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THESIS SUMMARY
The basic helix-loop-helix PAS transcription factor ARNT functions as an obligate
partner protein for signal regulated bHLH/PAS factors such as the Dioxin Receptor

(DR) and Hypoxia Inducible Factors (HIF-ø). The DR and HIF-cr proteins respond to
the respective environmental stimuli of xenobiotic exposure or low oxygen tension by

forming active heterodimeric complexes with ARNT. Given the potential for ARNT to
act as a general dimerisation partner for the emerging bHLH/PAS factor family, there
has been some speculation as to the physiological role

of ARNT in the absence of DR

ligand or hlpoxia.

The likelihood of further transcriptional regulatory roles is supported by evidence that

ARNT can recognise the CACGTG E-box element

as a homodimer

in vitro and in vivo,

the constitutive nuclear localisation of ARNT, the widespread expression of ARNT in
mammalian tissues and the presence of a strong transactivation domain within the Cterminus of

ARNT. The identification of an alternatively spliced form of the ARNT

gene, known as

Alt ARNT, provides additional complexity to the role of ARNT in the

cell.

This thesis examines the possibility of alternative roles for ARNT in the cell. A search

for

downstream target genes

of ARNT was performed utilising the suppression

subtractive hybridisation-PCR method. A subtracted library was generated using cDNA

from Hepa IcIcT cells stably overexpressing a dominant negative form of ARNT
lacking the basic DNA-binding domain, known as ARNTAb. The subtracted library

was screened to identif,z potential differentially expressed cDNAs.
Northern blot analysis revealed one

Subsequent

of the clones identified during the screen

differentially expressed between the ARNTAb Hepa cells and Hepa
containing a blank expression vector.

was

lclc7 cells stably

It is unlikely, however, to be a direct target of

ARNT as it was expressed more highly in both ARNT and ARNTAb overexpressing
cells compared to control Hepa lc7c7 cells and contained no known ARNT binding
sites within

7I2 bp of

available promoter sequenco.

An additional differentially
VII

expressed gene, CD47, was identified using a microarray data set obtained from another

laboratory project, though the role of ARNT in regulation of CD4l expression remains

unclear. These results suggest an alternative approach, perhaps detailed microarray
analysis, is required to investigate novel roles for ARNT as a transcription factor.

This thesis also sought to investigate the function of Alt ARNT as a transcriptional
regulator.

'Work

herein describes the differential regulation of Alt ARNT and ARNT by

Protein Kinase CKIL Phosphorylation was shown to have an inhibitory effect on DNA-

binding to the E-box as homodimers. In contrast, DNA-binding by Alt ARNT/Dioxin
Receptor heterodimers

to the xenobiotic

response element was

not inhibited by

phosphorylation. Together with the co-expression of ARNT and Alt ARNT found in all

cell types tested, these results are supportive of alternative roles for these two ARNT
isoforms existing within the cell.

VIII

ACKNOWLEDGEMENTS
Firstly and most importantly, I would like to say a special thank you to my supervisor
and mentor Murray Whitelaw, who taught me all there

is to know about science

research, from mini-preps to writing a thesis. Thank you for your guidance, patience,
enthusiasm and encouragement. It has been a pleasure to know and work with you.

I want to sincerely thank the Whitelaw lab, for

the magical moments and leaving me

with the most wonderful and hilarious memories. From bad music, that got stuck in my
head and jokes that stooped to new depths to table dancing at Lorne and memorable late

nights in the lab, there was never a dull moment. Thank you very much Anne, for
caring about ARNT, helping me out during my many crises and for running the best

gels. Dan, I have learnt so much from you, as the perfect combination of exceptional
scientist and brilliant person, thank you for noticing the little things and the little people.

Mike, thanks for setting

a

terrific example of what a PhD should be about and for filling

our lab with music, it was not ALL bad. Susi, thank you for being the best bay buddy,

for solving all the tricky problems and for being so wonderful and fun to be around.
Seb, for knowing something about everything and for being a good

friend.

Cameron,

thanks for adding to the sci-fi knowledge of the lab and for excellent taste in music and

drinks. Anthony, thanks for never failing to make me smile with your terribly bad

and

yet fantastic sense of humour. Sarah, you are the most wonderful person and you
always say the right things at the right time, I wish you so much future happiness and
success. Jodi,

I'm counting on you to win all the prizes at Lome now! Good-luck in

honours Lauren and all the best Carl, Bec fiust think, soon the PhD

will be far, far

away!) and Jo (I'm hoping you can teach the rest of the lab to sing) as the newest

Whitelaws. Thanks to all past members of the lab, especially Marika (thanks for all
your hospitality in Sweden), Gerwin (for being fun to work with) and Dave (for your
brilliance and quirky sense of humour).

Thank you to all the past and present Biochemistry PhD students, for advice when I was
stuck, support when I was depressed and much fun and laughter when I needed it most.

X

To Benji, we finally made it to the end! Thank you so very much for nine years of
distractions and füendship, for sharing the whole PhD thing and for just being you. A

big thank you also to Michaela, Susan, and Phil for being such excellent füends. I wish
you all the very best of success in your own PhDs.

To the rest of the department of Molecular Biosciences, there are so many lovely and
fantastic people here. Thanks for support and great conversations over the years, fun
times in prac class (Especially Lynn and Tony!) and in and around the building.

To those outside uni, thanks to Sandii and the rest of the AUTC gang for "touch talk",
Nicole, for running with me, for all your words of wisdom and for always making me
smile (danke schön!), and, of course, a very big thank you hug to Amy, who trained me

well in the art of shopping and alcohol appreciation, you are the very best!

A very special thank you

goes to my many wonderful past and present housemates who

provided much entertainment beyond the PhD: Matthew, Alice, Rachel, Lee, Bec,
Sharlene, Richard and Craig, and especially Kate, Wendy and Alex who were there to

witness and support the start, the middle and the end of this thesis. You couldn't ask for
better housemates or friends. Thanks for all the talks, Bufû nights, excellent cooking,

fun parties and for reminding me there was more to life than studying. Thanks also to
Duncan for inspiring me to finish.

And to my bizane and wacky family, who always encouraged and supported me to do
my best and to be myself - Mum and Dad, thanks for not asking too many times to
explain what it is I do and for not minding

I

chose to study biology instead of physics.

Michele, for being so funky and knowing too many 80's songs, and Andrew, for
teaching me all there is to know about cars and computers.

Finally, a million thanks go to Lisa, for being the bestest older sister a girl could have,
for advice and funny stories and for knowing me more than I know myself. I can't wait
to catch up again in Boston.

XI

The most exciting phrase to hear in science,
the one that heralds new discoveries,
is not'Eureka!' (I found it!)
but 'That's funny ...'

Isaac Asimov (L920

-

1,992)

XII

Chapter One: Introduction

CHAPTER

1

INTRODUCTION

1.1 The bHLH superfamily of proteins

Basic helix-loop-helix (bHLH) proteins constitute

a

large, widespread family of

transcriptional regulators. They are present in a variety of organisms including yeast,
nematodes, Drosophila melanogaster, Xenopus laevis and mammals.

bHLH proteins regulate cell type-specific transcription,

In mammals,

well as cell proliferation and
'Well
transformation (reviewed by Littlewood and Evan 1995).
characterised bHLH
as

factors include the Myc and Max oncoproteins, which dimerise to induce proliferation

(Amati and Land 1994), and myogenic determination factors such as MyoD

and

myogenin (Davis et al1987; V/right et al1989).

This extensive protein family is characterised by a conserved basic DNA-binding region

and adjacent HLH

motif.

The HLH motif allows the formation of homo- and or

heterodimers between bHLH proteins, which can subsequently bind to DNA (Murre e/

al 1994). The formation of dimeric structures, via the mainly hydrophobic HLH region,
stabilises the DNA-binding aclivily of the basic region.

bHLH proteins can be divided into three sub-families. Two groups consist of proteins
containing a second dimerisation interface, either the leucine zipper (Zip) or the Period

(PERyAryl hydrocarbon Receptor Nuclear Translocator (ARNT)/$ingle Minded (SIM)
(PAS) homology domain, while the remaining group includes bHLH proteins without an
additional dimerisation domain (Figure 1.1). bHLH and bHLH/Zip proteins bind to the
consensus hexamer

motif 5'CANNTG known as the E-box, where the central two

nucleotides are either CG or GC (Mune et al1994). E-box-binding bHLH transcription

factors are commonly divided into one of two classes, depending on which E-box
element they recognise. Class

and E4J, whereas Class

A proteins recognise 5'CAGCTG,

B proteins

and includes MyoD

recognise 5'CACGTG and includes bHLH/Zip

1

Figure 1.L

The bHLH superfamily of proteins

bHLH proteins can be divided into three sub-families. One group includes bHLH
proteins such as F,47 and MyoD, which have only the bHLH primary dimerisation
interface (a). The b}{LHlZip proteins contain the leucine zipper secondary dimerisation

domain and include Myc and Max

(b). A third goup of proteins contain the Per-

ARNT-SIM homology domain (PAS) (c).

bHLH/PAS proteins contain two PAS domains,

A

and B, and an N-terminal bHLH

motif. As indicated, several bHLH/PAS proteins contain C-terminal transactivation
domains. Although a C-terminal transactivation domain has been characterised in
Drosophila SIM, mouse SIM1 and SIM2 appear to act as transcriptional repressors
(Ema et al1996)

bHLH/PAS proteins can be divided into two classes. Class

I

proteins include the

Dioxin Receptor (DR), Hy-poxia Inducible Factor-lcr and 2a (HIF-ø), Single Minded
proteins SIM1 and

2

and CLOCK do not homodimerise, and only form heterodimers

with class 2 proteins. Class 2 proteins promiscuously homodimerise and heterodimerise
with class 1 proteins. This class includes ARNT

Figure adapted from Kewley et al2003

1,

ARNT2 and BMALI and2.
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dimerization
DNA binding
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proteins Max and USF (Dang et al1992). The three-dimensional structures of the class

B proteins PHO4 (5. cerevisiae), l|i4ax and USF in complex with DNA have identified
specific residues within the basic region critical for E-box recognition - His5, Glu9 and

Arg13, where 5,9 and 13 represent the 5th, 9th and 13th amino acid in the basic region
(Ferré-D'Armaré et al1993; Ferré-D'Armaré et al 1994; Shimizu et al1997). Arg13 has
been identified as the amino acid residue that specifies binding to the 5'CACGTG

motif

rather than the 5'CAGCTG motif (Dang et al 1992).

In contrast to the bHLH and bHLH/Zip proteins, the bHLH/PAS proteins predominantly

bind sequences which do not strictly adhere to the E-box consensus, yet still maintain an

E-box-like character. Despite this difference
across the

in DNA-binding,

sequence homology

bHLH regions of bHLH, bHLIJlZip and bHLH/PAS proteins would predict

a

conserved structure.

1.2 The bHLH/PAS sub-family of proteins

bHLH/PAS proteins are characterised by un N-terminal bHLH motif contiguous with
two PAS regions of homology, PAS A and PAS B, conserved between members of this
family (Figure 1.1) (Huang et al 1993). PAS A and B domains are adjacent degenerate
repeats, each of approximately 130 amino acids in length. The PAS domains, like that

of the leucine zipper within b}JLHlZip proteins, confer partner specificity. They have
also been demonstrated to mediate associations between other PAS domain-containing

proteins (Huang et

al

al

1993; McGuire et

al 1996; Reisz-Porszasz et al 1994;

Sogawa et

1995).

The PAS domain is not found exclusively in bHLH proteins. It is considered an ancient

signalling device conserved through evolution, having been identified

in

proteins

throughout the animal kingdom, in bacteria, fungi and yeast in addition to mammals and

flies, where the most commonly studied bHLH/PAS proteins originate.

Signals

mediated by the PAS domains include redox state, hypoglycaemia, oxygen balance and

2
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xenobiotic metabolism, and many bacteria contain PAS-like domains that detect light
(Crews 1998; Taylor andZhulin1999; Crews and Fan 1999).

ln the Dioxin Receptor (DR), an interaction with the 90 kDa molecular chaperone Heat
Shock Protein 90 (Hsp90) is mediated in part through the PAS domain (Whitelaw et al

1993a). The Drosophila SIl|i4 protein also interacts with Hsp90 through the PAS
domain (McGuire

et al 1996). Additional experiments in

demonstrated the PAS domains

in

Drosophila

Trachealess and SIM play a role

have

in target gene

specificity. Both proteins activate transcription as dimers with common partner factor
Tango (Drosophila ARNT) and bind to identical DNA motifs, but transactivate different

target genes. Swapping the PAS domains of Trachealess and SIM also switched the
promoter specificities of the two proteins (Zelzer et al 1997).

The bHLH/PAS proteins fall into two classes (Figure 1.1). Class 1 bHLH/PAS factors

neither homodimerise nor heterodimerise with Class

I

factors, and include the DR,

Hypoxia Inducible Factors (HIF-Icr and HIF-2cr) and SIM proteins (SIMI and SIM2)
(Wang et

al

1995; Ema et

al

1996, McGuire et

al 1996). To form active transcription

factor complexes, they must dimerise with a Class 2 protein, which promiscuously
homo- and heterodimerise. The best-characterised Class 2 protein is the ubiquitously
expressed

ARNT (Hoffinan et al

l99l).

Other Class 2 bHLH/PAS factors include the

tissue restricted ARNT2 and the circadian rhythm proteins þrain and IV[uscle ARNT-

like protein

I

and 2

(BMALI

and

BMAL2) (Hirose et al 7996,Ikeda and Nomura 1997;

Okano et a|2007).

As mentioned in brief in Figure 1.1, the bHLH/PAS family play a wide variety of roles

in mammals. Knockout studies in mice have illustrated that several of the bHLH/PAS

proteins are essential during development, while other experiments implicate
bHLH/PAS proteins as signal-activated proteins, responsive to environmental cues such
as hypoxia, or

low oxygen tension, and environmental pollutants, including polycyclic

aromatic hydrocarbons, discussed below in more detail.

a

J
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1.2.1 The Dioxin Receptor

The DR, also known as the 4ry1 Hydrocarbon Receptor, is one of the best-characterised

bHLH/PAS proteins.

It regulates biological

responses

including polycyclic aromatic hydrocarbons found

to

environmental pollutants

in

cigarette smoke

polychlorinated dioxins, which contaminate industrial chemicals. One

and

of the most

potent DR ligands is the dioxin 2,3,J,8 tetrachlorodibenzo-p-dioxin (TCDD) (Poellinger
1

ees).

In its latent (non-DNA-binding) state, the DR is found in the cytoplasm, stably
associated

with two molecules of Hsp90, p23

(XAP2lAIPlAra9) (Figure 1.2) (Pollenz et
1999; Meyer et

al

and hepatitis

al

B virus X-associated protein

1994; Perdew 1988, Kazlauskas et ql

1997; Ma and Whitlock 1997; Carver and Bradfield 1997). Hsp90

interacts with the DR via both the bHLH and PAS B, which contains the ligand-binding

region, and this association is essential for DR signalling (Antonsson et

al

Dolwick et al 1993; Whitelaw et ql 7993a. Whitelaw et al 1995). Hsp90

appears to

I995a;

chaperone a high affinity ligand binding conformation of the DR and is thought to be

involved in the retention of the DR in the cytoplasm, perhaps by masking its Nuclear
Localisation Sequence (NLS) (Pongratz et al I992;kuta et al 1998).

Following ligand binding, the DR/Hsp9O complex translocates to the nucleus where
Hsp90 is exchanged for partner protein ARNT (Pollenz et

al 1994; Whitelaw et al

1993b; Lees and Whitelaw 1999). The nuclear localised, ligand-bound DR/ARNT
heterodimer recognises and promotes transcription from Xenobiotic Response Elements

(XREs) found upstream

of

TCDD-responsive genes (Fujisawa-Sehara et

al

1987),

typified by the xenobiotic metabolising enzymes cytochrome P450141, cytochrome

P450IA2 and the glutathione S-transferase Ya subunit (for a review, see Poellinger
1995) (Figure 1.2).

In the adult rat, the DR is predominantly found in the lung,

thSrmus,

kidney and liver,

with lower levels of expression found in the heart and spleen (Carver et al 7994). The

DR exhibits spatial and temporal restricted expression in the developing

embryo,
4

ligand

^

NLS

DR

?

cytoplasm

nucleus

ARNT

?

Xenobiotic
response genes

Figure 1.2

The Dioxin Receptor Signalling pathway

In the absence of ligand, the DR is found in its latent state in the cytosol bound to the
chaperone proteins Hsp90, p23 and XAP-2. Following the diffirsion of receptor agonist
across the cell membrane, the ligand binds to the DR

within the PAS domain. This

asso-

ciation triggers the translocation of the DR to the nucleus, dissociation from Hsp90, and

dimerisation with the nuclear-localised partner factor ARNT. The DR/ARNT
heterodimer binds to xenobiotic response elements found within the enhancer regions of
target genes and activates transcription. Figure adapted from Kewley et al2003,
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suggesting a role for the DR in development. Expression of DR protein and mRNA has

been found within the mouse embryonic neuroepithelium, branchial arches, heart,
somites, liver, adrenal, ectoderm, bone and muscle, at differing developmental stages

of

embryogenesis (Abbott et a|1995).

The phenotype resulting from gene knockout experiments in mice is consistent with a
developmental role for the

DR. DR -l- mice have been generated by three

research

groups with a common consensus phenotype including smaller livers and decreased
body weight (Mimura et

al

1997, Schmidt et

al

1996; Femandez-Salguero et

al

1995).

The reduction in liver size in DR null animals correlates with reduced hepatocyte size
and a high degree of portosystemic shunting, due to defective vascularisation (Lahvis e/

al 2000). Evidence of

a developmental

function for the DR suggests that an endogenous

ligand or physiological activation mechanism exists, though none as yet have been
identified.

1.2.2 Hypoxia Inducible Factors

The ability to maintain 02 homeostasis is essential for the survival of all mammals.
The hyperoxic state, or high 02 tension, can result in the generation of reactive oxygen
intermediates and potentially lethal damage to membranes and DNA. The hypoxic state,

or low 02 tension, can result in levels of ATP insufficient to maintain essential cellular

functions. The hypoxic state occurs in a number of medical conditions, such as cancer
and ischemias, inspiring research into understanding the cellular mechanisms for
detecting and responding to low levels of oxygen.

Several well characterised responses

to hypoxia are mediated by two bHLH/PAS

proteins, HIF-lct and HIF-2cr (also known as Endothelial PAS domain protein 1, HIF-

like Factor and member of PAS family 2) (Wang et al 1995; Tian et al 1997; Ema et al
1997; Hogenesch et

al 1997). HIF-Iø

and HIF-2cr (collectively termed the HIF-o

proteins, or HIFs) share 48o/o amino acid sequence identity and both contain an Oxygen
Dependent Degradation domain (ODD) and N-terminal and C-terminal transactivation

5
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domains (N-TAD and C-TAD). As predicted, both HIFs show similar mechanisms

of

regulation (O'Rourke et al1999). Under normoxia (20% O2), the HIFs are continuously
synthesised and rapidly degraded by the ubiquitin-proteasome system (Htang et al

1998). The process of HIF-o degradation is oxygen-dependent and consists of several
steps. Firstly, an oxygen and iron-dependent prolyl hydroxylase hydroxylates HIF-c¡c at

two proline residues (P564 and P402 in human HIF-lcr and P530 and P405 in human
HIF-2cr), found within the ODD (Ivan et

al200l;

Jaakkola et

al200l).

These hydroxy

motifs act as the docking sites for the von Hippel-Lindau tumour suppressor protein

(VHL). VHL forms part of a complex with elongins B

and C, Cullin 2 arrd

constitute a functional E3 ubiquitin-protein ligase (Iwai et

øl 1999).

RBXI to

Subsequent

ubiquitination of the HIFs targets them for degradation (Figure 1.3).

To prevent the resulting low levels of HIF-o from activating transcription of target
genes,

a

second hydroxylation event occurs during

asparaginyl hydroxylase Factor Inhibiting

in HIF-1o

and N851

normoxia. Mediated by

the

HIF-I (FIH-l), an asparagine residue (N803

in HIF-2cr) located within the C-TAD is hydroxylated, preventing

the recruitment of co-activator CBP/p300 and subsequent transactivation of target genes

(Lando et

al

2002a; Lando et

al 2002b). Under hypoxic

conditions, the prolyl

hydroxylase and FIH-I are inactivated by low 02 levels, enabling the accumulation of
HIF-cr protein which consequently dimerises with partner protein ARNT in the nucleus,
recognises Hypoxia Response Elements (HREs) located

in the enhancer regions of

a

variety of target genes, interacts with CBP/p300 and initiates transcription. The known
target genes of the HIF-Io/ARNT complex are involved in glycolysis, erythropoiesis
and angiogenesis. They include erythropoietin, to stimulate increased production of red

blood cells, and Vascular Endothelial Growth Factor (VEGF), a key regulator of blood
vessel growth (Guillemin and Krasnow 1997; Bunn and Poyton 1996).

Separate target genes
are

of the HIF-2o/ARNT complex have yet to be determined, though

likely to exist. While there are many similarities between HIF-lcr and HIF-2cr, it is

clear that the two proteins also have discrete functions. Unlike HIF-lcr, DNA-binding

by HIF-2cr is increased by the Redox Factor 1, a protein with reducing activity (Lando et

a|2000). Differences in expression patterns have also been found (Tian et al 1997;Ema
6
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Figure 1.3
The Hypoxic Response Pathway

In normoxia, the HIF-cr proteins are hydroxylated by the prolyl and asparaginyl
hydroxylases within the Oxygen Dependent Degradation domain (ODD) and the Cterminal transactivation domain (C-TAD). The hydroxylation events both prevent an

interaction with the CBP/p300 coactivator and induce degradation via the ubiquitinproteasome pathway.

Úr hypoxia, the

HIF-o proteins are no longer hydroxylated. As a result, the proteins

are

stabilised, dimerise with partner protein ARNT and activate transcription of hypoxic
response genes by binding to hlpoxic response elements located within the enhancer
regions of these genes. Figure adapted from Kewley et al2003.
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et al 7997). While most human tissues express both HIF-Icr and HIF-2r mRNA, HIF-

2a mRNA expression was selectively observed in endothelial cells of day 11 and day
mouse embryos, and was expressed at high levels
phenotypes of HIF-I

a

and

in adult endothelial cells.

13

The

HIF-2ø knockout mice fuither indicate they play differing

roles in the cell, presumably by activating different downstream targets. Mice deficient

in HIF-lcr die in utero by

embryonic day 10,

with

embryos exhibiting poor

vascularisation (Ryan et al 1998,lyer et al 1998). Three independent HIF-2aknockout
mice have been generated. One demonstrates the need for HIF-2c¡c in the regulation

of

al 1998). These HIF-2o deficient mice show
levels of catecholamines, consistent with an observed

catecholamine homeostasis (Tian et

bradycardia and decreased
decrease

in HIF-2cr expression in the organ of Zuckerkandl, the principle source of

catecholamine slmthesis in mammalian embryos. The mid-gestation lethality observed

in HIF-2a -/- mice can be rescued by treating pregnant females with the catecholamine
precursor L-threo-3,4-dihydroxyphenylserine.

A

second

HIF-2a knockout

mouse

displayed varying degrees of vascular disorganisation and haemorrhaging, indicating

HIF-2ø is required for the control of vascular remodelling, while a third HIF-2cr
deficient mouse was found to die neonatally of respiratory distress syndrome due to
impaired lung maturation (Peng et al 2000, Compernolle et al 2002). These studies
demonstrate HIF-2ø plays important roles in development that are different to HIF-Io,
though the reasons for why the knockout phenotypes differ remain unclear.

1.2.3 Single Minded proteins

The first SIM protein identified was from Drosophila melanogaster, where dSIM is
proposed to act as a master regulator of midline cell development and is required for all

known developmental stages of the central neryous system midline cell lineage (Nambu

et al 1993). dSIM contains a C-terminal TAD, and acts with partner factor Tango
(Drosophila ARNT) as a transcriptional activator (Sonnenfeld et al 1997).

The murine homologues, mSIMI and mSIM2 show considerable sequence divergence
from dSIM over the C-terminal region and unlike the other members of the bHLH/PAS

1
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family, do not activate transcription when the C-terminal half of the protein is fused to

a

GAL4 DNA-binding domain (Ema et al1996; Moffett et al 1997). mSlMl-mediated
repression appears to be indirect, through competition for the partner factor ARNT,
sequesteringit away from other transactivating bHLH/PAS partner proteins (Probst et al

1991). In fact, the mSIMI/ARNT heterodimer has been shown to activate transcription
from the Drosophila Central Midline Element and the erythropoietinhypoxic enhancer
via the ARNT TAD (Moffett and Pelletier 2000; Woods and Whitelaw 2002). mSIM2mediated repression, however, occurs in two ways, through both sequestration of ARNT

from other partner proteins and active transrepression i.e. the direct repression of the
ARNT TAD (Ema et al 1996; Woods and Whitelaw 2002). A repression domain has
been mapped to the C-terminus of mSIM2 and mSIM2 repression is dependent on this
domain (Moffett et al1997).

Whole-mowt in situhybndisations of embryos from days 7.5-10.5 revealed mSIMI and
mSIM2 expression was restricted and distinct (Ema et al1996). mSIMI is expressed in

the somites, the mesencephalon and neural tube, while mSIM2 is expressed in the
diencephalon, branchial arches and
experiments using
expressed

rib primordia. As

revealed

in Northern

blot

RNA from adult mouse tissues, both mSIMI and mSIM2

are

in the kidney, brain and skeletal muscle, with mSIM2 also expressed in the

lung (Ema et a|7996).

The generation of mSIMI

-l- mice further illustrates

the role of mSIMI in the nervous

system, specifically in the development of the hypothalamus-pituitary axis (Michaud et

al 1998). Homozygous mutant mice die perinatally,
differentiation

of

and exhibit defects

in the terminal

certain neuroendocrine lineages within the supraoptic nucleus,

paraventricular nucleus and anterior periventricular nucleus, which synthesise arginine
vasopressin, oxytocin, corticotropin-releasing hormone, thyrotropin-releasing hormone

and somatostatin. The same set of neuroendocrine lineages

is

affected by loss of

function of the ARNT homologue ARNT2. With both mSIMI and ARNT2 expressed

within the paraventricular and supraoptic nuclei, it has been suggested that ARNT2 is
Ihe in vivo dimensation partner for

mSIMI (Michaud et a|2000).

8
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More recently,

it

has been shown that SIM1 also plays a role

in the prevention of

obesity. mSIMI heterozygous mice develop early-onset obesity and hyperphagsa, while
a balanced translocation resulting

in the disruption of a single SIMI allele in

patient also resulted in profound early-onset obesity (Michaud et

al200l

a human

and Holder er

al 2000). More recently, an interstitial chromosome 6q deletion, including a single SimI
allele, has also been reported

in a patient with a Prader-V/illi-like

phenotype, with

features including early-onset obesity (Faivre et al2002).

The gene for human SIMT has been mapped within a region of chromosome 21 termed
the Down syndrome critical region, thus implicating hSIM2 as a candidate gene in the

etiology of the Down's phenotype (Muenke et

al

1995). This

is

supported by the

observation that transgenic mice trisomic for SIM2, with one BAC-containing copy

of

hSIM2, and two endogenous copies of mSIM2, have some aspects of Down's
phenotlpe, exhibiting anxiety-related/reduced exploratory behaviour and

reduced

sensitivity to pain (Chrast et a|2000). mSIM2 is thought to be the murine orthologue of
hSIM2, based upon sequence similarity and chromosomal localisation (Ema et al 1996).
mSIM2-/- mice die within 3 days of birth, due to breathing failure (Goshu et

al

2002),

exhibiting reduced efhcacy of lung inflation and numerous abnormalities within the
structural components surrounding the pleural cavity. This phenotlpe, together with
expression of mSIM2 found in the ribs and vertebrae, suggests mSIM2 regulates the
growth or integrity of skeletal components.

No mechanism of SIM activation has been discovered as yet. It is possible that control

of SIM 1 and 2 Iarget genes is mediated solely through their distinct temporally and
spatially restricted expression patterns. The identification of SIM target genes should
help further our understanding of SIM function.

1.2.4 Circadian Rhythm proteins

Circadian clocks,

or

endogenous cell-autonomous oscillators, regulate many

biochemical, physiological and behavioural processes in the body. In mammals, there is
a master circadian clock present in the suprachiasmatic nucleus (SCN) of the anterior
9
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hlpothalamus. The bHLH/PAS proteins CLOCK, BMALI (ARNT3, MOP3), and PER
have been identified as being crucial in the maintenance of correct circadian rhythms in

both Drosophila and mammals, where feedback loops in gene expression are thought to

control circadian oscillations (Antoch et
1998; Bunger et

al

2000; Tei et

al

7991; King et

al 1997).

al

1997; Hogenesch et al

The currently proposed mechanism of

circadian rhythm maintenance in mammals is discussed here.

CLOCIIBMAL1 heterodimers bind to and activate transcription from the 5'CACGTG
E-box enhancer element. Identified target genes include Iwo cryptochrome

mCryI

and mCry2 and three homologs

mPer3 (Kume et al 1999, Vitaterna et

of the Drosophila Period

al 1999). In a negative

gene,

genes

mPerl, mPer2,

feedback loop, the CRY

and PER proteins translocate to the nucleus where they directly interact with CLOCK or

BMAL1 to inhibit transcription. mCRYI or mCRY2 alone can

inhibit

CLOCK/BMALl-E-box-mediated transcription (Kume et al 1999). mCRY proteins can
also function as dimeric and maybe trimeric complexes with mPER proteins that can
then inhibit

CLOCIIBMALI transcription, decreasing CRY

and PER expression.

It is

unclear as to the site of action of CRY/PER proteins.

CLOCIIBMAL1 heterodimers, while activating transcription of CRY and PER, also
activate expression of the orphan receptor protein REV-ERBcr, which in turn contributes

to a positive

feedback loop (Preitner et

al 2002).

REV-ERBcI binds to response

elements within the promoter of BMAZ1, repressing transcription. As BMAL1 RNA
and protein levels are decreasing, levels of PER and CRY RNA and proteins increase.

When PER and CRY proteins translocate to the nucleus and inhibit CLOCK-BMALI
transcription, activation of PER, CRY and REV-ERBcr transcription is also inhibited,

resulting in the de-repression of BMALI transcription and allowing the formation of
active CLOCK-BMALI heterodimers once again.

Phosphorylation and control of nuclear import are additional control mechanisms in
mediation of correct circadian rhflhms. CLOCK, BMALI, mPERI and mPER2 can all

be phosphorylated, with hyperphosphorylation of the CLOCK/BMALI heterodimer
thought to contribute to the inactivation of the complex when still bound to DNA,
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perhaps targeting the proteins for degradation (Lee et

nuclear entry is controlled by Casein Kinase

I

al 2001). The rate of mPERI

e (CKIe) phosphorylation and mPER2

expression with the CRY proteins crucial for both the stability of phosphorylated PER2
and for the nuclear accumulation of mPERl, mPER2 and CKIe, allowing inhibition

CLOCIIBMAL1 (Vielhaber

et

al2000,Lee

et

of

al200l).

1.3 The bHLH/PAS factor ARNT

ARNT is central to the bHLH/PAS family of proteins (Figure 1.4). ARNT was cloned
as the factor required to rescue the mutant phenotype of mouse hepatoma Hepa c4 cells

(Hoffman et al

l99l).

Upon ligand treatment of Hepa c4 cells, subcellular fractionation

experiments found the DR was recovered from the cytosol, as opposed to the nucleus in

ligand-treated, non-mutant Hepa

cells.

Transfection

of ARNT into Hepa c4 cells

resulted in the formation of a nuclear-localised DNA-binding DR/ARNT heterodimer

following ligand treatment. ARNT has since been shown to be a nuclear localised
protein (Eguchi et

al 7997). It

contains an N-terminal NLS, comprising amino acid

residues 39-61. The NLS is a novel bipartite type, differing from the consensus of the

classical bipartite type NLSs, and mediates ARNT nuclear localisation through
interactions with components of the nuclear pore targeting complex. In addition to the

NLS, ARNT also contains

a strong

C-terminal TAD that is functionally distinct from the

DNA-binding and heterodimerisation domains (Figure 1.1) (Whitelaw et al 7994). lt is

likely transactivation is mediated through an interaction with a coactivator such as
CBP/p300, since the ARNT TAD was shown to interact with CBP/p300 in a yeast-2-

hybrid screen (Kobayashi et al 1997).

Yeast-2-hybrid studies have been used to demonstrate the interactions between ARNT

and Class

2

bHLH/PAS proteins, as well as demonstrating that ARNT-ARNT

interactions can occur (Hirose et al 1996). Similar assays have also been used to search

for novel ARNT interacting proteins. Once such protein identified is ARNT interacting

protein (AINT) (Sadek et

al 2000). AINT is a member of the transforming acidic

coiled-coil protein family. The C-terminus of AINT was found to interact specifically
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ARNT is central to transcriptional regulation within the bHLH/PAS family of
proteins

ARNT acts

as the central partner protein for most

bHLH/PAS proteins, It forms both

homodimers and heterodimers with the DR, HIF-o and SIM which play roles both

during mammalian development (red) and in response to environmental stimuli in
mammals (blue). ? indicates where these roles have yet to be characterised. Figure
adapted from Kewley et a|2003.
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with the PAS domains of ARNT and ARNT2 (an ARNT-like protein discussed in
section 1.3.3), but not other bHLH/PAS proteins.

'When

fused to the green fluorescent

protein GFP and expressed in mouse hepatoma Hepa lclcT cells, AINT was found to
localise to the cytoplasm, as was ARNT in the AlNT-overexpressing cells.

1.3.1 Expression of ARNT

In

agreement with ARNT being a central dimerisation partner of bHLH/PAS family

members, ARNT

is

ubiquitously expressed throughout the adult mouse. RNase

protection analyses have been used to study levels of rat ARNT mRNA, with ARNT
expression found

in all tissues tested; placenta, adult brain, heart, kidney, liver, lung,

spleen and thymus (Carver et

al 1994). Placenta, lung and thyrnus

were found to

contain the highest levels of expression, with spleen, brain and the heart containing the

lowest. In the developing embryo, ARNT expression was found to be ubiquitous, using
immunohistochemistry and in situhybndisation, from embryonic day 10-16 (Abbott and
Probst 1995;Jainet al 1998; Sojka et a|2000).

A quantitative
expression

study investigating ARNT levels in cell culture lines found that ARNT

in all cell lines tested, both hepatic and non-hepatic, is similar and

representing 0.001-0.002Yo of total cellular protein (Holmes and Pollenz 1997). The
highest level of ARNT expression was found in Hepa 7clc7 cells, with an estimated
33,000 molecules/cell. Other cell lines tested included mouse skeletal muscle (CZC1Z),
mouse embryonic fibroblasts (NIH-3T3), rat hepatome (H4IIE), rat smooth muscle (47),

canine osteogenic sarcoma (D-17), canine kidney (MDCK) and human breast cancer

(MCF-7). In all cell lines tested, there were lower levels of ARNT than the DR. A
limiting pool of ARNT within the cell suggests that competition for ARNT binding by
other partner proteins

will

determine the role ARNT

will play in a given cell under

given conditions.

12
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1.3.2 ARNT/- knockout mice

The generation of ARNT'/- embryonic stem cells

and

ARNT/ mice demonstrates the

importance of ARNT/HIF-Icx interactions in response to hypoxia and the importance

of

ARNT during development (Kozak et al 1997; Maltepe et al 1997). ARNT/- ES cells

fail to activate genes that normally respond to low oxygen tension or

decreases

in

glucose concentration, indicating a crucial role for ARNT in response to hypoxia and

hypoglycaemia. Moreover, mouse embryos generated ftom ARNTL ES cells are not
viable beyond embryonic day 10.5. The primary cause of lethality can be attributed to
defects in vascularisation of the placenta andlor developing yolk sac and solid tissue, a

similar phenotlpe reported for mice deficient in VEGF, an ARNT/HIF-1cr target gene
(Carmeliet et

al

1996; Ferrara et

al 1996). A model has been proposed in which

the

increase in tissue mass during organogenesis leads to the formation of a local hlpoxic

environment and subsequent activation

of the HIF-Io/ARNT

complex, leading to

increased expression of genes that promote vascularisation of the developing yolk sac

and solid tissues. This model is supported by findings that the HIF-1 complex is
activated in hypoxic regions

of solid tumours, initiating

angiogenesis and supporting

tumour growth (Maxwell et al1997).

1.3.3 ARNT-like proteins

Three ARNT-like genes have been identified in mouse, ARNT2, BMALI (or ARNT3)
and

BMAL2 (or ARNT4) (Hirose et al 1996; Ikeda and Nomura 1997; Okano et al

2001). All encode Class ?bHLHIPAS proteins and are described in more detail below:

ARNT2

Exhibiting

57%o overall sequence

identity with murine ARNT, the bHLH/PAS protein

ARNT2 is able to substitute for ARNT and form heterodimers with partner proteins
such as the DR in vitro and in vivo, as shown in yeast two hybrid assays and in cell

culture experiments (Hirose et

al 7996).

However, expression and knockout studies
13

Chapter One: Introduction

indicate ARNT and ARNT2 have distinct biological roles

in both adult mice and

developing embryos. Northern blot analysis shows that ARNT2 expression is restricted
to the brain and kidney of adult mice, which is in contrast to the ubiquitously expressed

ARNT. In addition, whole mount in situ hybridisation
expressed

experiments found ARNT2

in the dorsal neural tube in 9.5 day embryos and in the developing kidney

within the tubules, whereas ARNT transcripts were detected broadly in various tissues
of mesodermal and endodermal origin (Hirose et al 1996, Jain et al 1998).

The generation of ARNT2 homozygous mutant mice further emphasises both the
similarities and differences between ARNT and

ARNT2. Two

groups have

independently made ARNT2 knockout mice, both displaying similar phenotypes to the

nSIMI knockout mouse (Keith et at 2001; Hosoya et at 2Q0l). Like mSIMI -l- mice,
ARNT2 -/- mice die perinatally and exhibit impaired hypothalmic development. The
phenotype is also similar to that of the ARNT2-deficient cII2k deletion strain (Wines er

al 1998).

The theory that ARNT2 is the heterodimeric partner for mSIMI in vivo is

further supported by expression studies, where ARNT2 and mSIMI were found to coexpress in the PVN and SON

(Michatd et a|2000).

Partial redundancy has been shown
developing embryo. The ARNT

J-

to exist

between ARNT and ARNT2

phenotype

in

the

is less severe than the HIF-|a -l-

phenotype, suggesting ARNT2 or another ARNT-like protein can partially compensate

for the loss of ARNT protein in the hypoxic

response (Maltepe

et

a11997).

Furthermore, ARNT2 -/- ,r"rrron. have more recently been shown to exhibit decreased

hypoxic induction

of HIF-I

target genes, indicating that the ARNT2/HIF-1o

heterodimer can regulate hypoxic responsive genes (Keith et al200I).

The higher expression of ARNT2 compared to ARNT in the brain also suggests ARNT2

may be the dimeric partner for Neural PAS proteins NPAS1 and NPAS2, which are
expressed

in the mouse brain during development and in the brain and spinal cords of

adult mice (Zhou et al1997)
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BMALl
Human BMALI (ARNT3, MOP3) was identified through a screen of ESTs in search of

bHLH/PAS-like sequences (Ikeda and Nomura 1997). Northern analysis of human
RNA samples revealed expression of BMALI in the skeletal and cardiac muscle and in
the adult brain, with rhythmic expression of rat BMAL1 detected within the SCN by in

situ hybndisation (Honma et al 1998). This restricted pattern of expression is different

to that of ARNT and ARNT2, suggesting different functions. As discussed in section
1.2.4,

BMALI is the dimerisation partner for CLOCK, with its role in circadian rhythms

illustrated through the generation of

BMAL/- mice (Bun1er et al 2000). BMAL|

knockout mice do not demonstrate circadian rhythmicity in constant darkness and have
impaired locomotor activity in light-dark cycles. At the molecular level, BMALI-/- mice
show very low and non-rhythmic levels of PER RNA in the SCN.

Hogenesch et

al (1998) have also shown BMAL1 is able to dimerise with the HIF-cr

proteins, through yeast-2-hybrid and EMSAs.
appear

to participate in the hypoxic

overexpressed,

In vivo, however, BMAL1

response (Cowden and Simon

does not

2002).

it cannot restore HIF-I target gene expression in Arnf/- ES cells

'When

exposed

to h1,poxia. In addition, BMALI-/- embryos do not illustrate the angiogenic

defects

found in Arnt, Hif-L a and Hif-2 aknockout mice.

BMAL2

BMAL2 (ARNT4, MOP9, CLIF) has been cloned from the mouse midbrain (mBMAL2)

rat-l fibroblast cells (rBMAL2), chicken (oBMAL2), human (hBMAL2), and
zebrafish (zBll;/.AL2) (Ikeda et al 2000; Okano et al 2001; Cermakian et al 2000).
and

mBMAL2 is constitutively expressed throughout the day under light-dark cycles in the
mouse

SCN. Alternatively spliced forms of mBMAL2

also exist, demonstrating

differential activity and expression, detailed in section 1.5.
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1.3.4 The role of ARNT proteins in non-mammalian species

ARNT proteins have been identified in Drosophila melanogaster, Caenorhabditis
elegans and in the aquatic species Rainbow Trout (Oncorhynchus mykiss), Fundulus
heteroclitus and zebrafish (Danio rerio)

.

Drosophila contains a raîge of bHLH/PAS proteins, with functions similar to their
mammalian counterparts. The Drosophila Tango protein is orthologous to mammalian

ARNT (Sonnenfeld et al 1997; Ohshiro and Saigo 1997). Tango forms transcriptionally
active heterodimers with the Drosophila bHLH/PAS proteins SIM and Trachealess.

Both heterodimers are able to bind and activate transcription from the cis-regulatory
CNS midline element, and control CNS midline and tracheal development, respectively.

Tango is also able to dimerise strongly wilh Drosophilq SIi|l4.A (most closely related to

HIF-lcr) and to Drosophila Spineless-aristapedia,
1998). Spineless-aristapedia is though to play

a

homologue of the DR (Duncan e/ ø/

a central role

in control of distal antennal

identity and tarsal development (Duncan et al1998; Emmons et al 1999).

Two bHLH/PAS proteins have been identified in the nematode C. elegazs - ARNT and
the DR, encoded by the genes aha-l (AHR-associated protein) and

ahr-l (AHR-related

protein) (Powell-Coffinan et al 1998). AHA-I and AHR-I are able to interact and bind
to the mammalian xenobiotic response element.

ARNT2 has been found to be the predominant form of ARNT in the Marine Teolost F.
heteroclites, with no other ARNT transcripts identified thus far (Powell et

al

1999).

Isolated from the liver, FhARNT2 oDNA can be in vitro transcribed and translated to

form

a

protein able to cross-react with human ARNT antibodies. It can heterodimerise

with ligand-activated mouse DR to bind the XRE sequence, and bind to the HRE in
complex with F. heteroclitus HIF-2cr (Powell et al 1999; Powell and Hahn 2002).

t6
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In a similar manner to F. heteroclitus, phylogenetic analysis has shown zebrafish ARNT
to also be an ARNT2-like gene (Powell and Hahn 2000).

1.3.5 A constitutive function for ARIIT

The physiological role for ARNT in the absence of stimuli which activates formation

of

Class 1 protein/ARNT heterodimer has yet to be fully characterised. Though no ARNT

homodimer target genes have been identified, the likelihood of further transcriptional
regulating roles for ARNT is supported by a growing list of observations. ARNT is a

constitutively nuclear localised protein, containing a strong C-terminal
illustrates widespread expression

in mammalian

TAD. ARNT

tissues and shows a promiscuous

tendency to interact with other bHLH/PAS proteins as well as form homodimers (Hirose

et al 1996). In addition, there is evidence that ARNT can bind to and activate
transcription from promoters driven by the CACGTG E-box element.

Sequence alignment

of the basic regions of various bHLH, bHLHlZip and bHLH/PAS

proteins reveals the basic sequence of ARNT more closely resembles those of other

bHLH and bHLHlZip factors including USF, c-Myc and Max, than that of Class I
bHLH/PAS proteins (Figure 1.5). This provides evidence that ARNT may have the
structural prerequisites for recognition of the CACGTG E-box motif as the three amino

acid residues required for binding to the CACGTG DNA sequence found inbHLHlZip
proteins are conserved in ARNT. The three residues are not, however, conserved in the

DR, explaining why the ARNT/DR heterodimer does not recognise a classic E-box
sequence. ARNT appears to recognise the GTG half of the XRE core sequence
TNGCGTGA (Swanson and Yang 1996) and the sequence alignment data suggests that

it will bind the GTG element in the HRE core sequence (G/Y)ACGTGC(G/T).
ARNT homodimer could thus be predicted as the palindromic core E-box

An

sequence

CACGTG.

In vitro electrophoretic mobility shift assays have demonstrated that ARNT
constitutively recognises a DNA sequence spanning the USF recognition site of the
adenovirus major late promoter (MLP), containing

the CACGTG E-box motif
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Figure 1.5

Amino acid sequence alignment of the basíc region of several bHLH, bIJLIJlZip
and bHLH/PAS proteins

The basic region of the E-box binding bHLH proteins PHO4 and USF and the

bHLHlZip proteins Max and c-Myc are aligned with those of the bHLH/PAS proteins
human ARNT, human DP, Drosophila Sfrv| Drosophila trachealess (Trh) and human

HIF-1o.

The common amino acids shared between the proteins are highlighted, demonstrating

that ARNT shares greater homology with the bHLH and bHLHlZip proteins than
other bHLH/PAS proteins.

Indicated with an asterix (*) are the three amino acids found in Max, c-Myc, USF and
PHO4 to be critical for binding to the CACGTG E-box enhancer.
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(Antonsson et

al I995b; Sogawa et al 7995). Formation of the labelled ARNT/E-box

complex could be inhibited by an excess of non-labelled CACGTG E-box motif but not

by an excess of non-labelled CAGCTG E-box motif, demonstrating specificity towards
the palindromic CACGTG sequence (Antonsson e/ al1995b).

An additional piece of evidence supporting ARNT/E-box binding was obtained using
oligonucleotide selection-amplification protocol
sequence

to

determine

a

an

consensus binding

for baculovirus-expressed ARNT (Swanson et al 1995). The

consensus

sequence determined was CACGTG, with no statistically significant specificities for any

flanking nucleotides.

Furthermore, the ability of ARNT to activate transcription from the adenovirus major-

late promoter E-box has been demonstrated
overexpression

and COS cells, with the

of ARNT resulting in a 6-9 fold induction in reporter gene activity

compared to background (Antonsson e/
suggests that

in CV-l

al 1995b;

Sogawa et

al 1995). While

evidence

ARNT is able to recognise the CACGTG E-box sequence in vitro and in

reporter gene assays, however, it remains unclear as to whether ARNT recognises the E-

box as a homo- or heterodimer.

In an analogous system, heterodimer formation with RXR is required for DNA-binding
and transcriptional activation by numerous nuclear receptors including the vitamin D3,

thyroid hormone and retinoic acid receptors (VDR, TR and RAR) (Kliewer et al 1992
Mangelsdorf and Evans

1995). Similarly to ARNT, RXR is also able to

homodimers able to bind to distinct DNA motiß (Mangelsdorf et

al

1991; Zhang et al

1992). In the presence of 9-cis-retinoic acid, RXR-RXR homodimers recognise

of retinoic acid response elements, termed retinoid X
comprising

of direct

form

a subset

response elements (RXRE),

repeats spaced by a single nucleotide. Experiments

in

human

carcinoma cells have demonstrated an in vivo role for RXR homodimers (Wan et al

1998). Overexpression of RXRo, but not RAR, in the presence of 9-cis-retinoic

acid

was found to increase reporter gene activation from an RXRE and inhibit DNA
synthesis and cell growth. Like RXR, ARNT may also function as a homodimer in vivo.
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1.3.6 Possible explanations for Dioxin Toxicity

TCDD and structurally related halogenated aromatic hydrocarbons are members of

a

class of environmental pollutants. Exposure to TCDD and similar compounds results in

a vanety of biochemical and toxic responses in animal models including severe wasting

syndrome, epidermal hyperplasia and metaplasia, tumour promotion and thymic
involution (Poland and Knutson 7982; Safe 1990). As discussed in section 1.2.1, on

a

molecular level TCDD activates the DR and induces transcription of genes encoding
xenobiotic-metabolising en4lmes such as cytochrome P450141. P450141, as an
example, acts by hydroxylating polycyclic aromatic hydrocarbons as the first step in

their metabolic processing. The polychlorinated nature of TCDD prevents this first
processing reaction. Hence TCDD persists

in the cell and the resulting

continual

overexpression of metabolising enzymes, in addition to the expression of other as yet

unidentified ARNT/DR responsive genes, is thought to contribute to the toxicity of
TCDD.

It is also feasible that in forming the DR/ARNT complex, ARNT is being

sequestered

away from other partner factors and other response elements. The consequent down
regulation of ARNT-responsive genes could contribute to tumour promotion and other

toxic effects of dioxin.

1.4 Structure of the mouse and humanARNT

genes

The mouse ARNT gene is approximately 60 kb and comprised of 22 exons (Wang et al

1998). The gene is TATA-less, instead containing a GC rich promoter, as is frequently
found in TATA-less promoters of housekeeping genes. Several transcription start sites
have been identified, as have several putative regulatory elements. These include an E-

box (CAGCTG), an AP-1 site and a CAAT box. Deletion experiments have confirmed
the roles of these elements in contributing to ARNT expression. Two GC-boxes, which

bind Spl and Sp2, have the greatest effect on ARNT expression.

t9
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The human ARNT gene is around 65 kb in length and, like the mouse ARNT gene,
consists of 22 exons, with sizes ranging from 25 bp to 214 bp (Scheel and Schrenk

2000). The splice junctions in both genes follow the GT/AG consensus with
exception

of intron 11, which begins with GC at its 5' end. The

the

intron/exon

arrangements of the mouse and human ARNT genes are very similar, and very different

to that of other bHLH/PAS genes, including the DR, HIF-Icr, HIF-2cx, Drosophila SIl|d
and Trachealess. Like the mouse gene, the human gene contains several transcription
start sites, one being identical to the predominant start site of murine ARNT,located in a
27 bp region 100% identical to human,,4RNZ.

1.5 Alternative splicing of ARNT

An alternatively spliced form of ARNT

has been identified in both mouse and human,

containing an additional 15 amino acids just N-terminal of the basic region encoded by

exon

5.

The sequence of this 45 bp alternative exon is identical in the human and

mouse (Hoffrnan et

al 1997; Reisz-Ponszasz

et

al t994). In Hepa c4 cells,

Transcriptase-Polymerase Chain Reaction (RT-PCR) analysis
constructs found the frequencies

of

Reverse

different ARNT

of the alternatively spliced form of ARNT to

be

approximately equal (4:3) (Numayama-Tsuruta et al 1997). This larger form of ARNT

Alt ARNT in this laboratory @igure 1.6) and to date, the roles of this
splice variant have not been investigated. Alt ARNT has been found to behave in a

has been termed

similar malìner to ARNT in TCDD-induced signal transduction with the DR when
transfected into mutant Hepa c4 cells, but there have been no studies involving Alt

ARNT since this report (Hoffinan et al l99l).

Other ARNT-like transcripts are also subject to altemative splicing. The mouse AKNT2

(wARNT2) gene has been characterised, with altemative splicing found to generate two

additional mRNA variants. (Hosoya et al 2001). Exons

2

and

3

can

be alternatively

spliced resulting in the expression of a shorter polypeptide lacking the N-terminal

11

amino acids. RT-PCR found similar expression in all tissues tested, with the shorter

mRNA expressed at higher levels. Also differing within their N-terminal regions are

a
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Figure 1.6

A schematic representation of ARNT and Alt ARNT
ARNT and Alt ARNT result from the translation of differentially spliced mRNA.

Alt ARNT mRNA, unlike that of ARNT, contains the alternative 45 bp exon, exon

5. This results in the expression of a protein 15 amino acids in length longer than
ARNT. These additional amino acids are located immediately N-terminal of the
basic DNA-binding region.
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total of nine different BMAL2 mRNA variants (Schoenhard et al 2002). Differing in
expression patterns, subcellular localisation and transactivating potential, these results
support the importance of the study of alternatively spliced variants of a single gene.

Interestingly, altematively spliced forms of ARNT and ARNT2have been identified in

two fish species, the Rainbow Trout Oncorhynchus mykiss (rtARNTa and rtARNT6)
and zebrafish (a partial ARNT clone, and three alternatively spliced forms of ARNT2,

zfARNT2a, zfARNT2b and zfARNT2c (Pollenz et

al

1996; Tanguay et

øl

2000).

rtARNTa and rtARNT6, identified in gonad cells of the Rainbow Trout, are identical
over the first 533 amino acids and contain bHLH regions 100% identical to human

ARNT. The two forms differ in their C-terminal domains due to the presence (b) or
absence (a)

of a 373 bp region that causes a frame shift. The differing C-terminal

domains do not affect dimerisation with the DR, but result in proteins exhibiting either

positive (b) or negative (a) function on DR-mediated signal transduction in vítro and in
vivo.

Similarly, two of the zebraf,rsh ARNT2 isoforms (a and b) are identical over the first 403
amino acids, but differ in their C-terminal domains. The third isoform, zfARNT2c,
however, contains a 15 amino acid deletion adjacent to the basic region of zfARNT2c,
as compared

to forms a and b. While all three zfARNT2 proteins were able to induce

reporter gene activity from a hlpoxia responsive element

in COS-7 cells when co-

transfected with zebrafish HIF-2cx, differing activities were observed on an

XRE. In

response to TCDD, when co-transfected into COS-7 cells with zebrafish AhR2, only

zfARNT2b lead to an increase in reporter activity.

1.6 Alternative splicing of bHLH genes

Alternative splicing in bHLH proteins is not uncommon. Here, a number of examples
are presented.

It remains unclear

as to what the mechanism

is for regulating alternative

splicing for these proteins.

2I
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Micropthalmia
The bHLH-Zip transcription factor Micropthalmia (Mi) is required for the development

of

melanocytes, pigment-producing cells responsible

for skin, hair and eye

colour

(Hodgkinson et al1993). Mi can form homodimers or heterodimers with the bHLH-Zip
proteins TFEB, TFE3 or TFEC. Mi mRNA is differentially spliced in melanocytes to
produce two

Mi proteins, differing by 6 amino acids N-terminal to the basic

region.

Mi(+), which contains the alternative exon, binds to DNA with a higher affinity than

Mi(-), lacking this exon (Hemesath et al 1994). Furthermore, Mi(+)
transcription from the M-Box element 3-4 times more efficiently than

MiO

activates

(Sato et al

reet).

E12/E,47

The E2A gene is absolutely required for the B lymphocyte lineage, with the mouse E2A
knockout lacking B cells (Zhuang et al 1994;Bain et al 1994). The E2A mRNA can be
alternatively spliced to yield two bHLHlZip proteins, 812 andE47, which differ only in

the sequence just N-terminal to the basic region. This region had been termed the
Inhibitory Region (IR), because of its effect on the ability of El2 and E4l homodimers
to bind DNA (Sun and Baltimore 1991). Compared Io F47 homodimers, which are able

to bind DNA well, 872 homodimers are poor DNA-binding proteins. When the
Inhibitory Regions of ElZ andE47 are swapped,E4T homodimers become poor DNA-

binding complexes, opposed to EI2 homodimers, which are then able to bind DNA.
The

EI2

and F47

Inhibitory regions contain a large number of acidic residues, with

having the greater number.

E 12

It is thought that the overall high negative nature of the

Inhibitory Region prevents a strong interaction with negatively-charged DNA.

In support of this are experiments demonstrating that two serine residues within theB47

IR can be phosphorylated (increasing the negative charge of the IR) preventing DNAbinding by 847 homodimers, but not heterodimers (Sloan et
hypophosphorylated

al 1996).

847

is

in B cells, but is hyperphosphorylated in a variety of other cell

types. Serine/Threonine Kinases 3pK and MAPK-activated Protein Kinase 2 have been
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found to interact and phosphorylate F47 in vitro, with the overexpression of these

of E4l-dependent transcriptional activity on an E-box
(Neufeld et al 2000). It appears likely that hypophosphorylation is

kinases causing a repression

reporter gene

required for activity of F47 homodimers in B cells.

Max

Max is a b}JL}JlZip transcription factor with a leucine zipper motif adjacent to the
bHLH region (section 1.1). Max can both homo- and heterodimerise with partner
factors such as the proto-oncoprotein cMyc and other Myc and Mad family members.

Like ARNT, Max acts as a central dimerisation partner protein. Max/Max

and

Max/Myc interactions have been the most widely studied of the bHL}i.lZip family. Both

Max homodimers and Myc/Max heterodimers can bind the E-box sequence CACGTG
and Max homodimers can antagonise Myc/Max function as Max, unlike Myc, does not

contain a TAD.

Two forms of Max have been cloned, one containing a 9 amino-acid insertion aminoterminal to the basic region,p22Max (otherwise known as Max2, Max(+) or Maxg), and
one which does not, p2lMax (otherwise known as
Eisenman

Maxl or Max(-)) (Blackwood

and

l99l).

Max is a nuclear phosphoprotein. The major in vivo phosphorylation sites have been
determined to be Ser

2

and Ser

1l in both p2lMax

and p22Max (Bousset et

al

1993).

Other phosphorylation sites are known to be present at the C-terminal end of Max, but
have not been defined. Serine residues

2

and 1 1 are phosphoryl ated in vitro by Protein

Kinase CKII (formerly known as Casein Kinase II) (Berberich and Cole 19921' Bousset
et

al 1993). An additional potential CKII phosphorylation site (SAAD) is also present

adjacent to the basic region in p22Max but the phosphorylation status of the serine in

this consensus sequence has not been investigated.

CKII phosphorylation inhibits the DNA-binding activity of p21Max and p22Max
homodimers (Berberich and Cole 1992; Bousset et al1993). Serl

l

inp22Max has been
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shown to be a target for CKII phosphorylation, with site-directed mutagenesis of Serl

l

to an alanine residue reversing the inhibition of DNA-binding (Berberich and Cole

1992). Further EMSA

experiments found that

CKII affected the DNA-binding

properties of p2lMax homodimerc, p22Max homodimers and Max/Myc heterodimers

through the phosphorylation

of both

Ser2 and Serl

l

(Bousset et

al 1993). The

inhibitory effect was considered to be more pronounced with p22Max homodimers than

p22 heterodimers, presumably because two phosphorylated Max proteins

in

a

homodimer have a decreased tendency to bind DNA than a single phosphorylated Max

protein in a heterodimer. This idea is supported by experiments whereby a p22Max
homodimer could bind DNA when only one half of the dimer was phosphorylated
(Berberich and Cole 1992).

'When

overexpressed

repressive activities

in cell

culture, no differences have been found between the

of overexpressed p22Max and a mutant form of p22Max mutant,

with Ser2 and Serll mutated to alanine residues (Bousset et al 1994). This is supported
by similar steady state DNA-binding by both p22Max homodimers and homodimers of
the same p22Max mutant (Bousset et al 1993). These findings may suggest that in the

cell lines chosen (PCI2 and CVI), p22Max is not phosphorylated by CKII. The role of

CKII on Max function in vivo remains unclear.

The only difference between p2lMax andp22Max homo- and heterodimers found thus

far is in their respective off-rates (Bousset et al 1993). The ofÊrates for p2IMax
homodimers and p2lMaxlMyc heterodimers were faster than those for p22Max. Both

p2lMax and p22Max are able to dimerise equally well, so the differences in DNAbinding ability must be due to the differences in their N-termini (Prochownik and
VanAntwerp 1993).

1.7 A comparison between Max and ARNT

Max, like ARNT, can bind the CACGTG E-box element, and can bind to DNA as a
homo- and heterodimer. Both proteins are stable and are expressed ubiquitously. They
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both act as a common dimerisation partner within their respective families. In addition,
a

preliminary investigation has revealed some similarities between the alternative exons

of Alt ARNT and Max. Both are of similar size and located immediately before the
basic region

in their respective genes. The N-terminal

sequence

of p2lMax

and

p22Max are similar, however, with both sequences being more similar to that of Alt
ARNT than ARNT (Figure 1.7)

The

Alt ARNT alternative exon contains two consensus CKII

phosphorylation sites;

[ST].x(2).[DE] (Figure I.7). When the alternative exons and adjacent basic regions of

Alt ARNT
(Ser2)

Alt ARNT aligns with the first CKII

and Max are aligned, the first site in

in p2lMax and the

second site (Serl

site

l) in p22Max, and contains the serine

residue critical for CKII phosphorylation in Max (Figure

I.7). The possibility exists that

Alt ARNT, like both Max isoforms, is phosphorylated by CKII.

1.8 Phosphorylation of ARNT

CKII phosphorylation of ARNT is not unlikely,
dimensional gel electrophoresis

of ARNT

as

it is a known phosphoprotein. Two-

immunoprecipitated from untreated Hepa

1c|c7 cell extracts found charge heterogeneity in ARNT, with a pI in the range from

5.7-6.4.

A

shift in the pI of ARNT towards the basic end was observed after

heterodimerisation

with liganded DR (Tsai and Perdew 1997). In vivo labelling

experiments showed the observed ARNT charge heterogeneity was at least in part due to

phosphorylation (Tsai and Perdew 1997).

The role of phosphorylation on the DR/ARNT signalling pathway has been investigated.

Phosphorylation of both members of the DR/ARNT heterodimer is required for DNA-

binding, and phosphorylation of ARNT is required for an interaction with the DR
(Berghard et øl 1993). The sites of ARNT phosphorylation, however, have not yet been
characterised.
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Figure 1.7
The N-terminal regions of p2lMax, p22Max, Alt ARNT and ARNT

The amino acid sequences of basic region of p2lMax, p22Max, Alt ARNT and ARNT
were aligned, and the N-terminal regions of all 4 proteins were compared. The numbers
indicate the position of the N-terminal amino acid in the alignment. Underlined amino
acids depict the additional residues found in p22Max and Alt

ARNT.

of 4 amino
acids in bold represent Protein Kinase CKII consensus phosphorylation sites. The * repSets

resent serine residues which have been demonstrated to be CKII phosphorylation sites in

vitro

and

in vivo.It is clear from the alignment, that in terms of potential phosphorylation

Alt ARNT is more similar to both forms of Max than to ARNT. In addition, a
CKII consensus site within Alt ARNT aligns with known CKtr phosphorylation sites
sites,

within p2lMax

and p22Max.
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1.9 Aims and approach

The main aims of this project were to investigate the novel roles of ARNT as

a

transcriptional regulator and to investigate possible differential regulation of ARNT
isoforms.

To investigate novel functions of ARNT as a transcription factor, a

search for

downstream target genes was planned. The identihcation of a gene whose transcription

was modified

in

response

to

altered levels

of active ARNT would provide new

information and insight into the role of ARNT in the cell. In summary, stable cell lines
were obtained containing a blank expression vector, an ARNT expression vector, or an

ARNT^b expression vector. ARNTAb lacks the basic DNA-binding domain,

and

consequently can act as a dominant negative. Following a detailed characterisation
these cell lines,

RNA from two of the cell lines was utilised in

of

a suppression subtractive

hybridisation-PCR approach to generate subtracted libraries which were used to screen

for differentially

expressed genes. Northern

blot analysis was then used to further

demonstrate differential expression of potential downstream target genes of ARNT.

To complement these studies, it was intended to investigate the role of Alt ARNT. It is

of interest to know whether Alt ARNT and ARNT are differentially modified, perhaps

by CKII

phosphorylation, and whether ARNT and

expressed. It would be surprising

if

a spliced form of the

Alt ARNT are differentially
ARNT protein existed that did

not have an additional or alternative role to ARNT in the cell. In summary we
bacterially expressed and purifìed fragments of ARNT and Alt ARNT and utilised in

vitro kinase assays to investigate their ability to be phosphorylated by CKIL Site
directed mutagenesis was used to identi$z phosphorylated sites, and EMSAs tested the
possible effects of phosphorylation on DNA-binding. Transfection studies were used to
investigate the activity of ARNT and Alt ARNT in vivo.
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CHAPTER 2

MATERIALS AND METHODS

2.1 ABBREVIATIONS
aa

amino acid

APS

ammonium persulfate

ATP

adenosine triphosphate

PNF

B-napthoflavone

BSA

bovine serum albumin

bp

base pair

DMSO

dimethylsulphoxide

DNA

deoxyribonucleic acid

ds

double stranded

DTT

dithiothreitol

EDTA

ethylenediaminetetraacetic acid

EMSA

electrophoretic mobility shift assay

EtBr

Ethidium Bromide

EtOH

ethanol

FCS

Foetal calf serum

Ha

Haemagglutinin

HRE

hypoxic response element

kDa

kilodalton

L

Litre

LB

Luria Broth

M

Molar

Min

minutes

ml

millilitres

Ni++NTA

Nickel-nitrilotriacetic acid

O/NI

overnight
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PAGE

polyacrylamide gel electrophoresis

PBS

phosphate buffered saline

PCR

Pol5rmerase Chain reaction

PMSF

phenylmethyl sulphonyl fluoride

rpm

revolutions per minute

RT

room temperature

SDS

sodium dodecyl sulphate

TBE

Tris/borate/EDTA

TE

Tris/EDTA

TEMED

N,N,N 1,N 1 -tetramethyl-ethylenediamine

TES

N-tris(hydroxymethyl)methyl-2-aminoethanesulphonic acid

TRIS

tri s (hydroxymethyl) aminomethane

wt

wild+ype

XRE

xenobiotic response element

2.2 MATERIALS
2.2.1 Chemicals and reagents

All

chemicals were bought from Sigma except the following:

BCA Protein assay reagent

Pierce

Bradford Reagent

Biorad

DOTAP

Roche Molecular Biochemicals

DTT

Diagnostic Chemicals

Dual Luciferase Reporter System

Promega

Fugene 6

Roche Molecular Biochemicals

Ni++-NTA

agarose

QIAGEN

10 x PCR Reaction Buffer

Geneworks

oligo-dT cellulose

Roche

One-phor all buffer plus

Amersham Pharmacia

Rapid Hyb

Amersham Pharmacia
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RNAzol B

Biotecz Laboratories

sequagel

National Diagnostics

Ultra pure aquagel

40%o

National Diagnostics

acrylarnide

UltraHyb

Ambion

markers: DNA markers - 1 kb, lkb*

Life Technologies

protein

markers

prestained broad range

New England Biolabs

prestained broad range

Biorad

unstained broad range

Biorad

2.2.2 Kits
Al1 kits used as per manufacturers instructions

BRESA-CLEAN

Geneworks

Qiaquick Gel Extraction Kit

QIAGEN

Qiaquick PCR clean up kit

QIAGEN

Super Signal Chemiluminescent Substrates

Pierce

Wizard PCR Preps DNA purification System

Promega

pGEM-T-easy TA cloning system

Promega

2.2.3 Enzymes

Restriction endonucleases were supplied

by New

England Biolabs, Amersham

Pharmacia and Geneworks. Other enzyrnes were supplied by the following sources:

Advantage PCR
Casein Kinase

Kit

II

Clontech
New England Biolabs

Klenow fragment

Geneworks

Pfu Turbo

Stratagene

Proteinase

K

Shrimp alkaline phosphatase
Superscript

II

Roche Molecular Biochemicals
Amersham Pharmacia

Life Technologies

Taq pol¡rmerase

Geneworks

T4 DNA ligase

Geneworks

T4 polpucleotide kinase

Geneworks
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2.2.4 Antibodies
- Anti-[ARNT I -l 42] polyclonal antibodies (rabbit); Murray Whitelaw (#5 I )

- Anti- IARNT C-term] polyclonal antibodies (rabbit); Murray Whitelaw (#29) (last 34
amino acids)
- Anti- IARNT N-term] supershifting antibody (Bambi), rabbit; Lorenz Poellinger
- Horseradish peroxidase conjugated anti-rabbit Immunoglobulin (Ig); DAKO

2.2.5 Buffers and solutions

Am. Ac. Solution

1

30

pl 1 M Tris pH 7.5, 120 ¡il

0.1 M EDTA pH 8.0, 54 ¡tl20%

glucose, 2.4 mg lysozyme, 9a8 pl MQ

Blockine Buffer: PBS-T with addition of 10% (wlv) Skin Milk Powder

Buffer A; 20 mM Na Phosphate Buffer pH 7.2,500 mM NaCl, 10 mM Imidazole, pH
to 7.2 with Conc HCl.

Cell Resuspension Buffer;62.5 ml 4 M NaCl, 5 ml

lM

Tris pH 7.2,50 ml 0.1 M

EDTA, 383.5 ml DEPC-MQ
Coomassie stain; 0.25% Coomassie (Brilliant Blue R, Sigma), 30% Methanol, IïYo

Acetic Acid
Coomassie destain: 50% Methanol ,

5olo

Acetic Acid

6 x DNA loading buffer: 50Yo glycerol,O.lYo bromophenol blue, 0.01% xylene cyanol,
0.1 mM EDTA pH 8.0

10 x DNA Loadins Buffer: 50% Glycerol,

I mM EDTA

pH 8.0, 0.25% Bromophenol

Blue,0.25o/o xylene cyanol FF, store at -20oC
10 x First Strand Buffer; 500 mM Tris pH 8.5, 500 mM KCl, 100 mM MgCl2,1 mM

DTT, 10 pglml BSA
Buffer: 25 mM Tris-glycine pH 8.3, 0.1% SDS, pH adjusted

10x Gel

by adding concentrated glycine
4 x E-box Gel Shift Buffer; 80 mM Hepes pH 7.5, 200 mM KCl,12 mM MgCl2, 4 mM

EDTA,

32o/o

Glycerol

4 x (no salt) E-box Gel Shift Buffer; 80 mM Hepes pH 7.5, 12 mM MgCl2,4 mM
EDTA, 32Yo Glycercl
Formamide Loadine Buffer; 95% formamide, 10 mM EDTA pH 8.0, 0.05% xylene
cyanol, 0.05% bromophenol blue. Store at 4oC.
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H]¡potonic Buffer; 10 mM Tris-HCl pH 7.9, 1.5 mM MgCl2, 10 mM KCl, Ijyo
Glycerol. Add I mM DTT, 1 mM PMSF,
I0

1

x Protease Inhibitor Cocktail prior to use.

x Klenow Buffer; I 00 mM Tris pH 7 .5, 50 mM MgCl 2, 7 5 mM DTT

5x Lisase Buffer + ATP: 250 mM Tris-HCl p}ì7.6,50 mM magnesium chloride, 5 mM

DTT, 5 mM ATP
L]¡sis Buffer;0.2M sodium hydroxide and 1% SDS
10 x MOPS; 0.4

o

M MOPS, 0.1 M NaAc,
62.5

B

10

mM EDTA

ml4 M NaCl, 5 ml 1 M Tris pH 7.2,0.5 ml

0.1 M

EDTA, 10ml 10% SDS, 422mIDEPC-MQ
Oliso ldTl El ution Buffer: 5 ml 1 M Tris pH7.2,0.5 ml 0.1 M EDTA, 10 ml 10%
SDS, 484.5 mI DEPC-MQ

Olieo ldT) Wash Buffer;12.5 ml 4 M NaCl, 5 ml 1 M Tris pH7.2,0.5 ml 0.1 M
EDTA,

10

ml 10% SDS, 472n1DEPC-MQ

PBS; 20 mM sodium phosphate pH 7 .6, 137 mM NaCl

PBS-T; PBS with addition of O.lYo Tween-20
250 mM NaPO4 pH7.2,7% SDS, 10% PEG 6000, 1 mM EDTA, 0.1

pd ml boiled/chilled ssDNA
100x Protease Cocktail Inhibitor stock: Apoprotinin 200 ¡tglm| Bestatin 400

p{ml,

Leupeptin 500 pglml, Pepstatin 100 ¡rglml, 150 mM EDTA

RNA Sample Buffer; 100 pl l0 x MOPS, 500 pl Formamide, 178 ¡il Formaldehyde,22
pl MQ, RNA and MQ to I ml, store at-2}oC
10 x RT Buffer; 500 mM Tris-HCl pH 8.5, 100 mM MgCl2,400 mM KCl, 10 mM

DTT

2x SDS Sample Buffer; 100 mM Tris-HCl pH 6.8, 4o/o SDS, 20% glycerol, 2 mM
EDTA, 40 mM DTT, 50 pl bromophenol Blue
4x Separation Buffer; 1.5 M Tns,0.4o/o SDS, pH adjusted to 8.8 with
SOC; Per 10 ml LB media, add 0.1

1

M HCI

ml lM magnesium chloride, 0.1 ml

Magnesium

sulphate, 0.2 ml2Oolo Glucose

20xSS

3 M NaCl, 0.3 M tri-sodium citrate

20 x SSPE: 3.6 M N aCl, 0 .2 M NaH2PO 4, 0.02 M EDTA, all at pH 7 .4

4x Stackine Buffer; 0.5 M Tris-HCl pH 6.8, 0.4% SDS pH adjusted with

1

M HCI
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Superdex200 Buffer; 20 mM Tris pH 7.5,150 mM NaCl, 0.1 mM EDTA, 5olo Glycerol,
0.2 mM DTT, made up with MQ and filtered through a0.45 ¡rm filter before use.

TEN pH 7.9; 40 mM Tris, 10 mM EDTA pH 8.0 and 150 mM sodium chloride
TFB I; 30 mM KAc, 100 mM RbC12, 10 mM CaCl2,50 mM MnCI2,l5% Glycerol

TFB II; 10 mM PIPES, 75 mM CaCl2,10 mM RbC12, 15% Glycerol
9.7 g Tris, 14.3 g Tricine, 8 ml 10% SDS, up to 800 ml

with MQ

l0 x Klenow Buffer;

100

mM Tris pH 8.0, 50 mM MgCl2, 75 mM DTT

Western Transfer Buffer; 192 mM Glycine, 25 mM Tris, add methanol to 20Yo prior to
use

Whole cell extract buffer: 20 mM Hepes p}J7.8,0.42lll4 Sodium Chloride, 0.5% NP40,
25Yo glycerol,0.2

mM EDTA,

1.5

mM Magnesium Chloride, I mM DTT, I mM PMSF

and 1x protease cocktail inhibitor added immediately prior to use.

4 x XRE (low salt) Gel Shift Buffer; 40 mM Hepes pH 7.9, 40Yo Glycerol, 0.4 mM
EDTA, 2 mM DTT, 12 mM MgCl2,16 mM Spermadine

7 x XRE (low salt) Gel Shift Buffer; 70 mM Hepes pH 7.9,70o/o Glycerol, 0.7 mM
EDTA, 3.5 mM DTT,

2l mMMgCl2,28 mM Spermadine

2.2.6 Plasmids
2.2.6.1 Cloning vectors
Plasmids I have made during the course of my PhD:

o
o
o
o

pBluescript-AltARNTl(Ha)2
pBluescript-AltARNTl(Ha)2

577

A

pBluescript-AltARNTl(Ha)2 S82A
pBluescript-AltARNTl(Ha)2 S77AS82A

Plasmids I have obtained elsewhere:

o
o

pBluescript KS (Stratagene)
pBluescript Âb ARNT (M. Kleman)
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o
o
o
o
o

pBluescript ARNT (Ha)Z (M. Kleman)

GEM 7ZIARNT (M. Whitelaw)
GEM 7Z/AItARNT (M.Whitelaw)
pGEMTeasy (Promega)
EFBOS-cs (JA Langer, Robert Wood Johnson Medical School, New Jersey USA)

2.2.6.2 Expression vectors
Plasmids I have generated in the course of my PhD:

o
o
o

EFBOS/ARNT (Ha)Z - Expresses Ha-tagged hARNT under an EF promoter
EFBOS/AItARNT/(Ha)Z - Expresses Ha-tagged hAIIARNT under an EF promoter
EFBOS/AItARNT S77N(Ha)2 - Expresses Ha-tagged hAItARNT S77A under an
EF promoter

o

EFBOS/AItARNT S82A/(Ha)2 - Expresses Ha-tagged hAItARNT S82A under an
EF promoter

o

EFBOS/AItARNT S77AS82A/(Ha)Z

- Expresses

hAItARNT S77AS82A under an

EFpromoter

o
o
o
o
o

EFBOS/ARNT

-

Expresses hARNT under an EF promoter

EFBOS/AItARNT

-

Expresses hAItARNT under an EF promoter

EFBOS/AItARNT

STlA-

Expresses

hAItARNT S77A under

an EF promoter

EFBOS/AItARNT S82A- Expresses hAItARNT S82A under an EF promoter

EFBOS/AItARNT S77AS82a- Expresses hAItARNT S77AS82A under an EF
promoter

o
o

pET ARNT I-142 #2 - expresses ARNT 142 inbacteria

pET AItARNT l-142

#l

(not used for expression) and #2

-

expresses pET

AItARNT l-142 in bacteria

o
o
o

pET AItARNT S77A I-142 expresses AItARNT S77A 142 inbacteria
pET AItARNT S82A 1-142 expresses AItARNT S82A 142 inbacteria
pET AItARNT S77AS82A I-142 expresses AItARNT S77AS82A 142 inbacteria
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Plasmids I have obtained elsewhere:

o
o

pET ARNT 1-140 (#l) (Dan Peet) - expresses ARNT 142 ínbacteria

RcCMV DR^PASB (Murray Whitelaw, McGuire et al200l) - Expresses a ligand
independent, constitutive form of the mouse DR under an RoCMV promoter

o
o

HIF-I0/EFBOS (David Lando) - Expresses human HIF-lc¡c under the EF promoter
HIF-1cx(I-2a5)lpGEX4T3 (David Lando) - Expresses GST-tagged HIF-lcr (l-245)
in bacteria

c
o

pET-3Za+ (Novagen) - Allows bacterial expression of a Trx-His-tagged protein

H6Max (Professor Michael Cole, Princeton University) - expresses a His tagged
Max protein in bacteria

.

lac I (Professor Michael Cole, Princeton University) - expresses the lac I repressor
in bacteria

2.2.6.3 Reporter plasmids
Plasmids I have generated in the course of my PhD

a

pOluc

-

Miminal Elb promoter upstream of

a luciferase reporter

Plasmids I have obtained elsewhere

a

p3luc- (Roger Davis, University of Massachusetts Medical School, USA) 3 copies
of the cMyc/Max CACGTG binding site upstream of a minimal Elb promoter

and

luciferase reporter.
a

pXlXl

(Murray Whitelaw, University of Adelaide, Australia): contains two copies

of the XRE sequence (Gradin et al 1993) upstream of the thymidine kinase (TK)
promoter and the luciferase gene

pGL3 promoter: (Promega) - contains a minimal SV40 promoter upstream of the

firefly luciferase gene
a

HRE-luc: (Prof Fujii-Kuriyama, Tohoku University, Japan) - contains 4 copies of
the Epo HRE in pGL3 promoter plasmid, upstream of the firefly luciferase gene
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o

RLTK: (Promega) contains a constitutively expresses Renilla luciferase, with a tk
minimal promoter

a

4(CACGTG)-TKMP-Luo (Andrea Ballabio, San Raffaele Biomedical Science Park,

Milan Italy): contains 4 copies of the Myc-Max binding site (E-box element)
upstream of the thymidine kinase minimal promoter and the firefly luciferase gene

in the
a

T8lluc vector

TKMP-Luo: (Andrea Ballabio, San Raffaele Biomedical Science Park, Milan ltaly)
contains a thymidine kinase minimal promoter upstream of the luciferase gene

2.2.7 Oligonucleotides and primers

All oligonucleotides

and primers ordered from Life Technologies, Geneworks or Sigma

ARNT primers

ARNT-77N 5'TCG GAT GAT GAG CAG AGC
ARNT N teTm 5.CAT CTG CGG CCA TGG CGG CGA CTA

ARNT-68N 5'GTC TAA CGA TAA GGA GCG

ARNT-7lN

5'AGG AGC GGT TTG CCA GGG

ARNT-132C 5'TAA GAT GGT TAG CTT GTC
ARNT-148C 5'GTG TTG CCA GTT CCC CGC
ARNT-681N 5'CTC CCT GGT GCC CCA ACT GCA
ARNT mutaqenesis primers

AItARNTMutl

5.CTA ACG ATA AGG AGC GCT TTG CCA GGG CGG ATG
ATG AGC AGA G

AItARNTMut2

5.CTC TGC TCA TCA TCC GCC CTG GCA AAG CGC TCC

TTA TCG TTA G

upper
82A lower

5'GGT CGG ATG ATG AGC

S77AS82Aup

5'GGG CGG ATG ATG AGC AGG CCT CTG CGG ATA

S82A

Acc

CCT CTG CGG ATA

AAc

5'CTT TAT CCG CAG AGG CCT GCT CAT CAT CCc ACC

AAG

S77AS82AIow

5.CTT TAT CCG CAG AGG CCT GCT CAT CAT CCG CCC
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Sequencing primers

S-tag

G
5'GTA AAA CGA CGG CCA GT
5'GGC CCT CTA GAT GCA TG
5'AGT TCA ATT ACA GCT CTT
5'CCA AGA CCA AGA CCG GTA T

T7 terminator

5'GCT AGT TAT TGC TCA GCG GTG

BS Reverse Primer
BS M13 -20 Primer
antisense pEFBOS

PuroVector Sense

5'AAC AGC TAT GAC CAT

(Bluescript)
(Bluescript)
(EFBOS)
(EF-puro)
(pET-32a)

G

(pET-32a)

Other

AdML

uppeT

_ 5.AAT TCC GAC GGT GTA GGC CAC GTG ACC GGG TGT AAG

IOweT

_ 5.AAT TCG CTT ACA CCC GGT CAC GTG GCC TAC ACC GTC

CG

AdML
GG

XREI(UPPER)

- 5'AAT TCG TGC CCC GGA GTT GCG TGA GAA GAG

XRE1 MK (LOWER) - 5'AAT TCT CCA GGC TCT TCT CAC GCA ACT CCG GGG
Adaptor

1

- 5'CTA ATA CGA CTC ACT ATA GGG CTC GAG CGG CCG CCC
GGG CAG GT

AdaptoT

2R

5.CTA ATA CGA CTC ACT ATA GGG CAG CGT GGT CGC GGC
CGA GGT

B actin

upper 5'CTG GCA CCA CAC CTT CTA C

B actin

lower 5'GGG CAC AGT GTG GGT GAC

oDNA synthesis

primer

5'TTT TGT ACA AGC T36 TNN

dT-l 5'ATG AAT TCT TTT TTT TTT TTA
Oligo dT-2 5'ATG AAT TCT TTT TTT TTT TT (A+C+G)G
OPB-01 5'GTT TCG CTC C
OPB-02 5'TGA TCC CTG G
OPB-03 5'CAT CCC CCT G
OPB-04 5'GGA CTG GAG T
OPB-05 5'TGC GCC CTT C
Oligo

2,2.8 Bacterial strains

XL-l

Blue and DH5cr were used as the bacterial strain for cloning pu{poses

36

Chapter Two: Materials and Methods

XL-l Blue; supE44 hsdRl7 rec\l end{l gyrA46 thi relAT lac-F'[proAB+

a

lacqlacZ(Ml 5 Tnl O(tetr)l
DH5a;Q80dlacZLMl5, recA7, endAl, gtrA96, thi-|, hsdRl7 (rç-, mK+), supE44,

relAl, deoR, L(lacZYA-arg F)UI69
BLzl (DE3); Used for expression of proteins in bacteria

o

F-, ompT, hsdSp, (rB-, mg-)gal dcm, À(DE3)

Rosetta BL21(DE3) (Novagen); Used
codons rarely used

.

as

in

to

express eukaryotic proteins that contain

E. coli

with BL21 (DE3) with the addition of tRNA genes for AGG, AGA, AUA, CUA,

CCC, GGA on a chloramphenicol resistant plasmid

Transformed bacteria was kept as a frozen stock by storing overnight cultures at -80oC

with an equal volume of

65%o

glycerol, supplemented with

0.lM magnesium

sulphate

and0.25 M Tris pH 8.0

2.2.9 Bacterial growth media
Luria Broth:

l% (wlv)

Bacto-tryptone (Difco), 0.5o/o (w/v) yeast extract (Difco), 1%

(w/v) sodium chloride and adjusted to pH 7.0 with sodium hydroxide

Solid Media: Solid media was prepared by addition of I.5Yo Bacto-agar (Difco) to luria
broth in 10 cm2 petri dishes

Bacterial selection: Selection for bacteria which had incorporated desired plasmid was
applied by the addition

of appropriate antibiotic in both solid and liquid media:

100

þglml Ampicillin, for the majority of plasmids, 50 pglml Kanamycin for EGFP and lac

I

plasmids, 100 þglml chloramphenicol for rare codon usage plasmid

in Rosetta

BL21(DE3) bacteria.

2.2.10 Tissue culture cell lines
Most experiments were carried out in 293T and Hepa 1c1c7 cells:
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o 293T;
o }]epalclcl;

Human embryonic kidney, fibroblast

Adult mouse liver

2.2.11 Tissue culture growth media

DMEM (Life Technologies ) + l0% Fetal Calf Serum
2.2.12 Miscellaneous
Anerobic sachets (Oxoid)
Centricon 1 0 concentrators (Amicon)
5

ml HiTrap His column (Amersham Pharmacia Biotech)

Microsep 10K (Pall Life Sciences)

Nick Columns, sephadex G-50 - (Amersham Pharmacia Biotecþ
PD10 columns (Amersham Pharmacia Biotech)
pUC19/ Hpa II DNA markers (Geneworks).
Protran (Schleicher and Schuell)

RNAzap-RNAse removal spray (Ambion)

RX MedicalX-ray film (Fuji)
Nytran (Schleicher and Schuell)

METHODS

2.3 DNA Manipulation Methods
2.3.L Preparation of competent bacteria
250 ml LB was inoculated with streaks of freshly plated bacteria. Cultures were grown
at 37oC with shaking until they have reached an OD66g 0.4-0.6. Flasks were chilled on

ice for 30 min and then centrifuged for 10 min/3,000 rpml4oC. Pellets were gently
resuspended

in 100 ml (215 vol) TFBI

and incubated on ice for 5-10

min.

were then re-spun 3,000 rpm/10 min/4oC. Pellets were gently resuspended

Samples

in

10 ml

TFBII (1/10 vol), and incubated on ice for 20-30 min. Cells were aliquoted into prechilled labelled microcentrifuge tubes (approx 200 plltube) and frozen

in a dry

icelethanol bath. Cells were stored at -80oC.
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2.3.2 Transformation of competent bacteria
2.3.2.1 Transformation of bacteria with intact plasmid
10-100 ng DNA was mixed with 80-100 pl competent bactena, and left on ice for

min. The mix was then plated onto a pre-warmed
incubated at

3'7o

5

agar plate containing antibiotic, and

C ovemight.

2.3.2,2 Transformation of bacteria with ligation mixes
One third of a ligation reaction (2.3.1.7) was mixed with 80-100 pl competent cells and

incubated on ice for 20

min. The DNA/cells mix

and then placed back on ice

was heat shocked at 42oC for 2 min

for 10 min. 0.2 ml SOC medium was then added to the

mix followed by incubation at37oC for 40-45 min. Cells were centrifuged at 6,500 rpm

for 15 seconds,

and a volume

of supernatant was removed such that 150 pl remained.

Pellets were resuspended and plated onto pre-warmed agar plates containing antibiotic.
Plates were incubated overnight at37oC.

2.3.3 Preparation of plasmid DNA
2.3.3.1 Alkaline lysis method of recombinant plasmid purification

A single transformed bacterial colony was selected from

arL

ml of LB supplemented with the appropriate antibiotic at

agff plate and grown in

37oC

5

with vigorous shaking

ovemight.

Bacteria culture (1.5
(Eppendorf) for

ml) was centrifuged at 6,500 rpm in a benchtop centrifuge

I minute. The supernatant was discarded

and centrifuged again for

1

minute at 6,500 rpm. The supernatant was again discarded and cell were resuspended

in 95 ¡rl TES and 5 pl RNaseA (50 mg/ml), thoroughly resuspending by vortexing. 200
pl Lysis Buffer was then added to each tube, and gently mixed and allowed to stand for

5 min at room

temperature

to

ensure complete

lysis.

Potassium acetate solution

(3M/5M, 150 pl) was added to precipitate chromosomal DNA and cellular debris and
mixed gently. The sample was incubated at 3loC for
degradation of

460 ¡rl

of

a

minimum for 30 min to ensure

RNA. The protein was removed by phenol/chloroform extraction, with

25:24:I phenol:chloroform: isoamyl alcohol added

to

each sample,
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thoroughly mixed and spun for 5 min at 14,000 rpm. The aqueous layer, containing
plasmid DNA, was transferred to a new tube and mixed with 1 ml95o/o ice cold ethanol
and incubated at -20oC for a minimum of 20 min to assist in the precipitation of DNA.

The samples were vortexed and centrifuged for 3 min at 14,000
removed and the precipitate was washed with

rpm.

Ethanol was

I ml of 70Yo ice cold ethanol. The DNA

pellet was dried at 37oC and resuspended in 30 ¡rl of TE. Plasmid DNA concentration
and purity was assessed both by visualisation on a lo/o TBE EtBr/Agarose gel (2.4.2)
and measuring light absorbency at260 nm.

2.3.3.2 Ammonium Acetate method of purifïcation
50

ml LB + Amp 100 was inoculated and grown overnight at37oC. Cells were spun for

5 min at 14,000 rpml4'C. Pellets were resuspended

inl.2 ml of freshlyprepared

Am

Ac Solution 1, transferred to oakridge tubes and incubated on ice for 20 min. 2.4 ml of
1%SDS/O.2M NaOH was added, and the tubes were mixed by inversion and incubated

on ice for 10

min. The tubes were then spun at 14,000 rpm/4"C/10 min.

Supernatant

was transferred to a new tube. 3.25 ml of isopropanol was added and the tube mixed by

inversion. After incubating at RT.C for 10 min, the tubes were re-spun. Pellets were
resuspended in 700

¡il of 2 M NHaAc pH7.4, and transferred to a microcentrifuge tube.

Tubes were incubated on ice for 10 min before spinning at 14,000 rpm/4"C/10 min.
Supernatant was transferred into a fresh tube and 700 pl isopropanol was added. Tubes

were mixed by inversion and incubated at RT for 10 min. Tubes were spun at 14,000

rpm/4"Cll} min before pellets were

resuspended

in 400 pl MQ. 5 ¡rl 10 mglml RNase

was added and tubes were incubated at 3l"C for 20

min. 200 p,l ice cold 7.5 M NHaAc

pH 7.6 was added, tubes mixed by inversion and incubated at RT for 5 min.

Tubes

were spun at 14,000 rpm/RT/lO min and supematant was transfemed to a new tube.

600

pl isopropanol was

added and tubes mixed

by inversion. After a 10 minute

incubation at RT, tubes were spun 14,000 rpm/RT/l0 min. Pellets were washedinT0o/o

EtOH and resuspended in

I

x TE (50-100p1).
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2.3.4 Restriction digestion of plasmid DNA
Typically, 4-5 Units of Enzynre was used for digestion of 1 pg of DNA. Incubations

were carried out

in lx

One Phor

All Buffer plus (Amersham Pharmacia) unless

otherwise instructed by the manufacturer. Digestion was carried out at 37oC for a

minimum of

t hour. Purification

of linearised fragments was performed by separation

on a lYo TBE EtBr/Agarose Gel (2.4.2). Recovery of the fragments was preformed

as

instructed by the BRESA-CLEAN method for DNA purification (Geneworks) or the
Qiaquick gel extraction kit (Qiagen).

2.3.5 Dephosphorylation of plasmid DNA

Single cut vector DNA was dephosphorylated using Shrimp alkaline phosphatase

(SAP). Following incubation of 1 unit of SAP/100 ng of DNA at 37oC for
enzyme was inactivated by heating at 65oC

for

I

hour,

15 min.

2.3.6 Generation of blunt-ended DNA using Klenow

After digesting DNA with an enzyme generating sticky ends, the enz)¡me was
inactivated as per manufacturer's instructions. Klenow fragment (7 Unítsl2 ¡rg DNA)
and

I mM dNTPs were added to the digestion mix. Following

an incubation period

of

30 min at 37oC, Klenow was inactivated by heating the sample at'l 5oC for 20 min.

2.3.7 Ligation of purified DNA fragments

Typically, 100 ng of vector DNA was ligated with an appropriate amount of insert
DNA to produce a 10 fold insert:vector molar excess. Ligations were performed with

lx

Ligase Buffer+ATP, with 6 units

of T4 DNA ligase in a 20 pl

reaction, and

incubated at 16oC overnight in a water bath.

2.3.8 DNA purification from agarose gels
Typically, DNA was purified from agarose gels

as per the manufacturer's protocol using

either the Geneworks BRESACIean or Qiagen Qiaquick Gel Extraction Kits.

2.3.9 Generation of new plasmids

o

pBluescript-AltARNT(Ha)2

NcoI/BlpI fragment from pGEMT Alt ARNT ligated into BS ARNT(Ha)2 NcoVBlpI.
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o

pBluescript-Alt ARNT(Ha)ZS77A

Use site directed mutagenesis with Alt ARNT Mut 1 and 2 primers to generate

mutation and silent addition of Eoo4TIII

site.

Template plasmid

:

SllA

pBluescript Alt

ARNT(Ha)2.

o

pBluescript-Alt ARNT(Ha)Z S82A

Use site directed mutagenesis with S82A up and S82A lower primers to generate S82A

mutation and silent deletion

of

SacI

site.

Template plasmid

:

pBluescript Alt

ARNT(Ha)2.

o

pBluescript-Alt ARNT(Ha)ZS77AS82A

Use site directed mutagenesis with S77AS82A up and lower primers to generate
S77AS82A mutation, silent deletion of Sac I site and silent addition of Eco4TIII site.
Template plasmid

o

:

pBluescript Alt ARNT(Ha) Z S7 7 A.

EFBOS/ARNT (Ha)Z

ARNT Ha fragment from pBluescript ARNT(Ha)2 (BamHI ends) cloned into BamHI
site of pEFBOS cs.

o

EFBOS/A1t ARNT (Ha)Z

Alt ARNT (Ha)Z fragment (BamHI ends) from pBluescript Alt ARNT (Ha)2 subcloned
into BamHI site of pEFBOS

cs.

o EFBOS/A1t ARNT S77A(Ha)Z
Alt ARNT S77A(Ha)2 fragment

(BamHI ends) from pBluescript

Alt

ARNT

Alt

ARNT

S77A(Ha)2 subcloned into BamHI site of pEFBOS cs.

o EFBOS/A1t ARNT S82A(Ha)2
Alt ARNT S82A(Ha)2 fragment

(BamHI ends) from pBluescript

S82A(Ha)2 subcloned into BamHI site of pEFBOS cs.
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o

EFBOS/AII ARNT S77AS82A(Ha)Z

Alt ARNT

S77AS82A(Ha)Z fragment (BamHI ends) from pBluescript

Alt

ARNT

S77AS82A(|Ha)Z subcloned into BamHI site ofpEFBOS cs.

o

pET ARNT l-142#2

To remove the extra N-terminal His tag from pET ARNT I-740, pET Alt ARNT

l-I42

#2 was amplified with S-tag and I32 C ARNT primers and digested with NcoI/EcoRI
and cloned into pET

ARNT l-I40 (Dan Peet) NcoVEcoRI. Screened for loss of BamHI

site.

o

pET Alt ARNT l-I42 #1 (not used for expression)

Kpn I fragment from pET 1-140 replaced with Kpn fragment from Alt ARNT/pGem7

o

pET Alt ARNT 1-142 #2

Cut NcoVXhoI insert from pET Alt ARNT l-142 #1 and ligated to pET ARNT I-140
#1 vector (Dan Peet).

o

pETAItARNT S77Al-142

Used site directed mutagenesis with Alt ARNT Mut 1 and 2 primers to generate S11A

mutation and extra Eco4TlII site. Template: pET Alt ARNT l-142 #2.

o

pET Alt ARNT S82A l-142

Used site directed mutagenesis with S82A up and lower primers to generate S82A
mutation and silent deletion of Sac I site. Template

o

:

pET Alt ARNT l-142 #2.

pET Alt ARNT S77AS82A 1-142

Used site directed mutagenesis with S77AS82A up and lower primers to generate
S77AS82A double mutation, extra Eco4TIII site and loss of Sac I site. Template

:

pET

AIt ARNT S7l AT-142.
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o

pET ARNT 358

Nco I/Hinc II fragment of ARNT digested from ARNT/GEM7 was ligated into pET32a
(Nco/EcoRV) (Made with the technical assistance of Sarah Linke).

o

pET Alt ARNT 358

Nco VSpe I fragment from pET ARNT 358 replaced with Nco VSpe I fragment from
pBluescript-Alt ARNT(Ha)2.

o

pET Alt ARNT S77A 358

Nco VSpe I fragment from pET ARNT 358 replaced with Nco VSpe I fragment from
pBluescript-Alt ARNT S77A (Ha)2.

o

pET Alt ARNT S82A 358

Nco VSpe I fragment from pET ARNT 358 replaced with Nco VSpe I fragment from
pBluescript-Alt ARNT S 824(Ha)2.

o

pET Alt ARNT S77AS82A 358

Nco VSpe I fragment from pET ARNT 358 replaced with Nco VSpe I fragment from
pBluescript-Alt ARNT S77AS 824(Ha)2.

o

p0luc

Digested p3luc with Hind

III to remove the E-box

sequences, and re-ligated the cut

vector backbone.

2,3.10 Polymerase Chain Reaction
Typically, 25 ¡ilreactions were set up with2.5 pl 10x Taq buffer, 1.5 pl 25 mM MgCl2,

0.5 pl 10 mM dNTPs, I U Taq enzpe, 0.25 p,l of each primer at 25 pM stock

I

¡rl cDNA, 1-10 ng plasmid DNA or a bacterial colony was
added to the mix for amplification and the mix made up to 25 p,l with MQ. Typical
concentration. Either

cycle pro gr am:

9 4o C I

2',

19 4o

c

I3

0",

55

ocl

I 5 ", 7 2" c

I

|lx3

0-3 5,

7 2o

c I 7'
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2.3.11 Labelling probes
2.3.11.1 Random labelling
25 ngtemplate was mixed with 1 pl 25 pM random hexamer dN6 and MQ up to 14 pl.
The mix was denatured at 95-100oC for 5 min and then chilled on ice. The following
was then added: 2.5 ¡/r0.5 mM dNTPs-dATP,2.5

dATP and 1 pl Klenow

(6ulpl).

pl

10 x Klenow Buffer,5 ¡rl

The tube was incubated at 37oC for

32P-

t hour. The

reaction was stopped with 2 p,l0.5 M EDTA and cleaned up on a G-50 Nick column.
The column was washed hrst with 200 pl 1 x TE, discarding the flow through. 75 ¡il I
x TE was added to the reaction mix, which was all then added to the column, discarding
the flow through. The column was washed once with 400 ¡rl 1 x
was eluted with 400

pl 1 x TE.

I

TE. Labelled probe

pl was counted in duplicate with

I ml scintillation

fluid in a scintillation counter. Before use in a hybridisation, 0.5-1

x 106 cpm/ml

Prehyb solution was aliquoted into a microcentrifuge tube and heated to 95oC and
chilled on ice before use.
2.3.11.2 End-fìll reactions with Klenow

The XRE, HRE and E-box probes were labelled using the Klenow fragment of DNA
pol¡rmerase. The reaction consisted of 2 p,l of 2 mM nucleotide mix (lacking dATP),

pl of either XRE, HRE or E-box probe (25 ngl¡il),4 pl of
32P-cr-dATP,2
30oC for 30

¡i

min.

10

1

x Klenow Buffer, 40 ¡rCi

Klenow enzyme and 9 pl water. The reactions were incubated

at

The volume rilas then increases to 150 pl, and loaded onto a nick

column (Amersham Pharmacia Biotech), pre-washed with 400 ¡rl TE and 200 pl
fractions were collected following elution with

I x TE. 1 ¡rl aliquots of each fraction

were assayed by scintillation counting to determine the fraction which had incorporated

the radiolabelled probe, and also to determine the activity of the probe. Typically
between 10,000 and 15,000 counts per minute per pl of radiolabelled probe was used

for each gel shift reaction.
2.3.12 Southern blot analysis
2.3.12.1 Making dot blots

5 pl of PCR products were mixed with 5 pl of freshly diluted 0.6M NaOH.

lpl

was

spotted in duplicate onto nylon membrane (Nytran). The nylon was then soaked in 0.5
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M Tris pH 7.5 for 2 min before being washed in MQ. DNA was then cross-linked to
the filter using a UV-crosslinker. Filters were placed onto a sheet of damp Whatman
paper DNA side up and crosslinked on the "Auto" program. Filters were then stored
between dry Whatman at 4oC until use.

2.3.12.2 Pre-hybridisation
Membranes ìù/ere rinsed in 6 x SSPE and prehybndized for 4-5 hours at 65oC in a large
hybaid bottle in 20 ml Prehyb buffer. Once the boiled ssDNA has been added to buffer,
500 pl was removed for adding the probe after prehybridising.

2,3.12,3 Hybridisation of probes to filter

Boil

106 cpm/ml hyb

buffer for 5 min and then add to the 500 pl prehyb buffer set aside

earlier. Add to the hybaid bottle, and leave to incubate overnight at 65oC. Bufferþrobe
was poured out of the bottle and discarded as radioactive waste. Filters were washed in

2x SSPE/O.I% SDS 65"C/10 min x
65oC/30

2.

Filters were washed in 0.2xSSPE/0.I%SDS

min x 2, and then exposed to a

phosphorimager

or

analysed by

autoradiography.

2.3.13 Preparation of single stranded salmon sperm DNA
500 mg of herring sperm DNA (in sodium salt, Roche Molecular Biochemicals) was
dissolved in 50 ml MQ (to make a 10 mg/ml stock) overnight at 4oC with a magnetic
stirrer in a beaker. The concentration of NaCl was adjusted to 0.1 M (added 937.5

¡il

4M to 50 ml). The mix was transferred to a centrifuge tube, and an equal volume of
buffered phenol was added and mixed in with

a

pipette. The tube was spun at RT/9,000

rpm/10'. The aqueous layer was removed and transferred to a new centrifuge

tube.

Again, an equal volume of phenol/CHCl3 was added and the tube mixed well before
spinning again. The aqueous layer was transferred to

a

beaker. Transferring the DNA

from one beaker to another, the DNA solution was poured into a 50 ml syringe attached
to an 18 G needle and syringed through 12 times to shear the DNA. The sheared DNA
was transferred to a centrifuge tube and 2 volumes of

95%o

cold EtOH was added before

spinning at 10,000 rpml4oCll5'. The SA{ was removed and discarded. 30 ml of MQ

was added to the DNA pellet and dissolved with a magnetic stirrer for

t hour.

The

DNA concentration was measured and the concentration adjusted to a final of

10
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mg/ml. The tube was boiled in a water bath for 10 min, chilled rapidly on ice,

and

pipetted into microcentrifuge tubes and stored at -20oC.

2.4 Gel Electrophoresis Methods
2.4.1 Agarose gel electrophoresis
Separation

of DNA fragments was performed using 1-2Yo Agarose in lx TBE gels.

After melting the appropriate amount of Agarose in
approximately 55-60oC

1

x TBE, the solution was cooled to

to which Ethidium Bromide was added to give a

final

concentration of 1 ¡tglml.

2.4.2 Agarose/formaldehyde gel electrophoresis
For a large lo/o gel,1 g agarose was dissolved in 84.6 ml MQ and cooled to 55-60oC. 4

ml 10 x MOPS

and 2 ml37Yo formaldehyde were added and the gel was poured

fume hood. Gels were run

in 1 x

in

a

MOPS at low voltage for several hours before

transferring RNA to filter.

2.4.3 Sequencing gel electrophoresis
2 glass plates [385 x 200 x 3 mm, 400 x 200 x 3 mm] were cleaned with detergent and
dried with paper towels. Plates were then cleaned with EtOH and wiped cleaned with
tissue paper. EIOH was also used

to

clean 2

x long spacers (0.37 mm thick) and a

comb (0.4 mm) with wide flat wells. Spacers were put of the larger glass plate and the
other glass sheet was placed upside down over the spacers. The plates were placed so
the top of the gel was resting over a large red rack and the bottom over a small red rack.
The gel solution was mixed:32 ml Sequagel (large bottle), 8 ml Sequagel (small bottle)

and320 ¡tL l0% APS. The gel mix was syringed up into a 50 ml syringe and syringed
down between the plates, and any bubbles that may have form were tapped out. The
small rack near the bottom of the gel was replaced with a large rack and 6 bulldog clips

were clamped around the long sides of the gel set-up. The comb was placed, adding
extra gel mix around the comb, so bubbles would be less likely to form. The comb was

then clamped with 2 bulldog clips (tight ones). The gel was left to set for 30 mins-2

hours. The gel was then either used immediately, or wet paper towels added to
end of the gel and the whole mix glad-wrapped and kept at RT

each

OA{. Bull dog clips
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were then removed and the gel placed and clamped into gel running apparatus. The
comb \ryas removed and a cut up spacer was used to straighten up the wells. 1 x TBE

was added to the top and bottom chambers
electrophoresed 45

W30'.

of the apparatus, and the gel pre-

Just before loading samples, wells were flushed with a

syringe.

2.4.4 Non-denaturing gel electrophoresis
Non-denaturing gels

of 5.5o/o acrylamide were used for Gel shift analysis and were

prepared by combining:

- XRE: 5.5 ml

40%o acrylamide,

8 ml of 5 x TGE

(lx

final), 26.5m1water, 40

¡il

TEMED and240 pl 10% APS.

- E-box: 32.5 ml MQ, 2 ml 5 x TBE (0.25x final), 5.5 ml 40o/o acrylanride, 40 pl
TEMED and240 pl l0% APS

Gels were poured and electrophoresed

in an OWL Electrophoresis apparatus

(ADELAB). Prior to separation of samples, gels were pre-electrophoresed at200Yl30
mA for 45 min. Electrophoresis occurred in

I x TGE buffer (XRE) or 0.25 x TBE (E-

box) at or less than 30 mA/200V.

2.4.5 Denaturing gel electrophoresis
Tris-Glycine gels:
Denaturing SDS Gels of 7.5Yo acrylamide were used to separate proteins for Coomassie

or Western analysis. Gels were cast using the Owl mini-protein apparatus. The
separating gel was prepared by combining 1 I .25 ml water, 3.7 5 ml 40Yo acrylamide, 5

ml 4x Separating Buffer, 75 p,l30% APS and 45 ¡i TEMED. Once fullypolynerised,
a 4.5o/o stacking gel was prepared by combining2.5 ml 4x Stacking Buffer, 1.13 ml
40Yo acrylamíde,6.37

ml water, 40 pl TEMED and 83 ¡ú30% APS. Protein separation,

of 80-100 pg protein boiled in an equal volume of 2 x SDS Sample Buffer for 5 min,
was carried out

in I x Running Buffer and electrophoresed at 80 Volts until samples

reached the separating gel, and then 160 Volts.

Tris-Tricine Gels: used for separation of smaller proteins < 30 kDa. Gels were cast
using the Owl mini-protein apparatus using the following tables:
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Separating gels:
15% thick

ml

Ihin

l25Yo thick

15% thin

12.5o/o

ml

4.25 ml

8.5

ml

MQ

5.8

3M Tris-Cl pH 8.3

6.7 ml

4ml

4ml

8ml

40o/o acrylarnide

7.5 m\

4.5 ml

3.15 ml

7.5

10% APS

150 pl

150

TEMED

25 wl

20 Vl

20 ul

40 ttl

20 ml

12ml

12ml

24 ml

3.5

pl

120

¡il

ml

240

¡il

Stackins eels
s%

MQ

4.4 ml

8.3
40Yo acrylamide
10% APS
TEMED

2.6ml

3M Tris-Cl pH

1

ml

100 pl
15 pl

8ml
Protein separation, of protein boiled in an equal volume of 2 x SDS Sample Buffer for
5 min, was carried out in Tris-Tricine Running Buffer and electrophoresed at low Volts

(80v).
2,4.6 Coomassie staining of gels
To stain a gel for total protein content, it was incubated with Coomassie stain for

at

least 1.5 hours. Stain was removed by incubating overnight in Coomassie Destain
Solution.

2.4.7 Western blotting
2.4.7.1 Protein transfer to nitrocellulose and antibody incubations

Following SDS-Polyacrylamide gel electrophoresis, proteins were transferred to

a

nitrocellulose membrane using a Hoefer semi-dry electroblotter as instructed by the

manufacturer. The transfer was carried at out 70 mA for 70 min, after which the
membrane was blocked either overnight at 4oC in 5Yo skim milk powder in PBS-T, or

for t hour at room temperature in l)Yo skim milk powder in PBS-T. After blocking,
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the membrane was rinsed in PBS-T followed by incubation with primary antibody for at

least 3 hours with gentle shaking at room temperature. The anti-ARNT antibodies
(generated

in a rabbit) were diluted

11425

in PBS-T with the addition of 5% milk.

Following the primary incubation, the membrane was washed for 3x 10 min in PBS

with gentle shaking

at room temperature. Membranes were then incubated

with an anti-

rabbit Ig antibody conjugated to horseradish peroxidase, diluted to a concentration of
112000

in PBS-T/IYomilk, for t hour with gentle shaking at room temperature. Finally,

membranes were washed for 3 x 10 min in PBS-T.
2.4.7

.2 Chemiluminescent detection of proteins

Following the final washing step, the membranes \ryere drained of excess buffer. 1 ml

of Pierce SuperSignal substrate

I

was mixed with an equal volume of substrate

2 and

immediately pipetted onto the membrane, covering the entire membrane surface. The
detection chemicals were left on the membrane for precisely 1 minute after which time

the chemicals were drained on the membranes left to semi-dry on paper towel. The
membranes were then wrapped in cling wrap and exposed to autoradiography film for

time periods ranging from 5 seconds to 5 min.

2.5 Tissue Culture Methods
2.5.1 Maintenance of cell lines

Cell lines were grown in Dulbecco's modified eagles media (DMEM, Life
Technologies) supplemented with 10% Foetal Calf Serum (FCS) (Refened to as
Complete Media). Grown in75 or I75 cm2 flasks, cells were passaged every 4-5 days.

'When

necessary, hypoxic micro-environments were attained using commercially

available anerobic sachets (Oxide). Following manufacturers' instructions, 1 sachet
was placed inside a 2.5

L airtight

chamber has been reduced

container and within 30 min the oxygen within the

to Io/o. Normally, cultured cells were grown in20o/o oxygen.

2.5.2 Harvesting of cell lines

For the passaging of cells, and for transfections, cells grown to 80-90% confluency
were initially washed with PBS and treated with2 ml (75 cm2 flask) or 4 ml (I75 cm2
flask) trypsin to each flask. After a 3 min incubation with trypsin, cells were harvested
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by gentle agitation and addition of 8 ml (75 cm2 flask) or 11 ml (175 cm2 flask)
Complete Media. Cells were pelleted in a20 ml centrifuge tube for 5 min at 1,200 rpm.

For whole cell extracts, cells were removed by the addition of TEN instead of the
proteolytic trypsin.

2.5.3 Making frozen stocks of cell lines

Cells grown to 60-700lo confluency

in a 75 cm2 (or

175 cm2)

flask. Cells were

harvested by trypsinization (2.3.3.2), followed by the resuspension of cell pellet in 3 ml

(6 ml for

Il5

into ice-cold
stored

cm2) ice cold 90Yo FCS and 10%
1

DMSO. 1 ml samples were aliquoted

ml freezíng vials (Nalgene), and stored on ice for 30 min, before being

in a polystyrene

storage container at -80oC overnight. Frozen cell lines were

stored at -80oC in a standard freezer box.

2.5.4 Analysis of reporter gene activity in transient transfected cell lines
2.5.4.1 Transient transfection of cell culture lines in 24-well format
Cells were seeded onto 24-well plates at 80,000 cells per well (293T, 30,000 cell per

well for Hepas). The following day, cells were transfected with plasmid DNAs using
Fugene-6 (Roche) as per the manufacturer's protocol. After 3ó hours, cells were lysed
and the luciferase activities were determined by the use of the Dual-Luciferase Reporter

Assay System (DLR, Promega) as per the manufacturer's protocol (see 2.5.4.2).
Normally, cultured cells were grown and maintained in an atmosphere of 20Yo oxygen,
though for some experiments, cells were maintained in an atmosphere of lo/o oxygen

(hypoxia). Hypoxic micro-environments were attained using commercially available
anerobic sachets (Oxide). Following the manufacturer's instructions, 1 sachet was
placed inside a 2.5 litre airtight container and within 30 min the oxygen within the
chamber had been reduced to lYo. Typically, cells were subjected to hypoxia 24 hours
after transfection, and lysed after 16 hours of hlpoxic treatment.

2.5.4.2 Assaying luciferase activity
The DLR Kit (Promega) involves the use of a dual reporter assay, with the activities

Firefly

and Renilla luciferases measured

of

from a single sample consecutively. This is

possible due to the distinct evolutionary origins of the two forms of luciferase and their

different substrate specificities. The DLR

Kit allows the luciferase activity of the
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Renilla internal control to be monitored and used as a baseline with which to measure
the relative transfection effrciency between differently transfected wells, to normalise
the experimental reporter results.

Following the completion of the transient transfection assay, media was aspirated from
the cells.

I

x Passive Lysis Buffer (100 pl, Promega) was added to each well of the 24

well tray, which was gently shaken at room temperature for 15-20 min and then either
immediately assayed or stored at -20oC until assayed. 1-10 pl of the cell lysate was
assayed

first for Firefly luciferase activity, with the addition of 25 pl of the LARII

reagent and light emitted measured

with a Hybaid Luminometer. Renilla luciferase

activity of the same lysate was then assayed by the addition of 25 ¡tl of Stop and Glo

with careful mixing to ensure quenching of the first reaction and measurement with the
luminometer. Results are presented as Relative luciferase activity (Firefly:rRenilla).
Where cells were not transfected with the Renilla internal control plasmid, Firefly
luciferase activity was nofinalised to the protein concentration of cell extracts and
'Where
presented as Normalised luciferase activity.
applicable, statistical significance
was determined using the Student's t-test (two-tailed, two sample, equal variance), with
significance determined when P<0.05.

2.5.5 Whole cell Protein Extracts

Cell culture lines ,ù/ere grown to approximately 90-95% confluency in 6 cm dishes.
Harvesting of cells was via the addition of 500 pl

dishes containing TEN, 1

TEN. Following the agitation of

ml PBS was added to

each dish, and the cells were

centrifuged at I,200 rpm for 10 min at 4oC in a microcentrifuge tube. The supematant
\Mas

removed and the cell pellet resuspended in approximately 4x the pellet volume of

ice cold whole cell extract buffer (50 pl
4oC

-

100 pl), followed by a 30 min incubation at

with constant agitation. Following a 30 min centrifugation at 14,000 rpm at 4oC,

the cell supematant was transferred to a new microcentrifuge tube and the concentration
determined by the Bradford or BCA protein estimation procedure. Samples were stored
at -80oC

until further use.
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2.5.6 Preparation of Nuclear and Cytosolic extracts
10 cm dish of cells was harvested in 5 ml TEN, and cells spun at 1,200 rpm/s'. Pellets

were resuspended

in 1 ml cold PBS

and transferred to a microcentrifuge tube. Cells

spun again 1,200 rpmll', before the supernatant was removed and pellets washed by

adding

I ml cold PBS. Cells spun I,200 rpm/5' and pellets resuspended in 150 pl

Hypotonic Buffer + fresh 1 mM DTT, 1 mM PMSF, 1 x Protease lnhibitor Cocktail.
Tubes were incubated on ice for 30 min and then at -80oC for at least 30
were thawed on ice and spun 14,000 rpm/4oCl3O
was removed and kept

+ fresh DTT, PMSF,

if desired.

Protease

min.

Samples

min. Supernatant (cytosolic fraction)

Pellets were resuspended in 20

¡i Hypotonic

Buffer

Inhibitor Cocktail, 0.42 M KCl. Tubes were nutated in

cold room for 30-45 min and spun down 14,000 rpml4oCl3} min, with the resultant SA.l
being the nuclear fraction.

2.6 RNA manipulation Methods

All of the following RNA protocols use RNA-only stocks of solutions, or solutions
made up with DEPC-treated MQ. Aerosol tips and gloves were used to minimise
sources of RNAses.

2.6.1 Isolation of total RNA
Total RNA was isolated from cells using the RNAzol protocol. Briefly, cells grown to
90olo confluency

in a 6 cm dish were harvested (2.5.2), resuspended in

1

ml PBS and

transferred to a microcentrifuge tube. These cells were spun down at 1,400 rpml3'l4oC,

the supernatant removed and the pellet resuspended in 200 pl RNAzol

B.

Chloroform

(20 pl) was added, the samples vigourously shaken and then incubated on ice for 5 min.
Tubes were then centrifuged at 14,000 rpm/l5 minJ4oC and the supernatant transferred

to a new microcentrifuge tube. An equal volume of isopropanol was added and

the

RNA left to precipitate for 15 min at RT. Tubes were then spun for 15 min/4'C114,000

rpm and the pellets washed in
resuspended

70o/o

EtOH at 4oC. The final dried pellet

was

in 30-50 pl DEPC-MQ. Evaluation of RNA concentration and purity was

performed by visualisation on a l%o Agarose gel Q.a.Ð in which the apparatus was
specially cleaned with RNAzap. RNA concentration and purity was also calculated by
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measurement

of the absorbance at 260 and 280 nm with a

Cary

UV

Visible

Spectrophotometer of a 1 in 150 dilution of RNA in MQ pIJ7.

2.6.2 Isolation of poty(A) RNA
Dav I
4

x

175 cm2 flasks were harvested

with trypsin, with cells then washed 3 x in cold PBS.

Cell pellets were then resuspended in 20 ml Cell Resuspension Buffer. Proteinase K
was added to a final concentration of 200 ¡tglml (200 pl of 20 mglml), and incubated

for 1 minute at RT. SDS was added to a final concentration of I% (2 ml of l0%).
Immediately after the addition of SDS, the cell lysate was passed 3 x through 20 G
needle, followed by 2-3 x through 27 G needle. The Proteinase

K concentration

was

adjusted to 300 pdml (136 pl 20 mglml) and incubated for 2-3 hours at37oC. 1 ml

of

oligo dT slurry (1:1 oligo dT cellulose in oligo (dT) binding buffer) was added to cell
lysate, and left to incubate OA{ at RT with slow end-over-end mixing.
Day 2

An Oligo-dT cellulose column was firstly prepared. A pasteur pipette was packed with
glass

wool. A

corex tube and the packed column were siliconised by washing in

sigmacoat (Sigma). They were then washed with oligo dT binding buffer and left to

dry. Cell lysate was then spun for 3 minl2,500 rpm/RT. Pellets were washed and

spun

3x with 10 ml binding buffer. The final pellet was resuspended in 10 ml binding buffer
and loaded onto the column. The column was washed with 20 ml washing Oligo dT

washing buffer. Poly(A) RNA was eluted with 2

ml elution buffer into siliconised

RNase free corex tubes. RNA was precipitated with 0.1 vol 3M NaAc and2.5 vol95o/o

EtOH. The tube was covered in parafilm and mixed before leaving at -80oC for 30 min.
Parafilm was removed from tubes which were then spun at 14,000 rpm120'l4oC.
Supernatant was then removed and pellet left to dry before resuspending in 50-100 ¡rl

DEPC-MQ.

2.6.3 Northern blotting of RNA

l. A 1% agarose/formaldehyde gel (section

2.4.2) was poured

2. RNA samples were prepared: 10¡rg total RNA/3 ¡rg poly(A) RNA mixed l/5: RNA
Sample Buffer 4/5. Samples were heated aI70oC for 5 mins, chilled on ice and then 10
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x loading buffer

added

to a final concentration of

1

x.

Samples were then loaded onto

the gel and run at 60 V for 3 hours.

3.

Gels were then soaked in MQ for

I hour (no shaking) and then in 20 x SSC while

setting up the transfer. In a clean glass cooking dish, an upside-down gel casting tray
was placed. Over the top, 3

x 3MM

sheets larger than the gel, and much longer were

placed which were to be in contact with buffer in the dish on both ends. The 3MM
sheets were rolled out flat one at a time to remove bubbles and 20
each sheet

with

x SSC was added to

a pasteur pipette. The gel was then placed upside down over the

3MM.

A piece of Nytran the exact size of the gel was cut out and pre-soaked briefly in MQ
and then 20 x SSC before it was placed on top of the gel. An extra 5 sheets of 3 MM

the exact size of the gel were placed on top. Finally a stack (3 cm) of interfold towels
was added on top. A glass plate and a weight was added to the top, buffer was added
several cm high in the dish and the whole dish and transfer was wrapped in glad wrap
and allowed to transfer O/f{.

4. After transfer, the filter was placed on a damp piece of 3MM

and UV-crosslinked

(autocross-link program). The filter was then stored between dry Whatman paper at
4oC until

use. Pre-hybridisation was performed for l-12 hoursl65oc in 20 ml pre-

warmed Ultra Hyb or Rapid Hyb. Boiled and chilled probe was then added directly to
'Washings
the tube (0.5-1 x 106 counts/ml buffer).
were performed as for Southern
blots (2.3.1 2.3), except that SSC was used in place of SSPE.

2,6.4 Generation of cDNA from Rl\A
The AMV (Avian lV[yeloblastosis Virus) reverse transcriptase was first activated by

diluting the enzyrne to 3.5U1¡il

in a solution containing 10%o glycerol, 10 mM

Potassium Phosphate buffer pH 7.4, 0.2%o Triton-X-l00, 2 mM DTT and DEPC-MQ
and incubated on ice for 30

min. RNA sample concentration was previously evaluated

by two different methods (2.6.2) and exactly 1 pg of RNA was added to 0.5 pl 25 pM
random hexamers and DEPC-MQ in a final volume of 8

pl.

The nucleic acids were

denatured by incubation at 70oC for 5 min and then placed on ice to allow annealing

random hexamers to

RNA. The final oDNA

synthesis reaction contained the

of

8 pl

annealing reaction, 3 pl of the AMV reverse transcriptase mix, 1 x First Strand Buffer,

1 mM dNTPs and 20 U RNAsin. This was incubated for 2 hours at 37oC and then
incubated at 95oC for 5 min.
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2.6.5 Differential Display RT-PCR

1. Making RNA
The RNAzol B method was used to make RNA from a 10 cm dish. The final RNA

pellet was resuspended

in 20 ¡rl DEPC-MQ. To remove

chromosomal DNA

contamination, to the 20 ¡rl of RNA, the following was added: 0.5 pl 4}Ul¡il RNAsin,
¡rl RNase-free DNase I, 5 ¡rl 0.1 M Tris-Cl pH 8.3, 5 ¡rl 0.5 M KCl, 5

pl DEPC-MQ. The mix \¡/as incubated at

and 13.5

pl

37'C130

15

1

mM MgCl2

min. 50 pl

phenol/chloroform (3:1) was added, the tube was vortexed and spin at 14,000 rpml2

min. The upper

phase was transferred

to a new microcentrifuge tube and 5 ¡rl of 3 M

sodium acetate pH 5.2 and 200 ¡tI95% EIOH were added. The tube was incubated for

30 mins at -80oC to precipitate RNA and the spun for
supernatant was removed and the pellet was washed

l0 mins at 14,000 rpm.

The

with 500 ¡rl 7}%EILOH. The RNA

pellet was dissolved in 20 p,l DEPC-MQ and quantitated by measuring OD26g and
ODzso. 3 pg of cleaned RNA was electrophoresed on a denaturing agarose gel to check
the integrity. RNA stored at -80oC before use.

2.

Reverse Transcription Reaction

1 pg RNA mixed with

I

¡rl degenerate anchored oligo-dT primer (100 nglpl)

and

DEPC-MQ up to 8 pl before being incubated atJÙoC for 5 min, then chilled on ice. To
the 8 pl annealing reaction, the following was added: 2
dNTPs,

I

pl AMV Rev (35U/pl), 0.5 pl RNasin

was incubated for

and

¡i l0 x RT Buffer, 4 ¡i 5 mM

2.5 ¡rl DEPC-MQ. The reaction

I hour at 42oC and then at 95ocl5 min to inactivate the AMV Rev.

Tubes were spun briefly to collect condensation and placed on ice for immediate PCR

or stored at -20oC for later use.

3. PCR amplification

A

Master

Mix was prepared containing the following per reaction: 2 ¡rl 10x PCR

Buffer, 1.5 pl 25 mMMgCl2,1 pl 5 mM dNTPs, 1 ¡rl Taq Polymerase (lU/pl), 0.5 pl

ndpl)

used

I

¡rl arbitrary decamer (100 nùplr), I ¡rl same dT primer (100
in oDNA synthesis and 10 pl MQ. 18 pl of Master Mix was aliquoted per

10 pCilpl 33P-dATP,

0.5 ml PCR tube. 2 p,l of cDNA synthesis reaction was added to each tube, mixed and
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placed in a PCR machine and cycled for: 94"C11', 42ocll',72oC130'for 40 cycles and

theî72ocl5'. PCR products stored at

4oC

until use.

4. Separation of PCR products by gel electrophoresis

4 ¡rl of PCR reaction was mixed with 4 pl Formamide loading buffer and incubated at
65oC for 5 min before being loaded onto a 60/o denainng polyacrylamide gel pre-run
'Watts.
for 30' at 45-50
The gel was run for several hours at 45-50V/ until xylene cyanol
runs within

l0 cm of the bottom of the gel. The gel was dried onto Whatman paper (1

hour) and exposed to film for 24-48 hours at RT.

2.6.6 Suppression Subtractive Hybridisation
Poly(A) RNA was isolated from cells as in section2.6.2 and used in the Clontech PCRSelect cDNA subtraction

Kit (#PTlll1-l) following the manufacturers'

instructions

with the following changes (As recommended by Andreas Diekmann, Karolinska
Institute, Sweden)

1. In the first strand s5mthesis reaction,
MMLV RT. After RNA

Superscript RT (Gibco) was used instead

of

samples had been heated for 2 min at7}oC, and chilled on ice,

4 ¡ú 5 x First strand buffer (Gibco), 2 p,l0.l M DTT (Gibco) and 1 pl 10 mM dNTPs
was added, the tubes mixed and spun down before 2 pl Superscript RT was added. The

tubes were gently mixed and left to incubate at 37oC for

I

hour in a thermal cycler

before placing on ice and proceeding with the second strand synthesis reaction.

2.

Aft.er the second strand synthesis T4

DNA polymerase step at 16oC for 30 mins in

water bath, reactions were cleaned up using the Wizard PCR clean up

kit (Promega)

instead of the precipitation steps in the protocol. DNA was eluted from the

columns

in 30 pl prewarmed 1 x TE. 2.5 pl

electrophoresis. The Rsa
microcentrifuge tube:

I digestion

was set aside

for

'Wizard

agarose gel

was then set up by mixing the following in

l6 ¡rl MQ, 27.5 p,l ds oDNA (cleaned up), 5 ¡rl Clontech

I buffer, 1.5 pl Rsa I 10 U/pl (Clontech),

and the reaction

a

a

10 x Rsa

left to incubate overnight at

3loc.

5l
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3. After the RsaI digestion, instead of puriSiing the DNA with

phenol/chloroform, the

Wizard PCR clean up kit was again used. DNA was eluted in 40 pl

I x TE. (larger than

the 5.5pl volume at the same step in the recommended protocol)

4.

In the adaptor ligations, the cDNA was not diluted, but used as is (ie 2 pl on non-

diluted ds cut cDNA in the ligations)

2.7 Protein purifïcation from bacteria
2.7.1 Protein expression from pET vectors
pET-32a plasmid was transformed into

BLzl (DE3) or BL27 Rosetta, with a fresh

colony used to inoculate a 10 ml overnight LB culture grown at 30oC (100 pg/ml

Ampicillin selection. BL21 Rosetta bacteria requires 100 pglml Carbenicillin

and

Chloramphenicol 30 pglml selection). The ovemight culture was used to inoculate 500

ml of LB Amp and grown until A6¡6: 0.4-0.6 at 30oC. If 2% glucose was added to the
overnight culture, the culture is spun down and resuspended in no glucose media for

inoculation. Cultures were induced with 0.1 mM IPTG for 3 hours at 30oC before
being spun down into 2large centrifuge bottles 5000 rpml3'l4oC. One cell pellet was
frozen for future use while the other was resuspended

mM PMSF,

I mM DTT, 0.1% Triton X-100

in

10

ml

I x Binding buffer +

1

and 5 mg lysozyme. After a 20 minute

incubation on ice, suspension was sonicated 9 times/25 sec on ice, before being spun

down 15000 rpm/20 min/4oC. The supematant (soluble extract) was kept, desalted into

an equal volume of buffer

A

and filtered before proceeding with Nickel Affinity

Purification (2.7.2).
2.7.2 Nickel Affïnity Purifïcation
Using Qiagen Ni**NTA resin:
To approx 5 ml soluble protein,

1

ml

Ni*\TA

50% slurry was added and incubated for

2 hours at 4oC. The mix was poured into an empty PD10 column with the cap still on.

After the mix settled, the flow through was collected. The column was washed with
20-50

ml 1 x Binding Buffer + 1 mM DTT + 1 mM PMSF. The column

washed

with 1 ml250 mM imidazole in

I x Binding

was then

Buffer. The flow through was

collected and the column was then left for 5-10 min. Proteins were eluted by washing
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with another 6 x lml250 mM in 1 x Binding Buffer, collecting the fractions separately.

Following Bradford analysis and gel electrophoresis of the fractions, the

desired

fractions were desalted using a PD10 column.

Using Amersham Pharmacia 5ml Hi Trap Nickel column with FPLC:

A freshly charged 5 ml column was equilibrated with 25 ml Buffer A, 25 ml 250 mM
imidazole in Buffer A and 50 ml Buffer

A.

A.

A

and then 50

ml 50 mM imidazole in

Proteins were eluted with 250 mM imidazole

in Buffer A, 10 x 1 ml

which was then washed with 50 ml Buffer

Buffer

The sample was loaded onto the column

M EDTA pH

7,

ml using a centricon-l0

or

fractions were collected. Column was then stripped with 25 ml 0.1
washed with MQ and stored in20o/o EtOH at 4oC.

2.7.3 Stze Exclusion Purification
Proteins \Mere concentrated

to a

sample less than 0.5

Microsep 10 K. Using the Superdex 200 column on an FPLC (Amersham Pharmacia),

the column was washed with at least 2 volumes

(:

50 ml) Sephadex200 Buffer,

pressure 1.3 MPa, 0.1 ml/min. The extra 1 ml loop was washed with 10 ml of buffer at
10

ml/min for I min to remove bubbles. The speed was adjusted to 0.5 ml/min, and the

chart recorder to 0.25 cm/min. The protein sample was prepared by incubating with 10

mM DTT at 37oCl20 min, spun 2 minll4,000 rpm, and the SA{ loaded onto the

I ml

loop (with valves set to bypass loop). The valves were changed so the buffer passed
through the loop and started collecting 1 ml fractions (2 min) at the same time. About

25 ml samples were collected. Between protein samples, the column (and
through the loop) was washed with buffer for

l0

I hour 0.5 ml/min. When collecting

ml
and

washing was finished, the pumps were filled with 20o/o EtOH and the column (and
several mls through the loop) was washed with EtOH at0.2 ml/min for 300 min.

2.7.4 Desalting of proteins

Dialysis: Protein can be dialysed in several litres of the buffer of choice in the cold
room overnight when placed in dialysis tubing (Up to several ml). The buffer is
replaced at least once, with the sample being removed from the dialysis tubing with a
pasteur pipette when dialysis has finished. (up to 24 hours)
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PD10 columns: protein can be desalted into an equal volume of a buffer of choice
using a PD-10 column. The column is firstly washed in 5 vol (25 ml) of the buffer

of

choice. The sample, up to 3.5 ml, is loaded onto the column, and then eluted in up to
3.5

ml of buffer.

2,7.5 In vitro kinase assays
0.5 pg of purified protein was incubated with 85 U of purified Protein Kinase CKII
(New England Biolabs) according to the manufacturer's instructions with the addition

of 5 ¡rCi of 32P-T-ATP. Reactions were stopped after 30 mins/30oc by the addition of

SDS Sample Buffer, separated by SDS-PAGE, transferred

to

nitrocellulose and

analysed by autoradiography. For reactions analysed by EMSA, instead of adding SDS

Sample Buffer, they were immediately incubated at 37oC

for 15 min (with purified

DR(1-287) where appropriate) to allow proteins to homo- or heterodimerise, before
adding Binding Buffer and probe, as described below.

2.7.6 Electrophoretic mobilify shift assays (EMSAs)
Annealed double-stranded oligonucelotides were end-filled with 32P-labelled dNTPs
using Klenow enzyme and used as probes for EMSAs. The AdML probe contains the

CACGTG E-box motif from the Adenovirus Major Late Promoter (Sawadogo and
Roeder 1985) For each reaction, 300 ng protein was mixed with MQ up to a total of 10

¡rl and heated at37oCll}

min. 10 pl of Master Mix was then added to each tube [5 pl4

x E-box gel shift buffer,

I pl 10 m{ml,0.2 pl 1 M DTT, 0.1 pl 10 mglml ssDNA

(boiled and chilled),2.7

¡l

MQ and

I pl probel

and incubated at RT

for

15

min. A free

probe only sample was prepared by mixing 11 pl MQ, 5 ¡ú 4 x E-box gel shift buffer,

1

pl probe and 3 pl 6 x loading buffer. Sampled were then run on 5.5% 0.25 x TBE gels

in 0.25 x TBE at 30 mN200V for 1.5 hours, until the blue dye has travelled ll2-213
down the gel. The gel was dried to 2 x sheets of Whatman paper (65oC for t hour) and
exposed to

fìlm at RT for several

days.

The XRE probe contains a xenobiotic response element from the cytochrome P450141
gene (Pongtatz et

al 1998).

EMSAs were carried out

in a 20¡il

volume with the

bacterially expressed and purified proteins pARNT (1-358), pAItARNT (1-358),
pAItARNTSTTA (l-3s8), pAItARNT S82A (1-358), and pAItARNT S77ASS2A (160
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358), either alone as homodimers, or as heterodimers with DR (1-287). Briefly, protein
samples (300 ng ARNT protein and 5 pg DR proteirVreaction) were allowed to dimerise

and interact at 37oC for 15

min. Binding Buffer (E-box, final concentration; 20 mM

Hepes (pH 7.3), 3 mM MgCl2,

I

mM EDTA, 8% glycerol, 10 mM DTT, 0.5 mg/ml

BSA and 50pg/ml ssDNA. XRE, fìnal concentration; 10 mM Hepes (p}l7.9), l0%
Glycerol,0.1 mM EDTA, 0.5 mM DTT,3 mM MgCl2,4 mM Spermidine, 15 nglpl
poly dLdC,30 ngl¡il dA.dT.) and radiolabelled probe E-box or XRE (> 8,000 cpm) were
then added, and the reactions incubated at room temperature for 15 min. Protein-bound

DNA complexes were resolved on a 5.5Yo nondenaturing polyacrylamide gel run in0.25

x

TBE (25mM Tris, 25 mM Boric acid and 0.5mM EDTA; E-box) or 25 mM

Tris/Glycine (pH 8.0)/0.1 mM EDTA (XRE) at 4oC. In indicated EMSA experiments,
polyclonal antibodies against ARNT (Bambi) or preimmune serum were added to the
binding reactions together with the protein extracts and the radiolabelled probe to

assess

the specifìcity of protein-DNA complexes.
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CHAPTER 3

An experimental system to search for ARNIT target genes

3.1 Introduction

In searching for ARNT target genes, we are making the assumption that in the absence of
hypoxia or DR ligand, ARNT is able to bind DNA and regulate transcription of adjacent

genes. This assumption is based on a number of pieces of evidence, as discussed in

detail

in

Section

1.3.5. In

summary, ARNT

is a nuclear protein with a strong

transactivation domain and acts as a general partner factor for bHLH/PAS proteins.
Furthermore, ARNT has the ability to bind and transactivate from the CACGTG E-box
element

in vitro and induce reporter

genes containing the E-box

in cell transfection

assays.

It is plausible that ARNT binds to DNA, perhaps to the CACGTG E-box,

as

a

homodimer to constitutively transactivate target genes. ARNT may also have as yet

unidentified partner proteins, with which

it

constitutively interacts. Given the

ARNT/mSIM2 heterodimer acts as a repressor (section 1.2.3), we need to consider the

possibility that ARNT target genes may be either transactivated or repressed by

an

ARNT-containing dimer.

A

search for downstream target genes of ARNT requires two cell populations exhibiting

different levels of ARNT expression and hence different levels of ARNT-dependent
transcription. Genes differentially expressed between the two populations can then be
identified and further investigated as ARNT-dependent genes. The ideal approach with
which to identifu direct target genes uses an inducible protein expression system. In such
a system, a transcription factor of choice is expressed in response to an inducer. cDNA

populations from the inducible cell line can be compared several hours after induction,
when direct targets are likely to have been turned on or

off.

Unsuccessful attempts have
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previously been made to make doxycycline-responsive ARNT cell lines in Hela cells in

our laboratory (Kewley 1997), so

it

was decided to utilise a constitutive expression

system. The availability of both Hepa

IcIcl

and 293T cell lines stably expressing

ARNT and a form of ARNT lacking the basic region provided

a useful

tool with which

to perform differential gene analysis. Initially, however, a complete characterisation of
these cell lines was required, as described in this chapter.

3.2

^

dominant negative form of ARNT, ARNT^b

A deletion mutant of ARNT, ARNT¡b,

has been previously described (Reisz-Porszasz et

al 1994; Lindebro et al 1995). ARNTAb lacks the basic DNA-binding domain, such that

it is similar to Id, the dominant negative

regulator of bHLH proteins (Benezra et al

1990). ARNT^b has been shown to disrupt formation of a functional Dioxin Receptor
as shown

by EMSA analysis, being able to dimerise with the Dioxin Receptor but unable

to bind DNA.

It was decided to utilise ARNT^b overexpressing cell lines in addition to ARNT
overexpressing cells because of the possibility that overexpression of ARNT may in fact

have little effect on target gene transcription. For example, a partner factor may be
present

in the cell in limiting

concentrations,

or ARNT may be complexed with

a

repressor protein to silence a gene. While in these cases there could potentially be only

minimal differences in gene expression between control cells and those overexpressing
ARNT, overexpressing ARNTAb would have the effect of decreasing (or increasing,

if

ARNT interacts with a repressor partner factor) ARNT-dependent gene expression. It
was predicted that a cell line expressing a dominant negative ARNT would provide a
more sensitive system to detect ARNT target genes.
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3.3 The EF-IRES-puro expression system

To generate stable cell lines constitutively overexpressing a protein of interest, several
approaches can be taken.

A mammalian

expression plasmid containing the cDNA

of

interest can be co-transfected with an antibiotic resistance plasmid. This method requires
the screening of antibiotic resistant cells for protein expression. A more efficient method

involves transfecting cells with a single plasmid containing both oDNA of interest and an

antibiotic resistance marker. The EF-IRES-puro expression vector is one such plasmid
(Hobbs et

al 1998).

EF-IRES-puro incorporates a number

of

features making

it a

desirable choice of expression system.

(a) The human polypeptide chain elongation factor

la (EF) mammalian promoter. The

EF promoter has been shown to be stronger than the CMV promoter, commonly found in
expression plasmids (Goldman et al1996).

(b) The puromycin resistance gene, allowing for selection in mammalian cells

(c) The ampicillin resistance gene, allowing for selection in prokaryotic cells

(d) An Internal Ribosomal Entry Site (IRES) between the Multiple Cloning Site

and

puromycin resistance gene.

The encephalomyocarditis virus IRES enables the expression of both protein of choice
and that conferring puromycin resistance from a single bicistronic mRNA transcript, by

allowing eukaryotic ribosomes to effìciently initiate translation of the second protein
(Rees et

al 1996). The IRES also permits the selection of high protein expression. By

placing cells under increasing concentrations of puromycin, there is selection of stably
transfected cells expressing higher levels of puromycin resistance protein, and hence also
a strong probability of high expression of the protein of interest.

64

Chapter Three: An experimental system to search for ARNT target genes

3.4 Generation of ARNT and ARNT^b overexpressing cell lines

ARNT overexpressing cell lines were generated and kindly provided by Marika Kleman
and Sarah Linke (University of Adelaide). Briefly, full length ARNT and ARNTAb were

3.1). ARNT and ARNT^b EF-IRES-Puro
into the mouse liver cell line Hepa lclcT and the human

both cloned into EF-IRES-puro (Figure
vectors were transfected

embryonic kidney cell line 293T, and selected with increasing concentrations of
puromycin up to maximum of 25

human

origin. A protein

pdml The ARNT

overexpressed in the two lines is

of

sequence comparison between human and mouse ARNT

reveals the two ARNTs exhibit 92o/o amino acid identity (Reisz-Porszasz et

al 1994).

Over the bHLH and PAS domains, mouse and human ARNT only differ by a single
amino acid (a conservative change). Human ARNT is routinely used in laboratories
studying PAS proteins and behaves in an identical manner to mouse ARNT in reporter
gene assays and activation of DR/ARNT target genes such as P450141.

3.5 ARNT RNA and protein expression in ARNT stable cell lines

RT-PCR analysis of the Hepa lclcT and 293T ARNT, ARNTAb and Control cell lines
was performed on poly(A) RNA extracted from the stable cell lines (Figure 3.2a). RT-

PCR using ARNT specific primers revealed that a high level of ARNT transcript is
produced in ARNT and ARNTAb cell lines compared to the Control lines. PCR was
also performed with B-actin primers as a control to show equal amounts of cDNA was
used in the PCR reactions.

It is of interest to note that the size of the
both the Hepa

lclcl

endogenous

ARNT RT-PCR product found in

and 293T conlrol cell lines is larger in size than that of ARNT in

the ARNT/Ha Hepa and ARNT 293T cell lines. This band is of the predicted size of an
alternatively spliced form of ARNT. Chapter 5 discusses the role of this form of ARNT

in more detail.
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Figure 3.1

The ARNT constructs used to generate Hepa lclcT and 293T stable cell lines

Full length ARNT and ARNTAb oDNA were cloned into the ER-IRES-puro

vector.

These vectors were stably transfected into Hepa and 293T cells. The ARNT construct

in Hepa cells contains two C-terminal Haemagglutitin (Ha) tags. Control cells were
transfected with a blank expression vector (kindly provided by Marika Kleman and
Sarah Linke, University of Adelaide).

Figure 3.2

High levels of ARÌ\T and ARfIT^b RNA and protein expression in Hepa and 2937
stable cell lines

a.

RNA

Reverse-transcriptase PCR (RT-PCR) analysis of the Hepa

lclcT and293T ARNT (A),

ARNT^b (Ab) and Control (C) cell lines was performed. Poly(A) RNA was extracted

from all cell lines, reverse transcribed and amplified using either N-terminal ARNT
primers or p-actin primers. The wt ARNT product is 396 bp, whereas ARNT¡b is 330

bp. A larger product was observed in the control lanes, as discussed in the text.

b.

Protein

To examine the level of ARNT protein in the stable cell lines, whole cell extracts were
made from Control (C), ARNT (A) and ARNT^b (Ab) Hepa and293T stable cell lines.

30 pg were analysed by SDS-PAGE and Western Blot analysis using anti-ARNT
antibodies. The ARNT protein in ARNT Hepa cells is slightly larger than the ARNT
protein in293T cells because of the presence of two Ha tags, as indicated.
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To determine the level of ARNT protein expression, whole cell extracts were made from
'Western
all 6 stable cell lines.
blot analysis using anti-ARNT antibodies on extracts
revealed high levels

of

overexpressed protein

in the ARNT

and ARNTÂb cell lines

compared to the Control lines (Figure 3.2b). The ARNT protein in the ARNT/Hepa cells

is slightly larger compared to the ARNT in ARNT/293T cells due to the presence of a Cterminal Haemagglutin (Ha) tag.

3.6.1 Reporter gene analysis of ARNT stable cell lines

Reporter gene analysis was initially performed
investigate how overexpression

in the ARNT

of ARNT would affect

stable cell lines, to

heterodimerisation with the

known partner proteins DR and HIF-10/ HIF-2cr. They were also performed to ensure
the intracellular, stably transfected ARNT^b could act in a dominant negative fashion by

competing with endogenous

ARNT. It was expected that it would,

given transient

transfected ARNT^b has been previously demonstrated to act to sequester DR and HIFcx,

thus preventing expression from the XRE and HRE reporters (Gradin et al1996).

3.6.1 XRE reporter gene activity

Upon binding to an XRE, an activated DR/ARNT heterodimer induces transcription

of

target genes or, as tested in this experiment, a reporter gene.

The Hepa stable cell lines were transiently transfected with an XRE-driven luciferase

reporter.

A

ligand-independent, constitutively active form

DR PASB, was

co-transfected into

of the DR, known as

cells. DRAPASB is a deletion mutant lacking the

minimal ligand binding domain and PAS B motif, and consequently is constitutively
nuclear and constitutively binds ARNT to form a transcriptionally active heterodimer
(McGuire et al200I).

In both Control and ARNTAb Hepa cells, the addition of DRAPASB results in a 2 fold
increase on an XRE-driven luciferase reporter gene (Figure 3.3), whereas the ARNT/Ha
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Figure 3.3

XRE-driven reporter expression is induced in ARfIT/IIepa, but not
ARNT^b/Hepa stable cell lines

Control/Hepa, ARNTlHepa and ARNTIb/Hepa cells were transiently transfected in
triplicate wells in a 24 well tray format using the Fugene 6 method according to the
manufacturers recommendation

with the XRE-luciferase reporter (pXlXl), Renilla

internal control luciferase plasmid (RLTK) and either a constitutively active mDR
plasmid

(DR PASB) or empty plasmid.

48 hours following transfection, cells were lysed in 1 x Passive Lysis Buffer (Promega)
and assayed for

firefly

and

Renilla luciferase activity. Relative luciferase activity results

presented are a representative of three separate experiments. Data shown is an average

of the triplicate wells of a single experiment + SD.
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Hepa cells show alarger, 5 fold increase. The higher level of reporter expression in the

absence

of DRÂPASB in the ARNT/Ha Hepa cells compared to Control cells

is

consistent with previous results whereby overexpression of ARNT can induce reporter

expression (J. McGuire, unpublished results). These results suggest ARNTAb, unlike

ARNT/Ha, isn't able to activate the XRE reporter when complexed with DRÂPASB,

with reporter expression in ARNTAb Hepa cells induced only by

endogenous

ARNT/DR^PASB heterodimers.

3.6.2 HRE reporter gene activity

The hlpoxia-activated ARNT/HIF-1o and ARNT/HIF-2cr complexes bind to and activate

transcription from the Hypoxia Response Element (HRE). Hepa stable cell lines were

transiently transfected with either the HRE reporter (HRE-luc) or a blank luciferase
vector (pGL3) and treated with normoxia (20o/o 02) or hypoxia

(l% O)

(Figure 3.4).

Cells transfected with pGL3 plasmid were additionally transfected with a HIF-lcr
expression plasmid (HIF-10/EFBOS) to demonstrate that the blank reporter could not be
induced by HIF in the absence of an HRE. HRE-luc gives higher background expression
than pGL3, as expected, due to binding by other transcription factors such as ATF-I and

CREB-l which have binding sites overlapping with the HRE (Kvietikova et al 1995).

Control Hepa and ARNT/Ha Hepa cells exhibited induction in reporter gene expression
upon treatment with hypoxia (2.3 and 3.8), while the ARNTAb cells showed minimal
reporter induction, again supporting the reported competitive nature of ARNTÅb.

3.6.3 E-box reporter gene activity

Previously published reports have shown ARNT is able to transactivate from an E-box

in mammalian cells (Antonsson et al 1995b and Sogawa et a|1995). To confirm E-box

activity

in Hepa lclcT

cells, the different Hepa stable cell lines were transiently

transfected with either a luciferase reporter driven by four copies

of the CACGTG
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Figure 3.4

Hypoxic induction of an HRE-driven reporter is blocked in ARNT^b/IIepa cells
and enhanced in ARNT/Hepa cells

Control/Hepa, ARNT/Ha Hepa and ARNTab/Hepa cells were transiently transfected in

triplicate wells in a24 well tray format using the Fugene 6 method with HRE-luciferase
reporter (HRE-luc) or blank luciferase reporter (pGL3) and Renilla internal control
luciferase plasmid

(RLTK). Cells

transfected with pGL3 plasmid were additionally

transfected with a HIF-lcr expression plasmid (HIF-10/EFBOS) to demonstrate that the

blank reporter could not be induced by HIF in the absence of an HRE.

24 hours following transfection, cells were placed under hypoxic conditions

(l% O) for

16 hours before being harvested. Cell lysates were assayed for firefly and Renilla
luciferase activity. Relative luciferase activity results presented are a representative

of

three separate experiments. Data shown is an average of the triplicate wells of a single
experiment + SD.
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element (4(CACGTG)TKMP)

or a blank luciferase reporter (TKMP) (Figure

3.5).

Control cell lines show 8 fold induction with the E-box driven reporter compared to the

blank reporter. This induction could be due to either endogenous ARNT or other

USF. ARNT/Ha Hepa cells show a
significantly greater increase in reporter gene expression, with 50 fold induction
endogenous E-box binding proteins such as

observed compared to the TKMP reporter, or 6.3 fold greater induction compared to the

Control cells. These results indicate ARNT is active on the E-box in Hepa cells. The

ARNTAb cells show reduced induction on the E-box driven reporter compared to the
ARNT cells (10 fold), similar to the Control cells. This suggests ARNTAb is not active
on the E-box reporter, as expected. One might expect a reduced level of induction
compared to the Control cells

if ARNTÂb

was acting as a dominant negative, however.

The contribution of ARNT-driven transactivation on the E-box reporter in Control cells

may be minimal compared to that

of other E-box binding

proteins, such that the

dominant negative effect of ARNTAb may not be detected in this assay.

3.7 Electrophoretic mobitity shift analysis of E-box binding abilify of the ARNT
stable cell lines

An altemative way to demonstrate that in the cell, ARNT is in a form able to bind to

an

E-box sequence is by performing an electrophoretic mobility shift assay (EMSA).

Initially, nuclear extracts were made from Control Hepa, ARNT/Ha Hepa and ARNTAb
Hepa cells and mixed with a radiolabelled E-box probe. The probe used is a segment

from the Adenovirus Major Late promoter (AdML) and has been previously been used in
EMSAs with ARNT (Sogawa et

al 7995).

The high level of E-box binding activity

within the nucleus prevented the identification of an ARNT-containing band (data not

shown). Cytosolic extracts were altematively made and used in EMSAs instead,

as

ARNT is known to leak out of the nucleus upon fractionation (Reyes et øl 1992). A
number of protein/DNA complexes common to all three cell lines were found (Figure

3.6). However, when a supershifting o-ARNT antibody was

added to the protein/probe

mixes, additional supershifted bands were observed with ARNT/Ha Hepa extracts, to

a
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Figure 3.5

E-box reporter induction is enhanced in the ARNT/Ha Hepa cells

Control/Hepa, ARNT/Hepa and ARNT^b/Hepa cells were transiently transfected in
triplicate wells in a24 well tray format using the Fugene 6 method (as for Figure 3.3)

with a luciferase reporter driven by four copies of this CACGTG E-box element and
minimal TK promoter (4(CACGTG)TKMP) or blank luciferase reporter (TKMP).

36 hours following transfection, cells were harvested. Cell lysates were assayed for

firefly luciferase activity and normalised for protein concentration as determined by
BCA Assay. Normalised luciferase activity results presented are a representative of
three separate experiments. Data shown is an average of the triplicate wells of a single
experiment + SD.
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Figure 3.6

ARNT protein from ControVHepa and ARNT/Hepa but not ARNT^b/Hepa cells
can bind an E-box

Cytosolic extracts were made from Control/Hepa, ARNT/Ha Hepa and ARNTIb/Hepa

cells and 30 pg from each line was used

in an EMSA with a 32P-labelled

oligonucleotide. To identiff the ARNT-containing complexes, either

E-box

lpg of

supershifting a-ARNT antibody (Bambi) or pre-immune serum was added prior to nondenaturing PAGE on a 4.5o/o 0.25

x TBE gel.

radiolabelled E-box probe are indicated

Retarded ARNT complexes and free

Ab

Cell line:

ARNT-containing
complexes

free E-box probe

ü-ARNT pre lmmune

c A Ab c A^b
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lesser extent

with Control Hepa and not at all with ARNTÀb Hepa extracts.

The

supershifted bands were not observed upon addition of pre Immune Serum to the binding

mix. The ARNT-containing

bands are weak in intensity, presumably due to the reduced

amount of ARNT present in the cytosolic extracts compared to the nucleus and because

of the low E-box binding affinity of ARNT compared to other E-box binding proteins
such as the Myc/Max heterodimer and Max homodimer (Huffman et al2Ù}l,Fieber et al
2001).

The results imply that endogenous ARNT in Hepa cells is in a form able to bind to the E-

box. When ARNT is overexpressed in Hepa cells, there is more ARNT available to bind
to the E-Box. There are two possible explanations as to the lack of a supershifted band

with ARNTÂb cytosolic extracts;
competition

for

dimerisation

if

ARNT binds to DNA as a homodimer, then

with ARNT results in ARNTAb/ARNTAb

and

ARNTAb/ARNT complexes which are unable to bind to DNA. If ARNT binds to DNA
as a heterodimer with an alternative partner protein, then overexpressed ARNTAb

will

compete with endogenous ARNT for dimerising with the partner protein, resulting in
decreased DNA-binding compared

to Hepa control extracts. This experiment confirms

the dominant negative nature of ARNTÂb on the E-box.

3.8 Differential Display RT-PCR

Reporter gene analysis
overexpressed

of the ARNT

stable cell lines has revealed the ability of

ARNT proteins to effect enhancer-driven transcription. Differential

Display RT-PCR (ddRT-PCR), however, provides an experimental approach to
determine the effect

of

overexpressed ARNT and ARNTAb on total cellular gene

transcription. ddRT-PCR involves extracting total RNA from cells, which is used as
template

for

generating single stranded

cDNA. oDNA is then amplified by

a

PCR,

including radiolabelled dATP with PCR products then separated on a sequencing gel and
analysed by autoradiography.
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ddRT-PCR analysis was performed in duplicate from a single RNA sample extracted
from the Control, ARNT and ARNTAb Hepa cell lines. Ampli$zing dT-primed cDNA

with different random hexamers resulted in the appearance of differentially

expressed

transcripts (Figure 3.7, labelled 1,2 and3)

1. Transcripts up-regulated in ARNT/Ha Hepa cells compared to Control Hepa cells
These may represent expression of genes constitutively activated by ARNT

2. Transcripts down-regulated in both ARNT and ARNTAb cells compared to Control
Hepa cells. These may represent expression of genes whose expression depends on coactivators potentially being sequestered by the overexpression of ARNT and ARNT^b.

3. Transcripts up-regulated in ARNTAb cells compared to Control Hepa cells. These
could represent genes usually repressed by ARNT and a repressor partner factor, with
repression being relieved upon ARNTAb expression.

This experiment demonstrated that overall gene expression in Hepa cells is affected by
the overexpression of ARNT and ARNTÂb.

3.9 Conclusion

We found the 293T and Hepa ARNT stable cell lines exhibited high levels of ARNT and

ARNTAb expression, both at the RNA and protein level. This higher level of protein
was shown to affect XRE, HRE and E-box-driven reporter gene activity, compared to the

control cell lines. Furthermore, changes in gene expression patterns were observed in
both the ARNT/Ha and ARNTAb Hepa cell lines compared to each other and to Control
Hepa cells, as shown by ddRT-PCR.

At the time these experiments were being performed, an approach to search for target
genes

utilising a standard ddRT-PCR experiment,

as was performed

in section 3.8, was

being tested in several laboratories. While differentially expressed clones have been
70

Figure 3.7

Changes

in gene expression are observed in the ARNT/Hepa and ARIITÂb/Hepa

cell lines compared to ControVHepa cells

Differential Display RT-PCR analysis was performed in duplicate on RNA from the
Hepa ARNT/Ha, ARNT^b and Control stable cell

lines. Briefly, total RNA was

isolated from the 3 stable cell lines and used as a template in a oDNA synthesis reaction.

dT-primed cDNA was amplified with a dT primer and a random hexamer. PCR with

the addition of 33P-dATP to label PCR products. Products were separated on 6%
sequencing gels, which were dried and exposed to film overnight at RT. Different areas

of the gels are shown, illustrating examples of differentially expressed oDNA.

ARNT/Ha Control

ARNTAb

ê
1

2
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ê
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successfully excised and cloned from ddRT-PCR gels, this technique has a number

of

disadvantages (Debouck 1995). ln particular, this technique is poor at identiÛzing rare

differential transcripts and has a high incidence of false positives. lnstead of pursuing
the differentially expressed bands found in the different Hepa stable cell lines, we chose

to instead screen the cell lines for ARNT target genes by an alternative, and more robust
approach, as discussed in the following chapter.

7I
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CHAPTER

4

Screening for downstream target genes of ARNT

4.1 Introduction

There are numerous possible roles for ARNT in the cell in the absence of hl,poxia or DR

ligand. ARNT might form transcriptionally active homodimers, or form heterodimers
with either a transactivator or transrepressor partner protein, similar to the b}{L}JlZip
protein Max. Max can form heterodimers with either activating proteins such as Myc, or
repressing proteins such as Mad, as well as forming homodimers (reviewed in Lüscher

2001). The availability of cells overexpressing either ARNT or a dominant negative
form of ARNT allows us to test these possibilities.

We chose to screen for genes differentially expressed between the ARNTAb Hepa and
Control Hepa cell lines. The ARNT^b Hepa cell line allows us to screen specifically for
genes directly repressed by

for

a

ARNT, or downstream targets of a repressed gene encoding

transcription factor. The ARNTAb line was chosen in favour of the ARNT/Ha line

based upon the observation that overexpression of ARNT has been reported to induce

expression of known ARNT/DR iarget genes (J. McGuire, unpublished results). The

identification of known target genes in our screen would not provide novel information
about the role of ARNT.

ARNTAb, alternatively, would block ARNT-dependent transcriptional
potentially resulting

in an increase in

repression,

target gene expression. For expression, the

ARNT/SIM2 heterodimer is a transcription repressor on reporter genes (Woods and
Whitelaw 2002), but no endogenous target genes for this complex are known. Analysis

of the ARNT^b cell line may allow the discovery of such

genes or genes regulated by

other ARNT heterodimers which are repressive. Reporter analysis of the Hepa cell lines
(section 3.6) revealed that while on an XRE-driven luciferase gene overexpressed ARNT
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was indeed able to enhance reporter gene activity, reporter induction did not occur on the
'We
HRE-driven luciferase reporter in ARNT/Ha cells.
remain unsure as to whether

higher activity would be seen on novel endogenous ARNT target genes in ARNT/Ha
Hepa cells compared to Control cells, especially
be limiting in the

if

a heterodimeric partner happened to

cell. The availability of the ARNT/Ha cell line, however, potentially

enables the confirmation of downstream genes isolated in our screen.

4.2 Suppression subtractive hybridisation PCR

Over the past few years, a number of modified differential display techniques have been

created. The main modification involves using subtraction to eliminate or
common transcripts from

the screening procedure.

hybridisation PCR (SSH PCR)

is one

reduce

Suppression subtractive

such procedure and was the most advanced

technique available at the time this study commenced. The more recently used
microarray analysis approach for identifliing downstream target genes was still in its
infancy and not yet available for use in our department.

The most important features of SSH PCR are two rounds of subtractive hybridisation

and two rounds

of

suppression

PCR. As

illustrated

in

Figure 4.1, subtractive

hybridisation results in the normalisation of all differentially expressed transcripts and

the "subtraction" of all commonly expressed sequences from further
Subsequent suppression PCR involves

analysis.

the selective exponential amplification of

differentially expressed genes, and the suppression of amplification of non-differentially
expressed genes.

Firstly designed and used by Diatchenko et al (1996), SSH PCR has been used to
identifiz differentially expressed genes

in a range of

systems (Zuber et

al 2000

and

Hadjiargyrou et al 2002).
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Figure 4.1
Suppression Subtractive Hybridisation PCR

To isolate differentially
s¡mthesised from cellular

expressed transcripts

from a cell population, cDNA

is

mRNA and ligated to two separate adaptors, 1 and 1R (tester

oDNA). Driver oDNA is also synthesised from a reference cell population, but is not
ligated to adaptors. During the first hybridisation, excess driver cDNA is added to each

of tester cDNA with Adaptor 1 and tester oDNA with Adaptor 2R, with molecules a-d
generated. The two sets of molecules are mixed in a second hybridisation reaction,
agaín

with excess driver oDNA added, resulting in an additional molecule, e, being

generated, containing differentially expressed tester cDNA with different adaptors on

each

5' end. After end filling,

expressed molecule e

suppression PCR is performed. Only differentially

will be exponentially amplified. Other molecules will either not

be amplified (a, a', b, b', d), or are only amplified linearly (c, c').

Adapted from the Clontech PCR-Select oDNA subtraction kit protocolfigxe2.

Tester oDNA with Adaptor
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4.3 The generation of subtracted libraries by SSH PCR

SSH PCR was performed using the Clontech PCR-Select oDNA Subtraction Kit, with

minor changes (Detailed in Section 2.6.6). The flow diagram in Figure 4.2 illustrates
the experimental steps required to generate subtracted cDNA libraries. The cDNA from

the reference cell population (driver) is subtracted from the tester oDNA population,

with theoretically only differentially expressed genes remaining. Suppression PCR
allows the amplification of these cDNAs. In this study, the Control Hepa cell line was
used as the driver and the ARNTAb Hepa was used as the tester. SSH PCR should
result in the amplification of genes up-regulated in the tester ARNTAb Hepa cell line,
indicating that they may be repressed by a transcriptionally active ARNT complex.

lnitially, double stranded oDNA was synthesised from poly(A) RNA isolated from
Control Hepa and ARNTAb Hepa cells. cDNA was subject to digestion by Rsa I, a 4bp

blunt-ended restriction enzyme, resulting

in the generation of

fragments between 0.2-2 kb (driver oDNA) (Figure

short, blunt-ended

4.3). The ARNTÂb Hepa Tester

cDNA was subsequently generated from Rsa I-digested ARNTAb Hepa oDNA by
ligating different adaptors (adaptor

I and adaptor 2R) to the ends of the digested oDNA.

The adaptors do not contain 5' phosphate groups and thus only one strand of
adaptor ligates to the 5' ends of

cDNA. To

assess

each

the ligation efficiency, PCR was

performed, using an adaptor-specific primer (PCR primer 1) and a 3' G3PDH primer to

ampli$r a fragment spanning the adaptor/cDNA junction. The abundance of PCR
product was compared to the abundance of PCR product obtained when using both 5'
and 3' G3PDH primers (Figure 4.4). Because the intensity of bands corresponding to
these PCR products is similar,

it was estimated that the ligation was successful

and,

according to the manufacturer's recommendations, was sufficient to proceed with the
two hybridisation steps. Finally, two rounds of suppression PCR were performed.

It was originally intended to perform SSH PCR procedure in both directions, using the

two Hepa cell lines (ie Control and ARNTAb) as both driver and tester, enabling
identification of both up and down regulated genes in the ARNTAb Hepa cell line
14

Figure 4.2

A flow diagram of the different experimental steps required to generate subtracted
cDNA libraries

Two cell populations are required, the cells of interest (tester cells) and the cells of
reference (driver cells). Poly(A) RNA is extracted from both cell populations and ds

oDNA is generated. Following Rsa I digestion to obtain shorter, blunt-ended cDNA
fragments, adaptors are ligated to the tester oDNA. Two rounds of hybridisation are
used to subtract the driver oDNA from the tester oDNA, with hybridisation kinetics

resulting

in

enrichment

in

differentially expressed sequences. Two rounds of

suppression PCR are performed, with selective amplification of differentially expressed

oDNA molecules containing different adaptors on each end. Finally, PCR fragments are
cloned into bacteria for further screening pu{poses.

Adapted from the Clontech PCR-Select cDNA subtraction

kit

protocol figure

1

lsolate poly(A) RNA from
tester and driver cells

I
cDNA synthesis

I
Rsal digestion

I
Ligate adaptors to tester cDNA

I
Subtract driver cDNA from adaptor-linked tester
cDNA through two rounds of hybridisation

I
Two rounds of suppressive PCR (1o and 2o),
with selective amplification of cDNA molecules
containing different adaptors on each end.

I
PCR fragments sub-cloned into pGEMTeasy
vector and transformed into bacteria for
screening

MUCC

MUCC

kb:
3

2
6
1

0.5
0.3_0.4

<0.22

-

ARNTAb Hepa cDNA

Control Hepa cDNA

Figure 4.3

Analysis of Rsa I digestion

Double stranded oDNA was synthesized from poly(A) RNA isolated from ARNTAb
and Control Hepa cells, and then digested with Rsa I to generate shorter, blunt-ended

fragments. A sample of cDNAbefore (Uncut, UC) and after (Cut, C) Rsa I digestion
was analysed by agarose gel electrophoresis.

M: lkb markers.

Ligated adaptor

1

1

2R

2R

G3PDH 3' primer

+

+

+

+

G3PDH 5' primer
Primer

M

1

+

+
+

+

ARNT^b Hepa
Tester cDNA

Control Hepa
Tester cDNA

Figure 4.4

Analysis of adaptor ligation efficiency

Rsa l-digested ds ARNTAb Hepa and Control Hepa cDNA (driver oDNA) was ligated
separately to adaptors

I

and

2R. PCR was performed using either an adaptor-specific

primer (Primer 1) and a 3'G3PDH primer to amplify a fragment spanning the
adaptor/cDNA junction, or both 5' and 3'G3PDH primers. The amount of product
observed with Primer 1 and the 3'G3PDH primer was compared to that with 5' and 3'

G3PDH primers.

M: lkb markers.
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compared to the Control Hepa cell line. However, due to the lack of any gene known to

be down regulated in the ARNTAb Hepa line compared to the Control Hepa line, there
was no feasible method of assessing whether or not the subtraction had been successful,

and thus subtraction

in only one direction was performed, subtracting Control

Hepa

oDNA from ARNTÂb Hepa oDNA.

4.3.L Assessment of subtraction efficiency

Subtraction efficiency can be tested by comparing the abundance of a cDNA known to

be up-regulated in the tester compared to driver cell population. Given ARNTAb is
overexpressed in the ARNTÂb Hepa tester cell line,

levels of ARNT

in

subtracted compared

it was an obvious

step to test the

to unsubtracted oDNA. As a means of

optimising subtraction efhciency, the number of cycles used during the first and second
rounds of suppression PCR were varied. Figure 4.5a illustrates an ARNT Southern blot

of subtracted and unsubtracted secondary PCR products obtained after 22,24,26 and 28
rounds of primary PCR and 12,74, 16 and 18 additional (secondary) rounds of PCR.

With 26 and 28 rounds of primary PCR, and 16 or 18 rounds of secondary PCR, there
are higher levels

of ARNT in the subtracted samples compared to the unsubtracted

controls. When taking into account the differences in the amount of DNA loaded onto
the agarose gel used in the Southern blot, is would appeæ there must be an even greater

difference in ARNT levels. As shown in Figure 4.5b, there was more amplified DNA in
the unsubtracted compared to subtracted lanes.

Unsubtracted and subtracted secondary PCR products were also compared by agarose
gel electrophoresis. As shown in Figure 4.6a, several prominent bands were present in

the subtracted but not unsubtracted samples. The sizes of these bands corresponded

with the sizes of Rsa I digested hARNT (Figure 4.6b) plus the length of a 5' and 3'
adaptor, so

it was predicted that

these bands were

ARNT. The largest three

abundant

bands were cloned and indeed found to contain human ARNT.
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Figure 4.5

Subtraction efficiency can be optimised to result

in an increased

abundance of

ARNT transcript

Subtracted (S) and unsubtracted (US) ARNTAb tester cDNAs were used as a template in

22,24,26 or 28 rounds of primary (1o) suppression PCR, followed by 12,14, l6 or

18

cycles in a secondary (2") PCR. The level of ARNT transcript in each of the samples
was assessed by ARNT Southern blot (a). 5 pl of all samples were run on a2Yo agarose

gel (b), transferred to nylon membrane, probed with radiolabelled ARNT^b cDNA and
visualised by autoradiography.

M:

lkb markers.
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Figure 4.6

Subtraction effïciency can be optimised to result

in an increased

abundance of

ARNT transcript

a.

Subtracted (S) and unsubtracted (US) ARNT¡b tester cDNAs were used as a

template

in 28 cycles of primary (1o)

suppression PCR, followed

by 16 cycles in

a

secondary (2") PCR. Samples of PCR were visualised by agarose gel electrophoresis.

b. An Rsa I restriction map of full length ARNT cDNA (top panel) and an agarose gel
visualising the fragments of DNA obtained when his-tagged ARNT oDNA was digested

with RsaI.
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Together these results suggested that the subtraction procedure worked efficiently, with

hARNT^b found to be enriched in the subtracted compared to unsubtracted controls.

4.3.2 Screening the subtracted library for differentially expressed clones

Secondary PCR products were blunt-end cloned

into the pGEM-Teasy vector

to

generate a differentially expressed library of approximately 2000 colonies. Blue/white

colour selection was used
approximately

85o/o

to

indicate which colonies contained an insert, with

found to be white.

A 3 step screening procedure was then undertaken. Figure 4.7 illustrates the different
screening steps and the numbers of clones eliminated at each step.

It was especially

important to identifu and remove the predicted high abundance of ARNT clones likely
to have been present in the llbrary.

Screening step 1: Identffication of pGEM-Teasy clones containing a single insert

Firstly, 470 single white colonies were used to inoculate LB, and grown overnight. A I

pl aliquot of OÀ{ culture was used in PCR, with inserts amplified with Nested Primers
1 and 2R, which anneal to the adaptor sequences 1 and

2R. An aliquot of each PCR

product was analysed by gel electrophoresis. Cultures with no amplified insert were
eliminated from further screening, as were cultures containing 2 or more amplified PCR
products, suggesting two different clones were present. Figure 4.8 illustrates a tlpical
agarose gel

of PCR products. A range of PCR products from 200bp to 1000 bp were

cloned, with the majority of white clones indeed containing an insert. In total 4371470

cultures contained a pGemTeasy plasmid containing a single insert, and glycerol stocks
were made from these for long-term storage.

Screenins step 2: Elimination of AfuNT-positive clones

The inserts present

in the pGEMTeasy-plasmids were amplified by PCR and

subsequently screened for the presence of hARNT by dot blot analysis (Figure 4.9). Rsa

t6

Step 1
ldentification of pGEM-Teasy clones containing a single insert
Screened 470 O/N cultures by PCR
Eliminated cultures with no insert or more than one insert (33)

Step 2
Elimination of ARNT-positive clones
Screened 437 remaining PCR products for the
presence of ARNT by Southern dot blot
Eliminated ARNT +ve clones (77)

Step 3
ldentification of differentiallv expressed clones
Screened 360 ARNT -ve PCR products in duplicate on
two blots by Southern dot blot with labelled
ARNïAb/Hepa and Control/Hepa cDNA probes

37 PCR products re-blotted onto two new blots
(chosen by their differential expression)

Figure 4.7

A 3 step screening procedure was used to identify differentially expressed
clones from the ARNT^b Hepa subtracted library.

M

-ve
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#

:f
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#

#

Figure 4.8

Identification of pGEM-Teasy clones containing a single insert
Secondary PCR products were cloned into pGEM-Teasy and transformed into bacteria.

ln1 of each overnight culture was used in PCR with pGEM-Teasy primers spanning the
cloning site. PCR products were visualised by gel electrophoresis, with one of eleven
gels presented here. V/hile most lanes contain a single band, corresponding to a single

insert, several lanes contain no bands (*) or multiple bands (#).

Plasmids from the originating cultures (x or #) were discarded from the screen.

M: lkb markers.
-ve: negative control
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Figure 4.9

ARNT dot blot analysis was used to identify the ARNT-containing clones

The inserts in pGEM-Teasy clones were amplified by pGEM-Teasy primers
and PCR products were spotted onto nylon membranes as detailed

in Section

2.3.12.1. Blots were probed with radiolabelled ARNT and analysed by
phosphorimager.

A total of 6 ARNT dot blots were performed, with

a

representative blot illustrated here. Included on each blot were 3 different

fragments of ARNT oDNA as positive controls (+) and a negative control

containing pBluescript plasmid
spotted.

4.9

(-).

The

X

denotes where no DNA was
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I

digestion of hARNT oDNA results in 8 different fragments, as shown previously in

Figure 4.6b, so 8 different clones needed to be accounted for in a dot

hARNT oDNA was digested into 2 fragments with Spe

blot. Full

length

I with both fragments were

purified and radiolabelled together. To ensure that this mix of labelled ARNT oDNA
was efficient in detecting different ARNT fragments, the three different Rsa

I ARNT

fragments cloned from the subtracted secondary PCR products (Section 4.3.1) were

utilised as positive controls. ARNT dot blot analysis of the 437 clones obtained from
screening step 1 found 17% (771437) contained ARNT sequences. The majority of
clones (3601437) did not show up positive in ARNT dot blots and were thus presumed
not to contain ARNT.

Screenine Step 3: Identification of

dffirentially expressed clones

Finally, 360 ARNT -ve PCR products were re-blotted in duplicate onto two blots, which
were probed with labelled ARNTAb Hepa and Control Hepa driver oDNA. Figure 4.10
shows an example of these Southem dot blots. Approximately I)Yo (37) of these PCR

products were chosen for re-blotting onto two new blots based upon their differential

expression. A final analysis of these new blots with ARNTAb and Control tester and

driver oDNA was performed and shown in Figure 4.11. For all Southern dot blots
performed,

it

was extremely diffrcult to label the ARNTAb Hepa and Control Hepa

driver cDNA. While increasing the amount of DNA and Klenow enzyme used in the
random priming reaction and double labelling with dATP and dCTP improved the level

of radioactivity of the probes, I was only able to use a maximum counts/ml of 0.25 x
106, compared

to the recommended 1 x 106. Consequently, the signal emitted from the

filters was low, as is clear from Figures 4.10 and 4.11, making the identification of
differentially expressed clones difficult. Repeating the Southern blots resulted in clones

#

122, 135, 39I, 436, 486 and 489 being chosen for sequencing and Northem blot

analysis, with clone #391 found to be the most differentially expressed product.

l7

ARNT

BS

ARNT

BS

Probe:

ARNTAb Hepa driver cDNA

Probe:
Control Hepa driver oDNA

Figure 4.10

Clones differentially expressed between ARNTÂb and Control Hepa cells are

identified by Southern dot blot

5 ¡rl of PCR-amplified inserts from pGEM-Teasy clones were spotted in duplicate
onto two sheets of Nytran. Filters were probed with either labelled ARNTAb Hepa

(top panel) or Control Hepa (bottom panel) driver cDNA and visualised by
phosphorimager. A total of 10 Southern dot blots were performed, with a representative duplicate blot shown here. All blots contain duplicate spots of ARNT oDNA
and pBluescript

DNA. Arows indicate example

spots which are of much lower

intensity with the Control Hepa driver cDNA probe compared to the ARNTAb Hepa
driver oDNA probe.

+VEA +VEB

BS

Probe:
ARNT^b Hepa
driver oDNA

+veA +veB

BS

Probe:
Control Hepa
driver cDNA

Figure 4.11

Clones differentially expressed between ARNTÂb and Control Hepa cells are

identified by Southern dot blot

5 pl of PCR-amplified inserts from 37 pGEM-Teasy clones identifred as being
differentially expressed were re-spotted in duplicate onto two sheets of Nytran.
Filters were probed with either labelled ARNTAb Hepa (top panel) or Control Hepa
(bottom panel) driver oDNA and visualised by phosphorimager.
duplicate spots of ARNT oDNA and pBluescript

DNA.

All blots contain

Rectangles indicate spots

which are of lower intensity with the Control Hepa driver cDNA probe compared to
the ARNTAb Hepa driver oDNA probe.
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4.4 Sequence analysis of differentially expressed clones

Glycerol stocks from the original cultures were used to generate fresh cultures of DH5cr
bacteria containing the pGEM-T-easy/insert vectors. Plasmid preps were made and

inserts sequenced

in both directions using the vector primers BS M13-20 and BS

Reverse Primers.

Sequences were identified by BLAST search (http://www.ncbi.nlm.nih.gov/BlAST/)
and results are summarised in Table
human

4.1. lnterestingly, clone #391 was identified

ARNT. Upon re-checking the ARNT dot blots

used

in Screening

Step 2,

it

as

was

discovered that #391 had previously been identified as ARNT positive, but not
eliminated from further screening. The finding of ARNT as a differentially expressed
clone, however, further verifies that the subtraction procedure and differential screen
were effective.

Table 4.1: Details of the clones identifTed as being differentially expressed befween

ARNT^b and Control Hepa cells.

Clone

Name of clone

Accession number

#122

Mouse ribosomal protein L37a

Genbank #X73331

#t35

Human MAP kinase kinase 4

Genbank #HLIMMKK4A

#391

HumanARNT

Genbank#NM 001668

#436

Mouse l-Cys peroxiredoxin (also known as antioxidant

Genbank # 4F093852

protein 4 AOP4)
#486

Mouse mitochondrial genome- subunit

I of Cytochrome C

Mouse Thymic Shared Antigen

# MMCYTC

and

MMCYTB

oxidase and cytochrome b

#489

Genbank

I (TSA-l)

Genbank #MMU47137
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4.5 Expression of isolated clones in ARNT and ARNTÂb Hepa cell lines

To verifu the differential expression of the isolated clones, Northern blot analysis was
performed using RNA isolated from all three Hepa stable cell lines; Control Hepa,

ARNT/Ha Hepa, and ARNTAb Hepa. Identical agarose/formaldehyde gels were run

with 3 pg poly(A) RNA from each cell line loaded into each well. Gels
transferred to

Nlran

were

membranes and blotted with labelled probes. To generate probes,

PCR was utilised to ampli$r the inserts in the pGEMTeasy vector, which were gel
purified and random prime radiolabelled.

As a positive control, the #391 PCR product (hARNT) was also labelled and used as a
Northern blot probe, as shown

inFigxe 4.12. While an intense band was observed in

both the ARNT/Ha Hepa and ARNTAb Hepa lanes, illustrating high levels of transgene
expression, no bands corresponding to endogenous ARNT mRNA were observed in any

of the three lanes with the presented exposure.

Northern blot analyses using the other
separate times and normalised

5 clones as probes have been performed 3

to an internal control. Representative Northern blots

normalised with GAPDH mRNA are presented in Figure 4.13. Expression levels of
ribosomal protein L37a (122), MAP kinase kinase 4 (135), 1-Cys peroxiredoxin (436)
and subunit 1 of Clochrome C oxidase (a86) were found to be similar between the
three lines, with less than 2 fold induction found in the ARNT/Ha and ARNTAb Hepa

cells compared to the Control cell
Antigen

I (TSA-1,

line. The relative

expression of Thymic Shared

489) was only slightly higher in the ARNT^b cell line compared to

the Control line, but levels were also increased in the ARNT/Ha Hepa cell line, with 2.5

fold induction observed.

TSA-1 is cell membrane protein and member of the Ly-6 family. While TSA-1 has
been found to be expressed at high levels on thymocytes, th¡rmic stromal cells and other
hematopoietic cell types, it is also found in the embryonic adrenal gland and kidney, the

adult liver and adult kidney (ZammiI et

al 2002). One study has found proteinuria
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C AAb
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Figure 4.12

ARNT Northern blot analysis of ARI\T Hepa stable cell lines

3

¡.rg

(Ð

of poly(A) RNAfrom each of the Control Hepa (C), ARNTlHaHepa

and ARNTAb Hepa (Ab) cell lines was analysed by Northem blot, using

radiolabelled clone #391 as a

probe. Blots were visualised using

the

phosphorimager. The arrow indictes the overexpressed mRNA found in
ARNT/Ha and ARNTAb Hepa cell lines.

4.r2

Figure 4.13

Northern blot analysis of clones identified in a screen for putative ARNT target
genes

3 pg of poly(A) RNA from Control (C), ARNT/Ha (A) and ARNT^b (Ab) Hepa cells
were assessed for their relative expression of ribosomal protein L37a (122), MAP kinase

kinase 4 (135), l-Cys peroxiredoxin (436), subunit 1 of Clochrome C oxidase (486)
and Thymic Shared Antigen

I (489).

GAPDH expression was also assessed as an

internal control. Probed filters were visualised by phosphorimager and the radiolabelled
bands were quantitated using ImageQuant. Relative mRNA levels of the presented blots
are presented as

cell line.

a üaph, with reference to the level of expression in the Control Hepa
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(protein overload) in the mouse kidney proximal tubules results in the up regulation of

TSA-1, thought to play a role in the immune reaction facilitating the progression of
renal disease (Nakajima et al 2002). It is theoretically possible that the high levels

of

overexpressed ARNTIHa and ARNT^b protein in the Hepa stable cell lines similarly

triggers the expression of TSA-1. It is difficult, however, to see how TSA-1 could be a
downstream target gene of ARNT when

it is expressed in both overexpressing ARNT

cell lines at levels above the Control line.

4.6 Using microarray analysis to identify downstream targets of ARNT

Given the difficulties I had using SSH PCR to identifu downstream targets for ARNT, a
microarray analysis was considered. The use of cDNA microarray technology to search

for target genes of a given transcription factor has become increasingly more common,

providing an alternative approach

to

differential display and SSH PCR analysis

(Gershon 2002, Watson et a|2002, McDonald and Roshbash 2001). It was originally
anticipated that a microarray analysis of the Hepa stable cell lines might be possible

within the time constraints of this thesis. V/hile quality microarrays containing mouse
oDNA have yet to become available to our laboratory, preventing

our cell lines,

I

a

thorough analysis

of

was able to access the microarray data set of genes differentially

expressed between cells differentially expressing DR^PASB, the constitutively active

form of the Dioxin Receptor (Table 4.2.Lees and Whitelaw, unpublished results).

When overexpressed in the cell, DR PASB constitutively binds ARNT and activates
transcription from XRE-containing target genes. Human embryonic kidney 293T cells

stably transfected with either a DRÂPASB expression vector (293T/DR^PASB) or

blank expression vector (293TlControl) were subject to six separate microarray
experiments, using different

cDNA samples. The analysis was performed in

collaboration between our laboratory and Dr. Sahar Bassal at the Peter MacCallum
Cancer Institute, Melboume,

Victoria. While the study initiating the microarray

analysis focused on the identification of DR target genes, the data set of differentially

expressed genes potentially also included

ARNT target genes. Expression of
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Fold moduløtion compared to Control cells

Genbank #

Nsme

AA035450

Type

AA446557

Autoantigen mRNA

(-) 2.07

AA453774

428-RGSl4p mRNA

(+) 2.06

A445s448

CD47 antigen

(+) l.e7

44486533

Early growth response protein

AA630328

Lectin, galactoside-binding, soluble, 3

(-) 1.74

1./.644657

MHC class I protein HLA-A

(-) 1.87

446639 1 0

GCPl70

(+) 2.r

A^664406

Complement component 4A

(-) 2.ts

44670408

Beta-2-microglobulin precursor

(-) 2.s5

AA888182

40s ribosomal protein s4,

H86554

Ceruloplasmin (fenoxidase)

(-)

N94468

Jun B proto-oncogene

(-) 2.83

PM00l0

Unknown identity

(+) z.te

T77729

Pyruvate carboxylase

(+) t.5s

Table 4.2.

I inositol

1,4,5-triphosphate receptor

(-) 2.6

(-) 2.2s

1

X isoform

(-) 2.16
1.e3

Genes differentially expressed between 293TlControl and

293TIDR^PASB cells

The most significantly and reproducibly modified genes up and down-regulated in the

293T/DR^PASB cell line compared to 293TlControl cells.

A total of six complete

microarray experiments were performed. Each experiment involved competitively
hybridising the samples in two dye orientations. The fold modulation in expression
compared

to the

293TlControl cells

is

listed, 'where (-) represents a decrease in

expression, and (+) represents an increase in expression.
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DRAPASB,

like ARNTAb, would be expected to

sequester

ARNT away from

transcriptionally active ARNT-containing homo- or heterodimers. Genes activated by
an ARNT-containing dimer should be down-regulated in the 293T/DR PASB cells,

while genes repressed by an ARNT-containing dimer may be up-regulated in
293T/DRAPASB cells.

Of the differentially expressed genes shown in Table 4.2, we chose to use Northern blot
analysis to investigate the expression of CD4l, Early growth response protein-l

(Eg-l)

and JunB in the Control, ARNT/Ha and ARNTAb Hepa stable cell lines. Other genes
were not investigated either because they had no known identity, or because upon first

identification \Ã/ere not of current interest to the laboratory. While no differences in
expression were noted between the cell lines using

Egr-l and JunB probes (data not

shown), CD47 expression was higher in the ARNTAb and lower in the ARNT/Ha cell

line compared to Control cells (Figure 4.14). Northern blots were performed twice,
normalising

to either B-actin or GAPDH mRNA, with similar results obtained.

ARNT^b Hepa cells exhibit a 1.5-2 fold increase in CD47 expression. While this may

it is perhaps of significance. In the DRAPASB
was found statistically to increase 1.97 fold in

not be a large level of induction,
microarray experiments, CD47
expression.

A slight increase or decrease in CD47

expression may be sufficient for

differential CD47 function. Expression of CD47 was also examined in the mutant Hepa
c4 cell line. Hepa c4 cells are not responsive to xenobiotic ligand, containing a mutated

form of ARNT that is rapidly degraded (Numayama-Tsuruta et al1997). Hepa c4 cells,

like ARNTAb Hepa cells, show an increase in CD47 expression relative to Control
Hepa cells.

These findings suggest ARNT plays a role in repressing CD47 expression. CD47 is a
membrane-bound glycoprotein that functions as a receptor for thrombospondin family
members, ligand for SIRPa and component of an integrin-containing complex (Brown

andFrazter 2001; Pettersen 2000). CD47, a broadly expressed antigen present on many

cell types in all tissues, plays numerous roles, including granulocyte and T cell
recruitment

to

sites

of infection, protecting erythrocytes from

phagocytosis, and

apoptotic signalling in T cells and cultured cerebral cortical neurons (Koshimint et al
81

Figure 4.14

CD47 expression differs between Hepa cell lines

3 pg of poly(A) RNA from Control, ARNT/Ha, ARNTAb and mutant Hepa c4 cells
were assessed for their relative expression of CD47 in two separate Northem blot
experiments. B-actin or GAPDH expression was used as an internal control. Probed
filters were visualised by phosphorìmager and the radiolabelled bands were quantitated
using ImageQuant. Relative mRNA levels of the blots are presented on a graph, with
reference to the level of expression in the Control Hepa cell line.
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2002). Potentially, ARNT may act as an anti-apoptotic agent and represses CD47
expression in the

liver. No information is known about the role of CD47 in the liver, or

of the control of CD47 expression. It is also possible that CD47 is not a direct target

ARNT, but rather

of

a downstream effect.

4.7 Conclusion

A

suppression subtractive hybridisation approach was used to generate a subtracted

library from ARNTÀb Hepa tester oDNA and Control Hepa driver oDNA. Several
analyses were performed at various stages during the procedure to ensure each step had

been conducted successfully. lnitially, the sizes of undigested and Rsa I-digested oDNA
were compared, to ensure efficient digestion of double stranded oDNA into blunt-ended

fragments. After ligating adaptors to the Rsa I-digested oDNA, PCR was used to
conclude the ligation efficiency was sufficient. Following hybridisation, suppression
PCR was performed using different cycles numbers for the primary and secondary PCR

steps. Southem blots of the PCR products were performed to

assess subtraction

efficiency, with the most efficiently subtracted samples then cloned into pGEM-Teasy to
generate a subtracted library.

The subtracted library was screened using a 3-step approach, designed to eliminate
bacterial transformants containing more than one pGEMTeasy plasmid, those containing
pGEMTeasy plasmid with no insert, and those containing human ARNT sequences.
The latter step had the potential disadvantage of ruling out the possibility of identif ing
endogenous ARNT as a differentially expressed gene. Given the high% identity at the

nucleotide level between mouse and human ARNT sequences, mouse ARNT clones
would likely be eliminated from further screening.

Following the elimination of ARNT-positive clones, remaining transformants were
analysed

in duplicate dot blots probed with labelled Control Hepa or ARNT^b Hepa

driver oDNA. Six candidates were chosen for further sequencing and Northem blot
analysis. One of the clones was found to be human ARNT (#391). The other clones
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were mouse ribosomal protein L37a(#122), human MAP kinase kinase 4 (#I35), mouse

antioxidant protein

4

(AOP4) (#436), mouse mitochondrial genome subunit 1 or

Cytochrome C oxidase and cytochrome b (#486) and Thymic Shared Antigen 1 (TSA-1)
(#48e).

To validate potential candidates as ARNT target genes, Northern blot analyses were
performed. Probe #391 (human ARNT), which was included as a positive control,
hybridises strongly to a band in the ARNT/Ha Hepa and ARNTAb Hepa lanes, with no
bands corresponding to endogenous ARNT mRNA observed in any of the lanes. This
suggests that

in comparison to the level of

ectopically expressed ARNT from the

transgene, endogenous ARNT is expressed at a very low level, which was undetectable
using the exposure times used.

The Northern blot analyses for the other 5 clones revealed a disappointing level of

differential expression. Similar expression levels of ribosomal protein L37a (122),
MAP kinase kinase 4 (735), 1-Cys peroxiredoxin (436) and subunit 1 of Cytochrome C
oxidase (a86) and were found in all three Hepa stable cell lines, implying they are not

differentially expressed. TSA-1 (489) expression was only slightly higher

in

the

ARNTAb cell line compared to the Control line, but levels were increased 2.5 fold in the

ARNT/Ha Hepa cell

line.

While the expression of TSA-1 may be differentially

expressed between the different cell lines as presented,

target gene

of ARNT as it is

overexpressing cell

up-regulated

it is highly unlikely to be a direct

in both the ARNT/Ha and ARNTAb

lines. The expression of TSA-1 may be negatively regulated by a

factor that is also able to bind ARNT and ARNTÂb, with overexpression of ARNT or

ARNTAb resulting in the sequestration of this negative factor, inducing higher levels of

expression. Alternatively, perhaps TSA-1 is significantly up regulated only in the
ARNT/Ha Hepa cells. This would be a somewhat confusing result, given TSA-1 was
identified initially as being differentially expressed between the ARNTAb and Control
Hepa cells. It remains unclear as to the reason TSA-1 is expressed more highly in the

ARNT/Ha Hepa cells than the Control Hepa cells.

83

Chapter Four: Screening for downstream target genes of ARNT

As an alternative means of identifuing downstream target genes of ARNT, we utilised
microarray data detailing the differential expression of genes found to be modulated in

293T cells overexpressing a constitutive form of the DR, DR^PASB. One such gene,
CD47, was found to be upregulated in ARNTÀb Hepa and mutant Hepa c4 cells and
down-regulated in ARNT/Ha Hepa cells compared to Controls. A search of the human

bacterial artifical chromosome containing the CD41 gene (AC0l020.ll) revealed an
absence of candidate E-box sequences around the coding region. CACGTG E-boxes
were only found 4kb downstream and 36 kb upstream of the CD47 coding sequence. A

search

for the HRE

sequence TACGTGC, also found

to bind the repressive

ARNT/SIM2 heterodimer, found a site 9 kb downstream and 6 kb upstream of the CD47
coding sequence. This sequence analysis suggests CD47 may not be a direct target gene

of ARNT, though a search
within intron

1 and a

oT

CD4l intron

sequences revealed three E-box sites, two

third within intron 3. A study of putative cMyc target genes found

most E-boxes to be found within the proximal promoter, 5'UTR or introns

I

or

2

(Grandori and Eisenman 1997). Similarly, E-box sequences bound by ARNT may be
located within intronic sequences.

In conclusion, the SSH PCR approach was unsuccessful in identiffing

downstream

ARNT target genes. With the exception of human ARNT and TSA-1, no other

genes

were found to be differentially expressed between the ARNTAb Hepa and Control Hepa

cell lines. It was initially thought surprising that so few differentially expressed genes
were identified during the screen. Ji et al (2002) recently discussed the efficacy of SSH

PCR in isolating differential expressed genes. Supported by experiments, the authors

propose that the critical determinant influencing the efficacy

of

SSH PCR is the

concentration ratio of a target gene between the two cDNA preparations. The authors
suggest that

for effective enrichment of

differentially expressed genes, the fold

difference in target gene expression between oDNA preparations needs to be more than
5 fold. DRAPASB microarray analysis found that the most reproducibly and statistically

differerentially expressed genes were modulated by no more than 3.02 fold. If ARNT
target genes are similarly modulated by less than 5 fold, then it is unsurprising that none

were identified by this approach. Ji et
numbers

of non-differentially expressed

al

also suggests that the presence of high

genes

in a subtracted library is not always
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indicative

of experimental

error, but due

to a lack of

significantly differentially

expressed genes. We are confident that the SSH PCR technique was performed
successfully, given the high level

of ARNT clones recovered during the

screening

process.

Microarray analysis searching for DR target genes was more successful in identiffing

a

gene, CD47, which was differentially expressed between the ARNT cell lines,
exhibiting an expression pattern consistent with

it being a potential ARNT-repressed

gene. The future use of mouse microarray slides probed with cDNA from the three
Hepa stable cell lines should be a more sensitive technique to reveal the identification

of

additional potential ARNT target genes.
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CHAPTER 5

Differential regulation of ARNT isoforms

5.1 Introduction

The similarities between ARNT and Max are striking. As discussed in Section 1.7.4
both proteins act as common partner factors within their respective familties, both are
able to form homo- and heterodimers, both can bind the CACGTG E-box element, and

both contain similar alternatively spliced exons. Because both p2lMax and p22Max
have been shown to be phosphorylated by protein kinase CKII at a serine residue that
aligns with a potential CKII site in Alt ARNT, we aimed to demonstrate whether or not

the equivalent serine residue in

Alt ARNT could also be phosphorylated in vitro.

'We

were also interested in the possible implications of CKII phosphorylation on Alt ARNT

function. Initially, though, we decided to examine the expression of ARNT and Alt
ARNT in cells.

5.2 Expression of ARNT and Alt ARNT

While alternative splicing often leads to the generation of proteins with different
functions, as we suggest may be the case with ARNT and

Alt ARNT,

alternatively

spliced transcripts of BMAL2 show differential expression in additional to differential

activity (Section 1.5, Schoenhard et
generated from a range

al 2002). RT-PCR

was performed on cDNA

of liver, kidney and lung cell lines and from whole

mouse

embryos (ED 9-11, cDNAs kindly supplied by Susi'Woods, University of Adelaide)
(Figure 5.1). PCR primers spanning the alternative exon were used, such that a396bp
band is obtained with Alt ARNT, and a 351 bp band for ARNT. In the sample set of

cDNAs chosen, cell specific expression of ARNT and Alt ARNT was not observed.
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Figure 5.1

Similar expression of ARNT and Alt ARNT mRNA in cells and the developing
embryo

RT-PCR was performed using 1 pl of cDNA generated from mouse and human liver

(Hepa lclc7, HepG2, Hep3B), human kidney (293T) and rat lung (JTC-12) cells and

from whole mouse embryos (ED 9-11). N terminal and l32C primers were used to

ampliff the region of ARNT encompassing the alternative exon such that different
bands result from

ARNT (351 bp)

and

Alt ARNT (396 bp). PCR products were

sized

analysed

by agarose gel electrophoresis. ARNT (bottom arrow) and Alt ARNT (top arrow) bands
are indicated.

As a negative control, no template was added to the PCR master mix (-ve). As positive

size controls, PCR was performed on ARNT/pBluescript (ARNT) and Alt
ARNT/pBluescript (Alt ARNT) plasmids.
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Instead, expression of both ARNT and

Alt ARNT was found in all oDNA

samples

tested. Samples appear to having differing ratios of ARNT:AIt ARNT, though this

has

yet to be verified by alternative means. Finding both ARNT transcripts in all cell tlpes
tested was intriguing. Given their apparent widespread expression,

it was worthwhile

exploring possible alternate functions for both proteins.

5.3 Potential CKII phosphorylation sites in ARNT and Alt ARNT

Full-length protein sequences

PROSITE

of

human ARNT and

Alt ARNT

(http://www.expasy.chltools/scnpsitl.html)

phosphorylation sites (Figure

for

were analysed

potential

5.2). Given the high number of possible CKII

at

CKII
sites

distributed throughout the length of ARNT, there was some doubt as to whether a single

CKII difference between the two forms of ARNT could be distinguished in a kinase
assay. Therefore, it was decided to bacterially express only the first 142 amino acids of

ARNT and Alt ARNT. This region of ARNT includes the bHLH region up to the start

of PAS

A.

It has previously been expressed and shown to be functional as a DNA-

binding heterodimer with the Dioxin Receptor (Pongratz et

I42 amino acids,

al 1998). V/ithin

the first

there is one potential CKII site in ARNT and three potential sites in

Alt ARNT. It was anticipated that in using only a small fragment of ARNT and
minimising the number of potential phosphorylation sites, differences in
phosphorylation between the two protein may be detected, and indicate whether the
alternative exon is indeed phosphorylated. Moreover, the influence of phosphorylation
on DNA-binding could be tested using gel electrophoretic mobility shift assays.

5.4 Expression and purification of ARNT 142 and Alt ARNT

142

For expression and purification pu{poses, the first 142 amino acids of human ARNT and

Alt ARNT were cloned into the pET32a vector (Novagen). The pET32a vector allows
inducible expression of proteins as thioredoxin fusion proteins and their subsequent
purification by Nickel affinity chromatogtaphy by the presence

of an N-terminal
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Figure 5.2

Potential CKII phosphorylation sites within ARNT and Alt ARNT

The website SCAN PROSITE (http://www.expasy.ch/tools/scnpsit 1 .html) was utilised
to search for potential CKII phosphorylation sites within human ARNT and Alt ARNT.
Of particular interest are sites in and around the alternative exon in Alt ARNT.

PROSITE identified 13 possible Protein Kinase CKII phosphorylation sites (Consensus

[ST).x.x.[DE]) within ARNT, and 15 possible sites within Alt ARNT. The positions of
these sites are illustrated on a schematic representation of ARNT and Alt ARNT.
Numbers represent amino acid residue number in the Alt ARNT protein sequence. The

two additional CKII sites located within the altemative exon are highlighted.

þ

**
QSSADKE

77

02

91

618

422

182

1

-COOH

NH 2

77*
82*

95

TAD

PAS

b HLH

GKII:

789

1

4f

1

6(

208

226,272

295,
321

374

467,508,534

739

Chapter Five: Differential regulation of ARNT isoforms

multiple histidine

tag.

The thioredoxin (Trx) fusion domain is included to enable

increased solubility of target proteins in E.

coli. The alternative expression vector was

pGEX (AP Biotech), which results in the expression of proteins as GST-fusions. The
GST, while also often increases the solubility of target proteins, would also aid in the
dimerisation of proteins, which is undesirable.

The pETARNT 142 (technically containing

l2l

amino acids

in the absence of the

alternative exon) and pETAlt ARNT 142 constructs were sequenced to confirm the

ARNT proteins would be expressed in frame with the fusion protein, expressed

inBL2l

(DE3) bacteria and purified by Nickel affinity chromoatography. Figure 5.3 shows the
expression and purification of ARNT and Alt ARNT 142.

Induced protein is not detectable in whole cell extracts from bacteria treated with IPTG
(data not shown). While ARNT and

Alt ARNT 142 are able to be partially purified by

Nickel affinity chromatography, because of low expression levels, a large number of
background bands of high intensity are also visible in the final desalted sample of both

proteins. It was postulated that low expression was due to the size of the 142

aa

full length ARNT has also been reported to be an extremely low
protein in engineered bacteria (Lando et al 2000; Fedele 1999). At this

proteins, though
expressing

stage, a number

of

approaches were taken to improve the purity

Constructs were expressed
enhance the expression

in the Rosetta BI21(DE3) strain of

of ARNT proteins.

bacteria, designed to

of eukaryotic proteins that contain codons rarely used in E. coli..

This did not, however, result in the detection of an induced ARNT band on a Coomassie
stained gel (data not shown). Nevertheless, extracts were made from bacteria, and

purified using an alternative Nickel affinity column (Amersham Pharmacia HiTrap

1

ml

column instead of Qiagen Ni++NTA resin). This step did not improve the purity of
proteins, and neither did adding an additional ion exchange purification step designed to
remove contaminating proteins of a similar size to ARNT

I42. lt

was decided to pursue

preliminary experiments using the ARNT 142 proteins, and to re-consider alternative
expression/purifìcation approaches

if

some differences could be observed between

ARNT and Alt ARNT.
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Figure 5.3

Purification of ARNT and Alt ARNT 142
pET ARNT 142 and pET Alt ARNT 142 plasmids were expressed in and partially
purified from BL21(DE3) bacteria. Overnight cultures were diluted and grown to

ODooo

0.4, when they were then induced with 0.1 mM IPTG for 3 hours. Whole cell protein
extracts were made by sonication of bacteria pellets in binding buffer, which were then

centrifuged to yield the soluble fraction. Soluble protein fractions were incubated with

Ni**NTA resin (Qiagen) for

t

hour before pouring the mix into an empty column. The

Nickel column was subsequently washed with 5 mM Imidazole, and the flow-through
collected before his-tagged ARNT proteins were eluted from the column upon the
addition of 250 mM Imidazole, with 1 ml fractions collected (1-5).

2

¡i

of whole cell extract (A), soluble fraction (B), unbound protein (C), flow/through

collected during the washing steps (D) and 6 pl of eluted fractions 1-5 were subjected to
12.5% denaturing polyacrylamide gel electrophoresis and Coomassie Blue staining.

ARNT and Alt ARNT 742 proteins are indicated by affows.
markers (Biorad)
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Chapter Five: Differential regulation of ARNT isoforms

5.5 In yirr¿ DNA-binding activity of ARNT and Alt ARNT 142

In order to verifu that the bacterially expressed proteins were functional, an EMSA was
performed (Figure

5.4).

Bacterially expressed ARNT and

clearly recognise the E-box
expressed

probe. The shifted

Alt ARUT

142 proteins

bands obtained with bacterially

ARNT proteins are supershifted with cr-ARNT antibodies but not with pre-

immune serum, confirming the E-box/ARNT interaction.

5.6 In vilro phosphorylation of ARNT and Alt ARNT 142 using cell extracts

In vitro kinase (rvK)

assays were

initially performed using Hepa IclcT whole cell

extracts as a source of CKII (Figure 5.5). Both isoforms of ARNT have been found in

it is expected that if CKII does differentially
ARNT and Alt ARNT, then it should be adequate to use Hepa cell

Hepa cells (see Section 1.5) and
phosphorylate

extracts as a source of enzyme. Figure 5.5 indicates that a band the size of

Alt ARNT

I42 is phosphorylated, perhaps by CKII, in the Hepa-Alt ARNT I42 mix but not
Hepa-ARNT 142

mix. It was hoped

the

that Western Analysis of the transferred proteins

would be used to show equal levels of ARNT and Alt ARNT 142 in the two samples,
however this analysis revealed too many background bands for ARNT and Alt ARNT
bands to specifically be detected (data not shown). This experiment was repeated several

times, with freshly prepared cell extracts from both Hepa 7cIc7 and 293T cells, but with

limited reproducibility.

The approach was modified in subsequent experiments to:
- include

as

positive control a protein known to be phosphorylated by CKII. ie Max.

- mutate possible CKII phosphorylation sites. If the alternative exon is phosphorylated,

then differences

in

phosphorylation should be detected between

Alt ARNT and a

mutated form of Alt ARNT.

- use a purified source of CKII, to eliminate the background of phosphorylated cellular
proteins which could mask the phosphorylation of ARNT by CKII.
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Figure 5.4

Bacterially expressed ARNT and Alt ARNT 142 proteins are functional as DNAbinding homodimers.
An EMSA was performed whereby approximately 300 ng of desalted ARNT (A) or Alt
ARNT I42 (Alt) protein was incubated together with a 32Plabelled E-box
oligonucleotide. To veri$r the shifted bands contain ARNT,

I

¡rl of either anti-ARNT

Antibody (Ab) or pre Immune serum (PI) was incubated with the protein before mixing

with the DNA probe. The DNA/protein mixture was separated by non-denaturing

5%o

0.25 x TBE PAGE. Retarded complexes (ARNT/ARNT homodimer and supershifted

ARNT/ARNT homodimer) and free radiolabelled probe are indicated.

Ab

PI

A AA
Supershifted complex
ARNT/ARNT homodimer

free E-box

5.4

probe#

\
\

Ab PI
Alt Alt Art

A

AIt

A AIt

#

a
¡F¡

b

Figure 5.5

In vitro phosphorylation of purified ARNT and Alt ARNT 142 proteins
using cell extracts.

a. and b. represent two independent experiments. 2 ¡tg of partially purified

ARNT (A) and Alt ARNT 142 (Alt) proteins were bound to Ni++NTA resin

before being incubated with

50 pg Hepa lclcT whole cell

extracts,

phosphatase inhibitors and 32P-y-ATP. Resin bound proteins were washed
before being boiled in ADA sample buffer. Samples \Mere separated by 12.5 %
SDS-PAGE, transferred to nitrocellulose, and analysed by autoradiography.
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5.7 Expression and purifìcation of p22Max

A

clone of His-tagged,

full length p22Max was obtained from M.

Cole (Princeton

University) to use as a positive control for further in vitro kinase assays. A p22Max
expression plasmid, together

with a LacI plasmid, was transformed into BL21 (DE3)

cells for expression and p22Max was purified using nickel affinity chromatography,
essentially as described in Section 5.4. Figure 5.6 shows the expression and subsequent

purification of p22Max. Approximalely 250 pg was purified from 250 ml culture.

5.8 In vilra DNA-binding activity of p22Max

To confirm the bacterially expressed His-taggedp22Max was fully functional, an EMSA
was performed. Increasing amounts of purified protein was incubated together with a
3tP-labelled E-Box oligonucleotide, and electrophoresed on a 5.5Yo 0.25 x TBE gel. As

illustrated

in Figure 5.7, bactenally

expressed p2LMax clearly recognises the E-box

probe, with increasing amounts of proteins resulting in an enhanced gel

shift. In this

experiment, as little as 10 ng was shown to be able to shift the E-box probe. As much as
200 ng can be used before a higher shifted band is observed.

A crystal structure of a

form of p2lMax bound to its cognate DNA-binding sequence demonstrated DNA-bound

Max homodimers can interact to form tetramers, and it is possible that this is what the
higher band represents (Brownlie et al 1997).

5.9 The generation, expression and purification of Alt ARNT 142 mutants
5.9.1 Mutating potential CKII phosphorylation site in Alt ARNT 142

Each of the potential CKII sites in the alternative exon was mutated. Using site-directed
mutagenesis, serine

77 and serine 82 were both converted to alanine residues, both

separately and together

in a double

generation of pET Alt ARNT S7l

A

mutant construct. Sequencing confirmed the

142, pET Alt ARNT S82A 142 and pET Alt ARNT

S77AS82A 142. Figtre 5.8 shows the amino acid sequences of the N-terminal region in
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Figure 5.6

Expression and purifìcation of p22Max.

H6-p22Max (Amp resistant) and lac

I

transfected into BL21 (DE3) competent

(Kan resistant) expression plasmids were co-

cells.

10

ml LB + 100 ltdml Ampicillin + 25

Itdml Kanamycin overnight cultures were used to inoculate 500 ml cultures grown to
ODooo 0.4 before induction with 0.1 mM IPTG for 3 hrs/3OoC. Cell pellets were
sonicated

in Binding Buffer before being

centrifuged to obtain the soluble fraction.

p22Maxwas purified by nickel affìnity chromatography.

Nf\TA

resin was incubated

with soluble protein and washed with 30 mM imidazole before protein was eluted with
250 mM imidazole.

2 pl of whole cell extract (C), soluble fraction (S) and unbound fraction (UB) together

with 15 pl of wash (W) and eluted fractions (E1-5) were

analysed

by 12.5 Yo Tns-

Tricine PAGE and Coomassie staining.

M:

Broad range unstained markers (Biorad). An arrow indicates purified p22Max.
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Figure 5.7

Determination of the minimal amount of Max required to bind the E-box

in an EMSA
Between 10 and 500 ng of purified p22Max was incubated with a

32P-

labelled E-box oligonucleotide. The DNA-protein mixtures were separated

by

non-denaturing

PAGE.

Retarded MAX-DNA complexes and free

radiolabelled probe are indicated.
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all three mutated forms of Alt ARNT.

11

91-

AIt ARNÏ

SDDEQSSADKERLAR

S77A

ÀDDEQSSADKERLAR

SB2A

SEEDQASADKERLAR

577AS82A

ÀDDEQASADKERLAR

Figure 5.8 The sequence of amino acids 77-91 (encoded by the alternative exon) in
the pET Alt ARNT 142, pF,T Alt ARIIT S77A 142, pET Alt ARNT S82A 142 and

pET Alt ARNT S77AS82A 142 plasmids. Mutated serine residues are indicated in
bold.

5.9.2 Expression and purification of Alt ARNT 577A, S82A and S77AS82Al42

The three mutated pET Alt ARNT clones were transformed into

BLzl

(DE3) bacterial

where they were expressed, partially purified and desalted for use in EMSA and IVK

assays. Similarly to ARNT and Alt ARNT I42 proteins, expression of the mutant
proteins was poor with high levels

of

contaminating proteins present

in the final

partially purified preparation (data not shown).

5.9.3 Mutant Alt ARNT 142 proteins are functional DNA-binding homodimers

Gel Shift analysis confirmed that mutating residues in the altemative exon of Alt ARNT
had no effect on DNA-binding by Alt ARNT homodimers. Using Trx-H6 as a negative

control, p22Max, ARNT 142 and Alt ARNT 142 as positive controls, similar amounts

of partially purified proteins were incubated with a radiolabelled E-box probe in a Gel

Shift assay. As Figure 5.9 shows, all three mutant'Alt ARNT proteins can form
functional DNA-binding homodimers. It is of interest to note that the relative sizes of
the shifted bands correlate with the relative sizes of the expressed proteins used in the
assay,

with differences between p22Max (lane 3), ARNT 742 (lane 4), and all four
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Figure 5.9

Mutant Alt ARNT 142 proteins are functional DNA-binding homodimers

Approximately 500 ng of desalted Alt ARNT

517

A

142 (lane 6), Alt ARNT S82A 142

(lane 7) and Alt ARNT S77AS82A 142 (lane 8) proteins were incubated together with a
32P-labelled E-box oligonucleotide. The DNA/protein mixtures were separated by non-

denaturing 55% 0.25 x TBE PAGE. Retarded complexes and free radiolabelled probe
are indicated.

As positive controls, 500 ng of p22Max, ARNT 142 and Alt ARNT I42 proterns were
also incubated with a labelled E-box probe (Lanes 3,4,5) and as a negative control, 500
ng of purified Trx-H6 was used (lane2).

12345678

AttARNT+
ARNT
Max

Free probe
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1 = free E-box probe
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different Alt ARNT proteins (lanes 5,6,7,8).

5.10 In uílro phosphorylation of ARNT and Alt ARNT using purified CKII

In vitro kinase reactions were performed on 200 ng of purified protein, with 100U of
purified CKII in 1 x CKII buffer (NEB). p22Max was included as a positive control,

it is known to be phosphorylated by CKII. Trx-H6 was included

as

as a negative control,

with no potential CKII sites found in the sequence of this protein. The samples being
tested were partially purified ARNT 742, Alt ARNT 142, Alt ARNT 577A142, AIt

ARNT S82A 142 and Alt ARNT 577 AS82A 142. Kinase reactions were incubated at

30oC, separated

by

SDS-PAGE, transferred

to

nitrocellulose and analysed by

autoradiography. Results are shown in Figure 5.10. It is clear that there is little or no
phosphorylation

of the Trx-H6 protein

and p22Max

is phosphorylated, as expected.

There is also a difference in phosphorylation between ARNT and

unclear whether the phosphorylated bands visible

Alt ARNT 142. It is

in lane 3 (containing ARNT

142)

ARNT 142 or background bands, but there is a distinct increase in
phosphorylation in Alt ARNT I42 (compare lanes 3 and 4). Mutating both serine
represent

residues in the altemative exon reduces this phosphorylation (compare lanes

5.11 Theoretical implications of

4 andT).

CIilI phosphorylation of ARNT

The proximity of the CKII phosphorylation sites to the basic region in p2lMax,p22Max
and

ARNT suggests

a possible regulatory

role in DNA-binding. As shown in EMSAS,

phosphorylated p22Max homodimers, but not heterodimers, are unable to bind the E-

box sequence (Berberich and Cole 1992). It was postulated that when two molecules of

Max are phosphorylated, the overall negative charge prevents binding with DNA,
whereas when one molecule

of Max is phosphorylated in a Myc-Max

heterodimer,

DNA-binding can still occur (Berberich and Cole 1992).

SubsequentX-ray crystallography studies investigated the proximity of Serl and Ser 10
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Figure 5.10

ARNT 142 andAlt ARNT 142 are differentially phosphorylated by CKII
500 ng of partiallypurified Trx-H6 (l),p22Max (2), ARNT 142 (3), Alt ARNT 142 (4),

Alt ARNT S77A 142 (s), A1t ARNT S82A 142 (6) and Alt ARNT S77AS82A 142 (7)
proteins were incubated with 50U purified CKII

in an in vitro kinase assay with

radiolabelled ATP. After an incubation of 30 mins at 30oC, samples were analysed by
12.5o/o

PAGE and autoradiography of the transferred gel. Results are representative of

2-3 experiments.
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in

p21Max

to DNA (Brownlie et al 1991). Both of

these serine residues are

phosphorylated by CKII in p21Max and p22Max. In contrast to an earlier Max-DNA
structure, which used an N{erminal truncated form of Max starting from Arg15 in the
basic region, the basic region cx,-helix was found to extend, with Ser10 capping the helix

rather than

Arg15. Serl0 was also found to be located about 16Å from the DNA

phosphate backbone. It was predicted that phosphorylation of this residue would disrupt

the interaction with DNA in two ways; charge repulsion and changing the character of
the N-cap of the

helix.

Structure beyond Serl0 was not well defined, though Serl is

thought to also form a helix N-cap as the first N-terminal residues that are visible (from
Asn3) are in helical conformation. Serl phosphorylation was predicted to have

a

mainly

electrostatic repulsive effect on the DNA-protein interaction, with Serl estimated to be

much closer to DNA than Ser10.

It is possible that a serine at the N-cap of an cr-helix may act as a CKII

substrate

recognition motif. Another protein, Calmodulin, also has a CKII phosphorylated serine
located at the N-cap of a helix (Quadroni et

al 1994). Unfortunately,

there is currently

no structural information for ARNT or Alt ARNT. We can, however, make predictions
as

to secondary structural motifs that exist at the N-terminus and basic region. For

example, a predicted 3D structure of the N-terminal half of ARNT can be generated by

modelling against the known structure of a p2lMax homodimer bound to DNA, using

the

program SWISS-MODEL

(http:¡¡www.expasy.

MODEL.html). SWISS-MODEL aligns proteins of similar

sequence, compares

theoretical and known secondary structure, and makes predictions as to the structure of a
given protein.

The sequence for p22Max was initially aligned with that of p2lMax (Figure 5.11a).
Secondary prediction program used by S\USS-MODEL (PhD) predicted that p22Max,

like p2lMax contains additional cr-helical structure N-terminal to the basic region.
p22Max was subsequently modelled to p2lMax and has a N-terminal structure similar

to that of p2lMax, with the basic cx-helix extending N-terminal by an extra 5 amino
acids, also capped by a serine residue. p22Max is also predicted to contain an N-

terminal a-helix

in an identical position to p2lMax. This predicted

structure is
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Figure 5.11

3D Modelling of p22Max, ARNT and Alt ARNT amino acid sequences based upon
the known crystal structure of p2lMax

Swiss PDB Viewer

r'^/as

used

to generate the diagram of the p2lMax homodimer bound

to DNA based upon the structural co-ordinates in the Protein Data Bank (lHLO). The

two monomers of Max are coloured grey and red. The basic helix, loop and second
helix are labelled.

a.

SWISS-MODEL was used to generate a predicted structure for p22 Max, using the

known crystal structure of p22Max bound to DNA, which was then manipulated in
Swiss PDB

Viewer. The predicted monomeric

structure, where similar to that of p2l

Max, is coloured green. Note that the N-terminal region of p22 Max is predicted to
have similar structure to the same area

b.

SWISS-MODEL was used

to

inp2I Max (arrow).

generate predicted structures

for ARNT and Alt

ARNT, using the known crystal structure of p22Max bound to DNA, which were then
manipulated in Swiss PDB

Viewer. The predicted monomeric structures, where similar

to that of p2l Max, are coloured blue. Note that the N-terminal region of Alt ARNT,

but not ARNT is predicted to have similar structure to the same area in p21 Max
(circled in Alt ARNT). Serine residues 77 and82 (577, S82) within Alt ARNT are
indicated.

Þ

ár
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helix
/

Modelled

p22\Aax --.r
loop

Basic helix

I
p21Max Homodimer on DNA
(crystal structure
Brownlie ef al 1997)
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(crystal structure
Brownlie et al 1997)
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supported by known structural information onp22Max in solution, with the N-terminal

region upstream of the basic region thought to be incorporated into an cr-helix (Horiuchi
et

al

1997).

Both ARNT and Alt ARNT predicted structures were then generated for the bHLH
region of ARNT and Alt ARNT (Figure 5.11b).

In the structure of p2lMax, both the extended basic region cr-helix,

capped

by Ser10,

and the additional N-terminal cr-helix, potentially capped by Serl, are clear. This
additional N-terminal secondary structure is present in the predicted structure of Alt

ARNT but not wt ARNT (circled in Figure 5.11b). This is unsurprising, given

the

differences in sequence between the N-terminal of ARNT and Alt ARNT just prior to

the basic region. In particular, the potential proximity of this N-terminal region,
including Ser'77 and Ser82, to DNA can be observed in this diagram. These predicted
structures reinforce our prediction that phosphorylated
those

Alt ARNT

homodimers, like

of p22Max. are likely to experience charge repulsion from the DNA and will

be

unable to bind to the DNA.

5.12 The effects of CKII phosphorylation on ARNT DNA-binding activify

The next obvious step to take was to investigate the effect of CKII phosphorylation on

DNA-binding by

Alt ARNT homodimers. Firstly, the phosphorylation/EMSA was

optimised for p22Max (data not shown). A similar phosphorylation/EMSA conditions
were then carried out using partially purified ARNT 142, Alt ARNT 142 and the mutant

Alt ARNT

142 proteins. Figure 5.12 shows that CKII phosphorylation of

decreased binding

to the E-box probe (compare lanes 6

Alt ARNT

and 7), whereas CKII

phosphorylation of the three mutant forms of Alt ARNT had no effect of DNA-binding
(compare lanes

6

and 7

with 8-13). Results suggest that CKII phosphorylation may

increase DNA-binding by ARNT 742 (compare lanes 4 and 5), but the band presumed to

contain ARNT found in lanes 4 and 5 is also present in lanes 8, 9, 12 and 73, and may
represent an

impurity. While there appears to be a difference in the DNA-binding
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Figure 5.12
Phosphorylation blocks DNA-binding of Alt ARNT but not ARNT ín vitro

100 ng of purified p22Max and 200 ng of partially purified ARNT 142, Alt

ARNT I42 (Alt A), or Alt ARNT 142 mutants (5774, S82A and S77AS82A)
were incubated separately

in an in vitro kinase assay +/- CKII. After an

incubation at 30oC for 30 minutes, reaction mixes were used in an EMSA,

firstly incubated at 37oC, and then adding an E-box Gel Shift master mix
containing E-box probe. Reactions were analysed by 5% 0.25

x TBE non-

denaturing gel electrophoresis.. Retarded protein-DNA complexes and free

radiolabelled probe are indicated. ? Indicates a band which may contain
ARNT, but which is also present in lanes 8,9, 12 and 13.
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abilities of ARNT 142 and Alt ARNT 742, due to the presence of contaminating
proteins in the samples it was difficult to be sure that identical levels of ARNT proteins
were being used in the assay.

5.13 Studying

differences befween ARNT and

Alt ARNT using larger

sized

proteins
5.13.1 Small scale expression of different sized ARNT proteins

It was clear at this stage that ARNT proteins of

a higher level

of purity were needed, to

be sure of the phosphorylation status of ARNT and Alt ARNT, and to

binding abilities

assess

DNA-

of the ARNT proteins in the absence and presence of

CKII

phosphorylation. While ARNT 742 and fulI length ARNT are both expressed poorly in
bactena, success has been reported in expressing higher levels of a GST{agged ARNT

407 (1. Pongratz, personal communication). There were concerns in using a larger
fragment of ARNT in kinase assays, due to the high numbers of potential CKII sites
discussed

as

in section 5.2. Furthermore, amino acid 407 is in the middle of the PAS B

domain, with ARNT 407 resulting in a protein lacking half the PAS B domain. We also
had concems as to how this protein would fold, and whether functional protein could be
extracted from bacteria.

Taylor and Zhulin (1999) and Pellequer et al (1998) have compared the PAS domain
sequences

from a vast number of PAS proteins from all three kingdoms of life and

a

proposed structure of the 150 residue PAS B domain from ARNT has been generated.

Modelled onto the 3D crystal structure

of the bacterial blue-light photosensor

photoactive yellow protein (PYP), the features of the PAS domain are an N-terminal
cap, aPAS core, helical connecter and B-scaffold (Pellequer et al1998). Residue 407 is

located between the PAS core and the helical connector

in the predicted structure.

Truncations at aa 407 deletes the C-terminal half of the B-scaffold, suggesting the PAS
B domain in ARNT 407 would not be correctly folded.
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As

a result,

different fragments of ARNT between 742 amino acids and 407 amino acids

were cloned into the pET-32a vector and assessed for their expression levels in bacteria
(experiments carried out with the technical assistance of Sarah Linke). The different
sized ARNT fragments, ARNT 281, ARNT 358 and ARNT 407, are illustrated in Figure

5.13a. Amino acid 281 is located at the end of the PAS A domain, and amino acid 358
found just after the N-terminal cap, but before the PAS B core. As shown in Figure
5.13b, expression of all 3 ARNT proteins was observed in IPTG induced cell extracts.

This is

in contrast to ARNT

Coomassie gel

142, where no ARNT protein was observable on

in induced extracts. Expression levels differed, with ARNT 281

a

and

ARNT 358 expressed more highly than ARNT 407. However, a high proportion of
ARNT 401 and ARNT 281 was insoluble. Insolubility of an overexpressed protein

can

be a reflection of how well the protein has folded in the bacteria. These findings suggest

that a complete PAS domain is required for the correct folding of a protein, and that the

linker located between PAS

A

and PAS

B contributes to the stability of the PAS A

domain. After a small scale purification of ARNT 358 was performed, with gel shift
analysis demonstrating the protein was functional, pET-32a constructs containing Alt

ARNT 358, Alt ARNT S77A 358, Alt ARNT S82A and Alt ARNT S77AS82A

358

were generated.

5.13.2 Expression and purification of ARNT 358 proteins

Large scale expression of the 5 different ARNT 358 proteins was performed in Rosetta

Bl21(DE3) bacteria as discussed in detail in Section 2.7.L

,A.

two-step purification step

was undertaken. Figure 5.I4a illustrates the Nickel affinity purification of Alt ARNT

358. Very similar purification profiles were observed with the other 4 proteins. Most
protein was found

in fractions 7-ll, which were

pooled, concentrated and further

purified on a Superdex 200 column. Fractions were collected and analysed by gel
electrophoresis and Coomassie Blue staining as shown in Figure 5.14b. Fractions #13

were used as the source of purified protein in all subsequent experiments. The smaller
contaminating protein found in fractions #14 and 15 is an ARNT proteolytic fragment,
containing the N-terminus of ARNT up to the end of the DNA-binding basic region

(first 102 residues),

as determined by mass spectrometry

(in collaboration with Dr Chris
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Figure 5.13

Different fragments of the ARNT protein expressed in bacteria

a. Three different sized

ARNT fragments, ARNT 281, ARNT 358 and ARNT 407 were

cloned into the pET32a bacterial expression vector. Amino acid 281 is located at the
end of the PAS

A domain, and amino acid 358 found just before the core of PAS B, so

it contains a complete PAS A domain
PAS

B. ARNT

as

well

as the

linker located between PAS A and

407 ends within the PAS B domain.

b. The three plasmids were transformed into Rosetta Bl21(DE3) bacteria and overnight
cultures were grown. After being diluted and grown to log phase, cultures were induced

with 0.1 mM IPTG for 3 hours. Cell extracts were made before

O

and after (+) IPTG

induction. Whole cell extracts (W) were obtained by sonication of cell pellets in
binding buffer, which were then centrifuged to obtain the soluble (S) fraction. Samples
were analysed by 10 % denaturing gel electrophoresis and Coomassie staining. Arrows
indicate the overexpressed ARNT proteins.

M:

broad range unstained markers

a.

ARNT

ARNT 281

ARNT 358

ARNT 407

b
kDa:
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+WS

pET ARNT 281

pET ARNT 358

pET ARNT 4O7

97
66
45
31

Figure 5.14

The purification of ARNT 358 proteins - a two step process

To purifu ARNT 358 from the soluble fraction of Rosetta bacteria, a two-step process
was employed. Firstly, nickel affinity purification was used. Soluble extracts made
from 250 ml of induced cultures were desalted to remove DTT and injected onto a 5 ml
HiTrap Nickel column (Pharmacia). Proteins were washed with 50 mM imidazole and
eluted with 250 mM Imidazole. Fractions (3-16) eluted from the column were collected
and analysedby 10% gel electrophoresis. The purification of Alt ARNT 358 (indicated

by an arrow) is shown (a). Very similar purification profiles

\Mere observed

with the

other 4 ARNT proteins.

Most protein was found in samples 7-11, which were pooled, concentrated and further

purified by size exclusion on a 25 ml Superdex 200 column (Pharmacia). Fractions
were collected and analysed by gel electrophoresis and Coomassie Blue staining (b).
The elution profile obtained with Alt ARNT 358 is presented here (fractions 8-15, Alt

ARNT 358 indicated by an arrow), and the profiles obtained with the other 4 proteins
were similar (data not shown). The asterix

(*)

indicates ARNT 702, a breakdown

product of ARNT.

M

:

broad range unstained markers,

W1,W2: wash fractions.

L

:

loaded sample, UB

:
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Bagley, IMVS, Adelaide). Size exclusion chromatography successfully resulted in the

purification of the putative ARNT.

5.13.3 ARNT 358, Alt ARNT 358 and mutant Alt ARNT 358 are functional

To ensure the purified ARNT proteins were functional, EMSAs were performed with
radiolabelled E-box probe,

in the presence of either preimmune

a

serum (PI) or anti-

ARNT antibody (Ab). All proteins were found to bind the probe, with protein/DNA
complexes supershifted in the presence of antibody (Figure 5.15).

5.13.4 ARNT 358 proteins are differentially phosphorylated by CKII

To investigate possible differential phosphorylation between ARNT and Alt ARNT 358,

in vitro kinase
quantitation

assays were performed

with CKII and radiolabelled ATP, allowing

of the level of incorporated

32Py-ATP

into the ARNT proteins (Figure

5.16a). Results indicate that Alt ARNT 358 was phosphorylated to

a

higher extent (5.8

fold) than ARNT 358. This also implies there is only minor

background

phosphorylation of ARNT 358, with not all potential CKII phosphorylation sites (Figure
5.2) being phosphorylated. When Ser77 was mutated to alanine, there was a significant

reduction

in CKII

phosphorylation, with only 1.9 fold higher phosphorylation than

ARNT. Similar levels of phosphorylation were observed for Alt ARNT 358

and Alt

ARNT S82A 358, and there was little difference in phosphorylation between ARNT and
the double serine mutant. These results suggest that CKII phosphorylates Alt ARNT
predominantly at Ser77, with perhaps minor phosphorylation at Ser82. These results are
consistent with our previous experiments with shorter ARNT proteins.

To further demonstrate that ARNT and Alt ARNT are differentially phosphorylated at
Ser77, in vitro kinase assays were performed using the C-terminally truncated ARNT
breakdown products obtained during protein purification (ARNT 102, see Figure 5.14b).
These smaller ARNT fragments consist of the N-terminus of ARNT up to the end of the

DNA-binding basic region and contain fewer potential CKII sites. Similarly to ARNT
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Figure 5.15

ARNT 358 proteins are functional in

a

DNA-binding assay

Approximately 200 ng of desalted ARNT 358 (lanes 1,6 ), Alt ARNT 358 (lanes 2,7),

Alt ARNT S77A 358
S77AS82A

(lanes 3,8),

Alt ARNT S82A 358 (lanes 4,9) and Alt ARNT

I42 (lanes 5,10) proteins were incubated

together

with either 1 pl

prelmmune serum or cr-ARNT antibody and 32P-labelled E-box oligonucleotide. The

DNA/protein mixtures were separated by non-denaturing 5.5% 0.25
Retarded complexes and free radiolabelled probe are indicated.

x TBE PAGE.

pre lmmune

12

C[.ARNT

3 4 5 6 7I910

ARNTiAb/DNA complex

ARNT/DNA complex

Free E-box probe

1

= ARNT 358

+ pre lmmune

2= AI|ARNT 358

+ pre lmmune

3 = Alt ARNT S77A 358

+ pre lmmune

4 = Alt ARNT S82A 358

+ pre lmmune

5 = Alt ARNT S77ASB2A 358

+ pre lmmune

6 = ARNT 358

+ cr-ARNT antibody

7 = Alt ARNT 358

+ cr-ARNT antibody

I

= Alt ARNT S77A 358

+ cr-ARNT antibody

9 = Alt ARNT SB2A 358

+ cr-ARNT antibody

10 = Alt ARNT S77AS82A 358

+ cr-ARNT antibody

Figure 5.16

CKII differentially phosphorylates different length ARNT and Alt ARNT proteins
a.

500 ng of purified ARNT 358 (A), Alt ARNT 358 (Alt), Alt ARNT S77A 358 (77),

Alt

ARNT S82A 358 (82) and Alt ARNT S77AS82A 358 (7782) proteins were incubated
with 50U purified CKII in an in vitro kinase
incubation of 30 mins

at

assay

with radiolabelled ATP. After an

30oC, samples were analysed

autoradiography of the transferred gel

by l0%

PAGE

and

(IVK). Four times the volume of protein used in

the IVK was analysed by Coomassie staining of a I0o/o PAGE gel and shown in the

lower panel (Coomassie). Results were consistently obtained on three

separate

occaslons.

b.

As in a., using 500 ng of purified ARNT 102 (A), Alt ARNT 102 (Alt), Alt ARNT
S77A 102 (77), Alt ARNT S82A 102 (82) and Alt ARNT S77AS82A 102 (1182)
proteins.

a.

ARNT 358 proteins

A

Att 77 82

7782

A

Art 77 82

7782

IVK

Coomassie

b.

ätîI'æürr

ARNT 102 prote¡ns

A

Att 77 82

7782

A

Att 77 82

7782

IVK

Coomassie
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and

Alt ARNT

358, ARNT and

predominantly at 5er77 (Figure

5. I

Alt ARNT 102 were differentially phosphorylaled,
6b).

5.13.5 The effects of CKII phosphorylation on DNA-binding

We next investigated the possible effect of Ser77 and/or Ser88 phosphorylation on Alt

ARNT DNA-binding. Kinase reactions were performed in either the absence or
presence of Protein Kinase CKII enzynre, followed by an EMSA using an E-box probe

(Figure 5.17). Unlike when partially purified ARNT and Alt ARNT 142 proteins \ryere
used in an identical assay (Figure 5.13), the results of this experiment are much clearer
and easier to interpret. As expected,p22Max showed a decrease in E-box binding when

phosphorylated (compare lanes 2 and 3). Alt ARNT similarly saw a decrease in DNA-

binding when phosphorylated by CKII (compare lanes

6

and

7).

ARNT, however,

showed no difference in DNA-binding following treatment with CKII (compare lanes 4

5). DNA-binding of the mutant Alt ARNT proteins was not significantly effected
by CKII phosphorylation. Shifted bands in lanes 8 and 9 (Alt ARNT S77A) are of
and

similar intensity, consistent with phosphorylation of Ser77 contributing to the inhibition

of DNA-binding by Alt ARNT. Unexpectedly, DNA-binding by the S82A (compare
lanes 10 and

1l)

influenced by

CKII.

and double serine mutant (compare lanes 12 and 13) was not
These results suggest that while the majority of phosphorylation

occurs at Ser77, phosphorylation at both Ser77 and Ser82 is required to inhibit DNAbinding by the Alt ARNT homodimer.

While CKII phosphorylation does not appear to affect the ability of the Alt ARNT
mutants

to bind to DNA, the shifted band

obtained with

Alt ARNT S82A and

S77AS82A mutant proteins appear to be of a lower intensity than that obtained with

Alt

ARNT protein (compare lanes 10-13 with lane 6). Perhaps mutating Ser82 to an alanine
residue results in the formation of an ARNT protein with reduced affrnity for DNA.

We next sought to investigate whether DNA-binding by ARNT heterodimers

was

affected by CKII phosphorylation. CKII phosphorylation has a greater inhibitory effect

on DNA-binding by Max homodimer than Max-containing heterodimers (Berberich and
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Figure 5.17

CKII phosphorylation inhibits E-box binding by Alt ARllT, but not

ARNT

homodimers

To

assess the effect

of Protein Kinase CKII phosphorylation on DNA-binding, in vitro

kinase reactions were performed with p22Max (Max, lanes

2 and 3), ARNT

(ARNT, lanes 4 and 5) and Alt ARNT 358 proteins (Alt, lanes 6 and 7;
and

577

358

A,lanes

8

9; 5824, lanes 10 and 1l; S77AS82A, lanes 12 and 13), in the absence (-) or

presence (+) of Protein Kinase

CKII, and immediately used in an EMSA with an E-box

probe. Lane 1, probe alone. Free probe and retarded complexes are indicated with an
afTo\M.

protein:
CKI I:

Max ARNT Alt
+

+

+

S77A S82A
+

+

S77AS82A
+

ARNT/DNA

Max/DNA

free E-box probe

1 2 3 4 5 6 7 I I 1011 12 13
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Cole 1992). Similarly, phosphorylation of 847 homodimers, but not B47-containing
heterodimers inhibits DNA-binding (Sloan et al1996).

In vitro CKII phosphorylation of ARNT, Alt ARNT or mutant Alt ARNT protein

was

performed, followed by the addition of purified GST-tagged DR (supplied by Anne

of Adelaide). Following the formation of ARNT/DR
heterodimer, aî EMSA was performed with a radiolabelled Xenobiotic Response
Element (XRE) probe (Figure 5.18). In contrast to E-box binding by Alt ARNT
Chapman-Smith, University

homodimers, phosphorylation by CKII did not have an inhibitory effect on DNAbinding by the DR/Alt ARNT heterodimer. As expected CKII phosphorylation also had
no inhibitory effect on ARNT/DR and mutant Alt ARNT/DR heterodimers.

5.14 In vivo DNA-binding activity of ARNT and Alt ARNT

The differences in

Alt ARNT

and ARNT DNA-binding activity

in vitro lead us to

investigate potential differences in DNA-binding activity in vivo. Initially we examined

activity on an XRE-driven reporter gene. Mammalian expression plasmids for full
length ARNT, Alt ARNT, and the mutant forms of Alt ARNT were generated from the

shorter bacterial expression plasmids. Transient transfection

in

Hepa cells were

performed with the ARNT expression constructs, together with an XRE reporter,

constitutively active DR expression plasmid (DRAPASB) and an internal control
plasmid (Figure 5.19). As was observed invitro, there was little difference in activity
between ARNT and

Alt ARNT proteins on an XRE

reporter when complexed as a

heterodimer with the DR.

Numerous difficulties were encountered when attempting to derive similar data with an

E-box-driven reporter plasmid in transient transfection assays. Finally, the use of an
internal control plasmid was discontinued after levels of expression differed between

cells with or without overexpressed ARNT, and luciferase values were

instead

normalised to protein levels. Attempts were then made to determine the activity of the

ARNT and Alt ARNT proteins on an E-box-driven reporter in293T cells (Figure 5.20a).
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Figure 5.L8

Protein Kinase CKII phosphorylation has no effect on ARIIT or Alt ARNT DNAbinding to the XRE as a heterodimer with the Dioxin Receptor.

To

assess whether

Protein Kinase CKII phosphorylation had any effect on DNA-binding

by an ARNT or Alt ARNT-containing heterodimer, in vitro kinase reactions

were

performed with 300 ng ARNT 358 (ARNT, lanes 2 and 3) and Alt ARNT 358 proteins

(Alt, lanes 4
and 11),

and

5; STTA,lanes 6 andT; S82A 358, lanes 8 and 9; S77AS82A, lanes

in the absence (-) or presence (+) of

10

Protein Kinase CKII, before being

incubated with 5 pg bacterially expressed and purified Dioxin Receptor fusion protein

(GSTtagged DR l-287) and used immediately in a gel mobility shift assay with the
XRE probe. A high quantity of DR was required as only a low proportion of protein is

fully functional (Anne Chapman-Smith, personal communication). Lane I, probe alone.
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Figure 5.19

ARNT and Alt ARNT exhibit similar activity on an XRE reporter
plasmids in vivo as a heterodimer with the DR
200 ng expression plasmids for ARNT,

Alt ARNT

and the mutant forms of

Alt

ARNT (5774, S82A and S77AS82A) were transiently transfected into Hepa

lclcT in triplicate wells in

a 24 well tray format using the Fugene 6 method

with the XRE-luciferase reporter (pXlXl) (100 ng), Renilla internal control
luciferase plasmid (RLTK, 100 ng) and either a constitutively active mDR
plasmid (DR PASB)

48 hours following transfection, cells were lysed and assayed for firefly and
Renilla luciferase activity. Relative auciferase activity results presented are

a

representative of three separate experiments. Data show is an average of the

triplicate wells of a single experiment + SD.

9

Figure 5.20

ARNT and Alt ARNT activity on an E-box reporter

(a)

200 ng of expression plasmids for un-tagged ARNT (A),

Alt ARNT (Alt) or the Alt

ARNT mutants (S77A, S82A and S77AS82A) were transiently transfected into 2937
cells in triplicate wells in a 24 well tray format using the Fugene 6 method with either
the TKMP blank luciferase reporter or the 4(CACGTG)-driven luciferase reporter (200

ng). 48 hours following transfection, cells were lysed and assayed for firefly luciferase
activity and protein concentration. Normalised luciferase activity results are presented,
Data shown is an average of the triplicate wells of a single experiment + SD. Student's

t-tests were used to determine the statistical significance

of E-box reporter activity

driven by Alt ARNT compared to ARNT, and the Alt ARNT mutants (5774, S82A and
S77AS82A) compared to Alt ARNT (* P<0.05, **{' P<0.005).

(b)

25 ltg whole cell extracts from cells transiently transfected with 4(CACGTG)TKMP
reporter and the indicated ARNT expression plasmids assayed in the above experiment

(a) were analysed for levels of ARNT protein in a Westem blot using an ct-ARNT
primary antibody. The arrow indicates ARNT protein.
(c)

In a separate transient transfection experiment, 25 pg whole cell extracts from
transfected

with 4(CACGTG)TKMP reporter and the indicated ARNT

cells

expression

plasmids were analysed for levels of ARNT protein in a Western blot using an o(,-ARNT

primary antibody. The arrow indicates ARNT protein.
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Alt ARNT activity was slightly higher than that of ARNT in the experiment presented
(1.3 fold), and up to 2.2 fold in other experiments. This increase in activity, though
small, was statistically signihcant (P<0.05) and perhaps is due to differences in DNA-

binding activity. úr the absence of CKII phosphorylation, Alt ARNT appears to bind to
the E-box sequence more strongly than ARNT (Figure 5.17, compare lanes 4 and 6).

Interestingly, two Alt ARNT mutants, S77A and S77AS82A consistently exhibit higher

activity than both ARNT and Alt ARNT, while the S82A mutant showed greatly
reduced

activity. A Western blot of equal amounts of the total protein used in

the

luciferase assay was difficult to interpret (Figure 5.20b), so an identical transfection was
'Western
performed, with similar trends in reporter activity observed (data not shown).

analysis using extracts from this second experiment (Figure 5.20c) show that S82A is
expressed

mutation

at a slightly lower level than the other proteins, suggesting perhaps

of

S82A results

in an Alt ARNT protein

the

more susceptible to protein

degradation, hence contributing to the low levels of reporter induction observed in this

experiment. When bacterially expressed and purified, the same mutant was found to
bind DNA in vitro with reduced affinity (Figure 5.17, compare lanes 10-13 with lane 6).

This suggests that the low reporter gene activity of Alt ARNT S82A is due to

a

combination of weaker DNA-binding affinity and decreased protein stability.

The S77A mutation, in contrast, does not appear to affect either DNA-binding affrnity in

vitro (Figrtre

5.17 , comparçö lanes 8 and 9

with 6) or protein stability (Figure 5.20a and

b, compare the level of protein expressed in lanes 2
increase the transactivation potential of

and

4).

Moreover,

Alt ARNT on an E-box.

it

appears to

Perhaps the S77A

mutation alters the conformation of the protein such that transactivation was enhanced,
compared to the

Alt ARNT protein. In the S77AS82A double mutant, the altered

conformation would be sufficiently active to overcome the inhibitory effects of mutating
Ser82.
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5.15 Conclusion

We have begun to investigate the characteristics of an alternatively spliced form of

ARNT termed Alt ARNT. The identification of putative CKII phosphorylation

sites

within the extra 15 amino acids in Alt ARNT lead to the expression of fragments of
ARNT and Alt ARNT in bacteria for use in in vitro kinase assays. Expressing the Nterminal and bHLH regions as fusions with Thioredoxin proved diff,rcult, with low
levels of expression resulting in poor purification. The expression of fragments of

ARNT and Alt ARNT 358 containing PAS A and the linker located between PAS A and
PAS B was more successful.

The SWISS MODEL modelling program was used to predict possible structure within
the N-terminal region of ARNT and

Alt ARNT, as has recently

p2lMax. Alt ARNT, but not ARNT

been described for

was predicted to have additional cr-helical

structure, in a region containing known CKII phosphorylation sites within

Max. It

was predicted that

Alt ARNT, if

p2l

and p22

phosphorylated within this area, would be

inhibited from binding DNA, due to the close proximity of the N-terminal c¡¿-helix to
DNA.

We utilised in vitro kinase assays with purified CKII to demonstrate that bacterially
expressed

this

ARNT and Alt ARNT 358 are differentially phosphorylated. The majority of

phosphorylation occurs

at

Serine 77, located within

Alt ARNT only.

Phosphorylation by CKII, as predicted by modelling studies, inhibits DNA-binding to an

E-box probe by Alt ARNT, but not

ARNT. DNA-binding in EMSAs by the Ser77

mutant of Alt ARNT is not affected by
phosphorylation contributes

CI{I

to the inhibition of DNA-binding by Alt ARNT. It

unclear at this stage as to the role of Serine

S82A mutant

is

phosphorylation, suggesting that Ser 77

unchanged

is

82. Given the DNA-binding ability of the

by CKII phosphorylation, it

suggests

that S82A \' , ' ,'

phosphorylation is also required for the inhibition of E-box DNA-binding by Alt ARNT.
Interestingly, phosphorylation by CKII does not inhibit ARNT or Alt ARNT binding to a
Xenobiotic Response Element as a heterodimer with the Dioxin Receptor.
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In reporter gene

assays, consistent

with this observation, ARNT and Alt ARNT

demonstrate similar activity on an XRE reporter with the

DR. However, in contrast

to

EMSA experiments in vitro, there was only a slight variation in Alt ARNT activity
compared
observed

to ARNT activity on an E-box reporter. Intriguingly,

differences were

with all three Alt ARNT mutants compared to Alt ARNT. The

activation of an E-box reporter

in 293T cells following

reduced

transient transfection by Alt

ARNT S82A could be attributed to low levels of expression, or perhaps due to

a

structural perturbation. The two Ser82 mutants (5824 and S77AS82A) bound to the E-

box probe in EMSAs with reduced affinity, supporting the suggestion of structural
perturbation (Figure 5.17).

Alt ARNT mutants, Alt ARNT S77A and Alt ARNT
S77AS82A, exhibited higher E-box reporter activity than ARNT or Alt ARNT.

In

contrast, the two Ser77

Increased activity of the S77A mutant suggests

Alt ARNT could be phosphorylated in

293T cells at Ser77, binds to the E-box with reduced affinity and consequently cannot

fully activate transcription of the reporter gene, though remains more active than ARNT.
When Ser'77 is mutated to an alanine residue, in both the S77A and S77AS82A mutant,

this inhibition does not take place, and maximal transcriptional activity can occur.
However,

if S82A mutation

reduces protein stability andlor binds to

DNA with reduced

aflrnity and the S7TA mutation simply prevents phosphorylation and thereby allowing
DNA-binding, then how can high levels of E-box reporter expression be activated by the
S77AS82A mutant? Perhaps mutating

Serll

alters the conformation of the

Alt ARNT

protein such that is can interact with, or interact more strongly with, a coactivator or
chaperone protein. Both coactivators and chaperones have been found to interact with
the bHLH regions of other proteins and it is possible mutations in the N-terminal region
are sufficient to alter this binding. The interaction between coactivator CBP/p300 and

the bHLH regions of E-box binding proteins MyoD, myogenin and 847 increased the
transactivation potential of the proteins and has been demonstrated to play an essential
role in muscle and B-cell differentiation programs (Eckner et al l996,Pun et al1997).

While the in vivo role for differential CKII phosphorylation of ARNT and Alt ARNT
r02
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remains unknown, we can utilise information known about CKII and other transcription
factors similarly targeted by CKII for phosphorylation. CKII is a ubiquitously expressed
serine/threonine protein kinase, with substrates being proteins critical for transcription,

cell cycle regulation, and signal transduction (Allende and Allende 1995). c-Jun, one of
the major components of the inducible transcription factor

targeted for phosphorylation by

CICI. Phosphorylation of c-Jun occurs on several sites

adjacent to the DNA-binding domain. Two
phosphorylated

AP-l, is one of many proteins

of these sites, Thr23l and Ser249,

by CKII, with phosphorylation inhibiting DNA-binding activity

dephosphorylation leading to an increase in

are
and

AP-l activity (Lin et al 1992). A third

phosphorylated site, Ser243, is also present between the other two sites. When Ser243
is substituted by Phe, as occurs in v-Jun, the product of the retroviral oncogene v-Jun, in

vivo activity increases. Phosphorylation on Ser243 has been shown to interfere with the
phosphorylation of Tfu231 and Ser249 by CKII in vivo and in vitro (Lin et

al

1992).

The phosphorylation of c-Myb by CKII similarly inhibits DNA-binding. Serine residues
1

I and 12 areboth in vivo phosphorylation

sites which, when phosphorylated in vitro by

CKII, can reduce binding to a DNA probe (Oelgeschläger et al1995).

Intriguingly, recent studies implicate

a

role for CKII phosphorylation in the mediation of

apoptosis, targeting numerous proteins that play various roles

in apoptosis.

CKII

phosphorylation of the Bcl-2 family protein Bid blocks cleavage by caspase 8 (Desagher
et

al200l). During apoptosis, Bid is not phosphorylated, with Bid

cleavage resulting

in

the translocation of a C-terminal fragment to the mitochondria, inducing the release of
apoptogenic factors and subsequent cell death. The caspase-inhibiting protein ARC is
also regulated by CKII phosphorylation (Li et a|2002). When phosphorylated, ARC is
targeted to the mitochondria where it can bind and inhibit caspase-8.

A recent paper described a role for the dephosphorylation of Max at the CKIIphosphorylated serine residue corresponding
Heidenreich et

to

Ser77 within

al 2001). Max was found to be a target for

Alt ARNT
cleavage

(Krippner-

by

caspase-5

following a Fas-mediated dephosphorylation event. The phosphatase responsible for
dephosphorylation is not yet known. Since this is the first identihed caspase-5 site, the
consensus

for caspase-5 cleavage is not known, though cleavage required full-length
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protein, so structure appears to play an important role. While the cleavage site in Max is
not present in ARNT, and there is no discussion in the literature concerning ARNT as a
caspase targe!., the emerging role for

CKII phosphorylation in the regulation of apoptosis

means we cannot rule out CKll-mediated cleavage of

Alt ARNT by caspases, and the

potential effects this may have on bHLH/PAS factor signalling during apoptosis.

Given the ubiquitous nature of CKII, it is likely that the control of CKII phosphorylation

of Alt ARNT is at the level of de-phosphorylation, rather than phosphorylation, with the
CKll:phosphatase ratio determining whether a site remains phosphorylated.
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CHAPTER 6

DISCUSSION

6.1 Introduction

The aims of this thesis were to explore novel roles of ARNT as a transcriptional
regulator and to investigate possible differential activities

of ARNT isoforms. To

investigate whether ARNT plays roles as a transcription factor additional to being a
partner to known factors such as DR and HIF-cr, a search for downstream target genes
was planned. Hepa cell lines overexpressing a dominant negative form of ARNT and a
Suppression Subtractive Hybridisation PCR approach were used. Complementing these
studies was a search for differences in function between two alternatively spliced forms

of ARNT, ARNT and Alt ARNT. Specifically, we sought to determine if ARNT and

Alt ARNT could be differentially phosphorylated

and whether such phosphorylation

could affect DNA-binding properties.

6.2 Attempts to identify downstream ARNT target genes

The availability of Hepa 1c1c7 cell lines stably overexpressing ARNT or a dominant
negative form of ARNT, ARNTAb, provided us with a tool with which to search for
downstream target genes of ARNT target genes.

These cell lines were characterised for their ability to differentially activate a reporter

gene compared

to cells stably transfected with a blank expression vector.

Indeed,

ARNT/Ha Hepa cells show enhanced activity on an XRE, HRE and E-box. ARNT^b
Hepa cells, while showing similar high levels of RNA and protein compared to the

ARNT/Ha Hepa cells, exhibited reduced activity on an HRE and could not activate
reporter expression from an XRE in the presence of a constitutively active form of the
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DR. ARNTÂb

does not appear to have a negative effect on E-box reporter activity,

with

similar levels of reporter induction in both ARNT^b and Control Hepa cells. It is
possible that the contribution of ARNT-driven transactivation on the E-box reporter in

Control cells may be minimal compared to that of other E-box binding proteins, such
that the dominant negative effect of ARNTAb on endogenous ARNT activity may not be
detected

in this assay. After ddRT-PCR experiments further revealed differences in

gene expression profiles between Control Hepa, ARNT/Ha Hepa and ARNTÀb Hepa

cell lines, a more comprehensive SSH PCR screening approach was undertaken to
identifi

genes differentially expressed between Control Hepa and ARNTÂb/Hepa cells.

SSH PCR was used to generate a subtracted library from ARNTAb Hepa tester oDNA

and Control Hepa driver

oDNA. Numerous

analyses were undertaken

to ensure the

technique was being performed successfully, and a 3-step approach was used to screen

the library. Screening revealed a high level of ARNT clones present in the subtracted

library, consistent with the high level of ARNTAb RNA differentially
between ARNT^b and Control Hepa

expressed

cells. It was therefore disappointing that only a

single gene, TSA-1 was found using Northern blot analysis to exhibit different levels

of

expression between the Hepa stable cell lines. There remains some doubt as to whether

TSA-1 is in fact a target gene of ARNT. While expression was only slightly higher in
the ARNTAb cell line compared to the Control line, levels were increased 2.5 fold in the

ARNT/Ha Hepa cell line. It is expected that an ARNT target gene is unlikely to be upregulated in both the ARNTIHa and ARNT^b overexpressing cell lines, suggesting that

while the expression of TSA-1 may be differentially expressed between the different cell
lines as presented, it probably isn't a direct IargeI of ARNT.

A

second gene differentially expressed between ARNT^b and Control Hepa cells was

identified by an altemate approach. Microarray data detailing the differential expression

of genes found to be modulated in 293T cells overexpressing a constitutive form of the
DR, DRAPASB, was available. In theory DRAPASB is thought to behave in some
respects

like an ARNT dominant negative. ARNT^b sequesters ARNT partner proteins

away from ARNT, blocking ARNT function, while DRAPASB constitutively binds

ARNT and activates transcription, thereby sequestering ARNT away from other partner
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proteins. CD47 was found to be upregulated in ARNTÂb Hepa and mutant Hepa

c4

cells and down-regulated in ARNT/Ha Hepa cells compared to controls.

Future work

will

need to include more detailed analysis of the expression of TSA-1 and

CD47. In addition,

'Western

blots could be used to examine the level of TSA-1 and

CD41 protein in the Hepa and 293T cell lines. TSA-1 and CD47 promoter analysis
(first 7 12 bp upstream of the start site for TSA- 1 , full BAC sequence for CD47) did not
reveal any E-box or HRE sequences, suggesting both TSA-1 and CD41 are not direct
target genes of ARNT.

Overall, the search for downstream target genes has been disappointing, with the
identification of only two potential genes. If ARNT does not play a constitutive role in
the cell, then we would not expect to identifu any genes differentially expressed between

our Hepa stable cell lines, and this result would not be surprising. However,

if,

as has

been observed on model reporter genes, ARNT does play a constitutive role, then we

would have expected to isolate an increased number of genes. The fact that we did not
suggests two

possibilities. Firstly, the SSH PCR approach may have been unsuccessful,

and did not result

in the enrichment of

differentially expressed genes. The high

proportion of ARNT-positive clones identified within the screening process implies that

this is not the case, and that the subtraction procedure and selective amplification of
differentially expressed genes

rwas a success.

The second possibility, suggested by Ji et

only achieved

al (2002), is that effective enrichment of differentially expressed

genes is

when the fold difference in target gene expression is at least 5

fold. If ARNT

genes are not expressed very highly, then our chances

target

of ever identiÛring them by this

approach is limited.

A

comprehensive microarray analysis

will

perhaps provide an alternative means by

which potential downstream target genes may be identified. Quality mouse microarray
slides screened with cDNA from the three Hepa stable cell lines should be more
sensitive and potentially very informative. As found with the DRAPASB microarray
analysis, even genes exhibiting only 2 fold differences in expression between cell lines

of interest can be identified. As with SSH PCR, the main disadvantage to using this
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technique when comparing cell populations differing

in the levels of a transcription

factor is that differentially expressed clones do not necessarily represent actual target

genes. Microarray technology would, however, provide a large body of information
from which to further refine a search for direct target genes of a transcription factor of
choice.

Alternatively, the recently described Çþromatin lmmunoprecipitation (ChIP) Assay
could be utilised (Orlando 2002). Briefly, the ChIP assay works by crosslinking
chromatin and chromatin-bound proteins, immunoprecipitating a DNA-binding protein

of choice, followed by either the cloning and sequencing of bound DNA in order to
identiff

a bound sequence

of DNA, or followed by the PCR of a known promoter, in

order to confirm the binding

of a protein to that promoter. The ChIP assay has the

advantage of identifliing the actual piece(s) of DNA a protein may be bound

to.

The

ChIP assay can also be used to confirm whether a gene whose expression is modified in
response to altered levels of a transcription factor is a direct or indirect target gene. This

assay could

be used following a microarray experiment, in order to veriff

the

direct/indirect nature of the differentially expressed clones.

6.3 Consequences of differential phosphorylation between ARNT and Alt ARNT

The Arnt gene can be alternatively spliced to result in the formation of ARNT and Alt

ARNT proteins, which differ in size by 15 amino acids, present adjacent to the basic
region in

Alt ARNT only. An amino acid

region of ARNT,

Alt ARNT and both

sequence comparison

isoforms of Max,

p2l

of this N-terminal

and p22 lead

hlpothesis that like Max, Alt ARNT could be phosphorylated by

to

the

CKII. 3D structure

prediction further suggested that a phosphorylation event at a serine residue within the
N-terminal region of Alt ARNT would be inhibitory to DNA-binding.

Bacterially expressed fragments

of ARNT and Alt ARNT of different

sizes were

subsequently generated. While Trx-fusions with the first 142 amino acids (up to the end

of the bHLH region) of ARNT and Alt ARNT were poorly expressed and could only be
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partially purified, expression of fragments of ARNT and Alt ARNT 358 containing PAS

A

and the linker located between PAS

A

and PAS B was more successful.

In vitro

kinase assays with purified CKII were used to demonstrate that bacterially expressed

ARNT and.Alt ARNT 358 are differentially phosphorylated. The majority of this
phosphorylation occurs within Alt ARNT at Serine 77. UsingEMSAs, we demonstrated

that phosphorylation by CKII inhibits

Alt ARNT homodimers, but not ARNT

homodimers, from binding to an E-box probe. E-box binding by the Ser77 mutant of

Alt ARNT is not affected by CI{I phosphorylation,
contributes

to the inhibition of

DNA-binding

suggesting Ser77 phosphorylation

by Alt ARNT. Both Ser82 and

Ser77Ser82 mutants exhibit slightly reduced E-box-binding activity, suggesting Ser82

may be involved

in

maintaining the optimum structure

required for function.

In

contrast

of this N-terminal

region

to these findings, phosphorylation by CKII

was

demonstrated to have no affect on ARNT or Alt ARNT binding to a xenobiotic response
element as a heterodimer with the Dioxin Receptor.

Transient transfection studies found ARNT and

Alt ARNT exhibited similar levels of

activity on an XRE with the DR, consistent with EMSA studies. On an E-box-driven
reporter gene, the activity of

Alt ARNT was only slightly higher than that of ARNT.

The data obtained with the Alt ARNT mutants provided more insight into the activity

of

Alt ARNT in the cell. 293T cells transfected with the two Ser 77 Alt ARNT mutants,
Alt ARNT S77A and Alt ARNT S77AS82A displayed higher reporter expression than
cells transfected with ARNT or Alt

ARNT.

Findings are supportive

of a role for

phosphorylation at Ser77 having an inhibitory effect on Alt ARNT binding to the E-box.

The reduced activity of the Ser82 mutant could be attributed to either low level of
expression, or perhaps due to a structural perturbation, as suggested by EMSAs.

The in vivo role for differential CKII phosphorylation of ARNT and Alt ARNT remains

to be investigated. Other transcription factors such as Max, Myb and c-Jun
phosphorylated

by CKII, similarly having a negative affect on DNA-binding.

factors regulating phosphorylation, however, are unknown. CKII
expressed kinase,
can be modified

with conflicting data in the literature

are

The

is a ubiquitously

as to whether the

activity of CKII

in the cell (Litchfield and Lüscher 1993). It is possible that, similar to
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Max, de-phosphorylation of a CKll-modified site is the critical step in modulating Alt
ARNT activity.

6.4 Final Conclusion

Further study is necessary in order to fully understand and appreciate the differential
regulation of ARNT and

Alt ARNT. The results presented within this thesis suggest

that differential regulation solely affects Alt ARNT homodimers, further supporting

a

novel role for Alt ARNT in the cell. Perhaps ARNT acts only as a heterodimeric partner

in the cell, with Alt ARNT able to act as both a general partner factor and as an active
DNA-binding homodimer. These findings reinforce the necessity of further searches for

ARNT and, perhaps more importantly, Alt ARNT downstream target genes.
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