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To achieve the high degree of compaction required to fit the eukaryotic genome into
a nucleus, DNA has evolved to be organized in a structure referred to as chromatin.
Chromatin involves the tight interaction of DNA with histone octamers known as
nucleosomes. Because this association between DNA and nucleosomes inhibits DNA-
dependent processes, chromatin structure is carefully regulated to facilitate transcription
of RNAs from the DNA template, repair of DNA damage, and replication of the genome.
ATP-dependent chromatin remodeling factors use the energy of ATP hydrolysis to modify
specific features of chromatin structure. In this dissertation, I focus on elucidating
biological functions of the Saccharomyces cerevisiae remodeling factors Isw2 and Ino80. I
show that these complexes are targeted to the yeast ribosomal DNA locus, where they
modify local chromatin structure and regulate replication initiation from this genomic
locus and changes of the size of the highly repetitive rDNA array. In addition, I show
evidence supporting possible roles for [sw2 and Ino80 in regulating the balance between
two mechanisms of repair of DNA double strand breaks. In sum, my work establishes novel

functions for these chromatin remodeling factors at a uniquely repetitive and important

part of the eukaryotic genome and in a process that is crucial for genome stability.
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Chapter 1

Introduction

Chromatin Structure

If all the DNA in a single human cell was stretched out and laid end-to-end, it would
be approximately 2 meters long. Those 2 m are contained in a nucleus that is
approximately 10 microns in diameter. Thus, containing the human genome in its nucleus
requires approximately 100,000-fold compaction. The orderly and reproducible packaging
of this negatively charged DNA around positively charged histone proteins is described by
the term chromatin, and the most basic unit of chromatin is the nucleosome. The
nucleosome core particle comprises 147 base pairs of DNA wrapped in 1.65 turns around
an octamer of histone proteins, two each of histone H2A, H2B, H3, and H4 (LUGER et al.
1997). Nucleosomes are separated from one another by sequences of “linker DNA”, a
configuration described as resembling “beads on a string”, with histone octamer “beads”
connected on “strings” of DNA. Early observations of this basic structure came from
electron micrograph images (OLINS and OLINS 1974). Beyond this level of organization,
there is some evidence that chromatin forms higher-order structures such as a 30 nm fiber
and 120 nm chromonema (RYDBERG et al. 1998; ADKINS et al. 2004; WooDCOCK and GHOSH
2010; BICKMORE and VAN STEENSEL 2013). However, accumulating evidence suggests that
these forms of DNA may be unique to in vitro experiments, and that this scale of chromatin
organization in vivo may be considerably less regimented, characterized by disordered 5-

24 nm chains of chromatin (OU et al. 2017).



At the level of the entire genome, chromatin can be broadly separated into
heterochromatin and euchromatin. Heterochromatin was originally identified as being
strongly stained by basic dyes, and the definition has since been refined to include qualities
of being physically compacted and transcriptionally silent (WoobDcock and GHOSH 2010).
Physically, heterochromatin tends to contain structures such as telomeres and to associate
with the nuclear periphery (MARSHALL 2002; SCHOEFTNER and BLASCO 2009).
Heterochromatin can be further divided into two sub-types. Constitutive heterochromatin
is almost always compacted, tends to have a generally low density of genes, and is typically
replicated later in S-phase. Facultative heterochromatin is sometimes compact and
transcriptionally silent but can reversibly become more open and transcriptionally active
in response to specific environmental or developmental cues. Euchromatin shares many
attributes of the open form of facultative heterochromatin, as it is light-staining, de-
compacted, transcriptionally active, and associated more with the interior of the nucleus
(Woobpcock and GHOsSH 2010).

Focusing on an intermediate genomic scale, accumulating evidence supports the
existence of topologically associated domains (TADs), regions of the genome that, in
humans, span approximately hundreds of kilobases (kbs) of DNA and tend to physically
associate within themselves, to the exclusion of other parts of the genome (LIEBERMAN-
AIDEN et al. 2009; DixoN et al. 2012; SEXTON et al. 2012). One possible explanation for the
formation of individual TADs is the loop-extrusion model, which proposes that nuclear
factors drive the formation of loops of DNA until reaching boundary factors that mark the
edges of the loops. The resulting loops are discernible as TADs (SANBORN et al. 2015;

FUDENBERG et al. 2016). In yeast, chromosome-interacting domains (CIDs) have been found



that are conceptually similar to TADs, but considerably smaller, typically spanning one to
four genes and approximately 0.5 to less than 10 kb of DNA (HSIEH et al. 2015; SWYGERT et
al. 2019). At the scale of hundreds of kilobases to megabases, spanning multiple TADs,
chromosome packaging can be described by a “fractal globule” model, according to which
regions are more likely to physically associate with themselves than other regions, and
chromatin is not totally randomly distributed within the nucleus (LIEBERMAN-AIDEN et al.

2009; MIrNY 2011).

Chromatin Structure - Post-Translational Modifications

Chromatin structure facilitates the large-scale compaction of DNA into the
eukaryotic nucleus. However, nucleosomes obstruct access of DNA-binding proteins to
DNA and impede the progress of DNA and RNA polymerases. Because the cell must
transcribe the underlying the genome’s DNA into RNA, replicate the DNA to facilitate cell
division, and repair damaged DNA, two broad mechanisms have evolved to regulate these
processes by the modification of chromatin structure: regulation of the post-translational
modification of histone proteins, and regulation of the positioning, occupancy, and histone
composition of nucleosomes. Histone proteins can be post-translationally modified in a
variety of ways, including by methylation, acetylation, phosphorylation, ubiquitylation,
ADP-ribosylation, and glycosylation (BERGER 2002; BowMAN and POIRIER 2015). Specific
residues of each histone can be modified in specific ways, and the flexible tails of histones
H3 and H4 that extend out from the nucleosome core particle are particularly rich in
residues that are commonly modified (KOUzZARIDES 2007). These histone post-translational

modifications (PTMs) exert a significant influence on DNA-dependent processes, and they



have been the subject of intense study dating back to the discovery that histone acetylation
inhibited the ability of histones to block transcription (ALLFREY et al. 1964).

There are two broad, not mutually exclusive explanations of how histone PTMs are
able to exert this influence. The first is that chemical modification of histone proteins might
alter the affinity between negatively charged DNA and basic nucleosomes, thus modulating
the tightness of association between the two and, by extension, the accessibility of the DNA
to DNA-binding proteins (GRANT 2001). The second explanation arose out of the
recognition of the diversity of specific combinations of histone modifications associated
with certain genomic loci, developmental stages, and cell types. This understanding led to
the proposal of a “histone code”, which states that certain combinations of histone
modification exert specific effects on chromatin structure and DNA-dependent processes
(STRAHL and ALLIS 2000). For example, in Drosophila melanogaster, it has been found that
actively transcribed genes tend to be hyper-acetylated on histones H3 and H4 and
methylated on lysines 4 and 79 on H3, while inactive genes are more associated with the
absence of those marks (SCHUBELER et al. 2004 ). In human cells, actively transcribed genes
tend to be associated with a single methyl group added to H3K27, H3K9, H3K20, H3K79,
and H2BKS5, while three methyl groups added to some of those same histone residues -
H3K27, H3K9, and H3K79 - can be associated with inactive genes (BARsKiI et al. 2007).

To regulate the careful balance of histone PTMs throughout the genome, cells
employ a variety of enzymes that add and remove the modifications. One of the earliest
such enzymes to be characterized was a homolog of the yeast Gen5 protein identified in
Tetrahymena. In both species, the protein acts as a promoter of transcription. By

demonstrating the histone acetyl transferase (HAT) activity of Gcn5, this study linked the



modification of chromatin structure to the regulation of DNA dependent processes such as,
in this case, transcription (BROWNELL et al. 1996). Since then, many enzymes have been
shown to add and remove the histone PTMs discussed above (STRAHL and ALLIS 2000;

BERGER 2002; LAWRENCE et al. 2016).

Chromatin Structure - Nucleosome Positioning and Histone Variants

In addition to PTMs of histones, the positioning, occupancy, and histone
composition of nucleosomes contribute to the regulation of DNA-dependent processes. A
critical feature of chromatin structure is a stereotypical pattern of nucleosome positioning
around genes. Upstream of a gene’s transcription start site (TSS) there is a nucleosome-
depleted region (NDR, sometimes also referred to as a nucleosome-free region, or NFR), a
stretch of DNA that lacks nucleosomes. The lack of nucleosomes facilitates access to the
DNA of DNA-binding proteins that facilitate the initiation of transcription. Located at the 5’
end of the gene, this TSS-adjacent “5’ NDR” is flanked by well-positioned nucleosomes,
called the -1 and +1 nucleosomes. Proceeding downstream in the gene, there is a gradient
of progressively less well-positioned nucleosomes, culminating in a 3’ NDR that contains
the gene’s transcription termination site (TTS) (YUAN et al. 2005; MAVRICH et al. 2008; JIANG
and PuGH 2009) [Figure 1.1A].

Because a nucleosome is a discrete object that can occupy only one position at a
time on a length of DNA, nucleosome “positioning” and “occupancy” have meanings at two
levels: that of an individual nucleosome in a single molecule of chromatin, and that of a
population of nucleosomes considered as an ensemble. For a nucleosome to be “well-

positioned” requires that in a population of cells, a nucleosome is located in the same



region of DNA a very high proportion of those cells. In contrast, a “poorly positioned”
nucleosome may occupy a wide range of positions in that same population of cells [Figure
1.2A]. A similar probabilistic methodology applies to the idea of nucleosome occupancy. In
a population of cells, a region such as an NDR that has low nucleosome occupancy is very
unlikely to contain a nucleosome, while in that same population of cells, a region with high
nucleosome occupancy will be very likely to contain a nucleosome (STRUHL and SEGAL 2013)
[Figure 1.2B].

The positioning of NDR-flanking nucleosomes can have important consequences for
DNA-dependent processes. An early clue about this phenomenon came from the finding
that DNA encoding globin genes was more readily digested by deoxyribonuclease (DNase)
in nuclei obtained from chicken erythrocytes, where the globin genes are active, than in
nuclei from fibroblast or brain cells, where those genes are inactive (WEINTRAUB and
GROUDINE 1976). This experiment provided evidence of a link between chromatin structure
and gene expression. The yeast PHO5 gene, encoding an acid phosphatase, is another
canonical example of this principle. When environmental phosphate is abundant and
cellular demand for Pho5 is low, a specific pattern of nucleosome positioning in the gene’s
promoter prevents transcription of PHO5; when phosphate is low and Pho5 demand high,
the nucleosomal organization changes in such a way to permit active transcription (REINKE
and HORz 2003; MARTINEZ-CAMPA et al. 2004).

In addition to genes, origins of replication are also significantly influenced by
chromatin structure. In budding yeast, origins of replication, called ARSs (Autonomously
Replicating Sequences) all share certain DNA sequence characteristics. The most critical

component of the ARS is the ACS, or ARS Consensus Sequence, an 11 bp motif that is the



binding target for ORC (Origin Recognition Complex) (BREWER and FANGMAN 1987; BELL and
STILLMAN 1992; MARAHRENS and STILLMAN 1992). Binding of ORC to the ACS is the essential
first step in the eventual firing of the origin (FRAGKOS et al. 2015). Early in vitro experiments
demonstrated that positioning a nucleosome directly over an ACS, a region that is normally
depleted of nucleosomes, blocked firing from that origin (SIMpSON 1990). A mere absence of
nucleosomes covering the ACS is not the only chromatin requirement for proper origin
functioning, however, as properly positioned nucleosomes flanking the ARS are necessary
for origin firing (LIPFORD and BELL 2001). Indeed, much like gene promoters, functional
yeast origins are flanked by a stereotypical pattern of nucleosomes, with the ARS located in
an NDR flanked by well-positioned nucleosomes, and progressively less well-positioned
nucleosomes radiating out in both directions (EATON et al. 2010)[Figure 1.1B].

In addition to the canonical histone proteins - H2A, H2B, H3, and H4 - there are
many variant histones that are substituted for canonical histones throughout the cell cycle,
and whose inclusion in nucleosomes alters the physical and functional properties of
chromatin (VENKATESH and WORKMAN 2015; TALBERT and HENIKOFF 2017). For example,
replacement of H3 with a centromeric variant, called CENP-A in vertebrates and Cse4 in
Saccharomyces cerevisiae, is a critical requirement for the formation of proper centromeric
chromatin (McKINLEY and CHEESEMAN 2016). The H2A variant H2A.Z is associated with the
promoter regions of euchromatic genes. In some contexts, patterns of transcription do not
correlate well with the presence or absence of H2A.Z, though some evidence suggests this
histone may associate with the promoters of repressed genes to facilitate their rapid
activation when needed (RAISNER et al. 2005; ZHANG et al. 2005; TALBERT and HENIKOFF

2017). In metazoans, histone H3.3 is found in gene bodies and promoters as well as



enhancer elements, with critical roles in metazoans in both development and maintenance
of embryonic stem cells (MiTo et al. 2005; ELSAESSER et al. 2010; GOLDBERG et al. 2010;
FILIPESCU et al. 2013).

Much like specific classes of enzymes have been found to regulate the addition and
removal of histone PTMs, specific enzymes have been found to regulate the positioning,
occupancy, and histone composition of nucleosomes. The complexes responsible for
regulating these attributes of chromatin structure are known as ATP-dependent chromatin

remodeling factors.

ATP-Dependent Chromatin Remodeling Factors

ATP-dependent chromatin remodeling factors use the energy of ATP hydrolysis to
translocate DNA to slide or eject nucleosomes and to exchange histone variants within
nucleosomes (SAHA et al. 2002; WHITEHOUSE et al. 2003; CLAPIER et al. 2017).There are four
broad families of remodeling factors which are distinguished by their structurally similar
catalytic ATPase subunits: SWI/SNF (mating-type switching defective/sucrose non
fermenting), [ISWI (imitation SWI), CHD (chromodomain, helicase, DNA binding), and
INO8O0 (inositol-requiring). Each remodeling factor complex family is defined by its
ATPase-containing subunit, all of which share two RecA-like lobes separated from one
another by a linker region, but otherwise have unique features (CLAPIER and CAIRNS
2009)[Figure 1.3]. In addition to having one of these four ATPase subunits, all remodeling
factor complexes are characterized by a greater affinity for nucleosomes than for naked
DNA, as well as additional subunits that regulate the activity of the ATPase and subunits

that regulate binding to target chromatin (CLAPIER and CAIRNS 2009; CLAPIER et al. 2017).



The SWI/SNF complex, the first chromatin remodeling factor to be characterized,
was originally identified in independent genetic screens in yeast. What was originally
called the SWIZ gene was identified as being necessary for the proper transcription of the
HO endonuclease, which is in turn necessary for mating type-switching (STERN et al. 1984;
BREEDEN and NASMYTH 1987). The same gene, but identified as SNFZ, was found to be
necessary for the fermentation of sucrose (sucrose non-fermenting)(NEIGEBORN and
CARLSON 1984). Further evidence supported a broad role for the SWI/SNF complex in
activating many targets throughout the genome (PETERSON and HERSKOWITZ 1992; WINSTON
and CARLSON 1992; CLAPIER and CAIRNS 2009). Mechanistically, the SWI/SNF complex slides
nucleosomes: it re-positions nucleosomes in cis, along the same strand of DNA, without
disrupting the fundamental organization of the histone octamer (WHITEHOUSE et al. 1999;
KASsABoV et al. 2002). This sliding activity is important in transcriptional regulation, as one
of the two yeast SWI/SNF family members, RSC, positions nucleosomes around the
promoter of the CHA1 gene to facilitate its transcriptional repression (MOREIRA and
HOLMBERG 1999). RSC has also been found to eject nucleosomes (LORCH et al. 2011).
Compared to nucleosome sliding, this ejection function requires stronger coupling of the
ATPase activity of catalytic subunit Sth1 to DNA translocation (CLAPIER et al. 2016).

The chromatin remodeling activity of what would eventually be identified as ISWI
was first discovered in the form of the ATP-dependent disruption of nucleosome structure
around the hsp70 gene promoter in D. melanogaster (TSUKIYAMA et al. 1994). This activity
was biochemically purified and identified as the remodeling factor NURF (TsukiyAMA and
WU 1995). This family of remodeling factors was called ISWI (Imitation Switch), reflecting

its ATPase subunit’s having similar, but still distinct, structural and biochemical properties



as that of SWI/SNF. ISWI family members are responsible for the establishment of arrays of
regularly-spaced nucleosomes (IT0 et al. 1997; VARGA-WEISZ et al. 1997). This function is
the result of coupling ATP-dependent sliding of nucleosomes with the ability to sense the
distance between nucleosomes (HAMICHE et al. 1999; LANGST et al. 1999; YANG et al. 2006).
Yeast Isw2 positions nucleosomes into thermodynamically unfavorable positions at the 5’
and 3’ ends of genes, repressing transcription of a variety of coding and anti-sense
transcripts (GOLDMARK et al. 2000; FAzz10 et al. 2001; WHITEHOUSE and TSUKIYAMA 2006;
WHITEHOUSE et al. 2007).

The Chd family of remodelers is defined by an ATPase subunit that contains a pair of
chromodomains that bind methylated histones (CLAPIER and CAIRNS 2009; CLAPIER et al.
2017). Yeast Chd1 often acts in parallel with ISWI family remodelers, principally to create
regularly-spaced nucleosomal arrays and to prevent the aberrant exchange of histone
variants in the coding regions of actively transcribed genes (TRAN et al. 2000; GKIKOPOULOS
etal 2011). Metazoan CHD family members, in addition to performing this spacing
function, can also exchange histone variants (MURAWSKA and BREHM 2011). For example, in
Drosophila, CHD1 is required for the incorporation of histone variant H3.3 into the
chromatin of sperm cells, which is in turn necessary for proper mitosis in the fertilized
zygote (KONEV et al. 2007).

The Ino80 family of chromatin remodelers was first discovered in yeast, where the
INO80 gene product was shown to have sequence similarities to SNFZ and to be necessary
for growth in medium lacking Inositol (EBBERT et al. 1999). This complex has been shown
to slide nucleosomes, create regularly-spaced nucleosomal arrays, and regulate gene

transcription (JIN et al. 2005; CAl et al. 2007; UDUGAMA et al. 2011). The other member of
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this remodeler family is Swr1, whose principal activity is to exchange canonical histone
H2A with the variant H2A.Z (KoBoOR et al. 2004; MizZUGUCHI et al. 2004; RANJAN et al. 2015).
This incorporation of H2A.Z-H2B dimers is balanced by Ino80’s ability to replace H2A.Z-
H2B with canonical H2A-H2B dimers, as loss of Ino80 results in aberrant accumulation of
H2A.Z throughout the genome, particularly outside of H2A.Z’'s normal localization in gene
bodies (PAPAMICHOS-CHRONAKIS et al. 2011). Both Ino80 and Swr1 are recruited to sites of
DNA damage through the accumulation at break sites of phosphorylated H2A.X (MORRISON
et al. 2004; VAN ATTIKUM et al. 2004 ). Both remodelers contribute to the proper recruitment
of DNA damage factors to the sites of damage, promoting resection - the generation of
single-stranded DNA - and eventual resolution of the damage (PAPAMICHOS-CHRONAKIS et al.

2006; VAN ATTIKUM et al. 2007).

Budding Yeast Isw2 and Ino80

The budding yeast S. cerevisiae has three members of the ISWI family of remodeling
factors: Isw1la, Isw1lb, and Isw2 (BAo and SHEN 2007; CLAPIER and CAIRNS 2009). The Isw2
complex exists in either a two-subunit form containing the catalytic [sw2 ATPase and Itc1
or in a four-subunit form containing Isw2, Itc1, DIs1, and Dpb4 (TSUKIYAMA et al. 1999; lIDA
and ARAKI 2004)[Figure 1.4A]. Isw2 represses the transcription of specific genes, including
early meiotic genes, by sliding nucleosomes into 5’ nucleosome free regions (NFRs, also
referred to as nucleosome depleted regions, or NDRs) (GOLDMARK et al. 2000; FAzzIo et al.
2001; Fazzio and TsukiYAMA 2003). Isw2 influences the positioning of nucleosomes at over
1,000 loci in the yeast genome, including 5’ and 3’ ends of RNA Pol II-transcribed genes and

RNA Pol IlI-transcribed tRNA genes (WHITEHOUSE et al. 2007). The transcription factor
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Ume6b is involved in targeting Isw2 to many genes (TSUKIYAMA et al. 1994; YADON et al.
2013). Bdp1, a subunit of TFIIIB, a basal transcription factor for RNA Polymerase III, is
necessary for targeting of Isw2 to tRNA genes. This site-specific targeting is necessary for
the establishment by Isw2 of specific local chromatin structure and spatially periodic
integration of Ty elements upstream of tRNA genes (BACHMAN et al. 2005; GELBART et al.
2005).

The S. cerevisiae Ino80 complex contains fifteen subunits. Based on their structural
organization, some of these subunits have been organized into discrete modules, notably
the Arp8 module, containing Arp8, Arp4, Actin, Taf14 and les4; the Nhp10 module,
containing Nhp10, les1, [es3, and Ies5; and the Arp5 module, containing Arp 5 and les6
(Tost et al. 2013) [Figure 1.4B]. As described above, yeast Ino80 substitutes canonical H2A-
H2B dimers for Swrl-deposited H2A.Z-H2B dimers and has roles in regulating
transcription (EBBERT et al. 1999; SHEN et al. 2000; PAPAMICHOS-CHRONAKIS et al. 2011),
progression of replication forks, and the DNA damage response (MORRISON et al. 2004;
PAPAMICHOS-CHRONAKIS and PETERSON 2008).

Isw2 and Ino80 have parallel functions in promoting the replication of late-
replicating parts of the yeast genome in the presence of the replication stress-inducing
agent methyl methanesulfonate (MMS) (VINCENT et al. 2008). Double mutants lacking full
function of both remodelers, such as isw24 nhp10A cells, have delayed S-phase progression
in the presence of MMS. This defect is due at least in part to a failure to properly attenuate
the S-phase checkpoint response, preventing the cell from fully replicating its genome in a
timely manner (VINCENT et al. 2008; Au et al. 2011; LEE et al. 2015). This activity has not

been mechanistically connected to any well-characterized checkpoint or DNA damage
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response pathways, though the involvement may be mediated in part through direct
interaction between either remodeling factor and the single-stranded DNA-binding protein
RPA (Au et al 2011; LEE et al. 2015). Thus, though lacking Isw2 and Ino80 clearly causes a
defect in S phase checkpoint attenuation, the core mechanism by which this happens

remains unclear.

The Ribosomal DNA Locus

Due to the enormous cellular demand for proteins, cells have an enormous demand
for ribosomes, and thus, for ribosomal components. Reflecting this need, a typical rapidly
growing cell of the budding yeast Saccharomyces cerevisiae contains an estimated 200,000
ribosomes, and the ribosomal RNA (rRNA) in those ribosomes accounts for approximately
80% of all cellular RNA (WARNER 1999). To produce sufficient rRNA, eukaryotic genomes
have evolved to contain many copies of the genes that encode rRNAs, ranging across
organisms from around a hundred copies to thousands of copies per genome. Tandem,
head-to-tail arrays of these rRNA genes serve as a major structural component of the
nucleolus, a distinct nuclear structure dedicated to the transcription and processing of
rRNAs (GRUMMT and PIKAARD 2003). In different organisms, tandem arrays of rRNA genes
can occur on a single chromosome or across multiple chromosomes (AGRAWAL and GANLEY
2018). The specific structure of the arrays, also referred to as the rDNA (ribosomal DNA)
locus, also varies across eukaryotes, but is defined by a basic arrangement. One gene,
transcribed as a single unit, encodes three of the four rRNAs. In humans, this single unit is
referred to as the 45S rRNA. It contains three rRNAs that form the ribosome, the 18§, 5.8S,

and 28S, as well as transcribed spacer units that are removed from the 45S RNA via a series

13



of cleavage and processing steps, to eventually yield the 3 distinct, mature rRNAs (Figure
1.4A). The fourth rRNA, the 55, is located next to the 45S-equivalent gene in some
organisms, such as in the budding yeast Saccharomyces cerevisiae, and is located in a totally
different genomic location in other organisms, as is the case in mammals (GRUMMT and
PIKAARD 2003; SCHNEIDER 2012).

Chromatin structure is an important regulator of rDNA biology. From yeast to
humans, rDNA repeats tend to exist in one of 2 distinct states: actively transcribed and
significantly depleted of nucleosomes, or transcriptionally silent and highly occupied with
nucleosomes (CONCONI et al. 1989; DAMMANN et al. 1993; FRENCH et al. 2003; MERZ et al.
2008)[Figure 1.5B]. According to one model, this transcriptional paradigm facilitates
genome stability by allowing for robust production of rRNAs while also maintaining a pool
of un-transcribed repeats to allow for repair in the event of DNA damage (IDE et al. 2010).
This model does not fully account for the number of un-transcribed repeats in each normal
rDNA array, as there are far more such repeats than would be needed solely to serve as
templates for repair. Thus, the reason for this large excess of un-transcribed repeats
remains unknown. In humans, the transcriptional status of individual rDNA repeats is
regulated in part through local chromatin structure by the Nucleolar Remodeling Complex
(NoRC), comprised of TIP5 and the SNF2h, the human orthologue of yeast Isw2. NoRC
represses rRNA transcription by sliding nucleosomes around the 45S promoter (STROHNER
et al. 2001) and by recruitment of histone de-acetylase and histone methyltransferase
activity (SANTORO et al. 2002; ZHOU et al. 2002). In yeast, the histone de-acetylases Sir2 and

Rpd3 regulate the overall accessibility of rDNA chromatin, transcription, and changes in the
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number of rDNA repeats in the tandem array (FRITZE et al. 1997; SMITH and BOEKE 1997;

SANDMEIER et al. 2002; KoBAYASHI and GANLEY 2005).

The Cellular Response to DNA Damage and Replication Stress

Damage to genomic DNA or stress that prevents replication of DNA triggers a
cellular checkpoint response that delays cell cycle progression, preventing cellular division
until the underlying damage or stress can be resolved. At any stage of the cell cycle, a
checkpoint response can be stimulated by DNA damage, and during S phase, such a
response can also be caused by replication stress such as depletion of ANTP pools or
compromised function of DNA polymerases (SYMINGTON and GAUTIER 2011; Zou 2013).In S.
cerevisiae, a critical and common early step in all versions of this process is the activation of
the kinase Mec1, the yeast homolog of the human ATR (ataxia telangiectasia and Rad3-
related) kinase (Zou and ELLEDGE 2003; Zou 2013). At stalled replication forks, the S-phase
checkpoint is activated by the recruitment of the 9-1-1 complex (Rad17, Ddc1, Mec3)
followed by recruitment and phosphorylation of Rad53 (SuN et al. 1998; MELO et al. 2001;
MAJKA et al. 2006). Budding yeast have two parallel pathways that can activate the G2/M
checkpoint, of which one requires both Rad53 and the kinase Dun1, and the other requires
Pds1 (GARDNER et al. 1999). In addition to timely activation of a checkpoint response,
deactivation of the checkpoint is also vital for long-term cellular viability. Without the
Rad53 phosphatases PPH3 and PTC2, Rad53 cannot be un-phosphorylated, even after
resolution of the initial cause of checkpoint activation. In such cells, the checkpoint remains

active and replication forks fail to restart, resulting in cell death [Szyjka 2008].
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Two of the major mechanisms of repair of DNA double strand breaks are
homologous recombination (HR) and non-homologous end joining (NHE]). Repair by HR
involves the formation of single-stranded DNA surrounding the break site, a process known
as resection, followed by the interaction of these resected ends with homology donors that
allows for the accurate repair of the lesion (AYLON et al. 2004; CHAPMAN et al. 2012; CECCALDI
et al. 2016). NHE] does not require resection of the broken DNA ends; instead, the Yku70
and Yku80 proteins bind to the broken ends and promote their direction ligation to one
another, in a process that restores the integrity of the DNA fiber but can often mutate the
DNA sequence (CLERICI et al. 2008; CHANG et al. 2017). The cell cycle stage in which the
damage occurs strongly influences whether a DSB is repaired by HR or NHE]. Damage
sustained in S or G2 will typically be repaired by HR, when an already-replicated sister
chromatid is more likely to be available to serve as a homology donor. In contrast, damage
sustained in G1 is more likely to be repaired by NHE], as at this cell cycle stage in a haploid
yeast cell, a homology donor may not exist (AYLON et al. 2004; IRA et al. 2004; JAZAYERI et al.

2006; SYMINGTON and GAUTIER 2011).

Description of Dissertation

The goal of this dissertation is to reveal mechanisms of the regulation of chromatin
structure and how this affects important biological processes. The research described takes
advantage of the budding yeast Saccharomyces cerevisiae, a single-celled eukaryote that is
genetically tractable and amenable to robust molecular analysis but still maintains a high
degree of conservation with higher eukaryotes, including in its chromatin structure and

regulation. I have focused my work primarily on the ATP-dependent chromatin remodeling
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factors Isw2 and Ino80, continuing a progression of work examining the biology of these
complexes in tandem.

In Chapter 2, [ focus on the roles played by Isw2 and Ino80 at the ribosomal DNA
(rDNA) locus. This research began with the observation that both complexes are targeted
to the rDNA. I showed that Isw2 and Ino80 together modify local chromatin structure by
positioning nucleosomes in the rDNA inter-genic spacer and by altering the proportion of
actively transcribed, nucleosome depleted rDNA repeats to transcriptionally silent,
nucleosome occupied repeats. In addition, I found evidence that Isw2 and Ino80 promote
efficient firing of the ribosomal origin of replication and robust increase of rDNA copy
number.

Chapter 3 describes work that initially sought to explore roles for Isw2 and Ino80 in
the G2/M checkpoint response. Earlier work had found that these factors function in
parallel to attenuate the S-phase checkpoint response (VINCENT et al. 2008; Au et al. 2011;
LEE et al. 2015). Following these studies, we wondered if the same might be true of the
G2/M checkpoint. To address this question, I employed a system to create an inducible DSB
that could not be repaired by homologous recombination. In characterizing unexpected
phenotypes of our remodeling factor mutant in this background, I uncovered possible
parallel roles for Isw2 and Ino80 in promoting the normal preference for HR over NHE].

In Chapter 4, I review the major conclusions of this dissertation and discuss possible
mechanisms to explain my findings. I also draw a connection between Chapters 2 and 3,
proposing a possible link between these two bodies of data that would explain an un-
answered mechanistic question about Isw2 and Ino80 involvement in rDNA copy number

change. Finally, [ propose ways to follow up on the conclusions presented.
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Figure 1.1: Nucleosome positioning at genes and origins or replication.

A) Schematic of an idealized gene illustrating conventions of nucleosome positioning.
Nucleosomes are represented by grey ovals. In the lower panel, signal height indicates how
well-positioned each nucleosome is, and color indicates different histone variants and
PTMs. The best-positioned nucleosomes flank the 5’ nucleosome free region (NFR), and
this region also is most likely to have nucleosomes containing H2A.Z and modified with
H3K4 methylation. Figure from Jiang and Pugh, Nat Rev Genet (2009) B) Data from
micrococcal nuclease (MNase) digestion followed by deep sequencing (MNase-seq), aligned
to the ACSs of 219 ORC-bound ARSs. Upper panel shows tracks from each ARS; lower panel
shows an averaged metaplot for all ARSs. Figure from Eaton et al, Genes Dev (2010).

18



A Perfect positioning Partial positioning No positioning
L]

% S o2 \\ 4 \\ 4 A\ 4
Q5 02 A\ 4 N4 A\ 4
5
c D 02 4 A 4
._g O o2 A A )4
o o r ( \{
©c C 02
E =
| S J | 7 )
Y Y Y
147-bp region 147-bp region 147-bp region
Y Nucleosome center
Nucleosome configurations
o (%)
= C
8 8 o2 - —
Y = —
o 8 02 —allg -
>
.g 2 02 —ER —
S 202 —a -
L=
= 02 —dlliig —dli -
o 1.0 -
g g o8 | 0.8
0.6
w © -
8 g_ 0.6
— 0.4 0.4
S g 0.2
c © 02+
0

Figure 1.2: Nucleosome positioning and nucleosome occupancy.

A) A nucleosome is “well-positioned” if most such nucleosomes in a population have their
dyad (center of 147 bp of nucleosome-protected DNA) at the same base pair. A nucleosome
is “partially positioned” if some but not all such nucleosomes in a population have their
dyad in the same approximate range of base pairs. A nucleosome is “weakly positioned” if
there is little consistency in dyad location across nucleosomes in the population. B) The
“nucleosome occupancy” at any base pair is the likelihood that that base pair is covered by
a nucleosome in a population. Top panel: cartoons of individual fragments of chromatin.
Bottom panel: plots of nucleosome occupancy assuming a population of cells as
summarized above. Figure from Struhl and Segal, Nat Struct Mol Bio (2013).
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Figure 1.3: Major structural features of the ATPase subunits of the four ATP-
dependent chromatin remodeling factor families.

All ATPases have an ATPase-translocase domain, characterized by two RecA-like lobes,
labelled as “Lobe 1” and “Lobe 2” in each schematic. Other structural features, as well as the
length and activity of the linker region between the RecA-like lobes, distinguish the four
families. Abbreviations of motif elements: Tr = translocase; AutoN = auto-inhibitory N-
terminal; NegC = negative regulator of coupling; HSS = HAND-SANT-SLIDE; CHD =
chromodomain; DBD = DNA-binding domain; HSA = helicase/SANT-associated domain;
SnAC = Snf2 ATP-coupling; Bromo = bromodomain. Figure from Clapier et al, Nat Rev Mol
Cell Biol (2017).

20



Figure 1.4: The subunit composition of the Saccharomyces cerevisiae Isw2 and Ino80
ATP-dependent chromatin remodeling factors.

A) Isw2 exists as a 2-subunit complex (with Itc1) or a 4-subunit complex (with Itc1, Dls1,
and Dpb4 - the latter 2 indicated with dashed border). B) The Ino80 complex contains 15
subunits. The Rvb1, Rvb2, Arp4, and Actl subunits have known functions outside of the
Ino80 complex, and are indicated in grey; all other subunits function only within the Ino80
complex. In both A and B, the ATPase subunit of the complex is indicated with red, and the
subunit of primary focus in this work (Isw2 and Nhp10) is indicated with a thicker border.
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Figure 1.5: The ribosomal DNA locus.

A) Core features of the rDNA repeat across eukaryotic life. There is a major transcript (the
45S in humans, 35S in yeast) that contains external and internal transcribed spacers (ETS
and ITS units) that are removed from the primary transcript to produce mature 18S, 5.8S,
and 255/28S rRNAs that are core parts of ribosomes. The 5S rRNA is present adjacent to
the 355/45S transcript in some organisms, such as yeast, and is located in a different
genomic location in other organisms, such as humans. The beginning of the next repeat in
the tandem array is visible to the right. Figure from Schneider, Gene (2012) B) Electron
micrograph showing the on/off transcriptional paradigm of the rDNA locus in
Saccharomyces cerevisiae. Actively transcribed repeats are densely loaded with
polymerase, while inactive repeats are essentially totally devoid of polymerase. Figure
from French et al, Mol Cell Bio (2003).
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Chapter 2

Chromatin remodeling factors Isw2 and Ino80 regulate chromatin,
replication, and copy number of the Saccharomyces cerevisiae ribosomal
DNA locus

Modified from published manuscript:
Cutler, S., Lee, L.J., and Tsukiyama, T.

Summary

In the budding yeast Saccharomyces cerevisiae, ribosomal RNA genes are encoded in a
highly repetitive tandem array referred to as the ribosomal DNA (rDNA) locus. The yeast
rDNA is the site of a diverse set of DNA-dependent processes, including transcription of
ribosomal RNAs by RNA Polymerases [ and II], transcription of non-coding RNAs by RNA
Polymerase II, DNA replication initiation, replication fork blocking, and recombination-
mediated regulation of rDNA repeat copy number. All of this takes place in the context of
chromatin, but little is known about the roles played by ATP-dependent chromatin
remodeling factors at the yeast rDNA. In this work, I report that the Isw2 and Ino80
chromatin remodeling factors are targeted to this highly repetitive locus. I characterize for
the first time their function in modifying local chromatin structure, finding that loss of
these factors decreases the fraction of actively transcribed 35S ribosomal RNA genes and
the positioning of nucleosomes flanking the ribosomal origin of replication. In addition, I
report that [sw2 and Ino80 promote efficient firing of the ribosomal origin of replication

and facilitate the regulated increase of rDNA repeat copy number. This work significantly
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expands our understanding of the importance of ATP-dependent chromatin remodeling for

rDNA biology.

Introduction

In exponentially growing cells, the enormous cellular demand for ribosomes is
reflected in the proportion of resources dedicated to their production. For example, the
production of ribosomal RNAs (rRNAs) accounts for an estimated 60% of all transcriptional
activity in cycling yeast cells (WARNER 1999). Because single genomic copies of rRNA genes
would not support such large volumes of transcriptional output, eukaryotic genomes have
evolved to include highly repetitive clusters of rRNA genes, termed the ribosomal DNA
(rDNA) locus. In a typical cell of the budding yeast Saccharomyces cerevisiae, the rDNA
locus comprises approximately 150-200 tandem repeats [Figure 2.1A]. Each repeat
contains a 35S ribosomal RNA (rRNA) gene, transcribed by RNA Polymerase I (Pol I), and
an inter-genic spacer (IGS). This spacer is split into IGS1 and IGS2 regions, also known as
the non-transcribed spacer 1 and 2 (NTS1 and NTS2), by the 5S rRNA gene, which is
transcribed by RNA Polymerase III (Pol III). Due to its large size and repetitive nature, the
rDNA locus has unique regulatory needs, and the IGS1 and IGS2 regions contain genetic
elements that are critical to addressing these needs.

If the rDNA locus lacked an origin of replication (autonomously replicating
sequence, or ARS), replicating the rDNA array would require replication forks to traverse
nearly a megabase of DNA from either end of the array. To avoid this problem, the IGS1
contains a ribosomal ARS (rARS). As a consequence, the approximately 150 ARSs in a

typical rDNA array account for nearly one third of all genomic origins of replication.
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Because replication factors are limiting during each S-phase (MANTIERO et al. 2011), firing of
too many rARSs would take vital replicative resources away from other parts of the
genome, raising the risk of delayed or incomplete replication. As a result, only around 20%
of rARSs will fire in any given round of cell division (WALMSLEY et al. 1984; BREWER and
FANGMAN 1988). If too few rARSs fire, replication of the rDNA array may be delayed or
incomplete (YOSHIDA et al. 2014). Thus, properly striking this balance by regulating origin
efficiency at the rDNA has critical consequences for global genome stability. Another
balance must be carefully achieved in maintaining the proper size of the rDNA array. The
array must be large enough to support sufficient transcription of rRNAs, but small enough
to be efficiently replicated without demanding too large a proportion of the limited pool of
replication factors (MANTIERO et al. 2011). Thus, a mechanism exists to change the size of
the array by adding or removing copies of the rDNA repeat as needed, and the IGS1 region
contains two genetic elements that are critical for this process: a bi-directional RNA Pol II
promoter, E-pro, and a replication fork block (RFB).

All DNA-dependent processes occurring at the rDNA happen in the context of
chromatin structure. The Sir2 and Rpd3 histone deacetylases (HDACs) have well-
established roles in regulating rDNA chromatin structure, origin activity, and copy number
maintenance (FRITZE et al. 1997; SANDMEIER et al. 2002; KOBAYASHI and GANLEY 2005; YOSHIDA
et al. 2014). In addition, the rDNA locus is regulated by ATP-dependent chromatin
remodeling factors, which use the energy of ATP hydrolysis to modify the position and
histone composition of nucleosomes. In humans, the nucleolar remodeling complex (NoRC)
positions nucleosomes and recruits histone methyltransferase and histone deacetylase

activity to promote rDNA silencing (SANTORO et al. 2002; Li et al. 2006). In budding yeast,
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the SWI/SNF (ZHANG et al. 2013), Isw1, Isw2, and Chd1 (JoNES et al. 2007) complexes have
been implicated in regulating transcription of rRNAs. However, it has not been shown how
remodeling factors modify chromatin structure at the yeast rDNA or affect any DNA-
dependent processes at this locus beyond rRNA transcription.

In this work, I show that the [sw2 and Ino80 ATP-dependent chromatin remodeling
factors regulate chromatin structure at the rDNA. The Isw2 complex is known to slide
nucleosomes over gene promoters (FAZzI0 and TSUKIYAMA 2003), an activity that generally
represses transcription, both for coding genes (GOLDMARK et al. 2000; FAzz1o et al. 2001)
and antisense transcripts (WHITEHOUSE et al. 2007). The Ino80 complex slides and evicts
nucleosomes and removes the histone variant, H2A.Z (TSUKUDA et al. 2005; PAPAMICHOS-
CHRONAKIS et al. 2011; UDUGAMA et al. 2011; ZHOU et al. 2018). Ino80 is also involved in
regulating the checkpoint response following DNA damage, DNA damage repair, and DNA
replication (MORRISON et al. 2004; MORRISON et al. 2007; SHIMADA et al. 2008). Isw2 and
Ino80 function together to promote replication of late-replicating regions of the genome in
the presence of replication stress and to attenuate the S-phase checkpoint response
(VINCENT et al. 2008; Au et al. 2011; LEE et al. 2015). Here, | show that both Isw2 and [no80
are targeted to the ribosomal DNA locus. Further, I report for the first time that these
remodeling factors affect local chromatin structure, as loss of the factors increases
nucleosome occupancy in the 35S gene and alters the positioning of nucleosomes flanking
the rARS. I find that loss of Isw2 and Ino80 reduces the proportion of active rDNA repeats
without affecting overall transcription of rRNAs, but that Isw2 and Ino80 positively
contribute both to the efficiency of the rARS and to the rate of rDNA repeat copy number

increase. In sum, this study expands our understanding of how ATP-dependent chromatin
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remodeling factors affect both chromatin structure and essential biological processes at the

ribosomal DNA locus.

Results

The Isw2 and Ino80 chromatin remodeling complexes are targeted to the ribosomal
DNA locus

All of the DNA-dependent processes that take place at the rDNA locus occur in the
context of chromatin. Although HDACs such as Rpd3 and Sir2 have well-characterized
functions in regulating chromatin structure, transcription, and copy number maintenance
at the S. cerevisiae rDNA (FRITZE et al. 1997; SMITH and BOEKE 1997; SANDMEIER et al. 2002;
KoBAYASHI and GANLEY 2005), comparatively little is known about the roles played by ATP-
dependent chromatin remodeling factors at this vital genomic locus. To address this
question, [ performed chromatin immuno-precipitation followed by deep sequencing
(ChIP-seq) to map where the Isw2 and Ino80 chromatin remodeling factors are targeted at
the rDNA. By this method, I found that Isw2, the catalytic subunit of that complex, and
Nhp10, a protein that only functions as a subunit of the Ino80 complex (MORRISON et al.
2004), were both targeted to the rDNA [Figure 2.1B]. The ChIP-seq signal for Isw2 was
slightly above the genome-average throughout the 35S gene body. The pattern of targeting
in the IGS included small peaks flanking the 5S gene and the region containing E-pro and
the RFB, but the most prominent signal was a striking, bimodal peak on top of and to one
side of the rARS. Nhp10 was also present throughout the 35S gene body and showed a
small peak around the 5S gene. The ChIP-seq patterns of both factors at the rDNA were
consistent with peaks elsewhere in the genome with regard to both shape and magnitude:

Isw2 tended to have fairly defined peaks that rise well above the genome average, located
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in intergenic regions, and Nhp10 peaks were generally less prominent relative to the
genome average and more diffusely spread throughout a transcription unit [Figure 2.1C].
Out of 830 peaks identified genome-wide by the MACS peaks-calling algorithm in this
Nhp10 ChIP-seq data set, this rDNA peak had the third-lowest p-value (p = 4.81E-73).
Given these distinct targeting patterns, [ hypothesized that these ATP-dependent
chromatin remodeling factors might have previously unknown functions at this highly

repetitive, unique genomic locus.

Isw2 and Ino80 affect nucleosome occupancy over the 35S rRNA gene

In light of the established functions of the Isw2 and Ino80 complexes, I first asked
whether these chromatin remodeling factors affect nucleosome occupancy within the rDNA
locus. Individual rDNA repeats exist in one of two discrete states, being either highly
occupied with nucleosomes and transcriptionally inactive, or heavily depleted of
nucleosomes and highly transcriptionally active (CONCONI et al. 1989; FRENCH et al. 2003;
MERZ et al. 2008). I assessed how nucleosome occupancy at the rDNA is affected by these
two chromatin remodeling factors with ChIP-seq of histone H3 in wild-type, isw24, nhp104,
and iswZA nhp10A strains. This analysis revealed that nucleosome occupancy throughout
the 35S gene body is appreciably increased in the isw24 nhp104 double mutant compared
to wild-type and single deletion strains [Figure 2.2A]. Notably, this is the part of the rDNA
in which the ChIP-seq signals of both chromatin remodeling factors most strongly overlap,
suggesting the possibility that these factors may work together in this region.

Because individual rDNA repeats exist in one of two discrete chromatin states, I

hypothesized that the increased nucleosome occupancy in isw24 nhp10A cells reflected a
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reduced ratio of active to inactive rDNA repeats. To test this,  used psoralen cross-linking,
a well-established method to determine the ratio of active to inactive rDNA repeats
(CoNcoNI et al. 1989; DAMMANN et al. 1993). Occupancy of chromatin by nucleosomes blocks
incorporation of psoralen. Therefore, actively transcribed, nucleosome-depleted rDNA
repeats become more heavily cross-linked with psoralen, and thus migrate more slowly in
an agarose gel, than inactive, nucleosome-occupied repeats. After digestion with
appropriate restriction enzymes, Southern blotting, and hybridization with a probe
targeting a region of the 35S gene unit, two discrete bands representing active and inactive
repeats can be resolved (CONCONI et al. 1989; DAMMANN et al. 1993). This method showed
that, as expected, a very large proportion of repeats are active in an asynchronously
growing strain with only 20 copies of the rDNA (FRENCH et al. 2003), and a very small
proportion of repeats are active in a wild-type strain at stationary phase. I found that isw24
nhp10A cells have a significantly reduced proportion of active repeats compared to wild-
type, isw24, or nhp10A cells [Figure 2.2B, p < 0.05], consistent with the observed increase
in H3 occupancy in double mutant cells. Based on these results, I concluded that the Isw2

and Ino80 chromatin remodeling factors increase the fraction of active rDNA repeats.

Transcription of 35S ribosomal RNA is not affected by loss of Isw2 or Nhp10

Based on the reduced proportion of nucleosome-depleted rDNA repeats in the isw24
nhp10A mutant, [ hypothesized that these cells would also show reduced levels of 35S rRNA
transcription. The 35S is transcribed as a single long transcript before being cleaved and
folded in a series of processing steps to yield mature 18S, 5.8S, and 25S RNAs (WOOLFORD
and BASERGA 2013). Because mature rRNAs are components of ribosomes and thus highly

stable and abundant, nascent RNA needs to be measured to assess the net production of
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rRNAs. The External Transcribed Spacer 1 (ETS1) and Internal Transcribed Spacer 1 (ITS1)
sections of the 35S gene are transcribed but removed at early stages of rRNA processing.
Levels of these RNA sequences thus reflect levels of nascent rRNA and are used to measure
the rate of 35S transcription (BYWATER et al. 2012; LARIBEE et al. 2015). Adopting this
approach, I performed reverse-transcription quantitative PCR (RT-qPCR) targeting parts of
the ETS1 and ITS1 regions of the 35S pre-rRNA [Figure 2.2A]. As expected, I found
significantly reduced levels of both ETS1 and ITS1 in cells lacking the RNA Pol [ subunit,
RPA49 (p = 0.0021 and p = 0.037, respectively); rpa494 strains are known to have a
reduced rate of RNA Pol I transcription (BECKOUET et al. 2008; LARIBEE et al. 2015). In
contrast, [ did not see evidence of a significant difference in rates of 35S transcription in
isw2A nhp10A compared to wild-type [Figure 2.2C] (p = 0.19 and p = 1.00). To confirm this
result by an independent method, I performed ChIP-seq analysis of the Pol | subunit
RPA190, and observed virtually identical profiles in isw24 nhp10A4 and wild-type strains,
with regard to both shape and overall levels [Figure 2.2D]. Based on these results, |
concluded that isw24 nhp10A cells exhibit no significant defects in 35S transcription
despite the differences in nucleosome occupancy and the proportion of nucleosome-

occupied rDNA repeats in these mutants.

Isw2 and Ino80 affect nucleosome positioning in the rDNA inter-genic spacer
In addition to nucleosome occupancy, nucleosome positioning is known to be

affected by both of these chromatin remodeling factors (FAzzio and TSukiyAMA 2003;

UDUGAMA et al. 2011). ChIP-seq of histone H3 is suitable for measuring nucleosome

occupancy, but because it relies on sonication-based fragmentation of chromatin, it lacks
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sufficient resolution to accurately reveal nucleosome positioning. Therefore, I assessed
nucleosome positioning at the rDNA by micrococcal nuclease (MNase) digestion followed
by deep sequencing (MNase-seq). During the preparation of MNase-digested DNA, I gel
purified mononucleosome-sized fragments of ~150 bp and then interpreted each size-
selected, paired-end read as coming from a nucleosome-protected fragment of DNA. From
each paired-end read, the nucleosomal dyad center was inferred and plotted [Figure 2.3A].
By this method, nucleosome positions appeared strongly shifted at known Isw2 targets in
isw24 and isw2A nhp10A mutants [Figure 2.4]. In contrast, no gross differences in
nucleosome positions were observed throughout the 35S gene body [Figure 2.5] or in the
rDNA inter-genic spacer region [Figure 2.3A]. However, sequencing data must be
interpreted carefully within the highly repetitive rDNA, as such data represent an average
of the signal at all ~150 rDNA repeats in all cells sampled, and nucleosomes in only a
fraction of those repeats may change positions in any given cell.

To refine our analysis, I compared MNase-seq profiles for the tested strains using
ribbon plots in which the primary line shows the average signal at each base pair across
multiple biological replicates, and the ribbon represents the standard error of the mean for
those replicates [Figure 2.3B]. This method revealed highly reproducible, strain-specific
differences in nucleosome positioning at the rDNA for two pairs of nucleosomes. One pair is
in between the 35S promoter and the rARS, with each nucleosome substantially
overlapping one of the two sub-peaks of the highly prominent Isw2 peak [Figure 2.3B, left
panel, identified as nucleosomes 1 and 2]. The other pair of affected nucleosomes is in the
region between the rARS and the 5S gene, overlapping half of the short, broad Isw2 peak

encompassing the 5S gene [Figure 2.3B, right panel, nucleosomes 3 and 4]. Each of these
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four MNase-seq dyad peaks has two or three sub-species of nucleosome positions. I
interpret each of these distinct sub-species as representing one of two or three distinct
positions occupied by that nucleosome in different individual rDNA repeats in the array.
Each of the four genotypes tested had a characteristic pattern of the relative heights of
these two sub-species, which [ propose reflects different proportions of rDNA arrays
containing nucleosomes at each possible position. The overall trend among these mutants
is that in isw24 nhp10A cells, any given rDNA repeat is more likely to have nucleosomes
positioned such that they are encroaching on the rARS [Figures 2.3B and 2.3C]. In contrast,
in both nhp104 and wild-type cells, these same nucleosomes are more likely to be
positioned farther away from the rARS, and in isw24 cells these nucleosomes have profiles
somewhere in between wild-type and the double mutant.

It has been shown that the strength of MNase digestion can affect nucleosome
mapping results, especially for nucleosomes that are highly MNase sensitive (WEINER et al.
2010). Because the differences in MNase-seq signal at the rDNA locus were more subtle
than what is typically observed at single-copy loci, I sought to ensure that these differences
are not due to differential MNase sensitivity of these nucleosomes. To this end, | compared
the MNase-seq profiles for these nucleosomes in wild-type and isw24 nhp10A strains using
three different concentrations of MNase (Figure 2.3D, Figure 2.5B). The overall shapes of
the MNase-seq profiles varied depending on the MNase concentrations used. However, at
any specific degree of digestion, the relative heights of nucleosomal sub-species for wild-
type versus iswZ24 nhp10A cells matched the patterns described above. These results
confirmed that the observed differences in nucleosome positions in mutants were not due

to differential MNase sensitivity of these nucleosomes.
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Isw2 and Ino80 facilitate efficient firing of rDNA origin of replication

The prominent Isw2 peak around the rARS coupled with the shrinkage of the rARS-
containing nucleosome-depleted region (NDR) in chromatin remodeling factor mutants led
us to ask whether origin activity is affected by these factors. To address this question, I
performed two-dimensional (2D) gel electrophoresis probing activity of the rARS (BREWER
and FANGMAN 1987). The Y arc of the 2D gel is comprised of restriction fragments in the
process of being passively replicated, and the bubble arc of restriction fragments in which
an origin of replication has actively fired. Therefore, the ratio of bubble to Y arc signals
from asynchronously growing cells reflects the ratio of actively to passively replicated
restriction fragments, and thus of origin efficiency [Figure 2.6A]. By this method, the ratio
of bubble arc to Y arc signal, and thus rARS origin efficiency, was greatest in the wild-type
and iswZA cells. In contrast, origin efficiency was moderately reduced in nhp10A cells, by
approximately 10%, and even more reduced, by nearly 30%, in isw24 nhp10A double
mutants [Figure 2.6B, p = 0.04]. This reduction in origin efficiency in the double mutant is
approximately half the magnitude of the reported increase in rARS efficiency in cells
lacking SIRZ2 (PASERO et al. 2002), the best-characterized chromatin regulator of rARS
activity. To test whether Isw2 and Nhp10 also affect rARS firing under a sub-optimal
growth condition, I performed 2D gels of wild type and double mutant cells at 23°.
Consistent with our model, robust reduction in origin efficiency was also detectable in the
double mutant under this condition [Figure 2.6C].

To use another method to corroborate this finding, I employed ChIP-seq of MCM4, a

subunit of the mini-chromosome-maintenance (MCM) helicase complex, a critical
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component of the replication machinery. I arrested WT and isw24 nhp10A4 cells in G1 with
alpha-factor, then released into fresh medium without alpha-factor, sampling chromatin at
20’ and 50’ post-release. Both WT and isw24 nhp10A have clear peaks of MCM at the rARS
at the G1 time point, reflecting the assembly of the pre-replication complex [Figure 2.6D].
However, at this time point, the MCM peak is much smaller in the double mutant than in
WT. At the 20’ time point, the WT peak has shrunken considerably, and a distinct peak has
formed at the RFB, likely indicative of robust pausing of many replication bubbles. In
contrast, the double mutant’s MCM peak has not shrunk by as much relative to G1, with
little peak visible at the RFB. Finally, by the 50’ time point, essentially no MCM signal is
visible in the IGS in the WT, while in the double mutant, a small peak lingers at the rARS
and, for the first time, a small peak is visible at the RFB. These data are consistent with a
smaller proportion of rDNA repeats in isw24 nhp10A cells containing actively-firing rARSs,
as well as potentially having slightly different kinetics of rARS activity, at least in a system
of release from G1 arrest. Collectively, these results indicate that the Isw2 and Ino80
chromatin remodeling factors promote the efficient firing of the ribosomal origin of

replication.

Isw2 and Ino80 affect the rate of rDNA copy number increase

Each yeast strain maintains a particular number of rDNA repeats, typically ~150-
200 repeats. The lower limit on the number of repeats is imposed both by the demand for
transcription of rRNAs (WARNER 1999) and by the benefit to genome stability of having
enough rDNA repeats such that not all repeats are transcribed simultaneously (IDE et al.

2010). An upper limit on the number of repeats comes from balancing the above needs
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against the burden of replicating a lengthy rDNA array in a context of limiting replication
factors (SALIM et al. 2017). All of the strains used in the previously described experiments
maintain approximately the same steady-state rDNA copy number of ~150 copies [Figure
2.7], indicating that loss of Isw2 and Nhp10 does not affect the steady-state size of the
rDNA array. This, however, does not necessarily mean these remodeling factors play no
roles in rDNA copy number change, because cells with optimally sized rDNA arrays are
unlikely to visibly alter the sizes of those arrays during exponential growth without any
perturbation. To determine whether Isw2 and Ino80 affect the process of regulated rDNA
copy number change, | employed an established experimental system for this purpose. This
approach uses a strain background in which endogenous FOB1 has been deleted and the
rDNA array reduced to 20 repeats. In the absence of Fob1, there is no pausing at the RFB,
stabilizing rDNA copy number. These cells can survive with 20 copies of the rDNA, but
because this is a sub-optimal number of repeats, introduction of Fob1 via a plasmid causes
arapid increase in the number of rDNA repeats via homologous recombination until the
rDNA array reaches a more-optimal size of approximately 150 copies (KoBAYASHI and
GANLEY 2005). The rate of rDNA copy number change can vary between strains, as cells of
the W303 background increase copy number more rapidly than BY4741 derivatives (M.K.
Raghuraman and Bonny Brewer, personal communication).

Starting with a fob1A strain with 20 copies of the rDNA, ISW2, NHP10, or both genes
were deleted. FOB1 was then re-introduced on a plasmid, and the cells were cultured
continuously under selection for almost 200 generations. Samples were taken at multiple
time points, synchronized such that time points were taken for all tested strains at the

same number of generations after re-introduction of Fob1, thus controlling for any small
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differences in growth rate between the strains. The copy number of rDNA repeats was
monitored by CHEF gel electrophoresis of intact chromosomal DNA followed by Southern
blot analysis using a probe against Chromosome XII. This experiment thus reveals the
regulated process of rDNA copy number increase by the cell, distinct from the small, likely
stochastic fluctuations around the optimal copy number for any given strain.

Although all four strains began to increase their rDNA copy number immediately
following introduction of plasmid-borne Fob1, each of the strains behaved differently
[Figure 2.8A, B]. In wild-type and iswZ24 cells, and to a slightly lesser degree in nhp10A4 cells,
there was a strong jump in copy number at around 35 generations after Fob1 re-
introduction, the earliest time point I was able to sample. In contrast, isw24 nhp10A cells
exhibited only a very small increase in copy number at 35 generations. After nearly 200
generations in the presence of Fob1, both the wild-type and isw24 strains had recovered
essentially wild-type rDNA copy number of around 150 copies, and nhp10A4 was close to
this number. In contrast, isw24 nhp10A had barely reached 100 copies by this time point.
Based on this data, [ conclude that Isw2 and Ino80 facilitate the regulated increase of rDNA
copy number in the rDNA array, and that their loss reduces the rate at which rDNA copy
number can be increased in a population of cells.

Given the established role for Ino80 in the DNA damage response (VAN ATTIKUM et al.
2004; PAPAMICHOS-CHRONAKIS et al. 2006; VAN ATTIKUM et al. 2007),  wondered whether the
reduced rate of rDNA copy number increase in the isw24 nhp10A cells was unique to the
rDNA locus or the result of a more general defect in recombination. To address this
question, [ measured the recombination efficiency of remodeling factor mutants at a locus

outside of the rDNA. To this end, I linearized plasmid pRS406, containing a wild-type URA3
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gene, by restriction digesting with Stul, an enzyme that cuts in the middle of the URA3 gene.
This linearized plasmid was then integrated into WT, isw24, nhp104, and isw2A nhp10A
strains with the ura3-1 allele, producing a gene duplication of a ura3-1 adjacent to URAS3.
These strains were cultured first in the absence of uracil, to maximize the proportion of
URA3+ cells, and then switched to growth without selection in YPD for approximately ten
generations. During this time, the URA3 allele would recombine with the mutant ura3-1
allele at some low frequency, leading to a single mutant allele, and thus rendering the cell
able to survive in the presence of 5-FOA. Cells were then plated on 5-FOA medium and the
number of 5-FOA-resistant colonies was counted. From this count, the number of
recombination events was calculated (LURIA and DELBRUCK 1943; LEA and COULSON 1949),
and this value was normalized to the total number of cell divisions in each culture to yield
the rate of recombination events per cell division.

For all tested strains, this rate was found to be approximately 5x10-¢ [Figure 2.8C].
This is a reasonable number, as it is approximately tenfold lower than the frequency of
mitotic recombination for a similar side-by-side duplication of the HIS4 gene in
Saccharomyces cerevisiae, found to be approximately 5x10-5 per cell (JACKSON and FINK
1981). Based on this assay, none of the tested strains significantly differed in their rates of
recombination. I therefore concluded that the reduced rate of rDNA copy number increase
observed in isw24 nhp10A cells resulted not from a general defect in recombination, but
rather from the loss of a unique function of these chromatin remodeling factors in

promoting rDNA copy number change.
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Discussion

The ribosomal DNA locus is the evolutionarily conserved site of many different
DNA-dependent processes, all of which must be carefully balanced. Sufficient rRNA must be
transcribed to support ribosome biogenesis, but without interfering with faithful
replication of the rDNA (WARNER 1999). The rDNA array must be fully replicated, while still
allowing for the replication of other parts of the genome (YOSHIDA et al. 2014). The size of
the rDNA array must be carefully maintained through recombination, yet the array must be
protected from unintended recombination despite its highly repetitive nature. Many
studies have detailed these complex processes, but relatively little is known about how
ATP-dependent chromatin remodeling factors dynamically regulate chromatin structure at
the S. cerevisiae rDNA locus to allow for these processes to occur. The SWI/SNF complex
localizes to the rDNA and that deletion of its Snf6 subunit reduces 35S rRNA transcription
(ZHANG et al. 2013). In addition, it was shown that [sw2, Isw1, and Chd1 are present at the
rDNA, and that their simultaneous deletion reduces 35S rRNA transcriptional termination
(JoNES et al. 2007). However, the nature of chromatin regulation by these remodeling
factors at the rDNA locus remains unknown, as does their involvement in processes beyond
transcription of rRNA. In this study, | show that in addition to Isw2, the Ino80 ATP-
dependent chromatin remodeling factor is targeted to the yeast rDNA. [ show for the first
time that these factors modify local chromatin structure at the levels of nucleosome
occupancy, the ratio of nucleosome-occupied to nucleosome-depleted rDNA repeats, and
nucleosome positioning. In addition, I find that these chromatin remodeling factors affect
two critical activities that take place at the rDNA, replication initiation from the ribosomal

ARS, and rDNA array amplification.
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Our data indicate that Isw2 and Ino80 do not affect overall levels of 35S rRNA
transcription, a result that initially surprised us. According to one part of the accepted
model, nucleosome occupancy through the 35S gene body dictates 35S transcription, as
rDNA repeats that are heavily occupied with nucleosomes are transcriptionally silent,
while repeats that are depleted of nucleosomes are transcriptionally active (MERZ et al.
2008). Thus, based on the increased nucleosome occupancy and reduced proportion of
psoralen-accessible rDNA repeats observed in isw24 nhp10A cells, | expected that 35S
rRNA transcription would be correspondingly decreased. The lack of an effect on
transcription may be explained by the robustness of 35S transcriptional regulation: When
one element of this system is disrupted, another element is adjusted to maintain the
desired level of transcription. For example, in a S. cerevisiae strain in which the rDNA array
has been reduced from a normal size of ~150 copies down to ~40 copies, loading of RNA
Pol I on any given active repeat is increased, such that there is no net decrease in 35S
transcriptional output (FRENCH et al. 2003). Similarly, in mammalian cells, inducing
silencing of some rDNA repeats by depletion of upstream binding factor (UBF) leads to a
compensatory increase in transcription per active repeat (SANJj et al. 2008). I therefore
speculate that the robust homeostatic regulation of rRNA transcription overcomes changes
in nucleosome occupancy in isw24 nhp10A cells, reacting to a reduced proportion of active
repeats by increasing RNA Pol I transcription in each active unit. This would produce no
net alteration in rRNA production compared to wild-type cells.

A critical transcriptional regulator at the mammalian rDNA is the Nucleolar
Remodeling Complex (NoRC), which contains SNF2h, the mammalian orthologue of yeast

Isw2. Among other activities that influence rRNA transcription, this complex shifts the
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nucleosome at the promoter of the 45S rRNA gene, the mammalian orthologue of the yeast
35S, into a transcriptionally repressive position (LI et al. 2006). Notably, I see nearly
identical nucleosome positioning profiles at the comparable nucleosome in isw24 and
isw2A nhp10A cells compared to wild-type cells [Figure 2.5C]. This finding, in conjunction
with our observing no differences in rRNA transcription in these deletion strains,
distinguishes the Isw2-mediated regulation of the yeast rDNA from the NoRC-mediated
regulation of the mammalian rDNA.

While I find that loss of Isw2 and Ino80 does not affect net rRNA transcription, I do
find that their loss reduces the activity of the rARS. There are multiple reports that
chromatin structure around replication origins significantly affects DNA replication.
Blocking an ARS with a nucleosome reduces the efficiency of that ARS (SiMPsoN 1990), and
proper positioning of nucleosomes adjacent to an ARS is important for replication initiation
(LiproRrD and BELL 2001). Compared to naked DNA, chromatinized DNA influences where
the origin recognition complex (ORC) binds duringorigin licensing, suggesting that
chromatin structure regulates which origins fire during S-phase (KURAT et al. 2017).
Consistent with these findings, ATP-dependent chromatin remodeling factors contribute to
regulating replication initiation. For example, the SWI/SNF complex is targeted to a subset
of origins in HeLa cells (EUSKIRCHEN et al. 2011) and facilitates replication initiation at one
out of four natural ARSs tested in a mini-chromosome maintenance assay in S. cerevisiae
(FLANAGAN and PETERSON 1999). By applying an in vitro replication assay to nucleosomal
templates remodeled by different chromatin remodeling factors, a recent study found that
most factors permitted origin licensing, but that Isw2 and Chd1 prevented it (AzMi et al.

2017). As far as we know, however, there have been no reports of how chromatin
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remodeling factors change chromatin structure to affect activity of replication origins at
their native loci. Our work therefore established the first example in which chromatin
remodeling factors affect both chromatin structure and replication initiation at a specific
origin of replication at its natural genomic locus in vivo.

[ report that loss of ISW2 and NHP10, individually and together, reduced the
efficiency of the rARS during logarithmic growth conditions in rich medium. [ found that
isw2A nhp10A cells have the most robust differences in nucleosome positioning compared
to wild-type cells, with a clear trend of an enrichment for nucleosomes in positions that
encroach on the rARS. These same cells have the most reduced efficiency at this ARS
compared to wild-type. This effect is opposite that of Isw2 at Pol II-transcribed genes. At
such genes, when ISWZ is deleted, NDRs at the end of the gene targeted by Isw2 tend to
widen, and nearby coding and non-coding transcription increases, suggesting that this
remodeling factor typically functions to narrow these NDRs and repress transcription
(WHITEHOUSE et al. 2007). Our data suggest that the NDR containing the rARS overall
becomes narrower and origin efficiency goes down in isw24 nhp10A cells, suggesting a
normal function of these factors in keeping this NDR wide and thus permissive to
replication initiation. Given that both Isw2 and Nhp10 are present at the rARS and alter
positions of nucleosomes around rARS, it is plausible that they play direct roles in rARS
activity. In addition, reduced rARS efficiency in our mutants may also be partially due to the
altered ratio of transcriptionally active to inactive rDNA repeats. It has been shown that
rARSs are more likely to fire when they are adjacent to actively transcribed 35S genes
(MULLER et al. 2000). The proportion of actively transcribed repeats is reduced in isw24

nhp10A cells, and thus a reduced proportion of rARSs in the array are adjacent to actively
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transcribed repeats, possibly contributing to the reduced origin efficiency [ observe in
these mutants. I also note that despite this significant reduction in rARS efficiency, isw24
nhp10A cells do not have an obvious growth defect in rich medium at 30°. As described
earlier, sirZ24 strains have an even greater magnitude change in rARS activity and are
similarly healthy under such conditions. These results collectively suggest the robustness
of replication control mechanisms at the rDNA locus under un-stressed conditions.

In addition to regulating rARS activity, a cell must carefully calibrate the size of the
rDNA array. This highly repetitive locus must be large enough to allow for the transcription
of sufficient ribosomal RNA to satisfy a cell’s demand for ribosomes. In a typical yeast cell,
approximately 75 copies of the rDNA are actively transcribed to satisfy this demand
(WARNER 1999). However, those 75 copies of the rDNA repeat must be insufficient under
some circumstances, as a typical yeast rDNA array contains around 150 copies of the rDNA
repeat. These additional copies are believed to be necessary to maximize genome stability.
Active ribosomal RNA genes are transcribed at extremely high levels, with densely loaded
transcriptional machinery. This presents an obstacle to the repair of damage to the
underlying DNA, and persistent, un-repaired damage to the rDNA array delays complete
replication of the genome and progression through S-phase (IDE et al. 2010). Thus, to
maximize genome stability, the rDNA array must be large enough to support sufficient
rRNA transcription without requiring all repeats to be actively transcribed. This
requirement imposes a lower limit on the optimal size of the rDNA array. Similarly, the
array cannot exceed a certain size. If the rDNA grows too large, its complete replication
would require an excessively large proportion of the finite pool of replisome components

available during each S-phase, depriving other parts of the genome of those replication
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factors (YOSHIDA et al. 2014). In addition, having a smaller rDNA array improves growth
during persistent replication stress, perhaps by making more of the limiting replication
factors available to other parts of the genome (SALIM et al. 2017). Thus, the number of
repeats in the rDNA locus must be actively managed by the cell to facilitate optimal
transcriptional output and maximize genome stability.

During unperturbed growth, changes in rDNA copy number are subtle and take
place in only a small fraction of cells within the population, making it difficult to detect
these changes or to investigate their underlying mechanisms. As a consequence, most of
our knowledge about the mechanism of rDNA copy number change comes from studying
the cellular response to a significant perturbation in copy number, a situation in which
copy number change is readily detectable. For example, if an rDNA array is artificially
truncated, it will steadily increase until it reaches a normal size (KOBAYASHI et al. 1998).
Conversely, the rDNA array will shrink when the RPA135 subunit of RNA Pol I is deleted
(BREWER et al. 1992; KoBAYASHI et al. 1998), when the activity of the origin recognition
complex is compromised (SANCHEZ et al. 2017), or when a number of other replication
factors are lost (SALIM et al. 2017). Together, these studies demonstrate that maintenance
of the size of the rDNA is a vital process that is actively regulated by the cell.

In this study, I describe a nearly two-fold reduction in the rate of copy number
increase in isw24 nhp10A cells relative to wild-type cells and moderate reductions in the
rate of increase in iswZ4 and nhp10A cells. According to one accepted model, a critical step
in the process of rDNA copy number change is the repair of the DNA double strand break
(DSB) that takes place at RFB-paused replication forks (KOBAYASHI and GANLEY 2005; JACK et

al. 2015). Although Ino80 plays roles in DSB repair (PAPAMICHOS-CHRONAKIS et al. 2006;
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PAPAMICHOS-CHRONAKIS et al. 2011; LADEMANN et al. 2017), the mutants [ used did not exhibit
a general recombination defect [Figure 2.8C]. This result argues against the possibility that
isw24 and nhp10A mutations affect rDNA array expansion indirectly through
recombination itself or transcription of factors involved in recombination and
demonstrates that Isw2 and Ino80 play special roles at the rDNA locus.

[t is possible that the reduced proportion of transcriptionally active rDNA repeats in
isw2A nhp10A cells indirectly affects the rate of rDNA expansion. The efficiency of the ARS
in the rDNA IGS correlates with the rate of copy number increase in that rDNA array
(GANLEY et al. 2009). Accordingly, it is possible that the rARS efficiency decreases at least
partly due to the reduced ratio of transcriptionally active to inactive repeats in the double
mutant (see discussion above), which in turn reduces the frequency of copy number change
events, thus accounting for the reduced rate of copy number increase in the double mutant
cells. Despite the strong reduction in the rate of rDNA copy number expansion, isw24
nhp10A cells have normal-sized rDNA arrays. [ suspect this is likely due to the fact that
fluctuation in rDNA copy number during exponential growth is small, making detection of
defects in copy number change difficult. However, I cannot exclude the possibility that
rDNA copy number maintenance and expansion have currently unknown mechanistic
differences. Though the complexities of this highly repetitive locus create challenges in
establishing direct, causal mechanisms, this work establishes a novel role for ATP-
dependent chromatin remodeling factors in strongly influencing multiple aspects of rDNA

biology, including the process of rDNA copy number change.
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Materials and Methods

Yeast strains and media

Strains used are listed in Table 2.1. Strains generated using standard gene replacement
protocols (GOLDSTEIN and McCUSKER 1999). Unless otherwise indicated, yeast cells were
grown in YEPD medium (2% Bacto Peptone, 1% yeast extract, 2% glucose). All strains were
derived from MATa W303-1a (THOMAS and ROTHSTEIN 1989; ZHAO et al. 1998). With the
exception of the rDNA copy number mutants used in the copy number change experiments,
all strains used have nearly identical rDNA copy number of approximately 150 rDNA

repeats [Figure 2.7].

Chromatin immunoprecipitation and micrococcal nuclease digestion followed by
deep sequencing

Chromatin immunoprecipitation (ChIP) and micrococcal nuclease (MNase) digestion were
performed as described previously (RODRIGUEZ et al. 2014). For H3-ChIP experiments, anti-
H3 C-terminal antibody (Abcam catalog # ab1791) was used; for all other ChIPs, the
targeted protein was epitope-tagged at the C-terminus with FLAG and immuno-
precipitated using an anti-FLAG monoclonal antibody (Sigma catalog # F3165). All Isw2
ChIP-seq was performed on a FLAG-tagged, catalytically inactive allele of ISWZ2 as
previously described (GELBART et al. 2005). All libraries were constructed using the Nugen
Ovation Ultralow System V2 (catalog # 0344-32) and then single-end (ChIP-seq) or paired-
end (MNase-seq) sequenced, with 50 bp read length, on [llumina Hi-Seq 2500. Ribbon

plots, bar graphs, and line graphs were generated with the ggplot2 R package
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(http://ggplot2.org/). For MACS2 peaks-calling, the following parameters were used:
macs?2 callpeak -t <filename>.bam -c <filename_sorted>.bam -f BAM -g 1.21e7 -B --nomodel
--extsize 147

For all depictions of deep-sequencing data at the rDNA, a single copy of the rDNA locus is
shown. Our reference genome contains two copies of the rDNA repeat, and any read
mapping to the rDNA is randomly assigned to one of these 2 copies. Thus, sequencing data
reflects the average signal across all rDNA repeats in all cells sampled. For ChIP-seq
analyses, IP and input DNA from the same chromatin prep were both sequenced.
Normalization of IP to input was done using these matched samples, thus controlling for
any minor variation in rDNA copy number that might otherwise affect direct comparison

between different samples.

Reverse Transcription- and ChIP-quantitative PCR

RNA was isolated using hot acid phenol, then cleaned up with the Qiagen RNEasy Cleanup
Kit (catalog # 74204) plus on-column treatment with DNase I (Qiagen catalog # 79254).
cDNA was generated from the RNA using Superscript III Reverse Transcriptase
(ThermoFisher catalog # 18080093). Quantitative PCR was performed on both cDNA and
ChIP DNA using 2x Power SYBR Master Mix (Fisher Scientific catalog # 4367659) run on

the ABI QuantStudio5 Real Time PCR System machine.

Psoralen Crosslinking
Assay was performed as previously described (DAMMANN et al. 1993; SMITH and BOEKE 1997;

SANDMEIER et al. 2002). Cells were grown to mid-log phase (ODeso = 0.5-0.7), approximately
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3x108 cells were collected, washed twice with ice cold water, and then re-suspended in 1.4
ml cold TE buffer. Cells were transferred to 6-well plates, and 70 pl of psoralen (200 ug/ml
in 100% ethanol) was added to the cells. On ice, the plates were irradiated with 365 nm UV
for five minutes with a Spectrolinker XL-1500. Psoralen addition followed by UV irradiation
was repeated four additional times, for a total of five rounds. Cells were collected, washed
in water, spheroplasted with zymoylase 100T, and washed in spheroplast buffer. The pellet
was lysed by re-suspension in TE buffer with 0.5% SDS and then treated with Proteinase K
overnight at 50°. DNA was extracted with Phenol:Chloroform:Isoamyl alcohol, ethanol
precipitated, and then digested for three hours with New England Biolabs (NEB) EcoRI-HF.
Samples were treated with RNase A at 37° for 30 minutes, ethanol precipitated, quantified,
and then run in 1.3% LE agarose gels in 0.5X TBE for 24 hours at 2 V/cm. Gels were
irradiated for two minutes per side with 254 nm UV, transferred to a GeneScreen Plus
membrane in 10x SSC, and then hybridized with a probe contained within a EcoRI
restriction fragment in the rDNA ETS1. Membranes were visualized using a Typhoon

Phosphor Imager, and images were visualized using Image] software.

2D gel electrophoresis

DNA sample preparation was based on the Brewer/Raghuraman lab protocol
(http://fangman-brewer.genetics.washington.edu/plug.html). Cells were grown to mid-log
phase (ODsso = 0.5-0.7), sodium azide added to 0.1% final concentration, and then cultures
were washed in water. Cell pellets were re-suspended in 50 mM EDTA, mixed with an equal
volume of 1.0% Low-Melt Agarose (BioRad catalog # 161-3111), and pipetted into plug

molds. Cells in plugs were spheroplasted with 0.5 mg/ml Zymolyase 20-T, thoroughly
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washed, and stored in TE at 4°C. Plugs were digested with Nhel for 5 hours at 37°C, then
run in 0.4% agarose gels in TBE at 1 V/cm for 22 hours at room temperature. Gels were
stained with ethidium bromide (EtBr), visualized with UV, and the desired size range for
each sample was identified in the gel and physically cut out. This piece of gel was then
rotated 90° and placed in a new gel tray, and warm 1.1% agarose in TBE was poured
around it. This gel was then run at 5 V/cm for 6 hours at 4°C. After running, the gel was
visualized, transferred onto a GeneScreen Plus membrane (Perkin Elmer, catalog #
NEF986001PK), and hybridized with a probe encompassing the replication fork block

(RFB).

rDNA copy number change assay

Strains were made from YSI102 (IDE et al. 2010), in which the endogenous FOB1 gene had
been deleted, and the number of rDNA repeats reduced to 20 copies. From the 20-rDNA-
copy fob1 parent, isw24, nhp10A4, and isw2A nhp10A strains were generated. Separately, the
FOB1 gene was Gibson cloned into the pRS426 plasmid. Either this FOB1-pRS426 plasmid
or a pRS426 plasmid with no FOB1 gene was then transformed into each 20-copy strain
and plated on yeast complete (BYWATER et al.) -URA medium with 2% glucose. Individual
transformants were re-streaked on selective medium, presence of the desired plasmid was
confirmed by PCR, and then transformants were inoculated into liquid YC -URA + 2%
glucose. Cultures were allowed to reach saturation, and then aliquots were collected,
washed in cold 50 mM EDTA, and cell pellets frozen in liquid nitrogen and stored at -80°C.
From the remaining saturated cultures, all strains were diluted by the same factor, then

allowed to grow back to saturation, at which point the next time point would be collected,
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up to ~200 generations. Generations were calculated from the base 2 log of the dilution
factor applied at each passage (for example, a saturated culture diluted by a factor of 1,024

into the same volume of medium would require 10 generations to return to saturation).

Contour-Clamped Homogeneous Electric Field (CHEF) gel electrophoresis and
Southern blotting

Samples for CHEF gels were prepared in agarose based on a previously described method
(KwaN et al. 2016). Frozen cell pellets were thawed, re-suspended in 100 mM EDTA, then
mixed with 0.8% Low-Melt Agarose and 25 mg/ml zymolyase 20T. This mixture was
pipetted into plug molds, allowed to solidify at 4°C, then washed with a series of buffers
(Solution V: 500 mM EDTA pH 7.5, 10 mM Tris pH 7.5; Solution VI: 5% sarcosyl, 5 mg/ml
Proteinase K, 500 mM EDTA pH 7.5; Solution VII: 2 mM Tris pH 7.5, 1 mM EDTA, pH 8.0).
Before being run, plugs were incubated for approximately 30 minutes in 0.5x TBE running
buffer at 4°C before being placed on gel comb teeth, positioned in gel mold, and then warm
0.8% 0.5x TBE was poured. CHEF gel was run on a CHEF-DR II with a program adapted
from Ide et al MCB 2007: Block 1 = 2.0 V/cm, pulse time of 1,200 seconds to 1,400 seconds,
total run time 72 hours; Block 2 = 6.0 V/cm, pulse time of 25 seconds to 146 seconds, total
run time 7.5 hours. After electrophoresis, gels were incubated with 0.5 ug/ml EtBr in
running buffer for 30-45 minutes, UV-irradiated with a Stratagene Stratalinker to nick DNA,
transferred onto HyBond N+ positively charged membrane (GE, catalog # RPN303B), and

hybridized with a probe targeting the RFB.

URA3 recombination assay
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Strains were generated by integration of plasmid pRS406, containing the URA3 gene,
linearized by digestion with Stul, which cuts this plasmid in one place in the middle of the
URA3 gene. Linearized plasmid was thus integrated into the existing ura3-1 allele, resulting
in a locus with a URA3 allele next to a ura3-1 allele. Cells were inoculated into liquid YC-
URA medium, and cultures were grown to saturation. Culture concentrations were
measured, and a specific number of cells was inoculated into YPD. Cultures were grown for
24 hours, and the concentration was measured and used to calculate the number of cell
divisions that had occurred in the culture. Cells were diluted to yield a countable number of
colonies, and then plated on both YPD and 5-FOA plates. The number of 5-FOA-resistant
colonies per culture was used to calculate the number of recombination events that had
occurred in each culture that resulted in loss of the URA3 gene, leaving only ura3-1, and
thus rendering the cell and its descendants resistant to 5-FOA (LURIA and DELBRUCK 1943;
LEA and COULSON 1949). This number of recombination events was then normalized to the

number of cell divisions that had occurred in each culture.
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Figure 2.1: The Isw2 and Ino80 chromatin remodeling complexes are targeted to the
rDNA locus.

(A) A schematic drawing of the rDNA locus in S. cerevisiae. In a typical yeast cell, the rDNA
locus, comprised of a tandem array of ~150 copies of the rDNA repeat, accounts for
approximately 1.5 Mb of chromosome XII. Each repeat contains a 35S rRNA gene and an
inter-genic spacer (IGS) region in between adjacent 35S genes, itself split into IGS1 and
IGS2 regions by the 5S rRNA gene. IGS1 contains the ribosomal origin of replication, or
autonomously replicating sequence (rARS), and IGS2 contains the bi-directional RNA
Polymerase Il promoter, E-pro, and a replication fork block (RFB). (B) The Isw2 subunit of
the Isw2 complex and the Nhp10 subunit of the Ino80 complex were each FLAG-tagged,
chromatin immuno-precipitated, and deep-sequenced (ChIP-seq). (C) Representative ChIP-
seq signals of Isw2 and Nhp10 at single copy targets outside of the rDNA.
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Figure 2.2: Nucleosome occupancy, but not transcription, is affected at the 35S rDNA
in isw2A and nhp10A mutants.

(A) Histone H3 ChIP-seq at the 35S rRNA gene. Line represents average log2 ChIP-seq
signal at each base pair for two independent experiments, and the ribbon represents the
standard error of the mean at each base pair. ETS1 and ITS1 qPCR primer sets are indicated
with red lines, and ETS1 hybridization probe used in the Southern blot shown in 2B
indicated in green. (B) Psoralen cross-linked DNA, digested with EcoRI and hybridized with
a probe to the ETS1 region. Two independent isolates of each remodeling factor mutant are
shown. For quantification, signal strengths of the active and inactive bands were measured
with Image] software, and the proportion of the total signal present in the “active” band
was calculated. Values for each genotype reflect between 3 and 5 biological replicates, and
error bars represent SEM. The “20 copies” sample comes from a strain with only 20 copies
of the rDNA repeat, and “SP” is the WT strain at stationary phase. (C) RT-qPCR measuring
the ETS1 and ITS1 of the 35S pre-rRNA. For each qPCR target, expression for all strains
normalized to WT. For (B) and (C), statistical significance determined by pairwise t-tests
followed by Bonferroni correction for multiple testing. * - p < 0.05, ** - p < 0.005. (D) RNA
Pol I ChIP-seq (FLAG-tagged RNA Pol I subunit RPA190).
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Figure 2.3: Isw2 and Ino80 affect nucleosome positioning in the rDNA IGS.

(A) MNase-seq in the IGS, with Isw2 ChIP-seq data overlaid. Values are dyad counts
normalized to the genome-wide average dyad count per base pair. (B) Ribbon plots, as in
Figure 2.2A, focused on two pairs of nucleosomes. Different sub-species of nucleosome
positions indicated with colored arrows and letters. (C) Cartoon of 5 nucleosomes flanking
the rARS, illustrating possible arrangements of nucleosomes reflecting different
predominant sub-species of positions for each nucleosome. (D) MNase-seq comparing WT
and iswZ4 nhp10A cells across three different strengths of MNase digestion.
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Figure 2.4: Nucleosome positioning changes at a canonical Isw2 target.

(A) MNase-seq data at a well-established Isw2 target, the 5’ end of the POT1 gene. (B)
Visualization of the same data shown in A with the ribbon plots used in Figure 2.3B,
focusing on two pairs of nucleosomes.
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Figure 2.5: Nucleosome positioning at the rDNA.

(A) MNase-seq data analyzed with dyad mapping showing the entire 35S rRNA gene. No
stark differences in nucleosome positioning can be seen. (B) Representative gel indicating
how nucleosomal ladders appear after digestion with 20, 40, or 80 units of MNase. Note
that for all MNase-seq analyses, regardless of level of digestion, the mono-nucleosomal
band was gel-purified and was the sole source of material that was deep sequenced. (C)
MNase-seq ribbon plot at the 35S promoter region showing no appreciable differences in
nucleosome positioning across the strains tested.
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Figure 2.6: Isw2 and Ino80 facilitate efficient firing of rDNA origin of replication.

(A) Schematic of 2D gel with features annotated. (B) Representative 2D gels of Nhel-
digested DNA over rARS and RFB, from cells grown in YPD at 30°. Exposures of the blots
have been adjusted so that the Y arc is of comparable intensity for each blot. Bubble arc
indicated by empty arrow, Y arc indicated by filled arrow. Quantification reflects at least
two independent experiments for each genotype. All values normalized to the bubble:Y
ratio for WT. Error bars show SEM. Statistical significance determined by pairwise t-tests
followed by Bonferroni correction for multiple testing. * - p < 0.05. (C) As in B, but from
cells grown in YPD at 23°. Statistical significance determined by Welch'’s t-test. * - p < 0.05.
D) MCM4 ChIP-seq. Cells were arrested in G1, released into YPD without alpha-factor, and

sampled at 20’ and 50’ post-release.
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Chr XII

Chr Xl

Figure 2.7: Strains used in this study have approximately 150 rDNA repeats.

Two different ethidium bromide-stained CHEF gels in which un-digested DNA was run,
allowing for visualization of whole chromosomes. On each gel, control strains containing
150 or 80 rDNA repeats are run on the outside lanes as references. Most bands have
migrated the same distance across all strains, indicating those chromosomes are the same
size in those strains, with the exception of the rDNA-containing Chr. XII, which is indicated.
The major strains used for most of the experiments in this study (excluding the rDNA copy
number assays) are highlighted by bold text and a blue border.
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Figure 2.8: Isw2 and Ino80 affect the rate of rDNA copy number change.

(A) rDNA copy number change assay. Blue bars indicate fob14 copy number control strains
that maintain the indicated number of rDNA repeats (identical 150-copy control samples
run on both ends of the gel to facilitate comparison of band migration). The gray bar
indicates samples grown in a time course for the indicated number of generations, in
selective medium to ensure retention of either a plasmid containing FOB1 (green bar) or
the plasmid backbone pRS426 without FOB1 (red bar). (B) Quantification of the copy
number change assay. Average copy number at each time point was calculated based on
migration of bands relative to controls. (C) URA3 recombination assay. Cells containing a
URA3 allele adjacent to a ura3-1 allele were grown under selection without uracil, then
grown without selection in YPD for ~10 generations, then plated on 5-FOA plates. Number
of recombination events per cell division was calculated (LURIA and DELBRUCK 1943; LEA and
CouLSON 1949).
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Table 2.1: Chapter 2 Yeast Strains.

Strain Genotype Reference
Thomas and
W1588- MATa ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1 | Rothstein 1989, Zhao
4C ura3-1 etal 1998
YTT3320 | W1588-4C; isw2A4::NatMX Auetal 2011
YTT6809 | W1588-4C; isw2A::NatMX this study
YTT3333 | W1588-4C; nhp10A::Hyg Auetal 2011
YTT2060 | W1588-4C; nhp10A::Hyg Vincent et al 2008
YTT3337 | W1588-4C; isw2A::NatMX nhp10A::HYG Auetal 2011
YTT2109 | W1588-4C; isw2A::NatMX nhp10A::HYG Vincent et al 2008
YTT1996 | W1588-4C; ISW2-K215R-3FLAG-KanMX Gelbart et al 2005
YTT1997 | W1588-4C; ISW2-K215R-3FLAG-KanMX Gelbart et al 2005
YTT3426 | W1588-4C; NHP10-3FLAG-KanMX Vincent et al 2008
YTT3427 | W1588-4C; NHP10-3FLAG-KanMX Vincent et al 2008
YTT6639 | W1588-4C; rpa49A::KanMX this study
W1588-4C; isw2A::NatMX nhp10A::Hyg RPA190-2L-
YTT6673 | 3FLAG::KanMX this study
YTT6679 | W1588-4C; RPA190-2L-3FLAG::KanMX this study
YTT6686 | W1588-4C; RP0O31-2L-3FLAG::KanMX this study
W1588-4C; isw2A::NatMX nhp10A::Hyg RPO31-2L-
YTT6693 | 3FLAG::KanMX this study
YTT6915 | W1588-4C; Pol2-2L-3FLAG::KanMX this study
YTT6916 | W1588-4C; Pol2-2L-3FLAG::KanMX this study
YTT6917 | W1588-4C; isw2A::NatMX Pol2-2L-3FLAG::KanMX this study
YTT6918 | W1588-4C; isw2A::NatMX Pol2-2L-3FLAG::KanMX this study
YTT6919 | W1588-4C; nhp10A::Hyg Pol2-2L-3FLAG::KanMX this study
YTT6920 | W1588-4C; nhp10A::Hyg Pol2-2L-3FLAG::KanMX this study
W1588-4C; isw2A::NatMX nhp10A::Hyg Pol2-2L-
YTT6921 | 3FLAG::KanMX this study
W1588-4C; isw2A::NatMX nhp10A::Hyg Pol2-2L-
YTT6922 | 3FLAG::KanMX this study
YTT7009 | W1588-4C; Fob1-2L-3FLAG::KanMX this study
YTT7010 | W1588-4C; Fob1-2L-3FLAG::KanMX this study
YTT7011 | W1588-4C; isw2A::NatMX Fob1-2L-3FLAG::KanMX | this study
YTT7012 | W1588-4C; isw2A::NatMX Fob1-2L-3FLAG::KanMX | this study
YTT7013 | W1588-4C; nhp10A::Hyg Fob1-2L-3FLAG::KanMX this study
YTT7014 | W1588-4C; nhp10A::Hyg Fob1-2L-3FLAG::KanMX this study
W1588-4C; isw2A::NatMX nhp10A::Hyg Fob1-2L-
YTT7015 | 3FLAG::KanMX this study
W1588-4C; isw2A::NatMX nhp10A::Hyg Fob1-2L-
YTT7016 | 3FLAG::KanMX this study
MATa ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1
YSI101 ura3-1 fob1::LEU2 Ide et al 2010
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YSI102

YSI101; 20 copies rDNA

Ide etal 2010

YSI103

YSI101; 40 copies rDNA

Ide etal 2010

YSI104

YSI101; 80 copies rDNA

Ide etal 2010

YTT6294

YSI102; isw2A::NatMX

this study

YTT6865

YSI102; nhp10A::HYG

this study

YTT6311

YSI102; isw2A::NatMX nhp10A::Hyg

this study

YTT6312

YSI102; isw2A::NatMX nhp10A::Hyg

this study

YTT3383

MATa ade2-1::pRS402 can1-100 his3-11,15 leuZ-
3,112 trp1-1 ura3-1::pRS406

YTT3385

MATa ade2-1::pRS402 can1-100 his3-11,15 leuZ-
3,112 trp1-1 ura3-1::pRS406 isw2A::NatMX

YTT3387

MATa ade2-1::pRS402 can1-100 his3-11,15 leuZ-
3,112 trp1-1 ura3-1::pRS406 nhp10A::HYG

YTT3388

MATa ade2-1::pRS402 can1-100 his3-11,15 leuZ-
3,112 trp1-1 ura3-1::pRS406 isw2A::NatMX
nhp10A::HYG

YTT3469

W1588-4C; MCM4-3FLAG-KanMX

YTT3494

W1588-4C; MCM4-3FLAG-KanMX isw2::NatMX
nhp10::Hyg
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Chapter 3

A Possible Role for Isw2 and Ino80 in
DNA Double Strand Break Repair Choice

Summary

DNA damage happens in the context of chromatin, and thus the response to DNA
damage - the initiation of the appropriate checkpoint response, sensing of cellular
conditions that influence the repair mechanism, repair of the underlying damage,
attenuation of the checkpoint response, and resumption of normal growth - also happens
in the context of chromatin. Regulated modification of chromatin structure around sites of
DNA damage is a vital part of the cellular break response. Here, I present evidence that
supports a possible role for the Isw2 and Ino80 ATP-dependent chromatin remodeling
factors in regulating the balance between homologous recombination (HR) and non-
homologous end joining (NHE]) for repair of a DNA double-strand break (DSB). I find that
in response to a DSB that cannot be repaired by HR, cells lacking full Isw2 and Ino80
activity fail to arrest in G2/M, fail to activate the Rad53 checkpoint kinase, and “adapt” to
the DSB by mutagenic repair at rates far higher than in wild-type cells. I was unable to
formally exclude the possibility that these notable phenotypes result from a persistent G1
bias in the mutant strain. Nevertheless, I propose that the data presented support the
possibility of novel, parallel roles for Isw2 and Ino80 in regulating the normal balance
between HR and NHE] and that loss of full function of both factors tips the balance away

from HR and towards NHE].
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Introduction

Following replication stress, cells will initiate the S-phase checkpoint to slow or stop
DNA replication, to allow for resolution of the stress before complete, accurate replication
of the genome. This checkpoint response is achieved through the coordinated actions of a
variety of signaling factors, kinases, and repair proteins (LABIB and DE PiccoLi 2011;
SYMINGTON and GAUTIER 2011). As DNA damage happens in the context of chromatin, part of
the checkpoint response to damage is mediated through modification of chromatin
structure. For example, following a DSB, the ATM kinase, known as Mec1 in yeast,
phosphorylates histone H2AX, facilitating the local depletion of nucleosomes and
ultimately the appropriate recruitment of checkpoint and repair factors (BURMA et al. 2001;
MORRISON et al. 2004; TSUKUDA et al. 2005; SYMINGTON and GAUTIER 2011).

The Isw2 and Ino80 ATP-dependent chromatin remodeling factors play a role in
regulating the S-phase checkpoint response. Mutant yeast lacking both ISW2, the catalytic
subunit of this remodeling factor complex, and NHP10, a protein unique to the Ino80
complex, have significantly delayed replication of late-replicating regions of the genome in
the context of methanesulfonate (MMS) stress (VINCENT et al. 2008). MMS causes
replication stress, and thus in WT cells, MMS treatment elicits an S-phase checkpoint
response, characterized by delayed passage through S phase and activation of the Rad53
checkpoint factor, detectable as heightened levels of phosphorylated Rad53. Treatment
with MMS causes a similar overall response in isw24 nhp10A cells, but the checkpoint
activation is more intense and persists longer, with regard to both delayed progression of
DNA replication and amount and persistence of phosphorylated Rad53 (Au et al. 2011; LEE

et al. 2015). Genetic investigations have not identified any well-characterized DNA repair,
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replication fork protection, or checkpoint pathways that Isw2 and Ino80 might participate
in and whose disruption would explain the failure to attenuate the checkpoint response
(LEE et al. 2015). In the absence of such a clear explanation, and given the physical
interaction between both Isw2 and Ino80 and the single-stranded DNA binding protein
RPA, it is believed that these remodeling factors contribute to attenuation of the S-phase
checkpoint response either directly through RPA or through another, un-characterized
mechanism (AU et al. 2011; LEE et al. 2015).

In addition to their involvement in the S-phase checkpoint response, ATP-
dependent chromatin remodeling factors have demonstrated roles in the DNA damage
response. The RSC complex remodels chromatin surrounding a DSB, contributing to the
removal of histones in a manner that facilitates the recruitment of repair factors such as
Mrel1 and Yku70 (SHIM et al. 2007). The SWI/SNF complex is recruited to DSBs, in part by
the actions of the NuA4 and Gen5 histone acetyltransferases, where it serves a vital role in
the local accumulation of phosphorylated histone H2AX (y-H2AX), an important step in the
process of break repair (PARK et al. 2006; BENNETT and PETERSON 2015). The Nhp10 subunit
of the Ino80 complex binds the ends of DNA, where it may prevent exonucleolytic cleavage
of the DNA (RAY and GROVE 2009). Ino80 increases the intra-nuclear mobility of chromatin
following a DSB, which may facilitate the homology search stage of break repair, and both
Ino80 and Swr1 affect the cell-cycle regulated movement of DSBs to specific subnuclear
compartments (SEEBER et al. 2013; HORIGOME et al. 2014).

In the following study, I initially sought to expand on the finding that Isw2 and
Ino80 contribute to the attenuation of the S-phase checkpoint response by asking whether

these remodeling factors play a similar role in the G2 /M checkpoint. To address this
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question, [ employed an established system that allows for the inducible expression of the
HO endonuclease, which creates a site-specific DSB at the MAT locus that causes cells to
arrestin G2/M (MOORE and HABER 1996). Using this approach, I was unable to draw a clear
conclusion about the role played by Isw2 and Ino80 in the G2 /M checkpoint, but I did find
evidence that these factors have a previously un-characterized role in the DNA damage
response. In the context of a persistent DSB that cannot be repaired by homologous
recombination, isw24 nhp10A cells appear to have a dramatically shifted preference for
NHE] over HR, in contrast to the strong preference for HR over NHE] in WT, isw24, and
nhp10A cells in response to the same situation. Though I ultimately was unable to
definitively address concerns about technical limitations of the systems employed, the data
presented suggest a role for Isw2 and Ino80 in dictating the mechanism of DNA double

strand break repair.

Results

isw2A4 nhp10A cells do not arrest in G2 /M or activate the Rad53 checkpoint in
response to a DSB that cannot be repaired by homologous recombination

In light of the finding that Isw2 and Ino80 function in parallel to attenuate the S-
phase checkpoint response, [ asked whether these factors also contribute to the G2/M
checkpoint response (AU et al. 2011; LEE et al. 2015). To address this question, | employed
an established system to generate site-specific, inducible DSBs (MOORE and HABER 1996; LEE
et al. 1998). This method uses a strain background in which the HO endonuclease is driven

by a GAL promoter. When grown in galactose, such cells will express the HO endonuclease,
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which creates a DSB at the mating-type MAT locus. In addition, the silent mating loci, HML
and HMR, have been deleted, removing the endogenous homology donors used to repair
the induced DSB by homologous recombination. This system has two variations. In one, a
copy of the MAT gene that cannot be cut by HO has been integrated into Chr V, providing a
homology donor for HR repair of the induced DSB that, once used for repair, prevents
further cutting by HO. The other variation has no new homology donor, and so the induced
DSB cannot be repaired by HR. When grown in galactose, cells of this latter background will
undergo a prolonged G2/M arrest in response to the persistent, un-repaired DSB, after
which most cells will go through a few rounds of cell division before the colonies become
inviable, presumably due to fragmenting of the MAT-containing chromosome (LEE et al.
1998). I will refer to this latter strain background as being “HR-incompetent” due to the
lack of available homology donors, not a deletion for any recombination factors such as
RADS52.

To use this system to study Isw2 and Ino80 in the context of the G2/M checkpoint
response, [ generated iswZ24 nhp10A strains from the HR-incompetent strain background. In
our hands, the WT strain behaved as expected in a time course experiment: After a neutral
YP-glycerol preculture, cells were shifted into YP-galactose medium to induce HO
expression, and by 6-8 hours after induction, cells had accumulated in G2/M [Figure 3.1A].
By 16-20 hours post-induction, the G2 /M arrest appeared to relax, and by 30 hours, the
cultures were growing logarithmically, the result of approximately 1% of cells having
successfully “adapted”. In this system, adaptation refers to the repair of the MAT DSB with
an error-prone method, such as NHE], allowing the mutated HO target site to escape

subsequent rounds of cutting by HO. These adapted cells will then have rates of growth and
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viability, even in the presence of HO expression, on par with those in HR-competent cells
(LEE et al. 1998). In sharp contrast, the isw24 nhp10A cells in this same background failed
to robustly arrest in G2 /M. The proportion of cells in G2/M peaked at around 12 hours
post-DSB-induction, but even at this time, more than half of the population was in G1
[Figure 3.1A].

To gain further insight into the nature of the checkpoint response following the
induction of HO expression in this strain, I measured phosphorylation of the kinase Rad53,
a marker of checkpoint activation (SzYJKA et al. 2008). At the earliest time point sampled, 2
hours post-induction, the WT strain had clearly visible phosphorylated Rad53, with levels
of phospho-Rad53 peaking around 6-8 hours, the same time point when G2/M arrest had
been fully established, as seen by flow cytometry [Figure 3.1B]. Similarly, by 30 hours post-
induction, when the population had resumed normal, logarithmic growth, all detectable
Rad53 appeared to be un-phosphorylated, indicating that the Rad53-mediated checkpoint
had been satisfied. In contrast to the WT and consistent with what I observed of the cell
cycle response to DSB induction, the isw24 nhp10A cells showed no detectable
phosphorylation of Rad53 at any point in the time course, indicating a lack of checkpoint

activation in this strain [Figure 3.1B].

Following DSBs that cannot be repaired by homologous recombination, isw24
nhp10A cells have dramatically increased rates of adaptation relative to WT

Given the apparent lack of G2/M checkpoint response, I asked what might explain
the lack of normal checkpoint response to this particular type of DNA damage in the isw24

nhp10A cells. To address this question, I looked at the growth and viability of these strains
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in the context of persistent cutting by HO. To dissect individual contributions of Isw2 and
Ino80, in addition to the isw24 nhp10A HR-incompetent strain described above, I generated
a full range of isw24, nhp10A4, and isw2A nhp10A strains from both the HR-competent and -
incompetent parents. In the HR-competent background, WT and both single mutants grow
at essentially the same rates and with the same viability on glucose (in the absence of HO
cutting) as in galactose (in the presence of HO cutting), while the isw24 nhp10A has a very
mild growth defect on galactose relative to glucose [Figure 3.2A]. In the HR-incompetent
background, I see significantly reduced viability in WT, isw24, and nhp10A cells with HO
expression relative to those with no HO expression, as expected. In sharp contrast, the
isw2A nhp10A double mutant has dramatically improved viability, albeit significantly
slowed growth. By 2 days after plating, all of this strain’s colonies were quite small, but
there were far more colonies than for WT or either single mutant. By 5 days after plating,
these colonies had reached the normal size of colonies for cells grown without HO cutting,
at what appeared to be comparable numbers of cells, indicating similar viability [Figure
3.2A].

We next quantified this striking difference in viability with a more quantitative
colony counting assay. Briefly, cells were grown in a YP-glycerol preculture and then plated
in parallel on both glucose and galactose plates. The number of colonies in each condition
was counted, and survival frequency was calculated as the number of colony-forming units
(CFUs) in galactose over CFUs in glucose. As expected based on the spot assay, the WT and
isw2A nhp10A HR-competent strain had essentially identical viability with or without HO
cutting. Consistent with published results, the WT HR-incompetent strain had low viability

of approximately 2%, when cutting was happening (LEE et al. 1998) [Figure 3.2B]. The HR-
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incompetent isw24 nhp10A strains had essentially the same viability with or without
cutting, confirming the dramatic increase in viability associated with the double mutant in
the HR-incompetent background.

To validate this striking phenotype, I sought to recapitulate these results in a
different system that also creates an inducible, site-specific DSB break that lacks a
homology donor. In this system, strains have an integrated, GAL-driven I-Scel endonuclease
as well as two inverted I-Scel cleavage sites inserted into the endogenous ADEZ gene (DENG
et al. 2014). As with the previous experiment, [ generated isw24 nhp10A strains in this
background. In our hands, this system yielded results consistent with published data for
WT cells (~1% viability), yku70A4 (~0.03%), and mre11A4 (~0.07%). Consistent with our
results in the HO-based system, the isw24 nhp10A strain in this system had essentially
100% viability when cutting was active [Figure 3.2C]. Thus, in two distinct systems, isw24
nhp10A cells have dramatically improved viability in the context of persistent DSBs that

cannot be repaired by homologous recombination.

HO cutting happens in isw24nhp10A cells, but with reduced efficiency

The results described above could be explained by HO failing to cut its target site in
the double mutant, whether due to disrupted activity of the endonuclease at its target or
defects in its expression. To ask whether HO cutting is indeed happening in isw24 nhp10A
cells, I performed a Southern blot to detect the intact vs. cut HO target DNA (LEE et al. 1998;
PAPAMICHOS-CHRONAKIS et al. 2006) [Figure 3.3A]. At the earliest time point sampled, 30
minutes after gal induction, I was able to detect robust cutting in WT, as over 60% of the

restriction fragments containing the HO cut site were cut. The proportion of cut fragments
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peaked at over 70% cut at one hour post induction. In isw24 nhp10A cells, I also saw clear
evidence of cutting at the first time point sampled, but at nearly half the efficiency - only
~25% of the restriction fragments were cut at 30'. The maximum detectable fraction cut
was less than 40%, detected at 90’ post induction. In conclusion, although there is strong
evidence that HO cutting is happening in the double mutant, it is not happening with

identical efficiency and/or kinetics as in the WT.

All adapted isw24 nhp10A colonies show evidence of a mutated HO target site

The reduced efficiency of HO cutting in the double mutant led us to hypothesize that
the adapted colonies in the double mutant might result from cells in which HO cutting
never occurred. If such cells, and the colonies they gave rise to, were able to somehow
evade HO cutting, then these cells would likely have a normal HO cut site, lacking the HO-
evading mutation required for normal adaptation to a DSB that cannot be repaired by HR.
To test this possibility, | sequenced the HO cut sites of fourteen WT and fifteen double
mutant colonies that had been grown on galactose, and thus in principle should have
adapted by mutation of the cut site through error-prone repair of the DSB. For both WT and
double mutant strains, 100% of sequenced colonies grown on galactose showed a mutated
HO cut site [Figure 3.4A, Table 3.2]. To strengthen our conclusion that the isw24 nhp10A
adapters had sustained HO cutting and then mutated the cut site, [ re-streaked adapter
colonies of both WT and double mutant strains onto galactose. Compared to un-adapted
cells, adapted WT cells had viability like what was observed on glucose, indicating a
mutated HO cut site. Similarly, double mutant adapters grew considerably faster than un-

adapted isw24 nhp10A cells on galactose. Based on these data, I concluded that all double
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mutant adapter colonies arise from cells that have sustained HO cutting and mutated the
HO cut site, and that therefore the striking rescue of viability in this strain did not result

from failed HO expression or activity.

isw2A4 nhp10A cells in HR-incompetent background have persistent G1 bias

The canonical understanding of the process of adaptation to a DSB that cannot be
repaired by HR is that those rare adapters abandon the fruitless attempt to repair their DSB
by HR, and instead use a more error-prone repair mechanism, such as NHE]. By mutating
the HO target sequence in the course of repairing the DSB in this way, these cells gain
immunity from the cycle of repeated cutting by HO, allowing for the resumption of normal
growth, even in the persistent presence of HO (LEE et al. 1998). Thus, | hypothesized that
the dramatically improved viability of isw24 nhp10A cells in this system resulted from a
significant increase in the preference of these cells for error-prone repair of the HO-
induced DSB.

We considered two primary explanations for this shift in repair mechanism
preference. The first is that Isw2 and Ino80 directly contribute to the normal repair
pathway choice, either by facilitating HR, by inhibiting NHE], or both. In this model, upon
loss of normal function of both of these complexes, the cell’s normal repair pathway
preference would be reversed, skewed towards NHE] and away from HR, allowing for the
significantly more-frequent NHE]-facilitated adaptation to a persistent DSB that cannot be
repaired by HR. The second explanation arises from the relationship between cell cycle
stage and repair mechanism preference. When trying to repair DSBs in G2 /M, cells are

strongly biased in favor of homologous recombination, but when trying to repair DSBs in
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G1, cells block the resection that is required for HR and exhibit a preference for repair by
NHE] (AYLON et al. 2004; JAZAYERI et al. 2006; SYMINGTON and GAUTIER 2011). Unlike WT cells,
isw2A nhp10A cells failed to arrest in G2/M following DSB induction, remaining in G1 when
grown in galactose. Thus, this genotype may cause a bias towards G1 in this strain
background independent of Isw2’s or Ino80’s direct involvement in the break response,
and this G1 bias may be primarily responsible for the shift in repair preference from HR to
NHE].

To distinguish between these possibilities, | attempted to repeat our DSB-induction
time course, but beginning with arrest in G2 /M. If the isw24 nhp10A4 strain truly changes
the response to a DSB in a cell cycle independent manner, [ would predict that even
following a DSB induced in G2 /M, the double mutant would still have reduced Rad53
checkpoint activation. Unfortunately, after 7 hours of culture in YP-lactate or YP-glycerol
supplemented with the G2/M-arresting agent nocodazole, the WT HR-incompetent strain
had reached less than 50% arrest in G2/M. The isw24 nhp10A strain achieved even less
G2/M arrest, showing barely any effect by 7 hours [Figure 3.5]. Following overnight culture
in YP-lactate with nocodazole, both strains had unhealthy DNA content and no clear G2/M
arrest. After overnight culture in YP-glycerol with nocodazole, the WT had lost its G2/M
arrest, and the double mutant had improved to just under half arrested. I encountered
similar difficulties arresting in G2/M in the I-Scel-based strain background (data not
shown). Based on these results, | was unable to distinguish between a bona fide
involvement of Isw2 and Ino80 in dictating DSB repair pathway choice and an indirect

effect on repair choice resulting from an unavoidable G1 bias in isw24 nhp10A cells.
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Discussion

Here, I have shown data consistent with possible roles for the Isw2 and Ino80 ATP-
dependent chromatin remodeling factors in regulating DNA double strand break repair. In
response to a DSB that cannot be repaired by homologous recombination due to the
absence of a suitable homology donor, isw24 nhp10A cells adapt to the DSB by error-prone
repair at a dramatically higher rate than WT cells. This difference in repair method in the
double mutant is associated with a significantly reduced G2/M arrest and essentially
undetectable Rad53 checkpoint activation following DSB induction. In our DSB-inducible
strains, iswZ24 nhp10A cells displayed a persistent preference for the G1 cell cycle stage.
This was true in two different strain backgrounds, in a variety of growth media, both
following DSB induction and following treatment with the G2/M-arresting agent
nocodazole. Due to this striking cell cycle phenotype, [ was unable to conclusively disprove
the possibility that the observed difference in repair mechanism choice in the double
mutant resulted simply from the cells being in G1, rather than from loss of pro-HR/anti-
NHE] activities of Isw2 and Ino80.

Homologous recombination is the most accurate mechanism of DNA break repair.
Its accuracy relies in part on access to a homology donor to serve as a template to repair
broken DNA. To maximize the likelihood of having a homology donor available, HR
typically happens in the S and G2 phases of the cell cycle. So long as the break occurs in G2
or after the break site has been replicated in S phase, this “preference” reflects the
availability of a replicated sister chromatid as a homology donor (IRA et al. 2004; HINZ et al.
2005; SYMINGTON and GAUTIER 2011). In the absence of a homology donor, NHE] is able to

repair DSBs, but at the cost of introducing mutations. Thus, though NHE] can happen
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throughout the cell cycle, it is predominantly used in G1, when DNA is un-replicated
(KARATHANASIS and WILSON 2002; AYLON et al. 2004). Cell cycle factors such as cyclin-
dependent kinases are crucial to this paradigm, largely through regulation of the DNA
break resection machinery, as extensive resection is associated with HR, and a lack of
resection with NHE] (AYLON et al. 2004; HUERTAS et al. 2008; CHEN et al. 2011). Thus, cell
cycle stage exerts an important influence on the mechanism of DNA damage repair, and
disruption of the connection between cell cycle and repair factors alters repair mechanism.
For example, mutation of residues on Sae2 involved in the protein’s phosphorylation by
CDKs alters the normal balance between HR and NHE] repair (HUERTAS et al. 2008).
Accordingly, alterations not just in the cell’s ability to sense cell cycle stage, but the cell’s
actual cell cycle stage, could significantly affect repair pathway choice in a population of
cells.

Nevertheless, the possibility remains that the G1 bias in our isw24 nhp10A strains is
not the true explanation of our data, and that Isw2 and Ino80 do indeed influence DSB
repair pathway choice. Ino80, in particular, has an established role in DNA damage repair.
Following DNA double strand breaks, the ATM kinase phosphorylates H2AX around the
break (BURMA et al. 2001). Similarly, in response to replication stress such as hydroxyurea
or UV treatment, the ATR kinase phosphorylates H2AX around stalled replication forks
(WARD and CHEN 2001). This phosphorylated H2AX, referred to as y-H2AX, is bound by
numerous repair factors, including Ino80 and its remodeling factor family member, Swr1,
and is important for their timely enrichment at sites of damage and replication stress
(PAULL et al. 2000; CELESTE et al. 2003; NAKAMURA et al. 2004). The Ino80 complex’s Nhp10

subunit is particularly important for the complex’s recognition of y-H2AX (MORRISON et al.
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2004). Loss of Ino80 activity causes defects in depletion of nucleosomes in the region
surrounding a DSB, which is in turn necessary for the recruitment of many repair factors,
including Mre11 and Yku80 (TSUKUDA et al. 2005; VAN ATTIKUM et al. 2007). Isw2 has far
fewer known connections to repair, though one study found that improved replicative
lifespan resulting from deletion of ISW2 requires RAD51, a vital component of the HR
machinery (DANG et al. 2014).

A body of evidence indicates that in certain situations, the Isw2 and Ino80
remodeling factors perform parallel, potentially partially redundant roles, such that there
are unique phenotypes associated only with double mutants with compromised function of
both complexes. This is true of the attenuation of the S-phase checkpoint and of regulation
of some aspects of the ribosomal DNA locus (AU et al. 2011; LEE et al. 2015; CUTLER et al.
2018). I propose that, consistent with these findings, [sw2 and Ino80 may both facilitate
the normal balance between HR- and NHE]-mediated repair of DSBs. When activity of
either remodeling factor is compromised individually, the other factor can compensate,
preserving the normal preference for persistent homology search over NHE], resulting in
isw24 and nhp10A single mutants behaving like WT in our experiments. Simultaneous loss
of both factors, however, compromises the proper modification of break-adjacent
chromatin structure. This may happen, for example, by the prevention of robust, timely
resection, causing much more frequent and/or rapid abandonment of the search for a
homology donor. This would in turn facilitate the repair of the DSB by NHE] and, through
the resulting mutation of the HO cut site, adaptation. An alternative explanation relies on
the finding that Ino80 may directly regulate Rad53, as Ino80 subunit Ies4 interacts with

and facilitates the phosphorylation of Rad53 in response to DNA damage (Kapoor 2015).
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Perhaps in response to the persistent, non-HR-repairable DSB [ induced, Isw2 can fulfill
some of this Rad53-phosphorylating role in the absence of full Ino80 function. With loss of
both factors, however, Rad53 fails to become appropriately phosphorylated, preventing a
robust checkpoint response, G2/M arrest, and “correct” preference for HR over NHE].
Ultimately, | was unable to definitively show whether the striking phenotype
associated with the isw24 nhp10A4 response to an "un-repairable"” break results from a G1
bias in this strain or from novel biology. Future work could potentially address this by
engineering a strain with intact Isw2 and Ino80 function but with a strong G1 bias. If such a
strain also managed to show a high rate of adaptation in this system, this would support
the conclusion that a strong G1 bias in the isw24 nhp10A strain would suffice to explain our
results. If such a G1-biased strain had low rates of adaptation, on par with a WT strain, that
would strengthen the claim that Isw2 and Ino80 have a novel effect on DSB repair choice.
In sum, these data provide preliminary evidence of another pathway - DNA double-strand
break repair choice - in which the Isw2 and Ino80 ATP-dependent chromatin remodeling

factors may function in parallel.

Materials and Methods

Yeast strains and media

Strains used are listed in Table 3.1. Strains were generated using standard gene
replacement protocols (GOLDSTEIN and MCCUSKER 1999). Yeast cells were grown in YP
medium (2% Bacto Peptone, 1% yeast extract) supplemented with glycerol (3% final, “YP-

glycerol”), glucose (2% final, “YPD”), or galactose (2% final, “YP-galactose”).
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DSB induction time course

Cells were grown to saturation in YP-glycerol. Cells were diluted and grown overnight until
reaching OD ~0.1-0.2. Cells were filtered on a 0.45 mm nitrocellulose membrane, washed
with YP-glycerol, and then released into half the original culture volume of pre-warmed YP-
galactose. Cultures were grown at 30°C. At desired time points, samples were collected for

cell cycle analysis by flow cytometry, protein analysis, and/or Southern blotting.

Cell cycle analysis by flow cytometry

Approximately 500 pl of cell culture was added to 1.0 ml of 100% EtOH to fix. Cells were
washed in water, then re-suspended in 200 pl of 2 mg/ml RNase A in 50 mM Tris-HCI, pH
8.0 and incubated at 37°C for approximately 4 hours. Cells were spun out of RNase A and
then re-suspended in 200 pl of 2 mg/ml Proteinase K in 50 mM Tris-HCI, pH 7.5 and
incubated at 50°C for ~45 minutes to an hour. Cells were spun out of Proteinase K, then re-
suspended in 200 pl of 50 mM Tris-HCI, pH 7.5 and stored overnight at 4°C. Samples were
sonicated briefly, and then 100 pl of each sample was added to 1.0 ml of 1x SYTOX green
nucleic acid stain in 50 mM Tris-HCI, pH 7.5. Samples were incubated for at least 1 hour at
4°C before running on flow cytometer. Data were analyzed with Flow]o

(https://www.flowjo.com/).

Rad53 western blot analysis
Protein was prepared as described previously (LEE et al. 2015), using a trichloroacetic acid

(TCA) prep. Samples were run on an 8% SDS-polyacrylamide gel and transferred onto
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PVDF membranes. Rad53 band was detected with polyclonal goat anti-Rad53 antibody

(Santa Cruz Biotech, sc-6749, clone yc-19).

Spot tests
Cells were grown to saturation overnight, and then 5x serial dilutions were plated on YPD

or YP-galactose plates, as indicated.

Colony-counting viability assay

Cells were grown to saturation overnight in YP-glycerol medium. Serial dilutions of the
cultures were prepared and plated onto YPD or YP-galactose plates, with dilutions chosen
to ensure a countable number of colonies on each plate (targeting ~100-300 colonies per
plate). Colony-forming units (CFUs) per plate were counted and then adjusted based on the
dilution. The % survival was calculated as the number of CFUs on galactose plates over the

CFUs on glucose.

Monitoring of HO cutting by Southern blot

Cells were washed once in water and then cell pellets snap frozen in liquid nitrogen and
stored at -80°C. Cells were thawed and re-suspended in 1.0 ml of zymolyase buffer (1M
sorbitol, 0.1M EDTA, 10 mM beta mercaptoethanol added fresh), then 100 pl of 12 mg/ml
zymolyase 20T (prepared in same buffer) was added to each sample, then incubated at
37°C for 25’ while nutating. Spheroplasts were spun down, then 2 ml Buffer G2 and 0.5 ml
glass beads added. Samples were vortexed ~10 seconds, cell disruption checked on

microscope, and 5 pl of 10 mg/ml stock of Proteinase K added and incubated overnight at
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55°C. Samples were treated with 5 pl of 10 mg/ml stock of RNase A for 30-60 minutes at
42°C. Samples were centrifuged to spin down cell debris, and supernatant was loaded into
20/G genomic tips (Qiagen catalog # 10223) pre-equilibrated with QBT buffer (Qiagen
catalog # 19054). Columns were washed 3 x 1 ml QC buffer (1.0 M NaCl; 50 mM MOPS, pH
7.0; 15% isopropanol (v/v)), then DNA eluted with 2 x 875 pl warm QF buffer (1.25 M NaCl;
50 mM Tris-Cl, pH 8.5; 15% isopropanol (v/v)). DNA was precipitated with 0.7 volumes
(1.23 ml) isopropanol, and tubes inverted a few times. Samples were spun in a 4°C
centrifuge at max speed. Supernatant was poured off, and pellets were washed twice in
70% EtOH, then air-dried and re-suspended in 1x TE. DNA was quantified, and 1 pg was
digested with Styl restriction enzyme, then run on a 1.3% LE agarose 1x TAE gel. DNA was
transferred via standard SSC transfer onto GeneScreen membranes, as described in
Chapter 2 of this dissertation. Membranes were hybridized with a probe as indicated in

Figure 3.3.

Sanger sequencing of HO cut site
DNA was prepared by standard phenol extraction. PCR was performed to amplify an ~500
bp fragment containing the HO cut site. BigDye PCR was performed and then samples were

Sanger sequenced.
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Figure 3.1: isw2A4 nhp10A cells do not arrest in G2 /M or activate the Rad53
checkpoint in response to a DSB that cannot be repaired by homologous
recombination.

A) Flow cytometry data showing cell cycle profiles from a DSB-induction time course in WT
and isw24 nhp104 in the HR-incompetent background. Time in hours since DSB induction is
indicated. Grey profile is for that strain’s cell cycle profile in logarithmic growth in YPD. B)
Rad53 western blot from the same time course described in A.
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Figure 3.2: Following DSBs that cannot be repaired by homologous recombination,
isw2A nhp10A cells have dramatically increased viability relative to WT.

A) Spot assays with five-fold dilutions of cells comparing both HR-competent and HR-
incompetent WT, isw24, nhp104, and isw24 nhp10A4 strains. For B and C: Survival frequency
= # of colony-forming units (CFUs) on galactose/glucose. Y-axis on log scale. Error bars
indicate standard error of the mean. B) HO-induced DSB. n = 2 for WT and n = 3 for isw24
nhp10A strains. C) I-Scel induced DSB. n =2 for all strains. Two independent isolates of
isw2A nhp10A are shown.
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Figure 3.3: HO cutting happens in isw2Anhp10A cells, but with somewhat altered
efficiency and/or Kinetics.

A) Diagram showing StylI cut sites flanking the HO cut site, location of Southern blot probe,
and color-coded restriction fragments that resolve before and after HO cutting. B)
Representative Southern blot showing 3 hour DSB induction time course in HR-
incompetent WT and isw24 nhp10A. C) Quantification of the Southern blot in B. Band
intensity was quantified, and the % cut was calculated as the amount of signal in the “cut”
band divided by the total signal in the “cut” plus “uncut” bands.
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Figure 3.4: All adapted isw2 nhp10 colonies show evidence of a cut and mutated HO
target site.

A) Sequence alignments centered on the HO cut site. The first 2 tracks are the SGD
reference sequence for MATa and the Sanger sequencing result for our standard lab WT,
YTTO0166. The following tracks are from the HR-incompetent WT and isw24 nhp10A strains,
either before adaptation via growth on galactose, or after adaptation. Only 4 adapted
colonies are shown per genotype; Table 3.2 contains a complete summary of sequenced
colonies. B) Growth assays. The left column is glucose plates, the right column galactose
plates. The top row is all HR-incompetent WT, a mix of un-adapted and adapted colonies;
the middle row all HR-incompetent isw2A4 nhp10A4, a mix of un-adapted and adapted
colonies; and the bottom row is a mix of WT and isw24 nhp10A4 strains lacking the DSB-
inducible system, showing the mild growth defect on YP-galactose in the isw24 nhp10A
strain, independent of DSB induction or adaptation.
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Figure 3.5: isw2A nhp10A cells in HR-incompetent background have persistent G1
bias.

Flow cytometry data showing cell cycle profiles, as described in Figure 1.1B. HR-
incompetent WT and isw24 nhp10A were grown in YP-lactate or YP-glycerol, as indicated,
and then nocodazole added to 25 pg/ml final concentration. Samples taken at the indicated
time points.
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Table 3.1: Chapter 3 yeast strains.

Strain Genotype Reference
MAToa ho hml::ADE1 hmr::ADE1larg5,6::Hyg::MATa-
inc ade1-100 leu2,3-112 lys5 trp1::hisG ura3-52
YJK17 ade3::GAL-HO Keogh et al 2006
MAToa ho hml::ADE1 hmr::ADE1 ade1-100 leu2,3- Moore and Haber
JKM179 112 lys5 trp1::hisG ura3-52 ade3::GAL-HO 1996
YTT6140 | (YJK17 isogenic) isw2::NAT This study
YTT6141 (YJK17 isogenic) isw2::NAT This study
YTT6142 (YJK17 isogenic) nhp10::KanMX This study
YTT6143 (YJK17 isogenic) nhp10::KanMX This study
YTT6144 | (YJK17 isogenic) isw2::Nat nhp10::KanMX This study
YTT6145 (YJK17 isogenic) isw2::Nat nhp10::KanMX This study
YTT6146 (JKM179 isogenic) isw2::NAT This study
YTT6147 (JKM179 isogenic) isw2::NAT This study
YTT6148 (JKM179 isogenic) nhp10::KanMX This study
YTT6149 (JKM179 isogenic) nhp10::KanMX This study
YTT6150 | (JKM179 isogenic) isw2::Nat nhp10::KanMX This study
YTT6151 (JKM179 isogenic) isw2::Nat nhp10::KanMX This study
LSY2956- | MATa can1-100 his3-11,15 leu2-3,112 trp1-1 ura3-
8D 1 ade2-ISIR-12MH lys2::pGAL-IScel Deng et al 2014
LSY2999-
6C (LSY2956-8D isogenic) yku70::HIS3 Deng et al 2014
LSY3011-
1D (LSY2956-8D isogenic) mre11::KIURA3 Deng et al 2014
YTT6525 | (LSY2956-8D isogenic) isw2::NAT nhp10::HYG This study
YTT6526 | (LSY2956-8D isogenic) isw2::NAT nhp10::HYG This study

(KEOGH et al. 2006)
(MOORE and HABER 1996)
(DENG et al. 2014)
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Table 3.2: Summary of sequenced HO cut site mutations in WT and isw24 nhp10A
adapters.

4 Genotvpe # bps insertion or
yp gained/ lost | deletion
1 WT 1 deletion
2 WT 2 deletion
3 WT 3 deletion
4 WT 3 deletion
5 WT 3 deletion
6 WT 4 deletion
7 WT 2 insertion
8 WT 2 insertion
9 WT 2 insertion
10 WT 2 insertion
11 WT 2 insertion
12 WT 2 insertion
13 WT 2 insertion
14 WT 3 insertion
1 isw2Anhp10A 1 deletion
2 isw2Anhp10A 1 deletion
3 isw2Anhp10A 1 deletion
4 isw2Anhp10A 3 deletion
5 isw2Anhp10A 3 deletion
6 isw2Anhp10A 3 deletion
7 isw2Anhp10A 3 deletion
8 isw2Anhp10A 6 deletion
9 isw2Anhp10A 8 deletion
10 isw2Anhp10A 15 deletion
11 isw2Anhp10A 2 insertion
12 isw2Anhp10A 2 insertion
13 isw2Anhp10A 2 insertion
14 isw2Anhp10A 3 insertion
15 isw2Anhp10A 3 insertion
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Chapter 4
Conclusions and Perspectives

The work described in this dissertation represents the continuation of a body of
work that has inferred biological functions of the Isw2 and Ino80 ATP-dependent
chromatin remodeling complexes from the behavior of isw24 nhp10A strains. This lineage
of studies was initiated following the observation that many mutations and deletions of
single ATP-dependent chromatin remodeling factors often produced relatively mild
phenotypes, supporting the possibility that remodeling factors may perform partially
overlapping or compensatory functions. To find novel functions of the Isw2 remodeling
factor, a genetic screen was performed to identity genes required for robust growth in the
absence of ISW2 (VINCENT et al. 2008). This screen identified multiple subunits of the Ino80
complex - [ES2, IES3, IES5, and NHP10 - as having synthetic growth defects when deleted
in addition to ISWZ2. Deletions of isw24 with any one of the above Ino80 subunits, as well as
with a partial loss of function allele of the ATPase INO80, caused sensitivity to the DNA
alkylating agent methyl methanesulfonate (MMS). Notably, all relevant single mutants
showed similar MMS sensitivity as WT cells, highlighting the need for this combinatorial
approach to reveal this phenotype. The isw24 nhp10A double mutant was further shown to
have significantly delayed S-phase progression in the presence of MMS, a defect traced to
the failed firing of late-firing origins (VINCENT et al. 2008).

Subsequent characterization connected this defect of late-firing origins to disrupted
regulation of the S-phase checkpoint response. Upon treatment with MMS or hydroxyurea
(HU), WT cells activate a robust S-phase checkpoint response, detectable by the

phosphorylation of the Rad53 kinase. Checkpoint activation pauses replication progression
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to allow the cell time to address the source of damage or replication stress that elicited the
response (SZYJKA et al. 2008; LABIB and DE PiccoLi 2011). Eventually, the cell must shut
down the checkpoint response to allow for the resumption of DNA replication and cell cycle
progression. In isw24 nhp10A4 cells, the S-phase checkpoint is activated in response to MMS
or HU treatment, but then persists much longer than in WT cells (AU et al. 2011). In pursuit
of identifying the precise pathway through which Isw2 and Ino80 contribute to the timely
attenuation of the S-phase checkpoint, numerous genetic interactions were tested,
combining isw24 nhp10A with deletions of genes involved in checkpoint regulation,
replication fork protection, and DNA damage repair. Surprisingly, none of the tested
genetic interactions indicated involvement in a specific, known pathway (LEE et al. 2015).
Though the exact mechanism remains unknown, these studies revealed novel functions of
the Isw2 and Ino80 remodeling factors in regulating genome-wide replication dynamics

and stress-induced checkpoint activity.

Roles for Isw2 and Ino80 at the ribosomal DNA locus

Following the studies described above, this body of work has uncovered previously
un-characterized functions of these remodeling factors at the ribosomal DNA locus based
on experiments in which single mutants of either Isw2 or Ino80 have little to no detectable
phenotype relative to WT cells. This work identified two ways in which loss of ISW2 and
NHP10 altered chromatin structure at the ribosomal DNA locus. In isw2A4 nhp10A4 cells, the
proportion of actively transcribed rDNA repeats is reduced relative to in WT cells [Figure
2.2B], and multiple nucleosomes in the inter-genic spacer region of the rDNA have altered

positioning, especially around the ribosomal origin of replication (rARS). In addition to

87



these changes in chromatin structure in isw24 nhp10A cells, I identified numerous
functional consequences for rDNA biology. Despite the altered proportion of active rDNA
repeats, | found no change in net rRNA transcription, suggesting that the transcriptional
output of each active repeat is increased relative to WT. [ did, however, find significantly
reduced efficiency of the rARS and significantly reduced rate of rDNA copy number
increase in the double mutant compared to WT.

According to one possible model to explain my collected findings, the normal
function of Isw2 and Ino80 at the rDNA is to increase the proportion of actively transcribed
repeats in the rDNA array. When this activity is lost, as in isw24 nhp10A cells, the
proportion of actively transcribed repeats is reduced compared to WT, as I observe [Figure
2.2B]. This does not affect net rRNA production, as the rate of transcription per active
repeat is increased. If true, this is another example of an established pattern of regulation
at this locus: Although rDNA repeats tend to be either “on” or “off”, the functional rate of
net transcription from any one “active” repeat can be tuned to meet cellular demands,
especially by modulating the density of RNA polymerase [ loading (DAMMANN et al. 1993;
FRENCH et al. 2003). Other work has found that rARSs are more likely to fire if they are
adjacent to actively transcribed rDNA repeats (MULLER et al. 2000). Thus, the reduced
proportion of active repeats in isw24 nhp10A4 cells would mean a reduced proportion of
rARSs are adjacent to active repeats, and thus a reduced proportion of rARSs would be
predicted to fire. Finally, the ARS present in the inter-genic spacer region affects the
frequency of rDNA copy number increasing event, as an inefficient ARS reduces the

functional rate of rDNA copy number increase, and an efficient ARS increases this rate
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(GANLEY et al. 2009). Thus, the reduced efficiency of the rARS, driven by the reduced
proportion of active repeats, could reduce the rate of rDNA copy number increase.

The data presented are also potentially consistent with Isw2 and Ino80 more
directly influencing the efficiency of the ribosomal ARS. I identified subtle nucleosome
positioning alterations around the rARS in isw24 nhp104, and Isw2’s most prominent ChIP-
seq peak neatly overlaps with two of the most-affected nucleosomes, directly adjacent to
the rARS (Figure 2.5). In addition, our MCM ChIP-seq data suggest the possibility that [sw2
and Ino80 may affect pre-RC formation at the rARS, as there is far less MCM signal at the
rARS in the double mutant than in the WT in G1-arrested cells (figure 2.6D). Nucleosome
positioning around origins can significantly influence origin efficiency (SiMpsoN 1990;
LipPFORD and BELL 2001). Isw2 and Ino80, which have well-characterized nucleosome sliding
activities, may contribute to the optimal positioning of the rARS-flanking nucleosomes.
Loss of these factors may cause slightly perturbed positioning of these nucleosomes, which
may in turn prevent the robust targeting of ORC to the rARS and, subsequently, other
components of replication machinery.

These MCM ChIP-seq data also suggest a possible explanation of how Isw2 and
Ino80 regulate rDNA copy number change. The MCM data corroborates observations I
made of short exposures of our 2D gel Southern blots of the rARS, in which I saw evidence
for reduced pausing at the RFB in the double mutant compared to WT. This is also the
conclusion when considering MCM ChIP-seq data in the IGS: Whether considering the
proportion of MCM signal at the RFB relative to overall signal through the IGS, or the
absolute amounts of signal at the RFB, pausing of the replication machinery at this locus

appears less robust in isw24 nhp10A than in WT cells. This may explain the reduced rate of
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rDNA copy number change in the double mutant, as according to one accepted model, copy
number change events require a targeted DNA lesion to be introduced at replication forks
paused at the RFB (KoBAYASHI and GANLEY 2005). If the replication dynamics through the
rDNA in isw24 nhp10A cells are such that a smaller proportion of RFBs are sites of
replication fork pausing, this may represent fewer opportunities for targeted DSBs that

result in copy number change events.

Roles for Isw2 and Ino80 in dictating DSB repair pathway choice

In addition to studying Isw2 and Ino80 at the rDNA locus, this work also studied the
roles played by these factors in responding to a DNA double-strand break that cannot be
repaired by homologous recombination. In response to this situation, WT cells arrest in
G2/M, robustly activate the Rad53 checkpoint kinase, and repair their DSBs with
mutagenic NHE] in approximately 1-2% of cells. This mutagenic NHE] allows for these cells
to escape from further cutting by the DSB-inducing HO endonuclease, and thus “adapt” to
the persistent expression of HO. In contrast, in response to the same persistent DSB lacking
a suitable homology donor, isw24 nhp10A cells fail to robustly arrest in G2 /M, fail to
activate Rad53, and adapt at dramatically higher rates [Figures 3.1, 3.2].

The strikingly increased rates of adaptation in isw24 nhp10A cells likely result from
a significant shift away from HR and towards NHE] repair of the induced DSB. The balance
between HR and NHE] is enacted at the sites of DNA damage in large part through the
extent of resection of the free DNA ends that result from a DSB (AYLON et al. 2004;
SYMINGTON and GAUTIER 2011; CECCALDI et al. 2016). Homologous recombination requires

significant resection of DNA ends. Following resection, members of the RAD52 epistasis
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group - including Rad50, Rad51, Rad52, Rad54, and Rad55 - facilitate the search for a
homology donor, strand invasion of the donor by the broken end, and eventually Holliday
junction formation and resolution (CHAPMAN et al. 2012; CECCALDI et al. 2016). In contrast,
non-homologous end joining employs Yku70 and Yk80 to promote the more-direct ligation
of the free ends produced by the DSB, perhaps with loss of a few base pairs of DNA in the
process, but with minimal production of single-stranded DNA (CHANG et al. 2017). In sum,
following a DSB, extensive resection promotes repair by HR, and minimal resection
promotes NHE].

As discussed in Chapter 3, cell cycle stage significantly influences the balance
between HR and NHE]. I cannot disprove the possibility that the proposed skewed
preference for NHE] over HR in isw24 nhp10A is driven principally by the striking G1 bias
in this strain. However, I also did not find any clear evidence that this cell cycle bias is the
only cause of this phenotype. | hypothesize that Isw2 and Ino80 may contribute to the
normal amount of resection at HO-induced DSBs that cannot be repaired by HR, and that
without this activity, isw24 nhp10A cells resect these DNA ends less, facilitating mutagenic
NHE] repair and, thus, adaptation. Ino80 is known to be recruited via y-H2AX to DSBs,
where its activity promotes the proper eviction of nucleosomes flanking the site of DNA
damage (MORRISON et al. 2004; VAN ATTIKUM et al. 2004; VAN ATTIKUM et al. 2007). Without
this reduced nucleosome occupancy, repair factors fail to be properly recruited to the
break, including the Mre1l1 nuclease that is among the most critical factors involved in DNA
resection (MORRISON et al. 2007; VAN ATTIKUM et al. 2007). Notably, some work has called
into question the degree to which Ino80 is absolutely necessary for break-proximal DNA

resection (TSUKUDA et al. 2005). Perhaps Isw2 contributes in some way to Ino80’s
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promotion of resection, and depending on the extent and specific nature of the DNA
damage in these studies, [sw2 may be able to partially compensate for loss of full Ino80
function.

If Isw2 and Ino80 do indeed contribute to the balance between HR and NHE] repair
of DSBs, this provides another possible explanation of our finding that rDNA copy number
increases more slowly in isw24 nhp10A cells. The canonical mechanism of copy number
increase begins with the creation of a targeted DSB at a replication fork paused at the
rDNA’s replication fork block (RFB) (KoBAYASHI et al. 1998; KoBAYASHI et al. 2001; KOBAYASHI
and GANLEY 2005; JAcK et al. 2015), although some evidence suggests that the pausing is not
necessary for recombination in this region (WARD et al. 2000). Depending on the
transcriptional status of a nearby RNA Pol Il promoter, E-pro, the DSB induced at the RFB
can be repaired by homologous recombination in one of three ways: 1) an rDNA repeat is
added to the rDNA array, 2) a repeat is removed from the array, or 3) there is no change in
copy number (KoBAYASHI and GANLEY 2005). In addition to this RAD52-dependent,
recombination-mediated mechanism of repair, there is also an end-repair-mediated
mechanism, dependent on the replicative kinase DUN1, that can also mediate rDNA copy
number change events, although the kinetics of copy number change may differ between
these two pathways (JAcK et al. 2015).

In the absence of full Isw2 and Ino80 function, it is possible that the recombination-
mediated repair of the targeted DSB at the RFB happens less frequently. In this model, in
isw2A nhp10A cells, a greater proportion of RFB DSBs are repaired not with HR, but with
NHE]. An overall increase in the proportion of RFB DSBs repaired by NHE] rather than by

HR could alter the kinetics of changing the rDNA copy number. This difference is likely to
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be especially apparent in the context of a sustained process of increasing rDNA copy
number, as in the copy number change time courses described in Chapter 2. This model is
potentially testable, as NHE] is considerably more mutagenic than HR. Thus, I would
predict that following a copy number change time course such as that depicted in in Figure
2.8, WT “recovered” isolates would have unchanged DNA sequences at the RFB. In contrast,
isw2A nhp10A “recovered” isolates, having endured some appreciable number of NHE] -
rather than HR - repair events of targeted DSBs, would show evidence of a mix of “normal”
RFB sequences and mutated RFB sequences. Such sequence heterogeneity in double
mutants that have endured a process of intense, sustained copy number change would
support the conclusion that altered HR/NHE] balance accounts for this phenotype.

In sum, the research summarized in this dissertation has significantly expanded our
understanding of the roles of Saccharomyces cerevisiae Isw2 and Ino80 at the ribosomal
DNA locus and suggested possible roles for these factors in regulating DSB repair pathway

choice.
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