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C

haperones and scaffold proteins are
key elements involved in controlling
the assembly of molecular complexes
required for coordinated signal transduction. Here we describe morgana
and melusin, two phylogenetically conserved chaperones that cooperate with
Hsp90 and regulate signal transduction in important physiopathological
processes. While morgana is ubiquitously expressed, melusin expression is
restricted to striated muscles. Despite
high sequence homology, the two chaperones have distinct functions. Morgana
controls genomic stability by regulating the centrosome cycle via ROCKII
kinase. Melusin, on the other hand,
organizes ERK signal transduction in
cardiomyocytes and regulates cardiac
compensatory hypertrophy in response
to different stress stimuli.

need a certain degree of stability to avoid
irreversible misfolding, but on the other
hand, they need to retain some flexibility
in order to alter conformation according
to their activation or deactivation state.1
Molecular chaperones play a crucial role
in keeping signaling molecules in the correct shape to be activated and/or to allow
conformational changes leading to protein
activation. In particular, Hsp90, besides
maintaining the correct folding state of
proteins in conditions of stress, regulates
stability and activation state of a wide
range of client proteins, many of which
are involved in signal transduction.2 The
ability of Hsp90 to bind and hydrolyze
ATP is fundamental to its function as
the ATPase cycle modifies the interaction
of Hsp90 with its binding proteins, thus
favoring their activation. Hsp90 works in
concert with different co-chaperones that
regulate the ATP cycle and recruit client
proteins. Some co-chaperones, like Hop/
Sti1, Cdc37 and p23, have an inhibitory
effect on the ATPase activity of Hsp90,
while Aha1 and Cpr6 activate ATP hydrolysis.3,4 Morgana and melusin belong
to a new class of Hsp90 co-chaperones,
highly conserved during phylogeny, and
devoted to signal transduction regulation.
Intriguingly, unlike most well known cochaperones interacting with ATP-bound
Hsp90, morgana and melusin preferentially interact with ADP-bound Hsp90,5
suggesting a unique function in Hsp90regulated signal transduction.
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Signal transduction is performed by the
formation of dynamic molecular complexes that result in triggering of activation
cascades, which in turn lead to biological
responses. The efficient transmission of
signals depends on the ability of individual
signal transduction molecules to change
conformation in response to interactions
with binding partners, or alterations due
to specific post-translational modifications in order to maintain their active
structure. Signal transduction molecules
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Figure 1. Structural and functional features of CHORD-containing proteins (chps). CHORD-containing proteins are highly conserved chaperone
proteins found in plants and vertebrates consisting of two structural modules: two tandemly repeated CHORD domains (CHORD1 and CHORD2) and
a CS domain. In plants CHORD and CS modules are present in distinct proteins (Rar1 and Sgt1) but physically interact to exert their biological function
of protecting plants from pathogen attacks. In animals, during vertebrate evolution, the chp-1 gene underwent duplication, giving rise to two chp
genes, coding for the ubiquitous morgana and the muscle-specific melusin proteins respectively.

Morgana and Melusin are
CHORD-Containing Proteins
CHORD (cysteine and histidine rich
domains) are 60-amino acid Zn2+ binding
motifs, characterized by unique cysteine
and histidine sequence patterns. These
domains were first identified in the plant
protein Rar1, which contains two tandemly repeated CHORD domains and an
additional 20 aa sequence motif, absent
in non-plant species, containing other
invariant cysteine and histidine residues
(Fig. 1).6-8
With the exception of yeast, which
does not hold coding genes for CHORDcontaining proteins, metazoans and fungi
express CHORD proteins that have a
C-terminal extension containing a CS
domain (CHORD-containing protein
and Sgt1) also present in Sgt1 protein.6
Sgt1 is a multifunctional protein present
both in plants and animals and involved in
ubiquitination, kinetochore assembly and
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Polo kinase activation.9-13 Interestingly,
the CS domain of plant Sgt1 binds to Rar1
and this protein interaction is required for
the pathogen-attack response in plants
(Fig. 1).9,14
In animals, while not vertebrate
genomes contain a single gene coding
for CHORD-containing proteins, vertebrates harbor two genes,15 encoding morgana and melusin respectively (Fig. 1).
These genes share a conserved exon-intron
organization, suggesting that they arise
from a gene duplication event, morgana
being the ancestral gene, since it shares
an higher degree of homology with the
not vertebrate CHORD-containing
proteins.15
Morgana and melusin show 47%
identity and 63% homology considering conservative amino acid substitutions, and both share the same domain
structure, except for the presence of
an extra C-terminal acidic domain in
melusin, rich in glutamic and aspartic
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acid residues and capable of binding to
Ca 2+.15
Morgana and melusin are endowed
with intrinsic chaperone activity, as demonstrated by their ability to protect the
standard protein substrate citrate synthase from heat-induced denaturation.16,17
Moreover, both proteins are able to
directly bind the chaperone Hsp90 via
their CHORD domains.5,16,18,19 In addition, inhibition of Hsp90 ATPase activity
with radicicol treatment does not cause
morgana and melusin protein degradation, but conversely, it increases their level
of expression,16,17 strongly pointing to a
role as co-chaperones, rather than Hsp90
substrate proteins. Morgana, like canonical Hsps, is upregulated following heat
shock with a kinetic comparable to that
of Hsp70.17 Melusin is, instead, specifically induced by biomechanical stimuli,
but not by heat shock.16 By inactivating
morgana and melusin genes in mice, we
recently disclosed intriguing and specific
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Figure 2. Morgana functions in modulating Rho-kinase activity. Rho-kinase II (ROCKII) is activated by interaction with nucleophosmin (NPM). Morgana, in association with Hsp90, can bind ROCKII, leading to displacement of NPM, thus inhibiting ROCKII kinase activity. In physiological conditions
ROCK activity is modulated by a balanced action of morgana and NPM.

functions for these chaperone proteins in
mammals.
Morgana

morgana expression is strongly reduced in
a large fraction of human breast and lung
cancer samples,20 suggesting a causative
role of morgana downregulation in cancer
onset in human.
Notably, the morgana null mutation
in Drosophila melanogaster causes larval
lethality and accounts for a strong mitotic
phenotype, with supranumerary centrosomes and high frequency of polyploidy
cells, highlighting a phylogenetic conservation of morgana function. Accordingly,
human morgana is able to completely rescue the mitotic phenotype of Drosophila
morgana mutants.20 Moreover, the ablation of morgana homolog in C. elegans
causes sterility and embryonic lethality.6
Furthermore, an important role for the
morgana homolog chpA has been reported
in the maintenance of genome stability
in the diploid phase of the filamentous
fungus Aspergillus nidulans.33 Also in this
model system, human morgana is able to
rescue chpA haploinsufficiency,33 extending the function of morgana to include the
control of genome stability in mammals as
well as fungi.
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Morgana is a ubiquitously expressed protein15 required for embryonic development
and plays an essential role in the control of
genomic stability by regulating centrosome
duplication. In fact, embryonic fibroblasts
(MEFs) derived from mice heterozygous
for morgana null mutation show supernumerary centrosomes, multipolar spindles
and genomic instability.20 The centrosome is a highly specialized organelle that
coordinates a series of essential functions
by controlling the polarity and the distribution of microtubules within the cell. It
consists of a pair of centrioles embedded
in a proteinaceous matrix called pericentriolar material (PCM).21,22 Centrosome
duplication occurs once every cell cycle,
and is tightly coordinated with DNA replication and cell cycle progression. The
presence of more than two centrosomes
in a cell results in genomic instability due
to the formation of multipolar spindles,
which lead to chromosome missegregation and aneuploidy.23 Morgana forms
a complex with Hsp90 and the Rhokinase I and II (ROCKI, ROCKII),20
three proteins implicated in the control of
centrosome duplication (Fig. 2).24-27 The
kinase activity of ROCKII is required for
centrosome duplication and constitutively
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active mutants of ROCKII cause centrosome amplification.27 In particular,
separation of the centriole pair is triggered by Cdk2/cyclin E that phosphorylates nucleophosmin (NPM), in turn
binding to and activating ROCKII.27,28
Morgana interferes with NPM binding
to ROCKII, thus negatively regulating
ROCKII kinase activity and suppressing
centrosome overduplication (Fig. 2).20,28
Accordingly, reduced morgana expression in cells heterozygous for null mutation leads to ROCKII overactivation and
centrosome amplification. The crucial
role of ROCKII in this process is demonstrated by the fact that the restoration of
its kinase activity to normal levels, using
a ROCK inhibitor, rescues centrosome
amplification in morgana heterozygous
cells.20
Centrosome aberrations have been
described in premalignant lesions and
are frequently observed in many different types of tumors.23,29-32 Moreover,
alteration in centrosome number has been
recognized as an important event in cancer progression.23 Fibroblasts from mice
heterozygous for morgana null mutation
indeed show a higher frequency of polyploidy, an increased doubling rate in late in
vitro passages and display transformed features. In addition, reduced morgana level
in heterozygous mice increases susceptibility to tumor development in response to
chemical mutagens.20 More importantly,

Melusin
Melusin is a muscle-specific protein
expressed exclusively in skeletal and cardiac muscle.34 Its expression is regulated
during myogenesis both in vitro and in
vivo. Indeed, the protein is absent in
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Figure 3. Melusin functions in modulating the Raf-MEK1/2-ERK1/2 MAPK cascade. (A) Melusin, in association with Hsp90, interacts with c-Raf, MEK1/2
and ERK1/2 MAP Kinases, as well as with their scaffold molecule IQGAP1. An additional key element in the complex is represented by the focal adhesion kinase FAK. (B) Biomechanical stress leads to activation of FAK, which in turns triggers the MAPK cascade leading to ERK1/2 activation, (C) the
adaptor protein IQGAP1 is required for the activation of this signaling pathway. The model represented in the diagram does not take into account the
stoichiometry or dynamics of interactions.
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undifferentiated myoblasts, and is upregulated in differentiated myotubes, showing
a typical skeletal muscle transcriptional
regulation.34 During embryogenesis,
melusin expression is turned on in embryo
limbs at day 15 and reaches a maximum
in newborn mice, coinciding with secondary myogenesis, where secondary
myotubes fuse to form muscle fibers.34
Otherwise in heart development, melusin
is already expressed from embryonic
day 15 and its level of expression remains
unchanged until adulthood. Interestingly,
melusin expression is also upregulated in
vivo during muscle regeneration34 and is
upregulated in heart tissue in response to
biomechanical stress.16
Melusin cDNA was first isolated during a two-hybrid screening, due to its
ability to bind the cytosolic domain of
β1 integrin via its CS domain.34 Integrins
are cell membrane receptors that mediate
cell attachment to the extracellular matrix
and transduce mechanical forces of the
contractile cytoskeleton across the plasma
membrane.
As shown by gene inactivation in mice,
melusin acts as a biomechanical sensor in
response to stress. Melusin is in fact not
required for heart and muscle development
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stress.35
When the heart is subjected to sustained biomechanical stress by surgical
aortic constriction, melusin-null mice
fail to develop proper cardiomyocyte
hypertrophy, and undergo accelerated left
ventricle dilation, followed by the onset
of heart failure. Notably, melusin null
hearts only fail to develop left ventricle
hypertrophy in response to biomechanical
stress, but not after trophic stimuli such
as sub-pressor doses of angiotensin II or
of the β-adrenergic agonist phenylephrin. Melusin is, thus, required to sustain
compensatory left ventricle hypertrophy
in response to mechanical stress.35 This
important role is confirmed by a gain-offunction model in which melusin expression is specifically forced in the heart of
transgenic mice.36 Melusin overexpression induces cardiomyocyte hypertrophy
in basal condition and protects cardiomyocytes from stress-induced apoptotic
death.36,37 Moreover, melusin overexpression in the heart induces sustained compensatory hypertrophy and prevents the
transition toward heart failure in response
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pertrophy involves the activation of
AKT, GSK3β and ERK1/2 signaling.35,36
Indeed melusin binds a number of signaling molecules, in addition to Hsp90,
including the mitogen-activated protein
kinases c-Raf, MEK1/2 and ERK1/2,
the Focal Adhesion Kinase (FAK) and
the scaffold protein IQGAP1 (Fig. 3A).37
Interestingly, in vivo analysis on transgenic mice subjected to surgical banding
of the aorta demonstrated that melusinbound ERK1/2 is activated following biomechanical stress in a FAK- and
MEK1/2-dependent manner (Fig. 3B).37
Another melusin interactor, IQGAP1,
is a scaffold protein for the MAPK cascade, capable of binding to all the components of the cascade, namely Raf, MEK1/2
and ERK1/2, allowing the sequential activation of these three kinases.38,39 Indeed
absence of IQGAP1 in the melusin complex leads to defective ERK1/2 activation
in response to biomechanical stress (Fig.
3C). Moreover, in vitro analysis on neonatal cardiomyocytes demonstrated that
both FAK and IQGAP1 are required
for melusin-dependent cardiomyocyte
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hypertrophy and protection from apoptosis through the regulation of ERK1/2
activity.37 The crucial importance of
IQGAP1 as a MAPK scaffold protein
downstream of melusin is also confirmed
in vivo. In fact, in the absence of IQGAP1,
mouse hearts display defective ERK1/2
activation and undergo unfavorable cardiac remodeling with accelerated dilation,
contractile dysfunction and increased
cardiomyocyte apoptosis upon prolonged
biomechanical overload.40
In addition to regulation of the
ERK1/2 cascade, melusin also triggers
AKT/GSK3β signaling.35,36 This function
has not been investigated in any detail
yet, however, the finding that melusin can
form a complex with the regulatory subunit p85 of class IA PI3Ks can possibly
explain the ability of melusin to control
the AKT pathway.41
Conclusions
The data discussed above clearly indicate
that both morgana and melusin are highly
conserved chaperone proteins regulating signal transduction in cooperation
with Hsp90. Thanks to differential tissue
expression and the ability to bind different kinases, morgana and melusin affect
specific and distinct cellular processes
such as genomic stability via ROCKII and
cardiomyocyte hypertrophy via ERK1/2
and AKT. The role of Hsp90 in regulating kinase activity in signal transduction
has been well documented and involves
the assistance of co-chaperone molecules.2
Among others, Cdc37 co-chaperone has
been extensively investigated and shown
to be involved in the recruitment of specific kinases to the Hsp90 complex. Cdc37
interacts with the ATP-bound form of
Hsp90, favoring the loading of kinases to
the Hsp90 complex and their subsequent
activation.3 Cdc37, however, is not present
in melusin or morgana molecular complexes (unpublished data), in agreement
with the fact that these molecules preferentially interact with the ADP-bound
form of Hsp90.5 This property is unique
of morgana and melusin, since most other
known Hsp90 co-chaperones, like Cdc37,
interact with the ATP-bound form of
Hsp90.1 The Hsp90 chaperone function
depends on its ability to cycle between

ATP and ADP-bound forms.3 We, thus,
hypothesize that morgana and melusin
represent a novel class of co-chaperones,
favoring the release of the conformationally-modified kinases from the Hsp90
complex and/or their stabilization.
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