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by Holly Bowen

In mice, natural resistance to infection with several antigenically unrelated
intracellular pathogens including Salmonella typhimurium, Leishmania donovani and
Mycobacterium bovis, is mediated by a single gene on chromosome 1 termed Slcllal
(Solute carrier family 11a memberl, formerly_Nrampl). Sicllal encodes a 548
amino acid integral membrane protein that localises to the late endocytic
compartments of resting macrophages. Infection of the macrophage with intracellular
pathogens leads to targeting of Slcllal from endocytic vesicles to the phagosomal
membrane where it alters the microenvironment of the vesicle, thereby controlling
replication of the pathogen. How Slcllal performs this task is the centre of much
controversy. High sequence similarity (77% protein identity) to Nramp2, a
ubiquitous divalent cation symporter, and the presence of a highly conserved transport
motif has led to the suggestion that Slcl1lal may also function as a divalent cation
transporter, leading to a decrease in cytoplasmic iron levels.

Wu and colleagues showed reciprocal control of iron regulatory protein
expression H-ferritin and IRP2 by c-Myc and suggest a role for c¢c-Myc in the
regulation of cytoplasmic iron. As both c-Myc and Slcllal modulate cytoplasmic
iron, but in opposite directions, a role for c-Myc in the regulation of Slcllal was
evaluated. c-Myc co-transfection into both Cosl and RAW264.7 macrophage lineage
cells repressed expression of Slcllal promoter driven reporter constructs. An
initiator (Inr) element flanking the transcriptional start site is a candidate site for the
inhibition as c-Myc repression was observed on a 34bp region of 5° flanking sequence
containing only 2 Inr elements and a consensus Sp1 binding site. Down regulation of
the Slcllal promoter by c-Myc is thought to involve the Inr binding protein Miz-1
(Myc interacting zinc finger protein-1). Miz-1 recruits coactivators p300/CBP to the
site of transcriptional initiation, thereby promoting gene expression, binding of c-Myc
to Miz-1 interferes with coactivator recruitment, silencing the target gene. Co-
transfection with both Miz-1 and p300 leads to transactivation of the Slcllal
promoter driven reporter constructs. Miz-1 mediated transactivation is observed only
in the absence of E-box ¢-Myc binding sites (EMS) but requires the presence of the
consensus Spl binding site. p300 transactivation is independent of EMS but
dependent upon the presence of the consensus Spl binding site. Data presented
within this thesis provide a basis for the model of regulation of the Slcl1al promoter.
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CHAPTER 1

Introduction



1.1 INTRODUCTION

1.1.1 Genetic Susceptibility to Intracellular Infections

In the early 1970s, it was recognised that murine susceptibility to several antigenically
unrelated intracellular pathogens, including Salmonella typhimurium, Leishmania
donovani and Mycobacterium bovis, was influenced by a host genetic factor. The first
indication of this came from studies of S. fyphimurium infection in inbred strains of
mice (Plant and Glynn, 1974a). Subcutaneous infection of 6 inbred strains of mice, of
differing ancestry, with increasing doses of S. fyphimurium C5 enabled the distinct
segregation of the mouse strains into those susceptible to less than 100 organisms, and
those resistant to over 10° organisms. The distinct segregation between the two groups
indicated that genetic factors may be involved in controlling infection. Furthermore,
polarisation of the mouse strains into high and low resistance groups, with no
intermediate groupings, suggested that only a very small number of genes, or even a
single gene may control the resistance phenotype. The candidate gene, or group of
genes, was provisionally termed ry (immunity to typhimurium). It was proposed that
Ity was involved in the acquired immune response and strains of mice were tested for
the ability to raise antibodies to ovomucoid, ovalbumin and BPO-BGG. The pattern
of antibody production, hence H2-haplotype, correlated with the pattern of resistance
to S. typhimurium C5. Based on preliminary data it was suggested that a major factor
in the resistance of mice to salmonella is the presence of an immune response (Ir)
gene controlling the response to some unknown, but probably protein antigen, present

within S. typhimurium CS.

In response to these observations, Bradley (1974) reported similar observations in
inbred strains of mice infected with L. donovani 182, showing growth rates of the
intracellular parasite within the first 2 weeks of infection varied greatly between the
different strains of mice. 25 inbred strains of mice were intravenously infected with
L. donovani 1.82, and parasite load measured in Leishman-Donovan Units (LDU) at

day 15'. As seen with the S. fyphimurium C5 infection (Plant and Glynn, 1974a), the

! To calculate LDU parasite numbers were estimated using Stauber’s method, the ratio of parasites to
liver cells was determined on liver imprints and multiplied by the liver weight in mg, giving a
reproducible index of parasite load.



L. donovani 1.82 infected mice also fell into two distinct, non-overlapping categories.
Twelve highly susceptible strains showed about a 100-fold multiplication of parasitic
load, whereas the 13 remaining strains were resistant with less than 8-fold increase in
parasitic load. Comparison of the two studies showed a correlation between
resistance to S. fyphimurium C5 and L. donovani 182 infection. In breeding
experiments (Bradley, 1974), crossing the L. donovani 1.82 resistant mouse strain
C3H/He, with the susceptible strain NMRI, generated an F; population that were
subsequently self-, and back-crossed with each parental strain. Infection of the
various inbred progeny with L. donovani L82 revealed a Mendelian pattern of
inheritance of the resistance phenotype. These studies provided strong evidence for
the control of L. donovani 1.82 growth in the mouse liver by a single gene or tight
linkage group provisionally termed Lsh (leishmaniasis resistance). Unlike Plant and
Glynn, Bradley reported no involvement of the H2 or Ir genes in the control of
leishmania infection. Plant and Glynn quickly responded reporting that further
breeding experiments showed no association between S. typhimurium resistance and a

particular H2-haplotype (Plant and Glynn, 1974b).

In 1981 Gros et al. reported a third class of intracellular pathogen where natural
resistance to infection is under genetic control, M. bovis. Intravenous infection of 13
inbred strains of mice with the Montreal strain of M. bovis (BCG), and recovery of the
pathogen from the spleen from infected mice 3 weeks later enabled classification of
the various strains of mice as either resistant, or susceptible to infection, as judged by
the extent of bacilli recovery. Recovery of BCG bacilli was 100 fold higher in the
susceptible mice compared to the resistant mice. A breeding experiment, similar to
those performed by Bradley, showed that natural resistance to infection to BCG
challenge was inherited with Mendelian genetics; the candidate gene responsible was
provisionally named Bcg (Bacille Calmette-Guerin). Furthermore, following the time
course of BCG infection in representative resistant and susceptible strains of mice,
they established that the genetic advantage of the resistant strains is apparent early in
the course of infection (0-3 weeks). These observations indicated Bcg is involved in
the innate immune response, thereby discounting the involvement of the Ir genes,
which are associated with the later (3-6 weeks) cell-mediated, or humoral, immune
response. In support of this H2-haplotypes were examined in typed inbred mouse

strains (Gros ef al. 1981). Bcg® B10.A congenic mice possess the H2%haplotype from

G



the Bcg” A/JAX donor, confirming no linkage between H2-haplotype and BCG

resistance.

Comparison of data from the 3 groups revealed precise correspondence between
inbred strains of mice resistant and susceptible to infection with Salmonella
typhimurium, Leishmania donovani and Mycobacterium bovis (see figure 1.1.3.1),
suggesting a single gene, or group of genes, may control resistance to all 3 pathogens.
The mapping of all 3 genes, /try (Plant and Glynn, 1976; Plant er al. 1982), Lsh
(Bradley, 1977) and Bcg (Skamene et al. 1982; Schurr ef al. 1989), to the same region
of the murine chromosome 1 reinforced this idea. It was concluded that Ity/Lsh/Beg
controls the capacity of inbred strains of mice to restrict the replication of several

antigenically and taxonomically unrelated intracellular pathogens.



1.1.2 Cloning of a Candidate Gene for Ity/Lsh/Bcg

In order to isolate the candidate gene of the Ity/Lsh/Bcg locus the Gros group used
positional cloning to identify the candidate gene. This monumental task took over 10
years and focused on Bcg infection. The Ity/Lsh/Bcg locus was assigned to the
proximal portion of mouse chromosome 1 between Idh-/ and Pep-3 by linkage
analysis in recombinant inbred strains, and backcross progeny derived from inbred
strains, carrying either Beg® (resistant), or Bcgs (susceptible) alleles (Skamene et al.
1982). Mapping of the In/Lsh/Bcg locus gave investigators a starting point for the
arduous task of isolating and identifying the illusive candidate gene. Segregation
analysis in recombinant inbred strains and inter-specific and intra-specific backcross
mice were used to position a number of structural genes with respect to I/Lsh/Bcg
(Vidal er al. 1992; Malo et al. 1993a; Malo ef al. 1993b). These genetic mapping
studies identified and mapped a group of polymorphic DNA markers closely linked to
the Ity/Lsh/Bcg locus, enabling delineation of maximal genetic and physical intervals
defining boundaries for the /ty/Lsh/Bcg candidate gene region as 0.3cM and 1.1Mbp,
respectively. Yeast artificial chromosome (YAC) clones of this region were isolated
from the Princeton mouse YAC library using the Vil and AMm1C165 markers as entry
probes (Vidal ef al. 1993). Vil and AMm1C165 markers were most tightly linked to
the Iry/Lsh/Bcg gene, with no recombination being observed in the 1424 meiosis
tested (Vidal er al. 1993). A cosmid and bacteriophage contig was constructed from
the YAC clones that spanned 400Kbp of mouse chromosome 1 and contained both the
Vil and AMmIC1635 entry probes. CpG island identification within the 400Kbp contig
detected six potential coding sequences, which were subsequently isolated using the
technique of exon amplification. This technique identified 22 putative exons, which
were subjected to stringent analysis in order to distinguish genuine exons from false
positives and to group these genuine exons into true transcriptional units.
Complementary DNA clones corresponding to the 6 true transcriptional units were
subsequently isolated from two ¢cDNA libraries derived from the mouse precursor B-
cell line 70/Z and rat brain RNA. The isolated cDNAs were used to determine the
pattern of expression of each of the 6 candidate genes. In vitro and in vivo studies had
previously indicated the macrophage displayed the genetic difference at Bcg (Gros ef
al. 1983; Goto et al. 1989), expression in these cells was therefore analysed. One of

the 3 transcriptional units isolated from the pre-B cell library, termed candidate 5,



displayed the expected pattern of expression. Candidate 5, which mapped
approximately 50kbp proximal to Vil, encoded a 2.5Kbp mRNA transcript restricted
to the macrophage-enriched fraction of the spleen, with low level expression in the
liver. Owing to the finding that the gene encoded by candidate 5 displayed tissue and
cellular expression, consistent with those that show phenotypic differences at Bcg, and
chromosomal location, made it a strong candidate for Iry/Lsh/Bcg. The candidate
gene for Ity/Lsh/Bcg was subsequently termed the Natural resistance-associated
macrophage protein 1(Nrampl), and has since been reassigned as Solute carrier

Jamily 11a memberl (Sicllal).



1.1.3 Candidacy of Slclial as Ity/Lsh/Bcg

When Sicllal was first isolated (Vidal ef al. 1993), kinetic analysis of mRNA levels
in control and infected macrophages revealed that the level of Slcilal gene
expression was similar for the resistant and susceptible phenotypes throughout the
course of infection. It was therefore proposed that a mutation within the encoded
protein may result in the phenotype observed, and the mRNA transcripts from BCG
resistant and susceptible strains were analysed for the presence of sequence alterations
within the coding portion of the Slc//al gene. Analysis of 6 susceptible strains and 7
resistant strains identified a guanine to adenine transition within codon 169 that
resulted in the non-conservative replacement of the small, neutral glycine residue at
position 169 for the more bulky, negatively charged aspartate residue. ¢cDNA cloning
and nucleotide sequencing for a total of 20 BCG resistant, and 7 BCG susceptible
inbred strains of mice (Malo ef al. 1994), revealed an absolute association of this
G169D allelic variation with BCG phenotype (see figure 1.1.3.1). Sequence analysis
of this region from distantly related species indicated amino acid conservation of
TMD 4, including this invariant glycine (Cellier ef al. 1995). Haplotype mapping of
the Slc/lal containing region of mouse chromosome 1 revealed that the BCG
resistant strains display diverse allelic combinations within this region, whereas BCG
susceptible strains share a conserved 2.2Mbp core, overlapping and including
Slcllal. 1t was concluded from these findings firstly that Glyl(’g is the wild type of
Slclial and that the non-conservative substitution for Asp169 underlies the BCG
susceptible phenotype, and secondly the alleles carrying Asp169 are identical by
descent (Malo ef al. 1954).

The first direct evidence to verify candidacy of Slellal as Ity/Lsh/Bcg was provided
by in vitro gain-of-function gene transfer experiments in the Ir//Lsh’/Beg*-derived
macrophage RAW 264.7 cell line (Barton ef al. 1995). Gene transfer of the Slcl/al®
allele on to a susceptible background resulted in the appearance of a resistant
phenotype within these previously susceptible cells. Functional analysis of RB
activity, nitrite release and L-arginine uptake, macrophage activation phenotypes that
are increased in bone marrow derived macrophages isolated from Lsi® mice
compared with those derived from Lsi° mice (Blackwell ef al. 1994), revealed that
expression of SlelJal® enhanced macrophage priming/activation (Barton er af. 1995).

These data, and the allelic association between Slc/lai and resistance or



susceptibility to BCG infection provided good evidence that Slc//al was Iry/Lsh/Beg,
however in vivo gene targeting (Govoni e al. 1996), and gene disruption (Vidal et al.
1995) were used to confirm that Slcllal and Ity/Lsh/Beg were allelic. Homologous
recombination in embryonic stem cells (ESC) generated an Slcl/al null allele
(Slcl1al™) on the BCG resistant genetic background of the ESC J1 from the 129/sv
inbred mouse strain (Vidal er al 1995). Loss-of-function was confirmed by the
absence of Slc/lal mRNA transcripts in the Slc/lal” mice. The Slcllal” mice
developed normaily, were healthy, and the architecture of the liver and spleen, the
organs where Sicllal expressing macrophages reside, were normal, suggesting
Slcllal expression plays no-role in the development of these organs. Disruption of
Slcllal did however restrict the capacity of the mice to control the growth of S
typhimurium, L. donovani and M. bovis, when compared with littermates with the
Sle11a1%% unmutated allele. Mice homozygous for the null allele Slcilal” were
unable to limit bacterial proliferation or initiate bacterial clearance in the late phase of
infection, confirming Slcllal exerts its effects during the early stage of infection, a
finding that had been previously reported for f#y (Plant and Glynn, 1974a), Lsh
(Bradley, 1974), and Bcg (Gros ef al. 1981). Taken together the results of the gene
disruption experiments provided definitive evidence Slc/lql and Ity/Lsh/Bcg were
allelic. Control of bacterial proliferation, as judged by recovery of BGC bacilli from
the spleen of infected animals, was indistinguishable between SlcllqlP'%P1%
Slel1al®'® and Sicllal™, suggesting that the Slcl1alP'P1% ig functionaily null

(Vidal ef al. 1995).

Although the gene disruption experiments did indicate that Slc//al and Ity/Lsh/Bcg
were allelic, the method used introduced a 4Kbp deletion into the Slc//al gene. A
4Kbp deletion and the insertion of a neo cassette could potentially affect the overall
structure of the targeted chromosomal region, possibly altering the regulation of
neighbouring genes such as #/-8rb, a gene involved in the inflammatory response. In
order to discount such effects, the same group performed the complementary

]GZ69

experiment; transfer of Slcila onto the BCG susceptible background of

C57BL/6J inbred mouse strain (Govoni f al. 1996). A 23KDbp proximal portion of
mouse chromosome 1 containing the entire Sic/lal structural gene, 5Kbp of 5°
sequence, 6Kbp of 37 sequence and 200bp of the nCos4 cosmid vector, was injected

Ji G169/D169

into Slclia heterozygote fertilised eggs before reimplantation into psendo-

(2]



pregnant females. Southern blotting using the 200bp pCos4 fragment of the inserted
DNA identified transgenic pups. The transgenic pups were subsequently backcrossed
with C57BL/6J, and offspring analysed for the presence of the transgene. Haplotype
analysis allowed the identification of offspring that were either heterozygous or
homozygous for chromosome 1 markers, enabling the identification of pups
containing the transgene on a homozygous Slcllal”'%*P!%¥ packground. Finally
C57BL/6] homozygotes containing the transgene were interbred to expand the
transgenic line, this line was referred to as Slel1al®/®™%?P1%% The presence of the
transgene was confirmed using an anti-serum raised against the amino-terminal of
Slcllal. Control M. bovis infection in the Sle]]q]¢!9™P169D169 transgenic mice was
indistinguishable from that of the Slcl1al%®5'® mice. Furthermore unlike the
Slc11alP’P1% mice that all died on, or before day 5, the Slcl1q]C1677P109/D169
transgenic mice overcame the fatal effects of intravenous S. fyphimurium infection.
These experiments established that transfer of Slcllal®® onto an Slcllal®'®
susceptible background restored the capacity of mice to control pathogenic infection,
confirming the findings of the gene knockout experiments, that Slc//al and

Iy/Lsh/Bcg were allelic.

The findings of the in vivo gain-of-function gene transfer experiments have been
repeated and confirmed in vitro (Govoni et al. 1999). Stable transfection of the RAW
264.7 immortalised macrophage cell line with a Sle//a1°'® containing mammalian
expression vector, introduces the resistant Sic/lal G169 allele into a cell line
homozygous for the Sicl 1a1”'% susceptible allele. The RAW 264.7 cell line was
transfected with the Slcllal family member SlcIla2 to provide a control for the
experiments. The resultant cell line was found to express the mature, highly-
glycosylated 90-100kDa form of the protein, furthermore the recombinant protein was
observed to undergo recruitment to bacterial containing phagosomes in a manner
similar to that observed in primary macrophages. The parental, Sic/ 1a1%'%® and
Slclla2 expressing RAW 264.7 cell lines were challenged for 30 minutes with S.
typhimurium SL1344 and pathogenic load determined, as CFU/pg protein, recovered
from lysed cells. The Slcllal®'% expressing cells displayed an approximate 20-fold
reduction in pathogenic load compared with the parental and Slc/ /a2 expressing cells.

The results indicated that expression of the Slc11a1°'® protein in the RAW 264.7 cell



line confers upon these cells the ability to control replication of S. typhimurium
SL1344. Interestingly unlike Slc11a1%'®, expression of the highly related protein
Slc11a2 was unable to correct the susceptible phenotype. Much of the Slc11al®'®
protein functional data has been based on the assumption that it behaves in a similar
fashion to Slclla2; the results of these experiments however suggested the two
proteins may be functioning via different mechanisms. The results of the in vivo and

in vitro experiments verified the candidacy of Sic/lal as Ity/Lsh/Bcg.
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FIGURE 1.1.3.1 Genetic Control of Natural Resistance to Infection in Inbred Strains of
Laboratory mice. Table summarises codon and amino acid at position 169 in Slcllal and resistance
(R) or susceptibility (S) to Salmonella typhimurium (Ity), Leishmania donovani (Lsh) and
Mycobacterium bovis (Bcg) respectively, for 30 inbred strains of laboratory mice. This table has been
adapted from Malo et al. 1994 using information provided by Plant and Glynn (1974), Bradley (1974)
and Gros er al. (1981).
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Strain Codon 169 Ity Lsh Beg

(Gly/Asp) (Plant & Glynn, 1974)  (Bradley, 1974) (Malo ez al. 1994)
LP/J GGC (Gly) R
L129/J GGC (Gly) R
C58/J GGC (Gly) R
AKR/MJ GGC (Gly) R
CS7L/J GGC (Gly) R
C57BR/cdJ GGC (Gly) R
DBA2/J GGC (Gly) R R R
RIUITs/J GGC (Gly) R
P/J GGC (Gly) R
BUB/BnJ GGC (Gly) R
RF/J GGC (Gly) R
PL/J GGC (Gly) R
SJL/J GGC (Gly) R
C3H/HeJ GGC (Gly) R R R
NZB/BINJ GGC (Gly) R
CBA/J GGC (Gly) R R R
NOD/Lt GGC (Gly) R
Mus spretus GGC (Gly) R
SWR/J GGA (Gly) R
A/JAX GGC (Gly) R R R
BALB/cJ GAC (Asp) S
C57BL/6J GAC (Asp) S S
C57BL/10J  GAC (Asp) S
CE/J GAC (Asp) S
SWV GAC (Asp) S
DBA1/J GAC (Asp) S
NZW/LacJ GAC (Asp) S S
B16.A S
B10.D2 S S
NMRI S S
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1.1.4 The Slcl1al Protein
Since the original isolation of Sicl/lal (Vidal et al. 1993; Barton et al 1994),

homologues have been identified in a large number of distantly related and unrelated
species including humans, SLC11A1 (Cellier et al. 1994), Drosophila melanogaster,
Malvolio (Rodrigues ef al. 1995) and Oryza sativa (rice), OsNramp (Cellier et al.
1995). Computer assisted analysis of amino acid sequences from a diverse array of
Slcllal related proteins (Cellier et al. 1995) has indicated a high degree of sequence
conservation, a situation rare for membrane proteins separated by such large

evolutionary distances, suggesting they may belong to a class of ancient membrane

transporters.

Slellal was initially reported to encode a 484 amino acid polypeptide with a
predicted molecular weight of 53kDa (Vidal er al 1993) however subsequent
isolation of Slcllal from an activated macrophage cDNA library (Barton ez al. 1994),
yielded Slcllal clones that differed in the 5’ region from the original clone. Primer
extension analysis, using macrophage RNA as a template, and synthetic
oligonucleotides corresponding to the 5° region of the Barton sequence and the
putative 5° region of the published Vidal sequence, was used to confirm that the
newly isolated clone was the correct candidate for /y/Lsh/Bcg. The oligonucleotide
corresponding to the Barton sequence yielded products from both the resistant and
susceptible mice, whereas oligonucleotides corresponding to the Vidal sequence
failed to yield products from either resting or activated macrophages. The findings of
Barton et al. introduced a further 64 amino acids to the NH,-terminal domain of the
Slcllal protein. Slcllal is now accepted to encode a 548 amino acid polypeptide

with a predicted molecular weight of 56kDa (see figure 1.1.4.1).

Hydropathy profiles of the predicted amino acid sequence (Vidal et al. 1993; Cellier
et al. 1995), has identified a series of strongly hydrophobic domains that are similar to
the membrane-spanning regions of polytopic integral membrane proteins, and has
enabled the positioning of 10-12 potential transmembrane domains (TMD). The
authenticity of the first TMD does however need to be reviewed further to the
observation by Searle er al. (1998) that in confocal microscopy studies, antibodies
corresponding to amino acids 58-63 and 52-56, found within TMD 1, could detect

membrane bound Sclllal protein.
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Computer assisted analysis (Cellier ef al. 1995) has also indicated a high degree of
sequence conservation within the first 10 TMD of the various Sicllal orthologues,
assigning this region the hydrophobic core. Sequence analysis of individual TMD
within the hydrophobic core has revealed a remarkably high level of conservation for
TMD 1, 4, 6 and 10. The high degree of conservation within TMD 4 is of particular
interest, as it is the mutation of the glycine at position 169 to an aspartate within TMD
4 of the murine Slcl1al protein that causes the complete loss of function (Vidal ef al.
1995), resulting in susceptibility to infectious disease. Helical wheel representation of
TM 4 revealed that the mutated residue maps to a strongly hydrophobic face of the
proposed helix (Vidal et al. 1993). The non-conservative substitution of the small
neutral glycine residue for the negatively charged bulky aspartate residue is expected
to dramatically alter the physical properties of this proposed TMD. The possible
results of this may affect the overall membrane associated structure and/or membrane
insertion of the protein in the susceptible mouse strains. The absence of a mature (90-
100kDa) immunoreactive Slcllal protein on a western blot (Baker et al. 2000) is
supportive of this however, there are reports of membrane bound Slcllal protein in
pathogen infected macrophages derived from susceptible mouse strains, albeit at

much lower levels (Searle ef al. 1998).

Sequence analysis of the intra- and extra-cytoplasmic loops within the hydrophobic
core has revealed a high degree of sequence and size conservation between the
Slcllal proteins. The short TMD 1-2, 2-3, 3-4 and 8-9 intervening loops displayed a
high degree of sequence similarity, whereas the TMD 1-2, 2-3, 8-9 and 9-10
intervening loops showed size conservation. The intra-cytoplasmic loop between
TMD 8-9 contained a precisely conserved transport motif (CTM) known as the
“binding-protein-dependent transport system inner membrane component signature”2
between amino acids 370-389 in Slcllal (Vidal et al. 1993). Such CTM, when
located amino-terminal to the last two TMD (approximately 95-130 residues from the
carboxy-terminus) on the cytoplasmic side of the membrane within a highly
hydrophobic integral membrane protein, are believed to participate in substrate

translocation across the membrane (reviewed Vidal ef al. 1993).

? The CTM within the murine Slc11al protein; NH,-(QSSTMTGTYAGQFVMEGFLK)-COOH
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The intervening loops between TMD 4-5, 5-6, 6-7, 7-8, 10-11 and 11-12 showed no
degree of sequence or size conservation (Cellier et al. 1995). This finding is
surprising as murine Slc1lal has been shown to contain a potential protein kinase C
(PKC) phosphorylation site at Ser-274 within the TMD 6-7 intra-cytoplasmic loop,
and two N-linked glycosylation sites at positions 321 and 335 clustered within the
TMD 7-8 extra-cytoplasmic loop (Vidal ef al. 1993). Despite a lack of sequence
conservation the presence of a glycosylated loop between TMD 7-8 is maintained in
all but the yeast Slcllal proteins (Smfl&2) (Cellier et al. 1995), implying
glycosylation plays an important role in the correct targeting, stabilisation, or
processing of the polypeptides. In agreement with this Barton and Atkinson (1998),
showed glycosidase PNGase F treatment of the Slc11a1%'® expressing murine cell
line N11 caused the disappearance of the 90-100kDa immunoreactive bands on a
western blot. This disappearance was coupled with the strong appearance of the
45kDa immunoreactive band, a band that is also be observed in cell lines expressing
the mutant Slc11a1P'® protein. These results suggested that failure of the mutant
Slc11a1P'® protein to undergo essential post-translational modifications such as

glycosylation may play an integral role in the loss of function of this protein.

The regions flanking the hydrophobic core include the TMD 11 and 12, and the
amino- and carboxy-terminal tails; these sequences show a low degree of conservation
between species, with the Drosophila melanogaster Mvl gene not even encoding these
last two TMD. Analysis of the non-conserved domains within Slcl1al identified four
further putative PKC phosphorylation sites, Ser-3, Ser-37, Ser-52 (Barton et al. 1994)
and Ser-530 (Vidal et al. 1993). The identification of putative phosphorylation sites,
and the observation that the level of Slcllal phosphorylation in in vitro
phosphorylation assays is decreased by cytokine treatment (Barton et al. 1999),
suggested a role for phosphorylation in the induction of Sle11al function. Analysis of
the non-conserved domains has also identified amino- and carboxy-terminal dileucine
and tyrosine based motifs for endocytic targeting motifs (Atkinson et al. 1998), and a

proline-serine-rich, putative carboxy-terminal SH3-binding motif (Barton ef al. 1994).

Based on hydropathy profiles, and conserved sequence motifs, first identified in
Slcllal, a model for the membrane-associated organisation was predicted (Vidal ef

al. 1993) (see figure 1.1.4.2). This model was based on 2 assumptions, firstly that the
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hydrophobic segments identified by the hydropathy profiles do correspond to TMD,
the accuracy of which has been questioned following the finding that an antibody
directed against an epitope that maps to TMD 1 can detect Slcllal in subcellular
localisation studies (Searle er al. 1999), and secondly, that the CTM is located on the
cytoplasmic side of the membrane. This arrangement places the amino- and carboxy-
terminals and all 5 putative PKC phosphorylation sites within the cytoplasm, and the
highly glycosylated loop on the extracellular/lumenal side of the membrane, this
arrangement was found to be in agreement with the membrane organisation of a
number of integral membrane proteins. The Vidal model is still proposed to depict
the correct membrane associated organisation of Slcllal. Based on this model,
structural predictions have suggested an «-helical bundle within the membrane
composed of a charged interior, owing to the presence of multiple charged residues in
6 out of the 10 TMD, and a semi-conserved hydrophobic core (Cellier et al. 1995).
The presence of polar residues within the predicted TMD would impart an ampipathic
character to the 6 TMD, such organisation has been found in TMD of several ion
transporters/channel, confirming and expanding on the previous proposal (Vidal et al.

1993) that Slc11al may function as an ion transporter (Cellier et al. 1995).
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FIGURE 1.1.4.1 Annotated Slcllal Amino Acid Sequence. The 548 Sicllalamino acid
sequence (EMBL accession number X75355). The 12 putative alpha helical membrane spanning
domains are highlighted in pink, and the TMD number indicated beneath is accompanied by an arrow
(¢——>) indicating direction with respect to membrane (arrow toward cytoplasm) (adapted Vidal et al.
1995). Putative PKC phosphorylation sites are underlined and indicated by PKC above. The N-
Linked glycosylation sites are underlined and indicated by N-Gly above. The “binding-protein-
dependent transport system inner membrane component signature” is underlined and indicated by |--

CTM--| above. A black arrow (W) indicates position of the Gly169 that is mutated in susceptible

strains .
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FIGURE 1.1.4.2 Schematic Representation of the Putative Structure of the murine Slc11al Protein and its Orientation in the Cell Membrane. The 12 putative
TMD are depicted as open columns with the NH;-termian! domain, COOH-terminal domain and [oops regions as black lines. The potential N-Linked glycosylation sites are
represented by the grey stars indicated by , the putative PKC phosphorylation sites are represented by the open stars labelled P ® , and the location of the Gly-169-
Asp mutation indicated by G/D within TMD 4. The conserved transport motif is represented as the letters CTM. This figure has been adapted from Vidal et al. 1993.
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1.1.5 Cellular and Sub-cellular Localisation of the Slc11al protein

In vivo studies analysing resistance and susceptibility M. bovis infection revealed the
cell population responsible for the phenotypic expression of Bcg to be, bone marrow
derived, radiation resistant, and sensitive to silica, a phagocytic poison (Gros et al.
1983). Furthermore, explanted macrophages from Beg® and Beg® inbred strains of
mice displayed differential capacities to restrict growth of the intracellular pathogen
Mycobacterium intracellulare (Goto et al. 1989). Together these results established
that the macrophage was the cell type expressing the genetic difference at Bcg, hence
Slcllal, which was isolated on the basis of its macrophage-restricted expression.
Vidal ef al. (1993) showed Sic/lal mRNA expression was restricted to organs of the
reticuloendothelial system (spleen and liver), and specifically to the macrophage
enriched fractions of these organs. They went on to show Sic//al mRNA expression
in the J774A and RAW 264.7 macrophage cell lines, but not in cell lines of different
lineages. In order to determine which bone marrow precursors and differentiated cell
lines express Slcl/lal the technique of global cDNA amplification (RT-PCR) was
applied to pluripotent or committed progenitor cells (Govoni er al. 1997). This
technique indicated that Slc/lal expression is specific to mature cells of the myeloid
lineage’s, granulocytes (eosionophil, neutrophil), and mononuclear phagocytes
(monocytes/macrophages).  Furthermore human SLCI1A1 expression has been
shown to occur late in neutrophil maturation (Cannone-Hergaux et al. 2002),
suggesting that Slc//al expression may not only prove to be a good marker of cells of

the myeloid lineage, but more specifically mature cells of this lineage.

Computer assisted analysis of the Slcllal polypeptide suggested the protein is
membrane bound (Vidal et al. 1993; Cellier et al. 1995). Immunofluorescence and
confocal microscopy, using a series of markers corresponding to known membranous
compartments within the cell, were used to elucidate the subcellular localisation of
Slcllal within 129/sv derived peritoneal macrophages (Gruenheid et al 1997).
Production of a null mutation at Slcllal (Sicllal "/') within the 129/sv-mouse strain,
which bears the wild-type Slcllal allele Slcl11al®'®, provided an adequate control
for these studies (Vidal er al. 1995). Indirect immunofluorescence of the Slcllal
protein within the 129/sv derived peritoneal macrophages resulted in strong

]Gl69)

perinuclear staining patterns within the wild type (Slcl/la cells, that was absent

from the mutant control (Slc/lal”) cells, similar patterns of staining were
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concomitantly observed by other researchers (Atkinson et al. 1997). Kishi et al.
(1996) had previously reported localisation of the human SLC11A1 protein to the
plasma membrane within the lymphoma pre-monocyte/macrophage cell line U937.
Such distribution has not subsequently been observed for either the human SLC11A1
protein (Cannone-Hergaux ef al. 2002) or the murine Slcl1al protein (Atkinson ef al.
1997; Gruenheid et al. 1997; Searle et al. 1998), however in transient transfection
studies a eGFP-Nramp1 chimeric protein transient surface staining minutes after PMA
treatment has been observed (Baker & Barton unpublished). Comparison of Slcl1al
staining patterns with markers specific to the golgi apparatus (MG160), endoplasmic
reticulum (calnexin), early endosome (Rab5), late endosomes (Rab7), early lysosomes
(Lamp1) and lysosomes (cathepsin B), indicated that the pattern of Slcllal staining
showed similarity with that of Rab5, Rab7 and particularly Lampl. Confocal
microscopy showed a complete co-localisation of Slc11a19'% and Lampl to the same
subcellular ~ structures, confirming Slc11a1®'® is expressed in the late
endosomal/lysosomal compartments of resting macrophages. Upon phagocytosis of
latex beads, wild-type Slcl1al®'%® was seen to migrate to, and co-localise with Lampl
at the surface of these maturing latex bead-containing vesicles, with the pattern of
staining becoming less perinuclear and more diffuse within the cytoplasm.
Slc11a1%'® remained associated with the phagosome throughout phagolysosome
biogenesis (Greunheid et al. 1997). Identification of Slcllal on membranes of the
endocytic pathway is consistent with the identification of tyrosine-based endocytic
targeting motifs within the N- and C-terminals of the Slc11al polypeptide, YGSI and
YGLP respectively (Atkinson et al. 1997). Confocal and Immunogold-electron

16169

microscopy analysis of Slclla mostly confirmed the findings of previous

localisation/ co-localisation studies (Searle ez al. 1998). However, like Atkinson et al.

1P protein in a pattern

(1997) they did observe staining of the mutant Slclla
analogous to that of the wild-type protein Slc11a1°'®, albeit at 3-4 fold lower levels
(Searle et al. 1998). These studies went on to show that activation of the bone
marrow derived macrophage cells, by treatment with the pro-inflammatory cytokines
interferon y (IFNy) and bacterial Lipopolysaccharide (LPS), increased the frequency
of labelled late endosome and lysosomes, with a corresponding increased dispersion

of Slcllal positive vesicles throughout the cells. Furthermore, it was shown that

infection of macrophages with Leishmania major and Mycobacterium avium resulted
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in the recruitment of Slcllal to the membranes of the bacterial containing vesicles.
M. avium infection induced a greater degree of migration of the Slcllal protein
compared with L. magjor infection, resulting in a striking pattern of vesicles located
along the microtubule structures of the cell. This finding is compatible with
observation that human SLCI11A1 was associated with o« and B-tubulin molecules
within the microtubules (Kishi et al. 1996; Tokuraku et al. 1998), and the presence of
a putative SH3 binding domain within Slc11al that shared identity to the microtubule-

binding region of dynamin (Barton ef al, 1994).
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1.1.6 Slclial Function

In vivo and in vitro functional studies have shown that Slc//al plays an important
role early in the macrophage activation pathway. A possible role in the macrophage
activation pathway, the presence of a CTM, and proposed secondary structure that
was strikingly similar to that of the Asperigillus nidulans nitrate transporter protein
CrnA, led to the suggestions Slcllal may function as either a nitric oxide (NO)
transporter (Vidal et al. 1993), or an L-arginine transporter (Barton ef al. 1994). NO
and L-arginine are both intimately involved in the signal transduction pathway that
regulates the antimicrobial activity of the cell. However, these proposed mechanisms
of Slcilal function could not sufficiently explain many of the pleiotropic effects
associated with Slc11al function (figure 1.1.6.1; reviewed Bellamy, 1999; Blackwell
et al. 2000). A greater understanding of Slcllal function has come from research

into, and similarities drawn with, other members of the Slcl1a-protein family.

Slcilal belongs to a very large family of membrane proteins, the structure,
characterised by the presence of a common hydrophobic core of 10 TMD, and
function, divalent ion fransport, of which have been conserved throughout evolution
(reviewed Cellier et al. 1995; Bellamy, 1999; Blackwell er al. 2000; Forbes and Gros,
2001). Slellal orthologues have been identified in a broad range of organisms
including, humans (SLC11A1 and SLC11A2), mouse (Slclla2), rat (DCT1/DMTI),
Drosophila melanogaster (Mvl), Caenorhabditis elegans, Oryza sativa (OsNrampl),
Saccharomyces cerevisiae (Smfl, Smf2 and Smf3), Arabidopsis thalania and
Mycobacterium leprae (reviewed Cellier ef al. 1995). However, clues 1o Sicllal
function have come from studies into the Drosophila melanogaster Slcllal
orthologue Malvolio (Mvi), the mouse and rat orthologues, Slc//a2 and DMTI
respectively, and the Saccharomyces cerevisiae orthologues Smfl and Smf2. SlclilaZ2
was identified using a positional cloning approach for the mk gene associated with
microcytic anaemia, implying a role for the Sic//aZ gene in iron uptake (Fleming er
al. 1997). Functional cloning experiments, volving > Fe’" uptake in Xenopus
odcytes, identified a rat mRNA that stimulated uptake more than 200 fold, the gene
was termed divalent cation transporter 1/divalent metal transporter 1 (DCTL/DMT1)
(Gunshin et af, 1997). Subsequent sequence analysis showed DMT] was the rat
SlcllaZ orthologue. Siclla2 and DMT! contained identical GI185R mutations that

are responsible for microcyiic anaemia in the mk mouse (Fleming ef 4l 1997) and the
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Belgrade rat (Gunshin et al. 1997). Studies on Slc/1a2 and DMT]I revealed that they
are ubiquitously expressed, upregulated by deprivation of dietary iron, and function as
proton coupled divalent cation symporters (reviewed Blackwell er al. 2000; Forbes
and Gros, 2001; Lieu ef al. 2001). In line with this, both the sensory neurone taste
discrimination defect, associated with the Drosophila melanogaster Mvl gene (Orgad
et al. 1998), and the sensitivity to low Mn®" concentrations in SmyfI-null
Saccharomyces cerevisiae (Supeck et al. 1996), could be suppressed by the addition
of either Fe?* or Mn**, to the diet/growth medium. Subsequently it has been shown
that both Mvl and Sm/fI function as divalent cation transporters (reviewed Blackwell et
al. 2000; Forbes and Gros, 2001). Together, the findings of Sicila2, DMTI, Mvl and
Smfl have led to the suggestion that like other members of its family, Sic/lal
functions as a divalent metal transporter and that susceptibility to infection is a

manifestation of impaired divalent cation transport.

Much of the earlier studies conducted on congenic resistant and susceptible mice,

1979P mutation, revealed a

aimed to define the molecular defect underlying the Slc/la
large number of differences between resistant and susceptible strains. In fact so many
differences were identified it became clear that no obvious mechanism for the
phenotype would come out from this type of analysis, however, macrophages from
resistant mice appeared to mount a much more aggressive inflammatory response than
those from susceptible mice and release quantitatively higher levels of pro-
inflammatory cytokines. Differences in the pools of divalent cations by transport
between the lumen of the phagolysosome and the cytoplasm was thought to explain
the pleiotropic effects on macrophage function associated with Sic//al expression.
Such reported pleiotropic effects include, regulation of the CXC chemokine KC,
inducible nitric oxide synthase (iNOS), major histocompatibility (MHC) class Ia, IAp,
IT molecules, tumour necrosis factor-o. (TNF-a), NO release, L-arginine flux and
oxidative burst (figure 1.1.6.1; reviewed Bellamy, 1999; Blackwell et al. 2000). The
direction of divalent cation transport by Slcllal is however the subject of much
controversy, with data supporting both the transport of divalent cations into (Kuhn ef
al. 1999; Goswami et al. 2001) and out of (Jabado er al. 2001) the lumen of the
phagolysosome. How does this putative transport function relate to the observed

resistance to infection conferred by the expression of functional Slc/Ilal? Based on



the conflicting transport data, two models of Sic//al mediated antimicrobial
mechanisms have been proposed, the bacteriostatic mechanism and the bactericidal

mechanism (see figure 1.1.6.2).
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Growth of intracellular pathogens

Antigen presentation

Respiratory burst

Mixed lymphocyte reactive
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I-A antigen expression

Nitric oxide production

STAT-1a phosphorylation
Mn-SOD and BCL-2

KC chemokine

TNFa, IL-1B

L-arginine transport
Antigen processing/presentation

T-Helper response

Behavioural/stress response

PKC Activity

PKC-B1, cell growth
IRP2

Cathepsin D

Iron Export .

T
T

Continuous cf transient

= > > -

T
T

1 versus 2

More aggressive cf Less aggressive

T

e e

Plant and Glynn, 1974
Bradley, 1977
Gros et al. 1974

Denis et al. 1988a

Denis ef al. 1988¢
Channon et al. 1984
Barton et al. 1995

Denis et al. 1988b
Brown et al. 1997

Johnson et al. 1985
Zwilling et al. 1987
Barrera et al. 1997
Kaye ef al. 1988
Lang et al. 1997

Barrera et al. 1994
Arias et al. 1997
Formica et al. 1994
Barton et al. 1995

Wojciechowski et al. 1999
Kovarova et al. 1998
Roach et al. 1994

Formica et al. 1994
Kita et al. 1992

Barton et al. 1995
Lang et al. 1997

Soo et al. 1998
Kramnik ef al. 1994

Evans et al. 2001

Brown et al. 1994
Olivier et al. 1998

Baker et al. 2000
Baker et al. 2000
Biggs et al. 2003

Biggs et al. 2001
Mulero et al. 2002

FIGURE 1.1.6.1 Table summarising the many pleiotropic effects attributed to Slcllal alleles.

The pleiotropic effects attributed to S/c/lal alleles are listed in column one, column 2 indicates the

change of the effect in resistant Slc//al®'®-expressing mice with respect to the susceptible

Slel1al®'® -expressing mice, an increased effect is indicated by an upward pointing arrow (M), and a

decreased effect by a downward arrow (). Column three indicates the reference describing the effect.

Figure adapted from Biggs er al. 2003.
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THE BACTERIOSTATIC MECHANISM

Metabolic labelling of leishmania amastigotes in vivo showed that a difference in the
rate of replication, as opposed to active elimination was associated with the genetic
advantage seen in Lsh® strains of mice (Bradley, 1979). Experiments with replication-
defective strains (Benjamin ef al. 1990) and temperature sensitive strains (Govoni et
al. 1999) of S. typhimurium suggested that the resistance phenotype, associated with
Slc11a1%!® expression, is a consequence of enhanced bacteriostatic activity as
opposed to enhanced bactericidal activity of the macrophages. More recently electron
microscopy has shown that bacteria within phagosomes of macrophages isolated from
Slel1a1%"% mice showed signs of dormancy as opposed to death (Frehel er al. 2002).
This is supported by the findings of Gomes and Appelberg (2002) in which
macrophages, isolated from p47”"** knockout mice, which are defective in their ability
to produce superoxide (Jackson et al. 1995), showed no change in their ability to
suppress pathogen growth. These data suggested that the Sic//al-dependent
influence on pathogen growth is independent of superoxide production, supporting a
bacteriostatic mechanism of resistance. The bacteriostatic mechanism is based on the
premise that like Slc11a2, Slcllal transports divalent cations out of the lumen of the
phagosome into the cytoplasm. The high sequence similarity between the Sicllal and
Slc11a2 proteins (66% identity, 77% similarity (Cellier et al. 1995)), and almost
identical secondary structures, and membrane topologies, supports that their mode of
action will also be similar. Consequently it has been proposed that Slc//al transports
divalent cations out of the lumen of the phagolysosome into the cytoplasm, thereby
depleting the pathogen containing vesicles of essential nutrients, such as iron and
other divalent cations, required for growth. Iron is an essential nutrient for all living
organisms, and is intricately involved in the regulation of gene expression, the
synthesis of both DNA and RNA, cellular respiration, proliferation and differentiation
(reviewed Lieu et al. 2001). The ability of microorganisms to acquire iron is
proposed to be one determining factor as to whether they can establish infection
within its host. Without iron they will be unable to protect themselves against the
antimicrobial activity of the cell. Support for this observation has come from
experiments where injection of iron compounds into animal hosts significantly
enhanced the virulence of invading pathogens (reviewed Ratledge and Dover, 2000)
and restricting iron levels by the addition of specific chelators severely impairs M.

avium growth within the host animal (Gomes et al. 1999). In light of these data,
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Gomes and Appelberg (1998) hypothesised that if Slcllal were functioning to
deplete the phagolysosome of iron, iron overload should overcome any advantage

16169

conferred by a more efficient pumping system in the Sic//a expressing mice

IP!% expressing mice. By inference, if Slcllal were

compared with the Slclla
functioning to transport divalent cations into the phagosome, iron overload would
enhance the antimicrobial activity of the cell. Infection of mice with M. avium 2447
after 20 days of iron loading resulted in increased bacterial loads in the lungs, liver
and spleen of both the Slcl1al%"% (resistant) and Slc11al”'% (susceptible) expressing
mice 4 weeks post infection. Furthermore, the bacterial loads of the animals that
received the highest iron dose (12mg) were not significantly different between the
Sicllal alleles, this was found to be independent of the acquired immune system.
These findings do not take into account any deleterious effects excess iron maybe
having on the animals. Excess iron is highly toxic due to its ability to generate
reactive oxygen species via the Fenton reaction®; hydroxyl and superoxide radicals
react rapidly with all living cells, severely impairing cellular integrity. Furthermore it
s well documented that iron overload can directly interfere with the capacity of the
body to mount an efficient immune response, altering the CD8:CD4 ratio towards the
CD8 Tiuppressor cells, and decreasing antibody and mitogen mediated phagocytosis by
macrophages (reviewed Walker and Walker, 2000). Iron can also downregulate
transcription of the inducible nitric oxide synthetase (iNOS) gene (Dlaska and Weiss,
1999). Production of NO by macrophages constitutes a major effector mechanism
against invading pathogens, inducing cytostatic effects by interfering with the
catalytic iron centres of enzymes within the target cell. Together, immune
interference and cellular damage, due to excess iron stores, has the potential to
severely compromise the antimicrobial capacity of the host, and could explain the
finding that bacterial load is increased in all 3 organs tested from both the resistant
and susceptible mice. However, Gomes and Appelberg (1998) concluded that

Slcl1al transports divalent cations out of the lumen of the phagolysosome.

Jabado et al. (2000) provided further evidence for this proposal. Using a divalent
cation sensitive flurophore COOH-FF6(COOELt); covalently linked to particulate

zymosan, they showed Slc/1al®"% expressing phagosomes extrude divalent cations to

3 Fenton Oxidation-Reduction Reaction:
Fe’™ +°0,” — Fe?" + 0,; Fe*" + H,0, —» Fe*" + "OH + OH
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a greater extent than Slc//al”™ phagosomes. Therefore they concluded that Slcllal
was functioning to pump divalent cations from the lumen of the phagolysosome into
the cytoplasm. However divalent cation accumulation within the cytoplasm was not
shown. Jabado et al. (2000) also performed the opposite experiment, measuring net

influx of divalent cations, into the lumen of the phagolysosome, and showed Sic/lal

Ji .
16'% expressing cells.

” cells accumulated higher levels of divalent cations than Slcl/a
This difference was proposed to be due to increased efflux in the wild-type
Slc11a19'% expressing cells as opposed to increased influx in the mutant Slcllal”
cells.  Furthermore this difference could be abrogated by the addition of
concanamycin, a macrolide antibiotic that specifically targets the vacuolar H'-
ATPase. Inhibition of the vacuolar H'-ATPase prevents phagosomal acidification
thereby dissipating the proton gradient between the phagosome and the cytoplasm.
These observations indicated divalent cation transport by Slcllal was proton
coupled, a finding upheld by Goswami ef al. (2001). Considering their finding that
Slcllal transports divalent cations out of the phagosome, Jabado et al. (2000)

proposed that like Slc11a2, Slcl1al functions as a divalent cation symporter.

The high sequence similarity of Slcl1al and Slcl1a2 does however seem to be rather
misleading. Stable expression of Sle11a1%'® but not Slc11a2 was able to correct the
susceptible phenotype of the RAW 264.7 cell line, which is homozygous for the
Sle11al®'? allele (Govoni ef al. 1999). The inability of Slc11a2 to confer resistance
to S. typhimurium SL1344 challenge may have been due to differing patterns of
expression of the two proteins unlike Sle11a1%'®, Slc11a2 may not come into close
proximity to pathogen containing vesicles and is therefore unable to exert an effect.
Sle11a19'® is present within the membranes of the late endosomal/early lysosomal
compartments, whereas Slc11a2 locates to the plasma membrane and early endosomal
compartments within murine macrophages (Greunheid et al. 1999; Blackwell et al.
2003; Baker and Barton unpublished results). Early endosomes fuse with, and
exchange membrane with, pathogen containing vesicles even in M. avium infected
cells where phagosome maturation has been inhibited (Sturgill-Koszycki ef al. 1996;
Frehel er al. 2002), therefore like Slc11a19'%; Slcl1a2 comes into close proximity to
the invading pathogen. Considering the high degree of sequence similarity between
Slcllal and Slclla2, and the proximity of Sicl1a2 to the invading pathogen, if the

two proteins were functioning with similar mechanisms a certain degree of
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redundancy would be expected. Furthermore, expression of Slc//a2 but not Slc/lal,
was able to complement a yeast strain defective in its Slc/lal related SMF genes
(Pinner et al. 1997). SMF is expressed on the yeast plasma membrane and is involved
in high affinity Mn®* uptake. The ability of Slc11a2 but not Slcllal to complement
the yeast SMF proteins, and the inability of Sle11a2 to complement Slcllal in the
Slcl11al”'? allele containing RAW 264.7 cell line provides firm evidence that
Slellal and Slclla2 are functionally different, suggesting Slcllal may be

transporting divalent cations into the lumen of the phagolysosome.

THE BACTERICIDAL MECHANISM

Previous studies into S. typhimurium infection showed that macrophages derived from
Iny® inbred strains of mice displayed increased bactericidal activity compared to their
Ity® counterparts (Lissner ef al. 1983). The bactericidal mechanism is based on the
premise that Slcllal is transporting divalent cations, specifically iron, from the
cytoplasm into the lumen of the phagolysosome. Within the enhanced acidic
environment of the phagolysosome the iron is proposed to participate in an oxidation-
reduction reaction known as the Fenton reaction’ , leading to the production of
hydroxyl radicals and hydroxyl anions. These highly reactive radicals, and indeed
free iron, can interact with, and severely impair the integrity of the invading pathogen,
thereby preventing pathogen proliferation. Evidence for the bactericidal mechanism
has come from two consecutive reports from the same group of researchers. Zwilling

16199 expressing cells with iron

et al. (1999) reported that supplementation of Slc//a
induced an anti-microbial activity within these cells that was inhibited by the addition
of hydroxy! radical scavengers. This observation was followed up by the
demonstration that Slel1al%'%, but not Slcl1a1”'® expressing cell lines, displayed a
significant increase in hydroxyl radical production in response to M avium infection
(Kuhn ef al. 1999). These data have been confirmed in primary bone marrow-derived
macrophages isolated from the Slc//al G199 and SlcllalP!®” -expressing strains 129sv
and C57Bl/6, respectively; superoxide production was higher in the 129sv-derived
macrophages compared to the C57Bl/6-derived macrophages in response to IFNy and
tumour necrosis factor-o (TNF-a) (Gomes and Appelberg, 2002). The increased
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production of hydroxyl radicals in Slc//a -expressing cells has been assumed o

be a resuit of enhanced acidification of M. bovis (Hackman e ai. 1998) and M. avium



(Frehel et al. 2002) containing phagosomes within Slc/ a1%'% -expressing cells when
compared with Slc/lal”/Slellal®®-expressing cells. Furthermore, the increased
acidity of phagosomes containing live bacteria is proposed to be a result of increased
fusion with the vacuolar type ATPase-containing late endosomes/lysosomes within
the Slcllal®'®-expressing cells compared with the Slcllal” -expressing cells. The
acidic environment is optimal for the production of both reactive oxygen and reactive
nitrogen species, in addition to the activation of the microbicidal enzymes required for

host defence (Hackman er al. 1998).

The first suggestions that Slcl1al may be involved in Fe** transport into the lumen of
the phagolysosomes came from a report by the Zwilling (1996) showing a 50%, IFNy-
mediated, reduction in cellular iron content in macrophages isolated from
Slellal®®-expressing mice compared with those isolated from Sicllal”'%-
expressing mice. This report was quickly followed up by two consecutive reports
from Atkinson and Barton. They showed that ectopic expression of Slel JaI%% into
both the Cos-1 (1998) and RAW 264.7 (1999) cell lines was associated with lower net
iron levels than their non-transfected counterparts, with the Sle/Jal%'% expressing
RAW 264.7 macrophage cells exhibiting a 1.2-2-fold decrease in chelatable iron pool
levels. These experiments were followed up with the demonstration that the lower
cytoplasmic iron levels seen in the Sicl 1a]%'% expressing cell line resulted in
qualitative and quantitative differences in the expression and function of iron-
regulated genes/proteins (Baker ef al. 2000). Unstimulated Slcl/al/%%-expressing
RAW 264.7 macrophage cells, displayed higher irom-regulatory protein (IRP)-2
binding activity than control Slc/lal™'® -expressing cells. IRP 1 & 2 are cellular iron
sensors that bind to hairpin loop structures termed, iron-response clements (IRE),
within the 5°-UTR and 3°-UTR of target mRNA, thereby regulating iron-dependent
translational efficiency and mRNA stability, respectively. IRP1 is a stable,
bifunctional protein that, in the presence of iron exhibits cytopiasmic aconitase
activity, under iron deplete conditions however, the fourth iron ion is released from
the iron-sulphur cluster enabling IRE binding activity. IRP2 is not bifunctional
protein and under iron replete conditions is selectively degraded by the proteasome
via an iron-dependent mechanism. This has been proposed to invoive iron-dependent

oxidation, which predisposes IRP2 to sequential ubiquitinylation and degradation
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(Iwai et al. 1998). Increased IRP2-binding within the Slc/1al%'*-expressing cell line
is consistent with these cells having lower cytoplasmic iron levels than the control
cells. These results have been confirmed by the findings of Mulero et al. (2002) that
Slcl1al1%"®-expressing cells contain lower ferritin levels than their non-expressing
counterparts. Ferritin mRNA contains an IRE within the 5°-UTR, binding of IRPs to
this IRE regulates expression of ferritin by sterically blocking translation of the
protein. Therefore, the increased IRP2 binding activity seen in the Slellal®'®.
expressing cells may account for the decreased ferritin levels observed. Parallel
experiments showed quantitative differences of a second iron-regulated protein,
cellular protein kinase C-fl (cPKCP1), between cell lines (Baker er al. 2000).
cPKCB1 gene transcription is upregulated by iron (Alcantara et al. 1994). The
Slc11al%"®-expressing cell lines showed reduced cPKCpIl-immunoreactivity
compared to the non-expressing cell lines. Serum starvation of the non-expressing
cell lines, and ferric ammonium sulphate (FAS) treatment of the Slcl1al®'®.
expressing cell lines to either decrease or increase iron levels respectively, resulted in
the depletion or appearance of cPKCP1 immunoreactivity respectively. These
experiments showed that there is no defect in the cPKCp1 response to iron in either
cell line, confirming the difference seen in untreated cells reflect the differing

cytoplasmic iron levels within the two cell lines.

1919 _expressing

It is proposed the lower cytoplasmic iron levels seen in the Siclla
cell lines may be due to increased iron flux from the cytoplasm into the lumen of the
phagolysosome as has been reported by Kuhn ef al. (1999). Transport of Iron-citrate

]G]69

into latex bead containing phagosomes (LBP) isolated from Siclla -expressing

cells was significantly more rapid and at significantly higher levels than in LBPs

1P'%_expressing cells. Furthermore, within the whole cell, the

isolated from Siclla
amount of radiolabelled iron within the LBP containing cellular fraction was 2.5 fold
higher in the Sicllal G169 -expressing cells compared with the non-expressing cells,
with no significant difference being seen between the other 3 cellular fractions. These
data were followed up by observations that iron transport from the cytoplasm into the
lumen of the phagolysosome could be further increased by the addition of the
macrophage activating, and Sic/lal-inducing (Brown et al. 1995; Govoni et al. 1995

& 1997; Atkinson et al. 1997, Baker et al. 2000), cytokines TNFa, IFNy and GM-



CSF prior to M. avium infection (Kuhn et al. 2001). Subsequently Goswami ef al.
(2001), have shown that Sic/lal functions as a pH-dependent divalent cation
antiporter.  Expression of various Slc/lal constructs within Xenopus odcytes
provided a model to analyse Slcllal mediated divalent cation transport under
differing internal and external conditions. These studies showed that the direction of
divalent cation transport was pH dependent. At pH 9.0 there was a net influx of
divalent cations into the odcytes, at pH 7.5 there was no net movement, and at pH 5.5
(near physiological) there was a net movement of divalent cations out of the odcytes.
These results suggested Slcllal functions as a proton-coupled divalent cation
antiporter.  Addition of Zn®* to pre-acidified (pH; 6.5), Slcllal®'® -expressing
odcytes resulted in a steady increase in pH;, implying Zn** movement into the odcytes
is coupled with the outward movement of H' ions, confirming an antiport mechanism.
Furthermore, dissipation of the electrochemical proton gradient across the membrane
neutralised the Slcllal mediated divalent cation transport within the obcytes,
confirming a proton-coupled mechanism of action. Unlike Kuhn et al. (1999), who
showed radiolabelled Fe** transport could only be competed by cold Fe** and Cu?*,
substrate specificity experiments confirmed transport of Fe**, Zn** and Mn** by
Slcllal in the Xenopus o6cytes, showing Slcllal shares substrate specificity with

Slclla2.

The results of these data suggest Slcllal functions as broad-specificity, highly pH
dependent divalent cation antiporter which, at a physiological pH, functions to
transport divalent cations, specifically Fe**, from the cytoplasm into the lumen of the

phagolysosome, thereby lowering cytoplasmic iron levels.
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FIGURE 1.1.6.2 Proposed Models of Sicllal Function. Based on the unresolved findings of the direction of Slc11al mediated divalet cation transport two
models of Slcl1al function have been proposed. (A) THE BACTERICIDAL MECHANISM: Slcllat O transports divalent cations, specifically Fe* into the lumen of the
phagolysosome where they can participate in the Fenton chemistry mediated production of hydroxyl radicals, thereby controlling pathogenic proliferation (@). (B) THE
BACTERIOSTATIC MECHANISM: Slcllal transports divalent cations out of the lumen of the phagolysosome into the cytoplasm, thereby starving the bacterial of

essential nutrients required for growth and proliferation.
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A ROLE IN JRON HOMOEOSTASIS?

The observation that Slcllal is constitutively expressed in macrophages within the
erthrophagocytosing organs of the reticuloendothelial system, but retains the ability to
be dramatically induced by IFNy/LPS treatment, suggested a role for Slc/lal in both
resting and activated macrophages (Govoni et al. 1997). Recent evidence has
suggested that in the absence of such inflammatory stimuli, Slcl1al plays an integral

role in cellular iron homoeostasis, promoting the recycling of iron from senescent

erythrocytes (RBC).

As discussed, Slellal®® -expressing cells have been shown to display lower
cytoplasmic iron levels than its non-expressing counterparts, these findings have been
coupled with the observation that both Slc//al mRNA and protein levels are
upregulated by treatment of the cells with 100uM FAS (Baker et al 2000).
Regulation of Slc/lal expression by addition of exogenous iron has led to the
suggestion that Slc//al activity may control its own expression via a negative
autoregulatory loop. An increased iron level induces expression of the Slcllal
protein, Slcllal functions to transport iron out of the cytoplasm, thereby decreasing
both cytoplasmic iron levels and its own expression. It was therefore proposed that
Slellal was involved in cellular iron homoeostasis, a proposal that was soon
expanded to include a role for Slcllal in recycling iron from senescent RBCs. In
vitro, Slcllal expression in primary macrophage cells can be upregulated by the
addition of both exogenous RBCs, and a synthetic haem analogue, hemin (Biggs er al.
2001). In vivo data has shown that Slc//al expression is induced in a model of
haemorrhagic trauma in the brain, involving the leakage of blood into the brain, and
that this expression correlated with decreased iron levels around the lesion in the

1P1% expressing mice (Biggs et dl.

Slc11al®'® expressing, but not in the Slella
2001). Furthermore, Slcl/lal expression is restricted to a subset of resident tissue
macrophages within organs of the reticuloendothelial system (RES), namely, the liver
and the spleen, these cells are also the major site of erythrophagocytosis within the

body (Biggs et al. 2001).

After their approximate 120-day life cycle, senescent RBCs are ‘marked’ for uptake

by the resident tissue macrophages of the spleen and liver, the major site of



erythrophagocytosis within the body. The mechanism for this is unknown, however
both CD47 (Oldenborg et al. 2000) and phosphatidylserine (PS) symmetry (McEvoy
et al. 1986) have been proposed to be markers of age, defining cells for uptake by
tissue macrophages. RBCs are unable to undergo apoptosis due to a lack of
cytochrome ¢, mitochondria and nucleus however, they do show signs of membrane
phospholipid redistribution, displaying PS on their outer leaflets (Mc Evoy et al.
1986). In apoptosis PS redistribution is essential for uptake of the apoptotic cell by
macrophages (Bratton ez al. 1999). Furthermore, it has been shown that PS on the cell
surface of RBC directly correlated with their uptake by monocytes in vitro (Connor et
al. 1994; Diaz et al. 1996), and clearance by the spleen in vivo (Allen ef al. 1988). In
apoptotic cells the exposed PS is recognised by the PS receptor (PSR) on the surface
of the macrophage, triggering the uptake of the cells via receptor-mediated
endocytosis. Once internalised the endosomes mature via fusion with other endocytic
vesicles, such as recycling endosomes, early endosomes, late endosomes and
lysosomes. During these fusion events the maturing vesicle acquires membrane
proteins from other endocytic vesicles, Slcllal is one such protein with is recruited
from late endosomes and lysosomes (Greunheid et al. 1997; Searle et al. 1998). In
addition to acquiring membrane proteins, with each successive fusion event the pH
within the vesicle is decreased, creating a highly acidic environment within the
phagolysosome that is optimal to activate a series of proteases, leading to the
degradation of RBC proteins. The complex multistep oxidative cleavage process that
breaks down Haem releases iron, carbon monoxide and bilverdin Ixa. In man there
are three enzymes that catalyse this reaction, however the haem oxygenase (HO)
system constitutes the major degradative pathway (reviewed Morse and Choi, 2002),
as HO-1 deficient mice models have illustrated (Poss and Tonegawa, 1997). During
the iron salvage/recycling process ~ 10°-iron ion are liberated from a single splenic
macrophage from haem molecules in 24 hours, of which ~ 50% are purged from cells

as high molecular weight complexes (Kondo et al. 1988).

As discussed, a role for Slcllal in the process of erythrophagocytosis has been
suggested, however the precise role is not yet clear. Kondo er al. (1988) reported
increased ferritin levels after RBC uptake, suggesting the liberated iron passes

through the cytosol and is sensed by IRP1/2, however treatment of macrophage cell



lines with iron via Tf-anti-Tf immune complexes resulted in no changes in ferritin
protein levels (Mulero et al. 2002). Furthermore this group went on to show that
Slc11a1%"-expressing macrophages were more efficient at degrading the [*Fe]Tf-
anti-Tf immune complex within the late endosomal/lysosomal compartments than
their Sicllal™® -expressing counterparts, an observation also made by members of
our laboratory (Barton, unpublished results). These data suggested that Slcllal
participates in erythrophagocytosis by promoting the liberation of iron from haem,
and a potential mechanism for this is via the promotion of phagosomal acidification
by Slcllal. M. bovis (Hackman et al. 1998) and M. avium (Frehel et al. 2002)
containing phagosomes are reported to be more acidic within Slcl/al%'®-expressing
cells when compared with Slcllal”/Slcllal®®-expressing cells. The increased
acidity of the lumen of the phagolysosome creates the optimal environment for the
production of reactive oxygen and reactive nitrogen species, as well as the activation
of many lysosomal proteolytic enzymes, all of which lead to the degradation of RBC
proteins, making the haem iron more readily accessible for its liberation. In support
of this Mulero et al. (2002) have shown that treatment of macrophage cell lines with
IFNy/LPS to induce phagocytosis of the [>Fe]Tf-anti-Tf immune complex iron

correlated with a nitric oxide dependent increase of iron release from the Sicl] al®'®

1719 expressing cells. Unpublished results (Barton) go on

expressing but not Slclla
to propose that the liberated iron is secreted from the cell via packaging into small
vesicular bodies termed exosomes. Furthermore Slcllal immunoreactivity was
associated with these vesicular bodies, suggesting the Slcllal protein is also shed

from the cell during iron recycling.

The results suggest that the Slcl1al protein is intimately involved in the recycling of
iron from senescent red cells by promoting the release of iron from haem, enabling its

package into exosomes and subsequent release from the cell.



1.1.7 Regulation of Sic/lal Expression

The majority of the studies involving Slc/lal have involved functional studies into
the role of Slcllal within the body, and as discussed these results have led to
conflicting results. It is hoped that analysis of the regulation of Slc//al expression

will provide crucial evidence towards the elucidation of S/c//al function in vivo.

Regulation of Sic/Ial by the proinflammatory cytokines IFNy and LPS was proposed
owing to the isolation of Slc/lal as the gene controlling resistance to intracellular
infection (Vidal ef al. 1993), and the identification of multiple IFNy and LPS response
elements within the proximal promoter region of Slc/l/al (Govoni et al. 1995).
Regulation of mRNA expression by IFNy and LPS has subsequently been observed
both in vitro and in vivo by a variety of researchers (Govoni et al. 1995 & 1997,
Atkinson et al. 1997; Baker et al. 2000). This upregulation of mRNA levels
correlated with an increase in the immature 45kDa protein in macrophages expressing
both Slc11a1%'% and Slcilal?'® -alleles, and an increase in the 90-100kDa mature
protein in macrophages expressing the Sicl/lal 1% _allele (Baker er al. 2000; Biggs et
al. 2001).

Activation of macrophages by either IFNy/LPS or M. avium infection is associated
with an increase in reactive oxygen and reactive nitrogen species, which can
themselves lead to an increase in Slc//al expression. It has been shown that in
IFNy/LPS-activated macrophages, Sic//al mRNA derived from cells expressing the
Slel1al%'®-allele is 2-fold more stable than mRNA derived from cells expressing the
Slcl1al?'®-allele (Brown et al. 1997). Stability of the Slc/1al1%’” mRNA was
decreased to the level of the Slellal”"® mRNA by the addition of antioxidants, and
furthermore treatment of the Slcl/al™'®-expressing cells with menadione, an oxidant
generator, increased mRNA stability to levels equivalent to the Slc/7al%’® mRNA
(Lafuse et al. 2000). In addition, Slc/1al%"® mRNA and protein levels were induced
by the addition of sodium nitroprusside (SNP), a nitric oxide donor (Baker et al.
2000). Together these data support a role for reactive oxygen and reactive nitrogen

species in the positive regulation of Sic//al expression.



Previous reports have shown that Sicllal G169 expressing macrophages by IFNy
(Brown et al. 1994) or M. bovis (Olivier et al. 1998) have higher PKC activity than
Slcl1alP'® expressing macrophages. Lafuse et al. (2000) have also shown that
addition of PKC inhibitors decreased the Slc1/al%'® mRNA stability to the levels of
the Slcl1al”’® mRNA. Furthermore, co-treatment of cells with the PKC inhibitor
G06976 and the oxidant generator menadione increased Slcl7al%’® mRNA stability
in a PKC-dependent manner (Lafuse ef al. 2000). Inhibitors of PKC activity have
also been shown to interfere with Slcl11al function, decreasing the Slcl1al-mediated
iron transport into M. avium containing phagosomes (Kuhn er al 2001). The
involvement of the PKC pathway in regulating Slc/ lal expression has been expanded
to include the MAP kinases, ERK1, ERK2 and p38 (Lafuse et al. 2002). These data
are supported by the findings that treatment of HL-60 cells with vitamin D alone,
which is known to activate PKC and MAP kinases (Veenstra ef al. 1997), and a
combination of vitamin D and PMA, a pharmacological stimulator of PKC activity,
led to the accumulation of Slc/lal mRNA (Roig et al. 2002). Regulation of Slcllal
by the PKC pathway may provide a link to the observed regulation of Sic//al by both
iron loading and iron deficiency, as iron is known to regulate expression of the
PKCP1 isoform (Alacantra et al. 1994). Iron loading macrophages using ferric
ammonium sulphate (FAS) (Baker et al. 2000), RBC, or the synthetic haem analogue

19" mMRNA and protein

]G169

hemin (Biggs et al. 2001), led to the upregulation of Slc/la
levels. Conversely iron chelation using desferrioxamine (DES) decreased Slc/la
mRNA stability (Lafuse et al. 2000), and Sic/lal G169 MRNA and protein expression
(Baker et al. 2000). Taken together these data suggest as previously proposed by the
Barton group (Baker er al. 2000), that Slcllal is intimately involved in iron

homoeostasis, controlling its own expression via a negative auto-regulatory loop.
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FIGURE 1.1.7.1 Pathways for Regulation of S/cI//al Expression. Diagram summarising proposed
Slcllal regulatory pathways, adapted Lafuse et al. 2002.
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1.2 AIMS

Slcl1al/SLC11A1 plays an important role in controlling susceptibility to infection in
mouse, likewise in human, as well as autoimmune disease susceptibility in human. In
mouse a disease-causing mutation is found within the open reading frame, whereas in
human a functional polymorphism associated with a microsatellite repeat element
within the promoter contributes to disease susceptibility. However, little is known of

the mechanisms controlling Sic//al/SLC11A1 expression in mouse or in human.

The primary aim of this project was to prepare reagents to allow functional
characterisation of the murine Slc//al promoter, both as a model macrophage gene
that could be used for subsequent macrophage-specific expression in potential
transgenic mouse studies, and to understand how Sic//al is controlled at the level of
transcription. During the course of these studies a role for the proto-oncogene c-Myc
in the control of genes that regulate cellular iron levels was identified. Furthermore,
studies showed an antagonistic role for the c-Myc interacting zinc finger protein 1
(Miz-1), a protein isolated as a novel c-Myc binding protein. The second aim was
therefore to elucidate if c-Myc and Miz-1 are important for Slcl1al regulation and if

so to examine the mechanistic basis for the regulation.
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CHAPTER 2
Materials and Methods
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2.1 MATERIALS

2.1.1 Chemicals

Chemicals were purchased from Sigma-Aldrich Chemical Company, Poole, UK, unless
otherwise stated. Cell culture reagents, Penicillin, Streptomycin, Glutamine, Media etc.
were obtained from Life Sciences Gibco BRL. Radioactive isotopes were obtained from

ICN Biochemicals, Thane, UK. All materials and chemicals were stores and handled as

per manufacturers instructions.

2.1.2 Water
Analar® high quality water (BDH Laboratory suppliers, Poole, UK.) was used during

these experiments and will from this point be referred to as Deionised (DI) water.

2.1.3  Sterilization
Heat stable materials were sterilized by autoclaving at 15 psi for 15 minutes.

Heat labile solutions were sterilized by filtration through a 0.22mm filter (Millipore).

2.1.4 Bacterial Culture Media
Luria-Bertani (LB) Medium

LB broth is an all-purpose bacterial culture medium. 10g sodium chloride, 10g Bacto-

tryptone and 5g Bacto-yeast were dissolved in 1 litre of DI water and then autoclaved.
To produce solid medium (LB agar) 1.5% (w/v) purified agar was added prior to

autoclaving.

SOB and SOC Medium

SOB and SOC are enriched mediums used for transformation of plasmid constructs into

E. coli JM109 competent cells. An incomplete SOB medium consisting of 20g/l Bacto-
tryptone, 5g/l Bacto-yeast and 0.5g/l sodium chloride was prepared in DI water and
autoclaved. To the incomplete medium 10ml/l ofiboth 1M magnesium chloride and 1M
magnesium sulphate were added. The complete SOB medium was sterilized via
filtration. SOC medium was produced immediately prior to use by adding 1ml 2M filter-

sterilize glucose to 100ml complete SOB medium. SOC was sterilized via filtration.
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Ampicillin
Ampicillin was added to culture medium to select for bacteria containing plasmids
encoding Ampicillin resistance. Ampicillin was made as a stock solution at 50mg/ml in

DI water, filter sterilized and stored in aliquots at —20°C. Unless otherwise stated the

final working concentration of Ampicillin was 100pg/ml.

Kanamycin
Kanamycin was added to culture medium to select for bacteria containing plasmids

encoding Kanamycin resistance. Kanamycin was made as a stock solution at 15mg/ml in

DI water, filter sterilized and stored in aliquots at —20°C. Unless otherwise stated the

final working concentration of Kanamycin was 30pg/ml.

2.1.5 Cell Culture Medium

RAW 2674, N11 and Cos-1 cell lines were cultured in low-endotoxin Dulbecco's
Modified Eagles Medium (DMEM) containing 10%(v/v) Myoclone foetal calf serum,
2mM L-Glutamine, 10 units/ml Penicillin with 100mg/ml Streptomycin and 20mM
HEPES buffered saline (tissue culture grade). These cells were cultured on Nunc 75¢m?
flasks and centrifuged in polypropylene Falcon tubes to reduce adhesion of cells to the
plastic. THP-1 human macrophage cell lines were cultured in RPMI 1640 containing
10%(v/v) Myoclone foetal calf serum, 2mM L-Glutamine, 10 units/ml Penicillin with

100mg/ml Streptomyecin.

2.1.6  Plasmid Preparation
STE (Sodium-Tris-EDTA)

0.1IM NaCl
10mM Tris-Cl (pH8.0)
ImM EDTA (pHS.0)

Solution I (Tris-Glucose-EDTA)

50mM Glucose
25mM Tris-Cl (pH8.0)
10mM EDTA (pH8.0)
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Solution II (NaOH-SDS)
0.2M NaOH
1.0%(w/v) SDS

Solution III (KAC Working Solution)
3M Potassium Acetate

M Glacial Acetic acid

Agarose Gel
1% (w/v) Electrophoresis grade agarose

Ix TBE

5x TBE (Tris-Boric-EDTA) (1litre)

54.0g Tris-base
27.5¢g Boric acid
20ml 0.SM EDTA (pH8.0)

6x DNA Gel Loading Buffer

30% Glycerol
0.25% Bromophenol Blue
0.25% Xylene Cyanol FF

2.1.7 Chloramphenicol Acetyl transferase (CAT) assay
Running Solvent

95% (v/v) Chloroform

5% (v/v) Methanol

2.1.8  Polyacrylamide Gel Electrophoresis (PAGE)
2x Resolving Gel Buffer (200ml)

14.52¢ Tris (pH8.8)

4ml 10% SDS

Make to 200ml with Deionised water

45



2x Stacking Gel Buffer (200ml)
6.04g Tris (pH6.8)

4ml 10% SDS

Make to 200mli with Deionised water

10% Resolving Gel Mix (10ml)

3.35ml 30% Acrylamide stock

5.00ml 2x Resolving gel buffer

1.65ml Deionised water

100ul 10% APS (Ammonium persulphate)

10ul TEMED (N,N,N’N’-tetra-methylenediamide)

4% Stacking Gel Mix (10ml)

700p1 30% Acrylamide stock
2.5ml 2x Stacking gel buffer
1.8ml Deionised water

100pl 10% APS

10ul TEMED

SDS-PAGE Running Buffer
25mM Tris-base
190mM Glycine
0.1%(w/v)  SDS

2.1.9  Sequencing

NaOH/EDTA

2M NaOH

2mM EDTA

155

100ul 100% Ethanol

Sud 3M Na Acetate (pH 5.7)

46



Denaturing Polvacrylamide Sequencing Gel

2lg Urea

5ml 5x TBE

7.5ml 40% Acrylamide
200ul 10% APS

20ul TEMED

Running Buffer
1x TBE

2.1.10 Western Blotting
Western Blotting Buffer
1:4  Methanol: SDS-PAGE running buffer

2.1.11 Antibody Detection
Phosphate Buffered Saline (PBS)

Prepared from tablets as per manufacturers’ instructions.

PBS/Tween
0.10% (v/v)  Tween 20 in PBS

Blocking Agent
10% (w/v)  Milk powder in PBS/Tween

Antibody Diluent
5% (wW/v) Milk powder in PBS/Tween

2.1.12 Proliferation Assays
Crystal Violet Stain

Ig Crystal Violet
4ml Methanol
Once dissolved make up to 20ml DI and filter through 3MM Whatman paper.



2.1.13 Genomic DNA Isolation

Lysis Buffer
0.5M EDTA (pH 8.0)

100pg/ml Proteinase K
0.5% Sarcosyl

Dialysis Solution

50mM Tris-Cl (pH 8.0)
10mM EDTA
10mM NaC(l

2.1.14 Preparation Nuclear Extracts

Dignam Buffer A

10mM HEPES (pH 7.9)
1.5mM MgCl,

10mM KCl

0.5mM DTT

0.2% NP40

Make up 10ml aliquot into 500yl aliquots and store at —20°C. Prior to use add 1 ul PMSF

and 1pl Apoproteinin per aliquot.

Dignam Buffer C

20mM HEPES (pH 7.9)
25% Glycerol

0.42M NaCl

1.5mM MgCl,

0.5mM DTT

0.2mM EDTA

Make up 10ml aliquot into 500ul aliquots and store at ~20°C. Prior to use add 1 ul PMSF

and 1ul Apoproteinin per aliquot.
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2.1.15 Electrophoretic Mobility Shift Assay (EMSA)

5% EMSA Gel (50ml)

10ml 30% Acrylamide
1.25ml 10x TBE

38.75ml Deionised water
500pul 10% APS

50pl TEMED

EMSA T.oading Dye

250mM Tris-Cl (pH 7.5)
40% Glycerol

0.2% Bromophenol Blue
0.1% Xylene Cyanol FF
EMSA Running Buffer

0.5x TBE
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NAME SEQUENCE

HB#1 5’-ATGCGGATCCTAATCAAGAGGACGCAGG-3’

HB#2 5>-TTTGCTTCTAGAATGTTG-3’

GT-AS 5’-TCCATAATAAGTCTGGCC-3’

MYCS5-AS2 5-CCAAACAAAAACCTCGAATTCATGTTTACAGCAATG-3’
MYCS-S 5’-CATTGCTGTAAACATGAATTC GAGGTTTTTGTTTGG-3’
MYC6M-AS 5-AAAGGCAGAAGTGACGAATTCTGGCGGAAGGGGGTG-3’
MYC6M-S 5’-CACCCCCTTCCGCCAGAATTCGTCACTTCTGCCTTT-3’
NRP#1 5’-TCGACCCTCAGTGATGTGGAGATGAGGTCTGGAGGG-3’
NRP#2 5’-TCCCCTCCAGACCTCATCTCCACATCACTGAGGG-3’
NRP#3 5’-GATGGGAAGGGCGTGGGTTCCCACTCTTACTCACTCGGACC-3’
NRP#4 5’-CTGGTCCGAGTGAGTAAGAGTGGGAACCCACGCCCTTCCCA-3’
NRP#S 5’-AGCACCCACAGAAGGGGACAGATTGAG-3’

NRP#6 5S>-GATCCTCAATCTGTCCCCTTCTGTGGGTG-3°

NRP #7 S’-GATTCCCACTCTTACTCACTCGGACC-3’

NRP #8 5’-CTGGTCCGAGTGAGTAAGAGTGGGAA-3’

REP#1 5’-GCTCTAGATTCACTAAGTTGTTTAGA-3’

REP#2 5’-GCTCTAGACCGTCATATGTATCCACT-3’

REP#3 5’-GCTCTAGAGGAGGTTTTTGTTTGGAC-3’

REP#4 5’-GCTCTAGAATCTGAGTGAGACCCTCA-3’

REP#5 5’-GCTCTAGACAGACTGAGATGAAAGAC-3

Sp1IM-AS 5 ’-AGAGTGGGAACCCATAGAATTCCCATCCCCTCCA—3 ’
SpIM-S 5’-CACCCCCTTCCGCCAGAATTCGTCACTTCTGCCTTT-3’
FIGURE 2.1.1 Table of Oligonucleotides used within these Studies.
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2.2 METHODS

2.2.1 Genomic Cloning of Murine Slc/1al Promoter

Genomic phage clones were isolated from a B6/CBAF1JA FixII library (Stratagene)
by screening with a PCR-derived probe spanning the 5’ end of the murine Slcl/al
gene. The probe extended from —265bp of the major transcriptional initiation site to a
BamHI site 43-48bp 3’ of the last base of exon 2. From the screen two clones were
isolated, A1.4 and A2.3 that were identical and these were plaque purified by routine
methods. A Sall restriction fragment of ~ 9kb was sub-cloned into pBS and was
analysed by sequencing (Oswel, Southampton). Plasmids produced designated pS2
and pS3 representing both orientations of the insert sequences respectively (see figure

2.2.1).

2.2.2 Preparation of Competent E. coli

The IM109 (e14"(McrA) recAl endAl gyrA96 thi-1 hsdR17 (rx- mx') supE44 reldl
A(lac-proAB) [F’ traD36 prbAB lacl®ZAM15]) strain of E. coli used during these
studies were supplied already competent (Stratagene, UK), however cells can be made
competent using the following method. Inoculate 10ml LB broth with stationary
phase E. coli from a plate culture of E. coli and incubate overnight at 37°C with
agitation. Inoculate a fresh 10ml LB broth using 200ul of the overnight static culture.
Incubate the inoculated culture at 37°C with shaking until Ajss reached ~0.5. Collect
the cells using a refrigerated (4°C) centrifuge at 3000rpm for 10mins. Remove the
supernatant and resuspend the bacterial-pellet in Sml ice cold sterile 0.1M CaCly,
recentrifuge as above. Discard the supernatant and resuspend the bacterial pellet in

Sml. Store on ice for at lest 1hour before use.

2.2.3  Transformation of Competent E. coli
50ul of the competent £. coli were dispensed into pre-chilled 1.5ml microfuge tubes
on ice. 0.4ul of B-mercaptoethanol (final concentration 25mM) was added to the

competent cells and the mixture incubated on ice for 10 minutes, swirling gently
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every 2 minutes. 2.5ul of the ligation mixture (0.1-50ng of DNA) was added to the
competent cells, mixed gently, and incubated on ice for 30 minutes, allowing the
DNA to precipitate around the competent cells. The cells were heat shocked by
incubating at 42°C for 45 seconds, enabling the uptake of DNA into the bacterial
cells. The cells were allowed to recover by transferring back to ice for 2 minutes after
the heat-pulse. 450l of pre-warmed (42°C) SOC medium was added to the cells and
the cultures were incubated at 37°C for 1 hour with shaking at 225-250 rpm. After
recovery the cells were concentrated by centrifuging at 1000 rpm for 10 minutes,
resuspended in 100ul of SOC medium and plated out onto LB agar plates containing
the ’appropriate antibiotics for selection of positive colonies. The plates were

incubated overnight at 37°C.

2.24 Plasmid Preparation

Unless stated all plasmids were maintained in cultures of E. coli strain JIM109 frozen
in 25% glycerol in LB broth at ~70°C. Cultures from frozen stocks were streaked out
onto LB plates containing the appropriate antibiotic and cultured overnight at 37°C.
10ml LB-antibiotic liquid medium was inoculated with a single colony from the
plated-out culture and incubated at 37°C with agitation until Aggo ~ 0.6. 250ml of pre-
warmed (37°C) LB media containing the appropriate antibiotic was inoculated with
the 10ml culture and incubated for 18-24 hours at 37°C with shaking at ~225-250
rpm. The cells were harvested by transferring to a clean sorval tube and centrifuged
at 4500 rpm, 4°C, for 20 minutes. Plasmid DNA was isolated using Quiagen
endotoxin-free maxi-prep kits (Quiagen) following manufacturers protocol however,
when kits were unavailable plasmid DNA was isolated using the following method.
The supernatant was discarded and the pellet resuspended in 5-10ml ice-cold STE,
transferred to Oakridge tubes and re-centrifuged at 4500 rpm (Hermle Z383K
centrifuge; 220.80.V02 rotor), 4°C for 10 minutes. The resulting pellet was
resuspended in 2ml solution I, to this 4ml solution II was added, gently mixed by
inversion, and incubated at room temperature for 5 minutes in order to lyse the cells.
3m’1 ice-cold solution III was added mixed by gentle shaking and a white precipitate
allowed to form by incubation on ice for 10 minutes. The tubes were centrifuged at

10,000 rpm, 4°C for 10 minutes. The supernatant was recovered, transferred to a

52



fresh tube and 0.6 volume of isopropanol added. The mixture was incubated at room
temperature for 10 minutes, centrifuged at room temperature, 10,000 rpm for 15
minutes, the DNA pellet was washed with 80% ethanol and air dried after draining off
excess ethanol. The pellet was resuspended in suitable volume (300pl) of sterile DI
water and transferred to 1.5ml microfuge tube. An equal volume of 5M LiCl was
added and the solution mixed and centrifuged at 12,000 rpm for 10 minutes at 4°C.
The supernatant was decanted and the pellet rinsed with 80% alcohol, centrifuged at
12,000rpm, drained and air-dried. The resultant pellet was resuspended in 50pl of
sterile DI water and incubated at 37°C with 20pl/ml DNase free RNase for 30
minutes. 500ul of 1.6M NaCl 13%(w/v) polyethylene glycol (PEG 8000) was added
and mixed before centrifuging at 12,000 rpm for 5 minutes at 4°C. After removing
the supernatant the pellet was air-dried and resuspended in a suitable volume (400ul)
of sterile DI water. The plasmid DNA was purified via extraction with phenol,
phenol: chloroform and finally with chloroform. To the final extract an equal volume
of isopropanol and 0.1 volume of sodium acetate were added, mixed and the resulting
solution centrifuged at 12,000 rpm, 4°C for 15 minutes in order to precipitate the
plasmid DNA. The precipitated pellet was washed in 80% ethanol and re-centrifuged
at 12,000 rpm, 4°C for 2 minutes. After removing the ethanol, the pellet was left to
air dry before addition of 200ul of sterile DI water. The optical density of the
preparation was determined at 260nm and 280nm from a diluted sample allowing
determination of DNA concentration. The plasmid was re-precipitated and
resuspended to 1pg/pl using sterile DI water in cell culture condition then stored at —

20°C prior to use.

Diagnostic digestions were used to test the origin, integrity and purity of the plasmid.
A restriction digest reaction was made up using 1l of the appropriate 10x enzyme
buffer, 1pl of the appropriate restriction enzyme, 100ng plasmid DNA and made up to
10ul with sterile DI water. The reaction was incubated at 37°C for 1 hour. 2pl 6x
agarose gel loading dye was added to the reaction mixture and the reaction mixture

was separated according to size by electrophoresis in a 0.8-1.0% agarose gel at 100V.
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2.2.5 Cell Culture

RAW 264.7 & N11
RAW 264.7 murine leukaemic monocyte/macrophage cells (Raschke et al, 1978) and

the N11 microglial cells (Righi et al. 1989) were cultured in complete DMEM.
Approximately 10° cells were inoculated into a 75mm? flask in 12ml medium. When
the cells reached confluence, the surface of the plastic was scraped, 11ml of medium
was removed and replaced with 11ml fresh medium. Cultures of cell lines were
maintained by plating to fresh flasks every four weeks or two days prior to use in
experiments. Cells were harvested for experiments by removing from the plastic with
a cell scraper, centrifuging at 1000 rpm for 5 minutes in polypropylene tubes,
resuspended for counting and then diluted to the appropriate numbers for the

experiment.

Cos-1

Cos-1 African green monkey kidney cells were cultured in complete DMEM.
Approximately 10 cells were inoculated into a 75mm? flask in 12ml medium. When
the cells reached confluence, the medium was removed, and the surfaces of the cells
were rinsed with Sml sterile PBS before addition of 2.5ml Trypsin-EDTA. The cells
were incubated with Trypsin-EDTA at 37°C for 5 minutes to detach the cells from the
plastic surface, confirmed by visualisation under light microscope, an equal volume of
complete medium was added back to neutralise the Trj/psin—EDTA. 0.5ml of the cell-
containing medium was inoculated into 11.5ml fresh medium in a fresh flask. Cells
were harvested for experiments by removing from the plastic with trypsin as
described, centrifuging at 1000 rpm for 5 minutes in polypropylene tubes,

resuspended for counting and then diluted to the appropriate numbers for the

experiment.

THP-1

Non-adhesive THP-1 human monocyte cells were cultured in complete RPMI11640.
Approximately 10° cells were inoculated into a 75mm? flask in 12ml medium. When
the cells reached confluence, 11ml medium was removed and replaced with 11ml
fresh medium. Cultures of cell lines were maintained by plating to fresh flasks every
four weeks or two days prior to use in experiments. Cells were harvested for

experiments by centrifuging at 1000 rpm for 5 minutes in polypropylene tubes,
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resuspended for counting and then diluted to the appropriate numbers for the

experiment.

2.2.6  Isolation and Culture of Bone Marrow Derived Macrophages

Femurs were isolated from mice and the bone marrow flushed out using a 1ml syringe
containing DMEM. Cells were pooled from multiple animals, resuspended and plated
onto triple vent bacterial petri-dishes (Greiner) and grown in culture medium (2.1.5) in
the presence of 10% L-cell conditioned media (the media from which L-929 cells have
been grown) that contains granulocyte/macrophage colony stimulating factor (GM-
CSF). After incubation for 5 days an additional 10% v/v of L-cell conditioned media
was added. Precursor cells were allowed to mature and differentiate for a further 4 days
at which point any celis left floating were washed off using pre-warmed serum free
DMEM. Adherent cells were used as macrophages and shown to express macrophage
antigens Slcl1al and iNOS and were phagocytic. Cells were used in experiments after 2

days rest.

2.2.7 Transfection into Cell Lines

Electroporation

Cos-1

5x10° cells were added to 10pg of plasmid DNA in 0.5ml complete DMEM in an

electroporation cuvette, 0.4cm distance between electrodes (Biorad). The cuvette
containing plasmid DNA and Cos-1 cells were transferred into a pulse chamber the
electroporated at the required voltage and capacitance (typically 450V/500uF). The
cells were transferred to 60cm? tissue culture grade Petri dish containing 6ml fresh
complete DMEM and incubated at 37°C in a 5% CO, humidified atmosphere for 48

hours.

RAW 264.7
5x10° cells were added to 10pg of plasmid DNA in 0.5ml complete DMEM in an

electoporation cuvette, 0.4cm distance between electrodes (Biorad). The cuvette

containing plasmid DNA and RAW 264.7 cells were transferred into a pulse chamber
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the electroporated at the required voltage and capacitance (typically 350V/975uF).
The cells were transferred to 60cm’ tissue culture grade Petri dish containing 6ml

fresh complete DMEM and incubated at 37°C in a 5% CO, humidified atmosphere for
48 hours.

LipofectAMINE

Cos-1/RAW 264.7
1.5x10° cells (Cos-1) or 5x10° cells (RAW 264.7) were seeded onto a six-well tissue

culture plate in 2ml complete tissue culture medium and incubated at 37°C in a 5%
CO;, atmosphere for 18-24 hours (until 50-80% confluent). For each transfection two
sterile microfuge tubes were labelled A and B. For each transfection, in tube A 2-3ug
plasmid DNA was diluted into 100ul serum-free medium, no antibiotics. In tube B
5ul Lipofect AMINE reagent (Life Sciences, GibcoBRL, UK) was diluted into 100pul
serum-free medium. The tubes were incubated at room temperature for 10-15
minutes. After this time the two solutions were combined, mixed gently incubated at
room temperature for 15-45 minutes to enable the formation of DNA-liposome
complexes. During this incubation time the cells that had been seeded were washed in
2ml serum- free medium. For each transfection 0.8ml serum-free medium was added
to the tubes containing the DNA-liposome complexes and mixed gently before being
overlaid onto the rinsed cells. The DNA-liposome complex was left incubating on the
cells for 5 hours (370C; 5% COy), after this time 1ml media containing 20% serum, no
antibiotics was added back to the cells without removing the transfection mixture and
incubated under the same conditions for a further 18 hours. After this 24 hour
incubation the transfection mixture was replaced with fresh complete medium and

further incubated for 24 hours.

2.2.8 Protein Estimation
Sample for SDS-PAGE

Unlysed eukaryotic cells, following washing to remove serum proteins, were

resuspended in 200l PBS. 20ul of the cell suspension was removed to a microfuge;
the remaining 180ul was pelleted by pulse centrifugation to 12,000 rpm and stored at

-20°C. 2pl of the cell suspension was loaded in a well on a microtitre plate, to this
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was added 100ul 0.1%(v/v) SDS-PBS and 100ul BCA protein detection reagents
(Pierce). A standard curve was prepared using a range, (Opg-20pg) of BSA

concentrations. The assay was incubated at 37°C for 40 minutes and the absorbance
determined at 570nm using plate reader. The standards were used to prepare a

standard curve and the protein contents of the samples were estimated with reference

to this curve.

Sample for CAT assay

Eukaryotic cells isolated as previously described were pelleted by centrifugation,
washed in PBS and resuspended in 100ul 0.25M Tris-Cl (pH7.8). Cells were
disrupted by 3 cycles of freezing in liquid nitrogen for 5 minutes, thawing at 37°C for
5 minutes. The cell debris was pelleted by centrifugation at 12,000 rpm for 10
minutes and the supernatant removed to fresh tube. Protein concentrations of cell

extracts were determined as above; samples can be stored at —20°C.

Sample for Luciferase assay

The cells were harvested and centrifuged at 1000rpm. for 5 minutes, the resulting
pellets were resuspended in 1ml cold PBS and transferred to microfuge tubes. The
samples were centrifuged at 10000rpm for 10 seconds and the supernatant discarded.
The pellets were resuspended in 100pl 1x reporter lysis buffer (Promega) by
vortexing. Cells were disrupted by 1 cycle of freezing in liquid nitrogen for 5
minutes, and thawing at 37°C for 5 minutes. The cell debris was pelleted by
centrifugation at 12,000 rpm for 15 seconds at room temperature and the supernatant
removed to fresh microfuge tube. Protein concentrations of cell extracts were

determined as above; samples can be stored at —20°C.

2.2.9 Chloramphenicol Acetyl Transfease (CAT) Assay

For each sample a set amount of protein (see individual experiments) was placed in a
microfuge tube, and the volume made up to 90ul with 0.25M Tris-Cl (pH7.8). A
master mix was made for all samples of; 20ul 4mM Acetyl CoA; 1pl ["ci-
Chloramphenicol; 35ul DI water, and 56y of this master mix was added to each

sample and incubated at 37°C for 1-6 hours. The incubation time was determined
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empirically, based on previous experiments and cell type used. After this incubation
period the reaction was terminated by the extraction of the chloramphenicol, by the
addition of 1ml ethyl acetate and vortexing for 30 seconds. Centrifugation at 12,000
rpm for 5 minutes allowed separation of the mixture into two phases. The top ethyl
acetate layer containing the [14C]-Chloramphenicol (ICN) and acetylated derivatives
was removed to a fresh microfuge tube. The ethyl acetate was evaporated off in a
Speed-vac on a low drying rate for 1 hour. Each sample was resuspended in 15ul
ethyl acetate and spotted on to a Thin Layer Chromatography (TLC) plate (Whatman).
After application the samples were allowed to dry and the TLC plate was placed in a
TLC tank containing running solvent just sufficient to touch the bottom of the TLC
plate. The samples were allowed to run until the solvent front had reached the top of
the plate. The plate was then removed, air dried and exposed to film in an
autoradiography cassette at room temperature. Calculation of % conversion was
achieved by exposing a screen from a Phosphoimager (Molecular Dynamics) and

calculating emissions as per manufacturers’ instructions (figure 2.2.2).

2.2.10 SDS-PAGE

SDS-PAGE fractionates polypeptide-SDS complexes by electrophoretic molecular
sieving in polyacrylamide gels according to molecular size assuming a linear non-
structured conformation. The proteins are denatured by either by boiling in SDS and
B-mercaptoethanol or if membrane bound, by passing through a syringe in SDS and
B-mercaptoethanol. SDS and p-mercaptoethanol will disrupt secondary and tertiary
structures and inter- and intra-chain disulphide bonds respectively. The resulting
polypeptide chains have approximately equal charge to mass ratios and are separated

solely on the basis of molecular size.

All glass plates and spacers (1.5mm) were cleaned and degreased with ethanol. The
apparatus was assembled according to the manufacturers’ instructions (Biorad). SDS-
PAGE was performed using the discontinuous buffer system of Laemmli (1970), with

10% resolving and 4% stacking acrylamide gels, unless otherwise stated.
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All buffers and solutions were prepared using DI water. Polymerisation of acrylamide
to form gels was catalysed by free radicals from N,N,N’N’-tetra-methylenediamide
(TEMED) generated by the action of initiator ammonium persulphate (APS). The
10% resolving and 4% stacking gel mixtures were prepared as described (2.1.8). The
10% resolving gel was poured and allowed to polymerise allowing enough room for
the 4% stacking gel to be poured on top. The stacking gel was poured and the well

forming comb carefully inserted and the gel allowed to polymerise.

The required volume of the SDS-PAGE running buffer was prepared immediately
prior to use. Once the acrylamide within the 4% stacking gel had polymerised the
comb was removed and the wells washed with DI water before being placed in the gel
tank containing the SDS-PAGE running buffer. Air bubbles within the wells were
removed before samples were loaded into the wells. Samples were in SDS-sample
buffer at ~ 2mg protein/ ml. 20pg protein/ track was loaded. Electrophoresis was

carried out at 30mA constant current per gel.

The proteins within the gel were electrophoretically transferred to nitrocellulose

membrane (Millipore) for immunodetection.

2.2.11 Western Blotting

After SDS-PAGE the glass plates were separated and the stacking gel cut away. The
gel was soaked in blotting buffer until required. The nitrocellulose membrane (5 x
9.5cm) was pre-soaked in methanol before being soaked in the blotting buffer. 3
pieces of 3mm Whatman paper (Whatman) moistened in blotting buffer were stacked
on dry graphite electrode of the semi-dry blotter (Biorad) and the membrane placed on
top of the 3mm Whatman paper. The gel was placed on top of the membrane and 3
more moistened pieces of 3mm Whatman paper stacked on top. The assembled stack
was rolled with a glass pipette to remove air bubbles and excess buffer. The

assembled blot was run for 60 minutes at 100mA constant current per membrane.
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2.2.12 Antibody Detection

Detection of specific proteins on Western blots was by immune detection using
specific antibodies. Post transfer the blot was incubated in blocking agent at room
temperature for 60 minutes with agitation. Antibody dilutions, previously calculated
from titration experiments, were prepared in diluent buffer. The blot was incubated in
primary antibody for 60 minutes, with agitation, at room temperature and then washed
for 5 minutes x3 in PBS/ Tween. The blot was then incubated as for primary antibody
in a horseradish peroxidase (HRP) conjugated secondary antibody raised against the
animal used to produce the primary antibody. The blot was then washed twice with
PBS/ Tween for 10 minutes and twice in DI water for 5 minutes prior to detection
using enhanced chemiluminescence (ECL) reagent (Amersham) as per manufacturers’

instructions.

2.2.13 Cellular Proliferation
Crystal Violet Estimation of Cell Number

Cells were counted using a haemocytometer (grid count x 10* x dilution factor = cell
number /ml) and trypan blue exclusion as a measure of cell viability. The cells were
added to a 96 well plate in 200ul of media, using 100x10° cells in row 1, 50x10> cells in
row 2, 10 x10% in row 3,5 x10% in row 4 and 1 x10® in row 5, row 6 contained 200l of
media only. This plate was used to produce a standard curve. 1x10° cells in 200p] media
were placed in the remaining wells for tests one plate was used per day of culture.
Readings were made by emptying the plates of media, gently tapping onto paper towel
and adding 200pl of crystal violet stain per well. The plates were incubated at room
temperature for 10 minutes the stain decanted and washed in three changes of water and
dried. The absorbed stain was resolubilised in 200ul methanol. The plates were agitated
carefully, each plate was read on a MRX microtitre plate reader (Dynex) at 570nm. A
standard curve was plotted from the known cell number against ODs7gym. Sample cell

numbers were obtained by reference to this standard curve.

BrdU Incorporation

Cell proliferation was measured via 5-Bromo-2’deoxyuridine (BrdU) incorporation

studies using a BrdU labelling kit (Amersham Biosciences) following manufacturers
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instructions. Briefly, cells were cultured for 1-5 days in a sterile microtitre plate
(MTP). Cells were labelled with BrdU for 2-24 hours, 37°C. After this time labelling
medium was removed by inversion of the MTP and the fixative solution added for 30
minutes at room temperature (RT). The fixative solution was removed and cells
incubated with blocking reagent for 30 minutes at RT. The cells were incubated with
the Anti-BrdU-HRP conjugated antibody for 30-120 minutes at RT and then washed 3
times for 15 minute at RT with washing buffer. Substrate was added 3 times for 5-30
minutes, stop reagent added, and absorbance measured at 450nm. All reagents used

were supplied with the labelling kit.

2.2.14 Sanger Dideoxy Sequencing

Primer Annealing

2ul NaOH/EDTA and 100ng of a specific primer are added to 1pg DNA, volume was
made up to 20p] with DI water. The solution was placed in a water bath at 95°C and
allowed to cool to room temperature to allow efficient annealing of the primer to the
template DNA. After this time 100pl of the 155X\ solution is added to neutralise
NaOH/EDTA activity. The precipitated primer annealed DNA complex was retrieved
by centrifugation at 12,000 rpm for 10 minutes at 4°C. The supernatant was decanted
and the pellet rinsed with 80% alcohol, centrifuged at 12,000rpm, drained and air-
dried.

Sequencing Reaction

The sequencing reaction was performed using the Sequenase sequencing kit
(Amersham Biosciences) following the manufacturers instructions. Briefly, the
primer annealed DNA was resuspended in a solution containing 2l sequenase buffer,
1ul dit, 0.4pl label mix, 0.5ul a®>S-dATP, 0.25ul sequenase enzyme, reaction volume
was made up to 15.5ul with DI water. 3.5ul of the sequencing solution premix was
added to each of 4 tubes containing 2.5l of either ddATP, ddTTP, ddCTP or ddGTP.
The reactions were incubated at 37°C for 5 minutes before the addition of 4ul of stop
solution to quench the reaction. Samples may be stored at -20°C at this point. All
solutions for the sequencing reaction are provided with the Sequenase kit apart from

the o>°S-dATP, which is supplied separately (Amersham Biosciences).
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All glass plates and spacers (1.5mm) were cleaned and degreased with ethanol, one of
the plates is then prepped with Acrylease (Stratagene) to prevent the gel sticking. All
buffers and solutions were prepared using DI water. The denaturing polyacrylamide
gel was prepared as described section 2.1.9. Polymerisation of acrylamide to form
gels was catalysed by free radicals from N,N,N’N’-tetra-methylenediamide (TEMED)

generated by the action of initiator ammonium persulphate (APS).

Sequencing reactions were heated to 85°C for 3 minutes prior to loading. 2.5ul of
reaction mix per sample was loaded onto the gel. The gel was run in 1x TBE at

1200V for 3 hours. Gels were dried onto 3mm Whatman paper and visualised via

autoradiography.

2.2.15 Genomic DNA Isolation

Tissue was minced using either a scalpel or scissors, added to liquid nitrogen, and
ground using a pestle and mortar. The liquid nitrogen was allowed to evaporate
leaving a fine powder. 10 volumes of the lysis buffer (section 2.1.13) was added to
the powder and the suspension left at 50°C for 3-18 hours with periodical swirling.
The DNA was gently extracted 3 times with an equal volume of phenol. After these
extractions, the bottom DNA containing aqueous layer was dialysed against 4 litres of
the dialysis solution (section 2.1.13) with several changes until the ODjy79um of the
dialysate <0.05. The dialysed solution was treated with 100pg/ml of DNase-free
RNase at 37°C for 3 hours. The DNA was purified via extraction with phenol,
phenol: chloroform and finally with chloroform. To the final extract an equal volume
of isopropanol and 0.1 volume of sodium acetate were added, mixed and the
precipitate transferred to a fresh microfuge tube. The DNA was washed in 80%

ethanol, left to air dry and resuspended in approximately 1ml DI water.

2.2.16 Preparation of Nuclear Extracts

The cells were harvested and centrifuged at 1000rpm. for 5 minutes, the resulting
pellets were resuspended in 500l cold PBS and transferred to microfuge tubes. The

samples were centrifuged at 7000rpm for 10 seconds and the supernatant discarded.
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The cells were resuspended in Dignam Buffer A using 100ul/107 cells, and
centrifuged for 10 seconds at 10000rpm, If cytoplasmic extracts were needed the
supernatant was removed into a sterile microfuge tube and mixed 1:1 with Dignam
Buffer C, samples stored at —70°C. The pellet was resuspendend in 100p1/10 cells of
Dignam Buffer C by vortexing and incubated on ice for 10 minutes with occasional
vortexing. After this incubation cells were centrifuged at 10000rpm for 30 seconds.

The ‘nuclear extract’ supernatant was stored at —70°C in 5-10p1 aliquots.

2.2.17 Electrophoretic Mobility Shift Assay (EMSA)

Double stranded oligos, or DNA fragments can be used to analyse binding affinity of
recombinant proteins, or proteins within cell extracts, for specific DNA elements.
Protein binding to DNA retards the mobility of DNA in an acrylamide gel causing an
apparent 'shift' of the DNA band. 5-10ug protein from each sample were made up to
4ul using Dignam Buffer C, including a buffer only control. 1ul of the non-specific
DNA competitor polydeoxyinosinic-deoxycytidylic acid (Poly dI-dC) was added to
each sample and final reaction volumes made up to 10ul using DI water. After 15
minutes incubation on ice 2ul of the radiolabelled oligonucleotide probe (0.1ng/ml)
was added and samples incubated on ice for a further 15minutes. 100-fold excess of
unlabelled oligonucleotide was used for competition assays or for supershift assays
1ul of antibody (1pg/pl) was added to the relevant samples and incubated at 4°C
overnight. 3ul of 6 x EMSA loading dye was added to each sample prior to loading
onto the EMSA gel.

Plates were scrubbed with decon, rinsed with deionised water and degreased with
ethanol. The plates were assembled using 1.5mm spacers and the edges sealed with
2% agar. 50mls of 5% EMSA gel mix was prepared and poured between the plates.
A well making comb was inserted carefully to prevent the formation of bubbles, and
the gel left to polymerise. Once set the comb was removed, wells washed using
deionised water and gel assembled in a tank containing an appropriate volume of 0.5x
TBE running buffer. The gel was pre-run for 15 minutes on maximum voltage and a
constant current of 10mA. | After pre-running, the wells were rinsed with buffer and

samples loaded under buffer to form tight bands at the base of the wells. The gel was
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run at maximum voltage, a constant 10mA for approximately 3 hours, until the dye
reaches the bottom of the gel. After removal from the tank the plates were separated,
and the gel transferred to 3mm Whatman paper. The gel was dried for approximately
1 hour at 80°C under vacuum. The dry gel was incubated with photographic film

overnight at ~70°C.

2.2.18 Preparation of EMSA Probes Using the Klenow Reaction

Equimolar amounts (100ng/ul final concentration) of paired oligonucleotides were
annealed by heating to 95°C in a water bath and allowed to cool to room temperature.
lul of the annealed double stranded oligonucleotides was combined with 1ul 10x
EcoRI restriction endonuclease buffer (Promega, UK), Spul a->*P-dATP, Iul Klenow
fragment (Promega, UK) and volumes made up to 10ul with DI water, other dNTPs
were added as required. The reaction was incubated at room temperature for 30
minutes and heating to 70°C for a further 5 minutes stopped the reaction. Samples

were purified by ethanol precipitation and resuspended in 100ul DI water.

2.2.19 Luciferase Assay

For each sample a set amount of protein (see individual experiments) was added to
100ul room temperature luciferase assay reagent (Promega) in a luminometer tube
(Promega). Samples were placed in the luminometer and light emission measured 3

times per sample.

64



Smial (698)
Xmal (696)  Hindlll (720)
Smal (698)

y Sall (735
Anmial (696) Hindll1 (720) Btlrmlll(690) all (735)
A BamHl (690) w B Xbal (678) ]
Xbal (678)  Sall(735) indlll (914)
Xmal (1489) B . A\
Smal (1491)

Sphi (2117)
Sadl (9334) Sphl (2239)

Hindlll (9155)

Safl (9334)
Bamlll (2459)

Smal (8582)
Nmal (8580)

Sphl (3212) Spirl (7960)
Sphl (7838)
BamHI (7610) HindIll (4116)
Hind11l (4005)
Sphl (6865
Xbal (4692) e d
- HindIII (6064) pS3
Hindill (5953) P Xbal (5377)

FIGURE 2.2.1 Plasmid Map of pS2 and pS3 Clones. (A) Plasmid map of pS2 indicating size (11.560Kbp) and restriction endonuclease recognition sites, unique sites
are highlighted in red. (B) Plasmid map of pS3 indicating size (11.560Kbp) and restriction endonuclease recognition sites, unique sites are highlighted in red. pS2 and pS3

contain the same insert but are inserted in opposite orientations.
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FIGURE 2.2.2 Calculation of % Chloramphenicol Acetyl Transferase (CAT) conversion. (A)
Autoradiograph of a CAT assay indicating the origin and the different acetylated states of the [“C]-
Chloramphenicol. (B) Autoradiograph of a CAT assay, the areas used to quantitate % CAT conversion
are outlined in black (1) Control; (2) Sample 1; (3) Sample 2; (4) Sample 3. (C) Equation used to
calculate % CAT conversion; all samples were adjusted for background by subtracting % CAT

conversion obtained for the control sample (lane 1).
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CHAPTER 3
Analysis of the Murine Sicllal

Promoter
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3.1 INTRODUCTION

Eukaryotic promoters are made up of a complex combination of basal promoter
elements (TATA box, Initiator element), upstream transcription factor binding sites,
enhancers and silencers. These unique combinations of binding sites enable different
genes, in many different cell types, to share the same transcription factors, yet be
modulated in both a cell specific and temporal fashion. Analysis of the proximal
region of the murine Slc/lal promoter (Govoni et al. 1995) has revealed many
features and transcription factor binding sites that are characteristic of macrophage-
specific gene expression (reviewed Orkin, 1995; Clarke and Gordon, 1998). The
sequence immediately upstream of the predicted transcriptional start site (Govoni et
al. 1995) does not contain classical TATA or CAAT consensus elements (see Figure
3.1.1). However, two possible consensus sequence motifs for an Initiator (Inr)
element have been found near the start site of transcription (Inr#l: CACT+;CGCT
Int#2: TCCCACT+CTT), which was identified by primer extension and S1 nuclease
mapping (Govoni et al. 1995). Both of these potential sequences conform to the
consensus sequence for Inr elements; Py Py As; N '/, Py Py, with the core motif of
both (CACT) being noted to promote good transcriptional activity (Javahery et al.
1994). Initially it was thought that in the absence of a TATA box an AT-rich region
at —30bp would be preferable, and substitution of the GC-rich sequences with AT-rich
sequences upstream of weak Inr elements did enhance the transcriptional activity of
these Inr elements. Association of the TATA-box binding protein (TBP) subunit of
transcription factor (TF)II-D with the TATA box is via relatively non-specific
interactions with the minor groove of the DNA. An interaction between an upstream
AT-rich region would therefore be predicted to stabilise the formation of the pre-
initiation complex, thereby enhancing transcriptional activity (Javahery et al. 1994).
However Javahery et al. also noted that a subset of Inr elements tested functioned
with upstream GC rich regions and multiple consensus Sp1 enhancer sites (GGGCG),
sequence analysis of the murine Slc//al promoter (Govoni ef al. 1995) identified one
potential Spl binding site at -25bp. Analysis of the GC content of the -95 to +5
region reveals an even spread of base pairs (54 G/c and 46 A/T). As well as ubiquitous
transcription factor binding sites such as Activator proteins (AP) 1, 2 and 3, and

Stimulatory protein (Spl), cis-acting sequence motifs associated with expression in
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the macrophage or associated with response to induction by differentiating agents
specific to this lineage were found in the region between -265bp to +127bp. Govoni
et al. (1995), identified a Purine rich region (PU box) at -173bp. The E-twenty six
specific (Ets) transcription factor PU.1 binds to PU box sequences in myeloid-
expressed genes where upon it regulates hematopoiesis. Finally, sequence motifs
known to bind factors upregulated by proinflammatory agents such as Inferferon y
(IFNy), bacterial Lipopolysaccharide (LPS) and Interleukin (IL)-1 have been
identified. Furthermore Govoni ef al. supported these latter findings, providing
evidence to show murine S/c/lal mRNA is upregulated by IFNy/LPS treatment in the
RAW 264.7 cell line.

This chapter describes a more extended characterisation of the murine Slcll/al
promoter region, identifying further transcription factor binding sites associated with
macrophage specific expression, deletion mapping of the promoter identifying
potential regulatory regions, and regulation of reporter constructs by the macrophage

specific proinflammatory agents IFNy and LPS.
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FIGURE 3.1.1 Sequence of the 1.655Kbp Sicilal Promoter Construct pHB4. Annotated
sequence of the 1.655Kbp Slcllal promoter sequence from the Xbal site at position -1556bp to the
ATG translational initiation site at +95bp. Transcription factor binding sites on the sense-strand have
been indicated above the sequence whereas those on the antisense-strand are indicated below the
sequence. The initiator elements (Inr) at and around position +1 are highlighted in bold with the major
transcriptional initiation site being indicated with a big arrow and minor sites with smaller
arrows,_l; the transcribed sequence is underlined. The translational initiation ATG codon at position
+95 is indicated with an arrow . The GT di-nucleotide repeat between -315pb and -368bp is
highlighted in bold.
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-1555
TCTAGAATGTTGCCATTGCAARRAGTACTATTTAGGGCTGGAGAAACAGCTCAGCCGTTTCTTAAGAGCA

~1486 EMS #1

CTGACTGCTTTTCCAGAGGTCCTGAGTTCAATTCCCAGCAACCACATGGTGGCTCACAACCATCTGTAA
PEBP2/CBF

-1417

CCAGATCTGATGGCTTCTTCTGGTATGTCTGAAGACAGCTACAGCACAGTGTACTCATATATATAARAT
AAATCTTTAAAAATAAGTTTGTTTAAATGGAACAACAAGCTGGAGAGATGGCTCAGTGCATCCGAGCAT

-1279 PU.1

TTGCTTTGCAAGGATGAGGAACAGAGGTCTAATCCTTAGCACCGTATATAAACAGGCACCACACACTCA
PEBPZ2/CBF

EMS #2 EMS #3

CATGCATAGAGCACATGGACCCACACACCCATCATCCCCAGGACTCACAGTGCTCATGCACGCGCACGL
ACACAGCACACACACACACACACACACACACACACACACACACACACACACACACACGGCAGGTATGAC
ATGTATCTATAATCTCTGCATTCAGGTGCAGAGTCAGGAGGACTGAGAGTCTGAGCCAGCCTGGGCTAC

-1003 ISRE EMS #4
ATAAAGCCTGTCTTGAAAAATCAAGAGCTGAAACTACAGGTCAATGGTAGAGCACTTGCCTGGTATGTG
CRAAGGCTCACCCGGAACACACAATTCTCCTGCCGTAGACTCTGGCTACCAATTTGAAATAATACATAAG

-865 AP-1
CTTTTAAAAGTGACTTAAAAAAAAACAACAACAAAACAAACCTGAGCACACATCATTCGCCCACTARAC
GACGTCCTTACGACTGGTTTTACTTTGCAGGGTTTCACTAAGTTGTTTAGACTTAAACTCAGCCTGCAG

~-727 STAT-3
CCCAGGCAGATGATGAACTTCTCATTCACTATGATTTCCTGARAGATTTCTCTGTCCGTCATATGTATCC
ACTTACCTGTTGATGGACAGCTCAGATAATTCCAGCTTCTGATTAT TGCAARAAACATTGCTGTARACA

EMS #5
TCATGTGGAGGTTTTTGTTTGGACATATGTTTAATTTCTCTGGGGTAAATACCCAGGAGTTCGTGCTTT

GATATGCACACCACATTCACCCATGCTATCTGAGTGAGACCCTCACAGGTCCACAGGCAGAAGGAATTT -
PEBP2/CBF

-451
TCACCTCCCTCCCATCTTCCCATTAGGTCAACAATGCCCCTTGRAACTCCAGACTGAGATGAAAGACCT -

-382 :
ACAAGGTCTGTGTATGTGTGTIGTIGTGTGIGTIGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGC

GTGTGTAGCTGCCATGAGATATTAAACATTAATACCCARATGGCAGGAAGGACCAGARATCGGAGGTAA

-244 NFI
TTTTGARAGCAARAGAATCTGGAGTGTCTGGAATGGGGCCAGACTTATTATGGAACATAGGGTATCCAGG
Smad-3
PU.1 EMS #6

AGAGGAACGAAGGTCAAAACTGTGGGTTACCACCCCCTTCCGCCACAACTGGTCACTTCTGCCTTTGGT

-106 EMS #7
GAGTGTTTCGAAACGCCAAGTGTGTGAAATTGTGAGCATGCCCTCAGTGATGTGGAGATGAGGTCTGGA

-37 Inr Inr ' +32
GGGGATGGGAAGGGCGTGGGTTCCCACTCTTACTCACTCGGACCAGCACCCACAGAAGGGGACAGATTG

“sp-1 NN

Y—IRE +95
AGGAGCTAGTTGCCAGGCGATGGTGTGACCACACACAGTGTATCCTGCAGCGTGCGTCCTCATGATT

PEBP2/CBF
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3.2 RESULTS

3.2.1 Analysis of the Sicllal Promoter

The Sicilal promoter was isolated as described (see section 2.2.1) and sequenced
(Oswel, Southampton, UK). The full sequence of 8.599Kbp 5’-promoter containing
region of the murine Slcl1al gene can be seen in appendix 1, and its alignment with
6.1Kbp of the recently published sequence from the mouse genome-sequencing
project can be seen in appendix 2. The pS3 sequence was analysed using the
Genomatix Matlnspector professional programme (http://geomatix.gsf.de). This
computer assisted analysis detected 541 “patterns in DNA sequences” using a core
similarity of “1.0” and “calculated optimised” matrix similarity in the matrix-search
parameters, selected sites of interest are summarised in figure 3.2.1. As described by
Govoni et al. the Sicllal promoter contains binding sites for the ubiquitous
- transcription factors AP1 and Spl. In addition to the previously described binding
sites, (AP1, -1bp to -6bp (-ve strand); Spl, -21bp to -26bp (-ve strand)), we have
identified a further four potential AP1 binding sites, (-5664bp to -5875bp; -846bp to -
857bp; +304bp to +313bp (-ve strand); +1184bp bp +1195bp), and a further two
potential Sp1 binding sites (-4250bp to -4263bp; +1878bp to +1891bp (-ve strand)).
Extended analysis of the murine Sic/lal promoter has identified promoter motifs
recognised by Ikaros, Octl, Oct2 and Nuclear factor Kappa B (NFkB; +1758bp to
+1768bp), which are all involved in promoting lymphoid specific expression
(reviewed Orkin, 1995). The Sicllal promoter also contains multiple binding sites
for transcription factors involved in macrophage specific gene expression (reviewed
Orkin, 1995; Clarke and Gordon, 1998). In addition to the single PU.1 binding site, (-
167bp to -173bp), identified by Govoni et al.(1995), we have identified a second PU.1
binding site, (-1252bp to -1268bp), as well as binding sites for the PU.1 family
members Ets] (-2498bp to -2513bp; -1764bp to -1779bp (-ve strand); -256bp to -
271bp) and Ets2 (-2962bp to -2976bp; -684bp to -698bp (-ve strand)). Multiple
PEBP2/CBF binding sites (-4693bp to -4699bp (-ve strand); -2989bp to -2995bp; -
1690bp to -1696bp; -1412bp to -1418bp; -256 to -262 (-ve strand)). In addition to the
involvement of specific transcription factors, myeloid specific expression relies on
factors involved in the upregulation of the level of gene expression when

macrophages are activated. These factors include IFNy and LPS, binding sites for
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their activation products have previously been reported (Govoni ef al. 1995), and
added to during this analysis (see figure 3.2.1). In addition to binding sites for the
signalling of pro-inflammatory stimuli, the Slc//al promoter contains sequence
motifs associated with the signalling of anti-inflammatory factor Transforming
growth factor B (TGFpB). Analysis also identified 6 non-canonical E-box motifs
(EMS) involved in the binding of the proto-oncogene c-Myc and its cellular protein

partner Max (Blackwell ef al. 1993), and other related proteins such as the USFs.

3.2.2 Sicllal Promoter Constructs
An 8.605Kb Sall Slc/lal promoter fragment in pBlueScript (pS2/S3), produced as
described by C. H. Barton and E. Phillips, was used to prepare the murine Slcl/lal

promoter reporter constructs. Constructs are summarised in figure 3.2.2.

pHB1
A 6.881Kb restriction fragment from a Sall site at -6197bp to a BamHI site at +684bp

was subcloned into the pPBLCATS3 vector (see figure 3.2.3).

pBS-S2X
An Xbal restriction digest on pS2 removes the 4.895Kb region from the 5’-vector arm

Xbal site, immediately upstream of the Sall site at —6197bp, to the Xbal site at —
1555bp.

pHB2/ pHB3/ pHB4

A 1.654Kb region from an Xbal site at —1555bp to a synthetic BamHI introduced
immediately downstream of exon 1 at position +99bp was amplified from pBS-S2X
via the polymerase chain reaction (PCR), using a 5’ vector arm primer, and the
synthetic oligonucleotide HB#1 (5’-ATGCGGATCCTAATCAAGAGGACGCAGG-
3”). The insertion of this synthetic BamHI site also converts the ATG translational
initiation codon to TTG. The amplified region of the promoter was cloned via Xbal
and BamHI into the plasmids pBS (pHB2) and pGEM (pHB3) for subcloning, and
into the CAT reporter plasmid pPBLCAT3 (pHB4, see figure 3.2.5).
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pHBI15
Digestion of the peGFPN3 control vector with Asel and Bglil removed the CMV

promoter region. Blunting and religation of the plasmid reconstitutes the BglII site
but not the Asel site. A 1.645 Kbp fragment of the Slc//al promoter, containing the
region from an Xbal site at —1555bp to the synthetic BamHI at position +99bp, was
purified from pHB2 and directionally cloned via the Sacl and BamHI sites into the

promoterless pEGFPN3 (pN3Ap) vector.

pHB4?M5M

A 1.655Kbp fragment was produced from pBS-S2X via a two-step PCR amplification
process. A 5’ 0.797Kbp fragment was amplified using a 5’vector arm primer, and the
syntheﬁc oligonucleotide MYC5-AS2 (5°-
CCAAACAAAAACCTCGAATTCATGTTTACAGCAATG-3’). A 3 0.688Kbp
fragment was amplified using the synthetic oligonucleotides MYC5-S (5°-
CATTGCTGTAAACATGAATTC GAGGTTTTTGTTTGG-3’) and HB#1. MYCS5-S
and MYC5-AS2 are designed to disrupt the EMS #5 at —588bp with a synthetic EcoRI
site. A 36bp sequence overlap allows the 5 and 3° fragments to anneal, and 10 PCR
cycles in the absence of primers allows the complementary strands to form. The
1.655Kbp fragment from an Xbal site at —1555bp to a synthetic BamHI site at +100bp
with a disrupted EMS at —588bp, was further amplified up using a 5’ vector arm
primer and the synthetic oligonucleotide HB#1. The fragment was cloned via Xbal

and BamHI into the CAT reporter plasmid pBLCAT3 (see figure 3.2.6-A).

pHB4-M6M

A 1.655Kbp fragment was produced from pBS-S2X via a two-step PCR amplification
process. A 5’ 1.468Kbp fragment was amplified using a 5’vector arm primer, and the
synthetic oligonucleotide MYC6M-AS (5°-
AAAGGCAGAAGTGACGAATTCTGGCGGAAGGGGGTG-3). A 37 0.187Kbp
fragment was amplified using the synthetic oligonucleotides MYC6M-S (5°-
CACCCCCTTCCGCCAGAATTCGTCACTTCTGCCTTT-3’) and HB#1. MYC6M-
S and MYC6M-AS are designed to disrupt the EMS #6 at —87bp with a synthetic
EcoRlI site. A 36bp sequence overlap allows the 5 and 3” fragments to anneal, and 10

PCR cycles in the absence of primers allows the complementary strands to form. The
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1.655Kbp fragment from an Xbal site at —1555bp to a synthetic BamHI site at +100bp
with a disrupted EMS at ~87bp, was further amplified up using a 5° vector arm primer
and the synthetic oligonucleotide HB#1. The fragment was cloned via Xbal and
BamHI into the CAT reporter plasmid pBLCAT3 (see figure 3.2.6-B).

pHB4-Sp1M

A 1.655Kb fragment was produced from pBS-S2X via a two-step PCR amplification
process. A 5’ 1.528Kbp fragment was amplified using a 5’vector arm primer, and the
synthetic oligonucleotide Sp1M-AS (5-
AGAGTGGGAACCCATAGAATTCCCATCCCCTCCA-3%). A 3 0.127Kbp
fragment was amplified using the synthetic oligonucleotides SpIM-S (5°-
CACCCCCTTCCGCCAGAATTCGTCACTTCTGCCTTT-3") and HB#1. SpIM-S
and Sp1M-AS are designed to disrupt the consensus Spi-binding site at —~27bp with a
synthetic EcoRI site. A 34bp sequence overlap allows the 5’ and 3’ fragments to
anneal, and 10 PCR cycles in the absence of primers allows the complementary
strands to form. The 1.655Kb fragment from an Xbal site at —1555bp to a synthetic
BamHI site at +100bp with a disrupted consensus Spl-binding site at -27bp, was
further amplified up using a 5° vector arm primer and the synthetic oligonucleotide
HB#1. The fragment was cloned via Xbal and BamHI into the CAT reporter plasmid
pBLCAT3 (see figure 3.2.6-C).

pHBS
A 1.552Kb restriction fragment from a HindIII site at —868bp to a BamHI site at

+684bp from pHB1 was replaced with a 0.967Kb pHB4 derived restriction fragment
from the same HindIIl site at —868bp to a synthetic BamHI at +99bp (see figure
3.2.4).

pHB6

A HindIII restriction digest on pHB4 removes the 0.687Kb region from the 5’-vector
arm HindIII site, immediately upstream of the Xbal site at —1555bp, to the HindIIl
site at —~868bp (see figure 3.2.7). This 5’ truncation removes 4 of the 6-candidate

EMS.
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pHB6-M5M
A HindIII restriction digest on pHB4-M5M removes the 0.687Kb region from the 5°-
vector arm HindIIl site, immediately upstream of the Xbal site at —1555bp, to the

HindIII site at —868bp (see figure 3.2.8-A).

pHB6-M6M
A HindIII restriction digest on pHB4-M6M removes the 0.687Kb region from the 5’-
vector arm HindlIII site, immediately upstream of the Xbal site at —1555bp, to the

HindIII site at —868bp (see figure 3.2.8-B).

pHB6-Sp1M

A HindIII restriction digest on pHB4-Sp1M removes the 0.687Kb region from the 5’-
vector arm Hindlll site, immediately upstream of the Xbal site at —1555bp, to the
HindIII site at —868bp (see figure 3.2.8-C).

pHBS

An Sphl restriction digest on pHB4 removes the 1.484Kb region from the 5’-vector
arm Sphl site, immediately upstream of the Xbal site at -1555bp, to the Sphl site at -
71bp (see figure 3.2.9-A). This 5’ truncation removes all 6-candidate E-box c¢c-Myc-
Max binding sites and the di-nucleotide GT-repeat.

pHBS-Sp1M
An Sphl restriction digest on pHB4-SpIM removes the 1.484Kb region from the 5°-
vector arm Sphl site, immediately upstream of the Xbal site at -1555bp, to the Sphl

site at ~71bp (see figure 3.2.9-B)

pHB20, pHB21, pHB22 and pHB23
The Slcllal promoter constructs pHB20, pHB21, pHB22 and pHB23 were produced

using 4 pairs of specific synthetic oligonucleotides.
Pair 1

NRP#1 (5’-TCGACCCTCAGTGATGTGGAGATGAGGTCTGGAGGG-3’)
NRP#2 (5’-TCCCCTCCAGACCTCATCTCCACATCACTGAGGG-3")
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Pair 2
NRP#3 (5’-GATGGGAAGGGCGTGGGTTCCCACTCTTACTCACTCGGACC-3%)
NRP#4 (5°-CTGGTCCGAGTGAGTAAGAGTGGGAACCCACGCCCTTCCCA-3%)

Pair 3
NRP #7 (5°-GATTCCCACTCTTACTCACTCGGACC-3%)
NRP #8 (5’-CTGGTCCGAGTGAGTAAGAGTGGGAA-3’)

Pair 4
NRP#5 (5’-AGCACCCACAGAAGGGGACAGATTGAG-3?)
NRP#6 (5°-GATCCTCAATCTGTCCCCTTCTGTGGGTG-3’)

Combining equimolar amounts of constituent synthetic oligonucleotide, placing in a

waterbath at 95°C, and allowing to cool to room temperature annealed pairs of

oligonucleotides.

pHB20
Inserting oligonucleotide pairs 1, 2 & 4 into the Sall-BamHI digested pBLCAT3

produced a 0.105Kb Sicllal promoter fragment corresponding to the region -71bp to
+34bp (see figure 3.2.10).

pHB20E
EcoRI digestion of pHB20 removes a 1.407Kbp from and internal EcoRI site within

the CAT gene to the EcoRI site within the MCS 3’ of the SV40 promoter (see figure
3.2.10). This region was replaced with a corresponding EcoRI fragment from pCAT-
Enhancer (Promega, UK), this EcoRI fragment however contains an enhancer

sequence downstream of the CAT gene.

pHB21
pBLCATS3 was digested with both Sall and BamHI. The Sall overhang was partially

filled in using dCTP and dTTP, leaving only a 2bp overhang (5’-CT-3’), this action
had no effect on the BamHI overhang. Inserting oligonucleotide pairs 2 & 4 into the
partially filled Sall-BamHI digested pBLCAT3 produced a 68bp Sic/lal promoter
fragment corresponding to the region -34bp to +34bp (see figure 3.2.11).
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pHB23
pBLCAT3 was digested with both Sall and BamHI. The Sall overhang was partially

filled in using dCTP and dTTP, leaving only a 2bp overhang (5’-CT-3), this action
had no effect on the BamHI overhang. Inserting oligonucleotide pairs 3 & 4 into the
partially filled Sall-BamHI digested pBLCAT3 produced a 53bp Slcllal promoter
fragment corresponding to the region -19bp to +34bp (see figure 3.2.12).

pHB22
pBLCAT3 was digested with both Xbal and BamHI. The Xbal overhang was

partially filled in using dCTP and dTTP, leaving only a 2bp overhang (5’-CT-3’).
Inserting the oligonucleotide pair 4 into the partially filled Xbal-BamHI digested
pBLCATS3 produced a 27bp Sicllal promoter fragment corresponding to the region
+8bp to +34bp (see figure 3.2.13). The pHB22 sequence starts downstream of the

potential Inr sequence and will therefore provide a negative control.

3.2.3 Slcllal Promoter Constructs Display Comparable Expression Patterns in
the Cos-1 and RAW 264.7 Cell lines.
Sicllal is a macrophage specific gene in mice and the human SLC11A1 promoter has
been reported to drive differing patterns of expression in the cell lines tested (HL-60,
Jurkat and 293-T) (Roig et al. 2002). In order to assess any such differences in
expression of the murine Slcl/al promoter constructs between cell lines a constant
amount (2ug) of the Slcl lal promoter constructs and 1pg of the pGL3-Control vector
(Promega, UK.) were transfected into the Cos-1 African green monkey kidney cell
line and the RAW 264.7 murine leukaemic monocyte/macrophage cell line using the
LipofectAMINE (LA) reagent (see section 2.2.7). Promoter activities obtained via the
CAT assay were normalised to the luciferase output from the co-transfected pGL3-
Control vector. Although, due to low transfection efficiencies, levels of expression
were Jower in the RAW 264.7 cell line compared with the Cos-1 cell line, (figure
3.2.14-A) the pattern of expression of the deletion series is not significantly different
(P>0.3 for all constructs). These data suggest that promoter activities obtained in the
Cos-1 cell line are an accurate reflection of promoter activity within the RAW 264.7

cell line.
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3.2.4 Normalisation to a Control Luciferase Vector does not Significantly
Affect Slc11al Promoter Activity in the Cos-1 Cell Line.

Comparison of the promoter activities within the Cos-1 cell line, before and after

normalisation (figure 3.2.14-B), shows that there is no significant change in promoter

activities as a result of this normalisation (as assessed by Student’s T-test P>0.35 for

all constructs). Therefore, for all subsequent studies a control plasmid has not been

included.

3.2.5 Sicllal Promoter Activity in the Cos-1 Cell Line.

A constant amount (2pg) of the Sic//al promoter constructs were transfected into the
Cos-1 African green monkey kidney cell line (see section 2.2.7). Figure 3.2.14-C
shows the activity of the Slcllal promoter constructs in the Cos-1. In the Cos-1 cell
line the activities of Sic/lal promoter constructs pHBS5 and pHB6 are not
significantly different, as assessed by Student’s T-test (P=0.9518), suggesting that the
5.329Kb region between -6197bp and -868bp exerts no significant effect on the
activity of the promoter. The Sici/al promoter constructs pHB6 and pHB8 show a
significant difference in activity (P=0.000659). Deletion of the region between -
868bp and -71bp results in a 3.9612.14 fold increase in promoter activity, suggesting
a repressor sequence lies within this 797bp region. The 66bp 3’-truncation between
pHBS8 and pHB20 results in a significant (P=0.007) 1.898+0.61-fold decrease in
promoter activity, this suggests that the region between +34bp and +100bp contains a
binding site for a positively acting factor. Further deletion of the Sic//al promoter
has no significant effects of activity (P=0.5478 between pHB21 and pHB23). pHB22

is inactive as would be expected based on its sequence content.

3.2.6 An E-box ¢-Myc-Max Binding Site at —127bp Acts as a Repressor within
the Sicllal Promoter. |

Analysis of the Slcllal promoter (section 3.2.5) showed that deletion of the region
between —868bp and —71bp results in significant increase in promoter activity. In
order to pin-point the region responsible for the repression activity observed, fine

mapping was performed, and a series of Slcllal promoter fragments were produced
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that decreased the candidate region in ~90bp decrements between pHB6 and pHBS.
These fragments were subsequently cloned into the pBLCAT3 vector and termed the
REP series* (see figure 3.2.15-B). A constant amount (2ug) of the Slcllal promoter
REP constructs were transfected into the Cos-1 African green monkey kidney cell line
and assayed for promoter activity as described (see sections 2.2.7&9). Figure 3.2.15-
C shows that there was no change in promoter activity until the deletion from REP#5
to pHBS, corresponding to the deletion from —403 to —71bp, suggesting that any
potential repressor lies within this region. Sequence analysis of this region identified
a non-canonical EMS (termed EMS#6). It has previously been reported that the
mitogen-induced expression of the fibroblast growth factor-binding protein (FGF-BP)
is transcriptionally repressed via a non-canonical EMS element (5’-AACGTG-3).
Deletion of the EMS, which has been shown to bind ¢-Myc, resulted in enhanced
responsiveness to TPA treatment (Harris ef al. 2000). In order to establish whether
the identified EMS#6 was responsible for the repression observed, both EMS#5 and
EMS#6 were mutated separately in the context of both pHB4 and pHB6 (see section
3.2.2). Mutation of EMS#6, but not EMS#5 increases activity of the pHB4M6M
promoter to a level significantly different from the pHB4 (P=0.0079), but not-
significantly different from the pHBS8 that does not contain any canonical or non-
canonical EMS (P=0.15274) (Figure 3.2.16-A). Similar results were observed for the
pHB6 mutants (see figure 3.2.16-B).

3.2.7 The Consensus Spl-Binding Site at -27bp Influences Macrophage
Specific Expression of the Sic{/al Promoter Constructs
Murine Slcilal demonstrates tissue- and cell-specific expression, and is restricted to
mature macrophages present in reticuloendothelial organs (Govoni ef al, 1995; Biggs
et al, 2001). Macrophage-specific expression of the Slc//ai promoter constructs was
assayed using Cos-1 and RAW 264.7 cell lines. Activity of the Sici//al promoter
driven reporter constructs and the f-actin promoter driven reporter construct,
LKCAT2, were calculated as CAT Conversion/ug protein/hour. Activity of Slellal
promoter driven reporter constructs were then calculated as a percentage of the

positive control LKCAT2. The LKCATZ plasmid contains the CAT reporter gene

* Emma Sin Phillips produced the REP series.
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driven by the strong f-actin promoter, and is expressed well in both cell lines used,
although lower activities are seen in RAW264.7 cells, probably due to lower
transfection efficiencies. The Slc/lal promoter activities were calculated, as a
percentage of f-actin promoter activity (LKCAT2) for each cell line, to enable
comparison of Slc/lal promoter activities, with the assumption that the f-actin
promoter is expressed equivalently in both cell types. The Sic/lal promoter
construct, pHB4, displays a relatively higher activity in the RAW 264.7 macrophage
lineage cell line (10.49£9.79%) compared to the Cos-1 cell line (0.68%+0.4%), this
difference is not statistically significant (P=0.088) (Figure 3.2.17). It has been
reported that the human SLC11A1 promoter drives differing patterns of expression in
the cell lines tested (HL-60, Jurkat and 293-T) (Roig et al. 2002). The myeloid-
specific elements of the human SLC11A1 promoter were reported to be located within
the region spanning 558 and 262bp upstream of the ATG translational start codon.
Deletion analysis of the murine Sic//al promoter (see section 3.2.3 & figure 3.2.14-
A) showed that the pattern of expression of the deletion series is similar between the
Cos-1 and RAW 264.7 cell lines. Activity of the S/c//al promoter constructs in the
Cos-1 cells, relative to the activity in the RAW 264.7 cells, remained constant at
4.56+1.1% throughout the deletion from pHBS to pHBS, -6197bp to —71bp,
suggesting that the myeloid-specific elements are within the pHB8 sequence (figure
3.2.17-B). The Spl transcription factor is important in driving macrophage specific
expression (reviewed Clarke and Gordon, 1998; Black er al. 2001). Mutation of the
consensus Spl-binding site at —27bp had little effect on promoter activity, a slight
increase in Cos-1 cell activity and a slight decrease in RAW 264.7 cell activity (figure
3.2.18). These slight changes in activity did however affect macrophage specificity of
the Sicllal promoter constructs. The data in figure 3.2.19 show that mutation of the
consensus Spl-binding site at —27bp increases Slc/lal promoter activity, relative to
LKCAT2 activity, within the Cos-1 cell line, with a concomitant decrease in Slcllal
promoter activity, relative to LKCAT?2 activity within the RAW 264.7 cell line. The
result of this mutation is an Sic//al promoter construct that no longer directs

macrophage specific expression.
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3.2.8 Expression of a 64bp Fragment of the Sic//al Promoter is Upregulated
by the Proinflammatory Agents

The proinflammatory agents Interferon y (IFNy) and bacterial Lipopolysaccharide
(LPS) influence the maturation/differentiation of macrophages toward activation for
bactericidal activity, and upregulate both Slc//al mRNA (Govoni et al. 1995) and
protein (Baker er al. 2000) levels. RAW 264.7 cells were transfected (see section
2.2.7) with the Slcllal promoter construct pHB20-E for 24hours, then treated with
IFNy (50U/ml), LPS (100ng/ml), or IFNY/LPS and then assayed for CAT activity after
a further 24 hours (see section 2.2.9). Treatment with IFNy alone induces a small, but
non-significant increase in promoter activity (Figure 3.2.20). Treatment with LPS
alone induces a 2.08540.06 fold increase in promoter activity (P=0.0015). Treatment
of the cells with both IFNy and LPS induces a 2.428+0.35 fold increase in promoter
activity, which is significantly different from the untreated cells (P=0.011), but not
statistically different from the effects of LPS alone.
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FIGURE 3.2.1 Summary of Putative Transcription Factor Binding Sites within the Slcllal
Promoter. Table summarises a selection of putative transcription factor binding sites in the Sle//al
promoter  identified using the  Genomatix  Matlnsepctor  professional  programme
(http://genomatix.gsf.de). Putative binding sites for identified transcription factors, or families of
transcription factors, are indicated along with a summary of their function or pattern of expression.

Position of binding sites highlighted in bold are those previously identified by Govoni et al. 1995.


http://genomatix.gsf.de

TRANSCRIPTION FACTOR FUNCTION/ POSITION RELATIVE
EXPRESSION TO TRANSCRIPTIONAL
START SITE
Activator Protein 1 (API) Ubiquitous -5664 to -5875
-846 to -857
-1 to -6 (-ve strand)
+304 to +313 (-ve strand)
+1184to +1195
Stimulating Protein 1 (Spl) Ubiquitous -4250 to -4263

-21 to -26 (-ve strand)
+1878 to +1891 (-ve strand)

NF«xB Lymphoid expressed genes +1758 to +1768
Runt/PEBP2/CBF family Myeloid-restricted factors
-PEBP2/CBF -4693 to -4699 (-ve strand)

-2989 to -2995
-1690 to -1696
-14121t0 -1418
-256 10 -262 (-ve strand)

E-Twenty six specific (ETS) family
-Etsl

Myeloid-restricted factors

-2498 10 -2513
-1764 to -1779 (-ve strand)
256 t0 -271

-Ets2 -2962 to -2976
-684 to -698 (-ve strand)
-PU.1 -1252 to -1268
-167 to -173
Interferon Regulatory Elements Activated by IFNy
-IRE1 -4544 to -4557

-4408 to -4421

-2918 to 2931

-2139 to -2152 (-ve strand)
+929 to +942 (-ve strand)

-IRE2 -671 to -684 (-ve strand)

-IRSE -5979 to -5994 (-ve strand)
-4506 tp 4521 (-ve strand)
-967 to -982

-IFNy -176 to -183 (-ve strand)
+68 to +75 (-ve strand)
+107 to +114 (-ve strand)
+117 to +124 (-ve strand)
+126 to +133 (-ve strand)

STAT PROTEINS Activated by IFNy

-STATI1 -3237 to -3258

-STAT3 -677 to -698

-STAT -4878 to -4887 (-ve strand)

-4241 to -4250
-3379 to -3388
-2533to 2542
+3358 to +367

CCAAT/enhancer binding protein
(C/EBP) family
-NF-IL6

Rapidly induced by tissue
injury, infection, IL-1 & LPS

-1529 to -1543 (-ve strand)
-602 to -616 (-ve strand)
-235 to -243

-136 to -144 (-ve strand)
+1125 to +1139 (-ve strand)

SMAD PROTEINS

-Smad3

-Smad4

Involved in TGFB signalling

-200 to -209 (-ve strand)
+1319 to +1327 (-ve strand)
+1707 to +1715

+2237 to +2245 (-ve strand)
-4927 to -4935

-4667 to -4675

-3934 to 3962 (-ve)

NFI

Involved in TGFB signalling

-202 to -216

E-Box

c-Myc-Max binding sites

#1 -1542
#2 -1377
#3 -1366
#4 -1049
#5 -588
#6 -127
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FIGURE 3.2.2 The Sicllal Promoter Construct Deletion Series. (A) A schematic of the 1.656Kbp ‘pHB4’ region of the Slc//al promoter region indicating restriction
endonuclease recognition sites and approximate sizes. (B) Schematic of the Slc/]al promoter construct deletion series indicating sequences of interest and the Initiator driven start

site of transcription (see key). The sizes of the constructs are relative to each other and correlate with the sizing indicated in (A).
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FIGURE 3.2.3 Restriction Digests Confirming pHB1 Clones. 1ul of DNA mini-preparations were
incubated at 37°C for 1 hour with 10U of the BamHI restriction endonuclease (Promega, UK). Digests
were loaded on a 1% Agarose-TBE gel containing 0.01% Ethidium Bromide, and run at 100V for 30-
60 minutes. (1), pPBLCAT3-BamHI; (2) pHB1 clone 1-BamHI; (3) pHBI1 clone 2-BamHI; (4) pHBI

clone 3-BamHI; (5) 1Kbp DNA ladder (Promega, UK).
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FIGURE 3.2.4 Plasmid Map and Restriction Digests Confirming pHBS Clones. (A) Plasmid map of pHBS5 indicating size (10.622Kbp) and restriction endonuclease
recognition sites, unique sites are highlighted in red. (B) 2ul of DNA mini-preparations were incubated at 37°C for 1 hour with 10U of BamHI and 8-12U of Xbal restriction
endonucleases (Promega, UK), if correct this digests should drop out a 1.648Kbp fragment corresponding to the Xbal site within the Slc//al promoter region and the BamHI

site within the multiple cloning site (MCS). Digests were loaded on a 1% Agarose-TBE gel containing 0.01% Ethidium Bromide, and run at 100V for 30-60 minutes. (1),
pHB5-Uncut; (2) pHB5-BamHI/Xbal; (3) 1Kbp DNA ladder (Promega, UK).
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FIGURE 3.2.5 Plasmid Map and Restriction Digests Confirming pHB4 Clones. (A) Plasmid map of pHB4 indicating size (5.986Kbp) and restriction endonuclease
recognition sites, unique sites are highlighted in red. (B) 2l of DNA mini-preparations were incubated at 37°C for 1 hour with 10U of BamHI and 8-12U of Xbal restriction
endonucleases (Promega, UK), if correct this digests should drop out a 1.648Kbp fragment corresponding to the Xbal site at the 5° end of the Sic/lal promoter and the
BamHI site within the multiple cloning site (MCS). Digests were loaded on a 1% Agarose-TBE gel containing 0.01% Ethidium Bromide, and run at 100V for 30-60 minutes.
(1), 1IKbp DNA ladder (Promega, UK); (2), pPBLCAT3-Uncut; (3), pHB4 clone 1-BamHI/Xbal; (4), pHB4 clone 2-BamHI/Xbal; (5), pHB4 clone 3-BamHI/Xbal.
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FIGURE 3.2.6 Restriction Digests Confirming pHB4M5M pHB4M6M and pHB4Sp1M Clones. (A) pHB4MSM: 1l of DNA was incubated at 37°C for 1 hour with
12U of the EcoRI restriction endonuclease (Promega, UK). Mutation of EMS #5 at position —588bp inserts an EcoRI site in replacement of EMS enabling identification of
clones via the pattern of digestion with EcoRI. In the unmutated plasmids an EcoRI digest drops out a 1.407Kbp fragment, which is associated with EcoRI sites within the
native pPBLCAT3 vector, insertion of an EcoRI site in replacement of the EMS 5 at position —588bp within the S/cl7al promoter causes the apperance of a 0.960Kbp band.
(B) & (C) pHB4M6M & pHB4SpI1M: 1 or 2pul of DNA were incubated at 37°C for 1 hour with either 12U EcoRI, 10U HindIII, 10U BamHI or 10U HindIII and 10U BamHI
restriction endonucleases (Promega, UK). Mutation of both the EMS#6 at position —91bp (pHB4M6M) and the Spl site at —27bp (pHB4Sp1M) introduces an extra EcoRI
site into the plasmids, enabling easy identification of clones. EcoRI digestion will drop out the previously described 1.407Kbp fragment and a fragment of 0.463Kbp and
0.399Kbp for pHB4M6M and pHB4Sp1M respectively. Digestion with BamHI will linearise the plasmids, HindIII will produce a fragment of 0.711Kbp corresponding to
the HindIII site within the MCS at the 5° end of the Sic//al promoter and the Hindlll site within the Sl/c/al promoter, whereas the BamHI/HindIII digests should drop the
same 0.711Kbp fragment and a 0.961Kbp fragment corresponding to the HindIll site within the S/c//al promoter and the synthetic BamHI site at the 3’ end of the Slcllal
promoter Digests were loaded on a 1% Agarose-TBE gel containing 0.01% Ethidium Bromide, and run at 100V for 30-60 minutes. (1), (4), (10), (11) & (17), 1IKbp DNA
ladder (Promega, UK); (2), pHB4-EcoRI; (3), pHB4MS5M-EcoRI; (5), pHB4M6M-Uncut; (6), pHB4M6M-EcoRI; (7), pHB4M6M-HindIII; (8), pHB4M6M-BamHI; (9),
pHB4M6M-HindIIl/BamHI; (12), pHB4Sp1M-Uncut; (13), pHB4Sp1M-EcoRI; (14), pHB4Sp1M-HindIII; (15), pHB4Sp1M-BamHI; (16), pHB4Sp1M-HindIIl/BamHI.

90



ApaL1(178)

Hindlll (400)
Apal.l (4956)
APt {
pHB6
Sphl (1201)
pHB6
| 998 BamHI (1361)
: 5215 bp Aval (1377)
Apal1(3710) =~
/ EcoR1(1633)
CAT
FuBt //7/ ’ Neol (1934)
E19S
EeoRI (3040)
Smal (3026) SV40
Aval (3024)
Xmal (3024)
Clal (3018)
EPOLY A
A EPOLYA
L POLY A

FIGURE 3.2.6 Plasmid Map and Restriction Digests Confirming pHB6 Clones. (A) Plasmid map of pHB6 indicating size (5.275Kbp) and restriction endonuclease
recognition sites, unique sites are highlighted in red. (B) 1 or 2pl of DNA mini-preparations were incubated at 37°C for 1 hour with 10U of HindIII or 10U HindIII and 10U
of BamHI restriction endonucleases (Promega, UK), if correct HindIII will linearise the plasmid whereas the HindIIl/BamHI digests should drop out a 0.961Kbp fragment
corresponding to the HindIII site at the 5° end of the Slc/lal promoter and the synthetic BamHI site at the 3” end of the Slc//al promoter. Digests were loaded on a 1%

Agarose-TBE gel containing 0.01% Ethidium Bromide, and run at 100V for 30-60 minutes. (1), pHB6 uncut; (2), pHB6-HindlIII; (3), pHB6-HindIll/BamHI; (4), 1Kbp DNA
ladder (Promega, UK)
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FIGURE 3.2 Restriction Digests Confirming pHB6MSM pHB6M6M and pHB6Sp1M Clones. (A) pHB6MS5M: 1ul of DNA was incubated at 37°C for 1 hour with
12U of the EcoRI restriction endonuclease (Promega, UK). Mutation of EMS #5 at position —588bp inserts an EcoRI site in replacement of EMS enabling identification of
clones via the pattern of digestion with EcoRI. In the unmutated plasmids an EcoRI digest drops out a 1.407Kbp fragment, which is associated with EcoRI sites within the
native pBLCATS3 vector, insertion of an EcoRI site in replacement of the EMS 5 at position —588bp within the S/c/1al promoter causes the apperance of a 0.960Kbp band.
(B) & (C) pHB6M6M & pHB6SpIM: 1 or 2ul of DNA were incubated at 37°C for 1 hour with either 12U EcoRI, 10U HindIII, 10U BamHI or 10U Sphl and 10U BamHI
restriction endonucleases (Promega, UK). Mutation of both the EMS#6 at position -91bp (pHB4M6M) and the Spl site at —27bp (pHB4Sp1M) introduces an extra EcoRI
site into the plasmids, enabling easy identification of clones. EcoRI digestion will drop out the previously described 1.407Kbp fragment and a fragment of 0.463Kbp and
0.399Kbp for pHB4M6M and pHB4Sp1M respectively. Digestion with BamHI will linearise the plasmids, HindIII will produce a fragment of 0.711Kbp corresponding to
the HindIII site within the MCS at the 5’ end of the Slcilal promoter and the HindlIII site within the Slc/lal promoter, whereas Sphl/BamHI produces a 0.164Kbp
corresponding to the synthetic BamHI site at the 3” end of the Sic//al promoter and the Sphl site within the S/c/1al promoter. Digests were loaded on a 1% Agarose-TBE
gel containing 0.01% Ethidium Bromide, and run at 100V for 30-60 minutes. (1), (4), (9), (10) & (15), 1Kbp DNA ladder (Promega, UK); (2), pHB6-EcoRI; (3),

pHB6MSM-EcoRI; (5), pHB6M6M-Uncut; (6), pHB6M6M-HindIIIl; (7), pHB6M6M-EcoRI; (8), pHB4M6M-BamHI; (11), pHB6Sp1M-Uncut; (12), pHB6Sp1M-BamHII;
(13), pHB4Sp1M-EcoRI; (14), pHB4Sp1M-Sphl/BamHI.
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FIGURE 3.2.9 Plasmid Map and Restriction Digests Confirming pHB8 Clones. (A) Plasmid map of pHB8 indicating size (4.488Kbp) and restriction endonuclease
recognition sites, unique sites are highlighted in red. (B) Restriction analysis of pHB8Sp1M clones: 1 or 2ul of DNA were incubated at 37°C for 1 hour with either 10U
BamHI, 12U EcoRI, or 10U BamHI and 10U Sphl restriction endonucleases (Promega, UK). Mutation of the Sp1 site at —27bp (pHB4Sp1M) introduces an extra EcoRI site
into the plasmid, enabling easy identification of clones. EcoRI digestion will drop out a 1.407Kbp fragment, which is associated with EcoRI sites within the native
pBLCATS3 vector, insertion of an EcoRI site in replacement of the Spl site at position —27bp within the Slc//al promoter causes the appearance of a 0.399Kbp band.
Digestion with BamHI will linearise the plasmid, whereas Sphl/BamHI produces a 0.164Kbp fragment (indicated by a white arrow ") corresponding to the synthetic BamHI
site at the 3* end of the Slcllal promoter and the Sphl site within the Slc//al promoter. Digests were loaded on a 1% Agarose-TBE gel containing 0.01% Ethidium

Bromide, and run at 100V for 30-60 minutes. (1) & (6), 1Kbp DNA ladder (Promega, UK); (2), pHB8Sp1M-Uncut; (3), pHB8Sp1M-BamH]I; (4), pHB8Sp1M-EcoRlI; (5),
pHB8Sp1M-Sphl/BamHI.
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FIGURE 3.2.10 Plasmid Map and Restriction Digests Confirming pHB20 Clones. (A) Plasmid map of pHB20 indicating size (4.437Kbp) and restriction endonuclease
recognition sites, unique sites are highlighted in red. (B) & (C) 1 or 2l of DNA mini-preparations were incubated at 37°C for 1 hour with 10U of BamHI or 10U BamHI and
10U of HindIII restriction endonucleases (Promega, UK), if correct BamHI will linearise the plasmid whereas the BamHI/HindIII digests should drop out a 0.107Kbp
(indicated by an arrow €) fragment corresponding to the HindIII site within the MCS at the 5° end of the Slc//al promoter and the synthetic BamHI site at the 3’ end of the

Sicllal promoter. Digests were loaded on a (B) 1% or (C) 2% Agarose-TBE gel containing 0.01% Ethidium Bromide, and run at 100V for 30-60 minutes. (1), IKbp DNA
ladder (Promega, UK); (2), pHB20 uncut; (3), pHB20-BamHI; (4), pHB20-BamHI/HindIII.
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FIGURE 3.2.11 Plasmid Map and Restriction Digests Confirming pHB21 Clones. (A) Plasmid map of pHB21 indicating size (4.402Kbp) and restriction endonuclease
recognition sites, unique sites are highlighted in red. (B) & (C) 1 or 2l of DNA mini-preparations were incubated at 37°C for 1 hour with 10U of BamHI, 10U Sall or 10U
BamHI and 10U of HindIII restriction endonucleases (Promega, UK), if correct BamHI will linearise the plasmid, Sall should not cut as the restriction site is not
reconstituted, whereas the BamHI/HindIII digests should drop out a 0.088Kbp (indicated by a white arrow by fragment corresponding to the HindIII site within the MCS at
the 5° end of the Slc//al promoter and the synthetic BamHI site at the 3° end of the Sic/lal promoter. Digests were loaded on a (B) 1% or (C) 2% Agarose-TBE gel
containing 0.01% Ethidium Bromide, and run at 100V for 30-60 minutes. (1), pHB21 uncut; (2), pHB21-BamHI; (3), pHB21-Sall; (4), pHB21-BamHI/HindIll; (5), 1Kbp

DNA ladder (Promega, UK).
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FIGURE 3.2.12 Plasmid Map and Restriction Digests Confirming pHB23 Clones. (A) Plasmid map of pHB23 indicating size (4.4387Kbp) and restriction endonuclease
recognition sites, unique sites are highlighted in red. (B) 1 or 2ul of DNA mini-preparations were incubated at 37°C for 1 hour with 10U of BamHI, or 10U BamHI and 10U
of HindIII restriction endonucleases (Promega, UK), if correct BamHI will linearise the plasmid, whereas the BamHI/HindIII digests should drop out a 0.073Kbp (indicated
by a white arrow ") fragment corresponding to the HindlII site within the MCS at the 5’ end of the S/cI/al promoter and the synthetic BamHI site at the 3° end of the

Sicl1al promoter. Digests were loaded on a 1% Agarose-TBE gel containing 0.01% Ethidium Bromide, and run at 100V for 30-60 minutes. (1), 1Kbp DNA ladder
(Promega, UK); (2), pHB23 uncut; (3), pHB23-BamHI; (4), pHB23-BamHI/HindIII.
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FIGURE 3.2.13 Plasmid Map and Restriction Digests Confirming pHB22 Clones. (A) Plasmid map of pHB22 indicating size (4.362Kbp) and restriction endonuclease
recognition sites, unique sites are highlighted in red. (B) & (C) 1 or 2ul of DNA mini-preparations were incubated at 37°C for 1 hour with 10U of BamHI, 8-12U Xbal or
10U BamHI and 10U of HindIII restriction endonucleases (Promega, UK), if correct BamHI will linearise the plasmid, Xbal should not cut as the restriction site is not
reconstituted, whereas the BamHI/HindIII digests should drop out a 0.048Kbp (indicated by a white arrow b fragment corresponding to the HindIII site within the MCS at
the 5° end of the Sicllal promoter and the synthetic BamHI site at the 3” end of the Slc//al promoter. Digests were loaded on a (B) 1% or (C) 2% Agarose-TBE gel

containing 0.01% Ethidium Bromide, and run at 100V for 30-60 minutes. (1), pHB21 uncut; (2), pHB21-BamHI; (3), pHB21-Sall; (4), pHB21-BamHI/HindIII; (5), 1Kbp
DNA ladder (Promega, UK).
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FIGURE 3.2.14 Expression of the Sicllal Promoter Constructs in the Cos-1 and RAW 264.7
Cell Lines. Cells were transfected with 2pg of the S/c//al promoter constructs and 1ug of the pGL3-
Control luciferase vector (Promega, UK) ((A) & (B)) as described (section 2.2.7). Expression of the
CAT reporter gene was detected by performing a CAT assay (37°C; 6 hours) on 50ug (RAW 264.7)
and 20pg (Cos-1) protein extract from each transfection. CAT activity was normalised to
luminescence produced by the luciferase internal control and all activities were subsequently calculated
relative to pHB4 activity. (A) Activity of the Slcl/lal promoter constructs in both the Cos-1 (closed
bars) and RAW 264.7 (open bars) cell lines. (B) Comparison of Réw data and normalised (to
luciferase activity) data in the Cos-1 cell line. (C) Activity of the Slc/1al promoter constructs in the
Cos-1 cell line. Students T-test comparing pHB6 & pHB8 * P=0.00066, and pHB8 & pHB20 **
P=0.007.

(A) & (B) n=2, (C) n=2-18.
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(A)

NAME OLIGONUCLEOTIDE LENGTH

pHB6 “868 to +99bp
REP#1 5’ GCTCTAGATTCACTAAGTTGTTTAGA 3’ -763 to +99bp
REP# 5 GCTCTAGACCGTCATATGTATCCACT 3’ -673 to +99bp
REP#3 5’ GCTCTAGAGGAGGTTTTTGTTTGGAC 3’ -583 to +99bp
REP#4 5 GCTCTAGAATCTGAGTGAGACCCTCA 3’ -493 to +99bp
REP#5 5’ GCTCTAGACAGACTGAGATGAAAGAC 3° ~403 to +99bp
pHBS 71 to +99bp

FIGURE 3.2.15 Expression of the Slcl1lal REP Promoter Constructs in the Cos-1 Cell Line.

(A) Table summarising REP constructs including the 5> oligonucleotides used to amplify fragments

and the region of the Slc/al promoter these correspond to. (B) Schematic of the Sic/]al promoter

construct REP series indicating sequences of interest and the Initiator driven start site of transcription

(see key). (C) Cells were transfected with 2ug of the Slc//a]l REP promoter constructs as described

(section 2.2.7). Expression of the reporter gene was detected by performing a CAT assay (37°C; 1

hour) on 20ug protein extract from each transfection, all activities were subsequently calculated

relative to pHB4 activity; n=2.
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FIGURE 3.2.16 Expression of the Slc11al Promoter Constructs in the Cos-1 and RAW 264.7
Cell Lines. Cells were transfected with 2ug of the Slcll1al promoter constructs as described (section
2.2.7). Expression of the reporter gene was detected by performing a CAT assay 37°C for 6 hours on
50ug protein extract (RAW 264.7) and 37°C for 1 hour on 20pg protein extract (Cos-1). All activities
were subsequently calculated relative to pHB4 activity. (A) pHB4 and mutants. Student T-test in
Cos-1 cells comparing pHB4 & pHB4M6M * P=0.0079, and pHB4 & pHBS8 ** P=0.0002. n= 8 (Cos-
1) & 2 (RAW 264.7). (B) pHB6 and mutants. Students T-test in Cos-1 cells comparing pHB6 &
pHB6M6M * P=0.005, and pHB6 & pHB8 ** P=0.000659. n=4 (Cos-1) & 2 (RAW 264.7).
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FIGURE 3.2.17 Comparison of Sic/lal Promoter Activity to LKCAT2 Activity in the Cos-1 and
RAW 264.7 Cell Lines. Cells were transfected with 2ug of the Sic//al promoter constructs as
described (section 2.2.7). Expression of the reporter gene was detected by performing a CAT assay
37°C; 6 hours on 50ug (RAW 264.7) and 37°C; 2 hours 20ug (Cos-1) protein extract from each
transfection. Total CAT conversion was calculated as CAT conversion/pg protein/hour for each
sample and Sic/1al promoter activity calculated as a percentage of the activity of the B-actin promoter
(LKCAT?2). The B-actin promoter is assumed to be equally active in both cell types. (A) Comparison
of pHB4 activity between Cos-1 and RAW 264.7 cells. n=19 (Cos-1) and 5 (RAW 264.7). (B)
Comparison of pHB4, pHBS5, pHB8 & pHB23 activities between Cos-1 (closed bars) and RAW 264.7
(open bars) cells, activity of constructs within the Cos-1 cell line were also calculated as a percentage

of construct activity within the RAW 264.7 cell line (line). n=2.
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FIGURE 3.2.18 Expression of the Slcl/lal Spl Mutant Promoter Constructs in the Cos-1 and
RAW 264.7 Cell Lines. Cells were transfected with 2ug of the Slc/lal promoter constructs and 1ug
of the pGL3-Control luciferase vector (Promega, UK) ((A) & (B)) as described (section 2.2.7).
Expression of the CAT reporter gene was detected by performing a CAT assay (37°C; 6 hours) on 50ug
(RAW 264.7) and 20pg (Cos-1) protein extract from each transfection. All activities were calculated
relative to pHB4 activity. (A) Comparison of pHB4 & pHB4Sp1M activity in both the Cos-1 (closed
bars) and RAW 264.7 (open bars) cells. (B) Comparison of pHB6 & pHB6Sp1M activity in both the
Cos-1 (closed bars) and RAW 264.7 (open bars) cells. (C) Comparison of pHB8 & pHB8SpIM
activity in both the Cos-1 (closed bars) and RAW 264.7 (open bars) cells.
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FIGURE 3.2.19 Comparison of Slcl1al Promoter Activity to LKKCAT2 Activity in the Cos-1 and
RAW 264.7 Cell Lines. Cells were transfected with 2ug of the Sic/lal promoter constructs as
described (section 2.2.7). Expression of the reporter gene was detected by performing a CAT assay
37°C; 6 hours on 50pug (RAW 264.7) and 37°C; 2 hours 20ug (Cos-1) protein extract from each
transfection. Total CAT conversion was calculated as CAT conversion/ug protein/hour for each
sample and Slcllal promoter activity calculated as a percentage of the activity of the B-actin promoter
(LKCAT?2) in both the Cos-1 (closed bars) and RAW 264.7 (open bars) cell lines. Activity of the
promoter constructs within the Cos-1 cells was also calculated as a percentage of construct activity
within the RAW 264.7 cells. The B-actin promoter is assumed to be equally active in both cell types.
(A) Comparison of pHB4 & pHB4SplM activity between Cos-1 and RAW 264.7 cells. (B)
Comparison of pHB6 & pHB6Sp1M activity between Cos-1 and RAW 264.7 cells. (C) Comparison of
pHB8 & pHB8Sp1M activity between Cos-1 and RAW 264.7 cells.

n=2.
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FIGURE 3.2.20 Upregulation of Slellal Promoter Activity by the Proinflammatory

Cytokines IFNy and LPS in the RAW 264.7 Cell Line. RAW 264.7 Cells were transfected with 2ug
of the Slcllal promoter construct pHB20E as described (section 2.2.7) Cells were incubated for 24
hours before a 24 hour treatment with IFNy (50U/ml), LPS (100ng/ml) or a combination of both,
untreated pHB20E transfected cells were used as a control. Expression of the reporter gene was
detected by performing a CAT assay (37°C; 6 hours) on 50ug protein extract from each transfection.
Promoter activity for each sample was calculated as a percentage of the average value obtained from
the control (pHB20E Alone). *P=0.011 **P=0.0015

n=3 (2 for LPS treated)
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3.3 DISCUSSION

The data presented in this chapter expand on the previous findings about the sequence
and nature of the Sic/lal promoter. Previous work by Govoni ef al. (1995) described
the proximal region (-265bp to +180bp) of the Sicllal promoter, mapping the major
transcriptional start to two Inr elements lying at -7bp to -16bp and -5bp to +3bp, with
a cluster of minor start site located around -50bp. A TATA-less promoter and
multiple start sites are characteristic of genes displaying myeloid-specific expression
(Clarke and Gordon, 1998). Govoni er al. (1995) also reported the presence of
multiple transcription factor recognition sites associated with driving macrophage
specific expression.  Data within this chapter describe the isolation and
characterisation of a promoter fragment spanning the -6197bp to +2408bp region of
the Slcllal gene. Computer assisted analysis of this region identified a large number
of potential transcription factor binding sites associated with myeloid-specific
expression, adding to and expanding on the number, and type of transcription factor
binding sites previously described by Govoni et al. (1995), these data are summarised
in figure 3.2.1. These data confirm on a transcriptional level the numerous studies

looking at Sic//al mRNA and protein expression (see section 1.1.5).

The promoter data and expression studies have established myeloid-specific
expression of the Slcllal gene in vivo and in vitro. However in our studies,
comparison the 1.6Kbp Slc/lal promoter construct pHB4 with the strong S-actin
promoter construct LKCAT?2 in both the RAW 264.7 and Cos-1 cells lines suggests
that there is a preferential expression in the RAW 264.7 cell line although this
difference is not statistically significant. During these experiments it is assumed the
B-actin promoter that is abundantly expressed in all non-muscle cells, drives equal
expression in both cell lines used (Gunning ef al. 1987). If activity were higher in the
RAW 264.7 cell line, relative pHB4 activity would be less, thereby accounting for the
apparent lack of myeloid specificity observed. A second explanation could be that
1.6Kbp region of the Slcl/lal promoter was not enough to confer macrophage
specificity. In gene transfer studies Govoni et al. (1996) achieved macrophage
specific expression of the Slc/1al®’® transgene using an expression construct

containing a 5Kbp region of the Slcllal promoter. Many of the identified
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transcription factor binding sites proposed to drive myeloid specific expression are
found within the region between -5Kbp and -1.6Kbp suggesting that this region may
be essential in directing such expression. However throughout the deletion series
activity of the Slc/lal promoter constructs within the Cos-1 cell line remain at a
constant 4.56+1.1% compared with activity within the RAW 264.7 cell line (see
figure 3.2.17-B). These data suggest that sequences between —6197 and —71bp are not
the major determinant of the macrophage specific expression observed for the Sicllal
gene. Deletion of the region between —71 and —19bp increased the activity within the
Cos-1 cell to 11% of the activity within the RAW 264.7 cell line, suggesting that
sequences within this region are influencing the macrophage specific expression of
the Slcllal gene. Sequence analysis of the region between —71 and —19bp identified
a consensus Spl-binding site at —27bp. Spl sites have been reported to be essential
for both Inr driven transcription (reviewed Smale, 1997) and myeloid specific gene
expression (reviewed Clarke and Gordon, 1998; Black er al. 2001). Unexpectedly
mutation of the consensus Spl-binding site at —27bp did not significantly alter
expression levels, however mutation did abolish the difference in relative expression
levels between the Cos-1 and RAW 264.7 cells, thereby suggesting that the presence
of an Spl-binding site is important in driving the macrophage specific expression of
the Slcllal gene. A possible explanation of this is that different proteins within the
two cell types occupy the Spl-binding site. It has been suggested that Spl achieves
tissue-specific  expression through post-translational modifications such as
phosphorylation, acetylation and glycosylation (reviewed Clarke and Gordon, 1998;
Black er al. 2001). Therefore, in the macrophage-like cell line RAW 264.7 Spl
maybe bound specifically by the modified Spl transcription factor, whereas in the
Cos-1 cell line the same site maybe unoccupied or occupied by other members of the
Spl family of transcription factors, such as Sp3 which can function as both an
activator and repressor of transcription (reviewed Black ef al. 2001). Considering this
possibility, deletion of the Spl-binding would lead to a decrease in promoter activity
within the RAW 264.7 cells as any enhancement of activity induced by Sp1 binding is
removed. Conversely in the Cos-1 cell line deletion of the Spl-binding site would be
predicted to either have no effect on activity as no factors are bound to this site, or
lead to enhancement of activity as any repression induced as a result of negatively

activity factors such as Sp3 would be removed. In support of this hypothesis, Sp1 has
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been reported to bind in a myeloid-specific fashion in vivo, with Spl binding to the
consensus Spl-binding site in the CDI1b promoter in myeloid cells but not in non-
myeloid cervical carcinoma cells (Chen er al. 1993). Furthermore it was proposed
that binding of a myeloid-specific factor such as PU.1 allows the binding of general
transcription factors such as Spl, thereby contributing to the myeloid-specific
expression of target genes. It is therefore possible that PU.1 can discriminate between
unmodified and modified Spl, allowing only the latter to bind. Govoni et al. (1995)
previously reported a PU.1 binding site at —~170bp within the Slcllal promoter

suggesting a similar model of activation for Slcllal.

Despite this apparent lack of specificity a 0.105Kbp Sicllal promoter construct,
pHB20E, spanning -71bp to +34bp is responsive to LPS and IFNy/LPS treatment but
not to IFNy treatment alone. IFNy and LPS are pro-inflammatory cytokines that
specifically induce macrophage activation pathways and responsiveness to these
cytokines is therefore a mark of myeloid specific expression. Activation of Slcl/lal
expression induced by LPS and IFNy/LPS treatment is however low compared to
reported levels of stimulation (maximum of 16-fold; Govoni et al 1997). One
explanation for this could be the time course of our experiments, cell were treated for
24 hours before harvesting. Optimisation experiments (Govoni ef al. 1997) revealed
that LPS causes rapid induction of Slc//al mRNA within 2 hours with levels peaking
between 8-12 hours, declining thereafter. Furthermore it was shown that concomitant
treatment with IFNy and LPS did not increase levels above the maximum seen for
LPS alone, with synergy only being seen when cells were “primed” with [FNy for 24
hours before incubation with LPS for a further 8 hours. It would therefore be
appropriate to test the Slc//al promoter constructs for IFNy and LPS responsiveness
under the optimised conditions. However, computer assisted analysis of the -71bp to
+34bp region of the Sic/lal promoter identifies no IFNy or LPS responsive
transcription factor binding sites. Responsiveness to IFNy and LPS may therefore be
a consequence of adding an enhancer element to the expression construct; it is
therefore advisable to test the effects of IFNy and LPS on both the enhancer-less

pHB20 construct and the enhancer alone.



Deletion analysis of the Slcl]al promoter region revealed that substantial activity is
maintained in a 53bp construct, pHB23, which contains only 19bp of the promoter
confirming the findings of Govoni ef ¢l (1995) that the two identified Inr elements
constitute the major transcriptional start site. One striking feature of the deletion
analysis is the significant increase in promoter activity induced by the deletion from -
868bp to -71bp, constructs pHB6 to pHBS respectively. One interpretation of this is
that there is a repressor/silencer sequence within this region. Sequence analysis of
this region indicates that 2 of the 6 non-canonical EMS sites lie within this region,
EMS sequences are widely reported to mediate transactivation of target genes
however, there are reports that EMS sequences can negatively regulate promoter
activity. An EMS motif within the proximal ATP-binding cassette transporter Al
(ABCAI) promoter has been shown to negatively regulate basal activity of the ABCAI
gene (Yang ef al. 2002), whereas a non-canonical EMS e¢lement suppresses the
mitogen-induced expression of the fibroblast growth factor binding protein (Harris ef
al. 2000). In both cases mutation of the EMS resulted in increased promoter activity.
Figure 3.2.16 shows that mutation of EMS #6 at position —127bp, but not EMS #5 at
position —588bp, results in a 9.89+5.3-fold increase in promoter activity, resulting in
an expression levels in the pHB4 derived construct pHB4MO6M that is not-
significantly different to pHB8. These data show that EMS #6 at —127bp is repressing
the basal activity of the Slc//al gene. How this EMS is affecting basal promoter
activity is unclear however, in the case of the ABCA! promoter a complex of upstream
factor (USF)-1, USF2 and fos related antigen (Fra)-2 were specifically bound to the
EMS. USF-1 & -2 were both able to transactivate the A5CA4] promoter whereas Fra-
2 resulted in a downregulation of promoier expression, whether USF-1 &-2 and Fra-1
can regulate Slci/lal expression is the subject of ongoing research within our
laboratory. Alternatively binding of c-Myc-Max heterodimers to EMS #6 maybe
affecting promoter activity by preventing the assembly of the basal transcriptional
machinery, possibly via an asscciation with the myc-interacting zinc finger protein —1

(Miz-1).

A second interesting feature of the Slc//al promoter construct deletion series was the
1.898+0.61-fold decrease in promoter activity that is observed by the deletion from

pHBS8 to pHB20. pHBE and pHBZ0 comprise of the same 5’ sequence however they



differ in their 3’ region, with pHB20 being truncated by 66bp compared with pHBS.
The basis for this decrease in promoter activity is not known however it is proposed
that it is due to disruption or deletion of a conserved downstream promoter element
(DPE). The DPE was first identified in the Drosophila Antennapedia P2 and Jockey
promoters as a 7bp downstream analogue of the TATA-box (Burke er al. 1998).
TFIID has been found bound to these elements and in conjugation with the Inr it is
believed to mediate basal transcription from TATA-less promoters. In Drosophila the
DPE is located at about +30bp relative to the transcriptional start site and conforms to
the consensus */cG*/tCGTG, in humans however the DPE does not have a good
consensus (Burke er al. 1998). The basis of this proposal is that in Dropsophila the
Inr sequences conform to a much more distinct consensus (Arkhipova 1995) than in
mammals (Javahery et al. 1994). In the Sicllal downstream promoter region there
are no sequences that fit the Drosophila consensus but there are sequences that may
fit to a looser consensus sequence such as Pu Pu #/; Py Pu Py Pu. Assuming the
presence of a DPE within the Slc/1al gene, the truncation from pHBS8 to pHB20 may

interrupt DPE function thereby reducing promoter activity.
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CHAPTER 4
Repression of the Sicllal Promoter by
c-Myc
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4.1 INTRODUCTION

Cellular Myelocytomatosis (c-Myc) has been the focus of much research since its
initial identification in the early 1980’s as being the cellular homologue of the
transforming element in the oncogenic retrovirus MC29. c-Myc has subsequently
been shown to be deregulated in a wide range of human cancers (reviewed Grandori
et al. 2000) contributing to one seventh of cancer related deaths in the U.S (Dang.
1999). c-Myc is the best-studied member of a functionally redundant family that
includes N-Myc, L-Myc and B-Myc (reviewed Nasi ef al. 2001), all of which have the
potential to induce oncogenesis. The c-Myc gene encodes 3 ¢c-Myc proteins of 67kDa,
64kDa (Hann ef al. 1988) and 45kDa (Spotts et al. 1997) respectively which are all
produced by differential translational initiation at in-frame non-AUG and AUG-
codons respectively. Under normal growth conditions the 64kDa protein is the
predominant isoform, as cells reach confluence methionine deprivation results in
transcriptional initiation from the non-AUG-codon and levels of the 67kDa protein
rise dramatically (Hann ef al. 1992). c-Myc encodes an immediate early gene that is
absent in quiescent cells, but is strongly induced within 30 minutes of the addition of
various mitogens. Furthermore, c-Myc expression is downregulated by a variety of
compounds known to inhibit proliferation such as ’transforming growth factor-8
(TGF-B) and interferon-y (IFN-y) (reviewed Nasi ef al. 2001). It is widely accepted
that the c-Myc gene is a key gene involved in promoting cellular growth and
proliferation, terminal differentiation and apoptosis. Direct involvement of c-Myc in
cellular growth and differentiation has been shown by gene knockout (Mateyak er al.
1997) and various over-expression studies (reviewed Grandori ef al. 2000). c-Myc
(and N-Myc) null fibroblast cell lines exhibit cell cycle times 3-fold slower than
control cells with elongated G1 and G2 phases (Mateyak ef al. 1997), whereas Myc
null embryos are smaller, retarded in development, and show pathological
abnormalities in various organs (Davies et al. 1993). Conversely expression of
endogenous c-Myc in cultured fibroblasts promotes S-phase entry and shortens the G1
phase (Eilers er al. 1989), and can inhibit terminal differentiation in various cell types
(reviewed Grandori e al. 2000), including myeloid cells (Larsson er al. 1988). c-Myc
promotes cell growth by stimulating the expression of growth enhancing genes, such

as those involved in cell cycle regulation, glucose metabolism and protein synthesis,
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and by inhibiting expression of growth repressing genes, such as those involved in
terminal differentiation (reviewed Classen and Hann 1999; Dang ef al. 1999; Nasi et
al. 2001). In order to influence gene expression c-Myc must heterodimerize with its
cellular partner Myc-Associated factor-X (Max). Interactions between the bHLH/LZ
domain of Max with the C-terminal bHLH/LZ domain of ¢-Myc produce a
transcriptionally active heterodimer. The basic regions of c-Myc and Max diverge
from the bundle of four helices to contact specific DNA sequences (Soucek er al.
1998) known as E-box Myec sites (EMS) (Blackwell et al. 1993) within the promoter
region of target genes. The EMS consensus is 5’-CACGTG-3" however, c-Myc-Max
heterodimers have also been shown to bind both in vifro and in vivo to non-canonical
EMS sequences (5’-CANNTG-3") (Blackwell er al. 1993) such as those found in the
Slellal  promoter, 5-CACATG-3’, 5°-CACTTG-3° and 5-CATGTG-3’.
Transactivation of target genes is mediated via the N-terminal 143 amino acids,
termed the transactivation domain (TAD). The TAD contains regions of high
sequence conservation between Myc proteins termed Myc box (MB)-I and MBII
(Atchley and Fitch 1995). Binding of the TRRAP protein to ¢-Myc via MBII
(McMahon ef al. 1998) leads to the recruitment of the histone acetyltransferase
hGCNS5 (McMahon ef al. 2000) leading to local acetylation of histone H4 (Frank ef al.
2001). Histone acetylation promotes transcriptional activation by decreasing inter-
nucleosomal and nucleosomal DNA association, thereby increasing the accessibility
of DNA to the basal transcriptional machinery and other positively acting cofactors.
The mechanism of c-Myc regulation repression of gene transcription is however less
well understood; although the binding sequences for repression have been mapped
near the start site of transcription, and in many instances is thought to involve the
Initiator (Inr) element. Inr elements are pyrimidine rich sequences at the start site of
many TATA-less promoters and indicate the start site of transcription within these
genes (Javahery er al. 1994). A limited number of Inr binding profeins have been
identified including TFII-D, TFII-I, YY-1 (reviewed Smale 1997} and Miz-1 (Peukert
et al. 1997). Binding of factors such as TFII-I to Inr elements is followed by
sequential addition of the basal transcriptional machinery, providing a mechanism for
initiation of transcription from TATA-less promoters. c¢c-Myc can bind to, and form a
complex with, TFII-I preventing further binding of basal transcriptional machinery,
thereby preventing transcriptional activation from the Inr (reviewed Eisenman 2001).

A similar mechanism of action has been observed between the novel Myc-interacting
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zinc finger protein 1 (Miz-1) and c-Myc (Schneider ef al. 1997; Peukert et al. 1997,
Staller ef al. 2001; Seoane e al. 2001).

In 1999 Wu et al showed a direct, co-ordinated regulation of the iron controlling
genes H-ferritin and Iron-regulatory protein (IRP) 2 by c-Myc. H-ferritin is the heavy
subunit of the iron storage protein ferritin, whereas IRP2 binds to hairpin loop
structures, termed iron-response elements (IRE), within the target mRNA. Binding to
of IRP2 to IREs within the 5’UTR of ferritin mRNA and the 3’UTR of the transferrin
receptor mRNA causes an increase in cellular iron levels by blocking translation and
enhancing mRINA stability respectively. In a mechanism that was independent of c-
Myc induced changes in cell-cycle activity, exogenous c-Myc¢ could down-regulate H-
ferritin RNA levels. Conversely but co-ordinately, exogenous c-Myc caused a five-
fold increase in IRP2 gene-expression. These results indicated that c-Myc co-
ordinately regulates genes controlling intracellular iron concentrations, resulting in

increased iron levels required for c-Myc mediated cellular growth and proliferation.

1919 expressing

This was of interest, as results from our laboratory report that Sic/la
cell lines display both lower cytoplasmic iron levels (Atkinson and Barton 1998 &
1999; Barton ef al. 1999; Baker ef al. 2000), and reduced growth rates (Baker ST
unpublished results), than their non-expressing, Sic/lal”'®, counterparts. The
findings that both ¢-Myc and Sic/lal can regulate cellular growth rates and
cytoplasmic iron levels, but in opposite directions, suggested a role for c-Myc in the

regulation of Slc/lal.

This chapter reports a temporal link between cell growth; c-Myc expression and the
onset of Slc//al expression in primary bone marrow derived macrophages.
Furthermore exogenous c-Myc expression within both the Cos-1 African green
monkey kidney cell line and the RAW 264.7 murine leukaemic
monocyte/macrophage cell line induces dose dependent repression of murine Slc/lal
promoter expression. Deletion studies show that this repression is mediated via the
Inr element and is independent of the EMS as has been shown for the other c-Myc
repressed genes C/EBPa (Li et al. 1994), AdMLP (Li et al. 1994; Peukert et al. 1997),
Cyclin D (Peukert et al. 1997), Caveolin-1 (Park et al. 2001) and p15™* (Staller ez al.
2001).
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4.2 RESULTS

421 Sicllal Expression Correlates with the Onset of Differentiation in

Slc11a1%%P1% -expressing Primary Macrophages.
G169/D169

Bone marrow cells were prepared from MF1 Sic/la -expressing mice, and
placed in culture with granulocyte/macrophage colony-stimulating factors (GM-CSF)
to induce differentiation into mature macrophages. On successive days (Days 1-6)
samples were taken and analysed for Slcllal protein expression via western blotting
using an antibody directed against the N-terminal region of the Slcllal protein
(Atkinson and Barton, 1998) (figure 4.2.1-A). Immunoreactive Slcllal is detected
on day 3 (figure 4.2.1-A; lane 3) after which levels increase until reaching a steady
state at day 6 (figure 4.2.1-A; lane 6). Confirmation protein was loaded onto all
tracks is provided by amido black staining the Immobilon membrane after
immunodetection (figure 4.2.1-B). These results confirm Slcllal expression

correlates with the onset of differentiation. Figure 4.2.1 is a representative experiment

of n=3.

4.2.2 A Temporal Link between Cellular Growth and the Onset of Slcllal
Fxpression in the N11 Cell Line’
Murine N11 macrophage cells were incubated in serum free medium for 24 hours to
synchronise cells in the GO phase and subsequently exposed to fresh medium
containing 10% foetal bovine serum (FBS) to simultaneously stimulate cellular
growth. Cell were harvested periodically after the addition of FBS (0, &, 24, 32, 48
and 56 hours), and analysed for Slcllal protein expression via western blotting using
an antibody directed against the N-terminal region as before (figure 4.2.2-A). Serum
starvation decreased Slcllal protein levels, addition of FBS for 8 hours further
decreased protein levels below the level of detection. Sustained exposure of the cells
to FBS, 8 hours +, saw Slcllal protein levels returning back to basal levels.
Confirmation protein was loaded onto all tracks is provided by amido black staining

the Immobilon membrane after immunodetection (figure 4.2.2-B). These results

> These data were obtained and provided by Dr C Howard Barton.
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suggest a negative link between the onset of DNA synthesis within proliferating cells

and Slc11al protein expression. Figure 4.2.2 is a representative experiment of n=2.

4.2.3 A Temporal Link between Cellular growth, c-Myc Expression, and
Slcl1al Expression in Differentiating Bone Marrow Cells
Bone marrow cells were prepared from MF1 (4.2.3-B&C) or CBA (figure 4.2.3-A)
Slel1al®% expressing mice, and placed in culture with GM-CSF to induce
differentiation into mature macrophages. On successive days (Days 1-5/7) samples
were taken for c-Myc and Slcllal western blotting (figures 4.2.3-B&C respectively)
and cell numbers assessed by a colorimetric assay and DNA synthesis quantitated by
BrdU incorporation (figure 42.3-A). c-Myc protein levels were maximal on days 1-
2, when no Slcllal protein could be detected (figures 4.2.3-B&C, lanes 3-4). ¢-Mye
degradation products start to appear on day 3, as does immunoreactive Slcllal
(figures 4.2.3-B&C, lane 5). With the disappearance of full-length c-Myc
immunoreactivity, there is a corresponding increase in detectable Slcllal. Slecllal
protein levels reach a steady state at days 6-7, immunoreactive ¢-Myc was not
detectable at this time (figures 4.2.3-B&C, lanes 8-9). The growth and DNA
synthesis over this time course are shown in figure 4.2.1-A in parallel cultures. Over
5 days in culture the number of cells, using the colorimetric assay, gradually increase
however, there is a peak of DNA synthesis that precedes the appearance of Slcllal
immunoreactivity. After the peak in DNA synthesis levels remain higher than at day
1. These data indicate that induction of Slc/lal occurs after the proliferative spurt
when c-Myc levels are declining and the cells are displaying a more differentiated

phenotype. Figure 4.2.3 is a representative experiment of n=3.

4.2.4 c¢Myc Represses a 1.6Kbp Region of the Sic//al Promoter in the Cos-1
Cell Line
The Slcllal promoter construct pHB4 was transfected into the Cos-1 cell line using

the Lipofect AMINE (LA) reagent (see section 2.2.7). Cells were co-transfected with

® The cell number and DNA synthesis data used for figure 4.2.3-A were obtained and provided by Dr.
Thelma E Biggs.
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a constant amount (1ug) of the Slcl/al promoter construct pHB4 and increasing
amounts of pEF-c-Myc DNA (c—Myc)7 (0, 0.1, 0.2, 0.5, 1, 1.5 and 2pg), the DNA
concentrations were normalised to 3ug using the pPBABE empty vector. Cells were
left for 48 hours before being assayed for CAT activity (see section 2.2.9). c-Myc
causes a dose-dependent inhibition of pHB4 promoter activity (see figure 4.2.4-A),
and all doses a ¢c-Myc above 0.2ug induced a significant decrease in promoter activity
(P<0.05). A 48.8+18.9% reduction in promoter activity was observed with 1pg of c-
Myec. To determine that the inhibition observed by c-Myec titration was a specific
effect, the experiment was repeated with a plasmid containing the CAT reporter gene
under the control of the human f-actin promoter, LKCAT2. Figure 4.2.4-B shows
there was a 23.67+£5.71% and a 26.01£12.02% reduction in promoter activity
following the addition of 0.5ug and 1pg c-Myc DNA respectively with increased
DNA concentrations having no significant effect on f-actin promoter activity
(LKCAT2). These results indicate the c-Myc induced dose dependent decrease in
promoter activity is specific to Slc//al, specifically the pHB4 promoter construct.

4.2.5 e¢-Myc Represses the Sic/lal Promoter in the RAW 264.7 Cell Line

To evaluate whether the Sic/lal promoter, specifically pHB4, was also subjected to
inhibition by ¢-Myc in the macrophage derived RAW 264.7 cell line, the use of
quantitative digital microscopy was evaluated. Two control experiments were
performed firstly increasing amounts (0, 1, 2, 5, 10, 20ug) of peGFPN3 DNA
(Clontech) were transfected into the RAW 264.7 cells by electroporation (see section
2.2.7). This experiment revealed a plasmid DNA dose dependent increase in
fluorescence intensity (figure 4.2.5-A). A 2-log unit increase in fluorescence was
observed between the transfection of 1ug and 20ug of peGFFN3 plasmid DNA. Next
the stability of the eGFP fluorophore was examined. peGFPN3 transfected RAW
264.7 cells were exposed to a persistent light for 10 minutes and images captured at
30second intervals. Analysis of the fluorescent output revealed remarkable stability
for 0-5 minutes, after which a 13.13£0.41% drop in fluorescent output was observed

between 6-7 minutes, increasing to a 46.26+9.38% drop in fluorescent output between

’ The pEF-c-Myc expression construct was kindly provided by Yongfeng Shang at the Dana-Farber
Cancer Institute, Boston, USA.
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9-10 minutes (figure 4.2.5-B). Together these experiments show the technique is

suitable to quantitate reporter gene activity in transiently transfected cells.

A pHB4 related construct, with the promoter driving eGFP expression was prepared,
(pHBI15 (see section 3.2.2)), and transfected into the RAW 264.7 cells as before with
a range of c-Myc doses. As with the experiments conducted in Cos-1 cells, increasing
amounts of ¢c-Myc induced a dose-dependent reduction in Slcllal promoter, pHB15,
activity (P<0.01) (figure 4.2.6-A&B). These results indicate that the inhibitory effects
of ¢-Myc on Slcllal expression are not restricted to the Cos-1 cell line, but are a

feature of the Slcl lal promoter within its natural setting, a macrophage lineage cell.

Production of a 0.105Kb Slc//al promoter fragment corresponding to the region -
71bp to +34bp, attached to both an enhancer sequence and the CAT reporter gene,
pHB20E (see section 3.2.2), has enabled confirmation of these findings using the
more efficient LA method of gene transfer, and CAT reporter gene detection. ¢c-Myc
was again seen to induce a dose dependent reduction in promoter activity (P<0.05)

(figure 4.2.7). 1ug of c-Myc induced a 70+19.1% inhibition of pHB20E activity.

4.2.6 ¢-Myc Repression is Maintained in a Reporter Construct Containing
19bp of the Sicilal Promoter Sequence
c-Myc can both transactivate and transrepress target genes depending on the presence
of, and context of, specific sequences within the promoter. The Slc/lal promoter
contains 6 non-canonical EMS and 2 Inr elements, the target sequences of ¢-Myc
transactivation and transrepression respectively. In order to determine where c—Myc
was having its effects a deletion series of the Sic//al promoter driving the CAT
reporter gene was produced (see section 3.2.2). The Sic/lal promoter constructs
were transfected into the Cos-1 cell line as before. Cells were co-transfected with a
constant amount (1pg) of the Slc//al promoter constructs (pHB4, pHB6, pHBS,
pHB20 and pHB23) and increasing amounts of c-Myc DNA (0, 0.1, 0.5, 1 and 2pg),
the DNA concentrations were normalised to 3ug using the pBABE empty vector. c-
Myc induced a dose dependent decrease in promoter activity in all promoter

constructs (figure 4.2.8-B), with 2ug c-Myc inducing a comparable level of repression



of the Sicilal promoter constructs averaging 5.8742.07-fold for all 5 constructs
(figure 4.2.8-C). As expected pHB22 was inactive at the level of sensitivity used to
measure the activity of the other constructs, furthermore its activity was not
modulated by c-Myc (data not shown). These data suggest that c-Myc is repressing
Slcl1al promoter activity through sequences contained within the region between -
19bp and +34bp (pHB23). This 53bp region of the Sic//al promoter contains both of
the Inr elements but not any of the putative EMS sites, suggesting c-Myc is repressing
Slellal expression via the Inr elements and the EMS sites are not involved in this
repression. Grouping of the promoter constructs into those containing both EMS and
Inr sites (pHB4 and pHB6), and those containing only Inr sites (pHB8, pHB20 and
pHB23), shows c-Myc induces a significant repression of promoter activity in both
groups P<0.00025 (Students T-test). Removal of the EMS sites has no effect on c-
Myec induced repression at higher doses of ¢-Myc as the activity of the two groups
after the addition of both 1 and 2pg c-Myc is not significantly different (see figure
4.2.8-D). However, small doses of c-Myc DNA, 0.1-0.2ug induced a small non-
significant induction of pHB4 promoter activity, whereas larger doses. 0.5ug and
above, induce a significant decrease in promoter activity, this dose dependent bi-
phasic response was not observed with the smaller non-EMS containing constructs
(figure 4.2.9-B). It can be concluded from the c-Myc co-transfection studies that in
the Cos-1 cell line, c-Myc represses the Slcl/al promoter in a dose dependent fashion
via a mechanism involving the Inr elements. However, at small doses of c-Myc this
Inr mediated repression is antagonised by the presence of upstream EMS. These
findings can be extended to include the RAW 264.7-macrophage cell line considering
the c-Myc titration studies on pHB20E (figure 4.2.7), a promoter construct extending

from -71bp to +34bp. Like pHB23, pHB20E contains both of the Inr elements but

none of the putative EMS sites.

4.2.7 Differential Regulation of the NCAM Promoter by e-Myec.

The neural cell adhesion molecule (NCAM) is involved in cell-cell adhesion, it was
therefore proposed that downregulation of NCAM could contribute to increased
metastatic potential in neuroblastoma cells. Furthermore it was shown that N-Myc

overexpression in the neuroblastoma cell line decreased both NCAM mRNA and
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protein expression (Akeson and Bernards, 1990). Transcription from the NCAM
promoter is mediated via an Inr element (Barton ef al. 1990), and sequence analysis
reveals that like the Slcllal promoter, in addition to the Inr the NCAM promoter
contains multiple non-canonical EMS sites (EMS#1 —930 to —935bp; EMS#2 —873 to
—878bp; EMS#3 —180 to —185bp) and a single GC-box Spl binding site (figure
4.2.10-B). In light of the findings of Akeson and Bernards (1990) and the presence of
both EMS and Inr elements it was asked whether c-Myc could repress NCAM
promoter expression in transient transfection studies and whether repression was
mediated via the EMS of the Inr element? The NCAM promoter constructs (Barton et
al. 1990) were transfected into the Cos-1 cell line using the LipofectAMINE (LA)
reagent (see section 2.2.7). Cells were co-transfected with a constant amount (1pg) of
the NCAM promoter constructs NCAMI1 and NCAMS6 (figure 4.2.10-A) and .
increasing amounts of ¢-Myc DNA (0, 0.5, 1 and 2ug), the DNA concentrations were
normalised to 3pug using the pBABE empty vector. Cells were left for 48 hours before
being assayed for CAT activity (see section 2.2.9). c-Myc repressed NCAMI
promoter activity, this repression was maximal with lpg of ¢-Myc DNA which
induced a 72+13.86% decrease in activity. c¢-Myc was not able to repress the
NCAMS6 promoter construct, with a slight increase in promoter activity being
observed (figure 4.2.11): NCAMI1 contains both EMS and Inr elements, whereas
NCAMG6 contains only an Inr element (figure 4.2.10-A). These data therefore suggest
that unlike Sic/7al, the repression of NCAM expression by c-Myc is mediated via a
mechanism involving the EMS, however cooperation between the EMS and Inr

element cannot be discounted.
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90-100 kDa

FIGURE 4.2.1 Sicllal Expression Correlates with the Onset of Differentiation in
Slcl1al1%"®-expressing Primary Macrophages. Primary bone marrow derived macrophages were
obtained from the MF1 Slcll1al®’” expressing mice and cultured in media enriched with
Granulocyte/Macrophage colony stimulating factors (GM-CSF).  Samples were harvested on
successive days (Days 1-6) for analysis by western blotting (As described sections 2.2.10-12) using
antibodies specific to the N-terminal region (amino acids 1-82) of the Slcllal protein (Atkinson and

Barton, 1998). (1), MFI day 1; (2), Day 2; (3), Day 3; (4), Day 4; (5), Day 5; (6), Day 6.
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90-100 kDa

45 kDa

FIGURE 4.2.2 A Temporal Link Between Cellular Growth and Sic/lal Expression in the
Slcl1al1%'%-expressing Macrophage Cell Line N11. Cells were serum starved for 24 hours to
synchronise growth, after which time cells were re-exposed to serum to simultaneously stimulate
cellular growth. Samples were subsequently taken periodically after the addition of serum for analysis
via western blotting as described (section 2.2.10-12). (A) Western blot using an antibody specific to
the N-terminal region (amino acids 1-82) of the Slcllal protein (Atkinson and Barton, 1998). (B)
Amido-black stained membrane. (1), 24 hours serum starved; (2), 8 hours + serum; (3), 24 hours +

serum; (4), 32 hours + serum.
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FIGURK 4.2.3 A Temporal Link Between Cell Growth and c-Ayc Expression and the Onset of
Slcllal Expression. Primary bone marrow derived macrophages were obtained from Slel1a1®'®
expressing mice ((A) CBA; (B) & (C) MF1) and cultured in media enriched with
Granulocyte/Macrophage colony stimulating factors (GM-CSF).  Samples were harvested on
successive days (Days 1-7) for BrdU incorporation studies (A) and analysis by western blotting (B &
C). MF1 primary macrophage samples were analysed by western blotting (as described sections
2.2.10-12) using (B) A commercial antibody directed against the C-terminal region of c-Myc
(Santacruz) or (C) An antibody directed against an N-terminal region (amino acids 1-82) of the Slcllal
protein (Atkinson and Barton, 1998) (1), Parental RAW 264.7 cells (Slel1a1”"™y; (2), 37 RAW 264.7
engineered to express Slcllal™*’; (3), MFI day 1; (4), Day 2; (5), Day 3; (6), Day 4; (7), Day 5; (8),

Day 6; (9), Day 7.
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FIGURF 4.2.4 Repression of the Slci/lal Promoter Construct with ¢-Myc in the Cos-1 Cell
Line. Cos-1 Cells were co-transfected using the LipofectAMINE (L A) reagent as described (section
2.2.7) with (A) 1ug of the Slc/lal promoter construct pHB4 and increasing amounts of ¢c-Myc DNA
0, 0.1, 0.2, 0.5, 1, 1.5 and 2pg), (B) lug of the f-actin promoter construct LKCAT2 and increasing
amounts of c-Myc DNA (0, 0.5, 1, 1.5 and 2ug), DNA concentrations were made up to 3ug with the
pBABE empty vector. Expression of the reporter gene was detected by performing a CAT assay at
37°C for 6 hours on 20ug protein extract (pHB4) and 37°C for 1 hour on lug protein extract
(LKCAT2). Promoter activity for each sample was calculated as a percentage of the average value
obtained from the control (pHB4 & LKCAT2 Alone respectively). (A) Students T-Test compared
with pHB4 alone *P=0.023 **P=0.012 #**#P=00015 ****P=0.00021; n=10. (A) Students T-Test
compared with LKCAT2 alone *P=0.03 **P=0.04; n=2 (3 for lug c-Myc DNA).
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FIGURE 4.2.5 Assessing The Use Of Semi-Quantitative Digital Microscopy. RAW 264.7 Cells
were transfected by electroporation as described (section 2.2.7) plated onto cover slips. After 48 hours
reporter gene activity was measured using the Metamorph Imaging System. (A) Increasing amounts (0,
1,2, 5, 10 and 20ug) of pN3GFP conirol vector were transfected to assess whether increasing amounts
of reporter gene gave a linear increase in fluorescence intensity. (B) Cells ransfected with 10ug
pN3GFP control vector were subjected to constant fluorescent light for 10 minutes, images were
captured at 30 second time points to determine the rate of degradation of the GFP fluorescence. . Inall

experiments DNA concentrations were made a constant 20ug with the pBABE empty vector.
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FIGURE 4.2.6 Repression Of The Slcilal Promoter Construct pHB15 with ¢-Myc In The
RAW 264.7 Cell Line.  RAW 264.7 Cells were transfected by electroporation as described (section
2.2.7) plated onto cover slips. After 48 hours reporter gene activity was measured using the
Metamorph Imaging System. (A) 10ug of the Sic/lal promoter construct was transfected either alone
or in the presence of 10ug c-Myc DNA. Students T-Test ***¥P=0.00239. n= 15 (pHB15) and 13
(pHB15 + ¢-Myc). (B) 10ug of the Slcllal promoter construct was co-transfected with increasing
amounts of ¢-Myc DNA (0, 1, 2, 5, 10ug). Students T-Test *P=0.0085 **P=0.002 ***P=0.00019.
n=13, In all experiments DNA concentrations were made a constant 20ug with the pBABE empty

vector.
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FIGURE 4.2.7 Repression of the Sic/7/al Promoter Construct pHB20E with c-Myc in the
RAW264.7 Cell Line. RAW 264.7 Cells were co-transfected using LA as described (section 2.2.7)
with 1ug of the Sletlal promoter construct pHBZ0E and increasing amounts of c-Myc DNA (0, 0.5, 1,
1.5 and 2ug), DNA concentrations were made up to 3ug with the pPBABE empty vector. Expression of
the reporter gene was detected by performing a CAT assay (37°C; 6 hours) on 50ug protein extract
from each transfection. Promoter activity for each sample was calculated as a percentage of the

average value obtained from the control {(pHB20E Alone). Students T-Test compared with pHB20E
alone *P=0.037 **P=0.03 ***P=0.035; n=3.
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FIGURE 4.2.8 Repression of the Slc11al Promoter Construct Deletion Series with c-Myec in the
Cos-1 Cell Line. Cos-1 Cells were co-transfected using the LipofectAMINE (LA) reagent as
described (section 2.2.7) with 1pg of the Slc//al promoter constructs and increasing amounts of c-
Myc DNA (0, 0.1, 0.5, 1 and 2ug), DNA concentrations were made up to 3pg with the pPBABE empty
vector. Expression of the reporter gene was detected by performing a CAT assay (37°C; 2 hours) on
20ug protein extract from each transfection. Promoter activity for each sample was calculated as a
percentage of the average value obtained from the control (Slc//al promoter construct alone). (A)
Ilustration of the Slc/1al promoter constructs (see key). (B) c-Myc titration on the Slc//al promoter
construct deletion series. (C) Comparison of fold repression induced by 2ug c-Myc, grey bars
represent relative activity compared to the promoter constructs alone, and fold repression is illustrated
with a black line. (D) The Slcl]al promoter constructs were classified into two groups according to
type of c-Myc binding site contained within the construct, either EMS + Inr containing (pHB4 and
pHB6-black bars), or Inr containing (pHB8, pHB20 and pHB23-open bars). Students T-Test compared
with Promoter activity without c-Myc *P<0.0005.
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FIGURE 4.2.9 A Bi-phasic Response of the Slc//al Promoter Construct pHB4 to c-Mye in the
Cos-1 Cell Line. Cos-1 Cells were co-transfected using the LipofectAMINE (LA) reagent as
described (section 2.2.7) with 1pg of the Sic//al promoter constructs and increasing amounts of c-
Myc DNA (0, 0.1, 0.2, 0.5, 1, 1.5 and 2ug), DNA concentrations were made up to 3pug with the
pBABE empty vector. Expression of the reporter gene was detected by performing a CAT assay
(37°C; 2 hours) on 20pg protein extract from each transfection. Promoter activity for each sample was
calculated as a percentage of the average value obtained from the control (S/c//al promoter construct
alone). (A) [lustration of the Slc//al promoter constructs (see key). (B) c-Mye titration on the
Slcllal promoter constructs pHB4 & pHBS8. Student T-test comparing with pHB8 Alone for ail
concentrations c-Myc P<0.005; n=5, for pHB4 values see figure 4.2.4.



FIGURE 4.2.10 Sequence of the 1.392Kbp NCAM Promoter Construct NCAM 1. (A)
Hlustration of the NCAM promoter constructs (see key). (B) Annotated sequence of the 1.392Kbp
NCAM promoter sequence from the Pstl site at position -1198bp to the ATG translational initiation site
at +194bp.  Transcription factor binding sites on the sense-strand have been indicated above the
sequence. The initiator element (Inr) at and around position +1 are highlighted in bold with the major
transcriptional initiation site being indicated with a big arrow , the transcribed sequence is

underlined. The translational initiation ATG codon at position +95 is indicated with an arrow
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Binding Sequence
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-1198
CTGCAGCCTGGGCGACAGAGCGAGGCTCCATCTCAAAAAAACAAAACAGAAACAAAACAAAACAAAACA
AAACAAAAAACCTGCTACAGGAGTGGGGAGGCCGACCTTTGAAGAAAAACGGAGTACCCGGTAACATTA

GTGCTTTAATGCCTTTGAACTTATGCAGACTTCCTCTGTTAGAGGGTTTCAGTGTTCTAGGCTAATGGG

-991 EMS #1
TTAACCTGACATCTAGAACACCTTTCTCACATTAGTTCCTTACATACCCAAGCCTTCAGGTGCTGAGAC

-922 EMS #2

ATGATTCTTTTCACCCCGCTTTCTCCACCCCCTACTTTTGAAAACACGGGTGGAATTTTAATTAAAGCC
TATTGTGTTGGTACCTCAGTAATATTATACATTAATATCTTTAAGAATTAAGGTCACGTCCCCATGTAA
GAAAATATTATTTAATGACGCTTCTATATCATAATACCTATATAAAAGCCTGGCTATTTTAATAAAGAG
ACCACAGATTTCAGAATTTATAAACAGGAAAACATTTTCTTCGGGTTATTTCTGGAAATCTCTTCCAAA
CATCGGAGTTTTCTTCTAACTTAAGTCTCTTCCCACCTCCTTCCCAGGGGATCTGCTGAAGGGTGTTGT
ATGTCTCTCTGTGGGAGAGCAAACTTCACAGTTAGGATAAAACAAACAAACAAACAATATCCAAACAAC
ACCCAGGCCAACGGCAACCCCCATCCCTCTCCAAAGTTCTAATTTCCCGCACTTAAAGTCCTGGGCTAT
CCTTGTGTTGCAAGGATCTTAGAATCGAAATGGAGGGATTTGACAACTTTACCTAACCARATCTARAAT
TTTGCTTTTATTATTTACTAGTTATCAAAATATGCAAACTGCTGATTAAGGAAGGCTGGGTAGCAGGAG
CGCCTGCGAAGGCGTAGGGTAGAAGTGTGAAAAGAAATCCCAGCTCTCCCAGGGAGACTGCGTGTGARAA

-232 EMS #3
GAGCCCGGCTCCCCCAAAAGCTCCAGGCCGCGTTTTGCAGGCTTCCGCATCTGCCTCCCCTGTCTCTCT
TACCTCCTTGATGTTCGGCACTATTTGTGGCCGGCGTGGTGGAAGGACACAGTGAGGTTCTCACCCCCG

Spl
CCCCCCGCTCCTCGCTCCCATCCCAGTTCCATCARAACGAACCCGGGCCAGCGCAAGGATCTCCGAGTT

-25 Inr
GCGAGTGTGCTGAGGCTGGGACTGTCACTCATTCTCCGATCAGCGCGTGAACCGAGCTCGGCTCGGCTG

Lo L

GCGAGAAACAATTCTGCAARAAATAATCATACTCAGCCTGGCAATTGTCTGCCCCTAGGTCTGTCGCTCA
GCCGCCGTCCACACTCGCTGCAGGGGGGGGGGCACAGAATTTACCGCGGCAAGAACATCCCTCCCAGCC

+183
AGCAGATTACA ATG
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FIGURE 4.2.11 Differential Regulation of the NCAM Promoter Construct with c-Myc in the
Cos-1 Cell Line.  Cos-1 Cells were co-transfected using the LipofectAMINE (LA) reagent as
described (section 2.2.7) with lug of the NCAM promoter constructs NCAMI1 & NCAMS6 and
increasing amounts of ¢c-Myc DNA (0, 0.5, 1 and 2ug), DNA concentrations were made up to 3pug with
the pBABE empty vector. Expression of the reporter gene was detected by performing a CAT assay at
37°C for 15 minutes on 0.1pug (NCAMI) and 10ug (NCAMBS) protein extract from each transfection.
Promoter activity for each sample was calculated as é percentage of the average value obtained from
the control (NCAM1 & NCAMS6 alone). Student T-test comparing NCAM1 & NCAM6  *P=0.036;

n=2.
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4.3 DISCUSSION

The data presented here outline a linkage between endogenous and exogenous c-Myc
expression and Slcllal expression in both primary cells and cell lines. Serum
starvation of the N11 macrophage cell line for 24 hours, followed by the subsequent
re-supplementation with 10% serum, correlates with a reduction in basal levels of the
Siclial protein, which is followed by a further decrease in protein levels between 0-8
hours of serum exposure. Slcllal protein expression returns to basal levels with
prolonged exposure of serum (figure 4.2.2). Similar observations have been made for
the c-Myc repressed platelet derived growth factor-f receptor (pdgf-fR) (Oster ef al.
2000). Serum starvation of cells synchronises the cells by inducing growth arrest
within the G1 phase of the cell cycle. Addition of essential growth factor containing
serum stimulates the G1/S cell cycle progression via the activation of a transient (2
hours) increase in c-Myc expression. c-Myc contributes toward the G1/S cell cycle
progression by activating transcription of the genes required for DNA synthesis. It is
this transient increase in c-Myc expression that is thought responsible for the observed
decrease in Slc]1al and pdgf~-fR expression upon re-exposure to serum. Differential
c-Myc and Slcllal expression are also observed within maturing BMM cells, and
furthermore expression is seen to correlate with cellular growth (figure 4.2.1 & 4.2.3).
Maximal cellular proliferation at day 2 decreases to a steady state level between days
3-5, a pattern mirrored by c-Myc expression levels.  Conversely, Slcllal
immunoreactivity appears on day 3 with steady state levels being achieved between

days 4-7. These results suggest a temporal link between Slc/lal expression and

endogenous c-Myc expression.

We also report that exogenous ¢-Myc expression is capable of repressing Slcllal
promoter driven reporter constructs. Deletion studies have shown that c-Myc-
mediated repression is maintained in a reporter construct containing only 19bp of the
Slellal promoter, pHB23 (figure 4.2.8-B). The data further go on to show that there
is no significant difference between c-Myc-induced repression of Slc//al promoter
constructs containing both the EMS and Inr sequences, pHB4 and pHB6, and those
containing only the Inr sequences, pHBS, pHB20 and pHB23 (ﬁgure 4.2.8-D). These

data suggest that c-Myc is repressing Slc//al expression via the initiator element as



has been noted for other c-Myc repressed genes including Cyclin D (Peukert et al.
1997), AdMLP (Li et al. 1994; Peukert et al. 1997) and pl5™** (Staller et al. 2001).
The differential effect of exogenous ¢-Myc on the Slcllal, NCAM (figure 4.2.11) and
no effect on Bactin (figure 4.2.4-B) suggests that the effects of c-Myc on Slellal

gene expression are specific (at the Inr) and not a consequence of c-Myc over-

expression.

c-Myc repression of the Slcl/lall promoter construct pHB4, but not the smaller
construct pHB8, was seen to induce a dose dependent bi-phasic response (figure 4.2.4
& 4.2.9). Small doses of c-Myc DNA, 0.1-0.2pg induced a small non-significant
increase in promoter activity, whereas larger doses. 0.5ug and above, induce a
significant decrease in promoter activity. Such a bi-phasic response has also been
reported for the ¢c-Myc-mediated repression of both the AdMLP (Li et al. 1994) and
Cyclin D (Peukert et al. 1997) reporter constructs, like these reporter constructs,
pHB4 contains both EMS and Inr sequences, pHB8 contains only Inr sequences. It
was suggested that the presence of both these c-Myc recognition sequences may
subject the promoter to both activation and repression signals from c-Myc (Li et al.
1994) and the data presented here are supportive of this proposal. However, we (data
not shown), and others (Claassen and Hann, 2000) have also observed differential
effects of c-Myc dependent upén the density of the cells prior to transfection and the
method of transfection used. Furthermore, Claassen and Hann (2000) report higher
endogenous c-Myc levels after transient transfection. A possible explanation for the
differential effects of c-Myc at varying cell densities maybe a result of an altered ratio
of the c-Myc isoforms. The c-Myc gene encodes two major translational products a
67kDa and a 64kDa protein termed c-Mycl and c-Myc2 respectively (Hann ef aZ.
1988). In proliferating cells ¢-Myc2 is the predominant isoform, as cells reach
confluence methionine deprivation results in transcriptional initiation from the non-
AUG-codon, and levels of the c¢-Mycl protein rise 5-10-fold reaching levels
comparable to that of ¢-Myc2 (Hann er al. 1992). The ratio of the two major c-Myc
isoforms have also been reported to be affected in tumour cells, with an increase in
the shorter ¢c-Myc2 isoform being observed in neoplastic cells (Hann and Eisenmann,
1984), and disruption of the c-Mycl isoform in Burkitt’s Lymphoma (Hann er al

1988). In addition it has been shown that the ratio of ¢c-Myc isoforms can affect the
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transactivating ability of c-Mye, with efficient transactivation of E-cadherin only
being observed when both c-Myc isoforms are expressed. Furthermore expression of
either isoform alone lead to repression of the E-caherin promoter driven reporter
constructs (Batsche and Crémisi, 1999). The switch from transactivation to
repression a high cellular densities may represent a protective mechanism whereby the
downregulation of growth promoting genes prevents proliferation when conditions are
not optimal and ¢c-Mycl but not c-Myc2 has been shown to inhibit cellular growth
(Hann er al. 1994). Furthermore, c-Mycl but not c-Myc2 can strongly transactivate
the Rous Sarcoma virus long terminal repeat through C/EBP sequences within the
EFII enhancer element (Hann ef al. 1994). As the table in figure 3.2.1 shows there are
multiple C/EBP binding sites within the Slc//al promoter, it is therefore possible that
when cells are transfected at a high density the altered ratio of c-Mycl:c-Myc2 results
is transactivation mediated by c-Mycl through C/EBP sequences. In order to
elucidate the main factor influencing the bi-phasic response observed c-Myec titrations
would have to be performed on the Slc//al promoter construct deletion series with

fransfection being performed at a variety of cellular densities.



CHAPTER 5
Regulation of the Sicllal Promoter by
Miz-1
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5.1 INTRODUCTION

Chapter 4 describes repression of the Slc//al promoter by the proto-oncogene c-Myc.
The DNA sequence responsible for the repression was mapped to a 19bp region of the
Slc1lal promoter that includes 1 Inr element, 1 Inr-like element and consensus Spl
binding site. Inr elements are pyrimidine rich sequences at the start site of many
TATA-less promoters however, they can function synergistically with TATA-
elements further enhancing transcription from these so called ‘combinatorial’
promoters. The mechanism of TATA-box directed transcription initiation has been
well characterised (reviewed Smale, 1997; Dvir et al. 2001), however the mechanism
for Inr mediated transcriptional initiation is less well understood (reviewed Smale,
1997). Whereas the TATA-box is recognised by the ubiquitous TATA-box binding
protein (TBP), the Inr is recognised and bound by multiple proteins including TFUI-D,
TFO-I, YY-1, RNA Polymerase I (reviewed Smale, 1997), USF1&2 (Du et al. 1993),
c-Myc (Roy et al. 1993) and Miz-1 (Peukert er al. 1997). How transcription is
initiated is unclear but two potential mechanisms of action have been proposed
(Javahery et al. 1994). The first model proposes that several distinct classes of Inr
exist and that each class is recognised by a different protein, possibly in a spatiaily
and temporally specific manner. The second proposal suggests a model similar to that
observed for TATA-box dependent transcription, with a universal protein recognising
the Inr-element and then specific Inr-binding proteins augmenting promoter strength
in conjunction with this universal protein. The loose but consistent consensus of the
Inr-elements tested (Javahery ef al. 1994) is supportive of the latter proposal of a
universal Inr binding protein. Of the Inr binding proteins identified to date both TFII-
I (Roy et al. 1993) and Miz-1 (Peukert et al. 1997) interact with ¢-Mye, and repress

target gene transcription.

Miz-1 was isolated as novei c- and N-Myc interacting protein when the C-terminal
bHLH/LZ region of c-Myc was used as bait in a two-hybrid screen of a HeLa cDNA
library (Schneider ef al. 1997; Peukert ¢f af. 1997). Analysis of the isolated clone
revealed the encoded Miz-1 polypeptide to be highly conserved (92% amino acid
identity between human and mouse) and ubiquitously expressed in mice. Sequence

analysis of the isolated clone suggested the 803 amino acid polypeptide might
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function as a transcription factor. Miz-1 contains 13 zinc fingers, 12 clustered and the
13" at the C-terminus of the protein, and N-terminal BTB/POZ (Broad-complex,
Tramtrack, and Bric-a-brac/ poxvirus and zinc finger) and acidic activation domains.
BTB/POZ domains are evolutionarily conserved sequences of approximately 120
amino acids in length, found at the extreme N-terminus of some C,H,-type zinc finger
transcription factors, BTB/POZ domains promote protein-protein interactions
(Bardwell and Treisman 1994; reviewed Collins et al. 2001). To influence gene
expression transcription factors must first translocate to the nucleus, complex with
DNA and/or members of the transcriptional initiation complex to promote or suppress
transcription of the target gene. Miz-1 contains no functional nuclear localisation
signal (NLS) suggesting a cytoplasmic localisation. Preliminary immunofluorescent
studies showed Miz-1 within the cytoplasm and microtubule association (Peukert ef
al. 1997). Immunofluorescence and co-precipitation studies have confirmed this latter
finding (Ziegelbauer et al. 2001). Results from our laboratory however suggest a
nuclear expression of a Miz-1-GFP fusion protein within the Cos-1 cell line (Barton
CH, unpublished results). How Miz-1 translocates to the nucleus is still unclear,
however ectopic expression of either c-Myc or p300 could induce efficient import of
the co-transfected Miz-1 into the nucleus (Peukert et al. 1997; Staller et al. 2001), as
could drug induced (T11§242) destabilisation of the microtubules (Ziegelbauer ef al.
2001). Despite its apparent cytoplasmic localisation, Miz-1 antagonises the c-Myc-
induced repression of selected Inr-containing promoter constructs (Schneider et al.
1997; Peukert et al. 1997, Staller et al. 2001; Seoane ef al. 2001). Studies involving
the AAML and cyclin D1 promoters suggest that the binding of c-Myc to Miz-1
induces a conformational change within Miz-1 thereby exposing latent BTB/POZ
activity, resulting in the formation of insoluble subnuclear foci (Peukert ef al. 1997).
The findings that Miz-1 can itself cause transactivation of the c-Myc repressed genes
Cyclin DI (Peukert ef al. 1997), p15™* (Staller et al. 2001; Seoane e al. 2001),
LDLR (Ziegelbauer et al. 2001), p21°?’ (Herold et al. 2002; Seoane ef al. 2002) and
Mad4 (Kime and Wright, 2002), and that Miz-1-c-Myc-Max trimers specifically bind
to the Inr elements of target genes suggest an alternative mode of action, that c-Myc
antagonises the function of Miz-1. The c-Myc interacting domain of Miz-1 overlaps
both the TAD and the p300-binding domain of Miz-1 (Peukert ef al. 1997). Binding
of ¢c-Myc to Miz-1 through a putative a-helix located between amino acids 638 and
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715 obscures the TAD, inhibiting the recruitment of p300 and the subsequent binding
of basal transcriptional machinery, thereby preventing transcription of the target gene.
Similarities have been drawn between c-Myc and the adenovirus E1A oncoprotein
(reviewed Claassen and Hann, 1999). E1A is known to bind to a p300 co-activator
complex and prevent its activity, thereby repressing general transcription. It is
possible that c-Myc represses target genes not only by blocking Miz-1 recruitment of
p300, a potent cellular co-activator, to the site of transcriptional initiation, but also by
simultaneously sequestering p300. However, such a broad, non-specific suppression

of p300 by c-Myc does seem unlikely, as it would have profound effects on the cell.

p300 was identified as a protein targeted by the adenovirus E1A oncoprotein (Eckner
et al. 1994), and was subsequently shown to interact with CREB binding protein
(CBP). p3OO and CBP are extremely large, 268kDa and 271kDa respectively,
proteins of high sequence identity that can bind a large number of diverse
transcription factors (reviewed Man Chan and Thangue, 2001; Vo and Goodman,
2001). The p300/CBP transcriptional co-activator proteins participate in co-
ordinating and integrating the activities of hundreds of different transcription factors,
thereby regulating many physiological processes including proliferation,
differentiation and apoptz)sis. Despite the high sequence identity p300 and CBP are
not redundant in their function. Subtle differences in expression during development,
and the observations that null alleles produce a severe phenotype, indicate that
although they have many overlapping functions they are not interchangeable
(reviewed Man Chan and Thangue, 2001; Vo and Goodman, 2001; Blobel 2002).
p300 is thought to perform 3 major roles in transcriptional regulation, histone (and
transcription factor) acetylation, bridging promoter bound transcription factors, and
acting as a scaffold for the assembly of multi-protein complexes, and at any one
promoter p300 may perform all 3 or just selected roles (reviewed Man Chan and
Thangue, 2001). However, the exact mechanism of p300 regulation is still to be
determined, one of the complicating factors is that p300 has been reported to perform
dual, antagonistic roles in the regulation of certain transcription factors. An example
of this is the regulation of the pro-apoptotic factor p53 (reviewed Man Chan and
Thangue, 2001). p300 can augment p53-dependent apoptosis and cell cycle arrest by
promoting pS53 complexes with stabilising proteins such as JMY and HIFla.
Conversely by promoting p53-MDM2 complex formation p300 promotes the
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ubiquitin-mediated degradation of p53 protein, thereby diminishing the pro-apoptotic
activity of p53. Owing to such diverse effects of p300 it has been proposed that p300
is a versatile transcriptional integrator, with the mechanism of action depending on
both the pattern of transcription factor expression and the context of the target
promoter. For example, transcriptional synergy between nuclear factors bound to the
same regulatory region has been proposed to result in co-operative assembly of a
multi-component complex (called an enhanceosome) in which multiple activation

domains contribute to p300/CBP recruitment to the target gene (Merika et al. 1998).

The importance of Stimulatory protein-1 (Sp1) binding sites, adjacent to Inr-elements
(Javahery et al. 1994; reviewed Smale, 1997), in directing lineage specific gene
expression (Chen et al. 1993; Zhang et al. 1994; reviewed Tenen et al 1997,
reviewed Clarke and Gordon, 1998), is well documented. In light of this, and the
ability of Spl to activate the transforming growth factor-f (TGF[)-1 and the TGFf-
Receptor genes in mammalian cells (reviewed Black et al 2001), the Spl
transcription factor has been proposed to be involved in c¢-Myc/Miz-1 mediated
transcriptional regulation of the TGF responsive gene p/ 5" (Seoane et al. 2001).
Sp1 was the first mammalian transcription factor to be cloned (Kadonaga et al., 1987),
and has subsequently beén found to be a member of the large Sp/Kriippel-like factor
(KLF) family of C;H,-zinc finger containing transcription factors. Sp and KLF
proteins preferentially bind to GC-boxes (5’-GGGCGG-3’) and GT-boxes (5°-
CACCC-3’) respectively, but do have the ability to bind to basal transcriptional
elements (reviewed Black er al. 2001). . Sp/KLF proteins are associated with
transcriptional activation however, a limited number of the family can act as both
activators and repressors of transcription (see Black et al. 2001, Table 1), and as such
it has become apparent that the mode of action of the Sp/KLF family of proteins is
highly context dependent, an example of this is in directing the myeloid speéiﬁc
expression of target genes. Unlike the myeloid specific transcription factor PU.1, Spl
is a highly expressed ubiquitous protein, so how it directs the myeloid specific
expression of target genes is unclear. Spl binds specifically to the consensus Spl site
in the CD11b promoter in myeloid cells, but not in non-myeloid cervical carcinoma
cells. It is proposed that binding of the myeloid specific factor PU.1 causes a

conformational change in chromatin structure enabling access to the Spl site only in
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myeloid cells (Chen et al. 1993). Furthermore, posttranslational modifications alter
the binding specificity of the Sp/KLF proteins (Clarke and Gordon, 1998). Spl
proteins undergo extensive posttranslational modifications such as phosphorylation,
and glycosylation (reviewed Black et al. 2001), and reports indicate that there is a
higher ratio of phosphorylated Spl in myeloid cells compared to non-myeloid cells
(Zhang et al. 1994). It was initially thought that Sp/KLF-binding sites were basal
promoter elements involved in the expression of ‘housekeeping genes’, however it is
now accepted that they perform multiple regulatory roles in controlling gene
expression, dependent upon posttranslational modifications cell type and promoter

context.

This chapter reports that Miz-1 can antagonise the repressive effects of c-Myc on the
Slcllal promoter; furthermore Miz-1 can transactivate the Slc/lal promoter
constructs in a consensus Sp-1 binding site-dependent fashion, and this transactivation
is antagonised by the presence of EMS sequences within the promoter or the addition
of exogenous c-Myc. Miz-1 has been proposed to recruit p300 to the start site of
transcription (Staller er al. 2001). We report here that exogenous p300 can
transactivate the Slc/lal promoter in an EMS independent but a consensus Sp-1
binding site-dependent r/hanner. The data reported here suggest that p300 may
function to bridge Miz-1 with the consensus Sp-1 binding site bound protein, thereby

enhancing transcription.
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5.2 RESULTS

5.2.1 Miz-1 Relieves c-Myc Mediated Repression of the Sicilal Promoter

Miz-1 causes cell growth arrest, antagonising the effect of ¢-Myc on cell growth and
proliferation. Furthermore, Miz-1 transactivates c-Myc-repressed genes. In order to
see if Miz-1 is a positive regulator of Slc/lal expression, the Slcllal promoter
construct pHB4 (1pg) was co-transfected increasing amounts (0, 0.1, 0.2, 0.5, 1, 1.5
and 2pg), of pPCMV-Miz-1 (Miz-1)". Miz-1 was unable to transactivate the Slcllal
promoter construct pHB4 at any of the given doses in the Cos-1 cell line (figure 5.2.1-
A). However, co-transfection of both Myc (1pg) and Miz-1 (1pg) with pHB4 (1pg)
revealed that Miz-1 could overcome the c-Myc induced repression of Slcllal
expression (figure 5.2.1-B). 1pg of the pHB4 Sicllal promoter construct was
transfected into the Cos-1 cell line either alone or with 1pg Myc, 1pg of c-Myc and
1pg of Max, 1pg of c-Myc and 1pg of pPCMV-Miz-1APOZ’, 1pg of c-Mye and 1pg of
Miz-1, or 1pg Miz-1, DNA concentrations were made up to 3pug using the pPBABE
empty vector. 1ug of c-Myc induced a significant (P=0.0015 Students T-test)
2.45+1.59 fold repressio? of promoter activity, co-transfection of 1ug Max further
decreased promoter acﬁvity inducing a significant (P=0.0.33 Students T-test)
6.21£3.26 fold reduction in activity. Co-transfection of 1pg Miz-1, but not the Miz-
1APOZ mutant, restored promoter activity back to control levels (pHB4 alone); the
resultant acﬁvity was significantly different from the addition of c-Myc alone
(P=0.036). It can be concluded from the Miz-1 co-transfection studies in the Cos-1
cell line, although Miz-1 is unable to transactivate a 1.6Kbp Slc/lal promoter
construct, addition of Miz-1 can relieve a c-Myc mediated repression of Slcllal

activity.

5.2.2 Miz-1 can Transactivate Sicl/lal Promoter Constructs Devoid of EMS
Reviewing the literature published on Miz-1 transactivation (Peukert et al. 1997)

revealed that the studies had been performed on promoter constructs starting

7 The pCMV-Miz-1 & pCMV-Miz-1APOZ expression vectors were a kind gift from Frank Hinel at the
Hans-Knoll Institute, Germany.
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downstream of the documented EMS. In order to elucidate whether the presence of
EMS within the promoter constructs was affecting Miz-1 induced transactivation,
responsiveness to Miz-1 was compared between two Slcllal promoter constructs
pHB4 and pHB20 which differ in the number of EMS within the sequence, 6 and 0
respectively.  Co-transfection with the Sic/lal promoter constructs pHB4 and
pHB20 with increasing amounts of Miz-1 (0, 0.5, 1, 1.5 and 2pg) shows differential
regulation of the two promoter constructs by Miz-1 in the Cos-1 cell line (figure
5.2.2-B). Responsiveness of pHB4 and pHB20 to 1 and 1.5pg Miz-1 were
significantly different, P=0.04 and P=0.036 respectively. Figure 5.2.2-C shows that
co-transfection of the Slc/1al promoter construct pHB20 with 0.1 and 0.2pug of Miz-1
induces a significant (P<0.05) 9.6£5.36 and 9.614.5-fold induction in promoter
activity respectively. Increasing Miz-1 concentration still significantly transactivates
the Slcllal promoter construct pHB20 (P<0.025) but to a lesser extent, 4.37+0.39,
2.98+0.52 and 2.5+0.19 for 0.5, 1 and 1.5pg Miz-1 respectively. These data suggest

that the presence of EMS within the promoter can affect responsiveness to Miz-1.

5.2.3 Responsiveness t? Miz-1 is Inversely Proportional to the Number of EMS

In order to assess whether the effect of EMS responsiveness was due to a specific
EMS or whether the effect was a result of cooperation between EMS, Miz-1
responsiveness was compared between Sic//al promoter constructs containing
differing numbers of EMS sites. Co-transfection of the Slc/lal promoter constructs
pHB4, pHB6, pHB6M5M, pHB6M6M and pHB20, which differ in the number of
EMS (figure 5.2.3-A&D), with 0, 0.1 and 0.2ug Miz-1 illustrates that Miz-1
responsiveness is inversely proportional to the number of EMS sites within the
promoter construct (figure 5.2.3-B&C). Figure 5.2.3-C does suggest that EMS#6
plays a bigger role in influencing responsiveness to 0.2pg Miz-1 as mutation of this
site (PHB6M6M) induces a promoter activity that is significantly different from
pHB6M6M alone (P=0.031), whereas mutation of EMS#5 (pHB6M5M) does not.
These data suggest that factors binding to the EMS sites within the Slc//al promoter

interfere with Miz-1 responsiveness.
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5.2.4 The Microtubule Destabilising Compound, Nocodazole, Increases both

Transcription and Protein Expression of S/c/lal in the RAW 264.7 and

N11 Macrophage-like Cell Lines Respectively
Miz-1 does not contain a functional NLS (Peukert ef al. 1997) and is reported to
localise to the cytoplasm where it is associates with microtubules (Peukert ef al. 1997,
Ziegelbauer et al. 2001). Association of Miz-1 with either c-Myc or p300 has been
shown to induce nuclear import (Peukert et al. 1997), as has microtubule
destabilisation (Ziegelbauer et al. 2001). Furthermore microtubule destabilisation led
to a Miz-1 dependent transactivation of the low-density lipoprotein receptor and ;.
integrin genes (Ziegelbauer et al. 2001). As Miz-1 has the ability to transactivate the
Slcllal promoter (figure 5.2.2), the involvement of microtubule destabilisation in
Slcllal gene regulation was assessed. RAW 264.7 cells were transfected with the
Sic1lal promoter construct pHB4 for 24 hours before treatment for a further 24 hours
with the microtubule stabilising compound taxol, and the microtubule destabilising
compound nocodazole. 1uM nocodazole led to a significant (P=0.01) ~15-fold
increase in promoter activity (figure 5.2.4-A), the same nocodazole concentration led
to an ~5.6-fold increase in protein expression in the N11 cell line (figure 5.2.4-B, lane
10 & 5.2.4-D). The microtubule stabilising compound taxol had no significant effect
on either Slcllal transcr/iption or protein expression in either the RAW 264.7 or the
N11 cell lines. These data suggest that in macrophage-like cell lines, the microtubule
destabilising compound nocodazole can increase both Sic/lal mRNA and protein

levels. Figure 5.2.4-B&C is a representative experiment of n=3.

5.2.5 The Microtubule Stabilising Compound and LPS Mimetic, Taxol,
Upregulates Slcllal Protein Expression in Primary Bone Marrow
Derived Macrophages |

Bone marrow cells prepared from MF1 Sicilal G169 expressing mice were treated for

24 hours with 10uM taxol and 1uM nocodazole. After this time samples were

analysed for Slcllal protein expression via western blotting using an antibody

directed against the N-terminal region of the Slcllal protein (Atkinson and Barton,

1998) (figure 5.2.5-A). Immunoreactive Slcllal is detected in all samples however,

the microtubule stabilising compound and LPS mimetic, taxol, induces a marked
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upregulation of Slcllal protein expression (figure 5.2.5-A, Lane 3). Confirmation
protein was loaded onto all tracks is provided by amido black staining the Immobilon
membrane after immunodetection (figure 5.2.5-B). Figure 5.2.5 is a representative

experiment of n=3.

5.2.6 Exogenous Spl cannot Transactivate the SlcI/1al Promoter in the Cos-1
cell line
The involvement of Spl binding sites in Inr-mediated transcription (Javahery et al.
1994; reviewed Smale, 1997), and in directing lineage specific gene expression (Chen
et al. 1993; reviewed Clarke and Gordon, 1998) is well documented. Furthermore the
Spl transcription factor has been proposed to be involved in ¢c-Myc/Miz-1 mediated
transcriptional regulation of the TGFp responsive gene pl35™* (Seoane et al. 2001).
In light of these data we were interested to see if Spl was able to directly transactivate
the Slcllal promoter. In order to see if Spl is a positive regulator of Sicllal
expression, the Slc/lal promoter constructs pHB4, pHB20 and pHB23 were co-
transfected with increasing amounts (0, 0.1, 0.2, 0.5, 1, 1.5 and 2ug), of pPAC-SplS.
Figure 5.2.6 illustrates that Spl alone was unable to transactivate the Slcllal
promoter and that neithér deletion of the EMS (figure 5.2.6-C) nor deletion of the
consensus Spl binding site (figure 5.2.6-D) affected this. It has been documented that
endogenous Spl is in excess within the cell and that it needs to be activated by TGFf3
in order to influence gene regulation (Feng et al. 2002). Figure 5.2.7 shows that
although Cos-1 cells are responsive to TGFpP treatment (figure 5.2.7-A%), TGFp
treatment does not lead to enhanced activity of the pHB4 Sic/lal promoter construct
(figure 5.2.7-B). These data suggest that exogenous Spl alone cannot transactivate

the Slcl]al promoter in the Cos-1 cell line.

5.2.7 Deletion/ Mutation of the Consensus Sp1-Binding Site at —27bp Decreases
Responsiveness to Miz-1
The above data (section 5.2.6) suggests that addition of exogenous Spl is unable to

transactivate the Sic//al promoter; deletion or mutation of the consensus Sp1-binding

8 pPAC-Sp1 was kindly by R. Tjian (Courtney and Tjian, 1988).
? Dr. C. H. Barton provided the data for figure 5.2.7-A.
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site does however affect responsiveness to Miz-1. Deletion from the construct pHB20
to pHB23, the —71bp to —19bp region of the Slc/lal promoter, prevented Miz-1
induced transactivation (figure 5.2.8). The difference in responsiveness of pHB20
and pHB23 to Miz-1 was found to be significant in two independent experiments
(P<0.05). The —71bp to —19bp deletion does not specifically remove the consensus
Spl-binding site, other transcription factor binding sites are also removed, these
include binding sites for the myeloid zinc finger protein, the GA-binding protein and
the aryl hydrocarbon heterodimer. To elucidate whether the observed abrogation of
Miz-1 responsiveness was due to deletion of the consensus Spl-binding site at —27bp,
this site was mutated in the context of pHB4, pHB6 and pHBS8 (see section 3.2.2).
Figure 5.2.9 shows that unlike deletion of the consensus Sp1-binding site, mutation of
this site only leads to a reduced response to Miz-1 as opposed to a complete
inhibition. These data suggest that factors binding to the consensus Sp1-binding site
are influencing responsiveness of the Slc/lal promoter to Miz-1 but other factor

binding sites are also involved.

5.2.8 p300 Functions -both Alone and Synergistically with Miz-1 to
Transactivate thé Slcllal Promoter
p300 has been implicated as the possible cofactor involved in Miz-1 transactivation
and it was subsequently shown that exogenous p300 could transactivate the pl/ Sinkdb
gene alone, and that this activity could further be increased by the addition of
exogenous Miz-1 (Staller et al. 2001). To elucidate whether p300 could tfansactivate
the Slcllal promoter and whether p300 and Miz-1 could act synergistically, pHB4
was co-transfected with 1pg of the Slc//al promoter construct pHB4 and either, a
constant 1pg Miz-1 with increasing p30010 (0, 0.1, 0.2, 0.5 and 1pg), or, a constant
1pg of p300 with increasing Miz-1 (0, 0.1, 0.2, 0.5 and 1pg). DNA concentratfbns
were made up to 3ug with the pBABE empty vector. Co-transfection of a constant
amount of Miz-1 with increasing p300 produced no significant increase pHB4 activity

(figure 5.2.10-A). However, co-transfection of a constant amount of p300 with

increasing Miz-1 resulted in a biphasic transactivation of the promoter. A maximal

' The pCMV-HA-p300 expression construct was kindly provided by Issay Kitabayashi at the National
Cancer Center Research Institute, Tokyo, Japan.
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4.3-fold induction of promoter activity was produced by the co-transfection of lug
p300 with 0.1pg Miz-1; increasing amounts of Miz-1 resulted in promoter activities
less than 1ug p300 alone. Figure 5.2.10-B further illustrates these results, comparing
the effects of adding 0.1pg Miz-1, 1pug Miz-1, 1ug p300, 1pg p300/0.1pg Miz-1, and
1ug p300/1pg Miz-1 with the activity of pHB4 alone. Together these data suggest
that transactivation of the EMS containing Slc//al promoter construct, pHB4, by
Miz-1 requires the co-expression of p300, whereas p300 is able to transactivate
Slcllal expression alone. Figure 5.2.11-B confirms this latter statement, showing co-
transfection with a constant amount (1pg) of the Slc//al promoter construct pHB4
with increasing amounts (0, 0.5, 1, 1.5 and 2pg) of p300, induces a dose dependent
increase in promoter activity that was significant over all doses tested (P<0.05). It can
be concluded from these data that p300 can transactivate the Slc//al promoter, and

that this transactivation can be augmented by the co-transfection of Miz-1.

5.2.9 Responsiveness to Low Concentrations of p300 is Decreased by EMS
Unlike Miz-1, figure 5.2.11-B shows that p300 can transactivate an EMS containing
Slcllal promoter constmcf, pHB4, suggesting that factors binding to the EMS are not
having a dramatic affect on p300 responsiveness. Comparison of the response of
pHB4 and pHB20 to p300 (figure 5.2.11-B) shows that although both constructs are
efficiently transactivated by p300, the effect of 0.5ug of p300 is significantly higher
for pHB20 than for pHB4 (P=0.01). These data suggest that factors binding to EMS
sites may alter the response to low concentrations (<0.5n1g) of p300. This proposal is
supported by the data presented in figure 5.2.11-C, which illustrated fhat the response
to low concentrations (0.51g) of p300 correlates with the number of EMS site within
the construct (figure 5.2.11-D). As was the case for Miz-1 responsiveness (see
section 5.2.3), EMS#6 appears to play a bigger role that any of the other EMS in
influencing the response to p300 (figure 5.2.11-C).
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5.2.10 Responsiveness to p300 is Dependent upon the Presence of the Consensus
Sp1-Binding Site at —27bp
Miz-1 mediated transactivation has been proposed to involve both p300 (Staller et al.
2001) and Sp1 (Seoane et al. 2001). As mutation of the consensus Sp1 binding site at
position —27bp led to a marked reduction in the response of the Sicllal promoter to
Miz-1 (section 5.2.7), we were interested to see what affects these mutations would
have on p300-mediated transactivation. Figure 5.2.12-B shows that deletion of the
consensus Sp-1-binding site at position —27bp results in a significant loss of p300
responsiveness at all concentrations tested (P<0.05), Whereas mutation of the Sp-1
consensus binding site (figure 5.2.12-C) resulted in a loss of p300 responsiveness that
was significant (P<0.05) at 0.1 and 0.5pg of p300. These data suggest that factors
binding to the consensus Spl-binding site are essential for p300-mediated

transactivation of the Sic//al promoter.
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FIGURE 5.2.1 Cotransfection of Miz-1 with the Slcl1al Promoter Construct pHB4 in the Cos-
1 Cell Line. Cos-1 cells were co-transfected using the Lipofect AMINE (LA) reagent as described
(section 2.2.7). Expression of the reporter gene was detected by performing a CAT assay (37°C; 6
hours) on 20ug protein extract from each transfection. Promoter activity for each sample was
calculated as a percentage of the average value obtained from the control (pHB4 Alone). (A) lug of
the Slcllal promoter construct pHB4 and increasing amounts of Miz-1 DNA (0, 0.1, 0.2, 0.5, 1, 1.5
and 2g), DNA concentrations were made up to 3ug with the pBABE empty vector. n=15. (B) lug of
the Slcllal promoter construct pHB4 either alone or with 1ug c-Myc DNA, lug of c-Myc DNA and
Tug of Max DNA, 1ug of c-Myc DNA and 1ug of Miz-1APOZ DNA, lug of c-Myc DNA and 1pg of
Miz-1 DNA, or lug Miz-1 DNA respectively, DNA concentrations were made up to 3ug with the
pBABE empty vector. Student T-test compared with either pHB4 Alone (*) ’6r pHB4 + 1ug of c-Myc
DNA (¢) P<0.05; n~3.
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FIGURE 5.2.2 Differential Regulation of the Slcilal Promoter Constructs pHB4 & pHB20 by
Miz-1 in the Cos-t Cell Line. Cos-1 cells were co-transfected using the LipofectAMINE (LA)
reagent as described (section 2.2.7). Expression of the reporter gene was detected by performing a
CAT assay (37°C; 2 hours) on 20ug protein extract from each transfection. Promoter activity for each
sample was calculated as a percentage of the average value obtained from the control (pHB4 & pHB20
Alone). (A) Ilustration of the pHB4 & pHB20 Slc/ial promoter constructs (see key). (B) 1ug of the
Slellal promoter constructs pHB4 (Closed Diamonds) & pHB20 (Open Squares) were co-transfected
with increasing amounts of Miz-1 DNA (0, 0.5, 1, 1.5 and 2pg), DNA concentrations were made up to
3pg with the pBABE empty vector. Student T-test comparing the responses of pHB4 & pHB20 to
Miz-1 ¢ P<0.05; n=2. (C) 1lpg of the Slcllal promoter construct pHB20 was co-transfected with
increasing amounts of Miz-1 DNA (0, 0.1, 0.2, 0.5, 1, 1.5 and 2ug), DNA, concentrations were made
up to 3ug with the pBABE empty vector. Student T-test compared with pHB20 Alone *P<0.05,
**P<0.025, **¥P<0.005; n=2-6.
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FIGURE 5.2.3 Effect of EMS on Responsiveness of the Sic/lal Promoter to Miz-1. Cos-1 cells
were co-transfected using the LipofectAMINE (LA) reagent as described (section 2.2.7). Expression of

the reporter gene was detected by performing a CAT assay (37°C; 2 hours) on 20ug protein extract

from each transfection. Promoter activity for each sample was calculated as a percentage of the

average value obtained from the control (Sic//al promoter construct alone). (A) Illustration of the

Slcllal promoter constructs (see key). (B) lug of the Sic//al promoter constructs pHB4, pHBS,
pHB6MSM, pHB6M6M & pHB20 were co-transfected with increasing amounts of Miz-1 DNA (0, 0.1

and 0.2png), DNA concentrations were made up to 3ug with the pPBABE empty vector. (C) Comparison

of responsiveness to 0.2ug Miz-1. Students T-Test compared with Promoter activity without Miz-1
*P=0.0053 **P=0.031; n=2 (pHB6M6M), 4 (pHB6 & pHB20), & 6 (pHB4 & pHB6MSM). (D) Table

summarising the number of EMS sequences within each of the Slc//al promoter constructs.
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FIGURE 5.2.4 The Microtubule Destabilising Compound Nocodazole Increases
Slc11al Expression in the Macrophage-Like Cell Lines RAW 264.7 & N11. (A) RAW 264.7 Cells
were co-transfected using LA as described (section 2.2.7) with 1ug of the Slc/lal promoter construct
pHB4 for 24 hours before the additién 100% DMSO (Sigma, UK), 10uM Taxol (Alexis Biosciences)
or 1uM Nocodazole (Alexis Biosciences) for a further 24 hours. Expression of the reporter gene was
detected by performing a CAT assay (37°C; 6 hours) on 50ug protein extra;ct from each transfection.
Promoter activity for each sample was calculated as a percentage of the average value obtaineld from
the control (pHB4 Alone). (B, C & D) N11 Microgial ';:ells ;vere treated with increasing cqncentrations
of either Taxol or Nocodazole for 24 hours after which samples were taken for analysis via western
blotting as described (section 2.2.10-12). (B) Western blot using an antibody specific to the N-terminal
region (amino acids 1-82) of the Slcllal protein (Atkinson and Barton, 1998). (C) Amido-black
stained membrane. (1), Untreated; (2), 2ul DMSO; (3), 10ul DMSO; (4), 20ul DMSO; (5), 1uM Taxol;
(6), 5uM Taxol; (7), 10uM Taxol; (8), 0.1uM Nocodazole; (9), 0.5uM Nocodazole; (10), 1M
Nocodazole. (D) Intensity of immunoreactive bands (B) were quantitated using the Quantity One
programme and values calculated relative to the untreated cells (lane 1), the table indicates the lanes

represented in the graph.
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FIGURE 5.2.5 The LPS-mimetic and Microtubule Stabilising Agent Taxol Stimulates
Sic1lal Expression in Slcllal®’®-expressing Primary Macrophages. Primary bone marrow
derived macrophages were obtained from the MF1 Slc/1a1'® expressing mice and cultured in media
enriched with Granulocyte/Macrophage colony stimulating factors (GM-CSF) for 14 days. After this
time cells were treated for 24 hours with either 100% DMSO (Sigma, UK), 10uM Taxol (Alexis
Biosciences) or 1uM Nocodazole (Alexis Biosciences), after this time cells were harvested for analysis
via western blotting as described (section 2.2.10-12). (A) Western blot using an antibody specific to
the N-terminal region (amino acids 1-82) of the Slcllal protein (Atkinson and Barton, 1998). (B)
Amido-black stained membrane. (1), Untreated; (2), DMSO; (3), Taxol; (4), Nocodazole.
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FIGURE 5.2.6 Exogenous Spl Fails to Trans-activate the Slc/Zal Promoter Miz-1 in the Cos-1
Cell Line. Cos-1 cells were co-transfected using the Lipofect AMINE (LA) reagent as described
(section 2.2.7). Expression of the reporter gene was detected by performing a CAT assay (37°C; 2
hours) on 20ug protein extract from each transfection. Promoter activity for each sample was
calculated as a percentage of the average value obtained from the control (Slcllal promoter alone).
(A) Itlustration of the pHB4, pHB20 & pHB23 Slcl/al promoter constructs (see key). (B) 1ug of the
Slcllal promoter constructs pHB4 was co-transfected with increasing amounts of Spl DNA (0, 0.1,
0.2, 0.5, 1, 1.5 and 2pg), DNA concentrations were made up to 3ug with the pBABE empty vector,
n=4, (C) lug of the Sic/lal promoter constructs pHB20 was co-transfected with increasing amounts
of Spl DNA (0, 0.1, 0.2, 0.5 and 1ug), DNA concentrations were made up to 2ug with the pBABE
empty vector, n=2. (D) lpg of the Slc/lal promoter constructs pHB23 was co-transfected with
increasing amounts of Spl DNA (0, 0.1, 0.2, 0.5 and 1ug), DNA concentrations were made up to 2ug
with the pBABE empty vector, n=2.
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FIGURE 5.2.7 TGFp Fails to Trans-activate the Sic/Zal Promoter Miz-1 in the Cos-1 Cell
Line. Cos-1 cells were co-transfected using the LipofectAMINE (LA) reagent as described (section
2.2.7). Expression of the reporter gene was detected by performing a CAT assay (37°C; 2 hours) on
20ug protein extract from each transfection. Promoter activity for each sample was calculated as a
percentage of the average value obtained from the control. (A) lug of the Sicl/al promoter constructs
pHB4 was co-transfected with increasing amounts of Spl DNA (0, 0.1, 0.2, 0.5, 1, 1.5 and 2ug), DNA
concentrations were made up to 3pg with the pBABE empty vector, n=4. (B) Cos-1 cells were
transfected with 1ug of the Slc//al promoter constructs pHB4 for 30 hours before the addition of
10pg/ml TGFP for a further 18 hours;
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FIGURE 5.2.8 Deletion of the Spl Binding Site at —27bp Abrogates Responsiveness of the
Sicl1al Promoter to Miz-1. Cos-1 qells were co-transfected using the Lipofect AMINE (LA) reagent
as described (section 2.2.7). Express/ioh of the reporter gene was detected by performing a CAT assay
37°C: 2 hours) on 20pug protein extract from each transfection. Promoter activity for each sample was
calculated as a percentage of the average value obtained from the control (S/c//al promoter construct
alone). (A) Illustration of the pHB20 & pHB23 Slc/al promoter constructs (see key). (B & C) 1ug
of the Slcllal promoter constructs pHB20 & pHB23 were co-transfected with increasing amounts of
Miz-1 DNA (0, 0.1, 0.2, 0.5 and 1pg), DNA concentrations were made up to 2ug with the pBABE
empty vector. (B) Students T-test comparing Miz-1 responéiveness of pHB20 to pHB23 *P=0.00086
**¥P=0.0069; n=2. (C) Students T-test comparing Miz-1 responsiveness of pHB20 to pHB23
***p=0.035; n=2.
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FIGURE 5.2.9 Mutation of the Spl Binding Site at —27bp Reduces Responsiveness of the
Slcl1al Promoter to Miz-1. Cos-1 cells were co-transfected using the LipofectAMINE (LA) reagent
as described (section 2.2.7). Expression of the reporter gene was detected by performing a CAT assay
(37°C; 2 hours) on 20ug protein extract from each transfection. Promoter activity for each sample was
calculated as a percentage of the average value obtained from the control (S/c//al promoter construct
alone). (A) Illustration of the pHB6, .pHBGSle, pHB8 & pHB8SpIM Sicllal promoter constructs
(see key). (B & C) lug of the S;c] lal promoter constructs were co-transfected with increasing
amounts of Miz-1 DNA (0, 0.1 and 0.2ng), DNA concentrations were made up to 2ug with the pPBABE
empty vector. (B) lug of the Slc/lal promoter constructs pHB6 & pHB6SpIM were co-transfected
with increasing amounts of Miz-1 DNA (0, 0.1 and 0.2pg), DNA concentrations were made up to 2ug
with the pBABE empty vector. Students T-test comparing Miz-1 responsiveness of pHB6 to
pHB6SpIM *P=0.01; n=4. (C) 1pg of the Sicl1al promote} constructs pHB8 & pHB8Sp1M were co-
transfected with increasing amounts of Miz-1 DNA (0, 0.1 and 0.21g), DNA concentrations were made

up to 2pug with the pPBABE empty vector, n=2.
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FIGURE 5.2.10 Cotransfection of Miz-1 and p300 with the SIc11al Promoter Construct pHB4 in
the Cos-1 Cell Line. Cos-1 cells were co-transfected using LA as described (section 2.2.7) and
expression of the reporter gene was detected by performing a CAT assay (37°C; 6 hours) on 20pug
protein extract from each transfection. Promoter activity for each sample was calculated as a
percentage of the average value obtained from the control (pHB4 Alone) (A) lug of the Sicllal
promoter construct pHB4 either, a constant 1pug Miz-1 DNA with increasing p300 DNA (0, 0.1, 0.2 0.5
and 1pg), or, a constant 1 g of p300 DNA with increasing Miz-1 DNA 1ug of Miz-1 DNA (0, 0.1, 0.2
0.5 and 1pg), DNA concentrations were made up to 3ug with the pBABE empty vector. n= 1. (B)
lug of the Sicl1al promoter construct pHB4 either, 0.1ug Miz-1, 1pg Miz-1, 1ug p300, 1ug p300 and
0.1ug Miz-1, or 1ug p300 and Ipg I\/ﬁz-l, DNA concentrations were made up to 3pg with the pPBABE
empty vector. Student T-Test Compared with pHB4 control *P=0.015 **P=0.005. Student T-Test
pHB4 + lug Miz-1 compared with pHB4 + 1ug p300/1ug Miz-1 ¢P=0.013; n= 4 (0.1pg Miz-1); 8
(lug Miz-1); 5 (1ag p300); 1 (1pug p300/ 0.1pg Miz-1); 3 (1pg p300/1pg Miz-1).
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FIGURE 5.2.11 Effect of EMS on Responsiveness of the Sicilal Promoter to p300. Cos-1 cells
were co-transfected using the LipofectAMINE (LA) reagent as described (section 2.2.7). Expression of
the reporter gene was detected by performing a CAT assay (37°C; 2 hours) on 20pg protein extract
from each transfection. Promoter activity for each sample was calculated as a percentage of the
average value obtained from the control (Slc//al promoter construct alone). (A) Illustration of the

Slcllal promoter constructs (see key). (B) 1ug of the Slcllal promoter constructs pHB4 & pHB20
were co-transfected with increasing amounts of p300 DNA (0, 0.5, 1, 1.5 and 2pg), DNA
concentrations were made up to 3ug with the pPBABE empty vector. Students T-test comparing pHB4
& pHB20 responsiveness to p300, *P=0.01, **P=0.025, ***P=0.008; n=4. (C) lug of the Slc/lal
promoter constructs pHB4, pHB6, pHB6M5M, pHB6M6M & pHB20 were co-transfected with 0.5ug
of p300 DNA concentrations were made up to 2ug with the pBABE empty vector. n=2 (pHB6,
pHB6MS5M & pHB6M6M) & n=4 (pHB4 & pHB20). (D) Table summarising the number of EMS

sequences within each of the Sic//al promoter constructs.
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FIGURE 5.2.12 Deletion or Mutation of the Spl Binding Site at —27bp Abrogates
Responsiveness of the Sicllal Promoter to p300. Cos-1 cells were co-transfected using the
Lipofect AMINE (LA) reagent as described (section 2.2.7). Expression of the reporter gene was
detected by performing a CAT assay (37°C; 2 hours) on 20pg protein extract from each transfection.
Promoter activity for each sample was calculated as a percentage of the average value obtained from
the control (S/c/lal promoter construct alone). (A) Illustration of the pHB8, pHB8SpIM, pHBZO &
pHB23 Slcl1al promoter constructs (see key). (B) 1ug of the S/c/1al promoter constructs pHB20 &
pHB23 were co-transfected with increasing amounts 6f p300 DNA (0, 0.1, 0.2, 0.5, 1, 1\.5 and 2pg),
DNA concentrations were made up to 3ug with the pBABE empty vector. Students T-test comparing
p300 responsiveness of pHB20 and pHB23 *P<0.05, **P<0.005, ***P<0.0005; n=4. (C) lpg of the
Slcllal promoter constructs pHB8 & pHB8SpIM were co-transfected with increasing amounts of
p300 DNA (0, 0.1, 0.2, 0.5, 1, 1.5 and 2png), DNA concentrations were made up to 3pug with the
pBABE empty vector, Students T-test comparing p300 responsiveness of pHB8 and pHB8Sp1M
¢P<0.05, ¢ ¢P<0.005; n=2-4.
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5.3 DISCUSSION

Chapter 4 established that the proto-oncogene ¢c-Myc can repress transcription of the
Slcllal gene. Promoter studies on the AdMLP (Peukert ef al. 1997) and pl57*#
(Staller er al. 2001) genes, which are both repressed by c-Myc via a mechanism
involving the Inr element, have implicated the transcription factor Miz-1 as being
involved in gene regulation. Data presented here show that overexpression of
exogenous Miz-1 was able to overcome the repressive effects of c-Myc on the
Slellal promoter (figure 5.2.1-B); and furthermore Miz-1 was able to transactivate
the Slc/lal promoter (figure 5.2.2). However, efficient transactivation was only
observed in Slc/lal promoter constructs deveid of EMS, with levels of
transactivation being inversely proportional to the number of EMS sites within the
promoter (figure 5.2.3). Interestingly the previously reported Miz-1 transactivation
studies were performed on EMS-less promoters, in the AdMLP studies (Peukert ef al.
1997) a promoter construct used contained the Inr element but none of the
documented EMS sites, whereas the p15* promoter was not reported to contain any
EMS sites (Staller er al. 2001). These data suggest that the presence of EMS
sequences within the promoter interfere with the ability of Miz-1 to transactivate the
Slellal promoter, although the ability of Miz-1 to antagonise c¢-Myc-induced
repression is maintained. As c-Myc can repress transcription in a mechanism that
involves interference of Miz-1 function, the reasoning that EMS within the promoter
would affect this is may be due to EMS bound c-Myc binding to, and preventing
efficient transactivation by, Inr bound Miz-1. c¢-Myc is commonly used to transform
primary cells, therefore in many cell lines the levels of endogenous c-Mye, USF and
Max, are higher than would be seen in primary cells (Littlewood et al. 1992). ¢-Myc
levels are also reported to be increased immediately after transfection (Claassen and
Hann, 2000). Therefore in ceil lines, especially after transfection, c-Myc levels are
elevated above what would be expected in primary cells. n vivo Slcllal is expressed
in fully differentiated macrophage cells (see section 1.1.5) where c-Myc levels are
downregulated (reviewed Nasi ef al. 2001; figure 4.2.3) or uncoupled from its protein
partner Max (Ayer and Fisenman, 1993). Under these conditions Miz-1 would be
expected to transactivate the endogenous EMS containing Slellal promoter, as you

would expect minimal interference by endogenous ¢-Myce. Miz-1 does not contain a



functional NLS (Peukert er al. 1997) therefore both the endogenous and the
exogenous protein are reported to localise to the cytoplasm (Peukert er al. 1997,
Ziegelbauer et al. 2001). Association of Miz-1 with either c-Myc or p300 has been
shown to induce nuclear import (Peukert et al 1997), as has microtubule
destabilisation (Ziegelbauer e al. 2001). Miz-1 nuclear entry in therefore tightly
controlled, and this tight regulation enables regulation within the nucleus by elevated
endogenous proteins, such as c-Myc, a situation that does not normally occur within

over-expression studies.

In agreement with this proposal the microtubule destabilising drug nocodazole
increased both Slcllal promoter activity and protein expression in macrophage-like
cell lines (figure 5.2.4). However, within primary bone marrow derived macrophages
nocodazole had only a very slight effect on Slcllal protein expression (figure 5.2.5,
lane 4), furthermore the microtubule stabilising drug, taxol, which was used as a
control dramatically induced Slcllal protein expression (figure 5.2.5, lane 3). In
macrophages taxol (paclitaxel) is documented to be a mimetic of bacterial LPS,
inducing normal host responses (Manthey ef al. 1992). The basis for the discrepancy
between the responses of macrophage cell lines and primary macrophages to
microtubule altering drués is unclear. However it may indicate that primary bone
marrow derived macrophages are more primed for activation than macrophage cell

lines.

c-Myc represses transcription by binding to,Miz-1 and preventing recruiﬁnent of the
coactivator p300, as the binding sites for c-Myc and p300 on Miz-1 overlap (Staller et
al. 2001). Data presented within this report show that p300 can transactivate the
Slcllal promoter alone (figure 5.2.11-B) and furthermore, can cooperate with Miz-1
to further enhance transcription (figure 5.2.10). Unlike Miz-1, the presence of EMS
within the promoter do not dramatically affect the p300-mediated transactivation of
the Sicl/lal promoter (figure 5.2.11-B), possibly due to higher nuclear levels of
exogenous p300 than Miz-1. However the presence of the EMS does appear to alter
the amount of p300 required to induce similar levels of induction, increasing with the
number of EMS present within the sequence (figure 5.2.11-C), suggesting that c-Myc
bound to the EMS is interfering with transactivation. This maybe due to binding of

endogenous c-Myc to endogenous Inr bound Miz-1, preventing p300 recruitment.
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Alternatively endogenous c-Myc may bind to and sequester p300, again preventing
recruitment of p300 to the start site of transcription. The effect of EMS on Miz-1
transactivation is more pronounced than the effect of EMS on p300 transactivation,

however the opposite is observed by mutation of the consensus Sp1-binding site.

Deletion of the region between —71bp to —19bp removes the consensus Spl binding
site, this deletion abrogates both the Miz-1 (figure 5.2.8) and p300 (figure 5.2.12-B)
mediated transactivation of the Slc/lal promoter. Mutation of this site however only
reduces Miz-1-mediated transactivation of the Sic/lal promoter (figure 5.2.9)
whereas it completely abrogates the p300-mediated transactivation (figure 5.2.12-C).
Deletion of the region between —71bp to —19bp does not specifically remove the
consensus Spl-binding site, other transcription factor binding sites are also removed
by this deletion, these include binding sites for the Myeloid zinc finger protein, the
GA-binding protein and the aryl hydrocarbon heterodimer The difference observed
between deletion and mutation of the consensus Spl-binding site on Miz-1 mediated
transactivation is possibly due to the removal of other transcription factor binding
sites, suggesting that proteins binding to at least one other site, apart from the
consensus Spl-binding sjte, are important in the Miz-1 mediated transactivation.
Abrogation of p300 indué:ed transactivation by deletion or mutation of the consensus
Spl-binding site suggests that p300 is involved in complex formation at the promoter

as opposed to just augmenting the nuclear import of Miz-1.

Spl cannot transactivate the Slc//al promoter alone (figure 5.2.6). A possible
explanation for this is that Sp1 levels within the cell are reported to be in excess and
constitutively bound to sites within target genes (reviewed Black et al. 2001). In
order for Spl to transactivate target genes it is required to be activated by a secpnd
signal, such as that from TGFP. Treatment of cells with TGFp (figure 5.2.7—Bj or
TGFB and exogenous Spl (data not shown) had no effect on promoter activity,
suggesting that, in the Cos-1 cell line at least, Spl is unable to transactivate the
Slcllal promoter. The reason for this is unclear, however it is well documented that
although ubiquitous Sp1 is preferentially expressed in haematopoietic cells (Saffer et
al. 1991). Spl is also intimately involved in promoting the temporal and spatial

expression of target genes, in particular in directing the expression of myeloid specific
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genes (reviewed Black er al. 2001; Tenen et al. 1997). The mechanism of this has not
been fully elucidated but it has been reported to be due to selective promoter binding
(Chen et al. 1993) and/ or posttranslational modifications of Spl, specifically
phosphorylation (Zhang et al. 1994). Data presented here suggests that binding to the
consensus Spl-binding site does occur, as deletion/ mutation of the consensus Spl-
binding site affects both Miz-1 and p300 mediated transactivation of the Sicilal
promoter. Whether the factor bound to the consensus Sp1l-binding site is Sp1, and if

so whether this protein is in its active form is the subject of ongoing research.
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CHAPTER 6
Sicllal Promoter Polymorphism
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6.1 INTRODUCTION

The human SLCI1A]l gene was isolated using a mouse Sic//al cDNA probe to
screen a human spleen cDNA library, and the isolated ¢cDNA was subsequently
mapped to a region of conserved synteny on the long arm of human chromosome
2¢35 using synthetic oligonucleotides derived from the human SLCI11A1 cDNA
(Cellier et al. 1994). The isolated SLC11A1 ¢cDNA encodes a highly hydrophobic
550 amino acid protein with high sequence similarity to the murine Slcllal protein
(82% identical, 93% overall sequence similarity). The hydrophobic core is highly
conserved between the two proteins, with the amino and carboxy terminals showing
the most variation. Furthermore the substitutions observed are clustered within
discreet domains. Hydropathy profiles suggest that like the murine protein human
SLCI11A1 contains a minimum of 10 and a maximum of 12 TMD. The “binding
protein-dependent transport system inner membrane component signature” (CTM)
locates to the intra-cytoplasmic loop between TMD 6 and 7 (residues 373-392),
whereas the putative sites for N-linked glycosylation are located on the extra-
cytoplasmic loop between TMD 5-6 (residues 224 and 238). The predicted PKC
phosphorylation sites wi‘éhin the hydrophobic core of the murine Slcllal protein are
not conserved within the human protein. However, one of the 3 putative PKC
phosphorylation sites found within the amino terminal of the murine Sle11al protein
(Barton ef al. 1994) is conserved at position 54 within the human protein. Like the
murine Slcllal protein, expression studies isolate SLC11A1 mRNA from peripheral
blood leukocytes (PBL) and cells of the reticuloendothelial system (spleen and liver),
unlike the murine protein, high expression levels are also observed in the lungs.
Considering, the pattern of expression observed it is concluded that like the murine
protein, human SLC11A1 is restricted to cells of the monocyte/macrophage lineége.
In vitro studies using cell lines representative of immature precursors of the
myelomonocytic lineage blocked by immortalisation/transformation at different stages
of differentiation, and a T-cell leukaemia cell line, detect SLC11A1 expression in all
of the cells tested (Cellier et al. 1994; Kishi et al. 1996). Furthermore, commitment
of cell toward phagocytic type correlates with SLCI1A1 expression, the more
committed the cell, the higher the expression (Cellier e al. 1994). These data are
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confirmed by Cannone-Hergaux et al (2002), who show that human SLCI11Al

expression does not occur until late in neutrophil maturation.

Population genetics reveal that the SLC11Al gene, and in some cases specific
SLCI11A1 alleles, are associated with a variety of infectious and autoimmune diseases
including, rheumatoid arthritis (Shaw et al. 1996), Crohn’s disease and ulcerative
colitis (Kojima et al. 2000), multiple sclerosis (Kotze ez al. 2001), tuberculosis and
leprosy (reviewed Blackwell er al. 2001). As yet, no mutation has been found within
the human SLCI1A1 protein that is comparable with the G169D mutation found
within the murine protein however, population genetics have identified a polymorphic
potential Z-DNA forming dinucleotide repeat within the 5’ promoter region of the
SLC11A1 gene (figure 6.1.1) (Blackwell er al. 1995) and a highly polymorphic region
within the 3’UTR (Lui et al. 1995). Reporter gene studies on the four identified
alleles provide evidence that the promoter polymorphism is a functional
polymorphism, with all four allele driving differential expression of the reporter gene
(Searle and Blackwell, 1999). Alleles 1, 2 and 4 drive poor expression, whereas allele
3 drives high expression of the luciferase reporter gene. Furthermore, alleles 2 and 3,
which represent the two most common alleles in the population studied, (gene
frequencies of 0.2-0.25 }and 0.75-0.8 respectively), are differentially regulated by
bacterial LPS. LPS represses allele 2 driven expression, whereas it enhances allele 3
driven expression. Upregulation of allele 3 by bacterial LPS indicates it may be play
a protective role against infectious disease susceptibility however, allele 3 has also
been linked to autoimmune disease susceptibility (Searle and Blackwell, 1999; Kotze
et al. 2001). A role for SLCI1A1 allele 3 (and possibly alleles 5 and 7) in
autoimmune disease susceptibility has been proposed due to the highly conserved
sequence and expression patterns between the murine and human proteins. As
discussed, the murine Slcllal protein has many pleiotropic effects on macropﬁage
activation and cellular iron levels (reviewed Blackwell er al. 2000; Blackwell et al.
2001). It is these effects of Slcllal that potentially contribute to the inflammatory
response and pathology aséociated with diseases such as rheumatoid arthritis (RA),
Multiple sclerosis (MS), and the inflammatory bowel diseases (IBS) Crohn’s disease
and ulcerative colitis. High levels of SLC11Al expression driven by specific
promoter alleles could potentially lead to chronic macrophage activation, thereby

triggering the onset of autoimmune disease. The potential role of SLC11A1 in
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protection against infectious disease is however less well understood, although a clear
association has been made between SLC11A1 alleles and pulmonary tuberculosis in
man, the murine Slc/lal gene confers no protection to primary infection with
Mycobacterium tuberculosis to the mice (reviewed North and Medina, 1998). In a
Malawian population, vaccination against BCG also provides an SLC11A1 associated
protection against M. leprae (leprosy) in a number of individuals. This has led to the
proposal that SLC11Al maybe functionally linked to the priming/vaccinating

exposures to specific infectious diseases.

This chapter describes the identification of a potential Z-DNA forming dinucleotide
repeat within the murine S/c//al promoter region within a region that aligns with the
polymorphic region of the human SLCI11A1 promoter. The identified repeat is
biallelic and appears to be in linkage disequilibrium with the point mutation causing
the G169D amino acid substitution within the coding region of the gene. Reporter
studies have revealed the polymorphism is functional, with the D169-linked allele
driving 3-fold higher expression than the G169-linked allele.
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ALLELE SEQUENCE

REFERENCE

1

~N O W B W

T(GT)sAC(GT)sAC(GT)1:.GGCAGA(G)s
T(GT)sAC(GT)sAC(GT)10GGCAGA(G)s
T(GT)sAC(GT)sAC(GT)osGGCAGA(G)s
T(GT)sAC(GT)s--nmmrmmnm= GGCAGA(G)s
T(GT)4AC(GT)sAC(GT)1:GGCAGA(G)s
T(GT)sAC(GT)sAC(GT):AT(GT)s:GGCAGA(G)
T(GT)sAC(GT)sAT(GT)|GGCAGA(G)s

Blackwell et al. 1995
Blackwell ef al. 1995
Blackwell ef al.1995
Blackwell ef al. 1995
Graham ef al.2000
Graham et al.2000

Kojima et al. 2001

FIGURE 6.1.1 Summary of the 5° Promoter Polymorphisms Alleles within the Human

SLC11A1 Promoter. Table summarising the polymorphic sequence for each of the 7 identified alleles.
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6.2 RESULTS

6.2.1 Analysis of the Sicllal Gene between Inbred Strains of Mice:
Identification of a Biallelic Promoter Polymorphism
Analysis of the pS3 murine Sic//al promoter sequence identified a GT repeat region
between -315bp and -368bp. Computer assisted analysis (figure 6.2.1) reveals that
this region aligns with the human SLC11A1 promoter polymorphism, which lies
between -274bp and -317bp (Searle and Blackwell, 1999). pS3 was isolated from a
B6/CBAF1JA FixII library, in order to ascertain whether the murine GT repeat was
polymorphic, as is the case with the human repeat, it was necessary to clone and
sequence the -315bp to -368bp region of the murine Slc//al promoter from a variety

of inbred strains of mice.

pHB-BALB/c, pHB-DBA, pMP-C57BL/6, pMP-CBA and pMP-C3H

Genomic DNA was isolated from 5 strains of inbred mice, BALB/cJ, DBA1/J,
C57BL/6J, CBA/J and C3H/HeJ (section 2.2.13). A 0.7Kbp region of the Slcllal
promoter spanning from EMS#5 at position -588bp to the ATG translational start site
immediately downstream of exon 1 at position +99bp was amplified from the
genomic DNA using the synthetic oligonucleotides 5-MYCS5S (5°-
CATTGCTGTAAACATGAATTCGAGGTTTTTGTTITGG-3’) and 3-HB#1 (5'-
ATGCGGATCCTAATCAAGAGGACGCAGG-3). The resulting 0.7Kbp
fragments obtained from the genomic DNA of the inbred mice were TA;'cloned into
the pGEM-T-EASY vector (Promega, UK).: The resulting plasmids were designated
pHB-BALB/c, pHB-DBA, pMP-C57BL/6, pMP-CBA and pMP-C3H respectively'’.

The plasmids were sequenced using the Sanger dideoxy method as described (section
2.2.14), using the GT-AS synthetic oligonucleotide (5°-
TCCATAATAAGTCTGGCC-3%), gels were visualised via autoradiography, an
example gel can be seen in figure 6.2.2-B. Sequence analysis revealed the identified
GT repeat region to be biallelic furthermore, as summarised in figure 6.2.2-A, the two

identified alleles appear to be in linkage with the G169D Slcllal protein mutation.

'! Michael Patterson, an undergraduate project student 2000-2001, produced pMP-C57BL/6, pMP-
CBA and pMP-C3H.
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The two alleles have been termed the G169-linked Allele (CBA/J and C3H/HelJ), and
the D169-linked Allele (BALB/c, DBA and C57BL/6). The G169-linked Allele
contains the sequence 5’-TGCG(GT)nC(GT);-3’, whereas the D169-linked Allele
contains the sequence 5°(GT);7C(GT)3-3’. This polymorphism results in the D169-
linked allele being 6bp longer than the G169-linked allele. A 6bp difference in
promoter length introduces a 216° angular difference and a 20.4A° spatial difference

between distal and proximal promoter binding sites between the two alleles.

6.2.2 The G169-Linked and D169-Linked Alleles Promote Differential
Reporter Gene Expression
Sequence analysis of the promoters from inbred strains of mice has revealed that the
pS3 sequence is derived from the C57BL/6J inbred stain of mouse. The Slcllal
promoter constructs pHB1, pHB4, pHBS, pHB6, pHBS8, pHB20, pHB21, pHB22 and
pHB23 are therefore also of C57BL/6J origin and contain the D169-linked Allele. In
order to determine whether the identified polymorphism within the murine Slcllal
promoter is a functional one, an Slc//al promoter construct containing the G169-

linked Allele driving the CAT reporter gene was produced.

pHBC11 and pHBC12 ’
A 1.654Kbp region from an Xbal site at —1555bp to a synthetic BamHI introduced

immediately downstream of exon 1 at position +99bp was amplified .from CBA
genomic DNA via the PCR, using the synthetic oligonucleotides 5’-’HB#2 (5°-
TTTGCTTCTAGAATGTTG-3") and 3°-HB#1. HB#2 inserts an Xbal restriction
endonuclease recognition site, where as HB#1 inserts a BamHI restriction
endonuclease recognition site. The insertion of this synthetic BamHI site also
converts the ATG translational initiation codon to TTG. The amplified region of vthe
promoter was cloned via Xbal and BamHI into the plasmid pBS (pHBC12) for
subcloning, and into the CAT reporter plasmid pBLCAT3 (pHBC1 1-see figure 6.2.3-
A). pHBCI11 is the CBA/J derivative of pHB4.

The Slci1al promoter constructs pHB4 and pHBC11 were transfected into the Cos-1
cell line using the LipofectAMINE (LA) (section 2.2.7). Figure 6.2.4 illustrates
pHB4 (D169-linked allele) promotes a 2.99+0.85-fold higher basal reporter gene
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activity (P=0.0000283) than pHBC11 (G169-linked allele) in the Cos-1 cell line

(closed bars), this pattern of expression in mirrored in the RAW 264.7 cell line (open

bars).

6.2.3 Deletion of the Polymorphic Region Abolishes the Difference in Promoter
Activity between the Two Alleles

The difference in activity observed between the two Sicllal promoter alleles is

predicted to be due to the polymorphic region between -315bp and -368bp. If this is

the case then deletion of this region should abrogate the differences observed between

the two alleles. In order to assess this a derivative of the G169-Linked Allele Sic/lal

promoter construct lacking the polymorphic region was produced.

pHBC25

An Sphl restriction digest on pHBC11 removes the 1.484Kb region from the 5’-vector
arm Sphl site, immediately upstream of the Xbal site at -1555bp, to the Sphl site at -
71bp (see figure 6.2.3-B). This 5’ truncation removes all 6-candidate E-box c-Myc-
Max binding sites and the di-nucleotide GT-repeat. pHBC25 is the CBA/J derivative
of pHBS. '

The Slcllal promoter constructs pHB8 and pHBC25 were transfected into the Cos-1
cell line using the LipofectAMINE (LA) (section 2.2.7). Preliminary data (figure
6.2.5) suggests that the activity of pHB8 (D169-linked allele) and pHBC25 (G169-
linked allele) are not different in either the Cos-1 (closed bars) or the RAW 264.7
(open bars) cells lines. A summary of relative promoter activity between the two
identified alleles, the D169-Linked Allele (C57BL/6]) and the G169-Linked Allele
(CBA/J), can be seen in figure 6.2.6. These data suggest that the differencé in
promoter activity observed between the 1.645Kbp Sicllal promoter alleles, pHB4
and pHBCI1, is due to the polymorphic di-nucleotide repeat between —315bp and —

368bp, as deletion of this region removes the observed difference.
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6.2.4 The Two Alleles are repressed equally by c-Myc¢
The Sic]1al promoter constructs pHB4 and pHBC11 were transfected into the Cos-1

cell line using the Lipofect AMINE reagent following the manufacturers’ instructions
(section 2.2.7). Cells were co-transfected with a constant amount (1pg) of the
Slcllal promoter constructs and increasing amounts of c-Myc DNA (0, 0.5, 1, 1.5
and 2ug), the DNA concentrations were made up to 3pg using the pBABE empty
vector. Cells were left for 48 hours before being assayed for CAT activity (section
2.2.9). Figure 6.2.7-A shows that the difference in activity between the two promoter
constructs becomes insignificant with increasing c-Myc. Furthermore, calculating
promoter activities relative to the controls (either pHB4 alone or pHBC11 alone) for
each sample shows no significant difference between the samples (Figure 6.2.7-B).
The promoters from the two alleles are therefore equally responsive to the repressive

effects of c-Myec.

6.2.5 Responsiveness of the 1.654Kbp Slcilal Promoter Constructs to Miz-1 is
Unaffected by the Polymorphism
The Slcllal promoter constructs pHB4 and pHBC11 were transfected into the Cos-1
cell line using the LipofefctAMINE reagent (section 2.2.7). Cells were co-transfected
with a constant amount (1pg) of the Slcllal promoter. constructs and increasing
amounts of Miz-1 DNA (0, 0.5, 1, 1.5 and 2ug); the DNA concentrations were made
up to 3pg using the pPBABE empty vector. Cells were left for 48 hours before being
assayed for CAT activity (section 2.2.9). Figure 6.2.8 shows there is no significant
difference in the response of the two promoter alleles to Miz-1, suggesting that it is
the EMS sites downstream of the polymorphism (EMS#5 and EMS#6) that are most

influential in controlling responsiveness to Miz-1.
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FIGURE 6.2.1 Sequence Alignment of the Murine and Human S/cllal Promoters. Human (top
line) and Mouse (bottom line) Slc//al promoter sequences were aligned. The position of the GT
dinucleotide repeat has been highlighted in light grey, and the conserved consensus Sp1-binding site in
dark grey. Transcribed sequences are underlined, and the translational start codon highlighted in bold.

Double dots ( : ) indicate conserved nucleotides.
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AAGGGAAACTGAAGCCTTTGAGGACATGAAGACTCGCATTAGGCCAACGAGGGGTCTTGG
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.......

CAGGCAGAAGGAATTTTCACCTCCCTCCCATCTTCCCATTAGGTCAACAATGCCCCTTG—
-468

=351 -327
AACTCCAGATCAAAGAGAATAAGA-————— AAGACCTGACTCTGTGTGTGTGTACGTGTG

......... -

AACTCCAGA—CTGAGATGAAAAGACCTGACAGGTCCTGTGTATGTGAGTGTGTGNGTGTG
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-241
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AAACATTAATACCCAAANNGNAGGAAGGACCAGAAATCGGAGGTAATTTTGAAAGCAAAG
-290

-184 -166
AACACGGGGTGCCTGGAA—GGGAACAGATGTGTTGTGGGGCACAGGGCAGGCTGGGAGGG

AATCTGGAGTGTCTGNAATGGGGCCAGACTTATTATGGAACATAGGGTATCCAGGAGAGG
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125
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.......................
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+1 +55
AATGTTGATGTAAGAGGCAGGGCACTCGGCTGCGGATGGGTAACAGGGCGTGGGCTGGCA
——TGTGGA——GATGAGG ———————— TCTGGAGGGGATGGGA———AGGGCGTGGGTTCCCA
-56 ~50 -43 =27
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GCTTGTGACCACACAC————AGTATCNTGCCGCGTGNGTCCTCATGATTAGTGAGTGGTN
+64 +88
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(A)

RESISTANCE TO AMINO ACID AT  GT DINUCLEOTIDE REPEAT
STRAIN INTRACELLULAR POSITION 169 SEQUENCE.
INFECTIONS
BALB/cJ S Asp 5°(GT),,C(GT)5-3°
DBAL1/J S Asp 5°(GT);C(GT)s-3"
C57BL/6J S Asp 5(GT),;C(GT)s-3’
CBA/J R Gly 5" TGCG(GT)»C(GT)s-3’
C3H/HeJ R Gly 5. TGCG(GT)»C(GT)s-3’

FIGURE 6.2.2 Sequence Analysis of the Sicl1al Promoter from a Range of Inbred Strains of
Mice. Cloned DNA from 5 inbred strains of mice, BALB/cJ, DBALl/J, C57BL/6J, CBA/I and
C3H/HelJ, were sequenced using the Sanger dideoxy method (section 2.2.14). (A) Table to summarise
the strain of mouse, the resistance (R) or susceptibility (S) of the mouse to intracellular infections, the
amino acid at position 169, and the GT repeat sequence between -315bp and -368bp of the Slcllal
promoter. (B) An example of the sequénce obtained from a Sicl 1al”'® expressing mouse (C57BL/6J)

and from a Slc/1al®'? expressing mouse (CBA).
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FIGURE 6.2.3 Restriction Digests Confirming the CBA Derived Clones pHBC11 & pHBC25. (A) pHBC11: 1ul of DNA mini-preparations were incubated at 37°C
for 1 hour with 10U HindIIl, 10U BamHI, or 10U BamHI and 8-12U Xbal restriction endonucleases (Promega, UK). Digests were loaded on a 1% Agarose-TBE gel
containing 0.01% Ethidium Bromide, and run at 100V for 30-60 minutes. BamHI linearises the plasmid, HindIII drops out a 0.711Kbp fragment corresponding to the HindIII
site within the 5> MCS and a HindlII site within the Slc//al promoter, whereas BamHI/Xbal produces a 1.648Kbp fragment corresponding to the Xbal site at the 5’ end of
the Slcl1al promoter and the BamHI site within the multiple cloning site (MCS). (B) pHBC25: 1ul or 5ul of DNA mini-preparations were incubated at 37°C for 1 hour with
10U BamH]I, or 10U BamHI and 10U Sphl restriction endonucleases (Promega, UK). Digests were loaded on a 2% Agarose-TBE gel containing 0.01% Ethidium Bromide,
and run at 100V for 30-60 minutes. BamHI linearises the plasmid whereas BamHI/Sphl produces a 0.164Kbp fragment (indicated by a white arrow “) corresponding to the
synthetic BamHI site at the 3’ end of the Sic//al promoter and the Sphl site within the Slc//al promoter. (1), 1Kbp DNA ladder (Promega, UK); (2), pHBC11 uncut; (3),

pHBC11-BamHI; (4), pHBC11-Hindlll; (5), pHBC11-BamHI/Xbal; (6), pHBC2S5 uncut; (7), pHBC25-BamHI; (8), pHBC25-BamHI/Sphl; (9), 1Kbp DNA ladder (Promega,
UK).
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FIGURE 6.2.4 Expression of the Sic/1al Promoter Constructs pHB4 and pHBC11 within the
Cos-1 & RAW 264.7 Cell Lines. Cos-1 (closed bars) & RAW 264.7 (open bars) cells were
transfected as described (section 2.2.7) with lug of the Sleilal promoter constructs pHB4 and
pHBC11. Expression of the reporter gene was detected by performing a CAT assay at 37°C for 2 hours
on 20ug protein extract (Cos-1 cells) or at 37°C for 6 hours on 50pg protein extract (RAW 264.7 cells).
Promoter activity for each san:lple was calculated relative to pHB4. Students T-Test comparing pHB4

and pHBC11 in the Cos-1 cell line *P=0.0000283; n= 8 (Cos-1) & n=2 (RAW 264.7 cells).
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FIGURE 6.2.5 Expression of the Sic/1al Promoter Constructs pHB8 and pHBC25 within the
Cos-1 & RAW 264.7 Cell Lines. Cos-1 (closed bars) & RAW 264.7 (open bars) cells were
transfected as described (section 2.2.7) with lpg of the Sic/lal promoter constructs pHB8 and
pHBC25. Expression of the reporter gene was detected by performing a CAT assay at 37°C for 2 hours
on 20pg protein extract (Cos-1 cells) or at 37°C for 6 hours on 50ug protein extract (RAW 264.7 cells),

promoter activity for each samplé was calculated relative to pHB4; n=2.
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FIGURE 6.2.6 Comparison of the C57BL/6 & CBA Sicl1al Promoter Constructs pHB4, pHBS,
pHBC11 & pHBC2S within the Cos-1 Cell Line. Cos-1 cells were transfected as described (section
2.2.7) with 1pg of the Slcllal promoter constructs. Expression of the reporter gene was detected by
performing a CAT assay at 37°C for 2 hours on 20ug protein, Promoter activity for each sample was

calculated relative to pHB4.
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FIGURE 6.2.7 Repression of the Sicl1al Promoter Constructs pHB4 and pHBC11 with c-Myc
in the Cos-1 Cell Line. Cos-1 Cells were co-transfected as described (section 2.2.7) with 1pug of the
Slellal promoter construct (pHB4-Black diamonds/ pHBC1 1-Grey squares) and increasing amounts
of c-Myc DNA (0, 0.5, 1, 1.5 and 2pg), DNA concentrations were made up to 3ug with the pBABE
empty vector. Expression of the reporter gene was detected by performing a CAT assay (37°C; 6
hours) on 20pg protein extract from each transfection. (A) Comparison of pHB4 & pHBC11 activity in
response to c-Myc. Students T-Test comparing pHB4 with pHBC11, Oug c-Myc ***P=0.00018; 0.5ug
c-Myc **P=0.0295; lug c-Myc *P=0.01746; 1.5ug c-Myc P=0.0534; 2ug c-Myc P=0.087. (B)
Promoter activity for each sample was calculated as a percentage of the average value obtained from
the control (Slc/ 1al promoter construct alone). Students T-teét comparing relative activity of pHB4 &
pHBC25 Opg c-Myc P=0.654047; 0.5ug c-Myc P=0.228853; lug c-Myc P=0.065989; 1.51g c-Myc
P=0.275296; 2ug c-Myc P=0.865792. Students T-Test compared with pHBC11 alone ¢P<0.02; n=9
(pHB4) and 3 (pHBC11) '
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FIGURE 6.2.8 Effect of Miz-1 on the Sicllal Promoter Constructs pHB4 and pHBC11 in the
Cos-1 Cell Line. Cos-1 Cells were co-transfected as described (section 2.2.7) with 1pg of the Slellal
promoter construct (pHB4-Black diamonds/ pHBC11-Grey squares) and increasing amounts of Miz-1
DNA (0, 0.5, 1, 1.5 and 2ng), DNA concentrations were made up to 3ug with the pPBABE empty
vector. Expression of the repf)rier gene was detected by performing a CAT assay (37°C; 6 hours) on
20ug protein extract from each transfection. Student T-test comparing Miz-1 response between pHB4
& pHBCI11 Opg Miz-1 P=0.993077; 0.5ug c-Myc P=0.732037; 1pg c-Myc P=0.6231; 1.5png c-Myc
P=0.276527; 2ug c-Myc P=0.667628; n=17 (pHB4) & n=2 (pHBC11).
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6.3 DISCUSSION

The data presented here describe the identification of a GT dinucleotide repeat within
the promoter region of the murine Slc//al gene. Sequence analysis (figure 6.2.1)
shows that this repeat region can be aligned with the polymorphic GT-repeat
identified in human SLC11A1 (Blackwell er al. 1995). Analysis of this region from 5
inbred strains of mice have revealed this repeat to be polymorphic, with preliminary
data suggesting the polymorphism may be biallelic, and that these two alleles may be
in linkage with the G169D mutation within the Slc/lal protein (figure 6.2.2-A).
Studies using Slc/lal promoter driven reporter constructs suggest that the
polymorphism is a functional one; the D169-linked allele drives higher reporter gene
expression than the G169-linked allele (figure 6.2.4). Deletion of the polymorphic
region removes the difference in promoter activity between the two alleles (figure
6.2.5). These data confirm that the observed difference in promoter activity is a result
of a functional promoter polymorphism. The polymorphism introduces a 6bp
difference in promoter length, with the D169-linked allele being 6bp longer than the
G169-linked allele. Transcription factor binding sites upstréam of the promoter
polymorphism therefore differ by an aﬁgle of 216°, approximately half a turn of the
helix, between the two alleles. The data suggest that upstream transcription factor
binding sites within the D169-linked allele are approprié.tely situated to cooperate
with the basal transcriptional machinery, thereby enhancing promoter activity.
Corresponding sites within the G169-linked allele are therefore predicted to be in a
position that does not enable such cooperaition, thereby decreasing basal promoter
activity. The situation may however be reversed for induced promoter activity. Many
of the predicted binding sites for transcription factors involved in both the LPS/IFNy
and TGFB-mediated signalling pathways lie upstream of the di-nucleotide repeat:l It
would therefore be of interest to see if the two murine alleles differ in their ability to
be induced by such signalling pathways, a situation which has been observed between

the human SLC11A1 promoter alleles (Searle and Blackwell, 1999).

The functional difference between the two alleles was also abrogated by the addition
of c-Myc DNA in a dose dependent fashion (figure 6.2.7-A), furthermore the response
of the alleles to c-Myc was not significantly different (figure 6.2.7-B), these
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observations confirm the findings presented in chapter 4, that the 5 EMS sequences
located upstream of the GT-repeat are not involved in the c-Myc mediated repression
of Slc11al expression. An equivalent response to Miz-1 treatment was also observed
between the two alleles (figure 6.2.7-B), confirming the findings in chapter 5 that
EMS#6 is most instrumental of the 6 EMS in mediating the Miz-1 response.

As mentioned, different levels of expression of the human SLC11A1 gene driven by
the different promoter alleles have been linked to a variety of infectious and
autoimmune diseases including, rheumatoid arthritis (Shaw et al. 1996), Crohn’s
disease and ulcerative colitis (Kojima et al. 2000), multiple sclerosis (Kotze et al.
2001), tuberculosis and leprosy (reviewed Blackwell er al 2001). However, the
human SLC11A1 protein does not have a non-conservative mutation equivalent to the
G169D mutation seen within the murine protein, it is for this reason that the
functional difference seen between the murine promoter polymorphism alleles may be
of no significance. If the two alleles identified are in tight linkage with the G169D
mutation within the protein, the stronger D196-linked promoter allele will be driving
expression of a functionally null protein; the polymorphism would therefore have no
functional consequence to gene expression. However, the polymorphism would be of
functional consequence if the stronger D169-linked promoter allele were to drive
expression of the G169-functional protein. It can be hypothesised that such a finding
would provide a mouse mode] of the human SLC11A1 promoter polymorphism allele
3, which has been proposed to provide protection against infectious disease but
susceptibility to autoimmune disease (Searle and Blackwell, 1999). Curfent models
of autoimmune disease in mice are provided by the SJL. and NOD mice which are
genetically susceptible to experimental autoimmune encephalomyelitis (EAE) and
insulin dependent diabetes (IDD) respectively, EAE provides a murine model of MS.
Autoimmune diseases in humans and rodents are multigenic in nature, in wﬁich
several gene products interact to initiate and propagate disease, and genome linkage
analysis has suggested both MHC (H2) and non-MHC genes are associated with the
autoimmune disease EAE (Butterfield er al. 1998). In order to assess the effects of
non-MHC genes on susceptibility and progression of EAE the SJL/J and B10.S strains
of mice are commonly used, both strains have the H2® haplotype but are susceptible
and resistant to EAE respectively. One notable difference between the SJL and B10

strains is that they differ in their resistance to infectious disease, containing the
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Sle11a1'® and Slcl1al®'® alleles respectively (Plant and Glynn, 1974; Bradley,
1974; Gros et al. 1981; Malo et al. 1994). In humans, it is generally thought that a
triggering event, such as a viral infection, combined with a genetic predisposition may
trigger the onset of disease. If a similar situation occurs in the models of autoimmune
disease provided by the SJL and NOD mice, a role for Slc//al in the onset of disease
can be proposed. If in the SJL and NOD mice functional Slcllal protein expression
is driven by the stronger D169-linked promoter allele, the subsequent chronic
macrophage activation resulting from high level Slcllal expression, induced by a
pathogenic infection may, in a combination with other genetic factors, trigger the
onset of an autoimmune response. Sequence analysis of the promoter region of the
Slcllal gene within the SJL and NOD inbred strains of mice may provide evidence to

support this hypothesis.
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CHAPTER 7

General Discussion and Future Work
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7.1 GENERAL DISCUSSION

In this thesis the factors regulating Slc/lal expression have been examined, and a
particular focus has been c-Myc and its associating proteins. This avenue of research
has been pursued, following publication of a role for c-Myc in the control of genes
that regulate the labile iron pool within cells (Wu et al. 1999). Previous work by our
group has shown Sic/lal reduces the extent of iron within this pool (Atkinson and
Barton, 1998 & 1999; Baker et al. 2000). The data presented here provide evidence
for a temporal link between cellular growth, c-Myc expression and the onset of
Slcllal expression. Furthermore, Slcllal promoter deletion studies have revealed
that the basal activity of the promoter is repressed by factors, putatively c-Myc, but
chromatin immunoprecipitation experiments will confirm this, binding to EMS#6 at —
127bp. Deletion and mutagenesis of EMS#6 causes an increase in basal promoter
activity. Similar observations have been made for the fibroblast growth factor-
binding protein (FGF-BP) and ABCAI genes (Harris et al. 2000; Yang et al. 2002).”
Mitogen-induced expression of FGF-BP is transcriptionally repressed via a non-
canonical EMS element (5”-AACGTG-3’) and deletion of the EMS, which binds c-
Myc, results in enhanced responsiveness to TPA treatment (Harris et al. 2000).
Whereas an EMS motif within the proximal 4BCAI promoter negatively regulates
basal activity (Yang ef al. 2002). Together these data can be applied to formulate a
model for Sic/lal gene regulation involving transcriptional repression upon binding
of c-Myc to EMS#6. However, deletion analysis of the Sicllal promotef shows that
c-Myc repression is maintained in the sméllest active S/cllal promoter construct,
pHB23, which contains only 19bp of promoter sequence (figure 4.2.8-B). pHB23
contains the two identified Inr elements (Govoni ef al. 1995), but none of the
identified EMS sites. These data indicate that the dominant element for c-Myc
repression is the Inr, however, the repressive activity is potentiated by EMS

element(s) in cis.

During the course of these studies two alleles of the murine Slc/lal gene were
identified that align with the functional variants in human (Searle and Blackwell,
1999). Furthermore, like the human promoter variants the two mouse alleles are also

functionally polymorphic, and they are equally repressed by c-Myc, suggesting that c-
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Myc mediates repression downstream of the promoter polymorphism. Together these
data indicate that c-Myc represses the Slc/lal promoter via a mechanism involving
the Inr, as has been noted for other c-Myc repressed genes (Peukert ef al. 1997; Li et
al. 1994; Peukert et al. 1997; Staller et al. 2001).

Studies into the mechanism of c-Myc induced repression have suggested that binding
of c-Myc to Inr-bound Miz-1 blocks transcriptional activation by interfering with the
recruitment of co-activators, such as p300, to the site of transcriptional initiation
(Peukert et al. 1997; Seaone et al. 2001; Staller ef al. 2001). Feng et al. (2002) have
also reported that c-Myc can block transcription by forming a stable nucleoprotein

5" oene promoter. Data

complex with the Smad and Spl proteins at the pJ
presented within this thesis show that exogenous Miz-1 can overcome c-Myc induced
repression of the Slcl/lal promoter and that exogenous Miz-1 can transactivate
Slcllal in an EMS and consensus Sp-1 binding site-dependent fashion. The
described model is probably also applicable to Sic/lal, as Miz-1-mediated
transactivation is augmented by exogenous p300. p300 mediated transactivation of
Slcllal is EMS—independent, but dependent on a consensus Spl binding site.
Comparison of these findings with the published data on the regulation of expression
of other c-Myc-repressed genes has enabled us to propose a model of Slc/lal gene
regulation under conditions of both active proliferation and differentiation, integrating

known signalling pathways with Slc11al function.

Growth factors induce c-Myc expression within actively proliferating cells that drives
G1-S phase progression, by a dual mechanisfn of gene activation and gene repression.
Evidence that Sic/1al contributes to cell cycle arrest is from studies associated with
ectopic expression of Slc/lal in which expressing cells show reduced proliferation.
Two potential mechanisms for this repression have been proposed. The first
mechanism involves a single c-Myc-Max heterodimer binding to EMS#6 and forming
a complex with upstream proteins, potentially the Smad proteins, and the downstream
Miz-1 molecule, thereby blocking gene expression (figure 7.1.1-A). The second
involves two c-Myc-Max heterodimers binding to the Slc/lal promoter, one to
EMS#6 and one to Inr-bound Miz-1. EMS#6 bound c-Myc forms a complex with,
and blocks activation by upstream factors, possibly the Smad and Spl proteins as is

the case for p]5'"k4b (Feng et al. 2002), whereas the Miz-1 bound c-Myc-Max
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sterically blocks p300 recruitment by Miz-1, the overall result being transcriptional

repression (figure 7.1.2-B).

The proposed model for the regulation of Slc/lal expression within differentiated
cells is illustrated in figure 7.1.2 and is based on the proposed model of p/5"™* gene
regulation (Seoane ef al. 2001). Within differentiated cells ¢c-Myc levels are low and
c-Myec-repressed and —activated genes will be at high and low levels respectively. A
decrease in c-Myc levels relieves the repression of Miz-1, allowing co-activators, such

as p300, to bind and activate the basal transcriptional machinery (figure 7.1.2-A). -

Slcllal expression is induced by ROS, IFNy and LPS (Govoni ef al. 1995; Atkinson
et al. 1997; Govoni et al. 1997; Baker et al. 2000), and induction via the latter two is
via a mechanism that mimics the in vivo response to intracellular infection. IFNy and
LPS signals are transduced via the Janus kinase (JAK)/ signal transducer and activator
of transcription (STAT) signalling pathway (reviewed Lau and Horvath, 2002),
whereas ROS signals can be transduced via both the JAK/STAT pathway and the
MAP kinase pathway. Many STAT binding sites have been identified within the
Slcllal promoter (figure 3.2.1), and STATI and STAT3 are reported to interact with
the Inr binding proteinl TFII-I, in GST pull-down assays (Kim er al 1998).
Furthermore phosphorylation by JAK2 activates TFII-I, and this interaction is
required for TFII-I to interact with the ERK proteins of the MAP kinase pathway
(Kim ef al. 2001). STATI, the STAT protein involved in IFNy signalling, is also
reported to interact with p300 and Sp1 (reviewed Lau and Horvath, 2002), factors that
have been implicated in promoting Slc/lal expression. Together these data suggest
that under conditions of intracellular infection, signals transduced by both the
JAK/STAT and MAP kinase signalling pathways could upregulate Sic/lal gene

expression via activation of TFII-I.

Slcllal expression can also be induced by exogenous iron and RBC (Baker et al.
2000; Biggs et al. 2001), and a role for Slc/lal in iron homoeostasis and
erythrophagocytosis has been proposed. Senescent erythrocytes do not undergo
apoptosis as they don’t express cytochrome C and do not contain nuclei or

mitochondria. However, it is established that the presence of PS on the cell surface of
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an erythrocyte triggers their recognition and clearance by resident macrophages
within the spleen (reviewed Bratosin et al. 1998). Like removal of apoptotic cells,
uptake of senescent erythrocytes is efficient and non-inflammatory. Inflammation is
actively suppressed via the production of TGF, prostaglandin-E; (PGE,) and IL-10.
The PS-PS receptor interaction has been implicated in immunosuppression during
apoptotic cell removal (reviewed Henson ef al. 2001). Exposure of PS by senescent
erythrocytes may not only trigger the cell for uptake by resident macrophages, but
may also trigger the production of TGFp, thereby preventing an inflammatory
response. Here a role for TGFpP in the regulation of Sicilal gene expression is
proposed.  Upon erythrophagocytosis of senescent erythrocytes the PS-PS receptor
interaction induces the production of TGFP, which activates the Smad signal
transduction pathway. Activated Smad proteins bind with Sp1, p300 and Miz-1 at the
promoter, forming an enhanceosome complex. Enhanceosomes form a stable
platform for the recruitment of RNA polymerase, thereby driving transcription (figure

7.1.2-C).

There is much evidence to support a role for TGFp in the regulation of Sic//al gene
expression. (i) The Slellal protein has been implicated in iron homeostasis and RBC
recycling (Baker et al. 2000; Biggs et al. 2001; Mulero et al. 2002), a process which
stimulates the production of TGFp. (ii) TGFp transcriptionally represses c-Myc gene
expression (reviewed Dennier er al. 2002). (iii) Vitamin D treatment enhances
SLC11A1 gene expression (Roig et al. 2002). Vitamin D treatment also increases
TGFB production in neuroblastoma cells (Veenstra er al. 1997). (iv) Sequence
analysis of the Sic//al promoter identified both Smad and NFI binding sites, both of
which are transcription factors involved in TGF signalling. Recently the Ets and
C/EBP transcription factors have been implicated in the TGFB induced activation of
the IgAl and IgA2 promoters (reviewed Dennier et al. 2002). (v) Chromatin
immunoprecipitation (ChIP) assays and electophoretic mobility shift assays (EMSA)
have shown the Miz-1, c-Myc and Max are all bound to the Inr region of the p/ Sinkdb
promoter before, but not after TGFf treatment (Staller ef al. 2001; Seoane et al.
2001). Data within this thesis highlight similarities between Slcl/al gene regulation

and regulation of the p15 kb oene, a gene which is stimulated by TGFp.
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This proposed model is however quite controversial as TGFp functions as an anti-
inflammatory agent and it is established that Sic//al expression is upregulated by the
pro-inflammatory agents IFNy and LPS (Govoni et al. 1995; Atkinson et al. 1997,
Govoni et al. 1997; Baker et al. 2000). During erythrophagocytosis an inflammatory
reaction could lead to autoimmunity against erythrocytes, therefore TGFp is
protective against autoimmune disease. However, TGFP has been implicated in T-
helper (Th) subset differentiation, with a tendency to promote differentiation of CD4"
cells into IFNy producing Thl cells (Cerwenka and Swain, 1999) and actively down
regulate Th2 differentiation (Heath et al. 2000). Excessive Thl activity is associated
to autoimmune disease. Furthermore, Smad3-deficient mice exhibit chronic infection
(Yang et al. 1999) and display impaired inflammatory responses (Ashcroft et al.
1999) suggesting TGFp is involved in protection against infection. The functions of
TGFp are therefore not clear-cut and its actions are highly context dependent, with
specific responses being influenced by both the local balance of cytokines stimulating
target cells, and the balance between coactivators and corepressors at the site of

transcription (reviewed Dennier et al. 2002).

Many transcription factor binding sites, including those for STATs and SMADs, lie
upstream of the polymorphic GT repeat (figure 3.2.1) within the Slc//al promoter. It
is therefore possible that the two identified alleles are differentially responsive to
different signalling pathways, as is the case for the human SLC11A1 promoter alleles,
which are differentially regulated by bacterial LPS (Searle and Blackwell, 1999). The
size difference between the D169-linked allele and the G169-linked allele is 6bp (60%
of one complete helical turn). The consequence of this phase shift between
transcription factor binding sites positioned proximal and distal to the GT-repeat
between the two alleles is that proteins bound to sites upstream of the polymorphism
may be able to co-operate only with the core promoter transcriptional initiation
complex in one, but not the other promoter allele, the converse may be observed for

different transcription factors and signalling pathways (figure 7.1.3).
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i Slcllal

FIGURE 7.1.1 Proposed Models of c-Myc-Mediated Repression of Slcl1al Expression. Based on data presented within this report and proposed models of c-Myc-
mediated regulation of p15™* expression (Seoane et al. 2001; Staller ef al. 2001; Feng et al. 2002) a model of Slc/]al promoter regulation by c-Myc during cell growth and
proliferation can be proposed. (A) c-Myc bound to EMS#6 forms a stable complex with Spl and Miz-1 at the Slc//al promoter inhibiting transcription. (B) One c-Myc-
Max heterodimer binds to EMS#6 and forms a stable complex with Sp1 and possibly upstream factors (factor X), a second c-Myc-Max hereodimer binds to Inr-bound Miz-1.

The two c-Myc-heterodimers act synergistically to repress the Slc//al expression.
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FIGURE 7.1.2 Proposed Model of Slcl1al Regulation. Based on data presented within this report and proposed models of regulation of pl5m
expression (Seoane ef al. 2001; Staller et al. 2001; Feng er al. 2002) a model of Slcilal promoter regulation can be proposed. (A) Upon cellular
differentiation c-Myc levels are decreased by degradation via the ubiquitinylation process. “Removal” of c-Myc enables access of the p300 coactivator to the
site of transcription, the formation of a pre-initiation complex/enhanceosome and the subsequent recruitment of RNA polymerase 11, enabling transcription of
basal levels of the Slcllal gene. (B) During intracellular infection c-Myc levels are decreased by IFNy/LPS. IFNY/LPS activates the STAT proteins, and
TFII-I, which both complex with Spl and p300 at the site of transcription, inducing the formation of a pre-initiation complex/enhanceosome and the
subsequent recruitment of RNA polymerase 11, enabling high level transcription of the Slc/lal gene. (C) During apoptotic cell phagocytosis c-Myc levels are
decreased by TGFP mediated transcriptional repression. TGFp activates the SMAD proteins, and Miz-1, which both complex with Spl and p300 at the site
of transcription, inducing the formation of a pre-initiation complex/enhanceosome and the subsequent recruitment of RNA polymerase I1, enabling high level

transcription of the Slcllal gene.



(B) Intracellular Infection (C) Erythrophagocytosis
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(A) D169-linked Allele (B) G169-linked Allele

FIGURE 7.1.3  Proposed Effect of the Promoter Polymorphism on Sicl/al Regulation. Based on data presented within this report and a model illustrating the
potential effect the polymorphism may have on different signalling pathways. (A) Transcriptions factor binding sites upstream of the polymorphic region are positioned in
such a way factor X, but not factor Y, can cooperate with the basal transcriptional machinery and activate transcription. (B) Transcriptions factor binding sites upstream of

the polymorphic region are positioned in such a way factor Y, but not factor X, can cooperate with the basal transcriptional machinery and activate transcription.
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7.2 FUTURE WORK

Transcriptional Regulation of Sicl1al Expression

In order to confirm and complement the results presented within this thesis, both
chromatin immunoprecipitation (ChIP) and RNA interference (RNAi) could be
performed. ChIP assays will establish whether the factors described within this thesis
are binding to the endogenous Slcllal promoter. Whereas RNAI could be used to
decrease c-Myc and Miz-1 mRNA levels to assess what effects loss-of-function of the
endogenous genes has on transiently transfected Sic//al promoter constructs. RNAi
could also be used to “knock-down” the endogenous levels of other transcription
factors implicated in the regulation of Sic//al gene expression such as STATs and
SMADS, enabling assessment of involvement in the absence of specific expression
constructs. Such RNAi “knock-down” studies will help elucidate which pathways
(JAK/STAT, SMAD, MAP kinase) are regulating Sic/lal expression under different

cellular conditions such as intracellular infection and erythrophagocytosis.

A role for Sici1al in intracellular infection is well documented, as is the upregulation
of Slcl1al by proinﬂammétory agents such as IFNy and bacterial LPS, however the
molecular mechanisms of induction remain elusive. IFNy and bacterial LPS signals
are transduced to the nucleus via the JAK/STAT signalling pathway, although the
ability of specific proteins within this pathway to transactivate Slc/lal has not been
shown. Furthermore, proteins within the JAK/STAT pathway are reportea to bind to
and activate TFII-1, therefore it would be ofr interest to investigate a role for TFII-I in

Slcllal gene expression.

Comparison of data within this thesis with the published findings of p/5™* gene
regulation has suggested a role for TGFp in the regulation of Sic/lal gene
expression. Treating celis with exogenous TGFf and assessing both RNA and protein
levels will establish whether TGF[} regulates Sic//al. If a regulatory role for TGF[
is established, RNAI targeting specific proteins within known signalling pathways

could be used to elucidate the mechanism of regulation.
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The Sici11al Promoter Polymorphism

Isolation and sequencing of the polymorphic promoter region of the Sic//al gene
from a wider array of inbred strains of mice, specifically the SJL and NOD strains
could be performed. Such analysis may confirm the hypothesis that in these mice that
are highly susceptible to autoimmune disease the strong D169-linked Sicllal
promoter allele drives expression of the G169-functional protein. Alternatively these

studies may identify new alleles, which will themselves could be tested for

functionality.

The methods of real time PCR or allele specific oligonucleotide hybridisation
(ASOH), using F1 strains of mice could be used to confirm that these polymorphisms
constitute a functional difference in the context of the endogenous ‘gene. Such
experiments could be performed to establish whether the polymorphism induces
differential responses to inflammatory cytokines, as is the case with the human

promoter polymorphisms (Searle and Blackwell, 1999).
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Appendix 1: Sequence of the pS3 Sicllal Promoter Region.

APPENDIX 1: Sequence of the pS3 Sicllal Promoter Region. Sequence of pS3, relevant
restriction endonuclease recognition sites are highlighted in bold with name of enzyme, position
relative to transcriptional start site, and the start site for pHB Sic/7al promoter constructs indicated
above. Transcribed sequences are underlined, and the translational initiation start codon highlighted in
bold. In constructs pHB4, pHBS, pHB6 and pHBS8 a synthetic BamHI site has been introduced at the
ATG codon.

SalI(-6197bp, pPHBl & pHBS)

GTCGACAATGACAACAACAACCAGGGTTAGACTCTCGARAAAGACTAGGTGGGCGGCTAGAATCCGGAGACTGGGC
CTGGCTGGGGCTGCGGCTTCAGTGGCGAGATAAGCAGGGTCCTTTCCCAGTTCTACTCTGTCAGAAGGGACTGCATT
TGGCCAGCTCTTCTTGTCAAARAAGGGAAGCTTTATTTTCGTTTACCCAGCAAGTTTCATGTTTTCTTCCTAGAGT
CTATTTTCATAGTTATGGCCATTTCAGAGAAAATAAAATTAAGGCCTGTGGCCAGGETGTGTTGGCTCAACATCTAT
AATCTCAGCCCTCAGGGTCCTGACTGAGCCAGGGGAACTACTGTGAGTTCAAGGCCAGCCAAGGCTACACAACALA
GCCCTCTCTCARAAGATCAAATTAAAAATTAAGAARAAGAAGGCGARAAGAAGAGGAGGAGAGGGCTGGTCAGATGGC
TCAGCGGGTAAGGGCACTGACTGCCCTTCCAAAGGTCCTAAGTTCAAATCCCAGCAACCACATGGTGGCTCACAAC
CACCCATAATGAGATCTGACACACTCTTCTGGTGTGTCTGAAGTCAGCTACAGTAAATTTATGTATAATAATAAAT
CTTTAAAAAAAAAAGAARAAAARAGAGGAGGAGGAGGATAAGAGGGAACCACTTAGGCCCACGCCACCCATAATCCC
AACACTTAGGAAACAGGTGAGTTTCCGGGTTCATCTTTGGTTCCCCTCCETGAGCTTGGGTCCTGCCTGGGCTACA
TAARATCCTGCAGGTGGGAGAGCAGGATTTGAACCTGGAGTTGGACATGAGAAGCCTGCAGTGGTGCCATGGATCT
AAACATAATTACTACTACCACCTAGAAACGAATGCATAGAAAGTGCAGGCGGTGTATAAGGAGGGACACAGGACAT
CCCTAGCCCTCACTCAGCTTCTTTGTGCTTCAGGTTCTCCTTGCCCCATCAATACACACACACATACACACACACA
CACACACACACACACGACTCCCEAGACTGTGCAAGGGCCCCCCAGCCACCCAGTAAGARGGARAAGAGAAGCAGGAA
CCCATCACTGCCTCCAGCTTCCTCACTCACCAGCAGTTCTGGACGGTGGCTTGTCTGCCTGACGCTGGCTTTAGAA
CCTGTTGGGGGTTGCTAGTTAGGGTGCAGGCACCACACCTCCATTAACATCTCTGGCCATCAGCCCTGCTGCTTTG
ARAATGAGAGACTCCGGAGGAACTCCAAGGTGTAGTGGAGAGTTCCAGTCTTGGCTACAGAGCTGAGGARATGTAAGG
GAGGGTAGTCTGTCTGTCTTCCAGAAATCACTTCAGAAGGCTTCAGACAGGGCTGCCACTTGAGCCTTGCARRAGTG
TTTTATGTCATGTCCCCCCTCCTTAAAAACAGAACAAAACATTCACARAGCTGGEGTGGTGGTGGCACAAGCCTTAAT
CCCAACTCTCAGGACGCAGAGGCCAGGCTGGTCTATAGAGCAAGTTCAAGGACAACCAGAGCTACACAGAGAGATC
TTGTCTCGGCAAACACACACCACACACACACACACACACACACACACACACACACACACACACAACCARACCAANC
CAACCAACCAAAGACCCCCAAAATCAAAAGACATTCACAACCAAGAAAAATGAAATAAAACCACCACAACAAAATT
ATCTTAGTTTCTCTGTCCCAGGGCCTCACACACTCTCCCAGAGGCTTCACCCAGTCCCTGCCAAGCATTTTCTTGA
AATAGATCTTTATAATTCCAATGTATTCTCAAAATGAAATCATACCAGTAATATATGCTTGTTAGTTGGTAATTGG
ATACTTAATTATATATTATAATTTATATACATTATATATAGTGAAGCTGAAGTCGCCCTAGGTCCATTGTATTTTG
AAACACTATTTCATGTGTTGGCTTTCTGGGGCTGCGGGGGGCGGGGGGTTGGGGGAATGGCTCATGTGTARAAGTGT
TAGCTGTGCAAACCTGAGGACCCCAGTTCCACCAGTGGAACCCACATARAAATCTGGATGTGACCCAGCATGGTGG
CCTGGGCTGAAATCCCGGCACTCAAAGGCAGAGGTGGGTGGATCTCTGAGTTCAAGCCCAGCTTCATGGCTAGCTA
CATGGTGAATTCCAGAGCAGTCAGGGTTGCACAGTGAATTCCTATCTCARAARCARRCGACAGRRAGCAGGATGCAG
TGGCATGAAGCTGTGATCCTAGCACCTCTATGGCAAGACTGGAGACAGAGAGACCGGAGAAGCACTTTGAAACTTT
TGCGACTCTCTAGCCTAGAGTACACATCTGCAGCAGTAGAAACAGGCCCTGCCTCAACGAGGTAAAAGGTGGACTGG
AGCGTACCCTAGGCTGTAGGCCCCTGGACACATCGCCTTCCGTGTTCTCACACACCCCAAGACTGACTTTGCTCAT
CCATCAGTGCCCTTGGCTTTGTTATTGATCTTTCTTTGCTCTCTGGACAGTCTCATCATGAATTCTATGCTAGCTT
CAGCCTCGCAAGTGTTGAGATCACAGGTGGATACCACCATCACCAAACGACCAGTGTGTTTAGAACACACTTGTCA
TATCATTACAGCCCTCTATCTTCATGCCTCTGTATGCTGGTACAGTATGCTGGTAGGGATTTAACCCAGAGCTTCA
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TGCATACTAAACACATACAAGGGAGGCACAAACTCCATTCTCTTGGTTGTCCTTTAGCCACCCCCACTTTTGGGGG
TGGGGGGAGTTGTTTGTTTTTAAAACTTTATTACATAGTTTTATTATATGT TTCTAAGATAAGGAATATGAAATTC
AAGGAAATTAGGGTTTTGATTTGTTTTGTTGCTTTTGGTTTTGGTTTTTTGGGTTTTTGTTGTTGGTGGGGTTTTT
TTTGTGTGTGTTTTGTTTTGTTTTTTTGAGATAGGGTTTCTCTGTGTAACCCTGGCTGTCCTGGAAGTTACTCTGT
AGACCAGGCTGGCCTCGAACTCAGAAATCCACCTGCCTCTGCCTCCCATGTGCTGGGATTAAAGGCGGTACACTGA
TGARAGGGTCTTGCTGACCGAGTGAGGCAGCCATGACTTTTAGAAGACAAT CCTCCAGGGCTGAAGAGTTGGCTCA
GTGGTTAGGAGTACTGTTCTCCTGAGGGACCCAGTCTGATTCCCTGCACCCACTTGCCACTTACTCAGGCACCAGG
CGTGCGTAGGTGTGGTGCACAGACATCCATGCAGGAAAAGCATTCAATCTAAARAARAAAAAARAAAAARAAAGTGT
ARAAAGAAAATACCCGAAGCCGAGTGTGGCGGCTCACACTGAGATGCCAATATTTGGGAGGCTAAGGAAGGAGAAT
CTTCAGTTCAAGGTCAGCATGGAGGTGAACGGACAGAAAGCTTCTCTCGTGTGTGTGTGTGTGTGTIGTGTGTGTGT
GTGTGTACATATGCACGCACAAGTGTGGGCACTGCCGAGCACCCAGAAGAGGATGTCAAATCCCCTGCAGCTGGAG
TGGCCTGACATGGATATTGGGAACTGAATCAGCTCCTCTGCCAAAGCTGTGCCTGCTGTAACTGCCCACCCATTTC
TCCAGCCCAGTTCTGCACACTTGTTTGCTTGCTTGGGTTTTTGTTTGTTGGTTTATTTGTTTGTTGTTTTTGTTTT
TTGTTTNTTGCAGGAAGAAGAGGTTCAGACGGGGACTCAGGAAGCATAGGCTAGCCACCTTGCCGGTATCTCTTAG
CTTCCGGTGTGAGCTACATACCCTGTTTATGCTGGTGATGGAACCCACTAGGCAGACACTACCAAGTGAGCTCCAT
CCCCAGCCAGCCCCTCARATCTCACCTGTGAGAGTAGGAAGCCTTGTGACCTCAARAGCACCCCCAAGGGTTCCACC
TCTTAATATGATTCATCACTTTGGTGCATAAATGTTGTGGGGTTACACCATTCAAACCATAATGGTGGGCARACCT
GABAGCCACTGTACGCATCATTACATGTTATACGTGTAACACTTGAGCTCCAARGAACTGATGGCAGCCACARATG
AAGTCCCATTTGGTCTTAATTTCACTTTGTAGACCAGGTGACCCTGAACGTATCGCAAACCTCCTGTCTCACCTTC
CCAAAGTGCCAGGANTGNAGNCAGGGCATGGGCCTNCCANACCCAATTCCAGCNCGATTGTTNATAAGGGGTTTNT
ANATTNCCTCATGCATCAGAATTCCATGATGTTTTAATCCCAAAGTGACATTCCGNGGCATGTCTANACTATATTG
TATTTANCCCCCCATGTGTTGACAAGATATGTGGNTGGTTTCCCATGCCTTGGCTAATGTGAATAATTGCTAGGAA
CGGGTCTTCCAATGTCTGTTTGCATTTCTACTTTTACTATAGTTGGAATACT CACATTGATCCAACGTCATGGATC
ATTATGTAATGTCCTCACTTCCTCACAGATGCACTATCTGTGGAAGGGTGCACGGACACATGGGTATATTAAGTCC
TGTTCAGTCGGTTCCCATGTGGTTTCCTTACTTACCACATCCTTACTTACCACATCTCAACAGCACAGGGCTCCTC
CAAGTCACATTTATAACCACATCCATCACCTATCTACCTGACCTATCCCTAGCCTGGGGTAACCACARATCTGATC

Xbal (-1555bp pHBA4)
TTTGCTTCTAGAATGTTGCCATTGCAAAAGTACTATTTAGGGCTGGAGARACACCTCAGCCGTTTCTTAAGAGCAC
TGACTGCTTTTCCAGAGGTCCTGAGT TCAATTCCCAGCAACCACATGGTGGCTCACAACCATCTGTAACCAGATCT
GATGGCTTCTTCTGGTATGTCTGAAGACAGCTACAGCACAGTGTACTCATATATATAAAATAAATCTTTAARARATA
AGTTTGTTTAAATGGAACAACAAGCTGGAGAGATGGCTCAGTGCATCCGAGCATTTGCTTTGCAAGGATGAGGAAC
AGAGGTCTAATCCTTAGCACCGTATATAAACAGGCACCACACACTCACATGCATAGAGCACATGGACCCACACACC
CATCATCCCCAGGACTCACAGTGCTCATGCACGCGCACGCACACAGCACACACACACACACACACACACACACACA
CACACACACACACACACACACGGCAGGTATGACATGTATCTATAATCTCTGCATTCAGGTGCAGAGTCAGGAGGAC
TGAGAGTCTGAGCCAGCCTGGGCTACATAAAGCCTGTCTTGAAAAATCAAGAGCTGAAACTACAGGTCAATGGfAG
AGCACTTGCCTGGTATGTGCAAGGCTCACCCGGAACACACAATTCTCCTGCCGTAGACTCTGGCTACCAATTTGAA

HindIII (-868bp pHB6)
ATAATACATAAGCTTTTAAAAGTGACTTAAAAAAARACAACAARCAAAACARACCTGAGCACACATCATTCGCCCAC
TADACGACGTCCTTACGACTGGTTTTACTTTGCAGGGTTTCACTAAGTTGTTTAGACTTAAACTCAGCCTGCAGCC
CAGGCAGATGATGAACTTCTCATTCACTATGATTTCCTGRAAGATTTCTCTGTCCGTCATATGTATCCACTTACCTG
TTGATGGACAGCTCAGATAATTCCAGCTTCTGATTATTGCAAAAAACATTGCTGTAAACAT CATGTGGAGGTTTTT
GTTTGGACATATGTTTAATTTCTCTGGGGTAAATACCCAGGAGT TCGTGCTTTGATATGCACACCACATTCACCCA
TGCTATCTGAGTGAGACCCTCACAGGTCCACAGGCAGAAGGAATTTTCACCTCCCTCCCATCTTCCCATTAGGTCA

I
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ACAATGCCCCTTGRACTCCAGACTGAGATGARAGACCTGACAAGGTCTGTGTATGTGTGTGTGTGTGTGTGTGTGT
GTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGCGTGTGTAGCTGCCATGAGATATTAARACATTAATACCCARATGGC
AGGAAGGACCAGAAATCGGAGGTAATTTTGAAAGCAAAGAATCTGGAGTGT CTGGAATGGGGCCAGACTTATTATG
GAACATAGGGTATCCAGGAGAGGAACGAAGGTCAAAACTGTGGGTTACCACCCCCTTCCGCCACAACTGGTCACTT

Sphl (-71bp pHRBR8/20)
CTGCCTTTGGTGAGTGTTTCGAAACGCCAAGTGTGTGARATTGTGAGCATGCCCTCAGTGATGTGGAGATGAGGTC
TGGAGGGGATGGGAAGGGCGTGGGTTCCCACTCTTACTCACTCGGACCAGCACCCACAGAAGGGGACAGATTGAGG

ATG Start Codon (+99bp)
AGCTAGTTGCCAGGCGATGGTGTGACCACACACAGTGTATCCTGCAGCCGTGCGTCCTCATGATTAGTGAGTGGGGC
TGCGGGTCCNAGCANCCCTAATGGGATTCCAGTGGGGGTGACTTGAGGGGGCAAGARAGATTTAGGGTCTCTGTGG

GGGCTCAGTTCTGCCAGAGGCACTTCAGTCAGGCACTTCTGTGGATTAAACCTGGTGGAGGAGACAGAGCATGGGG
GTCAAGCAGCTGAGCGAGGGGCCTCCTCTCTCACAAATCTCCTGACTCAGGGGATTTGGATCGGAGAAGTTCTGTG
CTCACTGGGAGGGAAGTGATTCTTGGAAACCTCTGCTTGGCACATAGGTGGACCTGCCAGTTGCGGGGAGCGGAGG
TCGAGGTCGTGGGAGGAGGCAGGTGGCTTGAATCCCAGGCTCTTGAAAGAAGCACACACCCACCTAGCATCCTGGG
GTCCCTGACAGGTGACAAGAGCCCCCCGAGGCTGAGCAGGCCCAGTTATGGCTCCATTTCCAGCCTGCCTGGCCCA
GCACCTCAGCCAGCGCCTTGCCGGGAGACCTACCTGAGTGAGAAGATCCCCATTCCCAGCGCAGACCAGGTAGGGA

TGGTAGGAATGTCCTCAGTGCTTCCCAGGTCCTCCGGATCCTCCACGACCTTARAAGGCTGGGGAGGGGGGCACCAT
CTGTGACCTTGACAGTGATTAAAGGAGGTGCTCTGTACTTATTTGGGAAAAACAAATCARATGGTTCTCAAGAAGA
CCTTAGCTTTTCCACAGGGTAAAGAGCCTAGATACTATGTTGATGCTAARAGAAGCGATCACTTAGGGACTTGTGC
AGGGATAAAGGCGAGCATCAGCCTGGTTCTGGCATGCTGCCATCCAGCTTTGCCACAATGTTTCTITTTTATAATGG
ATCACATTTATTTATTTAGTTACTTCTGTTTATTTGCCCGTATTTGCGAGTGCATGTGTAGCTGTGTCCATTATAG
AGCATGCGCGTGGAGGTCAGAGGACAACTTGTGAGAGT CAGCTCACTTCTACTACGTGGGTTCCAAGTTTGGTGGC
CTTAGCCTTGAGCCCCTTCTCGGTCCCCATTGCCACACTCTAAGCAGATTCCTAGGCTGTCGGGCCARACCCTGAA
ATAGAGTTGAGTGACTGAGACCTCAGTGGTCCCCAGAGAGAAGAGCCTGAAGTATGAGAAGGGTCTGGGGAGGGAA
GAGCTGTAACAGGGAGGTTTAATTACAACAAGGTCCCCCTCTTGGGACTCT TGAGAAGCCTTGRAAGAGGCCAGAC
AGGTCATGTGCTGGCCAGCTGCAGAGGCTGCTGCTGAACAGGACCAACCCAGAAAGCAGAGCCATAGTGACTCAGC
AAATGGCCCTGGTCCCTCGGGGGACGGGCAGCGGTGGCATTGGGTGGGTGATGGAGGACAGGGCTGGCCAGCCTGA
CTGAAGAAGATACCTGCTGAGTTTTTAGCTGAGGGGATGGT CAAGGCCAGCTGCATCCATCCAGGAGCTAACATGA
CCCGATCTGCTTGCACCCCCAGGGTACATTCAGCCTGAGGAAGCTGTGGGCGTTCACGEGGCCTGGTTTCCTCATG
AGCATCGCTTTCCTTGACCCGGGAAACATTGAGTCCGACCTTCAAGCTGGCGCTGTGGCTGGGTTCAAAGTACTGA

GTCTGGGCCGCCATGCTTGCTTTGTGGGGAGCACGTGCCTTAGCTAGGACAGGGGAGACCCCAGTTTTCCAGAGCC
GGCTGCATGGGTGGTTTTTCTGAGGATAAGCTCCTATCGGGGAGGAARAGGACCTTGGAGAAACCCCTGGAGARAG
GATGCTGTAGGGTGTTAGTCTTCCCGCCCAATCCCCATCAGAGAGGCTGCTCTGGCTGAGCATCTCCTCTGTTTCC
TCACAGCTCCTCTGGGTGCTGCTCTGGGCGACTGTGCTAGGTTTGCTGTGCCAGCGGCTGGCTGCCCGGCTGGGCG

TGGTGACAGGCAAGGACTTGGGTGAAGTCTGCCATCTCTACTACCCCAAGGTGAGCTGGGAACCGGCAGAGGGGGET

CATGGACAGAAAGAACCCACAGCTCTCAAACCCTGAGCAGTTGTTGATAGCTTCCATAATAAAATARATACAGCAG
GAGCTCCCAGGCTCAATTCATAGCACACGGACAAAGCCCCATATCCTAGGGCTAAGCACTGCTCCCTCAAGACCAC
CCAGACCACACCATGGTATATTTCAAAGAGATTTTAAAAAAAGATTTATTTAGGGCTGGTGAGATGGCTCAGTGGG
TAAGAGCACCTGACTGCTCTTCCGAAGGTCCGGAGTTCAAATCCCAGCAACCACATGGTGGCTCACAACCATCTGT

Sall (+2408bp)
AACAAGATCGAGTCGAC
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APPENDIX 2 Alignment of the S3 Sic/lal Promoter Sequence with the Corresponding

Sequence Published by the Mouse Genome Sequencing Project.

6296 nt of the S3 sequence

(labelled pS3) were aligned against 6100 nt of the published sequence from the mouse genome

sequencing project (labelled Genome).

identity and a global alignment score of 23617.

pS3

Genome

pS3

Genome

pS3

Genome

pS3

Genome

pS3

Genome

pS3

Genome

pS3

Genome

pS3

Genome

pS3

10 20 30 40 50 60
TCGACAATGACAACAACAACCAGGGTTAGACTCTCGAAARAAGACTAGGTGGGCGGCTAGA

70 80 80 100 110 120
ATCCGGAGACTGGGCCTGGCTGGGGCTGCGGCTTCAGTGGGAGATAAGCAGGGTCCTTTC

130 140 150 160 170 180
CCAGTTCTACTCTGTCAGAAGGGACTGCATTTGGCCAGCTCTTCTTGTCARAARAGGGAA

150 200 210 220 230 240
GCTTTATTTTCGTTTACCCAGCAAGTTTCATGTTTTCTTCCTAGAGTCTATTTTCATAGT

.......................................................

10 20 30 40 50

250 260 270 280 290 300
TATGGCCATTTCAGAGAARATAAAARTTAAGGCCTGTGGCCAGGTGTGTTGGCTCAACATC

............................................................
............................................................

TATGGCCATTTCAGAGAAAATARAAATTAAGGCCTGTGGCCAGGTGTGTTGGCTCAACATC
60 70 80 90 100 110

310 320 330 340 350 360
TATAATCTCAGCCCTCAGGGTCCTGACTGAGCCAGGGGAACTACTGTGAGTTCAAGGCCA

TATAATCTCAGCCCTCAGGGTCCTGACTGAGCCAGGGGAACTACTGTGAGTTCARAGGCCA
120 130 140 150 160 170

370 380 390 400 410 420
GCCAAGGCTACACAACARAGCCCTCTCTCAAAGATCAAATTARAAATTAAGAAAAAGAAG

............................................................

GCCAAGGCTACACAACAAAGCCCTCTCTCAAAGATCAAATTAAAAATTAAGAARARRAGAAG
180 190 200 210 220 230

430 440 450 460 470 480
GGAAAAGAAGAGGAGGAGAGGGCTGGTGAGATGGCTCAGCGGGTAAGGGCACTGACTGLC

GGAAAAGAAGAGGAGGAGAGGGCTGGTGAGATGGCTCAGCGGGTAAGGGCACTGACTGCC
240 250 260 270 280 290

490 500 510 520 530 540
CTTCCAAAGGTCCTAAGTTCAAATCCCAGCAACCACATGGCTGGCTCACAACCACCCATAA

............................................................

The scoring matrix revealed gap penalties: -12/-2, 96.2%

v
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Genome

pS3

Genome

pS3

Genome

pS3

Genome

pS3

Genome

pS3

Genome

pS3

Genome

pS3

Genome

pS3

Genome

pS3

Genome

pS3

Genome

CTTCCAAAGGTCCTAAGTTCAAATCCCAGCAACCACATGGTGGCTCACAACCACCCATAA
300 310 320 330 340 350

550 560 570 580 590 600
TGAGATCTGACACACTCTTCTGGTGTGTCTGAAGTCAGCTACAGTARATTTATGTATAAT

............................................................
............................................................

TGAGATCTGACACACTCTITCTGGTGTGTCTGAAGTCAGCTACAGTARATTTATGTATAAT
360 370 380 390 400 410

610 620 630 640 650 660
AATAAATCTTTAAAAAAAAAAGAAAAAAAAGAGGAGGAGGAGGATAAGAGGGAACCACTT

..................................................

AATAAATCTTTAAAAAAAAAAGAAGAAGAGGAGGAGGAGGAGGAGAGGAGGGAACCACT—
420 430 440 450 460 470

670 680 690 700 710 720
AGGCCCACGCCACCCATAATCCCAACACTTAGGAARACAGGTGAGTTTCCGGGTTCATCTT

..........................................................
..........................................................

AGGCCCACGCCACCCATAATCCCAACACTTAGGAAACAGGTGAGTT-CCGGGT-CATCTT
480 490 500 510 520 530

730 740 750 760 770 780
TGGTTCCCCTCCGTGAGCTTGGGTCCTGCCTGGGCTACATARAATCCTGCAGGTGGGAGA

............................................................

TGGTTCCCCTCCGTGAGCTTGGGTCCTGCCTGGGCTACATARAATCCTGCAGGTGGGAGA
540 550 560 570 580 590

790 800 810 820 830 840
GCAGGATTTGAACCTGGAGTTGGACATGAGAAGCCTGCAGTGGTGCCATGGATCTAAACA

............................................................
............................................................

GCAGGATTTGAACCTGGAGTTGGACATGAGAAGCCTGCAGTGGTGCCATGGATCTAAARCA
600 610 620 630 640 650

850 ! 860 870 880 890 900
TAATTACTACTACCACCTAGAAACGAATGCATAGAAAGTGCAGGCGGTGTATAAGGAGGG

............................................................
R I N R R R R EE R R R EE R I I IR I I I I A S

TAATTACTACTACCACCTAGAAACGAATGCATAGAAAGTGCAGGCGGTGTATAAGGAGGG
660 670 680 690 700 . 710

910 920 930 940 950 . 960
ACACAGGACATCCCTAGCCCTCACTCAGCTTCTTTGTGCTTCAGGTTCTCCTTGCCCCAT

............................................................

ACACAGGACATCCCTAGCCCTCACTCAGCTTCTTTGTGCTTCAGGTTCTCCTTGCCCCAT
720 730 740 750 760 770

970 980 990 1000 1010 1020
CAATACACACACACATACACACACACACACACACACACACACGACTCCCCAGACTGTGCA

............................................................

CAATACACACACACATACACACACACACACACACACACACACGACTCCCCAGACTGTGCA
780 790 800 810 820 830

1030 1040 1050 1060 1070 1080
AGGGCCCCCCAGCCACCCAGTAAGAAGGAARGAGARAGCAGGAACCCATCACTGCCTCCAG

............................................................
............................................................

AGGGCCCCCCAGCCACCCAGTAAGAAGGAAAGAGARGCAGGAACCCATCACTGCCTCCAG
840 850 860 870 880 890

1090 1100 1110 1120 1130 1140
CTTCCTCACTCACCAGCAGTTCTGGACGGTGGCTTGTCTGCCTGACGCTGGCTTTAGAAC

............................................................

CTTCCTCACTCACCAGCAGTTCTGGACGGTGGCTTGTCTGCCTGACGCTGGCTTTAGAAC
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pS3

Genome

pS3

Genome

pS3

Genome

pS3

Genome

pS3

Genome

pS3

Genome

pS3

Genome

pS3

Genome

pS3

Genome

pS3

Genome

900 910 920 930 940 950

1150 1160 1170 1180 1190 1200
CTGTTGGGGCTTGGTAGTTAGGGTGCAGGCACCACACCTCCATTAACATCTCTGGCCATC

............................................................
............................................................

CTGTTGGGGGTTGGTAGTTAGGGTGCAGGCACCACACCTCCATTAACATCTCTGGCCATC
960 970 980 990 1000 1010

1210 1220 1230 1240 1250 1260
AGCCCTGCTGCTTTGAAATGAGAGACTCCGGAGGAACTCCAAGGTGTAGTGGAGAGTTCC

............................................................
............................................................

AGCCCTGCTGCTTTGAAATGAGAGACTCCGGAGGAACTCCAAGGTGTAGTGGAGAGTTCC
1020 1030 1040 1050 1060 1070

1270 1280 1250 1300 1310 1320
AGTCTTGGCTACAGAGCTGAGGAATGTAAGGGAGGGTAGTCTGTCTGTCTTCCAGAAATC

............................................................
............................................................

AGTCTTGGCTACAGAGCTGAGGAATGTAAGGGAGGGTAGTCTGTCTGTCTTCCAGAAATC
1080 1090 1100 1110 1120 1130

1330 1340 1350 1360 1370 1380
ACTTCAGAAGGCTTCAGACAGGGCTGCCACTTGAGCCTTGCAAAGTGTTTTATGTCATGT

............................................................
............................................................

ACTTCAGAAGGCTTCAGACAGGGCTGCCACTTGAGCCTTGCAAAGTGTTTTATGTCATGT
1140 1150 1160 1170 1180 1190

1390 1400 1410 1420 1430 1440
CCCCCCTCCTTAAAARACAGAACAARAACATTCACRAGCTGGGTGGTGGTGGCACAAGCCTT

............................................................

CCCCCCTCCTTAAARACAGAACAARACATTCACARAGCTGGGTGGTGGTGGCACAAGCCTT
1200 1210 1220 1230 1240 1250

1450 . 1460 1470 1480 1490 1500
AATCCCAACTCTCAGGACGCAGAGGCCAGGCTGGTCTATAGAGCAAGTTCAAGGACAACC

AATCCCAACTCTCAGGACGCAGAGGCCAGGCTGGTCTATAGAGCAAGTTCAAGGACAACC
1260 1270 1280 1290 1300 1310

1510 1520 1530 1540 1550 A 1560
AGAGCTACACAGAGAGATCTTGTCTCGGCAAACACACACCACACACACACACACACACAC

............................................................
............................................................

AGAGCTACACAGAGAGATCTTGTCTCGGCAAACACACACCACACACACACACACACACAC
1320 1330 1340 1350 1360 1370

1570 1580 1590 1600 1610 1620
ACACACACACACACACACACACAACCAAACCAAACCAACCAACCAAAGACCCCCARAAATC

............................................................
............................................................

ACACACACACACACACACACACAACCAAACCAAACCAACCAACCARAGACCCCCARAATC
1380 1390 1400 1410 1420 1430

1630 1640 © 1650 1660 1670 1680
AAARAGACATTCACAACCAAGAAARATGAAATAARACCACCACAACAARATTATCTTAGTT

............................................................
............................................................

AAAAGACATTCACAACCAAGAAAAATGAAATAAAACCACCACAACAAAATTATCTTAGTT
14490 1450 1460 1470 1480 1490

1690 1700 1710 1720 1730 1740
TCTCTGTCCCAGGGCCTCACACACTCTCCCAGAGGCTTCACCCAGTCCCTGCCAAGCATT

............................................................
............................................................

TCTCTGTCCCAGGGCCTCACACACTCTCCCAGAGGCTTCACCCAGTCCCTGCCAAGCATT
1500 1510 1520 1530 1540 1550

VI
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1750 1760 1770 1780 1790 1800
pS3 TTCTTGAAATAGATCTTTATAATTCCAATGTATTCTCAAAATGAAATCATACCAGTAATA

............................................................
............................................................

Genome TTCTTGAAATAGATCTTTATAATTCCAATGTATTCTCAAAATGAAATCATACCAGTAATA
1560 1570 1580 1590 1600 1610

1810 1820 1830 1840 1850 1860
psS3 TATGCTTGTTAGTTGGTAATTGGATACTTAATTATATATTATAATTTATATACATTATAT

............................................................
............................................................

Genome TATGCTTGTTAGTTGGTAATTGGATACTTAATTATATATTATAATTTATATACATTATAT
1620 1630 1640 1650 1660 1670

1870 1880 1890 1900 1910 1920
pS3 ATAGTGAAGCTGAAGTCGCCCTAGGTCCATTGTATTTTGARACACTATTTCATGTGTTGG

............................................................
............................................................

Genome ATAGTGAAGCTGAAGTCGCCCTAGGTCCATTGTATTTTGAAACACTATTTCATGTGTTGG
1680 1690 1700 1710 1720 1730

1930 1940 1950 1960 1970 1980
pS3 CTTTCTGGGGCTGGGGGEGCGGGEEGTTGGGGGAATGGCTCATGTGTAAAAGTGTTAGCT

............................................................
............................................................

Genome CTTTCTGGGGCTGGGGGGGCGGGGEGTTGGGGCAATGGCTCATGTGTARAAGTGTTAGCT
1740 1750 1760 1770 1780 1790

1990 2000 2010 2020 2030 2040
pS3 GTGCAAACCTGAGGACCCCAGTTCCACCAGTGGAACCCACATARAAATCTGGATGTGACC

............................................................
............................................................

Genome GTGCAAACCTGAGGACCCCAGTTCCACCAGTGGAACCCACATAAAAATCTGGATGTGACC
1800 1810 1820 1830 1840 1850

2050 . 2060 2070 2080 2090
pS3 CAGCATGGTGGCCTGGGC~-TGARATCCCGGCACTCARAGGCAGAGGTGGGTGCGATCTCTG

...........................................................

Genome CAGCATGGTGGCCTGGGCCTGAAATCCCGGCACTCAAAGGCAGAGGTGGGTGGATCTCTG
1860 1870 1880 1890 . 1900 1910

2100 2110 2120 2130 2140 2150
pS3 AGTTCAAGGCCAGCTTCATGGCTAGCTACATGGTGAATTCCAGAGCAGTCAGGGTTGCAC

............................................................

Genome AGTTCAAGGCCAGCTTCATGGCTAGCTACATGGTGAATTCCAGAGCAGTCAGGGTTGCAC
1920 1930 1940 1950 1960 1970

2160 2170 2180 2190 2200 2210
pS3 AGTGAATTCCTATCTCAAAAACAAACGACAGAAGCAGGATGCAGTGGCATGAAGCTGTGA

............................................................

Genome AGTGAATTCCTATCTCAAAAACAAACGACAGAAGCAGGATGCAGTGGCATGAAGCTGTGA
1980 1990 2000 2010 2020 2030 ~

2220 2230 2240 2250 2260 2270
pS3 TCCTAGCACCTCTATGGCAAGACTGGAGACAGAGAGACCGGAGAAGCACTTTGAAACTTT

............................................................
............................................................

Genome TCCTAGCACCTCTATGGCAAGACTGGAGACAGAGAGACCGGAGAAGCACTTTGAAACTTT
2040 2050 2060 2070 2080 2090

2280 2290 2300 2310 2320 2330
pS3 TGGACTCTCTAGCCTAGAGTACACATCTGCAGCAGTAGAAACAGGCCCTGCCTCAACGAG

............................................................

Genome TGGACTCTCTAGCCTAGAGTACACATCTGCAGCAGTAGAAACAGGCCCTGCCTCAACGAG
2100 2110 2120 2130 2140 2150

VII
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2340 2350 2360 2370 2380 2390
pS3 GTAAAAGGTGGACTGGAGCGTACCCTAGGCTGTAGGCCCCTGGACACATCGCCTTCCGTIG

............................................................
...........................................................

Genome GTAAAAGGTGGACTGGAGCGTACCCTAGGCTGTAGGCCCCTGGACACATCGCCTTCCGTG
2160 2170 2180 2190 2200 2210

2400 2410 24290 2430 2440 2450
pS3 TTCTCACACACCCCAAGACTGACTTTGCTCATCCATCAGTGCCCTTGGCTTTGTTATTGA

............................................................
............................................................

Genome TTCTCACACACCCCAAGACTGACTTTGCTCATCCATCAGTGCCCTTGGCTTTGTTATTGA
2220 2230 2240 2250 2260 2270

2460 2470 2480 2490 2500 2510
pS3 TCTTTCTTTGCTCTCTGGACAGTCTCATCATGAATTCTATGCTAGCTTCAGCCTCGCAAG

............................................................
............................................................

Genome TCTTTCTTTGCTCTCTGGACAGTCTCATCATGAATTCTATGCTAGCTTCAGCCTCGCAAG
2280 2290 2300 2310 2320 2330

2520 2530 2540 2550 2560 2570
pS3 TGTTGAGATCACAGGTGGATACCACCATCACCAAACGACCAGTGTGTTTAGAACACACTT

............................................................
............................................................

Genome TGTTGAGATCACAGGTGGATACCACCATCACCAAACGACCAGTGTGTTTAGAACACACTT
2340 2350 2360 2370 2380 2390

2580 2590 2600 2610 2620 2630
pS3 GTCATATCATTACAGCCCTCTATCTTCATGCCTCTGTATGCTGGTACAGTATGCTGGTAG

Genome GTCATATCATTACAGCCCTCTATCTTCATGTCTCTGTATGCTGGTACAGTATGCTGGTAG
2400 2410 2420 2430 2440 2450

2640 2650 2660 2670 2680 2690
pS3 GGATTTAACCCAGAGCTTCATGCATACTAAACACATACAAGGGAGGCACAAACTCCATTC

............................................................

...........................................................

Genome GGATTTAACCCAGAGCTTCATGCATACTAAACACATACAAGGGAGGCACAAACTCCATTC
2460 2470 2480 2490 2500 2510

2700 2710 2720 2730 2740 2750
pS3 TCTTGGTTGTCCTTTAGCCACCCCCACTTTTGGGGGTGGGGGGAGTTGTTTGTITTTTAAA

............................................................

Genome TCTTGGTTGTCCTTTAGCCACCCCCACTTTTGGGGGTGGGGGGAGTTGTTTGTTITTTARA
2520 2530 2540 2550 2560 2570

2760 2770 2780 2790 2800 2810
pS3 ACTTTATTACATAGTTTTATTATATGTTTCTAAGATAAGGAATATGAAATTCAAGGARAT

............................................................

Genome ACTTTATTACATAGTTTTATTATATGTTTCTAAGATAAGGAATATGAAATTCAAGGAAAT
2580 2590 2600 2610 2620 2630

2820 2830 2840 2850 2860 2870
pS3 TAGGGTTTTGATTTGTTTTGTTGCTTTTGGTTTTGGTTTTTTGGGTTTTTGTTGTTGGTG

............................................................

Genome TAGGGTTTTGATTTGTTTTGTTGCTTTTGGTTTTCGTTTTTTGGGTTTTTGTTGTTGGTG
2640 2650 2660 2670 2680 2690

2880 2890 2900 2910 2920 2930
pS3 GGGTTTTTTTTGTGTGTGTTTTGTTTTGTTTTTTTGAGATAGGGTTTCTCTGTGTARCCC

............................................................

Genome GGGTTTTTTTTGTGTGTGTTTTIGTTTTGTTTTTTTGAGATAGGGTTTCTCTGTGTAACCC
2700 2710 2720 2730 2740 2750

2940 2950 2960 2970 2980 2990

VIII
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pS3 TGGCTGTCCTGGAAGTTACTCTGTAGACCAGGCTGGCCTCGAACTCAGAAATCCACCTGC

............................................................
............................................................

Genome TGGCTGTCCTGGAAGTTACTCTGTAGACCAGGCTGGCCTCGAACTCAGRAAATCCACCTGC
2760 2770 2780 2790 2800 2810

3000 3010 3020 3030 3040 3050
pS3 CTCTGCCTCCCATGTGCTGGGATTAAAGGCGGTACACTGATGAAAGGGTCTTGCTGACCG

...........................................................
...........................................................

Genome CTCTGCCTCCCATGTGCTGGGATTAAAGGCG-TACACTGATGAAAGGGTCTTGCTGACCG
2820 2830 2840 2850 2860 2870

3060 3070 3080 3090 3100 3110
pS3 AGTGAGGCAGCCATGACTTTTAGAAGACAATCCTCCAGGGCTGAAGAGTTGGCTCAGTGG

............................................................
............................................................

Genome AGTGAGGCAGCCATGACTTTTAGAAGACAATCCTCCAGGGCTGAAGAGTTGGCTCAGTGG

2880 2890 2900 2910 2920 2930
3120 3130 3140 3150 3160 3170
pS3 TTAGGAGTACTGTTCTCCTGAGGGACCCAGTCTGATTCCCTGCACCCACTTGCCACTTAC
Genome TTAGGAGTACTGTTCTCCTGAGGGACCCAGTCTGATTCCCTGCACCCACTTGCCACTTAC
2940 2950 2960 2970 2980 2990
3180 3190 3200 3210 3220 3230
pS3 TCAGGCACCAGGCGTGCGTAGGTGTGGTGCACAGACATCCATGCAGGAAAAGCATTCRAT
Genome TCAGGCACCAGGCGTGCGTAGGTGTGGTGCACAGACATCCATGCAGGAARAGCATTCAAT
3000 3010 3020 3030 3040 3050
3240 3250 3260 3270 3280 3290

pS3 CTARARAARAARRAARARRARARARAGTGTARAARGAAARTACCCGAAGCCGAGTGTGGCGE

............................................................
............................................................

Genome CTAAAAAAAAARAAAAAAARARAAGTGTAAAAAGAARATACCCGAAGCCGAGTGTGGCGG

3060 3070 3080 3090 3100 3110
3300 3310 3320 3330 3340 3350
pS3 CTCACACTGAGATGCCAATATTTGGGAGGCTAAGGAAGGAGAATCTTCAGTTCAAGGTCA
Genome CTCACACTGAGATGCCAATATTTGGGAGGCTAAGGAAGGAGAATCTTCAGTTCAAGGTCA
3120 3130 3140 3150 3160 3170
3360 3370 3380 3390 3400 3410

pS3 GCATGGAGGTGAACGGACAGAAAGCTTCTCTCGTGTGTGTGTGTGTGTGTGTGTGTGTGT

............................................................
............................................................

Genome GCATGGAGGTGAACGGACAGAAAGCTTCTCTCGTGTGTGTGTGTGTGTGTGTGTGTGTGT
3180 3190 3200 3210 3220 3230

3420 3430 3440 3450 3460 3470
pS3 GTGTGTACATATGCACGCACAAGTGTGGGCACTGCCGAGCACCCAGAAGAGGATGTCAAA

............................................................
............................................................

Genome GTGTGTACATATGCACGCACAAGTGTGGGCACTGCCGAGCACCCAGAAGAGGATGTCAAA

3240 3250 3260 3270 3280 3290
3480 3490 3500 3510 3520 3530
pS3 TCCCCTGCAGCTGGAGTGGCCTGACATGGATATTGGGAACTGAATCAGCTCCTCTGCCAA
Genome TCCCCTGCAGCTGGAGTGGCCTGACATGGATATTGGGAACTGAATCAGCTCCTCTGCCAA
3300 3310 3320 3330 3340 3350
3540 3550 3560 3570 3580 3590
pS3 AGCTGTGCCTGCTGTAACTGCCCACCCATTTCTCCAGCCCAGTTCTGCACACTTGTTTGC

X
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............................................................
............................................................

Genome AGCTGTGCCTGCTGTAACTGCCCACCCATTTCTICCAGCCCAGTTCTGCACACTTGTTTGC

3360 3370 3380 3390 3400 3410
3600 3610 3620 3630 3640 3650
pS3 TTGCTTGGGTTTTTGTTTGTTGGTTTATTTGTTTGTTGTTTTTGTTTTTTGTTTNTTGCA
Genome TTGCTTGGGTTTTTGTTTGTTGGTTTATTTGTTTGTTGTTTTTGTTTTTTGTTTTTTGCA
3420 3430 3440 3450 3460 3470
3660 3670 3680 3690 3700 3710

psS3 GGAAGAAGAGGTTCAGACGGGGACTCAGGAAGCATAGGCTAGCCACCTTGCCGGTATCTC

............................................................
............................................................

Genome GGAAGAAGAGGTTCAGACGGGGACTCAGGAAGCATAGGCTAGCCACCTTGCCGGTATCTC

3480 3490 3500 3510 3520 3530
3720 3730 3740 3750 3760 3770
pS3 TTAGCTTCCGGTGTGAGCTACATACCCTGTTTATGCTGGTGATGGAACCCACTAGGCAGA
Genome TTAGCTTCCGGTGTGAGCTACATACCCTIGTTTATGCTGGTGATGGAACCCACTAGGCAGA
3540 3550 3560 3570 3580 3590
3780 3790 3800 3810 3820 3830

pS3 CACTACCAAGTGAGCTCCATCCCCAGCCAGCCCCTCAAATCTCACCTGTGAGAGTAGGAA

............................................................

Genome CACTACCAAGTGAGCTCCATCCCCAGCCAGCCCCTCAAATCTCACCTGTGAGAGTAGGAA
3600 3610 3620 3630 3640 3650

3840 3850 3860 3870 3880 3890
pS3 GCCTTGTGACCTCAAAGCACCCCCAAGGGTTCCACCTCTTAATATGATTCATCACTTTGG

............................................................
............................................................

Genocme GCCTTGTGACCTCAAAGCACCCCCAAGGGTTCCACCTCTTAATATGATTCATCACTTTGG
3660 ;3670 3680 3690 3700 3710

3900 3910 3920 3930 3940 3950
pS3 TGCATAAATGTTGTGGGGTTACACCATTCAAACCATAATGGTGGGCARACCTGARAAGCCA

............................................................
............................................................

Genome TGCATAAATGTTGTGGGGTTACACCATTCAAACCATAATGGTGGGCAAACCTGAAAGCCA
3720 3730 3740 3750 3760 - 3770

3960 3970 3980 3990 4000 4010
pS3 CTGTACGCATCATTACATGTTATACGTGTAACACTTGAGCTCCARAAGAACTGATGGCAGC

............................................................

Genome CTGTACGCATCATTACATGTTATACGTGTAACACTTGAGCTCCAAAGAACTGATGGCAGC
3780 3790 3800 3810 3820 3830

4020 4030 4040 4050 4060 4070
pS3 CACAAATGAAGTCCCATTTGGTCTTAATTTCACTTTGTAGACCAGGTGACCCTGAACGTA

Genome CACAAATGAAGTCCCATTTGGTCTTAATTTCACTTTGTAGACCAGGTGACCCTGAACGTA
3840 3850 3860 3870 3880 3890

4080 4090 4100 4110 4120 4130
pS3 TGGCAAACCTCCTGTCTCACCTTCCCAAAGTGCCAGGANTGNAGNCAGGGCATGGGCCTN

.....................................

Genome TGGCAAACCTCCTGTCTCACCTTCCCAA~-GTGCCAGGACTGCAGGCAGG-CATGGGC- TA
3900 3910 3920 3930 3940

4140 4150 4160 4170 4180 4190
pS3 CCANACCCAATTCCAGCNCGATTGTTNATAAGGGGTTTNTANATTNCCTCATGCATCAGA

.....................................
..........................................................
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Genome CCATACCCAAT-CCAGCACGAT-GTTTATAAGGGGTTTCTATATTACCTCATGCATCAGA
3950 3960 3970 3980 3990 4000

4200 4210 4220 4230 4240 4250
pS3 ATTCCATGATGTTTTAATCCCAAAGTGACATTCCGNGGCATGTCTANACTATATTGTATT

.........................................................
...........................................................

Genome ATTCCATGATGTTTTAATCCCAA-GTGACATTCCGTGGCATGTCTATACTATATTGTATT
4010 4020 4030 4040 4050 4060

4260 4270 4280 4290 4300 4310
pS3 TANCCCCCCATGTGTTGACAAGATATGTGGNTGGTTTCCCATGCCTTGGCTAATGTGAAT

................................................
......................................................

Genome TATCC----ATGTGTTGACA-GATATGTGGCTGGTTTCC-ATGCCTTGGCTAATGTGAAT
4070 4080 4090 4100 4110 4120

4320 4330 4340 4350 4360 4370
pS3 AATTGCTAGGARCGGGTCTTCCAATGTCTGTTTGCATTTCTACTTTTACTATAGTTGGAA

............................................................
............................................................

Genome AATTGCTAGGAACGGGTCTTCCAATGTCTGTTTGCATTTCTACTTTTACTATAGTTGGAA
4130 4140 4150 4160 4170 4180

4380 4390 4400 4410 4420 4430
pS3 TACTCACATTGATCCAACGTCATGGATCATTATGTAATGTCCTCACTTCCTCACAGATGC

............................................................

Genome TACTCACATTGATCCAACGTCATGGATCATTATGTAATGTCCTCACTTCCTCACAGATGC
4190 4200 4210 4220 4230 4240

4440 4450 4460 4470 4480 44590
pS3 ACTATCTGTGGAAGGGTGCACGGACACATGGGTATATTAAGTCCTGTTCAGTCGGTTCCC

Genome ACTATCTGTGGAAGGGTGCACGGACACATGGGTATATTAAGTCCTGTTCAGTCGGTTCCC
4250 ©. 4260 4270 4280 4290 4300

4500 4510 4520 4530 4540 4550
pS3  ATGTGGTTTCCTTACTTACCACATCCTTACTTACCACATCTCAACAGCACAGGGCTCCTC

Genome ATGTGGTTTCCTTACTTACCACATCCTTACTTACCACATCTCAACAGCACAGGGCTCCTC
4310 4320 4330 4340 4350 4360

4560 4570 4580 4590 4600 4610
pS3 CAAGTCACATTTATAACCACATCCATCACCTATCTACCTGACCTATCCCTAGCCTGGGGT

............................................................

Genome CAAGTCACATTTATAACCACATCCATCACCTATCTACCTGACCTATCCCTAGCCTGGGGT
4370 4380 4390 4400 4410 4420

4620 4630 4640 4650 4660 4670
pS3 AACCACAAATCTGATCTTTGCTTCTAGAATGTTGCCATTGCAAAAGTACTATTTAGGGC?
Genome AACCACAAATCTGATCTTTGCTTCTAGAATGTTGCCATTGCAAAAGTACTATTTAGGGCT
4430 4440 4450 4460 4470 4480

4680 4690 4700 4710 4720 4730
pS3 GGAGAAACAGCTCAGCCGTTTCTTAAGAGCACTGACTGCTTTTCCAGAGGTCCTGAGTTC

Genome GGAGAAACAGCTCAGCCGTTTCTTAAGAGCACTGACTGCTTTTCCAGAGGTCCTGAGTTC
4490 4500 4510 4520 4530 4540

4740 4750 4760 4770 4780 4790
pS3 AATTCCCAGCAACCACATGGTGGCTCACAACCATCTGTAACCAGATCTGATGGCTTCTTC

............................................................

Genome AATTCCCAGCAACCACATGGTGGCTCACAACCATCTGTAACCAGATCTGATGGCTTCTTC

Xi
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4550 4560 4570 4580 4590 4600

4800 4810 4820 4830 4840 4850
pS3 TGGTATGTCTGAAGACAGCTACAGCACAGTGTACTCATATATATARAATAAATCTTTARA
Genome TGGTATGTCTGAAGACAGCTACAGCACAGTGTACTCATATATATAAAATAAATCTTTAAA
4610 4620 4630 4640 4650 4660

4860 4870 4880 4890 4900 4910

pS3 AATAAGTTTGTTTAAATGGAACAACAAGCTGGAGAGATGGCTCAGTGCATCCGAGCATTT

............................................................

Genome AATAAGTTTGTTTAAATGGAACAACAAGCTGGAGAGATGGCTCAGTGCATCCGAGCATTT
4670 4680 4690 4700 4710 4720

4920 4930 4940 4950 4960 4970
pS3 GCTTTGCAAGGATGAGGAACAGAGGTCTAATCCTTAGCACCGTATATARACAGGCACCAC

............................................................
............................................................

Genome GCTTTGCAAGGATGAGGAACAGAGGTCTAATCCTTAGCACCGTATATAAACAGGCACCAC
4730 4740 4750 4760 4770 4780

4980 4990 5000 5010 5020 5030
pS3 ACACTCACATGCATAGAGCACATGGACCCACACACCCATCATCCCCAGGACTCACAGTGC

............................................................
............................................................

Genome ACACTCACATGCATAGAGCACATGGACCCACACACCCATCATCCCCAGGACTCACAGTGC
4790 4800 4810 4820 4830 4840

5040 5050 5060 5070 5080 5090
psS3 TCATGCACGCGCACGCACACAGCACACACACACACACACACACACACACACACACACACA

Genome TCATGCACGCGCACGCACACAGCACACACACACACACACACACACACACACACACACACA
4850 4860 4870 4880 4890 4900

5100 5110 . 5120 5130 5140 5150
pS3 CACACACACACACGGCAGGTATGACATGTATCTATAATCTCTGCATTCAGGTGCAGAGTC

Genome CACACACACACACGGCAGGTATGACATGTATCTATAATCTCTGCATTCAGGTGCAGAGTC
4910 4920 4930 4940 4950 4960

5160 5170 5180 5190 5200 5210
pS3 BGGAGGACTGAGAGTCTGAGCCAGCCTGGGCTACATAAAGCCTGTCTTGARARATCAAGA

............................................................

Genome AGGAGGACTGAGAGTCTGAGCCAGCCTGGGCTACATAAAGCCTGTCTTGAAAAATCAAGA
4970 4980 4990 5000 5010 5020

5220 5230 5240 5250 5260 5270
pS3 GCTGARACTACAGGTCAATGGTAGAGCACTTGCCTGGTATGTGCAAGGCTCACCCGGAAC

............................................................
............................................................

Genome GCTGAAACTACAGGTCAATGGTAGAGCACTTGCCTGGTATGTGCAAGGCTCACCCGGAAC
5030 5040 5050 5060 5070 5080

5280 5290 5300 5310 5320 5330
pS3 ACACAATTCTCCTGCCGTAGACTCTGGCTACCAATTTGAAATRAATACATAAGCTTTTAAA

Genome ACACAATTCTCCTGCCGTAGACTCTGGCTACCAATTTGAAATAATACATAAGCTTTTAAA
5090 5100 5110 5120 5130 5140

5340 5350 5360 5370 5380 5390
pS3 AGTGACTTAAAAARRAACARACARCAAAACAAACCTGAGCACACATCATTCGCCCACTAAA

............................................................

Genome AGTGACTTAAAAAAAAACAACAACAAAACAAACCTGAGCACACATCATTCGCCCACTARA
5150 5160 5170 5180 5190 5200

X1
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5400 5410 5420 5430 5440 5450
pS3 CGACGTCCTTACGACTGGTTTTACTTTGCAGGGTTTCACTAAGTTGTTTAGACTTAAACT

............................................................
............................................................

Genome CGACGTCCTTACGACTGGTTTTACTTTGCAGGGTTTCACTAAGTTGTTITAGACTTAAACT

5210 5220 5230 5240 5250 5260

5460 5470 5480 5430 5500 5510
pS3 CAGCCTGCAGCCCAGGCAGATGATGAACTTCTCATTCACTATGATTTCCTGAAGATTTCT
Genome CAGCCTGCAGCCCAGGCAGATGATGAACTTCTCATTCACTATGATTTCCTGAAGATTTICT
5270 5280 5290 5300 5310 5320

5520 5530 5540 5550 5560 5570
PS3 CTGTCCGTCATATGTATCCACTTACCTGTTGATGGACAGCTCAGATAATTCCAGCTTCTG
Genome CTGTCCGTCATATGTATCCACTTACCTGTTGATGGACAGCTCAGATAATTCCAGCTTCTG
5330 5340 5350 5360 5370 5380

5580 5590 5600 5610 5620 5630

pS3 ATTATTGCAAAAAACATTGCTGTAAACATCATGTGGAGGTTTTTGTTTGGACATATGTTT

............................................................
............................................................

Genome ATTATTGCAAAARAACATTGCTGTAAACATCATGTGGAGGTTTTTIGTTTGGACATATGTTT
5390 5400 5410 5420 5430 5440

5640 5650 5660 5670 5680 5690
pS3 AATTTCTCTGGGGTAAATACCCAGGAGTTCGTGCTTTGATATGCACACCACATTCACCCA

............................................................

Genome AATTTCTCTGGGGTAAATACCCAGGAGTTCGTGCTTTGATATGCACACCACATTCACCCA
5450 5460 5470 5480 5490 5500

5700 5710 . 5720 5730 5740 5750
pS3 TGCTATCTGAGTGAGACCCTCACAGGTCCACAGGCAGAAGGAATTTTCACCTCCCTCCCA

............................................................

Genome TGCTATCTGAGTGAGACCCTCACAGGTCCACAGGCAGAAGGAATTTTCACCTCCCTCCCA
5510 5520 5530 5540 5550 5560

5760 5770 5780 5790 5800 5810
pS3 TCTTCCCATTAGGTCAACAATGCCCCTTGAACTCCAGACTGAGATGAAAGACCTGACAAG

Genome TCTTCCCATTAGGTCAACAATGCCCCTTGAACTCCAGACTGAGATGAAAGACCTGACA G
5570 5580 5590 5600 5610

5820 5830 5840 5850 5860 5870
pS3 GTCTGTGTATGTGTGTGTGTGTGTGTGTGTGTGTGTGIGTGTGTGTGTGTGTGTGTGTGT

Genome GTCTGTGTATGTGTGIGIGTGIGTGTGTGTGTGTGTGIGTGTGTGTCTGTGTGTGTGTGT
5620 5630 5640 5650 5660 5670 ‘

5880 5890 5900 5810 5920 5930
pS3 GTGCGTGTGTAGCTGCCATGAGATATTAAACATTAATACCCAAATGGCAGGAAGGACCAG

............................................................

Genome GTGCGTGTGTAGCTGCCATGAGATATTAAACATTAATACCCAAATGGCAGGAAGGACCAG
5680 5690 5700 5710 5720 5730

5940 5950 5960 5970 5980 5990
pS3 ARATCGGAGGTAATTTTGAAAGCARAGAATCTGGAGTGTCTGGAATGGGGCCAGACTTAT

.........................................

..................
.........................................

Genome AAATCGGAGGTAATTTTGGAAGCAAAGAATCTGGAGTGTCTGGAATGGGGCCAGACTTAT
5740 5750 5760 5770 5780 5790

XIII



Appendix 2: Alignment pS3 and Mouse Genome Sequencing Project Sequences

6000 6010 6020 6030 6040 6050
pS3 TATGGAACATAGGGTATCCAGGAGAGGAACGAAGGTCAAAACTGTGGGTTACCACCCCCT

............................................................
............................................................

Genome TATGGAACATAGGGTATCCAGGAGAGGAACGAAGGTCAAAACTGTGGGTTACCACCCCCT
5800 5810 5820 5830 5840 5850

6060 6070 6080 6090 6100 6110
pS3 TCCGCCACAACTGGTCACTTCTGCCTTTGGTGAGTGTTTCGAAACGCCAAGTGTGTGARA

............................................................
............................................................

Genome TCCGCCACAACTGGTCACTTCTGCCTTTGGTGAGTGTTTCGAAACGCCAAGTGTGTGAAA
5860 5870 5880 5890 5900 5910

6120 6130 6140 6150 6160 6170
pS3 TTGTGAGCATGCCCTCAGTGATGTGGAGATGAGGTCTGGAGGGGATGGGAAGGGCGTGGE

............................................................
............................................................

Genome TTGTGAGCATGCCCTCAGTGATGTGGAGATGAGGTCTGGAGGGGATGGGAAGGGCGTGGG

5920 5930 5940 5950 5960 5970
6180 6190 6200 6210 6220 6230
pS3 TTCCCACTCTTACTCACTCGGACCAGCACCCACAGRAAGGGGACAGATTGAGGAGCTAGTT
Genome TTCCCACTCTTACTCACTCGGACCAGCACCCACAGAAGGGGACAGATTGAGGAGCTAGTT
5980 5990 6000 6010 6020 6030
6240 6250 6260 6270 6280 6290
pS3 GCCAGGCGATGGTGTGACCACACACAGTGTATCCTGCAGCGTGCGTCCTCATGATTA———

................................................

Genome GCCAGGCC- TGGTG——ACCACACACAGAGTATCCTGCCGCCTGCGTCCTCATGATTAGTG
6040 6050 6060 6070 6080 6090

Xiv



