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Abbreviations

Standard abbreviations and symbols recommended by the IUPAC-IUB Commission on

Biochemical Nomenclature have generally been used. Standard abbreviations for
nucleotides and three-letter abbreviations for amino acids have been used throughout the
text. Non-standard abbreviations used are described in full in brackets after their first

use in the text. Exceptions to this are listed below:

ATP adenosine-5'-triphosphate

bp base pair(s)
BSA bovine serum albumin

BLAST basic local alignment search tool
cAMP cyclic adenosine monophosphate
CAT chloramphenicol acetyltransferase
cDNA complementary deoxyribonucleic acid

cpm counts per minute
DAPI 4',6-diamidino-2-phenylindole
dEEO deionised water

DNA 2-deoxyribonucleic acid
DNase deoxyribonuclease
dNTP deoxyribonucleotide-5'-triphosphate

N = A: adenine

N = C: cytosine
N = G: guanine
N = T: thymine

dpm disintegrations per minute
DTT 1,4-dithiothreitol

EDTA ethylenediaminetetracetic acid
FITC fluorescine isothiocyanate
hr hour(s)
HRP horseradish peroxidase
kb kilobase pairs
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kDa kilodalton

1/L litre

M molar (moles/litre)
min minute(s)
mRNA messenger ribonucleic acid
PCR polymerase chain reaction
RNA ribonucleic acid

RNase ribonuclease

rNTP ribonucleotide-5'-triphosphate
N = A: adenine

N = C: cytosine
N = G: guanine
N = U: uracil

rpm revolutions per minute
SDS sodium dodecyl sulphate
s second(s)
TEMED N,N,N',N'-tetramethylethylenediamine
Tris tris (hydroxymethyl) aminomethane
UV ultraviolet

v/vol volume

w weight
x g times gravitational force

Standard prefixes used were:

k kilo (103)
m milli (10"3)
p micro (10~6)
n nano (10"9)
p pico (10"12)
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Abstract

Renin is an aspartyl protease most commonly associated with its systemic role in
regulation of arterial pressure and electrolyte balance through its participation in the
renin-angiotensin system (RAS). Under normal physiological conditions, renin
synthesis and secretion is restricted to the granulated juxtaglomerular (JG) cells of the
kidney. Most mammals possess a single renin gene, however most strains of laboratory
mice possess two renin genes, termed Ren-ld and Ren-2. Mice lacking a functional
Ren-ld gene exhibit a complete lack of renal JG cell granulation and abnormal macula
densa morphology. Transgenic mice carrying a 145 kb BAC clone encompassing the
Ren-ld and Ren-2 loci show complete restoration of JG cell granulation and normal renal
macula densa structure. The structural features required for formation of dense-core
renin secretory granules have not yet been identified.

Here we describe attempts to rescue the mouse Ren-ld knockout by complementation
with a large human renin (hREN) transgene. Transgenic mice were generated using a
55 kb fragment of a PAC clone encompassing the hREN locus, with approximately
35 kb of 5'-flanking sequence. The hREN transgene was backcrossed onto the Ren-ld
knockout background, and these M/TV-complemented animals demonstrated restoration
of JG cell granulation in a transgene expression level-dependent manner, whilst the
atypical macula densa morphology was not rescued. These experiments suggest that the
human renin and mouse renin-ld proteins have conserved structural features necessary
for the formation of dense-core renin secretory granules. The Ren-ld knockout mouse
model provides an ideal tool for the in vivo dissection of structural features of the renin
protein responsible for formation of dense-core secretory granules in JG cells.

From the renal JG cells, prorenin is secreted either rapidly and intact by a constitutive
pathway from the Golgi or protogranules, or is packaged into immature granules and
processed into active renin, which is stored in dense-core secretory granules until its
regulated release is stimulated. Evidence suggests that the product of the Ren-ld gene,
renin-ld is released by the regulated pathway of secretion, whilst the product of the
Ren-2 gene, renin-2, is released via the constitutive pathway. It is not known whether
the renin-2 protein is able to enter the regulated pathway of secretion.

To investigate the trafficking pathways of the two mouse renin proteins, fusion proteins
of the renin- ld and renin-2 proteins with enhanced green fluorescent protein (EGFP)
were generated. The chimaeras were expressed in vitro in the JG-like As4.1 mouse
renal carcinoma cell line. Renin-ld-EGFP was localised to large granular compartments,
the Golgi apparatus and also to some smaller vesicles. Renin-2-EGFP was most evident
in the Golgi apparatus, with some weaker expression in the cytoplasm, with no evidence
of the fusion protein in any large granular compartment. These results confirm that the
mouse renin-ld and renin-2 proteins are not equivalent, and support evidence that the
renin-ld and renin-2 proteins are secreted by regulated and constitutive pathways,
respectively.
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Chapter 1

Introduction

1.1. The renin-angiotensin system

1.1.1. Historical perspective

Some of the earliest work to suggest an association between impaired renal function and

hypertension observed that patients dying with contracted kidneys often exhibited a

hard, full pulse and cardiac hypertrophy (Bright, 1836). However, at that time it was
believed that hypertension was the necessary response of the body to maintain normal
renal function, hence the term 'essential hypertension'. Around the same time, Brown-

Sequard suggested that many organs dispensed substances into the blood that were not

ordinary waste products, but had specific functions. The proposition of Brown-Sequard
was that a deficiency of any one of these "chemical messengers" would result in certain
disease states (Olmsted, 1946).

Stimulated by this early work, Tigerstedt and Bergman began an investigation of the
effect that a renal substance might have on the circulation, and in 1898 they published
the first experiments that firmly established the physiological importance of the renin-

angiotensin system (RAS) (Tigerstedt & Bergman, 1898). The basic hypothesis of their
work was that".. .a blood-pressure raising substance is formed in the kidneys and passed
into the blood" (Tigerstedt & Bergman, 1898; Marks & Maxwell, 1979). They

performed the simple but novel experiment of injecting a saline extract of rabbit renal
tissue into anaesthetised rabbits. They noted a prompt and significant increase in blood

pressure. Tigerstedt and Bergman named this pressor substance, "...for the sake of

brevity by the name renin".

In their studies, Tigerstedt and Bergman made a number of important observations.

They demonstrated that renin was present in renal venous, but not arterial blood and that
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it could be extracted from renal cortex, but not from renal medulla. Renin was destroyed

by heating, and did not readily diffuse through semi-permeable membranes; thus it was

probably, as was later confirmed, a protein. With regard to mechanism of action, they
observed that section of various nerve centres had no effect on the pressor action, and
that heart rate was not affected by renin. They concluded the pressor action appeared to

be mediated by an effect on vascular smooth muscle, though not necessarily a direct
effect. In reference to a possible mechanism of vasoconstrictor hypertension, Tigerstedt
and Bergman suggested that, "under certain circumstances, this substance (renin) could
be formed in larger quantities than usual. ...In that case there would be exerted a

stronger and more lasting action than under normal circumstances upon the vascular

musculature, and in this manner the resistance in the vessels could be constantly raised
above the normal level. Hypertrophy of the heart would be a result of this." However,
the full significance of this discovery was not realised during Tigerstedf s lifetime.

Widespread interest in renin did not occur until after Goldblatt and co-workers were able
to produce experimental hypertension in dogs by partially clamping a renal artery, and it
was speculated that in this condition, "...there may be an accumulation or new

formation of some substance.. .which may effect a pressor action like that of a hormone"

(Goldblatt et al., 1934). It was then accepted that the kidney might play a crucial role in
the initiation and maintenance of some forms of hypertension, but although Goldblatt

recognised that a humoral substance might well be involved in the pathogenesis of this
form of hypertension, he did not at first consider renin as a contender (Goldblatt et al.,

1934; Goldblatt, 1937; Goldblatt, 1947). However, others recognised this possibility
and in 1938, three separate groups published confirmation of Tigerstedf s work, and
renin was successfully extracted from kidneys and partially purified (Hessel, 1938;
Landis et al., 1938; Pickering & Prinzmetal, 1938).

Further work led to the proposition that renin was an enzyme (Kohlstaedt et al., 1938;
Munoz et al., 1939), and detailed studies demonstrated that renin itself did not have a

vasoconstrictor effect, but acted upon a substance present in plasma to form the
vasoactive material. The direct pressor substance in the RAS, now known to be the

peptide angiotensin II (Ang-II), was discovered concurrently by Page and co-workers
and by Braun-Menendez and colleagues (Braun-Menendez et al., 1940; Page & Helmer,
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1940; Page, 1975). The amino acid sequences of bovine and equine angiotensin were

later elucidated (Elliot & Peart, 1956; Skeggs et al., 1956). Subsequently, it was shown
that the essential component of renin substrate was a tetradecapeptide from which renin

splits off a decapeptide (Skeggs et al., 1957; Skeggs et al., 1964); this decapeptide is

angiotensin I (Ang-I). This work enabled the successful synthesis of angiotensin to be
achieved (Schwyzer & Sieber, 1956; Rittel et al., 1957; Page & Bumpus, 1974), and the

subsequent availability of the pure octopeptide provided a major experimental stimulus
to the dissection and understanding of the RAS.

A role of the RAS in the control of aldosterone secretion was first proposed by Gross

(Gross, 1958; Robertson, 1984). After observations that changes in sodium balance
affected the renin system and aldosterone secretion together, he put forward the proposal
that renin, via Ang-II, was responsible for the physiological regulation of aldosterone
secretion. A series of experiments demonstrated the presence of a circulatory

aldosterone-stimulating hormone; the source of this hormone was the kidney and it was
almost certainly renin (Davis, 1959; Carpenter et al., 1961; Ganong & Mulrow, 1961).
It was also demonstrated that the infusion of synthetic Ang-II stimulated aldosterone
secretion (Laragh et al., 1960; Davis, 1961; Mulrow & Ganong, 1961). Since that time,
the cascade of enzymes, peptides and steroid hormones and cofactors belonging to the
RAS have been investigated and further characterised.

1.1.2. Overview of the renin-angiotensin system

Mammalian blood pressure is regulated by a variety of mechanisms that involve several

physiological systems and numerous environmental factors (Soubrier & Bonnardeaux,

1994; Dzau et al., 1995; Glueck & Dzau, 2002). Amongst the numerous factors

controlling blood pressure, the RAS is one of the best characterised, biochemically and

pharmacologically (figure 1.1). Perturbations in the RAS have been seen in many

human conditions and genetic evidence supports the hypothesis that a disruption in the

regulation of the RAS is implicated in the pathogenesis of hypertension, cardiac

hypertrophy, and vascular pathologies associated with diabetes and renal disease, and is
a risk factor for cardiovascular diseases such as stroke, atherosclerosis, and myocardial
infarction (Dzau, 1990; Dzau, 1991; Krieger & Dzau, 1991; Caulfield et al., 1996;
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Baumann et al., 2000). This, along with clinical observations that inhibitors of the RAS
are effective antihypertensive agents (Dzau, 1989b), strongly supports the role for the
RAS in blood pressure regulation and make it a likely candidate as a primary mediator in
the pathogenesis of hypertension.

Figure 1.1. Schematic of the renin-angiotensin system

A
Renin

Angiotensinogen

Angiotensin I

J <r
Angiotensin II

Angiotensin-
converting enzyme

/\
Vasueuusliicliuii Aldosterone

Figure 1.1. Renin is produced from precursor peptide prorenin and released into the systemic circulation

mainly from the kidney. Renin catalyses the first step of the renin-angiotensin system (RAS), the specific

cleavage of angiotensin I (Ang-I) from its precursor, angiotensinogen (AGT). Ang-I is then converted by

angiotensin-converting enzyme (ACE) to the potent vasopressor peptide, angiotensin II (Ang-II), which
exerts its range of physiological effects via the Ang-II receptors.

Much evidence implicating the RAS in blood pressure dysregulation comes from linkage

analysis studies in rats and humans (table 1.1). Polymorphisms in or linked to the genes

for angiotensinogen (AGT), renin, ACE and the Ang-II receptor loci have all been
linked with blood pressure effects in rat models of hypertension. In human population

studies, there is also evidence linking each of these genes to hypertension, the AGT
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locus, in particular, showing consistent linkage with hypertension in many populations.

However, there are other human population studies in which linkage of each of these
RAS genes with hypertension has not been found. Together these conflicting studies

suggest that in a multi-factorial disease such as hypertension, the same genetic

components may contribute to differing extents amongst individuals.

The first step in the RAS is the specific cleavage of the 10-amino acid peptide Ang-I
from the N-terminus ofmature AGT by renin (figure 1.2), the activity of which is rate-

limiting in humans (Baxter et al., 1991). In contrast, it is the substrate AGT that is the

limiting factor in the mouse (Weaver et al., 1991). Ang-I is further cleaved by

angiotensin-converting enzyme (ACE) into the physiologically active octapeptide

hormone, Ang-II, which exerts its effects in a receptor-mediated manner. Ang-II exerts
a wide variety of systemic effects, but classically serves to cause increased peripheral
vascular resistance, stimulate release of the adrenocortical hormone aldosterone,

enhance renal sodium transport, regulate renal blood flow, and increase thirst (reviewed

by Morton, 1993).

Two pharmacologically distinct subtypes of Ang-II cell surface receptors have been
identified by ligand binding studies, Ang-II receptor subtypes ATI and AT2

(Whitebread et al., 1989; de Gasparo et al., 1990). The ATI receptor subtype is widely
distributed and is the receptor subtype responsible for most of the cardiovascular and

haemodynamic effects of Ang-II, whilst less is known of the functions of the AT2

receptor. In mice, two isoforms of the ATI receptor exist, AT1A and AT1B, which

display differing tissue expression profiles (Gasc et al., 1994), which may selectively
modulate the various effects of Ang-II in different target tissues. A third receptor

subtype, the AT4 receptor, has been described (Harding et al., 1992; Swanson et al.,

1992; Roberts et al., 1995), activation of which appears to be selective for Ang-IV, an

Ang-II degradation product (Wright & Harding, 1995; Wright et al., 1995).
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Table 1.1. Evidence of linkage of RAS components to hypertension

Gene Organism Reference(s)

Angiotensinogen Rat Linkage'. (Hubner et al., 1995; St Lezin et al., 1999)
No linkage'. (Hubner et al., 1994)

Etuman Linkage: (Jeunemaitre et al., 1992b; Arngrimsson et al.,
1993; Jeunemaitre etal., 1993; Ward etal., 1993;
Caulfield et al., 1994; Hegele et al., 1994; Kamitani et al.,
1994; Caulfield et al., 1995; Hata, 1995; Inouset al.,
1995; Nishiuma et al., 1995; Forrester etal., 1996;
Atwood et al., 1997; Jeunemaitre et al., 1997; Sato et al.,
1997; Fornage et al., 1998; Ishigami et al., 1999; Kato et
al., 1999; Pan et al., 2000; Sato et al., 2000; Wang et al.,
2002)

No linkage: (Bennet et al., 1993; Barley et al., 1994;
Fornage et al., 1995; Hingorani et al., 1996; Brand et al.,
1998; Niu et al., 1999; Wang etal., 1999)

Renin Rat Linkage: (Rapp et al., 1989; Kurtz et al., 1990b; Pravenec
et al., 1991; Rapp et al., 1994)

Eiuman Linkage: (Zee et al., 1991; Okura et al., 1993)
No linkage: (Morris & Griffiths, 1988; Naftilan et al.,
1989; Soubrier et al., 1990; Jeunemaitre et al., 1992a;
Okura et al., 1992; Arngrimsson et al., 1994; Rapp et al.,
1994; West etal., 1994; Niu etal., 1999)

ACE Rat Linkage: (Hilbert et al., 1991; Jacob et al., 1991; Deng &
Rapp, 1992; Kreutz et al., 1995; Zhang etal., 1996;
Kantachuvesiri et al., 1999)

No linkage: (Kreutz et al., 1995)
Eiuman Linkage'. (Zctet al., 1992; McKenzie et al., 1995; Hiraga

etal., 1996; Nakano etal., 1998; O'Donnell et al., 1998;
Pan et al., 2000; Zhu et al., 2001)

No linkage: (Jeunemaitre et al., 1992a; Harrap et al., 1993;
Higashimori et al., 1993; Schmidt et al., 1993; Summers et
al., 1993; West et al., 1994; O'Donnell etal., 1998)

Ang-II receptors Rat Linkage: (Deng & Rapp, 1994; Kantachuvesiri et al.,
1999)

Human Linkage: (Benetos et al., 1995; Kainulainen et al., 1999;
Nagy et al., 1999)

No linkage: (Bonnardeaux et al., 1994; Zhang et al.,
2000a)
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Figure 1.2. Biochemistry of the renin-angiotensin system

Figure 1.2. In man, renin cleaves its substrate (angiotensinogen) between the leucine and valine in

positions 10 and 11 to form the decapeptide, Ang-I. In several other species, both positions 10 and 11 of
angiotensinogen are occupied by leucine. Converting enzyme removes residues 9 and 10 (histidine and

leucine) to form the active octapeptide, Ang-II. Removal of aspartic acid from position 1 forms the

heptapeptide, Ang-lII, and removal of arginine from position 2 yields the hexapeptide, Ang-IV. Modified
from the figure of Robertson (1993).
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Whilst renin activity is thought to be the rate-limiting step in the production of Ang-II,
this process is tightly regulated as Ang-II elicits negative feedback on both primary renin

synthesis and renin secretion, thereby providing a means of autoregulation (Johns et al.,

1990). In addition, renin production and secretion are regulated in response to changes
in arterial pressure and plasma sodium levels (Iwai et al., 1989; Miller et al., 1989).

Gaining a clear understanding of renin gene regulation and protein secretion in response

to physiological cues is essential if we are to understand how perturbations in this
homeostatic system lead to cardiovascular disease.

1.1.3. Renin

Identification of renin as an enzyme, rather than a pressor hormone, and evidence that

Ang-I was the product of its enzymatic action (Braun-Menendez et al., 1940; Page &

Helmer, 1940) laid the foundation for the future development of research on the RAS.
Whilst renin was recognised as a peptidase, it was intriguing that it did not possess a

general proteolytic action. Furthermore, it did not appear to belong to any known group

of proteases since it was resistant to group-specific protease inhibitors (Pickens et al.,

1965; Reinharz et al., 1971).

Isolation of pure renin permitted the further characterisation of its molecular and

enzymatic properties (Murakami & Inagami, 1975; Inagami & Murakami, 1977;
Yokosawa et al., 1978; Figueiredo et al., 1983). It was observed that specific
inactivators of aspartyl proteases inhibited the action of renin, and it was deduced that it

belonged to the family of acid (aspartyl) proteases (Inagami et al., 1974; McKown &

Gregerman, 1975; Misono & Inagami, 1980). It was demonstrated that renin had a very

narrow substrate specificity, limited to one leucylvalyl (primate) or leucylleucyl (other

mammals) peptide bond in the renin substrate (angiotensinogen) molecule. Human
renin shows a broad pH spectrum of activity in vitro in reaction with AGT from the

homologous plasma, which is optimal between pH 6.0 and 6.5 (Yokosawa et al., 1980).
In its reaction with substrate, renin shows preference for AGT of the homologous

species. Human renin is capable of cleaving human, porcine, canine, bovine and goat

angiotensinogens, whilst AGT in mouse plasma is acted on only by mouse renin (Oliver
& Gross, 1967; Hatae et al., 1994).
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Molecular weight measurements showed that renins from various species are monomeric

glycoproteins with molecular weights ranging from 36 kDa to 45 kDa (reviewed by

Inagami, 1993). The only exception is the mouse submandibular gland renin (renin-2),
which has no asparagine-linked (//-linked) glycosylation sites in its amino acid sequence

and is not a glycoprotein (Misono el al., 1982a; Misono et al., 1982b; Misono &

Inagami, 1982; Corvol et al., 1983). Renin, as a member of the family of aspartyl

proteases, has an active site containing two aspartyl residues that are essential for

catalytic activity. Like other aspartyl proteases, the three-dimensional structure of renin
consists of two lobes separated by a distinct cleft containing the active site of the

enzyme (figure 1.3) (Sielecki et al., 1989; Dhanaraj et al., 1992).

Figure 1.3. Three-dimensional structure of renin

Figure 1.3. Three-dimensional representation of human renin showing the secondary structure. The
distinct cleft (orange) containing the active site of the enzyme and the amino acids that comprise the two

potential asparagine-linked glycosylation motifs (cyan) are highlighted. Images were generated from the

protein structural file, human ren lBBS (Dhanaraj et al., 1992), obtained from the PDB website:

http://pdb.ccdc.cam.ac.uk. Images were generated using RasMol v2.6 (Sayle & Milner-White, 1995) by
G. Zepeda.

1.1.4. Prorenin

Renin is synthesised as an inactive prorenin, which is subsequently activated into the
active zymogen, renin. Prorenin is produced in the kidney and secreted in its inactive
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pro-form into the circulation, as is active renin (Dzau & Pratt, 1988). Like other
secreted proteins, prorenin is produced as preprorenin with a signal peptide at its amino
terminus (Pratt et al., 1987). In human renin, the signal peptide consists of 23 amino
acids and is excised from preprorenin to yield prorenin. Prorenin contains an amino-
terminal propeptide of 43 amino acids, which can be split off from the renin part of the
molecule by an enzyme with typsin-like specificity through cleavage of the Asp-43P-
Leu-1 bond. The proteolytic removal of this propeptide converts inactive prorenin into

fully active renin.

Although the physiological role of renin and pepsin are clearly different, it is possible
that these aspartyl protease family members have a similar molecular mechanism by
which the propeptide may be stabilising the zymogen in its inactive conformation

(Heinrikson et al., 1989). Comparison of the amino acid sequence of the propeptides of
human prorenin and porcine pepsinogen reveals conserved basic residues corresponding
to Arg-lOP, Arg-15P and Arg-20P of human prorenin, and to Lys-3P, Arg-8P and

Arg-13P of porcine pepsinogen (Yamauchi et al., 1990). In the pepsinogen molecule,
these basic residues are considered to interact with acidic residues in the pepsin part

(James & Sielecki, 1986). Site-directed mutagenesis of human prorenin, by which these

arginine residues of the propeptide were substituted with either glutamine or lysine

residues, was used to determine whether the propeptide of prorenin also occupies the

substrate-binding cleft through electrostatic interactions (Yamauchi et al., 1990).
Mutant prorenins in which one of the three arginine residues, Arg-lOP, Arg-15P and

Arg-20P, was replaced with a glutamine residue were partially active (approximately

30%). Mutants in which two of these arginine residues were replaced were more active

(60-70%), and replacement of all three arginine residues resulted in a nearly fully active

prorenin (80%). Replacement with lysine residues had no effect on activity. These
results strongly suggest that the positive charges of the three arginine residues near the
amino terminus are essential for maintaining prorenin in the inactive conformation.

Prorenin can be activated at neutral pH by a variety of serine proteases including trypsin,

plasmin, tissue plasminogen activator, and plasma and glandular kallikreins (Cooper et

al., 1977; Sealey et al., 1979a; Sealey et al., 1979b; Schalekamp & Derkx, 1981; Derkx
et al., 1982; Inagami et al., 1982; Dzau, 1989a). At low pH, renin can be activated by
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aspartyl proteases, including pepsin and cathepsin D (Morris, 1978). Studies with
recombinant human prorenin have shown that activation by trypsin involves multiple

steps and intermediate forms during the early stages, as well as a single-step activation

by cleavage between the Arg-43P and Leu-1 residues (Dubin et al., 1991). Plasmin

generates active renin by cleavage between Lys-42P and Arg-43P (Heinrikson et al.,

1989).

The enzyme responsible for activation of prorenin in cells has a specificity unlike that of

trypsin, and in vivo activation occurs by a single cleavage preceding Leu-1 (Heinrikson
et al., 1989). A thiol protease isolated from human renal cortical homogenates activated
human prorenin by selective cleavage of the complete propeptide between Arg-43P and

Leu-1, without cleavage at other sites (Shinagawa et al., 1990). This protease, which
resembles cathepsin B, had an optimum pH of 6, consistent with the pH in a secretory

granule, and has been proposed as the renal prorenin-processing enzyme. Other work

suggests that cathepsin B itself may be the renal prorenin-processing enzyme, as it
co-localises with renin in both immature and mature secretory granules and, after

purification from human kidney, it correctly cleaves prorenin (Lacasse et al., 1985;

Taugner et al., 1985a; Matsuba et al., 1989). In mouse, a prorenin-converting enzyme

isolated from the submandibular gland correctly processed renin-2 prorenin, but not
renin-1 or human prorenin. This was identified as epidermal growth factor-binding

protein type B, the product of the mouse kallikrein gene-13 (Kim et al., 1991b)

1.1.5. Angiotensinogen

Angiotensinogen (AGT) is an approximately 55 kDa glycoprotein present in the plasma,
which is synthesised and secreted by the liver (Printz & Dworschack, 1977; Printz et al.,

1977; Higenfeldt & Hackenthal, 1979; Bouhnik et al., 1981). Purification and
characterisation of AGT revealed differences in the structure of the N-terminal

tetradecapeptide of the protein in different species (Tewksbury et al., 1981), resolving
some of the questions regarding the species specificity of the reaction between renin and
its substrate. AGT is the prohormone of Ang-I, characterised by an extracellular

processing, the opposite from renin, which is intracellularly processed from prorenin in
the JG cells before being released. The regulation of the RAS, at least in the short term,
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does not seem to be dependent upon changes in plasma AGT. For example, abrupt

changes in renin release by the renal JG cells, rather than changes in plasma AGT, are
the initial response seen to alterations in sodium intake (Hackenthal et al., 1990).

It is surprising that a mammal produces a large protein of 452 amino acids in order to

generate a peptide of only 10 amino acid residues. This led to the provocative

suggestion that AGT could be a renin inhibitor (Poulsen & Jacobsen, 1986), whilst the

important reaction was between renin and another substrate. No experimental data have
shown AGT to be a protease inhibitor and, except for the production of Ang-I, no other

property has yet been found.

1.1.6. Angiotensin

It is now known that there are at least four biologically significant angiotensins: Ang-I, a

decapeptide formed by the action of renin on AGT, which has no known biological

activity; Ang-II, an octapeptide formed by the removal of two C-terminal amino acids
from Ang-I, which is biologically active; Ang-III (angiotensin-[2-8j), formed by the

enzymatic cleavage of the N-terminal aspartic acid from Ang-II, which acts at the AT2

receptor but also binds the ATI site (Wright & Harding, 1994); and Ang-IV

(angiotensin-[3-8]), formed by the removal of one more amino acid (Arg-2) from

Ang-III, which acts primarily at the AT4 site (Harding et al., 1992; Swanson et al.,

1992; Roberts et al., 1995), but may also bind at the ATI and AT2 sites (Wright &

Harding, 1995; de Gasparo et al., 2000).

The majority of conversion from Ang-I to Ang-II occurs within the lung on the

pulmonary vascular endothelial surface, where up to 80% of Ang-I at physiological
concentrations is converted to Ang-II (Ng & Vane, 1967; Ng & Vane, 1968). Ang-II is

rapidly broken down in vivo, having a half-life of 10-20 seconds. The enzymes

responsible for the degradation are classified under the general name of angiotensinases
and are widely distributed in tissues (Morton, 1993). Although angiotensinases are

present in blood, the metabolism of Ang-II in the blood in vitro is a slow process and of
minor significance compared with the rapid catabolism in tissues (Brown et al., 1967;

Ng & Vane, 1967; Bakhle et al., 1969).
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Ang-II elicits a variety of physiological and pathophysiological effects by binding and
activation of angiotensin receptors belonging to the superfamily of G-protein-coupled

receptors. The majority of the effects involved in the regulation of the hydro-mineral
balance as well as arterial blood pressure are mediated by ATI receptors (de Gasparo et

al., 2000). In the central nervous system, the Ang-II/ATl system is thought to be
involved in the regulation of cardiovascular and body water homeostasis, vasopressin

release, cyclicity of reproductive hormones, and sexual behaviour (reviewed in

Saavedra, 1992; Wright & Harding, 1992; Timmermans et al., 1993; Wright & Harding,

1994).

There is increasing evidence that direct pathological events in the vessel wall play an

important role in vascular disease. Ang-II is a potent mediator of oxidative stress and
stimulates the release of cytokines and the expression of leukocyte adhesion molecules
that mediate vessel wall inflammation (Dzau, 2001). Inflammatory cells release

enzymes (including ACE) that generate Ang-II (Fukuhara et al., 2000). Thus, a local

positive-feedback mechanism may be established in the vessel wall for oxidative stress,

inflammation, and endothelial dysfunction. Ang-II also acts as a direct growth factor for
vascular smooth muscle cells and can stimulate the local production of

metalloproteinases and plasminogen activator inhibitor (Takagishi et al., 1995; Brown et

al., 1998). Taken together, Ang-II can promote vasoconstriction, inflammation,

thrombosis, and vascular remodeling.

The Ang-III/AT2 system is less well understood, but appears to be involved in

myointimal formation after vascular injury (Janiak et al., 1992), drinking behaviour

(Rowland & Fregly, 1993), and the regulation of blood flow (Stromberg et al., 1993;
Naveri et al., 1994). Ang-III is a relatively weak systemic pressor agent in comparison
with Ang-II, retaining approximately 30% of the latter's activity (Khosla et al., 1974).
Other investigations have shown that Ang-II and Ang-III are approximately equipotent

regarding centrally-mediated pressor responses following central injections of the

peptides (Fink & Bruner, 1985; Wright et al., 1985). The steroidogenic potency of

Ang-III is also less than that of Ang-II in stimulation of aldosterone release (Khairallah
et al., 1978; Aguilera et al., 1979; Mendelsohn & Kachel, 1980). In human plasma,

Ang-III is present in relatively low concentrations compared to Ang-II (Semple et al.,
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1976; Nussberger et al., 1986; Campbell & Kladis, 1990; Lawrence et al., 1990). This
would seem to indicate that as a circulating hormone, in man at least, the physiological

importance of Ang-III is minor. However, this is not the case in the central nervous

system, where Ang-III has been suggested to be the prominent effector peptide (Unger et

al., 1988; Reaux et al., 2001).

Ang-IV binds with high affinity to the AT4 receptor, which is pharmacologically distinct
from the ATI and AT2 receptors (Harding et al., 1992; Swanson et al., 1992; Roberts et

al., 1995). The Ang-IV/AT4 system appears to be minimally involved in the classic
functions of the brain angiotensin system (Tonnaer et al., 1982; Wright et al., 1989), but
is concerned with regulation of blood flow and vascular growth (Haberl et al., 1991;
Swanson et al., 1992; Coleman et al., 1998), and memory acquisition and retention

(Braszko et al., 1988; Braszko et al., 1991; Wright & Harding, 1995; Wright et al.,

1995). Although Ang-IV binding sites have recently been identified as the insulin-

regulated aminopeptidase (Albiston et al., 2001), this does not explain the ATI receptor
blocker-sensitive biological effects of Ang-IV (Gardiner et al., 1993). It has been

suggested that full activation of the ATI receptor is preceded by the formation of a

preactivated state (Noda et al., 1996). Recent evidence suggests that Ang-IV is a potent

agonist for these preactivated ATI receptors (Le et al., 2002).

1.1.7. Angiotensin-converting enzyme (ACE)

ACE is a relatively non-specific zinc metallopeptidase, acting on a range of peptide
substrates in addition to Ang-I, including bradykinin, neurotensin, substance P, and

luteinising hormone-releasing hormone (Skidgel et al., 1984; Skidgel, 1985; Skidgel &

Erdos, 1985; Skidgel & Erdos, 1987). ACE is synonymous with kininase II, which

plays an important role in the pulmonary inactivation of the vasodilator peptide

bradykinin. ACE is present in vascular beds (Ng & Vane, 1967), bound to the plasma
membrane of endothelial cells, where it cleaves circulating peptides such as Ang-I and

bradykinin (Erdos, 1975; Ryan et al., 1976). In addition, ACE is present in other cell

types, such as the epithelial and neuro-epithelial cells (Erdos, 1990). The lungs, because
of heavy vascularisation, are especially rich in ACE (Erdos, 1979).
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The ACE enzyme exists in two forms, a high molecular weight form (170 kDa) found in

endothelial, epithelial and neuronal cells, and a lower molecular weight form (90 kDa)
found in germinal cells. The somatic form of ACE, made by endothelium and other
somatic tissues, is a single polypeptide chain that contains two homologous protein
domains (Soubrier et al., 1988), whilst the germinal form of ACE exists as a single

protein domain (Ehlers et al., 1989). Each domain is independently catalytic, possessing

dipeptidyl carboxypeptidase and endopeptidase activities (Wei et al., 1991a). However,

only the carboxyl-terminal active site can undergo a chloride-induced alteration that

greatly enhances the hydrolysis of Ang-I or substance P (Wei et al., 1992; Jaspard et al.,

1993).

ACE is synthesised with an amino-terminal signal sequence. This leads to export of
both catalytic domains from the cell, but the last carboxyl-terminal portion of the
molecule is hydrophobic and anchors the protein within the cell membrane (Wei et al.,

1991a; Wei et al., 1991b). Besides tissue where the enzyme is bound tightly to plasma

membranes, ACE also exists in soluble form (Erdos, 1990). The mechanism of this
solubilisation appears to be through proteolytic cleavage of the membrane anchor

peptide (Wei et al., 1991b).

1.1.8. Angiotensin II receptors

The many effects of Ang-II are mediated by the interaction of the octapeptide, formed in
the circulation or produced locally in proximity to its sites of action, with specific, high-

affinity receptors in the plasma membranes of its target cells (Goodfriend & Lin, 1970;
Glossmann et al., 1974). Receptors for Ang-II have been identified and characterised in
vascular smooth muscle, adrenal cortex, kidney, myocardium, brain, and adrenal
medulla (Glossmann et al., 1974; Gunther et al., 1980; Mendelsohn et al., 1984; Rogers,

1984; Healy et al., 1985; Mendelsohn et al., 1986; Catt et al., 1987), as well as in liver,

uterus, pituitary, and gonads (Zimmerman et al., 1972; Lafontaine et al., 1979; Schirar et

al., 1980; Hauger et al., 1982; Khanum & Dufau, 1988). The classical effects of Ang-II
on blood pressure and fluid homeostasis are part of a wide spectrum of actions on

muscle, epithelial and neural cells throughout the body.
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The cardiovascular and other actions ofAng-II are mediated by ATI and AT2 receptors,

which are seven transmembrane glycoproteins with 34% sequence similarity to each
other (Kambayashi et al., 1993; Mukoyama et al., 1993). Most species express a single
autosomal ATI gene, but two related ATIA and AT IB receptor genes are expressed in

rodents, located on different chromosomes. ATI receptors are coupled to G-proteins,
and signal through phospholipases A, C, D, inositol phosphates, calcium channels, and a

variety of serine/threonine and tyrosine kinases (de Gasparo et al., 2000). Many AT1-
induced growth responses are mediated by transactivation of growth factor receptors

(Chua et al., 1998; Eguchi et al., 2001; Seta & Sadoshima, 2003). The receptor binding
sites for agonist and non-peptide antagonist ligands have been defined, the latter

compounds being as effective as ACE inhibitors in cardiovascular diseases, but better
tolerated (Cooper et al., 2001).

The AT2 receptor is expressed at high density during fetal development, but is much less
abundant in adult tissues (Lopez et al., 1994; Ozono et al., 1997; Li et al., 1998;
Matsubara et al., 1998). In the kidney, AT2 receptors are found in the renal capsules
and vasculature in the renal cortex, glomeruli and tubules (Gibson et al., 1991; Herblin
et al., 1991; Ozono et al., 1997). It is also present in the renal afferent arteriole and its
stimulation causes vasodilatation (Arima et al., 1997). AT2 receptor expression is also

up-regulated in pathological circumstances, such as heart failure, cardiac hypertrophy,

myocardial infarction, vascular injury, wound healing, and sodium depletion (Janiak et

al., 1992; Viswanathan & Saavedra, 1992; Lopez et al., 1994; Nakajima et al., 1995;
Nio et al., 1995; Ohkubo et al., 1997; Ozono et al., 1997). Its signaling pathways
include serine and tyrosine phosphatases, phospholipase A2, nitric oxide, and cyclic

guanosine monophosphate (cGMP) (de Gasparo & Siragy, 1999). The AT2 receptor

counteracts several of the growth responses initiated by the ATI and growth factor

receptors (de Gasparo & Siragy, 1999).

Two other receptors (AT3 and AT4) have been proposed, based on operational criteria.
The name AT3 was initially given to a binding site in the mouse neuroblastoma
neuro-2a cell line that was not blocked by either ATI - or AT2-specific blockers and was

not affected by GTP analogues (Chaki & Inagami, 1992). This AT3 binding site, which
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has low affinity for Ang-III, should be called a non-ATl-non-AT2 site until more
information about its nature has been obtained (de Gasparo et al., 2000).

The AT4 receptor specifically binds Ang-IV (Ang-[3-8]), and is located in brain and

kidney (Harding et al., 1992; Swanson et al., 1992; Roberts et al., 1995). Its signaling
mechanisms are unknown, but it influences local blood flow (Haberl et al., 1991;
Swanson et al., 1992; Coleman et al., 1998), and is associated with cognitive processes

and sensory and motor functions (Braszko et al., 1988; Braszko et al., 1991; Wright &

Harding, 1995; Wright et al., 1995). The AT4 receptor has recently been identified as

the insulin-regulated aminopeptidase, and it has been proposed that AT4 receptor

ligands may exert their effects by inhibiting the catalytic activity of the aminopeptidase,

thereby extending the half-life of its neuropeptide substrates (Albiston et al., 2001).

An orphan G-protein-coupled receptor, the Mas proto-oncogene, was identified from

predictions that its gene product had sequence similarity to other seven-transmembrane

segment G-protein-coupled receptors. Transiently expression of the Mas proto-

oncogene product in Xenopus oocytes, and stable expression in transfected mammalian
cell lines, demonstrated that the Mas gene product was a functional angiotensin receptor

(Jackson et al., 1988). The Mas proto-oncogene/angiotensin receptor responds

preferentially to Ang-III (Jackson & Hanley, 1989) and its tissue distribution suggests it

may function normally in the brain in sites not normally associated with angiotensins

(Bunnemann et al., 1990). The Mas/angiotensin receptor functions through the
breakdown of inositol lipids and can drive DNA synthesis, and may be involved in
differentiation and proliferation processes, as are other identified proto-oncogenes

(Hanley et al., 1990).

1.1.9. Aldosterone

Decades of research on the mineralocorticoid aldosterone have led to the development of
the classical model in which the hormone is produced from the adrenal glomerulosa in

response to Ang-II, and acts on epithelial cells in the regulation of salt and volume
homeostasis (Rocha & Funder, 2002). In the cells of the adrenal glomerulosa, Ang-II
stimulates the conversion of stored cholesterol to pregnenolone and the conversion of
corticosterone to aldosterone (Aguilera & Catt, 1979). While there is now substantial
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evidence pointing to the primacy of the RAS in aldosterone secretion, a number of other

factors, including adrenocorticotropin hormone (ACTH) secretion and changes in

potassium balance, as well as plasma sodium concentration, affect aldosterone secretion

(Espiner & Nicholls, 1993).

The action of aldosterone is to interact with epithelial cells located in the distal nephron
of the kidney, colon, and salivary and sweat glands to increase sodium reabsorption from

urine, gastrointestinal secretions, saliva and sweat. By promoting sodium and water

reabsorption at the level of the distal tubule and collecting duct, aldosterone increases

potassium and hydrogen ion secretion (Fanestil & Park, 1981). In the nephron, where
the effects have been studied most thoroughly, aldosterone has been found to diffuse

directly across the plasma membrane and to bind to the inactive cytoplasmic form of the
mineralocorticoid receptor (MR). This binding dissociates the MR from a multiprotein

complex containing molecular chaperones, which in turn mediates translocation of the
MR to the nucleus (Trapp & Holsboer, 1995; Fejes-Toth et al., 1998). In the nucleus,
the activated receptor acts as a positive transcription factor to modulate expression of

multiple proteins, triggering a cascade of events that ultimately increases the absorption
of sodium ions and water through the epithelial sodium channel and indirectly increases

potassium ion excretion (Chen et al., 1999; Wang et al., 2001). Ultimately, at the end of
this cascade, intravascular volume expands and blood pressure rises.

Recent findings have led to a better understanding of other, non-classical aspects of
aldosterone. MRs are present not only in the epithelial cells of the kidney, colon, and

salivary and sweat glands, but also in epithelial and non-epithelial tissues such as heart
and blood vessel (Fombes et al., 1995; Takeda et al., 1997), and in the brain, where
aldosterone may have a direct effect on brain tissue to increase the systemic blood

pressure (Tim et al., 1989). However, its most important action is in the preservation of
intravascular volume by promoting distal renal tubular sodium and water reabsorption.

1.1.10. Renin receptors

Renin is synthesised as an inactive zymogen or proenzyme, which is subsequently

activated, mainly within dense secretory granules of the JG cells. However, prorenin is
also constitutively secreted from the JG cells and, in addition, other organs can secrete
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significant amounts of the proenzyme. A tissue paracrine RAS, with prorenin displaying
low intrinsic enzymatic activity or functioning as a true zymogen and being reversibly or

irreversibly activated near its site of synthesis has been proposed for some time (Morris
& Lumbers, 1972; Schalekamp & Derkx, 1981; Lever, 1989; Sealey & Rubattu, 1989).

Thus, prorenin may be endocytosed and activated by proteolysis, or access to the

catalytic site could be influenced by membrane lipid or by specific receptors (Sealey &

Rubattu, 1989).

Several renin-binding molecules have been reported. A renin-binding protein named

RnBp was identified in rat, porcine and human tissues and was later shown to be
identical to the A-acyl-D-glucosamine 2-epimerase (Maru et al., 1996). Several binding
sites have also been described on membranes from different rat organs, but no functional
effects of renin binding were reported (Campbell & Valentijn, 1994; Sealey et al., 1996).
The widely distributed mannose-6-phosphate/insulin-like growth factor-II (M6P/IGF-II)

receptor has been shown to bind prorenin on rat cardiac myocytes and on human
endothelial cells (van Kesteren et al., 1997; Admiraal et al., 1999), binding preceding
internalisation and proteolytic activation to renin (Saris et al., 2001a; Saris et al.,

2001b). However, this is not a unique property of M6P/IGF-II receptors because other

prohormones, such as procathepsin D and proliferin, also carry a mannose-6-phosphate

recognition marker, and these prohormones are also activated after binding and
internalisation (Helseth & Veis, 1984; Lee & Nathans, 1988). Renin has also been
shown to bind to human mesangial cells in culture, inducing a hypertrophic effect and

leading to an increase of plasminogen activator inhibitor-1 (Nguyen et al., 1996). In this

case, bound renin was neither internalised nor degraded.

A renin-specific receptor, localising to the mesangium of renal glomeruli and to the
subendothelium of coronary and kidney arteries, was recently proposed (Nguyen et al.,

2002; Nguyen et al., 2003). This renin/prorenin receptor was shown to be present in the

heart, brain, placenta, and, at lower levels, in the kidney and liver. The receptor,

predicted to have a single transmembrane domain, was able to bind specifically renin
and prorenin when expressed in vitro in human mesangial cells. Binding of renin was

shown to induce a 4-fold increase of the catalytic efficiency of AGT conversion to

Ang-I, and was associated with activation of MAP kinases ERK1 and ERK2. In
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addition to emphasising the importance of localised generation ofAng-II, the possibility
is raised of renin having effects independent ofAng-II.

1.1.11. Local RAS activity

The RAS was originally believed to be exclusively a circulating system, but because

components of the RAS were identified in a variety of tissues, a local paracrine RAS
was proposed, with a physiological importance to the tissues in which it is expressed

(Ganten et al., 1976; Dzau, 1988). Components of the RAS have been found in brain

(Ganten et al., 1976; Hirose et al., 1981; Dzau et al., 1982), and in many peripheral
tissues such as the heart, adrenal, kidney, placenta, testis, adipose tissue, the eye and

especially in the blood vessels (Naruse et al., 1981; Re et al., 1982; Field et al., 1984;

Lilly et al., 1985; Deinum et al., 1989; Wagner et al., 1996; Cooper et al., 1999; Dostal
& Baker, 1999; Engeli & Sharma, 2000; Leung et al., 2000; Siragy, 2000).

Important insights into the paracrine RAS have been gained from the use of the

transgenic rat TGR(mRen2)27 in hypertension research. In this model, cDNA for the
mouse Ren-2 gene was inserted into the rat genome by microinjection of a fertilised rat

oocytes pronucleus (Mullins et al., 1990). These rats produce mouse renin from extra¬

renal sites and this renin is capable of activating rat angiotensinogen. The animals

develop severe hypertension which is Ang-II-dependent and they develop a number of
the complications of hypertension. When the TGR(mRen2)27 animals were crossed
with Edinburgh Sprague Dawley rats, many of the animals developed malignant

hypertension, with clinical features similar to the human disease, including fibrinoid
necrosis (transmural necrosis of the smooth muscle cells of the arteriole combined with

deposition of fibrin and platelets) and proliferative endarteritis (concentric so-called
'onion-skin' proliferation of smooth muscle cells and myofibroblasts) affecting

coronary, renal, mesenteric and other circulations (Whitworth et al., 1994). In this
animal model, the endocrine RAS is delivered by the transgene mouse renin, whereas
the intra-renal paracrine RAS is dependent on the endogenous rat renin.

During the transition to malignant hypertension, both in human patients and in the

transgenic model, there is a rapid elevation in circulating renin levels. The transgenic
model enabled the investigation of the source of the renin. The activity of the endocrine
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transgene renin led to the generation of high levels of Ang-II in the TGR(mRen2)27

animals, which suppressed the endogenous rat renin in the kidney juxtaglomerular

apparatus (JGA) region. By chemical and immunocytochemical observations, the rat

JGA was almost completely devoid of renin (Whitworth et al., 1995a). However, during
the transition to malignant hypertension there was a marked increase in the production of

endogenous rat renin in the JGA (Whitworth et al., 1994; Whitworth et al., 1995b),

possibly due to an acute response to pressure natriuresis, suggesting a possible role of
tissue renin in the development ofmalignant phase hypertension.

In addition to renin production, one of the other key elements of the paracrine RAS is
the presence within tissues of ACE. The importance of tissue ACE, rather than its

plasma counterpart in determining the long-term response to ACE inhibition has been
demonstrated in a number of studies (Cohen & Kurz, 1982; Unger et al., 1984; Unger et

al., 1985). In these studies, the magnitude and duration of blood pressure reduction was

correlated with the inhibition of ACE activity in certain critical tissues rather than with
the inhibition of plasma enzyme activity. The role of the tissue, as opposed to

circulating, ACE in the TGR(mRen2)27 was investigated by pharmacological

techniques (Montgomery et al., 1998). Low-dose ACE inhibition in the transition to

malignant hypertension in the TGR(mRen2)27-Edinburgh Sprague Dawley model
revealed that there was a 63% mortality in the untreated population, but only 4%

mortality in the low-dose ACE inhibitor-treated group. There was no difference in
blood pressure between the two groups of animals, and plasma ACE activity was not

significantly different, although there was a trend towards an increase in the treated
animals. On measuring ACE activity within tissues, it was found that there was a

significant reduction within the treated animals. In the majority of blood vessels, left

ventricle, right ventricle and kidney tissue, ACE levels fell to between 25 and 40% of
control levels. Histopathological examination revealed evidence for malignant

hypertension, with fibrinoid necrosis and proliferative endarteritis, in the untreated
animals. However, treated animals showed only hypertrophy of resistance vessels as an

adaptive response to blood pressure elevation, with no evidence of fibrinoid necrosis or
of proliferative endarteritis, nor did they show any evidence of tissue injury dependent
on blood pressure elevation. This study demonstrated that inhibition of tissue ACE
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activity could prevent the transition to malignant phase hypertension, the implication

being that tissue ACE activity is critical in the pathophysiological development of this
disease.

To further understand the involvement of the RAS in hypertension, and in particular the
contributions of extra-renal renin in blood pressure homeostasis, another rat model was

designed (Veniant et al., 1996). This model targeted expression of the rat prorenin (rpR)

gene to the liver, under the control of the human a 1-antitrypsin (hAT) promoter, to

generate the TGR(hAT-rpR) rat. Plasma prorenin concentration in these transgenic rats

was increased as a result of constitutive prorenin secretion by the liver. Unexpectedly,

prorenin mRNA levels in the liver of transgenic lines was 60-fold higher in males than
in females and plasma prorenin levels were 150-fold higher in the males. Renin

expression in the JGA was normal in transgenic females, but was dramatically reduced
in transgenic males. Plasma renin activity (i.e. the active renin concentration) in

transgenic males was slightly elevated, but systolic blood pressures of male and female

transgenic animals were not significantly elevated compared with that of corresponding

non-transgenic controls. However, phenotypic changes were observed in the kidney of
male rats, including glomerulosclerosis, tubulointerstitial lesions, and severe vascular
lesions. Lesions of this degree of severity have only been observed in other animal
models with markedly elevated blood pressure levels. This study strongly supports the

interpretation that local activation of prorenin plays an important role in the generation
ofAng-II.

1.2. Renin-producing cells of the kidney

1.2.1. The juxtaglomerular apparatus

Renin synthesis and secretion in the kidney is restricted to a group of specialised cells,
located in the media of renal resistance vessels. These cells are most consistently found
in the area of the juxtaglomerular apparatus (JGA). Golgi first described the essential

components of the anatomical unit that comprise the JGA of the kidney (Golgi, 1889;

Taugner & Hackenthal, 1989). Within an individual nephron (figure 1.4), the ascending
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limb of the loop of Henle returns to its original renal capsule and attaches itself to

precisely the point where the afferent arteriole enters and the efferent arteriole exits the

glomerular filtration unit.

Figure 1.4. Anatomy of a nephron

Distal tubule

Proximal tubule

Bowman's ca

Collecting duct

Cortex
Medulla

Loop of Henle

Figure 1.4. The nephron is a blind-ended tube, the blind-end forming a capsule (Bowman's capsule)
around a knot of capillaries (the glomerulus). The glomerulus, proximal tubule and distal tubule are

located in the kidney cortex, whereas the loop of Henle and collecting ducts extend down through the
medulla. The figure is adapted from that of Lote (1994).

The juxtaglomerular apparatus (figure 1.5) is a specialised region of the nephron lying
close to the vascular pole of the glomerular capsule, and is comprised of the most distal

part of the afferent arteriole, the most proximal part of the efferent arteriole, the macula

densa, and the Goormaghtigh's cell field or extraglomerular mesangial cells

(Goormaghtigh, 1937; Taugner & Hackenthal, 1989). It is possible to distinguish
between the two glomerular arterioles along with the mesangial cells as the "vascular

component" of the JGA and the macula densa as its "tubular component" (Barajas,

1979).
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Figure 1.5. The juxtaglomerular apparatus

Figure 1.5. The juxtaglomerular apparatus (JGA) consists of the afferent and efferent arterioles (AA, EA),
the macula densa (MD), the granular, renin-expressing juxtaglomerular cells (JGC) and, in between, the

Goormaghtigh cell field (G), or extraglomerular mesangial cells. Nerve axons (N) innervate both the
afferent and efferent arteriole. The Bowman's capsule (BC) surrounds the mesangial cells of the

glomerulus (GL). The figure is a modification of the picture of Taugner & Hackenthal (1989).

Renin is synthesised in granulated cells, a group of modified smooth muscle cells that
are located in the afferent arterioles immediately proximal to the glomerulus of each

nephron (figure 1.6) (Taugner & Hackenthal, 1989). The number of granulated cells per
afferent arteriole, reflected by the renin-positive portion of the vessel, differs drastically
from species to species (Taugner & Hackenthal, 1989). It is not known whether such
differences reflect the functional significance of the RAS in a given species, or simply
differences in homeostatic variables associated with the renin status of the animals, such

as the salt intake. Furthermore, there can be a marked heterogeneity in renin distribution
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within a given species and even in neighbouring arteriole of the same animal

(Hackenthal et al., 1993).

Figure 1.6. The renin-producing cells of the kidney

Figure 1.6. Longitudinal section through an afferent arteriole (AA) from mouse kidney. The proximal

portion of the afferent arteriole media consists of smooth muscle cells (1). More distal, intermediate cells

(2), with an appearance intermediate between plain smooth muscle cells and granular cells, and further

downstream, granular cells (3) are seen. The granular cells are arranged in a distinct cuff-like structure,

distending the outer contour of the vessel. Granular cells can also be seen in the area of the glomerular
stalk (double arrow). Inset, an efferent arteriole (EA) with renin-positive cells (arrows). GL, glomerulus;
PT, proximal tubule. This figure is a modification of that of Hackenthal et al. (1993).

In addition to these heterogeneities, the length of the renin-positive portion of any
individual arteriole varies with the level of activity of the RAS. Upon stimulation, the
number of granulated cells increase in the upstream direction by recruitment of new

renin-producing cells from the pool of smooth muscle cells in the media of the vessel,
and decrease upon inhibition of the RAS (Hackenthal et al., 1993).

The smooth muscle cells of the afferent arteriole do not appear to differ from those of
other resistance vessels, except for their ability to convert to granulated renin-producing
cells upon prolonged stimulation of the RAS (Berka et al., 1990; Johns et al., 1990), and
to reconvert to smooth muscle cells upon inhibition of the RAS. These processes have
been called metaplastic transformation and retransformation of media cells in kidney
resistance vessels (Faarup, 1971; Taugner & Hackenthal, 1989). The cellular
mechanisms responsible for the metaplastic transformation are not yet known, but may
involve transforming growth factor-(S2, which accumulates in the JGA of mice after
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stimulation of the RAS (Horikoshi et al., 1991). Scattered renin-producing cells are also
found in the efferent arteriole (Taugner et al., 1984). Their number is comparatively

small, however, so that even upon maximal stimulation of the RAS, a substantial
contribution to the circulating renin would not be expected. However, a contribution to

the adjustment of the post-glomerular resistance seems likely.

Under normal physiological conditions, the bulk of the renin-producing cells are in the

juxtaglomerular portion of the afferent arteriole, and thus renin-producing cells are

commonly known as juxtaglomerular cells or JG cells. Although typically located in the

JGA, not all renin-producing cells are confined to this region, and more correct

denotations would be renin-positive, renin-producing or granulated cells, referring to

their identification by their immunohistochemistry or in situ hybridisation, or by their
electron microscopic appearance, respectively (Hackenthal et al., 1993). However,

throughout the text of this thesis, these renin-producing granulated cells in the vicinity of
the JGA will be referred to as JG cells.

JG cells are in close contact with the macula densa, a specialised plaque of epithelial
cells of the kidney distal tubule. The macula densa signals to the renal arterioles to

regulate glomerular filtration rate and the secretion of renin in response to ionic
concentration and flow rate in the distal tubule (Skott & Briggs, 1987), the so-called

tubuloglomerular feedback loop (Briggs & Schnermann, 1996).

1.2.2. The intracellular distribution of renin

The granulated cells in the walls of the glomerular arterioles were first recognised as

modified smooth muscle cells because of their complement of myofilaments (Ruyter,

1925; Oberling, 1927; Lindop, 1993). This was confirmed by later ultrastructural and

immunocytochemical studies, which showed that there is a morphological continuum
between arterial smooth muscle cells that are differentiated for contraction, and

'granular' cells that are fully differentiated secretory cells and which are probably not

significantly contractile (Biava & West, 1966; Barajas & Latta, 1967; Barajas, 1981). In

man, the majority of renin-secreting cells have features of both contractile and secretory

cells (Lindop, 1993). When renin specific antibodies became available, the presence of
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renin in JG cells (Taugner et al., 1979) and in the secretory granules of these cells was

verified (Cantin et al., 1984; Taugner et al., 1984).

The development of JG cell secretory granules was first studied by Barajas (Barajas,

1979). Protogranules, the first stage in granulopoiesis, originate by pinching off from
the dilated rim of the trans-most Golgi cisterns. These protogranules are primarily of
rhomboid or fusiform shape (figure 1.7). In rhomboid granules with sharp contours, the
more electron-dense matrix shows a paracrystalline substructure. Under control

conditions, the fusiform protogranule is believed to round-off and fuse with other

amorphous juvenile or intermediate granules. After stimulation of the RAS, most

protogranules exhibit rhomboid profiles and paracrystalline contents. The formation of
intermediate and, subsequently, ofmature renin granules occurs by fusion of rhomboid

protogranules, followed by coalescence of their paracrystalline contents and by fusion of
rounded juvenile granules. These develop into large, round, mature granules with a

homogeneous internum (Barajas, 1979; Taugner et al., 1984).

On the basis of ultrastructural studies, two types of Golgi-derived organelles have been
shown to exist within JG cells: secretory granules and lysosomes (Hackenthal et al.,

1993). Apart from some distinguishing features, the most obvious being the absence of
renin in lysosomes, several close similarities exist between renin granules and

lysosomes. These similarities include micro- and macro-autophagic phenomena,
membrane turnover in renin granules, structural similarities between renin granules and

lysosomes, and the presence of lysosomal enzymes as constituents of renin granules

(Fisher, 1966; Taugner et al., 1985a; Taugner et al., 1985b; Taugner et al., 1988;
Matsuba et al., 1989).
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Figure 1.7. Renin storage in granulated juxtaglomerular cells.

Figure 1.7. A. Transmission electron micrograph of a renin-producing juxtaglomerular cell from mouse

kidney. Close to the nucleus (N) and Golgi region (G), two protogranules (arrowed) are seen. In the cell

periphery, cisterns of rough endoplasmic reticulum and mature secretory granules with an electron-dense
internum are located. AA, afferent arteriole lumen; Ce, centriole. B. Electron micrograph showing the

proximal part of a glomerular arteriole close to the glomerulus. The Bowman's capsule is visible at the

top (*), and the smooth muscle cells (SM) at the bottom left. The smooth muscle cells contain abundant

myofilaments. A large granular cell lies at right angles to the smooth muscle cells. It contains no visible

myofilaments but has well developed secretory organelles and electron-dense renin granules.

Paracrystalline protogranules (arrowed) are present in the Golgi apparatus. The figures are modified from
Hackenthal et al. (1993) and from Lindop (1993).

1.2.3. Expression of renin during development

The intrarenal distribution of renin changes markedly during development. Renin

expression in the mouse kidney can first be detected at embryonic day 14.5 (E14.5) in
the newly developing arteries (Jones et al., 1990). In fetal kidney, renin rnRNA can be
found in the vascular pole of juxtamedullary glomeruli and along afferent, interlobular,
and arcuate arteries, but as the renal arterial tree develops, renin mRNA-containing cells
are progressively localised to more distal blood vessels. In kidneys from newborn rats

and mice, renin mRNA is localised throughout the whole length of afferent arterioles,
but is not detected in interlobular or arcuate arteries (Gomez et al., 1989; Jones et al.,
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1990; Mullins et al., 2000). In adult kidneys, renin expression is confined to the

specialised JG cells of the afferent arteriole within the juxtaglomerular apparatus.

1.2.4. Biomechanical coupling in renin-releasing cells

A major control mechanism for renin secretion is the intra-renal baroreceptor.

According to the theory, renin secretion is inversely related to the transmural pressure
across the afferent arteriole. The baroreceptor mechanism was first identified when an

inverse relationship was noted between JG cell granularity and renal perfusion pressure

(Tobian et al., 1959). The demonstration that renin secretion in a denervated non-

filtering kidney could be altered by changes in renal arterial pressure in the absence of

glomerular filtration and tubular functions, identified the baroreceptor as distinct from
the macula densa mechanism (Blaine & Davis, 1971).

Ample evidence supporting the existence of intra-renal baroreceptor control of renin
secretion has been gathered (Kirchheim et al., 1988; Nobiling et al., 1990; Bock et al.,

1992), and it has been demonstrated that mechanical stretch is also accompanied by a

decrease in renin mRNA accumulations (Carey et al., 1997). Studies in the renin-

expressing and -secreting clonal cell line As4.1 suggest that the calcium-dependent
activation of phospholipase C (PLC) and the subsequent increase of inositol phosphates
and intracellular calcium concentration may be a potentially important pathway for the

modality of pressure sensing by renin-expressing cells in response to mechanical
stimulation (Ryan et al., 2000a).

1.3. The molecular biology of renin

1.3.1. Renin gene and protein structure

Human and rat genomes contain a single gene for renin (Soubrier et al., 1983; Hardman
et al., 1984; Miyazaki et al., 1984; Fukamizu et al., 1986; Burnham et al., 1987;
Fukamizu et al., 1988), but mice display two alternatives at the renin locus (Mullins et

al., 1982; Panthier et al., 1982; Piccini et al., 1982; Panthier & Rougeon, 1983). Some
inbred strains of mice (e.g. C57BL/6) have only a single renin gene, termed Ren-T,
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while others (e.g. DBA/2 and 129/Ola) possess two renin genes, termed Ren-ld and
Ren-2. The second gene, located 21 kb upstream (Abel & Gross, 1988), appears to have
arisen from a gene duplication event some 2.8-5.5 million years ago of a Ren-lc-\ike
ancestral gene, after species separation of rat and mouse 10-20 million years ago.

Duplication was probably followed by a deletion event 1.2 million years ago which gave

rise to the one gene strains (Dickinson et al., 1984; Holm et al., 1984; Burgess & Kelly,

1987; Abel & Gross, 1990). The duplication segment is 24.5 kb, comprising the 10 kb
Ren-2 gene, 4.5 kb upstream and 10 kb of downstream DNA. A 3.5 kb insertion

probably followed the original duplication event, involving a 21 kb segment, and such
additional sequences near Ren-2 may contribute to its high expression in the
submandibular gland (Morris, 1992).

Comparison of the three mouse genes reveals that Ren-lc and Ren-ld share 98.6%

identity within the coding region, whilst Ren-ld and Ren-2 are 96.0% homologous. All
three mouse genes share the same overall genomic organisation and encode highly

homologous, but distinct, proteins, with 98.7% identity between renin-ld and renin-lc at
the amino acid level and 94.3% identity between renin-ld and renin-2 (figure 1.8A), but

having different glycosylation potentials (Misono et al., 1982a; Misono et al., 1982b;
Misono & Inagami, 1982; Corvol et al., 1983).

This arises because the renin-2 enzyme lacks putative consensus sites for TV-linked

glycosylation, whereas renin-lc and renin-ld can be glycosylated at three asparagine
residues. Rat renin has the same three glycosylation motifs, and human renin (hREN)
shows conservation of the two sites nearer the amino terminus (figure 1.8B). The renin

genes of mouse, rat and human and their complementary DNA (cDNA) have been
cloned and sequenced, revealing both the coding nucleotides and potential control

regions, and the predicted amino acid sequence of the precursor protein in each species

(Rougeon et al., 1981; Masuda et al., 1982; Mullins et al., 1982; Panthier et al., 1982;
Imai et al., 1983; Morris et al., 1983; Panthier & Rougeon, 1983; Soubrier et al., 1983;
Hardman et al., 1984; Hobart et al., 1984; Miyazaki et al., 1984; Panthier et al., 1984;
Fukamizu et al., 1986; Burnham et al., 1987; Fukamizu et al., 1988; Burt et al., 1989).
In human, this is a 23-43-340 amino acid pre-pro-renin molecule (Morris, 1986).
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Figure 1.8. Alignment of mouse renin genes
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Figure 1.8. A. ClustalX alignment of the amino acid sequence of the mouse Ren-ld, Ren-F and Ren-2

gene products illustrates the high degree of conservation between the mouse renin proteins. The 3

potential TV-linked glycosylation motifs of the renin-ld and renin-l° proteins are boxed. The renin-2

protein lacks these motifs. B. ClustalX alignment of the protein sequence of the mouse renin-ld and
human renin proteins highlights the homology between the two proteins, which share 70.0% identity. The

potential TV-linked glycosylation motifs conserved between the two proteins are boxed. * - single amino
acid group fully conserved;: - strong group fully conserved;. - weaker group fully conserved.

The mouse and rat renin genes span 9.6 kb and 11 kb, respectively, and are comprised of
nine exons separated by eight introns. The human gene spans 11.7 kb and contains an

additional exon (termed exon 5A), which is unique to human and, with only nine
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nucleotides encoding three amino acids, is one of the smallest exons known. The mature

messenger RNA of each species is 1.6 kb in length. The human gene is located within
the q32 band of chromosome 1 (Griffiths et al., 1989). The mouse and rat genes are

located in the syntenic regions of chromosomes 1 and 13, respectively (Piccini et al.,

1982; Pravenec et al., 1991). Apart from exon 1, which encodes for the signal peptide,
the renin gene consist of two homologous clusters, each of four exons, suggesting it may
have arisen by gene duplication (Holm et al., 1984).

Like other secreted proteins, renin is produced as preprorenin with a signal peptide at its
amino terminus (figure 1.9) (Pratt et al., 1987). In human, the signal peptide consists of
23 amino acids and is excised from preprorenin to yield prorenin. Prorenin is

approximately 43 kDa and, except for renin-2, possesses several kDa of oligosaccharide
side-chains (Misono et al., 1982a; Misono et al., 1982b; Misono & Inagami, 1982;
Corvol et al., 1983; Inagami, 1993).

Figure 1.9. Structure and processing of renin proteins
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Figure 1.9. Structure and processing of mouse (A) and human (B) preprorenin. The processing of

preprorenin to active renin is shown based on the sizes (kDa) observed for non-glycosylated protein.

Prorenin is processed at paired basic amino acids in its N-terminal region into

approximately 38 kDa single chain renin (Morris & Catanzaro, 1981; Catanzaro et al.,

1983; Pratt et al., 1983; Pratt et al., 1987). In mouse submandibular gland and kidney,

single chain renin is then slowly hydrolysed to give a two-chain form with 33 kDa and
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5 kDa polypeptide components. An equivalent cleavage occurs in rat renin (Campbell et

al., 1991; Kim et al., 1991a), but in human kidney, hydrolysis occurs immediately
C-terminal to the unique exon 5A-encoded residues to give 18 kDa and 22 kDa subunits,
the former being glycosylated (Shinagawa et al., 1986; Do et al., 1987).

1.3.2. Control of renin gene expression

Continuous modulation of renin gene expression is fundamental to the supply of renin to

stores in the kidney and other cells where renin is synthesised. Under conditions of high
demand, such as sodium depletion, the net transcriptional response must increase. When
renin is not needed, transcription declines.

Results of transient expression analysis of reporter gene constructs transfected into
cultured cells indicated that the promoter activity of the proximal 5'-flanking DNA of the
hREN gene was weak (Smith & Morris, 1988; Smith & Morris, 1991; Sun et al., 1993;
Borensztein et al., 1994; Smith et al., 1994a; Sun et al., 1994; Lang et al., 1995). A
functional cyclic AMP (cAMP) response element (CRE) was identified at nucleotides
-222 to -218 upstream from the initiation site of transcription (figure 1.10) (Borensztein
et al., 1994; Morris et al., 1994; Smith et al., 1994b). However, forskolin (which
activates adenylate cyclase to increases the intracellular cAMP concentration) was only
able to induce a five-fold stimulation in chorio-decidual cells and a two- to three-fold

stimulation in human Calu-6 cells (Ying et al., 1997), both of which express renin.

Calu-6 cells co-transfected with hREN promoter-luciferase reporter gene constructs and

plasmids expressing CRE-binding protein (CREB) and protein kinase A (PKA) catalytic
subunit, demonstrated that hREN promoter activity could be induced 10-fold (Ying et

al., 1997). This involved PKA-mediated phosphorylation of CREB, which then

displaced and released suppression mediated by activating transcription factor-1

(ATF-1) on the CRE. However, the level of expression was still much lower than that
observed in vivo, where JG cells represent <0.01% of the total cell population of the

kidney, yet renin mRNA is readily detectable.
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Figure 1.10. Renin gene control elements
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Figure 1.10. A. Schematic representation of the transcriptional regulatory elements of the Ren locus. The
location of a distal enhancer region (yellow box), a CRE- and NRE-containing element (CNRE; blue box),
a CRE element (green box), the proximal promoter element (PPE; cyan box), and intron A regulatory
elements (red box) are shown. B. Transcription elements in the 40 bp proximal part of the enhancer

region. Binding sites for nuclear factor-Y (NF-Y), RARa/RXRa and the CREB transcription factors are

found, whilst the E-box binds the regulatory proteins USF-1 and USF-2. C. Transcription elements in
intron A. The location of 2 positive (PRE) and 5 negative regulatory elements (NRE) are shown. All
numbers are positions relative to the start ATG of exon 1 (+1).

Within the mouse Ren-2 gene, the proximal promoter element (PPE) was defined as

being within the 123 bp located at -117 to +6 relative to the transcription start site

(Sigmund et al., 1990b). This region was identified when it was included in a renin

promoter-large tumour antigen (T antigen) fusion gene constructed to provide a reporter

function for renin expression in transgenic mice. In these early studies, -117 was

chosen as the truncation point of the proximal region because this coordinate lies near

the boundary of the first breakdown in homology evident between renin genes of
different species (Soubrier et al., 1986).

Evidence that important regulatory sequences may lie several kilobases distal to the
renin gene was suggested from studies of transgenic mice harbouring chimeric genes

containing renin 5'-flanking sequence linked to the coding region of Simian virus 40

(SV40) T antigen. T antigen constructs containing either 0.45 or 2.5 kb of Ren-1 or

Ren-2 upstream sequence, respectively, demonstrated inappropriate expression in
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transgenic mice (Sola et al., 1989). However, transgenes containing more extensive

5'-flanking sequence (4.6 kb) demonstrated the correct tissue- and cell-specific

expression of renin throughout development and in young adults, and an appropriate

response to physiological perturbations with ACE inhibitors (Jones et al., 1990;

Sigmund etal., 1990a; Sigmund et al., 1991).

Studies on cA-acting regulatory regions controlling expression of the mouse Ren-lc gene

identified an enhancer within the 5'-flanking DNA of the gene (Petrovic et al., 1996).
Located at -2866 to -2625, this 242 bp region interacts with an AT-rich site at the -60

region in the 123 bp proximal promoter element. In mouse renin-secreting As4.1 kidney

cells, this enhancer was able to stimulate promoter activity more than 70-fold, and
worked in an orientation-independent manner, typical of classic enhancers.

When distal 5' regions of the hREN promoter were analysed by transfection of renin-

producing chorionic cells, a human enhancer was identified (Germain et al., 1998).
Located at -5777 to -5552, this enhancer confers an approximate 60-fold higher

transcriptional activity to the hREN promoter. Using a construct containing 5.7 kb of the
hREN promoter linked to the lacZ gene, the same authors demonstrated that this region
was sufficient to direct specific expression of 3-galactosidase in the kidney of transgenic

mice (Germain et al., 2001).

further characterisation of renin promoter elements has revealed that the regulation of

transcription is complex. The -60 region of the proximal promoter element has been
identified as a consensus HOX binding site (Pan et ah, 2001b), which may make a major
contribution to the tissue specificity of renin expression. The Ren-ld locus has been
shown to contain a negative regulatory element (NRE) and a CRE that share overlapping

sequence (known as the CNRE), located at -619 to -558 (Nakamura et al., 1989;
Horiuchi et al., 1991; Horiuchi et al., 1993), the core element of this region being a

cAMP-responsive LXR-binding element (Tamura et al., 2000). A number of

transcription factor binding sites have been identified in a 242 bp region of the enhancer,

including a CRE-like element, an E-box element, RAR/RXR binding sites and an NF-Y

binding site (Yan et al., 1997; Shi et al., 1999; Pan et al., 2001a; Shi et al., 2001).
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When the human and rat renin genes were compared, a high degree of interspecies

homology was found not only in the promoter and coding regions, but also in at least the
first 120 bp of the first intron (intron A) (Smith & Morris, 1991). A silencer element
within intron A has been described (Lang et al., 1996; Germain et al., 1997), and further
characterisation of this region has revealed 5 NREs and 2 positive regulatory elements

(PRE), which may be important in the tissue-specific silencing of the renin gene outside
the JG cells of the kidney (Voigtlander et al., 1995; Voigtlander et al., 1999).

The identification of novel tissue-specific transcriptional start sites within intron A,
active in adrenal gland and brain, and driving synthesis of a non-secreted or intracellular
form of active renin, has been reported (Clausmeyer et al., 1999; Lee-Kirsch et al.,

1999). In the rat brain, an alternative promoter within intron A transcribed a new first
exon (now termed exon lb), which then spliced to exon 2 (Lee-Kirsch et al., 1999). The

production of an intracellular form of the protein is due to the presence of an in-frame
translation initiation codon in exon 2 that generates a protein lacking the signal peptide
and 15 of the 43 residues that comprise the propeptide.

It was recently reported that three isoforms of human renin mRNA exist in hREN

transgenic mice (Sinn & Sigmund, 2000). The first isoform was the kidney-specific

isoform, utilising the classic renin promoter. The second isoform was brain-specific, but
rather than a transcription initiation start in intron A as previously reported in rats and
mice (Lee-Kirsch et al., 1999), the start site was approximately 1325 bp upstream of the
classic promoter and encoded a new exon (termed exon la). The third isoform was lung

specific and was due to transcriptional initiation 79 bp directly upstream of exon 2,

fusing additional DNA (termed exon lc) directly to exon 2 without splicing. Exon lc
does not contain an ATG and may utilise the same exon 2 start site as the exon lb-

containing isoform. It is possible that these alternative hREN first exons may be an

artefact of mouse transgenesis. However, it was also reported that these isoforms are

found in human fetal kidney, brain and lung, suggesting that these are bona fide
isoforms of human renin (Sinn & Sigmund, 2000). The physiological significance of
these isoforms of renin is not clear, but may indicate a further level of control of the
RAS at the individual tissue level.
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Whilst transcription is an essential regulator of renin gene expression, post-

transcriptional mechanisms are also important in regulating renin mRNA accumulation.
It has been reported that cAMP is not only an important second messenger for

transcriptional activation, but can also lead to stimulation of, as-yet unidentified, genes
that affect renin mRNA stability (Lang et al., 1996). This may explain why cAMP
induction in transfected renin-expressing cells is associated with a 100-fold increase in
renin mRNA accumulation, despite only a two- to five-fold increase in renin promoter

activity (Lang et al., 1996; Ying et al., 1997). Several renin mRNA-binding proteins
have recently been isolated with a role in the post-transcriptional regulation of renin
mRNA accumulation (Bader & Ganten, 2000; Morris et al., 2001).

1.3.4. Renin secretion

The rate of secretion of renin from the JG cells in the glomerular afferent arteriole is one

of the main determinants of the overall activity of the RAS, and is the most well-

regulated parameter of all constituents of that system (Friis et al., 2000). There is
common agreement that at least three main cellular messengers are involved in the
intracellular control of renin secretion. Intracellular calcium is an inhibitory second

messenger and is increased after exposure of JG cells to vasoconstrictors such as Ang-II,

al-adrenergic agonists or endothelin (Kurtz, 1989; Kramer et al., 1996; Ryan et al.,

2002). cAMP stimulates the secretory process and is involved in the stimulation of renin
secretion seen after exposure to vasodilator hormones coupled to activation of adenylate

cyclase, such as dopamine-1 receptor activation, pi receptor agonists, prostaglandin E2,

prostaglandin 12, and adrenomedullin (Torretti, 1982; Kurtz et al., 1988b; Bugge et al.,

1990; Jensen et al., 1997). Cyclic GMP (cGMP) may inhibit or stimulate renin secretion

depending on the circumstances (Kurtz et al., 1988a; Noble et al., 1994). In addition,
evidence has accumulated to show that the renin secretory process is sensitive to a

number of other parameters such as cell volume (Skott, 1988), intracellular chloride
concentration (Jensen & Skott, 1994), and mechanical distension (Carey et al., 1997;

Ryan et al., 2000a; Ryan et al., 2000b).

Morphological evidence for classical exocytosis with large fusion areas between renin

secretory granules and the cell membrane has been difficult to obtain. Omega-shaped
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figures in the cell membrane as a sign of recent fusion of granules with the cell
membrane are very scarce, even after intense stimulation of renin secretion (Taugner et

al., 1984). Functional support for exocytosis as a possible mechanism of renin secretion
was given by the demonstration of discontinuous secretion of renin from isolated rat

afferent arterioles (Skott, 1986). However, as the renin secretory process has some

unusual functional characteristics, alternative hypotheses of non-exocytotic secretion
have been suggested such as the controlled leakage from granules followed by trapping
in the cytosol by a chaperone molecule and subsequent translocation to the plasma
membrane (King et al., 1993).

The close anatomical relationship between the macula densa and the JG cells of the
afferent arteriole allows the automatic regulation of glomerular circulation in response to

the composition of the fluid passing the macula densa plaque (Skott & Briggs, 1987), the
so-called tubuloglomerular feedback loop (Briggs & Schnermann, 1996). Low sodium
concentration at the macula densa stimulates renin release and vice versa, the effect

being reversible and independent of osmolality (Skott & Briggs, 1987). It is not yet

known how the signal is transmitted from the macula densa to the JG cells. Increased

reabsorptive rate by the macula densa is likely to lead to an increased breakdown ofATP
and thereby increased formation of adenosine, which in turn may inhibit renin release

(Osswald et al., 1991). Stimulation of adenosine-1 receptors has been shown to inhibit
renin release (Osswald et al., 1991), and adenosine-1 receptor antagonists are able to

attenuate the inhibition seen with high luminal sodium in the isolated perfused JGA

(Weihprecht et al., 1990). The local production of prostaglandins may also play a role,
and the coupling by gap junctions amongst the mesangial cells makes it possible that an
electrical signal could be involved (Skott & Jensen, 1993).

Nitric oxide (NO) has also attracted considerable interest as a possible controller of renin

secretion, since both macula densa and endothelial cells are sites of substantial NO

formation (Bachmann & Mundel, 1994). There is high-level expression ofNO synthase

type I (nNOS) in the macula densa cells (Mundel et al., 1992; Wilcox et al., 1992; Tojo
et al., 1994) and ofNO synthase type III (eNOS) in endothelial cells (Ujiie et al., 1994;
Bachmann et al., 1995). It has been established that NO formation within the kidney
acts as a potent vasodilator that determines the basal tone of the renal arterioles
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independently of the myogenic autoregulation of renal blood flow (Navar et al., 1996;
Kone & Bay lis, 1997). The high capacity of macula densa cells for NO formation make
it likely that NO is involved in the tubuloglomerular feedback loop. Increasing evidence

suggests that NO is a tonic enhancer of renin secretion, acting via inhibition of cAMP

degradation through the action of cGMP (reviewed in Kurtz & Wagner, 1998).

The renal blood vessels and tubular structures, including the JGA, are innervated by

sympathetic nerves. Activation of the renal nerves has multiple effects, including

vasoconstriction, reduced glomerular filtration rate, increased proximal tubular fluid

reabsorption and enhanced renin secretion (Skott & Jensen, 1993). The transmitter
substance of the sympathetic nerve terminals is noradrenaline, which is known to

stimulate both a- and p-adrenoreceptors. There is good evidence that (3-adrenoreceptors

are located on the JG cells and that they operate by activation of adenylate cyclase

(Torretti, 1982). a-adrenoreceptor stimulation mediates a decrease in renin secretion

rate from JG cells in vitro, probably by an increase in intracellular calcium concentration

(Torretti, 1982). However, in the whole organism the renin secretory response to

a-adrenoreceptor stimulation is the opposite, probably because of other effects on renal

haemodynamics, tubular reabsorption and the release of locally-acting hormones

(Keeton & Campbell, 1980).

Recent studies suggest that a further mechanism to regulate the level of renin mRNA in
the kidney is to modulate the number of JGAs and afferent arteriole cells expressing
renin (Kim et al., 1999). Although it remains unclear what molecular and physiological

signals stimulate the recruitment of cells to express renin, it may involve the

recapitulation of a developmental programme of renin expression throughout the kidney
vasculature (Gomez et al., 1989).

In endocrine and neuronal cells, many peptide hormones and neuro hormones are

produced from larger, biologically inactive precursors through endoproteolytic cleavage

during intracellular transport (Docherty & Steiner, 1982; Loh et al., 1984). These cells
have two secretory pathways: one is the regulated secretory pathway, by which mature

hormones are produced by prohormone processing and are selectively targeted to

secretory granules, where they are stored until release is stimulated; the other is the
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constitutive pathway, by which other proteins are secreted without storage (Burgess &

Kelly, 1987; Mains et al., 1987; Moore, 1987). Prorenin is secreted, either rapidly and
intact by a constitutive pathway from the Golgi or protogranules, or is packaged into
immature granules and processed at paired basic amino acids in its N-terminal region
into active renin (figure 1.11) (Morris & Catanzaro, 1981; Catanzaro et al., 1983; Pratt
et al., 1983; Pratt et al., 1987). Active renin is stored in dense-core secretory granules
until its regulated release is stimulated, the pathway being responsive to the renal

baroreceptor, neurogenic and macula densa signals (Galen et al., 1984; Hirose et al.,

1985; Pratt etal., 1987; Taugner etal., 1987; King etal., 1993).

Figure 1.11. Renin secretory pathways

Figure 1.11. Prorenin is secreted rapidly and intact by a constitutive pathway from the Golgi or

protogranules, or is packaged into immature granules and processed into active renin. Active renin is
stored in dense-core secretory granules until its release is stimulated, when it is then secreted by regulated

exocytosis. This figure is based on that of Alberts et al. (1994).
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Whilst subcellular sorting signals have been charactarised for proteins residing in

nuclear, mitochondrial, peroxisomal, glycosomal, and lysosomal subcellular

compartments (Dingwall & Laskey, 1986; Vanloon et al., 1987; Small et al., 1988;
Swinkels et al., 1988; Kornfeld & Mellman, 1989), the molecular signals that sort

prorenin, or any other protein, to dense-core secretory granules are not presently known.
It appears that some structure within the protein must dictate their sorting, since not all

proteins expressed in a cell containing a regulated secretory pathway are secreted in a

regulated manner (Matsuuchi et al., 1988).

Lack of prosegment does not prevent entry of renin into the regulated secretory pathway,

suggesting that sequences targeting renin to dense-core granules lie within the renin

protein itself (Fritz et al., 1986; Nagahama et al., 1989a; Chu et al., 1990). This is
consistent with other work in which expression of a non-cleavable human prorenin in
mouse pituitary AtT-20 cells led to regulated release of prorenin (Nakayama et al.,

1989). However, other evidence suggests a prorenin prosegment sequence sorts proteins
to the regulated secretory pathway (Chu et al., 1991). The cell lines used in these model

systems do not express endogenous chromosomal renin, raising caveats and limiting

interpretation of the data.

Although the physical segregation of proteins to be secreted by either the regulated or

the constitutive pathways has been reported to occur as late as the trans-Golgi network

(Orci et al., 1987), it is not known how early commitment to this pathway of secretion is
made. In addition, whilst the signals for dense secretory granule sorting appear to be

recognised by components of the secretory machinery across tissue and species lines

(Chung et al., 1989), the precise location of intracellular sorting signals may vary among

proteins destined for the regulated pathway.

Dense-core secretory granule sorting signals could conceivably be in the form of some

type of post-translational modification, or some, as-yet undiscovered, feature of the

tertiary structure of the protein. Post-translational modification of proteins adds a

further level of regulation to their activity and can thus enlarge their capacity to take part

in regulatory events (Reuter & Gabius, 1999). The reversibility of the introduction of
small inorganic molecules into amino acid chains such as phosphate allows proteins to
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be used as molecular switches. A common type of post-translational modification is

protein glycosylation, which can lead to the creation of discrete subsets of glycoproteins

(glycoforms) that share an identical polypeptide sequence but differ in the glycan

composition (Rademacher et al., 1988). The glycosylation status of a number of

proteins profoundly affects their secretion (Lodish, 1988),

Two consensus sites for asparagine-linked glycosylation (figure 1.12) have been
identified in hREN, located 5 and 75 amino acids to the carboxy side of the prorenin

cleavage site. The glycosylation status has little effect upon the specific activity of renin

(Hori et al., 1988), but the presence of glycosylation decreases the half-life of renin in
culture medium and in the circulation (Paul et al., 1988), with the Asn-75 site more

important than the Asn-5 site. Elimination of glycosylation was shown to increase the

proportion of active renin inactive prorenin secreted in AtT-20 cells, possibly by

increasing processing protease access. Renin displays species-specific heterogeneity
with respect to glycosylation (Hosoi et al., 1991), which may determine pathways of
subcellular sorting or sensitivity to processing proteases and thus serve as an additional
site for regulation.

1.3.5. The calcium paradox

It has long been proposed that calcium plays an unusual role in the control of renin
secretion from renal JG cells. In these cells, an increase in the intracellular calcium

concentration inhibits the exocytosis of renin, whereas in other secretory cells calcium

supports secretion. The assumption of inhibitory effects on renin secretion is based on

the evidence that lowering of the extracellular concentration of calcium stimulates renin

secretion, and that calcium-mobilising hormones inhibit renin secretion, dependent upon
the availability of extracellular calcium (Naftilan & Oparil, 1982; Churchill et al., 1983;

Antonipillai & Horton, 1985; Hackenthal et al., 1990; Jensen & Skott, 1994; Scholz et

al., 1994; Ritthaler et al., 1995).

The role of voltage-gated calcium channels in the plasma membrane of the renal JG cells
remains debatable. Some studies have demonstrated calcium channel agonists inhibit
renin secretion, whilst other studies have seen no evidence for a functional role of

voltage-operated calcium channels in JG cells (Dietz, 1986; Churchill, 1987; Matsumura
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et al., 1987; Ichihara et al., 1989; Kurtz, 1989; Kurtz et al., 1990a; Jones-Dombi &

Churchill, 1993; Scholz etal., 1994).

_ *
Figure 1.12. Aspargine-linked glycosylation of proteins

Figure 1.12. The covalent addition of sugars to proteins is one of the major biosynthetic functions of the

endoplasmic reticulum. An oligosaccharide is formed on a specialised lipid molecule called dolichol and
transferred en bloc by a membrane-bound enzyme, an oligosaccharyl transferase, to an arparagine of a

target protein. Only asparagines in the sequences Asn-X-Ser or Asn-X-Thr (where X is any amino acid

except proline) become glycosylated. Because the oligosaccharide is transferred to the side-chain NH2

group of an asparagine amino acid in the protein, it is said to be A-linked or asparagine-linked. The figure
is based on that of Lewin (2000).
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Ang-II, a classic inhibitor of renin secretion, mobilises calcium from internal stores and

transiently increases the calcium permeability of JG cells (Kurtz, 1989). The release of
calcium from intracellular stores is able to trigger transmembrane calcium influx through
a signal related to the filling state of internal calcium stores (Putney, 1990; Berridge,

1995), and such store-operated calcium influx has recently been show to occur in rat JG

cells, with a resultant inhibition of renin secretion (Schweda et al., 2000).

1.3.6. The use of GFP in the study of protein secretion

The study of regulated peptide secretion by endocrine and neuronal cells has been
limited by the availability of sensitive assays (Levitan, 1999). Peptide hormone can be
measured by biochemical radioimmunoassay, but these assays have a low time
resolution and cannot be applied to single cells. The development of membrane

capacitance techniques has overcome some of these problems, but this methodology
cannot distinguish between peptide release and other types of regulated exocytosis. In

addition, it cannot be applied to all cell types because of difficulties in voltage clamping
some cell types. These assays also have a fundamental limitation in that they cannot

discern events occurring inside the cell that affect secretory responses.

This situation has changed in recent times since the demonstration that enhanced green

fluorescent protein (EGFP) can be fused with secreted peptides (Burke et al., 1997;
Kaether et al., 1997). It is now possible to measure peptide hormone release in real-time
from live cells or nerve terminals as a decrease in peptide fluorescence. Furthermore,
the rate and size of secretory events can be related to the distribution and mobility of

secretory granules. Green fluorescent protein (GFP) is a naturally occurring protein in

jellyfish and fireflies. It is responsible for absorbing the energy of blue photons

generated by aequorin or luciferase and emitting green light. The fluorophore of this
27 kDa protein consists of a cyclisation of three amino acids in the protein producing an

amino acid-based fluorescent moiety (Cody et al., 1993; Ormo et al., 1996; Yang et al.,

1996a). Native GFP is excited at 395 and 475 nm and emits at -510 nm, its
fluorescence being quite stable, probably because the chromophore is protected by the

protein's barrel structure.
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Native GFP does not fold efficiently at 37°C, and it has also been found that expression
of the protein in mammalian cells is limited by native jellyfish codon usage (Yang et al.,

1996b). These problems were overcome by the development of novel mutated GFPs.

Making a Ser-65 to Thr mutation was found to increase absorbance at the long

wavelength six-fold, to attenuate excitation at the short wavelength, and to shift long-

wavelength excitation to 489 nm (Heim et al., 1994), allowing the use of standard
fluorescein epifluorescence optics already present in many laboratories. A screening

strategy identified an Phe-64 to Leu mutation which further increased brightness (Yang
et al., 1996b), and altered codon usage to be more consistent with mammalian genes

(i.e. "humanising the gene") was found to up-regulate expression in mammalian cells
four-fold (Cormack et al., 1996). Together these advances resulted in the production of
enhanced GFP (EGFP, Clontech), which is over 100-fold brighter than the native protein
when expressed in mammalian cells.

The first indication that a GFP-tagged hormone would have utility was provided by the
demonstration that stimulation of pancreatic beta cells transfected with preproinsulin-
GFP produced a decrease in fluorescence (Patterson et al., 1997). Studies with

prepro-atrial natriuretic factor (ANF)-EGFP in neuroendocrine cells indicated that the

protein localised correctly, as confocal images revealed a punctate distribution that was
concentrated at neurite terminals (Burke et al., 1997). Furthermore, immunoblotting
indicated that the chimeric peptide was stored in the proform and depolarisation evoked
release of the peptide in the presence of extracellular calcium, establishing that the

EGFP-tagged peptide hormone was packaged in secretory granules and was released in a

regulated manner.

Recent developments now allow the real-time study of regulated exocytosis. Exocytosis
can be monitored by the use of total internal reflection fluorescence (TIRF) microscopy
to image single large dense-core secretory vesicles (Wiegand et al., 2002). In this

system, exocytosis is visualised by the disappearance of fluorescent vesicles

accompanied by a bright flash as the fluorescent contents leave the acidic secretory

vesicle lumen, move towards the evanescent wave source, and disperse into the
extracellular medium. In addition, development of 2D+1 image analysis (the third
dimension being time) for visualising single vesicle exocytosis and the analysis of larger
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numbers of imaged vesicles has increased the ability to quantitate granule dynamics

(Wiegand et al., 2002).

Studies of renin secretion with GFP-tagged renin proteins have not been reported. GFP
has been introduced into the Ren-ld genomic locus by targeting procedures (Pentz et al,

2001). In these mice, GFP is expressed appropriately under the control of the Ren-ld
promoter, the pattern of GFP expression during kidney development being identical to
that previously described by immunostaining for renin. In addition, GFP expression
allowed visualisation and identification of the JG cells in microvessel preparations. A

transgenic mouse expressing GFP under the control of a chimeric renin promoter region

(—4100 to -117 ofRen-lc fused to -117 to +6 of Ren-2) has also been reported recently

(Jones et al., 2000). During mouse development, the construct is capable of directing

expression ofGFP in a tissue- and cell-specific manner associated with renin expression.

Whilst these models make it possible to utilise fluorescence-activated cell sorting

(FACS) of GFP-expressing cells to isolate renin-expressing cell populations from

complex populations of fetal or adult tissues, they do not allow the analysis of renin

granule dynamics in JG cells.

1.4. Transgenic and gene knockout approaches
to hypertension research

1.4.1. Genetic manipulations in mice

Gene function in vivo can be studied using two approaches of genetic manipulation:

over-expression and deletion of a candidate gene. Over-expression studies can help to

elucidate the normal tissue- and cell-specific expression patterns of a gene and can lead
to physiological changes in the mouse, both of which can be informative about the
function of the gene product (Cvetkovic & Sigmund, 2000). This is achieved by

creating transgenic mice by pronuclear microinjection of naked DNA into fertilised

oocytes (Gordon & Ruddle, 1981; Gordon & Ruddle, 1983). These DNA molecules,

carrying regulatory and coding sequences of the gene, aggregate into concatamers of
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variable copy number and randomly integrate into the mouse genome, usually as a single
unit.

Both the transgene copy number and the location of integration into the genome may

affect transgene expression. Transcriptional regulatory elements, such as enhancers or

repressors, located in genomic DNA near the site of transgene integration can have a

profound influence on transgene expression (Dobie et al., 1996). In addition, transgene

sequences can serve as active foci for gene silencing when placed in the mammalian

genome (Clark et al., 1997b). Some transgenes possess a series of regulatory elements
that form a locus control region that can insulate them from transcriptional regulators
located at the site of integration (Grosveld et al., 1987; Yang & Sigmund, 1998a). Most

transgenes are not immune from these positional effects, and it is generally necessary to

establish several independent transgenic lines for each transgene to ensure that the

phenotypic alterations caused by their expression are not due to position effects.

Deletion of a gene can be informative of its function by assessing the perturbations
caused by its absence. A comparison of the phenotypes between heterozygous (+/-) and

homozygous null (-/-) mice can help to determine the role of the gene (Cvetkovic &

Sigmund, 2000). Although technically more laborious, gene targeting technology used
to create knockout mice allows for targeting of specific genetic loci in the mouse

genome (Bronson & Smithies, 1994). Targeting is performed in cultures of embryonic
stem (ES) cells (Evans & Kaufman, 1981; Martin, 1981) using targeting vectors

consisting of a selectable marker flanked by a region of DNA homologous to the

targeted locus (Capecchi, 1989). The technology relies on the endogenous cell
mechanisms that stimulate recombination between homologous DNA sequences.

Recombinant ES cells are identified and injected into blastocytes, where they can

contribute to the development of the embryo, creating an individual that is a chimera of

wild-type and mutant cells. In such chimeric animals, a variable population of the cells

carry the gene modification, and a true heterozygous knockout mouse is not produced
until germline transmission is achieved. Mice homozygous for the mutation can then be

generated by subsequent breeding of the heterozygous (+/-) mice.
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1.4.2. Transgenic models of the RAS

Transgenic studies of the renin and angiotensinogen genes were initially studied by

expression of the rat and human genes. Mice transgenic for rat angiotensinogen (rAGT)
under the control of its endogenous promoter exhibited elevated AGT levels and

developed high blood pressure (Kimura et al., 1992). Similar results were obtained from
mice transgenic for both rAGT and rREN (Ohkubo et al., 1990). Transgenic mice

carrying the hREN and hAGT gene have also been developed and studied extensively

(Fukamizu et al., 1989; Sigmund et al., 1992; Fukamizu et al., 1993; Sigmund, 1993;

Yang etal., 1994; Merrill et al., 1996; Takimoto etal., 1996; Yan et al., 1998b; Yang &

Sigmund, 1998b). Because of the established species-specific interaction between AGT
and renin (Hatae et al., 1994), the blood pressure of hAGT and hREN single transgenic
mice did not differ from wild-type controls. However, after crossing the two strains, the

offspring developed severe hypertension. These double transgenic mice have increased

plasma Ang-II, and the kidneys develop the characteristic renal lesions exhibited in

hypertension. Expression of the hREN and hAGT transgenes in the brain of these

transgenic animals has been demonstrated (Yang et al., 1999), and evidence suggests

that activation of the brain RAS may play a role in the blood pressure elevation observed
in this model (Davisson et al., 1998).

A transgenic mouse has been generated expressing hAGT exclusively in the proximal
tubule cells of the kidney, under the control of the kidney androgen-inducible (KAP)

promoter (Ding et al., 1997). Double transgenic hREN/KAP-hAGT mice are

hypertensive, despite having normal levels of Ang-II in their plasma (Davisson et al.,

1999), highlighting the importance of a locally-active RAS in the kidney in the

regulation of systemic blood pressure.

To date, transgenic experiments showing the most appropriate expression and regulation
of renin transgenes have been those in which large transgenes have been used.

Transgenics with a 45 kb hREN construct, extending approximately 25 kb 5' and 8 kb 3'
of the hREN gene, express the transgene in a highly cell- and tissue-specific pattern,

with human renin in the circulating plasma of these mice being derived exclusively from
the kidneys (Yan et al., 1998a; Yan et al., 1998b). Transgenesis with hREN PAC
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transgenes of 140 kb (extending from 35 kb 5' to 70 kb 3' of the hREN gene) and 160 kb

(extending from 75 kb 5' to 70 kb 3' of the hREN gene) display an even more restricted
tissue distribution of hREN expression, and in the kidney express the transgene at similar
levels to the endogenous mouse Ren-T gene (Sinn et al., 1999a). In addition,

transgenesis experiments with a BAC construct spanning the entire mouse Ren-2 and
Ren-ld locus, including 45 kb of 5'-flanking sequences, demonstrated expression of the
Ren-2 and Ren-ld genes (on a Ren-T background) at levels analogous to those found in

wild-type mice kidney (Mullins et al., 2000). These studies suggest the possibility that

regulatory elements or a locus control region more distal to the Ren locus than those

regulators already identified are necessary before a completely restricted pattern of

expression is observed.

In addition to transgenic mouse models of the RAS, important contributions to this field
have been made by transgenic rat models expressing constituents of the RAS (Mullins et

al., 1990; Ganten et al., 1992). Introduction of the mouse Ren-2 gene into the genome

of the rat causes severe hypertension in the transgenic animals (Mullins et al., 1990), and
in rats doubly transgenic for hREN and hANG genes, hypertension and fibrinoid
vasculitis have been reported (Bohlender et al., 1996; Bohlender et al., 1997a;
Bohlender et al., 1997b; Luft et al., 1999). A novel inbred rat model with inducible

hypertension has recently been described, using a renin transgene under the

transcriptional control of the cytochrome P450, Cyplal promoter (Kantachuvesiri et al.,

2001). In this model, transgene expression and hypertension can be regulated in a dose-

dependent manner, with associated effects on vascular remodelling observed.

1.4.3. Knockout models of the RAS

A number of RAS knockout mouse strains have been established, which have been used

to prove unequivocally that the RAS is central to the proper development of the kidney
and that the RAS contributes to physiological regulation of fluid homeostasis. The loss
of a single copy of the AGT gene in mice (mAGJ*") has only moderate effects on blood

pressure, but homozygous null mice {AGT1') are severely hypotensive and exhibit severe
renal abnormalities (Tanimoto et al., 1994; Kim et al., 1995). Histological evaluation
revealed atrophied kidney medullary regions, moderate to severe medial thickening of
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arterial walls, dilated tubules, cystic spaces around glomeruli, and multiple areas of
interstitial fibrosis. These renal abnormalities start to develop shortly after birth and
cause a marked increase in mortality in the AGT1' pups. This phenotype can be rescued

by mating with mice transgenic for mAGT under metallothionein control or with double

transgenic hAGT/hREN mice, strongly indicating the phenotype to be Ang-II dependent

(Davisson et al., 1997; Ishida et al., 1998). Although hypotensive on a normal (0.46%)
salt diet, AGT1' mice exhibit a blood pressure decrease when put on low salt (0.02%)
and a salt-induced increase when placed on high salt (3.15%) (Tsuchida et al., 1998).

The phenotype of ACE'1' mice is almost identical to AGT1' mice (Krege et al., 1995;
Esther et al., 1996). Mice lacking ACE exhibit marked hypotension and decreased post¬

natal viability, suggesting it is the lack of Ang-II, and not AGT, that is responsible for
the shared phenotype. Heterozygous ACE*'~ mice have normal kidney morphology and
renal function. A sexually dimorphic decrease in blood pressure in male ACE+/' mice
has been reported in one study (Krege et al., 1995), but has not been observed in other
studies (Esther et al., 1996; Davisson et al., 1997). In another targeting study, a cryptic

splice site in the ACE targeting vector resulted in an ACE mRNA (termed ACE.2), which
lacked the coding sequence for the domain required for cell membrane attachment

(Esther et al., 1997). The resulting homozygous ACE.2" mice have no tissue ACE

activity, but have plasma ACE activity similar to heterozygous ACE?'~ mice, which are

normotensive. ACE.2"7" mice are chronically hypotensive, indicating that plasma ACE is
not sufficient to compensate for the loss of a normal ACE gene. The importance of
tissue ACE is also evident from the renal histology and physiology of ACE.2''' mice,
which mimics that of regular ACE1' mice.

As mentioned previously in this chapter, the mouse genome carries two genes encoding

subtypes of the ATI receptor and one gene for the AT2 receptor. ATla'1' mice have a

moderate hypotension, but a milder degree of renal abnormalities than AGT1' or ACE1'
mice, suggesting that the AT la is the primary receptor for Ang-II signalling in the

kidney (Ito et al., 1995; Sugaya et al., 1995), a finding supported by expression studies

(Burson et al., 1994). This suggestion is further supported by the lack of blood pressure

change during acute infusions of Ang-II in ATla'1' mice (Oliverio et al., 1997). Further

analysis of ATla receptor loss has revealed the RAS to be an essential component in



tubuloglomerular feedback (Schnermann et al., 1997), Ang-II signalling through the
ATI a receptor being required for the maintenance of feedback response.

Homozygous ATlb'1' mice show no significant differences in blood pressure and renal
function compared with wild-type mice (Chen et al., 1997). In addition, ATlb'1' mice
retain a normal pressor response to Ang-II infusions. The development ofATI a'1' and
ATlb" double knockout mice has allowed more insight into the ATlb receptor function

(Oliverio et al., 1998; Tsuchida et al., 1998). The comparison between single and
double receptor knockout mice confirmed that there is a level of redundancy in

signalling between the two receptors. In contrast to double knockout mice, animals

carrying an intact ATlb receptor (ATla_/~) had less renal pathology and increased
vascular tone and blood pressure, indicating partial restoration ofAng-II signalling.

In contrast to ATla and ATlb receptor knockout mice, AT2 receptor gene deletion
resulted in a paradoxical increase in blood pressure and an augmented pressor response

to Ang-II, suggesting that AT2 receptors may be involved in mediating depressor effects
of Ang-II by counteracting AT la and ATlb receptor stimulation (Hein et al., 1995;
Ichiki et al., 1995). However, Ang-II infusion and AT2 receptor inhibition in ATla'1'
and ATlb'1' double knockout mice had no effect on blood pressure (Tsuchida et al.,

1998). The observed hypertension seen in AT2'1' mice may be influenced by changes in
the central nervous system, manifested in behavioural changes (Hein et al., 1995).

Generation of Mas proto-oncogene/angiotensin receptor-deficient mice found that heart
rate and blood pressure were not significantly different between knockout mice and
controls (Walther et al., 2000). However, there were significant alterations in
cardiovascular variability and an increased sympathetic tone in knockout animals,

suggesting the Mas/angiotensin receptor may play some role in the determination of
heart rate and blood pressure variability. In the basolateral amygdala of the brain, which

expresses both the ATI receptor and the Mas proto-oncogene, an opposite action of

Ang-II was obtained in mice lacking the Mas/angiotensin receptor in comparison to

wild-type mice, providing in vitro evidence for a functional interaction between the Mas

proto-oncogene and the ATI receptor (Von Bohlen und Halbach et al., 2000).
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As discussed earlier in this chapter, some mice have two functional copies of the renin

gene (Ren-ld and Ren-2), which, unlike the ATI receptor, share the same chromosomal
locus (Abel & Gross, 1988). Disruption of the Ren-2 gene resulted in no changes in

resting blood pressure or renal morphology, but mice displayed increased plasma
concentrations of active renin and decreased circulating inactive prorenin (Sharp et al.,

1996). Initial studies suggested that the targeted inactivation of the Ren-ld gene also had
no effect on blood pressure (Bertaux et al., 1997), but more thorough investigation of
Ren-ld gene disruption revealed a sexually dimorphic hypotension in female Ren-ld~'~
mice (Clark, 1997; Clark et al., 1997a). In contrast to Ren-2'1' mice, Ren-ld''' animals
have increased plasma concentrations of inactive prorenin and decreased circulating
active renin. In addition, a discrete and reproducible change was observed in the

morphology of the macula densa cells of the kidney distal tubular epithelium (figure

1.13). Most striking is the complete absence of renin storage granule in the JG cells of
the renal afferent arteriole, indicating that expression of the renin- ld protein is a

prerequisite for granule formation and maturation, and that the Ren-2 gene product is
unable to act as substitute in this role.

Transgenesis experiments with a BAC construct spanning the entire mouse Ren-2 and
Ren-ld locus, confirmed that the presence of renin-ld is essential for granule formation
and that the knockout renal phenotype is not due to an unrelated mutation introduced

during gene targeting (Mullins et al., 2000). Additionally, the introduction of a modified
BAC transgene, in which the Ren-ld locus was disrupted by introduction of a

P-galactosidase-neomycin resistance ((3-geo) reporter, onto the Ren-ld knockout

background demonstrated reporter gene expression in the absence of renin-ld, indicating
that despite their agranular morphology, these cells have not dedifferentiated and

represent bone fide JG cells. Because of the close chromosomal linkage of the Ren-ld
and Ren-2 genes, a true null mutant cannot be generated simply by breeding of the
Ren-ld''' and Ren-2'1' mice. There are ongoing efforts to develop a true renin gene null
in these two-gene strains ofmice (M. G. F. Sharp, personal communication).

In the single renin gene (Ren-fi) strain of mice, renin gene knockout mice have been

generated (Yanai et al., 2000). Unlike Ren-ld''' or Ren-2'1' mice, Ren-fi'1' micQ show
neither detectable levels of plasma renin activity nor plasma Ang-I. The mice had a
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phenotype similar to that observed in v4Gr-deficient mice. Postnatal mortality was seen

within a week of birth if saline treatment was not administered and a hypotensive blood

pressure of 20-30 mmHg less than wild-type mice was observed in both sexes. Renal
abnormalities similar to those of /IGT-deficient mice were also found.

Figure 1.13. Altered renal morphology in the Ren-1d knockout mouse

Figure 1.13. A & B. In light microscopy of haematoxylin and eosin stained kidney sections from wild-

type mice (A), differences were noted in the morphology of the cells of the macula densa compared with
the Ren-1A null mice (B), in which the epithelial cells of the macula densa (arrow) have a columnar

morphology, the nucleus to cytoplasm ratio is increased and there is cell crowding. By contrast, in wild-

type mice the same cells (arrow) have a cuboidal morphology, with a lower nucleus to cytoplasm ratio and
lower cell density. The central three macula densa cells were measured in five kidney regions from each
of four individual mice (n=20) of each genotype. Ren-1d_/" mice had macula densa cells with a 30%
increase in cell height compared to wild-type animals. Cell height was defined as the cell diameter
measured from the basal membrane of the cell. Cell density is defined as the cell number/unit length of
macula densa basement membrane. G, glomerulus. C & D. Electron microscopy of afferent arteriolar
smooth muscle cells (SM) from a control mouse (C) shows prominent dense cytoplasmic granules

(arrows). The cells in the wall of the afferent arteriole from a Ren-ld null mouse kidney (D) show no

evidence of cytoplasmic granules. The afferent arteriole was defined by tracing its origin from the
interlobular artery in semi-thin sections. A, afferent arteriole lumen; E, endothelial cells; SM, modified
smooth muscle cells. The figure is a modification of that of Clark et al. (1997a).

54



1.5. General aim

The work described in this thesis constitutes two aspects of a project that focuses on

understanding the control of renin protein trafficking, storage and release in the

juxtaglomerular cells of the kidney.

Studies have demonstrated that the hREN gene is most appropriately regulated in

transgenic mice in response to physiological cues when genomic constructs containing

large amounts of flanking DNA (25 kb to 75 kb) are used. These studies have also

provided strong evidence that the trans-acting factors needed for hREN gene regulation
are present in the mouse. Whether the mouse also contains factors required for the
correct processing and trafficking of the human renin protein within the JG cells of the

kidney is not known. To investigate this possibility the Ren-ld knockout mouse model
has been utilised (Clark et al., 1997a).

Targeted inactivation of the Ren-ld gene led to a complete loss of JG cell granulation
and atypical macula densa morphology, which could be rescued by complementation
with a BAC transgene encompassing the entire mouse Ren-2 and Ren-ld locus (Mullins
et al., 2000). These experiments demonstrated that the presence of the renin-ld protein
is a prerequisite for renin granule formation, with the renin-2 protein unable to act as

substitute in this role. It also revealed that the renin-ld protein plays an, as-yet

undefined, role in the function of the macula densa, either directly or indirectly.
Whether the phenotypic changes within the juxtaglomerular region of the kidney
manifested by the loss of the renin-ld protein are related to the structure of the protein or

its enzymatic activity is not known.

The first aspect of this thesis presents experiments aimed at answering this question, by

complementation of the Ren-ld knockout mouse with the human renin protein. The
mouse and human renin protein are highly conserved, the hREN protein retaining two of
the three distinctive asparagine-linked glycosylation motifs present in the renin-ld
protein, and both human and mouse proteins are reported to be secreted in a regulated

manner, in contrast to the constitutive secretion of the renin-2 protein (Pratt et al.,
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1988a; Chu et al., 1990). We hypothesise that the human and mouse renin proteins have
conserved structural features responsible for the trafficking of the renin proteins to the

regulated pathway of secretion, and thus the formation of dense renin-containing

granules. If this hypothesis is correct, complementation of the Ren-ld knockout mouse
with hREN will result in a restoration of the granulation in the JG cells of the kidney. If

so, dissection of the structural features in common between the mouse and human renin

proteins will allow identification of the structural feature(s) responsible of trafficking the

proteins to the dense-core secretory granules and the regulated pathway of secretion in
the specialised JG cells. Because of the established species-specificity of renin and

angiotensinogen (Hatae et al., 1994), if the phenotype is enzyme activity-related,

complementation with hREN will not rescue the Ren-1A knockout agranular JG cell

phenotype. This approach may also allow some assessment of whether the atypical
macula densa morphology of the Ren-ld knockout mouse is a feature of renin enzyme

activity in the juxtaglomerular region.

Chapter 3 presents experiments designed to generate a human renin transgenic mouse

for use in the complementation studies with the Ren-ld knockout mouse and outlines the

breeding strategy for complementation of the Ren-ld knockout mouse with the human
renin transgene. Chapter 4 presents the phenotypic analysis of complementation of the
Ren-ld knockout mouse with human renin. Chapter 4 also presents experiments

designed to identify possible structural features of the human renin protein responsible
for trafficking of the protein to the regulated pathway of secretion.

Much of our current understanding of the regulation of renin protein processing and
secretion in based on investigations in cell culture systems. Several cell lines have been
used for these studies, including Chinese hamster ovary (CHO) cells, which lack any

granular secretory machinery and secrete prorenin exclusively (Fritz et al., 1986; Pratt et

al., 1988b; Paul et al., 1992; Mercure et al., 1995) and AtT-20 cells, a mouse pituitary

cell line which displays both regulated and constitutive secretory pathways capable of

producing both active renin and inactive prorenin, respectively (Fritz et al., 1987; Pratt
et al., 1988b; Ladenheim et al., 1989; Nakayama et al., 1989; Chu et al., 1990; Paul et

al., 1992; Brechler et al., 1996). However, these systems lack important characteristics
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of JG cells, such as the unusual inverse relationship between intracellular calcium
concentration and renin secretion (Naftilan & Oparil, 1982; Churchill et al., 1983).

The development of cell systems to allow the characterisation of renin synthesis and
release from isolated JG cells has been limited by major practical hurdles (Rayson &

Cannizzo, 1994). Of the cell lines isolated, the As4.1 cell line is perhaps the most

promising (Sigmund et al., 1990c). The As4.1 cell line expresses the endogenous
Ren-f renin gene and retains active renin intracellularly and constitutively secretes

prorenin. The cell line also possesses multiple cytoplasmic dense-core secretory

granules (Sigmund et al., 1990c; Laframboise et al., 1997), and reporter constructs

utilising 4.1 kb of Ren-lc/Ren-2 5'-flanking sequence have been reported to confer

highly cell-specific expression in the As4.1 cell line in contrast to other non-cognate cell
lines (Petrovic et al., 1996). In addition, mechanical distension of As4.1 cells results in
an influx of calcium to the cytosol, accompanied by a decrease in renin gene expression

(Ryan et al., 2000a; Ryan et al., 2000b). However, it has been found that As4.1 cells do
not secrete active renin through the regulated pathway when stimulated with various

secretogogues (Laframboise et al., 1997).

The second aspect of this thesis presents experiments aimed at the isolation and
characterisation of the renin secretion characteristics of JG cells, by generation of
chimeric fluorescent renin fusion proteins. Whilst GFP has been introduced into the
Ren-ld genomic locus by targeting procedures (Pentz et al., 2001), and transgenic mice

expressing GFP under the control of a chimeric renin promoter region have also been

reported (Jones et al., 2000), studies of renin secretion with GFP-tagged renin proteins
have not been reported.

Chapter 5 presents experiments designed to generate chimeric fusion proteins of renin-ld
and renin-2 with EGFP, and an investigation of the expression of the chimeric renin
fusion proteins in the As4.1 cell line. Chapter 5 also presents experiments designed to

express a chimeric renin-ld-EGFP fusion protein in vivo to allow the utilisation of FACS
to isolate renin-expressing JG cell populations from kidney tissues, and the analysis of
the renin granule dynamics of JG cells.

57



Chapter 2

Materials and Methods

2.1. Materials

2.1.1. Chemicals and solutions

All stock solutions were prepared using Milli-Q synthesis water (Millipore, Molsheim,

France) and, where appropriate, were autoclaved before use. For RNA work, solutions
were treated with 0.01% diethyl pyrocarbonate (DEPC), supplied by Sigma (Sigma-
Aldrich Company Ltd., Poole, U.K.), or made up using DEPC-treated water. Chemicals
used were from BDH (BDH Laboratory Supplies, Poole, U.K.) or Sigma and were of

analytical quality.

Acids, alcohols and solvents were supplied by BDPI or Sigma. Phenol was purchased
redistilled and buffered with Tris-HCl from BDH. Agarose was supplied by FMC

Bioproducts (Flowgen, Sittingbourne, U.K.) or BioWhittaker Molecular Applications,
Inc. (Wokingham, U.K.). Radioisotopes were supplied by Amersham Pharmacia
Biotech (Little Chalfont, U.K.). Bovine serum albumin (fraction V, BSA) was

purchased from Sigma. Kodak XOMAT XAR-5 film was supplied by BDH.

Oligodeoxynucleotide primers were synthesised by MWG Biotech (Ebersberg,

Germany). Random hexamers and dNTPS were supplied by Amersham Pharmacia
Biotech.

2.1.2. Enzymes

Restriction endonucleases were supplied by Roche (Roche Diagnostics GmbH,

Mannheim, Germany) or Promega (Southampton, U.K.) except for Dpn I, which was

supplied by NEB (New England Biolabs, Hichin, U.K.), and used according to

manufacturer's guidelines. Pfu DNA polymerase and P/hTurbo DNA polymerase were
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supplied by Stratagene (Amsterdam, The Netherlands) and Taq DNA polymerase was

supplied by Qiagen (Crawley, U.K.) or ABgene (Epsom, U.K.). T4 DNA ligase, T4

polymerase, T4 polynucleotide kinase, MMLV reverse transcriptase, SP6 RNA

polymerase, calf intestinal alkaline phosphatase (CIP) and Klenow were supplied by

Promega. Superscript II reverse transcriptase was obtained from Invitrogen (Paisley,

U.K.). RNase inhibitor Superaseln and RQ1 RNase-free DNase were supplied by
Ambion (Huntingdon, U.K.). DNase-free RNase A and Proteinase K were supplied by

Sigma, p-agarase was supplied by NEB.

2.1.3. Bacterial strains

Escherichia coli (E. coli) strains DH5a and DH10B were obtained from Life

Technologies, Inc. (Paisley, U.K.). JM109 were supplied by Promega and TOPIO by

Invitrogen with their TA cloning kits. XL-1Blue were supplied by Stratagene. E. coli
strain JC8679 (Gillen et al., 1981) was a kind gift of Dr. A. F. Stewart (EMBL-

Heidelberg, Germany). The genotypes of these strains are shown in table 2.1.

Table 2.1. Genotype of bacterial strains used.

Strain Genotype Notes/Uses

DH5a F-, <|)80d/acZAM15, recAl, endAl, gyrA96, thi-l, A,-,
hsdR 17 (rk", mk+), supE44, relAl, deoR, A(lacZYA-argF),
U169

General cloning

DH10B F-, mcrA, A-(mrr /zrafRMS-iwcrBC), <|)80d/acZAM15,
AlacX74, deoR, recA 1, araDl39, A(ara, leu)7697, galU,
galK, "K-, rpsh, endA1, nupG

BAC and PAC host

JC8679 thr-l, araC 14, leuB6, DF(gpt-proA)62, lacY 1, tsx-33,
g/«V44(AS), ga/K2(Oc), LAM-, sbcA23, his-60, recC22,
relAl, recB21, r/wIBlfs/rR), xylA5, mtl-l, a/'gE3(Oc), thi-\

ET-recombination

proficient strain

JM109 endAl, recAl, gyrA96, thi-l, hsdR 17 (rk\ mk+), relAl,
supE44 A(lac-proAB), [F' traD36, proAB /acIqZAM15]

TA cloning

TOPIO F-, mcrA, A-(mrr hsdRMS-mcrBC), <|)80d/acZAM15,
AlacXIA, deoR, recAl, araD139, A{ara, leu)1691, gall],
galK, rpsL (StrR), endAl, nupG

TA cloning

XL-lBlue recAl, endAl, gyrA96, thi-l, hsdRll, supE44, relAl, lac
[F'proAB /acIqZAM15 ::Tn\0 (TetR)].

General cloning, site-
directed mutagenesis
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2.1.4. Antibiotics

Antibiotics were supplied by Sigma and were used at the working concentrations
indicated in table 2.2.

Table 2.2. Antibiotic selection concentrations

Antibiotic Selection of

plasmids
Selection of
BACs/PACs

Stock solution

Ampicillin 100 pg/ml - 100 mg/ml in dH20

Chloramphenicol 25 pg/ml 12.5 pg/ml 25 mg/ml in 100%
ethanol

Kanamycin 50 pg/ml 25 pg/ml 25 mg/ml in dH20

Tetracyclin 10 pg/ml - 10 mg/ml in 50%
(v/v) ethanol

2.1.5. Antibodies

Antibodies were used for immunohistochemistry (IHC) and enhanced
chemiluminescence (ECL) at the working concentrations indicated in table 2.3.

Table 2.3. Antibodies and dilutions.

Antibody Working dilution Reference/Supplier

Chicken anti-GFP polyclonal 1:7,500 (IHC) AB16901, Chemicon International
Inc. (Temecula, California, U.S.A.)

Rabbit anti-GFP polyclonal 1:1000 (ECL) A-l 1122, Molecular Probes Europe
BV (Leiden, The Netherlands)

Rabbit anti-renin polyclonal 1:1,000 (IHC) Inagami et al. (1980)
Mouse anti-a-tubulin

monoclonal B-5-1-2
1:10,000 (ECL) Sigma T-5168

Alexa fluor 488 goat anti-
chicken IgG secondary

1:1,000 (IHC) Molecular Probes

Alexa fluor 594 goat anti-
rabbit IgG secondary

1:1,000 (IHC) Molecular Probes

FIRP-conjugated secondaries 1:10,000 (ECL) Amersham Pharmacia Biotech
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2.1.6. Reagents and buffers

Common reagents and buffers used, their constituents and uses are indicated in table 2.4.

Table 2.4. Common reagents and buffers

Reagent or buffer Details Notes

Alkaline lysis:
resuspension solution

25 mM Tris-HCl pH 8.0, 10 mM EDTA,
50 mM glucose

For DNA miniprep

Alkaline lysis: lysis
solution

0.2 N NaOH, 1% (w/v) SDS For DNA miniprep

Alkaline lysis:
neutralisation solution

In 500 ml, 147.2 lg potassium acetate,
57.5ml glacial acetic acid. Final 3.0 M
potassium, 5.0 M acetate

For DNA miniprep

P-galactosidase fix
solution

0.2% (w/v) gluteraldehyde, 2 mM
MgCl2, 5 mM EGTA in PBS, pH 7.3

For p-galactosidase
staining

P-galactosidase
holding solution

60% (v/v) glycerol in PBS, pH 7.3 For p-galactosidase
staining

P-galactosidase stain
solution

0.01% (w/v) sodium deoxycholate,
0.02% (v/v) NP-40, 2 mM MgCl2, 10
mM potassium ferrocyanide, 10 mM
potassium ferricyanide in PBS, pH 7.3.
1 mg/ml X-Gal added to prewarmed
solution immediately before use

For p-galactosidase
staining

P-galactosidase wash
solution

0.01% (w/v) sodium deoxycholate,
0.02% (v/v) NP-40, 2 mM MgCl2 in
PBS, pH 7.3

For p-galactosidase
staining

Captopril Sigma C-4042. Administered at a
concentration of 0.5 mg/ml in drinking
water.

Used for in vivo ACE
inhibition in animal
studies

lOOx Denhardt's 2% (v/v) Ficoll, 2% (w/v) BSA (fraction
V), 2% (v/v) polyvinylpyrolidine

Component of
hybridisation buffer

Dimethyl sulphoxide
(DMSO)

Sigma D-2650 Used in freezing
mammalian cell lines

6x DNA loading
buffer

0.25% (w/v) bromophenol blue, 0.25%
(w/v) xylene cyanol, 40% (w/v) sucrose

Added to DNA samples
for gel electrophoresis

IPTG Isopropyl-p-D-thiogalactopyranoside,
Promega V3951

For blue/white screening
ofE. coli clones

lOx Klenow buffer 0.5 M Tris pH 7.6, 0.1 M MgCl2 For Klenow fill-in
reactions

LB (Luria-Bertani
Medium)

1% (w/v) tryptone, 0.5% (w/v) yeast
extract, 1% (w/v) NaCl, pH adjusted to
7.0 with 5 N NaOH

E. coli growth medium
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Table 2.4. Continued...

Microinjection buffer 10 mM Tris pH 7.6, 0.1 mM EDTA, 100
mM NaCl

Buffer for DNA

microinjection

Paraformaldehyde
solution

4% (w/v) paraformaldehyde in PBS, pH
to 7.6 with 5 N NaOH

For fixation of tissue

PBS (phosphate-
buffered saline)

137 mM NaCl, 2.7mMKCl, 10 mM
Na2HP04, 2 mM KH2P04

Used as buffer in tissue
fixation

Probe stripping
solution

1% (w/v) SDS, O.lx SSC, 40 mM Tris
pH 7.6

For stripping probes from
membranes

SDS-PAGE 4x gel
buffer

1.5 M Tris, pH 8.8 For SDS-PAGE

SDS-PAGE 4x

stacking gel buffer
0.5 M Tris, pH 6.8 For SDS-PAGE

SDS-PAGE running
gel overlay buffer

0.375 M Tris, pH 8.8, 0.1% (w/v) SDS For SDS-PAGE

SDS-PAGE transfer
buffer

48 mM Tris, 39 mM glycine, 20% (v/v)
methanol, 0.0375% (w/v) SDS, pEl 8.3

For transferring SDS-
PAGE gels

SDS-PAGE 2x
treatment buffer

0.125 M Tris pH 6.8, 4% (w/v) SDS,
20% (v/v) glycerol, 0.2 M DTT, 0.02%
(w/v) bromophenol blue

Added to protein sample
before loading SDS-
PAGE and protein storage

SDS-PAGE tank
buffer

0.025 M Tris, pH 8.3, 0.192 M glycine,
0.1% (w/v) SDS

For running SDS-PAGE

SOB 2% (w/v) tryptone, 0.5% (w/v) yeast
extract, 0.05% (w/v) NaCl, 2.5 mM
KC1, pH adjusted to 7.0 with 5 N NaOH.
Add MgCl2 to a final concentration of
10 mM before use

SOC precursor

SOC Identical to SOB, but add glucose to a
final concentration of 20 mM before use

E. coli recovery medium
following electroporation

Southern blotting: acid
hydrolysis solution

0.25 M HC1, 21.36 ml of 11.7 M HC1 in
1 L.

For DNA gel washes in
Southern protocol

Southern blotting:
denature solution

1.5 M NaCl, 0.5 M NaOH For DNA gel washes in
Southern protocol

Southern blotting:
Neutralise solution

1.5 M NaCl, 0.5 M Tris pH 7.2, 0.001 M
EDTA

For DNA gel washes in
Southern protocol

20x SSC For 1 L of 20x stock, 175.3 gNaCl, 88.2
g sodium citrate, adjust pH to 7.0 with
citric acid

Transfer buffer for
Southern blotting and
constituent of buffers

SSC/Denhardt's

hybridisation buffer
5x SSC, 5x Denhardt's, 0.5% (w/v) SDS For Southern

hybridisation
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Table 2.4. Continued...

TAE (Tris acetate) For 1 L of 50x stock, 242g Tris base,
57.1 ml glacial acetic acid and 100 ml
0.5 M EDTA, pH 8.0

For agarose gel
electrophoresis

Tail buffer 50 mM Tris pH 8.0, 100 mM EDTA,
100 mM NaCl, 1% (w/v) SDS

For the preparation of
genomic DNA

TBE (Tris borate) For 1 L of 5x stock, 54 g Tris pH 8.0,
27.5 g boric acid, 20 ml 0.5 M EDTA

For pulse field gel
electrophoresis

TE 10 mM Tris pH 8.0, 1 mM EDTA Buffer for DNA storage

TRIzol reagent Life Technologies 15596-026 For RNA extraction

X-Gal 5-bromo-4-chloro-3-indolyl-p-D-
galactopyranoside, Promega V3941

For blue/white screening
and p-galactosidase
staining

X-Gal/IPTG agar
plates

Supplement agar with 0.5 mM IPTG and
80 pg/ml X-Gal

For blue/white screening
ofE. coli clones

2x YT 1.6% (w/v) tryptone, 1% (w/v) yeast
extract, 0.5% (w/v) NaCl

E. coli growth medium

2.1.7. Cloning vectors

Plasmids pSP72 and pGEM T-Easy were from Promega, pUC19 was from NEB,

pCR2.1, pcDNA3.1/HisB/lacZ and pGPS2.1 were from Invitrogen, pBlueScript

plasmids were from Stratagene, and Living Colours vectors (pEGFP-Nl, pDsRedl-Nl)
were supplied by Clontech (Basingstoke, U.K.). Plasmids pSP72.polyl and

pSP72.poly4 were previously constructed by removing the polylinker from pSP72

(Promega) and inserting annealed, complementary oligodeoxynucleotides (A. F. Clark &
S. Morley, unpublished data, table 2.5). Plasmid pRHR-1100 (Chu et al., 1990) was a

kind gift of Professor T. Reudelhuber (IRCM, Montreal, Canada). Plasmids pBAD-ETy

(Zhang et al., 1998), pBAD-aPy (Muyrers et al., 1999) and pKaZl were kind gifts of Dr.

A. F. Stewart (EMBL-Heidelberg, Germany).
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Table 2.5. The multiple cloning site of pSP72 and pSP72 derivatives.

Cloning vector Multiple cloning site

pSP72 Xho I, Pvu II, Hin dill, Sph I, Pst I, Sal I, Xba I, Bam HI, Sma I, Kpn I,
Sac I, Eco RI, Cla I, Eco RV, Bgl II

pSP72.polyl Xho I, Mlu I, Pml I, Xba I, Bam HI, Pst I, Sal I, Man I, Hin dill, Bgl II,
Kpn I, Sma I, Eco RI, Not I

pSP72.poly4 Xho I, Not I, Man I, Kas I, Asc I, Bel I, Eco RI, Hin dill, Sma I, Kpn I,
Sma I, Kpn I, Bam HI, Sal I, Bgl II, Nae I, Not I

2.1.8. DNA markers

Lambda Hin dill digested, lambda Hin dill/Eco RI digested and lambda Bst EI 11

digested DNA markers were purchased from Kramel Biotech (Transgenomic Ltd.,

Cramlington, U.K.). 1 kb DNA ladder, 100 bp DNA ladder, Midrange I PFG markers
and Midrange II PFG markers were purchased from NEB. pBlueScriptII-SK+ Sau 3A

digested DNA and pUC19 Hpa II digested DNA were prepared by digest of the

appropriate plasmid DNA. The size of DNA fragments of each of these markers is
shown in table 2.6.

Table 2.6. Band size of DNA markers

DNA marker Band sizes

Lambda Hin dill digested 23,130 bp, 9,416, 6,557, 4,361, 2,322, 2,027, 564, 125

Lambda Hin dill/Eco RI

digested
21,226 bp, 5,148, 4,973, 4,268, 3,530, 2,027, 1,904, 1,584, 1,375,
947, 831, 564, 125

Lambda Bst EIII digested 8,454 bp, 7,242, 6,369, 5,686, 4,822, 4,324, 3,675, 2,323, 1,929,
1,371, 1264, 702, 224, and 117

NEB 1 kb DNA ladder 10.0 kb, 8.0, 6.0, 5.0, 4.0, 3.0, 2.0, 1.5, 1.0, 0.5

NEB 100 bp DNA ladder 1,000 bp, 800, 600, 500, 400, 300, 200, 100

pBlueScript-SK+ Sau 3A
digested

1,000 bp, 734, 341,258, 222, 78, 75, 46, 36, 17, 16, 15, 12, 11,8

pUC19 Hpa II digested 501 bp, 489,404,331,242, 190, 147, 111, 110, 67, 34, 26

Midrange I PFG markers 291.0 kb, 276.0, 257.5, 242.5, 227.5, 209.0, 194.0, 179.0, 160.5,
145.5, 130.5, 112.0, 97.0, 82.0, 63.5, 48.5, 33.5, 15.0

Midrange II PFG markers 267.0 & 266.5 kb doublet, 242.5, 218.5 & 218.0, 194.0, 170.0 &
169.5, 145.5, 121.5 & 121.0, 97.0, 73.0 & 72.5, 48.5, 24.5 & 24.0
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2.1.9. Tissue culture

Tissue culture plasticware was supplied by Iwaki (Aberbargoed, Mid-Glamorgan, U.K.)
and Bibbysterilin (Bibbysterilin Corporation Ltd., Slone, U.K.). Dulbecco's Minimal
Essential Medium Nutrient Mix F12 (Ham) (DMEM/F12), BHK21 Glasgow Minimal
Essential Medium (BHK21/GMEM), M16 Medium, Dulbecco's phosphate buffered
saline (PBS) and Hank's Balanced Salt Solution without calcium and magnesium

(HBSS) were supplied by Gibco-BRL (Life Technologies Ltd., Paisley, U.K.) or Sigma.

Hepes was supplied by Sigma. Fetal Calf Serum (FCS) Fetalclone III was supplied by

HyClone (Logan, Utah, U.S.A.). DMSO was supplied by Sigma. Trypsin-EDTA,

L-glutamine, non-essential amino acids (NEAA), and sodium pyruvate were supplied by
Gibco-BRL.

Cell lines were maintained in a humidified environment of 5% CO2 at 37°C in a Hera

Cell Incubator (Heraeus Instruments GmbH, Hanau, Germany) with manipulations being

performed inside a laminar flow hood (Hera Safe Culture Hood, Heraeus). All surfaces
were sprayed with 70% (v/v) ethanol (BDH) before use to prevent bacterial or fungal
contamination.

2.1.10. Mouse strains and housing

The inbred mouse line 129/Ola was used in all experiments except for generation of

transgenics where an F1 cross of the inbred mouse strains CBA and C3H mice were the
source of oocytes for pronuclear microinjection procedures. Transgenic mice were then
backcrossed to the mouse line 129/Ola. All animals used in this study were housed and
bred at the Biological Resource Facility, University of Edinburgh and were ear-clipped
and ear-tagged for identification. Mice were maintained in a stabilised environment on a

regime of 12 hr diurnal cycles with free access to food and water throughout the

experimental period and were fed standard commercial mouse chow supplied by Special
Diets Services (Witham, U.K.). The breeding, maintenance and study of animals were

performed in accordance with Home Office regulations.
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2.2. Methods

The general methods ofmanipulation of nucleic acids were as described by Sambrook et
al. (1989). Restriction endonucleases and DNA modifying enzymes were used

according to the manufacturers' instructions. Other techniques were performed

according to published protocols, as indicated in the text.

2.2.1. Plasmid DNA preparation

2.2.1.1. Alkaline lysis miniprep

Alkaline lysis minipreps were performed by a modification of the method of Birboin and

Doly (1979). 3 ml of L-broth containing antibiotic at the appropriate concentration

(table 2.2) were inoculated with a single bacterial colony and grown at 37°C with
constant shaking overnight (Innova 4000 Incubator Shaker, New Brunswick Scientific,

supplied by Jencons-PLS, Leighton Buzzard, U.K.). 1.5 ml of bacterial suspension was

then transferred to a 1.5 ml microfuge tube and centrifuged at 16,000 x g for 2 min in a

microfuge (Biofuge Pico, Heraeus). The supernatant was removed and the pellet

resuspended in 250 pi of ice-cold Resuspension Buffer containing 100 pg/ml RNase A

by vortexing. When completely resuspended, 250 pi of Lysis Solution was added and
mixed immediately by inverting the tubes 6 times and incubated at room temperature for
5 min. 250 pi of ice-cold Neutralisation Solution were added and mixed thoroughly by
inversion 10-12 times to disperse the solution through the viscous bacterial lysate and

placed on ice for 5 min. The solution was centrifuged at full speed for 5 min in a

microfuge to pellet the cell debris and chromosomal DNA and the plasmid DNA-

containing supernatant was transferred to a fresh microfuge tube. 750 pi of

phenol:chloroform:isoamyl alcohol (25:24:1) was added and mixed well. The solution
was centrifuged at full speed for 2 min at room temperature and the aqueous phase
transferred to a fresh tube. The DNA was precipitated by addition of 600 pi of

isopropanol and incubation at -20°C for 15 min. The solution was then centrifuged at

full speed for 15 min to pellet the DNA and the supernatant removed. The DNA was

washed with 1 ml of 70% (v/v) ethanol, centrifuged at full speed for 5 min and the

supernatant removed. After air-drying for 5-10 min the DNA was resuspended in 50 pi
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of TE and stored at -20°C. For long-term storage, DNA was frozen at -80°C (Assab
Ultra 85, Cryotechnics, Edinburgh, U.K.).

2.2.1.2. Spin miniprep

Miniprep plasmid DNA preparations were performed using the Spin Miniprep Kit from

Qiagen according to manufacturer's instructions. Cultures of E. coli (3 ml) were grown

overnight in the presence of antibiotics at 37°C with shaking.

2.2.1.3. Midiprep and maxiprep

Larger midi (50 ml) or maxi (100 ml for high-copy plasmids, 250 ml for low-copy

plasmids) preparations were performed using Qiagen Midi/MaxiPrep Kit. Occasionally,
to generate larger quantities of E. coli harbouring low-copy number plasmids, 2x YT
was substituted for LB. One ml (midi) or 2.5 ml (maxi) of a 3 ml pre-culture was used
to inoculate LB containing selection antibiotics at the appropriate concentration and the
culture was grown at 37°C for 12-16 hr with vigorous shaking (225-250 rpm) in an

orbital shaker (Series 25 Incubator Shaker, New Brunswick Scientific). After the culture

period, cells were collected by centrifugation at 6,000 x g for 15 min at 4°C in 500 ml

centrifuge flasks using a SLA3000 rotor in a Sorvall RC5C centrifuge (Sorvall

Instruments, Ashville, North Carolina, U.S.A.). DNA preparation was performed

according to manufacturer's instructions.

2.2.2. Genomic DNA preparation from tail biopsy

After application of an anaesthetic, one centimetre of the tail of pups at weaning was

removed into a 1.5 ml microfuge tube and stored at -20°C until DNA extraction. The
tissue obtained from tail biopsy was digested at 55°C for 8-16 hr in 500 pi of Tail Buffer
with 30 pi of 10 mg/ml proteinase K. 10 pi of 10 mg/ml RNase A was then added and
incubated at 37°C for 1 hr. 500 pi phenol were added and the samples mixed thoroughly
but gently. The samples were then centrifuged at 16,000 x g for 2 min in a microfuge
and the aqueous phase, along with any interphase, was transferred to a fresh 1.5 ml

microfuge tube. 500 pi of phenol:chloroform:isoamyl alcohol (25:24:1) were added to

the aqueous phase and mixed as before. The samples were spun for 2 min at 16,000 x g
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to separate the phases and only the aqueous phase was transferred to a fresh 1.5 ml

microfuge tube. 500 pi of chloroforrmisoamyl alcohol (24:1) were added to the aqueous

phase and mixed. The samples were spun at 16,000 x g for 2 min and the aqueous phase
was transferred to a fresh tube. The DNA was precipitated by addition of 500 pi of

isopropanol to each sample and inverting the tubes 10-12 times until a stringy precipitate
formed. The samples were then spun at 16,000 x g for 15 min to pellet the DNA, the

supernatant was removed and the pellets were washed in 0.5 ml of 70% (v/v) ethanol.
The samples were spun for 5 min and the ethanol supernatant removed. The pellets
were allowed to dry for 5-10 min at room temperature and then resuspended in 50 pi of
TE by warming to 37°C for 30 min or by leaving overnight at 4°C, followed by gentle

mixing and storage at -20°C.

2.2.3. Agarose gel electrophoresis

Unless otherwise stated, plasmid DNA molecules were separated according to their size
on 1% (w/v) agarose gels (SeaKem LE) and digested genomic DNA was separated on

0.8% (w/v) agarose gels. Gels were prepared using electrophoresis grade agarose in
lxTAE buffer and contained 0.5 pg/ml ethidium bromide. Electrophoresis was

performed using Flowgen electrophoresis apparatus (Ashby de-la Zouch, U.K.) and an

Electrophoresis Power Supply EPS-301 (Amersham Pharmacia Biotech) in lx TAE

according to manufacturer's instructions (generally 1-3 V/cm). Samples were run in

conjunction with size markers (table 2.6). DNA in gels was visualised under UV (302
nm, UVP Transilluminator TM36, UVP Inc., San Gabriel, California, U.S.A.) and

photographed with a MP-4 Land Camera (Polaroid Ltd., St. Albans, U.K.) with Polaroid
667 (IS03000/360) film or gel images were captured using a Kodak EDAS 290 digital
camera system (Eastman Kodak Company, Rochester, New York, U.S.A.) with Kodak
ID 3.5.3-USB Scientific Imaging System software.

2.2.4. Pulse-field gel electrophoresis

Pulse field gel electrophoresis (PFGE) was performed using apparatus supplied by
Bio-Rad (Bio-Rad Laboratories, Inc., Hemel Hempstead, U.K.). A 1% (w/v) agarose gel

(SeaKem LE) was prepared in 0.5x TBE and poured in the cast provided. No ethidium
bromide was included in the gel. DNA samples were prepared by mixing with an equal
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volume of a molten 2% (w/v) low-melting point agarose (Nusieve GTG) and loading
into the slots on the gel and allowing to set. PFG I Midrange and PFG II Midrange
DNA size markers were included on all PFGE gels. The PFGE gel was run in the

Electrophoresis Cell of the apparatus in 0.5x TBE buffer, which was cooled to 14°C by
the Cooling Module and recirculated by a Variable Speed Pump set to the 70 mark.
PFGE gels were generally run for 22 hr at 6 V/cm with a pulse time of 1-20 sec (Chet-
DRII Drive Module). DNA in gels was visualised by staining with ethidium bromide

post-electrophoresis and viewing under UV light.

2.2.5. Quantitation of nucleic acids

DNA and RNA concentrations were determined by measuring the absorbance at

A, 260 nm (A260) on a spectrophotometer. (UV 1201, Shimadzu, supplied by Jencons-

PLS). Plasmid preparations were diluted in TE at 1:50 and 1:100, each in a final volume
of 100 pi. Absorbances of plasmid dilutions were measured after zeroing the machine
with 100 pi TE. The cuvette was rinsed with TE between sample measurements. DNA
concentrations of the sample were calculated by the spectrophotometer in pg/ml and the
concentration of the plasmid preparation was calculated by multiplying by the dilution
factor and then dividing by 1000 to give the concentration in pg/pl. RNA was

quantified in a similar manner to DNA except dilutions of 1:10 and 1:20 were made and
RNA concentrations were calculated by multiplying the A26O by the dilution factor and
then by 40 before dividing by 1000 to give the concentration in pg/pl.

2.2.6. DNA fragment recovery

2.2.6.1. Isolation of DNA fragments from agarose gels

After gel electrophoresis, bands were excised from the gel using a razor blade and

placed in a 1.5 ml microfuge tube. DNA was extracted using Qiagen Qiaquick Gel
Extraction Kit according to manufacturer's instructions, and eluted from the column in
10 mM Tris pH 8.0.
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2.2.6.2. Agarase digestion to isolate DNA fragments

DNA fragments were separated on a low melting point agarose gel (1-4% (w/v) Nusieve
GTG agarose) and the DNA band of interest excised from the gel with a scalpel. The

gel slice was then equilibrated in lx p-agarase buffer at 4°C for 30 min. The buffer was

then replaced with fresh and equilibrated at 4°C for a further 30 min. The buffer was
then removed, the gel slice weighed and 1 pi of lx p-agarase buffer added per pg of gel

slice. The sample was then heated to 65°C for 10 min to melt the agarose before cooling
to 40°C and adding 1U p-agarase I per 200 pi of 1% (w/v) low melting point agarose

(e.g. 4 U of p-agarase I would be added to 200 pi of 4% (w/v) agarose). The sample was

incubated at 40°C for 1 hr, then agarose monomers were pelleted by spinning at 16,000
x g for 5 min. The DNA solution was carefully removed to a fresh microfuge tube, a
second spin for 10 min performed to remove any remaining monomers, before the DNA
was recovered by precipitation.

2.2.7. DNA precipitation

Typically, DNA was precipitated by addition of 1/10 volume of 3 M sodium acetate and
2.5 volumes of 100% ethanol and the solution mixed well by inverting the tube 10-12
times. Where small yields of DNA were anticipate, 20 pg/ml glycogen was added as

carrier. DNA was precipitated at -20°C for 15-60 min, then pelleted by spinning at

16,000 x g for 15 min in a microfuge. The supernatant was removed and the DNA pellet
washed with 150 pi 70% (v/v) ethanol and respun for 5 min. The ethanol supernatant
was removed and the pellet allowed to air-dry for 5-10 min, before resuspension in TE.

2.2.8. Restriction digestion of DNA

In general, restriction digests were performed using enzymes from Roche or Promega.
The enzymes were used with the buffer provided and BSA (0.1 mg/ml) and any other

required supplement. DNA was digested at a concentration of 0.1-0.5 pg/pl with less
than 10% (v/v) enzyme. The digest was performed at the required temperature

(typically 37°C) for 2-16 hours depending on the amount and type of DNA being

digested. If appropriate the enzyme was inactivated by heating to 65°C for 15 min.
DNA was then checked on an agarose gel. When double digests were required, both
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enzymes were added together if compatible with the buffer. If enzymes were not

compatible with the restriction buffer, one digest was performed, the enzyme inactivated
and DNA precipitated before resuspending in dFLO and the second digest being

performed.

2.2.9. Generation of blunt-ended DNA fragments

2.2.9.1. T4 polymerase blunting

T4 DNA polymerase, which has both 5'-3' polymerase activity and 3'-5' exonuclease

activity, was used to blunt both 5' and 3' overhangs left after restriction digestion. The
reaction was carried out in the presence of lx buffer and supplemented with BSA

(0.1 mg/ml) and dNTPs (100 pM). 5 U of enzyme/pg DNA was used and the reaction
incubated at 37°C for 5 min and then heat inactivated at 75°C for 15 min.

2.2.9.2. Klenow fill-in

The Klenow fragment ofDNA polymerase I has 5'-3' polymerase activity and was used
to blunt 3' overhangs left after restriction digestion by filling-in (Wartell & Reznikoff,

1980). After restriction digest, the restriction endonuclease was inactivated and the
DNA was precipitated and resuspended in dFLO. The Klenow fill-in reaction was then
carried out in the presence of lx Klenow Buffer and dNTPs (100 pM). 1 U of

enzyme/pg DNA was used and the reaction incubated at 37°C for 15 min and then heat
inactivated at 75°C for 15 min.

2.2.10. Dephosphorylation of 5' DNA ends

Vectors for sub-cloning fragments were treated with Calf Intestinal Alkaline

Phosphatase (CIP) after restriction digestion and prior to ligation in order to reduce the

self-ligation of empty vector. CIP was used with any restriction enzyme buffer at a
concentration of 1U per pmol ofDNA and the reaction was carried out at 37°C for 1 hr.

2.2.11. Ligation of DNA fragments

Ligations were performed using T4 DNA ligase according to manufacturer's
instructions. A vector:insert ratio of 1:3 was used where possible. For blunt-ended
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cloning the reaction was incubated at 18°C for 4-16 hr before transformation (1-2 pi)
into competent E. coli. For sticky-ended cloning the ligation was run on a cycle ligation

programme (table 2.7) on a PTC-200 DNA Engine thermal cycler (MJ Research,

Waltham, Massachusetts, U.S.A.) before transformation (1-2 pi) into competent E. coli.

Table 2.7. Cycle ligation

Step Action

1 Repeat the following for 40 cycles:

Rapid thermal ramp to 4°C
4°C for 30 sec

Rapid thermal ramp to 25°C
25°C for 30 sec

2 Rapid thermal ramp to 14°C and hold until ready to transform E. coli

2.2.12. TA cloning of PCR products

Cloning of Taq polymerase generated PCR products was performed using the pGEM T-

Easy TA Cloning Kit (Promega) or the pCR2.1 TA Cloning Kit (Invitrogen), according
to the manufacturer's instructions. Briefly, PCR product was purified using the

Qiaquick PCR Purification Kit (Qiagen) and 0.1-1 pg PCR DNA and 50 ng TA cloning
vector were mixed with the ligation buffer provided and 1 pi of the T4 DNA ligase

supplied. TA cloning ligations were incubated at 16°C for 1 hr, then 2 pi of ligation mix
used to transform JM109 (Promega) or TOP 10 (Invitrogen) competent E. coli.

2.2.13. Preparation of electrocompetent E. coli

A 5 ml overnight E. coli pre-culture in LB medium was prepared. The pre-culture was

diluted 2.5 ml into 250 ml of fresh LB pre-warmed to 37°C and the cells grown at 37°C
with shaking in a baffled flask. When an Optical Density at X 600nm (OD600) of 0.6 was

reached, the culture was chilled on ice for 15 min. The culture was separated into five

pre-cooled 50 ml Corning tubes and centrifuged for 10 min at 2,500 x g at 4°C in a

benchtop centrifuge (Megafuge 3.OR, Heraeus). The supernatant was poured off and the
bacterial pellet resuspended in 25 ml ice-cold dLLO (Milli-Q quality) by vortexing. The
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suspension was centrifuged for 10 min at 2,500 x g and this wash repeated. Pellets were

resuspended in 10 ml ice-cold 10% (v/v) glycerol by vortexing and the five samples

pooled into one 50 ml Corning tube. After centrifuging for 10 min, the supernatant was

poured off and a 25 ml ice-cold 10% (v/v) glycerol wash performed with a 15 min spin.
The final pellet was resuspended in 0.5 ml of 10% (v/v) glycerol and 50 pi aliquots of
the electrocompetent cells made on ice. Aliquots of competent cells were used

immediately or stored at -80°C for later use.

2.2.14. Transformation of electrocompetent E. coli

A fresh aliquot of electrocompetent cells was used or a 50 pi aliquot was defrosted on

ice. 1 to 3 pi ofDNA (plasmid or ligation mix) was added to the cells, mixed well and

kept on ice for 1 min. A 2 mm cuvette, chilled on ice, was loaded with the cell

suspension, the cuvette placed in the electroporation chamber of a EasyjecT Plus

Electroporation System (EquiBio, Broughton Monchelsea, U.K.) and the pulse triggered

immediately with the settings indicated in table 2.8.

Table 2.8. Electroporator settings for transformation of E. coli

Cuvette 2 mm

Voltage 2300 V (RecA- E. coli strains) or 2500 V (RecA+ strains)

Capacitor 25 pF

Shunt Resistor 201 R

As soon as possible (less than 30 sec) after the electroporation pulse the cells were

resuspended in the cuvette with 1 ml SOC medium. The cells were transferred to an

appropriate vessel and incubated at 37°C for 1 hr with shaking before plating on an

appropriate selective medium.

2.2.15. DNA sequencing

Samples were prepared for the Centre for Inflammation Research sequencing facility to

run on an ABI Prism 377 DNA sequencing machine (Applied Biosystems, Warrington,

U.K.). 200-250 ng of mini or midi prep DNA were used per reaction, mixed with
3.2 pmol primer and 8 pi of ABI BigDye Terminator Ready Mix (Applied Biosystems),
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and the reaction volume was adjusted to 20 pi with dH^O. PCR cycling was performed

(table 2.9) on a GeneAmp 9700 PCR machine (Applied Biosystems). With this method,
a dideoxynucleoside chain termination reaction is performed (Sanger et al., 1977).

Table 2.9. Sequencing cycle

Step Action

1 Repeat the following for 25 cycles:

Rapid thermal ramp to 96°C
96°C for 10 sec

Rapid thermal ramp to 50°C
50°C for 5 sec

Rapid thermal ramp to 60°C
60°C for 4 min

2 Rapid thermal ramp to 4°C and hold until ready to purify

The DNA pellet was then precipitated at room temperature for 15 min by adding 2 pi
3M sodium acetate and 50 pi 95% (v/v) ethanol per reaction. The DNA was spun at

16,000 x g for 20 min, the supernatant aspirated and the DNA washed with 250 pi of
70% (v/v) ethanol and then respun for 5 min. The supernatant was aspirated and the

pellet was air-dried. Pellets were stored at -20°C until ready to run on the sequencing
machine. Sequences were analysed using the computer programs ABI EditView 1.0.1,
ABI Sequence Editor (Applied Biosystems) and BLAST 2 (Tatusova & Madden, 1999).
Plasmid maps were constructed using Vector NTI (InforMax Inc., Bethesda, U.S.A.).

2.2.16. Polymerase chain reaction (PCR)

Polymerase chain reaction (PCR) was carried out on a DNA Engine Thermal Cycler (MJ

Research). Below is a summary of the polymerases used, the primer and dNTP
concentration used and an example of a cycle. Differences to these methods are

indicated in the text. Annealing temperatures used were based upon the calculated

melting temperature (Tm) of the primer pair. The Tm of primers were calculated using

Oligo Analyser 3.0 (Integrated DNA Technologies, Coralville, U.S.A.), found at

http://biotools.idtdna.com/analyzer/.
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2.2.16.1. Taq polymerase

0.375 pM primers, 250 pM dNTPs, 10 U enzyme per 50 pi reaction.

Table 2.10. Typical Taq polymerase PCR cycle

Step Action

1 Rapid thermal ramp to 94°C and hold for 2 min
2 Repeat the following for 25-30 cycles:

Rapid thermal ramp to 94°C

94°C for 10 sec

Rapid thermal ramp to 55°C
55°C for 30 sec

Rapid thermal ramp to 68°C
68°C for 1 min/kb

3 68°C for 10 min

4 Rapid thermal ramp to 4°C and hold

2.2.16.2. Pfu polymerase and PfuTurbo polymerase

0.375 pM primers, 250 pM dNTPs, 2.5 U enzyme per 50 pi reaction.

Table 2.11. Typical Pfu polymerase and PfuTurbo polymerase PCR cycle

Step Action

1 Rapid thermal ramp to 94°C and hold for 2 min
2 Repeat the following for 25 cycles:

Rapid thermal ramp to 94°C
94°C for 50 sec

Rapid thermal ramp to 55°C
55°C for 50 sec

Rapid thermal ramp to 68°C
68°C for 2 min/kb

3 68°C for 15 min

4 Rapid thermal ramp to 4°C and hold
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2.2.17. Reverse transcription-PCR (RT-PCR)

cDNA synthesis was carried out using MMLV reverse transcriptase from Promega or

the Superscript II reverse transcriptase from Invitrogen. RNA was prepared as described
in section 2.2.23. RNA was incubated at 75°C for 5 min with oligo dT or random
hexamers before cooling on ice. Generation of cDNA was carried out in the provided
buffer according to manufacturer's instructions. PCR was performed as described in
section 2.2.16.

2.2.18. Site-directed mutagenesis

Site-directed mutagenesis was performed using the QuikChange Site-Directed

Mutagenesis Kit from Stratagene, according to manufacturer's instructions. Briefly, two

complimentary oligonucleotides were synthesised containing the desired mutation,
flanked by unmodified nucleotide sequence (12-15 bp). A 50 pi PCR reaction was then
set up in the supplied reaction buffer containing 10 ng target plasmid DNA, 125 ng each

mutagenic primer, 1 pi dNTP mix, 3 pi QuikSolution and 2.5 U P/wTurbo and the
reaction run on the following cycle (table 2.12).

Table 2.12. Site-directed mutagenesis cycle

Step Action

1 Rapid thermal ramp to 95°C and hold for 1 min
2 Repeat the following for 18 cycles:

Rapid thermal ramp to 95°C
94°C for 50 sec

Rapid thermal ramp to 60°C
60°C for 50 sec

Rapid thermal ramp to 68°C
68°C for 2 min/kb of plasmid length

3 68°C for 7 min

4 Rapid thermal ramp to 4°C and hold until Dpn I digest

After the reaction cycle, 1 pi Dpn I (20 U/pl) was added directly to each amplification
reaction, mixed gently and incubated at 37°C for 1 hr to digest parental (i.e. the non-
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mutated) plasmid DNA. After the Dpn I digest, 2 pi of the mix was used to transform

competent XL-1 Blue E. coli and cells were plated on selective media and grown 16-24
hr at 37°C. Bacterial colonies were picked and grown for miniprep analysis and mutated
clones were identified by restriction digest (if a new restriction site was included in the

mutagenesis strategy) or by sequencing.

2.2.19. Southern hybridisation analysis

Approximately 10 pg of genomic DNA was digested with an appropriate restriction

enzyme at 37°C overnight. The resulting fragments and DNA markers were separated

by electrophoresis through a 0.8% (w/v) agarose gel containing 0.5 pg/ml of ethidium
bromide in lx TAE. After electrophoresis was complete, the gel (with a transparent

ruler alongside) was photographed under UV light. Capillary transfer was used to

transfer the nucleic acids onto nylon membrane, based on the method of Southern

(1975). Briefly, the DNA was depurinated by washing the gel in Acid Hydrolysis
Solution for 10 min, denatured by washing in Denaturation Solution for 20 min, and
then washed in Neutralisation Solution for 30 min. The DNA was then capillary
transferred from the gel to a positively-charged nylon membrane (Hybond-N+ or

Hybond-XL, Amersham Pharmacia Biotech) or to nylon-backed nitrocellulose

(Sartorius, Goettingen, Germany) in 20x SSC for 6-16 hr. The membrane was then
rinsed in 2x SSC for 15 min. The DNA was fixed to the membrane by baking at 80°C
for 2 hr. The DNA attached to the membrane was hybridised to radiolabeled DNA

probe. The complementary DNA was then detected by autoradiography.

In experiments where copy equivalence transgene DNA was added to genomic DNA,
the amount of transgene DNA to be added was calculated using the following equation:

1 copy equivalence of transgene =

(Amount of genomic DNA) x (transgene size in bp) / (mouse genome size in bp)

e.g. Southern analysis of 10 pg ofmouse genomic DNA; 55 kb transgene:

1 copy equivalence = (10 pg) x (55,000 bp) / (2.32xl09 bp) = 0.000237 pg or 237 pg

77



2.2.20. Radiolabeled hybridisation probes

Random priming and incorporation of cc32P-dCTP was performed using the Ready-To-

Go DNA Labelling Beads (Amersham Pharmacia Biotech) according the manufacturer's

guidelines. This method is based on that of Feinberg and Vogelstein (1983).

2.2.21. Source of DNA for random-primed hybridisation probes

DNAs used for random-primed hybridisation probes to detect transgene and genomic

fragments were as follows (table 2.13):

Table 2.13. Source of DNA for probes

Gene to detect Probe DNA Probe source

Mouse Ren-1c,
Ren-ld and Ren-2

genomic

Mouse Ren-2 cDNA 1.2 kb Sal l/Hin dill Ren-2 cDNA fragment
from the plasmid pBlueScript-al AT-Ren2

hREN genomic
DNA transgene

Human renin cDNA 1.3 kb Bam Rl/Hin dill hREN cDNA fragment
from the plasmid pRHR-1100

EGFP cDNA

transgene
EGFP cDNA 750 bp Eco Rl/Not I EGFP cDNA fragment

from the plasmid pEGFP-Nl
KanR cassette Neo cDNA PCR generated region of Kan/Neo gene of

pKaZl using primers JJM-305 and JJM-347 (see
Appendix 1 for primer details)

2.2.22. Membrane hybridisation

The membrane containing the target DNA was floated on the surface of a tray of 2x SSC
until it became thoroughly wetted from beneath. The membrane was then prehybridised
in SSC/Denhardt's Hybridisation Solution at 65°C for at least 30 min. The DNA probe
was denatured by heating to 95°C for 5 min, cooled rapidly on ice, and then added to the

prehybridisation solution and incubated at 65°C for 16-24 hr. The hybridisation solution
was then discarded and the filter was washed twice in 2x SSC, 0.1% SDS and twice in

lx SSC, 0.1% SDS for 10-15 min duration each at 65°C. If higher stringency was

required, washes in 0.5x SSC, 0.1% SDS or 0.2x SSC, 0.1% SDS were performed.
After the last wash the filter was placed on Whatmann 3MM paper to remove excess

liquid and then covered in Saran wrap. Autoradiography was carried out with intensifier
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screens at -80°C with Kodak XOMAT film for 30 min-48 hr, then the film developed on

a Konica SRX-101 Developer (supplied by Jencons-PLS).

2.2.23. RNA extraction

Total RNA was isolated from frozen tissue and cultured cells using TRIzol reagent

(Total RNA Isolation Reagent) obtained from Invitrogen and carried out according to

manufacturer's instructions. Tissues were weighed quickly and maintained on dry ice
until immediately before homogenisation. Approximately 150 mg of tissue was

homogenised in 1.5 ml TRIzol solution (using at least 1.0 ml TRIzol solution per 100

mg of tissue) in a 15 ml Falcon tube using a Polytron homogeniser or was homogenised

by shaking with a metallic homogenisation bead in a 2 ml microfuge tube for 2 min at

25 Hz in a Retsch MM301 tissue disrupter (Haan, Germany). RNA pellets were

resuspending in RNase-free dH20. If necessary, pellets were resuspended by incubation
at 55-60°C for 10 min. RNA was quantitated by spectrophotometry and the quality
checked by running 1-2 pg on an agarose gel. RNA was stored at -80°C. For long-term

storage RNA was dissolved in 100% deionised formamide.

2.2.24. RNase protection assays (RPA)

For detection of human renin RNA levels in tissues from transgenic mice, RNase

protection assay (RPA) was performed using the RPA III Kit from Ambion. RNA probe

preparation, hybridisation and RNase digestion were all performed according to the
manufacturer's instructions. RNA probe was prepared by incorporation of a32-P-rCTP.
The DNA template for RNA transcription was obtained by digestion of pSP72-HuRen

(figure 2.1) with Eco RV to linearise the plasmid. The DNA was transcribed with SP6
RNA polymerase into a 257 nucleotide antisense RNA probe. Hybridisation of the RNA

probe to sample RNA resulted in a 224 nucleotide human renin mRNA-specific

protection fragment.

Size markers were prepared by performing a Klenow fill-in reaction (section 2.2.9) on

Hpa II digested pUC19 DNA markers with a32P-dCTP and loading a volume that

contained 10,000 dpm.
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Figure 2.1. pSP72-HuRen plasmid map

Human Prorenin cDNA

!iin din (244!)

T7 Promoter

17 Transcription Initiation

Eco RV (3565)
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'

SP6 Promoter

SP6 Transcription Initiation

Figure 2.1. This plasmid vector was constructed by ligation of a 1.3 kb human renin cDNA
Bam Hl/Hin dill fragment from pRHR-1100 into the Bam Hl/Hin dill sites of the pSP72 multiple cloning
site. The plasmid was linearised with Eco RV and SP6 RNA polymerase used to generate a 257
nucleotide antisense RNA probe for RNase protection assay.

For separation of protected fragments, a sequencing grade 5% (w/v) acrylamide gel was

prepared (table 2.14) leaving out ammonium persulfate and TEMED until just before

pouring. The gel was poured, the comb inserted, and the gel left to polymerise (15 min-
1 hr). Combs were then removed carefully and the gel loaded into the electrophoresis

system (Model SA Adjustable Sequencing Gel Electrophoresis System, Life

Technologies, Inc.) containing lx TBE buffer. After washing out the sample wells with

running buffer, the samples were loaded and the gel run for 1-1.5 hr at 40 W constant

power using an electrophoresis power supply (Model 3000Xi, Bio-Rad). Glass plates
were separated and, whilst still attached to one of the plates, the gel was washed in 10%

(v/v) methanol/10% (v/v) acetic acid for 10-20 min to remove urea. After washing the

gel was transferred to 3MM Whatmann paper, covered with Saran wrap and dried at

50°C for 50 min on a vacuum dryer (GD40/50D, Life Technologies, Inc.). The RPA
was then exposed to autoradiography film.
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Table 2.14. RNase protection assay (RPA) acrylamide gel

Final Gel Concentration 5%

40% acrylamide/bis-acrylamide (29:1) 6.25 ml

5x TBE 10 ml

Urea 24.91 g (8.3 M final)

dH20 to 50 ml

10% (w/v) ammonium persulfate 400 gl
TEMED 20 pi

2.2.25. Quantitative real-time PCR

Quantitative real-time PCR was performed based on the 5' nuclease assay of Holland et

al. (1991), and the fluorogenic probe developments made by Lee et al. (1993)

(figure 2.2). The system provides a real-time method for detecting specific PCR

amplification products. This system includes a probe that is an oligonucleotide, blocked
at its 3' end so it cannot act as a primer, with both a reporter fluorescent dye and a

quencher dye attached. While the probe is intact, the proximity of the quencher greatly
reduces the fluorescence emitted by the reporter dye by Forster resonance energy

transfer (FRET).

The primers and probe used for the quantitative real-time PCR assay of human renin

expression (see Appendix 1 for primer details) were designed using Primer Express

(Version 1.5, Applied Biosystems) to strict criteria of size, melting temperature, and
nucleotide composition. Human renin quantitative real-time PCR oligonucleotides were

designed to span over the exon 3-exon 4 boundary, and were obtained from Cruachem

(Transgenomic Inc). PCR reactions were performed and monitored on an ABI Prism
7000 Sequence Detection System (Applied Biosystems) using standard PCR conditions
recommended by the manufacturer (table 2.15).
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Figure 2.2. Fluorogenic 5' nuclease chemistry

A. Polymerisation B. Strand displacement
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primer tSj Probe vj^ Q = Quencher

Reverse
primer

A

C. Cleavage D. Polymerisation Completed

(El A -<kr -»_A
' I •

Figure 2.2. Stepwise representation of 5' to 3' nuclease activity of Taq DNA polymerase acting on a

fluorogenic probe during one extension phase of PCR. A. Two fluorescent dyes, a reporter (R) and a

quencher (Q), are attached to the 5' and 3' ends of a probe. B. When both dyes are attached to the probe,

reporter dye emission is quenched. C. During each extension cycle the 5' nuclease activity of Taq DNA

polymerase cleaves the reporter dye from the probe. D. Once separated from the quencher, the reporter

dye emits its characteristic fluorescence. This figure is a modification of the 'DNA/RNA Real-Time

Quantitative PCR' Bulletin (PE Biosystems).

Table 2.15. Quantitative real-time PCR cycling conditions

Step Action

1 Rapid thermal ramp to 50°C and hold for 2 min
2 Rapid thermal ramp to 95°C and hold for 10 min
3 Repeat the following for 40 cycles:

Rapid thermal ramp to 95°C
95°C for 15 sec

Rapid thermal ramp to 60°C
60°C for 1 min

For the production of cDNA, RNA was extracted from tissues as described in section
2.2.23. Generation of cDNA for use in quantitative real-time PCR reactions was

performed using Superscript II reverse transcriptase according to manufacturer's
instructions.
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2.2.26. Protein extraction

Protein was extracted from tissue culture cells by addition of RIPA Lysis Buffer

containing protease inhibitors (1 pg/ml aprotinin, 1 pg/ml leupeptin, 1 pg/ml pepstatin,
50 mg/ml PMSF) directly to the cells after washing once in PBS. 1 ml prechilled (4°C)
RIPA buffer was added per 10 cm dish and plates were then transferred to ice and
incubated at 4°C for 30 min with occasional rocking of the plate. The lysate was then
transferred to a 1.5 ml microfuge tube and spun in a microfuge for 10 min at 10,000 x g
at 4°C. The supernatant was carefully transferred to a fresh tube, an equal volume of
SDS-PAGE 2x Treatment Buffer added and the sample heated to 95°C for 5 min before

cooling on ice. Protein was then run on SDS-PAGE immediately or stored at -20°C
until required.

2.2.27. SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

The SDS-PAGE apparatus (Mini-Protean, Bio-Rad) was assembled according to the
manufacturer's instructions. Running gel was prepared (table 2.16), poured to a level
about 3 cm from the top, and approximately 0.3 ml water-saturated n-butanol carefully
added with a pipette. After polymerisation (10-20 min), the overlay was poured off and
the gel surface washed with Running Gel Overlay Buffer. Approximately 1 ml of

Running Gel Overlay was then added to the gel and left whilst the stacking gel was

prepared (table 2.17). The overlay buffer was poured off and the gel was then filled
with stacking gel solution, the comb inserted, and the gel left to polymerise (10-20 min).
Combs were then removed carefully and the gel loaded into the gel tank containing pre¬

chilled Tank Buffer.

Protein in lx treatment buffer was prepared by heating to 95°C for 5 min and spinning
down if necessary. Wells of the gel were rinsed with tank buffer and samples were then
loaded. Prestained Protein Marker (Broad Range, 7-212 kDa, NEB) and unstained
Protein Marker (Broad Range, 7-175 kDa, NEB) were loaded onto gels. Gels were run

at 200 V for 45 min until the dye front reached the bottom of the gel. The gel apparatus
was then disassembled and protein blotted onto nitrocellulose membrane for antibody
detection.
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Table 2.16. Running gel recipe (10 ml)

Final Gel Concentration 10% 12.5%

30% acrylamide/bis-acrylamide (29:1) 3.35 ml 4.15 ml

4x running gel buffer 2.5 ml 2.5 ml

dH20 4.00 ml 3.2 ml

20% SDS 50 pi 50 pi

EDTA (100 mM) 100 pi 100 pi

10% ammonium persulfate 100 pi 100 pi

TEMED 10 pi 10 pi

Table 2.17. Stacking gel recipe (5 ml)

Final Gel Concentration 4%

30% acrylamide/bis-acrylamide (29:1) 0.67 ml

4x stacking gel buffer 1.25 ml

dH20 2.95 ml

20% SDS 25 pi

EDTA (100 mM) 50 pi

10% ammonium persulfate 50 pi

TEMED 5 pi

2.2.28. Western blotting

Proteins on SDS-PAGE gels were transferred to nitrocellulose membrane (Amersham

ECL) using the Bio-Rad Trans-Blot Cell in Transfer Buffer for 1 hr 30 min at 64 mA.
After blotting, in order to visualise the protein, the membrane was rinsed three times in
dEEO before adding Ponceau S solution (0.1% (w/v) Ponceau S, 5% (v/v) acetic acid)
for approximately 5-10 min. Membranes were then rinsed in dEEO, and the addition of
Ponceau S was repeated as necessary in order to clearly see the protein markers, which
were then marked. The Ponceau S was rinsed off and the membrane either stored dry or

prepared for antibody incubation.
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2.2.29. Antibody detection by enhanced chemiluminescence

In order to decrease background the membranes were first blocked with a 5% non-fat
dried milk solution in 0.1% (v/v) Tween 20 in PBS (PBS-T) on a rocking platform at

room temperature for 30-60 min or overnight at 4°C. Antibodies were diluted at the
concentrations as shown in table 2.3. Membranes were incubated with primary
antibodies for 1 hr at room temperature on a rocking platform, except for rabbit anti-
GFP polyclonal antibody (A-l 1122), which was incubated at 4°C for 16 hr on a rotating

platform. The membranes were then washed 3 times with PBS-T for 5 min each at room

temperature, before the addition of secondary antibody. HRP-conjugated secondary
antibodies (table 2.3) were used for enhanced chemiluminescence (ECL) diluted in
PBS-T and incubated with the membrane for 45 min-1 hr at room temperature. The
membranes were then washed again, as above, before visualising with ECL (Amersham
Pharmacia Biotech), used according to manufacturer's instructions and membranes were

then exposed to autoradiograph film (10 sec-30 min).

2.2.30. Tissue culture

Cell lines were maintained in 5% CO2 at 37°C in a humidified Hera Cell Incubator

(Heraeus) in the following culture conditions:

Table 2.18. Cell types and growth conditions

Cell line Description Culture Medium

As4.1 Mouse (Mus musculus)
intraparenchymal kidney tumour cell
line, epithelial morphology

DMEM/F12 + 10% (v/v) FCS

Calu-6 Human (Homo sapiens) anaplastic
carcinoma (probably lung) cell line,
epithelial morphology

BHK21/GMEM + 2mM L-glutamine
+ lxNEAA + 1 mM sodium pyruvate
+ 10% (v/v) FCS

2.2.31. Passage of cell lines

Cells were passaged by rinsing twice with warmed HBSS, then rinsing briefly with
HBSS containing lx trypsin/EDTA solution. Following this brief wash,

HBSS/trypsin/EDTA solution was added to just immerse the cells (1 ml for a 25 cm
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flask) and cells were incubated at room temperature until they detached. The

trypsin/EDTA solution was neutralised by adding an equal volume of culture medium
and the cell suspension was pipetted several times to generate a single cell suspension,
before transferring to a 30 ml Universal Container (Bibbysterilin). Cells were pelleted

by centrifugation for 3 min at 200 x g in a centrifuge (Biofuge Primo, Heraeus), media

carefully aspirated with a vacuum line and cells resuspended in 2 ml culture media. Cell

density was then calculated by counting cell number in a haemocytometer (Assistent,

Germany) using a Nikon TMS-F inverted microscope (supplied by Jencons-PLS) and
6 9

1.0x10 cells used to seed a 25 cm flask containing 4 ml of prewarmed medium (or
scaled up for larger flasks).

2.2.32. Freezing and thawing mammalian cell lines

Cell were trypsinised and pipetted to obtain a single cell suspension and centrifuged at

200 x g for 3 min. The pellet was then resuspended in a freezing mixture composed of
cell culture medium + 10% (v/v) DMSO and the number of cells were counted. After

recentrifugation, cells were resuspended in freezing mixture at a concentration of
l.OxlO7 cells/ml and 0.5 ml aliquots were made in 2 ml Nalgene cryovials. Vials were

placed in a Nalgene Cryo l°C/min Freezing Container and placed in a -80°C freezer.
After freezing, cell lines were stored in liquid nitrogen (Taylor-Wharton K Series

Cryostorage System, supplied by Jencons-PLS).

Frozen cells were thawed in a 37°C water bath, then transferred to a tube containing
10 ml prewarmed culture medium and centrifuged at 200 x g for 3 min. The cell pellet
was resuspended in 4 ml cell culture medium and the cells seeded into a 25 cm2 flask.
After the cells had attached, (4-8 hr) the medium was removed and fresh culture medium
added to remove final traces of DMSO.

2.2.33. Transient transfection of mammalian cell lines

2.2.33.1. Electroporation

The highest degree of transient expression is obtained using cells that are growing

exponentially. Exponentially growing cells were obtained by seeding cells the day
before transfection so that on the day of transfection the surface of culture flasks were
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50-80% confluent. Cells were washed twice with prewarmed HBSS, then rinsed briefly
with HBSS containing lx trypsin/EDTA solution. Cells were then left in

HBSS/trypsin/EDTA until they detached, and then complete culture medium was added
to neutralise the trypsin. Cells were pelleted by spinning at 200 x g for 3 min and were

then washed twice in culture medium in the absence of serum. Cell number was

calculated by counting in a haemocytometer and cells were resuspended at 2.5x106
cells/ml in OptiMix (EquiBio) (van den Hoff et al., 1992) or PBS. 800 pi of cell

suspension was added to a 4 mm cuvette and DNA (typically 10-30 pg) was added and
incubated at room temperature for 1-2 min. Cells were then electroporated using an

EasyjecT Plus Electroporation System with the following settings (table 2.19):

Table 2.19. Electroporator settings for transfection of mammalian cells

Cuvette 4 mm

Voltage 300 V

Capacitor 1500 pF

Shunt Resistor (Infinite)

After the electroporation pulse, cells were transferred as soon as possible to a culture
dish containing prewarmed (37°C) and gassed (5% CO2) culture medium and were

returned to culture conditions to recover. The cells were fixed after 24-48 hr to assess

the phenotype by microscopy, or were examined live by flow cytometry or confocal

microscopy.

2.2.33.2. FuGENE-6 reagent

Transient transfections carried out using FuGENE-6 reagent (Roche) were according to

manufacturer's instructions. 5xl04 cells were seeded and grown in 6-well plates or

35 mm dishes until a confluence of 30-60% was reached. Cells were then serum-starved

(grown in cell culture medium without the addition of FCS) for 16 hr to synchronise the
cell cycle. Just prior to transfection, complete medium was returned to the cells. 97 pi
of serum-free medium was mixed with 3 pi FuGENE-6 reagent and 1 pg of DNA per

well of cells to be transfected and incubated for 15 min at room temperature. The
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FuGENE-DNA mixture was then added drop-wise to the well containing the cells. The
cells were fixed after 24-48 hr to assess the phenotype by microscopy.

2.2.34. (3-galactosidase staining of adherent cells

After growing in 35 mm or 10 cm culture dishes, cells were washed twice with warmed

PBS, then sufficient (3-galactosidase Fix Solution, preheated to 37°C, was added to cover

the cells and they were fixed for 10 min at room temperature. The cells were washed 3
times with PBS, then permeabilised by washing 3 times in (3-galactosidase Wash

Solution. The cells were again washed 3 times in PBS and were then incubated at 37°C
for 2-16 hr in the presence of (3-galactosidase Stain Solution. After the blue stain had

developed, cells were then rinsed 2x with PBS and left under (3-galactosidase Holding

Solution until viewed by light microscopy.

2.2.35. Immunofluorescence

Prior to fixation, adherent cells were grown in 35 mm plastic culture dishes or 35 mm

WillCo glass-bottomed dishes (GWSt-3522, Intracel, Royston, U.K.). Cells were

washed twice with warmed PBS, then sufficient 4% (w/v) Paraformaldehyde Solution,

preheated to 37°C, was added to cover the cells and they were fixed for 10 min at room

temperature. The cells were washed 3 times with PBS, and then permeabilised by
incubation in 0.02% (v/v) Triton X-100 for 2 min at room temperature. The cells were

again washed 3 times in PBS and then blocked in 3% (w/v) BSA in PBS for 1 hr at room

temperature or overnight at 4°C. Both primary and secondary antibodies were diluted to

the appropriate concentration (see table 2.3) in 3% (w/v) BSA in PBS and incubated at

37°C for 1 hour. The DNA was then stained with DAPI (1 pg/ml final) by dilution in
3% (w/v) BSA in PBS and incubation at room temperature for 10 min. The cells were

mounted using Vectashield Mounting Medium (Vector Laboratories, Inc., Burlingame,

California, U.S.A.). Cells were visualised using a Leitz Laborlux 5 microscope with
Leitz Filters (table 2.20) and photographed with a Leica Wild MPS45 camera.

In addition, images were captured using a x63 oil immersion lens (1.3NA) on a Leica
TCSNT Confocal Microscope System (Leica Microsystems, Germany) fitted with an
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Argon-Krypton mixed-gas laser, which produces excitation wavelengths of 488 nm,

568 nm and 647 nm. An Inverted Leica DMIRBE confocal microscope was used and
the Leica software, which operates the system, also included the image analysis module.

Table 2.20. Leitz microscope filters

Filter Code Excitation Emission

Rhodamine N2, 513609 530-560 nm >580 nm

Fluorescine 13,513719 450-490 nm >515 nm

2.2.36. Flow cytometry

Transient and stably transfected cells were prepared for flow cytometry by washing
twice in warmed HBSS, then washing once briefly in HBSS containing lx

trypsin/EDTA solution. Cells were detached in HBSS/trypsin/EDTA solution, culture
medium added to neutralise the trypsin, then they were pelleted at 200 x g for 3 min.
Cell were resuspended in 1-2 ml PBS, pipetted gentle to produce a single cell

suspension, then passed through a 40 pm cell strainer (Falcon Cell Strainer, Becton,
Dickinson and Company, Franklin Lakes, New Jersey, U.S.A.) to remove any remaining
cell clumps. Cells were analysed on a FACSCalibur Flow Cytometer System (BD

Biosystems, Becton, Dickinson and Company) using CellQuest Pro Software (BD

Biosystems), according to manufacturer's instructions.

2.2.37. Pronuclear microinjection

Microinjection procedures were performed by Gillian Brooker, Ailsa Travers and Morag
Meikle at the Biological Resource Facility, University of Edinburgh. Transgenes were

introduced into CBA/C3FI F1 single cell oocytes by pronuclear microinjection (Gordon
& Ruddle, 1981; Gordon & Ruddle, 1983). Briefly, superovulation was achieved by

injection of 4-6 week old female mice with 5 IU of PMSG (pregnant mare serum

gonadotropin). 48 hr later the mice were injected with 5 IU hCG (human chorionic

gonadotropin), following which the females were placed with fertile males for mating

(1:1 ratio). The following morning, plugs were checked and the fertilised eggs were

removed from the oviduct. Oocytes were then separated from surrounding cumulus cells
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by enzymatic digest with hyalurinase and maintained in Ml6 medium, in a CO2
incubator. When the pronuclei were visible, microinjection of the DNA construct in

Microinjection Buffer (2 pg/ml) (Hogan et al., 1986) was performed using a glass

holding pipette and microinjection needle (<1 pm diameter) and approximately 2 pi of
DNA solution was introduced, usually into the larger male pronucleus. Injected oocytes

were then cultured overnight in Ml6 medium before reimplantation into the oviducts of

pseudopregnant females (mated the previous night with vasectomized males) at the 2-
cell stage. Genomic DNA was prepared from tail biopsies of the resulting progeny and
screened for the presence of the transgene by Southern blot analysis and PCR.

2.2.38. Angiotensin-converting enzyme (ACE) inhibition

Adult transgenic mice received vehicle (normal drinking water) or drinking water

containing captopril at a concentration of 0.5 mg/ml for a period of 10 days. Animals
were sacrificed by inhalation of CO2 and blood was collected immediately by cardiac

puncture. Tissue for histological analysis and electron microscopy was collected as

described below.

2.2.39. Histological analysis

Processing, blocking and sectioning of histological samples were performed by staff of
the Department of Pathology, University of Edinburgh, and staff of the Department of

Pathology, University of Dundee. The initial examination of histological slides was

performed by Professor Stewart Fleming at the Department of Pathology, University of
Dundee.

Animals were sacrificed by Schedule 1 methods and tissues were removed and
immersion-fixed in 4% (w/v) Paraformaldehyde Solution for 24 hr before long-term

storage in 70% (v/v) ethanol. Tissues were processed using a Citadel tissue processor

(Shandon Southern Products Ltd., Cheshire, U.K.) on an 18 hr program passing through
serial dehydration steps in graded ethanol concentrations (70%, 80%, 90% and 3x

100%), followed by dealcoholisation with a clearing agent, Histoclear (National

Diagnostics, Atlanta, Florida, U.S.A.) 3 times, and paraffin wax immersion 2 times at

60°C. Paraffin blocks containing tissue were then sectioned (2 pm), dewaxed in xylol,
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stained with haematoxylin and eosin and mounted with DPX Mountant. Sections were

examined by standard light microscopy (Leitz Laborlux 5) and photographed with a

Leica Wild MPS45 camera.

2.2.40. Electron microscopy

Preparation of electron microscopy samples was performed by Stuart McKenzie in the

Department of Pathology, University of Edinburgh, and staff of the Department of

Pathology, University of Dundee. Electron microscopy procedures were performed by
Professor Stewart Fleming at the Department of Pathology, University of Dundee.

Cubes of mouse kidney cortex (approximately 1 mm3) were fixed in 3% (w/v)

gluteraldehyde solution (3% (w/v) gluteraldehyde in 0.2 M sodium cacodylate, pH 7.2)

overnight and stored in 0.2 M sodium cacodylate solution until processing (2-3 days).
Tissues were then osmic acid treated (0.5 g osmium tetroxide dissolved in 25 ml 0.2 M
sodium cacodylate and 25 ml dPEC)) for 2 days before dehydrating in alcohol (3x 10 min
in 10% ethanol and 3x 30 min in 100% ethanol). Tissues were then prepared for

embedding by immersion in epoxy propane twice (20 min each). Embedding was in an

araldite-based resin (stored at 4°C) made from 38 ml stock solution A (200 ml of araldite
resin CY212 and 200 ml DDSA) and 2 ml stock solution B (20 ml dibutylphtalate and
5 ml BDMA accelerator). Araldite solution was removed from the fridge, equilibrated at

room temperature and placed at 60°C for 15 min prior to use to make the resin less
viscous. An impregnation mould was then filled with 5 ml resin using a 5 ml syringe.
The tissue was removed from the epoxy propane, and transferred to the impregnation
mould with forceps (ensuring the sample did not dry out), and blocks were left to

impregnate overnight at room temperature. Tissues were then embedded in resin by

placing the desired number of embedding capsules in holders and filling each to the top

with araldite. Tissues were transferred from the impregnation moulds using forceps and
the holder, containing the capsules, was then incubated at 60°C for 3 days to allow

polymerisation of the araldite to occur. Blocks were then cooled to room temperature,

turned upside-down and the individual araldite capsules were removed using a press.

Sections of 0.1 pm were cut onto copper grids using a diamond knife, before

counterstaining with osmium tetroxide and lead citrate. Grids were viewed on a Philips
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EM208S transmission electron microscope and images captured using a Kodak

Megaplus 1.6i camera and analysed using Analysis Pro software (Eastman Kodak

Company).

2.2.41. ET-recombination

This method is based on homologous recombination mediated by the recE and recT

proteins, and is thus referred to as ET-recombination. ET-recombination reactions were

performed according to the methods of Zhang et al. (1998) and Muyrers et al. (1999).

Oligonucleotides for PCR reactions were synthesised with 50-60 bp at the 5' end (the

homology arm), designed from the target DNA sequence, and 20 bp at the 3' end to

prime the PCR reactions. PCR reactions were performed with Taq DNA polymerase as

described in section 2.2.16. After completion of the PCR cycles, Dpn I restriction digest
was performed to digest the methylated template DNA. PCR product was extracted
once with phenol:chloroform:isoamylalcohol (25:24:1) and once with

chloroforrmisoamylalcohol (24:1), then DNA precipitated as described in section 2.2.7
before resuspending at a concentration of 0.3 pg/pl.

2.2.41.1. ET-recombination in E. coli JC8679

E. coli strain JC8679 constitutively expresses the recE and recT genes. A single colony
of JC8679 was picked and grown in 5 ml LB medium overnight. 3 ml of pre-culture
was used to inoculate 250 ml of LB medium and grown at 37°C for 3-4 hr until the cells
reached an ODgoo of 0.4-0.5. Electrocompetent cells were then prepared as described in
section 2.2.13. After the final 10% (v/v) glycerol wash, supernatant was poured away

and cells were then resuspended in the remaining liquid (approximately 0.5 ml). 50 pi
of cells were transferred to a pre-cooled 2 mm electroporation cuvette, 1 pi of PCR

product (0.3 pg DNA) added and the cells electroporated at 2500 V and 25 pF. After

electroporation, 1 ml of LB medium was added and cells transferred to a 1.5 ml

microfuge tube and incubate at 37°C for 1-1.5 hr with shaking. After this period, E. coli
were plated on L-agar plates containing the appropriate selective antibiotic.
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2.2.41.2. ET-recombination with plasmids pBAD-ETyand pBAD-apy

Plasmid pBAD-ETy contains the recE gene under the L-arabinose-inducible araBAD

promoter and the recT and gam genes under the control of constitutively active EM7 and
Tn5 promoters, respectively. The plasmid carries the ampicillin resistance gene. In

plasmid pBAD-aPy, recE and recT have been replaced by their respective functional

counterparts of phage lambda, reda and red[\. ET-recombination-mediating plasmid was

transformed into E. coli DH10B that contained the PAC clone target and plated on

selective L-agar medium containing kanamycin and ampicillin. A single E. coli colony
was picked and grown in 5 ml LB medium overnight. 0.7 ml of pre-culture was used to

inoculate 70 ml of LB medium and grown at 37°C for 1.5-2 hr until the cells reached an

OD600 of 0.2. 0.1% L-arabinose was added into the culture to induce recE expression.
Cells were then grown at 37°C for a further 1-1.5 hr until an OD600 of 0.35-0.4 was

reached. The culture was separated into 2 pre-cooled 50 ml Corning tubes and

centrifuged for 8 min at 2,500 x g at 0°C in a benchtop centrifuge. The supernatant was

poured off and the bacterial pellet resuspended in 25 ml ice-cold dEEO by vortexing and
the two samples pooled into one 50 ml Corning tube. After centrifuging for 10 min, the

supernatant was poured off and a 25 ml ice-cold 10% (v/v) glycerol wash performed
with an 8 min spin. The 10% (v/v) glycerol wash was repeated once. After this final

wash, supernatant was poured away and tubes immediately put on ice and excess liquid
dried from the tube with a tissue. Cells were then resuspended in the remaining liquid

(approximately 50-100 pi). 50 pi of cells were transferred to a pre-cooled

electroporation cuvette, 1 pi of PCR product (0.3 pg DNA) added and the cells

electroporated at 2300 V and 25 pF. After electroporation, 1 ml of LB medium was

added and cells transferred to a 1.5 ml microfuge tube and incubate at 37°C for 1-1.5 hr
with shaking. After this period, E. coli were plated on L-agar plates containing the

appropriate selective antibiotic.
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Chapter 3

Generation of human renin

transgenic mice

3.1. Introduction

Several in vitro and in vivo studies designed to reveal DNA sequences required for the

regulation of the expression of the renin gene have been reported (reviewed in section

1.3.2). Whilst most models exhibit JG cell-specific expression of the transgene in

kidney, they also show evidence of expression in many extra-renal tissues. One line of
hREN transgenic mice generated with a genomic construct contained the entire hREN

gene with 896 bp of 5'-flanking sequence and 400 bp of 3'-flanking sequence (Sigmund
et al., 1992). In transgenic mice with this 896 bp of promoter sequence, high-level
hREN expression was evident in the kidney, adrenal gland, ovary, testis, lung, and

adipose tissue of all transgenic lines examined. hREN mRNA could also be detected at

lower levels in the submandibular gland and heart of two different lines. No expression
was evident in the liver or brain of any line tested. Although there was variable non¬

renal expression in different transgenic lines, in situ hybridisation revealed hREN
mRNA expression in the kidney to be localised and exquisitely restricted to

juxtaglomerular cells, with no expression observed in other cell types in the kidney. In

addition, the transgene was appropriately up-regulated by (3-adrenergic receptor

stimulation and by ACE inhibition. Because of the species specificity between renin and

angiotensinogen (Hatae et al., 1994), these single transgenic mice were phenotypically
normal.

However, when hypertensive transgenic mice were obtained from breeding mice

carrying the hREN genomic sequence with mice expressing human AGT (Yang et al.,
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1994), hREN mRNA expression was significantly elevated (Thompson et al., 1996).
This response was opposite to that of the mouse renin mRNA, and was surprising
because the chronically increased Ang-II levels and blood pressure in the hREN/hAGT
double transgenics would be expected to suppress human renin. Further investigation of
the 896 bp hREN promoter-driven transgenic mouse has been performed (Keen &

Sigmund, 2001). Chronic infusion of non-pressor doses of Ang-II did not suppress

hREN mRNA levels, whilst mouse renin mRNA decreased by over 60%. Infusions of

pressor doses of Ang-II decreased mouse renin mRNA by a similar amount, whilst
hRENmRNA was paradoxically increased nearly two-fold. This response was unlikely
to be pressure induced, as the same authors demonstrated that after blood pressure

normalisation with the vasodilator hydralazine, the high dose of Ang-II still caused a

two-fold increase in hRENmRNA. The ability of this hREN transgenic mouse model to

respond appropriately to some physiological stimuli whilst responding inappropriately to

other stimuli, suggests that distinct regions of the METV-flanking DNA are responsible
for mediating the responses to different intracellular signalling pathways regulating
renin. Ang-II-mediated suppression of the hREN gene in transgenic mice appears to

require DNA sequences outside of the first 900 bp of the hREN promoter.

A recent hREN transgenic model from the same research group utilises only 149 bp of
hREN 5'-flanking sequence to drive expression of the same genomic hREN region (Sinn
et al., 1999b). In this model, hREN mRNA was permissively expressed in most tissues,
but in the kidney the transgene was expressed mainly in JG cells. Two lines displayed
an appropriate up-regulation of transgene mRNA in response to ACE inhibition.

Interestingly, two lines exhibited a down-regulation of transgene mRNA in response to

subpressor and pressor doses of Ang-II, supporting the suggestion that there may be a

complex arrangement of regulatory elements controlling both the cell-specific

expression and the regulation in response to physiological cues. Some of these

regulatory elements may be positioned quite distal to the hREN coding region.

Transgenic studies using larger transgenes to study the renin genes have been more

successful in achieving both cell-type specific expression of the transgene and

appropriately regulation of transgene expression in response to physiological stimuli. A

transgenic mouse generated with a 45 kb hREN transgene including 25 kb of 5'-flanking
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sequences and 8 kb of 3'-flanking sequence has been reported (Yan et al., 1998b). In
these mice hREN mRNA is expressed at few, mainly normal, extra-renal sites.

Circulating hREN protein levels in these mice also responded appropriately to changes
in dietry sodium, ACE inhibition and p-adrenergic stimulation, in parallel with

endogenous mouse renin.

In mice carrying a 13 kb hREN transgene, utilising 0.9-kb 5'-flanking promoter

sequence, circulating hREN protein levels increased after bilateral nephrectomy (Yan et

al., 1998a). In contrast, in mice carrying the 45 kb hREN transgene, circulating hREN
was secreted exclusively by the kidneys as after bilateral nephrectomy circulating hREN
was undetectable (Yan et al., 1998a). In addition, infusion of mouse or human AGT
resulted in an increase in blood pressure that suppressed both human and mouse renin
secretion in these animals (Yan et al., 1998b). Breeding of these 45 kb hREN transgenic
mice with mice transgenic for the hAGT gene (Yang et al., 1994), revealed that 45 kb-
hREN/hAGT double transgenic mice were normotensive and that the plasma levels of
both human and mouse renins were suppressed (Catanzaro et al., 1999).

Human renin transgenic mice have also been generated with two PAC clones of 140 kb
and 160 kb, each containing the hREN gene (Sinn et al., 1999a). hREN transgene

expression in these PAC transgenic mice was more restricted than in mice generated
with the 45 kb hREN construct. In mice with low copies of the PAC transgene, hREN

expression was limited to the kidney. However, in high copy number mice, expression
in some ectopic sites was detectable, but the hREN mRNA levels were only a small
fraction of its level in the kidney. Within the renal cortex, both PAC transgenic lines

displayed JG cell-specific expression, the proportion of JG apparatuses within the

kidney expressing hREN was higher than in transgenics with the short 149 bp promoter

region, which also directs JG cell-specific expression of a genomic construct (Sinn et al.,

1999b). In addition, immunofluorescence techniques revealed that most JGAs in the

kidney of the PAC mice expressing hREN protein also expressed endogenous mouse

renin. When these MEW PAC transgenic mice were crossed with hAGT transgenic mice

(Yang et al., 1994), the PAC hREN/hAGT double transgenic mice were found to have

modestly elevated plasma Ang-II levels (Sinn et al., 1999a). This increase correlated
with a modest, but significant, increase in mean arterial pressure.
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These studies have demonstrated that the hREN gene is most appropriately regulated in

transgenic mice in response to physiological cues when genomic constructs containing

large amounts of flanking DNA (25 kb to 75 kb) are used. These studies have also

provided strong evidence that the trans-acting factors needed for hREN gene regulation
are present in the mouse. Whether the mouse also contains factors required for the
correct processing and trafficking of the human renin protein within the JG cells of the

kidney is not known.

To investigate this possibility, the Ren-ld knockout mouse model can be used (Clark et

al., 1997a). As reviewed in section 1.4.3, inactivation of the Ren-ld gene leads to a

complete loss of JG cell granulation and atypical macula densa morphology. The
abnormalities of the Ren-ld knockout mouse can be rescued by complementation with a

BAC transgene encompassing the entire mouse Ren-2 and Ren-ld locus (Mullins et al.,

2000). However, in the same studies the Ren-ld knockout mutant phenotypes were not

rescued by complementation with a modified BAC transgene, in which the Ren-ld gene

was inactivated by introduction of a (3-geo reporter gene. These experiments

demonstrated that the presence of the renin- ld protein is a prerequisite for renin granule

formation, with the renin-2 protein unable to act as substitute in this role. It also
revealed that the renin- ld protein plays an as-yet undefined role in the function of the
macula densa, possibly through a role in a local renin-angiotensin system within the

juxtaglomerular region.

We hypothesise that the human and mouse renin proteins have conserved structural
features necessary for the trafficking of the renin proteins to the regulated pathway of

secretion, and thus the formation of dense renin-containing granules. If this hypothesis
is correct, complementation of the Ren-ld knockout mouse with hREN will result in a

restoration of the granulation in the JG cells of the kidney. If the atypical macula densa

morphology observed in the Ren-ld knockout mouse is related to the enzymatic activity
of the renin-ld protein in the juxtaglomerular region, we would not expect the hREN

protein to rescue this phenotype due to the species specificity of renin and

angiotensinogen (Hatae et al., 1994).
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In this chapter the generation of transgenic mice lines carrying a functional human renin

transgene is described. Characterisations of human renin genomic PAC clones,

designing a screening procedure for potential founder animals and isolation of a 55 kb
DNA fragment for use in pronuclear microinjection procedures are illustrated. The
identification of transgenic mice lines carrying the human renin gene and the initial
characterisation of these lines are described. The complementation of the Ren-ld
knockout mouse with human renin by backcrossing transgenic mice lines carrying the
hREN transgene with the Ren-ld knockout line is also described.

3.2. Characterisation of human renin PAC clones

Two independent PAC clones were previously identified as spanning the hREN genomic
locus (Sinn et al., 1999a). These clones, 111L11 and 28A13, have approximate insert
sizes of 140 kb and 160 kb, respectively. PAC 111L11 contains approximately 35 kb of

5'-flanking region and 90 kb of 3'-flanking region, and PAC 28A13 contains

approximately 75 kb of 5'-flanking region and 70 kb of 3'-flanking region (figure 3.1).

Figure 3.1. Map of human renin genomic PAC clones

111L11

55 kb

N SS

hhh *+
35 kb

SN

90 kb

28A13

95 kb

SS
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H
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Figure 3.1. A schematic representation of PAC 111L11 and PAC 28A13 constructs. Not I (N) and Sal 1

(S) sites are shown, including Not I and Sal I sites which are known to be contained within the vector,

directly flanking the insert. The arrowheads indicate the distance from the beginning or end of the hREN

gene and vector arms. This figure is based on that of Sinn et al. (1999a).
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Both PAC clones have previously been used to generate transgenic mice and have been
shown to confer highly-restricted expression in the JG cells of the kidney and tight

regulation in response to physiological cues (Sinn et al, 1999a).

PAC clones 111L11 and 28A13 were obtained from Genome Systems, Inc. and were

examined by restriction enzyme digestion and Southern hybridisation analysis to check
the integrity of the clones (figure 3.2).

Figure 3.2. Analysis of human renin genomic PAC clones

Figure 3.2. A. DNA from five clones of PAC 111L11 were digested with Kpn I or Pvu II, separated on a

1% agarose gel and DNA stained with ethidium bromide. B. Southern blot analysis of PAC 111L11
DNA probed with a mouse Ren-2 cDNA probe reveals hREN-specific bands of approximately 10.0 kb and
1.5 kb when digested with Kpn I and specific bands of 5.1 kb and 3.1 kb when digested with Pvu II.
C. DNA from five clones of PAC 28A13 digested with Kpn I or Pvu II. D. Southern blot analysis of
PAC 28A13 clones. Ml, Eco RI/Hin dill digested Lambda DNA Markers.
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Five independent colonies of each clone were grown up and PAC DNA prepared by
alkaline lysis miniprep as described in section 2.2.1. The restriction digest patterns of all
clones of PAC 111L11 were identical when digested with Kpn I or Pvu II (figure 3.2A),
and Southern hybridisation analysis demonstrated that each of these clones contained
human renin genomic fragments (figure 3.2B). Restriction digest analysis of PAC clone
28A13 revealed two different patterns of DNA fragments, many of the restriction

fragments being conserved (figure 3.2C; compare clones 1, 2 and 4 with clones 3 and 5),
and Southern hybridisation analysis demonstrated that the hREN genomic fragments had
been lost from a number of these clones (figure 3.2D). The 28A13 PAC clone

containing the hREN locus (PAC 28A13) was taken forward for further analysis, and the
28A13 clone lacking the hREN locus (PAC AhREN) was not investigated further.

Figure 3.3. Pulse field gel electrophoresis mapping of human renin

genomic PAC clones

Figure 3.3. A. Pulse field gel electrophoresis (PFGE) of PAC 111L11 DNA digested with Not I restriction

enzyme. B. PFGE of PAC 28A13 DNA digested with Not I. Approximate sizes of PAC restriction

fragments are indicated. Ml, Midrange I PFG Markers; M2, Midrange II PFG Markers.
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PAC 111L11 and PAC 28A13 were then subjected to restriction mapping with Not I, the
restriction fragments being separated by pulse-field gel electrophoresis (PFGE) (figure

3.3) in order to confirm the Not I map previously generated by Sinn et al. (1999a).
PFGE confirmed that, in addition to the 16 kb vector band, PAC 111L11 contained

restriction fragments of approximately 55 kb and 85 kb (figure 3.3A) and PAC 28A13
contained restriction fragments of approximately 65 kb and 95 kb (figure 3.3B).

3.3. Development of a transgenic mouse screen

In order to screen the potential founder mice carrying a transgene generated using a PAC
clone or a large fragment from a PAC clone, restriction digestion and Southern

hybridisation analysis was performed to determine the hybridisation pattern of the hREN

gene of PAC 28A13 after digest with various restriction endonucleases (figure 3.4A).
Bam HI restriction digest produced two hREN hybridisation fragments of approximately
8 kb and 2 kb. Bel I digest produced a hybridisation fragment of approximately 10 kb,
and also a large fragment that did not appear to migrate very far into the gel. Kpn I
restriction digest produced two hREN hybridisation fragments of approximately 8 kb and
1.5 kb and Pvu II digest produced two fragments of approximately 4 kb and 2.5 kb.
Sac I digest produced two hybridisation fragments of approximately 4 kb and 3.5 kb,
with evidence of a faint hybridisation fragment of approximately 7 kb, possibly due to

incomplete digestion. Sma I restriction digest produced two hybridisation fragments of

approximately 4.5 kb and 3.25 kb.

It had previously been observed from generation and screening of other transgenic mice
that Bam HI digest and Southern hybridisation of mouse C3H/CBA genomic DNA (the

i?ett-7c-containing genetic background on which transgenic animals are generated)

generates a hybridisation fragment of approximately 5.5 kb when probed with the Ren-2
cDNA (M. G. F. Sharp, personal communication). This fragment size is well separated
from the hREN Bam HI hybridisation fragments seen after digest of PAC 28A13 DNA.
To confirm that this would be a suitable screening strategy, C3H/CBA genomic DNA
was digested with Bam HI in the presence of one copy equivalent of the PAC 28A13
DNA and hybridisation analysis performed (figure 3.4B).
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Figure 3.4. Southern blot analysis of transgene hybridisation patterns

Figure 3.4. A. 0.5 pg PAC 28A13 DNA was digested with the indicated restriction enzyme, fragments

separated on a 1% agarose gel and Southern hybridisation analysis performed with a mouse Ren-2 cDNA

probe to reveal the hREN specific fragments. B. 10 pg genomic DNA from CBA/C3H animals

(CBA/C3H), PAC 28A13 DNA equivalent to one copy of transgene in 10 pg genomic DNA (PAC 28A13)
or a 10 pg genomic CBA/C3H DNA containing one copy transgene equivalent of PAC 28A13 DNA

(CBA/C3H + PAC 28A13) were digested with Bam HI, separated on a 0.8% agarose gel and Southern

hybridisation analysis performed with a mouse Ren-2 cDNA probe to reveal the mouse Ren-f and hREN

specific fragments. Fragment sizes indicated are derived from sequence information that has subsequently
become available.

A single hybridisation fragment of approximately 5.5 kb was observed from C3H/CBA

genomic DNA, two fragments of approximately 8 kb and 2 kb were observed from PAC
28A13 DNA and in the lane with C3H/CBA genomic DNA and 1 copy equivalence of
PAC 28A13 DNA all three hybridisation fragments were observed. The three fragments
were well separated and Bam HI restriction digest was selected for screening of potential
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founder animals. Sequence data have since become available for the genomic regions of
the Ren-E and hREN genes it has been determined that the Ren-E fragment is 5.6 kb,
and hREN fragments are 7.9 kb and 2.0 kb. These values have been used on this and

subsequent figures. An additional 11.4 kb Ren-E fragment was not detected in this

study.

3.4. Preparation of a human renin transgene

In order to generate hREN transgenic mice, PAC 28A13 was prepared for microinjection

procedures. PAC 28A13 DNA was prepared for pronuclear microinjection procedures

by dialysis against Microinjection Buffer (Ichiki et al., 1995). PAC DNA was

microinjected into mouse oocytes (section 2.2.37) as closed circular plasmid as has

previously been reported (Sinn et al., 1999a). However, no transgenic founders were

identified from this microinjection series (table 3.1). It was then decided to isolate a

convenient linear fragment spanning the hREN locus for a further microinjection series.
It was decided that a 55 kb Not I fragment from PAC 111L11 would be isolated (figure

3.1).

Table 3.1. Generation of human renin transgenic mice

Transgene Number of oocytes
reimplanted

Number of healthy
offspring

Number of

transgenic founders
PAC 28A13 427 71 0

HREN-55 361 20 4

PAC 111L11 DNA was digested with Not I restriction enzyme and the DNA fragments

generated separated by pulse-field gel electrophoresis (PFGE) (figure 3.5). PFGE was

performed in the absence of ethidium bromide, in order to minimise damage to the final
DNA microinjection construct by UV nicking, and so a section of the gel was stained

post-electrophoresis in order to locate and excise the DNA in the unstained portion

(figure 3.5A). After excision of the 55 kb Not I fragment (HREN-55 transgene) the
remainder of the gel was stained with ethidium bromide in order to verify the excision
made (figure 3.5B). The DNA in the excised band was then concentrated by
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electrophoresis into 4% (w/v) low-melting point agarose and the HREN-55 transgene

DNA was recovered from the low-melting point agarose by p-agarase digestion as

described in section 2.2.6. Transgene HREN-55 was then prepared for microinjection

procedures by dialysis against Microinjection Buffer, the DNA concentration quantitated
and the construct diluted to a concentration of 2 pg/ml.

Figure 3.5. Pulse-field gel electrophoresis preparation of HREN-55

transgene

Figure 3.5. A. PAC 111L11 Not I restriction fragments were separated by pulse field gel electrophoresis.
A portion of the gel stained with ethidium bromide to visualise the DNA and enable excision of the 55 kb

transgene band in the unstained portion. B. After excision of the 55 kb band the remainder of the gel was
stained with ethidium bromide. Ml, Midrange II PFG Marker; M2, Midrange I PFG Marker.

3.5. Identification of hREN transgenic founder
animals

Twenty healthy offspring were obtained from the pronuclear microinjection ofHREN-55

transgene DNA and reimplantation of embryos. All viable offspring were screened for
the presence of the HREN-55 transgene by using a specific PCR assay (figure 3.6) and
Southern blot hybridisation (figure 3.7). Four transgenic mouse founders, all female,
were identified, founder 1317 (TGM1), founder 1435 (TGM2), founder 1446 (TGM3)
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and founder 1448 (TGM4). All founders, except founder 1435, were fertile and
transmitted the transgene to their offspring to establish transgenic mice lines F1317,
F1446 and F1448 (figure 3.8). The transgenic animals were healthy and had no apparent

phenotypic abnormalities.

Figure 3.6. PCR screening of human renin transgene in founders of TGM
HREN-55

Figure 3.6. A. PCR screening ofHREN-55 transgene identified four transgenic founders (TGM1-TGM4).
PAC 111L11 DNA (Tg) was used as a positive control. B. Amplification of the mouse Ren-f gene was

used as a positive control for the PCR reaction. M, NEB 1 kb DNA Ladder; Tg negative, transgenic
negative animals.
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Figure 3.7. Southern analysis of founders of TGM HREN-55

Figure 3.7. 10 |xg genomic DNA from CBA/C3H potential founder animals were digested with Bam HI,

fragments separated on a 0.8% agarose gel and Southern blot hybridisation performed with a mouse Ren-2
cDNA/MSV cDNA probe to reveal the Ren-f and hREN specific bands. Negative animals have 5.6 and
11.4 kb hybridisation fragments. Animals carrying the HREN-55 transgene have addition hybridisation

fragments of 7.9 and 2.0 kb. A. Animal 1317 carries the HREN-55 transgene, prominent hREN

hybridisation fragments being visible. B. Animal 1435 carries the transgene. The 2.0 kb hybridisation

fragment is clearly visible. C. Animals 1446 and 1448 carry the transgene. From animals 1446 the 2.0
kb is clearly visible. Faint hybridisation fragments of 7.9 and 2.0 kb were seen from animal 1448, clearly
visible after a longer exposure (right panel)
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Figure 3.8. The partial pedigree of TGM HREN-55 lines

TGM1

o-Q

\J A A 6 A A A
1492 1493 1494 1495 1496 1497 1498

AAAAAAAAA
2361 2362 2363 2364 2365 2366 2367 2368 2369

TGM2

o-fb*

AAA6AAAAAA
1778 1779 1780 1781 1782 1783 1784 1785 1786 1787

AAAAAAAAAAAAAA
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da A 6 A 6 A 6 A A AAAAAAA
1776 1777 2343 2344 2345 2346 2347 2348 2349 2350 2351 2682 2683 2684 2685 2686 2687 2688

TGM4

D-|-Q
A A A A A A A
1769 1770 1771 1772 1773 1774 1775

Figure 3.8. The partial pedigree of mouse lines F1317 (TGM1), F1435 (TGM2), F1446 (TGM3) and
F1448 (TGM4). The squares and circles represent male and female animals, respectively. Half-filled

symbols represent transgene positive animals.

3.6. Characterisation of hREN transgenic lines

3.6.1. Exon-specific PCR analysis

The transgene employed in these studies is 55 kb in length. A potential concern arises
from unpredictable rearrangements or truncations of the transgene when using high
molecular weight constructs such as this. PCR analysis was performed in order to verify
the presence of specific hREN portions of transgene HREN-55 in the TGM HREN-55
lines. Amplifications of the exon 1 region with primers JJM-564 and JJM-565 and the
exon 9 region with primers JJM-566 and JJM-567 (the first and last exons of the hREN

gene) were performed (figure 3.9) (see Appendix 1 for primer details).
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Figure 3.9. Exonic integrity in TGM HREN-55 lines

— exon 9

— mRen

— exon 1

Figure 3.9. A. PCR amplification of exon 1 of the HREN-55 transgene in animals 1317 (TGM1), 1435

(TGM2), 1446 (TGM3) and 1448 (TGM4). PAC 111L11 DNA (Tg) was used as a positive control.
B. PCR amplification of exon 9 of the HREN-55 transgene. C. Amplification of the mouse Ren-lc gene

was used as a positive control for the PCR reaction. Ml, NEB 100 bp DNA Ladder; M2, NEB 1 kb DNA

Ladder; Tg negative, transgenic negative animals.

The expected amplification product of 350 bp of the exon 1 region was obtained from all
4 transgenic lines (figure 3.9A). This product was specific for the hREN transgene as it
was not present in transgene negative animals. A minor product of approximately 2 kb
was seen in some lanes. This appears to arise from amplification of a region of mouse

genomic DNA as it was present in transgene negative animals as well as transgene

positive animals. The expected amplification product of 350 bp of the exon 9 region
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was also obtained from all 4 transgenic lines (figure 3.9B). These results confirm that
these exonic portions of the hREN gene were intact in all TGM HREN-55 transgenic
lines.

Figure 3.10. Human renin mRNA expression in mouse kidney

Figure 3.10. RNase protection assay to detect the presence of a human renin mRNA transcript in the

kidney of HREN-55 transgenic mouse lines F1317 (TGM1), F1446 (TGM3) and F1448 (TGM4). RNA
was extracted from the kidneys of offspring of the three transmitting HREN-55 transgenic mouse lines and

hybridised with an antisense hREN RNA probe. The 257 bp full-length probe and 224 bp hREN protected

fragment are indicated. M, Hpa 11 digested pUC19 DNA.
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3.6.2. Analysis of human renin mRNA expression in mouse

kidney

RNA was extracted from the kidneys of transgene positive animals and RNase

protection analysis was performed with a 257 bp human renin-specific antisense RNA

probe as described in section 2.2.24. (figure 3.10). A 224 bp hREN-specific protected

fragment was seen in lines F1317 (TGM1), F1446 (TGM3) and F1448 (TGM4),

indicating that in the kidney of each of these lines the hREN transgene was being

expressed.

3.7. Introducing a hREN transgene onto the
mouse Ren-1d knockout background

A breeding strategy for the introduction of the hREN transgene onto the mouse Ren-ld
knockout background was devised (figure 3.11). Female transgenic mouse founders
F1317, F1446 and F1448 (genotype: Ren-lc+l+, HREN-55+) were paired with a 129/Ola
Ren-ld knockout male of the line F1368 (genotype: Ren-ld''~ Ren-2+,+) (figure 3.11 A).
All the offspring of these crosses were obligate heterozygotes at the mouse renin locus

(genotype: Ren-lc+, Ren-ld~ Ren-2+) and half of these animals should carry the HREN-55

transgene.

The heterozygous F1 animals carrying the HREN-55 transgene were then paired with a

129/Ola Ren-ld knockout animal of the line F1368 (figure 3.1 IB). The offspring of this
cross were either heterozygous at the mouse renin locus (genotype: Ren-lc+, Ren-ld~
Ren-2+) or homozygous for the Ren-ld knockout allele (genotype: Ren-ld~'' Ren-2+,+).
Half of these animals should also carry the HREN-55 transgene. The Ren-ld knockout
animals carrying the HREN-55 transgene were analysed for complementation of the

phenotype, and the littermate Ren-ld knockout animals not carrying the HREN-55

transgene were analysed as controls. Heterozygous animals (Ren-lc+, Ren-ld~ Ren-2+)
were also analysed as controls as they contain the same proportion of each genetic

background. Heterozygous Ren-ld knockout animals (Ren-ld+l~ Ren-2+,+) on the 129/Ola
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background have been shown to display the same phenotype as wild-type (Ren-ld+,+
Ren-2+,+) animals (Clark, 1997).

Figure 3.11. Breeding strategy to introduce a hREN transgene onto the
mouse Ren-1d knockout background

HREN-55 Tg+

50% HREN-55 Tg+ Ren-1 +/-

HREN-55 Tg+ Ren-1 +/-

25% HREN-55 Tg+ Ren-H -/-

Figure 3.11. A. A hREN transgenic founder mouse (HREN-55 Tg+) is crossed to a Ren- f knockout
mouse (Ren-1d_/"). The HREN-55 founder carries the transgene on a Ren-f background and so the

offspring of this cross are heterozygous Ren-f+1Ren-f' animals (Ren-l+,~) and 50% should carry the
hREN transgene. B. F1 animals carrying the transgene (HREN-55 Tg+ Ren-1+I') are backcrossed to a

Ren-f knockout mouse (Ren-fThe F2 generation should contain 25% animals which are Ren-1A null

carrying the hREN transgene (HREN-55 Tg+ Ren-f'1').
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For later studies, to decrease wastage of animals, a third backcross was performed,

crossing animals homozygous for the Ren-ld knockout and carrying the HREN-55

transgene (genotype: Ren-ld~'~ Ren-2+,+, HREN-55+) with Ren-ld knockout animals. The

offspring of this cross are all homozygous for the Ren-ld knockout and half carry the
HREN-55 transgene.

Backcrosses of the HREN-55 transgene onto the Ren-ld knockout were analysed by
Southern hybridisation with a mouse Ren-2 cDNA probe as described in section 2.2.19.
The size of the expected hybridisation fragments of a Bam HI restriction enzyme digest

(table 3.2) were determined from the genomic sequence data that was available from
NCBI/GenBank and from sequencing of BAC N10, which spans the mouse renin locus

(A. F. Clark & N. Kotelevtseva, unpublished data).

Table 3.2. Expected hybridisation fragment sizes after Bam HI restriction

digest of genomic DNA

Gene/transgene Fragment size (kb) Hybridisation region

Ren-r 5.6* Exon 1

5.6 Exon 2 - exon 5

11.4 Exon 6 - exon 9

Ren-f 6.8 Exon 1

6.7 Exon 2 - exon 5A

11.4 Exon 6 - exon 9

Ren-ld null allele 6.8* Exon 1

2.7 Exon 2 - Neo targeting cassette

3.3 Neo targeting cassette - exon 5A
11.4 Exon 6 - exon 9

Ren-2 0.9 Exon 1

2.1 Exon 2

7.2 Exon 3 - exon 9

HREN-55 7.5* Exon 1

2.0 Exon 2 - exon 4

7.9 Exon 5 - exon 9

*, not visible on Southern hybridisation
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The first backcross of the HREN-55 transgene onto the Ren-ld knockout background
was the pairing of the female transgenic mouse founders F1317 (TGM1), F1446

(TGM3) and F1448 (TGM4) with Ren-ld knockout males. Genomic DNA was extracted
from tail biopsy as described in section 2.2.2, then 10 pg genomic DNA was digested
with Bam HI, and Southern hybridisation analysis performed (figure 3.12).

Figure 3.12. Backcrossing a human renin transgene onto mouse Ren-1d
knockout background: Backcross 1
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Figure 3.12. 10 pg of genomic DNA was digested with Bam HI restriction enzyme and fragments

separated on a 0.8% agarose gel. Southern hybridisation was performed using a mouse Ren-2 cDNA

probe. The probe hybridised to the 5.6 kb Ren-7C DNA fragment, the 7.2 and 2.1 kb Ren-2 fragments, the
11.4, 3.3 and 2.7 kb Ren-ld knockout fragments, and the 7.9 and 2.0 kb hREN fragments. The 2.1 kb and
2.0 kb DNA fragments migrate closely and are not easily distinguishable. The 0.9 kb Ren-2 fragment was
visible after a longer exposure. All animals are heterozygous Ren-lc+ Ren-ld~ Ren-2+. Littermates 1, 3, 5
and 7 carry the hREN transgene.
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The offspring were obligate heterozygotes at the mouse renin locus (genotype: Ren-E+,
Ren-ld~ Ren-2+) and the expected mouse renin hybridisation fragments of 11.4, 7.2, 5.6,

3.3, 2.7, and 2.1 kb were detected. The 6.8 kb Ren-ld exon 1 and the 0.9 kb Ren-2

exon 1 -containing fragments were not detected on the initial autoradiography exposure,

although the 0.9 kb fragment became faintly visible after an exposure of 3 days (data not

shown). The HREN-55 transgene hybridisation fragments of 7.9 and 2.0 kb were also
visible in some lanes (transgene positive animals). On the autoradiography film, the
2.0 kb hREN fragment was very close to the 2.1 kb Ren-2 fragment, so close that in
lanes where both were present they were almost always indistinguishable by size alone.

The second backcross was the pairing of heterozygous F1 animals carrying the
HREN-55 transgene to a Ren-ld knockout animal. After extraction of genomic DNA
and restriction digest with Bam HI, Southern hybridisation analysis was performed

(figure 3.13). The offspring of this cross were either heterozygous at the mouse renin
locus (genotype: Ren-lc+, Ren-ld~ Ren-2+) or homozygous for the Ren-ld knockout

(genotype: Ren-ld~'~ Ren-2+,+). The expected mouse renin hybridisation fragments of

11.4, 7.2, 5.6, 3.3, 2.7, 2.1 and 0.9 kb were detected for heterozygous animals, whilst the
5.6 kb Ren-E fragment was absent in animals homozygous for the Ren-ld knockout.
The 7.9 and 2.0 kb hREN fragments were present in transgene positive animals. To
maintain the HREN-55 transgene on the Ren-ld knockout background, Ren-ld null
animals carrying the HREN-55 transgene were paired to a Ren-ld knockout animal.
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Figure 3.13. Backcrossing a human renin transgene onto mouse Ren-1d
knockout background: Backcross 2
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Figure 3.13. 10 pg of genomic DNA was digested with Bam HI restriction enzyme and fragments

separated on a 0.8% agarose gel. Southern hybridisation was performed using a mouse Ren-2 cDNA

probe. The probe hybridised to the 5.6 kb Ren-f DNA fragment, the 7.2, 2.1 and 0.9 kb Ren-2 fragments,
the 11.4, 3.3 and 2.7 kb Ren-li knockout fragments, and the 7.9 and 2.0 kb hREN fragments. The 2.1 kb
and 2.0 kb DNA fragments migrate closely and are not easily distinguishable. Animals are either

heterozygous Ren-1Q+ Ren-ld~ Ren-2+ (littermates 2-6) or homozygous Ren-ld''' Ren-2+l+ (littermate 1).
Littermates 1, 5 and 6 carry the hREN transgene.
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3.8. Discussion

3.8.1. Characterisation of human renin PAC clones

In this chapter, the generation and initial characterisation of transgenic mice carrying a

human renin transgene have been described. Previous studies in which hREN transgenic
mice had been generated used transgenes of varying sizes and with different amounts of
5' regulatory sequences. Of these models, the studies that demonstrated the most

appropriate regulation of the transgene and highest degree of renal expression were

those of Sinn et al. (1999) and Yan et al. (1998), in which large regions of 5'-flanking

sequences (>25 kb) were included in the transgene. In light of these results, it was
decided that a large hREN transgene would be used in the generation of hREN transgenic
mice.

Two human genomic PAC clones, PAC 111L11 and PAC 28A13, previously identified
as spanning the hREN locus (Sinn et al., 1999a), were obtained from a commercial
source and an initial characterisation performed to check their integrity. Although the
PAC vector, pCYPACl 1, was designed for maintenance of large DNA inserts of up to

300 kb (Ioannou et al., 1994), it is not unknown for rearrangements to occur, especially
in clones containing large regions of repeat sequence or between regions of high

homology (P. A. Ioannou, personal communication).

Restriction digest and Southern hybridisation analysis of PAC clones 111L11 and
28A13 were performed. These analyses revealed that PAC 111L11 was clonal and
contained the hREN genomic locus, whilst PAC 28A13 actually consisted of two
different clones, one ofwhich contained the hREN genomic locus and one of which was

lacking the hREN locus. The observation that many of the restriction fragments seen

after digestion of the two different PAC 28A13 clones were of a common size,

suggested that rather than being supplied with a mixed or a contaminated stab, it is likely
that clone 28A13 has at some point undergone a rearrangement resulting in the loss of a

region of the PAC in which the hREN locus was contained.
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3.8.2. Development of transgenic mouse screen

The hREN gene is located in the q32 band at the distal end of chromosome 1 and limited

sequence data were available for this region at the outset of the project. Sequence data
are now available from the International Human Genome Sequencing Consortium. In
order to develop a strategy for screening transgenic animals a number of restriction

digests were performed on the human renin PAC 28A13 followed by Southern

hybridisation analysis to determine hybridisation fragment sizes. The results of this

investigation, and the results of previous investigations in this laboratory led to the

development of a hREN transgenic screen using Bam HI restriction digest to

differentiate between mouse Ren-lc hybridisation fragment of 5.6 kb and 11.4 kb and
hREN hybridisation fragments of 7.9 kb and 2.0 kb.

3.8.3. Preparation of a human renin transgene

Attempts to generate transgenic mice with the closed circular PAC 28A13 DNA proved

unsuccessful, the reasons for this being unclear. Whilst transgenic mice have been

generated in this manner in a number of studies with BAC and PAC transgenes,

generation of transgenic mice with circular DNA is less efficient than with linearised
DNA (Brinster et al., 1985). The generation of transgenic mice with circular hREN PAC
DNA was previously found to be with low efficiency. With PAC 111L11, 4 transgene

positive animals were identified from 218 live offspring (1.8%), whilst with PAC

28A13, 5 transgene positive animals were identified from 230 live offspring (2.2%)

(Sinn et al., 1999a). Because there is lower transgenic mouse generation efficiency from

injection of closed circular DNA, it is possible that a sufficiently large microinjection
series was not performed in current studies.

3.8.4. Identification of hREN transgenic founder animals

Generation of human renin transgenic mice was successful when a linear 55 kb Not I
restriction fragment was isolated from PAC 111L11 (transgene HREN-55). Transgenic
mice were generated at an efficiency of 20% of live births (4 founder animals from 20
live births), which is in agreement with the transgenic generation efficiency range of

previous constructs by this facility (J. J. Mullins, unpublished data).
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Southern analysis with a mouse Ren-2 cDNA probe revealed the expected hybridisation

fragments of 7.9 kb and 2.0 kb for the hREN transgene and the 5.6 kb hybridisation

fragment of the endogenous mouse Ren-E gene. In addition, a hybridisation fragment
estimated to be over 10 kb was also identified. Detailed sequence data for the Ren-E
gene locus have become available and it is likely that this fragment represents the exon 6
to exon 9 regions of the Ren-E gene, which are present in an 11.4 kb fragment following
Bam HI digestion. Signal from this hybridisation fragment was not strong in all

transgenic screens performed by Southern analysis, suggesting that transfer of this

fragment to the nylon membrane prior to hybridisation may not have been optimal.

Whilst three of these lines, F1317, F1446 and F1448, transmitted the transgene to their

progeny at a rate that would be expected for a single transgene insertion event according
to Mendelian genetics, one line, F1435, showed no transmission to its progeny. Reasons
for this could be related to the time of integration of the transgene into the mouse

genome following microinjection. If this event occurs at the single cell stage, as is the

intention, the transgene should be replicated into all tissues of the adult animal,

including the germ cells. If, however, the transgene does not integrate at this single cell

stage, but rather at a later two- or more cell stage, this mosaic animal may not carry the

transgene in all tissue-types, and so the transgene may be absent from a proportion or,

indeed, all the founder animal's germ cells.

3.8.5. Characterisation of hREN transgenic lines

Southern hybridisation analysis identified the expected hybridisation fragments in all
animals lines, suggesting no rearrangements had occurred in the coding region of the

transgene. hREN region-specific PCR confirmed that the exon 1 and exon 9 regions of
the transgene were intact in each of the 4 transgenic mouse lines generated, again

suggesting no rearrangements have occurred within these areas. However, there is a

lack of information on transgene integrity and possible rearrangements elsewhere in the
55 kb. Most importantly, the 3 lines of hREN transgenic mice that transmitted the

transgene to their progeny were shown by RNase protection analysis to express a hREN
mRNA transcript in the kidney.
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3.8.6. Introduction of a hREN transgene onto the Ren-1d
knockout background

The backcrosses of the HREN-55 transgene onto the Ren-ld knockout background were

analysed by Southern hybridisation analysis. The majority of the mouse and human
renin hybridisation fragments were detected by this method, but some expected

fragments were not detected. A Ren-2 cDNA was used to generate the radiolabeled

probe for these analyses. The only regions of the genomic fragments to which

hybridisation will occur are the exonic regions of the renin genes and the HREN-55

transgene. Although a restriction fragment may be large, if the hybridisation region is

only small (e.g. only contains a small exon) the hybridisation signal will not be very

strong and the hybridisation fragment may not be detected on autoradiography film. A

longer exposure of the autoradiography film to the probed membrane might reveal these

hybridisation fragments. In addition, although the mouse renin genes are highly

conserved, the human renin gene is less highly conserved. Regions of the human gene

that are not highly conserved with the Ren-2 cDNA will not hybridise as strongly and
radiolabelled probe will be removed by less stringent washing of the membrane, so

reducing the signal strength from these regions. The hybridisation signal of these

regions could be improved by generating the radiolabelled probe with the corresponding
cDNA, and, indeed, the hREN cDNA was included in later probe generating reactions.

The genomic fragments that contain exon 1 of the renin gene would be expected to

hybridise to the probe with greater efficiency than is observed. Exon 1 of the human
renin gene is 99 bp, which is a sufficiently large region to expect hybridisation and
detection. Whilst exon 1 does not contain repeat sequence that would be expected to

influence its hybridisation characteristics, it has been observed that exon 1 regions also
make poor hybridisation probes (M. G. F. Sharp, unpublished data). The reasons for
these observations are unclear, but the present data are consistent with the observation
that the exon 1 region is a poor hybridisation target.

A human renin transgenic mouse has been successfully generated and backcrossed onto

the Ren-ld knockout background. The next chapter describes the phenotypic analysis of
the complementation of the mouse Ren-ld knockout mouse with human renin.
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Chapter 4

Complementation of the mouse

Ren-1d knockout with human renin

4.1. Introduction

4.1.1. Study of renin secretory pathways

Mammalian cells possess different pathways to secrete proteins (Halban & Irminger,

1994). All mammalian cells possess the ability to secrete proteins by the constitutive

secretory pathway, in which proteins are packaged into low-density vesicles and
released at a constant rate to the cell surface. Transit times of proteins through the
constitutive secretory pathway are of the order of minutes (Karrenbauer et al., 1990).

Specialised endocrine and neuroendocrine cells also contain a regulated secretory

pathway, in which proteins are packaged and stored in secretory granules for subsequent
release in response to physiological stimuli. The transit time of proteins secreted by the

regulated secretory pathway is typically in the range of hours (Burgess & Kelly, 1987).

Two different models have been proposed to explain the sorting to the regulated

secretory pathway. In the first model, peptides to be retained would selectively

aggregate in the presence of calcium and an acidic environment, conditions present in
immature secretory granules (Tooze et al., 1991; Yoo, 1996). The second model
involves a receptor-mediated mechanism in which a structural domain on the sorted

protein is recognised by receptors localised in the maturing granule (Chung et al., 1989;
Arrandale & Dannies, 1994). This process could involve the specific binding of

prohormones to immature secretory granule proteins, such as chromogranins, which are

themselves sorted to secretory granules (Gorr et al., 1989; Huttner et al., 1991; Yoo,
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1996). It is also possible that aspects of both of these models could be operative (Halban
& Irminger, 1994).

Secretory granule sorting of human prorenin has been demonstrated in transfected
endocrine cells in culture, including mouse pituitary AtT-20 cells, rat somatotrophic
GH4 cells, and rat phaeochromocytoma PC12 cells (Fritz et al., 1987; Chidgey &

Harrison, 1990; Hatsuzawa et al., 1990). The mouse pituitary corticotropic cell line
AtT-20 (Mains & Eipper, 1975) has the ability to constitutively secrete its endogenous

precursor proopiomelanocortin (POMC), but also to carry out post-translational

processing of POMC to adrenocorticotropic hormone (ACTH), which is stored in

granules and released by regulated secretion (Mains et al., 1987; Moore, 1987). The
AtT-20 cell line is also able to process and secrete other foreign proteins by the
constitutive and regulated secretory pathways (Burgess & Kelly, 1987; Dickerson et al.,

1987). The AtT-20 cell line has been used by a number of groups to investigate the

processing and secretion of renin proteins.

AtT-20 cells stably transfected with a human preprorenin-expressing construct were

shown to be able to secrete both inactive prorenin and active renin into the culture
medium. If the secretogogue, forskolin (which stimulates an increase in intracellular
cAMP levels and a subsequent release of storage granules (Seamon & Daly, 1981)), was
included in the incubation medium, the active renin concentration markedly increased
after a 1-2 hr delay, and also slightly increased the rate of prorenin secretion (Fritz et al.,

1987). Immunoprecipitation experiments revealed two secreted forms to be present in
the culture supernatant, a major, approximately 49 kDa form and a less prevalent,

approximately 43 kDa form. After treatment with the secretogogue, 8-bromo-cAMP

(Moore et al., 1983), immunoprecipitation showed both the 49 and 43 kDa forms, with a

preponderance of the 43 kDa form, suggesting an increase in the release of the processed
form of renin. Amino-terminal protein sequencing revealed that preprorenin was

correctly processed to prorenin and that prorenin was correctly processed to renin after
the Lys-Arg amino acid 66 of preprorenin, the site at which authentic renin is cleaved
from prorenin (Imai et al., 1983). Similar findings were reported by another group (Pratt
et al., 1988b), who also reported that the mouse fibroblast cell line L929 and fibroblast
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Chinese hamster ovary (CHO) cells were able to synthesise only prorenin, which was

secreted constitutively and not influenced by 8-bromo-cAMP.

In the DBA/2 mouse submandibular gland (SMG), renin is predominantly the expression

product of the Ren-2 renin gene. Prorenin is synthesised and rapidly converted to a

constitutively secreted single-chain intermediate, which is then processed to and stored
as the mature two-chain form. This two-chain form is released by regulated secretion

(Pratt et al., 1983; Pratt et al., 1988a). Ladenheim et al. (1989) reported studies in
AtT-20 and mouse hepatoma BTG9A cell lines stably transfected with renin-2-

expressing constructs. BTG9A cells were able to produce and secrete only prorenin, but
AtT-20 cells released both inactive prorenin and active renin. In addition, in the

presence of 8-bromo-cAMP there was an increase in the secretion rate of active renin.

However, there was also a significant rise in precursor secretion, which the authors

suggested was possibly due to its regulated release from the secretory granule pool.

These results suggested that the AtT-20 cell line may have similar renin secretory

pathways to those of mouse SMG granular duct cells. However, further experiments
demonstrated that whilst AtT-20 cells were capable of processing mouse prorenin-2 into
active one-chain renin, the cell line did not process one-chain renin to two-chain renin of
the correct size (Paul et al., 1992), as is the case in the SMG (Pratt et al., 1983). Instead,
an immunoreactive renin form of lower molecular weight was detected. Whether this

represented an alternative processing product unique to this cell-type or was the result of

degradation was not clear. However, these results indicated that mouse renin-2
maturation and secretion are dependent on cell-specific features. That renin-2 was

processed differently in AtT-20 cells and native mouse SMG granular duct cells

suggests that the differences are probably due to differences in intracellular
characteristics between these cells.

In the kidney JG cells, renin-2 appears to be secreted solely by the constitutive secretory

pathway, whilst renin-ld is secreted by the regulated pathway (Clark et al., 1997a).
Whilst it is known that prorenin is processed at paired basic amino acids in its
N-terminal region and the resultant renin is stored in granules until its release is
stimulated (Hirose et al., 1985), the intracellular sorting signal of renin is unknown. It
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has been reported that human renin acquires phosphomannose residues that direct its

targeting to lysosomes in injected Xenopus laevis oocytes (Faust et al., 1987). Dense-
core renin secretory granules share many characteristics with lysosomes (Taugner et al.,

1985b), and it is possible that the glycosylation status of the renin protein directs it to the

regulated pathway of secretion, although in Xenopus oocytes much of the renin targeted
to lysosomes appeared to be degraded.

Studies to investigate the effect of renin protein glycosylation have been performed in
which the renin-2 protein was mutagenised to create two potential asparagine-linked

glycosylation sites (Ladenheim et al., 1991). Transfected AtT-20 cells expressing

glycosylated or non-glycosylated forms of renin-2 secreted both prorenin and renin by
constitutive and regulated pathways, respectively. Prevention of glycosylation with

tunicamycin resulted in an improved secretion of active renin, leading to the proposition
that the bulky carbohydrates attached to prorenin constitute a steric hindrance to

proteolysis by maturating enzyme. However, in this cell line glycosylation did not

appear to influence its direction to the regulated or constitutive pathway of secretion.

A detailed series of experiments by Chu et al. (1990) led to the suggestion that the

sequences that target human renin to dense secretory granules lie within the protein

moiety of the active renin. Replacement of the native renin signal peptide with the

corresponding signal peptide from immunoglobulin M (IgM) heavy chain, a protein that
is constitutively secreted in AtT-20 cells (Matsuuchi et al., 1988), led to secretion of the
modified prorenin and renin at a rate comparable to that of the native protein. This

implied that the signal peptide switch did not have a major influence on prorenin
secretion. Furthermore, the IgM signal peptide replacement had no effect on the ability
of forskolin to stimulate the release of active renin compared to the native preprorenin.
Transfection of AtT-20 cells with a mutant renin containing a deletion of the

prosegment, but leaving the presegment, led to the exclusive secretion of active renin.
Forskolin treatment resulted in a relative increase in active renin release, suggesting that
human prorenin devoid of its prosegment was being released via the regulated pathway
as well as being released simultaneously by the constitutive pathway. Mutation of the
two asparagine-linked glycosylation sites, either individually or as a pair revealed that
AtT-20 cells were able to efficiently secrete and process active renin, as evidenced by
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the presence of both prorenin and active renin in the supernatant of transfected cultures.
In this cell line, glycosylation site mutated renins were targeted to the regulated

secretory pathway, as forskolin treatment was able to stimulate secretion of the active
form. However, the complete removal of glycosylation did lead to a significant increase
in the ratio of renin to prorenin released in both the absence and presence of

secretogogue, perhaps due to increased access of a processing enzyme.

Further evidence that the prosegment of renin is not involved in trafficking of the protein
to the regulated pathway comes from secretion studies in the rat phaeochromocytoma
PC 12 cell line (Greene & Tischler, 1976). When this cell line was transfected with
human prorenin, the protein was sorted into the regulated pathway and released with
similar kinetics to noradrenaline upon carbachol stimulation (Chidgey & Harrison,

1990). When PC 12 cells were transfected with a human renin construct lacking the

propeptide coding sequence, secretion of a fully active renin enzyme was observed, and
carbochol stimulation led to the rapid release of renin activity.

Although these studies indicate that prorenin carries a signal for secretory granule

sorting, they failed to identify that signal. However, further study has cast doubt on
some of this earlier work and points to a functional cleavage site in prorenin being

necessary for prorenin sorting to the regulated secretory pathway (Brechler et al., 1996).
These results seem to be contradictory with previous reports. In the earlier studies, the

secretory characteristics of the expressed prorenin were determined by either activity
measurements or immunoprecipitation of radiolabeled proteins. In

immunoprecipitation experiments, proteins were labelled with radioactive amino acid

(e.g. [ 5S]-methionine), followed by a 2-3 hr chase period with unlabelled medium,
before addition of secretogogue to stimulate secretion by the regulated pathway. It is

suggested by Brechler et al. (1996) that either approach would likely detect secretion of

proteins that are only transient in immature granules, but have a final destination other
than the regulated secretory pathway. Evidence in support of this hypothesis comes

from work studying the secretion of insulin from pancreatic islets (Kuliawat & Arvan,

1994). With short chase periods these authors found that treatment of radiolabelled
islets with secretogogues stimulated release of not only unprocessed proinsulin, but also
of precursors of lysosomal enzymes, a phenomenon that the authors termed
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'constitutive-like secretion'. After a chase period of greater than 8 hr, secretogogue only
stimulated the release ofmature insulin.

Experiments by Brechler et al. (1996) used a 2 hr labelling period and an overnight
chase period to exclude the possibility that constitutive-like secretion was occurring.
Transfection of the AtT-20 cell line with a human preprorenin expressing vector

revealed that prorenin was secreted predominantly in the 2 hr labelling period,

corresponding to secretion by the constitutive pathway. Mature renin was present in the
medium after the overnight chase period, and its secretion was selectively stimulated by

forskolin, suggesting its presence in a storage compartment. Transfection with a vector

in which the human renin prosegment was deleted led to secretion of active renin.
Secretion of the prosegment-deleted mutant renin could not be stimulated by forskolin

treatment, suggesting that prosegment removal inhibited secretory granule targeting and
led to constitutive secretion of the resulting renin protein.

The prosegment of prorenin has been implicated in the folding of the nascent protein in
the endoplasmic reticulum (Mercure et al., 1995). The loss of regulated secretion of the

prosegment-deleted mutant renin could have been due to general effects on the
conformation of the resulting protein. To investigate this possibility, an experiment was
devised such that the AtT-20 cells would cleave the prosegment of renin prior to entry of
the protein into the trans-Golgi network and prior to its sequestration into immature

secretory granules (Brechler et al., 1996). To achieve this, a mutant prorenin was

engineered in which the native proteolytic cleavage site had been altered to a consensus

cleavage sequence for the endoprotease furin, an ubiquitously distributed member of the
subtilisin-like family of processing enzymes localised in the Golgi apparatus (Molloy et

al., 1994). Furin-cleaved renin was detected in the 2 hr labelling period, suggesting that

prosegment cleavage occurred in the constitutive secretory pathway. After the overnight
chase period, labelled renin was not secreted from the transfected cells in response to

forskolin, demonstrating that prosegment cleavage in the Golgi apparatus prevented the

sorting of renin to the regulated secretory pathway. Mutation of either the lysine residue
at position 42 or the arginine residue at position 43 to alanine of the native renin

processing site resulted in secretion of only prorenin in the labelling period and the

overnight chase, consistent with both mutations blocking cleavage of the native site in
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AtT-20 cells (Brechler et al., 1996). In addition, there was no evidence of either
retention in the secretory pathway or of stimulation by forskolin for either of the

prorenins mutated at the native cleavage site. This suggests that in the AtT-20 cell line,
the presence of a cleavage site for a specialised endoprotease in the renin prosegment is

required for regulated secretion of renin.

Whether the secretion of renin proteins within the AtT-20 or other cell lines reflects the

secretory pathways of renin within the JG cells of the kidney is questionable. To

investigate the regulated secretory pathway of renin in vivo, the Ren-ld knockout mouse
model can be used. As reviewed in section 1.4.3, the Ren-ld knockout mouse has an

agranular morphology in the JG cells of the kidney (Clark et al., 1997a), suggesting loss
of the renin-ld protein leads to a loss of the regulated pathway of secretion in these cells.

Complementation of the Ren-ld knockout mouse with a BAC transgene spanning the
mouse Ren-2 and Ren-ld genes, in which a (3-geo reporter gene had been introduced into

the Ren-ld locus, provided evidence that, despite the lack of dense renin secretory

granules, these cells still constitute genuine JG cells. Therefore, the Ren-ld knockout
mouse could provide an in vivo model system for the investigation of renin protein

secretory pathways, as the JG cells possess the machinery required for the generation of

granules if the correct structural domains are present on the renin protein. In vitro

assays of renin protein trafficking signals has been severely hampered by the
dedifferentiation of primary JG cells when placed in culture and by the lack of a suitable
established cell line system possessing the correct JG cell-like phenotypic responses to

secretory stimuli. In vivo experimentation allows investigation of protein trafficking

signals in cells in which there is maintenance of phenotype and which also retain

appropriate responses to physiological stimuli.

In this chapter the phenotype observed after complementation of the Ren-ld knockout
mouse with a functional human renin transgene is described. The granulation and
macula densa phenotypes of human renin-complemented Ren-ld knockout mice are

described. The regulation of expression of the human renin transgene is response to

ACE inhibition, and the effects of ACE inhibition on the granulation of JG cells are also
described.

126



4.1.2. Modification of PAC DNA sequences

PI artificial chromosomes (PACs) (Ioannou et al., 1994) and bacterial artificial
chromosomes (BACs) (Shizuya et al., 1992) have become a widespread resource in
molecular biology for long-range physical mapping, positional cloning of disease genes,

whole genome sequencing projects, and functional studies. The presence of large

genomic inserts in PACs and BACs, and their stability over many generations, have
made them the ideal choice in genomics as a tool in understanding gene structure and

expression, and a number of methods have been developed to manipulate them

(Messerle et al., 1997; Yang et al., 1997; lessen et al., 1998; Kim et al., 1998; Zhang et

al., 1998; Imam et al., 2000; Nefedov et al., 2000; Lalioti & Heath, 2001; Lee et al.,

2001). However, these methods are not always readily applicable to every modification

desired, since some only allow modification at certain loci or require the construction of

specific accessory plasmids, whilst others require counter-selections that are not very

efficient, such as chlortetracycline and fusaric acid, or are restricted by toxic
selection/counter-selection markers (e.g. ccdB).

One strategy, developed by Stewart and colleagues, allows specific DNA engineering,
such as deletions, insertions and single base pair substitutions, independently of the

presence of suitable restriction sites (Zhang et al., 1998; Muyrers et al., 1999; Muyrers
et al., 2000a; Zhang et al., 2000b). This method is based on homologous recombination
mediated by the recE and recT proteins, and is thus referred to as ET-recombination.
ET-recombination can also be driven by the bacteriophage lambda reda and redp

proteins (Muyrers et al., 2000b). The recE/recT and reda/red-p systems promote

homologous recombination in E. coll between linear DNA fragments (which can be PCR

generated) and circular plasmid molecules or the host chromosome. In recBC+ strains
of E. coli, such as the BAC and PAC host strain DH10B, the recBCD nuclease

(exonuclease V) is active and plays a major role in the degradation of linear double-
stranded DNA that is introduced into wild-type cells. To allow ET-recombination in
recBC+ strains of E. coli, a modification to the strategy was made, by introduction of the

gam gene of bacteriophage lambda as a natural inhibitor of the recBCD (Zhang et al.,

1998).
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In this chapter, the strategy to modify large human renin-containing PACs is described.

Preliminary experiments using an ET-recombination system are described, as are the
unsuccessful attempts to modify a human renin-containing PAC. The alternative

strategy taken for complementation of the Ren-ld knockout mouse with mutant human
renin transgenes is illustrated.

4.2. Histomorphological analysis

Animals from each of the three HREN-55 transgenic lines (F1317, F1446, F1448) were
sacrificed and kidney tissue was collected for histological examination and electron

microscopy procedures as described in section 2.2.39 and section 2.2.40, respectively.
Tissue was collected from animals null for the Ren-ld locus carrying the HREN-55

transgene (genotype: Ren-2+l+ Ren-ld''' HREN-55+) and control Ren-ld null littermates

(genotype: Ren-2+l+ Ren-ld~'~). Littermate animals that were heterozygous for the Ren-ld
knockout allele (genotype: Ren-lc+ Ren-2+ Ren-ld~) were also included as controls as

these animals have the same proportion of each genetic background.

Histological sections were stained with haematoxylin and eosin and the morphology of
the macula densa was assessed. The granulation status of the renal JG cells was

assessed by electron microscopy. The histological observations for HREN-55 transgenic
lines F1317, F1446 and F1448 are summarised in table 4.1, table 4.2 and table 4.3,

respectively. Histological analysis of kidney sections revealed subtle abnormalities of
the macula densa in Ren-ld~'~ animals of both sexes. In all three lines examined,

heterozygous Ren-ld knockout animals displayed a normal macula densa structure

(figure 4.1A & 4.IB). In comparison, animals which were null for the Ren-ld locus

displayed a hypercellularity of the macula densa morphology, with these cells also

displaying an altered morphology (figure 4.1C & 4.ID), except in one individual (animal
4281 of line F1448). This abnormality manifested itself as a columnar appearance of the
tubular epithelial cells, which contrasted with the cuboidal morphology of the

heterozygous controls. Ren-ld knockout animals that were complemented with human
renin also displayed the same macula densa hypercellularity and altered cell morphology

(figure 4.IE & 4.IF).
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Table 4.1. Summary of histological data for line F1317

Animal No. Sex
Mouse renin

genotype
HREN-55

genotype JG granulation MD phenotype

2267 M +/- - N/A wt

2268 M +/- + gr wt

2269 M -/- - ng m

2578 M -/- + ng m

5240 M -/- - ng m

5241 M -/- + gr m

5242 M -/- - ng m

5243 M -/- + gr m

2271 F -/- + gr m

2272 F +/- - gr wt

2273 F +/- + gr wt

2582 F -/- - ng m

4885 F -/- + gr m

4886 F -/- - ng m

4887 F -/- + gr m

4888 F -/- + gr m

4889 F -/- - ng m

5244 F -/- - ng m

-/-, homozygous Ren-ld knockout; +/-, heterozyogous Ren-ld knockout; +, hREN transgene
positive; hREN transgene negative; gr, granulation of JG cells; ng, no granulation seen in JG
cells; m, mutant macula densa morphology; wt, wild-type macula densa morphology; N/A, data
not available due to poor quality of electron microscopy sectioning.

Transmission electron microscopy of the subcellular structure of the JG cells of the
Ren-ld knockout mice revealed that these mice displayed the same phenotype as had
been previously observed in this laboratory (Clark, 1997; Clark et al., 1997a). Electron

microscopy confirmed that there was a complete absence of dense-core secretory

granules in the JG cells of these animals, the subcellular structures in which renin is

normally stored. In contrast, in both male and female animals from line F1317, Ren-ld~'~
animals complemented with human renin revealed a restoration of granulation of the

129



renal JG cells (figure 4.2), in all but one individual (animal 2578). In these animals,

protogranules and paracrystalline granular structures were often visible.

Table 4.2. Summary of histological data for line F1446

Animal No. Sex
Mouse renin

genotype
HREN-55

genotype JG granulation MD phenotype

4896 M -/- + ng m

4897 M -/- + ng m

4898 M -/- + ng m

4899 M -/- - ng m

4900 M -/- - ng m

4901 M -/- - ng m

4902 M -/- + ng m

4148 F -/- + gr m

4149 F -/- - ng m

4903 F -/- + gr m

4904 F -/- + gr m

4905 F -/- - ng m

4906 F -/- - ng m

4907 F -/- - ng m

4908 F -/- - ng m

4909 F -/- + gr m

4910 F -/- + gr m

-/-, homozygous Ren-1A knockout; +/-, heterozyogous Ren-ld knockout; +, hREN transgene
positive; -, hREN transgene negative; gr, granulation of JG cells; ng, no granulation seen in JG
cells; m, mutant macula densa morphology; wt, wild-type macula densa morphology.
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Table 4.3. Summary of histological data for line F1448

Animal No. Sex
Mouse renin

genotype
HREN-55

genotype JG granulation MD phenotype

4276 M -/- + N/A N/A

4278 M +/- - gr wt

4279 M -/- + ng m

4365 M -/- - ng m

4366 M -/- - ng m

4367 M -/- - ng m

4373 M -/- + ng m

4374 M -/- + ng m

4375 M -/- - ng m

4376 M -/- + ng m

4377 M -/- + ng m

4280 F +/- - gr wt

4281 F -/- - ng wt

4368 F -/- + ng m

4369 F -/- + ng m

4370 F -/- + ng m

4371 F -/- + ng m

4378 F -/- - ng m

4379 F -/- + ng m

4380 F -/- - ng m

homozygous Ren-1d knockout; +/-, heterozyogous Ren-ld knockout; +, hREN transgene
positive; hREN transgene negative; gr, granulation of JG cells; ng, no granulation seen in JG
cells; m, mutant macula densa morphology; wt, wild-type macula densa morphology; N/A, data
not available due to poor quality ofwax block sectioning or electron microscopy sectioning.
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Figure 4.1. Histological analysis of human renin complementation

Figure 4.1. Kidney sections from Ren-ld+v heterozygous mice (A & B), Ren-ld'~ mice (C & D), and

//7?£yV-complemented Ren-ld~'~ mice (E & F) were studied for histological abnormalities. Differences
were noted in macula densa cell morphology in Ren-ld~'~ animals compared to heterozygous control
animals. This manifested itself as an increase in macula densa cell number and cell density, giving the
cells a more columnar appearance (arrows, panels C & D) compared to the more cuboidal shape (arrows,

panels A & B) in control animals. The same increase in macula densa cell number and cell density and
columnar appearances was evident in mice complemented with the hREN transgene (arrows, panels E &

F). G, glomerulus. x200 magnification.
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Figure 4.2. Granulation of JG cells in Ren-16/~ complemented with human
renin: line F1317

Figure 4.2. Electron microscopy of kidney tissue of line F1317 MfiV-complemented Ren-ld~'~ animals.
A. Prominent dense granules can be seen in cytoplasm (arrows) and rough endoplasmic reticulum (double

arrow) of the afferent arteriolar smooth muscle cells (SM) of these animals (x3,500 magnification).
B. Protogranules within the rough endoplasmic reticulum (arrow) can be seen in some sections (x36,000).
C. Paracrystalline protogranules (arrows) are present in the Golgi apparatus in some sections (x71,000).
Afferent arterioles were defined by tracing their origins from the interlobular artery in semi-thin sections.

Large dense-core vesicles in JG cells are defined as being electron-dense, membrane-bound, peripherally-
located and associated with dilated endoplasmic reticulum membrane, greater than 1 pm in diameter.
Perioxisomes are ubiquitous electron-dense, membrane-bound bodies, usually less than 1 pm in diameter.
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In the JG cells of /t-KFTV-complemented Ren-ld~!~ animals from line F1446, large dense

granules were visible in female animals (figure 4.3A & 4.3B). However, hREN-

complemented Ren-ld l~ male animals of line F1446 did not have granulated JG cells

(figure 4.3C & 4.3D), although much smaller granular structures could occasionally be
seen in the smooth muscle cell layer, most probably perioxisomes structures. In line

F1448, there was no restoration of granulation seen in the JG cells of either male or

female animals.

Figure 4.3. Granulation of JG cells in Ren-1d~' complemented with human
renin: line F1446

Figure 4.3. Electron microscopy of kidney tissue from line F1446 female (A & B) and male (C & D)
Ren-1A'' animals complemented with the HREN-55 transgene. A & B. Prominent dense cytoplasmic

granules (arrows) can be seen in the afferent arteriolar smooth muscle cells (SM) of female animals

(x3,500 magnification). C & D. No dense cytoplasmic granules can be seen in the afferent arteriolar
smooth muscle cells (SM) of male animals. A small number of tiny granules can be seen (arrows), most

probably perioxisomes (C, x8,500; D, x36,000). Afferent arterioles were defined by tracing their origins
from the interlobular artery in semi-thin sections. A, afferent arteriole lumen; E, endothelial cell.
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4.3. Human renin transgene expression levels

4.3.1. Quantitative PCR assessment of hREN expression levels

MTsTV-complemented Ren-l& null animals from HREN-55 transgenic lines F1317 and
F1446 were sacrificed and kidney tissue collected for extraction ofRNA and assessment

of hREN transgene expression and mouse Ren-2 expression by quantitative PCR as

described in section 2.2.25. The quantitative real-time PCR data and data quantitation
are presented in Appendix 2.

Comparisons were made of the relative expression levels of the human renin transgene

in relation to the native mouse Ren-2 gene, using 18S RNA as an internal control for

quantitation. Female animals of line F1317 expressed the hREN transgene at

approximately 29% of the level of expression of the mouse Ren-2 gene (figure 4.4C).
Males of line F1446 expressed the hREN transgene at only 15% of the level of the Ren-2

gene, whilst in females of line F1446 expressed the hREN transgene at approximately
26% of the Ren-2 gene (figure 4.4C).

Comparisons were made of the expression levels of the hREN transgene and Ren-2

genes in male and female mice of line F1446, using 18S RNA as an internal control for

quantitation. Female animals of line F1446 express the hREN transgene at a level

approximately 7-fold higher than that of male animals of the same line, whilst in the

kidney tissue examined, F1446 females express the native Ren-2 gene at a level

approximately 4-fold higher than that of the males of the same line (figure 4.4D).
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Figure 4.4. Quantitative PCR assessment of hREN expression in lines
F1317 and F1446
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Figure 4.4. A. Quantitative real-time PCR assessment of hREN transgene and mouse Ren-2 gene

expression levels in F1317 females (n=3), F1446 males (n=3) and F1446 females (n=4). *, P<0.05 when

compared to Ren-2 expression by Student's t test. B. Expression levels of the hREN transgene and mouse

Ren-2 gene in male (n=3) and female (n=4) animals of line F1446. *, P<0.05 compared to male animals
by Student's t test.
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Figure 4.4. Continued.
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Figure 4.4. C. Relative expression of hREN transgene and mouse Ren-2 gene in F1317 females, F1446
males and F1446 females. D. Relative expression levels of the hREN transgene and mouse Ren-2 gene in
male and female animals of line F1446.



Comparisons were then made between expression levels of the hREN transgene in
female mice of lines F1317 and F1446, using 18S RNA as the internal control for

quantitation. Expression of the hREN transgene in line F1317 females was 1.7-fold

higher than in line F1446 females (figure 4.5C), although this difference did not reach

significance (p=0.151, figure 4.5A). Expression of the native mouse Ren-2 gene in
F1317 was 1.5-fold higher than in line F1446 (figure 4.5D), again this difference was

not significant (p=0.336, figure 4.5B).

Figure 4.5. Comparison of hREN expression between lines F1317 and
F1446
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Figure 4.5. A & B. Quantitative real-time PCR assessment of hREN transgene and mouse Ren-2

expression levels between females of lines F1317 (n=3) and F1446 (n=4). NS, no significance between
the groups compared by Student's t test. C & D. Relative hREN transgene and mouse Ren-2 expression
levels between females of lines F1317 and F1446.
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4.3.2. Effect of ACE inhibition on hRENexpression levels

In an investigation to see whether hREN transgene expression levels could be regulated

by pharmacological manipulation, groups of animals were treated with an ACE
inhibitor. Inhibition of the production of Ang-II should release renin gene expression
and renin protein release from the Ang-II negative feedback loop (Kono et al., 1981).
This manipulation would also allow investigation of whether the lack of granulation in
line F1446 males was related to transgene expression level, and to discover whether the

presence of protogranule and paracrystalline granular structures was also related to

transgene expression level.

Male and female /zRETV-complemented Ren-lA null animals from HREN-55 transgenic
lines F1317 and F1446 were subjected to ACE inhibition with captopril or control
treatment with vehicle as described in section 2.2.38. After this period, animals were

sacrificed and kidney tissue collected for extraction ofRNA and assessment of transgene

expression by quantitative PCR as described in section 2.2.25.

In female animals of line F1317, ACE inhibition resulted in expression of the hREN

transgene being up-regulated approximately 95-fold (p<0.05, figure 4.6A & 4.6C), using
18S RNA as an internal control. In the same F1317 animals, expression of the native
Ren-2 gene was up-regulated some 20-fold (p<0.05, figure 4.6B& 4.6D). In male
animals of line F1446, expression of the HREN-55 transgene was up-regulated

approximately 60-fold (p<0.05, figure 4.6A& 4.6C), whilst the Ren-2 gene was up-

regulated approximately 11-fold (p<0.05, figure 4.6B& 4.6D). Female animals of line
F1446 displayed a 43-fold induction of the hREN expression (p<0.05, figure 4.6A&

4.6C), with a 28-fold increase in Ren-2 expression (p<0.05, figure 4.6B& 4.6D). The

quantitative real-time PCR data and data quantitation are presented in Appendix 2.
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Figure 4.6. Effect of ACE inhibition on expression of hREN and Ren-2
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Figure 4.6. A. Comparison of the expression of the hREN transgene in response to ACE inhibition with

captopril (Cap) or treatment with vehicle in female mice of line F1317 (n=4 & n=3, respectively), male
mice of line F1446 (n=3 & n=3, respectively) and female mice of line F1446 (n=4 & n=4, respectively).

*, p<0.05 compared to vehicle using the REST method. B. Comparison of the expression of Ren-2 in the
same animals in response to ACE inhibition with captopril. *, p<0.05 compared to vehicle using the
REST method.
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Figure 4.6. Continued.
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Figure 4.6. C. Comparison of the relative expression of the hREN transgene in response to ACE
inhibition with captopril (Cap) or treatment with vehicle in female mice of line F1317, male mice of line
F1446 and female mice of line F1446. D. Comparison of the relative expression of Ren-2 in the same

animals in response to ACE inhibition with captopril.



4.3.3. Histological analysis

Transmission electron microscopy was performed to examine the subcellular structure of
the JG cells of the M£7V-complemented Ren-ld knockout mice following ACE
inhibition (table 4.4). In both male and female animals from line F1317, Ren-ld'''
animals complemented with human renin had revealed a restoration of granulation of the
renal JG cells, with protogranules and paracrystalline granular structures were often
visible. Following ACE inhibition with captopril, both male and female animals
exhibited a high degree of granulation (figure 4.7). Many cells appeared hyper-

granulated and there were many JG cells in which fusiform and paracrystalline

protogranule could be seen.

In the JG cells ofMETV-complemented Ren-ld~j~ animals from line F1446, large dense

granules had been seen in female animals, but /zi?£7V-complemented Ren-ld~'~ male
animals of line F1446 did not have granulated JG cells. Following ACE inhibition with

captopril, both male and female animals of line F1446 exhibited a high degree of

granulation (figure 4.8). Similar to line F1317, many JG cells appeared hyper-

granulated and there were many cells in which fusiform and paracrystalline protogranule
could be seen.
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Table 4.4. Summary of ACE inhibition data for line F1317 and F1446

Line Animal No Sex
Mouse renin

genotype
HREN-55

genotype Treatment
JG

granulation

F1317 5520 M -/- + Captopril gr

5811 M -/- + Captopril gr

5812 M -/- + Captopril gr

5813 M -/- - Captopril ng

5523 F -/- + Captopril N/A

5801 F -/- + Captopril gr

5803 F -/- + Captopril gr

5805 F -/- + Captopril gr

5806 F -/- + Vehicle gr

5807 F -/- + Vehicle gr

5808 F -/- + Vehicle gr

5815 F -/- - Vehicle ng

F1446 6022 M -/- - Captopril ng

6023 M -/- + Captopril gr

6210 M -/- + Captopril gr

6647 M -/- + Captopril gr

6024 M -/- + Vehicle ng

6026 M -/- + Vehicle ng

6029 M -/- + Vehicle ng

6649 M -/- + Vehicle gr

5530 F -/- + Captopril gr

6034 F -/- + Captopril gr

6214 F -/- + Captopril gr

6656 F -/- + Captopril N/A

5531 F -/- + Vehicle gr

6035 F -/- + Vehicle ng

6215 F -/- + Vehicle gr

6658 F -/- + Vehicle gr

homozygous Ren-ld knockout; +, hREN transgene positive; hREN transgene negative; gr,
granulation of JG cells; ng, no granulation seen in JG cells; N/A, data not available due to poor
quality of EM sample.
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Figure 4.7. Electron microscopy analysis of line 1317 animals

Figure 4.7. Electron microscopy of kidney tissue following ACE inhibition of line F1317 hREN-

complemented Ren-1A~'~ animals. A. Prominent dense cytoplasmic granules (arrows) and protogranules

(double arrow) can be seen in afferent arteriolar smooth muscle cells (SM) (x2,400 magnification). B &
C. Many paracrystalline protogranules within the rough endoplasmic reticulum (arrows) can be seen (B,

x24,000; C, x89,000). Afferent arterioles were defined by tracing their origins from the interlobular artery
in semi-thin sections. A, afferent arteriole lumen; E, endothelial cell.
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Figure 4.8. Electron microscopy analysis of line 1446 animals

Figure 4.8. Electron microscopy of kidney tissue following ACE inhibition of line F1446 hREN-

complemented Ren-1AI' animals. A. Prominent dense cytoplasmic granules (arrows) and protogranules

(double arrow) can be seen in afferent arteriolar smooth muscle cells (SM) (x2,400 magnification). B &
C. Paracrystalline protogranules can be seen in these cells (arrows). Afferent arterioles were defined by

tracing their origins from the interlobular artery in semi-thin sections (B, x36,000; C, x89,000). A,
afferent arteriole lumen; E, endothelial cell.
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4.4. Complementation of the Ren-1d knockout
with mutant human renins

The complete absence of granulation observed in the Ren-ld knockout mouse has been

successfully rescued by complementation with a human renin transgene. This has
confirmed our hypothesis that the structural features necessary for the formation of
dense renin-containing granules are conserved between the mouse and human renin

proteins. This demonstrates the value of the Ren-ld knockout mouse as a model system
in which to investigate the renin protein trafficking, and allows the dissection of the
structural features of renin proteins necessary for the generation of dense-core secretory

granules. A series of experiments with the human renin protein was therefore designed.

The primary sequence of the mouse Ren-ld and Ren-2 genes are highly conserved, and

yet the products of these two genes are not functionally equivalent (Clark et al., 1997a).
One of the primary biochemical differences between the renin-ld and renin-2 proteins is
in the AMinked glycosylation potential of the proteins (figure 4.9). Three potential
AMinked glycosylation motifs are located in the primary sequence of renin-ld, whereas
the renin-2 protein lacks any consensus sites (Masuda et al., 1982; Panthier et al., 1982;
Burt et al., 1985; Burt et al., 1989; Morris, 1992). Importantly, rat renin has the same

three potential glycosylation motifs (Burnham et al., 1987; Fukamizu et al., 1988) and
two of these glycosylation motifs are conserved in the hREN protein (Imai et al., 1983;
Morris et al., 1983; Hardman et al., 1984; Hobart et al., 1984; Miyazaki et al., 1984),

suggesting that they may play an important evolutionary role in some function of the

protein. To investigate the role of glycosylation status on human renin protein secretory

pathway targeting, it was decided that the A-glycosylation motifs would be mutated
within the genomic sequence present in PAC 111L11, in order that the same 55 kb

region could be used for generation of transgenic mice and comparison of phenotypes.
The strategy for manipulation of PAC clones was that of ET-recombination (Zhang et

al., 1998; Muyrers et al., 1999; Muyrers et al., 2000a; Zhang et al., 2000b).
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Figure 4.9. Protein motifs in the renin-1d and renin-2 proteins
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Figure 4.9. Known and putative protein motifs within the mouse renin-ld and renin-2 proteins. A major
differences between the two proteins is the presence of three A-glycosylation motifs in the renin-ld protein
and the lack of all three of these motifs in the renin-2 protein. There are also a number of amino acid
differences around the propeptide cleavage site, which may influence the specificity of a prorenin

processing enzyme. Renin protein amino acid sequences were analysed by ProSite Motif Search

(Hofmann etal., 1999) and PSORT II Sorting Signal Search (University ofTokyo, Japan).

4.4.1. Preliminary ET-recombination manipulations

In order to establish ET-recombination DNA engineering, an initial strategy was devised
to introduce a selection cassette into a small high-copy number plasmid (figure 4.10)
rather than a large low-copy number BAC or PAC. For this strategy, plasmid

pBS-EGFP was generated by traditional cloning methods. A 0.77 kb Eco Kl/Not I

fragment, containing the EGFP cDNA, was removed from plasmid pEGFP-Nl and was

ligated into the Eco RI and Not I digested multiple cloning site of plasmid

pBlueScript-SK+.

Plasmid pBS-EGFP was introduced by electroporation into E. coli strain JC8679, an

ET-recombination-proficient strain that constitutively expresses the recE and recT genes

(Zhang et al., 1998). ET-recombination was performed with JC8679 as described in
section 2.2.41. PCR reaction was performed with oligonucleotides JJM-359 and
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JJM-360 (see Appendix 1 for primer details) to amplify the FRT-flanked kanamycin
resistance cassette of pKaZl. JJM-359 contains 20 bp for priming the pKaZl PCR
reaction and 60 bp of homology to the 3' end of the EGFP cDNA. JJM-360 contains
20 bp for reverse-priming the pKaZl PCR reaction and 60 bp of homology to the region
of plasmid pBS-EGFP downstream of the EGFP cDNA.

Figure 4.10. Manipulation of a plasmid by ET-recombination

4-

glp r- Kan ai—L—J——^o»a
FRT FRT

Transformation
in vivo recombination

i f AmpR/KanR selection

Figure 4.10. Schematic of the ET-recombination procedure. Plasmid pBS-EGFP, resident in ET-
recombination proficient E. coli strain JC8679, is modified by recombination with a PCR product that
contains a kanamycin selection cassette {Kan). The PCR product has 50 bp homology arms that flank the
selection cassette to the 5' (gfp) and 3' (a). Recombination generates a plasmid that carries resistance to

both ampicillin and kanamycin.

From the ET-recombination procedure, 26 individual colonies of E. coli were obtained.
All 26 clones were grown for analysis and identification of recombinants (figure 4.11).
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Clones were first screened by PCR with oligonucleotides JJM-304 and JJM-305, which

spans across the 5' recombination arm (figure 4.11 A) (see Appendix 1 for primer

details). From this screen, two clones, numbers 19 and 20, were identified as having

undergone recombination through the 5' arm. DNA was prepared from clones 19 and 20
for restriction and Southern hybridisation analysis to investigate whether
ET-recombination had generated the intended plasmid, pBS-EGFP-FRT-Kan (figure
4.1 IB). DNA was also prepared from clones 6 and 7 to investigate whether these clones

represented contamination with non-digested template plasmid pBS-EGFP. Nco I
restriction digestion revealed the expected pattern of restriction fragments for clones 19
and 20, suggesting they had indeed undergone the intended ET-recombination.

Hybridisation analysis confirmed that the EGFP and kanamycin genes were present

within the expected restriction fragments. Sequencing of these two clones was

performed and confirmed that recombination had taken place at the intended sites and no

mutations or rearrangements had occurred within this region of the plasmid (data not

shown). DNA prepared from clones 6 and 7 contained a single plasmid. This plasmid
had a different restriction digest pattern to both pKaZl and pBS-EGFP and also to

plasmid pBS-EGFP-FRT-Kan, but also contained both the EGFP cDNA and the

kanamycin resistance gene.
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Figure 4.11. Screening for recombinants of ET-recombination
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Figure 4.11. A. PCR analysis of ET-recombination clones. 26 clones were analysed and 2 clones,
numbers 19 and 20, were found to generate the expected PCR product. B. Nco I restriction digest was

performed and fragments were separated on a 1% agarose gel. A single fragment of 4.0 kb was expected
for pBS-EGFP, whilst 3 fragments of 6.0, 1.3 and 0.9 kb were expected for pKaZl. The expected

fragments for plasmid pBS-EGFP-FRT-Kan of 2.6, 1.9 and 0.9 kb were observed from ET-recombination
clones 19 and 20. Fragment of 4.3 and 1.4 kb were observed from ET-recombination clones 6 and 7.
From clones 19 and 20, as expected, the 1.9 kb fragment hybridised with a GFP probe, whilst the 1.9 and
0.9 kb fragments hybridised with kanamycin probe. The 1.4 kb fragment of clones 6 and 7 hybridised
with the GFP probe, whilst both the 4.3 and 1.4 kb fragments hybridised with the kanamycin probe.

4.4.2. Mutation of a human renin-containing PAC

Having established that ET-recombination can be successfully performed in a high-copy

plasmid, a strategy was developed to introduce specific mutations into the glycosylation
motifs of human renin within PAC clone 111L11 (figure 4.12). This two-step strategy

would introduce the desired mutation into the PAC, along with a selectable marker, in
the first step. In the second step, the selectable marker would be removed by counter-

selection, leaving only the desired mutation in the PAC clone. For this strategy, the
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tetracycline selection system was chosen as this marker can be counter-selected against

using chlortetracycline and fusaric acid (Bochner et al., 1980). JC8679 is not a suitable
E. coli host strain for BAC or PAC clones and so ET-recombination was to be

performed within DH10B cells, mediated by plasmid pBAD-ETy (Zhang et al., 1998).

Figure 4.12. Manipulation of a hREN PAC clone by ET-recombination
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Figure 4.12. Schematic of the ET-recombination steps. A. A PAC clone of the human renin gene,

resident in DH10B, is modified by recombination with a PCR product that contains the mutated

glycosylation motif (m) and a tetracycline selection cassette (Tet). The PCR product has 50 bp homology
arms that flank the mutated region to the 5' (a) and 3' (b). B. In a second step, the Tet selection cassette is
removed by recombination between the modified human renin clone and a second PCR product containing

only the mutated glycosylation motif (m) and the arms of homology (a and b).

Oligonucleotide primers were designed to introduce point mutations into the two

A-glycosylation motifs of human renin PAC clone 111L11. Primers JJM-308 and
JJM-309 were used to generate a cassette for targeting glycosylation motif A and
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primers JJM-312 and JJM-313 were used to generate a cassette for targeting

glycosylation motif B (see Appendix 1 for primer details). ET-recombination protocols
were performed as described in section 2.2.41, using plasmid pBR322 as the source of
the tetracycline resistance cassette for the PCR reaction. After electroporation, E. coli
were plated on selection medium containing kanamycin and tetracycline. Control
transformation experiments were performed to establish the competence of the DH10B
E. coli. Competence was found to be poor, and so the electrocompetent cell preparation
was optimised (table 4.6), ensuring all glassware and solutions that were in contact with
the E. coli were properly pre-chilled. This has been found to be a critical stage in the

preparation of ET-recombination proficient E. coli (J. P. P. Muyrers, Y. M. Zhang &
A. F. Stewart, personal communication).

Whilst large numbers of bacterial colonies were generated from these electrocompetent
E. coli, no recombinants were found from the ET-recombination reactions and there was

a high degree of false-positive background from the pBR322 plasmid despite the Dpn I

digest stage of the protocol. In order to decrease this background and increase the
likelihood of detecting recombinants, the pBR322 plasmid was linearised outside of the

tetracycline resistance cassette by digestion with Sea I. Whilst the number of false-

positive background colonies was reduced, ET-recombination reactions performed with
PCR products generated from the linearised pBR322 still had a high degree of false-

positive background.

Table 4.6. Summary of ET-recombination protocol optimisation

Problem Steps taken

Poor competence of E. coli Electrocompetent cell preparation optimised

High background from plasmid
pBR322 after Dpn 1 digestion

Plasmid pBR322 linearised before PCR reaction

Background from linearised
plasmid pBR322

Plasmid pGPS2.1 used as template. R6Ky origin of
replication not active in DH10B E. coli

No recombinants Antibiotic selection concentrations reduced

No recombinants Plasmid pBAD-aPy used to mediate ET-recombination
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In order to eliminate the false-positive background, it was decided a different plasmid
would be used in the PCR amplification of a tetracycline resistance cassette. Plasmid

pGPS2.1 contains a tetracycline resistance cassette, but also contains a R6Ky origin of

replication, which requires expression of the Pir gene by the host E. coli for plasmid

replication to occur. Most common laboratory host strains, including DH10B, do not

express this protein, and so pGPS2.1 is unable to replicate in these strains.
ET-recombination reactions were performed with PCR products generated from the

pGPS2.1 and, as expected, there was no false-positive background. However, there
were no other colonies present on the kanamycin/tetracycline selection plates, indicating
the absence of any recombinants.

Having eliminated the problem of false-positive background, the antibiotic selection
concentration was modified to reduce the selection criteria. Less stringent selection can

aid identification of recombinants (J. P. P. Muyrers, personal communication).

Kanamycin concentration in the L-agar selection plates was reduced from 25 pg/ml to
12.5 pg/ml and tetracycline concentration was reduced from 12.5 pg/ml to 6.25 pg/ml.

However, even under the reduced selection conditions there were no colonies on the

plates, again suggesting the absence of ET-recombination.

In an alternative ET-recombination approach, the ET-recombination-mediating plasmid

pBAD-ETy was replaced with plasmid pBAD-aPy. In plasmid pBAD-a(3y, recE and recT

have been replaced with by their respective functional counterparts of phage lambda,
reda and red$, and the plasmid is reported to have an increased efficiency in mediating

ET-recombination (Muyrers et al., 1999). ET-recombination was performed with this
alternative plasmid mediator to introduce mutations into either of the two

A-glycosylation motifs of PAC 111L11 along with a tetracycline resistance cassette.

However, no recombinants were identified in this alternative approach.

4.4.3. Creation of human renin minigenes

Because of the lack of success in modifying a human renin PAC clone, an alternative

strategy was developed to investigate the role of the glycosylation status of the human
renin protein using minigene constructs. These constructs were designed to express
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wild-type and mutant human renin proteins from the hREN cDNA under the control of a

region of 6 kb of the Ren-ld promoter (figure 4.13).

Figure 4.13. Design of a human renin minigene

A ^Ren-Id
w

hREN cDNA PA

\ lac aag cac aatgga aca gaa etc acc

aca ctt ggc aac acc acc tcc tcc gtg Exon 4 glycosylation motif
Exon 2 glycosylation motif

B
Exon 2 Exon 4

DLI NGD Mouse renin-2

TLGWTTSSV YKHWGTELT Human renin

D D Mutant human renin

Figure 4.13. A. Schematic of a human renin minigene. Expression of human renin from its cDNA

(hREN cDNA) is driven by 6 kb of Ren-1A gene 5'-flanking promoter region (PRcn.id). The construct is

completed by inclusion a poly A signal (pA). B. Within the hREN cDNA sequence, the Af-glycosylation
motifs of exon 2 and exon 4 are mutated by alteration of a single amino acid of the human renin protein to

the renin-2 equivalent.

Within the coding nucleotide sequence of the hREN cDNA of plasmid pRHR-1100,
mutations were introduced by site-directed mutagenesis to alter the two A-glycosylation
motifs of the translated protein (table 4.7). Modification of the W-glycosylation motif in
exon 4 of the human renin gene (7V-glycosylation motif B) to generate plasmid

pRHR-mutB was performed by site-directed mutagenesis with oligonucleotides JJM-409
and JJM-410 as described in section 2.2.18 (see Appendix 1 for primer details). During
the modification to the W-glycosylation motif B, a mutation was also included to

introduce a Sac I restriction site into plasmid pRHR-mutB without affecting the amino
acid at this point of the translated protein (i.e. a non-coding mutation). Screening for the

A^glycosylation motif B modification was performed by Sac I and Bam HI restriction

digest (figure 4.14). After identification of clones of pRHR-mutB, sequencing of the
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ME/VcDNA was performed to confirm the mutations had been correctly introduced and
no other mutations had been introduced into the hREN cDNA during the PCR

mutagenesis (see Appendix 1 for sequencing primer details).

Table 4.7. Mutation of human renin cDNA

A-glycosylation Motif Nucleotide sequence Notes

motifA Initial

sequence

aca ctt ggc aac acc acc tcc tcc gtg Bold text indicates nucleotides

encoding 7V-glycosylation motif

Modified

sequence

aca ctt ggc gac acc acc tcc tcc gtg Red text indicates modified
nucleotides.

motif B Initial

sequence

tac aag cac aat gga aca gaa etc acc Bold text indicates nucleotides

encoding /V'-glycosylation motif

Modified

sequence

tac aag cac aac S2g gat gag etc acc Red text indicates modified
nucleotides. Underlined text
indicates Sac I restriction site

Figure 4.14. Screening for modification to N-glycosylation motif B of

pRHR-1100

en

pRHR-1100
3

s
1

a£

Q. clones
kb M 1 2 kb

5.0 - - 4.9

r*w ©O 11
- 4.0

- 0.9
0.5 -

Figure 4.14. Identification of clones of pRHR-mutB. Bam HI and Sac I restriction was performed and

fragments were separated on a 1% agarose gel. Digestion of pRHR-1100 yields a single fragment of
4.9 kb, whilst pRHR-mutB yields two fragments of 4.0 and 0.9 kb.
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Modification of the vV-glycosylation motif in exon 2 of the human renin gene of plasmid

pRHR-1100 (A-glycosylation motif A) to generate plasmid pRHR-mutA and mutation
of the second A-glycosylation motif (motif A) in plasmid pRHR-mutB to generate

plasmid pRHR-mutAB was also performed by site-directed mutagenesis using

oligonucleotides JJM-407 and JJM-408 (see Appendix 1 for primer details). Screening
for introduction of the single base pair mutation was performed by sequencing of clones

using oligonucleotide primer JJM-479 (data not shown). After identification of clones
with the desired mutation, sequencing of the whole hREN cDNA was performed to

ensure other mutations had not been introduced (see Appendix 1 for sequencing primer

details).

Having introduced the desired mutations into pRHR-1100, the final step in the
construction of the hRENminigenes was the introduction of 6 kb of Ren-ld 5'-flanking

promoter sequence in place of the Rous sarcoma virus (RSV) promoter that was present
in plasmid pRHR-1100 and the mutant human renin plasmid derivatives, pRHR-mutA,

pRHR-mutB and pRHR-mutAB (figure 4.15). The promoter fragment was generated by
PCR from plasmid pBam-A9 using primers JJM-467 and JJM-468 (see Appendix 1 for

primer details). pBam-A9 contains a Bam HI restriction fragment which spans from
6 kb upstream of the Ren-ld genomic locus to 0.6 kb into intron A (A. F. Clark &
N. Kotelevtseva, unpublished data). Primers were designed to introduce a Sma I
restriction site into the 5' end of the PCR transcript and a Hin dill restriction site into the
3' end of the transcript. The PCR product was then consecutively digested with Sma I
and Hin dill to generate compatible ends for cloning the promoter region into Pvu II and
Hin dill digested plasmid pRHR-1100. Screening for the creation of pPrenld-hREN,

pPrenld-hREN-mutA, pPrenld-hREN-mutB and pPrenld-hREN-mutAB was performed

by Eco RV restriction digest (figure 4.16).
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Figure 4.15. Cloning strategy for introduction of the Ren-1d promoter into
the hRENminigene

Figure 4.15. Generation of human renin minigene plasmid pPrenld-hREN. The RSV promoter of

pRHR-1100 was removed by digestion with Pvii II and Hin din restriction enzymes and the 4.5 kb vector

fragment isolated. A 6.0 kb region of Ren-ld 5'-flanking promoter region was amplified from plasmid
pBam-A9 by PCR with oligonucleotides JJM-467 and JJM-468. These primers introduced Sma I and Sal I
restriction sites into the 5' of the PCR product and aHin dlH restriction site into the 3' of the PCR product.

Digestion of the PCR product with Sma I and Hin din generated compatible ends for ligation of the

promoter fragment into the Pvn H and Hin dffl digested pRHR-1100 vector. Minigene plasmid construct

pPrenld-hREN can be linearised at the unique Sal I site.
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Figure 4.16. Screening for introduction of the Ren-1d promoter into the

hflEA/minigene

Figure 4.16. Identification of clones of pPrenld-hREN. Eco RV restriction digest was performed and

fragments were separated on a 1% agarose gel. Parental plasmid pRHR-1100 yields a single fragment of
4.9 kb, whilst the plasmid pPrenld-hREN yields two fragments of 7.5 and 2.9 kb.

To verify that 6 kb of Ren-ld 5'-flanking promoter sequence would be sufficient for

expression of the hREN minigene, the As4.1 cell line was transfected with plasmids

pRHR-1100 and pPrenld-hREN with FuGENE-6 reagent as described in section 2.2.33.

Expression of the hREN gene was then assessed by quantitative real-time PCR as

described in section 2.2.25, and the data were then plotted (figure 4.17). The

quantitative real-time PCR data and data quantification can be found in Appendix 2.

In the As4.1 cell line 6 kb of Ren-ld 5'-flanking promoter sequence were sufficient to
drive expression of the hREN from the minigene at approximately 55% of the level of
the viral RSV promoter. Having demonstrated the ability of the minigene to express
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human renin, minigenes were linearised at the unique Sal I restriction site and prepared
for pronuclear microinjection procedures as described in section 2.2.37.

Figure 4.17. Quantitative real-time PCR analysis of expression of a hREN

minigene

Figure 4.17. A. Quantitative real-time PCR assessment of the expression of hREN in the As4.1 cell line
driven by RSV promoter (Prsv) and 6 kb of Ren-1A promoter region (PReil-id). *, P<0.05 between the

groups by Student's / test. B. Relative expression of hREN in the As4.1 cell line driven by RSV promoter

and 6 kb ofRen-1A promoter region.

4.4.4. Generation of transgenic mice on the Ren-1d knockout

background

Traditional transgenic mouse production in this laboratory involves microinjection into

oocytes derived from Ae«-/c-containing CBA/C3H animals. For complementation of
knockout animals, transgene-positive founder mice have to be backcrossed to the
knockout line for two generations before analysis can take place. Additionally, these
mice are of a mixed genetic background if the knockout and the transgenic mice are not

of the same strain, which can influence the interpretation of results. In a new strategy, a

C57BL/6 Ren-ld knockout mouse breeding colony has been established for the
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production of oocytes for microinjection procedures. This strategy has allowed
introduction of transgenes directly onto the knockout background.

Animals can be analysed at the founder level or transgene-complemented knockout lines
can be established by breeding founder animals. At the time of writing, data regarding
these animals are not yet available. However, it is hoped that this approach will speed
the generation and analysis of mutant human renin proteins and their ability to

reconstitute granulation in the Ren-ld knockout mouse.

4.5. Discussion

4.5.1. Histomorphological analysis

In all hREN transgenic lines, a normal macula densa structure was seen in all

heterozygous (Ren-lc+ Ren-2+ Ren-ld~) animals examined, whether male or female. It
was previously demonstrated that Ren-ld knockout heterozygous (Ren-2+l+ Ren-li+l~)
animals on the 129/Ola background had no macula densa abnormalities (Clark, 1997;
Clark et al., 1997a). The present study has revealed that the presence of a single copy of
the mouse Ren-lc gene is also able to maintain normal macula densa morphology.

In all lines, homozygous knockout (Ren-2+/+ Ren-ld~'~) male and female animals

displayed an atypical macula densa morphology confirming the results observed in

previous studies (Clark, 1997; Clark et al., 1997a). In all hREN transgenic lines, Ren-ld
knockout animals that were complemented with human renin also displayed the same

abnormal macula densa phenotype. These results provide evidence that the human renin

protein is unable to substitute in the role of the renin-ld protein in the determination of a
normal macula densa structure. Furthermore, they suggest that the macula densa
abnormalities may be due to a property of the enzymatic activity of the renin- ld enzyme,

as the human renin is unable to increase the capacity for Ang-I generation due to the

species specificity of the renin enzymes.

Interestingly, a single homozygous Ren-ld knockout animal (4281) of line F1448

displayed a macula densa morphology that was attributed a wild-type phenotype. There
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are several possible explanations for this observation. The first explanation could be
that the animal was mis-genotyped; however, re-analysis of genotyping data suggests

that this is not the case. It is possible that DNA samples were accidentally swapped or

mislabelled during genomic DNA preparation, but whilst operator error cannot be ruled

out, precautions were taken in the DNA preparation to prevent this eventuality.

Assuming that the animal has not been mis-genotyped, the result raises other

possibilities. During histological sampling, there is a possibility that sections through
macula densa structures are not obtained. If few clear macula densa structures are

visible, it is possible a misinterpretation could take place. There is also the interesting

possibility that the altered macula densa morphology observed in the Ren-ld knockout
mouse is not fully penetrant.

In line F1317, granulation of the renal JG cells was evident in both male and female
Ren-ld~' animals complemented with human renin. These results demonstrate that the

presence of the human renin protein is able to reconstitute granulation in the JG cells,
and strongly suggest that the functional regions of the protein required for dense-core

secretory granule formation are conserved between the human renin and mouse renin-1d
proteins. In the mouse, the first stages of granulopoiesis in the JG cells of the

glomerular afferent arterioles involves the generation of protogranules, which are

primarily of rhomboid or fusiform shape (Barajas, 1979; Taugner et al., 1984).

Importantly, fusiform and rhomboid paracrystalline protogranules were also visible in
the JG cells of line F1317 MfsW-complemented Ren-1d_/" animals. These observations

suggest that the biogenesis of the renin secretory granules observed in this line follows a

similar pathway to that previously observed for endogenous mouse renin in the JG cells.

In line F1446, restoration of JG cell granulation was only observed in the Ren-ld~'~
female animals complemented with human renin, whilst male /zi^FA-complemented
Ren-ld~'~ animals displayed an agranular morphology akin to that of Ren-ld~'~ animals.
These data suggest that the expression level of the hREN transgene may influence its

ability to rescue the Ren-ld''~ agranular JG cell phenotype. It is possible that a threshold
of expression is required before renin protein is stored in granules to await regulated
release. In the F1448 line, rescue of the agranular JG cell morphology was seen in
neither male nor female animals. It is possible that this is due to the expression level of
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the hREN transgene being insufficient for granule formation. However, further analysis
of this line has not yet been undertaken.

Interestingly, a single Ren-ld~'~ animal of line F1317 complemented with human renin

(animal 2578) did not have a restoration of granulation. It is possible that expression of
the transgene in this individual was not at a sufficient level for reconstitution of JG cell

granulation to occur. It is also possible that this observation was due to the sampling.
Not all JG apparatuses of the kidney express renin (Kim et al., 1999), and only small
amounts of tissue are needed for examination by electron microscopy. It is possible that
the region of the kidney sampled for electron microscopy analysis was a non-renin

expressing part.

After stimulation of the RAS in the mouse, most protogranules exhibit rhomboid profiles
and paracrystalline contents (Barajas, 1979; Taugner et al., 1984). In line F1317, up-

regulation of hREN transgene expression levels by inhibition of ACE with captopril
resulted in a similar observation. Rhomboid protogranules with paracrystalline contents

were particularly evident in /zi^if/V-complemented Ren-ld~'~ animals of this line after
ACE inhibition, suggesting up-regulation of the hREN transgene expression in response

to the stimulus. In line F1446, up-regulation of hREN transgene expression levels by
inhibition of ACE with captopril resulted in a similar observation to that of line F1317.
In both male and female MEJV-complemented Ren-ld''~ animals dense-core renin

granules were evident in JG cells and rhomboid protogranules with paracrystalline
contents were evident in many of these JG cells.

These data indicate that the packaging of the hREN protein in the mouse renal JG cells
occurs via the same pathway by which mouse proteins are packaged, suggesting the

presence of conserved structural features between mouse renin-ld and human renin

necessary for trafficking to the regulated pathway of renin secretion in JG cells. Data
from line F1446 also support the hypothesis that a threshold level of hREN protein

expression is required for dense renin granule formation. In male animals of line F1446,
a rescue of the granulation of the JG cells was not achieved. However, when hREN

expression was up-regulated by inhibition of ACE, large dense-core secretory granule
were observed in the JG cells, as were rhomboid protogranules with paracrystalline
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contents. These data suggest that the level of expression of hREN in the JG cell of
F1446 male animals is insufficient for reconstitution of granulation, but that up-

regulation of hREN expression raises the protein level to a point whereby granulopoiesis
occurs.

4.5.2. Human renin transgene expression levels

Quantitative real-time PCR analysis of the expression of the endogenous mouse Ren-2

gene and the hREN transgene expression levels supports the hypothesis that a threshold
of expression is necessary for renin secretory granule formation. Female Ren-ld~'~
animals of line F1446 complemented with hREN displayed a rescue of JG cell

granulation, whereas F1446 male animals of the same genotype did not have rescue of

granulation. Quantitative real-time PCR revealed that expression of the hREN transgene

in the kidney of female F1446 animals was at a level approximately 7-fold higher than
that of male F1446 animals. Similarly, expression of the endogenous Ren-2 gene in the

kidney of female F1446 animals was at a level approximately 4-fold higher than that of
male F1446 animals. The difference in expression levels of the hREN gene is likely to

account for the sexually dimorphic differences in phenotype observed. There are a

number of possible reasons why the female animals might express the hREN transgene

at a higher level than that of male animals. Female Ren-ld~'~ animals are slightly

hypotensive, whereas male Ren-ld~'~ animals are normotensive (Clark et al., 1997a). It is

possible that the kidney RAS in female Ren-ld~'~ animals is stimulated to a greater extent

than in males in order to maintain blood pressure. If the appropriate regulatory elements
are present in the hREN transgene then this stimulus would lead to a higher level of

expression of hREN in these female animals. Also, male animals express the Ren-2 gene

at high levels in the submandibular gland (SMG) compared to females (Bing et al.,

1980; Neilsen & Poulsen, 1993). It is likely that in male Ren-ld~'~ animals, renin-2

protein derived from the SMG plays some role in blood pressure maintenance. In these
animals the RAS in the kidney may not need to be highly stimulated for blood pressure

maintenance and so hREN expression would be lower as a result.

Several studies with large renin transgenes have been reported. Use of a 45 kb hREN

transgene with 25 kb 5'-flanking sequences resulted in appropriate regulation of the
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transgene in response to physiological stimuli, but mouse Ren-E mRNA levels were

several-fold higher than hREN mRNA levels when assessed by RNase protection and
mouse plasma renin concentration (PRC) was 30-fold higher than human PRC (Yan et

al., 1998b). Use of 140 kb and 160 kb hREN PAC transgenes with 35 kb or 75 kb of

5'-flanking sequences, respectively, resulted in expression of hRENmRNA at equivalent
levels to that of the endogenous mouse Ren-E gene when assessed by RNase protection

(Sinn et al., 1999a). Transgenic animals generated with a 145 kb BAC transgene

encompassing the mouse Ren-ld and Ren-2 loci, including 45 kb 5'-flanking sequences,

expressed the transgene-derived Ren-E gene at levels analogous to that of the

endogenous mouse Ren-E gene when assessed by RT-PCR (Mullins et al., 2000).

In the present studies with a hREN transgene of 55 kb, including 35 kb of 5'-flanking

sequences, expression of hREN mRNA in the kidney of animals from lines F1317 and
F1446 was between 15% and 30% of the levels of expression of Ren-2 mRNA,
consistent with the data of Yan et al. (1998). Whilst the level of hREN transgene

expression is not at levels equivalent to that of the endogenous mouse renin gene as

observed in studies by Sinn et al. (1999) and Mullins et al. (2000), there are a number of

important differences between the studies. Firstly, the present data are comparing the

expression of hREN in the kidney to that of the endogenous Ren-2, whereas the above
studies compared transgene expression to that of the endogenous Ren-E gene.

Regulation of the Ren-2 gene differs from that of the Ren-E gene and so a difference in

expression might be expected in the kidney JG cells. Secondly, data were obtained from
animals on the Ren-ld~'~ background rather than wild-type mice. On this background the
RAS is stimulated as a result of the loss of the Ren-E gene, evidenced by a greatly
elevated plasma prorenin concentration in comparison to wild-type controls (Clark et al.,

1997a). Whilst it might be expected that the expression of hREN might be up-regulated
to a similar degree to the Ren-2 gene, the transgene may lack some of the required

regulatory sequences or the mouse regulatory factors may not drive expression of the
hREN gene with maximum efficiency. Finally, expression data were obtained by
different methods in the present study. Previous studies quantitated transgene and

endogenous renin expression level by either RNase protection or RT-PCR. In the

present study, expression of the hREN transgene and the endogenous mouse renin was
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performed by quantitative real-time PCR. Without the use of real-time quantitation, RT-
PCR is likely to be the least sensitive method of quantitation, as the extent to which each
PCR has proceeded cannot be assessed. RNase protection is a more accurate method of

quantitation, but accurate assessment of hybridisation signal is a limitation. Quantitative
real-time PCR is the most accurate method of expression level quantitation as

accumulation of PCR product is directly related to the amount of starting template and
the accumulation is followed in real-time.

In mice carrying a 45 kb hREN transgene, expression of the hREN transgene in the

kidney was up-regulated approximately 30-fold in response to ACE inhibition with

captopril as assessed by RNase protection, whilst expression of the endogenous Ren-f
gene was up-regulated approximately 10-fold. In hREN PAC transgenic mice

expression of both the hREN transgene and the endogenous Ren-Jc gene in the kidney
was up-regulated approximately 8-fold in response to ACE inhibition with captopril as
assessed by RNase protection (Sinn et al., 1999a). In the present study, ACE inhibition
ofMETV-complemented Ren-ld~'~ animals of lines F1317 and F1446 resulted in an up-

regulation of expression of the hREN transgene by 43- to 95-fold and an up-regulation of
expression of the endogenous Ren-2 gene by 11- to 28-fold. These data are consistent
with those of Yan et al. (1998), but differ quite markedly from those of Sinn et al.

(1999).

Some of the differences observed between this and previous studies may be explained by
differences in sensitivity between the different methods of assessment of expression
levels between the studies. There are also a number of other possibilities that could

explain the differences in regulation of transgene expression in response to ACE
inhibition. The hREN transgene used in this study was 55 kb, including approximately
35 kb of 5'-flanking sequence and approximately 10 kb of 3'-flanking sequence (Chapter

3, figure 3.1). This is quite similar to the hREN transgene of Yan et al. (1998), which
included 25 kb of 5'-flanking sequence and 8 kb of 3'-flanking sequence, although the

5'-flanking sequences are larger in the present study. The 140 kb hREN PAC transgene

of Sinn et al. (1999) included the same 35 kb of 5'-flanking sequence but a larger 90 kb
of 3'-flanking sequence, whilst the 160 kb hREN PAC transgene included 75 kb of

5'-flanking sequence and 70 kb of 3'-flanking sequence. Differences between the
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regulation of the 55 kb hREN transgene of this study and the 45 kb hREN transgene

studied by Yan et al. (1998) might be explained by the presence of regulatory sequences

in the additional 10 kb of 5'-flanking sequence of the 55 kb transgene, as has been

previously suggested (Sinn et al., 1999a). Differences between the present study and the
studies of Sinn et al. (1999) are more difficult to explain. The 55 kb hREN transgenes of
this study and the 140 kb hREN PAC transgene possess the same 35 kb of 5'-flanking

sequence. However, the 140 kb PAC transgene and the 160 kb PAC transgene possess a

larger 3'-flanking region. It is possible that this 3'-flanking region contains regulatory
elements that influence the control of hREN gene expression. Alternatively, the large

flanking sequences of the PAC transgenes may insulate the transgenes more effectively

against positional effects and lead to tighter regulation of the hREN gene. Also, the

genetic background of the mice used differs between the studies, which may contribute
to differences observed.

4.5.3. Complementation of the Ren-1d knockout with mutant

human renins

To investigate the structural features of human renin necessary for trafficking of the

protein to dense-core secretory granules, experiments were designed to introduce
mutations into PAC 111L11 by ET-recombination. In this way, the same 55 kb hREN

transgene region could be used in the generation of transgenic for examination of the

phenotype of Ren-ld~'~ animals complemented with mutant hREN proteins. In order to
establish ET-recombination techniques, a small, high-copy plasmid was first modified
rather than a large low-copy PAC clone. Of the 26 positive clones, 2 contained the

correctly targeted plasmid, an ET-recombination efficiency of 7.8%. Unexpectedly,
DNA prepared from two of the false-positive clones (clones 6 and 7) did not contain
both plasmid pKaZl and pBS-EGFP, but contained a single plasmid. This plasmid had
a different restriction digest pattern to both pKaZl and pBS-EGFP and also to plasmid

pBS-EGFP-FRT-Kan, but also contained both the EGFP cDNA and the kanamycin
resistance gene. Plasmids pKaZl and pBS-EGFP have some regions of homology
within their plasmid backbone, and it is possible that this plasmid represent a

recombination between these homology regions to generated a plasmid which contains
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both ampicillin and kanamycin resistance and retains other necessary elements for

plasmid function.

Mutation of a human renin-containing PAC by introduction of a tetracycline resistance
cassette by ET-recombination proved to be unsuccessful. The reasons for this are

unclear. The ET-recombination methods for successful modification of the small

plasmid and modification of the PAC clone differed in some aspects. Introduction of a

kanamycin resistance cassette into pBS-EGFP was performed by ET-recombination in

JC8679, an E. coli strain that constitutively expresses the recE and recT recombinase

proteins. Attempts to modify the PAC clone were performed in the DH10B host E. coli
strain using ET-recombination facilitator plasmids. Rather than constitutive expression
of both the recE and recT recombinase, which could lead to instability of the PAC clone,
the facilitator plasmid has inducible expression of the recE gene under the L-arabinose-
inducible araBAD promoter. This results in a window of ET-recombination proficiency

during the electrocompetent E. coli preparation.

Earlier attempts to modify human renin-containing PAC clones were hindered by a high

degree of false-positive background due to carry-over of plasmid template from the PCR
reaction into the electroporation step. This suggested that the Dpn I restriction digest
was not going to completion, leaving some template plasmid to carry through into the

electroporation procedure. Restriction digest of the PCR template prior to PCR reaction
reduced the false-positive background, but there was still sufficient background to

hinder ET-recombination procedures. It is likely that the high competence of the E. coli

generated meant that even minute quantities of parental plasmid carried forward into the

electroporation procedure led to transformation of large numbers of E. coli.

The use of a plasmid with an R6Ky origin of replication, unable to replicate in E. coli

DH10B, successfully eliminated the false-positive background. However, clones which
had undergone ET-recombination were not isolated. It is likely that this is related to the
window of ET-recombination proficiency of the cells. Expression of the recE gene by
the L-arabinose-inducible araBAD promoter may not have been sufficient to drive

expression of the recE recombinase at levels that promote efficient ET-recombination.
Whilst possible, this seems unlikely as the pBAD system (Invitrogen) is well-established
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and the concentration of L-arabinose used should be sufficient to maximally stimulate
the araBAD promoter. Alternatively, constitutive expression of the recT or gam genes

may not have been sufficient for ET-recombination to take place or inhibition of

endogenous nucleases that degrade linear DNA molecules.

Due to the lack of success in modifying a human renin PAC clone, an alternative

strategy was developed to investigate potential renin protein trafficking motifs using
human renin minigene constructs. A GFP transgene has been successfully expressed
both in vitro in the As4.1 cell line and in vivo under the control of 4.1 kb of chimeric

Ren-2/Ren-lc promoter region (Jones et al., 2000). Similarly, in the present study, hREN

transgenes were designed to express wild-type and mutant hREN cDNAs under the
control of 6 kb of Ren-ld promoter region. Transfection of the As4.1 with a human
renin minigene construct led to the expression of hREN in the As4.1 cells at

approximately 55% of the level of the viral RSV promoter as assessed by quantitative
real-time PCR. Having demonstrated the ability of the 6 kb of Ren-ld promoter region
to express human renin in vitro, minigenes were prepared for pronuclear microinjection

procedures. A C57BL/6 Ren-ld knockout mouse breeding colony has been established
for the production of oocytes for microinjection procedures, allowing introduction of

transgenes directly onto the knockout background. However, at the time of writing,

phenotypic data regarding these animals are not yet available.
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Chapter 5

Studies with fluorescent renin fusion

proteins

5.1. Introduction

As discussed in Chapter 4, a number of culture systems have been used to investigate
renin protein processing and secretory pathways in which cell lines were transfected
with preprorenin cDNA expression vectors. Use of these systems is limited as these cell
lines lack important characteristics of JG cells, such as the unusual inverse relationship
between intracellular calcium concentration and renin secretion (Naftilan & Oparil,

1982; Churchill et al., 1983). The development of cell systems to allow the
characterisation of renin synthesis and release from isolated JG cells has been limited by

major practical hurdles. JG cells constitute only 0.01-0.1% of the number of kidney
cortical cells, are difficult to isolate from fresh tissue, and once isolated, they are

extremely difficult to maintain in vitro over the long periods of time required to

investigate the chronic changes in regulation of synthesis and release of renin (reviewed
in Rayson & Cannizza, 1994).

JG cells were first identified as granular cells located in the renal afferent arteriole

adjacent to the glomerulus (Ruyter, 1925). Kidney tissue slice preparations provided
some of the initial characterisation of the physiological regulation of renin release

(Churchill et al., 1983; Churchill et al., 1984). Three principal afferent signals involved
in the physiological regulation of renin release were identified as the degree of stretch of
the afferent arteriole, the sodium delivery to the macula densa and adrenergic
stimulation. Some of the second messenger systems involved in the regulation of renin
release were also identified from these preparations. Results indicated that elevated
cAMP levels promoted renin release, whilst elevated intracellular calcium concentration
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([Ca2+]i) inhibited renin release. However, the heterogeneity of cell type within the

preparation and the difficulty in maintaining viability over longer periods of time limited
the use of tissue slices.

A number of attempts were made to culture renal renin-secreting cells, but with limited
success. Attempts to maintain JG cells in culture revealed that neonatal cells had more

resistance to the conditions of culture than adult cells (Rightsel et al., 1982). However,
these neonatal cells eventually dedifferentiated and the significance of the regulatory
mechanisms in these cells with respect to those in adult JG cells was difficult to
determine. Placental chorionic cells were found to synthesise and secrete renin (Acker
et al., 1982). Tissue was readily available and primary cultures were easily established

(Poisner et al., 1987), raising the possibility that they could provide a useful model for

investigating long-term regulation of synthesis and release of renin. However, in these

cells, prorenin to active renin release rates were high, suggesting that regulation of
2_|_

processing of prorenin did not reflect that found in JG cells, and both elevated [Ca ],
and cAMP levels promoted renin release. Thus, the systems was inappropriate as a

model in which to investigate the negative regulation of renin release elicited by
elevations in [Ca2+]i. In another effort to generate a renin-producing JG cell line, cells
isolated from a JG cell tumour were transfected with simian virus 40 (SV40) viral DNA

(Pinet et al., 1985). A JG cell model of renin synthesis and release, maintained

chronically, was subsequently established. However, levels of renin secreted by these
cells decreased over time and were eventually lost.

The development of a technique for the generation of fractions of cortical cells enriched
in JG cells has been reported (Churchill, 1985). Cortical renal cell suspensions were

generated by collagenase digestion and applied to a Percoll gradient. With the use of

morphological criteria, one fraction of this gradient was found to contain approximately
40-50% JG cells. A further enrichment in JG cell content to 80-90% was achieved by

applying this fraction to plastic plates, to which JG cells preferentially adhered.

However, the viability of these cells was limited over increasing time intervals.

Isolation of immortalised JG cell lines has been attempted by other methods. A number
of renin-expressing cell lines were isolated from kidney tumours of transgenic mice
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generation by creation of a renin-promoter SV40 T antigen fusion transgene (Sigmund et

al., 1990a). Of the cell lines isolated the As4.1 clonal cell line was the most promising

(Sigmund et al., 1990c). The As4.1 cell line was shown to express the endogenous
Ren-lc renin gene in addition to the transgene, retaining active renin intracellularly and

constitutively secreting an inactive form of renin (prorenin) (Sigmund et al., 1990c).
The cell line also possessed multiple cytoplasmic dense-core secretory granules

(Sigmund et al., 1990c; Laframboise et al., 1997). Although the cells contained an equal

proportion of active and inactive renin, the species constitutively secreted into the media
was predominantly (95%) prorenin. However, active renin secretion was up-regulated

by treatment with the secretogogue 8-bromo-cAMP (Sigmund et al., 1990c).

One important drawback of this model is that the continuous expression of the SV40 T

antigen would be expected to promote dedifferentiation and possibly cause artifactual

changes in the regulation of renin synthesis and release. Indeed, later studies with the
As4.1 cell line have reported that the cells are unable to secrete active renin through the

regulated pathway when stimulated with the secretogogues dibutyryl-cAMP, forskolin
or potassium chloride (Laframboise et al., 1997). However, in the same studies, stable
transfection of these cells with a renin-2 expression plasmid increased the capacity of the
cell line to secrete active renin in the regulated pathway when stimulated with forskolin.
At present, the As4.1 cell line remains the best available cell line for the study of renin

gene expression.

Reporter constructs utilising 4.1 kb of Ren-lc/Ren-2 5'-flanking sequence have been

reported to confer highly cell-specific expression in the As4.1 cell line in contrast to

other non-cognate cell lines (Petrovic et al., 1996). Jones et al. (2000) demonstrated that
a GFP reporter using this promoter region showed robust expression in the As4.1 cell
line. When transgenic mice were generated with this reporter construct, GFP
fluorescence was detectable in juxtaglomerular sites of the kidneys, consistent with the
distribution of renin expression as detected by either immunochemical or in situ

hybridisation assays (Taugner & Hackenthal, 1989). In addition, captopril treatment of
these Ren-lc/GW transgenic mice resulted in widespread and intense induction of GFP

expression along afferent, interlobular and some arcuate arteries, consistent with the
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effect of ACE inhibitors on endogenous mouse and rat renin expression (Gomez et al.,

1988; Sigmund & Gross, 1991).

Other studies using the As4.1 cell line as a model for JG cells have attempted to identify
the cellular pathways that are activated by mechanical distension (Ryan et al., 2000a;

Ryan et al., 2000b). Mechanical distension of As4.1 cells results in an influx of calcium
to the cytosol, mediated by stretch-activated ion channels and dependent on the presence

of extracellular calcium. Cyclic mechanical distension elevated total inositol phosphates
in As4.1 cells. Addition of a phospholipase C (PLC) antagonist attenuated the increase
in inositol phosphates, suggesting an important role for the calcium-dependent activation
of PLC and the subsequent increase in inositol phosphates and [Ca2+]i for the modality
of pressure sensing by renin-expressing cells in response to mechanical stimuli. Results
also indicated that renin gene expression was decreased by 50-85% during cyclic
mechanical distension, but returned to basal levels after a 24 hr recovery period.

Transfection of cultured cells with DNA has become an important tool for studying the

expression and function of genes, particularly mammalian genes, and their regulation.
For these studies, it is valuable to be able to transfect the cell line with DNA constructs

with a high degree of efficiency. In the initial section of this chapter the optimisation of
transfection of the As4.1 cell line is described. The optimisation of transfection by

electroporation as assessed by p-galactosidase staining is illustrated. Subsequent

assessment of transfection efficiencies by flow cytometry is also shown. The

optimisation of transfection by FuGENE-6 reagent are described, whilst the phenotype
ofAs4.1 cells following transfection are also discussed.

In the later sections of this chapter the creation of renin-ld-EGFP and renin-2-EGFP
fusion proteins are described. Studies into the intracellular localisation of these fusion

proteins in the As4.1 cell line are illustrated. The construction of a renin-EGFP

minigene designed to express the fusion protein in a cell-type specific manner and
studies with this construct are also described.
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5.2. Transfection of the As4.1 cell line

5.2.1. Transfection of the As4.1 cell line by electroporation

Historically, the most widely used transfection methods have included calcium

phosphate co-precipitation, DEAE-dextran treatment, and electroporation. Success with
these methods varies greatly with cell type. It was initially decided to optimise the
transfection of the As4.1 cell line by the electroporation method, as previous transfection

experiments had been performed by this method (Jones et al., 2000) and therefore

provided a baseline for these studies.

Electrical pulses of intensity in kilovolts per centimetre and of duration in microseconds
causes a temporary loss of the semi-permeability of cell membranes, leading to ion

leakage, escape of metabolites, and increased uptake of drugs, molecular probes and
DNA (Chernomordik et al., 1987; Tsong, 1991). Initially described as the reversible
electrical breakdown of cell membranes (Zimmermann et al., 1974) this phenomenon is

generally referred to as 'electroporation'.

5.2.1.1. Determination of As4.1 electroporation kill rate

For electroporation procedures, the optimum rate of transfection efficiency is generally
achieved when approximately half of the cells subjected to the electroporation pulse are

killed (a kill rate of 50%) (EquiBio equipment recommendation). The kill rate of the
As4.1 cell line was assessed in response to electroporation at voltages of 250-450 V.
2xl06 cells were resuspended in PBS and subjected to an electroporation pulse as

described in section 2.2.33 at the indicated voltage then left to recover in complete
medium for 2 hr. After this period, a count of surviving cells was performed and the kill
rate data were plotted (figure 5.1A). These data suggested that a range of 250-300 V

may provide the most efficient rate for transfection ofAs4.1.
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Figure 5.1. Optimisation of electroporation condition for transfection of the
As4.1 ceil line
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Figure 5.1. A. The kill rate of the As4.1 cell line in response to electroporation voltage expressed as a

percentage. A capacitance of 1500 pF was used for these studies. B. Electroporation transfection

efficiency of As4.1 cell line in response to electroporation voltage expressed as a percentage of surviving
cells. 10 pg of pcDNA3.1/HisB/lacZ and capacitance of 1500 pF were used for these studies. C The
transfection efficiency of the As4.1 cell line in response to increasing amounts of pcDNA3.1/HisB/lacZ
plasmid DNA. A voltage of 300 V and capacitance of 1500 pF were used for these studies. D.

Electroporation transfection efficiency of As4.1 cell line in PBS electroporation medium or in OptiMix

electroporation medium. Transfection efficiency was assessed by flow cytometry and data represent the
mean of 2 separate transfections. 30 pg of pEGFP-Nl, a voltage of 300 V and capacitance of 1500 pF
were used in these studies.

5.2.1.2. Determination of the optimum electroporation voltage

Initially it was decided to assess the transfection efficiency of theAs4.1 cell line by
transfection of a p-galactosidase-expressing plasmid. The transfection efficiency could
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then be assessed by fixing the transfected cells, performing a p-galactosidase stain as

described in section 2.2.34 and counting the number of transfected (blue) and non-

transfected cells. The 8.6 kb pcDNA3.1/HisB/lacZ plasmid was chosen for initial
transfection experiments. This plasmid was designed for tagging proteins with a poly-
histidine epitope either C- or N-terminally by cloning the protein cDNA at the Hin dill
or Kpn I restriction sites, respectively. Following transfection, the tagged protein can be

expressed in mammalian cells from the cytomegalovirus promoter. If no cDNA is
cloned into the Hin dill or Kpn I site, then p-galactosidase will be expressed from the

lacZ gene.

The transfection efficiency of As4.1 cell line was assessed in response to increases in

electroporation voltage. 2x106 cells were resuspended in PBS and transfected with
10 pg of plasmid pcDNA3.1/HisB/lacZ by electroporation as described in section 2.2.33
at the indicated voltage, then allowed to recover in complete medium for 24 hr. After
this period, the cells were fixed and a p-galactosidase stain performed. The proportions

of transfected (blue) and non-transfected cells were then assessed and the data were

plotted (figure 5.IB). Although these data were not exhaustive, it was decided that a

voltage of 300 V would be used for further transfection studies.

5.2.1.3. Determination of the optimal DNA amount

The transfection efficiency of the As4.1 cell line in response to increasing amounts (0.1-
30 pg) of pcDNA3.1/HisB/lacZ DNA was assessed. 2xl06 cells were resuspended in
PBS and transfected with increasing amounts of plasmid by electroporation at a voltage
of 300 V, then allowed to recover in complete medium for 24 hr. After this period, the
cells were fixed and a p-galactosidase stain performed. The proportion of transfected

cells was then assessed and the data were plotted (figure 5.1C). 30 pg of plasmid DNA

gave the highest transfection efficiency of 21%. From these data it was decided that 30

pg of plasmid DNA would be used for further electroporation studies wherever possible.

Initial studies to assess the transfection efficiency of theAs4.1 cell line were performed

by transfection of a p-galactosidase-expressing plasmid. It was then decided to use a

fluorescent marker for transfection of the As4.1 cell line, as transfection efficiency could
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then be assessed by flow cytometry. The 4.7 kb pEGFP-Nl plasmid was chosen for
these transfection experiments. This plasmid was designed for creating a fusion protein
with enhanced green fluorescent protein (EGFP) by cloning the protein cDNA into the

multiple cloning site (MCS) of the plasmid in the correct reading frame. The EGFP tag

is at the C-terminal of the protein of interest. Following transfection, the tagged protein
can be expressed in mammalian cells from the cytomegalovirus immediate early

promoter. If no protein cDNA is cloned into the MCS, then the EGFP gene will be

expressed untagged.

5.2.1.4. Assessment of the use of 'intracellular' electroporation buffer

Whilst the electroporation method has been shown to be a useful technique for
introduction of DNA into mammalian cells, it has been shown that upon electroporation
the cells are sensitive to the osmolarity and ionic composition of the medium (van den
Hoff et al., 1990). Electroporation in 'intracellular' buffer has been shown to combine a

high efficiency of transfection with an improved rate of cell survival (van den Hoff et

al., 1992). This 'intracellular' buffer is marketed by EquiBio as OptiMix, and includes
addition of freshly prepared ATP and glutathione shortly before use to prevent leakage
of the cytoplasmic components, protect against membrane oxidation and facilitate

resealing of pores (Gankema et al., 1981).

To determine whether OptiMix improved electroporation efficiency in the As4.1 cell
line, 2x106 cells were resuspended in either PBS or OptiMix and 30 pg of pEGFP-Nl
DNA transfected by electroporation at a voltage of 300 V, then allowed to recover in

complete medium for 24 hr. After this period, the cells were detached and transfection

efficiency assessed by flow cytometry. The proportions of transfected (fluorescent) and
non-transfected (non-fluorescent) cells were assessed and the data were plotted (figure

5.ID). Although the efficiency of transfection was not greatly different between the
PBS and OptiMix transfection buffers, it was decided that further transfections by

electroporation would be performed in the OptiMix buffer, as these cells had better

morphological characteristics than their PBS-electroporated equivalents (see section

5.2.1.5).
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5.2.1.5. Effects of electroporation on As4.1 phenotype

Although the transfection efficiencies of PBS and OptiMix were similar, there were

noticeable differences in the morphology of the As4.1 cells following electroporation in
the different media (figure 5.2). Compared to control As4.1 cells (figure 5.2A), cells
transfected in PBS appeared unhealthy (figure 5.2B), with noticeable extracellular
matrix deposition or spillage of intracellular contents, whilst cells transfected in OptiMix

appeared similar to non-transfected cells, with better morphology than the PBS-
transfected cells (figure 5.2C).

Figure 5.2. As4.1 cell morphology following transfection

Figure 5.2. A. Phase contrast image of the morphology of healthy As4.1 cells growing in culture (xlOO

magnification). B. Morphology of As4.1 cells 24 hr post-transfection in PBS electroporation medium
(xlOO). C. Morphology ofAs4.1 cells 24 hr post-transfection in OptiMix electroporation medium (x200).
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5.2.2. Transfection of the As4.1 cell line by FuGENE-6 reagent

Some of the more widely used transfection techniques have shown variable success in

transfecting a wide variety of cells. Cationic liposome-mediated transfection

(lipofection) has been an important addition to the repertoire of available DNA-
transfection methods. Additional groups of compounds, including lipopolyamines and

dendrimers, have also proven effective in transfecting cells. FuGENE-6 Transfection

Reagent is a proprietary blend of lipids (non-liposomal) and other compounds in 80%

ethanol, that has been shown to transfect a very wide variety of eukaryotic cells with

high efficiency and minimal cytotoxicity. Observations from other cell lines suggest

that gene expression following transfection with FuGENE-6 is optimal if cell division
occurs subsequent to transfection (M. White, personal communication). To increase the
likelihood of cell division taking place, As4.1 cells can be synchronised in the Go phase
of the cell cycle by serum-starvation prior to transfection (Ryan et al., 2000a).

5.2.2.1. Determination of the optimum FuGENE-6 transfection conditions

The EGFP gene expression in the As4.1 cell line in response to different ratios of
FuGENE-6 reagent to pEGFP-Nl DNA (3:1, 3:2 and 6:1) was assessed. 2xl04 cells

(lower seeding density) or 5xl04 cells (higher seeding density) were seeded in 6-well

plates and, prior to transfection cells, were either synchronised by serum-starvation for
16 hr or were left unsynchronised. As4.1 cells were transfected with the different
FuGENE:DNA ratios as described in section 2.2.33 and left in complete medium for
24 hr. After this period, the cells were detached and the proportion of transfected

(fluorescent) and non-transfected (non-fluorescent) cells was assessed by flow cytometry

and data were graphed (figure 5.3).

Transfection of non-synchronised As4.1 cells (figure 5.3A and 5.3B) resulted in a lower

gene expression than transfection of synchronised As4.1 cells (figure 5.3C and 5.3D) at
all FuGENE-6:DNA ratios used. FuGENE:DNA ratios of 3:1 and 3:2 gave superior

gene expression than a ratio of 6:1 at both seeding densities examined in both the

presence and absence of cell-synchronisation. The seeding density appeared to have
little effect on the gene expression at any FuGENE:DNA ratio in either the presence or

absence of cell-synchronisation. From these data it was concluded that cell-
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synchronisation should be performed prior to FuGENE-6 transfection studies, and a

seeding density of 5xl04 cells/well and a FuGENE:DNA ratio of 3:1 would be used for
further transfection studies. As4.1 cells transfected with FuGENE-6 exhibited no overt

phenotypic changes, appearing no different to healthy As4.1 cells that had not been
transfected (data not shown).

Figure 5.3. FuGENE-6 transfection of As4.1
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Figure 5.3. A. The EGFP gene expression in the As4.1 cell line in response to different ratios of
FuGENE-6 reagent to pEGFP-Nl plasmid DNA following seeding at the lower density of 2xl04
cells/well. B. The EGFP gene expression in response to different FuGENE-6:DNA ratios following

seeding at the higher density of 5xl04 cells/well. C. The EGFP gene expression in response to different
FuGENE-6:DNA ratios following seeding at the lower density and cell synchronisation by serum-

starvation for 16 hr. D. The EGFP gene expression in response to different FuGENE-6:DNA ratios

following seeding at the higher density and cell synchronisation. Data represent the mean of 2 separate

transfections.
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5.3. Cloning the mouse Ren-1d and Ren-2 cDNAs

5.3.1. RT-PCR cloning of the mouse Ren-1d and Ren-2 cDNAs

RNA was extracted from the kidney of a two renin gene strain of mouse (129/Ola) and
cDNA generated by reverse transcription as described in section 2.2.17. In order to

amplify specifically the mouse Ren-ld and Ren-2 transcripts with high fidelity, PCR was

performed with primers JJM-54 and JJM-55 using Pfu DNA polymerase (which posses

3'-5'-exonuclease proofreading ability), generating a 1.27 kb product (figure 5.4; see

Appendix 1 for primer details). The oligonucleotide primers were designed to anneal to
areas of nucleotide sequence conserved between the Ren-ld and Ren-2 genes and so

amplify each transcript with equal efficiency. The primers were also designed such that
Sal I and Hin dill restriction sites would be introduced at the 5' and 3' ends of the

amplified transcript, respectively.

Figure 5.4. RT-PCR amplification of mouse Ren transcripts

kb M mRen - RT - RNA

Figure 5.4. Following reverse transcription, mouse Ren-7d and Ren-2 transcripts were amplified by PCR
with oligonucleotide primers JJM-54 and JJM-55 (mRen), generating a 1.27 kb product, which was

verified by running on a 1% agarose gel. For experimental controls, prior to PCR reaction, reverse

transcription reactions were performed in the absence of reverse transcriptase enzyme (-RT) and in the
absence ofRNA (-RNA). PCR reactions were performed in duplicate. M, FMC 1 kb DNA Ladder.

The PCR amplified product was then sequentially digested with Sal I and Hin dill
restriction enzymes and ligated into plasmid pBlueScriptII-SK+, the multiple cloning
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site of the plasmid opened at the Sal I and Hin dill restriction sites. Electrocompetent
E. coli were then transformed with the ligation reaction and plated on ampicillin
selective plates. pBlueScript plasmids containing a Ren cDNA transcript insert were
identified by blue-white colony screening. After preparation of plasmid DNA, the

plasmids containing Ren-ld cDNA (pBSII-Renld) and Ren-2 cDNA (pBSII-Ren2)

transcripts were differentiated by Ear I restriction digest. The Ren-ld cDNA contains
two Ear I restriction sites, whilst the Ren-2 cDNA possesses only one Ear I restriction
site allowing the two to be differentiated (Figure 5.5).

Figure 5.5. Screening for Ren-1d and Ren-2 cDNA transcripts
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Figure 5.5. Ear I restriction digest was performed to differentiate between the Ren-1A and Ren-2 cDNA-

containing plasmids, fragments being separated on a 1% agarose gel. The parental plasmid vector,

pBlueScriptII-SK+ yields three fragments of 1.80, 0.66 and 0.52 kb, the pBSII-Renld plasmid yields five

fragment of 1.80, 0.66, 0.64, 0.61, and 0.48 kb, whilst the pBSII-Ren2 plasmid yields four fragment of
1.80, 1.09 and 0.66 and 0.64 kb. The 0.66 and 0.64 kb fragments migrate very closely together as a

doublet. M, NEB 1 kb DNA Ladder.
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5.3.2. Sequencing of the mouse Ren-1d and Ren-2 cDNAs

Following identification of plasmids containing both the Ren-ld and Ren-2 cDNA

transcripts, the cDNA inserts of these plasmids were sequenced. Plasmid DNA was

prepared from two clones of each plasmid construct and both direct and complementary
DNA strands were sequenced as described in section 2.2.15 with oligonucleotide

primers (summarised in table 5.1; primers described in detail in Appendix 1). Sequence
information was obtained for both the direct and complementary DNA strands and it was
found that one of the two Ren-ld cDNA-containing clones contained the correct

sequence when compared by BLAST to the published Ren-ld cDNA sequence (Mullins
et al., 1982; Panthier & Rougeon, 1983; Burt et al., 1989). The second Ren-ld cDNA
clone contained a single base pair mutation. Of the two Ren-2 cDNA-containing clones

sequenced, one contained the correct sequence when compared to the published Ren-2
cDNA sequence (Rougeon et al., 1981; Masuda et al., 1982; Panthier et al., 1982),
whilst the second contained two separate single bases pair changes.

Table 5.1. Sequence analysis of the cloned Ren-1d and Ren-2 cDNAs

Plasmid Correct bases Mutations

pBSII-Renld clone 1 1269/1270 1

pBSII-Renld clone 2 1270/1270 0

pBSII-Ren2 clone 1 1268/1270 2

pBSII-Ren2 clone 2 1270/1270 0

5.4. Creation of fluorescent renin fusion proteins

5.4.1. Modification of pEGFP-N1 restriction sites

The plasmid pEGFP-N 1 lacks a restriction site at which the plasmid can be linearised
downstream of the SV40 poly A signal. As this feature would be desirable for later

manipulations of pEGFP-N 1, a strategy for the introduction of an Spe I restriction site
downstream of the SV40 poly A signal was devised. Immediately downstream of the

poly A signal, a region of sequence was identified which had only two base pairs
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different to the Spe I recognition sequence (table 5.2). Site-directed mutagenesis was

performed with primers JJM-384 and JJM-399 as described in section 2.2.18 to modify
the two bases pairs and so introduce a Spe I restriction site (see Appendix 1 for primer

details). Modified clones were identified by the presence of the Spe I site by restriction

digest.

Plasmid pEGFP-Nl possess a Not I restriction site immediately after the EGFP cDNA

stop codon. For later cloning procedures, it was desirable to remove this restriction site

(table 5.2). This was achieved by digesting the plasmid with Not I enzyme and then

performing a Klenow fill-in reaction of the 3' DNA overhangs as described in section
2.2.9 to create a blunt-end. The blunt-ends of the plasmid were then re-joined by

performing a blunt-ended ligation as described in section 2.2.11. Clones in which the
Not I site had been removed were identified by restriction digest.

Table 5.2. Modification of pEGFP-N1 plasmid

Modification Nucleotide sequence Notes

Spe I site
introduction

Initial sequence gtccaaactcotcaatgtat Red text indicates bases to
be modified

Modified sequence gtccaa^ctagfcaatgtat Blue text indicates Spe I
restriction site

Not 1 site
removal

Initial sequence agtaaagcggccgcgactct Green text indicates Not 1
restriction site

Modified sequence agtaaagcggccggccgcgactct Brown text indicates
modified base sequence

The pEGFP-N 1 plasmid in which an Spe I site had been introduced downstream of the

SV40 poly A signal, and in which the Not I site immediately after the EGFP cDNA stop

codon had been removed was named pEGFP-Nls. The sequence of this plasmid was

confirmed by sequencing of the EGFP cDNA (see Appendix 1 for primer details).

5.4.2. Removal of Ren-1a cDNA and Ren-2 cDNA stop codons

To generate a fusion protein between either renin-ld or renin-2 and EGFP it is necessary
to clone the Ren-ld or Ren-2 cDNA at either the 5' or 3' side of the EGFP cDNA,

creating a C-terminal or an N-terminal EGFP-tag on the renin protein, respectively. As
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renin proteins are processed at the N-terminus during maturation, it was decided that an
N-terminal EGFP tag would be inappropriate. Therefore, C-terminally EGFP-tagged
renin proteins were constructed by cloning the Ren cDNAs to the 5' side of the EGFP
cDNA in plasmid pEGFP-N 1 s. In this case, the Ren cDNA has to have the translation

stop codon removed from its cDNA, and has to be placed in the correct reading frames
with the EGFP cDNA.

To generate mouse Ren-ld and Ren-2 cDNA transcripts without translation stop codons,
PCR was performed with primers JJM-55 and JJM-395 using Pfu DNA polymerase (see

Appendix 1 for primer details). Oligonucleotide primers were designed to remove the

stop codons of the cDNAs, and to introduced Sal I and Bgl II restriction sites at the 5'
and 3' ends of the transcript, respectively, so that the cDNA could be cloned in frame
with the EGFP cDNA. pBSII-Renld and pBSII-Ren2 were used as templates, and a

PCR product of 1.22 kb was generated. The PCR amplified product was then

sequentially digested with Sal I and Bgl II enzymes and ligated into plasmid

pSP72.polyl (A. F. Clark & S. Morley, unpublished data), the multiple cloning site of
the plasmid opened at the Sal I and Bgl II restriction sites.

After preparation of plasmid DNA, the plasmids containing stop-less Ren-ld cDNA

[pSP72-Renld(-s)J and Ren-2 cDNA [pSP72-Ren2(-s)j transcripts were identified by
Ear I restriction digest. After plasmids containing the stop codon-less Ren-ld and Ren-2
cDNA transcripts were identified, the cDNA inserts of these plasmids were checked by

sequencing the Ren-ld and Ren-2 cDNAs (see Appendix 1 for primer details).

5.4.3. Cloning of Ren-16-EGFP and Re/7-2-EGFP fusion
constructs

To create a C-terminal EGFP-tag of the renin-ld and renin-2 proteins, the Ren-ld and
Ren-2 cDNAs were excised from plasmids pSP72-Renld(-s) and pSP72-Ren2(-s),

respectively, by Sal I and Bgl II restriction digest. The Sal l/Bgl II Ren cDNA fragment
was ligated into pEGFP-N 1 s vector digested at Sal I and Bam HI restriction sites (figure

5.6). Bgl II and Bam HI restriction fragments have compatible ends for ligation, but
after ligation the sequence lacks restriction recognition sites for either enzyme. Ligation
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of the Ren cDNA into the pEGFP-Nls plasmid placed it in the correct reading frame
with the EGFP cDNA. Ren-ld-EGFP (pRen 1d-EGFP-N 1 s) and Ren-2-EGFP

(pRen2-EGFP-Nls) fusion constructs were identified by double digestion with Eco RI
and Spe I restriction enzymes (figure 5.7).

Figure 5.6. Cloning of Ren-1d-EGFP and Ren-2-EGFP fusion constructs

Figure 5.6. Strategy for cloning of the mouse Ren-ld and Ren-2 cDNAs to the 5' of the EGFP cDNA to

create C-terminally EGFP-tagged renin proteins. The Ren-1A and Ren-2 cDNAs (without stop codons)
were excised from pSP72-Renld(-s) and pSP72-Ren2(-s), respectively, by restriction digest with Sal I and

Bgl II and ligated into Sal VBarn ETI digested plasmid vector pEGFP-Nls. The resultant plasmids placed
either the Ren-ld cDNA (pRenld-EGFP-N Is) or the Ren-2 cDNA (pRen2-EGFP-Nls) to the 5' of the
EGFP cDNA.
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Figure 5.7. Screening of Ren-16-EGFP and Re/7-2-EGFP fusion constructs

Figure 5.7. Identification of pRenld-EGFP-Nls and pRen2-EGFP-NIs plasmid clones. Eco Rl/Spe I
double digest of clones was performed and fragments were separated on a 1% agarose gel. The

pEGFP-Nls yields two fragments of 3.7 and 1.0 kb, the pSP72-Renld(-s) and pSP72-Ren2(-s) plasmids

yield a single restriction fragment of 3.7 kb, whilst the pRenld-EGFP-Nls and pRen2-EGFP-Nls

plasmids yield two fragments of 3.7 and 2.2 kb. M, NEB 1 kb DNA Ladder. The restriction digests of

pEGFP-Nls, pRenld-EGFP-Nls and pRen2-EGFP-Nls do not appear to have gone to completion as the

single digest fragments are visible in these lanes in addition to the expected digest fragments.
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5.5. Transient transfection of As4.1 with renin-

EGFP expressing constructs

5.5.1. Transient expression of renin-EGFP constructs

As4.1 cells were seeded in glass-bottomed 35 mm dishes in preparation for transfection.
Plasmid constructs pEGFP-Nls, pRenld-EGFP-Nls and pRen2-EGFP-Nls were

transfected into the As4.1 cell line by FuGENE-6 reagent as described in section 2.2.33.
24 hr post-transfection the live As4.1 cells were examined by confocal microscopy

(figure 5.8). The EGFP protein could be seen clearly throughout the entire nucleus and

cytoplasm of transfected As4.1 cells, even being present in cellular extension processes.

Localisation of renin-ld-EGFP was particularly evident in large cytoplasmic granular

compartments and Golgi and weakly in the cytoplasm and some smaller vesicles, which
could be lysosomes or renin protogranules. Localisation of renin-2-EGFP was most

evident in the perinuclear Golgi apparatus. There was no evidence of the renin-2-EGFP
fusion protein in large cytoplasmic granules, although there was some evidence of its

presence in smaller vesicles.

5.5.2. Immunohistochemical analysis of Ren-1d- EGFP
transfected As4.1 cells

5.5.2.1. Analysis of renin expression in As4.1 cells

As4.1 cells were seeded on a glass cover-slip in 35 mm dishes in preparation for

immunohistochemistry. 24 hr after seeding, As4.1 cells were fixed in 4%

paraformaldehyde and immunohistochemistry performed with antibodies against mouse
renin as described in section 2.2.35. Antibodies were detected by epifluorescence

microscopy using fluorescently-conjugated secondary antibody (figure 5.9). In many

cells, localisation of renin was most evident in large granular compartments, and also in
the Golgi apparatus and in some smaller vesicles. However, in some of the As4.1 cells
there was little or no expression of renin detectable.
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Figure 5.8. Transfection of As4.1 with EGFP-tagged renin proteins

Figure 5.8. Confocal microscopy of As4.1 cells transfected with pEGFP-Nl (A & B), pRenld-EGFP (C
& D) and pRen2-EGFP (E & F) plasmid DNA. B. FITC fluorescence reveals localisation of EGFP within
the nucleus and cytoplasm of As4.1 cells (x400 magnification). C & D. The renin-ld-EGFP fusion

protein is localised in large granules, Golgi and weakly in the cytoplasm and some smaller vesicles

(possibly lysosomes) (x630). E & F. The renin-2-EGFP fusion protein is localised in Golgi and weakly
in the cytoplasm and some smaller vesicles (x630). Images were captured with the help of Dr. Patrick
Lawlor and Linda Sharp.
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Figure 5.9. Analysis of renin expression in As4.1 cells

Figure 5.9. Immunohistochemical analysis of the expression of renin in the As4.1 cell line. As4.1 cells
were fixed and immunohistochemistry performed with antibodies against mouse renin (x200

magnification). A. Phase contrast of As4.1 cells. B. Immunohistochemistry analysis of mouse renin

expression, visualised by immunofluorescence with Alexa Fluor 594 secondary antibody. C. Analysis of
mouse renin expression with nuclei stained with DAP1.
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5.5.2.2. Analysis of renin-1d-EGFP expression in As4.1 cells

As4.1 cells were prepared as in section 5.5.2.1 above. Antibodies against mouse renin
and EGFP were detected by epifluorescence microscopy using fluorescently-conjugated

secondary antibodies (figure 5.10). In many cells localisation of renin was most evident
in the Golgi apparatus, with some expression also seen in the cytoplasm, though there
was little evidence of a granular pattern (figure 5.1OA). However, in a small number of

cells, renin was localised to a granular compartment (figure 5.10D). In many cells
localisation of EGFP was also most evident in the Golgi apparatus, with some

expression also seen in the cytoplasm, again there was little evidence of a granular

pattern (figure 5.10C). Again however, in a small number of cells, EGFP was localised
to a granular compartment (figure 5.1 OF). When the renin and EGFP expression

profiles were merged, it was seen that the two signals were co-localised (figure 5.1 OB
and 5.10E), with few areas where renin signal could be solely seen.

5.5.3. Western analysis of Ren-EGFP transfected As4.1 cells

As4.1 cells were transiently transfected with pEGFP-Nls, pRenld-EGFP-Nls or

pRen2-EGFP-Nls using FuGENE-6 reagent as described in section 2.2.33, or were
mock transfected. 24 hr post transfection, protein was extracted from 5xl06 cells and
was separated on a 10% SDS-PAGE as described in section 2.2.27. Following transfer
of the protein to nitrocellulose membrane, Western blot analysis was performed with
antibodies against EGFP and, as a loading control, a-tubulin as described in section

2.2.28. Antibodies were detected by ECL as described in section 2.2.29 using HRP-

conjugated secondary antibodies from Amersham Pharmacia Biotech (figure 5.11).

When probing with an anti-GFP antibody, no signal was detected in the protein extract

from mock transfected As4.1 cells, whilst the expected 27 kDa EGFP protein was

detected in extract from the pEGFP-Nls transfected As4.1 cells (figure 5.11 A). In
extract from cells transfected with pRenld-EGFP-Nls a single band of approximately
70 kDa was detected, whilst a single band of approximately 65 kDa was detected in

protein extracted from cells transfected with pRen2-EGFP-Nls (figure 5.11A). The

signal strengths of the bands from the pRenld-EGFP-Nls and pRen2-EGFP-Nls
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transfection were much less strong than that from the pEGFP-Nls transfection.
a-tubulin signal revealed that there was equal loading in each lane (figure 5.1 IB).

Figure 5.10. Analysis of renin-1d-EGFP expression in As4.1 cells

Renin

Merge

EGFP

Figure 5.10. Immunohistochemical analysis of the expression of a renin-ld-EGFP fusion construct. As4.1
cells were transfected with pRenld-EGFP-Nls and after 24 hr were fixed and immunohistochemistry

performed with antibodies against mouse renin or EGFP. A and D. Immunohistochemistry analysis of
mouse renin expression, visualised by immunofluorescence with Alexa Fluor 594 secondary antibody. C
and F. Immunohistochemistry analysis of EGFP expression, visualised by immunofluorescence with
Alexa Fluor 488 secondary antibody. B and D. Panels show the merge of renin and EGFP signals, areas
of co-expression becoming yellow. Images were captured with the help of Dr. Patrick Lawlor and Linda

Sharp. A-C, x200 magnification; D-F, x400 magnification.
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Figure 5.11. Immunoblot analysis of Ren-1d-EGFP and Ren-2-EGFP
transfected As4.1 cells
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Figure 5.11. Western analysis of As4.1 cells transiently transfected with pEGFP-Nls, pRenld-EGFP-Nls
and pRen2-EGFP-Nls expression constructs or mock transfected. Proteins extracted from 5xl06 cells
were separated on a 10% SDS-PAGE and transferred onto nitrocellulose membrane. A. Western blot

analysis was performed with an antibody to EGFP (rabbit anti-GFP polyclonal antibody; A-11122,
Molecular Probes), visualised by ECL using an HRP-conjugated secondary antibody. B. Western blot

analysis performed with an antibody to a-tubulin (mouse anti-a-tubulin monoclonal antibody B-5-1-2,

Sigma) as a control for loading, visualised by ECL using an HRP-conjugated secondary antibody. The

approximate size of protein bands is indicated.
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5.6. Creation of a Ren-16-EGFP minigene
construct

5.6.1. Creation of a genomic/cDNA hybrid Ren-1d-EGFP
construct

Transient transfection experiments have revealed that the renin-ld-EGFP fusion protein

appears to be localised to large granular structures in the As4.1 cell line. With the aim
of being able to isolate JG cells from kidney cortex of animals to investigate renin

granule dynamics, a strategy was designed to express the renin-ld-EGFP fusion protein
under the control of a JG cell-specific promoter. The first step in the strategy for

generation of a Ren-ld-EGFP minigene construct was the creation of a genomic/cDNA

hybrid gene. This was to be achieved by fusing the Ren-ld cDNA to the Ren-ld genomic
locus at the Kpn I restriction site located in exon 3 of the gene.

Cloning of the hybrid gene required that pSP72.polyl be digested with Xba I and
Bam HI restriction enzymes. However, these two restriction sites are situated right next
to each other in the plasmid multiple cloning site. As many enzymes do not cleave well
close to the ends of DNA fragments, it was decided that a stuffer fragment would be
introduced into the plasmid. A 1.9 kb Xba I fragment was isolated from plasmid

pBS-alAT-Ren2 and introduced into the Xba I site of cloning vector pSP72.polyl. The

resultant plasmid, pSP72.polylx, was then sequentially digested with Bam HI then
Xba I, and the 2.5 kb pSP72.polyl vector fragment was isolated (figure 5.12). Plasmid

pBam-Ell contains a Bam HI fragment of the Ren-ld genomic locus cloned into the

plasmid pZErO-2 (Invitrogen). The plasmid contains a Bam HI fragment of 6.7 kb,

containing sequence of the Ren-ld genomic locus from 2.6 kb to the 5' of exon 2 to

1.6 kb to the 3' of exon 5 (A. F. Clark & N. Kotelevtseva, unpublished data). Plasmid

pBam-El 1 was sequentially digested with Bam HI and Kpn I, and the 3.3 kb fragment
was isolated (figure 5.12). Plasmid pRenld-EGFP-Nls contains a fusion of Ren-ld and
the EGFP cDNAs. The plasmid was sequentially digested with Kpn I and Spe I, and the
1.9 kb fragment was isolated (figure 5.12).
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Figure 5.12. Cloning a genomic/cDNA hybrid Ren1d/EGFP construct

Figure 5.12. Strategy for cloning a Ren-ld genomic/cDNA hybrid gene, fusing the cDNA to the genomic
locus at the Kpn I site in exon 3 of the Ren-Jd gene. An Xba I stuffer fragment was introduced into

cloning vector pSP72.polyl and this plasmid (pSP72.polylx) was sequentially digested with Bam HI and
Xba I, and the 2.5 kb pSP72.polyl vector fragment was isolated. Plasmid pBam-Ell, containing exons

2-5 of the Ren-Id genomic locus, was sequentially digested with Bam HI and Kpn I, and the 3.3 kb
Bam HUKpn I fragment containing exon 2 and part of exon 3 was isolated. Plasmid pRenld-EGFP-Nls
was sequentially digested with Kpn I and Spe I, and the 1.9 kb Kpn VSpe I fragment containing the
Ren-Id-EGFP cDNA fusion and the SV40 poly A signal was isolated. A ligation reaction was then

performed with these 3 isolated fragments in order to create the Ren-ld genomic/cDNA hybrid construct,

pSP72-Ren 1 d(2-9)-EGFP.

A 3 fragment ligation reaction was then performed with the 2.5 kb Bam HIIXba I

pSP72.polyl vector fragment, the 3.3 kb Bam HIIKpn I pBam-Ell fragment and the
1.9 kb Kpn 11Spe I pRenld-EGFP-Nls fragment in order to create the Ren-f
genomic/cDNA hybrid construct, pSP72-Renld(2-9)-EGFP. The Bam HI ends are
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compatible, the Kpn I ends are compatible and Xba I and Spe I also have compatible
ends. pSP72-Renld(2-9)-EGFP constructs were identified by digestion with Hin dill
restriction enzyme (Figure 5.13)

Figure 5.13. Screening for a genomic/cDNA hybrid Ren1dlEGFP construct

Figure 5.13. Identification of pSP72-Renld(2-9)-EGFP clones. Hin dill digest of clones was performed
and fragments were separated on a 1% agarose gel. Plasmid pSP72.polylx yields a single restriction

fragment of 4.4 kb and plasmid pRenld-EGFP-Nls yields a single fragment of 5.9 kb, whilst the

pSP72-Renld(2-9)-EGFP construct yields three fragments of 4.6, 2.8 and 0.3 kb. M, NEB 1 kb DNA
Ladder.

5.6.2. Creation of a Ren-1d-EGFP minigene construct

The final step in the generation of the Ren-ld-EGFP minigene construct was the
introduction of Ren-ld exon 1 and a promoter fragment into the Ren-ld hybrid gene,

pSP72-Renld(2-9)-EGFP. A Ren-lc/Ren-2 chimeric promoter region of 4.1 kb has been
shown to direct expression of a reporter gene in both in vitro in As4.1 cells and in vivo in
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JG cells (Jones et al., 2000). In section 4.4.3, a 6 kb region of Ren-ld promoter region
was shown to drive expression of human renin in As4.1 cells at 55% of the level of a
viral RSV promoter driven construct. It was therefore decided to use the 6 kb Ren-ld
promoter region to drive expression of renin-ld-EGFP fusion protein.

Figure 5.14. Cloning of a Ren-1*-EGFP minigene construct

Figure 5.14. Strategy for cloning a Ren-1d genomic/cDNA hybrid minigene. Plasmid pBam-A9 was

digested with Bam HI and the 6.8 kb fragment, containing Ren-ld exon 1 and 6 kb of Ren-Id 5' flanking

sequence, was isolated. This fragment was then ligated into the Bam HI linearised

pSP72-Renld(2-9)-EGFP vector to create the Ren-ld-EGFP minigene construct,

pSP72-Ren 1 d-EGFP-MG.

Plasmid pBam-A9 contains a Bam HI fragment of the Ren-ld genomic locus cloned into
the plasmid pZErO-2. This Bam HI insert of this construct is 6.8 kb, containing

sequence of the Ren-ld genomic locus from 6.0 kb to the 5' of exon 1 to 0.7 kb to the 3'
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of exon 1 (A. F. Clark & N. Kotelevtseva, unpublished data). Plasmid pBam-A9 was

digested with Bam HI, and the 6.8 kb Bam HI insert was isolated. Plasmid

pSP72-Renld(2-9)-EGFP was linearised at the unique Bam HI site, and the 6.8 kb

pBam-A9 Bam HI fragment was ligated into this site to create the Ren-l^-EGEP
minigene construct pSP72-Renld-EGFP-MG (figure 5.14). pSP72-Renld-EGFP-MG
constructs were identified by digestion with Eco RI restriction enzyme. As the ligation
reaction was not directional, the 6.8 kb Bam HI fragment of pBam-A9 could ligate into
the Bam HI opened pSP72-Renld(2-9)-EGFP vector in either orientation. Eco RI
restriction digest distinguishes between these different orientations (Figure 5.15).

Figure 5.15. Screening of a Ren-1d-EGFP minigene construct

Figure 5.15. Identification of pSP72-Renld-EGFP-MG clones. Eco RI digest of clones was performed
and fragments were separated on a 1% agarose gel. Plasmid pSP72-Renld(2-9)-EGFP yields a single

fragment of 7.66 kb. Insertion of the Bam HI fragment into pSP72-Renld-EGFP-MG in the correct

orientation give fragments of 10.17, 2.85 and 1.45 kb (clone 2), whilst insertion in the incorrect orientation

gives fragments of 9.01, 2.85 and 2.60 kb (clone 1). M, NEB 1 kb DNA Ladder.
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5.6.3. Expression of a Ren-1d-EGFP minigene in the As4.1 cell
line

As4.1 cells were transiently transfected with pRenld-EGFP-Nls, pRen2-EGFP-N 1 s or

pSP72-Renld-EGFP-MG using FuGENE-6 reagent as described in section 2.2.33.
Whilst expression of the fusion constructs could be seen in the pRenld-EGFP-Nls and

pRen2-EGFP-Nls transfections, no fluorescent signal could be seen when

pSP72-Renld-EGFP-MG was transfected into the As4.1 cell line (data not shown). To

investigate whether there was any expression of the renin-ld-EGFP fusion protein

following transfection of the pSP72-Renld-EGFP-MG plasmid, immunoblot analysis
was performed.

As4.1 cells were transiently transfected with pRenld-EGFP-Nls, pRen2-EGFP-N 1 s or

pSP72-Renld-EGFP-MG using FuGENE-6 reagent, or were mock transfected. 24 hr

post-transfection, protein was extracted from 5x106 cells and was separated on a 10%
SDS-PAGE as described in section 2.2.27. Following transfer of the protein to

nitrocellulose membrane, Western blot analysis was performed with antibodies against
EGFP and a-tubulin as described in sections 2.2.28. Antibodies were detected by ECL

as described in section 2.2.29 using HRP-conjugated secondary antibodies (figure 5.16).

When probing with an anti-GFP antibody (figure 5.16A), no signal was detected in the

protein extract from mock transfected As4.1 cells at the size expected for a renin-EGFP
fusion protein. However, a very faint signal was detected at approximately 83 kDa,
which was also detected at a similar level in all other lanes, most probably representing a

limited cross-reactivity of either primary or secondary antibodies with another protein.
In extract from cells transfected with pRenld-EGFP-Nls a band of approximately
70 kDa was detected, representing the renin-ld-EGFP fusion protein. A band of

approximately 65 kDa was detected in protein extracted from cells transfected with

pRen2-EGFP-N 1 s, signal derived from the renin-2-EGFP fusion protein. However, no
band of the size of the renin- ld-EGFP fusion protein was detected in protein extracted
from cells transfected with pSP72-Renld-EGFP-MG. a-tubulin signal revealed that

there was equal loading in each lane (figure 5.16B).
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Figure 5.16. Expression of a Ren-1d-EGFP minigene in the As4.1 cell line

B. Anti-tubulin

kDa

Figure 5.16. Western analysis of As4.1 cells transiently transfected with pRenld-EGFP-Nls,

pRen2-EGFP-Nls and pSP72-Renld-EGFP-MG expression constructs or mock transfected. Proteins
extracted from 5x106 cells were separated on a 10% SDS-PAGE and transferred onto nitrocellulose
membrane. Western blot analysis was then performed with an antibody to GFP (A) and an antibody to

a-tubulin (B) as a control for loading. The approximate size of protein bands is indicated.

5.7. Discussion

5.7.1. Transfection of the As4.1 cell line

In this, the final results chapter, the optimisation of transfection of the As4.1 cell line by

electroporation and later with FuGENE-6 reagent have been described. The effect of

altering the amount of plasmid DNA in an electroporation was investigated and it was
established that over the range used (0.1-30 pg), transfection efficiency increased as the
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amount ofDNA increased. At the highest amount ofDNA used (30 pg) the transfection

efficiency did not appear to have reached a peak and it is possible that a larger quantity
ofDNA would have yielded a higher transfection efficiency. However, the use of larger

quantities was not investigated as it was not practical.

The use of 'intracellular' OptiMix buffer in comparison to PBS buffer in the

electroporation protocol was investigated by assessing the transfection efficiency of the

EGFP-expressing plasmid using flow cytometry. Whilst transfection efficiencies were

not vastly improved by electroporation in OptiMix as opposed to PBS, it was concluded
that the OptiMix buffer would be used in further electroporation procedures as the

electroporation shock on the As4.1 cells appeared to be less severe in this medium. Of

particular concern in using PBS as the electroporation medium were the phenotypic

changes seen in the morphology of the As4.1 caused by this procedure. Whilst the
electrical pulse causes destabilisation of the cell membrane allowing DNA entry into the
cell (Chernomordik et al., 1987; Tsong, 1991), other effects of a high-intensity electric
field on cell membranes include membrane fusions, bleb formation and cell lysis

(Tsong, 1991). How these morphological change may effect other phenotypic
behaviours of the As4.1 cells has not been assessed, but differences in osmolarity of the

electroporation medium have been shown to affect the transient expression of genes (van
den Hoff et al., 1990). As4.1 cells did not exhibit any overt change in morphological

phenotype following transfection by electroporation in 'intracellular' OptiMix buffer
and with FuGENE-6 reagent, and it was concluded that in transient transfection studies,
DNA would be introduced into the As4.1 cells by either of these techniques.

A maximum transfection efficiency of 21% was achieved by electroporation of As4.1 in
PBS medium as assessed by lacZ staining following transfection of 30 pg

pcDNA3.1/HisB/lacZ. However, when transfection efficiency was assessed by flow

cytometry following transfection of 30 pg pEGFP-Nl in PBS medium, an efficiency of
42% was achieved. Plasmid pcDNA3.1/HisB/lacZ is 8.6 kb in size, whilst plasmid

pEGFP-Nl is 4.7 kb. Some of the difference in the transfection efficiencies may be
accounted for by the different size of the two plasmids used. The transfection efficiency
of the larger plasmid may be less as its larger size may inhibit its entry into the cell.
This seems unlikely as both plasmids are still relatively small in comparison to the size
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of BAC constructs (200-300 kb) which can be introduced into mammalian cells by

electroporation methodology (Hejna et al., 1998). If the efficiency of introduction of
DNA into cells by electroporation does not differ between the two plasmids, then the
observed differences in transfection efficiency must be due to either differences in the

expression of the lacZ and EGFP genes in the As4.1 cell line or differences in the
method of assessment of transfection.

Expression of the lacZ gene of plasmid pcDNA3.1/HisB/lacZ and the EGFP gene of

plasmid pEGFP-Nls are both under the control of the CMV promoter. As the two

plasmids have the same cytomegalovirus promoter, it seems highly unlikely that the

promoter of each construct would be repressed in a different manner in the As4.1 cell
line. The lacZ gene is of bacterial origin and whilst the EGFP gene is derived from the

Aequorea victoria jellyfish, its codon usage has been altered to be more consistent with
mammalian genes. It has been reported that prokaryotic reporter sequences can serve as

active foci for gene silencing within the genome of transgenic animals (Pardy, 1994;
Clark et al., 1997b). If there is any repression of expression of the foreign genes within
the As4.1 cells, it seems more likely that the lacZ gene would be more susceptible than
the "humanised" EGFP gene. Transfection of plasmid pcDNA3.1/HisB/lacZ was

assessed by fixing cells and performing a (3-galactosidase stain. In the assay, the product

of the lacZ gene, (3-galactosidase, catalyses the hydrolysis of X-gal, producing a blue

colour that can be visualised under a microscope. Transfection efficiency was

determined by counting the number of cells in which the blue colour was visible and

counting the total number of cells (made easier by DAPI staining of nuclear DNA and

counting the number of nuclei). Using this method, low-level expression of the lacZ

gene may not be detected, either because insufficient p-galactosidase is produced to

hydrolyse the X-gal or because the amount of X-gal hydrolysed is insufficient to

produce a blue stain visible by eye. It is possible that the transfection efficiency
assessed by the lacZ stain method is an underestimation of the true value.

Transfection of plasmid pEGFP-Nl was assessed by flow cytometry. A control group of
mock transfected cells were used to assess the autofluorescence characteristics of the

As4.1 cell line and gates were set on this population. When pEGFP-N 1-transfected cells
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were assessed, any cell exceeding the value of autofluorescence was considered to be

expressing EGFP. By this method, very low-level expression of the EGFP gene is very

likely to be detected. It is unlikely that this method would lead to an underestimation of
transfection efficiency, although an overestimation would occur in the unlikely event

that the autofluorescence characteristics of the As4.1 cells increase after electroporation
in the presence of plasmid DNA compared to electroporation in the absence of plasmid
DNA.

5.7.2. Cloning the mouse Ren-1d and Ren-2 cDNAs

In this results chapter, the successful cloning of the mouse Ren-ld and Ren-2 cDNAs has
been described. These cDNAs were cloned by RT-PCR methods from RNA derived
from the kidney of a mouse of the 129/Ola strain, a strain possessing both the Ren-ld and
Ren-2 renin genes. Pfu DNA polymerase (Stratagene) was used in the PCR

amplification of the two renin transcripts. In addition to its 5'-3' polymerase activity, Pfu
has a 3'-5' exonuclease activity, which is used in proofreading whilst extending the

transcript. Despite the use of Pfu in the PCR phase of this protocol, when clones were

sequenced, single base pair point mutations were found in some of the sequenced

transcripts.

The introduction of mutations is likely to have occurred during the PCR amplification of
the renin cDNAs. Whilst the error rate of Pfu is considerable lower than that of Taq
DNA polymerase (Cline et al., 1996), errors can still be introduced. It is likely that the
error introduction is this case occurred because the PCR reaction was not optimised

sufficiently for both the polymerase and exonuclease activities to work with maximum

efficiency. However, as correct transcripts were identified and could be taken forward
for further work, the optimisation of the PCR conditions was not pursued.

5.7.3. Creation of fluorescent renin fusion proteins

Described in this chapter is the generation of renin-EGFP fusion constructs designed to

express a C-terminally EGFP-tagged renin-ld or renin-2 protein. Creation of
renin-EGFP fusion constructs could have been achieved in either of two ways, tagging

the renin protein with EGFP at the either the N- or C-terminal ends of the protein.
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Tagging at the N-terminal of the renin protein was not performed as enzymatic

processing of the prosegment of the protein would result in the loss of the EGFP tag.

Instead, a C-terminal EGFP-tagged protein was created by cloning the Ren-ld or Ren-2
cDNA in the multiple cloning site (MCS) of pEGFP-Nls, the MCS lying to the 5' of the
EGFP gene cDNA. To create this fusion construct, the translation stop codon had to be
removed from the Ren cDNAs. This was achieved by PCR amplification of the cDNAs
with oligonucleotide primers designed remove the stop codon and introduce restriction
sites so that the cDNA could then be cloned in the correct frame with the EGFP cDNA.

Creation of Re«-7d-EGFP and Ren-2-EGFP fusion constructs was successful and these

constructs, driven by the CMV IE promoter, were used to investigate the localisation of
the renin-ld-EGFP and renin-2-EGFP proteins in the As4.1 cell line.

5.7.4. Transient transfection of As4.1 with renin-EGFP

expressing constructs

Following expression of EGFP in the As4.1 cell line, the EGFP was seen throughout the
nucleus and cytoplasm of the cells. The cells appeared normal and healthy, not suffering
from any cytotoxicity from the over-expression of a foreign protein. The localisations of
the renin-ld-EGFP and renin-2-EGFP fusion proteins were quite different to the native
EGFP protein. Unlike EGFP, neither of the fusion proteins was present in the nuclear

compartment of the As4.1 cells. Renin-ld-EGFP was particularly evident in large

granular compartments, in the Golgi apparatus and also in some smaller vesicles and the

cytoplasm, whilst renin-2-EGFP was most evident in the Golgi apparatus, with some

weaker expression in the cytoplasm and some small vesicles. In contrast to the
localisation seen with renin-ld-EGFP, there was no evidence of the renin-2-EGFP fusion

protein in any large cytoplasmic granular compartment.

Fluorescent immunohistochemistry was performed in the As4.1 cell line with antibodies

against mouse renin (Inagami et al., 1980). In many cells, localisation of renin was most

evident in large granular compartments, with some expression also seen in the Golgi

apparatus and in the cytoplasm. However, some As4.1 cells showed little or no

expression of the renin-lc protein. If the As4.1 cells degranulate when splitting of the
cells occurs, it is possible that this observation is due to the time period between seeding
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and fixing the As4.1 cells being insufficient for production of an adequate amount of
renin for granulation to occur. However within this laboratory, the As4.1 cell line has
been shown to have a diverse phenotype between individual cells, with heterogeneous

expression of both renin and a-smooth muscle actin, even after re-cloning of the line

(P. W. Lawlor, unpublished data).

Following expression of renin-ld-EGFP in the As4.1 cell line, immunohistochemical
localisation of renin and EGFP was most evident in the Golgi apparatus, with some

expression also seen in the cytoplasm, with little evidence of a granular pattern.

However, in a small number of cells, there was evidence of localisation of renin and

EGFP in granular compartments of the As4.1 cells. When the renin and EGFP

expression profiles were merged, it was seen that the two signals were co-localised, with
few areas where renin signal could be solely seen. This may suggests that the renin-ld-
EGFP fusion protein is localised to the same compartments as the native As4.1 renin-lc
protein. However, it is possible that the renin signal could be derived solely from the
renin-ld part of the fusion protein, as there are few areas that the renin signal is seen

where EGFP signal is not.

There were very few cells in which the immunostaining of either renin or EGFP was

present in granular compartments of the As4.1 cells. It is possible that this observation
is due to the time period between transfection and fixing the As4.1 cells being
insufficient for production of the renin-ld-EGFP protein and storage of this newly

synthesised protein in granules. This might explain why so few cells have granular

staining whilst many have staining of the Golgi apparatus, a structure associated with
earlier steps in the trafficking of proteins. It is also possible that the binding the renin or

EGFP antibodies against the renin-1 d-EGFP stored in granules is not as sensitive as it is

against the fusion protein in other compartments. This could be due to the packaging of
the fusion protein in the granular compartment hiding some of the epitopes to which the

antibody binds. This seems unlikely as immunohistochemistry against renin in non-

transfected As4.1 cells reveals a strong granular renin signal, although the possibility
still remains, as the packaging of the native renin- lc protein must differ from the

packaging of the tagged renin-ld-EGFP fusion protein.
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Western analysis was performed on protein extract from As4.1 cells transiently
transfected with EGFP, renin- ld-EGFP and renin-2-EGFP expression constructs,

pEGFP-Nls, pRenld-EGFP-Nls or pRen2-EGFP-Nls, respectively. When probing
with an anti-GFP antibody, as expected, no signal was detected in the protein extract

from mock transfected As4.1 cells, whilst a strong single band of 27 kDa was identified
in extract from the pEGFP-Nls transfected As4.1 cells, representing the EGFP protein.
In extract from cells transfected with pRenld-EGFP-Nls a single band of approximately
70 kDa was detected, whilst a single band of approximately 65 kDa was detected in

protein extracted from cells transfected with pRen2-EGFP-Nls.

There are several possible explanations for this difference in size. It is possible that the
renin-2 protein has been processed into a two-chain form of the protein, whilst the
renin-ld protein has remained in the one-chained form. As the proteins were separated
on a denaturing SDS-PAGE, the two chains would be separated and the GFP antibody
would only recognise the chain that was attached to the EGFP protein. However, if

processing to the two-chain form has occurred, it does not occur at the classical cleavage
site which gives rise to 38 kDa N-terminal portion and a 5 kDa C-terminal portion

(figure 1.10). Processing in this manner would lead to the 5 kDa fragment of the protein

being attached to the EGFP protein. The GFP antibody would then be expected to

recognise a protein species of approximately 32 kDa. It is possible that processing to a

two-chain form in the As4.1 cell line occurs at a non-classical processing site.

If neither renin fusion protein is processed to the two-chain form, the differences in size
could represent the glycosylation of the renin-ld portion of the renin-ld-EGFP fusion

protein with the addition of several kDa of oligosaccharide side-chain. This is possible,
but it has been reported that glycosylation of renin results in a number of glycoforms

(reviewed in Inagami, 1993). It would therefore be expected that several forms of the
renin-ld-EGFP protein would be seen as a smeary band, rather than the single clear band
observed. The difference in size could also be due to the processing and removal of the

prosegment of the renin-2 protein within the As4.1 cell line, whilst the prosegment of
the renin-ld has not been processed. Indeed, it has been demonstrated that stable
transfection of As4.1 cells with a renin-2 expression plasmid increases the capacity of
this cell line to secrete active renin in the regulated pathway (Laframboise et al., 1997).
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These studies also revealed the presence of an enzyme, PC5, which has a demonstrated

ability to process mouse prorenin-2, but which is unlikely to be involved in the

processing ofmouse prorenin-1.

The signal strengths of the bands from the renin-ld-EGFP and renin-2-EGFP fusion

proteins were much less strong than that from the EGFP protein. Whilst this may

represent a lower transfection efficiency for the pRenld-EGFP-Nls and

pRen2-EGFP-Nls plasmids in comparison to the pEGFP-Nls plasmid, this seems

unlikely as there is only a difference is size of 1.3 kb. Rather, it probably represents a

difference in the efficiencies of the transcription or translation machineries on the
different transcripts, or perhaps in the RNA or protein stabilities of the different proteins.

5.7.5. Creation of a f?e/7-7d-EGFP minigene construct

Described in this chapter is the cloning of a Ren-ld-EGFP minigene construct and the
unsuccessful attempt to express this construct in the As4.1 cell line. This construct had
6 kb of Ren-ld 5'-flanking sequence, driving expression of a genomic/cDNA hybrid

minigene. A 4.1 kb region of Ren-lc/Ren-2 5'-flanking sequence has been demonstrated
to confer robust expression of a GFP reporter in the As4.1 cell line (Jones et al., 2000)
and the same 6 kb of Ren-ld 5'-flanking sequence has been shown to be sufficient to
drive expression of a human renin expression construct in As4.1 cells (see section 4.4.3).
It was expected that this 6 kb of Ren-ld 5'-flanking sequence would confer the same

expression characteristics to the renin-ld-EGFP fusion protein construct.

Whilst expression of the fusion constructs could be seen when control transfections of

pRenld-EGFP-Nls and pRen2-EGFP-N 1 s were performed, no fluorescent signal could
be seen when pSP72-Renld-EGFP-MG was transfected into the As4.1 cell line.
Western analysis was therefore performed on protein extract from transiently transfected
As4.1 cells. However, no band of the size of the renin-ld-EGFP fusion protein was

detected in protein extracted from cells transfected with pSP72-Renld-EGFP-MG. The

expression of the i?e«-7d-EGFP genomic/cDNA hybrid minigene has not been

successful, as there is no evidence of the presence of the renin-ld-EGFP fusion protein in
As4.1 cells transfected with the pSP72-Renld-EGFP-MG plasmid. It is possible that the
transfection efficiency of this larger 14.5 kb plasmid is not as high as that for the 5.9 kb
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pRen-EGFP-Nls plasmids, but even at a lower transfection efficiency, it would be

expected that some cells would take up the plasmid and express the protein.

It appears that the 6 kb of Ren-ld 5'-flanking sequence does not confer the same

expression characteristics to the renin-ld-EGFP fusion protein as it does to a human
renin expression construct. The reasons for this are unclear, but could be related to the

presence of introns within the fusion protein construct. Introns were included in the
construct because the absence of introns in expression constructs has previously been
demonstrated to dramatically reduce expression of transgenes both in vivo and in vitro

(Webster et al., 1997; Lacy-Hulbert et al., 2001). The presence of intron A, which has
been shown to contain a complex array of positive and negative regulatory elements

(Voigtlander et al., 1995; Voigtlander et al., 1999), could lead to repression of gene

expression in the As4.1 cell line. It is possible that a construct without introns, or with
non-renin gene introns introduced, would express the renin- ld-EGFP fusion protein.
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Chapter 6

Conclusions

6.1. Introduction

The work described in this thesis constitutes two aspects of a project that focuses on

further understanding the control of renin protein trafficking, storage and release in the

juxtaglomerular cells of the kidney. Chapter 3 of this thesis presents experiments

designed to generate a human renin (hREN) transgenic mouse for use in

complementation studies with the Ren-ld knockout mouse. Chapter 4 presents

experimental data obtained from the complementation of the Ren-ld knockout mouse
with hREN. Complementation of the Ren-ld knockout mouse with hREN results in a

restoration of the granulation in the JG cells of the kidney in a transgene expression

level-dependent manner.

These observations demonstrate that the hREN protein is able to reconstitute granulation
in the JG cells of the Ren-ld knockout mouse and are consistent with the hypothesis that
the human and mouse renin-ld proteins have conserved structural features necessary for
the trafficking of the renin proteins to the regulated pathway of secretion, and thus the
formation of dense renin-containing granules. Complementation of the Ren-ld knockout
mouse with hREN does not rescue atypical macula densa morphology phenotype,

suggesting this phenotype is related to a feature of renin-ld enzyme activity, either

locally or peripherally, in the mouse.

Chapter 5 of this thesis presents experiments aimed at the isolation and characterisation
of the renin secretion characteristics of JG cells, through the generation of chimeric
fluorescent renin fusion proteins. In the JG cell-like As4.1 cell line, the renin-ld-EGFP
fusion protein localisation is particularly evident in large granular compartments,

suggesting its storage in the large dense-core secretory granules of the cells. The
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renin-2-EGFP fusion protein is most evident in the Golgi apparatus, with no evidence of
the fusion protein in any large cytoplasmic granular compartment, suggesting the protein
lacks the structural motifs necessary for storage in this compartment.

6.2. Generation of human renin transgenic mice

Targeted inactivation of the Ren-ld gene led to a complete loss of JG cell granulation
and atypical macula densa morphology (Clark et al., 1997a), which could be rescued by

complementation with a BAC transgene encompassing both the mouse Ren-2 and Ren-16
loci (Mullins et al., 2000). These experiments demonstrated that the presence of the
renin-ld protein is a prerequisite for renin granule formation, with the renin-2 protein
unable to act as substitute in this role. They also revealed that the renin-ld protein plays
some role in the function of the macula densa. Whether the phenotypic changes within
the juxtaglomerular region of the kidney manifested by the loss of the renin-ld protein
were related to the structure of the renin-ld protein or its enzymatic activity was not

known.

In order to answer these questions, hREN transgenic mouse lines were developed for

complementation of the Ren-ld knockout mouse with hREN. Previous studies had
demonstrated that in transgenic mice the hREN gene was most appropriately regulated in

response to physiological cues when genomic constructs containing large amounts of

5'-flanking DNA (25 kb to 75 kb) were used (Yan et al., 1998a; Yan et al., 1998b; Sinn
et al., 1999a). The generation of transgenic mice lines carrying a functional human
renin transgene in the present study was performed with a 55 kb DNA fragment of
human renin genomic PAC clone containing 35 kb of 5'-flanking DNA. After backcross
of the transgene onto the Ren-ld knockout background, expression of hREN transgene in
the kidney of transgenic animals was between 15% and 30% of the level of expression
of the endogenous Ren-2 gene. Whilst this was consistent with the data of Yan et al.

(1998), expression of renin transgenes at levels equivalent to that of the endogenous
mouse renin gene has been observed in other studies (Sinn et al., 1999a; Mullins et al.,

2000). This suggests that, although possessing large amounts of 5'-flanking DNA, the
55 kb transgene used may still lack some regulatory elements. Alternatively, the mouse
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transcription factors may not be able to act with full efficiency at the regulatory sites
within hREN transgene DNA.

6.3. Complementation of Ren-1d knockout mice

6.3.1. Complementation with human renin

Previous studies had provided strong evidence that the trans-acting factors needed for
hREN gene regulation are present in the mouse (Yan et al., 1998a; Yan et al., 1998b;
Sinn et al., 1999a). However, whether the mouse also retained factors required for the
correct processing and trafficking of the hREN protein within the JG cells of the kidney
was not known. We hypothesised that the human and mouse renin proteins may have
conserved structural features necessary for the trafficking of the renin proteins to the

regulated pathway of secretion, and thus the formation of dense renin-containing

granules.

Consistent with this hypothesis, complementation of the Ren-ld knockout mouse with
hREN resulted in a restoration of the granulation in the JG cells of the mouse kidney.
Had the phenotype been enzyme activity-related, complementation with hREN would
not have rescued the Ren-ld knockout agranular JG cell phenotype, because of the
established species-specificity of renin and angiotensinogen (Hatae et al., 1994).

Complementation of the Ren-ld knockout mouse with hREN did not rescue atypical
macula densa phenotype, suggesting this phenotype is related to a feature of renin-ld
enzyme activity, either as part of paracrine RAS in the juxtaglomerular region of the

kidney or through its role in the systemic RAS.

In the mouse, the first stages of granulopoiesis in the JG cells of the glomerular afferent
arterioles involves the generation of protogranules, which are primarily of rhomboid or

fusiform shape (Barajas, 1979; Taugner et al., 1984). After stimulation of the RAS in
the mouse, most protogranules exhibit rhomboid profiles and paracrystalline contents.

Importantly, fusiform and rhomboid paracrystalline protogranules were visible in the JG
cells of one line (F1317) of MEJV-complemented Ren-ld''~ animals. In addition, after

up-regulation of hREN transgene expression levels by ACE inhibition, rhomboid
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protogranules with paracrystalline contents were particularly evident in the two lines

investigated (F1317 and F1446). These observations suggest that the biogenesis of the

secretory granules in the JG cells with hREN follows a similar pathway to that

previously observed for mouse renin. As the packaging of the hREN protein in the
mouse renal JG cells occurs via the same pathway by which mouse proteins are

packaged, it is highly likely that the renin-ld and human renin proteins possess

conserved structural motifs necessary for trafficking of the protein to the regulated

pathway of renin secretion in these cells.

Data from the present studies also support the hypothesis that a threshold level of renin

protein expression is required for dense renin granule formation. In male animals of line

F1446, a rescue of the granulation of the JG cells was not achieved. However, when
hREN expression was up-regulated by ACE inhibition, large dense-core secretory

granule were observed in the JG cells, as were rhomboid protogranules with

paracrystalline contents. These data suggest that the basal level of expression of hREN
in the JG cells of these animals is insufficient for reconstitution of granulation, but that

up-regulation of hREN expression raises protein levels to a point whereby granulopoiesis
can occur.

The close anatomical relationship between the macula densa and the JG cells of the
afferent arteriole allows the autoregulation of glomerular circulation in response to the

composition of the fluid passing the macula densa plaque (Skott & Briggs, 1987). Low
sodium concentration at the macula densa stimulates renin release and vice versa, but it

is not yet known how the signal is transmitted from the macula densa to the JG cells.
The signalling properties of adenosine and nitric oxide (NO) have attracted considerable
interest as possible controllers of renin secretion by this tubuloglomerular feedback loop

(Osswald et al., 1991; Bachmann & Mundel, 1994). Ren-ld" animals of both sexes

display abnormalities of the macula densa cells. An increase in cell number and shape is
observed in the macula densa region of Ren-ld~'~ animals compared to control animals.
It is likely that the abnormal macula densa structure is a result of perturbations in the

RAS, possibly as a response to maintain appropriate blood pressure in these animals.
This suggestion is supported by the slightly hypotensive phenotype observed in female
Ren-ld knockout animals (Clark et al., 1997a) and the lack of rescue of the abnormal
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macula densa morphology by complementation of Ren-ld" animals with the hREN

protein, which is unable to cleave mouse angiotensinogen (Hatae et al., 1994).

However, at present the sequence of events leading to the abnormal macula densa

morphology phenotype is not understood. Challenges of the tubuloglomerular feedback

loop, for example by subjecting Ren-ld~'~ animals to different regimes of sodium in their

diet, may help to elucidate this phenotype.

6.3.2. Complementation with mutant human renins

The rescue of the agranular JG cell phenotype of the Ren-ld knockout mouse highlights
the potential of the Ren-ld knockout mouse model for in vivo investigation of the
structural motifs of the hREN protein necessary for trafficking the protein to the dense-
core secretory granules and hence to the regulated pathway of secretion in these cells.
Two types of Golgi-derived organelles have been shown to exist within JG cells:

secretory granules and lysosomes (Hackenthal et al., 1993). Apart from some

distinguishing features, such as the absence of renin in lysosomes, several close
similarities exist between renin granules and lysosomes, including micro- and macro-

autophagic phenomena, structural similarities, and the presence of lysosomal enzymes as

constituents of renin granules (Fisher, 1966; Taugner et al., 1985a; Taugner et al.,

1985b; Taugner et al., 1988; Matsuba et al., 1989). In light of these similarities, it is

possible that the sorting signal for renin granules shares similarities to that for

lysosomes.

Several biosynthetic events are shared by secretory proteins and lysosomal enzymes

during their transport through the cell. In the rough endoplasmic reticulum (ER), the

proteins undergo cleavage of the signal peptide, which directs translocation across the

membrane, and co-translational glycosylation of selective asparagine residues (Alberts
et al., 1994). Additionally, the secretory and lysosomal proteins are completely
translocated across the ER membrane and are thus mixed together in the lumen of this

organelle. This mixture of proteins is then transported to the Golgi apparatus where they

undergo a variety of post-translational modifications, including processing of

oligosaccharide chains. The proteins are then sorted to their proper destination,

secretory granules or lysosomes.
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The mechanism for the segregation of newly synthesised lysosomal enzymes is best
understood (Kornfeld & Mellman, 1989). These enzymes contain phosphomannosyl
residues that are recognised by mannose-6-phosphate receptors allowing selective
translocation to lysosomes (Kaplan et al., 1977). The mannose-6-phosphate recognition
marker is generated by the phosphorylation of selected mannose residues on lysosomal

enzymes by the phosphotransferase enzyme (Hasilik et al., 1981). Phosphotransferase
mediates a critical step in the mannose-6-phosphate-dependent sorting system since it

selectively recognises and phosphorylates lysosomal enzymes (Reitman & Kornfeld,

1981; Lang et al., 1984). The basis for this specificity is the ability of the enzyme to

recognise a protein domain that is common to lysosomal enzymes, but is absent from

non-lysosomal glycoproteins containing similar oligosaccharides (Reitman & Kornfeld,

1981). This recognition sequence is not a simple linear sequence of amino acids since
the numerous lysosomal enzymes that have been cloned do not share any significant

sequence identity (Kornfeld & Mellman, 1989). Furthermore, since heat-denatured

lysosomal enzymes or proteolytic fragments of lysosomal enzymes do not serve as

substrates of the phosphorylating enzyme, it appears that the conformation of the protein
is important for the expression of the recognition marker (Kornfeld & Mellman, 1989).

However, the protein domain(s) responsible for the specific recognition of lysosomal

enzymes by phosphotransferase has not yet been identified.

A comparison was made between the renin-ld and renin-2 proteins to identify
differences in the amino acid motifs that might contribute to differences in the

trafficking of the proteins, and a comparison was made between the renin-ld and hREN

proteins to identify common structural motifs which might contribute to similarities in
the trafficking of the proteins. The primary biochemical difference between the renin-ld
and renin-2 proteins is that three potential AMinked glycosylation motifs are located in
the primary amino acid sequence of renin-ld, whereas the renin-2 protein lacks any

consensus sites. Importantly, two of these glycosylation motifs are conserved in the
hREN protein, suggesting that they may play an important evolutionary role in some

function of the protein. In addition, renin is able to acquire mannose-6-phosphate
residues when expressed in Xenopus oocytes, to a similar degree to that of the lysosomal

aspartyl protease cathepsin D (Faust et al., 1987). Given the close evolutionary
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relationship between renin and cathepsin D, it is possible that renin contains the same, or

a similar, protein recognition marker to that present on cathepsin D, resulting in the
recognition of renin by the mammalian phosphotransferase enzyme and subsequent
phosphorylation ofmannose residues in its oligosaccharide side-chains.

6.3.3. Creation of mutant human renins

To investigate the role of glycosylation status on human renin protein secretory pathway
targeting, it was decided that the jV-glycosylation motifs would be mutated within the
genomic sequence present within the hREN PAC clone, in order that the same 55 kb
region could be used for generation of transgenic mice and comparison of phenotypes.
At the time the project was initiated, a number ofmethods for manipulation of PAC and
BAC clones had been published (Messerle et al., 1997; Yang et al., 1997; Jessen et al.,
1998; Kim et al., 1998; Zhang et al., 1998), but the strategy best-suited for the intended
manipulations was that of ET-recombination (Zhang et al., 1998; Muyrers et al., 1999).
Using this technique, it was hoped that point mutations could be introduced with a

selectable marker, then the selectable marker removed by counter-selection leaving only
the desired mutations. Whilst such manipulations had not been performed at the time of
initiation of this project by any BAC/PAC manipulation technique, the introduction of a
point mutation into a BAC clone by the ET-recombination technique was published
shortly afterwards, using kanamycin selection and sacB counter-selection markers
(Muyrers et al., 2000a).

The reasons for the failure of the ET-recombination techniques in modification of the
PAC transgene are not clear, but likely relate to the achievement of a functional window
of ET-recombination proficiency in the E. coli cells. Interestingly, the next generation
of ET-recombination facilitator plasmids, which recently became commercially
available (Gene Bridges, Dresden, Germany), express the reda and redfi genes and the

gam gene under the control of the L-arabinose-inducible araBAD promoter, and also
contain a temperature-sensitive origin of replication. The plasmids also express the recA
recombinase gene from the inducible araBAD promoter. These modifications lead to
better control of the recombination window and easy removal of the facilitator plasmid
from E. coli after expression of the recombinases has been induced (A. F. Stewart,
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personal communication). Expression of the recA gene increases recombination

efficiency by an as-yet undefined mechanism. The recA recombinase gene has been
used in other BAC and PAC modification strategies (Yang et al., 1997; Imam et al.,

2000; Gong et al., 2002) and the recA recombinase may be involved in the DNA
recombination reaction. However, as reda and redp recombinases interact specifically

with each other (Muyrers et al., 2000b) it is hypothesised that the recA protein may

increase recombination efficiency by promoting increased survival of E. coli cells

(A. F. Stewart, personal communication).

An alternative method for introduction of point mutations into BACs has recently been
described (Lalioti & Heath, 2001). This method involves homologous recombination
between the original BAC and a shuttle vector providing the mutation, the
recombination mediated by recA. As with the ET-recombination strategy, the
introduction of a point mutation is a two-step procedure monitored using positive and

negative selection markers, the kanamycin-resistance gene and the sacB gene. However,
unlike the ET-recombination strategy, this method requires construction of a shuttle

plasmid, into which the region of interest has to be cloned and mutated before BAC
modification can take place.

An alternative strategy was adopted to investigate renin glycosylation status by the use

of hREN minigenes. These constructs employ a region of 6 kb of Ren-ld gene

5'-flanking sequence to drive expression of hREN from its cDNA. Expression of hREN

using this promoter region proved successful in the As4.1 cell line. It is hoped that

expression of the hREN transgene in transgenic animals will reflect the JG cell-specific

pattern observed when a GFP reporter was expressed under the control of 4.1 kb of
Ren-lclRen-2 5'-flanking region (Jones et al., 2000). Whilst microinjection of wild-type
and mutant hREN minigene constructs directly onto the Ren-ld knockout mouse

background has been performed, at the time of writing phenotypic data regarding these
animals are not yet available.

Introduction of transgenes directly onto the Ren-ld knockout mouse background will
allow the direct assessment of the phenotype at the founder animal level. This could be
considered a 'transient transgenics' approach. In this way extensive breeding
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programmes may be avoided and a variety of mutant proteins can be investigated in a

much shorter time period than traditional backcrossing approaches. Whether this

approach will prove to be economical, in both animal number and monetary terms,

remains to be seen.

6.3.4. Genetic background considerations

Care must be taken in interpreting the results of gene knockout and transgenic studies.
In most analyses, it is assumed that any phenotype observed is due to the disruption of
the gene or introduction of the transgene. However, the influence of genetic background
cannot be fully ruled out. Ideally, such problems could be circumvented by breeding
onto a single genetic background, which would theoretically rule out these effects since,

by definition, the chromosomes of an inbred mouse will be identical except for the
modified or introduced gene. This can be difficult with the 129/Ola strain of mouse
because of poor breeding performance.

In the present studies, the Ren-ld knockout mouse has been maintained on a 129/Ola

background, whilst the generation of transgenic mice by pronuclear microinjection was

performed on a C3H/CBA F1 genetic background. Microinjection was performed on

this background because oocytes produced from this cross have reliably given transgenic
mouse generation efficiencies of 10-20% in this laboratory. In this traditional transgenic
mouse generation approach, transgenic founders of the C3H/CBA genetic background
were then intercrossed with the knockout mouse 129/Ola strain in order to transfer the

transgene onto the Ren-ld knockout background. In this way, genetic material from the
different strains was mixed, which could contribute to any phenotype observed.

In the current experiments, appropriate littermate animals were examined to control for

any genetic background influences. In addition, the Ren-ld knockout allele has been
transferred to the C57BL/6 mouse strain (essentially producing a Ren-ld''' congenic
mouse strain), and both the abnormal macula densa morphology and agranular JG cell

phenotypes are evident in these mice (M. G. F. Sharp, S. Fleming and J. J. Mullins,

unpublished data). These data support the viewpoint that the observed phenotype is a

result of the loss of the Ren-ld gene rather than result of mouse genetic background
influences.
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Should the establishment of transgenic lines from founder animals of the 'transient

transgenics' approach be required, a benefit is that the transgene is introduced directly
into the knockout mouse strain. In this transgenic mouse generation approach, no

intercrossing of strains is necessary and so mouse genetic background influences should
be minimised. However, transgene insertion site effects are still possible and analysis of

multiple founder animals or establishment of a number of transgenic lines will still be

necessary.

6.4. Studies with fluorescent renin fusion

proteins

6.4.1. Creation of chimeric renin fusion proteins

Much of our current understanding of the regulation of renin protein processing and
secretion in based on investigations in cell culture systems. In particular, much

investigation has been performed in the AtT-20 mouse pituitary cell line, which displays
both regulated and constitutive secretory pathways capable of secreting both active renin
and inactive prorenin, respectively (Fritz et al., 1987; Pratt et al., 1988b; Ladenheim et

al., 1989; Nakayama et al., 1989; Chu et al., 1990; Paul et al., 1992; Brechler et al.,

1996). However, evidence exists to suggest that AtT-20 cells are not ideal as a model
for secretion of renin from JG cells. The prorenin-processing enzymes in the two cell

types are known to be different (Nagahama et al., 1989b), and whilst AtT-20 cells are

capable of processing mouse prorenin into active one-chain renin, the cell line does not

process one-chain renin to two-chain renin of the correct size (Paul et al., 1992).

The As4.1 cell line is the most promising JG cell-like cell line established to-date

(Sigmund et al., 1990c). This cell line has been shown to express the endogenous
Ren-lc renin gene, contain intracellular active renin and constitutively secrete prorenin,
and also possesses multiple cytoplasmic dense-core secretory granules (Sigmund et al.,

1990c; Laframboise et al., 1997). In addition, mechanical distension of As4.1 cells
results in an influx of calcium to the cytosol, accompanied by a decrease in renin gene

expression (Ryan et al., 2000a; Ryan et al., 2000b). However, whilst retaining
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characteristics of renal JG cells, use of the As4.1 cell line is limited, as the cells secrete

very little active renin through the regulated pathway and this pathway does not respond
when stimulated with various secretogogues (Laframboise et al., 1997).

Because of its JG cell-like characteristics, including the presence of dense-core secretory

granules, investigation of the localisations of renin- ld-EGFP and renin-2-EGFP chimeric

fusion proteins were performed in the As4.1 cell line. In this cell line, localisation of
renin-ld-EGFP was particularly evident in large granular compartments, in the Golgi

apparatus and also in some smaller vesicles and the cytoplasm. This pattern of

expression is consistent with trafficking of the fusion protein to the large dense-core

secretory granules of the As4.1 cell line. The renin-2-EGFP fusion protein was most

evident in the Golgi apparatus, with some weaker expression in the cytoplasm and some

small vesicles. This is consistent with secretion of this fusion protein by the constitutive

pathway from the Golgi apparatus, and supports the hypothesis that the renin-2 protein
lacks the structural motifs necessary for direction of the protein to large renin granules.

6.4.2. Creation of a renin-EGFP minigene

A Ren-ld-EFGP minigene was constructed under the control of 6 kb of Ren-ld
5'-flanking sequence in order to direct expression of a chimeric renin-ld-EGFP fusion

protein to the JG cells of the kidney. The aim of this work was the isolation of JG cells
and the characterisation of the renin secretion characteristics of these cells. Expression
of the Ren-ld-EGFP minigene was investigated in the As4.1 cell line, but unfortunately

expression of the minigene proved to be unsuccessful. In other studies, 4.1 kb of
Ren-E/Ren-2 5'-flanking sequence was shown to direct expression of a GFP reporter in
the As4.1 cell line (Jones et al., 2000) and, more importantly, in the current studies the
same 6 kb of Ren-ld 5'-flanking sequence was shown to direct expression of a hREN

minigene in the As4.1 cell line.

A major difference between the hRENminigene and the Ren-ld-EGYY minigene was the
inclusion of the first two endogenous Ren-ld gene introns (introns A and B) in the
construction of the latter. Introns were included because regulatory elements have been
described in intron A of the renin gene (Voigtlander et al., 1995; Voigtlander et al.,
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1999) and the presence/absence of introns has been seen to greatly influence transgene

expression (Whitelaw et al., 1991; Lacy-Hulbert et al., 2001).

In a study of the ovine milk-whey protein, p-lactoglobulin, a series of hybrid genes and

minigenes were evaluated for expression in the mammary gland of transgenic mice

(Whitelaw et al., 1991). The intact p-lactoglobulin gene was expressed more efficiently

than a corresponding intron-less p-lactoglobulin minigene, suggesting that the inclusion

of natural introns in constructs could enhance the efficiency of transgene expression. It
was suggested that sequence elements within introns may interact with the upstream

5'-flanking sequences of the gene to enable efficient function in the mammary gland of

transgenic mice. A genomic p-lactoglobulin transgene can be expressed efficiently and

at high levels in the mammary gland of transgenic mice. However, when this gene was

linked to a second gene construct comprising a mammalian cDNA or a CAT reporter

sequence it failed to be expressed in the majority of transgenic lines generated (Clark et

al., 1997b). These data suggest that mammalian cDNAs and prokaryotic reporter

sequences can serve as active foci for gene silencing in the mammalian genome.

In addition, another study demonstrated that the interruption of coding cDNA sequences

by heterologous introns could enhance the functional expression of recombinant genes

(Lacy-Hulbert et al., 2001). The creation of artificial exons, by insertion of two short

heterologous introns into open reading frames, was not only compatible with functional

expression, but led to a 30-fold enhancement ofmRNA production for both GFP and the

bacteriophage PI-derived Cre recombinase. The levels of GFP fluorescence were

increased five-fold in cell lines, and sustained long-term expression at increased levels
was observed in rat brain after transduction with a herpes simplex virus-based vector.

Whilst the expression of the i?e/?-7d-EGFP minigene in the current study proved to be

unsuccessful, modifications to the transgene design should lead to success. Plasmid
constructs containing 4.1 kb of Ren-lc/Ren-2 promoter region, showed to direct

expression ofGFP to the JG cells of the kidney in vivo (Jones et al., 2000), have recently
become available to this laboratory. Construction of the i?e«-/d-EGFP minigene using
this region to drive expression of the fusion protein might prove more successful. It is

possible that the regulatory regions within intron A of the transgene are responsible for
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repression of transgene expression. Simplification of the transgene by exclusion of
intronic regions might lead to efficient expression of the fusion protein.

Transgenic animals expressing a fluorescent renin fusion protein would provide an

important resource for the study of renin secretion characteristics. The ability to isolate

pure JG cell populations from kidney tissue based on the fluorescent characteristics of
the cells may aid the development of improved cell lines retaining more appropriate

physiological characteristic of JG cells. Transgenic mouse models have been reported
which may lead to the development of improved JG cell lines in culture, such as the

targeted introduction of GFP into the Ren-ld genomic locus (Pentz et al., 2001),

transgenic mice expressing GFP under the control of a chimeric renin promoter region

(Jones et al., 2000), and the generation of BAC transgenic mice expressing a |3-geo

reporter gene from the Ren-ld locus of the transgene (Mullins et al., 2000). However,

expression of a chimeric renin- ld-EFGP fusion protein in the JG cells of the kidney, will
allow not only the isolation of JG cells, but the characterisation of the renin granule

dynamics of these cells.

6.5. Future experiments

The finding that the complementation of the Ren-ld knockout mouse with hREN resulted
in a restoration of the granulation in the JG cells of the kidney demonstrates that the
Ren-ld knockout mouse constitutes an excellent in vivo model for the study of renin
secretion. In order to understand further the structural motifs responsible for trafficking
of renin proteins to the regulated pathway of secretion, experiments have been outlined
to complement the Ren-ld knockout mouse with mutant human renins lacking consensus

sites for A-linked glycosylation. Whilst glycosylation has not been shown to be required
for the direction of the renin protein to storage granules in AtT-20 cells (Paul et al.,

1988; Chu et al., 1990; Ladenheim et al., 1991), the role of renin protein glycosylation
has not been investigated in vivo. Experiments outlined will elucidate the role of
A-linked glycosylation in the trafficking of renin in JG cells in vivo.
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A further area of interest is that of the role of the prosegment of the renin protein, which
has been reported to be required for direction of the human protein to storage granules in
vitro in some studies (Chu et al., 1991; Mercure et al., 1995; Brechler et al., 1996), but
not in others (Chidgey & Harrison, 1990; Chu et al., 1990). It is possible that interaction
of renin with a prorenin-processing enzyme is required for formation of renin granules.

Complementation of the Ren-ld knockout mouse with human renins with mutant

prosegments would allow the in vivo investigation of role of the prosegment in

trafficking of renin proteins.

It is possible that neither the glycosylation status nor the prosegment of the renin protein
are responsible for direction of the protein to the regulated pathway of secretion. Should
this be the case, creation of chimeric proteins between the renin-ld and renin-2 proteins
or between the human renin and renin-2 proteins could be performed. Experiments,
such as exchange of regions or protein domains and complementation of the Ren-ld
knockout mouse with these proteins could allow the identification of regions of the

protein or molecular chaperones required for in vivo renin granule formation.

Recent advances in GFP technology include development of fluorescent proteins that

change colour with time (Terskikh et al., 2000), allowing further characterisation of

secretory granule characteristics. For example, the use of fluorescent cargo proteins
with this property has allowed study of functional and spatial segregation of secretory
vesicle pools in bovine adrenal chromaffin cells (Duncan et al., 2003). These studies
demonstrated that newly assembled secretory vesicles are immobile (morphologically

docked) at the plasma membrane shortly after biogenesis, constituting the bulk of the

readily releasable pool, whereas older vesicles are mobile and located deeper in the cell.
Whether a similar phenomenon exists in the renin-producing JG cells could be

investigated using this 'timer protein' approach.

In addition to allowing isolation of JG cells and investigation of renin granule dynamics,

transgenic animals expressing a fluorescent renin fusion protein could provide an

important resource for investigation of the reversible metaplastic transformation of renal
afferent arteriolar smooth muscle cells into renin-secretory cells. Use of imaging

techniques in both ex vivo kidney preparations and in vivo may allow characterisation of
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the dynamics of this reversible processes and elucidation of the cellular mechanisms

responsible for this phenomenon.

6.6. Concluding remarks

The results presented in this thesis provide strong in vivo evidence that the human renin
and mouse renin-ld proteins possess a conserved structural motif(s) that is required for
the production of dense-core renin granules in the JG cells of the kidney. This structural
motif is not present in the mouse renin-2 protein. The present study has demonstrated
that the Ren-ld knockout mouse is an ideal model in which in vivo investigation and
identification of structural motifs of proteins can be performed. Ongoing and future

experiments outlined here will lead to a dissection of the structural motifs necessary for

directing the renin protein to the regulated pathway of secretion and to the identification
of accessory proteins in this secretory pathway.

The generation of a transgenic mouse expressing a fluorescent renin fusion protein for
the isolation and characterisation of the renin secretion characteristics of JG cells was

unsuccessful as the construct designed to express the chimeric renin-ld-EGFP fusion

protein did not function correctly. However, in vitro experiments presented here

strongly suggest that a chimeric renin-ld-EGFP fusion protein is capable of being

correctly directed to the regulated pathway of secretion. Further development of
fluorescent renin fusion proteins will provide a powerful tool for dissection of

underlying mechanisms of renin trafficking, storage and release.
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Appendix 1

Oligonucleotide primers

A1.1. Mouse renin

The primers used for cloning of the mouse Ren-ld and Ren-2 cDNAs are shown in table
Al.l. Primers used in the sequencing of the mouse Ren-ld and Ren-2 cDNAs are shown
in table A1.2. The primers used for cloning of the mouse Ren-ld promoter region are

shown in table A1.3. Tm calculations were made with Oligo Analyzer 3.0.

Table A1.1. Ren-1d and Ren-2 RT-PCR cloning primers

Oligo Sequence Tm

JJM-54 5 '-ataataagcttggcttggcctagggt-3' 54.5

JJM-55 5 '-atattgtcgaccagatggacaggaggagg-3' 54.9

JJM-395 5 '-actcagagatctttgcgggccaaggcgaatcc-3' 65.1

Table A1.2. Ren-1d and Ren-2 cDNA sequencing primers

Oligo Sequence Tm Binding site
JJM-205 5 '-cagggttttcccagtcacgac-3' 59.7 -40 region of pBlueScript plasmids

JJM-56 5'-ccaccccagaccttcaaagtc-3' 59.3 Positions 276-296 ofRen-ld cDNA

JJM-159 5 '-tcatgcaagccctgggagcc-3' 64.3 Positions 907-926 ofRen-ld cDNA

JJM-4 5 '-gtagttggtgaggaccac-3' 53.2 Positions 236-219 ofRen-ld cDNA

JJM-57 5 '-cctgatccctagtggatggtg-3' 58.1 Positions 448-428 ofRen-ld cDNA

JJM-59 5 '-gcatgatcaacttcagggagc-3' 57.8 Positions 892-912 ofRen-ld cDNA

JJM-206 5 '-cacacaggaaacagctatgacc-3' 57.5 Reverse primer for pBlueScript

Table A1.3. Ren-1d promoter region cloning primers

Oligo Sequence Tm

JJM-467 5'-attccccggggtcgacacttattggcacttgccatg-3' 55.4

JJM-468 5'-attcaagcttctggttcagccaaggctttc-3' 58.1
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A1.2. Human renin

Primers used in the sequencing of the hREN cDNA are shown in table A1.4. Primers
used in the PCR analysis of the exons 1 and 9 of the hREN genomic locus are shown in
table A1.5. Primers used in hREN quantitative real-time PCR are shown in table A1.6.
Primers used in site-directed mutagenesis of the hREN cDNA are shown in table A1.7.

Table A1.4. Sequencing primers for human renin cDNA

Oligo Sequence Tm Binding site
JJM-474 5 '-aagtgcctagctcgatacaat-3' 55.6 5' to hREN cDNA in pRHR-1100

JJM-475 5 '-acagtcagtggctttctcagc-3' 59.2 Positions 456-476 of hREN cDNA

JJM-476 5 '-ggagccaagaagaggctgttt-3' 59.3 Positions 936-956 of hREN cDNA

JJM-477 5 '-aagaggagacaatggttgtca-3' 55.7 5' to hREN cDNA in pRHR-1100

JJM-478 5'-aaatacatagtccgcgctggt-3' 58.5 Positions 1055-1035 of hREN cDNA

JJM-479 5'-cccatcaaactcggccagcat-3' 62.1 Positions 575-555 of hREN cDNA

JJM-480 5' -tttaaaggtggtggtgtctgt-3' 56.2 Positions 95-75 of hREN cDNA

Table A1.5. Primers for analysis of human renin exons 1 and 9

Oligo Sequence Tm

JJM-564 5 '-aacctcagtggatctcagaga-3' 56.5

JJM-565 5 '-ctctgggcaggaagcaaaagt-3' 59.6

JJM-566 5 '-gaatcctacagtagtaaaaag-3' 47.3

JJM-567 5 '-gtgaacatgaagtctttattc-3' 48.6

Table 1.6. Human renin quantitative real-time PCR primers and probe.

Gene Oligo Sequence Tm

Human renin Forward primer: Hum Ren-476F 5 '-tcaccctccgctattcaacag-3' 57.9

Reverse primer: Hum Ren-546R 5'-gattccacccacggtgatg-3' 56.4

Probe: Hum Ren-499T 5'-acagteagtggctttctcagccaggaca-3' 67.0

Mouse Ren-2 Forward primer: mRen-2-432F 5 '-ctccagctacatggagaatgga-3' 58.0

Reverse primer: mRen-2-507R 5 '-ctggctgaggaaaectttgaet-3' 59.1

Probe: mRen-2-455T 5'-acgacttcaceatccactacggatcagg-3' 65.4
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Table 1.6. Continued.

Gene Oligo Sequence Tm

18S Forward primer 5'-cggctaccacatccaaggaa-3' 58.7

Reverse primer 5 '-gctggaattaccgcggct-3' 59.6

Probe 5 '-tgctggcaccagacttgccctc-3' 66.1

Table 1.7. Primers for site-directed mutagenesis of human renin.

Oligo Sequence Tm

JJM-409 5 '-cagctacaagcacaacggggatgagctcaccctccgctat-3' 74.2

JJM-410 5'-atagcggagggtgagctcatccccgttgtgcttgtagctg-3' 74.2

JJM-407 5'-tgacccttggcaacaccatctcctccgtgatcctcac-3' 72.6

JJM-408 5'-gtgaggatcacggaggagatggtgttgccaagggtca-3' 72.6

A1.3. Enhanced green fluorescent protein (EGFP)

Primers used in the sequencing of the EGFP cDNA are shown in table A 1.8. Primers
used for introduction of a Spe I restriction site downstream of the SV40 poly A signal
are shown in table A1.9.

Table A1.8. Sequencing primers for EGFP cDNA

Oligo Sequence Tm Binding site
JJM-375 5 '-cgactacaagaagctgtcctt-3' 56.2 CMV promoter binding direct strand

JJM-304 5'-atggtgagcaagggcgaggagctgt-3' 68.8 Positions 1-24 of EGFP cDNA

JJM-300 5'-cggcctgcagtgcttcgcccgcta-3' 71.7 Positions 200-223 of EGFP cDNA

JJM-344 5 '-agctggagtacaactacaaca-3' 55.3 Positions 421-441 ofEGFP cDNA

JJM-345 5 '-cacatggtcctgctggagttc-3' 59.5 Positions 651-672 ofEGFP cDNA

JJM-302 5 '-ctagagtcgcggccgcttta-3' 60.9 Positions 736-717 of EGFP cDNA

JJM-299 5 '-cactgcaggccgtaggcgaaggtggt-3' 70.5 Positions 211 -186 ofEGFP cDNA
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Table A1.9. Spe I site-directed mutagenesis primers

Oligo Sequence Tm

JJM-384 5 '-tttgtccaaactagtcaatgtatctt-3' 55.1

JJM-399 5 '-aagatacattgactagtttggacaaa-3' 55.1

A1.4. Kanamycin/neomycin primers

Primers used for amplification of a region of the Kan/Neo gene of plasmid pKaZl are
shown in table A1.10.

Table A1.10. Kanamycin/neomycin oligonucleotides

Oligo Sequence Tm

JJM-305 5'-aagtgccaagctactcgcgac-3' 61.6

JJM-347 5'-tgtgctcgacgttgtcactga-3' 60.7

A1.5. ET-recombination

Primers used in generation of ET-recombination targeting constructs are shown in table
Al.ll.

Table A1.11. ET-recombination oligonucleotides

Oligo Sequence
JJM-359 5'-ctgctggagttcgtgaccgccgccgggatcactctcggcatggacgagctgtacaagtaactacttcactaacaaccggt-3'

JJM-360 5'-agcggaagagcgcccaatacgcaaaccgcctctccccgcgcgttggccgattcattaatgagtgccaagctactcgcgac-3'

JJM-308 5'-acatggccaggcttggtcccgagtggagccaacccatgaagagctgacattgggggatacgacgagctcctcatgtttgacagcttatca-3'

JJM-309 5'-agcgaggggctgagccaagcactcacgtccatgtagttggtgaggatcacaattcttggagtggtgaatc-3'
JJM-312 5'-gtgtatcacaagctcttcgatgcttcggattcctccagctacaagcacaacggggatgagctctcatgtttgacagcttatca-3'

JJM-313 5'-atgtcctggctgagaaagccactgactgtccctgttgaatagcggagggtaattcttggagtggtgaatc-3'

260



Appendix 2

Quantitative real-time PCR data

A2.1. Mouse kidney RNA samples

A2.1.1. Determination of the standard curves

The standard curves for human renin (hREN), mouse Ren-2 (Ren-2) and 18S ribosomal
RNA were determined using a combination of all RNA samples as Control RNA. The
threshold cycle (Ct), the point at which specific product can be detected above the
baseline noise in the linear region of the logarithmic amplification, was determined for
each of the transcripts (table A2.1).

Table A2.1. Determination of hREN, mRen-2 and 18S standard curves

Quantity RNA
(ng)

Log (ng RNA) hREN threshold cycle
(Ct)

18S threshold cycle
(Ct)

Ren-2 threshold cycle
(Ct)

75 1.875 24.08 19.94* 25.21

23.61 19.628* 25.20

23.57 19.34* 25.35

15 1.176 25.83 16.59* 26.78

25.87 16.76* 26.9

25.84 16.43* 26.79

3 0.477 27.51 16.79 29.33

27.71 17.10 -

27.63 16.91 -

0.6 -0.222 29.28 18.07 31.24

29.27 - -

29.09 - -

0.12 -0.921 32.05 20.00 34.01

31.67 19.84 34.02

31.64 20.1 33.86

*, data not included in standard curve calculations due to possible PCR reaction inhibition.
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The standard curve data were plotted and linear regression was performed to determine
the slope (m) and y-intersect point (b) of the standard curve equation, y=mx+b. (figure

A2.1).

Figure A2.1. Determination of hREN, mRen-2 and 18S standard curves

Figure A2.1. The standard curve for the amplification of the human renin (hREN), mouse Ren-2 (Ren-2)
and 18S targets. hREN and Ren-2 were detected using FAM labelled probe. 18s was detected using VIC
labelled probe. Linear regression was performed to determine the slope (m) and y-intersect point (b) of
the standard curve equation, y=mx+b.

A2.1.2. Quantification of hREN and mRen-2 expression

Quantification of the input amount of RNA was calculated using the following methods

(Applied Biosystems User Bulletin #2, 1997). The log input amount of RNA

(Logio[Input RNA]) was calculated from the standard curve and the threshold cycle (Ct)
value for each sample using the following equation:

Log io[Input RNA] = (Ct-b)/m, where b = y-intercept of standard curve line, and m =

slope of standard curve line.

For hREN, b = 30.879 and m = -3.157 for the equation y = mx + b. For Ren-2, b = 28.97
and m = -2.780. For 18S, b = 17.918 and m = -2.179
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The input amount ofRNA (Input RNA) was calculated using the following equation:

Input RNA = io(Losl°rinPutRNA»

The units of the calculated amount are the same as the units used to construct the

standard curve, which are nanograms of Total Control RNA. If it is calculated that an
unknown has 0.23 ng of RNA, then the sample contains the same amount of mRNA
found in 0.23 ng of the Control RNA. The data were then divided by the 18S value to

obtain the normalised amount of hREN and Ren-2. The raw Ct data and values

calculated using the above method are presented in tables A2.2 to A2.8.

A2.1.3. Calculation of relative expression

Normalised values of hREN and Ren-2 mRNA levels within an animal group were

averaged and this value compared to the average of normalised values for other animal

groups. For statistical analysis, normalised values were compared by Student's t test and
real-time PCR data were compared using the Relative Expression Software Tool (REST)

(Pfaffl, 2001; Pfaffl et al., 2002).
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Table A2.2. F1317 male animals, captopril treated

Animal PCR assay ct Av. Ct
Log [Input
RNA]

Input RNA
(ng)

Av. Input RNA
(ng)

Normalised to

18S

5520 hREN-FAM 1 27.25 1.42 4.16

hREN 7%+ hREN-FAM 2 27.04 1.60 4.94

hREN-FAM 3 26.99 27.09 1.64 5.15 4.75 0.607

18S-V1C 1 16.77 1.96 7.12

18S-VIC 2 16.71 2.05 7.73

18S-VIC 3 16.63 16.70 2.16 8.64 7.83 1

Ren2-FAM 1 29.95 0.68 1.97

Ren2-FAM 2 29.92 0.70 2.01

Ren2-FAM 3 29.95 29.94 0.68 1.97 1.98 0.253

5811 hREN-FAM 1 26.13 2.35 10.51

hRENTg+ hREN-FAM 2 26.21 2.29 9.83

hREN-FAM 3 26.25 26.20 2.25 9.51 9.95 1.846

18S-VIC 1 16.94 1.73 5.62

18S-VIC 2 16.89 1.80 6.03

18S-VIC 3 17.1 16.98 1.51 4.51 5.39 1

Ren2-FAM 1 29.37 1.10 3.01

Ren2-FAM 2 29.49 1.01 2.75

Ren2-FAM 3 29.48 29.45 1.02 2.77 2.85 0.528

5812 hREN-FAM 1 25.54 2.84 17.13

hREN 7%+ hREN-FAM 2 25.46 2.91 18.30

hREN-FAM 3 25.36 25.45 2.99 19.88 18.43 17.721

18S-VIC 1 18.24 -0.07 0.93

18S-VIC 2 18.13 0.08 1.08

18S-VIC 3 18.11 18.16 0.11 1.11 1.04 1

Ren2-FAM 1 29.36 1.11 3.03

Ren2-FAM 2 29.34 1.12 3.07

Ren2-FAM 3 29.44 29.38 1.05 2.86 2.99 2.875

5813 hREN-FAM 1 39.7 -8.89 0.00

hREN Tg- hREN-FAM 2 40 -9.13 0.00

hREN-FAM 3 38.43 39.38 -7.83 0.00 0.00 0.00

18S-VIC 1 16.3 2.61 13.65

18S-VIC 2 16.32 2.59 13.27

18S-VIC 3 16.38 16.33 2.50 12.22 13.05 1

Ren2-FAM 1 27.63 2.37 10.70

Ren2-FAM 2 27.68 2.33 10.32

Ren2-FAM 3 27.63 27.65 2.37 10.70 10.57 0.810
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Table A2.3. F1317 female animals, captopril treated

Animal PCR assay ct Av. Ct
Log [Input
RNA]

Input RNA
(ng)

Av. Input RNA
(ng)

Normalised to

18S

5523 hREN-FAM 1 24.01 4.11 60.80

hRENTg+ hREN-FAM 2 24.12 4.02 55.51

hREN-FAM 3 24.1 24.08 4.03 56.44 57.58 76.773

18S-VIC 1 18.32 -0.18 0.83

18S-VIC 2 18.28 -0.13 0.88

18S-VIC 3 18.65 18.42 -0.64 0.53 0.75 * 1

Ren2-FAM 1 27.11 2.75 15.63

Ren2-FAM 2 27.23 2.66 14.32

Ren2-FAM 3 27.05 27.13 2.79 16.33 15.43 20.573

5801 hREN-FAM 1 25.07 3.23 25.27

hRENTg+ hREN-FAM 2 25.15 3.16 23.65

hREN-FAM 3 25.17 25.13 3.15 23.27 24.07 11.741

18S-V1C 1 17.54 0.90 2.45

18S-VIC 2 17.66 0.73 2.07

18S-VIC 3 17.83 17.68 0.49 1.64 2.05 1

Ren2-FAM 1 25.34 4.04 56.87

Ren2-FAM 2 25.22 4.13 62.07

Ren2-FAM 3 25.52 25.36 3.91 49.87 56.27 27.449

5803 hREN-FAM 1 23.65 4.41 81.92

hRENTg+ hREN-FAM 2 23.64 4.41 82.61

hREN-FAM 3 23.76 23.68 4.31 74.79 79.77 3.678

18S-VIC 1 15.85 3.24 25.45

18S-V1C 2 15.96 3.08 21.86

18S-V1C 3 16.11 15.97 2.88 17.76 21.69 1

Ren2-FAM 1 25.33 4.05 57.28

Ren2-FAM 2 25.47 3.95 51.72

Ren2-FAM 3 25.44 25.41 3.97 52.87 53.96 2.488

5805 hREN-FAM 1 24.79 3.46 31.87

hRENTg+ hREN-FAM 2 24.67 3.56 35.20

hREN-FAM 3 24.32 24.59 3.85 47.04 38.04 31.700

18S-VIC 1 20.64 -3.40 0.03

18S-VIC 2 18.53 -0.48 0.62

18S-VIC 3 17.41 18.86 1.08 2.93 1.20 1

Ren2-FAM 1 26.73 3.03 20.63

Ren2-FAM 2 26.82 2.96 19.32

Ren2-FAM 3 26.6 26.72 3.12 22.68 20.88 17.400

*, data excluded from further analysis due to low 18S mRNA quantitation (<1 ng).

265



Table A2.4. F1317 female animals, vehicle treated

Animal PCR assay ct Av. Ct
Log [Input
RNA]

Input RNA
(ng)

Av. Input RNA
(ng)

Normalised to

18S

5806 liREN-FAM 1 28.46 0.42 1.53

hREN Tg+ hREN-FAM 2 28.66 0.26 1.29

hREN-FAM 3 28.54 28.55 0.36 1.43 1.42 0.241

18S-VIC 1 16.88 1.81 6.11

18S-VIC 2 16.85 1.85 6.37

18S-VIC 3 17 16.91 1.64 5.18 5.89 1

Ren2-FAM 1 28.41 1.80 6.06

Ren2-FAM 2 28.52 1.72 5.59

Ren2-FAM 3 28.5 28.48 1.74 5.67 5.77 0.980

5807 hREN-FAM 1 28.39 0.48 1.62

hRENlg+ hREN-FAM 2 28.42 0.46 1.58

hREN-FAM 3 28.32 28.38 0.54 1.71 1.64 0.181

18S-V1C 1 16.75 1.99 7.32

18S-V1C 2 16.67 2.10 8.18

18S-VIC 3 16.41 16.61 2.46 11.72 9.07 1

Ren2-FAM 1 28.54 1.71 5.51

Ren2-FAM 2 28.67 1.61 5.01

Ren2-FAM 3 28.94 28.72 1.41 4.11 4.88 0.538

5808 hREN-FAM 1 27.74 1.02 2.77

hRENlg+ hREN-FAM 2 27.76 1.00 2.72

hREN-FAM 3 27.53 27.68 1.19 3.30 2.93 0.106

18S-VIC 1 15.73 3.40 30.06

18S-VIC 2 15.77 3.35 28.44

18S-VIC 3 15.88 15.79 3.20 24.42 27.64 1

Ren2-FAM 1 28.03 2.08 7.99

Ren2-FAM 2 27.8 2.25 9.45

Ren2-FAM 3 27.88 27.90 2.19 8.92 8.79 0.318

5815 hREN-FAM 1 33.91 -4.09 0.02

hRENlg- hREN-FAM 2 34.2 -4.33 0.01

hREN-FAM 3 34.02 34.04 -4.18 0.02 0.02 0.001

18S-VIC 1 15.82 3.28 26.53

18S-VIC 2 15.79 3.32 27.66

18S-VIC 3 15.83 15.81 3.26 26.17 26.79 1

Ren2-FAM 1 28.31 1.87 6.51

Ren2-FAM 2 28.32 1.87 6.47

Ren2-FAM 3 28.15 28.26 1.99 7.32 6.77 0.252
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Table A2.5. F1446 male animals, captopril treated

Animal PCR assay ct Av. Ct
Log [Input
RNA]

Input RNA
(ng)

Av. Input RNA
(ng)

Normalised to

18S

6022 hREN-FAM 1 37.89 -7.39 0.00

hRENTg- hREN-FAM 2 38.32 -7.74 0.00

hREN-FAM 3 38.09 38.10 -7.55 0.00 0.00 0.000

18S-V1C 1 16.27 2.66 14.23

18S-V1C 2 16.56 2.25 9.52

18S-VIC 3 16.62 16.48 2.17 8.76 10.84 1

Ren2-FAM 1 26.7 3.05 21.09

Ren2-FAM 2 26.72 3.03 20.78

Ren2-FAM 3 26.69 26.70 3.06 21.24 21.04 1.941

6023 hREN-FAM 1 26.35 2.17 8.76

hRENTg+ hREN-FAM 2 26.39 2.14 8.47

hREN-FAM 3 26.57 26.44 1.99 7.30 8.18 0.820

18S-VIC 1 16.55 2.27 9.65

18S-VIC 2 16.6 2.20 9.01

18S-VIC 3 16.44 16.53 2.42 11.24 9.97 1

Ren2-FAM 1 27.75 2.28 9.80

Ren2-FAM 2 27.78 2.26 9.59

Ren2-FAM 3 27.7 27.74 2.32 10.17 9.85 0.988

6210 hREN-FAM 1 24.62 3.60 36.69

hREN Tg+ hREN-FAM 2 24.87 3.40 29.83

hREN-FAM 3 24.91 24.80 3.36 28.86 31.79 1.061

18S-VIC 1 15.7 3.44 31.33

18S-VIC 2 15.71 3.43 30.90

18S-VIC 3 15.79 15.73 3.32 27.66 29.96 1

Ren2-FAM 1 26.21 3.41 30.15

Ren2-FAM 2 26.22 3.40 29.93

Ren2-FAM 3 26.17 26.20 3.44 31.04 30.37 1.013

6647 hREN-FAM 1 26.92 1.70 5.46

hREN Tg+ hREN-FAM 2 27.13 1.52 4.59

hREN-FAM 3 26.46 26.84 2.08 7.99 6.02 0.532

18S-VIC 1 16.43 2.43 11.40

18S-VIC 2 16.47 2.38 10.78

18S-VIC 3 16.41 16.44 2.46 11.72 11.30 1

Ren2-FAM 1 27.92 2.16 8.66

Ren2-FAM 2 28.06 2.06 7.82

Ren2-FAM 3 28.11 28.03 2.02 7.54 8.01 0.709
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Table A2.6. F1446 male animals, vehicle treated

Animal PCR assay ct Av. Ct
Log [Input
RNA]

Input RNA
(ng)

Av. Input RNA
(ng)

Normalised to

18S

6024 hREN-FAM 1 31.66 -2.23 0.11

hREN lg+ hREN-FAM 2 31.99 -2.50 0.08

hREN-FAM 3 31.79 31.81 -2.34 0.10 0.10 0.018

18S-VIC 1 16.89 1.80 6.03

18S-VIC 2 17.01 1.63 5.10

18S-VIC3 16.93 16.94 1.74 5.70 5.61 1

Ren2-FAM 1 31.33 -0.33 0.72

Ren2-FAM 2 31.2 -0.23 0.79

Ren2-FAM 3 30.93 31.15 -0.04 0.96 0.82 0.146

6026 hREN-FAM 1 32.3 -2.76 0.06

hREN Tg+ hREN-FAM 2 32.85 -3.21 0.04

hREN-FAM 3 32.32 32.49 -2.77 0.06 0.06 0.128

18S-VIC 1 18.77 -0.81 0.45

18S-VIC 2 18.79 -0.84 0.43

18S-VIC 3 18.63 18.73 -0.61 0.54 0.47* 1

Ren2-FAM 1 32.21 -0.97 0.38

Ren2-FAM 2 32.29 -1.03 0.36

Ren2-FAM 3 32.15 32.22 -0.93 0.40 0.38 0.809

6029 hREN-FAM 1 30.34 -1.13 0.32

hRENTg+ hREN-FAM 2 30.27 -1.08 0.34

hREN-FAM 3 30.28 30.30 -1.08 0.34 0.33 0.020

18S-VIC 1 16.25 2.68 14.63

18S-VIC 2 16.05 2.96 19.29

18S-VIC 3 16.24 16.18 2.70 14.83 16.25 1

Ren2-FAM 1 31.31 -0.31 0.73

Ren2-FAM 2 31.49 -0.45 0.64

Ren2-FAM 3 31.3 31.37 -0.31 0.74 0.70 0.043

6649 hREN-FAM 1 31.92 -2.44 0.09

hREN Tg+ hREN-FAM 2 31.79 -2.34 0.10

hREN-FAM 3 31.75 31.82 -2.30 0.10 0.09 0.008

18S-VIC 1 16.45 2.41 11.09

18S-VIC 2 16.39 2.49 12.05

18S-VIC 3 16.35 16.40 2.54 12.73 11.96 1

Ren2-FAM 1 30.34 0.39 1.48

Ren2-FAM 2 30.48 0.29 1.34

Ren2-FAM 3 30.55 30.46 0.24 1.27 1.36 0.114

*, data excluded from further analysis due to low 18S mRNA quantitation (<1 ng).

268



Table A2.7. F1446 female animals, captopril treated

Animal PCR assay ct Av. Ct
Log [Input
RNA]

Input RNA
(ng)

Av. Input RNA
(ng)

Normalised to

18S

5530 hREN-FAM 1 24.71 3.53 34.05

hRENTg+ hREN-FAM 2 24.97 3.31 27.46

hREN-FAM 3 25.1 24.93 3.20 24.65 28.72 4.811

18S-V1C 1 17.06 1.56 4.76

18S-VIC 2 16.89 1.80 6.03

18S-VIC 3 16.77 16.91 1.96 7.12 5.97 1

Ren2-FAM 1 25.29 4.08 58.98

Ren2-FAM 2 25.08 4.23 68.74

Ren2-FAM 3 25.42 25.26 3.98 53.64 60.45 10.126

6034 hREN-FAM 1 25.07 3.23 25.27

hREN Tg+ hREN-FAM 2 24.89 3.38 29.34

hREN-FAM 3 25.08 25.01 3.22 25.07 26.56 21.419

18S-VIC 1 17.96 0.31 1.37

18S-VIC 2 18.09 0.13 1.14

18S-VIC 3 18.06 18.04 0.18 1.19 1.24 1

Ren2-FAM 1 24.68 4.52 92.04

Ren2-FAM 2 24.92 4.35 77.25

Ren2-FAM 3 24.97 24.86 4.31 74.49 81.26 65.532

6214 hREN-FAM 1 23.79 4.29 72.96

hREN Tg+ hREN-FAM 2 23.65 4.41 81.92

hREN-FAM 3 23.79 23.74 4.29 72.96 75.95 2.417

18S-VIC 1 15.78 3.33 28.04

18S-VIC 2 15.75 3.38 29.23

18S-VIC 3 15.58 15.70 3.61 37.00 31.42 1

Ren2-FAM 1 24.22 4.86 128.73

Ren2-FAM 2 24.15 4.91 135.48

Ren2-FAM 3 24.16 24.18 4.90 134.49 132.90 4.230

6656 hREN-FAM 1 25.42 2.94 18.92

hRENTg+ hREN-FAM 2 25.4 2.96 19.23

hREN-FAM 3 25.36 25.39 2.99 19.88 19.34 2.592

18S-V1C 1 16.73 2.02 7.52

18S-VIC 2 16.77 1.96 7.12

18S-VIC 3 16.71 16.74 2.05 7.73 7.46 1

Ren2-FAM 1 25.28 4.08 59.41

Ren2-FAM 2 25.41 3.99 54.04

Ren2-FAM 3 25.43 25.37 3.98 53.25 55.57 7.559
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Table A2.8. F1446 female animals, vehicle treated

Animal PCR assay ct Av. Ct
Log [Input
RNA]

Input RNA
(ng)

Av. Input RNA
(ng)

Normalised to

18S

5531 hREN-FAM 1 29.51 -0.45 0.64

hREN Tg+ hREN-FAM 2 29.3 -0.27 0.76

hREN-FAM 3 29.33 29.38 -0.30 0.74 0.71 0.061

18S-VIC 1 16.39 2.49 12.05

18S-VIC 2 16.47 2.38 10.78

18S-VIC 3 16.38 16.41 2.50 12.22 11.68 1

Ren2-FAM 1 28.59 1.67 5.31

Ren2-FAM 2 29 1.37 3.94

Ren2-FAM 3 28.81 28.80 1.51 4.52 4.59 0.393

6035 hREN-FAM 1 28.51 0.38 1.46

hRENTg+ hREN-FAM 2 28.42 0.46 1.58

hREN-FAM 3 28.42 28.45 0.46 1.58 1.54 0.166

18S-VIC 1 16.58 2.23 9.26

18S-VIC 2 16.54 2.28 9.79

18S-VIC 3 16.61 16.58 2.18 8.88 9.31 1

Ren2-FAM 1 28.63 1.64 5.16

Ren2-FAM 2 28.63 1.64 5.16

Ren2-FAM 3 28.62 28.63 1.65 5.20 5.17 0.555

6215 hREN-FAM 1 27.78 0.99 2.68

hREN Tg+ hREN-FAM 2 28.03 0.78 2.18

hREN-FAM 3 28.05 27.95 0.76 2.14 2.33 0.091

18S-VIC 1 15.92 3.14 23.10

18S-VIC 2 15.74 3.39 29.64

18S-VIC 3 15.88 15.85 3.20 24.42 25.72 1

Ren2-FAM 1 28.48 1.75 5.76

Ren2-FAM 2 28.89 1.45 4.27

Ren2-FAM 3 29.13 28.83 1.28 3.58 4.53 0.176

6658 hREN-FAM 1 28.7 0.22 1.25

hRENTg+ hREN-FAM 2 28.55 0.35 1.42

hREN-FAM 3 28.53 28.59 0.36 1.44 1.37 0.104

18S-VIC 1 16.42 2.45 11.56

18S-VIC 2 16.35 2.54 12.73

18S-VIC 3 16.22 16.33 2.72 15.25 13.18 1

Ren2-FAM 1 28.17 1.98 7.22

Ren2-FAM 2 28.33 1.86 6.42

Ren2-FAM 3 28.31 28.27 1.87 6.51 6.72 0.510
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A2.2. As4.1 cell line transfections

A2.2.1. Determination of the standard curves

The standard curves for human renin (hREN) and 18S ribosomal RNA were determined

using a RNA extracted from human renin-expressing Calu-6 cells as Control RNA. The
threshold cycle (Ct) was determined for each of the transcripts (table A2.9) and the data

plotted to determine the standard curves (figure A2.2).

Table A2.9. Determination of hREN and 18S standard curves

Quantity RNA
(ng)

Log (ng RNA) hREN threshold cycle
(Ct)

18S threshold cycle
(Ct)

75 1.875 22.55 17.5

22.33 17.44

22.44 17.5

15 1.176 25.3 19.62

25.22 19.6

25.28 20.03

3 0.477 28.26 23.01

28.17 22.77

28.25 22.17

0.6 -0.222 29.86 21.08*

30 21.12*

29.55 21.01*

0.12 -0.921 32.49 23.63*

32.1 23.65*

32.04 23.75*

*, data not included in standard curve calculations.

The standard curve data were plotted and linear regression was performed to determine
the slope (m) and y-intersect point (b) of the standard curve equation, y=mx+b. (figure

A2.2). For hREN, b = 30.879 and m = -3.157 for the equation y = mx + b. For Ren-2, b
= 28.97 and m = -2.780. For 18S, b = 17.918 and m = -2.179

The relative expression of the Ren-ld promoter region compared to the RSV promoter

was calculated by dividing the normalised values: PRen-id /Prsv = 1.077/1.925 = 0.560.
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Figure A2.2. Determination of hREN and 18S standard curves

Log (ng template RNA)

Figure A2.2. The standard curve for the amplification of the human renin (hREN) and 18S targets. hREN
was detected using FAM labelled probe. 18s was detected using VIC labelled probe. Linear regression
was performed to determine the slope (m) and y-intersect point (b) of the standard curve equation,

y=mx+b.

A2.2.2. Quantification of hREN expression

Plasmid PCR assay ct Av. Ct
Log [Input
RNA]

Input RNA
(ng)

Av. Input RNA
(ng)

Normalised to

18S

pRHR-1100

Prsv

hREN-FAM 1 20.23

20.24

2.614 410.824

408.22 1.925

hREN-FAM 2 20.29 2.596 394.673

hREN-FAM 3 20.2 2.622 419.146

18S-VIC 1 15.77

15.71

2.309 203.784

212.06 1

18S-VIC 2 15.68 2.334 215.528

18S-V1C 3 15.67 2.336 216.875

pPrenld-hREN

PRcn-ld

hREN-FAM 1 21.4

21.26

2.274 187.929

206.84 1.077

hREN-FAM 2 21.16 2.344 220.632

hREN-FAM 3 21.22 2.326 211.958

18S-VIC 1 15.95

15.87

2.260 182.179

192.01 1

18S-VIC 2 15.82 2.296 197.537

18S-VIC 3 15.83 2.293 196.311
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