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ABSTRACT 30 

 31 

Homer represents a new and diversified family of proteins made up of several isoforms. The 32 

presence of Homer isoforms, referable to 1b/c and 2a/b, was investigated in fast- and slow-twitch 33 

skeletal muscles from both rat and mouse. Homer 1b/c was identical irrespective of the muscle, 34 

Homer 2a/b was instead characteristic of the slow-twitch phenotype. Transition in Homer isoform 35 

composition was studied in two established experimental models of atrophy, i.e., denervation and 36 

disuse of slow-twitch skeletal muscles of the rat. No change of Homer 1b/c was observed up to 14 37 

days after denervation, whereas Homer 2a/b was found to be significantly decreased at 7 and 14 38 

days after denervation by 70% and 90%, respectively, and in parallel to reduction of muscle mass; 3 39 

days after denervation, relative mRNA was reduced by 90%  and remained low thereafter. Seven-40 

day hind-limb suspension decreased Homer 2a/b protein by 70%. Reconstitution of Homer 2 41 

complement by in vivo transfection of denervated soleus, allowed partial rescue of the atrophic 42 

phenotype, as far as muscle mass, muscle fiber size and ubiquitinazion is concerned. The 43 

counteracting effects of exogenous Homer 2 were mediated by down-regulation of MuRF1, Atrogin 44 

and Myogenin, i.e., all genes known to be up-regulated at the onset of atrophy. On the other hand, 45 

slow-to-fast transition of denervated soleus, another landmark of denervation atrophy, was not 46 

rescued by Homer 2 replacement. The present data show that: a) down-regulation of Homer 2 is an 47 

early event of atrophy, and b) Homer 2 participates in the control of ubiquitinization and ensuing 48 

proteolysis via transcriptional down-regulation of  MuRF1, Atrogin and Myogenin.  Homers are 49 

key players of skeletal muscle plasticity and Homer 2 is required for trophic homeostasis of slow-50 

twitch skeletal muscles. 51 

 52 

 53 

Homer; denervation; disuse; atrophy, protein degradation; slow-twitch skeletal muscles 54 



3 
 

 

INTRODUCTION 55 

 56 

A novel activity-dependent control of multi-protein signalling complexes has been shown in 57 

neuronal synapses and is mediated by a family of proteins termed Homers. Homers assemble 58 

proteins such as metabotropic glutamate receptors (mGluRs), transient receptor potential channels 59 

(TRPCs), intracellular Ca2+ channels, e.g., ryanodine receptor (RyR), inositol (1,4,5)-trisphosphate 60 

receptor (IP3R), scaffolding proteins, e.g., Shank, small GTPases, transcription factors and 61 

cytoskeletal proteins (see for a review 10). Homer 1b/c, 2a/b, 3a/b, known as constitutive isoforms, 62 

have been reported to cross-link multimers via the coiled-coil (CC) domain (17, 52), whereas 63 

Homer 1a has been considered an immediate early gene (IEG) product (4) able to antagonize CC-64 

Homers. Although doubts have been cast upon the unequivocal role of Homer 1a (48), Homers can 65 

be regarded as regulators of multimeric complexes involved in signal transduction. 66 

In skeletal muscle, Homers have been detected at the protein (38, 39, 43, 44, 51) and mRNA 67 

levels (40, 44, 51). The regulatory equilibrium between constitutive Homers and up-regulated 68 

Homers could be particularly relevant not only in resting conditions, but also during muscle 69 

adaptation to exercise and environmental stress. It is worth noting that mechanical (low-voltage 70 

electrical stimulation or low-frequency fatigue), metabolic (hypoxia) and hormonal stimuli, all 71 

appear to be associated with induction of a number of IEGs, such as c-fos, c-jun, egr-1 and HSPs 72 

(13). Post-natal differentiation of striated muscles and attainment of fiber-type specificity - fast- 73 

versus slow-twitch skeletal muscles - entail complex genetic programs. Adaptive muscle changes 74 

entailing structural rearrangement and morphological remodeling, e.g., development, hypertrophy 75 

and regeneration, are processes coupled to up-regulation of several, distinct IEGs (14, 24), and, at 76 

least in the case of skeletal muscle regeneration, we recently reported a switch in Homer isoform 77 

composition, Homer 1a and Homer 3 being selectively up-regulated (3). 78 

Homer 2 enhances transcription of several slow-twitch muscle-specific genes, including 79 

myoglobin and slow troponin I promoter, via RyR/NFAT activation, according to Stiber et al. (46). 80 
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Expression and accumulation of Homer 2 at the NMJ of human skeletal muscle fibers are 81 

modulated by neuronal activity, according to Salanova et al. (39). Thus, the rationale of the present 82 

paper was to ascertain whether Homer 2 plays a causative role in the atrophy process and in fiber 83 

type specialization of slow-twitch skeletal muscles, using in vivo models of skeletal muscle atrophy, 84 

i.e., denervation and disuse.  85 

 Here, we report that: a) Homer 2 is present only in slow-twitch skeletal muscle fibers, b) 86 

denervation and disuse determine almost complete disappearance of Homer 2 at the protein and 87 

mRNA level, c) Homer 2a/b expression is motor nerve-dependent, and d) in vivo, acute re-88 

introduction of Homer 2, via cDNA electrotransfer, partially rescues the denervation atrophy 89 

phenotype, as judged by  effects on muscle mass, fiber size and ubiquitinazion, but does not revert 90 

the slow-to-fast transition. Based on present and recent data, it appears that transition in Homer 91 

composition is relevant in skeletal muscle adaptation. In particular, Homer 2 is causally involved in 92 

atrophy of slow-twitch skeletal muscles, transcriptionally down-regulates key atrophy genes and 93 

exercises a negative feedback control on protein degradation. 94 
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MATERIALS and METHODS 95 

 96 

Tissue sources 97 

    All experiments were carried out on adult male Wistar rats (~ 250  g of body weight) and CD1 98 

mice (~ 45 g of body weight) except those for disuse atrophy (see below). For denervation and 99 

regeneration experiments, rats were anaesthetized with intra-peritoneal injection of ketamine (1.5 100 

mg/100 g), subjected to appropriate surgical procedures, and killed by cervical dislocation at 101 

specified time points. Experimental protocols have been approved by institutional review boards. 102 

Soleus, a representative, predominantly slow-twitch skeletal muscle, and Extensor Digitorum 103 

Longus (EDL) and Tibilais Anterior (TA), representative predominantly fast-twitch skeletal 104 

muscles, were used. For comparative purposes, in some experiments, we also used soleus and 105 

Adductor Magnus from New Zealand white rabbits; by conventional criteria such muscles are 106 

deemed pure slow-twitch and pure fast-twitch skeletal muscles. 107 

 108 

Antibodies and cDNAs 109 

    The following primary antibodies were used for Western Blots: polyclonal antibodies specific for 110 

either Homer 1b/c from Chemicon, Homer 1a or Homer 2a/b from Santa Cruz Biotechnology; 111 

monoclonal antibodies specific for ubiquitinylated conjugates and anti-V5 from Enzo Life Sciences 112 

and from Invitrogen, respectively. Goat anti-rat IgG (Sigma), rabbit anti-goat IgG (Sigma) and goat 113 

anti-mouse IgG (Sigma) conjugated to alkaline phosphatase were used as secondary antibodies.  114 

    cDNA coding for V5-tagged Homer 2 was generated as described in Stiber et al. (46). 115 

 116 

Denervation of hind-limb skeletal muscles of the rat 117 

    The sciatic nerve was cut unilaterally at the level of trochanter. About 0.5-1 cm of the peripheral 118 

nerve stump was removed in order to obtain a permanent denervation of the lower hind limb. At 1, 119 

7 and 14 days after denervation, rats were sacrificed. Soleus, EDL and TA muscles from the 120 
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denervated limb were dissected out, frozen in liquid nitrogen and utilized for further studies, the 121 

control muscles being the contralateral, innervated muscles. 122 

 123 

Disuse atrophy 124 

   The hind limb-unloading experimental protocol was performed following the recommendations 125 

provided by the European Convention for the protection of Vertebrate Animals used for 126 

Experimental and Scientific purposes (Council of Europe number 123, Strasbourg, 1985) and 127 

authorized by the Animal Ethics Committee of the University of Padova and the Italian Health 128 

Ministry (103/2007B). Six-week old female Wistar rats (140-160g of body weight) were caged 129 

individually. Hind limb muscles were unloaded using the tail-suspension model (7, 16). Each 130 

animal was weighted before and after the suspension period. Tail-suspended rats were sacrificed 131 

after 7 days of unloading. Soleus muscles were excised, weighted and frozen in liquid nitrogen. 132 

 133 

In vivo transfection 134 

 Male adult Wistar rats (~ 180 g of body weight) were used. The right soleus muscles were 135 

exposed and injected with 0.06 ml of a saline solution containing 50 μg of plasmid cDNAs. 136 

Electrodes were applied on both sides of the leg. Electroporation was carried out with a BTX ECM 137 

830 square wave pulse generator using the protocol described by Nori et al. (29), i.e., pulse 138 

stimulation by field electrodes (220 V/linear cm) with six 20-msec pulses at 200 ms intervals. The 139 

damage evoked by the overall procedure was estimated in 4 distinct soleus muscles, 10 days after 140 

experimentation, by counting central nuclei whose presence is index of damage and of ensuing 141 

regeneration. Several transverse sections of each soleus were examined and the number of central 142 

nuclei/100fibers ranged from 0.02 to 0.12. Thus, the extent of damage was deemed to be irrelevant.  143 

 Denervation, where applicable, was carried out immediately after electroporation. 144 

 145 

Homogenates from soleus and EDL skeletal muscles of rat and mouse 146 
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    Homogenates of skeletal muscles were obtained as follows: frozen tissues were triturated in a 147 

mortar, homogenized with Polytron for 10 sec at 20,000 RPM in 10 volumes of 3% SDS, 1 mM 148 

EGTA, 20 µm phenylmethanesulphonyl fluoride, 0.8 mM benzamidine, boiled for 5 minutes and 149 

centrifuged at 18,000 g for 30 min in order to remove debris. Homogenates were kept at -20° C 150 

until use. Protein concentration was determined according to Lowry et al. (20). 151 

 152 

SDS-Polyacrylamide Gel Electrophoresis (PAGE), Western Blot and quantitative densitometry 153 

    SDS-PAGE on either 7.5% (in the case of Homer 1 b/c), 12.5% (in the case of Homer 1a) or 5-154 

10% linear gradient gels (in the case of Homer 2 a/b), transfer to nitrocellulose and Western blot 155 

were carried out essentially as previously described (29). 156 

    Homers were quantified by densitometry of immunoblots of homogenates. Densitometric 157 

analysis was performed with Scion Image for Windows, version Beta 4.0.2 (Scion Corp., Frederick, 158 

MD; www.scioncorp.com). Each value for Homer isoforms is given as ratio to that of the 159 

corresponding contralateral sample. 160 

 161 

RNA extraction and quantitative RT-PCR (qRT-PCR) 162 

Total RNA was extracted from either muscles or thin-sections using TRIzol® (Invitrogen) 163 

extraction method or RNeasy Micro Kit (Qiagen) according to the manufacturer’s instructions. 164 

RNA was eluted in RNase-free water and stored at -80°C until use. The concentration and quality of 165 

each sample were measured by NanoDrop (Thermo Scientific). 400 ng of RNA were converted to 166 

cDNA by using random hexamers and SuperScript II RT (Invitrogen) following the manufacturer’s 167 

instructions. RT was performed in a thermal cycler (Applied Biosystems, Foster City, CA): 25°C 168 

for 10 min, 42°C for 60 min, 95°C for 5 min, and 4°C for 5 min. All RNA samples were 169 

simultaneously converted to cDNA in order to minimize technical variability. Negative controls (no 170 

RNA or no reverse transcriptase enzyme) were simultaneously run for RNA and genomic DNA 171 

contamination. 172 
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    Primers for qPCR were already published or designed (*) using Primer3 software 173 

(http://frodo.wi.mit.edu/, Whitehead Institute for Biomedical Research) and their thermodynamic 174 

specificity was determined using BLAST sequence alignment (NCBI) and vector NTI®  175 

(Invitrogen) software. All primers were purchased from Eurofins MWG Operon. Primer sequences 176 

were as follows:  177 

    178 

HOMER1*   Fw GCACATATGAGTAAGACCTTCCTGAC 179 

    Rv AGCTACAGTAGGCACACAACC  180 

HOMER2*   Fw TCTTGCTTCTCTGGCTTTGT 181 

    Rv CTGCGTAAACGGCTAAGGTA 182 

ATROGIN (Fbxo32)  Fw GCAAACACTGCCACATTCTCTC  183 

(23)    Rv CTTGGGGTGAAAGTGAGACG  184 

MuRF1 (Trim63)*  Fw ACCTGCTGGTGGAGAACATC  185 

    Rv CTTCGTGTTCCTTGCACATC   186 

MYOGENIN*  Fw GTACCCAGTGAATGCAACTCC    187 

    Rv ACGATGGACGTAAGGGAGTG    188 

MYOSIN Myh2* (fast 2A) Fw TGAAGAGTAAGGCAGCTCTG     189 

    Rv GAATCACATGGGGACATGAC      190 

MYOSIN Myh7 (β slow) Fw: TATGCTGGAGCTGATGCAC  191 

(37)    Rv: GGACACGGTCTGAAAGGATG 192 

MYOSIN MyH1* (2x) Fw CAGGGTCCGTGAACTTGAAGGA 193 

    Rv GGTCCTGGAGCCTGAGAACG 194 

PGC1 α (23)   Fw GGAATGCACCGTAAATCTGC    195 

    Rv TTCTCAAGAGCAGCGAAAGC 196 

TBP1 (37)   Fw TCAAACCCAGAATTGTTCTCC 197 

    Rv AACTATGTGGTCTTCCTGAATCC 198 
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PPIA, Peptidylprolyl isomerase A, (41)    199 

                                               Fw AGCATGTGGTCTTTGGGAAGGTG    200 

    Rv CTTCTTGCTGGTCTTGCCATTCC 201 

 202 

qPCR  was performed in duplicate in a 96-well IQ5 Thermal Cycler (Bio-Rad) using SYBR 203 

Green chemistry. PPIA, TBP1 and GAPDH were tested as putative reference genes, being PPIA 204 

and TBP1 the most stable genes to normalize CT values. All samples were run simultaneously with 205 

RNA- and RT-negative controls. The efficiency of each run was determined by a standard curve. 206 

Normalization was performed by delta CT method. Data are expressed as means ± SE. Comparisons 207 

were made by using t-test. 208 

 209 

Dual luciferase assay on rat soleus 210 

    Promoter activity of the slow MHC was measured using the Dual Luciferase reporter assay 211 

system (Promega) and luciferase activity was determined with an analytical luminometer. Relative 212 

luciferase units were calculated by determining the ratio of the intensity of the light produced by the 213 

firefly luciferase reporter plasmid to that produced by the Renilla luciferase pRL-TK plasmid. 214 

    Soleus muscles were injected with 60 µl of 0.9% NaCl, containing 50 µg of firefly luciferase 215 

reporter construct, and 5 µg of pRL-TK vector, and electroporated as described above. SOL 216 

muscles were homogenized in 0.5 ml of passive lysis buffer (Dual Luciferase reporter assay system; 217 

Promega) and luciferase activity was determined. 218 

 219 

Confocal immunofluorescence  220 

    For soleus muscles, 6 µm longitudinal and transverse sections were obtained and incubated with 221 

primary antibodies at room temperature for 60 min as described (29). After extensive washing, 222 

muscle sections were incubated for 30 min with either Cy2-conjugated anti-mouse (Chemicon) or 223 
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rhodamine isothiocyanate anti-rabbit antibodies (Dako). Analysis was carried out in a Leica W5 224 

microscope. 225 

 226 

Statistical analysis 227 

    One-way ANOVA was used to evaluate the changes over time for both relevant proteins and 228 

muscles wet weight. All values are means ± SE. Post hoc comparison were performed with Fisher’s 229 

protected least significance difference test. Dunnet test was applied to compare each time point 230 

value with the post-denervation day 1 value. Correlations between changes in Homer isoforms and 231 

type 1 MHC content were assessed by linear regression analysis. Individual means were compared 232 

with a paired 2-tailed t-test. Differences were considered statistically significant at the 0.05 level of 233 

confidence. 234 

 235 

 236 

 237 

 238 

 239 

 240 

 241 

 242 

 243 

 244 

 245 

 246 

 247 

 248 

 249 
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RESULTS 250 

 251 

 252 

Expression of Homer 1 and 2 isoforms in skeletal muscles 253 

Representative slow-twitch (soleus) and fast-twitch (EDL) skeletal muscles from both adult 254 

rat and mouse were analysed for their content in Homer 1b/c and Homer 2a/b (Fig. 1A). Rat, 255 

mouse, and, in a few cases, rabbit muscles were used because conflicting results have been reported 256 

depending upon species (compare Ref. 51, for rat, with Ref. 43, for mouse). 257 

Western blot analysis was carried out with antibodies specific for Homer 1b/c. The apparent 258 

molecular weight of the immunostained proteins (~ 47 kDa) was consistent with the calculated mass 259 

of Homer 1b/c (4, 17). Single, unique bands were detected in all lanes and the amount of Homer 260 

1b/c was virtually identical in muscles samples irrespective of tissue (slow and fast muscles) and 261 

species (rat and mouse). 262 

Comparison of homogenates from soleus and EDL probed with anti-Homer 2a/b antibodies, 263 

indicates that soleus muscles displayed by far the largest amount of Homer 2a/b; in EDL samples, 264 

from either rat or mouse, Homer 2a/b was barely detectable. Densitometric analysis of 265 

immunostained proteins yields a ratio of about 10:1 for soleus and EDL muscles, respectively (see 266 

also legend to Fig. 1A). 267 

Since slow-twitch skeletal muscles contained much larger amounts of Homer 2a/b than fast-268 

twitch skeletal muscles, Homer 2a/b might be referable, in predominantly fast-twitch muscles, to 269 

the presence of slow-twitch fibers, i.e., 5-6 % and 4% in EDL of rat (26, 35) and mouse (28), 270 

respectively. In fact, when rabbit skeletal muscles were analysed, e.g., soleus and Adductor Magnus 271 

as pure slow-twitch and pure fast-twitch skeletal muscles, respectively, no detectable Homer 2a/b 272 

was found in rabbit Adductor (data not shown). 273 

In summary, distribution of Homer 2a/b in skeletal muscles appears to be species-274 

independent and fiber type-dependent. Published discrepancies (43, 51) might be accounted for by 275 
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differences in antibody specificity, animal age and type of skeletal muscle, e.g., it was not specified 276 

whether fast-twitch or slow-twitch muscles were used (compare Refs. 43, 51). 277 

 278 

Expression of Homer 1 and 2 isoforms in denervated soleus of the rat (denervation atrophy) 279 

We next asked whether there are Homer isoforms changes associated to skeletal muscle 280 

atrophy triggered by motor denervation. Soleus muscles were collected at 1, 7 and 14 days after 281 

denervation (see Materials and Methods for details) and the content of Homer 1a, Homer 1b/c (Fig. 282 

1B) and Homer 2a/b (Fig. 1C) was determined by Western blot of muscle homogenates, and 283 

compared to that of innervated, contralateral soleus muscles. Relative levels of Homer 1a/b and 284 

Homer 1a, as judged by densitometry, were rather constant over time. Thus, denervation did not 285 

significantly affect expression of Homer 1 isoforms (Fig. 1B). On the other hand, expression of 286 

Homer 2a/b sharply decreased after 1d, the decrease being significant after 7d; after 14 d, Homer 287 

2a/b was barely detectable (note both Western blot and densitometric data in Fig. 1C). Therefore, 288 

denervation virtually abolished fiber type-specific expression of Homer 2a/b. Fig. 1D shows, on the 289 

same time-scale, muscle mass decrease, i.e., the extent of muscle atrophy caused by denervation. 290 

Application of paired t-test indicates that decrease of either muscle mass or Homer 2a/b was not 291 

significant 1 d after denervation. However, slope of Homer 2a/b reduction was steeper, suggesting 292 

that Homer 2a/b down-regulation is as an early event in muscle atrophy. 293 

Parallel studies were carried out by RT-PCR analysis. Levels of Homer 1 mRNA were 294 

unchanged upon denervation (Fig. 2), whereas Homer 2a/b transcription was quickly turned off. In 295 

fact, Homer 2a/b mRNA levels decreased sharply by about 40% within 24 hours (not shown), 296 

attained a residual 10% by post-denervation day 3 and remained constant and low until post-297 

denervation day 14 (Fig. 2). 298 

 299 

Sharp decrease of Homer 2a/b in rat soleus following hind-limb suspension (disuse atrophy) 300 
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Soleus muscles were obtained after 7-day hind-limb suspension of the rat, an established 301 

model of disuse inducing atrophy and slow-to-fast transition of postural muscles. A significant 302 

reduction of Homer 2a/b was observed (Fig. 3), in agreement with mRNA data obtained in similar 303 

experimental models (45). 304 

 305 

Functional role of Homer 2 in skeletal muscle atrophy: gain-of-function studies 306 

    Based on present results and previous studies on different models of atrophy (12, 30-32, 39), it 307 

appears that Homers are expressed as part of the myogenic differentiation program, that Homer 2 308 

expression is tissue-specific and that Homer 2 transcription is down-regulated in atrophy. The 309 

functional role of Homer in atrophy and skeletal muscle adaptation is unknown and was, thus, 310 

directly investigated. The specific issue was whether re-introduction of exogenous Homer 2 could 311 

reverse some of the adaptive changes induced by denervation, i.e., whether Homer 2 could rescue, 312 

at least in part, the denervation phenotype. To this effect, we relied upon an established model of in 313 

vivo transient transfection of rat soleus via electroporation (9, 29). 314 

    First of all, qualitative expression and sub-cellular localization of recombinant Homer 2-V5 was 315 

assessed (Fig.4), upon transient transfection with plasmid cDNAs coding for epitope tagged V5-316 

Homer 2 (pH2-V5). As judged by a series of Western blots of soleus homogenates (Fig. 4A), 317 

electroporation of innervated soleus with pH2-V5 resulted in the expression of an exogenous 318 

protein recognized by anti-V5 antibodies (lane a) and having an apparent mol wt of about 45 kDa. 319 

Innervated soleus electroporated with the empty vector (vector) was negative for V5 reactivity 320 

antibodies (lane b). In denervated soleus, only transfection with Homer 2-V5 resulted in 321 

reconstitution of an exogenous Homer 2 complement (compare lane c with lane d). 322 

Immunofluorescence of longitudinal (Fig. 4B) and transverse (Fig. 4C) sections of rat soleus was 323 

carried out with antibodies specific for the V5 tag since no commercially available antibody for 324 

Homer 2 is adequate for immunofluorescence. As shown in Fig. 4B, recombinant Homer 2 325 

displayed a regular sarcomeric pattern and localized at the Z line level (panels b and c), away from 326 
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the A-I band where E-C coupling takes place. This finding is in perfect agreement with the 327 

sarcomeric distribution of endogenous Homer in rat skeletal muscle previously reported by Stiber et 328 

al. (46) and Salanova et al. (38, 39). Finally, Fig. 4C is a representative picture of the extent of 329 

transfection and shows several transfected  fibers. Thus, the electroporation procedure appears to be 330 

effective as far as expression and sub-cellular localization of recombinant Homer 2 is concerned. 331 

    The next question was whether Homer 2 replacement interferes with muscle mass reduction, a 332 

typical, macroscopic landmark of denervation atrophy. Fig. 5A,B shows that exogenous Homer 2 333 

partially counteracted the muscle mass reduction by about 20%. Panel 5A presents data normalized 334 

to the animal weight, whereas panel B compares the relative weight of denervated soleus in the 335 

absence and presence of exogenous Homer 2. 336 

    The subsequent question was whether Homer 2 replacement decreases muscle mass reduction by 337 

acting on fiber size. Denervation induced drastic decrease of cross-sectional area (CSA) in both not-338 

trasfected (negative) fibers and transfected (positive) fibers, as shown in Fig. 5C and Fig. 5D, 339 

respectively. Homer 2 replacement was able to partially reverse CSA decrease, as shown in Fig. 5D 340 

(compare fourth column with third column). Denervated and Homer 2-transfected (EP-Den H2) 341 

fibers were on average bigger than denervated and mock-transfected fibers (Fig. 5D) as well as  342 

contiguous, not-transfected fibers of the very same muscle (Fig. 5E) by about 30%. 343 

    Atrophy is mainly accomplished via activation of pathways for protein degradation. In this 344 

framework, the question was whether Homer 2 replacement antagonizes any protein breakdown 345 

pathways. As expected and as shown in Fig. 6A, the ubiquitin pathway is activated in denervated 346 

soleus. Electroporation per se did not change the ubiquitinization pattern, whereas exogenous 347 

Homer 2  inhibited ubiquitination by about 60% (Fig. 6B). Fig. 6C shows, in four pairs, that 348 

exogenous expression of Homer 2-V5 was comparable in denervated soleus (d) and contralateral 349 

non-denervated soleus (c). Thus, Homer 2 appears to exert its effects by counteracting activation of 350 

proteolysis.  351 

 352 
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Homer 2 and transcriptional control in slow-twitch skeletal muscles during atrophy 353 

    Ubiquitin-ligases MuRF1, Atrogin (ATR) and Myogenin (MyoG) are genes postulated to be 354 

causally linked to initiation of muscle atrophy (21, 42). There are several studies addressing 355 

transcriptional control in fast-twitch skeletal muscles, yet incomplete analysis is available for 356 

denervated rat soleus (see for review 48). In denervated mouse soleus, MyoG has been recently 357 

implied in early events of atrophy via control of Atrogin-1 and MuRF-1 genes (21). 358 

    Thus, a thorough RT-PCR analysis was carried out to ascertain expression profiles of  MuRF1, 359 

ATR and MyoG in soleus and TA, a representative fast-twitch skeletal muscle, following 360 

denervation (Fig. 7A-C). As expected, MuRF1 was up-regulated in both denervated TA (6) and 361 

denervated soleus, although about a 10-fold induction and 2-fold induction were observed at d3 in 362 

TA and soleus, respectively (Fig. 7A). ATR and MyoG expression profiles were temporally and 363 

qualitatively similar in TA and soleus, although denervation-induced up-regulation was less marked 364 

in soleus (Fig. 7B and 7C). 365 

    Within this framework, the crucial question was whether Homer 2 controls transcription of either 366 

MuRF1, ATR or MyoG, and, thus, we investigated the effects of Homer 2 replacement on 367 

denervation-induced up-regulation of either MuRF1, ATR or MyoG (Fig. 7D-F). In denervated 368 

soleus, at d7 and even more at d14, Homer 2 replacement partially counteracted up-regulation of all 369 

three genes causally involved in skeletal muscle atrophy: attenuation was estimated to be about 40% 370 

for MURF, 40% for ATR and 30% for MyoG. Since MuRF1 is deemed to be largely responsible for 371 

the ubiquitination increase after denervation (6), these findings nicely explain the lower 372 

ubiquitination level in Homer 2-transfected denervated soleus (compare Fig. 6). 373 

 374 

Denervation-induced slow-to-fast transition in soleus: Homer 2 is not involved 375 

    Given the proposed role of Homer 2 in human skeletal muscles (39), the effects of Homer 2 were 376 

investigated on two peculiar features of denervation-induced slow-to-fast transition in soleus, 377 

namely up-regulation of type 2X MHC and down-regulation of mithocondrial biogenesis.  378 
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    qRT-PCR analysis was carried out in rat soleus and mRNAs referable to either fast 2A, β-slow or 379 

2X MHCs were measured 14 days after denervation in rat soleus. As expected, MHC isoform 380 

transition was detected, i.e., fast 2A and β-slow MHCs were drastically down-regulated whereas 2X 381 

MHC was sharply up-regulated (Fig. 8A). Upon replacement of Homer 2 via transfection, no 382 

significant effect was observed on the expression of MHC isoforms (Fig. 8B). An additional insight 383 

was gathered by Dual Luciferase Assay in order to measure directly the promoter activity of the 384 

slow MHC (Fig. 8C): as expected, the slow MHC promoter was down-regulated upon denervation; 385 

on the other hand, either over-expression of Homer 2 (in control soleus) or Homer 2 replacement (in 386 

denervated soleus) did not influence the promoter activity of slow MHC. 387 

    PGC1-α, the master gene of mithocondrial biogenesis, is known to be down-regulated in 388 

denervation. Homer 2 effects on regulation of mithocondrial biogenesis during denervation of 389 

soleus, were monitored by qRT-PCR. Fig. 8D shows that PGC1-α was halved at post-denervation 390 

day 14 and that Homer 2 replacement did not counteract such a decrease. Thus, it appears that 391 

Homer 2 was not involved in mithocondrial biogenesis. Under the prevailing experimental 392 

conditions, Homer 2 does not appear to be involved in the characteristic slow-to-fast transition 393 

occurring upon denervation of soleus. On the other hand, the lack of effects of Homer 2 394 

replacement on denervation-dependent slow-to-fast transition, underscores the specific and clear-cut 395 

role of Homer 2 in counteracting protein breakdown and muscle atrophy. 396 

 397 

 398 

 399 

 400 

 401 

 402 

 403 

 404 
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DISCUSSION 405 

 406 

Homer 2 in slow-twitch skeletal muscle fibers 407 

    Tissue differentiation, commitment and maintenance of phenotypic specialization as well as 408 

plasticity are long-lasting and intriguing themes of skeletal muscle research. Motor innervation is 409 

one of the key factors controlling gene expression in skeletal muscle and the low frequency firing 410 

pattern is the paramount determinant for promoting and maintaining the slow-twitch phenotype 411 

(13). Ca2+ plays a pivotal role as an intracellular messenger: it modulates the expression of specific 412 

muscle genes by transducing the tonic motor nerve activity into a program of gene expression 413 

specific of slow-twitch fibers (5) and is instrumental in hypertrophy/atrophy of both skeletal and 414 

cardiac muscles (5, 27). Homers might be involved in such pathways by acting on either RyR and 415 

IP3R Ca2+ release channels (11, 46, 49, 50) or TPRC (53) and, thus, dynamically affecting 416 

intracellular Ca2+ homeostasis.  417 

    Consistent with Rosenberg and Williams (36), who mentioned a higher content of Homer 2a/b in 418 

slow oxidative myofibers, the present data clearly show that Homer 2a/b is expressed only in fully 419 

differentiated slow-twitch skeletal muscle fibers. Should Homer 1 and Homer 2 modulate 420 

intracellular Ca2+ homeostasis via gating of both RyR  and IP3R and through the assembly of 421 

macromolecular complexes also including TPRC, regulatory mechanisms must be different 422 

depending upon the skeletal muscle phenotype. Differential expression of Homer isoforms, as 423 

shown by the present communication, would be coherent to this variable regulatory network. 424 

 425 

Homer 2 in  denervation and disuse atrophy of slow-twitch skeletal muscle fibers 426 

    Skeletal muscle atrophy is caused by different aetiological factors, e.g., disuse, denervation, 427 

microgravity, starvation, aging, as well as by diseases (cancer cachexia, AIDS, uremia) associated 428 

with inflammation (34). Interestingly, a small subset of genes is involved in all atrophy models 429 

whereas a larger number of genes is differentially expressed and, thus, specific for each type of 430 
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atrophy (18). Denervation provokes not only muscle atrophy and loss of contractile force but also 431 

fiber type transition. In denervated rat soleus, both slow-twitch and fast-twitch fibers undergo rapid 432 

atrophy -muscle mass reduction- (8) accompanied by slow-to-fast phenotype transition (15, 19). 433 

Several biochemical, metabolic and functional features are modified, each with a different time 434 

course: full-fledged phenotype transformation occurs over a much longer time scale than atrophy, 435 

since it requires several weeks compared to a few days.    436 

    In the general context of phenotype determination, plasticity and adaptive responses, the role of 437 

Homer isoforms is being unravelled (3, 46), in particular the molecular mechanisms and 438 

intracellular pathways are under investigation. The specific biological question addressed by the 439 

present work is whether Homer 2 down-regulation is causally involved in denervation-induced 440 

atrophy and fiber type specification. 441 

    Fourteen days after denervation of rat soleus, Homer 2a/b was found to be almost completely 442 

turned off. Sciatic nerve section and withdrawal of the tonic firing pattern of innervating motor 443 

neurons bring about, among other functional, biochemical and molecular changes, the rapid and 444 

specific disappearance of Homer 2a/b. Since denervation-induced slow-to-fast-twitch transition is 445 

well established (15, 30), down-regulation of Homer 2a/b is congruous and unambiguously supports 446 

the notion that Homer 2a/b is marker of the slow-twitch phenotype. Under the prevailing 447 

experimental conditions, lack of down-regulation of both Homer 1a and Homer 1b/c would indicate 448 

that Homer 1 is not a slow-twitch specific marker. 449 

    Homer 2a/b decrease might be due, at least in part, to the reduction of the number of the slow-450 

twitch fibers characteristic of denervated soleus: however, such an interpretation does not hold since 451 

decrease of Homer 2a/b by far precedes that of type 1 muscle fibers taking place at least 3 weeks 452 

after denervation (25, 30). Likewise, it does not appear plausible that Homer 2a/b reduction is due 453 

to acceleration of proteolytic processes since Homer 2a/b does not differ from other CC-Homer 454 

family members with regard to proteolytic sensitivity (1) and relative content of Homer 1 isoforms 455 

was not affected throughout the experimental time course of denervation. 456 
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    The interesting issue is whether and how down-regulation of Homer 2a/b is causally involved in 457 

denervation atrophy. The observation that neither Homer 1b/c nor Homer 1a were affected in 458 

denervation atrophy and similar findings in age-induced (31) and disuse (32, 39) atrophy, i.e., no 459 

other Homer isoform was decreased, rule out the possibility that disappearance of Homer 2a/b is a 460 

non-specific epiphenomenon of atrophy. On the other hand, the present data and previous findings 461 

by Pattison et al. (32), who reported down-regulation of Homer 2 mRNA in disuse atrophy of rat 462 

soleus -about 86 % decrease after 10 days of immobilization-, and by Pattison et al. (31), who 463 

reported 40% reduction of Homer 2a/b mRNA in rat soleus muscles derived from aged rats where 464 

muscle atrophy is mainly but nor exclusively due to peripheral denervation (2, 33), indicate that 465 

neurological and non-neurological atrophic phenomena display selective Homer 2 down-regulation. 466 

Both muscle activity and neuro-trophic factors influence molecular, biochemical and mechanical 467 

properties of the muscle fiber (13); however, since Homer 2 is down-regulated in atrophic muscle in 468 

the presence of intact neuromuscular junctions (31, 39 and Fig. 3), it seems that Homer 2 down-469 

regulation is also due to inactivity per se. The search for putative muscle-derived trophic factors 470 

controlling post-synaptic Homer 2 expression is worth future investigation.  471 

 472 

Homer 2 contributes to the trophic control of protein turnover 473 

Gain-of-function studies, implemented in vivo by electroporation of plasmid cDNA coding 474 

for recombinant Homer 2 (Figs. 4-8), show that Homer 2 replacement in denervated soleus partially 475 

rescues the phenotype: in fact, exogenous Homer 2 counteracted decrease of muscle mass, of fiber 476 

size and of ubiquitination via down-regulation of specific genes which are known to be up-regulated 477 

and to ignite atrophy, e.g., MuRF1, ATR and MyoG. Since MyoG induction in denervated muscle 478 

contributes to the development of muscle atrophy via regulated expression of ubiquitin ligases ATR 479 

and MURF1 (21), it appears that Homer 2 plays a two-level, negative feedback control in 480 

atrophying rat soleus. Mitigation of MuRF1, ATR and MyoG and attenuation of ubiquitination are 481 

more pronounced than measured effects on muscle mass and fiber size: the variable extent of 482 
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denervation phenotype rescue was probably accounted for by differences in parameters being 483 

analysed, some of them simple (e.g., mRNA levels), others complex (e.g., muscle mass). 484 

Homer 2 is causally involved only in this specific feature of phenotype adaptation, i.e., 485 

muscle trophysm, since the slow-to-fast transition, as judged by the same experimental approach, 486 

was not affected (Fig. 8). This finding indirectly confirms the notion that atrophy and fiber type 487 

transition are two independent processes occurring during both denervation and disuse.  488 

Based on previous findings [i.e., Homer 2 expression during soleus regeneration (3)], it 489 

appears that Homer 2 is one of the molecular transducers for trophic control pathways in slow-490 

twitch skeletal muscles. In the overall balance between protein synthesis and proteolysis, it appears 491 

that Homer 2 selectively interferes with the latter pathway. As shown here for the first time in 492 

denervation atrophy, Homer 2 antagonizes protein degradation via negative transcriptional control 493 

of MuRF1 and ATR. Although MuRF1 and ATR also control fiber size in fast-twitch fibers, the 494 

present findings indicate that Homer 2-dependent regulation might be restricted, given the fiber  495 

type-specific expression, only to slow-twitch fibers.  496 

According to recent studies in disuse atrophy, muscle mass reduction is biphasic and due to 497 

an early and transient rise in protein breakdown that is followed by a sustained and conspicuous 498 

reduction in protein synthesis (22, 34). In this respect, it can be argued that Homer 2 disappearance, 499 

as shown here, might determine the shift in balance between protein synthesis and proteolysis in 500 

early phases, when protein breakdown is triggered. 501 

How does Homer 2 exert its control on either MuRF1, ATR or MyoG thus participating in 502 

regulation of slow-twitch muscle trophysm? Does Homer 2 act directly or, more likely, via changes 503 

of intracellular Ca2+ concentration? According to Pattison et al. (31), down-regulation of Homer 2 504 

mRNA in disuse atrophy, may be part of a general adaptive response to “lower Ca2+ regulatory 505 

mechanisms” in skeletal muscle. Thus, established and putative networks of regulatory mechanisms 506 

and intracellular pathways in which interplay between Ca2+ and Homer might occur, should be 507 

investigated in future work.  508 
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In summary, the present paper shows that Homer 2 is a marker of slow-twitch skeletal 509 

muscles and antagonizes protein breakdown. Homer 2 plays a role in muscle plasticity and 510 

transition between trophic states with up-regulation of Homer 2 favouring growth and down-511 

regulation of Homer 2 favouring atrophy. 512 

 513 

 514 

GRANTS 515 

    This work was supported by funds from the Ministero dell’Università e della Ricerca Scientifica 516 

e Tecnologica (FIRB RBAUO143N_001) and Agenzia Spaziale Italiana (OSMA 1/007/06) to P.V. 517 

 518 

 519 

ACKNOWLEDGEMENTS  520 

 Thanks are due to Dr. Paul B. Rosenberg (Department of Medicine, Duke University 521 

Medical Center, Durham, NC, USA) for generously providing the Homer 2-V5 plasmid, Dr. Marco 522 

Sandri for providing the slow MHC promoter, Dr. Anne Picard for designing some of the primers 523 

(Myogenin, MYH1, MYH2), and Ms. Valentina Ferronato and Dr. Francesca Nicolazzo for 524 

carrying out some of the experiments depicted in Figs. 4 and 5. 525 



22 
 

 

REFERENCES 526 

 527 

1. Ageta H, Kato A, Hatakeyama S, Nakayama K, Isojima Y and Sugiyama H. Regulation 528 

of the level of Vesl-1S/Homer-1a proteins by ubiquitin-proteasome proteolytic systems. J Biol 529 

Chem  276: 15893-15897, 2001. 530 

2. Ansved T, Wallner P and Larsson L. Spatial distribution of motor unit fibres in fast- and 531 

slow-twitch rat muscles with special reference to age. Acta Physiol Scand 143: 345-354, 1999. 532 

3. Bortoloso E, Pilati N, Megighian A, Tibaldo E, Sandonà D and Volpe P. Transition of 533 

Homer isoforms during skeletal muscle regeneration. Am J Physiol Cell Physiol 290: C711-534 

C718, 2006. 535 

4. Brakeman PR, Lanahan AA, O’Brien R, Roche K, Barnes CA, Huganir RL and Worley 536 

PF. Homer: a protein that selectively binds metabotropic glutamate receptors. Nature 386: 537 

284-288, 1997. 538 

5. Chin ER. Role of Ca2+/calmodulin-dependent kinases in skeletal muscle plasticity. 539 

J Appl Physiol 99: 414-423, 2005.  540 

6.  Cohen S, Brault JJ, Gygi SP, Glass DJ, Valenzuela DM, Gartner C, Latres E and 541 

Goldberg AL. During muscle atrophy, thick, but not thin, filament components are degraded 542 

by MuRF1-dependent ubiquitylation. J Cell Biol  185: 1083-1095, 2009. 543 

7. Dalla Libera L, Ravara B, Gobbo V, Tarricone E, Vitadello M, Biolo G, Vescovo G and 544 

Gorza L. A transient anti-oxidant stress-response accompanies the onset of disuse atrophy in 545 

human skeletal muscle. J Appl Physiol 107: 549-557, 2009. 546 

8. Dedkov EI, Borisov AB and Carlson BM. Dynamics of postdenervation atrophy of young 547 

and old skeletal muscles: differential responses of fiber types and muscle types.  J Gerontol A 548 

Biol Sci Med Sci 58: 984-891, 2003. 549 



23 
 

 

9. Donà M, Sandri M, Rossini K, Dell'Aica I, Podhorska-Okolow M and Carraro U. 550 

Functional in vivo gene transfer into the myofibers of adult skeletal muscle. Biochem Biophys 551 

Res Commun 312: 1132-1138, 2003. 552 

10. Duncan RS, Hwang S and Koulen P. Effects of Vesl/Homer proteins on intracellular 553 

signaling. Exp Biol Med 230: 527-35, 2005. 554 

11. Feng W, Tu J, Yang T, Allen PD, Worley PF and Pessah IN. Homer regulates gain of 555 

ryanodine receptor type complex. J Biol Chem 277:  44722-44730, 2002. 556 

12. Fisher I, Abraham D, Bouri K, Hoffman EP, Muntoni F and Morgan J. Prednisolone-557 

induced changes in dystrophic skeletal muscle. FASEB J 19: 834-836, 2005. 558 

13.  Fluck M and Hoppeler H. Molecular basis of skeletal muscle plasticity--from gene to 559 

form and function. Rev Physiol Biochem Pharmacol 146: 159-216, 2003. 560 

14. Gundersen K. Determination of muscle contractile properties: the importance of the nerve. 561 

Acta Physiol  Scand 162: 333-341, 1998. 562 

15. Huey KA and Bodine SC. Changes in myosin mRNA and protein expression in denervated 563 

rat soleus and tibialis anterior. Eur J Biochem 256: 45-50, 1998. 564 

16. Jaspers SR and Tischler ME. Atrophy and growth failure of rat hindlimb muscle in tail-565 

cast suspension. J Appl Physiol 57: 1472-1479, 1984. 566 

17. Kato A, Ozawa F, Saitoh Y, Fukazawa Y, Sugiyama H and Inokuchi K. Novel members 567 

of the Vesl/Homer family of PDZ proteins that bind metabotropic glutamate receptors. J 568 

Biol Chem 273: 23969-23975, 1998. 569 

18. Lecker SH, Jagoe RT, Gilbert A, Gomes M, Baracos V, Bailey J, Price SR, Mitch WE 570 

and Goldberg AL. Multiple types of skeletal muscle atrophy involve a common program of 571 

changes in gene expression. FASEB J. 18: 39-51, 2004. 572 

19. Loughna PT and Morgan MJ. Passive stretch modulates denervation induced alterations 573 

in skeletal muscle myosin heavy chain mRNA levels. Pflugers Arch  439: 52-55, 1999.  574 



24 
 

 

20. Lowry OH, Rosebrough NJ, Farr AL and Randall RJ. Protein measurement with the 575 

Folin phenol reagent J Biol Chem 226:  9453–9459, 1951. 576 

21. Macpherson PC, Wang X and Goldman DJ. Myogenin regulates denervation-dependent 577 

muscle  atrophy in mouse soleus muscle. J Cell Biochem  112: 2149-2159, 2011. 578 

22. Marimuthu K, Murton AJ and Greenhaff PL. Mechanisms regulating muscle mass 579 

during disuse atrophy and rehabilitation in humans J Appl Physiol 110: 555-560, 2011. 580 

23. Masiero E, Agatea L, Mammucari C, Blaauw B, Loro E, Komatsu M, Metzger D, 581 

Reggiani C, Schiaffino S and Sandri M. Autophagy is required to maintain muscle mass. 582 

Cell Metab 10: 507-515, 2009. 583 

24. Michel B, Ordway GA, Richardson JA and Williams RS. Biphasic induction of 584 

immediate early gene expression accompanies activity-dependent angiogenesis and 585 

myofiber remodeling of rabbit skeletal muscle. J Clin Invest  94: 277-285, 1994. 586 

25. Midrio M, Danieli-Betto D, Megighian A, Velussi C, Catani C and Carraro U. Slow-to-587 

fast transformation of denervated soleus muscle of the rat, in the presence of an 588 

antifibrillatory drug. Pflugers Arch. 420: 446-450, 1992. 589 

26. Miyabara EH, Aoki MS, Soares AG, Saltao RM, Vilicev CM, Passarelli M, Scanlan 590 

TS, Gouveia CH and Moriscot AS. Thyroid hormone receptor-beta-selective agonist GC-591 

24 spares skeletal muscle type I to II fiber shift. Cell Tissue Res 321: 233-241, 2005. 592 

27. Molkentin JD. Dichotomy of Ca2+ in the heart: contraction versus intracellular signaling. 593 

J Clin Invest 116: 623-626, 2006. 594 

28. Musarò A, McCullagh K, Paul A, Houghton L, Dobrowolny G, Molinaro M, Barton 595 

ER, H. L Sweeney HA and Rosenthal N. Localized Igf-1 transgene expression sustains 596 

hypertrophy and regeneration in senescent skeletal muscle. Nat Genet 27: 195-200, 2001. 597 

29. Nori A, Valle G, Bortoloso E, Turcato F and Volpe P. Calsequestrin targeting to 598 

sarcoplasmic reticulum of skeletal muscle fibers. Am J Physiol Cell Physiol 291: C245-599 

C253, 2006. 600 



25 
 

 

30. Patterson MF, Stephenson G and Stephenson DG. Denervation produces different single 601 

fiber phenotypes in fast- and slow-twitch hindlimb muscles of the rat. Am J Physiol Cell 602 

Physiol 291: C518-C528, 2006. 603 

31. Pattison JS, Folk LC, Madsen RW, Childs TE and Booth FW. Transcriptional profiling 604 

identifies extensive downregulation of extracellular matrix gene expression in sarcopenic rat 605 

soleus muscle. Physiol Genomics 15: 34-43, 2003. 606 

32. Pattison JS, Folk LC, Madsen RW, Childs TE, Spangenburg EE and Booth FW. 607 

Expression profiling identifies dysregulation of myosin heavy chains IIb and IIx during limb 608 

immobilization in the soleus muscles of old rats. J Physiol 553: 357-368, 2003. 609 

33. Pettigrew FP and Gardiner PF. Changes in rat plantaris motor unit profiles with advanced 610 

age. Mech Ageing Dev. 40: 243-259, 1987. 611 

34. Phillips SM, Glover EI and Rennie MJ. Alterations of protein turnover underlying disuse 612 

atrophy in human skeletal muscle. J Appl Physiol 107: 645-654, 2009. 613 

35. Planitzer G, Miethke A and Baum O. Nitric oxide synthase-1 is enriched in fast-twitch 614 

oxidative myofibers. Cell Tissue Res 306: 325-333, 2001. 615 

36. Rosenberg P, Hawkins A, Stiber J, Shelton JM, Hutcheson K, Bassel-Duby R, Shin 616 

DM, Yan Z and Williams RS. TRPC3 channels confer cellular memory of recent 617 

neuromuscular activity. Proc Natl Acad Sci (U S A.) 101: 9387-9392, 2004. 618 

37. Rossi AC, Mammucari C, Argentini C, Reggiani C and Schiaffino S. Two novel/ancient 619 

myosins in mammalian skeletal muscles: MYH14/7b and MYH15 are expressed in 620 

extraocular muscles and muscle spindles. J Physiol  588: 353-364, 2010. 621 

38. Salanova M, Priori G, Barone V, Intravaia E, Flucher B, Ciruela F, McIlhinney RA, 622 

Parys JB, Mikoshiba K and Sorrentino V. Homer proteins and InsP(3) receptors co-623 

localise in the longitudinal sarcoplasmic reticulum of skeletal muscle fibres. Cell Calcium 624 

32: 193-200, 2002. 625 



26 
 

 

39. Salanova M, Bortoloso E, Schiffl G, Gutsmann M, Belavy DL, Felsenberg D, Furlan S, 626 

Volpe P and Blottner D. Expression and regulation of Homer in human skeletal muscle 627 

during neuromuscular junction adaptation to disuse and exercise. FASEB J. 25: 4312-4325, 628 

2011. 629 

40. Sandonà D, Tibaldo E and Volpe P. Evidence for the presence of two Homer 1 transcripts 630 

in skeletal and cardiac muscles. Biochem Biophys Res Commun 279: 348-353, 2000. 631 

41. Sanchez H, Chapot R, Banzet S, Koulmann N, Birot O, Bigard AX and Peinnequin A. 632 

Quantification by real-time PCR of developmental and adult myosin mRNA in rat muscles. 633 

Biochem Biophys Res Commun 340: 165-174, 2006 634 

42. Sandri M, Sandri C, Gilbert A, Skurk C, Calabria E, Picard A, Walsh K, Schiaffino S, 635 

Lecker SH and Goldberg AL. Foxo transcription factors induce the atrophy-related 636 

ubiquitin ligase atrogin-1 and cause skeletal muscle atrophy. Cell. 117: 399-412, 2004. 637 

43. Shiraishi Y, Mizutani A, Yuasa S, Mikoshiba K and Furuichi T. Differential expression 638 

of Homer family proteins in the developing mouse brain. J Comp Neurol  473: 582-599, 639 

2004. 640 

44. Soloviev MM, Ciruela F, Chan WY and McIlhinney RAJ. Mouse brain and muscle 641 

tissues constitutively express high levels of Homer proteins. Eur J Biochem 267: 634-639, 642 

2000. 643 

45. Stevenson EJ, Giresi PG, Koncarevic A and Kandarian SC. Global analysis of gene 644 

expression patterns during disuse atrophy in rat skeletal muscle. J Physiol. 551: 33-48, 2003.  645 

46. Stiber JA, Tabatabaei N, Hawkins AF, Hawke T, Worley PF, Williams RS and 646 

Rosenberg P. Homer modulates NFAT-dependent signalling during muscle differentiation. 647 

Dev Biol. 287: 213-224, 2005. 648 

47. Thomas U. Modulation of synaptic signalling complexes by Homer proteins. J Neurochem 649 

81: 407-413, 2002. 650 



27 
 

 

48. Vinciguerra M, Musarò A and Rosenthal N. Regulation of muscle atrophy in aging and 651 

disease. Adv Exp Med Biol 694: 211-233, 2010. 652 

49. Ward CW, Feng W, Tu J, Pessah IN, Worley PF and Schneider MF. Homer protein 653 

increases activation of Ca2+ sparks in permeabilized skeletal muscle. J Biol Chem 279: 654 

5781-5787, 2004. 655 

50. Westhoff JH, Hwang SY, Duncan RS, Ozawa F, Volpe P, Inokuchi K and Koulen P. 656 

Vesl/Homer proteins regulate ryanodine receptor type 2 function and intracellular calcium 657 

signaling. Cell Calcium 34: 261-269, 2003. 658 

51. Xiao B, Tu CJ, Petralia RS, Yuan JP, Doan A, Breder CD, Ruggiero A, Lanahan AA, 659 

Wenthold RJ and Worley PF. Homer regulates the association of group 1 metabotropic 660 

glutamate receptors with multivalent complexes of Homer-related, synaptic proteins. 661 

Neuron 21: 707-716, 1998. 662 

52. Yoshida T, Semprun-Prieto L, Sukhanov S, Delafontaine P. IGF-1 prevents ANG II-663 

induced skeletal muscle atrophy via Akt- and Foxo-dependent inhibition of the ubiquitin 664 

ligase atrogin-1 expression. Am J Physiol Heart Circ Physiol 298:H1565-H570, 2010. 665 

   53, Yuan JP, Kiselyov K, Shin DM, Chen J, Shcheynikov N, Kang SH, Dehoff MH, Schwarz 666 

MK, Seeburg PH, Muallem S and Worley PF. Homer binds TRPC family channels and is 667 

required for gating of TRPC1 by IP3 receptors. Cell. 114: 777-789, 2003. 668 

 669 

 670 

 671 

 672 



28 
 

 

LEGENDS TO FIGURES 673 

 674 

Fig. 1. Presence of Homer isoforms in soleus and EDL (F) skeletal muscles (panel A) and 675 

rapid and conspicuous decrease of Homer 2a/b and of muscle mass in rat denervated soleus  676 

(model of denervation atrophy). 677 

Panel A: Western blots were carried out with antibodies specific for either Homer 1b/c or Homer 2 678 

a/b, on homogenates (200 µg/lane) of predominantly slow-twitch and fast-twitch muscles from both 679 

rat and mouse (2 experiments for each muscle). Relative content of Homer 2a/b in EDL and soleus 680 

from rat and mouse was determined by densitometry of immunoblots performed with specific 681 

antibodies for Homer 2 a/b.  682 

Panels B-D: Homogenates were obtained from soleus at specified, post-denervation days, as 683 

indicated on the abscissa. Data of Homer 1a and Homer 1a/b content (Panel B) and of Homer 2a/b 684 

content (Panel C) were obtained from densitometry of Western blots performed with specific 685 

antibodies for each Homer isoform. Inset in Panel C: Western blots of soleus homogenates (200 μg) 686 

were decorated with antibodies specific for Homer 2a/b; key to lanes: d. denervated, c. contra-687 

lateral control muscle obtained at 1 (1d), 7 (7d) and 14 (14d) post-denervation days. Panel D: Data 688 

of muscle mass (wet weight). In panels B-D, data are presented as ratios of denervated muscles over 689 

contralateral control muscles, and values are means ± SE; n = 4. **P< 0.01, significantly different 690 

from day 1 values. *P < 0.05, denervated vs. contralateral muscles. 691 

 692 

Fig. 2. Time course of Homer 1 and Homer 2a/b transcripts of rat denervated soleus by qRT-693 

PCR. 694 

qRT-PCR was carried out on muscles obtained at post-denervation days 3, 5, 7 and 14 and on 695 

contralateral control muscles. Data are normalized to those of the reference gene TBP1 (see 696 

Materials and Methods for details) and are given as means ± SE; n=4, *P<0.05. 697 

 698 
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Fig. 3. Rapid decrease of Homer 2a/b in rat soleus after 7-day of hind-limb suspension (model 699 

of disuse atrophy). 700 

Western blot of homogenates of soleus (200 μg) were decorated with antibodies for Homer 2a/b. 701 

Control soleus muscles were obtained from rats freely housed in cages. Densitometric data are 702 

presented as absolute OD values and are means ± SE; n = 4, **P<0.01. 703 

 704 

Fig. 4. Re-introduction of Homer 2 in control and denervated soleus by in vivo transfection 705 

with plasmidic cDNA coding for epitope-tagged Homer 2-V5. 706 

Panel A: Electroporation (EP) and in vivo transfection of  soleus muscles, with (den) or without  707 

sciatic nerve transection, were carried out with either pHomer 2-V5 (H2-V5) or pcDNA3 (vector). 708 

Key to lanes: a, electoporated with pHomer 2-V5; b, electroporated with pcDNA3; d, electroporated 709 

with pHomer 2-V5 and denervated; e, electroporated with pcDNA3 and denervated. Homogenates 710 

(200 μg) were analyzed by Western blots and decorated with antibodies specific for V5. Ponceau 711 

red staining of nitrocellulose membranes shows equal protein loading in each lane (loaded).  Panel 712 

B: Immunolocalization of exogenous Homer 2-V5 following electroporation of rat soleus with 713 

pHomer 2-V5. Asterisks denote not transfected fibers. Inset from Panel B: a, immunofluorescence, 714 

b, phase contrast, c, merge image. Arrows point to the Z-line. Panel C: Transverse sections of 715 

soleus transfected with pHomer 2-V5. Bar, 10 µm. 716 

 717 

Fig. 5. Effect of Homer 2 re-introduction on muscle mass (panels A, B) and fiber CSA (panels 718 

C-E) of denervated soleus following in vivo transfection. Panel A: The weight of each soleus 719 

muscle was normalized to that of the rat.  Bars on the left hand side represent  measurements from 720 

normal soleus muscles electroporated with either pcDNA3 (empty vector, v) or pHomer 2-V5 (H2); 721 

Bars on the right hand side represent CSA measurements from denervated soleus muscles 722 

electroporated with either pcDNA3 (v) or pHomer 2-V5 (H2). Data are given as means ± SE; n = 4. 723 

***P< 0.001, *P< 0.05. Panel B: The weight of each soleus was expressed as percentage of control. 724 
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Data are given as means ± SE; n = 4, *P< 0.05. Panels C-E: CSA was determined by morphometry, 725 

as described in Materials and Methods. CSA was measured in not transfected -also referred to as 726 

negative or not fluorescent- fibers (Panel C) and transfected -also referred to as positive, 727 

fluorescent- fibers (Panel D). Bars on the left hand side represent CSA measurements from normal 728 

soleus muscles electroporated with either pcDNA3 (v) or pHomer 2-V5 (H2); Bars on the right 729 

hand side represent CSA measurements from denervated soleus muscles electroporated with either 730 

pcDNA3 (v) or pHomer 2-V5 (H2). Data are given as means ± SE; n = 4, ***P< 0.001. In Panel E, 731 

CSA was measured in positive and negative fibers of the same soleus. Data are given as means ± 732 

SE; n = 4, *P< 0.05.  733 

 734 

Fig. 6. Effect of Homer 2 re-introduction on ubiquitinization pathways of denervated soleus 735 

following in vivo transfection. Panel A: ubiquitination in control (c/Ctr) and denervated (d/Den) 736 

soleus. Panel B: ubiquitination in mock-transfected (vector) and transfected (Homer 2) denervated 737 

soleus. Histograms on the right-hand side represent densitometric values in arbitrary OD units and 738 

are given as means ± SE; n = 4. **P< 0.01. Panel C: exogenous expression of Homer 2-V5 was 739 

comparable in denervated soleus (d) and contralateral non-denervated soleus (c). 740 

 741 

Fig. 7. Up-regulation of MuRF1 (panel A), ATR (panel B) and MyoG (panel C) following 742 

denervation of TA and soleus, and  down-regulation of MuRF1, ATR and MyoG of 743 

denervated SOL upon re-introduction of Homer 2 (panels D-F). qRT-PCR was carried out, as 744 

described in Materials and Methods, on muscle samples from either TA or soleus (panels A-C) and 745 

on muscle samples from either mock-transfected and denervated SOL (vector) or transfected and 746 

denervated soleus (Homer 2), obtained at specific time points, following denervation (d3, d5, d7, 747 

d14), as indicated on the abscissa. ctr values were obtained on muscles that were not denervated. ctr 748 

values are different since it is known that “electric pulse associated with plasmid electroporation … 749 

significantly increased atrogin-1 and MuRF-1 mRNA levels, whereas plasmid injection alone had 750 
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no effect on gene expression” (52). Data are normalized to those of the reference gene TBP (see 751 

Materials and Methods for details) and are given as means ± SE; n=4-8, *P<0.05.  752 

 753 

Fig. 8. Effect of Homer 2 re-introduction on slow-to-fast transition of denervated soleus. qPCR 754 

was carried out as previously described and data were normalized to those of the reference gene 755 

PPIA (see Materials and Methods for details). Panel A: 14 days after denervation (Den), MHC type 756 

2A and β-slow were decreased whereas MHC type 2X was increased, as compared to control (Ctr). 757 

Panel B: In mock-transfected, denervated soleus (Ep-Den v) and in transfected, denervated soleus 758 

(Ep-DenH2), no significant change was detected in either MHC type 2A, β-slow or 2X. Panel C: 759 

Promoter activity of slow MHC was monitored in a Luciferase assay, as described in Materials and 760 

Methods. Denervation decreased, as expected, slow MHC promoter activity, but Homer 2 761 

replacement did not change this activity, as outlined in the graph on the left-hand side. Panel D: 762 

Activity of the PGC1α gene was measured by qRT-PCR, as described in Materials and Methods. 763 

Denervation, as expected, decreased PGC1α activity (Den and Ep-Den v), but Homer 2 replacement  764 

(Ep-DenH2) was without any effect. qPCR data are given as means ± SE; n=4 for control and 765 

denervated muscles, n=9,13 for electroporated muscles. *P<0.05, **P<0.01, ***P<0.001. 766 

 767 
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