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ABSTRACT 
 
 

THE ROLE OF ECDYSTEROIDS ON MYOSTATIN AND MTOR SIGNALING GENE 

EXPRESSION IN MOLT-DEPENDENT GROWTH AND ATROPHY OF SKELETAL MUSCLE IN 

GECARCINUS LATERALIS AND CARCINUS MAENAS 

 
During premolt, increasing ecdysteroid levels are correlated with increased protein 

synthesis in the claw of decapod crustaceans. Increased protein synthesis is necessary to 

remodel the claw muscle in preparation for rapid hypertrophy immediately after ecdysis. 

Ecdysteroids are negatively correlated with G. lateralis-Myostatin (Gl-Mstn) mRNA levels, 

allowing upregulation of protein synthesis. Conversely, steroids upregulate Mstn expression in 

mammals. Glucocorticoids inhibit protein synthesis in mammals through downregulation of the 

mechanistic Target of Rapamycin (mTOR)-dependent protein synthesis pathway, and 

upregulation of Mstn. Here, we look at the relationship between ecdysteroids and the mRNA 

levels of Mstn and mTOR pathway components in different skeletal muscles of G. lateralis and 

C. maenas. The claw muscle and limb bud muscles respond to increasing premolt ecdysteroid 

levels with increased protein synthesis, while thoracic muscle does not change in protein 

synthesis.  

Our first hypothesis is that ecdysteroid levels will be negatively correlated with Mstn 

mRNA levels in the claw muscle and the limb bud muscles (muscles with increased protein 

synthesis), but not in thoracic muscle (no change in protein synthesis). Our second hypothesis 

is that Gl-Rheb mRNA levels of will be positively correlated with ecdysteroid levels, and 

negatively correlated with Mstn levels in the claw and limb bud muscles, but not in thoracic 

muscle. Our third hypothesis is that ecdysteroids directly regulate Gl-Mstn promoter expression 

through an ecdysone response element (EcRE) in the Gl-Mstn promoter. Through molt 

manipulations, or allowing natural molts, we showed that ecdysteroid levels were negatively 

correlated with Gl-Mstn mRNA levels, but not correlated with C. maenas-Mstn (Cm-Mstn) 
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mRNA levels, in claw muscle. In limb bud muscle, there was no correlation between ecdysteroid 

levels and Gl-Mstn levels. Gl-Mstn levels remained very low, whether limb buds were growing or 

growth had been suspended. There were no correlations between ecdysteroids and Mstn 

mRNA levels in the thoracic muscle of either species. These data indicate that ecdysteroid 

regulation of Mstn is not consistent between species, and that ecdysteroid regulation is muscle 

specific. Contrary to our second hypothesis, Mstn was positively correlated with mTOR signaling 

components in the claw muscle of both G. lateralis and C. maenas, not negatively correlated. 

There was no correlation between Gl-Mstn and mTOR component mRNA levels in the limb 

buds. This indicates that in specific situations with dramatically changing protein synthesis, Mstn 

as a chalone that has a modulating effect, to prevent excessive protein synthesis. Using DNA 

walking, a putative EcRE was located in the promoter region of the Gl-Mstn gene. A 

heterologous ecdysteroid cell system was developed in mammalian cells to determine Gl-Mstn 

promoter activity in response to precisely controlled ecdysteroid levels. The heterologous 

system showed that the Gl-Mstn promoter was functional in this system, but we were unable to 

demonstrate direct regulation of the Gl-Mstn promoter by ecdysteroids. Further work with the 

heterologous cell system may determine whether the putative EcRE in the Gl-Mstn is functional. 
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Chapter 1 

Introduction and literature review 

Introduction 

Muscle tissue adapts and changes in mass or structure according to internal and 

external environmental stimuli (Egerman and Glass, 2014; Rodriguez et al., 2014; Sartori et al., 

2014). In mammals, mechanistic Target of Rapamycin complex 1 (mTORC1) is the main 

transducer of environmental stimuli which enhances protein synthesis in skeletal muscle 

(Amirouche et al., 2009), while myostatin (Mstn) signaling through Smad transcription factors is 

an inhibitor of mTOR-dependent protein synthesis (Goodman et al., 2013; Hitachi et al., 2014; 

Hulmi et al., 2013; Sakuma et al., 2014; Sartori et al., 2014; Schiaffino et al., 2013; Welle et al., 

2009). 

mTOR properties and function 

mTORC1 subunits 

mTOR forms two complexes, mTORC1 and mTORC2, each with a specific set of 

subunits which are involved in distinct cell signaling pathways (Loewith et al., 2002). Here, I will 

focus on mTORC1, as it is the main transducer of signaling which activates protein synthesis, 

although mTORC2 is involved in amplification of growth factor signaling. mTORC1 consists of 

two subunits each of mTOR, Regulatory-associated protein of mTOR (Raptor) (Hara et al., 

2002; Kim et al., 2002), lethal with SEC13 protein 8 (LST8), DEP domain-containing protein 6 

(Deptor) (Peterson et al., 2009), and proline-rich Akt-substrate of 40-kDa (PRAS40) (Fig. 1.1) 

(Baretic and Williams, 2014; Kovacina et al., 2003; Wang et al., 2007). LST8 and Raptor are 

positive regulators of mTORC1, but LST8 appears to be dispensable for mTORC1 signaling 

(Duan et al., 2015; Guertin et al., 2006). Raptor is essential for mTORC1 formation (Kim et al., 

2002), inducing mTOR dimerization by binding to the N-terminal HEAT repeats of one mTOR 

molecule, and the C-terminal end of the other mTOR molecule, with a second Raptor molecule 

binding the reciprocal N- and C-terminal ends (Baretic and Williams, 2014). Raptor is further 
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essential for mTORC1 localization (Alayev and Holz, 2013; Dodd and Tee, 2012; Duan et al., 

2015; Jewell et al., 2013; Malik et al., 2013; Sengupta et al., 2010; Yoon et al., 2011) and for 

binding mTOR substrates for signaling (Alayev and Holz, 2013; Populo et al., 2012; Proud, 

2009), including negative feedback signaling (Baretic and Williams, 2014; Sengupta et al., 

2010). Raptor can also inhibit mTORC1 signaling when there is a deficiency of amino acids 

(Kim et al., 2002). The Deptor and PRAS40 subunits of mTORC1 are negative regulators of 

mTORC1 signaling (Kovacina et al., 2003; Peterson et al., 2009; Wang et al., 2007). Deptor, the 

most recently discovered subunit of mTORC1 (Peterson et al., 2009), has only been observed 

in vertebrates (Baretic and Williams, 2014). Deptor directly binds the FRB domain of mTOR to 

suppress mTORC1 signaling (Yoon et al., 2015). PRAS40 binds Raptor, inhibiting the substrate-

binding capabilities of Raptor (Duan et al., 2015; Sengupta et al., 2010; Wiza et al., 2012).  

mTOR domains 

mTOR is categorized as a phosphatidylinositol 3-kinase-related kinase (PIKK) due to the 

high conservation of its catalytic domain to the phosphatidylinositol kinases (PIKs) (Abraham, 

1996). Like other PIKKS, it is an atypical protein kinase that phosphorylates serines and 

threonines (Brunn et al., 1997a; Hara et al., 1998; Laplante and Sabatini, 2012). Like most other 

protein kinases, the kinase domain is a two-lobed structure (N-lobe and C-lobe) with the 

catalytic cleft located between the lobes (Baretic and Williams, 2014). However, the kinase 

domain is more complicated than a typical protein kinase, containing the FKBP12-Rapamycin 

binding (FRB) domain, the LST8 binding element (LBE) and the FATC domain, named for the 

three proteins know to contain this domain near the C-terminal end—FRAP (a prior name for 

mTOR), ATM (ataxia telangiectasia mutated) and TRRAP (transformation/transcription domain-

associated protein) (Fig. 1.2). The complex kinase domain allows increased control of kinase 

activity (Baretic and Williams, 2014).  

The FRB domain was named upon the discovery that rapamycin-FKBP12 binds mTOR 

at this site and inhibits mTORC1 signaling (Chen et al., 1995; Chiu et al., 1994). It is located on 
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the opposite side of the cleft from the LBE, which binds to LST8 (Baretic and Williams, 2014). 

The rigid FRB domain generally restricts access to the kinase domain while promoting access to 

specific mTORC1 substrates such as S6k (Baretic and Williams, 2014), and is now considered 

to be a part of the kinase domain (Baretic and Williams, 2014). Deptor binds the FRB domain of 

mTOR, thereby repressing mTORC1 activity (Peterson et al., 2009; Yoon et al., 2015).  

The smaller N-lobe of the kinase domain contains Lys 2187 and the five-residue P-loop 

with Ser 2165 (Homo sapiens) that interact with the beta phosphate of ATP (Baretic and 

Williams, 2014). The C-lobe contains the activation loop of 26 residues, the catalytic loop of 9 

residues, and the 32 amino acid C-terminal FATC domain (Bosotti et al., 2000; Keith and 

Schreiber, 1995). The FATC domain is an integral part of the kinase domain, and forms part of 

the substrate loading site involved in substrate recognition (Baretic and Williams, 2014). The 

activation and catalytic loops contact bound ATP on the P-loop (Baretic and Williams, 2014). 

The activation loop has an HIDFG motif highly conserved in all protein kinases and a 

(P/Y)E(K/R)(VI)PFRL motif conserved only with Class I PI3Ks (Baretic and Williams, 2014). The 

catalytic loop consists of the sequence GLGDRHPSN, which is highly conserved in all mTOR 

proteins (Baretic and Williams, 2014). All three of these conserved motifs are 100% conserved 

in the mTOR protein in Gecarcinus lateralis, the blackback land crab (Abuhagr et al., 2014b). In 

both the ATP-bound state and the ADP-bound state, the activation and catalytic loops of mTOR 

are directed toward the catalytic center, indicating that mTOR is an intrinsically active kinase 

(Baretic and Williams, 2014). By contrast, typical protein kinases regulate kinase activation by 

switching between the active and inactive states (activation and catalytic domains directed away 

from the catalytic center) (Baretic and Williams, 2014). If the mTORC1 kinase is intrinsically 

active, it would explain the need for multiple domains and subunits such as the FRB domain and 

the Raptor subunit to regulate substrate access to the kinase domain.  

The FAT domain (also named for FRAP, ATM, and TRRAP) (Bosotti et al., 2000; Keith 

and Schreiber, 1995; Laplante and Sabatini, 2012) consists of approximately 100 residues, and 
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subdues mTORC1 hyperactivity by interacting with the kinase domain through several hydrogen 

bonds (Baretic and Williams, 2014). 

mTOR is a very large protein of about 250 kDa, and the largest domain is the HEAT 

repeats, named for the first four proteins discovered to contain these domains—Huntingtin, 

elongation factor 3, protein phosphatase 2A and TOR) (Andrade and Bork, 1995). The HEAT 

repeats are found in proteins that form complexes and enable protein interactions (Andrade and 

Bork, 1995). 

mTORC1 activation of protein synthesis 

 mTORC1 is involved in protein and lipid synthesis, nutrient import, metabolism, growth, 

cell cycle progression and autophagy (Laplante and Sabatini, 2012). Here, I will limit my 

discussion to the involvement of mTORC1 in protein synthesis.  

When cellular conditions are energetically favorable, mTORC1 upregulates protein 

translation (Barbet et al., 1996), ribosomal RNA (rRNA) transcription and ribosomal protein 

transcription (Thomas and Hall, 1997) (Fig. 1.3). mTORC1 increases protein synthesis through 

upregulation of key eukaryotic translation initiation factors (eIFs) and eukaryotic elongation 

factors (eEFs). eIFs are necessary to form the initiation complex in order for translation to occur. 

A pre-initiation complex consists of the 40S ribosomal subunit, eIF1 (Valášek et al., 2004), 

eIF1A (Passmore et al., 2007), eIF5 (Valášek et al., 2004), eIF3, and GTP-bound eIF2A, bound 

to the loaded methionine transfer RNA (Met-tRNAMet) (Chaudhuri et al., 1999). eIF4, consisting 

of eIF4A (an RNA helicase), eIF4B, eIF4G and eIF4E bind the mRNA and are also necessary 

for translation initiation (Gingras et al., 1999). eIF4E binds eIF4G and then binds the 5’ 7-

methylguanylate mRNA cap (Rhoads, 1988). eIF4G binds the eIF poly(A)-binding protein 

(PABP) (Imataka et al., 1998), thereby circularizing the mRNA for more efficient translation 

(Kahvejian et al., 2005; Wells et al., 1998). eIF4A and eIF4B unwind the 5’UTR of the mRNA, 

and eIF3 of the preinitiation complex binds eIF4G (Gingras et al., 1999) and eIF4B (Méthot et 

al., 1996). The 5’UTR is scanned by the preinitiation complex until the anticodon of the Met-
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tRNAMet binds the start codon of the mRNA (Cigan et al., 1988). When this is accomplished, 

some initiation factors are released and the 60S ribosomal subunit joins the 40S ribosomal 

subunit with the mRNA and the Met-tRNAMet bound to the start codon in the peptidyl (P) site of 

the ribosome (Unbehaun et al., 2004). The remainder of the initiation factors are released 

(Unbehaun et al., 2004), and the complex is now ready for translation elongation.  

Translation elongation begins when the GTP-loaded eEF1α brings each amino acid-

loaded tRNA to the ribosome (Moon et al., 1972), where the appropriate tRNA binds the next 

codon on the mRNA in the aminoacyl-tRNA (A) site (Agrawal et al., 1996; Watson, 1964). With 

GTP hydrolysis, eEF1α is released (Moon et al., 1972; Weissbach et al., 1973), and the rRNA of 

the large subunit catalyzes the transfer of the amino acid bound to its tRNA in the P site to the 

incoming amino acid bound to its tRNA in the A site, thus forming a peptide bond. GTP-bound 

eEF2 then binds ribosomal proteins of the large subunit (Bargis-Surgey et al., 1999) and 

mediates the translocation of the ribosome along the mRNA (Spahn et al., 2004), with 

hydrolysis of the GTP bound to eEF2 allowing translocation of one codon—from the A and P 

sites to the P and exit (E) sites, respectively (Taylor et al., 2007). These elongation steps are 

repeated to add each additional amino acid to form the complete peptide chain (Taylor 1997). 

Two main downstream effectors of mTORC1-dependent protein synthesis are translation 

initiation factor 4E-binding protein 1 (4E-BP)(Brunn et al., 1997b) and p70 S6 kinase (S6K) 

(Brown et al., 1995; Thomas and Hall, 1997), both of which contain TOR signaling (TOS) motifs, 

which bind Raptor and are necessary for mTORC1-catalyzed phosphorylation (Nojima et al., 

2003; Schalm et al., 2003). Translation initiation is regulated by mTORC1 through 

phosphorylation of 4E-BP. When not phosphorylated, 4E-BP binds eIF4E on a site that prevents 

the binding of eIF4E to eIF4G, thereby preventing translation initiation (Gingras et al., 1999; 

Haghighat et al., 1995). A cascade of mTORC1-dependent phosphorylations of 4E-BP begins 

with amino acid stimulation of threonine 37 and threonine 46, respectively, while insulin can 

then stimulate mTORC1 phosphorylation of threonine 70 and serine 65, respectively (Fadden et 
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al., 1997; Miron et al., 2003; Proud, 2009; Wang et al., 2005). As increased sites are 

phosphorylated (Wang et al., 2005), 4E-BP dissociates from eIF4E thereby allowing eIF4G 

access to eIF4E with the resulting formation of the preinitiation complex and an increase in 

translation initiation (Gingras et al., 1999; Haghighat et al., 1995). 

Activated mTORC1 phosphorylates S6k on threonine 389 (Burnett et al., 1998; Dennis 

et al., 1996), causing dissociation of S6k from eIF3 and allowing mTOR binding to eIF3 (Holz et 

al., 2005). eIF3 acts as a scaffold, positioning S6k and mTORC1 near the translation initiation 

factors where further phosphorylations of translation-associated proteins takes place (Holz et 

al., 2005). Once S6k dissociates from eIF3, PDK1 fully activates S6k by phosphorylating it on 

threonine 229 of the activation loop (Alessi et al., 1998; Holz et al., 2005). Activated S6k 

phosphorylates programmed cell death protein 4 (PDCD4), eIF4B, and ribosomal protein S6 

(rpS6). Phosphorylation of PDCD4, an inhibitor of eIF4A, leads to PDCD4 ubiquitination and 

degradation (Dorrello et al., 2006).  S6k phosphorylates eIF4B on serine 422, which was 

thought to increase the ability of eIF4B to assist eIF4A in its helicase activity and to promote the 

association of eIF4B with eIF3 to form the pre-initiation complex (Raught et al., 2004). S6k 

phosphorylation of rpS6 on serines 235, 236, 240, 244 and 247 (Krieg et al., 1988) was 

correlated with increased protein synthesis (Duncan and McConkey, 1982; Thomas et al., 1982; 

Trevillyan et al., 1985), specifically increased translation of 5’ terminal oligopyrimidine tract (5’ 

TOP) mRNA (Jefferies et al., 1997). mTORC1 does increase 5’ TOP mRNA translation, 

including all ribosomal proteins (Amaldi and Pierandrei-Amaldi, 1997; Iadevaia et al., 2014; 

Powers and Walter, 1999). However, involvement of S6k (Pende et al., 2004) or rpS6 (Ruvinsky 

and Meyuhas, 2006) has been refuted. Recent studies indicate that in cells without S6k, global 

translation initiation is not altered, even though phosphorylation of rpS6 and eIF4B is decreased 

(Chauvin et al., 2014; Mieulet et al., 2007). Transcription of mRNA is necessary for ribosome 

assembly and processing of ribosomal components (mainly 5’TOR mRNA), and both processes 

require S6k and S6, thus affecting protein translation indirectly (Chauvin et al., 2014).  
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mTORC1 regulates ribosome biogenesis in an S6k-dependent manner through 

regulation of RNA polymerase I (Pol I), which transcribes 5.8S, 18S and 28S ribosomal RNA 

(Iadevaia et al., 2014).  Pol I activity requires the transcription factors upstream binding 

transcription factor (UBF), Pol I, transcription initiation factor 1A (TIF-1A) and TIF-1B 

(Beckmann et al., 1995).  mTORC1 signaling increases the expression and phosphorylation of 

UBF which binds the rDNA promoter (Hannan et al., 2003). UBF then binds TIF-1B (Hempel et 

al., 1996), which recruits the TIF-1A/Pol I complex to the rDNA promoter (Iadevaia et al., 2014; 

Sanij and Hannan, 2009). mTORC1 further upregulates this process by regulating the 

localization and phosphorylation of TIF-1A (Mayer et al., 2004). Upon mTORC1 signaling, TIF-

1A is translocated to the nucleus, phosphorylated on serine 44, and de-phosphorylated on 

serine 199 (Mayer et al., 2004). mTORC1 represses protein phosphatase 2A (PP2A), which 

then cannot dephosphorylate serine 44, allowing TIF-1A to interact with Pol I, thus initiating 

transcription of the ribosomal RNA (Mayer et al., 2004). 

mTORC1 signaling indirectly upregulates translation by increasing RNA polymerase III 

(Pol III) transcription (Mahajan, 1994) of 5S rRNA and transfer RNA (tRNA) (Kantidakis et al., 

2010; Moir and Willis, 2013; Shor et al., 2010; Tsang et al., 2010; Weinmann and Roeder, 1974) 

which appears to have both S6k-dependent and S6k-independent components (Shor et al., 

2010). Pol III transcription requires the transcription factor IIIC (TFIIIC) and TFIIIB (Kassavetis et 

al., 1990; Moir and Willis, 2013). mTORC1 associates with TFIIIC via Raptor through a TOS 

motif on TFIIIC (Kantidakis et al., 2010), which positions mTORC1 at the 5S rRNA and tRNA 

promoters (Kantidakis et al., 2010; Moir and Willis, 2013; Tsang et al., 2010), where mTORC1 

can phosphorylate Maf1. When unphosphorylated, Maf1 is a repressor of Pol III, but 

phosphorylation by mTORC1 on serines 60, 68 and 75 (Michels et al., 2010; Moir and Willis, 

2013) relieves Maf1 inhibition, allowing Pol III to transcribe the 5S rRNA and tRNA genes (Moir 

and Willis, 2013), thus increasing protein synthesis indirectly by increasing translational capacity 

(Kantidakis et al., 2010).  
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Phosphorylation of eEF2 on threonine 56 by eEF2 kinase inhibits the translation 

elongation function of eEF2 (Wang and Proud, 2006). Although phosphorylation of eEF2 kinase 

on serine 366 by S6k was originally thought to inactivate eEF2 kinase, thereby allowing eEF2 to 

proceed with translation elongation (Wang et al., 2001), a more recent study found that eEF2 

kinase is not affected by S6k signaling (Mieulet et al., 2007). However, eEF2 kinase is 

phosphorylated and inhibited in an mTORC1-dependent but S6k-independent manner on 

serines 78 and 359, thereby allowing increased eEF2 translation elongation activity (Proud, 

2009).  

In conclusion, mTORC1 upregulates translation initiation through 4E-BP, translation 

elongation in an S6k- and 4E-BP-independent manner, and translational capacity in both S6k-

dependent and S6k-independent ways. Although S6k phosphorylates various translation 

factors, it does not appear to directly regulate translation initiation or elongation. Instead, 

mTORC1 phosphorylation of S6k upregulates transcription of proteins necessary for ribosome 

biogenesis through phosphorylation of rpS6 (Chauvin et al., 2014). 

mTORC1 up-regulation of protein degradation 

 A recent paper shows that mTORC also increases protein degradation through 

upregulation of the expression of proteasome components (Zhang et al., 2014). This 

upregulation of protein degradation is dependent on signaling through nuclear factor erythroid-

derived 2-related factor 1 (NRF1) (Zhang et al., 2014). They suggest that this upregulation of 

protein degradation allows increased availability of amino acids for protein synthesis (Zhang et 

al., 2014). But mTORC1 upregulation of both protein degradation and protein synthesis may 

contribute to the type of muscle atrophy which requires protein synthesis for remodeling at the 

same time as protein degradation for atrophy, such as occurs in the G. lateralis claw closer 

muscle during premolt.  (See the “Effects of ecdysteroids on claw muscle and limb regeneration” 

subsection). 
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Regulation of the insulin/mTOR-dependent protein synthesis pathway 

mTORC1 regulation by amino acids 

Nutrients, especially amino acids, are the fundamental regulators of mTORC1 in all 

animals (Takahara and Maeda, 2013; Zoncu et al., 2011b). Amino acid availability, particularly 

leucine and glutamine, controls mTORC1 activity by localizing mTORC1 to the lysosomal 

membrane where it can interact with Rheb (Dodd and Tee, 2012; Duan et al., 2015; Efeyan and 

Sabatini, 2013; Huang and Fingar, 2014; Jewell et al., 2013; Kim et al., 2013; Laplante and 

Sabatini, 2012; Laplante and Sabatini, 2013; Malik et al., 2013; Sengupta et al., 2010; Takahara 

and Maeda, 2013), and by activating mTORC1 (Adegoke et al., 2012; Byfield et al., 2005; Dodd 

and Tee, 2012; Duan et al., 2015; Huang and Fingar, 2014; Malik et al., 2013; Takahara and 

Maeda, 2013; Yoon et al., 2011). Cellular energy deficiency, hypoxia and other environmental 

stressors can limit the mTORC1 response to amino acids (Aramburu et al., 2014; Laplante and 

Sabatini, 2012). In multicellular animals, growth factors and hormones regulate mTORC1, 

coordinating overall body homeostasis and growth (Takahara and Maeda, 2013). In addition, 

muscle activity regulates mTORC1 signaling in muscle cells (Adegoke et al., 2012; Drummond 

et al., 2009a; Schiaffino et al., 2013; Takahara and Maeda, 2013). Altogether, hundreds of 

proteins may contribute to mTOR regulation (Aramburu et al., 2014; Caron et al., 2010).  

Amino acids (Hara et al., 1998; Oldham et al., 2000; Zhang et al., 2000), especially 

leucine and glutamine, (Han et al., 2012; Jewell et al., 2015; Sancak et al., 2008) are crucial 

regulators of mTORC1 signaling. Most amino acids are pumped into the cell in an ion- and ATP-

dependent manner (Dodd and Tee, 2012). System A and system L amino acid transporters 

work together to increase intracellular leucine levels (Dodd and Tee, 2012). In muscle cells, 

which require an abundant supply of amino acids (especially leucine), SNAT2 is a Na+-linked 

System A transporter that uses ATP to pump glutamine and other small neutral amino acids into 

the cytoplasm from the extracellular space (Dodd and Tee, 2012; Evans et al., 2007). Then 
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Lat1, a system L transporter, pumps glutamine out in exchange for leucine (Baird et al., 2009; 

Dodd and Tee, 2012).  

The general amino acid control non-derepressible 2 (GCN2) pathway in yeast (ATF4 in 

mammals) is one of several pathways that sense amino acid levels, leading to control of 

mTORC1 activity (Chantranupong et al., 2015). Upon binding uncharged tRNAs, GCN2 

dimerizes and autophosphorylates, allowing it to phosphorylate eukaryotic initiation factor 2a 

(eIF2a) (Chantranupong et al., 2015; Diallinas et al., 1994; Narasimhan et al., 2004). 

Phosphorylation of eIF2a generally represses mRNA translation initiation, but GCN2 translation 

is increased, allowing it to upregulate transcription of genes required for amino acid biosynthesis 

(Chantranupong et al., 2015; Hinnebusch, 2005). The upregulation of GCN2 is complicated. 

GCN2 has 4 upstream open reading frames (uORFs) in addition to the main ORF (Hinnebusch, 

2005). When ribosomes start scanning the GCN2 mRNA, the AUG of the first uORF is 

encountered, GTP is hydrolyzed and eIF2 is released. The ribosome continues moving down 

the mRNA, another AUG is encountered, and in conditions of sufficient amino acids with 

abundant transcription complexes (TCs), another TC forms at uORFs 2-4, inhibiting the main 

ORF. Under conditions of amino acid insufficiency, there are fewer TCs due to lack of GCN2 

phosphorylation, and the ribosome travels further after the first uORF, half of the time reaching 

the main ORF before the TC is reloaded. This allows GCN2 translation expression which results 

in GCN2-controlled transcription of about 30 amino acid synthesis genes (Hinnebusch, 2005). 

The GCN2 pathway feeds into the mTORC1 protein synthesis pathway by providing amino acid 

information (Chantranupong et al., 2015). 

The main method of amino acid activation of mTORC1 is through the Ras-related small 

GTP-binding proteins (Rags), which are tethered at the lysosome by the pentameric Ragulator 

complex (Bar-Peled et al., 2012; Sancak et al., 2010) (fig. 1.4). Rags are heterodimers of RagA 

or RagB (RagA/B) with RagC or RagD (RagC/D), which activate the amino acid-mTORC1 

protein synthesis pathway when RagA/B is GTP-loaded and RagC/D is GDP-loaded (Han et al., 
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2012; Kim et al., 2008; Sancak et al., 2008). Leucyl-tRNA synthetase (LRS), when activated by 

leucine, acts as a GTPase-activating protein (GAP) for RagC/D, setting the stage for formation 

of the active RagA/B-GTP complex (Han et al., 2012). Ragulator tethers the Rag heterodimer to 

the lysosome, and amino acid concentrations within the lysosome control the activity of 

Ragulator as a guanine nucleotide exchange factor (GEF) for RagA/B (Zoncu et al., 2011a). 

When amino acid concentrations inside the lysosomal lumen are low, vATP-ase binds Ragulator 

tightly, preventing its GEF activity; but when amino acid concentrations are high, vATP-ase 

dissociates from Ragulator, allowing GEF activity (Zoncu et al., 2011a). Also, when amino acid 

levels are low, the GTPase-activating protein activity towards Rags protein, (GATOR), 

inactivates RagA/B (Bar-Peled et al., 2013). When RagA/B is GTP-loaded by Ragulator, then 

RagA/B-GTP interacts with Raptor, initiating the localization of mTORC1 to the lysosomal 

membrane (Sancak et al., 2008), where activated Rheb is localized (Groenewoud and 

Zwartkruis, 2013). Rheb then activates mTORC1 via two methods. First, Rheb physically 

interacts with mTORC1, displacing the mTORC1 inhibitor FKBP38 (Bai et al., 2007). Second, 

Rheb activates phospholipase D1 (PLD1),  

which produces unsaturated phosphatidic acid (PA) (Yoon et al., 2015) from the hydrolysis of 

phosphatidylcholine (Fang et al., 2001; Fang et al., 2003; Sun et al., 2008; Yoon et al., 2011; 

Yoon et al., 2015). PA binds the FRB domain of mTOR and activates mTORC1 by displacing 

Deptor (Fang et al., 2001; Sun et al., 2008). Interestingly, only unsaturated PA, the type 

produced by PLD1, is able to activate mTORC1, allowing the specificity of this pathway (Yoon et 

al., 2015).  

The presence of leucine and glutamine enhances RagA/B-GTP-loading by stimulating 

glutamate dehydrogenase (GDH) activity, a key enzyme in the conversion of glutamine to α-keto 

glutarate (α-KG). α-KG then enhances RagA/B-GTP loading and mTORC1 localization to the 

lysosomal membrane through an unknown mechanism (Duran et al., 2012). Glutamine can 

activate mTORC1 in an alternate pathway that still requires v-ATPase, but does not require the 
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Rag proteins (Jewell et al., 2015). This alternate pathway requires the GEF activity of ADP 

ribosylation factor 1 (Arf1) to localize mTORC1 to the lysosomal membrane and to activate 

mTORC1 signaling (Jewell et al., 2015). 

An additional pathway through which amino acids activate mTORC1 is by causing 

calcium ion influx into the cytoplasm, with subsequent binding to calmodulin. The Ca++-

calmodulin complex binds and activates vacuolar protein sorting 34 (Vps34). Activated Vps34, a 

class III phosphoinositide 3-kinase (PI3K), phosphorylates phosphatidylinositol to form 

phosphatidylinositol (3) phosphate (PI3K) (Gulati et al., 2008). PI3K recruits phospholipase D 

(PLD) to the lysosome, where PLD catalyzes production of PA, as described above (Yoon et al., 

2015) Phosphatidic acid then activates mTORC1 by displacing the inhibitor Deptor (Fang et al., 

2001; Yoon et al., 2011), as described above.  

Amino acids contribute to mTORC1 activation through several additional mechanisms. 

Mitogen-activating protein kinase kinase kinase kinase-3 (MAP4K3) activates mTORC1 when 

amino acids are sufficient (Duan et al., 2015; Yan et al., 2010) in a Rag-dependent manner (Kim 

and Guan, 2011). Activation requires MAP4K3 phosphorylation on Ser170, while a protein 

phosphatase 2A (PP2A) removes the phosphate when amino acids are insufficient (Yan et al., 

2010). Amino acid sufficiency also stimulates Ras-like protein A (RalA) GTP-loading, which 

appears to be necessary to activate mTORC1 (Duan et al., 2015; Maehama et al., 2008). And 

finally, leucine associates with unbranched chain amino acid receptors 1 and 2 (UBR1 and 2), 

which are ubiquitin E3 ligases, and may thereby prevent the breakdown of some components of 

the mTOR pathway (Duan et al., 2015; Kume et al., 2010). 

In muscle cells, neuronal nitric acid synthetase (nNOS) responds to mechanical overload 

by producing NO which reacts with superoxide to form peroxynitrite (Ito et al., 2013). 

Peroxynitrite then activates the transient receptor potential cation channel, subfamily V, member 

1 (Trpv1) calcium channel, allowing calcium ions to enter the cytoplasm from the endoplasmic 

reticulum (Ito et al., 2013). Calcium ions then activate mTORC1 through an unknown 
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mechanism (Ito et al., 2013). As amino acids and mechanical overload both increase 

cytoplasmic calcium ion concentration which trigger mTORC1 activity, it is interesting to 

speculate whether both pathways work through PA activation.  

mTORC1 activation by growth factors 

 Muscle protein synthesis is increased by insulin stimulation (Stetten, 1953) through the 

mTORC1 pathway (Cantley, 2002; Jefferies et al., 1997; Mendez et al., 1996; Saltiel, 1994). 

IGF-1 (Daughaday et al., 1959) was found to have insulin-like effects on cell metabolism 

(Rinderknecht and Humbel, 1978), including promotion of protein synthesis in muscle cells 

(Coleman et al., 1995), through activation of the mTORC1 signaling pathway (Rommel et al., 

2001). Although insulin and IGF-1 have differential effects on cells, they both regulate the 

mTORC1 pathway in a similar fashion to coordinate the rate of growth with nutrient availability 

(Mirth and Shingleton, 2012). Insulin and IGF-1 are the main growth factors that regulate 

mTORC1-dependent protein synthesis, but epidermal growth factor (EGF) also contributes to 

mTORC1 regulation (Foster et al., 2010) 

 Insulin is produced and stored by the beta cells in the pancreas, and secreted as 

needed. By contrast, high quantities of IGF-1 can be produced by numerous different tissues, 

which are then sequestered in the circulation by IGF-1 binding proteins (IGF-1BPs) until needed 

(Holly, 2004). Insulin and IGF-1 are both growth factors that bind their cognate receptor to 

initiate cell signaling. The insulin receptor (IR) and the IGF-1 receptor (IGF-1R) are both 

receptor tyrosine kinase dimers that autophosphorylate upon ligand binding (Ullrich et al., 1986; 

White et al., 1988). Both insulin and IGF-1 can bind with reduced affinity to the other’s receptor, 

and both can bind an insulin/IGF-1 heterodimer receptor (De Meyts et al., 2004). Downstream 

signaling from the receptor through mTORC1-dependent protein synthesis is similar for both 

insulin and IGF-1, although pathway regulation can be slightly different (Foti et al., 2004) 

 Once the IR/IGF-1R autophosphorylate, IRS-1 binds through a phosphotyrosine binding 

(PTB) domain and becomes phosphorylated by the receptor (Valdes et al., 2013; White et al., 
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1985; White et al., 1988) on several tyrosine residues (Gual et al., 2005) (Fig. 1.5). The p85 

regulatory subunit of phosphoinositide 3 kinase (PI3K) binds IRS-1 at phosphorylated tyrosines 

612 and 632 via an SH domain (all numbering is presented as Homo sapiens equivalent 

numbering), which activates the p110 catalytic subunit of PI3K (Cantley, 2002; Zick, 2004). 

Activated PI3K phosphorylates phosphatidylinositol 4,5-bisphosphate (PIP2) on the 3-carbon of 

inositol, producing PIP3 (Cantley, 2002; Zick, 2004). Phosphoinositide-dependent kinase 1 

(PDK1) and Akt bind PIP3 through PH domains, bringing them into close proximity where PDK1 

can phosphorylate Akt (Cantley, 2002; Haissaguerre et al., 2014; Zick, 2004) in the activation 

loop on threonine 308 (Alessi et al., 1996; Chan et al., 1999). Additional phosphorylation on 

Serine 473 by mTORC2 (PI3K-dependent) increases Akt activity by about 10-fold (Huang and 

Fingar, 2014). Akt then phosphorylates tuberous sclerosis factor 2 (TSC2) on several sites, 

including serine 939 and threonine 1462 (Huang and Fingar, 2014), which allows 14-3-3 binding 

(Cai et al., 2006; Sengupta et al., 2010). The binding of 14-3-3 proteins sequesters TSC2 away 

from the lysosomal membrane into the cytoplasm (Heard et al., 2014; Menon et al., 2014), thus 

preventing the GTPase activating protein (GAP) activity of the TSC1/2 complex towards Ras 

homolog enriched in brain (Rheb) (Potter et al., 2002). This allows the active form of GTP-Rheb 

to accumulate, which can then activate mTORC1 through the mechanisms described above, as 

long as sufficient amino acids are available for mTORC1 signaling (Sun et al., 2008). Akt can 

also phosphorylate PRAS40, an mTORC1 inhibitor, on threonine 246 (Kovacina et al., 2003; 

Vander Haar et al., 2007), allowing 14-3-3 protein binding to sequester PRAS40 away from 

mTORC1 (Sengupta et al., 2010). Activated mTORC1 enhances its own activity by 

phosphorylating and inactivating Raptor on Serine 863 (Foster et al., 2010; Wang et al., 2009), 

and phosphorylating Deptor on serines 293 and 299, resulting in Deptor degradation (Duan et 

al., 2011) 

 Both EGF and IGF-1/insulin signaling contributes to mTORC1 activation through a 

MAPK signaling pathway (Amali et al., 2004; Festuccia et al., 2009; Foster et al., 2010; Grey et 



15 

 

al., 2003; Hatakeyama et al., 2008). EGF binding to its tyrosine receptor results in dimerization 

(Greenfield et al., 1989) and autophosphorylation (Carpenter et al., 1979; Cohen et al., 1982; 

Downward et al., 1984). As the IR/IGF-1 receptor is already dimerized, ligand binding results in 

autophosphorylation. In both cases, the activated receptor binds Grb2 through an SH domain 

(Gale et al., 1993) and Grb2 binds son of sevenless (SOS) through an SH3 domain (Buday and 

Downward, 1993). SOS then acts as a GEF for Ras (Buday and Downward, 1993), allowing 

Ras to activate a kinase cascade with ultimate phosphorylation of p90 ribosomal S6 kinase 1 

(RSK1) (Roux et al., 2004). Activated RSK1 phosphorylates TSC2 on Serine 1798, resulting in 

dissociation of the TSC2 subunits (Ma et al., 2005), and thereby activating Rheb, as previously 

described. MAPK also phosphorylates Raptor on several sites, with Serine 863 (Homo sapiens) 

being the most important for mTORC1 activation (Carriere et al., 2011).  

Regulation of the insulin/mTORC1 pathway 

 Within the growth factor-stimulated mTORC1 protein synthesis pathway, there are 

several junctures where regulation occurs. Following ligand stimulation, the IR and IGF1R are 

internalized within clathrin-coated pits in endocytic vesicles (Fan et al., 1983; Foti et al., 2004). 

Insulin is rapidly degraded within the vesicle, effectively terminating its signal and the IR is 

recycled back to the cell surface (Carpentier, 1993; Carpentier, 1994; Foti et al., 2004). The 

entire IGF-1/IGF-1R complex may be degraded, or only the ligand degraded with the receptor 

recycled, to regulate cell signaling as necessary (Carpentier, 1993; Foti et al., 2004).  

 IRS-1, specific to the insulin/IGF-1 signaling pathway (Youngren, 2007) and directly 

activated by the receptor, is a prime target for mTOR-dependent protein synthesis regulation. 

IRS-1 contains 21 potential tyrosine phosphorylation sites and more than 50 serine 

phosphorylation sites that are phosphorylated by many different kinases to fine-tune insulin 

signaling (Sun et al., 1993; Sun and Liu, 2009). Tyrosine phosphorylation of the IR/IGF-1R is 

maximal 1 minute after insulin stimulation, gradually declining over the next 60 minutes with a 

concomitant rise in serine/threonine phosphorylation (Paz et al., 1999). The numerous 
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phosphorylation sites allows an intricate control of the insulin signaling pathways by various 

kinases.  

Inhibitory phosphorylations of IRS-1 include S6k-dependent phosphorylation of IRS-1 

serine 1101 (Smadja-Lamere et al., 2013; Tremblay et al., 2007) serine 312, serine 636 and 

serine 639 (Malik et al., 2013; Um et al., 2004), MAPK-dependent phosphorylation of IRS-1 

serine 636 and serine 616 (Bouzakri et al., 2003; Gual et al., 2003), mTOR-dependent 

phosphorylation of IRS-1 serine 312 (Aguirre et al., 2000; Carlson et al., 2004; Gual et al., 2003) 

and serines 636 and 639 via Raptor (Tzatsos and Kandror, 2006), mTOR- and nutrient-

dependent phosphorylation of IRS-1 serine 307 (Giraud et al., 2004), and PKC zeta-dependent 

phosphorylation of IRS-1 serine 318 (Beck et al., 2003; Liu et al., 2001; Ravichandran et al., 

2001). Inhibition occurs by preventing IRS-1 from binding the IR or PI3K (Paz et al., 1997; 

Sengupta et al., 2010), translocating IRS-1 to the cytoplasm (Carlson et al., 2004), stabilizing an 

inhibitor (Yu et al., 2011), or proteasome degradation of IRS-1 via several different E3 ligases 

(Greene et al., 2003; Lee et al., 2000; Shi et al., 2011; Takano et al., 2001; Xu et al., 2008; 

Zhande et al., 2002). Proteasomal degradation results in rapid inhibition of insulin signaling, 

unless the IRS-1 proteins are being synthesized (Egerman and Glass, 2014). 

Positive regulation may occur with Akt-dependent phosphorylation of IRS-1 serines 270, 

307, 330 and 362, which protects IRS-1 from tyrosine phosphatases (Paz et al., 1999). In 

addition, IRS-1 serine 323 phosphorylation is necessary for Akt activation (Weigert et al., 2005). 

Note, IRS-1 serine 307 phosphorylation can positively or negatively regulate insulin signaling, 

dependent on other signaling parameters.  

Phosphatases are also involved in regulating insulin/IGF-1 signaling. Phosphatase and 

tensin homologue (PTEN) is a phosphatase for PIP3, thereby negatively regulating Akt 

activation (Maehama and Dixon, 1999; Ozes et al., 2001). Without insulin signaling, mTORC1-

dependent protein translation is controlled by a balance between the activities of Rheb and 

PTEN (Lequieu et al., 2011). Insulin signaling production of PIP3 shifts the balance, increasing 
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Rheb stimulation of protein synthesis (Lequieu et al., 2011). Other known phosphatases 

involved in regulating insulin signaling include protein phosphatase 2A (PP2A) and protein 

phosphatase-1 (PP-1). PP2A can increase insulin signaling by an mTOR-dependent 

dephosphorylation and protection of IRS-1 (Hartley and Cooper, 2002), and by 

dephosphorylating Akt which reduces negative feedback of insulin signaling (Ni et al., 2007). 

Conversely, PP2A can inhibit mTOR-dependent protein synthesis by dephosphorylating Akt (Li 

et al., 2013b; Tsuchiya et al., 2014), S6k (Hahn et al., 2010), and 4EBP (Nho and Peterson, 

2011), depending on the signaling context (Gao et al., 2015). 

MicroRNA (miR) contribute substantially to the regulation of insulin/IGF-1-mTORC1 

signaling. MiRs are short (~22 nucleotides) noncoding RNA that complementary base pair to the 

3’ untranslated region (UTR) of their target mRNA, causing transcription suppression or 

cleavage and degradation of the target mRNA (Lau et al., 2001). MiR that target and 

downregulate mTOR directly include the miR-99a/99b/100 cluster (Grundmann et al., 2011; Jin 

et al., 2013; Li et al., 2013a; Nagaraja et al., 2010; Sun et al., 2013; Wang et al., 2014a), miR-

144 (Iwaya et al., 2012), miR-199a-3p (Fornari et al., 2010), miR-520c (Liu and Wilson, 2012), 

miR-373 (Liu and Wilson, 2012),and miR-193a-5p (Yu et al., 2015). The miR-99a/99b/100 

cluster also targets Akt (Jin et al., 2013) and IGF-1R (Jin et al., 2013; Li et al., 2013a). Other 

miR that target the IGF1R, includes miR-148a/152 (Xu et al., 2013), miR-223 (Jia et al., 2011) 

and miR-122 (Wang et al., 2012). miR-148/152 also targets IRS-1 (Xu et al., 2013). PI3k is 

targeted by miR-125b (Li et al., 2014) and miR-7 (Fang et al., 2012) and the EGFR is targeted 

by miR-27a (Wu et al., 2013) and miR-7 (Kalinowski et al., 2012). mTOR itself, through an 

unknown mechanism, can downregulate miR-125b. Each of these miR that target insulin/IGF-

1/EGF-mTORC1 signaling components was found to be down-regulated in at least one type of 

cancer, thus allowing excessive mTORC1 activity (Fornari et al., 2010; Iwaya et al., 2012; Jia et 

al., 2011; Kalinowski et al., 2012; Li et al., 2014; Liu et al., 2012; Sun et al., 2013; Wang et al., 

2012; Xu et al., 2013; Yu et al., 2015; Zhu et al., 2008).  
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The negative regulator of the insulin/mTORC1 pathway, PTEN, is also targeted by miRs, 

including miR-221 (Xue et al., 2013), miR-19 (Liang et al., 2011; Olive et al., 2009), miR-205 

(Cai et al., 2013), miR-17-92 (Danielson et al., 2013; Wu et al., 2012), miR-29 (Tumaneng et al., 

2012), miR-519d (Fornari et al., 2012), miR-21 (Dey et al., 2012; Meng et al., 2006; Small et al., 

2010; Zhou et al., 2013), miR-718 (Xue et al., 2014), and miR-93 (Fu et al., 2012). Each of 

these miR are up-regulated in various cancerous cells, effectively removing PTEN from its 

function as an insulin/IGF-1-mTORC1 negative regulator (Cai et al., 2013; Fornari et al., 2012; 

Fu et al., 2012; Hayashita et al., 2005; Meng et al., 2006; Mott et al., 2007; Oh et al., 2011; 

Olive et al., 2009; Tumaneng et al., 2012; Xue et al., 2014; Xue et al., 2013).  

mTORC1 regulation by low cellular energy levels 

Energy levels regulate the growth factor-stimulated mTORC1 protein synthesis 

pathways through 5’ adenosine monophosphate-activated protein kinase (AMPK) (Bolster et al., 

2002; Steinberg and Kemp, 2009). The optimal ATP/AMP ratio in cells is 100:1 (Hardie et al., 

1998). Cellular stresses, such as pathogens (Shaw et al., 2004), reactive oxygen species 

(Emerling et al., 2009; Shaw et al., 2004), hypoxia (Corton et al., 1994; Horman et al., 2002; 

Shaw et al., 2004), and glucose deprivation (Shaw et al., 2004), result in decreased ATP 

production (Horman et al., 2002; Lau et al., 2004; O'Malley et al., 2003; Sofer et al., 2005) and 

thus increased AMP levels (Corton et al., 1994). In muscle cells, ischemia (Fogarty and Hardie, 

2010) and endurance exercise (Atherton et al., 2005; Dreyer et al., 2006; Rivas et al., 2009) 

also reduce the ATP/AMP ratio (Fogarty and Hardie, 2010). Reduced ATP/AMP ratios activate 

AMPK which then inhibits anabolic pathways (Oakhill et al., 2010), including m-TOR-dependent 

protein synthesis, to conserve cellular energy (Aguilar et al., 2007; Bolster et al., 2002; Cheng et 

al., 2004; Corton et al., 1994; Dreyer et al., 2006; Gwinn et al., 2008; Kimura et al., 2003; 

Steinberg and Kemp, 2009). In muscle cells, endurance training exercise initiates AMPK 

signaling and depresses mTORC1 signaling (Atherton et al., 2005), while intense resistance 
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exercise depresses AMPK activity and initiates mTORC1 signaling, resulting in muscle 

hypertrophy (Goodman et al., 2011). 

AMPK consists of three subunits, the catalytic alpha subunit (Carling et al., 1989) and 

the regulatory beta and gamma subunits (Cheung et al., 2000; Davies et al., 1994). The 

presence of glycogen (an energy source) allosterically inhibits AMPK by binding to the 

regulatory beta subunit (McBride et al., 2009), whereas the ATP/AMP ratio regulates AMPK 

through the regulatory gamma subunit. When ATP levels are high, AMPK is distributed in the 

cytosol (Oakhill et al., 2010), the gamma subunit is bound to two molecules of ATP, and AMPK 

is only active at a basal level (Scott et al., 2004). When cellular stresses decrease the ATP/AMP 

ratio, myristoylated AMPK binds cellular membranes where the AMPK substrates are located, 

AMP displaces ATP from the gamma subunit of AMPK (Cheung et al., 2000; Scott et al., 2004), 

and AMPK is activated by three methods (Hardie, 2004). First, AMP binding to AMPK results in 

increased phosphorylation of the alpha subunit of AMPK on threonine 172 by liver kinase B1 

(LKB1) associated with the Ste20-related adaptor protein (STRAD) and the scaffolding protein 

mouse protein 25 (MO25) (Boudeau et al., 2003; Hawley et al., 2003). LKB1 activates AMPK at 

least 50-fold (Hardie, 2004; Hawley et al., 1996; Hawley et al., 1995; Oakhill et al., 2010; Shaw 

et al., 2004). After threonine 172 phosphorylation (Oakhill et al., 2010), AMP allosterically 

increases AMPK activation (Ferrer et al., 1985; Oakhill et al., 2010) up to 5-fold more (Carling et 

al., 1989; Hawley et al., 1995). Finally, AMP binding to AMPK prevents protein phosphatases 

from dephosphorylating threonine 172 (Davies et al., 1995; Hardie, 2004).  

In response to energy depletion, AMPK switches off energy consuming processes such 

as protein synthesis to conserve ATP (Choo et al., 2010; Steinberg and Kemp, 2009). AMPK 

regulates mTORC1-dependent protein synthesis through phosphorylation of several different 

proteins that affect this pathway. AMPK phosphorylates protein phosphatase 2A (PP2A), which 

then dephosphorylates serine 473 of Akt, thereby inactivating mTORC1 signaling (Kim et al., 

2009b). AMPK phosphorylates TSC2 threonine 1227 and serine 1345, which activate TSC2, an 
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inhibitor of mTORC1 signaling (Inoki et al., 2003). AMPK directly inactivates mTORC1 signaling 

by phosphorylating mTOR threonine 2446 (Cheng et al., 2004). AMPK also phosphorylates the 

positive regulator of mTORC1, Raptor, on serines 722 and 792, which inactivate Raptor via 14-

3-3 binding (Gwinn et al., 2008). Phosphorylation of each of these substrates decreases 

mTORC1-dependent protein synthesis through decreased phosphorylation of 4E-BP at 

threonines 37 and 46 (Dreyer et al., 2006; Shaw et al., 2004) and S6k threonine 412 (Kimura et 

al., 2003; Shaw et al., 2004).Decreased 4E-BP phosphorylation results in decreased translation 

initiation, while decreased S6k phosphorylation results in decreased translational capacity. In 

addition, AMPK phosphorylates eEF2 kinase, which phosphorylates and inhibits eEF2 (Horman 

et al., 2002), resulting in decreased translation elongation.  

Non-glucocorticoid regulation of mTORC1 in response to stress 

Stressors such as hypoxia, oxidants, inflammation, and an excess of fatty acids 

decrease mTORC1 signaling by contributing to endoplasmic reticulum (ER) stress and the 

unfolded protein response (UPR) (Khan and Wang, 2014). The UPR is a consequence of 

insufficient functioning of the ER, and can result in activation of JNK (Khan and Wang, 2014; 

Urano et al., 2000), which negatively regulates mTORC1 signaling through phosphorylation of 

IRS-1 at serine 307 (Hirosumi et al., 2002; Khan and Wang, 2014). ER stress also results in 

activation of NFκB, which can negatively regulate mTORC1 signaling through down-regulation 

of mTOR transcription (Park et al., 2009). 

Mstn properties, signaling, and regulation 

Mstn  

 In adult muscle cells, Mstn regulates fiber size (Zimmers et al., 2002) by limiting protein 

synthesis (Amthor et al., 2009; Lee et al., 2012; Sartori et al., 2014; Sartori et al., 2009) and 

increasing protein degradation (Sartori 2014, Han 2013). Mstn is a member of the TGFβ 

superfamily, containing all of the identifying characteristics of this family, including a signal 

sequence, an RXXR proteolytic processing site, and a conserved pattern of cysteine residues 
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(McPherron et al., 1997). Mstn is translated into the Mstn prepropeptide, which has an N-

terminal signal sequence that targets Mstn for secretion (Lee, 2004). In addition, the Mstn 

prepropeptide contains an RXXR sequence, which is cleaved by furin, creating an N-terminal 

Mstn propeptide and a C-terminal fragment that dimerizes (McPherron et al., 1997) to form the 

mature peptide (Lee, 2004). Mstn is found in all metazoans (Herpin et al., 2004), and the mature 

peptide is highly conserved, with 100% amino acid identity between human, rat, mouse, pig, 

turkey and chicken protein sequences (McPherron et al., 1997). The Mstn propeptide is 

essential for proper folding, dimerization and secretion of the mature peptide (McFarlane et al., 

2005). In addition, the Mstn propeptide non-covalently associates with the mature peptide, 

creating a latent complex (Lee and McPherron, 2001).  

Mstn promoter 

 The Mstn promoter was first analyzed in humans (Ma 2001). To date, several Mstn gene 

promoters have been analyzed and compared, including at least nine mammals (Allen and Du, 

2008; Deng et al., 2012; Du et al., 2011; Du et al., 2005; Grade et al., 2009; Li et al., 2012b; Ma 

et al., 2001; Singh et al., 2014; Spiller et al., 2002), one marsupial (Grade et al., 2009), one 

reptile (Grade et al., 2009), five birds (Grade et al., 2009; Gu et al., 2004), one amphibian 

(Grade et al., 2009), nine fish (Funkenstein et al., 2009; Galt et al., 2014; Grade et al., 2009; 

Kerr et al., 2005; Li et al., 2012a; Nadjar-Boger et al., 2012; Nadjar-Boger et al., 2013), two 

mollusks (Guo et al., 2012; Hu et al., 2010) and one crustacean (Kim et al., 2009a). All of these 

Mstn promoters contained at least one TATA box and one CAAT box in their core promoter 

sequence, except no TATA box was found in the bay scallop, Argopecten irradians (Guo et al., 

2012). All Mstn promoters contained one to sixteen E boxes, which are binding sites for muscle-

specific transcription factors (Du et al., 2011; Du et al., 2005; Funkenstein et al., 2009; Gu et al., 

2004; Guo et al., 2012; Hu et al., 2010; Kerr et al., 2005; Kim et al., 2009a; Li et al., 2012a; Li et 

al., 2012b; Ma et al., 2001; Nadjar-Boger et al., 2012; Nadjar-Boger et al., 2013; Singh et al., 

2014; Spiller et al., 2002). Glucocorticoid response elements (GREs)nwere identified in the Mstn 
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promoters of humans (Ma et al., 2001), sheep (Du et al., 2005), goats (Singh et al., 2014), and 

three fish species (Kerr et al., 2005; Nadjar-Boger et al., 2012; Nadjar-Boger et al., 2013), but 

pig (Deng et al., 2012) and rainbow trout (Galt et al., 2014) Mstn promoters did not contain 

GREs. Androgen response elements were identified in the Mstn promoters of humans (Ma et 

al., 2001) and three fish species (Kerr et al., 2005; Nadjar-Boger et al., 2012; Nadjar-Boger et 

al., 2013). In addition, cAMP response element (CRE), which is bound by cAMP response 

element binding (CREB) protein, was identified in several Mstn promoters (Deng et al., 2012; 

Grade et al., 2009; Ma et al., 2001; Nadjar-Boger et al., 2012; Nadjar-Boger et al., 2013).  

History of Chalones/Mstn as a Chalone 

 In 1916, Schafer coined the term chalone (from the Greek word “to slacken”) to describe 

“an endocrine product which inhibits or diminishes activity (Shafer, 1916). Simms published 

experiments that a substance produced by the liver inhibits cell division in the liver (Simms and 

Stillman, 1937), but did not call it a chalone (Elgjo and Reichelt, 2004; Saetren, 1956). Bullough 

appears to be the first researcher to use the term chalone, since Shafer in 1916 (Bullough et al., 

1964; Bullough and Laurence, 1964). Bullough defined a chalone as a tissue-specific inhibitor of 

cell division that acts on the tissue from which it originates in a negative feedback system 

(Bullough, 1965). In the late 1960s and early 1970s, several chalones were described (Bichel, 

1973; Brugal and Pelmont, 1975; Chopra and Simnett, 1969; Clermont and Mauger, 1974; 

Dewey, 1973; Florenti et al., 1973; Froese, 1971; Hinderer et al., 1970; Houck et al., 1971; 

Kivilaak.E and Rytomaa, 1971; Moorhead et al., 1969; Philpott, 1971; Rytomaa and Kiviniem.K, 

1968; Simnett et al., 1969; Verly, 1973; Voaden, 1968), but conflicting results and an inability to 

purify a single chalone substance (Barfod and Bichel, 1976; Boldingh and Laurence, 1968; 

Brandt and Grosse, 1992; Lehmann et al., 1989; Rytomaa and Kiviniem.K, 1968), resulted in 

skepticism of the existence of chalones (Elgjo 2004). However, in 1982, a pentapeptide chalone 

was finally purified that inhibits myeloid cells (Paukovits and Laerum, 1982). Several other 

tissue-specific chalones, consisting of three to ten peptides each, were purified soon after (Elgjo 
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and Reichelt, 1984; Gembitsky et al., 1998; Gianfranceschi et al., 1994; Lenfant et al., 1989; 

Lindenskov et al., 2002; Liu et al., 2000; Paulsen et al., 1987; Skraastad et al., 1987). However, 

“chalone” was not applied to these peptides, probably due to the skepticism associated with the 

word (Elgjo and Reichelt, 2004). At least some, and maybe all, of these peptide chalones bind 

G-protein coupled receptors to initiate signaling (Elgjo and Reichelt, 1994; Elgjo and Reichelt, 

2004; Laerum et al., 1990; Liu et al., 2003). 

 Mstn was discovered in 1997 (McPherron et al., 1997), and found to inhibit muscle 

growth (McPherron et al., 1997; McPherron and Lee, 1997). McKnight proposed that Mstn is a 

muscle chalone (McKnight, 1997), and several authors have used this term for Mstn, indicating 

that Mstn limits muscle growth (Braulke et al., 2010; Ciarmela et al., 2010; Druet et al., 2014; 

Finsterer, 2014; Georges, 2010; Gokoffski et al., 2011; Han et al., 2010; Lander, 2011; Long et 

al., 2009; Mak and Cheung, 2009; Szent-Gyérgyi, 2010; Wang et al., 2014b; Zhang, 2008). 

However, in Shafer’s definition, a chalone can “diminish activity” or modulate excessive growth 

of a tissue, in addition to inhibiting growth (Shafer, 1916). Several authors have described Mstn 

as a chalone that modulates the effects of growth-promoting factors such as androgens (Dubois 

et al., 2012; Dubois et al., 2014) and IGF-1 (Chien et al., 2013; Garikipati and Rodgers, 2012; 

Kawada and Ishii, 2009; Marcotte et al., 2014; Matsakas et al., 2006; Paoli et al., 2015; Price et 

al., 2011; Yang et al., 2007; Zhou et al., 2015). Androgens directly upregulate Mstn transcription 

via the androgen receptor (Dubois et al., 2014). In cultured skeletal myoblasts, IGF-1 

upregulates Mstn transcription through cAMP response element binding (CREB) to the CREB 

response element (CRE) in the Mstn promoter (Valdes et al., 2013; Zuloaga et al., 2013). These 

data indicate that Mstn is both an inhibitor of growth and a moderator of excessive growth. As 

an inhibitor of growth, we would expect increased levels of Mstn to prevent growth. As a 

moderator of excessive growth, we would expect increased levels of Mstn in growth-promoting 

situations to moderate the effects of the growth-promoting factor.  
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Mstn signaling 

Some cell studies have reported that cleavage of the Mstn prepropeptide by furin occurs 

in the Golgi apparatus and that the latent complex is secreted (Harrison et al., 2011; Lee, 2004; 

McFarlane et al., 2005; Sharma et al., 2015), but Anderson reported that in muscle tissue, the 

Mstn prepropeptide is secreted, with cleavage by furin in the extracellular matrix (EM) at the 

time of signal activation (Anderson et al., 2008) (Fig. 1.6). Whether secreted in the form of the 

prepropeptide (with signaling sequence removed) or secreted as the latent complex, Mstn is 

covalently bound to the EM via latent TGFβ-binding proteins (LTBPs). Thus, the majority of 

Mstn is retained in the muscle tissue where it is secreted, allowing localized activation of Mstn 

(Anderson et al., 2008; Harrison et al., 2011). After furin cleavage, the latent Mstn complex is 

activated by Bone Morphogenetic protein-1/Tolloid (BMP/TLD) metalloproteases that cleave the 

propeptide and release the mature peptide dimer (Wolfman et al., 2003). Some Mstn circulates 

in the blood, where more than 70% is bound to the propeptide in a latent complex (Hill et al., 

2002).  

Activated Mstn binds the Activin receptor type IIB (ACTRIIB), which then forms a dimer 

with Activin receptor type I (ACTRI) (Lee and McPherron, 2001; MacDonald et al., 2014; 

Morrison et al., 2009; Tsuchida et al., 2006) (Fig. 1.7). This allows the constitutively active 

ACTRIIB to phosphorylate serines in the glycine serine (GS) domain of ACTRI (Herpin et al., 

2004). Phosphorylated ACTRI can no longer be inhibited by FK506-binding protein 12 

(FKBP12) (Herpin et al., 2004), and phosphorylates Smad 2 or Smad 3 on the second and third 

serines (Abdollah et al., 1997) of the C-terminal SSXS motif (Ikushima and Miyazono, 2011; 

Mehra and Wrana, 2002). Smad is a meshing of the names of two proteins—SMA 

(Caenorhabditis elegans Small body size) and MAD (Drosophila Mothers Against 

Decapentaplegic). Smads contain N-terminal MAD-homology 1 (MH1) and C-terminal MAD-

homology 2 (MH2) globular domains, separated by a linker domain (Massague et al., 2005). 

The MH2 domain functions in protein-protein interactions, and the MH1 domain functions in 
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nuclear localization, DNA binding and interactions with other transcription factors (Macias et al., 

2015; Mehra and Wrana, 2002). Receptor-regulated Smads (R-Smads), which include Smad2 

and Smad 3, are localized to the membrane for ACTRI phosphorylation by the proteins Smad 

anchor for receptor activation (SARA) (Macias et al., 2015; Tsukazaki et al., 1998) and hepatic 

growth factor-regulated tyrosine kinase substrate (Hgs) (Macias et al., 2015; Miura et al., 2000). 

Both SARA and Hgs bind the MH2 domain of Smad2/3 and contain FYVE zinc-finger domains, 

which bind PI3P in the membrane (Macias et al., 2015; Miura et al., 2000), thus localizing Smad 

to the vicinity of the ACTRI (Macias et al., 2015; Mehra and Wrana, 2002). Once 

phosphorylated by the ACTRI, Smad forms a hetero-trimer of two Smad2 or two Smad3 with a 

Smad4 (Macias et al., 2015; Massague, 2012). Smad4 is a common mediator Smad (Co-Smad) 

that lacks the SSXS motif, but contains the MH1 and MH2 domains (Macias et al., 2015; 

Massague, 2012). R-Smads and Co-Smads continuously shuttle between the cytoplasm and 

the nucleus, whether stimulated by Mstn or not (Hill, 2009). However, with Mstn signaling, the 

Smad complexes remain in the nucleus longer, through increased nuclear tethering and 

decreased nuclear export (Hill, 2009). In the nucleus, the Smad heterotrimer complex is 

phosphorylated in the linker region by cyclin-dependent kinases 8 and 9 (CDK 8/9), which 

increase Smad transcriptional activity by increasing the interaction of Smad with coactivators 

(Macias et al., 2015). The Smad complex binds the Smad binding element (SBE), sequence 

(C)AGAC, and AP-1 sites TGA(G/C)TCA (Koinuma et al., 2009) with low affinity, but require 

additional DNA-binding factors for high-affinity DNA binding (Ross and Hill, 2008) to regulate the 

transcriptional activity of hundreds of genes (Koinuma et al., 2009; Massague et al., 2005). 

Transcription factor AP-2 (TFAP2A) and v-ets erythroblastosis virus E26 oncogene homolog 

(ETS) are two transcription factors that assist Smads in implementing the TGFβ signal 

(Koinuma et al., 2009).  
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Regulation of Mstn signaling 

 Growth and differentiation factor-associated serum protein-1 (GASP-1) can regulate 

Mstn activity by reversibly binding to the Mstn mature dimer (Hill et al., 2003). Follistatin or the 

follistatin related gene (FLRG) permanently inactivate Mstn by binding the mature dimer and 

preventing Mstn from binding to the ACTRII (Hill et al., 2002; Lee and McPherron, 2001). 

Follistatin and FLRG may be responsible for terminating Mstn signaling after Mstn has bound 

the ACTRII (Hill et al., 2002; Lee, 2004). 

The continuous shuttling of Smads between the cytoplasm and the nucleus has been 

proposed as a mechanism that allows continuous monitoring of the ACTRI signaling activity 

(Hill, 2009; Inman et al., 2002). When ACTRI is no longer stimulated by ligand, the majority of 

Smad is re-distributed to the cytoplasm (Hill, 2009). Protein phosphatase, Mg2+ /Mn2+-

dependent, 1A (PPM1A) has been reported to dephosphorylate the SSXS motif of R-Smads, 

thus terminating signaling (Lin et al., 2006; Macias et al., 2015). Further reports by the same 

group of scientists indicate that PPM1A dephosphorylates Ran-binding protein 3 (RanBP3), 

resulting in increased nuclear export of Smads (Dai et al., 2011). However, in this report, there 

was no further mention of Smad dephosphorylation by PPM1A (Bruce and Sapkota, 2012; Dai 

et al., 2011). Mstn signaling is also terminated when Glycogen Synthase Kinase 3 beta (GSK3β) 

phosphorylates the R-Smad linker region, resulting in ubiquitination and proteasome 

degradation of the R-Smads (Macias et al., 2015).  

Mstn signaling through R-Smads increases expression of Smad7, an inhibitory Smad (I-

Smad), which results in negative feedback of Mstn signaling (Mehra and Wrana, 2002; Sharma 

et al., 2015). Smad7 inhibits Mstn signaling by recruiting protein phosphatase 1 to 

dephosphorylate the ACTRI (Hill, 2009; Mehra and Wrana, 2002; Shi et al., 2004), and by 

recruiting the Smad-specific E3 ubiquitin protein ligase (Smurf) to promote degradation of the 

ACTRI by the proteasome (Ebisawa et al., 2001; Kavsak et al., 2000; Massague, 2012; Shi and 
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Massague, 2003). Mstn signaling is also terminated by R-Smad-dependent expression of miR-

27a/b in a negative feedback loop that targets Mstn for degradation (McFarlane et al., 2014). 

Mstn signaling and the mTORC1-dependent protein synthesis pathway 

 There is crosstalk between the Mstn signaling pathway and the IGF/mTORC1-

dependent protein synthesis pathways. The IGF/mTORC1-dependent protein synthesis 

pathway inhibits Mstn signaling. Activated Akt directly interacts with Smad3, forming a complex 

that sequesters Smad 3 in the cytoplasm, and inhibits Smad3 phosphorylation (Conery et al., 

2004; Remy et al., 2004; Sartori et al., 2014). Akt also inhibits Smad3 through mTORC1 

signaling (Song et al., 2006; Welle et al., 2009), and Akt results in decreased expression of the 

ACTRIIB (Sartori et al., 2009). The presence of amino acids, required for the mTORC1 

pathway, increase the expression of several microRNA that target Mstn, including miR-27a 

(Chen et al., 2013; Sharma et al., 2015), miR-499, and miR-208b (Chen et al., 2013; Drummond 

et al., 2009b; Sharma et al., 2015). Likewise, activated R-Smads inhibit the IGF/mTORC1 

pathway (Sartori et al., 2014). Phosphorylated R-Smads decrease Akt phosphorylation through 

an unknown mechanism (Allen et al., 2009; McFarlane et al., 2006; Sartori et al., 2014; 

Trendelenburg et al., 2009). Decreased Akt phosphorylation results in decreased forkhead 

boxO 1 (FOXO1) phosphorylation, which allows FOXO1 to enter the nucleus and increase the 

transcription of MAFbx, an atrogene, that targeting some mTOR signaling components for 

proteasomal degradation (McFarlane et al., 2006; Sartori et al., 2009). Smad3 negatively 

regulates miRNA-29 (Goodman et al., 2013; Sartori et al., 2014) and miRNA-486 (Hitachi et al., 

2014; Sartori et al., 2014), both of which target PTEN. Thus Smad3 allows PTEN to negatively 

regulate the mTORC1-dependent protein synthesis pathway (Goodman et al., 2013; Hitachi et 

al., 2014; Sartori et al., 2014), resulting in decreased phosphorylation of both 4E-BP and S6 in 

mammals (Amirouche et al., 2009) and fish (Seiliez et al., 2013). 

 

 



28 

 

Muscle atrophy 

Vertebrate muscle atrophy 

Internal and external environmental stimuli maintain or alter muscle mass through 

regulation of protein synthesis and protein degradation (Phillips et al., 2012; Phillips et al., 2009; 

Schiaffino et al., 2013). Nutrition, energy levels, muscle activity, aging, many diseases, and 

growth-promoting factors affect muscle mass (Egerman and Glass, 2014; Rodriguez et al., 

2014; Sartori et al., 2014; Schiaffino et al., 2013) through altered production or degradation of 

myofibrils (Sandri, 2008). Stimuli that produce muscle hypertrophy can result from both 

decreased protein degradation and increased protein synthesis, increased protein synthesis 

(Schiaffino et al., 2013), or decreased protein degradation (Piccirillo and Goldberg, 2012). 

Likewise, stimuli that produce muscle atrophy can decrease protein synthesis and increase 

protein degradation (Li and Goldberg, 1976; Schiaffino et al., 2013), decrease protein synthesis 

and degradation (Phillips et al., 2009), decrease protein synthesis only (Argadine et al., 2009; 

Emery et al., 1984; Lundholm et al., 1982; Quy et al., 2013; Schiaffino et al., 2013) or increase 

protein synthesis and protein degradation (Argadine et al., 2009; Argadine et al., 2011; 

Goldspink, 1976). Increased protein synthesis during atrophy allows remodeling of muscle fibers 

to accommodate altered muscle use (Bassel-Duby and Olson, 2006; Mykles and Medler, 2015). 

The specific muscle response depends on the species, the stimulus, the specific muscle, and 

the muscle fiber type. 

Activation of the mTORC1 pathway is primarily responsible for increased protein 

synthesis in muscle tissue (Amirouche et al., 2009), while activated Mstn is the primary inhibitor 

of mTORC1-dependent protein synthesis (Goodman et al., 2013; Hitachi et al., 2014; Hulmi et 

al., 2013; Sakuma et al., 2014; Sartori et al., 2014; Schiaffino et al., 2013; Welle et al., 2009). 

Inhibition of Akt phosphorylation results in decreased mTORC1-dependent protein synthesis 

and can result in increased protein degradation due to activation of Forkhead Box O (FOXO) 

transcription factors (Lokireddy et al., 2011). FOXO transcription factors induce expression of 
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MuRF1, an E3 ligase that tags myosin light chain and myosin heavy chain myofibrils for 

proteasome degradation (Cohen et al., 2009; Cohen et al., 2015).    

Glucocorticoid effect on vertebrate muscle mass in response to stress 

Glucocorticoid signaling results in rapid muscle loss and decreased myofibrillar size 

(Piccirillo et al., 2014; Qin et al., 2013). Glucocorticoids contribute to muscle atrophy by 

decreasing synthesis of muscle proteins, primarily by inhibiting mTORC1 signaling (Bodine and 

Furlow, 2015), thus redirecting the cell’s energy into glucose production (Braun and Marks, 

2015). Decreased mTORC1 signaling is achieved by decreasing the availability of amino acids 

in muscle cells, decreasing insulin and IGF1 levels, and decreasing PI3K activity (Bodine and 

Furlow, 2015). In addition, glucocorticoids increase the transcription of genes that inhibit 

mTORC1 signaling, such as REDD1, Mstn and specific miR (Bodine and Furlow, 2015).  

 In response to inflammation or stress, hypothalamic and anterior pituitary signaling result 

in the release of glucocorticoids (GCs) from the adrenal cortex. In the traditional pathway of 

glucocorticoid activation, glucocorticoids bind the glucocorticoid receptor (GR) in the cytoplasm 

of the target cell, then the activated GR translocates to the nucleus (Kuo et al., 2012; 

Yamamoto, 1985). In the nucleus, the GR becomes a transcription factor by binding 

glucocorticoid response elements (GREs) of the DNA of target genes, and either increasing or 

decreasing transcription of these genes (Kuo et al., 2012; Yamamoto, 1985). In addition to the 

traditional pathway, the ligand-bound GR can physically interact with some proteins, thereby 

altering their activity. Glucocorticoid activity results in the breakdown of carbohydrates, fats and 

proteins (including muscle myofibrillar proteins), which increases blood glucose levels to combat 

the stressful situation (Braun and Marks, 2015; Goldberg et al., 1980; Kuo et al., 2012; Lofberg 

et al., 2002; Sapolsky et al., 2000; Schakman et al., 2008; Tomas et al., 1979). Glucocorticoids 

also inhibit anabolic processes such as muscle protein synthesis to conserve energy (Braun and 

Marks, 2015; Goldberg et al., 1980; Kuo et al., 2012; Lofberg et al., 2002; Sapolsky et al., 2000; 

Tomas et al., 1979). In situations of chronic stress or inflammation, prolonged glucocorticoid 
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signaling results in muscle atrophy due to decreased protein synthesis and increased protein 

degradation (Braun and Marks, 2015). Glucocorticoid regulation of protein synthesis will be the 

focus in this section, but the mechanisms of glucocorticoid-induced protein degradation will be 

briefly addressed next. 

Glucocorticoids increase protein degradation in vertebrate muscle through up-regulation 

of the lysosomal, calpain and ubiquitin proteosomal catabolic pathways (Schakman et al., 

2013), which is dependent on Mstn (Allen and Loh, 2011; Braun and Marks, 2015; Gilson et al., 

2007; Ma et al., 2003). The first change noted after glucocorticoid administration is increased 

expression of cathepsin L (Komamura et al., 2003), a lysosomal hydrolytic enzyme whose 

upregulation is associated with muscle atrophy (Hasselgren and Fischer, 2001). Glucocorticoids 

also increase the expression of calpains, which are proteases that release myofilaments from 

the sarcomere (Hasselgren and Fischer, 2001; Schakman et al., 2008). The released 

myofilaments are then degraded by the ubiquitin proteasomal system (UPS) (Hasselgren and 

Fischer, 2001; Schakman et al., 2008). Glucocorticoids stimulate the expression of UPS 

components, including muscle-specific RING-finger protein 1 (MuRF1), which is an E3 ligase 

(Bodine et al., 2001; Braun and Marks, 2015; Mitch and Goldberg, 1996; Schakman et al., 

2013). The glucocorticoid/GR complex increases MuRF1 transcription by directly binding the 

GRE of MuRF1, and by stimulating expression of Kruppel-like factor 15 (KLF15), a transcription 

factor that increases MuRF1 expression. MuRF1 ubiquinates myofibrils, preferentially myosin 

light chain and myosin heavy chain type II (MHCII) fibers, marking them for degradation by the 

proteasome (Cohen et al., 2009; Cohen et al., 2015). Thus, chronic stress or inflammation 

results in muscle atrophy as glucocorticoids break down muscle proteins to continuously supply 

the blood with elevated glucose levels via gluconeogenesis. Glucocorticoids preferentially cause 

atrophy of fast-twitch, type II, glycolytic muscle fibers (Bodine and Furlow, 2015; Schakman et 

al., 2013) containing MHCII. The preference of MuRF1 for ubiquitinating MHCII may help 

explain why type II muscle fibers are more susceptible to atrophy by glucocorticoids. 
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Glucocorticoids regulate the growth factor-stimulated mTORC1 protein synthesis 

pathway at several junctures. Muscles require an abundant supply of leucine (See mTORC1 

regulation by amino acids section), which is one of the three branched chain amino acids 

(BCAAs). KLF15, transcriptionally upregulated by glucocorticoids, activates transcription of 

branched chain amino transferase 2 (BCAT2) (Braun and Marks, 2015). BCAT2 degrades 

BCAAs (Braun and Marks, 2015), thus reducing the substrates required for mTORC1-

dependent protein synthesis. Inhibition of IGF transcription (Delany et al., 2001) eliminates the 

main activator of mTORC1-dependent protein synthesis. Glucocorticoids can inhibit the 

expression of IRS-1 (Morgan et al., 2009), increase the degradation of IRS-1 (Bodine and 

Furlow, 2015; Braun and Marks, 2015; Morgan et al., 2009; Schakman et al., 2013) or tag IRS-1 

for degradation (Koh et al., 2013; Schakman et al., 2013) by stimulating dephosphorylation of 

IRS-1 on tyrosine 612 (Schakman et al., 2013) or causing phosphorylation of IRS-1 on serine 

307 (Morgan et al., 2009). Glucocorticoid-induced transcriptional activation of p85α, the 

regulatory subunit of PI3K, prevents the interaction of PI3K with IRS-1, thus inhibiting 

insulin/IGF activation of mTORC1 signaling (Kuo et al., 2013; Schakman et al., 2013). The 

ligand-bound GR also physically interacts with p85α, increasing the ability of p85α to inhibit 

PI3K signaling (Hu et al., 2009; Schakman et al., 2013).  

Glucocorticoids decrease protein synthesis by increasing the expression of Mstn (Zhang 

et al., 2007) through direct binding of the glucocorticoid receptor to a GRE on the Mstn promoter 

(Ma et al., 2001; Qin et al., 2013). Glucocorticoids also upregulate transcription of the gene 

regulated in development and DNA damage response (REDD1) (Schakman et al., 2013; Wang 

et al., 2006), whose protein product interferes with the binding of the inhibitory protein 14-3-3 to 

TSC2 (DeYoung et al., 2008). This allows the TSC1/TSC2 complex to form and deactivate 

Rheb, thereby inhibiting mTORC1 signaling (Laplante and Sabatini, 2012; Schakman et al., 

2013).   
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mTORC1 independent inhibition of protein synthesis occurs through the increased 

expression of KLF15, which increases the transcription of the muscle atrophy F-box (MAFbx) 

protein (Braun and Marks, 2015). MAFbx is an E3 ligase that ubiquinates and degrades eIF3-f, 

contributing to decreased initiation of protein translation (Braun and Marks, 2015). 

Crustaceans and molting 

Molting  

 Crustaceans grow in a step-wise fashion during the process of molting, when the 

hardened old exoskeleton is shed, and a soft new exoskeleton is expanded with water or air 

before rapidly hardening (Chang and Mykles, 2011; Hopkins, 2009). The molting process is 

initiated by increased production of ecdysteroids (molting hormones) by the Y organ (molting 

gland) (Covi et al., 2009; Skinner, 1985b). In Gecarcinus lateralis, the blackback land crab, 

ecdysteroid levels increase during premolt (McCarthy and Skinner, 1979) from approximately 

10-20 pg/µl during intermolt to over 400 pg/µl (Covi et al., 2010). The major ecdysteroids in the 

blackback land crab are 20-hydroxyecdysone (20E) and Ponasterone A (Pon A), occurring in an 

approximately 3:1 ratio, respectively, during intermolt and most of premolt (McCarthy, 1982; 

McCarthy and Skinner, 1977b; McCarthy and Skinner, 1979). Five major stages of premolt, D0-

D4, have been described (Drach, 1939), and Skinner applied these stages to Gecarcinus 

lateralis (Skinner, 1985b). During the D0 stage, ecdysteroid levels begin to rise and changes in 

multiple tissues have been described (Mykles, 2001; Skinner, 1985b). However, it is not until the 

D1 stage that these changes become irreversible and the crab becomes committed to molting 

(Chang and Mykles, 2011). Here, I will focus on the effects of ecdysteroids on claw muscle 

atrophy and limb regeneration (Covi et al., 2010). As thoracic muscle does not significantly 

change in mass or protein synthesis during premolt, it served as an internal control (Covi et al., 

2010; Mykles, 1999). 
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Claw muscle during the molt cycle 

The claw muscle in the decapod crustacean is a unique model to study a natural cycle of 

premolt atrophy followed by extensive growth immediately after ecdysis. The claw muscle 

atrophies during premolt to enable withdrawal of the claw muscle from the old exoskeleton at 

ecdysis (Mykles and Skinner, 1982a; Skinner, 1966). Concomitantly, there is increased 

synthesis of muscle proteins during the premolt atrophy to remodel the claw muscle (Covi et al., 

2010; Skinner, 1965). In addition, there is no degeneration or fiber type switching during this 

atrophy (Mykles, 1997), as can occur in vertebrate muscle atrophy (Ciciliot et al., 2013; Sandri, 

2008). 

Dramatic atrophy of the claw closer muscles, 40% (Skinner, 1966) to 78% (Ismail and 

Mykles, 1992), occurs in response to increasing ecdysteroids, which enables withdrawal of the 

claw muscle from the old exoskeleton at ecdysis (Mykles and Skinner, 1982a; Skinner, 1966). 

The claw muscle is composed of slow (S1) fibers primarily, with some slow tonic (S2) fibers 

located centrally (Mykles, 1988; Mykles and Medler, 2015). Most of the claw muscle atrophy in 

response to increasing ecdysteroids occurs in the S1 fibers (Ismail and Mykles, 1992; Mykles 

and Medler, 2015; Mykles and Skinner, 1981). Ten-fold more actin filaments are degraded than 

myosin filaments (Mykles and Skinner, 1981; Mykles and Skinner, 1982a), resulting in a 

decrease in the actin:myosin ratio from 9:1 in intermolt crabs to 6:1 in premolt crabs (Mykles 

and Skinner, 1981; Mykles and Skinner, 1982a).  

Protein synthesis of both myofibrillar (11-fold) and soluble (13-fold) proteins increase 

during premolt claw atrophy (Covi et al., 2010; Skinner, 1965). Increased protein synthesis is 

necessary to remodel the muscle structure, both for atrophy and for claw remodeling. Although 

premolt atrophy is necessary for successful ecdysis, the muscle must be prepared for rapid 

growth immediately following ecdysis to maximize muscle size in the newly enlarged 

exoskeleton of the chelae (Covi et al., 2010; Skinner, 1965). 
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IGF injection in Cherax quadricarinatus, the redclaw crayfish, resulted in increased 

protein synthesis in muscles (Richardson et al., 1997). In addition, insulin-like peptides, insulin-

like growth factor binding proteins, and insulin binding proteins have been identified (Chandler 

et al., 2015), with several additional studies indicating that insulin-like peptides and IGFs are 

present in crustaceans (Chaulet et al., 2012; Chung, 2014; Davidson et al., 1971; Gutierrez et 

al., 2007; Kucharski et al., 1999; Kucharski et al., 2002; Richardson et al., 1997; Sanders, 

1983a; Sanders, 1983b). Increased protein synthesis in the claw muscle is associated with 

decreased Gl-Mstn (Covi et al., 2010) and increased Gl-Rheb mRNA expression (MacLea et al., 

2012). Taken together, these data indicate that the insulin-mTORC1 pathway functions similarly 

in crustaceans and vertebrates. Further, Mstn inhibits the insulin-mTORC1 protein synthesis 

pathway similarly in vertebrates and crustaceans. However, unlike vertebrates (Allen and Loh, 

2011; Braun and Marks, 2015; Gilson et al., 2007; Ma et al., 2003; Schakman et al., 2013), 

atrophy occurs with decreasing Mstn levels, indicating that Mstn is not involved in stimulating 

protein degradation in the claw closer muscle (Covi et al., 2010). In crustaceans, calpains and 

the ubiquitin proteasome systems are responsible for muscle atrophy, in a Mstn-independent 

manner (Covi et al., 2010; Mykles and Medler, 2015).  

Limb regeneration and growth during the molt cycle 

In the process of autotomy, crustaceans release a limb at a preformed fracture plane, 

usually in response to an injured or trapped limb (Hopkins, 1993; Mykles, 2001; Skinner, 

1985a). Basal growth occurs following autotomy, during which differentiation of a new limb 

occurs, including limb segmentation and muscle formation with functional synapses (Das and 

Durica, 2013; Govind et al., 1973; Hopkins, 1993). This growing limb, enclosed within a cuticular 

sac for protection, is called a limb bud (Hopkins, 1993). When basal growth is complete, limb 

bud growth is arrested until rising ecdysteroid levels during premolt stimulate proecdysial growth 

of the limb bud (Bliss, 1956; Emmel, 1910; Hopkins, 1993; Mykles, 2001; Skinner, 1985a; 

Skinner, 1985b; Skinner and Graham, 1970; Skinner and Graham, 1972). Proecdysial limb bud 
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growth can only occur during premolt, and consists mainly of protein synthesis in muscle cells, 

leading to hypertrophic growth (Bliss, 1956; Hopkins, 1993; Mykles, 2001). At ecdysis, the limb 

is withdrawn from the cuticular sac and becomes a fully functional limb (Mykles, 2001; Skinner, 

1985a; Skinner, 1985b; Skinner and Graham, 1970).  

Differential muscle response to ecdysteroids 

The differential responses of these three muscle types—claw closer, limb bud, and 

thoracic—are likely due to the expression of various combinations of ecdysteroid receptor 

isoforms in the different muscles (Kim et al., 2005b; Wang et al., 2000). Three isoforms of Gl-

EcR (Das, 2014; Kim et al., 2005a; Kim et al., 2005b) and nine isoforms of Gl-RXR have been 

identified in G. lateralis (Kim et al., 2005b). In summary, both claw closer muscle and limb bud 

muscle respond to increasing ecdysteroids with increased protein synthesis. However, Limb bud 

muscles rapidly increase in mass, while claw closer muscle atrophies, indicating that protein 

degradation is much greater than protein synthesis in the claw closer muscle (Covi et al., 2010). 

As Mstn mRNA levels decrease during claw muscle atrophy, it follows that Mstn does not signal 

for increased protein degradation, as Mstn does in vertebrates. However, Mstn inhibits protein 

synthesis in crustaceans, similar to its function in vertebrates (Covi et al., 2010).  

The ecdysteroid receptor 

The ecdysteroid receptor consists of a heterodimer of retinoid X receptor (RXR) and 

ecdysone receptor (EcR) (Koelle et al., 1991; Yao et al., 1993). Both EcR and RXR are 

members of the nuclear receptor (NR) superfamily (King-Jones and Thummel, 2005), containing 

the six domains, A-F, consistent with this superfamily (Henrich, 2009; Moras and Gronemeyer, 

1998). The A and B domains interact with other transcription factors, and thus are highly 

variable between nuclear receptors (Henrich, 2009). The C domain is the DNA-binding domain 

(DBD), and codes for a 66 to 68 amino acid sequence in all nuclear receptors that contains two 

conserved cysteine-cysteine zinc fingers for DNA binding (Henrich, 2009; Robinson-Rechavi et 

al., 2003). The D domain is the hinge domain, with some conserved areas that function in 
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dimerization. The E domain is a highly conserved ligand binding domain containing 12 alpha 

helices that form a ligand-binding pocket (Henrich, 2009; King-Jones and Thummel, 2005; 

Moras and Gronemeyer, 1998; Wurtz et al., 1996). Only some nuclear receptors have an F 

domain, which is a highly variable sequence with no known function (Henrich, 2009).  

Ecdysteroids, including 20-hydroxyecdysone (20E) and ponasterone A, bind the ligand-

binding pocket of EcR to initiate transcriptional signaling (Henrich, 2009; Hill et al., 2012). 

Ecdysteroids are unable to bind the ligand-binding pocket of RXR (Clayton et al., 2001; Hu et 

al., 2003). However, EcR must be heterodimerized with RXR for efficient ecdysteroid binding, as 

RXR stabilizes EcR in a conformation that allows ecdysteroid binding (Grebe et al., 2004; 

Henrich et al., 2009; Hu et al., 2003).  

The ecdysteroid receptor shuttles between the cytoplasm and the nucleus, but is 

predominately located in the nucleus (Nieva et al., 2005; Spindler et al., 2009). Ecdysteroid 

receptors bind ecdysteroid response elements (EcREs) on DNA and repress transcriptional 

activity until transcription is activated by ecdysteroid binding (Henrich et al., 2009; Hu et al., 

2003; Nakagawa and Henrich, 2009; Riddiford et al., 2001). Increased EcR/RXR binding to 

EcREs upon ecdysteroid signaling has also been noted (Cronauer et al., 2007; Spindler et al., 

2009). In general, activated nuclear receptors can increase or decrease gene transcription 

(Moras and Gronemeyer, 1998).   

In vertebrates, steroid response elements are usually palindromes, but can also be 

direct repeats (Aumais et al., 1996). Similarly, most EcREs that have been identified are 

imperfect or perfect palindromes separated by a spacer of one (Cherbas et al., 1991; Lehmann 

and Korge, 1995; Nishita, 2014; Riddihough and Pelham, 1987; Vögtli et al., 1998). A 

consensus sequence of (A/G)G(G/T)TCANTGA(C/A)C(C/T) (Cherbas et al., 1991; Nishita, 

2014) consisting of a perfect or imperfect palindrome separated by one spacer nucleotide is 

currently used. However, additional functional sequences have been identified (Antoniewski et 

al., 1996; Gauhar et al., 2009; Lehmann and Korge, 1995; Nishita, 2014), including direct 
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repeats with no spacer (Antoniewski et al., 1996; D'Avino et al., 1995). Various ecdysteroid 

receptor isoform combinations (Mouillet et al., 2001) bind alternate EcREs with varying affinity, 

allowing a modulated response to ecdysteroid signaling (Beatty et al., 2006; Ozyhar and Pongs, 

1993; Schauer et al., 2011; Wang et al., 1998). 

Ecdysteroid heterologous cell cultures  

Heterologous cell cultures in mammalian cells have been developed for ecdysteroid 

functional assays (Christopherson et al., 1992; Henrich et al., 2009). As mammalian cells have 

no endogenous ecdysteroids, exogenous ecdysteroids can be added for precise control of 

ecdysteroid levels (Christopherson et al., 1992; Henrich et al., 2009). Likewise, EcR DNA must 

be added to this system in order to form a functional ecdysteroid receptor, but RXR may or may 

not be added, as mammalian cells do express RXR (Henrich et al., 2009). In each of these 

systems, the EcR and/or RXR receptor proteins were modified to enhance DNA binding 

(Christopherson et al., 1992; No et al., 1996; Wyborski et al., 2001), enhance dimer interaction 

(Hoppe et al., 2000), or to substitute the A and B domains of EcR (Christopherson et al., 1992; 

Hoppe et al., 2000; Mouillet et al., 2001; No et al., 1996; Palli et al., 2003; Panguluri et al., 2006; 

Vaillancourt and Felts, 2003; Wyborski et al., 2001). As the RXR A/B domains are often 

inhibitory in mammalian cells (Beatty et al., 2006; Betanska et al., 2009; Henrich et al., 2009; 

Henrich et al., 2003; Hu et al., 2003; Palli et al., 2003; Palli et al., 2005; Tran et al., 2001), the 

RXR A/B domains were removed and replaced with the virion protein 16 (Vp16) activating 

domain (Betanska et al., 2009; Palli et al., 2003; Panguluri et al., 2006). Several mammalian cell 

lines have been used, including HeLa (Mouillet et al., 2001), 3T3 (Panguluri et al., 2006; Wu et 

al., 2004), Chinese hamster ovary (CHO) (Betanska et al., 2009; Palli et al., 2003; Vaillancourt 

and Felts, 2003; Wyborski et al., 2001), CV-1 (Hoppe et al., 2000; No et al., 1996), and Human 

embryonic kidney 293 (HEK293) (Christopherson et al., 1992; Vaillancourt and Felts, 2003). 

The first study of an ecdysteroid heterologous culture in mammalian cells found that 1 µM 

muristerone A (Mur A) was very effective at stimulating ecdysteroid receptor-dependent 
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transcription, and 1 µM ponasterone A (Pon A) was ~ 15% as effective as Mur A 

(Christopherson et al., 1992). However, neither 1 µM 20E nor 1 µM α-ecdysone was able to 

stimulate transcription (Christopherson et al., 1992). Subsequently, researchers mainly used 1-

10 µM Mur A (Betanska et al., 2009; Mouillet et al., 2001; No et al., 1996; Wyborski et al., 2001) 

or 10 µM Pon A (Hoppe et al., 2000; Palli et al., 2003; Vaillancourt and Felts, 2003) to stimulate 

EcR/RXR transcriptional activity. 

Uca pugilator RXR and EcR 

 The first crustacean ecdysteroid receptors cloned were from Uca pugilator, the fiddler 

crab (Chung et al., 1998; Durica and Hopkins, 1996; Durica et al., 2002). The DBD of EcR and 

RXR was 76% and 82% conserved, respectively, with Drosophila (Durica and Hopkins, 1996). 

Both the EcR and RXR DBD contain the two zinc fingers, identifying them as members of the 

nuclear hormone superfamily (Durica and Hopkins, 1996). Four isoforms of RXR were 

identified—all combinations of + or – 5 base pairs in the D domain, and + or – 33 amino acids in 

the LBD (Durica et al., 2002; Wu et al., 2004). The DEF domains were cloned into a plasmid 

containing the Vp16 activator and transfected into 3T3 cells (Wu et al., 2004). Each of the RXR 

isoforms bound various EcREs with varying affinities however, only the +33 isoforms were able 

to heterodimerize with EcR (Wu et al., 2004). When 3T3 cells were stimulated with Ponasterone 

A, the -33 RXR isoforms were not transcriptionally activated, but the +33 isoforms were 

activated 18-fold (Wu et al., 2004).  

Measurement of molting 

Molt stage can be determined by observation of maxilliped endopodite setal 

development under 100X microscopy (Moriyasu and Mallet, 1986), but this can only be done 

after the animal is dead. The R-index ((length of LB /carapace width) times 100) was developed 

as a reliable external measure of molt stage for crabs which are still alive (Bliss, 1956; Bliss and 

Boyer, 1964). The R-index is correlated to Drach’s molt stages (Chang and Mykles, 2011; Covi 

et al., 2010; Drach, 1939; Skinner, 1962; Skinner, 1985b) and allows determination of each 
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crab’s progress through premolt. During basal growth, the R-value of a LB increases from 0 to 

approximately 10 (Mykles, 2011). During the D0 stage of premolt, the R-value increases to about 

16 (Mykles, 2011). At an R-value of about 17, the crab has reached the D1 stage of premolt, 

which is irreversible, and the crab is committed to molting (Bliss, 1956; Mykles, 2011). 

Manipulation of molting 

 Multiple leg autotomy (MLA) of 5 or more walking legs stimulates a precocious molt in 

many crustaceans (Skinner, 1985b), including Gecarcinus lateralis (Mykles, 2001). As limbs are 

fully regenerated only during premolt, a shortened intermolt allows the regeneration of a full set 

of walking legs sooner (Holland and Skinner, 1976; Skinner, 1985b; Skinner and Graham, 

1972). By contrast, Limb bud autotomy (LBA) of one or more regenerating limbs inhibits premolt 

progress if done during the D0 stage (at R-values of ~ 10 - 16 (Chang and Mykles, 2011; 

Holland and Skinner, 1976; McCarthy and Skinner, 1977a). Ecdysteroid levels fall back toward 

intermolt levels, and premolt progress is delayed for about three weeks, giving the crab time to 

regenerate the newly autotomized limb bud, thus allowing it to molt with a full set of walking legs 

(Chang and Mykles, 2011; Holland and Skinner, 1976; McCarthy and Skinner, 1977a). Limb 

buds will not regenerate before ecdysis if autotomized after reaching stage D1 (an R-value of ~ 

17 or higher), as the crab is already committed to molting, and it molts without a full set of legs 

(Chang and Mykles, 2011).  Another way to initiate premolt is through removal of molt inhibiting 

hormone (MIH) (Mykles, 2011). MIH is produced and released in the eyestalks, travels in the 

hemolymph, and binds receptors on the Y organ to inhibit synthesis of ecdysteroids (Mykles, 

2011). Therefore, eyestalk ablation (ESA) removes the major source of MIH, and allows the Y 

organs to synthesize ecdysteroids thus initiating premolt (Abramowitz and Abramowitz, 1940; 

McCarthy and Skinner, 1977b; Mykles, 2001).   
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Fig. 1.1. A model of the mTORC1 dimer. The mTORC1 complex consists of two subunits 

each of mTOR, Raptor, mLST8, Deptor and PRAS40.  The core activating subunits, mTOR, 

Raptor and mLST8 are shown in the model. Approximate binding sites of the inhibitory 

subunits, Deptor and PRAS40 are indicated. Deptor binds the FRB domain, located in the N-

lobe of the mTOR kinase domain. PRAS40 binds Raptor through a TOS motif.  Diagram 

modified from Baretic and Williams, 2014.  



41 

 

 

 

Fig. 1.2. mTOR domains. The major portion of the mTOR protein consists of HEAT repeats 

(red bars). The FAT domain (yellow) follows the HEAT repeats. The kinase domain (green) is 

divided into the FRB domain (turquoise) , the LBE domain (hot pink) and the FATC domain 

(light pink). Numbers at the top indicate amino acid residue number at the beginning and end 

of the major domains. Domains are not drawn to scale. Modified from Baretic and Williams, 

2014 and Laplante and Sabatini, 2012.  
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Fig. 1.3. Activated mTORC1 increases protein synthesis by phosphorylating S6k 

and 4E-BP. When S6k (blue) is phosphorylated (P inside circle) by mTORC1 (gray), 

S6k phosphorylates S6 (green). Phosphorylated S6 results in ribosome biogenesis, 

which allows increased translational capacity. mTORC1 phosphorylation of 4E-BP 

inhibits binding of 4E-BP to eIF4E. Released eIF4E can then participate in translation 

initiation, resulting in increased protein synthesis.  
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Fig. 1.4. Amino acid activation of mTORC1 through Ragulator.  When lysosomal amino 

acid concentrations are low, V-ATPase is tightly bound to Ragulator, preventing the GEF 

activity of Ragulator. When lysosomal amino acid concentrations are high, V-ATPase 

dissociates from Ragulator, and the GEF activity of Ragulator activates RagA/B (RagA/B-

GTP). Activated RagA/B localizes mTORC1 to the membrane where it can interact with 

Rheb. Diagram from Bar-Peled et al., 2012. 
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Fig. 1.5. Pathway for insulin/IGF1 activation of mTORC1. Insulin (pink) binding to the 

insulin receptor (light green) results in phosphorylation of IRS-1 (dark blue). Phosphorylated 

IRS-1 binds and activates PI3K (light blue). Activated PI3K phosphorylates PIP2 to PIP3 

(orange). PIP3 binds PDK1 (green) and Akt (red), allowing PDK1 to phosphorylate and 

activate Akt. Phosphorylated Akt phosphorylates TSC2 (purple), causing inactivation of the 

TSC1/TSC2 complex. TSC1/TSC2 can no longer function as a Rheb GAP, so GTP-Rheb 

(yellow) levels are increased. GTP-Rheb activates mTORC1. Modified from Huang and 

Fingar, 2014. 
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Fig. 1.6. Two models of Mstn processing. The traditional Mstn processing pathway (black 

arrows) is based on research on cultured cells. The newer model (green arrows) is based on 

muscle tissue research. The Mstn mature peptide (pink) and the propeptide (red) dimerizes 

in the endoplasmic reticulum (ER). In the traditional pathway, furin cleaves at the RXXR site 

(purple arrow) while Mstn is still in the Golgi body. The Mstn propeptide then noncovalently 

binds the mature peptide, forming an inactive complex.This complex is secreted and remains 

inactive until BMP-1/Tolloid cleaves the Mstn propeptide. Cleavage of the Mstn propeptide 

releases the Mstn active mature peptide, which initiates Mstn signaling. In the muscle model 

(green arrows), the intact Mstn peptide is secreted into the extracellular matrix and remains 

bound to matrix proteins until activated by furin and BMP-1/Tolloid proteases. Modified from 

Anderson et al., 2008.   
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Fig. 1.7. Activated Mstn mature peptide signaling through Smad transcription factors. 

After cleavage of the Mstn propeptide (red bars) by BMP-1/Tolloid metalloproteases, the 

activated Mstn mature peptide (pink) binds the activing receptor type IIB (blue). Mstn binding 

causes heterodimerization of the activing receptor type IIB and type I (gray), which results in 

phosphorylation of R-Smad (gold). Phosphorylated R-Smad binds Co-Smad (rust) and 

translocates to the nucleus, where it becomes a transcription factor either up-regulating or 

down-regulating the transcription of hundreds of genes. We propose that the transcription of 

some mTOR signaling genes is regulated, thus decreasing protein synthesis. Modified from 

Mykles, personal communication, and Anderson et al., 2008.  
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Fig. 1.8. Changes in closer claw muscle mass (red), hemolymph levels (blue and R-

values (green) 3 weeks before and after ecdysis. R-values increase steadily all through 

the premolt period. Hemolymph ecdysteroid levels increase during premolt, with the greatest 

increase during the last week before ecdysis. However, two to three days before ecdysis, 

hemolymph levels fall dramatically, which is necessary for successful ecdysis. Claw muscle 

mass decreases by approximately fifty percent during the first two weeks of premolt, then 

does not change much the last week of premolt and the first week of postmolt. During the 

second and third weeks of postmolt, claw closer muscle mass increases rapidly, resulting in 

approximately 10% greater mass than before ecdysis, as the muscle tissue fills the new 

enlarged chelae. 
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Fig. 1.9. Mstn mRNA levels decrease ten-fold in thoracic (broken line) and 17-fold in 

claw closer muscle (solid line) during premolt. We hypothesize that decreased Mstn 

allows increased protein synthesis. Early in postmolt, Mstn levels are high when muscle 

mass is not yet changing. By 10 days postmolt, Mstn levels have decreased, which is the 

same time that muscle mass begins increasing rapidly in the claw closer muscle. From Covi 

et al., 2010.  
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Chapter 2 

The effect of ecdysteroid manipulation on Mstn and mTOR pathway gene expression in 

Gecarcinus lateralis skeletal muscles. 

Summary 

Ecdysteroid levels increase during premolt. The effects of increasing ecdysteroids in the 

claw muscle is increased atrophy to allow claw withdrawal at ecdysis, and increased protein 

synthesis to initiate atrophy and prepare for rapid muscle hypertrophy immediately after ecdysis. 

The effects of increasing ecdysteroids on limb bud muscle is increased hypertrophy and 

increased protein synthesis. Ecdysteroids have little effect on thoracic muscle mass or protein 

synthesis rates, so thoracic muscle can be used as an internal control.  

In mammals, mTORC1 increases protein synthesis, while Mstn inhibits protein 

synthesis. After MLA to induce molting in G. lateralis, then LBA to suspend molting progress, 

ecdysteroid levels, and mRNA levels of Gl-Mstn, some components of the mTORC1 protein 

synthesis pathway (Gl-Akt, Gl-Rheb, Gl-mTOR and Gl-S6k) and Gl-EF2 were measured in claw 

muscle, limb bud muscle and thoracic muscle. Gl-EF2 is used as a sample positive control, as it 

is a constitutively expressed gene with high expression levels in all tissues. In the claw muscle, 

Gl-Mstn mRNA levels were negatively correlated with ecdysteroid levels, and were significantly 

higher in molting suspended animals, compared to molting continued animals, as expected. 

mTORC1 pathway component mRNA levels were not directly correlated with ecdysteroid levels, 

but unexpectedly, all were positively correlated with Gl-Mstn mRNA levels in the claw muscle, 

and Gl-EF2, Gl-Akt and Gl-mTOR were positively correlated with Gl-Mstn in the thoracic 

muscle, although the correlations were weaker. Multiple linear regression showed that Gl-Rheb 

and Gl-S6k mRNA levels were both predicted by ecdysteroid levels and Gl-Mstn mRNA levels, 

together. Taken together, these results indicate that ecdysteroids, Gl-Mstn, Gl-Rheb, and Gl-

S6k are all involved in regulating the increased protein synthesis in premolt claw muscle. 

Further, Gl-Mstn is a chalone that modulates the mTORC1 protein synthesis pathway by 
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matching increased mTORC1 component levels with increased Gl-Mstn mRNA levels. By 

contrast, Gl-Mstn does not appear to regulate protein synthesis in the limb buds. The growth 

suspended limb buds had decreased mRNA levels of Gl-Rheb, Gl-mTOR, and Gl-S6k, 

compared to growing limb buds, but Gl-Mstn mRNA was present at very low levels, which did 

not change in response to ecdysteroid levels. 

Introduction 

In mammals, mechanistic Target of Rapamycin complex 1 (mTORC1) is the main 

transducer of stimuli which increases protein synthesis in skeletal muscle (Amirouche et al., 

2009), while myostatin (Mstn) signaling inhibits mTORC1-dependent protein synthesis 

(Goodman et al., 2013; Hitachi et al., 2014; Hulmi et al., 2013; Sakuma et al., 2014; Sartori et 

al., 2014; Schiaffino et al., 2013; Welle et al., 2009). mTORC1 upregulates protein translation 

(Barbet et al., 1996), ribosomal RNA (rRNA) transcription and ribosomal protein transcription 

(Thomas and Hall, 1997) in mammals, through upregulation of key eukaryotic translation 

initiation factors (eIFs) and eukaryotic elongation factors (eEFs). Translation initiation is 

regulated by mTORC1 through phosphorylation of 4E-BP. As increased sites are 

phosphorylated (Wang et al., 2005), 4E-BP dissociates from eIF4E, allowing eIF4E to 

participate in translation initiation (Gingras et al., 1999; Haghighat et al., 1995). Activated 

mTORC1 phosphorylates S6k, which results in upregulation of RNA polymerase I (Pol I) 

(Iadevaia et al., 2014). Activated Pol I transcribes 5.8S, 18S and 28S ribosomal RNA, resulting 

in increased translational capacity due to increased ribosomes in the cell (Iadevaia et al., 2014).   

mTORC1 also increases protein degradation through upregulating expression of 

proteasome subunits (Zhang et al., 2014). Increased protein synthesis, along with increased 

protein degradation occurs in some types of muscle atrophy, including denervation atrophy 

(Argadine et al., 2009; Argadine et al., 2011; Goldspink, 1976) and premolt claw closer muscle 

atrophy (Covi et al., 2010). Increased protein synthesis at the same time as muscle atrophy may 
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seem counterproductive, but it allows muscle remodeling during atrophy to accommodate 

altered muscle use (Bassel-Duby and Olson, 2006; Mykles and Medler, 2015).  

Mstn is a chalone (Lee, 2004), a product secreted by a tissue that inhibits that tissue’s 

growth (Bullough, 1962; Lee and McPherron, 1999). Mstn regulates muscle cell size (Zimmers 

et al., 2002) by limiting protein synthesis (Amthor et al., 2009; Lee et al., 2012; Sartori et al., 

2014; Sartori et al., 2009) and increasing protein degradation (Sartori 2014, Han 2013). Mstn is 

secreted by muscle cells, and then covalently bound to the extracellular matrix by latent TGFβ-

binding proteins (LTBPs) (Anderson et al., 2008; Harrison et al., 2011; Lee, 2004; McFarlane et 

al., 2005; Sharma et al., 2015). Thus, the majority of Mstn is retained in the muscle tissue where 

it is secreted, allowing localized activation of Mstn (Anderson et al., 2008; Harrison et al., 2011). 

After cleavage by furin, the latent Mstn complex is activated by Bone Morphogenetic protein-

1/Ttolloid (BMP/TLD) metalloproteases that cleave the propeptide and release the mature 

peptide dimer (Wolfman et al., 2003). Activated Mstn signals through the Activin receptor, 

resulting in phosphorylation of R-Smads (Smad 2 or Smad 3) (Lee and McPherron, 2001; 

MacDonald et al., 2014; Morrison et al., 2009; Tsuchida et al., 2006). Phosphorylated R-Smad 

translocates to the nucleus (Macias et al., 2015), regulating the transcriptional activity of 

hundreds of genes (Koinuma et al., 2009; Massague et al., 2005), including transcription 

inhibition of miRNA-29 (Goodman et al., 2013; Sartori et al., 2014) and miRNA-486 (Hitachi et 

al., 2014; Sartori et al., 2014). Both of these miRNA target PTEN, which is an inhibitor of the 

insulin/mTORC1-dependent protein synthesis pathway. Thus Mstn/Smad signaling allows PTEN 

to negatively regulate the mTORC1-dependent protein synthesis pathway (Goodman et al., 

2013; Hitachi et al., 2014; Sartori et al., 2014), resulting in decreased phosphorylation of both 

4E-BP and S6k in mammals (Amirouche et al., 2009) and fish (Seiliez et al., 2013). 

Mstn and mTOR regulate skeletal muscle protein synthesis in response to ecdysteroid 

levels in decapods (Abuhagr et al., 2014b; Chaulet et al., 2012; Covi et al., 2010; MacLea et al., 

2012). Ecdysteroids increase during premolt from approximately 10-20 pg/µl during intermolt to 



52 

 

over 400 pg/µl (Covi et al., 2010) three to six days before ecdysis (McCarthy and Skinner, 

1977b). The major ecdysteroid in the land crab is 20-hydroxyecdysone (20E) with Ponasterone 

A (Pon A) secondary, occurring in an approximately 3:1 ratio, respectively, during intermolt and 

most of premolt (McCarthy and Skinner, 1977b; McCarthy and Skinner, 1979). Insulin or IGF-1 

may stimulate the mTORC1 protein synthesis pathway in crustaceans, as it does in mammals. 

Insulin-like peptides, insulin-like growth factor binding proteins, and insulin binding proteins have 

been identified in crustaceans, (Chandler et al., 2015; Chaulet et al., 2012; Chung, 2014; 

Davidson et al., 1971; Gutierrez et al., 2007; Kucharski et al., 1999; Kucharski et al., 2002; 

Richardson et al., 1997; Sanders, 1983a; Sanders, 1983b). IGF injections have resulted in 

increased muscle protein synthesis in muscles in crustaceans, similar to vertebrates 

(Richardson et al., 1997). 

Three different muscles—the claw closer muscle, the limb bud muscles, and the thoracic 

muscles—in Gecarcinus lateralis, the blackback land crab, show a differential response to 

increasing ecdysteroid levels in the hemolymph during premolt. The different responses are 

likely due to the expression of varying combinations of ecdysteroid receptor isoforms expressed 

in the different muscles. The ecdysteroid receptor consists of a heterodimer of retinoid X 

receptor (RXR) and ecdysone receptor (EcR). When ecdysteroids enter the cell, they bind with 

an EcR/RXR heterodimer, and then the ecdysteroid/heterodimer complex binds ecdysteroid 

response elements (EcRE) to affect the transcription of many genes. Nine isoforms of Gl-RXR 

have been identified in G. lateralis, with varying expression patterns in different tissues 

observed (Kim et al., 2005b). Three isoforms of Gl-EcR have been identified in G. lateralis  

(Das, 2014).  

The claw closer muscles respond to increasing ecdysteroids during premolt with 

increased protein synthesis to remodel the claw muscle in preparation for rapid growth 

immediately after molting (Covi et al., 2010; Skinner, 1965). The increased protein synthesis in 

the claw muscle is associated with decreased Gl-Mstn (Covi et al., 2010) and increased Gl-Ras 
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homolog enriched in the brain (Gl-Rheb) (an activator of mTOR signaling) mRNA levels 

(MacLea et al., 2012). During this premolt time of increased protein synthesis, dramatic atrophy 

of the claw muscle occurs to enable withdrawal of the claw muscle at ecdysis (Mykles and 

Skinner, 1982a; Skinner, 1966). By contrast, limb bud muscles respond to increasing 

ecdysteroids with increased protein synthesis and rapid growth, as any missing limbs are 

regenerated only during the three weeks of premolt (Mykles, 2001; Skinner, 1985a; Skinner, 

1985b; Skinner and Graham, 1970). Thoracic muscle serves as an internal control, as thoracic 

muscle does not significantly change in mass or protein synthesis during the increasing 

ecdysteroid levels of premolt (Covi et al., 2010; Mykles, 1999).  

Natural molt induction techniques included multiple leg autotomy (MLA) to initiate 

molting, and limb bud autotomy (LBA) to suspend premolt progress. Autotomy is the self-

initiated release of a limb at a pre-formed fracture plane in response to a mechanical stimulation 

(gripping) of the limb. The R-index ((length of LB /carapace width) times 100) was developed to 

allow a reliable external measure of molt stage for all crabs, regardless of size (Bliss, 1956; 

Bliss and Boyer, 1964). As duration of premolt after MLA is variable (Skinner and Graham, 

1972), the R-index was correlated to Drach’s molt stages (Chang and Mykles, 2011; Covi et al., 

2010; Drach, 1939; Skinner, 1962; Skinner, 1985b). This allowed determination of each crab’s 

progress through premolt. MLA shortens the intermolt period by initiating premolt to allow the 

crab to regenerate limbs, which can only be regenerated during premolt (Holland and Skinner, 

1976; Skinner, 1985b; Skinner and Graham, 1972). After MLA, R-values were calculated on the 

right third primary regenerate (limb bud (LB)) every few days until harvest, to determine premolt 

progress.  

By contrast, limb bud autotomy (LBA) of one or more primary regenerates can inhibit 

progress through premolt for about three weeks, to give the crab time to regenerate the newly 

autotomized limb bud (secondary regenerate), thus allowing it to molt with a full set of walking 

legs (Chang and Mykles, 2011; Holland and Skinner, 1976; McCarthy and Skinner, 1977a). 
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Limb buds will normally regenerate before ecdysis if autotomized before reaching a critical R-

value of approximately 15 or 16 (stage D0 of premolt corresponds to R-values between 11 and 

16), but will not regenerate before the next ecdysis at higher R-values (corresponding to premolt 

stages D1 to D4) (Chang and Mykles, 2011). The beginning of stage D1 is when the crab 

becomes committed to molting due to changes in gene expression and ecdysteroid secretion 

levels from the Y-organ (Chang and Mykles, 2011). During stage D1, the crab begins irreversible 

physical processes such as separation of the epidermal cells from the old exoskeleton, and 

resorption of the old exoskeleton (Skinner, 1985b), thus physically committing the crab to 

molting. 

We were specifically interested in the interaction between Gl-Mstn mRNA levels and the 

levels of mTOR dependent protein synthesis pathway genes in response to changing 

ecdysteroid levels. Previous work in our lab showed that after MLA to induce premolt, the claw 

closer muscle atrophies. During atrophy, protein synthesis increases, Gl-Mstn mRNA levels 

decrease (Covi et al., 2010) and Gl-Rheb mRNA levels increase (MacLea et al., 2012). In this 

study, ecdysteroid levels were manipulated, both naturally and artificially, and mRNA levels of 

Gl-Mstn and the mTOR signaling genes were quantified in the claw closer muscle, limb bud 

muscle, and thoracic muscle. Our hypothesis was that ecdysteroids down-regulate Gl-Mstn 

mRNA levels in atrophic claw closer muscle and in growing limb buds during premolt to allow 

increased mTOR-dependent protein synthesis. Specifically: 1) after LBA, Gl-Mstn mRNA levels 

will be higher in the claw muscle of molting suspended (MS) animals, compared to molting 

continued (MC) animals; 2) Gl-Mstn mRNA levels will be higher in the growth suspended (GS) 

LBs, compared to the growing (G) LBs; 3) Gl-Rheb mRNA levels in both the claw closer muscle 

and the LBs will be positively correlated with ecdysteroid levels, and negatively correlated with 

Gl-Mstn mRNA levels; 4) Gl-Mstn mRNA levels will be negatively correlated with ecdysteroid 

levels after 20E injections and negatively correlated with Gl-Rheb mRNA levels; and 5) Gl-Mstn 

and Gl-Rheb mRNA levels in thoracic muscle will not change as much as in claw muscle.  
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Materials and Methods 

Animals 

Male Gecarcinus lateralis (Fréminville 1835), blackback land crabs, were collected from 

the southern coast of the Dominican Republic and flown to Colorado, USA. Crabs were kept in 

plastic containers at 27⁰C and 75-90% relative humidity on a 12 h light: 12 h dark schedule. 

Containers held eight to twelve crabs in aspen bedding dampened with 5 parts per thousand 

(p.p.t.) Instant Ocean (Aquarium Systems, Mentor, OH). After multiple leg autotomy (MLA) 

(discussed in next paragraph), crabs were kept in a reduced light environment in individual 

containers in sand dampened with 10 p.p.t. Instant Ocean. This provided an environment 

conducive to molting—darkness, moisture, privacy and favorable temperature (Bliss, 1956; Bliss 

and Boyer, 1964), normally provided by a burrow in the crabs’ native habitat (Bliss, 1979; 

Hartnoll, 1988). All crabs were fed lettuce, carrots and raisins twice per week. Within two weeks 

of arrival in Colorado, the right third walking leg was autotomized, and the resulting basal limb 

bud (LB) was observed before MLA to confirm that the crab was in intermolt (no premolt LB 

growth observed).  

LBA experiments 

Two LBA experiments were conducted. In the first, LBs were autotomized at about the 

critical R-value, with some crabs continuing toward molting, and some crabs suspending 

molting. If molting continued (MC), then R-values and ecdysteroid levels continued to increase 

(with or without an initial delay), and if molting suspended (MS), R-values and ecdysteroid levels 

did not increase after LBA. MC and MS groups were determined by R-index values and later 

confirmed by ecdysteroid levels. MC animals had R-values greater than 15 at harvest, and MS 

animals had R-values less than 15 at harvest. Three crabs suspended progress toward molting 

after LBA, but resumed molting progress two to four weeks later. These crabs had delayed, then 

continued, molting and were placed in the molting continued (MC) category, as they were 
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harvested when R-values were increasing (Fig. 1A). For each crab, one LB was autotomized at 

LBA, and claw and thoracic muscle was harvested 2, 7, 14, 21 and 28 days later.  

The second LBA experiment measured differences in mRNA levels between actively 

growing LBs and growth suspended LBs. Initially, actively growing LBs were autotomized when 

ecdysteroid levels were high. One week later, after suspension of growth, the remaining LBs 

were harvested when ecdysteroid levels had decreased due to suspension of molting. LBA 

suspended growth in all but one animal. For both experiments, LBs with an R-value between 11 

and 19 were induced to autotomize by gripping the limb bud (LB) with forceps.  

20E injection experiments 

Two 20-hydroxyecdysone (20E) injection experiments artificially increased ecdysteroid 

levels in intermolt animals. The 24-hour experiment was one injection of 0.41 µg 20E/g of crab 

weight to approximate ecdysteroid levels in the second week of premolt (Lee et al., 2007a). 

Initially, 10 mg 20E was dissolved in 1 ml 95% ethanol, then distilled water was added to dilute 

to 10% ethanol. The resulting 1.052 µg 20E/µl 10% ethanol was used for all injections. A 50 µl 

Hamilton syringe (Hamilton Co., Reno, NV) was used to inject each animal through the 

arthrodial membrane at the base of a leg. Experimental crabs were injected with 20E, while 

control crabs were injected with an equivalent volume of 10% ethanol. For the 24-h experiment, 

random groups were harvested 4, 8, 12, and 24 h after injection with 20E or 10% ethanol. (N=6 

for each group.) 

A two-week experiment consisted of daily injections for one or two weeks with harvest at 

the end of the injection periods, with daily injections as described above. For the two-week 

experiment, animals were randomly placed into groups—no injection controls, one week or two 

weeks of 10% ethanol injection controls, and one week or two weeks of 20E in 10% ethanol. 

(N=8 for each group.) 
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Animal harvest 

For all experiments, hemolymph was withdrawn before LBA or before injection, and then 

again at harvest, using a 1 ml slip-tip tuberculin syringe (Becton, Dickinson & Co (BD), Franklin 

Lakes, NJ, USA) and a 22G sterile needle. 100 ul of hemolymph was added to 300 ul of 100% 

methanol, and stored at -20⁰C until shipped to the Chang lab at the University of California 

Bodega Marine lab for analysis of ecdysteroid levels in each sample. This competitive ELISA 

preferentially binds ecdysone and 20-hydroxy ecdysone (20E) (Abuhagr et al., 2014a; Kingan, 

1989).  

 After removing the hemolymph sample, animals were placed in ice for 5 min to 

anesthetize them. The entire cheliped and the anterior thorax with attached muscles were 

removed and placed in ice 4 h to allow apolysis (the separation of the claw muscle from the 

membranous layer of the exoskeleton) to occur (Obrien et al., 1986). Claw closer muscle and 

thoracic muscles were dissected from the exoskeleton, rinsed in crab saline (430 mmol NaCl, 5 

mmol K2SO4, 12.5 mmol MgCl, 4.5 mmol CaCl2, and 9 mmol HEPES), wrapped in foil, frozen 

immediately in liquid nitrogen, and stored at -80⁰C. LBs from one crab were flash frozen directly 

in liquid nitrogen, placed in a 1.5 ml tube with two 5 mm stainless steel balls (Abbott Ball Co., 

West Hartford, CT, USA), and then placed in a TissueLyzer II adaptor (Qiagen Inc., Frederick, 

MD, USA) before storage at -80⁰C. 

RNA isolation  

 RNA was isolated from tissue samples with TRIzol (Invitrogen, Carlsbad, CA, USA) as 

described previously ((Covi et al., 2010). Approximately 100-150 mg muscle (claw closer or 

thoracic) was homogenized for 5 min in 1 ml of Trizol in glass homogenizers. LBs were 

homogenized in a TissueLyzer II (Qiagen, Inc.) for two minutes at a frequency of 30 revolutions 

per second. TRIzol (1 ml) was added and samples were vortexed. Homogenized tissues were 

centrifuged 15 min at 12,000g. Chloroform was added to the supernatant, and samples were 

centrifuged for 15 min at 16,000g. Approximately 400 µl of the aqueous layer containing RNA 
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was transferred into a clean microcentrifuge. The extraction process was repeated to obtain 

more RNA. One volume isopropanol (approximately 800 µl) was added to the aqueous layer 

and samples were placed at 4⁰C for overnight precipitation of RNA. Samples were centrifuged 

the next day at 16,000g to pellet the RNA, supernatant was removed, and the pellet was 

washed twice in cold 75% ethanol in diethylpyrocarbonate-treated water, centrifuging after each 

wash to re-pellet the RNA. The supernatant was removed and the pellet was dried on ice. Each 

sample was suspended in 22 µl nuclease-free water, then treated with which 1 µl DNase I (Life 

Technologies) and 0.25 µl Ribolock RNase Inhibitor (Thermo Fisher Scientific, Waltham, MA, 

USA) and incubated at 37⁰C for 30 min according to the manufacturer’s directions. After the 

DNase treatment, 170 µl nuclease-free water, 100 µl acidic phenol (pH 4.3) and 100 µl 24:1 

isoamyl alcohol were added to extract the RNA, then centrifuged at 21,000g for 15 min to 

separate the layers. The aqueous phase containing the RNA was transferred to a clean tube, 

and the extraction process was repeated to obtain more RNA. RNA was precipitated by adding 

1.5 volumes isopropanol and 0.5 volumes sodium acetate (pH 5.2) to the aqueous phase, and 

leaving overnight at 4⁰C. The precipitate was centrifuged at 16,000g for 15 min, then washed 

two times with 70% ethanol, similar to the first RNA precipitation. After removing the 

supernatant, pellets were dried on ice, resuspended in 22 µl nuclease-free water, and the RNA 

was quantified with a NanoDrop 1000 V3.8.1 (Fisher Scientific, Waltham, MA, USA). 

cDNA synthesis  

For the claw and thoracic muscle LBA experiment and the 20E injection experiments, 

single-strand cDNA was synthesized from 4 µg total RNA per sample, using Transcriptor 

Reverse Transcriptase (Roche, Indianapolis, IN, USA). Ribolock RNase inhibitor (Thermo 

Fisher Scientific), dNTP mix (Thermo Fisher Scientific) and 50 µM oligo dT(22) primers 

(Integrated DNA Technologies, Inc., (IDT) Coralville, IA) were added to each RNA sample, 

following the manufacturer’s protocol. For the LB experiment, single-strand cDNA was 
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synthesized fromµµg total RNA per sample using qScript cDNA SuperMix kit (Quanta 

Biosciences, Gaithersburg, MD, USA).  

For the 2-week 20E injection experiment, 10 µg RNA was used for each claw sample, 

except 4.5 µg of RNA was used for five samples with lower concentrations. For thoracic muscle. 

9 µg RNA was used, except 4 µg RNA was used for nine low concentration samples.  For the 

24-hour experiment, single-strand cDNA was synthesized from 9 µg total RNA per sample, 

except 5 µg RNA was used for 11 samples, and 2.5 µg RNA was used for seven samples which 

did not yield enough RNA for 9 µg of RNA each. For all experiments, 20 µl of cDNA was made 

per sample. 

qPCR 

Quantitative polymerase chain reaction (qPCR) was used to quantify mRNA levels of the 

following genes: elongation factor 2 (Gl-EF2) [GenBank AY552550 (Kim et al., 2004a)], 

myostatin (Gl-Mstn) [GenBank EU432218 (Covi et al., 2008)], Gl-Akt [GenBank HM989974.3] 

(also known as protein kinase B (PKB)), Ras homolog enriched in brain (Gl-Rheb) [GenBank 

HM989971 (MacLea et al., 2012)], mechanistic Target of Rapamycin (Gl-mTOR) [GenBank 

HM989973], and p70 ribosomal protein S6 kinase (Gl-S6k) [GenBank 989975.3] (Abuhagr et al., 

2014b). One µl of sample was used in a 10 µl reaction with nuclease-free water, and 1 µM gene 

specific primers (IDT) (Table 1). LightCycler 480 SYBR Green I Master mix (Roche) was 

included in the reaction for all genes except for Gl-EF2 and Gl-Akt in the LB experiment, which 

included Fast Start DNA Master plus SYBR Green 1 Reaction Mix (Roche), instead. LightCycler 

480, 384 Multiwell Plates (Roche) were used to run the reactions in a LightCycler 480 Real-

Time PCR instrument (Roche). PCR settings were: activation for 5 min at 95⁰C, followed by 40 

to 50 cycles of 95⁰C for 10 s (denature), 62⁰C for 20 s (anneal) and 72⁰C for 20 s (elongation) 

for all genes except the annealing temperature for Mstn was 60⁰C (Table 1). These cycles were 

followed by a melt curve cycle to analyze product homogeneity. Absolute quantification was 

done by the LightCycler 480 software, version 1.5 (Roche), comparing each sample to external 
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standards for each gene. Concentrations from the LightCycler software were converted to copy 

number per µg RNA in Microsoft Excel. As EF2 is constitutively expressed at high levels in all 

tissues, EF2 was used as a positive control to determine quality of RNA isolation and cDNA 

synthesis. Any sample with EF2 values 1000-fold or less compared to similar samples was not 

used, as this indicated a problem with RNA isolation or cDNA synthesis. 

External standards for each gene were made by amplifying cDNA in a thermocycler with 

the same primers used in the qPCR reactions. The amplified product was separated on a gel, 

extracted from the gel, and then measured with a nanodrop. The sample was diluted to make 

concentrations from 10-9 to 10-18 g/µl in 10-fold increments. Three replicas of each concentration 

were quantified with qPCR, using the same primers as when first amplifying the gene. The 

qPCR crossing point for the log concentrations that are in the linear range are selected as the 

external standards, and all unknown samples are compared to the external standards for 

quantification. 

Statistics 

 Sigma Plot 12.5 software (Systat Software, Inc., Chicago, IL, USA) was used for all 

graphs and statistical analyses, except 3-D bubble charts showing multiple linear regressions 

were made in Microsoft Excel. Box plots of non-transformed and transformed data (data not 

shown) indicated that, in general, log10 transformed data had a more normal distribution with 

equal variances. Subsequently, all data was log10 transformed for further statistical analyses. 

The Pearson correlation was used to assess the linear relationship between ecdysteroid levels 

and the R-index, and between mRNA and ecdysteroid levels in the LBA MC/MS experiment. 

The Pearson correlation was also used to assess the linear relationship between Gl-Mstn 

mRNA levels and Gl-EF2, Gl-Akt, Gl-Rheb, Gl-mTOR and Gl-S6k mRNA levels in the LBs and 

each muscle type. Since there appeared to be a MC/MS effect in addition to a Gl-Mstn effect on 

the levels of some genes, multiple linear regressions with Gl-Mstn and ecdysteroids were 

included in the models. In the MC/MS LBA experiment, the student’s t-test was used to compare 
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ecdysteroid levels and mRNA levels between MC and MS animals. The paired t-test was used 

in the limb bud LBA experiment to compare ecdysteroid levels and LB mRNA levels between M 

and MS animals. For both types of t-tests, if the Shapiro-Wilk Normality test or the Equal 

Variance Test failed, then the Mann-Whitney Rank Sum Test was initiated. An alpha level of 

0.01 was chosen for all mRNA level tests to control for the Type I error rate due to multiple 

testing. All t-test results are shown as the mean plus one standard error of the mean (+1 SEM).  

 For the two-week 20E injection experiment, one-way ANOVAs between the three types 

of negative controls—no injection, one week of ethanol (vehicle) injections, and two weeks of 

ethanol injections indicated no significant differences in ecdysteroid levels or any mRNA levels 

in either muscle. Therefore, the negative controls were combined into one group of negative 

controls for ecdysteroids and each gene for each muscle. One-way ANOVAs were then used to 

compare the grouped negative controls, the animals injected with 20E daily for one week, and 

the animals injected with 20E daily for two weeks. The one-way ANOVAs were done for 

ecdysteroid levels, and mRNA levels in each muscle for Gl-EF2, Gl-Mstn, Gl-Akt, Gl-Rheb, Gl-

mTOR and Gl-S6k. If a significant difference was found in a one-way ANOVA, then the Holm-

Sidak All Pairwise Multiple Comparison Procedure was initiated. If the Shapiro-Wilk Normality 

Test or the Equal Variance Test failed, then the Kruskal-Wallis one-way ANOVA on ranks was 

initiated. If a significant difference was found in a one-way ANOVA on ranks, then Dunn’s All 

Pairwise Multiple Comparison Procedure was initiated. 

Results 

Claw/thoracic muscle LBA experiment: R-values and ecdysteroids  

In general, R-values and ecdysteroid levels increased in the MC animals, while both 

remained nearly constant in MS animals (Fig. 2.1). The only MC animal with a substantial 

decrease in ecdysteroid levels in the hemolymph, from 226.4 pg/µl at LBA to 158.2 pg/µl at 

harvest (Fig 2.1C), had a 25.0 R-value at harvest, indicating that molting was imminent. During 

the last 2-3 days of premolt, ecdysteroid levels fall precipitously in crabs (McCarthy and Skinner, 
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1977a) and this animal’s lower ecdysteroid level was likely due to this drastic decrease in 

ecdysteroid levels just before molting. Comparatively, ecdysteroid levels in MS animals were 

stable (Fig. 2.1D).  

Ecdysteroid levels were correlated (R2=0.687) with R-index values (Fig. 2.2A), 

confirming that the R-index was a reliable indicator of molting progress for this experiment. 

Direct comparison of the means of ecdysteroid levels between MC and MS animals at harvest, 

2-28 days after LBA, showed 6-fold higher ecdysteroid levels in the MC animals versus the MS 

animals (Fig 2.2B), consistent with previously published work (McCarthy and Skinner, 1977a).  

Claw/thoracic muscle LBA experiment: mRNA levels and correlations 

In thoracic muscle, there were no significant differences in mRNA levels of any of the 

genes quantified (Gl-EF2, Gl-Mstn, Gl-Akt, Gl-Rheb, Gl-mTOR, and Gl-S6k) between MS and 

MC animals (Fig. 2.3A). In claw muscle, the only mRNA levels that were significantly different 

between MS and MC animals was Gl-Mstn (Fig 2.3B), which was eight-fold higher in MS 

animals compared to MC animals (Fig. 2.3B). In addition, Gl-Mstn mRNA levels in claw muscle 

were negatively correlated (P=0.0055, R2=0.217) with ecdysteroid levels in the hemolymph (Fig. 

2.4D). No other mRNA levels were significantly correlated with ecdysteroid levels in either 

muscle type (Fig. 2.4). Linear regression showed that in thoracic muscle, Gl-Mstn levels were 

positively correlated with Gl-EF2, Gl-Akt and Gl-mTOR (Fig 2.5A, C and G). In claw muscle, Gl-

Mstn mRNA levels were positively correlated with Gl-EF2 (R2= 0.604), Gl-Akt (R2= 0.488), Gl-

Rheb (R2= 0.506), Gl-mTOR (R2= 0.627), and Gl-S6k (R2=0.463; P<0.001)—much stronger 

correlations than in thoracic muscle (Fig. 2.5B,D,F,H and J). Even though ecdysteroid levels 

had no direct significant correlation with mRNA levels of any of the mTOR components, the 

correlations between Gl-Mstn and two of the mTOR components, Gl-Rheb (Fig. 2.5F) and Gl-

S6k (Fig. 2.5J), indicated an ecdysteroid effect. The mRNA levels of these two genes were 

higher in MC animals than in MS animals. Multiple linear regressions showed that Gl-Mstn and 

ecdysteroids, together, strongly predicted Gl-Rheb (P<0.001, R2=0.770) (Fig. 2.6A) and Gl-S6k 
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(P<0.001, R2=0.631) (Fig. 2.6B) mRNA levels in claw muscle. Ecdysteroids and Gl-Mstn 

together, correlated with either Gl-Rheb or Gl-S6k, are much stronger than Gl-Mstn alone 

correlated with either gene. There were no multiple correlations of ecdysteroids and Gl-Mstn 

together with the mRNA levels of any genes in thoracic muscle. 

Limb bud muscle LBA experiment 

In the LBA experiment examining mRNA levels in LBs, R-values indicated that the 

autotomy of 3-4 growing LBs resulted in suspended growth in the remaining LBs. R-values did 

not increase, indicating that LBA was performed before the critical point, and molting was 

suspended. Ecdysteroid levels at the time of the initial LBA were 2.5-fold higher than one week 

later, confirming that premolt had been suspended (Fig. 2.7). In the LBs, Gl-Mstn mRNA levels 

were very low (approximately 300 copies Mstn/µg RNA compared to ~16,000 copies Mstn/µg 

RNA in claw muscle) whether G or GS (Fig. 2.8). The growth suspended LBs had decreased 

mRNA levels of several mTOR genes, including Gl-Rheb, Gl-mTOR, and Gl-S6k. Gl-EF2 is 

constitutively expressed, and was not expected to alter mRNA levels, however, Gl-EF2 mRNA 

levels were significantly decreased in the growth suspended LBs. Gl-Rheb and Gl-S6k mRNA 

levels were both positively correlated with ecdysteroid levels in the LBs (Fig. 2.9A and B). There 

were no significant correlations between Gl-Mstn mRNA levels and the mRNA levels of the 

mTOR genes in the LBs (data not shown). 

24-h 20E injection experiment 

In the 24-h 20E experiment, ecdysteroid levels were significantly increased at 4, 8 and 

12 h, compared to controls, with the highest levels at 4 h (Fig. 2.10). By 24 h after the 20E 

injection, ecdysteroid levels were no longer significantly higher than in controls (Fig. 2.10). This 

contrasts to the relatively stable hourly ecdysteroid levels found in intermolt animals, which did 

not change more than 3.5 pg/µl in any control crab.  

mRNA levels of Gl-EF2, Gl-Mstn, Gl-Rheb, Gl-mTOR and Gl-S6k in claw muscle were 

unchanged throughout the 24-h period (Fig. 2.11). Gl-Akt mRNA in claw muscle was expressed 



64 

 

significantly higher 4 h after injection than at 12 or 24 h after injection, but Akt levels were not 

significantly different than controls at any time point after injection (Fig. 2.11).  

2-week 20E injection experiment 

Ecdysteroid levels were significantly increased in animals with daily 20E injections after 

one and two weeks (Fig. 2.12), with the highest ecdysteroid levels found one week after 

beginning daily injections.There were no significant changes in mRNA levels of Gl-EF2, Gl-

Mstn, Gl-Akt, Gl-mTOR and Gl-S6k in claw or thoracic muscle tissue throughout the 2-week 20E 

experiment (Fig. 2.13A and B). Gl-Rheb mRNA was expressed at higher levels in thoracic 

muscle after one week of daily injections, compared to two weeks of 20E injections, but there 

was no significant difference from controls (Fig. 13A). Gl-Rheb mRNA was expressed at higher 

levels in claw muscle after one week of daily 20E injections, compared to controls and to two 

weeks of 20E injections (Fig. 2.13B). However, multiple linear regression indicated that 

ecdysteroids and Mstn together, were able to predict Rheb mRNA levels (P<0.001, R2= 0.448, 

N=36) (Fig 2.14). Significant differences are indicated with an α=0.01 throughout this chapter. 

Discussion 

Previous research showed that MLA initiates a precocious premolt (increasing 

ecdysteroid levels) (Skinner, 1985b), while LBA halts premolt (falling ecdysteroid levels) 

(Holland and Skinner, 1976; Skinner, 1985b; Skinner and Graham, 1972). LBA in this research 

resulted in decreased ecdysteroid levels in molting suspended animals, supporting previous 

research (Holland and Skinner, 1976; Skinner, 1985b; Skinner and Graham, 1972). In previous 

research, Gl-Mstn mRNA levels decreased after MLA to initiate premolt, and Gl-Mstn mRNA 

levels in the claw muscle were negatively correlated with ecdysteroid levels (Covi et al., 2010). 

In this study, after LBA to suspend premolt progress, Gl-Mstn levels increased in the claw 

muscle of the molting suspended animals, and were negatively correlated with ecdysteroid 

levels. Both results supported our hypotheses. In mTORC1 pathway components, there were no 

significant changes in the mRNA levels in the claw muscle, and mRNA levels were not directly 
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correlated with ecdysteroid levels, both of which did not support our hypotheses. Further, there 

was a moderate positive correlation between the mRNA levels of Gl-Mstn and both Gl-Rheb and 

Gl-S6k, while our hypothesis predicted a negative correlation. When the molting continued 

group and the molting suspended group were separated in Gl-Mstn and Gl-Rheb or Gl-S6k 

correlations, there was a differential response in mRNA levels of Gl-Rheb and Gl-S6k, 

dependant on ecdysteroid levels. Multiple linear regression with both ecdysteroids and Gl-Mstn, 

demonstrate that these two factors, together, strongly predicted both Gl-Rheb (R2=0.77) and Gl-

S6k (R2=0.63) mRNA levels.  

We knew that Mstn is a chalone that represses growth, which is why we hypothesized 

that Gl-Mstn and Gl-Rheb mRNA levels would be negatively correlated. However, in mouse 

myocyte hypertrophy in response to stretch (Shyu et al., 2005), and in sparrow flight muscles 

preparing for migration (Price et al., 2011), increased protein synthesis corresponded to 

increased Mstn synthesis. A chalone not only suppresses growth, but a chalone can be a 

moderator of excessive growth (Shafer, 1916). In both of the above situations, there was a 

dramatic increase in protein synthesis, similar to what occurs in the crab claw muscle during 

premolt. As a modulator of excessive growth, we would expect increased Gl-Mstn during 

periods of dramatically increased protein synthesis, with a positive correlation between Gl-Mstn 

and mTOR pathway components. Previous work in our lab has shown that multiple leg 

autotomy (MLA) to stimulate premolt, with concomitant increasing ecdysteroid levels, results in 

decreased Gl-Mstn (Covi et al., 2010) and increased Gl-Rheb (MacLea et al., 2012) mRNA 

levels in the claw muscle. However, they found that Gl-Mstn and Gl-Rheb mRNA levels were 

not correlated in the claw muscle after MLA (MacLea et al., 2012). Gl-Mstn mRNA levels 

decreased 94%, while Gl-Rheb mRNA levels increased 3.4–fold during premolt. Gl-Mstn mRNA 

levels were negatively correlated with ecdysteroid levels (Covi et al., 2010), and Gl-Rheb mRNA 

levels were positively correlated with ecdysteroid levels (MacLea et al., 2012). However, there 

was no significant correlation between Gl-Rheb and Gl-Mstn mRNA levels in that study (MacLea 
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et al., 2012). In this study, Gl-Mstn mRNA levels were strongly positively correlated with Gl-

Rheb and Gl-S6k mRNA levels. Perhaps the difference in results from MacLea (MacLea et al., 

2012) is that changing Mstn mRNA levels to modulate protein synthesis would be expected to 

occur when protein synthetic rates are actively changing. MacLea used intermolt animals 

(steady state for protein synthesis) in addition to premolt animals (MacLea et al., 2012), while all 

of the G. lateralis animals studied in chapter 3 of this dissertation were either increasing protein 

synthesis during premolt or rapidly halting protein synthesis in the molting suspended animals.  

In the 20E injection experiments, there was no overall difference in mRNA levels, 

compared to controls, in either the claw muscle or thoracic muscle. This contrasts with the 8-fold 

decrease in Gl-Mstn with increasing ecdysteroid levels after LBA in the MC animals. The claw 

muscle’s response to ecdysteroids in the intermolt state is different than in the premolt state. 

Possible explanations include different ecdysteroid receptor isoforms expressed in a molt stage-

specific manner as has been demonstrated in Drosophila melanogaster (Schauer et al., 2011). 

In addition, a different set of cofactors expressed during intermolt could alter the transcription 

effect on Gl-Mstn by the ecdysteroid/ecdysteroid receptor complex. However, multiple linear 

regression indicated that ecdysteroids and Gl-Mstn, together, moderately predicted Gl-Rheb 

levels in the claw muscle of 20E-injected animals. This further indicates that ecdysteroids, Gl-

Mstn, and Gl-Rheb all have an effect on protein synthesis levels in the claw closer muscle. Gl-

Mstn acts as a restraint on the activity of Gl-Rheb and Gl-S6k, with increasing Gl-Mstn mRNA 

levels providing a braking action on increasing Gl-Rheb and Gl-S6k mRNA levels. 

The mRNA levels of several mTOR pathway components decreased in the growth 

suspended limb buds after LBA. However, there were no significant changes in Gl-Mstn mRNA 

levels. Further, Gl-Mstn mRNA levels were very low in the limb buds. Taken together, this 

indicates that Gl-Mstn is not involved in the suppression of growth in the LBs after LBA. The 

difference in response to suspension of growth in the limb buds may be due to a different set of 

ecdysteroid receptor isoforms expressed in the limb bud muscles compared to the claw 
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muscles.  Previous work showed a different set of RXR isoforms expressed in the claw muscle 

compared to thoracic muscle (Kim et al., 2005b), but limb muscle RXR isoform expression was 

not studied. 
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Table 2.1. Oligonucleotide primers used in mRNA analysis of Gecarcinus lateralis Mstn 
and mTOR signaling. Gene abbreviations: EF2, elongation factor 2; Mstn, myostatin; Akt, also 
called protein kinase B (PKB); Rheb, Ras homolog enriched in brain; mTOR, mechanistic 
Target of Rapamycin; S6k, p70 ribosomal protein S6 kinase. Additional abbreviations: forward 
primer (F), reverse primer (R), bp, base pairs. 
 

  Product Annealing 

Primer pairs Sequence 5’- 3’  Size (bp) Temperature 

Gl-EF2 F TTCTATGCCTTTGGCCGTGTC 
227 62 

Gl-EF2 R ATGGTGCCCGTCTTAACCA 

Gl-Mstn F GCTGTCGCCGATGAAGATGT 
118 60 

Gl-Mstn R ACGGGATTGAGGTCCCCAGCCT 

Gl-Akt F AACTCAAGTACTCCAGCGATG 
156 62 

Gl-Akt R GGTTGCTACTCTTTTCACGAC 

Gl-Rheb F TTTGTGGACAGCTATGATCCC 
119 62 

Gl-Rheb R AAGATGCTATACTCATCCTGA 

Gl-mTOR F AGAAGATCCTGCTGAACATCG 
159 62 

Gl-mTOR R AGGAGGGACTCTTGAACCACA 

Gl-S6k F GGACATGTGAAGCTCACAGAC 
239 62 

Gl-S6k R TTCCCCTTCAGGATCTTCTCTA 
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A. MC R-values B. MS R-values 

D. MS ecdysteroids C. MC ecdysteroids 

Fig. 2.1. R-values before and after LBA in molting continued (MC) (A) and molting 
suspended (MS) crabs (B), and ecdysteroid levels in MC (C) and MS (D) crabs. Crabs 
were separated into MC and MS categories based on R-values at harvest, greater than 15 
for MC (A), less than 15 for MS (B). Ecdysteroid levels for MC crabs were increasing (C), in 
general, whereas in MS crabs, ecdysteroid levels remained low (D).  
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Fig. 2.2.  Ecdysteroid levels in hemolymph correlated to R-index values (A) and 
compared between molt continued (MC) crabs and molt suspended (MS) crabs after 
LBA (B). Ecdysteroid levels in hemolymph, measured using a competitive ELISA, are 
strongly correlated with R-index values (R2=0.687) (A). R-index indicates progress through 
premolt from a value of 7 (initiation of premolt) to a value of 22-25 (ecdysis). R-index values 
are calculated by measuring ((LB length/ carapace width) * 100). (N=33). Ecdysteroid levels 
in hemolymph after LBA, comparing MS to MC (B). Asterisk indicates significant difference at 
α=0.01 level. Data are presented as means + SEM. (MC, N=14; MS, N=20) 
 

 A.           B. 
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 A. Thoracic muscle     B. Claw muscle  

Fig. 2.3. Molt continued (MC) and molt suspended (MS) mRNA levels in thoracic and 
claw muscle after LBA. Claw muscle Gl-Mstn mRNA levels were significantly increased in 
the MS compared to the MC animals. No other genes in either muscle showed a significant 
difference in mRNA levels between MS and MC. Asterisk indicates significant difference at 
α=0.01 level. Data are presented as means + SEM. MC, N=14; MS, N=20 for all genes in 
both muscles except in claw muscle Gl-Rheb (MC, N=13) and Gl-mTOR (MC, N=12 and MS, 
N=19).  
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 Thoracic muscle    Claw muscle 

A. Gl-EF2               B. Gl-EF2 

C. Gl-Mstn                D. Gl-Mstn 

E. Gl-Akt              F. Gl-Akt 

G. Gl-Rheb     H. Gl-Rheb 
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Claw muscle      Thoracic muscle 

   Thoracic muscle       Claw muscle  

I. Gl-mTOR              J. Gl-mTOR 

K. Gl-S6k                L. Gl-S6k 

Fig. 2.4. Thoracic (left column) and claw (right column) log muscle mRNA levels 
correlated to log ecdysteroid levels in hemolymph. Ecdysteroid levels in hemolymph 
were measured with a competitive ELISA.  Gene expression was measured with quantitative 
reverse transcriptase-polymerase chain reaction (qRT-PCR). All samples (MC and MS) 
presented for each gene in both muscles. Pearson correlation demonstrated that log Gl-Mstn 
mRNA levels in claw muscle was negatively correlated to log ecdysteroid levels at α=0.01 
(R2=0.217 and P=0.0055).  No other genes were significantly correlated with ecdysteroid 
levels. N=34 for all genes in both muscles, except for claw muscle Gl-Rheb (N=33) and Gl-
mTOR (N=31). 
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Thoracic muscle          Claw muscle 

A. Gl-EF2           B. Gl-EF2 

  C. Gl-Akt              D. Gl-Akt 

E. Gl-Rheb           F. Gl-Rheb 

G. Gl-mTOR              H. Gl-mTOR 



75 

 

 

  Thoracic muscle           Claw muscle  

I. Gl-S6k             J. Gl-S6k 

Fig. 2.5. Claw and thoracic muscle log mRNA Gl-EF2, Gl-Akt, Gl-Rheb, Gl-mTOR and 
Gl-S6k mRNA levels correlated with log Gl-Mstn mRNA levels for molting continued 
(MC) and molting suspended (MS) animals. Thoracic muscle Gl-EF2, Gl-Akt and Gl-
mTOR mRNA levels were positively correlated with thoracic muscle Gl-Mstn mRNA levels 
(Gl-EF2, R2=0.465, P<0.00001; Gl-Akt R2=0.291, P<0.001 and Gl-mTOR R2=0.192, 
P<0.01). Thoracic muscle Gl-Rheb and Gl-S6k mRNA levels were not correlated to thoracic 
muscle Gl-Mstn mRNA levels. All claw muscle gene expression was significantly (positively) 
correlated with Gl-Mstn mRNA levels (Gl-EF2, R2=0.604; Gl-Akt, R2=0.489; Gl-Rheb 
R2=0.506; Gl-mTOR R2=0.627 and Gl-S6k R2=0.464; P<0.00001 for each gene). Pearson 
correlations used for each gene. N=34 for all genes in both muscles, except for claw muscle 
Gl-Rheb (N=33) and Gl-mTOR (N=31). 
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A. Gl-Rheb 

B. Gl-S6k 

Fig. 2.6. Gl-Rheb and Gl-S6k mRNA levels correlated to both ecdysteroid levels and 
Gl-Mstn mRNA levels. Multiple linear regression indicated that Gl-Mstn mRNA levels and 
ecdysteroid levels, together, strongly predicted the expression of Gl-Rheb (P<0.001, 
R2=0.770, MC N=13, MS N=20) and Gl-S6k (P<0.001, R2=0.631, MC N=14, MS N=20) 
mRNA levels. Bubble size is relative to Gl-Rheb mRNA levels. MC=light-colored bubbles, 
MS=dark-colored bubbles.  
 



77 

 

 

 

Fig. 2.7. Ecdysteroid levels in hemolymph compared between animals in premolt (G) 
and 7 days after limb bud autotomy (LBA) when molting growth had been suspended 
(GS). Significant difference measured with paired t-test. Asterisk indicates significant 
difference at α=0.01 level. Data are presented as means + SEM. N=13, P=0.0001. 
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Fig. 2.8. mRNA levels in growing (G) and growth suspended (GS) limb buds. Paired t-
tests showed that Gl-EF2, Gl-Rheb, Gl-mTOR and Gl-S6k mRNA levels were significantly 
reduced 7 days after molt suspension by LBA (GS) compared to LBs actively growing during 
premolt (G). Asterisk indicates significance at α=0.01 level. Data are presented as means + 
SEM. (N=12 or 13 for all genes.) 
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 A. Gl-Rheb                 B. Gl-S6k 

Fig. 2.9. Limb bud mRNA levels correlated to ecdysteroid levels in hemolymph. Gl-
Rheb (R2=0.359, P=0.00123, n=26) and Gl-S6k (R2=0.267, P=0.0069, n=26) Limb bud 
mRNA levels were correlated with hemolymph ecdysteroid levels. All other genes calculated 
(Gl-EF2, Gl-Mstn, Gl-Akt, Gl-mTOR) had no significant correlation between mRNA levels and 
ecdysteroid levels in hemolymph (data not shown). 
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Fig. 2.10. Ecdysteroid levels for controls and after a single injection of 20-
hydroxyecdysone (20E). Ecdysteroid levels were significantly increased in animals by 4 h 
after the injection, and remained elevated through 12 h, compared to controls. Different 
letters (a, b) indicate significant differences at α=0.01 level. Data are presented as means + 
SEM. (Controls, N=31; all time points for all genes, N=6). 
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Fig. 2.11. mRNA levels in claw muscle after a single injection of 20-hydroxyecdysone 
(20E), compared to controls. Gl-Akt mRNA levels were down-regulated at 12 h and 24 h, 
compared to 4 h after injection. There were no significant differences from controls. 
Significant differences at α=0.01 level are shown with different letters. Data are presented as 
means + SEM. (Controls, N=30; all time points after injection N=6; except Gl-Rheb controls 
N=27 and Gl-Rheb 4 hr after injection N=5).   
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Fig. 2.12. Ecdysteroid levels from controls and animals injected daily with 20-
hydroxyecdysone (20E). Ecdysteroid levels were significantly increased in animals both 
one week and two weeks after beginning injections, compared to controls. Different letters 
(a, b) indicate significant differences at α=0.01 level. Data are presented as means + 
SEM. (Controls, N=24; 1 wk 20E, N=8; and 2 wk 20E, N=8.) 
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A. Thoracic muscle 

B. Claw muscle 

Fig. 2.13. mRNA levels in thoracic (A) and claw (B) muscle in controls, and animals 
injected daily with 20-hydroxyecdysone (20E) for one week (1 wk 20E) and for two 
weeks (2 wk 20E). Significant differences are shown with different letters. Data are 
presented as means + SEM. (Controls, N=23 (claw muscle) or 24 (thoracic muscle); 1 wk 
20E, N=6 (claw muscle) or 8 (thoracic muscle); and 2 wk 20E, N=8 for all genes.)   
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Fig. 2.14. Gl-Rheb mRNA levels correlated to both ecdysteroid levels and Gl-Mstn 
mRNA levels. Multiple linear regression indicated that Gl-Mstn and ecdysteroids, together, 
predicted Gl-Rheb mRNA levels (P<0.001, R2=0.448, N=36). Bubble size is relative to Gl-
Rheb mRNA levels.  
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Chapter 3 

The effects of ecdysteroids on the activity of the Gecarcinus lateralis myostatin (Gl-mstn) 

promoter in a heterologous mammalian expression system. 

Summary 

 Mstn is a muscle chalone that represses muscle growth and prevents an excessive 

hypertrophic response to growth promoting factors. Decreased protein synthesis is a major 

effect of Mstn signaling. In mammals, steroid signaling results in increased Mstn expression, but 

in a decapod, Gl-Mstn mRNA levels in the claw closer muscle are negatively correlated with 

ecdysteroid levels. As ecdysteroid levels increase during premolt, decreasing Gl-Mstn levels 

allow increased protein synthesis. Protein synthesis is necessary for remodeling the claw 

muscle in preparation for rapid growth immediately after ecdysis. In this study, we sequenced 

the Gl-Mstn promoter and identified a putative EcRE. As endogenous ecdysteroid signaling is 

absent in mammalian cells, we created a heterologous ecdysteroid system in HeLa cells, which 

allowed precise control of ecdysteroid levels. We found that the Gl-Mstn promoter was 

functional in the heterologous cell system, but further work will be necessary to determine the 

functionality of the putative EcRE in the Gl-Mstn promoter. 

Introduction 

Muscle mass is in a constant state of flux, even in adults. Muscle tissue fibers 

hypertrophy or atrophy in response to various stimuli such as mechanical loading (Ellman et al., 

2013; Fitts et al., 2000; Miyazaki and Esser, 2009; Phillips et al., 2009), diet (Carbone et al., 

2012; Martin et al., 2015; Matsakas and Patel, 2009), disease (Ciciliot et al., 2013; Sakuma et 

al., 2014; Sakuma and Yamaguchi, 2012), and aging (Goldspink, 2012; Nilwik et al., 2013). In 

mammals, growth promoting factors such as IGF-1 (Egerman and Glass, 2014; Sandri et al., 

2013) and androgens (Dubois et al., 2012; Dubois et al., 2014; Sheffield-Moore, 2000) initiate 

signaling that result in muscle hypertrophy, while glucocorticoid signaling results in muscle 

atrophy (Braun and Marks, 2015; Egerman and Glass, 2014). Glucocorticoid (Ma et al., 2001; 
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Qin et al., 2013; Zhang et al., 2007), androgen (Dubois et al., 2012; Dubois et al., 2014) and 

IGF-1 (Valdes et al., 2013; Zuloaga et al., 2013) signaling all increase myostatin (Mstn) 

expression. Myostatin is a muscle chalone—a growth factor secreted by muscle that represses 

muscle growth in general (Braulke et al., 2010; Ciarmela et al., 2010; Druet et al., 2014; 

Finsterer, 2014; Georges, 2010; Gokoffski et al., 2011; Han et al., 2010; Lander, 2011; Long et 

al., 2009; Mak and Cheung, 2009; McKnight, 1997; Szent-Gyérgyi, 2010; Wang et al., 2014b; 

Zhang, 2008), or modulates excessive hypertrophy in response to growth promoting factors 

(Chien et al., 2013; Dubois et al., 2012; Dubois et al., 2014; Garikipati and Rodgers, 2012; 

Kawada and Ishii, 2009; Marcotte et al., 2014; Matsakas et al., 2006; Paoli et al., 2015; Price et 

al., 2011; Yang et al., 2007; Zhou et al., 2015). Glucocorticoid signaling results in muscle 

atrophy by increasing expression of Mstn (Zhang et al., 2007), through direct binding of the 

glucocorticoid receptor to a glucocorticoid response element (GRE) on the Mstn promoter (Ma 

et al., 2001; Qin et al., 2013). Androgens cause muscle hypertrophy, but modulate excessive 

muscle growth by binding androgen response elements (AREs) in the Mstn promoter, causing 

increased Mstn expression. Likewise, IGF-1 stimulates Mstn modulation of muscle growth by 

initiating cAMP response element binding (CREB) to the CREB response element (CRE) in the 

Mstn promoter (Valdes et al., 2013; Zuloaga et al., 2013). In mammals, Mstn signaling 

contributes to muscle atrophy by inhibiting protein synthesis (Goodman et al., 2013; Hitachi et 

al., 2014; Hulmi et al., 2013; Sakuma et al., 2014; Sartori et al., 2014; Schiaffino et al., 2013; 

Welle et al., 2009), and increasing protein degradation (Allen and Loh, 2011; Braun and Marks, 

2015; Gilson et al., 2007; Ma et al., 2003).  

In crustaceans, ecdysteroid signaling results in muscle atrophy of the claw closer 

muscle. The molting process is initiated by increased production of ecdysteroids (molting 

hormones) by the Y organ (molting gland) (Covi et al., 2009; Skinner, 1985b). In Gecarcinus 

lateralis, the blackback land crab, ecdysteroid levels increase from approximately 10-20 pg/µl 

during intermolt to over 400 pg/µl during premolt (Covi et al., 2010; McCarthy and Skinner, 
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1979). The major ecdysteroids in the blackback land crab are 20-hydroxyecdysone (20E) and 

Ponasterone A (Pon A), occurring in an approximately 3:1 ratio, respectively (McCarthy, 1982; 

McCarthy and Skinner, 1977b; McCarthy and Skinner, 1979). As ecdysteroids increase during 

premolt, the claw closer muscles atrophy between 40% (Skinner, 1966) and 78% (Ismail and 

Mykles, 1992), enabling withdrawal of the claw muscle from the old exoskeleton at ecdysis 

(Mykles and Skinner, 1982a; Skinner, 1966). During atrophy of the claw closer muscle, there is 

increased protein degradation, and increased protein synthesis (Covi et al., 2010). This is 

similar to denervation atrophy in mammals (Argadine et al., 2009; Quy et al., 2013), when 

increased protein synthesis allows remodeling of muscle fibers to accommodate altered muscle 

use (Bassel-Duby and Olson, 2006; Mykles and Medler, 2015). In mammals, steroids increase 

Mstn expression, but in G. lateralis, Gl-Mstn levels are negatively correlated with ecdysteroid 

levels during premolt (Covi et al., 2010). Gl-Mstn is also negatively correlated with protein 

synthesis, indicating that Gl-Mstn negatively regulates protein synthesis, the same role as Mstn 

has in mammals (Covi et al., 2010). However, unlike mammals, Gl-Mstn does not appear to 

increase protein degradation in crustaceans, as decreasing Gl-Mstn is correlated with 

increasing protein degradation (Covi et al., 2010). Ecdysteroids signal through the ecdysteroid 

receptor, a heterodimer consisting of RXR and EcR (Koelle et al., 1991; Yao et al., 1993). 

Ecdysteroid receptors bind ecdysteroid response elements (EcREs) on DNA and normally 

repress transcriptional activity until transcription is activated by ligand (ecdysteroid) binding 

(Henrich et al., 2009; Hu et al., 2003; Nakagawa and Henrich, 2009; Riddiford et al., 2001). Only 

a limited number of EcREs have been used in assays, and to my knowledge, ecdysteroid 

stimulation always results in increased transcription of the target genes. However, activated 

nuclear receptors, in general, can increase or decrease gene transcription (Moras and 

Gronemeyer, 1998). 

The purpose of this research was to sequence the Gl-Mstn promoter, analyze the 

promoter for transcription binding sites, and perform functional studies on the activity of the Gl-



88 

 

Mstn promoter. Specifically, we wanted to determine if ecdysteroids directly inhibit 

transcriptional activity of the Gl-Mstn gene through binding of ligand-activated ecdysteroid 

receptors to the ecdysone response element (EcRE) in the Gl-Mstn promoter. We developed a 

heterologous mammalian cell culture system in HeLa cells, to be able to precisely control 

ecdysteroid levels, as mammalian cells contain no endogenous ecdysteroids. Our hypothesis is 

that increased ecdysteroid levels will inhibit Gl-Mstn promoter activity. 

Materials and methods 

Animals 

Male Gecarcinus lateralis (Fréminville 1835), blackback land crabs, were collected from 

the southern coast of the Dominican Republic and flown to Colorado, USA. Crabs were kept in 

plastic containers at 27⁰C and 75-90% relative humidity on a 12 h light: 12 h dark schedule. 

Containers held eight to twelve crabs in aspen bedding dampened with 5 parts per thousand 

(p.p.t.) Instant Ocean (Aquarium Systems, Mentor, OH). All crabs were fed lettuce, carrots and 

raisins two times per week. 

Genomic DNA isolation 

Genomic DNA was isolated from thoracic ganglia or claw muscle freshly dissected from 

G.lateralis following the manufacturer’s protocol for animal tissues, with 1 h for thoracic ganglia 

tissue lysis, and three h for claw muscle tissue lysis (Qiagen Inc., Frederick, MD, USA). 

Genomic DNA was quantified (79.22 ng/µl) with a NanoDrop 1000 V3.8.1 (Thermo Fisher 

Scientific, Inc., Waltham, MA, USA), then stored in a -20°C freezer.  

DNA Walking 

 The DNA Walking SpeedUpTM Premix Kit (Seegene, Gaithersburg, MD, USA) was used 

to obtain the G. lateralis promoter sequence. Genomic DNA (1 µl), purified from the thoracic 

ganglion, was used as the template in a 20 µl PCR reaction, along with 2 µl DW2-ACP11, the 

non-specific forward primer (Table 3.1), 1 µl R4, the Gl-Mstn-specific outer primer (Table 3.1), 6 

µl nuclease-free water, and 10 µl of 2X SeeAmpTM ACPTM Master Mix II (Seegene). All primers 
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used in DNA walking protocol were 5 µM concentration.  Veriti 96 well Thermal Cycler (Thermo 

Fisher Scientific, Inc., Waltham, MA, USA) PCR reaction was set for one initial cycle of 94°C for 

5 min followed by 42°C for 1 min, and then 72°C for 2 min. The initial cycle was followed by 30 

cycles of the following: 94°C for 40 s, 55°C for 40 s, and 72°C for 90 s, and then a final 

elongation period of 7 min at 72°C. The first PCR product was purified with the QIAquick PCR 

Purification Kit (Qiagen Inc.). The QIAquick protocol was followed, with care taken to remove 

ethanol from the O rings after the Buffer PE wash. DNA was eluted with 30 µl Buffer EB.  

 For the second PCR, 3 µl of the first PCR product, 1 µl of each primer, including the 

ACPgC forward primer and the Mstn R5 nested gene-specific reverse primer (Table 3.1), and 5 

µl of nuclease-free water was used. The DNA Walking protocol (Seegene) was followed, except 

10 µl of GoTaq Green® Master Mix (Promega Corp., Madison, WI, USA) was used instead of 

the ACP Master Mix II (Qiagen Inc.) that came with the kit. The second PCR settings were an 

initial denaturation of 94°C for 3 min followed by 35 cycles of 94°C for 40 s, 60°C for 40 s and 

72°C for 90 s. The 35 cycles were followed by 7 min at 72°C. The PCR product was then diluted 

1/1000 to eliminate nonspecific bands.  

 The third PCR was the same as the second PCR, except each tube contained 30 µl total 

volume, with components increased proportionately, and the nested reverse primer was Mstn 

R2 (Table 3.1). The third PCR product was run on 1.5% agarose gel at 100 volts for 35 min. An 

approximately 1100 base pair (bp) DNA band was extracted with the QIAquick Gel Extraction 

Kit (Qiagen Inc.), following the manufacturer’s protocol. DNA was eluted with 10 µl EB buffer, 

and quantified (64ng/µl.) with a NanoDrop 1000 V3.8.1 (Thermo Fisher Scientific, Inc.). This 

product was then used for ligation into the pCRTM2.1-TOPO® vector (Thermo Fisher Scientific, 

Inc.). 

DNA Walking product cloning, sequencing and sequence analysis 

 The ~1100 base pair DNA Walking product was ligated into the pCRTM2.1-TOPO® vector 

using the TOPO® TA Cloning® kit (Thermo Fisher Scientific, Inc.). 2 µl (~130 µg) of the gel-
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extracted 3rd PCR product was added to 0.5 µl of salt solution (1.2 M NaCl and 0.06 M MgCl2) 

supplied with the TOPO cloning kit and 0.5 µl of the pCRTM2.1-TOPO® vector for a 3 µl total 

reaction. The pCRTM2.1-TOPO® vector is supplied in a linear form with topoisomerase I 

covalently bound. The reaction was incubated for 25 min at 22°C, and then the entire ligation 

product was added to 25 µl of One Shot® chemically competent cells received with the TOPO® 

TA Cloning® kit. Cells were incubated on ice 30 min, placed in a 42°C bath for 90 s, and then 

immediately transferred back to ice. S.O.C medium (125 µl, supplied with the TOPO® TA 

Cloning® kit) were added to the cells, which were then incubated for 1 h in a 37°C Innova 4300 

incubator shaker (New Brunswick Scientific, Woburn, MA, USA) set at 200 RPM. A 150 µl 

sample of culture was transferred to a 100 mm X 15 mm polystyrene Petri plate (Thermo Fisher 

Scientific, Inc.) containing Luria-Bertani (LB) agar with 100 µg/ml ampicillin and incubated at 

37°C in a Thelco (Precision Scientific Instruments, Buffalo, NY, USA) incubator for 18 h. Ten 

colonies were selected from numerous colonies on the plate, and each was placed in 0.5 ml LB 

media with 100 µg/ml ampicillin. The bacteria were incubated 6 h at 37°at 200 RPM. After 

incubating 3 h, 1 µl of culture was removed to use as template for an insert check. The template 

was amplified by PCR in a reaction containing 1 µl each of the M13 primers (supplied with the 

TOPO kit), 2 µl nuclease-free water, and 5 µl of GoTaq Green® Master Mix (Promega Corp., 

Madison, WI, USA). PCR amplification settings were an initial denaturation for 3 min at 94°C, 26 

cycles of 94°C for 30 s, 50°C for 30 s and 72°C for 90 s followed by 94°C for 7 min for final 

elongation. PCR product was separated on a 1% agarose gel at 100 volts for approximately 1 h. 

Insert check results showed that all colonies contained the 1 kb insert. A 100 µl sample of 

culture was transferred to 3.5 ml LB broth with 100 µg/ml ampicillin and incubated overnight in 

the 37°C at 200 RPM. Glycerol stock was prepared by adding 360 µl of broth containing CH3 

Blue competent cells containing the pCRTM2.1-TOPO® vector with the 1000 bp insert to 60 µl 

sterile 70% glycerol and stored in a -80°C freezer. Plasmids were extracted from the remaining 

overnight culture with the QIAprep Spin Miniprep Kit (Qiagen Inc.) following the manufacturer’s 
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protocol and eluting with 50 µl buffer EB. Plasmids were sent to Davis Sequencing (Davis 

Sequencing, Davis, CA, USA). A BLASTN search with the nr/nt database of NCBI was used to 

compare the obtained sequence with other sequences. The MacVector software program, 

version 11.0 (MacVector, Inc., Apex, NC, USA), was used to identify transcription factor binding 

sites within the Gl-Mstn promoter. 

Construction of vectors and cell transformation 

The Gl-Mstn promoter was amplified from G. lateralis claw muscle genomic DNA 

template. F1/R1, then F1/R2 primers (Table 3.2) were used in semi-nested PCR reactions using 

a Veriti 96 well Thermal Cycler (Thermo Fisher Scientific, Inc.). Nested PCR reactions contained 

4 µl template, 2 µl each primer, 2 µl nuclease-free water, and 10 µl GoTaq Green® Master Mix 

(Promega Corp., Madison, WI, USA) in a 20 µl reaction. Primer concentrations were 10 uM for 

all genomic DNA amplification. The thermal cycler settings were an initial denaturation for 3 min 

at 94°C, followed by 35 cycles of 30 s at 94°C, 30 s at 53°C for annealing, and 80 s at 72°C for 

elongation, as the PCR products were expected to be 1,091 and 934 bp for the first and second 

PCR reactions, respectively. The cycles were followed by 7 min at 72°C for final elongation. A 

third PCR reaction with F1/R2 primers was required for further amplification using the same 

thermal cycler settings in a 10 µl reaction, and using the second nested PCR product as 

template. The amplified genomic DNA was then re-amplified with primers which included a KpnI 

restriction site in the forward primer and XhoI in the reverse primer (Table 3.3). The forward 

primer included the first five bases after the satellite DNA, as these bases had been excluded in 

the F1 Gl-Mstn forward primer. PCR reaction settings were the same as for the genomic 

amplification, except the annealing temperature was 56°C (Table 3.3), and elongation time was 

90 s. In addition, only 1 µl template (3rd PCR product) was used in 10µl reactions. After 

amplification, the PCR product with the KpnI and XhoI restriction sites was purified with the 

QIAquick PCR Purification Kit (Qiagen Inc.) according to manufacturer’s protocol, and then PCR 

amplified again with the same settings as the previous first PCR with restriction site primers.  
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The PCR product was separated on a 1% agarose gel at 100 volts for 75 min, and a 900+ base 

pair (bp) DNA band was extracted with the QIAquick Gel Extraction Kit (Qiagen Inc.). The 

extraction product was then used as the Gl- Mstn promoter restriction digest template. 

A Gl-Mstn promoter without the putative ecdysone response element (EcRE) was 

created with a primer which included a KpnI restriction site and excluded the first 35 bp after the 

end of the satellite DNA, including a putative EcRE (GCTCACTCTCA) located 18 – 28 bp after 

the 3’ end of the satellite DNA. Genomic DNA was amplified from claw muscle using F2/R1, 

then F1/R2 (Table 3.2) nested PCR reactions. PCR reactions were the same as described for 

the full-length Gl-Mstn promoter except annealing temperature  was 54°C and elongation time 

was 1 min for both nested PCR reactions, with expected product sizes of 1108 bp in the first 

PCR, and 891 bp in the second nested PCR. Each reaction was 10 µl total, and multiple 

reactions were combined for agarose gel electrophoresis as described above. The second PCR 

product was amplified with a forward primer which contained the KpnI restriction site, but 

deleted the EcRE (KpnI noRE) and the same reverse primer with XhoI as used in the full-length 

Gl-Mstn promoter (Table 3.3). The PCR product was separated by agarose gel electrophoresis 

and extracted as described above. This PCR product was then used as the template to repeat 

the PCR with restriction primers to increase DNA concentration. 

Bacterial cultures containing the Uca pugilator ecdysone receptor (Up-EcR) and two 

isoforms of Retinoid X Receptor (Up-RXR) inserted into pBluescript phagemids (Agilent 

Technologies, Santa Clara, CA, USA) were provided by David S. Durica (University of 

Oklahoma). The two Up-RXR isoforms included a full-length Up-RXR (GenBank accession 

U31832) and Up-RXR coding for a 33 amino acid deletion (Up-RXR (-33)) (GenBank accession 

AF032983) (Chung et al., 1998; Durica and Hopkins, 1996; Durica et al., 2002). The Up-EcR 

clone included 2 bases of the 5’UTR, the 1557 bp open reading frame (ORF), and at least 165 

bp of the 3’ UTR. The Up-RXR and Up-RXR (-33) clones included only the entire 1398 bp and 

1299 bp ORF, respectively. 
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Up-EcR, Up-RXR, and Up-RXR(-33) were amplified from the inserted genes in pBSII 

phagemids. For Up-EcR, the forward primer included a BamHI restriction site and the reverse 

primer included a ClaI restriction site. For both Up-RXR, and Up-RXR(-33), the forward primer 

included a HindIII restriction site and the reverse primer included an Xba restriction site (Table 

3.3). Expected product sizes were 1592 bp for Up-EcR, 1429 bp for Up-RXR, and 1330 bp for 

Up-RXR(-33). The reaction mix for Up-EcR consisted of 1 µl template, 0.5 µl 10 µM forward and 

reverse primers, 3 µl nuclease-free water, and 5 µl GoTaq Green® Master Mix (Promega 

Corp.). The reaction mixes for Up-RXR and Up-RXR(-33) were similar, but 1 µl of each primer 

was used in Up-RXR, and 2 µl template and 1 µl of each primer was used in Up-RXR(-33). The 

thermocycler settings for Up-EcR were 4 min at 94°C for initial denaturation, then 30 cycles of 

94°C for 30 s, 60°C for 30 s, and 72°C for 2 min with a final elongation at 72°C for 7 min. The 

thermocycler settings for Up-RXR and Up-RXR(-33) were 3 min at 94°C, then 3 cycles of 94°C 

for 30 s, 37°C for 30 s and 72°C for 100 s to increase binding of the long primers to the 

relatively short primer-binding template sequence. This was directly followed by 28 cycles of 

94°C for 30 s, 56.5°C for 30 s, and 72°C for 105 s. A final elongation at 72°C for 7 min 

concluded the run. The PCR product was separated on a 1% agarose gel at 100 volts for 1 h. 

The DNA bands were extracted with the QIAquick Gel Extraction Kit (Qiagen Inc.), following 

protocol, and the extraction products were used for restriction digests. 

 The full-length Gl-Mstn promoter and the Gl-Mstn promoter without the EcRE amplified 

with primers containing restriction sites, and the pGL3 plasmid were double digested with Fast 

Digest KpnI and XhoI (Thermo Fisher Scientific, Inc.). The Up-EcR product amplified with 

primers with restriction sites and the pKH3 plasmid were double digested with BamHI and ClaI. 

The Up-RXR and Up-RXR(-33) products amplified with primers containing restriction sites and 

the pKH3 plasmid were double digested with HindIII and Xba. The PCR product or plasmid DNA 

protocols were followed, as appropriate, except the digestion incubations were extended to one 
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h.  The products were separated on a 1% agarose gel followed by gel extraction, as described 

above. These double-digested and gel-extracted products were then used for ligation reactions.  

The KpnI and XhoI restriction digested Gl-Mstn promoter and pGL3 plasmid were placed 

in a ligation reaction in a 5:1 insert:vector ratio with 1 µl T4 DNA ligase (Thermo Fisher 

Scientific, Inc.) and nuclease-free water to make 20 µl total reaction. For all other ligations, 

including the Gl-Mstn promoter without the EcRE with the pGL3 plasmid, Up-EcR, Up-RXR and 

Up-RXR(-33) with the pKH3 plasmid, the insert:vector ratio was 3:1. Both Gl-Mstn promoters 

were incubated with pGL3 at 37°C for 1 h, followed by 5 min at 80°C to inactivate enzymes, 

followed by a 16°C overnight incubation according to the T4 DNA ligase overnight ligation 

protocol. The linearized and digested Up-EcR, Up-RXR and Up-RXR(-33) with pKH3 ligation 

followed the same protocol, with one modification to increase ligation success; the overnight 

ligation started in a room temperature water bath which was then placed in a 4°C refrigerator for 

slow cooling. All ligated plasmids were then used for transformation into Escherichia coli 

bacteria cells, except Up-EcR was first run on a gel, extracted, and then used for 

transformation.  

The full-length Gl-Mstn promoter and the Gl-Mstn promoter without the EcRE, both in 

pGL3, and Up-EcR, Up-RXR, and Up-RXR(-33) all in pKH3, were transformed into chemically 

competent CH3 Blue Escherichia coli cells (Bioline, Taunton, MA, USA. Ligation reaction (1 µl) 

was added to 25 µl competent cells and incubated on ice for 30 min. Cells were then placed in a 

42°C water bath for 40 s, then returned to ice for 2 min. LB broth without ampicillin (125 µl) was 

added, and the cell culture was incubated one h in a 37°C Innova 4300 incubator shaker (New 

Brunswick Scientific, Woburn, MA, USA) set at 200 RPM. Culture (50 µl) was transferred to a 

100 mm X 15 mm polystyrene Petri plate (Thermo Fisher Scientific, Inc.) containing LB agar 

with 100 µg/ml ampicillin and incubated at 37°C in a Thelco (Precision Scientific Instruments, 

Buffalo, NY, USA) incubator for 18 h. Colonies were selected and placed in 0.5 ml LB media 

with 100 µg/ml ampicillin. The bacteria were incubated 6 h at 37°C in the Innova incubator 
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shaker set at 200 RPM. After 3 h of incubation, an insert check, similar to the DNA walking 

insert check, but with gene-specific primers and settings confirmed cultures with DNA of interest 

inserts (Table 3.4). Elongation times were based on the elongation rate of ~ 1000 bases per 

min. The PCR product was run on a 1% agarose gel. If a PCR amplification contained bands of 

the appropriate size, 100 µl of that culture was transferred to 3.5 ml of LB broth with 100 µg/ml 

ampicillin and incubated overnight in the 37°C, 200 RPM Innova incubator shaker. Glycerol 

stock was prepared by adding 360 µl of broth containing transformed CH3 Blue cells to 60 µl of 

70% glycerol, and stored at -80°C. After the glycerol stock was made, all transformed plasmids 

were extracted from the remaining overnight culture with the QIAprep Spin Miniprep Kit (Qiagen 

Inc.), following protocol, and eluted with buffer EB. Plasmids were prepared and sent to Davis 

Sequencing (Davis, CA, USA) according to Davis’ protocol.  

Western blot 

 HeLa cell extracts (20 µg) were separated on a BIO-RAD Tris-HCl 12% gel (BIO-RAD, 

Hercules, CA, USA) in Tris base running buffer (25 mM Tris base, 0.2 M glycine and 1% sodium 

dodecyl sulfate). Running time was 1 h 45 min at 100 volts. Proteins were transferred to a 0.2 

µm polyvinylidene difluoride (PVDF) blotting membrane in Towbin’s transfer buffer for 1 h at 100 

volts. The blot was rinsed 3 times, 1 minute each, in 20 ml Towbin’s transfer buffer, then 

blocked with 4% BSA in tris-buffered saline (TBS) (25 mM tris base, 225 mM NaCl). The 

membrane was then incubated overnight in a 1:1,000 dilution of affinity isolated anti-

hemagglutinin antibody produced in rabbit (Sigma-Aldritch, St. Louis, MO, USA). The blot was 

rinsed 3 times, 5 minutes each, in TBS with 0.1% Tween (TTBS), then incubated in TTBS with a 

1:10,000 dilution of goat anti-rabbit IgG conjugated to horse radish peroxidase (Southern 

Biotech, Birmingham, AL, USA) for 1 h. The blot was developed with Western Bright Sirius 

(Advansta, Menlo Park, CA, USA). 
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HeLa cell transfection and luciferase assay 

HeLa cells were maintained and passaged in growth medium (Dulbecco’s Modified 

Eagle Medium  (DMEM) (Thermo Fisher Scientific Inc.)  with 10% fetal bovine serum (FBS) 

(Thermo Fisher Scientific, Inc.)  and 2% glutamine (Thermo Fisher Scientifi, Inc.). When cells 

were ~ 80% confluent, the supernatant was discarded, and cells were washed with Dulbecco’s 

phosphate buffered saline (PBS) (Thermo Fisher Scientific, Inc.). Trypsin (Thermo Fisher 

Scientific, Inc.) was added to the washed cells and the flask was placed in the 37°C, 5% CO2 

incubator (NuAire, Plymouth, MN, USA) four min to dissociate cells from the flask. Growth 

medium was added, and cells were centrifuged in a 15 ml tube for 5 min at 400 X g. The pellet 

was resuspended in growth medium, and approximately 1 X 105 cells were transferred in 1 ml 

growth medium to 24-well plates. Plates with HeLa cells were placed in a 37°C, 5% CO2 

incubator overnight, and used for transfections the next day. 

pGL3 Luciferase reporter vectors (Promega Corp.) and pKH3 expression vectors 

(Addgene, Cambridge, MA, USA) were provided by Sandra Quackenbush (Colorado State 

University). The luciferase plasmids included pGL3-basic with no promoter or enhancers before 

the Photinus luciferase gene, pGL3-control with SV40 promoter and enhancer sequences 

resulting in strong Photinus luciferase expression, and  pRL-TK, containing an SV40 promoter 

and enhancers before the Renilla luciferase gene. The pRL-TK plasmid was used as a control 

to normalize Photinus luciferase expression. pKH3 is a reporter plasmid containing a triple 

hemagglutinin (HA) sequence which tags the protein of interest, with multiple restriction sites 

both before and after the HA tag. In addition to the pKH3 plasmid, a pKH3 plasmid containing 

an approximately 38 kilobase (kb) ORF (pKH3-ORF-A) was provided. This served as a positive 

control for protein expression. The pGL3-Mstn plasmid contained the full-length Gl-Mstn 

promoter inserted 5’ to the luciferase gene. The pGL3 (-) EcRE contained the Gl-Mstn promoter 

without the EcRE 5’ to the luciferase gene. pKH3-EcR had the Up-EcR open reading frame 

(ORF) inserted in-frame 3’ of the hemagglutinin (HA) tag. pKH3-RXR and pKH3-RXR(-33) had 
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the Up-RXR and Up-RXR(-33) ORFs, respectively, inserted in-frame 5’ of the HA tag (Table 

3.5). pKH3 was the empty plasmid used as a negative control. 

For each of the pGL3 reporter plasmids (pGL3 Basic, pGL3 Control, pGL3 Mstn, and 

pGL3 (-) EcRE), 0.3 µg plasmids per well were used for transfections. For pRL-TK, 0.01 µg 

plasmid was added to every well as a transfection control, allowing a dual luciferase assay for 

each sample. For the expression plasmids (pKH3, pKH3-EcR, pKH3-RXR and pKH3-RXR(-33)), 

0.05 µg plasmid was used for transfections. DNA was mixed with plasmid in the appropriate 

amount of buffer containing 10 mM Tris and 0.1 mM EDTA (TLE buffer) for each well.  

 In the first ecdysteroid transfection experiment, two 24-well plates were used to compare 

the effect of 20-hydroxyecdysone (20E) on the activity of the full-length Gl-Mstn promoter with 

the Gl-Mstn promoter without a putative EcRE (Gl-Mstn (-) EcRE). All 48 wells were transfected 

with pRL-TK, pKH3-EcR and pKH3-RXR at the concentrations described above. In addition, 

pGL3 Basic, pGL3 Control, pGL3-Mstn, or pGL3-Mstn (-) EcRE were each added to 12 of the 

48 wells. 

In the second ecdysteroid transfection experiment, two 24-well plates were used to 

determine the effect of 1 µM, 25 µM, 50 µM, or 100 µM 20E or Pon A on the full-length Gl-Mstn 

promoter. All 48 wells were transfected with pRL-TK. pGL3-Mstn, pKH3-EcR and pKH3-RXR 

were used in transfections of 32 wells.  pGL3 Basic, pKH3-EcR and pKH3-RXR were used in 

transfections of 4 wells.  pGL3 Control, pKH3-EcR and pKH3-RXR were used in transfections of 

4 wells. pGL3-Mstn was used in transfections of 8 wells (Table 3.6). 

In the third transfection experiment, combinations of the expression plasmids pKH3-EcR, 

pKH3-RXR, pKH3-RXR(-33) and pKH3 were used with the reporter vectors pGL3-Mstn, pGL3-

Mstn (-) EcRE, pGL3 Basic, and pGL3 Control to determine the effect of Up-EcR and the Up-

RXR isoforms on the Gl-Mstn promoters (Table 3.7). Each of the 14 different plasmid 

combinations was added to four wells.  
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 DNA plasmid in TLE buffer (1 µl each), 20 µl Opti Mem I (Thermo Fisher Scientific, Inc.), 

and 1 µl Lipofectamine® 2000 Transfection Reagent (Thermo Fisher Scientific, Inc.) was used 

for each well. In the first ecdysteroid transfection experiment, 130 µl of Opti Mem I was 

combined with 13 µl Lipofectamine® 2000 Transfection Reagent in each of 4 microcentrifuge 

tubes (1.5 ml)—one tube for each plasmid combination—and incubated at room temperature for 

5 min. In another set of 4 tubes, 130 µl Opti Mem I and 13 µl of each of the 4 DNA plasmids in 

TLE buffer were combined. Each µl of DNA contained the appropriate concentration of 

plasmids, as described above. After 5 min of incubation, the contents of each tube containing 

DNA was combined with one of the tubes containing Lipofectamine, and incubated at room 

temperature for 20 min to allow lipofectamine-DNA complexes to form. A 25 µl sample from 

each tube was added to each of 12 wells containing HeLa cells and 1 ml of growth medium, and 

placed in the 37°C, 5% CO2 incubator for 48 h.  

 The same protocol was followed in the second ecdysteroid transfection experiment with 

some exceptions. The plasmid combination of pRL-TK, pGL3-Mstn, pKH3-EcR and pKH3-RXR 

was used in 32 wells, the pRL-TK and pGL3-Mstn plasmid combination was used in 8 wells, the 

pGL3 Basic, pKH3-EcR and pKH3-RXR plasmid combination was used in 4 wells, and the pGL3 

Control, pKH3-EcR and pKH3-RXR combination was used in 4 wells. For the plasmid 

combination needed for the 32 wells, 340 µl Opti Mem I and 34 µl lipofectamine were combined, 

and 34 µl of each of the four plasmids was added to 340 µl Opti Mem I. For the plasmid 

combination of pRL-TK and pGL3-Mstn, 100 µl Opti Mem I and 10 µl of lipofectamine were 

combined, and 10 µl of each plasmid was added to 100 µl Opti Mem I. For the final two plasmid 

combinations, each needed for 4 wells, 50 µl Opti Mem I and 5 µl lipofectamine were combined, 

with 5 µl of each plasmid added to 50 µl of Opti Mem I. Finally, 0.5 ml was removed from the 

wells containing HeLa cells before the lipofectamine-DNA complexes were added. Then 0.5 ml 

of ecdysteroids in growth medium was added to each well for a total of 1 ml of growth medium 

for each well.   
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 For the third transfection experiment determining the effect of Up-RXR and Up-RXR on 

Gl-Mstn and Gl-Mstn (-) EcRE promoter activity, the protocol for the four-well mixtures in the 

second ecdysteroid transfection experiment was followed for preparing DNA for transfection. 

DNA was added to the wells with growth medium and HeLa cells according to the first 

transfection experiment. No ecdysteroids were used in this experiment. 

 Transfected HeLa cells were harvested with the Dual-Luciferase® Reporter Assay kit 

(Promega Corp., Madison, WI, USA) using a combination of passive and active lysis of cells. 

The growth medium was removed from the transfected HeLa cells and each well was rinsed 

with 500 µl phosphate buffered saline (PBS). PBS consisted of 1.15 g Na2HPO4, 0.2 g KH2PO4, 

8 g NaCl and 0.2 g KCl per liter. 100 µl of 1X Passive Lysis Buffer was added to each well, and 

culture plates were placed on a rocking platform at room temperature for 15 min. Wells were 

then scraped with the pipet tip, and the lysate was transferred to a microcentrifuge tube from 

each well. Contents from each tube (20 µl) were used in the Dual-Luciferase Reporter Assay, 

following the manufacturer’s directions, and using a TD-20/20 luminometer (Turner BioSystems, 

Inc., Sunnyvale, CA, USA). Relative light unit (RLU) readings were taken for both Photinus 

luciferase and Renilla luciferase for each sample. The ratio of the relative light units (RLUs) 

between the luciferase activity of Photinus to Renilla for each sample was used in all further 

analyses. Tube contents were stored at -20°C to be used for Up-EcR, Up-RXR, and Up-RXR(-

33) protein expression confirmation. 

Statistics 

 Sigma Plot 12.5 software (Systat Software, Inc., Chicago, IL, USA) was used for all 

graphs and statistical analyses. The student’s t-test and one-way ANOVAs were used to 

compare luciferase activity between the Gl-Mstn full-length promoter, the Gl-Mstn (-) EcRE 

promoter, and the pGL3 positive control promoter under various ecdysteroid concentrations and 

co-transfected plasmids. If a significant difference was found in a one-way ANOVA, then the 
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Holm-Sidak All Pairwise Multiple Comparison Procedure was initiated. An alpha level of 0.05 

was used for all tests.  

Results 

Cloning and characterization of the Gl-Mstn promoter 

 Genomic DNA walking identified a 976 base pair (bp) sequence upstream of the Gl-Mstn 

transcription start site. A BLASTN search of the Gl-Mstn 976 bp upstream sequence revealed 

that the upstream 139 bps had 94% identity with G. lateralis satellite DNA (Fowler et al., 1985). 

Satellite DNA in G. lateralis consists of ~ 16,000 copies (Fowler et al., 1985; Skinner et al., 

1983) of a 2.1 kb repeat per genome (Fowler et al., 1985; LaMarca et al., 1981), which has no 

known function. We used the 837 bps immediately upstream of the Gl-Mstn transcription start 

site, but excluded the satellite DNA, for promoter analysis. 

 Analysis with transcription factor software (see Materials and Methods) identified a TATA 

box and a CAAT box as core transcription elements in the Gl-Mstn promoter (Fig. 3.1). The 

TATA box is the binding site for the RNA polymerase II preinitiation complex, allowing 

transcription initiation (Carninci et al., 2006). The preferred TATA starting position for the 

majority of promoters is located at -30 or -31 (Carninci et al., 2006; Smale and Kadonaga, 

2003). The CAAT box, also involved in transcription initiation (Romier et al., 2003), can be 

located 50 to 164 bases upstream of the TSS in promoters containing TATA boxes, although a 

location between 60 to 100 bases upstream of the TSS is typical (Mantovani, 1998; Romier et 

al., 2003).  

One enhancer box (E-box) sequence and two cAMP response element (CRE) half-sites 

were identified in the Gl-Mstn upstream sequence (Fig. 3.1). An E-box is a binding site for 

muscle-specific transcription factors. The cAMP response element binding protein (CREB) 

transcription factor binds CRE half-sites or palindromic full CRE sites, and interact with other 

transcription factors to regulate gene expression (Zhang et al., 2005). 
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Transcription factor software analysis also identified a putative EcRE in the Gl-Mstn 

promoter, located between -821 and -810 bps upstream of the TSS (Fig. 3.1). The consensus 

sequence for an EcRE is (A/G)G(G/T)TCANTGA(C/A)C(C/T) (Cherbas et al., 1991; Nishita, 

2014). EcREs can be perfect of imperfect palindromes, separated by one nucleotide (Cherbas 

et al., 1991; Gauhar et al., 2009; Lehmann and Korge, 1995; Nishita, 2014), or perfect or 

imperfect direct repeats with no spacer (Antoniewski et al., 1996; D'Avino et al., 1995). The 

putative EcRE in the Gl-Mstn promoter is CGCTCACTCTCA, an imperfect direct repeat with no 

spacer nucleotide (Fig. 3.1). An alignment with the Eriocheir sinensis Mstn promoter showed 

high variability in the upstream portion of the promoter, but 90% identity between the 

downstream 441 nucleotides (Fig. 3.2). The TATA box and the CAAT box were perfectly 

aligned, but other transcription factor binding sites were present in both, but not aligned (Fig. 

3.2).  

Mstn promoter functional studies 

 Mammalian cells lack endogenous ecdysteroids. Therefore, expression of Up-EcR and 

Up-RXR in HeLa cells, along with the Gl-Mstn promoter upstream of a luciferase reporter, 

allowed a heterologous cell culture system in which ecdysteroid levels could be precisely 

controlled. A Western blot showed a specific band at the expected size of ~67 kDa, indicating 

that HA-tagged EcR was expressed in the HeLa cells (Fig. 3.3).  

The Gl-Mstn upstream sequence inserted upstream of the luciferase gene in the pGL3 

plasmid showed increased luciferase activity compared to the pGL3 basic plasmid, which lacked 

a promoter (Fig. 3.4). This result indicated that the upstream Gl-Mstn sequence is a functional 

promoter. The Gl-Mstn (-) EcRE sequence showed similar activity to the Gl-Mstn promoter, 

indicating that it is also a functional promoter (Fig. 3.4). 

 When the heterologous cell system—Up-EcR, Up-RXR, and either the Gl-Mstn or the Gl-

Mstn (-) EcRE promoter transfected into HeLa cells—was incubated with up to 25 µM 20E, there 

was no change in luciferase activity, compared to the cell systems lacking ecdysteroids (Fig 
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3.4). Further assays with up to 100 µM Pon A or 20E had no significant effect on Gl-Mstn 

promoter activity (3.5).  

 Co-transfection of RXR and EcR had no significant effect on the activity of the full-length 

or (-) EcRE Gl-Mstn promoter (3.6). However, co-transfection with Up-RXR and Up-EcR 

significantly decreased the activity of both the full-length promoter and the (-) EcRE Gl-Mstn 

promoter compared to no co-transfection, whether incubated with 50 µM 20E or not (Fig. 3.6). 

Compared to co-transfection of the empty pGL3 plasmid, co-transfection of RXR(-33) and EcR 

had a significant positive effect on both the full-length and the (-) EcRE Gl-Mstn promoter (Fig. 

3.7). Interestingly, RXR and EcR co-transfection had a significant positive effect on the pGL3 

positive control promoter (Fig. 3.7). 

Discussion 

The presence of core promoter elements—the TATA box and the CAAT box—indicates 

that the Gl-Mstn upstream sequence may be a functional promoter. Vertebrate Mstn promoters 

that have been analyzed all have at least one copy of each element (Deng et al., 2012; Du et 

al., 2011; Du et al., 2005; Funkenstein et al., 2009; Galt et al., 2014; Grade et al., 2009; Kerr et 

al., 2005; Li et al., 2012a; Li et al., 2012b; Ma et al., 2001; Nadjar-Boger et al., 2012; Nadjar-

Boger et al., 2013; Singh et al., 2014). The Gl-Mstn promoter TATA box is located between -30 

and -24 bases upstream of the TSS, similar to the location in vertebrates (Deng et al., 2012; Du 

et al., 2011; Grade et al., 2009; Ma et al., 2001). The Gl-Mstn CAAT box is located between -

130 and -126 bps upstream of the TSS—further upstream than vertebrate Mstn promoters 

which are located 60 to 100 bps upstream of the TSS (Du et al., 2011; Grade et al., 2009; Ma et 

al., 2001). This may indicate weaker transcription initiation than normal, as the CAAT box is an 

additional binding site for preinitiation complex proteins (Romier et al., 2003). The locations of 

the Gl-Mstn TATA box and CAAT box are identical to Eriochier sinensis, the only other crab 

Mstn promoter which has been analyzed (Kim et al., 2009a).  
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Only one enhancer box (E-box) sequence was identified in the Gl-Mstn promoter (Fig. 

3.1), compared to 3 to 16 E-boxes in the Mstn promoters of vertebrates (Du et al., 2011; Du et 

al., 2005; Funkenstein et al., 2009; Kerr et al., 2005; Li et al., 2012a; Li et al., 2012b; Ma et al., 

2001; Nadjar-Boger et al., 2012; Nadjar-Boger et al., 2013; Singh et al., 2014). The Mstn 

promoter of the decapod E. sinensis also contains one E-box sequence. The presence of a 

putative E-box indicates that Gl-Mstn may be regulated by muscle-specific transcription factors 

such as myogenic differentiation 1 (MyoD), myogenic factor 5 (myf5), myogenic factor 6 (myf6) 

(synonym: MRF4) and myogenin (Apone and Hauschka, 1995). Transcription factor binding to 

E-boxes upregulate promoter activity (Apone and Hauschka, 1995), while inactive E-boxes in 

vertebrates are often a site of methylation, causing repression of transcription (Ceccarelli et al., 

1999). As invertebrates do not normally methylate promoter regions (Sarda et al., 2012), the 

inactive E-box in Gl-Mstn would not be down-regulated by methylation.  The presence of only 

one E-box in the promoter of Gl-Mstn, compared to three to 16 E-boxes in vertebrates could 

indicate less regulation by muscle-specific transcription factors in the Gl-Mstn promoter, as E-

boxes have shown an additive effect on promoter activity (Salerno et al., 2004). However, 

mutation studies indicate that deletion of only specific E-boxes in promoters with multiple E-

boxes cause decreased transcriptional activity, and deletion of more than one of these specific 

E-boxes did not result in an additive down-regulation effect (Du et al., 2007). Functional studies 

will be necessary to determine if the E-box in the Mstn promoter is actively upregulated by 

muscle-specific transcription factors. 

Two cAMP response element (CRE) half-sites were identified in the Gl-Mstn promoter 

(Fig. 3.1). Likewise, one to two CRE sites have been identified in vertebrate Mstn promoters 

(Deng et al., 2012; Grade et al., 2009; Ma et al., 2001; Nadjar-Boger et al., 2012; Nadjar-Boger 

et al., 2013). The presence of CRE binding sites in the Gl-Mstn promoter is intriguing. In 

mammals, IGF-1 signaling activates CREB to initiate transcription of the Mstn promoter 

(Zuloaga et al., 2013). Stimulation of Mstn expression by IGF-1 allows a negative feedback 
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mechanism to modulate IGF-1-stimulated growth (Chien et al., 2013; Garikipati and Rodgers, 

2012; Kawada and Ishii, 2009; Marcotte et al., 2014; Matsakas et al., 2006; Paoli et al., 2015; 

Price et al., 2011; Yang et al., 2007; Zhou et al., 2015). In IGF-1-stimulated growth promoting 

situations, Mstn acts as a chalone—a modulator of excessive growth (Chien et al., 2013; 

Garikipati and Rodgers, 2012; Kawada and Ishii, 2009; Marcotte et al., 2014; Matsakas et al., 

2006; Paoli et al., 2015; Price et al., 2011; Shafer, 1916; Yang et al., 2007; Zhou et al., 2015). 

The presence of CRE response elements in the Gl-Mstn promoter indicates that IGF-1 signaling 

may activate the Mstn promoter to modulate muscle growth in invertebrates as well. 

In vertebrates, steroids regulate gene expression. In response to stress, glucocorticoid 

signaling stimulates the breakdown of carbohydrates, fats and proteins, to allow synthesis of 

glucose to combat the stressful situation (Braun and Marks, 2015; Goldberg et al., 1980; Kuo et 

al., 2012; Lofberg et al., 2002; Sapolsky et al., 2000; Schakman et al., 2008; Tomas et al., 

1979). Glucocorticoids also inhibit anabolic processes such as muscle protein synthesis to 

conserve energy (Braun and Marks, 2015; Goldberg et al., 1980; Kuo et al., 2012; Lofberg et al., 

2002; Sapolsky et al., 2000; Tomas et al., 1979). Glucocorticoids signal by binding the 

glucocorticoid receptor, and stimulating the ligand/receptor complex to bind GREs to regulate 

transcription of target genes (Kuo et al., 2012; Yamamoto, 1985). GREs have been identified in 

vertebrate Mstn promoters (Du et al., 2005; Kerr et al., 2005; Ma et al., 2001; Nadjar-Boger et 

al., 2012; Nadjar-Boger et al., 2013; Singh et al., 2014). Glucocorticoid receptor binding to a 

Mstn GRE (Ma et al., 2001; Qin et al., 2013) stimulates Mstn expression, resulting in decreased 

protein synthesis (Zhang et al., 2007) and increased protein degradation (Allen and Loh, 2011; 

Braun and Marks, 2015; Gilson et al., 2007; Ma et al., 2003; Schakman et al., 2013), including 

degradation of myofilaments (Hasselgren and Fischer, 2001; Schakman et al., 2008). Thus, 

glucocorticoid signaling can result in rapid muscle atrophy in vertebrates, due to decreased 

protein synthesis and increased protein degradation (Braun and Marks, 2015; Piccirillo et al., 

2014; Qin et al., 2013). 
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Androgens, which are growth promoting steroids, also stimulate Mstn expression. 

Similar to glucocorticoids, androgens bind the androgen receptor, and the androgen/androgen 

receptor complex binds androgen response elements (AREs) to regulate transcription of target 

genes. AREs have been identified in the Mstn promoters of humans (Ma et al., 2001) and three 

fish species (Kerr et al., 2005; Nadjar-Boger et al., 2012; Nadjar-Boger et al., 2013). Androgen 

stimulation upregulates Mstn transcription, thereby modulating the effect of the growth-

promoting steroids (Dubois et al., 2014). Mstn acts as a chalone for androgens, similar to the 

role Mstn has in modulating IGF-1-stimulated muscle growth (Dubois et al., 2014; Shafer, 1916). 

The transcription factor software did not identify a GRE or an ARE in the Gl-Mstn 

promoter. However, a putative EcRE of twelve nucleotides, consisting of the six-nucleotide 

imperfect direct repeat, CGCTCACTCTCA, was identified. Ecdysteroid signaling initiates 

transcriptional changes in target genes via ecdysteroid receptors bound to EcREs (Henrich et 

al., 2009; Hu et al., 2003; Nakagawa and Henrich, 2009; Riddiford et al., 2001). Ecdysteroid 

signaling occurs when ecdysteroid levels dramatically increase during premolt (Covi et al., 2010; 

McCarthy and Skinner, 1979). Increased premolt ecdysteroid levels are associated with 

decreased Gl-Mstn expression in the claw closer muscle of G. lateralis (Covi et al., 2010). As 

vertebrates do not undergo ecdysis, vertebrate promoters do not contain EcREs.  

Functional studies 

Expression of Up-EcR and Up-RXR in HeLa cells, along with the Gl-Mstn promoter 

sequence upstream of a luciferase reporter vector revealed that the Gl-Mstn upstream 

sequence is a functional promoter (Fig. 3.2A). We also attempted to determine if the putative 

EcRE in the Gl-Mstn promoter regulated Gl-Mstn transcription in response to ecdysteroid 

signaling in this heterologous cell culture system. The full-length Gl-Mstn promoter was 

compared to a Gl-Mstn promoter mutation in which the EcRE had been deleted. Our results 

indicated that there was no significant change in the activity of either promoter when incubated 

with up to 25 µM 20E, compared to incubation without ecdysteroids (Fig. 3.4).  
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In this heterologous cell system, concentrations up to 100 µM of 20E or PonA had no 

effect on the transcriptional activity of the full-length Gl-Mstn promoter. A negative result is often 

challenging to interpret, as there may be many possibilities for this result. The EcRE in the Gl-

Mstn promoter may not be functional, Up-RXR and/or Up-EcR may not be functional with the Gl-

Mstn promoter, the Up-RXR and/or Up-EcR A/B domains may be inhibitory, or 20E and 

Ponasterone A may not activate this cell system.  

If the EcRE is not functional, deletion of the putative EcRE would have no effect on the 

Gl-Mstn promoter activity. Previously, three putative EcREs near the ecdysone-inducible 

polypeptide 28/29 (Eip 28/29) gene in Drosophila were identified (Cherbas et al., 1991). One 

was 440 base pairs upstream of the TSS, and two were located downstream of the poly A site. 

From functional studies, they determined that both downstream sites were necessary for fully 

functional ecdysteroid signaling to the Eip gene, but the putative EcRE in the promoter region at 

-440, was not a functional EcRE (Cherbas et al., 1991). 

Different ecdysteroids elicit various responses in heterologous cell systems. 1 µM 20E 

was unable to activate a heterologous ecdysteroid system in 293 cells, whereas 1 µM 

Muristerone A elicited a strong transcriptional response, and 1 µM Pon A elicited a weak 

transcriptional response to incubation with ecdysteroids (Christopherson et al., 1992). To my 

knowledge, 20E has not been used successfully in a heterologous cell system. 10 µM 

Muristerone A has been used successfully as the ligand to stimulate a heterologous ecdysteroid 

system in HeLa cells (Mouillet et al., 2001). Pon A has been used to stimulate ecdysteroid 

heterologous systems in several cell lines, including 293 cells (Christopherson et al., 1992; 

Vaillancourt and Felts, 2003), CHO cells (Palli et al., 2003; Vaillancourt and Felts, 2003), A549 

cells (Hoppe et al., 2000), CV-1 cells (Hoppe et al., 2000), and CRE8 cells (Hoppe et al., 2000). 

However, I did not find any research that used Pon A as the ligand to stimulate a heterologous 

ecdysteroid system in HeLa cells. 
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Uca pugilator EcR (Up-EcR) and RXR (Up-RXR) (Chung et al., 1998; Durica and 

Hopkins, 1996; Durica et al., 2002) were used in our heterologous cell system, as the entire G. 

lateralis EcR (Gl-EcR) has not been cloned. The entire G. lateralis RXR (Gl-RXR) (Kim et al., 

2005b), and 1516 nucleotides of Gl-EcR (Kim et al., 2005a) have been cloned. The cloned 

portion of Gl-EcR includes approximately 64% of the C domain (the DBD) through to about 

eleven amino acids short of the 3’ end of the ORF. A nucleotide BLAST (NCBI) of the entire Gl-

RXR coding sequence showed 93% identity with the Up-RXR coding sequence, while a protein 

BLAST of the ORF indicated 98% conservation with Up-RXR. BLAST searches of the available 

Gl-EcR revealed 95% nucleotide identity, and 97% amino acid identity with Up-EcR. It is 

possible that these slight differences in protein sequence prevented ecdysteroid signaling 

through the EcRE in the Gl-Mstn promoter. 

Previous work has shown that the A/B domain of EcR (Mouillet et al., 2001; No et al., 

1996) and RXR (Betanska et al., 2009; Palli et al., 2003) may inhibit ecdysteroid signaling in 

heterologous cell systems. Many heterologous system researchers have replaced the A/B 

domains of EcR (Christopherson et al., 1992; No et al., 1996; Palli et al., 2003; Panguluri et al., 

2006; Vaillancourt and Felts, 2003; Wu et al., 2004; Wyborski et al., 2001) and/or RXR 

(Betanska et al., 2009; Palli et al., 2003; Panguluri et al., 2006; Wu et al., 2004) with a mutated 

activation domain of herpes simplex virus, virus protein 16 (Vp16).  

We also looked at the effect of RXR and EcR on the transcriptional activity of the full-

length Gl-Mstn promoter. When RXR and EcR were co-transfected with the Gl-Mstn promoter, 

there was decreased transcriptional activity of the promoter, compared to no co-transfections 

(Fig. 3.4). This negative effect on Gl-Mstn promoter activity may have been due to inhibition by 

the plasmid itself, or to the co-transfection process, because co-transfection of RXR and EcR 

compared to co-transfection of a similar amount of empty plasmid showed no inhibitory effect of 

RXR and EcR (Fig. 3.5). In fact, there was a trend toward increased activity, both of the full-

length Gl-Mstn promoter and the Gl-Mstn promoter without the EcRE, although there was not a 
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significant difference. Co-transfection with EcR and the RXR(-33) isoform, compared to co-

transfection with empty plasmid, resulted in significantly increased luciferase activity in the full-

length Gl-Mstn promoter and the Gl-Mstn promoter without the EcRE. Surprisingly, co-

transfection of RXR and EcR significantly increased activity of the pGL3 positive control 

promoter compared to co-transfection with the empty promoter (Fig. 3.7). All three promoters 

(Gl-Mstn, Gl-Mstn (-) EcRE, and pGL3) showed between a 2-3-fold increase in luciferase 

expression with co-transfection of Up-EcR and an isoform of Up-RXR. Previous work has shown 

that some combinations of EcR isoforms and RXR isoforms in ecdysteroid heterologous 

mammalian cell cultures can increase basal transcriptional levels at EcRE-activated genes, 

even without ecdysteroid stimulation (Beatty et al., 2006). No explanation was given for this 

increase in basal transcription levels (Beatty et al., 2006). But does the luciferase reporter 

plasmid used in this study contain an EcRE? Sequence analysis revealed a possible EcRE, an 

imperfect six-base palindromic repeat with no spacer, sequence TGATCATGAACT. Except for 

the first nucleotide in the sequence and the lack of a 1 nucleotide spacer, this sequence 

matches the consensus sequence for an EcRE—RG(T/A)TCANTGA(C/A)C(C/A) (Nishita, 

2014). Mutation analysis has shown that EcREs without a G in the first position (Antoniewski et 

al., 1993), or without a spacer (Wang et al., 1998) are functional, but with weaker transcriptional 

activation. This implies that the possible EcRE located in the promoter plasmid may be 

responsible for the similar response of all three promoters, including the positive control, to co-

transfection of Up-EcR and Up-RXR. 

In conclusion, the Gl-Mstn upstream sequence is a functional promoter, but further 

studies will be necessary to determine if ecdysteroid signaling controls Gl-Mstn promoter activity 

through the EcRE located in the Gl-Mstn promoter. Future research should include replacement 

of the A/B domains of EcR and RXR with the modified activation domain of Vp16, and possibly 

changing the reporter vector to test the possibility of an EcRE in the promoter itself. 
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Tables 

Table 3.1: DNA Walking Primers for three consecutive PCR runs. The first PCR run used 
genomic DNA from the thoracic ganglia of G. lateralis, and the following PCR runs each used 
the PCR product of the previous PCR run as the template DNA. The forward non-specific 
primers have ACP in the name, the reverse gene-specific primers have Mstn in the name.  
 

PCR # 

 

Primer pairs 

 

Sequence 5’- 3’  

Annealing 

Temperature 

1st 
ACP11 AGGAGTTTAGGTCCAGCGTCCGTIIIIICAGTC 

55 
Mstn R4 GTTGTGGTGCTGAGTTCGATGTGT 

2nd 
ACPgC GGAGTTTAGGTCCAGCGTCCGTGGGGGC 

60 
Mstn R5 GCAGCTCACTGAACTCACTCTCTG 

3rd 
ACPgC GGAGTTTAGGTCCAGCGTCCGTGGGGGC 

60 
Mstn R2 ACGGCATGTTACTGTTACTGGGCT 
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Table 3.2. Primers for genomic DNA amplification of the full-length Mstn promoter. 
Primers Sequence 5’- 3’  Tm, °C 

F1 GTCATTTCTTACGCTCACTCTCA 54.6 

F2 AACTCCACGAGGAATTAGTCATTT 54.2 

R1 CTGAACTCACTCTCTGCTGTTC 55.2 

R2 CACTATCAGGTTCACGGTAAGAG 54.6 

R3 ACGGCATGTTACTGTTACTGG 55.0 
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Table 3.3. Primers with restriction sites. For each primer pair, the forward primer is listed 
first, and the reverse primer second. Restriction sites in each primer are bold. NoRE is the 
primer sequence resulting in no response element in the Gl-Mstn promoter. Primer pair names 
indicate the restriction site included near the 5’ end of the sequence. 
 

DNA 

 

Primer pairs 

 

Sequence 5’- 3’  

Annealing 

Temp., °C 

MP 

compl. 

KpnI  TTAAGGTACCAATTAGTCATTTCTTACGCTC 
56 

XhoI  ATAGCTCGAGAGAGCTGATGCAAGATTGAC 

MP, no 

EcRE 

KpnI NoRE AAGGTACCTCGTGCCCAAAGGTGAG 
56 

XhoI  ATAGCTCGAGAGAGCTGATGCAAGATTGAC 

EcR 
BamHI CCAGAGGATCCATGGCCAAGGTGCTG 

60 
ClaI CAAGAATCGATAGGTGGTTCAGGCTCA 

RXR & 

(-33) 

HindIII CCGCTAAGCTTCCCATGATTATGATT 
37, 56.5 

Xba ACGTGTCTAGACTCGAGATAGCTGGTG 
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Table 3.4. Insert check primers. For Mstn, The forward primer was gene-specific, and the 
reverse primer annealed to the pGL3 plasmid. These Mstn primers were used for both the Gl-
Mstn and the Gl-Mstn (-) EcRE promoters, with the same size amplification product expected for 
both. The RXR primers were used for both the Up-RXR and the Up-RXR(-33) genes, with the 
same product size expected in both isoforms. For RXR and EcR, the forward primer annealed to 
the pKH3 plasmid while the reverse primers were gene-specific. 
 

Gene 

Primer 

pairs 

 

Sequence 5’- 3’  

Annealing 

Temperature 

Product 

size 

Mstn 
F AACCAATGAGAGCACGAGTT 

54 199 
R TCTTCCATGGTGGCTTTACC 

EcR 
F GTGCCAAGAGTGACGTAAGTA 

51.5 577 
R GTTAAGGTCGAGATCCCAGAAG 

RXR 
F GTGCCAAGAGTGACGTAAGTA 

52 429 
R GTGAAGGGAGGTGTGGATATG 
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Table 3.5. Plasmids used in transfections, including the luciferase reporter plasmids 
pRL-TK and pGL3, and the gene expression plasmid pKH3. The final column is the µg of the 
particular plasmid added to a well.  
 

Plasmid name Plasmid contents µg /well 

pRL-TK Renilla Luciferase gene with strong promoter 0.01 

pGL3 Basic Luciferase gene with no promoter 0.30 

pGL3 Control Luciferase gene with strong promoter 0.30 

pGL3-Mstn Luciferase gene with Gl-Mstn full-length promoter 0.30 

pGL3-Mstn (-) EcRE Luciferase gene with Gl-Mstn promoter (-) EcRE 0.30 

pKH3 Empty vector 0.05 

pKH3-EcR pKH3 with Up-EcR 3’ to HA tag 0.05 

pKH3-RXR pKH3 with Up-RXR 5’ to HA tag 0.05 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



114 

 

Table 3.6. Plasmid and ecdysteroid concentrations, in the second ecdysteroid 
transfection experiment, used in each transfection well. Four replicate wells of each 
combination were made. 100 µM 20E was hydrated in 100% ethanol, and 100 µM Pon A was 
hydrated in 95% ethanol. [C] = concentration. 
 

Reporter plasmid Expression plasmids Ecdysteroid Ecdysteroid [C] 

pGL3-Mstn pKH3-EcR, pKH3-RXR 20E 25 µM 

pGL3-Mstn pKH3-EcR, pKH3-RXR 20E 50 µM 

pGL3-Mstn pKH3-EcR, pKH3-RXR 20E 100 µM 

pGL3-Mstn pKH3-EcR, pKH3-RXR Pon A 25 µM 

pGL3-Mstn pKH3-EcR, pKH3-RXR Pon A 50 µM 

pGL3-Mstn pKH3-EcR, pKH3-RXR Pon A 100 µM 

pGL3-Mstn pKH3-EcR, pKH3-RXR None (100% EtOH) 0 

pGL3-Mstn pKH3-EcR, pKH3-RXR None (No EtOH) 0 

pGL3-Mstn None 20E 50 µM 

pGL3-Mstn None 20E 50 µM 

pGL3 Basic pKH3-EcR, pKH3-RXR None (100% EtOH) 0 

pGL3 Control pKH3-EcR, pKH3-RXR None (100% EtOH) 0 
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Table 3.7. Reporter and expression plasmids used in the transfection comparing the 
effects of the expression proteins Up-EcR, Up-RXR, and Up-RXR(-33) on the full-length 
Gl-Mstn promoter and the Gl-Mstn (-) EcRE promoter. 0.01 µl of pRL-TK,.05 µl of each 
expression plasmid, and 0.3 µl of each reporter plasmid was used.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reporter plasmid Expression plasmids 

pGL3-Mstn pKH3-EcR  pKH3-RXR  

pGL3-Mstn pKH3-EcR  pKH3 

pGL3-Mstn  pKH3-RXR pKH3 

pGL3-Mstn   pKH3, pKH3 

pGL3-Mstn pKH3-EcR pKH3-RXR(-33)  

pGL3-Mstn (-) EcRE pKH3-EcR  pKH3-RXR  

pGL3-Mstn (-) EcRE pKH3-EcR  pKH3 

pGL3-Mstn (-) EcRE  pKH3-RXR pKH3 

pGL3-Mstn (-) EcRE   pKH3, pKH3 

pGL3-Mstn (-) EcRE pKH3-EcR pKH3-RXR(-33)  

pGL3 Basic pKH3-EcR pKH3-RXR  

pGL3 Basic   pKH3, pKH3 

pGL3 Control pKH3-EcR pKH3-RXR  

pGL3 Control   pKH3, pKH3 
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-1 

-837 AATTAGTCATTTCTTACGCTCACTCTCATCTGCCGTCGTGCCCAAAGGTGAGCCGCCACG   

-777 CCACGGCGGCCGGGTGGCCGGGGAATCGCATCCCCCCAGGGGTTCTGTGTCCCTGCCCAA  

-717 GGCTAGCAGTCAGCCCAGTCCCTGATCTGGACTGGTTGGGGTGGCGACGGGCCTTGAAAG  

-657 GAAGCCCACCACCCCGTAAAAGATGCGTCATCTCGCTCGCGCAACGCAACAGAGCGGGAG  

-597 TTACAGGCCGGCGTCGGTCGACACTCAGGTCTAGTGCCTGGCCTGAGAGTGCTCTCAGGT  

-537 GGCGAGGGGAGGAGGAGGTGGAGGAGGAGGAGGGGGAGGAGGAGGAAGAGAAGGAGGGGG  

-477 AGTAGGAGGAGGAGGAGGAGGAGGAGGAGGAGGAGGAGGAGGAGGAGGAGGAGGAGGAGG  

-417 AGGAGGAGAATTAAGGCAAAGAATTACGTAAGAGTGACAATTTTGCGTGCAGGGTGTAGG  

-357 GTTAGGTTGGGTGGCCTAGAGACAGGTAGGACGAGGCAGGAGGGACAGAGGATACCTCGT  

-297 GGGAGGAGCCGGAGGAGGAGAAGGAGGGTACGGAGGAGGGTGACGATAGAGAGGTAGGGG  

-237 GAGCGGAGGGGCGGCAGGTAGCAAGGCGCCCGGGAAGGCAGCCACGCCCACGGGGAAGAA  

-177 AGGAGGGCGGTGATTGGCCCCCTGCTTTCCTTCGGCACGGCGACCAACCAATGAGAGCAC  

-117 GAGTTAACCCGCTTGAAAAGTTAATTGGTTCGAATCTGAGGCTAGACACTCCCCTTGTAC  

- 57 TGGTAGCATTAACTCCCAGACATAATGTATAAAAGAGCTTGTCAATCTTGCATCAGCTCT  

 
Fig. 3.1. Gl-Mstn contiguous promote, including the transcription start site (TSS). The 
entire contiguous promoter of Gl-Mstn is 837 bps in length to the TSS. Core promoter elements, 
including the CAAT box and the TATA box (both underlined) are present. A putative EcRE is 
located near the upstream end of the promoter (Bold and underlined). Two CRE half-sites, 
which CREB binds, are located in the Gl-Mstn promoter (bold and italics). An E-box, a binding 
site for muscle-specific transcription factors, is boxed, and partially overlapping the EcRE. A 
bent arrow indicates the TSS. 
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Gl : AATTAGTCATTTCTTACGCTCACTCTCATCTGCCGTCGTGCCCAAAGGTGAGCCGCCACG 60 

Es : ------------------------------------------------------------  - 

                                                                                                        

Gl : CCACGGCGGCCGGGTGGCCGGGGAATCGCATCCCCCCAGGGGTTCTGTGTCCCTGCCCAA 120 

Es : ------------------------------------------------------------  - 

                                                                                                                                          

Gl : GGCTAGCAGTCAGCCCAGTCCCTGATCTGGACTGGTTGGGGTGGCGACGGGCATTGAAAG 180 

Es : ------------------------------------------------------------  - 

                              CRE                                                                                                                          

Gl : GAAGCCCACCACCCCGTAAAAGATGCGTCATCTCGCTCGCGCAACGCAACAGAGCGGGCG 240 

Es : ------------------------------------------------------------  - 

                                                                                     

Gl : TTACAGGCCGGCGTCGGTCGACACTCAGGTCTAGTGCCTGGCCTGAGAGTGCTCTCAGGT 300 

Es : ------------CCCTTTTTACCTTCCCTTCTACTCCCCCCCCCCTTGCCATTGTC--TC  46 

                                                                                                                             

Gl : GGCGCGGAGAGGGAGGGAGGGAGGGAGGGAGTGAGGGAGGGAGGGGTGGTAGGGAGGCAA 360 

Es : AGCCTCAAAGAGCAGCATCTCCCCTCGGTAATGGCTTCATCCCTGCCTATAAAGAAACAA 106 

                                                                                                                             

Gl : GGGGGGGGGGGGGAGGAGGAGGAGGAGGAGGAGGAGGAGGAGGAGGAG-----GAGGAGG 415 

Es : GTGTAATTGATTGCTGGGTTTTCTTCCGCCTGTGACTCACCCGCTCGGCCTGCGACTGAA 166 

                                                                                                                             

Gl : AGGAGGAGGAGGTGGGGGAAGAGGAGGAGGAGGAGGAGGAGGAGGAGGAGAATTAAGGCA 475 

Es : GGAAGGACGAGAAAAAGGAGGAGGAGGAGGAGGAGGAAGAGGGAAAAGATAATTAAGTCA 226 

                                                                                                                             

Gl : AAGAATTACGTAAGAGTGACAATTTTGCGTGCAGGGTGTAGGGTTAGGTTGGGTGGCCTA 535 

Es : AAGAATTACGTAAGAGTGACAATTTCGCGTGGCCGGTGCAGGGTGAGGCAGGGTGGCCTA 286 

                                                                                                                             

Gl : GAGACAGGTAGGACGAGGCAGGAGGGACAGAGGATACCTCGTGGGAGGAGCTGGAGGAGG 595 

Es : GAGACAGGTAGTACGAGGCAGGAGGGACTGAGGATACCTCGTGGGAGGAGCCGGAGGAGG 346 

                         

                      CRE                                                                                                              

Gl : AGAAGGAGGGTACGGAGGAGGGTGACGATAGAGAGGTAGGGGGAGCGGAGGGGCGGCAGG 655 

Es : ---AGGAGGGTACGCAGGAGGGTAGGGATCGGGAGGGAGGGGGAGGGGAGGGGCGTCAGG 403 

                                                          CRE 

                                                                                                                             

Gl : TAGCAAGGCGCCCGGGAAGGCAGCCACGCCCACGGGGAAGAGAGGAGGGCGGTGATTGGT 715 

Es : TAGCAAGGCGCCCGGGAAGGCAGCCACACCCACGGGGAAGAAAGACGGGCTGCGATTGGT 463  

 

                             CCAAT                           

Gl : CCCCTGCTTTCCTTCGGCACGGCGACCAACCAATGAGAGCACGAGTTAACCCGCTTGAAA 775 

Es : CCCGAGCTTTCCTTCGGTACGGCGACCGACCAATGGCACCACGAGTTAACCCGCTTGAAA 523 

                                                                                                                             

Gl : AGTTAATTGGTTCGAATCTGAGGCTAGACACTCCCCTTGTACTGGTAGCATTAACTCCCA 835 

Es : AATTAATTGGTTCGAATCTGAGGCTAGACACTCCCCTTGTACTGGTAGCATTAACTCCCA 583 

 

         TATAAA 

Gl : GACATAATGTATAAAAGAGCTTGTCAATCTTGCATCAGCTCT 877 

Es : GACATAATGTATAAAAGAGCTTGTCAATCTTGCATCAGCTCT 625 
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Fig. 3.2. Gl-Mstn promoter aligned with the E. sinensis Mstn promoter. The first part of 
the overlap between the two sequences is very dissimilar, but starting from Gl nucleotide 
436, the remaining 441 nucleotides between the two promoters are 90% identical. A black 
bar under each sequence indicates the position of a putative EcRE in each promoter, located 
near the beginning of each sequence. E-box start/finish is indicated with arrowheads above 
(Gl) and below (Es) each sequence. CRE binding half-sites (TGACG or CGTCA), two in the 
Gl-Mstn promoter, and one in the Es promoter, are indicated above (Gl) and below (Es) each 
sequence. The CAAT-Box and TATA sequences are perfectly aligned, and are indicated 
above the sequences. 
 

 



119 

 

 

 

 

 

 

Fig. 3.3. Up-EcR was expressed in the heterologous HeLa cell system. Expected size of 
the HA-tagged Up-EcR band was ~67 kDa, marked by an arrow in the last lane. The positive 
control (second lane) was an HA-tagged ORF with an expected size of ~ 38 kDa. 
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          Protein     Positive 
kDa   Marker      Control     Up-EcR         
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Fig. 3.4. Effect of 20E concentrations on the Gl-Mstn promoter and controls. The effect 
of 0 µM, 10 µM and 25 µM 20E on the full-length Gl-Mstn promoter and the Gl-Mstn 
promoter without the EcRE (Gl-Mstn (-) EcRE) (A). Compared to pGL3 Basic, both the full-
length Gl-Mstn promoter and the Gl-Mstn (-) EcRE promoter showed increased luciferase 
activity, indicating they are both functional promoters. An ANOVA indicated no significant 
differences between 0 µM, 10 µM and 25 µM 20E on the activity of any individual promoter.  
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3.5. Effect of 20E concentrations on the full-length Gl-Mstn promoter. The effect of 0 
µM, 25 µM 20E, 50 µM and 100 µM of 20E (A) or Pon A (B) on the full-length Gl-Mstn 
promoter. The addition of both ecdysteroids at 100 µM concentration appears to decrease 
the complete Gl-Mstn promoter activity, resulting in decreased luciferase activity, but it is not 
a significant decrease at an alpha level of 0.05. 

A. 20E.  

 
B. Pon A.  
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3.6. Effect of Up-EcR and Up-RXR on activity of the full-length Gl-Mstn promoter.  Co-
transfection of Up-EcR and Up-RXR significantly decreased Gl-Mstn promoter activity 
compared to no co-transfections. This occurred without 20E (A), and in the presence of 50 
µM 20E (B). Statistical significance at a 0.05 alpha level is indicated by an asterisk. 

 

B. 50 µM 20E.  

 
A. No 20E.  
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Fig. 3.7. Effect of Up-EcR and Up-RXR on promoter activity. For both the full-length Gl-
Mstn promoter and the Gl-Mstn (-) EcRE promoter, activity was significantly increased when 
Up-EcR and Up-RXR(-33) were co-transfected, compared to co-transfection of pKH3. For 
the pGL3 positive control promoter, activity was significantly increased when Up-EcR and 
Up-RXR were co-transfected, compared to pKH3 co-transfection.  Statistical significance at a 
0.05 alpha level is indicated by different letters. 

 

A. Gl-Mstn complete.  
 

B. Gl-Mstn (-) EcRE.  
 

C. pGL3 Positive Control.  
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Chapter 4 

Myostatin and mTOR pathway mRNA expression levels in Carcinus maenas skeletal 

muscles in response to molt manipulation and during natural molt. 

Summary 

 Increasing ecdysteroid levels initiate the physiological and anatomical changes of 

premolt in decapods. Premolt changes include claw closer muscle atrophy to enable withdrawal 

of the claw at ecdysis, with concomitant increased protein synthesis in preparation for rapid 

growth after molting. Increased protein synthesis is transduced by the insulin/mTORC1-

dependent protein synthesis pathway, while myostatin (Mstn) signaling inhibits this pathway. In 

Gecarcinus lateralis, the blackback land crab, increasing ecdysteroid levels are correlated with 

increasing Rheb (an activator of mTORC1) and decreasing Mstn mRNA levels. Previously, Gl-

Mstn mRNA levels decreased 94%, and Gl-Rheb mRNA levels increased 3.4-fold during 

premolt. Here, we look at the effects of increasing ecdysteroids on insulin/mTORC1 signaling 

components and Mstn mRNA levels in the claw muscle of an invasive population of Carcinus 

maenas, the green crab. Our hypothesis is that increasing ecdysteroids will be correlated with 

decreasing Mstn mRNA levels and increasing mRNA levels of Cm-Rheb or other components of 

the insulin/mTORC1 signaling pathway in the claw closer muscle. As this population of C. 

maenas did not respond to common molt-induction techniques used in decapods, naturally 

molting crabs were studied. Results indicated that as ecdysteroid levels increased during 

premolt, Cm-Mstn mRNA levels also increased, but ecdysteroids and Cm-Mstn mRNA levels 

were not correlated. mRNA levels of mTOR and S6k, two components of the insulin/mTORC1 

signaling pathway, increased with increasing ecdysteroids, but were not correlated with 

ecdysteroid levels. However, Mstn and mTOR mRNA levels were positively correlated 

(R2=0.241) in both the claw muscle and the thoracic muscle. These results indicate that in C. 

maenas, claw closer muscle Mstn and insulin/mTORC1 signaling component mRNA levels are 

not directly regulated by ecdysteroids. However, Cm-Mstn and Cm-mTOR were positively 
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correlated, indicating that in C. maenas, similar to G. lateralis (see chapter 3), Mstn acts as a 

chalone, modulating the effects of the insulin/mTORC1 pathway to prevent excess protein 

synthesis. 

Introduction 

 In decapod crustaceans, molting is initiated by ecdysteroids, the molting hormones, 

which increase nearly 30-fold during premolt (Covi et al., 2010). During premolt, the claw closer 

muscle atrophies to allow withdrawal of the muscle through the narrow basi-ischial joint at 

ecdysis (Ismail and Mykles, 1992; Mykles and Medler, 2015; Mykles and Skinner, 1990; 

Skinner, 1966). This claw muscle atrophy has been studied extensively in the blackback land 

crab, Gecarcinus lateralis (Chang and Mykles, 2011; Covi et al., 2010; Koenders et al., 2002; 

MacLea et al., 2012; Mykles, 1992; Mykles, 1997; Mykles, 1999; Mykles and Skinner, 1981; 

Mykles and Skinner, 1982a; Mykles and Skinner, 1982b; Mykles and Skinner, 1990; Skinner, 

1966; Yamaoka and Skinner, 1975). As premolt claw muscle atrophies, there is a concomitant 

increase in protein synthesis, which allows extensive remodeling of the claw muscle in 

preparation for rapid growth immediately after molting (Covi et al., 2010; Skinner, 1965).  

In mammals, up-regulation of protein synthesis is transduced by mTORC1 in skeletal 

muscle (Amirouche et al., 2009), while Mstn signaling inhibits this pathway (Goodman et al., 

2013; Hitachi et al., 2014; Hulmi et al., 2013; Sakuma et al., 2014; Sartori et al., 2014; Schiaffino 

et al., 2013; Welle et al., 2009). Steroids, both glucocorticoids (Ma et al., 2001; Qin et al., 2013; 

Zhang et al., 2007) and androgens (Dubois et al., 2012; Dubois et al., 2014), up-regulate Mstn 

expression, but with different outcomes. Glucocorticoid up-regulation of Mstn (Ma et al., 2001; 

Qin et al., 2013; Zhang et al., 2007) results in decreased protein synthesis and muscle atrophy, 

as muscle protein is converted to glucose for available energy to combat the stressful situation 

(Braun and Marks, 2015; Goldberg et al., 1980; Kuo et al., 2012; Lofberg et al., 2002; Sapolsky 

et al., 2000; Schakman et al., 2008; Tomas et al., 1979). Conversely, androgens stimulate 

protein synthesis (Dubois et al., 2012; Ferrando et al., 1998; Urban et al., 1995), but also 
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stimulate Mstn expression which acts as a chalone, or brake, to prevent excess protein 

synthesis (Dubois et al., 2012; Dubois et al., 2014). 

In G. lateralis claw muscle, mRNA expression of Gl-Rheb, an activator of mTORC1, was 

up-regulated during premolt (MacLea et al., 2012), while Gl-Mstn mRNA was down-regulated 

(Covi et al., 2010). Hemolymph ecdysteroid levels were positively correlated with claw muscle 

Gl-Rheb mRNA expression (MacLea et al., 2012). However, ecdysteroid levels were negatively 

correlated with Gl-Mstn mRNA expression (Covi et al., 2010), indicating that ecdysteroids may 

down-regulate Gl-Mstn expression, as opposed to up-regulation of Mstn by mammalian 

steroids. 

Carcinus maenas, the green crab, transitions between green morphs and red morphs, 

as detailed in Abuhagr et al. (Abuhagr et al., 2014a). Briefly, juveniles and younger adults are 

green morphs, which invest their energy into molting and growth; whereas older adults transition 

into red morphs, investing their energy into reproduction (Abuhagr et al., 2014a; Reid et al., 

1997; Styrishave et al., 2004). Red morphs can still molt back into a green morph after an 

extended intermolt (Abuhagr et al., 2014a). 

Two methods have been used in decapod crustaceans to initiate molting—eyestalk 

ablation (ESA) (Abramowitz and Abramowitz, 1940; McCarthy and Skinner, 1977b; Mykles, 

2001) and multiple leg autotomy (MLA) (Holland and Skinner, 1976). Molt inhibiting hormone 

(MIH) is produced in the X-organ and secreted by the sinus gland, both located in the eyestalk 

(Chang and Mykles, 2011; Chung and Webster, 2005; Klein et al., 1993; Lachaise et al., 1993; 

Skinner, 1985b). ESA removes the major source of molt inhibiting hormone (MIH), thus 

releasing the Y-organ from inhibition, and allowing synthesis of ecdysteroids (Abuhagr et al., 

2014a; Chang and Mykles, 2011; Covi et al., 2012; Shrivastava and Princy, 2014). Autotomy is 

the self-initiated release of a limb at a preformed fracture plane in response to a mechanical 

stimulation (gripping) of the limb. As limbs can only be regenerated during premolt (Holland and 
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Skinner, 1976; Skinner, 1985b; Skinner and Graham, 1972), MLA shortens the intermolt stage 

by initiating a precocious premolt.  

ESA has successfully stimulated molting in diverse decapods, including G. lateralis 

(Bliss, 1956; Covi et al., 2010; Kim et al., 2005a; McCarthy and Skinner, 1977b; Skinner, 1966; 

Skinner and Graham, 1972), Pachygrapsis crassipes (striped shore crab) (Chang et al., 1976), 

Uca species (fiddler crabs) (Hopkins, 1983; Skinner, 1985b; Skinner and Graham, 1972), 

Callinectes sapidus (blue crab) (Skinner and Graham, 1972), Orconectes limosus (Keller and 

Schmid, 1979) and Procambarus clarkii (crayfish species) (Wheatly and Hart, 1995), Homarus 

Americana (American lobster) (Chang and Bruce, 1980), and several Penaeus species (shrimp) 

(Browdy and Samocha, 1985; Chan et al., 1990). MLA has also successfully stimulated molting 

in diverse species, including G. lateralis (Bliss, 1956; Covi et al., 2010; Koenders et al., 2002; 

McCarthy and Skinner, 1977b; Passano, 1960; Skinner and Graham, 1970; Skinner and 

Graham, 1972), Uca species (Ismail and Mykles, 1992; Skinner and Graham, 1972), C. sapidus 

(Skinner and Graham, 1972), and P. clarkia (Wheatly and Hart, 1995). However, ESA did not 

initiate molting in Maia squinado (spiny spider crab) (Carlisle, 1957) and neither ESA nor MLA 

initiated molting in Libinia emarginata  (portly spider crab) (Skinner and Graham, 1972). For C. 

maenas, inconsistent results have been reported. Carlisle (Carlisle, 1957) and Saidi et al. (Saidi 

et al., 1994) both did research on different populations of Carcinus maenas in the English 

Channel. They both reported that ESA stimulated molting in C. maenas. Passano, commenting 

on unpublished work by Carlisle, reported that MLA did not stimulate molting in C. maenas. In a 

population of C. maenas on the Atlantic coast of North America, Skinner and Graham found the 

opposite effects—ESA did not stimulate molting, but MLA did stimulate molting (Skinner and 

Graham, 1972).  

The primary purpose of this research was to determine the effects of molting on mRNA  

levels of Cm-Mstn and the insulin/mTORC1 signaling components in skeletal muscles of a 

population of C. maenas in Bodega Bay, on the California coast. Insulin-like peptides, insulin,  
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insulin binding proteins and insulin-like growth factors are present in decapod crustaceans 

(Chandler et al., 2015; Chaulet et al., 2012; Chung, 2014; Davidson et al., 1971; Gallardo et al., 

2003; Gutierrez et al., 2007; Hatt et al., 1997; Kucharski et al., 1999; Kucharski et al., 2002; 

Richardson et al., 1997; Sanders, 1983a; Sanders, 1983b), with a function similar to vertebrates 

(Richardson et al., 1997). Our hypotheses are 1) Cm-Mstn claw closer muscle mRNA levels will 

decrease during premolt, and will be negatively correlated with ecdysteroid levels, and 2) cm-

Rheb or another component of the insulin/mTORC1 protein synthesis pathway will be up-

regulated in C. maenas claw closer muscle, and will be positively correlated with Cm-Mstn 

mRNA levels. 

Materials and Methods 

Animals 

Adult male Carcinus maenas (Linnaeus, 1758), the European green crab, were collected 

from Bodega Bay, California. For the 90-day molt-induction experiment and the natural molt 

experiment, crabs were maintained at the Bodega Marine Laboratory as described previously 

(Abuhagr et al., 2014a). They were kept in containers at 13°C with ocean water flow-through, 

and fed squid two times per week (Abuhagr et al., 2014a). An additional eight animals for the 

natural molt experiment were shipped to Colorado, placed in 20°C aerated water with 30 parts 

per thousand (p.p.t.) Instant Ocean (Aquarium Systems, Mentor, OH) overnight, and then 

harvested the next day. Crabs for the short-term (14 day) molt induction experiment and crabs 

used in cloning and tissue expression experiments were shipped to Colorado, kept in salt water 

containers as described above, on a 12 h light:12 h dark schedule, and fed chicken liver twice 

weekly. 

Animal Harvest 

Hemolymph was removed using a 1 ml slip-tip tuberculin syringe (Becton, Dickinson & 

Co (BD), Franklin Lakes, NJ, USA) and a 22G sterile needle (Adegoke et al., 2012). 

Hemolymph (100 µl) was added to 100% methanol (300 µl) and stored at -20⁰C until shipped to 
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the Chang lab at the University of California Bodega Marine lab. Hemolymph ecdysteroid levels 

in each sample were quantified with a competitive ELISA for ecdysteroids, which preferentially 

binds 20-hydroxy ecdysone (20E) and ecdysone (Abuhagr et al., 2014b; Kingan, 1989; Medler 

et al., 2005). 

After removing the hemolymph sample, animals were placed in ice for five min to 

anesthetize them. Tissues were dissected out immediately following the five min on ice. Tissues 

were wrapped in foil, frozen immediately in liquid nitrogen, and then stored at 80⁰C. 

RNA isolation  

 RNA was isolated from tissue samples with TRIzol (Invitrogen, Carlsbad, CA, USA) as 

described previously ((Covi et al., 2010). Approximately 100-150 mg of animal tissue was 

homogenized for 5 min in 1 ml of Trizol in glass homogenizers. After 5 min at room temperature, 

tissues were centrifuged at 12,000g and 4°C for 15 min to remove cellular debris. Chloroform 

was added to the supernatant, and samples were centrifuged for 15 min at 16,000g to separate 

the RNA into the aqueous layer. Approximately 600 µl of the aqueous layer containing the RNA 

was transferred into a clean microcentrifuge tube, one volume of isopropanol (approximately 

600 µl) was added to the aqueous layer and the samples were placed in a 4⁰C refrigerator for 

30 min to precipitate the RNA. Samples were then centrifuged at 16,000g to pellet the RNA, 

supernatant was removed, and the pellet was washed twice in cold 75% ethanol in DEPC-

treated water, centrifuging after each wash to re-pellet the RNA. The supernatant was removed 

and the pellet was dried on ice. Each sample was resuspended in 22 µl nuclease-free water, 

then treated with DNase I (Thermo Fisher Scientific) and Ribolock RNase Inhibitor (Thermo 

Fisher Scientific) and incubated at 37⁰C for 30 min according to the manufacturer’s directions. 

After the DNase treatment, 170 µl nuclease-free water, 100 µl acidic phenol (pH 4.3) and 100 µl 

24:1 isoamyl alcohol were added to the RNA sample and centrifuged at 21,000g for 15 min to 

separate the layers. The aqueous phase containing the RNA was transferred to a clean tube, 

and the RNA was precipitated by adding 1.5 volumes isopropanol and 0.5 volume sodium 



130 

 

acetate (pH 5.2) to the aqueous phase, and incubating on ice for 10 min. The precipitate was 

then centrifuged at 16,000g for 15 min and washed twice with 70% ethanol, similar to the first 

RNA precipitation. After removing the supernatant, pellets were dried on ice, then RNA was 

quantified with a NanoDrop 1000 V3.8.1 (Fisher Scientific, Waltham, MA, USA). 

cDNA synthesis  

The Superscript III first strand synthesis system (Thermo Fisher Scientific) was used to 

make cDNA from total RNA. Total RNA (2.5 µg), 1 µl 50 µM oligo dT(20) primers (Integrated 

DNA Technologies, Inc., (IDT) Coralville, IA), 1 µl 10mM dNTP and enough nuclease-free water 

to make a 10 µl total reaction mixture. This was incubated at 65°C for 5 min, then transferred to 

ice. cDNA synthesis mix (10 µl) was added, according to manufacturer’s protocol, and this 

mixture was incubated at 55°C for 60 min. Enzymes were then inactivated by incubating at 70°C 

for 15 min. To remove RNA, 1 µl RNase H was added, and the mixture was incubated at 37°C 

for 20 min.  

Cloning to obtain a partial Cm-Mstn gene sequence 

 Gene specific primers (Table 1) were used to verify a previously amplified and 

sequenced 175 nucleotide Cm-Mstn gene segment. 3’ Rapid Amplification of cDNA ends 

(3’RACE) using the FirstChoice RLM-RACE kit (Thermo-Fisher Scientific, Waltham, MA, USA) 

and following the manufacturer’s protocol was used to amplify the 3’ end of the Cm-Mstn gene 

using Cm total RNA. Nested Cm-Mstn gene-specific primers (Table 1), along with the inner and 

outer primers supplied with the 3’RACE kit were used for amplification. To obtain sequence 5’ to 

the known Cm-Mstn gene fragment, forward primers based on the Gecarcinus lateralis and the 

Eriocheir sinensis Mstn sequences were used with reverse primers based on the known Cm-

Mstn sequence (Table 4.1). PCR conditions were an initial denaturation at 95°C for 5 min, 

followed by 35 cycles of 95°C for 30 s, 56°C for 30 s, and 72°C for 1 min, and then a final 

extension at 72°C for 7 min. 
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Cm-Mstn tissue expression 

 The following tissues were collected from one adult male C. maenas: gill, heart, 

hepatopancreas, midgut, hindgut, claw muscle, thoracic muscle, testes, thoracic ganglia, Y-

organ and eyestalk. Tissues were collected, RNA was isolated and cDNA was synthesized as 

described above.  

qPCR amplification of Cm-EF2 and Cm-Mstn cDNA of all tissues collected was followed 

by agarose gel separation to visualize gene expression. Cm-EF2 was used as a constitutive 

sample control which was expected to have a high level of expression in all cells. For each 

gene, the PCR reaction contained 1 µl cDNA, 1 µl each of 10 µM forward and reverse primers 

(Integrated DNA Technologies (IDT), Coralville, IA, USA) (Table 4.2), 3 µl nuclease-free water, 

and 5 µl GoTaq Master Mix (Promega, Madison, WI, USA). The PCR setting for Cm-EF2 

amplification was an initial denaturation at 95°C followed by 35 cycles of 95°C for 30 s, 61°C for 

30 s and 72°C for 1 min, and then a final elongation at 72°C for 5 min. Cm-Mstn PCR settings 

were the same, except the annealing step was 57°C. The amplified product for Cm-EF2 was 

278 based pairs, and the amplified product for Cm-Mstn was 205 base pairs. Product was run 

on a 1.5% agarose gel for 25 min at 100 volts, stained with ethidium bromide, and 

photographed with a ChemiDoc XRS+ with Image lab software (Bio-Rad Laboratories, 

Hercules, CA, USA). 

qPCR 

Quantitative polymerase chain reaction (qPCR) was used to quantify the mRNA levels of 

the following genes: elongation factor 2 (Cm-EF2) [GenBank GU808334 (Kim et al., 2004a)], 

myostatin (Cm-Mstn), Cm-Akt (also known as protein kinase B (PKB)) [GenBank JQ864249 

(Abuhagr et al., 2014)], Ras homolog enriched in brain (Cm-Rheb) [GenBank HM989970 

(MacLea et al., 2012)], mechanistic Target of Rapamycin (Cm-mTOR) [GenBank JQ864248 

(Abuhagr, et al., 2014)], and p70 ribosomal protein S6 kinase (Cm-S6k) [GenBank JQ864250, 

Abuhagr et al., 2014)]. One µl of cDNA (from 0.12 ng total RNA), 1 µl of each 10 µM gene-
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specific primer (IDT) (Table 4.2), 3 µl of nuclease-free water and 5 µl of LightCycler 480 SYBR 

Green I Master mix (Roche) was used in each reaction. LightCycler 480, 384 Multiwell Plates 

(Roche) were used to run the reactions in a LightCycler 480 Real-Time PCR instrument 

(Roche).  

PCR settings were an initial denaturation for 5 min at 95⁰C, followed by 50 cycles of 

denaturation at 95⁰C, gene-specific annealing temperature (Table 2) for 20s and elongation at 

72⁰C for 20s for Cm-EF2 and Cm-Mstn in the short-term (14 day) ESA molt-induction 

experiment and the long-term (90 day) ESA and MLA molt-induction experiment. In the natural 

molt experiment, the same settings were used, except 45 cycles were used. PCR cycles were 

followed by a melt curve cycle to analyze product homogeneity. Absolute quantification was 

done by the LightCycler 480 software, version 1.5 (Roche), comparing each sample to external 

standard concentrations for each gene. Concentrations from the LightCycler software were 

converted to copy number per µg RNA in Microsoft Excel.  

Molting experiments  

Three molting experiments were done with C. maenas—a short-term (14 day) 

experiment following ESA, a long-term (90 day) experiment following ESA, MLA or both ESA 

and MLA, and a natural molt experiment. Ecdysteroid levels and Cm-EF2 (a constitutively 

expressed protein synthesis elongation factor) and Cm-Mstn mRNA levels were quantified in all 

experiments. In addition, for the natural molt experiment, Cm-RXR (one portion of the 

ecdysteroid receptor heterodimer), and Cm-Akt, Cm-Rheb, Cm-mTOR and Cm-S6k (all 

components in the mTOR protein synthesis pathway) were quantified in the natural molt 

experiment. 

Short-term (14 day) molt-induction by ESA experiment 

 ESA, as previously described (Lee et al., 2007b), was used to attempt molt induction in 

red morph and green morph intermolt C. maenas crabs. Animals were harvested as described 

above 3, 7, and 14 days after ESA, with intact green morphs serving as controls. Ecdysteroid 
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levels, and claw and thoracic muscle mRNA levels for Cm-EF2 and Cm-Mstn were analyzed as 

described above. As ecdysteroid levels indicated that ESA did not induce premolt in this short-

term experiment, a long-term molt induction experiment (90 day) was initiated. 

Long-term (90 day) molt induction experiment by ESA, MLA or both 

 Intermolt red morph C. maenas were induced to molt by ESA, MLA, or a combination of 

both methods, as part of the same experiment previously described (Abuhagr et al., 2014a). 

Claw and thoracic muscle tissue were harvested 90 days after attempted molt induction, with 

intact intermolt animals serving as control. Ecdysteroid levels, and claw and thoracic muscle 

mRNA levels for Cm-EF2 and Cm-Mstn were analyzed as described above. As ecdysteroid 

levels indicated that neither ESA nor MLA induced premolt and molting in this long-term 

experiment, a natural molt experiment was initiated. 

Natural molt experiment 

 Green morph Carcinus maenas crabs in various stages of premolt or postmolt were 

collected at Bodega Bay in March, during the green morph annual molting season. Postmolt 

animals were harvested 3 to 5 days after ecdysis. Intermolt animals included both red morphs 

and green morphs. Claw and thoracic muscle tissue were harvested from the same animals as 

described in Abuhagr et al. (Abuhagr et al., 2014a). 

Molt stage of individual C. maenas crabs was determined by observation of maxilliped 

endopodite setal development under 100X microscopy (Moriyasu and Mallet, 1986). 

Determination between postmolt and intermolt was made by observation of granular protoplasm 

in setae and wide setal lumen (postmolt) versus no granular protoplasm with narrow lumen 

(intermolt). Apolysis of epidermis from the cuticle at the base of the setae indicated the 

beginning of premolt, with width of retraction zone and new setal developmental stages 

indicating specific progress through premolt. Late premolt was indicated by completion of setal 

articulations and protrusion of the shaft of the new setae through the epidermis by more than 

one-half their length (Moriyasu and Mallet, 1986).  
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Alignments and phylogenetic trees 

A protein BLAST (NCBI) with the Cm-Mstn mature peptide sequence revealed nine additional 

decapod Mstn sequences. ClustalX2 (Larkin et al., 2007) and GeneDoc (Nicholas and Nicholas) 

were used to produce and annotate multiple sequence alignments from the decapod Mstn 

sequences. TreeView 1.6.6 (Page, 2001) was used to generate a radial phylogenetic tree. 

Graphing and statistical analyses 

 Sigma Plot 12.5 software (Systat Software, Inc., Chicago, IL, USA) was used for all 

graphs and statistical analyses. Box plots of non-transformed and transformed data (data not 

shown) indicated that log10 transformed data had a more normal distribution with equal 

variances. Subsequently, all gene expression data was log10 transformed for further statistical 

analyses. In the natural molt experiment, the Pearson correlation was used to assess the linear 

relationship between ecdysteroid levels and mRNA levels, and between Cm-Mstn mRNA levels 

and the other mRNA levels in both muscle types. 

 One-way ANOVAs were used to compare molt stages for ecdysteroid levels, and mRNA 

levels in each muscle for Cm-EF2, Cm-RXR, Cm-Mstn, Cm-Akt, Cm-Rheb, Cm-mTOR and Cm-

S6k. If a significant difference was found in a one-way ANOVA, then the Holm-Sidak All 

Pairwise Multiple Comparison Procedure was initiated. If the Shapiro-Wilk Normality Test or the 

Equal Variance Test failed, then the Kruskal-Wallis one-way ANOVA on ranks was initiated. If a 

significant difference was found in a one-way ANOVA on ranks, then Dunn’s All Pairwise 

Multiple Comparison Procedure was initiated. For the molt induction experiments, an alpha level 

of 0.05 was used. For the natural molt experiment, an alpha level of 0.01 was chosen for all 

gene expression tests to control for the Type I error rate due to multiple testing. 
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Results 

Cloning and characterization of Cm-Mstn 

 An 870 base pair sequence of the Cm-Mstn mRNA was cloned from skeletal muscle 

tissue (Fig. 4.1). This nucleotide segment codes for 289 amino acid residues (red letters), 

including most of the propeptide sequence and the entire mature peptide sequence of 110 

amino acid residues (bold font). Furin cleaves just after the RSRR site (underlined and 

italicized), covalently cleaving the propeptide from the mature peptide. Nine cysteines contribute 

to formation of a cysteine knot. Eight cysteines form intrachain linkages, and one cysteine forms 

an interchain linkage, covalently linking two mature peptides to form the Mstn mature peptide 

dimer.    

 A protein alignment showed 80% to 95% identity between the Cm-Mstn mature peptide 

and nine other sequenced decapod Mstn mature peptides (Fig. 4.2). Each sequence contained 

all nine cysteines for formation of a cysteine knot. Only the first few peptides after the RXXR 

cleavage site were somewhat variable between sequences. Seven of the first thirteen amino 

acid residues of the mature peptide sequence were highly variable. The remaining 97 amino 

acid residues were 85% to 95% identical between the decapod mature peptide seqences, with 

93% to 98% similarity.  A phylogenetic tree of the ten decapod Mstn mature peptide sequences 

shows two major clusters, one cluster of crabs (C. maenas, Portunus trituberculatus, Eriocheir 

sinensis, and Gecarcinus lateralis), one cluster of shrimp (Penaeus monodon, Litopenaeus 

vannamei, Pandalopsis japonica, Macrobrachium nipponense, and Macrobrachium rosenbergii), 

with the lobster (Homarus Americana) between the two clusters. As expected, the Cm-Mstn 

mature peptide was most similar to Portunus trituberculatus, both of which are in the same 

subsection (Heterotremata) of the infraorder Brachyura, and in the same family—Portunidae. G. 

lateralis and E. sinensis are much more distantly related to C. maenas, as shown in the 

phylogenetic tree (Fig. 4.3). Both G. lateralis and E. sinensis are in the Thoracotremata 

subsection of Brachyura. They are in the same superfamily (Grapsoidea), but are only distantly 
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related to each other, as indicated in the phylogenetic tree (Fig. 4.3), diverging more than 80 

million years ago (Tsang et al., 2014). 

Three different splice variants of the 3’ Cm-Mstn untranslated region were cloned (Fig. 

4.4). A truncated 3’ UTR with no evidence of a poly-adenylation (poly-A) signal was found that 

was 94 nucleotides long. Two 3’ UTR sequences of 281 and 287 nucleotide length were 

identical except for 3 nucleotide differences, and the longer sequence had a slightly longer poly-

A tail.  

Cm-Mstn mRNA was expressed in all tissues, including the midgut, hingut, heart muscle, 

claw muscle, thoracic muscle, thoracic ganglion, Y-organ, hepatopancreas, gill, and eyestalks 

(4.5). Cm-EF2 mRNA expression was relatively constant in all the tissues. As EF2 is a 

constitutively expressed protein elongation gene, Cm-EF2 expression allowed a qualtitative 

comparison of cDNA across tissues (Fig. 4.5). 

Short term, 14 day, ESA experiment 

Ecdysteroid levels did not increase in either red morph or green morph C. maenas after 

ESA in a short term, two-week experiment, indicating that premolt was not initiated in these 

animals (4.6). Red morph ecdysteroid levels actually decreased by 69% at 7 days. Green morph 

crabs had significantly higher ecdysteroid levels than red morphs at all days compared, but 

there were no significant changes in ecdysteroid levels within green morphs. 

In the same two-week experiment, Cm-EF2 mRNA levels in thoracic muscle significantly 

increased (3.8-fold) from day zero to day 7 in red morphs, but there was no significant 

difference in green morphs (Fig. 4.7A). There were no significant changes in Cm-EF2 mRNA 

levels in claw muscle (Fig. 4.7B). Cm-EF2 expression in green morph claw muscle was 3.5-fold 

higher than in red morphs 3 days after ESA. There were no other significant differences in Cm-

EF2 mRNA levels between color morphs in either muscle type. Compared to day zero controls, 

there were no significant differences in Cm-Mstn mRNA levels at any time point in either muscle 

(Fig. 4.7C). However, green morphs showed a significant decrease (43%) in Cm-Mstn mRNA 
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levels in thoracic muscle between day 7 and day 14. Differential Cm-Mstn mRNA levels 

between color morphs occurred at day 7 in thoracic muscle, and day 3 in claw muscle, with 17-

fold and 189-fold higher levels in green morphs, respectively. 

Long term, 90 day, ESA and MLA experiment 

As the short term ESA experiment did not induce molting, a long-term, 90-day 

experiment was initiated, using the same animals as described in Abuhagr et al. (Abuhagr et al., 

2014a).  Treatments included ESA, MLA, both ESA and MLA and no treatment (intact) controls. 

There were no significant ecdysteroid level changes in any treatment group, compared to 

controls (Fig. 4.8). However, in red morphs, the ESA treatment animals had significantly higher 

(4.1-fold) ecdysteroid levels than the MLA treatment animals, and the animals with both ESA 

and MLA treatment had significantly higher (3.4-fold) ecdysteroid levels than the MLA treatment 

animals. The consistent low levels of ecdysteroids, less than 40 pg/µl compared to almost 300 

pg/µl during premolt in naturally molting crabs, indicated that neither ESA nor MLA initiated 

premolt in these animals.  For a detailed account of ecdysteroid levels throughout the 90 days, 

see Abuhagr et al. (Abuhagr et al., 2014a). 

The effect of ESA or MLA on Cm-EF2 and Cm-Mstn mRNA levels was observed in 

thoracic muscle and claw muscle, for both red morphs and green morphs at the end of the 90-

day experiment (Fig. 4.9). In red morphs, the effects of both ESA and MLA on Cm-EF2 and Cm-

Mstn mRNA levels were observed. In red morph thoracic muscle, Cm-EF2 mRNA levels were 

significantly lower in all three treatment groups—ESA, MLA and both ESA and MLA—by 52%, 

57% and 60%, respectively, compared to controls (Fig. 4.9). There were no significant 

differences in Cm-EF2 mRNA levels in green morphs. In red morph claw muscle, Cm-EF2 

mRNA levels were 70% lower in the ESA/MLA treatment group, compared to controls. In green 

morph claw muscle, Cm-EF2 mRNA levels were 72% lower in the MLA treatment group, 

compared to the ESA treatment group. There were no significant differences in Cm-Mstn mRNA 

levels in claw muscle or thoracic muscle, compared to controls. The only significant difference 
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was 95% lower Cm-Mstn mRNA levels in the red morph thoracic muscle MLA treatment group, 

compared to the ESA treatment group. 

Natural molt experiment, ecdysteroid levels 

As neither MLA nor ESA induced molting in the 90 day experiment, a natural molt 

experiment was initiated. Some of the same animals as in Abuhagr et al. were used in this 

experiment (Abuhagr et al., 2014a). In naturally molting green morph crabs, ecdysteroid levels 

increased by 13-fold (to almost 300 pg/µl) during late premolt compared to intact animals (Fig. 

4.10), then dropped to levels observed in intact animals during postmolt. 

Natural molt experiment, mRNA levels 

The mRNA levels of seven genes were determined during intermolt, early premolt, late 

premolt and postmolt in claw and thoracic muscle. These genes included Cm-EF2, a 

constitutively expressed protein elongation gene, and Cm-RXR, one part of the heterodimeric 

ecdysteroid receptor. ThemRNA levels of four genes in the mTORC1-dependent protein 

synthesis pathway (Cm-Akt, Cm-Rheb, Cm-mTOR, and Cm-S6k) and an inhibitor of this 

pathway (Cm-Mstn) was also determined.  

In thoracic muscle, there were no significant changes in mRNA levels of any of the 

seven genes during the molt cycle (Fig. 4.11). In claw muscle, there were no significant changes 

in Cm-EF2 or Cm-RXR mRNA levels during the molt cycle (Fig. 4.12). Cm-Mstn mRNA levels 

were 4.4-fold higher in claw muscle during premolt, compared to intermolt animals (Fig. 4.12). 

Of the four mTORC1-dependent protein synthesis genes, only Cm-mTOR and Cm-S6k 

significantly changed in claw muscle during the molt cycle. Both Cm-mTOR and Cm-S6k mRNA 

levels were higher in claw muscle during premolt by 35-fold and 5-fold, respectively. Cm-mTOR 

mRNA levels remained 12-fold higher in postmolt, compared to intermolt animals. Ecdysteroid 

levels were not significantly correlated with the mRNA levels of any gene in thoracic or claw 

muscle (data not shown). Cm-Mstn and Cm-mTOR mRNA levels were positively correlated, 
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both in the thoracic muscle (R2=0.251) and in the claw muscle (R2=0.241) (Fig. 4.13). Cm-Mstn 

mRNA levels were not correlated with any other gene in either muscle. 

Discussion 

 The Cm-Mstn mRNA is expressed in all observed tissues in C. maenas. This is similar to 

the ubiquitous expression of Mstn in other invertebrates (Covi et al., 2008; De Santis et al., 

2011; Hu et al., 2010; Kim et al., 2004b; Kim et al., 2010; MacLea et al., 2010; Nunez-Acuna 

and Gallardo-Escarate, 2014; Qian et al., 2013), and in lower vertebrates (Helterline et al., 

2007; Radaelli et al., 2003; Zheng et al., 2015).  However, in mammals, Mstn is expressed 

mainly in skeletal muscle tissue (McPherron et al., 1997; Sharma et al., 2015), with limited 

expression in adipose tissue (McPherron and Lee, 2002; McPherron et al., 1997) and heart 

muscle (Sharma et al., 1999; Shyu et al., 2005)  

The mature peptide, consisting of 110 amino acid residues is highly conserved (80% to 

95%) with nine other decapod crustaceans. As shown before with G. lateralis, the decapod 

mature peptide can be as much as 70% conserved with vertebrates, including mammals (Covi 

et al., 2008). All ten decapod Mstn mature peptides contained an RXXR sequence (cleavage 

site for furin) between the propeptide and the mature peptide, and nine cysteines (for cysteine 

knot formation), which are conserved with vertebrates. A phylogenetic tree of the decapod 

crustacean Mstn mature peptides showed groupings as expected, according to the evolutionary 

relatedness of the decapods themselves. 

 Neither ESA nor MLA was able to initiate molting in either color morph of this population 

of Carcinus maenas, as indicated by ecdysteroid levels remaining below 30 pg/µl (4.6 and Fig. 

4.8). By contrast, naturally molting crabs reached peak ecdysteroid levels during premolt of 

nearly 300 pg/µl.  The four populations of C. maenas that have been studied, have reacted 

differently to attempted molt induction. In the English Channel (two populations, one near 

Plymouth England and one in Brittany, France), C. maenas initiated molting in response to ESA 

(Carlisle, 1957; Saidi et al., 1994), but not MLA (only studied in Plymouth, England) (Passano, 
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1960). By contrast, C. maenas on the Atlantic coast of North America (Massachusetts) 

responded to MLA (Schmiege et al., 1992; Skinner and Graham, 1972), but not ESA (Skinner 

and Graham, 1972). In the present study, both red morph and green morph C. maenas from the 

Bodega Bay, California population, on the Pacific coast of North America, were refractory to 

attempted molt stimulation by MLA and/or ESA. This population of C. maenas on the west coast 

of North America are descendants of a founding population from the eastern United States 

coast (Tepolt et al., 2009). The founding event occurred in 1989/1990, with a maximum of 30 

founding individuals with limited genetic variation (Tepolt et al., 2009). This population of crabs 

is bigger (male carapace width of 65 to 75 mm, compared to Eastern North American 

populations of 50 to 60 mm) and are more limited in habitat (use soft substrate habitats 

exclusively, while other populations of green crabs are also found on soft substrate habitats and 

on rocky shores) (Abuhagr et al., 2014a; Grosholz and Ruiz, 1996). Perhaps the genetics in this 

population contributes to the contrasting results to molt induction. Also, there is recent evidence 

that MIH is produced in nervous tissues in addition to the eyestalks in some decapods, including 

C. maenas, which may explain why the crabs were refractory to ESA (Abuhagr et al., 2014a; 

Stewart et al., 2013).  

Contrary to our hypothesis, Cm-Mstn mRNA levels increased in claw muscle during 

premolt of naturally molting Carcinus maenas. Further, there was no correlation between 

ecdysteroid levels and claw muscle Cm-Mstn mRNA levels. This contrasts with the results 

obtained with G. lateralis during premolt (Covi et al., 2010). After MLA in G. lateralis, 

ecdysteroid levels in the hemolymph rose 28-fold (Covi et al., 2010). In the atrophying claw 

closer muscle, soluble protein synthesis increased 13-fold, while myofibrillar protein synthesis 

increased 11-fold (Covi et al., 2010). Concomitantly, the levels of Gl-Mstn mRNA in the claw 

muscle decreased 94% (Covi et al., 2010). Further, there was a strong negative correlation 

between Gl-Mstn and ecdysteroid levels (Covi et al., 2010). These results suggest that unlike 

Gl-Mstn, Cm-Mstn mRNA levels are not regulated by ecdysteroids.  It is not completely 
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surprising that the two crab species have developed different regulatory mechanisms, as the 

thoracotremata (including G. lateralis) diverged from the heterotremata (including Carcinus 

maenas) approximately 150 million years ago, during the late Jurassic period (Tsang et al., 

2014).  

Our second hypothesis was that some components of the insulin/mTORC1 protein 

synthesis pathway would be up-regulated and positively correlated with Cm-Mstn in C. maenas 

claw closer muscle. The mRNA levels of Cm-mTOR and Cm-S6k of the insulin/mTORC1-

dependent protein synthesis pathway were both upregulated in claw muscle, which supported 

our second hypothesis. Further, Cm-mTOR and Cm-Mstn mRNA levels were positively 

correlated. mTOR up-regulation of protein synthesis, and Mstn down-regulation of protein 

synthesis is evolutionarily conserved in metazoans. Up-regulation of both together, 

demonstrated in this study, suggests that Mstn is up-regulated to act as a chalone, providing a 

fine control by modulating the activity of the insulin/mTORC1 protein synthesis pathway, similar 

to the action of Mstn in G. lateralis (see chapter 2 of this dissertation).  

In conclusion, Cm-Mstn expression is not limited to muscle and adipose tissue as in 

mammals, but is expressed in many tissues, similar to Gl-Mstn, The Cm-Mstn mature peptide is 

highly conserved with other decapods, indicating similar functions in different species. Unlike Gl-

Mstn, Cm-Mstn mRNA levels do not appear to be regulated by ecdysteroids in the claw muscle. 

However, Cm-Mstn and Cm-mTOR mRNA levels are positively correlated in claw and thoracic 

muscle, similar to G. lateralis. It appears that Mstn acts as a chalone to modulate excessive 

protein synthesis in the claw muscle of both C. maenas and G. lateralis.  
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Table 4.1. Oligonucleotide primer sets and forward primers used in 3’ RACE for 
sequencing of Cm-Mstn cDNA. The Cm-Mstn primer set was used to confirm the 
previously cloned 175 nucleotide Cm-Mstn sequence, including the mature peptide. The Cm-
Mstn 3’ RACE primers are gene-specific primers used with 3’ RACE kit reverse primers. 
 
Primer name Primer sequence (5’-3’)  Use 

Cm-Mstn F1 CAACCCTGACGTGCAGGGCAT  Mstn verification 

Cm-Mstn R1 GTGCTGGGCGTTGGTGTTGTTC  Mstn verification 

Cm-Mstn 3’ Out  CACCGCCTTCATCCAGAAAAT  3’ RACE (outer) 
Cm-Mstn 3’ In ACGACATGGTAGTAGACCGCTGC  3’ RACE (inner) 
Cm-Mstn F2 ATGCCCAGCAACGAGCCAATC  5’ Mstn amplified 

Cm-Mstn R1 GTGCTGGGCGTTGGTGTTGTTC  5’ Mstn amplified 
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Table 4.2. Oligonucleotide primers used for qPCR amplification. For Cm-Mstn, 58°C 
annealing temperature was used in the molt-induced experiments, but a 62°C annealing 
temperature was used in the natural molt experiment. 
 
Primer name Primer sequence (5’-3’) Annealing 

Temp. (°C) 

Product 

size 

Cm-EF2 F CCATCAAGAGCTCCGACAATGAGCG 
62 260 

Cm-EF2 R CATTTCGGCACGGTACTTCTGAGCG 

Cm-Mstn F GAACTTTGTGGAGCTGGGATGG 
58/62 205 

Cm-Mstn R GTGGTCGTAGTACAACATCTT 

Cm-Akt F GTGAAGCAATGCCAGATCCTG 
55 259 

Cm-Akt R CGGGTGTATCATCATCATCG 

Cm-Rheb F ATGGGCAAAGTCACAGTTCCTG 
53 281 

Cm-Rheb R GTCAGGAAGATGGTGGCAATAAAG 

Cm-mTOR F CATCCCTCAAACCTCATGCTG 
53 319 

Cm-mTOR R CACCCACCACAGAACGCTTTC 

Cm-S6k F GTACATGGCACCCGAGATCCT 
55 258 

Cm-S6k R TCTCCGTCATCTGAGCCGCTGC 

Cm-EcR F CAAGTGACATGAGATTCAGGCA 
53 263 

Cm-EcR R TTGTGACGACTCTCCCAAACCAG 

Cm-RXR F TACGGCGTGTACAGTTGTGAAGGATC 
59 143 

Cm-RXR R TTCTGGTACCGGCAATACTGGCAAC 
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ATGGAATCCGCGTTGCCTATGACTTACCTCGAGGAACCGCTTTATAACGAGGACGAGCCG  60 

 M  E  S  A  L  P  M  T  Y  L  E  E  P  L  Y  N  E  D  E  P   20 

GATGTGAAAACGGAAATGCTGTTCTTTCCCGTTCAGCCAGCGCCTTCCGATTTGAACATT 120 

 D  V  K  T  E  M  L  F  F  P  V  Q  P  A  P  S  D  L  N  I   40 

CCCCCTGGCACGGATGTCCTGTACTTCAACCTGAGTAGGACGCGCCTAGGCAACAGGGCA 180 

 P  P  G  T  D  V  L  Y  F  N  L  S  R  T  R  L  G  N  R  A   60 

AGGAGAGCCATCCTGCACGTGTGGCTCAAACCAATGAGTACGGAGATGCTGAGCCACGTG 240 

 R  R  A  I  L  H  V  W  L  K  P  M  S  T  E  M  L  S  H  V   80 

CCAGTTTCAATATACAAAGTGTCGAGACCGCGGAAACCTAGCGGGGAAATTGAAAGAAAG 300 

 P  V  S  I  Y  K  V  S  R  P  R  K  P  S  G  E  I  E  R  K  100 

GCCGTAACCACCGTCATGGTGTCGTTCAACCCTCACAAAGGCAACTGGGTCAAGATAGAA 360 

 A  V  T  T  V  M  V  S  F  N  P  H  K  G  N  W  V  K  I  E  120 

GTGTACCAGCTACTGCAGGAGTGGCTGACGCGGCCGGAGAAGAACCTAGGACTCATAGTA 420 

 V  Y  Q  L  L  Q  E  W  L  T  R  P  E  K  N  L  G  L  I  V  140 

GTGGCAATGGACTCCCAGGGGCATCAAGTGGCCGTCACAGATCCTCAGGAGTCCCCCTCG 480 

 V  A  M  D  S  Q  G  H  Q  V  A  V  T  D  P  Q  E  S  P  S  160 

AACGCTCCCCTTCTAGAGATCCACATGGAGGAATGGAACCGTAGTCGTAGTCGCCGTAAC 540 

 N  A  P  L  L  E  I  H  M  E  E  W  N  R  S  R  S  R  R  N  180 

AGTGGTAACTTTATGTGTACCAACGAGGTGGAGTCCCGCTGTTGTCGTTACCACCTCACC 600 

 S  G  N  F  M  C  T  N  E  V  E  S  R  C  C  R  Y  H  L  T  200 

GTGAACTTTGTGGAGCTGGGATGGGACTTCATTGTGGCGCCAAAAGTATACGAGGCCAAC 660 

 V  N  F  V  E  L  G  W  D  F  I  V  A  P  K  V  Y  E  A  N  220 

TTCTGCAACGGCGAGTGTCCCTTCCTGTACGCCCACAAGTACGCCCACACCGCCCTCATC 720 

 F  C  N  G  E  C  P  F  L  Y  A  H  K  Y  A  H  T  A  L  I  240 

CAGAAAATGAACAACACCAACGCCCAGCACGGCCCTTGTTGCGGCGCCCGGAAGTTGTCG 780 

 Q  K  M  N  N  T  N  A  Q  H  G  P  C  C  G  A  R  K  L  S  260 

CCCATGAAGATGTTGTACTACGACCACGACCACAAGATTCGGTTTGACATTATTAACGAC 840 

 P  M  K  M  L  Y  Y  D  H  D  H  K  I  R  F  D  I  I  N  D  280 

ATGGTAGTAGACCGCTGCGGCTGCTCCTAA                               870 

 M  V  V  D  R  C  G  C  S                                   289 
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Figure 4.1. Partial C. maenas-Mstn (Cm-Mstn) cDNA open reading frame and amino 
acid sequence. The nucleotide sequence (870 bp) (black letters) includes code for a portion 
of the propeptide (PP) region and the entire mature peptide (MP) region (bold). Partial 
peptide sequence is 289 residues (red letters), with mature peptide sequence 110 residues 
(bold font). Furin cleaves just after the RSRR site (underlined and italicized), cleaving the 
propeptide from the mature peptide. Nine cysteines contribute to formation of a cysteine 
knot. Eight of these cysteines form intrachain linkages, and one cysteine forms an interchain 
linkage, covalently linking two mature peptides to form the mature Mstn dimer.    
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              *        20         *        40         *         

Cm : NSGN-FMCT-NEVESRCCRYHLTVNFVELGWDFIVAPKVYEANFCNGECPFLYAHKYA 

Pt : NSGN-FMCT-NENESRCCRYHLTVNFVEMGWDFIVAPKVYEANFCNGECPFLYAHKYA 

Es : NSAG-SQCV-NRNDSRCCRYALTVDFVDMGWDFIVAPKVYEANFCNGECPFLYAQKYA 

Gl : NSGN-FMCT-NKNESRCCRYHLTVDFVELGWDFIVAPKVYEANFCNGECPFLYAHKYA 

Ha : NSGNNFFCTNNKKESRCCRYQLVVNFIELGWDFIVAPKTYEANFCNGECPFLYAHKYA 

Pm : NSSR-NQCTTSQIESRCCRYPLLVNFVELGWDFIVAPKVYEANFCNGECPYLYAHKYA 

Lv : NSIR-NQCTTSQIESRCCRYPLLVNFVELGWDFIVAPKVYEANFCNGECPYLYAHKYA 

Pj : NSGN-FFCTNNDTD-RCCRYPLAVNFVEMGWDFIVAPKVYDANFCNGECPYLYAQKYA 

Mn : NSGN-VFCTNNDTD-RCCRYPLSVNFVEMGWDFIVAPKVYDANFCNGECPYLYAQKYA 

Mr : NSGM-SMCT------RCCRYPLLVNFVEMGWDFIVAPKVYDANICNGECPYLYAQKYA 

                                                                

                                                            

     60         *        80         *       100         *   

Cm : HTALIQKMNNTNAQHGPCCGARKLSPMKMLYYDHDHKIRFDIINDMVVDRCGCS 

Pt : HTALIQKMNSTNAQHGPCCGARKLSPMKMLYYDHDHMIKFDIINDMVVDHCGCS(95%) 

Es : HTSLIQKMNSS-AQHGPCCGARKLSPMKMLYYDHDHQIKFDIIQDMVVDHCGCT(80%) 

Gl : HTALIQKLNSSSAQHGPCCGARKLSPMKMLYYDHDHKIKFDIIQDMVVDRCGCS(92%) 

Ha : HTSLVQKLNSSNAHHGPCCGARKLSPMKMLYYDHDHKIKFDTIQDMVVDRCGCS(84%) 

Pm : HSALIQKMNSTNAKHGPCCGARKLSPMKMLYYDHDHKIKFDTIQDMVVDRCGCS(85%) 

Lv : HSALIQKMNSTSAKHGPCCGARKLSPMKMLYYDHDHKIKFDTIQDMVVDRCGCS(85%) 

Pj : HSALVQKMNSTNAKHGPCCGARKLSPMKMLYYDHDHKIKFDTIQDMVVDRCGCS(84%) 

Mn : HSALIQKMNSSSAKHGPCCGARKLSPMKMLYYDHDHKIKFDTIQDMVVDRCGCS(82%) 

Mr : HSALIQKMNSSSAKHGPCCGARKLSPMKMLYYDHDHKIKFDTIQDMVVDRCGCS(80%) 

 
Figure 4.2. Alignment of the Cm-Mstn mature peptide with other decapods 
crustaceans. Amino acids conserved with Carcinus maenas are indicated with white letters 
on a black background. The percent identity between Cm-Mstn and other decapods 
sequences is indicated in parenthesis after each sequence. Nine cysteines, conserved in all 
Mstn factors, are indicated by black triangles below the sequence. Abbreviations and 
GenBank accession numbers for Mstn genes: Pt, Portunus trituberculatus (ADV78228); Es, 
Eriocheir sinensis (ACF40953); Gl, Gecarcinus lateralis (ACB98643); Ha, Homarus 
Americana (ADK79107); Pm, Penaeus monodon (ADO34177); Lv, Litopenaeus vannamei 
(AEY11334); Pj, Pandalopsis japonica (ADK62522); Mn, Macrobrachium nipponense 
(AHA80844); Mr, Macrobrachium rosenbergii (AFP74567). 
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Figure 4.3. Phylogenetic relationships among decapod Mstn mature peptide 
sequences. The crabs (Cm, Pt, Gl and Es) form one cluster, the shrimp (Pm, Lv, Mr, Mn and 
Pj) form another cluster, and lobster is isolated between the other two groups. Abbreviations 
and GenBank accession numbers are the same as in figure 2.  
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1) GGCCCCACAGCCACTCACAGACAATCATGAGTGCCCGAATTGCTATCAGTTAGAGAT 

GAGAAAGAAGCTCAGACTGGCACAGATAAAAAAAAAA 

2) GGCCCCACCACCACCACCACCACCCCTCCCCCAACACCTCCCCCTCCTACACTCAC 

CTAAACCCCCCCCACCCTCACCTCACCTGGGGTGCGTCACACCTGAGGAACGTGTGTG

GGCACCACCACTCGATAATATTACGCTGCCACGCTGGGTGTGTGTGTGTGTGTGTGTGT

GTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTG

TGTGTATAATTCTAGCTTTAGCAAAAAATATATATATAATCAAATTAAA 

3) GGCCCCACCACCACCACCACCACCCCTCCCCCAACACCTCCCCCTCCTACACTCAC 

CTAAACCCCCCCCACCCTCGCCTCACCTGGGGTGCGTCACACCTGAGGAACGTGTGTG

GGCACCACCACTCGATAATATTACGCTGCCACGCTGGGTGTGTGTGTGTGTGTGTGTGT

GTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTG

TGTGTATAATTCTAGCTTTAGCAAAAAATATATATATAATCAAAAAAAAAAAAAA 

 
Figure 4.4. Three splice variants of the Cm-Mstn 3’UTR. Sequence #1 is 94 nucleotides 
long, sequence #2 is 281 nucleotides long, and sequence #3 is 287 nucleotides long. 
Sequences #2 and #3 are identical except for three nucleotide differences (italicized and 
bold), and one has a slightly longer poly-A tail. Underlined sequence include several putative 
poly(A) signals of the 3’ UTR’s.  
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Figure 4.5. Expression of Cm-Mstn mRNA in C. maenas tissues using RT-PCR. 
Expression of Mstn was highest in claw muscle (CM), thoracic muscle (Anderson et al.), 
heart muscle (H) midgut muscle (MG), and hindgut muscle (HG). Thoracic ganglia (TG) and 
Y-organ (YO) also showed strong expression of Cm-Mstn. Less Cm-Mstn mRNA was 
detected in gill (G), hepatopancreas (Liu et al.), and eyestalk ganglia (E), with the lowest Cm-
Mstn mRNA level in the testes (T). Expression of EF2 was relatively consistent across all 
tissues. 
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4.6. Ecdysteroid levels in the hemolymph during the short-term ESA experiment of 
green morph and red morph C. maenas. Ecdysteroids decreased by 7 days after ESA in 
the red morph crabs, but not in the green morph crabs. Different letters indicate significant 
differences among red morphs. Asterisks indicate significant differences between red 
morphs and green morphs. One Way ANOVA was used to test significant differences within 
a morph type (p < 0.05), and t-tests were used to test significant differences between morph 
types. (n = 6 for all groups, except n=5 for red morph day 7 and green morph day 14.) 
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Fig. 4.7. After ESA, short-term Cm-EF2 and Cm-Mstn mRNA expression in skeletal 
muscle of C. maenas red morphs and green morphs. The only change  in mRNA 
expression from day zero controls was an increase in Cm-EF2 in thoracic muscle at day 7 In 
red morphs. Differential expression between red morphs and green morphs occurred in 
thoracic muscle at day 7 with Cm-Mstn, and at day three with both Cm-EF2 and Cm-Mstn. In 
each case, mRNA expression was higher in green morphs. Significant differences are 
indicated with different letters within a color morph, and with asterisks between color morphs. 
Significant differences were tested with a One Way ANOVA within morph types, and with t-
tests between morph types (p < 0.05). (For Cm-EF2, n=5 or 6 for all groups. For Cm-Mstn, 
n=5 or 6 for all groups, except n=3 for day 0 thoracic muscle and n=4 for day 7 claw muscle). 
  

 Thoracic  muscle Claw muscle 

 A. Cm-EF2 B. Cm-EF2 

 C. Cm-Mstn 
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Fig. 4.8. Ecdysteroid levels in the hemolymph at 90 days post attempted molt 
induction. There were no significant ecdysteroid changes, compared to control, in any 
group. Different letters indicate significant differences between treatment groups. One Way 
ANOVA was used to test significant differences among morph type (p < 0.05). (For red 
morph animals, n=3 for intact, n=4 for ESA, n=5 for MLA, and n=4 for both MLA and ESA; for 
green morphs, n=6 to 17). 
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Fig. 4.9. Long-term Cm-EF2 and Cm-Mstn mRNA expression in the muscle of green 
morph and red morph Carcinus maenas 90 days after attempted molt induction. Cm-
EF2 expression in thoracic muscle was significantly decreased in all treatment groups, 
compared to intact animals in the green morphs, while Cm-EF2 was only decreased in the 
treatment group of ESA and MLA together, compared to intact animals in green morph claw 
muscle. There were no significant changes, compared to intact animals, in Cm-Mstn gene 
expression. One Way ANOVA was used to test significant differences among morph type (p< 
0.05). Different letters for red morphs and different numbers for green morphs indicate 
significant differences between molt stages. (For red morph animals, n=3 for intact, n=4 for 
ESA, n=5 for MLA, and n=4 for both MLA and ESA for both genes; for green morphs, n=6 to 
17 for both genes). 
 

Thoracic muscle      Claw muscle           

A. Cm-EF2     B. Cm-EF2 

C. Cm-Mstn      D. Cm-Mstn 
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Fig. 4.10. Ecdysteroid levels in the hemolymph of naturally molting Carcinus maenas 
crabs. Ecdysteroid levels increased significantly during late premolt, then decreased 
significantly at postmolt. One Way ANOVA was used to test significant differences among 
molt stages (p<0.001). Different letters indicate significant differences between molt stages. 
(Intermolt, n=6; early premolt, n=16; late premolt, n=8; and postmolt, n=7.)  
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Fig. 4.11. Natural molt mRNA expression in the thoracic muscle of green morph 
Carcinus maenas at different molt stages. There were no significant differences in the 
mRNA expression of these genes. One Way ANOVA was used to test significant differences 
among molt stages (p=0.01). (Intermolt, n=6; Early premolt, n=15; Late premolt, n=8; and 
Postmolt, n=7 for all genes except early premolt for Cm-RXR, n=14). 
 

A. Cm-EF2          B. Cm-RXR      C. Cm-Mstn 

D. Cm-Akt        E. Cm-Rheb    F. Cm-mTOR       G. Cm-S6k 
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Fig. 4.12. Natural molt mRNA expression in the claw muscle of green morph Carcinus 
maenas at different molt stages. Cm-Mstn, Cm-mTOR, and Cm-S6k mRNA expression 
was all significantly increased in the claw muscle of premolt animals. By contrast, in thoracic 
muscle there were no significant changes in gene expression (Fig. 4.11). One Way ANOVA 
was used to test significant differences among molt stages (p=0.01). Different letters indicate 
significant differences between molt stages. (Intermolt, n=6; Early premolt, n=16; Late 
premolt, n=8; and Postmolt, n=7 for all genes except early premolt for Cm-RXR, n=15). 
 

A. Cm-EF2          B. Cm-RXR     C. Cm-Mstn 

D. Cm-Akt         E. Cm-Rheb   F. Cm-mTOR       G. Cm-S6k 
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Thoracic muscle        Claw muscle  

A. Cm-EF2            B. Cm-EF2 

C. Cm-RXR           D. Cm-RXR 

E. Cm-Akt          F. Cm-Akt 

G. Cm-Rheb            H. Cm-Rheb 
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Fig. 4.13. Cm-Mstn mRNA expression correlated with all other genes tested in thoracic 
muscle and claw muscle of the naturally molting crabs. Cm-Mstn was positively 
correlated with Cm-mTOR, both in the thoracic muscle (p=0.002, R2=0.251) and in the claw 
muscle (p=0.002, R2=0.241). Cm-Mstn was not significantly correlated with any other gene 
tested in either muscle. p=0.01. (Thoracic muscle, n=37; claw muscle, n=36.)  
 

 

Thoracic muscle        Claw muscle 

I. Cm-mTOR            J. Cm-mTOR 

K. Cm-S6k               L. Cm-S6k 
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Chapter 5 

Summary and future directions 

 Regulation of crustacean Mstn expression by ecdysteroids appears to vary between 

tissues in the same species, and between species. In G. lateralis, there is a negative correlation 

between ecdysteroid levels and Gl-Mstn mRNA levels in the claw muscle.  However, a direct 

regulation of Mstn through the ecdysteroid receptor and a putative EcRE in the Gl-Mstn 

promoter was not confirmed in this study. Ecdysteroids do not appear to regulate Mstn levels in 

either the thoracic muscle or limb bud muscle in G. lateralis. In C. maenas, ecdysteroids are not 

correlated with Mstn mRNA levels in either claw or thoracic muscle. 

 In the premolt claw closer muscle, which undergoes a dramatic increase in protein 

synthesis to prepare for rapid hypertrophy immediately after ecdysis, Mstn mRNA levels are 

positively correlated with mRNA levels of at least some components in the insulin/mTOR-

dependent protein synthesis pathway in both G. lateralis and C. maenas. This indicates that in 

some situations of rapidly changing protein synthesis, Mstn has a role as a chalone to prevent 

excess protein synthesis in crustaceans, similar to the role of Mstn in vertebrates. However, in 

G. lateralis limb buds, Mstn mRNA levels remain extremely low, whether limb buds are rapidly 

growing or growth suspended. This indicates that Mstn is not involved in regulating protein 

synthesis in the limb buds. 

Ecdysteroid levels were not correlated with mRNA levels of any of the components of 

the insulin/mTORC1-dependent protein synthesis pathway in the claw muscle of either G. 

lateralis or C. maenas. Mstn mRNA levels were moderately correlated with some mTOR 

pathway components in both species. However, multiple linear regression showed that the 

combination of ecdysteroid levels and Mstn mRNA levels was stronger than Mstn alone, in 

predicting the mRNA levels of some components of the pathway in both species. In G. lateralis, 

ecdysteroids and Gl-Mstn mRNA levels strongly predicted both Gl-Rheb and Gl-S6k. In C. 

maenas, ecdysteroids and Cm-Mstn mRNA levels moderately predicted Cm-mTOR mRNA 
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levels. This indicates that ecdysteroids, Mstn and mTOR pathway components are all involved 

in regulating protein synthesis in the claw muscle of both species. 

 We determined that the Gl-Mstn upstream sequence that we obtained with DNA walking 

is a functional promoter in a heterologous ecdysteroid cell system in mammalian cells. However, 

we were not able to determine if ecdysteroids directly control Gl-Mstn promoter activity through 

a putative EcRE located in the Gl-Mstn promoter. 

 Further development of the heterologous ecdysteroid cell system is recommended to 

determine whether ecdysteroids directly regulate Gl-Mstn promoter activity through the putative 

EcRE. First, the A/B domains of both RXR and EcR can be inhibitory in heterologous cell 

systems (Betanska et al., 2009; Mouillet et al., 2001; No et al., 1996; Palli et al., 2003). The A/B 

domains should be replaced with the activator domain of virus protein 16 in the herpes simplex 

virus to determine if the A/B domains inhibited ecdysteroid interactions with the Mstn promoter. 

Another change could be using G. lateralis RXR and EcR, rather than U. pugilator RXR and 

EcR, as the small differences between the two species could affect ecdysteroid interactions with 

the Mstn promoter. A different expression plasmid could be used to carry the RXR and EcR 

DNA sequence, as the pGL3 plasmid, itself, contains a sequence that could possibly be 

recognized by the ecdysteroid receptor. A different line of mammalian cells, or different 

ecdysteroids, such as murine A or a synthetic ecdysteroid could be used to attempt to develop 

the heterologous cell system into a functional system for ecdysteroid signaling through the Gl-

Mstn promoter. 
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Appendix  

RNAi experiment 

Materials and Methods 

Animals 

 Male Gecarcinus lateralis (Fréminville 1835), blackback land crabs, were collected from 

the Dominican Republic and kept in plastic containers at 27⁰C and 75-90% relative humidity on 

a 12 h light: 12 h dark schedule. Containers held eight to twelve crabs in aspen bedding 

dampened with 5 parts per thousand (p.p.t.) Instant Ocean (Aquarium Systems, Mentor, OH). 

Crabs were fed lettuce, carrots and raisins twice per week. 

Preparation of dsRNA 

 Genomic DNA, purified from claw muscle, was used as template in 40 µl semi-nested 

PCR reactions.  Each PCR reaction consisted of 4 µl template, 2 µl each primer (10 µM) (gene-

specific outer and inner forward primers and gene-specific outer/inner reverse primers), 12 µl 

nuclease-free water and 20 µl GoTaq Green® Master Mix (Promega Corp., Madison, WI, USA) 

(Table I.A). PCR settings were an initial 94°C for 4 min followed by 35 cycles of 94°C for 30 s, 

57°C for 30 s and elongation at 72°C for gene product-specific time based on 60 s for 1000 bp 

(Table I.A). Mstn outer product was 920 bp, inner product was 449 bp, EcR outer product was 

673 bp, inner product was 390 bp, and RXR outer product was 410 bp, inner product 334 bp 

(Table I.A). Second PCR product was separated on a 1% agarose gel at 120 V for 45 minutes. 

The DNA bands were extracted with the QIAquick Gel Extraction Kit (Qiagen Inc., Frederick, 

MD, USA), following the manufacturer’s protocol. PCR products were ligated into pGEM-T Easy 

vectors with T4 DNA ligase using a 1:1 (Mstn), or 3:1 (EcR and RXR) insert to vector ratios 

following manufacturer’s protocol.  

pGEM-T Easy vectors with inserted gene segments were transformed into chemically 

competent CH3 Blue Escherichia coli cells (Bioline, Taunton, MA, USA). One µl ligation reaction 

was added to 25 µl competent cells and incubated on ice 30 min. Cells were heat-shocked at 
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42°C for 30 s, placed on ice for 2 min, then 125 µl SOC medium was added and the cells were 

incubated one h in a 37°C incubator shaker set at 200 RPM. Fifty µl culture was transferred to a 

100 mm X 15 mm polystyrene Petri plate (Thermo Fisher Scientific, Inc.) containing LB agar 

with 100 µg/ml ampicillin and incubated at 37°C for 18 h. Selected colonies were placed in 0.5 

ml LB media with 100 µg/ml ampicillin and incubated 6 h at 37°C incubator shaker set at 200 

RPM. An insert check PCR with a gene-specific forward or reverse primer with the T7 primer 

was followed by product separation on a 1% agarose gel for 40 min at 120 V (Table I.B).  

Cultures that contained plasmids with inserted genes were identified, and the forward or reverse 

orientation of the gene in the plasmid was revealed. One hundred µl of transformed cultures for 

each orientation of each gene was added to 3.5 ml LB broth containing 100 µg/ml ampicillin and 

incubated overnight at 37°C in an incubator shaker set at 200 RPM. Glycerol stock of each 

gene, forward and reverse orientations, was made by adding 360 µl of culture to 60 µl of 70% 

glycerol. Glycerol stock was stored at -80°C. Cultures with gene inserts were sequenced at 

Davis Sequencing (Davis, CA, USA). 

Plasmids were extracted with maxi-preps (Qiagen, Inc.) following manufacturer’s 

protocol. Plasmids were linearized with NdeI (Mstn and EcR) or NotI (RXR), followed by PCR 

purification with QIAQuick (Qiagen, Inc.) following manufacturer’s protocol. Linearized pGEM-T 

Easy plasmids were used to make double-stranded RNA (dsRNA) with the T7 RiboMAXTM 

Express RNAi system (Promega Corp., Madison, WI, USA). Manufacturer’s protocol was 

followed for synthesizing single-stranded RNA (ssRNA), except incubation time was extended to 

3 h to maximize yield. After forward and reverse ssRNA strands were annealed, dsRNA was 

purified and resuspended in 80 µl nuclease-free water. A diluted sample was separated on a 

1% agarose gel to verify linearization and size of dsRNA. 

RNAi Experiment 

Animals with approximately equal-sized claws were selected. One claw and one merus 

were harvested before injections. A 50 µl Hamilton syringe (Hamilton Co., Reno, NV, USA) was 
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used to slowly inject dsRNA through the arthrodial membrane at the base of the left third leg. 

Ethanol, dsECR, or dsRXR was injected into six crabs each, half on day 0, and half on day 1, 

for a total of approximately 20 nM in the hemolymph of the crab, based on the assumption that 

hemolymph volume is approximately 33% of the weight of the crab (Harris and Andrews, 1982). 

Merae were harvested by limb autotomy at days 1, 2, 3, and 4 after dsRNA injection. The 

second claw was also harvested on day 4.  

Harvesting and qPCR  

 Hemolymph and claw muscle tissue were harvested as described in chapter 2. After 

autotomy of a limb, the merus was immediately placed in liquid nitrogen. The frozen 

exoskeleton of the merus was removed with a razor blade, and the merus tissue was placed in 

a 1.5 ml microcentrifuge tube and stored at -80°C. RNA isolation was performed as described in 

chapter 2. cDNA was made using Transcriptor Reverse Transcriptase (Roche, Indianapolis, IN, 

USA) and 1.5 to 10 µg RNA per sample, following manufacturer’s protocol. mRNA levels of G. 

lateralis (Gl) Gl-EF2, Gl-EcR and Gl-RXR were analyzed with qPCR. qPCR reactions consisted 

of 1 µl sample, 0.5 µl each forward and reverse gene-specific primers (1µM each in reaction 

tube) (Integrated DNA Technologies, Inc., Coralville, IA, USA), 3 µl nuclease-free water and 5 µl 

LightCycler 480 SYBR Green I Master mix (Roche) for a 10 µl total reaction. qPCR reaction 

settings were an initial activation for 5 min at 95°C, followed by 45 cycles of 95°C for 10 s to 

denature, 62°C (Gl-EF2 and Gl-RXR) or 57°C (Gl-EcR) for 20 s to anneal, and 72°C for 20 s for 

elongation (Table I.C). A melt curve cycle allowed analysis of product homogeneity. LightCycler 

480 software, version 1.5 (Roche) was used for absolute quantification to external standards for 

each gene. Concentrations were converted to copy number per µg RNA in Microsoft Excel. EF2 

was used as a positive control to determine quality of the product after RNA isolation and cDNA 

synthesis. Samples with EF2 values 1000-fold less than similar samples were not used. 
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Table I.A. Oligonucleotide primers used in RNAi synthesis of Gecarcinus lateralis Mstn, 
EcR and RXR dsRNA. Semi-nested primers were used with each gene. Product size is the 
product of the given forward primer with the gene-specific inner/outer reverse primer. Gene 
abbreviations: Mstn, myostatin; EcR, ecdysone receptor; RXR, Retinoid X Receptor; Additional 
abbreviations: forward primer (F), reverse primer (R), bp, base pairs, inner and outer primers 
(in/out). 
  Product Annealing 
Primer pairs Sequence (5’- 3’) Size (bp) Temperature 
Mstn outer F AATGCGAAAGAACTTGAGGCTGGC 920 57 
Mstn inner F AGAAAGGAAGGCAGTAACCACCGT 449 57 
Mstn in/out R TGGAGCTGTTCAGCTTCTGGATGA   
EcR outer F TCACGAAGAATGCCGTGTACCAGT 673 57 
EcR inner F TATCAAGCCACTCACACGGGAACA 390 57 
EcR in/out R ATCTCTGCTGAATCTCCCAAGCCA   
RXR outer F TTCACCATTGGCTCAAGCAACACC 410 57 
RXR inner F TCTAAGCACCTGTGCTCCATCTGT 334 57 
RXR in/out R TTATGCTGGCAATCGGCATGTCTG   
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Table I.B. Oligonucleotide primers used for insertion checks of Gecarcinus lateralis Mstn, 

EcR and RXR. Gene-specific forward and reverse primers were used with T7 promoter primer 

(in pGEM-T Easy Vector). Product size is for the gene-specific primer and the T7 primer. Gene 

abbreviations: Mstn, myostatin; EcR, ecdysone receptor; RXR, Retinoid X Receptor; Additional 

abbreviations: forward primer (F), reverse primer (R), bp, base pairs. 

  Product Annealing 
Primer pairs Sequence (5’- 3’) Size (bp) Temperature 
Mstn F TCCCAAGGTGTACGAGGCAAACTT 164 

55 
Mstn R GCGATTCGTTCTTGTTGGTGCACA 352 
EcR F AGTTTGAGCAGCCAACTGAAGCAG 373 

55 
EcR R TCTGCTTCAGTTGGCTGCTCAAAC 133 
RXR F AAAGACCTGACATATGCCTGCCGT 278 

55 
RXR R AGCTGTACACGCCATAGTGCTT 109 
T7 TAATACGACTCACTATAGGG   
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Table I.C. Oligonucleotide primers used for qPCR for Gecarcinus lateralis Mstn, EcR and 

RXR. Gene abbreviations: Mstn, myostatin; EcR, ecdysone receptor; RXR, Retinoid X 

Receptor; Additional abbreviations: forward primer (F), reverse primer (R), bp, base pairs. 

  Product Annealing 
Primer pairs Sequence (5’- 3’) Size (bp) Temperature 
EF2 F TTCTATGCCTTTGGCCGTGTC 

227 62 
EF2 R ATGGTGCCCGTCTTAACCA 
EcR F AAGAATGCCGTGTACCAGTGTAAATATG 

566 56 
EcR R GCTGCTCGAAGCATCATGACCTC 
RXR F CTCAGGCAAGCACTATGGCGT 

164 62 
RXR R TCAAGCACTTCTGGTAGCGGCAG 
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Fig. I.A. Claw muscle. Each line connects the two time points for one crab. Column 

headings indicate injection contents. The first column shows Gl-EF2, Gl-EcR and Gl-RXR 

mRNA levels in animals with 10% ethanol injections before (day 0) injections, and 4 days 

after injections. The second and third columns show Gl-EF2, Gl-EcR and Gl-RXR mRNA 

levels in animals before (day 0) and 4 days after EcR and RXR dsRNA injections, 

respectively. If knockdown had been successful, Fig. I.A.E and fig. I.A.I would have shown 

decreased mRNA levels of EcR and RXR, respectively. As there was no consistent 

decrease from day 0 to day 4, EcR and RXR knockdown was not achieved in the claw 

muscle. Abbreviation: CN, copy number. 
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Fig. I.B. Merae. Each line connects merae from one crab. Column headings indicate 

injection contents. The first column shows Gl-EF2, Gl-EcR and Gl-RXR mRNA levels in 

animals with 10% ethanol injections before (day 0) injections, and 1, 2, 3, and 4 days after 

injections. The second and third columns show Gl-EF2, Gl-EcR and Gl-RXR mRNA levels in 

animals before (day 0) 1, 2, 3 and 4 days after EcR and RXR dsRNA injections, respectively. 

If knockdown had been successful, Fig. I.B.E and fig. I.B.I would have shown decreased 

mRNA levels of EcR and RXR, respectively. As there was no consistent decrease from day 0 

to day 4, EcR and RXR knockdown was not achieved in the limb merae. Abbreviation: CN, 

copy number. 
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