin (G418 sulfate) from Thermo Fisher Scientific, and Cycloheximide (CHX) 

from MP Bio. The following antibodies were used in western blot analysis and 

immunofluorescent staining: anti-53BP1 and anti-FANCJ from Novus Biologicals, 

anti-phospho-CHK1 (Ser345) from Cell Signaling, anti-RAD51 from Millipore, anti-

CHK1, anti-E2F6 and anti-E2F1 from Santa Cruz Biotechnology, anti-Actin and anti-

Tubulin from Sigma, ECL HRP-linked secondary antibody from GE healthcare. Rabbit 

polyclonal anti-TOPBP1 and anti-BRCA1 antibodies were home-raised as previously 

described (55,56). Anti-RRM2 serum was raised in rabbit against an immunogen 

containing the first 250 amino acids of human RRM2. Dr. Kai Ge provided the antibody 

against PTIP. 

 

Cell cycle analysis 

Cells were harvested by standard trypsinization and fixed with 70 % ethanol. After 

fixation, cells from each sample were resuspended in PBS, permeabilized using 0.1 % 

Triton X-100 and treated with RNase A (0.8 mg/ml). Then cells were stained with 

propidium iodide and analyzed by flow cytometry using FACSAria Fusion (BD) or 

Accuri C6 cytometer (BD) to determine the fraction of cells in different stages of the 

cell cycle.  

 

Real time PCR 

Cells cultured from 10 cm dish were collected and lysed in 1 ml of TRIzol (Invitrogen). 

Chloroform was added to the lysed sample to separate RNA. Separated RNA was 

precipitated by isopropyl alcohol, followed by two washes with 75 % ethanol. 1 g of 
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extracted RNA from each sample was then reverse transcribed with Bio-Rad iScript 

cDNA synthesis kit. The samples (~100 ng) were analyzed in a Roche 480 light cycler 

in a total of 15 l containing SYBR green mix and primers indicated in the figure. The 

values were calculated using “absolute quantification/2nd derivative max” in lightcycler 

480 program and then normalized to the level of GAPDH. Primers used in the study are 

as follows. BRCA1- F: ACCTTGGAACTGTGAGAACTCT,     

                  R: TCTTGATCTCCCACACTGCAATA,  

         GAPDH- F: TCATTGACCTCAACTACATGGTTT,                       

                 R: GGAAGATGGTGATGGGATTTC 

RAD51- F: CAACCCATTTCACGGTTAGAGC, R: TTCTTTGGCGCATAGGCAACA,  

53BP1- F: ATGGACCCTACTGGAAGTCAG, R: TTTCTTTGTGCGTCTGGAGATT. 

 

Crystal violet staining survival assay 

First, hTERT RPE-1, U2OS, HCT116, HeLa, A2780 or U87 cells were treated for 5 

days with either DMSO or 5 M ATR inhibitor. Next, 1X105 cells of each cell type were 

plated onto a 10 cm dish and further treated with DMSO, ATR inhibitor or/and PARP 

inhibitor for additional 3 days. Cells were then washed with PBS and either fixed in 100 

% methanol for 15 min at 4 °C or fixed after additional 2 or 8 days of culture in drug-

free media. Fixed plates were stained with 0.1 % crystal violet solution overnight 

followed by a distilled water wash. Pictures were taken after the plates were dried. For 

quantitation of cell viability, total viable cells were counted using a hematocytometer 

after indicated treatment. 
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E.3 Materials and methods for Appendix C 

 

IP/MS SILAC experiment 

For stable isotope labeling of mammalian cells, HEK293T cells were grown in SILAC 

DMEM media (Thermo Scientific) supplemented with 10% of dialyzed FBS (Gibco), 

1% penicillin/streptomycin, 3.7g/L sodium bicarbonate, 105mg/L L-leucine, 200mg/L 

L-proline and 100µg/ml of L-lysine (Heavy-13C6, 
15N2) and L-arginine (Heavy-13C6, 

15N4). For IP analysis of HEK293T cells, cultures were treated with 1mM of 

hydroxyurea to synchronize cells in S phase. Cells were harvested by centrifugation 

with PBS and lysed with RIPA buffer. Lysed cells were immunoprecipitated using 

EZview Red Flag M2 affinity gel (Sigma). Bound proteins were eluted in 100 mM Tris 

pH.8.0, 1% SDS, 10 mM DTT and then precipitated with a solution of 50% ethanol and 

50% acetone. Protein pellets were solubilized in 2M urea, 50 mM Tris pH 8.0 and then 

trypsinized. Peptides were desalted in a C18 column (Waters, WAT 0549-55) before 

loading onto MS. Peptides were electrosprayed into a QExactive Orbitrap mass 

spectrometer (Thermo Scientific) and data were searched using a Sorcerer system 

(SageN research). Common contaminants were removed from the list after analysis. 

 

iPOND/ DNA mediated chromatin pull-down 

iPOND was performed essentially as described with the following modifications. Four 

15cm dish of HEK293T cells were cultured for each sample. Cells were first treated 

with HU 1mM to synchronize cells in early S phase. Then cells were released into HU 

free media for 4hrs to enrich cells in intra-S-phase. Actively replicating cells were 
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treated with 10uM of EdU for 30min and then fixed with 1% (v/v) 

paraformaldehyde/PBS solution in 4˚C for 10min. Fixation was deactivated with 

0.125M of glycine for 10min. Cells were collected then lysed to enrich for nuclear 

proteins. 1mg of nuclear lysate was incubated with 100ul pre-blocked wet streptavidin 

agarose beads (Novagen). Pull-down was performed at 4˚C for 16 ~20hr then washed. 

The EdU bound fractions were eluted with laemmli sample buffer then loaded on SDS-

PAGE. 

 

Alkaline comet assay 

To analyze the single and double-strand breaks, alkaline comet assay was employed. 

Cells were washed in PBS and detached using Accutase (Sigma). Then the cells were 

embedded in agarose, lysed and subjected to electrophoresis under alkaline conditions, 

according to the Trevigen alkaline comet assay protocol. Single cells were stained with 

SYBR-Green and analyzed using a Cell Observer fluorescence microscope (Zeiss). At 

least 50 randomly selected cells per condition were analyzed. The relative tail moment 

was measured using CometScore software. 

 

Antibodies, reagents and cell lines 

Commercially available antibodies and reagents used in this experiment are 53BP1 

(Novus), H2AX, HP1 (Millipore), H3K9me3 (Abcam), H4Ac(N) (Upstate), Tubulin, 

PCNA (Sigma), Ku86 C-20 and HAT1 C-20 (Santa Cruz). RFC1, Claspin and 

METTL13 antibodies were generated in-house from rabbit. CMV 7.1 3X Flag (Sigma) 

was used to clone Claspin and METTL13 for IP.   
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Immuno-fluorescence assay 

Cells were fixed with 3.7% formaldehyde/PBS for 10 min followed by PBS wash. Cells 

were then treated with 0.2% triton X-100 for 5 min with PBS wash. Permeabilized cells 

were blocked with 2% goat serum/PBS for 30 min then incubated with primary antibody 

O/N. Primary antibody incubated cells were then washed with PBS followed by Alexa 

Fluor–conjugated secondary antibody (Invitrogen) incubation. All images were 

captured with CSU-X spinning disc confocal microscope system (Intelligent Imaging 

Innovations) using a 100×/1.46 NA objective (Leica) and QuantEM EMCCD camera 

(Photometrics) on an inverted microscope (DMI600B; Leica). 

 For HP1 image analysis, 300 cells were used and quantified through ImageJ.  

 

siRNA induced knockdown experiment 

Cells were plated a day before transfection. Cells were transfected using Lipofectamine 

RNAiMAX (Invitrogen) according to the manufacturer’s instructions. siRNA 

transfected cells were collected after 48-72hrs. Used siRNAs are as follows. siRNA 

Negative Control, Med GC Cat.#12935-300 (life technologies) and luciferase 

CGUACGCGGAAUACUUCGAdTdT were used as control siRNA.  

Claspin siRNA – GCACAUACAUGAUAAAGAAdTdT,  

HAT1 siRNA #1-GCUACAGACUGGAUAUUAAdTdT,  

            #2-GCGUGUUAUUGAACGACUUdTdT  

METTL13 siRNA Cat. # 1299001 (#1-HSS122413, #2-HSS122415, #3-HSS182139, 

Lifetechnologies), #4-CCGAAUGAAGGUCCACAUUdTdT and 

#5-CCUUGCUACGAUGUCAUAAdTdT were used.  
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Generation of CRISPR knockout cells 

We cloned sense strand of CACCGGAGAAGTTCTTCCAGCAGCG and an anti-sense 

strand of AAACCGCTGCTGGAAGAACTTCTCC primers into lenticrispr-V2 vector 

to make Lenticrispr_V2_METTL13. We generated CRISPR-METTL13 virus by 

transfecting Lenticrispr_V2_METTL13, psPAX2 and pMD2.G plasmid into HEK293T 

cells. Generated virus was then transfected into HEK293T, HeLa, HCT116 and A2780 

cells to make KO cell lines. KO was screened and confirmed by WB, PCR and MS. 

 

FACS analysis 

Cells were collected by trypsinization and fixed overnight in 70% ethanol at 4C. After 

washing with PBS-BSA-T (PBS + 1%BSA + 0.2% Triton X-100), cells were incubated 

with mouse H2AX antibody (Merck Millipore) for 1hr at RT. After washing with PBS-

BSA-T, cells were incubated with the Alexa-conjugated secondary antibody and 

thereafter with propidium iodide/RNase A. The samples were analyzed on a 

MACSQuant Analyzer flow cytometer using MACSQuantify software (Miltenyi 

Biotec). 

 

 

Yeast expression 

Full-length human METTL13 tagged with 3X flag was cloned into pRS415_Gal1 vector 

(Gift from C. Fromme) and full length human HAT1 tagged with 2X HA was cloned 

into pYES_NTC (Thermo Fisher). Generated plasmids were transformed into S. 
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cerevisiae MBS164 (congenic to S288C) and then cells were cultured in synthetic 

complete medium lacking leucine and uracil (SC-LEU-URA). Protein expression was 

induced by 1% galactose for 6hrs at 30°C. 
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E.4 Additional Protocols used in the study 

 
Protocol #: SILAC/IP/MS (human cells) 

Created by: Dongsung (DS) Kim                                

 

Cell culture / SILAC  

For SILAC media 

13.5g DMEM powder for SILAC (Thermo #88425) 

3.7g Sodium bicarbonate 

105mg L-Leucine 

200mg Proline 

+ Add Milli Q water up to 1L ➔ Filter with 2 X 500ml Corning filter #430758 

+Add 55ml of Dialyzed FBS/ 500ml (final 10%)     

+ 5.5ml of Heavy or Light 100X AA stock/ 500ml (final 1X) 

 

For 100X Heavy AA stock 

200 mg of heavy Lysine (L-Lysine-13C6,
15N2 hydrochloride, Sigma #608041) 

200 mg of heavy Arginine (L-Arginine-13C6,
15N4 hydrochloride, Sigma #608033) 

+ Add PBS up to 20ml & filter (0.2um) => Store at 4̊C 

 

1. Grow HEK293T cells in SILAC media for at least 5 passages. 

2. Plate each Heavy and Light cells in 2 X 15cm dish(Total 4 dish) 

3. Next day, transfect your cells with DNA/PEI. [15ug DNA in 500ul SILAC 

DMEM 10-15min & 45ug PEI in 500ul SILAC DMEM 10-15min] per dish. 

Combine DNA & PEI and then incubate additional 15-20min. => Transfect 

drop wisely <Use SILAC DMEM-Thermo #89985 to incubate DNA/PEI> 

4. Collect cells (heavy & light separately) after 48hrs of transfection. 

 

Immuno-precipitation 

1. Lyse in RIPA buffer (No SDS, NaF 50mM, Tris-Cl pH7.5 50mM, NaCl

 150mM, NP-40 1%, EDTA 5mM, Sodium deoxycholate 0.25%) with p

rotease inhibitors (use 1ml per 15cm dish) for 30min in ice. (Final con

c. of protease inhibitor: 1X Protease inhibitors cocktail, 1X Phosphatase 

inhibitor and 1X PMSF, 1X Na3VO4) 

2. After 30 min of lysis, perform DNA shearing using 18G needle in 1ml 

syringe. ~20 strokes/ml in ice. 

3. Centrifuge at top speed (13K-14K rpm) in 4̊C for 5min, and then collec

t only supernatant. 
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The protein concentration should be ~ 2-5ug/ul. Normalize protein Con. 

(Heavy=Light) 

4. Take 20-50ul for western blot (This will be your whole cell extract) 

5. Add 20-30ul of resin/ml (40-60ul of 1:1 slurry) to the sup. and incubat

e in 4̊C O/N. 

Remember to wash the resin in RIPA buffer before adding them into the 

sample. 

6. Centrifuge at medium speed (6-8000rpm) for 1min to collect resin and 

discard the supernatant. 

7. Wash the resin with lysis buffer for 3-5 times. (repeat centrifugation an

d washing)  

8. Add 3X resin volume of elution buffer (100mM TrisCl pH8, 1%SDS) a

nd incubate in 65̊C for 15min with intermittent tapping. 

9. Take 5-10% for western blot confirmation after elution. 

 

Sample preparation for MS 

 

1. Add DTT (final 10mM) to the eluted sample for 15 min at RT to redu

ce. 

2. Then Alkylate sample with 1X iodoacetamide solution. 

3. Mix heavy and light solution. 

4. Precipitate proteins by adding 3X volume of eluted sample then incubat

e on ice for 30 min. 

5. Centrifuge at top speed (13-14K rpm) for 10 min and discard the sup. 

6. Wash well once with 200ul PPT solution and sonicate in water bath for

 30 sec. 

7. Centrifuge at top speed (13-14K rpm) for 10 min and discard the sup. 

You should see a small white pellet at this step. 

8. Remove PPT solution and air-dry for 5 min until acetone smell is gone. 

9. When acetone smell is gone completely resuspend in 50ul Urea/Tris sol

ution and then 150ul NaCl/Tris. 

10. Add 1ug of Gold trypsin (1ug/ul) and digest at 37̊C overnight on a nut

ator. 

11. After trypsinization, acidify samples by adding 5ul of 10% TFA and the

n 5ul of 10% Formic acid using glass syringe. (check pH using pH pap

er)-You may stop and freeze in -80̊C at this step. 

12.  Condition C18 column(WAT0549-55) with 1ml 80% ACN/0.1%HAc 

13. Equilibrate with 1ml 0.1% TFA 

14. Load your sample 

15. Wash the column 
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i. 1ml…..0.1%HAc  

ii. Fill up syringe with 0.1%HAc , invert a couple times and 

discard 

iii. 1ml…..0.1%HAc  

16. Flick residual volume off syringe tip. 

17. Elute in silanized vial with 200ul of 80% ACN/0.1% HAc  

18. Pipette up and down to mix. 

19. Collect a 20ul aliquot (10% Input) for MS processing. 

20. Dry both input and remaining sample completely for 40min at 45̊C. 

21. Re-suspend the input in 7ul of 0.1P (0.1pmol angiotensin) and shoot in MS. 

22. To remaining sample add 10ul of 10% formic Acid and then 15ul of ddH2O 

(May stop and store at -80C). 

 

Elution buffer: (10.0 ml) 

1M Tris pH8.0…...1.0 ml (100 mM) 

10% SDS………...1.0 ml (1 %) 

1 M DTT…………0.1 ml (10mM) 

dH2O……..up to 10.0 ml 

 

 

Alkylating solution 20X : (0.1 ml) 

Iodacetamide …… 9.0 mg (0.5M) 

1M Tris pH8.0 ….. 0.1 ml  

 

Urea/Tris solution (0.1 ml, make fresh): 

Urea…………...48.0 mg (8 M urea) 

1M Tris pH8.0….5.0 ul (50 mM) 

dH2O……..up to 0.1 ml 

 

NaCl/Tris solution: 50mM Tris pH 8.0, 150mM NaCl. 

PPT solution: 50 % acetone, 49.9 % ethanol, 0.1 % acetic acid. 

0.1P: 0.1pmol angiotensin 

TFA: Trifluoric acid 

HAc: Acetic acid 

ACN: Acetonitile 

MS: Mass Spectrometry 
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Protocol #: Nuclear fractionation 

 
Created by: Dongsung (DS) Kim                                                           

 

Solutions: 
Hypotonic solution :(20 mM Tris-HCl, pH 7.4,  10 mM NaCl, 3 mM MgCl2) 

 

Procedures: 
 

1.  Collect cells (trypsinization or scraping) 

2. Wash cells with Cold PBS. 

3. Open up cells with hypotonic solution (0.5~1ml for 10cm cultured 

dish) + PMSF 

4. Let it sit for 20 min. 

5. Centrifuge 2000 rpm, 4'C to separate nuclear and cytoplasm. 

6. Separate cytoplasm and nuclear fractions. (Cytoplasm is supernatant) 

7. Repeat 3-5 times (procedure 3-5), of the nuclear fractions to clean up 

cytoplasm if necessary. 

8. Check on the microscope to see the separation. (nuclear prep should 

be very jelly-ish) 

9. Perform lysis of nuclear fractions with (RIPA buffer + protease 

inhibitor) . 

10.  After 30min in ice,  samples will be sonicated.                                                

(3sec pulse on, 1sec pulse off, 15% amplitude, Branson sonicator-

Yuxin lab) 

11. Measure the protein concentration and prepare for western blot or MS 
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Protocol #: Phosphoproteome analysis by IMAC/MS - Human 

 
Created by: Marcus Smolka                

Date: 11/29/07 

Modified by: Dongsung (DS) Kim                                                                

Date:12/11/14 

 

Observations: 
1. Starting material of 20 mg proteins. 

 

Materials: 
- Trypsin – TPCK treated (Worthington, # LS003741) 

 

Solutions: 
Lysis buffer 1: 50 mM Tris-HCl (pH 8.0), 0.2 % Tergitol, 150 mM NaCl, 5 mM 

EDTA. Add fresh protease inhibitors, phosphatase inhibitors and 1 mM PMSF. 

Sample buffer 1: 100 mM Tris-HCl (pH 8.0), 1 % SDS.  

PPT solution: 50 % acetone, 49.9 % ethanol, 0.1 % acetic acid. 

Urea/tris solution (make fresh): 8 M urea, 100 mM Tris-HCl (pH 8.0). 

Tris/NaCl solution: 50 mM Tris-HCl (pH 8.0), 150 mM NaCl. 

C18-buffer A: 0.1 % TFA. 

C18-buffer B: 80 % acetonitrile, 0.1 % TFA. 

C18-buffer C: 0.1 % acetic acid. 

C18-buffer D: 80 % acetonitrile, 0.1 % acetic acid. 

IMAC washing solution 1: 0.1 M NaCl, 0.1 % acetic acid, 25 % acetonitrile. 

IMAC washing solution 2: 1 % acetic acid 

IMAC eluting solution: 12 % ammonia, 10 % acetonitrile. 

SILAC media: 500ml SILAC DMEM  media  + 5ml of 100X (L or H) Arg/Lys 

 

Method: 
 

Cell growth (HEK293T cell) 

1. Grow HEK293T cells in SILAC media for at least 3 passages (~2 weeks) to label 

cells with appropriate amino acids. Once the cells are labeled with either heavy or 

light amino acids, you can make stocks of each heavy and light labeled cells and 

keep using for SILAC purposes. 

2.  Start culturing each labeled cells in a 15cm dish/20ml media. When cells become 

confluent ~80%, split them into 5X15cm dish(1:5 ratio).4 dish will be used for the 

experiment and 1 will be maintained for further experiment or for stock. 

3. Culture for 2~3 days  

 

Arrest cells 

 -Starvation   

1. In order to arrest cells in G1 (hTERT-RPE1 cells are preferred), 1 day after 
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split, cells should be washed with pre-warmed PBS then incubate in serum free 

SILAC DMEM media for 24hrs. 

 

-HU 

1. After 24hr from cell split, treat final concentration of 1mM HU (from 1M 

stock) directly into the media.   

2. Incubate for 24hr and then collect cells 

 

Release  

1. After drug treatment aspirate the media and wash with pre-warmed PBS, 

2. Gently add pre-warmed SILAC media and release for desired time point. 

 

Cell lysis  

1. Collect cells using scraper in a 15ml falcon tube. 

2. Wash cells with PBS. (Cell pellets can be stored in -80C until next step) 

3. Lyse cells with RIPA buffer + protease inhibitor + PMSF + Na3Vo4 + 

Phosphatase inhibitor. 1ml of buffer used per 1X15cm dish cells. 

4. Keep in ice for 30min with vigorous pipetting with P1000. 

5. After 20-30 min incubation in ice, perform DNA shearing using 1ml syringe + 

19G needle. 20 strokes/ml is required for efficient shearing. Avoid making 

bubble 

6. After DNA shearing, aliquot cells in epp tube and centrifuge max speed for 2-

3mi at 4̊C. 

7. Collect only the supernatant into a new 15ml falcon tube. Keep sample at 4 C 

until proceeding to the next step. 

8. Measure protein concentration. 

HEK293T :  ~5mg/15cm dish 

      HeLa & U2OS: ~3.5mg/15cm dish  

      hTERT-RPE1: ~2.5mg/15cm dish 

 

Protein extract preparation and trypsin digestion 

 

1. After measuring protein concentration. Combine light & heavy to make total 

20mg of protein. 

2. Add 1 % SDS and reduce disulfides by 5 mM DTT at 50̊C for 10 min; 

3. Alkylate cysteines by 15 mM Iodoacetamide (make a fresh 33X solution 

[0.5M] 45mg in 500ul 1M Tris-HCl pH 8.0 at RT for 15 min) 

4. In a 15 mL falcon tube, precipitate proteins with 3X sample volumes of PPT 

solution. Add solution at room temperature, mix it and keep on ice for at least 

15 minutes; 

5. Spin on centrifuge for 5 minutes at 4,500 RPM. 

6. Pour supernatant out. Keep tube upside down for 2 minutes to drain PPT 

solution. There should be no acetone smell. 

7. Add 1.5ml of H2O + 15ul 8M urea/100mM Tris-HCL and resuspend protein 

pellet by pipetting with p1000. The solution should be cloudy. 
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8. Spin lysate at 45000G for 4 min. Carefully remove supernatant and wash the 

walls again with clean water. 

9. Add 2 mL of Urea/tris solution and resuspend protein pellet. Use a douncer to 

completely solubilize pellet; 

10. Add 6 mL of Tris/NaCl solution (dilutes urea to 2 M before trypsin digestion). 

Measure protein concentration - should be around 2 ug/uL (20 mg total); 

11. Add 200ug of TPCK treated trypsin, mix sample. Let digest overnight at 37C 

under constant shaking; 

12. Next morning, using glass micro-syringes, add 0.2 % formic acid and 0.2 % 

TFA (use 10 % stock solutions of these acids); 

13. To remove insoluble material, spin on centrifuge for 5 minutes at 4500 RPM. 

Supernatant can be stored at -80̊C. 

 

Sample clean-up  

1. Using glass pipettes, condition 1g C18 SepPak columns with 5 mL C18-buffer 

B. Wash column with 5 mL C18-buffer A. Do not let column dry at any time; 

2. Load your sample to conditioned C18 column and let it flow by gravity; 

3. Wash with 1 mL C18-buffer C (let flow by gravity); 

4. Elute bound peptides from C18 column with 3ml C18-buffer D in a glass tube. 

Aliquot in 4x750 uL smaller glass tube. 

5. Dry both elutions in a speed-vac at 50 C for approx. 1.5 hours (until 

completely dried); 

6. Add 100 uL of 1 % acetic acid to each tube. Pipette up and down and vortex it 

vigorously. Combine both in one glass tube. Centrifuge sample in a bench top 

centrifuge for 1 minute @13.000 RPM. Collect supernatant (total ~400ul 1% 

acetic acid) 

 

Purification of phosphopeptides by IMAC 

1. Make a fresh 35ul fresh IMAC resin packed in a gel-loader tip. 

*Refer to preparation of IMAC resin protocol* 

2. Condition IMAC resin with 1% acetic acid. 

3. Apply ~100ul supernatant to 35 uL fresh IMAC resin for 4 times. Run sample 

through resin with a 1 mL syringe (slowly and constant pressure) 

4. Wash with 35 uL of IMAC washing solution 1; ;(add 100 then remove) 

5. Wash with 70 uL of IMAC washing solution 2; ;(add 100 then remove) 

6. Wash with 35 uL of deionized water; ;(add 100 then remove) 

7. Elute phosphopeptides directly in a small silanized glass vial with 100 uL of 

IMAC eluting solution; 

8. Separate 10% for input and 90% for hilic. 

9. Dry elution in speed-vac for 20 minutes @ 45C; 

10. Re-suspend input in 10ul of 0.1P and 90% sample in 15 uL water(store in -

80̊C).  

11. Analyze 1 % of input (1 uL of diluted sample) by LC-MS/MS. 

12. If you decide to proceed with hilic, add 10ul of 10% formic acid and 60ul of 

ACN to your 90% sample diluted in 15ul water. (total of 85ul) 
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13. Proceed to hilic fractionation 

 

How to make SILAC DMEM media. 

 

13.5g   DMEM powder for silac thermo #88425 

3.7g     Sodium Bicarbonate 

105mg L-leucine 

200mg Proline 

+ Add MilliQ water up to 1L then filter with 2X 500ml 

 

+ Add 50ml Dialyzed FBS 

+Add 5ml Heavy or Light 100X AA 

 

 

 

How to make heavy & light AA stock 

 

200mg of H/L Arginine 

200mg of H/L Lysine 

Add water up to 20ml => Filter => Store 4̊C 
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Protocol #: Chromatin fractionation 

 
Created by: Dongsung (DS) Kim                                                                

Date:06/23/18  

 

Solutions: 
Buffer A: 10 mM Hepes pH 7.9, 10 mM Kcl, 1.5 mM MgCl2, 0.34 M sucrose, 10% 

glycerol, 1 mM DTT, 10 mM NaF, 1 M MC-LR, 1 mM Na3VO4, protease inhibitors 

Buffer B: 3 mM EDTA, 0.2 mM EGTA, 1mM DTT, protease and phosphatases 

inhibitors 

 

Procedures: 
1. wash cells in PBS (min. use 1x 10cm dish/sample) 

2. resuspend cells in 200 l of buffer A: 

3. add Triton X-100 to final concentration of 0.1%, 5 min on ice 

4. spin 4 min, 1300 g, 4°C 

5. cytoplasmic proteins (S1) 

nuclei (P2) 

6. wash nuclei once in buffer A (resuspend in 200 l buffer A, spin 4 min, 1300 

g, 4°C) 

7. lyse nuclei in 150 l of buffer B: 

8. 10 min on ice 

9. spin 4 min, 1700 g, 4°C 

10. soluble nuclear proteins (S2) 

chromatin (P2) 

11. resuspend chromatin in 150 l buffer B (is a bit difficult, treat carefully!)  

12. spin 1 min, 10,000 g, 4°C 

13. resuspend chromatin in 150 l Laemmli sample buffer 

14. boil and shear by 25GA5/8 needle 

=> The minimal amount of cells you need for a good spin down is 1 medium 

TC dish (10 cm).  For this use 200 l buffer A, 150 l buffer B and 150 l 

Laemmli sample buffer. 

For a large TC plate: 250 l buffer A, 175 l buffer B and 175 l Laemmli 

sample buffer. 

 

=> Measure protein content of samples by Lowry assay. Be aware that the 

soluble nuclear fraction is quite diluted! 

 

Abs to confirm chromatin fractions when using mouse cells: 

anti-Lamin B2 (Zymed, 33-2100),  anti-Histone H3 (Upstate, Cat# 05-499), anti-

Histone H3 (SantaCruz (FL-136), SC-10809)  
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Protocol #: S Lens Cleaning in Mass Spectrometry 

Made by: Dongsung (DS) Kim         

 

 

DAY 1:  

 

1. Double click "Tune" icon => direct control of MS 

 

2. Make MS in Standby condition by clicking top left corner status icon 

 

3. Go to Q exactive MS machine that is located at the far left.  

   At the bottom left corner of the machine, you will find green electronics switch.  

   Turn it off (fig1) 

 

4. You will find another black power switch next to the green one.  

    After green switch is off, turn off the black power switch off as well (fig1) 

 

 Fig1 

 

 

5. Then separate NSI probe from MS. (fig1) 

 

6. Turn off nitrogen that is located outside at the hall. 

 

7. Dissociate transfer ion  

 

8. Wait for 20min and dissociate front part of the MS. 

ESI probe 



 

221 

    Try to leak out the pressure. 

 

9. Pull out S lens (fig2) 

 

Fig2 

 
 

 

10. Unscrew S lens and separate the cap (fig2) 

 

11. Pull the screw to separate S lens (fig2) 

 

12. Sonicate [transfer ion tube, cap, S lens] in methanol for more than 5min.  

 

13. Reassemble back in a reverse order. 

 

14. Turn on black power switch. After 30 min, turn on the green electronics switch 

 

15. Go to "Tune" in the monitor and start bake out for 12hr. 

 

Pull out 

Unscrew S lens 

Separate cap 
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DAY 2: 

 

1. After bake out, do evaluation and full calibration. Ready to go! 

     Calibrate everything except negative 

 

2. If a problem is found, try to reset the system or re-switch electronics. 

     Reset button is located right next to electronics switch. 

 

3 If step 2 doesn’t help, open up and try reassembling S lens again.  

There might have been a gap, while assembling.  
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Protocol #: Phosphoproteome analysis by IMAC/MS - Yeast 

 
Created by: Marcus Smolka             Date: 11/29/07 

Modified by Dongsung (DS) Kim                   Date: 12/10/14 

 

Observations: 1. Starting material of 20 mg proteins. 

 

Materials: 
- Trypsin – TPCK treated (Worthington, # LS003741) 

 

Solutions: 
Lysis buffer 1: 50 mM Tris-HCl (pH 8.0), 0.2 % Tergitol, 150 mM NaCl, 5 mM 

EDTA. Add fresh protease inhibitors, phosphatase inhibitors and 1 mM PMSF. 

Sample buffer 1: 100 mM Tris-HCl (pH 8.0), 1 % SDS.  

PPT solution: 50 % acetone, 49.9 % ethanol, 0.1 % acetic acid. 

Urea/tris solution (make fresh): 8 M urea, 100 mM Tris-HCl (pH 8.0). 

Tris/NaCl solution: 50 mM Tris-HCl (pH 8.0), 150 mM NaCl. 

C18-buffer A: 0.1 % TFA. 

C18-buffer B: 80 % acetonitrile, 0.1 % TFA. 

C18-buffer C: 0.1 % acetic acid. 

C18-buffer D: 80 % acetonitrile, 0.1 % acetic acid. 

IMAC washing solution 1: 0.1 M NaCl, 0.1 % acetic acid, 25 % acetonitrile. 

IMAC washing solution 2: 1 % acetic acid 

IMAC eluting solution: 12 % ammonia, 10 % acetonitrile. 

SILAC media: 2L dropout media + 2ml of 1000X (L or H) Arg/Lys 

 

Method: 
 

Cell growth (Cells derived from 164 strain) 

4. Grow fresh 4-5ml of YPD culture from morning to 8-10pm (as close to OD of 1, 

but not saturated) 

5. Pre-warm SILAC media around 6pm + desired erlenmyers (1L preferred) 

6. Calculate the amount of stock culture and add to the SILA media to have final OD 

of ~0.0015 (Higher OD for sicker cells). Before inoculating, remove YPD and re-

suspend cells in 200~400ml SILAC media.(200ml=10mg) 

7. Grow overnight at 30̊C.250rpm overnight. 

 

Alpha factor arrest 

3. Next morning at 9am, OD should reach around 0.1~0.2. If the OD is higher 

than 0.2, dilute with pre-warmed SILAC media to OD 0.1 and let it grow until 

OD of 0.2. 

4. Add 50ng/ml(200ng/ml for MBS188) of alpha factor to culture when OD is 

-.15~0.2 and grown cells for additional 2.5hr (1.5X of cell doubling time; 
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longer treatment for sick cells. Alpha factor is only stable up to 3hrs, treatment 

over 3hrs should be retreated) 

5. Check for shimoo and collect 1ml for FACS analysis 

 

Release and drug treatment 

3. Spin cells at 3500rpm for 3 min at RT 

4. Quickly resuspend cells in initial volume (200-400ml) of pre-warmed SILAC 

media. 

5. Add pronase 50ug/ml and desired drug (HU or MMS) 

6. Collect cells at desired time point.  

7. Wash cells with cold TE + PMSF and aliquot 100ml/ 2ml tube. (400ml culture 

would be washed with 7ml TE and aliquoted into 4 different tubes). 

8. Store in -80̊C. 

 

Cell lysis  

9. Start with 0.35 g of cell pellet (approx. 100-200 mL cell culture); 

10. Wash cells with cold water and add to a 2 mL screw cap eppendorf. Remove 

water and store pellet – 80 C; 

11. To lyse cells, add 600 uL glass beads (to measure the amount of glass beads to 

use, fill a 0.6 mL eppendorf, then pour glass beads to the pellet); 

12. Add 1.2 mL of lysis buffer 1 and brake in vortexer for 32 minutes(3X10min + 

1min intervals) in the cold room (Max speed) 

13. Spin at 13,000 RPM at 4C̊ for 1 minutes on a bench top centrifuge; 

14. Collect supernatant + 2.5ml  to a polycarbonate centrifuge tube and centrifuge 

at 45000G for 30min at 4̊C 

15. Collect supernatant on a separate 15ml falcon tube. Keep sample at 4 C until 

proceeding to the next step. 

 

Protein extract preparation and trypsin digestion 

14. Measure protein concentration. Combine light & heavy to make total 20mg of 

protein. 

15. Add 1 % SDS and reduce disulfides by 5 mM DTT at 50̊C for 10 min; 

16. Alkylate cysteines by 15 mM Iodoacetamide (make a fresh 33X solution 

[0.5M] 45mg in 500ul 1M Tris-HCl pH 8.0 at RT for 15 min) 

17. In a 50 mL falcon tube, precipitate proteins with 3X sample volumes of PPT 

solution. Add solution at room temperature, mix it and keep on ice for at least 

15 minutes; 

18. Spin on centrifuge for 5 minutes at 4,500 RPM. 

19. Pour supernatant out. Keep tube upside down for 2 minutes to drain PPT 

solution. There should be no acetone smell. 

20. Add 1.5ml of H2O + 15ul 8M urea/100mM Tris-HCL and resuspend protein 

pellet by pipetting with p1000. The solution should be cloudy. 

21. Spin lysate at 45000G for 4 min. Carefully remove supernatant and wash the 

walls again with clean water. 
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22. Add 2 mL of Urea/tris solution and resuspend protein pellet. Use a douncer to 

completely solubilize pellet; 

23. Add 6 mL of Tris/NaCl solution (dilutes urea to 2 M before trypsin digestion). 

Measure protein concentration - should be around 2 ug/uL (20 mg total); 

24. Add 200ug of TPCK treated trypsin, mix sample. Let digest overnight at 37C 

under constant shaking; 

25. Next morning, using glass micro-syringes, add 0.2 % formic acid and 0.2 % 

TFA (use 10 % stock solutions of these acids); 

26. To remove insoluble material, spin on centrifuge for 5 minutes at 4500 RPM. 

Supernatant can be stored at -80̊C. 

 

Sample clean-up  

7. Using glass pipettes, condition 1g C18 SepPak columns with 5 mL C18-buffer 

B. Wash column with 5 mL C18-buffer A. Do not let column dry at any time; 

8. Load your sample to conditioned C18 column and let it flow by gravity; 

9. Wash with 1 mL C18-buffer C (let flow by gravity); 

10. Elute bound peptides from C18 column with 3ml C18-buffer D in a glass tube. 

Aliquot in 4x750 uL smaller glass tube. 

11. Dry both elutions in a speed-vac at 50 C for approx. 1.5 hours (until 

completely dried); 

12. Add 100 uL of 1 % acetic acid to each tube. Pipette up and down and vortex it 

vigorously. Combine both in one glass tube. Centrifuge sample in a bench top 

centrifuge for 1 minute @13.000 RPM. Collect supernatant (total ~400ul 1% 

acetic acid) 

 

Purification of phosphopeptides by IMAC 

14. Make a fresh 27ul fresh IMAC resin (for IMAC resin preparation see Protocol 

# ) packed in a gel-loader tip. 

15. Condition IMAC resin with 1% acetic acid. 

16. Apply ~100ul supernatant to 30 uL fresh IMAC resin for 4 times. Run sample 

through resin with a 1 mL syringe (slowly and constant pressure) 

17. Wash with 27 uL of IMAC washing solution 1;(add 100 then remove) 

18. Wash with 54 uL of IMAC washing solution 2; ;(add 100 then remove) 

19. Wash with 27 uL of deionized water; ;(add 100 then remove) 

20. Elute phosphopeptides directly in a small silanized glass vial with 90 uL of 

IMAC eluting solution; 

21. Separate 10% for input and 90% for hilic. 

22. Dry elution in speed-vac for 20 minutes @ 45C; 

23. Re-suspend input in 10ul of 0.1P and 90% sample in 15 uL water(store in -

80̊C).  

24.  Analyze 1 % of input (1 uL of diluted sample) by LC-MS/MS. 

25. If you decide to proceed with hilic, add 10ul of 10% formic acid and 60ul of 

ACN to your 90% sample diluted in 15ul water. (total of 85ul) 

26. Proceed to hilic fractionation 

Fractionation of phosphopeptides by HILIC chromatography 
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E.5 Tables for cell lines/vectors used in the study 

1) Table/location of cell lines used in the study 

Cane 
number 

# of 
tubes 

dates 
frozen cell line name 

 #6-1   2016 293 Flp-in Trex 

 #6-2   2016 
293 Flp-in Trex CTR (1-120aa RFC1) -53BP1  colony 
#5 

 #6-3     293 Flp-in Trex EV (pooled) 

 #6-4     293 Flp-in Trex CTR (1-120aa RFC1) -53BP1  line #5 

 #6-5     293 Flp-in Trex CTR (1-120aa RFC1) -53BP1  line #5 

 #6-6 5 2014 U2OS 

 #6-7 5 2014 HEK293T 

 #6-8 5 2014 HeLa 

 #6-9 5 2014 RPE1-hTERT 

 #6-10 4 2014 293T_EV 

 #6-11 4 2014 293T_METTL13_KO#2 

 #6-12 5 2014 293T_METTL13_KO#5 

 #6-13 5 2014 293T_METTL13_KO#6 

 #6-14 2 2014 U2OS_EV 

 #6-15 5 2014 U2OS_METTL13_KO#10 

 #6-16 5 2014 MEFs_irradiated 

 #6-17 5 2014 MEFs 

 #6-18 5 2015 293T_METTL13_KO#6 

 #6-19 5 2015 HCT116 

 #6-20 5 2015 U2OS_SETX_KO 

 #6-21 4 2015 HEK293T_Hat1_KO 

 #6-22 5 2016 A2780_METTL13_KO 

 #6-23 4 2016 A2780 

 #6-24 4 2016 A2780_Hat1_KO 

 #6-25 2 2016 SKOV3 

 #6-26 3 2016 HCT116_METTL13_KO 

 #6-27 4 2016 HeLa_METTL13_KO 

 #6-28 5 2016 HCT116_EV 

 #6-29 5 2016 HeLa_EV 

 #6-30 5 2016 A2780_EV 

 #6-31 4 2014 DNAPK-/-,ATM-/- 

 #6-32 4 2017 Tet-Os-TIR 

 #6-33 4 2017 CMV-Os-TIR 
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2) Table of vectors used in the study 

Number Description 

828 pDNOR223_ METTL13 

829 pCMV3XFlag_7.1_ METTL13 

846 pCMV3xflag7.1_Mettl13_NT 

847 pCMV3xflag7.1_Mettl13_Link 

848 pCMV3xflag7.1_Mettl13_L1 

849 pCMV3xflag7.1_Mettl13_L2 

850 pCMV3xflag7.1_Mettl13_CT 

851 pCMV3xflag7.1_Mettl13_Tr1 

852 pCMV3xflag7.1_Mettl13_Tr1 

854 LentiCRISPRv2_Mettl13_153 

855 LentiCRISPRv2_Mettl13_172 

870 pEGFP_C1 

871 pEGFP_C2 

872 pEGFP_C3 

873 pEGFP_N2 

874 pCMV3xflag7.1_Claspin_4-1482 

875 pCMV3xflag7.1_Claspin_820-1869 

876 pCMV3xflag7.1_Claspin_1477-2562 

877 pCMV3xflag7.1_Claspin_2563-3618 

878 pCMV3xflag7.1_Mettl13_G56K_G58K 

879 pCMV3xflag7.1_Mettl13_G56K_G58K 

880 pCMV3xflag7.1_Mettl13_G500K_G502K 

881 pCMV3xflag7.1_Mettl13_G500K_G502K 

882 pET28a_Mettl13_G56K_G58K 

883 pET28a_Mettl13_G56K_G58K 

884 pET28a_Mettl13_G500K_G502K 

885 pET28a_Mettl13_G500K_G502K 

890 pCMV3xflag7.1_Mettl13_G56K_G58K_G500K_G502K 

891 pCMV3xflag7.1_Mettl13_G56K_G58K_G500K_G502K 

892 pET28a_Mettl13_G56K_G58K_G500K_G502K 

893 pET28a_Mettl13_G56K_G58K_G500K_G502K 

894 pCMV3xflag7.1_Claspin_4-120 

895 pCMV3xflag7.1_Claspin_124-666 

896 pCMV3xflag7.1_Claspin_4-666 

897 pCMV3xflag7.1_Claspin_1867-2562 

898 pCMV3xflag7.1_Claspin_124-420 

899 pCMV3xflag7.1_Claspin_421-666 



 

228 

900 pCMV3xflag7.1_Claspin_1867-2166 

901 pCMV3xflag7.1_Claspin_2167-2562 

902 pCMV3xflag7.1_METTL13_D125A 

903 pCMV3xflag7.1_METTL13_D570A 

904 pCMV3xflag7.1_METTL13_Final_Mut 

911 LenticrisprV2_SETX 

930 pCMV3xflag7.1_AAD(cloning) 

931 pCMV3xflag7.1_AAD(Control) 

932 pCMV3xflag7.1_SRSF1_AAD(Control) 

939 pCMV3xflag7.1_AAD_WR_Cloning 

940 pCMV3xflag7.1_AAD_WL_Cloning 

941 pCMV3xflag7.1_AAD_WR_expression 

942 pCMV3xflag7.1_AAD_WL_expression 

943 pCMV3xflag7.1_SRSF1_AAD_WR 

944 pCMV3xflag7.1_SRSF1_AAD_WL 

945 pCMV3xflag7.1_SRSF1 

962 pDNOR223_Histone H4 

963 pCMV3Xflag7.1-histone H4 

964 pCMV3Xflag7.1-METTL13_gRNA5mut 

965 pWZL_METTL13_gRNA5mut 

966 pCMV3Xflag7.1-METTL13_7mut 

967 pCMV3Xflag7.1-METTL13_7mut_gRNA6mut 

968 pWZL_METTL13_7mut_gRNA6mut 

969 pCMV-3Xflag7.1-METTL13_1st SAM domain 

970 pCMV-3Xflag7.1-METTL13_2nd SAM domain 

971 pRS415_Gal1 

972 pRS415_Gal1_3XHA 

973 pRS415_Gal1-3XFlagMETTL13 

974 pYES_2XHA-HAT1 

975 pYES_2XHA-METTL13 

976 Lenticrispr_Claspin 

977 Lenticrispr_Hat1 

1881 pBABE-hygro-hTERT 

1882 pBABE-neo-LargeTcDNA 

1883 pIC214_Tlk1 

1884 pDONR223-Tlk1 

1885 Tlk1/CMV3Xflag 

1886 pDONR223-VRK1 

1887 VRK1/CMV3Xflag 
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1888 pCFD3 

1889 CG2614_gRNA1/pCFD3 

1890 CG2614_gRNA2/pCFD3 

1891 CG2614_gRNA3/pCFD3 

1892 pCDNA3/Myc/control for DNMT1 

1893 pCDNA3-Myc-DNMT1 

1894 DNMT1_S1017A 

1895 DNMT1_S1017E 

1896 pDONR223_RRM2 

1897 pDONR223_Rad51 

1898 HA-FLAG_BRIP 

 


