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Summary

Nucleosomes are building blocks of the eukaryotic chromatin which package genomic DNA
with histones. The modification patterns of histones constitute an important signaling pathway
for various nuclear processes. H3K36 methylation is catalyzed by the histone methyltranserase
Set2 during transcription elongation. This important histone mark is ubiquitously presented in all
organisms from yeast to mammals. In this study, we set out to investigate the molecular
mechanisms by which the Set2 activity is precisely regulated during dynamic transcription cycle.

In the first part of the study we discovered a novel role of the Set2 SRI domain, which is
responsible for the binding of Set2 to elongating RNA polymerase Il. We show that SRI also
binds to DNA which determines the substrate specificity of Set2. In addition, we identified a
novel auto-inhibitory role for the middle region of Set2 in regulating catalytic activity of Set2.
Remarkably, mutations at this region cause hyperactivities, which in turn lead to synthetic
phenotype with an essential histone chaperone FACT. Our data suggests that a temporal control
for dynamic chromatin regulation is needed during transcription elongation process.

In the second part, we investigated the molecular mechanism by which elongating Pol 11
regulated the Set2 activity beyond its initial recruitment. Surprisingly, we found the excessive
amount of phosphorylated serine residues on Pol Il CTD inhibited Set2 activity in vitro.
Subsequent biophysical examination revealed that the additional phosphorylated CTD repeats
collaterally occupied the surface of SRI where SRI contacts DNA. Finally, we determined that

the minimal recognition unit of Set2 on fully phosphorylated CTD tail is three heptad repeats,

\"



and demonstrated that this minimal unit is sufficient for the Set2 recruitment without disrupting
its catalytic activity. Since Pol 1l CTD utilizes repeating sequence as a scaffold for multiple
factors, our results implicate that an organized spatial arrangement of these factors along CTD is
necessary for accommodating their individual functions.

In the last part of this work, we examined the state-specific functions of H3K36 methylation.
By manipulating the catalytic domain of Set2, we obtained two mutants that can catalyze specific
methyl-states of H3K36 both in vitro and in vivo. Genetic studies showed that cells carrying
these two mutants displayed distinct phenotypes in several functional pathways, including
histone chaperone, CTD proline isomerization and double-strand DNA repair. Our results
suggest individual methyl-state of H3K36 plays non-redundant biological roles in cells.

In summary, we discovered multiple mechanisms by which Set2 is dynamically regulated by
elongating Pol 1. Setd2, the human homolog of yeast Set2, has been shown recently to be one of
the most important tumor suppressors among chromatin regulators. Given the highly conserved
nature of this histone methyltransferase family, we believe that our mechanistic studies here may

shed lights on the roles of Setd2 in tumorigenesis.
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Chapterl INTRODUCTION

1.1 Chromatin regulation

Chromatin is organized in arrays of nucleosomes (Kornberg, 1977).Two copies of each histone
proteins, H2A, H2B, H3 and H4, form an octamer that is wrapped by a 146 base pairs of DNA to
assemble a nucleosome core. DNA interacts with histone octamers through fourteen independent
contacts (Luger and Richmond, 1998). Nucleosomes are densely packed to achieve the
10,000-20,000-fold compaction which is necessary to fit a genome into the small volume of the nucleus
(Woodcock and Ghosh, 2010). To coordinate with various nuclear processes, the compacted
nucleosomes also need to be dynamically regulated in several pathways, including ATP-dependent
chromatin remodeling enzymes (Hargreaves and Crabtree, 2011) ,covalent modification of
histones(Zentner and Henikoff, 2013) and replacement of canonical core histones with specialized
variants (Talbert and Henikoff, 2010).

Chromatin remodeling and histone dynamics

Nucleosome remodelers use the energy produced from ATP hydrolysis to change the packaging
state of chromatin by mobilizing, sliding nucleosomes along the DNA template, or disassembling
histone octamers from DNA. (Clapier and Cairns, 2009). There are currently four different families of
chromatin remodeling complexes: SWI/SNF family, ISWI family, CHD family, and INO80 family. All
four types of remodelers utilize ATP hydrolysis to alter histone-DNA contacts and share a similar

ATPase domain but are also specialized for particular purposes and biological contexts.

Histone modification

Histones are subject to a vast number of post-translational modifications (PTMs), such as
methylation, acetylation, ubiquitination, ADP-ribosylation and sumoylation of lysine (K) residues;
methylation of arginine (R) residues; and phosphorylation of serine (S) and threonine (T)
residues(Bannister and Kouzarides, 2011). Histone modifications exert their effects via two main
mechanisms. The first involves the direct influences of the overall chromatin structure and the second
involves the modification related binding of effector molecules. For instance, histone acetylation

effectively reduces the positive charge of histones, and this mechanism has the potential to disrupt



electrostatic interactions between histones and DNA (Hong et al., 1993; Workman and Kingston, 1998).
A recent study shows that H4-K16Ac which has roles in transcriptional activation and the euchromatin
maintenance (Suka et al., 2002) modulates both higher order chromatin structure and functional
interactions between chromatin remodelers and the chromatin fiber (Shogren-Knaak et al., 2006).
Meanwhile, it has been shown that B-globin locus where the genes reside within a hyper-acetylated and
transcriptionally competent chromatin environment displays DNase sensitivity (Kouzarides, 2007).

Numerous chromatin-associated factors have been shown to specifically interact with modified
histones via many distinct domains (Yun et al., 2011). “Histone code” hypothesis proposes that the
histone modifications serve to recruit other proteins to bring about distinct downstream events (Strahl
and Allis, 2000). Methylation is recognized by chromo-like domains of the Royal family (chromo, tudor
and MBT) and unrelated domains such as ankyrin repeats, zf-CW, PWWP and PHD domains(Yun et al.,
2011). Although different binders are folded differently to fulfill other structural requirements, binding
surfaces of the domains that recognize the same mark remarkably resemble each other. For example,
TAF3-PHD domain and double-Tudor domain of JIMJD2A both apply similar binding surfaces to
recognize H3K4me3 peptide (Huang et al., 2006). Moreover, distinct from other modifications, lysine
methylation has multiple methyl states (mono-, di-, and tri- methylation). In some lysines, different
methyl-states are recognized by different sets of effectors to differentiate the state-specificity of
methylation. For instance, Pdpl binds to H4K20mel for cell-cycle regulation, whereas Crb2 recognizes
H4K20me2 to control a DNA damage checkpoint(Wang and Jia, 2009). However, at other sites, methyl
states only control the binding strength of the same chromatin regulators. For example Rpd3S binds to
H3K36me3 nucleosomes with the highest affinity and these binding decreases as the number of methyl
state reduces (Li et al., 2009a) .

Acetylation is recognized by bromo domains (Dhalluin et al., 1999) and the tandem PHD domain
(Lange et al., 2008; Zeng et al., 2010). Many bromo domains bind to multiple acetylated histones, and
the tandem PHD domain of human DPF3b also prefers acetylated H3 and H4(Lange et al., 2008),
indicating the lack of unique sequence recognition by these readers. Meanwhile, two readers have been
identified to recognize histone phosphorylation. The BRCT domain of MDC1 binds to phosphorylated
Serine near the C-terminus of histone H2AX (Stucki et al., 2005). Mammalian 14-3-3( recognizes
H3S10ph peptide using a deep scaffold (Macdonald et al., 2005) while yeast14-3-3 proteins Bmhl and
Bmh2 also bind to H3S10ph (Walter et al., 2008).



Histone Variant Incorporation

Histone variants have distinct amino acid sequences that can influence both the physical properties
and dynamics of the nucleosome. The genome packaged by canonical histones can be replaced with
histone variants that alter nucleosome structure, stability, dynamics, and, ultimately, DNA accessibility
(Weber and Henikoff, 2014).

For instance, H3.3 is preferentially incorporated over transcribed regions independent of DNA
replication (Mito et al., 2005). Yeast version of H3 most closely resembles the H3.3 variant rather than
the replication-dependent H3.1in human (Malik and Henikoff, 2003). In metazoans, H3.3 differs from
H3 by only four to five amino acids (Filipescu et al., 2013). Three of these differences are found within
the core histone fold domain and specify the alternative deposition pathways (Ahmad and Henikoff,
2002). Meanwhile, H2A.Z has been found to associate with gene activation and promote elongation
(Santisteban et al., 2011). H2A.Z is only -60% identical to H2A within species, but is relatively
conserved between different species and is essential in metazoans (Zlatanova and Thakar, 2008). H2A.Z
has an extended acidic patch, which stimulates remodeling activity with the ISWI ATP-dependent
remodeler (Goldman et al., 2010). In yeast, H2A.Z can be bound by the general H2A/H2B chaperone
Napl or Chzl, which preferentially binds H2A.Z over H2A (Luk et al., 2010). These chaperones provide
a source of H2A.Z for the Swrl remodeling complex, which exchanges H2A.Z for H2A (Mizuguchi et
al., 2004).

1.2 Regulation of Set2 -mediated H3K36methylation

Like all other histone methylation, H3 lysine 36 residues can be modified with mono-, di- or tri-
methyl groups, which significantly extends the complicity of the H3K36 methylation “language” (Zhang
et al., 2012c). Set2-mediated H3K36me is modulated by a variety of factors including elongating Pol II,
transcription factors, histone chaperones ,histone binding surfaces and demethylases (Venkatesh and
Workman, 2013).

1.2.1 H3K36 methyltransferases in yeast and higher eukaryotes

To date, at least eight distinct mammalian enzymes have been identified to methylate H3K36 in
vitro and /or in vivo. All of them have the catalytic Su(var)3-9, E(z), and trithorax (SET) domain in

common but they also have varying preferences to produce different methylation states on lysine 36



(Wagner and Carpenter, 2012). In both budding and fission yeasts, Set2 is the only methyltransferase
performing all three methylation reactions at H3K36 (Morris et al., 2005; Strahl et al., 2002). However,
human Setd2/Hypb, the ortholog of yeast Set2, is thought to be the only H3K36 tri-methylase (Edmunds et
al., 2008; Yuan et al., 2009). Meanwhile, other H3K36 methyltransferase also have been discovered:
Nuclear receptor SET domain-containing (NSD) family members (NSD1/2/3) have been found as H3K36
mono-and di- methyltransferases both in vivo and in vitro (Kuo et al., 2011; Li et al., 2009b; Rayasam et
al., 2003; Yang et al., 2008) while NSD1 and NSD2 also methylate H4K20 in different substrate contexts
(Hajdu et al., 2011; Li et al., 2009b; Pei et al., 2011). Moreover, ASH1L (An et al., 2011; Gregory et al.,
2007), SMYD2 ((Abu-Farhaet al., 2008; Brown et al., 2006), SETMAR (Fnu et al., 2011; Lee et al., 2005)
and SETD3 (Eom et al., 2011) have also been identified as H3K36 mono- or di- methyltransferases.

1.2.2 Factors that influence Set2 mediated HK36 methylation

Elongating Pol II:

Set2 has been shown to associate with the elongating form of Pol Il through the binding between its
C-terminal Set2-Rpb1 Interaction Domain (SRI) (Kizer et al., 2005; Krogan et al., 2003; Li et al., 2003a;
Xiao et al., 2003b). SRI domain recognizes the Ser2/Ser5 phosphorylated C-terminal domain (CTD) (Li et
al., 2005; Vojnic et al., 2006). Loss of the SRI domain abolishes di- and tri-methylation of H3K36 (Kizer
et al., 2005), while over-expressing SET domain alone restores H3K36me2 (Youdell et al., 2008)
indicating phosphorylated CTD contact is particular required for H3K36me3(Fuchs et al., 2012).

Transcription elongating factors:

RNA Pol Il associated factor 1(Pafl) and CTD kinase CTDK-1, Burl/Bur2 complex have been
shown to be involved in transcription elongation and histone modification regulation (Hsin and Manley,
2012; Jaehning, 2010). Disrupting each subunit of the transcription factor Pafl complex, Pafl, Cdc73 or
Ctr9 results in diminished H3K36 tri-methylation (Chu et al., 2007; Li et al., 2009a). Consistent with the
fact that Set2 only binds to phosphorylated Pol 11, the kinases were shown to regulate Set2 as well. Loss of
the CTDK-1 kinase subunit, Ctk1 abrogates methylation of H3K36, while deletion of the other CTD
kinase gene BUR1 or BUR2 results in the loss of H3K36 tri-methylation (Chu et al., 2006; Youdell et al.,
2008).

Histone chaperones:



Histone chaperones are key proteins that function at multiple steps of nucleosome formation
(Burgess and Zhang, 2013). Multiple lines of evidence suggest histone chaperones are involved in H3K36
methylation. In yeast, it has been shown that spt16 mutation (subunit of FACT complex) selectively
reduces H3K36me3 (Chu et al., 2006; Youdell et al., 2008). The FACT complex has been shown to
facilitate the reassembly of H2A-H2B dimmers that are preferentially mono-ubiquitinated on histone H2B
(Pavri et al., 2006). Consistent with this fact, loss of Large cells1 (Lgel), a component of the yeast
Brel-ubiquitin ligase complex, only causes loss of H3K36me3 (Li et al., 2009a). Another histone
chaperone, Asfl, which is involved in transcription elongation, has been shown to be necessary for
maintaining H3K36 tri-methylation without affecting mono- or di-methylation state (Lin et al., 2010).
Moreover, Spté mutants display allele-specific effects of H3K36methylation: in spt6-104 mutant
onlyH3K36me3 is reduced, while in spt6-1004 mutant there is no H3K36 methylation (Chu et al., 2006).
Interestingly, in human, Iws1, a Spt6 interacting protein, is shown to recruit Hypb/Setd2 to RNA Pol 11
elongation complex and is required for H3K36me. This result indicates that a mega-complex containing
histone chaperone and histone methyltransferase is required for maintaining the H3K36 methylation state
of active genes (Yoh et al., 2008).

Histone surface:

Set2 has been shown as a nucleosomal H3 selective methyltransferase (Strahl et al., 2002) suggesting
excepting recognizing H3K36, additional surfaces on nucleosome are also required for Set2 activity.
Histone H4 is shown to allosterically activate Set2 (Du et al., 2008). Further analysis leads to the
identification of a trans-histone methylation pathway demonstrating that H4K44 and other histone
residues (such as H2A L116/L.117) are necessary for positioning Set2 active site close to H3K36 on
nucleosome(Du and Briggs, 2010). Meanwhile, H3P38 is also found necessary for H3K36me3 and
isomerization of this residue by Fpr4 renders the conformation of H3K36 unsuitable for Set2 to methylate
H3K36 (Nelson et al., 2006; Youdell et al., 2008). Moreover, deleting 20 amino acids, or substituting
glutamines for lysines in the H3 tail, greatly impaired K36 methylation suggesting Set2 activity is

controlled by an intra-tail interactions of nucleosome (Psathas et al., 2009).

Set2 protein stability:
A recent study also suggests Set2 protein levels influence H3K36 methylation states in yeast (Fuchs

etal., 2012) . The results show that the disruption of interaction between Set2 and phosphorylated CTD by



using yeast mutants defective in CTD phosphorylation at serine 2 results in a destabilization of Set2
protein levels and H3K36 methylation. The author proposes a model that free form of Set2 which is
capable to di-methylate H3K36 is degraded in a proteasome-dependent manner. However to finish

H3K36me3, more retention time of Set2 is required by associating with phosphorylated CTD serine

residues.

Demethylases of H3K36:

Histone methylation is dynamically regulated by both histone methyltransferases and histone lysine
demethylases (KDM) (Shi and Whetstine, 2007) which enzymatically remove histone methyl groups
(Klose et al., 2006). Yeast H3K36 demethylases include Jhd1 and Rph1, both belonging to the Jumonji
family histone demethylases (Shi and Whetstine, 2007). Rph1 demethylates both H3K36 di- and tri-
substrates (Kim and Buratowski, 2007; Klose et al., 2007) while Jhd1 targets mono- and di- H3K36
(Fang et al., 2007).

1.3 Functions of Set2 mediated H3K36me

1.3.1. Molecular functions of H3K36 methylation

Transcriptional regulation:

Set2-Rpd3S pathway and cryptic transcription: It has been shown that histone deacetylase complex
(HDAC) Rpd3S recognizes H3K36 methylated nucleosome through both the chromo domain (CHD)
(Keogh et al., 2005) and the plant homeobox domain (PHD) of its subunits Eaf3 and Rcol, respectively
(Li etal., 2007b; Reid et al., 2004). Deletion of CHD domain of Eaf3, PHD domain of Rcol, Set2 as
well as mutation of H3K36 to alanine results in generation of hyper-acetylated chromatin over open
reading frames (ORFs)(Carrozza et al., 2005b; Joshi and Struhl, 2005; Keogh et al., 2005) . The

mis-regulated hyper-acetylation at ORFs has been found to cause at least two functional consequences

including the initiation of intragenic cryptic promoters (Carrozza et al., 2005b; Li et al., 2007b) and
increased homologous recombination (Pai et al., 2014) (discussed in DNA damage repair). Interestingly,
in human Sin3B, Pf1, Mrg15, and HDAC1 associate in a stable complex that binds
H3K4me3/H3K36me3-enriched nucleosomes to restrain the transcription. It has been shown that
inactivation of this complex promotes increased Pol Il progression within transcribed regions and

subsequent increased transcription (Jelinic et al., 2011) suggesting similar mechanism as Set2-Rpd3S



pathway is applied in higher eukaryotes to regulate Pol Il transcription.

The term cryptic transcription in this thesis mainly describes the presence of transcripts initiated
from intragenic promoters that are usually inaccessible for assembly of the transcription machinery
(Kaplan et al., 2003). This concept is different from the “pervasive” transcription of non-coding RNAS
(ncRNA), which are also often referred to as cryptic transcript (Flynn and Chang, 2012). Cryptic
promoters do not have unified characters in genome. The promoter of FLO8 contains TATA box (Kaplan
et al., 2003) while others, for instance STE11 does not (Pattenden et al., 2010). These promoters are
shown to be regulated independently from their individual canonical promoter but share the same
components of the transcriptional machinery (Pattenden et al., 2010). They largely localize at
infrequently transcribed loci (Cheung et al., 2008; Li et al., 2007¢) and do not interfere with according
full length transcriptions (Cheung et al., 2008; Smolle et al., 2012).

Other factors affect cryptic transcription: Many other factors are also found to regulate cryptic

transcription. Some of them act within the Set2-Rpd3S pathway, while others act in parallell with Set2.
Spt6 and Spt16 (FACT) were first identified to repress transcriptional initiation from cryptic sites
(Kaplan et al., 2003). Later a systematic screening shows various factors including histone gene
regulation factors, transcription elongation factors, chromatin assembly factors and remodelers, and
histone modifiers are required to repress cryptic transcription (Cheung et al., 2008). Deletion of Ctk1,
the catalytic subunit (Ctk1) of CTD kinase CTDK-1 complex, or Bur2, the cyclin factor within Burl
complex, causes cryptic transcription (Chu et al., 2007; Youdell et al., 2008). In addition, deleting
subunit of the other elongation factor Paflcomplex, Ctr9, causes cryptic transcription (Li et al., 2009a;
Youdell et al., 2008). Furthermore, combinatorial effects are also observed in BUR2A SET2A, PAF1A
SET2A, and CTR9A SET2A double mutants (Chu et al., 2007) and restoration of H3K36me2 could not
rescue cryptic transcription by the CTK1 deletion, indicating Set2 independent functions of these factors
in repression of cryptic initiation (Youdell et al., 2008).

Mutation of histone H4 K44, H2A L116 and L117 reduce the H3K36me2/3 and cause cryptic
transcription (Du and Briggs, 2010; Du et al., 2008). H2B ubiquitylation is involved in suppressing
cryptic initiation of certain genes (Chandrasekharan et al., 2009; Fleming et al., 2008). Meanwhile,
histone chaperones Rtt106, Asfl and Rtt109 are identified to regulate cryptic transcription. Rtt106
deficient strain shows cryptic transcription (Silva et al., 2012). Deletion of ASF1 or RTT109 displays
phenotype when combined with SET2 deletion suggesting that Asf1 and Rtt109 function in concert with



Set2 pathway to repress cryptic transcription (Venkatesh et al., 2012). Furthermore, histone remodeler
mutant AISW1 alone causes production of low-to-moderate amounts of cryptic transcripts while
AISW1/A CHD1 shows synthetic phenotype. Interestingly, ASET2/AISW1IACHDI triple knockout
further exacerbates the cryptic phenotype, implicating ISW1, CHD1 and SET2 are involved in the same
pathway (Smolle et al., 2012).

Dosage compensation: Transcription-coupled H3K36 methylation has been shown to correlate with the

enrichment of Male-specific lethal (MSL) complex linking this histone modification with dosage
compensation in flies (Bell et al., 2008). To compensate for having only one X chromosome, male flies
use the MSL complex to up-regulate the expression of X-linked genes by facilitating the progression of
Pol Il across the bodies of those loci (Larschan et al., 2011). In setd2 mutant males, MSL complex
maintains X specificity but exhibits reduced binding to target genes. Furthermore, recombinant MSL3
protein (an ortholog of yeast Eaf3) is found to bind nucleosomes marked by H3K36me3 in vitro

(Larschan et al., 2007) suggesting the importance of H3K36 methylation in dosage compensation.

DNA damage repair:

H3K36methyation is also critical for the maintenance of genomic stability and response of DNA
damage repair. In budding yeast, phospho-CTD bound Set?2 alleviates cell growth defect of Methyl
methanesulfonate (MMS) treated cells(Winsor et al., 2013). Set2 has been shown to genetically interact
with various DNA damage repair response factors including major players in both non-homologous end
joining (NHEJ) and homologous recombination (HR) pathways. In addition, Set2 regulates
transcription-dependent dynamic transition between H3K36me3 to H3K36me2 at DSBs indicating the
state-specific function of H3K36 methylation in DSB repair (Jha and Strahl, 2014). In fission yeast,
H3K36 modification is shown to control the choice of DSB repair pathway. Set2-dependent H3K36
methylation reduces chromatin accessibility, reduces resection and promotes non-homologous end
joining (NHEJ). Loss of Set2 increases H3K36Ac, chromatin accessibility and resection resulting in
opposite phenotype from the loss of histone acetyltransferase Gen5 (Pai et al., 2014). In human, Setd?2
facilitates the recruitment of C-terminal Interacting Protein (CtIP) to promote DSB resection, allowing
Replication Protein A (RPA) and RAD51 to bind at DNA damage sites. (Pfister et al., 2014). H3K36me3
is also required in vivo to recruit the mismatch recognition protein hMutSo (WM SH2-hMSH®6) for DNA
mismatch repair (Li et al., 2013). Interestingly, other H3K36 methyltransferase is also involved in DNA
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damage repair pathway. DNA repair protein Metnase (also called SETMAR) which has a SET-like
histone methylase domain is found to localize at an induced DSB and directly mediated the formation of
H3K36me2 near the locus. H3K36me2 improved the association of NHEJ pathway DNA repair
components, including NBS1 and Ku70, at DSB locus to help damage repair (Fnu et al., 2011)

Alternative splicing:

H3K36me3 is found to preferentially mark exons relative to introns. In addition, alternative exons
have lower H3K36me3 signal than constitutive exons indicating H3K36me3 exon marking in chromatin
provides a dynamic link between transcription and splicing (Kolasinska-Zwierz et al., 2009).
H3K36me3 has been shown important to recruit splicing factor PTBP1to favored exon region to
determine cell specific expression of protein isoforms. (Luco et al., 2010)._ Mouse PC4 and SF2
interacting protein 1 (Psipl) is shown to bind to H3K36me3 nucleosomes directly through its PWWP

domain and co-localizes with splicing factors to regulate alternative splicing (Pradeepa et al., 2012).

Histone exchange:

H3K36methylation has been shown to block histone exchange by suppressing histone chaperones
binding and recruiting chromatin remodelers. It has been shown that H3K36 methylation suppresses the
interaction of H3 with histone chaperones, histone exchange over coding regions and the incorporation
of new acetylated histones (Venkatesh et al., 2012). Meanwhile, Iswlb chromatin-remodeling complex
is specifically recruited to ORFs by H3K36 methylation through its PWWP domain of the loc4 subunit.
Iswlb cooperates with Chdl to regulate chromatin structure and prevent trans-histone exchange (Smolle
etal., 2012).

1.3.2 Implications in development and diseases

In higher eukaryotes, defects in genes that maintain the levels of H3K36methylation cause
developmental defects and diseases (Wagner and Carpenter, 2012). Homozygous disruption of
SETD2/HYPB impairs H3K36me3 and results in embryonic lethality at E10.5-E11.5 with severe
vascular defects (Hu et al., 2010). This result indicates Setd2/Hypb is required for embryonic vascular
remodeling. More importantly, the SETD2 gene is found among the most mutated cancer genes across
21 tumor types (Lawrence et al., 2014). Mutated SETD?2 is linked to sporadic clear renal cell carcinoma
(Brugarolas, 2014; Duns et al., 2010), leukemia (MLL-associated acute myeloid leukemia (AML))(Zhu
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et al., 2014), T-cell precursor acute lymphoblastic leukemia (Zhang et al., 2012b), pediatric acute
lymphoblastic leukemia (Mar et al., 2014), breast cancer (Al Sarakbi et al., 2009; Newbold and Mokbel,
2010) and hemispheric high-grade gliomas (Fontebasso et al., 2013). Moreover, a histone H3K36M
mutation that can inactivate Setd2 was linked to two early-onset cancers: chondroblastoma and giant cell
tumor of bone (Behjati et al., 2013). However, the detailed mechanism of SETD2 mutation related

tumorigenesis remains largely unknown.

1.4 Pol 1l CTD code

1.4.1 Structure of the Pol Il CTD

Pol 1l C-terminal repeat domain (CTD) of Rpbl, the largest subunit of Pol Il is a repetitive
domain that extends from the catalytic core of the enzyme. The CTD comprises tandem repeats of
heptapeptides with the consensus sequence of Tyrl-Ser2-Pro3-Thr4-Ser5-Pro6-Ser7 (YSPTSPS) as well
as non-repeat linker region and the rump domain(Corden, 2013b). While the sequence of the repeat is
conserved in S. cerevisiae and mammals, the length of the CTD differs markedly, with 26 and 52 repeats,
respectively. Though in the crystal structures of yeast Pol Il, the CTD and an 80-amino- acidresidue
linker connecting to the polymerase core are not visible due to motion or disorder (Armache et al., 2005;
Cramer et al., 2001), the RNA exit region is located near the last ordered residue of Rpb1,L.1450, at the
beginning of CTD linker (Cramer et al., 2001; Meinhart et al., 2005) suggesting that CTD is flexibly
linked to the adjacent RNA exit region of the enzyme. The largely disordered nature of the free CTD
allows for many different interactions with target proteins. In fully extended p-strand conformation, the
theoretical length of the yeast CTD and linker would be ~650 A and 250 A, respectively, while the core
of Pol 1l is about150A in diameter (Cramer et al., 2001). The phosphorylation of the CTD may produce
a more extended structure as the negatively charged side chains will tend to repel one another(Zhang and
Corden, 1991). Interestingly, one of the recent studies suggests that flexible protein structure adjacent to
essential heptad sequence is requred for CTD function by showing insertion of poly-alanine residues
which form stable secondary structures causes lethality. Such less flexible spacing sequences are shown

to compromise interactions between CTD kinase and CTD mutants (Liu et al., 2010).

1.4.2 Amino acid sequence code

Individual amino acid code
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Each of seven amino acid within heptad is considerred the letter of CTD code. Genetic studies have
helped to define the roles of each amino acids within the repeating sequence. In S. cerevisiae,
replacement of thephosphorylation sites, Ser2 or Ser5 with either Ala or Glu causes lethality(West and
Corden, 1995), which is consistent with essential_roles for both the phosphorylated and
unphosphorylated form of the CTD. Altering the order of Ser2 and Pro3 also is lethal indicating the need
for correct spacing of the heptad Pro residues. Changing the Tyr1 to Phe is also lethal arguing for a
possible role for Tyr phosphorylation. (West and Corden, 1995). Moreover, substitution of Ser7 with Glu
is lethal suggesting dephopshorylation of this residue is important(Zhang et al., 2012a). Lastly,
substitution of Thr4 and Ser7 by Ala supports viability (Stiller et al., 2000). In S. pombe, Ala
substitutions at Pro3, Ser5, and Pro6 were found to be lethal, but in contrast to the S. cerevisiae CTD,
Ser2 to Ala or Tyrl to Phe substitutions were not lethal (Schwer et al., 2012). Meanwhile, substituting
Thr for Ser2 or Ser5 yielded different results. In the case of Ser2, Thr substitution is not lethal but a Ser5
to Thr is lethal indicating that at this position the presence of an extra methyl group interferes with CTD
conformation or interaction with modifying enzymes. Substituting either Val or Ala at Thr4 was not
lethal indicating that phosphorylation of this residue in S. pombe is not essential. Finally, Gly
substitution at Pro3 is lethal while substitution at Pro6 is not, although these cells grow slowly(Schwer
and Shuman, 2011). In human cells, Ser2 or Ser5 substituted with Ala causes lethality (Hintermair et al.,
2012). However, only the substitution of Ser7 with Ala is viable while substitution of each repeat with
Glu or Thr/Lys in alternating repeats is not viable. This indicates that phosphorylation of Ser7 may not
be essential (Chapman et al., 2007). Moreover, Thr4 substituted with either Val or Ala is not able to
support growth but Thr4 substituted with Ser is viable. This result is consistent with an essential function

for Thr4 perhaps requiring phosphorylation (Hintermair et al., 2012).

Functional unit of CTD

The tandem nature of the CTD suggests that the heptad repeat is the “functional unit”. However,
Stiller and colleagues showed that addition of a single alanine residue in each heptad repeat was lethal
(Stiller and Cook, 2004) indicating the functional unit comprises more than one repeat. The functional
unit of the CTD was first found as a two-heptad pair (Stiller and Cook, 2004) by showing the insertion
of an alanine residue between di-heptads maintains almost normal growth phenotype. Later studies
further narrowed down the sequence of minimal functional unit to one full heptad and the next three or

four residues of the following repeat in both budding and fission yeasts. In S. pombe substituting
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positions 5— of the distal di-heptad (YSPTSPSYSPTAAA) ; had no discernible effect on growth

indicating Ser5-Pro6 sequence is not required in every repeat. Similarly in S. cerevisiae, YSPTSPSYSP
has been found as the minimal functional unit sequence (Liu et al., 2010; Schwer et al., 2012).

Spacing of functional units

Tandemly repeated CTD sequences make functional units overlapping (e.g. any Y1S,P3 sequence
outsiede the first heptad can also be utilized as last three letters of the minimal functional unit:
Y1S,P3T4SsPeS7 Y1S,P3). It is thought that this global, tandemly repeated structure provides the largest
number and densest packing of binding positions along CTD (Liu et al., 2010). And this feature of CTD
also raises a question that whether the spacing of each functional unit affects CTD function._In budding
yeast, the spacing of consecutive CTD functional units is not critical as up to five Ala residues between
di-heptads is viable. However insertion of seven Ala residues between di-heptads is lethal but between
tri-heptads is not (Stiller and Cook, 2004). Similar result has also been observed in fission yeast (Schwer
et al., 2012). Installing blocks of two to five Ala at the distal end of each mininal fucntion unit
(e.g. YSPTSPSYSPTAA) shows deteriorated growth phenotypes which correlate with the increment of
Ala number under various temperature conditions. Interestingly,substituting two Pro residues in a seven
Ala restores viability of budding yeast by disrupting stable secondary structures that are formed by 7Ala
sequence (Liu et al., 2010) indicating helical inserts may alter the conformation of adjacent functional

unit.

1.4.3 Post-translational modifications of CTD

All repeats of CTD undergo a dynamic cycle of post-translational modifications. The modification
patterns are recognized by CTD interacting proteins. The interplay of the modifying enzymes together
with the functional output generated by the recognizing factors gives rise to the idea of a CTD code . In
this theis we mainly focus on discussing serine phosphorylation of CTD.

The phosphorylation of Ser2 and 5 residues is the most characterized CTD modification (Corden,
2013a). Ser7 on CTD is also phosphorylated during transcription (Chapman et al., 2007). Kin28, the
enzyme responsible for phosphorylating Ser5, also phosphorylates the Ser7 (Glover-Cutter et al., 2009).
Instead of affecting expression of protein coding genes, Ser7A mutation is found to influence a class of
Pol 1l transcribed genes encoding small nuclear RNAs (snRNA) (Egloff et al., 2007). In addition,
phosphorylation of Tyrl and the kinase responsible of this modification, cAbl were known long ago
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(Baskaran et al., 1993). Tyr1P appears downstream of TSS, is present along coding sequences and drops
until the end of gene. It has been shown that the presence of phosphorylated Tyr1 inhibits the association
of termination factors to the CTD, thus preventing aberrant termination of transcription (Mayer et al.,
2012). Furthermore, phosphorylated Thr4 is enriched in the body of genes while low levels are detected
at polyA sites in yeast. Mutations of Thr4 do not influence yeast viability, but its substitution in higher
eukaryotes with valine or alanine has been shown to be lethal (Hintermair et al., 2012; Hsin et al., 2011).

Dynamic glycosylation occurs at Thr4 (Comer and Hart, 2001; Kelly et al., 1993), Ser5 and Ser7
residues of the CTD by O-GIcNAc transferase (OGT) (Ranuncolo et al., 2012). Since glycosylation and
phosphorylation are mutually exclusive, it suggests a functional role of Ser2/Ser5-G in preventing
phosphorylation of CTD before its recruitment on promoters (Ranuncolo et al., 2012).

Two proline residues of the heptad (P3 and P6) can be found either in cis or in trans conformation,
which further increases the combinations of CTD post-translational modification. Peptidyl-prolyl
cis/trans isomerase (PPlases) is characterized to catalyze such conformational changes. Pinlwas found
as a PPlase in human (Albert et al., 1999). It has been shown Pinl activity depends on phosphorylation
of its target site: Ser or Thr followed by Pro (Yaffe et al., 1997). A genetic study shows that Pinl inhibits
dephosphorylation of the CTD by Fcpl(Xu et al., 2003) indicating that the proline isomerization status
interplay with other CTD modification. In yeast, Essl is the homolog of Pinl. Like Pinl,it has been
shown to interact with the CTD (Hanes et al., 1989; Morris et al., 1999) and isomoerize the Ser5-Pro6
bond more effectively than the Ser2-Pro3 bond in vitro(Gemmill et al., 2005). It plays roles in RNA
processing and termination (Bataille et al., 2012; Ma et al., 2012).

1.4.4 CTD phosphorylation patterns within trancription cycle

The cycle of eukaryotic transcription including initiation , elongation and termination stages is
regulated at multiple steps. Within this process, dynamic phosphorylation patterns of CTD serine
residues have been found to coordinate the recruitment of CTD binding factors to facilitate Pol |1

transcription (Hsin and Manley, 2012).

Transcription initiation

RNA Pol 11 is recruited to the preinitiation complex (PIC) when CTD is hypophosphorylated (Lu et
al., 1991). Following its binding to the promoter ,Ser5 of yeast CTD is rapidly phosphorylated by either
Kin28 (Cdk7 in human) (Feaver et al., 1991) or Cdk8 (Srb10 and Srb11 in human) (Liao et al., 1995).
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These two kinase complexes are thought to have partially overlapping roles in transcription (Liu et al.,
2004) to facilitate the dissociation of RNA Pol 1l from the PIC and elicit promoter escape (Sogaard and
Svejstrup, 2007).

Transcription elongation

During transcription elongation CTD becomes further modified on Ser2 residues. CTDK-1 and
Burl/Bur2 complexes are considered equally responsible for Ser2 phosphorylation during Pol 11
elongation stage. However, Burl/Bur2 complex is thought to contribute Ser2P at early elongation stage,
while deletion of Ctk1 was shown to reduce Serine phosphorylation in the downstream region by 90%
(Qiu et al., 2009).

CTDK-1 was the first CTD kinase (Lee and Greenleaf, 1991) discovered from yeast and its
ortholog in human was later found to be CDK12 (Bartkowiak et al., 2010; Buratowski, 2009; Keogh et
al., 2003). Ctk1 resides in CTDK-1 complex with the cyclin subunit Ctk2 and a unknown function
subunit Ctk3(Bartkowiak and Greenleaf, 2011). Cdk9 and its regulatory cyclin subunit form the positive
transcription elongation factor b (P-TEFb) (Marshall et al., 1996). The closest relative to Cdk9 in S.
cerevisiae is the Burl/Bur2 kinase complex(Prelich and Winston, 1993).

Transcription termination

During transcription termination, CTD is de-phosphorylated by phosphatases to be recycled for the
next round of transcription (Cho et al., 2001). Both Fcpl and Ssu72 have been characterized as CTD
phosphatase: Fcpl is essential for cell survival in yeast and it converts Pol Il from phosphorylated 110
form to unphosphorylated 1A (Archambault et al., 1997; Chambers and Dahmus, 1994) . Ssu72 has
been shown to preferentially remove Ser5P from the CTD (Hausmann et al., 2005), and its activity is

enhanced by the peptidyl prolyl isomerases Ess1 (Krishnamurthy et al., 2009).

1.4.5 CTD interaction domain (CID)

Like histone code, the combinatorial nature of CTD modifications leads to the hypothesis of a CTD
code, where the patterns of modifications are read by the transcriptional machinery and other factors
with various functional outputs. To date, a number of proteins and protein complexes have been reported
to interact with the specific CTD modifications through distinct CTD interaction domains (CID).

Set2-Rpb1 interacting domain (SRI): Histone H3K36 methyltransferase Set2 and its orthologs
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Setd2/Hypb utilize conserved SRI domain to associate with phosphorylated CTD (Kizer et al., 2005;
Sun et al., 2005). NMR studies show that both Set2 and Setd2/Hypb SRI domain form three-helix
left-handed bundles which are different from other CTD binding domains. The optimal CTD
phosphorylation pattern for SRI interaction is found to be continuously phosphorylated Ser2/Ser5 within
the CTD peptide containing two-heptad repeats and three flanking NH2-terminal residues (Li et al.,
2005; Meinhart et al., 2005; Vojnic et al., 2006).

WW Domain: WW domian is caracterized by a pair of conserved Tyr residues in -40 amino acid
domain these domains specifically interact with Pro-rich peptides(Myers et al., 2001). Pinl and Essl
have been shown to interact with p-CTD through WW domain to determine the substrate specificity (Lu
et al., 1999; Verdecia et al., 2000). Interestingly Set2 also contains WW domain which was thought to
mediate p-CTD interaction(Krogan et al., 2003).

Rtt103: The transcription termination factor Rtt103 binds exclusively to di-heptad repeats
phosphorylated on Ser2 through its N-terminal CID (Kim et al., 2004). Interestingly, the independent
study shows that two CIDs of Rtt103 and the other termination factor, Pcf11, display cooperative
binding features respectively on longer phosphorylated CTD (Lunde et al., 2010) indicating the potential
interaction mode of these two factors at the 3’ end of genes where Ser2 phosphorylation reaches highest
density.

FF domain : FF domain is a 50-60 amino acid module contianing conserved Phe residues near N-
and C- termini. Human transcription factor TCERG1 /CA150, yeast splicing factor Prp40 and
mammalian HYPA/ FBP1linteract with the phosphorylated CTD through multiple FF domains. (Carty
et al., 2000; Morris and Greenleaf, 2000).

Capping enzyme : Cgtl GTase subunit binds to a Ser5 phosphorylated CTD peptide containing
four repeats through two CTD docking sites (CDS1 and CDS2) (Fabrega et al., 2004).

1.5 Summary

In this thesis, we focused on dissecting the molecular mechanism by which H3K36methylation is
regulated in budding yeast. In the Chapter 2 we studied auto-regulation mechanism of Set2 and found a
novel DNA interaction property of SRI domain which determins Set2 substrate specificity. Our
biochemical study idetified an auto-inhibition domain (AID) which resides in the middle portion of Set2

and demostrated how Set2 activity is coordiated by AID and SRI domain to maintain the normal
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H3K36methylation in cells. In Chapter 3, we demostrated that phosphorylated Pol 11 CTD not only
regulates the Set2 interaction but also affects Set2 activity in vitro. Our results suggest a new molecular
model illustrating how Set2 methylates H3K36 when encounters elongating Pol 11 and transcribed
nucleosome. Lastly, in the Chapter 4 we applied the knowledge learnt from the structural studies of
other hisotne methytransferases to indentify the novel F/Y switch residues in Set2 catalytic core and
successfully obtained Set2 mutants with different product specificities. By using these mutants, we were
able to dissect fucntions between H3K36me3 and lower methyl states in several pathways including
cryptic transcription, histone chaperone, CTD proline isomerization and double-strand DNA repair. Our
results suggest that the individual methyl-state of H3K36 plays non-redundant biological roles in cells.
The results from our studies add new insights into Set2-meidated H3K36 methylation. The
knowledge we get from domain coordination, CTD regulation and product specificity control of yeast
Set2 may help us understand more about functions of H3K36 methylation in regulating human

developtment and tumorigenesis.
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Chapter2 AN AUTOINHIBITORY MECHANISM DIRECTS THE
HISTONE METHYLTRANSFERASE SET2 TO METHYLATE ONLY
TRANSCRIBED CHROMATIN

Abstract

Set2-mediated H3K36 methylation ubiquitously functions in coding regions to control
hypo-acetylated states, suppression of cryptic transcription and histone exchange, alternative splicing,
DNA repair and recombination. It has been shown that H3K36me3 depends on the binding of Set2 to
phosphorylated Pol 1l via its SRI domain. However, the detailed mechanism is poorly understood. Here
we showed that fusion of the SET domain to Pol Il was not sufficient for full activities of Set2,
suggesting SRI may play additional regulatory roles to facilitate H3K36me3. We also found that the full
length Set2 preferred nucleosomes as substrates while the SET domain alone preferred core histones.
This substrate preference was partially determined by the DNA binding ability of SRI. In addition, we
identified a novel auto-inhibitory role for the middle region of Set2 in regulating its catalytic activity.
Remarkably, mutations at this region cause hyperactivities, which in turn lead to synthetic phenotype
with an essential histone chaperone FACT. Our data suggest that the activity of Set2 is intrinsically
regulated through multiple mechanisms and a temporal control for dynamic regulation of H3K36me is

needed during transcription elongation process.
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Introduction

Nucleosomes are building blocks of eukaryotic chromatin that packages genomic DNA with
histones. Each nucleosome consists of a core histone octamer wrapped by 146 base pairs of DNA.
Histones are subjected to various post-translational modifications (PTMs) such as methylation,
acetylation and phosphorylation. It was proposed that individual or combination of histone
modifications mainly serve as a signaling platform for regulation of chromatin structure and almost all
DNA-related processes (Jenuwein and Allis, 2001).

Histone H3 lysine 36 methylation (H3K36me) is an important histone “mark” that is
ubiquitously present in all eukaryotes. In yeast, Set2 is responsible for all three states of methylation at
H3K36, including K36mel (mono-methylation), K36me2 (di-methylation), and K36me (tri-methylation)
(Lee and Shilatifard, 2007; Strahl et al., 2002). H3K36 methylation is transcription-coupled and
enriched at the middle and 3’ end of RNA Pol II genes that are actively transcribed (Bannister and
Kouzarides, 2011; Krogan et al., 2003). One of the key functions of H3K36me is the recruitment and
activation of a histone deacetylase complex Rpd3S to transcribed regions (reviewed in (Yun et al.,
2011)). Rpd3S deacetylates the nucleosome in the wake of Pol Il passage, and this hypo-acetylated
states of transcribed chromatin prevents spurious transcription being initiated from intragenic cryptic
promoters (Carrozza et al., 2005b; Joshi and Struhl, 2005; Keogh et al., 2005; Li et al., 2007b). Recently,
H3K36me was also shown to suppress the exchange of newly synthesized histones at transcribed regions
by decreasing the binding of H3 to histone chaperone Asfl and recruiting the Iswl chromatin remodeler
(Smolle et al., 2012; Venkatesh et al., 2012). In higher eukaryotes, multiple SET domain containing
methyltransferases have been identified to methylate H3K36 at different states (Wagner and Carpenter,
2012). Setd2, the homolog of yeast Set2, is the major H3K36 tri-methylase in Drosophila (Bell et al.,
2007) and mammalian cells (Edmunds et al., 2008). Emerging evidence suggest that Setd2 plays critical
roles in development (Hu et al., 2010) and tumor suppression (Newbold and Mokbel, 2010). Similarly,
genetic alternations of other H3K36 methyltransferases, such as the NSD family members, were also
linked to tumorigenesis of various cancers (Hudlebusch et al., 2011a; Hudlebusch et al., 2011b;
Kassambara et al., 2009; Marango et al., 2008; Rosati et al., 2002; Wang et al., 2007). However the
detailed causal relationship remains unclear. Lastly, Set2-mediated H3K36me also regulates DNA
damage repair and genome stability (Fnu et al., 2011; Jha and Strahl, 2014; Pfister et al., 2014).

Set2-mediated H3K36 methylation is tightly regulated through multiple mechanisms. Set2
directly associates with elongating Pol 1l (Kizer et al., 2005; Krogan et al., 2003; Li et al., 2003a; Xiao
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et al., 2003b). The c-terminal domain of the largest subunit of Pol Il Rpbl1 (CTD) is a large recruitment
platform for many transcription related regulators (Corden, 2013b). The c-terminal Set2-Rpb1l
interaction domain of Set2 (SRI) binds to CTD that is phosphorylated at Ser2 and Ser5 during
elongation (Li et al., 2007a; Li et al., 2005; Vojnic et al., 2006). This association is crucial for the full
activity and stability of Set2. It has been known that disruption of CTD kinases, such as CTDKI and the
Burl complex causes the defects of K36me2 and K36me3 (Chu et al., 2007; Chu et al., 2006; Youdell et
al., 2008). Similarly, mutation of the Pafl complex, which also regulates the phosphorylation status of
CTD, eliminates H3K36me3 but not K36me2 (Chu et al., 2007; Li et al., 2009a). Interestingly,
expression of the SET domain alone can recover H3K36me2 to the wild type level with normal
distribution pattern at transcribed regions (Youdell et al., 2008), suggesting that only H3K36me3
requires Set2 associating with Pol Il. A recent study provided a plausible explanation for this
methyl-state dependent requirement. Fuchs et al showed that Set2 has a short half-life which is
controlled by proteasome-dependent pathway through the SRI domain (Fuchs et al., 2012). It was
proposed that free Set2 (T1/2~ 9 mins) is capable of dimethylation of H3K36. However its association
with the hyperphosphorylated Pol Il not only stabilizes the protein but also increases its resident time at
transcribed regions, which are essential for H3K36me3 (Fuchs et al., 2012). Moreover, Set2 also needs
to make multiple contacts with nucleosomal substrates to achieve its full activity. Consistently,
mutations of Set2 histone interaction motifs and histone surface residues lead to the comprised levels of
H3K36me (Du and Briggs, 2010; Du et al., 2008; Psathas et al., 2009). Simiarly, H3K36me3 is also
influenced by the mutation of histone chaperones that modulate nucleosome assembly/disassembly, such
as Asfl (Lin et al., 2010) and FACT (Chu et al., 2006)

Set2 contains a highly conserved catalytic SET domain, WW domain, coil-coil domain and SRI
domain. All Set2 homologs also have large middle region with unknown functions. Interestingly, a
recent study reports that human Setd2 contains a proline-rich auto-inhibitory domain that inhibits the
binding of the Set2 WW domain to human Huntingtin (Htt) protein (Gao et al., 2014). It was shown
previously that Setl contains a RNA-recognition motif (RRM) that is required for H3K4 trimethylation,
while the RRM is controlled by an autoinhibitory domain (Schlichter and Cairns, 2005). In this study,
we found that the middle domain of Set2 also functions as an auto-inhibitory domain (AID). We
discovered that besides binding to Pol 11, SRI is also responsible for DNA binding of Set2. AID mediates
repression function through antagonizing the catalytic activity of SET and fine-tunes the both activities

of SRI. We showed that Set2 AID mutants are hyper-active both in vitro and in vivo although H3K36



methylation levels in the mutants are also influenced by the stability of the mutant Set2. Interestingly,
partial deletion of different regions of AID displays differential genetic interactions with histone
chaperone FACT mutants suggesting the importance of a precise temporal control of K36me during

dynamic elongation process.
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Results

Engaging to phosphorylated CTD plays additional roles in Set2-mediated H3K36me3 beside
stabilization and recruitment of Set2.

It was proposed that the binding of Set2 to phosphorylated Pol 1l stabilizes Set2 protein and
increases its resident time at transcribed regions (Fuchs et al., 2012). An interesting study showed that
fusing MRNA capping enzyme to the c-terminus of CTD can bypass the lethality caused by CTD S5A
mutation (Schwer and Shuman, 2011). We therefore wondered if the artificial recruitment of Set2 to pol
I1 CTD can bypass the requirement for SRI or CTD phosphorylation. To this end, we designed a series
of mutants that contain several Set2 constructs fused to C-terminus of Rpb1 (Fig 2.1 A) and analyzed the
levels of H3K36me in those mutants by western blotting. As shown in Fig 2.1B, fusing full length Set2
to Pol 11 did not enable Set2 to methylate H3K36 as efficiently as the wild type, as H3K36me3 level is
reduced in the mutant (comparing Lane8 and Lane4). CTD-SET domain fusion displays no K36me3 and
the wild type level of K36me2, which resembles the behaviors of the free SET domain (Youdell et al.,
2008). Interestingly, when we fused Set2-618, which only lacks the SRI domain, to the Rpb1, we cannot
detect any signals of K36me, suggesting that artificial recruitment of Set2 to Pol Il is not sufficient for
its activity, and SRI may play other roles. This result is consistent with previous finding that Set2-618
has no activity in vivo (Kizer et al., 2005).

To eliminate the possibility that fusion of Set2 to CTD disrupts its correct folding, we purified all
three fusion Pol 11 using a Tandem Affinity Purification (TAP) method through TAP-tagged Rpb3. As
shown in Fig 2.1C, silver staining showed that there is no endogenous Set2 co-purified with Pol 11,
which is consistent with previous reports (Li et al., 2003a). It was also noted that fusing Set2 to CTD did
not alter the Pol 11 stability when the stoichiometry of the fusion Pol Ils were compared to that of wild
type (Lane 5). We next tested the in vitro histone methyltransferase (HMT) activity of these CTD-fused
Set2 which should all stem from the fused Set2. As shown in Fig 2.1 D, CTD-Set2-618 only showed
background activity similar to what we observed in vivo (Fig 2.1B). Both SET and FL fusion display
strong activities. We noticed that fused SET (CTD-Set2-261) appeared to be more active than FL. We
speculate that in the FL fusion construct, the SET domain is situated in the middle of the protein. This
may restrict its mobility which is important for catalysis.

We next sought to test if H3K36 methylation status at individual genomic loci follows the similar
trends as we detected at the bulk levels. ChIP was performed to monitor the level of K36me at a model
gene STE11. As shown in Fig 2.1E and 2.1F, the methylation patterns at STE11 in all three mutants were
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generally consistent with those of bulk methylation. Specifically, H3K36me2 and H3K36me3 in both
CTD-Set2-FL and wild type cells were distributed towards the 3’ end of the ORF as previously reported
(Li et al., 2007c). H3K36 methylation was almost abrogated in CTD-Set2-618 cells. CTD-Set2-261
could only achieve H3K36me2, suggesting that SET alone is not sufficient for H3K36me3 at any places
even when it was tethered to Pol 11 with presumed longer resident time. Consistently, we showed that
over-expression of Set2 SET still could not restore H3K36me3 (Fig 2.2 A). Deletion of transcription
factor Pafl complex subunit Cdc7 or Pafl have been shown to cause CTD Ser2 phosphorylation defect
and loss of Set2 protein levels (Fuchs et al., 2012). However we showed that restoration of Set2 levels in
CDC73 or PAF1 null cells also led to the same phenotype (Fig 2.2 B), suggesting that the steady state
levels of Set2 maintained by binding to phosphorylated Pol Il CTD is not the only reason for the loss of
H3K36me3.

Because CTD-Set2-FL did not di-methylate or tri-methylate the promoter even when it was
forced to be recruited into these regions (A and B region), we wondered if the phosphorylation of CTD
may be required for Set2 activity independent of recruitment. To test if CTD-Set2-FL activity still
depends on CDTK-1 mediated Ser2P (Kim et al., 2010), we transformed a CTD-Set2-FL plasmid into
ACTKT1 cells. The endogenous Set2 did not interfere with this assay as it was degraded in the ACTK1
(Fuchs et al., 2012) and no K36me could be detected (Fig 2.1G lane 8). Interestingly, CTD-Set2-FL
showed no K36me3 and markedly reduced K36me2 levels (Fig 2.1G). Decreased K36me was not due to
the absence of Set2 because Set2 was fused to an essential Pol 11 Rpb1l subunit. Collectively, these data
suggest that p-CTD/SRI engagement is essential for full activity of Set2, and this is potentially achieved
by SRI looping back to CTD tail (Fig 2.1H).Intriguingly, at STE11 promoter regions CTD-SET
displayed more activity (Fig 2.1 F).

Full-length Set2 and Set2 SET domain display distinct substrate specificities.

We next wanted to test if the enrichment of K36me2 detected at promoter by CTD-SET was due
to different substrate specificities. Previous studies showed that Set2 activity requires Set2 interacting
with histone H4 (Du et al., 2008). Therefore we first tested the HMT activity of SET and Set2-FL on
core histones and nucleosomes. Two sets of substrates were used to compare the substrate specificity of
SET and FL Set2: native Hela oligo-nucleosomes and core histones versus recombinant Xenopus
nucleosomes and core histones. Different salt concentrations were also tested. As shown in Fig 2.3A, at
high salt condition (200mM NaCl), SET and FL Set2 displayed similar activities on all the substrates.

However at lower salt conditions (50 and 100 mM NaCl), SET domain preferred core histones, while FL
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Set2 preferred nucleosomes. This finding was also confirmed by using H3/H4 tetramer as substrate (Fig
2.3B), in which FL Set2 and Set2 1-618 displayed much less activities than SET domain.

Set2 has been shown to prefer nucleosomal H3 (Strahl et al., 2002). Another Set2 family member
NSD1, which perform mono-and di-methylated H3K36 in human is also shown to specifically target
H3K36 with the presence of DNA (Li et al., 2009b). We hypothesized that the substrate preference of
Set2 may be due to Set2/DNA contact. Multiple residues of Set2 were predicted to have potential DNA
binding abilities and the majority of them were located around the SRI domain (Fig 2.3 C). Consistently,
we observed that the Set2 activity depended on the linker DNA length (Fig 2.3 D). Compared with
H3K36A nucleosome, Set?2 is active on WT nucleosomes without any linker DNA (Yun et al., 2012) but
showed stronger activity with nucleosome containing longer linker, whereas Dot1 worked equally on all
nucleosome substrates. We then performed EMSA assay to test the DNA binding ability of Set2 (Fig
2.3E). The result showed that FL Set2 but not SET domain or 1-618 shifted double-strand DNA.
Meanwhile GST-tagged SRI domain is sufficient to bind to DNA.

Set2 contains an auto-inhibitory domain for the H3K36 methyltransferase activity

While FL Set2 and SET domain were active on respective H3 substrates, Set2-618 was always
shown less active on either nucleosome (Fig 2.1 B, D) or histone H3/H4 tetramers (Fig 2.3 B). These
results consist with previous in vivo studies that expressing SRI domain deleted Set2 in yeast caused
almost total loss of H3K36me2/3 (Fuchs et al., 2012; Youdell et al., 2008). Thus, we speculated that Set2
middle portion (aa262-618) inhibits Set2 activity. To test this hypothesis, we first expressed C-terminal
truncated Set2 mutants in yeast strains and checked bulk levels of H3K36 methylation (Fig 2.4 A). The
TAP tag sequence was integrated into the chromosomal copy of SET2 to make SET2 1-261, 1-260 or
1-618 TAP strains. The result was consistent with previously published data that all the Set2 mutants
were stably expressed whereas SET2 1-261-TAP and 1-260-TAP di-methyated H3K36 while SRI
deletion (Set2 1-618-TAP) was shown to be inactive. Deletion of H3K36 demethylases slightly helped
maintain more H3K36 methylation in cells.

We then purified wild type Set2 and Set2 aal-618 from yeasts via their C-terminal TAP tags. The
silver staining showed the similar result as previously published data that WT Set2 was co-purified with
subunits of RNA Pol 1l complex (Li et al., 2003a) while no binding partner was found in Set2
aal-618-TAP (Fig 2.4 B).The purified Set2 variants were then applied to in vitro HMT assay (Fig 2.4 C).
Set2 1-618 TAP was shown to incorporate mush less ®H- labeled methyl group onto nucleosomes

compared with Set2-Pol Il complex. Combined with the result of bulk levels of H3K36 methylation in
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cells, it suggests Set2 aal-618 is a repressed form and the inhibitory effect likely comes from the region
after SET domain (aa262-618). However, our in vitro result using native yeast Set2 1-618-TAP was not
consistent with previously published data that recombinant FLAG tagged or CBP-tagged 1-618 is no
less active than their FL counterparts (Du et al., 2008; Kizer et al., 2005) . Since both of recombinant
Set2 variants were purified from bacteria, we also purified GST-tagged Set2 from E. coli and found FL
Set2 was highly degraded. The degradation happened presumably from its C-terminus because after
GST elution we still got a lot of degraded contaminants (Fig 2.4 E). Thus we argued the discrepancies
between previous data and our result is due to the degradation of FL Set2, which displays largely
compromised activity.

To further confirm that Set2 1-618 is repressed, we purified FLAG-tagged FL Set2, SET domain
(aal-261) and SRI deletion (aal-618) from baculovirus infected insect cells. The purified FLAG-tagged
FL Set2 was much more homogeneous than the GST version from E. coli and all the Set2 variants that
were purified from the same system also reached high level of purity (Fig 2.4 E). The HMT assay using
either Hela nucleosome or native yeast nucleosome as substrate showed that FL Set2 was more active
than SET to perform H3K36me2/3. Meanwhile Set2 1-618 was least active and barely finished
H3K36me2 (Fig2.4 F and G). Thus we concluded that in Set2 1-618, the enzyme activity is repressed
by an autoinhibitory domain (AID) which is located in the aa262-618.

The middle region of Set2 intrinsically suppresses the activity of the SET domain.

We sought to map the minimally required inhibitory region by making a series of sequential
C-terminal truncations. The secondary structure prediction suggests that there are five hypothetical
alpha-helix motifs within aa262-476. In addition, to confirm that the inhibition of C-terminal truncation
is not due to the structure rearrangement in SET domain, we introduced a tobacco etch virus (TEV)
protease recognition site right next to the SET domain in all Set2 C-terminal truncation variants (Fig 2.5
B). The Set2 variant series includes FL Set2 and truncations at residue aa618, 476,415,338 and 302
respectively, each defining the last amino acid of the resulting mutant proteins. Moreover, we also
expressed a SET-SRI fusion mutant in which the whole aa262-618 region was deleted while a TEV
sequence and a poly-Glycine linker (four Glycines) were added right next to SET domain. All the
purified FLAG-tagged Set2 mutants showed high level of purities by Coomassie blue staining (Fig 2.5
C). We also developed an experiment strategy to couple the TEV digestion reaction with HMT reaction
to compare the activities of Set2 variants between protease and no protease treatment (Fig 2.5 A). As

shown in Fig 2.5 D TEV protease completely released SET domain from its C-terminal portions except



26

FLAG-SET (aal-261) which lacked a TEV site. Meanwhile, the FL Set2 was non-specifically digested
by TEV protease (Fig 2.5D lanel and 2).The HMT result of each individual Set2 variant activity
between protease and no protease treatment shows that: 1. Without protease treatment, all the C-terminal
truncations are less active than SET domain (Fig 2.5E.black bars). After incubating with protease, all
the C-terminal mutants, except Set2 1-618 TEV, resume their activities to levels almost equal to SET
domain (Fig 2.5 E. grey bars). 2. SET activity does not change upon protease treatment. 3. Interestingly,
the FL-TEV and SET/SRI TEV Set2 are initially more active than SET domain but reduce their
activities to SET domain levels after protease digestion. Our results strongly suggest that the activity
change of Set2 mutants is not due to the mis-folding of SET domain upon C-terminus truncation because
release of C-terminal portion of Set2 resumes their activities. Moreover, the SET is under regulations of
two oppositely functioning domains: The middle region of Set2 (aa262-618) inhibits the SET domain
activity while SRI domain antagonizes this inhibition and further stimulates it. These two opposing
regulations happen in cis because the release of auxiliary domains leaves the SET domain working
independently to display its intrinsic activity.

We have shown that SRI stimulates SET activity on nucleosomes via its binding to DNA (Fig 2.3
E). We wanted to further demonstrate the mechanism of inhibition from the middle domain of Set2. To
do this, we used histone octamers as substrate which only contain each two of four types of histones to
test the activities of Set2 variants (Fig 2.5 F). First of all, the fact that FL Set2 has less activity than SET
domain to methylate histone octamers was addressed by earlier experiment. Secondly, SET-T-SRI which
was super-active on nucleosome is now less active than SET domain. This result suggests SRI domain
inhibits SET domain activity on octamer with the absence of the middle domain. Lastly but most
importantly, the C-terminal truncated Set2 mutants displayed decreased activities while the whole
middle domain was gradually restored. This result indicates that middle domain may directly inhibit
SET domain activity on histone.

In summary, we have confirmed Set2 middle region (aa262-618) performs as an autoinhibitory
domain (AID) to repress SET domain activity while SRI domain compensates AID inhibitory effect and
further stimulates SET in free full length Set2 protein in vitro. Moreover, our octamer result suggests the
inhibition from AID domain may be due to the repression of histone contact of SET domain.

AID interferes with the binding of SET to histone H3.
We next exploid the mechanism by which AID inhibits SET activity. Set2 1-476 TEV has been



27

shown to be as inactive as 1-618 TEV on both nucleosome and histone octamer (Fig 2.5 E, F)
suggesting the region aa262-476 is sufficient to maximally inhibit SET activity. We wanted to test
whether aa262-476 inhibits the interaction between SET domain and histones. FLAG beads pull-down
assay was performed by using SET domain, 1-476TEV, and 1-618 TEV to test the binding of these
proteins on H3/H4 tetramers (Fig 2.6A).The result supports our hypothesis by showing the 1-476 TEV
and 1-618 TEV proteins, which are immobilized by anti-FLAG resin, bind less histone H3 than SET
domain does (Fig 2.6 B and C). For some reasons, histone H4 dissociates from H3 and is not pulled
down by anti-FLAG resins. Our result shows that the AID domain inhibits the histone accessibility of

SET domain by repressing the interaction between SET domain and histone H3.

AID plays important regulatory roles in Set2 activity in vitro and in vivo.

We have demonstrated that aa262-476 is sufficient to inhibit SET domain but A262-476 disrupts
the Set2/p-CTD binding. To further map the minimal deletion of AID domain that can disrupt the
auto-inhibition, we deleted each individual or the combination of hypothetical alpha-helix motifs
respectively (Fig 2.7 A). All the truncations were expressed in insect cells and purified out with high
purity except the one with the third helix deleted (A C, A aa339-386). It is shown that this particular
mutant is degraded (Fig 2.7 B) suggesting the region aa339-386 is important for protein integrity. The
HMT assay result shows (Fig 2.7 C) that deletion of each helical-motif partially eliminates the AID
inhibition and the deletion of all five helixes (aa262-476) maximally de-represses the activity indicating
AID functions as a whole domain and each helical motif partially contributes to the inhibitory effect.
Meanwhile the activity of helix B deletion (aa303-338) is most comparable to all five helix deletion
among all the single helix mutants. Expressing each of the mutants in SET2 null yeasts efficiently
di-methylated H3K36 but H3K36me3 levels fluctuated (Fig 2.7 D). Only the deletion of helix region B
(aa203-338) displayed increased H3K36me3 by 50% while others had compromised H3K36me3 (Fig 2.
7E).

We showed earlier that deletion of helix C caused the degradation of the mutant protein indicating
AID domain is required for the protein stability in cells. Western blotting analysis also shows that the
expression levels of FLAG tagged mutants are not equal to WT Set2 (Fig 2.7 D). We constructed the
single helix deletion mutants to plasmids in which the ORFs are under the control of natural SET2
promoter (Fig 2.8 A). Using antibody recognizing SET domain to detect the expression of individual

mutant, we found all of the mutants except AA were highly unstable compared with WT Set2 and none
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of the mutants produced detectable levels of H3K36me3. In the other expression system in which AHD1
promoter controlled ORFs were cloned in pRS415 backbone, the H3K36me3 can be detected in AA and
AAB (Fig 2.8 B).We argue that, due to the disrupted protein stability by AID deletion, the steady state
levels of mutants were compromised when under control of moderately over-expressed ADH1 promoter.
Thus the in vivo H3K36me3 levels fluctuated although the mutants were hyper active in vitro. We
further compared the protein expression levels in all the plasmid systems we used and found that GAL1
promoter largely over-expressed Set2 in cells while ADH1 promoter in pRS416 backbone had moderate
expression levels. ADH1 promoter in pRS415 backbone expressed as low levels of Set2 as natural SET2
promoter did. This is probably because of the plasmid copy number issue. Importantly, the H3K36me3
levels correlated with the fluctuation of Set2 expression levels in different expression systems (Fig 2.8
C). These results partially explain the observation that H3K36me3 levels in some mutants are reduced.

Another possibility of the reduced in vivo H3K36me3 levels of hyper-active AID mutants is the
loss of p-CTD recruitment by disrupting AID region. To address this, we performed p-CTD peptide
binding assay. As shown in Fig 2.7 F the deletion of each individual helical motif had almost no effect
on SRI/p-CTD binding while the mutant lacking the helix D gained moderate binding towards
un-phosphorylated CTD peptide. However, the deletion of whole AID domain (SET-T-SRI) abolished
p-CTD interaction suggesting SET domain inhibits SRI/p-CTD binding. We further purified GST tagged
N-terminal truncations of Set2 containing SRI domain and different length of middle domain from E.
coli to test their p-CTD binding abilities (Fig 2.9 A). The Coomassie blue staining showed GST FL Set2
and mutants were all under degradation (Fig 2.9 B). The intact FLSet2 specifically interact with
phosphorylated CTD peptides (either on Ser2 or Ser5). SRI had similar binding affinity and specificity
as FL Set2, suggesting SRI domain is sufficient for Set2/p-CTD interaction. Interestingly, while the
other two N-terminal truncated mutants (aa262-733 and aa476-733) bound to phosphorylated CTD
peptides, they also displayed different levels of binding affinity to un-phosphorylated CTD. Moreover,
GST-tagged SET-T-SRI fusion protein showed significantly reduced phosphorylated CTD binding
ability as its FLAG tagged counterpart did (Fig 2.9 C). Collectively, our CTD binding results indicate
the p-CTD binding ability of Set2 SRI domain is also under regulations of middle domain and. The
reason that hyper-active SET-T-SRI has reduced levels of H3K36me3 in cells is probably due to
deficient p-CTD recruitment.
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Mis-regulation of H3K36me leads to synthetic phenotypes between AID mutants and histone
chaperone mutant.

We checked H3K36 methylation status at STE11 locus in yeast strains expressing each of three
representative AID mutants: helix B deletion which displayed increased H3K36me3; helix C deletion
which was highly unstable but still had WT levels of H3K36me3; and helix E deletion which showed
decent protein levels but H3K36me3 was significantly reduced (Fig 2.7 D).The result showed that in the
cells expressing individual helix B or C deletion, the enrichment of H3K36me3 was elevated at both
promoter region and gene body of STE11 locus while helix D deletion could not efficiently tri-methylate
H3K36 (Fig 2.10 A). Meanwhile the helix C or D deletion caused elevated H3K36me2 at both promoter
and gene body of STE11.We also observed moderately increased acetylated H4 at 5’ of STE11 and this
led us to question whether the Set2/Rpd3S pathway still functioned normally (Carrozza et al., 2005b).
The Northern blotting analysis revealed mild cryptic transcription phenotype in cells expressing single
helix or whole AID domain deletion mutants (Fig 2.11 A). The STE11-HIS3 reporter strains displayed
similar phenotypes in a more quantitative manner (Fig 2.11 B): the helix E deletion and the whole AID
domain deletion had most severe cryptic transcription, while helix A and helix C deletion showed very
mild phenotype. The severity among all the mutants correlated with the fluctuation of bulk levels of
H3K36me3 (Fig 2.7 E).

Previous study suggested that H3K36me?2 is sufficient for the Set2/Rpd3S pathway. However, we
observed the cryptic transcription phenotype in our mutant strains where H3K36me2 was intact (Fig 2.7
D). We speculate this is due to the altered Set2 dynamics. Disruption of AID domain interferes with Set2
stability (Fig 2.8 C) It is possible that the Set2 mutants quickly hyper-methylated H3K36 and got
degraded. Thus mutants could not target transcribed nucleosome at the correct time when Rpd3S
complex activity was required to be stimulated to deacetylate coding regions for the repression of
cryptic transcriptions. Set2 has been shown to not be essential for cell survival but it genetically interacts
with various transcription related factors (Biswas et al., 2006; Chu et al., 2006; Krogan et al., 2003; Ma
etal., 2012). We asked how mis-regualted H3K36 methylation (e.g. excessive amount of H3K36me3, or
mis-located H3K36me3 in genome) affects normal cell function. Yeast cells expressing any of AID
mutants grew normally (Fig 2.10 B) indicating the disruption of AID domain alone is not sufficient to
influence cell growth. Previously published result showed that the growth defect by disrupting
transcription dependent histone chaperon yFACT (facilitates chromatin transcription) complex (Spt16 or

Pob3)(Belotserkovskaya et al., 2003) was rescued by deletion of SET2 suggesting Set2 functions
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oppositely to yFACT(Biswas et al., 2008b).

We expressed our AID mutants in spt16-11/ASET2 yeast and grew them at permissive
temperature (26°C) or non-permissive temperature (35°C). It was consistent with published results that
spt16-11/ASET?2 transformed with empty vector grew faster than spt16-11 strain in which endogenous
Set2 was expressed, or spt16-11/ASET2 strain expressing FL Set2 plasmid (Fig 2.10 B). Interestingly,
the spt16-11/ ASET2 strain expressing each the AID mutant displayed synthetic growth defect at 35°C.
To this end, our result suggests that the AID domain is important to maintain normal Set2 function in
Spt16 defect yeast strain at non-permissive temperature. Moreover, the deletion of RCO1 which encodes
the Rcol subunit of Rpd3S complex totally rescued the synthetic growth phenotypes of AID mutants
(Fig 2.10 B). This result is also in agreement with the previous finding that the genetic interaction
between Set2 and Spt16 functions through Set2/Rpd3S pathway. Furthermore, the Set2 catalytic defect
mutant C201A also rescued the phenotype of AID mutants confirmed that the normal Set2 activity is

required for Spt16 pathway in cells.
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Discussion

Phosphorylated Pol 11 CTD is required for tri-methylation at H3K36 and it has been proposed
that p-CTD interaction helps maintain the methyltransferase Set2 stability (Fuchs et al., 2012). In this
study we further demonstrate that Set2/p-CTD interaction plays additional roles in Set2 regulation other
than simple association. This more intricate mechanism is different from that of other CTD interacting
factors. For instance, in S pombe, interaction of mMRNA capping enzyme with phosphorylated Ser5 on
Pol Il CTD is essential for its function. However, the lethality caused by S5A mutation can be bypassed
by simply fusing this enzyme with CTD (Schwer and Shuman, 2011). Our results suggest that the
additional function of SRI, besides interacting with CTD, may rest on its interaction with DNA (Fig 2.3
E). We showed that SRI regulated Set2/DNA contact to determine Set2 nucleosome preference and
rendered it linker DNA length-dependent activity on reconstituted nucleosome (Fig 2.3 Aand D).
Meanwhile SRI antagonized the auto-inhibition effect from the middle region of Set2 (Fig 2.5 E).

In wild type cells, Set2 is recruited to elongating Pol 11 and localizes towards 3’ end of ORFs
(Pokholok et al., 2005). Interestingly, in our Rpb1 fusion system, both Set2-FL and SET domain were
artificial tethered to Pol Il. Therefore Set2 should be present along the entire gene. We found that
CTD-Set2-FL methylate H3K36 in very similar pattern to wild type even though it was brought to the
promoter and 5’ regions of STE11 (Fig 2.1F). H3K36 is acetylated predominantly at promoters of RNA
polymerase lI-transcribed genes (Morris et al., 2007). And local acetylation may inhibit Set2 from
transferring methyl groups to the same H3K36. However, we did observe that ectopic H3K36me2
occurred at this region suggesting at least some of the lysine 36 residues are available for di-methylation.
Alternatively, CTD-Set2-FL could be repressed by rapid local histone exchange. It has been shown that
during Pol Il transcription, histones are highly dynamic (Li et al., 2007a) and the most rapid histone
turnover occurs at promoters (Dion et al., 2007). We hypothesize that active histone exchange inhibit
CTD-Set2-FL. Indeed, we revealed that Set2-FL and SET favored nucleosomes and core histones
respectively (Fig 2.3A). We speculate that during transcription elongation at 5* of ORF, rapid exchange
of histone leads to loss of nucleosome substrate for Set2-FL while provides more histones to SET.
However at 3’ end of the ORFs, the Pol 11 engaged Set2 has more chance to associate with nucleosomal
histones through SRI/DNA interaction for its tri-methylase activity. We could not rule out other
possibilities such as other modifications enriched at the promoter that specifically inhibit Set2-FL
function.

Auto-inhibition domain is a prevalent regulatory mechanism that provides tight “on-site”
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repression to prevent uncontrolled activation and enable prompt response to cellular stimuli (Pufall and
Graves, 2002). The auto-regulation also occurs in another SET containing protein Setl, a H3K4
methyltransferase, which has two unique domains to either inhibit or activate the enzymatic center
(Schlichter and Cairns, 2005). Swi6, a heterochromatin protein 1 (HP1), in budding yeast, is also shown
to release from auto-inhibited state to a hetero-chromatin spreading-competent state upon contacting
H3K9 methyl mark and nucleosomal DNA (Canzio et al., 2013). In our study, we identified an
autoinhibitory domain, which is antagonized by SRI domain to define the FL Set2 activity. Meanwhile
the mis-regulated H3K36 methylation (e.g. excessive amount of H3K36me3) causes synthetic growth
phenotype with histone chaperones (Fig 2.10) indicating it is important for auto-inhibition mechanism to
fine-tune HK36methylation in cells. In human cells H3K36 methylation have been shown to be achieved
by multiple SET domain containing methyltransferase belonging to the same family as Set2 (Dillon et
al., 2005). In recently studies Set2/Hypb, the Set2 ortholog in human, has also been hypothesized as a
tumor suppressor in breast cancer (Newbold and Mokbel, 2010) and sporadic clear renal cell carcinoma
(Duns et al., 2010). Moreover, disruption of the Setd2-mediated H3K36me3 by somatic point mutation
has been shown to link with leukemia (Zhu et al., 2014). Because of the high homology between Set2
and its ortholog in human (Sun et al., 2005), we speculate that the mechanism we found in yeast Set2
potentially helps us understand the regulation of H3K36 and provides epigenetic mechanism for

tumorigenesis in human.
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