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ABSTRACT

In a multicellular organism, where almost every cell carries identical genetic information,

different cell types are observed that display diverse structures and functions. A

fundamental question in biology therefore centres around the mechanisms that regulate

how and when the genetic information is used. As a result, regulation of differential gene

expression patterns is one of the most basic and critical processes in the development and

function of multicellular organisms.

The human growth hormone (GH) / chorionic somatomammotropin (CS) gene family

represents a unique model system for examining mechanisms that regulate differential

gene expression. The GH/CS gene family consists of five tandemly arranged genes

contained within a single locus on chromosome 17. These genes include GH-N, which is

expressed almost exclusively in the anterior pituitary somatotrophs, and GH-V and the

CS genes (CS-L, CS-A, CS-B), which are expressed in placental syncytiotrophoblasts.

The differential gene expression pattern of the GH/CS family is quite remarkable, given

the fact that these genes are believed to have evolved from a single ancestral gene by

duplication, and thus are 94-99Vo similar in both their coding and immediate flanking

regulatory sequences.

There are several regulatory elements that direct expression of the GH/CS locus. Some of

these elements are particularly intriguing, as they have the capacity to participate in both

placental and pituitary expression mechanisms. The P sequences are located

approximately 2 kilobases upstream of the placental members of the GH/CS family.

These sequences have been implicated in dual roles; repression of gene activity in

pituitary cells, and enhancement of gene expression in the placenta. This thesis seeks to

characterize the P sequences and their role in regulation of the GHiCS locus, primarily

through identification of the P sequence factors (PSFs).



Previous charactenzation of the P sequences localized pituitary repressor activity to a263

base pair fragment (263P), and identified two regions of protein binding, termed P

sequence element (PSE)-A and PSE-B. To identify candidate pituitary PSFs in vitro,

structural assays (nuclease protection and electrophoretic mobility shift competition) to

identify protein-DNA interactions, and functional assays (transient gene transfer) to

determine effects on gene expression, were used with both the PSEs and 263P. Through

the use of these approaches, PSE-A was found to be a composite element in pituitary

cells, capable of mutually exclusive RFXI and NF-1 binding, and the analysis of PSE-B

implicated members of the NF-1 family as PSF-B. When the pituitary repressor complex

was evaluated in terms of larger fragments that contained both PSE-A and PSE-8, a

model was generated whereby at least two separate complexes have the potential to form

on P sequence fragments; an NF-1 repressor complex, and a non-functional complex that

contains RFX1. In addition,263P repressor function in pituitary cells was linked to the

transcription factor Pit-l, and the potential for novel interactions between Pirl and the

PSFs was investigated.

Gene transfer experiments also provided the first evidence for significant in vitro P

sequence function in placental cells, and revealed the capacity for functional cross-talk

between 263P and the CS-B downstream enhancer element. Furthermore, in vitro

structural experiments with nuclear proteins from placental cells implicated RFXl and

the NF-1 family as candidate placental PSFs.

To investigate the possible association of these candidate factors with P sequences in the

nucleus, a chromatin immunoprecipitation technique was developed for use with human

tissue samples. This confirmed the association of both NF-1 and RFX1 with P sequences

in human pituitary, but not term placenta, samples. This technique was also used to

extend the analysis of histone hyperacetylation patterns in the GH/CS locus. As a result

of these studies, the human GHiCS locus is identified as a novel target of the NF-l and

RFX transcription factor families, and when taken together, these observations allow for

an extension of the GH/CS locus regulatory model in both the pituitary and the placenta.
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1.1

CHAPTER 1

INTRODUCTION

Regulation of differential gene expression patterns.

The somatic cell genome contains a complete manual of information for the construction

and function of an organism. Expression of particular genes from this genome will vary

both temporally, that is at a certain stage of cell development or in response to

environmental signals, as well as spatially where expression occurs in one cell type but

not another. The result of this variability is differential gene expression patterns. Without

this phenomenon, the ability to produce different cell types from the same genome, and

thus permit the development and function of multi-cellular organisms, would not be

possible. A fundamental question in biology therefore centres around the mechanisms

that contribute to differential gene expression patterns.

Regulation of gene expression can be arbitrarily divided as occurring in two major stages.

The first stage involves overcoming the structural and spatial constraints that are imposed

on the genome within the nucleus. In this thesis, these processes are referred to as

derepression, based on the perspective that the natural state of the genome is restrained or

inactive. The second stage of regulation is the activation of transcription that occurs once

genes are accessible.

1..1.1 Overcoming the inactive state of the genome: derepressÍon.

1.1.1a Chromatin Structure

The accessibility of the nuclear genome is restricted through its compaction as chromatin.

Chromatin is a complex of DNA and associated proteins; a necessary structure that

enables the DNA to fit into the available space of the nucleus. The basic unit of

chromatin, the nucleosome, is repetitive (Fig. 1.1).



The nucleosome consists of an octamer of core histone proteins (histone H3, histoneH4,

histone H2A, and histone H2B), around which is wrapped 146 base pairs (bp) of DNA

(l-7).The core histone proteins have globular COOH-terminal domains containing

protein structures known as histone-fold motifs (1). The histone-fold motifs are

responsible for both the intra-nucleosomal interactions and contacts with the

phosphodiester backbone of the DNA (5). When the DNA 'wraps' around the core

histone structure, interactions with the histone-fold motifs 'pull' the DNA into the

nucleosome, inducing significant structural changes to the DNA helix (8). The core

histone proteins also consist of NHr-terminal tails that project outward from the

nucleosomal core (5). The exposed histone tails do not appear to be required for the

integrity of the nucleosomal structure (1,5), however, they are subject to several

modifications. The potential for these modifications to be involved in the regulation of

gene accessibility will be discussed in further detail later in this section.

Figure 1.1: The nucleosome is the basic repetitive unit of chromatin.
(A) The core histone proteins consist of globular COOH-terminal domains and NH,-
terminal tails. (B) The nucleosome contains an octamer of core histones proteins. The
octamer is composed of a histone H3 (blue) - histone H4 (green) tetramer, that is flanked
by histone H2A (yellow) - histone H2B (red) dimers. The NHr-terminal tails project
outwards from the globular core. (C) In the nucleosome structure, 146 base pairs of DNA
is wrapped around the histone octamer core. Figure 1.lC is taken from (5).
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The repetitive nucleosome units are visualized as "beads on a string" at lower than

physiological salt concentrations (9-11). This structure has been termed the 10 nm fiber.

Within the 10 nm fiber, nucleosomes are separated by 'linker' DNA, which can vary in

its length between cell types as well as within a single nucleus (12). The capacity for the

length of linker DNA to be dynamic rather than static is an important characteristic in the

accessibility of DNA sequences.

Compaction of DNA continues beyond the 10 nm fiber (Fig. LZ). At closer to

physiological salt concentrations, a structure referred to as the 30 nm fiber is visualized

(13). There have been several proposed models for the structure of the 30 nm fiber.

Perhaps the best known of these models is the 'classic' symmetrical solenoid structure,

often used in textbook schematics (14, 15). A drawback to many of these model

structures, however, is the use of an invariable length for the linker DNA. The relatively

more recent Woodcock and Horowitz model accounts for variable linker DNA, and

therefore, more accurately resembles the structures that are visualized in the nucleus (10,

11, 16, 17). Stabilization of the 30 nm fiber structure occurs through the presence of

histone Hl, or'linker histone' (13, l5), and the NHr-terminal tails of the core histone

proteins (5). Beyond the 30 nm fiber, chromatin is further compacted through attachment

to the nuclear matrix and the formation of loop structures (18-22), which can vary in

length from 5,000-100,000 bp per loop (23). Variation in the organization and length of

loops represents another possible level for regulating gene expression patterns (23). The

chromosomal fibers that are readily visualized during mitosis, are the most compacted

chromatin state.
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Figure 1,.2: The compaction of chromatin in the nucleus.
The compaction of DNA into chromatin permits it to fit within the available space of the
nucleus. This schematic demonstrates the different levels of chromatin compaction from
'naked' DNA to the condensed mitotic chromosome. The 30 nm structure shown is the
solenoid model. This schematic is modified from (14).

Compaction of DNA into chromatin structures permits it to fit within the available space

of the nucleus. A consequence of this compaction, however, is that the accessibility of the

DNA for processes such as replication and transcription is restricted. Evidence has shown

that the mere presence of nucleosomes on DNA sequences can restrict the association of

many transcription factors (24) as well as TATA-binding protein from the RNA

polymerase initiation complex (25,26). The structure of chromatin must therefore be

flexible enough to allow for an increase in accessibility when the DNA template is

required.

1.1.lb Increasing DNA accessibility

The structure of chromatin can be broadly divided into two classes; heterochromatin,

which is densely packaged and transcriptionally inert, and euchromatin, which is

The 10 nm fiber consists of repetitive nucleosomes that are visualized
as "beads on a string".

The inclusion of linker H1 histone stabilizes the formation of the 30 nm
fiber. Shown here is the solenoid model.

The chromosomal fibers visualized during mitosis are the most
compacted state of chromatin.
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relatively less condensed and can contain transcriptionally active genes. Transitions

between these two states are evident through variations in the sensitivity of the DNA to

nuclease digestion. The nuclease DNaseI digests both linker and nucleosomal DNA, and

the efficiency of digestion is restricted by compacted chromatin structures. Through the

use of DNaseI experiments it has been observed that the chromatin structure of

transcriptionally active regions of the genome is less compact than non-transcriptionally

active regions, reflected by an increased sensitivity to DNaseI digestion (27,28). A

second type of nuclease also demonstrates that variability in chromatin structure exists

between regions of the DNA that are transcriptionally active and those that are not.

Micrococcal nuclease preferentially digests linker DNA over nucleosomal DNA. This

preference results in a characteristic 'laddering' pattern of mono- and poly-nucleosomal

repeats when micrococcal nuclease digested chromatin is run in agarose gels (6).

Southern (DNA) blotting of chromatin, digested with micrococcal nuclease, results in a

'smear' when an active gene is used as a probe, as opposed to the characteristic repetitive

nucleosomal pattern (29). From these pieces of information, it is interpreted that not only

does the level of chromatin compaction undergo transitions (as evidenced by the DNaseI

experiments), but that the structure of nucleosomes themselves may be modified in

transcribed regions (as evidenced by the micrococcal nuclease experiments). Nucleosome

modifications are generally believed to be at the root of chromatin structure transitions.

These modifications are classified as those that involve ATP-dependant remodeling

machines, and those that employ post-translational modifications of histone proteins.

1.1.1c Modifications of nucleosomes.

ATP-dependant chromatin modifying complexes modify the location and/or structure of

nucleosomes (reviewed in (30). As their name indicates, these complexes contain

multiple protein subunits and rely on the energy of ATP hydrolysis for their activity. The

purpose of these complexes is to accelerate transitions in nucleosomal structure. In terms

of gene activation, this function has the capacity to destabilize chromatin structures that

are intrinsically inhibitory to transcription, thus facilitating an increased DNA sequence

accessibility for transcription factors and RNA polymerase. There are several known

ATP-dependant chromatin modifying complexes, including the SWI/SNF and ISWI



families (30). Several mechanisms that account for the ability of the ATP-dependant

complexes to modify chromatin structure have been documented. These involve actual

displacement of nucleosomes (31), movement (sliding) of nucleosomes (32-36), and

modifications to nucleosomal structure (37, 38).

Chromatin accessibility can also be regulated through reversible post-translational

modifications of histones. Although the NHr-terminal tails of the core histone proteins

are not required for the integrity of nucleosomal structure (5), they are subject to several

types of post-translational modifications that have been linked to gene expression. These

modifications include acetylation (39-41), methylation (42,43), and phosphorylation (44,

45). Through these modifications, it is believed that the accessibility of the DNA

sequence is altered. As a specific example, core histone acetylation disrupts the formation

of condensed chromatin structures (46, 47), and several transcriptional co-activators have

been demonstrated to possess histone acetyltransferase (HAT) activity, such as CREB

binding protein (CBP)/p300 (48) and steroid receptor coactivator-1 (SRC-1) (49). Post-

translational modifications of core histone NHr-terminal tails has been proposed to

represent a 'code' for expression that is 'read' by the transcription machinery in the cell

nucleus. This theory is known as the histone code hypothesis (50).

1.1.2 The activation of gene expression.

Transcription is an activated process and does not occur simply because the chromatin

structure of a gene is in an accessible state. As previously mentioned, not all genes in

euchromatic regions are active. Following the processes involved in derepression, the

initiation of transcription requires recruitment of the pre-initiation complex (PIC), which

consists of RNA polymerase II and the general transcription factors (GTFs) (reviewed in

(5T, 52). This is a large complex composed of multiple subunits, as the GTFs themselves

contain multiple proteins. For example, TFIID consists of TATA-binding protein (TBP)

and TBP-associated factors (TAFs). The rate at which the PIC is recruited and re-

recruited to the transcription initiation site are some of the primary factors for
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determining the level at which a gene will be expressed. Recruitment of the PIC involves

cls-acting DNA regulatory elements and trans-acting proteins. Although for the purpose

of this chapter, regulatory regions and associated factors are discussed at the level of gene

activation, it should be noted that they are also involved in regulating gene accessibility

as described in the preceding section.

l.l.Za DNA regulatory elements

The vast majority of the genome does not contain sequences that code for proteins (53).

DNA regulatory elements are sequences that are involved in determining whether a gene

is or is not transcribed. There are several categories of DNA regulatory elements, among

them are promoters, enhancers, repressors, and locus control regions. A precise definition

of each of these categories can be quite arbitrary and depend on the context in which they

are being defined. They will, however, all contain information essential for the formation

of protein complexes. These complexes will serve to promote or limit transcription,

depending on the function of the regulatory element. For the purpose of this introduction,

repressor elements and locus control regions will be discussed separately in later sections.

The role of a promoter element is to direct accurate initiation of transcription for a linked

gene (14). This function requires recruitment of the RNA polymerase PIC, and therefore,

promoters can be distinguished from other categories of regulatory elements in that they

are found in the immediate 5'-flanking DNA of a gene. The sequences that are considered

to constitute the promoter may be arbitrarily defined either by the absence or presence of

gene activity, or alternatively, by a certain level of gene activity.

Enhancer elements function to increase the rate of transcription or the probability that

transcription initiation will occur (54-58) and reviewed in (59, 60). To achieve this,

enhancers contain multiple sites for trans-acting factors. Unlike promoter elements,

enhancers are not limited to the immediate 5'-flanking sequences, and often can be found

at significant distances from the transcription initiation site. They have classically been

defined as orientation and distance independent (59, 60), but these features do not hold

for every enhancer element (61-63).



While the sensitivity to nuclease of transcriptionally active genes can be in the range of

2-3 times greater compared to non-active genes, some regions of the genome are referred

to as hypersensitive. Hypersensitive (HS) regions are so sensitive to DNaseI nuclease

digestion that they appear to be 'nucleosome free' (64, 65). These regions of

hypersensitivity tend not to map to genes themselves, but rather indicate those regions of

the DNA that are involved in regulating the transcriptional activity of a gene, that is,

functional elements such as enhancers, promoters, and locus control regions (LCRs) (64,

6s).

l.I.zb Locus control regions are enhancer elements.

LCRs are a class of regulatory sequences that are often defined by an ability to confer a

distinct chromatin environment in transgenic animals or stable cell lines. Through this

ability, the inclusion of LCR elements in a construct results in transgene expression that

is not influenced by the site of integration, so that from line to line, the expression level

can be correlated to the number of transgenes that have been inserted. This capacity has

previously been interpreted to be due to a dominant role of the LCR in 'opening' of a

chromatin locus. That is, the LCR was believed to be responsible for chromatin

modifications that regulated the accessibility of a locus for transcription. Following this

derepression function, the LCR was believed to co-operate with more proximal

regulatory elements to result in transcriptional activation of a gene or genes within this

open and accessible domain.

This interpretation of LCR function was largely based on studies of the B-globin

multigene cluster, which is specifically expressed in erythroid cells. Deletion of distal

upstream HS sites, contained within the LCR, resulted in loss of both nuclease sensitivity

and expression of the f3-globin genes (66). It was also observed that efficient, site-of

integration independent expression in transgenic mouse lines required that these regions

be included in the transgene construct (67). Based on this and additional studies, it is not

generally disputed that the B-globin LCR has the capacity to contribute to the formation

of an independent chromatin domain at ectopic loci. Additional information, however,



has been obtained from analysis of the endogenous B-globin locus in both human and

mouse genomes. These more recent findings, suggest that the role of the LCR as

'dominant' in the derepression process may be overstated. From the evidence outlined

below, it is now argued that 'opening' the chromatin domain is not a function exclusive

to the LCR, and that more proximal regulatory elements have the capacity to derepress

the locus in the absence of the LCR.

The endogenous locus models rely on the use of targeted deletions of the B-globin LCR.

In these experiments, deletion of the LCR significantly affects the level of transcription,

without major changes in nuclease sensitivity, histone acetylation, transcription factor or

PIC recruitment to the promoter (55, 68-72). From these observations, the function of the

LCR is seen to be as a potent enhancer of gene transcription, subsequent to changes in the

accessibility of the locus. This enhancer capacity may involve mechanisms that assist in

the transition of RNA polymerase II from an initiation to an elongation complex (55). It

should not be interpreted, however, that enhancer activity in the B-globin locus is

restricted to the LCR, as more proximal elements have also demonstrated a contribution

to gene expression levels (73). The hypothesis that the mechanism of LCR enhancer

activity involves processes occurring at the promoter is further supported through

separate observations that the LCR and promoter elements function in close spatial

proximity, despite their linear distance in the DNA sequence (74,l5), and the detection

of RNA polymerase association with HS sites of the f3-globin LCR (76).

1.1.2c T rans -acting factors

The cis-acting DNA sequences do not activate transcription themselves, but require the

association of trans-acting factors. Trans-acting factors associate with specific DNA

sequences through non-covalent interactions between their DNA binding domains and

acidic DNA sequences (14). Factors with similar DNA binding domains are grouped

together as a family or class of transcription factors. These families include

homeodomain proteins, zinc finger proteins, and leucine zippers (14).



In addition to DNA binding domains, trans-acting factors also contain activation or

repression domains that are responsible for their activity. Three major classes of

activation domain have been well characterized as acidic, proline-rich, and glutamine rich

(14). Some trans-activating factors do not contain one of these types of activation

domains. They may contain a less characteized motif that is responsible for activation, or

alternatively, they may function through the recruitment of other factors. In addition,

there are classes of trans-acting factors that do not contact the DNA sequences directly,

and thus are termed co-activators or co-repressors.

1.1.3 Mechanisms of transcriptional repression.

Repressing gene expression involves opposing the mechanisms that lead to gene

activation. That is, if turning a gene 'on' involves both depression, to increase gene

accessibility, and recruitment of the transcriptional machinery for transactivation, then

turning a gene 'off involves limiting the accessibility of a gene and/or preventing the

processes that lead to transactivation. Therefore, whereas many steps are coordinated for

a gene to be expressed, repression can involve interference with just one or more of these

stages.

Repressor elements are DNA sequences that contain binding sites for trans-actins factors.

Repressor mechanisms involve binding of a repressor protein that inhibits either the

association or function of an activating factor (reviewed in (77-81). This may involve

competition for overlapping binding sites, destabilizing an activator complex, or blocking

the recruitment of other activators and co-activators. Alternatively, the binding of the

repressor protein may aid in the recruitment of additional factors, such as other repressor

proteins and/or co-repressors, for the formation of a repressor complex. A repressor

complex has the potential to be actively involved in processes such as chromatin

modifications, or interference with RNA polymerase activity (77-81).
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t.2 The human growth hormone (GH) / chorionic somatomammotropin (CS)

family as a model system for examining differential gene expression.

The development and maintenance of differential expression patterns is an extremely

complex process. While individual components, such as promoter and enhancer elements,

have been studied for a number of genes, it is of considerable interest to have model

systems in which the separate components can be studied both on an individual basis as

well as in relation to one another. The human growth hormone (GH) / chorionic

somatomammotropin (CS) locus is one such model system. The human GH/CS locus on

chromosome 17 contains a family of five highly related genes. From 5'to3', the genes

within this locus are GH-N, CS-L, CS-A, GH-V, and CS-B (Fig. 1.3).

11



Figure 1.3: The human GIVCS locus on chromosome L7.
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The genes of the GHiCS locus are believed to have evolved through processes of gene

duplication (82-84), resulting in similar gene structures and flanking regulatory

sequences (83). The primary cells that express the GH and CS genes are the somatotrophs

of the anterior pituitary (GH-N) and placental syncytiotrophoblasts (GH-V and the CS

genes) (83). For the purpose of this thesis, two levels of transcription will be arbitrarily

described. High-level expression will be defined as activated expression. Lower

expression levels, that will usually not involve cell-specific or environment-specific

induction, will be defined as basal expression. The expression of the GH-N and CS-A

genes accounts for greater than 37o of the total mRNA in the somatotrophs and

syncytiotrophoblasts respectively (83), and thus, expression in these cells is defined as

activated. Transcripts for the human GH/CS family have also been observed in several

ectopic tissues. These include the brain, colon, kidney, lung, mammary glands, muscle,

ovaries, prostate cancer cell lines, skin, and testis, (85-91) as well as several lymphoid

tissues and cell types (92-100). Due to the lower levels of transcript in these tissues,

relative to pituitary or placental expression, this is defined as basal gene expression.

There are several features of the GHiCS locus that make it an interesting model system

for the study of differential gene expression. The activated pituitary/placenta and basal

ectopic expression suggests that more than one regulatory mechanism may be involved

for expression of genes from this locus. As will be discussed in greater detail within the

following sections, separate mechanisms to achieve activated expression are certainly

present for regulating pituitary and placental expression. The mutually exclusive

expression of GH-N in the pituitary somatotrophs and the remainder of the family in

placental syncytiotrophoblasts, occurs despite the extensive sequence homologies in their

flanking regulatory sequences. There are several lines of experimental evidence which

suggest that the mechanisms employed in each of these two tissues for activated

expression of the GII/CS locus are distinct.

The GFVCS model system is also distinct from another well-studied gene family, the B-

globin model system. Like the GH/CS family, the B-globin genes are part of a single

locus. They are specifically expressed in erythroid cells, with different members of the
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family being expressed at different stages of erythroid development (reviewed in (101,

102). The B-globin family therefore provides an excellent model system for the study of

expression patterns that vary temporally. What makes the GH/CS system distinct as a

model of differential gene expression patterns is that the expression does not only vary

temporally, but also spatially, as expression is separately activated in both somatotrophs

as well as syncytiotrophoblasts. The differential spatial expression, especially given the

extensive homology within the locus, is a particularly intriguing feature of this model.

1.2.1 Transcriptional regulation of the GIVCS locus in the pituitary.

I.2.la Activity of the GIVCS S'-flanking sequences in vitro.

In transfected pituitary cell cultures, activated expression from GH-N promoter

sequences is attributed to two regions of protein binding within the first 150 base pairs of

5'-flanking DNA (103, 104). These two sites are recognizedby the same trans-activating

factor (104), which was purified (105) and subsequently cloned by two groups as the

pituitary-specific PoU-homeodomain protein Pit-1 (106, 107). Pit-1 plays an integral role

in development of the anterior pituitary, as it is required for the presence of three anterior

pituitary cell types, somatotrophs, lactotrophs, and thyrotrophs (108, 109). In addition to

contributing to activated expression of GH-N, Pit-l is involved in auto-regulation of its

own gene (110), as well as regulation of the prolactin gene in lactotrophs (111, 112) and

thyroid stimulating hormone (TSH) in thyrotrophs (l l3).

Despite mutually exclusive expression of GH-N and the placental GH/CS genes in vivo,

the CS-A promoter is as efficient as the GH-N promoter at driving reporter gene

expression in vitro (114). Likewise, stable integration of the CS-A gene into a rat

pituitary cell line, with 496 bp of 5'-flanking and 630 bp of 3'-flanking sequences, results

in activity that is comparable to a stably integrated GH-N gene (496 bp of 5'-flanking and

628 bp of 3'-flanking sequences) (1 15, I 16). Examination of GH-N and CS-A promoter

sequences helps to explain this apparent in vitrolin vivo paradox. The gene duplications

that gave rise to the human GH locus, resulted in extensive similarity in the sequences

flanking the GH/CS genes (82, 83). Both the proximal and distal Pit-1 sites of the GH-N
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promoter are highly conserved in the placental gene promoters. Disruption of the

proximal Pit-1 site decreases activity of stably integrated GH-N and CS-A promoters in

pituitary cells by greater than 907o (lll). The proximal site of the CS-A promoter is

I00Vo identical to GH-N, and association of Pit-l with the CS promoters has been

demonstrated in vitro (118, 119). Therefore, like the GH-N promoter, Pit-1 binding to the

CS-A promoter drives activity in transfected pituitary cells. These observations suggest

that the mechanism for selectively activating GH-N and not CS-A in pituitary

somatotrophs in vivo may lie outside of the highly homologous promoter regions.

l.z.lb Expression of the GIVCS locus in the pituitary in vivo.

Appropriate pituitary expression of GH-N in vivo was in fact found to rely on sequences

not contained within the proximal promoter region. Several lines of transgenic mice were

generated with various segments of GH-N 5'-flanking DNA, but were unsuccessful in

producing specific and efficient expression of the human GH-N gene in the pituitary

(Table 1.1). In 1995, Cooke and colleagues reported the detection of DNaseI

hypersensitive (HS) sites in the distal 5'-flanking sequences of the GH/CS locus in human

GH-secreting pituitary adenoma chromatin (120). Two of these sites, HS I and HS II,

located at -14.6 kb and -15.4 kb from the GH transcription start site respectively, are

pituitary-specific (120). The remaining two HS sites, HS III at -21.5 kb and HS V at -32.5

kb, were observed in both pituitary adenoma and human term placenta chromatin (120).

These four HS sites were not detected in K562 human erythroid cell nuclei (120), and

thus their formation appeared to be restricted to tissues in which genes from the GH/CS

locus were expressed. On the basis of these observations, five transgenic mouse lines

were created using a genomic fragment of human DNA that contained the GH-N gene

and 40 kb of 5'-flanking DNA (-40 GH-N) (120). This construct included the complete

set of pituitary HS sites. Human GH-N was consistently and efficiently expressed in the

pituitaries of all five transgenic lines. The expression was specific to pituitary

somatotrophs, as there was no evidence of ectopic GH-N expression through northern

blotting, RT-PCR analysis, or a comparison of serum GH to pituitary GH mRNA ratios.

Additionally, the level of GH-N expression correlated to transgene copy number (120,

121). From these observations, it was concluded that the GH/CS distal Hs sites permitted
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tightly regulated transgene expression that was independent of the site of integration.

That is, the -40 GH-N construct appeared to generate its own chromatin environment that

was not influenced by surrounding sequences. The distal regulatory region that

encompasses the HS sites has thus been termed the locus control region (LCR) (120).

Table L.1
Expression patterns and phenotypes of human GH transgenic lines.

-0.5 kb GH-N 3i5 lines NR No No (120)

-5.0 kb GH-N 0/1 line NR No No (120)

-7.5 kb GH-N 3/5 lines Yes No No (l2O)

-22.5 kb GH-N 4l4lines Spleen Yes Yes (120)

-40 kb GH-N 5/5 lines No Yes No (120)

-45.8 kb GH-N

(Pl clone)

5/5 lines Brain,

ovary,

testis,

spleen

1.6 kb HS I/II (F) 3/3 lines Braín No Yes (120)

0.5 kb GH-N

1.6 kb HS I/II (R) 3/3 lines Brain No Yes (120)

0.5 kb GH-N

HS III-HS V 5/5 lines Kidney Yes No (120)

0.5 kb GH-N

-45.8 kb GH-N 6/6lines Brain, Yes No (TZ3)

^HS 
I kidney

-45.8 kb GH-N 3/3 lines NR Yes NR (123)

AHS III

NR: not reported
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The most highly regulated expression of GH-N in transgenic mice has only been reported

when the entire LCR is present (120), however, several lines have been made in an

attempt to analyze the contributions of the individual HS site regions to GHiCS LCR

function (See Table 1.1). Due to their close proximity and pituitary-specificity, HS I and

HS II are often grouped together as the HS I/II region. In 17 separate transgenic mouse

lines that contained the HS I/II region in its native position relative to the locus, GH-N

was consistently expressed at high levels in the pituitary. The absence or specific deletion

of the HS I/II region resulted in drastically reduced levels of pituitary transgene

expression. Isolated HS I/II fragments were also shown to be potent enhancers of

pituitary promoter activity in both transgenic mice and cell culture (120, l2l, 124). For

example, the expression of GH-N in the 1.6 kb HS I/II(F) 0.5 kb GH-N transgenic lines

was approximately 1000-fold higher than in the 0.5 kb GH-N transgenic lines (120). The

enhancer activity of HS I|IIIocalizes to three Pit-l binding sites (124-126). Therefore,

not only does Pit-l drive the activity of the GH-N promoter, but it is also involved in the

LCR through its association with HS I/[.

The remainder of the LCR is also required for tightly regulated expression of GH-N iz

vlvo. Despite the detection of GH-N expression in the pituitaries of five of five transgenic

lines carrying the HS III-HS V 0.5 kb GH-N construct, this expression was

approximately 100-fold lower than the -40 kb GH-N construct (120). Thus, the HS III-V

region appears to confer a function which is distinct from the pituitary-specific enhancer

activity of HS I/[. In constructs that include the HS IiII enhancer, but lack the HS III-V

region, gigantism is observed (See Table 1.1). This region may therefore be involved in

the conferring appropriate physiological control on GH-N expression.

l.2.lc The lack of placental gene expression in the pituitary.

While studies of the GHiCS LCR provide some insight into pituitary activation of GH-N,

they have contributed very little to understanding the lack of placental gene expression in

this tissue. The expression of GH-N and the placental genes is mutually exclusive in

pituitary somatotrophs, to the extent that not even basal levels of placental gene
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expression are detected (83). In assessments of GFVCS locus accessibility in the pituitary,

obvious differences between GH-N and the placental genes were not observed, through

either analysis of nuclease sensitivity (121) or methylation patterns (128). Additionally,

the HS I/II region is not a specific activator of the GH-N gene in the pituitary. It is also

able to enhance the activity of the minimal thymidine kinase promoter in both transgenic

mice and cell culture (124). The question therefore arises, as to why the highly

homologous placental promoters, which like the GH-N promoter can also be driven by

Pit-1, are not activated in the pituitary by the same mechanism that activates GH-N.

Analysis of human pituitary chromatin revealed hyperacetylation of core histones in the

LCR and the GH-N 5'-flanking DNA (129). The hyperacetylation pattern does not appear

to extend to the placental genes of the locus (129), and thus correlates with the expression

pattern of these genes. Both hyperacetylation and GH-N expression are disrupted by

deletion of two Pit-1 sites from HS I in transgenic mouse lines (123). From this and other

observations, it was concluded that Pit-l binding at these sites was the key event in

activating the GH locus and expression of GH-N in the pituitary 023).

The pituitary enhancer activity of HS I/II, and the activity of the GH-N and CS-A

promoters invitro, is mediated through the transcription factor Pit-1. Interference with

Pirl binding to the placental promoters in vivo is therefore a potential explanation for

their lack of activity in pituitary somatotrophs. It is unknown at this point if differences

exist between Pit-l binding at these locations in vivo, as until recently distinctions

between these homologous regions have not been reported (130). However, even if Pit-1

binding were to be demonstrated with both the GH-N and the placental promoters in vivo,

an alternative possibility for the blockage of placental promoter activity would be that the

ability of associated Pit-1 to activate transcription is compromised. Pit-1 was previously

shown to alternately recruit the histone acetyltransferase/transcriptional activator CBP

and the histone deacetylase/repressor complex N-CoR (131, I32). Based on these

observations, the hypothesis in the case of Pit-1 association with the placental promoters,

would be that binding of Pit-1 to the placental promoters nucleates a repressor complex,

as opposed to the activation complex that is formed at the GH-N promoter. The ability of
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Pit-1 to recruit opposing complexes was demonstrated as being based on differences rn

the spacing of nucleotides within Pit-1 binding sites (131). As previously noted, the

proximal and distal sites in the GH-N and placental promoters are highly homologous,

and the spacing of the nucleotides in the Pit-l recognition sites does not differ between

GH-N and the placental promoters. This does not rule out the possibility, however, that

instead of differences in the sequence information contained within the Pit-1 sites

themselves, surrounding sequences and/or factors could alter the manner in which Pirl
interacts with the placental GH/CS promoters.

l.2.ld The P sequences

Despite the extensive homology in the GH/CS locus, there are surrounding sequences

that are found upstream of the placental GH/CS promoters, which are absent from the

GH-N upstream region. Repeat elements, termed P sequences, are located approximately

2 kb upstream of each of the placental GH/CS genes (83). The capacity for these

sequences to block pituitary expression of GH/CS genes has been demonstrated through

insertion of a 2.4 kb fragment of P sequence DNA upstream of the both the GH-N and

CS-A promoters in transiently transfected pituitary cells (133). Repressor activity was

further localized to a263 bp fragment (263P) (133). Within 263P, two regions of protein

binding were detected and the corresponding DNA elements are P sequence element

(PSE) -A and PSE-B (133). The identity of the factors associating with PSE-A and PSE-

B was undetermined, although the ability to see binding to these regions in several cell

types (133) indicated that the factors were not specific to the pituitary. Based on their

location within the locus, and function in vitro, P sequences and their associating factors

were hypothesized to participate in a mechanism that selectively repressed the placental

GH/CS genes in the pituitary. From what is known about GH-N activation, one would

expect that this mechanism may involve interference with Pit-l (as outlined above). A

direct link between Pit-l and the P sequences factors (PSFs) was not made, as the identity

of the PSFs was unknown. A putative interaction was inferred, however, as Pit-l

oligonucleotides competed for PSF binding in structural invitro assays (133).
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1.2.2 Transcriptional regulation of the GTVCS locus in the placenta.

I.2.2a RegulatÍon of the placental promoters in vitro.

Whereas the pituitary-restricted transcription factor Pit-1 drives expression of both the

GH-N and CS-A promoters in pituitary cells in vitro (103-107), placental promoter

activity is attributed to factors with broader patterns of expression. Five regions of protein

binding within the first 250 bps of the CS-A promoter have been observed by nuclease

protection experiments with choriocarcinoma (BeWo) and human placenta nuclear

proteins (I34). These regions contain putative binding sites for Spl (FPl), a

glucocorticoid response element (FP2), upstream-regulatory factor, MyoD, and an

estrogen response element (FP3), NF-1 and AP-z (FP4), and AP-2 (FP5) (134). The

association of Spl (to homologous CS-B sequences), NF-l , and AP-Z was confirmed

through in vitro binding assays, however, only Spl and AP-2 have been demonstrated to

be positive contributors to in vitro promoter activity (134, 135). Thus, a placenta-

restricted regulatory factor, analogous to the role of Pit-l in the pituitary, has not been

demonstrated for placental promoter activity.

1.2.2b The CS genes have placental enhancers in their 3'-flanking DNA sequences.

The expression of CS in the placenta is approximated to represent 3.5Vo of the total

mRNA of syncytiotrophoblasts, similar to the 3Vo of total mRNA that GH-N represents in

somatotrophs (83). Promoter activity alone may not explain this high level of activated

expression, as in comparison, the homologous GH-V gene accounts for less than 0.0017o

of the total syncytiotrophoblast mRNA (83).

Roughly 2 kb downstream of the CS-B gene, a 1022bp enhancer element was identified

(136). Enhancer activity can be localized within a 24T bp fragment of the 1022 bp

element, which has the capacity to increase CS-A promoter activity in transiently

transfected placental cell lines by as much as 300-fold (137-I39). Like many of the

GH/CS locus regulatory regions, the CS enhancer is a repeat sequence that is also found

downstream of the CS-A and CS-L genes. The CS-A and CS-L enhancers, however, are

not as potent as the CS-B enhancer fragment in transiently transfected choriocarcinoma
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cells lines (136, l3l, 140), although activity of the CS-A enhancer region does increase

in placental primary cell cultures undergoing differentiation (141). From these

observations, it has been suggested that the CS enhancers may contribute to activated

expression of the CS genes in the human placenta in vivo. Detailed analyses of CS-B

enhancer function implicate multiple regulatory regions within the 24I bp element (I31,

138, 140, 142,143), as well as the involvement of several transcription factors, including

a TEF-1-like factor (13'7, 142, 144, 145) reporred to be TEF-5 (146, I47), and nuclear

factor-interleukin-6 (NF-IL-6) ( 148).

1.2.2c Expression of the GIVCS locus in the placenta in vivo.

Based on data generated through in vitro models, activated expression of the GH/CS

genes in the placenta may involve the CS downstream enhancer elements. This enhancer

activity is not promoter-specific (137,139), however, the capacity to co-operate with the

CS promoter complex for increasing expression levels has been demonstrated (149).

Thus, based on these observations, both the CS downstream enhancers and CS/GH

promoter regions are candidates for involvement in activated expression of the GH/CS

locus invivo.

As was previously mentioned, the distal HS III and HS V regions were identified in

human term placenta as well as pituitary adenoma chromatin (120). In this study, the

presence of a placental-specific HS site, called HS IV, was also observed 30.5 kb 5' to the

GH-N transcription start site (120). Using chromatin immunoprecipitation (ChIP) assays,

hyperacetylation of histones in the HS III and HS V regions has also been observed

(150). This study included analysis of proximal locus regulatory elements, and

demonstrated that the upstream P sequences were also hyperacetylated. These chromatin

modifications can indicate sequences that are be involved in transcriptional regulation,

and so these regions are candidates for activated expression of the GHiCS genes in the

placenta. As in the pituitary, transgenic mouse models have provided some insight into

how the expression of these genes is regulated (Table 1.2).
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Table 1.2

Summary of placental expression in human GIVCS transgenic mice.

Method of detection for transgene expression in the placenta and pituitary is indicated in
brackets: RT - RT-PCR, N - northern (RNA) blotting.

Perhaps the clearest result that can be taken from the studies summarized in Table 1.2, is

that independently, none of the regions tested are sufficient to confer efficient and

consistent expression in the placenta. The 15 kb CS-A transgene contained not only the

proximal promoter sequences, but enough flanking DNA to contain the upstream P

sequences and downstream CS enhancer (120). Expression of this construct in the

placenta, however, was variable and detected in only four of six lines (120). Independent

use of distal sequences also did not recapitulate placental expression in the transgenic

mouse models. Although the data from other tissues demonstrates that the HS III-V
region can confer copy-number dependant expression of a transgene (in both the HS III-
HS V 0.5 kb GH-N and -40 kb GH-N lines), the level of expression in the placentas of

15 kb cs-A

(5.4kb 5'-7.zkb
Variable levels

416lines

(N)

HS III-HS V Not detected 5/5 lines Yes (120)

0.5 kb GH-N (RT) (RT)

-40 kb GH-N Not detected 5/5 lines Yes (120)

(RT) (RT and N)

-45.8 kb GH-N (Pl clone) 5/5 lines 5i5 lines 4/5 lines (122)

(RT and N)

HS I/II

263P 0.5 kb cH-N 263P

Variable levels

2l3lines

(RT)

HS I/II

0.5 kb GH-N

Not detected 3/3 lines No (150)

(RT)
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transgenic mice was either extremely low or non-existent, as it was not detected in

placental RNA by RT-PCR. The single construct that has been reported to confer

consistent and efficient expression of the locus in the placenta of transgenic mice is -45.8

kb GH-N (Pl clone), which includes the entire locus (with the exception of the CS-B

gene) and the complete set of placental hypersensitive sites. Taken together, these results

imply that neither proximal nor distal elements alone are sufficient for appropriate

expression of the GH/CS gene family in the placenta, and instead suggest that some

degree of co-operativity between these regions may be occurring.

1.2.2d, The P sequences.

A second result that can be taken from the data in Table 1.2, is that P sequences have the

capacity to enhance gene activity in the placenta of transgenic mouse models. Placental

transgene expression was evident in two of three HS I/II 263P Gfì-N 263P lines,

compared to a similar construct HS I/II GH-N, which lacked the 263P fragment and

resulted in no detectable placental expression (150). The 15 kb CS-A transgene, which

included the P sequences, also resulted in placental gene expression in four of six lines.

In each of these constructs, the level of transgene expression was variable, and this would

suggest that they are susceptible to site-of integration effects. This interpretation is

consistent with the fact that the distal HS III-V region was not contained in these

constructs, which has the capacity to produce expression levels that relate to transgene

copy number (120).

It would, therefore, appear that in the placenta, P sequences act as local enhancer

elements involved in activated expression. This function would be analogous to the

enhancer activity of the HS I/II region in the pituitary, and is consistent with the

observation of P sequence hyperacetylation in human term placenta (150). This enhancer

function may be restricted to the P sequences, however, more likely is the possibility that

they operate in conjunction with other local elements such as the placental promoters and

downstream CS enhancer regions.
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1.3 Research objectives

Regulation of the human growth hormone locus involves multiple elements and factors.

The mechanisms and factors appear to vary, depending on whether expression is

occurring in the pituitary or the placenta. For example, the HS I/II region is specifically

involved in activated expression of GH-N in the pituitary, requiring the transcription

factor Pit-I. In contrast, some elements have the potential to be involved in more than

one of the two expression mechanisms. The P sequences for example have the potential

to function as a dual element, with more than a single specific function, as discussed in

sections l.z.ld and 1.2.2d. In the pituitary, where the locus is accessible and there is no

clear basis for differentiation between GH-N and placental promoter activity, the P

sequences have been implicated as local repressor elements. In the placenta, data have

also suggested that P sequences play a role in achieving activated expression of the

placental genes.

The aim of this thesis is to further characterize P sequences, primarily through the

identification of P sequence factors in pituitary and placental cells. The research

objectives for this work are therefore as follows:

1. To identify candidate P sequence factors (PSFs) in pituitary GC cells.

2. To determine if the placental (choriocarcinoma) cell lines available are a

suitable in vitro model for the study of placental enhancer function, and if so,

to use this system to identify candidate PSFs.

3. To assess the potential for candidate PSFs identified in vitro to associate with

P sequences in the context of pituitary and placenta chromatin

4. To examine the possibility that the P sequence repressor mechanism in

pituitary cells involves the transcription factor Pit-1.
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To meet these objectives, the results are presented in three chapters. Chapter 3 combines

the use of functional (transient gene transfer) and structural (nuclease protection and

electrophoretic mobility shift) assays to address objectives 1 and 2. The majority of the

data within this chapter have been previously reported in (151) and (130). In Chapter 4,

the development of a chromatin immunoprecipitation technique for use with human

tissue samples is described, and used to address objective 3. A portion of the results

presented in Chapter 4 has been reported in (130). Finally, objective 4 is examined in

Chapter 5. Each of these chapters contains a limited discussion of the approaches and

results, followed by a summary of the findings. A more detailed discussion can be found

in Chapter 6.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Materials

For the experiments reported, materials and equipment were purchased or obtained from

Amersham Biosciences, Baie d'Urfé, PQ, Canada, Baker company, Sanford, ME, USA,

Beckman Instruments Canada Inc., Mississauga ON, Canada, Bio-Rad Laboratories Inc.,

Mississauga, ON, Canada, Calbiochem, La Jolla CA, USA, Clontech, Palo Alto, CA,

USA, Corning Life Sciences Inc., Acton, MA, USA, Fisher Scientific, Nepean, ON,

Canada, Health Sciences Centre, Winnipeg, Manitoba, Canada, Human Pituitary

Repository in the Protein and Polypeptide Laboratory at the University of Manitoba,

Winnipeg, Manitoba, Canada, Invitrogen, Burlington, ON, Canada, MJS Biolynx Inc.,

Bockville, ON, Canada, Promega Corp., Madison, WI, USA, QIAGEN, Mississauga,

ON, Canada, Roche Diagnostics, Laval PQ, Canada, Santa Cruz Biotechnology Inc.,

Santa Cruz, CA, USA, Sigma-aldrich Canada Ltd., Oakville ON, Canada, Tropix Inc.,

Bedford, MA, U.S.A, University Core DNA Services, University of Calgary, Calgary,

AB, Canada, Upstate Biotechnology, Lake Placid, NY, USA, Vibra CellrM, Sonics and

Materials Inc., Danbury, CT, USA

2.1.1 Antibodies

2.l.Ia c-myc

The c-myc antibody is a mouse monoclonal antibody that specifically recognizes the c-

myc epitope tag. It was raised against a synthetic peptide that corresponds to residues

408-439 of the human p62-c-myc protein (Clontech).

z.l.lb Dorsolateral prostate protein (DLP)

The DLP antibody is a rabbit polyclonal

dorsolateral protein (152). It was used

antibody, specific for rodent prostate

as an unrelated control antibody in
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immunoprecipitations. This antibody was a generous gift from Dr. Janice G. Dodd

(Department of Physiology, University of Manitoba, 'Winnipeg, Canada).

2.L.lc Hyperacetylated histone H4

A rabbit antiserum was purchased from Upstate Biotechnology that specifically

recognizes the hyperacetylated forms of histone H4. Human histone H4 is sequentially

modified by acetylation at lysines 5,8, 12, and 16. This antibody is reported to detect the

tri- and tetra-acetylated forms, but not the mono- or di-acetyl forms, of histone H4

(Upstate Biotechnology).

2.L.td NF-L

Two NF-1 antibodies were used. A commercially available NF-1 antibody (l.tF-1 H-300)

was purchased from Santa Cruz Biotechnology. It is a rabbit polyclonal antibody raised

against a recombinant protein, coffesponding to amino acids l-300 at the NHr-terminus

of human NF-l. This antibody is reported to react with all NF-l variants of human, rat,

and mouse (Santa Cruz).

A rabbit polyclonal antibody to NF-l (2899) was generously provided by Dr. N. Tanese

(Department of Microbiology, NY School of Medicine, New York, USA). This antibody

was raised against bacterially expressed recombinant NF-1C of human origin (153).

Unless otherwise stated, the commercial NF- 1 antibody was used

immunoprecipitation and protein blotting experiments and the NF-l 2899 antibody

used for electrophoretic mobility shift or 'supershift' assays.

2.l.le Pit-L

An affinity purified rabbit polyclonal Pit-l (Pit-l X-7) antibody was purchased from

Santa Cruz Biotechnology. This antibody was raised against a polyhistidine fusion

protein containing the full length Pit-1 protein of rat origin. It is reported to recognizePit-

1 of human, rat, and mouse (Santa Cruz).

for

was

27



z.t.tf RFXL

Two RFXl antibodies were used. Both antibodies were used for immunoprecipitation,

protein blotting, and supershift assays. A commercially available goat polyclonal RFXI

antibody (RFXI D-19) was purchased from Santa Cruz biotechnology. This antibody was

raised against a peptide mapping to an internal region of RFXI of human origin and is

reported to recognize RFXI of human, rat, and mouse (Santa Cruz).

A rabbit polyclonal antibody to RFX1 was generously provided by Dr. V/. Reith

(Déptartment de Génétique et Microbiologie, Centre Médical Universitaire, Geneva,

Switzerland). This antibody was raised against a bacterially produced recombinant RFXI

protein of human origin (154).

2.L.lg RFX2

A rabbit polyclonal RFX2 antibody was a generous gift from Dr. W. Reith.

2.1..Lh RFX3

The RFX3 antibody was a generous gift from Dr. W. Reith. It is a rabbit polyclonal

antibody that was raised against a bacterially expressed recombinant polyhistidine RFX3

peptide, corresponding to amino acids 183 tol07 (155).

2.1.2 Cell Lines

Cells were cultured in a humidified atmosphere at 37"C, 5Vo CO, and 95Vo air, in

Dulbecco's modified Eagle's Medium supplemented with 87o (vlv) fetal bovine serum

(FBS), 500 pM glutamine and antibiotics (50 U/mL penicillin, 50 ¡rglml- strptomycin) in

100 mm culture dishes. Cell stocks were maintained at -80 oC in 907o FBS, l07o

dimethyl sulfoxide. Trypsin-EDTA was used to lift the cells following a single wash in

calcium- and magnesium- free phosphate buffered saline (PBS-CMF).

The cell lines used were: rat pituitary adenoma (GC), human cervical carcinoma (HeLa),

human placental choriocarcinoma (JAR and JEG-3), and human embryonic kidney (293).
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The rat pituitary GC cells (156) aÍe a weil established model for examining the

regulation of human growth hormone (II4, 115). They express rat growth hormone, but

not prolactin (157). The placental JAR (158) and JEG-3 (159) cell lines express human

chorionic somatomammotropin, but at reduced levels compared to human term placenta

syncytiotrophoblasts ( 1 60).

2.1.3 Oligonucleotides

Single-stranded oligonucleotides were obtained from University of Calgary core DNA

services, Invitrogen, QIAGEN, and Santa Cruz Biotechnology. The sequences for the

high affinity NF-1 site (h.aff.NF-l), EF-C/MDBP (RFX), RF, and HS I/II (F) and (R)

primers, have been reported previously by others (724,138,16I,162)

Double-stranded oligonucleotides were generated by mixing equal masses of sense and

antisense oligonucleotides, and incubating for l0 minutes in a boiling water bath. The

heat source was then removed and the oligonucleotides were left in the water bath over

night to anneal. The sense strand for each oligonucleotide, from 5' to 3', is given in Table

2.1. Primers for polymerase chain reaction (PCR) are listed inTable 2.2.

Table 2.1

Oligonucleotide sequences

-l GGATCCAGCGGGGGCGAGCGGGGGCGA
h.aff.NF-1 CTAGCTATTTTGGCATCATGCCAATATG
NF-1 TTTTGGATTGAAGCCAATATGATAA
NF-1m TTTTGGATTGAATAAAATATGATAA
Pit-1(GH) CACCTGTTTCTGTGTACATTTATGCATGGGGCCACTGACG
Pit- I ßrl GGATCCACCTGATTATATATATATTCATGAAGGTGAGA
PSE-43 TGTTGGTTGCCAACACCACTGCCAACCA
PSE-A3m1 CTAGGGTTGCCAACACCACTGCCAACCA
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PSE-43m2 TGTTTCGAGCCAACACCACTGCCAACCA
PSE-43m3 TGTTGGTTTAACACACCACTGCCAACCA
PSE-43m4 TGTTGGTTGCCAGTCTCACTGCCAACCA
PSE-43m5 TGTTGGTTGCCAACACATACGCCAACCA
PSE-43m6 TGTTGGTTGCCAACACCACTGCGTTACA
PSE-A4 TGTTGGTTGCCAACACCAC
PSE-A5 TGTTCAATGTTGGTTGCCAACACCACTGCCAACCACTTCT
PSE-B4 GATGGCAGGGCCCCAGCA
PSE-B4Cm GATGGCCGGGCCCCAGCA
PSE-B4Gm GATGGCAGGGCGCCAGCA
PSE-B4CGm GATGGCEGGGCGCCAGCA
PSE-B4m GATCGCAGGGTACCAGCA
RF CTCATCAACTTGGTGTGGACGGC
RFX (EF-C/IVIDBP) GGCCAGTTGCCTAGCAACTAATT
RFXm GGCCATCGTCCTAGACTATAATT
Mutated sequences are indicated by underlining.

Table2.2

PCR primers

263P (F) ATGTCTGGATEETCCTACTGGC
263P (R AG CTCGG,{TEECACTCTGTAGAAAC
103P TTCTGGGATCCAAGTGGGGAGATGGCAGGGC
103P AACAGGATCCCGCTTCCAGAAGTGGTTGGC
HS V (F) CTAJqACTCGAGTAGAGGATAAGTGTGAGGAC
HS V (R) CCATCCTCGAGCGAGCTGGACCACCTTAACTT
HS IV TCCCAGGGATCCGGGAAGAAGTGGTGGAC
HS IV (R) CAAAAGAAGCTTCCCACGTAATAAGGGAGGCAC
HS III (F) TGCGTCAAGCTTGGGCACTGTCCCGATTCGAG
HS III (R) AGGCTCGAGCTCGGGTGCAGGCACCTTGTTTC
HS I/II GATATCAAGCTTCCCGGGTCAGTCTCTCTCCAG
HS I/II (R) TAAGGTGAGCTCCGAGGAACAGCCCGTTCC
GH G CTATGCTCGGCGCCCATCGTCTGC
GHp (R) GAAGGACCGCCCACCAAGGTCT
CSp (F) CACAGAAACAGGTGGGGTCA
CSp (R) GAAGGACCCCCCACCAAGAAGGAC
ENH GTCTACATTTCAGCTCATCAACTTGG
ENH (R) GCTGTGAACACATGGGGTCTCATCTTTGCGG
Prlp (F) CCTCC fuAACCAATCTAGTCTCAGATCTCACC
Prlp (R GGAAGTCTCACGGTTTTCTCTTTCCC
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hFGF-16 exon3 (F) GAAGAAACTCACACGTGAATGTG
hFGF-16 exon3 (R) TTACCTATAGTG A.]AAGAGGTCTC
(F) forward, (R) reverse

To amplify 263P by PCR, two different sets of primers were used. The set listed in table

2.2 as 263P(F) and 263P(R) was used to generate fragments for insertion into plasmid

constructs, and therefore, these primers carry BamIll restriction endonuclease sites

(underlined). In the PCR analysis of chromatin immunoprecipitation DNA, the 263P(F)

primer (Table 2.2) was used with the reverse strand of PSE-45 (Table 2.1). The 103P

primers were also used to generate fragments for insertion into plasmid sites, and the

BamIII restriction endonuclease sites are underlined.

,, ,, Methods

2.2.1 Chromatin immunoprecipitation (ChIP)

ChIP is an assay used for the detection of protein DNA interactions in situ. A schematic

of the protocol is presented in Figure 4.2.

2.2.Ia Isolation of intact nuclei and formaldehyde cross-linking.

Post-mortem human pituitary tissue was obtained from the Human Pituitary Repository

in the Protein and Polypeptide Laboratory at the University of Manitoba, and placentas

from term deliveries at the Health Sciences Centre, Winnipeg, Manitoba. For each ChIP

experiment, nuclei were isolated from l0 grams of placenta tissue or 3-6 pooled human

pituitary samples (approximately 3.5 grams) according to a previously described protocol

at 4 "C (127).

To isolate nuclei, tissue samples were scissor minced at 4 "C in approximately 40 mL

(placenta) or 20 mL (pituitary) of tissue nuclei isolation buffer (TNIB: 10 mM HEPES

pH7.9,10 mM KCl, 1.5 mM MgClr) containing freshly added sodium butyrate (9.1 mM,
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n-butyric acid sodium salt, CoHrOrNa), PMSF (1 mM), NP-40 (0.I7o), and protease

inhibitors (1 Roche Complete MinirM protease inhibitor tablet per 50 mL of TNIB). TNIB

containing these additives is referred to as TNIB*. Samples were homogenized

(Brinkmann mechanical homogenizer, set at #l) in approximately 2.5 mL aliquots for 15

passes. The homogenates were pooled in a sterile beaker and filtered through 2 layers of

sterile cheesecloth. The cheesecloth was rinsed with 25 mL (placenta) or 20 mL

(pituitary) of TNIB.. The filtered homogenate and TNIB. rinse was combined, divided

into two equal volume aliquots, and centrifuged at 2000 rpm in a swinging bucket HN-S

centrifuge for 10 minutes at 4 "C. Supernatants were discarded and each pellet was

resuspended in 10 mL of TNIB*. Samples were homogenized a second time in

approximately 2.5 mL aliquots for 10 passes, pooled, centifuged at 2000 rpm in the HN-S

centrifuge for 10 minutes at 4 "C, and supernatant was discarded. For the isolation of

placental nuclei, this pellet was resuspended in 20 mL of nuclei isolation buffer (NIB: 50

mM Tris-HCl pH L5,25 mM KCl, 2 mM MgClr, 0.25 M sucrose) containing freshly

added sodium butyrate (27 mM), PMSF (0.5 mM), and protease inhibitors (1 Roche

Complete MinirM protease inhibitor tablet was dissolvedin2 mL of sdH2O, and 800 ¡rL

was added to the NIB). The nuclei were further processed in a Wheaton 15 mL Dounce

tissue grinder using the tight pestle for 10-20 passes, centrifuged at 2000 rpm in the HN-S

centrifuge for l0 minutes at4"C, and the supernatant was discarded.

For both pituitary and placenta preparations, the isolated nuclei pellet was resuspended in

HEPES buffer (10 mM HEPES pH 7.5, 3 mM MgClr, 10 mM NaCl, 1 mM PMSF) to

approximately 20 Aruo units/ml. Nuclei were equilibrated to room temperature and

formaldehyde was added as a cross-linker at a final concentration of lVo for 5 minutes.

The cross-linking reaction was quenched by the addition of glycine (final concentration

0.12s M).

2.2.1b Nuclear lysis and sonication of the chromatin.

Cross-linked nuclei were centifuged at 2000 ¡pm in the HN-S centrifuge for 10 minutes at

4 "C, and the supernatant was discarded. Nuclei were resuspended in RSB buffer (10 mM

Tris-HCl pH 7.5,3 mM Mgclr, l0 mM Nacl, I mM PMSF, pH 7.5), centifuged at2000
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rpm in the HN-S centrifuge for 10 minutes, the supernatant was discarded, and nuclei

were resuspended in lysis buffer (50 mM Tris-HCl pH 8.0, 17o SDS, l0 mM EDTA, I

mM PMSF) with protease inhibitors (a0 pL of a solution containing one Roche Complete

MinirM protease inhibitor tablet dissolved in2 mI- of sdHrO) for l0 minutes at 4 'C. To

shear the chromatin, the nuclear lysate was sonicated for a total time of 90 seconds

(pituitary) or 120 seconds (placental) at 407o output (Vibra CellrM, Sonics and Materials

Inc., Danbury, CT, USA) in 3O-second pulses. To measure the total DNA content, the

Aruo of a sample was measured in 2 M NaCl / 5 M Urea. Sonicated material was then

aliquoted into microfuge tubes and centrifuged at 10,000 rpm for 10 minutes at 4 "C to

remove insoluble material. The supernatants were pooled and this soluble material

represented the chromatin input for immunoprecipitation. To measure DNA content of

the chromatin input, the Aruo of a sample was assessedin2 M NaCl / 5 M Urea. The Vo of

DNA released from the nuclei was calculated as the (soluble Azoo / total Aruo) X 1007o.

The recovery of soluble chromatin ranged between 70 and 93Vo for all ChIP experiments.

2.2.1c Immunoprecipitation (IP) and DNA isolation.

IP conditions were based on a protocol obtained from the laboratory of Dr. James Davie

(University of Manitoba, Winnipeg, Canada). A decision was made to increase the scale

of the protocol by fîve times (5X). This was based on the observation that with the human

tissue samples as a source of chromatin, the lX protocol did not result in an amount of

final DNA that was adequate for analysis.

For IP, 5 mL samples were prepared in dilution buffer (16.7 mM Tris-HCl pH 8, 167 mM

Nacl, 1.2 mM EDTA, l.l7o Triton x-100, 0.017o sDS, 1 mM PMSF) with protease

inhibitors (200 ¡rL of a solution containing one Roche Complete MinirM protease

inhibitor tablet dissolved in 2 mL of sdHrO) at an 4260 of 2 units/ml-. A 2 unit sample

was put aside to represent the immunoprecipitation input. Samples were precleared for 3

hours at 4 "C using 300 pL of pre-treated (see below) protein A sepharose (Amersham

Biosciences) and 25 pg of sheared salmon sperm DNA on a rotating platform.

Centrifugation was done at 4000 rpm in a HNS centrifuge at 4 "C for 2 minutes. Specific

antibodies were added for overnight incubation on a rotating platform as follows: 25 pL
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anti-hyperacetylated (penta) histone H4 (Upstate biotechnology), 50 pL RFXI (D-19)

(Santa Cruz Biotechnology Inc.), and 50 pL NF-1 (H-300) (Santa Cruz Biotechnology

Inc.). The following day, 300 pL of pre-treated protein A sepharose and 50 pg of sheared

salmon sperm DNA was added for I hour on a rotating platform. Samples were washed

for 10 minutes at 4 "C on a rotating platform in 5 mL of each wash buffer as follows: low

salt buffer (20 mM Tris-HCl pH 8, 150 mM NaCl, 2 mM EDTA, 17o TntonX-L}},0.17o

SDS), high salt buffer (20 mM Tris-HCl pH 8, 500 mM NaCl, 2 mM EDTA, lVo Triton

X-100, 0.17o SDS), LiCl buffer (10 mM Tris-HCl pH 8,0.25 M LiCl, I mM EDTA, 17o

deoxycholic acid Na salt, l7o NP-40), and twice in TE buffer (10 mM Tris-HCl pH 8, I

mM EDTA). The centrifugation for each wash was done at 4000 rpm in the HN-S

centrifuge at 4 "C for 2 minutes. Samples were eluted twice in 1.25 mL of freshly

prepared elution buffer (17o SDS, 0.1 M NaHCOT) for 15 minutes at room temperature,

and cross-links were reversed for 6 hours at 68 'C. DNA was isolated using QlAquick

PCR purification kit (QIAGEN) according to manufacturers instructions. For each

immunoprecipitated sample (bound), two columns were used, and for the input sample

one column was used. Input DNA was eluted with 50 ¡rL of EB buffer (QIAGEN), and

each bound column was eluted with 30 ¡rL of EB buffer and pooled (average final

volume of bound DNA was 55 ¡rL).

For pre-treatment of the protein A sepharose, 0.1 g of Protein A sepharose was suspended

in 10 mL sdH2O and incubated at room temperature with for 30 minutes on a rotating

platform. The sepharose was pelleted for I minute at 4000 rpm in the HN-S centrifuge,

and resuspended in 10 mL of dilution buffer (16.7 mM Tris-HCl pH 8, 167 mM NaCl,

1.2 mM EDTA, l.lVo Triton X-100, 0.017o SDS, I mM PMSF) with protease inhibitors

(200 pL of a solution containing one Roche Complete MinirM protease inhibitor tablet

dissolved in 2 mL of sdHrO). Following a 10 minute incubation on the rotating platform

at room temperature, the sepharose was again pelletted. The sepharose pellet was

resuspended in a final volume of I mL dilution buffer containing I g BSA and 0.1 g

sheared salmon spefin DNA. It was incubated overnight at 4 "C or for t hour at room

temperature on a rotating platform. Sepharose was washed twice with dilution buffer and
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resuspended in a final volume of 1 mL with dilution buffer (approxim ately 507o

sepharose slurry) before use in the immunoprecipitations.

2.2.1d Analysis of the ChIP DNA.

ChIP PCR was done with 10 ng of input DNA or 5 pL bound DNA as template. PCR

reactions (Taq DNA polymerase; QIAGEN) were at an annealing temperature of 55 'C

for 28 cycles. PCR primer pairs are listed in Table 2.2. From a 50 pL PCR reaction, 20

¡tL of final product was run in ZVo agarose gels. Images of the gels were analyzedby

densitometry using the NIH Image 1.6 program. ChIP results are expressed as a ratio of

boundiinput to correct for possible differences between PCR primer pairs. The FGF-16

exon 3 primer pair was chosen as an internal standard that represented the background of

non-specific sequences in a given immunoprecipitation (discussed further in chapter

4.1.s).

2.2.2 Gene Transfer

2.2.2a Transfection by calcium phosphate/DNA precipitation

For gene transfer, the calcium phosphate/DNA precipitation method was used, essentially

as previously described (1 l4).

Cells were plated at a density of 1x106 cells per 100 mm plate 24 hours prior to the

addition of DNA. For DNA precipitation, a 750 mL calcium solution (250 mM CaClr),

containing 6 plg of epitope-tagged plasmid DNA, or alternatively, 30 pg of test

(luciferase) plasmid, and either 3 ¡rg of RSVp.CAT or 75 ng of pRL-Tkp.Luc (renilla

luciferase) plasmid (Promega Corp.) as a control for DNA uptake, was 'bubbled' drop by

drop into 750 mL of 2XHBSS solution (280 mM NaCl, 50 mM HEPES (Fw 238.3), 1.5

mM dibasic NarHPOo). The resulting solution was left to precipitate at room temperature

for 30-45 minutes. A single precipitation was divided among three plates (480 pL per

plate) to obtain a triplicate. In the reported results, n=l is the activity from a single plate

of a triplicate set. An experiment was defined by a minimum of one precipitation (n=3).
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Cells were washed thoroughly with calcium- and magnesium-free phosphate buffered

saline (PBS-CMF) 20-24 hours after the addition of DNA, and refed with growth media.

Cells were harvested 48 hours after the addition of DNA. Each plate was harvested in 4

mL of PBS-CMF containing EDTA (1 mM), following a 4 mL PBS-CMF rinse. Cells

were pelleted by centrifugation for 3 minutes at 3000 rpm at room temperature. Pellets

were resuspended and lysed in 200-500 ¡rL of Tris-triton buffer (100 mM Tris-HCL pH

7.8,O.IVoTriton X-100) for 15 minutes on ice, and centrifuged at 13,000 rpm for 15

minutes at4"C to remove insoluble material.

2.2.2b Luciferase assays

For luciferase assays, cell lysates were assessed immediately following harvest. The

luciferase activity from 20 pL of cell lysate was determined using the Luciferase Assay

System (Promega Corp.) or the Dual-luciferase assay system (Promega Corp.), according

to manufacturers instructions, with a photon counting luminometer (EG&G Berthold,

LUMAT L89507 or ILA9ll Luminometer, Tropix Inc., Bedford, MA, U.S.A.). For

placental (JEG-3 and JAR) experiments, the cell lysate was sometimes diluted as 5 ¡lL in

a total volume of 20 ¡t"L with Tris-triton buffer.

2.2.2c Chloramphenicol acetyltransferase (CAT) assay

CAT activity was measured using a two-phase fluor diffusion assay (163), modified as

previously described (164). Briefly, 50-200 pg of cell lysate protein was incubated in a

200 ¡.tL final volume with Tris-triton buffer at 70 "C for 10 minutes. The lysate was

cooled to room temperature and 75 ¡t"l of 3H-acetyl coenzyme A cocktail was added (0.5

¡,rCi 
3H-acetyl CoA, 3.3 mM chloramphenicol, 0.1 M Tris-HCL pH 7.s). Scintilene (3

mL, Fisher Scientific) was layered on top of the solution and the tubes were incubated for

30 minutes at37 "C, before the activity was read in a scintilation counter. A minimum of

five cycles (1 minute per tube) was evaluated. Values for CAT activity were determined

by regression analysis to give cpm per minute per pg protein.
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2.2.3 Identification of putative transcription factor binding sites.

To identify putative transcription factor binding sites in a given DNA element the

Matlnspector 2.2 program that is based on the Transfac 4.0 transcription factor binding

site database was used (http: lltransfac.gbf.de/cgi-bin/matSearch/matsearch.pt). For the

searches a matrix similarity > 0.85 and a core similarity > 0.85 were used as parameters

(165, 166).

2.2.4 Immunoprecipitation and Protein (western) blotting

2.2.4a Immunoprecipitation

More than one IP protocol was used for the experiments that are reported. For the ChIP

assays, the IP protocol was described in section 2.2.1c. A scaled down (1X) version of

this protocol was also used for the experiments reported in Figure 4.5. In Figure 4.5 the

immunoprecipitation input was 0.5 mg of total cellular lysate from JAR cells transiently

transfected with cmyc-NF-1 and HA-RFXI expression plasmids. Transiently transfected

cells were harvested 48 hours after the addition of DNA and lysed in modified RIPA

buffer (40 mM Tris-HCl pH 8.0, 150 mM NaCl, 17o NP-40, 0.25Vo Na-deoxycholare, I

mM EDTA, 1 mM PMSF, 1 mM NarVOo, 1 mM NaF, I tablet/lO mL CompleterM Mini

Protease inhibitor (Roche Diagnostics), and I pg/ml aprotinin) for 15 minutes at 4 "C.

The total cellular lysates were pelleted to clear insoluble material, and protein

concentrations were assessed using the Bio-Rad protein assay (Bio-Rad Laboratories

Inc.). The final sepharose pellets from the IP were resuspended in 40 ¡rL of Laemli

sample buffer (27o SDS, lj%o glycerol, 100 mM DTT, 60 mM Tris-HCl pH 6.8, and

0.00I%o bromophenol blue), boiled for 5 minutes, and 20 ¡tL was resolved by SDS-PAGE

in anSVo gel.

For Figure 3.21 the following protocol was used. Transiently transfected cells were

harvested 48 hours after the addition of DNA and lysed in modified RIPA buffer for 15

minutes at 4 "C. The total cellular lysates were pelleted to clear insoluble material, and

protein concentrations were assessed using the Bio-Rad protein assay. IP was carried out
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with 0.5 mg of total cellular lysate. Lysates were precleared for 30 minutes at 4 "C using

non-specific monoclonal antibodies or rabbit immunoglobulins, followed by a one-hour

incubation with Pansorbin Cells (Calbiochem) prepared according to manufacturers

instructions. Specific antibodies to RFX1 (l pL, Reith RFX1 antibody (154), c-myc (2

Fg) or, as an unrelated control, rat prostate DLP (1 ¡.lL), were incubated with precleared

supernatants at 4 oC for 2 hours, and prepared Pansorbin cells were included for

overnight incubation. Washes were performed first with supplemented NET Buffer (50

mM Tris-HCl pH 7.5,500 mM NaCl,0.l7o NP-40, I mM EDTA), followed by NET

Buffer (50 mM Tris-HCl pH7.5,150 mM NaCl, 0.17o NP-40, 1 mM EDTA), and finally

10 mM Tris-HCliO.l7o NP-40. Pansorbin cell pellets were resuspended in 40 pL of

Laemli sample buffer, boiled for 5 minutes, and 20 1t"L was resolved by SDS-PAGE in an

8Vo gel.

For the experiments reported in Figure 3.22, I00 !,rg of GC nuclear extract was incubated

in a final volume of 1 mL with dilution buffer (16.7 mM Tris-HCl pH 8, 167 mM NaCl,

1.2 mM EDTA, l.l7o Triton X-100, 0.0l%o SDS, 1 mM PMSF) and protease inhibitors

(a0 ¡rL of a solution containing one Roche Complete MinirM protease inhibitor tablet

dissolved in 2 mL of sdHrO), and precleared with 1 ¡rL of normal rabbit serum (NF-l

IPs) or 2 ¡tL of normal goat serum (RFXI IPs) for 30 minutes on a rotating platform at 4

"C. Prepared sepharose (50 ¡rL, see section 2.2.Ic) was added for t hour at room

temperature, and 2 ¡tg of NF-l or RFXI antibodies were added to the precleared

supernatant overnight at 4'C on a rotating platform. The following day, 100 ¡rL of

prepared sepharose was added for 3 hours at 4 "C on a rotating platform. Washes were

performed first with supplemented NET Buffer, followed by NET Buffer, and finally 10

mM Tris-HCl/0.17o NP-40, for 5 minutes at 4 "C on a rotating platform. Final pellets

were resuspended in 60 pL of Laemli sample buffer, boiled for 5 minutes, and 20 ¡rL was

resolved by SDS-PAGE in an \Vo gel for RFX1 detection or a 12Vo gel for NF-l
detection.
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2.2.4b Protein (western) blotting

For protein blotting, gels were transferred and immobilized on PVDF membranes (Roche

Diagnostics) and blocked. Immunodetection was performed for one hour or overnight (c-

myc antibodies) at room temperature (or 4 oC for Figure 3.21). Detection of antibody-

antigen complexes was performed using BM chemiluminescence blotting substrate

(POD, Roche Diagnostics) for Figure 3.21 or SuperSignal@ West Pico chemiluminescent

substrate (MJS Biolynx Inc.) (Figures 3.22 and 4.5) according to manufacturers

instructions. Complexes were visualized on Kodak Biomax film (Amersham

Biosciences).

Antibody dilutions for immunodetection were as follows, goat RFXI antibodies,

1:10,000, mouse c-myc antibodies, 2 ¡tglwú-, rabbit RFXl antibodies, 1:1,000, rabbit NF-

I antibodies, 1 : I ,000, and rabbit Piç I antibodies, 1 : 1,000.

2.2.5 In vitro binding assays

2.2.5a Preparation of nuclear extracts

Nuclear protein extracts from GC, JAR, and JEG cells were made according to a

published protocol (167) and dialysed as previously described (140). Briefly, cultured

cells were harvested in PBS-CMF containing EDTA (1 mM), following a 4 mL PBS-

CMF rinse, and pooled in a single 50 mL polystyrene tube. Cell pellets were resuspended

in ice cold hypotonic buffer "A" (10 mM HEPES-KOH pH7.9,1.5 mM MgCl.,, l0 mM

KCl, 0.5 mM dithiothreitol (DTT), I mM PMSF) at 5X the packed cell volume, and

incubated for 10 minutes on ice. Cells were pelleted at 2000 rpm in the swinging bucket

HN-S centrifuge at 4'C. The pellet was resuspended in ice cold hypotonic buffer "A" at

2X the packed cell volume, and homogenized in a 15 mL Dounce tissue grinder with the

loose pestle until free nuclei were observed under the microscope. Nuclei were pelleted at

2000 rpm in the swinging bucket HN-S centrifuge at4'C, and then 14,500 rpm in the JA-

20 rotor of the Beckman J2-21 centrifuge for 20 minutes at 4 "C. The nuclear pellet was

resuspended in high salt buffer "C" (20 mM HEPES-KOH pH 7.9,25vo (vlv) glycerol,
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0.42 M NaCl, 1.5 mM MgClr, 0.2 mM EDTA, 0.5 mM DTT, 1 mM PMSF) at

approximately 3 mL per 10e cells and homogenized with the Dounce tissue grinder. The

nuclei were then incubated on a rotating platform at 4"C for 30 minutes before

centrifugation in the JA-20 rotor of the BeckmanJ2-2T at 15,000 rpm for 30 minutes at 4

'C. The supernatant was collected and dialysed in Spectrapor dialysis tubing (6,000 -
8,000 Dalton cut-off) against buffer "D" (20 mM HEPES-KOH pH 7.9,207o glycerol,

0.1 M KCl, 0.2 mM EDTA, 0.5 mM DTT, 1 mM PMSF) for 3-5 hours. Insoluble

material was removed by centrifigation in the JA-20 rotor of the Beckman J2-21 at

15,000 rpm for 30 minutes at 4 'C. The nuclear protein was aliquoted in 50-500 ¡rL

volumes, quick frozen in a dry ice ethanol bath, and stored at -70"C. Protein

concentration of the extracts was assessed using the Bio-Rad Protein Assay (Bio-Rad

Laboratories Inc.) with bovine serum albumin as a standard.

2.2.5b Electrophoretic mobility shift assay (EMSA)

For EMSA, competitors were preincubated with 2-5 Wg of nuclear protein and I-2 ¡tg
poly dIdC in reaction buffer (10 mM Tris-HCl p}{7.5,50 mM NaCl, I mM dithiothreitol,

1 mM EDTA, 5Vo glycerol) or (20 mM HEPES-KOH pH7.9,20Vo glycerol, 0.1 M KCl,

0.2 mM EDTA, 0.5 mM DTT, I mM PMSF) for 10 minutes at room temperature or 20

minutes on ice in a 20 ¡ll final volume. Double-stranded competitor oligonucleotides

were used in mass excess of the probe amount unless otherwise indicated. Antibody and

normal rabbit serum competitors were used at 1 pL. Following preincubation, 1 ng of

double-stranded radiolabelled oligonucleotide probe was added, and the reactions were

incubated a further 10 minutes at room temperature or 20 minutes on ice before

electrophoresis in a 4-5Vo acrylamide gel.

2.2.5c Nuclease protection

For nuclease protection, competitors were preincubated with 15-21 pg of nuclear protein

(dilutedwithbuffer"D"to I2.5TtLfinalvolume), l pgpolydldC ,and6.25 mMMgClr,

in a 19 ¡,r, L final volume for 15 minutes on ice. Double-stranded competitor

oligonucleotides were used in pmole excess of the probe instead of mass excess because
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of the size difference between the competitors and the probes. Following preincubation,

0.5-1.0 ng of probe was added to each reaction and incubated for an additional 15

minutes on ice. For the 263P fragment, it was radiolabelled at the 3'end and 0.5 ng

equaled 0.0028 pmoles. The CS-A promoter probe was a PstI/BamHI fragment of the

CS-A 5'-flanking DNA radiolabelled at the BamÍII site (1.0 ng equaled 0.006 pmoles).

DNase digestion was carried out at 26 "C for I minute by adding 24 V"L of DNase

solution (7.8 mM MgClr, 3.9 mM CaClr,4.3 mM HEPES-KOH pH 7.9, 4.37o glycerol,

2.2 mM KCl, 0.04 mM EDTA, I unit DNase). Reactions were stopped by the addition of

160 pL of STOP buffer (0.1 M Tris-HCl pH 7.5, 12.5 mM EDTA, 0.15 M NaCl, 1%

(w/v) SDS, 1250 ¡tg proteinase K, 100 pg tRNA), followed by incubation at 37 'C for 30

minutes to digest the proteins. Solutions were phenol extracted and ethanol precipitated.

DNA pellets were resuspended in 5 ¡rL of formamide loading buffer (807o (vlv)

formamide, I mM EDTA, 0.I7o (wlv) xylene cyanol, 0.17o (wlv) bromophenol blue) and

electrophoresed in a 67o acrylamide gel.

2.2.6 Plasmid DNA

The plasmids pxpl and pTSlluc (Tkp.Luc) were obtained from Dr. Steve Nordeen

(Molecular Biology Program, Department of Pathology, University of Colorado Health

Sciences Center, Denver, Colorado, USA) (168). The plasmid RSVp.CAT contains the

chloramphenicol acetyl transferase gene directed by the Rous sarcoma virus promoter

and was described elsewhere (169). The NF-l cDNA plasmids (pBSNF-1 set) were a

generous gift from Dr. Masayoshi Imagawa (Laboratory of Environmental Biochemistry,

Graduate School of Pharmaceutical Sciences, Osaka University, Osaka, Japan) (170). The

RFXl cDNA was a generous gift of Dr. Walter Reith in the plasmid pSG5RFXI(171).

The plasmids pRLTkp.Luc (Promega), pCMV-Myc (Clonrech), and pCMV-HA

(Clontech) were purchased.
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2.2.6a Plasmid contructions

Restriction endonuclease digested plasmid vectors and inserts were isolated from agarose

gels with a GFX PCR DNA and gel band purification kit (Amersham). Ligations were

incubated at room temperature for 6 hours to overnight.

263PTkp.Luc

For 263PTkp.Luc, the 263P fragment had been previously subcloned into pUCl9 (133).

To construct 263PlTKp.Luc, the 263P fragment was released from 263PlpUC19 using

SacIlHindIII and subcloned into pT81luc.

CSp.Luc plasmids

The immediate 5' flanking region of the CS-A gene (-492l+6) was isolated as a

EcoRllBamHI fragment (blunted) and inserted into the HindIII site (blunted) upstream

of the firefly luciferase (Luc) gene in pxpl.

For PSE-A3CSp.Luc, PSE-B4CSp.Luc, NF-lCSp.Luc or NFlCSp.Luc, PSE-

B4mCSp.Luc, PSE-84/CmCSp.Luc, PSE-84/GmCSp.Luc, PSE-84/CGmCSp.Luc, the

appropriate double-stranded oligonucleotides were phosphorylated and inserted into the

SmaI site of CSp.Luc.

For lO3PCSp.Luc, the 103P fragment was generated by PCR using 103P(F) and 103P(R)

as primers. The PCR product was ethanol precipitated, digested with BamHI, isolated,

and inserted into the BamHI site of CSp.Luc.

For 263PCSp.Luc, 263P was released form 263PlTKp.Luc as a BamHIlXhoI fragmenr

and subcloned into CSp.Luc.

To generate 263 Am2csp.Luc, 263Bmcsp .Luc, 263 Am2lBmcsp.Luc, a two-step pcR

approach with 263P primers, appropriate mutant oligonucleotides, and 263PCSp.Luc as

an initial template, was utilized to introduce mutations into 263P ('laqDNA polymerase;
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QIAGEN). The final PCR products were inserted as BamHl fragments upstream of the

CS-A promoter in CSp.Luc.

To generate CSpPit-1m.Luc and 263CSpPit-1m.Luc, the CSp.Luc and 263PCSp.Luc

plasmids were digested with NsiI, staggered 3' ends were removed with Klenow

fragment, and the plasmids were religated.

Epitope-tagged plasmids

Hemagglutinin (HA) or c-myc (myc) tagged transcription factors (HA-RFXI, ffiyc-

RFXI, myc-NF-lA, myc-NF-18, myc-NF-lC, and myc-NF-lX) were generated using

the epitope-tagged mammalian expression vector set (Clontech). NF-1 cDNAs were

isolated from pBSNF-1 vectors and subcloned into XhoUNotI of pCMV-Myc (Clontech).

The RFXI cDNA was isolated from pSG5RFX1, blunted with Klenow fragment and

subcloned into the (blunted) Sall site in pCMV-Myc and pCMV-HA (Clontech).

2.2.6b Preparation of competent bacterial cells and bacterial transformation

The DH5a strain of Escherichia. coli was used for the propagation of all plasmid DNA.

To introduce plasmid DNA into the cells, the CaCl method was used. Briefly, bacteria

was grown overnight in L broth at37 "C, recultured the following day, and grown to log

phase (approximately 2 1/2 hours, Aruo of 400-600). Cells were pelleted, resuspended in

cold 50 mM CaCl, and incubated on ice for 20 minutes. Cells were again pelleted,

resuspended in CaCl buffer (50 mM CaCl, 10 mM Tris-HCl pH 8.0, l57o glycerol), and

100 ¡rl aliquots were stored at -70'C until needed. To introduce plasmid DNA, an aliquot

of preprepared bacteria was thawed on ice for 10 minutes, DNA was added, and cells

were incubated for 45-60 minutes on ice. Bacteria was heat shocked for 1 minute at 42

'C, transferred to 1 mL of L broth, and incubated at 3l "C for I hour, before plating onto

LB-Agar plates containing antibiotics.

2.2.6c Isolation of plasmid DNA from bacteria

Plasmid DNA was isolated from bacteria by akaline lysis. For small scale plasmid

isolation, single colonies were inoculated into 2 mL of L broth with antibiotics and grown
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at37 "C for 6 hours to overnight. Cells were pelleted, resuspended (25 mM Tris-HCl pH

8.0, 10 mM EDTA, 50 mM glucose), lysed for 5 minute on ice (0.2 M NaOH, l7o SDS),

and proteins were precipitated for 5 minutes at room temperature (3 M Na acetate pH

5.2). Following centrifugation (5-10 minutes, 13,000 rpm 4 'C), the supernatant was

phenol extracted and ethanol precipitated. For large scale plasmid isolation, QIAGEN

maxi filters were used according to manufacturers instructions. Final DNA pellets from

both techniques were resuspended in TE buffer (0.1 M Tris-HCl pH 8.0,0.01 M EDTA).

2.2.6d, Sequencing of plasmid DNA

All plasmid constructs were sequenced either by the

according to manufacturers instructions, or through

University of Calgary.

fmol PCR sequencíng kit (Promega)

the University Core DNA Services,

2.2.7 RNA

2.2.7a RNA isolation

RNA was isolated from GC cells using guanidinium thiocyanate. Cells, cultured in 100

mm dishes, were rinsed with cold PBS and harvested in 1.8 mL of guanidium SCN (4 M

guanidium isothiocyanate,25 mM Na citrate pH 7.0, 0.5vo (vlv) sarcosyl, 100 mM B-

mercaptoethanol). To the cell lysate, 180 g,L of 2 M Na acetate pH 4.0 and 1.8 mL

sdHrO-saturated phenol were added and vigorously mixed. To this, 360 ¡rL of IAC (24:l

chloroform and isoamyl alcohol) was added and the mixture was incubated on ice for 20

minutes before being centrifuged in the JA20 rotor of the Beckmann 12-21centrifuge at

10,000 rpm for l5 minutes at 4 "C. The supernatant was collected and RNA precipitated

with an equal volume of isopropanol. RNA was pelleted in the JA20 rotor of the

Beckmann J2-21 centnfuge at 10,000 rpm for 15 minutes at4"C, and resuspended in 400

¡rL of TE buffer. The resuspended RNA was phenol extracted with an equal volume of

sdHro-saturated phenol, 40 ¡rL of 2 M Na acetate pH 4.0, and 80 ¡rL of IAC, before

precipitation in isopropanol. The final RNA pellet was resuspended in sdHrO at 65-100

'c.
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2.2.7b PolyA*-enrichment

A cellulose oligo-dT slurry was used to enrich for poly A* RNA. The oligo-dT was

hydrated for t hour in lX binding buffer (20 mM Tris HCI pH 7.5, 0.5 M NaCl, I mM

EDTA, 0.17o SDS), washed twice and resuspended in this same buffer. An equal volume

of 2X binding buffer was added to the total RNA. In general, 3-5 mg of total RNA was

used, and 20 mg of dry oligo-dT was required for every mg of total RNA. Excess lX
binding buffer was removed from the hydrated oligo-dT, and the RNA was added. The

slurry was incubated for t hour at room temperature on a rotating platform. Oligo-dT was

then pelleted, washed twice in 10 mL of lX binding buffer, and resuspended in an

approximately equal volume of lX binding buffer. To isolate the PolyA*-enriched RNA,

spin columns were used, and the RNA isolated in elution buffer (10 mM Tris-HCl pH

7 .5, I mM EDTA, 0.05Vo SDS). RNA was stored under ethanol at -70 " C.

2.2.7c RNA (northern) blotting

PolyA*-enriched RNA,25 Ltg per lane, was run in a 1 .5Vo formaldehyde-agarose gel and

transferred to nitrocellulose. Following a 16-18 hour transfer, nitrocellulose was air dried

and baked at 80 "C for 45 minutes - t hour. Blots were incubated with prehybridization

buffer (50Vo formamide, 5X SSC, 5X Denhardts solution (50X - l%o (wlv) Ficoll, I7o

polyvinyl pyrollidone, l%o (w/v) BSA), 50 mM NaPOo pH 6.5, 0.1% SDS, 100 pg/ml
yeast tRNA, 25 ¡tglmL salmon spenn DNA) at 42 'C for 16-24 hours. Radiolabelled

probes were prepared in probe buffer (l mg/ml salmon sperm DNA, I mg/ml tRNA)

and incubated with the blot in hybridization buffer (507o formamide, 5X SSC, 5X

Denhardts solution, 50 mM NaPOo pH 6.5, 10 g,g/ml yeast tRNA, 25 pglmL salmon

spenn DNA, l07o (wlv) dextran sulphate) for 24 hours. Blots were washed at 65 "C,2-3

times for 15 minutes with a solution of 0.lX SSC / 0.17o SDS.

2.2.7d NF-L specific probes

Rat cDNA's were kindly provided by Dr. M. Imagawa (170). Inserts were released from

the pBSNF-1 plasmid set as EcoRIlXhoI fragments and gel purified. Specific probes for
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each of the rat NF-l genes were made by restriction digests of the cDNA's and isolation

of carboxyl-terminal fragments (NF-l4/XcmI9l8 bp, NF-18lPvuII599 bp, NF-IC/DùeI

207 bp, NF-1X/BglII 590 bp). Probes were radiolabelled by random-priming (Promega

Prime-A-Gene). Each probe was assessed for cross-reactivity/specificity against I and 0.1

ng of rat NF-1 cDNAs (4, B, C and X) immobilized on nitrocellulose using a slot blot

apparatus.

2.2.8 Statisticalanalysis

Statistical analysis of the data was done using a two-tailed, unpaired Student t test. A

value of p<0.05 is considered statistically significant. In Figures, x<0.05, x*<0.01 and

xxx<0.001.
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CHAPTER 3

IDENTIFICATION OF P SEQUENCE FACTORS (PSFs) IN VITRO

3.1 Functional characterization of 263P in vitro.

3.1.1 P sequences repress CS-A promoter activity in pituitary GC cells in the

absence of the CS-B downstream enhancer region.

The original observation of 263P repressor activity in pituitary cells was demonstrated

with a construct that contained not only 263P, but also the 241bp CS-B downstream

enhancer (133). A subsequent study of the CS-B downstream enhancer, indicated that this

element also repressed CS promoter activity in pituitary cells (172). To determine if 263P

was a functional repressor in the absence of the CS-B downstream enhancer, a plasmid

was constructed with -4921+6 of CS-A gene 5'-flanking DNA (CS-Ap) driving

expression of a luciferase reporter gene (CSp.Luc). The 263P fragment was inserted

upstream of CS-Ap to generate 263PCSp.Luc, and luciferase activity of both constructs

was assessed in transiently transfected GC cells. Presence of 263P upstream of CS-Ap

resulted in significant repression of luciferase activity. When CSp.Luc activity is

arbitrarily set to 700Vo, the luciferase activity of 263PCSp.Luc averaged at 447o through

13 separate experiments (range of 20-68Vo). The definition of a single experiment can be

found in Chapter 2.2.2. In Figure 3.1, a representative experiment is shown where

263PCSp.Luc activity was 43Vo of CSp.Luc (n=12, p<0.0005). These experiments

established that the 263P fragment functions as a repressor of CS-A promoter activity in

rat pituitary GC cells in the absence of the CS-B downstream enhancer region.
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CSp.Luc

263PCSp.Luc

Figure 3.1: P sequences repress CS-A promoter activity in pituitary GC cells in the
absence of the CS-B downstream enhancer region.
Hybrid luciferase (Luc) genes were used to assess the effect of 263P on CS-A promoter (-
4961+6, CSp.Luc) activity in pituitary GC cells. A representative experiment is shown.
To control for DNA uptake, cells were co-transfected with pRLTkp.Luc. Corrected
values are expressed as percentages of CSp.Luc activity, which was arbitrarily set to
1007o. The basal firefly Luc/Renilla Luc value for CSp.Luc was 3.22 * 0.15 (n=12). Bars
represent standard error of the mean (SEM). *xx p<0.0005.

3.1.2 Detection of signifîcant P sequence function in placental cell lines.

A recent analysis of human term placental chromatin demonstrated histone

hyperacetylation associated with 263P (150). In this same study,263P was also

implicated as an enhancer of reporter gene expression in transgenic mouse placenta

(150). These data suggest that P sequences may be involved in regulating expression of

the GHiCS locus in the placenta. The potential for an in vitro model system of P
sequence placental enhancer activity was assessed using human choriocarcinoma cell

lines and transient transfection experiments.
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The original charactenzation of 263P in placental choriocarcinoma JEG-3 cells observed

reductions of CS-A promoter activity in the presence of 263P that were not statistically

significant (133). The inclusion of the CS-B enhancer in these constructs, however, may

have masked the ability to observe significant P sequence function. The CS-B enhancer

element is a potent activator of CS promoter activity in JEG-3 cells (136, 139). To

examine the effect of 263P on CS-Ap activity in the absence of the CS-B enhancer

region, the hybrid luciferase constructs utilized in GC cells were introduced into human

choriocarcinoma (JEG-3 and JAR) cell lines by transient transfection (Fig. 3.2). In both

cell lines, the presence of 263P significantly repressed CS-A promoter activity. In JEG-3

cells,263PCSp.Luc hadT6Vo the luciferase activity of CSp.Luc (n=15, p<0.0005), while

in JAR cells repression of CSp.Luc activity to 66Vo was observed (n=12, p<0.0005).

These experiments demonstrate signfficant effects of 263P on CS-Ap activity in placental

cell culture lines. The in vitro activity, however, does not reflect the reported enhancer

activity that was observed in transgenic mouse placenta (150). Taken together, these

observations also suggest that the P sequences and the CS enhancer region have the

capacity to modify each others functional activity.
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Figure 3.2: Functional effects of 263P on CS-A promoter activity can be detected in
placental cells in the absence of the CS-B downstream enhancer region.
Hybrid luciferase (Luc) genes were used to assess the effect of 263P on CS-A promoter (-
4961+6, CSp.Luc) activity in human placenta choriocarcinoma cell lines. To control for
DNA uptake cells were co-transfected with pRLTkp.Luc (JAR and JEG-3) or RSVp.CAT
(JEG-3). Corrected values are expressed as percentages of CSp.Luc activity, arbitrarily
set to 1007o. Bars represent SEM. *t*p<0.0005.

Identiflrcation of candidate P sequence factors (PSFs) using PSE-A and

PSE.B

Several pieces of both in vitro and in vivo data indicate that P sequences may play an

important role in transcriptional regulation of the human GH/CS gene family (83, 130,

133, 150, 151). Identification of the factors (PSFs) that associate with this DNA was the

first step taken to charactenze P sequences. As previously indicated, PSE-A and PSE-B

are the two regions where the direct interaction of proteins with 263P can be visualized

by nuclease protection (Fig. 3.3). This nuclease protection pattern is competed with either

JEG.3

3.2
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PSE-A or PSE-B oligonucleotides (Fig. 3.34) and (130, 133, 151). Based on the nuclease

protection pattern, there are several interpretations of the P sequence complex (Fig.

3.38). It is possible that a single protein makes contact with the DNA at both PSE-A and

PSE-B. Alternatively, it is possible that PSE-A and PSE-B represent occupation of the

DNA by two separate proteins that are related (in that they recognize similar DNA

elements). A third possibility is that the proteins that occupy PSE-A and PSE-B are

different, but interact with each other. In this third model, the disruption of one binding

event disrupts the second binding event due to these interactions.

51



A
CÐõõssúççao(I)fLr++

tJ E ü
EEúççØ(r)ofL
'++

PSE-B

PSE-A

PSE-B PSE.A

Single protein, two regions of contact

PSE-B PSE-A

Related proteins that recognize similar sequences

PSE-B PSE-A

Two different proteins that interact with eachother

¡ftri rr;:: w¡ :

.'::il1:l:Ía:i. :aÌè'l'
W¿átlc å
.1:ir:t?i.ii:::i :: sc,ii:rr, i :

263P Probe

f.,íï

-l.tfi-!.;:

'',ffi
,ffitffi:

,:i#æ:
.$¡{wl
ffi¿

1i.qi'

ffi
ffi
'!ii:

??ì1,

.aa,#:.&
ffi
rffi
:::..,:

idv*il:

w, ffi
il:r!.

263P Probe

Figure 3.3: Possible interpretations of the 263P complex based on competition of the
nuclease protection pattern.
(A) The PSE-A and PSE-B regions of protein-DNA interaction on 263P are visualized by
nuclease protection assays. For these assays, 263P was radiolabelled and incubated with
or without pituitary GC nuclear extract and competitor oligonucleotides, before digestion
with DNaseI. The PSE-84 and PSE-43 competitors were included at 5000-fold pmole
excess of 263P probe. Data reported in (130, 151) (B) Interpretations of the P sequence
complex based on the nuclease protection pattern.

Nuclease protection of PSE-A and PSE-B was not originally reported with human term

placenta or choriocarcinoma JEG-3 nuclear extracts (133). Nuclease protection patterns
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with these extracts can be more difficult to observe, as the endogenous nuclease activity

in placental extracts appears to be higher compared to other nuclear extracts (Norquay,

unpublished observation). A nuclease protection pattern similar to that seen with GC and

other nuclear extracts was reported for JEG-3 in the Ph.D. thesis of Dr. R.M. Surabhi

(113). When 263P was used as a probe with a human choriocarcinoma JAR nuclear

extract, a duplication of the GC nuclease protection pattern was not observed (Fig. 3.a).

There were, however, important similarities between the JAR and GC patterns. The two

hypersensitive sites that surround the PSE-B region with GC nuclear extract are evident

with JAR nuclear extract (Fig. 3.4, closed arrowheads), indicating the possibility of

protein binding near or at PSE-8. In addition, PSE-A I and PSE-A III bands are observed

with both GC and JAR nuclear extracts, while the PSE-A II band that is observed without

nuclear extract (free probe) is reduced with both extracts (Fig. 3.4, open arowheads). The

similarities in the 263P nuclease protection patterns with GC and JAR extracts suggests

that PSE-A and PSE-B regions may be useful in an attempt to identify P sequence

binding factors in placental cells.
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< PSE-B HS II
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< PSE-A II

< PSE-A III

Figure 3.4: Comparison of the nuclease protection patterns generated with placental
JAR and pituitary GC nuclear extract.
263P was radiolabelled and incubated with (+) or without (-) nuclear extract before
digestion with DNaseI. GC nuclear extract 15 pg, JAR nuclear extract 20 and 27 Wg.
PSE-B hypersensitive (HS) sites are indicated by closed arrowheads, and the PSE-A
bands of interest by open arrowheads.

Identification of the proteins that interact with PSE-A and PSE-B was the starting point

for determining P sequence complex participants. To meet this aim, cell lines for standard

in vitro structufal (EMSA, nuclease protection) and functional (transient gene transfer)

assays were used. Following the identification of candidate PSFs using PSE-A and PSE-

B, the approach was expanded to assess the ability of these factors to participate in the

263P complex, in vitro as well as in situ. The pituitary GC cell line was used as the

primary system for PSF identification, as a more consistent nuclease protection pattern,
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and greater repression of CS-Ap activity,

placental JAR or JEG-3 cell lines.

3.2.1 PSE-A is a composite element

regulatory factor X-l (RFXI) and

was observed in the GC cell line than in the

with the capacity for mutually exclusive

nuclear factor-L (NF-l) binding.

3.2.1a PSE-A contains putative binding sites for several transcription factors.

Putative PSE-A binding proteins were determined using two parameters: (i) presence of

known transcription factor binding sites in the PSE-A sequence and (ii) the expression

pattern of the putative factor. The 37 bp sequence of the PSE-A nuclease protection

region was compared with known transcription factor binding sites using the

Matlnspector 2.2 program and TRANSFAC 4.0 database (165, 166). The parameters for

this analysis were a matrix similarity of 0.85 and a core similarity of 0.85. Within PSE-A,

similarities to the binding sites of HNF-3 forkhead homolog-2 (HFH-2), Nkx2.5, NF-1,

and RFX were found (Table 3.1).

Table 3.1
Results of the database search for putative PSE-A binding proteins.

PSE.A
5, - T CaeT GT T GG T TG c cAAcAc cAc TGc cAAc cAc T T c T- 3,
3,-AGTIAcAAccAAcGGTTGTGGTGAc GGT TGGTGAAGA-S'

The location of the match is designated (+) or (-) to identify the strand where the match

(+)

C)

NF-l 1.0 0.947 (-) tetTGGCaaccaacatt
NF-l 1.0 0.914 (-) sstTGGCa
RFXI 1.0 o.e0e (-) AAcca
Nkx2.5 1.0 0.884 (-) aeAAGT
HFH-2 1.0 0.864 (+) caaTGTT

occurs.
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HFH-2 is a member of the winged helix family of transcription factors (also known as the

hepatocyte nuclear factor-3 (HNF-3)/forkhead family of transcription factors) (174).

HFH-2 is also known as Genesis, and its expression is limited to non-differentiated

embryonic stem cells (175), embryonal carcinoma cells (175), and neural crest cells of

the developing mouse embryo (176,177). Although PSE-A contains an HFH-2 consensus

sequence that varies at only two nucleotídes (165, 166), the limited expression pattern of

this factor reduces its priority as a candidate PSE-A binding protein in the pituitary or

placenta.

Nkx2.5 is a homeodomain factor that is also referred to as cardiac specific homeobox

(Csx) (I78,I79). Nkx2.5 is the mammalian homolog of the Drosophila tinman gene that

is required for heart development (180). It is expressed specifically in the heart, and

Nkx2.5 transcripts were not detected in either the brain or placenta (178,119). Thereþre,

despite the presence of a putative Nkx2.5 binding site in PSE-A, based on its expression

pattern, Nl<x2.5 is not a high priority candidate PSE-A binding protein.

The Matlnspector search identified two putative NF-l sites in PSE-A (Table 3.1). The

expression pattern of NF-1 is assumed to be ubiquitous, based on the observation of NF-1

transcripts in several rat tissues (liver, kidney, lung, intestine, and brain) (170), and the

role of NF-l in the expression of more than 100 cellular and viral genes (181).

Expression of NF-l in pituitary and placental cells has also been previously

demonstrated. NF-l was shown to be involved in the regulation of the pituitary-specific

transcription factor Pit-1 (182), as well tissue-specific expression of the human CYPI 1Al

gene (human placental cell lines included) (183). Thus, the identification of NF-L sites in

PSE-{, and the expression of NF-1 in both pituitary and placenta ceII lines, indicate that

NF-l is a high priority candtdate PSE-A binding protein.

NF-1 binds to a full-length consensus sequence (5'-TGGN6GCCAAT-3') (lB4), as well

as to half-sites (5'-TTGGC-3'or 5'-GCCAA-3J with a reduced affinity (185). Within

the consensus sequence, two regions were shown to be essential for NF-1 binding (the

core regions) (186, 187), and these two core regions are shaded in the NF-1 consensus
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that is shown in Figure 3.54. The Matlnspector search identified two putative NF-I half-

sites in PSE-A (Table 3.1 and shown in Fig. 3.5A). Further analysis of the sequence also

suggested the presence of a putative full-length NF-I site in PSE-A that varied in one of

the core nucleotides (Fig.3.5A).

NF-1 consensus
TGGNNNNNNGCCAÄ.

illl|ll t

PSE.A TCAATGTTGGTTGCCAACACCACTGCCAACCACTTCT

A

B

|llt
G.CCAA

NF-1 half-site

EF-C/MDBP RFX site
GGC CAGTÍêCCTACCzu\CTN\TT
C CGGTCAACGGATCGTTGATTAA

|l]t
GECAÄ'

NF-1 half-site

RFX half-site
CCCCTAGCEACAC
GGGGATCGTTGTC

TCAATGTTGGTTGCCAACACCAC TGC CAAC CAC TTCTPSts.A AGTTACAACCAACGGTTGTGGTGACGGTTGGTGAAGA

Figure 3.5: PSE-A contains putative binding sites for the NF-l and RFX
transcription factor families.
(A) The sequence of PSE-A is shown with the consensus NF-l site aligned above. Core
regions within the NF-1 consensus sequence, determined to be essential for the
association of NF-1, are highlighted (186, 187). Two half-sites for NF-1 binding in PSE-
A are also shown. (B) The 23bp EF-CÆVIDBP RFX site is shown with the inverted repeat
highlighted. Also shown is the l3 bp RFX half-site (161). A putative RFX half-site in
PSE-A is underlined.
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The RFX family in mammals consists of five members, RFXI-5 (188), three of which

(RFXI, RFX2, and RFX3) are ubiquitously expressed (155). Analysis of RFX1, RFX2,

and RFX3 expression, demonstrated transcripts of all three genes in both mouse placenta

and brain (155). The RFX family shares a homologous winged-helix DNA binding

domain, that recognize X-box motifs (5'-GTNRCC(0-3N)RGYAAC-3') (189). The

minimum sequence requirements for recognition of a target site by the RFX family were

defined using a recombinant RFXI DNA binding domain (161). Relative to the

consensus site of NF-l, the X-box is more loosely defined and can show considerable

variability (161,166, 190). Two RFXI molecules will associate with a23 bp inverted

repeat oligonucleotide (the EF-CA4DBP target site), while RFXI monomers are also able

to recognize and bind to half-sites, however, with less affinity (161). The Matlnspector

analysis identified one putative RFX binding site that corresponds to a half-site (Table

3.1 and shown in Fig. 3.58). Thus, the identffication of a putative X-box half-site, and the

ubiquitous expression pattern of RFXI, RFX2, and RFX3, indicates that these factors are

also good candidates for PSE-A binding proteins.

3.2.1b a truncated PSE-A oligonucleotide (PSE-43) retains PSE-A EMSA

complexes.

The putative NF-l and RFX sites do not span the entire PSE-A region. EMSA was used

to determine if a smaller PSE-A oligonucleotide could be used for analysis of candidate

PSE-A binding proteins (Fig. 3.6). EMSA is a very sensitive assay, and the complexes

that form on an EMSA probe represent the binding events that occur on that specific

fragment of DNA with a particular nuclear extract. A 40 bp oligonucleotide consisting of

the entire PSE-A nuclease protection region and 3 additional 5'-flanking nucleotides was

generated (PSE-,{S) and used as an EMSA probe with pituitary GC nuclear extracts. The

PSE-45 probe was compared to a 28 bp PSE-A oligonucleotide (PSE-43) that contained

all putative NF-1 and RFX sites. 'When PSE-43 and PSE-45 were used as EMSA probes

under identical conditions, the same number of complexes were observed with GC

nuclear extracts (Fig. 3.6). The basis for this analysis was the assumption, that if PSE-45

contained sequence information that corresponded to the association of additional binding

factors, this would be indicated by the observation of additional EMSA complexes with
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the PSE-45 probe when compared to the PSE-43 probe. Based on the comparison of

PSE-43 and PSE-45 EMSA complexes, PSE-A3 was determined to be an adequate

fragment for the identification of PSE-A binding proteins.

I>
II>
ru>
IV>
V>

PSE-43 Probe PSE-45 Probe

Figure 3.6: EMSA patterns of PSE-43 and PSE-45 probes with GC nuclear extract.
PSE-43 and PSE-45 were radiolabelled and used as probes for EMSA with pituitary GC
nuclear extract. Unlabelled oligonucleotides were used as competitors at 10O-fold mass
excess of probe.

3.2.1c Scanning mutations define the core region within PSE-43 for pituitary

complex formation.

The complexes seen when PSE-43 was used as an EMSA probe with GC nuclear extract

(I-V) were defined as specific complexes. This was due to the observation that complexes

I-V were efficiently competed by unlabelled PSE-43 (5 - 50-fold mass excess of probe),

(Fig. 3.7, arrowheads) and not a 5O-fold mass excess of an unrelated competitor

oligonucleotide PSE-84. It should be noted that complex V was only detected in longer

exposures of both PSE-43 and PSE-45 EMSAs.
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Figure 3.7: Specific PSE-43 EMSA complexes with pituitary GC nuclear extract.
PSE-43 was radiolabelled and used as an EMSA probe with pituitary GC nuclear extract.
Specific complexes I-IV are indicated by arrowheads and are defined by the ability to
compete these complexes with unlabelled PSE-A3 (5-fold, Z1-fold, and 5O-fold mass
excess of probe). As a control, PSE-84 was also used as a competitor at 50-fold mass
excess of probe. Data reported in (130).

A series of scanning mutations were created within PSE-43 to determine the essential or

core sequences required for the formation of these specific complexes (Fig. 3.84).

Matlnspector analysis of the mutations did not detect the creation of additional known

transcription factor binding sites (165, 166). The scanning mutations were then utilized as

EMSA competitors with GC nuclear extract and a PSE-43 probe (Fig. 3.SB). A core

region in PSE-43 was defined by analysis of complexes I and II. PSE-A3m1, PSE-

43m4, PSE-43m5, and PSE-43m6 were all efficient competitors of complex I, with

incomplete competition of complex II. In contrast, PSE-43m2 and PSE-43m3 were

unable to compete for either complex I or II. This region therefore appears to be essential

for their formation. The core region of PSE-A3 localizes to the putative X-box half site, as

well as a putative NF-I binding region consísting of a potential full length- and half-site

(Fis.3.s).
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A
tgt tggt tgiccaacaccac tgc caacca
CTAGggt. t.g ccaacac cac L gc caacca
tgt tTCGAgccaacaccac tgccaacca
t g t t ggt tTAA,Cacac cac t gc c aac ca
tgt tggttgccaGTCTcac tgccaacca
t g t t ggt t gc caacacATAC gc caac c a

t gt t ggrt. t g'c c aac ac c ac t gcGTTAca

B

PSE-43

PSE-A3m1

PSE-43m2

PSE-43m3

PSE-43m4

PSE-43m5

PSE-43m6

A3m1 A3m2 A3m3 A3m4 A3m5 A3m6
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Figure 3.8: Scanning mutations define the core region within PSE-43 for pituitary
complex formation.
(A) The sequences for PSE-43 and the scanning mutations are shown. Mutated
sequences are indicated by upper case with the name of each mutant to the right of its
corresponding sequence. The core region within PSE-43 is highlighted. (B)
Radiolabelled PSE-43 was used as an EMSA probe with pituitary GC nuclear extract.
The scanning mutations were utilized as competitors at 25-fold and S0-fold mass excess
of probe. Specific PSE-43 complexes are indicated by arrowheads. Data reported in
(130)
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3.2.1d RFXI binds to PSE-43 in pituitary GC nuclear extracts.

To assess the ability of the RFX family to bind directly to PSE-A3, EMSA with GC

nuclear extract and specific competitors was used (Fig. 3.9). The EF-CiMDBP 23 bp

target site (161) was utilized as a representative RFX binding site. Use of EF-C/IvIDBP

(RFX) as an EMSA competitor resulted in competition of complexes I and II, and to a

lesser extent, complexes III and IV from the PSE-43 EMSA probe (Fig. 3.94). As a

negative control, a mutation was made within the 23 bp EF-C/MDBP RFX element

(RFXm), and this mutant was unable to compete for PSE-43 specific complexes.

Complexes I and II were also competed by the addition of RFXl-specific antibodies. The

'supershifted' aggregate that is observed in the well (closed arrowhead) is characteristic

of the RFX1 antibody (191).

In contrast to the confirmation of RFX1 binding by supershift analysis, neither the RFX2

nor RFX3 antibodies were efficient competitors of PSE-43 specific complexes (Fig.

3.98). Additionally, they provided no evidence of supershifted bands. An attempt to

supershift the 23 bp EF-C/MDBP RFX element with these antibodies also produced a

negative result. It is noted, however, that competition of complexes I and II from the

PSE-43 probe by the RFX1-specific antibody appears to be complete. That is, there is no

evidence of additional RFX family member association in place of the competed RFXl.

It is possible that RFX2 and RFX3 are either absent from these cells, which seems

unlikely given their ubiquitous expression pattern (155), or present, but in some way

unable to bind to the oligonucleotide probes under these conditions. Thus, competition of
PSE-L3-specific complexes by the EF-CIMDBP síte indicates that PSE-A3 is an RFX

element. Conftrmation that RFXI was capable of binding directly to PSE-A3 came from
the observation that an RFXI-specific antibody competed complexes I and II, with

evidence of supershifted aggregates in the wells. Direct binding of either RFX2 or RFX3

to PSE-43 was not detected.
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Figure 3.9: RFX1 from pituitary GC nuclear extract binds to PSE-43.
(A) Radioloabelled PSE-43 was used as an EMSA probe with pituitary GC nuclear
extract. Competitor oligonucleotides were preincubated with nuclear extract at 10O-fold
mass excess of probe (PSE-43) or l0-fold, 25-fold and 100-fold mass excess of probe
(RFX and RFXm). Specific PSE-43 complexes, defined as those that are competed by
unlabelled PSE-43, are indicated by arrowheads. The RFX complexes (I and II) are
indicated by closed arrowheads. (B) Radioloabelled EF-C/IMDBP RFX element or PSE-
A3 were used as an EMSA probes with GC nuclear extract and antibodies as indicated.
(Ab) antibodies (NRS) normal rabbit serum. Data reported in (130).

3.2.1e Direct binding of NF-l to PSE-43 was detected in the absence of RFXI

association.

An initial assessment of NF-l binding to PSE-43 was done using specific

oligonucleotides and NF-l antibodies as EMSA competitors from a PSE-43 probe. When

the PSE-43 probe was incubated with pituitary GC cell nuclear extract, neither a

commercially available NF-1 consensus oligonucleotide (Santa Cruz) nor the NF-1

antiserum were efficient competitors for specific PSE-43 complexes (Fig. 3.I0). From

this experiment, and the evidence of RFXI binding (Fig. 3.9), it was clear that despite the
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presence of the putative NF-I binding sites, RFXI was the factor predominantly

associating with the PSE-A3 oligonucleotide in GC nuclear extracts.

PSE-A3 NF-1 NF-1m

, {É..

Figure 3.10: Direct binding of NF-l was not detected with a PSE-43 probe.
Radioloabelled PSE-43 was used as an EMSA probe with pituitary GC nuclear extract.
Competitor oligonucleotides were preincubated with nuclear extract at S-fold, 25-fold
and 5O-fold mass excess of probe (PSE-43 and NF-1) or 25-fold and 5O-fold mass
excess of probe (NF-1m). Specific PSE-A3 complexes, defined as those that are
competed by unlabelled PSE-43, are indicated by open arrowheads. Data reported in
(1s1).

The existence of the putative NF-l sites in PSE-43, however, begged the question as to

whether in the absence of RFXl binding, NF-1 could associate with PSE-43. To address

this question two of the PSE-43 scanning mutants, PSE-43m2 and PSE-43m6, were

utilized as EMSA probes (Fig. 3.11). PSE-43m2 contains a mutation in the PSE-43 core

region that disrupts the RFX binding site, but does not alter the overlapping NF-l half-

site (Figs. 3.5 and 3.84). Evidence for disruption of the RFX site in PSE-43m2 comes
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from the fact that PSE-43m2 was unable to compete for the RFX1 complexes

(complexes I and II) from a PSE-43 EMSA probe (Fig. 3.88). The mutation in PSE-

A3m6 corresponds to the 3'NF-l half-site, leaving the overlapping RFX/NF-1 regions

intact (Figs. 3.5 and 3.84). As one would predict, when PSE-43m6 was used as an

EMSA probe with GC nuclear extract, the pattern resembles that seen with the wild-type

PSE-43 probe, including the presence of RFX1 complexes I and II (Fig.3.118, closed

arrowheads). No evidence of NF-1 association with PSE-43m6 was observed, as neither

the NF-1 consensus nor the NF-1 antibodies were efficient competitors of PSE-43m6

complexes (Fig. 3.11B). In contrast, the PSE-43m2 probe had a distinct EMSA pattern

with GC nuclear extract, reflecting not only the absence of RFX complexes I and II, but

the appearance of a novel complex (Fig. 3.1lC, open arrowhead). This additional

complex was competed by the NF-1 consensus oligonucleotide, but not a mutant NF-l

element. NF-1 binding to PSE-43m2 was confirmed by competition of the PSE-43m2

specific complex by NF-1 antiserum, resulting in a supershifted band of lower mobility

(Fig. 3.1 1C, closed arrowhead) . The results of the experiments in Figure 3.1 I suggest that

PSE-43 is a composite element capable of mutually exclusive RFXI and NF-l binding.
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Figure 3.11: The direct binding of NF-l to PSE-A was only detected in the absence
of RFXI association.
(A) The sequence of wild type PSE-43 and the PSE-43n2 and PSE-43m6 mutations is
shown. Mutated sequences are indicated by uppercase. The RFXl half site is highlighted
and the putative NF-1 half-sites are underlined. EMSA using pituitary GC nuclear extract
and radiolabelled (B) PSE-Am6 and (C) PSE-Am2 probes. Competition was done with
specific oligonucleotides at SO-fold mass excess of probe and NF-1 antibodies (Ab) as
indicated. (B) RFXI complexes I and II are indicated by open arrowheads. (C) NF-l
complexes and supershifted bands of lower mobility are indicated by open and closed
arrowheads respectively. (NRS) normal rabbit serum. Data reported in (130).

3.2.Lf PSE-43 can repress the activity of the CS-A promoter in GC cells iz vitro.

As with 263P, the original characterization of PSE-A demonstrated that this element

repressed CS-A promoter activity in GC cells (133). PSE-43 was inserted upstream of
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CS-Ap in CSp.Luc (PSE-A3CSp.Luc) to assess functional activity in the absence of the

CS-B downstream enhancer region. The luciferase activity of PSE-A3CSp.Luc was

assessed in transiently transfected pituitary GC cells. The repression of CS-A promoter

activity by PSE-43 was variable (Table 3.2).

Table 3.2
PSE-ACSp.Luc does not consistently repress CS-Ap. Activity.

The mean value and standard deviation (+/-) from each PSE-ACSp.Luc experiment is
shown. 263PCSp.Luc was included as a control in each experiment. The p value is from
an unpaired student t test comparison of PSE-ACSp.Luc and CSp.Luc.

In one of five separate experiments, no significant difference was observed between

CSp.Luc and PSE-A3CSp.Luc activity (n=6), while significant repressor activity was

observed in the remaining four experiments. This variability was significant when the

means and standard deviations of the five experiments were compared using analysis of

variance (ANOVA). Results from the four experiments where repressor function was

observed were pooled, and the luciferase activity of PSE-A3CSp.Luc was J 4Vo * l.l7o of

CSp.Luc I00Vo ¡. l.5Vo (p<0.0005). These experiments demonstrated that PSE-A3 can

repress CS-A promoter activity ín the absence of the CS-B downstream enhancer region

in transiently transfected GC cells. The repressor function of PSE-A3, however, was

variable, and the lack of repression in the one of five experiments was signfficant.

The variability of the PSE-A3CSp.Luc construct may be understood in light of the ability

to bind both RFX1 and NF-I. RFX1 is the predominant factor binding to the isolated

PSE-43 oligonucleotide, under the conditions used for EMSA. The context that the

element is placed in, however, may affect the tendency to associate with one factor over

1.0 * 0.24 0.38 + 0.20 0.59 * 0.08 p<0.05 (n=3)
2 1.0 + 0.05 0.34 * 0.04 0.75 ¿ 0.17 p<0.05 (n=3)
3 1.0 * 0.10 0.52 = 0.14 0.81 * 0.06 p<0.05 (n=3)
4 1.0 * 0.21 0.40 t 0.08 0.77 * 0.08 p<0.05 (n=6)
5 1.0 t 0.06 0.43 * 0.00 1.10 * 0.14 p=0.12 (n=6)
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another. The 'context' could be the presence of additional sequences surrounding PSE-

43, as seen in 263P and PSE-A3CSp.Luc. Alternatively, the context of PSE-43 could

also be the state of the cells that nuclear extracts are made from, or transient transfections

are performed in. That is, the cellular conditions may alter the balance, availability,

and/or state of NF-l and RFXI proteins. Association of NF-l or RFX1 with PSE-

A3CSp.Luc could thus be affected and in turn result in an effect on functional activity of

this construct.

3.2.19 RFXI is a candidate PSE-A binding protein in placental as well as pituitary

cells.

V/hen placental JAR nuclear extract was used in place of pituitary GC nuclear extract

with a PSE-43 EMSA probe, a different pattern of interactions was observed. The

sequences within PSE-43 that were essential for the formation of this pattern were not

determined as they were with pituitary extract, as none of the scanning mutations were

efficient competitors of the PSE-43 placental EMSA complex (Fig.3.I2).

PSE-43 scanning mutations

E PSE-43 A3m1 A3m2 A3m3 A3m4 A3m5 A3m6i
+¡*rl¡1ffi ,r.W:rffi .ffiffi W.,,ry..ry,ryff ,.W,-ffi .,W,,W

Figure 3.12: Scanning mutations do not reveal a core sequence in PSE-43 for the
formation of placental EMSA complexes.
EMSA with radiolabelled PSE-43 probe and choriocarcinoma JAR nuclear extract. The
specific complex, defined by competition with excess unlabelled PSE-43, is indicated by
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a closed arrowhead. Scanning mutations of PSE-43 were used as competitors at 50-fold
and 100-fold mass excess of probe.

As seen with pituitary GC nuclear extract, however, the binding of RFXI to PSE-A3 was

observed in both JAR and JEG-3 nuclear extracts (Fig. 3.13). The 23 bp EF-C/I\4DBP

RFX element, but not the mutated RFX binding site were efficient competitors of the

PSE-43 pattern with placental JAR (Fig. 3.13A) and JEG-3 (Fig. 3.138) nuclear extracts.

Additional evidence of RFXI binding \ryas seen by the appearance of supershifted

aggregates when RFX1 but not RFX2 and RFX3 antibodies were used. Unlike with the

GC EMSAs, however, the RFXI antibodies did not compete the RFX complex. This

observation implies that in the absence of RFXI binding, additional RFX family

members may still associate with PSE-43 in placental cells. RFX2 and RFX3 supershifts

were also not observed with JAR extracts using an RFX probe as a positive control (data

not shown). Thereþre, the lack of RFX2 and RFX3 supershifts with JAR nuclear extracts

does not exclude the possibility that RFX2 or RFX3 may associate with PSE-A3. These

experiments do, however, implicate RFXI as a candidate PSE-A binding protein in

placental cells.
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PSE-A RFX RFXm

--l-4-4:ì:,

PSE-43 Probe + JAR extract

PSE-A RFX RFXm

-4,-1 _-1

PSE-43 Probe + JEG-3 extract

Figure 3.13: RFXI associates with PSE-43 in placental nuclear extracts.
Radioloabelled PSE-43 was used as an EMSA probe with choriocarcinoma (A) JAR and
(B) JEG-3 nuclear extracts. Competitor oligonucleotides were preincubated with extract
at 25-fold, S0-fold, and 100-fold mass excess of probe. Specific complexes and
supershifted bands of lower mobility are indicated by open and closed arrowheads
respectively. (Ab) antibodies, (NRS) normal rabbit serum.
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3.2.2 The PSE-B oligonucleotide is an NF-l site.

3.2.2a NF-1 proteins can bind to PSE-84 in pituitary GC nuclear extracts.

The PSE-B nuclease protected region was also analyzed with the Matlnspector 2.2

program and TRANSFAC 4.0 database (165, 166). Matrix and core similarity parameters

of 0.85 identified a single candidate PSE-B binding factor. A consensus NF-1 element

(5'-TGGN6GCCAAT-3') without any variation in the two core binding regions (186,

187) was identified within the27 bp PSE-B region (Fig. 3.144). As was done with PSE-

A, a truncated 18 bp oligonucleotide (PSE-84) was utilized in place of the entire PSE-B

region for further analysis of NF-1 as a candidate PSE-B binding protein.

To determine whether NF-1 binds directly to PSE-84, EMSA competitions from a PSE-

84 probe were done using specific oligonucleotides and NF-1 antibodies. The PSE-84

probe resulted in specific complexes with GC cell nuclear protein (Fig. 3.148, open

arrowheads) defined through their competition by unlabelled PSE-84 (2.5-50-fold mass

excess of probe). The NF-1 consensus, but not the mutant NF-1 oligonucleotide, was an

efficient competitor of PSE-84 specific complexes at as low as 2.5-fold mass excess of

PSE-84 probe. The competition of PSÛ-Û4-specific complexes by NF-l antibodies, and

the appearance of a supershifted band of lower mobility (closed arrowhead) confirmed

direct binding of NF-I to PSE-84. In terms of relative ffinity, it appears that PSE-84 is

a lower affinity NF-I site than the NF-I consensus, as the NF-I site is a more fficient
competitor of PSE-84 specific complexes than PSE-84 is itself.
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PSE.B

TGGNNNNNNGCCAÄ,

ll||llt It
GGGAGATGGCAGGGC C C CAGCAT T CAC
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E
X NF-1 NF-1m psE-84
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ffi<t

Figure 3.14: Direct binding of NF-l from pituitary GC nuclear extract to PSE-84.
(A) The sequence of the PSE-B nuclease protection region is shown with the PSE-84
oligonucleotide underlined. Aligned above the PSE-B sequence is the consensus binding
site for NF-I. Core regions within the NF-l consensus sequence, determined to be
essential for the association of NF-1 (186, 187), are highlighted. (B) Radioloabelled PSE-
B4 was used as an EMSA probe with pituitary GC nuclear extract. Competitor
oligonucleotides were preincubated with extract at 2.5-fold, 5-fold, and 25-fold mass
excess of probe (NF-1 and NF-1m) or 2.5-fold, 5-fold, 25-fold and 5O-fold mass excess
of probe (PSE-84). The PSE-B4 specific complexes and supershifted bands are indicated
by open and filled arrowheads, respectively. (Ab) antibodies, (NRS) normal rabbit serum.
Data reported in (151).
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3.2.2b NF-l binding is responsible for PSE-84 repressor activity.

The retention of repressor activity by PSE-B4 was assessed by inserting PSE-84

upstream of the CS-A promoter in CSp.Luc (PSE-B4CSp.Luc) and determining the

luciferase activity of this construct relative to CSp.Luc in transiently transfected GC cells.

The presence of PSE-84 resulted in a consistent and significant repression of CS-Ap

activity. In seven separate experiments, the average activity of PSE-B4CSp.Luc was 28Vo

of CSp.Luc luciferase values (range of l9-39%o). A representative PSE-84 experiment

can be seen in Figure 3.15, where PSE-B4CSp.Luc hasZSVo of CSp.Luc activity (n=6,

p<0.05). These experiments demonstrated that, Iike the 263P fragment, PSE-84 is a

repressor of CS-A promoter activity in the absence of the CS-B downstream enhancer

region in transiently transfected GC cells.

Transient transfection experiments with luciferase reporter gene constructs were also

used to assess the role of NF-1 in PSE-84 repressor activity. An initial experiment

examined the ability of a known NF-1 binding site to functionally substitute for PSE-84.

The NF-1 consensus element was inserted upstream of CS-Ap in CSp.Luc to create NF-

lCSp.Luc. Like PSE-B4CSp.Luc, NF-ICSp.Luc had significantly less lucifurase activity

than CSp.Luc in GC cells (Fig. 3.15, 627o, n=12, p<0.05), demonstrating the ability of a

known NF-I element to function as a repressor of CS-A promoter activity in GC cells.
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CSp.Luc

NF-1CSp.Luc

PSE-B4CSp.Luc

PSE-B4mCSp.Luc

Figure 3.15: NF-l is responsible for PSE-B repressor activity.
Hybrid luciferase (Luc) genes were used to assess the role of NF- I in the repressor
activity of PSE-84. Constructs were transiently transfected into pituitary GC ceils, and to
control for DNA uptake cells were co-transfected with RSVp.CAT. Corrected values are
expressed as a percentage of CSp.Luc activity, which was arbitrarily set to 1007o. Bars
represent SEM. *p<0.05. **p<0.005. Data reported in (151).

A second set of experiments was designed to test if the binding of NF-1 to PSE-84 was

responsible for CS-A promoter repression. Base pair substitutions were made within

PSE-84 in the core of the NF-1 recognition sequence, creating PSE-B4m (Fig. 3.164).

This mutation was then assessed for the loss of NF-l binding by EMSA. When PSE-B4m

was used as an EMSA probe with GC nuclear extract, the pattern was noticeably different

from that of the PSE-84 probe, specifically, the NF-l complexes that formed on PSE-84

were no longer observed (Fig. 3.168). The PSE-B4m specific complexes, defined as

those competed by excess unlabeled PSE-B4m, were not competed by PSE-84, the
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consensus NF-1 oligonucleotide, or the NF-1 antibodies. The appearance of the NF-1

supershifted band that was seen with the PSE-84 probe, was also no longer observed

with the PSE-B4m probe. These results confirmed that, as predicted by the designed

mutation, NF-I does not bind to PSE-B4n.In addition, PSE-B4m was not an efficient

competitor of PSE-84 complexes, even at 1000-fold mass excess of probe (Fig. 3.16C).
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Figure 3.16: PSE-B4n does not bind NF-l.
(A) Sequence alignment of NF-l consensus, PSE-84 and PSE-B4m. The NF-1 core
region is highlighted. (B) Radiolabelled PSE-B4m was used as an EMSA probe with GC
nuclear extract. Competitor oligonucleotides were preincubated with extract at 5-fold and
25-fold mass excess of probe. (NRS) normal rabbit serum. (C) Radiolabelled PSE-84
was used as an EMSA probe with GC nuclear extract. Competitor oligonucleotides were
preincubated with extract at l0-fold (NF-l) or 100-fold and 1000-fold mass excess of
probe (PSE-84 and PSE-B4m).

When PSE-B4m was placed upstream of the CS-A promoter (PSE-B4mCSp.Luc) and

compared to PSE-B4CSp.Luc, the ability to repress CS-A promoter activity was no
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longer detected (Fig.3.15, n=9). In fact, a slight l.3-fold increase, although

significant (p=0.06), was observed. Taken together, these data indicated that

repressor activity of PSE-84 is due to the direct binding of NF-I to this element.

3.2.2c Minor variations outside of the NF-l core binding region in PSE-84 affect

functional activity.

The repressor activity of PSE-84 can be accounted for by the direct binding of NF-1 (Fig.

3.15 and 3.16). There is a significant difference, however, between theTZVo repression of

CS-A promoter activity with PSE-B4CSp.Luc and the 387o repression with NF-lCSp.Luc

(Fig. 3.15, n=IZ, p<0.005). NF-1 is not a single transcription factor. There are four genes

in vertebrates that comprise this family; NF-lA, NF-18, NF-1C (also known as CTF-1),

and NF-IX (192-194). The NF-l family all recognize the same DNA consensus

sequence, due to >90Vo homology in an NHr-terminal DNA binding domain (153, 170,

Gounari, 1990 #107,181, 195). Outside of this conservation, the remainder of the NF-1

protein varies greatly between the different members (181, 195). The variability of the

family beyond the DNA-binding domain likely explains why roles in both transcriptional

repression (182, 196-199) and activation (I53, 192,200-202) have been reported for NF-

1. PSE-84 is clearly an NF-l binding site, however, as with other known NF-l regulatory

elements, it is unclear which NF-l family member(s) is responsible for repression of the

CS-A promoter in GC cells. In the literature, there is some evidence that although all

members of the NF-1 family recognize and associate with the same consensus sequence,

their individual affinities for different sites can vary (186, 187). For example, all

members of the NF-1 family bind to the adenovirus origin of replication site with higher

affinity than to the GST-P gene NF-l site (170). If, however, you examine only the

adenovirus origin of replication site, the NF- 1 family member with the greatest affinity is

NF-14 followed by NF-lX, NF-18, and NF-lC (170). In contrast, the NF-1 site in the

GST-P gene has a different profile of relative affinities, where NF-lX has the highest

affinity, followed by NF-14, NF-18, and then NF-1C (170). Since rhe COOH-terminal

region varies so extensively between the different family members, one can imagine that

although all NF-ls are capable of binding to a particular site, the family member with the

greatest relative affinity for that site would be the predominant associating factor and thus

not

the
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the major determinant of the activity (for example activation versus repression) exerted

by that element. Since the relative expression of all family members should be the same

in the GC cells transiently transfected with PSE-B4CSp.Luc and NF-lCSp.Luc, the

difference in their capacity to repress the CS-A promoter may lie in different NF-1 family

member affinity profiles.

Although PSE-84 contains an intact NF-1 core region, there are minor sequence

variations that exist when aligned with the NF-l consensus sequence used in NF-

lCSp.Luc (Fig. 3.17A). These variations occur in both the NF-1 recognition site as well

as the six base pair spacer region. Minor sequence variations between NF-l elements

have been shown to affect the relative affinity profile for different members of the NF-1

family (170, 186, 187), however, a functional consequence of this had never been

examined. The question arose as to whether the sequence variations between the NF-l

consensus and PSE-84 elements could be responsible for their functional differences. To

examine this possibility, mutations in PSE-84 were created that should not affect the

ability of NF-l to bind, but may have an impact on the relative affinities of different

family members for the sites (Fig. 3.T7A). The NF-l consensus includes a 5'-GCCAA-3'

half-site, of which the dinucleotide "CC" is essential for NF-1 binding. The half-site in

PSE-84 is 5'-CCCAA-3'. Thus, a single base pair conversion was introduced in PSE-84

to change the cytosine (C) of this sequence to the guanine (G) found in the NF-l
consensus element, creating PSE-B4Gm. A change in the "spacer" region of the NF-1

site (or N) was also made within PSE-84, converting adenosine (A) to cytosine (C), and

this was named PSE-B4Cm. In addition, a double mutation of both changes (PSE-

B4CGm) was made.

The PSE-B4 mutations were first assessed by EMSA to ensure that they had retained the

ability to bind NF-l proteins (Fig. 3.178). The NF-1 complexes of PSE-84 were rerained

by all three mutants when they were used as EMSA probes with pituitary GC nuclear

extract. These complexes were competed by both NF-l consensus oligonucleotide and

NF-1 antibodies, but not the NF-l mutant oligonucleotide (Fig. 3.I78, open arrowhead).

The retention of NF-I binding to the PSE-84 mutants was confirmed by the observation
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of a supershifted band when NF-l antibodies were included in the reaction (Fig. 3.178,

closed arrowhead).
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PSE-84 Cm
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GC nuclear extract

Figure 3.L7: Minor variations outside of the NF-L core binding region in PSE-84 do
not disrupt NF-1 binding.
(A) Sequence alignment of NF-l consensus, PSE-84 and the PSE-84 mutants. The NF-l
recognition sequence is shaded and core region boxed. (B) The PSE-84 mutants were
radiolabelled and used as EMSA probes with pituitary GC nuclear extract. The probe
used in each reaction is indicated at the top with competitors listed below. Competitor
oligonucleotides were preincubated with extract at 25-fold mass excess of probe. (Ab)
NF-1 antibodies, (NRS) normal rabbit serum. Specific complexes and supershifted bands
are indicated by open and closed arrowheads respectively. Data reported in (151).
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Once the ability of the PSE-84 mutations to bind NF-1 was confirmed, they were placed

upstream of the CS-A promoter and their functional effects were evaluated in transiently

transfected GC cells (Fig. 3.18). All three mutations were significant repressors of CS-A

promoter activity. The presence of PSE-B4Gm resulted in luciferase activity that was

77Vo of CSp.Luc (arbitrarily set to l00Vo, n=6, p<0.05) while both PSE-B4CmCSp.Luc

and PSE-B4CGmCSp.Luc displayed 617o of CSp.Luc luciferase activity (n=6, P<0.005).

The PSE-B4CSp.Luc and NF-lCSp.Luc contsructs were included in these experiments

for comparison. The mutation in PSE-B4Gm resulted in a significantly different effect on

CS-Ap activity compared to both PSE-84 and NF-l, whereas PSE-B4CmCSp.Luc and

PSE-B4CGmCSp.Luc were significantly different from PSE-84, but not NF-1. These

results demonstrated for the first time that variations in an NF-I recognition site,

including the 'spacer' region, could affect the functional activity of individual NF-1

elements. Underlying these results is that the degree of CS-A promoter repression by

PSE-84 relies on its specific NF-l binding sequence, which may have a unique affinity

profile for different members of the NF-1 family.

81



CSp.Luc

PSE-B4CSp.Luc

PSE-84/CmCSp.Luc

PSE-84/GmCSp. Luc

PSE-84/CGmCSp. Luc

NF-1CSp.Luc

Figure 3.18: Minor variations outside of the NF-l core binding region in PSE-84
affect functional activity.
Hybrid luciferase (Luc) genes were used to assess the effect of point mutations on PSE-
B4 function. Constructs were transiently transfected into GC cells, and to control for
DNA uptake cells were co-transfected with RSVp.CAT. Corrected values are expressed
as a percentage of CSp.Luc activity, which was arbitrarily set to l00%o. Bars represent
SEM. tp<0.05, t*p<0.005. Data reported in (151).

3.2.2d Detection of NF-14, NF-IC and NF-IX transcripts in rat pituitary GC cells.

Although NF-l expression was previously demonstrated in pituitary cells(182), it was not

determined which of the NF-l family members were expressed. The expression of the

different NF-l family members was assessed in rat pituitary GC cells by northern
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blotting. Due to the high homology in the NHr-terminal DNA-binding domain, specific

probes for each NF-1 were designed and tested for cross-reactivity. The rat NF-1A, NF-

18, NF-IC and NF-1X cDNAs were a generous gift from Dr. M. Imagawa (170). The

cDNAs were restriction endonuclease digested and COOH-terminal regions were

isolated. Slot blots containing 0.1 and 1.0 ng of the NF-l cDNA plasmids were probed

with each of the carboxyl-terminal probes (Fig. 3.194). Specific binding ro their

respective cDNA, with very little evidence of cross-reactivity to other family members

was observed. These same probes were then used to assess the presence of the different

NF-l family members in GC cells (Fig. 3.198). For rhe norrherns, 25 pg of polyA.-

enriched GC cell RNA was electrophoresed and transferred to nitrocellulose. Using the

specific probes, the expression of NF-IA, NF-IC and NF-IX was confirmed in GC celts

(FiS. 3.198). Several transcripts were detected; NF-14 (5.1 and 4.4kb), NF-1C (6.0 and

4.0 kb) and NF-lX (5.7 and 4.6 kb). NF-18 was undetectable in the GC RNA samples

under these conditions. Previously, NF-18 was shown to be expressed in rat lung (170),

and the ability of the NF-18 probe to detect NF-18 transcripts was confirmed by northern

blotting with 30 pg of polyA*-enriched mouse lung RNA (data not shown). The original

film of the NF-18 lung RNA northern blot was forwarded to the editors of Biochemical

Journal when Norquay et al (2001) was submitted for review. From these results, it
appears that if NF-18 is expressed in GC cells, the levels are much lower than NF-14,

NF-lC, or NF-lX. Alternatively an NF-18 splice variant that is undetectable by this

probe may be expressed in GC cells. An alternatively spliced NF-18 transcript has been

described elsewhere that is truncated to the DNA-binding domain (203). This transcript

does not contain sequences corresponding to the NF-lB specific probe designed here.

These experiments demonstrate that NF-A, NF-IC, and NF-IX are PSF-B candidates in

pituitary GC cells. Although NF-IB transcripts were not detected, their presence cannot

be ruled out, as there is the potential for expression of an alternative transcript that

would not be detected by the NF-IB probe.
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Figure 3.19: NF-l transcripts were detected in pituitary GC cells by RNA blotting.
(A) Specific NF-l cDNA probes for NF-l4, NF-18, NF-lC and NF-lX were creared ro
the carboxyl-terminal regions, as they vary between family members. To test the
specificity, samples (0.1 and 1.0 ng) of the NF-l cDNA plasmids were immobilized on
nitrocellulose with a slot-blot apparatus and probed with each of the radiolabelled
carboxyl-terminal cDNA probes. (B) Northern blots of polyA+-enriched RNA from
pituitary GC cells (25 þg per lane). Each blot was probed with one of the specific NF-l
probes as indicated. The locations of 28S and 18S RNA correspond to 4.7 and 1.9 kb
respectively, and were used to estimate the sizes of the NF-l transcripts. Data reported in
(1sl).
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3.2.2e The NF-l family has the capacity to interact with RFXI.

As previously discussed, the ability of both PSE-43 and PSE-84 to compete for the 263P

nuclease protection pattern suggested that if the factors associating with these elements

were different, they may form interactions with each other (Fig. 3.3). This potential was

further assessed through EMSA. At high levels of competitor (1000-fold mass excess of

probe), the PSE-B4 and NF-l oligonucleotides competed for RFXI complexes from a

PSE-43 probe (Fig. 3.20). These low ffinity competitions were afurther indication that

the PSFs had the capacity to interact.

,::,i.I
. l,!

Figure 3.20: PSE-84 can compete for RFX complexes from a PSE-43 probe.
Radiolabelled PSE-43 was used as an EMSA probe with pituitary GC nuclear extract.
Competitor oligonucleotides were preincubated with nuclear extract at 100-fold and
1000-fold mass excess of probe. Specific PSE-43 complexes are indicated by
arrowheads. The RFX1 complexes are indicated by closed arrowheads.

The potential for RFX1 and the NF-l family to interact was subsequently investigated

through co-immunoprecipitation experiments. Specific antibodies for each of the NF-1

PSE-43 Probe + GC extract

85



family members were not available. Therefore, to differentiate between the different NF-

1 species, epitope tags were utilized. The NF-l cDNAs for each family member were

inserted downstream of a 39 bp c-myc epitope sequence in mammalian expression vectors

(Clontech). These constructs were transiently co-transfected with a similarly constructed

RFX1 expression vector (HA-epitope tag) in human choriocarcinoma (JAR) cells. A

collaboration with Ms. Patricia Sheppard and Dr. Janice Dodd was arranged, due to their

expertise in immunoprecipitation and protein blotting techniques. Protein blots of the

transfected JAR lysates were probed with c-myc and RFXl antibodies to ensure that the

NF-l family members and RFX1 were overexpressed in the transfected JAR cells (Fig.

3.21A and 3.218). Immunoprecipitations were then carried out with the transfected JAR

lysates and RFXl, or as a negative control, unrelated rodent Prostate dorsolateral protein

(DlP)-specific antibodies. Probing the immunoprecipitates with the RFXI antibody

confirmed the specificity of the protocol (Fig. 3.21C). When the RFX1 antibody was used

to immunoprecipitate the lysates, evidence of NF-l co-immunoprecipitation was seen by

bands that corresponded in size to the tagged NF-l family members when the western

blots were probed with c-myc antibodies (Fig. 3.2ID). These same bands were not

detected in the negative control DLP immunoprecipitation (Fig. 3.2I8). These results

demonstrated the capacity for the NF-I family to interact with RFXI. AII members of the

NF-L family appear to be capable of these interactions. This suggests that the NF-

IIRFXI interaction may occur through a domaín that is common to the NF-L family, such

as the NHr-terminal DNA-binding domain.
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Figure 3.21: The NF-l family has the capacity to interact with RFXI.
(A) Transiently transfected JAR lysates (50 ¡"rg) were separated by SDS-PAGE and
transferred protein blots were probed with c-myc antibody to confirm overexpression of
the epitope-tagged NF-l family members. The approximate sizes of the NF-l proteins
were 60kDa (NF-14), 57 kDa (NF-lB), 54 kDa (NF-lc), and 50 kDa (NF-rx). (B)
Transiently transfected JAR lysate (50 pg) was separated by SDS-PAGE and the
transferred protein blot was probed with RFXI specific antibody to confirm
overexpression of RFX1. (C) The specificity of the RFX1 immunoprecipitation was
confirmed by probing RFXI immunoprecipitate with the RFXl antibody. (D) The
presence of NF-l family members in the RFX1 immunoprecipitations was revealed by
probing with c-myc antibody. (E) Immunoprecipitation of the transiently transfected JAR
lysates with unrelated DLP antibodies was done as a negative control. Probing of the
DLP immunoprecipitates with c-myc antibody did not detect NF-1 family members.
Immunoprecipitations and western data provided by Ms. Patricia Sheppard. Data reported
in (130).
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Co-immunoprecipitation experiments were also used to demonstrate the ability of
endogenous NF-l and RFX1 proteins to interact (Fig.3.22). Immunoprecipitations with

commercial NF-l and RFXI antibodies (Santa Cruz) were done from pituitary GC

nuclear extract. The immunoprecipitates were run in SDS-PAGE gels, and transferred

protein blots were probed with RFX1 (Fig.3.22A) and NF-l (Fig.3.22P) anribodies. The

specificity of the immunoprecipitations was confirmed, as NF-1 and RFX1 were both

visible when their respective immunoprecipitates were probed with the same antibody.

V/hen RFX1 was used to immunoprecipitate the GC nuclear extract, a band of the

appropriate size was visible when the blot was probed with NF-1 antibody (Fig.3.228).

This result demonstrates that the RFXI and NF-l proteins in GC nuclear extracts are

capable of participating in common complexes. The reverse, however, was not observed,

as a band that corresponded to RFX1 was not visible when the NF-l immunoprecipitation

was probed with RFXI antibody (Fig.3.22Ã). The NF-1 antibody specifically recognizes

the NF-l DNA binding domain. If in fact the interpretation of the epitope-tagged

immunoprecipitation data (Fig. 3.21) is true, and RFXI interacts with a common NF-l

domain such as the DNA-binding domain, it is possible that this explains the result. In

this interpretation, the NF-l and RFX1 that are interacting in the GC nuclear extract are

doing so through the NF-1 DNA binding domain. The possibly exists that this inreraction

could mask the NF-l epitope that the antibody detects. The NF-l thar is
immunoprecipitated would be the remainder of the NF-1 population, that is not

associated with RFXI . Thus, although these data do not prove that NF-I and RFXI

interact through the DNA binding domain of the NF-I family, taken together, the results

from Figures 3.21 and 3.22 are consistent with this interpretation.
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Figure 3.22: lnteractions between endogenous NF-l and RFXI proteins are detected
through co-immunoprecipitations of pituitary GC nuclear extract.
(A) RFX1 and NF-1 immunoprecipitations (IP) were separated by SDS-PAGE and
transferred protein blots were probed for RFXI. The specificity of the RFX1
immunoprecipitation was confirmed by probing RFX1 immunoprecipitate with the RFX1
antibody. (B) RFXI and NF-1 immunoprecipitations (IP) were separated by SDS-PAGE
and transferred protein blots were probed for NF-l. The specificity of the NF-l
immunoprecipitation was confirmed by probing NF-l immunoprecipitate with the NF-l
antibody. These blots were provided by Ms. Xiaoyang Yang.

3.2.2f Direct binding of NF-l to PSE-84 in placental nuclear extracts.

As well as the ability to repress the CS-A promoter in pituitary cell lines (133), P

sequences have the capacity to enhance reporter gene expression in transgenic mouse

placenta (150). This suggests that if this single element has the capacity to activate gene

expression in one cell type and repress gene expression in another, then a

pituitaryirepressor complex may exist that is different from a placental/enhancer

complex. The observation of NF-l association with PSE-84 is intriguing in this respect,

as this family has been implicated in both repression (182,196-199) and activation (153,

192,200-202). The question arose, therefore, as to whether the NF-1 family could

associate with PSE-84 in placental as well as pituitary cells. Radiolabelled PSE-84 probe

was incubated with nuclear extracts from human term placenta tissue and

choriocarcinoma (JAR and JEG-3) cell lines in EMSAs (Fig. 3.23). Although the

complexes were not as clear as those seen with pituitary GC nuclear extract, evidence of

competition by the NF-1 consensus sequence was observed with all three nuclear

extracts. As a negative control, the PSE-B4m oligonucleotide, which does not bind NF-1
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(Fig.3.16), was used as a competitor and did not result in competition of the PSE-84

placental complexes. These results provide evidence that the NF-I family members are

PSF-B candidates in the placenta as well as the pituitary.
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Figure 3.23: NF-l from placental nuclear extracts associates with PSE-84.
Radioloabelled PSE-84 was used as an EMSA probe with human terïn placenta, JAR,
and JEG-3 nuclear extracts as indicated. Competitor oligonucleotides were preincubated
with extractatZ1-fold,5O-fold, and 10O-fold mass excess of probe.

PSE-84 Probe + JAR extract PSE-84 Probe + JEG-3 extract
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3.3 The P sequence complex in pituitary GC cells.

The identification of candidate PSFs using the individual PSEs demonstrated the

potential for both the NF-l family and RFXI to be participants in the P sequence

complex in vitro, as well as the capacity for the NF-l family and RFX1 to interact. The

experiments presented to this point also identified PSE-A as a composite element, and the

binding of RFXI and NF-l to PSE-43 as mutually exclusive. As previously discussed,

the demonstration of mutually exclusive NF-1 and RFXI binding to PSE-A has important

implications in the interpretation of PSE-A results. That is, the context of surrounding

sequences, in combination with cellular environment, may influence which of these two

factors will associate with the PSE-A region. The observation that PSE-B is an NF-l

binding site raised the possibility that the factor(s) associating with PSE-A in the conrexr

of 263P may be influenced by the binding of NF-1 to PSE-B. Thus, DNA fragments rhar

contain both PSE-A and PSE-B were evaluated for the participation of the NF-l family

and RFXI in the invitro pituitary P sequence complex.

3.3.1 Ãn in vitro P sequence complex that contains RFXI does not repress CS-A

promoter activity in pituitary GC cells.

3.3.1a Direct binding of RFXL to the 103P element.

To generate an element that contained the entire PSE-A and PSE-B nuclease protection

regions, a 103 bp P sequence fragment (103P) was synrhesized by PCR (Fig. 3.24).

92



5'-

263P

TCCTACAGGC CTGCCTGGAG AACAGCTCAC

GATGATGAGT CTGGGGTGCT AGTCCAGTAA

AAAAAGAGCT CTGTTTTCTG CTCTGAAAGT

AGCA,CAGTGC CCTCCCAGCA

TGCTTCAGGA ATGACGGCAG
PSE.B

GGGGAGATGG CAGGGCCCCA
PSE.A

GCATTCACAT CCTAGGCCAC AGGGGTGTGG GTGTfCÃATG ..'T$ECTTGCCA

aQI€CACTGC,.,CAACCACTTC TGcAAcCcTT TcCCTcrrTc TTTcCTTcTc

TTTCTACAGA GT - 3'

Figure 3.242 P sequences upstream of the CS-A gene.
The 5'- 3' sequence of 263P is shown with the PSE-A and PSE-B nuclease protection
regions highlighted. The 103P fragment is underlined.

The 103P element was then used as an EMSA probe with GC nuclear extract for analysis

of NF-1 and RFX1 binding (Fig. 3.25). The 103P probe resulted in the formation of four

complexes (I-ry) with GC nuclear extract that are indicated by arrowheads. PSE-43,

PSE-44, and the RFX EF-C/I\4DBP element were all efficient competitors of complexes

I and II (Fig. 3.25A, closed arrowheads). In contrast, neither PSE-84 nor the NF-l

consensus element were efficient competitors of 103P complexes under these same

conditions (Fig. 3.258). Thus, despite the presence of NF-I sites at PSE-A and PSE-4,

direct binding of RFXI, but not NF-1, to I03P was detected with pituitary GC nuclear

extracts.
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Figure 3.25: Direct binding of RFXL, but not the NF-l family, to 103p.
Radiolabelled 103P was used as an EMSA probe with pituitary GC nuclear extract.
Complexes are indicated by arrowheads and numbered. (A) Competitor oligonucleotides
were preincubated with nuclear extract at25-fold,5O-fold, and 1OO-fold (PSE-43 and
PSE-44) or 25-fold and 5O-fold (RFX) mass excess of probe. (B) Competitor
oligonucleotides were preincubated with nuclear extract at 25-fold and 5O-fold mass
excess ofprobe.

3.3.1b The 103P element does not repress the activity of the CS-A promoter in
pituitary GC cells.

Luciferase reporter genes were constructed and transiently transfected into GC cells to

assess the effect of the 103P fragment on CS-A promoter function (Fig. 3.26). As a

positive control, 263PCSp.Luc was included in the experiment and resulted in 367o of

CSp.Luc activity (n=6, p<0.0005). In comparison, the presence of the 103P fragment

(l03PCSp.Luc) had no significant effect on CS-A promoter activity (n=6). Thus, a

functional effect of the 103P fragment on CS-A promoter activity was not detected. in

transiently transfected GC cells. The lack of CS-A promoter repression with 103P

indicated that the complex associating with this fragment did not represent the pituitary

103P Probe + GC extract 103P Probe + GC extract
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repressor complex of 263P. The 263P fragment was therefore used as a probe in both

nuclease protection and EMSA assays to assess the presence of NF-1 and/or RFX1 in the

pituitary repressor P sequence complex.

CSp.Luc

263PCSp.Luc

103PCSp.Luc

100

Figure 3.26: 103P does not affect CS-A promoter activity in transiently transfected
pituitary GC cells.
Hybrid luciferase (Luc) genes were used to assess the effect of l03P on CS-A promoter (-
4961+6, CSp.Luc) activity in GC cells. 263PCSp.Luc was included for comparison. To
control for DNA uptake, cells were co-transfected with pRLTkp.Luc. Corrected values
are expressed as a percentage of CSp.Luc activity, which was arbitrarily set to T00Vo.
Bars represent SEM. xxxp<0.0005.
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3.3.2 NF-1, but not RFXI binding is detected with 263P.

3.3.2a Competition with NF-l elements disrupts protein binding to the 263P

fragment.

The ability of the NF-1 family to interact with 263P was assessed through competition of

263P protein binding by NF-1 DNA elements, in EMSA and nuclease protection assays

(Fig.3.27). Both the consensus NF-l element and a second NF-l element (reported as a

high affinity NF-l binding site (162) were efficienr competitors of the 263P nuclease

protection pattern generated with GC nuclear extract at 1000-fold pmole excess of probe

(Fig. 3.27 A). As a negative control, the NF-1 mutant element was unable to compete for

this pattern. It was noted that competition of the nuclease protection pattern with PSE-84

required levels of competitor that were greater than 1000-fold pmole excess of probe.

This agrees with the observation that PSE-84 was a lower affinity NF-1 site than the

consensus NF-1 site (Fig. 3.1a). When the same radiolabelled263P fragment was utilized

as a probe in an EMSA with pituitary GC nuclear extract, competition of protein binding

with the NF-1 consensus oligonucleotide, and not the non-NF-1 binding PSE-B4m

element, was observed (Fig. 3.278). These results demonstrate the association of NF-I

from pituitary GC nuclear extract with 263P in vitro.
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Figure 3.27: Competition with NF-l elements disrupts protein binding to the 263P
fragment.
(A) The 263P fragment was radiolabelled at the 3'end and incubated with or without
pituitary GC nuclear extract before DNaseI digestion. Competitor oligonucleotides were
included in the reactions at 1000-fold (NF-1s) or 5000-fold (PSE-84) pmole excess of
probe. The protected PSE-A and PSE-B regions are indicated. Data reported in (151) (B)
The same radiolabelled 263P fragment used for nuclease protection assays was also
utilized as an EMSA probe with GC nuclear extract. Competitor oligonucleotides were
included in the reactions at 10000-fold, 20000-fold, and 50000-fold pmole excess of
probe (PSE-B4 and NF-l consensus) or 50000-fold pmole excess of probe (PSE-B4m).
Competed complexes are indicated by closed arrowheads.

263P Probe + GC extract
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3.3.2b The EF-C/MDBP RFX element does not compete for protein binding to

263P.

The competition of 263P protein binding in EMSAs and nuclease protection assays was

also used to assess the ability of the RFX family to interact with 263P (Fig. 3.28). In

contrast to PSE-43, the EF-C/MDBP RFX DNA element was unable to effectively

compete for the 263P nuclease protection pattern at 5000-fotd, or even as much as 20000-

fold pmole excess of probe (Fig. 3.284). The 263P radiolabelled probe was also used in

EMSA with pituitary GC nuclear extract (Fig. 3.288). The RFX oligonucleotide was

unable to compete at levels where clear competition of protein binding to 263P was

observed with the NF-1 consensus element. Thus, despite evidence of RFXI association

with PSE-A3 and 103P, i,n vitro binding assays using the 263P fragment do not implicate

RFXI as a component of the 263P complex.
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Figure 3.28: The EF-C/WIDBP RFX element does not compete for protein binding to
the 263P fragment.
(A) The 263P fragment was radiolabelled at the 3'end and incubated with or without
pituitary GC nuclear extract before DNaseI digestion. Competitor oligonucleotides were
included in the reactions at 5000-fold (NF-l and PSE-43), 5000-fold and 10000-fold
(PSE-84), or 5000-fold, 10000-fold, 15000-fold, and 20000-fold (RFX) pmole excess of
probe. The protected PSE-A and PSE-B regions are indicated. (B) The same radiolabelled
263P fragment used for nuclease protection assays was also utilized as an EMSA probe
with GC nuclear extract. Competitor oligonucleotides were included in the reactions at
20000-fold, and 50000-fold pmole excess of probe.

HE
xx,*

B

HË
ãã
r{

#
dr

:.ti&:

.&l

263P Probe + GC extract

99



3.3.2c An NF-l half-site in PSE-43 contributes to its ability to compete 263P

protein binding.

The PSE-43 element is a composite element that primarily associates with RFX1, but in

the absence of RFXI, is bound by the NF-l family (Fig. 3.11). V/hen used as a

competitor of the 263P nuclease protection pattern, PSE-43 behaves more like the NF-l

consensus element than the RFX element. The PSE-43 scanning mutations and a 3'

truncated form of PSE-A (PSE-44) were used to assess which region of PSE-43 was

important for its ability to compete 263P protein binding in nuclease protection assays

(Fig.3.29). Inefficient competition by any of these oligonucleotides would suggest some

contribution of the modified sequences to the nuclease protection pattern. The 3' mutation

(PSE-43m6) and a truncation (PSE-44) of PSE-43 are relatively inefficient competitors

at 1000-fold pmole excess of the 263P probe. In contrast, at this same level of competitor,

PSE-A3m2 and PSE-43m3, which encompass the RFXI binding site, as well as wild

type PSE-43, PSE-43m1, PSE-43m4 and PSE-43m5 are all efficient competitors of the

263P nuclease protection pattern. This result suggests that the 3' end of PSE-A3, which

Iocalizes to one of the NF-I half-sites, contributes more to its ability to compete for 263P

protein binding than does the RFXI binding region.It should be noted that at 5000-fold

pmole excess of probe, all of the PSE-43 mutations compete for the nuclease protection

pattern. This additional result can be explained by the fact that none of these mutations

eliminate both putative NF-1 half-sites (Figs. 3.54 and 3.84).
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Figure 3.29: An NF-l half-site in PSE-43 contributes to its ability to compete for
263P protein binding.
The 263P fragment was radiolabelled at the 3'end and incubated with or without
pituitary GC nuclear extract before DNasel digestion. Competitor oligonucleotides were
included in the reactions at 1000-fold pmole excess of 263P probe. The protected PSE-A
and PSE-B regions are indicated. Data reporred in (130).

3.3.3 Functional evidence in support of mutually exclusive NF-l and RFXL 263P

complexes.

Structural assessment of the 263P complex confirmed the presence of the NF-1 family at

both PSE-A and PSE-B, but called into question association of RFX1. This result was

one of the options predicted in Figure 3.3, where related proteins (members of the NF-l
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family) recognize similar sequences (PSE-A and PSE-B). Nonetheless, binding of RFXI

in the absence of NF-l was seen with both PSE-43 and the l03P fragment. The

involvement of RFXl in the (non-repressing) 103P complex implies that two complexes

are capable of forming on P sequence fragments; a non-functional RFXl-containing

complex, and a repressor complex that contains NF-l at both PSE-A and PSE-B. This

interpretation is consistent with the observation of mutually exclusive binding of NF-1

and RFXI at PSE-43 (Fig. 3.11), and contributes to understanding the variable repressor

activity with PSE-A3CSp.Luc in transiently transfected GC cells. 'When NF-l is the

predominant factor at PSE-43 the resulting activity would be as a repressor, while RFXI

association at PSE-43 would have no functional effect. This hypothesis, however, is

based primarily on structuraldata. The involvement of NF-1 and RFX1 sites in 263P

repressor activity was also chaructenzed in functional assays.

3.3.3a The ability of 263P to repress CS-A promoter activity involves sequences at

both the PSE-A/RFX and PSE-BÆ.IF-I sites.

The relative contributions of the PSE-B/NF-l and PSE-A/RFXI sites to 263P repressor

activity was assessed by introducing specific mutations into the 263P fragment through

site-directed mutagenesis (Fig. 3.30). The PSE-43m2 mutation was substituted for PSE-

A in 263P, and this fragment was placed upstream of the CS-A promoter to generate

263Am2CSp.Luc. The PSE-43m2 mutation disrupts only the RFX site, leaving both of

the NF-1 half-sites intact (Fig. 3.8) Likewise, the non-NF-1 binding PSE-84 murarion

was introduced into 263P and 263BmCSp.Luc was created. When these plasmids were

transiently transfected into GC cells, a significant loss in repressor function was observed

compared to 263PCSp.Luc. whereas, 263PCSp.Luc displayed 43vo (n=9, p<0.0005) of

CSp.Luc activity (arbitrarily set to 1007o),263Am2CSp.Luc and 263BmCSp.Luc had

797o (n=9, p<0.05) and757o (n=9, p<0.005) of csp.Luc activity respectively.

Neither of the single mutations, however, resulted in a complete loss of repressor activity,

as both of the constructs maintained significantly less luciferase activity than CSp.Luc

(p<0.005 for both 263Am2CSp.Luc and 263BmCSp.Luc). A third construct was created,

263Am2lBmCSp.Luc, which contained both mutations upstream of CSp.Luc. When
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263Am2lBmCSp.Luc was transiently transfected into GC cells, no significant difference

was detected in the activity compared to CSp.Luc (Fig. 3.30, n=9). Thus, loss of 263p

repressor activity required mutation at both the PSE-NRFX and PSE-B/NF-l sites.
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Figure 3.30: The ability of 263P to repress CS-A promoter activity involves
sequences at both the PSE-A/RFXL and PSE-B/NF-I sites.
Hybrid luciferase (Luc) genes were used to assess the effect of 263P mutations on CS-A
promoter (-4961+6, CSp.Luc) activity in pituitary GC cells. To control for DNA uptake,
cells were co-transfected with pRLTkp.Luc. Corrected values are expressed as a
percentage of CSp.Luc activity, which was arbitrarily set to l00Vo. Bars represent SEM.
xxxp<0.0005, compared to CSp.Luc. Data reported in (130).
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Based on the hypothesis that RFXI does not contribute to 263P repressor function, the

disruption of repressor activity in263Am2CSp.Luc was not expected. The PSE-B NF-1

site and the two PSE-A NF-l half-sites, are maintained in this construct. It may be

interpreted from this result that RFX1 binding is involved in the repressor function of

263P. It is important to remember, however, that RFXI binding to 263P was not

confirmed through either EMSA or nuclease protection competitions. Thus, it is an

assumption that the result of the 263Am2 mutation is to affect RFXI association. An

alternate explanation for the 263Am2CSp.Luc result is that alteration of sequences

immediately adjacent to one of the NF- I sites may affect the function of this site. As

demonstrated in Figure 3.18, this interpretation is a possibility, as sequences that do not

affect NF-1 binding can affect the function of an NF-1 site. The 263BmCSp.Luc result

provides strong evidence that NF-l binding at PSE-B contributes to 263P repression of
CS-Ap activity. Additional experiments would be required to address whether RFXI is

involved in the 263P repressor complex.

3.3.3b Overexpression of NF-l in GC cells increases the degree of CS-A promoter

repression by 263P.

To further investigate the involvement of NF-l in the 263P pituitary repressor complex,

expression vectors containing the cDNAs for different NF-l family members were co-

transfected into GC cells with 263PCSp.Luc (Fig. 3.31). The cDNA plasmids were the

same c-myc epitope-tagged vectors previously described for the analysis of NF-l/RFXl
interactions (Fig. 3.2I). A significant increase in the ability of 263P to repress the CS-A

promoter was observed when 2 pg of NF-18, NF-IC, or NF-IX expression plasmid was

co-transfected with 263PCSp.Luc (n=9, p<0.005, p<0.0005, and p<0.005 respectively).

These functional effects were specific to the 263PCSp.Luc plasmid, as the co-transfected

pRLTkp.Luc was unaffected by NF-1 overexpression (data not shown). The lack of NF-

1A effects on 263PCSp.Luc function may be due to the observation that, although

identical with the exception of the cDNA insert to the other NF-l expression vectors, the

NF-14 expression vector has been consistently less efficient in protein production

(Xiaoyang Yang, pers. comm.). These experiments provide further support that NF-I is

the factor responsible for repression.
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263PCSp.Luc

263PCSp.Luc + NF-14

263PCSp.Luc + NF-18

263PCSp.Luc + NF-1C

263PCSp.Luc + NF-1X

Figure 3.31: Overexpression of NF-1 in GC cells increases the degree of CS-A
promoter repression by 263P.
Expression plasmids containing the cDNAs for NF-lA, NF-18, NF-1C, and NF-lX (2
¡rg) were transiently co-transfected with 263PCSp.Luc into pituitary GC cells. To control
for DNA uptake, cells were co-transfected with pRLTkp.Luc. There was no significant
effect of NF-1 over-expression on pRLTkp.Luc activity (data not shown). Corrected
values are expressed as a percentage of 263PCSp.Luc activity with no NF-1 over-
expression, which was arbitrarily set to 1007o. Bars represent SEM. **p<0.005,
x*xp<0.0005.

The increase in the degree of repression following NF-l overexpression also supports the

possibility that mutually exclusive NF-1 and RFXI complexes form on P sequence

fragments. In this model, both complexes exist on 263P in GC cells. The luciferase
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activity of 263PCSp.Luc (which is present in a transfected cell in multiple copies) is rhe

sum of the total activity from both NF-1 repressor complexes and non-functional RFXl

complexes. In this scenario, overexpression of NF-l alters the balance of NF-l and RFX1

proteins within the cell. As the NF-l increases relative to RFXI, the likelihood of NF-l

repressor complex formation also increases. Therefore, the observed decrease in the

luciferase activity of 263PCSp.Luc when NF-1 is overexpressed, would be explained by

an increase in NF-l repressor complexes and consequent reduction in non-functional

RFX1 complexes.

3.3.3c Overexpression of RFX1 in GC cells enhances luciferase activity independent

of 263P.

In light of the above interpretation, it would be predicted that overexpression of RFXI in

GC cells would have the opposite effect on the average luciferase activity of co-

transfected 263PCSp.Luc. That is, RFXI overexpression would alter the cellular balance

of RFXI to NF-l, such that the likelihood of non-functional RFXI complex formation

would increase. The result would be an increase in the average luciferase activity of
263PCSp.Luc, or derepression. To assess if RFXl overexpression can affect 263P

function, 2 pg of RFX1 expression plasmid was co-transfected with 263PCSp.Luc (Fig.

3.32). The overexpression of RFX1 in GC cells resulted in a 2.8-fold increase in

263PCSp.Luc activity (n=18, p<0.0005), consistent with the derepression hypothesis.

The RFXI enhancement, however, was not specific to 263PCSp.Luc. Although RFX1

overexpression had no significant effect on the activity of co-transfected pRLTkp.Luc, a

significant 2.O-fold increase in 263Am2CSp.Luc (n=9, p<0.005) activity was observed.

263Am2CSp.Luc is the 263P construct with a mutation in the RFX1 binding site.

Therefore, although RFXI overexpression enhanced the luciferase activity of
263PCSp.Luc, it could not be demonstrated that this increase was directly related to the

proposed RFX site in 263P.
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Figure 3.32: Overexpression of RFX1 in GC cells enhances luciferase activity
independent of263P.
The hybrid luciferase (Luc) genes 263PCSp.Luc,263Am2CSp.Luc, and CSp.Luc were
transiently transfected into pituitary GC cells with or without 2 ¡tg of RFX1 expression
plasmid as indicated. To control for DNA uptake, cells were co-transfected with
pRLTkp.Luc. RFXl over-expression had no effect on pRLTkp.Luc activity (data not
shown). Corrected values are expressed as fold increase over transfections without RFXl
over-expression. Bars represent SEM. *p<0.05, xxp<0.005, xt*p<0.0005.
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SUMMARY OF CHAPTER 3 RESULTS

The data presented in this section indicate that 263P can act as a repressor in

pituitary cells independent of the CS-B downstream enhancer region.

To identify candidate PSFs, the PSE-A and PSE-B oligonucleotides were used.

PSE-43 was examined in isolation and found to be a composite element, capable of

mutually exclusive NF-1 and RFXI binding in pituitary GC cells. This statement is

supported by the observations of: (i) specific RFXI binding to PSE-43 in GC

EMSA assays (ii) the loss of RFX1 complexes and the appearance of a novel

complex when the RFX site was mutated in PSE-43m2 and (iii) evidence of NF-1

binding to PSE-43m2 but not PSE-43 or PSE-43m6. These observations have

important implications for the interpretation of PSE-A results. The presence of

other factors and/or sequences when PSE-43 is not in isolation, could potentially

influence whether RFXI or NF-1 is the predominant associating factor. That is,

whether NF-l or RFXI associate with PSE-A may depend on the context of the

element. The variability of the PSE-A3CSp.Luc construct in transient transfection

experiments can be explained by the potential for at least two different PSE-A

complexes to exist. The results presented in section 3.2.1 demonstrate that in the

pituitary, both RFXI and NF-l are PSF-A candidates.

The analysis of PSE-84 in isolation implicated members of the NF-l family as

PSF-B in pituitary cells. This was supported by: (i) the competirion of pSE-84-

specific EMSA complexes by NF-1 oligonucleotides and antibodies and (ii) the

determination that PSE-84 repressor activity required NF-1 binding. In addition,

analysis of PSE-84 provided the first evidence that variations in an NF- 1

recognition site, including the spacer region, could affect the functional activity of
individual NF-1 elements. The possibility was discussed that this functional effect

was the result of alterations in the affinity profile for different members of the NF-l
family.
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The observation of 263P function in JAR and JEG-3 cell lines provides the first

evidence for significant in vitro P sequence function in placental cells. When

considered with previously reported observations (133), the data suggest that

functional cross-talk may occur between 263P and the downstream CS enhancer

region. This possibility is further discussed in Chapter 6.3.I. A nuclease protection

pattern with JAR nuclear proteins was observed to be similar to the pattern that is

evident with GC nuclear proteins. Taken together, these observations indicated that

PSE-A and PSE-B may be useful for the identification of putative placental P

sequence binding proteins.

In choriocarcinoma cell lines, the analysis of PSE-43 and PSE-84 oligonucleotides

through EMSA also supported RFX1 and NF-1 as PSF candidates. The NF-1 and

RFX families have both been linked to repressor and enhancer function. The

expression profiles of the NF-1 and RFX proteins in the pituitary and placenta may

therefore be an important aspect in determining whether the P sequences have

enhancer or repressor activity.

The pituitary repressor complex was evaluated in the context of larger fragments

that contained both PSE-A and PSE-B. Interpretation of the results in section 3.3

generates a model whereby at least two separate complexes have the potential to

form on P sequence fragments in GC cells; an NF-1 repressor complex, and a non-

functional RFXI complex. This interpretation is supported by: (i) the observation of

RFX1 and not NF-1 association with the non-functional l03P fragment (ii) the

confirmation of NF-l but not RFXI binding to 263P and (iii) an increase in

263PCSp.Luc repressor activity following NF-1 overexpression. This model

implicates the NF-1 family and not RFX1 in the repressor function of 263P invitro.

It agrees with the predicted complex in Figure 3.3, whereby two related proteins

(the NF-1 family members) recognize highly similar sites in PSE-A and PSE-3. A
more detailed discussion of the pituitary P sequence complex can be found in

Chapter 6.1.1.
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The capacity for RFX1 and the NF-l family to interact was supported by

observations of: (i) low affinity EMSA competitions, (ii) co-immunoprecipitation of

overexpressed epitope-tagged proteins and (iii) co-immunoprecipitation of
endogenous NF-1 and RFXI proteins from GC nuclear extracts. The possibility was

discussed that these interactions may involve the NF-1 NHr-terminal DNA-binding

domain. Implications of RFXI and NF-l family interactions that pertain to P
sequence complexes is discussed further in Chapter 6.I.Ia.
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CHAPTER 4

THE P SEQUENCE COMPLEX IN SITU

The in vitro examination of PSE-A and PSE-B implicated RFXI and NF-l as PSE-A

binding factors (3.2.1) and NF-1 as PSF-B (3.2.2). However, analysis of 263P in pituitary

GC cells, strongly supported involvement of the NF-1 family in the repressor complex,

but called into question the participation of RFXl (3.3). An important consideration in

interpreting the data to this point has been the context of the fragment that is being

investigated. For example, PSE-43 was clearly a mutually exclusive RFX1 and NF-1

element that predominantly associated with RFXI over NF-l invitro.In the context of

263P, however, only NF-l binding to PSE-A was detected. When the P sequence

elements are placed in the context of chromatin, this may also influence factors that

associate. As discussedin Chapter 1, the structure of chromatin limits the accessibility of
DNA sequences. This is an important consideration with the identification of NF-l as a

candidate PSF, as the ability of NF-l to associate with its target site is reported to be

reduced in the presence of nucleosomes (204). The association of RFXI with chromatin

compared to naked DNA has not been reported. Consequently, in determining which

candidate PSFs associate with P sequences in the pituitary and placenta, it is important to

include an assessment of their ability to associate in the context of chromatin. To

examine if RFX1 and the NF-1 family were participating in pituitary and/or placental P

sequence complexes in situ, a chromatin immunoprecipitation (ChIP) technique with

human tissue samples was developed.

4.1 Development of the ChIP technique for analysis of human tissue samples.

The presence of the CS/GH-V duplication, and thus P sequence DNA, is exclusive to

primate lineages (83). As a result, the pituitary GC cell line, which originates from a rat

anterior pituitary adenoma, does not contain endogenous P sequences. This assumption is

supported by NCBI BLAST analysis (http://www.ncbi.nlm.nih.gov/BlAST/). For
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assessment of the pituitary P sequences complex in situ, post-mortem human pituitary

tissue was obtained from the Human Pituitary Repository in the Protein and Polypeptide

Laboratory at the University of Manitoba.

The decision was also made to use human term placenta tissue for analysis of the

placental P sequence complex in situ. Expression of the endogenous GH-V and CS genes

in human term placenta is much higher than in the human choriocarcinoma cell lines

(160). P sequences were hypothesized to play a role in enhancing placental gene

expression in vivo (150). Thus, the use of human term placenta tissue enables analysis of

the P sequence complex in a context where the endogenous genes are highly active.

Human term placentas were obtained from term deliveries at the Health Sciences Centre,

Winnipeg, Manitoba.

Unlike cultured cell lines, where cross-linking can be done in culture dishes at the

beginning of a ChIP experiment, human tissue samples require processing of the tissue

prior to cross-linking proteins to the DNA. Placental syncytiotrophoblast is a syncytium,

in which very few individual cells are present at term. For consistency between the two

tissue types, nuclei were isolated from both tissues prior to cross-linking (Fig. 4.1).
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Placenta nuclei Pítuitary nuclei

Figure 4.1: Isolated human placenta and pituitary nuclei.
For the ChIP protocol, nuclei were isolated from human term placenta and post-mortem
pituitary tissue samples prior to formaldehyde cross-linking. Examples of (A) placenta
and (B) pituitary nuclei preparations, under 100x magnifîcation, are shown. The pituitary
nuclei preparation that is shown here was provided by Mr. Scott Gregoire.

Following the isolation of intact nuclei from the tissue samples, the conditions

established for ChIP using cultured cells were then used (Fig. a.Ð. Within these

established conditions, however, there are several steps that needed to be assessed, such

as the cross-linking time, fragmentation of DNA by sonication, the amount of chromatin

used for immunoprecipitation, specificity of the antibodies for immunoprecipitation, and

the method used to analyze the final DNA product (205-207).
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Figure 4.2: The chIP protocol requires assessment of several key steps.
The general ChIP procedure is outlined. The amount of time the nuclei are cross-linked,
the sonication and immunoprecipitation conditions, as well as the method to analyze the
final DNA product, must all be established.
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4.1.1 Determination of the cross-linking time.

The time used for cross-linking proteins to DNA in cultured cell lines are generally in the

range of 5-15 minutes (206,208,209). As cells or nuclei are exposed to formaldehyde for

increasing lengths of time, not only are the DNA-binding proteins cross-linked, but the

proteins that are in contact with the DNA-binding proteins are cross-linked as well (205-

207). This becomes a concern as cross-linking time increases, because cross-linking can

extend from the DNA and DNA-binding proteins to the insoluble nuclear matrix (209).
'When the matrix is removed before immunoprecipitation, any of the DNA that has been

cross-linked to the matrix will be removed as well. To evaluate the length of time that the

nuclei would be cross-linked in this protocol, placental nuclei were incubated in a HEPES

buffer (see Chapter 2.2.1 for more details) containing lTo formaldehyde for 5, 10 and 15

minutes, with all other components of the protocol kept constant. Placental nuclei were

chosen over pituitary nuclei for this experiment due to the relative availability of the

tissue samples. Following cross-linking, the nuclei were lysed and the chromatin was

sonicated to fragment the DNA. The absorbance (Aruo) values of the lysates were

measured as an indication of total chromatin. The lysates were then microfuged to

remove the insoluble nuclear matrix, and the Aruo of the supernatant was measured. At 5
and l0 minutes of cross-linking time, 937o and 917o of the chromatin content was

retained in the supernatant. At 15 minutes of cross-linking time, only 677o of the

chromatin was retained. Based on these obser-vations, a cross-linking time of five minutes

in l%oformaldehyde was chosenfor the protocol.

4.1.2 Optimization of the sonication conditions

The cross-linked nuclei are lysed and the chromatin is mechanically sheared by

sonication. The amount of sonication must be optimized for each tissue type. The aim is

to establish sonication conditions where the majority of the chromatin fragments fall into

the size range of 200 - 1000 bp. This range is an indication of the resolution of the

protocol. When determining the cross-linktng time, it was found that sonicating the

chromatin from lysed placental nuclei at 407o output (Vibra CelfM, Sonics and Materials

Inc., Danbury, CT, USA) for a total time of two minutes in 30 second bursts yielded

average ftagment sizes in the appropriate range. The isolated DNA from three separate
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experiments is shown as an example of the fragment size expected with this protocol

$ig. a.3A). To determine the optimum sonication conditions for pituitary chromatin,

pituitary nuclei that had been cross-linked for five minutes with lTo formaldehyde were

lysed and sonicated in 20 second intervals. The DNA was isolated and run in a 27o

agarose gel to assess the average length of the fragments. For pituitary, sonicating for a

total time of L5 minutes in 30 second intervals was chosen for the protocol, as this

yielded an average fragment length within the appropriate range (Fig. 4.38).

20 second intervals

1123 0 1 2 3 4 5 6 7 B I 1011 121314151617
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H 300
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Figure 4.3: Optimization of the sonication conditions for placenta and pituitary
chromatin.
The sonication conditions differ depending on the tissue type. (A) For the placenta nuclei,
four intervals of 30 seconds each was used to shear the chromatin. The majority of the
chromatin was in the size range of 300-400 base pairs (bp). The isolated DNA from three
separate experiments (1,2,3) is shown. (B) Cross-linked pituitary nuclei were lysed and
sonicated in 20 second intervals 0-17 times. The isolated DNA was run in a27o agarose
gel to determine the sonication conditions which would yield fragments in the appropriate
size range. The sonication conditions for the pituitary ChIP experiments were determined
to be three bursts of 30 seconds each. Photo of pituitary sonication data provided by Mr.
Scott Gregoire.
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4.1.3 Determining the amount of chromatin input for the immunoprecipitations

The ChIP procedure provides a method to enrich for sequences that are bound by a

protein of interest; however a level of non-specific background DNA is expected (205-

207). The background of non-specific sequences increases with the amount of chromatin

used as the starting material for the immunoprecipitations (the input). To investigate the

effect of increasing chromatin input, zlJ (Az6ò,5U, and 10U of placental chromatin were

used in immunoprecipitations with an antibody to the hyperacetylated form of histone H4

(Upstate Biotechnology Inc.). A chromatin input of ZlJ was used as a starting amount,

based on a protocol obtained from the laboratory of Dr. J. Davie (University of
Manitoba). Immunoprecipitations with the same input levels and no antiserum were used

to represent non-specific background. The DNA from these immunoprecipitations (the

bound fraction) was isolated and used as the template in PCR reactions with 263P

specific primers (Fig. a.Ð. Previous studies indicated that 263P was hyperacetylated in

human term placental chromatin (150). The level of chromatin input chosen for the

immunoprecipitations was 2U (approximately 100 pg), as this amount showed the

greatest dffirence between the PCR product from the no antibody (control) and the

hyperacerylated histone H4 (test) bound samples.
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Figure 4.4: Chromatin input above 2U into the immunoprecipitations decreases the
difference between the specifÏc and background signals.
ChIP was done using 10 U,5 U, or 2lJ of chromatin input with hyperacetylated histone
H4 antibody (HaAb). Five ¡,r,L of isolated DNA from each immunoprecipitation, as well
as from the input chromatin, was used as a PCR template with intern al 263P primers
(103P forward and reverse). As positive controls, I ng of 263PCSp.Luc plasmid DNA
and 10 ng of human genomic DNA (isolated from placenta tissue) were used as
templates. As a negative control, sdH2O (no template) was used. For the PCR reactions,
an annealing temperature of 60 'C was used for 30 cycles. Equal volumes of each
reaction were run in a27o agarose gel to compare the intensity of the PCR products.

4.1.4 specificity of the NF-1 and RFxl antibodies for use in chrp
The hyperacetylated histone H4 antibody (Upstate Biotechnology Inc.) is recommended

for use in ChIP assays; however neither NF-1 nor RFXI had previously been assessed by

ChIP. The specificity of the commercial NF-1 and RFX1 antibodies (Santa Cruz) for
immunoprecipitation experiments was therefore assessed. JAR cells were transiently

transfected with plasmids containing NF-1 and RFX1 cDNAs, cloned in frame as fusions

to a 13 amino acid c-myc epitope tag. Lysates from the transfected cells were

immunoprecipitated with the NF-l and RFX1 antibodies. The immunoprecipitations were

H4 No
I AbAb

H4 No
I AbAb

H4 No
I AbAb
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separated by SDS-PAGE, transferred to PVDF membranes, and probed with a c-myc

antibody (Fig. a.5). When the NF-1 immunoprecipitations were probed with the c-myc

antibody, bands that corresponded to the NF- 1 bands in the transfected cell lysates were

observed (Fig. 4.54). Similarly, when the RFXI immunoprecipitation was probed with

the c-myc antibody, a band corresponding to RFXl was observed (Fig. 4.58). These

experiments established that the NF-I and RFXI commercial antibodies could be used

for the ChIP assays.

NF-1 IP Lysate

ABCX

B

--Oî-*u

A

A ABCX

Figure 4.5: Specificity of the NF-l and RFX1 antibodies for use in ChIP.
(A) Immunoprecipitations with NF-l specific antibodies were run alongside lysates (100
pg) from JAR cells transfected with myc-NF-14 (A), myc-NF-18 (B), myc-NF-lC (C),
or myc-NF-lX (X). The transferred blot was probed with c-myc antibody. A longer
exposure of the NF-1 immunoprecipitation from myc-NF-14 JAR lysate is shown to the
left (A'). (B) Lysate (100 pg) from JAR cells transfected with myc-RFXl was run
alongside a RFXI immunoprecipitation. The transferred blot was probed with c-myc
antibody. This data was provided by Mr. Scott Gregoire. Data reported in (130).

4.1.5 Analysis of the ChIP DNA.

The DNA that is isolated after immunoprecipitation can be analysed by Southern (DNA)

blot or PCR (206, 208). Under specific ChIP conditions, the DNA yield from a single

immunoprecipitation can be expected to be in the range of a few nanograms (206).

Despite the decision to scale up the protocol (for more information see Chapter 2.2.1),

sufficient DNA for Southern blot analysis was not expected. PCR was chosen as the

method to analyze the DNA due to both the low yield, as well as the ability of PCR to

differentiate between highly similar sequences.

# ** * '':"'#*¡*j
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In the literature, two methods can generally be found to correct ChIP PCR results. The

first method involves comparing the intensity of the PCR product from the bound fraction

of the specific antibody immunoprecipitation to the PCR product from the bound fraction

of a control immunoprecipitation where either no antiserum or a different antiserum is

used (210,211). This method was used to differentiate the amount of background from

different levels of chromatin input (Fß. a.Ð. It has been reported, however, that

antiserum alone can increase the amount of DNA that is recovered in the bound fraction

even if the sequences are not specific (207). PCR results that are corrected through

comparison of an antibody immunoprecipitation to a no-antibody immunoprecipitation

may therefore, be inadequately controlled. An alternative method for correcting the PCR

results was chosen, where a primer set to unrelated sequences is used to establish the

background level of non-specific DNA in the bound fraction of a single

immunoprecipitation (2I2-2I4). This method of correction has the additional advantage

of providing a standard within each immunoprecipitation that can be used to compare and

pool different experiments for statistical analysis. A primer set for the third exon of the

human fibroblast growth factor (FGF)-l6 gene was designed to represent the background

of non-specific sequences in each immunoprecipitation. FGF-16 is a member of the FGF

family that is specifically expressed in embryonic brown adipose and adult cardiac tissue

(215). These sequences are not expected to be hyperacetylated in either placental or

pituitary chromatin, and do not contain any putative binding sites for the RFX or NF-1

transcription factor families (166).

PCR products from the ChIP assays were electrophoresed and digital images were

assessed by densitometry. The use of the FGF-16 primer set as a control for the

specificity of the ChIP assay requires that the different primer sets in the experiment be

comparable. 'Where possible, efforts were made to ensure that primer pairs were of a

similar melting temperature (Tm) and the products were of a similar length. There are

some variations, however, that are intrinsic; for example, the human genome contains

four copies of the P sequence target for every one copy of FGF-16 exon 3 target. To

correct for these inherent differences between the different primer sets, 10 ng of

chromatin input was used as a template for PCR with each primer set. The values from
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PCR reactions where the immunoprecipitated (bound) fraction served as a template were

then expressed as a ratio of the input PCR value, the bound/input (B/I) ratio. An

assumption in this method of correction is that there is a high degree of consistency in

setting up the different PCR reactions. This assumption was tested by determining both

the intra-experimental and inter-experimental variation (Fig. 4.6). The intra-experimental

variation was assessed by setting up 15 PCR reactions with the FGF-16 exon 3 primers

from the same stock of template DNA (10 ng) (Fig. a.6A). Comparison of the pCR

products by densitometry showed that with the FGF-16 exon 3 mean value set to 1, the *
standard deviation was 0.08, indicating very low levels of intra-experimental variation.

To assess the inter-experimental variation, PCR reactions were set up in triplicate using

FGF-16 exon 3 primers and 10 ng of input DNA from three separate experiments (Fig.

4.68). There was no significant difference between the mean values of any of the three

groups. These experiments demonstrated low levels of both intra-experimental and inter-

experimental variation. The high degree of consistency between the dffirent PCR

reactions allowed for confidence in the corcection method that would be used for the

PCR analysis of the CbIP assay DNA.
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Figure 4.6: The intra-experimental and inter-experimental variations between PCR
reactions are not statistically significant.
(A) Intra-experimental variation. Fifteen PCR reactions were set up using the same DNA
template stock and FGF-16 exon 3 primers. The PCR products were electrophoresed and
the average densitometry value was set to 1 Variation of each individual reaction from
the mean is shown. The standard deviation from the mean was 0.08. (B) Inter-
experimental variation. PCR reactions were set up in triplicate (a,b,c) from three different
DNA samples (1,2,3) using FGF-16 exon 3 primers. The pCR products were
electrophoresed and the average densitometry value for each of the DNA samples is
shown. There is no significant variation between any of the samples.
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4.2 Analysis of histone H4 hyperacetylation of the GIVCS locus in human

pituitary and term placenta tissue.

4.2.1 Histone H4 hyperacetylation of the GIVCS locus in human term placenta.

Histone hyperacetylation of the human GH/CS locus in human term placental nuclei was

reported previously using an alternate technique (150). In part to verify the technique that

was developed in the previous section (4.1), the hyperacetylation of histone H4 in various

regions of the GH/CS locus was analyzed (Fig. a.T. Using a specific antibody for the

hyperacetylated form of histone H4, evidence of hyperacetylation was observed in the

upstream distal locus control region (LCR) at HS IV and HS III related sequences in term

placenta chromatin (Fig. a.l). The mean bound/input (B/I) ratio for HS IV was 1.36 and

the mean B/I ratio for HS III was 1.90 (n=3). Both of these ratios were significantly

higher than the 1.03 mean B/I ratio forFGF-16 exon 3 (n=3). This is in contrast to the

previously published report that HS V and HS III, but not HS IV, were hyperacetylated in

human term placenta nuclei (150). In the experiments reported in Figure 4.7, HS V
hyperacetylation was not statistically significant , possibly due to variability. In two of
the three experiments the B/I ratio for HS V averaged at2.3, while in one experiment the

B/I ratio was 1.3. Thus, taken together, it appears that HS III is a stong candidate for a
role in placental LCR function, and that the HS IV and HS V regions may be tnvolved as

well. This is consistent with an apparent requirement for the LCR to achieve regulated

expression of GH/CS genes in the placentas of transgenic mice (See Table 1. 1).

Histone H4 hyperacetylation was also observed more proximally to the GH/CS genes.

Both GH and CS promoters (GHp and CSp), as well as 263P and the downstream 241bp

CS enhancer regions (ENH), resulted in significantly higher B/I ratios than the FGF-16

exon 3 background control (n=3). ChIP with hyperacetylated H4 antibody yielded a mean

B/I ratio for GHp of 1.77 , for CSp of 2.5'l , for Z63p of 1.8, and for ENH of 1.62. The

previous report of placental hyperacetylation indicated that 263P was highly acetylated

relative to other portions of the GH/CS locus (approximately l7-fold higher than

background chromatin) (150). The results in Figure 4.7 instead suggest that a 'peak' of
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Figure 4.7: Histone H4 hyperacetylation of the GH/CS locus in human term
placenta chromatin.
The mean B/I ratios for each primer set. Significant increases over FGF-16 exon 3
background indicates hyperacetylation of the region and is denoted by gray bars. Basal
value for FGF-16 exon 3 was 1.03 * 0.05. Bars represent SEM. *p<0.05, x*p<0.005. HS,
hypersensitive site; GHp, growth hormone promoter; csp, chorionic
somatomammotropin promoter; ENH, 241 bp CS downstream enhancer; Prlp, prolactin
promoter.

4.2.2 Histone H4 hyperacetylation of the GMS locus in human pituitary tissue.

The analysis of hyperacetylation in the human GH/CS locus was extended to include the

pituitary tissue samples. Previous demonstration of histone hyperacetylation in pituitary

tissue came from a GH-secreting human pituitary adenoma sample and double transgenic

mouse lines that were enriched in somatotrophs and contained an 87 kb fragment of
human chromosome 17 (123,129,150). As mentioned in the previous section, the ChIP

assay technique was developed to analyze the binding events at 263P in normal human
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pituitaries taken post-mortem. Under my supervision, Ms. Xiaoyang Yang utilized the

optimized ChIP protocol for analysis of histone H4 hyperacetylation in human pituitary

samples. In analysis of this tissue, several regions of the locus were observed to be

hyperacetylated, and the data were similar to previously reported observations from other

pituitary tissue samples (123, 129, 150).

In the locus control region, HS I/II, HS III, and HS IV regions all resulted in significantly

higher B/I ratios than the FGF-16 background control (Fig. a.S). ChIP wirh

hyperacetylated H4 antibody yielded a mean B/I ratio for HS I/II of l.25,for HS III of
2.23,fot HS IV of 1.27, and forFGF-16 exon 3 of 0.35 (n=3). As in the placenta ChIP

assays, the HS V region was not significant due to variability. In two of three

experiments the B/I ratio averaged at 1.87, while the third experiment was 0.56. In
contrast to the previous studies, a 'peak' of hyperacetylation was not observed at HS IiII
(123, 129, 150). A more detailed comparison of these results with those that have been

previously reported can be found in Chapter 6.2.2a.
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Figure 4.8: Histone H4 hyperacetylation of the GIVCS locus in human pituitary
chromatin.
the mean B/I ratios for each primer set. significant increases over FGF-16 exon 3
background indicates hyperacetylation of the region and is denoted by gray bars. Basal
value for FGF-16 exon 3 was 0.35 *.0.12. Bars represent SEM. xp<0.05, *tp<0.005. HS,
hypersensitive site, GHp, growth hormone promoter, csp, chorionic
somatomammotropin promoter, ENH 241 bp CS downstream enhancer, Prlp, prolactin
promoter.

An advantage to these experiments was the use of PCR for analysis of the data. Unlike

previous reports that used a hybridization technique (slot blots) for the analysis of the

ChIP DNA, through the design of specific primers, these experiments distinguished

between events at the highly homologous GH and CS promoters. The GH promoter

resulted in a mean B/I ratio of 1.31, which was significantly higher than background,

while the CS promoter mean B/I ratio nearly equaled that of background at 0.37. This

hyperacetylation pattern mirors the expression of these genes in the pituitary.

HS HS HS HSv tv ilt t/il
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4.3 NF-1 and RFXI associate with263P in human pituitary tissue.

The ChIP assays were then used to assess the association of NF-1 and RFXl with 263P in

human pituitary samples (Fig. a.9). No indication of the length of time between dearh and

the preservation of the tissue samples was available for the whole post-mortem human

pituitaries. Therefore, as an assessment of the integrity of the pituitary chromatin in each

assay, an immunoprecipitation with antibodies for the hyperacetylated form of histone H4

was run in parallel. Hyperacetylation of the HS I/II region was previously reported, and

this region was shown to be required for high-level pituitary expression of the GH gene

in transgenic mice (120, 122-124, 129,150). Thus, the criteria established to determine

whether data for a pituitary experiment would be used was that the B/I ratio for HS I/II
PCR had to be significantly greater than the FGF-16 exon 3 B/I background levels. If
hyperacetylation of the HS I/II region was not detected, the integrity of the chromatin

was questionable and the assay was not used. When the NF-1 antibody was used for ChIP

with human pituitary chromatin, the mean bound/input (B/I) ratio for 263P from four

separate immunoprecipitations was 0.4 (Fig. a.9B). This ratio was significantly higher

than the mean B/I ratio of the FGF-16 exon 3 PCR from the same four
immunoprecipitations (0.18, p<0.05). A representative PCR result is shown from one of
the four NF-1 immunoprecipitations in Figure 4.36A. These results indicate the

association of NF-1 with P sequences in situ.

When the RFXI antibody was used for ChIP with human pituitary chromatin, the mean

B/I ratio for FGF-16 exon 3 from four separate immunoprecipitations was 0.31. The B/I

ratio for the 263P primers from these same four immunoprecipitations was 0.63, which

was significantly higher than the FGF-16 background levels (Fig. a.368, p<0.05). A
representative PCR result is shown from one of the four RFX1 immunoprecipitations in

Figure 4.9A. Thereþre, the ChIP assays with human pituitary chromatin indicate that

RFXI associates with P sequences in situ.
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Figure 4.9: NF-l and RFX1 associate with 263P in human pituitary tissue.
(A) A representative PCR result is shown for each of the primer sets for both the NF-l
and RFX1 immunoprecipitations (IP). PCR amplifications were done on l0 ng of input
(I) DNA as well as 5 ¡rL of immunoprecipitated/bound (B) DNA. (B) The PCR products
were run in27o agarose gels and digital images were assessed by densitometry. The mean
B/I ratio from four separate immunoprecipitations with each antibody is shown. Bars
represent SEM. tp<0.05. This data was provided by Ms. Xiaoyang Yang. Data reported
in (130).
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4.4 The association of NF-l and RFX1 with P sequences was not be detected in

human term placenta tissue.

The in vitro analysis of P sequence fragments also indicated that the NF-1 family and

RFX1 were PSF candidates in the placenta. The optimized ChIP protocol was used to

investigate whether NF-l or RFX1 association with 263P could be detected in human

term placenta samples. In contrast to our observations in pituitary nuclei, C6IP assays

using human placenta nuclei provided no evidence of either NF-I or RFXI association

with 263P (Fig. 4.10). Use of NF-1 antibody for ChIP yielded a mean B/I rario for 263p

of 0.99, which was not significantly different from the FGF-16 exon 3 B/I ratio of 0.67

(n=3). Likewise, when the RFXl antibody was used for ChIP, the 263P B/I ratio of 0.12

was not significantly different from the FGF-16 exon 3 B/I ratio of 0.65.

The detection of NF-1 and RFXl association with P sequences in human pituitary

chromatin was the first report of these factors being used successfully in ChIP assays

from human tissue samples. As a consequence, previously charactenzed examples of NF-

1 or RFXI association with defined sequences in situ were not available for use as

positive controls. Thus, it is unclear from these experiments if in fact these factors do not

associate with P sequences, or simply that the conditions used have not permitted their

detection.
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Figure 4.10: The association of NF-l and RFX1 with P sequences was not detected
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(A) A representative PCR result is shown for each of the primer sets for both the NF-l
and RFXI immunoprecipitations (IP). PCR amplifications were done on 10 ng of input
(Ð DNA as well as 5 ¡.rL of immunoprecipitated,/bound (B) DNA. (B) The PCR products
were run in 27o agarose gels and digital images were assessed by densitometry. The mean
B/I ratio from three separate immunoprecipitations is shown. Bars represent SEM.
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SUMMARY OF CHAPTER 4 RESULTS

To examine if RFX1 and/or the NF-l family were participating in P sequence

complexes in situ, a chromatin immunoprecipitation (ChIP) protocol was developed

and optimizedfor use with human tissue samples (4.1).

The conditions established for ChIP were used to assess regions of the GH/CS locus

for hyperacetylation of histone H4 in human term placenta and pituitary tissue

samples taken post-mortem (4.2). A comparison was made between the data

obtained by this technique and a previously reported analysis of human term

placenta chromatin (150). Previous reports of GH/CS hyperacetyìation were

extended, in that the results in Figures 4.7 and 4.8 represent histone H4

hyperacetylation, and not a mixture of histone H3 and histone H4 hyperacetylation

(I29, 150). Additionally, the analysis of normal human pituitaries taken post-

mortem expanded the analysis of pituitary hyperacetylation patterns, which had

previously only been reported for tissue samples in which GH is overexpressed

(123, I29, 150). A comparison of the pituitary results from 'normal' pituitary

samples and pituitary samples that overexpress GH can be found in Chapter 6.2.2a.

In human term placenta chromatin, evidence of histone H4 hyperacetylation was

observed in the distal locus control region (LCR) at HS IV and HS III, but not HS V
related sequences. A previous report documented that HS V and HS III, but not HS

IV, were hyperacetylated in human term placenta nuclei (150). When these two

reports are considered together, HS III appears to be a strong candidate for

contributing to placental LCR function. The HS IV and HS V regions may also be

involved. This possibility is consistent with an apparent requirement for the LCR to

achieve regulated expression of GH/CS genes in the placentas of transgenic mice

(120, 122). A discussion of placental GFVCS locus regul ation in vivo can be found

in Chapter 6.3.2a.
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In the placental analysis, histone H4 hyperacetylation was observed throughout

regions more proximal to the GH/CS genes, as well as in the LCR. A previous

report demonstrated a 'peak' of hyperacetylation at263P (150). In contrast, the GH

and CS promoters as well as the downstream CS enhancer region, all resulted in

hyperacetylation B/I ratios that approximated 263P levels. These observations

suggest that multiple proximal regions may cooperate with the distal LCR in
placental regulation of the GII/CS locus. This possibility is also discussed further in

Chapter 6.3.2.

ChIP of human pituitary chromatin samples demonstrated histone H4

hyperacetylation for the GH, but not the CS promoters, which correlates with the

expression pattern of these genes in the pituitary. The ability to observe this

difference was due to the use of specific primers and PCR for the analysis of the

ChIP chromatin, as opposed to the use of a hybridization technique that cannot

distinguish between events at the highly homologous sequences. Histone H4

hyperacetylation of other regions proximal to the genes, such as 263P and, the

downstream CS enhancers, was not observed in pituitary chromatin. The

contribution of these observations to interpreting the mechanisms involved in the

pituitary GH/cs expression pattern is discussed further in chapter 6.2.2.

The association of NF-l and RFXI with P sequences in pituitary chromatin was

demonstrated by the ChIP assay (Fig. a.9). This technique does not differentiate

between factors that are associated in common complexes from those forming

mutually exclusive complexes in different cells from the same tissue sample.

Currently, there is not a protocol for human tissue samples that would differentiate

between these two pituitary complex models. An interpretation of the P sequence

complex in situ, and a possible mechanism for repression in vivo, are discussed in

Chapter 61.1b and 6.2.2b, respectively.

r32



The NF-l and RFXI data were the first report in the literature (130) that

documented the association of these transcription factors with specific sequences

using ChIP and human tissue samples.

The in viffo analysis of P sequence fragments also indicated that the NF-l family

and RFXI were PSF candidates in the placenta. The optimized ChIP protocol was

used to investigate whether NF-l or RFX1 association with263P could be detected

in human term placenta samples. In contrast to the observations in pituitary nuclei,

ChIP assays using human placenta nuclei provided no evidence of either NF-1 or

RFX1 association with263P (Fig. a.10). The use of positive controls for NF-l and

RFX1 in the placental ChIP assays was not possible. It is unclear from these

experiments if in fact these factors do not associate with P sequences, or simply that

the conditions used have not permitted their detection. The placental P sequence

complex is discussed further in Chapter 6.1. l c.
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CHAPTER 5

CHARACTERIZATION OF A POTENTIAL PITUITARY

REPRESSOR MECHANISM INVOLVING THE TRANSCRIPTIOI\

FACTOR PIT-I.

263P represses activity of the CS-A promoter in pituitary GC cells (Fig. 3.1). Activity of

the CS-A promoter in GC cells is driven by the pituitary-specific transcription factor Pit-

T (117, 164,216) (reviewed in Chapter I.2.1). The original characteization of 263P,

PSE-A, and PSE-B, demonstrated that the P sequence binding events were competed by

high levels of Pit-1 oligonucleotide (133). This suggested that the then unidentified PSFs

may interact with Pit-l. Taken together, these data indicate that the mechanism of 263P

repressor activity in pituitary cells may involve interference with Pit-1 transactivation of
the CS-A promoter.

5.1 263P repressor function is linked to Pit-1 activation of the CS-A promoter in
pituitary GC cells.

5.1.1 263P enhances the activity of a minimat thymidine kinase promoter (Ikp).

To examine a possible link between 263P repressor activity and the CS-A promoter, 263p

was placed upstream of an unrelated minimal promoter. The -81/+52 fuagment of the

viral thymidine kinase promoter (Tkp) does not contain Pit-l binding sites. The 263p

fragment was placed upstream of Tkp in the plasmid pTSlluc (168) (Tkp.Luc) ro creare

263PTkp.Luc. The relative luciferase activities of 263PTkp.Luc and Tkp.Luc were

assessed in transiently transfected pituitary GC, placental JEG-3, cervical carcinoma

HeLa, and embryonic kidney 293 cells (Fig. 5.1). Presence of 263P significantly

enhanced the activity of Tkp in all cell lines tested.In GC cells, 263PTkp.Luc had 2.4-

fold higher luciferase activity than Tkp.Luc (n=6, p<0.005). In JEG-3 cells the increase
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was 2.9-fold (n=12, p<0.0005), and in 293 cells the increase was 2.4-fold (n=12,

p<0.0005). HeLa cells also demonstrated increased 263PTkp.Luc luciferase values

relative to Tkp.Luc. The increase that was observed in HeLa cells could not be converted

to a fold value, as Tkp.Luc activity was not above background levels (the background

level is the luciferase activity measured in lysis buffer). The corrected activity of
263P1kp.Luc, however, was I.2-1.2 fold greater than the corrected background luciferase

values (n=12), indicating that 263P enhanced the minimal (undetected) activity of Tkp in

HeLa celLs. These results indicate that 263P activity can be convertedfrom a repressor to

an enhancer by substituting Tkp for CS-Ap. These observations raise the possibility that

cross-talk between the 263P and promoter complexes determines the direction of
functional activity.
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Tkp.Luc

263PTkp.Luc

Figure 5.lz 263P enhances Tk promoter activity.
Hybrid luciferase (Luc) genes were used to assess the effect of 263P on activity of the Tk
promoter in human JEG-3 and 293 cells. To control for DNA uptake cells were co-
transfected with pRLTkp.Luc (JEG-3 and293) or RSVp.CAT (GC). Correcred values are
expressed as fold increases over Tkp.Luc activity, which was arbitrarily set to 1. The
corrected basal activity for TKp.Luc was 0.15 * 0.01 for GC, 2.49 * 0.14 for JEG-3, and
8l.l t l.l for 293. Bars represent SEM. ttxp<0.0005.

5.L.2 263P represses Pit-l-mediated activity of the CS-A promoter in pituitary GC

cells.

The above data suggest that the repressor activity of 263P in pituitary GC cells involves

the CS-A promoter complex. In GC cells there are several possible CS-A promoter

complexes, and the 'major' activating complex involves the transcription factor pit-1

(reviewed in Chapter 1.2.1). As was observed in Chapter 3,263P does not completely

eliminate CS-A promoter activity in GC cells, as 263PCSp.Luc average d. at 44To of
CSp.Luc activity. This result may be explained in at least two ways. The first possibility
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assumes that the NF-l repressor complex does not occupy all of the transfected

263PCSp.Luc vectors within the cells. This was discussed in reference to mutually

exclusive NF-l and RFX1 complexes in Chapter 3, and supported by the ability of NF-l

overexpression to increase the degree of 263P repression. A second possibility is that the

NF-l complex does not have the capacity to repress all permutations of CS-A promoter

complexes that can occur in the GC cell. These two options are not mutually exclusive,

and together may contribute to the inability of 263P to completely abolish CSp.Luc

activity.

The presence of 263P in non-Pit-l cell types, such as JEG-3 and JAR, still results in

repression of CS-A promoter activity (Fig. 3.2). This indicates that 263P also has the

capacity to function as a repressor in the absence of the Pit-l driven CS-A promoter

complex. In pituitary GC cells, however, the predominant activator of CS-A promoter

activity is Pit-l. So much so, that disruption of the Pit-l binding site by mutation

eliminates the detection of reporter gene activity in a lower activity (chloramphenicol

acetyltransferase) system (117). This was the same reporter gene system that was used in

the original characterization of 263P repressor activity, where greater than 907o

repression was observed (133). The inability to detect'basal'or non-Pit-l mediated

promoter complex activity with this system suggests that the repressor mechanism of
263P involved Pit-1 activation. Although suggestive, evidence as to which CS-A

promoter complex was repressed by 263P in pituitary GC cells was not determined. To

address this issue, a mutation within the CS-A promoter Pit-1 binding site was introduced

into CSp.Luc (CSpPit-lmluc). CSpPit-lmluc was created by NslI digestion of CSp.Luc,

removal of the 3' overhang nucleotides with Klenow fragment, and religation of the

construct. This is the same mutation that was previously shown to eliminate binding of
Pirl to the proximal site, and reduce promoter activity in pituitary GC cells (104, 133).

The 263P fragment was placed upstream of the modified CS-A promorer (263PCSpPir

lm.Luc) and the relative luciferase activities of these two constructs were assessed in

transiently transfected GC cells (Fig. 5.2). For comparison, 263PCSp.Luc and CSp.Luc

were included in this experiment. The 263PCSp.Luc construct resulted in 49Vo of the
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luciferase activity of CSp.Luc, which was arbitrarily set to I00Vo (n=12,p<0.0005). The

results in Figure 5.2 demonstrate that the CS-A promoter has the capacity to be activated

independent of Pit-1. Consistent with this, CSpPit-lm.Luc was a viable promoter in GC

cells, resulting in 25Vo of CSp.Luc activity (n=12, p<0.0005) (for comparison TKp.Luc

activity was 3.5Vo of CSp.Luc activity in separate experiments, n=10, p<0.0005). The

activity of CSpPirlm.Luc represents CS-A promoter activity that is not mediated by pit-

1. Mutation of the Pit-l binding site in the CS-A promoter eliminated the ability of 263p

to function as a transcriptional repressor, as the activities of 263PCSpPit-1m.Luc and

CSpPit-1m.Luc were not significantly different (n=12). These results indicate that 263p

is not a repressor of basal CS-A promoter activity in pituitary GC cells, and that 263p

repressor function is linked to Pit-I activation of the CS-A promoter in GC cells.
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Figure 5.22 263P does not repress non-Pit-l mediated activity of the CS-A promoter
in pituitary GC cells.
Hybrid luciferase (Luc) genes were used to assess the effect a mutation in the Pit- I
binding site of the CS-A promoter (-4961+6) on 263P repressor activity in pituitary GC
cells. To control for DNA uptake cells were co-transfected with pRLTkp.Luc. Corrected
values are expressed as a percentage of CSp.Luc activity, which was arbitrarily set to
I007o. The corrected basal activity for CSp.Luc was 3.22 * 0.15. Bars represent SEM.
x**p<0.0005.

5.2 Potential interactions between Pit-l and the PSFs.

5.2.1 EMSA and nuclease protection competitions suggest that Pit-l has the

capacity for Ínteractions with the PSFs.
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5.2.La Pit'l oligonucleotides compete for protein binding to P sequence elements.

In the original charucterization of 263P, a potential for PSF and Pit-l interactions was

suggested by the ability of a Pit-l DNA element to compete for protein binding from P

sequence elements (133). These results were reassessed using two representative Pit-1

sites, the proximal Pit-1 binding site of the GH-N promoter spanning nucleotides -60i-
100, called Pit-l(GH), and the proximal Pirl site from the rat prolactin promoter, called

Pit-1(Prl). These oligonucleotides were used as competitors of the 263P GC nuclease

protection pattern (Fig. 5.3). At 10,000-30,000 fold pmole excess of probe, both of the

Pit- 1 elements demonstrated some competition of protein binding to 263P . At these levels

of competitor, an unrelated control oligonucleotide (RF) did not compete. The RF

element is a component of the CS-B enhancer region (138). The 263P GC nuclease

pattern appears to represent the NF-l-containing 263P complex (Chapter 3). Competition

of the 263P complex with Pit-I elements suggested that Pit-I may interact with NF-I .
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Figure 5.3: Pit-l oligonucleotides compete for 263P protein binding.
The 263P fragment was radiolabelled at the 3'end and incubated with or without
pituitary GC nuclear extract before DNasel digestion. Competitor oligonucleotides were
included in the reactions at (a) 5000-fold, (b) 10000-fold, (c) 15000-fold, and (d) 30000-
fold (GHpPit-1, PRLpPit-1, and RF) or 5000-fold (PSE-84) pmole excess of probe. The
protected PSE-A and PSE-B regions are indicated.
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The Pit-l(GH) element was also used as a competitor of PSE-43 and PSE-84 EMSA

complexes (Fig 5.a). When PSE-43 was used as an EMSA probe with pituitary GC

nuclear extract, competition of complexes III and IV by Pit-1(GH) was detected at 100-

fold pmole excess of probe, and competition of complexes I and II was observed at 1000-

fold pmole excess of probe (Fig. 5.aA). These competitions were specific, as they were

not seen when an unrelated control oligonucleotide (Egr-l) was used. The Pit-l(GH)

element was also able to compete for PSE-84 complexes (Fig. 5.aB). When PSE-84 was

used as an EMSA probe with pituitary GC nuclear extract, Pir-1(GH) specifically

competed complexes at 1000-fold pmole excess of probe (closed arrowhead).

Competition of higher mobility complexes (open arrowheads) was observed at 100-fold

pmole excess of probe but was determined to be non-specific, as competition of these

complexes was also observed with the unrelated control Egr-1 oligonucleotid,e. The

competition of PSE-A3 and PSE-84 EMSA complexes by Pit-I elements suggested that

Pit-I may interact with RFXI , and was a further indication that Pit-LINF-I interactions

moy occur.
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Figure 5.4: A Pit-l oligonucleotide competes for PSE-43 and pSE-84 EMSA
complexes.
(A) Radiolabelled PSE-43 was used as an EMSA probe with GC nuclear extracr.
Competitor oligonucleotides were included in the reactions at 1O-fold, 1O0-fold, and
1000-fold mass excess of probe. (B) Radiolabelled PSE-84 was used as an EMSA probe
with GC nuclear extract. Competitor oligonucleotides were included in the reactions at
lO-fold, 100-fold, and 1000-fold mass excess of probe (GHpPirl and Egr-1) or 1000-
fold mass excess of probe (PSE-84).
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5.2.1b Competition of Pit-l binding to the CS-A promoter with an RFX element.

EMSA and nuclease protection competitions with P sequence probes, suggested that Pit-l
may associate with P sequence complexes. To address whether PSFs were connected

with binding events at the CS-A promoter, competition of the CS-Ap GC nuclease

protection pattern was attempted. A -2811+6 (BamI{IlPsrI) fragment of the CS-A

promoter was used as a nuclease protection probe with GC nuclear extract (Fig. 5.5). The

proximal Pit-1 site is indicated and competed by the Pit-1(GH) oligonucleoride at 10,000-

50,000 fold pmole excess of probe. Use of the EF-C/MDBP RFX elemenr (RFX) as a

competitor at 50,000-70,000 fold pmole excess of probe also resulted in competition of
the Piçl protected region. The RFX mutant oligonucleotide (RFXm) was not a
competitor at these same levels. Competition of Pirl binding to the CS-A promoter was

not observed with PSE-Am2 (RFX element, Fig 3.11C), PSE-Am6 (NF-l elemenr, Fig.

3.118), or the NF-l consensus oligonucleotide. These results imply that RFX proteins

may associate with Pit-[ in GC cells.
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Figure 5.5: an RFX element competes for Pit-l binding to the CS-a promoter.
ABamHllPstl fragment of the CS-A promoter was radiolabelled at the 3'end and
incubated with or without pituitary GC nuclear extract before DNaseI digestion.
Competitor oligonucleotides were included in the reactions at (a) 10000-fold, (b) 50000-
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5.2.2 The capacity for PSF and Pit-l interactions was not detected in the absence

of DNA.

5.2.2a Pit-1 was not detected in immunoprecipitations of pituitary GC nuclear

extracts with NF-l or RFXI antibodies.

The EMSA and nuclease protection competitions suggested the capacity for interactions

between Pit-1 and the PSFs. The identification of NF-l and RFXI as PSFs (Chaprers 3

and 4) meant that these interactions could be further investigated. Pituitary GC nuclear

extracts were used to investigate if Pit-l/PSF interactions could be detected by co-

immunoprecipitation (Fig. 5.6). Immunoprecipitations of GC nuclear extract were carried

out with both NF-1 and RFX1 antibodies. The immunoprecipitated material was

separated by SDS-PAGE and a western blot was probed with the Pit-l antibody (Fig.

5.64). Piçl bands of the appropriate size were detected in GC nuclear extract and,Z93

cell lysate where Pit-l had been overexpressed. Pirl bands of the appropriate size were

not detected in the NF-l or RFX1 immunoprecipitation lanes. Western blots of these

same immunoprecipitations were also probed with RFXl (Fig. 5.68) and NF-1 (Fig.

5.6C) antibodies and confirmed specificity of the protocol. Immunoprecipitation with the

Pit-l antibody and an attempt to detect NF-l and/or RFXI was also carried out (data not

shown). The Pit-l antibody did not, however, immunoprecipitate Pit-1 under these

conditions. Dr. Harry Elsholz (University of Toronto) indicated in a personal

communication that they have also attempted to immunoprecipitate with this and two

other commercially available Pit-1 antibodies, using several conditions, and that the

antibodies are not effective for immunoprecipitation. Thus, interactions between Pit-l
and NF-l or RFXI were not detected in co-immunoprecipitation experiments from
pituitary GC nuclear extract.
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Figure 5.6: Pit-l was not detected in the immunoprecipitations of pituitary GC
nuclear extracts with NF-l or RFX1 antibodies.
(A) RFX1 and NF-l immunoprecipitations (IP) were separated by SDS-PAGE and a
western blot was probed with Pit-l antibodies. Included in the western blot was 30 ¡rg of
pituitary GC nuclear extract (GC NE), 293 cell lysate with overexpressed Pit-l protein
(30 pg), and non-transfected (NT) 293 lysate (30 pg). (B) The specificity of the RFXI
immunoprecipitation was confirmed by probing RFX1 immunoprecipitate with the RFXI
antibody. Included in the western blot was 30 pg of pituitary GC nuclear extract (GC
NE), 293 cell lysate with overexpressed RFX1 protein (30 pg), and non-transfected (NT)
293lysate (30 prg) (C) The specificity of the NF-l immunoprecipitation was confirmed
by probing NF-l immunoprecipitate with the NF-l antibody. Included in the western
blot was 30 prg of pituitary GC nuclear extract (GC NE), 293 cell lysate with
overexpressed NF-14 protein (30 pg), and non-transfected (NT) 293 lysare (30 pg).
These blots were provided by Ms. Xiaoyang Yang.
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5.2.2b Co-immunoprecipitation of Pit-l with NF-1 or RFX1 was also not detected

using overexpressed epitope-tagged proteins.

The use of epitope-tagged expression vectors for co-immunoprecipitation experiments

was previously described for RFXI and NF-l (Chapter 3.2.2e). This system was also

utilized to examine potential interactions between Pit-l with RFXI and the NF-l family

(Fig. 5.7). The Pit-l cDNA was inserred inro both the pcMV-HA and pcMV-Myc

epitope-tagged mammalian expression vectors (Clontech). The HA-Pit-1 plasmid was co-

transfected with the cmyc-NF-1 plasmids into293 cells, and the cmyc-Pit-1 plasmid was

co-transfected into 293 cells with the HA-RFXI plasmid. Cell lysates from these

transfections were run in SDS-PAGE gels and protein blots confirmed overexpression of
epitope-tagged Pit-l with RFX1 and the NF-l family members (Fig. 5.7A-c).
Immunoprecipitations were then carried out with RFXI and c-myc antibodies. Western

blots of the immunoprecipitated material were probed with Pit-l antibody. Pit-l was not

detected in either the RFXI or c-myc immunoprecipitations (Fig. 5.7D and E). Thus co-

immunoprecipitation experiments with overexpressed epitope tagged proteins did not

detect Pit-l interactions with NF-l or RFXI.
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Figure 5.7: Co-immunoprecipitation of Pit-l with NF-l or RFX1 was not detected
using overexpressed epitope-tagged proteins.
(A) Transiently transfected JAR lysates (50 ¡rg) v/ere separated by SDS-PAGE and
transferred blots were probed with c-myc antibody to confirm overexpression of the
epitope-tagged NF-l family members. The approximate sizes of the NF-l proteins were
60kDa (NF-14), 57 kDa (NF-18), 54 kDa (NF-lc), and 50 kDa (NF-rx). (B)
Transiently transfected JAR lysate (50 pg) was separated by SDS-PAGE and the
transferred blot was probed with RFXI specific antibody to confirm overexpression of
RFX1. (C) Transiently transfected JAR lysates (50 ¡rg) were separated by SDS-PAGE
and transferred blots were probed with Pirl antibody to confirm overexpression of the
epitope-tagged Pit-l. Approximate size of Pit-l is 33 kDa. (NT) non-transfecred. (D)
Probing the RFXI immunoprecipitation with Pit-l antibody did not reveal the presence of

Lysate + cmyc Probe
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Pit-l. (E) Probing the c-myc/NF-l immunoprecipitations with Pit-l antibody did not
reveal the presence of Pit-1. Immunoprecipitations and western data provided by Ms.
Xiaoyang Yang.
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SUMMARY OF CHAPTER 5 REST]LTS

Replacement of the CS-A promoter with the minimal Tk promoter resulted in263P

function switching from repressor to enhancer activity. The 263P fragment was an

enhancer of Tkpluc activity in pituitary GC, placental JEG-3, cervical carcinoma

HeLa, and embryonic kidney 293 cells. These data imply that the repressor activity

of 263P involves the CS-A promoter complex. The 'switch' in the direction of 263p

when the promoter is replaced is an important observation, as it implies that it may

be possible to change the function of P sequences from a repressor in the pituitary

to an enhancer in the placenta, through altering the complexes that assemble at the

promoters in the respective tissues.

In pituitary cells, multiple complexes are capable of associating with the CS-A

promoter (reviewed in Chapter 1.2.1). The main transactivator of transfected CS-A

promoter activity in pituitary GC cells is the Pit-l complex. A link between Z63P

repressor activity in GC cells and Pit-1 mediated activation of the CS-A promoter

was established. A mutation was created in the Pit-l binding site of the CS-A

promoter (CSpPit-1m.Luc). The activity of this construct in GC cells is considered

to represent the basal (or non-Pit-1-mediated) CS-A promoter activity. 263p was

unable to repress the activity of CSpPit-1m.Luc, thus displaying a requirement for

the Pit-l promoter complex for its ability to repress CS-A promoter activity in GC

cells.

The potential for interactions between Pit-l and the PSFs that were suggested in the

original charactenzation of 263P (I33) were reassessed using EMSA and nuclease

protection experiments. These results suggest that interactions between Pit-1 with

RFXI and the NF-l family are possible. An extension of the original analysis is the

ability to compete Pit-1 binding from a CS-A promoter fragment with the EF-

C/ì4DBP RFX element. The inability to compete Pit-1 binding with the PSE-Am6

RFX element may reflect a difference in the affinity of RFX proteins between these

two elements.
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Co-immunoprecipitation experiments were carried out to further investigate if
interactions could be detected between Pit-l, RFXI, and the NF-l family. In
contrast to the EMSA and nuclease protection experiments no indication of Pit-

I/RFX1 or Pit-1/I{F-1 interactions were observed. It is possible that the interactions

occur but are not sufficiently stable to be detected by this technique. It is also

possible that some degree of stability may be conferred by the inclusion of DNA in

the EMSA and nuclease protection competition experiments. A discussion of the

results presented in this chapter can be found in Chapter 6.2.I.
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CHAPTER 6

DISCUSSION

6.1 P sequence complexes

6.1.1 Interpretation of the ín vitro and in vivo complexes.

The P sequence elements are located approximately 2 kb upstream of each of the

placentally expressed genes of the human GI-S locus. The conservation and location of

these elements led to the hypothesis that they were involved in the differential expression

pattern of this gene family (83). Subsequently,263P was demonstrated to repress the

activity of the CS-A promoter in pituitary cells (133), and confer placental enhancement

in transgenic mice (150). The data presented in this thesis identify NF-l and RFX1 as

factors that associate with P sequences in vitro and in sttu.

6.l.la The pituitary P sequence complex in vitro.

One of the research objectives of this thesis was to identify candidate P sequence factors

(PSFs) in pituitary GC cells. 263P has a characteristic nuclease protecrion pattern that is

observed with pituitary GC as well as other nuclear extracts, such as HeLa (human

cervical carcinoma), C6 (rat glioma), and U-87 (human brain glioblastoma/astrocytoma)

(133) and data not shown). The regions that are protectedin263P are PSE-A and PSE-B,

with either element functioning as an efficient competitor of both protected regions (Fig.

3.3). Competition experiments such as these, led to the prediction that the nuclease

protection pattern of 263P resulted from one of three potential complexes (Fig. 6.1): (a) a

single protein that contacted two regions of the DNA, (b) related proteins that recognize

similar sequences, or (c) two different proteins that interact with each other to form a

more stable complex, such that disruption of one binding event also disrupts the second

binding event.
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Figure 6.L: Potential PSF complexes based on nuclease protection data.
Based on competition of the 263P nuclease protection pattern with either PSE-43 or
PSE-84, the pattern is interpreted to represent one of three potential PSF complexes.

Assessment of PSE-A and PSE-B in isolation, demonstrated that PSE-A is a composite

element capable of mutually exclusive NF-1 and RFXI binding (Chapter 3.2.I), and that

PSE-B is an NF-1 element (Chapter 3.2.2). From these data, the nuclease protection

pattern of 263P may be interpreted as representing the third of the three potential

complexes, where different proteins that interact with each other associate with PSE-A

and PSE-B (Fig.6.2).

Figure 6.2: Model of a potential in vitroP sequence complex.
The demonstration of RFX1 association with PSE-A and NF-1 association with pSE-B
allows for this model of the invitro P sequence complex to be proposed.

The interpretation in Figure 6.2 is further supported by the demonstration of interactions

between RFX1 and the NF-1 famity. These interactions appear to occur through the DNA
binding domain of NF-1 proteins (Chapter 3.2.2e), and have the capacity to form even in

the presence of DNA elements (Fig. 3.20). Despite this, the participation of RFX| as a

component of the 263P complex in vitro was not confirmed by assessment of DNA-
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protein interactions, as RFX elements did not compete for 263P protein binding in either

EMSA or nuclease protection assays (Fig. 3.28). These additional results call into

question the interpretation of the in vitro P sequence complex that is shown in Figure 6.2.

In contrast to the RFX element, NF-l binding sites were efficient competitors of the

entire 263P nuclease protection pattern and EMSA complexes (Fig.3.27). Furthermore,

competition of the 263P nuclease protection pattern by PSE-A was shown not to require

the RFX binding site, instead, appearing to involve NF-1 half sites within the PSE-43

sequence (Fig. 3.29). Thus, the 263P element structural data, as assessed by DNA-protein

interactions, strongly support that the nuclease protection pattern represents the second of
the three predicted complexes, and that NF-l proteins are the 263P PSFs in vitro (Fig.

6.3).

Figure 6.3: Model of a second potential ín vitro P sequence comprex.
The structural data in context of the 263P element strongly support the interpretation of
the in vitro P sequence complex as an NF-l complex, without evidence of RFXI
participation.

While Figure 6.3 agrees with the structural data, the functional data presented in Chapter

3 expand this model to an interpretation of at least two separate complexes that have the

capacity to form on 263P in vitro. These include an NF-1 repressor complex such as the

one shown in Figure 6.3, and a non-functional complex containing RFXl. There are

several observations that support this interpretation: (i) only NF-1 association with 263p

could be demonstrated (Fi+.3.27), (ii) RFX1 associared wirh 103P (Fig. 3.25), which did

not repress CS-A promoter activity (Fig. 3.26), and (iii) overexpression of NF-l in GC

cells resulted in a decrease in co-transfected 263PCSp.Luc activity. Thus, there are two

components to the interpretation of the pituitary in vitro complex. Firstly, taken together,
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the results indicate that the 263P repressor complex is an NF-l complex, likely

represented by the schematic shown in Figure 6.3. Secondly, these data also suggest that

the NF-l complex is not the only P sequence complex that exists in vitro. The decrease in

263PCSp.Luc activity upon NF-l overexpression demonstrates that repression of CS-A

promoter activity can be increased. This was interpreted to occur through increasing the

amount of NF-l in the cell, with the assumption that 263PCSp.Luc was not fully
occupied by NF-1 repressor complex. Mutually exclusive binding of NF-1 and RFXl to

PSE-43 (Fig. 3.11) indicates that in the absence of NF-l occupation, RFX1 may

associate with 263PCSp.Luc at PSE-A. This RFX1 complex would not function as

efficiently in the repression of CS-A promoter activity, supported by the lack of function

observed with the 103P elemenr (Fig. 3.26).

In terms of structure, the non-functional RFXI complex may resemble the schematic

shown in Figure 6.2. A second possibility for the RFXI complex is rhat the RFXI does

not associate with the DNA directly, but through protein-protein interactions with NF- l.
This is supported by the ability to detect interactions between RFX1 and the NF-l family
(Fig. 3.21). In this possible model, the association of RFXI would inhibir rhe ability of
the NF-1 to function as a repressor. Alternatively, the RFXI complex could contain

RFX1 alone, based on the inability to detect NF-1 association with 103P (Fig. 3.25).

Therefore, taking the data presented in Chapter 3 as a whole, the model for the 263P in

vitro complex is a composite of at least two separate complexes. As previously

mentioned, however, the association of RFXI with 263P was not detected in structural

assays. How then is this apparent discrepancy between the structural data and the dual

complex model explained? The capacity for two complexes to exist on 263P in vitro

suggests that the nuclease protection pattern is a composite of these two complexes. The

presence of composite nuclease protection patterns has been previously demonstrated for

the GH-N promoter, where Pirl and Spl binding sites overlap (1I9,2I7).In the scenario

of a composite 263P nuclease protection pattern, competing for RFX1 with the RFX

element would not show a disruption of the complex, because in the place of RFXI, NF-l
could associate with PSE-A. This then explains the inabiliry to compete with RFX
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elements (Fig. 3.28). This scenario would also imply that the reverse competition would

produce the same result, and that competition of the protected regions with NF-l
elements would leave a region of PSE-A, representing RFXI association, protected. The

results do not support this, as competition with the NF-l elements does not result in a

'RFXl footprint' (Fig. 3.27 /\). It is possible, however, that the association of RFX1 with

263P is either not stable or predominant enough to be detected under the in vitro assay

condition used, and the negative result must therefore not be over-interpreted.

6.1.1b The pituitary P sequence complex in situ.

A second research objective of this thesis was to assess the potential for candidate PSFs

identified in vitro to associate with P sequences in situ. To investigate this possibility, a

chromatin immunoprecipitation (ChIP) technique with human pituitary tissue samples

was developed. Previously, the histone hyperacetylation pattern of the GH/CS locus was

documented for a human GH-secreting pituitary adenoma tissue sample and the

pituitaries of double transgenic mice for a large fragment of the GH/CS locus and GH

releasing hormone overexpression that resulted in pituitaries enriched in somatotrophs

(129).In development of the ChIP protocol, analysis of chromatin modifications of the

GH/CS locus was extended to normal post-mortem human pituitary samples. This

analysis confirmed hyperacetylation of the HS I/II region, which was then used as a

marker of chromatin integrity for subsequent experiments.

An added advantage to the data presented in Chapter 4 over previous reports of GH/CS

chromatin status (129, 150) was the use of PCR for analysis of the ChIP chromatin.

Through the use of specific primers, highly homologous sequences such as the GH and

CS promoters were distinguished. This allowed for the observation that the GH, but not

the CS promoters were hyperacetylated in human pituitary chromatin (Fig. a.S). These

results are consistent with the role of hyperacetylated sequences in gene regulation, as

they mirror the expression pattern of these genes in vivo.

As well as a lack of CS promoter hyperacetylation, hyperacetylation of histone H4 was

not evident for the P sequences in the human pituitary samples (Fig. a.S). This lack of
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hyperacetylation correlated with the observation of NF-1 and RFX1 association (Fig.

4.9). Therefore, not only do NF-1 and RFXI play a role in the formation and function of
P sequence complexes in vitro, but they are candidates for regulation of the GH/CS genes

by P sequences in the pituitary as well. The inverse relationship between NF-l and RFX1

association and 263P and CS promoter hyperacetylation suggests that the pituitary

repressor mechanism may involve blockage of the hyperacetylation that is observed in

placental chromatin. This potential mechanism will be further discussed in section 6.2.

The implications of NF-1 and RFX1 involvement in regulation are further discussed in

sections 6.1.2 (NF-l) and 6.1.3 (RFXl).

The ChIP assay results do not resolve whether the two complexes that were interpreted to

occur in vttro also occur in vivo. These assays do not distinguish between factors that

participate in a common complex from those forming mutually exclusive complexes in

different cells from the same tissue sample. Given the data presented, an in vivo model of
the P sequence complex that resembles Figure 6.2 is just as likely as an in vlvo model that

is a composite of the complexes in Figures 6.2 and 6.3. To this point, a technique is not

currently available that will differentiate between these possibilities for the analysis of P

sequence complex(s) in situ.

6.1.1c The placental P sequence complex.

The data presented in Chapter 3 provide the first evidence of significant P sequence

function in placental cell lines (Fig. 3.2). When 263P was analyzed by nuclease

protection with choriocarcinoma JAR nuclear proteins, a pattern that resembled that of
pituitary GC nuclear extracts was observed (Fig. 3.4). This result indicated that pSE-A

and PSE-B may be useful elements for the identification of candidate placental P

sequence factors in vitro. The use of PSE-43 and PSE-84 supported RFXI and NF-1 as

candidate PSFs (Figs.3.13 and3.23).In the pituitary cells, the in vitro repressor complex

was interpreted to be an NF-1 complex (Fig. 6.3). A second and non-functional RFX1-

containing complex was also supported by the in vitro d,ata. Based on these

interpretations, and the known participation of both RFX1 and the NF-l family in both

repressor and activator functions, it can be hypothesised that the 'switch' from pituitary
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repressor activity to placental enhancer activity could be achieved through altering the

specific members of these families that are involved in each complex. The enhancer

activity of 263P in transgenic mice was specific to placental tissues (150), thus the

availability and expression of the NF-1 and RFX families in this tissue type may be an

important aspect in the activity of this element in vivo.

Despite the enhancer activity of 263P in transgenic mice, the direction of the activity in

the human placental cell lines was as a repressor. An explanation for this discrepancy

could be that the cell lines were human in origin and the transgenic placenta was murine.

It is noted, however, that the tissue restricted expression of the GFVCS locus is mirrored

in transgenic mice (122).In addition, placental expression of other human genes, such as

CYP19 can be accurately reproduced in transgenic mice, despite the lack of an

endogenous murine gene (218, 219). This suggests that the mouse placenta is an accurate

model to reflect human placenta gene expression. The explanation for the discrepancy

between the in vitro and in vivo functions likely resides in the context of the two assays.

The function of the 263P in transgenic mice as an enhancer correlates with the

observation of histone hyperacetylation in human term placenta chromatin, which often

reflects regions of enhancer activity. The in vitro gene transfer assay is not designed to

detect such processes. Thus, either the protein binding events at263P in placental cells in

vitro do not reflect the binding events that occur in vivo, or the same binding events

occur, but the ability to detect the appropriate functional effect in vitro is not permitted by

the experimental design. V/ith the second of these two options as a possibility, the

candidate placental PSFs from the in vitro structural data were directly evaluated, in situ

using ChIP assays.

In the pituitary, the in vitro and in situ data correlated. In contrast, when human term

placenta chromatin was used for ChIP assays, neither RFXI nor NF-l association was

confirmed (Fig. a.10). There are three possible explanations for this result. The first is
that RFXI and/or NF-1 associate with P sequences in human placenta, but that some

aspect of the tissue and/or technique compromised the ability to detect these interactions.

The second possibility is that different members of the RFX family, such as RFX2 or
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RFX3 are the PSFs in human placental chromatin. A final possibility, is that the factors

which associate with P sequences in the placenta are not related to the RFX or NF-l
families, and the PSFs in human placental chromatin are separate factors altogether. In

summary, the composition of the placental P sequence enhancer complex was not

determined from the assays that were used.

As the placental in vitro complex does not represent the in vivo complex in either

function or composition, the development of an experimental system that demonstrates

placental enhancer activity is required for further investigation of potential placental

PSFs. An approach for the development of such a system as well as a more detailed

discussion of possible experiments to identify the placental PSFs can be found in section

6.4.2b.

Although the ChIP assays with human term placental chromatin did nor identify P

sequence complex participants, development of this technique contributed information

regarding chromatin modifications of the GH/CS locus in this tissue. A previous report of
placental histone hyperacetylation patterns in the locus used a mixture of antibodies to

hyperacetylated histone H3 and hyperacetylated histone H4 (150). According to rhe

histone code hypothesis, nucleosomal modifications confer a specific set of instructions

for gene expression based on different combinations of modifications (50), much as the

different combinations of nucleotides in DNA sequences code for different information.

In this study, antibodies to hyperacetylated histone H4 were used in isolation. These data

demonstrated a pattern of hyperacetylation that differed from the previously reported

combined antibody approach, and likely contributes to explaining the observed 1.8-fold

hyperacetylation of 263P (Fig. a.T compared to the 17-fold hyperacerylation originally

reported (150). This observation, combined with similar hyperacetylation ratios for the

CS promoters and downstream enhancer regions, suggests that in the placenta, muitiple

regions proximal to the genes of the locus may cooperate in the regulation of their

expression. In addition to these differences, HS IV hyperacetylation was also observed,

an observation previously not reported (150). A potential mechanism for placental
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regulation of the GH/CS genes based on these and other data is discussed further in

section 6.3.

6.1.2 The implications of NF-l involvement.

NF- 1 was initially identified as a factor involved in the replication of adenoviral DNA
(220,221). Subsequently, it was determined that the transcription factor CTF-l and NF-1

were one and the same (192). This was one of the first observations that a factor could be

involved in both DNA replication and transcription. The dual function of NF-1 provides

some clues to its role in these processes, as in both cases the recruitment of a polymerase

and the remodeling of DNA structure are key events. In the activation of adenoviral

transcription, NF-1 is involved in both recruitment and remodeling. NF-1 interactions

with adenoviral DNA polymerase are essential for formation of the pre-initiation

complex (PIC) (222-224). NF-l also induces changes to the structure of the adenoviral

DNA template (225,226). resulting in an increase in DNA polymerase association and

the efficiency of replication. This structural role in PIC assembly can be viewed as

somewhat analogous to the bending of the DNA template by TATA-binding protein

(TBP) that enables the association of RNA polymerase II and initiation of transcription

(227). From this information, it is possible to speculate that the role of NF-l in

transcription may involve mechanisms similar to its participation in adenoviral

replication. The polymerase for each process is a different molecule, however, NF-l may

still be involved in recruitment of the pre-initiation complex. Likewise, the template for

these two processes differs, as the adenoviral DNA is free of nucleosome structures.

Nonetheless, modifications of these chromatin units by other factors may permit the

function of NF- I in transcription to resemble its structural role in adenoviral replication.

The identification that NF-l interacts with P sequences, and may play a role in regulating

expression of the GH/CS family, is one of many instances where NF-l has been

implicated in transcriptional regulation. Since the identification that NF-l was a

transcription factor as well as a replication factor, NF-l has been implicated in the
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expression of more than 100 cellular and viral genes (1Sl). NF-l is one of several

transcription factors, such as the zinc-finger Sp1, that are frequently found to be involved

in the regulation of gene expression. Despite the frequency with which NF-l is found in

regulatory units, the result of NF-l involvement is not always the same, as NF-l is both

an activator and repressor of transcription (153, 782, 192, 196-202,228). Additionally, in

spite of its common usage and ubiquitous expression pattern, NF-1 regulates the

expression of several genes that are restricted in their expression patterns. This regulation

can be spatial (expression in one cell type and not another) (182, 192,200,201,228) or

temporal (expression at a certain stage of cell development, or in response to

environmental signals) (196, 197,229-231). The data presented in this thesis extend the

list of genes that involve NF-1 in regulation of their differential gene expression patterns.

The underlying question with NF-1 involvement in transcriptional regulation, is how a

ubiquitous factor utilized in many systems, results in such a wide array of specific

responses.

6.1.2a Diversity of the NF-lfamily.

As discussed in Chapter 3, NF-l is not a single factor, but a family of transcription

factors. This diversity is the reason that NF- 1 generates specific functions such as

activation and repression in regulation of differential gene expression patterns. The P

sequences are hypothesized to activate expression of the GH/CS genes in the placenta

and to repress the expression of these genes in the pituitary, thereby participating in the

differential gene expression pattern of this family. The diversity of the NF-l family and

how this contributes to the different activities that can be achieved by NF-l, is therefore

particularly relevant to the consideration of NF-1 as a P sequence complex participant.

There is a single NF-l gene in the genomes of both Caenorhabditis elegans and,

Drosophila melanogaster (18T,232).In higher organisms, however, gene duplication

events have led to four NF-1 genes, NF-14, NF-18, NF-1C, and NF-lX (lg3,lg4,23z).
The origin of the NF-l family in higher organisms by gene duplication events is

supported by their linkage with the Jun family in both humans and mice (195), and

conservation of their DNA binding domains (lS1). This highly conserved DNA binding
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domain is what categorizes NF-l proteins into a family of transcription factors, as it is not

related to other known DNA binding domains, such as zinc fingers, leucine zippers, or

homeodomains (153).

The NF-l DNA binding domain is contained within the NHr-terminal 200-220 amino

acids of the protein. This region is not only responsible for DNA binding, but is the

domain that is necessary for adenoviral replication, nuclear localization, and dimerization

of NF-1 molecules (153,233,234). Homology of the NHr-terminus is approximarely

90Vo between the four NF-l genes from humans, mice, and chickens (181). As was

previously discussed in Chapter 3, however, the NF-l family members can vary in their

affinities for a particular NF-l sire (170, 186, 187), despite homology of the DNA

binding domain. The different affinities of the NF-l proteins for NF-l DNA elements

result from COOH-terminal region influences on the NHr-terminal DNA binding domain

(202,203,235).

The COOH-terminal region is where the diversity between NF-1 family members occurs

(181). This diversity is the result of differences between the sequences of the four genes,

as well as alternative splicing of NF-1 transcripts (170,202,203,235-238). Although

common structural features exist, such as proline-rich activation domains (153,202,239),

there are also components that are particular for individual family members. For example

NF-IA (198,239) and NF-IX (202,240) contain distinctly different repressor domains in

their COOH-terminal regions, and NF-lC variants can contain a single copy of the RNA
pol II COOH-terminal domain (CTD) repeat (241-244) that is not contained in other

members of the NF-l family. The diversity of the NF-l family is further compounded by

the formation of hetero- and homo-dimers (153, 242,245). NF-1 complexes require

dimerization to associate with DNA (222), and both DNA binding domains are required

for that association (233). The capacity for different NF-1 variants, combined with

multiple possiblilities of NF-1 dimerization partners, results in the diversity of function

that is possible within this family of transcription factors.
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Although NF-l is ubiquitously expressed, this statement applies to the family, in that

there is NF-l found in all cell types. The relative expression of the different genes and

their variants varies between cell types (170, 199,202,203,246,24j), in response to

environmental stimuli (196, T97,248-250), and can be affected by growth and

differentiation (202, 247 , 250, 25 1). The generation of NF- I complexes that are involved

in cell-specific functions can result from variations in the relative expression of different

NF-l family members. Thus, it is possible that in the case of the GH/CS family, there are

particular members or variants of the NF-l family that are responsible for pituitary

repressor activity, while other members of the NF-l family may contribute to placental

activation.

6.1.2b The mechanisms of NF-l activity

The gene duplications that led to the generation of the NF-1 family resulted in conserved

structures such as the highly homologous DNA binding domains and proline-rich

activation domains (153, 181 ,202,239). The activator and repressor functions of NF-1,

however, are not as redundant as the conserved structures may originally imply. Perhaps

the best demonstrations of the specificity of NF-l function are the phenotypes of the NF-

I knockout mice. In a knockout model of the NF-IA gene, the expression of the three

remaining NF-l genes does not compensate for the loss of NF-14, and the phenotype

consists primarily of severe abnormalities in neural development (252).In contrast, the

NF-18 knockout model phenotype displays abnormalities in lung developmenr (253).

All four NF-l genes have the capacity to activate transcription through the COOH-

terminal region (254). The diversity of the NF-l family, and the non-redundancy of NF-l
function, suggests that NF-1 family members activate transcription through different

mechanisms. An example has been documented with NF-lC variants. Certain NF-IC
variants utilize a domain containing a single copy of the RNA polymerase II CTD repeat

in transcriptional activation (241-244). This domain, however, is absent from other NF-

lC variants, which retain the capacity to activate transcription (235). The repressor

activity of NF-l also appears to involve different mechanisms, depending on the NF-l
family member involved. Repressor domains in NF-14 and NF-lX proteins are not

t64



homologous (198, 202,239,240) and, therefore, are more likely to involve different than

similar mechanisms. As it is unclear from this thesis which NF-l family member(s) may

be involved in P sequence function, a number of documented NF-l mechanisms are

potential explanations for activation and repression through P sequences.

There are two general mechanisms through which NF-1 activator and repressor activities

are achieved. Both of these general mechanisms have potential relevance for P sequence

function tn vitro and in vivo. The first mechanism involves recruitment of other

factors/complexes, such as basal transcription components (198, 244,255,256), specific

co-activators (257), and specifîc co-repressors (199). A second mechanism by which NF-

1 activities are achieved uses NF-1 binding to block the association of other factors (200,

2s8-26r).

6.1.2c NFl is a context dependant regulator.

The NF-l family member that predominantly associates with an NF-l site determines the

function of that element. It is the COOH-terminal region of NF-l that influences the

affinity of the DNA binding domain for a particular NF-l site. In addition to this,

interactions with surrounding factors may stabilize NF-1 association, which suggests that

the context of an NF-l element has the capacity to influence the function of an NF-l
element.

A functional effect of altering NF-1 binding site sequences was demonstrated by creating

mutations in PSE-84 that did not affect the ability of the NF-1 family to associate with

PSE-B, but did result in changes in the functional activity of the elements (Figs. 3.I7 and,

3.18). These observations suggested that the binding site itself was involved in dictating

the function of an NF-l element, presumably by affecting the predominant NF-l family

member that associated with a particular NF-1 site. This explanation was supported by

the fact that alterations in an NF-l site had previously been demonstrated to affect the

predominant NF-1 family member that associated in vitro (170). There is also evidence

that not only does the sequence of the NF-l site influence function, but that the number

of NF-l sites will impact the mechanism of activity. For example, the RNA polymerase
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CTD motif of NF-IC variants is not required for the transactivation from a reporter

containing a single NF-1 site, but is involved in transactivation of a reporter containing

six NFI binding sites (235). This suggests that the number of NF-l sites in a regulatory

element can dictate the mechanism by which that element exerts its effects. With regard

to P sequence function, this may be a relevant consideration. There are two NF-1 sites in

263P (at PSE-A and PSE-B), whereas PSE-84 contains a single NF-1 site. While 263P is

an activator of Tkp.Luc activity (Fig. 5.1), PSE-84 and the consensus NF- 1 site have no

functional effect (151). Therefore, the documented ability of context to influence NF-1

function correlates with observations that P sequence function was influenced by the

context of the element.

The influence of the context of NF-l elements also involves the impact of surrounding

factors. With regard to P sequences, when the surrounding factors or complexes are

modified, as was the case with the Pit-l mutation of the CS-A promoter, the NF-l-
mediated repressor effect of 263P was eliminated (Fig. 5.2). Alterations in promoter

complexes that influence the direction of NF-l-mediated function have been documented

elsewhere as well. The distal regulatory region of the human Pit-l gene contains two NF-

1 sites (182). This region enhances the activity of the heterologous SV40 promoter, while

reducing the activity of the homologous Pit-1 promoter in pituitary cells (182). This

example is particularly relevant for two reasons. First, it supports the interpretation of

Figure 5.2,that a specific promoter complex can be involved in determining the direction

of NF-1 activity. Additionally, this observation is a second example of an NF-l repressor

mechanism that appears to involve a Pit-l promoter complex, as the promoter of the Pit-1

gene contains Pirl binding sites (l10, 262). The ability of the related POU domain

protein Oct-l to stabilize NF-l binding has been demonstrated for a separate system

(263), and may indicate a potential mechanism for Pit-1Æ.{F-l mediated repressor effects.

The cellular environment will also influence NF-1 function. Cysteine residues in the NF-

1 DNA binding domain (264) and the transactivation domain (265,266) can be oxidized.

Under certain conditions, oxidation will inhibit NF-1 association with NF-1 sites (264,

267), while separate conditions do not alter DNA binding, but repress transactivation
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(265,266). Oxidation of NF-1 has thus been proposed to provide a rapid and reversible

method for regulating NF-1 activity from a variety of cellular conditions and stimuli

(268, 269). In addition, signalling will also affect NF-l activity. For example,

transforming growth factor-B GGF-|3) signalling and an associated increase in cytosolic

calcium was shown to increase transactivation by NF-l through phosphorylation of a

TGF-|3 responsive domain (249). Phosphorylation of NF-l has also been demonstrared

after insulin stimulation (197).

6.1.3 The implications of RFX involvement in P sequence complexes.

6.1.3a The RFX family of transcription factors.

Like the NF-l proteins, RFX1 belongs to a family of transcription factors characterized

by a common DNA binding domain. The RFX family includes five members in

vertebrates, RFXI-RFX5, which are each the product of a separate gene (T55,210-275).

A single member of the RFX family in each of the following non-vertebrate species has

also been identified; Saccharomyces cerevisiae (CrtI) (216), Schizosaccharomyces

pombe (sakl) (217), the fungus Acremonium chrysogenum (cpcRl) (zlï),
Caenorhabditis elegans (DAF-19) (279), and Drosophila melanogaster (úRFX) (280).

6.1.3b DNA binding in the RFX family.

The amino acid sequence of the RFX family DNA binding domain is conservedl6-96Vo

(188). This domain was originally believed to be unique (274), however, subsequent

characterization demonstrated that it consisted of a winged-helix structure, and this

catagorized the RFX family as members of the winged-helix HNF-3/forkhead subfamily

of the helix-turn-helix classification (189). The uniqueness of the RFX family, is that

unlike other members of this subclass, they contain only one 'wing' in their DNA binding

domain (189). The consensus DNA binding site of the RFX family is referred ro as an X-

box, but shows considerable variability in the nucleotides required for binding ( 161 , 190).

Although the DNA binding domains are highly conserved, different members of the

family will have variable degrees of affinity for the range of recognized RFX sites (155,
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281). These differences in affinity are likely due to diversity outside of the DNA binding

domains (188), which is supported by the observations that RFX5, the most divergent

vertebrate member of the RFX family (275), requires interactions with other proteins to

associate with DNA (282-287). Although RFXl-3 do not require other factors for DNA

association, it is possible, based on the observations of RFX5, that interactions with other

factors could influence the stability of their association. In the pituitary chromatin

environment, where both RFX1 and NF-1 association with P sequences was detected

(Fig. 4.9), the capacity for NF-l and RFX1 to interacr (Figs. 3.2T and 3.22) could,

contribute to the formation and stability of a common complex.

Invitro, RFXI associates with DNA in a 1:1 and 2:1 stoichiometric ratio (161), which

was interpreted to represent monomer and dimer formation (161,214). Many classes of
transcription factors require dimerization for association with DNA sites, however, in the

case of RFXI, the DNA binding and dimerization domains are clearly separable (274).

Nonetheless, RFX1 dimers have three to four orders of magnitude greater stability than

RFX1 monomers (161). When the structure of RFX1 with its cognate binding site was

assessed, there was no evidence for contact between the two RFX1 molecules (189). It
was suggested that the increased affinity of 'dimerized' RFXl complexes did not result

from protein-protein interactions, but through DNA-protein effects, as the geometry of
the DNA was altered by association of RFXI (189). From this perspective, dimerization

of RFXI does not occur, however, the binding of two RFX molecules will induce more

favourable structural changes than the association of a single RFX molecule. In terms of
relevance to the P sequence complex, the RFX binding site in PSE-A is a half-site, which

would be expected to bind a single molecule of RFX1. Based on observations of other

'monomers'compared to'dimers'(161, 288,289), this structure would be less stable

than a complete X box site. An important consideration is that these interpretations are

based on 'naked DNA' fragments used for the in vitro assays. The presence of
nucleosomes induces significant structural changes to the geometry of the DNA (8).

These induced structural changes may have the capacity to increase the affinity of RFXI

association, as is seen in vitro when two molecules are binding cooperatively, and thus

may help to explain why RFXI association was observedin situ,but not invitro.
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6.1.3c RFX activity as an activator and repressor of transcription.

A variety of target genes for the RFX family have been identified that implicate them in a

number of cellular processes. These include the DNA damage and replication checkpoint

in S. cerevisiae (276), the mitotic cell cycle in S. pombe (277), and control of the immune

response in vertebrates (275). RFX sites have also been observed in the regulation of a

number of viral promoter and enhancer sequences (155, 17T,288,290). In these

processes, the role of RFX1 has been as both activator and repressor. This capacity is

consistent with the hypothesis that P sequences are involved in for both pituitary

repression and placental activation.

6.1.4 The possibility of additional PSFs.

Due to the observation that RFXI and NF-1 associated with PSE-43 in a mutually

exclusive manner, it was questioned whether the presence of NF-1 binding at PSE-B may

affect the factor associating with PSE-A. The PSE-A region was therefore assessed in P

sequence fragments that contained both PSE-A and PSE-B. When the 103P element was

analyzed by EMSA, no evidence of NF-1 association was detected, despite inclusion of

the PSE-B site. As was seen with PSE-43, the binding of RFXI to 103P was observed. In

contrast, the invitrobinding assays demonstrated NF-l and not RFXI association with

the 263P fragment. From these and other results, a model was presented in the Chapter 3

summary and discussed in section 6.1.1a of two separate complexes that had the capacity

to form on P sequences in pituitary GC cells, an NF-l repressor complex, and a non-

functional RFX1 complex. A question arises from this model, how is the RFXl complex

of 103P converted to the NF-1 complex observed with 263P? One possibility is the

hypothesis that 263P sequences, which are not contained in 103P, contribute to the

association of additional factor(s) that favour formation of the NF-l complex over the

RFXl complex. To assess the possibility of candidate PSFs that would contribute to this

hypothesis, an analysis of the sequences in263P, outside of 103P, was undertaken.
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6.1.4a Candidate PSFs.

The l03P fragment spans nucleotides 127 to 229 of 263P (Fig. 3.24). putarive binding

factors outside of the 103P region were determined by two parameters; (i) the presence of

transcription factor binding sites in the DNA sequence and (ii) an expression pattern of
the candidate factor that did not exclude pituitary cells.

The region upstream of 103P, from nucleotide 1 to nucleoti de I32 of 263P (Fig. 6.4) was

analyzed with the Matlnspector 2.2 program and TRANSFAC 4.0 database (matrix

similarity of 0.85 and a core similarity of 0.85) (165, 166). The sequence analysis was

ended at nucleotide 732, which is the start of the PSE-B nuclease protection region,

instead of nucleotide 127, the start of 103P, to include factors whose binding sites may

span the junction of 103P and the upstream region.

5'- ttccrAcAcc
nocccrcccac

toATGcrrcAG

t'otcctcrcÁA

'occtGcctccA t0cAAcAccrcA tocAccAcAGTc

toCAGATGATGA toGTcTGGGGTG t0crAGTcCAGA

toGAATGAcGGc t''AGAÃAAAGGA lloccrcrcTÎTc

"oäGtG -3'

Figure 6.4: The sequence of 263P upstream of the PSE-B nuclease protection region.
The 5'-3' sequence of the CS-A 263P is shown from nucleotides l-tZZ. The pSE-B
nuclease protection region starts at nucleotide 133. The 103P fragment starts at
nucleotide 12'7, and the nucleotides that are part of the 103P sequence are highlighted.

This analysis revealed several putative factors, some of which were excluded based on

known expression patterns. The remaining factors are shown in Table 6.1. Beyond these

two parameters, however, these putative factors were not considered to be excellent

candidate factors that contribute to the formation of the NF-l complex over the RFX1

complex at 263P. Presumably, if the association of these factors favoured or stabilized

the NF-l complex, this would be reflected in the 263P nuclease protection pattern,

however, the region upstream of PSE-B does not appear to be protected by the presence
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of additional binding factors, as the presence of additional nuclease protection regions

upstream of PSE-B was not observed, in either the original characterization of 263P,

which included assessment of the opposite strand (133), or the current nuclease

protection experiments.

Table 6.1
Results of the database search for additional putative PSFs upstream of PSE-B.

The location of the match is designated (+) or (-) to identify the strand where the match
occurs.

In contrast to this, an 'extended footprint' has been observed for the sequences

downstream of the PSE-A nuclease protection region. In a previous attempt to purify the

PSFs, a DNA affinity column was made with PSE-B sequences. Enrichment for the then

unknown PSF-B resulted in an 'extension' of the PSE-A nuclease protected region (173).

This result implied that the factor(s) responsible for the extended footprint and PSF-B

were interacting. This would be consistent with the hypothesis that additional 263P pSFs

function to favour or stabilize the NF-l complex. The sequences downstream of 103p

were also analyzed with Matlnspector 2.2 and the TRANSFAC 4.0 database (165, 166),

using the same parameters that were used for the upstream sequence. The sequences used

for this analysis spanned from nucleotides 223, the end of the PSE-A nuclease protection

AP-4 1.0 0.909 (+ 2I) aaCAGCtcac
AP-4 1.0 0.868 (+ 28) caCAGCtcacrkz 1.0 0.928 (- 39) tgctGGGAeeec
Lyfl 1.0 0.863 (- 4l) ectGGGAge
AP-4 1.0 0.907 (+ 44) ccCAGCagat
E47 1.0 0.869 (+ 45) ccaGCAGarsarsas

cÆBPl3 0.930 0.854 (+ 70) tagtccaGTAAtgc
ciEBPf3 0.873 0.892 (+ 81) tgcttcaGGAAtga
TCF1 I 1.0 0.976 (- 83) GTCAttcctgaae
CREB 1.0 0.883 (+ 88) ggaaTGACggca
ATF 0.867 (+ 89) saaTGACescasaa
AP-l 1.0 0.895 (+ 90) aaTGACeecae
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region, to 263 (Fig. 6.5). As with the upstream region, the end of the PSE-A nuclease

protection region was used instead of the end of 103P at nucleotide 229, to ensure that

binding sites that may span the junction of 103P and the downstream region were not

excluded. Putative factors from this analysis, which were not excluded based on

expression patterns, are shown inTable 6.2.

5'- t'3e-.G GTTT "'GCCTGTTTGT rn3TTGcrrGTGT turTTcrAcAGAG 263T -3t

Figure 6.5: The sequence of 263P downstream of the PSE-A nuclease protection
region.
The 5'-3' sequence of the CS-A 263P is shown from nucleotides 223-263. The PSE-A
nuclease protection region ends at nucleotide 222. The 103P fragment ends at nucleotide
229, and the nucleotides that are part of the l03p sequence are highlighted.

Table 6.2
Results of the database search for additional putative PSFs downstream of PSE-{.

Thelocationofthematchisdesignated(+)or(-)toidént@thematch
occurs.

HNF-3P and the HFH factors belong to the HNF-3/forkhead family of transcription

factors (174). Like the RFX proteins, they associate with DNA sites through a winged

HNF-3Ê 1.0 0S2s (+ 231) ttgccTGTTtgtt
HFH-2 1.0 0.987 (+ 233) gccTGTTtgttt
HFH-3 1.0 0.91t + 233) gccTGTTtettt
t{FH-8 1.0 0.910 (+ 233)
HNF-3ß 1.0 0.914 (+ 235)
HFH-2 1.0 0.924 (+ 237
HFH-3 1.0 0.915 (+ 23
FTFH-3 1.0 0.857 + 247) tt
HFH-8 1.0 0.876 (+ 247
C/EBPß 0.986 0.870 (- 249) ctctgtaGAAAcac

172



helix DNA binding motif, which is a subclass of the helix-turn-helix binding domain

(291). The HNF-3/forkhead family appears to recognize sites with varying degrees of

affinity. This results in sites that are recognized by more than one family member, as well

as sites that are specific for a particular family member (292,293). HNF-3 proteins have

been previously demonstrated to be involved in regulatory complexes that include NF- l.
HNF-3 and NF-1 regulate basal promoter activity of the microtubule-associated protein

1A gene (294) as well as function in regulating expression of several genes in liver cells

including, collagen XVIII (295), methionine adenosyltransferase (296), protein C (297),

serum albumin C4BPB (298), and transferrin (299). These reports strengthen the

consideration of the HNF-3/forkhead family as candidate 263P PSFs that favour the

formation of the NF-1 repressor complex.

The CCAAT enhancer binding protein (C/EBP) family recognize the same DNA binding

site through a basic leucine zipper DNA binding domain (300). These proteins have also

been demonstrated to regulate genes in cooperation with NF-l, examples of which are the

human insulin receptor promoter (301), the mouse insulin-like growth factor-binding-

protein-5 promoter (302), the mouse vas deferens protein gene (303), and the rat alpha-

fetoprotein promoter (229).

The HNF-3/forkhead and C/EBP factors are not necessarily mutually exclusive

candidates for additional PSFs. Evidence for these factors functioning together in

regulatory complexes has been demonstrated for the rat alpha-fetoprotein far upstream

enhancer (304), apolipoprotein B (305, 306), cytochrome p450 3A4 (301), and

transthyretin (308) genes. In addition, NF-l, C/EBP, and HNF-3 factors are all

components of the liver 6-phosphofructo-2-kinase transcriptional regulatory complex

(30e).

The 263P NF-l repressor complex appears to repress CS-A promoter activity in pituitary

GC cells through inhibition of the Pit-l promoter complex (to be further discussed in

section 6.2). Further support for C/EBP and HNF-3/forkhead factors as participants in

this mechanism comes from documented interactions between these factors with pit-l or
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other POU domain proteins. Interactions between HNF-3/forkhead family members and

POU domain proteins have been described (310-312). CIF,BPB has been observed to

regulate the gonadotropin-releasing hormone gene expression in cooperation with the

POU domain protein Oct-1 (313), and CÆBPc cooperates with Pit-1 in rhe expression of
the rat growth hormone (314) and prolactin promoters (315, 316) in pituitary cells.

6.1.4b Future analysis of the candidate PSFs.

The HNF-3/forkhead and CÆBP families of transcription factors are candidate PSFs that

may favour or stabilize the formation of the 263P NF-1 repressor complex. This is based

on (i) the observation of an 'extended PSE-A footprint' during an attempted purification

of PSF-B, (ii) the presence of consensus binding sites in the PSE-A downstream region

and (iii) literature support for the participation of these factors in regulatory complexes

with NF-l and POU domain proteins. The ability of these factors to participate in p

sequence complexes should be investigated further experimentally.

An approach for the future analysis of the candidate PSFs is suggested, that begins with

the use of in vitro structural assays. The consensus binding sites for these families can be

tested for their ability to compete the NF-l repressor complex from263P in EMSA and

nuclease protection assays. Confirmation of their association with the PSE-A downstream

region can also be assessed by EMSA with the 41 bp 223-263P fragment as a probe.

Functional in vttro assays should also be conducted. Mutation of HNF-3/forkhead and

C/EBP sites in the context of 263PCSpLuc can be evaluated upstream of CSp.Luc in
pituitary GC cells, to determine if these mutations have the capacity to effect 263p

repressor function. These mutations could also be utilized as nuclease protection probes

to assess their effect on the 263P nuclease protection pattern. To confirm the hypothesis

that the region downstream of PSE-A, and not the region upstream of PSE-8, contributes

to the formation of the 263P NF-1 repressor complex over the l03p RFX1 complex, p

sequence fragments from l-229P (103P + the PSE-B upstream region) and T2j-263p
(103P + the PSE-A downstream region) should be analysed structurally and functionally.

Finally, the presence of these factors as members of P sequence complexes should be

assessed in situ using the ChIP assays.
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6.2 Potential mechanisms of pituitary repression through p sequences.

6.2.1 Repression of cs-a promoter activity in pituitary GC ceils.

6.2.1a The 263P repressor complex in GC cells.

The analysis of 263P repressor activity in pituitary GC cells supported involvement of the

NF-1 complex in the repressor mechanism. Mutation of the Pit-1 binding site in the CS-A

promoter demonstrated the capacity for basal (or non-Pit-1 mediated) CS-A promoter

activity in GC cells (Fig. 5.2). Repression of this 'basal' CS-A promoter by 263p was not

observed. This result implies that the 263P repressor mechanism in pituitary GC cells

involves interference with Pit-l activation of the CS-A promoter (Fig. 6.6). In this

interpretation, additional complexes would also have the capacity to form at both the CS-

A promoter and 263P. These additional complexes likely account for the retention of
reporter gene (luciferase) activity that is detected with the 263PCSp.Luc plasmid.
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Figure 6.6: The pituitary repressor mechanism appears to result from inhibition of
the activity of the Pit-L promoter complex by the NF-l 263P repressor complex.
Based on the data presented in Chapter 3 and Chapter 5, the above model is proposed for
repression of the CS-A promoter in pituitary GC cells. The 263P NF- 1 complex represses
Pit-l mediated (A), but not basal (B) acrivity of the CS-A promorer. (C) and (D) The
263P RFX1-containing complex does not repress activity of either CS-A promoter
complex.
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6.2.1b Potential mechanisms for iz vítro repression.

Diversity in the COOH-terminal domain of NF-1 family members (discussed in section

6.1.2) implies that repression of CS-A promoter activity is mediated by a particular

member(s) of the NF-1 family. The variability in the COOH-terminal region affects both

DNA binding affinity as well as interactions with other proteins. This results in different

mechanisms for achieving function, depending on the NF-l family member that is

involved. In the case of pituitary GC cells, transcripts for several members of the NF-l
family were observed (Fig. 3.19). It was not determined, however, which of these NF-l

family member(s) were involved in the repressor function.

Some insight into a potential mechanism comes from overexpression of NF-l cDNAs and

the effect on 263P function (Fig. 3.31). Overexpression of more than one member of the

NF-1 family resulted in an increase in the capacity of 263P to repress the activity of the

CS-A promoter. If the repressor action of the 263P NF-l complex was mediated through

the COOH-terminal domain, some degree of specificity may have been expected from

these experiments. These results instead imply that the mechanism through which NF-l
mediates repressor activity involves structures or domains that are common to the cDNAs

that were overexpressed. The common domain in this case is the NHr-terminal DNA

binding domain.

Two general mechanisms were outlined in section 6.1.2b through which NF-l proteins

mediate their functional effects. The first mechanism uses the COOH-terminal domain

for specific interactions with, and recruitment of, other factors and complexes. The

second general mechanism of NF-1-mediated effects is achieved by blocking the

association of other factors due to the presence of NF-l binding. Involvement of the

DNA-binding domain, without specificity for a particular COOH-terminal domain,

supports the interpretation that in the case of 263P, NF-l repression is achieved through a

passive mechanism. That is, that mutually exclusive binding of NF-1 with a potential

263P activator occurs. NF-l was previously demonstrated to down regulate the activity of
the rat poly (ADP-ribose) polymerase promoter through mutually exclusive binding with
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Spl (317). Mutually exclusive binding between NF-1 and RFXI at PSE-A was certainly

observed, and provides additional support for this interpretation.

Repressor activity with263P in pituitary GC cells was only observed with the intact CS-

A promoter that had the capacity to form Pit-l complexes. This result implied some

degree of specificity by the NF-l complex for inhibition of Pit-l mediated activation in

these cells. The literature does not contain evidence for previously documented NF-1 and

Pit-l interactions. NF-l, however, has been demonstrated to cooperate with the Pit-l

related transcription factor Oct-l in the replication of adenoviral DNA (220,318-320).

For this process, the DNA binding domains of NF-l (153,223) and Oct-l are both

necessary and sufficient (321). In fact, the Pit-l POU domain can be substituted for the

Oct-1 POU domain in this process (321). The DNA binding domain of NF-1 was also the

region that was interpreted above to be involved in repression of Pit-l mediated

activation. The adenoviral replication system may support a regulatory mechanism that

involves the NF-1 and Pit-1 DNA binding domains.

The data presented in this thesis support protein-protein interactions between NF-l and

Pit-l in the presence of DNA binding elements (Figs. 5.3 and 5.4), which were not

detected in the absence of DNA binding sites (Figs. 5.6 and 5.7). Pit-1 has the capacity to

undergo conformational changes when associated with its DNA binding site, and this can

alter its interactions with other proteins (131 ,132). This has the potential to increase the

stability of interactions that did not readily occur in the absence of DNA binding.

Therefore, while the NF-l repressor mechanism may involve mutually exclusive binding

with putative 263P activators, the specificity in GC cells for repression of the Pit-1-

mediated activity may also involve interactions between NF-l and Pit-1. These

interactions were only observed in the presence of DNA. Thus, it is possible that the

inclusion of DNA in the EMSA and nuclease protection experiments either (i) stabilized

putative NF-liPit-l and RFXl/Pit-1 interactions or (ii) contributed to a protein

conformation that permitted the occurrence of these interactions. To examine the possible

contribution of DNA to the stability of the interactions, one possible experiment would be

to isolate P sequence factors in the presence of DNA, such as on a DNA affinity column.
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The purified complexes could be analyzed by protein blotting for the presence of NF-l,
RFXI, and Pirl. Alternatively, the proteins could be analyzed using mass-spectrometry

to identify these and potentially additional proteins as components of the PSF complex.

6.2.2 Applying the in vitro analysis to potential mechanisms for in uivo repression.

P sequences repress the activity of the CS-A promoter in vitro. This ability has been

proposed to contribute to the lack of placental GH/CS expression in the pituitary in vivo,

but this hypothesis has not been tested directly. The data presented in Chapter 4

demonstrated an inverse correlation between hyperacetylation at both P sequences and

the CS promoters, with the detection of transcription factor binding at263P. Specifically,

NF-l and RFXI associated with P sequences in pituitary chromatin, but were not

observed in placental chromatin, and263P and the CS promoters were hyperacetylated in

placental but not pituitary chromatin samples. In the pituitary, the observation of
transcription factor association with the P sequences supports the hypothesis that these

elements may contribute to the differential gene expression pattern of the GH/CS locus in

this tissue.

6.2.2a Regulation of the GIVCS locus in the pituitary in vivo.

As discussed in Chapter I.2.T, the transcription factor Pit-l is integral to pituitary

expression of GH in vivo as well as in vitro. The current model of GH expression in vivo

implicates Pit-l association at the HS I/il region as the key event in regulation of the

locus in the pituitary Q23-126).It is hypothesised that Pit-l binding in rhis region resulrs

in a 'peak' of hyperacetylation, that then spreads throughout the LCR and to GH-N, but

not the placental GH/CS genes (123,129). Pit-l has previously been shown to have the

capacity to recruit co-activators, such as the histone acetyltransferases CREB binding

protein (CBP) and p/CAF (132). This ability is believed to contribute to hyperacetylarion

of histones in the locus and LCR.
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In Chapter 4, ChIP with the hyperacetylated H4 antibody and human pituitary chromatin

samples resulted in several B/I ratios that were significantly higher than background

levels (Fig. a.8). In the LCR, hyperacetylation of HS I/II, HS III, and HS IV regions was

observed. In contrast to previous studies, a 'peak' of hyperacetylation in pituitary

chromatin was not observed for the HS I/II region (123, I29,150). One possibility for

this discrepancy involves the source of tissue for the experiments. In reports where a

'peak' of hyperacetylation was observed, the tissue samples expressed abnormally high

levels of GH, and were enriched for somatotrophs. In contrast, the tissue samples used for

the experiments in Chapter 4 were 'normal' pituitary samples. The lack of somatotroph

enrichment in these samples may have masked the ability to observe the hyperacetylation

'peak'. Alternatively, these observations may also support a hypothesis where multiple

regions of the GH LCR are involved in pituitary regulation of the locus. This alternate

hypothesis is consistent with assessment of locus control in transgenic mice, where

appropriately regulated expression, as defined by a lack of gigantism, has only been

reported in the presence of the entire LCR (120, r22, 123) (see Table 1.1).

6.2.2b Potential mechanisms for repression of placental GIVCS gene expression in

the pituitary in vivo.

The data in Chapter 4 also extended the correlation between hyperacetylation and gene

expression in the pituitary, as the first evidence was presented that the GH but not the CS

promoters were hyperacetylated in pituitary chromatin. This difference was observed

despite the presence of Pit-l binding sites in the placental promoters. It suggests that if
Pit-l is involved in hyperacetylation of GH-N and the LCR, then blockage of Pirl
mediated hyperacetylation may contribute to the lack of placental gene expression in the

pituitary. There are at least two methods through which this could be achieved: (i)

disruption of Pit-1 binding at the placental promoters or (ii) interference with the ability

of associated Pit-l to recruit co-activators involved in histone hyperacetylation and gene

expression. In either scenario, it is proposed that P sequences contribute to this

mechanism.
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Interference with the ability of Pit-l to associate with the promoter is an example of
passive repression. Pit-l association at any site in the locus has yet to be accurately

determined, and it is unknown whether the association occurs at GH-N but not the

placental promoters tn vivo. It has been reported, however, that RFX1 and NF-l
association with P sequences can be detected in pituitary chromatin samples (Fig. a.9)

(130). It is a possibility that the presence of these factors upstream of the placental, and

not the GH-N, promoters, sterically inhibits the association of Pit-l.In the context of
chromatin, 263P may actually be 'closer' to the Pirl binding site than in the context of
263PCSp.Luc. There is an approximately 5-fold increase in the 2195 base pairs that

separate 263P from the proximal Pit-l binding site in the CS-A promoter in the genome,

compared to the 443base pairs that separate 263P fromthe proximal Pit-l binding site in

263PCSp.Luc. The genome, however, is condensed as chromatin, which at the level of
the 10 nm fiber has a packaging ratio of 6-7 and at the level of the 30 nm fiber is
packaged approximately 4O-fold. The relative 'nearness' of the P sequence complex to

the placental promoters could contribute to steric inhibition of Pit-l association. A
comparison of Pit-l binding at the GH and CS promoters, using the ChIp protocol

developed here for human pituitary tissue samples, would be the next experimental step

in testing support for this possible mechanism.

A second potential mechanism for repression in vivo is an example of active repression.

Pit-l has the capacity to recruit histone acetyltransferase (HAT), as well as histone

deacetylase (HDAC) complexes (131, 132). Alteration in the recruitment of co-

activators/co-repressors was shown to occur based on the spacing of nucleotides in the

Pit-l binding sites (131). The proximal Pit-l contact region of the rat GH promoter

contains a 2 bp insertion when compared to a Pit-l site from the rat prolactin promoter

(Fig. 6.74). In this study, the 2bp insertion was demonstrated to alter the structure of the

Pit-I/DNA binding site complex (131). That is, due to the flexible nature of pOU domain

proteins, the conformation of Pit-l when associated with its DNA site was found to
depend on the sequence information in the site itself. Based on this analysis, the

homologous GH and CS promoters would be expected to favour the recruitment of
HDACs over HATs, as the spacing of nucleotides in their proximal pit-l sites is
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homologous to the spacing in the rat pituitary GH promoter (104, l3l,216) (Fig. 6.78).

In contrast, the spacing of nucleotides in the HS VII Pit-l binding sites, being more like

the prolactin than the GH Pit-l site, would be expected to favour the recruitment of HATs

(Fig. 6.7C). There are two pieces of experimental evidence in the literature that would

support the hypothesis that the GH-N and HS I/II Pit-l sites associate with Pit-l
differently, and that this has functional implications. The first example comes from in

vitro structural assessments of Pit-l binding to the HS I/II region. When Pit-l association

with HS I/II was first demonstrated, the rat prolactin Pit-l site, but not the human GH

proximal Pit-1 site, was an efficient competitor for Pit-l binding (124). This observation

suggests that Pit-1 binding at the HS VII region more closely resembles Pirl association

with the prolactin than the GH promoter site. The second example comes from a study

that compared the function of GH promoter and HS I/II Pit-l sites in transgenic mice

(126).It was reported that a tandem array of the three Pit-l binding sites from HS I
conferred somatotroph-specific expression of a GH-N transgene in six of transgenic

mouse six lines. In contrast, a comparable array composed of three rat GH promoter pit-1

sites (homologous in spacing to human GH) did not result in pituitary transgene

expression (126).
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A

Rat GH Pit-1 Site

CTATACATTTÃ??CATGGCT
GATATGTAAATAAGTACCGA

B

rGH CTATACATTTIITîC.A,TGGCT

hGH gTgTACATTTÀTgCATGGgg

hCS gTgTACATTT.IVI'gCATGGgg

Rat Prolactin Pit-1 site

ATÃlATAT"AT T CAT GAAGGT
TATATIITI\TAAGTÃC T TC CA

c
Rat Prolactin

HS t/il A/T-1

HS t/il A/T-2

HS t/il A/T-3

ATÃ.T.A,TATAT T CATGAAGG T

AG¿{ÄATATfu\¡\ C AT C AC C T G

GC'iGT T T;1'T TC CATG.AAC TG

A.A-ATG T T T T T T CAT T T G GA.A,

Figure 6.7: Spacing of nucleotides in Pit-1 binding sites.

(A) The spacing of nucleotides in the GH Pit-l site is believed to assist in the recruitment
of HDAC complexes, while the spacing of the prolactin Pit-l site assists in the
recruitment of HAT complexes (131). (B) Alignment of the proximal Pir-1 sites in the rat
(r) and human (h) GH and CS promoters. Sequence information obtained from (104,
216)' Mismatched nucleotides are noted by lower case. (C) Comparison of the spacing in
the rat prolactin Pit-l site and the three HS VII Pit-l sites. Alignments are based on (I24).

From these observations, a model is proposed where the presence of pituitary P sequence

complexes, upstream of the placental promoters, assists in the recruitment of HDACs and

the resulting lack of hyperacetylation that is observed. This model is supported by the

structure of the placental promoter Pit-l sites, which would favour the recruitment of
HDACs over HATs, and the additional observation that NF-l also has the capacity

associate with HDAC complexes (199). The question arises as to what is responsible for
the hyperacetylation that is observed at the GH-N promoter, given that its pit-l site

would also favour HDAC recruitment? P sequences are not found upstream of the GH-N

promoter. Instead, it is the HS I/II region, with three potentially HAT-recruiting pit-l

sites. As hyperacetylation is believed to be the result of an imbalance in the dynamic

processes of acetylation over deacetylation, this model would assume that the GH-N
promoter is influenced by the proximity of HAT recruitment at the HS I/11 region, and

results in the hyperacetylation that is observed. Support for this model can be found in

studies involving the B-globin locus. An analogous situation has been described, where
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active deacetylation is believed to contribute to the silencing of promoters in the locus

that are not expressed (322). According to the histone code hypothesis (50), the

hyperacetylation pattern of the locus would then be 'read' by the transcriptional

machinery and result in differential expression of the GH/CS family members in the

pituitary. In an effort to test the viability of this theory, pituitary ChIP experiments with

co-activator and co-repressor antibodies should be performed.

The application of this model assists in understanding the failure to observe pituitary

repression when 263P was used in transgenic mice (150). The construct that was utilized

in this study consisted of a modification of the 1.6 kb HS VII(F) / 0.5 kb GH-N transgene

(described in section 1.2.1), where 0.5 kb GH-N was flankedby 263P (150). The 1.6 kb

HS I/II region is a potent enhancer of gene activity in the pituitaries of transgenic mice

(120). This enhancer activity localizes to the Pit-l binding sites (124-126), which are

spaced in a manner similar to the rat prolactin Pit-l sites (Fig. 6.7). In this model, the

activity 1.6 kb HS I/II in vivo is presumed to be due to the recruitment of co-activator

histone acetyltransferase complexes, supported by the observation that deletion of two

Pit-l sites in the Pl transgenic mouse results in both a loss of HS I/II hyperacetylation

and GH-N expression in the pituitary Q23). Thus, in the 1.6 kb HS I/II(F) I 263P / 0.5 kb

GH-N I 263P transgenic mice, HAT complexes should be actively recruited to the HS I/II
region. As previously discussed, NF-1 is a context dependant regulator (section 6.1.2c).

As well as its ability to interact with HDAC complexes (199), it has been demonstrated to

recruit the histone acetyltransferase CBP (231). The proximity of NF-l to the HS VII
region in this construct could influence the NF-l family member that associates with

263P, as well as the co-activators versus co-repressors that are ultimately recruited. To

assess the ability of P sequences to repress pituitary expression of the placental genes in

vivo, an approach is suggested using RecA-assisted homologous recombination, which

was used to delete Pit-l binding sites from the HS VII region (123), to delete one or more

263P sequences from their native position in the GH/CS locus. In addition to

investigating the contribution of 263P to mutually exclusive gene expression in the

pituitary, these experiments would have the added advantage of assessing the
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contribution of P sequences to expression

discussed further in section 6.4.1a.

of the locus in the placenta. This approach is

6.3 Potential mechanisms for the involvement of P sequences in activated

expression of the GIVCS locus in the placenta.

6.3.1 The ín vitro system did not model P sequence enhancer activity in the

placenta.

A third research objective for this thesis was to determine if the placental

(choriocarcinoma) cell lines were a suitable in vitro model for the study of placental

enhancer function, and if so, to use this system to identify candidate PSFs. Although the

in vitro experiments provided the first evidence of significant 263P function in placental

cell lines, this activity was not as an enhancer, but as a repressor element (Fig. 3.2). As

discussed in section 6.1.1c, the in vivo enhancer activity correlates with the observation

of histone hyperacetylation. The ín vitro gene transfer system may not necessarily reflect

these enhancer activity mechanisms. It is possible, however, that the in vitro system has

the capacity to provide useful information about protein binding events. Based on this

potential, the in vítro binding events were assessed, and NF-l and RFX1 became

candidate placental PSFs.

A second piece of information provided by the in vlrro system was the potential for

functional cross-talk between the 263P and CS downstream enhancer elements. The 241

bp CS-B element is a potent enhancer of gene expression in placental cells (I37-I3g).

The construct used in the initial characterization of 263P function contained this CS-B

enhancer fragment, and a significant effect of 263P in placental cells was not observed

(133). This contrasts to the significant repression of reporter gene activity by 263P in

placental cells when the CS enhancer was not included in the construct (Fig. 3.2). Taken

together, these observations suggest that the presence of the CS enhancer had the capacity
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to override or mask the repressor function of 263P, implying that functional cross-talk

can occur between the 263P and CS enhancer complexes.

6.3.2 Potential mechanisms for P sequence enhancer activity in vívo.

The composition of the placental P sequence complex in situ was discussed in section

6.1.lc. Briefly, the ChIP assays did not confirm the association of either NF-1 or RFX1

with P sequences in human term placenta chromatin (Fig. 4.10). The interpretation of this

result was that either (i) these factors associate and some aspect of the experiment failed

to identify this, (ii) other members of the RFX family, which were not assessed, associate

with P sequences in the placenta, or that (iii) the placental PSFs are separate factors from

NF-l or RFXl. Each of these interpretations will be considered in terms of the potential

mechanisms for P sequence enhancer activity in the placenta.

6.3.2a Regulation of the GIVCS locus in the placenta in vivo.

As discussed in Chapter l.Z.Zd,both proximal and distal regulatory elements appear to be

required for appropriate regulation of the GH/CS locus in the placenta. Proximal

elements, such as the P sequences, were proposed to function as enhancer elements that

allowed for activated expression levels. Distal elements, such as the HS III-V region were

proposed to insulate the locus from the effects of surrounding chromatin, essentially

creating an independent chromatin domain for the genes of the locus. These

interpretations were based on the data obtained from transgenic mouse lines. Constructs

containing the distal HS III-V LCR elements alone gave gene expression levels that

correlated to transgene copy number, however, the expression levels in the placenta were

low or nonexistent (120). In contrast, constructs containing proximal sequences, but

lacking the distal HS III-V region, resulted in variable levels of expression that were

deemed to be the result of site of integration effects (120, 150). The observation of
hyperacetylation within the HS III-V region and at multiple proximal regions (Fig. a.l)
supports the interpretation that these sequences play a role in regulation of the GH/CS

locus in the placenta.
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The current theory of LCR function has been based primarily on observations of the B-

globin multigene locus. As discussed in Chapter l.l.2d, this model places the role of the

LCR as a potent enhancer of gene activity, with more proximal sequences involved in

poising the locus for transcription (55,68-72). The regulation of GH gene expression in

the pituitary appears to agree with this model, with the distal HS I/II region functioning

as the primary enhancer element to achieve activated expression levels (120,123,I24).It

is unclear, however, which regions function to poise the GH/CS locus for expression in

somatotrophs or syncytiotrophoblasts. Transgenic mouse data for both the pituitary and

placenta implicate the HS III-V region in this role. Further studies are needed to

determine if this is in fact the function of this region in both tissues. It is clear, however,

that in the placenta, the LCR 'enhancer' element may not reside within the defined distal

LCR (HS sites) at all. Proximal sequences, in particular the P sequences and downstream

CS enhancers have the potential to be involved in a mechanism for locus control in vivo

that deviates from the pituitary GH-N and B-globin models. That is, in the case of
regulating placental expression of the GH/CS locus, these relatively more proximal

sequences appear to function as the primary enhancer elements.

The observation of functional cross-talk between 263P and the CS enhancer in vitro, may

therefore, also play a role in regulating gene expression in vivo. In term placenta

syncytiotrophoblasts, the expressions of the either the CS-A or CS-B genes are both

greater than expression of the GH-V gene (83). The P sequences are located upstream of
each of these genes, and therefore, are clearly not the only elements involved in activated

placental expression. In contrast, the CS enhancers are only located downstream of the

CS genes. The presence of these sequences alone may account for the increased levels of
CS relative to GH-V expression. Alternatively, the possibility exists that the CS

enhancers and the P sequences work synergistically to result in expression of CS, that at

term has been noted to be greater than any other peptide hormone produced in the human

body (323).
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6.3.2b Proposed P sequence mechanisms.

The P sequences have been proposed to function as enhancers of placental gene

expression in vivo, and have been observed to contain hyperacetylated histones in human

term placenta (Fig. 4.7) and (150). A question arises as to whether the histone

hyperacetylation is a critical component of the putative enhancer activity in vivo. This

question has not been examined here. A second question is also evident, however, as to

the mechanisms responsible for the recruitment of histone modifying complexes,

specifically, histone acetyltransferases (HATs), to P sequences in the placenta. The

attempt to identify placental PSFs in sttu was seen as a first step in identifying the

mechanism, or source, of the placental hyperacetylation. As the in situ P sequence

complex was not determined, there are several possibilities that remain for the source of
placental hyperacetylation.

An investigation of the placental P sequence complex in situ did not detect the

association of either NF-l or RFXI (Fig. a.10). The involvement of these factors as

components of this complex, however, was not ruled out, based on the lack of available

positive controls. The mechanistic implications of NF-1 and RFXI involvement will,
therefore, be discussed.

In considering the potential for NF-l involvement, a case could be made that this

association contributes to the generation of and/or assists in maintaining accessible

hyperacetylated P sequences in human term placenta. In terms of HAT complex

recruitment, a direct interaction between NF- 1 and CBP has previously been

demonstrated (257).It has also been proposed that NF-1 may have the capacity to replace

repressive histone structures, or disrupt the distribution of nucleosomes (324). This

hypothesis is supported by observations that NF-l has the capacity to directly interact

with histoneH3 (249,324), and that histone Hl and NF-1 may recognize similar binding

sites (325, 326). This second observation was proposed as support of the idea that NF-1

may activate transcription by direct displacement of histone Hl binding, which in vitro is

supported by the capacity of NF-1 to overcome the repressive effects of histone Hl on

promoter function (327). The potential for NF-l to be involved in chromatin remodeling
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processes that relate to gene expression in vivo, has perhaps been best demonstrated,

however, with the well characterized mouse mammary tumour virus (MMTV) promoter

system. In this system, the requirement of NF-l for hormone-mediated chromatin

remodeling has been suggested to be the result of NF-l involvement in stabilization of

the remodeling complex at the promoter (230,328-331). Taking all of the above

information together, there are clearly several ways in which NF-l has the potential to

contribute to the observation of P sequence hyperacetylation in human term placenta.

In contrast to the case of NF-I, there is not a direct link between RFXI and histone

acetyltransferases or chromatin structure that is currently present in the literature. In

terms of chromatin studies, the most well characterized system involving the RFX family

is the role of RFX5 in regulation of major histocompatibility complex (MHC) class II
genes. RFX5 is a component of the protein complex known as the MHC enhancesome

(275,332). This complex associates with X boxes in MHC class II promoters and sets the

stage for further recruitment of factors, namely the non-DNA-binding co-activator

protein CTIIA, and subsequent chromatin modifications that lead to gene activation in

vivo (333-335). Although RFX5 is considerably divergent from other members of the

RFX family (188, 275), the common feature that is shared is the winged helix DNA

binding domain (188, 189). This feature presents an intriguing possibility for the potential

involvement of RFX1 in P sequence hyperacetylation and enhancer function in vivo.

Based on the in vitro binding evidence, RFX2 and RFX3 were also candidate PSFs in the

placenta, therefore, the following potential mechanism also applies to these factors.

The DNA binding domain of the RFX family is a winged helix (189). The winged helix

structure does not 'wrap' around the DNA sequence (Fig. 6.74), as is seen with many

other transcription factors, such as leucine zippers or homeodomains (Fig. 6.78), but

instead associate with only one side of the sequence. This structure is reminiscent of
classical steroid receptors such as estrogen receptor (ER), androgen receptor (AR),

progesterone receptor (PR), and glucocorticoid receptor (GR) (Fig. 6.7c).
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Figure 6.8: DNA binding domain structures.
DNA binding domain structures are taken from the Entrez-Structure protein database
(PBD) at NCBI (http://www.ncbi.nlm.nih.gov:S0lentrezlquery.fcgi?db=Structure). (A)
The co-crystal structure of the RFX DNA binding domain in complex with its cognate X-
box binding site. This schematic shows two RFX molecules on either side of the DNA
molecule. The RFX monomers do not contact each other, and each associate with only
one side of the DNA molecule. The PBD entry for this structure is lDPT and is based on
(189). (B) The DNA binding domains of homeodomain and leucine zipper proteins
'wrap' around the DNA, making contacts on both sides of the molecule. As
representative members of these families, the structures of the POU homeodomain factor
Pit-1 and the leucine zipper CÆBPa are shown. The PBD entry for Pit-l is 1AU7 and is
based on (336). The PBD entry for CÆBPa is 1NWQ and is based on (337). (C) Steroid
receptors make contact with only one side of the DNA. Representative structures shown
are the GR and the ER. The PBD entry for GR is 1GLU and is based on (338). The PBD
entry for ER is lHCQ and is based on (339).

Steroid receptors have the capacity to associate with their DNA binding site, even when

that site is contained within the nucleosomal structure (340-342). This may be due to the

manner in which these factors associate with DNA, in that by requiring only one side of

the DNA for contact, remodeling of the nucleosomal structure would not appear to be a

necessary prerequisite for recognition of their respective binding site. As such, in many

systems, the association of a steroid receptor complex has been demonstrated to be the

'first step' in the initiation of chromatin remodeling events that lead to activation (343). If
this ability is due to the manner in which these factors associate with their binding sites,

then it is reasonable to speculate that RFX proteins, with their winged-helix DNA binding

domains, may have this same capacity. This hypothesis is supported by the 'initiator' role

of the RFX enhancesome in the MHC system. Further support comes from studies

involving the transcription factor HNF-3, which also is a winged helix protein (291).

HNF-3 has been shown to have the ability to associate with its binding site in the albumin

promoter even when the chromatin is in a compacted state. This leads to increased

accessibility of the chromatin structure for gene expression (344). From these

considerations, the role of RFX1 in the P sequence placental system may be early

association, which then allows for chromatin remodeling events to occur. If this is the

case, it may explain why RFX1 association was not detected in the human term placenta

chromatin.
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6.4

There is also the possibility that the P sequence complex in the placenta does not contain

either NF- I or RFX I . As the in vitro system does not model the in vivo enhancer activity,

candidate PSFs are not limited to the PSE-A and PSE-B regions. In section 6.1.4a,

additional putative PSFs were proposed that were based on database analysis of the 263p

sequence (Tables 6.1 and 6.2). Several factors are within these tables. It is interesting to

note that this analysis included HNF-3 and other related winged helix factors. The above

speculation for the potential role of the RFX family could also be applied to these factors.

Future Directions

6.4.1 The pituitary system.

6.4.1a The contribution of 263P to a lack of placental gene expression in the

pituitary.

The placental GH/CS genes are not expressed in the pituitary, despite extensive

homologies in their regulatory regions (83), and an accessible chromatin structure (127).

The studies described here were centred around a role for P sequence elements in

contributing to differential gene expression in the pituitary, and the capacity for these

elements to function as repressors of placental gene activity has been investigated in a

pituitary cell model system. An outstanding question, however, is whether the p

sequences contribute to a lack of placental gene expression in the pituitary invivo.

Previously, it has been demonstrated that an 87 kb fragment of human chromosome 17

(the Pl clone), containing almost the entire GH/CS locus (it lacks the CS-B gene) and

LCR, will result in efficient and appropriately regulated expression of the human GH/CS

family in the pituitaries of transgenic mice (122). To assess the contribution of individual

regions within the LCR towards pituitary expression, the use of targeted deletions within

this construct have also been reported (I23).It is proposed that this same approach could

be taken to test the hypothesis that P sequences repress pituitary expression of the
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placental genes in the pituitary in vivo. This would require that transgenic mouse lines

containing the Pl clone be obtained or generated. In addition, one or more of the 263P

elements in the Pl clone could be deleted using a RecA-assisted homologous

recombination strategy (123,345), and the resulting transgenic mice compared to the

intact Pl lines. As the Pl clone does not contain CS-B, CS-L is a pseudogene, and GH-V

is expressed at reduced levels compared to the CS genes in the placenta, it would be

important to ensure that the P sequence upstream of the CS-A gene was deleted in these

constructs. The generation of the Pl and P|L263P transgenic mice would serve two

purposes. They would first provide an opportunity to assess if deletion of the P sequences

resulted in expression of the placental genes in transgenic pituitaries. Secondly, these

same lines could be used to assess the contribution of P sequences to regulation of the

GH/CS locus in the placenta (see section 6.4.2).

6.4.1b The role of Pit-l.

The data presented here supported the hypothesis that the in vitro repressor mechanism of
263P in pituitary cells involves interference with Pit-1 transactivation. The application of
this to a potential repression mechanism in vivo was also discussed (6.2.2b). Briefly, it
was speculated that the role of the P sequences in vivo may involve either interference

with the ability of Pit-1 to associate with the placental promoters, or alternatively, if pit-1

association occurs, contribution to the lack of histone hyperacetylation in the 263p and

placental promoter regions. A question arising from this is whether Pit-1 associates with

the placental promoters in the pituitary in vivo, which has not been previously assessed.

The assessment of Pit-1 association in vivo requires the availability of a 'good' antibody

for immunoprecipitation. A current limitation is that the commercial antibodies that are

available are not adequate for immunoprecipitation experiments (unpublished data from

our laboratory and personal communication with Dr. Harry Elsholtz, University of
Toronto). When a 'good' Pit-l antibody is available, it is proposed that it should be used

to assess the association of Pit-l with the CS promoters, as well as the GH-N promoter

and the HS I/II region using ChIP with human pituitary tissue samples. These
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experiments could also be extended to assess the recruitment of HAT and HDAC

complexes at these regions, as well as at263P.

6.4.Lc ldentification of additional PSFs.

In section 6.1.4, a rationale was presented for the hypothesis that additional PSFs may be

present in the 263P repressor complex. Candidate factors were proposed in section 6.I.4a,

most notably, members of the HNF-3/forkhead and CÆBP families of transcription

factors. An approach for the investigation of this hypothesis was outlined in section

6.1.4b.

6.4.2 The placental system.

Clearly, relatively less is understood regarding the regulation of the GH/CS locus in the

placenta than in the pituitary model. Perhaps most intriguing, however, is that while the

GH-Nipituitary system appears to resemble regulation of the B-globin multigene cluster,

the placental system offers a potentially different model for analysis of the mechanisms

involved in locus control. The evidence to date indicates that in the placental system, the

in vivo 'enhancer' sequences, which would qualify as the LCR under the current

definition of this activity, may be more proximal than the distal upstream HS sites,

namely the P sequences and the CS enhancer regions.

6.4.2a Regulation of the GIVCS locus in the placenta.

In section 6.4.1a, an approach was proposed for investigating the role of P sequences in

the pituitary that used targeted deletions in the Pl clone and transgenic mice. As

previously mentioned, these deletions would also serve as a model system to assess the

contribution of P sequences in regulation of the GII/CS locus in the placenta.

The regulation of the GH/CS locus in the placenta could also be assessed with the use of
a transgene that combines the HS III-V region with the 15 kb CS-A HindIII fragment. As

outlined in Chapter L2.2c (see Table 1.2), the 15 kb CS-A HindIII construct results in

placental expression of CS-A, the level of which appears to be subject to the site where
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the transgene is integrated (120). In addition, the HS III-V region has been demonstrated

to have the capacity to confer site of integration independent expression (see Tables 1.1

and 1 .2). A construct that combines these two elements, and assesses CS-A expression,

may provide an alternate model system for the analysis of placental expression. This

construct could be used in either transgenic mice or stable cell culture lines. Deletions

and targeted mutations in this construct could be used to investigate the contributions of

individual regulatory elements, such as the P sequences, CS enhancers, and distal

upstream HS sites, to gene expression levels.

6.4.3b Identification of the placental PSFs.

The in vitro placental cell structural and functional data appear to resemble the pituitary

repressor complex. Despite this, two possible approaches are proposed for the

identification of candidate placental PSFs. The first approach would be to assess the

locations where proteins associate with P sequences in the placenta using in vivo

footprinting. Using this technique it may be possible to locate regions of protein binding

and correlate these regions to candidate PSFs based on database analysis. A second

possible approach for the identification of candidate placental PSFs would be to focus on

determining the sequence requirements for 263P enhancer activity. Enhancer activity of
263P was observed in both a chromatin context (150) as well as when the263P fragment

was linked to the minimal thymidine kinase (Tk) promoter (Fig. 5.1). Using either the in

vitro Tk promoter system, or potentially the HS III-V 15 kb CS-A transgene that was

described in section 6.4.2a, scanning mutations in the 263P sequence could be tested for
their ability to disrupt enhancer activity. Sequences with some contribution to enhancer

activity can be assessed by database analysis for potential binding factors. Following the

identification of candidate factors using one or more of the above proposed approaches,

the association of candidate placental PSFs could be assesse d. in situ using ChIp with

human term placenta tissue.
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