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Abstract

Background and Aims: Within the nucleus of eukaryotic cell, DNA is packaged with histone
proteins to from nucleosomes that arrange further to form higher-order packaged structures. This
three dimensional structure forms a physical barrier between DNA and proteins involved in
transcription initiation. However, extent of chromatin packaging can be affected by post-
translational covalent modifications to lysine residues of N-terminal histone tails. Acetylated state
correlates with gene activation while deacetylation often associates with gene silencing. The
reaction is reversible and catalysed by two groups of enzymes, histone acetyltransferases (HATS)
and histone deacetylases (HDACSs). Sin3 corepressor complex is a well known multiprotein
assembly involved in repression of transcription in eukaryotic cells. Sin3-associated protein 30-like
(SAP30L) has been proven to be a member of this complex. Several SAP30L isoforms derived from
alternative pre-mRNA splicing exist. The aim of this research was to study the repression capability
of SAP30L and its isoforms derived from alternative pre-mRNA splicing.

Methods: Repression capability was studied by transient transfection of expression vectors for
target protein and luciferase reporter gene into immortalized human cell line. Fire fly luciferase
enzyme activity was measured from cell lysates to determine transcription activity. Measurements
were carried out for truncated deletion mutants and isoforms arising from alternative pre-mRNA
splicing in addition to wild type. For splice isoforms also Sin3A interaction, associating HDAC
activity and subcellular localization were studied.

Results: SAP30L was found capable of silencing gene transcription in HDAC-dependent manner.
Repression activity correlates with Sin3A interaction and is dependent on intact C-terminus of the
protein. Isoforms were also capable of transcriptional repression with the exception of naturally
occurring C-terminal deletion form AEx3,4.

Conclusions: SAP30L is capable of association with functional Sin3A corepressor complex and
inflicting gene repression through associating HDAC activity. The isoform AEx3,4 differs from
other naturally occurring forms as it cannot interact with Sin3A and does not localize to the
nucleolus. Functional significance of this isoform remains to be elucidated.
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Tiivistelma

Tutkimuksen tausta ja tavoitteet: DNA:n pakkautuminen histoni-proteiinien kanssa
nukleosomeiksi sekd nukleosomien jdrjestdytyminen edelleen tiukemmin pakkautuneeksi
rakenteeksi muodostaa fyysisen esteen transkription aloitukselle. Kromatiinin pakkautuneisuutta
voidaan sdddelld dynaamisesti histonimolekyylejd kovalenttisesti muokkaamalla; histonien
aminoterminaalisten héntien lysiinitdhteiden asetylaatio on niistd tunnetuin. Histonimolekyylien
asetylaatio on yhdistetty aktiiviseen transkriptioon kun taas deasetylaatio liittyy inaktiivisiin
kromatiini alueisiin. N&itd reaktioita katalysoivat suuriin proteiinikomplekseihin liittyvét
histoniasetyylitransferaasit (HAT) ja histonideasetylaasit (HDAC). Sin3 korepressorikompleksi on
yksi tunnetuimmista eukaryoottien histonideasetylaaseja sisiltavistd komplekseista. Sin3-associated
protein 30-like (SAP30L) on Sin3 kompleksin jésen, jonka merkitys timén kompleksin toiminnassa
on tuntematon. SAP30L geenistd ilmentyy useita vaihtoehtoisesti silmikoituja mRNA-molekyyleja,
joiden biologinen merkitys on niin ikdén tuntematon. Tutkimuksen tavoitteena on selvittdd SAP30L
proteiinin toimintaa Sin3 korepressorikompleksissa sekd kartoittaa sen vaihtoehtoisesti
silmikoitujen muotojen toimintaa. Tutkimuksen pddpaino on selvittdd SAP30L:n ja sen isomuotojen
kyky hiljentdé geenien ilmentymisti reportterigeeni-koeasetelmassa.

Tutkimusmenetelmit: Tutkimus suoritettiin transfektoimalla ilmentymisvektori kohdeproteiinille
sekd lusiferaasi-reportterigeenille ihmisen immortalisoituun solulinjaan. Solulysaateista mitattiin
fluorometrisesti  tulikdrpdsen  lusiferaasi-entsyymin  aktiviisuutta  geenin  ilmentymisen
médrittdimiseksi. Villin tyypin SAP30L lisdksi mittaus tehtiin deleetio mutanteille seké
vaihtoehtoisesti silmikoiduille muodoille.

Tutkimustulokset: SAP30L hiljentdd geenien ilmentymistd histonideasetylaasi-aktiivisuudesta
riippuvaisella tavalla. Repressiokyky korreloi Sin3A vuorovaikutuksen kanssa ja sithen vaaditaan
ehjd karboksiterminaalinen osa SAP30L-proteiinia. Myds muut isoformit kykenevét estimiin
transkriptiota lukuun ottamatta luonnollista C-terminaalista deleetiomuotoa AEx3.,4.

Johtopéiitokset: SAP30L kykenee liittymddn toiminnalliseen Sin3A-kompleksiin ja vélittdméan
geenien hiljentymistd histonideasetylaasi aktiivisuuden kautta. AEx3,4 isomuoto poikkeaa
ominaisuuksiltaan muista muodoista, eikd kykene vuorovaikutukseen Sin3A:n kanssa eikd
lokalisoidu tumajyviseen. Tdmén isomuodon toiminnallinen merkityksen selvittdiminen vaatii
lisdtutkimusta.
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1. Introduction

Regulation of gene expression is a vital process underlining every aspect of the biology observed in
a whole organism. All the cells of an organism, except for haploid gametes, contain exactly the
same genetic material, yet they can be committed to performing only highly specialized functions,
which may also be reflected in their appearance. This is evident when considering e.g. muscle cell
and neuron; both are derived from the same fertilized egg, but have adapted to carrying out their
specific functions and display distinct morphologies. These differences arise from different
expression of genes, which must be carefully orchestrated through tight regulation. The pathway
from the gene to production of a functional protein can be regulated at multiple levels, and it is the
combination of these mechanisms that makes possible the fine-tuned spatial and temporal regulation
in cells. Regulation can occur both at transcriptional and post-transcriptional levels: initiation of
transcription, processing, stability and transport of messenger-RNA, translation into protein at the
ribosome and by post-translational modifications targeted to protein products to alter both its

activity and stability. (Alberts, 2002)

The packaging of genomic DNA into higher-order structures with the help of associating histone
proteins has a profound effect on all biological processes involving the chromatin substrate.
Initiation of transcription, the major regulatory step in gene expression, is one such process and
involves modulation of the three-dimensional polymer; “closed” chromatin conformation resulting
from tight packaging effectively blocks the entry of RNA polymerase complex to DNA and thus
hinders transcription. Numerous mechanisms function in co-operation to alter the three dimensional
structure and the extent of chromatin packing (Watson et al., 2003). Generally, chromatin can be
modified by ATP-dependent chromatin modifying complexes or enzyme complexes that act to
covalently modify histone proteins (Berger, 2002; Eberharter & Becker, 2002; Gregory et al., 2001;
Struhl, 1998; Wegel & Shaw, 2005; Wolffe & Guschin, 2000). To date, studies concentrating on
reversible histone acetylation comprise significant majority of the research done in the field of
covalent histone modifications. The fact that chemical substances capable of inhibiting histone
deacetylases (HDAC inhibitors) show promise as cancer drugs has further increased interest to in

this area (Drummond et al., 2005; Pan et al., 2007; Somech et al., 2004).

Reversible acetylation of histone tails is one of the major mechanisms controlling switching

between repressive and permissive chromatin structure. Acetylation of the tails of nucleosomal



histone proteins has been linked with gene activation, while deacetylated state seems to coincide
with silenced genes (Hebbes et al., 1988). Histone acetyltransferase enzymes (HATs) attach an
acetyl group to N-terminal lysine residues while histone deacetylases (HDACs) reverse the reaction
by removing acetyl group (Davie, 1998; Wolffe et al., 1997; Wolffe & Guschin, 2000). Although
the connection between acetylation and active gene expression has been acknowledged for a long
time, the mechanism linking acetylation status to gene activation is still not fully clear. Currently,
two views exist. First, acetylation is thought to reduce charge attraction between negatively charged
DNA and basic histone proteins resulting in looser packaging (Hong et al., 1993). Second, existence
of a “histone code” is gaining support. According to this theory, the combination of covalent
modification to histone tails occurring simultaneously ultimately determine the biological response

and not a single modification per se (Jenuwein & Allis, 2001; Strahl & Allis, 2000).

Both HATs and HDAC:s exist in large protein complexes where other components are responsible
for targeting and modulating the enzymatic activity (de Ruijter et al., 2003; Roth et al., 2001). The
Sin3 complex mediating gene repression has been conserved during eukaryotic development as it is
present in yeast, plants and mammals. Several genetic and biochemical studies have been
undertaken to reveal members of the Sin3 corepressor complex (Alland et al., 1997; Alland et al.,
2002; Fleischer et al., 2003; Laherty et al., 1998; Shiio et al., 2006; Vidal et al., 1991; Zhang et al.,
1997; Zhang et al., 1998). Novel polypeptide, Sin3-associated protein 30-like (SAP30L) was
discovered from epithelial-mesenchymal cell culture model simulating differentiation of gut
epithelial cells (Lindfors et al., 2003) and later shown to be a member of Sin3A corepressor
complex (Viiri et al., 2006). It shares 70% sequence identity with SAP30, a previously reported
core component of Sin3 complex. Vast database recourses of the internet report several mRNAs to

derive from SAP30L gene by the process of alternative pre-mRNA splicing.

In this study, the repression capability of SAP30L and its variants derived from alternative splicing
of pre-mRNA was studied. Isoform function as members of Sin3A corepressor complex was further
studied. This study reveals that isoforms have different functional properties that may regulate

SAP30L function in vivo.

Results represented in this master’s thesis were published as part of two separate scientific articles

(Viiri et al., 2006; Korkeamaki et al., 2008).



2. Review of literature

2.1. Packaging of DNA into chromatin, the nucleosome and histone proteins

The nucleus of each eukaryotic cell contains the whole genome of the organism. Fitting such a huge
amount of DNA into the small dimensions of a cell nucleus is achieved by hierarchical packaging of
DNA into chromatin, a complex consisting of both protein and DNA. The packaging serves
multiple functions. First, it is required to fit the long thread of DNA into the nucleus. Second, it
serves as a mechanism in the regulation of gene activation and other functions involving DNA
substrate, such as replication, recombination and repair of genetic material. Compacted DNA is also
less susceptibile to physical damage (Watson et al., 2003). Production of functional proteins from
genes is regulated at multiple levels including the initiation of transcription, stability of mRNA and
modifications to the protein product regulating both its activity and stability. Initiation of
transcription is one of the major mechanisms utilized and has enormous influence on the cell
including making decisions between cell senescence, differentiation and proliferation. Accessibility
of RNA polymerase complex to DNA is one step in the careful regulation of transcription initiation.
Therefore the packaging must be dynamic in nature since DNA must be exposed during such
processes in order for proteins performing these functions to be able to act on the nucleic acid
thread. When this action is finished DNA must again be condensed. Packaging and unpackaging of
DNA, as all processes crucial to cell survivor, is carefully regulated. Currently, the enzymes and
protein complexes involved have been identified but full understanding of the mechanism of action

and its coordination is lacking.

As mentioned above, the condensation of DNA must be reversible in order to temporarily facilitate
the access of replication, transcription, DNA repair and recombination machineries to specific
segments of DNA. The over 1000- fold compaction ratio of DNA during the interphase of cell cycle
is achieved with the help of certain proteins that either become stably associated with DNA during
packaging or transiently interact with it to assist packaging process (Alberts, 2002; Lewin, 2004).
The proteins involved in the packaging of DNA into chromatin are divided into histones and
nonhistone proteins; this is due to the abundance of histone proteins in the nucleus. The first level of

packaging is the formation of nucleosomes (fig. 2.1.).

Before reviewing the structure of the nucleosome, histone proteins, the major constituents of

nucleosome, should be considered. What makes these small proteins so suitable for packaging DNA
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to make them one of the most widely conserved proteins found in eukaryotes? Histone proteins are
basic and small in size. They fold into three distinct motifs called histone-fold, their diverse
extensions and tail domain. Histone-fold domains form the flat disc-like core of the nucleosome.
They are responsible for forming majority of the contacts between DNA backbone and the core of
the octamer and also function as the interaction platform for histone-histone interactions. Tail
domains comprise about 28% of total histone protein sequence (20-35 amino acids) and are highly
basic due to large content of lysine and arginine residues. Histone tails are generally located N-
terminally in relation to histone-fold domains with the exception of H2A, which has tails both N-
and C-terminally to its histone-fold domain. Tail domains do not readily crystallize due to their
irregular and flexible structure. They protrude from the disc-like core between DNA chains to float
on the outer surface of the nucleosome. Tails form contacts with the core structures of adjacent
nucleosomes and thus organize them into higher-order structures called chromatin fibers (Luger &
Richmond, 1998). Tail amino acid residues can also undergo reversible covalent modification
resulting in alteration in DNA packaging and are thus important regulators of chromatin structure
and gene activation. Six major classes of histones exist: H1, H2A, H2B, H3, H4 and archaeal
histones (Pereira & Reeve, 1998; Reeve et al., 2004). Variant forms may exists within a specific
class, for example in centromere regions H3 is replaced by CenpA, and these variants may have
functional properties distinct from the core histone (Ausio, 2006). Histones are among the most
widely conserved proteins in all eukaryotic cells. Archaea have histone-fold containing proteins
with the ability to form dimers. Bacterial DNA is thought form structures called nucleoids by
association with histonelike proteins (Balandina et al., 2002; Drlica & Rouviere-Yaniv, 1987).
These histonelike proteins are, however, distinct from actual histones in eukaryotes. As mentioned
above, histone proteins are well conserved and mutations to them often result in serious defects in
cell function and are at the most extreme lethal (Maruyama et al., 2006; Morgan et al., 1991;
Schuster et al., 1986). In forming nucleosomes, two subunits each of H3 and H4 form a tetramer
(H3:H4) that associates with two dimers containing one H2A and H2B each (H2A:H2B). H1
associates with linker DNA between adjacent core nucleosomes. Nucleosomes and linker histone
HI alter the structure of DNA by bending it locally and arrange to form higher-order helices to pack
DNA further (Luger et al., 1997). The crystal structure of the nucleosome core particle was resolved
at 2.8 A resolution by Luger et. al. (1997).

Nucleosome core particle consists of ~146 base pairs of DNA wrapped around a histone octamer in
1.65 turns of a left-handed superhelix. Adjacent octamers are connected via linker DNA with

associated histone H1. The length of the linker DNA varies and together the linker and core particle
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contain approximately 200 bp of DNA. This organization was described as “beads-on-a-string”
structure based on its appearance in microscope pictures. Amino groups in histone peptide
backbone make extensive contacts with the negatively charged sugarphosphate backbone of DNA.
As the interaction with DNA is mediated by protein backbone, the packaging process is sequence

independent (Alberts, 2002).

' e )
H2a tail | e e H3 tail
H&*—i%a #

-
HZA tail ==

Figure 2.1. Nucleosome is the repeating unit of chromatin. It consists of two subunits of each
histone protein H2A, H2B, H3 and H4 and ~146 bp of DNA wrapped around the histone octamer.
Figure from (Alberts, 2002).

The next level of organization is formed when nucleosomes are packed together to form the 30-nm
fiber increasing the packing ratio to about 40 (fig. 2.2.). The fiber is formed when 6 nucleosomes
are packed together to constitute a single turn around the axis of the fiber. Histone H1 is in contact
with both DNA and protein on the core particle at the site of DNA entry and exit and is presumed to
have role in forming the 30-nm chromatin fiber (Robinson & Rhodes, 2006). H1 is proposed to be
crucial in forcing the DNA in a tight turn that is required for staking nucleosomes to form the fiber.
Also histone tails have been proposed to function in bringing about this level of packing by directly
connecting adjacent nucleosomes and thus stabilizing the structure further. Finally 30-nm fiber
forms loops that are held together at their bases by protein-rich structure called the nuclear scaffold
(Watson et al., 2003). Finally, by multiple leves of packaging the packing ration of about 1000

observed in interphase cells is achieved (Lewin, 2004).

Even though histones associate tightly with DNA, they are not fixed structures as was previously
assumed. These structures are subjected to ATP-dependent chromatin remodelling by large protein
complexes (Vignali et al., 2000). As a result, DNA becomes more loosely bound to histone core and
more accessible to e.g. binding by transcription factors and proteins of the repair machinery.
Alternatively remodelling may result in changes in nucleosome position and lead to promoter

regions previously hidden becoming exposed (Becker & Horz, 2002; Fry & Peterson, 2001). These
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remodelling complexes act on nucleosomes through the H2A:H2B dimers of the octamer. Since

H3:H4 tetramer is more stable it would be more difficult substrate for remodeling (Alberts, 2002).

histone
octamers

NNV, DNA double helix

"Beads-on-a-string"

A B

L_@ MJ chromatin
™ |._,r-"""’
el 30 nm fiber
f. 3

L — d___-—J
T f"i_? If_:_
VAV NIAY
&:ﬁﬁfﬂﬁajuéf;&{;,ﬁ

Loop formation
interphase
(packaging ratio ~1 000)

Condensed mitotic
chromosome
(packaging ratio ~10 000)

Figure 2.2. DNA is condensed by packaging to 1000-fold in interphase and 10 000-fold in mitosis.
Linker histone H1 is not shown in this representation. Figure modified from (Alberts, 2002).

Chromatin structure can also be regulated by reversible covalent modification of histone tails

discussed in next section. These tail modifications are involved both in assembly of chromatin as

well as in regulation of chromatin packing.

2.2. Histone tails and their covalent modification

The structure of histone proteins, also the tail domains, has been described in previous section so we

now turn to look at the modifications targeted to them. Histone tails are targeted by protein

complexes that can covalently modify their structure in several different ways; addition or removal

of acetyl group targeting lysine residues (histone acetylatransferases and histone deacetylases,
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respectively) (Gregory et al., 2001), methylation of lysine and arginine residues (histone
methyltransferases, HMTs) (Lachner & Jenuwein, 2002), phosphorylation of serines and threonines
(kinases) (Cheung et al., 2003), addition of ubiquitin to lysine residues (Jason et al., 2002) or
sumoylation of lysines (Nathan et al., 2003) (fig 2.3). Also glycosylation, carbonylation and ADP-
ribosylation have been reported (Fuchs et al., 2006). The effect carried by these modifications are
no longer thought to involve direct disruption of interaction between histone tails and DNA (which
are thought to contribute little to chromatin stability), but the alteration in 30-nm chromatin fiber
and higher-order structure stability. The mechanism of action is not fully clear, but may include
both changing the charge of modified amino acids and thus lessening charge attraction between
packaging components, or serving as cues for other proteins to take action on a particular stretch of
chromatin. As numerous tail modifications can occur simultaneously, they can create many
different combinations constituting a code that can guide the action of other proteins. The collection
of these combinations is called the histone code (Jenuwein & Allis, 2001; Strahl & Allis, 2000;
Turner, 2000). Outcome of certain modifications would thus be determined by other modifications
taking place simultaneously, and a single modification could in theory be involved in signalling
many different meanings. Existence of histone code is supported by observations that certain
histone modifications often occur simultaneously (Clayton et al., 2000). As changes to chromatin
structure can have major consequences for the cell, both ATP-dependent chromatin remodelling
complexes and complexes modifying histone tails are subjected to tight regulation. One major step
in regulating their action is their recruitment to chromatin; they are often guided by sequence-

specific DNA binding proteins to act locally (Alberts, 2002).

Majority of research in the field of covalent histone modification has concentrated on reversible
acetylation. Histone acetylation and deacetylation seem to be conserved through evolution and same
proteins involved in these processes can be found in organisms as different as yeast, fruit fly and
human. Enzymes catalyzing these reactions are histone acetyltransferases (HATs) and histone
deacetylases (HDACs) (fig. 2.4). HATs catalyze the transfer of an acetyl group from acetyl
coenzyme A (acetyl-CoA) to N-terminal lysine residue of core histones. HDACs reverse this
reaction by removing the acetyl group. The dynamic interplay between HATs and HDACs
determines whether a particular promoter is active or not. Both HATs and HDACs are found in
multiprotein complexes. Other components in these multiprotein assemblies are responsible for
defining the function, substrate specificity and targeting. These protein complexes either include or
can interact with DNA-binding proteins that determine which gene promoters are targeted. HATs

are capable of transferring acetyl groups to residues on all four core histones (fig 2.5). However,
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Figure 2.3. Covalent modifications to histone tails. The close proximity and possible co-operation
between modifications is visible from this representation; certain modifications are targeted to same
residue thus making the mutually exclusive. Figure adapted from (Alberts, 2002).

certain modifications seem to be more common than others — lysines 8 and 16 on H4 as well as 9
and 14 on H3 seem to be most commonly modified positions. Both HATs and HDACs have also
been reported to act on non-histone targets (Hubbert et al., 2002; Juan et al., 2000).

Areas in the genome with histones that are highly acetylated, called hyperacetylated regions, are
generally thought to associate with active transcription. Hypoacetylated areas containing non-
acetylated histones have been found transcriptionally silent. The mechanistic link between
acetylation and transcription initiation has not been fully determined, but some theories explaining
it exist and are reviewed in next section. However, it is important to bear in mind that acetylation of
tail lysine residue does not seem to lead to activation of transcription per se, but functions in
converting the chromatin into transcription competent state (Eberharter & Becker, 2002). In this
“open” state chromatin is more accessible to interacting proteins as demonstrated by increased
sensitivity to cleavage by DNase I (Hebbes et al., 1994). Histone acetylation has been further
categorized to global and targeted acetylation. The difference between these two is not understood
at molecular level. The finding that in yeast bulk acetylation level is 13 lysines per octamer is not
compatible with the notion that all HATs are guided to acetylate few specific lysines leading to
gene activation (Vogelauer et al., 2000). In higher eukaryotes, however, the hypoacetylated inactive

chromatin dominates. It is thought that both targeted and non-targeted acetylations are important in
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gene activation. As a result, a multistep pathway leading to transcription initiation has been

proposed (Roth et al., 2001).

Transcription activation
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Activation complex containing

Ac

Ac
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Repression HDAC 2

Compacted chromatin

Figure 2.4. Acetylation of nucleosome tails and chromatin structure. Reversible acetylation is
catalyzed by histone acetyltransferases (HATs) and histone deacetylases (HDACs). Modified from
(de Ruijter et al., 2003).

Histone tails protruding from the core octamer offer an attractive interaction and signalling
platform. It has been proposed that basic tails might directly interact with DNA as a result of charge
attraction. Due to its sugarphosphate backbone, DNA carries a negative charge. Histone tails, on the
other hand, have lysine residues with positively charged side chain that give histone tails a net
positive charge. These opposing charges could in theory attract one another causing the DNA to be
tightly packed around histones. Acetylation of positive lysine residues on histone tails causes charge
neutralization, and affects nucleosome packaging by weakening histone:DNA-interaction thus
facilitating binding of other proteins to chromatin template. Studies have shown, however, that
these direct contacts between histone tails and DNA probably contribute very little to nucleosome
stability, and acetylation of few amino acids in the tail would not be sufficient to disrupt packing
(Luger & Richmond, 1998). The tails did, however, seem to be involved in making contacts with
neighbouring nucleosomes and thus contribute to stability of higher-order folding of chromatin (fig.
2.6). In crystal structures of nucleosome it was observed that extensive hydrogen bonding occurred
between amino acids 16-24 of H4 tail and acidic region formed by H2A and H2B of the adjacent
core octamer. This observation led to the hypothesis that acetylation of lysine residues in histone
tails disrupts interaction between adjacent nucleosomes, which causes destabilization and unfolding

of the higher-order structure (Roth et al., 2001).
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Figure 2.5. Acetylated residues in the N-terminal tails of nucleosomal core histones. Figure adapted
from (Roth et al., 2001).

Figure 2.6. Histone tails of nucleosome contribute to organizing higher-order packing of
chromatin. Histone tails of nucleosomes are thought to make contact with core areas of their

neighbour nucleosome and thus contribute to stability of higher order of chromatin packing. Figure
from (Alberts, 2002).

Another theory proposes that acetyl groups function as binding sites that guide transcription factors
to promoters therefore linking acetylation with transcriptional activity. This theory can be taken
further as it has been proposed that it is the specific combination of modifications in a chromatin
region that determines the functional outcome instead of the individual modifications alone. This
hypothesis could explain why a specific modification can have very different, even opposing,
effects on trancription (Turner, 2000). Multiple modified residues can act in combination or
sequentially to bring about specific downstream effects (Strahl & Allis, 2000). Residues subjected
to modification can also lie close enough to have positive or negative effects on probability of
modification on near by residues (Clayton et al., 2000). As some modifications are targeted even to
the same residues, it is clear that they impinge on each other. Histone code might be read by
proteins that bind to a specific combination of modifications in a manner similar to receptor-ligand
interaction or downstream effects might be mediated through accumulation of negative charges
(acetylation and phosphorylation) (Strahl & Allis, 2000). Certain protein domains that are able to
bind such modified residues have been reported; bromodomain present in many transcription

activators binds to acetylated lysines, while chromodomain containing proteins have high affinity
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for methylated lysine residues (Jenuwein & Allis, 2001). Combinatorial theory explains better how,
for example, histone acetylation can result not only in gene activation but also in some cases cause
gene silencing (Sertil et al., 2007). Theories of histone tails acting as chromatin stabilizing factors
and the histone code are not mutually exclusive, and they thus could function in parallel to bring
about gene activation. Histone acetylation is also thought to facilitate other stages of transcription
e.g. the elongation step; RNA polymerase advances through hyperacetylated areas with more ease

as transcription was found to stutter more in hypoacetylated areas (Protacio et al., 2000).

2.2.1. Histone acetyltransferases (HATS)

Histone acetyltransferases were grouped into two classes based on their cellular localization; B-type
HATSs are cytoplasmic and thought to function in acetylation of newly synthesized histones that are
deposited into nucleosomes of replicated DNA, while A-type HATs are nuclear enzymes involved
in transcription-related acetylation events (Roth et al., 2001). These enzymes transfer an active
acetyl group from acetyl-CoA to their target molecule, often a lysine residue in the tail domain of
nucleosomal histone protein (fig. 2.7.). Acetylation of nucleosomal histone tails leads to disruption
of higher-order chromatin packaging and increases accessibility of DNA. HATs are known to act on
non-histone targets such as transcription factors p53, c-myc and YY1, nuclear receptors E2F/Rb,
NF-kB, estrogen and androgen receptors, and other cellular proteins such as a-tubulin and importin-

o (Glozak et al., 2005). HAT families and representative members are listed in table 2.1.

Hyperacetylated state of nucleosomal histones has been connected with activation of gene
transcription. This observation was further supported when many proteins identified with intrinsic
HAT activity had previously reported to have coactivator or other transcription-related functions.
Among these were global coactivators p300 and CREB-binding protein (CBP) and TATA-binding
protein-associated factor TAF;250, a component of the general transcription factor TFIID (Roth et
al., 2001; Sterner & Berger, 2000). These proteins have well documented roles in transcription,
reinforcing the connection between acetylation and gene activation. As mentioned above, HATs are
able to modify histone proteins and non-histone substrates. The specificity of HATs varies in vitro,
and most are not able to act on nucleosomal histones alone. Substrate range is expected to be wider
in vivo as HATs associate with other proteins to form large multiprotein complexes. HAT

containing complexes in eukaryotes include ADA, SAGA (Spt-Ada-Gen5S-acetyltransferase), PCAF
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(P300/CBP-associated factor), NuA3, NuA4 (nucleosomal acetyltransferase of histone H4) and
MLS (male-specific lethal).
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Figure 2.7. Enzymatic reactions of acetylation/deacetylation. Acetyl-coenzyme A is the donor of
acetyl group transferred to a lysine residue by histone acetyltransferases. Histone deacetylases
remove acetyl groups restoring lysine residues. Figure from (Kuo & Allis, 1998).

Many chromatin-associated proteins and majority of nuclear HATs including transcriptional co-
activator PCAF (Dhalluin et al., 1999) and GCNS5 (Ornaghi et al., 1999) have bromodomains in
their structure. This domain was found to bind acetyl-lysine residues further connecting acetylation
with gene activation. Such binding ability supports the hypothesis that bromodomain contributes to
specific acetylation by tethering HATs to specific chromatin areas. The structure of the domain is
well conserved, but sequence variation in amino acid residues surrounding ligand-binding site seem
to contribute to differences in ligand specificity (Zeng & Zhou, 2002). Many of the studied
bromodomain containing HATs were able to bind to acetyl-lysine containing peptides of N-terminal

tails of histones H3 and H4.

Table 2.1. HAT families
Timmermann et al. (2001).

and their members. Table modified from Roth et al. (2001) and

HAT
group GNAT family | MYTS family p300/CBP | Basal transcription | Nuclear receptor
factors cofactors
Members | Gen5 Esa1 p300 TAFI11250 (TFIID) ACTR
PCAF MOF CBP TFHIC SRC1
Hat1 Sas?2 Nut1 TIF2
Elp3 Sas3
Hpa2 MORF
Tip60
Hbo1
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2.2.2. Histone deacetylases (HDACs)

Histone deacetylases are a group of enzymes that can remove acetyl groups from special lysine
residues (fig. 2.7.). Deacetylated state of nucleosomal histones has generally been linked with gene
silencing. Like HATs, also HDACs are capable of acting on other targets in addition to histone
proteins of the nucleosomes, including many of the proteins targeted by HATs (Hubbert et al.,
2002; Juan et al., 2000). Proteins with histone deacetylase activity exist in two distinct protein
families: NAD -dependent SIR2 family of HDACs and the classical Zn-dependent HDAC family
(table 2.2.). The classical HDAC members can further be divided into phylogenetic classes
designated I, IT and IV. The HDACs belonging to class I (HDACs 1, 2, 3 and 8) are related to yeast
histone deacetylase Rpd3, whereas class I members (HDACs 4, 5, 6, 7, 9 and 10) share similarity
with HDA1. Class IV is formed by HDAC 11, whose function is largely unknown (Yang & Seto,
2008). Histone deacetylases in general are expressed in almost all tissues examined and no major
differences has been found between expression patterns in malignant tissue compared to normal,
although at least HDACI1 has been found to be overexpressed in prostate cancer (Halkidou et al.,
2004; Weichert et al., 2008). Class I members are ubiquitously expressed in most cell types while
class II members show more restricted expression pattern (de Ruijter et al.,, 2003). Changing
expression of HATs and HDACs could be one of the mechanisms bringing about cell type or
developmental stage specific gene expression. This is exemplified by differential expression of
HDACs during development in Drophila (Cho et al., 2005). In considering these key processes, it is
important to remember that both HATs and HDACs also act to regulate the action of non-histone
proteins. It is thought that only about 20% of the whole genome is controlled by HDACs, but key
processes for survival, proliferation, and differentiation have been connected with HDAC enzyme
function (Menegola et al., 2006) . One other important process mediated by histone deacetylation is
the inactivation of the second X chromosome in females (Keohane et al., 1998), which becomes
underacetylated resulting in gene silencing. Also dosage-compensation in males having only a
single X chromosome involves acetylation; transcribed areas within the gene are hyperacetylated in

order to facilitate smoother elongation (E. R. Smith et al., 2001).

Histone deacetylases function rarely alone but, like histone acetyltransferases, associate with
multiprotein complexes. Members of class I HDAC family, HDAC1 and HDAC2 are often
associated in Sin3 and NuRD complexes (Ayer, 1999). In these multiprotein assemblies the
additional proteins function in both targeting HDACs to promoters, as well as modifying their

enzymatic activity. Additional level of regulation is achieved as assembly into functional complexes
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is subjected to further control by regulatory events such as phosphorylation. DNA itself is naturally
one of the most important signals for transcriptional repression. CpG islands, methylated cytosines
located 5’ to guanosines in DNA, recruit HDAC containing complexes to DNA via methylated-
CpG-binding protein and methyl-CpG-binding-domain-containing proteins or via DNA
methyltransferases, the enzymes responsible for DNA methylation. HDAC1 and HDAC?2 are also
able to bind directly to DNA binding proteins such as YY1 (de Ruijter et al., 2003).

Table 2.2. Classes of histone deacetylases. Table modified from Conley et al. (2006).

Class Members Zn dependent Location Tumor expression
Class I HDACs 1, 2, 3, | Yes Nucleus HDACs 1 and 8
and 8 overexpressed
Class 11 HDACs 4, 5,6,7, | Yes Nucleus and | HDACs 4 and 9
9 and 10 cytoplasmic overexpressed
Class 111 Sirtuins  (SIRT) | No (NAD"
1-7 dependent)
Class IV HDAC 11 Yes

It is speculated that HDACs might differ in their substrate specificity from preferentially acting on
certain histones to favouring particular lysine residues above others as substrates, although no direct
evidence for this type of substrate selection exists. It has, however, been shown that recruitment of
e.g. Sin3/HDAC corepressor complex leads to deacetylation of histones H3 and H4 whereas N-
CoR/SMRT recruitment deacetylates only H3 (Vermeulen et al., 2004). This is consistent with the
idea of existence of a histone code, in which modifications to specific residues or combination of

such constitute the meaning instead of the addition of certain chemical group in itself.

2.2.3. Histone acetylation/deacetylation and human disease, histone
deacetylase inhibitors as therapeutic agents

HATs and HDAC:S, as regulators of gene expression along with other epigenetic modifications,
coordinate a myriad of important cell functions including survival, cell cycle and proliferation,
differentiation and apoptosis. Deregulation of gene expression has been implicated in many human
diseases. It is one of the hallmarks of cancer. In cancer, disruption of gene regulation leads to
activation of oncogenes or inactivation of tumor suppressor genes allowing unrestrained growth.
Dysfunction in gene regulation may result from genomic aberrations e.g. chromosome duplications,
deletions or translocations, point mutations or from epigenetic changes as described below for

acetylation (Albertson et al., 2003). Also changes in methylation pattern have been implicated in
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development of cancer (Jones & Baylin, 2002). One route leading to deregulation of gene
expression is misdirected activity of HATs and HDAC:sS; this is exemplified by human leukaemia
discussed in the next paragraph. Improper acetylation/deacetylation has been liked to many human
diseases including above-mentioned leukaemia, epithelial cancers, fragile X syndrome and

Rubinstein-Taybi syndrome.

There are several ways in which abnormal acetylation pattern might cause cancerous growth.
Firstly, recruitment of HAT activity to proliferation promoting gene promoters could increase
expression of these genes and lead to increased proliferation. Secondly, HDACs associating with
promoters of growth restraining genes can lead to repression of expression of tumor suppressor
genes. Third, HATs and HDACs act on other substrates than nucleosomal histones: e.g. p53 and
E2F are both subjected to modulation by acetylation with direct effects on their activity (Bhalla,
2005; Timmermann et al., 2001). Also association of HDACs with cell cycle regulators
Retinoblastoma (RB) protein and Mad/Max, whose function is known to be altered in cancerous

transformation, has been well documented (Alland et al., 1997; Brehm et al., 1998).

Abnormal functions of HATs and HDACs resulting in inappropriate gene expression have been
well documented in human leukaemia. Often this is initially caused by gene translocations leading
to gene fusion. CBP and p300 are involved in chromosomal translocations leading to fusion with
MLL (mixed lineage leukaemia), MOZ or MORF belonging to MYST family of histone
acetyltransferases. This fusion causes the HAT domain and interaction domain of two different
HATSs to become joined together and might lead to malignant phenotype by misdirecting HAT
activity. Chromosome translocations can also involve misguided action of HDACs. In case of
AMLI1-ETO, a DNA-binding domain of transcription regulator fuses with HDAC-recruiting
repressor domain, leading to silencing of target genes (Elagib & Goldfarb, 2007). In leukaemia, the
repressed target genes are required for differentiation and their suppression blocks myeloid

differentiation (Scandura et al., 2002).

As genetic changes are difficult to reverse, reversible epigenetic aberrations such as improper
acetylation/deacetyaltion represents a more attractive target for drug development (Bhalla, 2005).
This has lead to the ever expanding research and development of HDAC inhibiting molecules.
Indeed, HDAC inhibitors have been shown to induce differences in gene expression and influence
many cellular processes including growth arrest, differentation, cytotoxicity and induction of

apoptosis (Drummond et al., 2005).
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Several substances have been recognized as potent HDAC inhibitors (HDACI). They vary from
large molecules of bacterial or fungal origin (tricostatin A, trapoxin) to small and simple synthetic
molecules (butyrate). They can be classified as a) small molecular weight carboxylates, b)
hydroxamic acids, ¢) benzamides, d) epoxyketones or ¢) cyclic peptides (Drummond et al., 2005).
They all are able to cause global hyperacetylation of nucleosomal histones, which does not lead,
somewhat unexpectedly, to global gene activation. Instead only certain genes were found activated
(Van Lint et al., 1996). Tricostatin A (TSA, fig. 2.8.), one the most potent histone deacetylase
inhibitor, is a Streptomyces derived molecule that causes accumulation of acetylated histones in
mammalian cells, induces differentation of Friend leukaemia cells and inhibits cell cycle in normal
rat fibroblasts at nanomolar concentrations (Yoshida et al., 1990). All cellular effects of TSA
probably result from its ability to inhibit HDAC enzymes in a non-competitive manner. TSA and
other inhibitors of deacetylases prevent HDAC action by blocking access to the active site of the
enzyme by displacing Zn*" ion needed for catalytic mechanism. It seems that all HDACs are
roughly equally sensitive to TSA inhibition (de Ruijter et al., 2003).

o o

Figure 2.8. Structure of HDAC inhibitor tricostatin A. Figure obtained from NCBI PubChem
substances (http://pubchem.ncbi.nlm.nih.gov/; 21.4.2008).

Histone deacetylase inhibitors are being developed as new drugs for treatment of cancer. These
substances have been shown to have anti-proliferative effects in cell culture systems, animal models
and in human patients with solid tumors or haematological malignancies (Conley et al., 2006;
Somech et al., 2004). Their chief biological effects as anti-cancer drugs are induction of
differentiation in tumor cells, cell cycle arrest and induction of apoptosis. They also have anti-
angiogenic properties and might increase sensitivity to chemotherapy. Abnormal silencing of
growth-regulating (tumor suppressor genes) and differentiation related genes can result from
inappropriate recruitment of histone deacetylating enzymes to gene promoters as has been described
above. Disease caused by aberrant HDAC activity can be treated with HDAC inhibitors that restore
expression of these silenced genes. These substances have already entered phase I and phase II
clinical trials, where they are used either by themselves or in combination with other drug
compounds. (Pan et al., 2007)
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2.3. Sin3 corepressor complex

The molecular components of gene regulation are the DNA-binding transcription factors,
coactivators and corepressors that interact with them, DNA and histone modifying proteins and the
components of RNA polymerase complex. Coactivators and corepressors are molecules that do not
themselves bind to DNA, but instead interact with transcription factors and either recruit or inhibit
other complexes involved in transcription regulation. In the case of corepressors, they recruit
HDAC containing complexes to gene promoters and thus induce deacetylation of nucleosomal
histones (fig. 2.9). Normal function of corepressors is involved in many cellular processes such as
differentiation, development, cell proliferation and apoptosis and their aberrant function has been
implicated in many human diseases (Burke & Baniahmad, 2000). In mammals, Sin3 and Mi-
2/NuRD are the most important HDAC activity containing corepressor complexes. Recruitment of
Sin3 corepressor complex to promoters has been shown to result in highly localized deacetylation
extending the range of one to two nucleosomes, with preferred lysines 5 and 12 in histones H3 and
H4 (Kadosh & Struhl, 1998). Computational analysis of mSin3 transcriptome has revealed it to
affect gene expression through several transcriptional networks, including Myc-Mad, E2F and p53.
This was demonstrated by presence of cis-regulatory elements for these transcriptional regulators in

many of the genes up-regulated by Sin3A depletion (Dannenberg et al., 2005).

2.3.1. Sin3

The Sin3 complex is a flexible regulator of gene expression, chromosome stabilization and
maintenance first characterized by genetic studies in yeast. Between 1987 and 1994 Sin3 was
discovered and isolated from yeast seven times and given seven different aliases. In these studies, it
was assigned a function as a negative regulator of transcription five times, positive regulator
function once and one time described as enhancer of silencing. Many other core components of the
corepressor complex were also found in these yeast genetic studies. Sin3 and core components of
Sin3/HDAC complex have been conserved from yeast to human. As stated above, Sin3 complex is
most often referred as a repressor but has actually been shown also to function in transcription
activation, making it a global regulator of transcription. It is involved in propagation of
epigenetically silenced chromatin regions and required for centromere function (Silverstein et al.,
2003). It has also been shown to influence transposition frequency of retrotransposons, timing pf

replication and DNA repair. As Sin3 has no intrinsic enzymatic activity or DNA-binding capability,
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it acts as a scaffold for protein binding and enzymatic activity. Sin3 has several domains associated
with coordinating protein-protein interactions and associates with DNA-binding transcription
factors, histone deacetylases and histone binding proteins. In addition to being involved in histone
deacetylation, Sin3 can act as a scaffold for other enzymatic functions including histone and DNA
methylation, nucleosome-remodelling and enzymes catalyzing O-linkage of the monosaccharide V-

acetylglucoseamine. (Silverstein & Ekwall, 2005)

Sin3 is conserved in evolution from yeast to mammals. Yeast Saccaromyces cerevisiae has only one
form of the protein, while mammals have two isoforms designated A and B. Mouse Sin3A is more
closely related to human Sin3A than mouse Sin3B indicating that duplication of the gene took place
before specification of species. Some experimental evidence suggesting multiple splice variants for
both Sin3A and Sin3B in both mouse and humans exist but, their characterization has not yet been
undertaken (Ayer et al., 1995).

Histone
deacetylation Corepressor

(e.g. Sin3) with
’ > _ associated

Repression of
transcription

%
o

transcription
factors

Figure 2.9. Mechanism of corepressor action. Corepressors and their associating HDAC activity are
recruited to promoters by silencer domains in transcription factors that bind to DNA. Figure adapted
from Burke & Baniahmad (2000).

Sin3 is a large protein (predicted size in yeast 174,9 kDa, molecular weight of unprocessed human
protein 145,2 kDa) with a structure that supports multiple protein-protein interactions. It contains
four paired amphipathic a-helices (PAH), each consisting of two helices separated by a spacer
region. There are also two other conserved protein interaction-mediating domains, HID (for histone
interaction domain) residing between PAH3 and PAH4, and HCR (for highly conserved region)
located C-terminally to PAH4 (fig. 2.10). These domains are crucial for Sin3 function which is
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thought to focus on facilitating protein interactions since Sin3 has no intrinsic DNA-binding or

enzymatic activity. (Silverstein & Ekwall, 2005)
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Figure 2.10. Domain organization of Sin3. Figure from Silverstein et al. (2005).

Chromatographic data of Sin3 suggested it to exist in several different complexes. Certain proteins
were found to be conserved between them and were thus referred as the “core complex”.
Sin3/HDAC core complex analogous to Sin3/RPD3 of yeast consist of eight proteins: Sin3,
HDACI1, HDAC2, Retinoblastoma associated proteins 46 and 48 (RbAp46 and RbAp48), SAP30,
SAP18 and SDS3 (Silverstein & Ekwall, 2005). Other protein components might vary between

different subcomplexes. p33™ ¢!

is one such example as it is thought to associate only with certain
species of Sin3/HDAC complexes (Kuzmichev et al., 2002). The ability to support different
composition within the complex may be yet another way to expand the functional flexibility of Sin3
complex. In the core complex, Sin3 is the platform for protein interaction, most importantly the
enzymatic activity of HDACI1 and HDAC2. RbAp46 and RbAp48 are able to bind to histones H4

and H2A and might thus function in stabilizing the interaction between corepressor complex and

chromatin (Verreault et al., 1998).

HDACI1 and HDAC?2 bind to conserved HID region on Sin3 and provide the enzymatic activity to
the corepressor. RbAp46 and RbAp48 that bind to nucleosomal histones are also present in other
protein complexes involved in chromatin modelling such as histone acetylation (Parthun et al.,
1996), nucleosome remodelling (Wade et al., 1998) and nucleosome assembly (Tyler et al., 1996).
Sin3-associated proteins are thought to provide structural support and stabilize the complex;
SAP30, for example, is able to bind both HDAC1 and RbAps in addition to Sin3 (Zhang et al.,
1998) while SAP18 interacts with HDACI1 as well as Sin3 (Zhang et al., 1997). Both SAP30 and
SAP18 also interact with proteins that are not part of the core complex such as corepressors N-CoR
(Laherty et al., 1998), p33INGI1b (Kuzmichev et al., 2002) and GAGA (Espinas et al., 2000).
mSds3 has also been designated a role in stabilizing the complex as it was observed that yeast
deletion mutant strain lacking SDS3 (4sds3) had only little HDAC activity (Rpd3 protein in yeast)
associated with Sin3 (Lechner et al., 2000). Other components including SAP130, SAP180 and
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SAP25 have been reported but their functional role in the complex remains elusive (Fleischer et al.,

2003; Shiio et al., 2006).

Sin3 has no intrinsic DNA-binding ability, but can directly interact with several transcription factors
including the Myc antagonizing Mad/Max complex (Ng & Bird, 2000; Silverstein & Ekwall, 2005),
although in some cases interaction with transcription factor (such as unliganded nuclear hormone
receptors) takes place via adaptor molecules such as N-CoR (Alland et al., 1997) and SMRT (Nagy
et al., 1997). Most often interaction occurs between PAH2 domain of Sin3 and an amphipathic a-
helix domain, called the Sin3 interaction domain (SID), found in many transcription factors. Some
transcription regulators have been shown to bind PAH1, PAH3 or other regions of Sin3 instead of
PAH2 domain. Controlling the ability of transcriptional activators and corepressor to interact with
Sin3 adds yet another layer of control over gene expression allowing fine tuning to meet cells

needs.

Although majority of studies conducted so far have indicated Sin3 as a negative regulator of gene
expression, some interesting evidence exists that supports an opposing role in gene activation
(Bernstein et al., 2000; De Nadal et al., 2004; Vidal et al., 1991). However, due to methodological
factors, indirect effects causing gene activation in these studies could not be ruled out. It cannot be
denied that these results strongly support a role for both Sin3 and HDAC activity also in gene

activation.

2.3.2. SAP30

The functional aspects of SAP30 gene and its protein product have been studied more extensively
compared to SAP30L. High level of conservation between these related proteins suggests that their
function is likely to be related. This is the reason why I have included a short review of literature

concentrated on SAP30 in this master’s thesis.

SAP30 was identified as a core component of Sin3A/HDAC complex by two independent studies
conducted both in yeast and mammalian systems (Laherty et al., 1998; Zhang et al., 1998). In
distinction to many other core components, SAP30 is specific to Sin3A/HDAC corepressor
complex and is not found in other HDAC containing complexes. It is not, however, required for

intrinsic repressional capability of Sin3 complex nor is it essential for cell viability in yeast. When
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SAP30 was tethered to a reporter plasmid via GAL4 DNA-binding domain, transcription was
repressed both in mammalian and yeast systems. This repression was partially relieved by treatment
with HDAC inhibitor TSA. SAP30/HDACI1 complex is able to deacetylate histones when core
histones were used as substrate, but not nucleosomal histones. SAP30 also interacts directly with
certain transcriptional regulators; Yin Yang 1 (YY) is a multifunctional transcription factor, whose
repression is enhanced by SAP30 (Huang et al., 2003) and N-CoR, whose role in repression by
nuclear receptors is well documented (Laherty et al., 1998). Thus, it is also possible that SAP30
might be recruited to promoters in Sin3-independent manner. The observation that Sap30 can
repress transcription in sin3A mutant yeast strains supports this notion (Zhang et al., 1998). SAP30
is widely expressed and was found in all cell lines and adult tissues examined by Laherty et al.,

(1997).

Yeast genetic studies have indicated Sin3p/Rpd3/Sap30p functioning in ribosome biogenesis.
Mutant yeast strains lacking either histone deacetylase RPD3, SIN3 or SAP30 have all defected
ribosome biogenesis which is thought to result from delayed rRNA processing. The defect was
pinpointed to the maturation process of 60S subunit and specifically the initial processing step of
35S pre-RNA (Meskauskas et al., 2003). As no change was seen at the level of transcription,
authors suggested two alternative mechanisms for the defect in biogenesis. First, corepressor
complex might be required for heterochromatin formation that could play a part in the initial
cotranscriptional processing step. Alternatively, Sin3 corepressor complex might function in
regulating transcription of snoRNAs, which guide base-specific rRNA modifications essential to
ribosome function. As also SAP30L is known to localize to the nucleolus, the major site of

ribosome biogenesis, it is possible that it too might be involved in the ribosome biogenesis pathway.

Sin3 and associating HDACs are known to play a part in cell cycle regulation, and especially Sin3
can be assigned a tumor suppressing function due to its involvement in suppression of Myc function
via interaction with Mad/Max complex. Also SAP30 may function as a tumor suppressor gene in
basal cell carcinogenesis as it was shown to locate to a chromosome area with loss of

heterozygozity in patient samples (Sironi et al., 2004).
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2.3.3. Sin3-associated protein 30-like (SAP30L)

Gene encoding Sin3-associated protein 30-like protein is located in chromosome 5q33.2. SAP30L
(previously known as FLJ11526) mRNA was identified by differential display analysis of intestinal
mucosa cells (Lindfors et al., 2003). Wild type SAP30L protein has 183 amino acids with calculated
molecular weight of 20.8 kDa. A closer look at SAP30L sequence revealed it 70% identical to Sin3-
associated protein 30 kDa (SAP30), which is a known core component of the Sin3A corepressor
complex (Laherty et al., 1998; Zhang et al., 1998). Both SAP30 and SAP30L have been shown to
interact with mSin3A and associate with histone deacetylase activity. It is believed that majority of
the association with histone deacetylases is coordinated through mSin3A interaction, although at
least SAP30 can directly interact with HDAC1 (Zhang et al., 1998). SAP30 and SAP30L interaction
with Sin3A is mediated by their conserved C-terminus. SAP30L binds to PAH3/HID of Sin3A
(Viiri et al., 2006), while SAP30 was found to interact with PAH3 region of the same protein
(Laherty et al., 1998; Zhang et al., 1998). N-terminus of SAP30 contains a stretch of unique amino

acid sequence that is not shared by otherwise homologous SAP30L.

SAP30L was discovered by Lindfors et al. (2003) in mesenchymal-epithelial cell co-culture model
that mimics epithelial cell differentiation in intestinal crypt villus axis biology (Halttunen et al.,
1996; Lindfors et al., 2003). Cultured cells were induced to differentiate from secretory crypt cells
to absorptive enterocytes by treatment with transforming growth factor-f (TGF-B). Genes with
altered expression pattern, and thus potentially involved in the differentiation process, were
identified by differential display PCR analysis. SAP30L mRNA was found among these transcripts,
upregulated by 2-fold following TGF- treatment. Analysis of different human tissues by Northern
hybridization showed SAP30L mRNA to be present in all tissues examined, with high expression
level in testis and low expression in muscle and liver. Other transcripts of different sizes were seen
in tissues examined but their significance remained elusive. Also other sources indicate SAP30L
being expressed in many tissues. Expression profile suggested by EST count reported in NCBI’s
Unigene data  base (http://www.ncbi.nlm.nih.gov/UniGene/ESTProfileViewer.cgi?uglist
=Hs.483906; 21.4.2008) and UCSC Human Gene Sorter (http://genome.ucsc.edu; 21.4.2008)
suggest highest expression in haematopoietic tissue. Comparison of NCBIs UniGene database
expression information between human SAP30 and SAP30L does, however, indicate differences in
pattern of tissue distribution. For example, in lymph node SAP30L expression is strong while there

is no apparent SAP30 expression.
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SAP30L was found to localize in nucleoplasm and in dense bodies, which were later identified as
nucleoli. Both SAP30 family proteins have nuclear localizing signals (NLS) and nucleolar
localization signals (NoLS). In SAP30L, a functional nucleolar localization signal necessary and
sufficient for nucleolar import was identified as RRYKR (proposed NoLS consensus sequence R/K-
R/K-x-R/K) residing in amino acid residues 120-124 of the protein (Viiri et al., 2006). When this
stretch of amino acids was mutated the protein no longer localized to the nucleolus and was mainly
nucleoplasmic. It is speculated that nucleolar signal sequence is more of a protein-protein
interaction mediating domain than an actual targeting signal. It follows that the signal is not actually
required for transport into nucleolus but functions to anchor the protein there (Nagahama et al.,
2004; Olson & Dundr, 2005). The nucleolar function of this complex remains to be elucidated in the
future. However, in yeast Sin3/Rpd3 has been shown to repress transcription from rDNA and
influence nucleolar organization (Tsang et al., 2003). Nucleolar localization of SAP30L could be
explained by its involvement in this complex. While nucleolus is the major site of ribosome
biogenesis, also other functions have been assigned to it including ribonucleoprotein assembly, cell
cycle control, protein sequestration and stress response (Boisvert et al., 2007). Large proteomic
characterizations of nucleolar proteins (Andersen et al., 2002; Pendle et al., 2005) have revealed
many proteins with no pre-assigned function to reside in this cell compartment raising the
possibility that yet new roles for nucleolus might be discovered and Sin3A/SAP30L complex may

play a role in such a function.
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Figure 2.11. Organization of exons and introns of SAP30L gene and chromosome context
surrounding the gene. Figure from  http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene
&Cmd=ShowDetailView&TermToSearch=79685&ordinalpos=1&itool=EntrezSystem2.PEntrez.Ge
ne.Gene ResultsPanel.Gene RVDocSum; 21.4.2008.

SAP30L gene consists of four exons with intervening intron sequences (fig. 2.11). Exon-intron

organization is very similar in homologous SAP30 gene in chromosome 4q34.1. A gene encoding a
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member of GalNAc family resides upstream of both SAP genes (fig. 2.11) suggesting that these

chromosome areas, and SAP genes, may have arisen from duplication.

2.4. Alternative splicing of pre-mRNA

The amount of certain protein present in a cell in any given moment can and must be carefully
regulated at several points along the synthesis and degradative routes. Initiation of transcription is
one of the most commonly employed methods of such control. In addition to regulating the amount
of messenger-RNA and protein present in a cell, also products with different properties can be
generated by means of alternative splicing of a nascent mRNA. This gives rise to different products
that may differ in their functional characteristics but are derived from a single gene. Genome-wide
analyses have indicated that 40-60% of human genes have alternative splicing forms. One of the
major surprises of the human genome project was the relative low number of genes (32 000)
compared to expected gene number (100000 — 150 000) based on estimations made from
expressed-sequence clustering. This indicates that the number of expressed sequences is much
higher than the number of genes and one major route for such increased complexity may be
alternative splicing of pre-mRNA. To further emphasize the functional importance of alternative
splicing, studies have indicated alternative splicing to result in changed protein product in 70-88 %
of cases. These changes are likely to be functionally significant as they include replacement of
amino or carboxy terminus and in-frame insertions/deletions (Modrek & Lee, 2002). Significance of
alternative splicing in normal cell function is underlined by the observation that 15 % of human
disease is caused by mutational alterations to splice sites either destroying functional sites or

creating new ones (C. W. Smith & Valcarcel, 2000).

Majority of the genes in the genomes of higher eukaryotes are so called interrupted genes that are
composed of short protein coding exons with longer intervening introns. Thus primary transcript,
called pre-mRNA must be further processed to produce mature mRNA. Removing such a large part
of newly transcribed sequence seems wasteful at first glance. On closer examination, several
explanations emerge why such a strategy has developed. First, introns in between exon sequences
enable genetic recombination leading to formation of new proteins. Without intronic sequences
DNA recombination would lead to disruption of coding sequence. This type of events have
propably lead to emergence of many proteins to date as many of them are comprised of homologous

domains joined together in different combinations. Secondly, a cell can expand the coding potential
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of its genome by means of alternative splicing when several functionally distinct proteins are
generated from a single gene (Alberts, 2002). Third, alternative splicing can be used to change the
gene expression in a cell. Splicing has been shown to function as an switch between production of
non-functional and functional proteins. This can be achieved for example by introducing premature
stop-codons into coding sequences by alternative splicing as happens in alternative splicing of
Drosophila sex-determining factor sx1 (Lewin, 2004). In general, alternative splicing is regulated in
cell-type (Grabowski, 1998) or developmental stage (Ryan & Cooper, 1996) specific way. When a
new programme is initated in a cell, a coordinate change in splicing pattern of many different
mRNAs is seen. This is thought to be one of the most important switches controlling initiation of

programmed cell death (Schwerk & Schulze-Osthoft, 2005).

The process by which introns are removed and exons are joined together is called pre-mRNA
splicing. Splicing reactions take place in nucleus and are catalyzed by a large complex called the
spliceosome containing both protein (50-100 polypeptides) and RNA (forming five small nuclear
ribonucleoprotein particles). Splicing consists of two transesterification reactions between splice
sites that surround exon-intron boundaries and are named either 5’ (donor) or 3’ (acceptor) site
relative to their position to the intron. The last and first two nucleotides of splice sites are highly
concerved (bioinformatics studies indicate these splice junctions in 99.24 % of introns) with GT in
5> and AG in 3’ end (called GT-AG rule) and are the signal guiding splicing events. During splicing
specific exons can be excluded from mature mRNA or alternative splicing junction can be used to
extend exons or include intron derived sequences to the final product. This is called alternative
splicing. As a result transcripts with different structure can be obtained from a single gene (fig.
2.12). Use of alternative splicing junctions may cause changes in reading frame causing protein
products with entirely novel primary sequence to be produced. In some cases all products are
expressed simultaniously while in other cases expression might be limited to specific circumstances
or be cell type specific. The mechanisms involved in selection of splice junctions is poorly
understood although some well studied examples have been reported. It is unknown whether the
principles in theses cases are generally applicable in alternative splicing in general. Proteins acting
in two ways to bias the use of splice sites have been described. In general these mechanisms involve
either proteins binding to a splice site and causing its use to be preferred in splicing events (positive
regulation) (Wu & Maniatis, 1993) or proteins binding to a splice site and suppressing its utilization

in splicing (negative regulation) (Lewin, 2004).
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Figure 2.12. Schemes producing protein variation used in alternative splicing. Introns are indicate
in yellow, exons present in all mRNA are colored dark blue while light blue marks exons retained
only in other spliced form. Each bar represents a messenger with alternative splicing regimes with
removed sections indicated by red lines. Figure from Alberts (2002)

2.5. Theory behind the methodology

2.5.1. Repression assay

Functional activities exist as distinct structural domains in many proteins, transcription factors
belonging to this group. DNA-binding and transcription activation domains can be separated and
are able to function independently. This allows construction of fusion proteins containing either one
of these domains combined with another protein. This principle has been utilized in yeast-two
hybrid assay system used to discover novel protein-protein interactions. GAL4 is a transcriptional
regulator from yeast whose two domains can function independently (Lewin, 2004). DNA-binding
domain of GAL4 recognizes a 17 base-pair long sequence (5'-CGGRNNRCYNYNCNCCG-3'") in
the upstream activating sequence of its target genes. In this study, we used it to target our protein of
interest to a reporter plasmid containing multiple binding sites in order to study the effect on

transcription.

In order to study gene expression reliably a measurable indicator was needed. One of the most
widely used gene reporters is firefly (Photinus pyralis) luciferase enzyme due to its sensitivity and

convenience. Expression of the gene produces a 61 kDa protein, the amount of which in a sample
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can be measured quickly and easily by a chemoluminecent reaction. Luciferase catalyses a two-step
oxidation reaction of substrate luciferin to oxyluciferin using ATP-Mg*" as a cosubstrate. First,
luciferyl carboxylate is activated by ATP giving a reactive mixed anhydride. This anhydride reacts
with oxygen creating a transient dioxetane that breaks into oxyluciferin and CO; in the second

reaction step.

Overall reaction:

Luciferase
Luciferin + ATP + Mg*" + 0, ——— Oxyluciferin + AMP + PPi + CO, + light

Incorporation of coenzyme A in the assay system used (Luciferase Assay System, Promega) yields

maximal intensity and slower decay of the signal.

Firefly luciferase is well suited for this type of study since its catalytic activity is very closely
coupled to protein translation. Enzyme has been shown to be catalytically competent immediately

after release from ribosome. (Wood, 1998)

Several studies have demonstrated that targeting HDACs to gene promoters either directly or via
components of histone deacetylase complexes results in transcriptional repression. This method has
been utilized in determining repressional capability of other SAP proteins (Laherty et al., 1998;
Zhang et al., 1997; Zhang et al., 1998) and was therefore chosen for this study.

In this study, the target protein was expressed as a fusion protein with N-terminal GAL4 DNA-
binding domain (GAL4DBD) from pCMV-BD plasmid (Stratagene, Agilent Technologies). The
reporter plasmid contains four or five GAL4 consensus binding sequences upstream of constantly
active promoter governing luciferase reporter gene expression. GAL4DBD guides the fusion protein
to the reporter plasmid in cell nucleus and to the vicinity of the promoter. In this way possible
effects on gene transcription can be assessed based on luciferase activity present in cell lysates. The

experiment is shown schematically in figure 2.13.

An internal control is used to control differences in transfection efficiency between samples. [3-
galactosidase activity from a co-transfected plasmid was used in this study. B-galactosidase is
produced from lacZ gene from E. coli. This 120 kDa protein fuctions as a tetramer that cleaves

lactose to glucose and galactose for energy production and carbon source for metabolism. o-
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nitrophenyl-B-D-galactoside (ONPG) is a synthetic substrate for [-galactosidase. Enzymatic
cleavage turns ONPG to galactose and o-nitrophenol, which has a yellow colour that can be
measured by determining absorbance at 420 nm. When there is excess of substrate compared to
enzyme in a reaction, this absorbance measurement can be used to determine enzyme activity in a

sample. (Sambrook & Russell, 2001)

Overall reaction:

B-galactosidase
o-nitrophenyl-B-D-galactoside — D-galactose + o-nitrophenol (yellow)

This reaction was used as internal control in assays measuring luciferase activity.

pCMY-BD: 14D- or TK-
Luciferase

GAL4DBD-fusion reporter plasmid

Detection of
luciferase activity
%nscient trasfection to

HEK293T

© O SAP30L

o5 | - —

GAL4DED

GAL4-binding site

Figure 2.13. Schematic representation of the repression experiment. First, plasmids encoding for
reporter gene and target protein fused to GAL4DBD are co-transfected to HEK-293T cells. Target
protein is guided to reporter promoter by GAL4DBD. The effect of target protein on transcription
can be assessed by measuring luciferase enzyme activity in cell lysate. Co-transfected pcDNA-LacZ
is not shown in figure, but is used to normalize luciferase activity to transfection efficiency.
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3. Aims of the study

The primary aims of this study were

1. to determine the repressional capability of wild-type SAP30L
2. to identify SAP30L isoforms and their
i.  repressional activity
il.  associating HDAC activity
iii.  interaction with Sin3A

iv.  subcellular localization
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4. Materials and methods

4.1. Cloning of the constructs

The cDNAs for SAP30 and SAP30L were cloned as previously described by Lindfors et al. (2003).
cDNAs for natural splicing isoforms of SAP30L were obtained from following IMAGE clones:
5254-119 (AEx2), 4554-h16 (AEx2A5aa), and 6022-124 (AEx3,4). cDNAs inserted into pcDNA3.1-
plasmid were used as template in polymerase chain reaction (PCR) using AccuPrime DNA
polymerase (Invitrogen) system with reaction conditions set as suggested by the manufacturer.
Truncated constructs were created using primers that annealed to appropriates sites within the
coding region. Restriction enzyme recognition sites were designed into PCR primers and were thus
incorporated to the amplified product. PCR products were run on 1% agarose gel to ensure
appropriate size of the amplified product. Bands of a correct size were then cut and isolated from
the gel using Qiaquick Gel Extraction kit (Qiagen). PCR products and desired plasmid vectors for
GALA4-fusions [pCMV-BD (Stratagene)] and for GST-fusions [pGEX-4T-1 (GE Healthcare Life
Sciences)] were then digested with suitable restriction enzymes for 1 h at 37°C. Further 30 min
treatment with calf intestinal alkaline phosphatase (CIAP) was performed to the digested plasmid
DNA to prevent re-circulization during following ligation step. Digested DNA was purified using
Qiaquick PCR purification kit (Qiagen) in order to the change solution buffer and to remove cut
nucleotides and enzyme. Insert DNA was ligated to the plasmid carrier using Rapid DNA ligation
kit (Roche) for a minimum of 1 h at room temperature. 1 pl of ligation mix was used to transform
TOP10 competent E. coli cells (Invitrogen), which were plated on LB-agar plates and grown in
37°C for approximately 16 h. 2-4 colonies per plate were selected and grown in liquid culture for 16
h. Plasmids were isolated from bacterial host cells using Qiaquick miniprep kit (Qiagen). Isolation
of plasmids carrying correct coding sequences in same reading frame as fusion partner (GAL4DBD
for pPCMV-BD (fig. 4.2.) or GST for pGEX-4T-1 (fig. 4.1.)) or tag (myc-his for pcDNA A 3.1) was
confirmed by sequencing using ABI Prism capillary sequencer (Applied Biosystems).

In order to produce GST-fusion proteins, desired cDNAs were inserted into pGEX-4T-1 plasmid
vector. The authencity of the constructs was confirmed by sequencing. Confirmed plasmids were
then transformed into BL21 strain of E. coli competent cells (Invitrogen) suited for production of

fusion protein. The strain has been specially modified to enhance the yield of protein product. These

35



modifications include removal of certain protease genes. Bacterial colonies were picked from LB-

agar plates and colony PCR was performed using cloning primers to confirm transformation.

PGEX-4T-1 (27-4580-01)

Thrombin

Leu Val Pro ArgiGlg.r SerlPro Glu Phe Pro Gly Arg Leu Glu Arg Pro His Arg Asp
CTG GTT CCG CGT GGA TCC CCG GAA TTC CCG GGT CGA CTC GAG CGG CCG CAT CGT_GAC TGA

BamH | EcoRT gma1 Sall —xno7 Notl Stop codons

pSj10aABam7StopT
Pstl

pGEX
~4900 bp

Nar |

EcoR v

BssH Il

Apal

BstE Il pBR322

arnl

Miu |

Figure 4.1. pGEX-4T-1 vector. BamHI and EcoRI restriction sites were used in cloning. Figure
modified from https://www4.gelifesciences.com/pdfs/970004M2-01.pdf; 29.4.2008.

PCR amplification mix was prepared as follows

10x Dynazyme polymerase buffer (Finnzymes) 2.5 ul
2 mM dNTP mix 2.5l
Forward primer (10 uM) 2.5l
Reverse primer (10 uM) 2.5 ul
dH,0 19 pl

25 ul

Bacterial mass from culture plate was transferred into PCR reaction mix which was then heated to
99°C for 10 min in order to disrupt cellular membranes and denature DNA. Tubes were then cooled

to 4°C before adding 1 U/ul of DyNAzyme™ II DNA polymerase (Finnzymes) to the reaction mix.
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Table 4.1. Thermocycler programme for colony PCR amplification

Colony PCR amplification programme
Step Stage Temperature | Duration
1 Initial denaturation | 94°C 3 min
2 Denaturation 94°C 1 min
3 Annealing 53°C 2 min
4 Extension 72°C 2 min
5 Repeat steps 2-4 29 times
6 Final extension 72°C 10 min
7 4°C hold

PCR products were analyzed by 1 % agarose gel electrophoresis and a colony with inserted

sequence of appropriate size was selected for production and purification of fusion protein.

4.2. Cell culture and transfections

Commercially available cell lines for human embryo kidney epithelial cells (HEK-293T) was
cultured in conditions suggested by supplier. For HEK-293T cells DMEM/F-12 (Gibco) culture
medium supplemented with penicillin-streptomycin antibiotics, 5 % fetal bovine serum (FBS,

Gibco), 1 mM sodium pyruvate and 50 pg/ml uridine was used.

For transient transfections HEK-293T cells were plated to a density of 20 000 cells/ cm?’.
Expression plasmids were transfected into cells 24 h after plating using Fugene 6 (Roche)
transfection reagent following the instructions supplied by the manufacturer. Transfection mix
containing DMEM/F-12 and Fugene 6 reagent was prepared as indicated in table 4.1. and incubated
for 5 min at RT. Plasmid DNA was added to the mixture, the solution was gently mixed and
transfection reagent:DNA-complex was incubated for 30 min at RT before drop-wise addition to

cells.

Table 4.2. Fugene 6 transfection

Total volume Transfection mix

Cell culture | Surface | of

area cell culture Volume of Amount of | Total volume of
vessel size (cm2) | media (ul) Fugene 6 (ul) | DNA (ng) transfection mix (ul)
4-well
culture slide | 1,7 800 1,2 400 40
12-well
plate 3,8 1000 1,5 500 50
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4.3. Repression analysis

HEK-293T cells plated to 12-well plates (20 000 cells/ cm?) were transfected with a total of 500 ng
of plasmid DNA: 250 ng pCMV-BD (Stratagene) plasmid that translates into GAL4-fusion protein,
200 ng reporter plasmid and 50 ng pcDNA3.1-LacZ (Invitrogen). PCMV-BD plasmid has a
constitutively active cytomegalovirus promoter and produces a fusion protein containing 1-147
amino terminal residues of the yeast GAL4 DNA-binding protein followed by the protein translated
from the sequence inserted into the multiple cloning site. Two reporter plasmids were used each
containing the coding sequence for Firefly luciferase under the control of either 14D- or thymidine
kinase promoter. Upstream of promoters in 14D- and TK-luciferase reporters are four or five
binding sites for GAL4 DNA-binding domain, respectively. GAL4DBD carries the signal for
nuclear import and thus is imported into nucleus where GAL4 with its fusion partner finds its
binding sites in the luciferase reporter plasmid. Through this interaction, GAL4DBD fusion partner

is brought into the vicinity of the elements controlling expression of the marker gene.

Repression capability of the proteins produced from pCMV-BD plasmid was determined by
measuring luciferase activity in HEK-293T cell lysates. 24 h after transfection cells from one well
were split into two separate wells; one was then treated with 200 nM tricostatin A (TSA), a well-
known histone deasetylase inhibitor, while the other well was treated with DMSO (vehicle) as a
control. Cell lysis in Reporter Lysis Buffer (Luciferase Assay System, Promega) was performed 24
h later and lysates were assayed for luciferase activity according to manufacturer’s instructions

using Luminoscan Ascent (Thermo Electron Corporation).
Luciferase activity was normalized to B-galactosidase activity expressed from a co-transfected
pcDNA3.1-LacZ plasmid. 20 pl of cell lysate was incubated in the beta-galactosidase assay buffer

for 30 minutes at 37 °C.

B-Galactosidase assay buffer:

100x Mg”" solution (0.1 M MgCl,, 4.5 M B-mercaptoethanol) 3ul

1 x ONPG (4 mg/ml of ONPG dissolved in 0.1 M sodium phosphate pH 7.5) 66 ul
0.1 M sodium phosphate (pH 7.5) 201 pl
cell extract 20 ul
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Figure 4.2. pCMV-BD plasmid. Cloning sites used are marked with boxes. Transcription and
translation of the ORF produces a fusion protein with N-terminal GAL4 DNA-binding domain
(residues 1-147) fused with translation of sequenced inserted into multiple cloning site (MCS).
Kanamycin-resistance gene carried in the plasmid was used as a selection marker. Figure obtained
and modified from http://www.stratagene.com/manuals/211344.pdf; 21.4.2008.
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Figure 4.3. A schematic representation depicting luciferase reporter plasmids. Two reporter
plasmids with different number of GAL4 binding sites and governed by different promoters were
used in repression assay. Reporter plasmids were extremely kind gifts from Dr. Ayer (14D-Luc) and

Dr. Reinberg (TK-Luc).
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The absorbance (A 420 nm) was measured using Thermo Labsystems Multiskan Ascent Photometric

plate reader for 96- and 384-well plates (Thermo Electron Corporation).

Each sample was normalized by dividing luciferase activity by beta-galactoside activity measured
from the same sample. Each sample within a series was then further compared to activity produced
by mere GAL4DBD. Results were calculated as fold repression compared to GAL4DBD. The value
given for a sample is the inverse of their luciferase activity normalized to B-galactosidase activity

and compared to GAL4DBD control.

4.4. Subcellular localization studies

HEK-293T cells were plated on 4 chamber polystyrene vessel tissue culture treated glass slides (BD
Falcon™) to a density of 20 000 cells/cm? of culture area. Transfection with pcDNA3.1 expression
plasmid containing the desired coding sequence was performed 24 h after plating. 16 h after
transfection, proteosome inhibitor MG132 (C2211, Sigma) was added to a final concentration of 1
uM and incubated in 37°C (5 % CO;) for another 6-8 h. Cells were fixed with 4%
paraformaldehyde dissolved in phosphate buffered saline (PBS: 137 mM NaCl, 10 mM Phosphate,
2.7 mM KCI, pH 7.4) for 20 min at room temperature (RT), permeabilized by 0.2% TritonX-100
(MP Biomedicals Inc., Solon, Ohio) in PBS for 10 minutes at RT and blocked with 1% bovine
serum albumin (BSA) in PBS for 1 h at 37°C. Cells were washed once with PBS. Cells were stained
using primary antibodies (diluted 1:200 in PBS) directed against myc-tag (A-14, sc-789, Santa Cruz
Biotechnology) expressed from the plasmid. As a control, nucleoli of the cells were stained by
antibody against nucleophosmin (1:1000 in PBS, 32-5200, Zymed), a well-known nucleolar protein.
Incubation was carried out in +4°C overnight. Cells were then washed three times with PBS.
Following Alexa® Fluorophor conjugated secondary antibodies were used: goat anti-mouse
(A11031) and anti-rabbit (A11034) IgGs (Invitrogen) diluted 1:1000 in 1% BSA-PBS. Cells were
incubated for 30-45 min at +37°C in secondary antibody. Washes with PBS were repeated as above
and slides were mounted on a DAPI-mounting medium (VectaShield®, Vector Laboratories Inc.,
Burlingame, CA94010). Stained cells were visualized and photographed on a confocal microscope

(Ultraview Confocal Imaging System, Perkin Elmer Life Scieces Inc., Boston MA).
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4.5. Production of GST-fusion proteins

Production of fusion protein was initiated after bacterial colonies were confirmed. Colonies were
grown in LB-broth supplemented with antibiotics (50 pg/ml of ampicillin) overnight at 37°C in
vigorous agitation. The following morning, the culture was diluted 1:1000 and grown in total
volume of 200 ml until growth reached logarithmic phase (ODgoo 0.5-1.0). Sample of 1 ml was
colleted before induction. The production of fusion protein was then initiated by induction with 1
uM IPTG. Culture was incubated at 37°C in vigorous agitation for another 3-4 h. ODgyy was
measured and cells were then pelleted by centrifugation (5000 x g, 15 min, +4°C) for isolation and
purification of produced fusion protein. Bacterial cell pellets were resuspended in 2 ml of cold PBS
supplemented with protease inhibitors (Complete Protease Inhibitor Cocktail tablets, Roche). Cells
were lysed by sonicating the sample on ice for 4 x 15 s with 30 s intervals. 20 ml of 0.2% TritonX-
100 in PBS supplemented with protease inhibitors, RNase A (5 pg/ml, Promega) and DNase (5
ug/ml, Promega) was added. Solution was incubated in rotation (100 rpm) at +4°C for 10 min.
Lysate was then centrifuged (5000 x g, 30 min, +4°C) and supernatant containing soluble proteins
was collected. Glutathione sepharose 4B beads (GE Healthcare Life Sciences) were prepared and

used as instructed by the manufacturer.

4.6. Extraction of nuclear proteins from HEK-293T cells

HEK-293T cells culture conditions are described in section Cell culture and transient transfections.
Cells were grown in 75 cm® Nunc™ Cell culture flasks (Thermo Fisher Scientific) to >90 %
confluence and detached from the bottom of the culture bottle by scraping. Cells were pelleted by
centrifugation for 5 min at 350 x g, washed once with cold PBS and pelleted again. Lysis was
achieved with hypotonic buffer (25 mM Hepes pH 7.5, 10 mM MgCI2, 10 mM KCI, 0.625 %
Igepal CA-630 and freshly added protease inhibitor cocktail), the volume of which is about 10 x the
approximated pellet volume and mixture was incubated on ice for 15 min. Lysate was centrifuged at
800 x g in +4°C for 10 minutes to collect the intact nuclei. Supernatant was discarded and pellet
containing nuclei was resuspended in buffer D (50 mM Hepes pH 7.5, 20 % glycerol, 10 % sucrose,
0.42 M KCI, 5 mM MgClI2, 0.1mM EDTA and freshly added 1mM DTT and protease inhibitors)
again to a volume approximately 10 times greater than that of the pellet. Suspension was incubated

on ice for 30 minutes and sonicated 3 times for 30 s with 30 s intervals. Lysate was finally
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centrifuged at 12 000 x g, +4 °C for 20 min and soluble nuclear proteins were collected in the

supernatant.

4.7. Measurement HDAC activity

Purified, sepharose-conjugated GST-fusion proteins were incubated in end-over-end overnight
rotation at +4°C with extracted nuclear proteins (one 75 cm”® bottle of cultured cells per 2 pull-
downs). Beads were then centrifuged to the bottom of the tube at 510 x g, in +4°C for 5 minutes and
washed four times with ice cold PBS. HDAC activity associated with washed beads was determined
using HDAC Fluorimetric Assay/Drug Discovery Kit (BIOMOL International LP) according to
manufacturer’s instructions and fluorescence was measured at 460 nm with VICTOR? 1420

multilabel counter (Wallac, Perkin Elmer Life Sciences).

4.8. Immunoprecipitations

Protein-protein interactions were studied by immunoprecipitation method. HEK-293T cells plated
on 60 mm culture dishes were transiently co-transfected with expression plasmids coding for
various forms of SAP30L with myc- and histidine-tags and mSin3A with myc-tag. 24 h after
transfection cells were collected by scraping and pelleted by centrifugation (350 x g for 5 min),
washed once with cold PBS and pelleted again. Cells were lysed in 500 pl radioimmuno assay
(RIPA) buffer (9.1 mM Na,HPO4, 1.7 mM NaH,PO4, 150 mM NaCl, 1% Igepal CA-630, 0.5 %
sodium deoxycholate and 0.1 % SDS, pH 7.4). Lysis was enhanced by passing the lysate through 21
gauge needle to shear the DNA before 30-60 minute incubation on ice. Cellullar proteins were
colleted in the supernatant after centrifugation (12 000 x g at +4°C for 20 min). 10 pl (2 %) of
lysate was taken as input sample for following SDS-PAGE and Western blot analysis. 15 pl of
agarose-conjugated histidine antibody slurry (50% slurry containing 7,5 pl antibody conjugated
beads, 15 pg of antibody in total) (H-3, Santa Cruz Biotechnology) was added to lysate and the mix
was incubated overnight at +4°C in vertical rotation. Beads with associated proteins were colleted
by centrifugation (110 x g, +4°C for 5min) and washed four times with ice cold 0.2 % Igepal — PBS
(500 mM NacCl) and once with ice cold regular PBS for 5 min. After the last wash, the washing
buffer was removed and beads were stored in —20°C for SDS-PAGE and Western blotting analysis.
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4.9. Western blotting

Immunoprecipitated proteins associated with agarose beads were collected by adding 10 pl of 2x
reducing Laemmli buffer (100 mM Tris-Cl pH 6.8, 4 % (w/v) SDS, 0.2 % (w/v) Bromophenol Blue
and freshly added 200 mM B-mercaptoethanol) and heating the sample for 5 min in 95°C. Proteins
were separated by either 10% or 4-10% gradient SDS-PAGE gel (NuPAGE® pre-cast gel system,
Invitrogen) and transferred to Hybond™-C Extra nitrocellulose membrane (GE Healthcare Life
Sciences) for antibody detection. First, unspecific binding to the membrane was blocked by
incubation for 1 h in 5% milk-TBS (TBS: 137 mM NaCl, 25 mM Tris, 2,7 mM KCI, pH 7.4) with
0.5 % Tween 20 (Sigma) in horizontal rotation. Membrane was rinsed once with 0.5% Tween 20 —
TBS (TBST) before incubation in primary antibody solution (diluted 1:1000 in 5% milk-TBST) for
minimum of 1 h. For detection of SAP30L and its splice variants antibody against C-terminal
peptide (called anti-VSK from here on, which recognizes 18 amino acid sequence from C-terminus
of SAP30L (VKSNKSRLDQKSEGGKQLE), GeneTex®, GTX77650) produced in rabbit was
used. For detection of myc-tagged proteins (SAP30L, Sin3A), the mouse monoclonal c-myc
antibody (sc-40: 9E10, Santa Cruz) was used. The membrane was then washed three times for 5
min with TBST before incubation with horseradish peroxidase -conjugated secondary antibody
(polyclonal rabbit anti-mouse or polyclonal goat anti-rabbit IgG, Dako Denmark A/S) diluted to
1:2500 in 5% milk-TBST for minimum of 1 h. Excess antibody was washed off similarly as was
done after primary antibody treatment. In detection, a commercial ECL Plus Western Blotting

Detection System (GE Healthcare Life Sciences) was used as instructed by the manufacturer.
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5. Results

5.1. SAP30L represses transcription from reporter plasmids

SAP30, 70 % identical to SAP30L, has been shown to repress transcription when tethered to a
reporter plasmid both in yeast and mammalian systems (Laherty et al., 1998; Zhang et al., 1998).
Based on these results, our group was prompted to study the repression capability of SAP30L gene
products, including isoforms produced by alternative splicing and certain artificial truncated
mutants. Experiments were carried out partially using two different reporter plasmids utilized by
other groups in similar studies in the past, thus ensuring comparable results and further validating
our results in two independent promoter systems. Reporter plasmids for thymidine kinase or 14D-
promoter governed luciferase gene were generous gifts from Dr. Reinberg (Zhang et al., 1998) and
Dr. Ayer (Laherty et al., 1998), respectively. In previously published data, SAP30 was shown to
repress transcription from reporter plasmid template approximately 17- and 30-fold compared to
GAL4 DNA-binding domain alone. SAP30 repression capability was found to be TSA sensitive and
depend on intact SAP30 C-terminus, which is known to interact with Sin3A. Guided by these
studies, repression capability of SAP30L was studied. It was found to repress reporter gene
expression in this experimental setting. The fold repression values given in following text are those
from 14D-Luc reporter plasmid assay (fig. 5.1.). Repression capability of SAP30L was reproducibly
and notably stronger than that of SAP30, approximately 23-fold for SAP30L compared to 15-fold
for SAP30, which was used as a control in repression studies. To analyze possible mechanisms
behind repression, the assay was carried out with additional incubation with trichostatin A (TSA), a
well-known inhibitor of class I and II histone deacetylase enzymes (Yoshida et al., 1990).
Treatment with DMSO, the vehicle, was used as a control. Results show that TSA treatment greatly
decreases SAP30L mediated repression capability, indicating HDAC activity to play a major role in
repression. Repression is likely to result from HDAC-dependent deacetylation of histone proteins

associated with chromatin.

Results from TK-Luc reporter plasmid assay gave different values for repression (fig. 5.2.), but they
demonstrated same trend as 14D-Luc experiment results. These results also indicate that SAP30L is

a stronger repressor of transcription compared to SAP30.

In further studies, only 14D-Luc reporter plasmid was used. Repression analyses were carried out

using truncated forms of SAP30L; two C-terminally deleted forms (1-120 and 1-140),
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Figure 5.1. SAP30L represses transcription from reporter plasmid (4xGAL4-14D-Luc reporter).
TSA treated samples are denoted with +, while — is used to indicate DMSO treated control sample.
Measurements were done in duplicate from two independent experiments. Error bars represent the
range of measurements. (Viiri et al., 2006)
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Figure 5.2. SAP30L represses transcription from reporter plasmid (5xGAL4 — TK-Luc reporter).
Cells were treated with either TSA (+) or as a control, with DMSO (-). Measurements were done in

duplicate from two independent experiments. Error bars represent the range of measurements. (Viiri
et al., 2006)

an N- terminally deleted form (61-183) and a nucleolar localization signal sequence mutant (NoLS
8A) were assayed (fig. 5.3.). Viiri et. al. (2006) have shown that C-terminally truncated form

containing residues 1-120 fails to interact with mSin3A where as a truncant with residues 1-140

45



does interact with Sin3A. In repression assay both truncation forms had impaired repression
capability, the effect being more severe in the case of SAP30L 1-120, which showed only little
repressional activity (~2-fold). Also SAP30L 1-140 had reduced repressional capability with
moderate ~6.5-fold repression activity compared to GAL4DBD alone. N-terminally truncated
SAP30L containing residues 61-183 had higher repressional capability compared to full length

protein.
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Figure 5.3. Truncated and mutated proteins have impaired repressional capability compared to wild
type. These results emphasize the importance of intact C-terminus. Cells were treated with either
TSA (+) or DMSO (-).Measurements were done in duplicate from two independent experiments.
Error bars represent the range of measurements. (Viiri et al., 2006)

In confocal microscopy, SAP30L has been shown to localize to the nucleolus as well as
nucleoplasm. Nucleolar localization of SAP30L results from presence of basic signal sequence
called nucleolar localization signal (NoLS) comprised of residues 120-127. This signal is both
necessary and sufficient for nucleolar localization (Viiri et al., 2006). An artificial mutant was
created by site-directed mutagenesis converting residues constituting NoLS into eight alanine
residues (8A). Cell stainings indicated this mutation to abolish nucleolar localization. Effects on
repression were also studied. Mutation of NoLS caused notable reduction in repression with only
~5-fold repression compared to GAL4DBD. Reason for this effect is not known as repression of
transcription by RNA pol II takes place in nucleoplasm and both reporter plasmid and GAL4DBD
localize to nucleus. Measurements were also carried out from HDAC activity inhibiting TSA treated

cells. TSA relieved repression in a manner similar to wild type forms reported above. Interestingly,
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C-terminally truncated SAP30L 1-140 was less sensitive to inhibition by TSA than other forms of

SAP30L. The reason for this remains unclear.

Interestingly, Viiri et. al. (2006) showed HDAC activity to associate with GST-SAP30L in a pull-
down assay performed from HEK-293T nuclear lysates and, again, C-terminus of SAP30L was

required for this association.

5.2. SAP30, SAP30L and Sin3A co-operation in repression

Our group has previously shown SAP30L to be able to self-associate (Viiri et al., 2006). This
prompted us to study whether this self-association or interaction with SAP30 or mSin3 was rate-
limiting in repressional capability in vivo. Experiments were carried out in similar reporter plasmid
system but in addition to GAL4SAP30L or GAL4SAP30 also myc-tagged SAP30L, SAP30 or
mSin3A were co-transfected in an increasing amount. None of the co-transfections showed notable
addition in repression capability suggesting that interaction between binding partners is not rate-

limiting in vivo.
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Figure 5.4. SAP30L, SAP30 and mSin3A co-operation in repression. Amount of blndlng partner is
not rate-limiting in vivo. Amount of myc-tagged interaction partner co-transfected was increased in
step-wise manner to test any additive effect on repression. 14D-Luc reporter was used in this
experiment. Measurements were done in duplicate from two independent experiments. Error bars
represent the range of measurements. (Viiri et al., 2006)
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5.3. Isolation of mMRNA splicing isoforms of SAP30L and analysis of their
repression capability

Existence of several isoforms of SAP30L derived from alternative mRNA splicing is supported by
database records in GenBank (http://www.ncbi.nlm.nih.gov/Genbank; 21.4.2008) and Alternative
Splicing Database Project (http://www.ebi.ac.uk/asd/; 21.4.2008) as well as northern hybridization,
reverse transcriptase-PCR and western blotting of both tissue extracts and cell line lysates (Lindfors
et al.,, 2003, unpublished data). Gene databanks give open reading frame sequences for three
alternative isoforms in addition to full-length wild type transcript. All ORFs contain both start- and
stop-codons and appropriate 5’ splice donor and 3’ acceptor sites. Schematic representation of
splice isoforms is shown in figure 5.5. All reported isoforms have intact exonl in their structure.
Whether these actually represent all existing isoforms cannot be determined definitely as some
databases suggest additional, larger isoforms that seem to lack appropriate star-codon. However,
western blotting analysis with a SAP30L peptide antibody reveals several protein bands that do not

correspond in size to any of the mRNAs reported in GenBank.

Using isolated cDNA and gene-specific primers for PCR amplification, our group found three
different isoforms that were differently expressed in different human cell lines. Different isoforms
were isolated, sequenced and matched with gene bank information. cDNAs were cloned from
corresponding IMAGE clones. Expression constructs for GAL4DBD-fusions were created for
different isoforms and their repression characteristics were studied in repression assay and

compared to wild type.

Structure of splicing isoforms is shown in figure 5.5 and protein products are aligned in figure 5.6.
Based on primary protein sequences translated from mRNAs, an artificial deletion mutant lacking
15 base pairs coding for first five amino acids from exon 3 (109-113) was created to further study
the functional significance of these specific amino acids as the distinction between AEx2 and

AEx2A5aa isoforms.

In repression assay, all natural splicing isoforms were found to have less repressional capacity
compared to wild type protein (fig. 5.7.). Most pronounced difference was seen for AEx3,4 which
repressed transcription only ~2.2-fold compared to GAL4DBD alone. This result was expected,

however, based on previous results for C-terminal truncated forms. Viiri et al. (2006) have shown
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Figure 5.5. A schematic representation of SAP30L splice variants showing exon structure and
conserved splice donor and acceptor sites. For 30LAEx3,4 the intron derived sequence is shown.
GenBank  Accession Nos.: wt SAP30L (AY341060), SAP30LAEx2 (AI436556),
SAP30LAEx2A5aa (AI199517) and SAP30LAEx3,4 (AI857594) and IMAGE clones: 5254-119
(AEx2), 4554-h16 (AEx2A5aa), and 6022-i24 (AEx3,4). (Korkeamaki et al., 2008)

CLUSTAL 2.0.5 multiple sequence alignment

SAP30L MNGFSTEEDSREGPPAAPAAAAPGYGQSCCLIEDGERCVRPAGNASFSKRVOKSTSQKKL 60

30LAEX2 MNGFSTEEDSREGPPAAPAAAAPGYGQSCCLIEDGERCVRPAGNASFSKRVOKSISQKKL 60

30LAEx2A5aa MNGFSTEEDSREGPPAAPAAAAPGYGQSCCLIEDGERCVRPAGNASFSKRVOKSISQKKL 60

30LAEX3, 4 MNGFSTEEDSREGPPAAPAAAAPGYGQSCCLIEDGERCVRPAGNASFSKRVOKSTSQKKL 60
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SAP30L RYKRHYKLQTRPGFNKAQLAETVSRHFRNIPVNEKETLAYFIYMVKSNKSRLDQKSEGGK 180

30LAEX2 RYKRHYKLQTRPGFNKAQLAETVSRHFRNIPVNEKETLAYFIYMVKSNKSRLDQKSEGGK 139

30LAEx2A5aa RYKRHYKLQTRPGFNKAQLAETVSRHFRNIPVNEKETLAYFIYMVKSNKSRLDQKSEGGK 134

30LAEX3, 4 --VRHLHICD---FYKNFIQSVRNKRKRKTSDDGGDSPEHDTDIPECSPPA-—-————-— 113
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SAP30L QLE 183
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Figure 5.6. Clustal alignment of protein sequences of splicing isoforms and wild type SAP30L
(http://www.ebi.ac.uk/Tools/clustalw2/index.html; 21.4.2008).

C-terminus of SAP30L to be responsible for mediating binding to Sin3A. As Sin3A is expected to
recruit HDAC activity which catalyzes histone deacetylation and causes repression of gene

expression, one would expect the isoform lacking the C-terminus to have crippled repression
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capability. Isoforms AEx2 and AEx2AS5aa, which differ only by five amino acids, had quite
strikingly different repressional capabilities with 29- and 12-fold repression activity compared to

GALA4DBD, respectively.
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Figure 5.7. SAP30L splice isoforms differ in transcriptional repression capability. Measurements
from at least two independent experiments were done in duplicate. Error bars represent standard
deviation. (Korkeamaki et al., 2008)

5.4. AEx3,4 splicing isoform does not interact with Sin3A

As most of SAP30L repression capability is thought to be mediated via Sin3-dependent HDAC
recruitment, the ability of SAP30L splicing isoforms to associate with Sin3A was studied using co-
transfection of myc-his-tagged SAP30L and myc-tagged mSin3A. Immunoprecipitation from cell
lysates with anti-his antibody coated agarose beads followed by SDS-PAGE separation and western
blotting was done to test interaction between SAP30L isoforms and mSin3A. All isoforms but C-
terminally truncated 30LAEx3,4 were able to bind co-transfected myc-tagged Sin3A (fig. 5.8.). The
quality of the data did not allow for reliable assessment of quantitative nature of this interaction.
Thus most of the differences seen in repressional capability between isoforms could not be assigned
to differential Sin3 interaction. Result for 30LAEx3,4 was not surprising as Viiri et. al. (2006) have
previously carried out interaction studies with truncated proteins indicating aa residues 120-140 to

be required for Sin3A binding.
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Figure 5.8. SAP30L splicing isoforms interact with mSin3A produced from co-transfected vector.
Isoform 30LAEx3,4 is an exception as no mSin3A seems to co-precipitate with it. Anti-his antibody
was used for immunoprecipitation (IP) and antibodies used in western blotting (WB) are indicated.
(Korkeamaki et al., 2008)

5.5. Splicing isoforms of SAP30L associate with HDAC activity

Viiri et al. (2006) have shown SAP30L protein to associate with HDACs 1, 2 and 3 by immunoblot
and enzymatic activity assay from nuclear pull-downs. Bacterially produced and purified GST-
fusion proteins of SAP30L splicing isoforms were used to pull-down HDAC activity from HEK-
293T nuclear lysates. The ability of fusion proteins to associate with HDAC activity was tested by
an enzymatic assay measuring HDAC activity from glutathione-conjugated sepharose beads (figure
5.9.). Measurements of associating HDAC activity showed a trend similar to the one from luciferase
reporter assay. All alternative isoforms and an artificial deletion mutant 30LA109-113 associated
with less HDAC activity compared to wild type. As was the case in luciferase reporter assay, there
was a notable difference between 30LAEx2 and 30LAEx2AS5aa samples. 30LAEx2 pull-down
contained significantly higher amount of HDAC activity in all replicates (result of one
representative experiment is shown). Some repression capability and associating HDAC activity
was detected also for isoform 30LAEx3.4 lacking carboxyterminal residues responsible for Sin3A
interaction. This is intriguing since HDAC activity is thought to be coordinated via Sin3A
interaction. Residual repression capability and HDAC activity association could indicate that

SAP30L is capable recruiting HDACs in a Sin3A-independent manner.
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Figure 5.9. SAP30L splice variants associate with HDAC activity. Assay buffer and GST-tag were
used as a negative control while dilution of HEK-293T nuclear lysate used in pull-down was used
as positive control for HDAC activity. Measurements were done from two independent experiments
done in duplicate and results from a representative experiment are shown. Measurement range is
represented with error bars. (Korkeamaki et al., 2008)

5.6. Localization of splicing isoforms of SAP30L

Intracellular localization of splicing variants was studied. Myc-tagged SAP30L isoforms were
transfected into HEK-293T cells, which were then double stained with antibodies against myc-tag
and endogenous Nucleophosmin (NPM, B23), used as a nucleolar marker, and mounted with DAPI
in order to visualize the nucleus (Figure 5.10.). 30LAEx2 and 30LAEx2A5aa behaved similarly as
has been previously reported for full-length SAP30L; both nucleoplasmic and nucleolar staining
was observed, with the proteosome inhibitor MG132 treatment significantly enhancing nucleolar
staining pattern. 30LAEx3,4 displayed again radically different behaviour from wild type and other
isoforms as it localized mainly to cytoplasm and nucleoplasm. This could be expected as this

isoform lacks NoLS required for nucleolar localization but has an intact NLS.
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Figure 5.10. Double stainings of myc-tagged SAP30L isoforms transfected HEK-293T cells with
anti-myc antibody. Endogenous nucleolar marker protein Nucleophosmin (NPM) (Chou & Yung,

1995) was used to assess nucleolar localization of studied isoforms. Cells were treated with either
DMSO (vehicle) or MG132, which enhances nucleolar accumulation. (Korkeamaki et al., 2008)
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6. Discussion

The need for coordinated expression of genes is a feature shared by all cells. Differential expression
of genes in an organism’s genome is the basis for such processes as embryonic development of
multicellular organisms, following cellular differentiation and maintenance of the differentiated
phenotype later in life (Alberts, 2002). Understanding regulation and specific roles of the
contributing components, such as SAP30L, in complexes mediating gene silencing and activation is
vital as disruption of these systems can have major consequences. As Sin3 corepressor complex has
numerous important roles in cell physiology, it is of great interest to acquire more in-depth
understanding of its composition and function (Dannenberg et al., 2005; Silverstein & Ekwall,
2005). Associating proteins have received little attention and were first assigned a role as mere
stabilising components. In the case of SAP30L, for example, this quite a passive role is not
supported by our findings indicating need for careful regulation by alternative pre-mRNA splicing
and various expression patterns seen in different tissues and cell lines. A hint for the functional
importance of associating proteins emerged when SAP30, homologous to SAP30L, was implicated
as a possible tumor suppressor gene. The chromosome area containing SAP30 gene was found be
area of loss of heterozygosity in patients with sporadic basal cell carcinomas (Sironi et al., 2004).
Since SAP30 family of genes and their protein products are similar there is a possibility that
SAP30L may also have a growth regulatory function. In support of this possibility, our group has
not been able to detect a protein band corresponding to the size of wild type SAP30L in cancer cell
lines (unpublished data). Furthermore, the growth regulatory role of Sin3 is well documented

(Harper et al., 1996; Kuzmichev et al., 2002).

A link between deregulation of gene expression and human disease exemplifies the importance of
careful regulation in maintaining normal cell function (Delgado & Leon, 2006; Timmermann et al.,
2001). More in-depth understanding of the structure and function of complexes involved is needed
if HDAC inhibitors come into wide-spread use as cancer therapy (Drummond et al., 2005; Marks et

al., 2001; Pan et al., 2007).

6.1. Consideration of experimental settings

In interpreting these repression results, it is important to note that they were performed in transient
overexpression setting with cell type specific endogenous expression in the background. Especially
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in the experiments using co-transfection of SAP30L, SAP30 and mSin3A to test for additive
repressional effects, endogenous proteins may be present in amounts high enough to saturate
interaction sites. The methodology in itself is limited in some respects; e.g. repression assay reflects
both the ability of studied proteins to recruit (indirectly and/or directly) and also possibly modulate
HDAC enzymatic activity. These mechanisms are indistinguishable with current methods available.
Even though GAL4DBD anchors SAP30L to promoter and repression is presumed to occur via
histone deacetylation, the fact that repression could in theory result from deacetylation of other
protein targets cannot be definitively ruled out, as HDACs are known to act on non-histone targets

as well (Glozak et al., 2005; Hubbert et al., 2002; Juan et al., 2000).

6.2. SAP30L differs in its repression capability from SAP30

Two independent studies have shown SAP30 to repress transcription when tethered to the promoter
of a reporter gene. Repression was sensitive to treatment with tricostatin A, a potent inhibitor of
histone deacetylase enzymes. In the light of SAP30-Sin3 interaction and TSA sensitivity of
repression, repression was thought to result from recruitment of Sin3 corepressor complex and
associated HDAC activity that deacetylates core histones leading to “closed” conformation of
chromatin. “Closed” chromatin conformation causes a physical barrier preventing active
transcription initiation and elongation (Laherty et al., 1998; Zhang et al., 1998). These studies
combined with interaction data indicating association between SAP30L and Sin3A led our group to
carry out similar experiments for novel SAP30L protein, highly related to SAP30. Results were
validated by using luciferase reporter plasmids under the regulation of two different promoters, and
performing several independent repeats of each experiment. The repression resulting from tethering
SAP30L to reporter gene promoter indicates that it is capable of associating with functional Sin3
corepressor complex. The discovery that SAP30L has significantly higher repression capability
compared to SAP30, used as a positive control in these studies, raises the possibility that associating
proteins may somehow control repressional capability of mSin3 corepressor complex, or
alternatively associate with different subcomplexes. SAP30L may act to regulate corepressor
complex activity at different levels. 1) Associating proteins, which are thought to act in stabilizing
the corepressor complex, may regulate repression by altering stability of the complex; they could
regulate binding either between protein constituents or between corepressor complex and
nucleosomes and/or DNA. 2) Associating proteins may directly modulate HDAC association or its

enzymatic activity.
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As SAP30L has not been reported in any previously published studies characterizing components of
Sin3 or HDAC containing complexes, it is not likely to be a core component. This indicates that it
is present in only a small fraction of complexes present in cell. This is supported by the fact that
Sin3 corepressor exists in several complexes with different associating proteins; biochemical
characterizations of the complex derived from different cell lines show different components
(Fleischer et al., 2003; Kuzmichev et al., 2002; Zhang et al., 1997). Promoters or corepressors
recruiting SAP30L-containing Sin3 corepressor subcomplexes have not been characterized yet.
SAP30 was shown to be required for repression by N-CoR corepressor and N-terminus of SAP30
was found crucial to this interaction (Laherty et al., 1998). SAP30L, which lacks sequence
homologous to SAP30 N-terminus, may not interact with N-CoR and might thus function in distinct
complexes recruited to other set of promoters than N-CoR/Sin3/SAP30. As SAP30L and SAP30
proteins may associate with different mSin3A-containing subcomplexes, these results showing
differential repression profiles raise the possibility that SAP-proteins may regulate characteristics of
repressional activity between these different subcomplexes. Because SAP30L was found
upregulated in TGF-f treatment induced epithelial cell differentiation from secretory crypt cells to
absorptive enterocytes (Lindfors et al., 2003), it may be involved in switching between gene
expression programmes during differentiation and recruited to promoters of genes silenced during
this process. In determining the significance of SAP30L function in vivo, information regarding its
true, physiological target promoters would be required. This type of information could also shed
light on the functional differences between SAP30 and SAP30L, and help to determine whether
these homologous proteins associate with the same or distinct corepressor complex. In considering
the functional similarities and differences between SAP proteins their expression pattern should be
taken into consideration. While some tissues, e.g. blood and bone, express mRNA from both genes,
others seem to contain only one of the two; for example in lymph node SAP30L expression is high
but no SAP30 is detected, or in connective tissue where only SAP30 is expressed (NCBI UniGene
EST Profile Viewer, http://www.ncbi.nlm.nih.gov/sites/entrez?db=unigene; 21.4.2008).

Modulation of HDAC activity in Sin3/HDAC complex has not been reported so far. In other histone
deacetylase containing protein complexes, such as NuRD, requirement for SANT-domain
containing proteins for catalytically active state of HDAC enzymes has been reported (Zhang et al.,
1999), and SMRT and N-CoR, also containing SANT-domains, have been reported to facilitate
activity of HDAC3 (Guenther et al., 2001). Such factors are likely to exist also in Sin3 corepressor
complex because HDACI produced in bacteria or insect cells was found catalytically inactive

(Alland et al., 2002). SAP30L homolog SAP30, which is a core component of Sin3 complex, has
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been shown to directly bind to HDACI, but its effect, if any, on enzymatic activity has not been
addressed. However, mSds3, a core component as well, was shown not only be needed for complex
stability but to modulate the enzymatic activity of HDAC1 (Alland et al., 2002; Lechner et al.,
2000). mSds3 was shown to enable HDACI activity; knockdown of mSDS3 by RNAI lead to
decreased HDACI activity in immunoprecipitation experiments though amount of HDACI protein
remained the same. This could result from either direct effect elicited by Sds3 to HDACI, or result
from Sds3 functioning to mediate integration of some other component required for enzymatic
activity of HDACI. Similar results were obtained from mammalian and yeast studies underlining
conservation of modulation in eukaryotes. So, experimental evidence indicates a requirement for,
possibly still unknown, component in activation and modulation of enzymatic activity associated

with the complex.

Repressional activity of SAP30 is thought to be largely mediated by Sin3 and associated HDACs
(Laherty et al., 1998; Zhang et al., 1998). The Sin3-interacting C-terminal parts of SAP30 and
SAP30L proteins are very similar. No quantitative difference in their Sin3-interaction capability has
been reported. If such affinity difference was to exist, it could explain the difference seen in
repression results; higher affinity binding will lead to more efficient recruitment of Sin3/HDAC

complexes to reporter promoter.

Previously published data has shown SAP30-mediated repression to be sensitive to treatment with
HDAC inhibitor TSA (Laherty et al., 1998; Zhang et al., 1998). Our results revealed that SAP30L-
dependent repression is also relieved by TSA treatment. Taken together, this indicates that similar
mechanism of repression involving histone deacetylase activity is used by SAP30 family of
proteins. Generally repression is thought to result from recruitment of HDACs to promoter areas
where they deacetylate lysine residues in histone tails and thus inducing transformation of
chromatin into “closed” conformation. However, studies have shown that only fraction of Sds3- and
SAP180-mediated repression is sensitive to histone deacetylase inhibitors (Fleischer et al., 2003).
These findings suggest that these proteins associated with Sin3 complex are capable of recruiting
also other silencing promoting enzymatic activities to gene promoters. As Sin3 complex is known
to function as a platform for numerous enzymatic activities (Silverstein & Ekwall, 2005), they could
function to associate with different Sin3 complexes harbouring alternative enzymatic activities.
Also, at least Sds3 has been shown to be present in Sin3-independent complexes. So, it is possible

that either these proteins associate with entirely different complex, or Sin3 complex and its

57



respective components are able to bring about repression of gene expression by other mechanism(s)

on top of HDAC-mediated repression.

6.3. Truncated forms of SAP30L have diminished repression capability

As is the case for SAP30 (Laherty et al., 1998), also SAP30L-mediated repression is dependent on
an intact C-terminus. This is demonstrated by our repression studies with C-terminally truncated
mutants containing amino acids 1-120 and 1-140. Mechanistically this dependence of C-terminus
could be explained by mSin3A interaction, which has been mapped to this region. C-terminal
deletion mutant lacking residues 121-183 had very little repression capability left. No mSin3A co-
immunoprecipitates with this deletion mutant (Viiri et al., 2006). As Sin3 is known to repress
transcription by associating with HDAC activity (Hassig et al., 1997), the repression deficiency of
deletion mutant is very likely to result from loss of Sin3A interaction and thus associating HDACs.
However, even though SAP30L 1-140 is able to interact with mSin3A in immunoprecipitation
studies, it did not impose as strict repression on the reporter gene as the wild type protein. This is in
line with results from HDAC pull-down assay by Viiri et al. (2006) showing 1-120 and 1-140 to
associate with roughly similar amount of HDAC activity. When the difference in the ability to
interact with mSin3A is borne in mind, this suggests that mere interaction with mSin3A is not
sufficient for full HDAC activity. These results indicate that aa residues 141-183 might play a role
in stabilizing interaction between HDACs and the corepressor complex, directly interact with
HDACs or somehow function to modulate the enzymatic activity of HDACs as loss of them results
in reduced repression capability. As direct interaction between SAP30 and HDACI1 (Zhang et al.,
1998) has been reported, the possible that such interaction occurs also between SAP30L and
HDACI is supported by high degree of homology between SAP30 family of proteins. As the
portion of SAP30 protein mediating this binding has not been reported, direct sequence homology

comparison cannot be done to asses conservation of interaction between these two proteins.
SAP30L 1-140 also distinguishes itself by being relatively insensitive to TSA treatment. This raises

the possibility that SAP30L could recruit Sin3A complexes with distinct enzymatic activities from

histone deacetylases or interact with entirely different transcription silencing complexes.
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Deletion of N-terminal amino acid residues seemed to have very little effect on the strength of
repression. This further supports the critical role for C-terminus of the protein in coordinating

repression as discussed above.

All in all, this data emphasizes the critical role of C-terminus of SAP30 family of proteins in
mediating repression activity. There is a correlation between Sin3A interaction and repression
activity, indicating that majority of SAP30L-dependent repression is carried out via Sin3A. In
addition to binding to Sin3 and thus associating with HDACs, C-terminal amino acids might also
somehow modulate HDAC activity as deletion mutant 1-140 has the ability to bind to Sin3A yet has
impaired repression capability compared to wild type. It is also possible that, in addition to
deacetylation of histone proteins, some other mechanism could be used to bring about transcription

repression.

6.4. SAP30L, SAP30 and Sin3A co-operation in repression

SAP30L ability to multimerize has been proven in vitro (Viiri et al., 2006). As a result, the possible
effect of multimerization on repression function was studied using co-transfection coupled to
repression assay. Co-transfection with increasing amount of SAP30 or mSin3A was also tested.
Again SAP30 was used as a control. None of the co-transfections had notable effects on repression.
This may be due to several different things. As discussed already in section concerning
methodological approaches, this experiment was carried out with endogenous expression in the
background. This being the case, endogenously expressed protein could possibly saturate binding
sites. These results do, however, indicate that in this experimental setting interaction between these

proteins is not rate limiting in repression.

The functional significance of multimerization or self-association of SAP30L is unclear. This
ability, also reported for mSds3 of Sin3/HDAC complex (Alland et al., 2002), may support
association of multiple Sin3 complexes together to form even larger multiprotein complexes,
possibly containing several different enzymatic activities. This remains an intriguing possibility and

warrants further studies.
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6.5. SAP30L splicing isoforms differ in their repression capability, associating
HDAC activity and subcellular localization

GenBank information and previous work done in our group strongly suggested the existence of
several isoforms of SAP30L mRNA in cells and tissues. Three SAP30L mRNA splice isoforms
were identified in RT-PCR. IMAGE clones corresponding to sequences were obtained and cDNAs
were cloned into expression plasmids. Characterization of transcriptional repression activity, Sin3A
binding ability, association with HDAC activity and subcellular localization of these isoforms
revealed them to have differences in many respects. Most striking was the existence of naturally
occurring C-terminal deletion isoform AEx3,4, which manifested many of the characteristics
previously seen in artificial C-terminal truncation forms described above. This variant is deficient in
many aspects of SAP30L biology, including its association with mSin3A, repressional capability
and nucleolar localization. The existence of such crippled isoform is intriguing and raises the
question of its functional significance. One possibility is that that amino-terminal portion of
SAP30L might mediate other, yet unknown, Sin3-independent function. As N-terminus of the

protein remains intact, such function would be conserved even though repression capability is lost.

Also the difference in repressional capability between AEx2 and AEx2A5aa is intriguing. Mere
difference of five amino acids causes significant difference in repression activity. This variation
could not be contributed to difference in association with mSin3A as both isoforms were capable of
interaction. Although both isoforms seemed to localize to the nucleoplasm and the nucleolus, AEx2
was seen in the nucleolus more frequently than AEx2A5aa. The nucleolar function of SAP30L is
not known so the consequence of differential localization, if any, remains unclear. Interestingly,
creation of an artificial mutant by deleting these five amino acids (109-113) resulted in major
differences when compared to wild type protein. Deletion mutant had significantly lower repression
activity compared to wild type. However, it bound to Sin3 in a similar fashion as wild type and
associated with roughly equal amount of HDAC activity. Taking this into account, the repression
assay results seem very surprising indeed. Nucleolar localization, although seen in some cases, was
notably more infrequent than that of wild type. It’s possible that deleting these residues could lead

to misfolding of the protein.

Yeast genetic studies have indicated a role for Sap30p and Sin3p in ribosome biogenesis as deletion
of either of them or yeast HDAC homolog Rpd3 leads to delayed rRNA processing and functional

defects in ribosomes. The defect was pinpointed to the level of ribosome processing as opposed to
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rDNA transcription (Meskauskas et al., 2003). The model organism, yeast S. cerevisiae, used in this
study has no gene corresponding to human SAP30L so it was naturally not implicated in these
results. Taking into account the nucleolar localization of SAP30L, its involvement in ribosome
biogenesis could be speculated in the light of this study. In addition to this, yeast Sin3/Rpd3 HDAC
complex has been shown to localize to the nucleolus where it represses transcription from rDNA
promoters following nutritional starvation or treatment with Rapamycin, an inhibitor of mTOR used
as immunosuppressant drug in preventing rejection in organ transplantation. Sin3/Rpd3 recruitment
was shown to cause deacetylation of histone H4 K5 and K12. Deacetylation led to reorganization of
the nucleolar compartment and relocalization of RNA pol I (Tsang et al., 2003). Deacetylation of
nucleosomes in TDNA promoters is one candidate process for SAP30L function in nucleolus, as
these results clearly demonstrate that it can associate with functional Sin3A complex to repress

transcription.

On top of being the major site of ribosome biogenesis, nucleolus has also been assigned other
functions. It plays a part in regulation of cell cycle and is known to be the site for sequestering
certain proteins to limit their action e.g. telomerase reverse transcriptase, which is only active
during replication of chromosome telomerases. Nucleolus could affect cell cycle progression in
different ways. For example, many regulatory post-translational modifications, such as sumoylation
and phosphorylation, to cell cycle regulatory proteins are linked with nucleolus. Nucleolus also
regulates certain aspects of cells stress-responces. One of the most important pathways is mediated
by p53. The stability of p53 is dynamically regulated by HMD2, which promotes degradation of
p53 in the cytoplasm, and pl4ARF that inhibits HMD2 function thus increasing stability of p53
(Kurki et al., 2004; Moll & Petrenko, 2003). pl4ARF is a nucleolar protein, which sequesters
HMD?2 to the nucleolus in response to cellular stress and leads to stabilization of p53 and eventually
to cell cycle arrest or apoptosis. In addition to these well documented functions of nucleolus
additional roles are expected to exist; characterization of nucleolar proteome has revealed many
proteins with unknown function to reside in this subcellular compartment (Andersen et al., 2002;
Pendle et al., 2005). Whether some of these novel functions will reveal the link between SAP30L

and nucleolus remains to be seen.

SAP30L expression is regulated at the level of gene transcription as demonstrated by data base
information for expression pattern in human tissues (NCBI UniGene EST Profile Viewer
http://www.ncbi.nlm.nih.gov/sites/entrez?db=unigene;  21.4.2008, and UCSC  Genome

Bioinformatics http://genome.ucsc.edu/; 21.4.2008). Expression is most abundant in haematopoietic
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tissues. Another level of regulation is seen with expression of different splicing isoforms. PCR
amplification with gene specific primers from commercial tissue cDNA preparates (unpublished
data) and cDNA isolated from cell lines (Korkeamaki et al., 2008) gives several bands of varying
sizes. Results reported here demonstrate that there is significant difference between the functional
characteristics of different splicing isoforms. SAP30L function could thus be modulated by
differential spatial and temporal expression of splicing variants. The second level of regulation
could occur at the level of post-translational modifications; detection of commercial tissue blot with
C-terminal peptide antibody against SAP30L reveals still several more protein bands of varying

sizes (Korkeamaki et al., 2008).

All repression experiments were carried out with overexpression from transfected expression
plasmids and with endogenous expression in the background. The effects of certain isoforms could
be better studied if endogenous expression was silenced. Certain functional defects in isoforms
would thus be more evident if they could not be compensated by other, endogenously expressed
forms. Previous research in our group has indicated a role for SAP30L in guiding Sin3A to
nucleolus (Viiri et al., 2006). In yeast, nucleolar organization has been shown to be effected by
Sin3/Rpd3 dependent histone deacetylation. If SAP30L were to play a part in this, it would be
interesting to study the functional differences between splicing isoforms in this respect without
compensating endogenous expression in the background. Creation of knockdown environment

would be of great help in determining the functional significance of AEx3,4 isoform.

62



7. Conclusions

This study has demonstrated that Sin3-associated protein 30-like (SAP30L) is capable of repressing
transcription from a reporter gene when tethered to its promoter. Repression is reversed by
treatment with histone deacetylase inhibitor, indicating that HDACs mediate transcriptional
silencing. Repression mechanism is likely to involve enzymatic removal of acetyl groups from
lysine residues in histone tails leading to “closed” chromatin structure and suppression of
transcription. SAP30L inflicted stricter repression compared to SAP30, whose repression capability
has been studied and reported by Laherty et al. (1998) and Zhang et al. (1998). The difference in
repression strength may indicate that these different SAP proteins are used in fine-tuning repression.
SAP30L-mediated repression is dependent on intact carboxy-terminus, as has been previously

reported for SAP30.

Existence of SAP30L isoforms resulting from alternative pre-mRNA splicing was suggested by
database sources and confirmed by experimental data. These isoforms were shown to exhibit
different functional properties, including repressing gene expression at various strengths, interacting
somewhat differentially with Sin3A corepressor and showing varying subcellular localization
patterns. Most striking was AEx3.4 splice isoform lacking the entire C-terminal part of the protein.
This isoform was unable to perform the functions reported for SAP30L to date. Existence of such
radically different isoform is intriguing; it could have a regulatory role as a dominant negative
isoform or SAP30L might have other, yet undiscovered functions that are intact even in this

isoform.

In summary, these results confirm a role for SAP30L in Sin3A-mediated transcriptional repression.
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