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SUMMARY

This thesis examines the transcriptional regulation of the human hyaluronan synthase
(HAS) genes, with particular focus on hyaluronan synthase 2. The data details the
reconstruction of the genomic structures of each HAS isoform for the first time, as
well as analysis of the activity of each HAS proximal promoter. The HAS2 promoter
region was then investigated in detail, beginning with the reconfiguration and
confirmation of the HAS2 transcription initiation site. The transcription factor
stimulating protein 1 (Spl) was then identified as an important regulator in the
constitutive expression of the HAS2 gene. Finally, the mechanism involved in the
induced expression of the HAS2 gene by the pro-inflammatory cytokine interleukin-1
beta was investigated. The study identified that the NF-xB pathway was not solely
responsible for the increase in HAS2 transcription, indicating that another, possibly
novel mechanism was involved.
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1.1 INTRODUCTION: RENAL FIBROSIS, THE EXTRACELLULAR
MATRIX AND HYALURONAN

Renal fibrosis is a common feature of many progressive renal diseases that lead to end
stage renal disease (ESRD) [Stahl and Felsen, 2001; Muller et al, 2000; Remuzzi and
Bertani, 1998]. It can be induced by several injury mechanisms, but will finally
produce identical fibrotic changes within the kidney. The rate at which fibrosis
develops depends on the type of renal disease, and also on the patient. In some cases,
the fibrotic process stops, and kidney function is retained. For a significant proportion
of cases, this does not occur, and renal function declines until the only treatment
options are dialysis or kidney transplantation. ESRD is one of the most expensive
diseases to treat on a per-patient basis [Chatziantoniou et al, 2004]. Therefore the
emerging challenge for clinicians is to arrest the decline of renal function and, if

possible, to achieve regression of renal fibrosis and restoration of renal structure.

The current model of progressive renal fibrosis is derived from a series of in vitro and
in vivo observations. No single molecule acting in isolation is able to trigger the full
spectrum of events that typify fibrosis. Instead, the integration of several molecular
players is required including inflammatory agents, cytokines, vasoactive agents and
enzymes [Eddy, 2000; Chatziantoniou et al, 2004]. The early stages of fibrosis are
typically characterised by inflammation and the disturbance of normal homeostatic
mechanisms. This leads to qualitative and quantitative changes to the composition of
tubular basement membranes (TBMs), interstitial matrix, tubular atrophy, cellular
transformation and the accumulation of myofibroblasts [Stahl and Felsen, 2001;
Abrass et al, 1999; Brito et al, 1998; Miner, 1999; Sibalic et al, 1998].

Under normal conditions, the formation of extracellular matrix (ECM) is a dynamic
equilibrium between systems that promote its synthesis and those that favour its
degradation. In pathophysiological conditions that lead to the development of fibrosis,
this equilibrium is broken due to exaggerated rates of ECM synthesis, a diminished
capacity of degradation or due to a combination of both. This process occurs
irrespective of the underlying disease and originating compartment, indicating a final
common pathway independent of the primary cause. Adopting this hypothesis,

identifying and targeting the systems participating in this pathway may provide an
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efficient treatment against renal fibrosis and kidney failure regardless of the initiating

pathology.

One such molecule prominent during the early stages of the fibrotic process is
hyaluronan (HA). HA is a high molecular weight glycosaminoglycan and a major
constituent of the ECM in many tissues. In normal conditions in the kidney, it is
found predominantly in the inner medulla and papilla [Hallgren et al, 1990].
However, in the pathophysiological processes observed in the early stages of fibrosis
(e.g. inflammation), a significant deposition of HA is observed in the tubular
interstitial space of the outer medulla and renal cortex. At the onset of fibrosis, HA is
removed, leaving the fibrotic lesions consisting predominantly of fibrillar collagens.
The accumulation and swift degradation of HA from the interstitial space appears

crucial to fibrogenesis, however, its exact role is not fully understood.

1.2 HYALURONAN (HA)
1.2.1 Structure

HA is a linear glycosaminoglycan (GAG) that was first isolated from the vitreous of
the eye [Meyer and Palmer, 1934]. Unlike other GAGs, HA contains no sulphate
groups or epimerised uronic acid residues. Instead, its structure is made of D-
glucuronic acid and D-N-acetylglucosamine residues that are linked together via
alternating B-1,4 and B-1,3 glycosidic bonds [Weissman and Meyer, 1954]. This

disaccharide structure (Figure 1.1) is then repeated to form a hyaluronan molecule or
HA chain.
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1.2.2 Localisation of HA

HA is present in all vertebrates, and has also been found in the capsule of some strains
of Streptococci that quite likely pirated the enzymatic machinery for its synthesis
from vertebrate hosts. HA is a major constituent of the extracellular matrix (ECM) in
which most tissues differentiate. It is also an essential component of many ECMs in
mature tissues. HA has also been found on the cell surface, and inside the cell [Tammi
et al, 2001]. Fifty percent of the total HA in the body (7-8 g) is contained in skin
tissue (0.5 mg/ml in the dermis, 0.1 mg/ml in the epidermis), but is at higher

low amounts, HA can still serve as an integral structural element {(c.g. in hyaline

(0%
—



1.2.3 Synthesis, degradation and turnover

Synthesis

Unlike other GAGs (e.g., heparin sulphate or chondroitin sulphate), HA is not
assembled in the rough endoplasmic reticulum and Golgi apparatus, and is not
covalently linked to a protein backbone during synthesis [Toole, 2000]. The HA
synthases (HAS — discussed in detail later) are multipass trans-membrane enzymes
situated at the plasma membrane. They extrude HA through the plasma membrane
onto the cell surface or into the ECM while it is being synthesised, as an unmodified
polysaccharide. In addition, HA is elongated at the reducing, rather than the non-

reducing terminus [Weigel et al, 1997].

Degradation

HA can be degraded via the action of oxygen free radicals, peroxynitrites, ultra-violet
(UV) irradiation or by the hyaluronidase (HYAL) family of enzymes [Schenck et al,
1995; Li et al, 1997]. In humans, six HY AL genes have been identified. They occur in
clusters of three at two chromosomal locations. HYAL1, HYAL2 and HYAL3 make
up the cluster on chromosome 3p21.3 and share about 40% similarity. HYAL4,
HYALP1 and PH20 make up the second cluster on chromosome 7q31.3. With the
possible exception of HYAL4 and HYALP1 (a pseudogene), all the HYALs degrade
HA [Csoka et al, 2001; Lokeshwar et al, 2002].

The degradation of HA occurs in a stepwise fashion with quantum decreases in
polymer size. From the cluster on chromosome 3, HYALI and HYAL2 constitute the
major hyaluronidases of somatic tissues. HY AL2 cleaves high molecular weight HA
to a limit product of approximately 20 kDa and is bound to the plasma membrane by a
GPl-anchor [Stern, 2000; Lepperdinger et al, 2001]. HYALI is thought to be
lysosomal, cleaving the 20 kDa chains into small HA disaccharides. [Stern, 2000].
Very little is known about HYAL3. Transcripts have been found in the brain and
liver, but its protein product remains uncharacterised [Triggs-Raine et al, 1999]. PH20
is expressed in testis and has a role in fertilisation [Cherr et al, 2001]. At first thought

to be sperm-specific, it is now known to be expressed in the prostate [Vines et al,
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2001], female genital tract [Zhang and Martin-DeLeon 2003], breast [Beech et al,
2002] and foetal tissues [Csoka et al, 1999].

Turnover

HA has an extraordinarily high rate of tumover in vertebrates. However, this rate
differs from tissue to tissue. Metabolic studies have shown that the half-life of a HA
molecule in cartilage, for example, is normally 2-3 weeks whereas keratinocytes in
the epidermis turn-over HA in less than 24 hours. The half-life of HA in the blood is
extremely short, only a few minutes. In addition, certain cells may predominantly
synthesise or catabolise HA, rather than keep a constant concentration in the tissue.
For example, cells in the dermis actively synthesise more HA than they degrade. A
larger proportion of HA escapes from this tissue only to be rapidly captured by
receptors on reticulo-endothelial cells in lymph nodes and in the liver which
internalise them for subsequent catabolism in lysosomes. It has been estimated that
approximately one-third (~5 g) of total HA in the human body is metabolically
removed and replaced during an average day [Fraser et al, 1997; Hascall, 2000].

1.2.4 Physiological and cell biological functions of HA

The molecular functions of HA fall into three partially overlapping categories. Firstly,
HA occupies an enormous hydrodynamic domain that greatly influences the hydration
and physical properties of tissues. Secondly, it can interact with a variety of
extracellular molecules, such as link proteins and proteoglycans, to form a composite
extracellular or pericellular matrix. Thirdly, it can bind to several specific cell surface
receptors that activate intracellular signalling pathways and therefore influence cell
behaviour [Camenisch and McDonald, 2000; Toole, 2000]. All three of these
functions contribute to its roles in cell adhesion, proliferation, migration,
differentiation, tissue remodelling, inflammation and diseases such as cancer and

atherosclerosis [Toole, 2001; Itano et al, 2002; Lee and Spicer, 2000].
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Physical properties of HA

HA solutions of concentrations similar to those found in soft connective tissue exhibit
interesting physical and chemical properties. HA has therefore been assigned various
roles in the homeostasis of the extracellular space [Comper and Laurent, 1978], e.g.,
the non-ideal osmotic behaviour of HA making it efficient as an osmotic buffer. The
osmotic contribution of polysaccharide networks gives them a role in the homeostasis
of tissues [Laurent and Fraser, 1992; Laurent et al, 1996]. At physiological
concentrations, HA molecules entangle and form a random network of chains. These
networks interact sterically with other macromolecular components [Comper and
Laurent, 1978]. HA excludes other macromolecules that cannot find space in the
network, and also retards the diffusion of other substances trying to penetrate it. By
these properties, HA regulates the distribution of plasma proteins in tissues [Laurent

and Fraser, 1992].

The rheological properties that HA solutions exhibit (e.g., in synovial fluid) have also
led to speculations about its role in the lubrication of joints and tissues. HA solutions
demonstrate similar visco-elastic properties shown by joint fluid. Reports also show
that HA separates many tissue surfaces that slide along one another, e.g., fibrils in

skeletal muscle [Gibbs et al, 1968; Laurent et al, 1996}.

HA interactions with extracellular molecules

The interaction of HA with specific extracellular molecules is important in the
assembly of a functional extracellular or pericellular matrix. These HA binding
proteins are known collectively as hyaladherins. Among the best characterised
hyaladherins are the HA and proteoglycan link protein family (HAPLNs), in
particular, cartilage link protein, and the aggregating proteoglycan family, such as
aggrecan, versican, brevican and neurocan. Cartilage link protein contains a HA
binding domain consisting of a tandemly repeated peptide sequence [Goetinck et al,
1987] and also a separate distinct proteoglycan binding domain [Périn et al, 1987]. As
well as forming its own interactions with HA, cartilage link protein can also stabilise
HA-proteoglycan interactions by binding to both molecules simultaneously

[Hardingham, 1979). The aggregating proteoglycans have two structurally similar
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HA-binding domains (termed link modules) with characteristic disulphide-bonded
loops and sequence homologies of 30 — 40%. [Day, 1999]. The link module consists
of two alpha helices and two triple-stranded anti-parallel B-sheets arranged around a
large hydrophobic core, resembling the C-type lectin module [Kohda et al, 1996]. In
aggrecan, for example, two link modules and adjacent sequences in the G1 globular
domain are required for high avidity HA binding [Watanabe et al, 1997]. In contrast,
the hyaldherin tumour necrosis factor-stimulated gene-6 (TSG-6) only contains a
single link module. TSG-6 is secreted in response to inflammatory stimuli [Horton et
al, 1998; Camenisch et al, 2000] and is still sufficient for high affinity interactions
with HA [Papakonstantinou et al, 1998].

There are however, those hyaldherins that do not contain a link module. One example
is the serine protease inhibitor, inter-a-trypsin inhibitor (lal). This serum protein is
composed of a light chain, also known as bikunin, and two heavy chains which are
covalently cross-bridged by chondroitin sulphate. This was one of the first proteins
found to associate with HA [Day and Prestwich, 2002]. This is an unusual
proteoglycan essential during ovulation, acting to stabilise the HA-rich cumulus ECM
with which it forms a covalent complex [Huang et al, 2000]. It has also been reported
that Ial can bind non-covalently to HA, as is the case for all other HA-protein
interactions [Rao et al, 1997]. CD38, a type Il membrane glycoprotein, has also been
reported as a non-link module hyaladherin. This protein has NADase activity, and this
property has been studied much more extensively than its HA binding function for
which no biological role has yet been determined [Bourguignon, 1992].

The interaction between HA and its hyaladherins is intertwined with their normal
functions. Removing one part of the equation causes unravelling of tightly controlled
biological systems. For instance, mice lacking the cartilage link module aggrecan, die
shortly after birth due to severe defects in cartilage development [Watanabe and
Yamada, 1999].

HA receptors

HA has become accredited as a signalling molecule, due to the identification of HA

cell surface receptors that can initiate signal transduction cascades. Of these, CD44
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and RHAMM (receptor for hyaluronic-acid-mediated motility) are established signal-
transducing receptors that influence cell proliferation, survival and motility. Other cell
surface hyaladherins, such as lymphatic vessel endothelial hyaluronan receptor 1

(LYVEL) and TOLL4 have also been identified [Turley et al, 2002; Toole, 2004].

CD44 is a widely distributed cell-surface glycoprotein that contains an extracellular
domain, a trans-membrane domain and a cytoplasmic domain [Stamenkovic et al,
1989; Aruffo et al, 1990; Ponta et al, 2003]. The extracellular domain includes an
amino terminal HA binding domain that is related to the link modules of the
hyaladherins [Day and Prestwich, 2002]. The region of the CD44 gene that encodes
the extracellular domain contains a site into which many exon products are spliced in
numerous combinations [Lesley et al, 1993]. Although HA is the main ligand for
CD44, several other molecules interact with this protein, many of which bind to
carbohydrate side groups that are attached to the ‘spliced-in’ regions including
fibroblast growth factors, osteopontin and matrix metalloproteinases (MMPs) [Toole,
2004].

RHAMM is alternatively spliced and the different forms of the resulting protein are
found both on cell surfaces and inside cells. Although RHAMM mRNA does not
contain a recognisable leader sequence, the protein is transported to the cell surface
where it binds HA. Like CD44, it also transduces signals that influence cell growth
and motility [Turley et al, 2002]. There is no link module domain in RHAMM, but it
does contain a HA binding motif present in several other hyaldherins [Yang et al,
1994]. Although RHAMM can bind to other extracellular macromolecules, the

significance of this binding is not yet clear.

1.2.5 HA and pericellular matrix formation

Several cell types exhibit highly hydrated, HA-dependent pericellular matrices or
‘coats’. They are usually 5-10 um in thickness and can be destroyed by HYAL
treatment [Lee et al, 1993; Knudson and Knudson, 1993; Nishida et al, 1999]. These
pericellular matrices provide the environment in which numerous cellular activities
take place and influence cell behaviour. During tissue formation or remodelling, such

matrices provide a hydrated, fluid environment in which assembly of other matrix
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components and presentation of growth and differentiation factors can readily occur
without interference from the highly structured fibrous matrix usually found in fully
differentiated tissues. Embryonic mesenchymal cells, including the precursors of
muscle and cartilage, embryonic glial cells, neural crest cells and even some
embryonic epithelial cells exhibit prominent pericellular matrices. In some cases,
such as cartilage, the pericellular coat 1s a unique structural component that protects
cells and contributes to the characteristic properties of the differentiated tissue. [full

review in Toole, 2000].

1.2.6 HA and cellular signalling

The biochemical mechanisms by which HA-CD44 interactions are transduced into
intracellular signals that bring about cellular effects are the subject of ongoing
investigations. The binding of CD44 isoforms to HA affect cell adhesion to ECM
components and is implicated in the processes of aggregation, proliferation, migration
and angiogenesis [Lesley et al, 1993; Bourguignon et al, 1992; Bourguignon et al,
1998; Lokeshwar et al, 1996]. It is clear, that in some cell types, the multivalent
interaction of polymeric HA with CD44 causes clustering of CD44 in the plasma
membrane and that this event is associated with phosphorylation of CD44,
interactions with the cytoskeleton and changes in cell behaviour [Lokeshwar et al,
1994; Sleeman et al, 1996]. It has been shown that activation of various components
of intracellular signalling pathways including Racl [Oliferenko et al, 2000;
Bourguignon et al, 2000}, phosphoinositide 3’-kinase [Kamikura et al, 2000], erbB-2
[Bourguignon et al, 1997], c-Src kinase [Bourguignon et al, 2001] and NF-xB [Mckee
et al, 1997; Fitzgerald et al, 2000] and that rearrangement of cytoskeletal elements,
e.g. ankyrin [Zhu and Bourguignon, 2000] and ezrin [Yonemura et al, 1998] result
from interaction of HA with CD44 in different cell types. These pathways are
reviewed in greater detail by Knudson and Knudson [2000].

The binding of exogenous HA to cell surface RHAMM plays a key role in activating
signal cascades, probably as a co-receptor for integral membrane proteins. Although
the role(s) of intracellular RHAMM protein forms are not yet known, their ability to
associate with kinases [Hall et al, 1996; Zhang et al, 1998], calmodulin [Assmann et

al, 1999; Lynn et al, 2001] and the cytoskeleton [Assmann et al, 1999; Entwistle et al,
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1996] predicts that they play key roles in cytoskeletal assembly. Cell surface
RHAMM has been shown to activate signalling pathways including Src [Hall et al,
1996], extracellular signal regulated kinase (Erk) [Lokeshwar and Selzer, 2000], and
Ras [Wang et al, 1998; Mohapatra, 1996], and are reviewed in greater detail by
Turley et al [2002].

CD44 and RHAMM can perform separate functions in regulating cell signalling. For
instance, CD44, but not cell surface RHAMM, can mediate adhesion of endothelial
cells and thymocytes to HA and regulate proliferation. In contrast, cell surface
RHAMM, but not CD44, is required for migration [Masellis-Smith et al, 1996; Savani
et al, 2001]. In addition, cell surface RHAMM but not CD44 appears to be essential
for activation of protein tyrosine kinase cascades by endothelial cells in response to
HA [Lokeshwar and Selzer, 2000]. On the other hand, HA-CD44 but not RHAMM
interactions have been implicated in the cellular uptake of HA, which in turn effects
growth regulation and tissue integrity [Kaya et al, 1997; Teder et al, 2002]. Deletion
of either CD44 or RHAMM does not result in embryonic lethality and therefore either
these two proteins share some functions and/or other cellular hyaladherins are able to

compensate for the loss of CD44 or RHAMM [Turley et al, 2002]

1.2.7 Intracellular HA

There is growing evidence for the presence of intracellular HA. It was first found to
be intracellular when it was isolated from rat brain nuclei in 1976 [Margolis et al,
1976] but this report did not receive widespread attention. More recently, intracellular
HA has been detected in the cytoplasm of vascular smooth muscle cells during late
prophase/early prometaphase of mitosis and in key subcellular compartments such as
the nucleus and lamellae during cell locomotion and following serum stimulation
[Collis et al, 1998; Evanko and Wight, 1999]. In addition, the identification of
intracellular HA binding proteins (IHABPs), including RHAMM, P32, CDC37 and
IHABP4 lends further support to the intracellular presence of HA [Day and Prestwich,
2002; Assmann et al, 1998; Hofmann et al, 1998; Huang et al, 2000].

Intracellular HA can be derived from either the extracellular environment by

internalisation [Collis et al, 1998; Lee and Spicer, 2000] or synthesised from an as yet
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unidentified intracellular source [Evanko and Wight, 1999]. There is evidence that
intracellular HA is seen during mitotic events after viral infection [de la Motte et al,
2003] and following the onset of endoplasmic reticulum (ER) stress [Majors et al,
2003]. These reports identify HA cable-like structures originating from nuclear and
ER membranes, extruding through the plasma membrane and extending out into the
ECM. Furthermore, it is suggested that these structures may be important in cellular

defence mechansims during inflammation [Hascall et al, 2004].

1.3 HA AND FIBROSIS

1.3.1 Localisation and function of HA in the kidney

HA is the dominant GAG in the renal papillary interstitium. It is normally distributed
at 50-100 times higher concentrations in the inner medullary and papillary segments
than in the cortical and outer medullary portions of the kidney, which contain almost
no HA [Hallgren et al, 1990]. Besides having a role in the urinary concentrating
process [Ginetzinsky, 1958; MacPhee, 1998; Hansell et al, 2000; Knepper et al,
2003], HA accounts for the main stability of the tubular and vascular structures of the
inner medulla and the papilla [Pitcock et al, 1988, Fraser et al, 1997].

1.3.2 Pathophysiology of interstitial fibrosis

In recent years, the effect of renal fibrosis on the reduction of glomerular filtration
rate (GFR) has correlated better with tubular interstitial fibrosis than with
glomerulosclerosis, and has therefore been studied intensely [Strutz and Muller, 1995;
Bohle et al, 1996]. The interstitial fibrogenic cascade can be divided into four
arbitrary phases; cellular activation and injury, fibrotic signalling, fibrogenesis, and

decline in renal function.
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1.3.3 HA and interstitial fibrosis

In disease states, a significant accumulation of HA is observed in the interstitial space
of the outer medulla and renal cortex. This accumulation occurs during fibrogenesis,
and is a feature of many inflammatory renal diseases, including ischemic injury
[Johnsson et al, 1996; Goransson et al, 2004], interstitial nephritis [Sibalic et al,
1997], crescentic glomerularnephritis [Nishikawa et al, 1993; Jun et al, 1997], lupus
nephritis [Feusi et al, 1999] and diabetic nephropathy [Mahadevan et al, 1995; 1996;
Jones et al, 2001; Takeda et al, 2001]. In addition, marked increases of HA in the
cortex have been reported in allograft rejection [Wells et al, 1990; 1993]. Once
accumulated, it may then play a role in further fibrotic signalling mechanisms and/or

cellular activation.

1.3.4 Phase 1 - Cellular activation and injury

Tubular cell activation

Tubular cells have the facility to produce molecules that propagate renal injury,
facilitate interstitial inflammation and/or directly contribute to fibrosis, e.g., they may
produce endothelin-1 (ET-1) in response to proteinuria [Zoja et al, 1995].
Vasoconstriction induced by peptides such as ET-1 and angiotensin II may propagate
tubular damage due to ischemia [Eddy, 2000]. Tubular activation may also be
modulated in response to other events that occur during the course of chronic renal
insufficiency including increased filtration of other urinary proteins
(chemoattractants, complement proteins and cytokines), increased ammoniogenesis,
ischemia, lipiduria, tubular hypermetabolism and crystal deposition [Jernigan and
Eddy, 2000].

Interstitial inflammation

As a source of several profibrotic molecules, monocytes and macrophages directly
contribute to the fibrogenic process [Nathan, 1987]. While their presence may
originate in small part from in situ proliferation of resident interstitial macrophages

[Lan et al, 1995], most of these cells have migrated from the circulation into the
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interstitial space. The stimulus for this efflux is thought to be chemoattractant
molecules that are either secreted across the basolateral membrane of tubules or that
pass between tubular cells moving from the tubular lamina directly into the
interstitium [Eddy, 2000]. Chemokines are thought to play an important role, e.g.,
monocyte chemoattractant protein 1 (MCP-1) [Wang et al, 1997; Grandaliano et al,
1996; Tang et al, 1997; Okada et al, 2000], along with complement proteins
[Biancone et al, 1994; Nomura et al, 1997; Nangaku et al, 1999], leukocyte adhesion
molecules [Ricardo et al, 1996; Morrissey and Klahr, 1998], antigen expression
[Weiss et al, 1994] and profibrotic growth factors such as insulin-like growth factor 1
(IGF-1) and transforming growth factor beta (TGF-B) [Wang et al, 1999]. Increased
HA in the cortex is also coupled with certain inflammatory responses [Gerdin and
Hallgren, 1997]. For example, in tubular epithelial cells, it can directly stimulate the
expression of the cell adhesion molecules intracellular adhesion molecule-1 (ICAM-
1) and vascular adhesion molecule-1 (VCAM-1) [Oertli et al, 1998], as well as MCP-
1 [Beck-Schimmer et al, 1998].

Appearance of interstitial myofibroblasts and the activation of resident interstitial

fibroblasts

Studies have shown that the presence of interstitial myofibroblasts correlates with the
risk of progressive renal disease [Alpers et al, 1994; Goumenos et al, 1994; Roberts et
al, 1997]. Myofibroblasts, unlike traditional interstitial fibroblasts are characterised by
their expression of the myocyte protein alpha smooth muscle actin. In addition to their
unique phenotype, myofibroblasts, are considerably more profibrotic. Furthermore,
they are able to produce high amounts of HA as a result of decreased HA degradation
[Jenkins et al, 2004]. The origin of these cells seems to be the proliferation and/or
differentiation of resident fibroblasts, migration of perivascular cells and the
transdifferentiation and migration of tubular cells [Eddy, 2000]. TGF-B has been
shown to transform fibroblasts into myofibroblasts and to induce alpha smooth actin
expression and phenotypic changes in cultured tubular epithelial cells [Fan et al,
1999]. The transformation of the phenotype, function and number of tubular
interstitial cells sets the stage for subsequent events. At this early phase, renal damage

may be repaired and kidney function restored to normal levels. However, if renal
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injury persists passed this point, changes in tubular cells and ongoing interstitial

inflammation will result in destructive renal scarring [Eddy, 2000].

1.3.5 Phase 2 - Fibrogenic signalling

Coincident with, or as a consequence of the cellular events, a series of molecules are
elaborated and their cognate receptors expressed by tubular interstitial cells to result
in matrix accumulation along tubular basement membranes and within the interstitial
space. These include TGF-B [Jernigan and Eddy, 2000], connective tissue growth
factor (CTGF) [Ito et al, 1998; Riser et al, 2000], angiotensin II [Cruz et al, 2000;
Gilbert et al, 1998; Nagamatsu et al, 1999; Otsuka et al, 1998; Szabo et al, 2000], ET-
1 [Eddy, 2000], PDGF [Kliem et al 1996; Fellstrom et al, 1989; Gesualdo et al, 1994},
fibroblast growth factor (FGF) [Ray et al, 1994], tumour necrosis factor alpha (TNF-
a) [Guo et al, 1999] and interleukin-1 (IL-1) [Lan et al, 1993]. Many of these are
known to directly stimulate HA production in the kidney as well as in other cellular
systems, including PDGF [Heldin et al, 1992], TGF-B1 [Haubeck et al, 1995], IL-1
[Ito et al, 1993] and TNF-a [Sampson et al, 1992].

One of the fundamental pathways to fibrogenesis is dominated by TGF-B. This is
known to be an important regulator of interstitial matrix production and its over-
production has been associated with renal fibrosis. Three mammalian isoforms have
been identified although it is only TGF-B1 has been extensively investigated with
regards to renal fibrosis. Both resident kidney cells and infiltrating leukocytes may be
stimulated to produce latent TGF-f. It may also be filtered from the plasma during
proteinuria [Eddy, 2000]. Numerous factors are known to stimulate its production
including angiotensin II, ET-1, ischemia, high glucose and insulin. It may also induce

its own expression [Jernigan and Eddy, 2000].

Activation of TGF-f triggers several events that promote fibrosis. This includes the
transcription of matrix-encoding genes, inhibitors of matrix degrading enzymes,
inhibition of matrix binding integrin receptors, transformation of fibroblasts into
myofibroblasts, transdifferentiation of tubular epithelial cells into myofibroblasts and
chemotaxis of fibroblasts and monocytes [Jernigan and Eddy, 2000]. Upregulated

expression of TGF-B is a feature of all human and experimental models of renal
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fibrosis. For example, transgenic mice overexpressing TGF-B develop glomerular and
interstitial fibrosis [Kopp et al, 1996; Clouthier et al, 1997]. In addition, treatment of
rats with replication-defective adenoviral vectors that express the soluble TGF-B type
I receptor attenuates interstitial collagen accumulation in models of proteinuria and

ureteral obstruction [Jernigan and Eddy, 2000].

Evidence also suggests that HA-mediated signalling may contribute during the pro-
inflammatory response acting via CD44 signalling. [Wiithrich, 1999]. CD-44 is
scarcely expressed in the kidney except by passenger leukocytes [Roy-Chaudhury et
al, 1996; Benz et al, 1996]. However, in inflammatory renal diseases, CD44
expression is markedly enhanced, particularly in crescents and injured tubules [Roy-
Chaudhury et al, 1996; Sibalic et al, 1997; Florquin et al, 2002]. As previously
mentioned, HA can induce the expression of MCP-1 [Beck-Schimmer et al, 1998],
and it has been found that this occurs via HA-CD44 signalling [Wiithrich, 1999]. The
expression of other pro-inflammatory cytokines, e.g. TNF-a and RANTES (regulated
upon activation normal T-cell expressed and secreted) can also be induced by this
mechanism [Wiithrich, 1999]. Interestingly, an absence of CD44 causes increased
tubular damage, but reduces fibrosis [Rouschop et al, 2004], suggesting also a

protective role for HA in the fibrogenic pathway.

1.3.6 Phase 3 - Fibrogenesis

The synthesis, secretion and activation of one or more of the fibrogenic molecules
discussed above results in the activation of genes that leads to the accumulation of
extracellular molecules within the interstitial space. This excessive accumulation can
cause progressive renal scarring and is the consequence of increased synthesis and

decreased degradation acting simultaneously.

Increased extracellular matrix production

Evidence for increased matrix protein synthesis has been shown by increased mRNA
levels of matrix genes within the kidney. This suggests that transcription may be a
rate-limiting step for the production of some matrix molecules, and also the de novo

appearance of proteins not normally present in the interstitium. The interstitial scar
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consists of several matrix molecules, including normal interstitial matrix proteins
(collagens I, III, V, VII, XV and fibronectin) and proteins usually restricted to tubular
basement membranes (collagen IV and laminin) [reviewed by Jerginan and Eddy,
2000]. Recent reports have shown that interstitial myofibroblasts are the primary
source of these proteins with a smaller contribution originating from tubular and other
interstitial cells [Tang et al, 1997]. In addition to providing structural support, these
matrix proteins can also interact with cellular receptors, including integrins. As a
consequence, the nature of the interstitial matrix can influence the behaviour of
neighbouring cells. Fibronectin also has chemotatic properties that may influence
inflammation [Eddy, 2000].

Other constituents of the fibrotic interstitium include increased proteoglycans,
polysaccharides and glycoproteins. Like the matrix proteins, these molecules do much
more than provide structural support. Examples of these molecules include HA,
SPARC (secreted protein acidic and rich in cysteine), thrombospondin, decorin and
biglycan. SPARC has been reported to accumulate in the interstitium during fibrosis
[Pichler et al, 1996], and has been shown to stimulate TGF-B expression and synthesis
of collagen I and fibronectin [Francki et al, 1999]. Thrombospondin has also been
shown to activate TGF-B, and in addition is also known to appear early in the
development of interstitial fibrosis [Crawford et al, 1998; Hugo et al, 1998].
Proteoglycans are also important in fibrosis, and are known to act as a potential
reservoir for growth factors such as FGF and TGF-B. Decorin and biglycan are small
proteoglycans that have the ability to inhibit TGF-B and have been shown to
accumulate in the kidney during progressive scarring [Diamond et al, 1997; Schaefer

et al, 1998; Stokes et al, 2000].

Emerging evidence now suggests that the accumulation of HA in the
corticointerstitium also has anti-inflammatory effects. In certain disease conditions,
including diabetic nephropathy, the deposited HA forms cable-like structures [Wang
and Hascall, 2004]. Monocytes, in particular, bind to these cable structures via CD-
44, which stops them interacting with the resident cells and attenuates the
inflammatory response [Hascall et al, 2004; Selbi et al, 2004]. The increased HA
deposition has also been shown to attenuate TGF-B signalling by modulating the
TGF-B1 receptor via CD44 interactions [Ito et al, 2004(1); 2004 (2)].
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Decreased extracellular matrix degradation and impairment of matrix remodelling

Matrix turnover in normal conditions is a fine balance between the rate of synthesis of
new molecules and the rate at which they are degraded. In disease conditions, this
balance is lost. Under normal conditions, several matrix-degrading proteases are
synthesised that help maintain the matrix architecture. During fibrosis, their activity is
halted by the production of protease inhibitors. Therefore, at the same time that
synthesis is increased, degradation enzymes are inactivated. In early fibrotic lesions
this can be completely reversed, as reported in rats with acute nephritic syndrome

[Jones et al, 1992] and in humans with diabetic nephropathy [Fioretto et al, 1998].

One example of this inhibitory effect is on the matrix metalloproteinases (MMPs).
MMPs are a large family of endopeptidases involved in matrix degradation and
turnover. Four major MMP inhibitors have been identified. These are the tissue
inhibitors of metalloproteinases (TIMP) -1, -2, -3 and -4. TIMP-2 and TIMP-3 are
expressed constitutively in normal kidneys. TIMP-1 has shown to be induced in many
progressive renal diseases [reviewed by Jernigan and Eddy, 2000]. TIMP-1 can be
synthesised by nearly all mesenchymal cells including fibroblasts, macrophages and
tubular epithelial cells. Its expression can also be induced by TGF-f, TNF-a, IL-1 and
thrombin [Eddy, 2000]. As well as being able to inhibit MMP activity directly, TIMP-
1 has other effects, including inhibition of apoptosis and angiogenesis and the

induction of changes in cell morphology [Gomez et al, 1997].

1.3.7 Phase 4 — Progressive decline in renal function

As matrix molecules continue to accumulate within and expand the interstitial space,
they begin to have destructive effects on kidney structure and function. The renal
tubules, accounting for 80% of total kidney volume, are victims of the fibrogenic
process, which in many instances they helped initiate. The tubules atrophy, sometimes
leaving behind normal appearing glomeruli lacking the distal nephron segment. This
renders the nephron non-functional [Marcussen, 1992]. The post glomerular
peritubular capillaries are also obliterated through this fibrotic destruction. Like the
loss of tubules, a decrease in the surface area of the peritubular capillaries is a

histological feature of progressive renal disease that closely correlates with loss of
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renal function [Seron et al, 1990]. Endothelial cell apoptotic death has also been

reported in progressive models of renal disease [Eddy, 2000].

1.4 HYALURONAN SYNTHASE (HAS)

1.4.1 Identification and chromosomal location of the HAS enzymes

The HA polymer was first described in 1934, but the enzymes from various
vertebrates and microbes that catalyse HA synthesis, the HA synthases (HASs), were
only identified in the 1990s. Since the discovery in 1993 of the first gene encoding a
HA synthase from group A streptococcus [DeAngelis et al, 1993], many more similar
HAS genes (or cDNAs) have been identified and cloned from other species. 1996 saw
four different laboratories almost simultaneously identifying eukaryotic HAS cDNAs
revealing that HAS was a multigene family encoding distinct isoforms. Two genes
(HASI and HAS2) were quickly discovered in the mouse and the human [Itano and
Kimata, 1996 (1); 1996 (2); Shyjan et al, 1996; Spicer et al, 1996; Watanabe and
Yamaguchi, 1996], with a third gene discovered slightly later [Spicer et al, 1997].
HAS c¢DNAs have also been identified in other species, including Xenopus laevis
(African clawed frog), chicken, zebrafish, [Spicer and McDonald, 1998], rabbit [Ohno
et al, 2001], Pasteurella multocida [DeAngelis, 1996] and even a virus that infects a

type of algae, which in turn lives in a protozoan host [DeAngelis et al, 1997].

To date, four cDNAs have been identified and cloned in humans, and are numbered in
the order they were discovered; HAS/ [Shyjan et al, 1996], HAS2 [Watanabe and
Yamaguchi, 1996] and two variant transcripts from the HAS3 locus, HAS3 variant 1
[Spicer et al, 1997 (1); Sayo et al, 2002] and HAS3 variant 2 [Sayo et al, 2002]. The
map positions for the human HAS genes have also been elucidated, with HAS/ at
19q13.3-13.4, HAS? at 8q24.12 and HAS3 at 16q22.1 [Spicer et al, 1997 (2)].
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1.4.2 Evolutionary background of HAS

Sequence analysis of the human (HAS) and mouse (Has) genes shows they share a
very high degree of similarity. HAS/ shares a 95% sequence identity to Has/, and
HAS2 a 98% sequence identity to Has2 [Weigel et al, 1997]. In addition, localisation
of the three HAS genes (for mouse and human) on different chromosomes, and the
appearance of HA throughout the vertebrate class suggest that this gene family
evolved through a series of sequential gene duplications followed by divergence
[Weigel et al, 1997; DeAngelis, 1999; Spicer and McDonald, 2000]. Reports stipulate
that an initial ancestral HAS gene in animals was duplicated to form a HAS! lineage
and a HAS? lineage. A subsequent pair of duplication events early in the vertebrate
phylogenetic tree resulted in a) the formation of HAS/ and a HAS-related homologue,
and b) the formation of HAS2 and HAS3. In Xenopus, the HAS-related gene (called
xHas-rs) may be a pseudogene, as the recombinant protein was found to be inactive in
vitro. In mammals, no such related counterpart has been detected, and it was
suggested that this was probably lost from the chromosome [Spicer and McDonald,
1998].

The identity (approximately 30%) between the bacterial and eukaryotic HASs also
suggests the likelihood of a common ancestral gene. It 1s possible that a bactenal
ancestor to the present day Group A streptococcus species incorporated, from a
eukaryotic host, a eukaryotic copy of a primitive HAS gene [Weigel et al, 1997].
However, based upon the location of the streptococcus HAS open reading frame
(ORF) within the HAS operon, and the location of related polysaccharide capsule
synthase ORFs in similar operons of other bacterial species, it is much more likely
that the streptococcus HAS protein evolved from another polysaccharide capsule
synthase as a result of functional convergent evolution [Spicer and McDonald, 2000;
DeAngelis, 1999].
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1.4.3 Structure

Peptide sequence

The amino acid sequences of the streptococcal and vertebrate HASs are rather distinct
from the Pasteurella HAS. The streptococcal and vertebrate enzymes are more similar
at the amino acid level to the chitin synthases, Nod transferases and certain bacterial
capsule synthases [DeAngelis et al, 1999], and are designated Class I HASs.
Pasteurella HAS 1s more similar to other distinct bacterial polysaccharide synthases
and certain lipopolysaccharide glycosyltransferases [DeAngelis et al, 1998], and is
designated as a Class Il HAS. To date, Pasteurella HAS is the only known member of
Class Il [DeAngelis, 1999].

Class 1 HASs are comparable in size (approximately 400-600 amino acids), and
appear to possess seven short sequence motifs located similarly throughout the central
region of the polypeptide. A few of these putative motifs are similar to other
glycosyltransferases that produce B-linked polysaccharides such as chitin, cellulose,
and various bacterial capsular polysaccharides built from UDP sugars. However, the
exact role of these motifs in the structure and/or function of the polypeptide are not
yet known. Five to seven membrane associated regions are predicted in the various
HASs, in agreement with the membrane localisation of the enzyme activity. There
appears to be a central cytoplasmic domain of about 260-320 residues flanked by two
membrane associated regions at the carboxyl terminus. Most of the polypeptide chain

is not exposed to the cell exterior surface [DeAngelis, 1999; Weigel, 2004].

The Pasteurella Has, is the only known class II HAS enzyme. It is roughly twice the
size of the class I enzymes, being 972 residues in size. There i1s a disagreement on
whether it may be a transmembrane or soluble enzyme [DeAngelis, 1999]. However,
the vast majority of the polypeptide chain is thought not to be associated with the
membrane on the basis of its primary structure. Pasteurella Has enzyme activity is
found associated with the membrane fraction after lysis of native [DeAngelis, 1996]
or recombinant [DeAngelis et al, 1998] bacterial cells, and may therefore be

associated with the membrane via an unknown binding protein [DeAngelis, 1999].
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Topology

the streptococcal HAS is the only HAS enzyme to be purified and partially

=
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94]. Mammalian HAS enzymes are thought
to resemble the streptococcal HAS structure due to the similarity in their amino acid
sequences [Weigel, 2004]. Figure 1.3 shows a schematic of streptococcal HAS at the

plasma membrane. The majority of the protein, including both the amino and carboxyl

!

termini, is inside the cell. Only four of the synthases’ membrane domains appear to

ass through the membrane giving only two small loops of the protein exposed to the

extraceliular side. Another two or more regions of the protein, including the large
=

central domain, may associate with the membrane as amphipathic helices or re-enirant

loops that do not span the membrane [Weigel, 2004].
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1.4.4 Mechanism of HA synthesis

Virtually all known enzymes catalyse a reaction that uses one or two {or more rarely,
u

strates to produce one or two products. The HAS enzymes are an exception

(d
O



to this rule. HA synthase has two different enzymatic activities within the same
enzyme. The HA product after each sugar addition becomes a substrate for the next
sugar addition. The overall reaction for the synthesis of one HA disaccharide unit is

shown in Figure 1.4.

UDP-GIcA + UDP-GIcNAc + (HA)y, ——» (HA),.;s + 2UDP

Figure 1.4. Overall reaction of HA synthesis by HAS. One HA disaccharide unit
is added to the HA chain using the substrates uridine diphosphate glucuronic
acid (UDP-GIcA) and uridine diphosphate N-acetylglucosamine (UDP-GIcNAc).

The number of disaccharide units in the HA molecule is represented by n.

Although the synthase is only adding one HA disaccharide unit, it must exhibit six
different functions to achieve this process. It requires two specific binding sites for the
UDP-GlcA and UDP-GIcNAc sugar precursors and two different glycosyltransferase
activities for the addition of the substrates to the HA chain by B-1,3 and B-1,4
linkages. It also requires a binding site that anchors the growing HA polymer to the
enzyme and a ratchet-like transfer reaction that moves the growing polymer one sugar
at a time [Weigel, 2004]. This later activity is likely coincident with the stepwise

advance of the polymer through the membrane.

1.4.5 Functional relationship of the HAS genes in vitro

Expression of any one of the different human HAS isoforms can lead to HA synthesis,
demonstrating that each isoform functions independently as a synthase. However, the
rate of synthesis, and HA chain length differs for each isoform. HAS1 and HAS2
generate HA chains in excess of 1 x 10° Da, whereas HAS3 synthesises much smaller
HA chains, in the region of 1 x 10° Da in vitro. The HA elongation rates of HAS1 and
HAS?2 are also significantly faster than that demonstrated by HAS3, however, HAS3
appears to be the most active [Itano et al, 1999]. HA chains of different lengths have

been reported to have different effects on cell behaviour. Short HA chains have been
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reported to stimulate cell proliferation and to initiate signalling cascades [Noble et al,
1996]. They may also be involved in angiogenesis and inflammatory responses [West
et al, 1985]. It was originally thought that short HA chains were generated by the
degradation of extracellular HA, for instance, through the action of the HYAL
enzymes or oxidative species. The discovery that distinct HAS proteins synthesise
short HA chains in vitro therefore adds another level of HA regulation [Spicer and
Nguyen, 1999; Spicer and McDonald, 2000].

1.4.6 Functional relationships of the HAS genes in vivo

How the functional in vitro characteristics of the HAS genes translate to their
functions in vivo, and relate to the various biological functions that have been reported
for HA is the subject of ongoing investigation. Expression patterns of the HAS genes
are different in embryonic development and in adult tissues [Spicer and McDonald,
1998]. Thus, promoter sequences and enhancer sequences have diverged substantially
since this small gene family arose through gene duplication [Spicer and McDonald,
1998; Spicer and Nguyen, 1999]. However, it remains unclear as to whether or not the
enzyme functions of the three HAS proteins have also diverged. Gene knockout
studies in the mouse indicate that Has2 is essential for embryonic development. Mice
deficient in this protein were not obtained because the mutation was lethal, with the
embryos showing severe defects in the yolk sacs and cardiac development. In
addition, they were almost entirely deficient in HA [Camenisch and McDonald,
2000]. Mice lacking Has1 and Has3 were however viable, underlining the importance
of Has2 in embryonic development. The phenotypic effects of the Hasl and Has3
deficient mice are the subject of current investigation. It is possible that phenotypes
may arise with age, for instance, relating to joint dysfunction, other skeletal disorders
or immune-related dysfunction. In addition, there may be some degree of functional

compensation built into this system [Spicer and McDonald, 1998].

1.4.7 Regulation of HAS and HA synthesis

HA is widely expressed throughout the human body, with varying amounts observed
in different tissues (see section 1.2.2) and coincides with the differential tissue

expression of the HAS enzymes [Spicer and McDonald, 1998]. Each HAS isoform
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must therefore be under different mechanisms of transcriptional control depending on
the tissue. More importantly, the control mechanisms of each HAS enzyme in one
tissue, may not be the same in other tissues that demonstrate similar expression

patterns.

Increased HA levels are observed in a number of disease states, including
inflammation [Mohamadzadeh et al, 1998], wound healing, [Weigel et al, 1997,
Knudson et al, 1989; Turley, 1989], renal injury [Strutz, 2001], atherosclerosis [Toole
et al, 2002] rheumatoid arthritis [Laurent and Fraser, 1992] and cancer progression
[Ropponen et al, 1998; Catterall et al, 1997; Setala et al, 1999). Therefore, changes in
HA metabolism must occur in order that this increased synthesis is brought about. In
many situations, this is most likely to be two events occurring in parallel; an increase
in the enzymatic activity and/or expression of the HASs that make HA, and a decrease

in the enzymatic activity and/or expression of the HY ALs that degrade it.

Prior to the identification of the mammalian HAS genes in 1996, laboratories were
only able to record changes in HA levels. Increases in HA had been observed in many
different cell lines after treatment with a variety of stimuli, many of which are now
known to be involved in a number of the disease conditions stated above. These
included PDGF [Heldin et al, 1992], TGF-B1 [Haubeck et al, 1995], IL-1 [Ito et al,
1993] TNF-a [Sampson et al, 1992], IFN-y [Sampson et al, 1992] and even serum
[Klewes and Prehm, 1994]. HA production had also been shown to be inhibited using
such molecules as periodate-oxidised (po) UDP-GIcNAc and po-UDP-GIcA [Prehm,
1985], as well as colchicine and cytochalasin [Brecht et al, 1986]. Some of these
reports demonstrated that the increases in HA production occurred in conjunction
with a higher level of synthase activity, and deduced that this was due to newly
synthesised enzymes in the plasma membrane [Ito et al, 1993; Klewes and Prehm,
1994]. However, they were not able to prove whether it was a direct consequence of

an increase in HAS expression.

Since 1996, many reports have taken these findings a step further and demonstrated
that many of the above factors that alter HA production also affect HAS gene
expression. For instance, PDGF [Jacobson et al, 2000; Usui e al, 2000}, TGF-B
[Stuhlmeier et al, 2003; Usui et al, 2000], IL-1 [ljuin et al, 2001; Kennedy et al, 2000;
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Yamada et al, 2004), TNF-a [ljuin et al, 2001; Kennedy et al, 2000; Ohkawa et al,
1999] and serum [Jacobson et al, 2000] have all been reported to increase expression
levels of one or more of the HAS genes. In addition, many other stimuli have been
discovered that also increase HA synthesis as a result of increasing HAS gene
expression, including chorionic gonadotrophin [Stock et al, 2002], vasodilatory
prostoglandins [Sussmann et al, 2004], keratinocyte growth factor [Karvinen et al,
2003], epidermal growth factor (EGF) [Pasonen-Seppénen et al, 2003; Pienimiki et
al, 2001], osteogenic protein-1 [Nishida et al, 2000], retinoic acid [Sayo et al, 2002]
and the ginsenoside, compound K [Kim et al, 2004]. HAS expression can also be
directly inhibited by certain glucocorticoids [Stuhlmeier and Pollaschek, 2003], and
high concentrations of the compound 4-methylumbelliferone [Kakizaki et al, 2004].

There are other reports (since the discovery of the HAS enzymes in 1996) that still
show changes in HA levels that are independent of alterations in HAS expression.
Endothehal cells from microvascular origin demonstrate increased HA synthesis after
stimulation with TNF-a and IL-1 independent of increases in HAS expression
[Mohamadzadeh et al, 1998]. In addition, HA synthesis can be inhibited by
vesnarinone [Ueki et al, 2000] and moderate concentrations of 4-methylumbelliferone

[Kakizaki et al, 2004] without altering HAS transcription patterns.

The regulation of HA synthesis can occur on many levels; 1) transcription of the HAS
genes, 2) translation of HAS mRNA, 3) synthesis of the HAS enzymes, 4) insertion of
the HAS enzymes into the plasma membrane, 5) activity of the active enzymes, 6) the
availability of HA substrates, 7) at the breakdown/turnover of the HA chains and 8)
the half-life of the active HAS protein. Difficulties arise in measuring the activity and
turnover of the active HAS enzymes as an efficient method for their purification
remains problematic. In addition, antibodies for the identification of the enzymes as a
whole, or for those that distinguish between the different isoforms are currently
unavailable. The mechanisms involved in the regulation of HA synthesis at the
transcriptional level are also poorly understood. However, the techniques and
resources are available to allow control of HA synthesis at this level to be

investigated.
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1.5 GENE EXPRESSION AND TRANSCRIPTIONAL REGULATION OF
THE HAS GENES

1.5.1 Background

The eukaryotic cell is confronted with the challenge of properly regulating each of its
tens of thousands of genes. When it is considered that each gene has its own unique
expression program, it becomes evident that the control of gene activity requires an
enormous amount of resources in terms of information (i.e. instructions for the
regulation of each gene) and effectors (i.e. factors that mediate the gene expression
programs). The most characteristic and fundamental requirement of gene control in
multicellular organisms is the execution of precise decisions so that the right gene is
activated in the correct cell at the required time, and in many genes, the regulation

‘switch’ is at the level of transcriptional initiation [Kadonaga, 2002; Lewin, 2000].

To date, very little work has been carried out on characterising the mechanisms
involved in the expression of the HAS genes. The genomic structures for the mouse
Has genes have been elucidated [Spicer and McDonald, 1998], and preliminary
analysis of the murine Has/ gene and promoter had been published [Yamada et al,
1998]. No work, however, had been carried out on the human forms of the HAS
genes, and with growing evidence indicating their importance in disease, it poses an

area of great interest.

1.5.2 Role of chromatin structure in gene expression

Within the eukaryotic nucleus, DNA is complexed with histones to form a polymer
termed chromatin. The fundamental structural unit of chromatin is the nucleosome
which consists of approximately 146 base pairs of DNA wrapped around an octamer
of histones containing two copies each of four core histone proteins (H2A, H2B, H3
and H4) [Luger, 2003]. In addition to the four core histones, a fifth class of histone,
the linker histone H1 associates with DNA between nucleosomes and may facilitate
the formation of higher order chromatin organisation such as chromatin fibres

[Hansen, 2002]. Packaging genomic DNA into chromatin therefore presents a



significant physical barrier for regulatory proteins such as transcription factors to

access their DNA target sites [Felsenfeld and Groudine, 2003].

Unlike many transcription factors, some nuclear receptors are capable of binding to
their hormone response DNA elements (HRE) embedded in chromatin [Umov and
Wolffe, 2001]. Upon ligand activation, nuclear receptors bind to HRE and recruit
many transcriptional cofactors including chromatin remodelling factors to the target
gene promoters. Two distinct classes of chromatin remodelling protein complexes
have been identified. The first class are ATP-dependent complexes which are capable
of directly changing the chromatin structure [Eisen et al, 1995]. They contain a core
ATPase catalytic subunit that belongs to the SNF2/SWI2 family of DNA helicases.
The second class of chromatin remodelling complex consists of the histone modifying
enzymes including histone acetyltransferases, deacetylases, methyltransferases,
kinases and ubiquitin ligases [Fischle et al, 2003]. The recruitment of these various
cofactors instigates changes in the chromatin structure allowing other essential
transcription factors to bind and activate or repress transcription [Acevedo and

Krauss, 2004; Kinyamu and Archer, 2004].
1.5.3 Role of the promoter in constitutive gene expression

Core promoter region

The core promoter region encompasses the transcription initiation site (TIS) and
typically extends approximately 50 bp upstream, to 40 bp downstream from it. The
key function of the core promoter is to direct the initiation of transcription by the
basal RNA polymerase II machinery. It is often incorrectly assumed that all core
promoters are essentially the same. There is, in fact, considerable variability in the
DNA elements that constitute core promoters. These elements include the TATA box,
the TFIIB recognition element (BRE), the initiator (Inr) and the downstream promoter
element (DPE). It is important to note that there are no universal core promoter

elements. Each of these motifs is found only in a subset of core promoters [Kadonaga,
2002].
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The TATA box was the first eukaryotic core promoter motif to be identified
[Goldberg, 1979; Breathnach and Chambon, 1981] and is found in a high proportion
of promoters. It is typically located approximately 25 to 30 nucleotides upstream of
the TIS and its consensus sequence is TATAAA. At present, it is unknown if the
promoters for each of the human HAS genes contain TATA box motifs. The murine
Has! promoter does not contain a TATA box [Yamada et al, 1998] and it is therefore
highly likely, due to the high degree of sequence conservation between the two
species, that the human HAS1 promoter does not contain this motif. Whether this

proves to be the case for the HAS2 and HAS3 promoters remains to be determined.

In the absence of a TATA box, transcription initiation depends more heavily on other
sites in order to recruit the RNA polymerase Il machinery [Crawford et al, 1999]. The
Inr element encompasses the TIS and has been identified in mammals, Drosphilia and
yeast [Corden et al, 1980; Breathnach and Chambon, 1981; Hultmark et al, 1986;
Struhl, 1987]. The DPE was first identified in a study of binding of purified
Drosphilia TFIID to TATA-less core promoters [Burke and Kadonaga, 1996]. It is
found most commonly in TATA-less promoters, although there are examples of
promoters that contain both motifs [Kutach and Kadonaga, 2000]. It has also been
reported to act co-operatively with the Inr element in binding the TFIID subunit of
RNA polymerase II [Burke and Kadonaga, 1996]. The murine HAS1 promoter has
not yet been analysed for the presence of these motifs. Whether the human HAS

promoters also contain these elements is unknown.

Proximal promoter region

The proximal promoter region is defined as the DNA region directly upstream of the
TIS. In many known genes, it extends approximately 300 bp upstream, however there
is no truly defined size. Typically, they contain recognition sequences for other
proteins (transcription factors) that are required for constitutive transcription of the
gene of interest. Their purpose is to modulate transcription of the core promoter
elements and act as transcriptional enhancers [Lewin, 2000]. Common examples of
recognition sequences found in proximal promoters include GC boxes for the
transcriptional factor family stimulating protein-1 (Spl) and CCAAT boxes for

nuclear factor-1 (NF-1) and nuclear factor-Y (NF-Y). The murine Hasl promoter
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region contained a putative CCAAT box motif [Yamada et al, 1999], however its role
in the transcription of the Has/ gene is yet to be investigated. The presence of these

sites in the human HAS gene promoters is unconfirmed.

1.5.4 Gene expression in response to external stimuli

Gene expression in eukaryotic cells can be altered in a semi-permanent way as cells
differentiate, or in a temporary, easily reversible way in response to extracellular
signals (inducible gene expression). Environmental cues such as the extracellular
concentrations of certain ions, small nutrient molecules, temperature and shock can
result in dramatic alteration of gene expression patterns. Changes in gene expression
can also arise as a result of changes in cell signalling. This can take different forms,
but the end point is always the same; a previously inactive transcription factor is
specifically activated by the signalling pathway and then subsequently binds to
specific regulatory sequences located in the promoters of target genes, thereby

activating transcription [Strachan and Read, 2000].

A number of reports have illustrated the activation of certain signalling pathways by
external stimuli that bring about changes in HAS expression. TGF-f has been shown
to increase the transcription of HAS/ in human fibroblast-like synoviocytes via the
p38 mitogen activated protein (MAP) kinase pathway [Stuhlmeier and Pollaschek,
2004 (1); 2004 (2)] and HAS2 in corneal endothelial cells via Smad signalling [Usui et
al, 2000]. In addition, IL-1 has been reported to increase HAS2 expression in
proximal tubular epithelial cells via NF-kB signalling [Jones et al, 2001]. These
reports clearly show evidence of signalling pathways leading to increases in HAS
transcription, but the mechanisms by which these pathways interact with the HAS

promoters, and the transcription elements that are required remain a mystery.
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1.6 AIM OF THESIS

1.6.1 Aim

The introduction had identified a role for HA in the pathological changes and
inflammatory responses that occur in the early stages of renal fibrosis. As with many
biological products the control of HA synthesis occurs at several levels. The aim of
the thesis was to examine the mechanisms involved in controlling the transcription of
the HAS genes. The first step was to reconstruct the genomic structures of the human
HAS genes. A more detailed analysis of the HAS2 promoter was then carried out due
to its reported involvement in a number of different disease conditions, and in

particular, its upregulation in tissue injury in the kidney.

1.6.2 Scope of the thesis

Chapter 3 documents the reconstruction of all the human HAS genes using a variety of
computational and laboratory-based methods. In addition, the proximal promoter
region for each isoform was tested for transcriptional capability, and microsatellite

markers for each gene were identified.

Chapter 4 details the repositioning of the TIS for the human HAS2 gene. It also
includes a more in-depth analysis of transcriptional activity of the HAS2 proximal

promoter, and expression of the HAS2 message in a number of different cell lines.

Chapter 5 investigates the mechanisms involved for constitutive expression of the
HAS2 gene. It details a closer investigation of the transcriptional activity of the HAS2
core promoter region, and identifies transcription factors required for HAS2

expression.
Chapter 6 documents the effects of IL-1B stimulation on the expression of the HAS?2

gene. This includes investigation into its effect on the HAS2 promoter, and the role of

NF-xB in the IL-1B-induced expression of HAS2.
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CHAPTER TWO

METHODS
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2.1 COMPUTATIONAL-BASED METHODS

2.1.1 Genomic structure reconstruction

cDNAs for each human HAS gene had previously been elucidated. The sequences for
HASI (accession number NM_001523) [Shyjan et al, 1996], HAS2 (NM_005328)
[Watanabe et al, 1996], HAS3 variant 1 (NM_005329) [Sayo et al, 2002; Spicer et al
1997] and HAS3 variant 2 (NM_138612) [Sayo et al, 2002] were retrieved from the
National Center for Biotechnology Information (NCBI) database at
http://www.ncbi.nlm.nih.gov. Using the programs BLAST [Altschul et al, 1997] and

BLAST2 [Tatusova et al, 1999] clones were identified in the high-throughput
genomic sequences (HTGS) database, mapping to the relevant gDNA regions that
covered the entire cDNA sequence for each gene. In addition, each clone contained

>10kbp upstream of the transcription start sites for each isoform.

2.1.2 Determination of precise intron/exon boundaries

Precise locations of intron/exon boundaries were confirmed by comparison of the
human sequences with their murine orthologues that had already been elucidated

[Spicer and McDonald, 1998], and with the known 5’ and 3’ exon/intron splice site

consensus sequences (Figure 2.1).
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5’ (donor) splice site consensus sequence

-4 -3 -2 -1 +1 +2 +3 +4 +5 +6
C2/A34 C3g/A3s Ae2 G717 | Gioo Tioo Aso A7a  Gssa  Tso
Exon Intron

3’ (acceptor) splice site consensus sequence

-14 -13 -12 -11 -10 -9 -8 -7 -6 -5
Ys Y Yss  Yso  Yss Y2 Yy Yse Yoa  Ys7

-4 -3 -2 -1 +1
N Cry Ao Gioo | Gss
Intron Exon

Figure 2.1. 5’ and 3’ splice site consensus sequences for intron/exon junctions.
Bases are numbered relative to their position from the intron/exon boundary. Y
indicates a pyrimidine base (C or T) and N represents any base (A, C, G or T).

Subscript numerals refer to percentage frequency of occurrence [Krawczak et al,
1992).

2.1.3 Primer Design

All primers were designed using the Primer3 program at http://frodo.wi.mit.edu/cgi-

bin/primer3/primer3_www.cgi and default parameters [Rozen and Skaletsky, 2000].

Most of the primers designed using this program had a GC content of 50-60 % and a

Twm (annealing temperature) of approximately 60°C.
2.1.4 Alignment of HAS2 genomic sequences from different species
Alignments for the genomic sequences upstream of the HAS2 genes from human,

mouse, rat and horse were carried out using the ClustalW algorithm at the European

Bioinformatics Institute (http://www.ebi.ac.uk/clustalw/index.html).
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2.1.5 Identification of putative transcription factor binding sites in the HAS

promoters

The proximal promoter region for each HAS isoform was screened for TFBSs using
the MatInspector professional TFBS identification software [Quandt et al, 1995] at the

internet-based Genomatix Suite (http://www.genomatix.de/cgi-bin/eldorado/main.pl),

using standard parameters. The Chip2Promoter analysis program, also from
Genomatix, was used for simultaneous comparative analysis to identify TFBSs

common to 2 or more of the HAS proximal promoters.
2.1.6 Expressed Sequence Tag (EST) database analysis
BLAST and BLAT [Kent, 2002] analyses were used to compare the HAS2 sequences

from human, mouse, rat, bovine and horse against expressed data in the EST database

at NCBI (http://www.ncbi.nlm.nih.gov/blast/Blast.cgi) and the genome browser at the

University of California Santa Cruz (UCSC) website (http://genome.ucsc.edw).

2.1.7 RNA secondary structure prediction

The 5’ untranslated region (UTR) for the human HAS2? gene was examined for
evidence of RNA secondary structure using software at the MFOLD web server

(http://www.bioinfo.rpi.edwapplications/mfold) using default parameters.

22 CELL CULTURE

2.2.1 Cell lines and growth conditions

A variety of cell lines were used in this study. All cell lines were cultured in 75 cm’
tissue culture flasks (unless stated) at 37°C in a humidified incubator (Cell House 170,
Heto Holten, Derby, UK) with an atmosphere containing 5% CO,. Medium was
replaced with fresh growth medium every 3 to 4 days until the cells reached 100%

confluence.
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2.2.2 Human kidney (HK) 2 cells

HK-2 is a clonal cell line derived from the transformation of human proximal tubular
cells with Human Papilloma Virus 16 E6/E7 genes but retains the functional
characteristics of fully differentiated proximal tubular cells [Ryan et al, 1994]. HK-2
cells were purchased from American Type Culture Collection (Manassas, VA, USA)
and grown in 1:1 mix of D-MEM:F-12 medium (Gibco/BRL Life Technologies Ltd.,
Paisley, UK) supplemented with 20 mM HEPES (Gibco), 2 mM L-glutamine (Gibco),
5 pg/ml insulin (Sigma, Poole, Dorset, UK), 5 pg/ml transferrin (Sigma), 5 ng/ml
sodium selenite (Sigma) 400 ng/ml hydrocortisone (Sigma) and 10% foetal calf serum
(FCS; Autogen Bioclear Ltd., Mile Elm, Calne, UK).

2.2.3 TE671 cells

TE671 cells were a gift from Dr. P. Buckland (Dept. of Psychological Medicine,
Cardiff University, Cardiff, UK). This cell line is listed in the European Collection of
Cell Cultures (ECACC) catalogue as a human medulloblastoma cell line, but is also
known to be identical to the human rhabdomyosarcoma RD cell line. TE671 cells

were cultured in the same growth medium as for the HK-2 cell line.
2.24 Human embryonic kidney (HEK) 293t cells
HEK293t cells are a transformed sub-line of HEK293, using the SV40 T antigen. This

cell line was also a gift from Dr. P. Buckland. HEK293t cells were cultured in the

same growth medium as for HK-2 cells.

2.2.5 Human lung fibroblasts

Primary human lung fibroblasts (AG02262) were purchased from Corriel Cell
Repositories (Coriell Institute for Medical Research, NJ, USA). Fibroblasts were

grown in D-MEM supplemented with 2mM L-glutamine, 20 mM HEPES, 100 pg/ml
penicillin (Sigma) 100 pg/ml streptomycin (Sigma) and 10% FCS.
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2.2.6 Human peritoneal mesothelial cells (HPMCs)

HPMCs were isolated from the greater omental tissue obtained from consenting
patients undergoing abdominal surgery [Stylianou et al, 1990]. The patients were free
from any sign of infection and/or malignancy and once removed the portion of
omentum was kept in sterile PBS (Gibco) at 4°C for a maximum of 24 h before
processing. Firstly, the tissue was washed in PBS at room temperature (RT) to remove
any excess red blood cells. The tissue was then carefully cut into pieces of
approximately 5 cm®. The mesothelial cells were recovered from the tissue by a series

of enzyme digests as follows.

The tissue was submerged in 15 ml of trypsin/EDTA (Gibco) diluted 1:1 with PBS.
The tissue was incubated for 20 min at 37°C with continuous rotation. 15 ml of
growth medium (M-199 (Gibco) supplemented with 2 mM L-glutamine, 5 pg/ml
insulin, 5 pg/ml transferrin, 400 ng/ml hydrocortisone, 100 pg/ml penicillin, 100
pug/ml streptomycin and 10% FCS) was then added and the cells recovered by
centrifugation at 800 x g for 5 min. This digestion process was then repeated.
Following the second digestion, pelleted cells were resuspended in 5 ml growth
medium supplemented with 10% FCS, and seeded into a 25 cm? tissue culture flask.
The primary culture was incubated at 37°C with 5% CO; for 48 h, to allow viable
cells to adhere to the flask and subsequently elongate. The medium was removed to a
new 25 cm’ culture flask to allow any remaining viable cells the chance to attach,
while fresh medium was added to the original flask. Primary cultures were
subsequently grown to confluence and passaged into 75 cm’ flasks. The cells were
then again grown to confluence, passaged, and grown to confluence once more prior

to experimental use.
2.2.7 Sub-culture

Confluent cell monolayers for passage were sub-cultured using the following method.
Growth medium was removed and followed by a single wash with 10 ml PBS. Cells
were then treated with 10 ml trypsin/EDTA diluted 1:1 with PBS. After 5-10 min
incubation at RT, cells were detached from the flask with gentle agitation. 5 ml FCS

was added to neutralize the protease activity and the cell suspension was transferred
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to a 50 ml centrifuge tube. The cells were pelleted by centrifugation at 2,500 rpm at
4°C for 7 min. After removing the supernatant, the cells were suspended in 45 ml
fresh supplemented medium containing 10% FCS and seeded into three 75 cm? tissue

culture flasks.

2.2.8 Serum starvation/growth arrest

Some of the experiments in this study required the cells to be in a state of growth
arrest prior to use. The growth medium was removed and the confluent cell
monolayers were washed twice with PBS. Fresh growth medium was then added
containing no serum. The cells were then incubated for a further 48 hr at 37°C in the

presence of 5% CO,.

2.3 POLYMERASE CHAIN REACTION (PCR)

2.3.1 Primer reconstitution

PCR primers were designed using the Primer3 program as previously described and
purchased from Invitrogen (Invitrogen, Paisley, UK). Upon arrival, lypholised
primers were reconstituted in 200 ul H,O, vortexed briefly then left to stand for 30
min at 4°C. Primer solutions were then vortexed briefly for a second time and
collected by pulsing using a bench-top centrifuge. 5 ul of the primer solution was then
diluted 1:80 with 395 ul H,0, vortexed briefly, and 100 pl was used for

spectrophotometric analysis to determine the concentration of the primer solution.

The concentration of the primer solution was calculated as follows:

Concentration (uM) = Absorbance (Abs) @ 260 nm x (nmol/OD) x dilution factor
Abs @ 260 nm — determined by spectrophotometer

nmol/OD - supplied with primer on data sheet
dilution factor - 80
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Primers were then diluted to a stock concentration of 10 uM
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Generation of PCR fragments
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amplification of each HAS exon (with flanking sequences) as well as the proximal
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2.3.3 Sizing of PCR fragments

All PCR fragments were sized using submerged flat-bed electrophoresis. 5 ul of DNA
loading buffer (H,O containing 15% Ficoll Type 400 (Sigma), 0.25% Orange G
(Sigma)) was added to each sample and mixed. Samples were then run through a
1.5% agarose gel (agarose purchased from Invitrogen) submerged in 1 x TAE buffer
(Promega, Madison, WI, USA) at 90 v for approximately 90 min. PCR bands were
then visualized under UV light by ethidium bromide (Sigma) staining using the
Chemidoc apparatus (Bio-Rad, Hemel Hempstead, UK).

2.3.4 Purification of PCR fragments

PCR products were purified using the Qiaquick PCR purification kit (Qiagen)
following the manufacturers’ protocol with the following modification. Pure samples
were eluted in 30 ul H,O rather than 50 ul of TE buffer. When PCR reactions yielded
more than one product, the band relating to the product of interest was excised from
the agarose gel using the Qiaquick gel extraction kit (Qiagen), again according to the

manufacturers’ protocol.

24 CLONING TECHNIQUES

2.4.1 Generation of clones for sequencing analysis

Purified exonic, 5’-RACE and RT-PCR products were T-cloned into the sequencing
vector pCR2.1/TOPO (Invitrogen) following the manufacturers’ protocol (see
appendix II for vector map). These were then transformed and amplified using the

transformation procedure described in section 2.4.3.

2.4.2 Generation of luciferase constructs

Purified promoter fragments were cloned into a modified version of the pGL3-Basic

luciferase reporter vector (Promega). The modified vector contained a Kpn I/Hin dIIl
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insertion from the pBluescript vector (Invitrogen) multiple cloning site (MCS) into
the MCS of pGL3-Basic. The modified vector now contained a recognition site for the
restriction endonuclease Eco RV, that cuts DNA producing blunt-ended products
rather than sticky ends. The vector could therefore be used for T-cloning. The
modified vector was gratefully provided by Dr. P Buckland. Appendix II shows a
vector map of the modified vector (pGL3-Mod) including the original and altered

sequences of the MCS.

Generation of proximal promoter constructs for each HAS enzyme

The HAS promoter constructs used in chapter 3 were designed using the following
method. Proximal promoter fragments were T-cloned into pGL3-Mod. The pGL3-
Mod T-vector was prepared as follows. 2 ug of the vector was digested with 5 U of
Eco RV (NEB, Hitchin, Hertfordshire, UK) at 37°C for 2 h, in a reaction volume of 20
ul. After cleaning the digested product using the Qiaquick PCR Purification kit
(section 2.3.4), thymine residues were added to each end using 5 U of Taq DNA
polymerase (Qiagen) and 100 uM dTTP (Invitrogen) at 70°C for 2 h in a reaction
volume of 100 pl.

5 pl of each PCR fragment was added to 1 pl of the prepared T-vector and ligated
using S U of T4 DNA ligase (NEB) in a reaction volume of 10 pl overnight at 16°C.

Generation of nested HAS2 promoter constructs

The HAS2 promoter constructs used in chapters 4 and 5 were designed as follows. 5
ug of pGL3-Mod was digested with SU of Kpn I (NEB) and 5 U of Hin dIIl (NEB)
and incubated at 37°C for 1 - 2 h. These enzymes both contained recognition sites
within the MCS of pGL3-Mod, and were absent from the HAS2 proximal promoter
region. The digested vector was then analysed by electrophoresis on 1.5% agarose
before being extracted from the gel using the Qiaquick gel extraction kit (Qiagen)
following the manufacturers’ instructions. 2 pg of the digested product was treated
with 2 U shrimp alkaline phosphatase (SAP - Promega) in a total volume of 30 pl and
incubated at 37°C for 20 min. The sample was then heated to 65°C for 20 min to
inactivate the SAP.
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The nested HAS2 promoter fragments were amplified using sense strand primers
tailed with a Kpn 1 site and a common antisense strand primer tailed with a Hin dIII
site (see chapter 4.2 for primer sequences). PCR products were digested and gel
extracted as described above before being cloned into the linearised,
dephosphorylated pGL3-Mod vector in a reaction volume of 10 pl comprising 6 ul
PCR product, 2 pl vector, 1 x ligase buffer and 5 U T4 DNA ligase. Samples were
incubated at 16°C overnight.

2.4.3 Transformation

Ligated samples were transformed and amplified using JIM109 E. coli competent cells
(Promega). 40 ul cells (10 cfu/ug) were added to each sample and incubated on ice
for 30 min. They were then subjected to heat-shock at 42°C for 90 s before being
placed back on ice for a further 5 min. 150 ul SOC medium (Invitrogen) was then
added, followed by incubation at 37°C for 90 min in an orbital shaker (200 rpm). Cells
were then plated onto YT agar (Appendix I) containing 100 pg/ml carbenicillin
(Sigma), and incubated at 37°C overnight.

244 Mini-prep

5 colonies per agar plate were grown in 5 ml YT broth (Appendix I) containing 100
ug/ml carbenicillin at 37°C for 8 h. Each culture was then screened for presence of the
vector using the following mini-prep method. Cells from 1.5 ml of culture were
pelleted by centrifugation at 13,000 rpm for 1 min. The excess medium was decanted
leaving a residual volume of 50 - 100 pl. Pellets were resuspended by vortexing
before the addition of 300 ul of TENS buffer (appendix I). The solutions were mixed
by inversion, and incubated at RT for S min. 150 pl 2M sodium acetate (Sigma) was
then added followed by centrifugation at 13,000 rpm for 4 min. Supernatants were
transferred to a second vessel and 900 pul 100% ethanol (Sigma) was added. Samples
were then centrifuged for a further 4 min at 13,000 rpm, followed by a second wash
with 900 ul 70% ethanol. After a final centrifugation (same conditions as above),

pellets were inverted and air-dried at RT, then resuspended in 20 pl of H,O.
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2.4.5 Screening of colonies for presence of inserts

5 pl mini-prep was then digested with the desired restriction enzymes (see Table 2.1
for enzymes used) to determine presence of cloned fragments. This was carried out in
a reaction volume of 10 ul at 37°C for 1-2 h. Products were then sized on a 1.5%
agarose gel. 1 pl ribonuclease A (10mg/ml — Invitrogen) was added to the DNA
loading buffer to degrade the RNA in the preps. Colonies yielding vectors containing
the desired inserts fragments were then re-picked and grown up in S ml YT broth as
previously described. Cultures were then mini-prepped using the QiaSpin Mini-prep
kit (Qiagen) following the manufacturers’ protocol, with the following modification.

Samples were eluted in 50 ul H,O instead of the supplied TE buffer.

Proximal promoters HAS1 Kpn 1
HAS? Eco RI
HAS3 vl | Bam HI
HAS3v2 | Sma |

HAS2 promoter Kpn 1 and Hin dlll
constructs
Exonic, 5'-RACE Eco RI

and RT-PCR fragments

Table 2.1. Restriction endonucleases used to confirm successful generation of

clones.

2.4.6 Sequencing analysis

All promoter, exonic, S’-RACE and RT-PCR constructs were submitted for sequence
analysis (The Sequencing Service, University of Dundee, Dundee, UK). This was to
ensure the identity of the inserts and the fidelity of their amplification. Samples
cloned into the pCR2.1/TOPO vector were sequenced using M13 forward and reverse
primers (Table 2.2). Promoter constructs cloned into the pGL3-Mod vector were

sequenced using the RV3 and GL2 primers (Table 2.2).
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Primer Sequence 5'-3'

M13-Forward | GTAAAACGACGGCCAG
MI13-Reverse | CAGGAAACAGCTATGAC

RV3 CTAGCAAAATAGGCTGTCCC
GL2 CTTTATGTTTTTGGCGTCTTCC

Table 2.2. Oligonucleotide sequences of the primers used for sequence analysis.
M13 forward (M13-F) and reverse (M13-R) primers were used to sequence
fragments cloned into the pCR2.1/TOPO vector. RV3 and GL2 primers were

used to sequence promoter fragments cloned into the pGL3-Mod vector.

2.5 LUCIFERASE ANALYSIS
2.5.1 HK-2 cells
Plate setup

HK-2 cells from a confluent 75 cm’ flask were collected as previously described
(section 2.2.7). After resuspension of the cells in 50 ml growth medium
(supplemented with 10% FCS), they were plated out into 6-well plates, 2ml of the cell
suspension per well. Cells were then grown to approximately 70% confluence prior to

transfection.
Transfection

Transient transfection of HK-2 cells was performed using the mixed lipofection agent
FuGene 6 (Roche, Lewes, East Sussex, UK). Initial characterisation experiments
carried out by Fraser et al (2002) determined that a ratio of 3 ul FuGene to 1 ug DNA
was optimal for transfection into HK-2 cells seeded in 6-well plates. With the cells at
70% confluence, the growth medium was removed and the cells were washed twice
with PBS. They were then transfected with 1 pg of the required promoter construct,

and 1 pg of the Renilla luciferase vector, according to the manufacturers’ instructions.
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The Renilla vector was used to determine transfection efficiency and to normalise the
luciferase readings generated by the promoter constructs. The transfection was carried
out in a low nutrient medium of a 1:1 mix of D-MEM:F-12 medium supplemented
with 2 mM L-glutamine. 24 h after transfection the medium was replaced with fresh

low nutrient medium for a further 24 h, containing additives as necessary for the

experiment.

Reporter gene analysis

The growth medium was removed and the cells were washed once in PBS, before the
addition of 500 pl of lysis buffer (Promega). The cells were then incubated at RT for
15 min with gentle agitation, to detach the cell monolayer. The remaining adhered
cells were detached using a cell scraper, and the cell suspensions were transferred to
1.5 ml centrifuge tubes, followed by vortexing for 10 s. Luciferase activity was then
measured using the Dual-Glo luciferase assay kit (Promega). SO ul of each sample
was transferred to a white 96-well luminometric plate. 100 pul of luciferase assay
reagent II (supplied with kit) was added to each sample, and the luminescence of each
sample recorded for 10 seconds using a luminometer (FLUOSTAR Optima, BMG
Labtechnologies GmbH, Offenburg, Germany). Finally, 100 ul of Stop and Glo
reagent (supplied with kit) was then added, and the luminescence of the Renilla

luciferase in each sample was measured.

2.5.2 HEK293t and TE671 cells

Plate setup

An established luciferase reporter assay, as described by Coleman et al (2002), was
also used to analyse promoter activity. Confluent monolayers of TE671 and HEK293t
cells were collected as described in section 2.2.7. Pelleted TE671 cells were
resuspended in 10 ml of growth medium supplemented with 10% FCS. 1.5 ml of this
cell suspension was then added to a further 10 ml of supplemented growth medium.
Cells were then seeded into a black, clear bottomed, 96-well luminometric plate, 100
ul per well. For HEK293t cells, the 96 well plates were first coated with poly-L-lysine

(Promega) by adding 50 ul to each well. The solution was removed and the wells
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were washed with 50 pul PBS. After air-drying the plates for 30 min, HEK293t cells
were seeded as described for the TE671 cell line. Cells were then incubated until

reaching approximately 70% confluence.

Transfection -TE671 cells

Each construct was assayed in multiples of 8. Once removing the growth medium,
100 pl Optimem medium (Gibco) was added per well comprising S00 ng
Lipofectamine (Invitrogen), 2.25 pg Lipofectamine Plus reagent (Invitrogen), 100 ng
promoter construct and 23 ng SPAP-CMV (secreted alkaline phosphatase) vector (a
gift from Dr. P. Buckland). The SPAP-CMV vector was used to determine
transfection efficiency and to normalise the luciferase data of the promoter constructs.

Plates were then incubated for 24 h at 37 °C in the presence of 5% CO,.

Transfection — HEK293t cells

Each promoter construct was again assayed in multiples of 8 for statistical
significance. After removal of the growth medium, 100 pl of Optimem medium was
added per well comprising 2 pg Lipofectamine, 100 ng promoter construct and 23 ng
SPAP-CMYV vector. Plates were then incubated for 24 h at 37 °C in the presence of
5% CO,.

Post transfection — both cell lines

After 24 h incubation, the transfection solution was removed and the wells were
washed once with 50 ul PBS. 100 pl of low nutrient growth medium (as used for HK-
2 cells) was then added per well, and the plates were incubated for a further 24 h prior

to luciferase assay.
Reporter gene analysis

13 ul of supernatant from each well was removed and used for the SPAP-CMYV assay
(Tropix, Bedford, MA, USA). Each 13 ul sample was transferred to a new 96-well
black luminometric plate (with a black base). 50 ul of dilution buffer (supplied with
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kit) was added to each well. The plates were then covered and incubated at 65°C for
30 min, after which they were placed on ice. 50 pl of phospha-assay buffer (supplied
with kit) was added, and the samples were incubated at RT for a further 5 min. 50 pl
of phospha-reaction buffer (also supplied) was then added to each well, and the
samples were incubated for a further 15 min at RT in the dark. The luminescence of
each sample was then measured; HEK293t samples were measured for 1 s and the

TE671 samples for 10 s.

The luciferase activity of the promoter constructs was measured using the Bright-Glo
luciferase assay kit (Promega). An additional 37 pl of supernatant from each well was
removed and discarded. The transparent base of each plate was then covered with a
non-transparent black adhesive film, and 50 pl of Bright-Glo assay reagent (supplied
with kit) was added to each sample. Plates were incubated at RT in the dark for 10
min, after which the luminescence of each sample was recorded. As described above,
the luminescence in each HEK293 sample was measured for 1 s and the TE671

samples for 10 s.

2.6 ANALYSIS OF HAS GENE MICROSATELLITE POLYMORPHISM
2.6.1 Identification and amplification of repeat sequences

Each human HAS gene was analysed for the presence of dinucleotide tandem repeat
motifs (microsatellites) by visual inspection of the DNA sequences. Primers were
designed to amplify one repeat motif unique to each HAS gene, the sense strand
primer in each case 6-FAM-5’-end-labelled (Sigma). A pooled sample of 184
individual gDNA samples was used to analyse microsatellite polymorphism using the
PCR conditions described in section 2.3.2 for each HAS gene. The same primers were
then used in a second set of 48 separate PCR reactions for each isoform, using 48
individual gDNA samples to confirm the heterozygosity of the pooled sample.
Products were then run and analysed on an ABI 3100 Genetic Analyser (PE Applied

Biosystems).
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2.7 RNA ANALYSIS
2.7.1 RNA extraction and quantification

Extraction

Total RNA was isolated from cell cultures using TRI reagent (Sigma). Confluent cell
monolayers in 75 cm? culture flasks were lysed with 3 ml TRI reagent, before division
of the lysate into 1 ml aliquots. 200 ul chloroform (Sigma) was added to each aliquot
before mixing by inversion for 15 sec. Samples were incubated for S min at RT, then
centrifuged with the brake off at 13,000 rpm for 15 min at 4°C. The aqueous layer
(500 ul) was collected and an equal volume of isopropanol (Sigma) was added.
Samples were then incubated at —20°C overnight then centrifuged at 13,000 rpm for
15 min at 4°C. The precipitated RNA was then washed with 1.5 ml 100% ethanol
(Sigma), centrifuged (conditions as above), and the supernatant removed. This wash
step was then repeated using 1.5 ml 70% ethanol. Samples were then air-dried for 1 h

at RT before being resuspended in 20 pl double distilled H,O by vortexing.
Quantification

The integrity of RNA was determined by flat-bed electrophoresis. 1 ul of RNA was
run through a 3% agarose gel as previously described (section 2.3.3). The presence of
two bands representing 18S and 28S subunits of ribosomal RNA indicated non-
degraded RNA that could be used in further experiments.

Determination of RNA Concentration

The concentration of RNA was determined by spectrophotometric analysis using a
Beckman DU 64 single beam spectrophotometer (Beckman Instruments, High
Wycombe, UK). 1 ul RNA was diluted in 55 pl H>O. Absorbance readings at 260 nm
and 280 nm were taken. A 260/280 ratio of 1.7 or higher indicated a sufficiently pure

sample. The concentration was then calculated using the following equation:
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RNA conc (ug/ml) = Absye0 X Molar extinction coefficient x Dilution factor

Molar extinction coefficient for RNA = 40

Dilution factor = 55

2.7.2 Purification of messenger RNA (mRNA) from total RNA

mRNA was purified from 75 pg of total RNA using Oligo (dT),s Dynabeads (Dynal,
Bromborough, Wirral, UK) following manufacturers’ instructions. This typically
yielded between 3 and 4 pg of mRNA diluted in 15 pl H,O.

2.7.3 Primer extension

Primer extension was carried out on mRNA from HK-2 cells using the AMV Reverse
Transcriptase Primer Extension Kit (Promega). HAS2-specific RNA primers (Table
4.1) were radiolabelled with 10 mCi/ml 7-32P ATP (Amersham Biosciences, Chalfont
St. Giles, Buckinghamshire, UK) following the manufacturers’ protocol. 1 ug of
purified mRNA was then used in each primer extension reaction as per
manufacturers’ instructions. Products were analysed on a 18 cm x 18 cm denaturing
polyacrylamide gel containing 8% acrylamide (19:1 acrylamide:bis — Sigma), 7M
urea (Sigma) and 1 x TBE buffer (Appendix I). Gels were run in 1 x TBE buffer at
250 V for approximately 8 h, after which they were wrapped in plastic film, and
exposed to x-ray film (Hyperfilm MP, Amersham) overnight at -70°C. Films were
then developed the next day.

2.7.4 5’-Rapid amplification of cDNA ends (5’°-RACE)

First strand synthesis

Purified mRNA was used for 5’-RACE analysis using the SMART RACE kit (BD
Biosciences Clontech, Cowley, Oxford, UK). | pg of mRNA was combined with 1 pl
of S°CDS primer and 1 pl of the SMART nm oligo (both supplied with kit) and
incubated for 2 min at 70°C. Tubes were cooled on ice for a further 2 min, followed

by the addition of the reaction mix. This comprised of 2 pl of S x first strand buffer, 1
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ul 20 mM dithiothreitol (DTT), | pl 10mM dNTPs and 1 pl PowerScript™ reverse
transcriptase (all supplied with RACE kit). Samples were then incubated for 42°C for
90 min followed by the addition of 20 ul Tricine-EDTA buffer (supplied). Samples

were stored at —20°C until needed.

PCR

The generated cDNA was then amplified by PCR using the Advantage 2 PCR Kit
(BD Biosciences Clontech). 2.5 pl of cDNA was amplified in a total volume of 50 pl
according to the manufacturers’ instructions with the RACE primer (see Table 4.1)
using the following touchdown PCR program. A denaturation step at 94°C for 7 min
was followed by 15 cycles comprising of 94°C for 1 min, 64°C for 1 min (this was
decreased by 2°C every five cycles) and 72°C for 3 min. This was followed with 10
cycles comprising of 94°C for 1 min, 58°C for 1min and 72°C for 3 min. The reaction
was concluded with a final extension step of 72°C for 10 min. The product generated
was then used as a template in a nested PCR reaction using the RACE-N primer (table
4.1), using the same touch-down program as described above. Products were analysed

on a 2% agarose gel by flat-bed electrophoresis.

2.7.5 Reverse transcription polymerase chain reaction (RT-PCR)

cDNA synthesis

Reverse transcription was carried out with 1 pg total RNA in a total volume of 20 ul
comprising 100 uM random hexamers (Amersham), 5 mM dNTPs, 1 x PCR
containing 1.5 mM MgCl, (PE Applied Biosystems) and 1 mM DTT (Invitrogen).
The solution was heated to 95°C for 5 min followed by 4°C for 2 min. 40 U
recombinant RNAsin ribonuclease inhibitor (Promega) and 200 U Supersricpt 11
Rnase H reverse transcriptase (Invitrogen) were then added. The solution was heated
to 20°C for 10 min, 42°C for 60 min, 95°C for 5 min, and 4°C for 2 min. cDNA was
stored at -20°C until needed.
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PCR

2 ul of cDNA generated in the above method was used per 50 ul PCR reaction
comprising of 1 x PCR buffer containing 1.5 mM MgCl; (PE Applied Biosystems),
SmM dNTPs, 2.5 U Amplitaq Gold Tag polymerase (PE Applied Biosystems) and
ImM of each primer. Cycling conditions were as follows. A denaturation step at 94°C
or 2 min was followed by # cycles (26 for B-actin, 38 for HAS2) comprising 94°C for
30 s, 65°C for 30 s and 68°C for 90 s. Cycling was then followed by a final extension
step at 68°C for 15 min (Figure 2.3). Reaction products were analysed on 1.5%

agarose by flat-bed electrophoresis as previously described (section 2.3.3).

s cycle
{26 for pB-actin, 38

£~ o
for HAS2)

W

Figure 2.3. Schematic of the PCR cycling program used in RT-PCR experiments.

The number of cycles (n) for p-actin and HAS2 are given.

28 ELECTRO-MOBILITY SHIFT ASSAY (EMSA)
2.8.1 Nuclear protein exiractien and quantification

W

Preparation of ceils

L % F = P - VN Sg— 7 - SR . . ‘_P Lﬂ 1 'L’ ’j e s
Nuclear protein was extracted from confluent 75 cm” flasks of TE671 and HK-2 cells
The cells were treated in the same way as prepared for the luciferase assays for



HEK293t and TE671 cells. At 70% confluence the growth medium was removed and
replaced with 10 ml Optimem. This was left on the cells for 24 h, before being
removed and replaced with 10 ml of low nutrient growth medium. A further 24 h later

this was removed and the nuclear protein was extracted using the method described

below.
Protein extraction

1.5 ml of ice cold PBS was added to each culture flask. Cells were then detached from
the base of the flask by scraping. The cell-PBS suspension was then transferred to a
1.5 ml centrifuge tube and centrifuged for 10 s at 13,000 rpm. The PBS was aspirated
off and replaced with 400 pl of Buffer A (Appendix I). The cell pellet was
resuspended by vortexing and left to incubate on ice for 10 min. Cells were then
centrifuged for a further 10 s at 13,000 rpm and again the supernatant was removed.
50 ul of Buffer C (Appendix I) was added, and the cells were resuspended by
vortexing then left to stand on ice for a further 20 min. After a third centrifugation
(same conditions as above) the supernatant was transferred to a new vessel and stored

at —=70°C until use.
Determination of nuclear protein concentration — Bradford assay

The Bradford dye binding assay was used to quantify nuclear protein extract
concentrations. A standard curve of bovine serum albumin (Sigma) was prepared
fresh for each assay, range 31.25 — 2000 ug/ml. Protein extracts were diluted 1:4 with
buffer C so that their concentration fell within the range of the standards. 5 ul of each
diluted sample was added in triplicate to a clear 96 well assay plate. 100 pl of
Bradford reagent (Bio-Rad) was then added to each well and the absorbances at 595
nm taken immediately in a plate reader (FLUOSTAR Optima).

2.8.2 Probe preparation

Complementary single-stranded oligonucleotides were purchased from Invitrogen.

Each contained a CGA sequence tagged on at the 5’ end, which when annealed to its
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complementary sequence created a three base overhang. The overhangs were then
illed in using the Klenow reaction and a radiolabelled nucieotide (Figure 2.4)
5- CGA -3 3- AGC -5
Oligo | Complementary oligo 2
Anneal
v R erhang
5-CGA 3 overhang

s. JITTTTTTTT] ac

Fill in

- CGA ko TCG ¥
- GCT LA RK SRR

* labelled nucleotide

Figure 2.4. Generation o¢f labelled DNA probes for EMSA experiments.
Complementary oligonucleotide sequences were annealed and then end-labelled

using the Klenow reacti

|=|
I-l

re]

%

i ug of each oligonucleotide pair were annealed in 100 ul containing 1 x buffer 3
(NEB), at 100°C for 10 minutes. After boiling, samples were left to cool down for 1 h
at RT. Probes were then labelled using the MegaPrime DNA labelling kit
A ¢
containing 10 pl of labelling buffer, 2 ul of Klenow DNA polymerase, and 3 ul of 10
S min at 37°C followed by

0 ul

U'\

ollows. 25 ng of probe was labelled in a reaction volume ¢

Cﬁ’

mCi/m! **P dCTP (Amersham). This was incubated for |
the addition of 5 ul 0.2M diaminoethanetetra-acetic acid (EDTA; Sigma)) to stop the
reaction. Probes were then purified using ProbeQuant G-50 Micro Columns

(Amersham) following the manufacturers’ protocol.
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2.8.3 EMSA binding reaction

The Hoefer SE 400 vertical slab gel electrophoresis system (Amersham) was used for
all EMSA experiments. 5 pg of nuclear protein extract was made up to 13 pl with
EMSA dilution buffer (Appendix I) and added to 2 ul of 10 x EMSA binding buffer
(Appendix I) and 3 pl of Poly dI/dC (1 pg/ul, Sigma). Samples were incubated on ice
for 10 min before the addition of 2 pl of the labelled probe. They were again left for a
further 20 min at RT, after which they were ready for gel loading. 5 ul of 20% w/v
Ficoll (Sigma) was added to each sample, mixed by pipetting and loaded into separate
wells of a non-denaturing acrylamide gel containing 5% acrylamide (29:1
acrylamide:bis) and 1 x TBE. The gel was run at 150 V at 4°C in 0.5 x TBE buffer for
approximately 4 h, or altermatively at 55 V at 4°C overnight. Following
electrophoresis, the gel was carefully transferred onto 3mm filter paper (Whatman
International, Maidstone, Kent, UK) and dried on a gel drier (model 543, Bio-Rad) at
80°C for 45 min. The dried gel was then exposed to x-ray film (Hyperfilm MP) at -
70°C overnight and subsequently developed.

2.8.4 Competition EMSA

Demonstration that an excess of unlabelled probe of the same sequence as the
radiolabelled probe prevents retardation by nuclear protein further suggests that the
observed interactions are specific. Similarly, use of a different sequence in excess
should not interfere with probe retardation. Competition EMSAs were therefore
carried out using a 100-fold excess of the desired unlabelled probes. 5 ul of the
desired unlabelled probe (20 ng/ul) was added to 5 pg of nuclear protein and the
volume was made up to 13 pl with EMSA dilution buffer. The competition EMSA
was then carried out as described above for the EMSA binding reaction (section

2.8.3).

2.8.5 Supershifts

Supershifts were carried out using antibodies specific to the proteins identified that

were binding to the radiolabelled probes. 10 pg of the desired antibody (purchased
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from Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) was incubated with 5 pug
of nuclear protein for 20 min at RT prior to the addition of the radiolabelled probe, as
described in section 2.8.3. Samples were then run down a 4% non-denaturing
acrylamide gel at 150 V for 6 h at 4°C. Gels were then dried and exposed as

previously described (section 2.8.3).

2.9 SYNTHESIS OF MUTATED PROMOTER CONSTRUCT
2.9.1 Template preparation

Two complementary oligonucleotides containing the mutated Sp! binding sites of the
HAS2 promoter (Table 2.3) were designed and purchased from Sigma. The 44
nucleotides at the 3’ end of the sense strand oligonucleotide were complementary to
the 44 nucleotides at the 3’ end of the antisense strand nucleotide (for sequences see
table 2.3). 1 ug of each oligonucleotide was diluted in S pl of H,O, mixed together
and annealed in a 100 pl reaction containing 10 ul 10 x buffer 3 (NEB) and 80 pl of
H,O. After boiling the mixture in a water bath for 10 minutes, the water bath was
turned off, and the mixture was left to cool to until the water bath temperature reached
RT. The 5’ overhangs (65 bp at each end) of the annealed product were then filled in
using the Klenow polymerase reaction (Megaprime kit, Amersham). 2.5 pl of the
annealed product was added to 10 pl reaction buffer, 2 pl Klenow polymerase (both
supplied with kit), S ul 0.5 mM dCTP (Invitrogen) and 80 ul H,O. The mixture was
incubated for 1 h at 37°C to generate the full-length double-stranded template.
Finally, the product was purified using ProbeQuant G-50 Micro Columns as described

in section 2.8.2.
2.9.2 Amplification of mutated and wildtype promoter sequences

The purified template was then used in a PCR reaction to amplify the full-length
mutated promoter fragment. In addition, a non-mutated, wildtype promoter fragment
of the same length was generated using gDNA as a template. The PCR reactions were

carried out in a reaction volume of 15 ul comprising 6 ul of template, 1 x PCR buffer
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containing 1.5 mM MgCl, (PE Applied Biosystems), SmM dNTPs, 2.5 U Amplitaq
Gold Tag polymerase (PE Applied Biosystems) and 1mM of each primer (purchased
om Sigma ~ Table 2.3). Samples were then run using the following touchdown

f 94°C for 5 min was followed by an initial cycle
of 65°C and 30 s at 72°C. Ty was reduced by

y

-

0.5°C per cycle for the next 10 cycles, remaining at 60°C for the concluding 25 cycles.
Products were then sized using flat-bed electrophoresis as described in section 2.3.3
Name Oligenucleotide sequence
HAS2 mut-prom-F | AGCTCAGAGAAGGCTTTGAATGGCCAATTTCTCTCTCTCC

TTCTCCACTAACCCGACTCCCGCTCTACCAACCTACCGCG
CTCCCAGTTCCATACCCTCAGGGTTCCCC

HAS2 mut-prom-R | GGGTGTTTTAATAGGGCGGCGGAGGGAGTGGGGGGGTGAG
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HAS2-long-F3-R CCAAGCTTAAGTGAGCTGGTGGGTGTTTTAATAGGGCGGC

Table 2.3. Sequences of the oligonucleotides used to generate the mutated and
wildtype HAS2 core promoter fragments. HAS2-mut-prom-F and -R were used
to make the template used to generate the mutated fragment. HAS2-long-F3-F

and —R were used to amplifiv the mutated and wildtyvpe fragments by PCR,
anc —m were u plilly g v

Mutated nucleotides are indicated in red.
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CHAPTER THREE

RECONSTRUCTION OF THE HUMAN
HYALURONAN SYNTHASE GENES
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31 INTRODUCTION

Under normal conditions, HA can be found in the inner medulla and papilla of the
kidney, with very little present in the outer medulla or the cortex [Hillgren et al,
1990]. It is well known however, that HA accumulates in the cortex in inflammatory
diseases, including crescentic glomerulonephritis [Nishikawa et al, 1993; Jun et al,
1997], tubulointerstitial injury [Sibalic et al, 1997] and allograft rejection [Wells et al,
1990; 1993]. The mechanisms responsible for this accumulation however, are poorly

understood.

Previous reports from this and other laboratories have demonstrated that in certain
disease conditions and in particular during the processes of wound healing, increased
HA synthesis is accompanied by an increase in the expression of the HAS genes. For
example, in an in vitro model of diabetic nephropathy, treatment of human proximal
tubular cells (HPTCs) with high levels of glucose increases the expression of HAS2
through an NF-xB dependent process [Jones et al, 2001]. In addition, scratch-wound
studies using skin keratinocyte monolayers show an increase in HA following an
upregulation of HAS?2 transcription [Pienimiki et al, 2001; Pasonen-Seppéanen et al,
2003].

Increased HA levels are also observed during episodes of peritonitis. The peritoneal
membrane forms the barrier across which solute transfer occurs in patients treated for
chronic renal disease with peritoneal dialysis. The mesothelium plays a pivotal role in
the response of the peritoneum to inflammation and tissue injury, maintaining
peritoneal homeostasis via processes such as leukocyte trafficking and host defence
[Topley et al, 1996; Topley and Williams, 1994; Yung et al, 1995; Yung and Davies,
1996]. During episodes of peritonitis which occur as a result of poor aseptic
technique, levels of HA in the peritoneal fluid increase [Yung and Davies, 1996].
Reports from this laboratory have demonstrated that mechanical injury to HPMC
monolayers in vitro leads to an upregulation of HA synthesis which follows a specific
upregulation of HAS2 transcription [Yung et al, 2000]. This provides further evidence
suggesting that in certain cellular systems HA production may be specifically

controlled at the transcriptional level of the genes encoding the HAS enzymes.
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At the beginning of this study, little was known about the genomic organisation and
transcriptional control of the human HAS genes. However, the genomic organisation
of the corresponding mouse Has orthologues had been described, together with in
vitro and in vivo functional studies [Spicer and McDonald, 1998]. In order to better
understand the function and transcriptional regulation of the human HAS genes in
both renal and peritoneal injury, the genomic structures for all four HAS isoforms
were first reconstructed using a number of in silico techniques. These findings were
then confirmed experimentally and were compared with their murine Has
orthologues. The proximal promoter sequences for each HAS gene were identified and
tested for their ability to drive transcription. The proximal promoters were also
analysed for the presence of putative transcription factor binding sites (TFBSs).
Finally, intragenic or proximal dinucleotide microsatellite sequences were identified

for each HAS isoform and analysed for polymorphism.

3.2 METHODS

3.2.1 insilico reconstruction of human HAS genes

The genomic structures of the human HAS genes were reconstructed by combining a

variety of in silico methodologies discussed in sections 2.1.1 and 2.1.2.

3.2.2 Primer design

Primer sequences used for the amplification of HAS exons plus their flanking

sequences, promoter fragments, and microsatellites are listed in table 3.1.

Genomic in silico data was used to design PCR primers for the individual HASI,
HAS2, and HAS3 exons plus flanking sequences. HAS2 exon 4, and HAS3v1 exon 4
were amplified in two segments, a and b. This was for ease of amplification as both

exons were greater than 2000 bp in length.
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Primers were also designed to amplify approximately 500 bp upstream of each HAS
exon 1. In all but one case, the antisense strand primer was designed to include the

transcription start site and any downstream promoter elements but not ATG triplets

]

which might falsely prime translation [Coleman et al. 2002). To compensate for the
ATG eight nucleotides from the transcription start site of HAS3v2 exon 1, n-
homelogous trinuclectide was added to the antisense strand primer (shown in red in

. | —

Table 3.1) to produce a stop ¢

translation products initiated from this site.

odon after amplification and thus terminate any spuricus

Gene  |Amplified regio Sense sirand primer Antisense strand primer Predicied siz

HASI Exon | CTGOGCTGGTCTTCAAATG TCACTGTCAGGCACATGGAT 149
Exon 2 GOGAACGAAGGAAAGGATTTT GGAARGTGGGATTTGGGTGT 838

Fxon 1 OCTTCCTCTCAAMGCATCAGC TTTCCACCCCATCCACAG 335

Exon 4 AGCATTGGAGTTCGIGTIGS TTCATTGGCCTCCACACAT. 244
Exon 5 CATTTCTGCCTCCAGAATIC TCCCCAATTCTCAATCATCC 1120

Promoter GAGGAGGCAAGAGAAGTGGA GCGCAGTGGGTCTEGCCGGGCTCTCTCTT 570
Microsatellite  |CCCAGCTTAGCCTGACTGAC TCACGTCAGGCACATGGAT 293

HAS2 Exon | AAAACACCCACCAGCTCACT CCCCTCTTGGAGGACCTT 665
Exon 2 CAAGTGTGGGACAATCATGG GTTTGCCCTGGCAGGART 709

Exon 3 TGAAATTTTGACTACAGGGAATG ACAACAACACCTGGCACAGA 296

Exon 4a CAGGATGGAACAGGTTTTGC GGCATTATCTGATGOCACAA 1084

Exon 4b TCATGCTTTTGACGCTGTATG TGGCCTTGATTTTCAACGAT 966

Promoier TTACTTAGCTGAAGGGCACCAT GOTCTTTC 55§
Microsatelitie  JCCTTTCTGGGGACACAGGTA AGTAAAACGCGCTGGGCTAT 242

HAS3 vl 1Exon | GACTGGGATCCCTTGGGTTTTC CCTGCATCCGCAGCCTAGGAG 323
xon 2 ACTGGAARATGCTGCCTCCT CACAACCCAAGGGACCTAGA 794

[Exon 3 TGAGGTCAGAATGGGCTGA CATTTCCCAGGCATATCCAA 218

Exon 4a GCCTCETGGTCTCTGATGTC ATTCCCCTTCCCTCCCTTAC 1051

Exon 4b GTGGCCCTCCTCATGCTAT GTCCCTCTTTGGAAACTGGA 2548

Promoier TCAAAGTTTCGGAGGCTTGATCCAGAR  |GCCAACGCCAGCCAGCAAC 703
Microsatellitc  |GETCACTTACAAGCAGCCAGT GAAGAGAAGCCAGAAATCCAG 188

HAS3 v2 |Exon | CCCTCCCACTCTGGTCAACT GAGGCTGGARGAGGAGAGGATGC 457
Exon 4 TCAAGCAGAAACTGCATTCG GAATGTTGCCCCCTTAAACA 585

Promater TMCTCTTCACCCCCTCTTTC CCTCAGGCCOGCGGCGGCTCCAT 629
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3.2.3 Amplification and analysis of HAS exons

HAS exons were amplified and sized by agarose gel electrophoresis as discussed in
section 2.3. They were then cloned into vector pCR2.1/TOPO (sections 2.4.1, 2.4.3
and 2.4.4), and their identity confirmed by sequencing with M13 forward and reverse

primers (Invitrogen) as explained in section 2.4.5.

3.2.4 Amplification and analysis of HAS proximal promoter transcriptional

activity in vitro

HAS promoters were amplified and sized by gel electrophoresis as discussed in
section 2.3. These were then T-cloned into vector pGL3-Mod (section 2.4.2), and
clones were screened for presence of the required promoter fragments using enzyme
digestion (sections 2.4.3 and 2.4.4) followed by sequencing (section 2.4.5). Luciferase
assays were carried out in HK-2 cells as explained in section 2.5.1, and in TE671 and

HEK?293t cells as described in section 2.5.2.

3.2.5 insilico analysis of proximal promoters for TFBSs

Each HAS proximal promoter was analysed individually for putative TFBSs, and the
promoters were then compared for TFBSs common to more than one isoform, as

described in section 2.1.5.

3.2.6 Identification of polymorphic microsatellite sequences proximal to each

HAS gene

Dinucleotide tandem repeat CA/GT motifs within, or proximal to, the three HAS loci
were located by visual inspection of sequence data. PCR amplification was carried out
as for the HAS exons (section 2.3) using primers shown in Table 3.1. Each sense
strand primer was labelled with 6-FAM at the 5’ end. A pooled sample of 184
individual gDNA samples was used to analyse microsatellite polymorphism [Kirov et
al. 2000]. Genotypes from a sample of 48 individual gDNAs were then used to

estimate allele frequencies, and an established pedigree used to confirm stable
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Mendelian microsatellite inheritance [Williams et al. 1999] as described in section
2.6.

33 RESULTS

3.3.1 insilico reconstruction of the human HAS genes

The accurate computational prediction of the genomic structures of eukaryotic genes
and identification of their promoters by algorithmic means remains problematic.
Using a combination of in silico and in vitro methodologies, the human HAS genes
were reconstructed. The HAS reference cDNAs were compared with the high-
throughput  genomic  sequences available via the NCBI database

(http:/www.ncbi.nlm.nih.gov). From these findings the putative genomic structures

were reconstructed, together with their upstream proximal promoter regions. Table
3.2 details the predicted size of each human HAS genomic component. Figure 3.1

shows schematic representation of each human HAS genomic structure.

Gene S§-UTR} Exon 1 | Intron 1 | Exon 2} Intron 2] Exon 3| Intron 3 | Exon 4| Intron 4] Exon 5 3'-UTR| gDNA|cDNA|
HAS! 35 44 |1 4026 | 693 | 2012 | 226 | 579 | 133 | 2153 | 991 | 315 |10857| 2087
HAS2 538 | 538 | 11512 627 | 11507] 102 | 2066 | 1739 | NA | NNA | 809 |28091] 3006
HAS3vl | 156 | 156 | 1700 | 636 | 3409 | 102 | 800 | 3326 | NA | N/A | 2402 | 10129| 4220
HAS3v2 | 60 60 | 3079 | 636 | 3409 | 102 | 4812 | 360 | NNA | NJA | 252 |12458| 1158

Table 3.2. Predicted sizes (bp) of exons, introns, UTRs, cDNA and gDNA

distances for the human HAS genes.
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M 1 2 3 4a 4b M
Figure 3.3. HAS2 exons amplified by PCR. Each Exonic fragment is labelled (1-

4b; exon 1-4b). Double-stranded DNA markers are given (M) with their sizes in
bp.

Variant 1 Variant 2

Figure 3.4. HAS3 exons amplified by PCR. HAS3v1 exons and HAS3v2 exons are
labelled. Exons 2 and 3 (labelled with *) were identical to both HAS3 transcripts
and so only needed to be amplified once. Double-stranded DNA markers are

given (M) with their sizes in bp.
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3.3.3 Comparison of human and mouse HAS genes

Table 3.3 shows the predicted human HAS genomic structures compared with their
murine Has orthologues. Figure 3.5 also shows a schematic representation of each
human and mouse HAS genomic structure. The human sequences had a high degree
of organizational similarity to their murine counterparts, with the exception of
HAS3v2. The HAS genes could also be divided into the groups described previously
by Spicer and McDonald (1998). Mouse Hasl and human HAS!1 were characterized
by five exons, with the translation start site very close to the 3’ end of exon 1. In
contrast, the mouse and human HAS2 and HAS3 isoforms conformed to the second
group, characterised by four exons with the translation start site at the beginning of
exon 2. The huge increase in available bioinformatic data that took place over the
course of this study allowed comparison of the HAS genomic structures described
here with the results of algorithm based genomic structure predictions which are
available at the UCSC Genome Browser (http://genome.cse.ucsc.edu/). These
predictions concurred with our data for HAS/ at 19q13.41, HAS2 at 8q24.12 and
HAS3 at 16q22.1.

Gene | S-UTR| Exon 1| Intron | | Exon 2| Intron 2 | Exon 3 | Intron 3 | Exon 4] Intron 4 | Exon 5| 3'-UTR | gDNA | cDNA
mHas ! 42 51 4489 | 708 | 1567 | 226 | 464 133 | 3251 | 971 | 295 |11860]2089
hHASI 35 44 | 4026 ) 693 | 2012 | 226 | 579 133 | 2153 | 991 | 315 |10857|2087
mHas2? 505 | S0S |11528*] 627 | 11590} 102 | 1300 | 2960 | N/A | N/A | 2030 |28612|4194
h#14S2 538 | S38 | 11512] 627 | 11507 102 | 2066 | 17391 N/A | N/A | 809 |28091]| 3006
mHas 3 173 | 173 | 3493 | 639 | 2345 ] 102 | 911 | 5000 N/A | N/A | 4076 |12663|5914
htAS3vi | 156 | 156 | 1700 | 636 | 3409 | 102 | 800 | 3326 N/A | N/A | 2402 |10129|4220
h#i4S3v2 | 60 60 | 3079 | 636 | 3409 | 102 | 4812 | 360 | N/A | N/A | 252 |12458| 1158

Table 3.3. Comparison of the predicted sizes (bp) of exons, introns, UTRs, cDNA

and gDNA distances for the murine (m) and human (h) HAS genes. *mHas2

intron 1 contained a number of n residues, as the sequence was not complete.
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Figure 3.5. A. Genomic structures of the human (#A4S) and murine (Has)
hyaluronan synthase genes, drawn to scale in 5’-3’ orientation. Exons are
represented by filled boxes and are separated by introns (solid lines). Premoter
regions are represented by dotted lines, and the downstream 3’ regions by dotted

and dashed lines. B. Alignment of the human HAS genes and their murine

In each case, the predicted human sequences conformed to their corresponding
consensus motifs [Krawczak et al, 1992]. A high level of nucleotide and amino acid
sequence identity was observed between human and mouse orthologues for intron 2

for each HAS gene. There was also a high degree of similarity in intron 3 for HAS2
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and HAS3vl. Indeed, high levels of amino acid identity were evident throughout,

oth

o

> 1dentical in

and could be

distinguished clearly from the other human HAS gene transcripis at the cDNA and

Iniron / Exon Boundary Sequence Intronic Phas

Husi 1 ACAGCCATGAAACAthgtgtgtgtgt._..._gg cacccacagGACATGCCAAAGCCC 0
K D M P K P

HAS? 1 -.C'I‘GC"A"‘GHG‘-C.-G-"tntg gtgtgt....cgctceccagcagGACGCGCCCAAGCCC 0
M K O D A P K P

Has2 i CAGGAGCTGAACAAGGtacgttataca....attacatttcagATGCATTGTGAGAGG 0
M H C E R

HAS2 i CAAGAGCTGAACAAGgtacgttacact.......attatattacagATGCATTGTGAGAGG 0
M H C E R

Has3 1 TAGCCCGTTTGCA Gthgugtutg*tt__.tcttgtt"ttagh'rGC"GuTG\.'\gC"‘" 0
P V O L

HAS2v1 1 G(?GCCCCT’I‘CAGCATgtaagct\.cgga__tr.‘_t:cs.\.gccagATGCCuGTGCAGCTG 0
M P V G L

HASIW2 | SCAGCCGGCCGCACGILIRTTGCTFTTCmmmmt LT et cgecagATGCCGGTGCAGCTG G
M P V @ L

Has! 2 STGGACTACGTGCAGGtoagtgatgag....tectot tcacagGTCTGTGACTCAGAC 0
v D Y VY O whe n s D

HAS? 2 GTGGACTACGTGCAGgtgagtagaggc—..tccacct tacagGTCTSTGACTCGGAC 0
v D Y V Q vV C D § D

Has2 2 GTGGATTATGTACAGgtaggtctgaaa.....tetttet tgcagGTGTGTGACTCAGAT 0
vV D Y V Q vV C D S D

HAS2 2 GTGGATTATGTACAGGLAgItCLCCACmmmdCt tCct ttgcagGTTTGTGATTCAGA: 0
Vv D Y V Q v ¢ D S8 D

Has3 2 GTGGACTACATCCAGGtaagyctgeCtm.atcctcctgcagGTGTETGACTCTGAC G
v D ¥ I ¢ v ¢ D §$ D

HAS3vl 2 GTGGACTACATCCAGgtaaggacgect. ctccctetagcagGTGTGCGACTCTGAC 0
vV D Y I Q vV ¢ D s D

Hasl 3 TCAGTGGTCCTCTGGgLgagt ggaagc...—..cactctacctagGTCTATACAGAAACA 1

I 5 G P L G L Y R N
HASI 3 TCAGCGETCCTCTAGGL2agCagG9dgCmmnCCctccacccagGCCTATATAGGAATA 1
I 8 G P L G L Y R N

Has2 3 GuAGGAGA’I‘GTCCAthacatatggctmttctacttgcagn'r’l“l"I‘AAACAAG’I‘AT 0
c €& B ¥ ®© I L N K Y

HAS2 3 GGGGGAGATGTCCAGatacatggcttc . tteottcttgcagATTTTAAACAAGTAC 0
G G D VvV Q Teg LEyNT K00

fHas3 3 GGAGGAGATGTCCAAgtaagaagtaac cttcccttacagATCCTCAACAAGTAT 0
G G D V Q I L N K Y

HAS3vi 13 GGGGGAGATGTCCAGgtaagatgagac....at tececttgcagATCCTCAACARAGTAC 0
G G D Vv Q I L N K Y

HAS3v2 3 GGGGGAGATGTCCAGgtaagatgagacte...tctgtgt tcaagCCCCCAGGGAAAGGT 0
G G D Vv Q P P G K G

Kasi 4 GGGCTATGCTACCAAgtaagttaagage.—..LctgcctatcagGTATACCTCGCGCTC 2
(N Gl e |l < T P S5S'RYE

HASI 4 GGGTTATGCTACCAAgtaagctgaggg...—.gccceegtacagGTACACCTCCAGGTC 2,
G ¥ A T K XYW Rss RAE
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3.3.4 Luciferase analysis of HAS promoters

”

nces directly upstream of the transcription start site for each human HAS

M 1 2 3 B M

Figure 3.7. Enzymatic digestion of clones containing proximal promoters for the
human HAS genes; 1 — HAS1; 2 — HAS2; 3 - HAS3 variant 1; 4 - HAS3 variant

\ 5

2. Doubie-stranded DNA size markers (M) and their sizes in bp are also marked.

The luciferase activity for each of the HAS promoters in HK-2 cells is shown in
Figure 3.8. Each promoter displayed an increase in luciferase activity over the
promoterless control vector. The HAS1 and HAS3v2 promoters showed marke

increases in luciferase activity, with 10 fold and 4 fold increases respectively. HAS2
and HAS3v1 gave much lower readings, with both promoters only displaying a 2 fold
increase. In 3 repeat experiments, the variance readings for each promoter were low
(HASI, 0.15; , 0.01; HAS3v1l 0.01; HAS3v2, 0.07) showing that the results

e

were highly reproducible.
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Figure 3.8. Luciferase activity of HAS gene proximal prometer constructs in
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the magnitude of normalized

A second, established luciferase reporter assay was therefore used to analyse the HA

w

promoter constructs. This system had been developed by Coleman et al (2002) to
analyse DNA sequences for promoter activity. The luciferase activity was measured

in two cell lines (HEK293t and TE671). If the anailysed DNA sequence displayed a 10

be classed as a true promoter. The luciferase data for the HAS promoter constructs in
HEK293t and TE671 cells is shown in Figure 3.9. In eight replicates, low variance
values for each HAS promoter construct were obtained, again showing that the results
HAS2, 0.22 for HAS3vi and 0.28 for HAS3v2. In the TE671 cell line the vanance
readings were 0.17 for HASI1, 0.29 for HAS2, 0.22 for HAS3vl, and 0.31 for

HAS3v2. In both celi lines, the respective promoter activities were ranked HAS1 >
HAS3v2 > HAS3vl > HAS2. In HEK293t cells, the HASI promoter demonstrated a

152 fold increase in luciferase activity over the promoterless control. HAS3v2,
HAS3vl and HAS2 promoters demonstrated 44-, 4.5- and 3.9 fold increases

respectively. In the TE671 ceils, the HASI promoter construct had 48 times the
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activity of the promoterless vector, with HAS3v2 d HAS2 showing 33-,

g,
>
w
G
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11.6- and 10 fold increases respectively.
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Figure 3.9. Luciferase activity of proximal promoter and control constiucts for
each HAS gene in HEK293t (white bars) and TE671 (shaded bars) cell lines.
Luciferase activity is expressed as the magnitude of normalized luciferase

activity relative to the promeoterless negative control vector. The 10 fold

threshold described in the text is indicated in red.

3.3.5 Identification of putative TFBSs

Using default parameters, the MatInspector program at the Genomatix database was
used to analyse approximately 500 bp immediately upstream of the reported
transcription start site for each HAS gene. Forty-six TFBSs were detected in the HAS!
proximal promoter, 54 for HAS2, 46 for HAS3vl and 56 for HAS3v2. The

Chip2Promoter analysis program was then used to identify TFBSs common to all the
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A

HAS promoters. As shown in Figure 3.10, the analysis progran

MZF1, ZBPF, CREB, E-BOX, EGRF, NF-kB and Sp1 bin

n identified E2FF

HAS proximal promoter. In addition, despite a number of shared TFBSs, there w

nc obvious similarities in the distribution of the sequences between the different

ing sites common to each

L

promoters.
Distance upstream from transcription start site (bp)
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Figure 3.10. The TFBSs identified by the ChipZPromoter analysis program of

the 560 bp immediately upstream of each HAS transcription initiation site. The

horizontal line represents the proximal premoter in 5° to 3’ orientation. Sites

above the line are in sense orientation and those below in antisense orientation.
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Key: C — CREB or CAMP-responsive element binding proteins; E2 — E2FF or
2
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myvc activator / cell cycle regulator; EB — EBOX binding factors; EG —
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F or EGR / nerve growth factor induced protein C and related factors; M —
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ZF1 or myeloid zinc finger 1 factor; N — NF-xB or nuclear factor-kB / c-rel; S
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pl or GC-box factors Sp1/ GC; Z — ZBPF binding protein factor ZPB-89.
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3.3.6 HAS isoform-specific polymorphic dinucleotide microsatellite markers

Visual inspection of the HAS genomic sequence data for tandem repetitive elements
resulted in the identification of a (GT), microsatellite at the S’ splice junction of
HASI intron 1 in sequence AC018755, which was also shared by the murine Has/
gene. Similarly, a repeat of sequence (AC), was found 408 bp downstream of HAS2
exon 1, and a (GT), array situated 3.214 kb upstream of exon 1 of HAS3v2, i.e. 4.497
kb upstream of exon 1 of HAS3vl. PCR electrophoretograms are shown in Figure
3.11. Each microsatellite was amplified from a pooled sample of 184 gDNAs. Each
marker was found to be polymorphic and pedigree analysis confirmed stable
Mendelian inheritance. Allele frequencies for each HAS isoform-specific
microsatellite were then estimated using a sample of 48 gDNAs. Marker
heterozygosity (H) values are also given and fall within the range used frequently for

whole genome linkage analysis, suggesting that these markers are suitable for this

purpose.

Since the translation start site for HAS1 is situated 9 bp upstream from the HAS1
microsatellite sequence, a repeat allele of size (GT)sn+; has the potential to create an
in-frame insertion of valine / cysteine repeat(s) into the polypeptide sequence of
HASI1 thus: MRQ-(VC),-HAS1 protein. The alleles shown in figure 3.11 were
assigned tentatively to the peaks on the basis of their frequency and size. Assuming
approximate equivalence between electrophoretic mobility units and size in bp, it is
clear that repeats with the potential to affect HAS! splicing and primary amino acid
sequence in vivo were detected. However, there is no evidence proving this is the

case, and its occurrence remains a theoretical possibility.
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3.4 DISCUSSION

The genomic structures for the human HAS genes have here been elucidated for the
first time. A combination of in silico and in vitro methodologies were used, as
previously used for the analysis of the human glutamate receptor multigene family
[Williams et al. 2002]. The cDNA sequences for the human HAS genes had already
been characterised and deposited in the online database. These sequences were
retrieved and used to find clones spanning each sequence in the high-throughput
genomic sequences database. Putative genomic structures, together with the proximal
promoters were then reconstructed for each HAS gene. Each HAS exon, along with its
flanking sequences was then amplified and sequenced. The observed exonic PCR
products were of the predicted size, and sequence analysis showed 99% identity with
the respective gDNA sequences. Furthermore, the intron/exon boundaries conformed

to the corresponding consensus motifs.

The genomic structures for the murine Has genes had been previously elucidated
[Spicer and McDonald, 1998]. These could therefore be used as a useful tool to
further confirm the structures of the human HAS genes. As has been found with many
murinc and human genes, the HAS and Has genes showed a high degree of similarity.
The exonic breakdown for each isoform was identical (i.e. HAS1 and Hasl comprise
five exons, and the others comprise four exons). In addition, the intronic sequences
for each isoform were of similar length. Sequence analysis (both DNA and amino
acid) also showed a high degree of similarity between the human and murine
isoforms. The above evidence therefore pointed towards a high degree of evolutionary

conservation.

The genomic sequence for HAS3v2 was an exception. Its genomic breakdown was
indeed, identical to HAS3v1 (where it shares the same exon 2 and 3) and Has3, with it
comprising of four exons. This was, however, where the similarities ended. The
cDNA sequence for HAS3v2 was significantly shorter than that of HAS3v1 (Figure
3.1). As previously mentioned, its 3°-UTR was also devoid of any ATTTA mRNA
decay signals and AATAAA polyadenylation signals. It also showed variation at its

intron/exon boundaries. It is known that HAS3v1 generates much smaller hyaluronan
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chains than HAS1 and HAS2 in vitro. Very little is however known about HAS3v2,

and its functional significance remains a mystery [Sayo et al. 2002].

Microsatellites found by visual inspection of each HAS gene, were found to be
polymorphic and confirmed stable Mendelian inheritance. The amplification
procedures described here for each HAS exon and for their microsatellites, together
with the SNP data deposited in internet databases, comprise a comprehensive resource
for mutation detection screening of all exons and/or linkage analysis of microsatellite
alleles for each HAS gene. The influence of SNPs on matrix interactions is implied by
recent work identifying common and potentially functional polymorphisms in TSG-6,
whose protein product interacts with HA in the matrix [Nentwich et al. 2002]. Further
studies are now required to evaluate the clinical relevance of genetic variation at the
HAS loci. Specific alleles at the HAS1 microsatellite were found to have the potential
to cause in-frame insertions into the HAS1 peptide sequence, depending on the exact
splice site at the HAS1 exon 1/intron | junction. Even though this is only a theoretical
assumption, the same microsatellite was also found in the murine HAS1 gene, and

may therefore be an area of future interest.

With the genomic structures of the human HAS genes now determined, analysis of
their transcriptional control could be undertaken. The sequences directly upstream of
the transcription start site for each HAS gene were amplified and analysed for
transcriptional activity using two different luciferase reporter assay systems. The first
system, was performed using HK-2 cells and showed that each promoter could drive
transcription of the luciferase gene. The observed activities, however, particularly
those observed for HAS2 and HAS3v1, were only just above those displayed by the
promoterless control, and it was difficult to determine whether they could be classed
as promoters. An established luciferase assay system, as described by Coleman et al.
(2002), was therefore used. This high-throughput system had been optimised to look
at DNA sequences of approximately 500 bp, which influenced the design of PCR
primers for promoter amplification. All fragments showed significant promoter
activity in at least one of the two cell lines tested. Both cell types gave a similar trend
with the HAS| promoter construct demonstrating the highest activity; 151- and 49-
fold increase in activity over the promoterless control in the HEK293t and TE671 cell

lines respectively. The second highest activity was shown by the HAS3v2 promoter
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(45- and 33- fold). followed by HAS3v1 (5- and 11- fold), and finally the promoter
region of HAS2 (4- and 10- fold). Interestingly, this trend corresponded to the data
obtained using the HK-2 cell line, with the HASI1 promoter displaying the greatest
activity (10 fold increase over the promoterless control), followed by HAS3v2 (4

fold), HAS3vl (2.1 fold) and finally HAS2 (2.0 fold).

Due to a lack of consensus on the definition of promoter activity in reporter systems,
Coleman et al. (2002) determined a conservative threshold of 10 times the activity of
the promoterless control. Therefore, each of the HAS promoter fragments analysed
could be categorised as ‘true promoters’ in the TE671 cell line. The values for
HAS3v1 and HAS?2 fell below this threshold (although demonstrated a similar trend
to that shown in the TE671 cells) in HEK293t cells. It is therefore conceivable that the
HAS2 and HAS3vI promoters may be more sensitive to cell-specific effects than their

counterparts for HAS1 and HAS3v2.

A number of studies have shown that HAS2 expression is induced in a variety of
cellular functions. HAS?2 is specifically upregulated in response to wound healing in a
mesothelial cell model [Yung et al, 2000], and HAS2 overexpression in fibrosarcoma
cells yields significantly larger subcutaneous tumours in nude mice [Kosaki et al,
1999]. HAS2 knockout mouse studies have been shown to have an embryonic lethal
phenotype [Camenisch et al, 2000]. The HAS2 gene may therefore be under tighter
regulatory control than the other HAS isoforms. In addition, its lower activity may be
because of an absence of sites, perhaps further upstream, that are required for true
constitutive expression. Tissue specific upstream exons and alternative promoter
regions may also facilitate increased HAS2 and/or HAS3v] expression [Anney et al.

2002].

The Matlnspector program identified a variety of transcription factor binding sites in
the proximal promoter region for each HAS isoform. Interestingly, none of the
promoters showed evidence of a TATA box. This site is commonly found in a large
number of eukaryotic promoters, required for the binding of the RNA polymerase
transcriptional machinery. A number of transcription factor binding sites were also
identified that were common to all four promoter regions, when analysed using the

Chip2promoter software. Due to the high similarity between the coding regions for
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each gene, it is conceivable that their transcription may be controlled, in part, by the
binding of common transcription factors. On the other hand, where there is
differential tissue expression of the HAS isoforms, this may be due to the binding of
transcription factors unique to each promoter region. These initial findings represent

the first step in characterising the transcriptional mechanisms of each HAS gene.

In conclusion, the reconstructed human HAS genomic structures, along with
amplification of their exons and microsatellites, will provide a useful tool in further
studies of the HAS genes. Combined analysis of regulatory and genomic HAS
sequences will provide a more detailed picture of the evolution of this multigene
family and permit further investigation of the functional relationships of the different

isoforms.
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CHAPTER FOUR

RECONFIGURATION OF THE TRANSCRIPTION

INITIATION SITE FOR THE HUMAN
HYALYRONAN SYNTHASE 2 GENE
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4.1 INTRODUCTION

Transcription of the HAS2 gene does not occur as widely in the body as HASI.
Evidence for its transcription is seen in the heart and submucosa of the small intestine,
and only in low levels in other tissues [Spicer and McDonald, 1998]. Nevertheless,
HAS2 transcription can be induced by a variety of different stimuli. Epidermal
keratinocytes, for example, show an increase in HAS2 expression in response to
cpidermal growth factor [Pieniméki et al, 2001; Pasonen-Seppénen et al, 2003], and
also to keratinocyte growth factor [Karvinen et al, 2003]. Other cytokines and growth
factors reported to induce HAS2 expression include PDGF in both corneal endothelial
cells [Usui et al, 2000] and mesothelial cells [Jacobson et al, 2000], TNF-a and IL-1
in periodontal ligament cells [ljuin et al, 2001], FGF and insulin-like growth factor 1
(IGF-1) [Recklies et al, 2001]. TGF-B1, on the other hand, can stimulate, or suppress
HAS?2 expression, depending on the cell type [Usui et al, 2000; Jacobson et al, 2000;
Recklies et al, 2001; Pasonen-Seppinen et al, 2003].

As discussed in chapter 3, reports from our and other laboratories have demonstrated
the importance of HAS2 expression in HA metabolism in kidney disease. An increase
in HA expression in the renal corticointerstitium is commonly associated with the
progression of interstitial fibrosis leading to ESRD [Strutz, 2001; Jones et al, 2003;
Nilsson et al, 2001]. In high glucose concentrations, which mimic diabetic
nephropathy, renal proximal tubular epithelial cells synthesise high levels of HA,
which is coincident with specific upregulation of transcription at the HAS2 locus
[Jones et al, 2001]. The following chapters therefore concentrate on characterising the

HAS2 promoter.

Preliminary luciferase analysis of the sequence directly upstream of the HAS2
reference mRNA sequence demonstrated constitutive promoter activity. This
sequence was the least active when compared to the corresponding regions in the
other HAS genes, but still conformed to the criteria established for promoter activity
[Coleman et al, 2002]. Preliminary analysis, as detailed in the beginning of the results
section, suggested that the HAS2 TIS was located at a different position that had been
previously reported. The work that followed therefore concentrated on 1) confirming

the new location of the TIS for the HAS2 gene, 2) investigating why the original
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location of the HAS2 TIS appeared to be incorrect and 3) analysing the new proximal
promoter region to pinpoint specific areas important for transcriptional control. The

starting point for this work was NCBI database entry NM_005328 for HAS2.

4.2 METHODS
4.2.1 Primer extension

Primer extension was first used to identify the location of the TIS for the HAS2 gene.
The primers used for both experiments were the same, and their oligonucleotide
sequences are given in table 4.1. For primer extension, the two primers were
radiolabelled with y-**P ATP. The labelled primers were then used in an annealing
reaction with purified mRNA from HK-2 cells, and the primer extension reaction was

carried out as described in section 2.7.3.

Name Antisense strand primer

RACE GTCTTTCTGCCCCCGATAAC
RACE-N | GCCTGTGGAAGACTCAGCA

Table 4.1. Oligonucleotide sequences of the primers used to amplify the 5’ end of

the human HAS2 transcript.

4.2.2 5-RACE

Purified mRNA from three human cell lines (TE671, HEK293t and HK-2) was
reverse-transcribed using the SMART RACE kit as described in section 2.7.4. The
5’end of HAS2 was then amplified by PCR in a two stage reaction. The cDNA
generated above was used as a template for the RACE primer (Table 4.1). An aliquot
of the product from this reaction was then used as a template for a second reaction

using the nested RACE-N primer.
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1e presence of the RACE fragments and sent for sequencing using the M13

4.2.3 Generation of nested promoter fragments

A common antisense strand primer at position +22 to +43 bp downstream of the

transcription start site of referenc

0
7.

HAS2 mRNA sequence NM_005328 was tagged
with a Hin dIII recognition site (Table 4.2). A series of sense strand primers tagged
with Kpn I recognition sites (Table 4.2) was then designed to amplify a nested set of
PCR fragments when used with the antisense strand primer, ranging in size from 117

bp upto 1171 bp (Figure 4.1)

1.0 kb 0.5kb
e - —» -+ —-» -+ -+ > =
Sense strand primers Common antisense
strand primer
Amplify l

Fl

F2

F3

Nested promoter £a

fragments &=

ro

F7

F8

%

F10
Figure 4.1. Schematic for the generation of HAS2 nested promoter fragments.
Sense strand primers were individually used with the common antisense strand
primer to amplify a set of HAS2 promoter fragments of increasing size (F1 —

F10).
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Name Sense Strand Primer Antisense Strand Primer Predicted size
Fl | CCGGTACCAAAACACCCACCAGCTCACTTG CCAAGCTTCGAAGCCAGGACTGGGTAATTC 117
F2 | CCGETACCAGTCCACACCTCCCTCTCCACT i 173
F3 | CCGGTACCGAACCGGCCTGTAGCTCAGAG P 294
F4 | CCGGTACCGCCCCCTATGTGTCTTGCATT e 362
F§ | CCGGTACCCCACAGGGAGTTTATCGCTTG N 473
F6 | CCGGTACCCACACCCCTCCCAACTGTTCCTC e 555
F7 | CCGGTACCGAGTTGGCGGGAAGAAAGGGTTA = 682
F§ | CCGGTACCTGCGCGCTGTTTGAGTATGTTT o 829
F9 | CCGGTACCGAAAGGCCATCTCCAAGCAAGA - 972
F10 | CCGGTACCCGCAATCTCCCAAGACCAAGTT 2 1171

Table 4.2. Oligonuclectide sequences in 5’-3° orientation for the amplification of
nested HAS2 promoter fragments. The tagged restriction endonuclease
recognition sites for Kpn I (sense strand primers) and Hind 111 (antisense strand

primer) are shown in red. Predicted sizes are also given in base pairs (bp).

4.2.4 Generation of HAS2 promoter constructs
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Following restriction endonuclease digestion, the HAS2 promoter fragments were
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described in section 2.4.2. Clones were then digested with the same two restriction
enzymes to check for the presence of the promoter fragment by agarose gel
electrophoresis. Constructs were then submitted for sequencing analysis to ensure
fidelity of amplification of promoter fragments using sequencing primers RV3 and

GL2 (section 2.4.6).

&

i.2.5 Luciferase analysis of HASZ promoter construcis

Each promoter consiruct was assayed for luciferase activity in HEK293t and TE671

llowing amendment to maximise

cell lines as described in section 2.5.2, with the

e

luciferase output. The growth medium used was a 1:1 mixture of Dulbecco’s modified
Eagle’s medium / Ham’s F-12 nutrient mixture without L-glutamine supplemented
with 20 mM HEPES, 2 mM L-glutamine, 5ng/ml sodium selenite, 5 pg/ml insulin, 5
ug/ml transferrin and 0.4 pg/ml of hydrocortisone. Data for each luciferase construct

(8 replicates) were calculated and plotted graphically as the fold increase of luciferase
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activity compared with the promoterless control. Statistical analysis was performed
using Friedman’s two-way analysis of variance test from SPSS for Windows (SPSS

Inc., Chicago, IL).

4.2.6 RT-PCR to detect expression of the extended HAS2 exon 1

Total RNA was extracted from a range of human cells as described in section 2.7.1
and 1 pg was then reverse transcribed as described in section 2.7.5. RT-PCR primers
were designed to amplify the extended 5’-UTR identified by 5°-RACE. Primer HAS2-
Prom-h-RT-F was positioned within the 130 bp extended sequence and spanned
positions 54-75 from the new transcription start site, amplifying 77 nucleotides of
sequence upstream of the transcription start site described previously in NM_005328.
Primer HAS2-Prom-h-RT-R was positioned within HAS2 exon 2. The sequences of
these primers are given in table 4.3. Also described are the sequences of primers used
routinely for HAS2 RT-PCR analysis in our laboratory. In addition, extended 5’-
UTRs were amplified from total RNA from mouse and rat kidneys (Ambion Europe
Ltd, Cambridgeshire, UK) using primers specific to the corresponding region of the
mouse (m - Genebank accession number NM 008216) and rat (r - NM_013153)
HAS2 mRNAs. All RT-PCR reactions were carried out as described in section 2.7.5,
and products were sized by agarose gel electrophoresis. Where appropriate, products
were cloned into vector pCR2.1/TOPO and sequenced using M13 forward and reverse

primers.
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Name Sense strand primer Antisense strand primer Predicted size
HAS2-Prom-h-RT AAAACACCCACCAGCTCAC CAAGGAGGAGAGAGACTCCAAA 686
HAS2-Prom-m-RT ATTAAAACACCCACCGGCTCAC CGAGGAGGAGAGACACTCCAAA 645
HAS2-Prom-r-RT TTTAAAACACCCACCGGCTCAC CGAGGAGGAGAGACACTCCAAA 645
HAS2-h-RT CATAAAGAAAGCTCGCAACACG ACTGCTGAGGAATGAGATCCAG 282
HAS2-m-RT CATAAAGAAAGTTCACAACATG GCTGCTGAGGAAGGAGATCCAG 282
HAS2-r-RT CATAAAGAAAGTTCGCAACATG ACTGCTGAGGAAGGAGATCCAA 282

Table 4.3. Oligonucleotide sequences for the amplification of HAS2 message
from human (h), mouse (m) and rat (r). ‘Prom’ primers were used to amplify the
extended 5’-UTR. The remaining primers amplified part of the coding sequence
of the HAS2 transcript and are used routinely in our laboratory for analysis of

HAS2 mRNA expression. The predicted sizes of the products are also given.

4.2.7 RNA secondary structure analysis

Analysis of the secondary structure of the extended HAS2 5’-UTR was carried out
using software at the MFOLD database (section 2.1.7), using default parameters.

4.2.8 DNA sequence alignment and EST database analysis
Alignments for the genomic sequences upstream of HAS2 from human, mouse, rat
and horse were carried out using the ClustalW algorithm at the EBI web server

(section 2.1.4). These were then compared with expressed data from a range of

different organisms in the EST databases as described in section 2.1.6.

4.3 RESULTS
4.3.1

Primer extension

Primer extension was the first method used to determine the location of the HAS2

TIS. Purified mRNA from HK-2 cells was used as a template for the primer extension
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reaction, and two different radiolabelled primers were used. However, repeated
primer extension experiments gave negative results. No bands longer than those of the
primers used were observed, and the only visible bands were those corresponding to
the radiolabelled primers and the unincorporated radiolabelled nucleotide (Figure

4.2). Therefore, a different method to Jocate the HAS2 TIS was used (5’-RACE).

— Labelled primer

Unincorporated
radiolabelled
nucleotide

M RACE RACE-N
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4.3.2 5’-RACE analysis of the HAS?2 gene using purified mRNA

Analysis by 5’-RACE was first carried out using purified mRNA from HK-2 cells.
Figure 4.3 shows a typical RACE result obtained from reactions using the RACE
primer, and then the nested RACE-N primer. In repeat reactions, a single (band a) or
no product was produced in the first reaction using the RACE primer. Sequence
analysis revealed that this was not from the HAS2 locus, but from the mitochondrial
genome (accession number AY_275537). The RACE reaction product was then used
as the template in a nested 5’-RACE reaction using the RACE-N primer, and
produced a number of fragments. Bands b and ¢ were found to be products of non-
specific amplification. Band b was also amplified from the mitochondrial genome
(AF_346988) and band c was part of the coding sequence for serine/threonine kinase-
25 (BC 015793). Bands | and 2, however, were HAS2-specific. Sequence analysis of
three randomly selected transformants from band 1 revealed that each insert
terminated at a different 5’-terminal nucleotide. The longest of these inserts extended
the HAS2 5’-UTR of NM_005328 by 49 bp. Corresponding analysis of transformants
from the discrete band 2 resulted in a single cloned product. This extended the HAS2
5'-UTR of NM 005328 by 130 bp (Figure 4.4). This sequence has now been
submitted to the GenBank/EBI Data Bank with the accession number AJ604570.
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Band |
o SR g S e R
M RACE RACE-N
Figure 4.3. 5°-RACE analysis of the HAS2 transcript in HK-2 cells by agarose gel

= rd

5’-RACE preducts from
purified mRNA using primers RACE and RACE-N are shown. Bands labelled 1
and 2 were specific to the /452 locus. Bands labelled a. b, and ¢ were products

of nen-specific amplification and their origins are explained in the text.

Repeat 5°-RACE experiments using HK-Z mRNA always generated two HAS2

specific bands of the same size as shown for the experiment above. Sequencing

bp. In no case, however, was band 2 observed in the absence of band 1.
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A
A

5" terminus of AJ_ 604570

Band 2 (sequence AJ604570)
agtccacacctccecctcteccactteccctcacceeccccactecctecgeecgecctatta
laacacccaccagctcacttgttaagacccccttaagttggaggaggcagaagggcea
acaacggcggggaaggagaagtcaagacgtctggaaagaa

Band 1
agacccccttaagttggaggaggcagaagggcaacaacggcggggaaggagaagtca
agacgtctggaaagaa

Figure 4.4. A. Schematic of the genomic sequence directly upstream of the TIS
for HAS2 reference sequence NM_005328. The extended HAS2 exon 1 sequence

from band 1 RACE products are shown in blue. The additional extended

NM _ 005328 are shown in black. The upstream sequence shared between the
largest product from band 1 and products from band Z are shown in blue.
Additional upstream sequence from band 2 products is shown in red. The 5’
terminal nucleotide from each band 1 reaction product is in blue and bold. The
terminal adenine from the longest band 1 product is in blue, bold and underlined

in both sequences.
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HEK293t and TE671 cell lines. Sequence analysis revealed that products from band 2

~

for each of these cell lines were identical to sequence AJ604570.

S

M HEK TE HK-2 M
Figure 4.4. 5’-RACE of the HAS2 transcript in HEK293t (HEK), TE671 (TE)
and HK-2 cell lines. Lanes for size marker (M) and 5’-RACE products using
primer RACE-N are shown. Bands labelled 1 and 2 were specific te the HA4S2

lscus.

4.3.3 Luciferase analysis of HAS2 nested promoter constructs

1171 bp, was amplified by PCR (Figure 4.5). Each fragment was then cloned into the
p(GL3-Mod reporter vector, and analysed for their ability to drive transcription using

the established luciferase assay system as described by Coleman et al (2002).
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ed a very marginal increase in luciferase activity significant at the p <
0.05 level, compared to the promoterless control vector (C). A profound increase in
activity was, however, displayed by the larger constructs F3-F10, and were found to
be highly significant {(p < 0.001). Constructs F3 and F4 demonstrated over a 30-fold

increase in luciferase activity over the promoterless control in TE671 cells. The larger

luciferase activity compared to the promoterless control vector, significant at the p <
0.01 level. Constructs F3 and F4 exhibited over a 7- and 8-fold increase activity over
the promoterless control respectively. This fold increase was then maintained in
constructs F5-F10. Statistical analysis also showed that the difference between the

low scoring constructs, C, Fl and F2 and the high readings for constructs F3-F10 in

85,
[Tl
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293t cells, was hi
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Figure 4.6. Luciferase activity of the genomic sequence directly upstream of
HAS?2 reference sequence NM_005328. Nested promoter fragments are identified
by the sense strand primer designations given in Table 4.2. Data are displayed
for HEK293t cells (white bars) and TE671 cells (shaded bars). Luciferase activity
is expressed as the magnitude of normalised luciferase activity relative to the
pGL3-Mod promoterless negative control vector (C). Significance values are

indicated by asterisks: *, p <0.05, **, p <0.01, ***, p < 0.001.
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4.3.4 RT-PCR to detect expression of the extended HAS2 exon 1

The results of RT-PCR analysis are shown in Figure 4.7. Despite differences in
intensity, evidence of transcription of an AJ604570-specific extended HAS2 5°-UTR
was detected in each of the cell types assayed. This included the two cell lines used
for luciferase analysis (HEK293t and TE671), HK-2 (used for 5’-RACE), lung
fibroblasts and also primary peritoneal mesothelial cells. HAS2-Prom-h-RT primers
(Table 4.3) amplified the larger product spanning 686 bp, specific to sequence
AJ604570 and comprising the 5’-UTR and the N-terminal amino acid codons of
HAS2. The smaller band of 282 bp amplified codons from the glycosyltransferase
domain of HAS2 using HAS2-h-RT primers (Table 4.3). To obviate the possibility of
amplification from contaminating genomic DNA, both sets of primers amplified
across one or more intron/exon boundaries spanning at least 11.5 kb of intronic
sequence. Orthologous products from the total RNA from mouse and rat kidneys were
also amplified. Mouse and rat specific HAS2-Prom-RT primers (Table 4.3) amplified
the larger product spanning 645 bp of the corresponding HAS2 region in their
respective species. The smaller product was also amplified using species-specific
HAS2-RT primers (Table 4.3), and generated products of the same size as found in
the human (282 bp). In no case was the message for either 5’-RACE Band 1 mRNA
or NM_005328 detected in the absence of AJ604570.
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Figure 4.7. RT-PCR analysis of AJ604570 fragments. Upper band represents the
extended HAS2 5’-UTR generated using HA2-Prom-RT primers. Lower band
represents fragments generated using HAS2-RT primers. Size markers (M) are
given in base pairs (bp). Lane 1 - HEK293t; lane 2 - TE671; lane 3 - HK-2; lane 4
- lung fibrobiast (AG02222); lane S - primary peritoneal mesothelial; lane 6 -

mouse kidney; lane 7 - rat kidney.

4.3.5 Analysis of extended HAS2 5’-UTR for secondary structure

The length of the HAS2 5°-UTR, together with the mononuclear repeat arrays of A
and T residues in the NM_005328 sequence, and the additional G and C content of the
extended HAS2 S’UTR, suggested that this structure might form stable secondary
structures such as hairpin loops. The extended HASZ 5’UTR was therefore analyse

using MFOLD for evidence of such folding. Using default parameters, 16 different
structures were identified. Each structure demonstrated free energies of folding
between -129.4 and -134.9 kcal/mol. The structures with the highest and lowest free
energy values are shown in Figure 4.8. Numerous hairpin motifs were observed in
both of these structures, and together with their high free energy values, provided
evidence why there was premature termination of our 5’-RACE products retrieved

from band 1 (figure 4.2).
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-134.9 kcal/mol -129.4 kcal/mel

free energies of folding are presented. Hydrogen bonding between pyrimidine

(red) and purine (blue) bases are indicated.
4.3.6 Sequence alignment, and EST database analysis of the HAS2 genes from
different species

Sequences of the regions upstream of the reference sequences for the human

(NM_005328), mouse (NM_008216), rat (NM_013153) and equine (AF_508308)

HASZ genes were aligned using ClustalW alignment software (Figure 4.9). A total of
200 bp upstream of the 5” terminus of AJ604570 to 150 bp downstream was used as




the consensus sequence. Sequence variations were then highlighted in the mouse (m),
rat (r) and equine (e) sequences. The transcription start sites for each HAS2
orthologue were located at different nucleotides. The mouse, rat and equine sequences
terminated upstream of human HAS2 reference sequence NM 005328, but
downstream of the newly positioned site for reference sequence AJ604570. A high
level of sequence similarity was evident throughout the majority of the alignment,
most clearly between positions -100 and +100. The majority of the variations were
base substitutions. In addition, there was evidence of base deletion in the three non-

human sequences, particularly between bases -46 and -26 of sequence AJ604570.

The sequence directly upstream of AJ604570 was then scanned for putative
transcription factor binding sites. Two Sp1 binding sites (Spl-1 and Spl-2; see Figure
4.9) were located at positions -60 and -40 respectively. An NF-Y / CCAAT element
was observed 80 bp upstream, with an NF-xB site at position -150. The non-human
sequences were then analysed to see if these sites were conserved. The mouse and rat
sequences contained the NF-xB, NF-Y / CCAAT and Spl-1 elements and the core
motif of Spl-2 (the remainder of this site being absent). The equine sequence
contained the NF-kB, NF-Y / CCAAT and Spl-1 sites. However, no Spl-2 site was

present as bases -8 to -51 surrounding this site were absent.

The EST database was then examined to see if there were any sequences present that
contained part, or all of the extended HAS2 5°-UTR of reference sequence AJ604570.
A number of sequences were found for a number of different species. The longest
available ESTs from human (CD654109), mouse (BY110777) and bovine HAS2
(AW429456) are highlighted in Figure 4.9. Interestingly, each EST terminated

upstream of their reference mRNA sequences.
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Figure 4.9. Alignment of the sequences upstream of the HA452 genes for human
{h), mouse (m), rat (r) and horse (equine - &). The 5’ terminus of sequence

AJ604570 (uppercase) lies at nucleotide +1. The upstream human sequence is in

h
underlined and labelled. The 5° termini of three HAS2 ESTs are in blue and

labelled; hEST, bEST and mEST.
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44  DISCUSSION

The transcriptional regulation of HAS2 has potential significance in renal fibrosis,
diabetic nephropathy and peritoneal inflammation. The genomic structures of the
human HAS genes were described in Chapter 3, and in this chapter, work was carried
out to investigate further the HAS2 promoter region. To identify the location of
transcription for HAS2, primer extension analysis was used. Repeated experiments
using primers binding at two different sites downstream of the reported HAS2 TIS
produced negative results. 5’-RACE was therefore used as another means of locating
the HAS2 TIS.

mRNA was purified from HK-2, HEK293t and TE671 cells and used as the template
for S’-RACE reactions. No products of the predicted size for NM_005328 were
recovered, suggesting that this database entry was 5’-truncated. A significant number
of similarly truncated sequences are deposited in the public databases because
imperfect methodologies for creating libraries have generated incomplete cDNAs
[Coleman et al, 2002]. The HAS2 specific products generated in the present study
were visible as two discrete bands. Sequencing of the products from band 1 revealed
that each one terminated at a different nucleotide between 45-50 bp upstream of
NM 005328 and 80 bp downstream of the single 5’ terminus of band 2. This also
suggested that band | products were prematurely terminated, possibly due to a strong
secondary structure in the HAS2 5’-UTR, as discussed later. Other products generated
by 5’-RACE were due to non-specific amplification and were not from the HAS2
locus. The bands labelled a and b in Figure 4.3 were of mitochondrial origin and band
¢ was part of the coding sequence for serine/threonine kinase-25. These non-specific
products were not generated consistently in replicate 5’-RACE reactions. The two
HAS2-specific bands, however, were always present. An example of this can be seen
in Figure 4.5. The two HAS2-specific bands are present in the three cell lines. No

other distinct bands from non-specific amplification are observed.

There are a number of possible reasons why results were obtained using the 5’-RACE
procedure and why no results were obtained by primer extension. Both methodologies
are based on a reverse transcriptase (RT) reaction. The primer extension system used

a different RT enzyme than that used in the 5’-RACE method, which may have not
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been so well suited to the HAS2 template. In addition, primer extension does not
contain a PCR amplification step after the RT reaction whereas 5’-RACE required a
two-step PCR reaction following the RT step before any HAS2 specific bands were
observed. Thus, the HAS2 transcript may have been present in low amounts to begin

with, and may simply not have been detected in the primer extension experiment.

The high throughput luciferase assay system used had previously been shown to be
sensitive, accurate and reproducible in analyses of a large number of human
promoters, including naturally occurring polymorphic promoter variants [Coleman et
al, 2002; Hoogendoorn et al, 2003]. Work presented in Chapter 3 demonstrated that
500 bp of gDNA immediately upstream of the mRNA reference sequence for each
HAS isoform had basal promoter activity. In the present study, the system was used to
analyse the ability of a set of nested HAS2 promoter constructs to drive luciferase
transcription in HEK293t and TE671 cells. In addition, Friedman’s two-way analysis
of variance test was used to compare the significance of the variation of promoter

activity with the previously established criterion of luciferase activity.

Luciferase analysis provided highly significant evidence that promoter function was
only observed in constructs F3-F10 clustered approximately 250 bp upstream of the 5’
terminus for NM_005328. In TE671 cells, these constructs also exceeded the 10 fold
threshold for promoter activity [Coleman et al, 2002]. Constructs F1 and F2 in TE671
cells did show a marginal increase in luciferase activity, but this was contradicted by a
decrease in activity for these constructs in HEK293t cells. Constructs F3-F10 in
HEK293t cells demonstrated significant luciferase activities over the promoterless
control, but their values were below the 10 fold threshold. It suggested that the HAS2
promoter may have been under tighter control in HEK293t cells than TE671 cells,

therefore showing evidence for cell-specific control elements for the H4S2 gene.

Luciferase analysis demonstrated that the sequence directly upstream of NM_005328
was not active in the luciferase assay. Basal promoter activity also appeared
approximately consistent for constructs F3-F10. An overall decrease in activity in the
larger vectors was observed, however the assay system had been optimised for 500 bp
inserts. These constructs, however, still demonstrated a significant increase in

luciferase activity over the promoterless control vector.
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On comparing the luciferase data with the 5’-RACE data, constructs F1 and F2
contained inserts spanning 74 and 130 bp respectively of sequence upstream of
NM_005328, and downstream of the 5’ termination site for sequence AJ604570. If
transcription could be initiated at either of these positions, each construct would
contain sufficient upstream sequence to contain core promoter elements and the
binding site for RNA polymerase II [Nikolov and Burley, 1997]. They would thus be
expected to drive luciferase transcription as shown for the sequence upstream of
AJ604570 (constructs F3-F10). Comparison of each putative TIS with the consensus
sequence YYANWYY (where Y = pyrimidine; W = A or T; N = any nucleotide)
described for transcription initiator elements between positions -2 and +5 [Smale,
1997] showed that only the 5’ termination site for AJ604570 concurred fully with this
or the key nucleotide consensus -2Y, +1A and +3W. The combined data therefore
suggested very strongly that the TIS for the HAS2 gene lay at the 5’ terminus of

sequence AJ604570, and that the promoter was upstream of this site.

RT-PCR showed that this extended sequence for exon | was expressed in two human
renal cell lines and also in the mouse and rat kidney. Transcription of this sequence
was also observed in human lung fibroblasts and peritoneal mesothelial cells. No
evidence for variation in transcript length was found, as products specific for
sequences AJ604570 and NM_005328 were detected throughout. There is evidence
for a natural antisense mRNA synthesised from the opposite gDNA strand to HAS2
which includes the complementary sequence to the HAS2 TIS (HASNT) [Chao and
Spicer, in press]. Because this is a potential confounder of molecular biological
analysis of this locus, we designed primers to amplify trans-intronic HAS2-specific

RT-PCR products.

Exon 1 of the human HAS2 gene forms a discrete 5’-UTR, with its translation start
site situated at the first base of exon 2. Sequence AJ604570 extends exon 1 (and
therefore the 5’-UTR) from 538 to 668 bp. Approximately 10 % of mRNAs contain
such complex 5°-UTRs and frequently encode regulatory proteins that may be subject
to post-transcriptional regulation. Untranslated AUG motifs and/or secondary
structure in excess of -50 kcal/mol in a complex 5’-UTR inhibit significantly the
process of cap-dependent ribosomal scanning prior to the initiation of translation

[Grobe and Esko, 2002; van der Velden and Thomas, 1999]. Our extended HAS2 5°-
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UTR contains one untranslated AUG motif at +650 bp, 20 bp upstream of the
predicted translation initiation site and not within a Kozak consensus signal [Kozak,
1987]. Its functional effect may therefore be limited. Analysis of the extended HAS2
5'-UTR for secondary structure showed a propensity for hairpin formation. The free
energies of folding for these predicted structures were between -129.4 and 134.9
kcal/mol, much greater than the stated threshold value of -50 kcal/mol. Evidence for
post-transcriptional control of the HAS2 gene was therefore apparent, also giving a
possible mechanism for premature termination of our 5’-RACE products from band 1

downstream of the HAS2 TIS.

Alignment of the gDNA sequences surrounding the S5’ terminus for sequence
AJ604570 for human, mouse, rat and equine HAS2 loci demonstrated a high degree of
similarity, particularly in the extended human HAS2 5’-UTR. Figure 4.9 also
provided evidence for the evolutionary conservation of putative TFBSs, in particular
Spl-1, NF-Y/CCAAT and NF-xB. This was not, however, true for Spl-2. The EST
data suggested that the HAS2 reference mRNA sequences deposited in the NCBI
database for human, mouse and bovine are 5’-truncated. This may also yet to prove

true for the horse and rat orthologues.

In summary, the human HAS2 TIS was relocated 130 bp further upstream than had
been previously reported. Evidence also suggested that the reference HAS2 mRNA
sequences for mouse and bovine may not be complete. Certain TFBSs were also
conserved in the promoter regions between the different species, and it is these that

were analysed first in the next set of experiments.
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CHAPTER FIVE

CONSTITUTIVE TRANSCRIPTIONAL

REGULATION OF THE HUMAN HYALURONAN
SYNTHASE 2 GENE
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5.1 INTRODUCTION

Specific transcription initiation at class Il gene promoters (of which HAS2 is a
member) requires the assembly of a precisely positioned RNA polymerase II-
containing pre-initiation complex over the core promoter DNA region. This core
promoter region is approximately the first 100 bp upstream of the TIS. Most
mammalian core promoter regions contain a TATA box at position -25 to -30 bp
and/or an initiator element located at the TIS. Each of these can independently specify
the location and direction of transcription initiation [Breathnach and Chambon, 1981;
O’Shea-Greenfield and Smale, 1992]. On closer inspection of the HAS2 promoter
region, no TATA box was identified at the specified location. The initiator element,
however, was present at the HAS2 TIS. When present, the TATA box binds the
transcription factor TFIID that is essential for the transcription of all mRNA. In the
absence of a TATA box, transcription depends more heavily on other sites, including

the initiator, in order to recruit TFIID [Crawford et al, 1999].

The core promoter region for the HAS2 gene contained 2 stimulating protein-1 (Sp1)
sites and a CCAAT box as well as a number of other putative TFBSs. The CCAAT
box motif is found in 25-30% of all characterised promoters, including housekeeping
genes, cell-cycle-regulated genes and tissue-specific and developmentally regulated
genes [Bucher, 1990]. It is commonly positioned approximately -75 bp upstream of
the TIS and able to initiate transcription with or without a TATA box present. A
number of proteins can bind to the CCAAT box, including nuclear factor-Y (NF-Y),
CCAAT-enhancer binding protein (C/EBP), nuclear factor-1 (NF-1) and CCAAT-
displacement protein [Mantovani, 1998)]. Expression of the ephrin-A4 gene, for
example, is regulated by NF-Y through a CCAAT box, in the absence of a TATA box
[Munthe and Aashiem, 2002].

Spl is a common transcription factor that binds to GC-rich regtons. It is able to drive
constitutive transcription of a number of mammalian genes without the presence of a
TATA box, including human o,,-adrenergic receptor [Razik et al, 1997], leukotriene
C4 synthase [Serio et al, 2000] and vascular endothelial growth factor [Brenneisen et
al, 2003]. Spl can also cooperate with other factors to drive transcription including

MAZ [Parks and Shenk, 1996] and NF-Y that binds to the CCAAT box [Pérez-
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(Gomez et al, 2003; Croager et al, 2000; Facchinetti et al, 2000]. In addition, Sp1 has
been implicated to induce and repress the expression of certain genes in response to
external stimuli, including the dynamin 1 [Yoo et al, 2002] and macrophage
lipoprotein lipase [Hughes et al, 2002] genes respectively. It has also been implicated
in repressing the expression of the murine C/EBPa gene in the mouse, yet activating

the same gene in Xenopus laevis [Kockar et al, 2001].

The Spl sites and the CCAAT box in the human HAS2 core promoter region were
conserved in the corresponding regions in the mouse and rat (see chapter 4), as was
the initiator sequence. Taking this and the evidence from the literature, these sites
were investigated to determine their importance in the constitutive expression of the
human HAS2 gene. A second set of promoter constructs were made, deleting each of
these putative sites in sequence. These were then assayed for luciferase activity as
previously described. DNA probes for each of the HAS2-specific sites were designed
and used in EMSA experiments to distinguish if there were proteins binding in these
regions. In addition, a specific Spl inhibitor was used to see if transcription of the
HAS?2 gene could be inhibited. A promoter construct containing mutations at each of

the binding sites was also generated to see if promoter activity could be diminished.

5.2 METHODS

5.2.1 Generation of nested promoter constructs for TFBSs and luciferase

analysis

Sense strand primers (Table 5.1) were designed to increase the size of core promoter
region by approximately 25 bp at a time, corresponding to the addition of a new
transcription factor binding site in each case. Using the common antisense strand
primer used in chapter 4, four new PCR core promoter fragments were generated
(Figure 5.1). Each sense-strand primer was again tailed with a Kpn [ restriction site,
which along with the Hin dlll-tailed antisense strand primer, allowed them to be
cloned in to the luciferase reporter vector as described previously (section 2.4.2).

Constructs were then sequenced to ensure fidelity of amplification.
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Figure S.1. Schematic for the generation of nested PCR fragments for the HAS2
core premeter region. Four nested PCR fragmenis were generated; minimal —
minimal promecter region directly upsiream of HASZ TIS; Spl-Z — furthest 3°
Sp1 binding site; Spi-1 — furthest 5° Spl site; CCAAT — CCAAT box / NF-Y

binding site. Primer binding sites are illustrated using arrows.
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The luciferase activity of each of the constructs was then measured in the TE671 and

EK293t cells as described in section 2.5.2, with the modifications to the growth

)
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corresponding to the minimal fragment, and the 5’ terminus of the F3 fragment
(Figure 5.2)
F3 —» TIS

| CCAA Spl-1 Spi1-2 Minimal  ———
! A ¥
=1 -—‘h—_ AS2 exon 1

I I T -X1
F3 CCAAT Spl-1 s

Figure 5.2. Schematic showing DNA probes used in EMSA analysis of the HAS2
-] -] F B
core promoter region. 5 probes were designed covering the DNA sequence

Probe Serse Oligonucleotide Antiserse Oligonuclestide
Minrmal OGACCAGTTOOCTOOOCTCAGSGTTCOCOC Q A A

%_2 (SS90 CAJISC S0 0CASOC RGO AL WIS

Spl-i OGACTCOCTCTCOCCCTCOXOGCTC

CQOCAAT OGAMGGCTTTGRATGGEOCAATTTCTCTCT

F3 CGAGARAOOGGOCTCTAGCTCAGAGA

mut-mimmal CEACCAGTTOCATACCCTCAGGETTOCC CGAGORGAACCCTGAGGGTATGGAACTGG
EDRP A b e i e
m 4_:%!-i mﬂﬁ:‘ ‘v:‘u“-'I‘?x 7\1“‘““! X xv}‘u’TC "'-"‘!!“‘-N’VI"‘"""'IT | 9 ¢ l;-m’"—lf}?\ b'Ml 1.V
mui-OCAAT OGAAGGCTTTGRAATGGACGTATTTCTCICT CEAAGAGACAANTACTOCATTCARALOCT
con-Sol QCAATTCEATOCEEEOCEEEOERLC CGAGCTOCOO OGO OGATOEAAT
con-NF-Y CGANROCGTAOGTGATTGETGAATCICTT OCAAACACATTAACCAATCAOGTACOGETCT




The probes were made and labelled as described in section 2.8.2. The EMSA
experiments were then carried out using nuclear protein extract from HK-2 and

TE671 cells, as described in section 2.8.3.

5.2.3 Competition and Supershift EMSAs for HAS2 core promoter region

In addition, probes were designed containing the consensus binding sites for NF-Y
and Sp1 (Table 5.2). Probes were also designed that contained mutated versions of the
specific HAS2 binding sites (Table 5.2) and these, along with the consensus probes
were used in competition EMSA experiments (section 2.8.4). The labelled HAS2
probes described above were incubated with the nuclear protein extracts in the
presence of the desired unlabelled consensus or mutated probe (in 100-fold excess).
Supershift EMSA experiments were carried out to confirm that Spl protein was
binding to the HAS2-specific DNA probes (section 2.8.5), using an antibody specific
to the PEP-2 subunit of the Spl complex. Pre-immune serum was also added to one
sample in each case to prove that the shifts observed using the PEP-2 antibody were

specific.

5.2.4 Inhibition of HAS2 gene expression using mithramycin detected by RT-
PCR

The Spl-specific inhibitor, mithramycin was used in an attempt to inhibit HAS2
expression. Mithramycin (plicamycin®) belongs to the aureolic acid family isolated
from Streptomyces griseus [Slavik and Carter, 1975]. It is a DNA-binding anti-tumour
agent, which has been used clinically in several cancer therapies and Paget’s disease
[Kennedy, 1972; Du Priest and Fletcher, 1973; Elias and Evans, 1972]. It is known to
specifically inhibit the binding of the transcription factor Spl to its cognate site in
DNA by modifying the CG sequences, e.g., in the dihydrofolate reductase gene
[Blume et al, 1991]. To determine if HAS2 gene expression could be inhibited using
this drug, growth arrested HK-2 cells were treated for 24 h in the presence of
increasing doses of mithramycin prior to RNA extraction. 1 pg of RNA from each
sample was then reverse transcribed, followed by PCR using human HAS2-specific

(table 4.3), B-actin-specific (table 5.3) and dihydrofolate reductase-specific (DHFR -
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table 5.3) primers as described in section 2.7.5. PCR products were then analysed by

gel electrophoresis.

Name Sense oligonucleotide Antisense oligonucleotide Predcited size
Beta-actin GGAGCAATGATCTTGATCTT CCTTCCTGGGCATGGAGTCCT 204
DHFR TAAACTGCATCGTCGCTGTG GTTTAAGATGGCCTGGGTGA 387

Table 5.3. Oligonucleotide sequences of the primers used to detect expression of
the housekeeping gene, p-actin and the dihydrofolate reductase (DHFR) gene by
RT-PCR. The predicted sizes of the products are given in bp.

5.2.5 Inhibition of luciferase activity using the Sp1 inhibitor, mithramycin

HK-2 cells transfected with the F3 HAS2 promoter construct (section 2.5.1 with
modifications as described in section 4.2.5) were incubated with or without 5 pM
mithramycin for 24 hours prior to luciferase analysis. Statistical analysis was carried

out using the non-parametric Wilcoxon signed rank test from SPSS for Windows.

5.2.6 Generation of mutated promoter construct

To further confirm the importance of the Spl sites in the constitutive expression of
HAS2, a promoter construct containing these sites mutated was generated in which
key residues in these sites were changed as described in section 2.9. A wildtype
construct of the same length was also produced to use as a direct comparison. The
luciferase activity of both constructs was then tested in HK-2 cells. Statistical analysis
was carried out using the non-parametric Wilcoxon signed rank test from SPSS for

Windows.
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region (the DNA sequence between constructs F2 and F3). Figt demonstrated
that in both HK-2 and TE671 cells, there was evidence of DNA-protein interaction for
each of the HAS2 probes. HK-2 cells showed evidence of protein binding with the

minimal, Spi-i, Spl-1 and F3 probes, whereas TE671 cells demonstrated binding

'!'1

probe sequence revealed no specific TFBSs using default parameters.

i

A Y ““B’-"“‘

S - il

AS2 core promoter region. A.

cells. B. Profiles for the same

s used were as follows; 1 —

=]
=y
s




analogues of each probe with key residues mutated were designed in order to compete

i
for protein binding with the wildtype versions. An unlabelled consensus Spl probe

control.
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probe. Each lane contains the labelled minimal probe and protein extract except
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Figure 5.5 shows the results from the competition EMSAs for the ‘minimal’ probe
using HK-2 nuclear protein extract. The bands labelled in lane 1 (probe and labeiled

ed when the reactions were treated with an unlabelled version of
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suggesting specificity for Spl. Treatment with unlabelled mutated Spi-2 (lane 7) and
unrelated (lane 6) probes in excess had minimal effects on protein binding with the
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). Lane 1 — Spi-1 probe; 2 — no protein; 3 — excess unlabelied Spi-1
probe; 4 — probe with excess unlabelled consensus Spi probe; 5 — excess

unlabelled unrelated probe: 6 — excess unlabelled mutated Spl-1 probe.

appeared to have an inhibitory effect on binding when added in excess (lane €). In

contrast, the mutated unlabelled Spl-1 probe showed no effect on protein binding to
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CCAAT probe; 4 — probe with excess unlabelled consensus NF-Y probe; § —
excess uniabelled unrelated prcebe; 6 — excess unlabelled mutated CCAAT probe.

Upon treaiment with unlabelled CCAAT (lane 3) and consensus NF-Y (lane 4) probes

suggested that cone or all of these complexes were specifically binding to the CCAAT

on the binding, compared to lane 1. In conirast, the addition of an unlabelled mutated
CCAAT probe in excess (lane 6) inhibiied protein binding to the labelled CCAAT

The above data suggested a strong role for Spl in the constitutive transcription of
HAS2. It was therefore necessary to confirm the direct binding of Spl to the HAS2



carried out by incubating the nuclear protein extract with the radiolabelled ‘minimal’,
Spl-2 and Spl-1 probes in the presence of PEP-2. The presence of Spl would be

shown by a greater retarded band in the reaction containing the antibody.

d - (PEP-2 - Spl
complex)
- Spl
protein
b
a

3

Figure 5.9. Supershif! EMSA using HK-2 nuclear protein with the ‘minimal’

probe. Lane i — labelled *minimal’ probe; lane 2 — labelled ‘minimal’ probe plus
PEP-2 antibody; lane 3 — labelled ‘minimai’ probe plus pre-immune serum.

Figure 5.9 shows the supershift EMSA using the “minimal’ probe. Addition of the

PEP-2 antibody (lane 2) showed evidence of a new protein complex (band d) that was
absent in the sample containing no antibody (lane 1). In addition, band c in lane 2 was

less intense than the same band in iane 1, suggesting that the same protein was present
in the complex represenied by bands ¢ and d. The absence of band d in the pre-
immune serum control sample (lane 3) proved that band d was specific for the PEP-2
antibody, thereby confirming the presence of Spl. There was no difference in
intensity of bands a and b between lanes 1 and 2, suggesting that neither band

contained Spl.



Figure 5.19. Supershift EMSA usi

Figure 5.10 shows the supershift EMSA for HK-2 nuclear protein with the Spl-2
probe. This showed a similar profile to that obtained using the ‘minimal’ probe. The
intensity of the bands however, was lower. A fourth discrete band (band d) could be
observed when the protein was incubated in the presence of PEP-2 (lane 2). This band
was not present when the antibody was absent (lane 1), or in the sample containing

the pre-immune serum control (l e 3), confirming that this band was again a PEP-
2/Sp1 complex. The intensity of band ¢ in lane 2 was significantly less intense than
the same band in lane !, confirming that band c represented the Spl protein. As for
the minimal probe, no difference in intensity was observed for bands a and b in all

three lanes
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Figure 5.11 shows the supershift EMSA for HK-2 cells using the Sp1-1 probe. As for

band c in lane 2 was again significantly decreased in the presence of the PEP-2

antibody, confirming it represented the Spl protein. As for the minimal probe, no

=
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difference in intensity was observed for bands a and b between lanes 1 and 2,

5.3.3 Inhibition of HAS2 gene expression using mithramycin

DNA recognition sequences. Figure 5.12 shows the effect o
mithramycin on the constitutive expression of the HAS2, dihydrofolate reductase
B-actin

Uy . E . = L

(DHFR) and the

and 1 uM) it had no effect on the expression levels of HAS2. As the concentration of
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the inhibitor increased to 5 and 10 uM, the expression of HAS2 was decreased, but

mithramycin [Blume et al, 1991]. Figure 5.12 showed that DHFR expression was
successfully inhibited by mithramycin at concentrations of 0.5 uM and above,
confirming that the inhibitor was functioning in the sysiem used. Mithramycin had no

ng
effect on the levels of B-actin expression.

Figure 5.12. Effect of mithramycin on the expression of HAS2 in HK-2 cells. HK-
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given in bp.

This provided further evidence that Spl was important for the constitutive expression
of HAS2, however, only high concentrations of mithramycin had an inhibitory effect
on the basal expression levels. Furthermore, it did not completely eradicate HAS2
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expression. To determine if mithramycin could inhibit the binding of Spl to the core

drive iranscription of the luciferase gene in the presence of the inhibitor. After
transfection with the F3 construct, HK-2 cells were treated with 5 uM mithramycin
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for 24 hours prior to the luciferase assay. Figure 5.13 show
experiments using the inhibitor. Mithramycin was able to inhibit the transcriptional

activity of the F3 construct, but not eradicate the activity completely. In the absence
of the inhibitor, the F3 construct demonstrated almost a 7 fold increase in luciferase

activity over the promoterless control, which was found to be highly significant (p <

[
(F%]
(V]



& was decreas a
0.05). This was decreased to a 5.6 fold increase in the presence of mithramycin, but

was still significantly higher than the promoterless control (p < 0.05).

Luciferase activity (arbitrary units)

- F3 F3 + MITH

absence (F3) or presence (F3 + MITH) of 5 uM mithramycin. Luciferase activity

is expressed as the magnitude of normalised luciferase activity to the

AY

promoterless control vector (-). Asterisks represent statistical significance (p <

5.3.4 Luciferase analysis of promoter constructs contzining mutated Spl

EMSA analysis had suggested a role for Spl in the constitutive expression of HAS2.
Two luciferase promoter constructs were therefore designed containing the HAS2
core promoter region; the first with the wildtype promoter sequence, the second
containing mutations (in the form of base substitutions) of the Spl binding sites in the
Spl-1, Spl-2 and minimal regions. These were then tested for luciferase activity in

HK-2 cells and compared to the activity of the constructs used in chapter 4.
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Figure 5.14. Luciferase activity 6f HASZ core promoter constructs in HK-2 cells.

Luciferase activity is expressed as the magnitude of normalised luciferase
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luciferase activity of these constructs in the HK-2 cell line is shown in Figure
gur

(JHI

.14. As was seen in the TE671 and HEK293t cell lines, construct F2 demonstrated

no activity when compared to the negative control (C). Construct F3 showed

significant luciferase activity (p < 0.05), with a 4-fold increase over the promoterless

"

sector. Significant luciferase activity was also demonstrated by the wildtype (WT)

o«
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HAS2 promoter construct, showing nearly a 6-fold increase (p < 0.05). This activity

t\)

was almost abolished in the mutated promoter construct {MUT), displaying only a

1.5-fold increase over the negative control.
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on
element, but the absence of a TATA box. The sequence was heavily GC-rich, creating

box was also identified approximately 80 base pairs upstream of the TIS. The
initiator, Spl and CCAAT box sequences were conserved in the corresponding

A set of nested promoter constructs for the HAS2 core promoter region were designed
and tested for their ability to drive transcription of the luciferase gene. In each cell
line, there was an incremental nise in luciferase activity as the insert size increased,

confirming that this sequence was functionally active as a promoter. The smaller

EMSA identified DNA/protein complexes forming at common areas of the HAS2

observed using the Spi-I, Spl-2 and ‘minimal’ probes. Complexes were also
the CCAAT box and F3 probes, but these were far less
This

nstitutive HAS2 transcription were

O

@

prominent than those seen using the Spl-1, Spl-2 and ‘minimal’ sequence
cn
binding in the Spl-1, Sp1-2 and minimal regions of the core promoter.

The complexes binding to the “‘minimal’ probe appeared identical to those binding to
the two Sp1 probes. This suggested that the ‘minimal’ probe contained a putative Spl

Fat

site not identified by the Matlnspector software, but which was apparent afier visual




bp. This showed that Spl was now able to bind to three possible areas within the

HAS?2 core promoter region.

Competition studies were carried out on the CCAAT box and the three putative Spl
sites. A DNA probe containing the consensus Spl sequence was used to determine if
any of the complexes observed using the Spl-1, Spl-2 and ‘minimal’ probes were
specific for Spl. The observed complexes were successfully inhibited from binding
with all three probes, suggesting that one or more of these may represent Spl. In
addition, it was the same complexes that were inhibited for each of the probes tested.
This further supported evidence that Spl was successfully binding to the ‘minimal’
probe. Mutated Spl-1, Spl-2 and ‘minimal’ probes were also designed and used in
competition studies. No effect on binding to the wildtype Spl-1 and ‘minimal’ probes
was observed in the presence of their mutated counterparts, however inhibition was
seen for the Spl-2 sequence. This suggested that the Spl-2 sequence in the HAS2
promoter was less specific for binding Spl than the Spl-1 and minimal sequences.
Indeed, Figure 5.4 (A) showed that the bands obtained using the Spl-2 probe were
less prominent than those bands observed using the Spl-1 and minimal probes,
providing further support for a lower degree of specificity of the Sp1-2 sequence for
the Spl protein.

Three complexes observed using the CCAAT box probe were successfully inhibited
using a consensus NF-Y probe in excess. However, the same three complexes were
also successfully inhibited using its mutated counterpart. This suggested that the
CCAAT site in the HAS2 promoter was capable of protein binding, but that it was not
specific for HAS2 transcription. Putative CCAAT box sequences have been
investigated thoroughly for their ability to aid transcription of a number of different
genes. The HAS2 core promoter CCAAT sequence correlated with those CCAAT
sequences that were found to be inactive [Mantovani, 1999]. This further suggested

that it did not play a role in the constitutive expression of HAS2.

Supershift analysis revealed that the larger complex binding to the Spl-1, Spl-2 and
‘minimal’ was indeed Spl. No shift of the smaller complexes was observed. Previous
reports have observed similar binding profiles to those identified here for HAS2. In

many cases, the smaller complexes have been identified as the transcription factor
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Sp3. Sp3 is of the same family of proteins as Spl, and has been shown to be involved
in transcriptional regulation, in particular in co-operation with Spl [Hughes et al,
2002; Serio et al, 2000]. Its role in the regulation of HAS2 expression is yet to be

determined.

To further confirm the role of Sp1 in the constitutive expression of the HAS2 gene, the
Spl-specific inhibitor mithramycin was used to try and repress HAS2 transcription.
RT-PCR analysis showed that moderate doses (up to 1 uM) of the inhibitor had no
effect on the expression levels of HAS2. Doses of 5 and 10 uM mithramycin did
lower HAS?2 transcription, but did not inhibit it completely. Analysis of the effect of
the inhibitor by luciferase assay on the HAS2 core promoter directly gave similar
results. Five uM mithramycin inhibited the transcriptional activity of the F3 promoter
construct, but not to such an extent as to stop transcriptional activity completely. The
mithramycin did successfully inhibit the expression of DHFR, a gene that has
previously been shown to be controlled by Spl [Blume et al, 1991]. Indeed, it may be
that the mithramycin has no effect on HAS2 transcription, as has been observed for
other Spl-controlled genes (Dipak Ramji — personal communication). Mutation of the
Spl sites in unison was shown to almost completely abrogate the core promoters’
ability to express the luciferase gene. This confirmed that the Spl sites, as well as
binding of the Spl protein played a key role in the constitutive expression of the
HAS?2 gene. It also confirmed that the CCAAT box located at position. -80 bp had a

very minor role in HAS2 expression in this system.

The degree of importance of each individual Spl site in the constitutive expression of
HAS2 is yet to be determined and is an area for further research. The data only
confirmed that mutating all three Spl sites in unison stopped transcription. Previous
reports have shown that much smaller doses of mithramycin (200 nM) can
significantly inhibit expression of other genes where Spl is involved [Yoo et al,
2002]. It is clear that Spl is a key factor in the constitutive expression of the HAS2
gene. However, the small inhibitory effect of high doses of mithramycin on the levels
of HAS2 transcription suggests that there may be other factors involved that stop
mithramycin from directly competing for the Sp1 binding sites. It is possible that Spl
is part of a larger complex of proteins (one of which could be Sp3) that are all

required for constitutive HAS2 expression. Whether Sp1 alone is capable of recruiting
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the transcription factors for RNA polymerase II binding (e.g. TFIID) remains to be
investigated. It is also possible that the conserved initiator sequence at the TIS may be

important in this process.
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CHAPTER SIX
TRANSCRIPTIONAL REGULATION OF THE

HUMAN HYALURONAN SYNTHASE 2 GENE IN
RESPONSE TO IL-18
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6.1 INTRODUCTION

The cytokine interleukin 1 beta (IL-1B) has been implicated in a number of different
diseases and is a commonly produced during the inflammatory response. IL-1f can
directly influence the expression of many genes, including the HAS gene family [Ijuin
et al, 2001; Kennedy et al, 2000; Yamada et al, 2004]. IL-1B has been shown to
specifically induce HAS2 expression in a number of different cellular systems,
including in HK-2 cells [Jones et al, 2001}, and periodontal ligament cells [Jjuin et al,
2001].

Two of the common ways by which IL-1B can directly influence gene expression is
via the nuclear factor kappa-B (NF-xB) and activating protein-1 (Apl) signalling
pathways. Analysis of 3 kb of gDNA sequence directly upstream of the HAS2 TIS
revealed an NF-xB site at approximately -250 bp. The first Apl site, however, was
situated approximately 1100 bp upstream. The NF-xB site was found to be conserved
in the corresponding murine and equine HAS2 sequences and was investigated for its

involvement in the IL-1B-dependent increase in HAS2 expression.

RT-PCR showed upregulation of HAS2 mRNA in response to stimulation with IL-1p.
Luciferase assays were then carried out to determine if changes in promoter activity
could be observed when the cells were treated with the same cytokine. DNA probes
specific to the HAS2 NF-xB site, and for the consensus NF-kB sequence, were
designed to detect evidence of protein binding using EMSA. Competition EMSAs and
supershift analysis was used to determine the role of the HAS2 NF-«kB site in the IL-
1B mediated response, and a specific NF-kB inhibitor was used to block any IL-1f-

stimulated response at this site.
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6.2 METHODS

6.2.1 Effect of IL-1p on the expression of HAS2 by RT-PCR

RT-PCR analysis was used to confirm reports that HAS2 expression is increased after
stimulation with IL-1f. Growth-arrested HK-2 cells were treated with 10 ng/ml IL-1 B
for 3, 6,9, 12 and 24 hours. |1 pug of RNA from each sample was then used for RT-
PCR as described in section 2.7.5. Expression levels of the housekeeping gene B-actin
were also measured and used as a control. The primers used for the expression of
HAS?2 are described in Table 4.3 and the primers and expected product size for B-

actin were described in Table 5.3.

6.2.2 Effect of IL-1B on promoter activity of the HAS2 gene

Luciferase analysis was used to determine the effect of IL-1B stimulation on the
activity of the HAS2 promoter constructs containing the NF-kB site. Constructs
devoid of (F3) and containing this site (F5 and F8) were transfected into HK-2 cells as
described previously (section 2.5.1). Prior to luciferase assay, cells were treated with
IL-1B (10 ng/ml or 50 ng/ml) for 24 hours, or left untreated. Assays were performed
as previously described (section 2.5.1). The effect of adding FCS (10%) to the cells
for the duration of the incubation period between transfection and luciferase analysis
was also investigated. Statistical analysis was performed using the non-parametric

Wilcoxon signed rank test from SPSS for Windows.

6.2.3 Role of the HAS2 NF-kB site after IL-1p treatment by EMSA

A DNA probe identical to the HAS2 NF-xB site was designed along with a probe
containing the NF-xB consensus sequence (Table 6.1). Nuclear protein was extracted
from HK-2 cells after treatment with IL-1f at time points 5, 10, 20, 30, 45, 60, 90 and
120 minutes. 5 pg of extract was then incubated separately with each probe. The

EMSA was then carried out as described in section 2.8.3.
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Probe Sense Oligonuclectide Antisense Oligonucleotide

HAS2-NF-KB | CGAGAGTTCAGGGARATCCAAGAGGTG CGACGCCTCTTGGATTTCCCTGAACTC
con-NF-kB CGAAGTTGAGGGGACTTTCCCAGEC CGAGCCTGGGAAAGTCCCCTCAACT

Table 6.1 Oligonucieotide sequences of the HAS2 specific (HAS2) and consensus
{con) NF-xkB probes used for the EMSA experimenis. Each oligonucleotide was

tailed with a ‘cga’ motif, indicated in blue.

6.2.4 Cempetition EMSA and supershift for HAS2 NF-xB

The labelled consensus NF-xB probe was incubated with HK-2 protein extract in the

presence of the unlabelled HAS2 NF-xB probe or unlabelled consensus NF-xB probe

in excess in the competitien studies. In addition, supershifts were carried out using
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ferent subunits that can bind to NF-kB including p50, p65, p52,
8

c-Rel and Rel-B. Experiments were carried out as described in sections 2.
6.2.5 Eifect of an NF-xB inhibitor on the IL-1B-induced expression of

SN-50 is a specific NF-xB cell permeable inhibitor peptide. It contains the nuclear

localisation sequence (NLS) of the transcription factor NF-xB p50 linked to the

lj"‘ 1

drophobic region of the signal peptide of Kaposi fibroblast growth factor (K-FGF).

h

[72]

The peptide N-terminal K-FGF region confers cell-permeability, while the NLS

inhibits translocation of the NF-xB active complex into the nucleus [Lin et al, 1995]

presence or absence of 10 ng/ml IL-1f, with or without increasing doses of SN-50 for
6 h prior to RNA extraction. Reverse transcription and PCR was then performed using
HAS2-specific primers as described previously (section 2.7.5). The transcription of -

actin mRNA was aiso analysed as a positive control.



6.2.6 Effect of an NF-xB inhibitor on the IL-1B-induced expression of HAS2 by
EMSA

Growth arrested HK-2 cells were treated in the presence or absence of 10 ng/ml IL-
1B, with or without 5 pM SN-50. Nuclear protein was extracted from samples after 10
seconds, and 30 minutes of stimulation. The effect of the inhibitor on total NF-xB
signalling in HK-2 cells was then analysed using the radiolabelled consensus NF-xB
probe described in section 6.2.3. In addition, the effect of SN-50 on signalling via the
putative NF-xB site in the HAS2 promoter was also investigated using the
radiolabelled HAS2 specific NF-kB probe also described in section 6.2.3. To confirm
the specificity of the interactions using the HAS2 specific NF-xB probe, a
competition EMSA was also carried out using an excess of unlabelled consensus NF-

kB probe in each sample.

6.3 RESULTS

6.3.1 Effect of IL-1P stimulation on HAS2 expression in HK-2 cells

RT-PCR was used to determine the effect of IL-1p on HAS2 expression (Figure 6.1).
The expression level of the housekeeping gene B-actin was used as a positive control
at each time point. An increase in HAS2 expression was observed after 3 hours of
treatment, reaching a maximal level after 6 hours. HAS2 expression then returned to a
basal level 24 hours after the addition of the cytokine. No increase in the expression

of B-actin was detected.
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6.3.2 Effect of IL-1f stimulation on the prometer activity of the HASZ gene

Analysis of the HAS2 promoter sequence identified a single putative NF-«kB site

~

—

approximately 250 bp upstream of the transcription start site. To determine if the

above increase in HAS2 transcription in response to IL-1B stimulation was mediated
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NF-xB HAS2 TIS

F8 F5 F3

]

Luciferase activity (arbitrary units)

designations given in chapter 4. Data are displayed for no cytokine stimuilation
1

normalised luciferase activity relative to the pGL3-Med promoterless negative

control vector (C). Asterisks represent statistical significance (p < 0.05).

Figure 6.2 shows the luciferase analysis (n=3) of the constructs F3, F5 and F8 with

and without treatment with IL-1p. Construct F3 contained only 130 bp of HAS2
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herefore did not contain the putative NF-kB site. Constructs F5 and F8

both contained the NF-xB site. In the absence of IL-1p, all three constructs displayed

over a 7-fold increase in activity over the promoterless control (C),
constructs FS and F8 both showed a 6-fold rise in activity. Treatment of constructs F3,

a
FS and F8 with either 10 ng/ml or 50 ng/ml IL-1p did not increase luciferase activity
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The above assays were carried out in serum free conditions. However, it was possible
that this growth environment may have decreased the luciferase output from the
transfected cells since many cellular processes are down-regulated in growth-arrested
conditions. A second luciferase assay was therefore carried out to examine the effects
of incubating the transfected HK-2 cells in the presence of 10% FCS on luciferase

output.
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Figure 6.3. Effect of FCS on the luciferase activity of EAS2 premeter constructs
in HK-2 cells. Prior to luciferase assay, cells were either incubated in the absence
(white bars) or presence (shaded bars) of 10% FCS. Luciferase activity is
expressed as the magnitude of nrormalised luciferase activity relative to the
promoterless control vector (C). Asterisks represent statistical significance (p <

0.05).

increase in luciferase output in the presence of FCS, however these changes were not
h

statistically significant. These data suggesied



in 10% FCS for the duration of the experiment had no effect on the luciferase activity

of the HAS2 promoter constructs.

To further analyse the effect of FCS on luciferase output in the assay system used,
transfected cells incubated in the presence of 10% FCS were then stimulated with two
separate doses of IL-1p (10 ng/ml and 50 ng/ml). Luciferase analysis (n=3) of the
three HAS2 promoter constructs gave results that mirrored those obtained for the
same experiment in the absence of FCS (Figure 6.2). Each construct demonstrated a
significant increase in luciferase activity (p < 0.05) over the promoterless control (C),
with or without IL-1pB stimulation. However, no further increase in luciferase output
was observed for constructs F5 and F8 upon the addition of the cytokine when the
cells had been incubated in 10% FCS (Figure 6.4). Furthermore, the addition of IL-1f
again resulted in a slight decrease in luciferase activity for all three constructs. In
keeping with the luciferase data, these results indicated that FCS had no effect on
luciferase output, and that IL-1B did not increase HAS2 transcription via signalling

through the putative NF-xB site in the HAS2 proximal promoter.
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Normalised luciferase activity
(arbitrary units)
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Figure 6.4. Luciferase activity of HAS2 promoter constructs after stimulation

F8 F5 F3

with IL-1f in HK-2 cells, with 10% FCS present in all incubation steps.
Promoter fragments are identified by the sense primer designations given in
chapter 4. Data are displayed for no cyvtokine stimulation (white bars), 10 ng/ml
of IL-1p for 6 hours (stippled bars) and 50 ng/ml of IL-1P for 6 hours (shaded
bars). Luciferase activity is expressed as the magnitude of normalised luciferase

activity relative to the pGL3-Basic-Mod premeterless negative control vector

{C). Asterisks represent statistical significance {p < 0.05).

The role of the putative NF-xB site in the HAS2 promoter in the IL-1B-activated
expression of HAS2 was then investigated further by other experimental methods. A
double stranded DNA probe was designed to span the putative NF-kB binding site
within the HAS2 promoter. This probe and a commercially available NF-xB
consensus probe were analysed for their involvement in the IL-1B-induced expression

of HAS2 by EMSA.
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with IL-1$ (10 ng/ml) in HK-2 cells. A. Time course using the HAS2-specific NF-

kB probe. B. Time course using the consensus NF-kB probe. The period of IL-18

stimulatien prier to protein extraction is given ir minutes.
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NF-«kB probe. The addition of IL-1B caused this

W

disappear, in parallel with the appearance of a slightly more retarded band after

minutes. The intensity of this band then increased following a normali distribution,

with maximal binding observed after 45 minutes stimulation.

From the above data, it was apparent that NF-xB was active in cellular responses to
IL-18 in HK-2 cells, including via the putative NF-xB site in the HAS2 proximal
promoter. The HAS2-specific NF-xB probe was tested to see if it could directly

compete for binding of complexes to the consensus NF-kB probe. Supershifts were

also carried out to prove that the bands observed using the consensus probe were
specific for NF-xB binding proteins (Figure 6.6).
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Figure 6.6. Competition EMSA and supershift using the consensus NF-kB probe

for HK-Z cells. HK-2Z cells were stimulate

prior to nuclear protein extraction.
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diclabelled consensus NF-kB probe plus the follewing; lane 2 — excess
unlabelled consensus NF-xB probe; lane 3 — excess unlabelled HAS2-specific NF-
kB probe; lane 4 — excess unlabelled unrelated probe; lane 5 — antibedy for p65;
lane 6 — antibody for p59; lane 7 — antibody for pS2: lane 8 -antibody for c-Rel;

lane 9 — antibody for Rel-B.

ompetition studies using the unlabelled consensus NF-xB probe i
confirmed that the bands observed were specific for the NF-xB consensus probe.

When the unlabelled HAS2-specific NF-kB probe wa
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binding to the labelled probe was slightly inhibited confirming that this site in the
HAS2 promoter was indeed specific for NF-xB. Competition with an unrelated
unlabelled probe (lane 4) had no effect on protein binding. Antibodies to the protein
subunits p65 and p50 confirmed the binding of these proteins to the consensus NF-xB

robe (lanes 5 and 6). The NF-xB binding proteins p52, c-Rel and Rel-b (lanes 7, 8
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and 9 respectively) were not present.

6.3.4 Inhibition of the IL-1B-induced HAS2 ession by SN-50

The above data proved that HAS2 mRNA was upregulated in response to IL-1p.

EMSA analysis suggested that the putative NF-xB site in the HAS2 promoter was



IL-1B. SN-50 was therefore used to determine whether the IL-1B-induced expression

could be inhibited.

Figure 6.7. Effect of the NF-xB inhibitor SN-50 on the IL-1§-induced expression

of HAS2. HK-2 cells were incubated with either 1, 5 or 10 puM SN-50 in the
presence or absence of 10 ng/ml IL-1B for 3 hours. Expression levels of B-actin

were also measured.
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The addition of IL-18 in the absence of SN-50 (lane 5) increased HAS2 expression, as
cribed previously. However, addition of either 1 uM or 10 uM SN-50 (lanes 6 and

6 a
7 respectively) did not inhibit the IL-1B-induced expression of HAS2 at the mRN
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SN-50 was then analysed for its ability to inhibit binding of the NF-kB proteins to the
NF-xB consensus and HAS2-specific probes by EMSA (Figure 6.8). An increase in
binding to the labelied NF-kB consensus probe (A) was observed after stimulation
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{(lane 1). This binding was further increased after a stimulation time of 30 minutes
(lane 6). The addition of 5 uM SN-50 (lanes 3 and 7) showed no changes in binding
when compared to the control samples (lanes 1 and 5) in the absence of IL-1p.

However, in the presence of IL-1B for both 10 seconds and 30 minutes (lanes 4 and 8
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respectively), binding of NF-xB proteins to the consensus probe was clearly

decreased.

10 s 30 min

Figure 6.8. Effect of SN-50 on IL-1B-induced NF-xB signalling in HK-2 cells at

time points of 10 seconds (lanes 1-4) and 30 minutes (lanes 5-8). SN-50 was tested
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A similar trend in binding was observed when using the radiolabelied HAS2 specific
NF-«xB probe (B). An increase in bound protein was observed upon the addition of IL-
1B (lane 2) for 10 seconds when compared to the negative control (lane 1). Binding
was then further increased after IL-1f stimulation for 30 minutes (lane 6). In the

absence of IL-1B, SN-50 had no effect on binding {lanes 3 and 7) compared fo the
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negative control samples (lanes 1 and 5). However, the addition of IL-1P in the
presence of SN-50 for both 10 seconds and 30 minutes (lanes 4 and 8 respectively),
significantly decreased binding to the HAS2-specific NF-kB probe. The addition of
unlabelled consensus NF-kB probe in excess to these samples (C) significantly

decreased binding, confirming that all the observed interactions were specific for NF-
kB.

6.4  DISCUSSION

Induced gene expression takes place in response to the activation of specific
signalling pathways. This results in binding of transcription factors not necessary for
constitutive expression of the gene of interest to bind to the target promoter region
and an increase in induced transcriptional activity. IL-1 is one such stimulus that can
induce the expression of a number of genes via the activation of specific pathways.
IL-1p significantly increased the expression of HAS2 mRNA in the HK-2 cell line,
with maximum expression observed after 6 hours and this response was reproduced in
the TE671 cell line (data not shown). A crucial regulator of many IL-1B responsive
genes 1s the NF-xB family of transcription factors and the consensus pathway for NF-
kB activation has been extensively characterised [Karin and Ben-Neriah, 2000]. The
MCP-1 gene, for example is upregulated by IL-1B via activation of NF-kB in
mesangial cells. In addition, the constitutive expression of MCP-1 in this cell line is
controlled by Spl [Stylianou et al, 1999]. The HAS2 promoter contained a putative
NF-xB site approximately 250 bp upstream of the TIS, and was analysed for activity

in response to IL-1f stimulation.

The addition of IL-1p to HK-2 cells transfected with the HAS2 promoter constructs
displayed no further increase in luciferase activity compared to constitutive levels. It
was first thought that this may be because of the growth arrested condition of the
transfected cells that had been incubated in the absence of FCS for the duration of the
experiment. It was possible that the signalling pathways had become inactivated, in
the serum free conditions, and therefore IL-1p treatment was having no effect.

Luciferase assays carried out using samples incubated in the presence of FCS slightly

156



increased the luciferase activity of the HAS2 promoter constructs. Indeed, FCS has
been known to increase HAS2 expression in certain cell types [Jacobson et al, 2000].
However, assays carried out on samples incubated in the presence of FCS which were
then stimulated with IL-1f showed no further increase in luciferase activity compared
to the reported constitutive levels. Taken together, these results suggested that the IL-

IB-induced expression of HAS2 was not occurring through the putative NF-xB site in

the HAS2 proximal promoter.

The possibility that the IL-1B-induced increase of HAS2 mRNA by RT-PCR could
not be detected by the luciferase assay system was investigated by EMSA using
probes containing the HAS2-specific NF-xB site and the consensus NF-xB sequence.
Supershift assays using the consensus NF-xB probe confirmed the presence of the
NF-xB subunits p65 and pS0O in the HK-2 nucleus following IL-1B stimulation. The
putative NF-xB site in the HAS2 promoter also displayed binding capabilities, and to
a limited extent was able to compete with the binding of proteins to the consensus
probe. It therefore appeared that the putative NF-xB site was able to interact weakly
with NF-xB factors, but was not important in the IL-1B-induced expression of HAS2
mRNA. Experiments using the NF-xB signalling inhibitor SN-50 supported these
findings. RT-PCR analysis demonstrated that the IL-1B-induced upregulation of
HAS2 mRNA could not be blocked using the inhibitor. However, EMSA analysis
using the consensus and HAS2 specific NF-xB probes revealed that 1) SN-50 was
able to decrease total IL-1B-induced NF-xB signalling in HK-2 cells and 2) it could
decrease binding of NF-xB proteins to the HAS2-specific NF-xB probe. This
confirmed that the putative NF-kB sequence in the HAS2 promoter was able to bind
NF-xB signalling complexes, and show an increase in binding following stimulation
with IL-1B. However, in the context of the HAS2 promoter, this interaction was not

involved in the upregulation of HAS2 mRNA after IL-1f stimulation.

Previous reports have shown that the IL-1B-induced expression of HAS2 in HK-2
cells occurs via an NF-kB dependent process [Jones et al, 2001]. Analysis of the
HAS2 promoter revealed no other putative NF-kB sites within 3000 bp of the TIS.
One recent investigation has demonstrated that epidermal growth factor (EGF)
induces HAS2 transcription via a signal transducer and activator of transcription

(STAT) binding site within the HAS2 promoter [Saavalainen et al, 2005].
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Furthermore, the STAT binding site overlaps the putative NF-xB site. This may
explain why this NF-xB site is not activated during the induced transcription of HAS2
by IL-1B. A second recent report has demonstrated that IL-1B can induce HAS2
expression via the p38 and ERK1/2 mitogen activated protein (MAP) kinase pathways
[Ducale et al, 2005]. Ap-1 i1s a known downstream target of this signalling cascade,
and with two putative Ap-1 binding sites in the HAS2 promoter, suggests a possible
alternative mechanism by which IL-1f is increasing HAS2 transcription. In contrast,
other reports have suggested a role for the MAP kinase pathways, specifically p38, in
IL-1B-induced mRNA stability [Winzen et al, 1999]. HAS2 contains adenosine- and
uridine-rich elements that are known to confer message instability [Gou et al, 1998].
Taken together. these findings highlight new areas for future investigations in

unravelling the mechanisms by which IL-1f can induce HAS2 gene expression.
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CHAPTER SEVEN

GENERAL DISCUSSION
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HA 1s an ubiquitous molecule that is present under normal conditions in many organ
systems. Significant quantitative changes in HA levels in many of these systems are
however observed during the onset of disease. Understanding the mechanisms
involved in HA synthesis and turnover therefore has important implications for many
aspects of human health. HA is involved in a variety of cellular processes, including
cell adhesion, proliferation, migration, differentiation and tissue remodelling. It has
also been implicated in various pathological processes and diseases, including cancer,
rheumatoid arthritis, atherosclerosis, embryonic development wound healing and
tissue fibrosis, however its precise role remains unclear. Reports have demonstrated
that HA can facilitate, and/or attenuate the progression of various disease processes,
and therefore it is only by understanding precisely how HA production and
degradation is controlled will it become possible to augment or reduce its activity in

one or more of these areas.

The completion of the Human Genome Project generated an avalanche of sequence
data, but the even bigger task of interpreting and analysing this data beyond mere
sequence comparisons and gene finding has become just as important. During
transcriptional initiation, a variety of transcription factors interact with the promoter
regions that lie upstream of gene sequences and mediate their transcriptional
regulation in sophisticated ways. To understand how genetic information is processed,
promoter identification becomes a necessary step, and will allow insights into the
control of expression of those genes involved in developmental control,
morphogenesis, cell differentiation, tissue specificity cell communication and cellular
stress responses. Extensive data concerning transcriptional initiation and promoter
structure has been defined in detail for a relatively small number of genes, and the
majority still need to be analysed thoroughly. One of the main problems is the limited
understanding of underlying molecular recognition mechanisms of transcription

initiation.

The work presented in this thesis has focused on the mechanisms involved in the
transcriptional regulation of the HAS genes. The investigations have concentrated on
determining the factors required for the expression of the HAS2 gene, since its
upregulation had previously been implicated, along with increased HA production,

during the carly inflammatory stages preceding kidney fibrosis.
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At the beginning of the project, little work had been carried out on the human HAS
genes. The cDNA and gDNA sequences for the murine Has genes had been reported
and work had begun on characterising the murine Has/ promoter. However, the
identification and cloning of the cDNA sequences was the only work that had been
completed for the human isoforms. The genomic DNA structures of each of the
human HAS genes were therefore reconstructed in silico, and the results were
confirmed using experimental methods [Monslow et al, 2003]. The proximal promoter
region for each HAS gene was analysed, and it was shown that each was functionally
active in vitro. In addition, microsatellites were identified specific for each HAS

isoform providing polymorphic markers for each HAS locus.

HAS?2 transcription can be induced in a number of cellular systems and by a variety of
stimuli. Evidence to date indicates that it is the most inducible of all the HAS genes.
For example, the upregulation of HA synthesis seen in an in vitro model of diabetic
nephropathy using proximal tubular cells is coincident with a specific upregulation of
transcription at the HAS2 locus [Jones et al, 2001]. Studies were therefore carried out
to determine the mechanisms involved in the transcriptional regulation of the HAS2
gene on two levels; 1) to identify the factors required for constitutive expression of
the gene, and 2) to identify the additional factors required for the induction of HAS2

expression by the inflammatory cytokine IL-1p.

Before investigations could begin on the HAS2 promoter region, the location of the
HAS2 transcription initiation site (TIS) needed to be confirmed. 5’-RACE analysis
repositioned the HAS2 TIS a further 130 bp upstream than the site reported in the
HAS2 reference sequence NM_005328, suggesting that this database entry was
truncated at the 5’-end and incomplete [Monslow et al, 2004]. Improved and reliable
experimental methodologies are now available to characterise full gene transcripts.
These methods, together with the computational-based programs and the increasing
number of sequences deposited in the Expressed Sequence Tag (EST) database, now
allow the TISs and full length cDNAs of many genes to be elucidated much more
accurately [Ma et al, 2004; Das et al, 2001]. Sequences were thus identified in the
EST database specific to the HAS2 locus that extended further upstream than the
original HAS2 TIS (NM_005328). Analysis of the HAS2 5’-UTR also showed the

potential for formation of a tightly folded secondary structure [Monslow et al, 2004].
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Taken together, these results provided further evidence to explain the truncation of
HAS2 reference sequence NM_005328. Sequences were also identified in the EST
database that extended upstream of the TISs for the HAS2 reference sequences in the

bovine and the mouse. Further investigations will need to be carried out to determine

whether these entries are also incomplete.

Analysis of the promoter region directly upstream of the new HAS2 TIS showed that
it was functionally active and able to initiate transcription. Maximal constitutive
activity was attained by the first 120 bp of the proximal promoter. The HAS2 core
promoter region contained a large GC-rich region which was found to have a
prominent role in the transcription of HAS2. Analysis of this region identified three
sites that specifically bound the transcription factor Spl. Furthermore, mutation of
these three sites inhibited Spl binding and more importantly, significantly inhibited
transcription.

IL-1B has been reported to induce HAS2 expression in a number of cellular systems,
including in proximal tubular cells within the kidney. A common mechanism by
which IL-1P can influence gene expression is via the NF-xB pathway. The HAS2
promoter contained a putative NF-kB site approximately 250 bp upstream of the TIS.
This site was therefore investigated for its potential role in the IL-1B-induced
expression of the HAS2 gene. The NF-kB site was able to bind NF-xB proteins on its
own, but in the context of the HAS2 promoter was not involved in the upregulation of
HAS2 mRNA by the cytokine IL-1B. Other factors may be required that were not
detectable in the system used. On the other hand, IL-18 may be acting via a different
mechanism (e.g. the Ap-1 pathway) or via a novel mechanism that is, as yet,

undetermined.

The role of HA simply acting as a ‘space filling molecule in the ECM’ has been long
since forgotten, and it is now clear that it has many biological roles, both in normal
and pathological conditions. In a similar way, HA metabolism was first
predominantly thought to be controlled at the enzymatic level of the HAS and HYAL
enzymes that synthesise and degrade HA respectively. However, with a steady

increase in publications reporting changes in HAS expression levels in certain
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pathological conditions, it appears that essential mechanisms for the control of HA

production lie at the level of HAS transcription.

In the present study, HAS2 regulation was investigated predominantly in the renal
proximal tubular epithelial cell line HK-2, a cell type with a potentially highly
significant role in controlling HA production during the onset of kidney fibrosis. As
previously discussed, the accumulation of HA in the corticointerstitium (in the form
of HA cables) also has anti-inflammatory effects. Monocytes bind to these cable
structures via CD-44, which stops them interacting with the resident cells and
attenuates the inflammatory response [Hascall et al, 2004; Selbi et al, 2004].
Treatment of HK-2 cells with BMP-7 increases HA cable formation and monocyte
binding. Interestingly, BMP-7 also increases HAS2 expression, and simultaneously
down-regulates the expression of HYALl and HYAL2 [Selbi et al, 2004]. This
suggests that the increase in HA cable formation by BMP-7 is directly linked with an
upregulation of HAS2 mRNA. The interaction of HAS2 and HA cable formation

therefore provides another avenue of investigation.

Recently, increased HAS2 expression and an associated increase in HA synthesis has
also been reported in the progression of breast cancer [Udabage et al, 2005], and also
in wound healing in epidermal keratinocytes [Tammi et al, 2005]. In the latter
example, changes in HA production are observed during cell proliferation and
differentiation in response to wounding of the epidermis and coincide with variations
in HAS2 and HYAL2 expression. Research is currently underway investigating the
importance of these enzymes in this wound healing mechanism [Mack et al, 2003].
The work outlined in this thesis may therefore help to determine the transcriptional
mechanisms important in HAS2 expression in the process of wound healing in the

epidermis.

A number of reports suggest that the different HAS genes may respond differently to
a common stimulus. Treatment of articular chondrocytes with FGF increases HAS2
expression, but simultaneously down-regulates HAS1 mRNA [Recklies et al, 2001].
Conversely, treatment of normal human mesothelial cells with TGF-$1 attenuates
HAS2 expression, but increases the expression of HAS1 [Jacobson et al, 2000]. In

addition, the three HAS genes from Xenopus leavis show different temporal
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expression patterns during embryonic development [Nardini et al, 2004]. It is thus
conceivable that the different HAS enzymes and/or genes may directly interact with
one another. These interactions, may then contribute to the different HAS expression
patterns that are seen in response to common stimuli, during successive stages of
development or perhaps during different pathological conditions. To date, the control
of HA production by these means has not been investigated, and may therefore

develop in importance.

Understanding the transcriptional control of the HAS genes may in the future provide
new avenues of therapeutic research via the control of HA synthesis. A combination
of methods for both transcriptional and enzymatic control of the HAS enzymes
however, may prove to be the most effective strategy. The evidence strongly suggests
that in many systems, important control mechanisms are still situated at the levels of
HA (rather than HAS) synthesis and degradation. Indeed, a recent report has
identified latent HAS enzymes within the ER-golgi pathway that can be rapidly
mobilised and inserted into the plasma membrane to generate more HA [Rilla et al,
2005]. The lack of antibodies for the detection of functioning HAS enzymes still
remains a problem, and the successful production of HAS-specific antibodies would

be seen as a major breakthrough in HA research.

At present, there are no known splice variants of the HAS2 gene, and therefore no
knowledge of correlations between any HAS2 variants and different disease
conditions where increased HA production is observed. HAS3 is known to have 2
different splice variants (HAS3v] and HAS3v2). One recent study investigated HAS2
allele expression in nephropathic versus non nephropathic diabetic patients, but no
correlation was found (Nair et al, unpublished observation). It is known that HAS3v1
generates shorter HA chains than HAS1 and HAS2. The functional significance of
this, however, is not known. One recent report has demonstrated, for the first time,
splice variation of the HASI gene in multiple myeloma, and showed that one of the
variants correlated with reduced survival [Adamia et al, 2005]. It is possible that there
may also be splice variants for HAS2. Indeed, if they exist, they also have the
potential to act as specific markers for different diseases, thereby providing another

interesting area of therapeutic investigation.
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APPENDIX I - REAGENT LIST

All reagents were purchased from Fischer Scientific (Loughborough, Leicestershire,

UK) unless stated.

Buffer A
10 mM HEPES-KOH (pH 7.9) (Gibco)
1.5 mM MgCl,
10 mM KCl
0.5 mM DTT* (Invitrogen)
0.2 mM Phenylmethylsulphonyl fluoride (PMSF)* (Sigma)

*added immediately before use

Buffer C

20 mM HEPES-KOH (pH 7.9)
25% Glycerol

420 nM NaCl

1.5 mM MgCl,

0.2 mM EDTA

0.3 mM DTT*

0.2 mM PMSF*

*added immediately before use

EMSA binding buffer (10 x)
340 mM KCl
50 mM MgCl,
1 mM DTT

EMSA dilution buffer
40 mM KCl
0.1 mM EDTA
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TBE buffer (5 x)
54g TRIS base
27.5 g Boric acid
0.5MEDTA
Made up to 1 L with H,O

TENS buffer
10 mM TRIS-CI
1 mM EDTA
0.1 M NaOH
0.5% SDS

YT agar (per litre)
16 g Bacto-tryptone (Oxoid, Ltd, Basingstoke, Hampshire, UK)
10 g Yeast extract (Oxoid)
S g NaCl
20 g Agar (Oxoid)

YT broth (per litre)
16 g Bact-tryptone
10 g Yeast extract
S g NaCl
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APPENDIX I - VECTOR MAPS

Plac lacZa

QCE f1 ori

pUC ori

pCR2.1/TOPO
(3931 bp)

PCR2.1/TOPO MCS

lacZaATG Hin dlll Kpnl  Sacl BamHI Spel
I |

| [ |
CAG GAA ACA GCT ATG ACC ATG ATT ACG CCA AGC TTG GTA CCG AGC TCG GAT CCA CTA

MI13-R
Bst X1  Eco Rl Eco RI

| | PCR PRODUCT |
GTA ACG GCC GCC AGT GTG CTG GAA TTC GCC CTT---------- AAG GGC GAA TTC TGC

Eco RV Bst X1  Notl Xho | Nsil Xbal Apal

I | I | Il I
AGA TAT CCA TCA CAC TGG CGG CCG CTC GAG CAT GCA TCT AGA GGG CCC AAT TCG CCC

TAT AGT GAG TCG TAT TAC AAT TCA CTG GCC GTC GTT TTA CAA CGT CGT GAC TGG GAA
T7 Promoter MI13-F
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Synthetic poly(A)
- signal / transcriptional

—_ T~ pause site)

Amp' \
f J Kpn'1
f1 ori || Sacl
. Not 1
orl Xbal
pGL3-Basic-Mod Spe 1
Vector Bam HI
(4818bp) 1\ Smal
!/ Pstl
Eco RI
luc, Eco RV
Hin dIll
SV40 late poly(A) T
signal (for luc+ _—
reporter)
pGL3-Basic MCS
Kpnl Sac | Miu 1 Nhe | Smal Xhol Bgl 11 Hin dlll

! | [ I I I I
GGT ACC GAG CTC TTA CGC GTG CTA GCC CGG GCT CGA GAT CTG CGA TCT AAG TAA GCT

pGL3-Mod MCS

Kpln I Sa'c 1 Nolt I Xll)a 1 Sple 1 Barri HI Smla 1

GGT ACC GAG CTC CAC CGC GGT GGC GGC CGC TCT AGA ACT AGT GGA TCC CCC GGG CTG

Pstl EcoRl  Eco RV Hindlll
(. I |
CAG GAA TTC GAT ATC AAG CTT
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