CHARACTERIZATION OF THE NOVEL TRANSCRIPTIONAL
REGULATOR HUMAN MESODERM INDUCTION EARLY
RESPONSE GENE 1 (hMI-ERDL): IT PROMOTERS,
INTERACTING PROTEINS AND TRANSCRIPTIONAL
REGULATORY FUNCTIONS

CENTRE FOR NEWFO! NDLAND STUDIES

TOTAL OF 10 PAGES ONLY
MAY BE XEROXED

(W ithout Author s Perrmiss s

ZHIHU DING










“J.’ lei i i j




i~i

Library and
Archives Canada

Published Heritage
Branch

395 Wellington Street
Ottawa ON K1A ON4

Canada Canada

NOTICE:

The author has granted a non-
exclusive license allowing Library
and Archives Canada to reproduce,

publish, archive, preserve, conserve,

communicate to the public by

telecommunication or on the Internet,

loan, distribute and sell theses
worldwide, for commercial or non-
commercial purposes, in microform,
paper, electronic and/or any other
formats.

The author retains copyright
ownership and moral rights in
this thesis. Neither the thesis
nor substantial extracts from it
may be printed or otherwise
reproduced without the author's
permission.

Direction du
Patrimoine de I'édition

Bibliotheque et
Archives Canada

395, rue Wellington
Ottawa ON K1A ON4

Your file Votre référence
ISBN: 0-612-99031-1
Our file  Notre référence
ISBN: 0-612-99031-1

AVIS:

L'auteur a accordé une licence non exclusive
permettant a la Bibliotheque et Archives
Canada de reproduire, publier, archiver,
sauvegarder, conserver, transmettre au publi
par télécommunication ou par I'Internet, préte
distribuer et vendre des théses partout dans
le monde, a des fins commerciales ou autres,
sur support microforme, papier, électronique
et/ou autres formats.

L'auteur conserve la propriété du droit d'autet
et des droits moraux qui protége cette thése.
Ni la these ni des extraits substantiels de
celle-ci ne doivent étre imprimés ou autremer
reproduits sans son autorisation.

In compliance with the Canadian
Privacy Act some supporting
forms may have been removed
from this thesis.

While these forms may be included
in the document page count,

their removal does not represent
any loss of content from the

thesis.

Canada

Conformément a la loi canadienne
sur la protection de la vie privée,
quelques formulaires secondaires
ont été enlevés de cette these.

Bien que ces formulaires
aient inclus dans la pagination,
il n'y aura aucun contenu manquant.






CHARACTERIZATION OF THE NOVEL TRANSCRIPTIONAL REGULATOR
HUMAN MESODERM INDUCTION EARLY RESPONSE GENE 1 (hMI-ER1):
ITS PROMOTERS, INTERACTING PROTEINS AND TRANSCRIPTIONAL

REGULATORY FUNCTIONS

By

© Zhihu Ding

A thesis submitted to the
School of Graduate Studies
in partial fulfillment of the

requirements for the degree of

Doctor of Philosophy

Division of Basic Medical Sciences
Faculty of Medicine

Memorial University of Newfoundland

May, 2004

St. John’s Newfoundland



ABSTRACT

Mesoderm induction early response 1 (mi-erl), previously called erl, was first
isolated as a novel fibroblast growth factor-regulated early-response gene from Xenopus
embryonic cells induced to differentiate into mesoderm. The human orthologue of xmi-
erl, hmi-erl, was found to have ubiquitous, but low level, expression in normal human
tissues (Paterno et al., 1998; Paterno et al., 2002). Breast carcinoma cell lines and
tumours, on the other hand, showed elevated levels (Paterno et al., 1998), suggesting that
hmi-erl expression is associated with the neoplastic state in human breast carcinoma.
Structurally, hMI-ER1 has conserved domains found in a number of transcriptional
regulators, including an acid activation domain (Paterno et al., 1997), an ELM2 domain
(Solari et al., 1999) and a signature SANT domain (Aasland et al., 1996).

My hypothesis is that hMI-ER1 may be a potent transcriptional regulator, and
deregulation of its expression and/or functions may contribute to tumorigenesis. The
purpose of this project was to: (1) isolate and characterize the hmi-erl promoters; (2)
investigate the role of hMI-ER1 in transcriptional regulation; and (3) identify and
characterize hMI-ER1-interacting proteins.

Cloning and sequence analysis of one of the hmi-er! promoters, P2, showed the
absence of a TATA box, but presence of a CpG island, multiple Sp! binding sites, and
other factor binding sites which may be important in the regulation of gene expression.
Functional characterization of the promoter revealed that Spl binds to the promoter and

plays a positive role in the regulation of the P2 promoter activity of hmi-erl. hMI-ER1



was found to function as transcriptional repressor on the G5TKCAT promoter by
recruitment of HDAC1 via the ELM2 domain. hMI-ER1a and B also function as
transcriptional repressors on their own P2 promoter, through interaction with Spl and
interference with the Spl-DNA binding via the SANT domain. In order to better
understand the function of hMI-ER1, an attempt was made to identify more hMI-ER1
interacting proteins by yeast two-hybrid cDNA library screening. HSP40 and TRABID
were identified as proteins that interact specifically with hMI-ER1a and B. Furthermore,
hMI-ER1a and B were found to interact with the tumour suppressor RB and may
participate in cell growth regulation. These results suggest that hMI-ER1 may function

as a transcriptional regulator, through distinct mechanisms, to regulate cellular functions.
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SECTION I

CHAPTER 1 GENERAL INTRODUCTION

1.1 Development of cancer

In mammals and other multicellular organisms, normal cells are controlled by
their surroundings through signals such as growth factors, extracellular matrix
components or ligands on neighbouring cells that dictate their behaviour: to grow, to stop
growing, to die and so on. A normal cell also has its own signal transduction network to
integrate and respond to the external messages so that the cell is in harmony with its
environment (reviewed in Hanahan and Weinberg, 2000). Misregulated signal
transduction pathways can result in the development of cancer, which is characterized by
the uncontrolled growth of cells (reviewed in Hanahan and Weinberg, 2000).

Cancer is a genetic disease caused by accumulation of mutations. Genetic
mutation leading to cancer development comes from DNA damage or errors made by the
DNA replication machinery (reviewed in Hoeijmakers, 2001). A mutation(s) in a single
cell may cause the cell to divide abnormally, forming a mass of localized benign tumor
cells. Subsequent mutations in a subset of the benign tumor cells may generate a
malignant tumor cell, and this cell continues to divide and the progeny may invade the
basal lamina that surrounds the tissue. Some of these tumor cells spread into blood
vessels that will distribute them to other sites in the body. Some of the tumor cells may

exit from the blood vessels and grow at distant sites; a patient with such a tumor is said to



have cancer. It is thought that cancer development in humans is a multi-step process
caused by the progressive accumulation of lesions in multiple genes governing vital
cellular functions (reviewed in Hanahan and Weinberg, 2000; Vogelstein and Kinzler,
1993).

Normal cells have the ability not only to identify and repair DNA damage
(reviewed in Hoeijmakers, 2001), but also to prevent the expansion of mutation-laden
daughter cells by cell growth arrest (see section 1.2) or apoptosis (see section 1.3). As
such, cells maintain genomic stability and prevent mutation accumulation. Evidence
suggests that the acceleration of the development of cancer lies in the disruption of those
genes maintaining genomic stability (reviewed in Hoeijmakers, 2001; Shiloh, 2003).
Once these genes are inactivated, further mutations would easily follow (Loeb, 2001).
Indeed, genetic defects that disrupt DNA-damage response and repair systems, have been
shown to cause severe syndromes that are characterized by the predisposition to cancer
(reviewed in Hoeijmakers, 2001). Disruption of the DNA-damage response and repair
systems result in genomic instability, which may also develop during tumour progression.
For instance, the ability of tumour cells to evade cell grow arrest (see section 1.2) or
apoptosis (see section 1.3) is associated with genomic instability. The increasing
frequency of mutational events accompanying tumour progression provides a driving
force for several of the properties of malignancy, such as self-sufficient growth signals
(see section 1.1), limitless replicative potential (see section 1.4), sustained angiogenesis

(see section 1.5), tissue invasion and metastasis (see section 1.6).



1.1.1 Self-sufficient growth signals

It is thought that a normal somatic cell proliferates only in response to growth
signals such as growth factors. In a cancer cell, the requirement for growth signals from
their surroundings can be circumvented by three common molecular strategies: (1)
enabling the cell to produce its own mitogenic signals; (2) through mutations activating
growth factor receptors which lead to signalling in the absence of ligand; or, (3) through
mutations in genes encoding components of the intracellular signalling network that
translate those signals into action. The mutant forms of ras gene which encodes a
constitutive activated protein, for example, is found in perhaps one quarter of all tumours
in humans (reviewed in McCormick, 1991). These mutations release cells from
dependence on exogenously derived signals and thus disrupt a critically important
homeostatic mechanism that normally operates to ensure the appropriate behaviour of the

various cell types within a tissue.

1.1.2 Disrupted growth regulatory circuits

Normal somatic cell proliferation not only depends on mitogenic signals, but is
also usually limited by growth regulatory networks, such as the p16INK4A-cyclin D-RB
pathway and the p19***-MDM2-p53 pathway (reviewed in Harbour and Dean, 2000;
Sharpless and DePinho, 2002).

At the heart of the p16™***-cyclin D-RB pathway is transcription factor E2F.
E2F transcription factors regulate the expression of a number of genes that act in the G1

and S phases of the cell cycle. E2F activity is negatively regulated by RB through



multiple mechanisms (reviewed in Stevens and La Thangue, 2003). In turn, the ability of
RB to inhibit the E2F activity is regulated through phosphorylation of RB by complexes
consisting of cyclin dependent kinases (CDK) -4 and -6 and D type cyclins. Furthermore,
the activity of CDK4 and 6 is negatively regulated by the CDK inhibitor pl16™K4A,
Disruption of the RB pathway results in inactivating the RB protein that releases E2Fs
and thus allows cell proliferation (reviewed in Harbour and Dean, 2000). Inactivation of
RB is associated with a significant proportion of human cancers including familial
retinoblastoma, cervical carcinomas, prostate carcinomas, and breast carcinomas
(reviewed in Sellers and Kaelin, Jr., 1997). Moreover, in a number of cancers, functional

inhibition of RB is achieved through inactivation of the p/6™

gene, by genetic lesions
or by pl 6™ 44 promoter methylation (Sharpless and DePinho, 1999; Sherr, 2001).
Overexpression of cyclin D1 has also been shown to inhibit RB (reviewed in Sicinski and
Weinberg, 1997). Thus, the pl6™* cyclin D-RB pathway is a central growth
regulatory pathway. When this pathway is inactivated, cells acquire a selective growth
advantage during oncogenic transformation.

p53 can arrest cell proliferation or induce apoptosis in response to DNA damage
or inappropriate cell growth signals (reviewed in Sherr, 1998). p53 functions as a
transcription factor that can activate the expression of a group of cellular genes involved
in cell cycle arrest and induction of apoptosis. The importance of p53 in tumour
suppression is underscored by the fact that p53 is probably the most frequently mutated

gene in human cancer (reviewed in Sharpless and DePinho, 2002). Activity of p53 is

negatively regulated by MDM?2, a protein that has been detected in various human



tumours (reviewed in Momand and Zambetti, 1997). The pl19*FF protein can bind
MDM?2, thereby preventing MDM2 from acting as a negative regulator of p53.
Mutations involving the pI9*%" gene are again common events in cancer development.

94RF inactivation, or by MDM2

Impairment of p53 function by mutation, pl
overexpression is associated with increased tumour incidence (reviewed in Sharpless and
DePinho, 2002). Thus, the pl9*fF-MDM2-p53 pathway is another central growth

regulatory pathway whose inactivation is strongly selected for during oncogenic

transformation.

1.1.3 Evasion of apoptosis

Apoptotic cell death can be characterized morphologically by blebbing of the
plasma membrane, chromatin condensation, and phagocytosis by neighbouring cells
(reviewed in Kerr et al., 1972; Savill and Fadok, 2000). Along with the obvious
morphological changes, distinct biochemical alterations are also associated with
apoptosis. The most prominent is the induced activation of a family of cysteine proteases
called caspases which cleave a variety of specific protein substrates (reviewed in Shi,
2002; Thormberry and Lazebnik, 1998). Caspases are crucial components of apoptosis
pathways. They are normally present in the cell as zymogens that require proteolysis for
activation of enzymatic activity. The mammalian caspases have been divided into
upstream initiator caspases such as caspase-8 and caspase-9, and downstream effector
caspases such caspase-3, based on their sites of action in the proteolytic caspase cascade

(reviewed in Shi, 2002; Thornberry and Lazebnik, 1998). Binding of initiator caspase



precursors to activator molecules appears to promote procaspase oligomerization and
autoactivation by enzymatic cleavage of the procaspase into fragments. Enzymatic
activation of initiator caspases leads to proteolytic activation of downstream effector
caspases and then cleavage of a set of proteins, resulting in destruction of the cell
(reviewed in Shi, 2002; Thornberry and Lazebnik, 1998).

Two main apoptotic pathways leading to the execution of apoptosis have been
identified: a mitochondria-dependent pathway and a parallel pathway involving
activation of cell death receptors, such as those involved in Fas and tumour necrosis
factor (TNF) receptor signalling (reviewed in Reed, 2000b). Some cytokines, such as
TNF-q can bind to their receptors on the plasma membrane, causing trimerization of the
receptors. Trimerized cell death receptors interact with death adaptor proteins such as
TNF receptor-1 (TNFR1)-associated death domain protein (TRADD), which can cause
activation of initiator caspases such as caspase-8 (Baker and Reddy, 1998; Nunez et al.,
1998).

The mitochondria-dependent pathway includes the release of the intermembrane
space proteins such as cytochrome c (reviewed in Gross et al., 1999). Once binding to
cytochrome c, the apoptotic proteinase activating factor-1 (APAF-1) can form a complex
with and then activate initiator caspase-9 (Li er al., 1997; Zou et al., 1997). The
mitochondrial pathway is governed by bcl-2 family proteins (reviewed in Coultas and
Strasser, 2003).

In multicellular organisms, homeostasis is maintained through a balance between

cell proliferation and cell death (reviewed in Thompson, 1995). Mounting evidence



suggests that decreased cell death, especially by apoptosis, may result in an abnormal
accumulation of cells during some of the tumour progression (reviewed in Reed, 2000a;
Thompson, 1995). For example, studies in transgenic mice have confirmed the notion
that the tumour suppressor role of p53 in vivo is closely linked to its ability to induce
apoptosis by regulating the expression of members of the Bcl-2 family (Donehower et al.,
1995; Symonds et al., 1994). A number of viral oncoproteins have also been shown to
play roles in regulating apoptosis. Examples are the E1B of adenovirus and E6 of human
papillomavirus (HPV). E1B and E6 can disable the p53 pathway in apoptosis, interfering
with the RB-mediated cell death response to E1A or E7, respectively (Debbas and White,

1993; White, 1996).

1.1.4 Limitless replicative potential

The end of the human chromosome, the telomere, comprises an array of tandem
repeats of the hexanucleotide 5 -TTAGGG-3 and its binding proteins (reviewed in
Blackburn, 2001). These nucleoprotein structures function to anchor chromosomes
within the nucleus, to protect chromosomes against exonucleases and ligases, and to
prevent the activation of DNA-damage checkpoints (reviewed in DePinho and Wong,
2003; Maser and DePinho, 2002). Moreover, telomeres assist the replication of
chromosomes. Conventional DNA replication machinery utilizes an RNA primer to
initiate DNA synthesis. The removal of the terminal RNA primer after DNA synthesis is
complete, results in the absence of the 5 end of the daughter DNA strand. The

incompletely replicated telomeres will then be inherited by the daughter cells. In the



absence of a molecular mechanism to overcome this end replication problem , the
telomeres progressively shorten as cells proceed through successive cell divisions.
Eventually, the telomeres will be too short to continue to function as protective caps of
the chromosomes, which are necessary for maintaining genomic stability (reviewed in
DePinho and Wong, 2003; Maser and DePinho, 2002). Telomere shortening has been
proposed as the mitotic clock marking the progress of a cell toward the end of its
replicative life span, a process is evident by the consistent shortening of telomeres with
aging of human tissues (Allsopp et al., 1992). However, telomere maintenance is evident
in virtually all types of cancer cells (Shay and Bacchetti, 1997). Ongoing maintenance of
telomeres is thought to be a prerequisite for the indefinite proliferation of cells - the
phenotype of cell immortalization - and is thus clearly an intrinsic part of the
tumorigenesis (Sharpless and DePinho, 2004). The majority of cancers succeed in
maintaining telomeres by upregulating expression of the telomerase enzyme, which adds
the telomeric TTAGGG hexanucleotide repeats de novo onto the ends of telomeric DNA
(Artandi and DePinho, 2000; Masutomi and Hahn, 2003). The remainder of cancer cells
maintain telomeres though an alternative telomere (ALT) mechanism via recombination-
based interchromosomal exchanges of sequence information, which in turn permits
unlimited multiplication of descendant cells (Artandi and DePinho, 2000; Masutomi and

Hahn, 2003).



1.1.5 Sustained angiogenesis

The process of new blood vessel formation is called angiogenesis. Angiogenesis
is a complex multi-step process, which begins with local degradation of the basement
membrane surrounding capillaries and then is followed by invasion of the surrounding
stroma by the underlying endothelial cells in the direction of the angiogenic signals.
Endothelial cell migration is accompanied by the proliferation of endothelial cells and
their organization into three-dimensional structures that join with other structures to form
a new blood vessel in tissues (Auerbach and Auerbach, 1994; Bussolino et al., 1997).

The oxygen and nutrients in blood supplied by the vasculature are crucial for the
survival of both normal and tumour cells. Tumour cells induce angiogenesis through
their ability to release angiogenic signals which attract and stimulate endothelial cells.
Tumours appear to induce angiogenesis by upregulating pro-angiogenic factors such as
vascular endothelial growth factor (VEGF) and fibroblast growth factors (FGFs), while
downregulating anti-angiogenic factors such as thrombospondin-1 (Fidler et al., 2000;
Hanahan and Folkman, 1996). These signals stimulate the endothelia cells which, in

turn, construct capillaries within the tumour.

1.1.6 Tissue invasion and metastasis

Metastases are the major causes of human cancer deaths (Sporn, 1996).
Metastasis is defined as the formation of secondary tumour foci at sites discontinuous
from the primary lesion. The metastatic process is a complex composed of many steps in

which tumour cells will: (1) detach from the primary tumour; (2) invade through the



ECM; (3) invade into the bloodstream; (4) migrate to the target site; (5) attach to target
endothelium; (6) invade into the target tissue; and, (7) progressively growing secondary
tumour. To invade and metastasize to other parts of the body, the cancer cell must have
acquired altered expression of genes involved in the regulation of cell-cell and cell-matrix
interactions. For example, E-cadherin function is lost in a majority of epithelial cancers
(Christofori and Semb, 1999), while ECM degrading proteases are upregulated in tumour
cells (Coussens and Werb, 1996).

In summary, cancer development is a multiple step process, and the
transformation of a normal cell into a cancerous one requires deregulation of multiple
distinct control mechanisms and the acquisition of multiple properties, which results from
changes in cellular gene expression pattern. Gene expression is mainly controlled by

transcription regulation (see below).

1.2 Transcription regulation

There are major differences in the gene expression patterns between cell types,
despite the fact that all have the same set of inherited genes. The temporal and spatial
control of gene expression encompasses many layers of complex mechanisms. The
genetic information for proteins is encoded in DNA sequences. In order to produce
proteins, the cell needs first to transcribe the DNA code into a sequence of messenger
RNA (mRNA) molecules. This process is called transcription. Transcription is followed
by translation, the synthesis of proteins according to the mRNA sequence. Eukaryotic

cells utilize a many intricate mechanisms, which is mostly centered at the transcriptional
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regulation, to ensure that gene expression is properly regulated (reviewed in Alberts et
al., 2002). In eukaryotic cells, transcription is controlled by interactions among the
general transcriptional machinery, sequence-specific transcriptional regulators,
mediators, DNA cis-acting regulatory elements, and unique local chromatin structure at

cis-acting regulatory elements (see below).

1.2.1 General transcription machinery and gene transcription

Transcription involves several separate stages, including: (1) template
recognition; (2) initiation of transcription; (3) elongation of transcription;, and (4)
termination of transcription. Transcriptional regulation is centered at promoter
recognition and initiation (reviewed in Alberts et al., 2002).

Eukaryotic genes are transcribed by three distinct RNA polymerases, namely
RNA polymerase I, RNA polymerase II and RNA polymerase III (reviewed in Alberts et
al., 2002). RNA polymerase I transcribes genes encoding the ribosomal RNAs, while
RNA polymerase III transcribes genes encoding the transfer RNAs and small nuclear
RNAs (reviewed in Alberts et al., 2002).

RNA polymerase II is the core protein of the enzyme complex responsible for all
mRNA synthesis (reviewed in Alberts er al., 2002). The core eukaryotic RNA
polymerase II enzyme requires a set of proteins called general transcription factors,
which must be assembled at the promoter before transcription can begin. The term

general refers to the fact that these proteins assemble on all promoters transcribed by

RNA polymerase II. Therefore, they differ from sequence-specific transcriptional
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regulatory proteins (section 1.2.2), which act only at particular gene promoters and/or
enhancers (Alberts et al., 2002). The general transcription factors together with RNA
polymerase constitute the basal transcription machinery, which is sufficient to mediate
basal transcription. The general transcription factors for RNA polymerase II are called
TFII (for Transcription Factor for RNA polymerase II), including TFIIA, TFIIB, TFIID,
TFHE, TFIF and TFIIH (Alberts et al., 2002). They are required for the initiation and
elongation of mRNA (Alberts et al., 2002). The in vitro assembly scheme was shown in
the Figure 1.1. Firstly, the core TATA box is recognized by the components of the
TFIID complex (Figure 1.1A and B), including TATA-binding protein (TBP), and TBP-
associated factors (TAFs) (Alberts et al., 2002). TBP binds TFIIA and TFIIB (Figure
1.1C), which further recruits the RNA polymerase II-TFIIF complex to the promoter
(Figure 1.1D) (Alberts et al., 2002). Initiation of transcription additionally requires the
binding of TFIIE and TFIIH (Alberts et al., 2002).

Although the general transcription factors and RNA polymerase II assemble in a
stepwise order in vitro (see above), there are cases in living cells where some of them are
brought to the promoter as a large pre-assembled complex that is called the RNA
polymerase II holoenzyme (Figure 1.2A and B) (reviewed in Alberts et al., 2002). In
addition to some of the general transcription factors and RNA polymerase II, the
holoenzyme typically contains a multi-subunit protein complex called the mediator (see
section 1.2.3), which was first identified as being required to activate transcription by

sequence-specific transcription regulators (see section 1.2.2).
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Figure 1.1 Initiation of transcription of a eukaryotic gene by RNA polymerase II in
vitro (adapted from Alberts et al., 2002).

(A) To begin transcription, RNA polymerase requires a number of general transcription
factors. First, TBP binds the TATA box. (B) The TATA box is recognized and bound by
transcription factor TFIID, which then enables the adjacent binding of TFIIB (C). For
simplicity, the DNA distortion produced by the binding of TFIID is not shown. (D) The
rest of the general transcription factors including TFIIE, TFIIH and TFIIF, as well as the
RNA polymerase itself, assemble at the promoter. TFIIH then uses ATP to pry apart the
DNA double helix at the transcription start point, allowing transcription to begin. The

assembly scheme shown in the figure was deduced from experiments performed in vitro.



Promoter Transcription start site




Figure 1.2 Transcription of a eukaryotic gene by RNA polymerase II in cells.

(A) To begin transcription, transcriptional activators bind to cis-regulatory elements in
promoters. (B) RNA polymerase II is brought to the promoter as a large pre-assembled
complex that is called the RNA polymerase II holoenzyme, which also contains
transcriptional regulator called mediator. For simplicity, the alterations of the chromatin
structure are not shown. (C) Not only does the polymerase transcribe DNA into RNA, but
it also carries a few critical components of pre-mRNA-processing proteins on its tail
when it is phosphorylated late in the processing of transcription initiation. These
components of pre-mRNA-processing proteins then transferred to the nascent RNA at the
appropriate time. Once transferred to an RNA molecule, they serve as a nucleation site

for the remaining components.
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Elongation of transcription is a stage during which the polymerase continues its
movement along the DNA template as the precursor-mRNA chain (pre-mRNA) grows. It
is regulated by specific elongation factors as well as by phosphorylation of the RNA
polymerase II tail, the C-terminal domain (CTD) of the largest subunit of RNA
polymerase II (Figure 1.2C) (Alberts et al., 2002). The phosphorylation of the RNA
polymerase II tail dissociates the RNA polymerase II from other proteins present at the
start point of transcription, and recruits a few critical components of pre-mRNA-
processing proteins (Figure 1.2C). These components of pre-mRNA-processing proteins
are then transferred to the nascent RNA at the appropriate time. Once transferred to an
RNA molecule, they serve as a nucleation site for other related components.

The RNA processing events, including 5 end capping, splicing, and 3 end
formation, are tightly coupled to transcription elongation and termination (Alberts et al.,
2002; Proudfoot et al., 2002). The long C-terminal tail of the RNA polymerase
coordinates these processes by transferring pre-mRNA-processing factors directly to the
nascent RNA as the RNA emerges from the enzyme.

As soon as RNA polymerase II has produced about 25 nucleotides of RNA, the 5
end of the new pre-mRNA molecule is modified by addition of a cap structure that
consists of a modified guanine nucleotide. The capping reaction is performed by a
phosphatase, a guanyl transferase and a methyl transferase acting in succession (Alberts
et al., 2002; Proudfoot et al., 2002).

A typical euykaryotic gene in the genome consists of short blocks of protein-

coding sequence (exons) separated by long non-protein-coding sequence (introns). Both
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intron and exon sequences are transcribed into pre-mRNA. As the polymerase continues
its traverses the DNA template, the spliceosome components assemble on the pre-mRNA
and the intron sequences are removed through the process that is called RNA splicing
(Alberts et al., 2002; Proudfoot ef al., 2002).

Termination of transcription is a complex process that is regulated by mRNA
3 end processing. The specific signals in the pre-RNA are recognized by mRNA 3 end
processing factors. A multisubunit protein complex called cleavage and polyadenylation
specificity factor (CPSF) recognizes the highly conserved AAUAAA hexamer sequence
in the pre-mRNA, while another protein complex called cleavage stimulation factor F
(CstF) recognizes a downstream sequence element (DSE) which is a U- or GU-rich motif
(Proudfoot et al., 2002). Both of CPSF and CstF protein complexes travel with the RNA
polymerase tail and are transferred to the 3 end of pre-mRNA sequence as it emerges
from the RNA polymerase II. Once CstF and CPSF bind to specific nucleotide sequences
on an emerging RNA molecule, additional proteins assemble with them to perform the
processing that creates the 3 end of the mRNA. The pre-mRNA is cleaved between the
AAUAAA hexamer and the DSE and a polyadenosine [poly(A)] tail is added to the 3
end of RNA upstream of the cleavage site by an poly-A polymerase enzyme, a process
called as polyadenylation (reviewed in Alberts et al., 2002; Proudfoot et al., 2002). The
mRNA is then transported out to the cytoplasm, where it serves as a template to translate
information into protein. After the 3 end of a pre-mRNA molecule has been cleaved, the
RNA polymerase II continues to transcribe, but soon releases from the template and

transcription terminates. The piece of RNA downstream of the cleavage site is then
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degraded in the cell nucleus. The phosphates on the RNA polymerase II tail are removed

by soluble phosphatases, and it can reinitiate transcription.

1.2.2 Sequence-specific transcriptional regulators

RNA polymerase II and the general transcription factors are sufficient for the
basal transcription (Alberts er al., 2002). However, gene selective transcriptional
activation requires the action of sequence-specific transcription activators that bind to the
cis-acting regulatory elements. Conversely, transcription can be inhibited by sequence-
specific transcription repressors which, when bound to their cis-acting regulatory DNA
elements, prevent the transcriptional machinery from transcribing a gene. It is thought
that transcription activators and repressors serve as critical components of the
transcription regulatory network that ensures accurate transcription of a given gene
according to the needs of a cell at the right time.

The majority of sequence-specific transcription regulators recognize and bind to
cis-acting regulatory elements on the DNA. These cis-acting regulatory elements are
often parts of larger regulatory entities called promoters and/or enhancers (see section
1.2.5). Transcriptional regulators can bind to the cis-acting regulatory elements in the
core promoter region or in a distant enhancer region, but their role in the regulation of the
accessibility and activity of transcription machinery is similar (Alberts et al., 2002).
DNA can bend and form loops, and thus even those transcription factors located at a
distance from the promoter can still make physical contacts with the basal transcription

machinery.  Sequence-specific transcription factors may interact with the basal
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transcription machinery by recruiting mediator complexes or modify the chromatin
structure by recruiting chromatin modification complexes (reviewed in Alberts et al.,
2002).

Eukaryotic sequence-specific transcription regulators typically possess two
characteristic domains: a DNA binding domain (DBD) that binds sequence-specific
regulatory sites directly, and a second domain that exhibits transcriptional activation or
repression potential. In some cases this dual requirement is shared by separate proteins in
a complex, so that the sequence-specific binding domain and transcription activation
domain and/or repression domain occur on separate proteins. In this case, transcription
regulators without a DNA binding domain assemble on other DNA-bound protein
complexes through protein-protein interactions. For example, RB has no DNA binding
domain but can form complexes with members of E2F family on the E2F target gene
promoters to repress gene expression from the E2F-target gene such as cyclin E
(reviewed in Stevaux and Dyson, 2002).

It is generally thought that sequence-specific transcription regulators serve as
protein-protein interaction interfaces which recruit other transcription regulators,
including mediator (section 1.2.3) and/or chromatin modifiers (section 1.3), to regulate
transcription (Alberts et al., 2002). For example, RB can function as a transcriptional
repressor by recruiting multiple chromatin remodelling and/or chromatin modifier
complexes to the E2F target gene promoters (reviewed in Ferreira et al., 2001).
Moreover, multiple transcription activator and/or repressor complexes may act

simultaneously on a specific promoter/enhancer. If the activity of activator complexes
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exceeds the activity of repressor complexes, promoter-proximal nucleosomes sequentially
adopt an activation-specific modification profile, and vice versa (Berger, 2002; Daujat et
al., 2002; Zhang and Reinberg, 2001).  Therefore, multiple sequence-specific
transcription regulatory protein complexes work together allow individual genes to be
turned on or off to carry out a desired cellular response. Transcriptional regulatory
proteins may be expressed differently in different cell types and thereby results in distinct

gene expression profiles that give each cell type its unique characteristics.

1.2.3 Mediator complexes

Mediator complexes are general transcription machinery-interacting coactivator
complexes, which transmit regulatory signals from sequence-specific transcriptional
regulators to the general transcriptional machinery (Naar et al., 2001). It has been
suggested that mediator complexes bridge between transcription regulators and the
general transcription machinery and promote the formation of a stable pre-initiation
complex at the promoter (Naar et al., 2001). Several mammalian mediator complexes,
such as cofactor required for Spl activation (CRSP), vitamin D receptor-interacting
protein (DRIP), thyroid hormone receptor-associated protein (TRAP) and activator-
recruited cofactor (ARC) mediator complexes have been identified (Naar et al., 2001).
These mediator complexes share a many subunits (Naar et al., 2001). It is thought,
therefore, that there may be both core protein components which are shared by different
mediator complexes and numerous variable components which are dependent on

particular sequence-specific transcriptional regulators, and the composition and activity
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of a mediator complex on a particular promoter may be regulated by specific signals and

may also be dependent on the distinct cell type.

1.2.4 Regulating the transcriptional regulators

The transcriptional regulators themselves may also be subjected to multiple levels
of regulation, in which their expression and/or activity is affected. The expressions of
many of transcriptional regulators are regulated by specific signals (Brivanlou and
Darnell, Jr., 2002). For example, the early-response gene Xbra encodes an embryonic
mesoderm-specific transcriptional regulator whose expression can be induced by FGF
(Smith et al., 1991). Transcriptional regulators may be also subjected to post-
translational modifications such as phosphorylation (reviewed in Freiman and Tjian,
2003). Phosphorylation of RB, for example, is mediated by cyclin-dependent kinases
(CDKs) at the restriction site at later G1 of the cell cycle. Release of E2F following
phosphorylation of RB allows for the transcription of E2F target genes (reviewed in
Harbour and Dean, 2000). In addition, it has been recently shown that transcriptional
regulator activities may also be regulated by acetylation (Gu and Roeder, 1997; Imhof et
al., 1997; Martinez-Balbas et al., 2000; Sartorelli et al., 1999). For example, acetylation
of several lysine residues at the C terminus of p53 by p300 protein regulates its
transcriptional activity (Barlev et al., 2001; Prives and Manley, 2001). Other potential
post-translational modifications, such as ubiquitination and sumoylation, can also

regulate the activity of transcriptional regulators (Freiman and Tjian, 2003).

20



The activity of transcriptional regulators may also be subjected to regulation by
subcellular localization. For example, eukaryotic cells are characterized by distinct
nuclear and cytoplasmic compartments separated by the nuclear envelope. Active
nuclear transport of transcriptional regulators is based on recognition of specific signals
in the molecule that is being transported. Proteins carrying a nuclear localization signal
(NLS) can be transported into the nucleus, while proteins carrying a nuclear export signal
(NES) can be transported out of the nucleus (Moroianu, 1999). Moreover, the subcellular
localization of proteins may also be regulated through other mechanisms, including
piggy back transportation through interaction with other proteins, masking of transport
signals, and subcellular department sequestration (Macara, 2001). For example,
cytoplasmic retention has been described for some hormone nuclear receptors (Jans and
Hubner, 1996; Vandromme et al.,, 1996). This form of regulation leads to the
transportation and/or immobilization of a protein within a specific cellular compartment,
thus ensuring that a precise presence and function of a protein in a given compartment at

a given time.

1.2.5 Cis-acting regulatory elements

Eukaryotic promoters for RNA polymerase II contain a variety of core cis-acting
regulatory elements requiréd for promoter function. Some examples of these elements
include but are not limited to the initiator (Inr), TATA box sequence, downstream

promoter element (DPE) and the GC box (Alberts et al., 2002). Each of those elements is
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found in only a subset of promoters, and any specific promoter may contain some, all, or
none of them (Butler and Kadonaga, 2002).

The efficiency and specificity of transcriptional activity from a promoter depends
upon multiple cis-acting regulatory elements. The cis-acting regulatory elements found
in any individual promoter differ in number, location, and orientation. In some cases, the
activity of a promoter is also affected by the presence of cis-regulatory elements called
enhancers located at a variable distance from the promoter. The enhancers are distinct
from that of the promoters and have two distinguishing characteristics: (1) the position of
the enhancers relative to the promoter can vary substantially; (2) they can function in
either orientation. The DNA cis-acting regulatory elements can be recognized by a
corresponding transcriptional regulator or by a number of a family of factors. Binding of
the transcription regulators at these cis-acting regulatory elements may exert influence on
the formation of the transcription initiation complex. There are usually multiple cis-
acting regulatory elements clustered in the promoter/enhancer, where protein-protein
interactions between transcription regulators may play an important role in regulating the
promoter activity. The activities of many transcription factors have shown to be
regulated by other regulators bound nearby (reviewed in Alberts et al., 2002). Thus, a
single transcription factor can play distinct regulatory roles in different gene promoters.
This context-dependent regulation of transcription allows cells to respond to a
surprisingly diverse array of stimuli using the same factors (reviewed in Alberts ef al.,
2002). The cis-regulatory sequences usually contain binding sites for multiple

transcription factors and thus allow each gene promoter to respond to multiple signalling
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pathways and facilitate the precise control of gene transcription (reviewed in Alberts et

al., 2002).

1.2.6 DNA methylation and transcriptional regulation

Even though each individual has the same set of genes inherited in their somatic
cells, the structure and function of these cells may still differ from each other. Tissue-
specific gene expression patterns are established and maintained by certain epigenetic
'marks', such as DNA methylation, within the genome to provide an important
mechanism for distinguishing genes that are active from those that are not (Li, 2002).
DNA methylation is the enzymatic addition of methyl groups to cytosine nucleotides that
is mediated by DNA methyltransferases (DNMTs) (Bestor, 1988). DNMTs, such as
DNMT3a, DNMT3b, are enzymes that are responsible for the de novo methylation. Other
DNMTs, such as DNMT1, are responsible for the maintenance of methylation (Newell-
Price et al., 2000). The methylated form of cysteine, 5S-methylcytosine (5-methyl C), has
no effect on base-pairing. The methylation in DNA is restricted to cytosine (C)
nucleotides in the sequence CpG, which is base-paired to exactly the same sequence in
the opposite orientation on the other strand of the DNA helix. The existing pattern of
DNA methylation can be inherited directly by the daughter DNA strands.

These CpG sequences are found to be clustered as dense regions of CpGs, called
CpG islands (Antequera and Bird, 1993). They are mainly in the 5'-regions of genes
(Antequera and Bird, 1993). The state of gene promoter methylation is associated with

transcriptional repression (Bird and Wolffe, 1999). The biological importance of CpG
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methylation is directly demonstrated by the fact that mice lacking the dnmtl gene exhibit
defects in embryogenesis at mid-gestation (Li et al., 1992). The transcriptional
repression effects of CpG methylation are mainly mediated by methyl-CpG-binding
domain (MBD)-containing proteins (reviewed in Ballestar and Wolffe, 2001). Much
evidence has accumulated to indicate a close association between DNA methylation-

dependent repression and chromatin modification complexes (see section 1.3.6).

1.3 Chromatin and transcription regulation

Additional levels gene transcription regulatory complexity in eukaryotic cells are
achieved by the folding of the DNA template into chromatin (Pazin and Kadonaga,
1997). Thus, transcriptional regulation is not only dictated by the DNA sequence, but is
also affected by the structure of chromatin, which controls the access of general
transcription machinery to the promoter. The unique local chromatin structure at
promoter and enhancer regions allows the cell to tightly control specific gene expression

(Ashraf and Ip, 1998; Gregory and Horz, 1998; Torchia et al., 1998).

1.3.1 Chromatin structure

The basic building block of chromatin is the nucleosome. It consists of a short
segment of DNA wrapped around an octamer of histones represented by two copies each
of histone H2A, H2B, H3, and H4 (Alberts ef al., 2002). . Each nucleosome is connected
to its neighbours by a short segment of linker DNA. This polynucleosome string is

folded into a compact fibre which is stabilized by the binding H1 histone, to each
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nucleosome and to its adjacent linker (Alberts et al., 2002). The DNA wound around the
surface of the histone octamer is only partially accessible to other proteins and therefore
provides a poor template for biochemical reactions such as transcription.

The N-terminal tails of histones that protrude from the nucleosome (Davie and
Chadee, 1998). The histone tails are unstructured and serve as targets for variable
covalent post-translational modifications, including acetylation, phosphorylation,
methylation, sumoylation, and ubiquitination (reviewed in Spencer and Davie, 1999;
Strahl and Allis, 2000). This has led to the histone code hypothesis that the
modification state of the histone termini make up a histone code , which can be read by
other ptoeins proteins that modulate transitions between the different chromatin states
(Jenuwein and Allis, 2001; Orphanides and Reinberg, 2002; Strahl and Allis, 2000). This

histone code hypothesis suggests that the presence of a given modification on histone
tails may dictate or prevent the occurrence of a second modification elsewhere on the
chromatin. This histone code hypothesis thus predicts that histone modifications create
binding sites for accessory proteins. In this way, these modifications serve as marks for
the recruitment of different proteins or protein complexes to regulate gene expression
(Jenuwein and Allis, 2001; Strahl and Allis, 2000; Thiagalingam et al., 2003). For
instance, heterochromatin protein 1 (HP1) uses its chromodomain to recognize the
histone H3 lysine 9 modification found in heterochromatin (Richards and Flgin, 2002).
A number of studies have highlighted the important role of histone tails in chromatin

folding and gene transcriptional regulation (Hayes and Hansen, 2001). The two most
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important ways of locally altering chromatin structure are through nucleosome

remodelling and covalent histone modification such as histone acetylation.

1.3.2 Chromatin remodelling complexes and transcription regulation

Chromatin remodelling factors use the energy derived from ATP hydrolysis to
catalyze nucleosome mobilization, which involves a change in the position of the histone
octamer on DNA. This change is believed to facilitate the access and function of key
components of the transcriptional machinery to regulate gene transcription (Imbalzano et
al., 1994).

Chromatin remodelling complexes may be directed by transcription regulators to
specific sites of a gene promoter to affect local chromatin structure (Peterson and
Workman, 2000). For example, chromatin remodelling complexes can physically
associate with nuclear receptors (Wallberg et al., 2000; Yoshinaga et al., 1992). The
transcription factor c-Myc was also shown to bind directly to subunits of mammalian
SWI/SNF complexes (Cheng et al., 1999; Kowenz-Leutz and Leutz, 1999). Interestingly,
chromatin remodelling complexes, such as the NURD complex, appear to be important
not only for transcriptional activation, but also for transcriptional repression (Bird and
Wolffe, 1999; Knoepfler and Eisenman, 1999). Moreover, the recruitment of a
remodelling complex to the promoter may also facilitate binding of other transcriptional
regulators whose binding sites were not previously exposed in the nucleosomes (Narlikar

et al., 2002).
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1.3.3 Histone acetyltransferase (HAT) complexes and transcription regulation

Histone acetylation is a process in which acetyl groups are added to the e-groups
at specific lysine residues in the N-terminal regions of the core histone proteins. Histone
acetylation is believed to destabilize nucleosomes, thereby causing the opening of the
chromatin structure. With the opening of the chromatin structure, the transcription
activators and the basal transcription machinery have better access to their specific
binding sites in the gene promoter and/or enhancer sites (Figure 1.3A) (Ayer, 1999;
Grunstein, 1997). Indeed, actively transcribed genes have been correlated with increased
levels of histone acetylation (hyperacetylation), whereas silenced genes are generally
associated with decreased levels of histone acetylation (hypoacetylation) (Roth et al.,
2001).

Histone acetylation is catalyzed by HAT enzymes. Many studies have
demonstrated the importance of HAT activity in the activator-dependent transcriptional
activation (Roth et al., 2001). There is a direct functional link between the transcriptional
machinery and HATs. Some HATs are actually tightly associated with the RNA
polymerase II transcription machinery itself. For example, the TBP-associated factor,
RNA polymerase II 251-KD (TAFII251) subunit of TFIID, was found to contain intrinsic
HAT activity (Mizzen et al., 1996). Moreover, a number of mammalian transcriptional
regulators, primarily identified by interactions with activation domains of sequence-
specific transcription activators, have been found to exhibit HAT activity. Examples are
the cAMP response element (CRE) binding protein (CREB)-binding protein (CBP) and

the related adenovirus ElA-interacting protein p300 (Goodman and Smolik, 2000).
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Figure 1.3 HAT and HDAC-dependent mechanisms of gene transcription
regulation.

Local alterations of chromatin structure on promoters are emerging as a mechanism of
precise regulation of transcription. Numerous studies have linked post-translational
histone modifications, particularly the acetylation and deacetylation of lysine residues in
histone N-terminal tails, with the transcriptional capacity of chromatin. Acetylation and
deacetylation are catalyzed by HATs and histone deacetylases (HDACs), respectively.
(A) Acetylation is believed to destabilize nucleosomes, at least in part, and thus facilitate
access of the general transcription machinery, thereby promoting transcription. (B)
Deacetylation is likely to stabilize nucleosomes and/or the higher order structure of

chromatin further and thus reinforces the inhibitory effect of chromatin.
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CBP/p300 is recruited by many transcription factors (Kornberg, 1999), and the action of
CBP/p300 appears to require its HAT activity (Glass and Rosenfeld, 2000; McKenna et
al., 1999). Different HATs were shown to exist in multisubunit complexes, and may
have different subunit compositions (reviewed in Roth et al., 2001). For example, yeast
GCNSp has been found in two distinct complexes, the SPT-ADA-GCNS-
acetyltransferase (SAGA) complexes and the adaptor (ADA) complexes (Grant et al.,
1997). Two mammalian homologs of GCN5p, hGCNS and PCAF have been identified
(Candau et al., 1996; Wang et al., 1997; Yang et al., 1996). Both hGCNS5 and PCAF has
been shown to be present in multisubunit complexes (Brand et al., 1999; Martinez et al.,

1998; Ogryzko et al., 1998; Wieczorek et al., 1998).

1.3.4 Histone deacetylase complexes and transcription regulation

The degree of acetylation of core histone tails has been shown to be dependent on
the opposing activities of two types of enzymes, HATs and histone deacetylases
(HDACs). Histone deacetylases (HDACs) are enzymes that remove the acetyl groups
from the lysine residues of core histone proteins, influencing nucleosome structure in the
opposite way to histone acetylation. Histone deacetylation, and hence histone
hypoacetylation, is likely to stabilize nucleosomes and/or the higher order structure of
chromatin, further reinforcing the inhibitory effect of chromatin structure on gene

transcription (Figure 1.3B) (Braunstein et al., 1996; Lee et al., 1993a).
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HDACGCs are subunits of large protein complexes such as mSin3A, NURD, and
CoREST, that play important roles in transcription repression (reviewed in Thiagalingam
et al., 2003). Many sequence-specific transcription factors form a complex with mSin3A,
NURD and CoREST. For example, the transcription factor Snail recruit mSin3A-

HDAC1/2 complex to repress E-cadherin expression (Peinado et al., 2004).

1.3.5 Interplay of distinct chromatin modification complexes and transcription
regulation

The modification of chromatin by acetylation/deacetylation to allow transcription
is more complex than simple addition or removal of acetyl groups to histones. Recently,
it has been suggested that there is interplay of histone modification with chromatin-

remodelling as well as with DNA methylation (see below).

(a) Complexes containing chromatin remodelling enzymes and HDACs

The chromatin-remodelling complexes play a major role in chromatin remodelling
and are not only associated with activators but also found to form complexes with
corepressors such as HDACs. Indeed, chromatin-remodelling complexes plays important
roles in both regulation of transcription and gene repression (Neely and Workman, 2002).
For example, the NURD complex from HeLa human cervical carcinoma cells contains
Mi-2, HDAC1/2 and the RBAP46/48, MTA2 and MBD3 proteins (Guschin et al., 2000;
Knoepfler and Eisenman, 1999). The ATPase activity of Mi-2 can increase the efficiency

of histone deacetylation by NURD complexes in cell-free systems (Guschin et al., 2000;
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Tong et al., 1998; Xue et al., 1998b). The nucleosome remodelling activity of NURD is
required for the deacetylation activity of NURD, which suggests that chromatin

remodelling facilitates the access of the HDACs in NURD to the histone tails.

(b) HAT-HDAC complex

It is possible that some complexes possess both HAT and HDAC activity and
therefore may be recruited for both transcriptional activation and repression, depending
on the cellular context and under the appropriate stimuli. A recent study, for instance,
showed that endogenous HDACs are associated with PCAF and GCN5 HATSs, in HeLa
cells (Yamagoe et al., 2003). These large multiprotein HAT-HDAC complexes were
found to be distinct from the previously described mSin3A, CoREST and NURD
complexes (Yamagoe et al., 2003). The dynamic association with HAT-HDAC
complexes may be regulated by distinct signals. For example, coactivator CBP and
corepressor HDACs complexes have been shown to bind the homeodomain heterodimer
PBX-HOX simultaneously, while protein kinase A (PKA) stimulation of CBP has been
found to facilitate the switch from transcriptional repression to activation in this system

(Asahara et al., 1999; Saleh et al., 2000).

(c) Interplay of DNA methylation and HDAC complexes
DNA methylation correlates with gene repression (section 1.2.2). A number of
studies lead to the suggestion that DNA methyltransferases might be link to the histone

deacetylation and gene transcriptional repression. The two repression mechanisms,
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histone deacetylation and DNA methylation, are apparently connected by the methyl-CpG
binding proteins (MBPs), such as MeCP2, MBD1, MBD2, MBD3, and MBD4. MBPs
are believed to recruit chromatin remodelling and modification complexes, including the
NURD complex (Ng et al., 1999; Tyler and Kadonaga, 1999; Zhang et al., 1999). It has
been proposed that DNA methylation and histone deacetylation might work together in
some gene promoters to establish a repressive chromatin environment and silence gene

expression (Cameron et al., 1999).

1.4 Xenopus mesoderm induction early-response gene (xmi-erl)
1.4.1 FGF signalling transduction

FGFs comprise a family of 22 distinct proteins, numbered consecutively from 1 to
22 (reviewed in Omnitz and Itoh, 2001). FGF signalling plays important roles in regulate
developmental processes and adult physiology, and deregulated FGF signalling pathways
have been shown to be involved in tumorigenesis (Powers et al., 2000). FGFs signal
through FGF receptors (FGFRs), which are transmembrane tyrosine kinase receptors.
There are four FGFRs, designated FGFR1, FGFR2, FGFR3 and FGFR4 (Johnson and
Williams, 1993). Following ligand binding and dimerization, the receptors phosphorylate
specific tyrosine residues on their own and each others cytoplamic domains (Lemmon
and Schlessinger, 1994). The signal cascade is propagated by the recruitment of other
signalling molecules onto the phosphorylated tyrosine residues of the activated receptors
resulting in the activation of downstream transduction pathways that eventually lead to

initiation of a specific set of gene expression (Pawson, 1995). The biological outcome of
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FGF stimulation depends on a number of factors, including receptors and signalling
network present in a particular cell. The effects of FGFs on different cellular functions
are mediated by distinct combinations of signalling pathways including the MAPK
pathway, phosphoinositide 3 kinase pathway (PI3K), and the phospholipase C-yl
(PLCyl) pathway (Hawkins et al., 1997, Kamat and Carpenter, 1997; Szebenyi and
Fallon, 1999). These transduction cascades are initiated by the autophosphorylation of
the FGFRs upon ligand binding.

The MAPK pathway is propagated through the recruitment of SH2 domain and/or
PTB domain docking proteins to the activated FGF receptor. Docking molecules, such as
FRS2, bind to the phosphorylated receptor and recruit the GRB2-son of sevenless (SOS)
complex. This puts SOS in close vicinity with RAS, which is also membrane bound.
SOS promotes the dissociation of GDP from RAS, allowing RAS to acquire GTP
molecules and to become activated (Ferrell, Jr., 1996). The activated membrane-
associated RAS then recruits and activates RAF-1, a serine-threonine MAPK kinase
kinase (MAPKKK). In turn, RAF-1 activates MEK, a MAPK kinase (MAPKK), which
activates MAPK also known as ERK1 (p44) and ERK2 (p42). MAPK can signal directly
to the nucleus by phosphorylating transcriptional regulators such as FElk1 (Buchwalter et
al., 2004).. In addition, besides nuclear substrates, MAPK has been found to
phosphorylate cytosketal proteins, phospholipase, and protein kinases (Ferrell, Jr., 1996).

Previous reports have established that activation of PI3K, which is a lipid kinase,
can be achieved either by binding of PI3K to the receptor complex or by direct binding of

activated RAS to the catalytic subunit of PI3K (Cantrell, 2001; Carballada et al., 2001;
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Ryan et al., 1998). Activated PI3K phosphorylates the 3 -OH position of the inositol ring
of membrane phosphatidylinositols (PtdIns) (reviewed in Lawlor and Alessi, 2001). 3 -
phosphorylated Ptdlns in turn act as second messagers to recruit AKT and its regulators
PDK1 and PDK2 to the cell membrane, where PDK1 and PDK2 phosphorylate AKT
(Scheid and Woodgett, 2003). Activated AKT in turn phosphorylates a number of
targets, including transcription factors such as transcription factor FOXO (Birkenkamp
and Coffer, 2003).

PLCy has been shown to be associated with FGFR and is phosphorylated
following ligand-dependent activation (Burgess et al., 1990; Gillespie et al., 1992;
Mohammadi et al., 1991; Ryan et al., 1998; Ryan and Gillespie, 1994). Activated PLCy
then initiates hydrolysis of phosphatidylinositol 4,5-biphosphate to diacylglcerol (DAG)
and inositol 1,4,5-trisphosphate (IP;). DAG is an activator of protein kinase C (PKC), a
serine-threonine kinase, and IP; initiates Ca®' release from intracellular stores. Second
messengers, like PKC and Ca?", activate several molecules including transcription factors
such as ¢c-FOS and thereby bring about desired cellular responses (Kamat and Carpenter,

1997, Slootweg et al., 1991).

1.4.2 Early-response genes

In a signal transduction cascade, such as that induced by FGFs, communication
from the extracellular environment to the nucleus results in rapid changes in the steady-
state levels of mRNAs of many genes. These genes are the first genes to be transcribed

in signal transduction pathways and known as early-response genes or immediate-early
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genes (reviewed in Thomson et al., 1999). For example, Xbra is a well-characterized
FGF early-response gene in Xenopus. Expression of Xbra is an early response to
mesoderm induction by FGFs (Smith et al., 1991). The expression of the early-response
genes is not dependent on de novo protein synthesis and is normally rapid. The majority
of early response genes are transcription factors. Their expression can therefore lead to
the initiation or termination of transcription of other genes that ultimately carry out the
requirements of functions relayed by the original signal. Therefore, the early response
genes are considered to be master regulators in signalling transduction, such as FGF
signalling transduction. Thus, isolation and characterization of early response genes may
lead to the identification of pivotal points in the signal transduction cascade which

determine the response of a target cell.

1.4.3 Isolation of xmi-erl

Embryos from the amphibian Xenopus laevis, have been used as a model system
for studying early response genes in FGF signalling transduction in Paterno and Gillespie
laboratories (Paterno et al., 1997; Ryan et al., 1998; Ryan and Gillespie, 1994; Teplitsky
et al., 2003). Most studies were conducted by animal cap experiments in which an
explant is taken from the prospective ectoderm of a blastula stage embryo and incubated
with FGF-2 in an attempt to identify the particular early response genes that are active in
the FGF signalling cascade. The discovery of a novel, developmentally regulated gene
that was activated by FGF-2 in Xenopus was a result from this search (Paterno et al.,

1997). This gene was designated mesoderm induction early response 1 (mi-er!), since it
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expresses during mesoderm induction and may function as a negative regulator of
mesoderm induction (Teplitsky et al., 2003). Xenopus mi-erl was identified through the
PCR-based differential display method and demonstrated increased expression levels in
animal cap explants in response to treatment by FGF-2 (Paterno et al., 1997). The cDNA
sequence isolated from the differential display was then used to isolate a full-length 2.3
kilobase-pair (kb) cDNA from a Xenopus blastula library (Paterno et al., 1997). The
Xenopus mi-erl cDNA cloned consists of a 1.479 kb single open reading frame (ORF)
predicted to encode a protein of 493 amino acid residues (Paterno et al., 1997).

The expression levels of xmi-erl were found to increase in Xenopus embryo
animal cap explants during mesoderm induction by FGF-2. The steady-state levels of
xmi-erl were shown to increase 3-4 fold upon treatment with FGF-2. However, the
increase in xmi-er! levels was not due to de novo protein synthesis as cycloheximide,
which is an inhibitor of protein synthesis, did not affect the FGF-induced increase in xmi-
erl levels, thus demonstrated that xmi-er! is an early-response gene (Paterno et al.,
1997).

A database homology search revealed similarity in the predicted xMI-ER1 amino
acid sequence to rat and human proteins encoded by the metastasis-associated gene 1
(mtal), a gene that was isolated by differential cDNA library screening and whose
expression was associated with a metastatic phenotype (Nicolson et al., 2003; Toh et al.,
1994). However, xmi-erl is not the Xenopus homolog of mtal, since a human homolog
of xmi-erl, hmi-erl, has been found and is distinct from human mtal (Paterno et al.,

1997, Paterno et al., 1998).
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1.4.4 Expression and subcellular localization of xMI-ER1

Northern blot analysis of RNA extracted from Xenopus laevis embryos showed
the presence of xmi-er! during initial cleavage stages, suggesting that most xmi-erl/
transcripts may be initially maternally derived. The levels of xmi-er] mRNA expression
were constant during early cleavage, increased slightly at blastula stage and decreased 6-
fold during gastrula, neurula and tailbud stage. The levels then remained below
detectable levels during subsequent development (Paterno et al., 1997).

The subcellular localization of endogenous xMI-ER1 protein during Xenopus
laevis development has been investigated using immunohistochemistry with anti-MI-ER1
antibody (Luchman et al., 1999). xMI-ER1 is found to be expressed during early stages
of development, but only localizes to the nucleus around the mid-blastula transition
(MBT). xMI-ER1 is found exclusively in the cytoplasm during early stages but then is
found to progressively accumulate in the nuclei of marginal zone cells of stage 8
blastulae. xMI-ER1 is found exclusively in all nuclei in the animal hemisphere by late
blastula stage and ubiquitous nuclear localization is observed by early gastrula. Nuclear
xMI-ER1 staining decreases during tailbud stages (Luchman et al., 1999). Further
investigation revealed that there is a domain responsible for the cytoplasmic retention of
xMI-ER1 before MBT, and this retention domain is located between the ELM2 and
SANT domain (Post et al., unpublished data).

With forced expression in NIH 3T3 cells, xMI-ER1 protein is found to be

constitutively targeted to the nucleus in these cells (Paterno et al., 1997). Analysis of the
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basic amino acids and comparison of groups of basic amino acids to NLS described in the
literature showed that xMI-ER1 has 4 putative NLSs, which were designated as NLS1,
NLS2, NLS3, and NLS4 (Paterno et al., 1997; Post et al., 2001). Further investigation
revealed that NLS4 on the C-terminal region is a functional NLS, and NLS1 may

function as a weak NLS for xMI-ER1 (Post et al., 2001).

1.4.5 xMI-ER1 functions as a transcriptional regulator

As mentioned above, xMI-ER1 was identified as an early response gene induced
by FGF-2 (see 1.4.3). xMI-ER1 is a nuclear protein (see 1.4.4) (Luchman et al., 1999;
Post et al., 2001). Structurally, xMI-ER1 has conserved domains found in a number of
transcriptional regulators, including an acid activation domain (Paterno et al., 1997), an
ELM2 domain (Solari et al., 1999) and a signature SANT domain (Aasland et al., 1996).
These observations suggested that xMI-ER1 may function as a transcriptional regulator.
The possibility that xMI-ER1 is a transcriptional regulator was investigated by testing the
transactivation potential of various regions of the xMI-ER1 protein. Constructs
containing different regions of xXMI-ER1 fused to the GAL4 DNA binding domain were
used along with a chloramphenicol acetyltransferase (CAT) reporter plasmid in transient
transfections (Paterno et al., 1997). Although full-length xMI-ER1 did not activate
transcription in NIH 3T3 cells, the region consisting of the N-terminal 98 amino acids of
xMI-ER1 stimulated transcription 80-fold. Fusion with other parts of xMI-ER1 did not

have any transcriptional activity. These results indicated that the N-terminal region
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contains a transcription activation domain, and xXMI-ER1 has the potential to function as a
transcription activator (Paterno et al., 1997).

A recent study revealed that overexpression of xMI-ER1 in Xenopus embryos
resulted in a dramatic reduction of Xbra expression, suggesting that xMI-ER1 may
function as a transcription repressor as well (Teplitsky ef al., 2003). Xbra is a mesoderm
induction regulator which is able to induce mesoderm (Cunliffe and Smith, 1994). In
agreement with the reduction in Xbra expression, overexpression of xMI-ER1 in Xenopus
embryos significantly inhibited mesoderm induction induced by FGF-2, and resulted in
truncations of the anteroposterior axis (Teplitsky et al., 2003). These observations
indicated that xXMI-ER1 may be a negative regulator of the FGF signalling pathway,
perhaps by acting as both a transcriptional repressor on target genes such as Xbra, and a

transcription activator on other genes.

1.5 Human homologue of xMI-ER1, hMI-ER1
1.5.1 hmi-erl isolation and genomic structure

A human orthologue of xmi-erl was previously cloned from human testis cDNA
library in the laboratory, and designated as hMI-ER1a (Paterno et al., 1998; Paterno et
al., 2002). Extensive 5 and 3 rapid amplification of cDNA ends (RACE) was
performed using forward and reverse primers designed against various regions of the
original published hMI-ER1a sequence in combination with cDNAs from a number of
human tissues and cell lines (Paterno et al., 2002). Sequence analysis of these RACE

clones and BLAST comparison to the human genome revealed the structure of the Ami-
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erl gene and the presence of 12 distinct transcripts. Searches of the human EST database
revealed that all reported sequences are represented in the cDNA clones obtained in the
laboratory (Paterno et al., 2002).

hmi-erl is a single copy gene located at 1p31.2 and spanning 63 kb (Figure 1.4A).
This gene consists of 17 exons. Most exons are smaller than 160 bp (range 20 bp to 2.5
kb), while most introns are several kb in size (range 630 bp to 11.7 kb). As shown in
Figure 1.4B, there are a total of 12 distinct transcripts (sequence data in the GenBank
Database under the accession numbers AF515446, AY 124191, AY124194,; AF515447,
AY124190, AY124193; AF515448, AY124189, AY124192, AY124186, AY124187,
AY124188) generated by alternative splicing, alternate promoter usage and/or
polyadenylation signal (PAS) usage (Paterno et al., 2002). The alternate 5 ends result
from alternate promoter usage or alternate inclusion of exon 3A to generate three distinct
5 ends encoding three amino terminal regions, N1, N2 and N3. The four variant 3 ends,
a, bi, bii and biii, result from alternative splicing or alternate PAS usage. The a 3 end
portion of Ami-er] transcripts (Figure 1.4) is predicted to encode the 23 aa o C-terminus
domain of hMI-ER1; while the bi, bii and biii 3 portions of Ami-er! transcripts (Figure
1.4) are all predicted to encode the same 102 aa B C-terminal domain of hMI-ER1
(Paterno et al., 2002). The production of two distinct C-terminal regions was verified
using polyclonal antiserum generated against peptides corresponding to hMI-ER1a C-
terminus, the B C-terminus or the common internal sequence (Paterno et al., 2002).

As shown in Figure 1.4B, alternate promoter usage and splicing at the 5 end

results in the generation of mRNAs predicted to encode three distinct N-terminal
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Figure 1.4 Structure of the human hmi-er! gene and splice variants (adapted from
Paterno et al., 2002).

Schematics 1illustrating the organization of the hmi-er! gene and the various hmi-erl
transcripts. (A) Exon/intron organization of the Ami-erl gene. hmi-erl is a single copy
gene located at 1p31.2 (adapted from http:/genome-www.stanford.edu/cgi-
bin/genecards/carddisp?MI-ER1). The two alternate starts of translation, ML- and MAE-
are indicated. Exon numbers are indicated below each schematic. (B) Schematics
illustrating the variant 5 and 3 ends of Ami-er] transcripts. Alternate 5’ ends result from
alternate promoter usage or alternate inclusion of exon 3A to generate three distinct
amino terminal regions, N1, N2 and N3. The four variant 3’ ends, a, bi, bii and biii,

result from alternative splicing or alternate PAS usage. Scale bar, 500 bp.
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domains: N1, N2 and N3. N1 has the same translational start as N2 but includes exon 3A
sequences, which is inserted after the first 2 amino acid residues (aa). This additional
sequence is predicted to encode a 25 aa cysteine-rich domain that remains in frame with
the rest of the hMI-ER1 protein. The three distinct N-terminal domains, in combination
with the two possible C-terminal regions, are predicted to produce six distinct hMI-ER1
proteins: Nla (457 aa), N1B (536 aa), N2a (433 aa), N2B (511 aa), N3a (433 aa), and
N3pB (512 aa). The predicted sequences were verified using an anti-hMI-ER1 antibody to

immunoprecipitate in vitro translated products (Paterno et al., 2002).

1.5.2 Protein domains and motifs in hMI-ER1 isoforms and their possible function
Figure 1.5 shows a schematic of the putative functional domains and motifs in
hMI-ER1 isoforms. Putative domains and motifs found in hMI-ER1 isoforms were
identified by computer analysis using software MOTIF (http://www.Motif.genome.ad.jp),
PSORT (http://www.psort.nibb.ac.jp), Domain Architecture Retrieval Tool (DART;
http://www.ncbi.nlm.nih.gov/Structure/lexington/lexington.cgi), Protein Families Data
Base of Alignments (PFAM) at http://pfam.wustl.edu/hmmsearch.shtml. Some of the

motifs and domains found are indicated in Figure 1.5 and will be described.

(a) The acidic activation domain

As shown in Figure 1.5, hMI-ER1 isoforms have an acidic activation domain.

42



Acidic activation domains were first described in the yeast GAL4 activator protein (Ma
and Ptashne, 1987). In the GAL4 protein, transcriptional activation is mediated by acidic
amino acid residues and transcriptional activation closely correlates with the net negative
charge. This indicated that acidic amino acids are crucial for transactivation of GALA4.
Moreover, several studies with acidic activation domains also indicated the importance of
hydrophobic amino acids for activation (Blair et al., 1994; Cress and Triezenberg, 1991;
Lin et al., 1994). The N-terminus of xMI-ER1 also has regions rich in acidic residues
which are important for transcriptional activation function (Paterno et al., 1997).
Although full-length xMI-ER1 did not activate transcription in NIH 3T3 cells, the region
consisting of the N-terminal 98 amino acids of xMI-ER1 stimulated transcription 80-fold.
Fusion with other parts of xXMI-ER1 did not have any transcriptional activity. These
results indicated that the N-terminal region of MI-ER1 contains an acidic activation
domain, and xMI-ER1 has the potential to function as a transcription activator (Paterno et
al., 1997). The N-terminal acidic sequences are conserved from Xenopus MI-ER1 to its
human homologue (Paterno er al., 1998), and suggested a transcriptional activation

function for this domain in hMI-ER1.

(b) The EF-hand motif
As shown in Figure 1.5, hMI-ER1 isoforms have a predicted EF-hand motif. The
EF-hand motif is involved in binding intracellular calcium (Julenius et al., 2002). The

basic EF-hand consists of two 10 to 12 residue alpha helices with a 12-residue loop
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Figure 1.5 Protein domains and motifs in hMI-ER1 isoforms.

Schematics illustrating the protein motifs common and unique to the hMI-ER1 isoforms.
The acidic activation domain, the EF-hand motif, the ELM2 domain, the SANT domain,
and the proline rich motif PSPPP are common to the hMI-ER1 isoforms. The nuclear
localization signal (NLS) is localized on the C-terminal region of hMI-ERla. The

LXXLL motifis localized on the C-terminal region of hMI-ER1f.
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region between, thereby forming a single calcium-binding site (helix-loop-helix). While
calcium ions interact with residues contained within the alpha helices, each of the 12
residues in the loop region is important for calcium coordination. Binding of Ca®" to the
EF-hand domains may trigger a conformational change in calcium-binding proteins and
this change may underlie the Ca®**-dependent biological effect. One example of Ca*'-
dependent conformational change by EF-hand domain is the downstream regulatory
element antagonist modulator (DREAM) protein (Craig ef al., 2002). DREAM acts as a
direct transcriptional repressor of c-fos genes (Carrion et al., 1999). The EF-hands
domain of the DREAM protein senses the intracellular concentration of Ca**. EF-hand
occupancy by Ca®* blocks binding of DREAM to its DNA binding sites. This results in
relief of the transcriptional repression by DREAM on its target gene such as c-fos
(Carrion et al., 1999). Moreover, the conformational change of DREAM triggered by
Ca®" creates a protein-protein interaction surface for CREB. As a result of the
interaction, DREAM prevents the recruitment of CBP by CREB and represses CRE-
dependent transcription (Ledo et al., 2002).

Activation of most growth factor tyrosine kinase receptors, as well as stimulation
of G-protein coupled receptors, results in the release of Ca®" stores from the endoplasmic
reticulum (reviewed in Soderling, 1999). Ca’* release is controlled by phosphoinositide-
specific phospholipase C (PLC) isozymes. An increase in intracellular Ca®" induces

Ca**-responsive signalling cascades via the EF-hand domain-containing proteins,
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resulting in activation or repression a specific set of genes, thus triggering numerous

biological outcomes.

(¢) The ELM2 domain

As shown in Figure 1.5, each of the hMI-ER1 isoforms has an ELM2 domain.
ELM2 consists of approximately 60 amino acid residues and stands for EGL-27 and
MTA1 homology domain 2 (Solari et al., 1999). The ELM2 domain was initially
identified in the EGL-27 protein as well as in MTA1 (Solari et al., 1999). EGL-27 isa C.
elegans protein that is involved in embryonic patterning and plays a key role in Wnt
signalling possibly by regulating HOX gene expression (Herman et al., 1999; Solari et
al., 1999). MTALI is known to be part of a protein complex possessing HDAC activities
(Xue et al., 1998a). However, no function has been ascribed to the ELM2 domain before
the studies described in this thesis (see Chapter 3).

Many of ELM2 domain-containing proteins also contain one or more putative
SANT domains, as predicted by BLAST search (RPS-BLAST 2.2.1, NCBI;
http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). Interestingly, the ELM2 domain
is usually found in a position N-terminal to a conserved SANT domain. It is thought that

there might be some important cooperative function between the two motifs (Solari et al.,

1999).
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(d) The SANT domain

As shown in Figure 1.5, each of the hMI-ER1 isoforms has a SANT domain C-
terminal to the ELM2 domain. The SANT domain was named for the four transcription
regulators in which it was first discovered: SWI3, ADA2, nuclear receptor corepressor
(N-COR), and TFIIIB (Aasland et al., 1996). The SANT domain consists of
approximately 50 amino acid residues and is highly related to the DNA binding domain |
(DBD) of the oncoprotein MYB (Aasland et al., 1996). Like the DBD of MYB, the
SANT domain has two or three repeated subdomains each resembling the helix-turn-helix
design in secondary structure.

Although the function of the SANT domain has not been fully understood, it is
thought that the SANT domain acts in transcriptional regulation either through DNA
binding or protein-protein interactions (Aasland ez al., 1996). Recent studies with SANT
domain proteins have suggested that SANT domains are more likely to function in
protein-protein interaction. For example, the yeast ADA2 SANT domain has been shown
to be essential for HAT activity in GCNS5-containing complexes and was also found to
assist GCNS5 to bind to histones (Boyer et al., 2002; Sterner ef al., 2002). Another
example is CoREST, which is a transcriptional corepressor containing two SANT
domains (You et al., 2001). The first SANT domain is important for the co-repression
function of the protein, by virtue of its interaction with HDAC1/2 (You et al., 2001).
Similarly, the first SANT domain of N-COR and silencing mediator of retinoic acid and
thyroid hormone receptor (SMRT) was shown to bind and activate HDAC3 (Guenther et

al., 2001). The second SANT domain of SMRT is essential for binding to
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hypoacetylated histone and therefore may play a role in interpretation of the histone code
(Yu et al., 2003). Most recently, overexpression of xXMI-ER1, which is a SANT domain
containing molecule, in Xenopus embryos was found to inhibit mesoderm induction and
result in truncations of the anteroposterior axis (Teplitsky et al., 2003). However, a
mutagenesis analysis of the SANT domain revealed that the SANT domain is not
required for the effects of xMI-ER1 on embryonic development and mesoderm induction

(Teplitsky et al., 2003).

(e) The proline rich motif

As shown in Figure 1.5, each of hMI-ER1 isoforms also has a proline rich motif
C-terminal to the SANT domain. Proline rich motifs are characterized by the presence of
the consensus PXXP tetrapeptide, in which the P represents proline and X represents any
amino acid residue (Alexandropoulos et al., 1995). The proline-rich region of MI-ER1
fits the consensus for an SH3 recognition motif (Cesareni ef al., 2002). As well, it also
conforms to the consensus S/T-P for a proline-directed phosphorylation site (Teplitsky et
al., 2003). Since MI-ER1 was found not to be phosphorylated in cells (Paterno et al.,
unpublished data), its proline-rich region most likely functions as a SH3 recognition
motif. In agreement with this, mutagenesis analysis of the proline-rich region of xMI-
ER1 (*SP**°SPPP) revealed that only **°P in the proline-rich region is required for the
overexpression effects of xMI-ER1 on embryonic development and mesoderm induction

(Teplitsky et al., 2003).
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It is known that SH3 domains recognize proline rich motifs (Mayer, 2001). A
variety of proteins involved in intracellular signal transduction pathways contain SH3
domains or proline rich motifs. Proline rich motifs are commonly found in situations
requiring the rapid recruitment of proteins through protein-protein interactions, such as in
signalling cascades (Kay ef al., 2000). For example, following receptor activation, the
proline rich region on SOS1 binds to the two SH3 domains of Grb2, thereby bringing
SOS1 to the cell membrane, where SOS1 in turn activates the RAS pathway (reviewed in

Williamson, 1994).

(f) The nuclear localization signals

Eukaryotic cells are characterized by distinct nuclear and cytoplasmic
compartments separated by the nuclear envelope, which is penetrated by nuclear pore
complexes (NPCs) (Alberts et al., 2002). Nuclear transport is proving to be a
fundamental mechanism for regulating protein localization, and protein function (Hood
and Silver, 2000). Protein nuclear transport in either direction across the nuclear
envelope through NPCs involves sequential steps mediating the intricate interplay of
multiple protein components starting from recognition of the protein import/export signal
by an import or export receptor (Gorlich, 1998; Nigg, 1997). Proteins carrying a NLS
can be transported into the nucleus. There are several classes of NLS (Post et al., 2001).
Proteins carrying a NES can be transported out of the nucleus (Moroianu, 1999).

As shown in Figure 1.5, hMI-ER1p contains a functional NLS in the C-terminal

region (Paterno et al., 2002). The hMI-ER1f was found localized in the nucleus, while

49



hMI-ER 1a shuttles between the nucleus and the cytoplasm (Paterno et al., 2002; Paterno

et al., unpublished data).

(g) The LXXLL motif

The LXXLL motif is characterized by the presence of a consensus LXXLL
peptide, in which the L represents leucine and X represents any amino acid residue. The
LXXLL motif is a protein-protein interaction motif that has been implicated in the
interaction with nuclear hormone receptors. It was also reported to be present in other
transcription regulators, including the short form of MTA1 (MTAls) (Kumar et al.,
2002). This core sequence also has very strong similarity to the Sin3A interaction
domain (SID) present in the family of MAD (MADI1-4) transcriptional repressors
(Brubaker et al., 2000). The selectivity of the LXXLL motif may depend upon flanking
amino acid sequences. Many peptides that bind strongly to nuclear hormone receptors
possess a hydrophobic amino acid in the -1 position relative to the core and a non-
hydrophobic amino acid at the +2 position (Heery et al., 2001).

The LXXLL domain has been identified in the hMI-ERla C-terminus and
contains a core LXXLL motif embedded in an amphipathic helix that is not present in the
hMI-ER1p isoform. This domain within hMI-ER1a has a hydrophobic amino acid at

both the -1 and +2 positions.
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1.5.3 Expression of hMI-ER1

The tissue distribution of the various hmi-erl transcripts was examined first by
Northern blot analysis and then by RT-PCR analysis. A probe hybridizing to the
common internal region revealed that Ami-er! transcripts could be resolved into only four
bands by Northern blot analysis (Paterno et al., 2002). This was expected since the three
5 ends differ little in size. The estimated molecular sizes of the bands, 1.7, 2.5, 3.4 and
4.8 kb, were consistent with the predicted size of transcripts containing a, bi, bii and biii
3 ends, respectively.

Of the 23 human tissues examined by Northern blot analysis, smi-er! transcripts
were barely detectable or absent in most. Of the five tissues (heart, testis, ovary, thyroid
and adrenal gland) that showed readily detectable levels of Ami-erl, testis expressed the
highest level and was the only tissue in which all four bands were visible. The 4.8 kb
band was the most widely expressed and could be detected, albeit at low levels, in most
tissues. The 2.5 kb band was the least abundant and was only visible in a few tissues,
while expression of the 3.4 kb band was highly variable. The 1.7 kb band was only
detectable in a few endocrine tissues such as testis, ovary and thyroid (Paterno et al.,
2002). RT-PCR analysis using distinct primers for different isoforms revealed that the
hmi-er] expression pattern is complex as different transcripts were shown to have cell
type specific expression (Paterno et al., 2002). hmi-er! was found to have ubiquitous,
but low level, expression in normal human tissues (Paterno et al., 1998; Paterno et al.,

2002). Breast carcinoma cell lines and tumours, on the other hand, showed elevated
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levels (Paterno et al., 1998), suggesting that smi-er! expression may be associated with

the neoplastic state in human breast carcinoma.

1.5.4 Subcellular localization of h(MI-ER1a and §

The high degree of similarity (91% overall similarity) shared between the N-
terminal domains of hMI-ERla protein and xMI-ER1 suggests that they are
evolutionarily conserved. The C-terminal regions of xMI-ER1 and hMI-ER1a proteins
have highly divergent sequences (Paterno et al., 1997; Paterno et al., 2002). However,
the amino acid sequence of the hMI-ER1f C-terminus displayed a high degree of
similarity (66%) to that of the xMI-ER1 C-terminal domain, suggesting that the published
xMI-ER1 sequence encodes the orthologue of the hMI-ER1p isoform (Paterno et al.,
2002). Interestingly, although xMI-ER1 contains multiple putative NLSs, it was revealed
that this C-terminal domain of XMI-ER1 contains the only functional NLS (Post et al.,
2001). Similar to xMI-ER1, hMI-ER1 also contains a functional NLS in the C-terminal
region. The subcellular localization of hMI-ER1 was examined by transfecting NIH 3T3
cells with plasmids expressing Myc-tagged hMI-ER1a or B. Immunohistochemical
staining with the anti-MYC antibody 9E10 showed that hMI-ER1B was targeted
exclusively to the nucleus, while hMI-ER 1 shuttled between the nucleus and cytoplasm
(Paterno et al., 2002; Paterno ef al., unpublished data). Moreover, hMI-ER1 displayed
less nuclear localization in breast cancer samples, when compared with the normal breast

tissue (Paterno ef al., unpublished data).
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1.6 Purpose of this study

hMI-ER1 isoforms localized in the nucleus or shuttled between the nucleus and
cytoplasm (Paterno et al., 2002; Paterno et al., unpublished data). Structurally, hMI-ER1
has conserved domains found in a number of transcriptional regulators, including an
acidic activation domain (Paterno et al., 1997), an ELM2 domain (Solari et al., 1999) and
a signature SANT domain (Aasland er al., 1996). hMI-ER1 was found to have
ubiquitous, but low level, expression in normal human tissues (Paterno et al., 1998;
Paterno et al., 2002). Breast carcinoma cell lines and tumours, on the other hand, showed
elevated levels (Paterno 1998), suggesting that smi-er! expression is associated with the
neoplastic state in human breast carcinoma. Moreover, overexpression of hMI-ER1 in
NIH 3T3 cells suppressed colony formation efficiency (Paterno et al., unpublished data).
Depletion of hMI-ER1 in multiple breast cancer cell lines by Ami-erl antisense plasmid
transfection also results in suppression of colony formation efficiency (Huang et al.,
unpublished data). These results suggested that hMI-ER1 plays an important role in cell
growth regulation. Therefore, my hypothesis is that hMI-ER1 may be a potent
transcriptional regulator, and deregulation of its expression and/or functions may
contribute to tumorigenesis. At the time this study was undertaken, the N3a (the
GenBank Database accession number AY124188) and N3bii (the GenBank Database
accession number AY124192) hmi-erl cDNA were the only two cloned isoforms in the
laboratory. The purpose of this study was to isolate and characterize the promoters of

hmi-erl, and investigate the role of hMI-ERla (N3a) and hMI-ERIB (N3bii) in
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transcriptional regulation. To obtain a better understanding of the function of hMI-ER1,
different approaches have been used to identify and characterize the hMI-ER1a- and
hMI-ER1B-interacting proteins, which may be critical for regulating specific cellular

functions with hMI-ER1a and hMI-ER 1.

Objective 1: Molecular cloning and characterization of the human of Ami-erl
promoters

hmi-erl was found to have ubiquitous, but low level, expression in normal human
tissues (Paterno et al., 1998; Paterno et al., 2002). Breast carcinoma cell lines and
tumours, on the other hand, showed elevated levels (Paterno et al., 1998), suggesting that
hmi-erl expression is associated with the neoplastic state in human breast carcinoma. My
goal was to study the molecular mechanism for the transcriptional regulation of hmi-erl,
through cloning of the 5 promoter region flanking the transcription start sites, and

identifying regulatory regions important for transcriptional regulation.

Objective 2: Characterization of the role of hMI-ERI1 in transcriptional regulation
Structurally, hMI-ER1 shares features with other transcriptional regulators. It
possesses a putative acidic activation domain, conserved ELM2 domain and conserved
SANT domain. Although the precise function of ELM2 and SANT domains remain
unclear, proteins containing these domains were recently found to be present in
multisubunit complexes with HAT or HDAC enzymatic activity and implicated in

transcriptional regulation. Examples of these transcription regulators are CoREST,
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MTA1, MTA2, MTA3, ADA2, N-COR and SMRT. There is evidence that Xenopus
xMI-ER1 can function as a transcriptional regulator (Paterno et al., 1997). Thus, my goal
was to investigate whether human hMI-ER1 functions as a transcriptional regulator
implicated by these conserved domains in other proteins, and to investigate the molecular

mechanisms it utilizes to regulate this function.

Objective 3: Identify and characterize the hMI-ER1-interacting proteins

To obtain a full picture of hMI-ER1 function, it is necessary to perform
complementary approaches in protein-protein interaction analysis to obtain more specific
hMI-ER1 interacting proteins. Pioneering work toward this goal in this study was
undertaken using two different approaches. Immunoprecipitation and Western blot
analysis was used to test the possible interaction between hMI-ER1 and predicted
interacting proteins. I also established the yeast two-hybrid system to screen hMI-ER1-
interacting proteins from a testis cDNA library. My goal was to identify new hMI-ER1-
inteacting proteins that would assist in the elucidation of the regulatory networks in

which hMI-ER1 plays a role in the cell.
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SECTION II ISOLATION AND CHARACTERIZATION OF THE PROMOTERS

OF hMI-ERI

CHAPTER 2 MOLECULAR CLONING AND CHARACTERIZATION OF THE
hMI-ER1 P2 PROMOTER: THE ROLE OF SP1 IN PROMOTER ACTIVITY

REGULATION"

2.1 Introduction

It has been revealed that Ami-erl transcripts have ubiquitous, but low level,
expression of hmi-erl in all normal human tissues (Paterno et al., 1998; Paterno et al.,
2002). Breast carcinoma cell lines and tumours, on the other hand, expressed
significantly elevated levels (Paterno et al., 1998), suggesting that Ami-erl expression is
associated with the neoplastic state in some human breast carcinomas. Cis-regulatory
elements in the Ami-erl promoter(s) would represent an important element for the
specific expression of this gene. Isolation and analysis of the Ami-erl promoter(s) may
thus shed light to a better understanding of the molecular mechanism for the
transcriptional regulation of Ami-erl. To locate the putative promoter, extensive

CapSelecting rapid amplification of cDNA ends (RACE) was performed, and two

: Part of this chapter has been published in: Paterno, G.D., Ding, Z., Lew, Y.Y.,
Nash, G.W., Mercer, F.C., and Gillespie, L.L. (2002) Genomic organization of the human
mi-erl gene and characterization of alternatively spliced isoforms: regulated use of a
facultative intron determines subcellular localization. Gene. 295:79-88.

Part of this chapter has been published in: The SANT domain of human MI-
ER1 interacts with Spl to interfere with GC box recognition and repress transcription
from its own promoter. J Biol Chem. 2004 Apr 26 [Epub ahead of print].
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transcriptional start sites were found in the exons Al and B1, respectively (section 2.3.1
and Paterno et al.,, 2002). The genomic DNA sequences encompassing the two
transcriptional start sites were then cloned. Two alternative promoters, designated as P1
and P2, were found (section 2.3.1 and Paterno et al., 2002). Further characterization of

the promoter focused on the P2 promoter of hmi-erl.

2.2 Materials and Methods

2.2.1 Cell culture

Human cell lines, HeLa cervical carcinoma cells, C33A cervical carcinoma cells,
MCF-7 breast carcinoma cells, BT-20 breast carcinoma, SK-OV-3 ovarian carcinoma,
HEK 293 transformed embryonic kidney cells and U87 glioblastoma cells, were obtained
from the American Tissue Culture Collection and cultured at 37°C in 5% CO, in DMEM

containing 10% FCS.

2.2.2 CapSelecting RACE for hmi-erl 5’ transcriptional start sites
In order to produce clones with complete 5 ends, cDNA preparations were
enriched for full-length 5 ends using the CapSelect method (Schmidt and Mueller,

1999). Multiple clones were obtained by 5 RACE and sequenced.
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2.2.3 Plasmids and constructs

A 3045 bp genomic sequence, containing 1264 bp of sequence downstream of the
first transcriptional start site of Ami-er! and 1781 bp of genomic sequence upstream of
the first transcription start site of Ami-er! (section 2.3.1 and Paterno et al., 2002) was
generated by PCR [the PCR product was designated as (-1781)] from human
endocervical primary cell genomic DNA, using the primer pairs listed in Table 2.1. A
1460 bp sequence, containing 144 bp of genomic sequence downstream of the second
transcriptional start site of Ami-er! and 1316 bp of genomic sequence upstream of the
second transcription start site of hmi-erl (section 2.3.1 and Paterno et al., 2002) was
generated by PCR [the PCR product was designated as (-1316)] from human
endocervical primary cells, using the primer pairs listed in Table 2.1. The PCR product
(-1781) and (-1316) was cloned into the pCR2.1 vector [pCR(-1781) and pCR(-1316)], .
using the TOPO-TA cloning kit (Invitrogen, Inc.) and sequenced on both strands. The
sequences were verified by comparison to the previously reported hmi-erl sequences
(Paterno et al., 2002) and to the human genome sequence data (Sanger Centre). The
pGL3(-1781) plasmid was generated by digestion of pCR(-1781) with Kpnl/EcoRI and
subcloning into Kpnl/Smal sites of the promoterless pGL3-Basic vector (Promega
Corporation). The pGL3(-1316) plasmid was generated by digestion of pCR(-1316) and
subcloning into the XAol/HindIlI sites of the promoterless pGL3-Basic vector.

The pGL3(-133) construct was generated by Smal digestion of pGL3(-1316)

followed by re-ligation. The pGL3(-657) construct was generated by Smal/Bg/ll
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Table 1 Table

constructs.

2.1

PCR primer pairs used for preparing hmi-erl promoter

CAGAGA-3

Construct | Forward primer Reverse primer
(-1781) 5-TGCAGGTTGGTAGCCTAG | 5-TCCGTCTTGTCTGCATTG
AAGCAACA-3' AACC-3'
(-1316) 5-GACTGTCTGTAGACTCTIT |5-CGTACTGCCGGGTCACAT
TTCC-3' CTCC-3'
(-945) 5'"TGAAGATTAGGAAAAAAA | 5'-CGTACTGCCGGGTCACAT
TCCCAGTC-3' CTCC-3'
(-469) 5-GATATAGAATTTTACATT |5-CGTACTGCCGGGTCACAT
TCCTGTCG -3' CTCC-3'
(-312) 5ACGTATTTTTCCTCTGCT 5'-CGTACTGCCGGGTCACAT
GTGTCA -3' CTCC-3
(-68) S"TTTCCCTCCAGTCCAGCC | 5-CGTACTGCCGGGTCACAT
CAGCCG-3 CTCC-3'
(+28) 5'-AGTGGCGGCGGGAGCGG | 5-CGTACTGCCGGGTCACAT

CTCC-3'
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digestion of pCR(-1316) and subcloning into the Smal/BamHI sites of pGL3-Basic. The
other deletion mutants were constructed by PCR, using the primer pairs listed in Table
2.1; the PCR products were cloned into pCR2.1, then subcloned into pGL3-Basic, using
either the Xhol/HindIll sites [pGL3(-469), (-312), and (+28)] or the Kpnl/Xhol sites
[pGL3(-945) and (-68)].

Full-length human Spl ¢cDNA was obtained from Dr. R. Tjian, University of
California. The Spl expressing construct was generated by PCR from a testis library
using 5 -CAAGATCACTCCATGGATGAAATGACAG-3 and 5 -TGCCTGATCTCA
GAAGC CATTGCCA-3 as forward and reverse primers, respectively, and cloned into
pCR3.1. The GST-Spl fusion was constructed by subcloning the EcoRI fragments from
Sp1-pCR3.1 into the EcoRI sites of pGEX-4T-2. All plasmids were sequenced to verify

the junctions and the Sp1 sequence.

2.2.4 Computer analysis of the smi-er! promoter region

To identify regulatory DNA elements in the 1460 bp sequence of P2 promoter
(-1316), computer-assisted analysis was performed using the following programs: (1) for
promoter prediction: Promoter Scan (PROSCAN) at http://bimas.dcrt.nih.gov
/molbio/proscan/  and Neural Network Promoter Prediction (NNPP) at
http://www.fruitfly.org/seq tools/promoter.html; (2) for CpG islands: Webgene at
http://www.itba.mi.cnr.it/webgene; (3) for transcription factor binding sites:

Transcription Factor Binding Site (TFSEARCH) at http://www.cbrc.jp/research
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/db/TFSEARCHIJ.html;  Transcription Element Search System (TESS) at

http://www .cbil.upenn.edu/tess/; and PROSCAN.

2.2.5 Transfection and reporter assays

All transfections were performed as previously described (Paterno et al., 1997) in
duplicate in 6-well plates. 1.5 x 10° cells/well was seeded 18 h prior to transfection and
cells were harvested after 48 h in culture. Luciferase assays were performed on cell
lysates using a Monolight 2010 Luminometer (Analytical Luminescence Laboratory) and
a luciferase assay reagent (Promega), according to the manufacturer s directions. The
values obtained, in relative luciferase units (RLU), were normalized to the level of

cellular protein in each sample. Each experiment was repeated three times.

2.2.6 Western blot analysis
Western blot analysis was performed as described previously (Ryan and Gillespie,
1994) with anti-Spl monoclonal antibody (dilution 1:100) (Catalog No. 1C6: sc-420,

Santa Cruz Biotechnology, Inc.).

2.2.7 GST-fusion protein production
GST fusion proteins were expressed in E. coli BL21 and purified according to the
instructions supplied with the pGEX-4T vector. GST fusion protein level and purity were

determined by SDS-PAGE.
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2.2.7 Electophoretic mobility shift assays (EMSAs)

EMSAs were performed as (Kinzler and Vogelstein, 1990). Briefly, the
hmi-erl P2 minimal functional promoter (-68) was labelled with y-[>’P]JATP and T4
polynucleotide kinase, and purified on NucTrap Probe Purification Columns (Stratagene,
Inc.). The labelled probe was incubated with 2 pl of HeLa nuclear extract (Promega) or
1 pg GST-Spl protein at room temperature for 20 min in 20 pl containing 5% glycerol, 5
mM MgCl,, 1 mM dithiothreitol, 50 mM KCI, 10 pM ZnSOy, 85 pg/ml bovine serum
albumin (BSA), and 50 mM HEPES (pH 7.5). Poly(dI-dC) was used as heterologous
competitor in the reaction (2 pg/reaction). Where indicated, a 20 molar excess of
unlabelled probe (competitor) was included in the binding reaction to demonstrate
specificity for the probe. For antibody supershift assays, the extract was incubated for 30
min at room temperature with 1 pl anti-Sp1 polyclonal antiserum (Catalog No. PEP 2 X:
sc-59, Santa Cruz Biotechnology, Inc.). Bound and free probes were resolved by non-

denaturing electrophoresis on 4% polyacrylamide gels and analyzed by autoradiography.

2.3 Results

2.3.1 Cloning of the hmi-erl 5 regulatory sequenées

In order to obtain cDNA clones with complete ends, cDNA preparations were
enriched for full-length 5 ends using the CapSelect method (Schmidt and Mueller,
1999). Multiple cDNA clones were obtained by extensive 5 RACE and sequenced.

Sequence analysis of these clones and BLAST comparison to the human genome (Sanger
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Centre) revealed that there are two Ami-er] transcription start sites, which designated as
P1 and P2, in exons Al and Bl1, respectively (Figure 2.1A, and Paterno et al., 2002).
Similarity searches of the human EST database revealed that all reported sequences are
represented in the cDNA clones obtained. Organization of these two transcriptional starts
suggested the presence of two distinct promoters of hmi-er1.

To provide insight into the regulation of Ami-er! expression, two genomic DNA
fragments encompassing the two transcriptional start sites were isolated by PCR from
human endocervical tissue and were subcloned into the promoterless luciferase reporter
vector, pGL3-Basic. = As shown in Figure 2.1A, the genomic DNA fragment
encompassing the first transcriptional start site contains 3045 bp upstream of the ML
translational start site. It contains 1264 bp downstream of transcriptional start site (+1 to
+1264) and 1781 bp (-1 to -1781) upstream of transcriptional start site. The genomic
DNA fragment encompassing the second transcriptional start site in exon Bl contains
1460 bp of sequence upstream of the MAE translational start site. It contains 144 bp of
sequence downstream of the transcriptional start site (+1 to +144) and 1316bp (-1 to -
1316) of sequence upstream of the transcriptional start site.

The promoter activities of these DNA fragments were analyzed in vivo using
luciferase reporter assays in HeLa cervical carcinoma cells. As shown in Figure 2.1B,
the luciferase activity of luciferase reporter construct driven by the genomic DNA
fragment encompassing the P1 transcription start site [pGL3(-1781)] and the genomic
DNA fragment encompassing the P2 transcription start site [pGL3(-1316)] was

significantly higher, compared to the pGL3-Basic vector [pGL3(-)]. These results
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Figure 2.1 Promoter activities of the DNA fragments encompassing either P1 or P2
5’ flanking sequence.

(A) Diagrammatic representation to show the two transcriptional start sites, P1 and P2,
respectively. The two alternate starts of translation, ML- and MAE- are indicated. Exon
numbers are indicated below each schematic. Two genomic DNA fragments
encompassing either P1 or P2 isolated by PCR are shown below. (B) Promoter activity
of the hmi-erl P1 and P2 promoters in HeLa cells. HeLa cells were transiently
transfected with the luciferase reporter vector pGL3-Basic [pGL3(-)] or pGL3-Basic
containing the DNA fragments of Ami-er! 5 -flanking the two transcriptional start sites,
for P1: 3045 bp (-1781 to -1 and +1 to +1264) [(pGL3(-1781)] and for P2: 1460 bp (-
1316 to -1 and +1 to +144) [pGL3(-1316)]. Following transfection, the cells were
cultured for an additional 48 h and then lysed in luciferase lysis buffer, and the relative
luciferase units (RLU) and B-galactosidase activity were determined. The luciferase
activity per pg protein was then normalized to P-galactosidase activity per pg protein.
Luciferase activity is presented as the fold increase of luciferase activity from pGL3(-
1316) relative to that from the pGL3-Basic vector control. Shown are the average values

and standard deviation for three independent experiments.
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indicated that these two 5 flanking genomic DNA sequences function as transcription
promoters, which were designated as imi-erl P1 and P2 promoters.

Further studies were focused on the characterization of the Ami-er! P2 promoter
(-1316), which was located in a relatively shorter DNA fragment. Further experiments
were performed to test the luciferase activity of Ami-erl P2 promoter-driven luciferase
reporter construct pGL3(-1316) in six different cell lines: C33A, HEK293, BT-20, MCF-
7, SK-OV-3 and U87. Luciferase activity was high in all pGL3(-1316)-transfected cells
and ranged from 10-fold to 34-fold higher than pGL3-Basic controls (Figure 2.2),

demonstrating that the Ami-er! P2 promoter (-1316) can function in a variety of cell

types.

2.3.2 Location of the Ami-erl P2 minimal promoter

Computer-assisted analysis of the 1460 bp P2 DNA fragment using Webgene at
http://www.itba.mi.cnr.it/webgene to identify potential cis-regulatory elements predicted
a CpG island located between nucleotide position -389 and the start of translation (Figure
2.3A). Further analysis revealed that this GC-rich region does not contain a TATA box;
nor does it contain an Inr or a DPE sequence, as is often found in TATA-less promoters
(reviewed in Butler and Kadonaga, 2002). A number of potential transcription factor
binding sites were identified using TFSEARCH, PROSCAN and TESS, including 2 TEF-
2 sites, an HT4F site, an estrogen response element (ERE) half-site as well as multiple

binding sites for the Sp1 family (Figure 2.3B).
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Figure 2.2 hmi-erl P2 promoter activities in multiple cancer cell lines.

hmi-er] P2 promoter-driven luciferase reporter construct pGL3(-1316) was transfected in
C33A, MCF-7, BT-20, SK-OV-3, U87, and 293K human cell lines. Following
transfection, the cells were cultured for an additional 48 h and then lysed in luciferase
lysis buffer, and the level of relative luciferase units (RLU) and B-galactosidase activity
were determined. The luciferase activity per pg protein was then normalized to B-
galactosidase activity per ug protein. Luciferase activity is presented as the fold increase
of luciferase activity from pGL3(-1316) relative to that from the pGL3-Basic vector
control. Shown are the average values and standard deviation for three independent

experiments.
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Figure 2.3 Nucleotide sequence of /mi-erl P2 promoter, putative transcription
factor binding sites and CpG island.

(A) Diagrammatic representation of hmi-erl P2 promoter (-1316). The first nucleotide of
the hmi-erl translation initiation site ATG (+1) is indicated by an arrow. The position of
a CpG island is shown as a black rectangle. (B) Nucleotide sequence of GC-rich region
of the hmi-er! P2 promoter (-1316). The number of nucleotides upstream of the first
nucleotide A (+1) of Ami-erl P2 transcriptional start site are shown on the left of the
sequence. The promoter region is designated by the gray region. The GC-rich Spl
binding sites are shown as white nucleotides in black rectangles. Sequence motifs for

other potential transcription factor binding are underlined and designated.
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To identify the hmi-er/ P2 minimal functional region, a series of 5 deletion
fragments was constructed in pGL3 and each construct was transiently transfected into
HeLa cells. Deletion of nucleotides -1316 to -133 did not result in a significant change in
luciferase activity. Further deletion to nucleotide -68 reduced, but did not abolish
luciferase activity, while deletion to nucleotide +28 completely abolished luciferase
activity (Figure 2.4). These results indicated that the Ami-er! P2 minimal functional

promoter is located within the sequence -68/+144, contained in the (-68) construct.

2.3.3 Sp1 binds to the imi-er] P2 minimal promoter and activates transcription
Since the Ami-er! P2 minimal promoter (-68) is predicted to contain four Spl
binding sites, a number of experiments were performed to investigate the possibility that
Spl would bind to this sequence. EMSAs were performed using a HeLa cell nuclear
extract and >°P-labelled (-68) as a probe. Two bands representing DNA-protein
complexes appeared in samples containing nuclear extract (Figure 2.5A, lane 2 band b
and c), however only the higher band (band b) was specific, as revealed by competition
with excess nonlabelled (competitor) probe (Figure 2.5A, lane 3). Supershift assays,
using a Spl antibody that does not cross-react with SP2, SP3 or SP4, resulted in the
appearance of an additional high mobility band (band a) (Figure 2.5A, lane 4) that
disappeared in the presence of excess nonlabelled (competitor) probe (Figure 2.5A, lane
5), thus confirming the presence of Sp1 in the DNA-protein complexes. The binding of

Spl protein to the Ami-erl P2 minimal promoter (-68) was confirmed by the specific
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Figure 2.4 Localization of the simi-er! P2 minimal promoter.

The diagram on the left represents the luciferase (Luc) constructs made by a series of
deletions extending from +144 bp downstream of the P2 transcriptional start site. The 5
end of the nt of each construct is listed. HeLa cells were transfected with the constructs
indicated on the left. Following transfection, the cells were cultured for an additional 48
h and then lysed in luciferase lysis buffer, and the level of relative luciferase units (RLU)
and B-galactosidase activity were determined. The luciferase activity per pg protein was
then normalized to B-galactosidase activity per pug protein. Luciferase activity is
presented as the fold increase of normalized luciferase activity relative to that from the
pGL3(-) vector control. Shown are the average values and standard deviation for three

independent experiments.
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Figure 2.5 Spl1 binds to the mi-erl P2 minimal promoter.

(A) Shown is a representative EMSA performed using HeLa cell nuclear extracts and a
32p_labelled the hmi-er] P2 minimal promoter (-68) as a probe [**P(-68)]. In lane 1, the
labelled probe was incubated without HeLa nuclear extract. In lanes 2-5, HeLa nuclear
extracts were incubated with (lane 3, 5) or without (lane 2, 4) 20-fold molar excess of
nonlabelled (competitor) probe and with (lanes 4, 5) or without (lanes 2, 3) 1 ul anti-Sp1
antibody. The positions of DNA-protein complexes (band a, b and c) are indicated by
arrowheads. The position of the free probe is indicated by arrow. (B) Shown is a
representative EMSA performed using 32p(-68) and the indicated GST-fusion protein, in
the presence (lanes 2) or absence (lanes 1) of 20-fold molar excess of nonlabelled
(competitor) probe. The positions of DNA-protein complexes (band a, b) are indicated

by arrowheads. The position of the free probe is indicated by arrow.
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retarded bands a and b in EMSAs using purified GST-Sp1 fusion protein (Figure 2.5B,
lane 4), which was significantly competed out with nonlabelled (competitor) probe
(Figure 2.5B, lane 3). In contrast, GST control did not bind to the Ami-er/ P2 minimal
promoter (-68) (Figure 2.5B, lane 1 and 2). Thus, these experiments demonstrated that
Sp1 binds to the Ami-erl P2 minimal promoter (-68).

The ability of Sp1 to regulate transcription from the Ami-er! P2 minimal promoter
(-68) was investigated in vivo using luciferase reporter assays. HeLa cells were co-
transfected with pGL3(-68), along with a Spl expression vector (pCR-Sp1) or control
empty vector (pCR). Overexpression of Spl (Figure 2.6B) resulted in a dose-dependent
increase in luciferase activity of pGL3(-68), compared to pCR empty vector control
(Figure 2.6A). However, overexpression of Spl (Figure 2.6C) did not significantly alter
the luciferase activity of pGL3(-) (Figure 2.6D). These results indicated that Spl can

activate transcription from the Ami-er! P2 minimal promoter (-68).

2.4 Discussion

The transcription of a eukaryotic gene is regulated by the combined action of
general transcription factors, mediators, multiple sequence-specific transcription factors,
and histone modifiers including histone acetyltransferase and histone deacetylase that
regulate the activities of the transcription factors and the chromatin structure (reviewed in
Dynan and Tjian, 1985; Naar et al., 2001; Pazin and Kadonaga, 1997). hmi-er]

expression was found to be associated with the neoplastic state in human breast
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Figure 2.6 Overexpression of Sp1 enhances /imi-erl P2 promoter activity.

HeLa cells were co-transfected with the indicated promoter-luciferase reporter constructs
with the pCR3.1 (pCR) empty vector, pCR3.1-Spl (pCR-Sp1). The amount of plasmid
(ng) used for transfection is indicated below each bar. Cells were harvested 48h after
transfection and the level of relative luciferase units (RLU) was determined, and this
value was normalized to the level of cellular protein in each sample. For each sample,
the value is presented as the fold increase over that obtained with the pCR empty vector.
(A) Shown are the average values and standard deviations from three independent
experiments with Ami-er] P2 minimal promoter-driven luciferase reporter construct
pGL3(-68). (B) The level of Sp1 protein expressed in each sample described in panel A
was determined by Western blot, using anti-Sp1 antibody. Shown is a representative
Western blot, and the position of the Spl is indicated by arrow. (C) Shown are the
average values and standard deviations from three independent experiments with
luciferase reporter construct pGL3-Basic [pGL3(-)]. (D) The level of Spl protein
expressed in each sample described in panel C was determined by Western blot analysis,
using anti-Sp1l antibody. Shown is a representative Western blot, and the position of the

Spl is indicated by arrow.
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carcinoma (Paterno ef al., 2002), and plays a role in the regulation of cell growth (Paterno
et al., 1998; Paterno et al., unpublished data). As a first step toward understanding the
molecular mechanism of regulation of hMI-ER1 expression, the Ami-erl P1 promoter
(-1781) and P2 promoter (-1316) were cloned (Figure 2.1). Analysis of the P2 promoter
(-1316) sequence revealed that this sequence contains a CpG island within which a
number of putative transcription factor binding sites were identified. These included 9
Sp1 sites, 2 TEF-2 sites, an HT4F site, an ERE half-site (Figure 2.3). The ERE half-site
is of particular interest, as many estrogen responsive genes containing 1/2ERE motifs
also possess GC boxes in close proximity such that estrogen receptor (ER) protein co-
activator complexes co-operate with Sp1 to regulate transcription (Sanchez et al., 2002).
This suggests that Ami-er! may be an estrogen responsive gene, and experiments are
currently being carried out to test this hypothesis (Paterno et al., unpublished data).
Although transcription regulators, such as Sp3, Sp4 and BTEB3, may compete
with Sp1 for binding to GC boxes and repress transcription (Kaczynski ef al., 2001), my
study showed that overexpression of Spl binds to, and enhances transcriptional activity
from the Ami-er! P2 minimal promoter (-68) (Figure 2.5 and 2.6). Spl is a sequence-
specific transcription factor that binds GC and GT boxes to activate a wide range of viral
and cellular genes (reviewed in Philipsen and Suske, 1999). Overexpression of Spl
enhances the transcriptional activity from many gene promoters such as that associated
with Interleukin-1B (IL-1B) (Chadjichristos et al., 2003). Spl interacts with dTAF;110

(Gill et al., 1994; Hoey et al., 1993) and hTAF;130 (Tanese et al., 1996) through its
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activation domain, and with hTAF;55 through its DNA-binding domain (Chiang and
Roeder, 1995), suggesting that Spl may facilitate the assembly of the general
transcription machinery via multiple protein-protein interactions with components of
TFIID. Spl also recruits an additional cofactor complex, CRSP, to mediate synergistic
activation with SREBP-1a on chromatin templates (Naar et al., 1999; Ryu et al., 1999).
Spl and the transcriptional coactivators CBP/p300 are associated in complexes that
regulate NGF- and progesterone-mediated induction of p21Waf/Cip1 (Billon et al., 1999;
Owen et al., 1998). In addition to its role as a transcriptional activator, Sp1 has also been
reported to repress transcription of murine TK promoter by recruiting histone deacetylase
activity (Doetzlhofer et al., 1999). Therefore, Spl is important both in transcription
activation and repression in a promoter context-specific and a cell-type specific manner
(Bouwman and Philipsen, 2002).

The presence of a CpG island in the Ami-er! P2 promoter (-1316) indicates that
promoter activity may also be regulated by DNA methylation. Methyl-CpG binding
proteins such as MeCP2 and MBD3 recruit chromatin remodelling and modification
complexes, including the NURD complex (Ng et al., 1999; Tyler and Kadonaga, 1999;
Zhang et al., 1999). It has been proposed that DNA methylation and histone
deacetylation might work together to establish a repressive chromatin environment and
silence gene expression (Cameron ef al., 1999). Moreover, Spl has also been linked to
the maintenance of methylation-free CpG islands (Macleod et al., 1994) and
hypermethylation around Spl binding sites reduces Spl binding, thereby decreasing

transcription (Zhu et al., 2003). Aberrant methylation on the promoter CpG islands of
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genes required for cell growth regulation such as pl16™~* has been found in certain
cancers (reviewed in Esteller and Herman, 2002; Nephew and Huang, 2003). For
example, aberrant methylation of the promoter of the tumour suppressor genes ple™Kea
is closely related to tumour growth characteristics (Bender et al., 1998; Cameron et al.,
1999; Issa et al., 1994). Deregulated expression of hMI-ER1 in some breast carcinomas
(Paterno et al., 1998; and data at http://genome-www5.stanford.edu/cgi-bin/SMD/

source/expressionSearch?option=cluster&criteria=Hs.222746&dataset=2 &organism=Hs)

thus may be due to aberrant methylation on the promoter CpG island of Ami-er!.
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SECTION III INVESTIGATION OF hMI-ER1a AND B INTERACTING

PROTEINS AND hMI-ER1a AND B FUNCTION

CHAPTER 3 TRANSCRIPTIONAL REPRESSION BY hMI-ER1
INVOLVES RECRUITMENT OF HISTONE DEACETYLASE VIA

THE ELM2 DOMAIN

3.1 Introduction
Structurally, hMI-ER1a and B isoforms share a number of features with other
transcriptional regulators. hMI-ER1lo and B contain an acidic transcription activation
domain, an ELM2 domain, and a signature SANT domain. The latter was first identified
in the transcription factors SWI3, ADA2, N-COR, and TFIIIB, from which the acronym
SANT is derived (Aasland et al., 1996). Other SANT domain-containing proteins
include transcriptional regulatory molecules involved in nuclear hormone activity, such
as N-COR (Aasland et al., 1996) and SMRT (Ordentlich et al., 1999), molecules that are
components of transcription and chromatin-regulatory complexes, such as MTA1 (Tong
et al., 2002), MTA2 (Wade et al., 1999), MTA3 (Fujita et al., 2003), and CoREST (You
et al., 2001); and molecules that are important for regulating developmental events, such

as EGL-27 (Solari et al., 1999). The SANT domain has been implicated in protein-

This chapter has been published in: Ding, Z., Gillespie, L.L., and Paterno,
G.D. (2003) Human MI-ER1 alpha and beta function as transcriptional repressors by
recruitment of HDACT1 to their conserved ELM2 domain. Molecular and Cellular
Biology, 23: 250-258.
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protein interactions (Aasland er al., 1996), including interactions with complexes
containing HDAC enzymatic activity (Guenther et al., 2001; You et al., 2001) and HAT
activity (Sterner ef al., 2002). The ELM2 (EGL-27 and MTA1 homology 2) domain was
first described in EGL-27, a Caenorhabditis elegans protein that plays a fundamental role
in patterning during embryonic development (Solari et al., 1999). The ELM2 domain is
conserved throughout evolution, but to date no function has been ascribed to this motif
before this study. More interestingly, ELM2 domain-containing proteins, including xMI-
ER1, hMI-ER1, MTA1, MTA2, MTA3 and CoREST, also contain one or more putative
SANT domains, suggesting that there might be some important cooperative function
between the two motifs (Solari et al., 1999).

Given the potential role of hMI-ER1a and B as novel transcription regulators and
their association with tumorigenesis, the role of the hMI-ERla and B isoforms in

transcriptional regulation was investigated.

3.2 Materials and Methods

3.2.1 Cell culture

HeLa human cervical carcinoma, C33A human cervical carcinoma cells, HEK
293 human transformed embryonic kidney cells, and mouse NIH 3T3 fibroblast cells
were obtained from the American Type Culture Collection and cultured at 37°C in 5%

CO, in DMEM containing 10% FCS.
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3.2.2 Plasmids and constructs

The plasmids used in this study include the G5tkCAT reporter plasmid (a kind
gift from Diane Hayward, Johns Hopkins School of Medicine), which contains
chloramphenicol acetyltransferase (CAT) linked to five GAL4 DNA binding sites and the
herpes simplex virus minimal thymidine kinase (tk) promoter (Hsieh et al., 1999,
Teodoro and Branton, 1997; Yew et al., 1994); the pM plasmid (Clontech), which
contains the GAL4 DBD and an NLS; CS3+MT, containing the Myc epitope tag (a kind
gift from David Turner, University of Michigan); the pGBKT7 plasmid (Clontech), HA-
HDACS3 (a kind gift from Mark Featherstone, McGill University); and a luciferase T7
control plasmid encoding full-length luciferase protein (Promega).

Expression vectors were engineered to contain full-length or deletion mutants of
hMI-ER1a or B fused to the GAL4 DBD of the pM plasmid or to the Myc epitope tag of
the CS3+MT plasmid. Specific primers incorporating 5 and 3 BamH] sites were used to
amplify the entire coding sequence of either hMI-ER1a or B, and the digested PCR
fragments were inserted into the Bg/II site of either the pM or the CS3+MT plasmid.
Fragments encoding the appropriate amino acid residues of hMI-ER1a or B deletion
mutants were amplified by PCR using the primer pairs listed in Table 3.1. PCR products
were cloned into pCR3.1 using the TA cloning kit (Invitrogen, Inc.), and EcoRI
fragments were then inserted into the complementary sites of the pM or pGBKT7
plasmid. The deletion constructs were named according to the encoded amino acid
residues of the hMI-ER1a or B protein. The GAL4-hMI-ER1(164-283) *"*W—A and

GAL4-hMI-ER1(164-283) **’FL—AA mutant constructs were generated by site-directed
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Table 2 Table 3.1 PCR primer pairs used for constructing hMI-ER1 and mutating

hMI-ER1 plasmids in PM vector

AAGAAGATGAAGATT-3

Construct” | Forward primer Reverse primer

hmi-erla aa |5 -CGGGATCCATATGGCGG |5 -CGGGATCCAAAACAAGAC

1-433 AGCCATCTGTTG-3 CACAGAAGC-3

hmi-er1f aa |5 -CGGGATCCATATGGCGG |5 -CGGGATCCTTAGTCATCT

1-512 AGCCATCTGTTG-3 GTGTTTTCAAG-3

aa 1-283 5 -CACCATGGCGACATCTG |5 -ATCCTCTCTAGCTGCTTTT
TTGAATC-3 ACA-3

aa 1-155 5 -CACCATGGCGACATCTG |5 -CAAAATATTTACATCGACG
TTGAATC-3 TGGGCG-3

aa 1-83 5 -CACCATGGCGACATCTG |5 -TCTTCAGGTAGTCGAACAG
TTGAATC-3 TAC-3

aa 83-155 5 -CACCATGGAAGAAGATG |5 -CAAAATATTTACATCGACG
AGGAAGAGGAAGAAGAG-3 | TGGGCG-3

aa 83-433 5 -CACCATGGAAGAAGATG |5 -CGGGATCCAAAACAAGAC
AGGAAGAGGAAGAAGAG-3 | CACAGAAGC-3

aa 164-433 | 5 -CACCATGGAAGAATCTG |5 -CGGGATCCAAAACAAGAC
AAGAAGATGAAGATT-3 CACAGAAGC-3

aa 287-433 5 -CACCATGGTTTGGACAG |5 -CGGGATCCAAAACAAGAC
AGGAAGAGTGTA-3 CACAGAAGC-3

aa 287-512 | 5 -CACCATGGTTTGGACAG |5 -CGGGATCCTTAGTCATCT
AGGAAGAGTGTA-3 GTGTTTTCAAG-3

aa 164-283 | 5 -CACCATGGAAGAATCTG |5 -ATCCTCTCTAGCTGCTTTT

ACA-3
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Construct”

Forward primer

Reverse primer

aa 180-283

5 -AAGGAGATTATGGTGGG
CTCCATGTTTCAA-3

5 -ATCCTCTCTAGCTGCTTTT
ACA-3

aa 164-239

5 -CACCATGGAAGAATCTG
AAGAAGATGAAGATT-3

5 -CTTCTCATCACCTGTTCTIT
CTAGATGCATC-3

aa 240-283

5 -GGTGTAGAAGCAATTCC
TGAAGGATCTCAC-3

5 -ATCCTCTCTAGCTGCTTTT
ACA-3

aa 164-273

5 -CACCATGGAAGAATCTG
AAGAAGATGAAGATT-3

5 -TCATCTTCTCAATGCTTCT
TCTGTATCAAAATTGCA-3

aa 164-262

5 -CACCATGGAAGAATCTG
AAGAAGATGAAGATT-3

5 -TCATTTAACCAATTCATATA
AAGCCTGTTCATTGTC-3

aa 164-251

5 -CACCATGGAAGAATCTG
AAGAAGATGAAGATT-3

5 -TCATTTTATGTGAGATCCT
TCAGGAATTGCTTC-3

214W—">A

5 -GATCAGCTCCTGGCGGA
CCCTGAGTACTTACC-3

5 -GGTAAGTACTCAGGGTCC
GCCAGGAGCTGATC-3

ZIFL—AA

5 -GTGATTATAGCTGCTAAA
GATGCATCTAGAAGAACAG
GTGATGAGAAGG-3

5 -CCTTCTCATCACCTGTTCT
TCTAGATGCATCTTTAGCAGC
TATAATCAC-3

? Deletion constructs were named according to the encoded amino acid residues of

the hMI-ER 1a or B isoforms
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mutagenesis mutagenesis using two complementary primers (Table 3.1) (Oligos, Etc.)
designed to produce the mutation and a QuikChange site-directed mutagenesis kit
(Stratagene Inc.). All plasmids were sequenced to verify the junctions and the hMI-ER1
sequence.

Full-length human Adac! ¢cDNA was amplified by PCR from a testis cDNA
library by using 5 ~-ACGGGAGGCGAGCAAGATGGCG-3 and 5 -TCAGGCCAACTT
GACCTCCTCCTTGAC-3 as forward and reverse primers, respectively, and then cloned
into pCR3.1 as described above. Plasmid was sequenced to verify the junctions and the

hdacl sequence (GenBank Database accession number NM_004964).

3.2.3 Transfection and reporter assays

All transfections were performed in duplicate in six-well plates with plasmid
DNA as previously described (Paterno et al., 1997). A total of 1.5 x 10 cells/well were
seeded 18 h prior to transfection, and cells were harvested after 48 h in culture. For
trichostatin A (TSA) treatment, the medium was replaced 24 h after transfection with
fresh medium with or without the indicated concentration of TSA, and the cells were
cultured for an additional 24 h. Cell lysates were prepared and assayed for CAT protein
by using a CAT enzyme-linked immunosorbent assay kit (Boehringer Mannheim) as
described previously (Paterno et al., 1997). The level of CAT protein expressed in each
sample was determined using a CAT standard curve supplied by the manufacturer, and

this value was normalized to the level of cellular protein in each sample.
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3.2.4 Co-immunoprecipitation (co-IP) and Western blot analysis

In vitro coupled transcription-translation reactions (TNTs; Promega) were
performed as described previously (Ryan and Gillespie, 1994). For in vitro co-IP assays,
50,000 cpm each of *°S-labelled and unlabelled TNT mixtures programmed with the
appropriate cDNAs were combined and incubated for 3 h at 4°C. Immunoprecipitation
was performed as described previously (Ryan and Gillespie, 1994) with 10 ul anti-
HDACI1 polyclonal antiserum (Catalog No. H51: sc-7872, Santa Cruz Biotechnology,
Inc.) or 10 pl anti-Myc monoclonal antibody 9E10. For all assays, 1/20 volume of the
indicated TNT was loaded into the input lanes. All samples were analyzed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) followed by
autoradiography.

For in vivo co-IP assays, either nontransfected HeLa cells or cells transfected with
Myc-tagged plamid pCS3+MT (pMyc), pCS3+MT-Ami-erlo (pMyc-a), or pCS3+MT-
hmi-erlf3 (pMyc-B) were used. Cells were lysed in the immunoprecipitation buffer [50
mM Tris pH 8.0, 150 mM NaCl, 10% glycerol, 1% Triton X-100, 40 mM Sodium
Pyrophosphate, 50 mM Sodium Fluoride, ImM Sodium Vanadate ], and the insoluble
material was removed by centrifugation at 12,000% g for 10 min. For input lanes, one-
third of the total amount of protein in the soluble fraction was used. Supernatants were
subjected to immunoprecipitation with either 1 pl anti-hMI-ER1 antibody produced in
our laboratory (24).

Western blot analysis was performed as described in section 3.2.4 with anti-Myc

monoclonal antibody 9E10 (1:100 dilution), anti-HDAC1 monoclonal antibody (1:100
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dilution) (Catalog No. H-11: sc-8410, Santa Cruz Biotechnology, Inc.), or anti-GAL4
monoclonal antibody dilution (Catalog No. RK5C1: sc-510, Santa Cruz Biotechnology,

Inc.).

3.2.5 HDAC assays

The [3H]acetate-labelled histone substrate for the HDAC enzyme assays was
prepared from HeLa cells labelled with [*H]acetate in the presence of 300 nM TSA as
described previously (Yoshida et al., 1990). For each sample, 1.5 x 10° HeLa cells were
transfected with the appropriate construct and, after 48 h, the cells were lysed as
described previously (Hu et al, 2000) and insoluble material was removed by
centrifugation at 12,000 x g for 10 min.  Supernatants were subjected to
immunoprecipitation using 1 pl anti-GAL4 polyclonal antiserum (Catalog No. 06-262,
Upstate Biotechnology, Inc.), 10 pl anti-Myc monoclonal antibody 9E10, or 10 pl anti-
HDACI polyclonal antiserum (Santa Cruz Biotechnology, Inc.). The immunoprecipitates
were analyzed for HDAC enzymatic activity as described previously (Hu et al., 2000)

with 5,000 cpm of [3H]acetate-1abelled histone substrate.

3.3 Results
3.3.1 hMI-ER1la and § function as transcriptional repressors

In this study, the transcriptional regulatory activity of the hMI-ERla and

isoforms was investigated using the G5tkCAT reporter plasmid. This plasmid contains
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CAT reporter gene linked to five GAL4 DNA binding sites along with the herpes simplex
virus (HSV) minimal tk promoter (Hsieh et al., 1999; Teodoro and Branton, 1997; Yew
et al., 1994) to provide a constitutive level of CAT expression; and thereby allows for a
measure of both activation and repression. HeLa cells were transfected with the reporter
plasmid along with a plasmid expressing the GAL4 DBD alone or fused to hMI-ER1a
(GAL4-0) or hMI-ER1B (GAL4-B). Transcriptional regulation was analyzed by
determining the ability of such fusion proteins to alter the level of CAT expression.
Overexpression of hMI-ER1a and B (Figure 3.1B) significantly repressed transcription of
G5tkCAT in a dose-dependent manner (P < 0.05) (Figure 3.1A). Maximum repression
resulted in a reduction in CAT expression to 10% and 8% of control levels by GAL4-a.
and GAL4-p, respectively. This repression was not unique to HeLa cells, as similar
results were also obtained with C33A human cervical carcinoma cells, HEK 293 human
transformed embryonic kidney cells, and NIH 3T3 mouse fibroblasts. As shown in
Figure 3.2, maximum repression resulted in a reduction in CAT expression to 16% and
26% of control levels by GAL4-a and GAL4- respectively in C33A cells; to 28% and
24% of control levels respectively in 293K cells; to 15% and 39% of control levels

respectively in NIH 3T3 cells.

3.3.2 Transcriptional repression by hMI-ERla and J involves recruitment of

HDAC enzymatic activity
Recent studies have shown that transcriptional repression is often associated with

recruitment of HDACs and/or chromatin-regulatory complexes containing HDAC
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Figure 3.1 hMI-ERla and P function as transcriptional repressors on the
GSTKCAT promoter in HelLa cells.

(A) HeLa cells were transfected with the GStkCAT reporter plasmid alone or with the pM
plasmid containing an NLS and the GAL4 DBD (GAL4) alone or fused to Ami-eria
(GAL4-a) or hmi-erlp (GAL4-p); the amount of plasmid (in pg) used for transfection is
indicated below each bar. Cells were harvested 48 h after transfection, and the level of
CAT protein was determined, and this value was normalized to the level of cellular
protein in each sample. For each sample, the value is presented as a proportion of the
value obtained for control G5tkCAT alone (relative CAT expression). Shown are the
average values and standard deviations from three independent experiments. (B) The
level of GAL4-a or GAL4-f protein expressed in each sample was determined by
Western blot analysis using an anti-GAL4 antibody. Shown is a representative Western

blot, and the position of the GAL4-a or GAL4-f is indicated by arrows.
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Figure 3.2 hMI-ERleo and f function as transcriptional repressors on the
GS5TKCAT promoter in C33A, HEK 293 and NIH 3T3 cells.

C33A, HEK 293 (293K), and NIH 3T3 cells were transfected with the G5tkCAT reporter
plasmid alone or with the pM plasmid (GAL4) alone or fused to Ami-erla (GAL4-0) or
hmi-er1p (GAL4-B); the amount of plasmid (in pg) used for transfection is indicated
below each bar. Cells were harvested 48 h after transfection, and the level of CAT
protein was determined, and this value was normalized to the level of cellular protein in
each sample. For each sample, CAT expression value is presented as a proportion of the
value obtained for control G5tkCAT alone (relative CAT expression). Shown are the

average values and standard deviations from three independent experiments.
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enzymatic activity (reviewed in Ayer, 1999). To test whether hMI-ER1a and B repress
transcription through such a mechanism, HeLa cells were treated with TSA, a specific
inhibitor of class I and class II HDACs (Yoshida et al., 1990), and the effect was
examined on hMI-ER1a and B-mediated repression. Addition of TSA to the culture
medium partially relieved repression of the tk promoter by hMI-ER1a and f (Figure 3.3),
suggesting that transcriptional repression by hMI-ER1a and B involves recruitment of
HDAC enzymatic activity.

To further investigate the nature of the TSA-sensitive repression, co-IP analysis
was utilized to examine the ability of hMI-ER1a and B to physically associate with
HDACS both in vitro and in vivo. **S-labelled Myc-tagged hMI-ER 1o, (Myc-a) and hMI-
ER1p (Myc-B) were synthesized in vitro and mixed with unlabelled in vitro-translated
HDACI1 and then subjected to immunoprecipitation with anti-HDACI1 antibody. Both
hMI-ERla and hMI-ER1B were detected in HDAC1 immunoprecipitates, while
luciferase, a control protein, was not (Figure 3.4A). Reciprocal experiments using anti-
Myc antibody 9E10 for immunoprecipitation confirmed that HDAC1 could associate
with either hMI-ER1 isoform (Figure 3.4B). However, there were no interactions
between either hMI-ER1 isoform with HDAC3 in the similar in vitro assay condition
(Figure 3.4C).

In vivo analysis involved transient expression of the Myc-tag empty vector, Myc-
o or Myc-B in HeLa cells. Expression of Myc-a and Myc-f was verified by Western blot

analysis with anti-Myc antibody 9E10 (Figure 3.5A, lane 2 and 3). Cell extracts were
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Figure 3.3 Transcription repression by hMI-ERla and B occurs through a
mechanism involving HDAC activity.

HeLa cells were co-transfected with 0.8 pg of the G5tkCAT reporter plasmid and 0.8 pg
of the GAL4, GAL4-a, or GAL4-P plasmid and cultured in the presence or absence of
TSA, a specific inhibitor of class I and class I HDACs. Cells were harvested 48 h after
transfection, and the level of CAT protein was determined, and this value was normalized
to the level of cellular protein in each sample. CAT expression values for GAL4-0- and
GAL4-B-transfected cells are presented as a proportion of the value obtained with the
GAL4 empty vector (relative CAT expression). Shown are the average values and

standard deviations from three independent experiments.
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Figure 3.4 hMI-ER1la and B physically associate with HDAC1 in vitro.

(A) *S-labelled TNT mixtures programmed with cDNA encoding luciferase (Luc), Myc
tagged hMI-ERla [Myc-a (a)], or Myc tagged hMI-ER1B [Myc-B (B)] were loaded
directly on the gel (1/20 of input) (lanes 1 to 3) or incubated with unlabelled TNT
mixtures programmed with Adac! cDNA and subjected to immunoprecipitation (IP) with
anti-HDAC1 antibody (lanes 4 to 6). Proteins were resolved by SDS-PAGE and
visualized by autoradiography. Shown is a representative autoradiograph, and the
positions of the Myc-0, Myc-B, and luciferase are indicated by arrowheads. (B) S-
labelled TNT mixtures programmed with cDNA encoding luciferase or HDAC1 were
loaded directly on the gel (1/20 of input) (lanes 1 and 2) or incubated with unlabelled
TNT mixtures programmed with cDNA encoding Myc-a (lanes 3 and 4) or Myc-f (lanes
5 and 6) and subjected to IP with anti-Myc antibody 9E10; proteins were resolved by
SDS-PAGE and visualized by autoradiography. Shown is a representative
autoradiograph, and the positions of the HDAC1 and luciferase are indicated by bars. (C)
33S-labelled TNT mixtures programmed with cDNA encoding luciferase or HDAC3 were
loaded directly on the gel (1/20 of input) (lanes 1 and 2) or incubated with unlabelled
TNT mixtures programmed with cDNA encoding Myc-a (lanes 3 and 4) or Myc-B (lanes
5 and 6) and subjected to IP with anti-Myc antibody 9E10; proteins were resolved by
SDS-PAGE and visualized by autoradiography. Shown 1is a representative

autoradiograph, and the positions of the HDAC3 and luciferase is indicated by arrows.
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Figure 3.5 hMI-ER1la and J physically associate with HDAC1 in vivo.

(A) HeLa cell lysates from Hela cells transiently transfected with Myc tag empty vector
or Myc tagged hMI-ER1a (pMyc-a), or Myc tagged hMI-ER1B (pMyc-B) plasmid were
prepared, and either added directly to sample buffer (1/3 of input) (lanes 1 to 3) or
subjected to immunoprecipitation (IP) with anti-HDACT1 antibody (lanes 4 to 6); Western
blot (WB) analysis was performed using anti-Myc antibody 9E10. Shown is a
representative Western blot. The positions of the Myc-o and Myc-f proteins are
indicated by arrowheads. (B) Untransfected HeLa cell lysates were subjected to IP with
pre-immune serum (lane 1) or anti-hMI-ER1 antiserum (lane 2). HDACI1 protein from an
in vitro TNT mixture was loaded in lane 3. Western blot (WB) analysis was performed
using anti-HDACT1 antibody. Shown is a representative Western blot. The position of

the HDACI1 protein is indicated by arrowheads.
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subjected to immunoprecipitation with anti-HDACI antibody, followed by Western blot
analysis with anti-Myc antibody 9E10. Both hMI-ERlo and B isoforms were co-
immunoprecipitated with endogenous HDAC1 (Figure 3.5A, lane 4 and 5).

The next set of experiments was designed to investigate whether endogenous
complexes containing hMI-ER1 and HDAC! exist in the cell and thus to exclude the
possibility that the observed interaction was an artifact of overexpression. Co-
immunoprecipitation analysis of extracts from nontransfected HeLa cells was performed
using anti-hMI-ER1 antiserum or pre-immune serum (Figure 3.5B, lane 2). Endogenous
HDACI protein was detected in hMI-ER1 immunoprecipitate but not in the pre-immune
serum control (Figure 3.5B, lane 1), demonstrating that hMI-ER1 can physically
associate with endogenous HDACI in vivo.

Next, HDAC enzymatic activity was analyzed from the hMI-ER1
immunoprecipitates. Cell extracts from HeLa cells transfected with the Myc tag empty
vector, Myc-a, or Myc-B were incubated with anti-Myc antibody 9E10, and the
immunoprecipitates were assayed for HDAC enzymatic activity. As shown in Figure 3.6,
both Myc-a and Myc-f immunoprecipitates with anti-Myc antibody 9E10 contained
significant levels of HDAC enzymatic activity and this activity was inhibited by TSA.
On the other hand, immunoprecipitates with anti-Myc antibody 9E10 from mock-
transfected cells or cells transfected with the Myc tag empty vector did not contain

significant HDAC enzymatic activity (Figure 3.6). Positive control consisted of extracts
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Figure 3.6 HDAC activities in hMI-ER1a and  immunoprecipitates from HelLa
cells.

HeLa cells were transiently transfected with Myc tag empty vector or Myc tagged
hMI-ER1a (pMyc-a), or Myc tagged hMI-ER1f (pMyc-B). Cell extracts were prepared
48 h after transfection and subjected to immunoprecipitation with anti-HDAC]1 antibody
or anti-Myc antibody 9E10. Immunoprecipitates were assayed for HDAC enzymatic
activity in the presence or absence of 300 nM TSA. The histogram shows the average

values and standard deviations from three independent experiments.
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from mock-transfected cells immunoprecipitated with anti-HDAC1 antibody and
contained significant levels of HDAC enzymatic activity (Figure 3.6). Taken together,
these results demonstrate that hMI-ER1a and B isoforms are physically associated with a

functional HDACT protein.

3.3.3 hMI-ERlo and B recruits HDAC enzymatic activity through a region
containing the ELM2 domain

To determine which region of hMI-ER1 protein was responsible for recruitment
of HDAC enzymatic activity, a series of GAL4 DBD-hMI-ER1a and GAL4 DBD-hMI-
ERI1pB deletion mutants were constructed (Figure 3.7A, left panel) and transiently
expressed in HeLa cells. Expression of all constructs was confirmed by Western blot
analysis (Figure 3.7B), and immunoprecipitates with anti-GAL4 antibody were tested for
HDAC enzymatic activity in the presence or absence of TSA (Figure 3.7A, right panel).
This deletion analysis revealed that a single 120-aa region common to both hMI-ER1la
and B was sufficient for recruitment of HDAC enzymatic activity. This region is located
between aa 164 and 283. Sequence analysis of this region using PFAM at
http://pfam.wustl.edw/hmmsearch.shtml revealed a conserved ELM2 domain located

between aa 180 and 239 (Appendices 1).
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Figure 3.7 The region of hMI-ERI1 containing the ELM?2 domain is associated with
HDAC enzymatic activity.

(A) The diagram on the left illustrates the deletion mutants of hMI-ER1 fused to GAL4
DBD in pM vector. The individual domains are identified in the legend below the
diagram, and the hMI-ER1 amino acid residues encoded by each construct are listed.
HeLa cells were transfected with constructs indicated on the left. Cell extracts were
prepared 48 h after transfection and subjected to immunoprecipitation with anti-GALA4.
Immunoprecipitates were assayed for HDAC enzymatic activity in the presence or
absence of 300 nM TSA. The histogram shown on the right is the average values and
standard deviations from three independent experiments. (B) The expression of the
GAL4-hMI-ER1 fusion protein in each sample used in panel A was examined by
Western blot analysis using an anti-GAL4 antibody. Shown is a representative Western
blot. Indicated above each lane (lane 1 to 10) are the hMI-ER1 residues encoded by the

construct as described in panel A.
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3.3.4 The ELM2 domain functions as a transcriptional repression domain through
recruitment of HDAC1

The ELM2 domain-containing region is located between aa 164 and 283 and
contains 16 aa N-terminal sequences and 44 aa C-terminal sequences to the ELM2
domain (aa 180-239). Further analysis of the region containing aa residues 164 to 283
was performed to determine the minimum sequence required for recruitment of HDAC1
and to determine whether this region was important for the transcriptional repression
activity of hMI-ER1. Comparison of aa in the ELM2 domain by PFAM (Appendices 1)
revealed that tryptophan (W) at position 214, and phenylalanine-leucine (FL) at positions
227 and 228 are highly conserved among the ELM2 domains. Therefore, a site-directed
mutagenesis approach was employed to specifically examine the role of the ELM2
domain. For this purpose, >'*W and *’FL were changed to alanine (A) to produce two
mutant GAL4-hMI-ER1(164-283) constructs, 2*W—A and **’FL—AA, respectively
(Figure 3.8A, left panel). Moreover, a series of GAL4-hMI-ER1(164-283) deletion
mutants were constructed (Figure 3.8A, left panel). All constructs were transfected into
HeLa cells, and expression of the GAL4 fusion proteins was verified by Western blot
analysis (Figure 3.8B). Extracts from these cells were assayed for CAT expression and
HDAC enzymatic activity (Figure 3.8A, right panel). Analysis revealed that mutant
proteins 219w A and ’FL—AA, were unable to recruit HDAC enzymatic activity or to
function in transcriptional repression (Figure 3.8A, right panel), confirming the role of

the ELM2 domain in mediating these activities.

95



Figure 3.8 The ELM2 domain and an additional 45 aa C-terminal sequence of
hMI-ER1a and B recruit HDAC enzymatic activity and repress transcription in
vivo.

(A) The diagram on the left illustrates the deletion mutants of hMI-ER1 fused to GAL4
DBD in pM vector. The hMI-ER1 amino acid residues encoded by each construct are
listed. *"“W—A and *’FL—AA constructs contain residues 164 to 283 with alanine
substitutions at *"*W and **’FL, respectively. ~For HDAC enzymatic activity
measurements, HelLa cells were transfected with constructs indicated on the left. Cell
extracts were prepared 48 h after transfection and subjected to immunoprecipitation with
anti-GAL4. Immunoprecipitates were assayed for HDAC enzymatic activity in the
presence or absence of 300 nM TSA. The histogram shown on the right is the average
values and standard deviations from three independent experiments. For transcriptional
repression assays, HeLa cells were transfected with the G5tkCAT reporter plasmid alone
or with constructs indicated on the left. Cells were harvested 48 h after transfection, and
the level of CAT protein was determined, and this value was normalized to the level of
cellular protein in each sample. CAT expression values for all constructs are presented in
the middle as a proportion of the value obtained with the GAL4 empty vector (relative
CAT). (B) The expression of the GAL4-hMI-ER1 fusion protein in each sample used in
panel A was examined by Western blot analysis using an anti-GAL4 antibody. Indicated

above each lane (lane 1 to 9) are the hMI-ER1 residues encoded by each construct.
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Moreover, deletion of the first 16 aa (aa 164 to 179) of the N-terminus [GAL4-
hMI-ER1(180-283)] resulted in a reduction in the associated HDAC enzymatic activity to
53% of GAL4-hMI-ER1(164-283), but had no significant effect on transcription
repression. Further deletion of 60 aa (aa 180-239) of N-terminal residues reduced HDAC
enzymatic activity and transcriptional repression to control levels (Figure 3.8A, right
panel). At the C-terminal end, all deletions, even the one as small as 10 aa from aa 274 to
283 [GAL4-hMI-ER1(164-273)], completely eliminated HDAC enzymatic activity and
transcriptional repression. Thus, only GAL4-hMI-ER1(164-283) and GAL4-hMI-
ER1(180-283) showed significant levels of associated HDAC enzymatic activity and
transcriptional repression. Moreover, these were the only two constructs that were able
to co-immunoprecipitate HDAC1 (Figure 3.9). These results demonstrate that the
minimum sequence for recruitment of HDACI1 activity and repression of transcription is
contained in aa 180 to 283.

While the ELM2 domain (aa 180 to 239) was shown to be required for HDAC1
binding and transcriptional repression, it was clear that an additional sequence C terminal
to this domain was also essential. The ELM2 domain was originally defined on the basis
of sequence conservation in a small number of available protein sequences (Solari ef al.,
1999). A re-examination of the alignment, by using a larger number of ELM2-containing
proteins, revealed conservation of an additional sequence C terminal to the defined
ELM2 domain (Figure 3.10A). This highly conserved sequence encompasses aa 256 to
274 of hMI-ER1 and contains the consensus ALXXLXsDX3;ALXXL, in which the

second and last leucines, **°L and *’*L, are invariant. Secondary-structure analysis of this
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Figure 3.9 The ELM2 domain and an additional 45 aa C-terminal sequence of
hMI-ER1a and § are essential for recruitment of HDAC1 in vitro.

33S-labelled TNT mixture programmed with cDNA encoding HDAC1 was loaded
directly on the gel (lanes 1) or incubated with unlabelled TNT mixtures programmed with
Myc tagged hMI-ER1 mutants in pGBKT7 plasmid and subjected to
immunoprecipitation (IP) with anti-Myc antibody 9E10. Proteins were resolved by SDS-
PAGE and visualized by autoradiography. Shown is a representative autoradiograph, and

the position of the HDACI1 protein is indicated by arrow.
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Figure 3.10 Alignment of ELM2 domains reveals additional conserved sequence C-
terminal to the ELM2 domain.

(A) The ELM?2 regions of proteins from the PFAM and GenBank databases were aligned
using ClustalW. Shown is the amino acid sequence from the C-terminal end of the
ELM2 domain to the beginning of the SANT domain in each protein. Residues
belonging to these two domains are shaded. Highly conserved residues in the region C
terminal to the ELM2 domain are shown with white lettering and highlighted in black.
The consensus sequence is listed below the alignment; X represents any amino acid; ©
represents Y, F, or H; and + represents a charged residue. The numbers listed above the
alignment correspond to amino acid positions in the hMI-ER1 protein sequence. The
accession numbers for the sequences used in this alignment (from top to bottom) are as
follows: AF515447, 042194, ABO033019, XM 125783, Q9UKLO, XM_127140,
XM 127140, AJ311849, Q9JMK4, Q9R190, Q13330, 094776, QIVNF6, QIVNF6,
QI9NHX6, Q9P2R6, and Q09228. (B) The amino acid sequence from the C-terminal end
of the ELM2 domain to the beginning of the SANT domain in hMI-ER1 was analyzed
using HelixDraw v1.00. Shown is the helical wheel of aa from *°A to ’*E. (C) Shown is

the helical wheel of aa from *"*L to *E, as described in panel B.
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region with the SOPMA at http://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/
npsa_sopma.html revealed that this region has a propensity to form a-helical structures.
This region was further analyzed by HelixDraw v1.00 at
http://bioinf.man.ac.uk/~gibson/HelixDraw/helixdraw.html. The charged amino residues
are clustered on one side, while hydrophobic leucine residues are clustered on the
opposite face (Figure 3.10B and C). This sequence is predicted to form an alpha-helical
coiled-coil by NPS@:COILED-COILS PREDICTION at http://npsa-pbil.ibcp.fr/cgi-
bin/npsa_automat.pl?page=/NPSA/npsa_lupas.html which may be important for the
recruitment of HDACI activity and transcriptional repression.

The results presented here illustrate that the previously delineated ELM2 domain
is not sufficient for transcriptional repression and recruitment of HDAC enzymatic
activity, but requires an additional sequence further downstream. This additional
sequence, which is required for recruitment of HDACI1 activity and transcription
repression, was found to be highly conserved among ELM2-containing proteins,
indicating that the functional ELM2 domain extends further downstream than previously

described and includes aa 180 to 283 in hMI-ER1.

3.4 Discussion
In this study, the transcriptional regulatory function of the hMI-ERla and B
isoforms was investigated. Both hMI-ERla and B can function equally well as

transcriptional repressors through recruitment of HDAC1 and the evolutionarily
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conserved ELM?2 domain (aa 180 to 283), which is common to both, is required for these
activities. Thus, the two alternate C-terminal domains appear not to be involved in
HDACT activity recruitment and repression.

Interestingly, the hMI-ER1a isoform was found to shuttle between the nucleus
and cytoplasm in NIH 3T3 cells (Paterno et al., 2002; Paterno et al., unpublished data).
Thus, controlling the subcellular localization of hMI-ER1 by alternate splicing provides a
mechanism for regulation of its nuclear activities. It is also possible that the hMI-ER1a
isoform may be transported to the nucleus through regulated interactions with other
nuclear protein(s), such as HDAC1. Co-transport to the nucleus through such a piggy
back mechanism has been reported for a number of proteins, including RB and HSP90
(Kang et al., 1994; Zacksenhaus et al., 1999). The C terminus of the hMI-ER1a isoform
possesses a class III LXXLL motif (NR box), a nuclear hormone receptor interaction
domain found in a number of transcriptional coactivators and corepressors (Aranda and
Pascual, 2001; Chang et al., 1999; Heery et al., 1997; Yu, 2002). Thus the C-terminus of
the hMI-ER 1o may be important in regulating the differential subcellular localizations of
hMI-ER 1 in steroid hormone responsive tissues. In sﬁpport of this speculation, a variant
of MTA1, MTAIls, was recently found to contain the LXXLL motif and localize in the
cytoplasm. MTAls inhibits nuclear signalling by sequestering ER in the cytoplasm,
which is distinct from effects of the nuclear form of MTA1 (Kumar et al., 2002).

To date, 18 HDACSs have been identified in humans, and their activities have been
implicated in multiple cellular functions (reviewed in Thiagalingam et al., 2003). Three

classes of HDACs have been described based on homology to Saccharomyces cerevisiae
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RPD3, HDAI and SIR2 proteins (reviewed in Thiagalingam et al., 2003). It is believed
that the different HDACs may have unique temporal and spatial expression patterns that
contribute to tissue-specific regulation of chromatin- and transcription-regulatory
complexes. It has been shown that both hMI-ER1a and B interact with HDACI and this
is a native interaction (Figure 3.5), not just an artifact of overexpression by transfection.
However, it is possible that hMI-ER1 recruits HDAC1 activity either directly or
indirectly through other proteins in the HDAC1-containing complexes. Since there are
multiple endogenous proteins in cell lysates and in the reticulocyte TNT lysates, I cannot,
at present, exclude this possibility. Alternative protein-protein interaction assays using
both purified proteins and then Western blot analysis may address this question.

There were no interactions between either hMI-ER1 isoform with HDAC3 in
vitro assay (Figure 3.4C), suggesting some specificity in the interaction of hMI-ER1 with
HDAC family members. Specific association with different types of HDACs has been
reported for other transcription regulators. For example, NCOR and SMRT specifically
associate with HDAC3 (Guenther et al., 2001; Yu et al., 2003), while RB interacts with
both HDAC1/2 and HDAC3 (Ferreira et al., 1998; Lai et al., 1999). Investigations are
currently ongoing in the laboratory to determine whether other HDAC family members
can interact specifically with hMI-ER1 to regulate transcription in the same and/or
distinct cell types.

A region from aa 180 to 283, which is common to all hMI-ER1 isoforms and
containing the ELM2 domain, was found to be responsible for recruiting HDACI activity

(Figure 3.7). Other ELM2-containing proteins, including CoREST, MTA1, MTA2, and
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MTAS3 are present in HDAC-containing complexes (Fujita et al., 2003). While all of
these are known components of characterized chromatin- and transcription-regulatory
complexes containing one or more HDACs, most of the interaction domain(s) for
recruitment of HDACs has not been determined. You et al. concluded that the SANT
domain of the corepressor CoOREST was required for association with HDACI1 (You et
al., 2001); however, the construct used in that study also contained the ELM2 domain.
The deletion mutant constructs of hMI-ER1 used in the present study were designed to
separate the two domains and clearly showed that the SANT domain of hMI-ER1 does
not recruit HDACI1 activity (Figure 3.7). It is possible that different molecules may
utilize these domains differently and/or may cooperate in binding HDAC-containing
complexes. Indeed, the SANT domain of the related corepressor SMRT, which does not
contain an ELM2 domain, has been implicated in HDAC3 binding (Guenther et al.,
2001).

The ELM2 containing region (aa 164-283) containing point mutations of the
highly conserved 21%W or *’FL residues on the ELM2 domain were unable to recruit
HDACI1 enzymatic activity or to function in transcriptional repression (Figure 3.8).
These results suggested that the conserved aa in the ELM2 domain may play a key role in
directing the recruitment of HDACT activity. Secondary-structure analysis of this region
with SOPMA revealed that the ELM2 domain has a propensity to form a-helical
structures. Although the substitution of 2"*W or ?*’FL residues on the ELM2 domain with
alanine did not result in a alteration in the propensity to form a-helical structures, it is

possible that 214 or **'FL play a key role in forming an interacting surface for HDAC1
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or other protein(s) to bridge HDAC1. These mutations may result in alteration of the
structural conformation of the protein. These results indicated that the structural integrity
of the ELM2 containing region (aa 164-283) is critical for recruitment of HDACT1 activity
and transcription repression.

The deletion mutational analysis of the region from aa 180 to 283 revealed that an
intact ELM2 domain is required for these activities but that additional sequences, not
previously included in the ELM2 domain as revealed by sequence comparisons (Solari et
al., 1999) or PFAM alignments, are also critical for recruiting HDACT activity and
transcriptional repression activities (Figure 3.8). A more detailed analysis in the present
studies of the sequences C-terminal to the ELM2 domain, in hMI-ER1 and other ELM2
domain-containing proteins, revealed conservation of additional sequences, including the
consensus sequence ALXXLXsDX3ALXXL. Secondary-structure analysis of this region
with SOPMA revealed that this region has a propensity to form a-helical structures.
Analysis of this region by HelixDraw v1.00 revealed that the charged amino residues are
clustered on one side, while hydrophobic residues such as leucine are clustered on the
opposite face (Figure 3.10B and C). Secondary-structure analysis of this region with the
COILS algorithms at http://npsa-pbil.ibcp.fi/cgi-bin/npsa_automat.pl?page=/NPSA/
npsa_lupas.html revealed that residues from 263 to 290 has a high probability of forming
a coiled-coil. Coiled-coil structures are involved in protein-protein interaction (reviewed
in Lupas, 1996). For example, the coiled-coil structure in PML is responsible for
homodimerization (Kastner et al., 1992) and for the specific interaction with Nur77 (Wu

et al., 2002) and the coiled-coil structure of ¢-SKI was shown to recruit mSin3A-HDAC
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complexes (Nomura et al., 1999). Thus, the structural integrity of this ELM2 domain
containing region of hMI-ER1 may be critical for the recruitment of HDAC1 and
transcriptional repression.

Although the ELM2 containing region (aa 164-283) recruited HDACI1 activity
and was involved in transcription repression by hMI-ER1, treatment of TSA can only
partially relieve the transcription repression by hMI-ER1 (Figure 3.3). These results
suggested that transcriptional repression by hMI-ER1a and  not only may be due to the
recruitment of HDAC enzymatic activity, but that other mechanisms independent of

HDAC may also be involved (see Chapter 4).
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CHAPTER 4 THE SANT DOMAIN CONTAINING REGION OF hMI-ER1
INTERACTS WITH SP1 TO INTERFERE WITH GC BOX
RECOGNITION AND REPRESS TRANSCRIPTION

FROM ITS OWN P2 PROMTER

4.1 Introduction

hMI-ER1 has conserved domains found in a number of transcriptional regulators,
including an acid activation domain (Paterno et al., 1997), an ELM2 domain (Solari et
al., 1999) and a signature SANT domain (Aasland et al., 1996). In a previous study, I
found that the ELM2 domain functions in the recruitment of HDAC1 and transcriptional
repression (Chapter 3 and Ding ef al., 2003). The SANT domain is located immediately
downstream of the ELM2 domain and, in other proteins, has been implicated in protein-
protein interactions (Aasland ez al., 1996), including interactions with HDAC1 and
HDAC3 (Guenther et al., 2001; You et al., 2001) and HAT (Boyer et al., 2002; Sterner et
al., 2002) containing complexes. To date, no function has been ascribed to the SANT
domain of hMI-ER1.

Studies in our laboratory revealed that overexpression of exogenous hMI-ER1a
and B repress the transcription of endogeneous hMI-ER1 (Paterno et al., unpublished

data). However, the molecular mechanisms of this transcriptional auto-regulation remain

This chapter has been published in: The SANT domain of human MI-ER1
interacts with Sp1 to interfere with GC box recognition and repress transcription from its
own promoter. J Biol Chem. 2004 Apr 26 [Epub ahead of print].
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unknown. I hypothesized that hMI-ERlo and B may function as transcriptional
repressors on their own promoter, thus forming a negative feedback loop to tightly
control the activity of hMI-ER1. This would ensure that hMI-ER1 regulates the
expression of other genes at appropriate times.

In a previous study of the molecular mechanism for the transcriptional regulation
of hmi-erl, the P1 promoter (-1781) and the P2 promoter (-1316) of ﬁmi-erl have been
cloned (Figure 2.1, Chapter 2). This chapter describes experiments to investigate
whether hMI-ER1lo and B repress Ami-erl P2 promoter activity. The molecular
mechanism of the auto-repression by hMI-ER1a and  from the Ami-er! P2 promoter was

further analyzed.
4.2 Materials and Methods

4.2.1 Cell culture
The human cervical carcinoma HeLa cell line was obtained from the American

Tissue Culture Collection and cultured at 37°C in 5% CO, in DMEM containing 10%

FCS.

4.2.2 Plasmids and constructs
The pGL3(-1316) and pGL3(-68) plasmids have been previously described
(section 2.2.3). Myc-tagged plasmids (CS3+MT) containing either full-length Ami-erla

(pMyc-a) or B (pMyc-B) have been previously described in section 3.2.2.
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To obtain GST-hmi-erloa and B fusion constructs, cDNA representing the
appropriate isoform was subcloned in-frame into the pGEX-4T-1 vector (Pharmacia,
Biotech). A series of hMI-ER1 deletion mutations was generated by amplifying
fragments encoding the appropriate amino acid residues of hMI-ER1a or B, using the
primer pairs listed in Table 4.1. PCR products were cloned into pCR3.1 and EcoRI
fragments were then inserted into the EcoRI sites of the pGEX-4T-1 plasmid. Deletion
constructs were named according to the encoded amino acid residues of the hMI-ER1a
and [ proteins. The GST-Sp1 fusion was constructed by subcloning the EcoRI fragments
from Sp1-pCR3.1 into the EcoRI sites of pGEX-4T-2. All plasmids were sequenced to

verify the junctions and the hMI-ER1 or Sp1 sequence.

4.2.3 Transfection and reporter assays

All transfection reporter assays were performed as described in section 2.2.5.

4.2.4 GST-fusion protein production

GST fusion proteins were expressed as described in section 2.2.6.

4.2.5 EMSAs

EMSAs were performed as described in section 2.2.7.
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Table 3 Table 4.1 PCR primer pairs used for constructing hMI-ER1 and mutating

hMI-ER1 plasmids in GST-4T1-1 vector

Construct” | Forward primer Reverse primer

hmi-erla aa | 5 -CGGGATCCATATGGCGG |5 -CGGGATCCAAAACAAGAC
1-433 AGCCATCTGTTG-3 CACAGAAGC-3

hmi-erlf aa | 5 -CGGGATCCATATGGCGG |5 -CGGGATCCTTAGTCATCT
1-512 AGCCATCTGTTG-3 GTGTTTTCAAG-3

aa 1-283 5 -CACCATGGCGACATCTG |5 -ATCCTCTCTAGCTGCTTTT
TTGAATC-3 ACA-3

aa287-433 | 5 -CACCATGGTTTGGACAG |5 -CGGGATCCAAAACAAGAC
AGGAAGAGTGTA-3 CACAGAAGC-3

aa 325-433 | 5 -CACCATGGCATTCTATTA |5 -CGGGATCCAAAACAAGAC
CATGTGGAAAAAATCT-3 CACAGAAGC-3

aa 287-410 | 5 -CACCATGGTTTGGACAG |5 -CTGGTCCATTAGATGACA
AGGAAGAGTGTA-3 CTCCA-3

aa 287-357 | 5 -CACCATGGTTTGGACAG 5 -CCGTTACACCAGGATGAA
AGGAAGAGTGTA-3 GATT-3

aa 287-330 |5 -CACCATGGTTTGGACAG 5 -CCACATGTAATAGAATGC
AGGAAGAGTGTA-3 TACA-3

aa 287-512 | 5 -CACCATGGTTTGGACAG 5 -CGGGATCCTTAGTCATCT
AGGAAGAGTGTA-3 GTGTTTTCAAG-3

? Deletion constructs were named according to the encoded amino acid residues of the

hMI-ER1a or B protein
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4.2.6 GST pull-down assays

GST pull-down assays were performed as previously described (Routledge et al.,
2000). Briefly, 1 pg of GST fusion protein was incubated with 50 pl of GST-Sepharose
beads for 1 h at 4°C in 500 pl binding buffer (10 mM HEPES pH 7.2, 140 mM NaCl, 5
mM MgCl,, 1 mM EDTA, 0.5% BSA and 0.25 % Nonidet P-40). Unbound proteins
were removed by washing with 1000 pl of binding buffer three times. 50,000 cpm of
[**S]-labelled TNT product was incubated with the GST fusion protein in 500 pl binding
buffer, for 3 h at 4°C. The beads were washed with 1000 pl of binding buffer three times,
1000 pl modified binding buffer (without Nonidet P-40) two times, and 1000 pl 150 mM
NaCl two times, then boiled 3 min in 40 pl SDS sample buffer. The supernatants were
subjected to SDS-PAGE followed by autoradiography. For all assays, 1/20 of the volume

of the indicated TNT was loaded into the input lanes.

4.2.7 Co-IP and Western blot analysis

In vitro co-IP assays were performed as described in section 3.2.4 with either 10
pul anti-Spl polyclonal antiserum (Catalog No. PEP 2 X: sc-59, Santa Cruz
Biotechnology, Inc.), 10 ul anti-Myc monoclonal antibody 9E10.

In vivo co-IP assays were performed as described in section 3.2.4 with 1 pl anti-
hMI-ER1 antibody produced in our laboratory (24), or 10 pl anti-Spl polyclonal
antiserum (Catalog No. PEP 2 X: sc-59, Santa Cruz Biotechnology, Inc.). Western blot
analysis was performed as described in section 3.2.4 with anti-Myc monoclonal antibody

9E10 (1:100 dilution).
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4.3 Results

4.3.1 hMI-ERla and B repress hmi-erl P2 promoter activity through a HDAC-
independent mechanism

Studies in our laboratory revealed that overexpression of exogenous hMI-ER1a
and B represses the transcription of endogeneous hMI-ER1 (Paterno et al., unpublished
data). However, the molecular mechanisms of this transcriptional auto-regulation remain
unknown. Since hMI-ERla and B were shown to interact with HDAC1 and mediate
transcriptional repression through recruitment of HDAC enzymatic activity, experiments
were designed to investigate whether hMI-ER1a and B are involved in directing HDAC
enzymatic activity to smi-erl P2 promoter (-1316). HeLa cells were co-transfected with
the hmi-erl P2 promoter-driven luciferase reporter construct pGL3(-1316) with Myc tag
empty vector alone or fused to hMI-ERa (pMyc-a) or hMI-ERIB (pMyc-B).
Transcriptional regulation was analyzed by determining the ability of such fusion
proteins to alter the level of luciferase activity, compared to the Myc tag empty vector.
Overexpression of both hMI-ER1a and f isoforms (Figure 4.1B) significantly repressed
luciferase activity of pGL3(-1316), in a dose-dependent manner (Figure 4.1A).
Maximum repression resulted in a reduction in luciferase activity to 36% and 29% of
control levels by Myc-a and Myc-B, respectively. Likewise, overexpression of Myc-a
and Myc-p (Figure 4.2B) repressed the activity of pGL3(-68) to 40% and 33% of control
levels, respectively (Figure 4.2A), while overexpression of hMI-ER1a and B (Figure

4.2D) had no significant affect on pGL3-Basic [pGL3(-)] (Figure 4.2C). These results
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Figure 4.1 hMI-ERla and B repress hmi-erl P2 promoter activity.

HeLa cells were co-transfected with the Ami-erl P2 promoter-driven luciferase reporter
construct pGL3(-1316) and with the Myc-tag empty vector, pMyc-a or pMyc-fB. Cells
were harvested 48 h after transfection and the level of relative luciferase units (RLU) was
determined. For each sample, the value is presented as a proportion of the value obtained
for Myc tag empty vector transfected cells (relative luciferase activity). (A) Shown are
the average values and standard deviations from three independent experiments. (B) The
level of Myc-a or Myc-f protein expressed in each sample as described above in the
panel A was determined by Western blot, using anti-Myc antibody 9E10. Shown is a
representative Western blot, and positions of the Myc-a and Myc-B proteins are indicated

by arrowheads.
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Figure 4.2 hMI-ER1a and f repress the simi-erl P2 minimal promoter activity.

HeLa cells were co-transfected with the Ami-er! P2 mimimal promoter-driven luciferase
reporter construct pGL3(-68) or the pGL3-Basic control vector pGL3(-) and with the
Myc-tag empty vector, pMyc-a or pMyc-B. Cells were harvested 48 h after transfection
and the level of relative luciferase units (RLU) was determined. For each sample, the
value is presented as a proportion of the value obtained for Myc tag empty vector
transfected cells (relative luciferase activity). (A) Shown are the average values and
standard deviations from three independent experiments with the reporter construct
pGL3(-68). (B) The level of Myc-a or Myc-f protein expressed in each sample with
pGL3(-68) as described above in the panel A was determined by Western blot, using anti-
Myc antibody 9E10. Shown is a representative Western blot, and the positions of the
Myc-a and Myc-B proteins are indicated by arrows. (C) Shown are the average values
and standard deviations from three independent experiments with the reporter construct
pGL3(-). (D) The level of Myc-o or Myc-B protein expressed in each sample as
described above in the panel C was determined by Western blot, using anti-Myc antibody
9E10. Shown is a representative Western blot, and the positions of the Myc-a and Myc-§

proteins are indicated by arrows.
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demonstrated that the DNA sequence required for repression by hMI-ER1 is contained
within the smi-er! P2 minimal promoter (-68).

Since hMI-ER1 was shown to recruit HDAC1 enzymatic activity, one might then
speculate that hMI-ER1 represses promoter activity by targeting HDAC1 enzymatic
activity to the promoter. However, other mechanisms may also contribute to repression
activity, such as competition for DNA binding sites on the hmi-er! P2 minimal promoter
DNA sequence with other transcription regulators or interacting with other transcriptional
regulators that can bind to the promoter and interfere with their functions. To test
whether hMI-ER 10 and B repress transcription through recruitment of HDAC1 enzymatic
activity, HeLa cells were treated with TSA, and the effect on hMI-ER1a and B-mediated
repression was examined. However, addition of TSA to the culture medium did not
relieve the repression by hMI-ER1a and B on the luciferase activity of pGL3(-1316)
(Figure 4.3A), or on the luciferase activity of pGL3(-68) (Figure 4.3B). These results
suggested that transcriptional repression of the luciferase activity of pGL3(-1316) by
hMI-ER 1o and B involves a predominantly HDAC-independent mechanism, unlike what

was observed with the TK promoter of GSTKCAT (Chapter 3).

4.3.2 hMI-ER1a and B do not bind to their own P2 minimal promoter
To investigate whether hMI-ER1 could bind to its P2 minimal promoter (-68) and
compete for DNA binding sites with other transcription regulators, EMSAs were

performed using purified GST fusion proteins and **P-labelled (-68) as a probe. These
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Figure 4.3 Repression of the Ami-erl P2 promoter by hMI-ERla and § is not
relieved by treatment with TSA.

HeLa cells were co-transfected with 0.4 pg of the hmi-erl P2 promoter-driven luciferase
reporter construct pGL3(-1316) or the P2 minimal promoter-driven luciferase reporter
construct pGL3(-68) with the Myc-tag empty vector, pMyc-a or pMyc-B and cultured in
the presence or absence of TSA. Cells were harvested 48 h after transfection, and the
level of relative luciferase units (RLU) was determined. For each sample, the value is
presented as a proportion of the value obtained for Myc tag empty vector-transfected
cells (relative luciferase activity). (A) Shown are the average values and standard
deviations from three independent experiments with the reporter construct pGL3(-1316).
(B) Shown are the average values and standard deviations from three independent

experiments with the reporter construct pGL3(-68).
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assays revealed that hMI-ER1a and B do not bind to the 32p_labelled (-68) (Figure 4.4,
lane 6 and 8), while Sp1 does (band a and b) (Figure 4.4, lane 4). These results are in
agreement with the previous observation that MI-ER has no DNA binding activity
(Paterno et al., unpublished data), which was determined from an unbiased set of
degenerate oligonucleotides using CASTing methods (Wright et al., 1991). These results
indicated that repression of transcriptional activation on the P2 minimal promoter (-68) is
not the result of competition for binding to the promoter sequence with other

transcription factors, such as Spl.

4.3.3 hMI-ER1la and B physically interact with Sp1 in vitro and in vive

Since overexpression of Spl was found to activate the luciferase activity of Ami-
erl P2 minimal promoter-driven luciferase reporter construct pGL3(-68) (Figure 2.6,
Chapter 2), experiments were performed to investigate whether overexpression of hMI-
ERlo and P alter the luciferase activity of pGL3(-68) stimulated by Spl. HeLa cells
were co-transfected with pGL3(-68), pCR-Spl and either pMyc, pMyc-a, or pMyc-f.
Luciferase reporter assays revealed that overexpression of both hMI-ER1a and B (Figure
4.5B) repressed promoter activity stimulated by Sp1 in a dose-dependent manner (Figure
4.5A).

Four Spl binding sites were predicted in the Ami-er! P2 minimal functional
promoter and Spl was also found to bind to this region (Chapter 2). Since hMI-ER1a

and B do not bind to (-68) (Figure 4.4) but repress the luciferase activity of pGL3(-68)
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Figure 4.4 hMI-ER1a and § do not bind to /mi-erl P2 minimal promoter.

Shown is a representative EMSA performed using GST fusion proteins and a **P-labelled
the hmi-er! P2 minimal promoter as a probe [*°P(-68)]. Shown is an EMSA using
labelled minimal promoter region as a probe. In lanes 1 and 2, the *’p(-68) probe was
incubated with GST in the presence or absence, respectively, of 20-fold molar excess of
nonlabelled (competitor) probe. In lanes 3 and 4, the labelled probe was incubated with
GST-Spl in the presence or absence of 20-fold molar excesses of nonlabelled
(competitor) probe, respectively. In lanes 5 and 6, the labelled probe was incubated with
GST-hMI-ER1la (GST-0) in the presence or absence of 20-fold molar excesses of
nonlabelled (competitor) probe, respectively. In lanes 7 and 8, the labelled probe was
incubated with GST-hMI-ER1B (GST-B) in the presence or absence of 20-fold molar
excesses of nonlabelled (competitor) probe, respectively. The positions of DNA-protein
complexes (band a and b) are indicated by arrowheads. The position of the free probe is

indicated by arrow.
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Figure 4.5 Overexpression of hMI-ER1a and f disrupt Ami-erl P2 promoter
activity stimulated by Sp1.

(A) HeLa cells were co-transfected with P2 minimal promoter-driven luciferase reporter
construct pGL3(-68) and pCR3.1-Spl (pCR-Spl) construct with the Myc-tag empty
vector, pMyc-a or pMyc-B; the amount of plasmid (ug) used for transfection is indicated
below each bar. Cells were harvested 48h after transfection and the relative luciferase
units (RLU) was determined. For each sample, the value is presented as a proportion of
the value obtained for Myc tag empty vector and empty pCR3.1 vector transfected cells
(relative luciferase activity). (B) The level of Myc-a or Myc-f protein expressed in each
sample was determined by Western blot, using anti-Myc antibody 9E10. Shown is a
representative Western blot, and the positions of the Myc-a. and Myc-B proteins are

indicated by arrowheads.
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stimulated by Spl (Figure 4.5), it is possible that hMI-ER1o and B may repress the
activity from this promoter region through interaction with the transcriptional regulator
Spl. Thus, experiments were performed to see if an interaction between hMI-ER1 and
Sp1 was possible. Co-immunoprecipitation analysis was utilized to examine the ability
of hMI-ER1a and B isoforms to physically associate with Spl both in vitro and in vivo.
35S-labelled Myc-tagged hMI-ER 1o, (Myc-a) and hMI-ER1B (Myc-B) were synthesized
in vitro and mixed with unlabelled in vitro-translated in vitro translated Spl, then the
mixture was subjected to immunoprecipitation with anti-Sp1 antibody. Both hMI-ER1a
and B isoforms were detected in Spl immunoprecipitates while luciferase, a control
protein, was not (Figure 4.6A). Reciprocal experiments, using anti-Myc antibody 9E10
for immunoprecipitation, confirmed that Spl could associate with either hMI-ER1
isoform (Figure 4.6B). GST pull-down assays again confirmed that in vitro translated
Sp1 specifically associated with GST-hMI-ER1a or hMI-ER1f, but not with the GST
control (Figure 4.6C).

In vivo analysis involved transient expression of the Myc-tag empty vector, Myc-
o or Myc-P in HeLa cells. Expression of Myc-a and Myc-$ was verified by Western blot
analysis with anti-Myc antibody 9E10 (Figure 4.7, lane 2 and 3). Cell extracts were
subjected to immunoprecipitation with anti-Spl antibody, followed by Western blot
analysis with anti-Myc antibody 9E10. Both hMI-ERla and B isoforms were co-
immunoprecipitated with endogenous Sp1l by anti-Sp1 antibody (Figure 4.7A, lane 7 and
9), but not in immunoprecipitates with non-immune serum control (Figure 4.7A, lane 6

and 8).
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Figure 4.6 hMI-ER1a and P interact physically with Sp1 in vitro.

(A) *S-labelled TNT mixtures programmed with cDNA encoding luciferase (Luc), Myc
tagged hMI-ERla [Myc-a (a)], or Myc tagged hMI-ER1B [Myc-B (B)] were loaded
directly on the gel (1/20 of input) (lanes 1 to 3) or incubated with unlabelled TNT
mixtures programmed with Sp/ cDNA and subjected to immunoprecipitation (IP) with
anti-Sp1 antibody (lances 4-6). Proteins were resolved by SDS-PAGE and visualized by
autoradiography. Shown is a representative autoradiograph, and the positions of the
Myc-0, Myc-B and luciferase proteins are indicated by arrowheads. (B) *°S-labelled
TNTs programmed with cDNA encoding luciferase (Luc), or Sp1 were loaded directly on
the gel (1/20 of input) (lanes 1, 2) or incubated with unlabelled TNTs programmed with
cDNA encoding Myc-a (lanes 3, 4) or Myc-f (lanes 5, 6) and subjected to
immunoprecipitation (IP) with anti-Myc antibody 9E10. Proteins were resolved by SDS-
PAGE and visualized by autoradiography. Shown is a representative autoradiograph, and
the positions of the Sp1 and luciferase proteins are indicated by arrowheads. (C) *°S-
labelled TNTs programmed with cDNA encoding Spl was loaded directly on the gel
(1/20 of input) (lane 1) or incubated with GST (lane 2), GST-hMI-ER1a (GST-a) (lane
3), GST-hMI-ER1B (GST-B) (lane 4). Proteins were resolved by SDS-PAGE and
visualized by autoradiography. Shown is a representative autoradiograph, and the

position of the Sp1 protein is indicated by arrowheads.
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Figure 4.7 hMI-ER1a and § interact physically with Sp1 in vivo.

(A) Cell lysates from HeLa cells, transiently transfected with Myc-tag empty vector,
Myc-a or Myc-B, were prepared and equivalent amounts of protein from each sample
were either added directly to sample buffer (1/3 of input) (lanes 1-3) or subjected to IP
with anti-Sp1 antibody (lanes 5, 7, 9), or with non-immune serum (lanes 4, 6, 8); Western
blot (WB) analysis was performed using anti-Myc antibody 9E10. Shown is a
representative Western blot, and the positions of the Myc-a and Myc-f proteins are
indicated by arrowheads. (B) Untransfected HeLa cell lysates were subjected to IP with
pre-immune serum (lane 1) or anti-hMI-ER1 (lane 2), or anti-Spl antiserum (lane 3).
Western blot (WB) analysis was performed using anti-Spl antibody. Shown is a
representative Western blot, and the position of the Spl protein is indicated by

arrowheads.
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The next set of experiments was designed to investigate whether endogenous
complexes containing hMI-ER1 and Spl exist in the cell to exclude the possibility that
the observed interaction was an artifact of overexpression of transfected constructs. Co-
immunoprecipitation analysis of extracts from non-transfected HeLa cells was performed,
using pre-immune serum or an anti-hMI-ER1 antibody. As shown in Figure 4.7B, Spl
protein was detected in the hMI-ER1 immunoprecipitate (lane 2), but not in the control
(lane 1), demonstrating that hMI-ER1 can physically associate with endogenous Spl in
Vivo.

To determine which region of the hMI-ER1 protein is required for interaction
with Sp1, a series of GST-hMI-ER1a and B deletions were constructed (Figure 4.8A) and
pull-down assays were performed with 33S-labelled Spl. The deletion analysis revealed
that the sequence required for interaction with Spl maps to residues 287-357 (Figure
4.8B, lane 4, 6, 7 and 9). Sequence analysis of this region using PFAM at
http://pfam.wustl.edu/cgi-bin/getalignment revealed a conserved SANT domain was
located between aa 288 and 331 (Appendices 2). Further deletion of this region at the C-
terminal end to remove residues from aa 331 to 357 (*°'K to **’T), which includes a
highly conserved lysine (K) of SANT domain at position 331 and the C-terminal 26 aa,
completely abolished interaction with Spl (Figure 4.8B, lane 8). Spl did not interact
with GST control (Figure 4.8B, lane 6), the N-terminal aa 1-283 deletion mutant of hMI-
ER1 (Figure 4.8B, lane 3), or the C-terminal aa 325-433 deletion mutant of hMI-ER1
(Figure 4.8B, lane 5). These results demonstrate the importance of an intact SANT

domain and the C-terminal 26 aa for the interaction with Sp1.
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Figure 4.8 The region of hMI-ER1 containing SANT domain interacts with Spl in
vitro.

(A) The diagram illustrates the deletion mutants of hMI-ER1 fused to GST in pGEX-4T-
1 vector. The individual dorﬁains are identified in the legend below the diagram, and the
hMI-ER1 amino acid residues encoded by each construct are listed. (B) Shown is GST
pull-down assays of hMI-ER1 deletion mutants with Spl.  *°S-labelled TNTs
programmed with ¢cDNA encoding Sp/ was loaded directly on the gel (lane 1) or
incubated with GST (lane 2), GST-(1-283) (lane 3), GST-(287-433) (lance 4), GST-(325-
433) (lane 5), GST-(287-410) (lane 6), GST-(287-357) (lane 7), GST-(287-330) (lane 8),
and GST-(287-512) (lane 9). Proteins were resolved by SDS-PAGE and visualized by

autoradiography. The position of the Sp1 protein is indicated by arrowheads.
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4.3.4 hMI-ER1a and p interfere with GC box recognition by Sp1

The finding that GST-hMI-ER1a and B isoforms can associate with Sp1 raises the
possibility that interaction with Spl may affect the ability of Sp1 to bind DNA, thus
providing a mechanism for the regulation of the Ami-erl promoter by hMI-ER1. To
examine the effects of GST-hMI-ER1a (GST-1a) and GST-hMI-ER1f (GST-B) on Spl
DNA-binding activity, EMSAs were performed using GST-Spl with the Ami-erl
minimal promoter sequence, in the presence or absence of various GST-hMI-ER1 fusion
proteins (Figure 4.9A). As shown in Figure 4.9B, addition of GST-1a or GST-B to the
EMSA reaction mixtures resulted in the disruption of the Spl-DNA complexes (band a
and b) (lanes 3, 4), while addition of GST alone had no effect (lane 2). Furthermore,
addition of GST-(287-357), containing an intact SANT domain, disrupted the Sp1-DNA
complexes (band a and b) (lane 5), while addition of GST-(287-330) construct, in which
the last amino acid residue of the SANT domain and C-terminal 26 aa were removed, did
not (lane 6). An uncharacterized third band (c) appeared in the samples with addition of
GST-10, GST-B, or GST-(287-357), but not in the samples with GST alone or GST-(287-
330).

Next, experiments were performed to examine whether hMI-ER1 could affect the
ability of Spl to interact with its consensus binding site. EMSAs were performed using
GST-Spl and **P-labelled double-stranded oligonucleotide consisting of the Spl
consensus sequence (Sp1CS), in the presence or absence of various GST-hMI-ER1 fusion
proteins (Figure 4.10A). As seen with the smi-er! minimal promoter, addition of GST-q,

GST-B or GST-(287-357) to the EMSA reaction mixtures resulted in the disruption of
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Figure 4.9 hMI-ERla and P interfere with GC box recognition by Spl to the
hmi-erl P2 minimal promoter.

(A) The diagram illustrates the deletion mutants of hMI-ER1 fused to GST in pGEX-4T-
1 vector. The individual domains are identified in the legend below the diagram, and the
hMI-ER1 amino acid residues encoded by each construct are listed. (B) Shown is a
representative EMSA performed using *’P-labelled the hmi-er! P2 minimal promoter
(-68) as a probe [32P(-68)]. The 32p(—68) probe was incubated with GST-Spl in the
presence of GST elution buffer (lane 1), GST (lane 2), GST-hMI-ER1a (GST-a) (lane 3),
GST-hMI-ER1B (GST-B) (lane 4), GST-(287-357) (lane 5), or GST-(287-330) (lane 6).
The positions of DNA-protein complexes (band a, b and ¢) are indicated by arrowheads.

The position of the free probe is indicated by arrow.
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Figure 4.10 hMI-ERle and B interfere with DNA binding by Spl to the Spl
consensus oligonucleotide.

(A) The diagram illustrates the deletion mutants of hMI-ER1 fused to GST in
pGEX-4T-1 vector. The individual domains are identified in the legend below the
diagram, and the hMI-ER1 amino acid residues encoded by each construct are listed. (B)
Shown is a representative EMSA performed using labelled consensus Spl oligo
[**p(Sp1CS)] as a probes. The 25(Sp1CS) probe was incubated with GST-Spl in the
presence of elution buffer (lane 1), GST (lane 2), GST-hMI-ER1a (GST-a) (lane 3),
GST-hMI-ER1f (GST-B) (lane 4), GST-(287-357) (lane 5), or GST-(287-330) (lane 6).
Proteins were resolved by SDS-PAGE and visualized by autoradiography. The positions
of DNA-protein complexes (band a, b) are indicated by arrowheads. The position of the

free probe is indicated by arrow.
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Sp1-DNA complexes (band a and b) (Figure 4.10B, lane 4, 5 and 6), while addition of
GST and GST-(287-330) had no effect (Figure 4.10B, lane 3 and 7). These results
confirm that hMI-ER1a or B interferes with the ability for Sp1 to bind to its cognate site
on DNA. Furthermore, this interference was not due to competition with Sp1 for binding
to the Sp1 consensus sequence, as neither hMI-ER1 isoform could form a DNA-protein

complex with the Sp1 consensus oligonucleotide (Figure 4.11, lane 6 and 8).

4.4 Discussion

Our previous studies have shown that overexpression of both GAL4 tagged hMI-
ER1la and hMI-ER1B significantly repressed transcription from the TK promoter of the
G5TKCAT reporter plasmid (Chapter 3). Maximum repression resulted in a reduction in
CAT expression to 10% and 8% of control levels by hMI-ER1a and hMI-ER1,
respectively (Figure 3.1). In the studies described in this chapter, overexpression of both
Myc tagged hMI-ER1a and hMI-ER1p also significantly repressed luciferase activity of
pGL3(-1316), in a dose-dependent manner (Figure 4.1). Maximum repression resulted in
a reduction in reporter gene expression to 36% and 29% of control levels by hMI-ER 1a,
and hMI-ER1, respectively (Figure 4.1).

The DNA sequence required for repression by hMI-ER1 on the luciferase activity
of pGL3(-1316) is contained within the P2 minimal promoter (-68) (Figure 4.2). There
are four putative Spl and one TEF-2 binding sites in this region (Figure 2.3). One might
speculate that hMI-ER1 represses promoter activity on this region by: (1) targeting

HDACI1 activity to the promoter; (2) competing for DNA binding sites with other
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Figure 4.11 hMI-ER1a and § do not bind to the Sp1 consensus oligonucleotide.

Shown is a representative EMSA performed using Ilabelled Spl consensus
oligonucleotide [32p(Sp1CS)] as a probes. In lanes 1 and 2, **p(Sp1CS) was incubated
with 1 ug GST fusion protein in the presence or absence, respectively, of 20-fold molar
excess of nonlabelled (competitor) probe. In lanes 3 and 4, the labelled probe was
incubated with GST-Spl in the presence or absence, respectively, of 20-fold molar
excesses of nonlabelled (competitor) probe. In lanes 5 and 6, the labelled probe was
incubated with GST-hMI-ER1a (GST-a) in the presence or absence of 20-fold molar
excesses of nonlabelled (competitor) probe, respectively. In lanes 7 and 8, the labelled
probe was incubated with GST-hMI-ER1f (GST-) in the presence or absence of 20-fold
molar excesses of nonlabelled (competitor) probe, respectively. The position of the free

probe is indicated by arrow.



+
|
+
[
+
8

Competitor + -
32P(SplCS) + + 4+ + + +  + o+

a

b =

Free Probe»




transcription regulators such as Spl and/or TEF-2; (3) interacting and interfering with
other transcriptional regulators such as Spl and/or TEF-2 that can bind to the promoter;
or (4) changing endogenous Sp1 concentration and/or activity. The present study showed
that transcriptional repression of P2 Ami-erl promoter activity by hMI-ER1a and B is not
relieved by treatment with TSA (Figure 4.3), unlike what was observed with the TK
promoter of GSTKCAT (Chapter 3). EMSAs also revealed that hMI-ER1a and B can not
bind to the Ami-erl P2 minimal functional promoter (Figure 4.4), suggesting that hMI-
ERla and B may not compete for the DNA binding sites for other transcription factors
such as Sp1 and TEF-2. Since our previous study showed that Sp1 binds to the Ami-er!
P2 minimal promoter (-68) and enhances the luciferase activity of pGL3(-68) (Figure 2.5
and Figure 2.6 in Chapter 2), the study described in this chapter investigated the
possibility that hMI-ER1 interferes with the luciferase activity of pGL3(-68) stimulated
by Spl. Overexpression of hMI-ER1 was shown to repress the luciferase activity of
pGL3(-68) stimulated by Sp1 (Figure 4.5). In vitro and in vivo protein-protein interaction
assays revealed that hMI-ER1 indeed interacts with Spl (Figure 4.7). Since the cell
lysates and the TNT lysate may contain other factors that interact with Spl or hMI-ER1,
it remains unknown as to whether the interaction of hMI-ER1a and B with Spl is direct
or indirect through other proteins. To investigate whether they interact directly, purified
hMI-ER1 and Sp1 protein from bacterial GST recombinant products will be required for
pull-down assays, followed by Western blot analysis.

The interaction between hMI-ER1 and Sp1 interfered with GC box recognition by

Sp1 to the hmi-erl P2 minimal promoter (-68) in vitro (band a and b) (Figure 4.9). This
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result was further confirmed by EMSAs using the consensus Spl binding sequence as a
probe (Figure 4.10). Interestingly, in the presence of 32p_labelled hmi-er! P2 minimal
promoter (-68) as a probe, addition of purified hMI-ER1a or § GST fusion protein to the
EMSA mixture resulted in the presence of an extra band ¢ (Figure 4.9 lane 3, 4, and 5),
which is less likely due to the binding of hMI-ER1a or B themselves, since: (1) hMI-
ER1a or B cannot bind to the Ami-erl P2 minimal promoter (-68) (Figure 4.4); (2) band c
is on the same position in all the samples with GST-1a, GST-B, or GST-(287-357), which
have differing molecular weights. Interestingly, this extra band (band c) did not appear
when the consensus Spl was used as a probe (Figure 4.10). Thus this extra band may be
a specific form of DNA-Spl complexes that bind to the Ami-er! P2 minimal promoter (-
68), but which does not bind to the consensus Spl sequence. Further studies such as
using anti-Spl antibody and/or consensus Spl sequence as competitor are required to
understand the composition of this extra band.

The present study suggested that the hMI-ER1 interacts with Sp1 and interferes
with GC box recognition by Spl through the SANT domain-containing region (aa 287-
357). These findings support the possibility of a novel mechanism for negative
regulation of expression from genes containing Sp1 target promoters, which includes the
promoter of Ami-erl. However, it is still possible that overexpression of hMI-ER1 may
also affect Spl concentration in the cells, which in turn affects activity from the hmi-erl
promoter. Further studies to monitor the cellular level of Spl are required to support or
refute this scenario. Moreover, it is also possible that overexpression of hMI-ER1 may

affect Sp1 activity indirectly through other factors. There are multiple factors that have
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been reported to regulate Spl activities via several mechanisms: (1) Many transcription
regulators, such as Sp3, Sp4 and BTEB3 compete with Spl for the core cis-acting
elements and repress promoter activity (Kaczynski et al., 2001; Kwon et al., 1999). (2)
Sp1 activity was also found to be regulated through protein-protein interactions. Factors
that interact with Spl include E2F1, GATAI1, and YY1, all of which act synergistically
with Spl on DNA to increase transcriptional activity (Gregory et al., 1996; Karlseder et
al., 1996; Lee et al., 1993b; Lin et al., 1996b). (3) Another set of Spl-interacting
transcription factors that impair Spl-mediated transcriptional activity includes p107,
PML, FBI-1, TAF-1 and MDM2 (Datta et al., 1995; Johnson-Pais et al., 2001; Lee et al.,
2002; Suzuki et al., 2003; Vallian et al., 1998). (4) Furthermore, Spl and the
transcriptional coactivator CBP/p300 have been shown to be associated in complexes and
to upregulate the promoter activity of p21Waf/Cipl (Billon et al., 1999; Owen et al.,
1998). (5) HDACI1-containing complexes can be recruited directly by Spl for
transcriptional repression (Doetzlhofer ef al., 1999). (6) While RB has not been shown to
bind Spl directly, it can increase Spl activity by releasing Spl from MDM2-Spl
complexes (Johnson-Pais ef al., 2001). Thus several different kinds of mechanisms of
regulating Sp1 transcriptional activity appear to exist, and the change of the concentration
and/or activity of those proteins may also affect the Sp1-targeted promoter activity.

The SANT domain is present exclusively in proteins that have an important role
in the regulation of transcription (Aasland et al., 1996). This domain is related in primary
and secondary structure to the DNA binding motif of the MYB oncoprotein and other

MYB-like domains (Aasland et al., 1996). A subset of SANT-containing proteins
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possesses two or three related repeats of this domain, each of which serves distinct
functions. For example, the nuclear hormone co-repressor, N-CoR, contains two SANT
domains. Its N-terminal SANTI domain serves as a deacetylase activation domain
(DAD) that binds and activates HDAC3 while the C-terminal SANT2 domain functions
as a histone interaction domain (HID), preferentially targeting non-acetylated histones
and inhibiting HAT activity (Yu et al.,, 2003). Thus the two domains function
synergistically to repress specific regions of chromatin by targeting HDACs and
inhibiting HAT activity.

The SANT domains of single SANT proteins, like ADA2, are also involved in
protein-protein interactions. Interestingly, the single SANT domain of ADA2 has been
shown to have two different functions in yeast. The N-terminal portion of the ADA2
SANT domain is critical for efficient acetylation of histone targets by GCNS, while the
C-terminal portion of ADA2 SANT domain functions as an interaction domain for GCN5
(Sterner et al., 2002). In this chapter, I demonstrated that the SANT domain-containing
region (aa 287-357) of hMI-ER1 interacted with Spl, and the C-terminal deletion from
31K to **!'T eliminated both hMI-ER1 interactions with Sp1 (Figure 4.8) and interfered
with the GC box recognition by Sp1 (Figure 4.10). These results suggest that the SANT
domain-containing region spanning residues aa 287-357 is an important interaction
region for hMI-ER1 to interact with Spl and interfere with the GC box recognition by
Spl. However, whether an intact SANT domain or the region spanning between the

SANT domain and its C-terminal 26 aa is critical for the interaction with Spl remains
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unclear. Site-directed mutagenesis and/or more deletion mutagenesis to this SANT
domain-containing region (aa 287-357) could be employed to address this question.

The transcription repression mechanism mediated by the SANT domain of hMI-
ER1 is distinct from transcription repression mediated by the ELM2 domain-containing
region (aa 164-283) which recruits HDACI activity to deacetylate the chromatin
(Chapter 3). Results suggested that hMI-ER1 can function as a transcription repressor via
both HDAC-dependent and -independent mechanisms through ELM2 and SANT
domains, respectively.  Both HDAC-dependent and -independent transcriptional
repression mechanisms have been reported for other transcription regulators, such as RB
(Lai et al., 1999), Stral3 (Sun and Taneja, 2000), LCoR (Fernandes et al., 2003) and
MTAL1 (Yan et al., 2003).

In summary, hMI-ER1 interferes with DNA recognition by Spl on its own
promoter and represses its own gene promoter activity, thus forming a negative feedback
loop to tightly control the activity of h(MI-ER1. This ensures that hMI-ER1 regulates the

expression of other genes at appropriate times.
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CHAPTER S A YEAST TWO-HYBRID SYSTEM ¢DNA LIBRARY SCREENING
FOR HMI-ER1-INTERACTING PROTEINS: HSP40 AND TRABID WERE

FOUND TO INTERACT PHYSICALLY WITH HMI-ER1

5.1 Introduction

Proteins rarely function by themselves. They normally interact with other proteins
to execute their functions. Networks of such protein-protein interactions constitute the
basis for regulation of all cellular functions, including cell growth and cell death
(reviewed in Figeys, 2002; Tucker et al., 2001). Thus deciphering of protein interaction
networks is vital to our understanding of cell growth and cell death as an interacting
system of molecules. Understanding these protein interaction networks and their roles in
diseases is critical for successful therapeutic strategies (reviewed in Archakov et al.,
2003).

Our previous studies using immunoprecipitation, GST-pull down assays, and
Western blot analysis have identified multiple interacting partners for hMI-ER1, based
mainly on the observation that h(MI-ER1 functions as a transcription regulator (Chapter 3
and 4). These hMI-ER1-interacting proteins include HDAC1 (Chapter 3), Spl (Chapter
4), ERa (Savicky et al., unpublished data), CBP (Blackmore et al., unpublished data),
and histone protein (Paterno et al., unpublished data).

To obtain a full picture of hMI-ER1 function, it is also necessary to perform a
complementary approach in protein-protein interaction analysis to obtain more unbiased

representation of hMI-ER1 interaction proteins. Such an analysis would expand our
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knowledge on the interacting partners of hMI-ER1. Pioneering work toward this goal in
this study was undertaken using the yeast two-hybrid system cDNA library screening for
hMI-ER1-interacting proteins. Because of the nature of the reporter system (see section
5.2.3), positive signals are amplified many-fold, thus making the yeast two-hybrid system
a very sensitive method for detecting weak and transient protein interactions that are not
detected by other methods. Since it is performed in yeast, the proteins produced in this
eukaryotic system are more likely folded properly than those produced in bacterial
systems and the in vitro reticulocyte TNT lysate system. Thus, the yeast two-hybrid
cDNA library screening system has advantages over other cDNA library screening

approaches for studying protein-protein interaction.

5.2 Materials and Methods

5.2.1 Plasmids and constructs

Expression vectors for the yeast two-hybrid system were engineered to contain
full-length or deletion mutants of hMI-ER1a fused to the GAL4 DBD of the pAS2-1
plasmid (Clontech). Fragments encoding the appropriate amino acid residues of hMI-
ERla deletion mutants were amplified by PCR using the primer pairs listed in Table 3.1
(Chapter 3). PCR products were cloned into pCR3.1 using the TA cloning kit
(Invitrogen, Inc.), and EcoRI fragments were then inserted into the EcoRI sites of the
pAS2-1 plasmid. The deletion constructs were named according to the encoded amino

acid residues of the hMI-ERla protein. All plasmids were sequenced to verify the
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junctions and the hMI-ER1 sequence. The human testis MATCHMAKER cDNA pACT2
AD Library of plasmids inserted into the yeast two-hybrid system transcriptional
activation domain (AD) vector pACT2 was purchased from Clontech. pCMV-Tag2C-
HSP40(43-340) was generated by subcloning the Bg/Il fragr.nent from the positive clone
No. 3764 obtained from the yeast two-hybrid system cDNA library screening (see section
6.3.2) to the BamHI site of pCMV-Tag2C vector (Stratagene). pCMV-Tag2C-TRABID
was generated by subcloning the Bg/Il fragment from the positive clone No. 3801
obtained from yeast two-hybrid system cDNA library screening (see section 6.3.3) to the
BamH1 site of pPCMV-Tag2C vector. Full-length human HSP40 cDNA was amplified by
PCR from a human keratinocyte MATCHMAKER cDNA Library (Clontech) by using
5 -GGG CCG CAG GAG GGG GTC ATG-3 and 5 -CTA TAT TGG AAG AAC CTG
CTC-3 as forward and reverse primers, respectively, and then cloned into pCR3.1 using
the TA cloning kit (Invitrogen, Inc.). All plasmids were sequenced to verify the junctions

and the TRABID or HSP40 sequence.

5.2.3 Yeast two-hybrid system cDNA library screening

The yeast two-hybrid system (Fields and Song, 1989; Fields and Sternglanz, 1994)
was used as a genetic system to isolate hMI-ER 1-interacting proteins in vivo. It uses the
restoration of transcriptional activation to assay the interaction between two proteins. It
relies on the modular nature of many site-specific transcriptional activators such as
GALA4, consisting of a DNA-binding domain and a transcriptional activation domain

(AD). The yeast two-hybrid system is based on the observation that the two domains of

136



the activator need not be a single polypeptide and can be brought together by any two
interacting fusion proteins, one of which contains the GAL4 DBD (in pAS2-1 vector)
while the other has the GAL4 AD (in pACT2 vector) (Figure 5.1). The two hybrid
proteins, often coined as "bait" and "prey," respectively, are assembled onto GAL4
binding sites [GAL1 upstream activating sequence (UAS)] in the yeast genome. The
assembly functionally reconstitutes the GAL4 transcription factor and induces the
expression of yeast HIS3 and the bacterial /acZ reporter genes integrated in the region
downstream of the GAL4 binding sites (Figure 5.1). The S. cerivisiae strain Y190, which
is Trp~, Leu™ and His™, was used for the yeast two-hybrid system (Clontech). This strain
harbours the yeast HIS3 and the bacterial JacZ reporter genes, which contain an upstream
GALA4 binding site. For cDNA library screening, Y190 was co-transformed with pAS2-
1-(287-433) and the human testis MATCHMAKER c¢cDNA pACT2 AD Library, using the
lithium acetate procedure as described by the manufacturer (Clontech).  The
transformation mixture was then plated on 150-mm petri dishes containing synthetic
dropout yeast culture medium (SD) lacking tryptophan, leucine, and histidine (SD/-Trp/-
Leu/-His) but including 25 mM 3-amino-1,2,4-triazole (3-AT), and incubated at 30 °C for
5-8 days. The transformants were screened for B-gal activity using a filter lift assay,
according to the protocol recommended by the manufacturer (Clontech). Briefly,
colonies were transferred to Whatman filters and cells were permeabilized by freezing for
10 seconds in liquid nitrogen, and thawing at room temperature. Filters were then
overlaid onto another Whatman filter saturated with Z buffer/X-gal solution [16.1 mg/ml

Na,HPO,.7H;0, 5.5 mg/ml NaH,PO,.H,0, 0.75 mg/ml KCI, 0.246 mg/ml MgCl.7H,O0,
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Figure 5.1 Mechanism of the method of the yeast two-hybrid system ¢DNA library
screening for hMI-ER1-interacting proteins.

The application of this system requires that two hybrid fusion plasmids be constructed for
expressing DBD and AD fusion proteins: a DBD fused to the bait protein (in this case
DBD-hMI-ERI1 from plasmid pAS2-1-hMI-ER1), and an AD fused to the prey proteins
which may interact with the bait protein (in this case the human testis MATCHMAKER
cDNA pACT2 AD Library proteins). For cDNA library screening, the two hybrid
plasmids are co-transformed into a yeast S. cervisiae host strain Y190 harbouring the
yeast HIS3 and the bacterial lacZ reporter genes, which downstream the GAL4 binding
site (GAL1 UAS). The interaction of hMI-ER1 with a novel library protein (marked as ?)
will activate the HIS3 and the lacZ reporter genes, while library proteins not interacting
with hMI-ER1 will not activate the reporter genes. The transformation mixture was then
plated on 150-mm petri dishes containing synthetic dropout yeast culture medium (SD)
lacking tryptophan, leucine, and histidine (SD/-Trp/-Leu/-His) but including 25 mM
3-amino-1,2,4-triazole (3-AT), and incubated at 30 °C for 5-8 days. The transformants

were screened for B-galatosidase (B-gal) activity using a filter lift assay.
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0.327 mg/ml X-gal, 0.3% (v/v) 2-mercaptoethanol], and incubated at room temperature 3

h for color development.

5.2.4 Purification and confirmation of the yeast two-hybrid system positive colonies
Each of the initial yeast LacZ" positive colonies was streaked out one to five
times to segregate multiple pACT2-library plasmids within each single colony and yeast
two-hybrid B-gal filter lift assays were repeated on well-isolated colonies. The plasmids
were then isolated from yeast, transfected into E. coli, and further amplified. These
pACT2-library plasmids isolated from E. coli were then individually re-transformed into
yeast strain Y190 to test the specific interaction of the candidate library clones with the
bait pAS2-1-(287-433), non-related protein pAS2-1-LAMS, and empty pAS2-1 vector.
Nonspecific interactions (those conferring His®, LacZ" when paired with pAS2-1 and
pAS2-1-LAMS) were considered false positives and eliminated, while clones specifically
interacting with pAS2-1-hMI-ER1 bait fusion were retained. The cDNA obtained were
sequenced and analyzed for sequence homology using the National Center for
Biotechnology Information sequence databases through the Basic Alignment Search Tool

(BLAST) program at http://www.ncbi.nlm.nih.gov/BLAST/.

5.2.5 GST-fusion protein production

GST fusion proteins were expressed as described in section 2.2.6.
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5.2.6 GST pull-down

GST pull-down assays were performed as described in section 4.2.6.

5.3 Results

5.3.1 Yeast two-hybrid system cDNA library screening for hMI-ER1-interacting
positive colonies

The yeast two-hybrid B-gal filter lift assays of the transformants with pAS2-1-
hMI-ER1a and pACT2 empty vector revealed expression of the LacZ reporter gene
(Figure 5.2C), while no expression of the LacZ reporter gene was detected in the
transformants with pAS2-1 vector and pACT2 vector (Figure 5.2B). The N-terminal (1-
283 aa) and C-terminal (287-433 aa) deletion mutants of hMI-ER1a were generated and
fused to DBD in pAS2-1 vector. B-gal filter lift assays of the yeast transformants with
pAS2-1-hMI-ER1(1-283) and empty vector pACT2 revealed the expression of the LacZ
reporter gene (Figure 5.2D), while pAS2-1-hMI-ER1a(287-433) and AD empty vector
did not activate the reporter gene (Figure 5.2E). These results indicate that the N-
terminal (1-283 aa) region of hMI-ER1 may interact with the GAL4 AD alone and/or
recruit the transcriptional machinery of yeast cells to activate the transcription of the
reporter gene. These results suggest that full-length hMI-ER1a and the N-terminal (1-283
aa) region of hMI-ER1 can not be used as bait in the yeast two-hybrid screening. Thus
pAS2-1-hMI-ER1a(287-433) was used for the yeast two-hybrid cDNA library screening.

The yeast was transformed with pAS2-1-hMI-ER10(287-433) and the human testis
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Figure 5.2 Yeast two-hybrid B-gal filter-lift assays of tranformants of empty pACT2
AD vector with full-length and deletion mutants of hMI-ER1a.

(A) The diagram illustrates the deletion mutants of hMI-ER1 fused to GAL4 DBD in
pAS2-1 vector. The individual domains are identified in the legend below the diagram,
and the hMI-ER1 amino acid residues encoded by each construct are listed. Yeast two-
hybrid B-gal filter-lift assays of the transformant with pAS2-1 DBD empty vector and
pACT2 AD empty vector (B); hMI-ERo full-length (1-433 aa) in pAS2-1 DBD vector
and pACT2 AD empty vector (C); hMI-ER1 N-terminal 1-283 aa in pAS2-1 DBD vector
and pACT2 AD empty vector (D); or hMI-ER1 C-terminal 287-433 aa in pAS2-1 DBD

vector and pACT2 AD empty vector (E).
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MATCHMAKER c¢DNA pACT2 AD Library. Approximately 6.6x10° yeast
transformants were screened for pAS2-1-hMI-ER10(287-433)-interacting proteins.
Trp'/Leu’/His" colonies were then screened for B-gal activity using B-gal filter lift assays,
and 108 colonies were LacZ". These positive colonies were then subjected to further
verification by isolating the pACT2 plasmids from these clones and then individually
reintroducing them into yeast strain Y190 to test for interaction of the candidate library
clone against pAS2-1-hMI-ER1a(287-433), empty pAS2-1 vector, or non-related protein
pAS2-1-Lamin. Two positive clones No. 3764 (section 5.3.3) and No. 3801 (section
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