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ABSTRACT

The enrichment of histone acetylation within transcribed chromatin was first observed in
the 1960s, and how specific histones are acetylated has been a central question of
chromatin biology ever since. One mechanism for specificity is through the targeted
recruitment of histone acetyltransferases (HATs) to transcribed chromatin, and we first
focused on recruitment of the NuA3 HAT complex in S. cerevisiae. NuA3 is known to
bind to cotranscriptional histone methylation through two domains: the PHD finger in
Yngl and the PWWP domain in Pdp3, which in vitro bind to H3K4 and H3K36
methylation, respectively. While the in vitro binding has been well characterized, the
relative in vivo contributions of these histone methylation marks in targeting NuA3 is
unknown. Here, through genome-wide colocalization and mutational interrogation, we
demonstrate that the PHD finger of Yngl and the PWWP domain of Pdp3 independently
target NuA3 to H3K4 and H3K36 methylated chromatin, respectively. Interestingly
however, the simple presence of NuA3 is insufficient to ensure the acetylation of
associated nucleosomes, suggesting a secondary level of regulation that does not involve

control of HAT-nucleosome interactions.

Next we studied targeting of histone acetylation itself, focusing on the causality of the
relationship between histone acetylation and RNAPII transcription. Through genome-
wide analysis of mammalian cell culture and budding yeast, we reveal that the
preponderance of histone acetylation is tightly linked with RNAPII occupancy, and, in S.
cerevisiae, chemically or genetically altering RNAPII localization results in a

corresponding change in histone acetylation. These findings show that histone acetylation
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is primarily targeted through RNAPII as a consequence of transcription. Importantly,
several lines of evidence suggest that RNAPII does not promote acetylation by simple
HAT targeting. First, we show that HAT occupancy is a poor predictor of histone
acetylation. Second, NuA4 recruitment to upstream activation sequences of either Taf1l
(TFIID) enriched or depleted promoters does not result in acetylation in the absence of
transcription. Collectively, these data suggest that the activity of HATs is regulated post-

recruitment by a mechanism that is dependent on RNAPII.
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LAY SUMMARY

To the lay reader, I congratulate you on finding this thesis, which I imagine is more often
read by the specialist. In this work, I study how the physical packaging of the genome is
chemically modified when genes are expressed. Genetic material is tightly packaged,
restricting its access, but a chemical modification called acetylation increases its
accessibility. How this modification is directed to specific regions of the genome is the
question I set out to answer, and I found that the process of gene expression itself
specified where this modification occurred. As this thesis is something of a long read, I

have endeavored to shorten to 34 syllables in the form of two haiku.

Chapter 2:

NuA3 binding
To histone methylation

Active not always

Chapter 3:

Histone acetyl
Is largely consequential

Of Pol2 presence
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PREFACE

Chapter 2: This chapter is based on a first author manuscript published in the journal
Genetics (Martin, B. J. E., McBurney, K. L., Maltby, V. E., Jensen, K. N., Brind'Amour,
J., & Howe, L. J. (2017). Histone H3K4 and H3K36 Methylation Independently Recruit
the NuA3 Histone Acetyltransferase in Saccharomyces cerevisiae. Genetics, 205(3),
1113-1123). Experiments were designed by Dr. LeAnn Howe, Benjamin Martin, and Dr.
Kristina McBurney. Dr. Kristina McBurney conducted the Sas3 ChIP-seq experiment, for
which Dr. Julie Brind’ Amour constructed the sequencing libraries (Figure 2.1). The
subsequent analysis and all other experiments were conducted by Benjamin Maritn.

Benjamin Martin, with input from Dr. LeAnn Howe, wrote the paper.

Chapter 3: This chapter is based on a first author manuscript currently in preparation. All
experiments were designed by Dr. LeAnn Howe and Benjamin Martin. Dr. Julie

Brind’ Amour constructed ten of a total of 70 sequencing libraries for the ChIP-seq
experiments and Kristopher Jensen conducted the yng2 mutant immunoblot experiments
(Figure 3.15). All other experiments and data analysis were performed by Benjamin
Martin. Benjamin Martin wrote the paper, with input from Dr. LeAnn Howe, Dr.

Matthew Lorincz, and Dr. Julie Brind’ Amour.

See the first pages of these chapters to see footnotes with similar information.
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CHAPTER 1 - INTRODUCTION

1.1 EUKARYOTIC GENE EXPRESSION

Genetic information contained in deoxyribonucleic acid (DNA) encodes proteins in
distinct units called genes. To make a functional protein, a gene is first transcribed to
produce a ribonucleic acid (RNA) transcript. Once processed this transcript is translated
into the encoded protein, which may be subject to post-translational processing and
modifications. Human cells typically produce 10,000 distinct proteins (Beck et al., 2011;
Geiger et al., 2012), from a little over 20,000 protein-coding genes (ENCODE Project
Consortium, 2004; Pertea and Salzberg, 2010; Pruitt et al., 2009), and protein copy
number varies over a dynamic range of seven orders of magnitude (Beck et al., 2011;
Geiger et al., 2012). This process dramatically increases the potential phenotypic
complexity of a given genome, contributing to species and cellular diversity (Levine and
Tjian, 2003). Underlining its significant role in phenotype, aberrant gene expression
results in developmental defects and disease, and cells employ a variety of mechanisms to

ensure proper expression of genetic material (reviewed in (T. I. Lee and Young, 2013)).

Transcription is the first step in gene expression, in which genetic information encoded in
DNA is transcribed to produce a complementary RNA transcript. In eukaryotic cells,
protein-coding transcripts are produced by RNA Polymerase II (RNAPII), a large 0.5
megadalton 12-subunit protein complex (Armache et al., 2003; Bushnell and Kornberg,

2003; Cramer et al., 2001). Transcription by RNAPII is highly regulated and proceeds



through three main steps: initiation, elongation, and termination (for review see (Fuda et

al., 2009)).

To initiate transcription, RNAPII requires additional protein factors and specific DNA
sequences. These include the general transcription factors (GTFs), a conserved class of
proteins required for initiation (Aso et al., 1994; Cormack and Struhl, 1992; Matsui et al.,
1980; Svejstrup et al., 1994). The GTFs, including TFIIA, -B, -D, -E, -F and —H,
associate with RNAPII to form the preinitiation complex (PIC) (Murakami et al., 2013).
PIC formation occurs at specific DNA sequences, called core promoters, which contain
DNA elements positioning the GTFs (such as TATA elements) and specifying the
transcription start site (TSS) (Burke and Kadonaga, 1996; Hahn et al., 1989; J. L. Kim et
al., 1993; Smale and Baltimore, 1989; Weil et al., 1979). The GTFs permit basal levels of
RNAPII transcription in vitro, but an additional class of proteins, called activators, is
required for high levels of transcription (Brent and Ptashne, 1985; Parker and Topol,
1984; Topol et al., 1985). Activators are characterized by a bipartite organization (Brent
and Ptashne, 1985), consisting of a sequence-specific DNA-binding domain and an
activation domain. Activator DNA-binding sites are typically found in upstream
activation sequences (UASs), which are located close to and upstream of the core
promoter (Bram and Kornberg, 1985; Olesen et al., 1987), and in enhancer regions,
which can be many kilobases away (Banerji et al., 1981; de Villiers and Schaffner, 1981;
Hamada, 1986). Activators promote transcription through their activation domain, which
contacts and recruits multi-protein complexes, termed co-activators (Ma and Ptashne,

1987; Ruden et al., 1991). The mediator complex, a crucial co-activator, is required for



activated transcription (Flanagan et al., 1991; Kelleher et al., 1990; Y. J. Kim et al., 1994;
McDonagh et al., 1991). Mediator contacts both activators and RNAPII as part of the
PIC, forming a dynamic bridge between them, and this is important for PIC formation
and transcription initiation in vitro and in vivo (Y. J. Kim et al., 1994; Y. C. Lee et al.,
1997; Myers et al., 1999; Robinson et al., 2016; Schilbach et al., 2017; C. M. Thompson
et al., 1993). The assembled GTFs, RNAPII, and mediator comprises 52 proteins in a 2.5
megadalton structure (Robinson et al., 2016), enabling transcription initiation and

subsequently RNAPII elongation.

Coincident with progression into elongation, RNAPII is phosphorylated on its repetitive
carboxy-terminal domain (CTD) (Chesnut et al., 1992; Payne et al., 1989). The CTD
consists of 26 (yeast) to 52 (human) repeats of the consensus sequence YSPTSPS
(Allison et al., 1988; Nonet et al., 1987) and is dynamically phosphorylated on the
tyrosine, threonine, and all three serine residues (Baskaran et al., 1993; Schiiller et al.,
2016; Suh et al., 2016; J. Zhang and Corden, 1991). First characterized for serines 5 and
2, phosphorylation of different residues occurs at specific stages of transcription
(Buratowski, 2003; Komarnitsky et al., 2000). Serine 5 phosphorylation occurs during
transcription initiation, catalyzed by a kinase in TFIIH (Cdk7/Kin28 in yeast) (Feaver et
al., 1991; 1994), and aids promoter escape as well as proper processing of the nascent
transcript (E. J. Cho et al., 1997; Jeronimo and Robert, 2014; Lu et al., 1991; Rodriguez
et al., 2000; Wong et al., 2014). Following promoter escape, RNAPII enters into early
elongation, where it is bound by the conserved RNAP processivity factor DSIF (Wada et

al., 1998a). In metazoans, RNAPII can then enter a paused state called promoter-



proximal pausing, which occurs approximately 40 bp downstream of the TSS (Core et al.,
2008; Gilmour and Lis, 1986; Kwak et al., 2013). Pausing is caused by the negative
elongation factor NELF binding to DSIF (Yamaguchi et al., 1999) and often occurs at
signal-responsive genes (Core et al., 2008; Min et al., 2011; Rahl et al., 2010). Pause
release is mediated by the kinase and elongation factor P-TEFb, which facilitates NELF
dissociation by phosphorylating DSIF (Y. Liu et al., 2009; Marshall and Price, 1992;
Wada et al., 1998b), thus allowing resumption of elongation. P-TEFb also catalyzes some
phosphorylation of the CTD at serine 2 (Murray et al., 2001; H. Qiu et al., 2009).
However, the bulk of serine 2 phosphorylation is catalyzed by the Cdk12 kinase
(Bartkowiak et al., 2010; Keogh et al., 2003; J. M. Lee and Greenleaf, 1991; 1989), and it
functions in the recruitment of elongation and RNA processing factors (Ahn et al., 2004;
Phatnani et al., 2004). Serine 2 phosphorylation increases along the transcribed gene,
reaching saturation 600 — 1000 bp downstream of the TSS, and marks the CTD until

termination (Kobor et al., 1999; Mayer et al., 2012; 2010).

Termination occurs at specific DNA sequences, termed “terminators”, and is coupled
with 3’ end processing of the mRNA transcript (Connelly and Manley, 1988; Dedrick et
al., 1987; Logan et al., 1987; Reines et al., 1987). This process requires the RNAPII CTD
(Licatalosi et al., 2002; McCracken et al., 1997) and serine 2 phosphorylation (Ahn et al.,
2004), which mediates recruitment of factors necessary for termination and RNA
processing (Ahn et al., 2004). Termination and the associated dephosphorylation of
RNAPII facilitate subsequent reinitiation as RNAPII is recycled to the start of the

transcription process (H. Cho et al., 1999; Ganem et al., 2003; Kobor et al., 1999;



Mapendano et al., 2010), and this can involve coordinated juxtaposition of promoter and
termination sequences in a gene looping mechanism (Ansari and Hampsey, 2005;
O'Sullivan et al., 2004). Collectively, these steps of initiation, elongation, and termination

are the underlying mechanism for eukaryotic transcription from DNA templates.

1.2 CHROMATIN STRUCTURE AND NUCLEOSOME POSITIONING

In almost all eukaryotes (Wargo and Rizzo, 2001), DNA is packaged into a nucleoprotein
complex termed chromatin, consisting of DNA, histones, and non-histone proteins. The
central repeating unit of chromatin is the nucleosome, which was first described in 1974
(D'Anna and Isenberg, 1974a; 1974b; Kornberg, 1974; Kornberg and Thomas, 1974;
Noll, 1974; A. L. Olins and D. E. Olins, 1974; Sahasrabuddhe and van Holde, 1974; van
Bruggen et al., 1974; van Holde et al., 1974). The nucleosome core particle (NCP)
constitutes 147 bp of DNA wrapped 1.65 turns around the histone octamer, containing
two copies of each of the four core histones: H2A, H2B, H3, and H4 (Davey et al., 2002;
Luger et al., 1997). The DNA strands cross to make 2 turns with approximately 160 bp of
DNA, and this can be bound by histone H1 to form the chromatosome (Muyldermans et
al., 1981; Puigdomeénech et al., 1983; Simpson, 1978). Nucleosomes repeat every 162 bp
to over 200 bp depending on the species and cell type (I. R. Brown and Sutcliffe, 1987;
Lohr et al., 1977; Pearson et al., 1984; Savic¢ et al., 1981; Thomas and Furber, 1976;
Thomas and R. J. Thompson, 1977; Whatley et al., 1981; Zalenskaya et al., 1981), and
the intervening DNA is called linker DNA. Nucleosomes encapsulate over 80% of the

genome (Chereji and Morozov, 2014; Noll, 1974) and sit at the nexus for a myriad of



mechanisms regulating gene expression (for in-depth reviews see (Lai and Pugh, 2017;

Rando and Winston, 2012; Venkatesh and Workman, 2015)).

One functional consequence of chromatin structure is that it restricts access to underlying
DNA elements (Archer et al., 1991; Hewish and Burgoyne, 1973; Kladde and Simpson,
1994), and nucleosomes prevent association of many transcription factors to enclosed
DNA-binding sites (Cote et al., 1994; Imbalzano et al., 1994; Zhu et al., 2017). This
occlusion largely restricts transcription factor binding to non-nucleosomal stretches of
DNA, which are known as nucleosome depleted regions (NDRs). NDRs occur at key
regulatory regions, including gene promoters and enhancers, and their formation
regulates transcription by specifying which stretches of DNA are accessible to regulatory
proteins such as sequence-specific activators and GTFs (Ozsolak et al., 2007; Schones et
al., 2008; G.-C. Yuan et al., 2005). NDRs form due to the underlying DNA sequences
being refractory to nucleosome formation, and via active regulation by chromatin
modifying enzymes (N. Kaplan et al., 2009; Krietenstein et al., 2016; Lorch et al., 2014;
Segal et al., 2006; Z. Zhang et al., 2011). Aberrant NDRs appear when chromatin
structure is disrupted, resulting in spurious transcription events as the transcription
machinery gains access to DNA elements normally occluded by chromatin (Cheung et
al., 2008; C. D. Kaplan et al., 2003), thus illustrating how limiting access to DNA is a

major mechanism by which chromatin structure regulates gene expression.

Chromatin structure is also regulated at the level of nucleosome positioning, and this is

best characterized in S. cerevisiae. At a typical expressed gene, a promoter NDR is



flanked by strongly positioned nucleosomes termed the -1 and +1 nucleosomes (C. Jiang
and Pugh, 2009; W. Lee et al., 2007; Schones et al., 2008; G.-C. Yuan et al., 2005). The
+1 nucleosome typically sits just downstream of or partially overlapping the TSS (C.
Jiang and Pugh, 2009; Schones et al., 2008), and a well-phased nucleosome array extends
downstream into the gene body (C. Jiang and Pugh, 2009; Schones et al., 2008).
Nucleosome positioning and spacing are at least in part an actively regulated process
(Gkikopoulos et al., 2011; Krietenstein et al., 2016; Z. Zhang et al., 2011), with ATP-
dependent chromatin remodelers including classes of enzymes able to slide, exchange,
and evict nucleosomes (for review see (Clapier et al., 2017)). Chromatin-remodeler
catalyzed sliding of the +1 nucleosome can represses transcription through occlusion of
the TSS or other promoter elements (Hirschhorn et al., 1992; Moreira and Holmberg,
1999; Parnell et al., 2008; Whitehouse et al., 1999; L. Wu and Winston, 1997), whereas a
well-positioned +1 nucleosome interacts with transcription factors, including TFIID, and
is thought to aid transcription (Jacobson et al., 2000; Lorch et al., 2000; Rhee et al., 2014;
Rhee and Pugh, 2012). This is consistent with chromatin, rather than merely representing
a repressive force needing to be alleviated, also at times acting to potentiate transcription
(Cirillo and Zaret, 1999; Durrin et al., 1991; Nagai et al., 2017). Nucleosome positioning
and phasing also impact RNAPII elongation through nucleosome arrays (Fitz et al., 2016;
Kireeva et al., 2005; Ocampo et al., 2016), providing another layer of regulatory control.

Thus, nucleosome positioning represents a key part of transcriptional regulation.



1.3 MODIFYING CHROMATIN STRUCTURE: HISTONE VARIANTS AND
POST-TRANSLATIONAL MODIFICATIONS
Nucleosome composition can be altered by incorporation of variants of the canonical
histone proteins. In mammals multiple variants of histones H2A, H2B and H3 have been
described, but thus far none for histone H4 (Kennani et al., 2017). One frequently studied
variant, conserved across eukaryotes (Thatcher and Gorovsky, 1994), is H2A.Z. This
variant, first described in 1980 (West and W. M. Bonner, 1980), contains ~60% sequence
identity to the canonical H2A (Zlatanova and Thakar, 2008). Despite its divergence from
canonical H2A, H2A.Z-containing nucleosomes have a structure similar to that of
canonical nucleosomes, with some subtle destabilizations at the interface of the
H2A.Z/H2B dimer and the H3/H4 tetramer (Suto et al., 2000). The effect of H2A.Z
incorporation on nucleosome stability remains contentious, with conflicting results
reported in vitro (Abbott et al., 2001; Bonisch and Hake, 2012; W. Li et al., 1993; Y.-J.
Park et al., 2004; Suto et al., 2000; Thambirajah et al., 2006; H. Zhang et al., 2005). In
vivo however, H2A.Z facilitates RNAPII progress through nucleosomes (Santisteban et
al., 2011; Weber et al., 2014), which results in eviction of H2A.Z/H2B dimers
(Tramantano et al., 2016). H2A.Z deposition into nucleosomes is catalyzed by a
conserved chromatin remodeler complex called SWR1 in yeast and SRCAP in mammals
(Y. Cai et al., 2005; Kobor et al., 2004; Krogan et al., 2003b; Mizuguchi et al., 2004), and
in yeast this most often happens at the TSS distal side of the +1 nucleosome. While other
histone variants are associated with a wide range of functions (for review see (Weber and
Henikoft, 2014),(Biterge and R. Schneider, 2014)), altering nucleosome composition

clearly affords a mechanism for regulation of gene expression.



Allowing for dynamic alteration of chromatin structure, the histone proteins undergo
extensive post-translational modifications (PTMs). Numerous types of PTMs have been
described including acetylation, methylation, phosphorylation, and ubiquitylation
(Allfrey et al., 1964; Goldknopf and Busch, 1977; Hunt and Dayhoff, 1977; Ord and
Stocken, 1966; Stevely and Stocken, 1966), with increasingly powerful mass
spectrometers and analytical approaches, the number of known histone PTMs and
residues at which they occur has dramatically expanded in recent years (Yue Chen et al.,
2007; He Huang et al., 2014; Q. Q. Li et al., 2017; Nie et al., 2017; Sabari et al., 2017; M.
Tan et al., 2011). Two of the longest studied modifications, however, are the methylation
and acetylation of lysine residues, which were first identified in the 1960s (Allfrey et al.,
1964; Gershey et al., 1968; Murray, 1964; Phillips, 1963). Acetylation and methylation
occur on numerous lysine residues of the histone proteins, the majority of which are
located in the unstructured amino-terminal tails (Figure 1.1, Table 1.1), giving rise to vast
combinatorial complexity of potential states. Such complexity, however, is not seen in
vivo, where only a small fraction of states are observed ((Barski et al., 2007; C. L. Liu et
al., 2005; Z. Wang et al., 2008) and reviewed in (Rando, 2012)), and understanding how
histone modifications regulate chromatin structure and gene expression is a major focus

of the field.
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Figure 1.1: Characterized S. cerevisiae lysine acetylation and methylation sites on

the four core histones. Sites of lysine acetylation and methylation on the four core

histones in S. cerevisiae. Only sites for which an acetyltransferase or methyltransferase



has been identified are shown, and enzyme specificity is indicated by the superscript

numbers. The unstructured N-terminal tails (White et al., 2001) are underlined.

Table 1.1: Histone lysine methylation and acetylation sites in S. cerevisiae. Sites of

lysine acetylation and methylation on the four core histones in S. cerevisiae. Only sites

with known acetyltransferase or methyltransferase are shown. Ac refers to acetylation.

Me refers to methylation, with the numbers in parentheses indicating the methylation

states observe in vivo.

Histone residue Modification Catalyzing Reference
Enzyme(s)
H2AKS Ac Esal (Clarke et al., 1999)
Suka et al., 2001
H2AKT Ac Esal (élarke ctal, 1999))
H2BK6 Ac GcenS (L. Jiang et al., 2007)
H2BK11 Ac GcenbS (L. Jiang et al., 2007)
H2BK16 Ac GcenS (L. Jiang et al., 2007)
H2BK17 Ac GcenbS (L. Jiang et al., 2007)
H2BK21 Ac GcenS (L. Jiang et al., 2007)
H2BK?22 Ac GcenbS (L. Jiang et al., 2007)
H3K4 Ac GenS, Rtt109 (Guillemette et al., 2011)
(Briggs et al., 2001)
Roguev et al., 2001
H3K4 Me(1,2,3) Setl ((Krfgan ctal. 2002;
(P. L. Nagy et al., 2002)
(Grant et al., 1999)
Fillingham et al., 2008
H3K9 Ac Gens, Rit109 ( L 00 )
(Cieniewicz et al., 2014)
(Grant et al., 1999)
Howe et al., 2001
H3K 14 Ac Gen, Sas3 (Ci(eniewicz et al., 20)1 4)
(L. Jiang et al., 2007)
(Grant et al., 1999)
H3K18 Ac GcenS (L. Jiang et al., 2007)
(Cieniewicz et al., 2014)
H3K23 Ac GcenS, Sas3 (Grant et al., 1999)
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Histone residue Modification Catalyzing Reference
Enzyme(s)
(Howe et al., 2001)
(L. Jiang et al., 2007)
(Cieniewicz et al., 2014)
H3K27 Ac Gend (Cieniewicz et al., 2014)
Morris et al., 2007
H3K36 Ac Gen3 (C(ieniewicz ot al, 20% 4)
H3K36 Me(1,2,3) Set2 (Strahl et al., 2002)
(Rufiange et al., 2007)
H3K56 Ac Rtt109 (J. Han et al., 2007)
(Tsubota et al., 2007)
(Ng et al., 2002)
(Feng et al., 2002)
H3K79 Me(1.2,3) Dotl (van Leelglwen et al., 2002)
(Lacoste et al., 2002)
A. Kimura et al., 2002
HAKS Ac Esal, Hatl ( (Parthun et al., 1996) )
H4KS5 Me(1) Set5 (E. M. Green et al., 2012)
H4KS8 Ac Esal (A. Kimura et al., 2002)
H4KS8 Me(1) Set5 (E. M. Green et al., 2012)
A. Kimura et al., 2002
H4K12 Ac Esal, Hatl ( (Parthun et al., 1996) )
H4K12 Me(1) Set5 (E. M. Green et al., 2012)
H4K16 Ac Sas2 (A. Kimura et al., 2002)
H4K91 Ac Hatl (Ye et al., 2005)

1.4 HISTONE METHYLATION

Histone methylation is a reversible modification, which involves the addition of up to
three methyl groups to lysine residues. The steady-state levels of methylation are the
product of competing activities of methyltransferase and demethylase enzymes, which
have activity for distinct lysine residues (Rea et al., 2000; Y. Shi et al., 2004). For
example the yeast Setl enzyme of the COMPASS complex specifically catalyzes mono-,
di-, and tri- methylation of lysine 4 of histone H3 (H3K4mel, H3K4me2, and H3K4me3)

(Briggs et al., 2001; Miller et al., 2001; Roguev et al., 2001), a site that is demethylated
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by the Jhd2 demethylase (Liang et al., 2007; Seward et al., 2007). Distinct methylation
states of specific residues are associated with either gene activation or repression and
many groups have studied the mechanisms by which histone methylation regulates

transcription.

The primary mechanism by which histone methylation functions is via mediating protein-
protein interactions (Wilkinson and Gozani, 2014). Numerous protein domains interact
with methylated lysines and these group into ten main families (Wilkinson and Gozani,
2014), including the Chromodomain (Bannister et al., 2001; Lachner et al., 2001), WD40
repeat (Z. Han et al., 2006; Wysocka et al., 2005), PHD finger (X. Shi et al., 2006;
Wysocka et al., 2006), Tudor (Botuyan et al., 2006), Malignant Brain Tumor (MBT) (J.
Kim et al., 2006; Klymenko et al., 2006; Trojer et al., 2007), Proline-Tryptophan—
Tryptophan—Proline (PWWP) (Y. Wang et al., 2009), Ankyrin repeat (Chang et al.,
2011), ATRX-DNMT3A-DNMT3L (ADD) (Dhayalan et al., 2011), zinc-finger CW (He
et al., 2010) (Hoppmann et al., 2011), and Bromo Adjacent Homology (BAH) (A. J. Kuo
et al., 2012) domains. Methyl-binding domains interact with specific lysine residues with
mono-, di-, or tri- methylation. For instance the chromodomain of the heterochromatic
protein HP1 binds to H3K9 trimethylation, promoting gene repression (Bannister et al.,
2001; Lachner et al., 2001), while a PWWP domain within the Isw1b chromatin
remodeling complex binds H3K36me3, helping to maintain chromatin structure over
transcribed genes (Maltby et al., 2012b; Smolle et al., 2012), and the PHD finger of
human TFIID binds to H3K4me3, promoting its interaction with chromatin and

transcription initiation (Vermeulen et al., 2007). Thus, depending on the effector protein
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interacting with a given methylation site, histone methylation can have varied functions

in the regulation of chromatin structure and gene expression.

1.5 HISTONE ACETYLATION

Two classes of enzymes regulate histone acetylation. Histone acetyltransferases (HATSs)
catalyze the addition of acetyl groups to lysine residues, while histone deacetylase
complexes (HDACs) catalyze their removal (Brownell et al., 1996; Taunton et al., 1996).
HATSs and HDACs generally exist as a catalytic enzyme in complex with auxiliary
factors necessary for activity and targeting (Grant et al., 1997; Lechner et al., 2000; J. Wu
et al., 2001a). These complexes often have broad and overlapping specificity. In yeast for
instance, GenS-containing HAT complexes catalyze acetylation of multiple lysine
residues on H2B and H3 (Grant et al., 1997; L. Jiang et al., 2007), and some of the same
residues on H3 are acetylated by the Sas3-containing NuA3 HAT complex. Gen5 and
Sas3 together are necessary for acetylation at shared sites (Howe et al., 2001), and these
acetyl groups are removed by the Rpd3 and Hdal deacetylases (Henriksen et al., 2012;
Rundlett et al,, 1996; ]. Wu et al,, 2001b). Thus, HATs and HDACs reversibly modify
chromatin through histone acetylation, and how this covalent mark affects chromatin
structure and DNA-borne processes such as transcription has been the subject of decades

of research.

Histone acetylation neutralizes the positive charge of lysine residues, weakening the
electrostatic interactions between histones and DNA. Acetylated nucleosomes, while not

undergoing gross structural changes, exhibit modestly decreased thermal and salt stability
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(Ausio and van Holde, 1986; Bode et al., 1980; Gansen et al., 2009; W. Li et al., 1993;
Siino et al., 2003; Wakamori et al., 2015; Yau et al., 1982) and exhibit increased
unwrapping of the outer-turn of nucleosomal DNA (Brower-Toland et al., 2005; Norton
et al., 1990; X. Wang and Hayes, 2008). In nucleosome arrays, hyperacetylation of
histones causes an unfolding of higher-order chromatin structure, with the largest effects
for acetylation of histones H2B and H4 (Allahverdi et al., 2011; Garcia-Ramirez et al.,
1995; Robinson et al., 2008; Shogren-Knaak et al., 2006; Tse et al., 1998; Wakamori et
al., 2015; X. Wang and Hayes, 2008). Histone acetylation can thus directly relax the
structure of individual nucleosomes and higher-order chromatin, albeit subtly, thereby

creating a template more permissible to transcription (Bintu et al., 2012; Tse et al., 1998).

Histone acetylation can also modulate chromatin structure indirectly by mediating
protein-protein interactions. Acetylated lysine residues are bound by several families of
protein domains, namely bromodomains (Dhalluin et al., 1999; Haynes et al., 1992;
Tamkun et al., 1992), YEATS (Ynl107, ENL, AF9, Taf14 and Sas5) (Le Masson et al.,
2003; Y. Liet al., 2014), and double PHD (Zeng et al., 2010) domains. The first
characterized acetyl-lysine binding domain was the bromodomain of the PCAF
acetyltransferase (Dhalluin et al., 1999). Bromodomains have since been found in several
other HATs and are often linked to their catalytic activity (Owen et al., 2000), potentially
as a positive feedback loop (Carlson and Glass, 2014; Cieniewicz et al., 2014; Hassan et
al., 2002; S. Li and Shogren-Knaak, 2009). Other bromodomain containing proteins such
as Brd2 and Brd3 associate with highly acetylated gene bodies to promote transcription

elongation (Leroy et al., 2008). Additionally, human TFIID (Jacobson et al., 2000) and
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yeast Bdfl (Matangkasombut et al., 2000) have double bromodomains which stabilize
PIC formation near acetylated histones and aid in gene expression. Also chromatin
remodelers, exemplified by RSC and SWI/SNF in yeast, contain numerous
bromodomains and have increased sliding and eviction activities for acetylated substrates
(Chatterjee et al., 2011). Acetylated nucleosomes can also block the action of chromatin
proteins such as ACF (Shogren-Knaak et al., 2006), histone H1 (Lawrence et al., 2017;
Ridsdale et al., 1990), and histone demethylases (Maltby et al., 2012a). Histone
acetylation, thus, indirectly regulates both chromatin structure and transcription by

interacting with a wide range of chromatin proteins.

Histone acetylation has long been implicated in regulation of gene expression, and this
was first recognized by Vincent Allfrey in 1964 (Allfrey et al., 1964). Histone acetylation
has since been subject to decades of intensive research, and one of the central questions
has been that of specificity, namely, how is histone acetylation targeted to transcribed
regions of chromatin? Answering this question has been a central focus of histone

acetylation research for over 50 years.

1.6 TARGETING OF HISTONE ACETYLATION TO TRANSCRIBED
CHROMATIN - AN HISTORICAL PERSPECTIVE

At the time of Vincent Allfrey’s work, the histone proteins had been shown to repress

transcription in vitro (Allfrey et al., 1963; Hindley, 1963; Huang and J. Bonner, 1962;

Stedman, 1950), which while lacking a mechanism for specificity was still an exciting

new development for proteins that had previously been viewed as little more than
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structural components of chromatin (reviewed in supplemental discussion: (Campos and
Reinberg, 2009) and (Georgiev, 1969)). Then in 1963, a paper was published by David
Phillips (Phillips, 1963), which while not focusing on gene regulation itself, would set the
stage for Vincent Allfrey’s subsequent work. In this study, Phillips described the
presence of acetyl groups in histone proteins, but whether these occurred at the time of
synthesis or post-translationally was unknown. The following year Vincent Allfrey,
Robert Faulkner, and Alfred Mirsky demonstrated post-translational addition of acetyl
and methyl groups to histone proteins, and also tested the effect of histone acetylation on
an in vitro transcription assay (Allfrey et al., 1964). They found that acetylating histones
alleviated their suppression of in vitro transcription without affecting their affinity for
DNA. Based on these results they proposed that histone acetylation could act as a switch
for transcriptional activity, quickly relieving histone-mediated repression and permitting

gene activation.

Following Vincent Allfrey’s proposed link between histone acetylation and gene
expression, researchers began to study temporal and spatial correlations between the two
in vivo. Early experiments involved monitoring changes in global RNA synthesis and
histone acetylation through cellular processes such as lymphocyte activation (Pogo et al.,
1966) or liver regeneration (Pogo et al., 1968), and these experiments demonstrated the
temporal correlation between histone acetylation and transcription. While there were
some exceptions to this trend (Gallwitz and Sekeris, 1969), the tight relationship between
histone acetylation and transcription was observed across a wide range of systems,

pointing to a general phenomenon (Allfrey et al., 1968; Davie et al., 1981; Jiakuntorn and
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Mathias, 1981; Pogo et al., 1968; 1966; Ruiz-Carrillo et al., 1974; Supakar and Kanungo,
1981; Wangh et al., 1972). Then as techniques to fractionate nuclear material developed,
histone acetylation was found to occur primarily in chromatin fractions undergoing active
transcription (Davie and Candido, 1980; 1978; Gorovsky et al., 1973; Levy-Wilson et al.,
1979; Nelson et al., 1980; Vavra et al., 1982). These early studies demonstrated tight, if
not absolute, temporal and spatial correlations between histone acetylation and

transcribed chromatin.

Now after these early successes demonstrating the correlation between histone
acetylation and transcription in vivo, the big question concerned specificity, specifically,
how is histone acetylation targeted to transcribed regions? The issue, articulated by Pavel
Georgiev in 1969 (Georgiev, 1969), was to determine how histone acetylation and even
chromatin more generally functioned in activation and repression of specific genes.
Without a mechanism for targeting it was difficult for the field to progress, and this

became a major unanswered question in the field.

Central to the targeting of histone acetylation is the nature of the correlation between
histone acetylation and transcription. Namely does one of these lead to the occurrence of
the other? To uncover causality between the two, researchers inhibited transcription and
looked for loss of histone acetylation, with mixed results (Jiakuntorn and Mathias, 1981;
Krause and Stein, 1976; Moore et al., 1979). These were early days in the field, and a
number of factors confounded a facile interpretation of the experiments. For instance,

many of the experiments used actinomycin D at concentrations that would primarily
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inhibit rDNA synthesis (Bensaude, 2014; Krause and Stein, 1976; Moore et al., 1979),
which while reducing the radiolabeled RNA fraction would have minimal effects on the
bulk of RNAPII transcribed chromatin. In contrast, one study treating rat liver slices with
concentrations of actinomycin D necessary to inhibit RNAPII (Bensaude, 2014) observed
a rapid decrease in labeling of histone acetylation (Jiakuntorn and Mathias, 1981). These
early studies were also hampered by imprecise techniques, assessing RNA and histone
labeling in bulk, and the use of a variety of cell types and species deterred direct
comparison of findings. With these mixed results the question of causality was left

unresolved and was largely put aside.

To address the question of how histone acetylation is targeted, researchers needed to
study the enzymes, but HATs are not highly abundant proteins and purifying them to
homogeneity would not be achieved for decades. Instead scientists were limited to
observing enzymatic acetylation of histone in cellular extracts (Bondy et al., 1970;
Gallwitz, 1968; Nohara et al., 1966) and in partially purified preparations (Cano and
Pestafia, 1979; Wiegand and Brutlag, 1981). These experiments permitted basic
enzymatic characterizations, but revealed little of their mechanisms for targeting.
Researchers also characterized the deacetylases (Inoue and Fujimoto, 1969; Libby, 1970)
(Inoue and Fujimoto, 1970) (Cousens et al., 1979; Inoue and Fujimoto, 1972), enzymes
that actively remove histone acetylation. Similar to the HATs, purifying deacetylases to
homogeneity eluded scientists at the time. Without purification and cloning of the genes

for the enzymes regulating histone acetylation, major discoveries were limited, but some
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notable steps forward in understanding targeting of histone acetylation were still

achieved.

As steady-state levels of histone acetylation are the product of competing acetylating and
deacetylating enzymes, either one of these activities could drive the correlations between
histone acetylation and transcription. To differentiate between these possibilities
researchers utilized a newly discovered deacetylase inhibitor called butyrate (Boffa et al.,
1978; Riggs et al., 1977). In butyrate-treated cells acetylation primarily increased on a
subset of histones, and these were the histones in the fractions containing template-active
chromatin (Nelson et al., 1980). These results were important as they demonstrated that
the correlation between histone acetylation and transcription was due to the targeting of

HAT activity.

The slow progress in acetyltransferase research rapidly changed in 1996, when James
Brownell and David Allis finally purified a HAT to homogeneity from Tetrahymena
(Brownell et al., 1996). The HAT turned out to be the homologue of a previously
identified yeast co-activator protein, GenS (Georgakopoulos and Thireos, 1992), thus
providing a mechanistic link between histone acetylation and transcription. These
experiments suggested that HATs were co-activator proteins recruited during
transcription initiation, and the acetyltransferase activity of GenS was soon shown to play
this role in vivo (M. H. Kuo et al., 1998). Three other known co-activators (p300, CBP,
and Tip60) (Arany et al., 1994; Chrivia et al., 1993; Eckner et al., 1994; Kamine et al.,

1996) were subsequently found to be HATs (Bannister and Kouzarides, 1996; A. Kimura
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and Horikoshi, 1998; Ogryzko et al., 1996; Yamamoto and Horikoshi, 1997), establishing
activator-recruitment as a general model for HAT targeting. These results provided an
answer to the decades-old question regarding HAT targeting, showing that HATs were

recruited during transcription initiation by sequence-specific activators.

In the same year that GenS was identified as a HAT, the first deacetylase was also
purified (Taunton et al., 1996). This previously identified transcriptional regulator, Rpd3
(Vidal and Gaber, 1991) was soon shown to be recruited by sequence-specific factors for
gene repression (Kadosh and Struhl, 1997; W. M. Yang et al., 1996), with repression
depending on its deacetylase activity (Kadosh and Struhl, 1998). These results
established targeted recruitment of HATs and HDACs by sequence-specific activators
and repressors as key mechanisms for gene regulation. This mechanistic handle for
understanding the role of histone acetylation in transcriptional regulation electrified the
field and coincided with a rapid increase in research into histone acetylation and the field

of chromatin as a whole (Figure 1.2).
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Figure 1.2: Papers published per year on histone acetylation, chromatin, and gene

expression. The number of Pubmed search hits by year for histone acetylation (A),



chromatin (B) and gene expression (C). The dashed line indicates 1996, the year that
GcenS and Rpd3 were identified as a histone acetyltransferase and deacetylase

respectively.

As the HATs were identified, one peculiarity of their activity invited further study. Most
acetyltransferases, while able to acetylate free histones, had little activity on nucleosome
substrates (Grant et al., 1997). The hypothesis was that the enzymes required additional
proteins to efficiently acetylate nucleosomes, and, in 1997 the first HAT complexes were
purified from yeast. Aided by a fortuitous discovery that almost all of yeast nucleosomal
HAT activity bound to nickel agarose columns, the yeast HAT complexes were quickly
characterized (Grant et al., 1997). Four HATs were observed eluting from the nickel
agarose columns, leading to initial purification of the GenS-containing SAGA and ADA
complexes (Grant et al., 1997). SAGA is a massive 1.8 megadalton complex, containing
the Tral protein (Grant et al., 1998; Saleh et al., 1998), a number of the TAFs, Spt
proteins, and submodules containing activity for histone deubiquitylation and histone
acetylation (Daniel et al., 2004; Grant et al., 1997; K. K. Lee et al., 2011). ADA consists
of the HAT submodule from SAGA with an additional two unique subunits, Ahcl and
Ahc2 (Eberharter et al., 1999; Grant et al., 1997; K. K. Lee et al., 2011). The nickel
agarose approach (Eberharter et al., 1998; Grant et al., 1997) also enabled purification of
the Esal-containing NuA4 HAT complex (Allard et al., 1999), specific for H4 and H2A
acetylation. NuA4 is another large complex and shares Tral with SAGA. These
discoveries paved the way for further elucidation of mechanisms targeting histone

acetylation.
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Tral turned out to be a key factor for recruitment by activators, making direct contact
with the activation domains of multiple sequence-specific activators (C. E. Brown et al.,
2001; Utley et al., 1998; Wallberg et al., 1999). Homologous HAT complexes in
mammalian cells employ a similar mode of recruitment with the Tral-related proteins
PAF400 in PCAF and TRRAP in STAGA, TFTC, and Tip60 mediating HAT recruitment
during transcription initiation (Ikura et al., 2000; McMahon et al., 1998; 2000; Vassilev
et al., 1998). These studies, along with similar findings for the CBP and p300 HATs (Dai
et al., 1996; Oelgeschléger et al., 1996; Sartorelli et al., 1997; W. Yuan et al., 1996),
provided a mechanistic basis for understanding activator targeting of HATs to promoter
regions, creating the paradigm of HAT recruitment by activators during transcription
initiation. This model of HAT targeting also appeared to provide an answer to the
question of causality in the long observed correlation between histone acetylation and
transcription, suggesting that histone acetylation occurred prior to and as a cause of
transcription. However, as noted by Michael Hampsey at the time (Hampsey, 1998),
while being suggestive of an answer, these experiments did not directly test the question

of causality.

Indeed, a number of HAT complexes were also discovered that did not appear to be
promoter targeted. In yeast these included the GenS-containing ADA and HAT-A2
complexes, the Sas3-containing NuA3 complex (John et al., 2000), and the Esal-
containing piccolo NuA4 complex (Boudreault et al., 2003). These HATs were deemed

“untargeted” due to their lack of sequence-specific targeting (Vogelauer et al., 2000).
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However genome-wide acetylation patterns, once determined, revealed that histone
acetylation is highly correlated with transcription, suggesting that most histone
acetylation is targeted in one form or another (C. L. Liu et al., 2005; Pokholok et al.,
2005; Z. Wang et al., 2008). In fact, it was soon discovered that multiple mechanisms
recruit both “untargeted” and “targeted” HAT complexes to chromatin as a consequence
of transcription. Importantly these new mechanisms occurred coincident with or
following RNAPII transcription, suggesting that histone acetylation could also occur as a

consequence of the transcription process.

One such mechanism for histone acetylation occurring downstream of transcription is
mediated through methylation of histone proteins. In the early 2000s, methylation of
histone H3 at lysines 4 and 36 was discovered to occur co-transcriptionally. First, the
Setl methyltransferase was discovered to methylate H3K4 (Briggs et al., 2001; Krogan et
al., 2002; P. L. Nagy et al., 2002; Roguev et al., 2001) and to be targeted to 5’ gene
regions through RNAPII (Krogan et al., 2003a; J.-S. Lee et al., 2007; Ng et al., 2003;
Wood et al., 2003). Then H3K36 methylation was found to be catalyzed by Set2 (Strahl
et al., 2002), which was targeted to elongating RNAPII via an interaction with serine 2
phosphorylation of the RNAPII CTD (Krogan et al., 2003c; B. Li et al., 2003; J. Li et al.,
2002; Schaft et al., 2003; Xiao et al., 2003). Shortly thereafter numerous HATs were
discovered to bind these cotranscriptional histone methylation marks. For H3K4me3, the
yeast NuA3 HAT complex binds via the PHD finger of its Yngl subunit (D. G. E. Martin
et al., 20006; X. Shi et al., 2006; 2007; Taverna et al., 2006). The yeast Esal-containing

HAT complexes bind H3K4 methylation through the PHD finger of Yng2 (X. Shi et al.,

25



2007; 2006; Steunou et al., 2016). Mammalian and yeast GenS-containing HAT
complexes bind H3K4me3 through the tudor domain of Sgf29 (Bian et al., 2011,
Vermeulen et al., 2010). Mammalian HATs MOZ, MORF, and HBO1 bind H3K4
methylation through their ING protein subunits (Doyon et al., 2006; Hung et al., 2009;
Lalonde et al., 2013; Saksouk et al., 2009; X. Shi et al., 2006). Mammalian TIP60 is
reported to bind H4K3me3 through its chromodomain (C.-H. Kim et al., 2015). HAT
binding via H3K36 methylation is not as well established, but binding of several HATs
has been described. The NuA4 subunit Eaf3 binds to H3K36me2/3 through its
chromodomain (B. Sun et al., 2008; Xu et al., 2008), recruiting NuA4 to mid and 3’ gene
regions (Ginsburg et al., 2014; Rossetto et al., 2014; Sathianathan et al., 2016). Also the
NuA3 HAT can bind to H3K36me3 through the PWWP domain of Pdp3 (Gilbert et al.,
2014), and the MOZ/MORF subunit BRPF1 subunit binds H3K36me3 through its
PWWP domain (Vezzoli et al., 2010). These interactions of HATs with H3K4 and
H3K36 methylation provide a mechanism to target histone acetylation to transcribed

chromatin.

Another mechanism for targeting HATs is mediated through RNAPII itself. First an
acetyltransferase complex, called Elongator, was found to directly interact with RNAPII
in yeast (Otero et al., 1999; Wittschieben et al., 1999). However Elongator was
subsequently shown to be primarily located in the cytoplasm (Huh et al., 2003; Pokholok
et al., 2002; Rahl et al., 2005) functioning in tRNA modification (Bo Huang et al., 2005).
The initial findings implicating Elongator in histone acetylation (Winkler et al., 2002;

Wittschieben et al., 2000) were shown to be indirect effects of a translation defect (Bo
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Huang et al., 2005), and Elongator is no longer thought to acetylate histones in vivo.
Despite this early setback several other bonafide HATs were found to interact with
RNAPII. Both NuA4 and SAGA in yeast and PCAF and Tip60 in mammals interact with
phosphorylated RNAPII during elongation (Ginsburg et al., 2009; Govind et al., 2007,
Obrdlik et al., 2008; Z. Wang et al., 2009). More recently, the RNAPII-interacting
elongation factor BRD4 (Kanno et al., 2014) was discovered to be a histone
acetyltransferase (Devaiah et al., 2016). Thus, numerous HATs interact directly with

RNAPII thereby targeting histone acetylation to transcribed chromatin.

Histones are exchanged from nucleosomes outside of replication in an RNAPII-
dependent manner (Jackson, 1990). The incorporated histones are at least in part
composed of newly synthesized histones H2A, H2B, H3, and H4 (Jackson, 1990),
promoting incorporation of histones with marks representative of newly synthesized
histones. Newly synthesized histones are acetylated (Allis et al., 1985; Jackson et al.,
1976; Ruiz-Carrillo et al., 1975) in the cytoplasm by the Hatl acetyltransferase (Kleff et
al., 1995; Parthun et al., 1996) at lysines 5 and 12 of histone H4 (Chicoine et al., 1986;
Sobel et al., 1995). Histone H4 is also reported to be acetylated at lysine 91 during
histone deposition (Ye et al., 2005). In yeast, histone H3 is also acetylated by Rtt109 at
lysine 56 as part of the Asfl histone deposition pathway (Driscoll et al., 2007; J. Han et
al., 2007; Masumoto et al., 2005; J. Schneider et al., 2006; Tsubota et al., 2007). Mutants
increasing histone exchange cause an Asf1/Rtt109-dependent increase in histone
acetylation (Venkatesh et al., 2012), demonstrating how this pathway can target histone

acetylation to transcribed chromatin.
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Recently RNA transcripts have also been implicated in regulating histone acetylation.
RNA can mediate recruitment of CBP and TIP60 to chromatin (Poshen B Chen et al.,
2015; Pnueli et al., 2015; Postepska-Igielska et al., 2015), with TIP60 binding directed
towards RNA-DNA hybrids involving the nascent transcript. Furthermore CBP activity is
stimulated by enhancer RNAs both in vitro and in vivo (Bose et al., 2017). In yeast, Esal
contains a tudor/chromo barrel domain that is reported to bind RNA (Shimojo et al.,
2008) and DNA (Jichuan Huang and S. Tan, 2013) in vitro, but its in vivo binding target
is still unclear. Thus RNA interaction with HATs presents an emerging mechanism of

regulation.

Despite the elucidation of numerous pathways that target histone acetylation to
transcribed chromatin, the causal nature of histone acetylation and transcription remains
unclear. While activator targeting suggests histone acetylation is instructive for
transcription, numerous pathways targeting histone acetylation to or following RNAPII
support its occurrence as a consequence of transcription. However the conclusive

experiments to directly test causality remain to be performed.

This issue of causality underlying correlations with histone modifications is not unique to
histone acetylation (Henikoff and Shilatifard, 2011), and a few recent studies suggest that
it is a question worth revisiting. Experiments on SV40 chromosomes found p300
associated with RNAPII-bound acetylated chromatin (Balakrishnan and Milavetz,

2007a). Importantly this association was lost upon treatment with the transcription
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inhibitor alpha-amanitin (Balakrishnan and Milavetz, 2007b), consistent with, at least in
this system, histone acetylation occurring in an RNAPII-dependent manner. Another
study in mouse embryonic stem cells (mESCs) revealed that Tip60 recruitment to gene
bodies genome-wide is lost upon transcription inhibition (Poshen B Chen et al., 2015).
While this study did not assess the effect of transcription inhibition on histone acetylation
itself, the genome-wide RNAPII dependence of Tip60 recruitment suggests that the bulk
of Tip60-mediated histone acetylation may also be RNAPII-dependent. However, while
these studies are suggestive, whether histone acetylation by Tip60 or by other HATS is

primarily occurring in an RNAPII-dependent manner remains to be determined.

1.7 CHAPTER SUMMARIES
The overarching focus of this thesis is the question of specificity in histone acetylation,
and, in particular, how is histone acetylation targeted to regions of chromatin undergoing

active transcription?

In chapter 2 of this thesis, I examined how the acetyltransferase NuA3 is recruited to
chromatin loci in S. cerevisiae. Previous work from our lab and others has described
binding of NuA3 subunits Yngl and Pdp3 to methylated H3K4 and H3K36 through a
PHD finger and a PWWP domain respectively. While the binding of these domains to
methylated peptides has been well characterized in vitro, the relative in vivo contributions
of these histone PTMs in targeting NuA3 was unknown. I interrogated the individual and

combined roles of these domains in targeting NuA3 to methylated chromatin. First, I
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measured NuA3 binding to nucleosomes genome-wide, finding that NuA3 binds to H3K4
mono-, di-, and tri- methylation (H3K4me1/2/3) and H3K36me3 modified nucleosomes.
Then through mutational interrogation, I found that the PHD finger of Yngl and the
PWWP domain of Pdp3 independently target NuA3 to H3K4 and H3K36 methylated
chromatin respectively. Collectively these results suggest that these modifications can
work independently to recruit NuA3 to chromatin. Finally, I found that NuA3 binding to
nucleosomes was not sufficient for histone acetylation, and this was not due to HDAC
activity, indicating that targeting of NuA3 to chromatin is not the only mechanism

regulating NuA3 acetyltransferase activity.

Next, as presented in chapter 3, I turned to the regulation of histone acetylation itself,
specifically addressing the question of causality in the correlation between histone
acetylation and transcription. I found that in S. cerevisiae as well as mammalian cells,
histone acetylation is tightly linked with RNAPII occupancy. I went on to show that
genetically and chemically altering RNAPII occupancy results in corresponding changes
in histone acetylation. These results reveal that the majority of histone acetylation is
targeted to histones through RNAPII as a consequence of transcription. Similar to my
results in chapter 2, I found that a simple model of HAT targeting couldn’t explain
targeting of histone acetylation by RNAPII. First, Gen5 and Epll HAT binding is a poor
predictor of genome-wide histone acetylation, and this cannot be explained by HDAC
activity. Second, I found that recruitment of NuA4 to upstream activation sequences does

not result in increased histone acetylation in the absence of transcription. These findings
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suggest that regulation of HAT activity post-recruitment is a crucial step in histone

acetylation and that this regulation is RNAPII-dependent.
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CHAPTER 2 — HISTONE H3K4 AND H3K36 METHYLATION
INDEPENDENTLY RECRUIT THE NUA3 HISTONE ACETYLTRANSFERASE

IN SACCHAROMYCES CEREVISIAE

The results presented in this chapter have been published: Martin, B. J. E., McBurney, K.
L., Maltby, V. E., Jensen, K. N., Brind'Amour, J., & Howe, L. J. (2017). Histone H3K4
and H3K36 Methylation Independently Recruit the NuA3 Histone Acetyltransferase

in Saccharomyces cerevisiae. Genetics, 205(3), 1113—-1123.

2.1 INTRODUCTION

Eukaryotic DNA is packaged into a nucleoprotein structure known as chromatin, which
consists of DNA, histones, and non-histone proteins. Histones are extensively post-
translationally modified, with specific modifications reflecting activities occurring on the
underlying DNA. For example, genes transcribed by RNA polymerase II (RNAPII) have
acetylated, crotonylated, and H3K4 tri-methylated histones (H3K4me3) at their 5* ends
and H3K36 tri-methylated histones (H3K36me3) over the gene body (C. L. Liu et al.,
2005; Pokholok et al., 2005; Sabari et al., 2015). While histone acetylation and
methylation have long been studied, lysine crotonylation is a recently discovered histone
PTM (M. Tan et al., 2011). This acyl-histone modification is regulated by intracellular
crotonyl-CoA levels and occurs at similar genomic regions to histone acetylation (Sabari
et al., 2015). The various histone modifications are often thought to promote the

biological processes to which they are associated.
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Although some histone post-translational modifications (PTMs) can directly alter
chromatin structure, most function as recognition sites for histone PTM binding domains
(Yun et al., 2011). Histone PTM binding domains are found in complexes that facilitate
transcription or alter chromatin structure, such as basal transcription factors, chromatin-
remodeling complexes and even enzymes that post-translationally modify histones. The
majority of chromatin-modifying complexes have multiple histone PTM binding
domains, the purpose of which has been the subject of much speculation. The generally
weak affinity of these domains for their requisite histone PTMs has led to the hypothesis
that multiple histone-binding interactions are required to stabilize the recruitment of
complexes to chromatin (Yun et al., 2011). Indeed, it is suggested that multiple histone-
binding domains function synergistically to translate “a code” of histone PTMs into a
single biological outcome (Strahl and Allis, 2000). Alternatively, multiple histone
binding domains could act independently to target a chromatin-binding complex to a

range of genomic loci.

One complex containing multiple histone PTM binding domains is the NuA3 histone
acetyltransferase (HAT) complex in S. cerevisiae, which acetylates H3K 14 and H3K23
(Howe et al., 2001). NuA3 contains six subunits: the catalytic subunit Sas3, Ntol, Eaf6
and three histone PTM-binding proteins: Yngl, Pdp3, and Taf14 (Howe et al., 2002; John
et al., 2000; Taverna et al., 2006). Yngl contains a PHD finger which binds to H3K4
mono-, di- and trimethylation, with binding affinity increasing with the number of methyl
groups (D. G. E. Martin et al., 2006; X. Shi et al., 2007; Taverna et al., 2006). Pdp3

contains a PWWP domain, which recognizes H3K36me3 (Gilbert et al., 2014). Taf14,
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through its YEATS domain, binds to acetylated (H3K9ac) and crotonylated (H3K9cr)
histone H3K9 (Andrews et al., 2016; Shanle et al., 2015). While the in vitro binding of
these proteins to histone PTMs has been well characterized (Table 2.3), the relative

contributions these histone PTMs make to NuA3 targeting in vivo remains unknown.

In mammalian cells, two HAT complexes appear analogous to NuA3: the MOZ/MORF
complex and the HBO1-BRPF1 complex. Both complexes contain BRPF1
(bromodomain PHD finger protein 1) or one of its paralogs, BRPF2 or 3 (Doyon et al.,
2006; Lalonde et al., 2013). BRPF1/2/3 share sequence similarity with yNto1, but
additionally contain carboxy-terminal, H3K36me3-specific PWWP domains (Vezzoli et
al., 2010), and thus may serve the role of both yNtol and yPdp3 in mammalian
complexes. The MOZ/MORF complex also has an H3K4me?2/3-specific PHD finger in its
subunit, ING5 (inhibitor of growth 5), while the HBO1-BRPF1 uses ING4 or INGS5 to
bind to H3K4me2/3 (Doyon et al., 2006; Lalonde et al., 2013). Finally, although the
MOZ/MORF and HBO1-BRPF1 complexes lack a Taf14 equivalent, a bromodomain
within BRPF1/2/3 and a double PHD finger in MOZ/MOREF show specificity for
acetylated histones (Ali et al., 2012; Laue et al., 2008; L. Liu et al., 2012; Y. Qiu et al.,
2012). Thus, the histone PTM binding domains in NuA3 are conserved in analogous
complexes in other organisms, although the relative contribution that these domains make

in targeting NuA3 has yet to be determined.

In this study we show that NuA3 is primarily targeted to mid-gene regions via

interactions with H3K36me3 and H3K4me1/2/3, while H3K9ac and H3K9cr are unlikely
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to play a role in recruitment. Simultaneous disruption of H3K4 and H3K36 methylation
abolishes NuA3 recruitment to actively transcribed genes. In contrast, disruption of
H3K4 or H3K36 methylation singularly results in partial loss of NuA3 recruitment,
suggesting that these PTMs recruit NuA3 independently and arguing against a synergistic
effect. Finally, we show that NuA3 occupancy does not dictate histone acetylation
indicating that controlled targeting is not the only mechanism for regulation of NuA3

function.

2.2 MATERIALS AND METHODS

2.2.1 Yeast strains and plasmids

All strains used in this study were isogenic to S288C, and are listed in Table 2.1. All
strains are available upon request. Yeast culture and genetic manipulations were
performed using standard protocols. Genomic deletions were verified by PCR analysis
and whole cell extracts were generated as previously described (Kushnirov, 2000). The
previously described kanMX-GALIpr-flo8-HIS3 strains (Cheung et al., 2008) were

generous gifts of Fred Winston.
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Table 2.1: Yeast strains used in this study

Mating

Strain Parent Source
type Genotype
YLHI101 | FY602 Mata | his3D200 leu2D]1 lys2-128d ura3-
52 trplD63
YVMI13 | YLH101 Mata | his3D200 leu2D]1 lys2-128d ura3-
8 52 trplD63 SAS3-6HA::TRP
YVMI14 | YLROOS Mata | his3D200 leu2D]1 lys2-128d ura3-
2 X 52 trplD63 SAS3-6HA::HIS
YLH354 setlD::KANMXG6 set2D::TRP
YVMI14 | YVM144 | Mata | his3D200 leu2D1 lys2-128d ura3-
7 52 trplD63 SAS3-6HA::TRP
yngIDPHD::KANMX6
YVMIS5 | YVM146 | Mata | his3D200 leu2D1 lys2-128d ura3-
7 52 trplD63 SAS3-6HA::TRP
setlD::HISMX6
YVMIS5 | YVMI146 | Mata | his3D200 leu2D1 lys2-128d ura3-
8 52 trplD63 SAS3-6HA::TRP
set2D.:HISMX6
YVM20 | YVM146 | Mata | his3D200 leu2D1 lys2-128d ura3-
7 52 trplD63 SAS3-6HA::TRP
vir455w.::HIS
YLH696 | YVM147 | Mata | his3D200 leu2D1 lys2-128d ura3-
52 trplD63 SAS3-6HA::TRP
yngIDPHD::KANMX6
vir455w.::HISMX6
YLH787 | YLH101 Mata | his3D200 leu2D]1 lys2-128d ura3-
52 trplD63 barl::KAN
FY2173 MATa | his3D200 leu2D1 lys2-128D (Cheung et
trpl1D63 ura3-52 kanMX-GALIpr- | al., 2008)
FLOS-HIS3
L1106 Mata | his3D200 ura3D0 kanMX-GALIpr- | (Cheung et
FLOS-HIS3 rcolDO: :kanMX al., 2008)
YLH510 | L1106 Mata | his3D200 ura3D0 kanMX-GALIpr-

FLOS-HIS3 rcolDO::kanMX
sas3::URA3
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2.2.2 Drug treatments

For H3K23ac ChIP-seq, bariA cells were arrested in G1 by 2.5 hour treatment with 5 uM
a-factor. Culture synchrony in G1 was confirmed by the appearance of “shmooing” cells,
as seen under the microscope. TSA was added for 15 minutes at 25 pM, from 5 mM

DMSO stock.

2.2.3 Chromatin immunoprecipitation with sequencing (ChIP-seq)

The ChIP-seq protocol was based on that outlined in (Maltby et al., 2012a). Cell pellets
were resuspended in lysis buffer (SOmM HEPES pH 7.5, 140mM NaCl, ImM EDTA, 2%
Triton X-100, 0.2% Na-deoxycholate, 1X Roche protease inhibitor cocktail, ImM PMSF)
and lysed by bead beating. Cell lysates were spun down at 15,000g for 30 minutes. The
chromatin pellets were re-suspended in NP-S buffer (0.5 mM spermidine, | mM B-ME,
0.075% NP-40, 50 mM NacCl, 10 mM Tris pH 7.4, 5 mM MgCl2, 1 mM CacCl,) and
digested with micrococcal nuclease at 37°C for 10 minutes to obtain predominantly
mono-nucleosomal DNA. Reactions were stopped with the addition of EDTA to 10 mM
and digested lysates were clarified by centrifugation at 9000g for 10 minutes. To extract
insoluble chromatin, pellets were re-suspended in 300 pl of lysis buffer with 0.2% SDS
and sonicated in a Diagenode Bioruptor at high output for four cycles of 30 seconds.
Extracts were then re-clarified by centrifugation at 9000g for 10 minutes, and the
supernatant pooled with the pre-existing extract. The buffer composition of the lysate was
adjusted to that of the original lysate, and 10% was set aside as input. The supernatant
was pre-cleared by incubation with magnetic protein-G Dynabeads (Life Technologies)

for 1 hour at 4°C. Pre-cleared lysates were incubated with aHA (Roche, cat no.
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12013819001), aH3K4me3 (Abcam, cat no. ab1012), aH3K23ac (Active Motif, cat no.
39131), or algG (Millipore, cat no. PP64) antibodies at 4°C overnight. Immune
complexes were precipitated by incubation with magnetic protein-G Dynabeads for one
hour at 4°C. Beads were washed twice with lysis buffer, high salt wash buffer (50mM
HEPES pH 7.5, 640mM NaCl, ImM EDTA, 2% Triton X-100, 0.2% Na-deoxycholate),
LiCl wash buffer (10mM Tris-HCL pH 8.0, 250mM LiCl, 0.6% NP-40, 0.5% Na-
deoxycholate, ImM EDTA), and once with TE. The immunoprecipitated DNA was
subjected to [llumina HiSeq paired-end sequencing. Reads were aligned to the S.
cerevisiae genome (Saccer3 genome assembly) using BWA (H. Li and Durbin, 2010).
Average gene profiles were generated using the sitepro tool in the CEAS genome
package (Shin et al., 2009) and plotted using R. The H3K23ac signal represents the
average of two independent replicates. For average plots showing the IP divided by input,
a coverage value of one was added to both the IP and the input to avoid division by zero.
Values past the polyadenylation site (D. Park et al., 2014) were excluded from the
average calculation, and the fraction of genes included in the average calculation at any

given distance from the TSS shown.

2.2.4 Data availability
The ChIP-seq data generated for this study have been deposited in the Gene Expression

Omnibus (GEO) database, GEO accession: GSE93059.
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2.2.5 Published datasets

The datasets for the co-occurring nucleosomes and for H3K4me3 in the H3K36R mutant
(Sadeh et al., 2016) were downloaded from the SRA study SRP078243. Histone
methylation and acetylation datasets from (Weiner et al., 2015) were downloaded from
SRA study SRP048526. H3K9ac datasets from (Bonnet et al., 2014) were downloaded
from SRA study SRP033513. The H3K4me3 dataset from (Maltby et al., 2012a) was
from our previous study. The fastq files were mapped to saccer3 using BWA (H. Li and
Durbin, 2010). The methylation data from (Schulze et al., 2011) was downloaded from
Saccharomyces Genome Database (Cherry et al,, 2012) as mapped MAT scores. The
Yngl data from (Taverna et al., 2006) was kindly provided by the authors as mapped
intensity scores for IPs and inputs. The NET-seq data from (Churchman and Weissman,
2011) was downloaded from SRA study SRP004431 and mapped to saccer3 using bowtie
(Langmead et al., 2009). The processed data for GenS from (Xue-Franzén et al., 2013)
was downloaded from the GEO depository, series GSE36600. For average gene profiles,
the +1 nucleosome was called using BEDTools (Quinlan and Hall, 2010) as the closest
consensus nucleosome position (Brogaard et al., 2012) to the TSS (Brogaard et al., 2012).
Cell cycle regulated genes (Eser et al., 2014) were excluded from analysis comparing G1-

arrested and asynchronous datasets.

2.2.6 Nucleosome enrichments
For each dataset the average coverage over genome wide nucleosome positions (Weiner

et al., 2015) was calculated. When available the [Ps were normalized to input files.
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Spearman correlation matrix was calculated in R, considering all pairwise complete

observations.

2.2.7 Gene peak enrichment

For each gene, 100 bp windows were constructed in 5 bp steps, from the upstream edge
of +1 NCP to the polyadenylation site to a maximum of 3000 bp. The average signal (IP
coverage for data from (Sadeh et al., 2016) and IP/input for all others) was calculated for

each bin, and centre of the most enriched bin was defined as the peak enrichment.

2.2.8 Boxplots

Methylation enrichment defined as having an IP/input of greater than 1.5 and depletion
corresponded to an IP/input of less than 0.75. Boxplots extend from the 1% to 3
quartiles, with whiskers extending to 1.5 times the interquartile range or to the extreme of
the data. Notches extend +/- 1/58 IQR /sqrt(n) and give an approximation of the 95%

confidence interval for the difference in 2 medians.

2.2.9 Chromatin immunoprecipitation with quantitative PCR (ChIP-qPCR) of Sas3
Cells were grown in 50 ml YPD to an OD600 of 0.8 and cross-linked with 1%
formaldehyde for 30 minutes at room temperature. The reaction was stopped by the
addition of 125 mM glycine and incubated at room temperature for a further 15 minutes.
Pellets were washed twice with cold PBS, resuspended in 600 pl of lysis buffer (50 mM

HEPES pH 7.5, 140 mM NaCl, 0.5 mM EDTA, 1% Triton X-100, 0.1% sodium
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deoxycholate), and lysed mechanically by vortexing with glass beads for 25 minutes at
4°C. The lysates were spun down by centrifugation at 15,000g for 30 minutes, the
supernatant was discarded and the pellet was washed and resuspended in 500 pL lysis
buffer. The resuspended pellets were sonicated at high output for 30 seconds on, with 30
seconds break, for 30 cycles to obtain an average fragment length of 250 bp. A further
200 pl of lysis buffer was added to each sample, and the lysates were clarified by
centrifugation at 9,000g for 10 minutes. Ten percent of the lysate was reserved for input.
Lysates were incubated with 1 pg anti-HA antibody (Roche, cat no. 12CAS5) at 4°C
overnight, followed by precipitation of immune complexes with 25 pl protein G
Dynabeads at 4°C for 1 hour. Beads were washed twice with lysis buffer, high salt wash
buffer (50mM HEPES pH 7.5, 640mM NaCl, ImM EDTA, 2% Triton X-100, 0.2% Na-
deoxycholate), LiCl wash buffer (10mM Tris-HCL pH 8.0, 250mM LiCl, 0.6% NP-40,
0.5% Na-deoxycholate, ImM EDTA), and once with TE. The DNA was eluted and
processed as described previously (Maltby et al., 2012a) and qPCR was performed in

technical triplicate using the primers listed in Table 2.2.
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Table 2.2: ChIP-qPCR primers used in this study

qPCR primer | Sequence (5'to 3')

NUP145

s+3214 GTATCTTCTGCTGCCTTGTCATC
NUP145

a+3335 CGAAGGAAACTAGCGATGAGG
NUP145

atl611 CATTGGTTTGGTGGCTTCGTC
NUP145

s+1488 CAACATGATGTGGATCTCACAGC
NUP145

a+281 GTAGCGCCAAATAAGCCACC
NUP145

s+148 CTTCAACACCTAGCCCATCTGG

SECI15 a+2230

GACCCATGAATTGTCTCGTCAAGG

SECI15 s+2082

GTAAGGCAAGACCCGGATATCTC

SECI15 a+1312

GTGACAACCTGTCCATGAGTC

SECI15 s+1092

GGTACAGGTACTACTCCTGGATC

SECI15 a+370

GCACCATACCTTGGATGTTTGC

SECI15 s+230

GGACCCCGTAATTGATGAATTGG

LOSI a+1395

CAGACTTGGGTCAATTACCACG

LOSI a+2940

GTCGTCATTATCCAAGCAGGTCC

LOSI s+2831

CTATACGCCGCAAGAGATCCAG

LOSI s+1301

GGTCACACAGGATGATTTTGAGG

LOS1 a+230 CCATTTGGATTAGCGTTCACGC
LOS1 s+69 CAAGCCATCGAGCTGCTAAATG
PUT4 a+714 CACGCATAGAAAGATCGTGATCC
PUT4 s+546 CTGGTCACTAGGTACGTTGAC
RPS28A s +

15 CCAGTCACTTTAGCCAAGGTC
RPS28A a

+191 CGAGCTTCACGTTCAGATTCC
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2.3 RESULTS

2.3.1 NuA3 is primarily bound to mid-gene regions of actively transcribed genes

The NuA3 histone acetyltransferase complex contains three histone PTM binding
domains: the Yngl PHD finger, the Pdp3 PWWP domain, and the Taf14 YEATS
domain, which show specificity for H3K4me1/2/3, H3K36me3 and H3K9ac/H3K9cr
respectively (Andrews et al., 2016; Gilbert et al., 2014; Shanle et al., 2015; Taverna et al.,
2006) (Table 2.3). To determine the relative contribution of each histone PTM in
targeting the NuA3 complex, we reasoned that histone PTMs that promote the interaction
of NuA3 with chromatin would co-localize with Sas3. To this end, we mapped NuA3-
bound nucleosomes at high resolution in vivo using an MNase-based ChIP-seq approach,
which has previously been used to map chromatin remodelers (Floer et al., 2010; Koerber
et al., 2009; Ramachandran et al., 2015; Yen et al., 2012). We immunoprecipitated HA-
tagged Sas3, in parallel with an untagged control, from crosslinked MNase-digested
chromatin and performed paired-end sequencing. We could not detect any DNA in the
untagged control mock IP, but nonetheless constructed a library and included the sample
in the pool for sequencing. While sequencing of the Sas3 IP and inputs produced over 8
million DNA fragments, only 84,973 DNA fragments were recovered from the untagged

control IP, confirming the specificity of our Sas3 ChIP-seq experiment.

We mapped the sequenced DNA fragments to the S. cerevisiae genome, aligned genes by
the +1 nucleosome, and calculated the average profile for each sample (Figure 2.1 A).
Relative to the input Sas3 was enriched in the gene body, but not at the +1 nucleosome,

and this enrichment was specific to the Sas3 IP and was not observed for the untagged
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control. We next compared Sas3 occupancy to a previously reported sonication-based
mapping of Yngl (Taverna et al., 2006). Unsurprisingly, Yngl and Sas3 levels correlated
positively genome-wide with a Spearman correlation coefficient of 0.48 (Figure 2.1 B,
C). Additionally both of the Yngl and Sas3 input-normalized distributions peaked in
enrichment 600 bp to 800 bp downstream of the +1 nucleosome (Figure 2.1 D). Thus our
mapping of Sas3 agreed well with the previous mapping of Yngl, but the MNase-based
approach increased the resolution of the assay, and we found that NuA3 was primarily
recruited to ‘mid-gene’ regions containing the +5 to +7 NCPs (Figure 2.1 D). We also
observed that Sas3 was enriched on long genes and modestly enriched on genes
transcribed by RNAPII (Figure 2.2 A-C), consistent with Sas3 recruitment to mid-gene

regions of actively transcribed genes.
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Figure 2.1: Nua3 is primarily bound to mid-gene regions. A. The average sequence
coverage relative to 4701 +1 nucleosomes. B. Genome-wide spearman correlations (500
bp windows, 100bp steps) for input-normalized Sas3 and Yngl (Taverna et al., 2006). C.
Scatter plot of Yngl (Taverna et al., 2006) and Sas3 genome-wide enrichments. D.
Average enrichment for Yngl and Sas3 relative to the +1 nucleosome. Signal represents
the logx(IP/input) and plotted as the relative signal within each sample. Average plots
only include data until the polyadenylation site (PAS), and the grey line represents the

fraction of genes still being plotted.
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Figure 2.2: NuA3 is primarily bound to mid-gene regions of actively transcribed
genes. A. Sas3 enrichment by gene length, with gene length defined as the distance from
the +1 nucleosome to the polyadenylation site (PAS). B. Sas3 enrichment by quartiles of

sense NET-seq (Churchman and Weissman, 2011) signal for genes longer than 1500 bp.
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Only genes longer than 1500 bp were plotted to avoid gene length effects but results are
similar when all genes analyzed (C). Except for gene length plot, all average plots only
include data until the PAS, and the grey line represents the fraction of genes still being

plotted.

2.3.2 NuA3 is associated with H3K4me3, H3K4me2, H3K4mel, and H3K36me3
nucleosomes genome wide

As domains within NuA3 have been reported to bind to H3K4me3, H3K4me?2,
H3K4mel, H3K36me3, H3K9ac, and H3K9cr in vitro (Table 2.3), we hypothesized that
if these modifications recruit NuA3 to nucleosomes in vivo they will correlate positively
with Sas3. To conduct this meta-analysis, we made use of published genome-wide studies
of these histone PTMs to calculate nucleosome-based Spearman correlations with Sas3
and Yngl (Figure 2.3 A). Since crotonylation has not been mapped in S. cerevisiae but
colocalizes with acetylation in mammalian cells (Sabari et al., 2015), we used H3K9ac as
a proxy for H3K9cr. To our surprise, H3K9ac did not correlate with Sas3 or Yngl, which
suggests that despite Taf14 binding in vitro, it does not function in NuA3 recruitment in
vivo. Conversely, H3K36me3, H3K4me3, H3K4me?2 and H3K4mel all correlated
positively with Sas3 and Yngl, supporting their role in NuA3-nucleosome binding in
vivo. Furthermore co-occurring H3K4me3 and H3K36me3 nucleosomes, identified
through sequential IPs (Sadeh et al., 2016), strongly correlated with Sas3 with Spearman
correlation coefficients above 0.5 (Figure 2.3 A). The dual H3K4me3 and H3K36me3

methylated nucleosomes also specifically grouped with Sas3 and Yngl following
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Hierarchical clustering, consistent with NuA3 binding to nucleosomes through the

combined effects of H3K36me3 and H3K4 methylation.
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Table 2.3: Published in vitro dissociation constants for NuA3 and MOZ/MORF histone-

PTM binding domains.
Domain Peptide Kp (UM) Reference
2.3 +/-0. X.Shietal., 2
H3K4me3 9.31 +//- (i .96’ ((Tavirn; et ai., 288)6’)
Yngl PHD H3K4me?2 21.4+/-3.0 (Taverna et al., 2006)
finger H3K4mel 50.7+/-7.6 (Taverna et al., 2006)
H3K4me0 >400 (Taverna et al., 2006)
H3K36me3 69.5 +/- 3.7 (Gilbert et al., 2014)
H3K36me2 414 +/- 23 (Gilbert et al., 2014)
H3K36mel >1000 Gilbert et al., 2014
Pdp3 PWWP H3K36me0 >1000 EGilbert etal, 2014;
H3K79me3 434 +/- 49 (Gilbert et al., 2014)
H4K20me3 > 1000 (Gilbert et al., 2014)
H3K9ac 150.6 +/- 14.5 (Shanle et al., 2015)
Tafl4 YEATS H3KO9,14,18ac 499 +/-2 (Shanle et al., 2015)
H3KO9cr 9.5+/-0.5 (Andrews et al., 2016)
H3K4me3 24+/-1.0 (Champagne et al., 2008)
ING5 PHD H3K4me2 16 +/-1.2 (Champagne et al., 2008)
finger H3K4mel 222 +/-17 (Champagne et al., 2008)
H3K4me0 261 +/- 34 (Champagne et al., 2008)
2700 +/- 200, Vezzoli et al., 2010),
H3K36me3 2900 - 4000 ((H. Wu etal., 201 1))
H3K36me?2 very weak (H. Wu et al., 2011)
BRPF1 PWWP H3K36me0 NB (H. Wu et al., 2011)
H3K4me3 NB (H. Wu et al., 2011)
H3K79me3 very weak (H. Wu et al., 2011)
H3K9me3 NB (H. Wuetal., 2011)
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nucleosomes genome wide. A. Spearman correlation matrix for Sas3, Yngl and histone

PTM enrichments at 66360 genome-wide nucleosome positions. The rows and columns

were sorted by hierarchical clustering, and the clustering is represented by the

dendrogram.
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Next, we compared the locations of peak enrichment for Sas3, Yngl, H3K36me3, and
H3K4 methylation (Figure 2.4 A). Sas3 and Yngl had median peak enrichments at 750
bp and 657 bp downstream of the +1 dyad respectively, which was in between the peak
enrichments for H3K4me3 and H3K36me3. Notably Yngl and Sas3 peaked in
enrichment slightly downstream of co-occurring H3K4me3 and H3K36me3, suggesting
that H3K4me2 and H3K4mel are also important for NuA3 targeting. Altogether the peak
enrichments of Sas3 and Yngl were consistent with NuA3 being primarily recruited to
mid-gene regions through the combined effects of H3K36me3 and H3K4 mono, di, and

trimethylation.

We next assessed Sas3 enrichment on nucleosomes containing H3K4me1/2/3 or
H3K36me3 singularly or in combination (Figure 2.4 B). In the absence of H3K36me3 or
H3K4 methylation Sas3 was depleted from nucleosomes. Likewise nucleosomes solely
enriched in H3K4me1 were also depleted in Sas3, albeit with the caveat that we only
identified 90 such nucleosomes and these may represent noise within one of the datasets
or be atypical cases in the genome. H3K4me?2 enriched nucleosomes are in all but a
handful of nucleosomes also enriched for H3K4mel or H3K4me3, and we were unable to
interrogate this modification in isolation. Nucleosomes enriched singularly with
H3K36me3 or H3K4me3 were enriched for Sas3 to a similar extent, suggesting that each
of these modifications recruit Sas3 to nucleosomes independently. Nucleosomes enriched
with both H3K4mel and H3K36me3 were enriched for Sas3 to a greater extent than

H3K36me3 alone, suggesting that H3K4mel does indeed function in Sas3 recruitment.
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Nucleosomes enriched for both H3K4me3 and H3K36me3 were enriched further still in
Sas3 binding, consistent with NuA3 preferentially binding H3K4me3 over H3K4mel.
Altogether this analysis supports H3K36me3 and H3K4me1/2/3 functioning to recruit

NuA3 to chromatin in vivo.
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H3K4mel/2/3 and H3K36me3 (Weiner et al., 2015).
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2.3.3 H3K4 and H3K36 methylation are necessary for Sas3 binding to active genes
through Pdp3 and Yng1 respectively

The genome-wide analysis suggested that H3K4 and H3K36 methylation are the major
mechanisms for recruiting NuA3 to chromatin, and we next sought to test this directly.
H3K4 and H3K36 methylation are entirely dependent on the histone methyltransferases
Setl and Set2 respectively, so we performed ChIP-qPCR for Sas3 in strains lacking the
methyltransferases singularly and in combination. Mutation of either SE7/ or SET2
individually resulted in a partial loss of Sas3 at LOS1, SEC15, NUP145, and RPS284
(Figure 2.5 A). However Sas3 remained enriched over background at these four genes,
and was also enriched relative to a repressed gene, PUT4. In contrast to the modest loss
in the single mutants, the set/4 set24 double mutant reduced Sas3 recruitment to
background levels, demonstrating that Setl and Set2 are necessary for Sas3 recruitment
to chromatin. Furthermore, the Setl-dependence of Sas3 binding to the mid and 3’
regions of LOSI, SEC15, and NUP145 occurred in regions depleted for H3K4me3
(Figure 2.5 B) but enriched for H3K4me?2 and H3K4mel (Figure 2.6), which supports
these modifications recruiting Sas3 in vivo. Set2-dependent binding of Sas3 occurred at
regions containing H3K36me3 (Figure 2.5 C), consistent with this PTM recruiting Sas3
in vivo. Additionally, comparing the single to double mutants, Sas3 displayed a stepwise
reduction in binding, consistent with H3K36me3 and H3K4me1/2/3 recruiting Sas3 to

chromatin in an independent and additive manner.

To test if Sas3 recruitment to chromatin was dependent on the NuA3 domains reported to

bind histone methylation we performed ChIP-qPCR for Sas3 in ynglAPHD, pdp34, and
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yngIAPHD pdp3A4 strains (Figure 2.5 D). The pdp34 mutant had a similar reduction in
Sas3 binding as the set24 mutant at all but RPS284. However, disrupting H3K36
methylation at this locus caused a reduction in H3K4me3 (Figure 2.7), so the greater loss
of Sas3 binding in the set24 compared to the pdp34 mutant was likely an indirect effect.
Thus we demonstrate for the first time that Pdp3 is necessary for NuA3 recruitment to
chromatin in vivo. The yngIAPHD mutation caused a reduction in Sas3 recruitment at 5°,
mid, and 3’ regions, consistent with Yngl targeting NuA3 to H3K4me3, H3K4me2, and
H3K4mel. The ynglAPHD pdp34 double mutant resulted in Sas3 recruitment
comparable to the untagged control at all loci tested. Altogether our ChIP-qPCR results
support the hypothesis that Sas3 binds to actively transcribed chromatin due to binding of
H3K4mel/2/3 and H3K36me3 by the Yngl PHD finger and the Pdp3 PWWP domain

respectively.
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Figure 2.5: H3K4 and H3K36 methylation are necessary for Sas3 binding to active
genes through Pdp3 and Yngl respectively. A, C. Sas3 ChIP-qPCR in the indicated
strains at LOSI, SEC15, NUP145, RPS284, and PUT4. Primer positions on genes are

indicated in the schematic. B. H3K4me3 and H3K36me3 ChIP-qPCR in wild type cells.
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Values represent the mean of at least three independent replicates. Error bars represent

the standard error of the mean.
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Figure 2.6: Histone methylation and Sas3 at candidate genes. Input-normalized Sas3

and histone methylation ChIP-seq coverage at LOS1, SEC15, NUP145, and PUT4 genes.

ChIP-qPCR amplicons are indicated by red bars on the schematic. ChIP-seq data for

histone methylation is from (Weiner et al., 2015) and (Sadeh et al., 2016).
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Figure 2.7: H3K4me3 decreases at RPS284 when H3K36 methylation is disrupted.
H3K4me3 from wild type and H3K36R strains was quantitatively compared by
competitive immunoprecipitation (data from Sadeh et al. 2016). The amount of
H3K4me3 in wild type and H3K36R at 5’ qPCR loci (+100 bp on either side to account

for the change in resolution) was determined, and the change in methylation is plotted.

2.3.4 Sas3 occupancy does not dictate histone H3K23 acetylation

Histone H3K 14 and H3K23 acetylation localize to the 5° ends of genes (Weiner et al.,
2015), which is inconsistent with our demonstrated occupancy of Sas3. One explanation
for this discrepancy is the presence of the histone deacetylase complex (HDAC), Rpd3S,
which deacetylates nucleosomes in the body of transcribed genes (Carrozza et al., 2005;
Joshi and Struhl, 2005; Keogh et al., 2005). To test whether HDAC inhibition could
reveal acetylation in the bodies of genes, we performed ChIP-seq analysis for H3K23ac
in cells treated with the HDAC inhibitor, trichostatin A (TSA) (Figure 2.8 A). Following
TSA treatment, H3K23ac spread further downstream of the transcription start site (TSS),
but this PTM was still largely restricted to the 5° ends of genes contrary to NuA3

occupancy, which was found across the bodies of genes. Further, deletion of SAS3 failed
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to suppress cryptic transcription initiation of a reporter construct in a strain lacking the
TSA-sensitive HDAC, RPD3S (Figure 2.8 B) (Cheung et al., 2008), again suggesting that

Sas3 was not responsible for acetylation at downstream targets.

A disconnect between Sas3 occupancy and H3K23ac levels is surprising as it is generally
thought that histone acetylation is regulated through control of HAT targeting. To further
confirm these observations, we assessed the relationship between Sas3 and H3K23ac at
the +1 to +10 nucleosomes, and while we did observe a modest association between Sas3
occupancy and H3K23ac, the predominant determinant of H3K23ac was the nucleosome
position relative to the TSS (Figure 2.8 C). H3K23ac decreased into the gene body, and
this was largely independent of Sas3 occupancy and was seen with or without TSA
treatment. The H3 HAT, Gen5, with Sas3, is necessary for global H3 acetylation (Howe
et al., 2001), and so we asked if GenS occupancy (Xue-Franzén et al., 2013) could
explain the disparity between Sas3 occupancy and H3K23ac. Similar to Sas3, Gen5
displayed a subtle association with H3K23ac, but again this was a modest effect
compared to gene position (Figure 2.8 D). We observed similar effects when selecting for
nucleosomes enriched for one or both of Sas3 and Gen5 (Figure 2.9). Thus the lack of
association of Sas3 with H3K23ac cannot be explained by GenS occupancy, and the
similar lack of association of Gen5 with H3K23ac suggests that regulating HAT activity
post-recruitment may be a general phenomenon. Collectively these results indicate that
while histone methylation promotes the association of Sas3 with chromatin in gene

bodies, this does not necessarily result in histone acetylation.
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Figure 2.8: Sas3 occupancy does not dictate histone H3K23 acetylation. A. The
average enrichment relative to 4264 +1 nucleosomes for Sas3 and H3K23ac before and
after 15 minute incubation with 25uM TSA. Cell cycle regulated genes were excluded
from this plot. Each gene is only included in the average calculation until its
polyadenylation site. The fractions of genes still contributing to the average profile are
represented by the gray line. B. Ten-fold serial dilutions of the indicated strains

containing the kanMX-GAL Ipr-flo§8-HIS3 reporter were plated on rich media (YPD) and
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complete synthetic media lacking histidine and incubated at 30°C for four days. C,D.
HAT and H3K23ac before and after TSA enrichments by nucleosome position and by
Sas3 (C) or Gen5 (Xue-Franzén et al., 2013) (D) quartiles, represented as boxplots.
Nucleosomes from cell-cycle regulated genes were excluded, leaving 33942 nucleosomes

from +1 to +10 positions relative to the TSS. Outliers were not plotted.
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plotted. GenS5 data is from (Xue-Franzén et al., 2013).
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2.4 DISCUSSION AND CONCLUSIONS

In this study we investigated the relative contributions of histone PTMs in targeting
NuA3 to chromatin. Using both genome-wide and locus-specific approaches we showed
that H3K36me3 and H3K4me1/2/3 both independently and additively promoted the
association of Sas3 with chromatin. We provide the first in vivo evidence for Pdp3
recruiting NuA3 to H3K36 trimethylated chromatin and for Yngl recruiting NuA3 to
H3K4me2 and H3K4mel. The additive effects of H3K36me3 and H3K4me1/2/3 resulted
in NuA3 being primarily recruited to the +5 to +7 nucleosomes, approximately 700 bp
into the gene. This is close to but slightly further into the gene body than where the
mammalian homologue MOZ/MOREF is predominantly found, approximately 400 bp
downstream of the TSS (Lalonde et al., 2013). This 5’ shift in MOZ/MOREF localization
could be due to the mammalian complex’s reduced affinity for H3K4me1l (Champagne et
al., 2008) (Table S1) and H3K36me3 (Vezzoli et al., 2010; H. Wu et al., 2011) (Table
2.3), resulting in a much greater dependence on H3K4me?2/3 for recruitment to
chromatin. The differing methyl-histone binding properties of NuA3 and MOZ/MORF
coincide with differing genome-wide localization of H3K4mel and H3K36me3. With
longer mammalian genes H3K36me3 can stretch more than 20 kb from the TSS, while
H3K4mel is associated with enhancers (Barski et al., 2007). Thus the reduction in
binding affinity for H3K36me3 and H3K4mel has maintained MOZ/MORF targeting
close to but downstream of the TSS, which suggests a conserved function in this genomic

region.
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Despite H3K4me3 being enriched at +1 NCP, we found that this nucleosome was
relatively depleted of Sas3. As Sas3 is enriched genome-wide at nucleosomes with
H3K4me3 in the absence of H3K36me3, it seems unlikely that this depletion is solely
due to low H3K36me3. The +1 NCP, however, is a key nucleosome for regulation of
transcription and is bound by many protein complexes (Koerber et al., 2009; Mayer et al.,
2010; Ramachandran et al., 2015; Rhee and Pugh, 2012; Yen et al., 2013). It is possible
that NuA3 is occluded from binding as a result of other factors binding to the H3K4me3

moiety.

Unlike for histone methylation, we found no evidence to support a role for histone
acetylation or crotonylation in NuA3 recruitment. While we did not test the effect of loss
of acetylation or Taf14 on NuA3 binding, the complete loss of Sas3 recruitment in the
absence of H3K4 and H3K36 methylation demonstrated that the YEATS domain was not
sufficient for NuA3 recruitment. While it is possible that this domain has no function in
NuA3, the retention of acetyl-binding domains in mammalian MOZ/MOREF argues for a
functional role. It is possible that binding to acetyl or crotonyl lysines of the histone tail
may regulate NuA3’s activity, similar to the role of histone methylation in stimulating the
activity of the Rpd3S deacetylase complex (Govind et al., 2010). Alternatively,
regulation could occur through binding to non-histone substrates. Indeed proteomic
studies show that Ntol and Tafl14 both contain acetylated lysines (Henriksen et al., 2012),
and so it is possible that the YEATS domain is binding to a modified lysine in the NuA3
complex. Such a role is seen for the Rsc4 bromodomain, which binds to an acetylated

lysine in the complex to regulate its function (Choi et al., 2008; VanDemark et al., 2007).
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Our results showed that Sas3 was localized across the body of transcribed genes, which is
inconsistent with the predominantly TSS-proximal patterns of H3K 14ac and H3K23ac
(Weiner et al., 2015). This is unsurprising however as other studies have shown that HAT
occupancy is a poor predictor of histone acetylation (Rossetto et al., 2014; Xue-Franzén
et al., 2010). Instead, these results suggest that there is a level of regulation of histone
acetylation that is independent of HAT recruitment. Molecular simulation studies predict
histone tails to be tightly intertwined with nucleosomal DNA (Z. Li and Kono, 2016;
Shaytan et al., 2016), and thus disruption of these interactions may be required for
acetylation by available HATs. Interestingly, although RNAPII is also found across gene
bodies, NETseq and PAR-CLIP experiments show that RNAPII struggles to transcribe
through the 5° ends of genes (Churchman and Weissman, 2011; Schaughency et al.,
2014), where the majority of histone acetylation is found. Thus an attractive hypothesis is
that histones are acetylated by available HATs in response to DNA unwrapping during
slow RNAPII passage. Although other molecular mechanisms could explain our
observations, our data underscore the fact that the presence of a histone PTM-binding
domain within a chromatin-modifying complex does not ensure that the associated

enzymatic activity will function on all nucleosomes with the requisite PTM.

The lack of histone tail acetylation associated with NuA3 or Gen5 binding in mid and 3°
gene regions does not exclude the possibility that these HATs function in elongation in a
histone-tail-independent manner. Histone acetyltransferases have been shown to acetylate

many non-histone substrates, and recruitment to gene bodies may in fact regulate
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transcription through acetylation of other proteins. In support of this hypothesis the S.
pombe homologue of Sas3, Mst2, was recently shown to acetylate an H2B ubiquitin
ligase (Flury et al., 2017). This acetylation promotes the ligase activity and positively
regulates transcription elongation. Interestingly, H2B ubiquitin is important for di and
trimethylation of H3K4 (Briggs et al., 2002; Dover et al., 2002; Z.-W. Sun and Allis,
2002) (J.-S. Lee et al., 2007), and so H3K4 di and trimethylation may function with Sas3
and H2B ubiquitin in a positive feedback loop. Acetylation of the H2B ubiquitin ligase is

but one example of a non-histone acetyltransferase role in transcription elongation.
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CHAPTER 3 - THE MAJORITY OF HISTONE ACETYLATION IS

DEPENDENT ON RNAPII

3.1 INTRODUCTION

Lysine acetylation of histone amino terminal tails has long been linked with gene
expression. /n vitro transcription first suggested a relationship in 1964 (Allfrey et al.,
1964), and in the following decades time course and fractionation experiments
demonstrated the in vivo spatial and temporal enrichments of acetylated histones in
transcribed chromatin (Davie and Candido, 1978; Pogo et al., 1968; 1966). More
recently, genome-wide localization studies across eukaryotes, including yeast and
mammals, revealed that histone tail acetylation primarily occurs at the promoters and 5’
ends of transcribed genes (Pokholok et al., 2005; Z. Wang et al., 2008). Although terms
such as “global” and “non- targeted” have been used to refer to some forms of acetylation
(Friis and Schultz, 2009; Vogelauer et al., 2000), genome-wide occupancy studies show
that histone acetylation levels correlate strongly with transcription, implicating a causal

relationship between the two.

Histone tail acetylation is catalyzed by conserved histone acetyltransferases (HATS),
generally consisting of a catalytic subunit complexed with auxiliary subunits required for
enzymatic activity and targeting (reviewed in (K. K. Lee and Workman, 2007) and (L.
Wang et al., 2008)). Most HAT complexes preferentially modify multiple lysine residues

within either H3 or H4. Consistent with this relatively low substrate specificity, histone
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acetylation sites within H3 and H4 generally show similar distributions genome wide
(Rando, 2012; Z. Wang et al., 2008; Weiner et al., 2015), and mutations of histone lysine
residues, with the exception of H4K 16, result in comparable changes in gene expression
(Dion et al., 2005; A. M. Martin et al., 2004). Nuclear HATs, defined by their catalytic
subunits, fall into three main categories. The GCN5-Related N-acetyltransferases
(GNAT) HATs include GenS in yeast and Gen5 and PCAF in humans. The MYST family
of HATs includes Esal, Sas2, and Sas3 in yeast, and MOZ, MOF, HBO1, and Tip60 in
humans. The p300/CBP family includes paralogues p300 and CBP in mammalian cells,
which do not have yeast homologues, and Rtt109 in yeast. Histone acetylation is a
dynamic mark with a relatively short half-life (Waterborg, 2002; Zheng et al., 2013) due
to the activity of histone deacetylase complexes (HDACs). Similar to HATs, HDACs
generally exist as multi-protein complexes with a catalytic subunit that can deacetylate

multiple lysines on one or more histones (X.-J. Yang and Seto, 2008).

In S. cerevisiae, the most well characterized HAT complexes are SAGA and NuA4,
which are major HATs for H3 and H4 respectively. These HATs are directed to gene
promoters via an interaction between a shared subunit, Tral, and DNA-bound
transcriptional activators (C. E. Brown et al., 2001; Grant et al., 1998), which is thought
to target acetylation of nucleosomes flanking promoters. This, together with the
observation that these HATs are required for pre-initiation complex formation at multiple
genes (Bhaumik and M. R. Green, 2002; H. Qiu et al., 2004; Reid et al., 2000), has led to
the widely accepted hypothesis that histone acetylation acts “upstream” of transcription.

It should be noted however that, in addition to canonical histones, SAGA and NuA4 have
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been shown to acetylate many non-histone proteins involved in transcription initiation
(Choi et al., 2008; Downey et al., 2015; 2013; J.-H. Kim et al., 2010; Mitchell et al.,
2013; VanDemark et al., 2007). As such, whether SAGA and NuA4 activate transcription

primarily through acetylation of the core histones remains uncertain.

While the current model is widely accepted, there are numerous examples of histone
acetylation being deposited as a consequence of transcription. Numerous HATs interact
with H3K4me3 (Bian et al., 2011; D. G. E. Martin et al., 2006; X. Shi et al., 2007), which
occurs cotranscriptionally (Krogan et al., 2003a; J.-S. Lee et al., 2007; Ng et al., 2003;
Wood et al., 2003), providing one mechanism for histone acetylation to occur as a
consequence of transcription. Furthermore, both the SAGA and NuA4 HATs in yeast and
the PCAF and Tip60 HATs in mammals bind the phosphorylated RNAPII CTD
(Ginsburg et al., 2009; Govind et al., 2007; Obrdlik et al., 2008; Z. Wang et al., 2009),
and cotranscriptional histone exchange mediates incorporation of acetylated histones into
nucleosomes within transcribed regions (Venkatesh et al., 2012). Recent work has also
shown that RNA can promote the activity of CBP at enhancers (Bose et al., 2017). Taken
together these observations are consistent with the model that histone acetylation occurs

as a consequence, rather than a cause, of the transcription process.

In this study we sought to determine the relative contributions of the “causal” vs
“consequential” pathways for targeting histone acetylation to transcribed genes.
Surprisingly, we found that in both yeast and mammals, histone acetylation is much more

tightly linked to RNAPII occupancy than previously believed. Notably, acetylation
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upstream of promoters, which had previously been attributed to activator targeting (Z.
Nagy and Tora, 2007), is associated more closely with divergent transcription.
Furthermore, using multiple approaches, we show that yeast RNAPII, rather than being
uniformly distributed across the transcription unit, as previously described, is actually
enriched in 5’ regions, in association with histone acetylation. Additionally, inducing
RNAPII stalling and backtracking with a dominant negative TFIIS yeast mutant
increased histone acetylation in gene bodies. Furthermore in both yeast and mESCs, the
majority of histone tail acetylation was lost upon inhibition of transcription, strongly
supporting the model that histone acetylation is deposited as a consequence of RNAPII
occupancy. Finally we found that HAT recruitment in S. cerevisiae is not sufficient for
histone acetylation, indicative of post-recruitment regulation of acetyltransferase activity.
Specifically, we show that NuA4 recruitment to upstream activation sequences of both
Tafl depleted and enriched promoters occurs in the absence of acetylation, suggesting
that NuA4 function in these regions may be independent of histone tail acetylation. Taken
together, the results of this study demonstrate that the majority of histone acetylation
occurs as a consequence of the association of RNAPII with chromatin during

transcription.

3.2 MATERIALS AND METHODS

3.2.1 Yeast strains and plasmids
All strains used in this study were isogenic to S288C, and are listed in Table 3.1. Yeast
culture and genetic manipulations were performed using standard protocols. Genomic

deletions were verified by PCR analysis and whole cell extracts were generated as
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previously described (Kushnirov, 2000). The Rpb1 anchor away strain was generously
provided by Craig Peterson, and the TFIIS plasmids were generously provided by Jesper

Q. Svejstrup.
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Table 3.1: Yeast Strains used in this study

Mating

Strain Parent type Genotype Source
his3D200 leu2D1 lys2-128d ura3-52
his3D200 leu2D1 lys2-128d ura3-52

YLH787 YLHI01 Mat a trp1D63 barl::KAN
his3D200 leu2D1 lys2-128d ura3-52
YLH404 YLHI01 Mat a trp1D63 rpd3:: TRP
his3D200 leu2D1 lys2-128d ura3-52
YLHS828 YLHI01 Mat a trp1D63 EPLI-6HA
his3D200 leu2D1 lys2-128d ura3-52
his3D200 leu2D1 lys2-128d ura3-52
YLH601 YLHI01 Mat a trp1D63 KIN2S
his3D200 leu2D1 lys2-128d ura3-52
YLH220 YLH101 Mat a trpl D63 setl::HISMXG6
m 101 his3D200 leu2D1 lys2-128d ura3-52
YLH6 YLHI10 Mata |\, 1D63 asfl.:HIS
his3D200 leu2D1 lys2-128d ura3-52
YLH&82 YLHI101 Mat a l‘l"p]D63 deﬂKAN
torl-1 fprl::NAT RPL13A4-
Y40353 Mat@ | oxrKBPI2::-TRPI RPO21-FRB::kanMxs | Euroscart
his3D200 leu2D1 lys2-128d ura3-52
YLH559 YLHI01 Mat a trp1D63 hos2::KAN
101 his3D200 leu2D1 lys2-128d ura3-52
YLH556 | YLHIO Mata | 4., 1D63 set3::KAN
his3D200 leu2D1 lys2-128d ura3-52
YAC41 YLHI101 Mat a l‘l"p]D63 hdal::KAN
his3D200 leu2D1 lys2-128d ura3-52
YLH562 YLHI01 Mat a trp1D63 hstl:-KAN
his3D200 leu2D1 lys2-128d ura3-52
YLH561 YLHI01 Mat a trp1D63 sir2::KAN
YLH975 YLHI101 Mat 2 his3D200 leu2D1 lys2-128d ura3-52

trpl D63 SPT16-HA6.::HIS3
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Table 3.2: Plasmids used in this study

Plasmids Parent Description Source

pYC2/CT In““ogi%gige’r‘lf:flf:g’n vector (Sigurdsson et al., 2010)
AT7-28 pYC2/CT pGAL TFIIS wt (Sigurdsson et al., 2010)
A7-29 | pYC2/CT pGAL TFISmut (Sigurdsson et al., 2010)

3.2.2 Cell lines and cell culture

FUCCI reporter mESCs (a kind gift from M. Lorincz) (Carol C L Chen et al., 2017) were
grown in standard feeder-free conditions in complete mESC media: Dulbecco Modified
Eagle’s Medium (DMEM) high glucose, 15% fetal bovine serum (HyClone
Laboratories), 20 mM HEPES, 1 mM L-glutamine, 100 U/ml penicillin-streptomycin, 1
mM nonessential amino acids, ~10-50 ng/ml of recombinant LIF, 1 mM sodium pyruvate

and 0.1 mM B-mercaptoethanol on 0.2% type A gelatinized tissue culture plates.

3.2.3 Drug treatments

Yeast drug treatments were performed in YPD media at the following concentrations:
1,10 phenanthroline monohydrate (400 pg/mL in ethanol), thiolutin (10 pg/mL in
DMSO), 1-Naphthyl PP1 (5 uM in DMSO), trichostatin A (25 uM in DMSO), a. factor
(10 uM, in 100 mM sodium acetate, pH=5.2). mESCs were treated with Actinomycin D

at 25 pg/mL (in DMSO).
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3.2.4 Immunoblot analysis
Whole cell lysates or cellular fractions were analyzed by SDS-PAGE using the antibodies
listed in table 3.3. Blots were scanned and fluorescent signal quantified using the Licor

Odyssey scanner.

3.2.5 Sonicated ChIP-seq

Yeast cells, grown to mid-log in YPD, were arrested in G1 by three-hour treatment with
10 uM alpha factor. Cell synchronization was verified by cell “shmooing,” as seen under
the microscope. For transcription inhibition, cells were treated with 400 pg/mL 1,10
phenanthroline monohydrate for 15 minutes. Cells were crosslinked in 1% formaldehyde
for 15 minutes and quenched with 125 mM liquid glycine for a further 15 minutes.

For sonicated ChIP-seq, cells were lysed by bead beating, and cell lysate was spun down
at 15,000g for 30 minutes. The pellet was resuspended in lysis buffer (50 mM HEPES,
pH 7.5, 140 mM NaCl, 0.5 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate)
and sonicated (Biorupter, Diagenode) to produce an average fragment size of 250 bp. The
lysate was spun down at 9,000g for 10 minutes, and the supernatant was precleared by
rotating with Protein G Dynabeads for 1 hour at 4 °C. 20% of the lysate was reserved for
input, and the remaining was split into two and incubated with a-HA or a-Rpb3
antibodies overnight at 4 °C. Magnetic Protein G Dynabeads were added for 1 hour, and
5 minute washes were performed twice with lysis buffer, twice with high salt buffer
(50mM HEPES pH 7.5, 640mM NaCl, ImM EDTA, 2% Triton X-100, 0.2% Na-
deoxycholate), twice with LiCl wash buffer (10mM Tris-HCL pH 8.0, 250mM LiCl,

0.6% NP-40, 0.5% Na-deoxycholate, ImM EDTA), and once with TE. Synthetic spike-in
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DNA was added to eluates. Following proteinase K digestion, DNA was purified by PCI
and RNase A treated. Libraries for paired-end sequencing were constructed as described
previously (Maltby et al., 2012), and 100nt paired-end sequencing was performed on a

HiSeq 2500.

3.2.6 MNase ChlIP-seq

Yeast cells, grown to mid-log in YPD, were arrested in G1 by three hour treatment with
10 uM alpha factor. Cell synchronization was verified by cell “shmooing,” as seen under
the microscope. For transcription inhibition, cells were treated with 400 pg/mL 1,10
phenanthroline monohydrate for 15 minutes. Cells were crosslinked in 1% formaldehyde
for 15 minutes and quenched with 125 mM liquid glycine for a further 15 minutes.

For MNase ChIP-seq, cells were lysed by bead beating, and cell lysate was spun down at
15,000g for 30 minutes. The pellet was washed and resuspended in MNase digestion
buffer (0.5 mM spermidine, 1 mM B-ME, 0.075% NP-40, 50 mM NaCl, 10 mM Tris pH
7.4, 5 mM MgCl2, I mM CaCl,). Samples were incubated with 100 units of MNase for
10 minutes at 37 °C. Lysates were clarified by centrifugation at 9000g for 10 minutes. To
extract insoluble chromatin, pellets were re-suspended in 200 pL of lysis buffer with
0.2% SDS, and sonicated in a Diagenode Bioruptor at medium output for 30 seconds on
and 30 seconds off for four cycles, before centrifugation at 9000g for 10 minutes. The
second supernatant was pooled with the first, and the buffer composition of the lysate was
adjusted to that of the original lysis buffer (50mM HEPES pH 7.5, 140mM NaCl, ImM
EDTA, 2% Triton X-100, 0.2% Na-deoxycholate, 1X Roche protease inhibitor cocktail,

ImM PMSF). Ten percent of the lysate was reserved for input, and immunoprecipitations
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were performed using a-HA, a-H3K23ac, a-H4K12ac, a-H4K8ac, or a-H3K9ac
antibodies. DNA purification and libraries were prepared as per the sonicated ChIP-seq

experiments.

3.2.7 Analysis of ChIP-seq data

Adapter sequences were removed from paired-end fastq files using cutadapt (M. Martin,
2011), before aligning to the saccer3 genome using BWA (H. Li and Durbin, 2010).
Aligned reads were filtered for mapped and paired reads passing a quality filter of 10
using samtools (H. Li et al., 2009). Fragment coverage across the genome was calculated
using BEDtools (Quinlan and Hall, 2010), and wig files generated using the java
genomics toolkit (Palpant, 2011). For IP over input tracks, a value of 1 coverage per
million fragments was added to both to avoid division by 0, and the resultant track was
smoothed with a 10bp moving average window and log2 transformed. Replicates were

pooled for subsequent analysis.

Similar to other groups (Petrenko et al., 2017; 2016; Steunou et al., 2016), ChIP-seq
datasets comparing across RNAPII perturbations were normalized to silent regions. The
genome was divided into 250 bp bins, bins outside the interquartile range for coverage in
the input were discarded, the 100 regions with the lowest Rpb3 signal were defined as
silent regions, and these silent regions were used to normalized ChIP-seq datasets for
cross-condition comparisons. We also added synthetic DNA spike-ins to our ChIP eluates
and inputs, but this approach to normalization did not work well for all samples, possibly

due to low coverage of the spike-ins in some samples.
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For transcribed nucleosomes classified by Rpb3 change upon 1,10-pt treatment (Figure
5G and S5E), genome-wide nucleosome positions (Weiner et al., 2015) with Rpb3 signal
greater than the median were classified as transcribed. Nucleosomes where Rpb3 changed
by less than 10 % were classified as “Rpb3 stable”, while those decreasing by at least 3x
were classified as “Rpb3 lost”. Boxplots represent the 1 to 3™ quartiles, with whiskers
extending to 1.5 times the interquartile range or to the extreme of the data. Notches are
equal to +/- 1/58 IQR /sqrt(n), giving an approximation of the 95% confidence interval

for the difference in 2 medians.

3.2.8 Accessing of publically available datasets mammalian datasets

For H1-hESCs, processed ChIP-seq data for histone acetylation and methylation were
downloaded from the IHEC data portal (Bujold et al., 2016) and replicates were pooled
using the UCSC BigWigMerge tool. Processed MNase-seq (Yazdi et al., 2015) GRO-seq
(Yupeng Chen et al., 2014) data were downloaded from GEO accession GSM1194220
and GSM1503828 respectively. For IMR9O0 cells, processed ChIP-seq data for histone
acetylation and methylation were downloaded from the IHEC data portal (Bujold et al.,
2016) and replicates were pooled using the UCSC BigWigMerge tool. Processed GRO-
seq data (Danko et al., 2015) were downloaded from GEO accession GSE66031. MNase-
seq (Gaidatzis et al., 2014) fastq files were downloaded from SRP019045, aligned to
hg19 genome using bowtie2 (Langmead and Salzberg, 2012), and quality filtered using
samtools (H. Li et al., 2009). Replicates were pooled, aligned sequences extended to
150bp and converted to bedgraph using bedtools (Quinlan and Hall, 2010). For K562

cells, processed ChIP-seq data for histone acetylation and methylation were downloaded
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from the IHEC data portal (Bujold et al., 2016) and replicates were pooled using the
UCSC BigWigMerge tool. Processed non heat shock H4ac ChIP-seq and PRO-seq data
(Vihervaara et al., 2017) was downloaded from GEO accession GSE89382 and
GSE89230 respectively. For HeLaS3 cells, aligned BAM files for histone acetylation and
methylation downloaded from ENCODE. BAM files were converted to BED, reads were
extended to 250bp, and converted to bedgraph using BEDTools. Processed NET-seq
bedgraph files (Mayer et al., 2015) were downloaded from GEO accession GSM1505438.
For mESCs, processed ChIP-seq data for histone acetylation and methylation were
downloaded from the IHEC data portal (Bujold et al., 2016) and replicates were pooled
using the UCSC BigWigMerge tool. Processed GRO-seq data (Jonkers et al., 2014) was
downloaded from GEO accession GSE48895. Processed H4ac data from (Gonzales-Cope
et al., 2016) was downloaded from GEO accession GSE76760 and replicated were
pooled. For MEFs, processed bigWig files for H3K27ac, H3K4mel, and H3K4me3 were
downloaded from ENCODE. Aligned BED file for H3K9ac (Kraushaar et al., 2013) was
downloaded from GEO accession GSE51505. H4ac ChIP-seq fastq files (Conerly et al.,
2016) were downloaded from SRA study SRP066628. Reads were aligned to mm9
genome using bowtie2 (Langmead and Salzberg, 2012) and quality filtered using
samtools (H. Li et al., 2009). Replicated were pooled, aligned sequences extended to

250bp and converted to bedgraph using bedtools (Quinlan and Hall, 2010).

3.2.9 Accessing of publically available datasets yeast datasets
Histone modification ChIP-seq data (tp0) from (Weiner et al., 2015) was downloaded as

fastq files from SRA study SRP048526 and mapped to saccer3 using BWA (H. Li and
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Durbin, 2010). Aligned reads were extended to 147bp using BEDTools (Quinlan and
Hall, 2010) and converted to wig coverage tracks using java-genomics-toolkit (Palpant,
2011). A coverage score of 1 per million reads was added to both the IP and input to
avoid dividing by zero, before diving the IPs by the matching input files. IP over input
tracks were smoothed using a 10bp moving average window and log2 transformed using
Java genomics toolkit (Palpant, 2011). For H3K18ac ChIP-seq in wildtype and H3K4R
strains (Sadeh et al., 2016), fastq files were downloaded from SRA study SRP078243.
Reads were aligned to saccer3 using BWA, and aligned reads were extended to 147bp
using bedtools. Coverage over genome-wide nucleosome positions was normalized for
MNase coverage calculated from (Weiner et al., 2015). For Rpb2 PAR-clip experiments
(Schaughency et al., 2014), fastq files were downloaded from the SRA study SRP040778.
Reads were aligned to saccer3 using BWA, and reads mapping to tRNA regions were
removed using BEDtools. Remaining reads were converted to stranded wig coverage
tracks using AWK and the Java genomics toolkit (Palpant, 2011). For Rpb3 ChIP-exo
experiments (Van Oss et al., 2016) fastq files were downloaded from SRA study
SRP076548. Reads were aligned to saccer3 using the BWA mem algorithm (H. Li and
Durbin, 2010). The crosslinking point was taken as the first nucleotide sequenced from
the 1* read of the read pair. The Java genomics toolkit (Palpant, 2011) was used to
generate wig coverage tracks of crosslinking points, pool replicates, and apply a Gaussian
smoothing curve using a standard deviation of 3 bp. For other sequencing datasets, the
fastq files for Setl ChIP-seq (S. Li et al., 2015), RNAPII ChIP-seq (Wong et al., 2014),
sonicated H3K9ac ChIP-seq (Bonnet et al., 2014), H4K8ac ChIP-seq in wildtype and

yng2W2544 strains (Steunou et al., 2016), and RNAPII ChIPseq and 4tU-seq (Schulz et
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al., 2013) were downloaded from SRA studies SRP063896, SRP036647, SRP033513,
and SRP070154 and from Array Express accession E-MTAB-1766 respectively. Fastq
files were quality filtered and adapter sequences removed using cutadapt (M. Martin,
2011), before aligning to the saccer3 genome using BWA (H. Li and Durbin, 2010). For
single end sequencing experiment, the aligned reads were extended to reported fragment
length using BEDtools. Fragment coverage was calculated and files converted to wig
coverage tracks using the Java genomics toolkit (Palpant, 2011). Processed data for
Mediator ChIP-seq (Petrenko et al., 2016), NET-seq (Harlen et al., 2016), chromatin
RNA-seq (Harlen et al., 2016), and RNA-seq (Harlen et al., 2016), Gen5 ChIP-chip (Xue-
Franzén et al., 2013), PRO-seq (Booth et al., 2016), RNAPII CRAC-seq (Milligan et al.,
2016) and H2A.Z ChIP-seq experiments were downloaded from GEO series GSE82082,
GSE68484, GSE68484, GSE68484, GSE36600, GSE76142, and GSE69676 and from
Dryad under the Digital Object Identifier: doi:10.5061/dryad.dj782 respectively. The
predicted probability of nucleosome occupancy data (N. Kaplan et al., 2009) was
downloaded as a normalized wig file from Saccharomyces Genome Database (Cherry et

al., 2012).

3.2.10 Accessing published genome annotation datasets

For genome annotations, genome-wide nucleosome positions were downloaded from the
supplemental files of (Weiner et al., 2015). For +2, 43, and +4 nucleosome positions,
called nucleosome positions from chemical mapping of dyads (Brogaard et al., 2012)
were assigned a nucleosome position relative to the TSS (D. Park et al., 2014). The +1

NCP was called as the nucleosome positions (Brogaard et al., 2012) closest to the TSS
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(D. Park et al., 2014). Transcript start sites and polyadenylation sites were downloaded
from supplementary data of (D. Park et al., 2014). TATA and TATA-like element
locations, as well as Tafl enrichment, were downloaded from supplementary data of

(Rhee and Pugh, 2012).

3.2.11 Statistical analysis of histone acetylation flanking promoters

We quantified the average enrichment for ChIP-seq IPs and inputs and strand-specific
RNAPII data (GRO-seq, PRO-seq, or NET-seq) in 500 bp windows spanning from 0 to
500 bp or -100 to -600 bp relative to the TSS (having collapsed overlapping TSSs into
one entry in the TSS dataset). We then removed genes with very low or high coverage in
the input to remove cases with poor recovery, copy number variations, or sequencing
biases, before selecting for genes in the 70 — 95 % range of downstream RNAPII reads
(transcribed genes). We classified transcribed genes as having promoters with high or low
divergent transcription as being those in the bottom or top quartile for upstream divergent
RNAPII reads. For a histone PTM at a promoter, the ratio of upstream to downstream
signal is defined as the bidirectional profile. The average ratio for promoters with high or
low divergent transcription was calculated and compared to 10,000 random samplings of
transcribed genes. The mean and standard deviation of the random set was used to
generate a Z-score of enrichment and p-value for the significance (similar to (Gossett and
Lieb, 2012)). The p-value was adjusted for multiple testing using the p.adjust function in

R to calculate the FDR.
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3.2.12 Smoothed scatter plots
Smoothed scatter plots were plotted in R using a custom script using the
smoothScatterCalcDensity function. The plot area is split into 500 bins and smoothed by

transforming the data by the square root.

3.2.13 Antibodies

Antibodies in ChIP and immunoblot experiments are listed in Table 3.3.
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Table 3.3: Antibodies used in this study

Antibody

(epitope Company Product and Lot Notes
recognized) numbers
H3K4me3 Abcam a#‘t: 1120 71 62 6i8t Mouse monoclonal
H3K9ac (Ha"lKlzrgl(;lg; ot CMA305 Mouse monoclonal
Affinity-purified Raised against
H3K14ac GeneScript rabbit polyclonal acetylated H3K 14
antibody peptide

H3K18ac Abcam ab1191 Rabbit polyclonal

H3K23ac Active Motif 3%%%%’018 I # Rabbit polyclonal

H4KS5ac Millipore 072-3471’61705 # Rabbit polyclonal
H4K8ac Abcam ab4i551P6160,OC21§){ne # Rabbit monoclonal

H4K12ac Active Motif 3%%%%’018 { # Rabbit polyclonal

H4K16ac Millipore 072?322‘120; # Rabbit polyclonal
Affinity-purified Raised against scH3

H3 GeneScript rabbit polyclonal peptide
antibody (CKDILARRLRGERS)
H4 (C- ab31830, myeloma:
terminal Abcam Mouse monoclonal
region) Sp2/0-Agl4
IgG Millipore 55?26120; 6#; Purified rabbit IgG
HA Roche 121(1:%59’71 (())(t)# Mouse monoclonal
Rpb3 Biolegend nuifggg‘g}f ic())r(l)ezY Mouse monoclonal
3e8 (ser5p) Millipore 04-1572, lot # Rat IgG2ak monoclonal

2585825
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3.3 RESULTS

3.3.1 Histone acetylation in mammals is tightly linked with RNAPII occupancy
Nucleosomes flanking transcriptionally active promoters are highly acetylated. This lack
of “directionality” is more consistent with activator targeting, as opposed to acetylation
targeting as a consequence of transcription. Pervasive divergent transcription, however,
confounds a simple attribution of upstream acetylation to activator targeting, and upon
accounting for divergent transcription recent studies in mammalian cells have shown that
H3K27ac is depleted upstream of unidirectional active promoters (Lacadie et al., 2016;
Scruggs et al., 2015). To see if this depletion is a general feature of histone acetylation in
mammals, we analyzed published data from human and mouse cells. Using strand-
specific high-resolution mapping of RNAPII, we identified transcribed genes with high or
low levels of divergent transcription and assessed the profile of histone acetylation
flanking the TSS. In human IMR90, H1-hESC, HeLa, and K562 cells (Figure 3.1, 3.2,
Table 3.4) we found that acetylation on histones H3 and H4 upstream of promoters
occurs almost exclusively with divergent transcription and is depleted in genes showing
unidirectional transcription. Notably, acetylation of different residues on H3 and H4
behaved similarly, suggesting a common mode of regulation. Furthermore the enrichment
with divergent transcription for histone acetylation was comparable to the co-
transcriptional modification H3K4me3. Similar results were seen in mouse cells (Figure
3.3, Table 3.4), demonstrating that in mice and humans histone acetylation is tightly

linked with RNAPII occupancy flanking promoters.
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Figure 3.1: Histone acetylation flanking promoters in human IMR90 and H1 ES
human cells is tightly linked with RNAPII occupancy. A, B. The average sequence
coverage relative to the transcription start sites for GRO-seq (Yupeng Chen et al., 2014),
H3K9ac, and H3K23ac (Hawkins et al., 2010; Leung et al., 2015) in IMR90 (A) and H1
ES (B) cells at transcribed genes with high and low divergent transcription. C. IMR90

and H1-hESC bidirectional enrichment of histone PTMs for genes with high and low
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divergent transcription relative to transcribed gene groups from A and B. Z-scores and

FDR values are listed in table 3.4.
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Figure 3.2: Histone acetylation flanking promoters in human cancer cell lines is

tightly linked with RNAPII occupancy. A, B. The average sequence coverage relative

to the transcription start sites for PRO-seq (A) (Vihervaara et al., 2017), NET-seq (B)

(Mayer et al., 2015), and H3K9ac (Hawkins et al., 2010; Leung et al., 2015) in K562 (A)

and HeLaS3 (B) cells at transcribed genes with high and low divergent transcription. B.

K562 and HeLaS3 bidirectional enrichment of histone PTMs for genes with high and low

divergent transcription relative to transcribed gene groups from A and B. Z-scores and

FDR values are listed in table 3.4.
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Figure 3.3: Histone acetylation flanking promoters in mouse cells is tightly linked
with RNAPII occupancy. A, B. The average sequence coverage relative to the
transcription start sites for GRO-seq (A) [ref], PRO-seq [ref] (B), and H3K9ac (Hawkins
et al., 2010; Leung et al., 2015) in mESC (A) and MEF (B) cells at transcribed genes with
high and low divergent transcription. B. mESC and MEF bidirectional enrichment of
histone PTMs for genes with high and low divergent transcription relative to transcribed

gene groups from A. Z-scores and FDR values are listed in table 3.4.

3.3.2 Histone acetylation in S. cerevisiae is tightly linked with RNAPII occupancy
We next asked if histone acetylation was similarly depleted upstream of unidirectional
promoters in the highly versatile model system S. cerevisiae. We assessed histone
acetylation profiles flanking active promoters classified as having high or low levels of

divergent RNAPII. Acetylation of histones H3 and H4 upstream of promoters was
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strongly linked with divergent transcription (Figure 3.4 A, B, Table 3.4), similar to
mammalian cells. Importantly, the link with divergent transcription was clearly evident
for H3K 14ac, H3K18ac, H3K23ac, H4K5ac, H4K8ac, and H4K 12ac, which are sites
catalyzed by the major H3 and H4 HATs, GenS and Esal respectively (Howe et al., 2001;
A. Kimura et al., 2002). Notably the link between these acetylation sites and divergent
transcription was comparable to that of H3K4me3. H4K16ac was only modestly linked
with divergent transcription, reflecting its deposition by Sas2, which is not tightly linked
to promoter-containing regions in yeast (Heise et al., 2012; A. Kimura et al., 2002; Sutton
et al., 2003). H3K56ac is catalyzed by Rtt109 and was also only modestly enriched with
divergent transcription, consistent with its role at both silent and active promoters
(Rufiange et al., 2007), while H3K4ac and H3K9ac show enrichments consistent with
overlapping activities of Gen5 and Rtt109 (Fillingham et al., 2008; Guillemette et al.,
2011). The depletion of acetylation upstream of unidirectional active genes could be due
to HDAC activity. However, acetylation upstream of promoters for two representative
sites, H3K23 and H4K 12, was more tightly linked with divergent RNAPII following
HDAC inhibition (Figure 3.4 C, D, Table 3.4), confirming that the low level of
acetylation upstream of unidirectional promoters is due to low HAT activity. Thus
histone acetylation upstream of promoters occurs primarily with divergent transcripts,
reflecting a tight link between RNAPII occupancy and histone acetylation flanking both

classes of promoters.
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Figure 3.4: Histone acetylation flanking promoters in yeast cells is tightly linked

with RNAPII occupancy. A. The average signal relative to the +1 NCP for NET-seq

(Harlen et al., 2016) and histone acetylation data (Weiner et al., 2015). B. Bidirectional

enrichment of histone PTMs (Weiner et al., 2015) for 562 genes with high and 579 genes

with low divergent transcription relative to 2314 transcribed genes. C. The average signal

relative to the +1 NCP for NET-seq (Harlen et al., 2016) and H3K23ac (B. J. E. Martin et

al., 2017) and H4K12ac following 15 minute TSA treatment at gene groups from A. D.

Bidirectional enrichment of H3K23ac (B. J. E. Martin et al., 2017) and H4K 12ac before

and after 15 minutes TSA treatment for gene groups from A. Z-scores and FDR values

are listed in table 3.4.
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Table 3 4: Bidirectional histone PTM enrichments for promoters with high or low

divergent transcription relative to transcribed promoters.

Z-score: -logio(FDR): | Z-score: -logio(FDR):
high high low low
Cell Type PTM divergent divergent divergent divergent
IMR90 H3K18ac 16.06 56.83 -20.87 95.55
IMR90 H3K23ac 15.80 55.08 -19.89 87.00
IMR90 H3K27ac 22.45 110.02 -26.30 150.84
IMR90 H3K4ac 16.04 56.72 -20.91 95.94
IMR90 H3K4mel -5.22 6.72 -1.07 0.53
IMR90 H3K4me2 12.60 35.43 -20.41 91.48
IMR90 H3K4me3 22.55 110.87 -30.19 198.32
IMR90 H3KS56ac 19.89 86.59 -23.24 118.11
IMR90 H3K9ac 23.38 118.95 -29.30 186.92
IMR90 H3K14ac 17.30 65.76 -21.77 103.89
IMR90 H4K5ac 12.63 35.58 -18.48 75.25
IMR90 H4K8ac 10.81 26.35 -17.18 65.16
IMR90 H4K91ac 14.54 46.86 -20.04 88.22
HI1-hESC H3K18ac 11.01 26.89 -10.78 25.79
HI1-hESC H3K23ac 7.72 13.61 -7.13 11.66
HI1-hESC H3K27ac 11.07 27.11 -12.12 32.32
HI1-hESC H3K4ac 4.88 5.81 -6.48 9.80
HI1-hESC H3K4mel -4.87 5.81 1.66 0.99
HI1-hESC H3K4me3 18.45 73.92 -18.70 75.99
HI1-hESC H3KS56ac 11.92 31.28 -11.76 30.54
HI1-hESC H3K9ac 17.66 68.02 -15.98 55.71
HI1-hESC H4K5ac 9.17 18.82 -9.84 21.61
HI1-hESC H4K8ac 9.11 18.65 -8.92 17.91
HI1-hESC H4K91ac 6.84 10.86 -6.56 10.01
K562 H4ac 14.79 48.65 -16.19 58.08
K562 H3K27ac 21.68 103.28 -23.73 123.56
K562 H3K4mel 1.18 0.56 -8.04 15.05
K562 H3K4me2 23.32 119.25 -26.96 158.97
K562 H3K4me3 28.51 177.43 -26.92 158.62
K562 H3K9ac 29.97 195.69 -29.64 191.43
HeLa H3K4mel -9.70 21.46 0.71 0.32
HelLa H3K4me3 25.69 144.51 -27.28 162.66
HelLa H3K9ac 26.72 156.07 -26.74 156.52
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Z-score: -logio(FDR): | Z-score: -logio(FDR):
high high low low
Cell Type PTM divergent divergent divergent divergent
HeLa H3K27ac 23.95 125.86 -24.90 135.95
mESC H3K4mel 1.48 0.78 -8.30 15.78
mESC H3K9ac 17.28 65.60 -22.00 105.86
mESC H3K4me3 16.98 63.43 -21.30 99.47
mESC H3K27ac 16.50 60.04 -19.38 82.52
mESC H4ac 5.68 7.67 -7.61 13.37
mESC H2AZ 2.77 2.11 -8.93 18.12
MEF H3K27ac 18.27 73.60 -19.87 86.79
MEF H3K4mel -2.50 1.83 -1.93 1.25
MEF H3K4me3 22.13 107.23 -22.19 107.91
MEF H3K9ac 22.08 106.83 -23.50 120.62
MEF H2AZ 10.66 25.59 -13.19 38.76
MEF H4ac 9.68 21.26 -12.04 32.52
S. cerevisiae H3K4ac 6.54 9.94 -15.78 54.99
S. cerevisiae H3K9ac 4.80 5.63 -12.22 33.37
S. cerevisiae H3K14ac 14.28 4471 -25.37 140.29
S. cerevisiae H3K18ac 12.94 36.90 -19.50 83.53
S. cerevisiae H3K23ac 9.63 20.71 -19.44 83.08
S. cerevisiae H3K56ac 2.37 1.66 -9.27 19.55
S. cerevisiae H4K5ac 8.96 18.04 -21.58 101.99
S. cerevisiae H4K8ac 6.32 9.34 -19.65 84.73
S. cerevisiae H4K12ac 10.29 23.58 -21.69 102.97
S. cerevisiae H4K16ac 3.71 3.54 -10.70 25.81
S. cerevisiae H3K4mel -15.50 52.34 8.90 18.07
S. cerevisiae H3K4me?2 2.15 1.42 -21.00 96.64
S. cerevisiae H3K4me3 20.29 89.20 -27.28 161.56
H3K?23ac -
S. cerevisiae TSA 7.99 14.51 -17.07 64.25
H3K23ac
S. cerevisiae +TSA 14.86 48.26 -26.43 151.90
H4K12ac -
S. cerevisiae TSA 10.53 24 .61 -23.56 121.17
H4K12ac
S. cerevisiae +TSA 14.22 44 .41 -25.91 146.14
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Consistent with the tight association between RNAPII occupancy and histone acetylation,
in metazoans RNAPII occupancy across gene bodies is highest in 5’ regions, where
acetylation is predominant. In S. cerevisiae, however, this relationship is more tenuous.
Yeast lack the metazoan pausing factor NELF (Adelman and Lis, 2012) and exhibit
largely unvarying RNAPII ChIP occupancy across transcribed units, which has led to the
belief that RNAPII is uniformly enriched across genes. However, RNAPII mapping
approaches targeting the nascent transcript, such as NET-seq or CRAC-seq, reveal a clear
5’ bias in RNAPII enrichment (Churchman and Weissman, 2011; Milligan et al., 2016).
To reconcile this discrepancy, we directly compared the relative distributions of ChIP and
transcript based mapping of RNAPII across genes ordered by transcript length. For ChIP-
seq data (Wong et al., 2014), we observed higher RNAPII enrichment at the 5° and 3’
ends of longer transcribed genes, with depletion in the centre (Figure 3.5 A). At shorter
genes, these peaks merge but are clearly distinct in the higher-resolution ChIP-exo
mapping of RNAPII (Van Oss et al., 2016). As the majority of yeast genes are relatively
short (Figure 3.5 B) the 5° and 3’ enrichments combined with the low resolution of ChIP-
seq give rise to seemingly uniform metagene profiles of RNAPII. Indeed, sequencing of
RNAPII-associated nascent transcripts via NET-seq (Harlen et al., 2016) or CRAC-seq
(Milligan et al., 2016) preferentially recovers the 5° peak of RNAPIIL. The lower recovery
of the 3’ peak may indicate that this occurs following cleavage at the polyadenylation site
and Ratl exonuclease attack (Fong et al., 2015). The 5° peak of RNAPII occurs prior to
CTD serine 2 phosphorylation and loading of elongation factors (Mayer et al., 2010),
which is consistent with Cdk9 activity positively regulating RNAPII elongation rate

(Booth et al., 2017), and suggests that RNAPII progresses slowly in early elongation.
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Thus both transcript-based and ChIP-based methods of RNAPII mapping reveal a 5’
enrichment of RNAPII, which is consistent with a tight link between RNAPII occupancy

and histone acetylation.
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Figure 3.5: RNAPII accumulates at 5’ and 3’ gene regions in S. cerevisiae. A. ChIP-
seq (Wong et al., 2014), ChIP-exo (Van Oss et al., 2016), NET-seq (Harlen et al., 2016),
and CRAC-seq (Milligan et al., 2016) RNAPII datasets were aligned by the TSS, sorted
by distance to the polyadenylation site and represented as a heatmap (4973 genes in
total). To highlight intragenic distributions of RNAPII, the data was row-scaled, whereby

the data is expressed in standard deviations from the mean for each gene. The average
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profile for each dataset is shown for transcripts 1000 to 1050 and 2000 to 2100 bp in
length. B. Average gene lengths, defined as the distance from the annotated TSS to PAS

(D. Park et al., 2014), shown by histogram for 4973 genes.

3.3.3 Histone acetylation is linked with RNAPII occupancy rather than transcription
per se

To investigate which features of transcription are linked with histone acetylation, we
compared correlations of histone acetylation with different measurements of transcription
(Figure 3.6). We focused our analysis on H4K12ac and H3K23ac from TSA treated cells,
to avoid confounding effects of HDAC activity. We found that histone acetylation was
strongly correlated and clustered with engaged RNAPII, as measured by sequencing of
nascent transcripts through NET-seq (Harlen et al., 2016), CRAC-seq (Milligan et al.,
2016), or PAR-clip (Schaughency et al., 2014). In contrast, histone acetylation levels
were poorly correlated with PRO-seq, which measures elongation competent RNAPII
(Booth et al., 2016), perhaps indicative of histone acetylation being linked to inefficient
RNAPII elongation. Furthermore, histone acetylation was more modestly correlated with
RNAPII measured by ChIP-seq (Schulz et al., 2013) or ChIP-exo (Van Oss et al., 2016),
and poorly correlated with transcript levels measured by RNA-seq (Harlen et al., 2016) or
transcript synthesis by 4tU-seq (Schulz et al., 2013) (Figure 3.6). Discrepancies between
transcript synthesis and RNAPII occupancy can be indicative of local enrichment of
RNAPII signal at regions of relatively slow elongation or low processivity (Ehrensberger

et al., 2013). Notably, we observed similar results for a broad range of histone acetylation
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sites (Figure 3.7), indicating that this is a general feature of histone acetylation. These
results support a tight link between histone acetylation and engaged RNAPII occupancy

specifically rather than transcription per se.
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Figure 3 6: H3K23ac and H4K12ac are strongly linked with RNAPII occupancy. A.
Spearman correlation matrix for enrichments of H3K23ac and H4K12ac following 15

minutes TSA treatment and various measures of transcription across 60620 genome wide
nucleosome positions. The rows and columns were sorted by hierarchical clustering, and

the clustering is represented by the dendrogram.
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Figure 3.7: Histone acetylation is strongly linked with RNAPII occupancy. A.
Spearman correlation matrix for enrichments of H3K23ac and H4K12ac following 15
minutes TSA treatment and various measures of transcription across 60620 genome wide
nucleosome positions. The rows and columns were sorted by hierarchical clustering, and

the clustering is represented by the dendrogram.
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To further test the link between RNAPII occupancy and histone acetylation, we addressed
whether variations in intragenic distributions of RNAPII could predict intragenic histone
acetylation. We used NET-seq data to classify genes displaying either a pronounced 5’
peak or a bias towards RNAPII enrichment downstream (Figure 3.8 A). Confirming that
these classifications were consistent across techniques, CRAC-seq mirrored NET-seq
RNAPII profiles (Figure 3.8 A). Strikingly, genes with a pronounced 5’ enrichment of
RNAPII were predominantly acetylated at H3K23 and H4K12 of the +1 and +2 NCPs,
while H3K23ac and H4K 12ac were shifted downstream at genes with a more even
distribution of RNAPII (Figure 3.8 A). These data demonstrate that intragenic variation

in RNAPII dwell time coincides with alterations in histone acetylation.

As strongly positioned nucleosomes in vitro pose a major impediment to RNAPII
progress, we next asked if DNA sequences predicted to form stable nucleosomes exhibit
increased RNAPII stalling and histone acetylation in vivo. We scored the +2, +3, and +4
NCPs, controlling for MNase-seq signal, and identified nucleosome with sequences
predicted to strongly or weakly form nucleosomes (N. Kaplan et al., 2009) (Figure 3.8 B).
Consistent with in vitro data suggesting that DNA sequence can determine the strength of
the nucleosomal impediment to RNAPII passage (Bondarenko et al., 2006), nucleosome
favouring sequences had increased RNAPII signal (Figure 3.8 B), indicative of slowed
elongation. Importantly, these nucleosomes were also enriched for H3K23ac and
H4K12ac (Figure 3.8 B, C). Of note, predicted nucleosome strength, RNAPII, and

histone acetylation appeared to be largely independent of adjacent nucleosomes,
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suggesting that they vary on a nucleosomal rather than gene-by-gene resolution. These
data further demonstrate the tight link between RNAPII and histone acetylation and show
that strongly positioned nucleosomes can regulate both RNAPII elongation and histone

acetylation in vivo.
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Figure 3.8: Histone acetylation is strongly linked with RNAPII localization. A. The
average enrichment relative to the TSS for H3K23ac and H4K12ac following TSA
treatment, NET-seq (Harlen et al., 2016), and Rpb1 CRAC-seq (Milligan et al., 2016) for
genes with 57 or 3° NET-seq profiles. Note that only genes longer than 1000 bp were
included in this analysis. B. The average enrichment relative to +2, +3, and +4 NCP dyad

positions for H3K23ac (B. J. E. Martin et al., 2017) and H4K12ac following TSA
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treatment, NET-seq (Harlen et al., 2016), and predicted nucleosome occupancy (N.
Kaplan et al., 2009). C. H3K23ac (B. J. E. Martin et al., 2017), H4K12ac, and MNase-seq
(B. J. E. Martin et al., 2017) following TSA treatment, NET-seq (Harlen et al., 2016), and
predicted nucleosome (N. Kaplan et al., 2009). C. H3K23ac (B. J. E. Martin et al., 2017),
H4K12ac, and MNase-seq (B. J. E. Martin et al., 2017) following TSA treatment, NET-
seq (Harlen et al., 2016), and predicted nucleosome occupancy (N. Kaplan et al., 2009) at

the 5’ region of YDLI93W.

3.3.4 Inducing stalling and backtracking of RNAPII promotes enhanced histone
acetylation in gene bodies

Thus far we have observed a tight link between RNAPII occupancy and histone
acetylation, but much of this data is correlative in nature. To determine whether RNAPII
occupancy is causative for histone acetylation we overexpressed a dominant-negative
TFIS mutant, dst/ D290A/E291A (TF1ISyut), which causes stalling, backtracking, and
arrest of RNAPII (Imashimizu et al., 2013; Sigurdsson et al., 2010). This analysis was
performed in a strain lacking Rpd3, a major histone deacetylase, to prevent histone
deacetylation of potentially transiently acetylated intermediates. As stable overexpression
of TFIISmur is lethal, we induced expression of TFIISyyr or a vector control for just 90
minutes and performed ChIP-seq for Rpb3, H3K9ac, H3K23ac, H4K8ac, and H4K 12ac.
Consistent with previous studies (Petrenko et al., 2016; Steunou et al., 2016), we used
non-transcribed regions to account for global changes in ChIP-seq experiments (see

methods). Also, consistent with a recent report (Warfield et al., 2017) RNAPII peaked at
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the +1 NCP in minimal media. However Rpb3 occupancy increased in gene bodies upon
overexpression of TFIISyyr, especially in 5° regions, consistent with stalling,
backtracking, and arrest of RNAPII. Crucially, TFIISyyr overexpression also caused
increased H3K9ac, H3K23ac, H4K8ac, and H4K12ac in gene bodies (Figure 3.9 A) and
at sites of stalled polymerase (Figure 3.9 B). The increase in histone acetylation was more
pronounced further into the gene body relative to RNAPII, perhaps due to preferential
polyubiquitylation and degradation of RNAPII lacking serine 5 phosphorylation (Somesh
et al., 2005), leading to an underrepresentation of RNAPII stalling in mid and 3’ regions.
Supporting this interpretation, disruption of RNAPII ubiquitylation in a def74 mutant
(Woudstra et al., 2002) partially rescues the lethality of TFIISyyr overexpression (Figure
3.9 C), suggesting that the lethality is a consequence of widespread RNAPII degradation.
Collectively these results reveal that increasing gene body RNAPII residence time targets
histone acetylation to gene bodies, thus providing a causal link between RNAPII

occupancy and histone acetylation.
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Figure 3.9: Inducing stalling and backtracking of RNAPII promotes enhanced

histone acetylation in gene bodies. A. The average enrichments relative to the +1 NCP

for Rpb3, MNase-seq, and Histone acetylation ChIP-seq from cells bearing a vector

control or overexpressing TFIISyur. B. Rpb3 and Histone acetylation ChIP-seq from

cells bearing a vector control or overexpressing TFIISyur at YOR326. C. Widltype and

defiA cells with indicated plasmids were serially diluted onto “URA synthetic drop-out
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plates containing either 2% dextrose or galactose. Images were taken after 3 and 4 days

growth at 30 °C.

3.3.5 The majority of histone acetylation is dependent on RNAPII

To further test the role of RNAPII occupancy in targeting of histone tail acetylation, we
next assessed the dependence of histone acetylation on RNAPII by inhibiting
transcription. Previous studies have used the rpb -1 temperature sensitive mutant to
inhibit transcription (Durant and Pugh, 2006). However recent experiments have
suggested that this mutant does not directly inhibit RNAPII, as shifting the mutant to the
restrictive temperature has minimal effects on transcript synthesis itself (M. Sun et al.,
2013) and does not lead to rapid dissociation of RNAPII from gene bodies (Felipe-Abrio
etal., 2015; T. S. Kim et al., 2010). In order to achieve effective inhibition of RNAPII we
first attempted to use the Rpb1 anchor-away system (Haruki et al., 2008), but rapamycin
treatment failed to efficiently deplete phosphorylated RNAPII from chromatin in our
hands (Figure 3.10). As an alternative we treated cells with 1,10 phenanthroline (1,10-pt),
a metal chelator (Adams and Gross, 1991; Drew, 1984; Grigull et al., 2004), which
rapidly inhibits transcript synthesis (M. Sun et al., 2013). Within 15 minutes of
transcription inhibition, we observed global loss of a broad suite of H3 and H4
acetylation marks (Figure 3.11 A, B). Notably this loss of acetylation was dependent on
the histone deacetylase Rpd3 and could also be blocked by treatment with HDAC
inhibitor TSA (Figure 3.12 A-E), confirming active deacetylation upon transcription
inhibition. Histone acetylation loss was due to disruption of HAT activity, rather than

increased HDAC activity, as treatment with TSA following 1,10-pt failed to restore
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histone acetylation (Figure 3.12 F, G). Additionally, treatment with thiolutin, an unrelated
inhibitor of yeast RNA polymerases (Jimenez et al., 1973; Tipper, 1973), caused a similar
global loss of histone tail acetylation (Figure 3.11 A, B). We then tested if histone
acetylation dependence on transcription was conserved in mammalian cells. Indeed, we
found that inhibition of transcription by actinomycin D in mESCs resulted in a global loss
of H3K9ac and H3K27ac (Figure 3.13). Thus, in yeast and in mouse cells, we find that

the majority of histone acetylation is dependent on transcription.

A Soluble Pellet

01 2 0 1 2 HoursRapamycin

RNAPII s5p (3e8)

- H3

Figure 3.10: Characterization of transcription inhibition by Rpb1 anchor-away. A.
The Rpb1 anchor away strain was treated with rapamycin and crude fractionation was
performed to assess depletion of Rpb1 from chromatin fraction. Crosslinked cells were
lysed and chromatin components were pelleted by centrifugation. Soluble and pellet
fractions were analyzed by immunoblotting with antibodies recognizing histone H3 and

serine 5 phosphorylation of the RNAPII CTD (3¢8).
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Figure 3.11: Histone acetylation is dependent on RNAPII. A, B. Inmunoblot analysis
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indicated acetylation marks. Signals were normalized to total histone levels and

individual biological replicates presented as a heat map.
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Figure 3.12: Effects of genetic and chemical perturbations on bulk histone
acetylation levels in S. cerevisiae. A, B. Wildtype and deacetylase mutant strains were
treated with 1,10-pt for 30 minutes and bulk H4K12ac was assessed by immunoblotting.
A representative blot is shown (A) as well as quantification of at least three replicates
(B). C. rpd34 mutants have no effect on loss of serine 5 phosphorylation of RNAPII
CTD upon treatment with 1,10-pt. Wildtype and rpd34 strains were treated with 1,10-pt
for 30 minutes and bulk serine 5 phosphorylation and H4K12ac was assessed by

immunoblotting. D, E. Cells were pretreated with the HDAC inhibitor trichostatin A
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(TSA) or DMSO for 15 minutes before a 30 minute treatment with 1,10-phenanthroline

monohydrate (1,10-pt). Whole cell extracts were subjected to immunoblot analysis and a

representative blot (D) and quantification of two replicates (E) are shown. F, G. Cells

were pretreated with 1,10-phenanthroline monohydrate (1,10-pt) or ethanol for 15

minutes, followed by a 15 minute treatment with trichostatin A (TSA), and washed into

fresh media containing 1,10-pt or ethanol without TSA for 15 minutes. Whole cell

extracts were subjected to immunoblot analysis. Shown are a representative blot (F) and

quantification of three replicates (G).
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Figure 3.13: Histone acetylation is dependent on RNAPII in mESC. A, B.

Immunoblot analysis of RIPA buffer soluble (S) and insoluble (P) nuclear extracts from
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mESCs treated with actinomycin D for the indicated antibodies. Acetylation signals were

normalized to total histone levels and the individual replicates presented as a heat map.

To further characterize the dependence of histone tail acetylation on transcription, we
treated S. cerevisiae cells with 1,10-pt for 15 minutes and subsequently performed ChIP-
seq for RNAPII, H3K23ac, H4K12ac, and H4K8ac. While the mechanism of action for
transcription inhibition by 1,10-pt has not been extensively characterized, we observed
loss of Rpb3 across gene bodies, with the strongest effect at 5° regions (Figure 3.14 A,
B), consistent with 1,10-pt inhibiting both initiation and elongation of RNAPII.
Importantly, H4K12ac, H3K23ac, and H4K8ac mirrored RNAPII loss (Figure 3.14 A, B)
and histone deacetylation was limited to nucleosomes that lost Rpb3 upon 1,10-pt
treatment (Figure 3.14 C). In contrast regions with more stable RNAPII, including the 3’
ends of genes, showed an increase in histone acetylation. While this may result from
enhanced HAT targeting by residual RNAPII, we cannot rule out the possibility that our
scaling approach does not fully account for global decreases in histone acetylation.
Regardless, we find that H3K23ac, H4K12ac, and H4K8ac are deacetylated at regions
that lose RNAPII upon transcription inhibition, indicative of a direct effect. Collectively
these results demonstrate that the majority of histone tail acetylation is targeted through

RNAPII.
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Figure 3.14: Histone acetylation is dependent on RNAPII. A, B. ChIP-seq data for
Rpb3 and Histone acetylation from S. cerevisiae cells before and after a 15 minute
treatment with 1,10-pt at 4029 transcribed +1 NCPs, showing the average enrichments
relative to +1 NCP (A) and heatmap visualization of enrichments at genes aligned by the
+1 NCP and sorted by the distance to the PAS (B). Only data until the PAS was included,

and the grey line (A) represents the fraction of genes still being plotted. C. Histone
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acetylation enrichments at nucleosomes with stable Rpb3 and those that lost Rpb3 upon

treatment with 1,10-pt.

3.3.6 Mechanism of RNAPII-dependent histone acetylation

Three main pathways have been described for RNAPII-dependent histone acetylation in
yeast: binding of HATs to the phosphorylated CTD of RNAPII, interaction of HATs with
cotranscriptional histone methylation, and replication-independent (RI) histone exchange.
We next examined if the established pathways targeting RNAPII-dependent histone
acetylation were necessary for bulk histone tail acetylation. First, we found that RNAPII
CTD phosphorylation by Kin28 is not necessary for reestablishment of bulk H4K12 or
H3K23ac following alleviation of transcription inhibition (Figure 3.15 A, B). Second, as
H3K4 methylation can also target HDACs (T. Kim and Buratowski, 2009; X. Shi et al.,
2007), we assessed the reestablishment of H4K12ac and H3K23ac following transcription
inhibition in the presence of the HDAC inhibitor TSA, but we found no difference in
acetylation dynamics between wildtype and set/4 cells (Figure 3.15 C, D). Furthermore,
disruption of NuA4 binding to H3K4me3, by truncating the PHD finger of Yng2, had
negligible effects on bulk H4K5ac or H4K 12ac and only reduced H4K8ac by 30%
(Figure 3.14 E, F). Additionally, reanalysis of published ChIP-seq mapping of H4K8ac in
a Yng2 PHD finger mutant (Steunou et al., 2016) and H3K18ac in a H3K4R mutant
(Sadeh et al., 2016) revealed only subtle alterations in genome wide histone acetylation
patterns, demonstrating that H3K4me3 plays a relatively minor role in targeting H3 and

H4 tail acetylation (Figure 3.14 G). Third, we found that loss of Asfl, a histone
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chaperone implicated in RI histone exchange (T. Kaplan et al., 2008; Rufiange et al.,
2007; Schwabish and Struhl, 2006), had minimal effects on H4K12ac or H3K23ac
(Figure 3.14 H, I), consistent with ChIP-chip studies showing that H4ac is largely
unaffected in asf/4 mutants (Venkatesh et al., 2012). Thus, although we cannot rule out
the possibility that RI histone exchange, H3K4 methylation, or RNAPII serine 5
phosphorylation functions in regulating histone acetylation at some genes, these pathways

do not seem to play a general role in mediating global histone acetylation.
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Figure 3.15: Mechanisms for RNAPII-dependent histone acetylation. A, B. An

analog sensitive KIN28 mutant (kin28as) and an isogenic wild type strains were treated
with 1,10-pt for 30 minutes, followed by 1-NaPP1 for an additional 20 minutes, before
being washed into fresh media containing only 1-NaPP1. Samples, including those taken

5 and 30 minutes post-wash were subjected to immunoblot analysis for serine 5 CTD
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phosphorylation (3e8), H4K12ac, or H3K23ac. Acetylation signals were normalized to
total histone levels and the individual replicates presented as a heat map. C, D.
Immunoblot analysis of wild type and set/4 cells treated with 1,10-pt for 30 minutes,
followed by TSA treatment for an additional 30 minutes, before being washed into fresh
media containing TSA. Samples were collected 5 and 30 minutes post-wash. E, F.
Immunoblot analysis of wild type, yng24, and yng2APHD cells. G. Smoothed scatter
plots across genome wide nucleosome positions for H4K8ac (Steunou et al., 2016) and
H3K18ac (Sadeh et al., 2016) showing wildtype versus yng2W2474 and H3K4R strains
respectively. The Spearman correlation coefficient between the plotted samples is
indicated by r;. H, I. Immunoblot analysis of wild type and asf14 cells treated with 1,10-

pt for 30 minutes.

To further investigate the mechanism targeting RNAPII-dependent histone acetylation,
we determined whether histone acetylation is regulated at the level of HAT recruitment.
We mapped the NuA4 component Epll by ChIP-seq and compared H4 acetylation across
genome wide nucleosome positions. Surprisingly, Epll correlated poorly with H4K12ac
following TSA treatment (Figure 3.16 A), suggesting that NuA4 binding to chromatin
often does not result in histone tail acetylation. Confirming that this wasn’t a product of
our mapping approach, we observed similar effects for Epll immunoprecipitated from
MNase-digested lysates (Figure 3.16 A). As H4K12ac is primarily regulated by the TSA-
sensitive HDAC Rpd3 (Figure 3.12 A-C, (Bernstein et al., 2000)), hypoacetylation at

Epll bound nucleosomes is unlikely due to HDAC activity, but rather reflects low
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activity of NuA4. We also observed a poor correlation for GenS with H3K23ac (Figure
3.16 A), and previous studies have reported discordance between HAT occupancy and
histone acetylation (B. J. E. Martin et al., 2017; Steunou et al., 2016). We note however
that this observation should not be generalized to other chromatin modifying enzymes, as
the H3K4 methyltransferase Setl positively correlated with H3K4me3 (Figure 3.16 B),
so specifically for HATs we find that enzyme occupancy is a poor predictor of histone
acetylation. These data show that HAT occupancy is not sufficient for histone acetylation

and highlight the importance of post-recruitment regulation of activity.
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Although RNAPII-mediated targeting of HATs does not fully explain histone acetylation
patterns, this does not rule out the possibility that HATs are targeted predominantly via
RNAPII recruitment. To test if HAT occupancy depends on RNAPII, we mapped Epl1l
following transcription inhibition (Figure 3.17 A, B), and found that Epl1 occupancy
decreased in 5’ regions, indicating RNAPII-dependent association of NuA4 with gene
bodies. RNAPII-dependent targeting of NuA4 has been proposed to occur through serine
5 phosphorylated RNAPII CTD (Ginsburg et al., 2009) and H3K4 methylation (X. Shi et
al., 2007), but as these pathways are not required for bulk histone acetylation they are
unlikely to be mediating the RNAPII-dependent recruitment of Epll to gene bodies.
Rather, Epll recruitment to gene bodies may be through a novel mechanism. In any case
our results suggest that RNAPII targets histone acetylation, at least in part, through

promoting the interaction of HATs with chromatin.
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Figure 3 17: Epll1 is lost from gene bodies upon transcription inhibition. A, B. ChIP-
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+1 NCPs, showing the average enrichments relative to +1 NCP (A) and heatmap
visualization of enrichments at genes aligned by the +1 NCP and sorted by the distance to
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fraction of genes still being plotted.
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3.3.7 NuA4 is recruited to both TAF1 enriched and depleted promoters

With transcription inhibition, we noticed that Epll occupancy increased upstream of the
+1 nucleosome suggestive of activator-dependent recruitment to upstream activation
sequences (UASs). To assess this directly, we analyzed Epll enrichment flanking TATA
and TATA-like sequences (Rhee and Pugh, 2012), restricting our analysis to genes with
low upstream Rpb3 signal so as to avoid confounding effects of divergent transcripts. We
found increased binding of Epl1 ~200 bp upstream of the TATA element, coincident with
mediator binding (Figure 3.18 A-C) and consistent with activator recruitment to UASs.
This increase in Epll occupancy did not result in increased H4 acetylation, indicating that

activator recruitment of NuA4 is not sufficient for nucleosomal HAT activity.
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Figure 3.18: Epll increases at UASs following transcription inhibition. A. The
average enrichment of Rpb3 ChIP-seq flanking 4231 mRNA-linked TATA and TATA-

like elements (Rhee and Pugh, 2012) and for 1416 classified as having low upstream
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Rpb3. B. The average enrichments relative to 1416 mRNA-linked TATA and TATA-like
elements (Rhee and Pugh, 2012) with low upstream RNAPII for Rpb3, Epl1, H4K8ac,
and H4K12ac before and after 1,10-pt treatment. C. The average enrichment of Mediator
subunits (Petrenko et al., 2016) and Epl1 flanking 1416 mRNA-linked TATA and TATA-

like elements (Rhee and Pugh, 2012) with low upstream RNAPII.

As NuA4 was previously linked with TFIID occupancy (Durant and Pugh, 2007), we
next split promoters by Tafl (TFIID) enrichment (Rhee and Pugh, 2012). While the
underlying basis for these promoter classes has been a matter of debate, that they reflect
underlying biological differences is widely agreed upon (Joo et al., 2017; Warfield et al.,
2017), and as such are useful classifications to compare our results to previous work. As
Tafl-depleted genes are on average more highly transcribed we limited our analysis to
highly transcribed genes, but similar results were observed at all genes (Figure 3.19 A-B).
Consistent with previous work (Durant and Pugh, 2007), Epll binding was enriched at
UAS:s of Tafl-enriched promoters, and this binding was largely unaffected by
transcription inhibition. In contrast, at Taf1-depleted promoters, while Epll was initially
depleted, binding at UASs increased dramatically following transcription inhibition. The
increase in Epll binding coincided with increased RNAPII occupancy between the
TATA and TSS elements, as exemplified by the ACT1 gene (Figure 3.19 C), and suggests
that PIC formation still occurs but initiation is inhibited, consistent with in vitro
experiments (Lattke and Weser, 1977). The increase in Epll suggests that NuA4

recruitment to activators is stabilized through interactions with the PIC at Tafl-depleted

119



genes, and thus only occurs transiently during transcription initiation. This transient
binding explains why NuA4 recruitment to Tafl-depleted promoters has not previously
been observed and points to a general function for NuA4 in transcription initiation.
However, the lack of histone acetylation upstream of promoters suggests that HAT

function in transcription initiation involves an activity other than histone tail acetylation.
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Figure 3.19: Epll dynamics at UAS of Tafl enriched and depleted promoters. A.

The average enrichments relative to highly transcribed mRNA-linked TATA and TATA-

like elements (Rhee and Pugh, 2012) with low upstream RNAPII classified as enriched
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(234 genes) or depleted (164 genes) for Tafl (Rhee and Pugh, 2012). B. Same as in A but
for without selecting for highly transcribed genes, giving 364 promoters enriched and
1052 promoters depleted for Tafl. C. Rpb3, Epll, and Histone acetylation ChIP-seq from

cells before and after treatment with 1,10-pt at a region surrounding ACT1.

3.4 DISCUSSION AND CONCLUSIONS

In this study, we found that the majority of histone acetylation is dependent on RNAPII
and is targeted to nucleosomes at sites of RNAPII accumulation, consistent with an
intriguing model where histone acetylation functions to rescue the stalled RNAPII
molecule. Histone acetylation could aid resumption of RNAPII elongation by directly
modulating histone-DNA contacts or by targeting chromatin remodelers to disrupt the
offending nucleosomes (Carey et al., 2006). Supporting a function in elongation, H3 tail
mutants mimicking unacetylatable lysine sensitize yeast to the transcription elongation
inhibitor 6-azauracil (Hailiang Huang et al., 2009), and disruption of histone acetylation
impedes early elongation of RNAPII (Church et al., 2017; Church and Fleming, 2017).
As well as aiding the current RNAPII-molecule, RNAPII-targeted histone acetylation
may also influence subsequent rounds of transcription. Although the rapid deacetylation
we observed following loss of RNAPII leaves only a short temporal window, histone
acetylation could influence subsequent rounds of transcription in the case of
transcriptional bursting. Additionally, if RNAPII arrests due to DNA damage
(Gerasimova et al., 2016), then targeting histone acetylation to stalled RNAPII could

facilitate transcription-coupled repair (S. Li, 2012).
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While we observed RNAPII-dependent HAT binding to chromatin, the mechanism of
targeting histone acetylation to RNAPII bound nucleosomes is not clear. Epll binding to
5’ gene regions was lost upon transcription inhibition, and this is similar to what has been
seen for Tip60 in mammalian cells (Poshen B Chen et al., 2015). Tip60 recruitment is
proposed to occur via R-loops, which has not been reported before for NuA4. However as
Esal, and most HATs in yeast, contains a nucleic acid binding domain (Shimojo et al.,
2008), this may be a conserved mechanism of HAT recruitment to transcribed regions.
However while it may be necessary, HAT recruitment is not sufficient for histone
acetylation. In fact genome-wide we found that HAT binding to nucleosomes cannot

predict histone acetylation, indicative of additional levels of regulation.

One possibility is that RNAPII elongation and stalling could also alter the nucleosome
structure, making it a better substrate for acetylation. The histone tails impede RNAPII
progression through the nucleosome and must be displaced from DNA during elongation
(Chirinos et al., 1998; Ujvari et al., 2008), and this could provide a better substrate for
acetylation. In support of this mechanism the H3 tail becomes 10 fold less accessible
when assembled into nucleosomes in vitro (Gatchalian et al., 2017) and HAT activity is
enhanced by disrupting interactions between DNA and the H3 tail (Stiitzer et al., 2016).
Additionally, intranucleosomal stalling of RNAPII leads to unwrapping of DNA from the
histone core (Crickard et al., 2017), exposing histone surfaces normally bound to DNA,

and potentially enhancing interactions with acetyltransferases.
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Another possibility is that RNAPII, or an associated factor, regulates histone
acetyltransferase activity of HAT complexes. This may be an allosteric regulator, as has
been observed for enhancer RNAs and CBP (Bose et al., 2017), but altered subunit
composition is another promising mechanism of regulation. Esal exhibits reduced
nucleosome HAT activity when incorporated into NuA4 as oppose to the HAT
submodule known as Piccolo (Boudreault et al., 2003). Similarly, GenS nucleosomal
HAT activity is lower when incorporated into SAGA than when present in the smaller
ADA or HAT-A2 complexes (Burgess et al., 2010). It is unclear how assembly of Piccolo
and ADA/HATAZ? is specifically regulated, but only the full NuA4 and SAGA complexes
target Esal and GenS to activators. Additionally only the full NuA4 complex is targeted
to H3K36me3 (Sathianathan et al., 2016). Both nucleosomes upstream of promoters and
modified by H3K36me3 are hypoacetylated, which is consistent with the full NuA4 and
SAGA complexes being only weakly active for nucleosome acetylation. The relative
targeting of the various subcomplexes to RNAPII and their in vivo stoichiometries are
largely unknown, and represent promising avenues for future research to understand

acetylation of nucleosomes in vivo.

Recruitment of HATs to promoters by transcriptional activators underlies the model that
histone acetylation primarily occurs during transcription initiation, but whether this
recruitment aids transcription initiation through histone tail acetylation or through some
other function has largely been unexplored. We found that NuA4 recruitment to UASs
did not lead to histone tail acetylation, and generally observed that HAT association with

chromatin, in the absence of RNAPII stalling, rarely led to efficient histone tail
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acetylation. This suggests that HAT recruitment by sequence-specific activators is not
efficient for histone tail acetylation. However, decades of research point to an important
role for NuA4, and other HATs, in transcription initiation, so if not tail acetylation what

is the function of HATSs in transcription initiation?

While activator targeting does not lead to histone tail acetylation, acetylation of other
targets may be important for transcription initiation. In addition to the histone tails, HATs
acetylate lysine residues in histone globular domains, on the lateral surface of the
nucleosome (Di Cerbo et al., 2014; Pradeepa et al., 2016; Tropberger et al., 2013). Also
subunits of the RSC and SWI/SNF chromatin remodeling complexes are known to be
acetylated (Choi et al., 2008; J.-H. Kim et al., 2010), as are some of the general
transcription factors (Imhof et al., 1997), and these represent potential targets for non-
histone acetylation. Supporting a non-histone tail acetyltransferase function for HATs in
transcription initiation, in vitro transcription of chromatin templates is stimulated by
recruitment of p300 even when chromatin is assembled using tail-less histones (Georges
et al., 2003). The transcription stimulation depends on acetyltransferase activity, and
radiolabeled acetate incorporation show acetylation of both non-histone proteins and at
least one of the tail-less histones. Compared to the tails the role of non-histone-tail
acetylation is a relatively unexplored avenue of research, and our results highlight its

potential importance in transcription initiation.

Activator targeting could also serve to increase the local concentration of HAT

complexes at transcribed genes, facilitating RNAPII-HAT interactions in 5° genic
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regions. This model could explain the increase in NuA4 binding to UAS regions
following transcription inhibition. NuA4 interaction with activators could function to
increase its local concentration and enable efficient recruitment into the gene body in an
RNAPII-dependent manner. Thus, activator recruitment of HATs may facilitate

RNAPII-dependent targeting to gene 5’ regions.

CHAPTER 4 — CONCLUSIONS AND PERSPECTIVES

4.1 CHAPTER SUMMARY

The enrichment of histone acetylation within transcribed chromatin was first observed in
the 1960s, and how specific histones are acetylated has been a central question of
chromatin biology ever since. This question has been the overarching focus of this thesis,
with experiments addressing how histone acetyltransferases are recruited to transcribed
regions of chromatin as well as investigating how histone acetylation itself is deposited.
The experiments are largely conducted in the versatile model system of S. cerevisiae, but
results in mammalian cells suggest that the mechanisms described are conserved across
eukaryotic cells. The experiments in this thesis utilize multiple approaches to further our

understanding of how histone acetylation targeting is mediated in eukaryotic cells.

In chapter 2, we focused on the NuA3 HAT complex in S. cerevisiae, which was known
to bind to H3K4 and H3K36 methylation through the PHD finger of Yngl and the

PWWP domain of Pdp3 respectively. Previous work, however, largely considered these
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domains in isolation without elucidating the relative contributions of each domain to
NuA3 recruitment. We investigated the contributions of both domains first through
genome wide analysis of NuA3-bound nucleosomes, and then by interrogating the
dependence of NuA3 recruitment on each of the domains and histone methylation.
Through these experiments we found that Yngl binding to H3K4me1/2/3 and Pdp3
binding to H3K36me3 are necessary for full recruitment, but just one of these interactions
can still mediate some binding of NuA3, which is consistent with these domains
functioning independently. H3K4 and H3K36 methylation occur co-transcriptionally, and

so mediates NuA3 recruitment to the bodies of transcribed genes.

Chapter 3 focuses on the causality of the relationship between histone acetylation and
RNAPII transcription. In yeast we found that the majority of histone acetylation is
dependent on RNAPII, and demonstrated this result through multiple approaches. We
observed enrichment of histone acetylation specifically where RNAPII resides, and
alterations of RNAPII residence time at different genes and at strongly positioned
nucleosomes were reflected in corresponding changes in histone acetylation.
Furthermore, and importantly, genetically inducing RNAPII stalling led to increased
histone acetylation in gene bodies and inhibiting transcription by the use of two
independent transcription inhibitors resulted in a global loss of histone acetylation. ChIP-
seq analysis revealed that histone acetylation loss was specific to regions that lost
RNAPII upon transcription inhibition. Thus, we comprehensively showed that histone
acetylation in yeast is dependent on RNAPII. We also provided evidence that in

mammalian cells histone acetylation is also dependent on RNAPII. We found that in
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human and mouse cells histone acetylation across a broad range of sites was tightly
linked to RNAPII occupancy, and transcription inhibition of transcription in mESCs with
actinomycin D resulted in a global loss of histone acetylation. Thus, we provide an
answer to an important question concerning histone acetylation biology, finding the bulk
of histone acetylation across eukaryotic systems occurs as a consequence of RNAPII

occupancy.

In both chapters 2 and 3, we also find that HAT association with chromatin does not
always coincide with histone acetylation. This observation could not be explained by
histone deacetylase action masking acetyltransferase activity, and instead suggests that
regulation of HAT activity post-recruitment to chromatin is a major regulatory step in
histone acetylation. This is not to say that HAT recruitment does not play a part but does
show that HAT recruitment cannot explain observed histone acetylation patterns. Thus, to
understand how histone acetylation is targeted to specific regions of chromatin both

mechanisms regulating HAT recruitment and HAT activity must be considered.

4.2 GENERAL DISCUSSION and FUTURE DIRECTIONS

One surprising aspect of NuA3 recruitment is the ability of weak interactions to mediate
its association with chromatin (Table 2.1). NuA3 binding to H3K4me1l and H3K36me3,
especially, occurs with dissociation constants over 50 uM. These are not strong
interactions, and it is puzzling how they enable targeting of NuA3. It’s possible that
other, still weaker interactions facilitate cooperative multivalent binding, but we see no

evidence for this. Another possibility is that the nuclear environment may facilitate weak
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interactions by increasing effective concentrations through molecular crowding (E. J. Cho
and J. S. Kim, 2012; Matsuda et al., 2014; Richter et al., 2008). In any case our results
demonstrate that despite their weak interactions, histone binding by the PHD finger of
Yngl and the PWWP domain of Pdp3 mediate recruitment of NuA3 to chromatin, and
can do so independent of one another. These results highlight how even weak interactions

can still be functionally relevant in chromatin biology.

We also found histone acetylation tightly linked to transcription from divergent
promoters, much of which results in short non-coding transcripts (Core et al., 2008). The
functional relevance of non-coding transcription is not always clear, but our results
suggest a function at least in chromatin regulation. Our results show that short non-
coding transcription will target histone acetylation, thereby altering chromatin structure.
The relevance of this is currently unknown, but may have implications for chromatin
accessibility at upstream promoter regions and higher order chromatin structure (Kieffer-
Kwon et al., 2017). Active enhancers are also linked with divergent promoters (Core et
al., 2014; Jin et al., 2017), and eRNAs may also function to increase acetylation,
consistent with a reported role for eRNAs in activating CBP acetyltransferase activity
(Bose et al., 2017). Thus transcription-coupled histone acetylation provides a mechanism

for short non-coding transcripts to target histone acetylation and alter chromatin structure.

Histone acetylation was also enriched in regions of increased RNAPII occupancy, and

this was linked with intrinsically stable nucleosomes. One explanation for this result,

discussed in chapter 3, is that RNAPII progression through or stalling within the
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nucleosome causes an altered nucleosome structure. This altered nucleosome could be a
better substrate for acetylation, perhaps through greater accessibility of the histone tails,
leading to increased histone acetylation. While it is an intriguing model, future
experiments are needed to determine if this is in fact what is happening. Due to the
complexity within the cell, in vitro experiments may be best suited to uncover how HAT

activity is affected by RNAPII stalling within the nucleosome.

We also found a general disconnect between HAT recruitment and histone acetylation.
First for NuA3 and then for Gen5 and Esal as well, we observed HAT binding to
chromatin was often not associated with histone acetylation, suggesting that histone
acetyltransferase activity is regulated at a step following chromatin interaction. This type
of regulation is similar to what is seen for other chromatin enzymes, where allosteric
modulation of activity is a key regulatory step. For instance the histone deacetylase
complex Rpd3S was found to be regulated both on the level of recruitment and allosteric
regulation of activity (Drouin et al., 2010). Also the chromodomain of the Chd1
chromatin remodeler regulates access to its ATPase motor activity (Hauk et al., 2010;
Morettini et al., 2011). We expect that for most chromatin enzymes, function will be
regulated both on the level of recruitment and allosteric regulation of activity. However
which of these are the determining steps may vary for different enzymes. In fact we
observed that the Setl methyltransferase positively correlated with H3K4me3, suggesting
that recruitment is a major determinant of Setl-directed H3K4 methylation. The balance

between recruitment and allosteric regulation of a given enzyme may also vary with
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environmental or metabolic conditions, with many avenues of research still to be

explored.

There is growing evidence for a strong link between enzymatic activity of chromatin
enzymes, and HATs specifically, and metabolism. For HATs, they consume acetyl-CoA,
a key metabolite, in order to acetylate lysine residues, and the metabolic state of the cell,
and acetyl-CoA specifically, dictates HAT activity (L. Cai et al., 2011; Friis et al., 2009;
Galdieri and Vancura, 2012; Takahashi et al., 2006; Wellen et al., 2009). Interestingly,
recent papers have also observed an association of acetyl-CoA synthetases with HAT
complexes leading to local generation of acetyl-CoA for histone acetylation (X. Li et al.,
2017; Mews et al., 2017; Sivanand et al., 2017). These experiments suggest that under
some conditions, presumably those in which acetyl-CoA is limiting, local generation of
acetyl-CoA is critical for HAT activity. How acetyl-CoA regulates histone acetylation is
a fast-growing aspect of histone acetylation research, with many new discoveries every

year.

Highlighting the importance of metabolic regulation, HATs were recently discovered to
catalyze a variety of histone lysine acylation reactions. Eight non-acetyl short acylations
have now been described, which are: propionylation, butyrylation, 2-
hydroxyisobutyrylation, succinylation, malonylation, glutarylation, crotonylation and f3-
hydroxybutyrylation ((Simithy et al., 2017) and reviewed in (Sabari et al., 2017)). While
the bulkier acyl groups are not as readily catalyzed by HATs, the choice for which

modification the enzyme will catalyze is largely a function of the concentrations of
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various acyl-CoA molecules (Sabari et al., 2015; Simithy et al., 2017). Increasing cellular
crotonyl-CoA levels shifts the balance from histone acetylation to histone crotonylation
(Sabari et al., 2015), and similar effects are seen for other acyl-CoA molecules (Simithy
et al., 2017). As with acetylation the various acylations neutralize the positive charge of
the modified lysine and so have comparable electrostatic effects on chromatin structure.
However due to their unique shape, histone acylations have been found to have unique
binding partners and consequentially have distinct chromatin functions (Y. Li et al.,
2016; Xiong et al., 2016). Thus, metabolism can have diverse effects on histone
acetyltransferases and chromatin enzymes more generally and is an emerging field in

chromatin biology.

While we focused on histone acetylation in this thesis, the results also highlighted the
importance of non-histone acetylation. We found that HATs often interact with chromatin
in the absence of histone acetylation, with implications for histone acetylation, which we
discussed above. However, the lack of histone acetylation does not preclude the
acetyltransferases from still being active to acetylate non-histone proteins. In fact, the
gendA sas34 synthetic lethality, which is due to loss of acetylation of H3 and of Rsc4, is
not recapitulated in an ada24 sas34 mutant (Choi et al., 2008). In an ada24 mutant
GcenS5, while unable to acetylate nucleosomes, can still acetylate Rsc4 (Choi et al., 2008),
explaining the viability of the mutant. A number of studies have reported examples of
non-histone protein acetylation functioning in transcription (Downey et al., 2013; Flury et
al., 2017; J.-H. Kim et al., 2010), and proteomic and genetic approaches have observed

acetylation of many more proteins involved in transcription (Downey et al., 2015;
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Henriksen et al., 2012; Kaluarachchi Duffy et al., 2012; Mitchell et al., 2013). Thus, we
think it likely that HATs widely function in transcription and chromatin regulation

through the acetylation of non-histone proteins.
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