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ABSTRACT

The Serum Amyloid A (S AA) proteins are a family of highly conserved lipoproteins 

secreted by the liver. Their production and release is massively induced under 

conditions of inflammation or infection by pro-inflammatory cytokines such as 

Interleukin-1 (IL-l), Interleukin-6 (IL-6) and Tumour Necrosis Factor-a (TNF-a) and 

by bacterial endotoxins.

Although there is ample evidence of glucocorticoid stimulation of SAA synthesis, in 

vitro and in vivo, glucocorticoid response elements (GREs) had not been identified in 

any SAA genes. This thesis examines the transcriptional regulation of hSAAl using a 

luciferase reporter system. Evidence is presented of differential regulation of hSAAl 

and hSAvAZ in response to glucocorticoids, which is due to a GRE at -194 to -208 in 

the hSAAl upstream regulatory sequence.

Previous work on the transcriptional regulation of mouse Saal and Saa2 had 

demonstrated their composite induction in response to bacterial endotoxin. However 

the individual response of these genes in response to cytokines had not been 

examined. Based on their high sequence identity it had been assumed that these genes 

were coordinately regulated. This thesis characterises the differential regulation of 

mouse Saal and Saa2 promoters in response to IL-l and IL-6 in HepG2 cells.

Sequence alignment of the human SAAl and SAA2, mouse Saal, Saa2 and Saa3, rat 

SAAl and rabbit SAA2 upstream regulatory regions suggested the interact of NF-kB 

and YY-1 transcription factors with all of these seven A-SAA genes. The A-SAA 

genes appear to share basic regulatory elements but have individually diversified to 

include additional regulatory features that permit them to respond collectively to the 

full repertoire of stimuli generated by inflammation and infection.



This thesis also investigates the use of constructs in which SAA-derived promoters 

drive production of anti-inflammatory molecules with the ultimate aim of generating 

gene therapy vectors for the treatment of Rheumatoid Arthritis. A chimeric promoter 

was generated to combine increased magnitude of expression of a tat/HIV element 

with the cytokine controlled induction of the human SAA2 promoter. Initial 

experiments achieved cytokine-induced expression of IL-lra and TNFR and 

antagonism of TNF induction of the SAA2 promoter luciferase reporter. The SAA2- 

tat/HIV promoter construct had a high basal level of expression which conferred on 

the construct a narrower inductive range. Constructs containing tandem repeats of the 

human SAAl promoter had very low basal expression and a high inductive capacity 

but the overall magnitude of expression attained was much lower than the two 

component SAA2-tat/HIV promoter.

The principal function of the SAA family of proteins is still unclear. Large scale 

expression of individual isoforms of human recombinant SAA was achieved using a 

maltose binding protein fusion partner in a bacterial expression system. However, 

cleavage of rSAA from the fusion protein was prevented by the formation of an N- 

terminal amphipathic alpha helical structure. This secondary structure may be 

responsible for the anti-fungal activity reported by Badolato et al.

The characterisation of human and mouse SAA promoters has identified key 

regulatory elements which can be selectively applied as SAA-derived promoters to 

the generation of cytokine-responsive gene therapy vectors. This promises disease- 

sensitive, localised expression of anti-inflammatory molecules for the treatment of 

Rheumatoid Arthritis and other inflammatory disorders.

11



SAA nomenclature

SAA nomenclature initially followed numerical order of identification. In 1999 this 

was revised to reflect the evolutionary relationships between mouse and human 

homologues. The major change being that mouse Saal and Saa2 genes were 

reassigned so that mouse Saal refers to the positional homologue of human SAAl and 

mouse Saal refers to the positional homologue of human SAA2. Also letter cases 

were amended to be consistent with standardised genetics nomenclature. [Sipe, 1999 

#281]

Human

Mouse

Standardised Gene Name Protein Name Old Name

SAAl.l SAAl.l SAA la
SAA1.2 SAA1.2 SAAip
SAA1.3 SAA1.3 SAAly
SAA1.4 SAA1.4 SAA15
SAA1.5 SAA1.5 SAAip
SAAl.l SAA2.1 SAA2a
SAA2.2 SAA2.2 SAA2P
SAA3P n/a SAA3
SAA4 SAA4 SAA4

Saal.l SAAl.l SAA2
Saal.2 SAA1.2 SJL/J
Saal.3 SAA1.3 mcl
Saal.4 SAA1.4 mc2
Saal. 5 SAA1.5 mml

Saal.6 SAA 1.6 mm2
Saa2.1 SAA2.1 SAAl

Saa2.2 SAA2.2 CE/J

Saa3 SAA3 SAA3
Saa-psl n/a SAA4
Saa4 SAA4 SAA5

111



ABBREVIATIONS

AA : amyloid A
AGP : alpha 1-acid glycoprotein
AP-1 : activating protein-1
ApoA-1 : apolipoprotein A-1
APP : acute phase protein
APR : acute phase response
A-SAA : acute phase SAA
BLAST : basic local alignment search tool
bp : base pairs
bZip : leucine zipper
C/EBP : CCAAT-binding protein
CMV : cytomegalovirus
CRP : C-reactive protein
C-SAA : constitutive SAA
dNTP : dideoxynucleotides
GR : glucocorticoid receptor
GRE: glucocorticoid response element
GST ; glutathione S-transferase
HARGNY : conserved SAA protein sequence motif
HDL : high density lipoprotein
hSAA: human SAA
hsp90 : heat shock protein 90
IkB : inhibitor of kappa B
IL-1 : interleukin-1
IL-IR : interleukin-1 receptor
IL-lra : interleukin-1 receptor antagonist
IL-6 : interleukin-6
IL-6R : interleukin-1 receptor
IL-6RE : interleukin-1 responsive element
JAK : janus activated kinase
Kb : kilobases
kD : kilo Daltons
LDL : low density lipoprotein
LPS : lipopolysaccharide
MBP : maltose binding protein
mSaa ; mouse Saa gene
MSAA : mouse SAA protein
MAPK : mitogen activated protein kinase

IV



NF-kB : nuclear factor kappa B 
NF-IL6 ; nuclear factor interleukin-6 
PCR : polymerase chain reaction 
RA ; rheumatoid arthritis 
rSAA : recombinant SAA
rlL-lra : recombinant interleukin-1 receptor antagonist
SAA : serum amyloid A gene
SAA ; serum amyloid A protein
SAP : serum amyloid P
SH2 : src homology domain
STAT : signal transducing activators of transcription
TESS : transcription element search system
TEV : tobacco envelope virus
TNE ; tumour necrosis factor
TNFR ; tumour necrosis factor receptor
TNFR;Ig: tumour necrosis factor receptor immunoglobulin G fusion protein 
YY-1 : yin yang-1
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Introduction



1. INTRODUCTION

The Serum Amyloid A (SAA) proteins are a family of lipoproteins found associated 

with HDL in the blood. Serum amyloid A is the precursor to amyloid A (AA) which 

forms the insoluble plaques characteristic of the condition Secondary Amyloidosis 

(Uhlar et al., 1996). SAA is a major acute phase reactant, massively up-regulated by 

the liver in response to inflammation or infection. It is found at low levels in normal 

serum but under acute phase conditions it can be induced a thousand fold (Betts et al., 

1991; Lowell et al., 1986a).

1.1 THE ACUTE PHASE RESPONSE

The acute phase response (APR) is part of the host innate immunity.(Figure 1.1) 

Cellular damage or invasion of pathogens result in the release of Type 1 cytokines 

such as Interleukin-1 (IL-1) and Tumour Necrosis Factor alpha (TNF-a), from tissue 

macrophages. These cytokines have both local and systemic effects, including 

promoting the release of Type 2 cytokines and chemokines, e.g. IL-6 and IL-S, and 

opsonins, such as C-reactive protein (CRP), and cause further activation of host cells 

(Baumann and Gauldie, 1994). Molecules associated with pathogens, such as 

bacterial lipopolysaccharide (LPS) can also stimulate the cascade of host defense 

mechanisms. The APR is activated rapidly and lasts for 48-72 hours (Kushner, 1982). 

During this time the biosynthetic profile of the liver is changed dramatically. The 

liver is the primary effector organ of the APR although many other cell types such as 

macrophages and endothelial cells are involved. Different acute phase proteins 

(APPs) show characteristic changes in expression. The major APPs, SAA and CRP 

are induced a thousand-fold, other positive APPs such as complement C2, C3, C4,



C5, and C9, and the metal binding protein ceruloplasmin show more modest increases 

of 2-3 fold. The negative APPs; albumin, transferrin and Apolipoprotein Al, are 

down regulated, probably in part to allow for the increased production of positive 

APPs (Steel and Whitehead, 1994).

The short half life of the inflammatory cytokines in addition to their stimulation of 

anti-inflammatory molecules such as Interleukins 4 and 10, glucocorticoids, and the 

Interleukin-1 receptor antagonist serves to limit the duration of the APR and restore 

haemostasis (Moshage, 1997).

The APR is a short term response to deal rapidly with an injury. It involves proteins 

which are released into the blood stream, some acting directly on pathogens, damaged 

cells or debris, others recruiting cells of the immune system to initiate repair. When 

these mechanisms become disregulated, it results in chronic inflammation and 

pathologies such as rheumatoid arthritis, amyloidosis and atherosclerosis (Uhlar and 

Whitehead, 1999b).



Figure 1.1
Schematic representation of the Acute Phase Response. Infection or cellular damage 
causes the activation of mononuclear leukocytes and the release of inflammatory 
cytokines, which in turn stimulate the liver to up-regulate the production of acute 
phase proteins.



1.2 SERUM AMYLOID A

1.2.1 SAA Genes

SAA was initially thought to be one protein which was the precursor of AA but is 

now known to be a family of differentially expressed lipoproteins (Husby et al., 

1988). The family includes cytokine-induceable Acute Phase SAAs (A-SAAs) and 

the constitutively expressed SAA (C-SAA).

The human SAA gene family has four members which are located in a cluster 

spanning 150 Kb on chromosome llpl5.1 (Sellar et al., 1994).(Figure 1.2) There are 

two human A-SAA genes (SAAl and SAA2), one C-SAA gene (SAA4) and a 

pseudogene (SAA5p)(Whitehead et al., 1992). Each SAA gene has a four exon three 

intron structure. The first exon contains the 5’ untranslated region (UTR), the second 

exon contains the signal peptide and first 12 residues of the coding sequence, the third 

exon contains residues 13-59 and the fourth exon contains the remaining coding 

amino acids and the 3’UTR (Steel and Whitehead, 1994).

At least five different SAAl alleles have been reported, SAAl.l, SAAl.2 and SAAl.3 

which encode distinct proteins, and two neutral polymorphisms of SAAl.l. There are 

three alleles of SAA2, SAA2.1, SAA2.2 and a neutral polymorphism of SAA2.1 (See 

SAA nomenclature)(Sipe, 1999).



Human SAA gene family
Chromosome lip 15.1

SAAl SAA2 SAA4 SAA3

S S.
centromere

15-20 Kb
O
9 Kb 110 Kb

150 Kb

Mouse Saa gene family
Chromosome 7p

Saal

S
Saal Saa-psl Saa4

m.
Saa3

centromere

<-------
8.5 Kb 5.1Kb

O
2 Kb 15 Kb

45 Kb

Figure 1.2
Schematic diagram of the human and mouse SAA gene families. Solid arrowheads 
show the transcriptional orientation of each gene. Adapted from Uhlar and 
Whitehead, 1999.
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The SAAs are highly conserved evolutionarily, both at the nucleic acid and protein 

levels. The proteins all contain an eighteen amino acid SAA motif also known as the 

HARGNY sequence. SAAs have been identified in all mammals tested so far 

including human, mouse, rabbit, hamster, rat, dog, cow, sheep, horse, cat, mink and 

wallaby (Johnson et al., 1989; Li and Liao, 1991; Marhaug et al., 1990; Ray and Ray, 

1991; Rossevatin et al., 1992; Sellar et al., 1991; Sletten et al., 1989; Syversen et al., 

1994; Uhlar et al., 1996; Webb et al., 1989). SAA is also expressed in lower 

vertebrates such as salmon and carp and an SAA gene has recently been identified in 

the invertebrate, sea cucumber (Jensen et al., 1997; Santiago et al., 2000). The SAA 

proteins most likely share a common function because of their close sequence 

identities and similar regulation and a fundamental role in response to pathogens due 

to their conservation through evolution.

The mouse Saa gene family closely resembles the human in structure (Butler and 

Whitehead, 1996; de Beer et al., 1994).(Figure 1.2) The genes are located in a cluster 

spanning 45Kb on chromosome 7 which is syntenic to the chromosomal location of 

the human SAA gene family. The mouse and rabbit families have a third functional 

A-SAA, Saa3, which is expressed extrahepatically and is the positional homologue of 

human SAA3p (Lowell et al., 1986a; Mitchell et al., 1991). No protein or mRNA has 

been demonstrated from human SAA3p, the pseudogene. It contains a single base 

insertion resulting in a frameshift mutation and premature stop signal at codon 43 

(Sellar and Whitehead, 1993). The mouse Saa family also contains a pseudogene, 

Saa-psl (Lowell et al., 1986a).

Mouse and human are the only species in which C-SAAs have been identified so far 

(de Beer et al., 1994; de Beer et al., 1995; Whitehead et al., 1992). These C-SAAs 

share more homology with each other than to the A-SAAs of their respective species 

(Uhlar et al., 1994). Although the SAAs of dog (Sellar et al., 1991), mink (Marhaug



et al., 1990) and horse (Sletten et al., 1989) have an eight amino acid insertion, and 

the SAAs of cow (Rossevatin et al., 1992) and sheep (Syversen et al., 1994) have a 

nine amino acid insertion in a similar position to the insertion of the C-SAAs, they are 

cytokine induceable and therefore classified as A-SAAs (Uhlar et al., 1996). These 

SAAs share more sequence identity with other A-SAAs than they do with the C- 

SAAs and are up-regulated by inflammatory stimuli.



1.2.2 SAA Expression

The A-SAAs are regulated at several levels; transcriptionally, post-transcriptionally 

and at the level of protein turnover. APPs are classified into 2 groups according to the 

type of cytokines which are responsible for their induction. A-SAA is a type 1 APP, 

being primarily induced by IL-l-type cytokines. Type 2 APPs are primarily regulated 

by IL-6 type cytokines (Uhlar and Whitehead, 1999b). IL-6-type cytokines induce 

human A-SAA in vitro but to a lesser degree than IL-1 in HepG2 and Hep3B 

hepatoma cells, although in primary human hepatocytes a greater degree of IL-6 

induction is observed (Castell et al., 1989; Smith and McDonald, 1992; Steel et al., 

1996). Addition of IL-1 and IL-6 together results in synergistic activation and 

maximal induction of A-SAA mRNA in vitro. In PLC/PRF5 human hepatoma cells 

this induction is as great as that produced by monocyte conditioned medium 

(MOCM), suggesting that IL-1 plus IL-6 are sufficient to activate all the signal 

transduction pathways necessary for maximal A-SAA transcription (Steel and 

Whitehead, 1991). C-SAA mRNA was detected at low levels in untreated Hep3B, 

HepG2, HuH7, PLC/PRF5 hepatic and HeLa, KB, ECV304 non-hepatic cell lines but 

was not induced by MOCM in any of the cell lines tested (Steel et al., 1996).

Commonly used experimental models of APR induction in mice are injection of LPS, 

casein, turpentine, AgNOs or surgery. The experimental models induce different 

effects on the balance of pro-inflammatory mediators leading to differential activation 

of the signalling pathways involved in mouse A-SAA regulation. These different 

mechanisms of activation are particularly apparent in knockout mice which lack 

specific components in the cytokine pathways and have different profiles of A-SAA 

induction. LPS injection is considered to be a systemic stimulus and to act on A-SAA 

regulation both hepatically and extrahepatically, whereas turpentine injection is a 

localised stimulus and generates a mostly extrahepatic response. In IL-lp knockout



mice a normal A-SAA response to LPS is seen, but no increase in serum A-SAA is 

seen in response to turpentine injection (Fantuzzi et al., 1997; Fantuzzi et ah, 1996).

In IL-6 knockout mice there is also no A-SAA response to turpentine injection, and 

the increase ki semm A-SAA protein after LPS treatment is significantly lower than 

that observed in wild type mice (Fattori et ah, 1994).

In mice lacking the CD 14 LPS receptor, injection of LPS still results in increased A- 

SAA in the serum (Haziot et ah, 1998). A possible explanation for this is that LPS is 

signalling through one of the Toll-like receptors, TLRs, which are able to activate NF- 

kB and could then induce A-Saa expression (Yang et ah, 1998). It appears that LPS is 

able to stimulate the same regulatory mechanisms as IL-ip, i.e. activation of NF-kB, 

but that IL-6 dependent signalling is required for the full increase in A-SAA protein.

TNF-a knockout mice have an increase in serum A-SAA protein after LPS treatment 

that is significantly lower than wild type mice but a normal response to turpentine 

injection. Turpentine treatment is unable to activate NF-kB but does result in 

increased C/EBP, which could induce IL-1 and subsequently lead to high level 

expression of A-Saa. Double knockouts for TNF-a and IL-6, when treated with LPS 

have normal A-Saa mRNA but no increase in serum A-SAA, suggesting that IL-6 also 

plays a role in post-transcriptional regulation (Bopst et ah, 1998).



1.2.3 Transcriptional Regulation of SAA

The human SAA2, the rat SAAl, the rabbit SAA2 and the mouse Saa3 promoters are 

the best characterised of the SAA genes (Huang et al., 1990; Li and Liao, 1991; Ray 

and Ray, 1993; Uhlar et al., 1997). Figure 1.3 shows a schematic representation of 

the transcription factor binding sites which have been identified to date. The 

similarities of these promoters are discussed further in Chapter 4.

The human SAA2 promoter has transcription factor binding sites for the activators 

NF-kB and C/EBP (Edbrooke et al., 1991). IL-1 stimulation of HepG2 results in an 

increase of promoter activity over time, whereas IL-6 stimulation is highest at earlier 

timepoints. Simultaneous treatment with IL-1 plus IL-6 has synergy of activation 

with a kinetic profile similar to IL-6 with the greatest induction at three hours. 

However if HepG2 cells are stimulated sequentially, different kinetics are observed 

dependent on which cytokine is added first. Maximal induction of SAA2 is seen when 

cells are treated first with IL-1 and then IL-6, but treatment with IL-6 followed by IL- 

1 results in reduced synergism (Uhlar and Whitehead, 1999a). This may be explained 

by the actions of the different transcription factors involved. IL-1 stimulation causes 

activation of NF-kB, by the phosphorylation and dissociation of IkB, allowing NF-kB 

to be translocated to the nucleus. The binding of NF-kB allows transcription to be 

activated (Edbrooke et al., 1991). The later treatment with IL-6 induces binding of 

C/EBP, increasing transcriptional activation (Xia et al., 1997). However, when 

activation of C/EBP by IL-6 occurs first, it is unable to induce maximal transcription 

perhaps because of repressors than are not displaced. This is discussed further in 

Chapter 3.
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Although no SAA protein or amyloidosis has been reported in rats the upstream 

region of the rat SAAl gene has been examined in detail. A 66bp fragment from -138 

to -73, contains both NF-kB and C/EBP sites and confers cytokine responsiveness on 

a CAT reporter plasmid. Comparison of this region with the 68bp region of mSaaS 

showed low homology (Li and Liao, 1992; Li and Liao, 1991). Footprinting 

identified four regions in the rat promoter which bind to factors present in HepG2 

cells; I, which corresponds to the NF-kB site; II, an unknown factor; III, the C/EBP 

site and IV, an unknown factor site. YY-1 site which lies between the NF-kB and 

C/EBP sites and overlaps the NF-kB site (Lu et al., 1994). YY-1 and NF-kB binding 

is mutually exclusive. The nuclear levels of YY-1 are unchanaged by cytokine 

treatment but nuclear levels of NF-kB and C/EBP are induced by cytokines and 

displace YY-1 binding to the SAAl promoter. Overexpression of YY-1 reduces basal 

levels of expression in HepG2. A fifth transcription factor binding site in the rat 

SAAl promoter was identified by deletion analysis. The region binds TSR (Tissue 

Specific Repressor) named because it represses SAAl in non-hepatic cells, but not in 

hepatic cells (Li and Liao, 1999). TSR was purified from HeLa cells and identified as 

AP-2. AP-2 is not normally expressed in HepG2. Binding of endogenous AP-2 

represses SAAl transcription in non-hepatic cells and over-expression of AP-2 in 

HepG2 blocks MOCM mediated induction.

The rabbit SAA2 promoter contains NF-kB and C/EBP sites which had been predicted 

by homology with the human SAA2 promoter (Ray and Ray, 1991; Ray and Ray, 

1993). Novel transcription factor binding sites, 5A(4-activating sequences (SAS) were 

identified which interact with the rabbit promoter in non-hepatic cells including THP- 

1 monocytes, HIG82 synoviocytes, R9 lung cells and HeLa cells (Ray and Ray, 

1996). The SAS-binding factor SAF was cloned and human and mouse homologues 

of SAF were identified; MAZ/ZF87 which regulates expression of serotonin lA 

receptor, and Pur-1 which regulates mouse insulin gene expression (Ray and Ray,



1998). SAF is constitutively expressed and is regulated by phosphorylation. The zinc 

finger transcription factor, Spl, is also involved in rabbit SAA2 regulation. Spl and 

SAF form a complex that has a higher affinity for SAS than SAF alone. LPS and 

minimally modified low density lipoprotein (LDL) induce Sp-1 and SAF thereby up- 

regulating SAA2 transcription in non-hepatic cells, whereas unmodified LDL has no 

effect (Ray et al., 1999b).

The transcriptional regulation of mouse Saa3 has been examined in hepatic and non- 

hepatic cell lines although SAA3 expression is considered to be primarily extra 

hepatic. EMSA and mutagenesis of the Saa3 promoter demonstrated the presence of 

NF-kB and C/EBP sites (Shimizu and Yamamoto, 1994). Distal and proximal 

response elements were defined as from -169 to -128 and -76 to -67 .(Figure 1.3) 

Footprinting experiments identified a binding site for a constitutive nuclear factor 

termed SEF (Huang and Liao, 1994). A non-consensus NF-kB site was identified 

which differs from the consensus by 3 mismatches. SEF and NF-kB cooperate to 

bind to and synergistically activate the Saa3 promoter (Bing et al., 2000). This is 

discussed further in Chapter 4.
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1.2.4 Post-transcriptional Regulation of 5AA

The increased level of human A-SAA transcription does not directly correlate with the 

absolute amounts of mRNA or protein. In Hep3B human hepatoma cells treated with 

IL-1 and IL-6, A-SAA transcription begins to decline after 12 hours but mRNA 

concentration does not decrease until later (Jiang et al., 1995). After transcriptional 

induction, the polyA tail length of A-SAA mRNA rapidly increases and then decreases 

over time. A-SAA mRNA translation efficiency appears to be unaffected by polyA 

tail length, and although the intrinsic stability of the A-SAA mRNA does not appear to 

be affected by the polyA tail shortening, it could be that A-SAA mRNA degradation 

may require the active transcription of a short-lived unknown factor which was not 

detected due to treatment with the transcriptional inhibitor Actinomycin D (Steel et 

al., 1993a).

Recent work on the 5’ and 3’ UTRs of human SAA2 have shown their influence on 

SAA2 gene expression (Longley et al., 1999). Transcripts containing the SAA2 5’UTR 

or 3’UTR are translated with increasing efficiency in IL-1 treated HepG2 cells.

The liver, as well as being the principle site of A-SAA protein synthesis, is the site of 

A-SAA catabolism. The half life of mouse A-SAA protein is approximately 75 

minutes. This is much shorter than that of ApoAl, the predominant HDL associated 

protein under normal conditions, which has a half life of around llhrs. As the APR 

progresses the ability of the liver to degrade SAA decreases, resulting in a net 

increase of A-SAA in the serum (Tape and Kisilevsky, 1990). Thus A-SAA is not 

only rapidly expressed in response to injury but the high serum levels are transient 

and A-SAA protein is cleared from the circulation after the immediate crisis has 

passed.
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1.2.5 SAA Proteins

The mature human SAAl and SAA2 proteins are both 104 amino acids in length and 

are 94% identical, differing by only 6 amino acids. The mature human C-SAA is 112 

amino acids in length, having an eight amino acid insertion at a position relative to 

between residues 69 and 70 of the A-SAAs. The octapeptide insertion contains a 

glycosylation site which results in an increase in mass from 14kD to 19kD (de Beer et 

al., 1995; Whitehead et al., 1992). To date human C-SAA is the only SAA which has 

been shown to be glycosylated. All of the SAA family of proteins are synthesised 

with a signal peptide which is cleaved to form the mature protein. Human A-SAA is 

released into the serum associated with the third fraction of HDL, displacing ApoAl 

as the major HDL protein (Coetzee et al., 1986; Eriksen and Benditt, 1980).

The isolation of SAA from serum is a complex procedure and results in low 

concentrations of mixed isoforms which require further separation (Godenir et al., 

1985). Generating recombinant SAA protein has also proved difficult due to its 

insolubility and toxicity in bacterial systems (McCormack et al., 1996; Yamada et al., 

1994). The insolubility of SAA is surprising given that 40% of its residues are 

charges, although association with HDL may be required for SAA to adopt a 

conformation which confers solubility. These purification problems have meant that, 

as yet, there are no advanced structural studies of A-SAA. Initial computer based 

analyses of primary sequence predicted that A-SAA is likely to contain some alpha 

helix and some beta sheet, with conformational change taking place during 

amyloidosis to generate the more extensive beta sheet structure characteristic of 

amyloid proteins (Tumell et al., 1986). Circular dichroism studies done using mouse 

SAAl and SAA2 purified from serum showed differences in alpha helical content 

between the two isoforms. SAAl was shown to contain about 15% helix, only half of 

that of SAA2 which had a helical content of 30% (McCubbin et al., 1988). Since
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SAAl is the principle amyloidogenic SAA,(Liepnieks et al., 1995; Shiroo et al., 1987) 

and amyloid proteins are beta sheet structures this may explain its lower helical 

content. More recent circular dichroism spectra of a fusion protein of human SAAl 

with staphylococcal nuclease showed a significant amount of alpha helical structure in 

the SAA part of the fusion protein. Tryptophan fluorescence and quenching indicated 

that only one of the four tryptophan residues of the SAAl fusion protein was exposed 

to solvent suggesting that it adopts a conformation where much of it is protected from 

hydrophilic interactions (Meeker and Sack, 1998).

Secondary Amyloidosis is a serious, progressive and often fatal condition that occurs 

as a result of sustained elevated levels of SAA. Insoluble amyloid fibrils are 

deposited in organs such as the liver, spleen and kidney obstructing normal cellular 

function. It is still unclear exactly what triggers the process of amyloid deposition. 

Since the deposits contain predominantly the fragment of SAA corresponding to 

amino acids 1-76, it is thought that the cleavage event giving rise to AA76 may be a 

crucial one (Husebekk et al., 1985). Although full length SAA and other smaller 

cleavage products and have been found in amyloid deposits. Another question which 

remains to be answered is whether this cleavage event occurs normally and is related 

to SAA function, becoming disregulated during amyloidosis or whether the cleavage 

reaction is an aberrant one (Kisilevsky, 1994).

Since A-SAA degradation in vivo is inhibited by HDL,(Tape and Kisilevsky, 1990) it 

appears that dissociation from HDL is a necessary first step. Also recombinant lipid 

free SAA can spontaneously form amyloid fibrils in vitro (McCubbin et al., 1988). 

Mouse peritoneal macrophages can bind both HDL and SAA-HDL and carry out 

receptor mediated endocytosis, possibly via heparin sulphate mediated interactions. 

The SAA is taken up into lysosomes and cleaved into products which include AA76 

suggesting that AA generation is, at least in part, intracellular (Chan, 1997).
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Many different enzymes and cellular extracts and whole cells have been examined for 

their ability to cleave or degrade SAA. Early studies showed that whole serum 

contains enzymes which are capable of degrading SAA (Skogen and Natvig, 1981). 

In vitro digestion of rhSAAl with cathepsin D, has been shown to degrade SAA in 

the N-terminal region, generating fragments incapable of forming amyloid fibrils 

(Yamada et al., 1995a). The presence of amyloid deposits within the lysozymes of 

mouse macrophages, shown by immunohistochemistry, make lysosomal enzymes 

good candidates for the amyloidigenic cleavage of SAA. In vitro digestion of 

rhSAAl with cathepsin B generates amyloid-like fragments consisting of the N- 

terminal 76 amino acids (Yamada et al., 1995b). Cathepsin B is normally a lysosomal 

enzyme but under some disease conditions it can be released by cells. Synovial 

fibroblasts taken from patients suffering from rheumatoid arthritis (RA) can 

spontaneously secrete cathepsin B, and this release is upregulated by the addition of 

TNF and IL-1 (Huet et al., 1993). The secondary amyloidosis which occasionally 

occurs in RA patients could be a consequence of the action of extracellular cathepsin 

B on high levels of circulating SAA.

Mutational analysis established that the first eleven amino acids are responsible for 

binding HDL. The amyloid-like fragment, AA76, is still able to bind HDL but 

peptides lacking amino acids 1-11, or mutated at position G8D show decreased HDL 

binding. Antibodies raised against a peptide corresponding to amino acids 1-30 are 

unable to recognise SAA bound to HDL (Patel et al., 1996). By the same technique, 

antigenic regions 40-63 and 79-94 are inaccessible to antibodies, but regions 31-39, 

64-78 and 95-104 are exposed whether SAA is bound to HDL or not (Malle et al., 

1998). This would predict that when SAA is bound to HDL both the presumptive AA 

cleavage site and much of the C-terminus would be accessible to enzyme digestion.
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This might result in the release of the C-terminal fragment leaving the amyloid-like 

fragment bound to HDL.

The region of A-SAA from amino acids 29-42 binds extracellular matrix 

glycoproteins and contains a laminin-like binding motif YIGSD and a fibronectin-like 

binding motif RGN.(consensus binding motifs = YIGSR and RGD) The fibronectin 

binding motif is within the HARGNY sequence, the highly evolutionarily conserved 

region of 18 amino acids shared by all SAAs. rSAA and AA inhibit receptor 

mediated T-cell binding to these two glycoproteins and synthetic peptides of those 

sequences have the same effects (Preciado-Patt, 1999; Preciado-Patt et al., 1994). 

Recently it has been shown that the C-terminus of A-SAA binds the 

glycosaminoglycans, heparin and heparin sulphate which are both anti-coagulants 

(Ancsin and Kisilevsky, 1999). The C-terminus is also capable of binding to 

neutrophils (Preciado-Patt et al., 1996). Thus the release of the C-terminal fragment 

may be important for the immune functions of A-SAA.
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1.2.6 SAA Function

The principal function of the SAA family of proteins is still unclear. The published 

functions that have been attributed to A-SAA fall into two categories: lipid transport 

modification and immune function.

Reverse cholesterol transport is the mechanism by which excess cholesterol in the 

tissues is returned to the liver, complexed as HDL, for conversion to bile salts and 

excretion. Normally the binding affinity of hepatocytes for HDL is greater than that 

of non-hepatic cells, but SAA-HDL has a higher affinity for macrophages than 

hepatic cells (Kisilevsky and Subrahmanyan, 1992). Thus under conditions of 

inflammation reverse cholesterol transport may be altered to deliver HDL to 

macrophages, where cholesterol may be needed to repair tissue damage. When high 

serum HDL-SAA concentration is sustained during inflammatory diseases, abnormal 

cholesterol transport may result in the conversion of macrophages to atherosclerotic 

foam cells (Meek et al., 1994).

Recombinant human SAAl (rhSAAl) induces chemotaxis of monocytes (Badolato et 

al., 1995) T-cells, THP-1 monocyte-like cells (Xu et al., 1995) and mast cells (Olsson 

et al., 1999). This process is sensitive to pertussis toxin, so is likely occurring through 

a G-protein coupled receptor signalling through Gj. The stimulation of such a 

receptor causes intracellular Ca2+ mobilisation. Early evidence for the existence of 

an SAA receptor was suggested by binding of SAA3 to rabbit synovial fibroblasts in 

specific and saturable manner (Mitchell, 1995). Exogenous addition of rhSAAl to 

THP-1 cells in culture has been shown to elicit responses similar to those generated 

by the addition of cytokines; causing upregulation of various APPs including IL-lp, 

soluble TNF receptor and EL-l receptor antagonist at mRNA and protein levels (Patel 

et al., 1998).
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1.2.7 The Putative SAA Receptor ; FPRL-1

The human formyl peptide receptor-like protein gene, FPRL-1, was one of two genes 

identified by low stringency hybridisation to a cDNA probe of the formyl peptide 

receptor, FPR. FPRL-1 has 69% amino acid identity with FPR but binds formyl 

peptides but at a much lower affinity (Bao et al., 1992). FPRL-1 has also been shown 

to bind the lipid metabolite Lipoxin A4 (Fiore et al., 1994). The second gene 

identified, FPRL-2, is 56% identical to FPR and 83% identical to FPRL-1 at the 

amino acid level, but does not bind formyl peptides and as yet has no known ligand. 

The three FPR family genes are located in a cluster on chromosome 19ql3.3 (Alvarez 

et al., 1996). FPRL-1 has so far been shown to be expressed in monocytes, 

neutrophils, (Durstin et al., 1994) THP-1 monocyte-like cells, (Su et al., 1999b) and 

T84, HT29, CI19A and Caco2 enterocytic cell lines (Gronert et al., 1998).

In mouse a family of FPRs maps to the syntenic chromosomal region on chromosome 

17. The mouse family comprises six members: Fprl encodes the formyl peptide 

receptor, Fpr-rsl has 97% identity with the mouse lipoxin A4 receptor and shares 

homology with FPRL-1, Fpr-rsl has homology with FPRL-2 but a greater homology 

to FPRL-1 although its ligand has not been identified, Fpr-rs3, Fpr-rs4 and Fpr-rs5 

appear to lack human counterparts. Fpr, Fpr-rsl and Fpr-rs2 are expressed in 

leukocytes, spleen and lung, Fpr-rs3 appears to be expressed only in skeletal muscle, 

and mRNA has not been found for Fpr-rs4 and Fpr-rs5 (Gao et al., 1998).

The FPRL-1 is a chemoattractant receptor of the seven transmembrane spanning G- 

protein coupled receptor (GPCR) superfamily (Alvarez et al., 1996). Chemoattractant 

GPCRs are encoded by genes which have no introns within the open reading frame 

but at least one large intron separates the transcriptional start site from the start site of 

translation. They have seven hydrophobic transmembrane regions, an extracellular
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N-terminus and intracellular C-terminus, three extracellular and three intracellular 

hydrophilic loops and a disulphide bond linking extracellular loops 1 and 2. There are 

no strict sequence motifs particular to the chemoattractant GPCRs which distinguish 

them from any other class of GPCRs, however many are targets for HIV surface 

binding proteins suggesting that there are common structural motifs (Su et al., 1999a). 

Members of the chemoattractant receptor family include FPR, complement C5a 

receptor, IL-8 receptors A and B, Platelet Activating Factor receptor, and Macrophage 

Inflammatory Protein (MIP) receptor. The IL-8 receptor B and MIP-la/RANTES 

receptors are known to bind multiple distinct ligands. There are also orphan 

receptors, in addition to FPRL-2, which by sequence homology and gene structure 

belong to this family of receptors (Murphy, 1994).

Recombinant SAAl has been shown to bind to FPRL-1 and cause Ca^"^ flux and 

chemotaxis of monocytes (Su et al., 1999b). Although the ligand lipoxin A4 has been 

shown to bind FPRL-1 and block the TNF stimulated release of IL-8 in enterocytes, it 

did not cause Ca^^ flux or chemotaxis of monocytes. Recently a synthetic domain of 

HIV gp41 has been shown to bind FPRL-1 and cause Ca^"" flux and chemotaxis of 

human neutrophils (Su et al., 1999a). Since several chemoattractant GPCRs can bind 

multiple ligands it is possible that FPR, Lipoxin A and A-SAA are all true ligands for 

FPRL-1. Also other chemoattractant GPCRs may be able to bind SAA as a ligand.
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1.3 REGULATORS OF THE ACUTE PHASE RESPONSE

1.3.1 Interleukin-1

The human IL-1 family comprises of the 2 classical IL-ls, IL-la and IL-1|3, the IL-1 

receptor antagonist (IL-lra), IL-18 and 4 newly identified members FIL15, E, ^ and T). 

Their genes are located in a cluster on chromosome 2 and show a conserved pattern of 

intron placement and intron/exon junctions (Smith et al., 2000). These genes are 

thought to have arisen by iterative duplication of a common ancestral gene. Their 

amino acid sequence homology is low, only 20-30% identity between any pair, 

however there are conserved motifs which are thought to contribute to an overall 

structural similarity. The classical IL-ls are conserved across species, with mouse 

and human sharing 65% amino acid identity between orthologues (Dinarello, 1996).

Both IL-la and IL-ip are synthesised as promolecules and processed to form the 

mature peptide. IL-la is active in both states, but IL-ip must be cleaved from the 

31kD precursor to a 17.5kD mature peptide in order to become active. IL-ip is 

cleaved by IL-ip Converting Enzyme (ICE) also known as caspasel (Fantuzzi et al., 

1997). IL-18 is also synthesised as a precursor and is cleaved by ICE to the mature 

form. The IL-ls do not possess a classical signal peptide and the mechanism by 

which they are exported is unknown. IL-la is found intracellularly and at the cell 

surface where it is tethered by a lectin-like mannose anchor. IL-P and IL-18 can be 

found both cytoplasmically and secreted into the bloodstream. IL-1 induces 

proliferation and activation of leukocytes, fever, loss of appetite, induction of 

cytokines, APPs, adhesion molecules, and chemoattraction (Dinarello, 1996).
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IL-lra exists as a soluble inducible form expressed by liver as an APR, and an 

intracellular constitutive form expressed in keratinocytes and intestinal epithelium. 

The soluble IL-lra is 22kD glycosylated protein but glycosylation is not required for 

activity since the recombinant 17kD protein is also biologically active. IL-lra binds 

to the IL-1 receptor type I(IL-IRI) but does not signal, this may be due to the lack of 

binding to the IL-IR accessory protein (IL-lRAcP) (Jensen et al., 2000).

There are two IL-1 receptors IL-IRI and IL-IRII. Both receptors bind IL-1 and IL- 

lra but only IL-IRI is capable of transducing a signal. The IL-IRII is thought to act 

as a ligand sink or decoy receptor (Bessis et al., 2000). The IL-IR are members of the 

Toll/IL-IR family which includes the Drosophila protein Toll, IL-lRAcP, IL-18R and 

the adapter protein MyD88 (O'Neill, 2000).

The major IL-1 signalling pathway involves IL-1 binding to IL-IRI and IL-lRAcP 

and results in the activation of NF-kB (Jensen et al., 2000). Briefly, IL-1 binds to IL- 

IRI and IL-lRAcP then MyD88, IRAK and IRAK-2 are recruited to the cytoplasmic 

domains of the receptor complex, followed by activation of TNF Receptor Associated 

Factor-6 (TRAF6). This leads to the activation of the IkB kinase complex (IKK), 

phosphorylation of IkB allowing nuclear translocation of NF-kB.(Figure 1.4) A 

number of other proteins are activated in response to IL-1 including members of the 

Mitogen Activated Kinase family (MARK) ERK, p38 and INK (O Neill and Greene, 

1998).
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Figure 1.4
Schematic representation of the activation of NFkB via the IL-1 and TNFa signalling 
pathways. Adapted from Jensen, 2000b.



1.3.2 Tumour Necrosis Factor

TNF was originally named for its tumouricidal actions. TNF also participates in the 

regulation of many various physiological processes including the immune response, 

cellular proliferation, differentiation and apoptosis. There are two isoforms, TNF- 

a and TNF-P, which are the products of two separate genes. TNF-a is also known as 

cachetin because of role in weight loss during fever, and is the major mediator of 

endotoxin induced septic shock. TNF-P is also known as lymphotoxin (LT) and is 

involved in lymphatic development (Aggarwal and Natarajan, 1996). TNF-a is 

expressed as a 26kd membrane bound protein which is cleaved to release a 17kD 

soluble protein. Other members of the TNF family of ligands include Fas ligand and 

TRAIL which are involved in apoptosis (Damay and Aggarwal, 1999).

TNF-a is a pleiotropic cytokine since virtually all cells express at least one of the two 

TNF receptors. The TNF Receptors (TNFR) are members of the Nerve Growth 

Factor superfamily of receptors. The two forms of membrane bound TNFR are p60 

and p80. These can also exist as soluble forms, p55 and p75 respectively, generated 

by cleavage of the membrane bound form. The TNFR are 28% homologous mostly 

over the extracellular domains involved in ligand binding (Corcoran et al., 1994). 

Both TNF-a and TNF-P are capable of binding to both receptor isoforms (Maini and 

Taylor, 2000).

Signalling cascades initiated by TNFR include those that activate the transcription 

factors AP-1 and NF-kB, MAPKs and caspases (Tartaglia and Goeddel, 1992). 

Adapter proteins couple to the TNFR to transduce signalling through these various 

pathways. There are two families of adapters, the TNFR associated factor family 

(TRAFs) which activate transcription factors and protein kinases, and the Death 

Domain proteins (eg. FADD and MADD) which couple to the caspase proteases
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which facilitate apoptosis. The TNF-a ligands are non-covalently bound together as 

trimers. On binding to the TNFR this is thought to bring about receptor clustering 

which then initiates signalling cascades via the adapter molecules (Damay and 

Aggarwal, 1999). Figure 1.3 shows a schematic representation of the activation of the 

transcription factor NF-kB by TNF.

t
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1.3.3 Interleukin-ft

IL-6 is expressed as a 212 amino acid 26 kD glycoprotein precursor which is cleaved 

to release the mature 84 amino acid protein (Taga and Kishimoto, 1997). Members of 

the IL-6 family of cytokines include IL-11, Leukaemia Inhibitory Factor (LIF), 

Oncostatin M and Ciliary Neurotrophic Factor (Fantuzzi et al., 1995). Regulation of 

the IL-6 gene is well described, having transcription factor binding sites for GR, NF- 

kB, NFIL-6, AP-1, and a cyclic AMP responsive element (Ray et al., 1995). IL-6 was 

originally identified as a stimulator of B-cell differentiation and activator of 

immunoglobulin production. It has proliferative and differentiating effects on a 

number of other haemopoietic cells. IL-6 family cytokines are also potent stimulators 

of the hepatic APR (Castell et al., 1989; Kushner, 1982).

The IL-6 receptor (IL-6R) can exist as both membrane bound and soluble forms. 

Alone, IL-6Rs have a low affinity for IL-6 but when bound to the membrane protein 

gpl30 they have a high affinity for IL-6 although gpl30 itself has no IL-6 binding 

capacity (Taga and Kishimoto, 1997). IL-6 is a pleiotropic cytokine. Virtually all 

cell types express gpl30, and those cells which do not express membrane bound IL- 

6R can respond to IL-6 via the soluble IL-6R binding to gpl30. All of the IL-6 

family of cytokines utilise gpl30 in signal transduction and anti-gpl30 antibodies 

block their effects. Binding of IL-6 and receptor triggers dimerisation of gpI30 

which leads to phosphorylation of associated factors. gpl30 has no intrinsic tyrosine 

kinase activity and the phosphorylation of downstream factors is thought to be carried 

out by the Janus kinase family (JAKs). JAK activates members of the Signal 

Transducing Activators of Transcription (STAT) family of transcription factors 

(Takeda et al., 1998). IL-6 also activates the Ras/MAPK signalling pathway leading 

to the activation of NF-IL6 transcription factor although the later events in this 

mechanism are not yet known.(Figure 1.5)
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Figure 1.5
Schematic representation of the activation of acute phase genes by the transcription 
factors STATS and NF-IL6 via the IL-6 signalling pathways.(Adapted from Taga and 
Kishimoto,1997)



1.3.4 Glucocorticoids

Glucocorticoids are steroid hormones released from the adrenal glands in response to 

stress. Glucocorticoids exert their effects via the glucocorticoid receptor (GR) which 

is expressed in almost all cell types and belongs to the family of steroid hormone 

receptors (Adcock, 2000). In resting cells GR is found in the cytoplasm where it is 

complexed to the heat shock protein, hsp90. After binding to glucocorticoids GR 

dissociates from Hsp90 and translocates to the nucleus where it acts as a transcription 

factor. GR dimers bind to specific sequences called Glucocorticoid Responsive 

Elements (GREs) in the 5’ regulatory region of many genes (Grange et al., 1989). GR 

can also regulate transcription by binding to other transcription factors (AP-1 and NF- 

kB) and parts of the transcription machinery and modulate their actions (Diamond et 

al., 1990). Glucocorticoids downregulate the transcription of cytokines IL-1, , IL-6, 

and TNF, and upregulate transcription of iKBa, IL-IRII and P-adrenergic receptor 

(Adcock, 2000; Cornett et al., 1998). Glucocorticoids can also effect the stability of 

mRNA, decreasing the half life of IL-1 and IL-6 mRNA leading to decreased protein 

expression. They are therefore anti-inflammatory and bring about the resolution of 

the APR (Angeli et al., 1999; Morand and Leech, 1999).
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1.3.5 NF-kB

NF-kB was first identified as an activator of transcription of the immunoglobulin 

kappa light chain gene (Sen and Baltimore, 1986). NF-kB is a dimer of Rel family 

proteins; RelA(p65), RelB, NFKBl(p50/pl05), NFkB2(p52/pl00) and c-Rel (Perkins 

et al., 1992). Cleavage of pl05 and plOO precursors result in the active subunits p50 

and p52 respectively. NF-kB regulates the transcription of many immune response 

genes. It is induced by a variety of stimuli including IL-1, TNF, oxidant stress, 

bacterial endotoxin and viral infection. In resting cells NF-kB is found in the 

cytoplasm bound to a repressor, IkB. Stimulation of signalling pathways which 

activate NFkB lead to the phosphorylation and ubiquitination of IkB which 

dissociates from NF-kB and is degraded. This reveals the nuclear localisation signal 

of NF-kB and allows the it to translocate to the nucleus and activate transcription. 

Other mechanisms of NFkB regulation include phosphorylation of p65 which 

increases its DNA binding and transactivation , and binding of pI05 and pIOO to p50 

and p52 which retains the complex in the cytoplasm preventing transcriptional 

activation (Egan et al., 1999; Perkins et al., 1992).

1.3.6 AP-1

The Activator Protein-1 (AP-1) transcription factor consists of either Jun homodimers 

or Fos/Jun heterodimeric complexes (Wisdom, 1999). The Jun family includes c-Jun, 

Jun B and Jun D while the Fos gene family members include c-Fos, Fos B, Fra-1 and 

Fra-2. Fos proteins cannot form homodimers. IL-1 and IL-6 signalling cascades 

activate jun-1 and jun-2 which in turn activate transcription of c-jun. AP-1 is

25



activated by N-terminal phosphorylation by JNK and interacts with DNA via a 

Leucine zipper domain (Adcock, 1997).

1.3.7 C/EBP

The CCAAT-Enhancer Binding Proteins are a family of transcription factors 

including C/EBPa, C/EBPP (NFIL-6), C/EBP8 (NFIL-6P) and C/EBPy. Many APR 

genes have NF-IL6 transcription factor binding sites in their regulatory regions. 

C/FBPs are induced by IL-1, lL-6 and LPS (Akira and Kishimoto, 1997). C/EBPs 

interact with DNA via their bZip domains. C/EBPP can also interact directly with 

p50 and p65 via their respective bZip and Rel domains (LeClair et al., 1992).

1.3.8 STAT

STATs, are a family of transcription factors that are activated in response to IL-6 

(Wegenka et al., 1994). STATs contain C-terminal Src homology domains of which 

the SH2 domain binds phoshotyrosine residues and the SH3 domain binds proline rich 

sequences. The SH2 domain can interact with JAK tyrosine kinases , and its 

phosphorylation allows STAT dimerisation.
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Chapter 2

Materials and Methods
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2.1 Materials

All chemicals and reagents were purchased from Fisher Scientific unless stated 

otherwise.

2.1.1 Bacteria and Yeast growth medium

Competent E.coli BL21(DE3)pLysS were purchased from Stratagene, CA. 

Ampicillin, kanamycin and medium components were from Fisher Scientific, PA.

LB: 1% tryptone, 0.5% yeast extract, 1% NaCl.

SOC: 2% tryptone, 0.5% yeast extract, 0.05% NaCl, lOmM MgCl2, lOmM MgS04, 

2% glucose.

Candida albicans 132A were a gift of Dr D. Coleman, Microbiology Department, 

Trinity College, Dublin.

SD: 1.4% casamino acids, 2% glucose, 0.7% yeast nitrogen base without amino acids, 

0.0055% adenine, 0.0055% tyrosine

2.1.2 DNA Reagents

Oligonucleotide primers were sythesised by Sigma Genosys, TX. PolydI-polydC 

dNTPs, and y-^^P dATP were purchased from Amersham Pharmacia, NJ, “Expand 

High Fidelity” DNA polymerase and buffers and human genomic DNA were from 

Roche Biomolecular,IN. Restriction enzymes and Calf Intestinal Phosphotase were 

from NEB, MA, T4 DNA ligase and T7 polynucleotide kinase were from Promega, 

WI. Electrophoresis grade agarose was from Fisher Scientific, PA. lOObp and Ikb 

ladder markers were from Gibco BRL, MD. Gel fragments and PCR products were
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purified using Qiagen kits, probes were purified with G250 columns from Amersham 

Pharmacia, NJ. Sequencing reactions were carried out by the Sequencing Facility, 

Department of Genetics, University of Pennsylvania.

2.1.3 Protein Reagents

Acrylamide was purchased from National Diagnostics, GA and TEMED from 

GihcoBRL, MD. Markers were from Biorad, CA. Nitrocellulose membrane and ECL 

solutions were from Amersham Pharmacia, NJ, X-Omat film was from Kodak, NY. 

Secondary antibody, goat anti-rabbit IgG was from Sigma, MO. Passive lysis buffer, 

LARII and Stop and Glo luciferase reagents were purchased from Promega, WI.

2.1.3 Tissue Culture Reagents

HepG2 hepatoma cells were purchased from the ATCC. Media components were 

from GibcoBRL, MD. Recombinant human IL-ip was from NCI, MD. Recombinant 

human IL-6 was from the Genetics Institute, Cambridge, MA. Recombinant human 

TNF-a was from Zeneca, Cheshire, UK. Dexamethasone was from Sigma, MO. 

Eugene transfection reagent was from Roche Biomolecular, IN.

Complete DMEM; high glucose DMEM with Glutamax and Hepes (10564-011) was 

supplemented with 10% ECS, 0.05mM MEM NEAA, ImM Sodium Pyruvate and 

0.05mg/ml Gentamycin.

Serum free DMEM: high glucose DMEM with Glutamax and Hepes (10564-011) 

was supplemented with 0.05mM MEM NEAA, ImM Sodium Pyruvate and 

0.05mg/ml Gentamycin.
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2.2 METHODS

2.2.1 Transformation of Plasmid DNA

BL21(DE3)pLysS cells were transformed using Ipl of plasmid DNA added to 20\xl of 

competent cells and incubated on ice for 30 minutes, heat shocked for 20 seconds, ice 

for 2 minutes before adding 1ml of SOC broth and grown shaking at 37°C for Ihour. 

The cells were then centrifuged at high speed for Iminute, resuspended in 100 |al LB 

broth and plated onto selective LB agar.

2.1.2 Plasmid Preparation

Plasmids were prepared from saturated overnight cultures of transformed E.coli using 

the Qiagen miniprep and maxiprep column kits according to the manufacturer’s 

instructions.

2.1.3 Polymerase Chain Reaction (PCR)

PCR reactions were carried out using Ing/pl template DNA, 2ng/|a,l of each specific 

oligonucleotide primer, 25mmol dNTPs, and Expand High Fidelity Polymerase and 

buffers. Reactions were carried out on a PTC200 Thermal Cycler (M.J.Research,MA) 

using the following general conditions: Denaturation @ 94“C 30s, Annealing @ 

primer specific temperature 30s, Extension @ 72“C Imin, for 35 cycles.
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2.1.4 SDS polyacrylamide gel electrophoresis (SDS-PAGE)

Gels were prepared according to Manniatis et al, with a 10 or 15% resolving gel and a 

5% stacking gel (Sambrook, 1989). Samples were boiled with denaturing sample 

buffer (6X stock: 0.35M Tris HCl, 10.28% SDS, 36% glycerol, 5% P- 

mercaptoethanol, 0.012% bromophenol blue) for 5 minutes in a heating block, pulse 

centrifuged and loaded immediately onto the gel. Gels were run at between 120- 

150V for 1-2 hours.

2.1.5 Western Blotting

Gels were soaked in transfer buffer (48mM Tris, 39mM glycine, 0.037% SDS, 20% 

methanol) and transferred to nitrocellulose membrane (Amersham Pharmacia, NJ) 

using a Hoeffer/Pharmacia semi-dry transfer unit, at 80mA, <50V, for 1 hour. Non

specific binding to the membrane was blocked by incubating with blocking buffer 

(PBS 0.1% Tween 20 5% milk) for 1 hour at room temperature on a horizontal 

shaker. Primary antibody was added to the blocking buffer in a ratio of 1:10,000 and 

bound for 1-2 hours. The membrane was washed for 2 hours with vigorous shaking at 

room temperature in PBS 0.1% Tween 20. Secondary antibody was bound for 30 

minutes at room temperature in PBS 0.1% Tween 20 in a ratio of 1:10,000. The 

membrane was washed for 2 hours with vigorous shaking at room temperature in PBS 

0.1% Tween 20, incubated for 1 minute ECL developing solution, wrapped in plastic 

and exposed to film.
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2.1.6 Database searching

Protein and nucleotide sequences for comparison were obtained from NCBI Pubmed 

(http://www3.ncbi.nlm.nih.gov). Homology searches and structural analyses were 

carried out using various algorithms including BLAST (Basic Local Alignment 

Search Tool) and organism genome project sequence databases available through the 

Baylor College of Medicine Search Launcher (Altschul et al., 1997; Smith et al., 

1996).

(http://kiwi.imgen.bcm.tmc.edu:8088/search-launcher/launcher.html)

Alignments were carried out using ClustalW (Thompson et al., 1994). 

(http://pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_clustalwan.html) 

Putative transcription factor binding sites were identified using TESS (Transcription 

Element Search System) and SignalScan programs available from the CBIL, Upenn. 

(http ://w w w .cbil. upenn.edu/TES S/)

2.1.7 Transfection of HepG2 hepatoma cells

Cells were seeded into 24 well plates 24 hours prior to transfection. Serum-free 

DMEM was incubated at room temperature for 5 minutes with Eugene transfection 

reagent before the addition of equal mass of test plasmid plus renilla control plasmid. 

The DNA-Fugene complex was incubated at room temperature for 15 minutes. The 

cells were transfected with DNA-Fugene complex (lOOng total DNA per well) for 16 

hours at 3TC. Transfected cells were treated in fresh medium containing lOng/ml 

cytokines and/or SxlO'^M Dexamethasone. Treatments were carried out in triplicate 

and the mean luciferase to renilla ratios and standard deviations calculated.
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2.1.8 Dual Luciferase Renilla Assay

Cells were harvested and washed in PBS, before resuspending in passive lysis buffer. 

Lysates were assayed for luciferase and renilla activity using the LLR and Stop and 

Glo reagents in a dual injection luminometer from Turner Designs, CA. Results were 

expressed as a ratio of luciferase to renilla activity compared to untreated controls. 

Graphs shown are representative of at least three independent experiments.

2.1.9 Nuclear extraction from HepG2 hepatoma cells

HepG2 hepatoma cells were seeded into lOmm dishes and grown to 75% confluence. 

Cells were treated with lOng/ml cytokines and/or 5xlO®M Dexamethasone in 

complete DMEM for 4 hours. The medium was removed and the cells washed with 

cold PBS and scraped in 3mls of Buffer A (lOmM Hepes pH7.9, 15mM MgC12, 

lOmM KCl). The cells were pelletted by centrifugation at maximum speed in an 

eppendorf centrifuge for 10 minutes at 4“C. The pellet was resuspended in lOOpl 

Buffer A plus 0.1% NP-40 detergent and incubated on ice for 10 minutes. The cell 

lysates were centrifuged at maximum speed for 10 minutes at 4°C,the nuclear pellet 

resuspended in 75|il of Buffer C and incubated on ice for 15 minutes. The nuclear 

debris was removed by centrifugation at maximum speed for 15 minutes at 4“C and 

the supernatant containing the transcription factors aliquotted and stored at -70‘’C.
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2.1.10 Electrophoretic mobility shift assay (EMSA)

Complementary oligonucleotides were annealed to form double stranded probes and 

end labelled with y-^^P dATP and T4 polynucleotide kinase. Excess unreacted 

nucleotides were removed by filtration through a G250. 4pg of nuclear extract was 

incubated with 2ng (-100,000 cpm) of ^^P labelled DNA, 2pg of non-specific 

competitor DNA (PolydI-polydC) in lx Binding buffer (lOmM Tris pH7.5, 50mM 

NaCl, 0.5mM DTT, 5%glycerol, 0.1% NP-40 plus protease inhibitors) at room 

temperature for 30 minutes. For competition EMSA 10-100 fold excess of unlabelled 

oligonucleotides were included in the binding reaction. For supershift EMSA 

antibodies were included in the binding reaction. The reaction was run on a 4% 

polyacrylamide gel for 2 hours at 180V, dried and exposed to film. Gels shown are 

representative of three independent experiments.
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Chapter 3

Analysis of the human A-SAA upstream 

regulatory sequence



3.1 INTRODUCTION

3.1.1 Human A-SAA

A-SAA is a sensitive marker of infection and inflammatory disease. High A-SAA 

concentration was significantly correlated with high serum TNF concentrations during 

sepsis (Dofferhoff et al., 1992). Elevated A-SAA has been reported to be a reliable 

indicator of opportunistic infection in AIDS patients (Husebekk et al., 1986), rejection 

of kidney transplant (Fukuda et al., 1998), and restenosis in angioplasty (Buffon et al., 

1999). High A-SAA has been shown to predict early mortality in patients with acute 

coronary syndromes (Morrow et al., 2000). In a large family group study, A-SAA 

was significantly elevated in those with diagnosed Coronary Artery Disease (CAD) 

compared to unaffected family members (Fyfe et al., 1997) supporting the hypothesis 

that CAD is an inflammatory disease. A-SAA was elevated in patients with non

insulin dependent diabetics, a disease now considered to be an immune disorder 

(Pickup et al., 2000). In RA, A-SAA is an accurate marker of disease status reflecting 

changes in clinical improvement or deterioration (Cunnane et al., 2000). Patients with 

Castleman’s disease, in which high semm IL-6 is a feature, had high A-SAA and 

develop Secondary Amyloidosis (Ikeda et al., 1997). In patients undergoing long

term corticosteroid therapy, glucocorticoid administration was not associated with 

elevated A-SAA. However in patients receiving long-term corticosteroid therapy who 

suffered an infectious disease, A-SAA levels were rapidly and markedly increased 

compared to patients with an infectious disease not receiving corticosteroids 

(Shimetani et al, 1996). Yamada et al observed significantly higher A-SAA to CRP 

ratio in RA patients treated with corticosteroids than with DMARDs or other anti- 

inflamatory drugs (Yamada et al., 2001). It has not been reported whether people
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with elevated endogenous glucocorticoid levels, such as those with Cushing’s disease, 

have elevated A-SAA.

Human primary hepatocytes secrete A-SAA protein in response to cytokines or 

monocyte conditioned medium (MOCM). Treatment for 20 hours with IL-1 or TNF 

showed only a slight increase over untreated controls. A-SAA synthesis in primary 

hepatocytes appeared to be principally controlled by IL-6 reaching 25 fold induction 

(Castell et al., 1989). In the presence of the synthetic glucocorticoid Dex, treatment 

with IL-1 or IL-6 modestly increased protein synthesis (Yap et al., 1991). Treatment 

with IL-1 and anti-TNF antibody showed synergistically induced A-SAA protein 

synthesis. Combined addition of either IL-la or IL-ip and IL-6 resulted in 

synergistic A-SAA protein synthesis from HepG2 hepatic cells and non-hepatic 

cultured monocytes. This stimulation was enhanced fourfold by the addition of the 

glucocorticoid prednisolone (Smith and McDonald, 1992).

3.1.2 Transcriptional Regulation of human A-SAA

Initial work on hSAA transcriptional regulation examined the endogenous gene 

expression levels in tissue samples and cell lines by Northern analysis. MOCM 

induced A-SAA mRNA in Hep3B, HepG2, PLC/PRF5 and HuH7 hepatic cell lines. 

MOCM alone did not induce A-SAA mRNA in ECV304 endothelial cells, HeLa cells 

or MRC5 fibroblast cells but simultaneous addition of MOCM and Dex did induce A- 

SAA mRNA in these cell lines (Steel et al., 1996). Dex was required for A-SAA 

mRNA induction by IL-1, IL-6 and LPS in THP-1 monocyte cells (Urieli-Shoval et 

al., 1994). Dex alone induced A-SAA in KB oral epithelial carcinoma cells (Steel et 

al., 1996). Northern blots from ECV304 pretreated for various times with Dex before 

addition of IL-1 showed fourfold increase in induction with 24 hour pretreatment
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compared to medium only and a twofold increase over simultaneous addition of Dex 

and IL-1 (O'Neill, 1998).

Probes can be designed to bind specifically to A-SAA or C-SAA mRNA. However, 

because of their high sequence homology, hSAAl and hSAA2 mRNA cannot be 

distinguished by Northern blotting. Reverse transcription PCR (RT-PCR) is more 

sensitive than Northern blotting and can distinguish between hSAAl and hSAA2 

mRNA. RT-PCR of mRNA from cultured smooth muscle cells showed the presence 

of hSAAl, hSAA2 and hSAA4 mRNA. hSAAl and hSAA2 mRNA was induced by IL- 

1 and IL-6 in the presence of Dex (Meek et al, 1994).

The individual hSAAl and hSAA2 regulatory regions can also be examined by a 

reporter system. The cloned regulatory region drives transcription of a reporter, 

whose expression under different treatment conditions reflects the activation of the 

promoter and can be measured by a simple assay. Early studies in which 440bp of the 

hSAAl and hSAA2 promoters were fused to a chloramphenicol acetyl-transferase 

(CAT) reporter, showed induction of both by IL-1 and IL-6 (Betts et al., 1993).

Further work on hSAA regulation then concentrated on the hSAA2 promoter. It was 

generally assumed that the two A-SAAs were coordinately regulated due to their high 

degree of sequence identity, 88% over first 450bp (Betts et al., 1993).

Uhlar et al demonstrated the cytokine responsiveness of a L2kb hSAA2 promoter 

luciferase reporter construct. This construct was induced by IL-1, TNF and IL-6. 

Simultaneous addition of IL-1 plus IL-6 or TNF plus IL-6 was synergistic (Uhlar et 

al., 1997). However if HepG2 cells are stimulated sequentially, different synergy is 

observed dependent on which cytokine is added first. Maximal induction of SAA2 is 

seen when cells are treated first with IL-1 and then IL-6, but treatment with IL-6
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followed by IL-1 results in reduced synergism (Uhlar and Whitehead, 1999a). 

Synergistic induction by TNF and IL-1 has been demonstrated for the APR genes 

AGP and C3 in rat hepatoma cells, but this has not tested for A-SAA (Baumann et al., 

1993).

Transcription factors, NF-kB and NFIL-6 have been shown to be involved in 5AA2 

transcription. Binding sites were identified by footprinting and electrophoretic 

mobility shift assay (EMSA) using oligonucleotide probes designed from the SAA2 

promoter sequence (Betts et al., 1991). Co-transfection of SAA2-CAT with a p49 or 

p50 expression vector results in a modest induction independent of cytokine addition. 

Co-expression of p65 results in thirteen-fold induction and this is synergistic ally 

increased by also expressing NF-IL6. EMSA supershifts with have demonstrated the 

binding of p50 in IL-1 treated nuclear extracts to SAA2 oligonucleotides. Mutation 

of the NF-kB binding site decreases IL-l-i-IL-6 induction from twenty five fold to less 

than five fold.

3.1.3 Glucocorticoid Response Elements (GREs)

There are three types of GRE - simple, tethered and composite. Simple GREs or 

hormone response elements (HRE) are consensus near-palindromic 15 nucleotide cis- 

acting motifs which bind glucocorticoid receptors and modulate gene transcription. 

They occur in numerous eukaryotic genes, eg.the IL-6 promoter (Ray et al., 1995) and 

the human elastin promoter.(Del Monaco et al., 1997) Tethered GREs do not 

conform to a consensus sequence. The GR does not bind directly to the DNA hut 

interacts with another bound transcription factor. Composite GREs are sequences 

which bind GR but overlap with the binding site of another transcription factor. 

Composite GREs can function as both activators and repressors of transcription, for
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example GR activates transcription when c-jun/c-jun AP-1 dimers are bound to the 

GRE of the mouse proliferin gene promoter but represses transcription when c-jun/c- 

fos AP-1 dimers are bound (Diamond et al., 1990).

GREs have been identified in the promoters of several APR genes including AGP, P- 

fibrinogen and angiotensin (Baumann et al., 1983; Baumann et al., 1990; Brasier et 

al., 1994). AGP is not induced by Dex alone but addition of Dex enhances IL-l-i-IL-6 

induction in HepG2 cells. This was thought to be due to the low levels of endogenous 

GR in HepG2 cells since co-transfection of a GR expression vector resulted in 

induction of AGP by Dex alone (Baumann et al., 1990).

GR interactions with the following transcription factors have been documented :

AP-1

Pierce et al examined the differences between simple and composite GREs with 

artificial promoter constructs combining the MMLV GRE and the AP-1 binding site 

of the collagenase gene (Pearce et al., 1998). GR interaction with AP-1 was 

dependent on the relative spacing of the two elements and the subunit composition of 

AP-1. When the GRE and AP-1 sites are present on the same promoter separated by 

26-20 Ibp, synergistic activation occurs with both c-jun/c-jun dimers and c-jun/c-fos 

dimers. However, when the GRE and AP-1 elements are 14-18bp apart they form a 

composite site and synergy is observed with c-jun/c-jun dimers but repression occurs 

with c-jun/c-fos dimers.

IL6-RE

The rat AGP promoter has a composite GRE and type IIL-6 responsive element (IL- 

6RE). Co-transfection of NF-IL6 and GR expression vectors into Cos cells and
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treatment with Dex results in synergistic activation of AGP (Nishio et al., 1993). 

DNA-binding deficient or transcriptionally inactive mutants of NF-IL6 are still able to 

synergise with GR, however co-expression of NF-IL6 and DNA-binding deficient GR 

mutants cannot induce AGP. This suggests NF-IL6 does not need to bind directly to 

the DNA for transactivation to occur but can interact with the promoter via the bound 

GR, but GR must bind to the GRE and its interaction with NF-IL6 is not sufficient to 

cause transcriptional activation.

GR can also interact with STAT3 which binds to type IIIL-6RE to synergistically 

activate transcription of rat a-2 macroglobulin gene expression (Takeda et al., 1998).

NF-kB p65

Expression of p65 can repress the GR activated transcription of a GRE CAT reporter. 

GR expression can repress p65 activated transcription of an E-selectin NF-kB 

responsive reporter. Co-transfection of CREB binding protein (CBP) or steroid 

receptor coactivator-1 (SRC-1) can rescue the transcriptional activation of both of 

these reporters. Generation of a composite construct with both GRE and NF-kB 

binding sites and co-expression of GR and p65 results in synergistic activation which 

is enhanced by the expression of CBP and SRC-1 (Sheppard et al., 1998). Both GR 

and p65 have been shown to interact with CBP and SRC-1, which results in 

competition when the GRE and NF-kB sites are on sepatate constructs but stabilises 

the transactivating complex when the GRE and NF-kB sites are adjacent.
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Although there is ample evidence of glucocorticoid stimulation of SAA synthesis in 

vitro (Ganapathi et al., 1988; Smith and McDonald, 1992; Yap et al., 1991) and in 

vivo (Shimetani et al., 1996; Yamada et al., 2001) a GRE has yet to be identified in 

any SAA genes. No induction was observed with a 1.2kb hSAA2 promoter luciferase 

reporter construct treated with Dex or Dex plus cytokines (Uhlar, 1996). Our 

laboratory has hypothesised that there may be a GRE further upstream in the SAA2 

gene since there are examples of GREs as far upstream as 5kb; the rat tyrosine 

aminotransferase gene has functional GREs situated 2.5kb and 5.4kb upstream of its 

transcription start site (Grange et al., 1989). This chapter examines the transcriptional 

regulation of the hSAAl promoter and identifies differences between the regulation of 

hSAAl and hSAA2. Investigating the effects of Dex on hSAAl and hSAA2 promoters 

may help to define a mechanism for the glucocorticoid upregulation of SAlA.
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3.2 METHODS

3.2.1 Generation of human A-SAA promoter luciferase reporter 

constructs

Previous work in this laboratory characterised the cytokine responsiveness of a 1.2kB 

region of the human SAA2 promoter fused to the coding sequence for the firefly 

luciferase enzyme (Uhlar et al., 1997; Uhlar and Whitehead, 1999a). The luciferase 

reporter system is an established method of assessing promoter activity. Luciferase is 

more stable and the assay more sensitive than CAT or P-galactosidase reporter 

systems. A promoterless plasmid, containing the Renilla luciferase enzyme was the 

chosen as a control of transfection efficiency. This plasmid constitutively expresses 

renilla, and is only minimally induced by cytokine treatment. The activity of both of 

these luciferase enzymes can be assayed in a single tube by a dual wavelength 

luminometer. The resulting ratios of luciferase to renilla activity under different 

experimental conditions provide the means to assess treatment specific promoter 

activity over time. The data derived is expressed as fold induction, which is 

calculated as the luciferase to renilla ratios relative to untreated controls.

The human SAA2 promoter luciferase reporter vector is a modified pGL2 vector 

(Promega) containing an Ncol site at the start of the luciferase coding region 

(Longley et al., 1999). Oligonucleotide primers (Table 3.1) were designed to amplify 

the upstream regulatory regions of the human SAAl and SAA2 genes by PCR from 

human genomic DNA. These were digested with Mlu and Ncol restriction enzymes 

and cloned into the modified pGL2 vector.
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Oligonucleotide name SAA construct generated Oligonucleotide sequence

HSAAPR all SAAl and SAA2 constructs 5’ GAA TTC CCA TGG TGC TGA TCT GTG CTG

HSAAIPF 3.1kB SAAl 5’ GAA TTC ACG CGT TTG GGC AGG GAA TAT

HSAA1PF.5 700bp SAAl 5’ GAA TTC ACG CGT GCG TGA TTA TAG CTC

HSAAIPF-G 500bp SAAl 5’ GAA TTC ACG CGT AGC ATT GGG ATT ATA

MLUEMSAFl 250bp SAAl 5’ GAA TTC ACG CGT GGT CTC CTG CCT G3’

MLUEMSAF2 250bp SAA2 5’ GAA TTC ACG CGT GAT CTA GCA CCT G3’

GREMFl GRE mutant SAAl 5’ CAT CTT TTG GGC TCA GGT TGC 3’

GREMIR GRE mutant SAAl 5’ AGC CCA AAA GAT GTG CCT GG3’

GREIF GRE insertion SAAl 5’ CAG CAA ACC TCT CTT GTC CC 3’

GREIR GRE insertion SAAl 5’ AGA GAG GTT TGC TGT GCC T 3’

GREDF GRE deletion SAA2 5’ CAA GGC ACA TCT TGT TCC CAT AGG T 3’

GREDR GRE deletion SAA2 5’ GGA ACA AGA TGT GCC TTG GCA ATG 3’

AP-IMF AP-1 mutant SAAl 5’ GAT AAA GGT ACC GGG ATG AAG3’

AP-IMR AP-1 mutant SAAl 5’ ATC CCG GTA CCT TTA CCC A 3’

IL6MTIF IL-6RE type I mutant SAAl 5’ AGG CTG CAA ACC TGG GAT AA3’

IL6MTIR IL-6RE type I mutant SAAl 5’ TTA TCC CAG GTT TGC AGC CT 3’

IL6MTIIF IL-6RE type II mutant SAAl 5’ AGG TTG CAC AAC GTA GAT AA3’

IL6MTIIR IL-6RE type 11 mutant SAAl 5’ TTA TCT ACG TTG TGC AAC CT3’

IL6MTBF2 IL-6RE type I&II mutant SAAl 5’ AGG CTG CAA ACC GTA GAT AAA TGA 3’

IL6MTBR IL-6RE type I&ll mutant SAAl 5’ TTA TCT ACG GTT TGC AGC CT 3’

Table 3.1
Oligonucleotide sequences for generating human SAA promoter Luciferase reporter constructs



3.2.2 Computational analysis of the human A-SAA promoters

Alignment of the 500 bases of the region proximal to the transcription start site of the 

human SAAl and SAA2 genes was carried out using the ClustalW program 

(Thompson et al., 1994). This was used to identify regions of dissimilarity between 

the two genes which might cause differences in their regulation.

The TESS analysis program was used to identify consensus sequences for 

transcription factor binding sites in the 500 bases of the SAAi and SAA2 proximal to 

the transcription start site. SignalScan predictions of transcription factor binding sites 

in the 5AA2 promoter were annotated onto the alignment (Uhlar, 1996).

3.2.3 In vitro analysis of the human A-SAA promoters

hSAA promoter luciferase reporter plasmids were co-transfected with renilla control 

plasmid into HepG2 cells, treated with lOng/ml cytokines +/- 20ng/ml Dex and 

harvested at various timepoints. Treatments were carried out in triplicate and the 

mean and standard deviations calculated. The mean luciferase to renilla ratios were 

graphed as fold increase compared to untreated controls. Graphs shown are 

representative of at least three independent experiments.

Dex dose response and pre-treatment experiments

The concentrations of Dex used in the literature vary. A range of concentrations 

(4ng/ml, 20ng/ml, 40ng/ml, 200ng/ml, 400ng/ml) were tested to see if there was an 

effect of Dex alone on hSAAl or if a higher dose of Dex in combination with
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cytokines was required to effect hSAA2. Pretreatment experiments were carried out 

with 20ng/ml Dex or medium for 24 hours prior to cytokine treatment.

Deletion analysis

In order to define the region of the hSAAl promoter responsible for Dex 

responsiveness, truncated hSAAl promoter luciferase constructs containing 0.7kB and 

0.5kB of proximal promoter sequence. Truncated hSAAl promoters were generated 

by PCR using forward primers HSAA1PF.5 and HSAAIPF-G and HSAAPR reverse 

primer (Table 3.1) and verified by sequencing. The truncated hSAAl promoter 

luciferase reporter plasmids were co-transfected with control plasmid into HepG2 

cells, treated with cytokines +/- Dex and harvested at various timepoints. The mean 

luciferase to renilla ratios were graphed as fold increase compared to untreated 

controls.

Chimeric promoters

Chimeric hSAA promoter contstructs containing part hSAAl and part hSAA2 promoter 

were generated by restriction digest with Xmal and ligation of the distal promoter 

fragments into Xmal cut vector containing the proximal promoter and luciferase 

coding sequence (see Figure 3.9). Constructs were verified by restriction digests and 

sequencing. The chimeric hSAA promoter luciferase reporter plasmids were co

transfected with renilla control plasmid into HepG2 cells, treated with cytokines +/- 

Dex and harvested at various timepoints. The mean luciferase to renilla ratios were 

graphed as fold increase compared to untreated controls.
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GRE mutants

GRE mutant hSAA promoter constructs were generated by PCR site-directed 

mutagenesis (Table 3.1) and verified by sequencing (see Figure 3.12 for mutant 

sequences). The GREM, GRED, GREI and hSAA promoter luciferase reporter 

plasmids were co-transfected with control plasmid into HepG2 cells treated with 

cytokines +/- Dex and harvested at various timepoints. The mean luciferase to renilla 

ratios were graphed as fold increase compared to untreated controls.

Co-transfection of GR expression construct and SAA promoter luciferase 

constructs

HepG2 cells have been reported to have low numbers of endogenous GR (Baumann et 

al., 1990). Baumann et al observed induction of an AGP reporter system by Dex 

alone and enhancement of Dex plus cytokine treatment in HepG2 cells co-transfected 

with a human GRoc expression vector. The CMX-GR vector which contains the 

CMV promoter driving constitutive expression of human GRa was a gift of Dr D. 

Chakravarti, University of Pennsylvania. CMX-GR (5ng, 25ng, 50ng/well) or empty 

vector (50ng/well) was co-transfected with hSAA promoter luciferase reporter 

constructs and renilla control plasmid into HepG2 cells and treated with Dex in the 

presence or absence of cytokines and harvested at various timepoints. The renilla to 

luciferase ratios were calculated and graphed as fold increase over the medium only 

treated controls.
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Putative AP-1 site mutants

Since the presence of cytokines appeared to be required for Dex induction of the 

hSAAl promoter, the involvement of cytokine-inducible transcription factor binding 

sites was examined. GR has been shown to interact with AP-1 (Diamond et al., 1990) 

and a putative AP-1 site was identified in the hSAAl promoter by computer analysis. 

The AP-1 hSAAl mutant promoter was generated by PCR mutagenesis and verified 

by sequencing.(see Table 3.1 for primer sequences) The bases mutated were identical 

to mutant AP-1 oligonucleotide sc-2514 from Santa Cruz Biotech, CA. The mutant 

AP-1 hSAAl promoter luciferase reporter plasmid was co-transfected with renilla 

control plasmid into HepG2 cells treated with cytokines +!- Dex and harvested at 

various timepoints. The mean luciferase to renilla ratios were graphed as fold 

increase compared to untreated controls.

IL-6RE mutants

Since GR has been shown to interact with NF-IL6 (Nishio et al., 1993), the 

involvement of IL-6RE in the Dex induction of hSAAl was examined. There are two 

types of IL-6RE , type I which bind C/EBP family transcription factors and type II 

which bind transcription factors of the STAT family of proteins. Betts et al showed 

type I site at -184 to -171bp of the SAA2 promoter which was involved in the 

synergistic activation by IL-1 and IL-6 . However, point mutations in this site did not 

totally destroy the synergy. EMSA using an oligonucleotide from —193 to —166 of 

SAA2 demonstrated binding of NF-IL6 (Betts et al., 1993).

A putative type IIIL-6RE adjacent to the type I site at -173 to -I68bp in the SAA2 

promoter was identified by TESS.(see Figure 3.11) No evidence had previously been
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reported for the involvement of STATs in A-SAA transcription but since STATs are 

activated by stress which A-SAA regulation this was examined.

IL-6RE hSAAl mutant promoters were generated by PCR with mutations in the type 

I, type II or both sites and verified by sequencing. The IL-6RE mutant hSAAl 

promoter luciferase reporter plasmids were co-transfected with control plasmids into 

HepG2 cells treated with cytokines +/- Dex and harvested at various timepoints. The 

mean luciferase to renilla ratios were graphed as fold increase compared to untreated 

controls.

EMSA

EMSA were carried out using oligonucleotides corresponding to the putative GRE 

and NF-kB binding sequences, and anti-transcription factor antibodies to demonstrate 

the binding of transcription factors under different treatment conditions.(Table 3.2) 

Gels shown are representative of three independent experiments.
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Oligonucleotides

GRESAAIF 5’ CCT GAC AGC TGC CAG GCA CAT CTT GTT CCC TCA3’

GRESAAIR 5’ TGA GGG AAC AAG ATG TGC CTG GCA GCT GTC AGG3’

GRESAA2F 5’ GCC AAG GCA CAG CAA ACC TCT CTT GTT CCC ata3’

GRESAA2R 5’ TAT GGG AAC AAG AGA GGT TTG CTG TGC CTT GGC 3’

GRES AA IMF 5’ CCT GAC AGC TGC CAG GCA CAT CTT TTC CCC TCA3’

GRESAAIMR 5’ TGA GGG GAA AAG ATG TGC CTG GCA GCT GTC AGG3’

NFKBF 5’ CTG CAG GGA CTT TCC CCA GG 3’

NFKBR 5’ CCT GGG GAA AGT CCC TGC AG 3’

Supershift antibodies

Anti-GR PAl-510 Affinity Bioreagents, CO
Anti-p65 SC-109X Santa Cruz Biotechnology, CA
Anti-p50 sc-114X Santa Cruz Biotechnology, CA
Anti-p52 SC-298X Santa Cruz Biotechnology, CA
Anti-c-Rel sc-70X Santa Cruz Biotechnology, CA
Anti-YY-1 SC-28 IX Santa Cruz Biotechnology, CA

Table 3.2

Oligonucleotides and antibodies used for EMSA



3.3 RESULTS

3.3.1 In vitro analysis of the human A-5AA promoters

The 1.2kb hSAA2 promoter luciferase reporter construct responded to cytokines as 

previously documented (Figure 3.1)(Uhlar et al., 1997). The 3.1kB hSAAl promoter 

luciferase reporter construct generated here demonstrated a similar cytokine inducible 

profile.(Figure 3.2) Addition of either IL-1 or IL-6 moderately induced both 

promoters. IL-1 induction increased with time to reach 5-10 fold at 24 hours but IL-6 

showed maximal induction of approximately 5 fold at 3 hours and decreased in effect 

after this time. Simultaneous addition of IL-1 and IL-6 showed synergy with 

maximal induction at 3hours, 40 fold for hSAAl and 100 fold for hSAA2. TNF 

moderately induced both promoters, approximately 5 fold. Simultaneous addition of 

TNF and IL-6 showed synergy with maximal induction at 3hours, 30 fold for hSAAl 

and 70 fold for hSAA2. Simultaneous addition of IL-1 and TNF gave the same 

induction as IL-1 alone. Addition of IL-1 and TNF and IL-6 gave the same induction 

as IL-1 and IL-6. Neither promoter was induced by Dex alone. Addition of Dex to 

each of the cytokine treatments enhanced the induction of the hSAAl promoter 

approximately twofold. In contrast to the hSAAl promoter, addition of Dex had no 

impact on the cytokine induction of the hSAA2 promoter.
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Figure 3.1
HepG2 cells transfected with hSAA2 luciferase reporter and treated with A, media 
only; B, dex; C, IL-1; D, IL-1 + dex; E, IL-6; F, IL-6 + dex; G, IL-1 + IL-6; H, IL-1 
+ IL-6 + dex; I, TNF; J, TNF -i- dex; K, TNF + IL-6; L, TNF -i- IL-6 -i- dex; M, IL-1 -t- 
TNF; N, IL-1 + TNF -i- dex; O, IL-1 -i- TNF -i- IL-6; P, IL-1 + TNF -i- IL-6 -i- dex for 3, 

6, 9 and 24 hours.
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Figure 3.2
HepG2 cells transfected with hSAAl luciferase reporter and treated with A, media 
only; B, dex; C, IL-1; D, IL-1 + dex; E, IL-6; F, IL-6 + dex; G, IL-1 + IL-6; H, IL-1 
+ IL-6 + dex; I, TNF; J, TNF + dex; K, TNF + IL-6; L, TNF + IL-6 + dex; M, IL-1 + 
TNF; N, IL-1 + TNF + dex; O, IL-1 + TNF + IL-6; P, IL-1 + TNF + IL-6 -i- dex for 3, 
6, 9 and 24 hours.



Figure 3.1 and 3.2 shows the data as fold increase compared to medium only treated 

controls allowing comparison between constructs which have different basal activity. 

Representation of the same data as luciferase to renilla ratio shows the magnitude of 

expression of the hSAA promoters.(Figure 3.3) hSAAl has a higher basal level of 

expression than hSAA2; therefore the fold induction of hSAAl appears to be higher 

than hSAA2 but the absolute levels of luciferase activity achieved by the same 

cytokine treatments are not significantly different. The magnitude of hSAAl promoter 

luciferase expression is approximately doubled by the addition of Dex to treatments 

but as noted earlier, Dex has no effect on hSAA2 promoter luciferase expression. The 

basal levels of expression varied slightly from experiment to experiment, causing the 

apparent induction levels to vary and the enhancement due to the addition of Dex to 

vary from two to three fold.

The hSAAl promoter displayed the same kinetics of induction following sequential 

additional of IL-1 and IL-6 that had been shown for hSAA2 (Figures 3.4 and 

3.5)(Uhlar and Whitehead, 1999a). Pretreatment with IL-1 primed the system for 

maximum stimulation by IL-6 whereas pretreatment with IL-6 limited the synergy 

with IL-1. Although the basal level of expression was lower in the absence of serum, 

no significant difference in the response of the promoters to cytokines was 

attributable to the presence or absence of semm during treatments.
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SAAl SAA2

Figure 3.3
HepG2 cells transfected with hSAAl and hSAA2 Luciferase reporter and treated with 
A, media only; B, dex; C, IL-1; D, IL-1 + dex; E, IL-6; F, IL-6 + dex; G, IL-1 + IL-6; 
H, IL-1 + IL-6 + dex; I, TNF; J, TNF + dex; K, TNF + IL-6; L, TNF + IL-6 + dex; M, 
IL-1 + TNF; N, IL-1 + TNF + dex; O, IL-1 + TNF + IL-6; P, IL-1 + TNF + IL-6 + 
dex for 3 hours. Data represented as Luciferase/Renilla.
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Figure 3.4
HepG2 cells transfected with SAAl Luciferase reporter and treated for the first 
3 hours with medium only, IL-1, IL-6 or IL-l+IL-6, and a further 3 hours with 
medium only, IL-1, IL-6 or IL-l+IL-6.
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Figure 3.5
HepG2 cells transfected with SAA2 Luciferase reporter and treated for the first 
3 hours with medium only, IL-1, IL-6 or IL-l+IL-6, and a further 3 hours with 
medium only, IL-1, IL-6 or IL-l+IL-6.



Dex alone had no noticeable inductive effect at doses up to 400ng/ml. Dose response 

curves showed an increase in hSAAl driven transcription when increasing amounts of 

Dex was added in combination with cytokines, but this was not observed with the 

hSAA2 promoter even at high concentrations (Figure 3.6)

In HepG2 cells transfected with hSAAl and hSAAl promoter luciferase reporters, 

pretreatment with Dex for 24 hours before addition of cytokines, resulted in induction 

which was not significantly different from cells pretreated with medium only.(Figure 

3.7)
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Figure 3.6
HepG2 cells transfected with the hSAAl or hSAA2 Luciferase reporter constructs and 
treated for 3 hours with medium only or 4ng/ml, 20ng/ml, 40ng/ml, 200ng/ml, 
400ng/ml Dex, or lOng/ml IL-1 plus lOng/ml IL-6 plus 0, 4ng/ml, 20ng/ml, 40ng/ml, 
200ng/ml, 400ng/ml Dex.
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Figure 3.7
HepG2 cells transfected with the hSAAl or hSAA2 luciferase reporter constructs and 
pretreated for 24 hours with medium only or dex, then treated for 6 hours with A, 
medium only; B, dex; C, IL-1; D, IL-1 + dex; E, IL-6; F, IL-6 + dex; G, IL-1 + IL-6; 
H, IL-1 + IL-6 -t- dex.



3.3.2 Deletion analysis

In order to define more precisely the location of the putative GRE within the 3.1kb 

hSAAl promoter a series of deletion constructs were made. Truncated constructs 

containing the proximal 0.7kB and 0.5kB of the hSAAl promoter showed the same 

pattern of induction as the 3.1kB length hSAAl promoter luciferase reporter construct. 

All three constructs showed a twofold increase in induction when treated with Dex 

plus cytokine compared to cytokine alone, suggesting that there is a GRE present 

within the first 500 bases of the hSAAl promoter (Figure 3.8).
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SAAl-3.1kB SAAl-0.7kB SAAl-0.5kB

Figure 3.8
HepG2 cells transfected with hSAAl luciferase reporter constructs and treated for 3, 
6, 9 and 24 hours with A, medium only; B, dex; C, IL-1; D, IL-1 + dex; E, IL-6; F, 
IL-6 + dex; G, lL-1 + IL-6; H, IL-1 + IL-6 + dex.



3.3.3 Chimeric promoters

Chimeric hSAA promoter luciferase reporter constructs were generated to further 

define the region containing the putative GRE without disrupting any of the other 

transcription factor binding sites by deletion. The hSAA promoter constructs were 

digested with Xmal restriction enzyme to give vector (VI and V2 from hSAAl and 

hSAA2 respectively) and insert fragments (II and 12 from hSAAl and hSAAl 

respectively). The II insert fragment was ligated into V2 to give the chimeric 

promoter V2I1. The 12 insert fragment was ligated into VI to give the chimeric 

promoter VII2. The II insert fragment was ligated into VI to give the control 

chimera VIII, and 12 ligated into V2 to give the control chimera V2I2.(Figure 3.9)

Dex responsiveness was introduced to the hSAA2 promoter by generating the V2I1 

chimera containing bases -164 to -700 of the hSAAl promoter. The reciprocal 

chimera, VI12, in which bases -164 to -700 from the hSAAl promoter were replaced 

with those from the hSAA2 promoter was unresponsive to Dex. The control chimeras 

VIII and V2I2 behaved like hSAAl mdhSAA2 respectively.(Figure 3.10) This 

suggests that the GRE lies between bases -164 and -700 of the hSAAl promoter.
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Figure 3.9
Chimeric SAA promoters; blue represents hSAAl promoter sequence, yellow 

represents hSAA2 promoter sequence, red box represents the putative GRE, 
Xma denotes restriction sites for Xmal, LUC represents luciferase coding

sequence.
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Figure 3.10
HepG2 transfected with chimeric human SAA luciferase reporter constructs and 
treated with: A, medium only; B, Dex; C, IL-l+IL-6; D, IL-1+IL-6+ Dex for 4 hours.



3.3.4 Putative transcription factor binding site identification 

and alignment of human A-SAA promoters

Deletion analysis defined the GRE to within the proximal 500 bases of hSAAl 

regulatory sequence. This sequence was then examined by computer analyisis for 

consensus transcription factor binding sites.

The different programs generated different predictions of transcription factor binding 

sites and these predictions differed in some instances for hSAAl compared to hSAA2 

(Figure 3.11). Both programs predicted interactions at the previously identified 

NFkB and NF-IL6 sites. TESS identified the type INF-IL6 site and an adjacent type 

IIIL-6RE. SignalScan predicted YY-1, AP-1 and NFkB sites in hSAA2 at regions 

identical to hSAAl, and sites for SAF, NF-IL6/YY-1 and YY-1 in hSAA2 at regions 

non-identical in hSAAl. TESS predicted sites for YY-1 and AP-2 in both promoters 

in identical regions, sites for Sp-1 and AP-2 in hSAAl in regions different from 

hSAA2 and sites for PR and AP-1 in hSAA2 in regions different from hSAAl. Neither 

program predicted a putative GRE site within the first 500 bases of either promoter.

Alignment of the first 500 bases of the hSAAl and hSAA2 promoters clearly 

demonstrates the high degree of homology. Four regions of low homology appeared 

as gaps in the aligned sequence, these regions were considered candidate sites for 

putative GREs. Closer examination of the region from —194 to —208 in the hSAAl 

promoter identified a putative GRE which is disrupted in the hSAA2 promoter by a 9 

base insertion.
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-500
SAAl CCAC------------—TGTGCTGG ACCTAGTCTG TCAGCTTTGA AGCTT-------------
SAA2 GCACACATGA GATGTGGCAG GGGTAGGCTG TCCGTTTTAA AGCTTAAAGC *** **** * *** *** ** *** * *****

-450 XJLi AP-L -401

SAAl —TAGATATG AACTCAGAGG GACTTCATTT~CAGAGGCATC TGCCATGTGG 
SAA2 TTTAGACATG AACTCAGAGG GATTTCAGT- CAGGGTCATC TGCCATGTGG 

**** *** ****** *** ** **** *** * **** **********
-400 ^ NHL-6/YY-1 .35I

SAAl CCCAGCAGAG CCCATCCTGA GGAAATGACT GGTAGAGTCA GGAGCTGGCT 
SAA2 CCCAGCAGGG CCCATCCTGA GGAAATGACC GGTATAGTCA GGAGCTGGCT 

******** * ********** ********* **** ***** ********** 
-350 YY-1 -301

SAAl TCAAAGCTGC CCTCACTTCA CACCTTCCAG CAGCCCAGGT GCCGCCATCA 
SAA2 GAAGAGCTGC CCTCACTCCA CACCTTCCAG CAGCCCAGGT GCCGCCATCA 

* ****** ******* ** ********** ********** ********** 
-300 NRcB AP-2 SAP -251

SAAl CGGGGCTCCC ACTCTCAACT CCGCAGCCT^AGCCCCCTCA ATGCTGAGGA 
SAA2 CGGGGCTCCC ACTGGCATCT CTGCAGCTGC ACTTCCCCCA ATGCTGAGGA

********** *** ** ** * ifkifk-k * * *** ** -k it-k-k it-k-k * ie *

-250 -201
SAAl GCAGAGCTGG TCTCCTGCCC TGACAGCTGC CA-GGCACA-----------------TC
SAA2 GCAGAGCTGA TCTAGCACCC TGTCCATTGC CAAGGCACAG” CA^CCTCTC

********* * * * * * * kk k kkk kk kkkkkk kk

-200 GRE p; IL-6RE Mi -151
SAAl TTGTTCCCTC AGGTTGCACA ACTGGGATAA ATGACCCGGG ATGAAGAAAC 
SAA2 TTGTTCCCAT AGGTTACACA ACTGGGATAA ATGACCCGGG ATGAAGAAAC 

******** ***** **** ********** ********** ********** 
-150 YY-1 -101

SAAl CACTGGCATC CAGGAACTTG TCTTAGACCG TTTTGTAGGG GAAATGACCT 
SAA2 CACCGGCATC CAGGAACTTG TCTTAGACCA GTTTGTAGGG GAAATGACCT 

*** ****** ********** ********* ********* ********** 
-100 NFkB '51

SAAl GCAGGGACTT T^CCCCAGGGA CCACATCCAG CTTTTCTTCC CTCCCAAGAA
SAA2 GCAGGGACTT TCCCCAGGGA CCACATCCAG CTTTTCTTCC CTCCCAAGAG 

********** ********** ********** ********** ********* 
-50 1^1 -I

SAAl ACCAGCAGGG AAGG^CAGT ATAAATAGCA GCCACCGCTC CCTGGCAGGC
SAA2 ACCAGCA----- -AGGCTCACT ATAAATAGCA GCCACCTCTC CCTGGCAGAC

******* ******* * ********** ****** *** ******** *

Figure 3.11 r- , ,
500 bases of QustalW aligned human SAAl and SAA2 promoters. Sites identified by
Betts etalare coloured red (NFkB) and blue (NHL-6), putative sites are underlined 
once [Signalscan] twice [Tess], and wjth_dols [predicted by visual inspection].



GRE consensus

SAAl putative GRE

ggtacannntgttct 
** ***********

GGCACATCTTGTTCC

In the human Elastin promoter, bases 4 and 5 in the second half of the GRE are 

critical for GR binding whilst bases 1,2,3 and 6 have relatively little effect on binding 

(Del Monaco et al., 1997).
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3.3.5 GRE mutagenesis

PCR mutagenesis was carried out to mutate key bases in the hSAAl promoter putative 

GRE. The 4* and 5* bases in the second half of the GRE were mutated from G and T 

to T and C to give the construct GREM shown in figure 3.12.

In vitro analysis of the GREM promoter luciferase reporter construct showed equal 

induction by treatment with IL-1 + IL-6 compared to wild type control, but no 

increase in induction when treated with IL-1 -i- IL-6 + Dex.(Figure 3.13)
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-250
SAAl GCAGAGCTGG 
GREM GCAGAGCTGG 
GREI GCAGAGCTGG 
GRED GCAGAGCTGA 
SAA2 GCAGAGCTGA

-200
SAAl TTGTTCCCTC 
GREM TTTTGGGCTC 
GREI TTGTTCCCTC 
GRED TTGTTCCCAT 
SAA2 TTGTTCCCAT

TCTCCTGCCC TGACAGCTGC CA-GGCACA---------------------TC
TCTCCTGCCC TGACAGCTGC CA-GGCACA---------------------TC
TCTCCTGCCC TGACAGCTGC CA-GGCACAG CAAACCTCTC
TCTAGCACCC TGTCCATTGC CAAGGCACA- -----------------TC
TCTAGCACCC TGTCCATTGC CAAGGCACAG CAAACCTCTC

-201

AGGTTGCACA
AGGTTGCACA
AGGTTGCACA
AGGTTACACA
AGGTTACACA

ACTGGGATAA
ACTGGGATAA
ACTGGGATAA
ACTGGGATAA
ACTGGGATAA

ATGACCCGGG
ATGACCCGGG
ATGACCCGGG
ATGACCCGGG
ATGACCCGGG

-151
ATGAAGAAAC
ATGAAGAAAC
ATGAAGAAAC
ATGAAGAAAC
ATGAAGAAAC

-150
SAAl CACTGGCATC 
GREM CACTGGCATC 
GREI CACTGGCATC 
GRED CACCGGCATC 
SAA2 CACCGGCATC

CAGGAACTTG
CAGGAACTTG
CAGGAACTTG
CAGGAACTTG
CAGGAACTTG

TCTTAGACCG
TCTTAGACCG
TCTTAGACCG
TCTTAGACCA
TCTTAGACCA

TTTTGTAGGG
TTTTGTAGGG
TTTTGTAGGG
GTTTGTAGGG
GTTTGTAGGG

-101
GAAATGACCT
GAAATGACCT
GAAATGACCT
GAAATGACCT
GAAATGACCT

-100
SAAl GCAGGGACTT 
GREM GCAGGGACTT 
GREI GCAGGGACTT 
GRED GCAGGGACTT 
SAA2 GCAGGGACTT

TCCCCAGGGA
TCCCCAGGGA
TCCCCAGGGA
TCCCCAGGGA
TCCCCAGGGA

CCACATCCAG
CCACATCCAG
CCACATCCAG
CCACATCCAG
CCACATCCAG

CTTTTCTTCC
CTTTTCTTCC
CTTTTCTTCC
CTTTTCTTCC
CTTTTCTTCC

-51
CTCCCAAGAA
CTCCCAAGAA
CTCCCAAGAA
CTCCCAAGAG
CTCCCAAGAG

-50
SAAl ACCAGCAGGG AAGGCTCAGT ATAAATAGCA 
GREM ACCAGCAGGG AAGGCTCAGT ATAAATAGCA 
GREI ACCAGCAGGG AAGGCTCAGT ATAAATAGCA
GRED ACCAGCA-------AGGCTCACT ATAAATAGCA
SAA2 ACCAGCA----- -AGGCTCACT ATAAATAGCA

GCCACCGCTC
GCCACCGCTC
GCCACCGCTC
GCCACCTCTC
GCCACCTCTC

CCTGGCAGGC
CCTGGCAGGC
CCTGGCAGGC
CCTGGCAGAC
CCTGGCAGAC

Figure 3.12
Sequence of the GRE mutant promoters, GRE region in blue.
GREM=SAA 1 promoter with GRE mutated
GREI=SAA1 promoter with GRE disrupted by SAA2-Iike 9 nucleotide insertion 
GRED=SAA2 promoter with GRE restored by deletion of 9 nucleotides



SAAl SAA2 GREM

Figure 3.13
HepG2 transfected with human SAAl, SAA2 and GREM luciferase reporter 
constructs and treated with: A, medium only; B, Dex; C, IL-l+IL-6; D, IL-1+IL-6+ 
Dex for 4 hours.



3.3.6 GRE insertion/deletion experiments

PCR mutagenesis was carried out to insert 9 bases into the hSAAl promoter putative 

GRE to give the construct GREI shown in figure 3.12. In vitro analysis of the GREI 

promoter luciferase reporter construct showed equal induction by treatment with IL-1 

+ IL-6 compared to wild type control, but no increase in induction when treated with 

IL-1 -f- IL-6 -I- Dex.(Figure 3.14)

PCR mutagenesis was carried out to delete 9 bases from the hSAA2 promoter to 

restore the putative GRE (GREI figure 3.12). In vitro analysis of the GRED promoter 

luciferase reporter construct showed equal induction by treatment with IL-1 IL-6 

compared to wild type control, and a twofold increase in induction when treated with 

IL-I -H IL-6 + Dex.(Figure 3.15)
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Figure 3.14
HepG2 transfected with human SAAl, SAA2 and GREI luciferase reporter constructs 
and treated with: A, medium only; B, Dex; C, IL-l+IL-6; D, IL-1+IL-6+ Dex for 4 
hours.



SAAl SAA2 GRED

Figure 3.15
HepG2 transfected with human SAAl, SAA2 and GRED luciferase reporter 
constructs and treated with: A, medium only; B, Dex; C, IL-l+IL-6; D, IL-1+IL-6+ 
Dex for 4 hours.



3.3.7 Co-transfection of GR expression vector and human A-SAA 

promoter luciferase constructs

Co-transfection of 5-50ng/well of GR expression vector with the hSAA promoter 

luciferase reporter constructs in HepG2 does not have a significant effect on induction 

by Dex alone.(Figure 3.16) Co-transfection of 25 or 50ng/well but not 5ng/well of 

GR expression vector increased the fold induction of hSAAl promoter in the presence 

of Dex plus cytokines. Co-transfection of GR expression vector did not increase the 

fold induction of hSAA2 promoter in the presence of Dex plus cytokines.
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Figure 3.16
HepG2 cells co-transfected with increasing amounts of GR expression vector (5ng, 
25ng, 50ng/well) and human SAAl or SAA2 Luciferase reporter constructs and 
treated with 0, 20ng/ml, 200ng/ml, 2pg/ml Dex +/- lOng/ml IL-1 +IL-6 for 4 hours.



Since co-expression of GR did not facilitate induction of the hSAAl promoter by Dex 

alone, it was hypothesised that the presence of cytokines was necessary to induce a 

transcription factor whose promoter-binding stabilised the binding of GR. The 

putative AP-1 binding site and IL-6RE of the hSAAl promoter were mutated to 

examine their involvement in the GR and hSAAl promoter-interactions.

3.3.8 Putative AP-1 site mutagenesis

In vitro analysis of the hSAAl AP-1 mutant promoter luciferase reporter construct 

showed the same profile of cytokine activation as the wild type hSAAl 

promoter.(Figure 3.17) There was no loss of Dex responsiveness in the mutant 

promoter which when treated with IL-l-i-IL-6-i-Dex showed increased induction of 

thirty fold compared to fifteen fold induction with IL-l+IL-6.

3.3.9 IL-6RE mutagenesis

hSAAl IL-6RE mutants were generated with Type I, putative Type II, and Type I&II 

sites mutated. In vitro analysis of the hSAAl IL-6RE mutant promoter luciferase 

reporter constructs showed the same profile of cytokine activation as the wild type 

hSAAl promoter. There was no loss of Dex responsiveness in any of the mutant 

promoters.(Figure 3.18)
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Figure 3.17
HepG2 cells transfected with SAAl AP-1 mutant promoter luciferase reporter and 
treated for 4 hours with A, medium only; B, Dex; C, IL-1; D, IL-1 + Dex; E, IL-1 + 
IL-6; F, IL-1 + IL-6 + Dex; G, TNF; H, TNF + Dex; I, TNF + IL-6; J, TNF + IL-6 + 
Dex.



Type I mutant Type II mutant Type I& II mutant

Figure 3.18
HepG2 cells transfected with SAAl IL-6RE mutant promoter luciferase reporter 
constructs and treated for 4 hours with A, medium only; B, Dex; C, IL-1; D, IL-l+Dex; 
E, IL-6; F, IL-6+Dex; G, IL-l+IL-6; H, IL-l+IL-6+Dex.



3.3.10 EMSA with GRESAAl, GRESAA2 and recombinant GR

Figure 3.19 shows an EMSA with oligonucleotide probes to the putative GRE of 

hSAAl (GRESAAl) and the putative disrupted GRE of hSAAl (GRESAA2). Both 

GRESAAl and GRESAA2 bind rGR to give the shifted band a, which can be 

supershifted by anti-GR antibody (band b) but not anti-p65 or anti-rabbit IgG.

1.3.10 EMSA with GRESAAl, GRESAA2 and nuclear extracts

Figure 3.20 shows an EMSA with GRESAAl and GRESAA2 oligonucleotide probes 

and nuclear extracts from medium only, Dex, IL-l+IL-6, IL-l-i-IL-6-i-Dex treated 

HepG2. The HepG2 extracts contain a protein, or complex of proteins, which can 

bind to both GRESAAl and GRESAA2.(band a) This protein appears to be more 

abundant in Dex and cytokine treated HepG2 nuclear extracts than medium only 

treated HepG2 nuclear extracts. A higher molecular weight complex (band b) present 

in Dex and cytokine treated HepG2 nuclear extracts binds to GRESAAl. Complexes 

a and b contain GR and are both supershifted (band c) by the addition of anti-GR 

antibody but not anti-rabbit IgG.
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GRESAAl 
1 2 3 4 5

GRESAA2 
1 2 3 4 5

Figure 3.19
rGR supershift with GRESAAl and GRESAA2 oligonucleotide probes. Lanes 1, free 
probe; 2, probe plus rGR; 3, probe plus rGR plus anti-GR; 4, probe plus rGR plus 
anti-p65; 5, probe plus rGR plus anti-rabbit IgG.



GRESAAl
123456789 10

GRESAA2
123456 789 10
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Figure 3.20
GR supershift with GRESAAl and GRESAA2 oligonucleotide probes. Lanes 1, free probe; 
2, probe plus nuclear extract from medium only treated HepG2; 3, probe plus nuclear extract 
from medium only treated HepG2 plus anti-GR; 4, probe plus nuclear extract from Dex 
treated HepG2; 5, probe plus nuclear extract from Dex treated HepG2 plus anti-GR; 6, probe 
plus nuclear extract from IL-l+IL-6 treated HepG2; 7. probe plus nuclear extract from IL- 
l+IL-6 treated HepG2 plus anti-GR; 8, probe plus nuclear extract from IL-l+IL-6-HDex 
treated HepG2; 9, probe plus nuclear extract from IL-l+IL-6-HDex treated HepG2 plus anti- 
GR; 10, probe plus nuclear extract from IL-l+IL-64-Dex treated HepG2 plus anti-IgG.



3.3.11 GRE Competition EMSA

Figure 3.21 shows an EMSA with GRESAAl and GRESAA2 oligonucleotide probes 

and nuclear extracts from IL-l+IL-6+Dex treated HepG2. Complexes a and b are not 

displaced from GRESAAl by lOng of unlabelled GRESAAl, GRESAA2 or 

GRESAAIM, an oligonucleotide to the same region of GREMfFigure 3.11) but are 

displaced by lOOng of these oligonucleotides. Complexes are not displaced by lOng 

or lOOng of control consensus NF-kB or Sp-1 oligonucleotides.

Complexes a and b are displaced from GRESAA2 by lOng of GRESAAl. The 

complexes are not displaced by lOng of unlabelled GRESAA2 or GRESAAIM but 

are displaced by lOOng of these oligonucleotides. Complexes are not displaced by 

lOng or lOOng of consensus NF-kB or Sp-1 oligonucleotides.
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probe: GRESAAl GRESAA2
1234567 8 9 10 11 12 1:^ id i#; i7 ib lo m 'j') 'j/i

cold competitor:
GRESAAl
GRESAA2
GRESAAIM
NFKB
Sp-1

+ ++ + ++
+ ++ + ++

+ ++ + ++
+ ++ + ++

+ ++ + ++

Figure 3.21
GR shift using GRESAAl and GRESAA2 oligonucleotide probes. Lanes 1, 
GRESAAl free probe; 2, GRESAAl probe plus nuclear extracts from IL-l+IL- 
6+Dex treated HepG2 cells; 3-12, GRESAAl probe plus nuclear extracts from IL- 
l-i-IL-6-i-Dex treated HepG2 cells plus cold competitor oligonucleotides; 13, 
GRESAA2 free probe; 14, GRESAA2 probe plus nuclear extracts from IL-l+IL- 
6-hDex treated HepG2 cells; 15-24, GRESAA2 probe plus nuclear extracts from IL- 
l-i-IL-6-hDex treated HepG2 cells plus cold competitor oligonucleotides.
+ = lOng cold competitor, ++ = lOOng cold competitor



3.3.12 NF-kB EMSA with nuclear extracts

The NF-kB binding site from -91 to -82 of hSAA2 is identical to that found in the 

hSAAl gene. Figure 3.22 shows an EMSA with an oligonucleotide probe to the hSAA 

NF-kB binding site (Betts et al., 1993) and nuclear extracts from medium only, Dex, 

IL-l+IL-6 and IL-l+IL-6-i-Dex treated HepG2 cells. Complex a is constitutively 

expressed. Complex c is present in all extracts but is disrupted by the addition of any 

antibody in medium only or Dex treated extracts (Lanes 3-6, 8-11) but only by anti- 

p65 antibody in IL-I-hIL-6 and IL-l4-IL-6+Dex extracts.(Lanes 14&20) Complex b is 

present only in extracts from IL-l+IL-6 and IL-l+IL-b+Dex treated HepG2 cells and 

is supershifted by anti-p50 to give complex d.(Lanes 13&19) Complex e is present in 

IL-l+IL-6 and IL-l+IL-6-t-Dex extracts supershifted with anti-p50, anti-p65 and anti- 

GR antibodies, but not anti-p52, anti-c-Rel or anti-IgG.
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treatment:
antibody:

a-p50
a-p65
a-p52

a-c-Rel
cx-GR
a-IgG

Figure 3.22
Supershift with NFKB oligonucleotide probe. Lane 1, free probe; 2-6 probe plus 
nuclear extract from medium only treated HepG2; 7-11 probe plus nuclear extract 
from Dex treated HepG2; 12-17 probe plus nuclear extract from IL-14-IL-6 treated 
HepG2; 18-24 probe plus nuclear extract from IL-l-i-IL-6-i-Dex treated HepG2; 3, 8, 
13,19, plus anti-p50; 4, 9, 14, 20, plus anti-p65; 5,10, 15, 21, plus anti-p52; 6,11,16, 
22, plus anti-c-Rel; 17,23, plus anti-GR; 24, plus anti-IgG



3.3.13 EMSA with hSAAl -222 to -83

A probe which encompasses the region from the GRE to the NF-kB binding site of 

hSAAl was generated by PCR using GRESAAIF and NFKBR oligonucleotide 

primers and the 500bp hSAAl promoter luciferase reporter plasmid as template. 

Figure 3.23 shows an EMSA with probe plus nuclear extracts from medium only, 

Dex, IL-l+IL-6, IL-l+IL-6+Dex treated HepG2 cells. Three major complexes which 

bound to the probe were present in all extracts . Complex a was not competed off or 

supershifted by anti-p50, anti-p65, anti-c-Rel, anti-GR or anti-YY-1 antibodies. 

Complex b was displaced by lOOng of unlabelled NFKB oligonucleotide and by anti- 

p50 and anti-p65 antibodies suggesting that this complex contains p50 and p65. 

Complex c was displaced by lOOng of unlabelled GRESAAl oligonucleotide and by 

anti-GR antibody suggesting that this complex contains GR. Under these binding 

conditions a complex containing p50, p65 and GR was not detected.
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Figure 3.23
SAAl PCR generated long probe. Lane 1, free probe; 2, probe plus nuclear extract from 
medium only treated HepG2 cells; 3, probe plus nuclear extract from Dex treated HepG2 
cells; 4, probe plus nuclear extract from IL-l+IL-6 treated HepG2 cells; 5, probe plus 
nuclear extract from IL-l+IL-6+Dex treated HepG2 cells; 6, probe plus nuclear extract 
from IL-l+IL-6+Dex treated HepG2 cells plus lOOng cold GRESAAl oligonucleotide; 7, 
probe plus nuclear extract from IL-l+IL-6+Dex treated HepG2 cells plus lOOng cold 
NFKB oligonucleotide; 8, probe plus nuclear extract from IL-l+IL-6+Dex treated HepG2 
cells plus anti-GR; 9, probe plus nuclear extract from IL-l+IL-6+Dex treated HepG2 
cells plus anti-p50; 10, probe plus nuclear extract from IL-l+IL-6+Dex treated HepG2 
cells plus anti-p65; 11, probe plus nuclear extract from IL-l+IL-6+Dex treated HepG2 
cells plus anti-c-Rel; 12, probe plus nuclear extract from IL-l+IL-6+Dex treated HepG2 
cells plus anti-YY-1.



3.4 DISCUSSION

Transfection analysis of the hSAAl promoter showed that it has a similar profile of 

cytokine induction as the hSAA2 promoter. Betts et al had previously shown hSAAl 

promoter induction by IL-1 and IL-6 separately but had not demonstrated the 

synergistic activation by simultaneous addition of IL-l+IL-6. Due to the high degree 

of sequence identity they proposed that the same transcription factors shown to be 

involved in hSAA2 induction would be involved in regulating hSAAl expression 

(Betts et al., 1993). Figures 3.1 and 3.2 support this hypothesis with lL-6 plus IL-1 or 

TNF acting in synergy to induce the hSAAl promoter as occurs with the hSAA2 

promoter. However the basal level of expression of hSAAl was higher than hSAA2 

and, more strikingly, the hSAAl and hSAA2 promoters are differentially regulated in 

response to the synthetic glucocorticoid, Dex. This is the first evidence of differential 

expression of these highly similar genes. No synergy or additive effect was observed 

between IL-1 and TNF in the induction of either the hSAAl or hSAA2 promoter.

Truncations and chimeras of the hSAAl and hSAA2 promoters narrowed down the 

region in which a putative GRE was present in hSAAl. The Signalscan and TESS 

programs which predict transcription factor binding sites, identified various putative 

binding sites but no putative GRE. After aligning the hSAAl and hSAA2 regulatory 

sequences with the ClustalW program four regions of low homology were apparent 

and, by visual inspection, a putative GRE was identified in hSAAl at bases -194 to - 

208. This matched the consensus GRE at 13 out of 15 bases, including the critical 4 

and 5* bases in the second half site (Del Monaco et al., 1997). The same region in 

hSAA2 has a 9bp insertion within the GRE disrupting the binding site.

Specific mutation and deletion of the putative hSAAl GRE confirmed that the putative 

GRE was necessary for Dex induction of the hSAAl promoter. The deletion of the 9
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bases from the hSAA2 promoter to restore the GRE sequence was shown to restore 

Dex responsiveness. This demonstrated that the GRE was sufficient to confer Dex 

responsiveness since this was the only change made to the hSAA2 promoter in the 

GRED mutant.

EMSA demonstrated that oligonucleotides of both the hSAAl GRE and equivalent 

region of hSAA2 are capable of binding GR in vitro. This is independent of ligand as 

rGR and extract from medium only treated HepG2 can bind and be supershifted. The 

GRESAAl oligonucleotide has a higher affinity for GR than GRESAA2 since 

unlabelled GRESAAl can readily displace GRESAA2 from a complex but unlabelled 

GRESAA2 oligonucleotide can only displace GR from GRESAAl at concentrations 

of 50-100 fold excess. GRESAAIM is also able to displace GR from GRESAAl and 

GRESAA2 at high concentrations suggesting that it has some affinity for GR, 

whereas the unrelated NKB and Sp-1 oligonucleotides show no affinity for GR. The 

hSAA2 promoter and GREM mutant hSAAl promoter still have the first half-site of 

the GRE intact which, unlike the first half-site of the GRE in the human elastin 

promoter (Del Monaco et al., 1997) may be sufficient for binding in this context. 

Although EMSA can demonstrate transcription factor binding ability it does not 

definitively indicate the transactivation capability (Nishio et al., 1993). In vitro 

reporter assays definitively show that GR does not transact!vate hSAA2 or GREM 

mutant promoter in HepG2 cells.

The GR co-transfection experiments may have been affected by squelching i.e. the 

over expression of one component of transcription machinery can sequester other 

components in inappropriate compartments or conformations and prevent 

transcription. Co-transfection of steroid co-activators such as CBP and SRC-1 with 

GR may permit GR transactivation of the hSAAl promoter in the absence of

cytokines.
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Why does Dex activate the hSAAl promoter only in the presence of cytokines? Are 

interactions with other transcription factors necessary for transactivation? The 

putative AP-1 site and the IL-6REs appear unnecessary for GR transactivation. 

Interaction between GRE and NF-kB sites would be harder to examine in the reporter 

system since mutation of the NF-kB binding site in the hSAA2 promoter results in 

almost complete loss of cytokine induction (Betts et al., 1993). In EMSA a complex 

containing p50, p65 and GR which bound to the NF-kB site of hSAAl and hSAA2 

could be identified in nuclear extracts from IL-l-i-IL-6 and IL-l+IL-6+Dex treated 

HepG2. This complex was not observed using the longer -222 to -83 hSAAl probe, 

the complexes containing p50/p65 or GR appeared to be mutually exclusive. This 

may be due to difference in secondary structure of the DNA, the shorter 

oligonucleotides are less likely than the long probe to adopt complex structures which 

may prevent certain factor-binding combinations. In vivo, steric changes brought 

about by interactions with binding factors located up or downstream of -222 to -83 

may be necessary for stabilising complexes.

Are the addition of cytokines necessary to displace a repressor factor before GR can 

bind? In the rat SAAl promoter, YY-1 is bound in untreated hepatic cells and is 

displaced by the addition of cytokines which allows NF-kB to bind and transactivate 

(Lu et al., 1994). There is a putative YY-1 site in the homologous region of the 

human A-SAA promoters but this has not yet been shown to be functional.

Due to the high sequence identity between hSAAl and hSAA2 these genes had been 

considered coordinately regulated. The difference in Dex response is the first 

evidence of differential transcriptional regulation of hSAAl and hSAA2. There may 

be other differences in the regulation of hSAAl and hSAA2 both at the transcriptional
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and post-transcriptional levels. This suggests that these two highly homologous genes 

have evolved subtle differences in gene regulation in order to respond to a whole 

spectrum of complex stimuli, comprising of many different inflammatory modulators. 

This is discussed further in Chapter 7.
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Chapter 4

Analysis of the mouse Saa upstream

regulatory sequences



4.1 INTRODUCTION

Comparison of the characterised sequences of the upstream regions of SAA genes of 

different species may identify common regulatory elements. The interaction of these 

regulatory elements can then be studied and novel SAA-derived promoters generated 

which combine some of these elements to give new regulatory characteristics. The 

ultimate aim of this research is to apply an optimised 5AA-derived promoter to the 

controlled expression of anti-inflammatory molecules in a gene therapy system. An 

important step in this process is testing it in a model organism. The mouse is 

frequently studied as a model organism for investigating human diseases and there are 

established mouse models for amyloidosis and inflammatory diseases. Examining the 

similarities and differences between regulation of Saa genes in mice and humans may 

help in the interpretation of data from mouse models and application of this to human 

therapies.

NB -references from prior to 1999 use the old names for the mouse Saa genes, this 

text uses the revised nomenclature explained in section ii (Sipe, 1999).

4.1.1 Regulation of Mouse Saa

The mouse Saa gene family contains three acute phase genes, one pseudogene and 

one constitutively expressed gene.(see Introduction 1.2.1) Saal and Saa2 genes from 

BALB/c mouse have 96% sequence homology from 288bp upstream of the 

transcription start site to 443 3’ of the coding sequence.(Lowell et al, 1986) These 

two genes are considered to be coordinately regulated. The third acute phase Saa 

gene, Saa3, is discussed in greater detail in section 4.1.4.
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Mouse SAAl, SAA2 and SAA3 proteins can be separated by gel electrophoresis since 

they have different isoelectric points. Northern blots using probes to the 

evolutionarily conserved HARGNY sequence hybridise to all mSaa mRNAs. 

However, probes can be designed to hybridise specifically to Saa3 mRNA or to 

Saal+Saa2 mRNA. Due to the high homology between Saal and Saa2 it is not 

possible to distinguish between them on a Northen blot. Northern blots using a DNA 

probe made from part of the human SAAl gene spanning the conserved sequence 

identified mouse Saa mRNA in liver, heart, spleen, lung, intestine and kidney of 

C3HeB/FeJ mice injected interperitoneally with LPS. Interperitoneal injection of rlL- 

1 induces Saa mRNA in liver and lung (Ramadori et al., 1985).

The clearance kinetics of SAA proteins have been defined in a BALB/c mouse system 

(Hoffman and Benditt, 1983). Mice were injected with LPS, bled, and the HDL 

fraction of serum which contains SAA was labelled with The labelled HDL was 

injected into naive mice and the serum proteins measured. SAA constitutes 20-25% 

of total HDL protein, with the ratio of SAAl to SAA2 ~3;1. Both proteins are cleared 

at the same rate as determined by the decrease in intensity of the bands on SDS 

PAGE. However, in casein injected CBA mice after an initial rapid increase, the level 

of SAAl protein in serum declines over time, while the level of SAA2 stays constant 

(Meek et al., 1986).

Saa mRNA is 2% of total liver mRNA at peak of inflammation (Morrow et al., 1981). 

In BALB/c mice injected with LPS there is an -2000 fold increase in liver Saa 

mRNA, to 20,000 transcripts per cell, due to an -300 fold increase in rate of 

transcription. SI nuclease assay demonstrated that both Saal and Saa2 are 

transcribed to full length mRNAs. SI nuclease cleaves single-stranded DNA, it can 

be used distinguish between Saal and Saa2 mRNAs when hybridised to specific 

due to a three base difference in size of their 3 UTRs but this is not
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quantitative. Measuring Saal+Saa2 mRNA and Saa3 mRNA by Northern blot all 

three mRNAs peak at 12hr post-stimuli the Saal+Saa2 mRNA remains at constantly 

elevated level until 36hr when declines rapidly but Saa3 mRNA level slowly declines 

from 12hr.(Lowell 1986) Since Saal+Saa2 mRNA makes up two thirds of total Saa 

mRNAs and levels of Saal and Saa2 protein in serum are equal (Hoffman et al., 

1984) Lowell et al conclude that the Saal and Saa2 genes are coordinately expressed.

RT-PCR of acute phase mRNAs in the livers of mice treated with the heavy metals, 

silver and mercury, showed 40-fold higher levels of Saal mRNA compared to Saa2 

mRNA. Saa3 mRNA was not detected. A similar ratio of Saal to Saa2 mRNA and 

low levels of Saa3 mRNA were observed after treatment with LPS (Yiangou and 

Papaconstantinou, 1993).

Detailed work on the mechanisms of transcriptional regulation of mouse Saa has 

focussed on the Saa3 promoter.
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4.1.2 Transcriptional Regulation of Mouse Saa3

The expression of mouse Saa3 in hepatic and non-hepatic cell lines has been 

investigated using 306bp of upstream regulatory sequence in a CAT reporter 

construct. An IL-1 responsive region and an hepatocyte-specific region was 

identified. In Hep3B hepatoma cells in presence of 10% serum a low level of Saa3 

expression was observed in meduim only treated cells. Stimulation with lymphocyte 

conditioned medium resulted in ten to fifteen fold induction. A ten fold induction was 

observed with IL-1, three fold induction with TNF and no induction with IL-6 (Huang 

et al., 1990).

Shimizu et al observed low level activation of Saa3 promoter CAT reporter in Hep3B 

treated for 24hr with IL-6 or LIF, and an increased induction with IL-I. 

Simmultaneous addition of IL-6 plus IL-1 or LIF plus IL-1 resulted in synergistic 

activation but there was no added effect from treating with IL-1 plus IL-6 plus LIF. 

EMSA and mutagenesis of the Saa3 promoter demonstrated the presence of NF-kB 

and C/EBP sites. The NF-kB p50/p65 heterodimer appeared to be the major IL-1- 

inducible binding factor. Co-transfection of an expression plasmid for C/EBPa or 

p50 resulted in weak transactivation of the Saa3 promoter CAT reporter, expression 

of p65 resulted in efficient transactivation, and co-expression of p50 or p65 with 

C/EBPa resulted in highly efficient transactivation (Shimizu and Yamamoto, 1994).

Distal and proximal response elements were defined as from 169 to -128 and 76 to 

-67.(Figure 1.3) Footprinting experiments identified a binding site for a constitutive 

nuclear factor termed SEF. EMSA with an oligonucleotide probe to the distal 

promoter element bound to C/EBPa in nuclear extracts from unstimulated Hep3B 

cells, and C/EBPP and C/EBP6 in extracts from Hep3B cells stimulated with MOCM 

(Huang and Liao, 1994).
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In HepG2 transfected with an Saa3 promoter luciferase reporter construct, treatment 

with IL-1 showed a ten fold induction compared to untreated cells. Expression of 

SEE induced the Saa3 promoter luciferase reporter construct five fold, expression of 

SEE plus treatment with IL-1 showed synergy of activation, resulting in a thirty fold 

induction (Bing et al., 1999). Coexpression of p65 with SEE resulted in IL-1 

independent activation. SEE and p65 have been shown to be capable of direct 

interaction and can be co-immunoprecipitated from HepG2 treated with MOCM. A 

non-consensus NE-kB site was identified which differs from the consensus by 3 

mismatches. SEE and NE-kB cooperate to bind to and synergistically activate the 

Saa3 promoter (Bing et al., 2000).
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4.2 METHODS

4.2.1 Cloning of mSaa promoters

Oligonucleotide primers for PCR cloning mouse Saal and Saa2 promoter luciferase 

constructs were designed based on the sequence published by Lowell et al. The 

forward primers were M500F1 for mSaal and M500F2 for mSaa2. The reverse 

primer MSAAPNCO was designed to anneal in the identical 5’UTRs and was used 

for generating both mSaal and mSaa2 constructs.(Table 4.1) Promoter sequences 

were amplified from three independent PI clones which were generated from 129/Ola 

mouse ES cells (Genome Systems, MO). The PCR products were digested, gel 

purified and cloned into a modified pGL2 luciferase reporter vector (Longley et al., 

1999). Independent clones were sequenced on both strands at the UPenn Department 

of Genetics Sequencing Facility and checked against the Genbank databases using the 

BLAST algorithm (Altschul et al., 1997). Mutagenesis was carried out using an 

overlapping PCR approach.

I

4.2.2 Alignments of the SAA regulatory sequences

SAA sequences were obtained from Genbank;

Human SAAl 
Human SAA2 
Mouse Saal* 
Mouse Saa2* 
Mouse Saa3 
Rat SAAl 
Rabbit SAA2

X56652
L05921
M13522
M13521
X03480
M64088
M98536

* see nomenclature explanation iii
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Oligonucleotide name Saa construct generated Oligonucleotide sequence

M500F1
M500F2
MSAAPNCO (R) 
300MSAAPF 
129MKBF 
129MKBR1

500bp mSaal vector 
500bp mSaa2 vector 
all mSaa vectors 
300bp mSaa vectors 
NFkB mSaal vector 
NFkB mSaal vector

5’ GAA TTC ACG CGT AC A GAG AC A GAA AG 3’
5’ GAA TTC ACG CGT GTC AGA GAA CGG TG 3’
5’ CCA GGT CCA TGG CCT GCT GGT GTC TCC 3’
5’ GTA GAC GCG TAG ACA CAC TG 3’
5’ CTG GAC TTT CCC CAA GGG CGG TGC 3’

5’ CTT GGG GAA AGT CCA GGC AAG TC 3’

Table 4.1
Oligonucleotide sequences for generating mouse Saa promoter Luciferase reporter constructs

MSAA INF 
MSAAINR 
MSAA2NF 
MSAA2NR

5’ TTG TCT GGA GTT TTC CCA AG 3’
5’ CCT GGG AAA ACT CCA GAC AA3’
5’ TTG CCT GGA GTA TTA CCA AG 3’

5’ CTT GGT AAT ACT CCA GGC AA3’

Table 4.2
Oligonucleotide sequences used for EMSA



Alignment of the various promoters was carried out using the ClustalW program 

(Thompson et al., 1994). Figures 4.2 and 4.3 were generated by calculating the 

percentage of residues identical between each pair of ClustalW aligned promoters. 

The comparison was carried out on SAA genes for which there was 300bp of upstream 

sequence which had already been partially characterised. The TESS analysis program 

was used to identify consensus sequences for transcription factor binding sites in the 

mSaal and mSaal promoters.

4.2.3 In vitro anaylsis of the mSaa upstream regulatory sequences

The mSaa promoter luciferase reporter plasmids were co-transected with renilla 

control into HepG2 cells, treated with cytokines and harvested at various timepoints. 

Treatments were carried out in triplicate and the mean and standard deviations 

calculated. The mean luciferase to renilla ratios were graphed as fold induction 

compared untreated controls.

EMSAs (Chapter 2.1.10) were carried out using oligonucleotides corresponding to the 

putative mSaa NF-kB binding sequences (MSAAIN and MSAA2N) and the human 

SAA NF-kB binding sequences (NFKB) and anti-transcription factor antibodies to 

demonstrate the binding of transcription factors in nuclear extracts from IL-l+IL-6 

treated HepG2.(Table 4.2)
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4.3 RESULTS

4.3.1 Sequencing of the mSaa upstream regulatory sequences

Sequence from 4 clones of the 129/Ola mouse Saal and Saa2 upstream regulatory 

regions differed from the published BALB/c mouse Saa sequences. A further 6 

clones from independent PCR reactions were isolated and sequenced on both strands 

along with additional sequence to confirm which SAA protein isoform lay 

downstream. The sequences were submitted to Genbank with accession numbers .... 

(see appendix for full sequence)

4.3.2 Comparison of the mouse Saa upstream regulatory sequences

ClustalW alignment of the BALB/c and 129/Ola mouse Saa sequences displays the 

homology between these upstream regulatory regions and the differences between the 

two strains (Figure 4.1). There are few differences between the BALB/c andl29/01a 

mouse SaaJ and few differences between the BALB/c andl29/Ola mouse Saa2; they 

are mostly single nucleotide changes except in SaaJ between ^25 and -400. The 

BLAST program identified a simple repeat in the upstream regulatory region of 

mSaal and an Alu element in the upstream regulatory region of mSaa2. The human 

SAA2 gene also contains an Alu element in its upstream regulatory region, (Steel et 

al., 1993b) strengthening the assignment of 129/Ola mSaa2 as its homologue.

Figure 4.1 also shows predicted transcription factor binding sites identified by the 

TESS program. A C/EBP site was predicted in both mSaal and mSaa2 at an identical 

position. Pur and GR sites were predicted in the mSaal upstream sequence and Sp-1, 

Pur and AP-2 sites in the mSaa2 upstream sequence. These are transcription factors

73



which have been shown to be involved in SAA regulation in other promoters (Ray et 

al., 1999a; Ren et al., 1999). This is discussed further in 4.4.
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BALB/c Saal 
129/Ola Saal 
BALB/c Saa2 
129/Ola 5aa2

BALB/c Saal 
129/Ola Saa7 
BALB/c 5aa2 
129/Ola Saal

BALB/c Saai 
129/Ola Saal 
BALB/c &w2 
129/Ola 5aa2

BALB/c Saal 
129/Ola 5aai 
BALB/c 5aa2 
129/Ola 5aa2

BALB/c Saal 
129/OIa 
BALB/c Saal 
129/Ola Saa2

BA1J3/C SoaJ 
129/Ola Saal 
BALB/c Saal 
129/Ola Saa2

BALB/c SoaJ 
129/Ola 5aai 
BALB/c Saal 
129/Ola Saa2

BALB/c Saal 
129IOla Saal 
BALB/c Saal 
129/Ola 5aa2

-546 _501
ACAGA ------------------------------------------ CAGAAAGAG---------- GGA lA-
ACAGA ------------------------------------------ CAGAAAGAG----------GfA

GTCAGA GAACGGTGAT GGCATGCCTT TAATCAGAGA CTGx4| 
GTCAGA GAACGGTGGT G-CACGCCTT TAATAAGAGA CTGGOc .JC

-500 Pur -451
;::GAGATAGAC AGAC------------ AGAAAGAAGC AAAT--------GTT TAAAGTATCA
-GAGATAGAC AGAC--------— AGAAAGAAGC AAAT------ GTT TAAAGTGTCA
TGAGGCAGGC AGATTCTCTG AGTTTGAGGA CAGCCTGGTC TACAGACTGA 
TGAGGCAAGT GGAT-CTCTG AGTTCGAGGC CAGCCTGGTC TACAGAGfO '

-450 -401
GTCCTAAACA AACAAACAAA CAAACAAAAA ACAA------------------------ AA4'|T
GTCCTAAACA AACAAACAAA CAAACACAAC AAAATG------------AAACAAA C
GTTCCAA—G GACAGCCAGG GCTACATAGA GAAATCCTGT CATAAG? T 
GTTCCA------G GACAGCCAGG GCTACATAGA GAAATCCTGT CATAACAA#!

-400 S[>-I/Pur -151
GAAACAAAAC AAAACCAGGG ACAGCCTGAG CATTGATTAA AAAGTCGAGT 
AAAACAAAAC AAAACCAGGG ACAGCCTGAG CATTGTTTAG AAAGTCGACy
GAAAGAAGGT AAAATGGGGG GCAGGGGGAG AAC--------------- AGAGACAO^^
GAAAGAAGGT GAAATGGGGG GGTGGGGGAG AAC--------------- AGAGACAQoU

-350 GR -301
GTTCTCTGCA GGAACAGTTC TGACTGCTTT CCTAGGAGCC CCTATCCCCT 
GTTCTCTGCA GGAACAGTTC TGACTGCTTA CCTAGGAGCC CCTATCCCCT
-------------- ACA GAAGGAG------------------------- A —GAG-AGCG AC------------------
-------------- ACA GAAAGAG------------------------- A —GAG-AGAC AC------------------

-300 -251
CCCAGGACAC ACACTGCCTT CCTCTTGGCA CCCTCT—CT CCCCTCACT6 
CCCAGGACAC ACACTGCCTT CCTCTTGGCA CCCTCT—CT CCCCTCACTG
--------ACACAC ACACTGTCTT CCTCTTGGCA TCTTCTATCT TCCCTCAGTA
--------ACACAC ACACTGTCTT CCTCTTGGCA ACTTCTATCT TCCCTCAGTA

-250 -201
TTGACCCCAG GCTACTACAC CCCAGAAGAT TGCCACCGCA CAGAAAATTG 
TTGACCCCAG GCTACTACGC CCCAGAAGAT TGCCACCGCA CAGAAAACTG 
TTGACCCCAG GCTACTATGC CCCAGAAGAC TGCTACAGCA CAGAAAACTG 
TTGACCCCAG GCTACTATGC CCCAAAAGAT TGCCACCGCA CAGAAAACTG

_200 crap AP-2 -151
TCTCCTGTGC TCCCATTGCA CAATGAGGGA AAATGACCTG TGGATAAAGA 
TCTCCGGTGC 'T'<~'f^f^aTTGCA CAATGAGGGA GAATGACCTG TGCATGAAGA 
TCTCCTGTGC TCCCATTGCA CAATGAGGGA GAATGACCTG TGGATGAAGA 
TCTCCTGTGC o^rTTATTGCA CAATGAGGGA GAATGACCTG TGGATGAAGA



-X50 -101
BAlBIcSaal GCTCACAGGA CACCGGGAAG ATTTCTGTCA CAQTCTTTAC 
129/Ola 5aa7 GCTCACAGGA CACCGGGAAG ATTTCTGTCA CAGTCTTTAC _ 
BALB/c5iia2 GCTCACAGGA CACCGGGAAG ATTTCTGTCA CAGTCTTTAC AAGAIrf* — 
129/Ola 5aa2 GCTCACAGGA CACCGGGAAG ATTTCTGTCA CAGTCTTTAC AAGAAATQAC

-100 -51
BALBfcSaal TTGTCTGGAG TATTACCAAG GGTGGTGCCA GGCTGTCCTT GCCCCTCACC 
129/Ola 5aai TTGTCTGGAG TTTTCCCAAG GGCGGTGCTA GGCTGTCCTT GACCCTCACC 
BALB/cSaa2 TTGTCTGGAG TTTTCCCAAG GGTGGTGCCA GGCTGTCCTT GCCC-TOIkTC 
129/Ola 5aa2 TTGCCTGGAG TATTACCAAG GGCGGTGCCA GGCTGTCCTT GCCCCTClkrV'

-50 -X
BALB/c5aai TGAGCAGGGA GGCTCAGCAT AAATGCCTGC CTCCTCTCAC CTACACCCa^
129/Ola 5aai TGAGCAGGGA GGCTCAGCAT AAATGCCTGC CTCCTCTCAC CTACAOCtA*
BAlB/c Saa2 TGAGCAGGGA GGCTCAGCAT AAATGCCTGC CTCCTCTCAC CThChCC&kt
129/Ola Saa2 TGAGCGGGGA GGCTCAGCAT AAATGCCTAC CTCCTCTCAC CTAAACCC^f

Figure 4.1 ClustalW alignment of upstrecim regulatory sequence from 129/C9a mouse 
Saal and Saa2 and RAT RIc mouse Saal and Saa2. Red denotes ideirtical buses 
Putative transcription factor binding sites predicted by Tess program are underlined



4.3.3 Comparison of the mouse, human, rat and rabbit SAA 

upstream regulatory sequences

Figure 4.2 shows the percentages of homology between pairwise ClustalW aligned 

sequences over 500 bases proximal to the transcription start site of mouse, human and 

rabbit SAA.

Figure 4.3 shows the percentages of homology between pairwise ClustalW aligned 

sequences over 300 bases proximal to the transcription start site of mouse, human, 

rabbit and rat SAA. The mouse Saal and Saa2 sequences become less similar to each 

other upstream of 300 bases as can be seen from the decrease from -90% identity 

over 300 bases to -70% identity over 500 bases. The human sequences though 

remain relatively similar, with 89% identity over 300 bases to 84% identity over 500 

bases. The degree of similarity between sequences from mouse and human, mouse 

and rabbit, and human and rabbit does not differ greatly whether looking over the 300 

bases or 500 bases proximal to the transcription start site, all being in the range of 51- 

63%. Comparisons of rat SAAl upstream sequence with mouse Saal and Saa2, 

human SAAl and SAA2 and rabbit SAA2 sequences, showed a similar degree of 

similarity as was seen between mouse Saal and Saa2, human and rabbit sequences. 

However, comparison of mouse Saa3 upstream sequence with mouse, human, rabbit 

and rat sequences showed relatively low homology, only 45-47% identity. This is 

likely because the mouse Saa3 gene is primarily extra-hepatically expressed whereas 

the mouse Saal and Saa2, human SAAl and SAA2, rabbit SAA2 and rat SAAl genes 

are primarily hepatically expressed.

The above comparison was carried out on SAA genes whose upstream sequence had 

already been partially characterised in order to identify common motifs which might 

correspond to transcription factor binding sites. The human SAA4 upstream sequence
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was not included in these analyses since its sequence has not been characterised and 

because its constitutive expression suggests it is likely to be regulated very differently 

from the A-SAAs.

ClustalW alignment of all of the annotated SAA upstream sequences highlighted 

clustered regions of homology particularly from -213 to -203, -169 to -161, -134 to 

-111, -101 to -87 and -39 to -21.(Figure 4.4). The NF-kB binding sites in human 

SAA2 and rat SAAl align to the same region, which is also within a homology cluster 

at -101 to -87.(This can also be seen in Figure 1.3) The mouse Saal and Saa2 

sequences in this region fit the NF-kB binding site consensus by nine out of ten and 

eight out of ten bases respectively and therefore can be considered putative NF-kB 

binding sites (Menetski, 2000).

Consensus p50 binding site 
Human SAA 
Mouse Saal 
Mouse Saa2

GGGRNNYYCC
GGGACTTTCC
****•*•■*•**■*•*

GGAGTTTTCC ** **■*■■*■***
GGAGTATTAC ** **■*■****

(R = purines, A or G, Y = pyrimidines, C or T)
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vV
r

mSaa2(129/0\a) 71 /
mSaal (BXLB/c) 95 71

mSaa2 (BALB/c) 73 94 72 c#

hSAAl 54 52 55 54 X?
hSAA2 56 53 56 55 84

rabbit SAA2 49 51 51 52 60 60

Figure 4.2 The percentages of identical nucleotides within 

the proximal 500 bases of pairwise ClustalW aligned 

upstream regulatory sequences.
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/n5aa2(129/OIa) 91 r AN

wSoaf (BALB/c) 96 91 cf
'V

mSaa2 (B ALB/c) 93 97 92 r j

c/ -
rmSaa3 (BALB/c) 45 45 46 47

hSAAl 59 57 59 58 46
V

hSAA2 61 59 61 60 46 89 V

/rabbit SAA2 54 54 54 55 46 63 61

rat SAAl 55 57 57 56 46 57 56 55

Figure 4.3 The percentages of identical nucleotides within the 
proximal 300 bases of pairwise ClustalW aligned upstream 
regulatory sequences.



mSaa2
*

mSaal
HSAAl
HSAA2
Rabbit
Rat
mSaaS^

mSaa2
*

mSaal
HSAAl
HSAA2
Rabbit
Rat

tmSaa3

mSaa2
*

mSaal
HSAAl
HSAA2
Rabbit
Rat
mSaaS^

mSaa2
mSaal
HSAAl
HSAA2
Rabbit
Rat
mSaaS^

CAG—TATTG AC-----CCCAG GCm-CtUK « qiMMMm ffB

CAC—TGTTG AC-----CCCAG GCTVCtiGO OC *!•“
CAA—TGCTG AGGAGCAGAG CTGGICTOOi? <IC CTCMCMS CUG*’*-*
CAA—TGCTG AGGAGCAGAG CTGATCTJiOC AC' CIOICGA JBtt*
II.C—CTCT--------------—---------- cCACCCif»A ota. CO®
---------- TCCTC AG--------TGAG TTCTTCCA-A AC fMA —~-A

CAAGAAACTG GA TATAA AGCATTTG— -T

-250

GCACAGAAAA CTGTCTCCTG TG---------- CTC

GCACAGAAAA CTGTCTCCGG TG-----------CTC fCA——Q
GCACA------------------------TCTTG---------------- TTC rCVOMOr 4
GCACAGCAAA -CCTCTCTTG--------------- TTC i'<
GCACAGCACA -TACACCCTG AGCCTGGCCT 
AAAAATTAAA GC-CGTCCTG TGT-------- CCT Y

GGATGGCGAA —GACTTCAG AAA—G—TC CSA-->-ftC A ACA®

-200 C/EBP NF_B/SEF C/EBP

—AGGGA-------------GAATG----------------ACCTGTG Gt*
—AGGGA-------------GAATG----------------ACCTGTG Oi
—GGGAT-------------AAATG---------------ACCCG-G
—GGGAT------------ AAATG----------------ACCCG-G GktQti
—GGGG---------------ACGGG----------------^ATCTGCG GI1
—AGGTG------------ ATCTG----------------ACCTGTG AA1

CTGGAAATGC CTAGATGGCA GCAATCTGGG GI

-150 C/EBP VTf-l
CCGGGAAGAT TTCTGTCACA G------TCTTTA CAAGAA Q

CCGGGAAGAT TTCTGTCACA G------TCTTTA CAAGAAA, ® Ctf
CCAGGAA—C TTGTCTTAGA CCGTTTTGTA GGGGAAMO OOf 
CCAGGAA—C TTGTCTTAGA CCAGTTTGTA GGGGAAATt*. CCf 
CCGGGAAG-C CTCTTCTGTG C—TTTCCTA GGGGAAATC^ CCf -•••M 
CCAGGGAGAC TTCTTTGGTA G—TCTTGCA CAGGAAATGA A7irrTff

-CGAAAAG— TTATCT--------------------TCTGAA AGAGAAATTA TGGG*®Aa»0



niSaa2*
mSaal
HSAAl
HSAA2
Rabbit
Rat
mSaa3^

mSaa2
mSaal
HSAAl
HSAA2
Rabbit
Rat
mSaaS^

-100 NFkB 
GGAGTATTAC 
GGAGTTTTCC 
GGACTTTCCC 
GGACTTTCCC 
GGGCTTTC— 
GGACTTTCCC
GGATTATG— 
-50
GCGGGG-AGG
GCAGGG-AGG
GCAGGGAAGG
GCA----AGG
ACAGGG-GGA
GTTGGG-TAT
GTGG-- AGT

CIA oacflor
CAAGGGCGOI 
CAGGGACCAC 
CAGGGACCAC 
CAGGCACCAA 
CAGGGACCAA 
CAAG--- A-

foy
QCTAOO rat
AToqM nr
ATccac rrr
GGCTflB rtf
GCCCAOUkCf
-TCAAACAQO

CCWGCCCC* —

rotmxrcc
rortcoctoc
aCCTTCfOCC
^h^aeetm
aatacrc^

-VOCICfOK
TATA BOX

CTCAGCATAA ATGC-CTACC 
CTCAGCATAA ATGC-CTGCC 
CTCAGTATAA ATAG-CAGCC 
CTCACTATAA. ATAG-CAGCC -AOCSCSOOC 
TTCAGTATAA AGGGGCAGCC 
CTCAGCATAA ATAC-CAGCT 
GACAGTATAT ATAGATATCC

-1

Figure 4.4 ClustalW alignment of the mouse, human, rabbi 
sequences. * denotes 129/Ola mouse, t denotes BALB/c 
identical in all seven sequences are in red, transcription factor 
underlined.
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4.3.4 In vitro analysis of mSaal and mSaal promoter luciferase 

reporter constructs

♦

The 129/Ola mSaal and mSaa2 promoter constructs show different induction 

profiles.(Figure 4.5 & 4.6) Neither promoter is significantly induced by IL-1 or 

TNFa but both are induced twenty-fold by IL-6. The mSaal promoter shows 

synergistic activation by IL-1 + IL-6 and TNF and IL-6 reaching seventy-five fold 

and forty fold induction at three hours respectively.(Figure 4.5) The mSaa2 promoter 

is primarily regulated by IL-6 with no synergy between IL-1 and IL-6, although there 

may be a slight additive effect.(Figure 4.6)

4.3.5 Truncations of the mSaa promoters

. r.' '1 ■ ' J

Despite the high degree of identity between the proximal 300 bases of the two mouse 

promoters, there is a clear difference in regulation. The 300bp 129/Ola mSaal and 

mSaa2 promoter constructs show the same induction profiles as their respective 

500bp promoter constructs.(Figure 4.7)
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Figure 4.5
HepG2 cells transfected with 129/OLA mSaal promoter luciferase reporter construct 
and treated with A, medium only; B, EL-l; C, IL-6; D, IL-l+IL-6; E, TNF; F, 
TNF+IL-6, for 30, 60, 90minutes, 3, 6, 24 hours.
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Figure 4.6
HepG2 cells transfected with 129/OLA mSaa2 promoter luciferase reporter construct 
and treated with A, medium only; B, IL-1; C, IL-6; D, IL-l+IL-6; E, TNF; F, 
TNF+IL-6, for 30, 60, 90minutes, 3, 6, 24 hours.



mSaal
(500bp)

mSaal
(300bp)
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(500bp)
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(300bp)

Figure 4.7
HepG2 cells transfected with 500bp and 300bp 129/OLA mSaa promoter 
Luciferase reporter constructs and treated for 6 hours with A, medium 
only; B, IL-1; C, IL-6; D, IL-l+IL-6.



4.3.6 Mutagenesis of the mSaal promoter

The putative NF-kB site of the mSaal promoter was mutated to generate a consensus 

NF-kB site identical to the human A-SAA NF-kB site. This mutant mSaal promoter 

was more responsive to IL-1 alone than the wild type mSaal promoter, and was 

induced 10 fold at 6 hours. Treatment of the mutant mSaal promoter with IL-1 plus 

IL-6 showed a greater synergy than the wild type mSaal promoter, reaching 130 fold 

induction at 3 hours.

HepG2 cells transfected with mutant mSaal and wild type mSaal and mSaal 

promoters and treated with IL-l-i-IL-6+Dex achieved the same fold induction as those 

treated with IL-l+IL-6.(data not shown) Indicating that there is no GRE in the 

proximal 500 bp of the mSaal and mSaal promoters.
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Figure 4.8
HepG2 cells transfected with 129/OLA mSaal and mSaalMKB promoter 
luciferase reporter constructs and treated for 1, 3 and 6 hours with A, medi
um only; B, IL-1; C, IL-6; D, IL-l+IL-6.



4.3.7 EMSA using oligonucleotides of the mSaa putative NF-kB 

binding sites

Figure 4.9 shows an EMSA with oligonucleotide probes to the human A-SAA NF-kB 

(NFKB) and putative mSaa NF-kB binding sites (MSAAIN and MSAA2N) and 

nuclear extracts from IL-l+IL-6 treated HepG2 cells. NFKB binds three complexes, 

a, b and c, which are displaced by addition of lOng of unlabelled NFKB. Complexes 

a and b can be displaced by lOOng of MSAAIN or MSAA2N, but complex c is not 

displaced. MSAAIN binds complexes a and b which are completely displaced by 

lOOng of NFKB and partially displaced by lOOng of MSAAIN or MSAA2N. 

Complex b appears to be more readily displaced than a. MSAA2N binds complexes a 

and b which are completely displaced by lOng of NFKB and by lOOng MSAA2N. 

They are not displaced by MSAAIN.

Figure 4.10 shows an EMSA with oligonucleotide probes MSAAIN and MSAA2N 

and nuclear extract from IL-l+IL-6 treated HepG2 cells supershifted with anti-p50, 

anti-p65 and anti-c-Rel. These antibodies have been reported to both disrupt DNA 

binding complex formation and supershift bands (LindaV, 2000). MSAAIN binds 

very strongly to a complex present in the extract. This complex is made up of two 

bands (a and b) the lower of which (a) can be displaced by anti-p50 and anti-c-Rel. 

Neither complex is disrupted by anti-p65. MSAA2N also binds complexes a and b, 

although less strongly than MSAAIN. Complex a is disrupted by the addition of 

anti-p50, anti-p65 or anti-c-Rel.
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^ MSAAIN MSAA2N
1 234 56789 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

b-
a-

cold
competitor:
NFKB
MSAAIN
MSAA2N

+ ++ + ++ + ++
+ ++ + ++ + ++

+ ++ + ++ + ++

Figure 4.9
EMSA competition assay using oligonucleotides to the human SAA NF-kB site, 
NFKB, (Lanes 1-8) mouse Saal putative NF-kB site, MSAAIN (Lanes 9-16) mouse 
Saa2 putative NF-kB site, MSAA2N (Lanes 17-24). Lanes 1, 9, 17, free probe; 2-8, 
10-16, 18-24, probe plus nuclear extract from IL-l+IL-6 treated HepG2 cells; 3, 11, 
19, plus lOng cold NFKB oligonucleotide; 4, 12, 20, plus lOOng cold NFKB 
oligonucleotide; 5, 13, 21, plus lOng cold MSAAIN oligonucleotide; 6, 14, 22, plus 
lOOng cold MSAAIN oligonucleotide; 7, 15, 23, plus lOng cold MSAA2N 
oligonucleotide; 8, 16, 24, plus lOOng cold MSAA2N oligonucleotide.

+ = lOng cold competitor, -i-+ = lOOng cold competitor
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b-
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MSAA2N 
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'k-

antibody:
a-p50
a-p65

a-c-Rel

Figure 4.10
Supershift with oligonucleotide probes to the putative NF-kB binding sites of mSaal and 
mSaal. Lanes 1, free probe; 2, probe plus nuclear extract from IL-l+IL-6 treated HepG2 
cells; 3, , probe plus nuclear extract from IL-l+IL-6 treated HepG2 cells plus anti-p50; 4, 
probe plus nuclear extract from IL-l+IL-6 treated HepG2 cells plus anti-p65; 5, probe 
plus nuclear extract from IL-l+IL-6 treated HepG2 cells plus anti-c-Rel.



4.4 DISCUSSION

Previous work on the transcriptional regulation of mouse Saal and Saa2 had 

demonstrated induction of both genes in response to bacterial endotoxin, but the 

individual genes had not been examined nor their response to cytokines (Lowell et al., 

1986b). It was assumed due to their high sequence identity that they were 

coordinately regulated (Lowell et al., 1986a). This work, using the 129/Ola mouse 

Saal and Saal promoters to drive expression of a luciferase reporter construct, 

demonstrates the differential regulation of these promoters by IL-1 and IL-6 in 

HepG2 cells.

There appears to be strain variation between 129/Ola and BALB/c mice. However, 

Lowell et al sequenced only 95% of BALB/cSaal and 84% of BALB/cSaa2 on both 

strands, and this sequence is from Maxam-Gilbert reactions so there may have been 

errors in what was documented (Lowell et al., 1986a). This could be clarified by 

sequencing clones from BALB/c mouse DNA using newer sequencing methods.

The mSaal and mSaal upstream sequences appear to be more similar to the hSAAl 

and hSAAl promoters than to the mSaaS promoter. This is probably because the 

whereas the mouse Saal and Saal and human SAAl and SAAl genes are primarily 

hepatically expressed, the mouse Saa3 gene is expressed extra-hepatically. As Lowell 

et al noted for the BALB/c mouse promoters, homology of the 129/Ola mouse 

promoters sharply decreases upstream of-300 bases (Lowell et al., 1986a).

The mSaal and mSaal promoters are regulated very differently to the hSAAl and 

hSAAl, and mSaaS promoters in HepG2 cells. The mSaal and mSaal promoters are 

priniarily regulated by IL-6 and are not significantly induced by IL-1 alone in HepG2 

cells. The mSaal promoter shows synergy of induction by IL-1 + IL-6 and binds
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more avidly than mSaa2 to factors present in extracts from IL-l+IL-6 treated HepG2 

cells. Although human SAA is regulated primarily by IL-1 in hepatic cell lines, it has 

been observed to be regulated mainly by IL-6 in primary human hepatocytes (Castell 

et al., 1989). Since mouse hepatic A-Saa mRNA expression in vivo is blocked by IL- 

Ira it is clear that IL-1 is important in A-Saa regulation, although IL-1 may not have 

direct effects on the mSaal and mSaa2 promoters but may induce them via 

stimulation of IL-6. Human and mouse hepatocytes and different hepatic cell lines 

may generate different intracellular messengers in response to IL-1, IL-6 and IL- 

l+IL-6 combined. Perhaps different NF-kB subunits are activated in different cell 

types in response to the same stimuli. Ionic strength contributes to binding efficiency 

of NF-kB subunits to a consensus binding sequence probe, therefore different cellular 

contexts may have different effects on subunit binding (Menetski, 2000). Different 

stimuli can activate different NF-kB subunits in the same cell type; the mouse Ig 

heavy chain 3’aE gene is induced by p50 in LPS stimulated B-cells but c-Rel in CD40 

stimulated B-cells (Zelazowski et al., 2000).

The different NF-kB subunits vary in their affinity for DNA sequence motifs and their 

interactions with other transcription factors (Menetski, 2000). The p50 consensus 

binding sequence has higher affinity for p50 homodimers than p65/p50 heterodimers, 

the HIV LTR binding sequence which is identical to human SAA binding site has a 

higher affinity for p65/p50 heterodimers than p50/p50 homodimers. The EMSA 

supershift demonstrated binding of p50 and c-Rel to the mSaal promoter and p50, 

p65 and c-Rel to the mSaa2 promoter. The mSaal promoter did not appear to bind 

p65 which is considered the transactivating subunit and perhaps this is why no 

induction was observed from treatment of the luciferase reporter with IL-1 alone, 

whereas the human NF-kB probe binds p50 and p65 subunits and is induced by IL-1 

alone. The EMSA indicated that binding to the mSaa2 promoter is much weaker than 

to the mSaal promoter, so although the p65 subunit is present the interaction may be
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too weak or transient to activate transcription. Treatment with IL-1 plus IL-6 may 

permit binding of additional transcription factors to the mSaal promoter which can 

interact with the p50 and c-Rel complexes and result in the synergistic activation 

observed with the luciferase reporter.

Figure 1.3 shows a clear pattern of NF-kB and C/EBP sites in the hepatically 

expressed genes. The aligned sequences of mouse Saal,Saa2 and mSaa3, human 

SAAl and SAA2, rat SAAl and rabbit SAA2 also support the hypothesis that there may 

be regulatory elements common to all A-SAA genes. Based on the sequence alone, 

NF-kB and YY-1 may interact with all of the seven genes examined. A putative 

binding sites identified in mSaa2 promoter for Pur/Sp-1 but it did not align with 

SAF/Sp-1 site in rabbit SAA2, however this would have to be tested with EMSA and 

mutagenesis before concluding that it was not a site.
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Chapter 5

Use of a human SAA promoter to 

regulate the expression of 

anti-inflammatory therapeutic proteins



5.1 INTRODUCTION

5.1.1 Rheumatoid Arthritis

Rheumatoid arthritis (RA) is an inflammatory disease that affects one percent of the 

population worldwide. Although the exact mechanisms involved in RA aetiolology 

are not known, the involvement of cytokines, such as TNFa and IL-1, and matrix 

metalloproteases in the disease pathology have been established.

Age of onset and severity of disease varies widely, as does the response to treatments. 

IL-1 and TNF-a are considered to be the major contributors to the inflammatory and 

destructive aspects of RA. In vitro evidence shows that both of these cytokines can 

stimulate resorption of cartilage and inhibit synthesis of proteoglycans. Studies of 

human RA synovial tissue cultured from biopsies, found constitutive expression of a 

range of pro-inflammatory cytokines regardless of the disease duration, severity or 

therapy the patient had experienced. The expression of IL-1, IL-6 and GM-CSF could 

be reduced by addition of anti-TNF antibodies to the culture medium. Up-regulation 

of anti-inflammatory molecules such as IL-10, TGpp, sTNFR and IL-lra also occurs 

but at insufficient levels to suppress synovitis.

Conventional therapies for RA have included NSAIDs (Non-steroidal anti

inflammatory drugs) such as ibruprofen and paracetamol and DMARDs (disease 

modifying anti-rheumatic drugs) such as methotrexate and sulphasalazine. Although 

these drugs can suppress many of the symptoms of RA they are not able to prevent or 

reverse destruction of the diseased joint. They also have toxic side effects such as 

stomach lining ulceration, which limit their long term use. As knowledge of the 

aetiology of RA expands new therapies can be designed to more specifically address
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the underlying pathology of RA. These include the cyclooxygenase-2 (COX-2) 

specific inhibitors Celecoxib and Rofecoxib which have fewer side effects than 

traditional NSAIDs, and the biological response modifiers Infliximab and Etanercept 

which antagonise TNF.(see below)

5.1.2 Anti-TNF therapy

There are two classes of anti-TNF therapies undergoing development, anti-TNF 

antibodies and TNFR fusion proteins. Infliximab (FDA approved), CDP851 and 

D2E7 (in clinical trials) are anti-TNF antibodies (Maini and Taylor, 2000). Mouse 

antibodies raised against human targets have higher affinities than human antibodies, 

but cannot be used in therapy because repeated administrations elicit human anti

mouse antibodies (HAMA). Chimeric antibodies, such as Infliximab, are 

recombinant proteins comprised of the variable region of the mouse antibody and the 

constant region of a human antibody. Humanised antibodies (e.g. CDP851) have the 

critical binding residues from the variable region of the mouse antibody with larger 

regions of the human antibody framework residues than chimeric antibodies so are 

likely to generate a lesser HAMA reaction and give a longer lasting active drug.

There are two soluble isoforms of the human TNFR, p55 and p75.(see Introduction 

1.3.2) Fusion of recombinant sTNFR to an Immunoglobulin (Ig) constant domain 

allows the molecules to dimerise and bind TNF more effectively. TNFR bind both 

TNF-a and TNF-P. TNFR fusion proteins therefore have a broader activity than anti- 

TNF-a antibodies; however since only TNF-a is expressed at high levels in RA, it is 

assumed that both therapies have similar effects in the arthritic joint. Etanercept, a 

fusion protein consisting of the ligand-binding domain of the p75 TNFR and the 

constant portion of human IgGl, is administered by subcutaneous injection and is the
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first specific anti-cytokine therapy approved for RA. In patients with active 

rheumatoid arthritis who had failed to respond to previous treatment with DMARDs, 

etanercept, alone or in combination with methotrexate, produced improvements in all 

components of disease activity (Jarvis and Faulds, 1999). Etanercept is in clinical 

trials for other inflammatory conditions including Crohn’s disease, Sjorgens 

syndrome and Ankylosing Spondylitis. Lenercept is a p55 TNFRiIg fusion protein in 

clinical trials that has shown promising safety and efficacy in RA patients (Maini and 

Taylor, 2000).

5.1.3 IL-1 antagonist therapy

IL-lra is a naturally occuring antagonist of IL-1, binding to IL-IRI and preventing 

signal transduction.(see Introduction 1.3.1) IL-lra knock out mice develop lethal 

arterial inflammation and RA-like joint erosion indicating that IL-lra plays an 

important role in maintaining the balance of the inflammatory response (Dinarello, 

2000; Nicklin et al., 2000). Recombinant mouse IL-lra (rmlL-lra) can block IL-1 

activation of the human SAA2 promoter in HepG2 cells (Uhlar et al., 1997). In a 

case-induced mouse model of acute inflammation rmlL-lra completely blocked 

hepatic induction of A-SAA mRNA, and partially blocked induction of C3, CRP, 

SAP and AGP mRNA (Grehan et al., 1997b). Clinical trials with rhlL-lra protein 

acheived suppression of disease symptoms and prevention of erosion of the diseased 

joint as shown by radiological progression (Bresnihan et al., 1998, Cunnane et al., 

2001).

Gene therapy in a rabbit model of antigen induced arthritis (AIA) with an adenoviral 

vector constitutively expressing soluble IL-IRI fusion protein achieved reduction of
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cartilage degradation and tissue infiltration (Ghivizzani et al., 1998). An 

improvement of disease symptoms was also observed in the contralateral joint which 

had not received the therapeutic vector, this was thought to be due to migration of 

transfected leukocytes. Synergistic effects were obtained when the IL-IRI fusion 

protein was co-expressed with a sTNFR fusion protein.

5.1.4 Gene Therapy for RA

Although the anti-TNF and anti-IL-1 therapies provide a more diease specific 

approach to the treatment of RA than DMARDs or NSAIDs, they still require 

repeated doses which involves daily painful injections and is costly. Gene therapy 

could give long term therapeutic benefits with a single injection and at comparatively 

low cost (Evans et al., 1999).

In order to achieve effective concentrations of therapeutic protein in the joints where 

they are required it is often necessary to inject a high dose. This can cause local 

inflammation and leukocytosis which was not observed after injection of IL-lra 

transduced synoviocytes (Bandara et al., 1993). A few patients treated with TNF 

modulators developed anti-DNA autoantibodies with a small number of them going 

on to develop the autoimmune disease SLE, also one patient with juvenile RA 

developed diabetes (Bloom, 2000; Pisetsky, 2000). Gene therapy may provide a 

means to limit adverse effects by restricting availability of the therapeutic agent to the 

diseased joint.

The choice of the appropriate delivery system and vector is very important. The 

safety concerns about gene therapy for RA are heightened since the patients are 

usually healthy apart from the diseased joints (Medley, 2000). Retroviral vectors can
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infect dividing cells and integrate in to the host chromosome to maintain stable 

expression. Ex vivo transfection of synoviocyes with retroviral IL-lra vector 

achieved intra-articular expression (Bandara et al., 1993). Ghivizzani et al, using a 

retrovirus encoding a secretable marker, demonstrated that transgene expression 

following in vivo gene transfer was at least equivalent to that of the ex vivo method in 

inflamed knees and transgene expression was maintained for at least 4 weeks 

(Ghivizzani et al., 1997). However, there are obvious concerns about the safety of 

retroviruses in gene therapy. Adenoviral vectors are replication deficient, infect non

dividing cells and do not integrate into the host chromosome. The current adeniviral 

vectors require high doses to efficiently transduce host cells making them unsuitable 

for use in human joint therapy. Replication deficient Herpes simplex virus (HSV) 

vectors have been tested in an rabbit AIA model. The first generation vectors only 

expressed for 24 hours but second generation vectors maintained expression after 7 

days. Adeno associated virus and naked DNA vectors are also being developed for 

gene therapy (Hedley, 2000).

Constitutive promoters generating therapeutic proteins at high levels at all times may 

have some of the same cytotoxic side effects as high dose injected proteins. The use 

of an inducible promoter where the therapy is only switched on during episodes of 

disease may decrease the occurrence of side effects. The human SAA2 promoter has a 

low level of basal expression and is rapidly induced by cytokines and inflammatory 

stimuli making it a good candidate for the control of an anti-inflammatory gene 

therapy expression system. A two component amplification system can be used to 

increase the magnitude of expression (Varley et al., 1995; Varley et al., 1997). The 

first component consists of a promoter which drives expression of a transcriptional 

regulator. This then activates the second component promoter, driving the expression 

of a therapeutic protein. A chimeric promoter was generated to combine increased
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magnitude of expression of a tat/HIV element with the cytokine controlled induction 

of the human SAA2 promoter (Rygg et al., 2001).

Although IL-1 and TNF share common signalling pathways they have distinct roles in 

the pathology of RA; IL-1 in joint destruction, TNF in macrophage infiltration of 

tissues, both in oedema. Effective treatment would abrogate the effects of both 

cytokines with joint-limited expression to avoid compromising host defenses or other 

cytokine-regulated functions such as sleep and hunger. Our aim is to develop an 

adenoviral vector for gene therapy to deliver anti-inflammatory molecules in situ, i.e. 

into the arthritic joint, under the control of an inflammation inducible promoter. This 

will be tested in vitro by expression of anti-inflammatory molecules in HepG2 cells 

using the luciferase reporter vectors to monitor the antagonism. The anti

inflammatory molecules tested were mouse soluble IL-lra and soluble human p55 

TNFR'.Ig fusion.

1
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5.2 METHODS

5.2.1 Generation of expression constructs

The human p55 TNFR mouse IgGl fusion protein expression construct, SAA2- 

tat/HIV-sTNFR, and CMV-Ig control construct were generated by Dr M. Rygg (Rygg 

et al., 2001). To generate the SAA2-tat/HIV-sTNFR construct (Figure 5.1 A) the 

human p55 TNFR.Tg coding sequence and human Growth Hormone (hGH) 3’UTR 

was cloned from pAV380, the tat-HIV enhancer element was cloned from pAV344, 

gifts of Dr A. Varley (Varley et al., 1997) and the SAA2 promoter and 5’UTR was 

cloned from sense 57SAA2 3’ (Longley et al., 1999). To generate the CMV-Ig 

construct the CMV promoter was cloned from pCDNA3 and the Ig coding sequence 

was cloned from pAV380.

To generate the SAA2-tat/HIV-IL-lra construct (Figure 5.1A) the mouse IL-lra 

coding sequence including the leader peptide was cloned from pSMIlH.(a gift of Dr 

C.M. Uhlar) Briefly, the region was amplified by PCR using the primers, 

HIVMIRAF (5’ AGC TGG GTC GAC CTG CAG GTA CCT CCA TGG AAA TCT 

GCT GG 3’) and hGHR (5’ AGC AT A GTC GAC GCC GCG TAC CCA ATT CAA 

CAG GC 3’). The forward primer contains a short stretch of sequence from the 

tat/HIV element containing the Sail restriction site. The product was digested with 

Sail, gel purified, and ligated into Sail cut SAA2-tat/HIV vector. Positive clones 

were checked by analytical digests and sequencing.
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Figure 5.1
Schematic representation of (A) the expression constructs SAA2-tat/HIV- 
mlL-lra and SAA2-tat/HIV-sTNFR (B) SAA-derived Luciferase reporter
constructs



5.2.2 In vitro analysis of mlL-lra and sTNFR

HepG2 cells were transiently transfected with SAA2-tat/HIV-mIL-lra and SAA2- 

tat/HIV-sTNFR expression constructs and treated with medium only, IL-1, TNF+IL-6 

or IL-1 + IL-6 for up to 48 hours. The supematents were run on SDS PAGE and 

western blotted with anti-mlL-lra or anti-mouse IgGl antibodies.

HepG2 cells were transfected with SAA2-tat/HIV-mIL-lra and SAA2-tat/fflV- 

sTNFR expression constructs and treated with IL-1 + IL-6. The supematents were 

harvested after 24 hours. Conditioned media were generated by mixing the 

supematents with an equal volume of fresh medium containing IL-1, IL-iP + IL-6, 

TNF or TNF + IL-6. The conditioned media were applied to HepG2 cells transfected 

with the SAA2 promoter luciferase reporter and renilla control plasmid, and the cells 

harvested at 3, 6 and 24 hours post-treatment. The cells were lysed and the luciferase 

and renilla activities measured.
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5.2.3 Generation of SAA-derived promoter luciferase reporter 

constructs

To compare characteristics of the different SAA-derived promoters, luciferase 

reporter vectors were constmcted.(Figure 5.IB) Briefly, the SAA2-tat/HIV promoter 

was PCR amplified with GLprimerl (Promega, WI) and fflVNcoF2 (5’ GTG CCC 

ATG GAG GTA CCT GCA G 3’) and cloned into pGL2 Basic luciferase 

vector.(Promega, WI) The 2XSAA1 tandem repeat promoter was generated by PCR 

amplification from pGL2SAAl(250bases) using SAAIKPNF (5’ GAA TTC GGT 

ACC GGT CTC CTG CCC TG) and SAAIMLUR (5’ GAA TTC ACG CGT ATG 

TGG TCC CTG) and cloned into pGL2. The 4XSAA1 tandem repeat promoter was 

generated by PCR amplification of 2XSAA1 and cloned into 2XSAA1. (Figure 5.1)

The SAA-derived promoter luciferase vectors and renilla control plasmid were 

transfected into HepG2 cells and treated with medium only, IL-6, IL-1, IL-l-t-IL-6 or 

IL-l-i-IL-6-i-Dex for 3 hours. The cells were washed, lysed, and the luciferase and 

renilla activities measured. The data was graphed as standardised luciferase activity 

(Luciferase/Renilla) to show the magnitude of luciferase expression.(Figure 5.6) The 

Data was also graphed as luciferase to renilla ratio compared to untreated controls to 

show the as fold induction. (Figure 5.7)
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5.3 RESULTS

5.3.1 In vitro analysis of the mouse IL-lra and sTNFR

Western blots of supematents from SAA2-tat/HIV-mIL-lra transfected HepG2 

treated with IL-1, EL-l plus IL-6 or TNF plus IL-6 show detectable levels of mlL-lra 

protein after 24 hours.(Figure 5.2)

Western blots of supematents from SAA2-tat/HIV-sTNFR transfected HepG2 treated 

with TNF, TNF plus IL-6 or IL-1 show show detectable levels of sTNFR:Ig protein 

after 24 hours.(Figure 5.3)

In HepG2 transfected with the SAA2 promoter luciferase reporter and treated with 

SAA2-tat/HIV-mIL-lra conditioned medium plus IL-1 or plus IL-1 and IL-6 there 

was no antagonism compared to CMV-Ig controls.(data not shown)

I

In HepG2 transfected with the SAA2 promoter luciferase reporter and treated with 

SAA2-tat/fflV-sTNFR conditioned medium plus TNF (Figure 5.4) or plus TNF and 

IL-6 (Figure 5.5) there was a significant reduction compared to CMV-Ig controls at 

24 hours.

92



SAA2-tat/HIV-IL-lra

3hours 6hours 24hours

GMV-
IL-lra
6hours

■IL-lra

Figure 5.2
Western blot showing EL-lra expression in supematents from SAA2-tat/HIV-IL-lra and 
CMV-IL-lra transfected HepG2 cells treated with A, medium only; B, IL-1; C, IL-1 + 
IL-6; D, TNF + IL-6, for 3,6 and 24 hours. Markers are 7, 20, 28, 34, 49 and 80kD.
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Figure 5.3
Western blot showing TNFRiIg expression in supematents from SAA2-tat/HIV- 
sTNFR transfected HepG2 cells treated with TNF, TNF + IL-6 or IL-1 for 3, 6, 12, 
24, 36 and 48 hours. Markers are 124 and 209kD, Ig is immunoglobulin control. 
Reproduced from Rygg et al, 2001.
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Figure 5.4

HepG2 cells transfected with SAA2 luciferase reporter construct and treated with 

conditioned medium from effector transfected HepG2 plus lOng/ml TNFa for 3, 6 

and 24 hours. Data shown as fold increase over untreated controls.
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Figure 5.5

HepG2 cells transfected with SAA2 luciferase reporter construct and treated with 

conditioned medium from effector transfected HepG2 plus lOng/ml TNFa and 

lOng/ml IL-6 for 3, 6 and 24 hours. Data shown as fold increase over untreated 

controls.



5.3.2 Comparison of the expression magnitude and induction 

capacity of SAA-derived promoters

The SAA2-tat/HlV promoter showed high basal expression of 34.7+/- 7.34 

standardised units of luciferase activity. HepG2 cells transfected with SAA2-tat/HIV 

promoter luciferase and treated with medium only have higher luciferase activity than 

HepG2 cells transfected with the SAAl promoter luciferase constructs treated with 

IL-l plus IL-6 plus Dex.(Figure 5.6) The SAA2-tat/HIV promoter luciferase reporter 

vector had the highest magnitude of expression. HepG2 transfected with SAA2- 

tat/HIV promoter luciferase reporter treated with IL-l plus IL-6 generated 173+/-10.0 

standardised units of luciferase activity. Maximum expression from HepG2 cells 

transfected with the single component SAA2 promoter luciferase vector treated with 

IL-l plus IL-6 was 0.326+/- 0.068 standardised units of luciferase activity. Maximum 

expression from HepG2 cells transfected with the tandem 4xSAAl promoter 

luciferase vector treated with IL-l plus IL-6 plus Dex was 20.3+/-2.59 standardised 

units of luciferase activity.

The 2xSAAl and 4xSAAl promoters were the most inducible. HepG2 cells 

transfected with the tandem 2xSAAl or 4xSAAl promoter luciferase vectors treated 

with IL-l plus IL-6 plus Dex were induced 1407 fold and 1344 fold 

respectively.(figure 5.7) The tandem SAAl promoters showed the same profile of 

induction as the single component SAAl promoter; modest induction by IL-6 or IL-l, 

synergy between IL-l and IL-6 resulting in increased induction and further increased 

induction by synergy between IL-l and IL-6 and Dex. The single component SAA2 

promoter showed modest induction by IL-6 or IL-l, synergy between IL-l and IL-6 

resulting in increased induction but no further increased induction from IL-l and IL-6 

and Dex. Induction of the two component SAA2-tat/HIV promoter was low
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compared to the other SAA-derived promoters, achieving a maximum induction of 5 

fold with IL-1 plus IL-6 treatment.
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Figure 5.6
HepG2 cells transfected with SAAl, 2xSAAl, 4xSAAl, 
SAA2 and SAA2-tat/HIV luciferase vectors and treated with 
A, medium only; B, IL-6; C, IL-1; D, IL-l+IL-6; E, IL-l+IL- 
6+dex.
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Figure 5.7
HepG2 cells transfected with SAAl, 2xSAAl, 4xSAAl, 
SAA2 and SAA2-tat/HIV luciferase vectors and treated with 
A, medium only; B, IL-6; C, EL-l; D, IL-l+IL-6; E, IL-l+IL- 
6+dex. Data expressed as fold over untreated control.



5.4 DISCUSSION

Cytokine responsive two component vectors, SAA2-tat/fflV-sTNFR and SAA2- 

tat/HIV-mlL-lra were generated for expression of sTNFR and mlL-lra in mammalian 

cells. The CNV-Ig control vector was synthesised because over-expression of any 

protein appeared to non-specifically reduced the luciferase activity of the reporter 

system due to competition for the cellular transcription and translation machinery. 

Western blots demonstrated the successful expression of detectable quantities of 

sTNFR and mlL-lra in the supematents of SAA2-tat/HIV-sTNFR and SAA2- 

tat/HIV-mlL-lra transfected cytokine treated HepG2 cells. Initial experiments in 

which HepG2 cells were co-transfected with SAA2-tat/HIV-sTNFR or SAA2- 

tat/HIV-mlL-lra and the SAA2 promoter luciferase reporter showed no antagonism 

of cytokine treament.(data not shown) This was due to rapid induction of the SAA2 

promoter luciferase reporter at 3 hours, whilst the expression of sTNFR and mlL-lra 

was not detected until 24 hours post-treatment. It was necessary to change the 

experimental design to optimise the timing of availability of the therapeutic 

molecules, so a conditioned medium approach was tested.

A significant reduction of luciferase expression was achieved in HepG2 cells treated 

with sTNFR conditioned medium and TNF or TNF+IL-6 at 24 hours compared to 

controls. No antagonism as observed with IL-lra conditioned medium. The SAA2 

promoter luciferase reporter system is more sensitive to IL-1 than TNF, therefore it is 

easier to sufficiently antagonise TNF. In order to achieve 50% inhibition of IL-1 it is 

necessary to have 10-100 fold excess of IL-lra (hdaini and Taylor, 2000) thus it is 

necessary to generate 0.1-lfig/ml IL-lra to acheive 50% inhibition when HepG2 are 

treated with lOng/ml IL-1. Since the SAA2 promoter luciferase constract is sensitive 

to concentrations of IL-1 lower than 10ng/ml(Dr. L.E. Jensen personal 

communication) the conditioned medium experiments should be repeated with a
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range of concentrations of IL-1 to observe if any antagonism occurs. Another 

drawback with using a conditioned medium approach may be the release of cytokines 

into the medium by HepG2 cells. Levels of IL-1 or TNF released into the medium 

could be measured by ELISA to ensure that this is not masking the antagonism.

The viral proteins generated by the tat/HIV element may have an effect on the 

reporter system. Tat can be secreted from HIV infected cells and has been shown to 

induce Monocyte Chemotactive Protein-1 and chemotaxis of monocytes (Park et al., 

2001). Tat fusion proteins have been used as a method of transducing cells for 

protein expression. Uptake of tat into cells via its protein transduction domain is 

rapid; ten minutes after addition, transduced tat was detected in Hela cells and it 

remained active for 48 hours (Kwon et al., 2000). Also tat has been shown to activate 

NF-kB in NIH3T3 fibroblasts (Demarchi et al., 1999). This may mask any 

antagonism by IL-lra and sTNFR. In the conditioned medium experiments tat may 

have been secreted into the medium of SAA2-tat/HIV-IL-lra and SAA2-tat/HIV- 

sTNFR transfected cells. Since the tat uptake is rapid this may explain why the 

luciferase activity is higher than in controls at 3 and 6 hours.

Our long term goal is to develop a gene therapy vector therefore the generation of a 

promoter without retroviral elements is preferable. Ideally this gene therapy vector 

would have a promoter with low basal expression and high induction capacity. The 

SAA2-tat/HIV promoter has high basal expression and comparatively low inductive 

range but the tandem 2X and 4X SAAl promoters had a very low basal expression 

and high induction capacity. However the absolute level of expression of the SAA2- 

tat/HIV promoter was an order of magnitude higher than the 2X and 4X SAAl 

promoters. The tandem 2X SAAl promoter had an absolute level of expression and 

induction capacity an order of magnitude higher than the SAAl promoter, however 

there was no benefit from adding more tandem repeats, the 4X SAAl promoter
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showed the same profile of expression as the 2X SAAl promoter. The tandem SAAl 

promoters need to be modified to acheive the magnitude of expression of the SAA2- 

tat/HIV promoter, this might be achieved by the development of two component 

system to amplify tandem SAAl promoter elements with a GR component.
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Chapter 6

Bacterial Expression of Recombinant 

Human SAA proteins



6.1 INTRODUCTION

Extraction of SAA from human serum is a complex, time-consuming procedure 

involving large quantities of blood, and results in a mixed population of SAA protein 

isoforms (Godenir et al., 1985). An alternative method, which generates individual 

SAA isoforms, is to express them as recombinant proteins. Bacterial expression 

systems can synthesise large quantities of recombinant protein quickly and both 

growth and extraction can be achieved at low cost. The use of a fusion protein tag 

can reduce the length of the purification process to a single step of an affinity column. 

A bacterial expression system was used to generate a GST-SAA2 fusion protein 

which was affinity purified and cleaved with thrombin, and ion exchange purified to 

give highly pure rSAA2 (McCormack et al., 1996). However, thrombin consensus 

cleavage sites are present within the SAAl protein primary sequence and thrombin 

has been reported to partially digest serum-purified A-SAA, suggesting that it might 

be preferable to use an alternative expression system to generate rSAAl (Skogen and 

Natvig, 1981).

SAA appears to be a protein of fundamental and basic immune function. It is 

produced in large amounts, in a rapid manner at the epithelial and endothelial 

interfaces as well as being released into the blood stream by the liver (Urieli-Shoval et 

al., 1998). It has been highly conserved during evolution (Jensen et al., 1997). This 

massive upregulation of SAA during the acute phase response can still be seen in 

seriously malnourished individuals (Uhlar and Whitehead, 1999b). The production of 

high levels of SAA is sustained over the acute phase period, unlike the profile for 

cytokines. Given the rapid induction of SAA in response to bacterial pathogens, and 

its systemic production and release, it is reasonable to suspect that there may be direct 

interactions between SAA and microbes.
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6.1.1 Antimicrobial Peptides

Antimicrobial peptides are a part of the innate immune system. Invertebrate animals, 

having only a primitive immune system, are reliant on these types of molecules for 

defense against infection. There are many examples of antimicrobial peptides 

including the Drosophila proteins bactemecin, andropin, drosocin and cecropin; the 

frog protein, magainin; human salivary histatins and neutrophil defensins. Although 

these peptides share a common function there is very little sequence homology 

between them (Boman, 1991). The cecropins have a helix turn helix structural motif, 

with both helices being amphipathic. The helices insert into bacterial membranes and 

causes depolarisation and cell death (Putsep et al., 1999). In Drosophila the 

regulation of antimicrobial peptide expression occurs through the Toll/Dorsal 

signalling pathway which is homologous to the NF-kB pathway in mammalian cells 

(Lemaitre et al., 1997). The NF-kB pathway is of primary importance in the 

regulation of SAA in response to cytokines.

Computational analysis can provide insight into function by looking for homology 

with proteins of known function. Using the Basic Local Alignment Search Tool, 

BLAST,(Altschul et al., 1997) it is possible to identify homologues, in addition there 

are algorithms which recognise motifs or domains, thus predicting regions of 

interaction.
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6.2 METHODS

6.2.1 Generation of MBP-SAA expression vectors

The pAEB vector was a gift of A.E. Bevivino, University of Pennsylvania.(Figure 

6.1) The pAEB vector has an inducible T7 promoter for high levels of expression in 

E.coli, Maltose Binding protein (MBP) as a fusion partner and a specific cleavage site 

for Tobacco Etch Virus (TEV) protease. There is a six Histidine epitope tag on both 

the MBP and the TEV to facilitate separation of cleaved recombinant proteins.

MBP-SAA vectors were generated using an overlapping PCR strategy. Briefly, a 

fragment of MBP was amplified from pAEB by PCR, containing the 3’ end of the 

MBP coding sequence, the coding sequence for the TEV protease site and introducing 

the first nine base pairs of SAA coding sequence. The fragments containing the 

various SAA coding sequences were amplified by PCR from pGEX.SAA vectors 

(McCormack et al., 1996). The overlapping PCR fragments of MBP and SAA were 

annealed, amplified by PCR and digested with Sunl and EcoRl and ligated into 

Sunl/EcoRl cut pAEB. The plasmids were transformed into E.coli 

BL21(DE3)pLysS and screened by PCR to check for presence of the SAA coding 

sequence. Positive clones were isolated and verified by sequencing.
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Figure 6.1
Bacterial Expression plasmid pAEB-SAA contains the kanamycin 
resistance gene for selection, the T7 promoter for high level inducible 
expression, MBP-SAA fusion protein and TEV cleavage site coding 
sequences. Full arrow indicates transcription start site, half arrows 
indicate oligonucleotide primer directions.



6.2.2 Expression of MBP-SAA fusion proteins

pAEB-SAA plasmids were transformed into E.coli BL21(DE3)pLysS. A single 

colony was picked and grown overnight, shaking, at 31^C. The overnight culture was 

diluted 1:100 in LB containing kanamycin (50 pg/ml) and grown to an ODeoo of 1.0. 

The culture was then induced with 1 pM IPTG and expression supplement (1% yeast 

extract, 1.6% casamino acids) for 3 hours, shaking, at 37^0 after which, the culture 

was centrifuged at 4000 rpm for 20 minutes, and the pellets resuspended in PBS 5mM 

CHAPS and stored at -80"C. An aliquot of the induced cells was analysed by SDS- 

PAGE to check for successful expression of MBP-SAA.

6.2.3 Purification of rSAA from MBP-SAA fusion proteins

Pellets were thawed on ice and resuspended in PBS 5mM CHAPS. The lysate was 

sonicated on ice for 3 X 20s bursts and centrifuged at 10,000rpm to remove insoluble 

cell debris. The soluble fraction was passed through a 45pM filter and bound to an 

Amylose Sepharose column for 1 hour at room temperature. Columns were washed 

with 10 volumes of PBS and MBP-SAA eluted with lOmM Maltose. SAA was 

cleaved from MBP using TEV protease for 1 hour at room temperature. MBP and 

TEV were separated from SAA by a Nickel agarose column and SAA protein 

concentrated using Pal Filtron 3kD centrifugal concentrators.
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6.2.4 Candida killing assay

A single colony of Candida albicans, strain 132A, was resuspended in 1ml of H2O. 

An equal volume of Candida solution was added to lOOpl of SAA protein solution, or 

Bovine Serum Albumin and buffer controls. The samples were incubated at 37°C and 

10|i.l aliquots plated onto SD medium at timed intervals. After 48 hours at 37°C the 

number of colony forming units on each plate were counted.
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6.3 RESULTS

6.3.1 Expression of MBP-SAA fusion proteins

E.coli BL21(DE3)pLysS cells transformed with the pAEB.SAA vectors were 

successfully induced with IPTG plus expression supplement to express MBP-SAA 

fusion proteins. Samples were taken at 30 minute intervals after induction, run on 

SDS PAGE and western blotted. Figure 6.2 shows the expression of MBP-SAAl. 

The SDS PAGE gel shows appearance over time of a band of the expected size for 

MBP-SAAl.(Figure 6.2, A, band indicated by arrow) This band was confirmed as 

MBP-SAAl by Western blotting with an anti-A-SAA antibody.(Figure 6.2, B) MBP- 

SAAl protein could be detected at 30 minutes and increased until a maximum at 2 

hours. No MBP-SAAl protein was detected in uninduced cells (Figure 6.2, B, lane 1) 

or in cells transformed with MBP control plasmid. The same pattern of induction was 

seen for MBP-SAA2 and MBP-SAA4.(data not shown)
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Figure 6.2
A: SDS Page gel showing expression of MBP-SAAl fusion protein, (coomassie 
stained) Lanes 1, Induced cells containing control plasmid; 2, molecular weight 
markers (43 kD, 29 kD); 3, Uninduced cells containing plasmid pAEB-SAAl ; 4, 
cells containing plasmid pAEB-SAAl induced for 30minutes; 5, 60minutes; 6, 
90minutes; 7, 120minutes; 8,150minutes; 9, 3hours; 10,4hours.
B: Western blot showing expression of MBP-SAAl fusion protein, detected using 
anti-A-SAA antibody and ECL. Lanes 1, Uninduced cells containing plasmid 
pAEB-SAAl ; 2, cells containing plasmid pAEB-SAAl induced for 30minutes; 3, 
60 minutes; 4, 90minutes; 5,120minutes; 6,150minutes; 7, 3hours; 8,4hours.



6.3.2 Purification of MBP-SAA fusion proteins

MBP-SAAl and MBP-SAA2 were isolated from bacterial lysates and purified using 

an amylose sepharose column. Figure 6.3. shows a representative purification of 

MBP-SAAl. MBP-SAAl is highly expressed and is detected in the cell lysate by 

Western blot with anti-A-SAA antibody. The MBP-SAAl remains in the soluble 

fraction after sonication and filtration. (Figure 6.3, lanes 2 and 3) The expression was 

so high that the column became overloaded and MBP-SAAl could be seen in the 

column flow through.(Figure 6.3, lane 4) MBP-SAAl bound to the beads and was 

washed and eluted with PBS 5mM CHAPS lOmM maltose.(Figure 6.3, lanes 5 and 6) 

MBP-SAA2 was successfully purified in a similar manner.(data not shown)

Although MBP-SAA4 was successfully expressed and isolated from bacterial lysates 

(Figure 6.4, lanes 1 and 2) it did not bind to the amylose sepharose column.(Figure 5, 

lane 6 shows no band between the 62kD and 47.51cD markers, whereas there is a 

heavy band at this size in the column flow through and first wash, lanes 3 and 4) The 

anti-C-SAA antiserum is not as specific as the anti-A-SAA antibody, and is cross 

reactive with other proteins, generating multiple bands on a Western blot.(Figure 6.4)
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MBP-SAAl

Figure 6.3
Western blot showing purification of MBP-SAAl, detected 
using anti-A-SAA antibody and ECL. Lanes 1, cells 
containing plasmid pAEB-SAAl induced for 3 hours; 2, 
sonicate; 3, filtrate; 4, column flow through; 5, first maltose 
elution; 6, second maltose elution.
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MBP-SAA4

Figure 6.4
Western blot showing purification of MBP-SAA4, detected 
using anti-C-SAA antibody and ECL. Lanes 1, cells 
containing plasmid pAEB-SAA4 induced for 3 hours; 2, 

sonicate; 3, column flow through; 4, first column wash; 5, 
second column wash; 6, column proteins before elution; 7, first 
maltose elution; 8, second maltose elution; 9, column proteins 
after elution; M, molecular weight markers (175kD, 83kD, 
62kD, 47.5kD, 32.5kD, 25kD, 16.5kD, 6.5kD)



6.3.3 TEV cleavage of MBP-SAA fusion proteins

The MBP-SAA cleavage was carried out at 4"C for 48 hours. Higher temperatures 

did not increase the percentage yield.(data not shown) Figure 6.5, lane 1 shows a 

representative TEV proteolytic cleavage of MBP-SAA 1. The cleaved fusion protein 

mixture was passed over a Nickel Agarose column to remove the 6His tagged TEV, 

MBP and uncleaved MBP-SAA 1 However, although Nickel column purification 

removed the TEV and most of the MBP it did not completely remove the uncleaved 

MBP-SAAl.(Figure 6.5, lane 2) The same results were observed with MBP- 

SAA2.(data not shown)
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Figure 6.5
SDS page gel showing purification of SAAl from MBP- 
SAAl. (coomassie stained) Lane 1, MBP-SAAl after 
incubation with TEV protease at 4°C for 48hr; 2, 
Products of TEV cleavage after Nickel column 
purification; M, molecular weight markers (62kD, 
47.5kD, 32.5kD, 25kD, 16.5kD, 6.5kD)



6.3.4 Candida killing assay

Given the rapid induction of SAA in response to bacterial pathogens, and its systemic 

production and release, there may be direct interactions between SAA and 

microorganisms. In order to test the hypothesis that SAA might have anti-fungal 

activity, an assay was carried out to look at the effect of incubating cultures of 

Candida albicans yeast with rSAA. In duplicate killing assays there was no 

significant decrease in the number of colonies formed between cultures incubated 

with rSAA2 or with buffer controls, (data not shown)

6.3.5 SAA alignments

SAA protein sequences were retrieved from the GenBank database and aligned using 

the program ClustalW.(Figure 6.6)

6.3.6 SAA homology searches

Homology searches were carried out to try to identify SAA proteins in lower 

organisms, and related proteins which might have similar functions. BLAST, Basic 

Local Alignment Search Tool, searches were performed using the three human SAA 

proteins as query sequences. BLAST identifies regions of homology between a 

sequence of interest and sequences in a database (Altschul et al., 1997). Searches 

were carried out matching human SAA full length protein sequences, and selected 

shorter peptides such as the HARGNY sequence, against the GenBank and Swissprot 

databases. Searches were also carried out matching human SAA protein sequences
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against six-frame translations of nucleotides sequences from the Drosophila, 

C.elegans and yeast sequencing project databases. The searches identified all of the 

known SAAs from other species. No ancestral homologues of SAA were identified.

In collaboration with Denis Shields at the Royal College of Surgeons, a profile of 

SAA sequences was made. Profile searches are used to identify functional homology 

where there may be low sequence homology. In brief, the SAA sequences were 

aligned and a consensus derived. Then a matrix was calculated where each deviation 

from the consensus was given penalty score rating. The profile was then used to 

conduct a BLAST search of the GenBank protein database. The top fifteen search 

results, after discarding all known SAA sequences, were checked through GenBank 

for function. Six of the fifteen proteins have antimicrobial functions.(Figure 6.7)
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A-SAA 
human 1 
human 2 
human 3 
monkey 
mouse 1 
mouse 2 
mouse 3 
rabbit 1 
rabbit 2 
reibbit 3 
hamster 
hamster 
hamster 
hamster 
ccurp 
trout 
wallaby 
duck 
mink 1 
mink 2 
cat 
dog 
horse 
sheep 
cow 
C-SAA 
mouse 
human

4
4

RSFFSFLGEA
RSFFSFLGEA
QGWLTFLK&A
RSWFSFLGEA

FFSFVHEA
FFSFIGEA

QRWVQFMKEA
QRWFSFIGEA
QGWFSFIGEA
REWLTFLKEA
QRWFQFMKEA
QRWFQFMKEA
QRWFQFMKEA
WFSFIREA
QWHRYPGQA

AQWYRFPGEA
RDSLDFLNQA
FTRGGRFVLDA

WYSFIGEA
QWYSFIGEA
EWYSFLGEA
WYSFVSEA
ULSFLGEA
QWLSFLGEA
QWMSFFGEA

GWYSFFREA
ESWRSFFKEA

FDGARDMWRA
FDGARDMWRA
GQGARDMME^
YDGARDMWRA
FQGAGDMWRA
FQGAGDMWRA
GQGSRDMWRA
TQGAWDMWRA
VRGAGDMWRA
GQGAKDMWRA
GQGTRDMWRA
GQGTRDMWRA
GQGSTDMWRA
YQGAEDMWRA
IGGAKDMWRA
AQGAKDMWRA
RLGAGDMWRA
AGGAWDMLRA
AQGAWDMYRA
VQGAWDMYRA
AQGAWDMHRA
AQGAWDMWRA
ARGTWDMIRA
YEGAKDMWRA
YEGAKDMWRA

VQGTWDLWRA
LQGVGDMGRA

YSDMREANYI
YSDMREANYI
YSDMKEANYK
YSDMKEANYK
YTDMKEANWK
YTDMKEAGWK
YSDMKKANWK
YSDMREANYI
YSDMREANYI
YSDMKEANYK
YTDMREANWK
YTDMREANWK
YSDMREANWK
YSDMKEANWR
YRDMRKANWK
YGDMKDANWK
YRDMREANFK
YRDMREANHI
YSDMIEAKYK
YSDMKEANYK
YSI»JREANYI
YSDMREANYK
YNDMREANYI
YSDMREANFK
YSDMREANYK

GSDKYFHARG
GSDKYFHARG
KSDKYFHARG
NSDKYFHARG
NSDKYFHARG
DGDKYFHARG
NSDKYFHARG
NADKYFHARG
NADKYFHARG
NSDKYFHARG
NSDKYFHARG
NSDKYFHARG
NSDKYFHARG
DSDKYFHARG
GADKYFHARG
NSDKYFHARG
NSDKYFHARG
GADKYFHARG
NSDKYFHARG
NSDKYFHARG
GADKYFHARG
NSDKYFHARG
GADKYFHARG
GADKYFHARG
GADKYFHARG

YRDNLEANYQ NADQYFYARG 
YWDIMISNHQ NSNRYLYARG

NYDAAKRGPG
NYDAAKRGPG
NYDAVQRGPG
NYDAAQRGPG
NYDAAQRGPG
NYDAAQRGPG
NYDAAKRGPG
NYDAAQRGPG
NYDAAQRGPG
NYDAAKRGPG
NYDAAQRGPG
NYDAAQRGPG
NYDAAKRGPG
NYDAAKRGPG
NYDAAKRGPG
NYDAARRGPG
NYDAAICRGPG
NYDAARRGPG
NYDAAQRGPG
NYDAAQRGPG
NYDAAQRGPG
NYDAAQRGPG
NYDAAKRGPG
NYDAAQRGPG
NYDAAQRGPG

NYEAQQRGSG
NYDAAQRGPG

GVWAAEAISD ARENIQRFF.........G HGAEDSLADQ
GAWAAEVISN ARENIQRLT.........G HGAEDSLADQ
GVWATEVISD ARENVQRLT.........G DHAEDSLAGQ
GVWAAEVISD ARENIQKLL......... G HGAEDT...,
GVWAAEKISD GREAPQEFF......... G RGHEDTIADQ
GVWAAEKISD ARESPQEFF......... G RGHEDTMADQ
GAWAAKVISD AREAVQKFT......... G HGAEDSRADQ
GVWAAKVISD AREDLQRLM......... G HGAEDSMADQ
GVWAAKVISD VREDLQRLM......... G HGAEDSMADQ
GVWAAEVISD ARENYQKLI......... G RGAEDSKADQ
GAWAAKVISD AREGFKRIT......... G RGIEDSRADQ
GAWAAKVISD AREGFKRMR......... G RGIEDSRADQ
GAWAAKVISD AREGIQRFT......... G RGAADSRADQ
GVWAAEVISD AREGIQSLM......... G RGHEDSMADQ
GRWAAKVISN GREALQGLS......... R RGNSDAAADQ
GRWAATVISN GREMIQGSN......... G RGHEDSAADQ
GVWAAEVLSD AREFLQGGS........ SG RGVEDSMADQ
GAWAARVISD ARENWQGGV........ SG RGAEDTRADQ
GAWAAKVISD ARERSQRITD.LIKYGDSG HGVEDSKADQ 
GAWAAKVISD ARERSQRVTD.LFKYfflJSG HGVEDSKADQ 
GAWAAKVISD ARENSQRVTD.FFRHOISG HGAEDSKADQ 
GAWAAKVISD ARENSQRITD.LLRF<3:SG HGAEDSKADQ 
GAWAAKVISD ARENFQRFTD.RFSFGGSG RGAEDSRADQ 
GVWAAEVISN GREALQGITDPLFKGMTRD QVREDTKADQ 
GAWAAKVISD ARENIQRPTDPLFKGTTSG QGQEDSRADQ

AANEWGRSGK DPNHFRPAGL PEKY 
AANKWGRSGR DPNHFRPAGL PEKY 
ATNKWGQSGK DPNHFRPAGL PEKY

EANRHGRSGK
EANRHGRSGK
FANEWGRSGK
AANEWGRSGK
AANEWGRSGK
EANQWGRSGN
FANEWGRSGK
FANEWGRSGK
FANKWGRSGK
EANRWGRSGN
AANRWGRNGG
KANHWGRNGG
EANRWGRSGK
EANAWGRNGG
AANEW3RSGK
AANEWGRSGK
EANEWGRSGK
AANEWGRSGK
AANEWGRSGK
FANEWGRSGK
AANEWGRSGK

DPNYTRPPGL
DPNYYRPPGL
DPNHFRPAGL
DPNHFRPKGL
DPNHFRPKGL
DPNHFRPKGL
DPNFFRPPGL
DPNFFRPPGL
DPNHFRPAGL
DPNHYRPAGL
NPNRYRPRGL
DPNRFRPQGL
DPNRYRPKGL
DPNRYRPPGL
DPNHFRPPGL
DPNHFRPSGL
DPNHYRPEGL
DPNHFRPAGL
DPNHFRPHGL
DPNHFRPPGL
DPNHFRPAGL

PDKY
PAKY
PKRY
PDKY
PDKY
PDKY
PSKY
PSKY
PSKY
PDKY
PKKY
PKNY
DPKY
PSKY
PDKY
PDKY
PDKY
PDKY
PDKY
PDKY
PDKY

GIWAAKIIST SRKYFQGLLN.RYYFGIRN HGLETLQATQ KAEEWGRSGK NPNHFRPEGL PEKF 
GVWAAKLISR SRVYLQGLID.YYLFQISS TVLEDSKSNE KAEEWGRSGK DPDRFRPDGL PKKY

Figure 6.6
ClustalW alignment of SAA mature protein sequences, blue indicates residues identical in nil A qa a j • j- .sequences (A-SAA and C-SAA) in all A-SAA sequences, red indicates residues identical in all SAA



SW;CALU_CAVPO + 6.21 13.95
(guinea pig), caltrin-like pr

* SW:DROS_DROME + 6.14 15.83
melanogaster (fruit fly), drosocin 
SW:RUBR_PEPAS + 6.04 13.33

peptostreptococcus 
asaccharolyticus (peptococ

* SW:ANTF_SARPE + 6.02 19.73
peregrina

(flesh fly), antifungal
*SW:LYS1_CITFR + 6.01 12.84 

freundii. lysis protein for colic
* SW:SGS7_DROME + 5.92 17.55

melanogaster (fruit fly), salivary 
SW;RUBR_CLOTS + 5.65 12.71
thermosaccharolyticum. rubredoxin 
SW:P100_HUMAN + 5.63 13.34
(human), dna-binding p52/pl00 co 
SW:PROW_SALTY + 5.61 12.45
typhimurium. glycine betainefl-pro

* SW;ANDP_DROME + 5.53 13.66
melanogaster (fruit fly), andropin

* SW:PRPB_HUMAN + 5.38 13.49
(human), proline-rich peptide p- 
SW;YHEA_ECOLI -t- 5.14 14.61
hypothetical 7.4 kd protein 
SW:YBAL ECOLI -h 5.08 15.67

55 ! P22075 cavia porcellus 

64 ! P36193 drosophila 

53 ! P00267

85 ! Q08617 sarcophaga

51 ! P06962 citrobacter 

74 ! P02841 drosophila 

52 ! P19500 Clostridium 

55 ! P30808 homo sapiens 

51 ! PI 7327 salmonella 

57 ! P21663 drosophila 

57 ! P02814 homo sapiens 

64 ! P13655 escherichia coli. 

70 ! P39830 escherichia coli.
hypothetical protein in gsk

* SW:SCK2_ANDMA + 5.08 13.56 59 ! P45696 androctonus
mauretanicus mauretanicus (scorpi

Figure 6.7
The top fifteen candidates after discarding known SAA sequences from BLAST searching 

the SAA profile . Asterisks indicate proteins involved in antimicrobial functions.



6.3.7 SAA structural predictions

Structural predictions for the three human SAA protein sequences were carried out 

using the nnpredict program. The predictions for SAAl and SAA2 were almost 

identical, each having three regions of a-helix. SAA4 was predicted to have shorter 

helices and more strand regions. When regions of SAAl which have been reported to 

be masked by binding to HDL (Malle et al., 1998) were marked onto the structural 

predictions they appear to overlap with the helical regions.(Figure 6.8)

When a protein folds into an a-helical conformation the side chains of the amino acids 

project radially outwards. The Helical Wheel program plots a diagram showing the 

predicted pattern of the amino acid side chains. A helical wheel diagram of the N- 

terminus of SAAl was generated. It shows that if this region forms an a-helix, it 

would be amphipathic, having hydrophobic residues projecting on one side and 

hydrophilic residues on the opposite side.(Figure 6.9)
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SAAl RSFFSFLGEAFDGARDMWRAYSDMREANYIGSDKYFH 
SAA2 RSFFS FLGEAFDGARDMWRAYS DMREANYIGS DKYFH 
SAA4 ESWRSFFKEALQGVGDMGRAYWDIMISNHQNSNRYLY

ARGNYDAAKRGPGGVWAAEAISDARENIQRFF----
ARGNYDAAKRGPGGAWAAEVISNARENIQRLT----
ARGNYDAAQRGPGGVWAAKLISRSRVYLQGLIDYYLF

-- GHGAE D S LADQAANEWGRSGKDPNHFRPAGLPEKY
-- GHGAEDSLADQAANKWGRSGRDPNHFRPAGLPEKY
GNSSTVLEDSKSNEKAEEWGRSGKDPDRFRPDGLPKKY

Figure 6.8
Human SAAl, SAA2 and SAA4 protein sequences showing regions of predicted 
secondary structure; black = no prediction, cyan = strand, red = helix, underlined — 

masked by HDL.(Malle et al)



Figure 6.9
Helical wheel prediction for the N-terminus of SAAl.(amino 
acids 1-14 of mature protein) Hydrophobic amino acids are 
labelled in orange, hydrophilic are labelled blue.



6.4 DISCUSSION

Initial attempts to generate rSAA were unsuccessful with the host cells dying during 

induction. Toxicity problems with generating rSAA had been reported by Yamada et 

al. Use of a strain of E.coli specifically for generating toxic proteins overcame the 

problem, and by supplementing the media with additional nutrients at the time of 

induction, large amounts of fusion protein could be expressed. High expression of all 

three rhSAA isoforms was achieved using the pAEB vector MBP fusion protein 

expression system. MBP-SAAl and MBP-SAA2 were isolated from bacterial lysates 

and purified using an Amylose column. The MBP-SAA4 was isolated from bacterial 

lysates but did not bind to the Amylose column. Since the pi value for SAA4 is 

higher than for SAAl and SAA2 (9.39, 6.5 and 6.9 respectively) this may have 

changed the local pH of the MBP fusion protein and prevented it from binding to the 

column.

Even after extended digestion of MBP-SAAl with TEV protease only a fraction of 

the fusion protein was cleaved.(Figure 6) The structural predictions indicate that the 

N-terminus of SAA may contain an amphipathic helical region, this region may cause 

the fusion protein to fold in such a way as to obscure the protease cleavage site. This 

may also be obstructing the 6His tag or causing a global conformational change that 

prevents the protein from binding to the Nickel column.

It is difficult to know whether the rSAA is folding correctly because there is no 

functional assay. Since the aim is to generate SAA that can be used to treat tissue 

culture cells, it may be preferable to express it in a mammalian system. For 

experiments where it is necessary to epitope tag the SAA, a smaller fusion such as the 

9 amino acid Flag antigen, may cause less steric hindrance than the 25kl) GST or
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45kD MBP. It may also cause less conformational distortion to fuse the epitope tag at 

the C-terminus.

Drosophila have a variety of antimicrobial peptides but most are either antifungal or 

antibacterial but not both, although the proline-rich peptide Metchikownin is an 

exception (Lemaitre et al., 1997; Levashina et al., 1995). In order to rule out an 

antimicrobial function for SAA it would be necessary to test it against a variety of 

microorganisms. The killing assay carried out looked at stationary growth phase, 

budding (non-hyphal) Candida yeast cells. It may be that in order for the SAA to be 

effective at killing the Candida, the yeast need to be in an active growth phase or 

displaying the hyphal infectious phenotype. rhSAA was recently shown to enhance 

PMN phagocytic activity against heat-killed Candida, up-regulate cell surface 

antigens CDllc and CD16 on PMNs involved in microbial recognition and adhesion, 

up-regulate lactoferrin which is an anti-microbial protein found in PMN granules and 

inhibit growth of CA2 pure yeast strain (non-hyphal) of Candida in a dose dependent 

manner (Badolato et al, 2000). Future work using synthetic peptides of the N- 

terminus, C-terminus and HARGNY sequence will test their anti-microbial activity 

against a panel of pathogens.
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7.1 SUMMARY OF RESULTS

The SAA protein sequences (Uhlar et al., 1996) and A-SAA upstream regulatory 

sequences (Betts et al., 1991; Lowell et al., 1986a) are highly conserved through 

evolution, however there are important differences. This thesis reports the first 

observed differences in the regulation of transcription of A-SAAs of the same species: 

the differential response of human SAAl and SAA2 to glucocorticoids, and the 

differential response of mouse Saal and Saa2 to IL-1 and IL-6.

After aligning the human SAAl and SAA2 regulatory sequences, four regions of low 

homology were apparent and by visually inspecting these a putative GRE was 

identified in hSAAl. This GRE was disrupted by a 9bp insertion in hSAA2. Specific 

mutation and deletion/insertion of this putative GRE confirmed that it was necessary 

and sufficient for Dex induction of the hSAA promoter in the presence of cytokines in 

HepG2 cells. Co-expression of GR did not result in Dex induction of hSAAl in the 

absence of cytokine suggesting that cytokines were necessary to activate additional 

factors or displace existing repressors. EMSA demonstrated that oligonucleotides 

spanning the hSAAl GRE and the equivalent region of hSAA2 are both capable of 

binding GR in vitro. However, interactions with other transcription factors may be 

necessary for GR transactivation of hSAAl, although binding of factors to the putative 

AP-1 site or IL-6RE are not necessary for GR transactivation of hSAAl in HepG2 

cells. EMSA identified a complex in nuclear extracts from IL-l+IL-6 and IL-l+IL- 

6-i-Dex treated HepG2 cells, containing p50, p65 and GR which bound to the NF-kB 

site of hSAAl and hSAA2. However, as this complex was not observed in EMSA with 

the -222 to -83 hSAAl probe this suggests that in vivo interactions with binding 

factors located upstream and/or downstream of -222 to —83 might be necessary for 

stabilising large complexes for transactivation.
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The mSaal and mSaa2 promoters are regulated very differently to the hSAAl and 

hSAA2, and mSaaS promoters in HepG2 cells (Bing et al., 2000; Uhlar and 

Whitehead, 1999a). The mSaal and mSaa2 promoters are primarily regulated by IL-6 

and are not significantly induced by IL-1 alone in HepG2 cells. The mSaal promoter 

shows synergy of induction by IL-1 + IL-6 but the mSaa2 promoter does not. Since 

mouse hepatic A-Saa mRNA expression in vivo is blocked by IL-lra it is clear that 

IL-1 is important in A-Scta regulation (Grehan et al., 1997a). Although IL-1 appears 

not to have direct effects on the mSaal and mSaa2 promoters in HepG2 cells, mSaal 

and mSaa2 may be induced in vivo via the stimulation of IL-6 and activation of 

C/EBP. Alternatively IL-1 may activate different NF-kB subunits in mouse liver cells 

to those which are activated by IL-1 treatment of HepG2 cells. EMSA supershifts 

indicated that the mSaal and mSaa2 putative NF-kB sites may preferentially bind to 

different subunits perhaps causing differential gene expression in response to different 

inflammatory challenges. A particular stimuli or combination of stimuli, may activate 

predominantly p50/p65 NF-kB subunits and activate transcription mostly of mSaal 

whereas other stimuli may activate predominantly p50/p50 or p50/cRel and 

transcription of mSaa2. The mSaaS promoter contains a non-consensus NF-kB site 

which requires the transcription factor SEF to stabilise binding (Bing et al., 2000). 

SEF may also be involved in NF-kB binding to mSaal and mSaa2.

The schematic representation of the human SAA2, rat SAAl, rabbit SAA2 and mouse 

Saa3 upstream regulatory regions in Figure 1.3 showed a pattern in the location of 

NF-kB and C/EBP sites in the hepatically expressed genes. There was an obvious 

difference in arrangement of the regulatory elements of mSaaS which is extra- 

hepatically expressed. This was examined in more detail in chapter 4 when upstream 

sequences of human SAAl and SAA2, mouse Saal, Saa2 and Saa3, rat SAAl and 

rabbit SAA2 were compared. Sequence comparison suggested that NF-kB and YY-1 

may interact with all of the seven A-SAA genes aligned. Suggesting that these A-SAA
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genes were once derived from an ancestral SAA gene with the same basic mechanism 

of regulation but that each has evolved to incorporate different regulatory features 

enabling the organism to respond to the full repertoire of stimuli generated by 

inflammation and infection.

A putative binding site for Pur-1, the mouse homologue of SAP, was identified in 

mSaa2 promoter. Although this did not align with the SAP sites in rabbit SAA2, 

mutation experiments would need to be carried out to exclude involvement in mSaal 

regulation (Ray et al., 1999a). Mouse Saal and Saa2 promoter luciferase reporters 

were not responsive to Dex in HepG2 cells and sequence alignment did not identify a 

GRE at region corresponding to the hSAAl GRE. The in vivo evidence of 

glucocorticoid regulation of mouse A-SAA (Poyn Braun et al., 1998; Ito et al., 1999) 

and the induction of mSaaS by Dex in macrophage cells (Ishida et al., 1994) suggest 

the presence of a GRE in mSaaS which has not yet been defined.

Gene therapy for RA involving the controlled expression of cytokine antagonists 

could give long term therapeutic benefits with a single injection and at relatively low 

cost (Evans et al., 1999). The use of an inducible promoter where the therapeutic 

agent is only switched on during episodes of disease and expression is limited to the 

inflammed joint may decrease the occurrence of side effects. The SAA promoter has a 

low level of basal expression and is rapidly induced by cytokines and other 

inflammatory stimuli making it a good candidate for the control of an anti

inflammatory gene therapy expression system. A two component amplification 

system can be used to increase the magnitude of expression (Varley et al., 1995; 

Varley et al., 1997). A chimeric promoter was generated to combine increased 

magnitude of expression of a tat/HIV element with the cytokine controlled induction 

of the human SAA2 promoter (Rygg et al., 2001). Initial experiments demonstrated 

cytokine-induced expression of IL-lra and TNFR and antagonism of TNF induction
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of the SAA2 promoter luciferase reporter. However expression of IL-lra did not 

antagonise IL-1 induction of the SAA2 promoter luciferase reporter. The SAA2- 

tat/HIV promoter had a high basal level of expression which reduced its inductive 

capacity. Tandem 2X and 4XSAA1 promoter constructs had very low basal 

expression and high inductive capacity but the overall magnitude of expression 

attained was much lower than the two component SAA2-tat/HIV promoter.

MBP-SAA vectors were generated and SAAl, SAA2 and SAA4 MBP fusion proteins 

successfully expressed in a bacterial system. Problems were encountered in the 

purification of SAA4 and cleavage of SAAl and SAA2 from the MBP fusion protein. 

Structural predictions suggested that the N-terminus of SAAl might form an 

amphipathic helix, which would hinder the cleavage of the fusion protein. This 

amphipathic helix might also be involved in anti-microbial function. Searches were 

carried out with human SAA sequences against the GenBank and Swissprot databases 

and the Drosophila, C.elegans and yeast sequencing project databases. The searches 

identified all of the known SAAs from other species, but no ancestral homologues of 

SAA were identified. Sequence similarity with anti-microbial proteins supported the 

hypothesis of SAA having anti-microbial function. Recent supportive evidence of 

SAA anti-fungal activity was reported by Badolato et al (Badolato et al., 2000).
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7.2 FUTURE WORK

Mutation of the hSAAl NF-kB site should indicate whether binding of NF-kB is 

necessary for GR to bind and transactivate the hSAAl promoter. This could also be 

demonstrated by co-expression of mutant NF-kB which can bind DNA but is 

transactivation deficient. EMSA with probes to the 250 bp regions of both SAAl and 

SAA2 which includes all of the putative transcription factor binding sites necessary 

for full activation, could identify the difference in complexes between the two 

promoters under the differrent treatment conditions.(250bp hSAAl and hSAA2 

promoter luciferase constructs gave the same profile of induction as their respective 

full length constructs, data not shown)

EMSA supershifts of the YY-1 site and YY-1 mutant SAA promoter luciferase 

reporters could indicate whether this repressor acts on the hSAA promoters and is 

involved in GR binding. Steel et al reported induction of human A-SAA mRNA in 

KB cells treated with Dex alone (Steel et al., 1996). Transfection of the hSAAl 

promoter luciferase reporter into KB cells and EMSA using extracts from untreated 

and Dex treated KB cells could give further evidenee for the mechanism of Dex 

induction of hSAAl. Perhaps KB cells do not express YY-1 so addition of cytokines 

is not necessary to displace the repressor.

Experiments with the hSAAl promoter luciferase reporter and RU486, a GR 

antagonist, would confirm that the Dex activation of transcription is via GR or a 

similar steroid receptor. The consensus binding sequences for steroid receptors are 

similar: the androgen receptor consensus binding sequence differs from the GRE 

consensus at one base and the progesterone receptor (PR) consensus binding sequence 

is identical to the GRE consensus. The TESS program predicted a PR binding site 

which coincides with the second half site of the disrupted GRE in /iSAA2.(Figure

115



3.11) This could give a mechanism for the published observation that A-SAA was 

higher in female diabetics than male diabetics (Ebeling et al., 1999). A full range of 

steroids and steroid receptor antagonists will be tested for their action on the hSAAl 

and hSAA2 promoters.

In human embryonic kidney cells cells, co-expression of GR at high concentrations 

represssed the cytokine induction of the hSAA2 but not the hSAAl promoter, (data not 

shown) Perhaps the GRE of hSAA2 acts as a repressor site in non-hepatic cells. 

Pearce et al reported the distances between transcription factor binding sites were 

important in effecting outcome of transcription factor interactions (Pearce et al., 1998) 

and due to the insertion in the hSAA2 GRE the distances between flanking 

transcription factor binding sites are different from the hSAAl promoter.

A putative Sp-1 site was identified in hSAAl in a region of low homology between 

hSAAl and hSAA2. hSAAl has 4 extra bases in this region which form part of the 

putative Sp-1 site. This may explain the higher basal level of expression of hSAAl 

compared to hSAA2 and could be tested by mutagenesis and insertion/deletion 

experiments on the hSAA promoter luciferase reporters and confirmed by EMSA.

Transfection of the mouse Saa promoter luciferase reporters into a mouse cell line 

would clarify whether the lack of induction by IL-1 alone observed in human HepG2 

cells was due to species specific differential NF-kB subunit binding. EMSA with 

extracts from mouse cells and supershifts for SEF would give additional information 

on the difference in NF-kB binding of the mSaal and mSaa2 promoters and whether 

SEF is involved in the complex as it is in mSaaS. The difference between the mSaal 

and mSaa2 in the synergy of IL-1 and IL-6 observed in HepG2 could be investigated 

by co-expression of NF-kB subunits and DNA binding deficient or transactivation 

deficient mutants of NF-IL6. The binding of NF-IL6 may be able to compensate for
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the weak binding of NF-kB to the mSaal promoter sufficiently to facilitate the 

observed synergy of IL-1 plus IL-6, but cannot rescue NF-kB binding in HepG2 cells 

treated with IL-1 alone.

Mammalian expression vectors have been generated, using the CMV promoter to 

constitutively express individual SAA isoforms and peptides in HepG2 cells, to 

examine the effects on SAA and cytokine gene regulation. Initial experiments 

transfecting HepG2 with full length SAAl, SAA2 and SAA4 expression vectors 

suggests there is feedback on SAA2 regulation, (data not shown)

The IL-lra and TNFR;Ig expression vectors could be improved by optimisation of the 

two component SAA promoter using tandem repeats of the GRED promoter (the 

SAA2 promoter with GRE repaired which has lower basal expression than SAAl) 

and a GR expression cassette as a means of amplification.

The characterisation of human and mouse SAA promoters has identified key 

regulatory elements which can be selectively applied as SAA-derived promoters to 

the generation of cytokine-responsive gene therapy vectors. This promises disease- 

sensitive, localised expression of anti-inflammatory molecules for the treatment of 

RA and other inflammatory disorders.
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