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ABSTRACT OF THE DISSERTATION 

 

Role of Chromatin and Transcriptional Regulation in the DNA Damage Response 

 

 

by 

 

Neeraja Vegesna 

 

Doctor of Philosophy in Biology 

 

University of California San Diego, 2021 

 

Professor Julie A. Law, Chair 

 

DNA is the repository of genetic information and thus, it is important to maintain its 

integrity over time and generations. However, DNA can be damaged by a multitude of endogenous 

and exogenous damaging agents leading to genome instability. In order to maintain genomic 

integrity and organismal fitness, organisms have evolved highly conserved mechanisms – 

collectively termed the DNA damage response (DDR) – that coordinate key biological processes 



 xx 

needed to repair damaged DNA, including cell cycle arrest, gene regulation, DNA repair and 

programmed cell death. As a first step, the DDR includes the recognition of the DNA lesion in the 

context of the local chromatin landscape followed by activation of signaling cascades and 

transcriptional programs, depending on the type of DNA damage. Two critical, but as yet poorly 

understood aspects of the DDR in the plant model, Arabidopsis thaliana, are: (1) the kinetics and 

regulatory networks controlling the expression of genes orchestrating key biological processes 

during the DDR and (2) the roles of specific chromatin modifications and chromatin modifying 

complexes in regulating the process of DNA repair.  In the studies comprising my thesis, we 

worked to shed light on both these knowledge gaps using a combination of genetic, genomic, and 

biochemical approaches. Chapter one introduces what is currently known about the 

transcriptional and chromatin-mediated aspects of the DNA damage response, specially focusing 

on plants. Chapter two presents the development of a temporal model of the Arabidopsis 

transcriptional response to DNA damage as well as the identification and characterization of key 

factors that regulate this transcriptional network. Chapter three outlines the setup of a reverse 

genetic screen to identify candidate chromatin-associated factors required for DNA repair. It also 

includes the characterization of a candidate chromatin reader, YAF9B, and its homolog YAF9A, 

in DNA repair. Chapter four concludes by synthesizing the core achievements of the dissertation 

and suggesting future directions. Together, these chapters have helped understand the multifaceted 

roles of chromatin in orchestrating DNA repair by revealing the (1) dynamics of transcriptional 

regulation during the DNA damage response and (2) demonstrating roles for two histone reader 

proteins, YAF9B and YAF9A, in double strand break repair via homologous recombination-like 

mechanisms.  

  



 1 

Chapter 1 THE DNA DAMAGE RESPONSE – AN INTRODUCTION 

CHAPTER SUMMARY 

Organisms are subjected to numerous endogenous and exogenous stressors which 

contribute to DNA damage. Since DNA encodes all the instructions used to regulate the growth, 

development, and functions of said organism, it is critical to maintain DNA integrity and stability 

throughout the lifespan of the organism as well as between generations. Although mechanisms 

underlying various DNA damage processes are rapidly emerging, the role of transcriptional 

regulation and chromatin remains relatively unexplored in the Arabidopsis DNA damage response 

(DDR). This chapter is an overview of the understanding of the DDR prior to our studies that 

highlights key gaps in knowledge. 
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THE DNA DAMAGE RESPONSE PATHWAYS 

 Living organisms are constantly exposed to harmful agents that arise from either 

exogenous sources (e.g. UV light, radiation, chemical exposure, etc.) or endogenous cellular 

processes (e.g. metabolism, replication errors, etc.) and result in different kinds of DNA damage, 

such as strand crosslinking, mismatches, base damage, as well as single and double strand breaks 

(SSBs and DSBs, respectively)(Helleday, Eshtad, & Nik-Zainal, 2014). When damaged, DNA 

must be repaired in order to prevent negative outcomes such as genome instability. To this end, 

cells orchestrate highly conserved DNA damage response (DDR) pathways, which consists of both 

transcriptional and post-translational changes and can vary in their nature depending on the type 

of DNA damage, the tissue that is damaged, and even the stage of the cell cycle (Culligan, 

Robertson, Foreman, Doerner, & Britt, 2006; Z. Wang, Schwacke, & Kunze, 2016). For instance, 

mismatched DNA bases are corrected by removal via base excision repair (BER);  pyrimidine 

dimers are corrected by nucleotide excision repair (NER); crosslinked DNA are repaired via inter-

strand crosslink repair(Hoeijmakers, 2009; Moldovan & D'Andrea, 2009); SSBs are repaired by 

single-strand break repair (SSBR)(Caldecott, 2008); whereas the DSBs are processed either by 

non-homologous end joining (NHEJ) or homologous recombination (HR)(Scully, Panday, Elango, 

& Willis, 2019). NHEJ resolves DSBs quickly by ligating the broken ends but is error prone. HR 

precisely restores the genomic sequence by utilizing a homologous DNA template and is more 

common in mitotic cells in meristematic tissues, where high fidelity repair is needed.  Of all the 

different kinds of DNA damage, DSBs are particularly dangerous as improper repair might lead to 

chromosomal deletions or translocations, resulting in genetic maladies such as cancer in mammals 

and developmental defects in plants. Unlike other damages such as SSBs, DSBs lack an 

undamaged complementary strand that could be used as a template to repair the damage, making 
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DSB repair highly complex(Aguilera & Garcia-Muse, 2013; Rodgers & McVey, 2016). The 

response to DSBs involves DNA damage sensing by sensor proteins, signal transduction by 

transducer proteins, and finally the activation of effector proteins that repair DSBs or regulate 

transcriptional programs. The transcriptional response to DSBs controls downstream processes 

critical for DNA repair and genome stability, including the activation of cell cycle checkpoints to 

avoid transcription at damage sites, the expression of genes involved in DNA repair, and, when 

the damage is severe enough, the initiation of programmed cell death(Einset & Collins, 2015; K. 

O. Yoshiyama, Kobayashi, et al., 2013). Given the catastrophic consequences of unrepaired or 

improperly repaired DSBs, DSB repair pathways have been intensely investigated across multiple 

organisms, especially mammals from the cancer perspective. The study of DSB repair in plants 

has uncovered both conserved and plant-specific aspects of repair, which are compared with 

mammalian insights and summarized below. 

 

DSB damage signaling in Arabidopsis 

 The DNA damage response in yeast, plants, and mammals is conserved on many 

levels(Amiard, Gallego, & White, 2013; T. T. Su, 2006; K. O. Yoshiyama, Sakaguchi, & Kimura, 

2013). For instance, DSBs in all these organisms are sensed by the MRN (MRE11, RAD50, and 

NBS1) and Ku70/80 complexes, which in turn activate the serine/threonine kinases, ATAXIA-

TELANGIECTASIA MUTATED (ATM) and ATAXIA-TELANGIECTASIA MUTATED AND 

RAD3-RELATED (ATR). These kinases respond to different types of DNA damage and then 

initiate signaling cascades through the posttranslational modification of target proteins(Bleuyard, 

Gallego, & White, 2006; Ciccia & Elledge, 2010; Roitinger et al., 2015; Shiloh & Ziv, 2013; K. 

O. Yoshiyama, Kobayashi, et al., 2013). In line with such important DDR functions, atm and atr 
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mutants are viable in plants, but are hypersensitive to DSBs, including those induced by gamma 

(γ)-irradiation(Culligan et al., 2006). Recent proteomic studies in plants demonstrated that ATM 

and ATR phosphorylate serine-glutamine/threonine-glutamine (SQ/TQ) motifs on target proteins, 

revealing both conserved and organism-specific factors(Ciccia & Elledge, 2010; Knoll, Fauser, & 

Puchta, 2014; T. T. Su, 2006; K. O. Yoshiyama, Sakaguchi, et al., 2013). For instance, the 

ATM/ATR mediated phosphorylation histone variant H2A.X is conserved in both mammals and 

plants. On the other hand, several well characterized targets of mammalian ATM/ATR, including 

the CHK1/CHK2 transducer proteins and the p53 transcriptional effectors(Bartek, Falck, & Lukas, 

2001; Y. Chen & Sanchez, 2004) have not been identified in plants. In mammals, p53 is a critical 

transcription factor (TF) that governs the expression of many target genes involved in cell cycle 

control, DNA repair, apoptosis and senescence in response to DNA damage and is dubbed as the 

tumor suppressor protein(Rozan & El-Deiry, 2007). The absence of important factors such as p53 

demonstrates that at least some of the transducers and effectors of the plant DDR are not conserved 

and that the identification and characterization of such plant-specific effectors is necessary to 

understand how the DNA damage response is coordinated in plants. 

 

Effectors: Role of SOG1 in mediating plant DNA damage response 

Despite plant genomes lacking a p53 homolog there is a functional equivalent that plays 

important roles in the plant DDR.  This factor, named Suppressor Of Gamma-response 1 (SOG1), 

is a transcription factor of the NAC (NAM, ATAF1/2, and CUC2) family that was isolated through 

a genetic screen as a suppressor of the γ-irradiation induced growth arrest observed in the uvh1 

(UV-hypersensitive 1) mutant(Preuss & Britt, 2003). Arabidopsis sog1 mutant plants exposed to 

DNA damaging agents display defects in gene regulation(K. Yoshiyama, Conklin, Huefner, & 
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Britt, 2009), cell cycle arrest(Preuss & Britt, 2003), programmed cell death(Furukawa et al., 2010), 

endoreduplication(Adachi et al., 2011), DNA repair, and genome stability(Preuss & Britt, 2003; 

K. Yoshiyama et al., 2009), demonstrating that SOG1 is critical for the plant response to DNA 

damage. These DDR defects in sog1 mutants, and the regulation of SOG1 in an ATM and ATR-

dependent manner via phosphorylation of conserved SQ motifs(K. O. Yoshiyama, Kaminoyama, 

Sakamoto, & Kimura, 2017; K. O. Yoshiyama, Kobayashi, et al., 2013), have led to SOG1 being 

functionally equated with p53, and dubbed the master regulator of the plant DDR(K. O. 

Yoshiyama, 2016; K. O. Yoshiyama, Sakaguchi, et al., 2013).  

Although SOG1 has been shown to influence key DDR processes(Adachi et al., 2011; 

Biever, Brinkman, & Gardner, 2014; P. Chen & Umeda, 2015; Furukawa et al., 2010; Hu, Cools, 

Kalhorzadeh, Heyman, & De Veylder, 2015; Pedroza-Garcia et al., 2017; Preuss & Britt, 2003; 

Sjogren, Bolaris, & Larsen, 2015; Yi et al., 2014; K. Yoshiyama et al., 2009), insights about its 

roles in gene regulation were based on transcriptional profiling experiments performed at single 

timepoints after exposure to DSB inducing stressors [gamma irradiation (γ-IR) after 2 hours(K. 

Yoshiyama et al., 2009) or zeocin after 1.5 hours(Ogita et al., 2018)]. However, the DDR spans a 

much broader time frame. For instance, the marking of the chromatin surrounding DSBs with 

γH2A.X occurs mere minutes after damage(Charbonnel, Allain, Gallego, & White, 2011; 

Charbonnel, Gallego, & White, 2010; J. D. Friesner, Liu, Culligan, & Britt, 2005). On the other 

hand, DDR events such as cell cycle regulation requires hours to days(Charbonnel et al., 2010; 

Preuss & Britt, 2003). As these early and late DDR events occur outside of the transcriptionally 

profiled time span, expanding our understanding of the transcripitoinal response to DNA damage 

to capture a larger time frame will provide insights into how the activities of SOG1 help 

orcheestrate the DDR and ensure genome stability. 
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Another unknown is how SOG1 directly controls the DDR transcriptional network. SOG1, 

like other NAC TFs, contains a β-fold DNA binding domain and transcription regulatory domain.  

The transcription regulatory domain contains 5SQ motifs that are phosphorylated by ATM/ATR 

and are required for the full activation and DNA binding activity of SOG1(K. O. Yoshiyama et al., 

2017). Various NAC transcription factors have been involved in regulating transcriptional 

cascades required for growth, development, biotic, and abiotic stress response(Lindemose et al., 

2014; Mohanta et al., 2020; Shao, Wang, & Tang, 2015). In the DDR, only a few SOG1 targets 

have been identified using ChIP-qPCR(P. Chen & Umeda, 2015; Sjogren et al., 2015; Weimer et 

al., 2016; Yi et al., 2014), leaving it unclear how much of the DDR is directly regulated by SOG1. 

A next generation sequencing (NGS)-based, comprehensive identification of SOG1 downstream 

targets is required to understand what part of the transcriptional response is directly targeted by 

SOG1 and how it orchestrates the transcriptional networks controlling downstream DDR 

processes. 

 

Regulation of DDR processes in Arabidopsis 

The DDR is a fundamental process to tolerate DNA damage, maintain genomic integrity, 

and ensure the faithful transmission of genetic information from one generation to the next. While 

some of the regulatory mechanisms required for these processes are conserved across eukaryotes, 

plants have evolved novel regulators of the DDR, such as SOG1. This is possibly due to a 

requirement for an efficient and sensitive DDR system because of (1) their constant exposure to 

DNA damage as a result of their sessile nature(Hu, Cools, & De Veylder, 2016) and (2) post-

embryonic plant development, which is achieved by the activity of meristematic cells that divide 

throughout the plant’s life(Beck, 2010; Jurgens, 2003). While SOG1, and some of its target genes, 
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have been shown to be crucial for the execution of subsets of the DDR, a comprehensive study of 

the transcriptional response in response to DNA damage, is yet to be performed. The current 

understanding of how the DDR transcriptional regulation facilitates key downstream processes 

important for DNA repair and genome stability, as well as major gaps in our understanding of the 

regulation of these processes, are summarized below.  

DNA repair factors. Various DNA repair factors, responding to different types of DNA 

damage, have been identified from fungi to animals(Friedberg, Walker, Siede, & Wood, 2005; 

Wood, 2020). Components of these DNA repair pathways are mostly (but not completely), 

conserved between animals and plants(Kimura & Sakaguchi, 2006), suggesting that animals and 

plants have largely similar DNA repair machinery. Based on homology, various Arabidopsis HR 

repair factors (such as BRCA1, BRCC36A(Block-Schmidt, Dukowic-Schulze, Wanieck, Reidt, & 

Puchta, 2011), INO80(Fritsch, Benvenuto, Bowler, Molinier, & Hohn, 2004), RAD51(Doutriaux, 

Couteau, Bergounioux, & White, 1998; Y. Wang et al., 2014), RAD17(Heitzeberg et al., 2004), 

RAD5A(Mannuss et al., 2010), RecQ14A(Bagherieh-Najjar, de Vries, Hille, & Dijkwel, 2005), 

AGO2(Gao et al., 2014; Wei et al., 2012), MMS21(Yuan et al., 2014)) and NHEJ repair factors 

(such as Ku70/Ku80(J. Friesner & Britt, 2003; Tamura, Adachi, Chiba, Oguchi, & Takahashi, 

2002), XRCC4(West, Waterworth, Jiang, & Bray, 2000), LIG4(van Attikum et al., 2003), PARP1, 

PARP2(Jia, den Dulk-Ras, Shen, Hooykaas, & de Pater, 2013)) have been studied. 

Characterization of some key DNA repair factors (e.g., BRCA1, RAD17, and PARP1) have shown 

that they are strongly induced after DNA damage in Arabidopsis(Gu et al., 2019; Heitzeberg et al., 

2004; Sjogren et al., 2015) in a SOG1-dependent manner, while their mammalian counterparts are 

constitutively expressed(Papatheodorou et al., 2020; Rieger & Chu, 2004) and/or only weakly 

induced after DNA damage(Ding et al., 2013; Papatheodorou et al., 2020). Therefore, despite 
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having some conserved machinery, this observation suggests non-conserved gene regulatory 

mechanisms controlling DNA repair across species. Additionally, while a majority of the plant 

DNA repair factors have been shown to be transcriptionally induced by SOG1, the transcriptional 

response to DNA damage in animals is not exclusively regulated by p53(K. O. Yoshiyama, 

Kimura, Maki, Britt, & Umeda, 2014; K. O. Yoshiyama, Sakaguchi, et al., 2013). Given these 

observations, further identification and characterization of genes that are targeted by SOG1 would 

enable further understanding of the DDR in plants. 

Cell cycle regulation. DNA damage leads to cell cycle arrest to allow DNA repair to occur 

before DNA replication or mitosis begins, making it crucial to maintain genome integrity. In 

mammals, this process is coordinated by cell-cycle specific kinases and their inhibitors(Ciccia & 

Elledge, 2010; Harper & Elledge, 2007; Hu et al., 2016). In Arabidopsis, it was shown that SOG1 

is responsible for upregulating the G2-specific CYCLINB1(Schnittger & De Veylder, 2018), the 

plant-specific CDK inhibitors SMR5 and SMR7(Weimer et al., 2016; Yi et al., 2014) and 

WEE1(Cools & De Veylder, 2009; De Schutter et al., 2007), while also being important for 

downregulating both CDKs and KNOLLE cell cycle factors(Missirian, Conklin, Culligan, Huefner, 

& Britt, 2014; K. Yoshiyama et al., 2009). However, as previously mentioned, DDR-associated 

cell-cycle responses occur in a timeframe spanning hours to days and the available transcriptional 

profiling (at 1.5h and 2h)(Ogita et al., 2018; K. Yoshiyama et al., 2009) are not able to capture the 

whole spectrum of cell cycle regulation. Therefore, the mechanism and temporal regulation by 

which SOG1 regulates the cell cycle arrest is yet to be deciphered. 

Programmed Cell Death (PCD). PCD eliminates severely damaged cells, a mechanism that 

reduces the risk of accumulating cells with a compromised genome. In plants, PCD predominantly 

occurs in stem cells upon DNA damage, as they are the progenitors of all somatic and reproductive 
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cells(Dijkwel & Lai, 2019). In mammals, activation of the cell death program upon severe DNA 

damage is governed by the ATM- and ATR-dependent activation of p53 and mediated by its 

downstream targets (apoptotic proteins like PUMA and NOXA)(L. N. Zhang, Li, & Xu, 2013). In 

Arabidopsis, it has been shown that the ATM and ATR  kinases(Fulcher & Sablowski, 2009) and 

SOG1(Furukawa et al., 2010; Johnson et al., 2018) are required for cell death in stem cells 

following DNA damage. However, Arabidopsis equivalents for PUMA and NOXA were not 

identified, suggesting further work is required to identify SOG1-affected, plant-specific cell death 

factors. In addition, accumulation of dead cells in Arabidopsis was shown using propidium iodide 

staining in roots 24h after DNA damage(Fulcher & Sablowski, 2009), a time at which 

transcriptional profiles after damage are unknown. Therefore, transcriptionally-induced factors 

responsible for DNA damage–induced programmed cell death are yet to be identified and 

characterized.  

Endoreduplication. Endoreduplication is a common process in which DNA is replicated 

without cell division, resulting in elevated genomic DNA content and polyploidy(Shu, Row, & 

Deng, 2018). Apart from cell cycle arrest and PCD, plant DNA stress checkpoints can activate 

endoreduplication as a third response to DSB stress(Adachi et al., 2011). Upon DNA damage, 

endoreplication accounts for continued growth in the absence of cell division and these 

endoreduplicating cells rarely resume cell division, thereby preventing the transmission of DNA 

errors across tissue or offspring(Fox & Duronio, 2013; Lee, Davidson, & Duronio, 2009; Shu et 

al., 2018). Upon detection of DSBs, ATM and ATR were shown to play redundant roles in 

controlling endoreduplication in a SOG1-dependent manner, wherein SOG1 controls the 

repression of G2/M-specific cell cycle genes (including mitosis-specific cyclins) and the activation 

of cell cycle–inhibitory genes such as SIM, SMR1, SMR5, and WEE1(Adachi et al., 2011). In 
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addition, several TFs (TCP15(Li, Li, & Dong, 2012), ARR2(Takahashi & Umeda, 2014), etc.) and 

genes (CCS52A1(Breuer et al., 2012; Heyman, Polyn, Eekhout, & De Veylder, 2017), 

DEL1(Vlieghe et al., 2005), etc.) have been shown to control the endoreduplication in plant 

development (non-DNA damage conditions). Perhaps these genes might be directly or indirectly 

regulated by SOG1 after DNA damage, revealing insights about shared components of the 

damage-associated and development-associated endoreduplication pathways.  

Control of Downstream Transcription Factors. The recognition of DSBs initiates a massive 

transcriptional response in an ATM- and ATR-mediated process that requires the SOG1 

transcription factor(K. Yoshiyama et al., 2009). Of all the genes regulated as part of this response, 

only two genes were known to be directly targeted and induced by SOG1(Yi et al., 2014). 

However, what fraction of the transcriptional response is directly targeted by SOG1, if SOG1 is 

an activator or a repressor, and how the genes targeted by SOG1 influence specific DDR processes 

are yet to be determined. Moreover, how and to what extent TFs targeted by SOG1 propagate the 

massive DDR transcriptional cascade is unknown. In addition, despite this central role of SOG1, 

recent studies have revealed SOG1-independent pathways in the plant DDR. Firstly, RBR1 

mediates repression of several DDR genes in an E2Fa-dependent manner(Biedermann et al., 2017; 

Horvath et al., 2017). Secondly, SNI1 mediates expression of various defense and broad immune 

response genes required for systemic resistance and is important for proper homologous 

recombination(Durrant, Wang, & Dong, 2007; S. Wang, Durrant, Song, Spivey, & Dong, 2010). 

Therefore, further temporal characterization of the transcriptional response and identifying the 

direct targets if SOG1 will help understand the SOG1-dependent and -independent transcriptional 

cascades responsible for the dynamics and regulation of the DDR processes. 
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DSB REPAIR IN THE CONTEXT OF CHROMATIN 

Effect of chromatin landscape on DNA repair 

 In the nucleus, DNA exists in the form of chromatin, where 146 bp of DNA is wrapped 

around a core histone octamer (two each of H2A, H2B, H3, and H4) making up the nucleosome 

and histone H1 binds to the linker DNA between nucleosomes(K. Zhou, Gaullier, & Luger, 2019). 

The chromatin landscape is dictated by (1) the exchange of canonical histones with variant forms 

that play distinct and specialized roles(Buschbeck & Hake, 2017); (2) post-translational 

modifications of histones (acetylation, methylation, phosphorylation, ubiquitylation, 

SUMOylation)(Miller & Jackson, 2012) and DNA (cytosine) methylation(Law & Jacobsen, 2009); 

(3) chromatin remodeling activities to reposition nucleosomes by sliding, evicting, or depositing 

these proteins in the genome(Sundaramoorthy & Owen-Hughes, 2020); and (4) the involvement 

of various non-coding RNAs(Waititu, Zhang, Liu, & Wang, 2020; Wu, Liu, Qi, Cai, & Xu, 2020). 

The DNA-histone complex is mediated by the electrostatic interactions between negatively 

charged DNA and positively charged histones. Thus, modifications of amino acid residues have 

the potential to affect the strength of the associations between DNA and histones, which in turn 

can disrupt or stabilize DNA/protein and protein/protein interactions(Bannister & Kouzarides, 

2011). These modified residues can also create binding sites for chromatin “reader” proteins, 

which in turn recruit and facilitate further chromatin modifications by chromatin “writer” proteins 

(that catalyze the deposition of new modifications) or “eraser” proteins (that remove existing 

modifications). Crosstalk between multiple chromatin-modifying complexes and their targets 

result in a diverse chromatin landscape, which has profound influences on all DNA processes 

including DNA repair. In mammals, several histone variants and chromatin modifications have 

been shown to be important for DNA repair and the readers, writers, and erasers that interact with 
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these proteins are emerging. However, in plants, research exploring the role of chromatin in DNA 

repair is lagging and the reader, writer, and eraser proteins important for DNA repair are almost 

completely unknown. Characterization of such factors across organisms would shed light on the 

order of chromatin-associated events mediated by various modifications after damage and provide 

insights into how chromatin modulation regulates proper repair. 

 

Chromatin modifications in DNA repair 

In mammals, several key histone modifications and histone variants have been reported to 

participate in DSB repair via various mechanisms including signaling DNA damage, allowing 

repair conducive open chromatin states, and influencing repair pathway choice (J. J. Kim, Lee, & 

Miller, 2019). In comparison, in Arabidopsis, only a few histone modifications and histone variants 

have been implicated in repair and their mechanisms of action are yet to be deciphered. Some of 

the key histone modifications implicated in DNA repair in these organisms are discussed below. 

Histone Phosphorylation: One of the best characterized histone post-translational 

modifications (PTMs) involved in the DDR is phosphorylation of the histone variant H2A.X. In 

both plants and mammals, this histone variant is phosphorylated on Ser139 (γH2A.X) by the ATM 

and ATR kinases in response to DSBs (J. D. Friesner et al., 2005; Rogakou, Pilch, Orr, Ivanova, 

& Bonner, 1998). γH2A.X marks >1Mb of chromatin around the DSB in mammals and is 

commonly used as a DSB marker for immunocytology across species, including plants, as they 

can be observed as foci in response to DNA damage(Natale et al., 2017; H. Su et al., 2017). In 

mammals, it has been shown that γH2A.X is bound by the BRCT domain phospho-reader protein 

MDC1 to promote DDR signaling and the recruitment of repair proteins including 53BP1, BRCA1, 

and the MRN complex (Miller & Jackson, 2012; Stucki et al., 2005; Turinetto & Giachino, 2015). 
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Moreover, eraser proteins like the PP2A phosphatase, which dephosphorylates γH2A.X at damage 

sites, have been identified in mammals(Chowdhury et al., 2005). In plants, the role γH2A.X in 

promoting plant genome stability in response to genotoxic stresses have been established(J. D. 

Friesner et al., 2005; Waterworth, Footitt, Bray, Finch-Savage, & West, 2016). However, the 

readers, erasers, and/or the protein complexes interacting with this modification in plants and how 

these factors help facilitate DNA repair is yet to be deciphered. 

In addition to γH2A.X, several other phosphorylation marks have been implicated in DNA 

repair, and the enzymes, as well as pathways that modulate these marks are emerging in mammals. 

For instance, phosphorylation of H2BS14 is involved in DSB repair (Fernandez-Capetillo, Allis, 

& Nussenzweig, 2004) and phosphorylation of H3S10, H3T11, H3S28 are implicated in mitosis, 

chromatin compaction, and DNA damage pathways(Ozawa, 2008; Sharma, Bhattacharya, Khan, 

Khade, & Gupta, 2015).  

Histone acetylation (ac): Histones are acetylated by the addition of an acetyl group onto 

lysine residues by the histone acetyl transferase (HAT) family of writer proteins, while these marks 

are removed by the histone deacetylase (HDAC) family of eraser proteins. Proteins involved in 

histone acetylation, including the bromo- and YEATS- domain histone acylation readers, have 

been shown to be important for DSB repair across species(Chiu, Gong, & Miller, 2017; F. Gong 

et al., 2015; F. Gong, Chiu, & Miller, 2016; D. Zhao, Li, Xiong, Chen, & Li, 2017). In mammals, 

several histone acetylation marks, including H2A.XK5ac(Ikura et al., 2007), H2A.XK36ac(Jiang 

et al., 2010), H2BK120ac(Clouaire et al., 2018), H3K9ac(McCord et al., 2009; Tjeertes, Miller, & 

Jackson, 2009), H3K56ac(Das, Lucia, Hansen, & Tyler, 2009; Tjeertes et al., 2009), etc. have been 

shown to be involved in altering chromatin structure at DNA damage sites as well as providing 

recruitment platforms for DNA repair factors. These aforementioned key roles in DNA repair are 
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in line with the role of histone acetylation in chromatin decompaction and making the chromatin 

more accessible. 

Histone methylation (me): Histone methylation occurs by the addition of one or more 

methyl group onto lysine residues (mono- (me), di- (me2), or tri- (me3) methylated) or arginine 

residues (me or me2). Histone methylation levels are maintained in vivo by histone methyl 

transferases and histone demethylases and these marks are important in maintaining either active 

and silenced transcriptional states(F. Gong & Miller, 2019; Khurana et al., 2014). The 

demethylation of an active transcription mark,  H3K4me3 has been shown to occur at DNA 

damage sites and is involved in transcriptional repression following DSB formation(F. Gong & 

Miller, 2019; Hendriks, Treffers, Verlaan-de Vries, Olsen, & Vertegaal, 2015; Mosammaparast et 

al., 2013). On the other hand, the repressive chromatin mark H3K9me3(Barski et al., 2007) was 

identified at DSBs, and shown to provide a binding site for Heterochromatin Protein 1 (HP1) and 

associated proteins, which are important to inactivate transcription(Ayrapetov, Gursoy-Yuzugullu, 

Xu, Xu, & Price, 2014). In addition, the repressive H3K27me3 mark was shown to accumulate at 

DSBs(O'Hagan, Mohammad, & Baylin, 2008) and H3K36me3 marks were shown to aid DSB 

repair via HR(Aymard et al., 2014). This evidence, in addition to the accumulation of several 

methyl transferases and demethylases at DNA damage sites in mammals, suggests that histone 

methylation is a dynamic chromatin mark at sites of DNA damage(F. Gong & Miller, 2019; 

Khurana et al., 2014). 

Histone ubiquitylation (ub): Ubiquitylation involves the addition of ubiquitin, a highly 

conserved 76-amino-acid protein, onto a lysine amino acid residue in a substrate protein, including 

histones(Pickart, 2001). While K48-linked polyubiquitin chains are associated with proteasomal 

degradation of the target proteins, K63-linked polyubiquitin chains regulate cellular processes 
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including the DDR in a degradation-independent manner(Jackson & Durocher, 2013). Histone 

H2A is ubiquitinylated (on multiple lysines) by PRC1 after DNA damage and is responsible for 

transcriptional repression around DNA damage sites(Buchwald et al., 2006; Z. Gao et al., 2012; 

Kakarougkas et al., 2014; H. Wang et al., 2004). H2AK15ub, in coordination with H4K20me2, 

recruits the histone reader, 53BP1, which is involved in DSB repair and determines the choice 

between NHEJ and HR repair pathways(Botuyan et al., 2006; Fradet-Turcotte et al., 2013; Huyen 

et al., 2004; Panier & Boulton, 2014). Finally, BRCA1/BARD1-mediated H2AK127/129ub has 

been shown to be an important modification to promote DNA end resection, a crucial step deciding 

repair pathway choice.(Kalb, Mallery, Larkin, Huang, & Hiom, 2014; Uckelmann et al., 2018).  

This evidence suggest that histone ubiquitination is important for recruitment of key repair factors 

and thereby influences the repair pathway choice between HR and NHEJ. 

In addition to ubiquitin, a related modification, small ubiquitin-related modifier (SUMO), 

is also added to lysine residues and has been shown to accumulate at DNA damage sites in 

mammalian cells.   Like ubiquitination, SUMO modifications are also important for promoting 

DSB repair by regulating the recruitment of repair factors such as BRCA1 and 53BP1 to DNA 

damage sites(Galanty et al., 2009; Jackson & Durocher, 2013; Morris et al., 2009). 

Histone variants: Incorporation of histone variant, H2A.Z disrupts nucleosome stability 

and has been implicated in DNA repair(Horigome et al., 2014; Nishibuchi et al., 2014; Y. Xu et 

al., 2012) and transcriptional regulation (both activation and repression)(Lashgari, Millau, 

Jacques, & Gaudreau, 2017; Valdes-Mora et al., 2012; Weber, Ramachandran, & Henikoff, 2014). 

Moreover, incorporation of H2A.Z into DNA damage sites promotes further chromatin 

modifications at break sites, which in turn recruits repair factors(Gursoy-Yuzugullu, Ayrapetov, 

& Price, 2015; Y. Xu et al., 2012). H2A.Z PTMs have been identified after DNA repair. 
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SUMOylation of H2A.Z (H2A.Zsu) was shown to be required for the recruitment of DSBs to the 

nuclear periphery in yeast(Kalocsay, Hiller, & Jentsch, 2009). Moreover, H2A.Z.2su in 

mammalian cells was implicated in DNA repair by facilitating DNA damage dependent exchange 

of H2A.Z at breaks(Fukuto et al., 2018).   H2A.Z is involved in several stress responses, ranging 

from heat stress to DNA damage. Further investigation into stress specific PTMs on H2A.Z might 

shed light upon the versatile roles of this variant. 

Overall, current evidence suggests that various histone variants and modifications act in a 

collaborative manner to form a repair conducive environment and play roles in various aspects of 

signaling and repairing DNA damage. However, these damage-implicated modifications represent 

a mere fraction of the chromatin modifications identified so far. With the use of advanced NGS 

and biochemical approaches (Systematic ChIP-seq of multiple histone modifications(Clouaire et 

al., 2018), PICh- proteomics of isolated chromatin segments(Y. Gong, Handa, Kowalczykowski, 

& de Lange, 2017) etc.),  a more clear picture of the chromatin landscape at the DSBs and how 

they influence repair is emerging. While the reader, writer and eraser enzymes for some of these 

modifications (which allows these marks to be reversible and dynamic) have been identified, the 

complete picture of how chromatin mediates DNA repair across organisms is still not well 

understood. Characterization of Arabidopsis proteins containing reader, writer and eraser domains 

that interact with the DNA damage-associated chromatin modifications will help understand the 

role of chromatin in plant DDR. 

 

Chromatin modifiers in DNA Repair: Insights from Arabidopsis 

Compared to mammals and yeast, knowledge about the roles of chromatin modifications 

in DNA repair remains limited in Arabidopsis. Although only a few chromatin modifications have 
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been connected to DNA repair in plants, homologs of some chromatin modifiers such as histone 

readers, writers, and erasers, along with several chromatin remodeling and histone chaperone 

complexes, and even a few different types of non-coding RNA, have been implicated in DNA 

repair as summarized below.  

Histone readers, writers and erasers: Chromatin modifications influence DNA processes, 

including DNA repair, via interactions with reader, writer, and eraser proteins. However, a 

systematic study of histone readers in Arabidopsis, has been only recently performed(S. Zhao, 

Zhang, Yang, Zhu, & Li, 2018). Of these, only two histone readers are currently implicated in 

DNA repair and associated processes. MUTS HOMOLOG 6 (MSH6), an H3K4me3-reader and 

component of the post-replicative DNA mismatch repair system (MMR)(S. Zhao et al., 2018), has 

been shown to play roles in somatic recombination(Gonzalez & Spampinato, 2020) and cadmium-

induced checkpoint arrest(Cao et al., 2018). Moreover, MSH2, which forms a heterodimer with 

MSH6, has been shown to shape meiotic crossover landscape(Blackwell et al., 2020). Various 

histone writers, such histone methyltransferases and acetyltransferases have also been implicated 

in Arabidopsis DNA repair. The  H3K27 methyltransferase, CURLY LEAF (CLF), is associated 

with the epigenetic regulation of somatic HR repair(N. Chen, Zhou, Wang, Dong, & Yu, 2014). 

The H3K27 mono-methyltransferases, ARABIDOPSIS TRITHORAX-RELATED5 (ATXR5) 

and ATXR6, have been shown to be required for chromatin structure and gene silencing(Feng et 

al., 2017; Jacob et al., 2014). The histone acetyltransferases  HAIRY MERISTEM 1 (HAM1)  and 

HISTONE ACETYLTRANSFERASE OF THE GNAT FAMILY 3 (HAG3), were shown to 

participate in UV-B-induced DDR signaling and DNA repair by negatively regulating the 

expression of DNA repair enzymes(Campi, D'Andrea, Emiliani, & Casati, 2012; Fina & Casati, 

2015). Histone Acetyltransferases HISTONE ACETYLTRANSFERASE OF THE CBP FAMILY 
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1 (HAC1) and HISTONE ACETYLTRANSFERASE OF THE TAFII250 FAMILY 1 (HAF1), 

have crucial roles in UV-B signaling (Fina, Masotti, Rius, Crevacuore, & Casati, 2017). Finally, 

some histone eraser proteins, such as histone deacetylases have also been implicated in DNA 

repair-associated processes in Arabidopsis. HISTONE DEACETYLASE 2 (HDA2), HDA6, and 

HDA19 were shown to modulate levels of H3K9K14ac or H3K9ac and are important for gene 

regulation in abiotic stress responses, pathways that crosstalk with DDR pathways(Luo, Cheng, 

Xu, Yang, & Wu, 2017). 

Histone PTMs are extensively conserved across organisms and therefore, by analogy to 

other organisms, there are likely many other chromatin readers, writers and erasers with important 

roles in DNA repair that once identified, would begin filling a major gap in our understanding of 

DSB repair in plants. 

Chromatin Remodelers: To create a repair conducive environment and provide repair 

complexes access to any genomic location that could be plausibly damaged, chromatin remodeling 

factors can slide, evict, or even exchange nucleosomes throughout the genome. 

The Arabidopsis SWR1 complex is involved in the substitution of H2A for H2A.Z in 

nucleosomes(March-Diaz, Garcia-Dominguez, Florencio, & Reyes, 2007; Noh & Amasino, 2003) 

and its subunits, PIE1, ARP6, and SWC6 are have been implicated in somatic HR repair and 

meiosis(Rosa, Von Harder, Cigliano, Schlogelhofer, & Mittelsten Scheid, 2013). Moreover, 

SWR1 subunits and H2A.Z were shown to have non-redundant functions in plant immunity and 

gene regulation(Berriri, Gangappa, & Kumar, 2016), processes that have close ties to the DDR in 

plants. INO80 was shown to play roles in both transcription and HR-like repair of DNA 

damage(Fritsch et al., 2004) and was shown to be crucial for genome stability and plant 

development(C. Zhang et al., 2015). The SWI2/SNF2 family chromatin remodeler RAD54, is 
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important for DSB repair via HR and interacts with another DNA repair protein, RAD51(Osakabe 

et al., 2006; Shaked, Avivi-Ragolsky, & Levy, 2006).  Another SWI2/SNF2 family chromatin 

remodeler, DDM1 contributes to the methylation and stable silencing of transposable elements by 

allowing DNA methyltransferases to access H1-containing heterochromatin(Zemach et al., 2013). 

ddm1 mutants display reduced chromatin accessibility and HR-like repair defects after DSB 

damage(Choi et al., 2019). The SMC complex sub-components, MMS21 and NSE4 were shown 

to function in HR-like repair(Diaz & Pecinka, 2018; P. Xu et al., 2013; Yuan et al., 2014) and to 

be important for tolerance of zebularine-induced DNA damage (Diaz et al., 2019), respectively.  

This evidence demonstrates that many different remodeling complexes are required for repair, but 

their precise roles remain to be determined. 

Histone chaperones: Histone chaperones prevent undesirable non-specific interactions 

between DNA and highly basic histone proteins before they assemble to form the nucleosome. 

Various H2A-H2B and H3-H4 histone chaperones have been implicated in DNA repair in 

Arabidopsis. The H2A-H2B chaperones NAP1, NAP1-RELATED PROTEIN (NRP1), and NRP2 

promote nucleosome disassembly and reassembly during HR(J. Gao et al., 2012). The H2A-H2B 

FACT (facilitates chromatin transcription) chaperone functions as a key protein in regulating 

homologous recombination via chromatin remodeling(Oliveira et al., 2014) and is also required 

for DNA demethylation at heterochromatin via DEMETER (DME) during reproduction(Frost et 

al., 2018). CHROMATIN ASSEMBLY FACTOR-1 (CAF-1) facilitates the incorporation of 

histones H3 and H4 onto newly synthesized DNA and is required for expression of key DDR 

genes, mitotic chromosome integrity(Varas, Santos, & Pradillo, 2017), and heterochromatin 

formation(Schonrock, Exner, Probst, Gruissem, & Hennig, 2006). The ANTI-SILENCING 

FUNCTION PROTEIN 1 (ASF1A and ASF1B) chaperones bind histone H3 and are required for 
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chromatin replication, maintenance of genome integrity, and cell proliferation in a redundant-

manner(Zhu et al., 2011). Finally, the H3–H4 chaperone, HISTONE CELL CYCLE 

REGULATION DEFECTIVE HOMOLOG A (HIRA) that deposits histone H3.3 into chromatin, 

was shown to influence transcriptional dynamics and impact environmental stress response(Nie, 

Wang, Li, Holec, & Berger, 2014).  In line with the role of histone chaperones in nucleosome 

assembly, in the context of DNA repair, they are expected to provide access to repair proteins and 

rebuild chromatin after repair. In agreement with this expectation, mutants of subunits in 

chaperone complexes show roles in repair, but their precise roles mediated by chromatin are yet 

to be determined. 

DNA methylation: DNA methylation is a highly conserved chromatin modification that is 

associated with gene silencing and plays critical roles in development and maintaining genome 

stability through the suppression of transposable elements. The DNA demethylase, REPRESSOR 

OF SILENCING1 (ROS1) was shown to be required for genotoxic stress tolerance as a repressor 

of transcriptional gene silencing(Z. Gong et al., 2002). Moreover, a DNA repair factor belonging 

to the UV-damaged DNA-binding protein complex, DNA DAMAGE BINDING PROTEIN2 

(DDB2), was shown to represses enzymatic activity of demethylase ROS1(Cordoba-Canero, 

Cognat, Ariza, Roldan Arjona, & Molinier, 2017), and also to transcriptionally regulate the 

expression of the ROS1 and DEMETER-LIKE PROTEIN 3 (DML3) demethylases.  In addition, 

DDB2 also influences de novo DNA methylation by forming functional DDB2-AGO4-small 

interfering RNA (siRNA) complexes(Cordoba-Canero et al., 2017; Schalk et al., 2017). Together, 

these findings demonstrate roles for DNA methylation in repair via transcriptional repression of 

key genes. However, the chromatin-mediated role of DNA methylation in repair is unknown. 

Given the importance of maintaining an accessible chromatin environment at the break site to 
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promote DNA repair, studying how the repressive methylation marks are removed around the 

break site is a promising area for further research. 

Non-coding RNA: Recent progress in high-throughput sequencing using next-generation 

sequencing (NGS) technologies has enabled the identification of various classes of non-coding 

RNAs (ncRNAs): microRNAs (miRNAs), small RNAs (sRNAs), and long non-coding RNAs 

(lncRNAs). Various ncRNA have emerged as essential regulators of plants abiotic stress 

responses, including DNA damage repair, and our understanding of how these RNAs are involved 

in the DDR are summarized below. 

Several long non-coding RNAs (lncRNA), some of which are induced by DNA damage, 

have shown to be involved in the DDR and in maintaining genomic integrity in mammals(Statello, 

Guo, Chen, & Huarte, 2021). They participate in the DDR in a diverse manner, including guiding 

proteins to specific sites in the genome, holding broken ends together, mediating DNA-protein 

interactions, signaling DNA damage, acting as a scaffold, recruiting repair proteins, and initiating 

chromatin reconstruction(Dianatpour & Ghafouri-Fard, 2017; Durut & Mittelsten Scheid, 2019; 

Guiducci & Stojic, 2021; Statello et al., 2021). While the mechanistic roles of lncRNA in DDR 

remain relatively unexplored in plants, several lncRNAs that are differentially expressed after DSB 

stress have been identified(Z. Wang et al., 2016). Of these lncRNAs, TER2 was identified as a 

novel DNA damage-induced noncoding RNA that works in concert with the TER1 to promote 

genome integrity at telomeres(Cifuentes-Rojas et al., 2012).  Further biochemical characterization 

of the differentially expressed lncRNA identified in plants will perhaps provide insights into how 

lncRNA might be regulating the DDR in plants. 

miRNAs are important regulators of gene expression in plant stress responses as well as 

plant growth, development, and maintenance of genome integrity(Khraiwesh, Zhu, & Zhu, 2012; 
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Waititu et al., 2020). While various miRNA have been shown to be responsive to UV-B 

(miR156/159/160/166/390/393/398) and γ-IR (miR840/850), and to participate in the regulatory 

network of plant stress responses, the mechanisms through which these miRNA influence DDR 

are yet to be identified(J. H. Kim, Go, Kim, & Chung, 2016; Sunkar, Kapoor, & Zhu, 2006; X. 

Zhou, Wang, & Zhang, 2007). 

In Arabidopsis, different sRNA classes have been shown to have roles in DNA repair. The 

24-nt small interfering RNAs (siRNAs) are responsible for de novo methylation through a process 

called RNA-directed DNA methylation (RdDM) in plants. Upon DNA stress, the RdDM 

machinery has been shown to produce 21-nt sRNAs(Schalk et al., 2017; Wei et al., 2012). After 

UV damage, these 21-nt sRNAs are required for the recognition and repair of DNA photoproducts 

by forming a chromatin-bound complex with DDB2 and AGO1(Schalk et al., 2017). Upon DSB 

induction in transgenic lines, 21-nt sRNAs (named DSB-induced small RNAs or diRNAs) are also 

produced, recruited at DSB sites via interaction with AGO2 to repair lesions, and are required for 

DSB repair or DDR activation(d'Adda di Fagagna, 2014; Kleinboelting, Huep, Kloetgen, 

Viehoever, & Weisshaar, 2012). However, at endogenous loci, diRNAs are not necessary for DSB 

repair(Miki et al., 2017). Moreover, ARGONAUTE proteins, which are responsible for targeting 

the sRNA, have roles in DNA repair and meiosis(Bajczyk et al., 2019; Oliver, Santos, & Pradillo, 

2014). These evidence, showing complex interconnections between sRNA machinery and DNA 

repair pathways, widens the scope of sRNAs in genome maintenance. 
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THESIS OBJECTIVES 

The study of DNA damage repair pathways is crucial, as it has been implicated in diverse 

processes, ranging from ageing and cancer in animals, to decreased crop yields in plants. As 

outlined in the previous sections, even though some key regulators and factors participating in 

plant DNA repair have been identified, the pathways and mechanisms through which they regulate 

the DDR processes via chromatin is yet to be elucidated. Two critical, but as yet poorly understood 

aspects of the DDR in the plant model, Arabidopsis thaliana, are (1) the kinetics and regulatory 

networks controlling the expression of genes involved in the key biological processes during the 

DDR and (2) the roles of specific chromatin modifications, and the pathways they are implicated 

in, to regulate the process of DNA repair.  The work in this thesis addresses the aforementioned 

questions. Chapter two presents the development of a temporal model for the Arabidopsis 

transcriptome after DNA damage. This work, using genetic, genomic, and biochemical 

approaches, mapped out the dynamics and regulation of key DDR processes over a 24-hour time 

course. Chapter three presents the setup of a reverse genetic screen to identify candidate 

chromatin-associated factors in repair, and the characterization of the role of a candidate chromatin 

reader, YAF9B and its homolog YAF9A in DSB repair via chromatin-mediated pathways. 

Together, these chapters broaden and deepen the understanding of the role of the DDR 

transcriptional networks and chromatin in orchestrating DNA repair by revealing the dynamics of 

transcriptional regulation during the DNA damage response and roles for select histone reader 

proteins in DNA repair.  
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Chapter 2 UNDERSTANDING THE TRANSCRIPTIONAL COMPONENT OF THE 

DNA DAMAGE RESPONSE 

CHAPTER SUMMARY  

The DNA damage response (DDR) in Arabidopsis involves a massive transcriptional 

response, mediated by the SOG1 transcription factor, that regulates the cell cycle, DNA repair, 

and cell death. Despite the central role of SOG1 in the DNA damage response, and past efforts 

showing that SOG1 is critical for coping with DNA damage, the expression networks downstream 

of SOG1, which are required to regulate key DDR processes (e.g., cell cycle, DNA repair and 

programmed cell death), remain largely unknown. Moreover, global expression defects in wild-

type and sog1 mutants have only been assessed at single time points after DNA damage and thus 

were not able to capture the temporal transcriptional DNA damage response, specifically the very 

early and very late transcriptional responses. Thus, the expression dynamics of the DNA damage 

response, the full extent of SOG1’s role in gene regulation, and the transcriptional networks linking 

SOG1 to specific damage-associated processes were yet to be determined. These gaps were 

addressed in the form of a PNAS paper on which I was a second author (contributed to 

experimental design, execution, and analysis of the mRNAseq and ChIPseq data), in section 

“SOG1 and MYB3R regulate the DNA damage network in Arabidopsis”. This work allowed 

the identification of the transcriptional dynamics of the various DDR processes and identified 

SOG1 as the major activator of the transcriptional response to DNA damage, directly targeting 

∼300 genes, and MYB3R as the major repressors of cell cycle genes in the DNA damage response. 

While SOG1 has been equated to the master regulator of the DNA damage response, based on 

prior studies, this work revealed SOG1-independent aspects of the DNA damage response whose 

regulation is yet to be deciphered.  This transcriptional roadmap provides insight into the regulators 
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and dynamic processes coordinated in response to gamma-irradiation and serves as a framework 

for the generation of additional hypothesis to expand our understanding of the DDR. 
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Figure 2-1. DNA damage response DREM analysis reveals coexpressed genes with distinct biological functions and regulatory features. 
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Figure 2-2. SOG1 controls nearly all aspects of the transcriptional response to γ-IR. 

 

Figure 2-3. SOG1 is a transcriptional activator that directly regulates nearly half of the genes strongly induced by γ-IR. 
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Figure 2-4. Functional categorization of SOG1 target genes. 
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Figure 2-5. The Rep-MYB3R TFs are the master repressors of cell cycle genes in response to γ-IR. 
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rep2 data sets (SI Appendix, Fig. S1A) in R studio using ggplot. These values were also 

utilized to identify differentially expressed (DE) genes based on the experimental conditions 

(i.e. γ-IR vs. mock; Dataset S2) or genotype (i.e. wild-type vs. mutant; Dataset S5A) using the 

getDiffExpression.pl script from HOMER (4) with the -DESeq2 and -repeats options and a 

threshold of FC≥2 with an FDR≤0.01. To identify DE genes based on both the experimental 

conditions and genotypes for the “wt vs. myb3r1,3,5” experiment (Dataset S5B, C), the 

analysis was performed in R studio using DESeq2 with design = batch + Condition + Group + 

Condition:Group. For the supplementary Datasets, gene annotations were retrieved using the 

Thalemine data mining tool (5). 

 

To visualize the gene expression data, UCSC browser tracks were generated for all mRNA-seq 

samples using the makeUCSCfile script from HOMER (4), normalizing to ten million reads 

and using the following additional options: -fragLength given -style rnaseq -strand both. In 

addition, tracks showing the difference between the average mock and γ-IR treated samples 

were generated as follows using deepTools (6). First, the average expression levels of each set 

of biological replicates was determined from the bam files generated during the STAR mapping 

using the bamCompare function with the -ratio mean, -bs 20, and -normalizeUsingRPKM 

options. Next, the differences between the mock and γ-IR samples were determined using the 

bigwigCompare function with the -ratio subtract and -bs 20 options. These subtraction tracks 

are presented in Fig. 1B. Finally, heatmaps showing the expression of individual genes during 

the γ-IR time course were generated using the normalized log2 fold-change values generated by 

DESeq2 and plotted in R studio using pheatmap. Venn diagrams comparing DE gene sets were 

generated using VennMaster (7). 

 

Dynamic Regulatory Events Miner (DREM) analysis 

 

Data inputs (see Source Data 1): Three different types of files were generated as inputs for the 

DREM models. The first is a list of the 33,323 TAIR10 gene IDs, named “allgenes_ID.txt”. 

The second is a set of gene-TF interactions. Here, two different files were generated. Initially, 

a file of gene-TF interactions was compiled from the AGRIS and DAP-seq databases and 

named “8_TF_TFname_targetGene_DAP_ampDAP_agris.txt”. To generate this file, only the 

4,946 gene-TF interactions from the AGRIS AtRegNet database (http://arabidopsis.med.ohio-

state.edu/) (8-10) classified as “direct” and “confirmed” were included, and for the DAP-seq 

data (11), the DAP Peaks (FRiP ≥ 5%) were downloaded from the Plant Cistrome Database 

(http://neomorph.salk.edu/dev/pages/shhuang/dap_web/pages/browse_table_aj.php) and the 

peaks were assigned to all genes with a TSS within 1 kb of the peak summit in R studio using 

the ChIPpeakAnno package. After additional analysis of the DREM network, the SOG1 gene-

TF interactions identified here and the MYB3R3 gene-TF interactions from (2) were added to 

generate a new file named “9_TF_TFname_targetGene_DAP_ampDAP_agris 

SOG1_MYB3R3_2931.txt”. The third file type contains the expression values from the RNA-

seq experiments. Here, two different files were generated, one for the wild-type data 

“wt_ratio_2395DEgenes” and another for the sog1 data 

“sog1_ratio_2395DEgenes_rounded.txt”. These files contain the log2 expression values 

obtained from DESeq2 output files for each of the γ-IR vs. mock time points. Only the 2,395 

differentially expressed genes (FC≥2 and FDR≤0.01) complied from the wild-type and sog1 γ-

IR time courses were included. “NA” values returned by DESeq2 were replaced by blanks. 

 

Models and parameters (see Source Data 1): Using the input files described above the wild-

type and sog1 DREM models were generated by a two-step process using the DREM version 

2.0.3 (12, 13) as follows: For the wild-type analysis, a first model “wt_model_1” was generated 

using the files and parameters listed in the “wt_options_1.txt” file. The final model 

“wt_model_2” was then generated based on the initial wt_model_1 using the options listed in 

the “wt_options_2.txt” file. For the sog1 DREM analysis, a first model “sog1_model_1” was 

generated using the files and parameters listed in the “sog1_options_1.txt” file. The final model 

“sog1_model_2” was then generated based on the initial sog1_model_1 using the options listed 
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in the “sog1_options_2.txt” file. These models were all built without using the gene-TF 

interaction data and utilized the Train-test framework, but they differ in the number of missing 

values allowed, the minimum standard deviation values and the Train-test parameters. 

 

Motif analysis 

 

The MEME suite (14) was used to identify motifs enriched in the promoters of genes present 

in the individual DREM paths. The PSP (“position-specific prior”) approach (15) was used to 

allow MEME to perform discriminative motif discovery. Specifically, position specific priors 

were generated through the psp-gen function of the MEME suite using the promoter sequences 

from all Arabidopsis genes as the background set of sequences and the promoter sequences of 

the analyzed dataset as the primary set of sequences. In addition, a 0-order Markov model file 

was calculated from the background set of promoter sequences to model Markov background 

probabilities adjusting for single letter biases. For these analyses, promoters were defined as -

500 bp to +350 bp after the TSS and when several isoforms of a gene were defined in the 

TAIR10 database we defined its promoter as +350 bp from the most internal TSS and -500 

from the most external TSS based on all the isoforms. A maximum of 10 motifs per DREM 

path, ranging from 6 to 18 bp, with an occurrence of 0 to 1 per sequence were identified. All 

found motifs were then compared to the DAP-seq database of motifs (11) using Tomtom (16) 

to search for motif matches overlapping by at least 5 bp with a distance coefficient calculated 

by the pearson method showing an E-value <10. Only the matches with an E-value <0.01 were 

kept. 

  

 

Gene Ontology (GO) analysis 

 

Identification of enriched GO terms: Gene ontology enrichments for each DREM path were 

retrieved using the GO-TermFinder software (17) via the Princeton GO-TermFinder interface 

(http://go.princeton.edu/cgi-bin/GOTermFinder) in the batch mode. For this analysis, the 

following options were selected: “Process” for the ontology aspect, “TAIR-A. thaliana” for the 

annotation, and a p-value cutoff of 1, to retrieve GO enrichment values for all GO terms and 

allow for subsequent comparisons between DREM paths. The gene list input files and the 

resulting raw GO analysis data are included as part of Source Data 2. To reduce and visualize 

the GO data, the REVIGO (18) platform was utilized (http://revigo.irb.hr/) with the allowed 

similarity level set to “Tiny”. The resulting REVIGO GO tables are included as part of Source 

Data 2. 

 

Data processing and heatmap generation: From the REVIGO GO table all the terms not 

eliminated by the similarity filter (i.e. those that do not have null values for the Plot_X and 

Plot_Y columns) were compiled across either the wild-type DREM paths (W1-W11) or the 

sog1 DREM paths (S1-S5) and then exact duplicates in term names were removed to generate 

lists of all the unique GO terms that were significantly enriched in one or more path from the 

wild-type or sog1 DREM models, respectively. Using just these unique GO terms, table 

containing the log10 p-values for each term within each DREM path was generated based on 

the values in the original GO tables generated by Princeton GO-TermFinder. Unclustered 

heatmaps showing the enrichment of either all GO terms (SI Appendix, Fig. S3 and Fig. S6D) 

or GO terms with log10 p-values <-1.7 in at least one DREM path (Fig. 1C) were generated 

using Treeview. Grey boxes indicate p-values >0.5, which is the cutoff employed by REVIGO. 

 

Genevestigator Analyses 

 

To identify additional stresses causing similar transcriptional signatures as observed in specific 

DREM paths, we used the Genevestigator signature tool (19). For these analyses we compared 

the log2 FC in the expression (γ-IR  vs. mock) of genes in paths W1-W3 (3 h), W5 (1 h 30 min), 

W6 (20 min), and S1 (20 min), at the time points indicated in the parentheses, to the following 
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the MEME tool (25) from the MEME suite (14) with the following options (-nostatus -maxsize 

7500000 -nmotifs 10 -minw 6 -maxw 18 -revcomp -psp -bfile).  

 

Heatmaps and Metaplots were generated using the deepTools suite (6). The ChIP data was 

processed as follows. First the data was either normalized using bamCoverage with the 

following options (-b *.bam -v -bs 10 -normalizeUsingRPKM -extendReads 300) to generate 

normalized bigwig (.bw) files for the input and IP samples, or compared (SOG1 ChIP vs. Input 

or SOG1 ChIP vs. wild-type ChIP) using bamCompare with the following options (-b1 

sample1.bam -b2 sample2.bam -v -bs 10 -ratio=log2 -extendReads 300 -scaleFactorsMethod 

SES). For Fig. 3A, a data matrix was generated from the bamCompare files using 

computeMatrix with the following options (-referencePoint=center -S Comparison1.bw 

Comparison2.bw etc -R ChIPpeaks.bed -a 3000 -b 3000 -bs=10 -sortRegions=no) and the 

heatmap was generated using plotHeatmap with the following options (-m Matrix.gz -

refPointLabel=Center -sortUsingSamples 3 4 -zMin -2 -zMax 2.5). For SI Appendix, Fig. 

S10D, the profile plot was generated using plotProfile with the following options (-m Matrix.gz 

-refPointLabel=Center -perGroup -plotType=se) with the same matrix used for Fig. 3A. For SI 

Appendix, Fig. S10G, a new data matrix was generated using computeMatrix with the 

following options (scale-regions -S SOG1_ChIP_1h_vsWt_log2ratio.bw -R 

W1_genes_TSS_to_TTS.bed . . . W11_genes_TSS_to_TTS.bed -a 3000 -b 3000 -bs=10 -

sortRegions keep) and the heatmap was generated using plotHeatmap with the following 

options (-m Matrix.gz -zMin -1.25 -zMax 2.5 -sortRegions no). Heatmaps showing the 

expression of SOG1 target genes during the γ-IR time course (Fig. 3B) were generated using 

the log2 fold-change values generated by DESeq2 and plotted in R studio using pheatmap. 

 

MYB3R3 ChIP-seq analysis 

 

Reads and peak coordinates from (2) were mined from GEO (GSE60554). The closest TAIR10 

gene to each peak was determined using annotatepeaks.pl from HOMER (4). Mapping of the 

ChIP-seq reads and analysis of ChIP enrichment profiles using deepTools were as described 

for the SOG1 ChIP-seq. Venn diagrams were generated using VennMaster (7) based on known 

G2/M expressed genes (26, 27) or previously defined MYB3R3 ChIP peaks (2). 

 

Cytoscape network construction 

 

For the functional categorization of the SOG1 targets (Fig. 4), we assigned 141 genes to 

relevant functional categories by combining information from the biological processes GO 

analysis and the TAIR10 annotations for each gene, including molecular functions and the 

presence of protein domains. A network for these 141 genes was processed with the Cytoscape 

3.4.0 software (Source Data 4), including the log2 Fold Change in expression 3 h after γ-IR. 

The SOG1 targets underlined in blue represent those that have a human or mouse ortholog, 

identified using the PANTHER (28) and/or Thalemine tools (5), that were shown to be targeted 

and up-regulated by p53 based on 13 genome-wide studies in humans (29) or a single study in 

primary mouse embryo fibroblasts study (30). For the TF network downstream of SOG1 (SI 

Appendix, Fig. S11 and Source Data 4), interaction data for the 33 TFs downstream of SOG1 

was fetched from the AGRIS (8-10) and -seq (11) databases. Only the interactions that 

target TFs present in the DREM model were kept. The resulting interaction file was used to 

generate a network with the Cytoscape 3.4.0 software, including the log2 Fold Change in 

expression 3 h after γ-IR. 
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Figure 2-S1. Temporal profiling of gene expression changes after γ-IR reveals additional DNA damage responsive genes. 
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Fig. S1. Temporal profiling of gene expression changes after γ-IR reveals additional DNA 

damage responsive genes. (A) Principle component analysis (PCA) plots showing the 

groupings of data points from the wild-type (wt) or sog1 γ-IR time courses. The two biological 

replicates for each sample are represented using matched colors. (B) Bar chart showing the 

number of differentially expressed (DE) genes identified at each time point in the wt γ-IR time 

course, see Dataset S2A. (C and D) Scaled Venn diagrams showing the overlaps between up- 

or down-regulated genes, respectively, in response to γ-IR as identified in this study (γ-IR time 

course 20 min-24 h; 100 Gy; 6-day-old seedlings; RNA-seq with FC≥2 and FDR≤0.01), in (31) 

(3 h; 80 Gy; 14-day-old seedlings; RNA-seq with FC≥2 and q-value ≤0.05), in (32) (1 h 30 

min; 100 Gy; 5-day-old seedlings; Affymetrix array with FC≥2, PPDE >0.95, and q-value 

<0.05), in (33) (1 h 30 min; 100 Gy; 5-day-old seedlings; Affymetrix array with q-value <0.05), 

or in (1) (1 h 30 min; 100 Gy; 5-day-old seedlings; Affymetrix array with only up-regulated 

genes provided). In cases where the array probes matched more than one gene, both were 

included. The percentage of genes from each previous data set captured in the γ-IR time course 

are indicated in parentheses and the number of genes uniquely identified in the γ-IR time course 

are underlined. For the up-regulated genes, the asterisk marks the union of two data sets that 

were grouped together for the final Venn diagram. Data from (34) showed much lower overlaps, 

perhaps due to the use of CATMA arrays, and thus were not included. (E) Bar graph indicating 

the number of γ-IR time course specific DE genes that are differentially expressed either at the 

previously assessed time points (filled) or only at other time points (unfilled, with the 

percentage of the total indicated). 
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Figure 2-S2. Gene expression patterns for wild-type DREM paths. 
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Fig. S2. Gene expression patterns for wild-type DREM paths. (A) Expression profiles of 

the individual genes in each path (W1-W11). The paths shown in Fig. 1A are shown in 

grey. The representative genes shown in Fig. 1B are shown in red and described above each 

set of genes. (B) Expression profiles of DE genes uniquely identified in the γ-IR time 

course. The DREM path and fraction of unique genes are indicated (uW#). (C) Expression 

profiles of the 218 sog1-specific DE genes included in the wild-type DREM model, colored 

based on the path in which they reside. In all panels, the y axis indicates the log2 Fold 

Change in expression in response to γ-IR and the x axis indicates the time in minutes (’) 

and/or hours (h). 
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Figure 2-S3. Enriched GO terms for the wild-type DREM model. 
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Fig. S3. Enriched GO terms for the wild-type DREM model. GO enrichments for the genes 

in each wild-type DREM path after REVIGO similarity filtering (18). Grey indicates a p-value 

>0.5. See also Source Data 2. 
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Figure 2-S4. Transcriptional regulation of the wild-type DREM paths. 
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Fig. S4. Transcriptional regulation of the wild-type DREM paths. The wild-type DREM 

model, as described in Fig. 1A, showing all TFs assigned to each path (ranked high to low) 

using the “Path Significance Conditional on Split” option with a score threshold of 0.001 and 

a minimum split of 20%. The y axis indicates the log2 Fold Change in expression in response 

to γ-IR and the x axis indicates the time in minutes (’) and/or hours (h). 
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Figure 2-S5. Enriched motifs identified from the wild-type DREM model. 
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Fig. S5. Enriched motifs identified from the wild-type DREM model. Up to 10 motifs in the 

promoter regions (-500 to +350 bp around the transcription start site (TSS)) of the genes in each 

DREM path were identified using the MEME tool (25) from the MEME suite (14). Below each 

motif, an E-value representing the significance of the motif is indicated along with the number 

and percentage of genes per path with the motif. In addition, the most similar TF family match 

for each motif is indicated, where unknown = no match with an E-value <1e-2. Motifs that 

fulfill the following criteria are boxed and labeled in bold: First, they must be largely specific 

to a given path and not be low complexity, which excludes the BBRBPC, ABI3VP1, C2C2dof, 

REM, C2H2 and AP2EREBP motifs. Second, they must also be present in >45% of the genes 

in a given path and have an E-value <1e-5. See also Source Data 3. 
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Figure 2-S6. Gene expression patterns for the sog1 DREM paths. 
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Fig. S6. Gene expression patterns for the sog1 DREM paths. (A) Expression profiles of the 

individual genes in each path (S1-S5), where the paths shown in Fig. 2A are shown in grey. (B) 

Scaled Venn diagram showing the overlap of DE genes identified from the wild-type and sog1 

γ-IR time courses. (C) Expression profiles of the 1624 wt- and 218-sog1-specific-DE genes 

colored based on the sog1 paths in which they reside. In all panels, the y axis indicates the log2 

Fold Change in expression in response to γ-IR and the x axis indicates the time in minutes (’) 

and/or hours (h). (D) Heatmap showing the enrichment of GO terms identified from DREM 

paths S1-S5 after REVIGO similarity filtering. Grey indicates a p-value >0.5. See also Source 

Data 2. 
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Figure 2-S7. Reproducible features of the wild-type and sog1 γ-IR time courses. 
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Fig. S7. Reproducible features of the wild-type and sog1 γ-IR time courses. (A-C) 

Heatmaps showing the log2 Fold Change in expression of the genes present in paths W1-W11 

of the wild-type DREM model, ordered as in Fig. 2C. In A, the expression values represent γ-

IR vs. mock treated samples at the indicated time points using wild-type seedlings, which 

constitutes an independent replicate of the experiment presented in Fig. 1, but over a more 

limited time course. In B and C, the expression values represent an alternate experimental 

design wherein the expression levels of γ-IR treated wild-type or sog1 samples at each time 

point (t) were compared to the expression levels of un-irradiated samples at time zero (t0). 

Although this t vs. t0 setup was found to be less optimal, since changes in expression due to 

circadian rhythms and normal developmental processes were not well controlled for, it 

nonetheless serves as a useful control for features identified in the DREM model utilizing 

matched time points (γ-IR vs. mock). For comparison with Fig. 2C, the heatmaps were plotted 

on a log2 scale from -7.5 to +7.5. 
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Figure 2-S8. Analysis of the early, SOG1-independent transcriptional responses to DNA damage. 

 

23 

Fig. S8. Analysis of the early, SOG1-independent transcriptional responses to DNA 

damage. (A) Heatmap showing the enrichment of GO terms (log10 p-value < -1.7 in at least 

one path) for DREM paths W5, W6 and S1 after REVIGO similarity filtering. Grey indicates 

a p-value <0.5. See also Source Data 2. (B) Heatmap showing the degree of resemblance 

between the gene expression values of paths W1-W3 (wt; 3 h), W5 (wt; 1 h 30 min), W6 

(wt; 20 min), S1 (sog1; 20 min) and the indicated stress datasets (See supporting methods) 

as determined using the Genevestigator signature tool (19). Grey values indicate categories 

not in the top 50 most similar datasets for a given path. 
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Figure 2-S9. Enriched motifs identified from the sog1 DREM model. 

 

 

25 

Fig. S9. Enriched motifs identified from the sog1 DREM model. Up to 10 motifs in the 

promoter regions (-500 to +350 bp around the TSS) of the genes in each DREM path were 

identified using the MEME tool (25) from the MEME suite (14). Below each motif, an E-value 

representing the significance of the motif is indicated along with the number and percentage of 

genes per path with the motif. In addition, the most similar TF match for each motif is indicated 

below each motif, where unknown = no match with an E-value <1e-2. Motifs that fulfill the 

following criteria are boxed and labeled in bold: First, they must be largely specific to a given 

path which excludes the BBRBPC, AP2EREBP, ABI3VP1, and C2C2dof motifs found in 3 or 

more of the 5 DREM paths. Second, they must not be low complexity, which excluded the 

REM motifs that consist in long stretches of A motifs. Finally, they must be present in >45% 

of the genes in a given path. See also Source Data 3. 
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Figure 2-S10. sog1 complementation and SOG1 ChIP-seq analysis. 
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Fig. S10. sog1 complementation and SOG1 ChIP-seq analysis. (A) Anti-FLAG western-blot 

detecting SOG1-3xFLAG protein levels 4 h after UV-C irradiation from five independent 

transgenic plant lines, as well as a control that lacks the SOG1 transgene (wt§). Ponceau 

staining of the membrane is shown below as a loading control. (B) qRT-PCR showing the 

relative expression levels of three genes (AT4G25330, GMI1, and BRCA1) induced by DNA 

damage in a SOG1-dependent manner (see Dataset S4) 3 h after either mock or UV-C 

treatments in the genetic backgrounds indicated below. For A and B, the SOG1-3xFLAG line 

marked with an asterisk (*) was used in the ChIP experiments. (C) Pie chart showing the 

fraction of SOG1 peaks that overlap with the indicated genome features. Here, the promoter 

regions are defined as -1 kb and +100 bp relative to the TSS. (D) Profile plot showing the 

enrichment levels of SOG1 at the peaks identified from both ChIP assays (20 min and 1 h) vs. 

their respective input and wt ChIP controls. (E) Screenshots showing the enrichment of SOG1 

at select TAIR10 target genes relative to input and wt ChIP controls at both the 20 min and 1 h 

time points. Regions called as “SOG1 peaks” and the positions of “SOG1 motifs” are indicated 

below. The expression levels of these SOG1 target genes during both the wt and sog1 γ-IR time 

courses are represented as the difference between RPKM normalized mock and γ-IR treated 

samples after averaging the data from two biological replicates. The scales for each set of tracks 

are indicated (upper left). At the CYCB1;1 locus, the asterisk (*) indicates that the ChIP-seq 

tracks start at +100 because the sog1 background harbors a transgenic version of the CYCB1;1 

promoter. (F) Scaled Venn diagrams showing the overlap of SOG1 target genes identified by 

ChIP-seq after zeocin (24) or γ-IR treatment. (G) Heatmaps, ordered as in Fig. 2C, showing 

the enrichment of SOG1 [log2 (SOG1/wt)] surrounding the TSS of the W1, W2, W3, and to a 

lesser extent, W4 genes from the wild-type DREM model.  
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Figure 2-S11. Transcription factor networks downstream of SOG1. 
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Fig. S11. Transcription factor networks downstream of SOG1. The 33 TF genes directly 

targeted by SOG1 (purple arrows) are displayed in the inner circle and are organized according 

to the DREM path they belong to, as indicated by the coloring of the outer, solid circle. 

Additional interactions amongst these direct SOG1 targets were added as grey arrows based on 

the DAP-seq database. A putative second layer of TF interactions was also added based on the 

targets of the 8 TFs present in the DAP-seq database (11). Each TF is colored according to the 

log2 Fold Change +/- γ-IR at the 3 h time point from the wild-type DREM model. 
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Figure 2-S12. Signaling cascades downstream of SOG1 controlling cell cycle arrest and endoreduplication. 

 

31 

Fig. S12. Signaling cascades downstream of SOG1 controlling cell cycle arrest and 

endoreduplication. In response to DNA DSBs, SOG1 is phosphorylated by ATM and binds to 

the promoters of several CDK inhibitor (CKI) genes, including SMR4, SMR5, SMR7, KRP6, 

and to the WEE1 kinase gene, promoting their expression. These CKIs then inhibit the activity 

of CDKs, and this inhibition has been proposed to stabilize the Rep-MYB3R TFs, including 

MYB3R3 (35). MYB3R3, in turn, inhibits the expression of CDKB2;1 and possibly other 

CDKs, creating a reinforcing loop. In addition, MYB3R3 represses many other G2/M genes 

(2), thereby contributing to the G2/M cell cycle arrest observed in response to DNA damage. 

This suppression is further enforced by the repression of MYB3R4, an activator MYB3R that 

regulates many G2/M genes (27). In addition to cell cycle arrest, there are also putative 

connections to endoreduplication. For example, DEL1, a negative regulator of 

endoreduplication (36), is bound by WRKY25 (11), a direct target of SOG1. Thus, it can be 

hypothesized that by activating WRKY25 expression, SOG1 contributes to the repression of 

DEL1 and the promotion of endoreduplication in response to DNA damage. 
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Figure 2-S13. Characterization of the Rep-MYBs within the context of the DREM model. 
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Fig. S13. Characterization of the Rep-MYBs within the context of the DREM model. (A) 

Distribution of the G2/M genes less repressed in the myb3r1,3,5 triple mutant (2) within the 

wild-type DREM paths. (B) Screenshots showing the expression levels of the three MYB3R 

genes in wild-type (wt) plants or the indicated mutant alleles. The scale is indicated in brackets. 

The gene orientations are indicated by the directions of the chevron symbols and the 

approximate locations of the T-DNA insertions for each allele are indicated by hollow black 

triangles. (C) Distribution of differentially expressed (DE) genes that are either less repressed 

(myb3r1,3,5 > wt; Left) or less induced (myb3r1,3,5 < wt; Right) relative to the wild-type 

controls after γ-IR. (D) Screenshots showing MYB3R3 peaks (2) at select TAIR10 target genes 

relative to input controls. Regions called as MYB3R3 peaks (2) and the positions of MSA 

motifs identified in the promoters of these genes using the MEME tool (25) from the MEME 

suite (14) (see Source Data 3) are indicated below. Expression levels of these MYB3R3 target 

genes in the wild-type or myb3r1,3,5 triple mutant backgrounds after either mock or γ-IR 

treatments are shown above. The scales for each set of tracks are indicated in brackets. (E) 

Heatmaps, ordered as in Fig. 2C, showing the enrichment of MYB3R3 (2) [log2 

(MYB3R3/input)] specifically at the TSS of 9, W10 and W11 genes from the wild-type DREM 

model. 
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Figure 2-S14. Final DREM model of the Arabidopsis DNA damage response. 
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Fig. S14. Final DREM model of the Arabidopsis DNA damage response. The wild-type 

DREM model, as described in SI Appendix, Fig. S4, but including the ChIP-seq data for SOG1 

and MYB3R3 (2). The new TF assignments for SOG1 and MYB3R3 are shown in purple and 

light green, respectively. 
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Chapter 3 EFFORTS TO IDENTIFY CHROMATIN- ASSOCIATED FACTORS 

INVOLVED IN DNA REPAIR 

CHAPTER SUMMARY 

Given the importance of various chromatin modifications in proper DNA repair, we 

hypothesized that both the pre-existing patterns of chromatin modifications at sites of DNA 

damage, and the changes in chromatin that occur during the repair process itself, affect the 

efficiency and fidelity of the DDR process. To understand how different chromatin modifications 

influence repair, it is important to identify and characterize the enzymes and pathways controlling 

the histone landscape and the recruitment of chromatin effectors to sites of DNA damage. Section 

“A reverse genetic screen to identify chromatin-associated factors involved in DSB repair” 

describes the pipeline we adopted for the identification of novel chromatin-associated factors 

required for DNA repair using a co-expression based reverse genetic screen. Section “Two 

Arabidopsis YEATS domain proteins facilitate DNA damage repair via their histone binding 

domains” describes the functional and mechanistic characterization of one candidate from the 

reverse genetic screen. Findings in this section are being prepared for submission for publication. 
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A REVERSE GENETIC SCREEN TO IDENTIFY CHROMATIN-ASSOCIATED 

FACTORS INVOLVED IN DSB REPAIR 

ABSTRACT 

DNA damage can arise from a multitude of endogenous and exogenous DNA damaging 

agents. To maintain genomic integrity, organisms detect DNA damage at chromatin and initiate 

the DNA Damage Response (DDR). Even though various chromatin modifications have been 

associated with repair, the roles of the factors interacting with them remains poorly understood. 

The following work describes the set-up and implementation of a coexpression-based reverse 

genetic screen to uncover key factors involved in linking chromatin and DNA repair in plants. 

Identification and characterization of such novel chromatin-associated factors and transcription 

factors will greatly enhance our knowledge about how chromatin modulates the DDR. 

 

INTRODUCTION 

In the nucleus, DNA is wrapped around histone proteins and is condensed into chromatin, 

which is the context in which DNA damage must be recognized and repaired. However, chromatin 

is not uniform. Both the DNA itself, as well as the histones, can be modified by the addition of 

post-translational modifications including acetylation, methylation, ubiquitination, and 

phosphorylation(Dona & Mittelsten Scheid, 2015; Vergara & Gutierrez, 2017). While many of 

these modifications have clear roles in regulating gene expression, current evidence suggests that 

they are also playing important roles in DNA repair. For example, the well characterized H2A.X 

phosphorylation(Friesner, Liu, Culligan, & Britt, 2005), and many other chromatin marks 

(discussed in detail in Chapter 1), have been associated with DNA repair. However, the roles of 

these modifications in orchestrating repair remains poorly understood. Moreover, the factors that 
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interact with these chromatin marks to facilitate DNA repair processes are yet to be identified and 

characterized. 

To identify the roles of various chromatin modifications and associated chromatin effector 

proteins in repair, a model system, like Arabidopsis, where both the DNA repair machinery and 

chromatin modifications can me modulated genetically (i.e. mutants are not lethal) is essential. 

Furthermore, high levels of conservation in both DNA repair and chromatin modifying pathways 

among eukaryotes, the small size of the Arabidopsis genome, its rapid life cycle, high fecundity, 

and the availability of gene manipulation techniques make it an attractive model for DNA repair 

studies.  

Several key players involved in DNA repair pathways in Arabidopsis were identified by 

forward genetic screens and in silico approaches. The initial genetic screens assessed fertility 

defects and genotoxic sensitivity by scoring morphological phenotypes arising due to defects in 

cell growth. The aforementioned phenotypes were specifically screened for, since improper 

meiosis, which involves resolution of programmed DNA double strand breaks, can result in 

fertility defects and DNA damage causing cell cycle arrest or in severe cases, cell death in the 

meristematic tissue, leads to abnormal growth of true leaves and roots. Although several key 

players in the repair pathways like ULTRAVIOLET HYPERSENSITIVE 1 (UVH1)(Harlow, 

Jenkins, Pittalwala, & Mount, 1994), UV REPAIR DEFECTIVE 1 (UVR1)(Britt, Chen, Wykoff, & 

Mitchell, 1993), SUPPRESSOR OF GAMMA RADIATION 1 (SOG1)(Preuss & Britt, 2003), etc. 

have been identified in these studies, these screens are biased towards identifying genes in cell 

growth associated processes. Moreover, they failed to identify many conserved DDR machinery 

characterized in yeast and mammals. Instead, homologs of the conserved DDR machinery were 

identified in plants using in silico approaches and their roles in repair were characterized using 
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molecular repair assays, like the homologous recombination (HR) reporter assays, instead of 

growth assays(Block-Schmidt, Dukowic-Schulze, Wanieck, Reidt, & Puchta, 2011; Hartung, Suer, 

& Puchta, 2007; Orel, Kyryk, & Puchta, 2003; Roth et al., 2012). Given the strengths of these 

molecular assays in identifying genes involved in DNA repair, several reporter assays were 

developed and utilized for screening. For example, a luciferase based system to monitor somatic 

HR events was used to identify homologous recombination associated proteins INO80(Fritsch, 

Benvenuto, Bowler, Molinier, & Hohn, 2004) and Polδ(Schuermann, Fritsch, Lucht, & Hohn, 

2009). However, as the read-out of this assay requires both proper repair and proper expression of 

the transgenic reporter, both repair mutants and gene expression mutants would have been 

recovered, confounding the interpretation of these types of screens(Puchta & Hohn, 2012; Ulker 

et al., 2012). 

 Based on the mutants identified in the previous studies from the aforementioned screens 

and in silico studies, our understanding of how chromatin influences DNA repair still remains 

obscure, suggesting that many of the proteins and pathways regulating this process are yet to be 

identified. To identify novel chromatin-associated factors and avoid the drawbacks of the 

previously used systems, a reverse genetics approach based on gene co-expression after DNA 

damage was implemented. In short, it involves (1) selection of candidate genes based on their co-

expression with known DNA repair factors, (2) procurement of mutant alleles and (3) 

implementing a multipronged approach to screen for one or more morphological and molecular 

DNA repair phenotypes. This reverse genetic approach to identify novel chromatin factors is 

advantageous over the previously discussed strategies, as it narrows down the candidate list to a 

relatively small set of candidate genes (~50), and thus, enables the use of multiple assays including, 

the labor-intensive, but higher resolution, molecular DNA repair assays. Moreover, it enables the 
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identification of DDR genes that show minimal or no phenotypes due to redundancy (as strategic 

higher order mutants of related factors can be generated and tested) and unlike in silico approaches, 

it should be able to recover plant specific factors.  

 

SCREENING METHOD 

Mining for candidate chromatin-associated proteins involved in DNA damage repair.  

The ‘Guilt by Association’ principle states that genes with related function are often co-

expressed, and in some cases form protein complexes(Wolfe, Kohane, & Butte, 2005). Leveraging 

this principle, the previously generated DDR co-expression network (Chapter 2, DREM 

network)(Bourbousse, Vegesna, & Law, 2018) was used to identify genes co-expressed with 

known DNA repair machinery to serve as a pool of potential new candidate chromatin factors 

involved in the repair process. 

Three of the upregulated paths (W1, W2, W3) in the wild-type DREM model (Figure 2-

1A), are enriched for DNA damage repair-associated genes with high confidence(Bourbousse et 

al., 2018). Among the 266 genes belonging to these three paths, 22 have characterized roles in 

DNA repair(Aklilu, Soderquist, & Culligan, 2014; Deveaux, Alonso, Pierrugues, Godon, & 

Kazmaier, 2000; Dong, Cai, & Makaroff, 2001; Garcia-Ortiz, Ariza, Hoffman, Hays, & Roldan-

Arjona, 2004; Hartung, Plchova, & Puchta, 2000; Hirakawa, Hasegawa, White, & Matsunaga, 

2017; Islam, Hosen, Zaman, & Islam, 2013; Jenkins et al., 1995; Jia, den Dulk-Ras, Shen, 

Hooykaas, & de Pater, 2013; Klutstein et al., 2008; Lafarge & Montane, 2003; Panoli et al., 2006; 

Pedroza-Garcia, Najera-Martinez, de la Paz Sanchez, & Plasencia, 2015; Sebastian et al., 2009; 

Shultz, Tatineni, Hanley-Bowdoin, & Thompson, 2007; C. Wang & Liu, 2006; Watanabe et al., 

2009; Yin et al., 2009) and 5 are known to regulate chromatin organization(Cao & Jacobsen, 2002; 
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Sebastian et al., 2009; Woo, Pontes, Pikaard, & Richards, 2007; Zacharaki et al., 2012). The 

remaining uncharacterized genes were used to generate a list of candidate chromatin-associated 

factors with roles in DNA damage repair. Their putative roles were determined using PANTHER 

(Protein ANalysis THrough Evolutionary Relationships)(Mi et al., 2017), which identifies genes 

that are homologs of known chromatin effectors and DNA repair factors in different species and;  

SMART (Simple Modular Architecture Research Tool)(Letunic, Doerks, & Bork, 2015), which 

identifies genes with known chromatin-associated domains, including DNA binding domains (e.g. 

Zinc finger, MYB domains, etc.) and histone binding domains (e.g. YEATS, SAWADEE, etc.). 

Using this strategy, 53 candidate genes, including 4 non-coding RNAs, 9 putative repair factors, 

11 putative chromatin-associated factors, 29 transcription factors and coactivators, were selected. 

In addition to these genes, close homologs of candidate genes that might function redundantly 

were also added to the screening pool (for higher order mutant generation). Overall, this selection 

approach narrowed the list of candidate genes from 266 to 53—an implementable number of 

candidates to screen using multiple repair assays.  

 

Procurement of mutant alleles for candidate DNA repair factors.  

As a first step towards investigating the functions of the candidate genes using a genetic 

approach, mutants were procured from several large collections of sequence-indexed T-DNA 

insertion mutants that are available for Arabidopsis thaliana (Alonso et al., 2003; Kleinboelting, 

Huep, Kloetgen, Viehoever, & Weisshaar, 2012; Li, Rosso, Strizhov, Viehoever, & Weisshaar, 

2003; Samson et al., 2002; Sessions et al., 2002; Woody, Austin-Phillips, Amasino, & Krysan, 

2007). Whenever possible, at least two mutant alleles per gene were selected to serve as biological 

replicates and to increase confidence in the assignment of the repair defects to the gene of interest. 
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In addition, considering that mutants defective in repair are prone to genomic instability and/or 

meiotic defects, homozygous mutant lines along with co-segregating heterozygous (in case of 

lethality in homozygous mutant) and wild-type plants (to act as controls) were generated. Two 

independent T-DNA mutant alleles for 30% of candidate genes and one mutant allele for another 

35% of candidate genes were procured from available databases. For the remaining 35% of the 

candidate genes that lack available T-DNA insertional mutant lines, the CRISPR/Cas9 system is 

being used to generate homozygous mutant lines using three independent guide RNAs(Z. P. Wang 

et al., 2015; Xie, Zhang, & Yang, 2014), prioritizing putative repair factors and chromatin 

modifiers. While the generation of CRISPR alleles is still ongoing, the procured T-DNA mutants 

were made homozygous and subjected to one or more DNA repair assays described below.   

 

Screening using DNA damage assays.   

Defects in the DDR can be quantified using different DNA damage sensitivity assays. 

These assays include high-throughput growth assays (meiotic defects (De Muyt et al., 2009), true 

leaf assay(Rosa & Scheid, 2014a) and root length assay(Slovak et al., 2014)), which rely on plant 

growth phenotypes, and medium-throughput molecular assays (recombination GUS reporter 

assays(Puchta & Hohn, 2012; Roth et al., 2012) and comet assays(Angelis, Dušinská, & Collins, 

1999; Hasplova et al., 2012; Kushwaha, Vikram, Trivedi, & Jena, 2011; Nagarajan et al., 2017)), 

which measure DNA repair more directly. In these assays, the defects in DNA damage can be 

assessed in response to a wide range of DNA damaging agents including: γ-irradiation and 

bleomycin, which produce DSB breaks; mitomycin C, a DNA intrastrand cross-linker; 

hydroxyurea, an inhibitor of DNA synthesis and UV-C, which results in photoproducts. Assessing 
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DNA repair defects in response to different DNA damaging agents allows identification of the 

potential repair pathways affected in a particular mutant.   

Meiotic defects are expected in some candidate gene mutants.  Meiosis and somatic DSB 

repair via homologous recombination both involve the formation and resolution of double strand 

breaks and thus, both processes employ some common machinery(De Muyt et al., 2007; Mercier, 

Mezard, Jenczewski, Macaisne, & Grelon, 2015). To screen for meiotic defects in candidate gene 

mutants, fertility was assessed by the number of seeds produced, pollen viability was assessed 

using alexander staining(Alexander, 1969; Peterson, Slovin, & Chen, 2010) and chromosomal 

segregation defects were assessed using meiotic chromosomal spreads and Fluorescence In Situ 

Hybridization (FISH)(Higgins, Wright, Bomblies, & Franklin, 2014). Moreover, if any of the 

candidates has a more rudimentary and intractable role in repair, they might not be viable and show 

embryonic defects(C. Wang & Liu, 2006), which can be assessed by aborted seeds in siliques and 

inability to recover homozygous mutants. 

Growth defects are expected in candidate gene mutants if the candidate is involved in cell 

cycle arrest or programmed cell death during DNA damage. Sensitivity of mutants to different 

genotoxic agents was assessed based on easily determined phenotypes such as proper development 

of true leaves (true leaf assay)(Rosa & Scheid, 2014b) and a high throughput quantitative 

measurement of root lengths (root length estimation using Busch-lab Root Analysis Toolchain-

BRAT) (Slovak et al., 2014). Their roles in cell growth or death-associated processes can be further 

assessed using cell cycle reporters(Culligan, Tissier, & Britt, 2004) and propidium iodide staining 

to check for cell viability (Takahashi et al., 2019). 

To assess somatic homologous recombination repair defects in candidate genes, transgenic 

homologous recombination (HR) reporter assays developed and characterized by other 
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groups(Puchta & Hohn, 2012; Roth et al., 2012) were used. This system involves a transgenic, 

non-functional β-glucuronidase (GUS) gene, which upon DSB and repair via HR-like pathways 

restores the proper GUS sequence. Histochemical GUS staining of these plants provides a visible 

and quantitative readout of DSB repair events in the form of blue sectors on the seedling. To assess 

HR-like roles in candidate genes, DSB repair rates (indicated by number of blue sectors/seedling) 

were scored in mutants by introducing these well characterized reporter lines into mutant 

backgrounds by crossing.  

To assess DNA repair defects in candidate genes directly at the molecular level without the 

aid of transgenic reporters (which require labor intensive genetics), the comet assay(Angelis et al., 

1999; Hasplova et al., 2012; Kushwaha et al., 2011; Nagarajan et al., 2017) was used. The comet 

assay involves electrophoresis of agarose embedded nuclei extracted from DNA damaged tissue. 

Electrophoresis results in structures resembling comets when observed by fluorescence 

microscopy.  

 

CONCLUSIONS 

Using this reverse genetic screening approach, five candidate genes (and their homologs) 

have been identified and their characterization is currently ongoing. Some notable candidates that 

have shown promising DNA repair phenotypes include (1) histone reader proteins, YAF9B and its 

homolog YAF9A, which have been functionally and mechanistically characterized in the next 

section of this thesis and (2) the DNA repair protein, NSE4A, which has recently shown to be 

involved in DNA damage repair and seed development(Diaz et al., 2019). The characterization of 

these candidate genes, which revealed key roles in chromatin-associated aspects of the DNA 

damage response, validates the set-up of the screen to identify such factors.  
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TWO ARABIDOPSIS YEATS DOMAIN PROTEINS FACILITATE DNA DAMAGE 

REPAIR VIA THEIR HISTONE BINDING DOMAINS. 

 

ABSTRACT 

Accurate repair of DNA double-strand breaks (DSBs) is required to maintain genomic 

integrity and overall health. DSB repair occurs in the context of chromatin and is mediated by the 

detection, deposition, and removal of a wide array of post-translational modifications. While 

various chromatin marks have already been implicated in DSB repair, the factors, pathways, and 

mechanisms through which various chromatin modifications influence DSB repair is not 

completely understood. In this study, we demonstrate that YAF9A and YAF9B, two homologs 

containing the YEATS histone acylation reader module, are required for DNA repair in a 

chromatin-mediated manner. We showed that, while the constitutively expressed YAF9A and 

DSB-induced YAF9B proteins display partially redundant roles in plant development and 

genotoxic stress tolerance, they have largely non-redundant roles in DSB repair via HR-like 

pathways, suggesting independent DNA repair roles for YAF9A and YAF9B. Using proteomic 

and mutagenesis experiments to gain mechanistic insights into YAF9B, we showed that YAF9B 

is a DSB-specific component of the NuA4 histone acetylation complex and its YEATS domain is 

crucial for its role in repair. Together, our functional and mechanistic characterization links YAF9 

proteins to HR-like DSB repair via histone acetylation complexes and the YEATS domain. 

 

INTRODUCTION 

Organisms are constantly subjected to different kinds of DNA damage via exposure to 

various endogenous and exogenous DNA damaging agents(Ciccia & Elledge, 2010; Manova & 



 107 

Gruszka, 2015). To repair these lesions and maintain genomic integrity, organisms have evolved 

cellular pathways collectively termed as the DNA damage response (DDR)(Ciccia & Elledge, 

2010; Hu, Cools, & De Veylder, 2016). Of these DNA damages, double strand breaks (DSBs) are 

quite deleterious(Aguilera & Garcia-Muse, 2013) as they can lead to chromosomal abnormalities 

if repaired improperly(Rodgers & McVey, 2016). DSBs are repaired via two main pathways: the 

error-prone nonhomologous end joining (NHEJ) pathway and the error-free homologous 

recombination (HR) pathway(Scully, Panday, Elango, & Willis, 2019). DNA DSBs, and 

subsequent repair, occur in the context of the chromatin landscape, which can be modified by the 

exchange of canonical histones with variant forms, as well as by the post-translational 

modifications of histones (such as acetylation, methylation, phosphorylation, ubiquitylation, 

SUMOylation) and cytosine methylation of DNA (Jeggo, Downs, & Gasser, 2017; Scully et al., 

2019). Crosstalk between multiple chromatin-modifying complexes and their targets result in a 

dynamic and diverse chromatin landscape and influences all DNA-associated processes. The 

involvement of various chromatin modifications in serving as recruitment signals after DNA 

damage, as well as facilitating a repair-conducive environment is emerging across organisms 

(Clouaire et al., 2018; Drury et al., 2012; Van & Santos, 2018). For example, the serine 

phosphorylation of histone variant H2A.X is a crucial modification that marks the DSB site and 

plays important roles in signaling the DNA damage response(Fernandez-Capetillo, Lee, 

Nussenzweig, & Nussenzweig, 2004; Friesner, Liu, Culligan, & Britt, 2005; Georgoulis, Vorgias, 

Chrousos, & Rogakou, 2017; Siddiqui, Francois, Fenech, & Leifert, 2015; Srivastava, Gochhait, 

de Boer, & Bamezai, 2009), which subsequently results in the transcriptional regulation 

(coordinated by transcriptional master regulators: p53 in mammals(Hafner, Bulyk, Jambhekar, & 

Lahav, 2019) and SOG1 in Arabidopsis(Bourbousse, Vegesna, & Law, 2018; Ogita et al., 2018; 
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K. O. Yoshiyama, 2016)) of genes required for key DDR processes like cell cycle, DNA repair 

and cell death. The important and diverse functions of γH2A.X, and other damage-associated 

histone modifications, highlight the significance of chromatin in the DSB repair. 

Histone acetylation is a dynamic chromatin mark linked with transcription and various 

aspects of DNA damage repair. The YEATS (Yaf9, ENL, AF9, Taf14, Sas5) domain is a conserved 

histone acetylation reader module. Yeast contains three YEATS domain proteins (Yaf9, Taf14, 

and Sas5) and humans contain four YEATS domain proteins (GAS41, ENL, YEATS2 and 

AF9)(Schulze, Wang, & Kobor, 2009). Characterization of these YEATS domain proteins showed 

that the YEATS domain binds to a wide range of histone acylations, including acetylation, 

propionylation, butyrilation, crotonylation and succinylation (Andrews et al., 2016; Barnes, 

English, & Cowley, 2019; Klein, Ahmad, et al., 2018; Klein, Vann, et al., 2018; Y. Li et al., 2016; 

Y. Li, Zhao, Chen, & Li, 2017; Schulze et al., 2009; Y. Wang et al., 2018; Zhang et al., 2016; D. 

Zhao et al., 2016; D. Zhao, Li, Xiong, Chen, & Li, 2017), with higher affinities for bulkier acyl 

marks accomplished through diverse mechanisms(Andrews et al., 2016; Y. Li et al., 2016; Y. 

Wang et al., 2018; Zhang et al., 2016; D. Zhao et al., 2017). The YEATS domain binding channel 

is long and flat, therefore allowing recognition of longer and bulkier non-acetyl acylation(Y. Li et 

al., 2016), which have been linked to transcriptional activation to a similar or greater extent than 

acetylation(Goudarzi et al., 2016; Kebede et al., 2017; Sabari et al., 2015).  In Arabidopsis, there 

are only two YEATS domain proteins, YAF9A and YAF9B(Bieluszewski et al., 2015; Crevillen 

et al., 2019; Zacharaki et al., 2012), both of which are homologs of yeast Yaf9 and human GAS41.  

The yeast Yaf9 and human GAS41 are a part of the NuA4-SWR1 and TIP60-SCRAP 

chromatin remodeling complexes respectively. In the yeast Saccharomyces cerevisiae, SWR1-C 

and NuA4 complexes act in conjunction and influence H2A.Z and histone acetylation chromatin 
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states. SWR1-C is an ATP-dependent chromatin remodeling complex responsible for deposition 

of the histone variant H2A.Z. NuA4 is a histone acetyltransferase responsible for the acetylation 

of histones H4, H2A, and H2A.Z(Setiaputra et al., 2018). While SWR1-C comprises 14 subunits, 

organized around the central ATPase Swr1(Nguyen et al., 2013), the NuA4 comprises 13 subunits 

and organized around the central assembly platform containing Tra1 and Eaf1(Setiaputra et al., 

2018). The two complexes share a four-subcomponent module containing Yaf9(Lu, Levesque, & 

Kobor, 2009). In mammals, homologs of the yeast NuA4 and SWR1 subunits form a hybrid 

complex called TIP60, which can acetylate histones H2A and H4, as well as exchange H2A with 

H2A.Z. Another complex in humans, SRCAP is a homolog of the yeast SWR1 and is responsible 

for H2A.Z deposition into chromatin. Like yeast, the TIP60 and SRCAP complexes share the 

histone acylation reader GAS41. In line with the role of histone acetylation and H2A.Z in stress 

responses, mutations in subunits of the yeast NuA4/SWR1c and mammalian TIP60/SRCAP 

complexes have shown DNA damage repair defects(Lu et al., 2009; Squatrito, Gorrini, & Amati, 

2006). In plants, most of the yeast NuA4 and SWR1 subunits are conserved(Aslam, Fakher, 

Jakada, Cao, & Qin, 2019; Espinosa-Cores et al., 2020). Recent proteomic analyses performed 

with Arabidopsis homologs of SWR1 and NuA4 subunits have revealed that the components form 

yeast-like complexes(Y. X. Luo et al., 2020; Tan et al., 2018) with a few exceptions (unique plant 

specific subcomponents like MBD9(Y. X. Luo et al., 2020; Potok et al., 2019; Sijacic, Holder, 

Bajic, & Deal, 2019) and plant specific interactions like association of TRA1 with SWR1(Y. X. 

Luo et al., 2020; Potok et al., 2019)). Functional characterization of the Arabidopsis NuA4 and 

SWR1 subunits suggest roles in plant development, flowering, and stress response. Similar to 

human and yeast complexes, mutants of select subunits of AtSWR1 (pie1: homolog of yeast 

ATPase Swr1; arp6 and swc6: non-catalytic subunits) show increased sensitivity to DNA damage, 
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meiotic abnormalities, and decreased somatic homologous recombination (SHR)(Rosa, Von 

Harder, Cigliano, Schlogelhofer, & Mittelsten Scheid, 2013). However, a more systematic analysis 

for the roles and mechanisms of both NuA4 and SWR1 complexes in DNA repair is yet to be 

performed in Arabidopsis.  

Functional characterization of the Arabidopsis YEATS domain proteins, YAF9A and 

YAF9B suggest roles in plant development. Previous studies have shown that YAF9A is 

constitutively expressed throughout the plant and yaf9a-1 mutants display early flowering 

phenotypes, while YAF9B is detected only in young flowers and roots, and yaf9b-2 mutants 

behave like wild-type(Crevillen et al., 2019; Zacharaki et al., 2012). The double mutant yaf9a-1,b-

2 displays pleiotropic developmental phenotypic alterations (conspicuous early flowering, 

accelerated senescence and reduced organ and plant size due to lower endoreduplication levels) 

and displays mis-regulation of a wide variety of genes involved in cell size, growth regulation, 

systemic acquired response, and flowering time regulation, suggesting that the YAF9 proteins have 

partially redundant functions in developmental responses(Bieluszewski et al., 2015; Crevillen et 

al., 2019; Zacharaki et al., 2012).  Concurring with the YEATS domain reader function in yeast 

and mammals, in vitro experiments show that AtYAF9A and AtYAF9B are localized to the 

nucleus and are histone H3 and H3 acetylation readers(Crevillen et al., 2019). While the interaction 

of YAF9A with subcomponents of the SWR1/NuA4 complexes has been recently confirmed(Y. 

X. Luo et al., 2020; Potok et al., 2019), the interactions of YAF9B remain unexplored. Moreover, 

despite the known involvement of key SWR1 sub-components in DNA repair(Rosa et al., 2013), 

the roles of the histone reader proteins, YAF9A and YAF9B in DNA damage repair and the 

mechanisms through which they act, remain unexplored. Given the strong connections of H2A.Z 



 111 

and histone acetylation with stress response, it is important to investigate the roles of YAF9 

subunits in DNA repair to understand the role of chromatin in mediating DNA repair.  

In this work, we have shown that YAF9B is specifically induced in response to DNA 

double strand breaks and its expression is dependent on the palindromic motif CTT(N)7AAG in 

the YAF9B promoter which is bound by SOG1—the master transcriptional regulator of the DNA 

damage response in plants. Consistent with the roles of SWR1 subunits in DNA damage 

repair(Rosa et al., 2013), yaf9 mutants are hypersensitive to DNA damage-inducing agents in a 

redundant manner. Moreover, yaf9 single mutants show strong defects in somatic homologous 

recombination (HR)-like repair, which are only slightly more aggravated in the double mutants, 

suggesting independent roles for YAF9A and YAF9B in HR-like repair. Consistent with the 

affiliation of YEATS domain proteins to chromatin remodeling complexes, proteomic experiments 

using YAF9B epitope-tagged lines after DNA damage show that YAF9B specifically interacts 

only with NuA4 subunits while recently published proteomic experiments show that YAF9A 

interacts with both NuA4 and SWR1 subunits(Y. X. Luo et al., 2020; Potok et al., 2019; Sijacic et 

al., 2019; Tan et al., 2018). This suggests that YAF9B is a DNA damage specific component of 

NuA4 complex with a role in DNA repair. Plants with alanine substitutions of key histone 

interacting amino acids in YAF9B are hypersensitive to DNA damage-inducing agents, 

emphasizing the importance of the reader function of YAF9B’s YEATS domain in DNA repair. 

Overall, we show that both YAF9A and YAF9B are required for DNA repair and delve into the 

molecular mechanism mediating YAF9B’s role in DNA damage repair via the YEATS reader 

function and chromatin remodeling complex.  
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RESULTS AND DISCUSSION 

YAF9B induction is DSB-specific, requires the SOG1 motif, and is highest in meristematic zones. 

Analysis of previously published transcriptomic data(Bourbousse et al., 2018) revealed  

that the expression pattern of YAF9B is similar to many other genes important for DNA 

repair(Bourbousse et al., 2018)–it is a direct target of SOG1 and shows low expression under 

control conditions, but is strongly induced by γ-IR in a SOG1-dependent manner (Figure 3-1A). 

In contrast, YAF9A, its closest homolog, is highly expressed under control conditions, and shows 

no induction after γ-IR or dependance on SOG1 (Figure 3-1A). To reveal where YAF9A and 

YAF9B are expressed, and to investigate the cis-regulatory elements and types of DNA damage 

controlling YAF9B expression, β-glucuronidase (GUS) reporter constructs driven by the 

endogenous YAF9 promoters were generated. Consistent with previous RT-PCR data showing 

widespread expression of YAF9A in different plant organs in non-stressed conditions(Crevillen et 

al., 2019; Zacharaki et al., 2012), several independent pYAF9A::GUS reporter lines (ins#1-3) 

showed strong expression across all tissues in both 8-day old and 14-day old seedlings irrespective 

of γ-IR treatment (Figure 3-1B and Figure 3-S1A). In contrast, the pYAF9B::GUS reporter lines 

(ins#1-2) only showed signal after γ-IR, with the strongest GUS expression detected in the shoot 

apex and root primordia of 8-day and 14-day old seedlings (Figure 3-1B and Figure 3-S1B). The 

expression patterns observed for the pYAF9::GUS reporter lines were validated in vivo via mRNA-

seq experiments using dissected tissues from similarly staged wild-type seedlings either with or 

without exposure to γ-IR (Figure 3-1C). While YAF9A was uniformly expressed, YAF9B 

expression was induced by γ-IR and was the highest in samples containing meristematic tissues 

(i.e. the shoot apex and root+ hypocotyl; Figure 3-1C). These expression analyses demonstrate 

that in addition to being induced by DNA damage, YAF9B expression is also tissue-specific, 
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closely mimicking the expression pattern of SOG1(K. O. Yoshiyama et al., 2013) and other DNA 

repair proteins(Ogita et al., 2018; Seo, Maeda, & Hiratsuka, 2007). 

Next, the role of the SOG1 cis-regulatory motif in regulating YAF9B expression was 

assessed using the pYAF9B::GUS reporter. First, to confirm that expression of this reporter is 

dependent on SOG1, like the endogenous YAF9B gene (Figure 3-1A), it was crossed into two sog1 

mutant backgrounds (sog1-1(K. Yoshiyama, Conklin, Huefner, & Britt, 2009) and sog1-101(Ogita 

et al., 2018)). As expected, the pYAF9B::GUS reporter was induced in meristematic tissues after 

γ-IR in the wild-type co-segregants from these crosses and this expression was lost in both the 

sog1 mutant backgrounds (Figure 3-1D, E), recapitulating the in vivo expression pattern of 

YAF9B. The role of the SOG1 cis-regulatory motif was then assessed using mutant versions of the 

pYAF9B::GUS reporter that harbor either an inversion of conserved bases in the SOG1 motif 

(Figure 3-1F) or a deletion that alters the spacing within the SOG1 motif (Figure 3-1G). For each 

construct, several independent lines were tested, and in all cases, mutations within the SOG1 motif 

resulted in strongly reduced GUS expression in both 8-day old and 14-day old seedlings (Figure 

3-1F, G and Figure 3-S1C, D) as compared to the native pYAF9B::GUS reporter (Figure 3-1B 

and Figure 3-S1B). These findings demonstrate that the SOG1 cis-regulatory motif is critical for 

YAF9B induction in meristematic tissues after DNA damage. 

To determine whether YAF9A expression is responsive to other genotoxic stresses and 

whether YAF9B induction is specific to DSBs, or if it is also induced by other types of DNA 

damage, expression of the pYAF9::GUS reporters were assessed after exposure to a variety of 

different DNA damaging conditions. For YAF9A, the GUS staining patterns (Figure 3-S1 E) and 

endogenous expression levels remained largely unaffected under all conditions (Figure 3-S1F) 

demonstrating that YAF9A is not responsive to genotoxic stress. For YAF9B, the GUS staining was 
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again specific to shoot apex and root tips and was only observed in response to DSB inducing 

agents (γ-IR and bleomycin (Manova & Gruszka, 2015; Takahashi et al., 2019)) and not in 

response to other stresses (crosslinking(Bouyer et al., 2018; Gomez, Falcone Ferreyra, Sheridan, 

& Casati, 2019; Manova & Gruszka, 2015; Poklar et al., 1996), replication(Saban & Bujak, 2009; 

Takahashi et al., 2019) and environmental stress(Hong et al., 2017; Mahapatra & Roy, 2021; 

Takahashi et al., 2019)) (Figure 3-1H). Consistent with these results, increased expression of 

endogenous YAF9B was also specific to DSB-inducing agents (Figure 3-S1 F). For all the 

aforementioned genotoxic stresses, the proper conditions were verified by assessing the induction 

of previously characterized stress-responsive genes (Bohmdorfer et al., 2011; Bourbousse et al., 

2018; Bouyer et al., 2018; Mintoff, Rookes, & Cahill, 2015; Ryu et al., 2019; Sakuma et al., 2006; 

L. Wang et al., 2020; Yu et al., 2020) (Figure 3-S1 G). Taken together these studies elucidate the 

different expression patterns of YAF9 proteins and demonstrate DSB-specific expression patterns 

for YAF9B. Overall, the DSB-specific, SOG1-dependent YAF9B induction and localization to 

meristematic tissues, like that of several other DNA repair factors(Hirakawa, Hasegawa, White, & 

Matsunaga, 2017; Ogita et al., 2018; Takahashi et al., 2019), suggests important roles for YAF9B 

in DNA repair.  

 

yaf9 mutants are sensitive to genotoxic stress 

To investigate the roles, and possible redundancy, of YAF9A and YAF9B in DNA repair, 

several yaf9 single and double mutants were characterized. First, the previously described yaf9a-

1(Alonso et al., 2003; Bieluszewski et al., 2015; Crevillen et al., 2019; Zacharaki et al., 2012) and 

yaf9b-2(Alonso et al., 2003; Bieluszewski et al., 2015; Crevillen et al., 2019) single mutants were 

used to generate the yaf9a-1,b-2 double mutant, reproducing the previously described 
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developmental defects, including reduced organ and plant size  (Bieluszewski et al., 2015; 

Crevillen et al., 2019; Zacharaki et al., 2012) (Figure 3-S2A). Given the strong phenotype of the 

yaf9a-1,b-2 double, a second, potentially weaker allele of yaf9b was obtained.  This allele, yaf9b-

3, harbors a T-DNA upstream of the YAF9B gene (Figure 3-2A) and when combined with yaf9a-

1, the yaf9a-1,b-3 double displays minimal developmental defects (Figure 3-S2A). Further 

characterization of the yaf9 alleles via mRNA-seq experiments (with or without γ-IR treatments) 

revealed that, unlike the yaf9a-1 and yaf9b-2 alleles, which are result in mis-spliced and/or 

truncated transcripts, respectively (Figure 3-2A and Figure 3-S2D), the YAF9B transcript is lowly 

expressed in the yaf9a-1,b-3 in both mock and γ-IR conditions (Figure 3-2A and Figure 3-S2B). 

Amplification and sequencing of the YAF9B transcript in yaf9b-3 and yaf9a-1,b-3 confirmed the 

presence of a full length, wild-type transcript (Figure 3-S2C), demonstrating that this allele is a 

knock-down rather than a loss of function mutant, explaining its weaker developmental phenotype 

(Figure 3-S2A).  In addition, fine mapping of the T-DNA insertion site in yaf9b-3 revealed that, 

it is located just downstream of SOG1 motif in YAF9B promoter (Figure 3-2A), suggesting that 

the proximity of this motif to the gene is also critical for DNA damage-dependent induction of 

YAF9B. Together, these yaf9 alleles provide a series of mutants with variable strengths and 

expression patterns that can be leveraged to assess the roles of YAF9A and YAF9B in DNA repair.  

One commonly used method to identify defects in DNA repair is the “true leaf” assay in 

which the accumulation of DNA damage causes cell cycle arrest or cell death in the apical 

meristem of young seedlings, resulting in the development of deformed or missing true 

leaves(Rosa & Scheid, 2014a, 2014b; Rosa et al., 2013).  Compared to both wild-type (Col-0) and 

no treatment controls, a higher proportion of the yaf9a-1,b-2 double mutant plants in this assay 

showed true leaf defects after exposure to 100Gy of γ-IR (Figure 3-2B). Notably this result was 



 116 

consistent across several independent experiments (Figure 3-2B, C) and was dose dependent 

(Figure 3-S2E). The other single and double yaf9 mutants, however, showed defects similar to the 

wild-type control (Figure 3-2B).  The lack of defects in yaf9a-1,b-3 suggests that the residual 

YAF9B expression in the yaf9a-1,b-3 mutant (Figure 3-S2C) is sufficient to protect against DNA 

damage. To confirm that the damage sensitivity observed in the yaf9a-1,b-2 mutant is due to 

disruption of these YAF9 genes, complementation assays were conducted. To avoid the fertility 

defects observed in the homozygous yaf9a-1,b-2 double mutant,  FLAG or GFP tagged YAF9A or 

YAF9B genes, driven by their endogenous promoters, were introduced into yaf9a-1,b-2 

populations segregating for either yaf9b-2 or yaf9a-1, respectively, as diagramed in (Figure 3-

S2F).  After selecting for homozygous transgenic lines, and genotyping for the yaf9a-1 and yaf9b-

2 alleles, true leaf assays were conducted using the YAF9A and YAF9B tagged lines in the yaf9a-

1,b-2 mutant background (Figure 3-2C). These assays demonstrated that both the GFP and FLAG 

tagged YAF9A and YAF9B proteins are able to largely rescue the DNA damage defects observed 

in the yaf9a-1,b-2 mutant, as is evidenced by the reductions in seedlings with deformed or missing 

true leaves after γ-IR exposure (Figure 3-2C).  Altogether, these findings demonstrate that YAF9A 

and YAF9B act redundantly to promote plant growth after genotoxic stress.   

 

YAF9A and YAF9B are both required for homologous recombination after γ-IR  

To determine whether YAF9A and YAF9B are required for HR-like repair of DSBs, two 

previously described reporters were utilized (Puchta & Hohn, 2012; Roth et al., 2012) (Figure 3-

3A). Both reporter constructs contain a GUS gene that is nonfunctional until a DSB is introduced 

by an I-SceI restriction enzyme present on a separate inducer construct and then repaired by single 

strand annealing (SSA), in the case of the DGU.US reporter, or by synthesis dependent strand 
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annealing (SDSA), in the case of the IU.GUS reporter (Figure 3-3A). To assess defects in DSB 

repair, the reporter (DGU.US and IU.GUS) and inducer (I-SceI) constructs, each in the yaf9a-1 or 

yaf9b-2 mutant background, were crossed (see Figure 3-S3A for crossing scheme) and the 

numbers of blue sectors per seedling (indicating HR-like repair) were compared to wild-type 

control crosses.  For both the SSA and SDSA reporters, fewer blue sectors were observed in the 

yaf9a-1 and yaf9b-2 mutants compared to wild-type controls (Figure 3-3B) and this phenotype 

was consistent across several independent crosses (Figure 3-S3B, C).  These findings not only 

demonstrate roles for YAF9A and YAF9B in HR-like DNA repair, placing them alongside only 

one other plant chromatin readers shown to be important for this process(Lario, Ramirez-Parra, 

Gutierrez, Casati, & Spampinato, 2011; S. Zhao, Zhang, Yang, Zhu, & Li, 2018), but also suggest 

that they preform largely independent functions as defects in either gene causes defects in repair. 

Moreover, a reduction of blue spots in yaf9b-2 is observed throughout the plant (Figure 3-3B and 

Figure 3-S3B,C), and not only in meristematic zones where YAF9B is highly induced. This 

evidence, in addition to the observed low induction of YAF9B throughout the rest of the plant 

(Figure 3-1C), suggests that YAF9B is important for DNA repair throughout the plant, with 

different levels of transcriptional induction.    

To quantify and assess HR-like repair defects in additional mutant backgrounds, a 

simplified genetic approach was utilized wherein DSBs are introduced in the reporters by γ-IR, 

rather than the inducer construct (Figure 3-3A). Using this approach, repair rates at the SSA and 

SDSA reporters were assessed in the yaf9a-1, yaf9b-2, yaf9b-3, and yaf9a-1,b-2 mutants 7 days 

after exposure to γ-IR and compared to wild-type controls. Across multiple independent 

experiments, the recombination rates (represented by number of blue sectors per seedling) were 

significantly reduced in the all the yaf9 mutant plants compared to the wild-type controls in both 
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reporter backgrounds (Wilcox t‐test **** p ≤ 0.0001; Figure 3-3C). In line with yaf9b-3 being a 

knock-down rather than a null allele, this mutant displayed a weaker phenotype than yaf9b-2 

(Figure 3-3C). By comparison, the recombination rates in the yaf9a-1 mutant, especially for the 

SDSA reporter, were lower than both yaf9b single mutants (Figure 3-3C), revealing a stronger 

repair defect in this mutant. Finally, these repair defects were only slightly enhanced in the yaf9a-

1,b-2 double mutant (Figure 3-3C), confirming, in a more quantitative manner, that YAF9A and 

YAF9B act in a largely non-redundant manner to mediate DSB repair via HR-like mechanisms.  

To confirm that the DSB repair defects observed in the yaf9 mutants were due to reduced 

recombination rates, rather than, for example, epigenetic silencing of the GUS reporter 

lines(Puchta & Hohn, 2012; Ulker et al., 2012), complementation assays were conducted. For these 

assays, the SSA and SDSA reporter lines, in either a wild-type background or in the yaf9 mutant 

backgrounds described in Figure 3-S3D, were crossed with the previously vetted YAF9 

complementing lines (Figure 3-2C and Figure 3-S2F) and recombination rates were assessed in 

the resulting F1 seedlings after exposure to γ-IR (Figure 3-3). Compared to the yaf9a-1 and yaf9b-

2 controls, recombination rates via both SSA and SDSA were significantly increased in seedlings 

containing the tagged YAF9 proteins (Figure 3-3D), demonstrating a rescue of the recombination 

defects in yaf9a-1 and yaf9b-2 mutants.  Complementation of the HR-like repair defects in the yaf9 

mutants affirms that both reporters remain competent for recombination in these mutant 

backgrounds and demonstrates that YAF9A and YAF9B are responsible for the observed DSB 

repair defects.  
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YAF9s participate in DSB repair in a chromatin-dependent but transcription-independent manner:  

During the DNA damage response, histone acetylation readers are known to play diverse 

roles including regulating the expression of genes important for DNA repair and coordinating 

repair steps at  the chromatin(Gong, Chiu, & Miller, 2016). To decipher the molecular mechanisms 

underlying the YAF9 involvement in DSB repair, the transcriptional defects in yaf9 mutants were 

studied and the interactors of YAF9B after DNA damage were identified.  To assess DNA damage-

associated transcriptional defects in yaf9 mutants, three independent mRNA-seq experiments were 

performed 3h after 100Gy γ-irradiation (+ γ-IR) or mock (- γ-IR) treatments (Figure 3-S4A, 

Supplementary table 1), a time when the DNA damage response is well documented (Bourbousse 

et al., 2018).  Differentially expressed genes (|Fold change| ≥2 and p-value≤0.01) in the yaf9 

mutants compared to Col-0, were identified and visualized using volcano plots after either mock 

(Figure 3-4A) and γ-IR treatments (Figure 3-4B, Supplementary table 2-list of DE genes). 

Amongst the differentially expressed genes, to highlight the genes associated with DDR in the 

volcano plots, the genes are color-coded based on the path number in the DREM transcriptional 

model for wild-type plants that was previously generated (number of genes identified in each path 

are indicated below the path number) (Bourbousse et al., 2018). In the yaf9b-2 LOF allele, no 

additional genes, besides YAF9B, are differentially expressed compared to the wild-type control 

in either the mock or γ-IR conditions, suggesting that the DSB defects in yaf9b-2 are not due to 

transcriptional defects. In the other single mutants, very few genes (5 down, 11 up in mock; and 7 

down, 12 up in γ-IR for yaf9a-1 and 0 down, 3 up in mock; and 1 down, 2 up in γ-IR for yaf9b-3) 

including the respective mutated genes, are differentially expressed compared to the wild-type 

control. The DE genes identified in yaf9a-1 and yaf9b-3 are not connected to DNA damage repair. 
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Overall, analysis of differential expression in single mutants suggests that the independent roles of 

YAF9 proteins in DSB repair, especially YAF9B, are not mediated by transcriptional regulation.  

Since YAF9B is expressed in a DSB-specific manner (Figure 3-1) and recent IP/MS studies 

have shown that the Arabidopsis YAF9A is a subunit of both NuA4 and SWR1 acetylation 

complexes (Figure 3-5A) (Y. X. Luo et al., 2020), it was hypothesized that YAF9B might be a 

part of chromatin modifying complex. To interpret the function of YAF9B by identifying its 

interactors, IP/MS was performed using a pYAF9B:YAF9B:FLAG yaf9b-2 complementing line 

described in Figure 3-2C. IP/MS was performed in 8-day old pYAF9B:YAF9B:FLAG yaf9b-2 and 

Col-0 (wild-type) seedlings, 6h after 100Gy γ-IR and revealed the enrichment of about 60 proteins 

that are more than 30-fold enriched compared to Col-0 (180 proteins more than 10-fold enriched) 

(Supplementary table 5). This includes sub-components of NuA4/SWR1 complexes like the 

shared components of the NuA4/ SWR1 complexes (ARP4 and SWC4), NuA4 assembly platform 

(EAF1A/EAF1B), NuA4 piccolo module (HAM1, EPL1B and ING2) and INO80/SWR1 shared 

module (RIN1, RVB2A and RVB2B). These subcomponents were also enriched in the previously 

published YAF9A IP/MS(Y. X. Luo et al., 2020) (Figure 3-5B). However, unlike in YAF9A 

IP/MS (Y. X. Luo et al., 2020), unique components of the SWR1 complex (PIE1, ARP6, SWC6, 

MBD9, SWC2) were not enriched in YAF9B IP/MS, suggesting that YAF9B might specifically 

associate with the NuA4 acetylation complex only. This evidence suggests the existence of a DNA 

damage specific, YAF9B containing NuA4 complex and DNA repair roles for YAF9 proteins via 

chromatin modifying complexes. Altogether, the absence of transcriptional defects in yaf9b-2, the 

DNA damage specific association of YAF9B in histone acetylation NuA4 complex and the 

previously described roles of histone acetylation and associated complexes in stress 

response(Campi, D'Andrea, Emiliani, & Casati, 2012; Fina & Casati, 2015; Fina, Masotti, Rius, 
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Crevacuore, & Casati, 2017; M. Luo, Cheng, Xu, Yang, & Wu, 2017; Rosa et al., 2013), link 

YAF9B to DSB repair in a chromatin- mediated manner. 

 

Histone binding ability of YEATS domain is required for YAF9B function:  

To investigate whether the acylation reader function of the YAF9B YEATS 

domain(Crevillen et al., 2019) is important in mediating its role in DNA repair, a mutagenesis 

approach was employed. The Arabidopsis YAF9A and YAF9B proteins share homology with 

human GAS41, in which the residues required for the YEATS domain to recognize lysine 

acetylation have been identified and shown to form an aromatic cage(Hsu et al., 2018; Y. Li et al., 

2016) (green triangles; Figure 3-6A). Based on an alignment with GAS41 (Figure 3-6A), and a 

structural prediction of YAF9B (BAR tools (Winter et al., 2007)) (Figure 3-6B), H89, S91, F92, 

W111, G112 and F114 were identifed as candidate residues important for the YAF9B YEATS 

domain-histone interaction (Figure 3-6A, B). To assess the roles of these amino acids in DNA 

repair, alanine substitutions of the aforementioned residues, either alone or in combinations of up 

to four residues, were introduced into the tagged YAF9B constructs and transformed into yaf9a-

1,b-2 plants. True leaf assays were then preformed in yaf9a-1,b-2 mutants homozygous for the 

either the wild-type or mutated YAF9B transgenes (Figure 3-6C). Consistent with previous assays 

(Figure 3-2B,C), the sensitivity in yaf9 single mutants after γ-IR was comparable to the wild-type 

control, the yaf9a-1,b-2 double mutant was more sensitive, and addition of functional YAF9B 

rescued the true leaf defects (Figure 3-6C). Amongst the single amino acid substitutions, the 

S91A, F92A, G112A and F114A mutants all complemented to a similar level as observed for the 

wild-type YAF9B control (Figure 3-6C), demonstrating that alone, these mutations are not 

sufficient to disrupt YAF9B function in vivo.  In contrast, for all YAF9B constructs harboring the 
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W111A mutation, the true leaf defects remained at levels nearly equivalent to the yaf9a-1,b-2 

double mutant, with the W111A mutants in the triple and quadruple mutant combinations 

complementing the least (Figure 3-6C). The increased severity of the defects in triple and 

quadruple mutant combinations, compared to W111A single, suggests that these residues play a 

complimentary role in the YEATS domain function. Notably, the sensitivities observed in the 

YAF9B substitutions are in agreement with the previously identified importance of their 

counterparts in GAS41 (Hsu et al., 2018). Altogether, this data suggests that a functional YAF9B 

YEATS domain is required for its role in DNA damage. Moreover, the importance of the 

Tryptophan (W) in the aromatic cage for YEATS domain function in both Arabidopsis YAF9B 

and Human GAS41(Hsu et al., 2018), suggests a possible conservation of the histone-binding 

mechanism. 

 

CONCLUSIONS 

This study shows that two differentially expressed Arabidopsis YEATS domain-containing 

proteins, YAF9A and YAF9B, are both required for proper DSB-repair via HR-like pathways and 

that the role of YAF9B in DSB repair is chromatin-mediated and dependent on its YEATS domain. 

Transcriptomics and endogenous promoter driven GUS experiments showed that while YAF9A is 

ubiquitously expressed in a DNA damage-independent manner, YAF9B is conditionally induced 

upon DSB damage in a SOG1-dependent and tissue-specific manner (in meristematic tissues) 

(Figure 3-1; S1). Molecular DNA repair assays using yaf9 mutant alleles of variable strengths and 

higher order mutants, showed that YAF9A and YAF9B have independent roles in HR-like DSB 

repair pathways (Figure 3-3; S3). Proteomic experiments showed that DSB-induced YAF9B 

specifically interacts with components of the NuA4 histone acetylation complex but not unique 
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components of the SWR1 H2A.Z depositing complex (Figure 3-5). Site-directed mutagenesis 

experiments showed that the histone binding ability of YAF9B YEATS domain is important for 

YAF9B’s role in DNA repair (Figure 3-6). Altogether, this work implicates the Arabidopsis YAF9 

proteins in DSB repair, and adds them to a very short list of chromatin readers that have been 

connected to DNA repair(Lario et al., 2011; S. Zhao et al., 2018). 

While previous works have shown partially redundant roles for Arabidopsis YAF9 proteins 

in development (major roles for YAF9A and minor roles for YAF9B)(Crevillen et al., 2019; 

Zacharaki et al., 2012), our studies show that both YAF9A and YAF9B have independent roles in 

mediating HR-like repair. These independent roles could be attributed to various reasons. Firstly, 

it might be associated with their differential tissue- and DNA damage-specific expression patterns, 

where YAF9A is ubiquitously expressed and YAF9B is induced by DSBs in meristematic tissues 

(like other DNA repair proteins (K. O. Yoshiyama et al., 2013) (Ogita et al., 2018; Seo et al., 

2007)). Although GUS localization experiments show induction of YAF9B in meristematic tissue 

(Figure 3-1B; S1B), transcriptomics in dissected tissues revealed that in addition to strong 

induction in meristematic zones, low levels of YAF9B expression are detected in other plant 

tissues (Figure 3-1C). Moreover, HR-like reporter assays in yaf9b mutants are defective in proper 

repair throughout the plant and not specifically in meristematic tissues (Figure 3-3B; S3B,C). This 

evidence suggests that the YAF9 proteins are expressed at different levels and take part in DNA 

repair throughout the plant. Moreover, our proteomic data showing interaction of YAF9B with 

NuA4-specific subcomponents after DSB damage(Figure 3-5), while YAF9A was previously 

shown to be interacting with both NuA4- and SWR1-specific subcomponents(Y. X. Luo et al., 

2020; Potok et al., 2019; Sijacic et al., 2019; Tan et al., 2018), suggests DNA repair roles for 

YAF9B via DNA damage-specific chromatin modifying complexes. These expression patterns 
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and selective interactions pave way for intricate mechanisms, where YAF9A and YAF9B are a 

part of polymorphic and combinatorially assembled chromatin complexes, allowing them to take 

on highly specialized functions in a tissue-specific or a sequential manner. This is in line with 

previous studies in both plants(Zhou et al., 2021) and mammals(Kadoch & Crabtree, 2015; 

Maehara et al., 2015; Nitarska et al., 2016), where protein homologs (in chromatin complexes) 

regulate epigenetic landscapes and/or gene expression by taking on independent and/or tissue-

specific roles. Finally, the independent roles of YAF9 proteins could be contributed by different 

histone binding properties of the YAF9A and YAF9B YEATS domain. Recent studies in 

mammalian and yeast YEATS domain proteins show that the YEATS domain binds to a broad 

array of histone acylations (including acetylation, propionylation, butyrylation, crotonylation and 

succinylation), with higher affinities to bulkier groups(Barnes et al., 2019). However in 

Arabidopsis, previous studies have tested YEATS binding ability only with select histone 

marks(Crevillen et al., 2019). Perhaps, further characterization of the Arabidopsis YEATS-histone 

interaction will reveal specific binding affinities and shed light on their independent roles in HR-

like repair. 

Altogether, this work demonstrating the role of Arabidopsis YEATS domain proteins in 

DNA repair via histone acetylation sheds light on a major unanswered question in the field of DNA 

damage repair- the role of chromatin in modulating DNA damage repair. This work is one of the 

first studies linking a histone reader to DSB repair in Arabidopsis, and hence a step towards 

understanding the role of histone modifications and their interactors in influencing DSB repair via 

chromatin-mediated mechanisms. 
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MATERIALS AND METHODS 

Plant Materials: 

All Arabidopsis mutant and transgenic lines used in this study were in the Col-0 ecotype 

unless specified otherwise and were either grown at 22°C under long-day conditions (16 h light, 8 

h dark) unless specified otherwise. The following, previously characterized transfer DNA (T-

DNA) insertion mutants were obtained from Arabidopsis Biological Resource Center (ABRC) : 

yaf9a-1 (SALK_106430, (Zacharaki et al., 2012)), yaf9b-2 (SALK_046223, (Bieluszewski et al., 

2015)), and sog1-101 (GABI_602B10, (Ogita et al., 2018)). The sog1-1 EMS mutant (K. 

Yoshiyama et al., 2009), which is in a mixed Landsberg erecta (Ler)/Col background containing a 

pCYCB1;1::GUS fusion, was provided by A. Britt, Department of Plant Biology, University of 

California, Davis, CA. A second, uncharacterized yaf9b allele, yaf9b-3 (WISCDSLOX377-

380P19/CS853514, (Woody, Austin-Phillips, Amasino, & Krysan, 2007)), was obtained from 

ABRC. Homozygous lines were identified using PCR based genotyping using the primers listed 

in Supplementary table 3. Developmental phenotypes of plants grown in the greenhouse (22°C 

under long-day conditions: 16 h light, 8 h dark) shown in Figure 3-S2A, were captured using a 

digital camera. Images were processed using photopea (https://www.photopea.com/ ). 

 

Generation of gateway plasmids and transgenic Arabidopsis plant lines: 

Constructs containing GUS reporters or epitope tagged versions of YAF9A or YAF9B were 

generated using the MultiSite Gateway® Three- Fragment Vector Construction Kit (Cat # 12537-

023, Invitrogen).  To generate BP constructs containing either the promoter regions, genic regions 

(without STOP codon), or 3’UTR regions of YAF9B and YAF9A, the corresponding genomic 

regions were amplified using Phusion polymerase (Cat # M0530, NEB) from wild-type genomic 

https://www.photopea.com/
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DNA using the primers listed in Supplementary table 3.  The resulting PCR products were gel 

purified (Cat # D4001, Zymo Research) and recombined into the following pDONR entry vectors 

(pDONR-P4P1r for promoter regions, pDONR-221 for genic regions, and pDONRP2rP3 for 3’-

UTR regions) using the Gateway BP Clonase II Enzyme kit (Cat # 11789020, Invitrogen) 

according to manufacturer’s instructions. These sequence verified BP clones, as well as previously 

generated BP clones containing (pDONR221-GUS, pDONRP2rP3-3XFLAG-BLRPmut and 

pDONRP2rP3-GFP) were then recombined with the pB7m34GW destination binary 

vector(Karimi, Depicker, & Hilson, 2007) using the Gateway LR clonase kit (Cat# 11791019, 

Invitrogen) to generate the constructs detailed in Supplementary table 4.    

Constructs containing mutations in the SOG1 motif, in the YEATS domains of YAF9A or 

YAF9B were generated by performing Site directed mutagenesis (SDM) on the BP constructs 

pDONRP4-P1R-pYAF9B, pDONR221-YAF9A, or pDONR221-YAF9B, respectively, using the 

primers listed in Supplementary table 3. SDM was performed using a two-step method. Briefly, 

the original BP constructs were amplified with NEB Phusion® High-Fidelity DNA Polymerase 

(Cat # M0530S, NEB) and complimentary primers containing the desired mutation (listed in 

Supplementary table 3). The PCR product was digested with DpnI (Cat # R0176S, NEB) and 

transformed into One Shot™ MAX Efficiency™ DH5α-T1R Competent Cells (Cat # 12297016, 

Invitrogen).  These BP plasmids were used to generate the destination vector constructs listed in 

Supplementary table 4.  

After sequence verification, the destination vectors were  transformed into the AGLO 

Agrobacterium tumefaciens strain, and used to create Arabidopsis transgenic lines in specified 

genetic backgrounds (Supplementary table 4) using floral dip method(Clough & Bent, 1998). 

Primary transformants for each construct were selected on half strength Linsmaier and Skoog 
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(LS½) medium with 25ug/ml Basta (Cat # J66186, Alfa Aesar) and genotyped for the genetic 

background with primers listed in Supplementary table 3. Subsequent generations were screened 

to select homozygous, single insert lines and the appropriate genetic backgrounds (Figure 3-S2F) 

that were used for the GUS staining, phenotype complementation and IP/MS experiments. 

Lines containing the  pYAF9B::GUS::YAF9B 3’UTR+ construct in  a sog1 mutant 

background were generated by crossing the  pYAF9B::GUS::YAF9B 3’UTR line (ins#4), which 

was generated in a yaf9a-1 (het) yaf9b-2 (ho) background,  into either the sog1-1 or sog1-101 

mutant and isolating pYAF9B::GUS::YAF9B 3’UTR (ho) yaf9a-1(wt) yaf9b-2(wt) sog1(ho) and a 

wild-type cosegregant pYAF9B::GUS::YAF9B 3’UTR (ho) yaf9a-1(wt) yaf9b-2(wt) sog1(wt) in F3 

generation. The pCYCB1;1::GUS in sog1-1 was segregated out by genotyping in the 

pYAF9B::GUS::YAF9B 3’UTR(ho) yaf9a-1(wt) yaf9b-2(wt) sog1-1(ho) and 

pYAF9B::GUS::YAF9B 3’UTR (ho) yaf9a-1(wt) yaf9b-2(wt) sog1-1(wt) lines. 

 

GUS histochemical staining of seedlings:  

Seeds were gas sterilized, resuspended in 1ml of sterilized water, stratified by incubation 

at 4°C for 2-3 days in the dark, sowed on LS½ media plates and grown in long day conditions (16h 

light, 8h dark). For gas sterilization, seeds in microcentrifuge tubes, were exposed to chlorine gas 

(200ml bleach and 5ml hydrochloric acid (HCl), stirred continuously) in a sealed container for 1h 

and then aired out for 1h to vent the chlorine gas. Whole seedlings (8-day and 14-day old for 

promoter driven GUS lines in Figure 3-1 and 14-day and 19-day old for HR-like repair assays in 

Figure 3-3) were fixed in ice-cold 90% acetone by submerging them completely for 20 minutes. 

The seedlings were briefly rinsed by completely submerging the tissue in GUS staining buffer (50 

mM NaPO4, pH 7.2, 0.2% Triton X-100) at room temperature and then incubated in GUS staining 
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buffer supplemented with 2 mM X-Gluc (Cat # G1281C1, GoldBio) at 37°C in the dark overnight 

(10-16 hours). The seedlings were cleared by sequential ethanol washes (30%, 50% and then 70% 

ethanol) for 1h each. The cleared seedlings were stored in 70% ethanol and imaged using stereo 

microscope (FisherbrandTM Research Grade Stereo Zoom Microscope) and photographed with 

SeBaCam14C digital camera (SEBACAM14C CMOS 5V 14mp CMOS, Laxco) using SeBaView 

digital imaging software (Laxco). Larger seedlings were imaged on a lightbox and photographed 

with a digital camera.    

 

RNA expression experiments: 

RNA isolation: For all three yaf9 mRNA-seq experiments (see Supplementary table 1), 

seeds were chlorine gas sterilized, stratified at 4°C for 3 days in the dark and grown on LS½ media 

with 0.6% plant agar and 1% sucrose for 8-days in long day conditions (16h-light/ 8h-dark cycles 

at 22°C). The seedlings were then either mock treated or exposed to γ-IR (100Gy) at a dose rate 

of 8-10Gy/min using a Co60 radioactive source and then returned to long day conditions for 3 

hours. Two replicates of 6-8 whole seedlings from the mock and γ-IR treated samples were 

collected, frozen in liquid nitrogen, and stored in -80°C freezer until total RNA extraction with 

Quick-RNA MiniPrep kit (Zymo Research R1055) according to the manufacturer’s protocol.    For 

the tissue dissection mRNA-seq, 6-day old seedlings, grown vertically in constant light conditions 

(24h-light at 22°C; dissection set) were used. Approximately 100 mock or γ-IR (100Gy) seedlings 

were collected, 1h30’ post treatment and fixed in chilled (-20°C) 80% acetone and infiltrated under 

vacuum for 5’ twice. The seedlings were dissected one by one under a dissection scope (VWR 

VistaVision Stereo Microscope) in 100% ethanol with fine forceps and collected in 2mL 

microcentrifuge tubes filled with 100% acetone. For the RNA extraction, the acetone was 
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completely aspirated prior to tissue lysis using liquid nitrogen, and the RNeasy Micro Kit (Qiagen 

74004) was used according to the manufacturer’s protocol. For stress treatment experiments, total 

RNA was extracted from 4-6 whole seedlings (treated as described later), ground to a powder in 

liquid nitrogen, using the Quick-RNA MiniPrep kit (Cat #R1055, Zymo Research) according to 

manufacturer’s interactions.  

mRNA-seq library preparation and sequencing: mRNAs were purified from 1-2µg of total 

RNA using the NEBNext Poly(A) mRNA Magnetic Isolation Module (New England Biolabs 

E7490), mRNA libraries were prepared with the NEBNext UltraII RNA Library Prep Kit (New 

England Biolabs E7770) and sequenced on Illumina HiSeq 2500 (50-bp single-end mode).  

mRNA-seq data processing: The time course mRNA-seq data for the wild-type and sog1-

1 after mock or γ-IR (100Gy) treatments and the SOG1-FLAG ChIP-seq data were previously 

published(Bourbousse et al., 2018) and available in Gene Expression Omnibus (GEO) database 

(accession no. GSE112773). For all mRNA-seq experiments, Illumina reads were mapped to the 

TAIR10 genome using STAR(Dobin et al., 2013), with the following parameters: maximum 

number of mismatches per read = 2, minimum intron length = 20 bp, maximum intron length = 

6000 bp, minimum total length of exons = 5% of read length. A summary of the read mapping is 

presented in Supplementary table 1. Downstream analyses were conducted using the HOMER 

suite(Heinz et al., 2010). The mapped SAM files were converted to BAM using SAMtools(H. Li 

et al., 2009). Tag directories were created using the makeTagDirectory from HOMER(Heinz et 

al., 2010). To visualize the gene expression data, UCSC browser tracks and .tdf files were 

generated for all mRNA-seq samples using the makeUCSCfile script (-fragLength given -norm 

10000000 -style rnaseq -strand both) from HOMER(Heinz et al., 2010) and 

igvtools(Thorvaldsdottir, Robinson, & Mesirov, 2013) respectively. Expression values 
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(Supplementary table 2A) for all genes across samples were retrieved using the analyzeRepeat.pl 

script from HOMER(Heinz et al., 2010) with the -noadj and -condenseGenes options. PCA plots 

were generated (with expression values listed in Supplementary table 2A) in R-Studio using 

plotPCA function of DESeq2(Love, Huber, & Anders, 2014) package using experimental design 

parameters: design = ~batch + Condition + Group + Condition:Group. The yaf9 mRNAseq data 

was corrected for batch effects using removeBatchEffect function from limma package(Ritchie et 

al., 2015).Differentially expressed genes (FC ≥ 2 with an FDR ≤ 0.01) based on the experimental 

conditions (i.e., + γ-IR vs. - γ-IR or mutant vs. wild-type) were identified using the 

getDiffExpression_v2_DESeq2bugFixed.pl script from HOMER with the -DESeq2(Love et al., 

2014) and -repeats options. The list of differentially expressed genes in each comparison are listed 

in Supplementary table 2B and the log2FC and adjusted p-value for all genes are listed in 

Supplementary table 2C. Volcano plots were generated with the log2FC and adjusted p-values 

using the EnhancedVolcano package(Kevin Blighe, 2021), as shown in Figure 3-4. Cut-offs of 

log2FC >|1| and p-value < 10e-2 were used and genes were colored based on the previously 

identified DDR gene cluster(Bourbousse et al., 2018) they belonged to. 

Gel based expression analysis of YAF9B full transcript: 1.5 µg of isolated total RNA (same 

as RNA used for set4 of YAF9 mRNA-seq) was utilized for cDNA synthesis using the High-

Capacity cDNA Reverse Transcription Kit (Cat#4374967, Life Technologies) according to 

manufacturer’s instructions. The generated cDNA was diluted five-fold and used as a template and 

RT-PCR was performed with GoTaq® Green Master Mix (M7123) and primers listed in 

Supplementary table 3 in a thermocycler (95°C for 3min, followed by 32 cycles of denaturation 

at 95°C for 30s, annealing at 57°C for 30s and elongation at 72°C for 1min, followed by 72°C for 
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5min and 12°C forever). The resultant PCR product was migrated on a 1.5% agarose Tris-Acetate-

EDTA (TAE) gel alongside a DNA ladder and imaged on a Biorad Gel Doc. 

qPCR based expression analysis after stress treatments: RT-qPCR was performed on 

cDNA (synthesized as described above) with Bio-Rad CFX384 Real-Time System using Luna 

Universal qPCR Master Mix (Cat# M3003E, NEB) according to manufacturer’s instructions. 

Transcript levels were determined using the standard curve method and relative expression was 

calculated by normalizing to a control gene, AT5G13440.  Each experiment was repeated with 2 

technical replicates. The gene-specific primers used in this analysis were listed in Supplementary 

table 3.  

 

Stress treatments: 

For all treatments, seeds (Col-0 and YAF9 promoter driven GUS lines) were chlorine gas 

sterilized, stratified, sown onto a nylon mesh on LS½ media plates with 8g/L plant agar and grown 

vertically for 7 days in in long day conditions (16h-light/ 8h-dark cycles).  After 7 days, the plates 

were split into mock and treatment sets.  For the treatment set, the seedlings on nylon mesh were 

treated as follows:  For the γ-IR and UV-C light stress, the seedlings were moved to fresh LS½ 

media plates with 8g/L plant agar and then exposed to 100Gy γ-IR (dose rate of 8-10Gy/minute 

using a Co60 radioactive source) or 6000J/m2 UV-C light (dose rate of approximately 

5000J/m2/minute using a Strategene UV stratalinker). Treated seedlings were moved back to 

vertical long day growth chamber till sample collection. For the heat and cold treatments, the 

seedlings were moved to fresh LS½ media plates with 8g/L plant agar and the plates were placed 

vertically either in 37°C chamber (dark) or 4°C cold room till sample collection. For bleomycin, 

cisplatin, hydroxyurea and salt treatments, the seedlings were moved to freshly made LS½ media 
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plates with 8g/l plant agar supplemented with 20µg/ml bleomycin (SIGMA 15361, stock= 2mg/ml 

in DMSO), 50µM cisplatin (SIGMA P4394, stock = 1.67mM in water), 80mM hydroxyurea 

(SIGMA H8627, stock = 30mg/ml in water) or 400mM NaCl (stock = 5M NaCl in water) 

respectively. These plates were moved back to long day growth chamber till sample collection. 

For the mock treatment set, the seedlings were moved to LS½ media plates with 8g/l agar as in all 

cases and grown in the long day chamber, with all tissue collections in parallel to the corresponding 

treatment set for each stress.  

For relative gene expression analysis, RNA was isolated 3h post treatment from 4-6 Col-0 

whole seedlings and RT-qPCR was performed as described above in three independent 

experiments. For GUS localization studies, 5-15 plants of each line were collected 24h post 

treatment and GUS stained (See GUS histochemical staining of seedlings), in two independent 

experiments. 

 

True leaf assay: 

Arabidopsis seeds were chlorine gas sterilized and stratified in sterile water at 4°C in dark 

for 3 days. The stratified seeds were γ-IR treated at a dose rate of 8-10Gy/min using a Co60 

radioactive source, sown onto LS½ plates with 1% sucrose and 6g/L agar, and then transferred to 

a growth chamber with 16h-light/ 8h-dark cycles at 23C. After 11-12 days, the plants were scored 

if they have proper true leaves, deformed true leaves or absent (one/no) true leaves. The percentage 

of seedlings in each category was visualized using a stacked bar chart generated using ggplot2 

package(Wickham, 2016) in R-Studio. The example true leaf phenotypes for seedlings with proper 

true leaves, deformed true leaves and one/no true leaves shown in Figure 3-2B were imaged using 

stereo microscope (FisherbrandTM Research Grade Stereo Zoom Microscope) and photographed 
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with SeBaCam14C digital camera (SEBACAM14C CMOS 5V 14mp CMOS, Laxco) using 

SeBaView digital imaging software (Laxco). 

 

Analysis of recombination via SSA and SDSA: 

The genetic materials used for assessing recombination at the SSA and SDSA reporters 

were generated as diagramed in Figure 3-S3A and Figure 3-S3D and recombination rates were 

assessed by GUS staining (See GUS histochemical staining of seedlings). For assays utilizing the 

I-SceI inducer construct to generate DSBs, GUS staining was performed on F1 seedlings grown 

for 15-days in long day (16h light, 8h dark) conditions. GUS-stained seedlings were imaged on a 

lightbox using a digital camera and processed using photopea (https://www.photopea.com/ ). For 

assays using gamma IR to generate DSBs, 7 or 8-day old, long day (16h light, 8h dark) grown 

seedlings were exposed to 100Gy γ-IR and let recover for 7 or 11 days. GUS staining was 

performed on 14 or 19-day old seedlings. The number of blue sectors per seedlings were counted 

using a stereo microscope (FisherbrandTM Research Grade Stereo Zoom Microscope) using 1.5X 

magnification. P-values were calculated from Wilcox t-tests between the indicated genotypes on 

R-Studio (compare_means function in package ggpubr(Kassambara, 2020)).  

 

IP/MS:  

Arabidopsis seeds (pYAF9B:YAF9B:3XFLAG yaf9b-2 T4 and negative control Col-0) were 

sterilized first in a 70% ethanol solution containing 0.05% w/v SDS for 10 minutes and then in a 

90% ethanol solution for 5 minutes. The sterilized seeds were stratified at 4°C for 2-3 days in the 

dark and grown vertically on LS½ media plates with 8g/L agar in a growth chamber with 16h-

light/ 8h-dark cycles at 23C for 8 days. Approximately 10g of 8-day old seedling tissue was frozen 

https://www.photopea.com/
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per genotype, 6h after 100Gy γ-IR (treated at a dose rate of 8-10Gy/min using a Co60 radioactive 

source). Frozen tissue was ground in liquid nitrogen and resuspended in 50mL of lysis buffer (LB: 

50mM Tris pH7.6, 150mM NaCl, 5mM MgCl2, 10% glycerol, 0.1% NP-40, 0.5mM DTT, 1µg/µL 

pepstatin, 1mM PMSF and 1 protease inhibitor cocktail tablet (Roche, 14696200)). The tissue was 

then homogenized by douncing and centrifuged at 4°C in an ultracentrifuge for 25 minutes at 

13,500 rpm. Each supernatant was incubated at 4°C for 1 hour with 250L of anti-FLAG magnetic 

beads (Cat # M8823, SIGMA) by gentle rotation on a HulaMixer. The FLAG beads were then 

washed twice with 20mL of LB and five times with 1mL of LB. For each wash, the beads were 

rotated at 4°C for 5 minutes. Proteins were then released from the FLAG beads during five room 

temperature incubations with 400µL of 3XFLAG peptide (Cat # F4799, SIGMA, 50X stock 

=5mg/ml in PBS) at a concentration of 100µg/mL. The eluted proteins were precipitated using 

trichloro acetic acid (TCA). Mass spectrometric analyses were conducted as described in (Law et 

al., 2010).  
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Figure 3-1. YAF9B, but not YAF9A is expressed after DNA damage in a SOG1 dependent manner. 

 

(A) Screenshots showing the expression levels of the YAF9B and YAF9A genes in wild-type (wt) and sog1-1 

backgrounds (bkgd) at different time points, specified in minutes (’) and/or hours (h), after gamma-irradiation (+ γ-

IR; 100Gy) or mock (- γ-IR) treatments. SOG1 enrichment levels (+ γ-IR; 100Gy; 20’) from ChIP (IP) and input (IN) 

samples are shown below, including the SOG1 peak region, as well as the SOG1 motif position and sequence. The 

YAF9B and YAF9A gene models are blue and neighboring genes are grey. The + γ-IR and - γ-IR RNA-seq tracks and 

IP and IN SOG1 ChIP-seq tracks are superimposed and shown on a scale of 0-40. All data is from Bourbousse et al. 

(2018). (B, D-G) Images showing the histochemical detection of β-glucuronidase (GUS) in 8-day old seedlings 

harboring the indicated promoter driven GUS reporter transgenes in the indicated genetic backgrounds 24h after mock 

(- γ-IR) or gamma-irradiation (+ γ-IR; 100Gy) treatments. Scale bars represents 5mm. (C) Screenshots showing the 

expression levels (0-150) of the YAF9B and YAF9A genes in dissected wild-type seedlings 1h30’ after gamma-

irradiation (+ γ-IR; 100Gy) or mock (- γ-IR) treatments. (H) Images showing the histochemical detection of GUS in 

8-day old seedlings [pYAF9B::GUS (wt bkgd)] 24h after no treatment or exposure to gamma-irradiation (+ γ-IR; 

100Gy), bleomycin (20 µg/ml), cisplatin (50µM), ultraviolet light (UV-C light,6000J/m2), hydroxyurea (80mM), salt 

(NaCl, 400mM), cold (4⁰C) and heat (37⁰C) treatments. Scale bars represent 5mm. 
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Figure 3-2. Genotoxic sensitivity in yaf9 mutants.  

 

(A) Screenshots showing the expression levels of YAF9B and YAF9A in wild-type (Col-0), yaf9a-1, yaf9b-3, yaf9b-2, 

yaf9a-1,b-3 and yaf9a-1,b-2 at 3 hours after 100Gy γ-irradiation (+ γ-IR) and mock (- γ-IR) treatments. The + γ-IR 

and - γ-IR tracks for each genotype are shown on a scale of 0-70. The gene models of YAF9B and YAF9A are marked 

with the T-DNA positions of yaf9b-3 (blue), yaf9b-2 (mustard) and yaf9a-1 (pink) and the location of the YEATS 

domain. The location of the SOG1 motif in the YAF9B promoter is indicated with an Asterix (*). True leaf assay 

showing the percentage of seedlings with proper true leaves (green), deformed true leaves (mustard) and one/no true 

leaves (red) in 11-day old seedlings after treatment with 100Gy in (B) yaf9 single/ double mutants in 3 replicate 

experiments and (C) complementing lines alongside yaf9 mutants. Example images of 11-day old seedlings in true 

leaf assay with proper true leaves (green), deformed true leaves (mustard) and no true leaves (red) are shown in (B). 

Each circle represents a technical replicate (seeds from same seed packet grown on different plates and randomized 

position in the growth chamber).   
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Figure 3-3. YAF9A and YAF9B are required for homologous recombination after DSB damage.  

 

(A) Transgenic reporter constructs (DGU.US and IU.GUS) in which the β-glucuronidase (GUS) gene was interrupted 

by a unique sequence including the 18-bp I-SceI recognition site. In the DGU.US construct, two direct repeats (U) of 

614 bp are interrupted by a 39-bp sequence including a recognition site for the I-SceI endonuclease. Therefore, the I-

SceI-induced double stranded break (DSB) can be repaired by single strand annealing (SSA) deleting 653 bp. In the 

IU.GUS construct, the cis homologous sequences (U) in inverse (IU) orientation may be used as templates for repair 

via conversion of the interrupted U containing the DSB. DSB repair by gene conversion in IU.GUS resulted in 

restoration of correct U and deletion of 30 bp. Targeted DSBs in the GUS reporter can be induced by I-SceI and 

random DSBs can be induced by exposure to genotoxic agents. In cells, where homologous recombination events 

occur, the restored GUS gene activity can be detected as blue spots after histochemical staining. (B) Representative 

images showing the somatic recombination events via SSA and SDSA in yaf9 single mutants in reporter (DGU.US or 

IU,GUS) inducer (I-Sce) crosses. SSA/SDSA events / seedling refers to the number of blue sectors, corresponding to 

recombination events, in the analyzed seedling population. The cross number is indicated on the top-left corner of the 

image. The scale bar represents 1 cm. (C) Violin plots showing the somatic recombination events via SSA and SDSA 

in yaf9 single and double mutants after 100Gy γ-IR. Data points for biological replicate (sibling plants) for each 

genotype are represented by different point shapes. The Asterix shown above represent the p-value in Wilcoxon test 

when compared to the wild-type (ns: p > 0.05; *: p <= 0.05; **: p <= 0.01; ***: p <= 0.001; ****: p <= 0.0001). (D) 

Violin plots showing the complementation of SSA and SDSA defects observed in yaf9 single mutants by YAF9 

epitope tagged lines in 14-day old plants for DGU.US reporter and 19-day old plants for reporter IU.GUS. Data points 

for biological replicate for each genotype (independent crosses) are represented by different point shapes. Data points 

for rescue crosses from independent complementing epitope tagged lines (independent insertions) are shown using 

different colored circles. The Asterix shown above represent the p-value in Wilcoxon test (ns: p > 0.05; *: p <= 0.05; 

**: p <= 0.01; ***: p <= 0.001; ****: p <= 0.0001). 
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Figure 3-4. Transcriptional profiles of yaf9 mutants with and without DNA damage.  

 

Volcano plots showing log2 Fold change and -log10 P-value for mRNA-seq in yaf9 mutants, 3 hours after (A) mock 

(- γ-IR) and (B) 100Gy γ-irradiation (+ γ-IR), identified via DESeq2. Genes are color coded according to the DREM 

wt path number from Bourbousse et al. (2018) (number of genes identified in each path in Bourbousse et al. (2018) 

are shown at the top below the path number). The opaque dots represent genes that have Fold change ≥2 and p-

value≤0.01. The number of up- and down-regulated genes (and up/down-regulated genes belonging to the wild-type 

DREM network) clearing this cut-off for each comparison are shown in red and blue respectively.  

 

 

  



 140 

  
 

 

Figure 3-5. YAF9 proteins interact with subunits of histone acetylation complexes.  

 

(A) Cartoons of the current understanding of the Arabidopsis SWR1(Y. X. Luo et al., 2020; Potok et al., 2019; Sijacic 

et al., 2019) and NuA4(Tan et al., 2018) complexes, color coded for sub-complexes and labeled with sub-components 

are shown on the left. (B) Log normalized protein abundance values for YAF9A IP/MS in flower buds from Y. X. 

Luo et al. (2020) and YAF9B IP/MS in seedlings, 6h after 100Gy γ-IR. The bait protein is highlighted with an Asterix 

(*) next to the data bar. Data bars are color coded according to the sub-complex the factor belongs to, as indicated in 

the cartoon in panel (A). 

  



 141 

  
 

 

Figure 3-6. The YEATS reader domain is required for YAF9B function.  

 

(A) CLUSTALW alignment(Thompson, Higgins, & Gibson, 1994) of HsGAS41, AtYAF9A and AtYAF9B. YEATS 

domain is highlighted in blue and residues required for the YEATS domain to recognize lysine acetylation are 

indicated with green arrows. (B) Predicted 3D-structue of YAF9B as visualized on molecular viewer on 

http://bar.utoronto.ca/eplant. The YEATS domain is colored blue and the residues predicted to interact with histone 

acyl marks are highlighted in green and labeled. The rest of the protein is shaded grey. (C) True leaf assay showing 

the rescue capacity of YAF9B with key acyl mark interactors mutated. The plot shows the percentage of seedlings 

with proper true leaves (green), deformed true leaves (mustard) and no true leaves (red) in 12-day old seedlings after 

treatment with 100Gy in yaf9 single, double mutants and rescue lines. Each rescue line is represented by 1-2 biological 

replicates (independent insertions) and 2-3 technical replicates. 

 

 

 

http://bar.utoronto.ca/eplant
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Figure 3-S1. YAF9B, but not YAF9A is expressed after DNA damage in a SOG1 dependent manner. 

 

 (A-D) Images showing the histochemical detection of β-glucuronidase (GUS) in 8-day and 14-day old seedlings 

harboring the indicated promoter driven GUS reporter transgenes in the indicated genetic backgrounds 24h after mock 

(- γ-IR) or gamma-irradiation (+ γ-IR; 100Gy) treatments. Scale bars represents 5mm. (E) Images showing the 

histochemical detection of GUS in 8-day old seedlings [pYAF9A::GUS (wt bkgd)] 24h after no treatment or exposure 

to gamma-irradiation (+ γ-IR; 100Gy), bleomycin (20 µg/ml), cisplatin (50µM), ultraviolet light (UV-C 

light,6000J/m2), hydroxyurea (80mM), salt (NaCl, 400mM), cold (4⁰C) and heat (37⁰C) treatments. Scale bars 

represent 5mm. (F) RT-qPCR showing the relative expression levels of YAF9B and YAF9A (normalized to a control 

gene, AT5G13440), in 7-day old Col-0 (wt) seedlings 3h after exposure to the stress treatments mentioned in (E). The 

error bars represent the standard deviation between 2 technical replicates. (G) RT-qPCR showing the relative 

expression levels of GMI1 known to be induced by γ-IR(Bourbousse et al., 2018) and bleomycin(Bohmdorfer et al., 

2011); PR1 known to be induced by UV-C(Mintoff et al., 2015); RAD51 known to be induced by cisplatin(Bouyer et 

al., 2018) and hydroxyurea(Ryu et al., 2019); DREB2A known to be induced by salt stress(Sakuma et al., 2006); 

COR15A known to be induced by cold stress(Yu et al., 2020); and HSFA6A known to be induced by heat stress(L. 

Wang et al., 2020), in 7-day old Col-0 (wt) seedlings 3h after exposure to the stress treatments mentioned in (E,F). 
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Figure 3-S2. Characterization of yaf9 mutants and complementing lines.  

 

(A) Phenotypes of single, double yaf9 mutants and (F) FLAG/ GFP tagged complementing lines in 2.5-week-old 

plants grown in the green house under long day growth conditions. Schematics outlining the strategy to generate 

epitope tagged lines complementing the single (yaf9a-1 or yaf9b-2) and the yaf9a-1,b-2 double mutant are shown in 

(F). (B) Screenshots showing the expression levels of YAF9B in wild-type (Col-0) and yaf9a-1,b-3 at 3 hours after 

100Gy γ-irradiation (+ γ-IR) and mock (- γ-IR) treatments in 4 replicates (2 biological x 2 technical replicate). The 

tracks for mock and γ-irradiated samples for each genotype are shown on a scale of 0-50. The gene models of YAF9B 

marked with the T-DNA positions of yaf9b-3 (blue) and yaf9b-2 (mustard); and the location of the YEATS domain. 

(C) RT-PCR analysis of the full length YAF9B transcript (807bp) expression in the shown yaf9 mutants, 3 hours after 

100Gy γ-irradiation (+ γ-IR) and mock (- γ-IR) treatments. ACTIN2 (Act2) was used as a control. (D) Screenshots 

showing the expression levels, along with reads mapped to YAF9B and YAF9A in wild-type (Col-0), yaf9a-1,b-3 and 

yaf9a-1,b-2 at 3 hours after 100Gy γ-irradiation (+ γ-IR) treatments. The tracks for γ-irradiated samples for each 

genotype are shown on a scale of 0-30. The gene models of YAF9B and YAF9A are marked with the T-DNA positions 

of yaf9b-3 (blue), yaf9b-2 (mustard) and yaf9a-1 (pink), and the location of the YEATS domain.  (E) True leaf assay 

showing the percentage of seedlings with proper true leaves (green), deformed true leaves (mustard) and one/no true 

leaves (red) in 11-day old seedlings after no treatment or treatment with 75Gy, 100Gy, 125Gy in yaf9 single and 

double mutants. Each circle represents technical replicates (seeds from same seed packet grown on different plates 

and randomized position in the growth chamber).   
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Figure 3-S3. YAF9A and YAF9B are required for homologous recombination after targeted DSB damage.  

 

(A) Crossing scheme to introgress reporter transgenes (DGU.US or IU.GUS) and inducer transgene (I-Sce), into yaf9 

mutant backgrounds to assess HR-like repair efficiencies. The reporter lines (DGU.US or IU.GUS) as well as an I-

SceI inducer line were independently crossed with yaf9a-1,b-2 double mutant and, in subsequent generations, 

cosegregants homozygous or wild-type for yaf9 single/ double mutants were identified by PCR-based genotyping. 

Finally, the reporters and inducers of the same yaf9 background were crossed together to generate plants that are 

heterozygous for both the reporter and the inducer construct in a homozygous mutant or wild-type background. Images 

showing the somatic recombination events, represented by GUS activity, via (B) SSA and (C) SDSA in yaf9 single 

mutants in reporter (DGU.US or IU,GUS) - inducer (I-Sce) crosses. Each image is a biological replicate originating 

from a different cross with unique parents. The cross number is indicated on the top-left corner of the image. The scale 

bar represents 1 cm. (D) Crossing scheme to rescue HR-like defects in yaf9 mutants using complementing lines. The 

reporter lines (DGU.US or IU.GUS) were independently crossed with yaf9a-1,b-2 double mutant and, in subsequent 

generations, cosegregants homozygous or wild-type for yaf9 single were identified by PCR-based genotyping. The 

wild-type cosegregants was crossed to a wild-type plant to generate Reporter (het) YAF9 (wt). The mutant 

cosegregants was either crossed to yaf9 mutant plants or independent insertions of FLAG/ GFP tagged complementing 

lines to generate Reporter (het) yaf9 (ho) and Reporter (het) yaf9 (ho) pYAF9:YAF9:FLAG/GFP (het) respectively. 

Plants from which recombination rates are compared are highlighted in dashed rectangles. 
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Figure 3-S4. Transcriptional profiles of yaf9 mutants with and without DNA damage.  

 

(A) Principle component analysis (PCA) plots, after batch correction with limma(Ritchie et al., 2015), showing the 

groupings of data points from the wild-type (Col-0) and yaf9 single and double mutants 3h post gamma-irradiation (+ 

γ-IR; 100Gy) or mock (- γ-IR) treatments. Genotypes are shown using matched colors and the two replicates for each 

sample from 3 different mRNAseq batches (set1, 2 and 4) are represented using matched shapes. 
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Chapter 4 CONCLUSION AND FUTURE DIRECTIONS 

 

This work applied a genetics, genomics, and biochemical approaches to expand our 

understanding of two central unknowns of the Arabidopsis DNA damage response (DDR).  

The first is the transcriptional regulation of the DDR and its downstream processes. To 

address this gap, we generated the first model of the DNA damage response transcriptional 

network, revealing 11 co-expressed gene groups with distinct biological functions and cis-

regulatory features (Chapter 2)(Bourbousse, Vegesna, & Law, 2018). In addition, our 

characterization of this model demonstrates that SOG1 and three MYB3R TFs are, respectively, 

the major activator and repressors within this network, coordinating the rapid induction of DNA 

repair genes and TF cascades, as well as the subsequent repression of cell cycle genes. This time-

course transcriptional model is the most comprehensive map of the Arabidopsis DDR so far and 

hence, serves as a great resource for other scientists to interpret co-expression patterns for their 

genes of interest. Moreover, it serves as a framework for understanding the complex DNA damage 

response and the insights from it could pave way to the generation of new hypotheses. For instance, 

we have already used co-expression insights from this model to set up a reverse genetic screen 

(Chapter 3). Further characterization of the SOG1-independent DDR, revealed in this model, using 

additional genetic perturbations and transcriptomics, would perhaps identify novel DDR 

regulators. In addition to transcriptional regulation, the DDR consists of signaling pathways that 

are mediated by several post translational modifications. Perhaps, further proteomic experiments 

exploring post-translational changes after DNA damage would decipher an additional layer of 

regulation and greatly contribute to a deeper understanding of DDR. Data analysis is another area 

where there is great potential for additional characterization. While we have identified 
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differentially expressed genes, the current genome annotation (TAIR10 and Araport11) of 

Arabidopsis(Cheng et al., 2017) does not include a comprehensive list of ncRNAs. As I outlined 

in the introduction, in mammals, lncRNAs participate in DNA repair, via diverse mechanisms. The 

roles of lncRNA in DNA repair remains almost unexplored in Arabidopsis. Identification and 

characterization of even a small portion of these lncRNAs in DDR would represent a massive step 

forward in exploring the “dark matter” of the genome in DDR.  

The second unknown is the role of chromatin in orchestrating DDR. To address this gap, 

we set up a reverse genetic screen to identify chromatin effectors in DDR that was based on the 

Arabidopsis gene co-expression model after DNA damage, (Chapter 3). This strategy led to the 

identification of 53 candidate genes, including 4 non-coding RNAs, 9 putative repair factors, 11 

putative chromatin-associated factors, 29 transcription factors and coactivators. We have already 

functionally characterized one chromatin-associated factor, YAF9B and connected it to repair. 

Using various expression profiling experiments, DNA repair assays, and biochemical experiments, 

the Arabidopsis YEATS domain-containing proteins, YAF9A and YAF9B, were both shown to 

be required for proper DSB-repair via HR-like pathways. Moreover, the characterization showed 

that the role of YAF9B in DSB repair is chromatin-mediated and dependent on its YEATS domain. 

This work establishes YAF9B (and YAF9A) as only the second histone readers characterized in 

DSB repair, and more broadly, connects chromatin to DDR. However, few questions regarding the 

role of YAF9B still remain. Firstly, if it is acting at the site of DNA damage, which could be 

confirmed by examining co-localization with DSB-marker γH2A.X. Secondly, if YAF9B’s 

participation in the NuA4 histone acetylation complex results in DSB- specific or global chromatin 

changes. This could be examined via profiling the H4.ac and H2A.Zac marks around the DSB and 

globally. 
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Altogether, while the reverse genetic screening approach is biased to identification factors 

that are differentially expressed after damage, characterization of novel factors such as, YAF9B in 

chromatin-mediated aspects of the DDR is a proof of concept that this strategy we pursued works. 

Therefore, pursuing the other candidate genes selected using the screening approach, would 

provide additional insights into chromatin mediation of DDR pathways. In addition to conserved 

aspects of the DDR, Arabidopsis is a great model to study plant-specific novel DDR mechanisms. 

Since the current understanding of the role of chromatin in DDR remains poor in Arabidopsis, 

setting up additional unbiased forward genetic screens, leveraging molecular repair phenotypes, to 

identify chromatin factors, is important to understand repair. 
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