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Summary

The family of p90 ribosomal S6 kinases (RSK) are pleiotropic effectors for extracellular signal-
regulated kinase (ERK) signaling pathways. Recently, RSK3 was shown to be important for
pathological remodeling of the heart. While cardiac myocyte hypertrophy can be compensatory for
increased wall stress, in chronic heart diseases this non-mitotic cell growth is usually associated
with interstitial fibrosis, increased cell death, and decreased cardiac function. Although RSK3 is
less abundant in the cardiac myocyte than other RSK family members, RSK3 appears to serve a
unique role in cardiac myocyte stress responses. A potential mechanism conferring RSK3’s unique
function in the heart is anchoring by the scaffold protein muscle A-kinase Anchoring Protein 3
(mAKAPB). Recent findings suggest that RSK3 should be considered as a therapeutic target for
the prevention of heart failure, a clinical syndrome of major public health significance.
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Introduction

In the United States, heart failure affects 5.1 million people, and each year 825,000 new
cases are diagnosed (1). Heart failure occurs when the heart is unable to fill with (diastolic
dysfunction) or pump out (systolic dysfunction) sufficient blood to meet the needs of the
body, and is associated with a high health expenditure which has been estimated to amount
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to more than $35 billion annually in the United States (1). The prevalence and incidence of
heart failure are increasing, mostly because of increasing life span, but also because of the
increased prevalence of risk factors (hypertension, diabetes, dyslipidemia, and obesity) and
improved survival rates from other types of cardiovascular disease such as myocardial
infarction and arrhythmias (2). First-line therapy for patients with heart failure includes
angiotensin-converting enzyme (ACE) inhibitors and B-adrenergic receptor blockers (-
blockers) that can improve survival and quality of life in heart failure patients and that have
been shown to reduce mortality in patients with left ventricular dysfunction in randomized
trials (2). Additional therapies include oral loop diuretics, angiotensin receptor blockers,
vasodilators, and aldosterone receptor antagonists. However, despite these therapies the 5-
year mortality for heart failure remains at 50% (1). In addition, heart failure patients can be
divided almost evenly into those with heart failure with reduced ejection fraction (HFrEF)
and those with heart failure with preserved ejection fraction (HFpEF) (2). There are
currently no effective therapies for HFpEF, which is generally thought to be attributable
mainly to diastolic dysfunction (3, 4). Therefore, there is a clear need to investigate the
molecular mechanisms of this syndrome to identify new molecular targets and to develop
effective targeted therapies to treat patients with heart failure.

Myocytes are the contracting cells of the heart and are terminally differentiated. The
endogenous potential for new cardiac myocyte generation is normally negligible, such that
myocyte hypertrophy is the main compensatory mechanism for the heart in response to
chronic stress. Hypertrophy is characterized by an increase in myocyte size, enhanced
protein synthesis, reorganization of sarcomeres, and stereotypical changes in gene
expression (5, 6). Concentric cardiac hypertrophy can decrease wall stress (LaPlace’s Law).
However, in disease hypertrophy is also associated with decreased contractility, increased
myocyte apoptosis and the development of myocardial interstitial fibrosis, ultimately
resulting in heart failure (7). Research over the last decade in mice has revealed that the
extent of hypertrophy present in disease is not required for compensation during pressure
overload and that blocking the common pathways for remodeling can result in beneficial
long-term outcomes (8, 9). Therefore, there is great interest in the elucidation of the
mechanisms controlling this response, with the overall goal of identifying new molecular
targets for therapeutic intervention in heart failure. Within the individual myocyte, the
response to stress is controlled by a network of mitogen-activated protein kinases (MAPK),
cyclic nucleotide, Ca2* and phosphoinositide-dependent intracellular signaling pathways
(10). In this review, we focus on the p90 ribosomal S6 kinase RSK3, an effector for
extracellular signal-regulated kinase (ERK) pathways that we recently discovered to regulate
pathological remodeling of cardiac tissue. Therefore, we have proposed RSK3 as a
candidate molecular target for heart failure therapy (11, 12).

p90 Ribosomal S6 Kinases as ERK Effectors

The p90 ribosomal S6 kinases (RSKSs) constitute a family of serine/threonine kinases that are
involved in the regulation of gene expression and protein translation and cell growth,
proliferation, and survival (13, 14). RSK activation occurs in response to growth factors,
hormones, chemokines, neurotransmitters, and other stimuli (15). All four RSK isoforms
(RSK1-4) contain two kinase domains, an N-terminal kinase domain (NTKD) and a C-

IUBMB Life. Author manuscript; available in PMC 2016 May 19.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Martinez et al.

Page 3

terminal kinase domain (CTKD). The NTKD is homologous to AGC kinases, while the
CTKD is homologous to CaZ*/calmodulin-dependent protein kinases. The NTKD is
responsible for the phosphorylation of RSK substrates and, like other AGC kinases, can
phosphorylate sites containing the consensus R/KXRxxS (16). The RSK NTKD is activated
by sequential RSK phosphorylation by ERK (1, 2, or 5), the CTKD (autophosphorylation),
and 3-phosphoinositide-dependent protein kinase 1 (PDK1) (Fig. 1) (13, 14) (14). ERK is
poised to activate RSK by binding inactive RSK on a C-terminal docking domain, while
PDK1 is recruited to RSK following CTKD autophosphorylation of the RSK hydrophobic
motif (17, 18). Following cessation of stimulation, RSK can be inactivated by protein
phosphatase 2A and 2C8-catalyzed dephosphorylation (19, 20).

Cloning and initial functional characterization of RSK3 was completed in the mid-1990s
(19). RSK3 shares significant homology with other RSK isoforms throughout both kinase
catalytic domains; however, RSK3 is structurally distinct from the other RSKs in that it has
a different 33-amino-acid N-terminal domain that contains a nuclear localization sequence
(19). Studies using antibodies raised against the unique RSK3 N-terminus established that
RSK3 translocates to the nucleus of HelL a cells arrested in GO/G1 transition and that it
phosphorylates nuclear proteins such as c-Fos and histones (19). Less abundant,
alternatively spliced-forms of RSK3 have been identified that contain N-terminal domains
similar to RSK1 and RSK2 and that are not localized to the nucleus (21). Another
characteristic of RSK3 is that ERK 1/2 does not dissociate from RSK3 as readily as it does
from RSK1/2 following mitogen stimulation and that RSK3 has prolonged activity
following mitogen termination (18). RSKs 1-3 are expressed in all adult tissues tested thus
far (19, 22). Due to the differences in RSK isoform regulation, it is perhaps not surprising
that RSKs are not functionally redundant (23, 24). Notably, RSK2 mutations cause the X-
linked human disease Coffin-Lowry Syndrome characterized by mental and growth
retardation and skeletal and facial anomalies (25, 26).

In the cardiac myocyte, it is established that total RSK activity is elevated following
stimulation with most hypertrophic agents (27-34), as well as in explanted hearts from
patients with end-stage dilated cardiomyopathy (35). RSK has been shown to phosphorylate
and activate the sarcolemmal Na*/H* exchanger NHE1, and a-adrenergic-induced NHE1
phosphorylation in myocytes is blocked by the small chemical inhibitor fluoromethylketone
(FMK, Fig. 2) which inhibits all RSKs except RSK3 through binding to the CTKD (36-38).
Increased NHE1 activity can cause intracellular sodium and calcium overload. Thus, the
improved myocyte survival following ischemia-reperfusion of a mouse expressing a
dominant negative RSK1 (dnRSK1) transgene has been attributed to attenuated RSK-
activation of NHE1 (39). While unstressed dnRSK1 transgenic mice were overtly normal,
transgenic mice over-expressing wild-type RSK1 gradually developed cardiac hypertrophy,
with evidence of interstitial fibrosis, myocyte apoptosis and impaired contractility (40).
Interestingly, these mice also exhibited QT prolongation associated with RSK1 inhibition of
outward K* channel activity (Kv4.3) (41). There are many potential other targets for RSKs
in the myocyte (13), of which myocyte-specific data exist for the phosphorylation of the
transcription factor GATA4 (42) and the sarcomeric proteins troponin | and myosin-binding
protein-C (43, 44).
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As discussed below, RSK3 appears to selectively regulate cardiac remodeling (11, 12). It is
worth noting that very little else has been published regarding the physiological function of
RSK3 in any organ system, except for a few recent studies regarding the role of RSK3 in
cancer. For example, RSK3 has been proposed to be a tumor suppressor in ovarian cancer
(45, 46). Conversely, a role has been reported for RSK3 and RSK4 as mediators of
resistance to PI3K inhibitors in breast cancer cells both in vitro and in vivo (47). As
expected, this resistance could be overcome by the addition of MEK and RSK inhibitors to
RSK-overexpressing cells. Similarly, RSK3 depletion was synergistic with epidermal
growth factor receptor (EGFR) inhibition in inducing the apoptosis of pancreatic cancer cell
lines (48). Since the clinical use of MEK inhibitors may lead to undesirable side effects (49),
RSK inhibitors have been suggested to be safer and equally as effective as MEK inhibitors
for anti-proliferative therapy in cancer (47).

Role of RSK3 in Cardiac Hypertrophy

Our group initially became interested in RSK3 due to its association with mAKAP, a
scaffold for PDK1 and ERKS5 located at the nuclear envelope of striated myocytes and
neurons (Fig. 3) (50, 51). The formation of multimolecular enzyme complexes by scaffold
proteins is an important mechanism responsible for specificity in intracellular signal
transduction (52). By binding scaffold proteins, signaling enzymes may be selectively
localized within the cell together with its upstream activators and/or target substrates,
constituting a mechanism for efficient and specific isoform signaling. “Signalosome”
formation is likely to be especially important for enzymes like RSK3 that are low in
abundance or that have broad intrinsic substrate specificity, thereby necessitating targeting
of their activity to select locations within the cell. As the organizers of “nodes” in the
intracellular signaling network, these scaffold proteins may be of interest as potential
therapeutic targets (53). In myocytes, mMAKAP (the alternatively-spliced form expressed in
myocytes) organizes multimolecular complexes that transduce cAMP, MAPK, Ca2*,
phosphoinositide, and hypoxic signals regulating the transcription factors NFATc, MEF2
and HIF-1a, as well as the histone deacetylase HDAC4 (54-62). Like RSK3, mAKAPS is
required for the pathological remodeling and development of heart failure in response to
pressure overload (61). Remarkably, a discrete site within mMAKAP binds the unique RSK3
N-terminal domain, conferring the preferential binding of this RSK isoform to the scaffold
and defining a novel protein-protein interaction (11). RSK3-mAKAPS binding is direct and
high affinity (Kp = 1.6 nM) as assayed by surface plasmon resonance (11). The high energy
of binding is likely due to ionic interactions due to the large number of basic and acidic
residues within the docking sites on RSK3 and mAKAP, respectively. Interestingly, RSK3
phosphorylation by either ERK or both ERK and PDK1 decreased RSK3-mAKAP binding
affinity 5- and 8-fold, respectively (11), consistent with a model in which RSK3 would be
activated at the scaffold by resident ERK and PDK1 and then translocate to the nucleus
following unmasking of the RSK3 nuclear localization signal.

a-Adrenergic stimulation induces the hypertrophy of cultured neonatal rat ventricular
myocytes. Consistent with the activation of RSKs by sequential ERK and PDK1
phosphorylation (Fig. 1), acute stimulation of a-adrenergic receptors induced the
phosphorylation of RSK3 ERK (S369) and PDK1 (S218) sites through both MEK1/2- and
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MEKS5-dependent signaling (11). SL0101 and BI-D1870 (Fig. 2) are small molecule pan-
RSK inhibitors that differ from Fmk in that they bind to the NTKD and inhibit all the RSK
family members including RSK3 (46, 63). These compounds have been found to prevent the
induction of myocyte hypertrophy by different stimuli including a-adrenergic agonists (42,
64, 11, 65). The specific role for RSK3 in hypertrophy was shown by RNA interference
(RNAI) (11). Myocytes transfected with small interfering RNA oligonucleotides (SiIRNA)
for RSK3 showed an attenuated hypertrophic response to a-adrenergic stimulation even
though RSK3 is expressed in these cells at much lower levels than other RSK family
members (11). Remarkably, the inhibition of myocyte hypertrophy by RSK3 siRNA and
active site inhibitors was mimicked by expression of an anchoring disruptor peptide based
upon the RSK3-binding site in mMAKAPp. Overexpression of a green fluorescent protein —
RSK3 binding domain (mMAKAP 1694- 1833) fusion protein blocked RSK3-mAKAPf3
association in myocytes, as well as inhibited a-adrenergic induced hypertrophy (11). These
results established RSK3 as a key intermediate in the hypertrophic signaling network whose
function is conferred by scaffold anchoring.

Results obtained using cultured myocytes have been corroborated in vivo using a global
RSK3 knock-out mouse that when unstressed has preserved heart function (11). RSK3
knock-out attenuated the hypertrophy induced by pressure overload or chronic
catecholamine infusion without negatively impacting cardiac function or inducing myocyte
apoptosis. In particular, RSK3 was important for the “concentric” growth of cardiac
myocytes in width, as opposed to the “eccentric” growth of myocytes in length. Besides
hypertrophy, RSK3 was also required for the induction of myocardial fibrosis in a non-
hypertrophic, mouse heart failure model - the a-tropomyosin Glu180Gly transgenic
(TM180) mouse in a mixed C57BL/6:FVB/N background (12). RSK3 knock-out improved
both systolic and diastolic dysfunction in the TM180 mouse. These results suggest that
targeting of RSK3 may be efficacious in diverse types of heart disease. Interestingly, atrial
fibrosis was also attenuated in the TM180 mouse (12), suggesting that RSK3 should be
studied further with regards to atrial fibrillation, another cardiac disease with little
satisfactory therapy.

RSK3 and Cardiac Remodeling — Many Open Questions

While RSK3 has been established as important in both cardiac myocyte hypertrophy and
interstitial fibrosis, many questions remain regarding its mechanism of action. No relevant
substrates have yet been shown to be phosphorylated by RSK3 in cardiac remodeling. In
addition, while mMAKAP is a scaffold that binds both upstream activators of RSK3 and
despite the overwhelming evidence that mAKAP itself is required for cardiac remodeling
(61), it is possible that RSK3 signaling in hypertrophy is not limited to mAKAPS
signalosomes. MAKAPS has only been shown to bind ERK5 and not ERK1/2 (56).
However, ERKS5 signaling has traditionally been associated with eccentric hypertrophy,
while, like RSK3, ERK1/2 signaling is generally considered to promote concentric myocyte
hypertrophy (66, 67), albeit the ERK5 knock-out mouse does have an attenuated response to
pressure overload-induced hypertrophy (68). It is possible that other scaffolds anchoring
RSK3 through its N-terminal domain also facilitate hypertrophic signaling, and the
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identification of the additional RSK3 scaffolds both in the cardiac myocyte and other cell
types will be important for a complete understanding of RSK3 signaling.

Therapeutic Perspectives-RSK3 Inhibitors

Although much remains to be learned regarding the mechanisms of RSK3 action, the ability
of RSK3 knock-out to inhibit remodeling in multiple mouse models for heart disease makes
RSK3 a candidate drug target for the prevention and/or treatment of heart failure (11, 12).
Several kinases have been proposed as possible targets in heart failure, but because of their
pleiotropism have been difficult to target therapeutically. For example, inhibitors of MEKs
(that activate ERKs and RSKs) are associated with significant ophthalmologic and
neurologic side effects (69). In addition, conditional ERK2 knock-out in the adult mouse
heart was associated with increased myocyte apoptosis and heart failure following prolonged
pressure overload (70). As a specific downstream effector for ERKSs, therapeutic
intervention by RSK3 inhibition is less likely to produce the severe side effects associated
with the inhibition of the upstream master regulators Raf, MEKs and ERKSs.

There are currently no specific RSK3 inhibitors. A number of pan-RSK inhibitors have been
identified and include BI-D1870, SL0101, LJH685 and LJI308 (Fig. 2) that are all potent
NTKD inhibitors (71, 63, 72). Interestingly, the irreversible inhibitor FMK, that was
designed to covalently react with the conserved cysteine residue in the CTKD of the RSK
family, does not inhibit RSK3 due to the differing ATP-binding domain gatekeeper residue
in this isoform (37, 73). Other RSK inhibitors such as staurosporine and quercitrin have
been reported, but these compounds have broad spectrum activities (74, 75). Two
approaches may be considered to develop a RSK3-selective inhibitor. First, it may be
possible to exploit subtle differences in the active site of the RSK3 NTKD and CTKD, such
as the gatekeeper residue, to develop a conventional RSK3-selective small molecule
inhibitor. Second, given the efficacy of the RSK3 anchoring disruptor peptide in vitro (11),
blockade of RSK3-scaffold protein binding in vivo may be considered as a novel therapeutic
strategy. While not traditionally considered feasible, recent work has shown that protein-
protein interactions may be specifically inhibited in vivo with directed physiologic affects,
and several drugs that target protein-protein interactions are currently the subject of clinical
trials (76-79).

Conclusion

Elucidating the mechanisms which govern specificity in cellular signaling during cardiac
disease has become a major goal of current research. Recent work has identified RSK3 as an
important mediator of cardiac remodeling in disease. Research aiming at providing novel
mechanistic insights into the regulation and function of RSK3 in the cardiac myocyte is
necessary, as this may provide a better understanding of the events involved in RSK3-
mediated pathological cardiac remodeling and a conceptual framework necessary for the
further development of RSK3 as a therapeutic target for heart failure.
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Fig. 1. RSK3 Structure
Like the related mitogen- and stress-activated kinases (MSK), all four RSKs contain two

catalytic domains, N-terminal (NTKD) and C-terminal (CTKD) kinase domains (13). In
inactive RSK, the CTKD binds the autoinhibitory domain (AID) a-helix. When activated,
ERK pre-bound to the D-domain phosphorylates RSK residues, including the CTKD
activation loop (T°79). The CTKD then autophosphorylates S377, permitting PDK1 binding
and PDK1 phosphorylation of the NTKD activation loop (S218). The NTKD then
phosphorylates RSK substrates.
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Fig 2. Structures of the Known RSK Inhibitors
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Fig. 3. Model for mAKAPB-RSK 3 Signaling
ERK pathways are activated by stress signaling, including aq-adrenergic receptors (a;-AR).

Anchored by the perinuclear scaffold muscle A-kinase anchoring protein (MAKAPB), RSK3
is an ERK effector that phosphorylates cytosolic and nuclear substrates, contributing to gene
expression that promotes pathological remodeling.
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