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Abstract

Serum/glucocorticoid regulated kinase 1 (SGK1) is a key component of the pathway that
leads to activation of the epithelial sodium channel (ENaC) in the aldosterone-sensitive
distal nephron (ASDN). Regulation of ENaC is a major determinant of renal Na"
absorption and overall body fluid homeostasis and blood pressure. Studies from our
laboratory have shown that human skin cells express multiple SGK1 isoforms (A-F) that
arise from alternative transcriptional start sites and RNA splicing at the SGK1 locus. The
aim of this study was to investigate if SGK1 isoforms are also expressed in the ASDN and
to assess their potential role in regulating Na' transport. For these studies the mouse
cortical collecting duct cell line mpkCCD,js, was used as an in vitro model of the ASDN.
Comparison of mouse Sgkl expressed sequence tags (ESTs) with genomic DNA,
identified four potential Sgkl isoforms (Sgkla-1d). Each isoform has a unique amino
terminus of varying size, but otherwise an identical sequence. Using sequence specific
primers, mRNA expression of all four isoforms was confirmed by RT-PCR from purified
mpkCCDgj4 cell and mouse renal tissue RNA. mpkCCDgy4 cells exposed to aldosterone
(Aldo) or Aldo plus insulin (Ins) showed a time-dependent increase in the endogenous
expression levels of multiple Sgk1 bands within 1 hour of treatment. These Aldo and Aldo
+ Ins-induced endogenous Sgkl bands co-migrated with overexpressed Sgkl a-d isoform
bands. Aldosterone also produced a significant increase in amiloride-sensitive (ENaC-
mediated) equivalent short circuit current within 2 hours of exposure, peaking after 4
hours. Insulin potentiated the Aldo response, but had no effect alone. Specific inhibitors
showed that the hormonal response involved both PI3Kinase and mTOR-dependent and
independent pathways. Immunofluorescence studies utilising cloned and tagged SGK1

isoforms in transfected HEK293T cells revealed cytoplasmic network-like staining for all
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SGK1 isoforms except for SGK 1D, which produced plasma membrane staining. In mouse
renal tissue, endogenous Sgkld localised to the basolateral membrane of collecting duct
epithelial cells. Furthermore co-immunoprecipitation of cloned human SGK1 and mouse
Sgkl proteins with the Aldo induced regulatory protein, glucocorticoid-induced leucine
zipper protein 1 (GILZ1), showed isoform-specific interactions. Collectively, these results
build upon our understanding of SGK1 gene expression, protein localisation and function

in the ASDN.
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Chapter 1 - Introduction

Elevated blood pressure (hypertension) is widely considered to be a main cause of
cardiovascular disease and stroke, however, the causes of hypertension and the
mechanisms by which hypertension causes cardiovascular disease and stroke are poorly
understood (Titze and Ritz, 2009; Staessen et al., 2003; Beevers et al., 2001). Regulation
of body salt represents a major determinant of blood pressure homeostasis, and the
principle regulation of salt balance occurs in the kidneys (O'Shaughnessy and Karet, 2006).
The final composition of the kidney filtrate is regulated in the cortical collecting duct
(CCD), where the principal cells mediate the hormone-regulated sodium reabsorption
required for the fine control of salt homeostasis (Greger, 2000). Serum/glucocorticoid
regulated kinase 1 (SGK1) plays a key role in regulation of transepithelial sodium transport
by principal cells and for this reason is vital for the control of blood pressure (McCormick

et al., 2005).

1.1 Renal regulation of sodium balance

The primary function of the kidneys is to filter the blood of waste products such as urea
and pass it to the urinary bladder for excretion. Additional functions of the kidneys
include: regulation of plasma osmolality, long-term regulation of blood pressure,
regulation of bicarbonate excretion to help regulate acid-base balance, and secretion of
hormones such as calcitriol, erythropoietin, and renin (Marieb, 2000). As well as waste,
the kidneys also filter water, glucose, amino acids, and ions from blood which must be
reabsorbed before being excreted in urine. Every day the kidneys process approximately

180 litres of fluid, but only about 1% gets excreted as urine. A kidney is comprised of



about 1.2 million individual filtering and reabsorption/secretion units called nephrons

(Figure 1.1). The nephrons are responsible for the filtration of blood and the reabsorption

and secretion of electrolytes by the kidney. Connecting the nephrons to the renal pelvis is

the collecting duct system, which is responsible for the final reabsorption and secretion of

ions and water and thus the site of the fine regulation of body fluid homeostasis (Marieb,

2000).
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Figure 1.1 Structure of a nephron indicating the different segments and vasculature.
Image used from (http://www.tutorvista.com/content/biology/biology-

iv/excretion/nephron-structure.php).

1.1.1 Renal regulation of blood pressure

The kidneys regulate blood pressure by controlling the volume of extracellular fluid (ECF),

mainly through controlling the plasma concentration of Na". An increase of plasma Na"

concentration increases the osmotic pressure of the blood, thereby increasing fluid

retention, ECF volume and blood pressure.

The renin-angiotensin-aldosterone system



(RAAS) mediates the response of the kidneys to low blood pressure and, together with the
baroreceptor reflex, is responsible for long-term control of blood pressure and body fluid
homeostasis. The RAAS is stimulated by sympathetic nervous system activity or in
response to low arterial blood pressure, as detected by the baroreceptors or by the kidney
through a lowering of glomerular filtration rate (GFR). The juxtaglomerular apparatus is a
structure located at the junction of the glomerulus, distal convoluted tubule (DCT), and
afferent and efferent arterioles of the renal nephrons. The macula densa of the
juxtaglomerular apparatus detects changes in GFR through altered Na" concentration in the
nephron filtrate flowing through the DCT. In response to lowered DCT filtrate Na"
concentration, the macula densa stimulates granular cells, another part of the

juxtaglomerular apparatus, to release renin into the bloodstream, which activates RAAS.

1.1.2 The renin-angiotensin-aldosterone system

The renin-angiotensin-aldosterone system (RAAS) is activated upon the release of renin
from the juxtaglomerular apparatus into the bloodstream. Renin causes hydrolysis of
angiotensinogen into angiotensin I, which is then converted into angiotensin II by
pulmonary and renal angiotensin converting enzyme (ACE). Angiotensin II stimulates
vasoconstriction and release of arginine vasopressin (AVP) from the pituitary gland and
aldosterone from the adrenal cortex. ADH acts on the collecting duct to stimulate water
absorption, whereas aldosterone acts on the aldosterone-sensitive distal nephron (ASDN)
to stimulate Na" reabsorption, K" excretion, and water retention. These effects cause an
increase in plasma volume, which in turn causes increased arterial blood pressure and
GFR, thereby reducing the stimulation of renin release by the macula densa in a negative

feedback mechanism.



1.1.3 The aldosterone-sensitive distal nephron

The aldosterone-sensitive distal nephron (ASDN) consists of the late distal convoluted
tubule (DCT), connecting tubule (CNT), cortical collecting duct (CCD), and medullary
collecting duct (MCD) (Meneton et al., 2004; Loffing et al., 2001). The DCT is defined by
the presence of the Na'/Cl cotransporter (NCC) in the apical membrane of its simple
cuboidal epithelial cells. The other segments of the ASDN each contain two epithelial cell
types; intercalated cells and segment-specific cells. The intercalated cells perform the
acid-base homeostasis role of the kidneys. There are two intercalated cell types: a; acid
absorbing and bicarbonate secreting and [3; bicarbonate absorbing and acid secreting. The
ASDN segment-specific cells are specialised for their respective segments and are named
accordingly as connecting tubule cells, principal cells of the collecting duct, or inner

medullary collecting duct cells.

1.1.4 The principal cells of the collecting duct

Principal cells comprise approximately 71% of the cells of the cortical collecting duct
(CCD) epithelium and are solely responsible for the Na" reabsorption and K secretion that
occurs in the CCD (O'Neil and Hayhurst, 1985). These cells are characterised by having a
large number of water channels (aquaporins) which coupled with Na' reabsorption, are
used to reabsorb water. Principal cells are responsible for the fine control of salt balance
through regulated reabsorption of the remaining 2-5% of filtered Na'. Reabsorption of Na"
occurs because of the generation of an inward Na' electrochemical gradient into the cell by
the basolateral Na'/K'-ATPase, which actively transports 3 Na' out of the cell and 2 K"
into the cell. The Na" electrochemical gradient allows Na' to flow into the cell from the

CCD lumen through the apical epithelial sodium channel (ENaC). ENaC is the rate



limiting step for reabsorption of Na' and therefore is tightly regulated, as discussed later in
section 1.4.1. The Na'/K'-ATPase also creates a K" electrochemical gradient out of the
cell, which is either used to secrete K' via the apical ROMK K" channel, which is also
under tight regulation, or is used to transport Cl across the basolateral membrane via the
K",CI" cotransporter (KCC4). The movement of K" is important for the maintenance of
cell membrane potential. Cl may also be transported across the basolateral membrane by
CLC-K2, but this transporter is only present in the intercalated cells of the CCD. Water
reabsorption by principal cells is mediated by water channels aquaporin 2 (AQP2) in the
apical membrane and aquaporin 3 (AQP3) in the basolateral membrane. AQP?2 is the rate
limiting step in water reabsorption, and AQP2 channels are inserted into the membrane
following stimulation by argenine vasopressin (AVP) hormone in response to dehydration.

Ion transport across principal cells is summarised in Figure 1.2.
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Figure 1.2 Routes of the major ion and water transport in principal cells. Figure
adapted from (Fenton and Knepper, 2007).



1.2 Regulation of sodium transport in principal cells

Sodium transport in principal cells is mostly regulated at the point of Na” entry across the
apical membrane via ENaC. ENaC is controlled through various mechanisms, but the
most important is the regulation by hormones such as aldosterone and insulin via SGK1.
The basic pathway of aldosterone and insulin regulation of sodium transport in principal
cells is summarised in Figure 1.3. Aldosterone induces expression of SGK1, whilst insulin
stimulates the PI3K pathway causing phosphorylation and activation of SGK1. Active
SGK1 stimulates ENaC by phosphorylating and inactivating Nedd4-2, which would
otherwise cause ENaC internalisation and degradation (McCormick et al., 2005).
Regulation of ENaC is reviewed in more detail in section 1.4.1. ENaC-mediated sodium
transport is also sensitive to both intracellular and extracellular [Na']. Increased
intracellular [Na'] blocks further Na" entry into the cell via ENaC possibly to protect the
cell from osmotic damage (Anantharam et al., 2006). Increased intracellular [Na'] has also
been shown to increase the activity of Na', K'-ATPase at the cell surface of isolated rat
CCD cells and mpkCCDyg4 cells (Vinciguerra et al., 2003). ENaC is also blocked by high
extracellular Na” which is suggested to be mediated by a Na'-sensing self-inhibition site on

ENaC (Bize and Horisberger, 2007).
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Figure 1.3 Simplified SGK1-regulated Na* transport in a CCD principal cell. Figure
used from (McCormick et al., 2005).

1.2.1 The mineralocorticoid receptor

Mineralocorticoid receptors (MRs) mediate the aldosterone-induced signalling and
upregulated gene expression involved in the regulation of sodium transport in principal
cells. The MR is a member of the steroid hormone receptor family that has high affinity
for mineralocorticoids such as aldosterone. MRs are expressed in various tissues,
including kidney, brain, heart, blood vessels, adipose tissue, and circulating monocytes
(Gomez-Sanchez, 2010; Urbanet et al., 2010; Fuller and Young, 2005). MRs are bound by
both aldosterone and cortisol, but 11 B-hydroxysteroid dehydrogenase 2 (11B-HSD2) acts
to protect MRs from cortisol (Morris et al., 2000). Aldosterone enters the principal cells of
the ASDN and binds to MRs present in the cytosol. The aldosterone-MR complexes then
translocate from the cytosol to the nucleus, where they bind to DNA hormone response
elements in order to transcriptionally upregulate various proteins such as SGK1 (Chen et
al., 1999; Naray-Fejes-Toth et al., 1999), ENaC, Na’ K'-ATPase (Feraille et al., 2003;

Verrey et al., 2003), K-Ras, and corticosterone hormone-induced factor (CHIF). SGKI1 is



a critical component of the aldosterone-induced increase in ENaC-mediated Na' transport
(Naray-Fejes-Toth and Fejes-Toth, 2000). SGK1 is also able to stimulate Na",K'-ATPase
activity, however, this is separate to the activation by aldosterone (Alvarez de la Rosa et
al., 2006; Zecevic et al., 2004). Osmotic stress caused by hypertonic conditions reduces
expression of MR in CCD cells (Viengchareun et al., 2009). Mice deficient in MR show

impaired salt balance (Ronzaud et al., 2007).

1.2.2 The phosphoinositide 3-kinase pathway

The phosphoinositide 3-kinase (PI3K) pathway regulates SGK1 activity by controlling the
phosphorylation of SGK1 by phosphoinositide-dependent protein kinase 1 (PDPK1) and
mammalian target of rapamycin complex 2 (mTORC2) (Lu et al., 2010; Kobayashi and
Cohen, 1999). The PI3K pathway can be activated by various substances including
insulin, insulin-like growth factor 1 (IGF-1), and pervanadate and is involved in many
cellular processes including regulation of cell proliferation, differentiation, motility,
survival and intracellular trafficking (Gonzalez-Rodriguez et al., 2007; Gamper et al.,
2002; Park et al., 1999; Alessi et al., 1996). The diverse functions of this pathway are
mediated by the actions of the PI3Ks; a family of intracellular signalling proteins that are
split into three classes based on their structure, regulation, and substrate specificity, which

are summarised in Table 1.1.



PI3K | Activator Lipid substrate and product | Catalytic | Regulatory
class subunit | subunit
I Tyrosine kinases/G | PtdIns(4,5)P pl10a p85a
protein-coupled — PtdIns(3.,4,5)P; pl10B p85P
receptors/Ras pl10d p50a
pSSa
p55y
pl10y pl01
p87
1T Tyrosine PtdIns — PtdIns(3)P C2a -
kinases?/G protein- | PtdIns(4)P — PtdIns(3,4)P; C2pB
coupled receptors? C2y
III G protein-coupled | PtdIns — PtdIns(3)P Vps34 Vpsl5
receptors?

Table 1.1 A summary of the PI3K classes and their respective regulation, substrate
reactions, and constituting subunits.

The PI3Ks are defined by their phosphorylation of a hydroxyl group in the 3-position of
the inositol ring of phosphatidylinositol (PtdIns) in order to regulate the levels of PtdIns
and its phosphorylated forms; PtdIns(3)P, PtdIns(4)P, PtdIns(3,4)P,, PtdIns(4,5)P,, and
PtdIns(3,4,5)P5 in cells. The PI3Ks perform their role in conjunction with various
phosphatases, which dephosphorylate the 3- 4- or 5-positions of PtdIns enabling regulation
of the relative levels of the different PtdIns species. The class I PI3Ks are activated by
tyrosine kinases, G protein coupled receptors (GPCRs), or Ras and produce PtdIns(3,4,5)Ps
from PtdIns(4,5)P,. The PtdIns(3,4,5)P; product of class I PI3Ks is subject to conversion
into the other lipid second messengers; PtdIns(4,5)P, and PtsIns(3,4)P,, by PtdIns 3- and
PtdIns 5-phosphatases, respectively.  The principle PtdIns 3-phosphatase is the
phosphatase and tensin homologue deleted on chromosome 10 (PTEN), which counteracts
the phosphorylation performed by the class I PI3Ks to produce PtdIns(4,5)P,. Two
important PtdIns 5-phosphatases are the SH2 domain-containing inositol 5-phosphatase

type 2 (SHIP2) and the inositol polyphosphate-5-phosphatase E (IPPSE), which convert



PtdIns(3,4,5)Ps into PtsIns(3,4)P,. Both PtdIns(3,4,5)P; and PtdIns(3,4)P, are bound by
proteins that possess a PH domain and, through this interaction, regulate the localisation
and function of kinases such as PKB and PDPKI1. PtdIns(3,4)P; is also produced from
PtdIns(4)P by class II PI3Ks, which may be activated by the same route as class I PI3Ks,
but the routes of activation of class II PI3Ks are not yet fully understood. Class II PI3Ks
also share production of PtdIns(3)P from PtdIns with class III PI3K, which may also be
produced from phosphorylation of PtdIns(3,4)P, by inositol polyphosphate-4-phosphatase
(INPP4). Class II PI3Ks are primarily present in intracellular membranes and,
concurrently, basal PtdIns(3)P is localised mainly on endosomes or organelles. PtdIns(3)P
is bound by proteins that possess a Phagocyte Oxidase homology (PX) domain or a Fabl,
YOTB/ZK632.12, Vacl, and EEAl (FYVE) zinc finger domain, which may involve
downstream kinases, vesicle sorting proteins, or scaffold proteins (Vanhaesebroeck et al.,
2010).

SGK1 has been shown to be able to bind PtdIns(3)P, PtdIns(4)P, and PtdIns(5)P, but not
bind PtdIns(3,4,5)P; in vitro and mutation of a specific residue involved in PI binding
reduced SGK1 effects on ENaC and FOXO3 (Pao et al., 2007). Interestingly, PDPKI is
recruited to PtdIns(3,4,5)Ps via a pleckstrin homology (PH) domain in order to maintain
activity of the kinase (Komander et al., 2004; McManus et al., 2004). However, sodium
hydrogen exchanger regulating factor 2 (NHERF2) has been shown to bind both SGK1 and
PDPK1 via a PSD-95/Dlg/Z0-1 (PDZ) domain and a 3-phosphoinositide-dependent
protein kinase 1 (PDKI1) interacting fragment (PIF), respectively, acting as a scaffold

protein to recruit SGK1 to PDPK1 for activation (Chun et al., 2002).
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1.2.3 The mitogen-activated protein kinase/extracellular signal-regulated

kinase pathway

The mitogen-activated protein kinase/extracellular signal-regulated kinase (MAPK/ERK)
pathway is an intracellular signalling pathway that typically mediates the effects of growth
factors on gene transcription. Activation of the MAPK/ERK pathway by epidermal growth
factor (EGF), transforming growth factor o (TGFa), or phorbol myristate acetate (PMA)
was shown to cause decreased Na transport in CCD cells (Shen and Cotton, 2003). The
MAPK/ERK pathway is stimulated by the binding of growth factors such as epidermal
growth factor (EGF) and insulin-like growth factor 1 (IGF-1) to their cell surface tyrosine
kinase receptors such as EGF receptor (EGFR) and IGF-1 receptor (IGF1R). Growth
factor receptor binding induces phosphorylation of the receptor substrate or
autophosphorylation of the receptor itself. Phosphorylation of the receptor provides sites
for recruitment of Src homology 2 (SH2) domain-containing effector proteins such as
growth factor receptor-bound protein 2 (GRB2) or insulin receptor substrate 1 (IRS-1).
Phosphorylated IRS-1 binds to the SH2 domain of GRB2. GRB2 forms a complex with
the guanine nucleotide exchange factor son of sevenless (SOS) via an SH3 domain and
recruitment of this GRB2-SOS complex causes activation of SOS. Activated SOS
promotes the activation of Ras by removing bound GDP allowing Ras to bind GTP and
become active. Active Ras binds and activates Raf to initiate the MAPK signalling
cascade of MAPKKK (Raf)-MAPKK (MEK)-MAPK (ERK1/2)-various downstream
targets, whereby each member is phosphorylated and activated by the last. ERKI1/2
phosphorylate ENaC stimulating its interaction with Nedd4-2. The components of the
MAPK/ERK pathway cascade exist in a multiprotein complex (Kyriakis, 2007).

Interestingly, a recent study has described the existence of a complex of ENaC-Raf-Nedd4-

11



2, which GILZ1 and SGKI interact with to cooperatively stimulate ENaC (Soundararajan

et al., 2009).

1.2.4 The protein kinase A pathway

In principal cells, the protein kinase A (PKA) pathway mediates the response to the AVP.
AVP is released into the bloodstream from the pituitary gland in response to a drop in
plasma osmotic pressure as detected by the hypothalamus. AVP binds to the AVP receptor
2 (AVPR2) on the basolateral membrane of CCD principal cells. AVPR2 is a G protein
coupled-receptor that activates adenylate cyclase (AC) through the Gs pathway. AC
catalyses the conversion of ATP into the second messenger 3°,5’-cyclic adenosine
monophosphate (¢(AMP). The increased cAMP activates PKA, which has been shown to
increase ENaC activity via phosphorylation of SGK1 (Vasquez et al., 2008; Perrotti et al.,
2001). cAMP has also been suggested to phosphorylate equivalent sites on Nedd4-2 to
SGKI1 in order to stimulate ENaC (Snyder et al., 2004). In addition, cAMP/PKA also
cause the translocation of Na",K -ATPase to the plasma membrane, thereby promoting Na"
reabsorption (Feraille et al., 2003; Verrey et al., 2003; Gonin et al., 2001). cAMP/PKA are
also reported to induce SGKI1 and oENaC protein expression in the rat salivary
submandibular gland cell line SMG-C6 (Vasquez et al., 2008). The cAMP/PKA induction
of SGK1 and aENaC in SMG-C6 cells has also been linked to the PI3K and MAPK

pathways (Mustafa et al., 2008; Vasquez et al., 2008).

1.3 Serum/glucocorticoid regulated kinase 1

The serum/glucocorticoid regulated kinases (SGKs) are members of the AGC protein

kinase subfamily of serine/threonine protein kinases. Other members of this subfamily
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include PKA, PKB, PKC, PKG, protein kinase C related kinase (PRK), mitogen- and
stress-activated protein kinase (MSK), and 3-phosphoinositide dependent protein kinase-1
(PDPK1) (Pearce et al., 2010). SGK1 was originally characterised as a 49 kDa protein
kinase whose mRNA was rapidly induced by serum and dexamethasone in a rat mammary
tumour cell line and was therefore named serum/glucocorticoid regulated kinase (SGK)
(Webster et al., 1993a; Webster et al., 1993b). The later discovery of the SGK paralogues
SGK2 and SGK3 led to the original SGK being renamed SGK1. SGK2 and SGK3 were
discovered as products of distinct genes, but with 80% amino acid identity between the
catalytic domains of the three SGK paralogues (Kobayashi et al., 1999). In humans, the
SGK1 gene locus is on chromosome 6q23, the SGK2 gene locus is on chromosome 20q12,
and the SGK3 gene locus is on chromosome 8q12.3. SGKs are broadly conserved and are
present in mammals, shark, chicken, C. elegans, and two orthologues also exist in yeast.
The human SGK1 gene consists of 12 exons separated by relatively short introns
(Waldegger et al., 1998). SGKI1 consists of an N-terminus domain of ~100 residues;
which is thought to be responsible for regulating localisation, and the remaining ~330
residues constitute a kinase domain containing various putative binding sites and motifs.

In mammals, SGK1 and SGK3 are expressed in most tissues including brain, heart,
intestine, kidney, liver, lung, and muscle, whereas SGK2 is expressed more exclusively in
epithelial tissues of the kidney, liver and pancreas (Lang et al., 2006). SGK1, 2, and 3 are
all expressed in cortical collecting duct cells, however, only expression of SGKI is
induced by aldosterone and dexamethasone (Naray-Fejes-Toth et al., 2004a). To date,
most research has focussed on SGK1 due to its regulation by hormones and comparatively
little is known about SGK3 and particularly SGK2 because of their less obvious regulation.
SGK1 is involved in regulation of many different cellular processes including proliferation,

signalling, survival, and trafficking (Leong et al., 2003; Mikosz et al., 2001). SGKI1

13



performs its roles through acting on ion channels and transporters, other enzymes, and
transcription factors as discussed further in section 1.3.2. SGK2 and SGK3 are also
thought to be involved in regulation of transport and transcription, but their exact roles
remain to be established. SGKI1 has recently been shown to be expressed as multiple
isoforms in humans and are thought to confer functional diversity and specificity to SGK1

(Hall, 2007; Simon et al., 2007), which is discussed further in chapter 3.

1.3.1 Regulation of serum/glucocorticoid regulated kinase 1

Following its characterisation as a serum and glucocorticoid regulated kinase in 1993, sgkl
was later shown to be upregulated by aldosterone in A6 cells, rat kidney distal nephron,
and rabbit cortical collecting duct cells (Chen et al., 1999; Naray-Fejes-Toth et al., 1999).
The induction of sgkl by aldosterone was confirmed in vivo by other researchers studying
rat kidney and colon (Bhargava et al., 2001; Brennan and Fuller, 2000; Shigaev et al.,
2000). These studies of aldosterone action on sgkl also showed that sgkl increased
activity of ENaC, suggesting sgk1 involvement in regulation of sodium reabsorption. This
led to the investigation of the possible involvement of sgkl in other diseases associated
with hypertension. Sgkl was shown to be upregulated by transforming growth factor B
(TGF-P), increased extracellular glucose concentration, osmotic cell shrinkage, and
thrombin, suggesting Sgkl may have a role in the pathogenesis of diabetic nephropathy
(Hills et al., 2006; Lang et al., 2000; Kumar et al., 1999). SGK1 has also been shown to be
induced by endothelin-1 (ET-1) and suggested to be involved in blood pressure changes
during renal failure (Wolf et al., 2006). Peroxisome proliferator-activated receptor gamma
(PPAR-y) agonists, which sensitise cells to insulin and are used clinically in treatment of

type 2 diabetes, stimulated SGK1 activity in a human CCD cell line (Vallon and Lang,
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2005; Hong et al., 2003). The MAPK/ERK pathway is known to regulate SGK1 and
mediates induction of SGK1 in response to cell stress allowing SGK1 to protect cells from
stress-induced apoptosis by negatively regulating forkhead box protein O3 (FOXO3)
(Leong et al., 2003; Brunet et al., 2001). The MAPK/ERK pathway also mediates
fibroblast growth factor (FGF), platelet-derived growth factor (PDGF) and 12-O-
tetradecanoylphorbol-13-acetate (TPA) induction of Sgkl (Mizuno and Nishida, 2001).
Sgkl has also been shown to be induced by follicle stimulating hormone (FSH) in
granulosa cells via a cAMP-dependent pathway (Gonzalez-Robayna et al., 2000).

Transcriptional regulation of SGKI1 occurs through several intracellular signalling
pathways and as such a number of different signalling proteins have been shown to be
involved. In addition to components of the PI3K, MAPK/ERK, and cAMP/PKA pathways
discussed earlier, SGK1 expression is also induced by PKC increases of intracellular
[Ca®] in endothelial cells (Lang et al., 2000). SGKI1 may also be transcriptionally
regulated by changes in nitric oxide, and interleukin 2 (IL-2) (Amato et al., 2007).
However, the transcriptional regulation of SGK1 probably involves many more potential
players as the SGK1 promoter region in rat has been suggested to contain various
transcription factor binding sites such as for progesterone receptor (PR), vitamin D
receptor (VDR), retinoid X receptor (RXR), farsenoid X receptor (FXR), sterol regulatory
element binding protein (SREBP), p53, Spl transcription factor, activating protein 1
(AP1), activating transcription factor 6 (ATF6), heat shock factor (HSF),
reticuloendotheliosis viral oncogene homolog (c-Rel), NFkB, signal transducers and
activators of transcription (STAT). As well as binding sites for GR, MR, cAMP response
element binding protein (CREB), PPARy, TGF-B-dependent transcription factors SMAD3

and SMAD4, and forkhead activin signal transducer (FAST) (Lang et al., 2006; Itani et al.,
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2002). Not all of these binding sites may be used universally, but this does suggest that
transcription regulation of SGK1 is complex.

The activity of SGK1 inside the cell is governed by its phosphorylation, which may occur
at various phosphorylation sites that are each substrate for different activators. The most
well documented phosphorylation of SGK1 is performed by 3-phosphoinositide-dependent
protein kinase 1 (PDPKI1) at threonine 256 and by mechanistic target of rapamycin
complex 2 (mTORC?2) at serine 422, which promotes its actions in inhibiting Nedd4-2 (Lu
et al., 2010; Garcia-Martinez and Alessi, 2008; Kobayashi and Cohen, 1999). Activation
of SGK1 via the PI3K pathway may be stimulated by hormones such as insulin (Fuster et
al., 2007). Phosphorylation of SGKI1 at threonine 256 is first dependent on the
phosphorylation of serine 422 (Kobayashi and Cohen, 1999). The interaction of SGK1
with PDPK1 is enabled by Na'/H" Exchanger Regulatory Factor 2 (NHERF2), which
contains two PDZ binding domains that are able to interact with PDZ binding motifs such
as is found at the C-terminus of SGK1 (DSFL) 6 residues away from serine 422 (Chun et
al., 2002). Also, PDPK1 contains a PDPK interacting fragment (PIF)-binding pocket
which may bind SGK1 directly or require NHERF2 as a scaffold protein for interaction
with SGK1. PDPKI1 is activated by the PI3K pathway and binds to PtdIns(3,4,5)P; via its
PH domain. SGKI1 has also been shown to bind to phosphoinositides, possibly due to
being localised with PDPK1 by NHERF2 (Pao et al., 2007). The findings of these studies
suggest that activation of SGK1 by via the PI3K pathway may occur at the plasma
membrane. The activity of SGK1 has been shown to be dependent on its N-terminal
domain, which may contain amino-acid sequence required for specific localisation (Pao et
al., 2007; Naray-Fejes-Toth et al., 2004a).

SGK1 is also phosphorylated by big mitogen-activated protein kinase 1/extracellular signal

regulated kinase 5 (BMKI/ERKS) at serine 78 during growth-factor-induced cell
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proliferation as part of the MAPK/ERK signalling pathway (Hayashi et al., 2001). The
cAMP/PKA pathway is also involved in regulating activity of SGK1 as PKA has been
shown to phosphorylate SGK1 at threonine 369 (Perrotti et al., 2001). The study by
Perrotti et al. (2001) also showed that phosphorylation and activation of SGK1 by PKA is
dependent on the prior phosphorylation of threonine 256 or serine 422. Additionally,
phosphorylation of SGK1 at threonine 369 by NIMA (never in mitosis, gene A)-related
kinase-6 (NEK6) links SGK1 with cell-cycle progression, however, this study also found
that this phosphorylation was unlikely in vivo (Lizcano et al., 2002). Recently, it has also
been argued that phosphorylation of SGK1 at serine 397 and serine 401 is required for
maximum SGKI1 activity, which was dependent on co-expression with active PKB and
with no lysine kinase 1 (WNK1) (Chen et al., 2009).

SGKI1 has a half life of ~30 min in the cell and is degraded through being ubiquitin-tagged
at a specific six-amino-acid motif in its N-terminal domain, signalling it for degradation by
the 26S proteasome (Brickley et al., 2002). The ubiquitin-binding motif of SGK1 consists
of amino acids 19-24 (GMVAIL) and is required for correct regulation of SGK1 (Bogusz
et al., 2006). Ubiquitination of SGK1 is performed by phosphorylated Nedd4-2, which
itself is produced by SGK1 forming a negative feedback loop of regulation of SGK1 (Zhou
and Snyder, 2005). SGKI1 has also been shown to be ubiquitinated in vitro by Nedd4-2
(Zhou and Snyder, 2005), stress-induced-phosphoprotein 1 (STIP1) homology and U-box
containing protein 1 (STUB1) (Belova et al., 2006) and synoviolin (SYVNI) (Arteaga et

al., 2006).
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1.3.2 Functions of serum/glucocorticoid regulated Kinase 1

The SGKI1 kinase consensus sequence has been identified as R-X-R-X-X-(S/T)-o,
containing arginine (R), any amino acid (X), and a hydrophobic amino acid (¢) (Lang et
al., 2006). This sequence is shared with the other SGK isoforms SGK2 and SGK3 as well
as with PKB. SGKI1 has been shown to be involved in regulation of Na' reabsorption in
the distal nephron, primarily via stimulating ENaC (Chen et al., 1999; Naray-Fejes-Toth et
al., 1999), which is discussed in more detail later in section 1.4.2. SGKI1 also increases
activity and cell-surface expression of the renal Na'/K'-ATPase, suggesting an additional
stimulation of sodium reabsorption in the distal nephron by SGKI1 separate to the
stimulation of ENaC (Alvarez de la Rosa et al., 2006; Verrey et al., 2003). The renal K"
channel (ROMK1), which is important for the secretion of K" into the nephron filtrate, is
also stimulated by SGK1 via interaction with sodium hydrogen exchanger regulating factor
2 (NHERF2) (Palmada et al., 2005; Vallon and Lang, 2005; Yun et al., 2002). SGK1 and
NHERF?2 are also involved in regulation of the renal Ca*" channels, TRPV5 and TRPV6
that are important for reabsorption of Ca*’ (Bohmer et al., 2007; Palmada et al., 2005;
Embark et al., 2004b) and also regulate the renal Na'-dicarboxylate cotransporter (NaDC1)
(Boehmer et al., 2004). NHERF2 acts as a scaffold protein by binding SGKI1 and
regulating/effector proteins to facilitate their interaction.

Sodium transport across the apical membrane of the proximal tubule by the Na'/H"
exchanger (NHE3) is stimulated by insulin and SGK1 (Fuster et al., 2007). Sodium is also
reabsorbed in the proximal tubule with glucose via the Na'-glucose cotransporter (SGLT1)
and SGK1 has been shown to stimulate SGLT1 activity via phosphorylation of Nedd4-2 in
a mechanism similar to regulation of ENaC (Dieter et al., 2004). SGKI1 and Nedd4-2
regulation has also been shown for the renal and inner ear CI" channel (CIC-Ka) (Embark

et al., 2004a) and the ubiquitous CI channel (CIC2) (Palmada et al., 2004a). NHE3 and
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SGLTI1 are also used in absorption of Na' and glucose in the intestine and their
dysregulation by SGK1 may cause diarrhoea or underlie obesity. SGK1 stimulates activity
of the intestinal Na'-phosphate cotransporter (NAPilIb), also through phosphorylation of
Nedd4-2 (Palmada et al., 2004Db).

SGK1 is also suggested to be involved in the maintenance of cardiac function via
regulation of the cardiac voltage-gated Na' channel (SCN5A) (Boehmer et al., 2003) and
the cardiac K' channels (KCNE1 and KCNQI1) (Busjahn et al., 2004). SGKI also
regulates other KCNQ channels involved in neuronal excitability (Schuetz et al., 2008).
SGKI1 has also been shown to play a role in regulation of insulin secretion from glucose-
sensitive cells, in part through regulation of voltage-gated K" channels (Kv1.3, Kv1.5, and
Kv4.3) (Laufer et al., 2009; Boehmer et al., 2008a; Vallon and Lang, 2005). SGKI1 also
increased the abundance of glucose transporter (GLUT1) in plasma membrane suggesting
that SGK1 has a role in regulating glucose uptake by cells (Palmada et al., 20006).

Further transporters that have been shown to be regulated by SGK include the cystic
fibrosis transmembrane conductance regulator CI° channel (CFTR) (Sato et al., 2007),
various amino acid transporters (Boehmer et al., 2006; Boehmer et al., 2005; Bohmer et al.,
2004), the creatinine transporter (SLC6A8) (Strutz-Seebohm et al., 2007), and the peptide
transporter (PEPT2) (Boehmer et al., 2008b).

SGK1 mediates its effects through phosphorylation of downstream targets such as
regulatory proteins and transcription factors. An important role for SGK1 in regulation of
many channels and transporters including ENaC is SGK1 regulation of the ubiquitin ligase
Nedd4-2. Nedd4-2 regulates its target proteins through ubiquitination, signalling the target
protein for degradation by the proteasome. SGKI1 phosphorylation of Nedd4-2 induces
binding of Nedd4-2 by members of the 14-3-3 family of regulatory proteins which block

the tryptophan-rich WW domains of Nedd4-2 that are involved in PY motif interactions
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such as Nedd4-2 uses to bind and inhibit ENaC (Bhalla et al., 2005; Debonneville et al.,
2001).

N-myc downstream-regulated gene proteins 1 and 2 (NDRG1 and 2) have been identified
as substrates for SGK1 phosphorylation and NDRG1 phosphorylation has since been used
as an assay for SGKI1 activity (Inglis et al., 2008; Murray et al., 2004). SGKI1 also
phosphorylates and inactivates the proapoptotic enzyme glycogen synthase kinase 3f3
(GSK3p), which is involved in regulation of B-Catenin (Failor et al., 2007; Aoyama et al.,
2005; Kobayashi and Cohen, 1999). SGKI1 also phosphorylates members of the
MAPK/ERK signalling pathway in regulation of cell proliferation including mitogen-
activated kinase kinase kinase 3 (MEKK3) (Chun et al., 2003) and B-Raf (Zhang et al.,
2001). Microtubule-associated protein tau interacts with microtubules as part of being
involved in cell proliferation and apoptosis and is inhibited upon phosphorylation by SGK 1
(Chun et al., 2004). SGKI1 also showed possible regulatory effects on insulin stimulated
glycosylation of glycoproteins involving phosphomannose mutase 2 (PMM?2) (Menniti et
al., 2005). SGKI1 also acts to enhance transcription factors such as cAMP responsive
element binding protein (CREB) (Tyan et al., 2007), NFxB (Leroy et al., 2008), and
FOXO3a (Dehner et al., 2008; You et al., 2004; Brunet et al., 2001) to mediate cell

survival and rescue from apoptosis.

1.4 Epithelial sodium channel

The epithelial sodium channel (ENaC) is a member of the degenerin/epithelial sodium
channel (DEG/ENaC) family of ion channels. It constitutes the rate-limiting step in Na"
transport across many epithelia, such as the kidney distal nephron, airway, colon, sweat

glands, and salivary ducts. ENaC mediates the final regulation of Na" reabsorption by the
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kidney in the aldosterone-sensitive distal nephron (ASDN) (Bachmann et al., 1999; Duc et
al., 1994). Principal cells of the cortical collecting duct (CCD) express apical ENaC,
allowing entry of Na" into the cell, which is then extruded across the basolateral membrane
by the Na'/K -ATPase (Garty and Palmer, 1997). ENaC is a heterotrimeric Na" channel
made up of three homologous subunits named a, B, and y (Butterworth et al., 2008) (Figure
1.4). A fourth subunit has been identified named 6, which replaces the aENaC subunit to
create a Na' channel with different functional properties, and is present in brain, pancreas,
ovaries, and testes (Ji et al., 2006). Channels of 6pyENaC had increased channel activity
and much reduced sensitivity to amiloride compared to affyENaC (Haerteis et al., 2009).
In humans, the four genes that encode the ENaC subunits are named SCNN1A (aENaC),
SCNN1B (BENaC), SCNN1G (yENaC), and SCNN1D (6ENaC). Each of the ENaC
subunits consists of two transmembrane helices with a large extracellular loop and
intracellular N- and C-termini (Canessa et al., 1994a). PY motifs (xPPxY) at the C-termini
of the ENaC subunits just distal to the second transmembrane domain have been identified
and are required for normal channel regulation (Booth et al., 2003; Abriel et al., 1999).
Mutations of the PY motifs of ENaC subunits cause dysregulation of ENaC activity and
Liddle’s syndrome (Schild et al., 1996). Formation of a fully functional channel requires
all a, B, and y subunits, however, the o subunit appears to be most important for channel
activity and can form partially functional channels when expressed alone or with BENaC or

vENaC (Harris et al., 2008; Cheng et al., 1998; Firsov et al., 1998; Canessa et al., 1994b).
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Figure 1.4 Structure of the epithelial sodium channel (ENaC). ENaC consists of three
homologous subunits (a, B, and y), each of which has two transmembrane domains (M1 &
M?2), a large extracellular loop, and cytosolic N- and C-termini with PY motifs close to the
C-terminus. Figure used from (Bhalla and Hallows, 2008).

1.4.1 Regulation of epithelial sodium channel

ENaC is regulated through changes in expression, trafficking, and channel open probability
(Po). ENaC protein expression is upregulated hormonally by aldosterone (Mick et al.,
2001), AVP (Perlewitz et al., 2010), and insulin. Aldosterone induces expression of SGK1
and aENaC in the ASDN and causes ENaC translocation to the apical membrane in
principal CCD cells (Loffing et al., 2001). Aldosterone stimulates aENaC expression in
part by relieving gene repression by a repressor complex of disruptor of telomeric silencing
la (Dotla) and ALL-1 fused gene from chromosome 9 (AF9) via a) downregulating
expression of Dotla and AF9 and b) upregulating SGK1, which phosphorylates AF9
preventing its interaction with Dotla to form the repression complex (Reisenauer et al.,

2010; Zhang et al., 2007). In mouse kidney ASDN, aENaC was upregulated in response to
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low salt diet or aldosterone and this caused translocation of cytosolic BENaC and YENaC to

the apical membrane (Loffing et al., 2000).
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Figure 1.5 A model of a principal cell highlighting the signalling pathways involved

in regulation of ENaC. Aldosterone and the signalling components that are upregulated
by aldosterone are coloured blue. Components and actions that cause reduced expression
of ENaC at the apical membrane are coloured red. Figure adapted from (Verrey et al.,
2007).

ENaC is bound to and requires PtdIns(4,5)P2 for normal channel gating, whilst ENaC
binding to PtdIns(3,4,5)P3 via PY motifs caused increased activity of ENaC (Zhang et al.,
2009; Pochynyuk et al., 2005). ENaC may also be regulated through mechanosensitivity

associated with laminar shear stress. In isolated rabbit CCDs and Xenopus oocytes,

increasing shear stress associated with fluid flow caused an increase in ENaC P, that was
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sensitive to temperature (Carattino et al., 2007). The large extracellular loops in the
structure of ENaC subunits are also involved in Na' self-inhibition (Sheng et al., 2007).
The large extracellular loops of the ENaC subunits play a considerable role in limiting
channel P,, however, cleavage of the loops by intra and extracellular proteases greatly
increases ENaC P, and subsequent Na' transport. Prostasin/channel-activating protease 1
(CAPI) increased ENaC currents when coexpressed in oocytes and other systems (Planes
et al., 2010; Andreasen et al., 2006; Vuagniaux et al., 2000). Trypsin has also been shown
to increase ENaC activity (Nesterov et al., 2008). Proteolytic cleavage of an inhibitory
peptide out of the extracellular loop of aENaC by furin and of YENaC by prostasin caused
a step-wise increase in ENaC open probability (Carattino et al., 2008). Prostasin is
regulated itself by PN-1, which is upregulated by aldosterone and TGFp (Wakida et al.,
2006). Extracellular proteolytic cleavage of ENaC removed the self-inhibition caused by
extracellular [Na'] (Chraibi and Horisberger, 2002). Short palate, lung, and nasal
epithelial clone 1 (SPLUNCI) has been identified as an anti-protease regulatory protein of
extracellular ENaC cleavage in airway surface fluid volume (Garcia-Caballero et al.,
2009). The extracellular protein SPLUNC binds to the extracellular loops of non-cleaved
ENaC and prevents ENaC cleavage and thereby reducing ENaC currents.

ENaC apical membrane half-life is estimated to be approximately 20-30 min from various
studies (Kabra et al., 2008; Lu et al., 2007; Alvarez de la Rosa et al., 2002). It has been
suggested that ENaC is present in a large sub-apical pool and its recycling or degradation
from this pool is dependent on PY motifs near the C-termini of each subunit (Lu et al.,
2007). ENaC endosomes (recycling and late) are coordinated by sorting proteins syntaxin
and Rab GTPases (Saxena et al., 2007). The ubiquitin ligase Nedd4-2 binds and

ubiquitinates ENaC, causing it to be internalised by endocytosis. SGKI1 phosphorylates
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Nedd4-2, preventing its ubiquitination of ENaC (Flores et al., 2005; Kamynina and Staub,
2002).

SGK1 binds via a PY motif to WW domains of Nedd4-2 and phosphorylates it primarily at
serine 444, but also at serine 338, causing its reduced interaction with ENaC (Debonneville
et al.,, 2001). Another protein upregulated by aldosterone, 14-3-3pB, binds to the
phosphorylated Nedd4-2 blocking its interaction with ENaC (Liang et al., 2006; Nagaki et
al., 2006) (Figure 1.5). Dysregulated ubiquitination and internalisation of ENaC by
Nedd4-2 is linked to Liddle’s syndrome (Abriel et al., 1999; Goulet et al., 1998), which is
characterised by increased Na' transport due to increased apical membrane half-life of
ENaC. ENaC subunits may be either polyubiquitinated or multi-monoubiquitinated at the
cell surface (Butterworth et al., 2007; Wiemuth et al., 2007). Polyubiquitination through
ubiquitin lysine 48 targets ENaC for degradation by the proteasome, whereas
monoubiquitination or polyubiquitination through ubiquitin lysine 63 targets ENaC for
internalisation (Abriel and Staub, 2005). ENaC recycling following ubiquitination and
internalisation is associated with deubiquitination by enzymes such as Usp-45 (Fakitsas et
al., 2007) and UCH-L3 (Butterworth et al., 2007). Ubiquitin-specific protease Usp2-45 is
induced by aldosterone in vivo and has been shown to deubiquitinate ENaC and cause
increased ENaC-mediated sodium transport in HEK293, Xenopus oocytes, and mpkCCDj4
cells (Fakitsas et al., 2007) (Figure 1.5). Another deubiquitinating enzyme USP10 requires
sorting nexin 3 (SNX3) for upregulation of ENaC (Butterworth and Johnson, 2008).

ENaC is subject to feedback inhibition by increased intracellular [Na'] causing binding of
Nedd4-2 and Nedd4 to PY motifs present in the C-terminal domains of B and yENaC
(Rauh et al., 2006). In addition to indirect effects of SGK1 on ENaC via Nedd4-2, SGK1
can also directly phosphorylate and stimulate aENaC activity. ENaC regulation can also

occur via Nedd4-2 phosphorylation and inactivation by IkB kinase- (IKKf) (Edinger et
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al., 2009). A recent publication by Hallows et al. (2010) has shown that c-Jun N-terminal
kinase 1 (JNK1) of MAPK/ERK signalling phosphorylates Nedd4-2 at several novel
phosphorylation sites causing increased interaction and inhibition of ENaC (Hallows et al.,
2010).

In an opposing system to SGK1 stimulation of ENaC, MAPK/ERK phosphorylates B and
vYENaC C-termini increasing their interaction with Nedd4-2 and subsequent internalisation.
MAPK/ERK inhibition of ENaC has also been shown to be induced by PKC. Casein
kinase 2 (CSNK2) has also been shown to phosphorylate Nedd4-2 removing its inhibition
of ENaC (Bachhuber et al., 2008). ENaC has been shown to be maintained in its active
state by G-protein-coupled receptor kinase 2 (GRK2), an enzyme implicated in the
development of essential hypertension. Also, GRK2 binds and phosphorylates BENaC,
Nedd4 and Nedd4-2, but only the phosphorylation of the C-terminus of BENaC inhibits
binding of Nedd4-2 (Sanchez-Perez et al., 2007). cAMP/protein kinase A can induce
phosphorylation and inhibition of Nedd4-2 independently of SGK1 (Vallon and Lang,
2005). Protein Kinase D1 also modulates aldosterone-induced ENaC activity in M1-CCD
cells (McEneaney et al., 2010).

ENaC has also been shown to be regulated by members of the With No Lysine (WNK)
kinase family, which are structurally classified as MAPKKK that lack a conserved lysine
residue within their kinase domain. There are four WNK kinases in mammals, named
WNKI1, WNK2, WNK3, and WNK4. WNK kinases phosphorylate and activate oxidative
stress responsive kinase 1 (OSR1) and STE20-like proline and alanine-rich kinase (SPAK),
which, in turn, phosphorylate and activate the Na'/CI™ cotransporter (NCC) (Moriguchi et
al., 2005). Mutations in WNKI and WNK4 have been identified as causing
pseudohypoaldosteronism type 2 (PHA2) — an autosomal dominant disorder resulting in

hypertension and hyperkalemia (Wilson et al., 2001). Both WNKI1 and WNK4 are
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expressed in the distal nephron (Wilson et al., 2001), however, in situ hybridisation (ISH)
studies have shown that the kidney-specific WNK1-S (short WNK1) is the primary WNK
isoform expressed in kidney (O'Reilly et al., 2003). ISH studies have also shown that
WNKI1-S is predominantly expressed in DCT, but WNK4 is expressed throughout the
distal nephron (O'Reilly et al., 2006). WNK1 activates SGK1 resulting in increased ENaC
activity in a SGK1 and Nedd4-2 dependent manner (Xu et al., 2005a). WNKI activation
of SGK1 is PI3K-dependent and requires the N-terminal 220 residues of WNKI, but not its
kinase domain (Xu et al., 2005b). WNKI1 has been shown to be induced by hyperosmotic
stress and to redistribute from cytosol to vesicles that could be recycling endosomes
(Zagorska et al., 2007). Aldosterone rapidly increases the expression of (the short kidney-
specific) WNKI1-S isoform and overexpression of this isoform results in increased activity
of ENaC (Naray-Fejes-Toth et al., 2004b). In Xenopus oocytes, coexpression of WNK4
with ENaC caused inhibition of sodium transport, whereas coexpression with WNK4
carrying a mutation that causes PHAII did not inhibit ENaC (Ring et al., 2007a). SGK1
phosphorylates wild-type WNK4 preventing its inhibitory effect on ENaC and ROMK

(Ring et al., 2007b).

1.5 Hypertension

Hypertension is a chronic condition of elevated blood pressure that causes an increased
risk of heart attack, heart disease, kidney disease, and stroke. In the UK, guidelines state
that a patient should be treated for hypertension if their blood pressure readings are
consistently 140 mm Hg systolic and 90 mm Hg diastolic or higher (Higgins and Williams,
2007). However, changes in blood pressure by as little as 1 to 3 mm Hg systolic can alter

the risk of stroke by up to 20 to 30% (Staessen et al., 2003). In 2001, approximately
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13.5% of total global premature deaths were attributed to high blood pressure (Lawes et
al., 2008).

Several studies have found polymorphisms in the SGK1 gene that are linked to increased
risk of hypertension. Studies by von Wowern et al. (2005) and Busjahn et al. (2002) found
that polymorphisms in intron 6 and exon 8 of the SGK1 gene were linked to increased
diastolic and systolic blood pressure and also caused greater blood pressure increase in
response to insulin (von Wowern et al., 2005; Busjahn et al., 2002). However, a
conflicting report published by Trochen et al. (2004) demonstrated that SGKI
polymorphisms did not show increased prevalence in hypertensive or renal disease patients
and showed no relation to blood pressure (Trochen et al., 2004). Despite the conflicting
reports in links between SGK1 and hypertension, it is still highly likely that SGK1 is
involved in hypertension, as Nedd4-2 deficient mice show salt-sensitive hypertension (Shi
et al., 2008). Also, SGK1 knockout and double SGK1/SGK3 knockout mice display an
inability to restrict salt excretion when given a low-salt diet (Grahammer et al., 2006;
Wulff et al., 2002) and SGK1 knockout mice were also protected against high salt and
desoxycorticosterone acetate (DOCA)-induced renal fibrosis and albuminuria (Artunc et
al., 2000).

In humans, the majority of inherited genetic disorders that cause hypertension do so by
causing dysregulation of renal Na' reabsorption. Liddle’s syndrome is an autosomal
dominant condition that causes early-onset hypertension with low potassium, alkalosis and
reduced plasma aldosterone concentration. Liddle’s syndrome is caused by gain-of-
function mutations in ENaC subunits through deletion or disruption of the PY motifs
resulting in reduced channel downregulation by Nedd4-2, increased number and activity of

ENaC, and increased Na ' reabsorption (Knight et al., 2006; Schild et al., 1996).
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Pseudohypoaldosteronism type 1 (PHA1) causes renal salt wasting with metabolic
acidosis, high potassium levels and high renin and aldosterone. Autosomal recessive
PHAI is caused by loss-of-function mutation of any ENaC subunit, causing reduced Na"
reabsorption in the CCD (Riepe, 2009). The reduced Na' reabsorption also removes the
driving force for K™ and H™ excretion in the CCD causing hyperkalemia and acidosis. The
hyperkalemia and decreased hydration/blood pressure stimulates the RAAS causing the
high levels of renin and aldosterone, but without effects of functional ENaC. Autosomal
dominant PHA1 also exists and causes milder salt wasting than the autosomal recessive
form through loss-of-function mutations in the mineralocorticoid receptor (Uchida et al.,
2009).

Pseudohypoaldosteronism type 2 (PHA2) is an autosomal dominant condition causing
hypertension, high potassium, hyperchloremic acidosis and low renin and aldosterone.
PHAZ2 is caused by mutations in WNK1 and WNK4, which regulate Na" transport in the
distal nephron primarily via NCC and ROMK (Vitari et al., 2005). WNK4 acts as a
negative regulator of NCC and ROMK, whereas WNKI1 acts as a negative regulator of
WNK4 (Kahle et al., 2005; Choate et al., 2003). Loss-of-function mutations of either
WNKI1 or WNK4 therefore cause increased NCC and ROMK activity, and then lead to
enhanced Na“ and K’ retention. Additional conditions affecting renal electrolyte
regulation include Bartter and Gitelman syndromes, both of which cause hypotension, are
autosomal recessive, and occur through dysregulated calcium handling (O'Shaughnessy

and Karet, 2006).
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1.5.1 SGK1 and other diseases

Sgkl is involved in pulmonary vascular remodelling (BelAiba et al., 2006). SGKI1
upregulated CFTR in a kinase-dependent manner in Xenopus oocytes (Sato et al., 2007).
ENaC has been linked to regulation of the cystic transmembrane conductance regulator
(CFTR) associated with cystic fibrosis (CF) (Fajac et al., 2009; Mall, 2008). Recently
novel gain-of-function or loss-of-function mutations were identified in the aENaC of
atypical CF patients that possibly contribute to the symptoms of CF (Huber et al., 2010;
Rauh et al., 2010).

SGK1 contributes to tissue fibrosis during diabetic neuropathy (Feng et al., 2005; Wang et
al., 2005; Kumar et al., 1999). Polymorphisms in the SGK1 gene have been linked to type
2 diabetes (Schwab et al., 2008) and SGK1 has been shown to mediate salt-sensitive
cellular uptake o