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Adeno-associated virus
Angiotensin converting enzyme
Anti-diuretic hormone
Angiotensinogen

Apparent mineralocorticoid excess
Angiotensin

Atrial natiuretic peptide
Aquaporin-2

Antioxidant response element
Angll type 1 receptor

Bacterial artificial chromosome
Bicinchoninic acid assay
Bradykinin receptor

Bovine growth hormone
Tetrahydrobiopterin

Brown Norway rat

Brain natiuretic peptide

BRitish Genetics of HyperTension
Bovine serum albumin

Buthionine sulphoxide

Coronary artery disease
1-chloro-2,4-dintrobenzene
CCAAT/enhancer binding protein-f3
Chromatin immunoprecipitation
Copy number variation
Carboxy-terminal modulator protein
Copper/zinc SOD

11 B-hydroxylase gene
Aldosterone synthase gene
1,2-dichloro-4-nitrobenzene
Dimethylsulfoxide
Deoxyribonucleic acid

Dahl salt resistant rat

Dahl salt sensitive rat

Dithiothreitol

European Collection of Cell Culture
Extracellular SOD

Endothelial differentiation gene receptor 1
Endothelium-derived relaxing factor
Ethylenediaminetetraacetic acid
Elongation factor 1 a subunit
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ENCODE
eNOS
eQTL
FBS
FCS
FDR
FHH
FHL
Gcl
GFP
GGT1
GH
GK
Gnai3

GPx
GRA

GSH
GSS
GSSG
GST
Gstml
H,O,
HCG
HDL
Hist2H2aa
iCE
IGF-1
IMCD
iINOS
IP

IPA
IPTG
ISIAH
LAR
LB
LDL
LH
LHRH
LL

LN
L-NAME
LOD
LRP6
MCS
MiRNA
MNS
Mn-SOD

Electrophoretic mobility shift assay
Encyclopaedia of DNA elements
Endothelial nitric oxide synthase
Expression QTL

Foetal bovine-serum

Foetal calf serum

False-discovery rate

Fawn hooded hypertensive rat
Fawn hooded low blood pressure rat
Glutamate cysteine ligase

Green fluorescent protein
Gammglutamyltranspeptidase |
Genetically hypertensive rat
Goto-Kakizaki rat

Guanine nucleotide binding protein

Glutathione peroxidase
Glucocorticoid-remediable aldosteronism

Glutathione

Glutathione synthase

Glutathione disulfide

Glutathione s-transferase
Glutathione s-transferase mu type 1
Hydrogen peroxide

Human chorionic gonadotrophin
High-density lipoprotein

Histone 2, H2aa

Internet Contig Explorer

Insulin-like growth factor-1
Inner-medullary collecting duct
Inducible NOS

Intraperitoneal

Ingenuity Pathway Analysis
Isopropyl-beta-D-thiogalactopyranoside

Inherited stress-induced arterial hypertensive

Luciferase assay reagent

Luria broth

Low-density lipoprotein

Lyon hypertensive rat
Leutenising hormone releasing hormone
Lyon low blood pressure rat
Lyon Normotensive rat
N-Nitro-L-Arginine Methyl Ester
Logarithm of odds

LDL receptor-related protein 6
Multiple cloning site

MicroRNA

Milan normotensive strain
Mitochondrial manganese SOD
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MOl
MOPS
MR
NAD(P)H oxidase
NCCT
NEFA
NEP
nNOS
NO
NQO1
Nrf2
NRK52E
02--
OH-
ONOO-
PAC
PBS
PCP
PCR
PDGF
PE

PEP

pfu
PHR

Pl 3-kinase
Pik3c3
PIK3R1
PKBa
PKCa
PMSG
PNR
PPAR
PPARM
Prcc.
PSS
gRT-PCR
QTL

RA
RAAS
RAd
RGE
RISC
RLB
RNA
ROS
rRNA
SAP
SBH

Multiplicity of infection
3-morpholinopropanesulfonic acid
Mineralocorticoid receptor
Nicotinamide adenine (phosphate) dinucleotide oxidase
NacCl cotransporter

Non-esterified fatty acid

Neutral endopeptidase

Neuronal NOS

Nitric oxide

NADPH:quinone reductase
Nuclear-factor-erythroid 2-related factor 2
Normal rat kidney epithelial cells
Superoxide anion

Hydroxyl radical

Peroxynitrite

Bacteriophage P1 artificial chromosome
Phosphate-buffered saline
Prolylcarboxypeptidase

Polymerase chain reaction
Platelet-derived growth factor
Phenylephrine

Prolylendopeptidase

Plague forming unit

Prague hypertensive rat
Phosphatidylinositol 3-kinase
Phosphatidylinositol 3-kinase

P13 kinase regulatory subunit 1
Protein kinase B alpha

Protein kinase C alpha

Pregnant mare's serum gonadotrophin
Prague normotensive rat

Peroxisome proliferator-activated receptor
PPAR responsive enhancer module
Papillary renal cell carcinoma
Physiological saline solution
Quantitative real-time PCR
Quantitative trait locus

Retinoic acid

Renin angiotensin aldosterone system
Recombinant adenovirus

Rat glomerular endothelial
RNA-induced silencing complex
Reporter Lysis Buffer

Ribonucleic acid

Reactive oxygen species

ribosomal RNA

Shrimp alkaline phosphatase

DOCA salt sensitive Sabra rat

14



SBN
SDS
SHR
shRNA
SHRSP
SiRNA
SOD
SPRIPlate
Sreblf
TBE
TBHP
TF
TGF
Tris
TZDs
UGT
UTR
Vcaml
Vegf-A
VSMC
WKY
WNK
WTCCC
X-gal
YAC

DOCA salt resistant Sabra rat

Sodium dodecyl sulphate

Spontaneously hypertensive rat
Short-hairpin RNA

Stroke-prone spontaneously hypertensive rat
Short interfering RNA

Superoxide dismutase

Solid phase reversible immobilisation plate

Sterol regulatory element binding transcription factor 1

Tris-Borate EDTA
Tert-butyl hydrogen peroxide
Transcription factor

Tubuloglomerular feedback
Trishydroxymethylaminomethane

Thiazolidinediones

Uridine diphosphate-glucuronosyl-transferase
Untranslated region

Vascular cell adhesion molecule 1

Vascular endothelial growth factor

Vascular smooth muscle cell

Wistar Kyoto rat

With no lysine (K)

The Wellcome Trust Case Control Consortium
5-Bromo-4-chloro-3-indolyl B-D-galactopyranoside
Yeast artificial chromosome
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Summary

Hypertension is an increasing public health bunderidwide, it affects over 25% of the
adult population and is a significant risk factorai number of other cardiovascular
diseases such as atherosclerosis, heart diseast&r@kel Numerous family and population
studies have identified candidate genes assoomthdssential hypertension in humans,
though no major effect loci have been replicatdte &xperiments performed in this
project employed a number of functional genomittégues to investigate the genetic
causes of high blood pressure in the stroke-prpoataneously hypertensive rat (SHRSP),

an inbred model of essential hypertension.

A genome-wide scan previously performed in the @aslaboratory by cross-breeding
the SHRSP and the Wistar Kyoto (WKY) normotensigatool strain identified a
quantitative trait locus (QTL) on rat chromosomen2oding genes involved in blood
pressure regulation. This QTL was confirmed anthfrrrefined by congenic breeding:
introgressing genomic regions from the WKY onto laekground of the SHRSP,
generating rats with reduced blood pressure cordgarthe SHRSP. Renal microarray
gene expression profiling in the 16 week old SHR&RY and congenic 2c* strain
identified a positional and functional candidategeglutathione s-transferageype 1
(Gstml) which is involved in defence against oxidativess and is down-regulated in the
SHRSP.

One of the aims of these investigations was tosgsg#ferences in gene expression
between normotensive and hypertensive rats pritreé@mnset of hypertension in the
SHRSP. Microarray gene expression profiling meabkueaal expression in 5 week old
SHRSP, WKY and 2c* rats, showing reduced expressi@stml in the SHRSP. This
verified Gstml as a robust candidate gene since its differeetiptession precedes the
development of high blood pressure in the SHRSRe@apression data was also
combined with the previous data from 16 week otd ta examine differences between
strains at both timepoints; Ingenuity Pathway Ass\software was employed to assess
the differential expression of groups of genes adiog to their role in well-described
biological pathways. Several differentially expeggenes from within and outwith the
congenic interval in addition @@stml were identified that are involved in glutathione
(GSH) metabolism, leading to the hypothesis thaalrexidative stress caused by impaired
GSH metabolism may contribute hypertension in tHRSP. Renal GSH levels were
measured at 5 and 16 weeks of age, showing lowelslén the SHRSP at both timepoints
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compared to the WKY, while in the 2c*, GSH levelsre similar to the SHRSP at 5 weeks
of age and similar to the WKY at 16 weeks of agasVerified the likely effect of genes
from the 2c* congenic interval on differential G®tétabolism, and renal superoxide
levels were also shown to be increased in the SHRSRveeks of age, however

quantitative real-time PCR did not verify the mign@y results in some cases.

Reduced kidnegstml expression was also confirmed in the spontaneduyglgrtensive

rat (SHR), while expression in the normotensivevidriNorway (BN) rat was equivalent

to the WKY. 13 promoter single-nucleotide polymdgohs (SNPs), a missense mutation
and a 3' untranslated region (UTR) SNP were idiedtih Gstml in SHRSP and SHR that
were not carried by the WKY or BN. Rat and moGsanl promoter sequences were
aligned, identifying a conserved antioxidant regmelement and regions of homology
likely to encode functionally important regulat@iements. Luciferase reporter constructs
compared transcriptional activities of SHRSP andYAM®Bstml promoters of increasing
length, encompassing progressively more SNPs. \Woltpsubcloning to isolate the
transcriptional effects of two clusters of SNPsdduced expression in the SHRSP,
luciferase activities suggested that an interadbetmveen one or more SNP in each cluster
contributed to reduced transcription. Further naaglstructs were generated by site-
directed mutagenesis to investigate this interadbat no consistent effects on expression
were observed, implying complex regulationG#ml expression. The Transfac database
was used to identify several potential transcripfector binding sites affected by the
SHRSP mutations, the strongest candidate beingiseroe proliferator-activated receptor

gamma (PPAR), with binding sites affected in both implicatddsters.

Recombinant adenoviruses were employed in expetsierassess the functional effects
of modulatingGstm expressionn-vitro andin-vivo. Previous experiments had
demonstrated effectiv@stml knockdownin-vitro using a short-interfering RNA sequence
designed to reduce expression of sevéstin family genes. This sequence was expressed
as a short-hairpin RNA (shRNA) by an adenoviratwedConsistent 32-58% knockdown

of Gstml, 2 and3 was achieveth-vitro, though several mismatches in the target ShRNA
sequence prevented effective knockdowestins. Reduced expression was not measured
for Gstm7, despite only a single mismatch that was alsorebgdan theGstm2 coding
sequence, this was accounted for by low endoge@sans/ expression. Total cellular GST
activity was not reduced by the anti-Gstm familiRBIA adenovirus. Adenoviruses were
generated to express SHRSP and WB&ml sequences. WKGstml-overexpression
adenovirus was infused into carotid arterie&Sgtiml rats and nitric-oxide (NO)-
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bioavailability was compared to contralateral ung#gd vessels by wire myography 48
hours later. Overexpression@§tml did not improve NO-bioavailability.

Significant progress was made towards the generafia transgenic SHRSP rat
overexpressingstml. A bacterial artificial chromosome (BAC) encodi@gtml was
purified and a lineaGstml expression construct was cloned and purified ircv@stml
expression was driven by the ubiquitous human eltoig factor 1 alpha subunit
promoter. Eight rounds of microinjections were parfed resulting in the birth of 78 pups,

though none were transgenic when screened by PCR.

In summary, a wide range of functional genomic teghes were applied in the analysis of
a genetic model hypertension, involving genome-veide candidate gene approaches.
While the role ofGstml in hypertension in the SHRSP is yet to be fulldenstood, a
number of tools have been developed that will aitbither investigations and guide the

analysis of other candidates.
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1 Introduction
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1.1 Genetics of Human Hypertension

1.1.1 Blood Pressure Control

It is essential that the supply of blood from tleat to all organs of the body is well
controlled in order to deliver oxygen, nutrientsldrormones at the appropriate rate and to
ensure removal of metabolic waste products sudardmon dioxide. Many physiological
mechanisms exist to ensure that acute and longltaahand global blood flow is
maintained at the appropriate level to individuglams in response to tissue needs. The
most fundamental of these mechanisms is the coottolean arterial blood pressure, it is
also one of the most complex physiological systemwalving the endocrine and nervous
systems, the endothelium, kidneys and the maintenahheart and blood vessel
architecture. Grossly, arterial pressure is dictdte the following relationship: BP =
Cardiac Output X Vascular Resistance. A numbeh@homeostatic systems involved in
blood pressure control are summarised in takdethese systems form a complex web of
interaction and feedback to maintain appropriat@tlpressure in response to changes in
diet, activity, stress and other environmentaldesit The organ principally responsible for
long term blood pressure control is the kidneyegulates blood volume by controlling
salt and water levels. Its importance in blood gues control was elegantly shown by
experiments involving renal transplantation betwikgpertensive and normotensive rats,
the blood pressure of hypertensive rats receividgeys from normotensive strains fell,
while the blood pressure of normotensive rats ka@cgia hypertensive rat kidneys

increased (Bianchi et al. 1974a).

The major mechanism responsible for blood pressomérol is the renin angiotensin
aldosterone system (RAAS) (figure 1.1); the mastlistd aspects of the RAAS involve the
vasoconstrictory mechanisms of angiotensin convgenzyme (ACE) and angiotensin Il
(Ang 1), though in recent years there has beestsubial progress in our understanding of
the role played by ACE2 and angiotensin 1-7 pepi#dey-(1-7)) in vasodilation,
cardioprotection and salt and water homeostasigiodnsinogen (AGT), produced in the
liver, is the inactive 485 amino-acid precursoatgiotensin | (Ang 1), it circulates freely

in the plasma. The conversion of AGT to Ang | isdiaéed by renin, which is released

from the juxtaglomerular apparatus in responsestwahsed renal perfusion, or decreased
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Physiological System

Relation to Blood Pressure

The renin-angiotensin
system, renal body fluid
regulation.

Arterial Baroreceptor
Reflexes

Renin-Angiotensin
Vasoconstrictor
Mechanism

Stress-Relaxation
Mechanism

Carotid and Aortic
Chemoreceptors

Endothelium-derived
vasoactive substances

Natriuretic Peptides

Capillary Fluid Shift

Kidney Kinin-kallikrein
system

Central Nervous System
Ischaemic Response

The major mechanisms of long-term blood pressure
control involve salt and water homeostasis in the kidney.

Increased BP stimulates baroreceptors, inhibiting the
vasoconstrictor centre and exciting the vagal centre in
the brain, causing vasodilation, decreased heart rate and
strength of heart contraction. Converse response to
reduced BP.

The short-term effect of angiotensin Il is to stimulate
vasoconstriction of arterioles, causing an increase in
peripheral resistance and an increase in BP.

Increased blood pressure stretches the blood vessel
walls, they stretch to accommodate this and
consequently reduce blood pressure.

Chemoreceptors detect oxygen lack and carbon dioxide
and hydrogen excess, exciting the vasomotor centre to
increase heart rate and cause vasoconstriction.

Alter vascular tone. Examples include nitric oxide
(vasodilatory) and endothelin (vasoconstrictive).

Released in response to increased BP. Cause cardiac
and vascular vasodilation, inhibit renal and vascular
effects of angiotensin Il, inhibit cardiac

Reduced capillary pressure results in increased osmosis
from the tissue fluid to the vasculature, increasing blood
volume. Increased capillary pressure has the opposite
effect.

Responds to increased sodium by stimulating salt and
water secretion, reducing BP.

Reduced nutrient flow in the brain vasomotor centre
strongly excites it to activate parasympathetic
responses, increasing heart rate and constricting blood
vessels. Principally an emergency response to very low
blood pressure to prevent brain injury.

Table 1.1 - Physiological systems involved in the control of bl

ood pressure
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Figure 1.1 - The renin angiotensin aldosterone syst em

The ACE/Ang Il axis (blue arrows) mediates increased blood pressure in response to decreased glomerular bloodflow and plasma salt
levels, while the ACE2/Ang-(1-7) axis (red arrows) has a blood-pressure lowering effect. See text for details. ACE: angiotensin
converting enzyme, Ang: angiotensin, NEP: neutral endopeptidase 24.11, PEP: prolylendopeptidase PCP: prolylcarboxypeptidase.
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serum sodium chloride (NaCl) concentration. Angnlinactive 10 amino acid peptide, is
converted to Ang Il by ACE, a membrane-bound enzimaéresides predominantly in the
endothelial surfaces of the lungs. Ang Il, an 8raoracid peptide, is a potent effector of
many downstream systems leading to increased lgmess$ure: it stimulates aldosterone
secretion from the adrenal gland, leading to kididylar sodium and chloride
reabsorption and water retention, it also actctiyen tubular receptors with the same
result, it stimulates sympathetic nervous activigising increased heart rate and blood
vessel constriction, it also stimulates arterialanstriction directly. Finally, Ang Il also
stimulates the pituitary gland to secrete anti-glitic hormone (ADH), resulting in
increased water reabsorption in the kidney colgctiucts. A negative feedback loop
exists whereby increased juxtaglomerular perfuseused by the above effects reduces
renin release. Ang | and Ang Il are also substrittethe generation of Ang-(1-7), directly
or via Ang-(1-9), in number of reactions catalybgydACE2, ACE, neutral endopeptidase
24.11 (NEP), prolylendopeptidase (PEP) and protplaaypeptidase (PCP) (figure 1.1).
Ang-(1-7) is a 7 amino acid peptide that was oraesitlered an inactive metabolite of
Ang Il until it was demonstrated to mediate theaske of vasopressin framvitro

pituitary explants (Schiavone et al. 1988). Thealry of ACE2 (Tipnis et al.
2000;Donoghue et al. 2000) was the catalyst fah&irelucidation of the role of Ang-(1-
7), and the ACE2/Ang-(1-7) system is now recognagd major counter-regulatory
mechanism of the ACE/Ang Il system. Our understagdif the actions of Ang-(1-7) is far
from complete but has been show to have endothediependent vasodilatory effects in
several tissue beds, a response recently showaneediated by nitric oxide (NO)
(Sampaio et al. 2007). Ang-(1-7) also plays a noleardioprotection, reducing cardiac
Ang Il levels in rats (Mendes et al. 2005), and ratag blood-pressure independent
prevention of cardiac fibrosis and hypertrophyxperimental models (Tallant et al.
2005;Grobe et al. 2006). The renal effects of AGE& Ang-(1-7) are not well understood
at present, with conflicting reports suggesting #hiag-(1-7) can mediate the retention or
secretion of salt and water depending on the exyserial system or segment of nephron
examined (DelliPizzi et al. 1994;Santos et al. 1988on et al. 1997).

1.1.2 Epidemiology of Human Hypertension

Blood pressure is a quantitative phenotype thatvstamntinuous variation from high to

low values throughout populations. It is clinicallgcepted that optimal adult blood
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pressure is <120/80 mmHg (systolic/diastolic), stihe normal range is typically
<139/89 mmHg. High blood pressure, or hypertenggdefined as systolic pressure over
140 mmHg and/or diastolic pressure over 90 mmHgdé&mes Subcommittee WHO-ISH
1999;Mancia et al. 2007). Hypertension is a headticern because is a major risk factor
for a number of cardiovascular diseases includiraks, atherosclerosis, type Il diabetes,
coronary heart disease and renal disease. It af2&€b of adults worldwide, its prevalence
is predicted to increase to 29% by 2025 (Kearna}.2005).

In approximately 5% of hypertensives, increaseadlpressure is secondary to a factor
such as constriction of a blood vessel, an imb&afdiormones or monogenic disease, the
remaining 95% have idiopathic or essential hypeiten Factors that contribute to
essential hypertension are known to include enwr@mtal and genetic causes.
Environmental factors include high dietary sodiuntake, excess alcohol consumption,
smoking, stress, and increased body weight. Ogthreslucing alcohol consumption and
restricting calorific intake have been shown to tedfectively reduce blood pressure
(Staessen et al. 1989;Beilin 1995). It is estimaltedl 13-31% and 41-46% of variance in
systolic blood pressure are due to environmentalgametic factors, respectively (Annest
et al. 1979;Annest et al. 1983;Cui et al. 2002)dEnce for a genetic component to
hypertension includes results of twin studies fatw a greater concordance of blood
pressure between monozygotic twins than dizygetios (Mcllhany et al. 1975;Feinleib et
al. 1977;Havlik et al. 1979;Rose et al. 1979;Hajbetral. 1981;Levine et al. 1982).
Population studies show greater variation of blpogssure between families than within
them (Longini, Jr. et al. 1984), and correlatiam®liood pressure are more significant
between biological parent and child than parentadapted child living in the same
household (Biron et al. 1976;Mongeau et al. 19R@ntification of the specific genes that
contribute to blood pressure regulation and how theeract in essential hypertension is a
major challenge, the number of loci involved is moWn, as is the extent to which each
contributes to the phenotype in given individuglspulations and environments.

1.1.3 Monogenic Forms of Hypertension

In an effort to understand the genetics of hypasitan much work has been performed to
find the causes of the monogenic forms of the dise@hese mutations are very rare but it
is hoped identification of the genes responsiblg na only provide candidates for

essential hypertension, but also elucidate the am@sms of blood pressure control and
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identify novel therapeutic targets. A substant@itcibution to this body of work has been
made by Lifton and colleagues who have identifiadations in 10 genes responsible for
hypertension and 7 causing hypotension (Lifton.€2@01;Cowley, Jr. 2006). The known
monogenic causes of hypertension are discussednrbéelow. It is noteworthy that a
majority of the monogenic causes of hypertensioeaty affect the function of the salt
and water handling systems in the kidney, undexjrthe importance of renal involvement
in blood pressure control and the likelihood thetigs involved in essential hypertension

may also predominantly affect salt and water horaesis mechanisms.

1.1.3.1 Glucocorticoid-Remediable Aldosteronism (GR  A)

GRA is an autosomal dominant condition charactdriseearly onset hypertension with
normal or raised aldosterone levels and low reaoiividy (Sutherland et al. 1966). This is
often associated with hypokalaemia and metabdtiglasis (Rich et al. 1992). The
distinguishing feature of the disease howeveras gfucocorticoid therapy completely
reverses the hypertension. Genetically, it is cduigeunequal crossover between the genes
encoding steroid 1f-hydroxylase CYP11B1) and aldosterone synthasgYP11B2), two
closely related and closely linked genes involveddrenal steroid biosynthesis (Lifton et
al. 1992). This generates a chimeric gene whoseession is regulated at its 5'

(CYP11B1) end by adrenocorticotropic hormone (ACTH), buba# protein product
exhibits aldosterone synthase activity. Aldostersyrghase activity is therefore kept
artificially high as the chimeric gene expressi®stimulated in the adrenal fasciculata by
ACTH rather than the normal regulating hormone j@tegsin Il. This leads to expanded
plasma volume due to increased Keabsorption via overactivation of ENaC by the
mineralocorticoid receptor (MR). The increased plassolume suppresses renin secretion,
accounting for the low renin activity, whilst Neeabsorption drives Kand H secretion,
leading to the hypokalaemia and alkalosis. Treatwgh glucocorticoids (such as
dexamethasone) suppresses ACTH activity, redubm@ldosterone synthase activity and

restoring normotension.

1.1.3.2 Apparent Mineralocorticoid Excess (AME)

AME is an autosomal recessive disorder caused lgtoos in thel1sHSD-2 (11 B-
hydroxysteroid dehydrogenase) gene featuring es$gt hypertension with
hypokalaemia, metabolic alkalosis, suppressed ractimity and near absence of
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circulating aldosterone. Despite reduced aldostelevels, antagonists of the MR were
shown to lower blood pressure in AME patients (Netwal. 1977), suggesting that an
unknown mineralocorticoid activates the MR. Bioch&ahinvestigations in affected
patients failed to identify a novel mineralocortadout did show an absence of the
enzyme 1RHSD (Ulick et al. 1979), resulting in impaired cension of cortisol to
cortisone. The significance of this was not cleail uhe cloning of the MR (Arriza et al.
1987) andn-vitro studies showing that cortisol activates the MR similar level as
aldosterone (Stewart et al. 1987;Funder et al. 19&&ding to the hypothesis thatvivo
(where circulating levels of cortisol are 1000-fbligher than aldosterone), AASD
normally 'protects’ the MR from over-activation dgyrtisol by converting it to cortisone,
which does not activate the MR. This was confirmpdn the cloning of th&1fHSD-2
gene, which was shown to be expressed in the saliseof the nephron that express ENaC
(Mune et al. 1995). As with GRA, overactivationtbé MR causes the hypokalaemia and
alkalosis.

1.1.3.3 Liddle Syndrome

Liddle syndrome is characterised by early onseehgnsion, hypokalaemic alkalosis,
suppressed renin activity and low plasma aldoseertbtiss caused by deletions or missense
mutations of the cytoplasmic C-terminal PPPXY (pre] proline, proline, any amino acid,
tyrosine) domain of the ENafory subunits. The PPPXY domains bind Nedd4-1 and
Nedd4-2 proteins as a first step in the ubiquitoratind clearance of ENaC via clathrin-
coated pits (Stauét al, 1996; Kamyninaet al, 2001). Disruption of the PPPXY domain
therefore causes reduced clearance of ENaC frortulthiée membrane, resulting in
increased ENaC numbers and activity, leading tiore@ntion and hypertension (Schild et
al. 1995;Shimkets et al. 1997). Directly converséitddle syndrome, mutations that
impair ENaC function cause autosomal recessived@diygoaldosternism type I,
characterised by salt wasting and hypotension (Gleaal. 1996).

1.1.3.4 Pseudohypoaldosteronism type Il

Pseudohypoaldosteronism type Il (PHAII), also krasanGordon Syndrome, is an
autosomal dominant condition caused by mutatiorsgime-threonine kinase genes,
WNK1 andWNK4 (Wilson et al. 2001). WNK stands for ‘'with no Kig WNKs are
characterised by the lack of a conserved lysinef¢kind in all other serine-threonine
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kinases. Along with hypertension, affected indivatbualso show hyperkalaemia,
hyperchloraemia and metabolic acidosis. The pathiogautations described so far in
WNKT1 are all large deletions in the first intron thatise increased/NK1 expression,
whilst all knownWNK4 mutations are missense and cluster within few aragids distal

to the kinase domain of the prote¥iNK1 andWNK4 expression have been localised to
the distal convoluted tubules and cortical collegtiluctsVWINK1 is also expressed in the
medullary collecting ducts. WNK1 protein is cytogtaic, WNK4 is present only in the
intercellular junctions in the distal convolutedhtles and in the cytoplasm and
intercellular junctions in the cortical collectidgct (Wilson et al 2001). Recent
experimental studies have investigated the funatiohanges caused BYNK4 mutations
and have provided novel insights into the mechasisfmenal chloride, sodium and
potassium homeostasls-vitro studies have shown that WNkéfects the activity of a
number of ion channels and transporters. It has demonstrated that wild-type WNK4
protein inhibits the Na-Cl cotransporter (NCCT) drannel, which mediates sodium and
chloride reabsorption in the distal convoluted teb@HAII WNK4 mutations abolish the
activation of NCCT, contributing to salt retenti@ilson et al. 2003). These findings are
consistent with pathogenesis of Gitelman's syndravhere loss-of-function NCCT

mutations cause hypotension, hypokalaemia and miatatkalosis (Simon et al. 1996).

As stated, WNK4 expression extends beyond the datestubules to the collecting duct,
raising the possibility that it regulates ion tnaos in distal portions of the nephron; Kahle
et al ( 2003) demonstrated that WNK4 inhibits tH@NRK potassium channel, which
reabsorbs potassium throughout distal nephron, dlseyshowed that PHAWNKA4
mutations increase this inhibition, decreasing g&itan secretion. Furthermore, WNK4
has been demonstrated to regulate paracellularidblmn transport via gap junctions in
in-vitro monolayer cultures of kidney epithelial cells, PHA&utant WNK4 increases
chloride ion transport, equivalent to increaseaitle reabsorption in the collecting duct
in-vivo (Kahle et al. 2004;Yamauchi et al. 2004).

An in-vivo study has further elucidated the mechanisms bglwWiINK4 affects sodium
chloride and potassium regulation, and shown tHzs a role in regulating the mass and
activity of the distal convoluted tubule. Transgemice were generated to homozygously
express two additional copies of either the wildeyr mutant (PHAII-causing equivalent)
mouseWhk4 gene, these mice were designated Tg(Wiikand Tg(WnkZ™"),
respectively (Lalioti et al. 2006). The Tg(Wnk9) mice exhibit reduced blood pressure



James Polke, 2008 Chapter 1 28

with normal serum Klevels. Tg(Wnk&"*") mice have raised blood pressure and
hyperkalaemia equivalent to that seen in human Ppatlents. Ultrastructural analysis of
the distal convoluted tubules of the transgenicensitowed marked effects of increased
mutant and wild-typ&\hk4 expression: compared to wild-type mice, Tg(Wrk4)

showed increased lumen surface area and NCCT esipmesvhilst Tg(Wnk4'") had
reduced lumen surface area and reduced NCCT eiqme3$ese findings correlate blood
pressure and electrolyte balance with distal cartedl tubule morphology and distribution
of NCCT. In order to confirm this association, Tg{k4""*") mice were cross-bred with a
NCCT-knockout, generating mice with PHAIl Wnk4 mtisas, but no NCCT. These mice
had blood pressure similar to Tg(Wrk2, normal serum Kand normal distal convoluted
tubule morphology (Lalioti et al 2006).

1.1.3.5 PPARYy Mutations Causing Insulin Resistance, Diabetes

Mellitus and Hypertension

Peroxisome proliferator-activated receptor gamniRARY) is a nuclear receptor family
transcription factor involved in adipocyte diffetetiion (Tontonoz et al. 1994), it also
promotes insulin-induced uptake of glucose andhiigts affinity for the anti-diabetic
medications, thiazolidinediones (TZDs), which irase its activity (Lehmann et al. 1995).
A cohort of insulin resistant patients was scredoednutations in the PPARjenes,
finding novel ligand binding domain mutations inotfamilies displaying autosomal
dominant early onset insulin resistance, typedbdies and hypertension without obesity
(Barroso et al. 1999). These mutations were shavwrave dominant negative effect on
PPARy activity that the authors propose causes insaBensitivity and diabetes whilst
providing sufficient residual activity to contradlipocity. Barosso et gropose that

PPARy may play a role in hypertension in these patigi@sncreased vascular tone since
TZDs lower blood pressure, block calcium channél/ag in smooth muscle cells
(Nakamura et al. 1998) and inhibit release of gept vasoconstrictor endothelin-I from
endothelial cells (Satoh et al. 1999).
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1.1.3.6 Variably Penetrant Hypertension, Hyperchole  sterolaemia

and Hypomagnesia

Hypertension, hypercholesterolaemia and hypomagraei among the risk factors for
metabolic syndrome, which has a genetic comporefamily study was performed on a
kindred of 142 relatives of a patient with hypomegja (Wilson et al. 2004). An increased
incidence of hypertension, hypercholesterolaeméhlgqpomagnesia was observed among
the maternal lineage related to the proband (100&tose with hypomagnesia, 87% of
those with hypertension and 73% of those with hgipellesterolaemia were on the
maternal lineage). This implicated mitochondriahnmission and complete sequencing of
the mitochondrial genome identified a novel mutaiiothe gene encoding transfer RNA
for isoleucine (tRNA?) in the maternal lineage. Each of the three tragssured had a
penetrance of approximately 50% in patients cagyime mutation, implying phenotypic

modifying effects of nuclear genome and/or envirental factors (Wilson et al 2004).
1.1.3.7 Hypertension with Brachydactyly

Hypertension with brachydactyly (shortened fingenés) is an autosomal dominant
condition featuring normal renin-angiotensin systanction. The cause of hypertension
in affected patients is not fully understood, thiotigere is evidence from brain magnetic
resonance imaging that it may be caused by neuralaascompression of the ventrolateral
medulla (one of the brain structures responsibisétting basal sympathetic tone)
(Naraghi et al. 1997). Autonomic nervous systencfiom has been investigated in
affected patients, they show normal sympathetigenactivity during rest, but exaggerated
blood pressure increases following sympatheticidtimith the alpha agonist
phenylephrine during baroreceptor reflex blockaltedan et al. 2000). This study implies
that hypertension in these patients could be mlat@bnormal baroreceptor reflex
function. Genetically, the locus responsible fopéstension with brachydactyly was
mapped to chromosome 12p by a genome-wide scamghhtbe gene has yet to be
identified (Schuster et al. 1996).
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1.1.3.8 Mineralocorticoid Receptor Mutation Causing
Hypertension Exacerbated in Pregnancy

The MR mutation S810L was identified in a screeparly-onset hypertensive patients, to
date it has been identified in eight individual®ire pedigree (Geller et al. 2000). S810L
causes dominant hypertension before the age ofitbOwarked exacerbation of
hypertension during pregnancy. The S810L mutargptes shows partial activation in the
absence of steroids, but a normal response toteldoe. However MR antagonists that
usually bind but do not activate the wild-type M&k an agonist effect on the S810L
receptor; this includes many steroids includinggesierone, levels of which increase 100-
fold during pregnancy, accounting for the dramatarease in blood pressure during
pregnancy in affected individuals (Geller et al @0 his antagonist-to-agonist response
in the S810L receptor is caused by a structurahgban the receptor protein. Recent work
has shown that the S810L MR receptor binds witl liifinity and is transactivated by
cortisone and 11-dehydrocorticosterone, the maitisob and corticosterone metabolites in
the distal nephron, suggesting that these are ath@engndogenous steroids responsible for
early onset hypertension in men and non-pregnantemocarrying MR S810L (Rafestin-
Oblin et al. 2003). In contrast to hypertensionoexbated in pregnancy, loss-of-function
frameshift or nonsense mutations in the MR genseautosomal dominant
psuedohypoaldosteronism type I, typified by nedrssth wasting and hypotension (Geller
et al. 1998).

1.1.3.9 Early Onset Coronary Artery Disease and Oth  er

Cardiovascular Symptoms, Including Hypertension

A large kindred with a high prevalence of earlyauary artery disease (CAD),
hypertension, high low-density lipoprotein (LDL)athsterol, high triglycerides, type Il
diabetes and osteoporosis was identified via aexmase who presented with a
myocardial infarction aged 48. Obesity was absetié pedigree, despite the frequency of
other symptoms associated with metabolic syndr@e@ome-wide microarray SNP
genotyping of 19 members of 2 generations idewti&&’50,000 bp region on chromosome
12p with strong linkage to early CAD and high LDhotesterol (Mani et al. 2007). The
exons and intron/exon boundaries of all six aneaotgienes in this region were sequenced

in the index case and a single missense mutatigrfousd in thd.RP6 (LDL receptor-
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related protein 6) gene causing an R611C aminodci@dge. LRP6 is one of a family of
receptor proteins that interact with frizzled pmogein Wnt receptor pathways. Mice
deficient in the mouse paraloguBP5 develop hypercholesterolaemia and glucose
intolerance when fed high fat diets (Fujino et2l03) and deficiency dfRP5 (in humans
and mice) oLRP6 (in mice) causes early severe osteoporosis (Gbalg 2001;Kokubu et
al. 2004). No other mutations were found in anthefother genes in the implicated
region, the remaining affected members of the kiedi@ll carried th& RP6 R611C
mutation, while it was absent from 4000 controlachosomesin-vitro studies showed the
R611C version oERP6 is biochemically less active than the wild-typeaiivlet al 2007).
While the mechanism by which the mutation causesscibllection of symptoms is unclear,
Wnt signalling pathways have been implicated irdimasascular disease and osteoporosis
in other research (Yamagata et al. 1996;Horikavad. €t997;Grant et al. 2006).

1.1.3.10 Monogenic Hypertension Genes in Essential

Hypertension

With the possible exception ¥NK1, none of the genes found to cause monogenic
hypertension have been conclusively implicatedsgeatial hypertension, though several
have been investigated in candidate gene linkageasasociation studies. Regions of the
genome implicated in the continuous phenotypes asdslood pressure are known as
quantitative trait loci (QTL). Thél p-hydroxylase gene underlies a blood pressure QTL in
the rat, WNK1 andLRP6 are located within a region of human chromosomalégtified

as a suggestive blood pressure QTL (Rice et 80R0vhileWNK4 lies within a blood
pressure QTL on chromosome 17 (Julier et al. 19%7)association study in Japanese
essential hypertensives found no association betwssential hypertension adNK1
(Kokubo et al. 2004). However, a family-based amsgimn study of 712 severely
hypertensive families in the BRitish Genetics opldgTension study (BRIGHT study, see
section 1.1.4.2) identified a promoter polymorphi3kb upstream from ti&NK1 gene
associated with hypertension (Newhouse et al. 2Q@%)e a second study associated
WNK1 haplotypes and single nucleotide polymorphismsisipg theWINK1 coding region
with variations in blood pressure in a study of 28tte European families (Tobin et al.
2005).
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Alternative methods have also been applied to studi human essential hypertension
genetics, includingl analysis of candidate gendsg@mome-wide linkage and association
studies. These approaches are discussed below.

1.1.4 Identifying Essential Hypertension Genes

Strategies to find genes involved in complex trarsadly fall into two categories, linkage
and association studies. They can further be sidmtivinto candidate gene analysis and
genome-wide scans. In candidate gene analysis.emsairk physiologically relevant genes
are tested for co-inheritance with the phenotypgeustudy, while in genome-wide scans,
no such assumptions are made and markers throutffeogenome are analysed. Genetic
markers used in linkage and association studies hdvanced in recent years.
Historically, restriction-fragment-length polymotipims and satellite repeat markers were
employed for genotyping, however, advances in #talaeguing of single-nucleotide
polymorphisms (SNP) throughout the genome and aatiomof SNP genotyping have

improved high-throughput genetic screening.

In linkage analysis, family cohorts are collected affected and unaffected family
members are phenotyped and genotyped. The geaktimnship between family
members is taken into account in statistical amalgsidentify markers that segregate with
the phenotype under study. A popular method fdalge studies analyses affected sibling
pairs, the hypothesis being that since siblingeh##6 genetic identity, they should share
markers near loci responsible for hypertension noften than would be expected by
chance. The loci responsible for hypertension mégrdbetween families, but if a
sufficient number of families are studied, the nmmhmon effect alleles may be
identified. Several factors affect the statistipalver of linkage analyses, including the
proportion of the trait variance due to genetiddes, the family structure, the number of

families, the number of markers employed and thegie distance between them.

In contrast, association studies involve genoty@ind phenotyping unrelated affected and
unaffected individuals to find candidate genessttine power of genetic relatedness is lost,
but subject recruitment is significantly easierotigh association studies have been widely
employed in candidate gene analysis, historicgéynome-wide association studies were
not feasible for the study of complex traits dué¢hte number of subject required and the
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subsequent cost of genotyping. However, the adverist-effective genome-wide SNP

genotyping has recently led to the first publicasian this field.

1.1.4.1 Candidate Gene Analysis in Human Essential

Hypertension

Numerous studies have been carried out to investige involvement of genes that
express proteins thought to be involved in bloagspure regulation in essential
hypertension. Candidates include those from thm+angiotensin system, cell signalling
pathways, autonomic nervous system, and othersbidoexamples are considered below.
None of the candidate genes analysed so far hangstently been shown to affect blood
pressure in all studies. Typically, as many negadissociations are published for a
candidate as positive; the apparent effect of & gewne population is often not replicated
in others. This exemplifies the extent of heteraiggnn essential hypertension aetiology,
interactions between environmental and genetiofacdh different populations lead to
quantitatively different influences of genetic lothis, coupled with differences in study
design, size and methods, our incomplete undernstguod the physiology blood pressure
control, and the likely number of loci involveddreces the likelihood of candidate gene

studies in finding major effect loci.

1.1.4.1.1 Renin-Angiotensin System

Angiotensinogen (AGT), whose conversion to angisitehby renin is the first step in
angiotensin Il production, is an obvious functiocahdidate for investigation in blood
pressure genetics. Jeunemaitre et al ( 1992bjghelol data showing significant
association of the common M235T variant with hypesion in two family studies in
populations in Salt Lake City, USA and Paris, Fearkthe M235T was associated with
higher plasma concentrations of angiotensinogéryfrertensives. These results were
supported by observations that transgenic mice adthitional copies of thAgt gene have
higher blood pressure than wild-type mice (Kimlett@95). The functional cause of
increased plasma AGT with the M235T variant wernel@xed by the observation that it is
in complete linkage (i.e. is always co-inheritedfva promoter polymorphism (-6G>A)
that causes increased expressioA®T (Inoue et al. 1997). Many further studies
attempted to replicate the findings of Jeunemaitra, with conflicting results. Meta

analyses of case-control studies were performeg,tdntatively concluded that the
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M235T allele is associated with hypertension, mly an Caucasians, and caveats were
attached that the association found may be affdnygquliblication bias: concerns were
raised regarding selection and reporting of prgpesdtched controls to cases in many
studies (Kunz et al. 1997;Staessen et al. 19993. &ample highlights the difficulties in
finding minor effect alleles, it is unclear whethke difficulties in replicating initial results
reflect differences between populations, diagnastiteria, case-control ascertainment, or
the small effect on phenotype.

Angiotensin-1 converting enzyme (ACE) is anothemtca renin-angiotensin system
component, catalysing the conversion angiotenginrAingiotensin 1. ACE-inhibitors are
effective antihypertensive medication, and earlyayee-wide scans for causative genes in
hypertensive rat models pointed to the region dlireomosome 10 syntenic to human
chromosome 17 that harbours the ACE gene (Hilheat 4991;Jacob et al. 1991). A
common insertion/deletion (I/D) polymorphism in hams has been shown to dictate the
serum concentration of human ACE, homozygous Wl /D individuals have
respectively 75% and 125% ACE levels of I/D indivads (Rigat et al. 1990). Linkage
analysis in humans generated conflicting resutisiesstudies have shown limited linkage
to the ACE locus (O'Donnell et al. 1998;Higaki Bt2900), however the prevailing view
is that ACE genotype does not affect essential tgpsion (Jeunemaitre et al.
1992a;Kreutz et al. 1995). This is backed up expenitally by the observation that
transgenic mice with additionake gene copies do not have increased blood pressure
despite increased plasma ACE levels (Krege et98l7)L It may seem paradoxical that
ACE-inhibitors are effective in reducing blood mese while increased ACE activity does
not increase it, however, this is explained byfthéing that conversion of
angiotensinogen to angiotensin | by renin is the-kaniting step in renin-angiotensin

system activation (Sealey et al. 1990).

1.1.4.1.2 Cell Signalling

G-proteins mediate the signal transduction of maspactive stimuli. Immortalised
lymphoblasts from hypertensive patients were fotanidave higher G-protein activities
than those from normotensive patients (Sifferl €1 @95). Mutation screening in the 3,
andy subunits of heteromeric G-proteins identified 2&B polymorphism in the G-
proteinB3 subunit gene associated with hypertension inuc&aan population, this

mutation causes alternative splicing of the gertetha loss of a highly conserved 41
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amino acid region (Siffert et al. 1998). Other s#gdn Japanese and German cohorts

failed to replicate this association (Kato et &98;Beige et al. 1999).

There is decreased responsiveness of the dopan@reratein-coupled-receptor in
proximal tubules in essential hypertensives (Saeaadh 1999), potentially disrupting the
regulation of sodium excretion. Speirs et al (Spetral. 2004) performed an association
study on variants of the G-protein-coupled-receptotein 4 (GRK4) in a Caucasian
population. The V allele of the A486V GRK4 variatmowed an association with elevated
blood pressure. Haplotypes of two other genes agdlin the same studyp3
hydroxysteroid dehydrogenase/isomerase, involvesymthesis of steroid hormones and
protein phosphotase 1, a negative regulator ofimsignalling) showed no association
with hypertension.

1.1.4.1.3 Adrenergic System

Sympathetic nervous system adrenergic receptordeae hypertension candidate genes
since the adrenergic system influences many aspébtsod pressure control such as
vascular tone, cardiac output, renal sodium absor@ind renin release. In black
populations, variants in the& adrenergic receptor gen8BRA2A andADRA2C have been
associated in with hypertension in a number of kgtatlies (Lockette et al. 1995;Svetkey
et al. 1996). However a large association study7®7 blacks recently found no
association oADRA2A andADRA2C variants with hypertension and showed that these
polymorphisms are not predictors of blood presdueayt rate cardiac output or vascular

resistance (Li et al. 2006).

Three commoi2 adrenergic receptoADRB2) gene polymorphisms, Argl6Gly,
Glu27GIn, and Thr64lle have been linked to varigian receptor function but association
studies have shown contrasting links to hypertensiozarious populations. The Gly16
variant was linked to hypertension in Afro-Caribbe#Kotanko et al. 1997), and white
Americans (Hoit et al. 2000). Both the Gly16 anaZ=1 alleles were associated with
hypertension in Han Chinese (Ge et al. 2005), wihitefurther studies in Chinese (Gu et
al. 2006) and Japanese (Kato et al. 2001) popuksbowed association with GIn27, but
not Gly16. However an American study reported assiot with Gly16 and Glu27 (Bray

et al. 2000). In addition, there have been a nurabeegative studies in several European,
black and white American and African populationkage studies in a Polish cohort

performed at the Glasgow laboratory confirmed @lpressure QTL on chromosome 5 at
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ADRB?2, but association analysis did not support a rblé@three polymorphisms
individually or by haplotype (Tomaszewski et al02) Subsequent analysis in the same
population assessed the interaction betwAd2RB2 and neuropeptide YNPY)
polymorphisms on cholesterol and triglyceride Isyéhep2 adrenergic receptor and
neuropeptide Y are co-expressed in several tissugsre involved in several aspects of
lipid metabolism. There was a consistent interachetween th&DRB2 Arg16Gly and
Glu27GIn andNPY Leu7Pro variants in hypertensive patients witlvatied low-density
lipoprotein (LDL), but not hypertensive subjectdiwnormal LDL cholesterol

(Tomaszewski et al. 2004).

1.1.4.1.4 Fibroblast Growth Factor 1

Fibroblast growth factor 1HGF1) is located on chromosome 5 under the same blood
pressure QTL a8DRB2 (Tomaszewski et al 2002) and is functionally lidke blood
pressure control by its role in stimulation of etiedin-1 release (Sugo et al. 2001),
expression of the endothelin receptor (Li et ab®0and increased plasma catecholamines
and corticosteroids (Matsumoto et al. 1998). Follgymproved QTL analysis tightening
the blood pressure QTL to the region encodi@l-1, haplotype analysis showed that
variation in the=GF1 haploblock was associated with hypertension iol&gsP cohort and
implicated a SNP iikGF1 intron 2 (Tomaszewski et al. 2007) furthermore, telesblot
analysis showed increased FGF1 expression in theis of hypertensive patients
compared to normotensives (Tomaszewski et al 2007).

1.1.4.1.5 Other Candidate Genes

Adducin is a dimeric cytoskeletal protein composg&d andp ory subunits encoded by
ADD1, ADD2 andADD3 genes, respectively. It has been shown to actihatsodium-
potassium ATPase (NaK ATPase) ion pump, mediatibglar sodium reabsorption
(Ferrandi et al. 1999). The Milan hypertensivestetin (MHS) exhibits increased sodium
reabsorption, and carriédD1 andADD2 mutations that increase adducin activity
(Tripodi et al. 1996). A number of studies havelgsed the effects oADD1
polymorphisms in human essential hypertension werse populations (Bianchi 2005), six
out of a total of 14 linkage studies showed posi@igsociations, while 19 out of 22

association studies were positive.
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The endothelial nitric oxide synthase gene (eN@®)riobust candidate for hypertension
genetics given its role in defence against endathakidative stress (see section 1.3). A
number of studies have analysed eNOS polymorphssrddypertension with conflicting
results. A recent meta-analysis combined the residilB5 association studies and only
found association of an intron 4 polymorphism witlpertension assuming a recessive
model in whites, no association was found in stsidfeeast Asian or black subjects
(Zintzaras et al. 2006).

Bradykinin receptors mediate the vasoactive andbudic actions of bradykinin, a
component of the kinin-kallikrein system (see tahtE). SNPs within coding and

regulatory regions of bradykinin receptor B1 and(BRKRB1 and2) were associated

with hypertension in association studies in Afridenerican and American Caucasian
populations (Cui et al. 2000BDKRB2 promoter polymorphisms have also been associated
with hypertension in Chinese (Wang et al. 2001) deqganese (Mukae et al. 1999)
populations.

1.1.4.2 Genome-Wide Linkage Studies

More than twenty genome-wide linkage studies haentperformed to search for
essential hypertension loci, resulting in over h§pPertension QTL (table 1.2). Table 1.2
illustrates the wide spread of hypertension QTlergxchromosome is represented,
however, it also shows the clustering of QTL froiffiedent studies on several
chromosomes, notably 1,2,3,17 and 18. It is possitat such overlapping QTL indicate
the involvement of a small number of large-effdiglas responsible for a majority of
essential hypertension, however, more evidenaegigired for this conclusion since many
of the QTLs have only 'suggestive’ genome-wideiggmce (Cowley, Jr. 2006). In
general, there has been very little replicatio®L identification between populations,
and no specific genes have yet been positivelytiiiea, this likely illustrates the genetic
heterogeneity between different ethnic populatiamsl the possibility that a large number
of genetic loci have small and interacting effarisblood pressure, rather than a few genes
with large effects. However there has been recergrpss with analysis of the BRitish
Genetics of HyperTension (BRIGHT) study (Caulfietdal. 2003). This study initially
recruited 2010 affected sibling pairs from 1599 ifaas with severe hypertension (top 5%
of blood pressure distribution) and included 358#viduals in the genome-wide scan, it

is the largest homogenous linkage study in hypsib@ngenetics. Aside from exhibiting



Study Phenotype No. of subjects Chromosomes Population
(Bell et al. 2006) Hypertension 3863 59,11,1516,19 White
(Caulfield et al 2003) Hypertension 3599 B,8,9 White

(Hunt et al. 2002) Hypertension, SBP 2959 géﬁ):e:g[ension: 17,1215 White

(Levy et al. 2000) SBP 1585 17,18 White
(Shmulewitz et al. 2006) SBP 1546 20 Micronesian
(Xu et al. 1999) BP 1450 3,11,15,16,17 Chinese
(Rao et al. 2003) Hypertension 1300 2 African-Aroani
(Cooper et al. 2002) DBP 792 2,3,5,7,10,19 Nigerian
(Hsueh et al. 2000) DBP 694 2 White

(Rice et al 2000) SBP 679 1,2,5,7,8,19 White
(Pankow et al. 2000) SBP 636 6,18 White
(Harrap et al. 2002) SBP 548 1,4,16,X White

Table 1.2 — Continued overleaf



Study Phenotype No. of subjects Chromosomes Population
(Rice et al. 2002) SBP 519 3,11 White
(Hamet et al. 2005) DBP, Mean BP 500 I\D/Igzn %321166 French Canadian
(Atwood et al. 2001) SBP 495 2,8,18,21 Mexican
(Kristjansson et al. 2002) Hypertension 490 2,1187 White
(Benjafield et al. 2005) Hypertension 481 1.4 White
(Krushkal et al. 1999) SBP 427 2,5,6,9,15,16,18,20,21 White
(Zhu et al. 2001) Hypertension 393 2,3,8,15 Chinese
(Cheng et al. 2001) SBP 390 1,2,7 White
(Pausova et al. 2005) Hypertension 389 1,811,13 White
(Allayee et al. 2001) SBP 388 4,6,8,19 White

(Thiel et al. 2003) DBP 320 1 White
(Sharma et al. 2000) Hypertension 288 11 White

Table 1.2 — Continued overleaf



Study Phenotype No. of subjects Chromosomes Population

(Ciullo et al. 2006) Hypertension 173 B4, White
(Gong et al. 2003) Hypertension 158 12 Chinese
(Perola et al. 2000) Hypertension 113 1,2,3,22,X itévh
(Angius et al. 2002) Hypertension 77 1,2,13,15,97,1 White

Table 1.2 - Genome-wide linkage studies for essenti  al hypertension loci in humans
Numbers in bold represent chromosomes on which loci were found that surpassed genome-wide significance, otherwise, linkage is
suggestive according to the criteria set by authors. Adapted from Cowley, Jr ( 2006) and Binder ( 2007).
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severe hypertension, the study population weressdrted on the basis of heredity, all
participants were of white British ancestry at tessfar as grandparents. The initial
publication identified a locus on chromosome 64 #thieved genome-wide significance,
and three further loci with suggestive significamcechromosomes 2q, 59 and 9q
(Caulfield et al 2003). The locus at 6q was recdiwih caution in the literature since it
was located near the telomere of the chromosomereninkage evidence can be hard to
interpret (Harrap 2003). A follow-up study includadditional polymorphic markers in the
regions of interest, and increased the study cabdt142 affected sibling pairs (Munroe et
al. 2006). Support for the loci at 2q, 6q and 9gendiminished in this analysis, however,
there was increased support for linkage to thed@tul5q, and two further regions at 1q
and 11q achieved suggestive significance. The latd$q was further supported by a
confirmatory linkage study on a second cohort afifees, or trios, comprising an affected

proband and either two parents or sibling and sipgkent (Munroe et al 2006).

Novel statistical techniques have also been emgdlayanalyses of the BRIGHT dataset,
including a genome-wide association study spedifickesigned to identify pairs of
interacting loci that contribute to hypertensidre first such study performed in humans
(Bell et al 2006). Four pairs of loci that indivially did not have effects in the single-locus
scan attained suggestive or genome-wide signifeeamehis analysis, highlighting the
importance of considering gene interactions in dempisease genetics (Bell et al 2006).
Wallace et al ( 2006) developed an analytical mettloantegrate blood pressure
measurements and associated phenotypic data, arna@s, collected on all BRIGHT
study participants (such as serum and urine matabalnd biometric measurements) to
find genetic loci linked to hypertension and theamates. Blood pressure loci associated
with leaner body-mass index and renal function vigeetified on chromosomes 20q and
5q, respectively. Meanwhile, analysis of the datamoti-hypertensive treatments in the
BRIGHT population implicate a region on chromosdzpewith non-responsiveness to
antidiuretics and beta-blockers (Padmanabhan 2086).

1.1.4.3 Genome-Wide Association Studies

As mentioned above, the cost of genome-wide geaatatysis at sufficient marker density
in large enough study populations historically prded genome-wide association studies
for complex diseases. However, low-cost genotypaetpnologies have recently led to the

first publications of genome-wide association stadiThe largest study to date, and the
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only one so far to address essential hypertensias,a collaborative effort between over
50 research groups comprising the Wellcome Truse@ontrol Consortium. The study
covered 7 complex diseases in the British populatigpolar disorder, coronary artery
disease, Crohn's disease, hypertension, rheuneatbickis, type 1 and type 2 diabetes, and
included approximately 2,000 affected individuas éach disease and 3,000 common
controls (The Wellcome Trust Case Control Consort2007). Over 500,000 SNPs were
genotyped per subject, using Affymetrix 500K Magp#rray chips.

The study confirmed 13 out of 15 previously repdigenetic loci with strong prior
evidence of linkage from previous replication sagd{none for hypertension), and reported
21 loci that achieved genome-wide significance §i€B) across 6 of the diseases,
follow-up publications have replicated a numbethafse findings in other populations
(Todd et al. 2007;Parkes et al. 2007;Zeggini €2@07). None were hypertension loci,
though a similar number of loci achieved significametween p=1band p=10 for
hypertension as the other diseases. Explanatiamoped include the possibility that
essential hypertension may have fewer large-eé#fiéeles than the other conditions
studied, or that they may lie within regions poaepresented SNPs in the array, for
example the authors reported thatW&K1 locus is poorly tagged. Another more likely
explanation is that the control population contdinenumber of hypertensives; the controls
were not phenotyped, they constituted 1500 indadsifrom the 1958 British Birth Cohort
and 1500 blood donors. The authors state that@aeince of the disease under
consideration of 5% in the control group would h#ve same effect on power in the final
analysis as a reduction in sample size by 10%.rGavikely prevalence of hypertension in
the control group of approximately 25% or more, éffect on the power would be
substantial. It is important to emphasise thatshisly was in many ways a very successful
proof-of-principle publication, testing the effaaness of large inter-disciplinary
collaborations, novel technologies and data amalysthods. Future genome-wide
association scans for essential hypertension mallide appropriately phenotyped non-
affected controls, so called 'hypercontrols' (Thellddme Trust Case Control Consortium
2007).

1.2 Rat Models of Human Hypertension

The rat is an invaluable tool in physiological ajehetic hypertension research, being

suitable for detailed physiological study and labgeeding experiments (Rapp 2000). Rats
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are also experimentally advantageous given théatulclosely control factors such as
diet and medication that are not be possible iregrpents with humans. In addition, the
draft rat genome sequence (covering an estimat&dd@he 2.8 Gb Brown Norway rat
genome) has recently become available to resear{(Gérbs et al. 2004). Several inbred
rat strains have been selectively bred to dispatiqular hypertensive and normotensive
phenotypes. An understanding of the genetic fatct@sinfluence blood pressure in these
rats will provide insights into blood pressure ragjon in humans, however it is important
to note that the same genes found to impact bloesspre in inbred rats may not be
factors in human essential hypertension, rathertbiey will inform researchers as to

which physiological processes and pathways are sigsificant.

An inbred strain is derived by selecting for a jgatr trait over several generations from
an outbred stock, followed by twenty generationbrother/sister mating to fix the strain,
resulting in a genetically identical population.eT$election procedure can include
provocative dietary or environmental stimuli sushhagh-salt diet or stress induced by
restraint. Divergent strains can also be derivedukaneously with opposing phenotypic
responses to such stimuli, such as in the casealoff $alt sensitive and Dahl salt resistant
rats. Each of these strains was derived from odtBprague-Dawley rats fed a high salt
(8% NacCl) diet; the salt sensitive rats develoghtbfpod pressure when fed a high salt
diet, while the salt resistant strain remains ndaansive (Dahl et al. 1962a;Dahl et al.
1962b). The original Dahl salt sensitive and resistats were maintained as outbred
strains, but have subsequently been fixed by twoms (Rapp et al. 1985;lwai et al.

1986). Table 1.3 lists the common inbred hypertensat strains.
1.2.1 The Stroke-Prone Spontaneously Hypertensive R at (SHRSP)

The Glasgow laboratory maintains a colony of strpkane spontaneously hypertensive
(SHRSP) rats and a colony of inbred normotensivst&v/iKyoto (WKY) rats. The specific
strains are known as SHR§Pand WKYg, but are referred to in this text as WKY and
SHRSP from here. The SHRSP was derived from thetapeously hypertensive rat
(SHR), which was in turn selectively bred for hyiesion from the normotensive Wistar-
Kyoto (WKY) strain by phenotypic selection withadietary or environmental influences
(Okamoto et al. 1963). The SHRSP was selectivedd on the basis of its increased
incidence of stroke (Okamoto et al. 1974;Yamori4)9% displays higher blood pressure

than the SHR, but also has specific genetic fatchatspredispose it to cerebrovascular



Strains Origin Lines Original Stock Reference

Genetically hypertensive (GH) New H,C Wistar derived (Smirk et al. 1958)
Zealand
Dahl salt sensitive (DSS) USA H,L Sprague-Dawley (Dahl et al 1962a;Dahl et262b)
Dahl salt resistant (DSR)
Spontaneously hypertensive rat (SHR) Japan H Wistar derived (Okamoto et al 1963)
DOCA salt sensitive Sabra (SBH) Israel H,L Unknown (Ben Ishay et al. 1972)
DOCA salt resistant Sabra (SBN)
Lyon hypertensive (LH) France H,C,L Sprague-Dawley (Dupont et al. 1973)

Lyon Normotensive (LN)
Lyon low blood pressure (LL)

Stroke-prone spontaneously hypertensive rat (SHRS&Pgpan H Wistar derived (Okamoto et al 1974)
Milan hypertensive strain (MHS) Italy H,C Wistar (Bianchi et al. 1974b)
Milan normotensive strain (MNS)

Fawn hooded hypertensive (FHH) Netherlands H,L German brown x  (Kuijpers et al. 1984)
Fawn hooded low blood pressure (FHL) white Lashley

Inherited stress-induced arterial hypertensiveAljl  Russia H Wistar derived (Markel 1985)
Prague hypertensive (PHR) Czech H,L Wistar (Heller et al. 1993)
Prague normotensive (PNR) Republic

Table 1.3 - Rat inbred modelsused in hypertension genetic research
Modified from Rapp (2000) H: High blood pressure. L: Low blood pressure, C: Control strain
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lesions. This was demonstrated by backcrossesS#MR rats to generate populations with
respectively 25%, 50% and 75% SHRSP genetic composincidence of stroke was
positively correlated with increasing percentag&HRSP genotype after salt challenge to
result in the same blood pressures in each grlgggoka et al. 1976). A genome-wide
scan for stroke susceptibility performed by cros=elding SHRSP and SHR rats revealed
hypertension-independent stroke susceptibility Qdh€hromosomes 1, 4 and 5 in the
SHRSP, of which the chromosome 1 QTL was repodexttount for 17% of phenotypic
variance (Rubattu et al. 1996). Reciprocal congstrains (see below for a discussion on
congenic strains) between the SHRSP and SHR rgdenther confirmed the effect of the
chromosome 1 stroke susceptibility QTL (Rubattale2006). A genome-wide scan
performed at the Glasgow laboratory located blopdeasure-independent chromosome 5
QTL for ischaemic stroke severity following permanecclusion of the middle cerebral
artery. The locus was identified following breedbefween the SHRSP and WKY and
accounted for 67% of phenotypic variance (Jeffs.et997). Subsequent investigations of
chromosome 5 QTL candidate genes, atrial natiupsatide Anp) and brain natiuretic
peptide Bnp) by sequencing, expression and functional anaggsituded them as

causative genes for this phenotype (Brosnan é080).

Hypertension in the SHRSP, as in other hyperterstnagns, is more pronounced in males,
high blood pressure is fully established at apprately 180 mmHg in males and 150
mmHg in females by 12 weeks of age, compared toni®®g in WKY rats of the same
age (both sexes) (Davidson et al. 1995), the gemdtuence of the Y chromosome in this
sexual dimorphism was proved by the generatioeadprocal Y chromosome consomic
strains (rats selectively bred to be of one ger®tizpoughout the genome except for one
chromosome, which is derived from a different stydetween the SHRSP and WKY,
transferring the SHRSP Y chromosome onto the backgt of the WKY increased blood
pressure, while the WKY Y chromosome reduced blo@dsure in the SHRSP (Negrin et
al. 2001). SHRSP rats are very salt sensitiveaoapd) drinking water with a 1% salt
solution results in a blood pressure increase poag@mately 240 mmHg in males and 180
mmHg in females while the blood pressure of WKYs mbes not rise following the same
treatment (Jeffs et al. 2000). In addition to hidgdod pressure and increased incidence of
stroke, the SHRSP also displays many other symptelated to human cardiovascular
disease including left ventricular hypertrophy (®lat al. 1996), and endothelial

dysfunction (Mcintyre et al. 1997;Kerr et al. 1998)s also a model of the metabolic
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syndrome, isolated SHRSP adipocytes display imgajhecose transport and abnormal
non-esterified fatty acid (NEFA) metabolism (Cadinset al. 2000). In experiments
performed in Glasgow, fructose-fed SHRSP rats sdamgaired glucose tolerance,
increased plasma triglycerides and NEFA levels arexgbto fructose-fed WKY rats
(Strahorn et al. 2005). In the same study, usimgenic and consomic SHRSP rats
harbouring WKY genes, it was demonstrated that gemechromosome 2 and the Y
chromosome act individually and interact to infloemglucose metabolism (Strahorn et al
2005).

1.2.2 ldentifying Quantitative Trait Loci

Genome-wide scans in segregating rat populatior@va an initial cross between a
hypertensive and a normotensive strain to genbettrozygotic F1 progeny. Typically,
these crosses involve equal numbers of matingsdegilwypertensive males and
normotensive females and between hypertensive &naald normotensive males. The F1
generation are brother-sister mated to generani2als of random genetic compliments
of the original parental strains. All F2 animals genotyped with polymorphic markers
spanning the genome and phenotyped for continuaits {such as blood pressure, pulse
pressure, left-ventricular mass etc.). Genotypepdmahotype data is entered into computer
software that calculates for each trait the prdidgilthat set genomic positions are linked
to it. This probability is presented as a logaritbhiwdds (LOD) ratio of the likelihood that
a position is linked to a trait versus the likelglthat it isn't linked, given the positions
and genotypes of flanking markers and the phenatyp@imals with each genotype. The
significance LOD threshold for a QTL is traditiolyadet at >3.0 (corresponding to an odds
ratio of 1/1000), however, specific thresholds barderived for each QTL calculation
based on individual experimental factors such a®ge size, genetic model for
inheritance of the QTL (e.g. dominant/recessive) etied breeding regime (Lander et al.
1995). QTL prediction provides an estimation of pleecentage of variance in the
quantitative trait accounted for by the QTL; blqméssure QTLs typically individually
account for 5-15% of blood pressure variance, emsireg marker density in the genome
wide scan beyond every 10 cM does not improve (@Eklisation (Darvasi et al. 1993),
the greater the phenotypic effect the more likelyill be identified. Increasing the number
of animals in the study also increases precisiomdver there are obvious cost
implications, studies with 200-300 F2 rats gengraitate a QTL within 20 to 35 cM
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(Rapp 2000), a region likely to contain over a $end genes. A genome-wide scan may
provide a complicated picture of genomic linkage toait. Multiple QTL peaks may
cluster in a particular region of a chromosome flaypping to obscure the number of
linked sites and their exact locations. It is intpat to emphasise that a QTL identified in a
cross between two inbred strains may not be idedtih experiments involving other
strains, or in the same strains under differentrenmental conditions (such as diet and
age of rats) since the gene(s) underlying a QTL nmype functionally polymorphic in all
situations. For example there may not be sequeiffeeethces between other pairs of
strains at the loci underlying the QTL, or the gdehenay only affect blood pressure
control at a certain developmental stage our digegime. Genome-wide scans have
identified over 80 QTLs for blood pressure and asded phenotypes on almost every rat

chromosome (Rapp 2000;Twigger et al. 2007).

1.2.3 Recombinant Inbred Strains

Recombinant inbred strains can be generated for iQditification as an alternative to
linkage analysis in segregating populations. Tlecypal of the breeding program is
similar: inbred hypertensive and normotensive sfaire bred to produce F1 progeny
which are brother-sister mated to produce an F2mgéion. F2 rats are randomly
segregated into breeding pairs that become fourtdestsains bred to homozygosity by 20
generations of brother/sister mating. Rather thaimgle generation of rats, a panel of
recombinant inbred strains is generated each wigm@om genomic compliment from the
hypertensive and normotensive parental straindh Bfain can be genotyped and
phenotyped to identify QTLs as in segregating patuoihs. There are advantages of
recombinant inbred strains such as the abilityhenotype many animals from the same
strain, potentially in different environments t@ass genotype/phenotype interactions, and
to examine many different animals at different etagf development to measure genetic
effects at different developmental stages. The @bdéveloping and maintaining the
strains is the main disadvantage. A panel of reaoamb inbred strains for the study blood
of pressure genetics were bred by Pravenec anebgpiés using SHR and normotensive
Brown Norway (BN) rats as progenitor strains. ThesBains showed blood pressure
continuously distributed between the BN and SHRwEnec et al. 1989). This panel of
strains has subsequently been used in a numbardiés examining multiple

cardiovascular, behavioural and developmental tiraitis (reviewed by Printz et al. 2003),
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and was also applied in a landmark expression gsm&tudy, discussed in section 1.2.3.4
(Hubner et al. 2005).

1.2.3.1 Congenic Strains

QTLs identified by genome wide scans are too l&mggene identification by positional
cloning methods, a powerful method for interrogg@md narrowing QTL intervals is the
generation of congenic and subcongenic strainsg&un breeding involves selectively
introgressing the genetic compliment covering tAie.@om a 'donor’ strain onto the
background of the 'recipient’ strain to producataf entirely recipient genotype except at
the QTL (figure 1.2). The phenotypes of the congeais compared to those of the
original donor and recipient strains are used tdfiom the effects of the genes underlying
the QTL. In traditional congenic breeding once @E. has been introgressed, the
background is 'cleaned' of excess donor genoty least 8 backcrosses to the recipient
parental strain, guaranteeing >99% recipient ggr®iy the final congenic strain. This
strategy has been superseded in most congeniaaiabes by 'speed’' or marker-assisted
congenic breeding, where polymorphic markers thihoug the genome are genotyped at
each back-cross to select the offspring with thstlgenetic input from the donor strain
(except at the QTL) (Lander et al. 1994). With nesrlssisted breeding, a congenic strain
is typically produced within 4 backcrosses (Jetfal€000), figure 1.2.

1.2.3.2 Subcongenics

Since a congenic strain necessarily has to encagyasntire QTL to confirm its effect,
the introgressed region will contain too many gegzovide a workable number of
functional candidate genes. Thus, progressivelylsngenomic regions can be captured
in congenic substrains (subcongenics) in ordeodalise the QTL to smaller genetic
intervals with fewer candidate genes. Subcongaregenerated in the same manner as
congenics, using the original congenic as the dstram and relying on recombination
events within the original congenic region to tratgcthe congenic interval in the resultant

strain.

Successful application of congenic breeding is etdied by the series of experiments
that confirmed the gene encoding fi-hydroxylase Cypllbl, the human homologue of

which is mutated monogenic GRA — see section 11.),.8s responsible for a blood
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Figure 1.2 - Traditional and speed congenic breedin g

Decreasing shading from grey to white represents serial dilution of the donor genome
in the genetic background. D: donor strain alleles, R: recipient strain alleles, B:
backcross, F1.: first filial generation.

pressure QTL on chromosome 7 in the Dahl salt Beasat. Biochemical studies showed
that the Dahl salt-sensitive rat (DSS) has highie-hydroxylaseactivity than the Dahl-

salt resistant rat (DSR), resulting in a higheeadt concentration of 18-hydroxy-
11deoxycorticosterone (18-OH-DOC) in the DSS (Reipgl. 1971). 18-OH-DOC has
weak mineralocorticoid activity, its increased afbamnmce was proposed to account for a
degree of the salt sensitivity in the DSS (Rapal.et972). Five nucleotide differences
causing amino acid changes were identified betwleeDSR and DSSypllbl

sequences, of which those affecting amino acidives 381 and 384 were shown to be the
main determinants of 18-hydroxylase activityn-vitro (Matsukawa et al. 1993;Nonaka et
al. 1998). F1 rats from crosses between DSS andrmaSRvere backcrossed with DSS rats
to generate an F2 population which were phenotgomeldgenotyped at informative

markers throughout chromosome 7 (Cicila et al. J99@te that this differs from the
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protocol for linkage analysis outlined in sectioB.2, where the F1 generation is brother-
sister mated. In this instance the DSS allele hgiater effect in animals with a greater
proportion of DSS background genotype (Cicila efl&8B3), hence the backcross was
'weighted' to generate rats with measurable pherotyfferences to the parental strains.
The linkage analysis showed suggestive linkag®lfmrd pressure at the locus on
chromosome 7 coverin@ypllbl and a congenic strain (S.R-Cypl1bl) was genelsted
introgressing a 20.2 cM region from DSR on to ttf&Sbackground. S.R-Cyp11bl had a
significantly lower blood pressure (by >20mmHg) qared to the DSS on a 4% NaCl diet
(Cicila et al 1997). Subsequent studies generatkdongenic strains from S.R-Cypl1bl to
ultimately narrow the congenic interval to a 177sdgment containinGypl1bl that is
responsible for approximately 15 mmHg lower blooessure in the congenic strain
compared to DSS on a 2% NaCl diet (Cicila et ab12Garrett et al. 2003). Although this
region also contains eight other genes, they hawanown physiological role in blood
pressure regulation and 177 kb remains the smafiéisidual congenic interval

containing a QTL in mammalian genetics (Garretdl&003).

The Glasgow laboratory maintains a number of colggmains harbouring blood pressure
QTLs. The original blood pressure genome-wide scanlved 1 male SHRSP mating

with 2 female WKYs and 1 male WKY mating with 2 fale SHRSPs, 3 males and 6
females from each F1 generation were brother-aséted to produce the F2 generation.
At 16 weeks of age, blood pressure telemetry cathieinsmitters were implanted into the
abdominal aorta of the rats, following 12 days pmstrative rest, systolic and diastolic
blood pressure, heart rate and motor activity weoaitored via receivers placed under the
cages and 'baseline’ blood pressure was recordddifays. Subsequently, animals were
administered 1% NaCl in drinking water for 12 day® last four days of which

constituted 'salt loaded' haemodynamic measurembatanimals were then euthanized
and body weight, heart weight, and left ventricdad septum mass were determined
(Clark et al 1996). Genotyping was performed witaael of 181 informative
microsatellite markers throughout the genome. Utliege markers, MAPMAKER
software (Lander et al. 1987) identified two sigraht (LOD>3.0) blood pressure QTLs
for blood pressure on chromosome 2 in males, onledseline and salt-loaded systolic and
diastolic blood pressure (for the purposes ofdBsussion named QTL1), and one for
salt-loaded diastolic blood pressure (QTL2). Eadh. @ccounted for 24-31% of variance

in blood pressure. A third significant QTL for bhse pulse pressure and salt-loaded
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diastolic and systolic blood pressure was idemtiba chromosome 3 in males, each
accounting for over 30% of trait variance, whilsuggestive QTL for left-ventricular
hypertrophy was also located on chromosome 14 iesr(€lark et al 1996). The
chromosome 2 blood pressure QTLs (QTL1 and QTLZgViwrther analysed by the
creation of four congenic strains, utilising th@ge'ed' congenic strategy to introgress
sections of WKY chromosome 2 onto the backgrounth@fSHRSP, and vice-versa (Jeffs
et al 2000), figure 1.3. SP.WKYGIla2a, in which bQLs were transferred, showed an
approximate 20 mmHg reduction in basal blood pmressampared to the SHRSP and a 40
mmHg reduction under salt loading. WKY.SPGla2ds teciprocal strain, and showed a
similar increase in blood pressure compared tMWKe&' at baseline, but no further
increase under salt loading. The difference betwieese responses highlights an
interesting and commonly observed phenomenon igexun breeding whereby the
background genotype of the recipient strain dist#te phenotypic effect observed (Rapp
2000). The SHRSP is more permissive to blood presshanges by introduction of WKY
genetic material than the reciprocal transfer;,abmplex deleterious phenotype is more
likely to be corrected than induced by the transfea small chromosomal segment.
Comparisons between the blood pressures of SP.W&tBlersus SHRSP and
WKY.SPGla2d versus WKY showed no significant diffeces, the region transferred in
the construction of SP.WKYGla2b does not coveregitilood pressure QTL, while the
introgressed region in WKY.SPGla2d covers QTL1 al@reffs et al 2000), figure 1.3.

Other research groups have also identified bloedgure QTLs on rat chromosome 2,
indeed 19 are listed with a LOD score of over &.the Rat Genome Database (Twigger et
al 2007). Notably, two genome-wide scans were ghblil concurrently involving crosses
between salt-challenged (8% NaCl) Dahl salt sers{fDSS) and Milan normotensive
(MNS) rats and between DSS and WKY rats, (Dend. €i9%94). Both scans identified a
blood pressure QTL on chromosome 2 that overlaps2@dund in the genome-wide scan
between SHRSP and WKY in the Glasgow laboratorynBiwus congenic and
subcongenic strains have been generated to inasstigese QTLS, substitution mapping
(where the limits of a QTL are inferred by analgsthe blood pressures of subcongenic
strains with overlapping congenic intervals) in NS and DSS/WKY subcongenics
have dissected the QTLs to at least 3 smalleraoterg QTLs in each case (Dutil et al.
2001;Garrett et al. 2002;Dutil et al. 2005).
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Figure 1.3 - Chromosome 2 congenic strains and bloo  d pressures

(A) Details of chromosome 2 regions introgressed in the construction of reciprocal transgenics.
SP.WKYGla2a and WKY.SPGla2c congenic intervals included QTL1 and QTL2. (B) and (C)
Baseline and salt-loaded blood pressures of SP.WKYGla2a and WKY.SPGla2c. Permissiveness
of genetic background is illustrated by loss of salt sensitivity in SP.WKYGla2a compared to the
SHRSP, while WKY.SPGla2c was not salt sensitive. Adapted from Jeffs et al 2000.
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1.2.3.3 Microarray Expression Analysis and Congenic s

The advent of microarray technology has enableditheltaneous measurement of many
thousands of messenger RNAs in tissue or blood lesmphey are very well suited to
investigation of congenic strains for identificatiof candidate genes. Gene expression in
parental strains can be compared to that of congegéenes mapping to the congenic
interval that are differentially expressed betwtgencongenic and recipient parental strain
but not between the congenic and donor parentihsire candidates that can be followed

up in further experiments.

Research in the Glasgow laboratory employed sulsoadpreeding and microarray
expression analysis to follow up the work perforrbgdeffs et al (2000). The
SP.WKYGla2c* strain (from here referred to as 2egs derived from the SP.WKYGla2a
(referred to as 2a) strain, the congenic intereakcs QTL2 only, spanning approximately
20 cM and 2c* rats exhibit significantly reducedéelne blood pressure compared to the
SHRSP, at levels comparable to the 2a strain @du4) (McBride et al. 2003).
Microarrays measuring expression of 26379 probewete performed on cDNA derived
from the kidneys of WKY, SHRSP and 2c* rats. 45h@sets were found to be
significantly differentially expressed between YW&Y and SHRSP strains, of these, 12
were also differentially expressed between the SPR& 2c*, four of which had a known
chromosomal location, with 3 of them mapping to 2b& congenic interval. These three
probe sets represented the glutathione s-transfefgpe 1 Gstml) gene (NB — in the
publication the gene is referred toGgm2, it was incorrectly annotated in the rat genome
databases at the time). Quantitative reverse trighien polymerase chain reaction (PCR)
was employed to measure mRNA expression leve®sohnl in SHRSP, 2c* and WKY
kidneys, confirming the differential expressionrsé@ethe microarrays (McBride et al
2003).Gstml, an oxidative stress-defence gene, has subsegbeattme a focus of
further investigation into hypertension geneticghie Glasgow laboratory, and is the
subject for much of the research in this thesig, glavhich contributed to a publication in
2005 (McBride et al. 2005). This paper demonstrétatireducedstml expression
coincided with hypertension in comparisons betweee@amber of hypertensive and
normotensive strains, and that promoter polymorphkis) the SHRSP and SHR may affect
Gstml expression. Furthermore, Gstm1 protein was loedlise the principal cells of the

collecting ducts and increased renal oxidativesstimas demonstrated in the SHRSP,
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Figure 1.4 - Chromosome 2 subcongenic strains deriv. ed from SP.WKYGla2a

(A) 2c* and 2k congenic intervals cover QTL2 and Gstm1, the distal 6 Mb of the 2k
interval may encode genes that account for the salt-resistance of the 2a and 2k
strains. (B) Basal and salt-loaded blood pressures of SHRSP, 2a, 2c*, 2k and WKY
strains. Figure adapted from Mcbride et al (2003) and Graham et al (2007).
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suggesting a pathophysiological role &stml in hypertension and oxidative stress

(Mcbride et al. 2005, see also chapter 4).

A recent publication also investigated transcripsilochanges in chromosome 2 genes
thought to influence salt sensitivity in the SHRS® congenic rats (Graham et al. 2007).
Despite reduced baseline blood pressure compairheé t8HRSP, the 2c* shows similar
blood pressure to the SHRSP after 3 weeks on adailgldiet. In contrast, the 2a strain is
salt resistant, showing no further increase in tlpessure on a high salt diet. This
implicates genes within the 6 Mb region at thealishd of the 2a congenic interval that
are not covered by the 2c* region. The subcongemén, SP.WKYGla2k (referred to as
2k) was generated from the 2a, capturing the 6 &fjon in a WKY congenic interval
(figure 1.4) and has a similar baseline and saliéal blood pressure profile to the 2a, both
being significantly lower than the SHRSP. Microgrexpression profiling was performed
on kidneys from 21 week-old salt-loaded SHRSP, W4\ 2a rats, implicating two genes
encoded within the 6 Mb region, endothelial différation gene receptor Edgl) and
vascular cell adhesion molecule\icéml), that were increased the SHRSP compared to
the WKY and 2a, and subsequently also shown tetheced in the 2k by quantitative RT-
PCR (Graham et al 2007).

Another example of microarray expression profilingongenic rats identifie@d36 as a
gene responsible for defective fatty acid and gieametabolism in the SHR, contributing
to symptoms of the metabolic syndrome. A QTL fofeddve catecholamine activity and
reduced insulin activity in the SHR had been lodate chromosome 4 in a genome wide
scan involving crosses between SHR and Brown NoiB&l) rats (Aitman et al. 1997). A
congenic rat strain was generated (SHR.4) whetebyedgion covering the QTL was
replaced by the equivalent region from the normsitenBrown Norway (BN) rat. The
SHR.4 rat showed a partial correction of the defetfatty acid and glucose metabolism
seen in the SHR. Differential gene expression fngfiwas performed on SHR, SHR.4 and
BN adipose tissue using cDNA microarrays. Probe€#36 consistently showed reduced
expression in the SHR compared to BN and SHR.4 ksnamdCd36 was mapped to
within 5¢M of the peak of the QTL. Comparisonstu BN, WKY and SHR cDNACd36
sequences revealed that whilst the BN and WKY [aafenctional copy 0€d36 and an
adjacent non-functional copy (which is thought &vé arisen via an ancestral duplication
event), the SHR carries a chime@d36 sequence comprising the functional sequence at

the 5' end and the non-functior@d36 from exon 6 to the 3' UTR (thought to have arisen
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by a deletion event unique to the ancestry of tHR Strain used in this series of
experiments). Northern blot analysis showed thaiNfRevels ofCd36 expression in the
WKY, BN and SHR were comparable, the differentighression shown in the microarrays
was due to the probe sequencesdd86 being specific for the 3' UTR found in BN and
WKY mRNA. Western analysis confirmed an absenc€dB6 protein in the adipocytes of
SHR rats (Aitman et al. 1999). Ultimate experiméptaof thatCd36 deficiency

contributes to insulin resistance in the SHR wawigled by transgenic rescue of SHR rats
expressing up to 10 copies of functiofal36. The amount of Cd36 protein produced in
the transgenic strains was lower than that prodbged@KY controls, but was sufficient to
induce improvements in glucose tolerance, insuiimidated conversion of glucose to
glycogen and serum fatty-acid levels (Pravenet &081b).

A number of other publications have also appliedra@rrays in the search for
hypertension loci. Moujahidine et al (Moujahidirteaé 2004) generated a double congenic
strain with Dahl salt-sensitive genetic backgroand regions introgressed from the
normotensive Lewis strain corresponding to blosebpure QTLs on chromosomes 10 and
16. Kidney microarrays were performed on the dogblegenic and DSS rats though no
differentially probe sets genes were mapped t@dimgenic intervals. Yasui et al (Yasui et
al. 2007) performed kidney expression microarraysetarch for differentially expressed
genes in a blood pressure QTL on chromosome 10 itleatified small inducible

cytokine A2 precursorcl2) as a differentially expressed candidate between &1%IS

Lewis rats, its upregulation in the DSS under lsatling potentially contributing to salt
sensitive hypertension via overactivation of inflaatory pathways. However, the absence
of a congenic strain confirming a blood pressufectfof the chromosome 10 QTL
compromise€cl2 as a candidate (Deng 2007). Yagil et al (YagdleR005) utilised

DOCA salt sensitive (SBH) and salt resistant S&BEBIN) rats in a microarray study
measuring renal gene expression in the presencalmahce of salt loading in each strain.
The salt loading protocol involved the implantatadfra 25 mg deoxycorticosterone acetate
(DOCA) pellet into the back of the neck of the raisd 1% NacCl in drinking water. The
same group had previously identified 2 salt sengitiQTLs on chromosome 1 in this
model (Yagil et al. 1998) and confirmed their effeg the generation of two congenic
strains (Yagil et al. 2003). In order to find gem@golved in salt sensitivity, the microarray
data was analysed to find genes located in thenobgsome 1 QTLs and consistently

differentially expressed in comparisons betweenlsatied SBH rats versus all other
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groups or between non-salt loaded SBH rats velsothar groups. Eight such genes were
found, of which 7 were confirmed by quantitativalrédme PCR (qRT-PCR) and proposed
as candidates for further investigation (Yagill€2@05).

1.2.3.4 Expression Genetics

As mentioned above, Pravenec et al (1999) deriyemhal of RI strains in crosses between
the BN and SHRThirty of these strains, plus the BN and SHR wesedun a recent study
that integrated microarray genome-wide expressiofilipg and linkage analysis (Hubner
et al 2005), effectively treating gene expressi®a @henotype that can be linked to loci
throughout the genome in a technique known as egjme genetics, or genetical genomics
(Jansen et al. 2001). Such loci are known as esiore®TL (eQTL) and can either act in
cis (defined in this paper as a locus within 10 Mbphaf probe set in question), ortians
(affecting the expression of a probe set on amiffechromosome or over 10 Mbp distant).
The SHR is also a model of the metabolic syndrahexefore linkage data on the RI panel
from previous studies (Pravenec et al. 1996;Pravenal. 1999;Jirout et al. 2003) was
combined with genome-wide microarray expressionyarsof 15923 transcripts in kidney
and fat tissue. Several interesting observatione wede in this publication. Firstly, the
proportion of eQTLs acting ids ortrans in the analysis depended on the genome-wide
significance thresholds applied: at a significalese| of p<0.05, 60-65% of the eQTLsS
were regulated itrans, while at p<10%, 85-100% of eQTL were regulateddis. This was
thought to reflect the larger effectsad$ acting eQTL on gene expression levels. Secondly,
of the 15% of eQTL that were detected in both fat kidney, a high proportion (70% at
p<0.05) hadtis-acting effects, suggesting that the excedsank-acting eQTLs found only
in the kidney or fat data sets belong to tissueifipegene expression networks. In
addition, many of theis-acting eQTLs showed similar gene expression |leagigss
parental and recombinant strains when segregatetbbker genotype, indicating a near-
monogenic regulation of gene expression at theseHowever, a large number of
transcripts showed linkage to two or more eQTLdicating the generally complex nature
of gene expression control. In order to identifgjueEnce variants that may be responsible
for the observed effects of eQTLs, genes at thersef’the most significams-acting

eQTLs were sequenced for promoter and coding ShNBsnbred normotensive and 3
hypertensive strains. Genotypes at two SNPs irobtigese genes, phosphatidylinositol 3-

kinase Pik3c3) were shared between all the hypertensive stemdglistinct from all the
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normotensive strain®ik3c3 lies on a known blood pressure QTL in the SHR, laddey
expression oPik3c3 (measured by real-time PCR) was significantly@ased in the SHR
compared to the BNRik3c3 is consequently a robust candidate for blood pressom

this analysis. Another method to analyse this @atasolved comparing the locations of
cis-eQTLs with known blood pressure and left-vent@cuhass QTLs identified in
previous phenotypic scans (or pQTLS); orthologoerseg from the human genome were
then identified to generate a list of 73 genes psep as candidates for human essential
hypertensionTrans-acting eQTLs that affected expression at seveséhigk genomic loci
were highlighted as strong candidates for geneswied in regulatory pathways. Two such
clusters were identified on chromosomes 3 and Krdimey and fat tissue, respectively,
though neither of these coincide with well-charasezl pQTLs (Hubner et al 2005).

1.2.3.5 QTL Interactions in Complex Disease

As far as possible, laboratory conditions limitcontrol for environmental influences on
blood pressure control. When inbred hypertensivetrains were initially derived,
optimistic predictions were forwarded that highdadgressure in the SHR was potentially
controlled by 2-3 genes, and possibly only one mggme (Tanase et al. 1970;Yen et al.
1974). Analysis of blood pressure in the SHR/BNorebinant inbred strains produced by
Pravenec et al suggested that more than sevewdweiinvolved, with potentially three
major effect genes and numerous minor effect géPresenec et al 1989). While the exact
number of loci concerned remains unknown, it isgéasingly apparent that numerous
genetic factors are involved, and that they intieiraa complex manner to affect
phenotype in hypertensive and normotensive anirttasblood pressure of a
normotensive animal is such because the blood ymesaising loci it harbours are
balanced by blood-pressure lowering loci, whiledryensive animals have an excess of
blood-pressure raising loci. This is backed up blished reports of congenic breeding
that produce counter-intuitive blood pressure é$feleor instance, in order to investigate a
blood pressure QTL on chromosome 2, Elipopoul@d generated congenics by
introgressing regions from the normotensive Lewnisis onto the DSS genome. Two of
the congenic strains had blood pressures approgiynd® mmHg higher than the DSS
under salt challenge, the boundaries of the resiplen®@TL were defined by overlapping
congenic intervals in two other strains (that hiadilar blood pressures to DSS) to a 3 cM,

a region encoding 19 genes (Eliopoulos et al. 2085jmilar study found an increase in
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blood pressure compared to the DSS in a congeamiic starrying a region from the
normotensive Lewis strain introgressed onto chrames3; a neighbouring QTL reduced
blood pressure in congenics, while a congenicrstiarbouring both QTLs had reduced
blood pressure, indicating that these QTLs intedepistatically, the blood-pressure
lowering locus prevailing when both are presentijaet al. 2003). Other QTL
interactions have also been published. For examplegenic breeding experiments were
performed to investigate an interaction observadéen loci on chromosomes 2 and 10 in
candidate gene studies involving DSS and MNS 2¢n( et al. 1992). Congenic strains
were generated to introgress the chromosome 2 @neglons from the WKY and MNS,
respectively onto the background of the DSS, bbtdwed blood pressure lowering effects,
they were subsequently cross-bred to generateldaloangenic strain carrying both
transferred regions. The systolic blood pressuté@tiouble congenic strain was 47
mmHg lower than that of the DSS; DSS genotypeseathromosome 2 and 10 QTLs
were respectively responsible for 8 mmHg and 15 rgraldne, thus the epistatic
interaction between the loci causes a 24 mmHgmiséood pressure in the DSS (Rapp et
al. 1998). Complex interactions have also beenrgbdebetween blood pressure QTLs on
the same chromosomes. Dutil et al (Dutil et al 3G0%W Charron et al (Charron et al.
2005) showed additive and epistatic interactiorta/éen QTLs on chromosomes 2 and 10,
respectively. The complexity of blood pressure tagon genetics has led to the
development of increasingly sophisticated expertalanodels and analytical techniques.
There is recognition in the scientific communitatve should consider interactions
between genetic elements in the search for caredgates and focus on the study of
metabolic pathways where more than one elementamiatyibute to phenotype
(Dominiczak et al. 2005). Such a technique wasiagph the analysis of gene expression
microarray data in chapter 3 of this project, udmgenuity Pathway Analysis (IPA)
software to identify multiple differentially expresd genes from metabolic pathways

between parental and chromosome 2 congenic strains.

1.3 Oxidative Stress and Endothelial Dysfunction

One of the most widely studied molecular patholabprocesses linked to cardiovascular
diseases is the regulation of vascular oxidatixesst Oxidative stress refers to molecular
damage caused by reactive oxygen species (RO$)ding free radicals such as the

superoxide anion (£), hydroxyl radical (OH-) lipid radicals, and atleactive oxygen
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species such as hydrogen peroxidgdh and peroxynitrite (ONOQ. Damage caused by
ROS has myriad downstream effects on cellular mse® as a result of oxidative chain
reactions triggered by the initial damage. Oxidisetromolecules consequently
accumulate and can affect cellular function by dginglipid membranes, enzymes and

nucleic acids, with potentially cytotoxic and mutag: effects.

The principal relationship between ROS and cardiouvkar disease concerns the balance
between ROS and nitric oxide (NO). The discovergailular NO production is regarded
as one of the most important advances in vascigéody in the late 26 century. In 1980
an unknown endothelium-derived relaxing factor (EH)®as proposed to account for
vascular smooth muscle cell (VSMC) relaxation isp@nse to acetylcholine, the release of
which was dependent on the presence of endotleelial (Furchgott et al. 1980). The
endothelium is the layer of epithelial cells thaek the inner surface of the circulatory
system, including blood vessels and the heart. M© eonclusively identified as EDRF by
two independent groups in 1987 (Ignarro et al. 1P8Imer et al. 1987). NO is derived
from O, and the amino acid-arginine (Palmer et al. 1988), its productionha t
endothelium is regulated by endothelial nitric @gynthase (eNOS), it is also produced
by neuronal NOS (nNOS), which is not restrictedearal cells, but was discovered in the
brain, and inducible NOS (iNOS), which was ideetfin macrophages but is also
expressed in several cell types. NO (itself an exyfjee radical) has a very short half life
in-vivo (6-10 seconds), and acts as a local endothegiahBiing molecule. NO mediates
several functions of endothelial cells besides VStdi@xation, including platelet
aggregation, platelet and monocyte endothelial sidhelow-density lipoprotein (LDL)
oxidation, adhesion molecule expression, endothbduction and inhibition of smooth
muscle cell proliferation. NO is very susceptilie¢actions with other oxygen species,
these reactions not only result in the productiba cascade of reactive oxygen species
(such as ONOQOwhen NO combines with £3), but also reduce the levels of NO itself.
Reduced bioavailability of NO and vascular oxidatstress is known as endothelial
dysfunction and is associated with all cardiovaacdiseases, figure 1.5 illustrates
endothelial dysfunction caused by oxidative steegsalso includes mechanisms of

oxidative stress defence, which are discussed i mhetail below.

There are many lines of evidence that show increasglative stress can cause
hypertension. For example, rats given lead in dingkvater develop vascular and organ

oxidative stress and hypertension that can bevedi®y co-administration of the free
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Figure 1.5 - Oxidative stress in cardiovascular dis  ease

Environmental and physiological factors lead to the generation of O, in the
vasculature. O, is enzymatically converted to H,O, by superoxide distumtase
(SOD) which is further processed by catalase, but excess O, can generate a
number of other reactive oxygen species and disrupt the balance of NO and ROS.
Increased oxidative stress leads to decreased bioavailability of NO, contributing to
endothelial dysfunction and downstream phenotypic effects. Adapted from (Cai et
al. 2000). GSH: reduced glutathione, GSSG: oxidised glutathione, SOD: superoxide
dismutase, O,": superoxide, OH-: hydroxyl radical, LO- and LOO-: lipid radicals,
GPx: glutathione peroxidase, GST: glutathione s-transferase, BH,:
tetrahydrobiopterin, VSMC: vacualr smooth muscle cell.

radical scavenger, vitamin E (Vaziri et al. 199%)ministration of the superoxide
scavenger tempol to the SHR decreases blood pesasdrurinary markers of oxidative
stress (Schnackenberg et al. 1999). Targeted eslddtadenoviral overexpression of
eNOS in the SHRSP reduced blood pressure (Millat. 2005), while overexpression of
superoxide dismutase, one of the enzymes involvextidative stress defence (see below),
also reduced blood pressure in the SHR (Chu €0al).

ROS are generated by a number of cellular processkesling respiration, arachidonic
acid pathways, cytochrome p450s, xanthine oxidadeothers. In the vasculature the main
source of ROS is nicotinamide adenine (phosphatelctbotide oxidase (NAD(P)H
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oxidase), a multisubunit enzyme that catalyseddiraation of Q- from G. NAD(P)H
oxidase is upregulated in VSMCs by Ang Il and a hanof growth factors such as
tumour necrosis factor alpha and platelet deriveavth factor (Marumo et al. 1997;De
Keulenaer et al. 1998a), its activity is also uptated in the endothelium by shear stress
caused by increased blood flow (De Keulenaer €t288b). Vascular ROS are thought to
act as signalling molecules, they stimulate VSM@ filoroblast growth responses (Irani et
al. 1997;Zafari et al. 1998) and are intracellslacond messengers is signalling cascades
following ligand binding to growth, apoptotic, asttess signals (Sundaresan et al.
1995;Abe et al. 1996). Thus the equilibrium betwB&S and NO in the vasculature is
extremely complex, ROS have a physiological roleanrmal homeostasis, but their over-
production or reduced NOS activity leads to an ilaubee that causes endothelial
dysfunction. In addition to existing cardiovasculiissease, a number of behavioural and
environmental factors contribute to an overabundaidrOS in endothelial dysfunction,
such as smoking, excessive alcohol consumptiorsitylend lack of exercise (figure 1.5).
There is also a mechanism whereby eNOS itself eaprgte superoxide. The generation
of NO by eNOS is dependent on its homodimerisatidhe presence of
tetrahydrobiopterin (Bk), however BH is sensitive to oxidation by ONOGnd in the
absence of Bilduring oxidative conditions, eNOS does not dineefigly (it is

‘'uncoupled’) and generates -Gand HO, (Vasquez-Vivar et al. 1998), further contributing

to oxidative stress.

Renal oxidative stress has been linked to hypddens a number of models. Markers of
oxidative stress such as urinary 8-isoprotane agtshdin F&2 and malondialdehyde are
increased in Ang ll-infused Sprague Dawley ratsal@hshvili et al. 2003), and in the
SHR (Welch et al. 2001). Increased renal nitrotyr@¢evels have also been measured in
the SHR (Welch et al. 2000) and in the SHRSP, lseedsults of anti-nitrotyrosine
western blotting in section 4.4.3 and Mcbride e(2005). A number of specific
mechanisms have been proposed that link renal tv@dstress and hypertension, for
example @ has been shown to directly stimulate chloridésegption in the ascending
limb of the loop of Henle, a response that was teldiy tempol, which also reduced
chloride reabsorption alone (Ortiz et al. 2002)n&exidative stress is also proposed to
contribute to the onset of high blood pressurandaeased afferent arteriolar tone, both as
a direct result of endothelial dysfunction andinidirect effects of ROS on macula densa
function in tubuloglomerular feedback (TGF) respm@Vilcox 2003). Expression of
NNOS is upregulated in the macula densa duringaulfluid reabsorption, reducing
afferent tone and hence glomerular filtration i(@&lcox et al. 1992); in the SHR this
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mechanism is thought to be compromised as a resultreased expression of NAD(P)H
oxidase subunits in the macula densa (Chabragiali 2002).

1.3.1 Oxidative Stress Defence

1.3.2 Direct ROS metabolism

A number of mechanisms exist to defend againstyt@toxic effects of oxidative stress
(figure 1.5). The first line of defence act dirgatn ROS themselves, converting them to
less reactive molecules, while the second lineeéémce catalyses the metabolism of
oxidised molecules that have been attacked by RO& principal enzymes involved in
metabolism of superoxide are the superoxide disseuf8OD) enzymes, they catalyse the
conversion of @- to HO, and molecular @ There are 3 SOD gene&¥)D1, SOD2 and
SOD3. SOD1 encodes cytosolic copper zinc (Cu/Zn)-SOD, whicthought to lower &
levels from nanomolar to picomolar concentratid®®BD2 encodes mitochondrial
manganese (Mn)-SOD ai¥DD3 expresses the principal extracellular SOD isoforitihe
vascular wall, commonly known as extracellular S@ESOD) (Zelko et al. 2002). The
importance of SODs in anti-oxidant defence was destrated in gene transfer
experiments, SOD overexpression improved endotfahation (Zanetti et al.
2001;Fennell et al. 2002) and provided protectigairast myocardial infarction (Li et al.
1998). Expression &30OD genes is regulated by mechanical, chemical oogioal stimuli

and is downregulated in certain pathological coad# (Fridovich 1998;Mates 2000).

The enzyme principally responsible fos® metabolism following dismutation of Qs
catalase, an intracellular anti-oxidase mainly fedan peroxisomes, but also in the cytosol
(Fridovich 1998). Genetic autosomal recessive aatatieficiency has been linked to a
higher risk of cardiovascular disease and increasgdence of diabetes mellitus in
affected families (Leopold et al. 2005) and a @@lpromoter polymorphism has been
associated with cardiovascular risk in a Chinegaufagion (Jiang et al. 2001), however
experimental studies have provided evidence of ordygerate protection against oxidative
stress by catalase (Muzykantov 2001). Protecti@nagjoxidative damage was provided
by co-expression of SOD and catalase but the velabntribution of each gene was not
clear (Durand et al. 2005).
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1.3.3 Glutathione and Glutathione s-Transferases

Interactions between ROS and macromolecules rasutlie generation of reactive
products that can damage lipids, proteins and ruateds. A number of mechanisms exist
to protect the cell from these species, the princafgctor in many of these reactions is
glutathione, a tripeptide of glutamate, cysteiné glycine. Glutathione is the main non-
protein thiol in the cell and has numerous funaionmetabolism, synthesis, signal
transduction and gene expression (Wu et al. 2004)mainly found in its reduced state
(GSH) since the glutathione reductase enzyme tiraterts glutathione disulfide (GSSG)
to GSH is constitutively active in cells. The liverthe main detoxification organ of the
body and it is also the major source of plasma G&tich circulates to other organs. GSH
can be transported directly across cell membradagdn et al. 1988;Parks et al. 1998),
however the major source of intracellular GSH inesl catabolism of GSH by
extracellular gammglutamyltranspeptidase | (GGTi) aminopeptidase enzymes
followed by uptake of the constituent amino acidd de-novo synthesis (Lash et al.
1988). The synthesis of GSH is a two-step reactgsteine (the rate limiting substrate) is
first conjugated to glutamate by glutamate cystégese (Gcl), generating
glutamylcysteine, glycine is then conjugated bytathione synthase (GSS). GCL is a
dimeric enzyme consisting of a catalytic subuni€{®&) and modulatory subunit (GCLM)

that regulates GCL activity via negative feedbagidsH (Deneke et al. 1989).

GSH acts as an electron donor and can directlyescgevreactive oxygen species, it is also
a cofactor in the conversion 066, to H,O by glutathione peroxidase (GPx). In its
interaction with glutathione s-transferase (GST)yames, GSH is conjugated to

xenobiotics such as drugs, insecticides, herbiciclginogens, and endogenous
compounds such as oxidative by-products of cellptacesses and damage. This generates
more water-soluble compounds that are less reaatideamenable to further metabolism

by the mercapturic acid pathway. Such a reacti@xénplified in figure 1.6, showing the
conjugation of GSH to 1-chloro-2,4-dintrobenzen®iB).
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Figure 1.6 - Catalysis of glutathione conjugationt o CDNB by GST enzymes

A majority of GST enzymes catalyse this reaction, it is used in biochemical assays to
measure total GST activity.

There are seven classes of mammalian cytosolsplable GST proteins, including Alpha,
Mu, Pi, Theta, Zeta, Omega and Sigma. Cytosolic @&3s nomenclature in rodents and
humans is based on sequence similarity, membehe &ame class within a species share
40-90% identity, different classes typically shkegs than 25% identity (Hayes et al.
2005). There are a total of 17 human GSTs inclu@8gAl1-5, GSTM1-5, GSTP1,

GSIT1-2, GSTZ1, GSTO1-2 andGSTSL (Mannervik et al. 2005). Each class is encoded on
a different chromosome, classes with multiple mesbeside in closely linked gene
clusters and have arisen by gene duplication e¥emtsancestral genes. The @dts
includeGstm1-5, Gstmba and6b andGstm7, Gstal-5, Gstpl, Gsttl-2, Gstzl andGstsl.

GST enzymes were named in the order of their ifleation in each species, the ortholog
of a particular GST in another species cannot rsaci be identified by its name, in fact
the evolution of GST gene families largely postedaiodent and human common ancestry
such that, for example, with the exception of hut@&M3 and raiGstmb, the ratGstms

are more closely related to each other than amlyeohumarGSTMs. In contrast, some of
the rat and mougBstms are highly orthologous, r&stml is the ortholog of mouse

Gstml, they share 94% coding sequence identity and 8486mic identity (Reinhart et al.
1993).

GSTs are primarily dimeric enzymes, they form hommasats or heterodimers of two
subunits of the same class, though catalyticaliiyadeterodimers of piGSTP1 and rat
Gstm2 subunits have also been generatedtro (Pettigrew et al. 2001).
Heterodimerisation is thought to broaden the ctitatgnge of GSTs by generating
enzymes with different substrate affinities (Wahg@le2000). Human GSTP1 has also
been shown to act monomerically in cellular str@gsfence signalling cascades (Yin et al.
2000). The GSTs catalyse a number of differentti@ag including conjugation, reduction,
thiolysis and isomerisation, though the most widdigred catalytic activity, and the most

studied, is the conjugation of reduced glutathitmelectrophilic compounds. The
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metabolism of oxidised membrane fatty acids by Gls$dsbeen well studied; lipid
peroxidation is toxic to cells since it can resalthain reactions generating
hydroperoxides that can form secondary electroplsileh as epoxaldehydes, 2-alkenals,
and ketoaldehydes, which can be genotoxic (Magieit. 2003). GSTs have been shown
to reduce phosphatidylcholine hydroperoxide, cheles hydroperoxides and fatty acid
hydroperoxides (Hiratsuka et al. 1997;Yang et @0ZPrabhu et al. 2004). Metabolising
such compounds prevents the formation of downstiesrandary electrophiles, though
GSTs also reduce several end products of lipidxyp@ation including the 2-alkenals
acrolein and crotonaldehyde (Hayes et al. 1995;6layal. 1999). GSTs have also
experimentally been shown to catalyse the conjagaif GSH to oxidised proteins: co-
incubation of peroxynitrite-pre-treated histonewSH and GST reduced nitrotyrosine
immunoreactivity compared to histones incubatethout GSH (Kuo et al. 2002). In
addition, catalase pre-treated with peroxynitritevsed reduced catalytic activity and
increased nitrotyrosylation, which were reversityancubation with GSH and GST
(Kocis et al. 2002). GSTs also catalyse the conjogaf GSH to oxidised nucleotides
such as adenine and thymine propenols and thynya@peroxides (Okuno et al.
1993;Berhane et al. 1994) that may otherwise cautieer damage to DNA-binding

proteins or chromosomal DNA.

The GSTs are widely expressed in all tissues, dneyarticularly abundant in the liver,
the major site of detoxification in the body. Sois@&forms are tissue-specific, for example,
GSTM2 is highly expressed in human striated muscle (elss al. 1991) and the human
GSTM3 is selectively expressed in testes and brainghisky 2005). Comprehensive
tissue distribution expression profiles of thg genes have not been published for the rat,
though unpublished data from our laboratory shdwas@stml is the majoiGstm isoform
expressed in the WKY kidney. Expression profilinghe mouse has shown that the
Gstml is constitutively expressed in the mouse, bubwatlevels in the intestine, placenta
and gonads (Knight et al. 2007).

Given the known function of GST enzymes and thegmanvolvement of increased
oxidative stress in cardiovascular disease, tharfgnthatGstml expression is reduced in
the kidneys of the SHRSP compared to the WKY arid&s (McBride et al 2003)
presentedsstml as a functional and positional candidate geng/pettension. This
finding formed the basis for the work performedhis project, part of which contributed
to a publication showing that reduced re@aiml expression coincides with increased
renal oxidative stress (McBride et al 2005). Selvaspects ofzstml expression and

function were investigated using a variety of fumical genomic techniques.
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2 Materials and Methods
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2.1 General Laboratory Practice

This chapter outlines general laboratory practseslaboratory methods that are common

to more than one chapter. Each of the other chaptso has a specific methods section.

Laboratory equipment and reagents were of the Bigtmmmercially available grades. A
laboratory coat and latex or non-latex powder-filmes were worn during all procedures.
Hazardous reagents were handled appropriatelysasided in the Control of Substances
Hazardous to Health regulations, using laboratpectacles or facemask and/or a fume

hood where appropriate.

Laboratory glassware was cleaned in Decon 75 datergnsed with distilled water and
dried in a 37°C cabinet. Otherwise, sterile disptsalastic ware was used, including 0.5
ml, 1.5 ml and 2 ml microcentrifuge tubes (GreiBe&-one) 15 ml and 50 ml Corning
centrifuge tubes and 5 ml and 20 ml 'Universaltamers (Sterilin). Reagents were
weighed using an Ohaus Portable Advanced balaeecsi{we to 0.01 g), or a Mettler
HK160 balance (sensitive to 0.0001 g). SolutionsewsH'd using a Mettler Toledo digital
pH meter calibrated with pH 4.0, 7.0 and 10.0 séadsl (Sigma). Volumes from Ol to
1,000ul were dispensed with Gilson Medical Instrumentgeftes. Volumes from 1 ml to
25 ml were measured with sterile disposable pipéti®rning) and a Gilson battery-
powered pipetting aid. Autoclaved distilled wateasaused to prepare agueous solutions
unless stated otherwise, a Jenway 1000 hotplatefsivas used to aid dissolving and
mixing. Vortexing was carried out using an FSA Ladtory Supplies WhirliMixer.
Centrifugation for samples up to 2 ml was perforraed-20°C in an Eppendorf 4515
microcentrifuge, larger samples were centrifuged 8igma 4K15, compatible with 15 ml
and 50 ml centrifuge tubes, 20 ml 'Universal’ tuddeg with carriers for standard reaction
plates. Laboratory-ware or liquids requiring stsation were autoclaved in a Priorclave
Tactrol 2. A Julabo TW8 water bath was used foregixpents requiring incubations from
37°C to 90°C, a Grant SBB14 boiling water bath wsed for temperatures up to 100°C.

Certified Nuclease-free reagents and plastic ware wsed for experiments involving

RNA, including Ambion RNase-free microcentrifugdés, RAININ nuclease-free filtered
pipette tips and Ambion nuclease-freglH Pipettes and benches were wiped with Ambion
RNaseZap reagent before all RNA experiments.



James Polke, 2008 Chapter 2 69

2.2 General Techniques

2.2.1 Nucleic Acid Extraction

Specific protocols used for genomic DNA extractioom different tissues are outlined in
relevant chapters. Plasmid DNA purification is ddxsed in section 2.5.3. Qiagen column
and filter-based RNeasy Mini or Maxi kits were u$@&dRNA extraction. Whole tissues or
cells were homogenised in buffer RLT lysis solutid@pul/ml B-mercaptoethanol (350-600
ul for Mini columns, 7.5-10 ml for Maxi columns). Gured cells were rinsed with PBS
and homogenised by scraping with a pipette tipesmbtherwise stated tissues were
homogenised with a Polytron 2100 rotor homogeraséull speed, then centrifuged at
5000 g to collect debris and lysates were transfieto fresh tubes. An equal volume of
70% ethanol was added to cell lysates before applyiem to the RNeasy columns,
followed by centrifugation (15 seconds at 8000 rgniini columns, 5 minutes at 5000 g for
Maxi columns) to wash cellular debris through tbumn, binding RNA. Buffer RW1

was added to columns (7@0for Mini columns, 15 ml for maxi columns) and vixesl
through by centrifugation (15 seconds at 8000 gvfom columns, 5 minutes at 5000 g for
Maxi columns). Columns were transferred to newemtibn tubes, and 2 washes were
performed with RPE buffer (70% ethanol): 5dGor Mini columns, 10 ml for Maxi
columns, centrifugation at 8000 g for 15 seconuist(fvash) then 2 minutes (second wash)
for Mini columns and at 5000 g for 5 minutes (fngssh) then 15 minutes for Maxi
columns (second wash). Columns were transferregwocollection tubes and centrifuged
at full speed for 1 minute (Mini columns) or 5 miesi (Maxi columns) to completely dry
membranes. RNA was eluted in 304dRNase-free KO (Mini columns) or 80Qul
RNase-free KD (Maxi columns).

2.2.2 Measuring Nucleic Acid Concentration

DNA and RNA concentrations were measured usingreobiap ND-1000, a
spectrophotometer that is sensitive from 2-3700QIrpuble-stranded DNA. Absorbance
at 260nm were used for quantification of nucleiggscoptical density of 1 corresponding
to 50ng(l DNA and 40ngil RNA. Absorbance ratios (260 nm/280 nm) of appnuadely
1.8 for DNA and 2.0 for RNA indicated that the reiclacid preparations were sufficiently
free from protein contamination for downstream expents. Averages of duplicate or
triplicate readings were taken for samples reqgiviery precise quantification.
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2.2.3 Polymerase Chain Reaction

All thermal cycling for standard PCRs was perforadan MJ Research PTC Gradient
Cycler in 96-well plates (ABgene). PCR primers weesigned using the online design
tool Primer3 (Rozen et al. 2000) and purchased MG Biotech. Oligonucleotide
sequences for all PCR primers used are in tablaAlie appendix.

Two commercial 'Hotstart' Taq polymerase PCR systemre used for standard PCRs in
this project, Qiagen HotStar and Roche FastStartafplifying from genomic DNA
templates, 100 ng of genomic DNA was used, whil®5g of template was used for
amplifying from plasmid templates. 7.5 pmol of eacimer were used in all reactions.

The standard reaction mixes and temperature cypkmgmeters for each system were as

follows:
Qiagen HotStar:
Reaction mix Heat Cycling

Vol. (ul)
10x PCR buffer 2.0 95°C 15 min
dNTPs (ImM ea.) 4.0 94°C 15s
Fwd primer (5pmoll) 15 58-62°C 30 sesj X35 cycles
Rvs primer (5pmolil) 1.5 72°C 30 sec
DNA* 1.0-5.0 72°C 10 min
Taq (5U) 0.2
H.O Up to 20ul
Roche FastStart:
Reaction mix Heat Cycling

Vol. (ul)
10x PCR buffer 2.0 95°C 4 min
dNTPs (ImM ea.) 4.0 94°C 30s
Fwd primer (5pmoll) 1.5 58-62°C 30 segj x35 cycles
Rvs primer (5pmolil) 15 72°C 1 min
DNA 1.0-5.0 72°C 7 min
Taq (5UMl) 0.2
H20 Up to 2@l

The Taq DNA polymerases used in the above PCRmgst@ve fast processivity, but lack
a proofreading capability, they are suitable fonagority of PCR applications but
incorporate incorrect nucleotides approximatelyrgv®,000 nucleotides. For applications
where absolute fidelity of DNA replication was réga, for example for cloning promoter
or cDNA sequences, 'Kod Hot Start' DNA polymerddevagen) was used. Kod DNA

polymerase is derived froithermococcus kodakaraensis thermophilic bacteria and
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possesses 3'-5' exonuclease activity that excigeswoorporated bases during PCR. Kod
PCRs were performed according to the manufactiumstsictions, reaction mixtures and

temperature cycling parameters were as follows:

Reaction mix Heat Cycling
Vol. (ul)
10x PCR buffer 2.5 94°C 2 min
dNTPs (ImM ea.) 2.5 94°C 15s
MgSQ, (25mM) 1.0 58-62°C 30 se?:j X35 cycles
Fwd primer (5pmoll) 15 68°C 2.5 mi
Rvs primer (5pmolil) 1.5 68°C 10 min
DNA 1.0-5.0
Kod (1U/ul) 0.5
H.O Up to 25ul

2.2.4 Agarose Gel Electrophoresis

Unless otherwise stated 1% agarose (Eurogentezwgee used throughout, dissolved and
electrophoresed in 1 X Tris-Borate EDTA (TBE) bufEisher Bioreagents). Gels were
electrophoresed at 6 V per cm of gel. BIO-RAD PofRac 300 and BIO-RAD
electrophoresis tanks were used, 1 ng / 100 mdlietii bromide (Sigma) was added to
molten agarose before pouring gels, unless statenhvaise. Gels were visualised by UV
transillumination on a BIO-RAD Fluor-S Multiimagd?romega 1kb DNA ladder was

used for sizing products. Samples were loaded 6vitHoading dye (50% glycerol, 0.05%
bromophenol blue).

2.2.5 Determining Protein Concentration

Protein samples were prepared from cultured cglisnsing with PBS and scraping with a
pipette tip in PBS/0.2% Triton. Samples were fretmaved to -80°C and passed through a
hypodermic needle 10 times before briefly centiifiggo collect debris. Tissues were
homogenised in PBS buffer containing protease itdrdy centrifuged at 5000 g for 5

minutes and supernatants were transferred to fudss.

Protein concentrations were determined using &@iBCA (bicinchoninic acid assay) kit.
The assay was performed in 96-well plates. Diligiohan albumin protein standard
(Pierce) in phosphate-buffered saline (PBS) (Gilbicop 25 ngil — 2 pg/ul were used to
generate a standard curve for each assay. Thengtsts of reagents A and B, which are
mixed at a ratio of 50:1 before being added toganosamples and standards at a ratio of
8:1 (25ul sample or standard, 20 BCA reagents). 96-well plates were then protected
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from light by wrapping in aluminium foil and placetl37°C for 30 minutes. Absorbance
at 560 nm was ascertained in all wells using a &¢aMictor 2 plate reader. Samples and
standards were measured in duplicate and avertigeedoncentration of protein in the
samples was interpolated from the standard curvéVbyk-Out' software (Wallac). If the
concentration of protein samples fell beyond theyeaof the standard curve, appropriate
dilutions were made in PBS and they were re-assdlgecconcentration of the dilutions
were multiplied by the dilution factor to ascertéine concentration of the samples.

2.3 Tissue Culture

Eukaryotic cell lines were handled under steriladittons using class |l biological safety
cabinets (Holten Safe 2010). Cabinets were clearéate and after use with distilled
water and 70% ethanol. Waste plastics and fluickwdecontaminated by steeping for 24hr
in (10%) bleach, plastics were then incinerataddfl were poured into domestic waste
drains. Cells were maintained in 150°dissue culture flasks with vented caps (Corning)
in inCusafe 37°C, 5% carbon dioxide (g @cubators. Tissue culture experiments
involving genetic modification, such as recombinadénoviruses or plasmid transfections,
were performed in a dedicated tissue culture laboyand maintained in separate

incubators.
2.3.1 Cell Passage and Cryostorage

Details of specific cell lines used and media regjaents are given in relevant chapters.

Cell were passaged regularly to prevent overcrogvdirculture flasks, experiments were
performed with cells of lowest possible passagebemand experiments were completed
in as few passages as possible. Fresh cell cidtacks were recovered from storage in

liquid nitrogen after approximately 25 passages.

Unless stated otherwise, passaging was performeenbgving culture media and rinsing
cells gently twice with 10ml sterile PBS (Lonzafdre detaching them from the flask with
2-10 minutes incubation at 37°C with 2ml 1X TE @®trypsin; 0.2% ethylenediamine
tetraacetic acid (EDTA)). Cells were collected thrtil foetal bovine-serum (FBS)-
containing medium, which inactivates the trypsimj aentrifuged at 1500 rpm for 5
minutes. Media/TE was poured off and the cell peleere resuspended in cell media,
fresh 150 crhflasks with 25ml media were seeded with 1/20-F/ghe cells from the

previous passage.
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For cryostorage, cells from 3 x 150 Tftasks were resuspended in 10ml media/10%
dimethylsulfoxide (DMSO) and aliquotted into 6 x® cryoviles. The cryoviles were
placed in an isopropanol freezing container (Nadgem a -80°C freezer overnight,
ensuring freezing no faster than 1°C per minute fiéxt day cells were transferred for
long-term storage in liquid nitrogen. When reconrgrcells from liquid nitrogen they were
thawed to room temperature and pipetted into 2fedia in a fresh 150 cnflask, the
media was changed the next day, cells were notfosekperiments until at least two

passages and a week out of liquid nitrogen.
2.3.2 Cell Counting

In order to accurately seed cell culture flasks pllates with a known number of cells,
cells were counted with a haemocytometer (Haussenffic). Approximately 1Qul of a
cell suspension was pipetted under a cover slip th@ grid, the number of cells in each 1
mm square was recorded by counting the cells ih 885 mm squares, cell crossing the
bottom or right-hand edge of any square were nohtsal. The average number of cells in
each 1 mm square was derived, was multiplied Bytd @ive the number of cells per ml in
the suspension. Dilutions of the cell suspensiorew@ade in media to seed the correct

number of cells per flask or well.
2.3.3 Plasmid Transfection of Cultured Cells

Roche FUGENE 6.0 lipofection reagent was usedIf@x@geriments involving transfection
of cultured cells. FUGENE is a proprietary mix ipids in 80% ethanol, it binds to and
packages plasmid DNA into a lipid complex that akahe plasmids to cross cell
membranes. Transfection protocols were optimisdivigually for each cell type used in
experiments following suggested methods in the AMERroduct literature. This involved
ascertaining the optimal ratio of FUGENE:DNA forximal gene expression and minimal

cytotoxicity. Specific optimisation procedures described in each chapter.

Regardless of the final conditions used, the saarestection protocol was followed: Cells
were seeded the day before to be at 50-70% comiuaintransfection. FUGENE/DNA
mixtures were made in additive-free media in 1.xcenltrifuge tubes, FUGENE was added
to the media and mixed by gently flicking the tupksmid DNA was added after five
minutes and tubes were flicked to mix once more thé for 15 minutes to allow
FUuGENE/DNA complex formation. Transfection mixtukesre then applied to cells, gene

expression was assayed 48 hours later.
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2.3.4 B-Galactosidase Expression Staining

Plasmids and viruses expressingltheZ gene, which encodé¢sgalactosidase, were
employed as controls to assess gene delivery gmm@£s{on in many experiments.
Regardless of the method of gene delivery, the gaotecol was used to assay for
galactosidase expression in cultures cells: Cedievixed by removing culture media and
washing cells twice with PBS, then adding suffiti2® paraformaldehyde in 0.1M
sodium phosphate (NaRXJ72mM NaHPQ,; 23mM NahPQy) to cover the cells and
placing the cells on ice for 10 minutes. The paratddehyde was removed and cells were
washed twice very gently with PBS to prevent diglad the fixed cells. X-gal (5-Bromo-
4-chloro-3-indolylp-D-galactopyranoside) stain solution constitutdd’@.M NaHPO;;
0.023 mM NaHPQOy; 0.03 M MgCh; 3 mM KsFe(CN); 3 mM KsFe(CN); 1 mg/ml X-gal,
the X-gal stock solution was 20 mg/ml in dimethytfamide. X-gal stain was added to
cover cells and plates or flasks were returned3d°&€ incubator overnighg-gal-
galactosidase cleaves X-gal to produce a darkfre&pitate, indicating cell transfection

or infection.

2.4 DNA Sequencing

Unless otherwise stated, DNA sequencing was peddray purifying PCR products to
remove un-incorporated dNTPs, primers and sali®wed by dideoxy sequencing
reactions, and a second purification step befopélagy electrophoresis to separate
sequencing products by size. Each step is outleéalv.

2.4.1 PCR Clean-up

PCR products were retained in PCR reaction platdgarified for sequencing using the
Agencourt AMPure kit. This relies on binding of DNphoducts over 100bp in length to
paramagnetic beads in the kit solution (i.e. theyadtracted to magnets but do not exhibit
magnetism themselves). d@®f AMPure was added to eachi2@®CR reaction, the plates
were briefly vortexed and centrifuged to 1000 rmmX second to collect the liquid to the
bottom of the wells. They were left to stand fanBwutes and then placed onto an
SPRIPlate (solid phase reversible immobilisatiatg)l magnetic plate holder (Agencourt)
for 10 minutes. The SPRIPIate has an individua riragnet for each well in a 96-well
plate, AMPure beads are held onto the sides oiviiks of the 96-well plate. Keeping the
PCR plate on the SPRIPlate, the PCR reaction ¢oasts were removed by inverting the
plates and shaking forcefully upside-down. The beaere then washed with 20®f
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freshly prepared 70% ethanol for 30 seconds bedioaking forcefully upside-down and
centrifuging upside-down to 600rpm for 1 secondetoove as much ethanol as possible.
PCR Plates were removed from the SPRIPlate antbleit-dry for 20 minutes before the
addition of 4@l H,O per well. The PCR plates were vortexed to resuspiee AMPure
beads, then returned to SPRIPlates platgd,w8és carefully pipetted out per sequencing
reaction. If a PCR product was to be sequenced thare3 times, multiple 20 PCRs

were performed.

2.4.2 Dideoxy Sequencing

Applied Biosystems BigDye Terminator n3.1 Cycle &=uring kits were used all for
sequencing reactions in this project, reactionewerformed in 96-well plates. Unless
stated otherwise all sequencing reactions incligd 5X sequencing buffer; Oub
Ready Reaction; 10 template (purified PCR product); 3J2orimer (Lpmolfl); 2.8ul
H,O. The temperature cycling program was:

96°C 45 seCe—
50°C 25 sec X25 cycle:
60°C 4 min —

2.4.3 Sequencing Reaction Purification

Sequencing reactions were purified to remove reaaonstituents and unincorporated
nucleotides and primers prior to electrophoresisgidgencourt CleanSEQ reagentull0

of CleanSEQ reagent was added to each sequeneiciipre followed by 6@l of freshly
prepared 85% ethanol. Plates were briefly vorteaedicentrifuged to 1000 rpm for 1
second to collect the liquid to the bottom of thellg; then placed on an SPRIPIate for 3
minutes. Wells were emptied by forcefully shakihg plates upside-down, the CleanSEQ
beads were washed twice with ,d@B5% ethanol for 30 seconds each, emptying théswel
between washes. Wells were then emptied as mugbsasble by centrifugation of

inverted plates to 600 rpm for one second. Platge wemoved from the SPRIPlates and
air dried for 20 minutes, 4 of H,O was added to each well and CleanSEQ beads were
resuspended by vortexing. Plates were briefly degid to 1000 rpm for 1 second and
returned to SPRIPIlates. A0of sequencing products were loaded into opticel®ar
barcoded 96 well plates..B8 was added to unused wells to prevent drying pilleaies

and plates were covered with Applied Biosystemd&8pals, they prevent evaporation of

products but allow capillaries to enter wells.
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2.4.4 Capillary Electrophoresis

Sequencing capillary electrophoresis was perforared 48-capillary Applied Biosystems
3730 Genetic Analyser with 36 cm capillaries. Hieghoresis was preceded by filling the
capillaries with fresh POP-7 polymer (Applied Bis®ms) and warming the capillaries to
60°C. Sequencing products were separated by sieéebirophoresis at 8500 volts for 50

minutes.

2.4.5 Sequencing Analysis

Sequencing was analysed using Applied BiosystergS&pe software version 2.
Experimental sequences were aligned with knownessops derived from bioinformatic
databases such as UCSC or ENSEMBL genome browsprsduct information such

plasmid sequences.

2.5 DNA Cloning

Eukaryotic expression plasmids were employed is phoject in promoter studies, for the
generation of recombinant adenoviruses and to reggeession cassettes for rat
transgenesis. Specific manipulations and protam@sutlined in each chapter, a number

of common techniques are outlined below.

2.5.1 Transformation of Competent Bacteria

JM109 competeriEscherichia coli (E.coli) bacteria (Promega) were used as hosts for
eukaryotic expression vectors throughout this @tajaless stated otherwigeor
transformation, competent cells were thawed oramgeseparated into plaliquots in
chilled 1.5ml centrifuge tubes. For transformatadran intact plasmid, 2ng plasmid DNA
was added to the bacteria, for transformationgztéd plasmid/insert mixes 2d%f the
ligation reaction was added to JM109s. Tubes wareefl gently to mix and returned to
ice for 10 minutes, then 'heat shocked' at 42°CGlfoseconds before returning to ice for a
further 2 minutes. 900l of chilled SOC medium (Sigma) was added to tHks @ad they
were placed in a shaking incubator (New Brunswicie&tific Inova 44) at 37°C, 180
oscillations per minute, for one hour. Unless othse stated all plasmids used in this
project encoded ampicillin resistance for selectibtransformed cells. Transformation

mixtures were spread onto 90 mm culture plategi{®)eof Luria agar (Sigma) containing
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100 pug/ml ampicillin (Sigma). For transformations ofant plasmids 100l of neat, 1 in
10 and 1 in 100 dilutions in SOC media were spréadransformations of ligation
reactions, the entire transformation culture wasaqgb onto 5 plates. Culture plates were
inverted and placed in a 37°C incubator (Heraeusjroght. Plates were checked for
bacterial colonies the next morning and if necegssareened for positive clones as

detailed in section 2.5.7.

2.5.2 Glycerol Stocks

Successfully transformed bacteria were preservelbfg-term storage by preparing
glycerol stocks. 1 ml of overnight broth cultureasamixed with 1 ml sterile 40% glycerol
solution and frozen at -20°C or -80°C. Bacteriaeve&rcovered from glycerol stocks by

streaking for single colonies on selective agar.

2.5.3 Plasmid DNA Purification

Plasmid DNA was extracted from bacteria using therfcolumn based Qiagen Plasmid
Maxi kit. Bacterial cultures were streaked and grawernight at 37°C on ampicillin Luria
agar plates. Single colonies were picked and usatbtulate a 'starter’ culture grown
throughout the next day in 5 ml Luria broth (Sigraptaining 10Qug/ml ampicillin in a
shaking incubator at 37°C. 1 ml of this culture wasd to inoculate 100-500 ml 100
ug/ml ampicillin Luria broth to produce an overnighititure from which the plasmid was
extracted (100 ml was sufficient for most plasmlusyever when low yields were
obtained, the extraction was repeated with 500utiie). Bacteria were harvested by
centrifugation at 6,000 g for 15 minutes at 4°@iBeckman Coulter Avanti J-26XP.
Culture media was poured off and the bacteria wesespended in 10 ml buffer P1
(50mM 2-amino-2-hydroxymethyl-1,3-propanediol, pH8 mM EDTA, 100ug/ml

RNase A). 10 ml buffer P2 (200 mM NaOH; 1% sodiundecyl sulphate (SDS)) was
added and the solutions were kept on ice for exdiet minutes. 10 ml chilled buffer P3
(3 M potassium acetate at pH5.5) was added to aiegithe lysate. The precipitated
lysates were centrifuged at 20000 x g at 4°C fom@@utes, the supernatant was retained
and centrifuged again at the same speed for aefuith minutes. Columns were pre-wetted
with 10ml buffer QBT (750 mM NaCl; 50 mM 3-morphatipropanesulfonic acid pH7
(MOPS); 15% isopropanol; 0.15% Triton-X 100). Tlwparnatant was applied and the
columns were allowed to empty by gravity flow, t@umns were washed twice with 30
ml buffer QC (1 M NaCl; 50 mM MOPS pH7; 15% isopamypl), and the plasmid DNA
was eluted with 15 ml buffer QF (1.25 M NacCl; 50 nivis pH8.5; 15% isopropanol) into
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polypropylene centrifuge tubes. Plasmid DNA wagimigated with 10.5 ml isopropanol
and centrifuged at 15000 x g for 30 minutes at 4%& supernatant was carefully poured
off, pellets were resuspended in 5 ml 70% ethandladiquoted into five 1.5 ml microfuge
tubes. They were centrifuged at maximum speed@anihutes at 4°C. The ethanol was
carefully pipetted off and the pellets were thotayair-dried (10-20 minutes) before
resuspending the DNA in 40 H»,O per tube and pooling the contents of the fiveetub
Total plasmid yields were typically 50-90% of theximum yield quoted for the maxi
columns (50Qug).

2.5.4 Restriction Digestion

Restriction enzymes were used in this project ethénthe targeted ligation of specific
DNA ‘insert’ sequences into plasmid backbonesriased plasmids were digested with
appropriate restriction endonuclease enzymes tergemcompatible ends for ligation.
Restriction endonucleases were purchased from Ry@amreNew England Biolabs.
Manufacturer's protocols were followed for digessipa typical digest included 142
template DNA in a final volume of 28, including 2.5ul 10x restriction buffer, 0.25l
bovine serum albumin (BSA) and 10-20 units of engymaking the reaction a '10-fold
overdigest': one unit of restriction enzyme is dedi as the amount required to digeggl
of template in one hour. Reaction mixtures wereadigently by pipetting and briefly

pulsed in a bench microcentrifuge, then incubate&¥2C for between 1 and 16 hours.

Wherever possible, cloning was performed usingbtodigests', wherein the insert and
backbone were digested with two restriction enzymessulting in different overhanging
ends on each end, allowing directional cloning mmgimising the likelihood of self-

ligation of the plasmid backbone.

2.5.5 Agarose Gel DNA Extraction

Unless stated otherwise agarose gel extractiofCéf products or restriction-digested
DNA was performed with the Qiagen QIAquick Gel Exttion kit following the
manufacturer's instructions, using a bench microifege at full speed. Bands in agarose
gels were visualised on a UV transiluminator (U\&RY carefully excised with a scalpel
blade. The bands were weighed and @0&f buffer QG was added per 10§ of agarose
before heating the agarose/buffer QG mixture taC50@t 10 minutes. After centrifugation
to adsorb the DNA to the membrane, the membranemaaked with centrifugations with
500l of buffer QG followed by 75@l buffer PE (which contains 70% ethanol). All trace
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of ethanol were removed by a final centrifugationX minute, DNA was eluted in

nuclease-free water.

2.5.6 Ligation

Unless stated otherwise, digested plasmid fragmdigsested PCR products or annealed
oligonucleotides were ligated into digested plasb@adkbones using the New England
Biolabs Quick Ligation Kit. The kit includes a 2Xaction buffer (1332mM Tris pH7.6;
20mM MgCb; 2mM dithiothreitol; 2mM ATP; 15% polyethylene giyl) and 'Quick’ T4
DNA ligase (supplied in 50 mM KCI, 10 mM Tris (pHJ, 0.1 mM EDTA, 1 mM
dithiothreitol, 200ug/ml BSA and 50% glycerol). Ligation reactions cotused 10ul 2X
quick ligation buffer, Iul quick T4 DNA ligase, 50-100 ng backbone, inserptovide an
insert:backbone molar ratio of 100:1 to 3:1 an@Hip to 20ul. Reactions were mixed by
gentle pipetting, pulsed in a microcentrifuge amcubated at room temperature for five
minutes, and then put on ice. Ligations were tramséd immediately or stored at -20°C
before transformation. The 100:1 insert:backbotie w@as only used for ligation of
oligonucleotides, otherwise ratios of 3:1, 5:1 dr Were used. The amount of insert DNA
to add to the ligation reaction for a given Indstkbone ratio and given amount of
backbone DNA was calculated according to the folhgwformula:

(Molar ratio insert:backbone) x (ng backbone)nsért length,bp)

ng insert DNA =
(backbone length, bp)

2.5.7 Selecting Positive Clones

Following transformation of ligation reactions, aoies were screened by PCR across the
cloning site. PCR primers depended on the backbbtiee recipient plasmid, but the
protocol was otherwise identical: Individual colesiwere picked with a sterile wooden
toothpick, streaked onto a numbered 0.8 cm grid salective agar plate and then washed
in a numbered well of a 96-well plate containingul®,0. 10ul of Roche FastStart or
Qiagen HotStar PCR reaction master mixes were antdedch well to make a 20 PCR
reaction, where possible a positive control welswaso included. Following PCR, PCR
products were electrophoresed against a size mrlsereen for products of the expected
size. Positive PCR results were later confirmedDbyA sequencing, bacterial colonies on
the grid plate were used as stocks for sequenciddudure amplification of positive

clones.
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2.6 Western Blotting

Each step in the western blotting protocol useithis project are described below.

2.6.1 SDS-Polyacrylamide Electrophoresis

Hoefer SE600 gel tanks were used unless othentaseds gels were poured between 18
cm x 16 cm glass plates, 1.5 ml apart. Up to 150@snwere loaded in 6 mm wide wells.
A 30% stock solution of acrylamide was used wittPal acrylamide: bis-acrylamide ratio
(BIO-RAD). 11 cm 12% 'resolving' gels were overldyeith 5cm 4% 'stacking' gels. The
mix for each resolving gel constituted 12 ml 30%ykenide; 7.5 ml 1.5 M Tris pH8.8;
300ul 10% SDS; 10.2 ml bO; 30ul TEMED (N,N,N',N'-tetramethylethylenediamine);
300ul 10% APS (w/v, g/ml) (ammonium persulphate). Staglgel consisted of 2 ml 30%
acrylamide; 3.75 ml 0.5M Tris pH6.8; 15910% SDS; 9.1 ml KD; 15ul TEMED; 150

ul 10% APS (w/v, g/ml).

10-6Qug of protein samples were prepared in a total volofr&)-60ul, incorporating the
appropriate volume of 6 X Laemmli loading dye (dtnging 50% glycerol; 9% SDS;
0.375 M Tris pH6.8; 1098-mercaptoethanol; 0.05% bromophenol blue dye).tResi
protein controls were included in each blot, aseniul of Amersham 'Rainbow markers'
— protein molecular weight markers (low range 2Bdktons (kDa) - 45 kDa or full range
10 kDa -250 kDa) linked to coloured dyes for eaintification on the blotting
membrane. Samples and positive controls were héat@sC for 5 minutes to ensure
denaturation of proteins. Empty wells were loadetth wOul 6X Laemmli loading dye to
help provide a constant resistance across thengeheoid 'smiling’ of the bands.
Electrophoresis buffer consisted of 0.025 M Trislptp; 0.2 M Glycine; 0.1% SDS.
Electrophoresis began at 100 v for 1-1.5 hourd thetidye entered the resolving gel,
whereupon the voltage was increased to 200 v #h8urs, separation of the rainbow

markers was used a guide to ensure the targetipsotere sufficiently resolved.

2.6.2 Protein Blotting

After electrophoresis the electrophoresis apparaissdismantled, the stacking gel was
removed and any lanes not including protein wetdrom the resolving gel. 6 pieces of
Whatman 3 mm chromatography blotting paper aneeegpdf Amersham Hybond-P
membrane were cut to the same size of the gel. &el8Vhatman paper were equilibrated

in transfer buffer for 20 minutes, membranes weaeevpet with methanol for 5 seconds,
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then HO for 5 minutes and transfer buffer for 10 minut&sinsfer buffer consisted of
0.025 M Tris pH10.5; 0.2 M Glycine; 0.1% SDS; 20%thanol. Transfer apparatus was
prepared as follows (cathode to anode): 3 x Whatshaets, gel, membrane, 3 x Whatman
sheets. Blots were transferred overnight at 88 m&mipvolts overnight in a Hoefer TE

50X transfer tank.

2.6.3 Antibody Probing and Washing

Following transfer membranes were inspected forstiexr of the coloured rainbow marker
bands. The positions of bands were marked by smipghie edge of the membrane in the
event that the coloured bands faded in subsequastting steps. The membrane was
blocked through the day in Tris-buffered saline €&wéuffer (TBST) (0.025 M Tris
pH7.4; 0.14 M NaCl; 0.0027 M KCI; 0.1% Tween (Sighm&% (w/v, g/ml) dried

skimmed milk (Marvel), on lab shaker (Luckham R180%0 oscillations per minute.
Primary antibody exposure was performed in a todalme of 10-20 ml TBST, 5% milk.
Membranes were heat-sealed into plastic bags askgssell Hobbs heat sealer with
minimal airspace to enhance contact of the antilppdparations with the membrane. The
bags were taped to a lab shaker and left overaightC at 180 oscillations per minute.

Primary antibody dilutions are detailed in speaifiethods sections.

The following morning the membranes were washet d@0ml TBST in 10 x 5 minute
washes. Primary antibody preparations were recdwvand stored at -20°C, each
preparation was used up to four times. Horse-rgaesbxidase (HRP) conjugated
secondary antibodies targeting the species in wihielprimary antibody was raised
(purchased from DAKO). Membranes were incubateti &t ml antibody dilutions for an
hour at room temperature, details of specific amtibs used and dilutions are given in
relevant chapters. Membranes were then washedfturther 5 minute washes with 100
ml TBST.

2.6.4 Enhanced Chemiluminescence and Detection

Amersham enhanced chemiluminescence (ECL) Weslettinly detection reagents were
used to detect binding of the HRP-conjugated semymahtibodies. The kit includes two
reagents that are mixed in equal quantities antiesp the membrane. Typically 10 ml
of each reagent was used per membrane, the reagemtsdeft in contact with the
membranes for 1 minute and excess liquid was ldattebefore carefully wrapping the
membrane in Saran wrap, ensuring that no liquid evathe outside of the Saran.
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Membranes were then taped into an 18 x 24 cm aliageaphy cassette and taken to a
dark room. Kodak general purpose blue medical Xfitaywas used in the first instance

for all blots. Films were first exposed for 1 miaeutolding the top corner of the film to
record its orientation. Films were developed ina&k X-Omat 1000. The first exposures
were inspected to judge if further exposures wegelired, repeated exposures of 1 second
to overnight were performed as necessary. Sengiversham Hyperfilm was used for
blots giving very faint results. Once the requin@a@ge of protein bands was acquired the
developed film was returned to the cassette to roatd it the position of the edges of the

membrane and of the rainbow size markers, allowgwyrate sizing of protein bands.
2.6.5 Membrane Stripping and Re-Probing

Every effort was made to load exactly the same arnolprotein in each well of a
Western blot. However, in order to accurately measioe level of a particular protein in a
sample, it was always measured relative to thd leive 'housekeeping' protein that is
present at the same level in all cells, such asegitdehyde-3-phosphate dehydrogenase
(Gapdh) or beta-actiB{actin). Membranes were stripped to remove congdyahtibodies
and re-probed with antibodies specific for the leiegping protein. Stripping involved
placing the membrane in 100ml 0.2M Glycine; 1%SDIS30 minutes at room
temperature on a shaker at 50 oscillations per t@jilnen rinsing the membrane twice in
TBST. Membranes were then re-blocked for 4 houBB8T, 5% milk and probed,
washed and analysed for the housekeeping protartlgxas described above.

2.6.6 Densitometry

The intensities of protein bands on the photog@phms were measured to compare
protein levels between samples on a western bingilse BIORAD Fluor-S Multilmager
and 'Quantity One' software (BIORAD). X-ray flm®wme scanned to generate a digital
image, individual bands were labelled and demalkeldoxes using a drawing tool in the
Quantity One software. The intensity of the bands t#hen measured by the software and
expressed in units of optical density per {@DU/mnf). The intensity of the protein
band of interest was divided by the intensity & bland for the housekeeping gene to find

the relative level of the protein of interest icedample.

Two methods of background subtraction were useddositometry. A 'global’
background subtraction method was used for blatis ekean and constant background
intensities, this involved drawing a box in an apéthe image that represented the
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background, the software then calculated the aearagnsity of all pixels in this box and
subtracted it from all pixels in boxes containirapts. A 'local’ background subtraction
method was used for blots where the backgroundsitielevel was variable across the
blot, the software calculated an average backgrautedsity for each box by measuring

the average intensity of all pixels in a one-pixetder around each box and subtracted this
from each pixel in the box to find the band inténsi

2.7 Quantitative Real-Time PCR

An Applied Biosystems 7900HT Sequence Detectione®dygTagman) was used for all
quantitative real-time PCRs in this project. Thetegn encompasses a heating block for
thermal cycling and detectors to measure fluoreszéneach well of a 96-well or 384-
well optical plate. Fluorescence is measured aftery amplification cycle to quantify the
accumulation of PCR product; during the exponemielse of PCR cycling the rate of
product accumulation is proportional to templatecamtration, relative template
abundance can therefore be quantified by monitariageasing fluorescence in each well
during temperature cycling. This is explained inrendetail below along with the specific

protocols for cDNA template preparation of and teecset up.

2.7.1 Preparation of DNA-free cDNA

cDNA preparations for quantitative real-time PCIRTgPCR) were made by reverse
transcription from RNA templates. Unless statecenilse stated, RNA was first treated
with DNA-Free (Ambion) in order to prevent carryemof genomic DNA that may
amplify in real-time PCR reactions. If necessamy ¢bncentration of RNA preparations
were adjusted down to 200 pgto ensure rigorous DNase treatment as per the kit
instructions. 3Qu reactions were performed including RNA templ&@) 10X DNAse |
buffer and 0.Gu rDNAse | (recombinant DNase ). Reactions weratbd to 37°C for 30
minutes. 3ul DNAse Inactivation Reagent was added per wellr@adtions were mixed
by pipetting and flicking tubes. The DNase Inadiiwa Reagent is a dense slurry that
binds and inactivates rDNase I, after incubatiar2feninutes at room temperature
reactions were centrifuged for 1.5 minutes at 10090to collect the DNase Inactivation
Reagent at the bottom of the tubes and the DNARMNA was pipetted into fresh 0.5 ml

centrifuge tubes. RNA concentration was re-measured

Clontech 'Advantage RT for PCR' and Applied Biosygst 'TagMan Reverse Transcription
Reagents' were used for cDNA synthesis using rarftmamer or oligo dT primers.
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of RNA template was used unless RNA concentratiegre too low; the same amount of

RNA template was always used in all reactions endaame experiment, dictated by the

lowest RNA concentration. Reverse transcriptiorctieas were performed in 96-well

plates to allow multichannel pipettes to be usedOR reaction set up, the reaction

constituents and temperature programs used forletwelere:

Clontech Advantage RT for PCR:

RNA
H.O
Primers (2QM)

Vol.

Up to 1ug
Adjust to 12.pl
1.0ul

Heat to 70°C for 2 minutes, then straight on to Aed the following to each reaction from

a master-mix:

5X Reaction Buffer
dNTPs (10mM ea.)
RNase Inhibitor (40Uf)
MMLV RT

Vol.(ul)
4.0

1.0
0.5
1.0

Heat to 40°C for 1 hour, then 94°C for 5 minutes.

Applied Biosystems TagMan Reverse Transcription Reagents:

RNA
H.O

Vol.

Up to Lug
Adjust to 7.4l

Then add the following to each tube from a mast@r m

10X Reaction Buffer
MgCl, (25mM)

dNTPs (2.5mM ea.)
Primers (5QM)

RNase Inhibitor (20Uf)
MultiScribe RT (50U#l)

Vol.(ul
2.0
4.4
4.0
1.0
0.4
0.5

Heat to 25°C for 10 minutes, 48°C for 30 minutentB5°C for 5 minutes.

2.7.2 Real-Time PCR

Applied Biosystems Gene Expression Assays and @u&tene Expression Assays were

used for all gRT-PCRs in this project. If a preigeed assay was not available, a custom

assay was designed using Applied Biosystems sadtvildre assays consisted of a 20 X
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reaction mix containing template-specific forwardlaeverse primers (18 mM each) and a
probe that anneals between the two primers (5 mMiB.probe DNA is fluorescently
tagged at its 3' end, but fluorescence from inpacbes is prevented by a quencher
molecule that is bound to its 5' end. During PCRlifination, the 5'-3' nucleolytic activity
of the DNA polymerase cleaves the quencher fronptbbe, resulting in fluorescence
levels proportional to the amount of PCR produesspnt. All Gene Expression Assays and
Custom Gene Expression Assays used in this projeie designed to anneal across two
exons in cDNA, guaranteeing that non-specific afigaliion did not occur from residual

genomic DNA.

Every effort was made to ensure that the amouteroplate cDNA was the same in each
reaction of an experiment, however, given the sierigiof QRT-PCR, expression of the
gene of interest was always measured relativegf-tttin housekeeping control gene.
The gene of interest afidactin were amplified in duplex PCR reactions, g®br the
gene of interest were tagged to 'FAM' labellediiscent dyes, whilg-actin probes were
labelled with 'VIC' dye, they fluoresce at diffetevavelengths, allowing them to be
measured in the same reaction without interfereReactions were performed in gDor

5 ul volumes in 96-well or 384-well plates, respediyvd he reaction constituents and

temperature cycling parameters were:

Reaction Mixtures:

20ul: Sul:

Vol.(ul) Vol.(ul)
2X PCR Master Mix 10.0 2.5
20X Gene Expression Assay 2.0 0.25
20X B-actin Expression Assay 2.0 0.25
cDNA 2.0-4.0 2.0
Nuclease-free O Up to 2@l -

Temperature cycling:

50°C 2 min

95°C 10 min

95°C 15 sece—

60°C 1 min __| x35 cycles

All samples were amplified in duplicate or triplieaat least three treatment replicates

were included per experiment. Fluorescence of FAMIC dyes was measured for all
reactions during temperature cycling, data wasyaedl using a combination of Applied
Biosystems SDS (Sequence Detection Software) ancdosbft Excel software. SDS

plotted amplification curves as cycle number usofescence for both dyes in every well.
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FAM and VIC fluorescence were analysed as sepdedtesets, a fluorescence threshold
was identified for each data set where amplificatiarves were in their exponential phase.
The 'cycle threshold value' (Ct value) for each Bfingtion curve was interpolated by
finding the precise fractional cycle number (toegithal places) at which the curve
crossed the fluorescence threshold. Ct valuesAdf Bnd VIC data were exported from
SDS as text files and converted to Excel documientdata analysis. Relative levels of
gene expression were calculated by MeCt method' (Livak et al. 2001). This method
calculates gene expression normalised to the endogecontrol relative to a calibrator
from within the experiment (i.e. a sample or sangutp designated to have relative gene
expression level of 1.0), it is advantageous bex#uwnes not require the inclusion of a
standard curve from a serial dilution of template@ach experiment. TRACt method is
logically derived from the equation that dictaties tate of product accumulation during
PCR:

For a given PCR reaction, the amount of produg) @cumulated when amplification
reaches the Ct threshold is:

X1 = Xo X (1 + B)®™* = Ky

Where:

Xo = Initial number of target molecules
Ex = Efficiency of amplification

Kx = Constant

Ct,X = Ct for target

Similarly, the equation for the endogenous refegaeaction (R) is:
Rr=Rox (1 + BR)“"=Kg

In correcting for the level of expression of thelegenous control, the level of target

amplification is divided by the level of endogen@ositrol:

X, _ XoX(I+E)™ K, _ K
R Rox(I+Eg)™™  Ki

Assuming the efficiencies of the target and cordraplification reactions are the same,
le.ifEx =Er = E:
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ﬁx (1+ E)Ct,X—Ct,R =K
Ro

Or:
X, x[@+E)* =K

Where:
Xn = Xo/Ro, the normalised amount of target
ACt = Ct,X — Ct,R, the difference in Ct values farget and control

This equation can be rearranged:
X, =Kx(1+E)™*

To quantify expression relative to the calibratbvide by the X for the calibrator sample
(xcb):

X K x(1+E)™ _
X = K x (:E+ E)La,cb = (1+ E) e
N,cb

Where:
AACt = ACt-ACt,cb

For Gene Expression Assays designed by AppliedyBiems the efficiency is close to 1,
therefore the amount of target can be calculated as

Relative quantification (RQ) =2

In order to use thAACt it was imperative to experimentally confirm ttia¢ amplification
efficiencies of the target and control gene PCRewWe same (i.e. thakE ER).
Therefore the amplification efficiencies of eachn&&xpression Assay were measured in
duplex PCRs with th@-actin assay using a serial dilution of templateisprocess was
performed for all Gene Expression Assays and Cusgeme Expression Assays for each
different cDNA template (e.g. for cDNA from kidneysarotid arteries and for each
cultured cell line). A dilution series of cDNA temhape was prepared from neat to 1/1,000,
typically including 1/5, 1/10, 1/50, 1/100, 1/508dal/1000 dilutions. Graphs were plotted
of log(dilution) versus Ct for the target templated5-actin, the gradient of each line was
compared, according to the Applied Biosystems dunde they had to be within £0.1 to be
used to measure gene expression in this tissub. Gaese Expression Assay for RNA from

each tissue in this project passed this test.
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2.8 Statistical Analysis

Where specialised statistical analysis techniqaese bheen applied (for example the use of
Rank Products and False Discovery Rates in mia@gatata analysis in Chapter 3), details
and references are provided in the relevant metbodssults sections. A number of
experiments throughout the project applied stréogivard parametric statistical tests. All
statistical comparisons were performed on datactdt in individual assays, eliminating
error from inter-assay variability. For comparisafis continuous variable between two
experimental groups, 2 sample t-tests were apfBtohd 2000). For statistical
comparisons of a continuous variable in data sétsmore than two groups, analysis of
variance (ANOVA) was applied, followed by the Tukgyst-test for comparisons between
all data sets or the Dunnett's post-test for cormparof all sample groups against a
designated control (Bailer et al. 1997). The sigarice threshold for p-values in these
analyses was set at 0.05; the specific tests abiplieach experiment are detailed in figure

legends.
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3 Microarray Renal Gene Expression Profiling in
the 5 Week-Old SHRSP
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3.1 Introduction

As discussed in section 1.2.3.3, a number of stutkee been performed to dissect the
genetic causes of hypertension and other cardialarsdiseases by comparing microarray
gene expression levels between inbred parentat@mgenic strains. A notable example of
this approach identifie@d36 as a causative gene underlying a QTL for fattyd acid
glucose metabolism on the SHR chromosome 4 (Aitetah 1999), anstml was

identified as a hypertension candidate gene irStHBRSP in this manner (McBride et al
2003). However, such experiments may be limitethieyfact that in many of these studies
gene expression is measured in adult rats whererteyysion is fully established, leading

to the likelihood that data could be misinterprethdidate genes could be differentially
expressed as a secondary response to high blossupeerather than as a primary cause of

hypertension.

Blood pressure measurements in the Glasgow SHR&®W&Y colonies have
demonstrated that blood pressures of SHRSP ratsgirer than the WKY by 8 weeks of
age, and that they rise sharply in the SHRSP bet8emnd 12 weeks of age (Davidson et
al 1995). It is technically very challenging to regee blood pressures accurately in young
rats, though published research has demonstratedaéent blood pressures between 6
week-old SHRSP and WKY strains (Kopf et al. 1928)J the period between 3-10 weeks
after birth is thought to be important to the depehent of genetic hypertension in rat
model strains (Zicha et al. 1999). A number of mégcray studies have measured
differential gene expression between normotensiypertensive and congenic or
recombinant strains during this period (Hubnerd 085;Garrett et al. 2005;Lee et al.
2007), and others have measured expression atth@rene timepoint to assess temporal
changes in gene expression during the developnfidrypertension. For example, gene
expression was analysed during the developmengpdrtension in the SHR with the
premise that genes consistently differentially esged between three different substrains
of the SHR and the WKY represent strong essenyig¢tiension candidates (Hinojos et al.
2005). Renal gene expression was measured afl2,a8)d 18 weeks in strains SHR-A3,
SHR-B2, SHR-C and WKY, the SHR strains were akkébat various generations of
derivation during the original breeding of the SEiRi SHRSP from the WKY (Okamoto
et al 1974). Gene expression data reflected tia¢eshhess of the strains: SHR-B2 and
SHR-C are most closely related, sharing commonstoceat generations fan k4 and
showed greatest concordance of gene expressiole 8#HR-A3 shares closest ancestors
to the other strains between generatiopnsdand displayed less similarity of gene
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expression. The list of consistently differentiadypressed genes between the WKY and
all 3 SHR strains at all timepoints was refinedino candidate hypertension genes by
finding those within established blood pressure ifLthe SHR. In this manner, 14 genes
and expressed sequence tags (ESTs) were iderdifi@d chromosomes and proposed as
potential hypertension genes, though microarrayesgion data was not corroborated by a
second method and no specific analysis was perfbonanetabolic pathways known to
influence blood pressure control (Hinojos et al200heSoonl gene was identified as a
hypertension candidate gene in renal microarragieswon 6 and 24 week SHR, WKY and
2 congenic strains of SHR background introgresséu averlapping regions of WKY
chromosome 1 (Clemitson et al. 2007); in this st8aynl was the only gene from within
the minimal congenic interval that was consistedifferentially expressed between the
congenic strains and the SHR and between the SRV at both timepoints.

Seubert et al measured renal gene expression @eB-old and 9 week-old SHR and
WKY rats, (Seubert et al. 2005), allowing compamnisd gene expression between the
SHR and WKY at 3 weeks of age and at 9 weeks qfagtalso between 3 week-old and
9 week-old rats of the same strain. The major figdiof the paper included the
observation that 20 genes were differentially exped between the SHR and WKY at 3
weeks of age, while 104 were differentially expeskat 9 weeks of age, 7 genes were
common to both timepoints. The soluble epoxide blgde §EH) gene was upregulated in
the SHR compared to the WKY at both timepoints,at#hors proposesEH as a
candidate hypertension gene in the SHR given l&sinoarachidonic acid metabolism, it
converts vasodilatory epoxyeicosatrienoic acidess active diol forms. The within-strain
comparisons showed that 211 genes were differgnéapressed between 3 week-old and
9 week-old SHRs, while 508 genes were differentiadpressed in the same comparison
in the WKYs; 174 of these genes were common to gathps. The authors concluded
from these analyses that there are likely to beldgwnental differences in renal gene
expression accounting for hypertension in the SB&ubert et al 2005). Custom cDNA
microarray chips measured the expression of jud0 /anscripts in these experiments,
this, in conjunction with the lack of a congeni@ast to narrow-down analysis to an
established QTL, limited the power of the studyatiition, while specific analysis of
arachidonic acid metabolism and blood pressur¢ecigenes was undertaken (finding no
other differentially expressed genes), analysis iasicted to just these pathways. More
sophisticated analysis techniques are now avajlahtEh as Ingenuity Pathway Analysis
(IPA), to interrogate data from the perspectivintérlinked metabolic pathways. IPA is a
web-based microarray and proteomic data analysidhat utilises published Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathwiapdse; experimental data can be
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linked to pathway maps to identify instances wiratdtiple genes involved in a particular
pathway are differentially expressed in comparidogtsveen experimental groups. When
applied to gene expression comparisons betweereocongnd parental strains this is a
very powerful analysis technique, allowing the uigihce of the congenic interval on
genome-wide expression to be functionally linkedndtiple genes in a physiological
pathway, identifying genes whose expression isleggd intrans from within the

congenic interval.

The experimental work performed in this chapteesssd the changes in renal gene
expression in the SHRSP and WKY and congenic 2efrst at 5 weeks of age to assess
the differential expression @stml during the development of hypertension and to
identify other hypertension candidate genes. The8&k expression dataset was also
analysed in conjunction with previously publishedadanalysing renal gene expression in
the same strains at 16 weeks of age (McBride 20@B). This allowed the changes in gene
expression over time to be measured in each saathbetween strains at each timepoint.
Gene expression data was analysed with IngenuttynRg Analysis (IPA) software to

find pathways with multiple differentially expressgenes. Secondary phenotypes related
to an implicated pathway, glutathione metabolisretenmeasured in parental and congenic

rats.
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3.2 Aims

« To measure renal gene expression in the SHRSP, Af€lycongenic 2c¢* inbred strains

at 5 weeks of age.

« To assess differential expression @fstml and to identify other consistently
differentially expressed genes from the congenieriral in comparisons between the
SHRSP and WKY and between the SHRSP and 2c*.

* To apply Ingenuity Pathway Analysis to 5-week maray data and 16-week renal
expression data generated in the same strains-wegg old animals (McBride et al
2003) to identify canonical metabolic pathways etiée by differential expression of

genes within and outwith the congenic interval.

« To compare renal glutathione and superoxide lewelsll strains, and to confirm
differential expression of glutathione metabolisemgs in parental and congenic strains

with quantitative real-time PCR.

* To sequence the coding and regulatory regionsrafidate genes.



James Polke, 2008 Chapter 3 94

3.3 Methods

3.3.1 Renal Microarray mRNA Expression Analysis

Affymetrix GeneChip RGU34A, B and C microarray chigvith a total of 26379 gene and
EST probe sets, were used to measure renal genessiqn in male 5 week old WKY,
SHRSP and 2c* rats. RGU34A analyses approxima@d full-length sequences and
1000 expressed sequence tags (ESTs), RGU34B andl{sa approximately 8000 ESTs
each. Three animals from each strain were usedolliay hybridisations were performed
by Martin McBride at the microarray facility at tiser Henry Wellcome Functional

Genomics Facility, University of Glasgow.

3.3.1.1 RNA Extraction and Validation

Whole kidneys were excised from freshly killed Sekeld rats, snap-frozen in liquid
nitrogen and stored at -80°C until RNA extractiBNA was extracted using Qiagen
RNeasy Maxi columns as per section 2.5.3. RNA cotnagons were quantified by
Nanodrop as per section 2.2.2, and where necesseyol-precipitated (0.1 volume 3M
NaOH pH5.5; 2.5 volumes ethanol, precipitated @t€2for 1 hour, collected by
centrifugation, removed supernatant and air drefdre resuspending in a reduced volume
of H,0) to at least 20/ul concentration. mMRNA sample integrity was verifled
electrophoresis 250 ng of RNA on an Agilent Biogeal 2100.

3.3.1.2 First and Second Strand cDNA Synthesis

The Invitrogen ds-cDNA synthesis kit was used fimtfand second strand cDNA
synthesis. Teng of RNA was diluted with 100 pmol T7 oligo dT prim@equence
GGCCAGTGAATTGTAATACGACTCACTATAGGGAGGCGG(TY) in a total volume
of 11 ul with RNase-free bD. Samples were denatured at 70°C for 10 minutaseg@ on
to ice and 4u 5 X first strand buffer, 211 0.1 M DTT, 1ul 10 mM dNTP was added to
each. Reactions were heated to 42°C for 2 minggsd adding 21 200 Ujul
SuperScript 1l reverse transcriptase and heatid@t€ for 1 hour, then placing on ice to

stop the reaction.

For second strand cDNA synthesis,i)9RNase-free KO, 30ul 5 X second strand buffer,
3ul 10 mM dNTP mix, Iul 10 U/ul E.coli DNA ligase, 4ul 10 U/jul E.coli DNA

polymerase |, 1l 2 U/ul E.coli RNase H was added to each tube and reactions were
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incubated at 16°C for 2 hoursuPof T4 DNA polymerase was added to each reacti@h a
incubated at 16°C for a further 2 minutes;10.5 M EDTA was added.

3.3.1.3 Double Stranded cDNA Clean-up

ds-cDNA was purified for cRNA synthesis using thtef-based Affymetrix GeneChip
Sample Cleanup Module. ds-cDNA was transferredtdanl microfuge tube and 60
cDNA binding buffer was added. Samples were apptiectDNA Cleanup Spin Columns
and centrifuged for 1 minute at 10000 rpm. Spirucois were transferred to new
collection tubes and filters were washed by camgation of 75Qu cDNA wash buffer at
full speed for 1 minute, discarding the flow-thrbud/lembranes were dried by
centrifugation at full speed for 5 minutes, 44,0 was added to membranes and they
were incubated at room temperature for 1 minutereetluting by centrifugation at full

speed for 1 minute.

3.3.1.4 Biotin-labelled cRNA Synthesis, Clean-up an  d Validation

Biotinylated cRNA was synthesised for each ds-cDiéMg the Enzo Bioarray High
Yield Transcript Labelling kit from Enzo BiochemubcDNA, 17 ul RNase-free KD, 4
ul 10 x HY reaction buffer, 4l 10 x biotin-labelled ribonucleotides, 4 10 x DTT, 4l
RNase inhibitor mix and gl T7 RNA polymerase was added per reaction, tubee w
heated to 37°C for 4.5 hours.

Biotinylated cRNA was purified using the Affymetri%eneChip Sample Cleanup Module.
In-vitro reverse transcription reactions were transferweddd ml microfuge tubes, 60
RNase-free B was added, followed by 350 cRNA binding buffer and 250l ethanol.
Samples were mixed by pipetting and applied to 8RNA Cleanup Spin columns,
centrifuged at full speed for 15 seconds, therfltve-through was reapplied to the
columns and centrifuged at full speed for 15 sesarte more. Columns were transferred
to new collection tubes and membranes were wasitecb@0ul IVT cRNA wash buffer,
centrifuging for 15 seconds at full speed. Flowetlgh was discarded and 50080 %
ethanol was applied to each column, centrifugingltbseconds at full speed. Flow-
through was discarded and membranes were thorodgleky by centrifugation at full
speed for 5 minutes. 1B RNase-free KO was added to columns, incubated for 1 minute
at room temperature and eluted by centrifugatiori fminute at full speed, an additional

15yl elution was performed using the same protocdlecong 30ul cRNA in total.
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Oneypl of each biotinylated cRNA was added tpl4H,0 and electrophoresed on an
Agilent Bioanalyser 2100 to confirm successful cRaAplification. Final cRNA
concentration was calculated by subtracting theeziover template genomic RNA from

the total yield measured by Nanodrop.

3.3.1.5 cRNA Fragmentation

cRNA fragmentation was performed using 5 X fragraganh buffer from the Affymetrix
GeneChip Sample Cleanup Module. Twenty-figeof each cRNA sample was diluted to a
total volume of 4Qul in H2O, 8ul 5 X fragmentation buffer was added and sampleg we
incubated at 94°C for 35 minutes.

3.3.1.6 Microarray Hybridisation and Data Collectio n

Hybridisation mixes were prepared using Affymefmicroarray hybridisation reagents in
a total volume of 50QI per sample, including: 40 of fragmented cRNA, 8.kl B2
Control oligo (3 nM), 251l 20 X eukaryotic hybridisation controls,ubherring sperm
DNA (10 mg/ml), 5ul acetylated BSA (50 mg/ml), 250 2 X hybridisation buffer and
166.5ul H,O. Hybridisation mixes were denatured at 99°C famibutes, then to 45°C for
5 minutes, and centrifuged at 14500 rpm for 5 nasldefore applying to chips.

Prior to performing experimental microarrays, Affgtnx Test3' quality control chips
were hybridised and scanned with each hybridisation Test3 chips were pre-wet with
100ul 1 X hybridisation buffer and incubating at 45°&@ .0 minutes in a rotating oven at
60 rpm, after which hybridisation buffer was remadwad 8Qul hybridisation mix was
added, chips were returned to the 45°C oven raair60 rpm for 16 hours. Hybridisation
mixes were stored at -20°C until Test3 quality cointhecks were complete, they were
then thawed, reheated to 45°C and re-centrifugéatéapplying to the RGU34A,B and C
chips. RGU34A,B and C microarrays were hybridissthg exactly the same incubation
protocol as Test3 chips, but 2pD1 X hybridisation solution was used for pre-wagtiand
200 ul hybridisation mix was used per chip. Where neagskybridisation mixes were

recovered and reused in repeat hybridisations.

Test3 and RGU34 chips were washed and stainedMoldpstandard protocols in an
Affymetrix Fluidics Station 400 operated by GengtCsoftware. Hybridisation mixtures
were removed from the arrays and replaced withi25@n-stringent wash buffer at room

temperature. Streptavidin phycoerythrin (SAPE)rssailution was prepared (6Q02 X
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MES stain buffer, 48l 50 mg/ml acetylated BSA, 18 1 mg/ml SAPE, 54@l H,0 per
chip), separated into 2 x 6@0aliquots and loaded onto the fluidics stationgpped in

foil to protect from light). A 60Qul aliquot of antibody solution (30@ 2 X MES stain
buffer, 24ul 50 mg/ml acetylated BSA, @ 10 mg/ml normal goat IgG, 3,8 0.5 mg/ml
biotinylated antibody, 266.4l H,O per chip) was prepared and loaded onto the @sidi
station. Microarray washing included washes with &ringency buffer followed by high
stringency buffer. Test3 and RGU34 chips were sedmsing specific scanning protocols

on an Affymetrix GeneChip scanner.

3.3.1.7 Microarray Data Analysis

Microarray data quality control was performed orstBeand RGU34 chips using

Affymetrix microarray suite 4 (Mas4) software. Ftascence scaling values were
compared across chips and hybridisations of coRhoAs were verified. 5-week raw
scanning data was combined with the raw data frérwédek renal microarrays in the same
strains (McBride et al 2003), data was normalisgdgithe robust multi-array average
method (Irizarry et al. 2003) with BioConductortsadre. RMA applies background
correction to compensate for non-specific bindind aormalises probeset intensity signals
across all of the chips in the experiment, alloweogparisons between arrays.
Differentially expressed probesets between stramstimepoints were identified using the
rank product (RP) method (Breitling et al. 2004, &ata from all microarrays was
uploaded onto the IPA website (www.ingenuity.comdl analysed to identify the

metabolic pathways with most genes significantffedentially expressed in pairwise
comparisons between each strain at each timegwidtin within-strain comparisons

between 5 and 16 week animals.

3.3.2 Gstm1 western blotting

Gstm1 protein levels in 5 week-old SHRSP, 2c* and¥Y\idneys were assessed by
western blotting. Experimental protocols were fa@thwas per section 2.6 and 5.3.6. Forty

ug of kidney protein was loaded per lane.
3.3.3 Kidney Glutathione Measurements
Tissue glutathione assays were performed by DreGarHamilton. Total GSH levels were

measured in kidneys of 5 and 16 week old WKY, SHRB& 2c* rats using the Cayman
Chemical glutathione assay kit (assay no. 703002)0.4 g of kidney tissue was
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homogenised in 2 ml/g 4°C 0.2 M 2-(N-morpholind)atesulphonic acid; 0.05 M
phosphate, 1 mM EDTA pH6 (MES buffer) using a PalgtPT 2100 homogeniser.
Homogenates were centrifuged at 10000 g for 15 tegat 4°C, supernatants were
pipetted off and stored on ice. Supernatants weserdteinated by adding an equal
volume of 0.1 g/ml metaphosphoric acid, vortexicgntrifuging at 20000 g for 2 minutes
and collecting the supernatant. Directly befordqrening GSH assays, 4 M
triethanolamine was added at | @dml. Standards were prepared fromM — 16 uM GSH,
50 ul of each standard and sample were measured iicdtgln a clear 96-well plate.
Assay reagent was prepared with 11.25 ml MES hudfé5 ml cofactor mixture (NADP
and glucose 6-phosphate), 2.1 ml enzyme mixtureégtlione reductase and glucose 6-
phosphate in MES buffer), 2.3 mb@&, and 0.45 ml 5,5'-dithms-2-nitrobenzoic acid
(DTNB) solution. 15Qul of assay reagent was added to each standardoatmlowell and
the assay plate was left for 30 minutes to allol@wodevelopment before measuring
absorbance at 405 nm on a Victor Wallac2 plateae&tandard curves were plotted
(GSH concentration vs. absorbance), sample GSHeotrations levels were interpolated

and converted to nM GSH per g kidney tissue.

3.3.4 Kidney Superoxide Measurements

Kidney superoxide measurements were performed byddlene Hamilton. Whole
kidneys from 5 week-old SHRSP, 2c* and WKY ratsEmoer group) were homogenised
in phostphate buffered sailne, pH7.8, centrifugeto®0 rpm for 2 minutes at 4°C and
supernatants were frozen at -80°C until the a$3@tein concentrations were determined
using a BCA assay as detailed in section 2.2.5. NAmulated superoxide levels were
measured in duplicate for each kidney using a Rdcka-Carb 2100TR liquid
scintillation counter. 2 ml assays were preparestintillation vials including 0.5 ml
kidney homogenate, dM lucigenin, and 10@M NADH in PBS buffer. Total
luminescence was measured for 3 minutes in eachlesaBuperoxide levels were
calibrated against a standard curve generatedA®H840mM xanthine and xanthine
oxidase (0.001 U/ml), superoxide measurements egpeessed as n moles Q ug total

protein.

3.3.5 Quantitative RT-PCR

Tagman gRT-PCR was applied to confirm differergigbression measured in microarray
experiments. The same kidney mRNA from microarpgyeeiments were used as
templates for the synthesis of DNA-free cDNA ascdégd in section 2.7.1 plus 2
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additional kidney mRNAs from other animals of eatfain. Duplex qul RT-PCR

reactions were performed using Applied Biosystemgritan Gene Expression Assays for
Gstml (assay no. Rn00755117_m1), Gamma-glutamyltrarsdetra>gtl)
(Rn00587709_m1), aminopeptidaseAgep) (Rn01478171_m1l), solute carrier family 7,
member 12-like fc7al2-like) (Rn02607204_mH) glutamate-cysteine ligase, medifi
subunit Gclm) (Rn00568900_m1), and thioesteras@le() (Rn_01533922_m1)

measuring expression relativeft@ctin as outlined in section 2.7.

3.3.6 DNA Sequencing

2500 bp of promoter sequence and all coding exbrianpep, Sc7al2-like, Gelm, Thermd,
andHistH2aa were sequenced in WKY, and SHRSP and SHR ratsdiogoio protocols

in sections 2.4.2 — 2.4.5. See section 4.4.2 faivetent analysis fostml. Only the

coding sequence @gtl was sequenced since this gene is currently nopethjm the rat
genome. Renal cDNA was used as template for cadiggences, and genomic DNA was
used for promoter sequencing, two rats per strairesequenced. Sequences were aligned

to Brown Norway reference sequences from Ensembl.
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3.4 Results

3.4.1 mRNA and cRNA Validation

Electrophoresis of 5 week kidney mRNA samples @Apilent Bioanalyser 2100
confirmed RNA quality prior to cDNA synthesis, iedied by defined bands for 28S and
18S ribosomal RNA (rRNA) species and very littledewce of small RNA species smaller
than the 18S band (figure 3.1).

18S 28S

FMucravennie
-

6 kb —»

—ﬁh-ﬂn----- «+28S o J

4 kb —> «18S ‘ ."

2 kb >
1kb —»
0.5 kb —»

0.2 kb —»

Samples

Figure 3.1 - Agilent Bioanalyser 2100 assessment of ~ mRNA quality

(A) Electrophoresis of mMRNA samples showing bands for 28S and 18S rRNA. The
lower band in each lane is a 200 bp size marker to align samples and controls. (B)
Representative individual electropherogram, with sharp peaks for 28S and 18S rRNA
and no RNA species smaller than 18S rRNA.

Followingin-vitro transcription to synthesise biotinylated cRNA, eRkbuality was
assessed by electrophoresis on the Agilent BioaaaR100, showing approximately
normally-distributed cRNA species, all samples shdwimilar-shaped distributions of
cRNA species and similar concentrations (figurg.3.2
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Figure 3.2 - Agilent Bioanalyser 2100 assessment of  cRNA quality

(A) Electrophoresis of samples showing the distribution of cRNA species separated by size.
(B) Representative electropherogram, showing approximately normal-distrubution of cRNAs.
The sharp peak at the extreme left of the trace corresponds to the 200 bp size marker in all
samples used to align samples and controls.

3.4.2 Renal Microarray mRNA Expression Profiling

3.4.2.1 Microarray Data Quality Control

Mas4software was applied in Test3 and RGU34A qualitytad analysis, using quality
control benchmarks stipulated by Affymetrix. Daba Test3 chips is shown in table 3.1.
The scaling factors used to scale total chip flsoeace values to 100 relative units were
compared between chips, a ratio of less than 3dsstwany scaling factors was required for
the chips to pass batch analysis. All microarrap<imclude control probesets fé+actin
andGapdh that correspond to the 3' and 5' end of the génastro transcription of CRNA
has a 3'-bias since it is transcribed from DNA $@ipts created by a polyT primer,
therefore binding intensities are expected to hbdr at 3' probsets than 5' probesets,
however, a 3":5' intensity ratio of greater thdor33-actin andGapdh would indicate
inefficientin-vitro transcription and rejection of the chip in queastiblybridisation master
mixtures were spiked with cRNAs for tRecoli genesioB, bioC, bioD (from the biotin
synthesis pathway), arude (Cre recombinase), probeset intensities for thesge required
to exceed specific thresholds for a chip to pasgthality control process. An additional
control RNA, the synthetic B2 oligo was also preserihe hybridisation mix, correct
hybridisation patterns of B2 were required to alkfpps for scanning. All hybridisation

mixes passed the Test3 quality control tests, 28U hybridisations were subject to the
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same tests plus additional analysis of the numbpresent, marginal and absent
fluorescence calls across the chips.

Hyb Scaling 3':5' Ratio Pass / Fail

Mixture Factor | B-actin Gapdh | bioB bioC bioD cre
SHRSP A | 0.801 1.26 1.82 Pass Pass Pass Pass
SHRSP B | 0.534 1.29 1.43 Pass Pass Pass Pass
SHRSP C | 0.729 2.46 2.52 Pass Pass Pass Pass
2c* A 0.557 1.40 1.33 Pass Pass Pass Pass
2c* B 0.716 1.52 1.64 Pass Pass Pass Pass
2c*C 0.650 1.32 1.47 Pass Pass Pass Pass
WKY A 0.528 1.36 1.40 Pass Pass Pass Pass
WKY B 0.474 1.40 1.35 Pass Pass Pass Pass
WKY C 0.589 1.34 1.49 Pass Pass Pass Pass

Table 3.1 - Quality control data from Test3 chips.
See text for details of quality control parameters.

3.4.2.2 Rank Products Analysis

Following normalisation of gene expression dat&RBA, pairwise comparisons of renal
gene expression were carried out between each str&iweek-old rats using the rank-
products (RP) method. RP performs pairwise compasi®f probeset intensities across all
replicates and ranks the comparisons accordingetoniagnitude of the intensity
differences. Differentially expressed probesetsdaatified by computing the average
rank for all of the pairwise comparisons, falsezdigery rates are calculated by performing
1100 permutations of the data to generate a nefilidution. RP has been demonstrated to
be superior to microarray analysis software basedomparing absolute fold-changes for

data sets with small sample sizes (Jeffery etCAl62

At a false-discovery rate (FDR) threshold of 0.(btal of 294 probesets were
differentially expressed between the SHRSP and W26Y, were differentially expressed
between the 2c* and WKY, while 95 were differertiaxpressed between the SHRSP
and 2c*, reflecting the genomic similarity betwebha SHRSP and 2c*. These data were
compiled into a Venn diagram depicting the numbdgrobesets common to multiple
pairwise comparisons, highlighting the probesetaroon to comparisons between the
WKY and SHRSP and between the 2c* and SHRSP thaidate the involvement of the



James Polke, 2008 Chapter 3 103

2c* congenic interval (figure 3.3A). The same congzns were performed for the 16
week microarray data (figure 3.3B) and in comparnidpin-strain gene expression
between 5 and 16 weeks (figure 3.3C).

A: 5week B: 16 week

2c*vSHRSP 2c*vSHRSP

N 28 N XV

188

WKYVSHRSP WKYv2c* WKYVSHRSP WKYv2c*

C: 16wk vs. 5wk

SHRSP
q%é¢
2c* WKY

Figure 3.3 - Differential renal mMRNA expression in pairwise comparisons of different
strains and timepoints

Venn diagrams illustrating microarray results of renal gene expression in 5 and 16
week SHRSP, WKY and 2c* rats. The humber of probesets significantly differently
expressed in each pairwise comparison are shown, numbers in red represent
probesets that implicate the 2c* congenic interval. (A) 5 week inter-strain
comparisons. (B) 16 week inter-strain comparisons (C) 5 week versus 16 week
comparisons.
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Complete lists of the differentially expressed m&dts implicating involvement of the 2c*
congenic interval in the three comparisons aralaes A2-A4 in the appendix. Probeset
mapping was performed by interrogating Affymetretabases to locate all consistently
differentially expressed transcripts transcribeahfrwithin the 2c* congenic interval in
each of the comparisons (table 3.2). This confiraiéférential expression dbstml at

both timepoints, and identified further genes fritv@ congenic interval differentially
expressed between the SHRSP and both the WKY an&alute carrier family 7,
member 12-like §c7al2-like), histone 2, H2aaHist2H2aa), and thioesterase FHemd).
The differential expression &c7al2-like was significant in the light of differenti@stml
expression and glutathione metabolism, it encogastain with 98.8% amino-acid
homology to the mous8c7al2 amino acid transporter that is highly expressethén
kidney has high specificity for cysteine transg@tairoungdua et al. 2001), cysteine is
the rate-limiting substrate in the synthesis of G3iHaddition, 2 genes from the congenic
interval were identified whose expression was $icgntly different between 5 and 16
weeks in the WKY and 2c¢c* but not the SHR&Paudin 11 and papillary renal cell

carcinomaPrcc).

3.4.2.3 Gstm1 gRT-PCR and Western Blotting

Tagman gRT-PCR measurédtml expression relative f@-actin in each strain and
timepoint. Reduced expression@fétml was demonstrated in the SHRSP compared to the
WKY and 2c* at 5 and 16 weeks by 4-7 fold (figurd)3 This indicates that reduced renal
Gstml expression precedes the onset of severe hypenteinsine SHRSP, supporting the
hypothesis that it contributes to the hypertenpivenotype, rather than being down-

regulated in response to elevated blood pressure.

Differential renal Gstm1 expression was also comdid at the protein level. Western
blotting showed reduced Gstm1 protein in the SHR8Rey compared to the WKY and
2c* (figure 3.5).

3.4.2.4 Ingenuity Pathway Analysis

RP data from 5 and 16 week microarrays was uploadedngenuity Pathway Analysis
(IPA) software for analysis with respect to diffietial expression of groups of genes
involved in specific metabolic pathways (figure)3 Glutathione metabolism consistently
featured within the top 6 most significantly affegtmetabolic pathways, ranked by the
significance of SHRSP vs. 2c* for 5 and 16 weekmstrain comparisons and ranked by
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significance of 16 week SHRSP vs. 5 week SHRSWithin-strain comparisons.
Glutathione metabolism was also differentially afézl at 5 weeks of age in comparisons
between both the SHRSP and 2c* and between the BHIR& WKY, implicating an

effect of genes encoded from the 2c* congenic vatler

2C* vs. WKY vs.

Probeset Gene Location Sp sp
JO02810mRNA s at Gstml 2934 2C*(9.4) WKY (7.5
X04229cds_s_at 2C*a1.2) WKY (7.2)
« H32189 s at 2C*@4.2) WKY 4.1
2 AI060176 at ﬁgalz' 2023 SPEo) SP@3
AA801165 at Hist2H2aa 2034 SP.9 SP.9)
rc_AA997142_at Them4 2934 SP.4 SP.4
. 2C* vs. WKY vs.
Probeset Gene Location Sp sp
H32189 s at Gstml 2934 2C*(7.6) WKY (9.5)
4
5 J02810mRNA _s_at 2c*4e) WKY@.2)
- X04229cds_s_at 2C*9.7) WKY@13.8)
Probeset Gene Location 2c* WKY
T 1c_AAQ01342 at  Claudin 11 2q24 5wkea 5 wke2)
(o]
—
rc_AA996628 at Prcc 2034 5 wk(2.9) 5 wk@.2)

Table 3.2 - Differentially expressed probesets enco  ded from the 2¢c* congenic
interval

Differentially expressed probesets located within the 2¢* congenic interval common to
comparisons between SHRSP and WKY and between SHRSP and 2c* at five weeks of
age and 16 weeks of age. And 2c* congenic interval genes differentially expressed in
within-strain comparisons between 5 and 16 week-old WKY rats and between 5 and 16
week-old 2c* rats, but not between 5 and 16 week-old SHRSP rats. Strain or age with
highest expression is indicated, fold change in brackets. FDR<0.05.
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Figure 3.4 - Differential expression of Gstm1 at 5 and 16 weeks of age confirmed by
gRT-PCR

Tagman gRT-PCR confirming 4-7 fold reduced renal expression of Gstm1 in the SHRSP
at 5 and 16 weeks compared to the 2c* and WKY. n=5 per group. Mean £SE. * p<0.01
(ANOVA and Dunnett's post-test).

B-Actin

Figure 3.5 - Reduced renal Gstm1 protein in the 5 week -old SHRSP

Western blotting confirmed reduced renal Gstm1 protein (26kDa) in the SHRSP
compared to the WKY and 2c*. 40 ug of protein per lane, B-actin
immunoreactivity observed at the expected molecular weight (42 kDa).
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Figure 3.5 - IPA canonical pathway analysis of rena

Data output grouped by canonical metabolic pathway. Significance is based on the

number of genes in the pathway that were differentially expressed, threshold line:

p<0.05. (A) and (B): 5 and 16 week inter-strain pairwise comparisons, respectively;
pathways ranked by significance of SHRSP vs. 2c* comparison. (C) Within-strain

comparisons between 5 and 16 week gene expression, ranked by significance of 16

week vs. 5 week SHRSP.
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Examining the KEGG glutathione metabolism pathwagletail with IPA identified a
number of differentially expressed genes, an exangghown in figure 3.7 for the SHRSP
vs. 2c* comparison at 5 weeks of agstml and gamma glutamyltransferaseGhil)

were downregulated in the SHRSP (FDR<0.05), whitthapeptidase NAnpep) also had
reduced expression in the SHRSP, but with a FDR@S1. This analysis was repeated for
the glutathione pathway in all pairwise comparisand combined with the expression

data forSc7al2-like (which is not linked to glutathione metabolismIByA), where more
than one probeset for a gene was differentiallyesged, only the probeset with the largest

fold-change was included (table 3.3).

Anpep (encoded on chromosome 1) dbgtl (not mapped) expression were both increased
in the 2c* and WKY compared to the SHRSP, implyatgans expression effect from the
2c* congenic intervalAnpep expression was increased in all strains at 16 sveekpared

to 5 weeks. Glutamate-cysteine ligase, modifieusitdGclm) differential expression was
unique to within-strain comparisons between 5 ahavéek rats, it was upregulated in the

5 week-old SHRSP and 2c* but not the WKY, indicgtthfferential expression dependent
on SHRSP allelessclmis situated on chromosome 2, distal of the 2c*gewrc region.

3.4.3 Kidney GSH Concentrations

Following the evidence from microarray studies 8&H metabolism may be impaired in
the 5 week SHRSP kidney, renal GSH levels were aredsn 5 and 16 week old SHRSP,
2c* and WKY rats. Kidney GSH levels at 5 weeks ilKWrats was significantly higher
than the SHRSP and 2c* by approximately 2-fold18tweeks of age, despite
significantly reduced GSH levels in the WKY, SHRGBH levels were significantly
reduced compared to the WKY, but GSH levels wetesimsed in the 2c* compared to
levels at 5 weeks in the 2c* (figure 3.8). This tedhe hypothesis that 2c* GSH levels
were reduced at 5 weeks of age despite a WKY-kegeassion pattern of GSH-
metabolism genes, presumably mediated by SHRSIRsaflem outwith the congenic
interval, but by 16 weeks of age WKY GSH levels eviercreased in the 2c* by

chromosome 2 WKY genes.
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Figure 3.7 - KEGG glutathione metabolism pathway

Glutathione metabolism pathway showing differentially expressed genes between the SHRSP and 2c* at 5 weeks of age (IPA analysis). Nodes
shaded red indicate genes with significantly reduced expression in the SHRSP (FDR<0.05), nodes in grey were not significantly differentially
expressed in this pairwise comparison, but were in other comparisons, nodes in white were not differentially expressed in any comparisons.
2.3.2.2: Ggtl, 2.5.1.10: Gstm1, 6.3.2.2: Geclm. Anpep (3.4.11.2) expression was reduced in the SHRSP with an FDR of 0.051 in this analysis.
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2c* WKY vs. WKY

Probeset Gene Loc. vs. SP Sp VS, 2c

AF039890mRNA_s at Anpep 1931 2c*eor  WKY(2.9) -

rc_Al232192 s at Ggtl unk. 2c*2.1) WKY 2.2) -
E
L0 H32189 s at Gstml 2034  2c*(9.4) WKY (7.5 -
rc_Al060176_at _S”'galz 2023 SP@Eo)  SPe3 -
2c* WKY WKY
Probeset Gene Loc. vs. SP vs. SP VS, 2c
X
= X04229cds_s_at Gstml 2034  2c*9.7) WKY (13.8) -
=
Probeset Gene Loc. SP 2c* WKY
16wk 16 wk 16 wk
‘;5 o AF039890mRNA_s_at Anpep 1931 7.9) 3.8) 38)
T
- . 5 wk 5 wk
0 Rc_AC233261 i at Gclm 2942 5.6) 4.6) -

Table 3.3 - Differentially expressed glutathione me  tabolism genes

Differentially expressed glutathione metabolism genes in pairwise comparisons
between the SHRSP, 2c* and WKY in 5 and 16 week renal microarrays. Strain or age
with highest expression is indicated, fold change in brackets. FDR<0.05, except #:
FDR = 0.051.
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Figure 3.6 - Kidney GSH concentrationsin 5and 16  week-old SHRSP, 2c* and WKYs
Kidney GSH concentrations in 5 and 16 week-old SHRSP, 2c* and WKY rats. 5 week
data, n=6 per group; 16 week data SHRSP n=11, 2c¢* n=7, WKY n=10. *p<0.05,
F=20.95; t p<0.05, F=9.04 (ANOVA and Tukey post-test); # p<0.05 (2 sample t test).
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3.4.4 Kidney Superoxide Measurements

Kidney superoxide levels in 5 week old SHRSP ragsevsignificantly higher than in the
WKY and 2c* (figure 3.9), indicating that oxidatigtress defence mechanisms are
compromised in the SHRSP prior to the onset of tgpsion. Equivalent superoxide
levels in the WKY and 2c* at this timepoint suggestt differential expression of one or
more genes in the 2c* congenic interval may hapeotective effect, enhancing oxidative

stress defence.

14 *

12

10 ~

0O2- (nmoles/ug protein)

SHRSP 2c* WKY

Figure 3.7 — Kidney superoxide levels in 5 week old SHRSP, 2c* and WKY rats

NADH-stimulated superoxide levels were measured in triplicate kidney homogenates.
SHRSP superoxide levels were higher compared to both other strains. Mean + SE
*p<0.05 (ANOVA and Tukey post-test).

3.4.5 gRT-PCR of Other Candidate Genes

Differential expression of genes identified in noi@rray studies was assessed by Tagman
gRT-PCR. Relative expression of genes was meas@tacben strains at the 5 and 16
week timepoints, comparing expression to the SHRSfach case (figure 3.10).
Differential expression ofhem4 was shown at both 5 and 16 weeks, SHRSP expression
was 3-5 fold higher than in the WKY and 2c*. Thdyoother gene for which differential
expression was observed by qRT-PCR @agal2-like, confirming the 5-week

microarray results, SHRSP expression was approgignai5-fold higher than the WKY

and 2c*.
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Figure 3.8 - Tagman qRT-PCR of genes differentially  expressed in microarrays

Expression of each gene was quantified relative to 3-actin and calibrated to the lowest WKY or SHRSP expression levels at
each time point. n=5 per group. *p<0.01 (ANOVA and Dunnett's post-test).



James Polke, 2008 Chapter 3 113

3.4.6 Promoter and Coding DNA Sequencing

DNA sequencing was carried out to identify coding @romoter polymorphisms in
differentially expressed genes from microarray datpiivalent data foGstml is

presented in section 4.4.2. Representative images PCR and sequencing are presented
(figure 3.11). Polymorphisms were identifiedGgtl, Themd4 andHist2H2aa (table 3.4).
Sequencing o8lc7al2-like coding sequences was unsuccessful, generatingimixe
sequence, this is likely to be due to the exist&iceveral closely-related members of the
slc7a gene family in the rat genome. The single polyrhaam identified inGgtl was a
conserved G at base 137 in the SHRSP, SHR and WHK¥ring from the BN reference
sequence, which encodes T at this position, tsiglt®in an amino acid change at residue
46, encoding a serine in the BN and an alaninberother strains. Two polymorphisms
were identified in th@hem4 3'UTR, the polymorphism at position +465 was umitpthe
BN, the polymorphism at base +833 was unique toNKeY; a promoter variant unique to
the WKY was also identified at base -105Tmenmd. A single promoter polymorphism was
identified inHistH2aa with a C in the SHRSP and SHR, an A in the WKY &hd No

polymorphisms were observedAnpep or Gclm coding or promoter sequences.

SHRSP

— —_—

CTCTTI CcC

ﬂf\ WKY

of

o

SHR

~rcTTiclEce

Figure 3.9 — PCR and sequencing candidate gene codi  ng and regulatory regions

Them4 3'UTR sequences. (A) PCR amplification from duplicate SHRSP, WKY and
SHR genomic DNAs with THEM4upAF+R primer pair, expected product size: 532 bp.
(B) DNA sequencing electropherogram showing 3'UTR SNP in the WKY Them4 3'UTR
at base +465.
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Gene Position  SHRSP SHR WKY BN
Gotl 137 G G G T
Them4 +465 G G C G
+833 C C C T

-105 G G A G

Hist2H2aa -2293 C C A A

Table 3.4 - Candidate gene coding and regulatory se  quence variants

Polymorphisms identified by DNA sequencing of coding and regulatory regions of Ggt1,
Them4 and Hist2H2aa, Slc7al2-like, Anpep and Gclm. Sequence variants were only
identified in Ggtl, Them4 and Hist2H2aa, patterns of conservation of SNPs varied
between the SNPs.
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3.5 Discussion

The experiments presented in this chapter exandiflatential gene expression in the
SHRSP, WKY and the 2c* congenic strain, which iSBIRSP genotype except for a 20
cM region covering a blood pressure QTL on chromws@, which is derived from the
WKY (McBride et al 2003). Expression levels of 028000 mRNA transcripts were
measured using Affymetrix GeneChip RGU34A, B anchiCroarrays in kidneys from five
week old animals, a timepoint prior to the onsetafere hypertension in the SHRSP.
Reduced expression Gstml mRNA was measured in the SHRSP and validated Ay gR
PCR, this is a significant finding that strengthémes case foGGstml as a hypertension
candidate gene. Impaired renal oxidative stressndefis likely to contribute to the onset
of hypertension through cytotoxic effects leadioglisrupted regulation of salt and water
homeostasis (McBride et al 2003;McBride et al 2005 5-week gene expression data
was also combined with an equivalent microarragpskgttfrom 16 week-old rats (McBride
et al 2003); pairwise comparisons between eacstd and 16 weeks of age and IPA
data analysis identified several genes involveglumathione metabolism in addition to
Gstml that were differentially expressed in microarraglgsis, of whicrfSc7al2-like is
also encoded from within the 2c* congenic internfalalysis of secondary phenotypes
related to hypertension included renal superoxite@SH levels, showing that the
SHRSP has increased renal oxidative stress durangriset of hypertension, and that the
SHRSP and 2c* have reduced glutathione levelsnaeks of age compared to the WKY.
At 16 weeks of age renal superoxide levels arefsigntly higher in the SHRSP than the
WKY and the 2c* is intermediate (McBride et al. B)0data presented here showed that at
16 weeks renal GSH levels are reduced in the SHRRG®Pared to the WKY, while levels
in the 2c* were significantly increased compare8 teeek levels, indicating that changes
in expression of chromosome 2 WKY alleles may af@SH cycling and renal oxidative
stress in the 2c* by 16 weeks of age. The hypashbsit impaired renal GSH metabolism
and reduced renal GSH contributes to hypertensidng SHRSP is consistent with
published observations that glutathione depletiptwo week administration of
buthionine sulphoxide (BSO), an inhibitor of GSHhhase, to Sprague Dawley rats

causes renal oxidative stress and severe hypeartef\gaziri et al. 2000).

IPA allows the expression of several genes involmatumerous metabolic pathways to be
inspected automatically in multiple comparisonaofe datasets. Analysis of the
canonical glutathione metabolism pathway with I@Antified probesets for
gammaglutamyltransferase Gdtl) and aminopeptidase Mufpep) that were
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downregulated in microarray data in the SHRSP coatpto the WKY and 2c* at 5 weeks
of age. These results, in conjunction with theadtghtial expression @stml and
Sc7al2-like from RP data analysis suggested that renal giotaghmetabolism in the 5-
week SHRSP is impaired (figure 3.12).

Plasma GSH
v-glu
GSX gﬁy&gly aly
cys
GSH \; Y \ Extracellular
GSX GSH Gotl Anpep SIc7al2
Trans Trans like

g {} Intracellular
GS{( cys

)f— glu
\ 6SH
X x~ ::Iy-glu-cys
gly

Figure 3.10 - Renal glutathione metabolism

Genes differentially expressed in renal 5 week microarrays between the SHRSP and
WKY and between the SHRSP and 2c* are highlighted in orange (downregulated in
the SHRSP) or green (upregulated in the SHRSP). Genes not found to be
differentially regulated in the microarrays are coloured grey, Gclm (yellow) was
upregulated in the SHRSP and 2c* at 5 weeks compared to 16 weeks. Following
conjugation of GSH with oxidative or xenobiotic molecules (X) by Gstm1 (or other
GST enzymes), the GSX conjugate is exported from the cell by the GSX transporter
(GSX Trans). GSH is also exported to the extracellular space by the GSH transporter
(GSH Trans) and the kidney is also a major site of plasma GSH uptake. Both GSX
and GSH are metabolised by Ggtl to generate cysteinylglycine (cys-gly) dipeptide,
which is further metabolised by Anpep dipeptidase. Cysteine (cys), the limiting
substrate for GSH synthesis, is recycled into the cell by amino-acid transporters such
as Slc7al2-like. The first step in de-novo GSH synthesis is catalysed by glutamate
cysteine ligase, a heterodimeric enzyme consisting of the catalytic subunit (Gclc) and
the rate-limiting modulatory subunit (Gclm), generating y-glu-cys. GSH synthase
catalyses the final enzymatic addition of glycine (gly). Figure adapted from (Zhang et
al. 2005)

One of the major functions of plasma GSH circulai®to supply cysteine for de-novo
intracellular GSH synthesis (Lash et al 1988);qneous conditions at physiological pH
cysteine oxidises to insoluble cystine (cysteineedtide). The liver is the major source of

plasma GSH, and while there is evidence that GSt+beaabsorbed directly by kidney
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proximal tubular membranes (Hagen et al 1988;Pairlat 1998), the GSH cycling
pathway is the principal source of renal GSH. @Ggtdentral to GSH metabolism, it is the
only known peptidase able to hydrolysglutamyl peptide bonds, catalysing the cleavage
of GSH to liberate cysteinylglycine, and, followitige export of GSH-conjugated
oxidative or xenobiotic molecules, also cataly$esfirst step in their detoxification, also
generating cysteinylglycine. Ggtl is expresseciresal cell types in the body including in
the small intestine, choroid plexus, retinal pigtngpithelium and lung, though its
expression and activity in are highest in the pr@litubular epithelium (Hinchman et al.
1990). Further evidence that renal GSH levels amtained by glutathione cycling comes
from the observation that tliggtl-null mouse (Lieberman et al. 1996) has reduced GSH
and cysteine levels and increased levels of DNAatke damage in the kidney, liver and
lung (Rojas et al. 2000). Theagt1l-null phenotype is significantly ameliorated by n-
acetylcysteine supplementation, which increaseteirysand GSH levels (Lieberman et al
1996;Barrios et al. 2001). Increased serum GGTiumans has long been recognized as a
marker of alcohol abuse and/or liver damage (Teséehlal. 1977) however there is also
recent epidemiological evidence that serum GGTélteare also an independent risk
factor for hypertension, diabetes and cardiovasalit®ase (Lee et al. 2003;Lee et al.
2006), these associations are thought to relgtergistent increased oxidative stress in at-
risk individuals, resulting in increased GGT1 exgzien. Conversely, accumulation of
GGT1 has also been associated with increased oradstess in atherosclerotic plaques,
contributing to the likelihood of plaque ruptureotigh this mechanism is unique to the
atherosclerotic milieu and relates to reductiofr@f ions byy-glutamylcysteine generated
by GGT1 catalysis (Paolicchi et al. 1999).

Anpep is a membrane bound dipeptidase that hasdeeanstrated to cleave
cysteinylglycine to cysteine and glycine, providiengino acids for recirculation into the
cell in GSH cycling (Tate 1985). Renahpep expression has also been implicated in other
experimental rat models of hypertension; it is tedeon a chromosome 1 QTL between
the DSS and DSR rats and while DSR and Lewis respmhigh salt diet by increased
renal Anpep expression, the same response was not obsertieel DSS (Farjah et al.
2004). In this modelAnpep is hypothesized to regulate renal salt reabsargiio
catalysing conversion of Anglll — AnglV, which supgses Na/K ATPase, leading to
increased sodium excretion. In the DSS, decreAspep expression under salt loading
was therefore proposed to contribute to salt reierand increased blood pressure (Kotlo
et al. 2007b). Alternative dipeptidase enzymes aisy be responsible for catabolism of
cysteinylglycine in the kidney, indeed, dehydrojdge | has been suggested to play a



James Polke, 2008 Chapter 3 118

greater role than Anpep in cysteinylglycine metaml(Kozak et al. 1982;Hirota et al.
1987).

It is hypothesised that upregulation of the cysidnansportefc7al2-like in the SHRSP
at 5 weeks of age in the SHRSP is a response tegeddntracellular GSH, cysteine supply
is the rate-limiting substrate for GSH synthesiswidver it is likely thaBc7al2-like is

not the only membrane amino acid transporter irvdiv cysteine transport and
glutathione cycling in the kidney, the human isafsrof other solute carrier family
proteins show specificity for cysteine transpautisas SLC1A4 (Arriza et al. 1993) and
SLC1A5 (Kekuda et al. 1996), aistt1ab expression has been specifically detected in
rabbit kidney proximal tubules (Avissar et al. 2Rah addition, though principally a
neuronal amino acid transporter, pharmacologidabition of SLC1A1 in human
embryonic kidney cells has been shown to redudalaelGSH levelsn-vitro (Watabe et
al. 2007). Therefore differential expression onaist of alternative amino acid
transporters may account for the fact tHaval2-like was not differentially expressed at
16 weeks of age in SHRSP, despite reduced glutahieurthermore, a mechanism exists
in the kidney to directly impont-glutamylcysteine into cells for glutathione syrdise
(Anderson et al. 1983), bypassing the conjugatiaysteine and glycine catalysed by
glutamate cysteine ligase, though this mechanigimigght to be an adjunct to de-novo
GSH synthesis (Lash 2005). The difficulties in ssping theSc7al2-like transcripts in
kidney cDNA are likely to be due to multiple clogetlated solute-carrier genes in the
transcriptome; Ensembl lists 11 paralogues wit®2% identity toSc7al2-like. However
this observation does not compromise the gRT-PGRIteforSc7al2-like, Gene
Expression Assays from Applied Biosystems for gehatare part of closely related
families are validated to amplify the intended sape with 1000-3000 fold higher
sensitivity than the closest-related family memlisa7al2-like exonic sequencing could
be accomplished in future studies by designing P@Rers that anneal in the introns of
the gene.

gRT-PCR did not verify differential expression@gtl andAnpep from the 5 week
microarray data and the hypothesis to explain red@@SH levels in the SHRSP by
reduced expression &fgtl andAnpep was not supported. There are several possible
explanations for the disparity between the mici@aand Tagman results. First, one would
expect a certain rate of false-positive calls ig data set, and the false discovery rate
threshold was set at 5% for the RP analysis. Qibblished studies have reported non-
validation of microarray data by gRT-PCR, for exdenjyagil et al. 2005 reported 9 out of
16 candidates not showing strong concordance batmegoarray and Tagman analysis,
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with one probe showing discordant results, i.etdased expression in a strain in Tagman
results where the microarray had shown decreaga@sion (Yagil et al 2005). Alternate
splicing of Ggtl andAnpep mRNA could also explain the discordant results;roarray
probesets and Tagman probes may target differefarias that differ in transcript
abundance. Only one transcript is listedAapep in the Ensembl database, and while 7
different transcripts foGgtl are known to exist in the rat, they differ in I TR only
(Chikhi et al. 1999).

Despite the Tagman results f8gtl andAnpep, these data nevertheless provide evidence
of a genetic effect of the 2c* congenic interval®8H metabolism and oxidative stress:
Renal GSH levels at 5 weeks in the 2c* were sintdahe SHRSP, but at 16 weeks of age
were similar to the WKY, meanwhile kidney superaxldvels at 5 weeks of age in the 2c*
were similar to the WKY, but at sixteen weeks aterimediate between the SHRSP and
WKY (McBride et al 2005). Thus WKY alleles in the*2congenic interval are proposed
to have a protective effect on kidney oxidativessrat 5 weeks despite decreased GSH,
but by 16 weeks of age the preponderance of SHR88tgpe in the 2c* increases kidney
oxidative stress despite increased GSH. The igenitithe genes responsible for the
phenotypic differences between the SHRSP, 2c* aid/\tbuld be identified in future
experiments using microarrays with improved coverdgr example, Affymetrix now
produce a microarray chip that surveys expressi@ail @hown exons, enabling analysis of

gene expression and alternative splicing of genes.

An intriguing hypothesis regardir@@clm expression was also raised by the microarray data
that showed increased expression in the SHRSP&rmstrains, but not the WKY, at 5

weeks of age compared to 16 weeks of age. Thisgeohph SHRSP allele-specific
expression pattern f@lcm that may contribute to the development of hypesitamover

time in the SHRSP and 2c*, however, Tagman mRNAsueaments did not confirm the
microarray results and no promoter polymorphismeevigentified in the SHRSBcIm

promoter.

The renal differential expression ldfst2H2aa andThemd4 at 5 weeks of age, both
expressed from within the 2c* congenic intervalyade novel candidates for genes
involved in the development of hypertension in 8#RSP Themd differential expression
was confirmed by gRT-PCR, and also a showed sirdiféerential expression pattern at
16 weeks of age, being upregualted in the SHRSPared to both other strains at both
timepoints. No functional data is published fortaemd, though the human ortholog,

THEMA4, also known as carboxy-terminal modulator pro{@hMP) has been shown to
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regulate phosphorylation and thus activity of pirotenase B alpha (PK& (Maira et al.
2001;0n0 et al. 2007). PkBalso known as AKT1, is a well described target of
downstream receptor tyrosine kinases that sigmgblkbsphatidylinositol 3-kinase (P 3-
kinase), mediating mitogenic responses to a rahgeowth factors such as platelet-
derived growth factor, insulin and insulin-like grh factor-1 (IGF-1) (Galetic et al.
1999). Among many cellular effects, activation 8= has been associated with the
inactivation of glycogen synthesis (Cross et aB3)9suppression of apoptotic signals
(Ahmed et al. 1997) and increasing cellular gluagsiake (Kohn et al. 1996). There are
conflicting reports of the regulatory effects of @FP on PKBy activity, a study has shown
that CTMP negatively regulates PKPBhosphorylation and reverses oncogenic phenotype
of cells expressing the PKBrelated oncogene v-Akt (Maira et al 2001), whileeeent
study showed that upregulation of CTMP leads toeased PKB phosphorylation and
enhanced antiapoptotic and glucose metabolic psesg©no et al 2007list2H2aa
encodes one of the core histone proteins thaharsttuctural subunits of nucleosomes, a
Tagman probe is not available tdrst2aa, hence confirmation of its differential

expression would depend on designing a custom probe

Claudinll andPrcc genes were differentially expressed between 5léndeek 2c* and
WKY rats, both are encoded within the chromosonserjenic interval and their reduced
expression at 16 weeks may therefore be relatadtood-pressure lowering effect.
Claudin 11 is one of a large family of tight jurstitransmembrane proteins that mediate
cell-cell associations and can ion channels. Qllaadin 11-null mouse shows neurological
defects and male sterility due to reduced paradét-junction strands in central nervous
system myelin and between sertoli cells (Gow €1999). Interestingly, WNK4 protein
has been shown to mediate phosphorlyation of alapiditiens (though only claudins 1-4
were examined) im-vitro canine kidney cells, leading to increased chlopeeneability
(Yamauchi et al 2004). Psuedohypoaldosteronism ltypeitant WNK4 upregulated
chloride permeability to a greater extent than viyide WNK4, leading to the postulation
that the phenotypic effects of WNK4 mutations mayrélated in part to regulation of
claudins (Yamauchi et al 2004). Claudin 11 expmshias been co-localisesd to the thick
ascending limb of the loop of Henle in the mousei¢Ki-Saishin et al. 2002), the region
of the nephron largely responsible for active sodand chloride reabsorption. The human
ortholog ofPrcc was first identified in a subset of renal carciropatients with a
translocation between Xpl1l and 1921 that geneeatex/el fusion protein between the
TF3 transcription factor gene and the gene that swlesgly became known #&RCC
(Weterman et al. 1996). Further investigation ligsiified a dominant-negative
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interaction between the TF3/PRCC fusion proteintaedmnitotic checkpoint control
protein MAD2B which is thought to account for tunnigenesis (Weterman et al. 2001),

though the role of PRCC remains unknown.

DNA sequencing identified single nucleotide polyptisms in the promoter region of
Them4 andHist2H2aa, a missense mutation @gtl and 2 3'UTR variants ifihemd4. The
patterns of conservation of these mutations diffevéth most being unique to the BN or
WKY strains, hence they were not implicated in hygesion in the SHRSP. Only the
Hist2H2aa -2293 C>A polymorphism was found uniquely in hytpasive strains (both the
SHRSP and SHR) and hence may be a functional catedior increased expression in the
SHRSP once differential expressiontb&t2H2aa is confirmed. See chapter 4 for

experiments performed to investigate the polymanpisi identified in th€&stml promoter.

The major finding in this chapter was reduced r&sainl expression in the 5 week old
SHRSP compared to the WKY and 2c*; the followingaters outline the work that was
subsequently performed to investigate the contfr@stiml expression and the functional
effects of modulatingsstml expressionn-vitro andin-vivo. The transcriptomic and
pathway analysis techniques applied in this chapenesent a significant advance on
traditional microarray data analysis. The abiltyautomatically consider differential
expression of multiple genes affecting specificppblpgical pathways in pairwise
comparisons with parental and congenic straina sxdremely efficient technique for very
large data sets. Even given that differential esgion of candidate genes was not
confirmed in follow-up analysis, the hypothesistit®&H metabolism may be controlled
by the influence of genes within the congenic vaérs supported by analysis of renal
GSH levels and warrants additional study.
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4 Gstml Expression and Promoter Analysis
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4.1 Introduction

Following the discovery of reduc&sstml mRNA expression in the 16-week old SHRSP
kidney compared to the WKY (McBride et al 2003)ddhe results presented in chapter 3
that showed similarly reduced rerzdtml expression in the prehypertesnive SHRSP, one
of the focuses of this project was to investighterholecular mechanisms of differential
Gstml expression and its relation to renal oxidativessr As discussed in section 1.3,
reactive oxygen species inflict damage on macrooutds including lipids, nucleic acids
and proteins, such damage impairs cellular fundiioth may lead to apoptotic or
carcinogenic effects. It is hypothesised that red@&stml expression contributes to
hypertension in the SHRSP by compromising renalatiwe stress defence, leading to

cytotoxicity and impaired salt and water homeost@égicBride et al 2005).

The large number of closely related GST isoforns taeir widely overlapping substrate
specificities present a particular challenge teaeshers investigating individual GST
enzymes. A vast majority of this research has feed®n investigations of the roles of
specific GSTs in drug metabolism, and particularlyesistance to chemotherapeutic
agents (Hayes JD et al. 1995). Considerable rdséacalso been performed in humans to
assess whether polymorphism&38T genes confer increased risks to disease. For
example, there are common deletion polymorphisntaiofanGSTM1 andGSTT1 that

have been the focus of much study. The deletiase girough unequal crossover between
repeat sequences either side of the genes andlireswdividuals with O, 1 or 2 copies of
the genesGSTM1 andGSTT1 deletions occur on 50% and 13% of chromosomes in
Caucasians, respectively (Garte et al. 2001). Mangies have linke@STM1 andGSTT1
deletions to susceptibility to a number of cancerduding colorectal, lung, skin, bladder
and breast cancers, however there have been mafliciiog publications (Hayes et al
2005). Other studies correlating an increased @md of lung and bladder cancer with
smoking andsSTM1 deletions have shown to be much more reprodu@ideppa 2003).

There is also evidence that hun@8T polymorphisms may influence cardiovascular
diseases. For example, a case-control study inree€& population found a significant
increase in type 2 diabetes risk am@®J T1-null individuals compared to those with at
least one copy (Wang et al. 2006a). In addite&M1-null andGSTT1-null genotypes
have been associated with an increased risk oheoydieart disease in smokers in
American populations (Li et al. 2000). Faster pesgion of atherosclerotic lesions has
also been demonstrated amd@§IM1-null smokers (de Waart et al. 2001). Paradoxically

however, non-deletio®STT1 smokers have been shown to have relative proteayainst
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lower extremity arterial disease compare®&¥ T1-null smokers (Li et al. 2001), while
the GSTM1-null genotype has also been shown to be assoaatkd decreased risk of

acute myocardial infarction in smokers (Wilson le£2800).

A majority of the experimental work relating to tbentrol of GST gene expression relates
to the antioxidant response element (ARE), a trgpisan factor (TF) binding motif first
characterised in the r@sta2 gene where it was demonstrated to mediate badal an
stimulated expression @sta2 in response to xenobiotic phenolic antioxidanysiragen
peroxide and di- and trihydroxybenzene ROS genergRushmore et al. 1991). A number
of publications have characterised the minimum fienal ARE consensus sequence, there
is widespread agreement that the core sequent&ACnnnGCA (Wasserman et al.
1997;Yang et al 2002). The transcription factor Mac-factor-erythroid 2-related factor 2
(Nrf2) was first identified as the activating lighfor the ARE in the ratiqol gene
(Venugopal et al. 1996), and was firmly identifeegla crucial factor in mediating antitoxic
and oxidative stress defence mechanisms in Nrfzkmat (Nrf2") mice that showed
reduced expression of a number of detoxifying erey/fitoh et al. 1997). Further studies
in the Nrf2"” mice showed reduced liver constitutive and indiecétxpression oBstal,

Gsta2, Gstml, Gstm2, Gstm3 andGstm4 (Chanas et al. 2002), though functional ARE
sequences have not been published for all of theises. The ARE has subsequently been
found in the regulatory regions of many genes emgpplroteins involved in detoxification
and oxidative stress defence, including ot&8Fs, NADP(H): quinone reductase (NQO1),
Glutamate cysteine ligase, UDP-glucuronyl transferase andMetallothionein-1 (Lee et al.
2004). Other transcription factors that have begreementally linked to control of rat,
mouse and human GST expression are listed in 4ablé/ery little is known about the
control of ratGstml expression though it has been shown to be up-aegliby induction

of MAPK signalling pathways in response to genidesian extract of gardenia fruit (Kuo
et al. 2005).

The work performed in this chapter investigateddifierential expression of ren@stml

in a panel of hypertensive and normotensive ratrstrand correlated reducégtml
expression with hypertension and renal oxidativesst measured by nitrotyrosine western
blotting. Luciferase promoter constructs andgilico sequence analysis examined the
Gstml promoter in the SHRSP and WKY, identifying polympiisms at several potential

transcription factor binding sites that may afféstml expression in the SHRSP.



Gene Species TF binding site Evidence Primary Reference

Gstal Rat Nrf2 Mutation and deletion analysis (Rushmore et al 1991)
Gstal Rat C/EBR. Competition assay, antibody immunodepletion (Pimental et al. 1993)
Gstal Rat AR Site-directeq mutagenesis and glucocortiogigptor (Falkner et al. 1998)
overexpression
Gstal Mouse HNF1, HNF4 5' deletion, EMSA, competition assay (Paulson €1290)
Gsta2 Rat Nrf2, C/EBB, EMSA, competition assays, deletion analysis (Paet.e2004)
PPARy
Gsta3 Mouse Nrf2 Site-directed mutagenesis, Nrf2 overeggion, (Jowsey et al. 2003)
EMSA
Gstml Mouse c-Myb c-Myb and mutant c-Myb overexpressiEr.SA (Bartley et al. 2003)
Gstm2 Mouse SP1, MYB Deletion analysis, OverexpressiolyB (Kumar et al. 2001)
Gstpl Rat c-Jun EMSA, competition assay (Kawamoto et al. 2000)
Gstpl Rat Nrf2, AR EMSA (Ikeda et al. 2002)
GSTP1 Human  Nrf2 Deletion analysis, EMSA (Montano et al. 2004)
GSTP1 Human NKkB Site-directed mutagenesis anddBroverexpression (Morceau et al. 2004)
GSTP1 Human SP1 Site-directed mutagenesis, EMSA (Moffat et al. 1996)
GSTP1 Human AP1, NkB Site-directed mutagenesis, RB-overexpression (Xia et al. 1996)

Table 4.1 - Transcription factors implicated inreg  ulation of expression of human, mouse and rat GSTg  enes

Instances where experimental evidence has shown binding of transcription factors to a promoter sequence are included, indicating the
techniques used. EMSA: Electrophoretic mobility shift assay, AP1: Activator protein 1/2 , NFkB: Nuclear factor kappa B, AR: Androgen
Receptor, HNF1/4: Hepatic nuclear factor 1/4, C/EBPa/ : CCAAT enhancer-binding protein alpha/beta, PPARYy: Peroxisome proliferator-
activated receptor gamma, SP1: Specificity protein 1, c-Myb: Myoblastosis oncogene. Modified from: (Pool-Zobel et al. 2005)
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4.2 Aims

« To compare the renal mMRNA expression level&sml in 16 week old SHRSP, WKY,
BN and SHR rats using Tagman qRT-PCR.

 To assess renal oxidative stress in SHRSP, 2c* WKlY strains with anti-

nitrotyrosine western blotting.

« To sequence the coding and regulatory regionSstafl in the SHRSP and WKY and
to investigate the transcriptional effects of proenopolymorphisms with luciferase

expression constructs.

» To use the 'Transfac' transcription factor dataldas&lentify candidate transcription

factor binding sites that affe@stml transcription.
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4.3 Methods

4.3.1 Renal Gstm1 Quantitative Real-time PCR

Gstml expression levels were measured in mMRNA extraota L6 week old SHRSP,
WKY, BN and SHR rats (BN and SHR rats were purctidsem Harlan UK), three rats
from each strain. Liquid nitrogen snap-frozen kigkverere homogenised in Qiagen QLT
buffer and homogenised using a Polytron PT2100 fmdnogeniser and RNA extraction
was performed as per section 2.5.3 using QiageraRNElaxi columns. RNA was treated
with DNA-free and cDNA was synthesised using thenBdch Advantage RT for PCR kit
as described in section 2.7.1. Applied BiosysteraseExpression Assay probe for rat
Gstml (assay number Rn00755117_m1) angbrattin endogenous control probe (part
number 4352340E) were multiplexedu2@eactions in 96-well plates. Probe amplification
efficiencies were confirmed and relative gene esgits was calculated as described in

section 2.7.2.

4.3.2 Gstm1 Promoter and Exon Sequencing

Gstml promoters encompassing 2.5kb upstream oGatenl translation initiation site
were sequenced in WKY, SHRSP, BN and SHR rats W&iongrlapping primer pairs
(Gstm1OR +11F, 12R+13F, 14R+15F, 16R+17F, 18R+20F+21R, 22F+23R,
24F+25R). Coding exons were sequenced from kidB&yActemplates with primers
Gstm1F+2R and Gstm3F+4R. Sequencing protocols fobosved as per section 2.4.

4.3.3 Renal Anti-Nitrotyrosine Western Blotting

Kidney proteins from 16 week old SHRSP, 2c* and WkYs were prepared and
concentrations were ascertained as described filoséc2.5Protein from three animals
per strain was analysed using the standard welstettimg protocol, section 2.6. Eighty

of protein in reducing buffer was loaded per land full-range Rainbow marker was used
as a size standard. Mouse anti-nitrotyrosine pyraatibody (Abcam ab53232) was used
at a dilution of 1/750, followed by HRP-conjugatpmht anti-mouse secondary antibody
(Upstate 12-349) at 1/5000 dilution. After ECL dxttien and membrane stripping,
immunoreactive Gapdh levels were assayed using eremis-Gapdh primary antibody
(Chemicon MAB374) diluted 1/100, followed by HRPhpugated rabbit anti-mouse
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antibody (DAKO P0260) diluted 1/2000. Densitometiys performed as per section 2.6.6
using 'local' background correction.

4.3.4 Promoter Sequence Alignment

2.5kb rat and mougBstml promoter sequences were aligned using 'zPictOkearenko

et al. 2004), an online sequence alignment andligation tool that uses a local alignment
algorithm to compare input sequences and generapdigal and textual alignments.
Display settings for graphical output of alignmentre set to shade areas of over 70%
homology in a 100bp sliding window. Textual aligmiteeat the sites of individual rat
Gstml promoter polymorphisms and a putative ARE siteewsgpied and pasted from the

zPicture browser.

4.3.5 Promoter Sequence PCR

SHRSP and WKY promoter sequences were clonedhet®tomega pGL3 Basic
luciferase plasmid for promoter activity analygi&L3 Basic is a promoterless eukaryotic
expression plasmid encoding modified firefly luce#fse. A multiple cloning site (MCS)
immediately 5' of the luciferase coding sequentmal promoter sequences to be cloned
in, transcriptional efficiencies of different proteo sequences can be compared by

measuring luciferase activities in transfectedscell

Four promoter regions were amplified for cloningnging in size from 0.9 kb-2.5 kb. Each
promoter sequence was amplified with the same sevarimer, Gstm1-1R, which anneals
immediately 5' of the raBstml translational start site. Forward primers incogped a

Mlul restriction site preceded by 3xC residues, GstR1ntorporated aXhol restriction
site preceded by 3xC residues. Forward primers wanged Gstm1-0.9F, Gstm1-1.6F,
Gstm1-2.2F and Gstm1-2.5F. Promoter sequencesangpéfied for cloning using
genomic template DNA from SHRSP and WKY rats. N@araglotStart polymerase was

used as detailed in section 2.2.3 with annealingpegatures of 62°C.

4.3.6 Promoter Sequence Cloning

PCR products were 'blunt cloned' into StratagenB-3Cript Amp SK(+) (PCR-Script)
plasmid following the manufacturer's instructionghe PCR-Script Amp Cloning kit. The
PCR-Script plasmid is supplied linearised by digestith S fl restriction enzyme. This
cloning platform also allowed blue/white selectlmased oacZ gene disruption; IPTG
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(isopropyl-beta-D-thiogalactopyranoside) (20 mMy atrgal (8.g/ml) were added to
ampicilin (100ug/ml) selective LB agar, white colonies were screkfoe the insert. All
cloning in this chapter utilised plasmids expregshe ampicillin resistance gene, selective

Luria agar and broth were used with 1@@ml ampicilin (Sigma).

Promoter sequence PCR reactions were electroplibassgescribed in section 2.2.4,
bands were excised from the agarose and pooledtprgel purification as per section
2.5.5. DNA was eluted in 4@ H,0; 10ul of this was 'polished’ using Stratagene Pfu
(Pyrococcus furiosus) polymerase enzyme that catalyses 5'-3' proofnggglolymerisation.
Reaction conditions were: 10 PCR product; 1 10mM dNTP; 1.3u 10x Polishing
buffer; 1ul Pfu DNA polymerase (0.5 W); heat to 72°C for 30 minutes.jb of the
polished PCR products were used in ligation reastiwith 10 ng PCR-Script plasmid, the
precise molar ratio of plasmid:insert was not clalt@d but the insert was vastly in excess,
as is necessary in PCR-cloning. The ligation reasticonstituted: il PCR-Script vector
(20 nglul), 1 ul 10X PCR-Script reaction buffer; Oy 10 mM rATP; 5ul polished PCR
product; 1ul 5 U/ul Srfl; 1 ul T4 DNA ligase; 0.5u1 H2O. Ligation reactions were
incubated at room temperature for an hour, theadii#ated by heating to 65°C for 5

minutes.

Forty ul of XL-10 Gold cells were thawed on ice and jil@-mercaptoethanol was added.
Cells were incubated on ice for 10 minuteg] 4f ligation reaction was added and cells
were incubated on ice for 30 minutes, then heatistobat 42°C for 30 seconds before
returning to ice for 2 minutes. Four hundred afftg fil of 42°C SOC media was added
and transformation cultures were incubated in &isgancubator at 37°C for an hour.
Transformation cultures were spread over IPTG/ X/ apicillin agar plates. The
following morning, white colonies were selected REZR screening as detailed in section
2.5.7. PCR-Script-specific T7F and T3R PCR printleag span the cloning site were used.
Successful clones were further confirmed by sequgn@7F/T3R PCR products were
sequenced with T7F and T3R a@dml promoter primers.

PCR-Script clones containing SHRSP and WKY promsgguences were amplified and
purified using Qiagen plasmid purification Maxi aoins as described in section 2.5.3.
Promoter sequences were digested Withl andXhol restriction enzymes prior to
subcloning into similarly double-digested pGL3 Rgslasmid; digestion was performed as
per section 2.5.4. Digested PCR-Script plasmidspgsid3 Basic vectors were
electrophoresed and gel purified. Ligation wasqgrened using 50 ng linearised pGL3
Basic plasmid and a 3:1 insert:vector ratio. Tramsftion was performed as per section



James Polke, 2008 Chapter 4 130

2.5.1, colonies were PCR-screened screened asq@ns2.5.7 using RV3F and GL2R
primers that anneal either side of the pGL3 BasieSVIPositive clones were definitively
confirmed by DNA sequencing and Maxi-preps wergared for each pGL3 Basic
plasmid. The eight pGL3 Basic plasmids were naneedraling to the promoter sequences
they encoded: pWKYO0.9, pSP0.9, pWKY1.6, pSP1.6, KRR, pSP2.2, pWKY2.5 and
pSP2.5.

4.3.7 Promoter Activity Analysis

Transfection is a variable procedure as transfeaftciency can differ from well to well
due to differences in cell number and distributonl variable DNA/FUGENE complex
density in transfection mixtures. Consequently,@¢.3 Basic plasmids were co-
transfected with pMV10 at a ratio of 3:1. pMV10 exgsedacZ driven by a CMV
promoter.f-galactosidase activity was measured in lysatesme@ct for variations in
transfection efficiencies between wells. Total protconcentration per well, measured by
BCA assay as described in section 2.2.5, was &ed to correct for variations in cell
number between wells. Promoter activities wereuwated as: luciferase activity (relative

light units) /B-galactosidase activity (relative light units) 6f@in concentration (ngl).

Each pGL3 Basic plasmid was transfected into tgie wells of NRK52E cells at
approximately 50-60% confluence. The experiment rgpeated 3 times. Triplicate
untransfected control wells were included in eagieement and triplicate control wells
were also transfected with 200 ng pGL3 Controlritaml to pGL3 Basic except that
luciferase expression is driven by an SV40 prompg€0 ng pMV10 or co-transfected
with 150 ng pGL3 Control and 50 ng pMV10. LucifezadB-galactosidase activities
and BCA protein levels were measured in all cedatgs except those transfected with
200ng pMV10, which were fixed and stained ffegalactosidase activity as per section

2.3.4. Specific experimental protocols are outlibetbw.

4.3.7.1 Optimising Transfection of NRK52E Cells

NRK52E cells were obtained from the European Cttacf Cell Culture (ECACC) and
maintained in Dulbecco's Modified Eagle Medium eaming 4.5g/L D-glucose; 10%
foetal calf serum (FCS); 2mM GlutaMAX; 1mM sodiumgrpvate; 100 U/ml penicillin;
0.1mg/ml streptomycin. Transfections were optimiaad performed in 24-well culture
plates. All transfections followed the protocol lmed in section 2.3.3, cell culture media
was exchanged for serum-free media immediately poitransfections.
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Promega pGL3 Control plasmid was used for theah#&xperiments to optimise NRK52E
transfection, performed according to the manufactsiinstructions. Ratios of 3:1, 3:2 and
6:1 FUGENE:DNA (l:ng) were used, with a total amount of DNA per welR6D ng, 500
ng and 1ug. Pilot dual transfections were also performed \aittb0 ng pGL3 Control and
50ng pMV10 plasmids to ensure that measurpigalactosidase activities could be
achieved.

4.3.7.2 Luciferase Activity Assay

Transfected NRK52E cells were lysed using PromegoRer Lysis Buffer (RLB), 200l

1 X RLB was added per well, complete cell lysis wasured by a cycle of freeze/thawing
to -20°C. Lysates were collected and centrifugecbitect cellular debris, then stored on
ice. The luciferase assay reaction was performechite 96-well flat-bottomed plates. The
total reaction volume was 2@0, comprising 6Qul 1 X RLB, 40ul lysate and 10@l
Promega luciferase assay reagent (LAR). Each wadln@ad by measuring total
luminescence in a 10-second period on a WallaoVR2tplate reader. Standards were
measured in duplicate, samples were measureglicatie. A standard curve using
recombinant luciferase (0.3 pdito 5 ng/ul) was used to confirm that all experimental
readings were within the linear range of the asBagkground luminescence from control

wells with no cell lysate or recombinant luciferagere subtracted from all readings.
4.3.7.3 B-Galactosidase Activity Assay

The Tropix Galacto-Light Plug-galactosidase activity assay kit (Applied Biosys$¢ was
used foi-galactosidase activity assays. Prioptgalactosidase activity measurements all
cell lysates were pretreated by adding dithiotbt€DTT) to a final concentration of 0.5
mM and heating to 48°C for 50 minutes. A diluticriss off-galactosidase standards
from 0.25 ngil to 1 ng/ul was assayed in each experiment to confirm thatxglerimental
readings were within the linear range of the as8ayptal volume of 2Qul of NRK52E

cells lysates or diluted standards were aliquaténl white 96-well assay plates. Standards
were assayed in duplicate, samples were assayglgl. SBalacton Plus substrate mix was
diluted 1:100 irB-galactosidase assay diluent (100 mM NgPOmM MgCh, pH 8) and

70 ul was added to each well. Samples were left at ranperature for an hour. 1Q0
Light-Emission Accelerator Il was added to eachlwalll-spectrum luminescence was
measured on a Wallac Victor 2 plate reader. Backgtduminescence from control wells
with no-galactosidase standard or cell lysates were sibttdrom all values.
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4.3.7.4 pGL3 Basic Subcloning

The plasmid sequences of pSP1.6 and pWKY1.6 wexlysed for restriction sites that
occurred in the interval between SNPs 1-7 and SSNPA ABsrGl restriction site was
identified within this region and a secoBg Gl site was also identified in the pGL3 Basic
backbone (within the luciferase coding region)ufeg4.1.

1.6 kb 1.6 kb

BsrGl >

PWKY1.6

Luc

1.6 kb 1.6 kb

pSP1.6 (8-12)

Figure 4.1 - Subcloning to generate novel 1.6 kb pr  omoter constructs

Promoter sequences and the positions of the SNPs in pSP1.6 are indicated. pSP1.6 and
pWKY1.6 were digested with BsrGl, generating 1.4 kb and 5 kb fragments from each.
The 1.4 kb fragment of pSP1.6 was ligated to the 5 kb fragment of p?WKY1.6 to generate
pSP1.6(1-7), and the reciprocal ligation generated pSP1.6(8-12). Luc: luciferase gene.

pSP1.6 and pWKY1.6 plasmids were digested B#tGl, generating 1433 bp and 4987
bp fragments. All restriction digests products wgeéepurified. 2.5.9 of the 4987 bp
fragments were dephosphorylated with Roche shrikgdiae phosphatase (SAP) using the
following protocol: 5ul 10X buffer, 5ul SAP (1 Ufl), and KO in a total volume of 50 ul;
heated to 37°C for 15 minutes followed by 65°CXbrminutes.

50 ng of 4987bp digest product from pSP1.6 wasdavith the 1433 bp digest product
from pWKY1.6, and vice-versa. Ligations were pemed with 1433 bp:4937 bp fragment
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ratios of 3:1 as per section 2.5.6 and transformedJM109 cells. Colonies were PCR
screened with RV3F and GL2R primers and sequeraregkfinitive confirmation of
successful subcloning. The resultant plasmidsralbded 1.6 kigsstml promoters,
pSP1.6(1-7) carried only SHRSP SNPs 1-7 with WK§ussice at SNPs 8-12, while
pSP1.6(8-12) carried only SHRSP SNPs 8-12 with Wd€¥uence at SNPs 1-7 (figure
4.1). The promoter activities of the novel prom@equences were assessed alongside
pSP1.6 and pWKY1.6. Transfections, luciferase @gti3-galactosidase activity and BCA

assays were performed as described above.

4.3.7.5 Site-Directed Mutagenesis

Site directed mutagenesis was performed by 'PChhgéwlustrated in figure 4.2. This
strategy utilises PCR primers to introduce mutatjdhe mutagenic primers do not anneal
100% to the template, they have mismatches neanithdle of their sequence; in order to
ensure annealing they are longer than standardgei@fers, 30-33bp in this project.
Novagen KOD Hotstart was used throughout with a&36@finealing temperature. Site-
directed mutagenesis primers were named SNP8F, BNS8P9F, SNPOR, SNP10+11F,
SNP10+11R, SNP12F, and SNP12R, they were used3siiin1-1R and Gstm1-1.6F

primers (represented by primers 1 and 3 in figu2g. 4

Onepg of PCR product from the final PCR reaction washldetdigested witiMlul and
Xhol. Digests were gel purified and ligated itibul andXhol- digested pGL3 Basic with
an insert:vector molar ratio of 3:1. Colonies wefeR-screened with RV3F and GL2R
primers and presence of the correct combinatiqgurarhoter mutations was verified by
DNA sequencing. Maxi-preps of the novel plasmidsenwepared using Qiagen Plasmid
Maxi columns. The novel plasmids were named pSP1/6+8), pSP1.6 (1-7+9), pSP1.6
(1-7+10+11) and pSP1.6 (1-7+12). The promoter aies/of the mutated plasmids was
assayed in NRK52E cells alongside pSP1.6, and pW&WY4ing exactly the same

protocols as above.



James Polke, 2008 Chapter 4 134

A 5' = 3
3 X 5
2 X PCRs
5 ))2 3 5 = — C:)
@
@ _.
3 X 5 3 X 5

Pool and PCR

: |

X

|

Figure 4.2 — PCR sewing for site-directed mutagenes is

(A) To introduce a specific mutation at site 'X' in a double-stranded DNA molecule, four
PCR primers were used in 2 PCRs, primers 2 and 4 incorporated mismatches at site X.
(B) The two PCRs were purified, pooled and used in a second PCR with primers 1 and 3.
In the initial rounds of the second PCR products from the first PCR prime each other to
generate templates for primers 1 and 3. The final full-length PCR product incorporated
the mutation encoded by primers 2 and 4.

4.3.8 Transfac Professional Promoter Sequence Analy  sis

Transfac Professional is a commercial transcriptamtor database curated by the
bioinformatics company Biobase, it includes infotima on over 8,000 TFs and over
18,000 TF binding sequences found in vertebratetehba, fungi, insect, nematode and
plant genomic sequences. Transfac Professionairesca subscription for access, it is
distinct from the publicly available Transfac daaés in that it includes the most up-to

date releases of the database and allows spediakseches to be performed. The work
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presented here was performed using release 10.aons$fac professional, from
31/03/2006. From herein, 'Transfac' is used to teffoansfac Professional’ in this text.

Biobase use experimental and bioinformatic eviderice- binding to construct
nucleotide positional weight matrices that can ptexthe user with a measure of the
relative likelihood that a TF binds to particulaput sequences. Matrices are constructed
by aligning multiple known TF binding sequences esbrding the frequency that each
nucleotide occurs at each position. This is callat¢o a consensus sequence for the
matrix, typically 7-25 bases long. The five mogthiy conserved consecutive bases are
designated the 'core' binding sequence. Many nesatace constructed using the evidence
of a single experimental study in a particular sggedor example where libraries of
random or mutated sequences were tested for Thnigin@hus a particular TF will have
multiple matrices, relating to evidence from diéfet studies and species. Other matrices
are constructed by collating the evidence of séymralications, often across several

species.

4.3.8.1 Generating Transcription Factor Matrix Tabl es

Transfac includes a module called Match (Kel e2@03) that accepts input nucleotide
sequences to be searched for alignment with trgatiger factor matrices. Fifty base pair
sequences either side of SNPs 1-13 (SNPs 1+2,1dRd $0+11 were analysed together
due to their close proximity) from the SHRSP and YMKere input to Match to generate a
table of TF binding sites for each. The tables (SRRnd WKY) generated for each SNP
site were then compared to find TF binding sites$ ¢ created by the SNPs in the SHRSP.
Thus this analysis searched for binding sites ¢tivating TFs for which binding is
disrupted by the SNPs in the SHRSP, or sites fabitory TFs for which novel binding

sites are created. The following parameters wepdexpfor Match searches:
Groups of Matrices: Only matrices relating to vertebrate TFs were m@red

Matrix Quality: Only 'high quality' matrices were considered, wedi as matrices that
generate less than 10 hits per 1000 nucleotidesstralignments with promoter sequences
by Biobase. This discounts about 5% of the matriicélse Transfac database that would

generate a high number of false-positive hits

Similarity Scores. Transfac searches for motifs within query sequericat pass a

threshold of similarity with the 'core’ and 'matgonsensus sequences. A score is assigned
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to each base in a motif based on the frequendyadfdarticular nucleotide (A, T, C, or G)
occurring in the core or matrix consensus sequéltfte maximum core or matrix score is
1.0. Similarity thresholds were set at the defaaltes of 0.75 for core sequences and 0.7
for matrix sequences. Transfac scores the coreesegirst, if it passes the threshold it
then inspects the matrix sequence, if this alsegsathis threshold, the matrix is included
in the output.

Match outputs were converted to Microsoft Excadijloutputs from WKY and SHRSP
searches were combined for each SNP or pair of @N&lgsed. All TF binding sites that
were shared by SHRSP and WKY sequences and si&® wie core or matrix scores
differed by less than 0.1 between SHRSP and WKYieeces were deleted. This analysis
technique has been applied in published reseavestigating functional effects of
promoter polymorphisms (Moreno et al. 2007). Tleaeyated spreadsheets for each SNP
(or combined SNPs for SNPs 1+2 and 10+11) of pugakF binding sites that were unique
in the SHRSP or WKY sequence, or where the presehttee SNP alters affinity of the

TF to the sequence. Each of these spreadsheetowdrned into a single Microsoft

Excel spreadsheet that was used for detailed sesarch

4.3.8.2 Transcription Factor Binding Site Analysis

The matrix table generated by Match analysis wisrnogated in a number of ways to find
candidate TF binding sites affected by the polyrharjpases between the WKY and
SHRSPGstml1 promoter. Searches were first performed for pakhinding sites for
transcription factors Bachl, Maf and Nrf2, lookiiog a site affected by a SNP in cluster
1-7 and a second affected by a SNP in cluster &&2ondly, the table was sorted by
matrix identifier and carefully inspected to fintstances where two binding sites for the
same TF were lost or created in the SHRSP, ondlih Quster 1-7, one in SNP cluster 1-
8. The matrix table also was inspected for bindigs of TFs with core match scores of
over 0.9 and for TFs previously shown to influe&®T expression (from table 4.1).
Candidate TFs were investigated by literature aisity assess the likelihood that they are
involved in transcriptional regulation @stml based on published information such as
their actual consensus binding sequences (as appmJeansfac consensus sequences),
tissue and developmental expression profile, octional role in cellular and physiological

systems.
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4.4 Results

4.4.1 Renal Gstm1 Quantitative Real-Time PCR

Gstml mRNA expression, measured by Tagman qRT-PCR vel&di3-actin in 16-week-
old rat kidneys, showed approximate 4.5-fold higkgsression in the WKY and BN
relative to the SHRSP and SHR (figure 4.3). Thesaelts further confirmed differential
expression seen in renal microarray and RT-PCRrarpats between the WKY and
SHRSP (McBride et al 2003;McBride et al 2005) amthdnstrated a correlation between
reducedGstml expression and increased blood pressure in mallitgtlstrains. These

results were also presented in McBride et al (2005)

Gstm1/B-Actin

SHRSP SHR BN WKY

Fiaure 4.3 - Renal Gstm1 mRNA expression in the SHRSP, SHR. BN and WKY

gRT-PCR measured by Tagman in 16 week old rats relative to B-actin and
calibrated to expression in the SHRSP. n=3, Mean = SE. F=119.9 ** p<0.01 vs.
SHRSP (ANOVA and Dunnett's post-test).

4.4.2 Gstm1 Sequencing

Sequencing the promoter and coding regionsaiinl in the SHRSP, SHR, WKY strains
and comparisons with the BN reference sequencalexyd 3 promoter polymorphisms
within 2.4 kb upstream of the translational stéd s the SHRSP and SHR, the promoter
polymorphisms were numbered sequentially (SNP1-3Nffdm the SNP closest to the
translational start site in a 3'-5' direction. remoter mutations included 11

substitutions, an insertion and a deletion. A narsymous mutation in the coding region
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(exon 8, nucleotide 605, H202R) was identified, arBlUTR polymorphism at base +29
(Table 4.2). AllGstm1 polymorphisms were conserved between the two hgpsrve

strains. These results were also presented in MeRat al (2005).

SNP no. Position SHRSP SHR WKY BN
- +29 A A G G
- 605 G G A A
SNP1 -101 G G A A
SNP2 -103 delT delT T T
SNP3 -178 T T C C
SNP4 -255 T T C C
SNP5 -280 G G A A
SNP6 -380 C C G G
SNP7 -483 C C A A
SNP8 -1048 G G A A
SNP9 -1140 C C T T
SNP10 -1211 insC insC - -
SNP11 -1212 C C A A
SNP12 -1238 C C T T
SNP13 -2390 C C A A

Table 4.2 - Gstm1 coding and promoter SNPs in the SHRSP, SHR, WKY an d BN
A 3'UTR polymorphism was identified 29 bases downstream of the STOP codon, and
a base change at position 605 codes for a histidine at amino acid 202 in the SHR and
SHRSP and an arginine in the WKY and BN. 13 promoter polymorphisms were
identified within 2.4 kb. All polymorphisms were conserved between the SHRSP and
the SHR

4.4.3 Renal Anti-Nitrotyrosine Western Blotting

Renal anti-nitrotyrosine western blotting reveatedltiple bands in each sample,
consistent with nitrotyrosinylated groups on muéiproteins in the cell; expected Gapdh
bands were observed at 36 KDa (figure 4.4A). Dens#tiry revealed the highest level of
nitrotyrosine relative to Gapdh in SHRSP kidneyguife 4.4B). These results were also
presented in McBride et al (2005) and are condistéh other data in this publication

showing increased superoxide in kidneys and aoftd®e SHRSP.
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Figure 4.4 — Anti-nitrotyrosine western blot in 16 week SHRSP, 2c* and WKY
kidneys

(A) A range of bands were observed for nitrotyrosine, Gapdh loading control bands
were observed at the correct size (36-40 kDa). (B) Densitometry correcting for
Gapdh in each sample showed highest nitrotyrosine levels in the SHRSP

4.4.4 Rat and Mouse Gstm1 Promoter Sequence Alignments

Given the large number of polymorphisms in the SRR&Moter and their clustered
distribution, it would have been impractical toreéopromoter sequences isolating each
polymorphism individually. Therefore it was decidedanalyse the transcriptional effects
of multiple SNPs in the first instance. Cross-spe@romoter analysis and putative ARE
sequence searching was also carried out to aiprteess of deciding where to place
upstream primers for promoter sequence amplifioa®NPs 1-12 occur in regions of high
homology between the rat and mo@stml promoter sequences, while the sequence
surrounding SNP13 is not conserved (figure 4.5¢0fe ARE sequence was identified

1,887bp upstream of the 1@stml translational initiation site. On the basis okthnalysis,
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four promoter regions were amplified for cloningnging in size from 0.9kb-2.5kb. The
smallest promoter fragment was 0.9 kb in length@nered SNPs 1-7 in the SHRSP. The
second fragment (1.6 kb) encompassed SNPs 8-1faddito the 7 covered by the 0.9 kb
fragment. The third fragment (2.2 kb) also encorepdghe putative ARE, while the fourth
(2.5 kb) also included SNP13 (figure 4.5).

100

in 100bp
~
o
1

% Homology

50 -

-2.5kb -2.0kb -1.5kb -1.0kb -0.5kb -1
13 121\1\ /10 98 7 6 54 3 2\ /1
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Fragment
- « WKYO0.9
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Figure 4.5 - zPicture alignment of rat and mouse
Percentage homology between the rat and mouse Gstm1 promoters in a 100 base-pair
sliding window. The positions of the 13 SHRSP promoter polymorphisms and a putative ARE
site are indicated. The alignment was used to aid primer placement for promoter cloning, the
promoter sequences cloned from the WKY and SHRSP are illustrated in the alignment

Gstm1 promoters

The precise sequences at the sites of the promolgnorphisms and the putative ARE
sequence in the SHRSP and WKs#tm1 promoter were compared with the corresponding

sequences in the mouS&stml promoter (figure 4.6). The alignments betweenrgtend

mouse sequences was close to 100% in most casaaptise sequence at the site of the

polymorphisms was conserved with the SHRSP sequerstame SNPs and with the

WKY sequence in others. The exceptional homologhasites of the putative ARE

sequences in rat and mouse lends weight to thigl@efunctional element.
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Figure 4.6 - Individual alignments of rat

WKY: GGGAGGGAC TTATTTTG
SHRSP: GGGAGGGA TATTTTG
Mouse: GGGAGGGACC-CGCTGTTTTG

SHRSP: ACTTTCTGCTRTAGGGTCTGT
Mouse: GCCTTCCGCTTTAGGGTCTGC

WKY: ACTTTCTGCT7ITAGGGTCTGT
T

WKY: GTGTGTAGAAEBAGAATCCTGG
SHRSP: GTGTGTAGAMIAGAATCCTGG
Mouse: GTGTGCAAAACAGAATCCCGG

SHRSP: CAGGCGAG TTCTGCTTT
Mouse: CAGGAGAGCAGATTCTG-TTT

WKY: CAGGCGAG C*TTCTG CTTT

SHRSP: TTCTTTCGC CTGGCCAGT
Mouse: TTCTTTCGCTGTCTGGCCAGT

WKY: TTCTTTCG CTTFCTGGCCAGT

SHRSP: GAGAGTCGABGCCTCCCCAC
Mouse: GAGAGTT--GAGCCTCCCCA-

WKY: GAGAGTCGAGISCCTCCCCAC

WKY: TGAAGGTTAT BCCACAGGACA
SHRSP: TGAAGGTTATBCCACAGGACA
Mouse: TGAAGGTAATACTACAGGGCA

WKY: AACCACAAGCHETCTTGGTTAT
SHRSP: AACCACAAG@TCTTGGTTAT
Mouse: ----- CAAGCCTCTTGG----

WKY: TCTCCTCGTC BBGTCATTTGT
SHRSP: TCTCCTCGT TCATTTGT
Mouse: TCTCCCC------------- T

WKY: CCCTTTGACC MIGTAAACTGTT
SHRSP: CCCTTTGAC@GTAAACTGTT
Mouse: GCCTTTGACTTGTAAACTCAT

Rat: GAACTTGTGACAGTGCACAGA
Mouse: GAACTTGTGACAGTGCACAGA

mouse Gstml promoter sequences

Rat polymorphisms are shaded in red, bases in the mouse promoter that do not align
with the rat sequence are shade in yellow. Conservation of the mouse sequence with

Chapter 4

Mouse=

SHRSP

SHRSP

VKKY

SHRSP

VKY

VKKY

VKY

SHRSP

No honol ogy

VKY

Gstm1 promoter polymorphisms with

141

either the WKY or SHRSP sequence at each individual SNP is indicated (Mouse=). The

putative ARE in the rat Gstm1 promoter is also aligned with the equivalent sequence in

the mouse, showing 100% homology, ARE consensus is shaded in grey.
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4.4.5 Promoter Sequence Cloning

PCR Script and pGL3 Basic promoter plasmids weceessfully cloned, representative

gel and sequencing images are illustrated in figure

A B
SP2.2 WKY2.2 H.0
2 kb Lo A A L R A L

-

1.5kb

P YYT TpveeYY YYTY

]
— -
SP0.9

C D ]
. . WKY: TGTTCTTTCGCTTCTGGCCAGTITCCAGGE
Undigested Digested CTGTTCTTTCOCT|TCTEGCCACTCTCCA

" L o,

[ TGTTCTTTLGCT cCa TETCCA.

" ludenaflonlihirl

SHRSP CTGTTCTTTCGCTTCTGGCCAGTCTCCAGG R
CTeTTCTTTCCTTET CCAGTCTCCA

- MMMM

T TTCT"}'T.C .CTETCT CCAGTCTCCA

Figure 4.7 - Agarose gel and sequencing images from Gstm1 promoter cloning

(A) Amplification of 2.2 kb promoter sequences from SHRSP and WKY (expected size
2192 bp), bands were gel purified for cloning into PCR-Script. (B) PCR-screening of
colonies after cloning 0.9 kb promoter sequences into PCR-Script (expected size 1105
bp) (C) Undigested and double-digested (Mlul and Xhol) pGL3 Basic plasmids, 2.5 kb
and 2.2 kb promoter fragments of the expected sizes were observed following restriction-
digestion. 1 ug plasmid DNA per lane. (D) Sequencing confirmed presence of promoter
SNPs in plasmids. Sequencing from SNP 6 is shown, encoding G in the WKY and C in
the SHRSP.

ras)

| I T—
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4.4.5.1 Optimising NRK52E Transfections

Transfection of NRK52E cells in 24-well plates widter 200 ng DNA per well was toxic
to the cells, transfection with 200 ng pGL3 ConabDNA:FUGENE ratios of 3:1, 3:2 and
6:1 (ul:ng) resulted in high luciferase activities in cebages after 48 hours (figure 4.8 A),
200ng DNA at a ratio 03:1 was used for further transfections since itggbhighest
transfection efficiency with the least DNA. Pilai-transfections with pGL3 Control and
pMV10 assesd levels @tgalactosidase expression (figure 4.8 B), prgahlactosidase
activity staining further confirmed NRK52E transfiea (figure 4.8 C).
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Figure 4.8 - Optimisating transfection of NRK52E ce lIs

(A) Transfection of 200 ng pGL3 Control DNA at DNA:FUGENE ratios of 3:1, 3:2 and
6:1 resulted in luciferase expression, 3:1 ratio was used for experimental
transfections. Mean + SE, n=3 (B) Co-transfection with 50 ng pMV10 and 150 ng
pGL3 Control resulted in significant B-galactosidase activity in NRK52E cell lysates
compared to non-transfected cells (NT). Mean = SE, n=3 (2 sample t test) (C) B-
galactosidase activity staining following transfection with 200 ng pGL3 Control
showed 5-10% transfection of NRK52E cells. Scale bar =100 ym
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4.4.5.2 Comparing SHRSP and WKY Promoter Activities

The relative promoter activities of pSP0.9, pWKY,(p8P1.6, pWKY1.6, pSP2.2,
pPWKY2.2, pSP2.5 and pWKY2.5 were measured in NRKBEEs (figure 4.9). pSP1.6

had a consistent 2.2-2.6-fold lower luciferase prtanactivity than pWKY1.6 across
repeated experiments, otherwise no significanedkfices in promoter activities were
observed between the promoters. This data indi¢htgdne or more of SNPs 8-12 may
be responsible for reduced expression of pSP1.pawed to pWKY1.6, that the putative
ARE sequence may have an upregulatory effect omGskpression and that SNP13 does
not affect Gstm1 expression.

3.5

LUC/B-Gal/BCA (Relative Units)

pSP0.9 pWKY0.9 pSP1.6 pWKY16 pSP2.2 pWKY2.2 pSP2.5 pwWKY2.5

Figure 4.9 - Luciferase activities of 0.9 kb -2.5 k b Gstm1 promoter sequences
In comparisons between SHRSP and WKY sequences of the same length,
significantly reduced promoter activity was observed pSP1.6 compared to pWKY
1.6 kb. No other significant differences in promoter activities were observed. Mean
+ SE, n=3 (2 sample t test).

4.4.5.3 Luciferase Activities of Novel Subcloned SP 1.6 plasmids

Plasmids pSP1.6(1-7) and pSP1.6(8-12) were geua@test the hypothesis that one or
more SNPs in cluster 8-12 may be responsible fiwaged expression from pSP1.6.
Promoter activities of pSP1.6(1-7) and pSP1.6(8vi&Xe comparable to pWKY1.6 (figure
4.10). This indicated that an interaction betweea or more SNPs in cluster 1-7 and one
or more SNPs in cluster 8-12 is responsible fouced expression from pSP1.6, this was

tested by site-directed mutagenesis.
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Figure 4.10 — Luciferase activities of subcloned 1. 6 kb promoter plasmids

pSP1.6(1-7) and pSP1.6(8-12) promoter activities were significantly higher then
pSP1.6 and equivalent to that of pWWKY1.6, implicating an interaction between
SNPs in cluster 1-7 and 8-12 in reduced expression from pSP1.6. Mean + SE,
n=3, F=26.9 **p<0.01 vs. pSP1.6 (ANOVA and Dunnett's post-test).

4.45.4 Luciferase Activities of Novel SP1.6 Site-D irected

Mutagenesis Plasmids

SNPs 8, 9, 10+11 and 12 were introduced into p{P-Ipby site-directed mutagenesis,
creating four further novel plasmids. Luciferaserpoter activities of pSP1.6, pWKY1.6,
pSP1.6(1.7+8), pSP1.6(1-7+9), pSP1.6(1-7+10+11)p&RIiL.6(1-7+12) were compared
by transfection into NRK52E cells, relative promrdteciferase activities were measured
48 hours after transfection (figure 4.11). Thesags failed to identify a SNP from cluster
8-12 that interacts with SNPs 1-7, the presentéd idgplies that SNP 8 or 9 may interact

with SNPs 1-7, but this was not shown consistenthgpeat experiments.
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Figure 4.11 - Luciferase activities of novel site-d  irected mutagenesis plasmids

Compared to pWKY1.6 and pSP1.6, luciferase activities of pSP1.6(1-7+10+11)
and pSP1.6(1-7+12) were significantly higher than pSP1.6 and equivalent to
pWKY1.6, while activities of pSP1.6(1-7+8) and pSP1.6(1-7+9) were not
significantly different to pSP1.6. However this pattern was not replicated in
repeat experiments. Mean + SE, n=3, **p<0.01 vs. pSP1.6, F=4.77, *p<0.05 vs.
pSpl.6 (ANOVA and Dunnett's post-test).

4.4.6 Transfac Professional Matrix Table

Transfac analysis identified 435 TF matrices tlighao sequences surrounding each SNP
at either SHRSP or WKY sequences with a core al@rrand matrix alignment score

over 0.75 and 0.7, respectively (table A5), thageotfs are default settings in the Match
module. All matrices that that uniquely bind to SEHRor WKY sequences are included,
and matrices for which the core alignment or magdares differ by more than 0.1

between the WKY and SHRSP. The data is grouped\#y\8ith each row showing the
alignment at a particular SNP site in the SHRSWHY with a Transfac matrix. The
sequence shown in the 'Aligned sequence' columwshme sequence in the SHRSP or
WKY that aligns with the matrix sequence in questioote that the +ve strand sequence is
always shown, but the matrix may align with the strand (i.e. the reverse-complement

of the sequence shown in the 'Aligned sequencehu), in these cases, a (-) is shown in
the 'Strand' column. Five bases in the 'Alignedisaqges’ are always in upper case, these
are the bases that align with the matrix core secpighe lower case bases align with the
rest of the matrix. Alignment scores for core aratnm sequences are given. The 'Position’
column refers to the base number in the inputtgdesgce where the matrix alignment
starts, these are synchronous between the SHRSWIENMdnputs for most SNPs but

where base numbering is affected by an insertiatetation (SNPs 2 and 10), alignments
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may not begin at the same base number. Many tigtisarfactors are represented by
more than one matrix, a consequence of the fatdifiarent evidence (gene, species etc.)
was used to compile different matrices. The samme@ations apply to the data presented
in tables 4.3 and 4.4.

As would be expected the largest number of matacedisted for SNPs 1+2 and SNPs
10+11 (93 and 101 respectively) since these affeztbases, while the fewest are listed
for SNP 13 (8 matrices). Table A5 includes a lgyggportion of false-positive alignments
for TFs unlikely to be involved in ren@stml expression control, either because the TFs
concerned are involved in other cellular procesaesnot expressed in the kidney, or
simply do not actually bind to the sequence in arsdespite the alignment scores. A
curtailed list could have been generated by iningabe cut-off values for matrix
alignment, however it was decided to use tablerAthe first instance as an exhaustive list
to be interrogated using the results of the expemiiad studies to inform specific searches.
Table A5 could be sorted according to strain, SNB,matrix identifier, or any of the
other column headings, a number of approachestakea to analyse the data, as

discussed below.

4.4.7 Transcription Factor Binding Site Analysis

The first line of analysis of Transfac data inval\searching the PubMed database for
instances where TFs have been shown to physicsdlyceaate with multiple TF sites in a
single promoter over at least 1.1kb (SNPs 1-12 4pEB8bp). Such a precedent exists for
a basic leucine zipper (bZIP) cap'n'collar (CNC)cHHed Bachl that can mediate
interactions between DNA binding sites up to 4.Jaklrt (Yoshida et al. 1999). Bachl
protein has bZIP and CNC motifs at the carboxyhiaus, and a BTB/POZ (broad
complex-tramtrack-bric-a-brac/Pox virus and Zimgkr) domain at the amino terminus;
the BTB/POZ domain mediates protein/protein inteoas between Bachl molecules
bound at distant DNA binding sites. Similar to NfBachl dimerises with Maf TFs via the
bZIP domain prior to DNA binding and intriguinglBachl has also been demonstrated as
a transcriptional repressor of several genes irgbla oxidative-stress defence, binding to
some of the same sites where Nrf2 upregulates ssipre

Given the ability of Bachl/Maf dimers to bind to Itqle distant sites over several kb and
the fact that Bach1l/Maf binds to many of the sagtpiences as Nrf2/Maf dimers, table A5
was inspected for multiple Nrf2, Bach1 and Maf Tikding sites, specifically for one or
more sites affected by SNPs 1-7 and one or moeetaff by SNPs 8-12. No such pairs of
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sites were found, but SNP10+11 does appear totdaffedinding of Nrf2/Maf/Bachl at a
non-ARE consensus site at SNP10+11 (table 4.3)sIMP11 reduce the core and matrix
alignment scores for the Nrf2 matrix VSNRF2_Q4, itthe core and matrix scores for
alignments with Maf matrices V$TCF11MAFG_01, VSVMAFL and V$BACH1_01

were only high enough for the WKY sequence to pas<riteria for inclusion in the TF
binding site table. Note that the alignment for ¥F11MAFG_01 and VSVMAF_01 are
on the reverse strand. In order to assess théhidaa that Nrf2/Maf or Bach1l/Maf actually
bind to this site, the alignments were considenathore detail. V$TCF11MAFG_01 was
constructed by assessing TCF11/MafG heterodimelirgto a random sequence library
(Johnsen et al. 1998), while V$VMAF_01 was derifrean a publication assessing vMaf,
an avian retrovirus Maf TF (Kataoka et al. 1994){teey do not relate to Nrf2 or Bachl
heterodimers, they were not considered further. Widd SP sequences at SNP10+11 are
shown below aligned with the binding sequencedit2 and Bachl from VINRF2_Q4
and V$BACH1_01, respectively. The VENRF2_Q4 congsrsequence is a non-ARE
sequence, it was constructed by aligning Nrf2 igdiequences from multiple rat, mouse
and human genes, each of these sequences is iddndbe alignment. V$BACH1 01
was constructed using a random sequence librdgdaecognition sequences for human
Bachl (Kanezaki et al. 2001), the single consessgaence is shown. In each case the
most conserved bases are in upper case, alignmghtthe WKY sequence are
highlighted by shading in yellow, while the sitd6 8NPs 10+11 are shaded in red in the
WKY and SHRSP sequences. A '-' has been insertedha alignments in order to
accommodate the insertion in the SHRSP sequencerdMrf2 binds to the reverse strand
of the promoter, the reverse complement (RC) sexpisnshown:

VINRF2_Q4: Species and gene
gcTGA-GTCAtgaTGAGTCAtgctg Humang-globin LCR
tetgttt CGCTGA-GTCATggttcccgttg MouseHo-1
tacagagAT-GTCATAacagaa (RC) MouseGstpl
ctccAGA-TTCAgtaaat (RC) MouseGstpl
gtgtTGA-GTCAGcatcc MouseGstpl
taaagtTGCTGA-TTCATtg Rat Thxasl
aactggcGCCACA-GTCAgccgat MouseNrf2
ctccaTGA-CAAAgcattt MouseFerritin H
agaaTGCTGA-GTCACqggtg MouseFerritin H

TGTTTTTAGTCTCCTCG TCATTTGTTTTTCATCT®KY
TGTTTTTAGTCTCCTCG TCATTTGTTTTTCATCTGHRSP



SNP Strain Matrix Identifier Position Strand Core Matrix  Aligned sequence Factor name
match match  (+ strand)

SNP11+10  WKY VSNRF2_Q4 80 +) 1  0.845 ctcgtcAGTCALtt Nrf2

SNP11+10 SHRSP  V$NRF2_Q4 81 +) 0.873  0.742 tcgtccCGTCAtt Nrf2

SNP11+10 WKY V$TCF1IMAFG_01 75 ) 1  0.747 gtctcctegtcaGTCATttgtt  TCF11:MafG

SNP11+10 WKY V$VMAF_01 74 ) 0.778 0.713 agtctcctcgTCAGTcatt v-Maf

SNP11+10 WKY V$BACH1 01 80 (+) 0.8 0.821 ctcgTCAGTcatttg Bachl

Table 4.3 - Transfac alignment data of Nrf2, Maf an

d Bachl matrices with SNP11+10
Transfac matrix alignments with WKY and SHRSP sequences at SNP11+10. VENRF2_Q4 aligned with both SHRSP
and WKY sequences, but the core match score differed by more than 0.1. Alignments of the other matrices in the table
with the SHRSP sequence did not pass core and/or matrix alignment score thresholds (>0.75 core match, >0.7 matrix
match), thus only WKY alignments are shown.
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V$BACHL 0L

acgATGA-GTCATgct
TGTTTTTAGTCTCCTCG TCATTTGTTTTTCATCTG®KY
TGTTTTTAGTCTCCTCG TCATTTGTTTTTCATCTGHRSP

A second strategy to explain the interaction betw@&RPs 1-7 and 8-12 was employed by
searching the matrix table for pairs of bindingsifor the same TF, one in each cluster. A
large number of TFs were considered in this anglysbugh most were discounted on the
basis of their known function and tissue exprespiatfiles. The remaining matrices are
listed in table 4.4. The first matrices in tablé felate to the bZIP transcription factor,
cyclic AMP response element-binding protein (CREBREB binds to the palindromic
binding sequence: TGACGTCA. Table 4.4 lists a nunad€CREB matrix alignments that
are affected by SNPs 1+2 and 10+11, the large nuofbeatrices is related to the fact
that CREB is a well studied transcription factbattit has a palindromic binding site and
thus aligns in both orientations, and, as seenvhataligns twice at SNPs 10+11 in the
SHRSP. The alignment of the canonical CREB famihglimg sequence with the SHRSP
and WKY sequences at SNPs 1+2 and SNPs 10+11umdbelow, once again, SNPs are
highlighted in red, and alignment with the WKY seque is highlighted in yellow,
alignment with the SHRSP sequence at SNPs 10+Hiighdighted in blue:

SNPs 1+2:

TGACGTCA
TGCAGGGCTGGGAGG CTCATTATTTTGTCCGGOEGACG
TGCAGGGCTGGGAGG C-CGTTATTTTGTCCGGCEHREFG

SNPs 10+11:

TGACGTCA
TGTTTTTAGTCTCCTCG TCATTTGTTTTTCATCT®KY
TGTTTTTAGTCTCCTCG TCATTTGTTTTTCATCTGHRSP
TGACGTCA

The remaining TF in table 4.4, COUP (chicken ovalbuupstream promoter) is a
member of the nuclear receptor (NR) superfamilyie$. The NRs are subdivided into
classes depending on their DNA binding specifisit@OUP is a member of a subset of
class Il that also includes peroxisome proliferatotivated receptors (PPARS), retinoic
acid receptors (RARs) and retinoid X receptor (RXR¢y bind to the following
consensus sequence, known as direct repeat 1 @Rigterodimers with RXR:
AGGTCANAGGTCA



SNP Strain Matrix Identifier Position Strand  Core Matrix Aligned sequence Factor

match match (+ strand) name
SNP1+2 WKY V$CREB_01 55 ) 0.788 0.805 ggaCCTCA CREB
SNP1+2 WKY V$CREB_02 55 ) 0.832 0.794 ggaCCTCAttat CREB
SNP1+2 SHRSP  V$CREB_02 57 ) 0.82 0.721 accCGTTAtttt CREB
SNP1+2 WKY V$CREB_Q4_01 55 ) 0.901 0.881 ggaCCTCAtta CREB
SNP1+2 SHRSP V$CREB_Q4 01 57 ) 0.789 0.715 accCGTTAttt CREB
SNP1+2 WKY V$CREB_Q2 53 ) 0.79 0.721 agggaCCTCAtt CREB
SNP1+2 WKY V$CREB_Q2_01 53 ) 0.888 0.855 agggaCCTCAttat CREB
SNP1+2 SHRSP V$CREB_Q2 01 55 ) 0.796 0.723 ggaccCGTTACtttt CREB
SNP1+2 WKY V$CREB_Q4 53 ) 0.792 0.745 agggaCCTCAtt CREB
SNP10+11 WKY V$CREB_Q2 77 ) 1 0.863 ctcctCGTCAgt CREB
SNP10+11 SHRSP V$CREB_Q2 77 ) 0.79 0.703 ctcctCGTCCcg CREB
SNP10+11 WKY V$CREB_Q4 77 ) 1 0.871 ctcctCGTCAgt CREB
SNP10+11 SHRSP V$CREB_Q4 77 ) 0.792 0.708 ctcctCGTCCcg CREB
SNP10+11 WKY V$CREB_Q2_01 77 (+) 1 0.896 ctcctCGTCAgtca CREB
SNP10+11 SHRSP V$CREB_Q2_01 77 (+) 0.804 0.736 ctcctCGTCCcgtc CREB
SNP10+11 WKY V$CREB_Q4_01 79 ) 1 0.906 cctCGTCAgtc CREB
SNP10+11 SHRSP V$CREB_Q4 01 79 ) 0.764 0.703 cctCGTCCcqgt CREB
SNP10+11 WKY V$CREB_Q4 81 ) 0.831 0.727 tcgtcAGTCAtt CREB
SNP10+11 SHRSP V$CREB_Q4 82 ) 1 0.886 cgtccCGTCAtt CREB
SNP10+11 SHRSP V$CREB_Q2 82 ) 1 0.853 cgtccCGTCAtt CREB
SNP10+11 SHRSP V$CREB_Q2_01 82 ) 1 0.921 cgtccCGTCAtttg CREB
SNP10+11 WKY V$CREB_Q4_01 83 ) 0.789 0.723 gtcAGTCAItt CREB
SNP10+11 SHRSP V$CREB_Q4_01 84 ) 1 0.918 tccCGTCAttt CREB
SNP3 WKY V$COUP_DR1_Q6 56 ) 0.917 0.702 tgctctaGGGTCt COuUP
SNP3 WKY V$COUPTF_Q6 51 ) 0.848 0.726 ctttcTGCTCtagggtctgtagc  COUP
SNP3 WKY V$COUPTF_Q6 51 ) 0.814 0.726 ctttctgctctagGGTCTgtagc  COUP
SNP3 SHRSP  V$COUPTF_Q6 51 ) 0.814 0.708 ctttctgctttagGGTCTgtagc  COUP
SNP4 WKY V$COUPTF_Q6 69 ) 0.827 0.734 ttcagggtgtgtaGAACAgaatc COUP

SNP12 WKY  V$COUP_DR1 Q6 55 1 0.739  tGACCTgtaaact COUP

I~
+
x

Table 4.4 - TF matrices that aligned with SNPs in ¢ luster 1-7 and cluster 8-12
Matrices aligning with one or more SNP in cluster 1-7 and one or more SNP in cluster 8-12. CREB: cyclic AMP response
element-binding protein, COUP: chicken ovalbumin upstream promoter
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The alignments of the sequences surrounding SNPan8l 12 in the WKY and SHRSP
with DR1 is below. Since the sequence aligns wiklS 4 and 12 on the reverse strand,

the reverse complement sequence is shown:

SNP3:

AGGTCANAGGTCA
CCCTCTACTTTCTGE@TCTAGGGTCTGTAGCTCT WY
CCCTCTACTTTCTGE@TTTAGGGTCTGTAGCTCT SHRSP

SNP4:

TGACCTNnTGACCT (RC)
TTCAGGGTGTGTA@ACAGAATCCTGGGGCAGA/\KY

TTCAGGGTGTGTAGRATAGAATCCTGGGGCAGASHRSP
SNP12:

TGACCTnTGACCT (RC)
GCATTGCCCTTTGABCTGTAAACTATARGT VKKY
GCATTGCCCTTTGABCCGTAAACTGTATGI SHRSP

Note the exceptionally high homology between thesemsus sequence and the WKY
sequence at SNP12, with just one mismatch. The logyds lower for SNPs 3 and 4, but
in each case the SNP occurs at a conserved basednethe consensus and WKY. The
fact that this search only highlighted COUP andatber class Il NRs is due to the low
homology with SNP 3 and 4 sequences; PPAR and RARaas also aligned with

SNP12, but not with SNPs 3 and 4, the matrix aligntof the COUP matrices at SNPs 3
and 4 was close to the 0.7 threshold, between GiA@2.734. Thus all class Il TFs could
be considered as potential regulators at SNP1assibly for SNPs 3 and 4 to provide an

explanation of the interaction between SNPs intehssl-7 and 8-12.

Inspections of table A5 were also performed withmrisideration of than-vitro evidence
for TF binding site interactions. The table wamed for binding sites for TFs
previously experimentally shown to affect GST esgien (from table 4.1), and
foreshortened by filtering out core matrix alignrteeaf less than 0.9. These analyses also
included SNP13. As before, literature analysis vasied out to assess the likelihood that
candidate TFs affe@stml expression, significant findings are presented.

A nuclear factor kappp (NF«B) binding site has been identified in the hun&s$TP1
promoter (Morceau et al 2004), and#®-is a well established redox sensitive mediator of
expression of inflammatory and antioxidant genepofential site was identified by
Transfac binding to the WKY sequence at SNPs Th#ygh a closer comparison with the
NF«B consensus sequence (GGGRNWYYCC; R=Aor G, WerA;Y=CorT)
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revealed a poor alignment with both WKY and SHR8gugnces. Alignment on the
reverse strand at SNP 7 however indicates thaBNfinding could be affected by the SNP
in the SHRSP. The alignment of the ®-reverse-complemented consensus sequence
with the WKY and SHRSP sequences is shown belosvStiP is highlighted in red,
alignment with the WKY sequence is highlighted ellgw:

SNPT:

GGRRWNYCCC (RC)
CTTTAAGCTGAGAGTCEAGAGCCTCCCCACCCCCCGCTGABRGATT
CTTTAAGCTGAGAGTCEAGCGCCTCCCCACCCCCCGCTGASARSRTT

Finally, Transfac analysis revealed that SNP4 nfiscaan NF consensus sequence that
binds the 'steroid receptors': androgen receptB)(glucocorticoid receptor (GR),
mineralocorticoid receptor (MR) and progesterormepéor (PR). RaBsta2 andGstpl
expression have been shown to be regulated by genli@alkner et al 1998;Falkner et al.
2001;lkeda et al 2002). The consensus sequentiedateroid receptors consists of two
‘half sites' separated by three unconserved bASSSACANNNTGTACC, though AR has
also been shown to bind to sequences related toABRNNAGAACA (Claessens et al.

2004). The WKY and SHRSP alignments with thesegaquences is shown below:

SNP4:

AGAACANNNAGAACA

AGAACANNNTGTACC
GCTTTCAGGGTGTGTAGAACAGAATCCTGGGGCABRGGC
GCTTTCAGGGTGTGTAGAATAGAATCCTGGGGCAGARSC
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4.5 Discussion

The experiments outlined in this chapter inveségdahe molecular mechanisms behind
differential expression déstml between the WKY and SHRSP. The data presentetkfigu
4.3, 4.4 and table 4.2 was published in Mcbridal 2005; qRT-PCR5stm1l mRNA
expression analysis confirmed renal differentialegexpression previously seen in
microarrays between SHRSP and WKY (McBride et &l30and demonstrated reduced
Gstml expression in a second hypertensive strain, the, 8dmpared to a second
normotensive strain, the BN. Increased renal leskfstrotyrosine in the SHRSP
correlated with other data on renal and vasculaative stress that was published
alongside the nitrotyrosine data in the same papgreroxide levels measured by
lucigenin-enhanced chemiluminescence in renal x@mel medulla and thoracic aortas of
SHRSP were significantly higher than in WKY ratsofide et al, 2005).

Taken together, these data show that reduced Gsvall expression coincides with
increased renal oxidative stress, hypertensionttamgresence of 13 polymorphisms in the
SHRSPGstml promoter. These observations led to the hypothleatsone or more of the
promoter polymorphisms are responsible for redueadlGstml expression in the

SHRSP and that this contributes to hypertensidgherSHRSP. The high number of
polymorphisms found in the SHR&2tm1 promoter was initially surprising, however this
agrees with published observations (Zimdahl e2@04) wherein genome-wide SNP
analysis in the BN, WKY and SHRSP revealed an @yeepolymorphism rate between the
BN and the other strains as approximately 1 evéfplbase pairs, however the SNP
distribution was non-random, with an excess of \ith no or multiple SNPs. This was
attributed to effects of artificial selection inrd@tion of these closely related laboratory
rat strains; some loci have very recent commonstocg and hence low frequency of
SNPs, while other loci have distant common ancesind thus higher SNP frequency
(Zimdahl et al 2004). The functional relevancete H202R variant was considered in
McBride et al, 2005. Two lines of analysis were emaken, first, the amino acid
sequences of 19 GSTM enzymes from rat, mouse amamwere aligned, amino acid 202
occurs in a highly conserved region; in 15 of tBeséquences, including the consensus rat
genome sequence, an arginine (R) residue is enctigetistidine (H) residue is only
present in the BN and WKY sequences indicating @&l activity is unlikely to be
compromised by this mutation in the SHRSP and SE#ondly, the crystal structure of
the rat Gstm1 protein was inspected; amino acidi@ated on the surface of the protein
and thus not likely to affect Gstm1 activity (Jiakt1992;McBride et al 2005).



James Polke, 2008 Chapter 4 155

Experiments were designed to compare the catalgtieities of WKY and SHRSP Gstm1
protein in chapter 5, where adenoviruses were oactst to express each sequence; the
likelihood that the 3'UTR polymorphism identifietimse +29 affect&stml expression

was also addressed in this study, see sectioris &d. 5.5.

The initial experiments to compare the activitieshe WKY and SHRSP promoter
sequences indicated that SNPs 8-12 may be respofmilieduced expression in pSP1.6,
the lack of a significant difference in promotetidties between the pSP2.2 and
pWKY2.2 plasmids suggested that the putative ARftisece increased promoter activity
in pSP2.2 to a level equivalent to that of pWKY@expite the effects of SNPs 8-12. The
lack of a significant difference in activities betan pSP2.5 and pWKY2.5 indicated that
SNP13 does not affe@stml promoter activity.

The hypothesis that SNPs 8-12 may reduce expressi®R1.6 was tested by sublconing
between pSP1.6 and pWKY1.6 to generate plasmid4.p8R7) and pSP1.6(8-12).
Equivalent promoter activities of pSP1.6(1-7) pSP23 and pWKY1.6 indicated that an
interaction between one or more SNPs in clustemd#7 one or more SNPs in cluster 8-12
was required for reduced expression from pSP1.6tder to test this hypothesis, plasmids
pSP1.6(1-7+8), pSP1.6(1-7+9), pSP1.6(1-7+10+11)p&MRI.6(1-7+12) were generated
by site-directed mutagenesis of pSP1.6(1-7) and pnemoter activities were assayed.
These experiments did not conclusively identifyNPSrom cluster 8-12 that individually
interacts with SNPs in cluster 1-7 to reduce exgoesfrom the pSP1.6 promoter, SNPs 8
and 9 were implicated in one experiment, but thsult was not observed in repeat
experiments. These results can be explained biyntitatons of luciferase activity
measurements despite corrections for transfecffanescy and total protein, combined
with the small difference in promoter activity obgasd in the original experiments (2.2-
2.6-fold difference in expression between pSP1bB@ANKY1.6). In addition, it is possible
that more than one of SNPs 8-12 are required irtteraction to reduce SP1.6
expression. It was not practical to test this dukatk of time, it would have required the
generation by site-directed mutagenesis of a futéreplasmids to analyse every possible
combination of SNP from cluster 8-12. If continuithgse experiments, transfection
protocols could be redesigned to ensure less vkiyabithin experimental groups. Renilla
luciferase is derived from the sea parlRgn{lla reniformis) and fluoresces at a different
wavelength to the beetle luciferase encoded by®ie3 plasmids used in this project; co-
transfection with renilla luciferase plasmids ratttean pMV10 would allow fluorescence
measurement of both luciferases in the same aligfugtate, significantly simplifying the
experimental protocol and enabling sample replicatabers to be increased.
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A combination of cross-species sequence compatigerature searching and Transfac
promoter sequence analysis was performed on SNRgd identify the most likely SNPs
involved in reduced expression from SP1.6. Thematmousé&stml promoter sequences
show very high sequence homology, each of the SNEXlie within regions of 70-90%
identity with the mouse promoter, with no alignmah&NP13. Given the hypothesis that
Gstml expression is reduced in the SHRSP due to oneooe of SNPs 1-12 and accepting
that the homology between the rat and mdabstenl promoters is indicative of similar
promoter elements controlling expression in ea@tigs, one is led to conclude that the
SNPs where the mouse promoter has homology witBHRSP are less likely to be
involved in reduce@®stml expression (SNPs 1+2, SNP3, SNP5 and SNP9). Onalsa
conclude in this analysis that the sequence sudiogrSNPs 10+11 is less likely to
regulate raGstml expression given that this is not conserved betwiee mouse and rat at
all. However, these assumptions may not be cor@sttyl may have acquired specific
renal function in the rat that it does not havéhm mouse, its expression in this instance
may be controlled by different elements, that bélgcase there may be a stronger case

for the sequence surrounding SNPs 10+11 havingfapmction in the rat.

A table of Transfac matrices was generated t@bstntial TF binding sites lost, created or
affected by the polymorphisms in the SHRSP promdtee Transfac analysis protocol
used here has been successfully applied in publlisgsearch, in the demonstration that the
‘A’ variant of the -675A/T polymorphism in the hum@YBA gene (encoding p22phox)
reduces promoter activity compared to the 'T' vy disrupting binding of the hypoxia
inducible factor 1 alpha transcription factor (Meoeet al 2007). A number of approaches
were taken to interrogate the matrix table to taddidate transcription factor binding

sites to explain the reduced promoter activity 8Pf.6.

The identification of a disrupted potential bindisitg for the structural TF Bachl at
SNP10+11, despite the fact that a similar site medound for any of the SNPs in cluster
1-7, was an interesting finding. Bachl1, Nrf2 andf Mi&s have been shown to bind to the
ARE and a range of promoter sequences distinct theARE to regulate expression of a
number of genes involved in oxidative stress defeRor example, Bachl/Maf
heterodimers repress humid@O-1 expression by binding to tidQO-1 ARE, this
repression is reversed by overexpression of NréRnadministration of the pro-oxidant,
heme (Dhakshinamoorthy et al. 2005). In additioacHgl has also been shown to compete
with Nrf2 at non-ARE binding sites in the promotéithe mousdieme oxygenase 1 (Ho-

1) gene, again, Bachl represstsl expression, while Nrf2 activates expression and
heme alleviates Bach1l binding to tHe-1 promoter (Sun et al. 2002). Given that pSP(1-
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7+10+11) did not show significantly reduced luci®e activity, it may not be responsible
for reduced expression of pSP1.6, but it may belired in reducedstml expressionn-
vivo. As mentioned above, Bachl is a heme-sensitivesspr oiHo-1 andNQO-1
expression, and while it is yet to be shown to l&iguexpression of any GST genes, it has
also shown to respond to oxidative stress indugettido sulfhydyl oxidising agent diamide
by dissociating from the huma#O-1 promoter, suggesting that it may respond to agang
of pro-oxidant stimuli (Ishikawa et al. 2005). Téxdence for a potential role of the non-
ARE Nrf2 binding sequence in the @stml promoter is enhanced by the observation that
such sequences have been described in the nMastigkepromoter (Ikeda et al 2002).
Interstingly, Nrf2 transcription factor has alseehemplicated in a rat model of
hypertension, where it has been shown to be dowfatgl in DSS rats relative to

chromosome 1 congenic rats harbouring Lewis ra2 Hiteles (Joe et al. 2005).

CREB related TFs are among the most studied trgmiseral regulators, they have been
shown to affect the expression of genes involvetkltular proliferation, development and
adaptive responses (Shaywitz et al. 1999). Trapisanial activation by CREB-related TFs
is dependent on their phosphorylation in signaltagcades such as the MAPK pathway
which has been shown to be involved@atml upregulation by geniposide (Kuo et al
2005), thus the finding of differential binding GREB-like TFs to the WKY and SHRSP
promoters at SNPs 1+2 and SNPs 10+11 was of intétesever, detailed analysis
showed that while SNPs 1+2 and 10+11 do affectenp@l CREB binding site in the
WKY, SNPs 10+1Xreate a binding site in the SHRSP, thus disruption téracting

CREB family transcription factor binding sites aidikely to affect expression in pSP1.6.

The identification of potential disrupted bindirites for class 1l NR TFs COUP, RAR,
PPAR and RXR (with which the other members of @maify dimerise in DNA binding) at
SNPs 3,4 and 12 presents the best hypothesis lairexipe reduced promoter activity of
pSP1.6. The NRs are an exceptionally diverse faaiilljfs with roles in development,
reproduction, metabolism and homeostasis, thewdecti8 distinct members in humans
and over 200 ilC.elegans. NRs generally bind to lipophilic molecules sushsteroid
hormones, fatty acids, vitamins and prostaglandisicturally, the NR family are well
conserved, with a modular structure including a&@ninal ligand-binding domain (LBD),
a DNA binding domain (DBD) and N-terminal domainT({D)). The NTD is the most
variable region and is responsible for the spetifinsactivation properties of NRs
(McEwan 2004). Although Transfac analysis identiffl@OUP as the binding factor at
SNPs 3,4 and 12, each of the class Ill NRs couldonsidered candidates since they bind

to the same recognition sequence. COUP transarifdictors were initially described
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through their role in regulation of ovalbumin exgs®n in chickens (Sagami et al. 1986),
and have subsequently been shown to have divdeseinodevelopment, though their post-
developmental role is less well understood (Coateal. 2001). RAR TFs include a
number of members with roles in development andim®ur suppressors (Altucci et al.
2007). A precedent for PPAR-mediated regulatio® 8T expression has been
demonstrated for the mou€sta2 gene, where three DR1-like sequences were shown to
be required for induced hepatic expressioGsiti2 by PPAR/RXR heterodimers in
response to the RXR and PPAR activating ligandsoietacid (RA) and 15-deoxy-
(12,14)-prostaglandin. JPGJ), (Park et al 2004). In a similar manner to thetqua of

sites seen in the r&stml promoter, one of the PPARites in the mous@sta promoter is
highly homologous with the DR1 consensus, whiledtier two are poorly conserved, and
one of the sites is in the reverse orientationk Baal suggested that the three sites form a
co-operative PPAR responsive enhancer module (PPAdRide deletion of any one of
them disrupts RA and PgihducedGsta2 expression. In this model, multiple TFs bind to
the DR1 sites and other local TF binding sitesluiging an Nrf2-binding ARE, in induced
Gsta2 expression. A similar model could be proposedherratGstml promoter, though

the TF binding sites are distributed over 1.0 kb.f@lepending on the inclusion of the
putative ARE sequence) rather than 0.5kb as in ;mGe®2; also note that the
experiments presented here also differ to the masked by Park et al in that no

transcriptional activating agents were used todte expression.

PPARy is predominantly expressed in adipose tissue gindLis expressed in the kidney
and its expression in the rat nephron has beetidedao the outer-medullary collecting
duct, (Yang et al. 1999). Immunohistochemical stadn our laboratory have localised
Gstm1 to the collecting duct by co-localisationhwatquaporin 2 (McBride et al 2005) thus
Gstm1 and PPARexpression are co-localised in the rat kidneydissussed in section
1.1.3.5, dominant negative PPARutations can cause hypertension associated ypéh t
2 diabetes without obesity in a mechanism thougin¢late to changes in vascular tone
(Barroso et al 1999). PPARxgonist medications such as the thiazolinendiQh&Bs)

have a blood pressure lowering effect, thoughhhs predominantly been related to
improved insulin sensitivity (Sarafidis et al. 200%he precise role of PPARN the

kidney is not well understood, though TZDs canuefice renal sodium handling,
occasionally leading to oedema via a mechanismggtitdo involve upregulation of
ENaC. This relationship has been studied in anraxgatal model; TZD treatment causes
oedema in mice, but fluid retention and ENaC atitveare prevented in transgenic mice

selectively lacking PPA{Rexpression in the collecting ducts (Guan et ad520In
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addition, PPAR modulates renal oxidative stress by inhibitingresgion of NAD(P)H
oxidase subunits (Hwang et al. 2005) and may gtsegulate renal NO synthesis, though
this is disputed (Dobrian 2006). PPARy upregualbgrihe TZD rosiglitazone has also

been shown to enhance recovery of tubular epithedits after oxidative damage by®k.

The Transfac data analysis discussed above prdsgrdtheses to explain the results of
thein-vitro luciferase studies. These studies indicated thaitaraction between SNPs in
clusters 1-7 and 8-12 reduces expression in theSsHitomoter and that this can be
overcome by the putative ARE sequence in the 2fi2Zigment. It is interesting to consider
how these results relate to the folbmoter sequences in the SHRSP and WKY; in the
genomic context the ARE sequence is present iSHRSP and WKY, yeGstml
expression is constitutively reduced in the SHRB#®s is a reflection of the limitations of
in-vitro promoter analysis. Though no agents were useiihtalate promoter activity in
these studies, the data does not necessarily egpiriegsal promoter activitp-vivo,
regulatory factors may be present in the rat kicthey affect constitutive expression via
the elements proposed to interact at SNPs 1-7 dry] &hile the ARE sequence may only

upregulate expression in certain conditiomsivo.

Final analysis of the Transfac matrix table invalsearching for transcription factors with
the highest alignment scores at the SNPs, andRsmpfeviously shown to affect GST
expression, without consideration of iinevitro experimental results. This identified
potential a potential binding site at SNP7 fordBFat SNP 7 and a steroid receptor binding
site at SNP4. NiEB is a well characterised mediator of inflammatang immune
responses, and is regulated by oxidative stressitomms (Schreck et al. 1991;Schulze-
Osthoff et al. 1993), and MB has been demonstrated to mediate hu@@rP1

expression in a leukemic cell line, where it isgosed to play a role in chemoresistance by
upregulating xenobiotic metabolism (Morceau etG4). In addition, NkB has been
shown to upregulate other genes involved in oxigasiress defence such as glutamate
cysteine ligase catalytic subunit gene, one ohtlediators of glutathione synthesis
(Morales et al. 1997). The WKY sequence at SNRyhalil00% with the first half of the
steroid receptor consensus sequence, and SNPptdigine alignment in the SHRSP. The
second half of the binding sequence does not hg¥ehomology with the promoters. Like
most NRs the steroid receptors bind to their rettmgnsequences as dimers, experimental
evidence has demonstrated that the first uniterdimer binds to the 5' conserved five
bases of the recognition sequence, leading to cmafitonal change of the TF that leads to
recruitment of the second moiety (Luisi et al. 19%lhas long been recognised that the
second half site tends to have much less homolmgyet consensus sequence (Evans
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1988), thus the poor alignment with the second $itdfdoes not necessarily preclude
steroid receptor binding to the sequence above.gdewyit is difficult to speculate which
of the steroid receptors may bind to this sitesgutateGstml expression. Several factors
have been shown to dictate which steroid receptatstto a particular promoter element
including the availability of the receptor andlitgand in the cell, the availability of cell-
specific co-regulators that participate in transoonal complexes, the local binding of
other TFs that can potentiate binding of one stiereceptor over another, the incidence of
other steroid receptor binding sites in the promaed finally, specific binding sequence
preferences (Nelson et al. 1999). TheGgh2 promoter contains steroid receptor binding
sequence that regulatésta2 expression in cultured liver cells in a biphas@&nmer. Low
concentrations of the synthetic corticosteroid cesthhasone (10-100 nM) repress
expression, while at high concentrationsy (M), expression is induced (Falkner et al
1998;Falkner et al 2001). Unpublished data fromlaloratory shows that ren@stml
expression is approximately 1.8-fold higher in rsalean females, perhaps suggesting a
role for androgen-stimulated expression via the ARdrogen has been implicated in
increased expression Gktpl in the livers of male rats, in this case sevetlr&sponse

elements were located to th8 iitron of the gene (Ikeda et al 2002).

Transfac is the gold standard transcriptional reigoh database, it is well curated and
regularly updated with new additions to the databhswever it is not without its
limitations. For example, it restricts each mataxa five-base core alignment sequence
that is used as the first threshold in sequengam@éent, this does not necessarily reflect the
structure of the actual TF binding sequences. TRE & a case in point, as seen above,
the ARE consensus sequence is spread over afll@asises with two highly conserved
sequences of 4 and 3 bases separated by non-cethdarses. Other TF binding sites
consist of variable repeated elements spread @802ases or more with non-conserved
bases between them. Thus good matrix alignmentsatiguarantee TF binding at that
site, the original literature used to compile tameas, and other published evidence, was
also considered. These limitations highlight thallemges ofn-silico promoter sequence
analysis, understanding gene expression is prolihblgreatest challenge in molecular
biology, databases must make certain assumptiomslar to categorise data for searching,

and compromises are made.

A number of potential transcription factor bindisites affected by the SNPs in the SHRSP
have been identified, some of which may accountiferobserved reduction in expression
from the pSP1.6 promoter construct, and a put®RE has been identified between SNPs
12 and 13 that may account for increased expresdiSif2.2. Proof that a particular TF is
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involved inGstml regulation would require further laboratory invgation. A number of
technigues are available that could be appliedHBSP and WKY sequences to compare
TF activity. Cells could be co-transfected withgtads expressing a TF to compare
luciferase activities from the promoter construstsjilarly agents could be applied to cells
to activate the TFs in question, such as rosiglitezor another TZD to activate PPARr
phenolic antioxidants to stimulate Nrf2. Site-dtest mutagenesis could be used to disrupt
the ARE sequence in pSP2.2 to assess its actBigcific techniques to assess TF binding
to WKY and SHRSRstml promoter sequences are also available such aseDNas
footprinting and electrophoretic mobility shift ags, which have been applied to a
number of studies investigating the promoters vésd GST genes (Kawamoto et al
2000;lkeda et al 2002;Bartley et al 2003).

The above techniques can all be applied to calisstected with promoter constructs, it
would also be informative to study cell lines dedvrom the SHRSP and WKY. The most
faithful replication of then-vivo renal expression @sstml would be from primary
collecting duct cells. Techniques have been desdrib isolate inner medullary collecting
duct cells from the rat kidney involving carefussiection followed by collagenase
treatment and selection with high salt and urearigvigt al. 1998) or hypotonic conditions
(Laplace et al. 1992). Other protocols have apphedunoselective surfaces coated with
antibodies specifically targeting collecting duetlsurface antigens in human and mouse
(Sweeney, Jr. et al. 1998) and rabbit (Fejes-Tb#h. 4992). Th&stml promoter could

be analysed in isolated SHRSP and WKY collectingt dells using chromatin
immunoprecipitation (ChlP), a technique that pregié precise view of the DNA
sequences that bind to a particular TF in the cell.

Despite the evidence that the polymorphisms diffeaéing the WKY and SHRSB8stm1
promoter may affect expression, it is importanteoognise that other elements may be
responsible for reduced SHRSP expression. For éegagntrol elements have been
described within the introns of genes, such ag\Reequences in intron 5 of r@stpl
mentioned above (lkeda et al 2002), and it is sedumented that enhancer elements can
also operate from several kilobases upstream onsiseam of a gene. Furthermore,
negative regulation of gene expression by microRRARNAS) has recently attracted
much attention. The possibility that this mechanmay affectGstml expression is

considered in chapter 5.
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5 Adenovirus-Mediated Modulation of Gstml1

Expression in-vitro and in-vivo
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5.1 Introduction

To further assess the role@$tml and its contribution to renal oxidative strassyitro
andin-vivo gene transfer approaches were talkertombinant adenovirus serotype 5
(RAd5) vectors were generated to overexpfessl and to express short-hairpin RNA
sequences designed to knock down expression ofademembers of th&stm family.
Recombinant vectors used for gene delivery werkcedfon deficient, lacking geneg&la
andE1b) that mediate viral replication through transaation of viral gene expression and
deregulation of the host cell cycle. Adenovirusteex are an extremely efficient means of
gene delivery, they are popular platforms for stemnn transgene expression studies for
several reasons (Nicklin et al. 2003), for examlglege DNA constructs can be cloned into
the viral genome, up to 8 kb (though the largesgritent cloned in this experiment was
0.74kb) and efficient cloning and amplificationhecues have been perfected by many
laboratories, high titre stocks can be generatél rglative ease. In addition adenoviruses
infect a very wide range of dividing and non-dividicell types. They are disadvantageous
for long-term studies since they only mediate tiamsgene expression. Research from the
Glasgow laboratory has demonstrated that local@deat overexpression of human
endothelial nitric oxide synthase or extracellidaperoxide dismutase improves NO
bioavailability in SHRSP carotid arteries (Alexangéal. 2000;Fennell et al 2002), many
of the techniques developed in these studies wagked in this project. Local delivery of
adenoviruses has also been applied in other stegagining cardiovascular phenotypes,
for example, administration of eNOs and iINOS ovpregsing adenoviruses to isolated
rabbit carotid arteries following endothelial deatidn was demonstrated to ameliorate
intimal hyperplasia compared to uninfused vessgtde eNOS overexpression, but not
INOS overexpression, also promoted the regenerafitimee endothelium (Cooney et al.
2007). A similar therapeutic effect was observeatignoviral overexpression of copper-
zinc superoxide dismutase in denuded rabbit caestities, intimal hyperplasia was
reduced compared to uninfused arteries (Kuo &0dl4). Local delivery of adenoviruses
overexpressing eNOS to the brain stem followingeexpentally-induced myocardial
infarction in mice has been demonstrated to le#smcrease in sympathetic drive that
accompanies the onset of heart failure, as measyradnary noradrenalin (Sakai et al.
2005). Tail-vein delivery of adenoviruses overesgieg human kallikrein to severely
hypertensive uninephrectomised DOCA-salt rats redwsystolic blood pressure by up to
32 mmHg. Blood pressure reduction lasted for aitl2d days and morphological
examination showed that kallikrein overexpressimvented DOCA-salt mediated kidney

damage such as glomerular sclerosis and proxirbaldudilation (Dobrzynski et al.
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1999). Systemic injection of an adenovirus overegping another vasodilatory peptide,
adrenomedullin, has also been shown to reduce lgoessure and attenuate left-
ventricular hypertrophy in DSS rats fed a 4% Na€t (Zhang et al. 2000).

RNA interference (RNAI) is an endogenous mecharaétmanscriptional regulation that
has been demonstrated in mammals, plants, nemadeophila and protozoa. First
observed in plants where overexpression of a piggeme suppressed flower colour
development in petunias (Napoli et al. 1990), theARmechanism is thought to be an
adaptation of defence mechanisms that target ds®ii8es and transposons (mobile
genetic elements that propagate via an RNA interangd A crucial breakthrough in the
understanding of RNAI occurred with the demonsbrathat sense and anti-sense RNA
(i.e. dsRNA) is required for RNAI (Fire et al. 1998 the RNAI pathway, depicted in
figure 5.1, dsRNAs are processed by the RNaseniyme Dicer to double stranded short
interfering RNAs (SiRNAs) 21-25 base-pairs in ldngiith a dinucleotide 3' overhang.
siRNAs associate with the RNA-induced silencing ptar (RISC) and target mRNA that
encodes the same sequence as the siRNA. In assoaidth SIRNAs, the RISC complex
catalyses cleavage of the target mRNA, preventagstription, mRNA fragments are
further processed by exonuclease enzymes. Thisvpgtis exploited by biologists
wishing to investigate gene function by targeteddkalown. siRNAs can be delivered to
cells via several pathways to mediate transcripliogpression: Long dsRNAs can be
transfected into cells for processing by DiceriRNAs, however dsRNAs over 30
nucleotides in length stimulate anti-viral intedemresponses in most mammalian cell lines
leading to non-sequence specific degradation oNdsRherefore the preferred technique,
particularly forin-vitro studies, is to transfect chemically synthesisBiNgis, bypassing
the Dicer complex to interact with RISC directlyli§&shir et al. 2001a). Alternatively,
plasmids or adenoviruses encoding shRNA sequemrebeutilised, ShRNA sequences
consist of the inverted repeats of the siRNA seqeaeparated by a 6-9 base pair loop
sequence. Vector-expressed shRNAs were first degthy Sui et al as a tool for
synthesis of SiIRNAs from a plasmid template (SwuleR002) and have been extended to
expression from a viral platform (Xia et al. 2003ydson et al. 2005). After transcription
the shRNA folds back to self anneal, and is prasesy Dicer to generate functional
siRNAs (figure 5.1). Adenoviral expression of shR3\as been applied to investigate the
function of a number of cardiovascular and glutalei metabolism genes. For example an
in-vivo study infected primary rat myocytes with adenos@siexpressing a ShRNA
directed against protein kinase c alpha (RK@esulting in increased contractility of
myocytes compared to uninfected cells and confignine role of PK@ in cardiac
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Figure 5.1 - Exploitation of the endogenous RNA int  erference pathway in
experimental biology

RNAI sequences can be introduced via transfection of chemically synthesised
siRNA, plasmids expressing shRNAs, or infection of viruses expressing
ShRNAs.

contractility (El Armouche et al. 2007). Directéation of adenoviruses expressing a
ShRNA targeted against Angll 1a receptors to th@aerebroventricular region of the
brain increased water intake in mice but had necetn blood pressure, while injection

into the brain stem nucleus tractus solitarius cedwblood pressure but not drinking
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activity (Chen et al. 2006). Systemic injectiorrats of adenoviruses expressing anti-
glutathione synthase catalytic subunit (alternd§ikeown as gamma glutamylcysteine
synthase heavy chain) resulted in an 80% reduatitimer GSH levels, but not other
organs since systemically-injected adenovirusesl@lieered predominantly to the liver
(Huard et al. 1995). GSH depletion continued favezks and hepatic acetaminophen
toxicity was significantly potentiated in infusesits compared to controls (Akai et al.
2007).

The RNAI pathway overlaps with many functional edgts of the microRNA (miRNA)
transcriptional regulation pathway. miRNAs are &nrsfranded short (typically 21-24 bp
long) RNA negative regulators of gene expressioey @are increasingly acknowledged as
major regulators of development and cellular hortemis. miRNAs are encoded in the
genome and expressed initially as pri-miRNAs, RiAplates that can encode single
MIRNASs or several tandemly aligned miRNAs. pri-miR§Nare processed by the enzyme
complex Drosha to generate pre-miRNAs, hairpincstmes that that resemble shRNA
sequences and are processed by Dicer, producimgdsiRNA molecule, similar to
siRNAs, with a 1-4 base 3' overhang. The RISC cempiediates separation of the
dsRNA into a single stranded molecule (this isrttegure miRNA) and the association
with the target mRNA. Unlike siRNAs, miRNAs bindausively to the 3'UTR of genes
and mediate downregulation of expression by tweesiyperfectly aligned miRNAs lead
to gene silencing via the degradation of mRNAs levimperfectly aligned miRNAs
reduce expression by repressing translation. Tkeday between the RNAi and miRNA
pathways, and the importance of miRNAs in regutppost-developmental gene
expression, was highlighted in research showingystemic administration of adeno-
associated virus (AAV) vectors mediating long-tewerexpression of ShRNAs to mice
caused fatality due to oversaturation of the endogs miRNA pathways (Grimm et al.
2006).

Given the wide substrate specificity of the GSTegeand the possibility that reducing
Gstml expression alone may be compensated by upregulaitiother members of the
family, a single siRNA sequence designed to knamkrdexpression of several Gstm
genes is an appropriate tool. Previous experinmer®rmed in the Glasgow laboratory by
Dr William Miller identified the Gstmf sequence (AFCCAGTGGCTGAATGAGAA)

that aligns within a highly conserved region in @g&m genessstm1,2,3,5 and7 and
effectively knocked down expression of Gstml proteiNRK52E cells when transfected

as a naked chemically synthesised siRNA.
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5.2 Aims

* To analyse then-vitro andin-vivo functional effects of modulatin@stml and Gstm
family expression. Adenoviruses were constructedexpress a shRNA sequence
designed to reduce expression of multiple membérghe rat Gstm family, and to

overexpress WKY and SHRSEstm1 cDNA sequences.

» To assess knockdown of multiplgstm genes by the sShRNA sequence at the mRNA
and protein levein-vitro and to compare th@stml expression and catalytic activity of
the two overexpression viruses. The functionalot$fef modulating Gstm expression
were assesseinh-vitro by measuring changes in total GST activity andtoicity

mediated by an oxidising agent, tert-butyl hydrogeroxide (TBHP).

» To test the hypothesis that overexpressioGsml in the carotid artery of the SHRSP

improves endothelial NO bioavailability, measurgdaire myography.
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5.3 Methods

5.3.1 Generating viruses by homologous recombinatio nin
HEK?293 cells

The overexpression and shRNAI viruses used inpitugect were generated in the same
manner, (Anderson et al. 2000), relying upon homals recombination between
linearised plasmid shuttle and genome vectors iK283 cells stably transformed to
expres€la andElb genes (Graham et al. 1977) (figure 5.2).

Shuttle vector:
Pac | Pac

HAdSO-lmu H Cmv H cDNA/shRNA H PolyA HAd5 9.2-16.1mu|—| Amp’ }—{

Pacl - ~ Pac |

Genome Vector:

pacAd5-9.2-100 H PolyA HAd59.2-16.1mu|—| Ad5 16.2-100mu H Amp' H

Recombination in
HEK293 cells

Pac | Pac |

Amp’ H

Figure 5.2 - Generation of recombinant adenoviruses by recombination in HEK293
cells

Plasmid shuttle and genome vectors encoded homologous polyA and viral genome
sequences; cDNA or shRNA sequences were cloned into the shuttle vectors. Shuttle
and genome vectors were linearised by digestion with Pacl restriction endonuclease.
Co-transfection into HEK293 cells followed by homologous recombination resulted in
a linear recombinant adenoviral genome and assembly of replication deficient
adenoviruses.

CMV

cDNA/shRNA H PolyA

Ad5 9.2-16.1mu

Ad5 16.2-100mu

——

}~ Ad5 0-1mu

5.3.1.1 Anti- Gstm family shRNA sequence cloning

shRNA sequences were cloned into the Amlp&ihencer adeno 1.0-CMV (abbreviated to
p1l.0-CMV) shuttle vector, which was supplied douthlgested at its multiple cloning site
between a CMV promoter and minimal polyA sequentith ¥hol andSpel restriction
enzymes. The Gstmf siRNA target sequence (A AGCCAGTGGAATGAGAA) was
converted to a double stranded short-hairpin segpuetith overhanging ends suitable for
cloning into theXhol/Spel-digested shuttle vector using and online sequdasign tool on
the Ambion website; unmodified oligonucleotides &verdered from MWG biotech. The
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oligonucleotides were diluted touty/pl in 20mM Tris HCI, 0.5mM EDTA, pH 9.0. gl of
each was mixed with 4d Ambion 1 X DNA annealing solution and heated @@ for 3
minutes, followed by 1 hour at 37°C. Annealed aligoleotides were ligated into p1.0-
CMV as per section 2.5.6 using 100 ng p1.0-CMV withinsert:vector molar ratio of
100:1. Positive clones were confirmed by sequenwiitiy pSilencer CMV1.0F and
pSilencer CMV1.0R primers. The plasmid, named MV Gstmf shRNA, was
amplified and purified as per section 2.5.3. A sdsled shRNA control plasmid, p1.0-
CMV Scr shRNA (Ambion) was transformed into IM1@3£ as per section 2.5.1 and

similarly purified.
5.3.1.2 Cloning Gstm1 cDNA and Verifying Gstm1 Expression

WKY and SHRSP cDNA sequences were cloned intohhéle vector pacAd5 CMV K-
NpA (abbreviated to pK-NpA); the pK-NpA multipleatiing site resides between a CMV
promoter and SV40 polyA sequen@Gxtml sequences were amplified from WKY and
SHRSP kidney cDNA by PCR using primers annealingpé5'UTR and 3'UTR. Forward
and reverse primers incorporatdthdl 1| andXbal restriction sites, respectively, preceded
by 3 X 'C' residues, primers were named Gstm1HiRdhd Gstm4aXbalR. KOD
proofreading polymerase was used as per sectiod ®ith an annealing temperature of
60°C. PCR product and pK-NpA were double digestiéd Windlll andXbal and digests
were electrophoresed and gel purified. Standaediig and transformation protocols were
performed as per section 2.5.6 with an insert:vatiolar ratio of 3:1. Colonies were PCR
screened with Gstm1HindllIF and Gstm4aXbalR primsuscessful clones were further
confirmed by sequencing. Plasmids, named pK-NpA WB3tm1 and pK-NpA SHRSP

Gstm1 were amplified and purified .

HelLa cells in 6-well plates were transfected at @@ fluence with 1ig of pK-NpA

WKY Gstm1l or pK-NpA SHRSP Gstm1 in triplicate wetis6-well plates using a
FuGene:DNA ratio of 3:1 andlg DNA per well following the transfection protocal i
section 2.3.3. A control well was transfected witMVV10 expressing-galactosidase. Two
days after transfection, HeLa cell protein waseamtd for Gstm1 western blotting and

total GST activity assays (see below).

5.3.1.3 Co-Transfection into HEK293 Cells

HEK293 cells were maintained in Eagle's modifiedlmeavith 10% FCS; 2mM L-
glutamine; 1mM sodium pyruvate; 100U/ml penicillihLmg/ml streptomycin. HEK293
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cells were passaged using citric saline (0.13M KQ)L7M sodium citrate in PBS) in
place of trypsin. Citric saline was applied to sétir 5 minutes at room temperature,
dislodging them from the growth surface, they wibien resuspended in PBS and passaged

as per the protocol in section 2.3.1.

The same genome vector, pacAd5 9.2-100, was usedl foruses. Genome and shuttle
vectors were digested witPacl enzyme as per section 2.5.4. Digests were putifyed
phenol/chloroform purification and ethanol preagibn using the following method: A
volume of 25:24:1 phenol:chloroform:iosamyl alcobaturated with 10mM Tris pH8,
10mM EDTA (Sigma) equal to the volume of the digestreaction was added. Mixtures
were vortexed for 30 seconds and centrifuged adQ3Pm for 2 minutes. The upper
aqueous layer was transferred to a fresh microbegértube and an equal volume of
chloroform was added, vortexed for 30 seconds anttituged at 13000 rpm for 2
minutes, the aqueous layer was removed once a§dif.0" volume of 3M sodium
acetate pH5.2 and 2 volumes 100% ethanol was atiteedjixtures were gently mixed by
inverting the tubes and incubated at -70°C for 3@Qutes to precipitate the DNA, then
centrifuged at 13000 rpm at 4°C for 10 minutes. Siygernatant was removed and the
pellet was washed with 1Q0 70% ethanol and centrifuged at 13000 rpm at £4iQf
minutes. The supernatant was removed and the peltge air dried for 20 minutes at
room temperature before resuspending iOH

Dual transfection of HEK293 cells was carried au25cnf flasks with the cells at 70%
confluence using a differential pH method. Thisuieed the preparation of two specialised
media: Media A consisted of DMEM with 1000mg/L ghse and no phenol red, with 10%
FCS and 25mM HEPES pH 7.9. Media B consisted of IMMfth 1000mg/L glucose and
no phenol red, and 25mM HEPES pH 7.1. Both Medand4 Media B were freshly pH'd
and filter sterilised before each use. Culture medis removed from the HEK293 cells
and cells were washed once with PBS, 1.5ml medisad added to the flask. In a 1.5ml
microcentrifuge tube, 3201 Media B was mixed with 16l sterile 1M Ca(J, to which 14

ug of linearised genome vector an@dd shuttle vector was added. The Media B/vector
mix was added dropwise to the flask and it washated overnight. The next morning the

media was exchanged for regular culture media.

Triplicate 25 crfi flasks were transfected for each virus. Formatibviruses was
evidenced by the appearance of 'plaques’, or afedsaring in the HEK293 monolayer.
When inspected under the microscope, cells werggated and 'spider-web' like, over the

days following their first appearance, plagques bezanore evident as ‘comet-like’ trails of
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lysed cells in the monolayer. Upon the first plaxjappearing the media was not replaced
in the flasks, but 2 ml fresh media was added dayk after the plaques appeared, all the
cells in the flask were detached, media contaioglgdebris was collected and centrifuged
for 5 minutes at 2000rpm. Supernatant was pourgdesiuspended in 500 PBS, and
crude virus stocks were made following the Arkldheaethod below. Crude stocks were
divided into 50ul aliquots and stored at -70°C. Recombinant adenses were named:

RAd WKY Gstm1l
RAd SP Gstm1l
RAd Gstmf shRNA
RAd Scr shRNA

5.3.2 Arklone P virus extraction

Arklone-P (trichlorotrifluoroethane) is an indusirsolvent used for virus preparations, it
releases virus particles from unlysed cells. Afemtrifugation, cell pellets were
resuspended in PBS, an equal volume of Arklone-fadaled and the mixture was shaken
following a strict protocol: 20 seconds of vigoralsaking followed by 20 seconds of slow
shaking, repeated 3 times. The PBS/Arklone-P méxtuais then centrifuged at 8,000 rpm
for 15 minutes and the top (aqueous) layer comtgithe virus particles was carefully
pipetted off, separated into m0or 100ul aliquots and stored at -70°C.

5.3.3 Pure virus stock preparation

Crude virus stocks were used to make 'seed' smchksecting a 150 cfnflask of 90%
confluent HEK293 cells with one 50 aliquot of crude stock. 5 ml media containing cel
debris was added to the flask the next day. Wishitays all cells were detached, media
was removed, centrifuged at 2000 rpm for 10 minatesresuspended in 2 ml PBS. The
seed stocks were prepared by a second ArklonerRctixh, 10Qul seed stock aliquots

were stored at -70°C.

To prepare pure viral stocks, hDof seed stock was added to a fresh 500 ml bottle
HEK293 media, this was exchanged for media on ABXcnt flasks of 90% confluent
HEK?293 cells. Two days after infection, 10 ml freskdia was added to each flask, within
four to five days after infection all the cells watetached. Media containing cell debris
was removed from each of the 20 flasks and cegetduat 2000 rpm for 10 minutes. Cell
debris was pooled into 8 ml PBS and viruses wetaeted by Arklone-P. This extract

was subjected to caesium chloride (CsCl) densiaghgnt centrifugation to prepare the
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final pure stock. 1.45 and 1.32 d gft@sCl solutions were prepared in 0.05 M Tris pH7.9.
Plastic ultracentrifuge tubes were sterilised Inging with 70% ethanol followed by sterile
H,O; 2 ml 1.45 d g/crhCsCl was added to the tubes followed by slow dispwddition

of 3 ml 1.32 d g/crhCsCl, 2 ml 40% glycerol, and then the Arklone-Risiextract. Tubes
were topped up with PBS, and centrifuged for 1.6re@t 25000 X g at 4°C. After
centrifugation the virus was present in a discvdtée layer between the two CsCl layers,

it was removed with 1 ml syringe and hypodermicdheepuncturing the centrifuge tube.

10000 KDa membrane molecular weight dialysis céasséPierce) were pre-soaked in
0.01M TE pHS8 for 30 minutes before injecting theugiusing a hypodermic needle.
Excess air was removed from the cassettes andwbeydialysed for 1.5 hrs in 0.01M TE
pH8 twice, then overnight in 0.01M TE pH8, 10% @yal. Virus stocks were separated
into 50ul aliquots and stored at -70°C.

5.3.4 Calculating Virus Titres

Particle and plaque-forming unit titres were detieed for all viruses. Particle titres were
calculated with a Micro BCA Assay (Pierce)ull 3 ul and 5ul of virus preparations were
diluted in duplicate wells of a 96-well plate tocdal volume of 15Qu with PBS. 15Qul of
0.5 pg/ml — 200ug/ml albumin standards and PBS 'blanks' were alsayasl in duplicate.
150ul of ‘working reagent’ (25 parts Solution A, 24tgeBolution B, 1 part Solution C)
was added to each well, and plate was incubatdd & for two hours protected from
light. Absorbance at 560 nm (Abs 560nm) was measiamreeach standard and sample,
duplicates were averaged and blank readings wéiteasted. The Abs 560nm values of
the standards were inspected to find the valuesstds the absorbance value for each
sample, this was used in the following formuladach volume of virus preparation

assayed (L, 3 pl or 5pl):

X Abs 560nm of samp X 100( = Protein conc. of

<Conc. of standard.(y/pl)
sample g/ml)

Abs 560nm of standard
no. oful of virus prep in sample

The 1ul, 3 ul and 5ul measurements were averaged to derive the proveicentration of
the virus preparation and multiplied by 4%X16 calculate the particle titre of the virus

preparation in particles/ml.
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Plaque forming unit (pfu) titres were calculatethgsa published protocol (Nicklin SA
1999). HEK293 cells were seeded on day one totres@0% confluence the next day in 8
rows of 10 wells in a 96 well plate; remaining vgdltolumns 1 and 12) were filled with
200ul PBS to prevent evaporation of media. On day twedia was removed from the
cells and replaced with 1Q0 per well of dilutions in media of virus prepaxais from 1¢
to 10 Media in all wells in row A was replaced with th&* dilution, row B with 10°

and so on until row G (14), media in row H was replaced with virus-free need®n day
three, media was replaced on each well, media hasged every 48 hours on all wells
thereafter. On day 9, all wells were inspectedofagues in the monolayer, the number of
plaque-positive wells per row was recorded. Tw@eelpt rows were identified, one with
>50% of plaque-positive wells, one with <50% plaguasitive wells. The % of plaque-
positive wells per row and dilution factor of thieus dilutions added to these rows was
entered into the following formulae to calculate ttissue culture infectivity dogg
(TCIDs) for the prep, an index of the dilution requiredotoduce plaques in 50% of wells

infected:

B % positive > 50% - 50%
% positive > 50% - % positive < 50%

Proportional distance (PD)

LogIDsp = log(dilution >50%) + (PD x dilutiomadtor)

TC|D50 =1/ |D50

This was the TCIk, for the 10Qul of the original dilutions added to the cellswias
multiplied by 10 to derive the TCHoper ml. 1 TCIR, is approximately equal to 0.7 pfu,
therefore pfu/ml = 0.7 X TCIR/mI.

Genome viral titres were also calculated for Gstwdr-expressing viruses. Serial 1/10-
fold dilutions of RAd WKY Gstm1 and RAd SP Gstmilreenade from 16to 10°. A

serial 1/10-fold dilution of K-NpA WKY Gstm1 cDNA as made from 5 nglto 0.05

pg/ul to generate a standard curve. TriplicataulRSimplex Tagman RT-PCR was
performed using the Applied Biosystems Tagman pfobeat Gstml (part no.
Rn00755117_m1) as per section 2.7 withd& template per reaction. Ct values of
triplicates were averaged, the standard curve \adteg as log (concentration plasmid
(nglul)) vs. Ct and the equation of the line was derivetvalues of virus dilutions were
used to interpolate the equivalent concentratioiewiplate in each, giving a virus genome
titre in units of: ng of plasmid DNA.
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5.3.5 In-vitro Virus Infections

Standardn-vitro virus infections followed a similar protocol fdf eell types. Cells were
infected at 90% confluence. Prior to infection tinecise number of cells per well was
calculated in a control well by trypsinisation azwlinting with a haemocytomoter as per
section 2.3.2. Appropriate dilutions of virus steekere made in PBS and added to cell
culture. The next day, media was replaced. Thriéerdnt cell culture strains were used in
in-vitro experiments: HeLa, NRK52E and RGE (rat glomeratatothelial) cells.
Optimisation of infection was performed in 6-welhes using RAd35, a recombinant
adenovirus encodinigacZ with a CMV promoter at various multiplicities affection

(MOI). 48 hours after infection, cells were stairsadl fixed for3-galactosidase activity as

per section 2.3.4.

NRKS52E infection was further optimised using a nfiedi protocol incorporating Cagto
enhance viral infection (Fasbender et al. 1998)dB8Adilutions were made in culture
media plus 0.025 M CaglIMedia was exchanged and 24 hours after infeeti@h48
hours post infection, cells were fixed and staifegg-galactosidase activity. The CaCl

protocol was used for all NRK52E infections theteaf

5.3.6 Gstm1 Western Blotting

Standard western blots were performed for Gstntkinysates as detailed in section 2.6,
The primary polyclonal antestml antibody, named, 'Alexis' was obtained from the
laboratory of Professor John Hayes, Dundee Unityeasid used at 1/2000 dilution in TBS
tween 5% milk. The secondary antibody, DAKO 309%&wanti-rabbit HRP-conjugated,
was also diluted 1/2000 in TBS Tween 5% milk. Failog development of Gstm1 bands
the blot was stripped as per section 2.6.5 anadabga with antp-actin primary antibody
(Abcam 8226) at 1/1000 dilution in TBS Tween 5%kndecondary antibody (DAKO
P0260 rabbit anti-mouse HRP-conjugated) was us&®800 dilution.

5.3.7 GST Activity Assays

Sigma total GST Assay Kit was used to measure @& activity in cultured cell lysates.
Assays were performed in 96-well platesu br 2 ul of PBS/0.2% Triton lysates were
diluted in a total volume of 20l sample buffer in duplicate wells. A standard euwas
generated by assaying duplicate wells of a selliati@h of GST standard from jsg/ml to

0.31pug/ml. substrate solution was made fresh for eacayas®nsisting of 19.6 ml PBS,
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200ul 200 mM GSH, 100mM CDNB. Substrate solution wadeatito all wells to a total
volume of 20Qul. Absorbance at 340 nm (Abs 340nm) was measuredah well once a
minute for 10 minutes to measure the accumulatidd®DNB conjugate. Duplicates
were averaged. Abs 340nm per minute was plotteddoh sample and the linear portion
of the curve (R>0.95 over at least three points) was used to démw&ST activity. GST
concentrations of samples were interpolated froerstandard curve and corrected for
concentration of protein in the original samplgiee GST a reading afg GST protein/
ug total protein.

5.3.8 Tagman RT-PCR of Gstm Isoforms

Tagman RT-PCR was performed on the following Gstofiarms using Applied

Biosystems Tagman Gene Expression Assagsnl (part no. Rn00755117 mGstm?2
(Rn00598597_m1pstm3 (RN00579867_m1), an@stm5 (Rn00597012_m1). A Gene
Expression Assay was not available forGatm7, a custom Applied Biosystems assay was
designed by a colleague, Dr Caline Tan, to anmeahique sequences spanning exons 6
and 7 to ensure gene and cDNA-specific amplificatithe expression levels of Gstm
isoforms was measured relativetactin by multiplex PCR in all samples as per secti

2.7, equivalent amplification efficiencies of Gsamd-actin probes in all sample types
were verified. ful reactions were performed in 384-well reactiortggausing Zu

template per reaction.
5.3.9 Sequencing of RNAI Target Sequences

The Gstmf target sequence@stml, Gstm2, Gstm3, Gstmb andGstm7 was sequenced in
DNA extracted from NRK52E cells. DNA was extractezsing a Qiagen QIAmp DNA
Mini Kit. 5x10° cells were collected by trypsinisation and cengiftion and resuspended
in 200pl PBS. 200ul buffer AL was added, the mixture was vortexedXbrseconds and
incubated at 56°C for 10 minutes. 200L00% ethanol was added, the mixture was
vortexed, applied to a QIAmp spin column and washeaugh the membrane by
centrifugation at 6000 x g for 1 minute. 0@W1 buffer was applied to the column and
it was centrifuged at 6000 x g for 1 minute. Thasswepeated with buffer AW2,
centrifuging for 3 minutes. The column was driethptetely by a further centrifugation at
full speed for 1 minute and DNA was eluted in 20®1,0.

Forward and reverse primers binding to unique secggeof exon 3 istml, 2,3,5 and7
were used in standard Roche FastStart PCR reaesoper section 2.2.3 with an annealing
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temperature of 60°C (primers were named Gstm1 ER3Gstm2 Ex3F+R, Gstm3
Ex3F+R, Gstm5 Ex3F+R, Gstm7 Ex3F+R). PCR clearsaguencing reaction,

sequencing clean-up and electrophoresis were peefbas per section 2.4.

5.3.10 Cytotoxicity Assays

Cytotoxicity of tert-butyl hydrogen peroxide (TBHR) RGE cells was measured with the
Promega CytoTox 96 Non-Radioactive Cytotoxicity &sgit, which measures lactate
dehydrogenase activity released from cells. Faayasmvolving infected cells, RGE cells
were infected 48 hours prior to cytotoxicity assayBHP was applied 24 hours prior to
cytotoxicity assays in all experiments. Media wamoved from experimental wells,
Triton was added to three control ‘max cytotoxiaiglls to a final concentration of 0.1%
and they were freeze-thawed to -20°C to lyse ciledia from experimental and control
wells was centrifuged at full speed at 4°C for hiates. 5QI of supernatant was aliquoted
into duplicate wells of a clear 96-well assay platdl-free media was aliquoted into three
control wells. 5@l of substrate mix was added to each well and thee pvas incubated at
room temperature for 30 minutes, protected fromtli§Qul Stop solution was added to
wells and absorbance at 490nm (Abs 490nm) was meghsfibsorbance levels from
triplicates were averaged, background absorbawoce ¢ell-free media was subtracted
from all other wells. Abs 490nm of experimental iwaVere expressed as a percentage of

the Abs 490nm of the max cytotoxicity wells.

5.3.11 Local Delivery of RAd WKY Gstml to SHRSP Car otid
Arteries

5.3.11.1 Surgical Procedure and Viral Delivery

Surgical procedures were performed by ElizabethtBe&ats were anaesthetised with
halothane and the skin covering the left side efrtack was incised. The left common
carotid artery was exposed by blunt dissectioh@biase of the neck and surgical thread
was looped under the artery. The upper sectiohetbmmon carotid was then exposed at
the level of the bifurcation into the internal amdernal carotid. An artery clip was applied
to the internal carotid and the external carotid wad off approximately 0.5 cm anterior to
the bifurcation. A hole was punctured in the exdéarotid posterior to the tie using a
hypodermic needle. A teased 0.28 mm bore catheterected to a 0.5 ml syringe

containing virus dilution in PBS was introducedhe hole and the end of the catheter was
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inserted as far as the bifurcation. The sectiaefexternal carotid containing the catheter
was tied to prevent backflow and 2.4810 6x16 pfu of virus in 3Qul PBS was injected
into the vessel. Immediately after the injectidre tower loop of surgical thread below the
common carotid was lifted to close off the artemg @an artery clip was applied. The
section of the common carotid containing the vinas kept isolated for twenty minutes,
after which the catheter was removed and bottotiethe external carotid secured, artery
clips were removed and the rat was sutured. Rats agministered 0.05 ml veturgesic
after surgery. Twenty-four or 48 hours after suygeaits were euthanized under
anaesthetic, left and right carotid arteries weraaved and placed in physiological saline,
RNA-later orp-galactosidase activity assay fixative. In the lised experimental protocol

6x10 pfu virus was infused and animals were sacrifié@dhours later.
5.3.11.2 Carotid Artery Wire Myography

Wire myography protocols were performed by Angetée& according to published
protocols (Spiers et al. 2005). Excised carotidrégs were placed in physiological saline
solution (PSS) (118.4 mM NacCl, 4.7 mM KCI, 1.2 mMyBOQH,0, 24.9 mM NaHCQ

2.5 mM CaCl}, 11.1 mM glucose, 0.023 mM EDTA) and dissected ithtnm rings under
a dissection microscope. Two rings were cut peselefings were mounted on two 40
pum stainless steel wires on the stage of a founraéiasmall vessel myograph (Danish
MyoTechnologies 610M), one wire was attached toreef transducer and the other to a
micrometer. Vessels were maintained at 37°C in BP83,4, gassed with 95%,(5%

CO;, for the duration of experiments. After mountingssels were equilibrated under 1 g
tension for 30 minutes, then a 'wake-up' protocas ¥ollowed to ensure contractility:
Vessel rings were maximally contracted twice byaapsation with 125 mM potassium
physiological saline solution (KPSS), washing wRtBS and relaxing to baseline after
contractions. To check endothelial integrity, ringsre contracted with 1xT® PE then
relaxed with 3x18M carbechol, rings that did not respond to theséggols were
discarded from the study. Vessel rings were retidgaied for 30 minutes before
recording a cumulative concentration response carydenylephrine (PE) from 1x?™

to 3x10°M. 10“*M N-Nitro-L-Arginine Methyl Ester (L-NAME) was apj#d to the vessel
rings for 40 minutes and a second contractile nespaurve to 1x18™ — 3x10°M PE was
recorded. Contraction to PE in the presence of UIMEAvas expressed as a percentage of
the maximal contraction in the first PE responsee@as a measure of NO bioavailability

in infused and contra-lateral uninfused vessels.
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5.3.11.3 RNA Extraction from Carotid Arteriesand ¢ = DNA

Sequencing

RAd WKY Gstml-infused and uninfused carotid artemesre dissected from freshly
euthanized SHRSP rats and placed directly into RId#er stabilisation solution
(Ambion). Carotids were also obtained from 2c* &Y rats. Vessels were dissected
under RNA-Later using a dissection microscope, r@ngonervous and connective tissue.
RNA extraction was performed using a modified pecotdor Qiagen RNEasy Mini
columns for fibrous tissue. Vessels were homogednigth a 13 mm ball bearing in 4Q0
RLT buffer (10ul/ml B-mercaptoethanol) using a Qiagen Tissuelyser s&4 iz for 4
minutes. The homogenate was diluted with gBHE,0, 13l proteinase K (600 mU/ml)
was added and tubes were incubated at 55°C foridd@s. Lysates were centrifuged for
3 minutes at 10000 x g, supernatant was removeadr&sh tube, 0.5 volume of 100%
ethanol was added and mixed by pipetting. Sampézs applied to RNeasy Mini columns
and centrifuged for 15s at 8000 x g. 38BGRW1 buffer was applied and columns were
centrifuged for 15s at 8000 x g. tDQiagen DNAse | (3 Ufl) was diluted in 70| RDD
buffer and applied to each column for 15 minute®aim temperature. Columns were
washed with 35@1 RW1, followed by two washes with 50 RPE buffer, centrifuging

for 15s at 8000 x g after each addition, then dogdentrifugation for 1 minute at full
speed. DNase-free RNA was eluted indl®Nase-free KHO. cDNA was generated using
Applied Biosystems TagMan Reverse Transcriptiongeats as per section 2.7.1, the
lowest RNA concentration among the samples dictai€d?2 ng RNA template per reverse

transcription.

Carotid artery cDNAs were PCRd using Roche Fagt&tqrwith an annealing temperature
of 61°C using Gstm1Hindlll and Gstm4aXbal primesar section 2.2.3. PCR products
were electrophoresed (2% agarose) and gel puaBqeer section 2.5.5, eluting in g0

H.O. 10ul of gel purified PCR product of the expected giz&9 bp) was amplified in
sequencing reactions as per section 2.4.2 andathsdquencing clean-up and
electrophoresis protocols were performed as pdiossc2.4.3-4.

5.3.11.4 Carotid Artery Gstm1 Immunohistochemistry

RAd WKY Gstml-infused and uninfused carotid artemesre dissected in PSS under a
dissection microscope to remove blood, connectivereervous tissue. Tissues were fixed

in 10% formalin for 1 hour and stored in PBS. Fisadhples were embedded into paraffin
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blocks by Andrew Carswell. gm sections were cut onto silanised microscope using
Shandon Finesse 3 microtome and baked overnigit°’&t. Imnmunohistochemistry was
performed by Andrew Carswell. Tissue sections vdergaraffinised and hydrated by
washing twice in Histoclear for 7 minutes, 100%aetbl for 7 minutes, 70% ethanol for 7
minutes, and kD for 7 minutes. Endogenous peroxidase activity gquaenched by
incubation in 0.3% kD, in methanol for 30 minutes, followed by two waskrebl,O for

10 minutes. Sections were blocked with 0.01% heesam for 1 hour. 'Alexis' rabbit anti-
Gstm1 antibody was applied at a 1/6000 dilutioblotking solution; negative control
sections were treated with rabbit serum at the gatakprotein concentration as the
positive slides. Slides were left in humidifiedytsaat room temperature overnight then
washed three times in PBS for five minutes. Veaiadtlite ABC Universal kit was used
for secondary antibody application; horse anti-radcondary antibody was diluted in
blocking reagent and applied to the slides for 3@utes, slides were washed three times in
PBS for five minutes. Vectastain ABC reagent wappred and pre-incubated for 30
minutes, then applied to the slides for 30 minusédes were washed three times in PBS.
Vector Lab DAB (3,3'-diaminobenzidine) substratevikhs used for colour development;
DAB substrate reagent was added, incubated fombites and washed in,@ for five
minutes. Nuclei were counterstained with Harrissglified haematoxylin for 2 minutes,
then rinsed in running water for 5 minutes. Finadlgctions were dehydrated by 10 minute
washes in 70% ethanol, 95% ethanol, 100% etharbtvam washes in Histoclear. Cover

slips were applied with Histomount.
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5.4 Results

5.4.1 Recombinant Virus Construction and Titring

The Gstmf shRNA oligonucleotides were annealeddmied into theSlencer adeno
1.0-CMV backbone. Co-transfection Bécl-linearised 1.0-CMV Gstmf shRNA or 1.0-
CMV Scrambled shRNA witlPacl-linearised pacAd5 9.2-100 into HEK293 cells resailt
in the generation of recombinant adenoviruses,igoatl by sequencing.

PCR primers Gstm1F and Gstm4R that anneal witlerGstm1 5’'UTR and 3'UTR,
respectively, and had already been applied for GERDNA sequencing (See section
4.3.2) were to be used for cloning, however, wpinning the cDNA PCR procedure it
was noticed that there is an ambiguous base i8'thER (position +35) between different
Gstml reference sequences: NM_017014 and X04229 seeade for a 'G' at this
residue, while Ensembl reference sequence ENSRN@IDR 1192 denotes an 'A'. This
residue lies within 3 bases of the 5' end of thmerr binding site for primer Gstm4R,
therefore the primer was redesigned to anneal dshgsstream, avoiding the ambiguous
base, the new primer (synthesised to also encétindil| restriction site) was designated
Gstm4aXbalR. Cloning of digested PCR products feonplification ofGstml1 cDNAS in
WKY and SHRSP kidney cDNA into the K-NpA backbonasaconfirmed by PCR (figure
5.3). Sequencing confirmed correct insertion of\ieY and SHRSP cDNA sequences
into K-NpA and the presence of the known codingardrat base 605 (WKY = A; SHRSP
= G), it also identified the previously noted 3'UBRIP at base +29, and the sequence at
base +35 also differed between the two strains: V&, SHRSP = G. Particle and pfu
titres were ascertained for all recombinant virugesome titres were also ascertained for
RAd WKY Gstm1l and RAd SP Gstml1 (table 5.1).
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Figure 5.3 - PCR screen following Gstm1 cDNA cloning

SHRSP and WKY Gstm1 cDNA sequences were ligated into pK-NpA, colonies were
screened with Gstm1HindllIF and Gstm4aXbalR primers. All clones screened were
positive. Expected product size = 759 bp.

Particle titre Genome titre (ng

Virus (particles/ml) pfu titre (pfu/mi) plasmid DNA)
RAd WKY Gstm1  3.25x10% 6.90x10*? 0.082

RAd SP Gstm1 2.21x101 5.22x10%? 0.063

RAd Gstmf shRNA 2.21x10% 3.29x10* ND

RAd Scr shRNA 4.417x10% 4.30x10* ND

Table 5.1 - Recombinant adenovirus particle, pfu an  d genome titres
ND: not determined

5.4.2 K-NpA Gstm1 Plasmid Transfections in HeLa cel Is

HelLa cells were transfected with pK-NpA WKY GstnT2MA and pK-NpA SHRSP
Gstm1 cDNA to confirmGstml expression from the shuttle vectors prior to agense
construction. Control transfection with pMV10 veed transfection of HelLa cells (figure
5.4 A). Gstm1 protein levels were equivalent in Helells transfected with pK-NpA
WKY Gstml cDNA and pK-NpA SHRSP Gstm1, measured&ysitometry relative t-
actin protein (figure 5.4 B and C). There was mm#icant difference between total GST

activities in the same cell lysates (figure 5.4 D).
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Figure 5.4 - Transfection of K-NpA Gstm1 cDNA plasm ids into HelLa cells

(A) Control well transfected with pMV10 expressing B-galactosidase demonstrated
efficient transfection of HelLa cells. (B) Western blotting confirmed expression of Gstm1
protein (26 KDa) in transfected wells. B-actin expression (42 KDa) was verified in all
wells. 20 ug protein loaded in all wells except kidney control, 30 pg loaded. (C) Gstm1l
densitometry, corrected for B-actin, showed equivalent levels of Gstm1 expression from
each plasmid. Mean + SE (D) Total GST activity measurements were not significantly
different between cells transfected with K-NpA WKY and SHRSP Gstm1 cDNA
plasmids. Mean + SE. Scale bar = 100 ym. NT = non-transfected (2 sample t test).

5.4.3 Optimising In-vitro Viral Infections

In experiments to optimise viral infection protagdbw transduction levels were observed
in NRK52E cells following infection with RAd35 frorh0-300 pfu/cell and infection with
MOlIs above 300 was toxic to the cells. The Galhanced infection method (25-100
pfu/cell) was not toxic, increasing transductiorsveserved with increasing MOI, 100
pfu/cell resulted in the highest level of viralrsaluction (figure 5.5A). 48 hours following
infection of HeLa cells with RAd35 from 10-100 pfell, increasing transduction levels
were observed with increasing MOI (figure 5.5B) riefficient transgene expression was
observed in RGE cells at low MOls (figure 6)5
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Figure 5.5 - Optimisation of in-vitro virus infections with RAd35

B-galactosidase staining 48 hours post infection at indicated MOls. (A) NRK52E infections
with modified CaCl, protocol. (B) HeLa infections. (C) RGE infections. Scale bar = 100 ym.
NI: non-infected.

5.4.4 Gstm Knockdown by RAd Gstmf shRNA in NRK52E C  ells

NRK52E cells were infected at 25, 50 and 100 pfuieeh RAd Gstmf shRNA and

control viruses. qRT-PCR for Gstm isoforms was qranied to measure knockdown of
Gstm1,2,3,5 and7. Expression o6sstm3 was significantly reduced compared to all controls
at 50 and 100 pfu/cell, whil@stml and2 expression were reduced compared to all
controls at 100 pfu/cell. Expression@$tm5 andGstm7 was not significantly reduced
(figure 5.6).
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Figure 5.6 — Continued overleaf
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Figure 5.6 - Anti-Gstm family shRNA-mediated mMRNA k  nockdown of Gstm isoforms

NRKS52E cells were infected in triplicate wells at 25, 50 and 100 pfu/cell with RAd Gstmf shRNA, RAd Scr shRNA and RAd60 using a
modified CaCl, protocol. RNA was extracted 48-hours post infection for gene expression measurements of Gstm1, Gstm2, Gstm3, Gstm5
and Gstm7 by Tagman RT-PCR. Gene expression is expressed relative to B-actin in each case and normalised to non-infected wells
(NI). n=3, mean + SE * p<0.05 vs. Gstmf, ** p<0.01 vs. Gstmf (ANOVA and Dunnett's post-test).
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RAd Gstmf shRNA was infected into NRK52E cells at\OI of 100 pfu/cell and western
blotting confirmed Gstm1 knockdown compared to RFa shRNA and NI controls
(figure 5.7 A and B). GST activities were assayrdh®e same lysates, reductionr3am

expression mediated by Gstmf did not reduce to&l Gctivity (figure 5.7 C).
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Figure 5.7 - Anti-Gstm family shRNA-mediated knockd  own of Gstm1 protein

NRKS52E cells were infected in triplicate wells at 100 pfu/cell with RAd Gstmf ShRNA,
RAd Scr shRNA and RAd60 using a modified CaCl, protocol. Protein was extracted
48-hours post infection for Gstm1 Western blotting and total GST activity assays (A)
Immunoreactive Gstm1 protein (26 kDa) and B-actin (42 kDa) was observed in all wells.
40 pug NRK protein per lane, 30 ug kidney protein. (B) Densitometry measuring Gstm1
protein relative to B-actin in infected cells showed reduced Gstm1 protein in RAd Gstmf
shRNA-infected cells relative to RAd Scr shRNA infected and non-infected cells (NI). F
=10.2 * p<0.05 vs. Gstmf, **p<0.01 vs. Gstmf (ANOVA and Dunnett's post-test). (C) No
differences in total GST activity in cells lysates was measured.

5.4.5 Gstmf Target Site Sequencing in  Gstm1,2,3,5and 7

Given the variable capacity for RAd Gstmf shRNAediate knockdown dbstm genes

at the mRNA level in NRK52E cells (figure 5.6), ttaeget sites for Gstmf i@stm1,2,3,5
and7 were sequenced from NRK52E genomic DNA. During process it was observed
that the published reference sequences for thessdmve changed since Gstmf was
originally designed (in 2004), Gstmf does not alig}®% with all of the sequences. Exon 3
sequences surrounding the Gstmf target were segdémeach gene and aligned with

Gstmf, homology between the genes and Gstmf iseshad
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Gstnf: AAGCCAGTGGCTGAATGAGAA

Gst ml: TGACAGAAGCCAGTGGCTGAATGAGAAGTTCAA
Gst n2: TGACAGAAGCCAGTGGCTGAGTGAGAAGTTCAA
Gst nB: TGACAGAAGCCAGTGGCTGAATGAGAAGTTCAA
Gst nb: TGATAGAAGCCAATGGCTGGACGTGAAATTCAA
Gst n7: TGACAGAAGCCAGTGGCTGAGTGAGAAGTTCAA

The sequences above agree with the current corsseaquences for tlgstms from
Ensembl. The homology of Gstmf wi@stml andGstm3 is 100%, while there are

mismatches between Gstmf aBdm2,5 and7 sequences.

5.4.6 Gstm1 Expression from Crude Viral Stocks

Serial dilutions of crude stocks of RAd WKY GstmidaRAd SP Gstm1 were used to
infect HeLa cells. No viral plaques were seen inaells confirming the absence of wild-
type virus was present in the preparations. 8 f@dimving infection, cells were recovered
and Gstm1 protein levels were assessed by wedtdrirntreasing dose of virus resulted
in increasing Gstm1 staining in cell lysates, coniing viral transgene expression (figure
5.8).

‘ RAd WKY Gstm1

GStM1 =

103 10* 10° 10° NI K
—
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102 103 10" 10° 10° NI K

Figure 5.8 - Verification of Gstm1 overexpressionv  iruses

Crude stocks of RAd WKY Gstml1 and RAd SHRSP Gstm1 were serially diluted
from 10° to 10°® and 10 to 10, respectively and used to infect HeLa cells in
duplicate wells. Gstm1 western blotting was performed directly on cell debris with
10 pg rat kidney control protein. Gstm1 protein (26 kDa) was present at highest
concentrations after infection with lowest dilutions of crude extracts. NI: non-
infected, K: kidney.
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5.4.7 Comparing WKY and SHRSP Gstm1 Overexpression  Viruses

RAd WKY Gstml and RAd SP Gstm1 were infected in&l &l cells at MOls of 10, 50
and 100 pfu/cell in experiments designed to compadranscriptional and catalytic
activities of the WKY and SHRSP Gstm1 sequenca#trabwells were infected with
RAd60 or were uninfected. After 48 hours cells wgsed and a western blotting was
performed to compare Gstm1 expression; rat Gstnmiunoreactivity was observed in
cells infected with Gstm1 overexpression viruseallavOls but not RAd60 or non-
infected cells (figure 5.9 A). Densitometry showegher Gstm1 expression level in cells
infected with RAd SP Gstm1 compared to RAd WKY Gkian 10, 50 and 100pfu/cell
(figure 5.9 B). GST activity assays on cell lysathewed increased total GST activity in
cell lysates infected with RAd SP Gstm1 compare@Aal WKY Gstm1 at each MOI, no
increase in GST activity was seen in RAd60-infedelts compared to non-infected cells
(figure 5.9 C).

5.4.8 miRNA Alignments in the WKY and SHRSP Gstm1 3 'UTR

The Wellcome Trust Sanger Institute in Cambridglé, haintains an online database of
verified functional miRNAs, called miRBase (httmitrorna.sanger.ac.uk); release 10.0
(August 2007) was interrogated to find miRNAs thiad to the SNPs between the 3'UTR
of WKY and SHRSR5stml. One miRNA was identified, rno-miR-10b, that abgat its

extreme 3' end with the SNP at base +35, basegparindicated by a vertical line:

rno-miR-10b : 3' UGUGUUUAAGCCAAGAUGUCCC &'

I 1T | e A T 11
WKY: 5' GGACCTACITCCACATTGGATCCTGCAGGCCACCCT 3

SHRSP: 5' GGACCT@ICCACATTGGATCCTGCAGGCCACCCT 3
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Figure 5.9 - Adenovirus-mediated WKY and SHRSP Gstm 1 expression in HelLa cells

HelLa cells were infected with RAd WKY Gstm1, RAd SP Gstm1 and RAd60 at 10, 50
and 100 pfu/cell in triplicate wells. 48 hours post infection, protein was harvested. (A)
Gstm1 expression (26kDa) in cells infected at 100 pfu/cell, no Gstm1 expression in
RAd60-infected or non-infected (NI) cells. B-actin (42kDa) immunoreactivity in all wells.
(B) Western blotting and densitometry relative to $-actin showing higher Gstm1
expression from RAd SP Gstm1 than RAd WKY Gstm1 at all titres. (C) Total GST
activity was higher in cells infected with RAd SP GStm1 than RAd WKY Gstm1. 10 ug
NRKS52E protein per lane, 30 pg kidney (K) protein. ** p<0.01 vs. SHRSP at equivalent
pfu (2 sample t test).
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5.4.9 Gstm1 expression in RGE Cells and Cytotoxicit  y Assays

Experiments performed in 96-well plates showedaasing cytotoxicity of 0-0.1mM
TBHP to RGE cells (figure 5.1A). Concentrations of 0.07 mM, 0.08 mM and 0.09 mM
TBHP were used in an experiment to assess thequraeffects ofGstml expression

from TBHP cytotoxicity in RGE cells. Infection ofGE cells with RAd WKY Gstml at 10
pfu/cell resulted irGstml expression (figure 5.10 B) but did not protectiagia
cytotoxicity mediated by TBHP (figure 5.10).
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Figure 5.10 - Cytotoxicity assays in RGE cells trea  ted with TBHP

(A) Treatment of RGE cells with 0-0.1mM TBHP in 96-well paltes mediated
increasing cytotoxicity after 24 hours. (B) Gstm1 Western blot in RGE cells 48 hours
post-infection with 10 pfu/cell RAd WKY Gstm1 and RAd60. Gstm1 protein observes
at 26 kDa, B-actin at 42 kDa. (C) RGE cells were infected with RAd WKY Gstm1 or
RAd60 24 hours prior to treatment with 0.07, 0.08 and 0.09 mM TBHP in 6-well
plates. Overexpression of Gstm1 did not protect cells against TBHP cytotoxicty. NI:
non-infected, n=3, mean + SE * p<0.05 NI vs. Gstm1, # p<0.01 NI vs. Rad60

(ANOVA and Tukey post-test).
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5.4.10 Local Delivery of RAd WKY Gstml to SHRSP Car otid
Arteries

5.4.10.1 Optimising Viral Dose and Expression Time

SHRSP carotids were infused with 2.4%90 6x1C pfu of RAd WKY Gstm1 and
sacrificed after 24 or 48 hours. Left and rightot@r arteries were fixed and stained fier
galactosidase activity. Only vessels infused with® virus for 48 hours showed
significant levels ofi-galactosidase staininf;galactosidase activity was evident in the
endothelium and interstitial tissue (figure 5.1dgnsequently this protocol was used for

experimental infusions with RAd WKY Gstm1.

Infused:

Uninfused:

Figure 5.11 - B-galactosidase expression in RAd35-infected SHRSP ¢ arotid arteries
48 hours after infection with 6x10° pfu of RAd35, carotids were fixed and stained for
b-galctosidase activity. Transgene expression was observed in endothelial (short
arrows) and adventitial (long arrows) tissue layers. Scale bar = 100 ym.
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5.4.10.2 Gstm1 Expression in Carotid Arteries

Expression ofstml mRNA was significantly lower, by approximately @d, in the
carotid arteries of SHRSP rats compared to 2c*\&K (figure 5.12A). Infusion of RAd
WKY Gstml into SHRSP carotid arteries increaGstinl expression by 1.1-3.6 fold
compared to contra-lateral controls (figure 5.1Z8}R ofGstml cDNA from infused and
uninfused SHRSP carotid arteries produced two P©@Rygts, of approximately 690 bp
and 640 bp, in addition to the expected 759 bpuybffigure 5.12C), indicating either
amplification of non-specific templates or the eegwion of alternatively splicegastml
isoforms in the rat carotid artery. Sequencinghef759 bp product revealed clear
heterozygosity at the polymorphic bases betweeii¥ and SHRSRGstm1 cDNA
sequences (figure 5.12D), indicating expressiowfY Gstml sequence in infused
vessels. Immunohistochemistry for Gstml protein @lestrated Gstm1 expression in
infused and uninfused vessels, Gstm1 protein levete higher in infused vessels in

endothelial, smooth muscle and adventitial layggsi(e 5.13).

5.4.10.3 Wire Myography to Assess NO Bioavailabilit y

Wire myography was performed on vessel rings frofused and uninfused carotid
arteries to assess changes in NO bioavailabilltgviong overexpression of Gstml. There
was no increase in NO bioavailability in infuseds®els compared to uninfused vessels
(figure 5.14).
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Figure 5.12 - Gstm1 expression in infused and uninfused carotid arteri es

(A) Gstm1l mRNA expression in uninfused WKY and 2c* carotid arteries measured by
Tagman gRT-PCR was approximately 2-fold higher than in the SHRSP. n=4, mean *
SE, F=7.7 * p<0.05, ** p<0.01 vs. SHRSP (ANOVA and Dunnett's post-test). (B)
Infusion with RAd WKY Gstm1 increased SHRSP carotid artery Gstm1 expression 1.1-
3.6 fold compared to contra-lateral control vessels. (C) Gstm1 PCR from carotid cDNA
resulted in multiple bands in infused and uninfused arteries, the expected 759 bp band
was gel-purified for cDNA sequencing, (D) which revealed heterozygous base-calls at
sites of coding and 3'UTR polymorphisms between the SHRSP and WKY bases in
SHRSP vessels infused with RAd WKY Gstm1, confirming transgene expression.

Uninfused
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Uninfused

Infused

Figure 5.13 - Gstm1 immunohistochemistry in SHRSP ¢ arotid arteries

Gstm1 staining in smooth-muscle and adventitial carotid artery tissues was increased
following infusion with RAd WKY Gstm1, adenoviruses also mediated endothelial
Gstm1 expression (arrow). Gstm1 staining was absent in negative control sections of
the same vessels. Scale bar = 50 pym.
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Figure 5.14 - NO bioavailability in SHRSP carotid a  rteries

PE concentration response curves of SHRSP carotid artery rings, uninfused vs. infused
with RAd WKY Gstm1. Contraction following incubation of vessels with 10*M L-NAME
is expressed as a percentage of maximal contraction to 3x10°M PE in the absence of
L-NAME. No significant difference between infused and uninfused groups comparing
area under curves.



James Polke, 2008 Chapter 5 195

5.5 Discussion

Recombinant adenoviruses have been applied tosatbeefinctional effects of modulating
expression ofsstm genesn-vitro andin-vivo. RAd Gstmf shRNA mediated consistémt
vitro knockdown ofGstm1,2 and3 mRNA in NRK52E cells. mMRNA expression
measurements f@stm5 and7 were more variable and no consistent knockdown was
observed. This led to the sequencing of the G&ingkt sequence in each of the genes.
Four mismatches were identified between the Gsémfience and the target sequence in
Gstmb, this is likely to explain the lack of significakmhockdown ofGstm5 observed in
these experiments and is consistent with publiséséarch that any more than 3

mismatches in a target alignment is not compatilitie knockdown (Saxena et al. 2003).

A single base mismatch was identified at the saase In the target sequence$stm2
and7, knockdown ofGstm2 but notGstm7 may be explained by low absolute levels of
Gstm7 expression in NRK52E cells, the lower the expassevel the more sensitive the
technique required to measure changes in expressigublished results from our
laboratory show thabstm? is expressed to a low level in the rat kidney, tredraw data
from these experiments corroborated this, Ct valoe&stm?7 were the highest among all
the genes analysed, indicating low template abwelarhe mis-matched base in the
Gstm2 target sequence is likely to be responsible ferdlver knockdown oGstm2 (32%

at 100 pfu/cell) compared to that@ftml and3 (56% and 58%, respectively), this is
consistent with published studies that have she@gnced knockdown from single base
mismatches between siRNAs and target sites. Fangbea Du et al (2005) analysed the
effect of systematically mutating every base intdrget site of a well-characterised
siRNA of the humarCD46 gene, covering every possible permutation of lpase
mismatches. They found that the siRNA reduced esgiwa of the wild-typ&D46 by

92% and that the position and base compositionnisanatch influenced the effect on
RNAI efficacy. Mismatches were well tolerated aher of the two 5'-most or 3'-most
bases of the alignments, having little or no eftetsilencing, mismatches in bases 7-11
had the greatest effect on silencing, while misimadcat bases 12-17 (corresponding to the
mismatch between Gstmf a@tm2 and7) had variable effects, knockdown varied for
these targets from 55%-92% (Du et al. 2005). Dal showed that alignment of the central
region of an RNAI sequence is the most criticaldffective knockdown, this has been
confirmed by other publications (Yuan et al. 200g&knhoorn et al. 2006). Furthermore,
they confirmed other reports that the specific nagrh between Gstmf arféstm2 and7

(U on the siRNA antisense strand pairing with Ghi@ target sequence) was well tolerated
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(Saxena et al 2003;Holen et al. 2005), consistdht tve preserved knock-down Gstm2
in this study.

Given the 100% homology between Gstmf &stinl and3 target sequences, greater
knockdown ofGstml and3 may have been expected, shRNA-expressing adesesiru
have been shown to mediate 90% mRNA and 50% prkteinokdownin-vitro (El

Armouche et al 2007), and Ambion currently guarankeat at least a third of their
chemically-synthesised siRNAs mediate at least RA&ckdownin-vitro. That this level

of gene silencing was not achieved in these exmarisncould be related to many factors.
First, NRK52E cells have low transduction efficigneven with CaGlenhanced infection
they showed the lowest infectivity at 100 pfu/a#lkll the cells used in this study, and
infection with MOls above 100 pfu/cell were tox®econdly, the choice of the Gstmf
sequence, in 2004, was limited not only by findirmgnologous sequences in alGstms,

but also the accepted conventions applied to RNA&igh at that time. These conventions
included a recommendation from a published protoxtbcate the siRNA target sequence
at an AA dinucleotide at its 5' end (Elbashirle01b), and to ensure <50% GC content
in the 21-base sequence, as recommended by Amibibather published work e.g.

(Holen et al. 2002). These criteria have subsedubraen superseded by more
sophisticated algorithms to design siRNA sequelitatsare based on extensive
experimental evidence, Ambion now use a propriesgggrithm, and there are numerous
published algorithms publicly available via thecimtet. These algorithms are not limited to
AA dinucleotide 5" anchor sites, they consider sege-dependent factors that dictate, for
example, the entry of the RNAIi sequence into the@Rtomplex, the likelihood of
secondary structure formation in mRNA targets atheoless well understood factors
whereby specific bases at specific positions imtégeRNAI (Matveeva et al. 2007). If this
study were to be extended, other cell types woalthfected and additional RNAI
sequences would be screened for RNAI efficacy ag#me Gstm family using newer
algorithms. It may be necessary to consider usiagerthan one shRNA sequence, though
this may not necessarily require more than oneméaaant adenovirus to be made, several
publications have described expression cassetiegtbress multiple shRNA sequences
simultaneously, for example, a bispecific lentil/iractor has been engineered to express
two shRNAs targeted against cellular receptorgHid (Anderson et al. 2005), and
retroviral vectors have been developed to expresgRlNAs (Wang et al. 2006b).

The relatively modest knockdown of Gstm genes irkKNiglls partially explains the lack
of reduced GST activity in RAd Gstmf shRNA-infectesll lysates, though the non-
specificity of the assay and the abundance of dB&F enzymes expressed in the cells are
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contributory factors. Given the demonstrated reéasipecificity of mouse Gstml as a
metaboliser of the alternative substrate, DCNBi(&ajo et al. 2006), future experiments

could assess reduced DCNB metabolism as a funttoeasure of Gstm1 knockdown.

RAd WKY Gstm1l and RAd SP Gstm1 both expressed fonat Gstm1 protein that dose-
dependently increased total GST activity in HeLilscélowever, despite titring the
overexpression viruses as accurately as possiktlerbg methods (particle, pfu and
genome titring), RAd SP Gstm1 consistently expreéssere protein and increased total
GST activity in to a greater degree than RAd WKYr@k This, coupled with the intrinsic
insensitivity of western blot densitometry and thet that the enzymatic activity assay
measuredotal GST activity prevented an accurate comparisorcaialytic activities of
the adenovirally-expressed WKY and SHRSP Gstmleprst In order to compare the
catalytic activity of the two enzymes they shouddpurified by a method such as high-
pressure liquid chromatography, which has beenegfr the purification of GST
enzymes in the past, for example, see Rouimi @t9#16).

The higher expression from RAd SP Gstm1 was sumngrigiven the lower expression of
Gstm1l in the SHRSH-vivo and in the light of equal protein expression ai@T@Gctivity
after transfection of HelLa cells with pK-NpA WKY @sl and pK-NpA SHRSP Gstml,
though no corrections for transfection efficienogrezmade in this experiment. Possible
explanations could include a virus preparation-gjgeeffect not related to the viral titres,
or a spontaneous mutation in the promoter sequanei¢her virus: upregulating SHRSP
Gstml cDNA expression or downregulating WK3stm1 cDNA expression. In order to
test these hypotheses further viral preparationfddoe made and the existing preparations
could be sequenced. An alternative explanatiorcelaspecific sequence dependent effect
in HeLa cells whereby one of the polymorphisms leetwthe WKY and SHRSP Gstm1
cDNA sequences affects transcriptional or transteti efficiency in HelLa cells. For
example, the 3'UTR SNP at base +35 potentiallyctgfbinding of rno-miR-10b, base-
pairing with the WKY 3'UTR but not the SHRSP 3'UThhat the miRNA aligns to the
polymorphic base at its very 3' end may reducdikieéhood that the polymorphism

would direct differential knockdown @stmi, it has been shown that miRNA target
binding is mediated primarily at the 5' end of thiRNA, high complementarity from
bases 2-8 (5'-3' in the miRNA) are required for MfRbinding, with less stringency
required at the 3' end of the miRNA, if there i&/locomplementarity at the 5' end then the
3' end becomes critical (Brennecke et al. 2005)dwver this is not the case in this
alignment. Furthermore there are conflicts betwtderpublished mature miRNA sequence
for miR-10b: none have been published for thethatigh its genomic sequence is
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identical to that of the mouse and human, whilelipubd mouse and human sequences
differ. Some cloned sequences encompass the 3thmsaigns with thé&stml 3'UTR

SNP (Lagos-Quintana et al. 2003;Kajimoto et al.&Q®&hile in other publications the
MiRNA sequence is shifted by 2 bases 5' at iteé'and by one or two bases at its 3' end,
so that it no longer aligns with the polymorphidmaridgraf et al. 2007;Ma et al. 2007), as
illustrated below:

3' UGUUUAAGCCAAGAUGUCCCAU 5
3' GUGUUUAAGCCAAGAUGUCCCAU &'
3' UGUGUUUAAGCCAAGAUGUCCC &'

I 1T | e A T 11
WKY: 5' GGACCTAJFCCACATTGGATCCTGCAGGCCACCCT 3

SHRSP: 5' GGACCT@ICCACATTGGATCCTGCAGGCCACCCT 3

Thus the involvement of miR-10b in RAd WKY GstmIpesssion would depend on the
exact sequence expressed in the HelLa cells. GhagrHieLa cells are cancerous in origin
it is interesting to note that miR-10b has recehdgn demonstrated to have a role in
tumourigenesis, being highly expressed in breastaracells (Ma et al 2007). A precedent
for a single SNP affecting gene expression viaugiston of miRNA-binding was recently
published, showing that the +1166A/C polymorphisnthie human Angll type 1 receptor
gene (ATR) 3'UTR dictates the binding of miR-155, the 'Bela pairs with the miRNA,
while the C allele does not, leading to increas@dRexpression (Martin et al. 2007), in

this instance the mismatch was 5 bases from thrdbof the miRNA.

Increasing concentration of TBHP mediated incraasitotoxicity in RGE cells cultured
in 96-well plates, however lower cytotoxicity wasserved for the same concentrations of
TBHP when the experiments were performed in 6-plalles. This was attributed to
greater evaporation from 96-well plates, effeciniatreasing the concentration of TBHP
in each well. Infection of RGE cells with RAd Gstmituses did not protect them from
TBHP-mediated cell death, indeed lower toxicity waserved in the non-infected cells.
This result is likely to be due to variability oDIH assay rather than virus-mediated
toxicity, only 10 pfu/cell was used in these expants, the cytotoxicity plateaued in the
non-infected cells between 0.08M TBHP and 0.09M PBkhich was not observed in
preliminary experiments in 96 well plates. The la€la cytoprotective effect @dstml
overexpression in these experiments has a numlperssible explanations. For example,
the administration of TBHP over 24 hours represantge oxidative attack, whichstml
does not defend against directly. Cytotoxicity o2érhours is an end-point far removed
from the specific cellular role @stml, which operates as part of a large battery ofitzell

defences to metabolise oxidised macromoleculefsitime studies a more appropriate
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assay may be to measure the effecgsil overexpression or knockdown on an
intermediate marker of cellular oxidative stresshsas lipid peroxidation, since it is well
documented that GST enzymes directly metabolise fiproxides (Hiratsuka et al
1997;Hayes et al 1999). Other studies have showreases in lipid peroxides in renal
cells following short-term treatment with TBHP agter doses (0.25mM — 2mM) for
much shorter time periods (30 minutes to 4 hoy&)hnellmann 1988;Matrtin et al. 2001).
Such protocols could be applied to cells previousigcted with viruses overexpressing
Gstmil.

The distribution of transgene expression from RAdB8 RAd WKY Gstml in infused
carotids showed predominantly endothelial and atitv@rexpression and increased
medial expression, consistent with previous studssg this protocol of adenoviral
delivery to carotid arteries in rats (Alexandeake2000;Fennell et al 2002) and rabbits
(Cooney et al 2007). Gstm1 cDNA sequencing of RA§YAGstm1 infused and uninfused
vessels confirmed transgene expression and albtidhted the possibility that alternative
transcripts of Gstm1 may be expressed in the ratidaartery; the additional bands in the
carotid artery cDNA PCR were not observed when #yipd from rat kidney cDNA

during the construction of the virus shuttle vecfan alternative explanation is non-
specific PCR amplification from other transcriptsque to the carotid artery
transcriptome. There are no published@giml splice variants, though exon-skipping has
been observed in a human testes-specific transidripimanGSTM1 (Ross et al. 1993).
The additional bands could be analysed by DNA secjug in future analysis.

Overexpression of WKYsstml1 cDNA did not improve NO bioavailability in isolate
SHRSP carotid arteries, there are a number of lplessxplanations for this. For example,
inconsistent increases @stm1l MRNA expression were observed in infused arteries,
increasing the number of vessels used in each grotine study may have revealed
differences in NO bioavailability not apparent e tsmall study presented here. In
addition, published studies from the Glasgow latwoyausing the same local delivery
protocol showed that overexpression of eNOS (Aldeart al. 1999;Alexander et al

2000) and extracellular superoxide dismutase (eg3B&nnell et al 2002) improved NO
bioavailability, while copper/zinc superoxide digame (Cu/Zn SOD) (Alexander et al
2000) and mitochondrial manganese SOD (MnSOD) (éléehal 2002) overexpression
did not have an effect in this model. This was akmd by the physical range of effects of
the specific candidates in the endothelium (Feretedl 2002); eNOS generates NO that is
able to diffuse freely from the cell, while ecSCGDmembrane-bound on either the
intracellular or extracellular face, thus they abée to exert their effect on ROS balance to
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beyond the cell they are expressed from. MeanwBil¢Zn SOD and MnSOD are
intracellular, as i$&5stml, which furthermore is not involved directly in R@&tabolism
itself, but metabolises the by-products of oxidatilamage. Overexpression@gtml may
have a positive effect if extended over a longeiggeof time than 48 hours, increased
capacity to metabolise reactive lipids, proteind aacleic acids would reduce the total
oxidative load on the cell, over time this may iy vascular oxidative balance. The 2-
fold constitutively increaseih-vivo expression levels @dstml in the WKY, coupled with
lower vascular @- levels than in the SHRSP (Alexander et al 200@B iz et al 2005),
support this analysis. Had thevivo studies demonstrated that overexpressidasohl
improved endothelial NO bioavailability in the SHR8arotid artery, similar studies
would have been performed with the anti-Gstmf shRiAs in the WKY. However,
given that the anti-Gstmf sequence did not knockrdall theGstms tested and did not
reduce total GST activity in cultured cells, thegperiments were not justified. Note also
that any extendeih-vivo study would have included further control groupsats infused
with Rad60 and mock-infused with PBS.

The experiments presented in this chapter appdedmbinant adenoviruses designed to
assess the functional consequences of modulatitrglGexpressioim-vitro andin-vivo.
Recombinant adenoviruses have been generatedkfiratse catalytically active Gstm1,
and successfully knock down the expression of sg¢¥&stm family members. They have
also identified a novel 3'UTR polymorphism thateputally affects WKYGstml
expressionn-vitro, and found that sever@stml transcripts may be expressed in the rat
carotid artery. Overexpression of Gstm1l in the SHR&rotid artery did not improve
endothelial NO bioavailability, however, this does rule out a role for Gstml in vascular
oxidative stress defence, future studies with gang&c SHRSP rats expressing multiple
copies of WKYGstm1 will provide a better model of long-term GstmJpeassion.

Chapter 6 outlines the work performed towards gemmeg a transgeniGstml rat. The
adenoviral studies will be taken forward using rabmant targeted viruses. When
administered intravenously, Ad5 gene delivery grieted almost exclusively to the liver
(Huard et al 1995), while the Ad19p virus, an A@bosype subgroup virus expressing a
different fibre protein, shows markedly reduceetitropism in the rat (Denby et al. 2004).
Research in the Glasgow laboratory has developmaieinant Ad19p vectors expressing
adenoviral fibre peptides that specifically targete delivery to kidney tubules (Denby et
al. 2007), sequences encodidgml cDNA and antiGstm shRNAs will be cloned into

this platform to assess the functional consequeonice®dulatingGstml expression at the

site of its renal expression-vivo.
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6 Production of a Gstml1 Transgenic Rat
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6.1 Introduction

Our understanding of hypertension genetics has aéeanced by QTL analysis and
congenic breeding strategies in the rat, identgfyinmerous candidate genes. However,
establishing definitive proof that a gene affedtsod pressure control requires evidence
that changing the expression of the candidateoiati®n alters blood pressure from a
knockout or transgenic strain. It is not curremitssible to generate gene-targetted
knockout rats, this technique depends on genetdifioation of embryonic stem cell lines,
which can only be generated for the mouse at pte®ee of the first transgenic rat lines
developed overexpressed the mouse rdRen-@) gene and displayed severe hypertension
that was remediable by the ACE inhibitor captog@viullins et al. 1990). Over 100
transgenic rat lines have subsequently been gedeiratiuding some that express
antisense sequences to reduce expression of tgnges (Tesson et al. 2005), a number of
these transgenic strains have been designed fdiogascular disease research (table 6.1).

The experiments that led to the derivation of @6 transgenic rat, discussed in section
1.2.3.3, exemplify the progression from identifioatof a QTL, construction of congenic
strains and an identification of a positional anddtional candidate gene to confirmation
of its functional effect (Aitman et al 1997;Aitmanal 1999;Pravenec et al 2001b). Similar
experiments were recently performed to investigiaeunctional effects of reduced
expression of sterol regulatory element bindinggcaiption factor 1% eblf) in the SHR
(Pravenec et al. 2008). A chromosome 10 QTL forahesteatosis in the BN after feeding
with a high cholesterol diet was identified in aapbof recombinant inbred strains between
the BNLx/Cub and SHR/Ola (Bottger et al. 1998), and a umicpding mutation was
subsequently identified in the SHIRebf1 gene that underlies the QTL (Pravenec et al.
2001a). Congenic and subcongenic strains were giakby substituting the BN
chromosome 10 QTL onto the SHR, the BN allele spoaded to approximately 2.5-fold
higherS ebfl expression, and 2-fold increased liver cholestenatls (Pravenec et al

2008). An SHR transgenic rat was generated to apeeesS ebfl, which showed
equivalent liver cholesterol levels to the SHR camg rat harbouring the B&-ebfl allele,
further verifying the functional role @&rebfl, despite the counter-intuitive incidence of the

allele conferring hepatic steatosis in the BN (Breec et al 2008).



Transgene

Construct

Phenotype

Reference

Mouse renin

Human renin and
angiotensinogen
(double transgenic)

Rat prorenin

Rat vasopressin
Human endothelin 2
Angiotensinogen
antisense

Rat Cd36

Human Arginine

vasopressin

Ang-(1-7) fusion
protein

Rat Srebfl

17.6 kb linear genomic construct,
including promoter

17.6 and 16.3 kb linear genomic
constructs, including promoters

3.5 kb linear, liver specific promoter

12 kb linear hypothalamus-specific
promoter.

9.4 kb linear genomic construct,
including promoter

3 kb linear, brain specific promoter
4.8 kb linear construct, human EF1-
alpha promoter

3 kb linear, CNS-specific promoter

Linear construct, CMV promoter

4 kb linear construct, Pepck
promoter

Severe hypertension

Moderately severe hypertension,
death by renal and cardiac damage
by week 7.

Normotensive, severe renal and
cardiac damage in males

Exaggerated responses to osmotic
challenge

Normotensive

Reduced BP in normotensive rats

Amelioration of metabolic syndrome
phenotype in SHR

Hyponatraemia

Improved cardiac contractility,
protection from cardiac hypertrophy

Increased liver cholesterol in
transgenic SHR

(Mullins et al 1990)

(Ganten et al. 1992)

(Veniant et al. 1996)

(Waller et al. 1996)

(Liefeldt et al. 1999)

(Schinke et al. 1999)

(Pravenec et al 2001b)

(Nagasaki et al. 2002)

(Santos et al. 2004)

(Pravenec et al 2008)

Table 6.1 - Transgenic rat strains for the study of

cardiovascular diseases

Unless otherwise stated, recipient strains were normotensive. Srebfl: sterol regulatory element binding transcription factor 1.
Pepck: phospoenolpyruvate carboxykinase.



James Polke, 2008 Chapter 6 204

Traditional techniques to generate transgenicai$undamentally the same as those used
for mice, involving the microinjection of the tragenic construct into the pronucleus of
single-cell embryos, followed by implantation imexipient females. Resultant pups are
screened for insertion of the transgene by PCRuwthern blot and used as founders for
homozygous transgenic lines. These techniques are saiccessful in mice, typically
generating 3%-5% transgene-positive offspring pgrcied embryo (Brinster et al. 1985),
compared to 0.2%-2% in rats (Charreau et al. 199f)Pa et al. 2002). The lower success
in rats is in part due to the physical charactessdf the embryo pronucleus, which tend to
be harder to microinject; the cytoplasmic membrainde rat is more resistant to injection
and the pronucleus is very sticky; up to 10-50%mbryos may be lost during

microinjection (Popova et al. 2005).

Different DNA constructs can be used for microiti@e, common techniques include
small linear (up to 40 kb) constructs artificiafignstructed to overexpress the transgene
from a constitutive or tissue-specific promoter|avge circular or linearised plasmids can
be used such as bacterial, bacteriophage P1 aramrifisial chromosomes (BAC, PAC or
YAC) accommodating up to 300 kb, 100 kb and 2 Mbageic DNA sequences including
the gene of interest (Giraldo et al. 2001). Inserinto the genome is a random process
and may occur more than once in a single embryerygvansgenic line is unique and may
have different transgene expression patterns asdsléo others. Insertion into a non-
transcriptionally active region of the genome mignee expression of the transgene,
while insertion adjacent to tissue specific enhasogay influence expression patterns, this
Is known as the 'position-effect’ (Wilson et al9@%l Shawi et al. 1990). Integration of the
transgene into a coding sequence will usually al#atiogenous gene expression, with
potentially lethal consequences for the embryo (Msilet al. 2006). BAC, PAC and YAC
transgenic lines are less susceptible to transwnigit effects from the genome since the
gene is insulated by large flanking sequencesdditian, large genomic clones are likely
to include short-range and long-range control elgsjencreasing the likelihood of
physiologically faithful gene expression pattemmshe transgenic (Giraldo et al 2001).
Large inserts can also encode multiple genes iitiaddo the gene of interest, which may
also be expressed in the transgenic animal (Nistadd 2004). Short expression constructs
in contrast are easier to amplify and prepare,esgonly the gene of interest and are less

likely to shear or recombine before microinject{@iraldo et al 2001).

Given the low efficiency of microinjection protosplsuccessful transgenesis depends on a
large supply of recipient embryos. This is achielgddministering hormones to stimulate
superovulation of female recipient rats. Followmgting, embryos are harvested,
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microinjected and implanted into recipient femakRecipient females are made
psuedopregnant by mating with vasectomised malé¢seoday prior to implantation. This
chapter outlines experimental work performed tgppre BAC and linear expression

constructs for the generation of transgenic SHRS®averexpressingstml.
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6.2 Aims

« To amplify and purify a bacterial artificial chrosmme encodin@gstml in preparation

for direct micronuclear injection.

e To verify the integrity and purity of BAC prepamatis by restriction digestion, linear

and pulse-field gel electrophoresis and direct B#&&Guencing.

* To clone the WKY Gstml cDNA sequence into an exgogsvector to generate a
linear expression construct faestml transgenesis and to prepare linear fragment

microinjection solutions.

» Following microinjection and birth of pups, to sene prospective transgenics for

integration of BAC and linear transgenic constructs
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6.3 Methods

6.3.1 BAC Microinjection Construct Preparation

6.3.1.1 BAC Selection and Purification

The CHORI-230 BAC library was in initially constriec as part of the rat genome project;
it contains approximately 200000 clones of 200 kérage size on the pTARBAC2.1
plasmid backbone, which encodes chloramphenic@tegge for clone selection
(Osoegawa et al. 2004). Clones encompagsstignl were identified by mapping BAC
alignments in the University of California Santaf (UCSC) Genome Browser. The
Gstm gene family is aligned in a cluster on chromos@nat the time of selecting the

BAC for the transgenic study (2004), the rat gen@amaotation was less complete and
Gstml was the most distal of tiastm genes aligned in the assembly. The 234 kb clone,
CH230-90M3 was selected since it encompas&isiehl but no othelGstm genes, the gene
encoding guanine nucleotide binding protéamdi3) was annotated at that time. Since
2004 more genes have been mapped to this regithe glenome and CH230-90M3 is now
known to cover 9 transcripts, includi@gtml, Gstm7, and 7 other transcripts, including 4

predicted genes (figure 6.1).

CH230-90M3-containing bacterial cultures was puselgafrom the BACPAC Resource
Centre, Children's Hospital Oakland Research UistitOakland, California. Cultures were
streaked for single colonies overnight on LB ad&.%ug/ml chloramphenicol). The BAC
purification was performed using modifications giublished protocol (Gama et al. 2002).
A single colony was picked into 10 ml LB culture daree (30pg/ml chloramphenicol) and
incubated at 30°C in a shaking incubator (180 tzmhs per minute) overnight. One litre
of LB culture media (3@g/ml chloramphenicol) was inoculated with 2 ml ovght

starter culture was incubated at 30°C in for appnaxely 11.5 hours, following bacterial
growth until culture optical density at 600 nm (38 reached 1.0. Cultures were grown at
30°C rather than 37°C because large DNA consteatisadopt sequence-dependent
secondary structures at 37°C that can lead toidelef insert sequences (Gama Sosa et al.
1988). Optical density was measured using a PhaanBatech Ultraspec 2000
spectrophotometer in a quartz cuvette with a stexlture media blank. The culture was
centrifuged for 5 minutes at 5000 g, culture medss poured off and pellets were stored
at -20°C. Column-based Nucleobond BAC Maxi kitsevesed for BAC purification

following the manufacturer's instructions. Thetfieliculture was split over 2 columns,



pTARBAC2.1 Backbone 20kb

Mg29 Amigo Gpr6l Gnai3 Gnat2 Ampd2  Gstm7 Gstm1
(pred) (pred) (pred)
Cyb561d1

(pred)

Figure 6.1 - Linear depiction of transcripts encode  d by the circular CH230-90M3 BAC

Exons are shaded blue, UTR sequences are shaded green, the direction of transcription is indicated under each transcript. Only
the 3'-most exons of the Mg29 transcript is covered by the BAC. pred: predicted, Mg29: mitsugumin 29, Cyb561d1: cytochrome b-
561 domain containing 1, Amigo: amphoretin-induced gene and open-reading frame, Gpr61: G-protein coupled receptor 61,
Gnat2: guanine nucleotide binding protein alpha 2, Ampd2: adenosine monophosphate deaminase 2
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producing 2 preparations, 90M3A and 90M3B. Pelieisr each 500 ml was resuspended
in 24 ml Buffer S1 + RNase A and 24 ml| buffer SXwaaded, mixed and left for 3
minutes at room temperature. 24 ml Buffer S3 wakeddmixed and left for 5 minutes on
ice. Precipitates were filtered through a NucleabBolded Filter paper, flow through was
collected and applied to pre-wet (buffer N2) BACxXMeolumns. Flow-through was re-
loaded to ensure maximum DNA binding. Columns weashed with 2 x 18 ml buffer N3
and eluted with 15 ml buffer N5, preheated to 5GECml isopropanol was added to
precipitate BAC DNA and samples were centrifugetizi00 g for 30 minutes at 4°C.
Supernatant was replaced with 5 ml ice-cold 70%reth samples were centrifuged at
15000 g for 10 minutes at 4°C, ethanol was remopeliets were air-dried and DNA was
resuspended in 330 RNase-free KO using wide-bore pipette tips to minimise shearing
of BAC DNA.

For microinjection, prep 90M3B was diluted to 3pudgh 0.2ulm sterile-filtered BAC
microinjection buffer: 10 mM Tris; 0.1 mM EDTA; ONI NaCl, 7 mM Spermidine; 3 mM
Spermine. The inclusion of polyamine spermine getmaidine in BAC microinjection
buffer helps to stabilise BAC DNA and protect it shearing during microinjection
(Schedl et al. 1993;Montoliu et al. 1995). BAC moiajection buffer was made with fresh
sterile solutions and filter-sterilised, microinjen solutions were made fresh on the day

of injection.

6.3.1.2 BAC Restriction Digestion and Electrophores  is

BAC sample integrity and purity were assessed biyiotion digestion followed by
standard or pulse-field gel electrophoresis. Thiggef 90M3A and 90M3B DNA
preparations were digested widhndl1l or Notl restriction enzymes following the protocol
in section 2.5.4HindIll digests were electrophoresed for 8 hours at dr&ugh a 25 cm
0.8% agarose gel in 1 x TAE at 4°Cud of uncut BAC preparations were also
electrophoresed. After electrophoresis the gelstaised with 0.ug/ml ethidium

bromide for 30 minutes and destained in 1 mM Mg8&® 25 minutes before visualisation
under UV light.

Pulse-field gel electrophoresis (PFGE) was perforom@Notl digested BAC DNA at the
laboratory of Professor John Mullins at the CefdreCardiovascular Science, University
of Edinburgh. Digested DNA was electrophoresedgdate 1.9 undigested BAC
preparations) Hindlll DNA size markers and New England Biolabs Mid Rahged Mid
Range Il PFGE DNA size markers. BAC digests andiuBdNA were loaded for
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electrophoresis by mixing with molten low-meltingipt agarose and pipetting into wells.
Electrophoresis was performed at 10°C through (a8%sose gel in 0.5 x TAE using
BioRad Chef DR2 apparatus. DNA was electrophorésed4 hours at 6 V/cm with
current orientation switching every 1-20 second#erfelectrophoresis gels were stained

with ethidium bromide, destained and visualisedcyas linear gels.

6.3.1.3 Direct BAC Sequencing

BAC preparation purity was assessed by direct sexjng. 11g BAC DNA template was
used in modified sequencing reactions with 30 ppnioher and temperature cycling as
suggested by Applied Biosystems:

Sequencing reaction Heat cycling:

BAC DNA (200 ngfu) 5l 95°C

5 X Sequencing buffer dl 95°C «—

Ready Reaction gl 50°C x 100 cycle
Primer (15pmol4l) 2 ul 60°C —

H.O 1ul

Primers pBACSp6F and Gstm13F were used for sequgn8equencing reaction clean up

and analysis protocols were otherwise followed #yas described in section 2.4.

6.3.2 Linear Microinjection Fragment Preparation

A 2.7 kb linear microinjection construct was clorfedGstml transgenesis using the same
expression platform and microinjection fragmentifpzation protocol employed i€d36

rat transgenesis (Pravenec et al 2001b). The Wl cDNA sequence was cloned into
pEF1Myc-HisA (Invitrogen), an expression construct inchglthe constitutive human
elongation factor & subunit (EF&) promoter and bovine growth hormone (BGH)
polyadenylation signal separated by a multiple iclgrsite. A linear expression construct
was subsequently cleaved from the plasmid by otistni digestion and purified for

microinjection.

6.3.2.1 pEF1 WKY Gstm1 Cloning

pEF1Myc-HisA plasmid was double-digested wKlpnl andXbal restriction enzymes
following the protocol in section 2.5.4. WK®&stm1 cDNA sequence was similarly

double-digested from pK-NpA WKY Gstm1 plasmid (poewsly used in construction of
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Gstm1 overexpression virus — see section 5.3.h@koning protocols from section 2.5
were followed, confirming insert ligation in pos# clones by sequencing with pEF1 T7F
and BGH PolyAR primers. The resultant expressi@asmid, named pEF1 WKY Gstmi1,

was amplified and purified using the Qiagen Maxids outlined in sectio®.5.3.

6.3.2.2 Restriction Digestion of pEF1 WKY Gstmlto  Generate

Linear Fragment

The linear microinjection fragment was producedbguential digestion of pEF1 WKY
Gstm1 withPvull andAatll enzymes (figure 6.2). A total of 2@ plasmid was digested
with Pvull in 10 x 20ul digests following the protocol in section 2.5striction digests
were pooled and electrophoresed on 1% agaroserm@lfours. The 4705 bp fragment
was gel purified using the Qiagen QIAquick protoicosection 2.5.5. The DNA was
concentrated by ethanol precipitation: A 1¥yblume of 3 M sodium acetate (pH 5.2) and 2
volumes of 100% ethanol were added, the mixturewsaexed and placed at -80°C for an
hour before centrifuging at 13000 rpm for 2 minut&spernatant was removed and the
pellet air-dried before resuspending igHo give a final concentration of approximately
200 ngll. The DNA was digested withatll following the standard protocol and
electrophoresed on 1% agarose for 3 hours. The BF2®mgment was purified for
microinjection using the Qiagen QIAEX Il kit. Thamd was excised from the gel and 300
ul of QX1 buffer was added per 100 mg of gel; QIAEN¢ads were resuspend by
vortexing and 1Qu was added before incubating the mix for 10 miaw@e50°C, vortexing
every 2 minutes to dissolve the gel. The mixturs sentrifuged for 30 seconds at 13000
rpm and supernatant was removed, the pellet wakealdsy resuspending in 5Q0buffer
QX1 and centrifuged for 30 seconds at 13000 rpre. féillet was washed twice more with
500l buffer RPE and supernatant was removed. Thetpe#le air-dried for 15 minutes
before resuspending in @it sterile-filtered linear fragment microinjectitmiffer (1L0mM
Tris pH 7.4, 0.1 mM EDTA), vortexing, centrifugirag 13000 rpm for 1 minute and
transferring the DNA solution to a fresh tube. RFocroinjection DNA solutions, linear
fragment DNA was diluted to 10 nd/in linear fragment microinjection buffer.
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Aatll (122)

EF-1 a promoter

pEF1 WKY Gstm1
Poull (5014) = 6872 bp

WKY Gstml cDNA

BGH PolyA signal

Poull (3943) Poull (2847)

Figure 6.2 - pEF1 WKY Gstm1 plasmid

The restriction sites for Pvull and Aatll enzymes are indicated in red, coordinates in
brackets. Digestion with Pvull resulted in the generation of 4705 bp, 1096 bp and
1071 bp fragments, the 4705 bp fragment was gel-purified and digested with Aatll to
produce a 1980 bp fragment and the 2725 bp microinjection fragment encompassing
the EF-1a promter, Gstm1l cDNA and BGH polyadenylation sequences.

6.3.2.3 Gstm1 Expression from pEF1 WKY Gstml

Gstm1 protein expression from pEF1 WKY Gstm1 wadiomed by transfection into
HelLa cells and western blotting. HelLa cells weaasfected in 6 well plates withply
DNA per well at 3:1 FuGene:DNA ratiag:ul), control wells were untransfected or
transfected with pMV10. After 48 hours HelLa cellererharvested in PBS/0.2% Triton
and 20ug protein was used for Gstm1 afactin western blotting following the protocol

in section 5.3.6, 3Qg control rat kidney protein was also loaded.
6.3.3 Superovulation, Microinjection and Implantat  ion

Initial microinjections of CH230-90M3 BAC DNA wengerformed by technical staff at
the University of Glasgow Central Research Faciftybsequently, BAC and linear
fragment microinjection solutions and SHRSP mak famale rats were sent to the
laboratory of Dr Michal Pravenec, Institute of Pioysgy, Academy of Sciences of the

Czech Republic, Prague. Animal procedures arelpeittiined below.

Superovulation in six-week old SHRSP females wdgtad by intraperitoneal (IP)
injection of 15 U of pregnant mare's serum gonaxgidtin (PMSG), followed 48 hour later
by IP injection with 20 U human chorionic gonadpti;n (HCG). Immediately after HCG
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injection females were placed with mature male SH&RSPs for fertilisation. The next
morning, females with cervical plugs (an indicattbat they have mated) were sacrificed
and fertilised embryos were harvested for micraitiga. Four days prior to
microinjection, oestrus was synchronised in recip8HR (Glasgow laboratory) or
Sprague Dawley (Prague laboratory) rats with d@téRSPs by injection with 20 U
leutenising hormone releasing hormone (LHRH). Gnday prior to microinjection

recipient rats were placed with vasectomised nmatketo induce pseudopregnancy.

Microinjections were performed on single cell emdgymmobilised by gentle suction with
a holding pipette. The microinjection needle, vathinternal tip diameter of less than 1
um, was filled with microinjection solution and mpalated to inject the egg. In order to
ensure pronuclear injection, the needle tip wasched though both membranes of one of
the pronuclei and then drawn back in to the progusbefore injecting; successful
injection was observed by swelling of the pronusldcmbryos were incubated overnight
and pseudopregnant females were surgically impiantth viable one or two cell
embryos on the following day, surgery involved nmakan incision in the back of the
anaesthetised rat just below the ribs, locatingpthéucts and making a small incision to
inject the embryos. An average of 12 microinjeagetbryos were implanted into each

recipient female.

6.3.4 Transgenic Screening

Genomic DNA from potential transgenic rats was aoted from tail tips and screened for
transgene sequences by PCR. Potential BAC trarcsgesaire screened with 5 PCRs,
amplifying the regions across each 'BAC-end' wittritner pairs (pBACSp6F + 90M3-1R
and pBACT7R + 90M3-3F), amplifying two regions béetpTARBAC2.1 backbone
(pPBAC1F + pBAC2R and pBAC3F + pBAC4R) and with govener pair that amplified a
region of theGstml promoter (Gstm10F and Gstm13R). Gstm10R/Gstm13R pGducts
were also sequenced in all animals, incorporatfoVidY sequence would have been
revealed by heterozygosity at several SNPs irGdtienl promoter. Potential linear-
fragment transgenics were screened with three P&RSlifying across the Eldpromoter
sequence (primers pEF1F + pEF1R), and with two @ripairs that spanned Ek1
promoter and Gstm1 cDNA sequence (pEF2F + pEF2RBR3F + pEF3R). All PCRs
were performed following protocols as describedention 2.2.3 using an annealing
temperature of 58°C. Positive control plasmid DNeA ig CH230-90M3 or 5 ng pEF1
WKY Gstm1l) and negative control WKY DNA were inckdlin all PCRs.
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6.4 Results

6.4.1 BAC Restriction Digestion and Electrophoresis

Hindlll digestion of 90M3A and 90M3B BAC preparations tesiiin multiple well-
resolved bands upon electrophoresis, digested ranat lanes were clean, indicating
undamaged DNA (figure 6.3 A). The expected bangigern forHindlll digestion of
CH230-90M3 was retrieved from Internet Contig ExplqiCE) database, an internet-
based library of ‘fingerprint maps' for BAC digesitat was designed to aid in sequence
alignments for the rat genome sequencing projgetl @ al. 2003); alignment of the iCE
Hindlll digest of CH230-90M3 showed an identical bandepatto the digests performed
in these experiments, confirming the identity amegrity of the BAC preps (figure 6. 3
B).

Notl digests of 90M3A and 90M3B were electrophorese®B@E, generating the
expected band pattern and uncut DNA resolved tooxppately 234kb (figure 6.4).
90M3B was chosen for microinjections because whmuit resolved better than 90M3A
in both gels with slightly less smearing of at thp of the lanes, though 90M3A integrity

was also confirmed and could be used in future smgzections.
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A Hindlll Uncut B
15kb —
—
10kb —
—
—
S5kb — ...
—
10kb — —
8kb —
6kb —
S5kb —
4kb —
2kb —
3kb —|
2.5kb —
2kb —
lkb —
1.5kb —
1kb — 500bp —
750bp —
500bp
250bp

Figure 6.3 - Agarose electrophoresis of  Hindlll-digested CH230-90M3 BAC

(A) Hindlll-digested and undigested BAC preparations 90M3A and 90M3B resolved to
produce consistent banding pattern with little evidence of smearing in uncut lanes. (B)
Alignment of HindllI-digested BAC DNA with expected band pattern from Internet
Contig Explorer revealed the expected band pattern, confirming intact BAC DNA.
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242kb
209kb

97kb

15kb

9.4kb

Figure 6.4 - PFGE of Notl-digested CH230-90M3 BAC

Notl digestion produced fragments at the expected sizes of 204 kb, 18.4 kb and
10.6 kb. The major band in uncut lanes corresponded to the intact 234kb plasmid.
There was minimal smearing in digested or undigested lanes indicating intact BAC

preparations.
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6.4.2 Direct BAC Sequencing

Direct sequencing from CH230-90M3 BAC template wagormed with pPBAC SP6F and
Gstm10F primers. Sequencing read lengths of 40068H50ere achieved with clean
backgrounds, confirming BAC preparation purity aaafirming BAC expected sequences
(figure 6.5).

SATCATGTTGTACACAAGTGTCAACTTGCCALAAGAATAAGTALAGGTATTCT A<« Ref Sequence
TCATGTTGTACAC TGTC CTTGCC T T TaTTCTiae 90M3A

B

Figure 6.5 - Electropherogram from direct sequencin g of 90M3
Sequencing of 90M3 with pBACSp6F was of high quality, traces showed low
background and aligned 100% with expected (Ref) sequences.

6.4.3 Gstm1 Expression from pEF1 WKY Gstm1

Transfection of HelLa cells with pEF1 WKY Gstml1 riésd in expression of
immunoreactive Gstm1 protein in cell lysates 48rHater, indicating effective Gstm1
expression from the plasmid construct (figure 6.6).

. B-Actin

pEF1 WKY Gstml NT K

Figure 6.6 - Gstm1 protein expression from peEF1 WKY  Gstml

HelLa cells were lysed 48 hours post-transfection. 20 ug protein was loaded in each
lane. Expected 26 kDa Gstm1 protein bands were observed transfected wells, but not
in non-transfected (NT) cells. B-actin immunoreactivity (42 kDa) was observed in all
cells. K = control rat kidney protein (30 ug).

6.4.4 Transgenic Screening

Five BAC construct implantations were carried auGlasgow, generating a total of 18
potential transgenic pups, though 2 from one littere consumed by the mother within 48
hours of being born. Six recipient females werelanfed on each occasion (table 6.2).

This represents a live birth rate per implantabb6%; none of the pups were positive in
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BAC-specific PCR screens (figure 6.7A). Microinject and implantation was performed
three times in Prague, once with the BAC constoaéy and twice with both constructs; a
total of 35 potential BAC transgenic and 25 potrinear fragment transgenic pups were
born (table 6.3), a live birth rate per implantataf 9.7% and 14.8 %, respectively. PCR
screening was negative in all cases (figure 6.DBja supplied by the Prague laboratory
showed that approximately 65% of microinjected grabmwere viable the following day.

Microinjection No. of Recipients No. of Pups
1 6 0
2 6 7
3 6 2*
4 6 9
5 6

Table 6.2 - Microinjected embryos implanted at Glas  gow University
Implantations of microinjected embryos performed with the BAC transgenic
construct at the Central Research Facility, University of Glasgow. An average of 12
microinjected embryos was implanted on each occasion, a total of 18 pups were
born, 2 (*) were cannibalised.

Microinjection BAC BAC Pups Linear Fragment Linear Fragment
Recipients Recipients Pups
10 13 - -
12 5 6 6
8 17 8 19

Table 6.3 - Microinjected embryos implanted at Acad  emy of Sciences of the Czech
Republic

Implantations of microinjected embryos performed with BAC and linear fragment
transgenic constructs at the Institute of Physiology, Academy of Sciences of the
Czech Republic, Prague. An average of 12 microinjected embryos were implanted

on each occasion, generating a total of 60 potential transgenic rats.
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A
750 bp
4500 bp
K250 bp
BAC H>0
B

pEF1F+R pEF2F+R

= - :
Lo enii e |
pEF3F+R

R ——————T T T T T T

Gstm10/13

Figure 6.7 - PCR Screening for BAC and linear fragm  ent transgenic rats

PCR Screening for BAC and linear fragment transgenic rats. (A) BAC Transgenic
screening in two potential transgenics (T1 ans T2). Control WKY and CH230-90M3
BAC DNA also PCRd. Loading order and expected band size: Gstm10+Gstm13
(738 bp), pBACSp6F + 90M3-1R (442 bp), pBACT7R + 90M3-3F (380 bp),
pBAC1F + pBAC2R,(371 bp) and pBAC3F + pBAC4R (387 bp). (B) Linear
fragment transgenic screening in 17 potential transgenic rats. Loading order in
pEF1F+R, pEF2F+R, pEF3F+R PCRs: Potential transgenics 1-17, pEF1 WKY
Gstm1 +ve control, H,O. Gstm10+Gstm13 positive control PCRs also performed on
all rats, 19 potential BAC transgenics were included in the same PCR. Expected
product sizes: pEF1F+R: 381 bp, pEF2F+R: 380, pEF3F+R: 838 bp. * double band
in +ve control lane for pEF1 F+R due to split well.

219
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6.5 Discussion

This chapter has outlined the work performed te dathe ongoing project to develop a
transgenic SHRSP rat overexpressgagml. A genomic BAC clone encompassiégtml
and a linear construct encodi@gtml have been cloned and purified using published
protocols and several techniques have been applieerify the purity, integrity and
transcriptional activity of the constructs. To dafgroximately 720 microinjected
embryos have been implanted but no transgenic lpangs been born, despite 78 live
births.

The lack of transgenic rats produced so far coakemany possible explanations. For
example, scientists at Glasgow University havexpgedence in rat transgenesis, all
previous microinjections having been performed a@use embryos; as noted above,
microinjection is the limiting factor in rat transgics due to the physical properties of the
rat embryo and pronucleus. The Prague laboratometrer have extensive practical
experience in rat transgenesis (Pravenec et alZBédvenec et al. 2003;Pravenec et al
2008), and it is expected that collaboration wiitis taboratory will result in a transgenic
Gstml rat presently. The lack of a transgenic rats frorcroinjections performed to date
in Prague may simply be due to chance and furthetomjections are ongoing. It is also
possible that either of the transgenic construatehntegrated on several occasions but in
each case have disrupted the expression of vitlsg& here is also the possibility that
overexpression of transgenes in the constructdetiaal to the developing embryo; this is
more likely for the BAC transgenics since CH230-3&hcodes a number of transcripts
in addition toGstml (figure 6.1), though there is no published evidetiat any of these
genes may be toxic if overexpressed. There areagwablished reports of transgenic
overexpression causing embryonic lethality in migeluding the membrane protein
neurophilin that is involved in cell-cell interactions (Kitsala et al. 1995), the cardiac
developmental transcription factdkx2.5 (Wakimoto et al. 2003) and the vascular
endothelial growth factoMegf-A) gene (Miquerol et al. 2000), note however thatéhare
all genes with established roles in developmenitaorscriptional control, which does not
apply toGstml.

BAC-mediated transgenesis has been attemptedsistilndly in an effort to ensure a
physiologicalGstml expression pattern, however there are drawbadkss@rocedure,

for example, it has recently been learnt that CH23®I3 encode$stm7 in addition to
Gstml, and though circular BAC microinjection has besedito successfully derive
transgenic animals in numerous studies (Antoclh. 4987;Kaufman et al. 1999;Duff et al.
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2000), BAC growth and purification are challengprgcedures and other researchers have
used linearised BAC molecules that have undergamre mgorous purification protocols
such as caesium chloride gradient centrifugatiodialysis (Antoch et al 1997;Probst et al.
1998). Given these factors, future microinjectianié concentrate on the linear expression
construct. However it must be recognised that krdagml expression will not be
guaranteed in all transgenic rats; tissue-speexression pattern and consequent
phenotype of transgenics is dependent on the ipostfect’ of random insertion into the
genome (Wilson et al 1990;al Shawi et al 1990). TH&6 transgenesis experiments,
which used exactly the same expression construaingdoyed in these experiments,
exemplify this phenomenon: Two transgenic lineseaggnerated, SHR-TG10, which
carried 6-8 transgenic copies@di36 but did not show kidney transgene expression, and
SHR-TG19, which carried a single transgene which @&xpressed at low levels in the
kidney (Pravenec et al 2001b). Thus more than@stl transgenic rat line may need to
be generated before renal transgene expressiboums

Alternative strategies to DNA pronuclear microirijen are also being considered for
Gstml transgenesis, a particularly promising techniguentiviral vector transgenesis.
Lentivirus vectors are engineered replication-defitvirus particles designed to deliver
transgenes to replicating cells or embryos. Theynall suited to transgenesis due to their
ability cross cell and nuclear membranes and &gnatte sequences into the host genome,
they have been employed for transgenesis in sespeales including mice, rats, chickens,
pigs, quail and cows (Park 2007). A particular adage with respect to rat transgenesis is
that lentiviruses are not injected into the embtgelf, rather they are introduced under the
zona pelucida and mediate their own passage atres®ll membrane and to the
pronucleus, thus avoiding the problems associatddrat pronuclear injection. An
alternative to microinjection in lentiviral transgesis has also been employed whereby
mice embryos were denuded of the zona pelucidaretbated in medium containing
lentiviruses (Pfeifer et al. 2002). Transgenesih \ntiviral vectors has been
demonstrated to be far more efficient than by DNi&roinjection, in a recent study to
generate transgenic rats expressing green fluarepoatein (GFP), 49.6% of
microinjected embryos generated live births, ofchi22% born to Sprague Dawley
mothers and 14% born to Dahl S rats were transd®hahalkiewicz et al. 2007). The

main disadvantages of lentiviral vectors are the sif transgenic insert that can be
packaged by the virus, which is limited to approxiety 10 kb, and the laboratory
expertise required to grow and purify the vecttiteugh the Glasgow laboratory has

extensive experience of these protocols. In ingiatlies with lentiviral vectors there were
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also concerns that the efficiency of transgeneritmsemay slow the creation of fixed
transgenic lines; multiple insertions throughow ¢fgnome resulted in variable copy
numbers being transmitted to subsequent generglioiset al. 2002). However it has
been shown that viral titres used for injections@ate with the number of genomic
insertions in transgenic pups, reducing viral sitreduces the number of insertions
(Michalkiewicz et al 2007).

Given the proposed kidney-specific effects of redi@stml expression on hypertension
in the SHRSP, it is worth considering a renal-sji@promoter inGstml transgenesis.
Gstm1l protein has been specifically located topttecipal cells of the collecting duct by
immunohistochemical colocalisation with aquaporiAgp2) (McBride et al 2005), a 9.5
kb Agp2 promoter sequence has been used in mouse trassganspecifically direct GFP
expression to principal cells of the collecting @ua the cortex, outer and inner medulla
(Zharkikh et al. 2002). In this study, GFP expressvas upregulated by dehydration of
the mice and no expression was observed in theadjantercalated cells in the collecting
duct. An alternative kidney tubule-specific pronrdias also been described, constituting
3.3 kb of the kidney-specific cadherin geKey-cadherin) upstream regulatory region.
Transgenic mice expressihgcZ driven by theKsp-cadherin promoter showefl-
galactosidase expression exclusively in the kidspgcifically in the tubular epithelium of
the inner medulla, the renal papilla and pelvisl aeakly in the cortex and outer medulla
(Yang et al. 2006).

OnceGstml transgenic SHRSP rats have been derived and swdiby PCR, they will be
subject to a number of experiments. Blood presatlide measured by radiotelemetry
and kidney GSH levels will be measured. The tisspesific expression pattern of the
transgene will be established by gRT-PCR or nontidotting and germline transmission
of the transgene will be confirmed in future getierss. Genomic copy number of the
transgene will be assessed by southern blottingnay cell lines could also be derived
from transgenic rats to ass€&agml catalytic activity by total GST activity assaydan
with the proposed Gstml-specific substrate 1,2idrok4-nitrobenzene (DCNB)
(Fujimoto et al 2006). Changes in renal and vas@xXalative stress levels will also be
measured. Generation of a transgenic animal wiénead expression of a candidate gene
for a complex physiological trait is a critical ted its contribution to a disease phenotype;
increased expression Gstml alone may not affect blood pressure in the SHRSPdreat

extent, however as detailed above, numerous segppbanotypes can also be measured.
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7 General Discussion
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The experiments performed in this project appli@dde range of functional genomic
techniques in the investigation of hypertensiothen SHRSP. The hypertension candidate
geneGstml has been extensively examined with genome-wideesspon profiling (which
also implicated other GSH metabolism-related gem@s)moter sequence analysis, and
adenovirain-vitro andin-vivo overexpression and knock-down experiments. Funakio
studies examined the effects of modulatsyml expression om-vitro enzyme activities
andin-vivo oxidative stress and NO bioavailability. Signifitateps have also been taken
towards the production of a transgenic SHRSP ratexpressingsstml. Together, the
strategies developed in these experiments reprag@otrough approach to the assessment
of a hypertension candidate gene.

Blood pressure QTL analysis by congenic breedimgts has been established for many
years (Rapp 2000), however, the success of tlategly alone for positive identification of
blood pressure genes is probably limited to cordiran thatCypl1bl accounts for
increased blood pressure in the DSS compared O $feunder salt loading (Cicila et al
2001;Garrett et al 2003). This approach has ottserlveen hampered by difficulties
including the large numbers of genes under QTL peafistatic interactions between
QTLs and loss of phenotype in small congenic irdksryRapp 2000;Saad et al. 2001;Dutil
et al 2005). Combining congenic breeding with macray expression profiling in the
manner that led to the identification@§tml was therefore an important advance, and this
approach was further extended by the data andbamiques applied in this project. The
finding presented here, th@stml expression is reduced in the SHRSP prior to the
development of severe hypertension, was significadetermining that the reduced
expression observed at 16 weeks of age (McBridé 2003) was not secondary to high
blood pressure and likely to be a causative faotorcreased blood pressure. This
observation is also corroborated by published dataparing gene expression between 3
week old SHR and WKY rats that showed reduGstinl expression in the SHR at this
earlier timepoint (Seubert et al 2005). Thoughdtfierentially expressed GSH
metabolism genes identified in microarray mRNA @gsion data were not confirmed by
gRT-PCR, the finding that GSH levels may be affédig genetic elements from the 2c*
congenic interval was also significant and demastrthe value of metabolic pathway
analysis by IPA. It is predicted that this typeaofilysis, where candidate genes are not
necessarily considered in isolation, but as paimtefacting pathways will become
increasingly important in complex genetic resedfbminiczak et al 2005). Indeed, IPA
software has been applied in published hypertengisgarch in rat inbred models. For
example, research in the Glasgow laboratory hasicatpd differential expression &idgl
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andVcaml in salt-sensitive hypertension in the SHRSP, &#ddoftware provided a
functional transcriptional network that implicatactivation ofEdgl in the expression of
Vcaml via numerous cell signalling molecules and traipsion factors (Graham et al
2007). The pathways, including elements such dslptaderived growth factds-
(PDGFRB), protein kinase B (Aktl), PI3 kinase regaty subunit 1 (PIK3R1), mitogen-
activated protein kinase kinase kinase 8 (MAP3K®) tianscription factors such as
NFkB1, MYC and CCAAT/enhancer binding protgif‘CEBPB) will be the subject of
further research and are hoped to lead to theifabation of novel biomarkers for salt
sensitive hypertension (Graham et al 2007). IntamdilPA has also been applied in
conjunction with Transfac promoter sequence analysihe identification of functional
networks of genes whose expression may be afféstélae differential expression of

transcription factors from hypertension QTLs (Jbal005;Lee et al 2007).

Having establishe@®stml as a robust hypertension candidate gene, the udse
experiments were designed to analyse the moleméahanisms behind its reduced
expression in the SHRSP and its relation to oxiéatiress. The co-incidence of reduced
renalGstml expression and increased renal oxidative stressawamportant result that,
along with the identification of a coding mutatiand 13 promoter polymorphisms in the
SHRSP and SHESstm1 promoter, contributed to a recent publication (MdB et al

2005). Significantly, reduce@stml expression was also demonstrated in SHRSP carotid
arteries, which is also consistent with increasastular oxidative stress in the SHRSP
(McBride et al 2005).

Transfac promoter analysis was an invaluable tothé identification of candidate
transcription factors that may influenGstml expression. Of the potential transcription
factors who's binding may be affected by SHREHN1 promoter polymorphisms, PPAR
represents the strongest candidate since bindieg isi both implicated clusters may be
affected, and a precedent for PPARediated GST expression exists (Park et al 2004).
confirmed, this finding would increase the manyesolor PPAR in transcription
regulation already proposed, including those ipadyte differentiation (Tontonoz et al
1994), lipid metabolism (Motojima et al. 1998;Taordjn et al. 2003), renal sodium
homeostasis (Guan et al 2005) and reduced renalMAdXidase activity (Hwang et al
2005). That PPARhas a proven role in oxidative stress defencegmsfeant in the light
of the results presented here and is also corrtdmbiay recent studies demonstrating that
increased PPARexpression facilitates recovery of cultured reénblular epithelial cells
after HO,-induced injury (Sommer et al. 2007), and inhiityll synthesis in mesangial
cells from SHR rats fed a high sodium diet (Efedtal. 2007). However, the picture is
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complicated by the recent publication that PRAIRregulates renin expression via binding
to a novel response element in the renin promdiddrov et al. 2007). Overall, the
analysis of th&stml promoter warrants further study, it would be matarly informative

to confirm the role of the putative ARE sequenapeeially given that a functional ARE
has not been described for the rat or mdbstenl promoter, despite the fact that tRef2-

null mouse exhibits reducdsstml expression (Chanas et al 2002). It may be integsb
consider an electrophoretic mobility shift assaWI@)-led approach to promoter analysis
in future studies. Such a methodology was apphetie investigation of reduced
expression ofAnpep in the kidneys of the DSS rat compared to the DSRjah et al

2004), leading to the identification of a disrup@EBPB motif in the DSFRAnpep

promoter (Kotlo et al. 2007a).

The adenoviral overexpression platform appliedhia project proved extremely flexible
for the cloning and construction of several virusemodulateGstm expression. The anti-
Gstm family shRNA sequence was effective in the knoekdof genes against which it
was fully aligned, the finding that target sequendiéfered from published gene sequences
should be borne in mind in any future RNAI expenmse The hypothesis that reduced
expression from the WKY Gstml virus in HelLa cediglue to differential binding of miR-
10b is interesting but does not relate toitheivo differential expression déstml, unless

it is hypothesised that miR-10b is overexpresseétlerlSHRSP and that the 3'UTR SNP at
+35 has no effect, in this case, any other miRN& putatively aligns with th&stml

3'UTR is equally a candidate. The lack of increds@dbioavailability followingGstml
overexpression in the SHRSP carotid artery doegxaude a role for it in oxidative-
stress defence or hypertension and further expatsie develop targeting gene

expression vectors are underway.

The functional studies discussed above evaluatedffects of modulatin@stml
expression om-vitro or intermediate phenotypes, these experimentsidentl weight to
the association of reduc&$tml expression to hypertension. In contrast, the blood
pressure of a transgenic SHRSP overexpre£a#tigl in the kidney would provide clearer
evidence of the direct role played by this genkyipertension. As discussed in chapter 6,

these efforts are ongoing and may be extendecthoda lentiviral transgenesis.

Collectively, these expression, functional anddggmic approaches were applied to the
investigation of a candidate gene identified vi@EL, congenic and mRNA expression
profiling strategy. While this approach has yieldedcesses in the identification of genes

that may contribute to complex disease states (@atet al 1999;Pravenec et al
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2001b;Yagil et al 2005), several other studies hdegtified differentially expressed genes
that on further analysis do not locate to minin@igenic intervals (Frantz et al.
2001;Moujahidine et al 2004;Garrett et al 2005)nétethere is considerable interest in a
number of other high-throughput functional genoteithniques that are likely to play an
important role in the continued search for genestgns and pathways affecting complex
polygenic traits (Dominiczak et al 2005;McBridea&t2006).

Our increasing understanding of the complexitiegeafe expression control and the
improved cost-effectiveness of genetic and expoesasnalysis has led to the advent of
techniques such as genetical genomics, or expregsitetics, where mRNA expression is
treated as a phenotype in linkage analysis todoe@TLs. As discussed in section 1.2.3.4,
this technique has been applied in a panel of reamant inbred strains to study a rat
model of metabolic syndrome, identifying sevaiial andtrans- acting eQTLs and
potential candidate genes (Hubner et al 2005). &¢istacting eQTLs are intrinsically
easier to investigate since the elements that cloihteir expression are likely to be within
the gene itself or in nearby regulatory regidnans-acting eQTLs often cluster to the
same genetic location and point to potential meftect loci with central roles in

metabolic pathways (Petretto et al. 2006). Thustdthnique is potentially tremendously
powerful provided experiments are appropriatelyighesd and data is analysed correctly;
the expression genetics field is in its early sta@ed tools for statistical data analysis and
for translating findings into testable hypothesesnplicated pathways are still under
development (Drake et al. 2006). Many of the coteapd approaches developed for
linkage of gene expression to quantitative trait &dso applicable to analysis of the
genetics of proteomic and metabolomic traits, asudised below.

Proteomics, which involves the identification oflypnorphic protein expression and
isoforms between samples, is being increasinglji@gpp complex disease genetics
research. Proteomic strategies are particularlfubecause they allow researchers to
assess the distribution and relative concentratbpsoteins, which are the functional
units of the organism that have the greatest detett on phenotype. A common strategy
in proteomic experiments is to locate polymorphiatgin spots following separation of
proteins electrophoretically in 2 dimensions (lmesand by isoelectric point) and to
identify the proteins concerned by mass spectrgnagtd mass fingerprint analysis. One of
the limitations of proteomic strategies in the gest been the reproducibility of techniques
used to separate protein samples (McBride et @2 0@wever advances such as 2
dimensional difference in gel electrophoresis (2[B), where samples to be compared
are differentially labelled and separated on theesgel, help resolve this limitation. Such
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a technigue has examined the specific proteinsesspd within inner-medullary collecting
duct (IMCD) cells compared to inner-medullary naikecting duct cells (Hoffert et al.
2004), and was also used to examine the regulafiproteins in IMCD cells following
long-term administration of vasopressin (van Balkatral. 2004). Proteomic strategies
have also been combined with linkage analysis mesmodels, for example, Klose et al
(2002) performed genetic analysis of the mousenlperteome by comparing protein
composition and genetic linkage data on a panelioé from a backcross between two
genetically divergent mouse specikkis musculus andMus spretus. They found that
polymorphic proteins showed a high degree of al§plecific transmission, which was
particularly evident in heterozygotes, and thatatams in protein quantities and isoforms
often mapped distant to their genomic coding lacgtan illustration of the many post-
transcriptional and post-translational events titaur to a protein that are mediated by

proteins encoded elsewhere in the genome (Kloak 2002).

Proteomic approaches have also been applied bgagpies in Glasgow examining human
cardiovascular disease; urinary protein biomarkense assayed in healthy individuals and
patients with coronary artery disease (CAD) toidgsiish a signature polypeptide pattern
specific to CAD patients (Zimmerli et al. 2007).tms instance capillary electrophoresis
and mass-spectrometry was applied to search fabuketmic markers of disease with
potential clinical application, rather than to aska genetically mediated differences in
protein expression. However, metabolomic analyasdiso been combined with genetic
analysis to map the genetic determinants of diffeneetabolite profiles in disease states.
For example, proton nuclear magnetic resonati¢N(MR) was recently applied in a study
to compare the metabolite profile of an inbredmatel of diabetes, the Goto-Kakizaki
(GK) rat, with the normoglycaemic BN (Dumas et24l07). Genotyping data was
available on Frats from a GKxBN cross (Gauguier et al. 199B) NMR spectra were
obtained for plasma samples of a subset of thesgadmand linked to their genotype data
to examine the genetic influence of metabolite levi@etabotypic QTLs for proline and
tyrosine on Chromosomel and glucose on chromosbmese validated by the
examination of the plasma metabolite profiles afgenic strains harbouring the
appropriate alleles at each locus. The metabotpic with the highest LOD score (13.7)
was examined in greater detail, revealing thatgased plasma benzoate concentration was
associated with GK alleles at a locus encodingrs¢weidine diphosphate-glucuronosyl-
transferase (UGT) enzymes, the expression of omémh Ugt2b) was found to be
reduced 78-fold in the GK compared to the BN. Bateds a gut microbial degradation
product that is metabolised via conjugation reaxsticatalysed by UGT enzymes, thus
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while the significance of this finding to diabetesunclear (indeed, the same allele at this
locus in the GK rat is shared by the WKY). This éragizes the utility of genetic analysis
of metabolomic data by uncovering a genetic polyh@m affecting a

mammalian/bacterial symbiotic relationship (Dumial007).

Traditional QTL mapping typically identifies largenomic regions encompassing several
potential candidate genes, and strategies sucbngegic and subcongenic breeding
followed by substitution mapping can reduce thelicaped region but are laborious.
Increasing marker density for genetic mapping andderately improves QTL resolution
(Rapp 2000), the main limitation being the limitgaportunity for recombination by the F
generation, when most genome-wide scans are pextbrithis experimental design is
typically necessitated by the cost of breeding lamasing large numbers of animals
(particularly for rats), and the expense and powecage of traditional genotyping
methods; this subsequently leads to the situatioergvonly large-effect QTLs reach
statistical significance. A recent landmark studgr@ssed these issues by breeding a
population of 'heterogeneous stock' mice in 50 geiwas from 8 inbred progenitor strains
(Valdar et al. 2006). Over 2000 mice were genotyget3549 SNPs and phenotyped for
101 phenotypes varying from body weight, immunatagmarker antibody staining,
glucose tolerance testing, blood count to behagiduaits such as startle response, anxiety
measurements and activity. Using bespoke statisticysis techniques they identified
843 QTL peaks that exceeded the significance tbidgbr 97 of the phenotypes, only 1%
of which individually accounted for more than 5%jpbfenotypic trait variance. Thus each
of the traits examined appear to be under theenfte of a large number of small effect
QTLs, and the analysis accounted for an averag8%f QTL-based additive variance in
phenotype for all traits (as a percentage of tltkgoree-based variance), leaving
considerable scope for epistatic and environmédatabrs to affect phenotype. Of 40
previously described QTLs from traditional QTL mappin the parental strains, between
a third and half mapped to the same location s dhudy. The challenge of gene
identification at the QTLs identified remains, thevere an average of 27 genes within the
95% confidence interval of the QTLs identified (Yai et al 2006), however this study is
particularly significant for the possible implicais on the analysis of human complex
genetic diseases. As with any novel analyticalnegple, the robustness of the statistical
methods applied by Valdar et al remains to be prdarvasi 2006), however it is
important to reemphasize that the population usehis study was derived from 8 founder

inbred strains, thus in human populations thabarthe whole considerably more outbred,
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QTLs may exhibit even smaller effects on complaxtdr requiring extremely large

experimental groups to identify all but the largefect alleles.

The last year has seen the publication of riskfimca number of human complex diseases
following genome wide association studies in lgggpulations. Risk loci have been
identified for six of the 7 diseases studied by\Wellcome Trust Case Control Consortium
(WTCCC), including bipolar disorder, coronary aytdisease, Crohn's disease,
rheumatoid arthritis and type 1 and 2 diabetes {(Meicome Trust Case Control
Consortium 2007), and further loci have been idieatifor obesity (Frayling et al. 2007),
prostate cancer (Gudmundsson et al. 2007) andsotHewever, the odds ratios associated
with the risk alleles at these loci are modestiwieen 1.2 and 1.7). While disease risk odds
ratios and trait variance are not directly compkeattne low odds ratios associated with the
disease risk loci mirror the low phenotypic variamxplained by a majority of the QTLs
identified by Valdar et al, leading to the conctirsthat in animals and humans any given
continuous trait is likely to be governed by allelariants at very few (if any) large effect

loci, some with intermediate effect, and many veithall effects.

An example of a complex trait for which large-etfatieles have been identified is high-
density lipoprotein cholesterol (HDL-C) levels inrhans; candidate gene investigations
have demonstrated that small number of rare SNitsilsote to low HDL-C levels and
multiple mildy-penetrant alleles are concludeddoaunt for a remainder of the phenotype
(Cohen et al. 2004). Hypertension was the only ttamdfor which a risk locus was not
identified above the significance threshold in W@CCC study. As discussed in section
1.1.4.3 there are a number of plausible explanationthis, not least the likely incidence
of hypertension in the unphenotyped control poparta¢The Wellcome Trust Case

Control Consortium 2007). With this in mind, thealission above points to the possibility
that essential hypertension too is caused by theulative effects of many small-effect

loci in most cases. This is not to detract fromithportance of genetic studies in models
of complex disease, identification of robust caatikdgenes and pathways will shed light

on the physiological pathways of blood pressurdrobthat are applicable to humans.

In addition to the recent methodological advanbes have contributed to our
understanding of complex genetic traits, a numib@nportant findings regarding the
fundamental mechanisms of genomic organisationg ggpression and inheritance are
also likely to have an impact on genetic hyperiamsesearch in the near future. Data from
phase | of the HapMap project (The InternationgbMap consortium 2005) has already
proved invaluable for the design and interpretatibgenome-wide scans through the
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information it provides on the haplotypes assodiatéh alleles at tagging SNPs. The
recent release of phase Il of HapMap, with a SN#Zitle of approximately one per
kilobase, allows for improved haplotype tagging &ad also revealed insights into
genome-wide recombination rates. For example,dbations of several recombination
hotspots have been confirmed and it is estimataitiiey account for approximately 60%
of all recombination, despite covering just 6%lod genome. Furthermore, recombination
rates were shown to be lower in transcribed regowmesall, while rates varied by gene
class, with defence and immunity genes showindnitileest recombination rates (The
International HapMap consortium 2007). Anotheriing&ional collaborative project has
recently provided fascinating insights into theulagon and extent of transcription in
humans. The pilot phase of the encyclopaedia of [2MMents (ENCODE) project
analysed 1% of the human genome, assessing tratiserand chromatin structure and
applying comparative sequence analysis to gaugexteat to which transcriptionally
functional sequences are conserved across evoli@iaorey et al. 2007). Unexpectedly,
they showed that 80% of the analysed sequencansdribed, despite the fact that only 2%
encodes protein. Even after accounting for knowrttional non-coding RNAs such as
siRNAs and miRNAs, vastly more of the genome apptabe transcribed than previously
thought. It is possible that RNA polymerase 'reisugh’ the template during
transcription, but the ENCODE investigators alsovetd that many of the unexpected
transcripts are derived from regions of the genpmagiously thought to be
transcriptionally silent. In another surprisingding, they showed that approximately 50%
of functional sequences (i.e. those directing tapson) were not well conserved in
comparisons with 20 other mammalian species, vapf@oximately 40% of well
conserved sequences did not appear to be funciimhalimans. The latter observation may
be explained by the limited cell types used inENECODE study, expression analysis in
different cell types may yield many more functiosatjuences. But the non-conservation
of functional sequence is intriguing; ENCODE authand commentators have speculated
that the a more detailed examination of such deergequences may be necessary to
locate the critical, well conserved bases thapaesumably central to transcription factor
binding at these locations (Birney et al 2007;Qye2007;Henikoff 2007).

The preliminary results of the ENCODE project tliere confirm the complexity of
genomic organisation and highlight our incompletdarstanding of the mechanisms that
underlie expression and phenotypic variance. A rarobother studies have also recently
shed light on mechanisms affecting gene expressidrexpression of complex traits,
including copy number variation, miRNAs, heritabl@genetic influences on gene
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expression