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Abstract

The mineralocorticoid receptor (MR) plays a key role in cardiovascular and renal injury. The
underlying mechanisms seem to involve the epidermal growth factor receptor (EGFR) for the
development of fibrosis and vascular dysfunction. Both enhanced EGFR transactivation by acti-
vated MR as well as upregulation of EGFR expression by aldosterone-bound MR have been
described. While the former seems to be mediated by the tyrosine kinase cSrc, reporter gene
assays and chromatin immunoprecipitation data indicate that the latter is caused by an interaction
between MR and the EGFR promoter. Pharmacological inhibition of EGFR function prevents
some of MR's pathological actions in cell culture systems, like vascular smooth muscle cells.
Thus, transactivation as well as enhanced expression of EGFR may be an important switch for
the pathophysiological actions in the reno-cardiovascular continuum. Furthermore, EGFR sig-
naling may serve as a negative feedback loop to limit sodium retention. Overall, MR’s “misuse”
of the EGFR is one possible explanation for the pathophysiological effects of aldosterone, mak-
ing the EGFR a potential target for therapeutical interventions against reno-cardiovascular re-
modelling.
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Classical and non-classical effects of the mineralocorticoid receptor and aldosterone

Aldosterone is a steroid hormone and the main mineralocorticoid in humans. It is secreted by
the zona glomerulosa of the adrenal cortex and for a long time was thought to be primarily
involved in electrolyte and volume homeostasis. These classical actions of aldosterone have
been mostly studied in the distal nephron and collecting duct of the kidney in the so-called
principal cells, responsible for sodium reabsorption and potassium secretion. Aldosterone
enters the principal cells presumably by diffusion and bind to its receptor, the mineralocorti-
coid receptor (MR), located mainly in the cytosol tethered to a heteromeric complex contain-
ing hsp90 and other chaperone molecules (Arriza et al., 1987; Funder, 2006). Upon hormone
binding, the MR dissociates from this complex, forms homodimers and translocates to the
nucleus where it acts as a ligand-induced transcription factor, binding to response elements
and modulating the expression of aldosterone-sensitive genes. So far, no mineralocorticoid
receptor specific promoter elements have been described and the only binding sites known are
shared between the glucocorticoid receptor and the mineralocorticoid receptor and are there-
fore called glucocorticoid response elements (GRE). In the case of principal cells, the epithe-
lial sodium channel (ENaC), potassium channel ROMK, Na"/K'-ATPase and mitochondrial
enzymes are known targets of MR regulation. The cellular response — sodium reabsorption
and potassium secretion eventually leads to systemic alterations, like salt and water retention,
enhanced blood pressure, hypokalemia and alkalosis. Similar mechanisms of action also oc-
cur in other tight epithelia, like the colon or sweat glands. As T.L. Goodfriend nicely summa-
rized (Goodfriend, 2006) these effects of aldosterone ,,... allows humans and animals to live
on dry land and eat each other.*

MR also can be occupied and at least partially activated by glucocorticoids, which circulate at
much higher concentrations than aldosterone but bind with similar affinities. In epithelial tis-
sue MR is protected from glucocorticoids by 11f hydroxysteroid dehydrogenase 2 leading to
a relative aldosterone selectivity. This does not — or only to a much smaller degree — seem to
be the case in cardiovascular tissue where the extent and mechanism of MR selectivity is not
completely understood (Funder, 2004; Funder, 2006; Funder, 2006). Thus, studies using so-
called “aldosterone antagonists” (which are MR blockers) in vivo in order to explore cardio-
vascular pathophysiology, investigate, strictly speaking, the effect of activated MR, be it by
aldosterone or glucocorticoids. Because aldosterone has a very low affinity for the glucocorti-
coid receptor (GR) it is generally used to generate situations where MR but not GR is acti-
vated.

Recently, evidence has been accumulating that activated MR can elicit additional, non-
classical effects. Besides experimental data, clinical studies like RALES, EPHESUS and 4E
(Pitt et al., 1999; Pitt et al., 2003; Pitt, 2003) convincingly demonstrate that mineralocorticoid
receptor antagonism protects against cardiovascular and renal remodeling independently of
major alterations in blood pressure or NaCl homeostasis. One classical effect observed in
these studies however, was an elevation of serum [K']. The model derived from these clinical
trials and experimental animal studies, suggests that activated mineralocorticoid receptor in-
duces an inflammatory milieu with enhanced formation of reactive oxygen species and matrix
proteins in the vasculature (Rocha et al., 2002; Virdis et al., 2002; Brilla et al., 1992; Zannad
et al., 2000). Subsequently, this vasculopathy leads to cardiac and renal damage. Although,
this model is now widely accepted, the individual steps in this pathophysiological network are
only incompletely understood.

Besides the non-classical actions mediated via the traditional genomic signaling pathway,
there are also reports about rapid aldosterone effects that do not involve RNA or protein syn-
thesis and are therefore termed non-genotropic actions. These effects have been characterized
in classical and non-classical MR target organs and involve a number of different signaling
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pathways including PKC, PI3-kinase and activation of transporters and pumps like NHE or
Na-K-2Cl-cotransporter (Doolan et al., 1996; Mihailidou et al., 2004; Liu et al., 2003; Gekle
et al.,, 2001). However, the overall pathophysiological relevance of these rapid aldosterone
actions is only beginning to emerge.

Why the EGF receptor?

How does the EGF receptor (EGFR) become involved in this scheme? It is known that EGFR
promotes renal and cardiovascular fibrosis under certain conditions (Terzi et al., 2000; Fla-
mant et al., 2003; Kagiyama et al., 2003). Furthermore, the profibrotic actions of angtiotensin
IT (AIl) and endothelin-1 (ET-1) depend on EGFR as a relay station (Bokemeyer et al., 2000;
Thomas et al., 2002; Asakura et al., 2002; Kagiyama et al., 2002; Flamant et al., 2003). Bind-
ing of these two hormones to their cognate receptors leads to activation of EGFR without
addition of exogenous ligands, a mechanism denominated EGFR transactivation (Prenzel et
al., 1999; Hackel et al., 1999; Shah et al., 2003). It is only through this transactivation that
All or ET-1 are able to activate the kinase ERK1/2 and finally induce renal and cardiovascu-
lar damage. For example, Ang Il-induced cardiac remodelling in rats and vascular smooth
muscle cells (VSMCs) is attenuated by EGFR antisense oligodeoxynucleotides (Kagiyama et
al., 2003; Flamant et al., 2003; Hackel et al., 1999; Moghal et al., 1999). In addition, the
pathophysiological actions of AIl and ET-1 are at least in part related to aldosterone and the
mineralocorticoid receptor (Pu et al., 2003; Park et al., 2001; Jaffe et al., 2005; Min et al.,
2005). Finally, reports exist that activation of MR enhance the EGF sensitivity of vessels with
respect to their contractility (Florian et al., 2001). On the contrary, mineralocorticoid receptor
antagonists lower EGFR mRNA levels and prevent remodelling of cerebral vasculature after
ischemia (Dorrance et al., 2001). Combining all these data with our knowledge on the patho-
physiological, non-classical actions of MR two hypotheses can be formulated respectively
two questions can be asked: (i) Does MR activated by aldosterone induce EGFR transactiva-
tion and/or (ii)) EGFR expression?

First indications of aldosterone-induced EGFR transactivation

Some years ago we investigated rapid effects of aldosterone on ERK1/2 activation in an
epithelial cell line, MDCK cells (Krug et al., 2002; Gekle et al., 2002; Gekle et al., 2002;
Gekle et al., 2001), and observed that aldosterone induced a (5-10 min) rapid activation of
ERK1/2 and a rapid increase of EGFR phosphorylation indicating EGFR transactivation. Fur-
thermore, ERK1/2 activation was prevented by pharmacological blockade of EGFR kinase
activity. Additionally, this EGFR transactivation was a prerequisite for other rapid effects of
aldosterone, like activation of Na'/H -exchanger-1 (Gekle et al., 2001; Gekle et al., 2002).
From these data we concluded that aldosterone uses (or misuses) EGFR transactivation for
some of its rapid actions. However, we had no information about the link between aldoster-
one and EGFR.

Subsequently, the possible role of EGFR in rapid aldosterone signaling in vascular smooth
muscle and endothelial cells was investigated using pharmacological tools (Mazak et al.,
2004; Min et al., 2005; Sugiyama et al., 2005). These studies confirmed our working model
of aldosterone-induced EGFR transactivation and provided strong pharmacological evidence
for the mineralocorticoid receptor as one missing link between aldosterone and EGFR. For
example, activation of ERK1/2 was prevented by MR antagonists or inhibition of EGFR
kinase. Moreover, these studies also emphasize the possible pathophysiological relevance of
EGFR transactivation.
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Confirmation of aldosterone-induced EGFR transactivation and a role for cSrc

To test the hypothesis of aldosterone/MR-induced EGFR transactivation further we employed
a heterologous expression system (Grossmann et al., 2005). In cells without detectable ex-
pression of MR either functionally (GRE-reporter assay) or on the mRNA and protein level
(CHO cells, HEK cells), aldosterone elicited no response with respect to ERK1/2 activation
(Grossmann et al., 2005; Krug et al., 2002). After transfection with the human MR, the cells
showed a genomic response to aldosterone as well as rapid activation of the kinases ERK1/2
and JNK (Grossmann et al., 2005). Aldosterone induced ERK1/2 activation was prevented by
two different pharmacological inhibitors of EGFR kinase, AG1478 and AG112, and by the
MR antagonist spironolactone. While protein kinase C inhibition was not effective, pharma-
cological inhibition of the cytosolic tyrosine kinase cSrc — known to be involved in EGFR
transactivation in various scenarios — prevented the rapid effect of aldosterone (Hackel et al.,
1999; Hunyady et al., 2006; Neithardt et al., 2006; Pullar et al., 2006; Wetzker et al., 2003).
Likewise, aldosterone stimulated EGFR and cSrc tyrosine phosphorylation, indicating activa-
tion of these two kinases.

Studies by Callera et al. (Callera et al., 2005; Callera et al., 2005) and Braun et al. (Braun et
al., 2004) also suggest the involvement of cSrc in rapid aldosterone signaling. Braun et al.
showed the spironolactone-sensitive stimulation of c¢Src kinase activity in M1 cells. Callera et
al. detected a dose-dependent increase in cSrc tyrosine phosphorylation in vascular smooth
muscle cells. Furthermore, they showed that aldosterone-induced proliferation of vascular
smooth muscle cells could be prevented by inhibition of cSrc or ERK1/2. Thus, aldosterone
induced EGFR transactivation involves MR and cSrc, whereas activation of c¢Src by aldoster-
one requires MR expression.

Coming back to the two questions asked, we can give a response to the first one: Aldosterone
induces EGFR transactivation via the mineralocorticoid receptor and the tyrosine kinase cSrc.
This mechanism of action is mineralocorticoid receptor specific and of potential importance
for pathophysiological effects of aldosterone.

First indications of aldosterone-induced EGFR expression

In addition to aldosterone-induced EGFR transactivation in cell culture, pharmacological in
vivo studies show that MR activation enhances EGF-induced contraction of arteries (Florian
et al., 2001) and that the MR antagonist spironolactone reduces the expression of EGFR
mRNA after cerebral ischemia (Dorrance et al., 2001). Furthermore, a MR-dependent in-
crease of EGFR mRNA or protein in cardiovascular tissue has been reported (Nakano et al.,
2005; Northcott et al., 2001). When we investigated EGFR expression on the protein level in
adrenalectomized rats, we observed a stimulation of EGFR expression by aldosterone in the
aorta, heart and kidney but not in liver or adipose tissue (Grossmann et al., 2007). Addition-
ally, aldosterone enhanced EGFR expression in cultured kidney cells (Grossmann et al., 2004;
Krug et al., 2003) and cultured human vascular smooth muscle cells (Grossmann et al., 2007),
an effect that could be prevented by spironolactone. Thus, aldosterone has the potential to
stimulate EGFR expression through a MR-dependent mechanism under certain conditions.

Molecular mechanisms of aldosterone-induced EGFR expression

To test the hypothesis of aldosterone/MR induced EGFR expression further we again em-
ployed our heterologous expression system (Krug et al., 2003). CHO cells which showed no
detectable expression of MR or EGFR elicited no response to aldosterone with respect to
EGFR expression (Krug et al., 2003). After transfection with the human MR, the cells re-
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sponded to aldosterone with enhanced EGFR expression in the absence but not in the pres-
ence of spironolactone. Tranfection of the human glucocorticoid receptor (GR) did not effect
EGFR expression. In agreement with these data, aldosterone stimulated the EGFR promoter
only in cell expressing MR while GR expressing cells showed no alterations in EGFR expres-
sion in the presence of dexamethasone or aldosterone. EGFR activation by aldosterone/MR
was concentration dependent with an ECsg value of ~0.5 nmol/l. These data demonstrate that
aldosterone/MR but not GR stimulate EGFR expression, at least in part by activation of the
EGFR promoter. There are no indications for altered mRNA or protein stability. However,
the data so far do not allow discriminating between a direct MR/EGFR-promoter interaction
and an indirect one, although experiments applying the chromatin immunoprecipitation
(ChIP) technique suggest a direct binding of MR to the EGFR promoter or at least to DNA
sites close to the promoter (Grossmann et al., 2007).

More detailed EGFR promoter analysis revealed that there are two domains of interaction
with the MR (Grossmann et al., 2007). One domain is located in the region -1 to -163 adja-
cent to the transcription initiation site and the second domain is located in the region -163 to -
316. According to reporter gene assays, these interactions occur in the transition range be-
tween physiological and clearly pathophysiological aldosterone concentrations (ECsy ~ 1
nmol/l (Grossmann et al., 2007)). Furthermore, the A/B-domain of the MR is required.

Both EGFR promoter interaction domains were insensitive to glucocorticoids/GR. These ob-
servations can help to explain the fact that under physiological conditions aldosterone exerts
its physiological actions on salt homeostasis but does not induce vasculopathy. Furthermore,
this mechanism offers an additional explanation for differential effects of GR and MR.
Coming back to the two questions asked we can now give a response to the second one, as
well. Aldosterone induces EGFR expression via the mineralocorticoid receptor. This mecha-
nism is also of potential importance for pathophysiological effects of activated MR because
(i) EGFR has been shown to promote pathological tissue alterations and (ii) because activated
MR enhances the number of switches for angiotensin II and endothelin-1.

So far, at least three tracks of cellular aldosterone signaling have been described and therefore
have to be considered (Grossmann et al., 2005). Besides the classical, MR-dependent, ge-
nomic track, leading to the expression of so-called aldosterone-induced proteins like the
EGFR, we have a rapid, nongenotropic but MR-dependent track, leading to the activation of,
at least, ERK1/2- and JNK1/2-kinase. This nongenotropic, MR-dependent signaling track
seems to involve c¢Src and EGFR, similar to the mechanisms described for other steroid hor-
mone receptors (Boonyaratanakornkit et al., 2001; Migliaccio et al., 1998; Migliaccio et al.,
2000). Despite the still missing mechanistic details, it is now clear that the classical MR
rather than an alternative membrane aldosterone receptor contributes to rapid signaling as
already known from other steroid receptors. Finally, there is an ill-defined nongenotropic,
MR-independent track, which nevertheless seems to distinguish between aldosterone and
dexamethasone but does not seem to involve the EGFR. There are indications that aldoster-
one enhances Ca’'-influx by a yet unknown pathways through this mechanism (Grossmann et
al., 2005; Gekle et al., 1996). What is still not clear is if these different signaling pathways
interact with each other. Le Moellic et al. (Le Moellic et al., 2004) reported that rapid aldos-
terone-induced PKC-activation supports the genomic track of aldosterone, indicating an inter-
action between the genomic and nongenotropic signaling tracks. Thus, not only the existence
of three signaling tracks, but also the degree of their crosstalk enhances the complexity of
aldosterone signaling. Knowledge of the crosstalk between genomic and nongenotropic ac-
tions will be critical for our understanding the diverse biologic responses to steroids.

ERK1/2 activation may support genomic actions of MR
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In our heterologous MR expression system (Grossmann et al., 2005) inhibition of ERK1/2
reduced aldosterone-induced transactivation activity at a canonical GRE element. The under-
lying mechanisms included impaired nuclear-cytoplasmic shuttling of MR. In the presence of
an ERK1/2 inhibitor (U0126) translocation of MR into the nucleus was inhibited. Thus, MR-
dependent nongenotropic actions (ERK1/2 activation) can support the classical, MR-
dependent, genomic track under certain circumstances. It is currently not known whether MR
is phosphorylated by ERK1/2 or whether further adaptor proteins are involved. However, it is
known that the control of MR genomic activity by ERK1/2 depends on the N-terminal A/B-
domain of MR. Deletion of these domains turns MR insensitive to ERK1/2 inhibition with
respect to the classical transactivation activity at a canonical GRE element (Pfau et al., 2007).
The same domains are also required for the modulatory actions of cAMP and Ca®" (Pfau et
al., 2007).

First tests on the possible importance of EGFR for pathophysiological actions of MR

Because aldosterone/MR enhance EGFR expression in human aortic smooth muscle cells in
primary culture, we tested whether the hormone per se, in the presence of EGFR activation
(by addition of EGF) or during EGFR transactivation (the presence of H,O;) enhances colla-
gen or fibronectin abundance (Gekle et al., 2007; Grossmann et al., 2007). Aldosterone alone
exerted only minor effects but it potentiated the stimulatory action of low concentrations of
H,0, or of EGF. Inhibition of the EGFR kinase or blockade of MR prevented this potentia-
tion. These data support the hypothesis that EGFR contributes to pathophysiological actions
of activated MR. However, the relative importance of transactivation and altered expression
still needs to be determined.

In addition to its involvement in pathophysiological effects, EGFR also seems to play a role
in the classical regulation of salt transport. For instance, stimulation of EGFR inhibits sodium
current via the epithelial sodium channel (ENaC) in C7 and mCT1 cells (Shen et al., 2003;
Grossmann et al., 2004). Furthermore, the EGF-signaling pathway can exert a tonic suppres-
sive effect on the action of aldosterone with respect to ENaC (Grossmann et al., 2004). Si-
multaneously, aldosterone exerts a long term stimulatory effect on the EGF-signaling path-
way. Thus, aldosterone stimulates a signaling system (EGFR), which antagonizes the action
of aldosterone on salt transport. Furthermore, inhibition of EGFR enhances the action of al-
dosterone on ENaC. Taken together, these components form a negative feedback loop and
allow the hypothesis that the EGF-signaling pathway helps to prevent overstimulation of Na'-
reabsorption by aldosterone.

Conclusions

Overall, it is becoming increasingly established that aldosterone and the mineralocorticoid
receptor elicit non-classical pathophysiological actions either via genomic or nongenotropic
signaling pathways in addition to the classical regulation of salt and water homeostasis. One
possible interaction partner is the EGFR, which functions as a signal transducer for various
G-protein-coupled receptors and is involved in the profibrotic and proliferative effects in-
duced by angiotensin-II and endothelin-1. Recent in vivo and in vitro studies provide strong
evidence that there is an interaction between MR and the EGFR signaling pathway, showing
both induction of transactivation and induction of expression of the EGFR by slightly supra-
physiological concentrations of aldosterone. Therefore, MR s “misuse” of the EGFR could be
one explanation for its pathophysiological effects and a potential target for therapeutical in-
tervention against reno-cardiovascular remodeling.
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Figure legend

The classical physiological action of aldosterone is regulation of salt transport via the miner-
alocorticoid receptor. However, the activated mineralocorticoid receptor can rapidly transac-
tivate the EGF receptor (probably via the cytosolic tyrosine kinase cSrc) resulting in ERK1/2
activation. Furthermore, activated mineralocorticoid receptor can enhance EGFR expression
by a genomic mechanism (interaction with EGFR promoter). Increasing the number of EGFR
makes a cell more sensitive for transactivating activity of other pathophysiological relevant
stimuli, like angiotensin II, endothelin-1 or reactive oxygen species. Rapid activation of
ERK1/2 and/or enhanced EGFR expression are possibly important modules in the signaling
network responsible for pathophysiological actions of MR (induction of fibrosis and inflam-
mation, formation of O,-radicals, endothelial dysfunction). Furthermore, they may also
modulate the classical action of MR, i.e. regulation of salt transport.
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