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Summary

Homer proteins are a family of scaffolding proteiimgolved in many intracellular
signaling pathways, in both excitable and non-ekté cells. These proteins participate
in the assembly and regulation of functional sigrtacomplexes, facilitating the cross-
talk between surface membrane receptors and claim#ie membranes of intracellular
compartments (Worley PFet al, 2007). Homer proteins are constitutively exprdsise
the brain, where their scaffolding function is immt for a variety of neuronal
processes, such as intracellularChomeostasis, synaptic plasticity associated with
learning and memory in the mature brain, and neardevelopment of the embryonic
brain (Xiao B.et al, 1998; Worley PFet al, 2007; Foa Let al, 2009). Among the
Homer splice variants, Homer la isoform acts asatural dominant-negative by
disassembling signalling complexes mediated byrott@ner isoforms. The Homer la
gene is transcribed as an immediate early gene)(llBGieuronal cells its expression is
low under normal conditions and increases rapidiigrareuronal activation (Brakeman
PR. et al, 1997). Homers proteins are also expressed iniazanshuscle, but their
regulation and function remain still poorly undersd. Despite their important role as
regulators of multimeric signalling complex in nens system, few reports have focused
on the role of Homers in the heart. It has beeonted that mMRNA coding for Homer 1a
rapidly and transiently increases in neonatal cangocytes upon stimulation with either
endothelin-1 (ET1) or other hypertrophic agonigawamoto T.et al, 2006). The
Homer la protein levels are also up-regulated ¥otlg Angll-induced hypertrophy in
neonatal cardiomyocytes (Guo W@&.al, 2010). Recently, it has been demonstrated that
the variant Homer 1b/c positively regulates-adrenergic dependent hypertrophy,
whereas Homer 1a is able to antagonize such d€fteabb DR.et al, 2011).

This study investigated the role of Homer 1a indhediac hypertrophic program.
Our working hypothesis is that Homer 1la may be ohéhe molecular modulators of
cardiac hypertrophyFor this purpose, we studied the presence, subkaellistribution
and function of Homerla in cardiac muscle. Undesting conditions we found that
Homer 1a is constitutively expressed in cardiacateusf both mouse and rat and in HL-
1 cells (a specific cardiac cell line). In additiamsing immunofluorescence confocal
microscopy of adult rat heart sections, we showed Homer la displays a peculiar

localization: it is sarcomeric and peri-nuclear.



We also analyzed Homer la expression under hgpditr conditions. For this
purpose, we used rat neonatal cardiomyocytes sieullwith the adrenergic agonist
norepinephrine (NE). A significant increase in bétbmerla mRNA and protein was
found after NE stimulation, whereas Homer 1b/c (H#ekent Homer 1 isoform)
expression remained unchanged. In this hypertropkitular model, we studied the
adrenergic pathways involved in NE-inducted Homerup-regulation by using specific
a;- and B- adrenergic receptor blockers (prazosin and prapoh respectively). The
results showed that prazosin - but not propranolirastically reduced NE-induced up-
regulation of Homer la mRNA, demonstrating that theadrenergic pathway is
involved. The effect of hypertrophic stimulation d¢fomer la expression was also
confirmed in NE-stimulated HL-1 cardiomyocytes.tlns cell line we found that 1 hour
after NE stimulation Homer 1a content increaseda ligctor of 2.5. Overall, these results
confirm our working hypothesis and demonstrateitnkrelvement of Homer la in thg-
adrenergic pathway leading to cardiac hypertrophy.

In the second part of the study we analyzed thectdffof Homer la over-
expression monitoring different hypertrophic maskersuch as MAPK/ERK1/2
phosphorylation, NFAT nuclear translocation, ANeypioter activity and increase in cell
size. The results showed that during NE stimulati@mer 1a modulated many of them
(except for NFAT nuclear translocation that did appear to be affected by Homer 1la
over-expression), whereas under resting condititm®er 1a over-expressigrer sewas
ineffective. In particular, we found that, in NErstlated HL-1 cells, over-expressed
Homer l1la significantly reduced phosphorylation Isvef ERK1/2 by about 40%,
negatively modulating MAPK pathway. As regards thRF promoter activity, this
activity was significantly reduced by about 20% NE-stimulated Homer la over-
expressing cells. In order to verify the specifioitf the Homer la effect on ANF, we
performed the same experiment over-expressing Hdrmeand we found that, unlike
Homer 1a, Homer 1c did not modulate the activityAdfF promoter in NE-stimulated
HL-1 cells. Subsequently, we assessed the effecHamher la over-expression on
increase in cell size. The results obtained shawatdHomer 1a counteracted the increase
in NE-stimulated cell size.

Finally, a preliminary analysisn vivo, of Homer la expression was performed in
three hypertrophic models, i.e. mice with chromémsverse aortic constriction, transgenic
mice over-expressing dg and rats treated with monocrotaline. At variandid results

observed in cellular modela vitro, in these models Homer 1a expression did not tresul
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affected by hypertrophic conditions, at least i ttime span under investigation.
However, for this approadh vivo, a broad time-course is needed and, thereforthefur
analyses are required.

In summary, our data on Homer la presence and dlibdar localization in
cardiac tissue demonstrate that Homer la is catigéty expressed and displays a
sarcomeric and peri-nuclear distribution. In oulluter modelsin vitro, Homer la up-
regulation is an early event of the NE-induced imypphy and, as inferred from gain-of
function studies, Homer la isoform antagonizesiatn and development of NE-
induced events leading tq-adrenergic-dependent hypertrophy.

In conclusion, our resulis vitro indicate that Homer 1a is inserted into a negative
feedback mechanism in which acts as negative mialemodulator, counteracting early
steps of hypertrophy. However, further studies regeded to elucidate the mechanisms

underlying this process.






Sommario

Le proteine Homer sono una famiglia di proteinengolte in molte vie di
trasduzione del segnale intracellulare, in cellakitabili e non eccitabili. Queste
proteine partecipano nell’assemblaggio e nella leegone di complessi funzionali di
‘signalling’, facilitando il ‘cross-talk’ tra rectdri della membrana plasmatica e canali
posti sulle membrane dei compartimenti intracetiu(@orley PF.et al, 2007). Le
proteine Homer sono costitutivamente espresseeme¢ko, dove svolgono la funzione di
‘scaffold” in molti processi neuronali, quali ad eespio I'omeostasi del calcio
intracellulare, la plasticita sinaptica associaliagprendimento ed alla memoria nel
cervello maturo, lo sviluppo embrionale del cervéKiao B. et al, 1998; Worley PFet
al., 2007; Foa Let al, 2009. Tra le diverse varianti di splicing alternatiiassoforma
Homer la agisce da dominante negativo disassentblarabmplessi di ‘signalling’
formati dalle altre isoforme Homer. Il gene Homer & trascritto come gene immediato
precoce, la sua espressione nelle cellule neurermssa in condizioni basali ed aumenta
rapidamente in seguito ad attivazione neuronalak@nan PRet al, 1997). Le proteine
Homer sono espresse anche nel muscolo cardiacdan@o regolazione e la loro
funzione e ancora poco conosciuta. Nonostante dmapza degli Homer come proteine
regolatrici di complessi coinvolti nelle vie di $duzione del segnale, pochi studi si sono
focalizzati sul loro ruolo nel cuore. A tal riguardé stato riportato che 'mRNA
codificante per Homer la aumenta rapidamente esigalemente in colture di
cardiomiociti neonatali in seguito a stimolazioren endotelina-1 ed con altri agonisti
ipertrofici (Kawamoto T.et al, 2006). Un successivo lavoro ha evidenziato che, i
condizioni di ipertrofia indotta da angiotensina &inche i livelli di espressione della
proteina Homer 1a risultano up-regolati in coltdreardiomiociti neonatali (Guo W&t
al., 2010). Un recente studio ha, invece, dimostr&i® lGsoforma Homer 1b/c regola
positivamente l'ipertrofia dovuta a stimolaziome@drenergica, mentre I'isoforma Homer
la antagonizza tale effetto (Grubb DRal, 2011).

In questo studio abbiamo esaminato il ruolo dellotggha Homer 1la
nell’ipertrofia cardiaca. La nostra ipotesi di lawoé che la proteina Homer la sia un
modulatore molecolare dellipertrofia. A tal fin@bbiamo studiato la presenza, la

localizzazione sub-cellulare e la funzione di Horh@mel muscolo cardiaco.



Analizzando I'espressione di Homerla in condizionrmali € emerso che la
proteina Homer la e espressa costitutivamente ngtolo cardiaco di topo e ratto e nelle
cellule HL-1 (una specifica linea cellulare cardipcMediante immunofluorescenze su
sezioni di cuore di ratto adulto (analizzate utdimdo il microscopio confocale) abbiamo
esaminato la localizzazione sub-cellulare di Horherche risulta essere sarcomerica e
perinucleare. Successivamente, abbiamo analizZa&préssione di Homer la in
condizioni ipertrofiche; per questa analisi soratigttilizzati cardiomiociti neonatali di
ratto stimolati con l'agonista adrenergico norefsine (NE). In questo sistema
sperimentale, abbiamo riscontrato un aumento sigmivo sia dellmRNA che della
proteina Homer la in seguito alla stimolazione &df, mentre non abbiamo rilevato
nessuna variazione sull’'espressione della protélomer 1b/c (una diversa isoforma
degli Homer). In cardiomiociti in coltura stimolaton NE, sono state, inoltre, analizzate
le vie di trasduzione del segnale adrenergico adiewnell’'up-regolazione di Homer la
indotta da NE, usando specifici inibitori dei rdoeta;- and - adrenergici (prazosin e
propanololo, rispettivamente). | risultati ottenbainno evidenziato che il prazosin, ma
non il propranololo, drasticamente riduce l'up-regmne dellmRNA di Homer 1la
indotta da NE, dimostrando che la via di trasdueialel segnalex;-adrenergico e
coinvolta. L'effetto della stimolazione ipertroficaull’espressione di Homer la e stato
confermato anche su cellule HL-1 stimolata con NEquesta linea cellulare abbiamo
osservato che un’ora dopo la stimolazione con Nfrédeina Homer 1a aumenta di un
fattore 2,5. Complessivamente, questi risultatifeonano la nostra ipotesi di lavoro e
dimostrano il coinvolgimento della proteina Homer rella trasduzione del segnale
adrenergico che induce ipertrofia cardiaca.

Nella seconda parte di questo studio abbiamo esamigli effetti dell'over-
espressione di Homer 1a monitorando diversi marigengrofici, quali la fosforilazione
delle proteine MAPK/ERK1/2, la traslocazione nuoteai NFAT, I'attivazione del
promotore di ANF e 'aumento delle dimensioni clltu | risultati hanno dimostrato che
durante la stimolazione con NE Homer 1a modula éggior parte di questi (eccezion
fatta per la traslocazione nucleare di NFAT che mienlta essere variata dall’over-
espressione di Homer 1a), al contrario in condizi@sali (senza stimolazione con NE)
I'over-espressione di Homer 1la di per sé non hanaéffetto. Nello specifico, i risultati
ottenuti hanno rilevato che in cellule HL-1 stimel@on NE la proteina Homer 1a over-
espressa significativamente riduce i livelli di fimdazione delle proteine ERK1/2 di

circa il 40%, modulando negativamente la via dsdtzione del segnale MAPK/ERK1/2.
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Per quanto concerne l'attivita promotoriale di ANfuesta attivita e significativamente
ridotta di circa il 20% nelle cellule HL-1 over-egpenti Homer 1la e stimolate con NE.
Al fine di verificare la specificita di questo efffie sul promotore ANF, abbiamo condotto
lo stesso esperimento over-esprimendo I'isoformenéfolc ed abbiamo riscontrato che,
diversamente da Homer 1a, la proteina Homer 1lch@omlcun effetto sull'attivita del
promotore ANF in cellule HL-1 stimolate con NE. Seassivamente, abbiamo analizzato
I'effetto dell’'over-espressione di Homer la sulli@ento delle dimensioni cellulari
durante stimolazione con NE. I risultati ottenudnho dimostrato che la proteina Homer
la e in grado di bloccare significativamente I'antoedelle dimensioni delle cellule HL-
1 stimolate con NE.

Nell'ultima parte di questo lavoro, abbiamo condotin’analisi preliminarein
vivo, dell’'espressione della proteina Homer l1a in toelefli di ipertrofia, quali topi con
costrizione trasversale dell'aorta, topi transgeauer-esprimenti @q e ratti trattati con
monocrotalina. Diversamente da quanto ottenutanaello cellularen vitro, in questi
modelli I'espressione della proteina Homer la n@ulta alterata dalle condizioni
ipertrofiche, almeno nell’'intervallo di tempo coderato. Tuttavia, per quanto riguarda
questo approccim vivo, sara necessario analizzare I'espressione deltaipa Homer la
in un intervallo di tempo piu ampio e, di conseggrulteriori analisi sono richieste.

In sintesi, dai nostri risultati relativi alla pmwa ed alla localizzazione sub-
cellulare di Homer 1a nel tessuto cardiaco € emetsd la proteina Homer la e
costitutivamente espressa e mostra una localizzazsarcomerica e peri-nucleare. Nei
nostri modelli cellulariin vitro, I'up-regolazione di Homer la € un evento precoce
dell'ipertrofia indotta da NE e, come dimostrat@llatudi di gain-of fuction, la proteina
Homer l1a é in grado di antagonizzare l'avvio e \lduppo degli eventi che portano
all'ipertrofia az- adrenergica dipendente.

Concludendo, i nostri datin vitro indicano che Homer la é inserito in un
meccanismo di feedback negativo in cui agisce camméulatore negativo, bloccando gli
steps precoci dell'ipertrofia cardiaca. Tuttavidemori studi sono necessari per definire il

meccanismo alla base di questo processo.
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1. Introduction

1.1 The Homer proteins family

Homer proteins, also known as VeslASP/Ena-related gene up-regulated during
seizure and long term gpentiation), are a family of scaffolding proteimghich are
involved in many intracellular signaling pathways,both excitable and non-excitable
cells (Worley PFet al, 2007). These proteins participate in the asserabtlregulation
of functional signaling complexes allowing crosktdetween surface membrane
receptors and channels in the membranes of inlsderetompartments (Fagni let al,
2002).

In the late 1990s, the first Homer cDNA (Homer s isolated in hippocampal
and cortical neurons by Brakeman et al. Homer t@awnbwas initially identified after the
induction of excitatory synaptic activity, as welé during both neuronal long-lasting
plasticity and development (Brakeman RRal, 1997, Kato Aet al, 1997). The Homer
la isoform, also called ‘short’, is a 186 aminodadiong protein which presents a short
carboxy-terminal (C-terminal) extension. The Honf& gene is transcribed as an
immediate early gene (IEG): its expression in neafocells is low under normal
conditions and increases rapidly after their statiah (Brakeman PRet al, 1997).

Subsequent molecular cloning and sequence studiss fievealed that there are
three Homer genes Homer 1 Homer 2and Homer 3- in mammals, each of which
encodes for several transcripts (Soloviev Milal, 2000a, Kato Aet al, 1998, Xiao B.
et al, 1998). Table 1 summarizes all isoforms known &meir relative molecular
weights. Apart from the short Homer 1a, all oth@ntér proteins (called ‘long’ isoforms)
present a well-characterized C-terminal domain @®aet al, 1998). The long variants
are constitutively expressed in the brain wherar tkeaffolding function plays an
important role in a variety of neuronal processesh as intracellular Gahomeostasis,
synaptic plasticity associated with learning andnogy in the mature brain, and neuronal
development of the embryonic brain (Xiaod®.al, 1998; Worley PFet al, 2007; Foa L.
et al, 2009).

Even though the functional importance of Homerseaffolding in the nervous
system has been well described, the precise funofitiomer proteins in other tissues is
still poorly understood. Besides the brain, Hometgins are predominantly expressed in
muscle tissues, heart and skeletal muscle (Xiaet Bl, 1998; Sandona [t al, 2000).

Considering its important function in neuronal sglt is plausible to hypothesize that
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Homer 1 isoforms can also have a fundamental rotaany of the signaling pathways in
these muscle tissues. However, as regards the, Heartreports have discussed the
function of Homers and its specific role in moleguévents, both in cardiac physiology
and pathophysiology, is still unclear.

Homer Homer Amino Molecular References
gene isoforms acids Weight (kDa)
Homer 1 la 186 28 Brakemann PR et al., 1997
1b 354 47 Xiao B et al., 1998
1c 366 47 Xiao B et al., 1998
1d 370 48 Saito H et al., 2002
le 224 26 Bottai D. et al., 2002
1f 180 21 Klugmann M et al., 2005
1g 192 22 Klugmann M et al., 2005
1h 238 20 Klugmann M et al., 2005
Homer 2 2a 343 47 Xiao B et al., 1998
2b 354 47 Xiao B et al., 1998
2c 171 29 Soloviev MM et al., 2000
2d 182 29 Soloviev MM et al., 2000
Homer 3 3a00 352 48 Soloviev MM et al., 2000
3a0l 355 48 Soloviev MM et al., 2000
3al0 355 48 Soloviev MM et al., 2000
3all 358 48 Soloviev MM et al., 2000
3b00 316 45 Soloviev MM et al., 2000
3b01 319 45 Soloviev MM et al., 2000
3b10 319 45 Soloviev MM et al., 2000
3bl1l 322 45 Soloviev MM et al., 2000
3c 145 16 Soloviev MM et al., 2000
3d 121 14 Soloviev MM et al., 2000

Table 1: Homer Isoforms and Molecular Weight.

1.2 The structure of Homer proteins

Homer family proteins present two main structueatéires: the conserved amino-
terminal domain (N-terminal) and the Homer-specifiarboxy-terminal domain (C-
terminal) (Tu JCet al, 1998; Kato Aet al, 1998) (fig. 1).

All Homer isoforms possess a highly conserved Mieal domain, with a
similarity of 60-70% between amino acid sequendeth® different isoforms (Soloviev
MM. et al, 2000a).
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Long Homer o ——————
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Figure 1. Homer structure. The N-terminal EVH1 domain is present in both thedg and short
Homer variants, whereas the C-terminal coiled cmimain is present only in long Homer isoforms.
Modified from Hayashi MKet al2006.

The N-terminal domain is homologous (26-30% ideltiamino acids) to the
EVH1/WH1 domain (Ena/VASP homology 1/Wiskott-Aldnic syndrome protein
homology 1), which is present in the Ena/vasoditatonulated phosphoprotein family
(Kato A. et al, 1997). Homer/EVH1 domain is a protein-proteindang module that
specifically recognizes proline-rich motifs. Themer ligand consensus motif is PPxxF,
where X is any amino acid (Tu Jé&t.al, 1998). The PPxxF ligand consensus sequence is
present in many signaling molecules, including tetapic glutamate receptor (mGIuR)
(Kato A. et al, 1998), inositol tri-phosphate receptor (IP3R) &viuJP.et al, 2003),
ryanodine receptors (RyRs) (Feng ®.al, 2002), Shank proteins (Tu Jé&t al, 1999),
transient receptor potential canonical channelsRCR(Yuan JPet al, 2003), L-Type
Ca-channels (Huang @t al, 2007) and various transcription factors (Coopeére al,
2005; Huang GNet al, 2008). Through the EVH1 domain, Homer proteinslldirectly
to proline-rich motifs of other scaffolding protsior of signaling transduction molecules,
thereby cross-linking and modulating their acti\itig. 2). For example, the loridomers
are able to form a link between mGIuR1/5, locatedhe plasma membrane, and the
downstream effector IP3R located in the endoplasretcculum (Tuet al, 1998).
Crystallographic analysis of the Homer/EVH1 domdiath alone and complexed with a
bound peptide, has been demonstrated that thisiddymals ligands in a unique manner
that distinguishes it from other EVH1 domains; lmstway, the Homer-ligand binding
minimizes potential cross-reactions with non-pesmis proline-rich sequences (Beneken
J.et al, 2000).

The C-terminal domain of Homer proteins has onlgul20% sequence identity
among the different isoforms, and contains a cetleitl (CC) domain followed by two
leucine zipper motifs (Zip A consists of 34 amimnnda and Zip B of 28 amino acids)
(Soloviev MM. et al, 2000a; Xiao Bet al, 1998; Takodoro St al, 1999). This domain
mediates homophilic or heterophilic interactionshim the Homer family (Beneken &t
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al., 2000). Crystallographic analysis of Homer 1 isofe has revealed that Homer
proteins form dimers via leucine zipper motifsta C-terminal coiled-coil domain. Two

dimers can then intercalate in a tail-to-tail fashio form a tetramer. The tetramer is only
formed by the ‘long’ Homer isoforms that possess @C-domain. This tetramerization
plays an important role in allowing four EVH1 domsito be exposed in an optimized
configuration for ligand binding (Hayashi Mkt al, 2006). The short Homers (Homer
la and Ania-3), in contrast, are monomers - lackhrgy CC-domain, they contain the
EVH1 domain alone, and do not self-associate (FoatlLal, 2009) (fig. 2). As a

consequence of their distinct structural featutés, long and short Homer isoforms
participate in the formation and regulation of sigmg transduction complexes in

different ways.

EVH1 (protein binding domain

Targe_t x)f@ g Short Homer Intermediate domain
protein 1 o - . ] )
d {7 Coiled-coil domain
»® Long Homer monomer
>
b -

d 1QQQ

() :

A

;‘ Lo.n.g Homer multimer
>

| ‘:; | .-.:E | t/pd \
m;:' / protein 2

Figure 2. Distinct structural features between longand short Homers Short Homer variant can
bind to the same target protein 1 via EVH1-domantle long isoform, but does not self-multimerize.
Long Homer isoforms are able to multimerize vialedicoil domain and bind to two different target
proteins. From Pouliquin Rt al.2009a.

For example, the long Homer 1 isoforms are ablautiimerize via its C-terminal
domain and bind to two different target protein®tigh their EVH1 domain. Conversely,
short Homer 1 isoform (Homer 1a) can bind to thmesgarget proteins via its conserved
N-terminal domain as the long isoform, but does mottimerize and, thus, avoids the
linkage of two target proteins (Fig. 2). Homer harefore acts as a dominant-negative
protein, interfering with Homer-multimerization amdisassembling Homer-mediated
complexegTu JC.et al, 1998; Kammermeier Pét al, 2007).
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1.3 The tissue distribution and sub-cellular lozation of Homer proteins

The Homer proteins family is highly conserved amdifterent species -human,
mouse, ratXenopus Drosophila, zebrafish (Xiao Bet al, 1998; Foa Let al, 2001;
Shiraishi-Yamaguchi Yet al, 2007). In mammals, all Homer isoforms are predamtly
expressed in the nervous system and are widelyizedaat postsynaptic density, where
they act as adaptor proteins for many postsynalansity proteins (Hayashi Mket al,
2009; Foa Let al, 2009).

The long isoforms are constitutively expressed ostof the brain regions (Xiao
B. et al, 1998), whereas the expression of short Homesdfanm is transiently induced
during development or in response to external dtirteig. light, traumatic injury,
epileptic stimulus or drugs administration) (Kato ek al, 1997; Park HTet al, 1997;
Huang WD .et al, 2005; Li Y.et al, 2012, Zhang Gt al, 2007).

Homer mRNA and proteins have also been detectdud inotardiac and skeletal
muscle (Sandona [2t al, 2000). The relative quantitative expression levd#lHomer 1,
-2 and -3 mRNAs in muscle tissues are the same #sei brain (Soloviev MMet al,
2000Db). In skeletal muscle, the short inducibldasa presents a particular pattern of
expression depending on conditions: _i) under rgstoonditions it appears to be

constitutively expressed, ii) during muscle regatien it appears to be up-regulated

(Bortoloso E.et al, 2006). In relation to Homer sub-cellular localiaa in skeletal
muscle, the long and short isoforms have differandl distinct patterns. In C2C12
myotubes, Homer 1c (long isoform) displays a rdéiclike pattern in the cytosol with
punctuate labeling around the nuclei, whereas Hohael(short isoform) is localized
homogenously in the cytoplasm (Volpe €.al, 2004). Moreover, in skeletal muscle,
where the long and short Homers interact with RyiR1 (Feng Wet al, 2002) and
IP3R (Yuan PJet al, 2003) (both key elements for €asignaling in muscle cells),
immunofluorescence analysis in adult skeletal naudehs demonstrated that Homer
proteins only co-localize with IP3R, and not codbize with the RyR1 isoform (Salanova
M. et al, 2002; Volpe Pet al, 2004).

As regards the expression of Homer isoforms iniaarchuscle, different studies
in vitro using neonatal rat cardiomyocytes have demondithes the expression of the
long and short Homer 1 isoforms (Homer 1c and Hohserrespectively) appears to be
modulated following stimulation with different hypephic agents such as endothelin-1
(ET-1) (Kawamoto Tet al, 2006), angiotensin Il (Ang-ll) (Guo Wt al, 2010) and
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phenylephrine (PE) (Grubb DRet al, 2011). Little is known about sub-cellular
distribution of Homer isoforms in cardiac tissue aalso in this case, the most significant
studies regard the Homer 1 isoforms. Indeed, imrfluo@scence study on adult
cardiomyocytes demonstrated that Homer 1 haveaestrpattern which corresponds to
the Z-band, where it partially co-localizes withRRgKawaguchi Set al, 2007).

It should be noted that Homer isoforms are alsaesged in peripheral tissues -
transcripts and proteins from the three Homer gemex® identified in many tissues,
including the lung, liver, kidney, thymus, sple&stes, and intestines (Shiraishiet al,
2004; Soloviev MMet al, 2000b).

1.4 The functional interactions of Homer proteins

The Homer/EVH1 domain is responsible for functiomateractions between
Homers and different target proteins, which contam proline-rich consensus sequence
(Duncan RSet al, 2005).

Functional studies have demonstrated that, in mdmmadrain, all Homer
proteins bind to the C-terminal intracellular tasmGIuR (mMGIuR& and mGIuR5) via
the Homer/EVH1 domain (Xiao Ret al, 1998; Tu JCet al, 1998). The mGIuRs are a
family of seven membrane-spanning G protein-couptéegptors (GPCRSs) that allow the
extracellular signals to be transducted to thedmsf the cell by activating G proteins
(Niswender CMet al, 2010). In both neuronal and non-neuronal célmner proteins
are able to regulate mGIluRs by modulating theiresgion and clustering, their activity
and their coupling to signaling complexes (Thomastal, 2002). In cortical neurons
from Homer la-specific knockout mice it has beemalestrated a significantly increase
of surface mGIuRs, that was reduced with reintrtidncof Homer 1a gene (Hu Jkt al,
2010). In HeLa and cerebellar granule cells, it b@sn found that exogenous Homer 1b
blocked the cell-surface targeting of mGIuR5 pranmits retention in the endoplasmic
reticulum, whereas exogenous Homer la reversed dffescts enhancing surface
clustering of mGIuR5 (Roche KV¢t al, 1999; Ango Fet al, 2002). Different effect has
been found in cultured hippocampal neurons, whesmét 1b reduced retention in the
endoplasmic reticulum of mGIuR5 and increasedxfgession on cell surface (Serge A.
et al, 2002). This discrepant effects of Homer prot@nsnGIuR are probably due to the
different distribution of Homer variants in eachllcéne. However, data present in

literature indicate that, although both the longl amort Homer proteins modulate the
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expression and cell-surface clustering of mGluRythcts in different and opposite ways
(Shiraishi-Yamaguchi Yet al, 2007; Luo Pet al, 2012c).

Functional studies have suggested that the bindifngng Homers to mGIluRi1
and mGIuRS5 is also important to maintain the remet an inactive state in the absence
of an agonist, whereas the binding of short isofdidfomer 1a) reverts this effect
promoting constitutive activation of the receptbagni L.et al, 2002; Ango Fet al,
2001). In this case, again, short Homer la isof@xerts its function negatively
modulating the interactions mediated by other Iblmgner isoforms, interfering with the
assembly of the Homer-complex.

The Homer binding to mGIluRs plays also a fundaneate facilitating the cross-
talk between surface mGIuR and intracellular targeiteins, and enhancing signal
transduction. Tu et al. demonstrated that, in eaeloellum, Homer 1 proteins mediated
the linkage between mGluRland IP3R (Tu JCet al, 1998). IP3R is an important
channel responsible for €arelease from endoplasmic reticulum (Patterson &Lal,
2004) and contains the Homer ligand motif. This o®RsHomer-IP3R association is
involved in the post-synaptic mGluR-dependent digramsduction. Indeed, it has been
reported that the expression of Homer la, whickdabe ability to form cross-links,
disrupted the mGIuR-Homer-IP3R complex altering ofGinduced intracellular Ga
release (Tu JCet al, 1998).

Homer proteins allow also the crosstalk betweeresgvintracellular proteins,
many of which belong to the &asignaling pathway such as the IP3R (described gbov
and the RyR. RyRs are the major intracellulaf*Gzhannels localized in the plasma
membrane of intracellular &astores, mainly in the endoplasmic/sarcoplasmicultm
(ER/SR). In both cardiac and skeletal muscle, Rayfesesponsible for the release of Ca
from the SR during excitation-contraction (Van Beta F. 2012). In skeletal muscle,
long and short Homer isoforms bind RyR1 throughHioener EVH1 N-terminal domain.
Long isoforms (Homer 1b, Homer 1c and Homer 2) ntguskeletal muscle RyR1
activity, increasing ryanodine binding, Caelease from SR, intracellular €aransients
in C2C12 cells, and the frequency of’Caparks in permeabilized skeletal muscle fibres
(Feng W.et al, 2002; Hwang SYet al, 2003; Pouliquin Pet al, 2009a, Pouliquin Ret
al., 2009b; Ward CWet al, 2004), whereas short Homer 1a dose-dependentheases
the effects of long Homer 1c on RyR1 by competiogthe RyR binding site (Hwang
SY. et al, 2003). However, the effect of the Homer bindiogRyR1 is still unclear.
Other studies have reported different results destnating that both long and short
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Homer 1 variants regulate RyR1 in a similar anditadgway, activating C4 release via
RyR in skeletal muscle, and modulating ryanodimedinig to membranes enriched with
RyR (Ward CWet al, 2004; Feng Wet al, 2008).

In the heart, Homer 1 isoforms bind RyR2 and, algiothe functional effects of
this interaction can have important consequencéseirardiac Ca-dependent signaling,
data reported require further clarification. On tme hand, it has been demonstrated that
long Homer isoforms reduce RyR2 activity followiagonist-dependent activation. Short
Homer 1la alone has no effect on RyR2 activity,valoén co-expressed with long Homers
inhibits the effect of long Homers by competing fioe binding sites on RyR2 (Westhoff
JH. et al, 2003). On the other hand, a different study destrated that both long Homer
1b and short Homer 1a are able to modulate RyR#@itgan a similar way by the simple
binding through its EVH1 domain to RyR binding si{@®ouliquin Pet al.2009b).

Homer proteins interact also with another familyGe#* channels called TRPC
(canonical-type Transient Receptor Potential Ca)omRPC channels are non selective
Cd* permeable cation channels that are involved ieptr-stimulated Ca influxes
(Vennekens Ret al, 2002). All TRPC channels bind Homer proteins tigto the proline-
rich consensus sequence at their C-terminus. Hpnodeins, in particular Homer 1, are
able to form complex between TRPC channels andIF3Bwuption of this TRPC1-
Homer-IP3Rs complex by expression of the dominagatve Homer la causes the
activation of TRPC channels (Yuan J&. al, 2003). Through this interaction, long
Homer 1 proteins maintain the TRPC channels iroaed state. At the basal state, TRPC
channels are inactive in a complex with IP3Rs thdbrmed by Homer 1b/c; whereas,
upon cell stimulation and Homer la up-regulatitve, tcomplex is dissociated promoting
the activation of TRPC channels (Kim Jf.al, 2006).

Homer proteins interact with other scaffolding pins, including Shank proteins
(Tu JC.et al, 1999). In neuronal cells, Shank/Homer complexayg a central role in the
morphogenesis of dendritic spines (SalaeC.al, 2001). In cardiomyocytes, instead,
scaffolding protein Shank3 forms a complex withpéice variant of phospho-lipase3C
(PLCB1, important for initiating hypertrophic signalimgsponses) and Homer 1 proteins
(in particular Homer 1c and Homer 1la). These imtégwas cause different functional
effects on the PLELb-initated pathways, which are differentially mtatad by Homer
1c and Homer 1a (Grubb DRt al, 2011).
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1.5 Cardiac muscle tissue: an overview

The heart is a contractile organ composed by a ometwork of cells including
muscle cells (cardiomyocytes), and non-muscle célsoblast, endothelial cells, mast
cells, vascular smooth muscle cells). In cardiasu, cardiomyocytes form a branching
network and are attached end-to-end with specdliagions called intercalated discs
(McNutt NS. et al, 1974). These intercalated discs serve to mairgattose electrical
communication between two contiguous cardiomyocykswing propagation of the
action potential from one to other cell (Fawcett DWR96). Cardiomyocytes are
composed by bundles of myofibrils that contain nilgofents. The myofibrils are
structured in repeating units called sarcomerese $arcomere represents the basic
structural and functional unit of contraction inrgiac muscle and is formed by
interlacing myosin (thick) and actin (thin) filamerbordered by Z-discs. The Z-disc (see
fig. 3) is present in the middle of | band (lighinds forsotropic in polarized light) that
contains only thin (actin) filaments, whereas i th band (dark banahisotropic in
polarized light) thick (myosin) and thin filamerase found. The A band comprises the H
zone, where thick (myosin) flaments are presemd, the M line, where myosin filaments
are anchored (Leyton RA&t al, 1971; Cooper GM. 2000).

A-band - M-line -—I-band— H- band

Muscle Sarcomere Z—disc - Sarcomere . i—disc

Figure 3. Sarcomeric structure From Lee EHet al, 2007.

The main function of the heart is to pump bloodotlghout the body by a
coordinated contraction of all cardiac four chamsb&uring contraction, myosin heads
bind actin filaments in a physical connection (edlcross-bridge) that allows the actin
filament to slide past the myosin filament, caudimg sarcomere shortening and, thus, the
contraction. The muscle relaxation, in turn, occwith the dissociation of the cross-
bridges between myosin and actin. Propagation exftietal depolarization through the
sarcolemma (the cardiac cell membrane) and theuteu(specialized invagination of the
sarcolemma that cross the cell at the Z-line) ésitiitial step of the excitation—contraction

coupling, a process in which the electrical exmtabf cardiomyocytes is converted into
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a mechanical response and induces muscle contra@ieenstein Jlet al, 2011). In
this process, the second messenget” @afundamental to trigger contraction of the
cardiomyocytes. Indeed, the initial membrane dejrstion causes Gainflux through
the voltage-dependent L-type Cahannels. This Gainflux induces further Ca release
from the intracellular calcium. In this way, theracellular C&" concentration increases
and C4" binds to the troponin C (a small regulatory protef muscle contraction), which
then allows the interaction between myosin andcha@uring relaxation, the intracellular
C&* concentration decreases through several pathwayslving SR C&-ATPase,
sarcolemmal Na+/G4 exchange, sarcolemmal Ta\TPase or mitochondrial €&
uniport. The decrease of intracellularCaduces the dissociation of €drom troponin,
which in a complex with tropomyosin (another regoitg protein of muscle contraction)
blocks the myosin binding sites on actin and deitegna relaxation of the contractile
muscle fibers (Bers DM. 2002).

1.6 Cardiac hypertrophy

Cardiac hypertrophy is an increase in heart musciass that occurs
predominantly through cellular enlargement withamty proliferation (Frey Net al,
2003; Roderick HLet al, 2007). The hypertrophic process arises as aniadapsponse
to environmental demands and to a variety of othi#ferent stimuli (Hill JA. et al,
2008). Normally, this process occurs after birtrewlzardiac myocytes lose the ability to
proliferate and the subsequent growth of the haatirs only by increasing the myocyte
size (Olson ENet al, 2003). This growth process is called ‘physioladjioypertrophy’
(Fig. 4). In adulthood, physiological conditionssuch as chronic exercise training or
pregnancy - also promote morphological and phygiokd growth of the heart. In
contrast, pathological conditions - such as hyperten, neurohumoral activation, aortic
stenosis and sarcomeric gene mutations - can qaatbelogical hypertrophic growth
that, unlike physiological growth, results in agisposition towards heart failure (fig. 4)
(Bernardo BCet al, 2010).

22



7

Postnatal growthl

Normal adult hear@

l - Myocardial infarction
Dlla(ed cardiomyopathy.
Sarcomem: gene mutations l
-Chronic exercise
Pregnancy
Hypenenswon
- Aortic stenosis
- Sarcomeric gene
mutations »
Pathological hypertrophy Cardiac dilation and
i i + Cardiac dysfunction heart failure
Physiological hypertrophy Fi 2 t
i : * Fibrosis * Advanced cardiac
: ﬁgr{r:;:lcglrsenhanced Erediac funckon * Myocyte necrosis and apoptosis dysfunction
* Associated with heart failure and * Extensive fibrosis
= Nomal pane sapreeskn increased mortality * Myocyte cell death

= Proportional chamber enlargement

Figure 4. Differences between physiological and patlogical hypertrophy. From Bernardo
BC.etal., 2010.

Cardiac hypertrophic growth can be classified ageatric or eccentric based on
changes in heart shape. In concentric hypertroftteythickness of the ventricular wall
increases with no changes in heart volume. Theerdric remodelling is characterized
by an increase in cardiac myocyte greater in wrdtiher than in length, in which the
sarcomeres are added in a parallel way. In contaséntric hypertrophy is characterized
by dilation and thinning of the heart wall that sawan enlargement of heart volume. In
the eccentric sarcomeres are added in seriesgF{bleineke Jet al, 2006).

In response to various stimuli (in particular tothmdogical stimuli), initial
hypertrophy occurs as a compensatory mechanismreegio normalize wall stress and
to sustain normal cardiac function. In the longmehowever, a prolonged cardiac
hypertrophy may decompensate and progress to Fahnte independently from the
hypertrophic causes. Heart failure is one of thgomeauses of death in the Western
society, and the risk of heart failure increaseth \age (Levy Det al, 2002). At present,
there is no definitive therapy for heart failureit there is a great interest to characterize
the intracellular signaling pathways implicatecpathological cardiac growth in order to

identify therapeutic strategies for prevention eétt failure.
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Figure 5. Differences between concentric and eccentric hypedphy. In concentric
hypertrophy sarcomeres are added in a parallel wagreas in eccentric hypertrophy sarcomeres atedad
in series. From Gjesdal @t al, 2011.

1.7 Distinct features in physiological and pathatad cardiac hypertrophy

Physiological and pathological cardiac hypertropdme both defined as an
enlargement of the heart characterized by an isergmcell size; it is important to remark
that the physiological hypertrophy occurs withoigindficant clinical consequences. At
structural level, during physiological hypertropmguscle thickness increases in a
proportional way in respect to the chamber sizthefheart (Chen QMet al, 2001) and
the fibrillar collagen network that surrounds thardiomyocytes provides structural
support preserving the normal cardiac function (Redlo BCet al, 2010).

On the contrary, the pathological hypertrophy candlvided into two stages: an
early and a late stage. During early stage, thagd®in cardiac structure compensate the
increased stress on the heart, meanwhile in lagedhe heart becomes decompensated
and is unable to pump sufficient blood to maintaicardiac output adequate to body’s
oxygen demand (Czubryt MRt al, 2004). At the morphological level, the pathol@jic
hypertrophy develops in an uncoordinated mannen oiss of cardiomyocytes that are
replaced by fibrous tissue; this causes stiffndsth@ ventricles, which in turn impairs
cardiac function (Feng QZzet al, 2008; McMullen JR.et al, 2007). At the gene
expression level, pathological hypertrophy is cbhtdazed by the re-expression of fetal

genes - genes that are normally expressed onlthenheart development and are
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repressed in the adult heart (Schaub MCal, 1997). The re-activation of fetal genes,
such af3-myosin heavy chaimy-skeletal actin and atrial natriuretic factor (ANEpes
not occur in physiological hypertrophy (Barry SR.al, 2008; Bishopric NHet al,
1991).

1.8 Signaling pathways in cardiac hypertrophy

Cardiac hypertrophy occurs in response to an indiemulus that acts on cell
membrane and induces activation of intracellulgnaiing pathways. The process of
cardiomyocyte hypertrophy can be divided into thredi-defined stages (Glennon Ré.
al., 1995):

l. the initial binding of extracellular hypertrophiganists on membrane
receptors;
Il. the subsequent activation of intracellular sigrajpathways;
Il the final activation of nuclear events leading ypédrtrophic phenotype.

As shown in fig. 6, a wide array of extracellularctors can stimulate several
receptors on the plasma membrane and trigger €iffantracellular signaling pathways
that ultimately affect nuclear factors.

In this way, activation of the hypertrophic cellularogram culminates at the
nucleus level in an alteration of gene expressig. (re-expression of fetal gene) and, at
the cytoplasmic level, in an increase in prote@nsgtation and a decrease in protein
degradation (Heineke &t al, 2006). Many studies conducted bathvitro andin vivo
have identified important signaling pathways adgdaduring cardiac hypertrophy, that
involve increases in cytoplasmic €éwilkins BJ. et al, 2004; Molkentin JD 2006 and
include activation of G-proteins (D'Angelo Dt al, 1997), of MAPK (mitogen-
activated protein kinase) pathway (ClerkeAal, 1999), and of PI3K (phoshoinositide 3-
kinase) pathway (Luo &t al, 2005).
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Figure 6. Intracellular signaling pathways that regulate cardiac hypertrophic responseFrom
Bernardo BCet al., 2010.

In cardiomyocytes, the most important cell-surfaeeeptors involved in the
hypertrophic signaling cascades are classified as:

I.  G-protein coupled receptorsfor catecholamines that induce the mobilization
of C&"* from intracellular stores and the activation oftbMAPK pathways
and calcineurin-NFAT pathways (Molkentin J&.al, 2001);

Il.  Tyrosine kinase receptorsfor insulin growth factor, fibroblast growth facto
and transforming growth factor, that activate downeem PI3K/Akt pathways
(McMullen JR.et al, 2007);

lll.  Cytokine receptors for cardiotrophin-1 that mediate the activation of
JAK/STAT pathways (Barry St al, 2008).

The G protein coupled receptors (GPCR) are a gajugeven-transmembrane-
spanning receptors coupled to heterotrimeric Ggmmetthat play a major role in response
to hypertrophic stimuli. There are three principlasses of heterotrimeric G protein - Gs,
Gg/G11, and Gi - which transduce the extracellalgnal towards intracellular effectors
(Rockman HAet al, 2002). All heterotrimeric G-proteins presents subunits: @& and
GBy; when the receptor is activated these suburstsodiate and induce the activation of
signaling pathways interacting with downstream afie molecules (Rohini Aet al,
2010). Studies in genetically modified mouse modsse demonstrated that over-
expression of wild-type @) subunit induces cardiac hypertrophy associateith ai

depressed cardiac function, whereas deletion oh W&iq and 11 subunits in

26



transgenic mice with pressure-overload induced @i constriction does not cause
ventricular hypertrophy (D’Angelo DCet al, 1997; Wettschureck Mt al, 2001). Thus,
these data indicate that then@Gll-mediated pathway is essential for the cardiac
hypertrophic process.

Of all the members of the GPCR superfamily, admgoeaeceptors (ARs) are the
most important in the heart and they are classifieo three major subfamilies;-AR,
a-AR and B-AR. ARs are activated by catecholamines (such @sdnenaline and
adrenaline) and play an important role in the aardf cardiac function, myocyte growth
and cell death. Depending on adrenergic subtypBs, #e coupled to &8, Gus or Gui
(Rockmann HA.et al, 2002). The binding of adrenergic agonists to ARduces
activation of effector molecules, such as adengytlases, phospholipases and ion
channels (in particular, Gachannels) and these downstream effectors, in agtivate
important hypertrophic signaling, such as MAPKsIcioeurin-dependent, and PI3K-
dependent pathways (Xiao kt al., 2001; Zou Y.et al, 1999; Molkentin. JDet al,
2001; Zhang Wet al, 2011).

Cathecolamines, ET-1 and Ang-ll are well-charazesti neurohumoral and
endocrine factors that are released in responagathological stimulus, such as pressure
overload, and are able to induce cardiomyocyteetiggphy through botfi- anda- ARs
coupled to either & or the @qg/Gall subclass (Yamazaki &t al, 1997).

Activation of B-Adrenergic receptors coupled tou§sinduces adenylyl cyclase
activity that causes production of CAMP and, thactjvation of protein kinase A (PKA)
(see Figure 7). PKA in turn promotes the cardiomyyeg contractility by activating
proteins involved in cardiac contraction (L-typdcaam channels, phospholamban and
troponin) and also activates signaling pathwayslved in cell growth (MAPK pathway)
(Marian AJ. 2006; Yamazaki Et al, 1997).

a-Adrenergic receptors coupled to Gq are able tvatet pospholipase C (PLC),
inducing the generation of inositol 1,4,5-triphogfh(IP3) and DAG. In this cascade of
process, DAG in turn activates protein kinase CGPKvhereas IP3 binds to the IP3R
causing the release of £4see Figure 7). Both these downstream eventsvégicth of
PKC and increases in cytosolic Jaare potential triggers for the activation of pro-
hypertrophic transcription factors to nucleus (Hém J.et al, 2006; Berridge MJ. 2006;
Palaniyandi S&et al, 2009).
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Figure 7. Schematic illustration of intracellular signaling pathways activated upon NE-
stimulation of a;- and B- adrenergic receptors.Modified from Wang QDet al2004.

As mentioned before, the adrenergic receptor sttimnl induces activation of
many intracellular signaling pathways, that includPK and calcineurin-NFAT
pathway.

MAPKs pathway represents one of the principal adssainvolved in
cardiomyocyte hypertrophic responses. The MAPK dgapegly consists of three main
members: the extracellular signal-regulated kind8&¥Ks), thec-JunN-terminal kinases
(INK), and the p38 kinases (Kehaet.al, 2010). ERK1/2 have been reported to play an
important role in hypertrophy, both vitro andin vivo, as important mediator of cardiac
responses (Glennon P& al, 1996, Xiao L.et al, 2001; Izumi Y .et al, 1998). ERK1/2
are protein kinases that induce reprogramming ofegexpression by phosphorylating
various cytosolic and nuclear substrates. When ERIdfe activated, they translocate to
the nucleus and directly phosphorylate transcnipfiactors such as Elk-1, c-Fos, and
GATAA4, which are involved in growth and proliferati. Constitutive ERK1/2 activation
in the heart is sufficient to evoke a cardiac hyqeghic phenotype (Bueno OEt al,
2000; Kehat Iet al, 2010; Lorenz Let al, 2009).

Calcineurin-NFAT pathway represents an important*@apendent signaling
pathway involved in cardiac hypertrophy (Colelladfial, 2008). Calcineurin (CaN) is a
serine-threonine phosphatase that is activatechdrgases in cytosolic €alevel. Once
activated, CaN directly dephosphorylates membets@MNFAT family, promoting their
translocation into the nucleus and the activatibmpm-hypertrophic gene expression
(Molkentin JD. 2006). Studies using bathvitro andin vivo models have extensively

demonstrated that CaN-NFAT signaling plays a rabe mediating pathological
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hypertrophy. In particular, it has been demonstrdatext constitutive activated form of
CaN in heart promotes hypertrophy, ultimately legdio cardiac failure (Molkentin JD.
et al, 1998).

1.9 Homer la and cardiac hypertrophy

Although Homer proteins can be regarded as imporegulators of multimeric
complexes involved in signal transduction, litte known about the role that Homer
proteins play in signalling pathways of cardiac oleisand, in particular, in cardiac
hypertrophic pathways.

With respect to the short Homer la isoform, thes@mnee of its mMRNA transcripts
was identified in cardiac muscle under resting dores in a previous study by our group
(Sandona Det al, 2000), but their function in the heart remainsgbpunderstood. Data
present in literature support the hypothesis ohaolvement of the short isoform Homer
la in activation of cardiomyocyte hypertrophy. Kawedo et al. were the first who
investigate Homer 1a expression in stimulated cedtineonatal cardiomyocytes. In this
study, it has been demonstrated that mRNA codingHomer la was rapidly and
transiently increased in neonatal cardiomyocytenugstimulation with several
hypertrophic agonists, including PE, isoprotendit8iO), Ang-lIl and ET-1 (the latter
most markedly induced Homer la expression) (Kawanat al, 2006). These findings
provide the first evidence of the association betweomer 1a up-regulation and cardiac
hypertrophic activation. In the same way, Guo etegorted that Homer 1a protein levels
were also up-regulated following Ang-1l induced bypophy in H9C2 cells and neonatal
rat cardiomyocytes (Guo W@t al, 2010). Contrary to previously reported, a latedyg
conducted by Grubb et al. indicated that long isofdHomer 1c increased during
stimulation with an hypertrophic agent (such as REg, in absence of other effectors,
induced cardiomyocyte hypertrophy. In this modelpnt¢r la did not cause
cardiomyocyte hypertrophy by itself, but was alenhibit hypertrophy induced by PE,
although its expression was unchanged during hyg@ric stimulation (Grubb DRet al,
2011).

Although all these studies demonstrate that hypelnic stimulation modulates
expression of Homer 1 isoforms, data appear coetstal in particular about the
modulation of Homer la expression (it is not updtated in the later study). Further

investigations are required to identify which isohe (Homer 1a or Homer 1c) are really
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involved during hypertrophic stimulation and to rdla their specific role in cardiac

hypertrophy.
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2. Aims of the study

The aim of this study was to investigate the rdléhe scaffolding protein Homer

la in cardiac function and hypertrophy. Our workingothesis was that Homer 1a may

be one of the molecular modulators of cardiac hypehy. To test this, we investigated

the presence, sub-cellular localization and fumctibHomer 1a in cardiac tissue.

We developed our study as follows:

1)

2)

3)

First, we studied Homer la expression and its slifar localization in
cardiac tissue under resting conditioAdthough many studies have reported

that in the nervous system Homer proteins are itatigely expressed and are
found at the postsynaptic density, few reports Haeessed on Homer la in
the heart, in particular, on its expression andcllular localization.

Next, in order to establish whether Homer la tgiase in the hypertrophic
program of cardiomyocytes, we monitored Homer laression(both at

MRNA and protein level) inn vitro models _under conditions mimicking

hypertrophic stimulation.

Finally, to determine the effect of Homer l1la, weedisgain-of-function
approaches for Homer 1la in a model of cardiac hgganyin vitro. The goal
of this analysis was to identify the intracellulaypertrophic pathways
modulated by Homer 1a and, consequently, the rbldamer 1a in cardiac

hypertrophy.

In the last part of this study, we performed pratany analyses to evaluate Homer la

expression in three different models of cardiacdnyrpphyin vivo.,
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3. Materials and Methods

3.1 Tissue sources

To perform Western blot and immunofluorescence yamalon cardiac tissue,
adult Wistar rats (~250 g of body weight) and CDiten(~45 g of body weight) were
used. Following animal sacrifice, the heart wasaes and frozen in liquid nitrogen.

Experimentaprotocols have been approved by the Universityaafud Review Board.

3.2 Treatment of monocrotaline in adult rats

Male Wistar ratsr{=18, 125-150 g) were housed in a standard envirahmih a

12-h light/12-h dark cycle and free access to fand water. The rats were treated with a
single intraperitoneal injection of monocrotalingGT, 30 mg/kg dissolved in 0.9%
NaCl) or vehicle. Monocrotaline is a toxic pyrratime alkaloid of plant origin;
administration of MCT produces hypertension followey right ventricular (RV) failure
(Dalla Libera L.et al, 2004). At 1, 2 and 4 weeks after the MCT ingatithe rats were
killed and their hearts quickly removed and weighleglart weights and body weights
were recorded. Hearts were divided into the lefitrreular wall and the right ventricular
wall and tissue lysates were then prepared by hemagtion in RIPA buffer as
described below. The experiments were approvedéyJniversity of Padua Biological

Ethical Committee.

3.3 Mice with transverse aortic constriction

Heart lysates from mice that had undergone trassvaortic constriction (TAC)
were kindly provided by Dr. N. Kaludercic (CNR, Rad Italy). TAC was induced by
controlled constriction of the transverse aorticharsham-operated mice, which had
undergone a similar surgical procedure withoutia@dnstriction, were used as control.
The mice hearts were harvested at 1 (n=4), 3 (r6=@)=3) and 9 (n=3) weeks after TAC,
and homogenized for Western blotting analysis. Horha protein content was
determined as described below.

3.4 &nq over-expressing mice
Heart lysates from &) over-expressing mice were kindly provided by Bir.
Kaludercic (CNR, Padua, Italy). Hearts from 18-weék mice (n=4) were harvested and
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homogenized for Western blotting analysis. Homeprdein content was determined as

described below.
3.5 Homogenates from rat and mouse hearts

Hearts homogenates were obtained as follows: fréizenes were triturated in a
mortar, then homogenated with Polytron for 10 2ek82000 g in 10 volumes of 3% SDS,
1 mM EGTA, 0.2 mM phenylmethanesulphonyl fluorid®MSF) and 0.8 mM
benzamidine. They were then boiled for 5 min anmutrdeiged at 18,000 g for 30 min in
order to remove the debris. The protein conterfitomhogenates was determined by using

a bicinchoninic acid protein assay system (Pierce).

3.6 Cell cultures:
3.6.1 Preparation of neonatal rat cardiomyocytes

Primary cultures of cardiomyocytes were preparetfi- 2 day-old Wistar rats.
The hearts were dissected and the ventricles veeneved aseptically and washed with
ADS buffer (106 mM NacCl, 5.3 mM KCI, 0.8 mM NaPQ,, 0.4 mM MgSQ, 20 mM
HEPES, 5 mM glucose, pH 7.4). Using micro-dissectnissors, the hearts were minced
until the pieces were approximately 1 fhamd treated with 10 ml of collagenase A (0.45
mg/ml; Roche) and pancreatin (1.25 mg/ml; Sigma)lfe min at 37°C. The supernatant
was then removed and the tissue was treated vath fcollagenase/pancreatin solution
for an additional 15 min. Cells in the supernataste transferred to a tube containing
100% fetal calf serum (FCS). The tubes were cemged at 250 g for 5 min at room
temperature and the cell pellet was resuspend#teiappropriate volume of cell culture
medium. The above procedures was repeated 5-6 timédittle tissue was left. Cell
suspensions were collected and incubated in a 1@lish for 1-2 h to reduce fibroblast
contamination. The resulting purified cardiomyoesyterere collected, counted using
Trypan Blue solution (Sigma) and plated at 8% dé€lls per well on 0,1% gelatin (Sigma)
coated 6-well plates containing 65% DMEM, 17% Ml®@dium supplemented with
10% horse serum, 5% FCS, 2 mM L-glutamine, f®penicillin and streptomycin. To
prevent growth of non-myocytes and to inhibit fiblast proliferation, the medium was
also supplemented with 20 uM cytosine-D-arabinofaside (AraC) 24 h after plating.
Cardiomyocytes were grown at 37°C in 5% 0d 95% air.
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3.6.2 HL-1 cardiomyocytes

HL-1 cells are currently the only cardiomyocyte Icéhe available that
continuously divides and spontaneously contractdewmaintaining a differentiated
cardiac phenotype (Claycomb WE€t al, 1998). HL-1 cells also express many of the
cardiac-specific genes, possess intercalated dimeestain contractile activity, retain
basic electro-physiological characteristics angldis the pharmacological properties of
primary cardiac myocytes (White St al, 2004).HL-1 cells express functional and
B-adrenergic receptors and respond to inotropic dmdnotropic agonists, allowing the
study of intracellular pathways (McWhinney Cé&.al, 2000).

HL-1 cells were cultured as reported, except fa ldck of NE in the medium
prior to experiments (Claycomb W@t al, 1998).Cells were maintained in Claycomb
Medium (Sigma) supplemented with 4 mM L-glutaminQO1uM penicillin and
streptomycin, 5uM NE and 10% FCS. The medium was changed approglynavery
48 h. When the cells reached 80% confluence, thene washed with Hanks’ Balance
salt solution (HBSS) and treated with 0.05% p/\ps$ip-EDTA in order to detach them
from the flasks. Then, cells were centrifuged ab 25for 5 min and counted. 5 x 210
cells/well were plated in 6-well plates pre-coatedh 0.02% gelatin and 25 pg/ml
fibronectin (Sigma). Cells were grown at 37°C in &, and 95% air. HL-1 cells were
switched to a medium without NE for 5 days prioeigperimentation.

To store the HL-1 cells in liquid nitrogen, the lge¢llet was resuspended in 5%
sterile DMSO with 95% FBS, and put into criovidlse cells were frozen slowly and then

placed in a -80°C freezer for one day before peentstorage in liquid nitrogen.

3.7 Cell stimulation assay in HL-1 cells and neahaat cardiomyocytes

After 5 days of incubation in a medium lacking NHH,-1 cells were washed with
HBSS and incubated in the presence or absence g1 1SE. After treatment, cells were
washed with phosphate buffered saline (PBS, 137 N&CI, 2.7 mM KCI, 8 mM
NagHPO;, 1.5 mM KH,PQ,, pH 7.4) and lysed with RIPA buffer (50 mM Tris-H@H
7.4, 150 mM NacCl, 0.25% DOC, 1% NP-40 and 2 mM EDTA

In neonatal rat cardiomyocyte culture, the mediuas whanged 24 h after plating.
Cardiomyocytes were washed with HBSS and serummesdarl day before the
experiments. The experiments were carried out inElMYM199 medium supplemented

with 2 mM L-glutamine, 10QM penicillin and streptomycin. The cardiomyocytesre/
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then preincubated with 10 uM prazosin or 10 uM paiaplol to blocka andp-adrenergic
receptors respectively, for 30 min before stimolatwith 10 uM NE. For western
blotting, cardiomyocytes were lysed as describexv@bFor real-time PCR analysis, cells
were processed as described inrtifeNAsection.

3.8 mRNA extraction

Total RNA of neonatal rat cardiomyocytes was ex@dcusing TRIzol®
(Invitrogen), in accordance with the manufactugenstructions. Cells were washed with
PBS and 50Ql of TRIzol® reagent were added in each well obadl plate. Cells were
disrupted and homogenated by passing them throypgbette several times. The samples
were left for 5 min at room temperature and 108hibroform were added, samples were
vortexed for 15 sec and again left at room tempegator 5 min. Then, samples were
centrifuged at 12,000 g for 15 min at 4°C to sejgatlae phases. After centrifugation, the
upper agueous phase with RNA was collected an®Mws was precipitated with 250 pl
isopropranol and incubated for 10 min at room tenaifpee. Total RNA was centrifuged
at 12,000 g for 10 min at 4°C and the pellet washed with 75% ethanol and
centrifuged again at 7500 g for 5 min at 4°C. TheddlRNA was suspended in RNase-
free water stored at -80°C until use. Finally, R8A concentration and purity were

measured by Nanodrop (Thermo Scientific).

3.9 cDNA synthesis

Synthesis of cDNA was carried out by reverse trapgon (RT-PCR). 400 ng of
RNA were transcripted in cDNA using random hexaeatitles primers and SuperScFipt
VILO™ reverse transcriptase (Invitrogen), accordioghe manufacturer’s instructions.
RT-PCR was performed in a thermal cycler (Appliedsgstems, Foster City, CA): 25°C
for 10 min, 42°C for 90 min, 85°C for 5 min, andC4for 5 min. All RNA samples were
converted to cDNA at the same time, in order toimire technical variability.

3.10 Primer design

Specific primers used were either designed (*) @gisiRrimer3 software
(http://frodo.wi.mit.edu/ Whitehead Institute for Biomedical Research) @revalready

published (see ref). Their thermodynamic spec¥icitas determined using BLAST
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sequence alignment (NCBI) and vector RiEbftware (Invitrogen) software. All primers
were purchased from Sigma-Aldrich.
The sequences of primers used for real-time PCR agfollows:
Homerla (Grubb DRet al, 2012) Fw: CCAGAAAGTATCAATGGGACAGATG
Rv: TGCTGAATTGAATGTGTACCTATGTG

Homerlbc (*) Fw: GTGAAGCAGTGGAAGCAACA
Rv: CAGCTCCTGCACTGTCTGAC

TBP1 (Rossi ACet al, 2012) Fw: TCAAACCCAGAATTGTTCTCC
Rv: AACTATGTGGTCTTCCTGAATCC

Hypoxanthine guanine phosphoribosyl transferasdr(HE*)
Fw: CTCATGGACTGATTATGGACAGGAC
Rv: GCAGGTCAGCAAAGAACTTATAGCC

3.11 Quantitative real time-PCR (qPCR)

gPCR was performed in duplicate in a 96-wells IQ%rmal Cycler (Bio-Rad)
using SYBR Green chemistry. The reaction mix cdadiof 10ul of 2x iQ SYBR®
Green Supermix (Bio-Rad), 0.3 pmal/primers, 10 ng of cDNA and DNase/RNase free
water up to 20ul. The PCR parameters were initial denaturatio®%ftC for 30 sec
followed by 40 cycles of 10 sec at 95°C and 30 aethe corresponding annealing
temperature (53-57 °C) in order to acquire ther®soence signal. In addition, a melting
curve was generated by the iQ5 software following &nd of the final cycle for each
sample, by continuous monitoring of the SYBR Grdkiorescence throughout the
temperature ramp from 65°C to 99°C in 0.5 sec memts, in order to confirm the
specificity of the amplified product. TBP1 and HPR&nes were tested as candidate
reference genes being the latter the most stablertmalize Ct values. All samples were
run together with negative controls (no RNA or revarse transcriptase enzyme).
Normalization was performed with the deltaCT methming HPRT as the reference

gene.
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3.12 Transfection of HL-1 cells

For transient transfection and co-transfection erpents, HL-1 cells were seeded
at a suitable cell density for obtaining 50—-60%flie@ance at the moment of transfection.
After 18 h, cells were transfected using FUGENE®{Domega) transfection reagent in
accordance with the manufacturer’s instructionga#ho of 3:1 betweefruGENE® HD
Transfection Reagent and DNA was used for all tet®ns. For each well of the 6-
well plate, 6ug DNA were diluted to 30QI of serum-free and antibiotic-free Claycomb
medium and vortexed gently. 18 of Fugene HD were added to medium with the DNA;
FUGENE/DNA mixture was mixed gently and incubatedX5 min at room temperature.
The transfection mixture was added to each weltalf culture. Cells were typically

assayed 24-48 h after transfection, depending ®tygie of experiment.

3.13 Plasmids

Plasmids encoding either Homer 1la-HA1, Homer 1c-HA1pcDNA3 (empty
vector) were cloned as previously described (Saadhmet al, 2000). Plasmids encoding
prom-ANF luciferase (pANFluc) anRenilla luciferase (pRL-TK) were kindly provided
by Dr. CC. Glembotski (San Diego State Universign Diego, CA, USA) and Dr. F.
Zorzato (University of Ferrara, Ferrara, Italy)spectively. Plasmid encoding NFATc1-

GFP were provided by Prof. S. Schiaffino (Universit Padua, Padua, Italy).

3.14 Plasmid DNA amplification and purification

The plasmid DNA was amplified in bacterial culturgwn in presence of a
selective antibiotic. In order to transform badakgells to assume the plasmid/foreign
DNA, E. Coli XL1-blue competent for electroporation were use@.-100 ng of DNA
were used for the electroporation; the electricckhwas used at 1800 V. The bacteria
were rapidly resuspended with SOC medium (20 mMage, 10 mM MgGl 10 mM
MgSQy) in LB medium (1% bacto-tryptone, 0.5% yeast eotird% NaCl) and incubated
for 1 h at 37°C under rotation. Then, bacteria waleged on LB-agar plates (LB with
1.5% agar) with the selective antibiotic (AmpicillLO0 pg/ml or Kanamycin 30 pg/ml,
both in sterile HO) and were grown overnight at 37°C. A well-formadd isolated
colony on the agar plate was selected, placed imie8ium with appropriate antibiotics

and incubated at 37°C for 8 h with shaking. Aftesttime, culture was transferred into
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750 ml LB medium with the antibiotic and incubafed 12-16 h at 37° C with sharing.
After 12-16 h, bacterial cells were harvested bytrifigation at 6000 g for 15 min at
4°C. The plasmid DNA from bacteria was extractedl gurified using QIlAprep
Maxiprep Kit (QIAGEN). The QIAGEN Kit protocol arbased on modified a alkaline
lysis procedure, followed by binding of plasmid DNA anion-exchange resin under
appropriate low-salt and pH conditions. RNA, protand impurities were removed by a
medium-salt wash. Finally, plasmid DNA was dissdlva sterile HO and quantified
using the spectrophotometer NanoDrop (Thermo S@®ntThe purity of the DNA was
evaluated considering the ratios 260/280 (idealwben 1.8-2) and 260/230 (ideal
between 2 and 2.2). For each bacterial preparatisipck of transformed bacteria was
performed by adding 20% (v/v) sterile glycerol iackerial cultures, and freezing them
directly at -80°C.

3.15 Protein extraction and quantification

After treatment, either HL-1 cells or cardiomyos/t@ere washed three times
with PBS and lysed with RIPA buffer containing & PMSF, 0.8 mM benzamidine
and 10 mM sodium fluoride. Cells were scraped, lnated at 4°C for 30 min with gentle
agitation and centrifuged at 14,000 g for 10 mid&@. The supernatants were harvested
and used for protein quantification. To determihe toncentration of protein in cell
lysate, the bicinchoninic acid assay (BCA assagrdeThermo Scientific) was used in
accordance with the manufacturer’s instructionse BCA assay is a highly sensitive
colorimetric method, based on the principle thaitgin can reduce Gtito Cu* in an
alkaline solution (the biuret reaction). The amoahteduction is proportional to protein
content. BCA forms a blue complex with Cuhat absorbs light at a wavelength of 562
nm, thus allowing to monitor the reduction of?hy proteins using a spectrometer and

comparing protein solutions with known concentnasio
3.16 SDS-Polyacrylamide Gel Electrophoresis

Sodium Dodecyl Sulfate -Polyacrylamide Gel Electraesis (SDS-PAGE) was
usedto separate proteins according to their size. Taicathat different proteins with
similar molecular weights may migrate differentlyedto their differences in secondary,
tertiary or quaternary structure, SDS is used IIr5$IAGE to reduce proteins to their

primary structure and coat them with negative cbargAfter protein quantification,
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samples were mixed with Laemmli Sample Buffer (1088v) glycerol, 5% (w/v)p-
mercaptoethanol, 2% SDS, 62.5 mM Tris-HCI, 0.03%v)}Maromophenol blue, pH 6.8)
and loaded into a polyacrylamide gel. Polyacrilaohengels, composed of a 4% stacking
gel and a 10% running gel, were cast between aopgilass plates with 1.5 mm spacers.
The solutions used to prepared the stacking gel ewe40% solution of
acrylamide:bisacrylamide 29:1 (Amresco), 0.5 M JHiSI pH 6.8 and 0.4% w/v SDS in
H,O. The solutions used to prepared the running gefew 40% solution of
acrylamide:bisacrylamide 29:1, 1.5 M Tris-HCI pH &nd 0.4% w/v SDS in #. The
polymerization of gel is induced by both ammoniuersplfate (APS) and TEMED,
added to promote polymerization. In each SDS-PAGRrexstained protein marker
(prestained standard-Low range, Bio-Rad) was loadeorder to estimate the protein
molecular weight. Samples were loaded onto theswaid gel was run in running buffer
(25 mM Tris, 192 mM glycine, 0.1% (w/v) SDS) withvaltage of 70 V in the stacking
gel and 150 V in the running gel. After SDS-PAGpaation, samples were transferred
from the gel onto a 0.4hm nitrocellulose filter (Bio-Rad) for detection. lorder to
remove the excess of SDS, the gel was washednsférabuffer (25 mM Tris, 192 mM
glycine, 20% (v/v) methanol) and the transfer “saioth” was assembled in the following
order. a fiber pad, a 3 MM Whatmann paper impregmhatvith transfer buffer,
nitrocellulose, the gel, and another impregnatgoepand fiber pad. Air bubbles were
gently removed, then transfer cassette was firnidged and put with the membrane
facing the positive pole of the transfer tank (Hwe$cientific, Newcastle, Staffs., U.K.)
with transfer buffer. A constant current of 100 nwas applied overnight. After
transferring the proteins from SDS-PAGE onto themieane, it was immersed in
sufficient Ponceau S Staining Solution (0.2% (WPonceau S, 3% (w/v) Trichloroacetic
acid) for 2 min. Ponceau Solution is used for te&dtion of proteins on nitrocellulose

membranes; this staining technique is reversilld,can be removed with water.

3.17 Immunoblotting

The nitrocellulose membranes were incubated forwlith 10% (v/v) milk in TBS
(50mM Tris-HCI, pH 7.5; 150 mM NaCl) with 0.1% Twe0 (TBSt) in order to block
residual protein binding sites. Blocked membranesvincubated overnight at 4°C under
gently shaking with the appropriate primary antypatiluted in TBSt. Then, primary
antibody was removed and blots were washed 3 tifioesl0 min each time, with 2%

milk in TBSt. In order to detect primary antibodjne blots were incubated with the
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appropriate secondary antibody for 1 h. Secondatyp@dies (anti-goat, anti-mouse and
anti-rabbit) were labeled with either Alkaline Ppbatase (AP) or Horse Radish
Peroxidase (HRP), and diluted 1:10000 in TBSt wa&% milk. After incubation,

secondary antibody was removed and the blots washed 3 times for 10 min with 2%
milk in TBSt. Immunodetection was carried out ustag different systems depending
the secondary antibody used. To detect the sigoai AP, blots were washed with AP
Buffer (100 mM Tris-HCI pH 9.5, 100 mM NaCl, 5 mMd&Zl) twice for 5 min so as to

raise the pH. Immunoreactive bands were detectedy s ready-to-use, precipitating
substrate system for alkaline phosphatase (BCIP/NEJma). To detect the signal from
HRP, blots were washed twice with TBSt and incutbdte 1 min with a mixture of the

Chemilumiscence substrates of the LiteAblot Plus (Euroclone) and exposed to
photographic films. For phospho-ERK, the same mambrwas stripped at room
temperature for 2 h in stripping solution (62.5 niks-HCI pH 7.5, 2% SDS, 0.1 M 2-
mercaptoethanol) and re-probed with anti-total ERKa&ntibody for internal control.

Densitometric analysis of the immunoblot signal vpesformed with Scion Image for

Windows, version Beta 4.0.2 (Scion Corp., www.Scamp.con).

3.18 Antibodies for Western blotting

The following primary antibodies were used:
- anti-Homer la (goat, Santa Cruz), dilution 1:300;
- anti-Homer 1b/c (mouse, Santa Cruz), dilutior00;2
- antiftubulin (mouse, Developmental Studies HybridomakBadilution 1:2000;
- antiffactin (mouse, Sigma), dilution 1:1000;
- anti-phospho ERK1/2 (rabbit, Sigma), dilution 0D;
- anti-ERK1/2 (rabbit, Santa Cruz), dilution 1:1000
- anti-HA (rabbit, Santa Cruz), dilution 1:1000;
- anti-GAPDH (mouse, Chemicon), dilution 1:200;
- anti-ANF (rabbit, Peninsula), dilution 1:1000.
The following secondary antibodies were used fosiét@ blot:
- anti-mouse IgG (Sigma) conjugated to alkalinegpihatase, dilution 1:10000;
- anti-goat 1gG (Sigma) conjugated to alkaline gitegase, dilution 1:10000;
- anti-rabbit 1IgG (Sigma) conjugated to alkaline@pphatase, dilution 1:10000;
- anti-mouse IgG (Sigma) conjugated to peroxiddgetion 1:10000;
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- anti-goat 1gG (DAKO) conjugated to peroxidaseytibn 1:10000;
- anti-goat 1gG (Sigma) conjugated to peroxidadetidn 1:10000;
- anti-rabbit IgG (Sigma) conjugated to peroxidabkition 1:10000;

3.19 Immunofluorescence

To perform immunofluorescence staining of cardiasue sections, hearts were
frozen in liquid nitrogen. Four um cryostat sectiomere fixed in 4% paraformaldehyde
(PFA) and washed three times with PBS; this proeceduas performed in order to
preserve cellular morphology. Sections were perifizath with blocking solution (1%
swine serum, 0.1% Tween-20 in PBS) for 30 min atrdemperature and incubated with
specific antibodies in PBS, 1% swine serum and OTWeen-20 for either 60 min at
room temperature or overnight at 4°C, dependingherprimary antibody used. Sections
were rinsed 3 times in PBS to remove the excesbeoprimary antibody and incubated
for 45 min at room temperature with appropriateoséary antibodies in PBS with 1%
swine serum. After this incubation, the sectionsemgnsed again in PBS and mounted
with Mounting Medium (Sigma). When indicated, sent were treated with Hoechst
(Sigma) before mounting. Immunofluorescence stgiroh cardiac tissue sections was
performed by Dr. E. Bortoloso (University of Padudadua, Italy). To perform
immunofluorescence staining of HL-1 cells, cellsseavgrown on gelatin and fibronectin
pre-coated cover-slips and immunostained as destabove. Images were obtained with
either a Leica DMRB microscope or a DMIRE Leica fomal microscope.

3.20 Antibodies for immunofluorescence staining

The following primary antibodies were used:
- anti- Homer la (goat, Santa Cruz), dilution 1;100
- anti- B-tubulin (mouse, Developmental Studies Hybridomal8a
dilution 1:300;
- anti-myosin heavy chain (MHC mouse, Developme§tabies Hybridoma Bank);
- anti-a-actinin (mouse, Sigma);
- anti-HA (rabbit, Sigma) dilution 1:100.
The following secondary antibodies were used:
- anti-goat 1gG (Jackson ImmunoResearch) conjugatéy/3, dilution 1:500;
- anti-rabbit IgG (Jackson ImmunoResearch) conpay&d Cy2, dilution 1:300;
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- anti-mouse IgG (Jackson ImmunoResearch) conjdgat€y2, dilution 1:300.
Cy2 conjugates have maximum adsorption/excitatronred 492 nm and emission at 510

nm; Cy3 conjugates is excited at 550 nm, with peakssion at 570 nm.

3.21 Analysis of NFAT nuclear translocation

To assess the nuclear translocation of NFAT uponstifulation, HL-1 cells
were analyzed by immunofluorescence microscopy.lHiells were co-transfected with
either pHomerla-HA1 and N-terminally GFP-tagged NEA plasmid (pNFATc1-GFP),
or with pcDNA3 (empty vector) and pNFATcl1l-GFP, andtured in serum antibiotic-
free conditions. 24 h after transfection, cells avetimulated with 75 uM NE for 12 h.
The effective co-transfection was assessed byistathe cells with anti-HA antibodies;
cells were therefore fixed with 4% PFA for 10 mimd immunostained using the
affinity-purified anti-HA monoclonal antibody (1:00dilution). In over-expressing
Homer la-HA cells, GFP subcellular localization veamlyzed in HA-positive cells in
either the presence or absence of NE. The quaitdic of NFAT nuclear translocation
was determined as follows: (i) GFP-positive HL-1llscevere selected; (ii) in the case of
Homer la-HA over-expressing cells, the GFP sublegllocalization was only analyzed
in cells which were HA-positive; (iii) the GFP fltescence was considered nuclear if its
intensity in the nuclear area was greater thahenciytoplasm. At least 30 HL-1 cells for
each assay condition were analyzed in three inadkp#nexperiments. The ratio
NFATclnuclear/NFATclcytoplasmic was used to analgata. Following the same
criteria, NFAT nuclear translocation was also qifeeat in non-transfected HL-1 cells, in
either the absence or presence of NE treatmet;,der to characterize the hypertrophic

cellular model.

3.22 Measurement of cell size

HL-1 cells were analyzed by immunofluorescence asicopy in order to monitor
the increase in cell area upon NE-stimulation. thax reason, cells were transfected with
either pHomerla-HAl, pHomerlc-HA1 or pcDNA3, andltuned in serum-free
conditions. 24 h after transfection, cells werenstated with 75 pM NE for 48 h, then
fixed with 4% paraformaldehyde for 10 min. Doubteailsing was performed using the
anti-HA monoclonal antibody (1:100 dilution) andetantif tubulin polyclonal antibody

(1:200 dilution). The surface area in HA stainiragitive HL-1 cells was compared with
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that in HA-negative cells. Acquired confocal flustence images were analyzed and
compared using Scion Image software. The surfezz @irat least 30 HL-1 cells for each
assay condition was measured in three independ@eriments. This method was also
used to analyze non-transfected HL-1 cells in eitihe absence or presence of NE

treatment, in order to characterize the hypertropkllular model.

3.23 Dual luciferase assay

The gene expression of the ANF at promotorial levat measured with the Dual
Luciferase reporter assay system (DLR assay, Pramagefficient method used to study
gene expression. In the DLR™ Assay, the activibédirefly (Photinus pyralis) and
Renilla (Renilla reniformis, also known as sea pansy) fémases were analyzed

sequentially from a single sample.

First Measurement
(Firefly Luciferase)

100ul Stop & Glo®
Reagent
(inject or vortex)

Second Measurement
(Renilla Luciferase)

Figure 8. Format of the DLR™ Assay using a manual uminometer. From Promega
Corporation.

First, firefly luciferase was measured by addingecsiic substrates; after
guantification, the reaction was quenched, and Remilla luciferase reaction was
initiated by simultaneously adding specific reagemthe same tube (fig. 8). Relative
luciferase units were calculated by determining thigo of the intensity of the light
produced by firefly luciferase reporter plasmidth@at produced byRenilla luciferase
pPRL-TK plasmid (used as internal control).

During the experiment, the HL-1 cells were co-tfaoted with 3ug of prom-

ANF-firefly luciferase reporter plasmid, 0. of pRL-TK vector, and 3ig of either
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Homer la-HA1 or Homer 1c-HAL plasmid. 24 h aftansfection, cells were cultured in
either the presence or absence of 75 uM NE. Atetite of NE-stimulation, cells were
rinsed with PBS and lysed with the Passive Lysifd8(PLB, Promega). The luciferase
activities were determined with an analytical luonireter, used in accordance with the

manufacturer’s instructions.

3.24 Statistical analysis

All values are means + SE. Individual means weragared using either a paired
2-tailed t-test or one-way ANOVA using Origii8 software. The statistical differences

were considered significant at the 0.05 level affcence.

45



46



4. Results

4.1 Presence and sub-cellular localization of Homélra in the heart
4.1.1 Analysis of Homer 1a expression in cardiasue under resting conditions

Our research focused on the role of Homer la irh#aat. Since little is known
about the presence and sub-cellular localizatiotdaier 1 isoforms in the heart, we
began our research by analyzing the expressioerpatind sub-cellular distribution of
Homer 1a in cardiac tissue under resting conditions

For this purpose, the expression of both long dmttdHomer 1 isoforms (Homer
1b/c and Homer 1a, respectively) was analyzed ridi@a muscle (H) from both adult rat
and mouse, and cardiac HL-1 cells. Western blolyaisaof total homogenates (Fig. 9)
was carried out with specific antibodies for eitymer 1b/c or Homer la (upper and
lower lanes, respectively). Homer 1b/c was detenteall lanes as a specific band of 45
kDa and was found to be virtually identical in aimples. Anti-Homer la antibodies

clearly recognized a band of ~27 kDa in all sample

H (mouse) H (rat) HL-1

Homer 1b/c - 45 kDa
-30 kDa

Homer 1a - M sl —

Figure 9. Homer 1 isoforms in cardiac (H) muscle of rat and rause and in HL-1 cells.
Homogenates (200pg/lane) were analyzed by Westetusing specific antibodies for either Homer ta o
Homer 1b/c as described in the Materials and Methsmttion. Immunoblots are representative of three
experiments.

These results show that not only the long isoforomidr 1b/c but also the short
Homer la is constitutively expressed, independeintisn the species. The constitutive
expression of Homer la protein in cardiac musdesteown here, seems to agree with
previous findings concerning the presence of mRNdirig for Homer l1a in skeletal and
cardiac muscles (Sandona &.al., 2000). Since Homer la is not only an IEG product,
but is also constitutively expressed, the charaaton of Homer l1a gene in neuronal
tissue as an IEG (Xiao Bt al, 1998) becomes less rigorous, supporting the Imgsodt
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that there are two pools of Homer la: inducible andstitutive (Bortoloso Eet al.,
2006).

4.1.2 Sub-cellular localization of Homer l1a in tagart

After analysing Homer 1a protein expression inhltkart under resting conditions,
we carried out further analysis on the sub-celldiatribution of Homer 1a by confocal
microscopy. Homer la sub-cellular distribution wasalyzed in adult rat heart using

specific antibodies.

Figure 10. Subcellular distribution of Homer 1a in adult rat heart. Immunofluorescence
microscopy of heart sections labelled with spedditibody for Homer 1a (A-C). (A) Low-magnification
field showing sarcomeric (arrows) and nuclear (afveads) localization of Homer la. (C) Higher
magnification field showing Hoechst-positive (bllebelled) nuclei. The Homer la signal is clearly
associated with the nuclear domain (arrowhead®ih pictures). Immunofluorescence of the heartisect
labelled with the secondary antibody alone was ws®chegative control for each experiment (data not
shown). Bar: 40 umin A, 25 umin B, C.

Fig. 10 A-C shows that Homer 1a had a peculiarlipaton: it was sarcomeric
(arrows) and perinuclear (arrowheads), as judgedmmgunostaining around Hoechst-

positive nuclei (C).
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Figure 11. Subcellular distribution of Homer la, a-actinin and MHC in adult rat heart.
Immunofluorescence microscopy of heart sectionslleth with specific antibodies for either Homerdral
a-actinin (A-C) or Homer 1a and MHC (D-F). A-C: Homega (red labelling in A) and-actinin (green
labelling in B). Merge image indicates partial cgdlization between Homer la aaehctinin (C). D-F:
Homer 1a (red labelling in D) and MHC (green lalogllin E). Merge image indicates no co-localization
between Homer 1la and MHC (F). Immunofluorescendeeaft section labelled with secondary antibodies
alone was completely negative. Bar: 10 pm in A-F.

Homer la sarcomeric localization was investigatedalation to two distinct
sarcomeric proteinsu-actinin, that is localized to the sarcomeric Zedisand myosin
heavy chain (MHC), which is present at the A-babmthuble immunofluorescence
labelling (anti-Homer la/anti-actinin and anti-Homer la/anti-MHC) was performed
sections of adult rat heart. As shown in fig. EhRrcomeric localization at the Z-line level
of Homer 1a was clearly revealed by double labglimth antibodies fon-actinin (Fig.
11 panels A-C), whereas at the A-band level thk tdco-localization of Homer 1a with
MHC is evident (panels D-F).

These results show that, despite being a soluld&eipr Homer la displayed a
sarcomeric localization in the heart at the Z-ds@l, and was present in close proximity
of the nuclear envelope. This peculiar localizatmmight provide the structural basis for
understanding the role of Homer 1a in cardiac &ssu
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4.2 Homer la expression under cardiac hypertrophiconditions
4.2.1 Analysis of Homer 1a expression in two hypphic models in vitro

Few studies have focused on Homer 1a in the haddrthypertrophic conditions.
Furthermorejn vitro reports present conflicting data: on the one haonth mRNA and
protein of the short Homer 1 isoform (Homer 1a)evepregulated following hypertrophy
induced by several hypertrophic agents (Kawamot@tTal, 1998; Guo WGet al,
2010); on the other hand, a recent study has ddrated that only the long isoform
Homer 1c increased after PE stimulation, whereasétd.a remained unchanged (Grubb
DR. et al, 2011).

In order to better understand the modulation of Ho isoforms expression in
the hypertrophic pathways, we started our studgrimalyzing the expression of Homer 1c
and Homer 1a in twan vitro cell cultures (i.e., primary neonatal rat cardiaeytes and

HL-1 cell line), both stimulated with the hyperttop adrenergic agonist NE.

4.2.2 Homer 1a expression in neonatal rat cardiooyyes following NE stimulation

Initially, both Homer 1 mRNA angrotein were monitored in culture of neonatal
cardiomyocytes following stimulation with 1QuM NE. Primary neonatal rat
cardiomyocytes were prepared as reported in Mégaarad Methods.

The abundance in cardiomyocytes (despite fibroplasts evaluated in each
experiment by immunostaining the cells witkactinin (used as a specific marker of
cardiomyocytes). As reported in Fig. 12 Adactinin staining showed an enrichment in

cardiomyocytes of about 80%.
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Figure 12. Enrichment of neonatal rat cardiomyocytes in primary culture. Panel A shows a
representative immunofluorescence image of cultusdid labelled with specific antibody faractinin (red
labelling in A) and with Hoescht for the nucleibllabelled in A). For each experiment, we deteeahithe
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number of positive and negative (fibroblasisactinin cells. As shown in panel B, the percentafje-
actinin positive cells was about 80%.

Homer 1a mRNA was assessed by qPCR at the indi¢ated points. Fig. 13
(panel A) shows that Homer 1a transcript was faienole significantly increased after 1 h
and remained constant at 2 h. As shown in fig.&h¢l B), the Homer 1a-Homer 1b/c
ratio also increased in the same time span, indgahat only transcription of Homer 1la

is up-regulated during stimulation with NE.
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Figure 13. Homer l1a and Homer 1b/c upon NE-inductio in rat cardiomyocytes: gPCR
analysis.(A) Time course of Homer 1a mRNA upon inductiorcafdiomyocytes with 10 uM NE. (B) The
Homer la-Homer 1b/c ratio was significantly highéier 60 min and 120 min of NE stimulation compared
with that of non-stimulated cells (0 min). In A aBd data are shown as fold induction of non-stirreda
cells. Values are means + SE=13. *P < 0.05, 120 min and 60 miersusO min in panels A and B.

Many studies have indicated that N& able to induce cardiac hypertrophy by
activating PKA and PKC throughu;- and B- adrenoceptors (ARS), respectively
(Yamazaki T.et al, 1997).In the cellular model used in our experiments,atieenergic
pathways involved in NE-induced Homer la up-regoitaivere assessed using specific
az andp inhibitors: prazosin and propranolol, respectivélg shown in Fig. 14, the;-
blocker prazosin, but not th@-blocker propranolol, significantly reduced the up-
regulation of Homer 1a mRNA during NE-induction, @empared to control. These

results indicate that NE induces Homer 1a transonghrough thei;-ARs.
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Figure 14. The effect of specific adrenergic inhilbors on the up-regulation of Homer 1aAfter
30 min pre-treatment with either 10 uM prazosin ApBr 10 uM propranolol (PRO), cardiomyocytes were
stimulated with 10 uM NE for 60 min. Data are giwenfold change of relative non-stimulated celig] a
are means + SE of two independent experiments ymeef in triplicate. *P < 0.05, 60 min control (Ctr,

+NE) versus60 min Pra (+NE).

Next,

the expression of Homer 1l1la protein was momitoin neonatal

cardiomyocytes following incubation with M NE by Western blot. As shown in Fig.

15, the content of Homer 1a protein was doubledaftdr stimulation (panels A, B).
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Figure 15. Homer la upon NE-induction in neonatal at cardiomyocytes: Western blot
analysis.(A) Representative Western blot of Homer 1la coniemieonatal rat cardiomyocytes treated with
10 uM NE at the indicated time points. (B) Densiédric analysis. Values were normalizedBtoubulin
and are means + SE/3. *P < 0.05 120 mirersusO min (non-stimulated cells).
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We also investigated the effect of NE on the exgoes of the long isoform
Homer 1b/c. Fig. 16 shows that Homer 1b/c, unlikemdr 1a, was unchanged during

adrenergic stimulation (panels A, B).
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Figure 16. Homer 1b/c upon NE-induction in rat cardomyocytes: Western blot analysis.(A
and B) Representative Western blot and densitometnalysis of Western blot obtained with specific
antibodies for Homer 1b/c. Values were normalizeg-tubulin and are means + SE=r8.

Collectively, these results demonstrate tihatvitro hypertrophic stimulation
affects the short isoform Homer 1a, but not thegldtomer 1b/c, and support the
hypothesis of an involvement of Homer la in theadrenergic pathway leading to

cardiac hypertrophy.

4.2.3 Homer 1a expression in HL-1 cells following $timulation

As the next step, we tried to verify these findingeg a differenin vitro cellular
model. For this purpose, we used the HL-1 cell. lldie-1 cardiomyocytes are a stabilized
cell line of cardiac myocytes derived from murinenor atrial cells, and exhibit an adult
cardiomyocyte-like gene expression profile (ClaybowiC. et al,, 1998). HL-1 cells are
an experimental model which are useful in studyhegintracellular signalling pathways
activated during cardiac hypertrophy (Chandrasékaet al, 2005; Brunt KR.et al,
2009; Wang Wet al, 2008; Pifieiro Ret al, 2005; Lopez-Andrés Net al, 2008). As
described in Materials and Methods, the experimert® carried out by stimulating HL-
1 cells with 75 uM NE. Fig. 17 shows that treatmehtL-1 cardiomyocytes with NE
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significantly increased Homer la within 1 h. Honmlex content (panel A) was up-

regulated by a factor of 2.5, as determined by itteametry (panel B).
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Figure 17. NE-induced change in the expression ofder 1la in HL-1 cells.(A) Cell lysates
were probed with antibodies specific fdomer 1la; (B) Densitometric data of Western bloalués are
means + SE; & 5. *P < 0.05 60 minersus0 min (hon stimulated cells).

Under the same experimental conditions, we analyfader 1b/c over the same
time span, and we found the level of Homer 1b/agmnoexpression to be unchanged

(Fig. 18).
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Figure 18. Homer 1c expression in NE-induced HL-1dlls. (A) Cell lysates were probed with
antibodies specific for Homer 1b/c; (B) Densitoneettata of Western blot. Values are means + SEbn

These data validate the results obtained in nebocatdiomyocytes, strengthening

the evidence of an involvement of Homer 1a, butHhminer 1b/c, in cardiac hypertrophy.
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4.3The effects of NE on HL-1 cells
4.3.1 Characterization of hypertrophic responseblinl upon NE stimulation

For our study, HL-1 cell line was used as a cellatdel to study the effect of
Homer la on NE-activated hypertrophic pathways. Nde previously carried out a
preliminary characterization of the HL-1 hypertrapiphenotype following stimulation
with NE. For this purpose, the hypertrophic phepetyvas detected by monitoring: i)
activation of intracellular signalling pathways bBuas MAPK/ERK and NFAT, ii)
activation of fetal genes such as ANF, and iiiy@ase in cell size. All of these are well-
known events leading to cardiac hypertrophy.

MAPK pathways, such as ERK1/2, are thought to @layimportant role in the
activation of hypertrophic responses. We examimeddhanges in MAPK pathways, in
particular ERK1/2 phosphorylation, at different éimpoints following NE treatment. Both
NE-treated and untreated HL-1 cells were colle@rd analyzed by Western blot. As
shown by densitometric analysis, there was a pealciivity (Fig. 19, panel A) with a
four-fold increase of p-ERK1/2 within 5 min (Fig9,1panel B).
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Figure 19. NE-dependent activation of MAPK/ERK1/2 h HL-1 cells (A, B). Phosphorylated
ERK was determined on cell lysates by Western bkihg phospho-specific ERK1/2 antibodies. The
membrane was then stripped and re-probed with gtp#al)-ERK antibody. The phosphorylated ERK1/2-
total-ERK1/2 ratio was obtained at specified tinéngs following the application of 75 pM NE. Values
were obtained by densitometric analysis (in B paragld are expressed as means + SE, n = 3; *P5% 5.0
min versus0 min.

Over the next 60 min, levels of p-ERK activatiorcidased to two-fold higher
than basal levels (Fig. 19).

Next, we examined if NE affects NFAT pathways. NFATa C4&'-sensitive
transcription factor that is activated by calcineumresulting in translocation to the

nucleus and activation of gene transcription. Febfferent NFAT isoforms are expressed
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in the heart (NFATc1, NFATc2, NFATc3 and NFATc4)id not fully understood if there
is a common mechanism in cardiac cells that indticesctivation of all isoforms, or if
there are isoform-specific or tissue-specific défeces (Rinne Aet al, 2010). However,
in our cellular model, we previously investigatbe effect of NE on two NFAT isoforms,
NFATcl and NFATc4. In our experimental system, ahly NFATcl isoform was found
to be affected by NE stimulation (data not showm)fsllowing preliminary studies, only
that isoform was examined. NFATc1l-GFP was therefpressed in HL-1 cells via
transfection and the transfected cells were thenutated with NE. NFATc1-GFP sub-
cellular distribution was monitored using confoaaicroscopy at two well-defined
periods — 5 h and 12 h - after treatment with NE.shown in the bar graph, NFATc1-
GFP nuclear translocation increased after 5 h oftfd&ment and a significant nuclear
translocation was observed after 12 h.
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Figure 20. NFATc1-GFP nuclear translocation following NE stimdation. HL-1 expressing
NFATc1l-GFP in the absence of NE (fig. A) or the gamece of 75uM NE (fig. B) are shown. NFATcl
nuclear translocation was measured as describédaberials and Methods. Bar graph in C shows the
percentage of HL-1 cells with nuclear predomindmbriescence observed under normal conditions or NE-
stimulation after 5 h and 12 h. NFAT nuclear traoation significantly increased after 12 h of NE-
stimulation as compared to control. Data are gagipercentage relative to the ratio of the numbeelts
with nuclear fluorescence to that of cells withasdlic fluorescence, and are expressed as meahs S
< 0.05, +NE 12 Iversuscontrol (Ctr, -NE).
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At gene expression level, up-regulation of fetahageis a peculiar feature of
cardiac hypertrophy; in particular, the re-expressof ANF is most commonly used as
molecular marker of hypertrophy. The expressioANF was therefore monitored at the
promoter level in both NE-treated and untreated1Htells. All samples were analyzed
by the dual luciferase assay.

The results infer that NE stimulation caused a teld-increase in ANF promoter
activity (Fig. 21), as was to be expected from theowledge that pathological
hypertrophy is accompanied by re-activation of fiftal gene program (Schaub Mét
al., 1997).
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Figure 21. NE-dependent activation of ANF-promoteractivity in HL-1 cells. ANF-promoter
activity of HL-1 cells was measured by the lucit¥aassay, as detailed in Materials and Methodsotin
the presence and absence of 75 uM NE applied fdr. 24lues are expressed as means * SE. *P < 0.05,
NE versuscontrol (Ctr).

At morphological level, cardiac hypertrophy is mgioharacterized by a marked
increase in cell size. Therefore, we verified & tHL-1 stimulated with NE underwent
any changes at this level. After both 24 h and 48 incubation with NE, the size of HL-
1 cells was measured using confocal microscopy.bEnegraph in fig. 22-panel C shows
the relative increases in cell size. The resulticate that NE stimulation positively
affected cell size, causing a 35% increase in legllarea after 48 h, as indicated by
morphometry (Fig. 22). In Fig. 22 panels A and &yresentative HL-1 cells before and

after NE-induction show the average increase ihstss.
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Figure 22. NE-dependent increases in the size of HL cells. A and B show individual and
representative HL-1 cells immunostained wittubulin in the absence and presence of 75 pM NE&dh,
respectively. (C) Thesize of HL-1 cells was measured by morphometry, escdbed in Materials and
Methods, in both the presence and absence of 7S3NfEMpplied for 24h and 48 h. Cells were selected
randomly, and at least 30 cells were examined &h egoup. Data are given as fold change relative to
average surface area of untreated cells (conttdl, &d are expressed as means * SE; *P < 0.0b 48
versuscontrol (Ctr). Bar: 200um.

Taken together, these results clearly demonsthattethe HL-1 cells exhibited an
hypertrophic phenotype as a consequence of thetiNitlation, and prompted us to use
this in vitro hypertrophic model to study the effect of Homeruking gain-of-function

approaches.
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4.4The role of Homer 1a in cardiomyocyte hypertrophy

4.4.1 The effects of Homer la over-expression oindiced hypertrophy in HL-1 cells

The experiments described above suggest that Miulstion markedly induces
up-regulation of Homer la and that it is able ttivate important events leading to
hypertrophy. Consequently, we decided to assessfibets of over-expression of Homer
la in HL-1 cells stimulated with NE. To this endlL-H#l cells were transfected with
Homer 1a plasmid (pHomer 1a) for 24 h and thenwdtited with NE.

First, in order to verify the efficiency of transfen, HL-1 cells transfected with
pHomer la-HA were analyzed by Western blotting gisintibodies against HA, the tag
of exogenous Homer la. As reported in Fig. 23, Aradblot analysis shows that anti-HA

antibodies selectively detected a bandl@7 kDa, corresponding to Homer 1a protein.

-30 kDa
Anti-HA —>

pHomerla-HA pcDNAS3 (empty vector)

Figure 23. HL-1 cells transfected with Homer la-HA plasmid. Cells were transiently
transfected with either Homerla-HA plasmid or pcCBN#lasmid (empty vector used as control). 24 trafte
transfection, the cells were lysed in RIPA buff&ell lysates were resolved by SDS-PAGE and
immunoblotted with anti-HA antibody. A single bangs detected at the expected size0(kDa) in HA-
tagged samples alone. Three replicates for eadfitammwere reported.

Next, we analyzed the same hypertrophic events lwhiad been considered
previously during NE stimulation - i.e. ERK phospylation level, NFAT nuclear
translocation, ANF promoter activity and increasecell size - using Homer la over-
expressing HL-1 cells.

It should be noted that, in the absence of NE amdiHomer 1a over-expression
did not affect the hypertrophic events investigagdjgesting that Homer 1a isofopar
sedid not promote cardiomyocytes hypertrophy (cimé& O in Fig. 24, -NE in Figs 25,
26 and 28).

With respect to MAPK/ERK activation, levels of ppberylated ERK1/2 (p-
ERK1/2) were monitored in NE-inducted HL-1 cellartsfected with either pcDNA3
(used as control-empty vector) or pHomerla. Botlstéfa blot analysis (panel A) and

densitometry (panel B) are reported in Fig. 24. $semetric analysis infers that
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exogenous Homer 1la significantly reduced peak $ew€lp-ERK1/2 by about 40%, and

negatively modulated MAPK pathway along the ergixperimental time span (panel B).
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Figure 24. NE-dependent activation of MAPK/ERK1/2 n HL-1 cells: the effects of plasmid-
driven over-expression of Homer laExperiments were carried out as described in Malteand Methods
and in the notes for Fig. 19, using HL-1 cells sfated either with pcDNA3 (empty vector) or pHorhar
(A) Representative Western blot analysis; (B) densétric data showing the relative levels of p-ERX1
Data are given as means + SE, n = 5-10. *P < @055, 3 minyersus0 min. TP< 0.05; 5 min Homer 1a
versuss min empty vector.

Next, we studied the effects of Homer 1a on NFAdnstocation. In this set of
experiments, HL-1 cells were co-transfected witthbdomerla-HA and NFATc1l-GFP
plasmids; effective co-transfection was assessestdiging with anti-HA antibodies. By
immunofluorescence analysis, GFP sub-cellular ipaabn was compared in HA-
positive cells in both the absence and presendEadfter 5 h and 12 h of NE-treatment.
HL-1 cells transfected with both pcDNA3 and NFATGEP were used as control.
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Figure 25. NFATc1l-GFP nuclear translocation in Home la over-expressing HL-1 cells
following NE stimulation. GFP sub-cellular localization was analyzed in pigsitive cells in either the
presence or absence of NE. The quantification ANRuclear translocation was determined as repanted
Materials and Methods. At least 30 HL-1 cells farcle condition were analyzed in three independent
experiments. NFAT nuclear translocation in Homebptear-expressing cells was lower after 5 h and d2 h
NE-stimulation than that in the control, but theras no statistically significant difference as camga to
control. Data are given as percentage relativatio of the number of cells with nuclear fluoreszemno
that of cells with cytosolic fluorescence, and @xpressed as means *= SE. * P<0.05 Empty vectorNEh
versusempty vector —NE.

Different observations were gathered from this ysial Although the percentage
of fluorescence nuclei in Homer la over-expressialis was lower than that of the
control during the total time span, we did not fiadstatistically significant difference
between Homer-1a over-expressing cells and confta. results therefore indicate that,
after NE-induction, the percentage of fluorescemtl& in Homer la over-expressing
cells was similar to that of the control, likelydioating an inability of Homer 1a to affect
this pathway. However, since NFAT activation is ttolked by CaN-dependent de-
phosphorylation, these results can be confirmedh viitrther approaches, such as
considering CaN enzymatic activity.

As regards the ANF promoter activity, the previexperiments demonstrate that
NE is able to induce re-expression of ANF in HLells& We therefore decided to verify
if the effect of NE on ANF promoter activity is affted by Homer la over-expression
conditions.

HL-1 cells were co-transfected with either Homefdasmid or empty vector

(pcDNAS3), ANFprom-Luciferase plasmid arienilla luciferase vector. After 24 h of
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treatment, cell lysates were analyzed for firefiyd &enilla luciferase activities in both

the absence and presence of NE. As shown in figNEsstimulated increase of ANF
promoter activity was reduced in Homer l1a over-egping cells. In fact, data indicate
that exogenous Homer 1la significantly reduced ARFfrter activity by about 20%.
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Figure 26. NE-dependent activation of ANF-promoteractivity in HL-1 cells: the effect of
exogenous Homer laExperiments were carried out as described in Mateand Methods and in the
notes for Fig. 21, using HL-1 cells transfectedhaitwith pcDNA3 (empty vector, black histograms) or
pHomer la (gray histograms), in either the absé¢i¢€) or presence (+NE) of 75 uM NE. ANF promoter
activity is the average of four experiments for Horha. Data are given as mean +SE. * P<0.05 Homer 1
+NE versusempty vector +NE.

In order to verify the specificity of Homer la effeon this hypertrophic process,
we performed the same experiment over-expressimgatbc-HA, one of the long Homer
isoforms. The luciferase activity of ANF-promoterasv measured under the same

experimental conditions, as previously describedHomer 1a.
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Figure 27. NE-dependent activation of ANF-promoteractivity in HL-1 cells: the effect of
exogenous Homer 1cExperiments were carried out as described in Mateand Methods and in the
notes to Fig. 21, using HL-1 cells transfected ezithvith pcDNA3 (empty vector, black histograms) or
pHomer 1c (white histograms), in either the absdfgg) or presence (+NE) of 75 uM NE. ANF promoter
activity is the average of three experiments fomdo 1c. Data are given as mean =SE.

As shown in fig. 27, exogenous Homer 1c (unlike leorbha) did not affect the
activity of ANF-promoter in NE-stimulated HL-1 cellHowever, it should be noted that
the over-expression of Homer per se - as for Homer la - did not change the ANF
promoter activity in the absence of NE stimulatfofn. -NE in Figs. 27).

Previously, we found that NE induced an hypertrogdtienotype which promotes
an increase in the size of HL-1 cells. Considetimg result, we assessed the effect of
Homer la over-expression in this morphological oese during NE-treatment. HL-1
cells were transfected with either Homerla-HA plasmar empty vector (used as
control). The surface area of HA staining-positivie-1 cells was compared with that of
control cells, in both the absence and presenceéNBftreatment. As inferred by
morphometric analysis (Fig. 28), the increase indtiEulated cell size was significantly

counteracted by exogenous, over-expressed Homer la.
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Figure 28. NE-dependent increase in cell size of HL cells: the effect of exogenous Homer la
and exogenous Homer 1qA) Experiments were carried out as described ineklals and Methods and in
the notes to Fig. 22, using HL-1 cells transfea#der with pcDNA3 (empty vector, black histograms)
pHomer 1a-HA1 (gray histograms), in either absefabdE) or presence (+NE) of 75 pM NE. Data are
given as mean £SE, * P<0.05 empty vector AMEsusempty vector —NE; T P<0.05 Homerla +Mé&sus
empty vector +NE. B-D show individual and repreaéime HL-1 cells stimulated with 75 puM NE,
transfected with either pHomer 1la and labelled wititibodies fo3-tubulin (B), for epitope HA (C), or
pcDNA3 and labelled with antibodies fprtubulin (D). E summarizes the effect of Homer ha &lomer
1c on cell size. Data are given as fold changdiveldo the average surface area of untreated G8IE). In
E, * P<0.05 empty vector +N#ersusempty vector —-NE and Homer 1c-HA+NErsusHomer 1c-HA-NE.

Panels B-D show the inhibitor effect of Homer latle@ hypertrophic phenotype
in HL-1 cells. Again, we confirmed the specificity this effect by over-expressing the
long Homer 1 isoform (Homer 1c-HA) and we foundtthander the same experimental
conditions, the over-expression of Homer 1c didexart significant effects on cell size.
As reported in table E, cell size significantly ieased upon NE stimulation only in
Homer 1c over-expressing conditions and in pcDNv#3#fected cells, whereas with
Homer 1a there was no increase in cell size irptksence of NE.

However, it should be pointed out that our resultis opposed to those of Grubb
et al. (Grubb DRet al, 2011) who indicated that Homer 1c causes an aserdn
cardiomyocyte size in the absence of other effectodid not demonstrate any pro-
hypertrophic effect of Homer 1c over-expression.

In summary, our data indicate that NE-inductiondleg to hypertrophy is

associated to up-regulation of Homer la but not elorbc. In addition, the over-
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expression of Homer la for 24 h did not induce Iniypphy, but antagonized the
initiation and development of hypertrophic respansiggered by NE; over-expression of
Homer 1c, instead, was ineffective. The cogentrpmetation of these results is therefore
that Homer la is able to negatively modulate md&cumechanisms leading to

pathological hypertrophy.
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4.5 From in vitro to in vivo: Homer la expression in three differentin vivo

hypertrophic models

Since data obtained in our vitro model suggest a role of Homer la in cardiac
hypertrophy, we decided that the next step wasi&tyae the expression of Homer 1a in
three differenin vivo models. For this section of our study, we analyzegatession levels
of Homer la protein in lysates obtained from théo¥ang in vivo cardiac hypertrophic
models: i) (g over-expressing mice, ii) mice with transverseia@onstriction (TAC),
and iii) rats treated with MCT.

4.5.1 Homer 1a protein expression ia@zover-expressing mice

As mentioned in the introduction,aG protein is a subtype of the G protein that
displays a pivotal role in the activation of signgl pathways leading to hypertrophic
responses. Reports from different laboratoriescaiei that over-expression of the wild-
type Goqg (or an activated form of &g ) in the heart is sufficient to induce pathol@dic
cardiac hypertrophy resulting in heart failure atehth (Mende Uet al, 1998; Adams
JW.et al, 1998). In mouse heart, cardiac hypertrophy indumeover-expression ofd§
is characterized by an activated program of femlegexpression, an increased heart
weight in relation to body weight, and an incremseardiomyocyte size (D’Angelo 2t
al., 1997).

For our study, mouse heart lysates, derived froarthef 18-week-old transgenic
mice over-expressing wild typeo@, were kindly provided by Dr. N. Kaludercic, and
were analyzed for their Homer 1a content by Wedbdotting. As reported in fig. 29, the
amount of Homerla did not increase, as comparedotdrol (at least at the time

indicated).
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Figure 29. Homer la expression in @q over-expressing mice: Western blot analysigqA)

Representative Western blot of Homer 1a contemtert lysates from 18-week-olduG over-expressing
mice. (B) Densitometric analysis. Values were ndized to GAPDH and are means = SE; for both
conditions (Ctr and g mice).

A possible explanation of this result is that walgmed mice in a phase of cardiac
hypertrophy too late, without considering the alitphases. This preliminary analysis
therefore suggests that a time-course analysisoofidf 1a expression will be necessary,
including the early phases of hypertrophy develapmo@ to progression to heart failure.

4.5.2 Homer 1a protein expression in mice with TAC

Transverse aortic constriction (TAC) in mice isamenonly-used microsurgical
technique for pressure overload-induced cardiactiggphy and heart failure. Thia
vivo model is an useful tool for investigating the siing processes involved in cardiac
hypertrophic response and heart failure (deAlm@iGaet al, 2010). In this experimental
model, mice with TAC initially develop a compenshtaypertrophy of the heart;
however, over time, the response to chronic presswerload becomes maladaptive,
causing cardiac dysfunction and heart failure (Romk HAet al 1991).

In our study, we analyzed Homer 1a protein expoesby Western blotting using
mouse heart lysates collected at 1, 3, 6 and 9 svait&r TAC. The samples were kindly
provided by Dr. N. Kaludercic. Densitometric an@yseported in fig. 30 shows that, at
least at the indicated time points, Homer la protid not increase, as compared to
control. We observed, instead, an unexpected Hdmelown-regulation after 1 week of
TAC. Since there was not the analysis of Homerrliahe first days after TAC, the
interpretation of this expression pattern for Homer remains incomplete. However,
these results prompt us to investigate in the &utdomer la expression (both at mMRNA
and protein level) at the very early phase afteCTfor example considering a time span

that includes the immediate subsequent hours B#&€r up to the first week.
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Figure 30. Homer la expression in mice with TAC: Wstern blot analysis.(A) Representative
Western blot of Homer 1a content in heart lysatesifmice with TAC. (B) Densitometric analysis. Vetu
were normalized to GAPDH and are means + SE; 1-We&eR n= 4, 3-week TAC = 3, 6-week TAC =
3, 9-week TAC r= 3, Ctr n=11.

4.5.3 Homer 1a protein expression in rats treatéeth WICT

MCT is a toxic pyrrolizidine alkaloid found in thelant species Crotalia
spectabilis (Monnet Eet al, 2005). Administration of small doses of MCT, tw active
metabolite monocrotaline pyrrole, to rats causegq@ssive lung injury characterized by
pulmonary hypertension (Schulze AEet al, 1998). MCT-induced pulmonary
hypertension is associated to development of wghtricle hypertrophy progressing to
failure within weeks (l&gler H.et al, 2003).

We used thign vivo model to monitor the expression of Homer la dutimg
development of right ventricular hypertrophy. Ratsre sacrificed weekly to obtain a
time course of hypertrophy induction. Changes idyband heart weight were registered
at 1, 2 and 4 weeks. Heart to body weight ratio used as an indicator of hypertrophy:
as shown in the bar graph below (Fig. 31), it wgsicantly higher in the % week after
MCT administration than that of both control groapd of MCT-rats at theS1and 2¢
week after MCT administration.
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Figure 31. Time-course of heart progression of MCTinduced hypertrophy: analysis of heart
weight/body weight ratio. Hearts from MCT-treated rats were harvested &etlpoints in time: 1, 2 and 4
weeks after MCT induction. The increase in hearghi#body weight ratio in rats treated with MCT was
significantly increased 4 weeks after MCT admiritm. Data are given as mean =SE, Ctr n=6, rat-MCT
(1 week) n=3, rat-MCT (2 week) n=3, rat-MCT (4 wpek3, * P<0.05 Rat-MCT at 4 weelersusCTR,
Rat-MCT at 1 and 2 week.

We also measured the expression of both ANF anddddm proteins by Western
blot. As reported in the graphs (fig. 32 and fi§),3ve analyzed both proteins in tissue

lysates from both left and right ventricles (LV aR¥, respectively). Level of ANF was
found to be significantly increased at tHtwleek of MCT administration in MCT-treated

rats.
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Figure 32. Time-course of ANF re-expression in MCTreated rats: Western blot analysis.
ANF re-expression was measured in both left ankit ngntricles at three points in time: 1, 2 andekels
after MCT induction. The ANF content in both lefidcaright ventricles was significantly increased rfou
weeks after MCT administration. Data are given aamtSE, Ctr n=6, rat-MCT (1 week) n=3, rat-MCT (2
week) n=3, rat-MCT (4 week) n=3, * P<0.05 Rat-MCfT44 weekversusCTR, Rat-MCT at ¥ and 2°
week. ns=non specific.
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Fig. 33 shows the time-course of Homer la exprassidoth left and the right
ventricle of MCT-rat. As reported in the graphsrgls C and D), Homer la protein was

unchanged at the indicated time points, as comgaredntrol.
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Figure 33. Homer la expression in MCT-treated rats: Western blot analysis. (A)
Representative Western blot of Homer 1a conteheart lysates from the left ventricle of rats a2 hnd 4
weeks after MCT administration. (B) RepresentatiVestern blot of Homer 1a content in heart lysates
from the right ventricle of rats at 1, 2 and 4 weelfter MCT administration. (C) and (D) Densitontetr
analysis. Values are means + SE; Ctr n=6, rat-MCWwéek) n=3, rat-MCT (2 week) n=3, rat-MCT (4
week) n=3.

In this latter,in vivo hypertrophic model, like in @& and TAC models, the
expression of Homer l1a protein did not result aflédy hypertrophic conditions.

That being so, there is a discrepancy betweennouitro andin vivo results for
Homer la expression. However, it must be considénat up-regulation of inducible
Homer 1a, in ouin vitro model as well as in other neuronal models, issparse that
occurs rapidly and transiently following stimulatior herefore, since Homer la content,
in the in vivo models, was not measured immediately after hygahnic activation (for
example, a few hours after TAC or MCT administma}icmr in the early stage of
progression of hypertrophy (fore@), thisin vivo analysis results incomplete, lacking the
initial hypertrophic phase. This might likely beetkxplanation of our conflicting results.

Further investigation is in order.
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5. Conclusions

This study provides the structural and functioresib to understand the role of the
scaffolding protein Homer la in cardiomyocyte hymhy. Here, we investigated the
presence, sub-cellular localization of Homer 1 aswis and their putative role in
modulating cardiac hypertrophy.

Our results demonstrated that, like the long Homeforms, the short isoform
Homer la is constitutively expressed in cardiasugs The Homer la constitutive
expression, described also in the brain and instedetal muscle (Shiraishi et al,
2004, Bortoloso Eet al, 2006), demonstrates that Homer 1a behaves nptasrdin IEG
product; therefore, as discussed in the Resultsosethe assumption that there are two
pools of Homer 1la: one constitutively expressed @mel inducible (stimulus-dependent)
(Bortoloso Eet al, 2006), becomes more persuasive and is confirnoed dur results.

In the nervous system, being scaffolding/modulatprpteins, Homers are
localized into specific and restricted signallingcradomains, e.g., at the neuronal
postsynaptic density (Hayashi Mt al, 2009; Worley PFet al, 2007). In heart, we
demonstrated that, despite its nature of soluldé&epr (Pouliquin Pet al, 2009), Homer
la displays a sarcomeric localization at the |@fe¢he Z-disc, consistent with the model
in which Homer 1a may regulate upstream intracatlsignaling pathways, among which
one might be then;-adrenergic signaling pathway. On the other handmer la
localization in close proximity of the nuclear eloge might also be suggestive of
additional role on downstream signaling (eitheated or unrelated to hypertrophy), e.g.,
on activation of signaling pathways via IP3R, knownbe localized on the nuclear
membrane (Wu Xet al, 2006). The latter is at present a mere speculamenable,
however, of further direct experimentation

In both neuronal and non-neuronal cells, it hasnb#gemonstrated that various
stimuli induce expression of two Homer 1 isoforrAgmer 1la and Homer 1b/c (Huang
WD. et al, 2005; Dietrich JBet al, 2007). Here, inn vitro cardiomyocyte models, we
found that hypertrophic stimulation with NE increasthe expression of Homer la
MRNA and protein, but does not affect mMRNA and girotevels of Homer 1b/c. In
particular, we observed that NE-treatment leadmdypertrophy is associated with a
rapid, a;-adrenergic dependent up-regulation of Homer las&hesults confirmed those

of Kawamoto et al. in which mRNA for Homer 1la iscieased in neonatal
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cardiomyocytes upon stimulation with ET-1 and othérenergic agonists (Kawamoto T.
et al, 2006) and those of Guo who indicate an increasélomer la protein level
following stimulation with Ang-ll (Guo WGet al, 2010). Conversely, our findings are
strikingly different from those of Grubb et al. whalicate that Homer 1a mRNA is not
increased during 24 h of PE treatment (Grubb BRal,2011). This discrepancy is
probably due to different experimental approachulBret al. missed early changes of
Homer 1 isoforms, since the analysis were perfornmedardiomyocytes 24 h after
induction. Overall, these data support our initigbothesis of an involvement of Homer
lain cardiac hypertrophy and demonstrate that Hdmaeip-regulation is associated with
the activation of hypertrophic signalling pathways.

Next, in an effort to better understand the role Hdmer 1a in cardiac
hypertrophy, different hypertrophic features werenitored, from cell size to ANF
promoter activity. Using a gain-of function apprbaeve found that Homer la affects
many of them, except for NFAT nuclear translocatibnthe latter case, since NFAT
activation pathway is regulated by the “Gealmodulin-dependent phosphatase
calcineurin and Homer 1 isoforms modulate vitro various players controlling
intracellular calcium homeostasis, the result oirsistent. Therefore, further studies will
be necessary to clarify the effect of Homer 1la fiis tC&"-dependent pathway.
Nonetheless, we found that exogenous, over-exgteldsener la is able to modulate
other events of the hypertrophy program, antagogiainportant hypertrophic responses
triggered by NE. In particular, Homer la attenuaiésinduced ERK1/2 activation and
ANF promoter activity, and counteracts the incre@secell size. In this case, our
observations are consistent with those of Grubbl.eshowing an inhibitory effect of
Homer la against hypertrophy and are mechanisticalinpatible with data obtained by
Tappe et al. on spinal cord neurons — Homer lawates glutamate-induced MAP
kinase activation and reduces synaptic contactseonons integrating pain inputs (Tappe
A. et al, 2006) - and by Luo et al. on PC12 cells - pERkKeduced by LV-Homer l1a and
is increased by si-Homer la (Luod® al, 2012a and Luo Rt al, 2012b). Thus, not only
in cardiomyocytes (present work) but also in spioaid neurons and PC12 cells, it
appears clear that Homer la antagonizes stimuldgpendent effects, i.e., chronic pain
(Tappe At al, 2006), apoptosis (Luo Bt al, 2012a) and oxidative stress (Luoelal,
2012b).

In conclusion, ourin vitro results indicate that Homer la up-regulation is

associated to early stages of cardiac hypertropdyHomer la appears to play a role as a

72



negative molecular modulator, counteracting eatgps leading toaj-adrenergic-
dependent hypertrophy. Considering its role as dantinegative, Homer 1a would be
inserted into a negative feedback mechanism thatufates pathological hypertrophy
disassemblingsignaling complexes (yet to be identified) mediatad other Homer
isoforms. However, further studies are neededuoighte the mechanism underlying this
process.

With respect to than vivo approaches, our study presents some limitations.
Althoughin vitro we observed the same expression pattern of Hoenar hoth neonatal
rat cardiomyocytes and HL-1 cells under hypertrogtaunditions, the results obtained in
in vivo models are inconsistent. Preliminary studies exkiing Homer la expression in
mice with TAC, transgenic mice over-expressingqGand rats treated with MCT,
demonstrate that Homer la did not change, at iedbe time span under investigation.
This discrepancy is likely due to an incompletegtiooburse analysis (due to unavailability
of additional samples). Indeed, sinoevitro Homer la is rapidly up-regulated following
NE-stimulation and unveils its negative feedback ioitiation and development of
hypertrophic responses, a further, detaitedivo analysis of early hypertrophic phase is

in order.
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