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ABSTRACT 

Follistatin is an endogenous glycoprotein that promotes growth and repair of skeletal muscle by 

sequestering inhibitory ligands of the transforming growth factor-β (TGF- superfamily and may 

therefore have therapeutic potential for neuromuscular diseases. Here, we sought to determine the 

suitability of a newly engineered follistatin fusion protein (FST288-Fc) to promote localized – rather than 

systemic – growth of skeletal muscle by capitalizing on the intrinsic heparin-binding ability of the 

follistatin-288 isoform. As determined by surface plasmon resonance and cell-based assays, FST288-Fc 

binds to activin A, activin B, myostatin (GDF8) and GDF11 with high affinity and neutralizes their 

activity in vitro. Intramuscular administration of FST288-Fc in mice induced robust, dose-dependent 

growth of the targeted muscle but not of surrounding or contralateral muscles, in contrast to the systemic 

effects of a locally administered fusion protein incorporating activin receptor type IIB (ActRIIB-Fc). 

Furthermore, systemic administration of FST288-Fc in mice did not alter muscle mass or body 

composition as determined by nuclear magnetic resonance, which again contrasts with the pronounced 

systemic activity of ActRIIB-Fc when administered by the same route. Subsequent analysis revealed that 

FST288-Fc in the circulation undergoes rapid proteolysis, thereby restricting its activity to individual 

muscles targeted by intramuscular administration. These results indicate that FST288-Fc can produce 

localized growth of skeletal muscle in a targeted manner with reduced potential for undesirable systemic 

effects. Thus, FST288-Fc and similar agents may be beneficial in the treatment of disorders with muscle 

atrophy that is focal, asymmetric or otherwise heterogeneous. 
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INTRODUCTION 

Disease-dependent myopathies can produce focal weakness in skeletal muscle, including deficits 

that are asymmetric or differentially impact individual muscles or muscle groups (Terry et al., 2018).  

Among disorders with such deficits are many rare and debilitating neuromuscular diseases with no known 

cure and limited treatment options.  One of the most common examples is facioscapulohumeral muscular 

dystrophy (FSHD), an autosomal dominant disease with muscle-based etiology that presents clinically 

with progressive weakening of the facial, scapular and humeral muscles (Stubgen and Stipp, 2010). Other 

disorders with localized muscle deficits are fundamentally neuropathic, such as Charcot-Marie-Tooth 

(CMT) disease, in which case patients experience muscle weakness and atrophy primarily in their limbs, 

with the longest axonal fibers and distal musculature most vulnerable to impairment at early stages of the 

disease (McCorquodale et al., 2016).  

TGF- superfamily signaling pathways are important regulators of skeletal muscle growth and 

repair.  The ligand myostatin (GDF8), encoded by MSTN, is a well-established endogenous inhibitor of 

myogenesis (McPherron and Lee, 1997; Lee et al., 2010).  In addition, activins A and B, encoded by 

INHBA and INHBB, have emerged as endogenous inhibitors of muscle growth (Gilson et al., 2009)  that 

may act synergistically with myostatin (Chen et al., 2017) and be of particular importance in primates 

(Latres et al., 2017).  Growth differentiation factor 11 (GDF11), which is closely related to myostatin 

(Walker et al., 2017), has also been implicated as an inhibitor of muscle growth (Egerman et al., 2015; 

Hammers et al., 2017; Zimmers et al., 2017).  These ligands exert their effects by triggering formation of 

heteromeric complexes between certain type I and type II receptors that activate the Smad2/3 pathway to 

regulate gene transcription (Schmierer and Hill, 2007).   

Follistatins are widely expressed glycoproteins that act as extracellular ligand traps to regulate 

bioavailability of myostatin, activins, GDF11, and some bone morphogenetic proteins (BMPs) 

(Nakamura et al., 1990; Fainsod et al., 1997; Iemura et al., 1998; Schneyer et al., 2003; Amthor et al., 

2004; Thompson et al., 2005; Schneyer et al., 2008; Cash et al., 2009; Walker et al., 2017).  The 
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follistatin gene (FST) generates two precursors by alternative splicing – either 344 or 317 residues in 

length – which are post-translationally modified to produce mainly isoforms of 315 residues (FST315) or 

288 residues (FST288), respectively (Shimasaki et al., 1988) (Fig. 1).  All follistatin isoforms contain an 

N-terminal domain and three follistatin domains (FSD1, FSD2 and FSD3), with a heparin-binding site 

(HBS) located in FSD1 that promotes binding to extracellular proteoglycans (Nakamura et al., 1991; 

Inouye et al., 1992; Innis and Hyvonen, 2003).  FST315, which is considered the major circulating form 

(Schneyer et al., 2004), possesses an additional C-terminal domain containing an acidic region that may 

interact with basic residues in the HBS, thereby reducing the affinity of ligand-free FST315 for 

proteoglycans (Sugino et al., 1993; Lerch et al., 2007).  Absence of the C-terminal domain from FST288 

allows this isoform to bind avidly to proteoglycans and therefore function as a tethered form for inhibition 

of pericellular ligand signaling (Bilezikjian et al., 2004; Sidis et al., 2006).  Mutual interactions between 

follistatin-proteoglycan binding and follistatin-ligand binding are thought to influence ligand clearance 

and bioavailability, as best understood in the case of FST288 and activin A (Sumitomo et al., 1995; 

Hashimoto et al., 1997; Sidis et al., 2005; Lerch et al., 2007; Cash et al., 2009; Zhang et al., 2012).  

Follistatin-based interventions have shown the potential to promote muscle hypertrophy and 

improve muscle function.  For example, transgenic mice overexpressing FST288 specifically in skeletal 

muscle exhibit greater muscle growth than do mice deficient in myostatin alone (Lee and McPherron, 

2001; Lee, 2007).  Virally mediated transfer of FST288 or FST315 genes induce muscle growth in mice 

(Haidet et al., 2008; Winbanks et al., 2012) and nonhuman primates (Kota et al., 2009).  In addition, an 

engineered FST315 fusion protein with deleted HBS promoted muscle growth and repair after systemic 

administration in mouse models of muscle injury (Datta-Mannan et al., 2013; Yaden et al., 2014).  

Together, these studies support the concept of follistatin-based agents for systemic muscle therapy, but do 

not directly address the potential use of such agents for targeted local therapy.  

  The objective of the present study was to determine the suitability of FST288-Fc for promoting 

targeted growth of skeletal muscle.  Here, we characterize this follistatin fusion protein with regard to its 
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ligand-binding properties, activity in vitro and effectiveness in vivo. Additionally, we examine its 

proteolytic degradation and highlight properties that would potentially make this protein a useful locally 

acting muscle agent.  
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MATERIALS AND METHODS 

Construction, Expression and Purification of Recombinant FST288-Fc  

A nucleotide sequence encoding the human FST317 precursor (NCBI Reference Sequence: 

NP_006341.1) was cloned upstream and in-frame with a sequence encoding the human IgG1 Fc domain 

in the vector UCOE pAID4T.hFc.  This vector contains a UCOE element (Millipore) for increased gene 

expression.  The plasmid was stably transfected in Chinese hamster ovary (CHO) DUKX cells, and a pool 

was generated and used to express the fusion protein FST288-Fc.  The protein was purified following a 

three-step procedure.  First, the protein was captured on a protein A Mab SelectSure chromatography 

column (GE Healthcare, Boston, MA), then washed and eluted with glycine at low pH.  Fractions from 

the elution were neutralized and pooled before being loaded over a hydroxyapatite (CHT type II) column 

(BioRad, Hercules, CA, USA) and eluted with a gradient of sodium phosphate at pH 7.  This material was 

then used on a polishing size-exclusion chromatography (SEC) column (GE Healthcare) to remove any 

remaining aggregates.  The final material was dialyzed in PBS, and purity was assessed by SDS-PAGE 

gel with SimplyBlue SafeStain (Life Technologies) and an analytical SEC column (TSK G3000SWXL, 

Tosoh, King of Prussia, PA) to be greater than 95% pure.   

FST288-Fc Protein Sequence 

GNCWLRQAKNGRCQVLYKTELSKEECCSTGRLSTSWTEEDVNDNTLFKWMIFNGGAPNCIPCK

ETCENVDCGPGKKCRMNKKNKPRCVCAPDCSNITWKGPVCGLDGKTYRNECALLKARCKEQP

ELEVQYQGRCKKTCRDVFCPGSSTCVVDQTNNAYCVTCNRICPEPASSEQYLCGNDGVTYSSAC

HLRKATCLLGRSIGLAYEGKCIKAKSCEDIQCTGGKKCLWDFKVGRGRCSLCDELCPDSKSDEP

VCASDNATYASECAMKEAACSSGVLLEVKHSGSCNTGGGTHTCPPCPAPELLGGPSVFLFPPKPK

DTLMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQ

DWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPS
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DIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQ

KSLSLSPGK. 

Evaluation of Ligand Binding to FST288-Fc by Surface Plasmon Resonance  

Ligand binding to FST288-Fc was characterized by surface plasmon resonance (SPR) using a 

Biacore T100 instrument (GE Healthcare), and kinetic assays were performed in a capture format. 

Proteins were generated internally unless otherwise indicated. Goat anti-human Fc-specific IgG (Thermo 

Fisher Scientific, Waltham, MA) was immobilized onto a research grade CM5 chip using standard amine 

coupling chemistry following the manufacturer’s protocol.  FST288-Fc was captured on the experimental 

flow cell, while another flow cell was used as a reference (control) to subtract for non-specific binding, 

drift, and bulk refractive index.  The FST288-Fc/antibody complex was stable over the time course of 

each ligand-binding cycle.  A concentration series of activin A, activin B, GDF8 or GDF11 (0.039-20 

nM, with two-fold serial dilutions) was injected over experimental and control flow cells at a flow rate of 

100 μl/min at 37°C.  The antibody surface was regenerated between binding cycles by injection of 10 mM 

glycine, pH 1.7.  Running buffer contained 0.01 M HEPES (pH 7.4), 0.5 M NaCl, 3 mM EDTA, 0.005% 

v/v surfactant P20, and 0.5 mg/mL bovine serum albumin (BSA).  All sensorgrams were processed by 

double referencing (subtraction of the responses from the reference surface and from an average of blank 

buffer injections).  To obtain kinetic rate constants, BIAevaluation software (GE Healthcare) was used to 

fit the corrected data to a 1:1 interaction model that includes a term for mass transport. The equilibrium 

dissociation constant KD was determined by the ratio of binding rate constants kd/ka.   

Luciferase Reporter-Gene Assay in A204 Cells 

A reporter-gene assay was used to evaluate the effects of FST288-Fc on signaling by TGF- 

superfamily ligands.  This assay is based on the human rhabdomyosarcoma cell line A204 co-transfected 

with a pGL3 CAGA12-luciferase reporter plasmid (Korchynskyi and ten Dijke, 2002; David et al., 2007) 

and a Renilla reporter plasmid (pRLCMV-luciferase) to control for transfection efficiency.  The CAGA12 

motif is present in the TGF--responsive gene (PAI-1) so this vector is of general use for factors signaling 
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through Smad2/3 (Korchynskyi and ten Dijke, 2002; David et al., 2007). A204 cells (ATCC HTB-82) 

were distributed in 48-well plates at 105 cells per well in McCoy’s 5A growth medium (Thermo Fisher) 

supplemented with 10% fetal bovine serum and incubated overnight at 37ºC with 5% CO2. The next day, 

a solution containing 10 µg pGL3 CAGA12-luciferase, 0.1 µg pRLCMV-luciferase, 30 µL XtremeGene 9 

(Roche Diagnostics, Indianapolis, IN) and 970 µL OptiMEM (Invitrogen, Carlsbad, CA) was pre-

incubated for 30 min at room temperature before adding to 24 ml of assay buffer (McCoy’s 5A medium 

supplemented with 0.1% BSA).  This mixture was applied to the plated cells (500 µl/well).  After an 

overnight transfection, the medium was removed and replaced with activin A, activin B, or GDF11 (each 

5 ng/ml) or GDF8 (45 ng/ml) plus serially diluted FST288-Fc (250 µl).  The three-fold dilutions of 

FST288-Fc produced a final concentration range of 0.46-1000 ng/ml for testing with activin A, GDF8 and 

GDF11 and 0.16-350 ng/ml for activin B.  After a 6-hour incubation with test ligands and inhibitor, the 

cells were lysed. Reporter activity was measured using a Dual-Luciferase reporter assay system 

(Promega, Madison, WI) according to the manufacturer’s instructions. The luciferase activity of the 

experimental reporter was normalized to the activity of the Renilla control. The IC50 values were 

calculated using GraphPad Prism. 

Animal Care  

Original studies in animals have been carried out in accordance with the Guide for the Care and 

Use of Laboratory Animals as adopted and promulgated by the U.S. National Institutes of Health, and 

were approved by the Acceleron Pharma Institutional Animal Care and Use Committee. 

Administration of FST288-Fc and ActRIIB-Fc in Mice 

Eight-week-old male C57BL/6NTac mice were obtained from Taconic (Germantown, NY, USA) 

and allowed to acclimate to the animal facility for 7 days. At the end of the acclimation period, mice were 

treated by intramuscular (i.m.) or subcutaneous (s.c.) injection twice weekly for 4 weeks with FST288-Fc, 

ActRIIB-Fc generated internally as in Cadena et al. (2010) or vehicle consisting of Tris-buffered saline 

(TBS). Animal weights were monitored twice weekly throughout the study, and body composition was 
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analyzed by nuclear magnetic resonance (NMR) (Bruker Minispec, Billerica, MA) on day 0 and at the 

end of study on day 28. At the completion of the treatment period, mice were euthanized by CO2 

asphyxiation and individual muscle groups removed and weighed.  

Stability of Intact FST288-Fc in Serum and Muscle 

C57BL/6 mice were given intraperitoneal (i.p.) injections of FST288-Fc (10 mg/kg) at time zero.  

Mice were euthanized at 0, 0.5, 2, 6, 10, 24, 32, 48, 72 and 96 hours post injection (n = 5 per time point), 

at which time serum was collected and frozen at -80°C and both gastrocnemius muscles were collected 

and flash-frozen in liquid nitrogen.  A similar experiment was performed with FST288-Fc administered 

i.m. (10 mg/kg) in the gastrocnemius.  To prepare muscle lysates, the frozen muscles were diced and 

incubated in 1 ml of cold RIPA buffer supplemented with protease inhibitors (1:100) for 10 minutes.  

Muscles were then homogenized using a Dremel “Tissue Tearor” (Biospec, Bartlesville, Oklahoma) and 

centrifuged to remove any unwanted tissue fragments. Stability of intact FST288-Fc in serum and muscle 

samples was evaluated by Western blotting. Serum samples were diluted 1:20 prior to SDS-PAGE 

analysis, and muscle lysate samples were normalized to 18 g total protein per well. Total protein in 

muscle lysates was measured using an RC DC Protein Assay Kit II (BioRad). Proteins were transferred to 

a PVDF membrane, and intact FST288-Fc and major fragments were detected by Western blotting with a 

polyclonal human/mouse anti-follistatin biotinylated antibody (R&D Systems, Minneapolis, MN, USA) at 

a 1:1000 dilution (as primary antibody) and HRP-avidin (Vector Labs, Burlingame, CA) at a 1:10,000 

dilution (as secondary antibody). All dilutions were done in TBS (pH 8.0) + 0.1% Tween 20. Bands were 

detected with SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific). Using BioRad 

Image Lab 5.0 software, relative levels of FST288-Fc were calculated by comparing with the internal 

control FST288-Fc (5ng) present on each Western blot.  

The polyclonal anti-FST antibody used in this study was carefully chosen from among multiple 

candidates based on extensive testing and taking into account competing factors.  We originally sought an 

antibody that would detect FST polypeptides by Western blot under both reduced and nonreduced 
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conditions but could not find one.  We then tested four commercially available antibodies (including one 

monoclonal) to determine which yielded optimal FST detection in serum and muscle.  In our testing, we 

made sure to include biotinylated antibodies to benefit from their better signal-to-noise ratio.  Despite 

yielding some non-specific bands, the biotinylated polyclonal antibody eventually used for this study was 

the best of the candidates tested and produced readily interpretable results.   

Surface Plasmon Resonance Analysis of FST288-Fc Cleavage Products in the Mouse Circulation. 

Serum from mice treated systemically with FST288-Fc was analyzed by SPR with a Biacore 

T100 instrument (GE Healthcare) to determine whether circulating FST288 cleavage products containing 

a human Fc domain are able to bind activin A as a proxy for ligand binding generally. A standard curve 

was generated by spiking FST288-Fc into mouse serum to produce final concentrations of 0, 62.5, 125, 

250 and 500 ng/ml. Serum samples taken from mice treated with FST288-Fc for 0, 10, 24, 32 and 48 

hours were diluted 10 fold in Biacore buffer (10 mM HEPES, pH 7.4, 500 mM NaCl, 3 mM EDTA, 

0.005% v/v surfactant P20 and 0.5 mg/mL BSA) for ligand capture. Activin A was prepared in the same 

buffer at 10 nM. Standards and serum samples were captured at a flow rate of 10 L/min for 45 seconds 

by a CM5 sensorchip (GE Healthcare) on which approximately 5000 RU of anti-human Fc-specific IgG 

(Millipore Sigma) was immobilized for each flow cell. Activin A was then injected at 70 L/min for 200 

seconds. The amount of human Fc protein captured was obtained from the “Capture” tab in Biacore T200 

Evaluation Software v3.1, and the amount of activin A bound was recorded as a report point 10 seconds 

after the end of activin A injection.  

Immunoprecipitation of FST288-Fc Cleavage Products in Serum 

Male mice were injected i.p. with 10 mg/kg of FST288-Fc, and serum was collected after 24 

hours. Streptavidin beads (3.2 ml final volume after three washes in PBS) were then bound to ~400 g of 

biotinylated polyclonal anti-follistatin antibody (R&D Systems) by incubating them together in 2 ml of 

TBS with 0.1% BSA at room temperature for 30 minutes.  Beads were washed with PBS and then eluted 

five times with 3.2 ml of 0.1% trifluoroacetic acid (TFA) in water to remove any loosely bound antibody.  
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Next the resin was washed with PBS and then incubated with the collected mouse serum samples 

(precleared by incubating with 3.2 ml of unbound streptavidin-agarose beads) at room temperature for 1 

hour.  After washes with PBS and PBS + 0.05% P-20 (GE Healthcare), an elution was performed with 3.2 

ml fractions of 0.1% TFA in water until no more elution of protein was observed by SDS-PAGE gel 

stained with silver stain.  The fractions were then concentrated using Ultra MicroSpin C4 columns (GE 

Healthcare) and a speed-vac was used to concentrate samples before being loaded onto a SDS-PAGE gel.   

N-terminal Sequencing of Immunoprecipitated FST288-Fc Cleavage Products 

Immunoprecipitated proteins were reduced with β-mercaptoethanol and transferred onto a Sequi-

Blot PVDF membrane (Bio-Rad Laboratories, Hercules, CA, USA). After protein transfer, the membrane 

was stained briefly (~2 min) with GelCode Blue Stain (Thermo Scientific), and the background stain was 

removed with three washes of 50% (v/v) methanol. The stained membrane was rinsed with 10% methanol 

and dried. PVDF-bound protein bands were excised and subjected to Edman chemical sequencing 

performed on a Procise Protein Sequencing System (Applied Biosystems, Foster City, CA) equipped with 

Applied Biosystems model 491-0 gas-phase Procise protein sequencer, an ABI 140C HPLC pump and a 

variable wavelength UV detector. Sequence data were analyzed using the Sequence Pro software. All 

reagents and solvents used for the sequencer were obtained from Life Technologies (Applied 

Biosystems). The derivatized phenylthiohydantoin amino acid (PTH-AA) standards solution was diluted 

in acetonitrile plus N-acetylcysteine (reagent R5B) 4X to provide a 10 pmol load on the Procise sequencer 

and was used before analyzing each sample.  Standard Sequencing Pulse-Liquid PVDF Method was 

applied for sequencing over the course of 10 cycles.   

Mass Spectrometric Analysis of Immunoprecipitated FST288-Fc Cleavage Products 

Proteins recovered from serum by immunoprecipitation with anti-follistatin antibody were 

analyzed by mass spectroscopy. They were first deglycosylated with PNGase F (New England Biolabs, 

Ipswich, MA) and sialidase A (ProZyme, Hayward, CA), then reduced and alkylated with iodoacetamide.  

Samples were then injected directly in line (no UV detector) on an Xbridge C4 RPLC column (Waters 
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Corporation, Milford, MA), and the elution was monitored on a LTQ Orbitrap XL mass spectrometer 

(Thermo Scientific, Waltham, MA).  Reduced, alkylated, and deglycosylated proteins were detected by 

LC-MS/MS, and average ions were deconvoluted using Promass Software (Thermo Scientific). 

Statistical Analysis  

Data were analyzed by unpaired t-test for between-group comparisons and are reported as means 

± standard error of the mean (SEM) unless indicated otherwise.  
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RESULTS 

Ligand Neutralizing Activity of FST288-Fc In Vitro.  We generated a dimeric Fc-fusion 

protein based on the native FST288 isoform by fusing human FST288 to a human IgG1 Fc domain (Fig. 

1B). This was done to confer several advantages, including simplified purification as well as extended 

pericellular half-life due to higher molecular weight, delayed lysosomal degradation arising from its 

binding to neonatal Fc receptor (FcRn) (Rath et al., 2015) and a doubling of HBS as a consequence of 

dimerization.  

Surface plasmon resonance (SPR) was used to characterize binding of FST288-Fc to the well-

established FST ligands activin A, activin B, myostatin (GDF8) and GDF11. The apparent equilibrium 

dissociation constants (KD) ranged from approximately 5 pM to 200 pM, and the dissociation rate 

constants (kd) ranged from approximately 2 × 10-4 s-1 to 5 × 10-5 s-1 (Table 1). We also evaluated whether 

FST288-Fc interacts with the vascular regulatory ligand BMP9 (David et al., 2008) but did not observe 

appreciable binding (data not shown). These data confirm that FST288-Fc binds tightly to several ligands 

involved in the negative regulation of skeletal muscle mass. The slow rate of dissociation of these ligands 

from FST288-Fc further establishes the fusion protein’s effectiveness as a ligand trap under cell-free 

conditions.  

 We then used a reporter-gene assay to determine whether FST288-Fc is able to neutralize 

signaling by these key ligands through their cognate receptors in a cell-based system. FST288-Fc 

inhibited signaling by activin A, activin B, GDF8 and GDF11 in a dose-dependent manner with IC50 

values in the range of pM to low nM (Table 1). These data demonstrate that FST288-Fc potently inhibits 

signaling by these ligands in a cell-based system in vitro.  

 Local Administration of FST288-Fc Causes Focal Growth of Skeletal Muscle in Mice.  We 

conducted a series of experiments in wild-type mice to determine whether i.m. administration of FST288-

Fc exerts effects on the targeted muscle and potentially on skeletal muscles more broadly. Unilateral i.m. 

administration of FST288-Fc in the gastrocnemius muscle (right side) twice weekly for 4 weeks increased 
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the weight of the injected muscle by 38% compared with vehicle while having no detectable effect on the 

contralateral, uninjected gastrocnemius (Fig. 2A). By comparison, unilateral i.m. administration of 

ActRIIB-Fc – an agent with a well-demonstrated ability to produce systemic muscle hypertrophy (Cadena 

et al., 2010) – increased muscle weight in both the injected and uninjected gastrocnemius muscles by 

approximately 52% and 38%, respectively (Fig. 2A). Thus, local administration of FST288-Fc induces 

muscle growth ipsilaterally but not contralaterally, whereas local administration of ActRIIB-Fc induces 

muscle growth both ipsilaterally and contralaterally. 

We next assessed whether local administration of FST288-Fc produces systemic changes in body 

composition in mice by comparing its effects with those of locally administered ActRIIB-Fc.  Ligands in 

the TGF-β superfamily are implicated in regulation of adipose tissue mass as well as muscle mass, as 

demonstrated by effects of ActRIIB-Fc administration or follistatin overexpression (Koncarevic et al., 

2012; Zheng et al., 2017). Compared with vehicle, unilateral i.m. administration of FST288-Fc in the 

gastrocnemius twice weekly for 4 weeks did not alter total lean mass or total fat mass as determined by 

nuclear magnetic resonance (NMR) (Fig. 2B). In contrast, unilateral i.m. administration of ActRIIB-Fc in 

the gastrocnemius changed both total lean mass (8% increase) and total fat mass (44% decrease) (Fig. 

2B). Neither agent altered total fluid volume. These results indicate that locally administered FST288-Fc 

does not produce systemic changes in muscle mass or fat mass, unlike locally administered ActRIIB-Fc. 

We then investigated the dose-response relationship of local FST288-Fc administration to muscle 

growth. Unilateral i.m. administration of FST288-Fc in the gastrocnemius at doses ranging from 1 to 100 

g twice weekly for 4 weeks increased the weight of the injected muscle in a dose-dependent manner, 

resulting in increases of approximately 19%, 26% and 42% (compared to vehicle) at doses of 10 µg, 30 

µg and 100 µg, respectively (Fig. 2C).  There was no evidence of this effect saturating within the dose 

range tested.   

To further define the spatial extent of FST288-Fc activity after local administration, we examined 

potential effects of high doses on an untargeted muscle located close to the site of FST288-Fc injection. 
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Unilateral i.m. administration of FST288-Fc in the gastrocnemius twice weekly for 4 weeks did not alter 

the weight of either the ipsilateral or contralateral rectus femoris muscles (Fig. 2D). These results indicate 

that FST288-Fc at high doses does not cause an appreciable weight change even in a muscle adjacent to 

the injection site. Figure 2E shows representative images of gastrocnemius muscles from mice treated 

unilaterally with vehicle or FST288-Fc to illustrate the effectiveness of locally administered FST288-Fc 

in a targeted muscle. 

 Systemic Administration of FST288-Fc in Mice Does Not Alter Muscle Mass or Body 

Composition.  Having demonstrated focal muscle growth after local administration of FST288-Fc, we 

sought to determine in mice whether FST288-Fc also causes muscle growth when administered 

systemically.  Compared with vehicle, s.c. administration of FST288-Fc twice weekly for 4 weeks did not 

significantly affect total lean mass or total fat mass as determined by NMR (Fig. 3A). In contrast, 

administration of ActRIIB-Fc with the same dosing regimen increased total lean mass (by 8%) and 

reduced total fat mass (by 47%) compared to vehicle (Fig. 3A). Neither agent altered total fluid volume. 

The differential effects of these two agents on body composition after systemic administration closely 

resembles their effects on body composition when they are administered locally (Fig. 2B). Evaluation of 

individual muscles confirmed that systemic administration of FST288-Fc had no appreciable effect on 

weights of the pectoralis, tibialis anterior, gastrocnemius or rectus femoris muscles, whereas systemic 

administration of ActRIIB-Fc increased weights of all four muscles by amounts ranging from 38% to 

60% compared to vehicle (Fig. 3B).  Together, these results indicate that systemic administration of 

FST288-Fc has little or no effect on muscle growth or body composition in mice even though ActRIIB-Fc 

at a comparable dose is biologically active. 

 FST288-Fc in the Circulation is Rapidly Degraded to Fragments that Do Not Bind Ligand.  

To better understand the dependence of FST288-Fc activity on its route of administration, we next 

examined levels of intact FST288-Fc protein in muscle and serum following either local or systemic 

administration in mice.  Representative blots used for analysis are depicted in Figures 4A, 4B and 4D. 
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Amounts of intact FST288-Fc in serum and muscle tissue were computed semi-quantitatively by 

normalizing sample bands to the internal control present on each blot and were used to generate profiles 

of intact FST288-Fc levels over time in serum and muscle for each route of administration (Fig. 4C and 

4E).  

This analysis revealed several differences in the distribution and availability of FST288-Fc 

associated with its route of administration. One difference was the magnitude and duration of muscle 

exposure to FST288-Fc. Intramuscular administration of FST288-Fc produced substantial levels of intact 

FST288-Fc protein in the targeted gastrocnemius muscle over the first 24 hours with continued presence 

of the intact protein evident up to 48 hours after injection (Fig 4B and Fig. 4C), with some FST288-Fc 

degradation products also apparent in the muscle at these time points.  In contrast, systemic 

administration of FST288-Fc produced very low levels of intact FST288-Fc in muscle that became 

undetectable beyond 10 hours (Fig. 4E). Importantly, degradation of intact FST288-Fc was more rapid in 

the circulation than in muscle tissue (compare Figs. 4C and 4E). After systemic administration, intact 

FST288-Fc reached maximum levels in serum by 0.5 hour and then declined to low levels by 24 hours 

(Fig. 4E). A cleavage product of FST288-Fc already present 0.5 hour after systemic administration 

became the predominant form in the circulation by 24 hours (Fig. 4D, 70 kDa band).  These results 

indicate that circulating FST288-Fc is rapidly degraded by proteolytic cleavage. 

To determine whether the cleavage products of FST288-Fc in the circulation still possess ligand-

binding ability, we used SPR to perform in vitro analysis of serum samples from mice treated 

systemically with FST288-Fc.  First, serum samples collected at time points characterized by a high 

proportion of cleaved products (10, 24, 32 or 48 hours post administration) were injected over an 

analytical chip coated with antibody against human Fc (hFc) (Supplemental Figure 1A), thereby enabling 

binding and detection of intact FST288-Fc as well as any cleavage products containing the hFc domain. 

In a second step, the captured proteins in these samples were exposed to activin A to assess ligand 

binding at each time point (Supplemental Figure 1B).  Importantly, activin A binding as a fraction of 
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captured hFc-containing proteins declined rapidly to negligible levels during this time interval, indicating 

degradation of intact FST288-Fc to non-binding cleavage products. Together, the foregoing results 

identify accelerated degradation of FST288-Fc in the circulation and low bioavailability of the fusion 

protein in muscle tissue as major factors contributing to inactivity of FST288-Fc when administered 

systemically. 

 Characterization of FST288-Fc Cleavage Products in the Circulation.  We next sought to 

better understand the loss of intact FST288-Fc fusion protein in the circulation. FST288-Fc was incubated 

in PBS, naïve human serum or whole blood at 37°C for 3 days to detect signs of degradation; however, no 

evidence of proteolysis was obtained by Western blot (data not shown).  We inferred from this negative 

result that the 70 kDa cleavage product was the result of an active process occurring in vivo. As a next 

step, mice were treated with FST288-Fc (10 mg/kg, i.p.), and serum was collected at 24 hours post-

treatment when the majority of FST288-Fc was no longer intact (Fig. 4C). Proteins in the serum samples 

were separated by SDS-PAGE under reducing and non-reducing conditions and the resulting blots probed 

using an antibody against hFc. Under non-reducing conditions, a 70 kDa band was observed 

corresponding to that previously seen with an anti-follistatin antibody (Supplemental Figure 2A). Under 

reducing conditions, however, two bands were detected. One band of approximately 35 kDa appeared to 

correspond to Fc monomer while the other band of approximately 40 kDa was hypothesized to 

correspond to monomeric Fc coupled to a truncated follistatin polypeptide (Supplemental Figure 2B).   

We characterized these FST288-Fc cleavage fragment(s) as an initial step toward engineering 

FST288 variants with altered ligand binding profiles and/or resistance to cleavage in vivo. FST288-Fc 

cleavage products in serum at 24 hours post administration were analyzed as shown in Figure 5A. Serum 

from mice injected systemically with FST288-Fc (10 mg/kg; i.p.) was subjected to immunoprecipitation 

with the polyclonal anti-follistatin antibody used previously for Western blotting. Proteins recovered by 

immunoprecipitation were then reduced and separated by SDS-PAGE gel and transferred to PVDF 

membrane. Several bands of approximately 40 kDa were excised and analyzed using an N-terminal 
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sequencer (Fig. 5B). A sequence starting with AKS*E was detected, with the * corresponding to a Cys in 

the follistatin sequence.  Additionally, immunoprecipitated proteins were reduced, deglycosylated, 

alkylated and subjected to mass spectrometric analysis using C4 RPLC-MS.  The resulting total ion 

chromatogram shown in Fig. 5C contained a small peak at 31.72 minutes corresponding to follistatin 

sequences and was subsequently analyzed using Promass Software. Two FST288-Fc protein fragments 

were identified in this peak with masses of 34,421 Da and 35,301 Da (Fig. 5D). 

 Combined use of N-terminal sequencing and mass spectrometric analysis allowed us to identify 

two FST288-Fc fragments present in serum samples collected at 24 hours post administration. Figure 6A 

shows the amino acid sequence of FST288 with sites 1 and 2 indicating N-terminal residues of these 

fragments, and Figure 6B indicates the location of these sites within the tertiary structure of FST288 

(PDB ID 3HH2) (Cash et al., 2009). Since this characterization of cleavage products is based only on a 

single time point, additional analysis is required to determine whether FST288-Fc proteolysis was 

initiated at these sites or at residues closer to the N-terminus. Simple cleavage of FST288-Fc at these sites 

near the FSD2-FSD3 boundary would detach the Fc domain from any ND-FSD1-FSD2 fragments and 

presumably render the latter susceptible to rapid elimination due to size.   
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DISCUSSION 

In the present study, we provide the first characterization of muscle-related activity of a FST288-

Fc fusion protein.  FST288-Fc retains desirable properties of naturally occurring FST288 in vitro, 

potently neutralizing multiple TGF-β superfamily ligands implicated as key inhibitors of skeletal muscle 

growth.  Intramuscular administration of FST288-Fc in mice induced robust dose-dependent growth of 

the targeted muscle but not of surrounding or contralateral muscles, in contrast to the widespread muscle-

hypertrophic effects of intramuscularly administered ActRIIB-Fc. Systemic administration of FST288-Fc 

in mice altered neither muscle mass nor body composition, in contrast to the pronounced activity of 

systemically administered ActRIIB-Fc. Finally, intact FST288-Fc was detectable in skeletal muscle tissue 

for at least 48 hours after intramuscular administration, but circulating FST288-Fc underwent rapid 

proteolytic cleavage to form fragments with impaired ligand binding. These findings support further 

investigation of FST288-Fc and related agents to induce localized muscle growth under therapeutic 

circumstances in which selective hypertrophy is desirable.   

The robust muscle growth observed here reflects the ability of follistatin to neutralize multiple 

endogenous inhibitors of muscle hypertrophy.  Myostatin was the first secreted protein to be implicated in 

the homeostatic regulation of skeletal muscle mass (McPherron and Lee, 1997; Lee and McPherron, 

1999).  Subsequent studies have confirmed the importance of myostatin in many species, but also 

revealed that additional TGF-superfamily ligands (Lee, 2007), most notably activins A and B, can act in 

combination with myostatin to further inhibit skeletal muscle hypertrophy (Gilson et al., 2009; Lee et al., 

2010; Yaden et al., 2014; Latres et al., 2017), perhaps synergistically (Chen et al., 2017).  Among these 

ligands, activins seem to play a more prominent role as muscle inhibitors in primates (Latres et al., 2017), 

whereas myostatin seems to be more prominent in rodents (Chen et al., 2017), which may partly explain 

why dedicated anti-myostatin agents have generally performed better in preclinical than clinical studies 

(Wagner, 2008).  The role of GDF11 in skeletal muscle homeostasis is less clear (Egerman et al., 2015; 

Harper et al., 2016; Walker et al., 2016), although its overexpression in mice leads to muscle atrophy 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on December 18, 2018 as DOI: 10.1124/jpet.118.252304

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #252304 

21 
 

(Hammers et al., 2017; Zimmers et al., 2017).  Early investigation of muscle regulation by TGF-

superfamily ligands utilized mice with haploinsufficiency or overexpression of follistatin and thereby 

demonstrated its strong hypertrophic effects (Lee and McPherron, 2001; Lee, 2007; Gilson et al., 2009; 

Lee et al., 2010).  In the present study, locally administered FST288-Fc generated a muscle growth 

response comparable in magnitude to that of ActRIIB-Fc, which is consistent with their shared ability to 

inhibit myostatin, activins, and GDF11 with high affinity.  Unlike ActRIIB-Fc, FST288-Fc does not bind 

BMP9, which differentiates it favorably from ActRIIB-Fc in terms of potential for unwanted vascular 

effects (Campbell et al., 2017).   

Homeostatic regulation of skeletal muscle mass is now recognized to be dependent on a balance 

between opposing actions of the two main pathways of TGF-superfamily signaling.  Myostatin, 

activins, and GDF11 are activators of Smad2/3 signaling, which opposes myofiber hypertrophy and 

promotes muscle catabolism.  The other main group of superfamily ligands (BMPs and other GDFs) are 

generally activators of Smad1/5/8 signaling, which promote myofiber hypertrophy and protein synthesis 

(Sartori et al., 2013).  Complex crosstalk between the Smad2/3 and Smad1/5/8 pathways at multiple 

levels contributes to their functional antagonism in muscle homeostasis (Sartori et al., 2013).  Due to its 

preferential inhibition of Smad2/3 ligands, follistatin is thought to promote muscle hypertrophy and 

protein synthesis through increased apoptosis, reduced myoblast proliferation, activation of mammalian 

target of rapamycin (mTOR) (Winbanks et al., 2012) as well as through indirect activation of BMP-

mediated Smad1/5/8 signaling. 

Few studies of follistatin-based interventions for muscle disorders have used fusion proteins.  

Seeking a therapeutic agent to produce systemic muscle hypertrophy, Datta-Mannan et al. determined that 

intrinsic pharmacokinetic properties of the preferentially circulating follistatin isoform – FST315 – are 

surprisingly unsuitable for a parenterally administered therapeutic with broad systemic effects.  Removal 

or alteration of the native HBS in FST315 yields fusion proteins that produce widespread muscle growth 

in normal mice and mouse models of muscle injury after systemic administration (Datta-Mannan et al., 
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2013; Yaden et al., 2014; Shen et al., 2018). Here we have exploited properties of the preferentially 

pericellular follistatin isoform – FST288 – as part of a fusion protein to induce focal muscle growth.  

Attachment of FST288 to an IgG Fc domain confers several advantages in this context.  First, an Fc 

domain simplifies purification during protein production.  Second, through its FcRn-binding motif, an Fc 

domain can promote recycling and delay lysosomal degradation of the fusion protein, thereby extending 

its half-life in the pericellular microenvironment (Rath et al., 2015). As an example, linkage of FST315 to 

an Fc domain extended its half-life in the circulation from 1.2 hours to 57 hours (Datta-Mannan et al., 

2013).  Finally, linkage to an Fc domain enables dimerization of FST288, which doubles the number of 

heparin-binding sites per molecule.  Heparin-binding sites can limit the spread of proteins like follistatin 

within tissues by slowing their diffusion (Rider and Mulloy, 2017) and can promote clearance and 

degradation of extracellular proteins, including follistatin-bound ligands (Hashimoto et al., 1997; Muller 

and Schier, 2011; Christianson and Belting, 2014; Matsuo and Kimura-Yoshida, 2014; Rider and Mulloy, 

2017).  The paired heparin-binding sites and rapid proteolytic cleavage in the circulation together promote 

pericellular localization of FST288 and focal action in targeted muscles.  

Results from gene-transfer studies confirm the effectiveness of follistatin-based interventions for 

muscle growth and provide information regarding differential activity of follistatin isoforms.  In a direct 

comparison of isoforms, acute overexpression of a native FST288 construct by electroporation increased 

gastrocnemius muscle mass in mice by nearly 40% compared to control vector, while native FST315 

increased muscle mass by 24% (Yaden et al., 2014).  Notably, similar overexpression of a FST288 variant 

lacking its heparin-binding site (FST288-ΔHBS) only increased muscle mass by 12%, thus underscoring 

the importance of heparin-binding ability to the muscle hypertrophic activity of FST288.  In a separate 

study in mice, an intramuscular injection of recombinant adeno-associated viral vector expressing 

FST288 or FST315 produced comparably large increases in the mass of tibialis anterior muscle with 

either isoform, although intramuscular levels of FST288 were substantially higher than those of FST315 

as expected (Winbanks et al., 2012).  Additionally, FST288 gene transfer was accompanied by a large 
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increase in maximal force-producing capacity, providing evidence that follistatin-induced muscle mass is 

accompanied by increased strength.  In another gene-transfer study in mice, local administration of viral 

vector expressing FST344 generated high serum levels of FST315, thereby increasing the mass of 

muscles distant from the site of administration (Haidet et al., 2008).  Since circulating native follistatin – 

presumably FST315 – is strongly implicated as a liver-derived metabolic signal (Hansen and Plomgaard, 

2016; Perakakis et al., 2018; Tao et al., 2018), its chronic augmentation with exogenous FST315 may be 

problematic.  Together, these studies support FST288 as the preferred isoform to administer locally for 

induction of focal muscle growth in vivo. 

Our results are at odds with a study in which recombinant FST288 reportedly remained intact in 

the circulation after systemic administration and was active in promoting muscle growth in mice 

(Gangopadhyay, 2013). Major differences between the two studies include the absence or presence of an 

Fc domain in the recombinant protein and the system used for protein expression (bacterial vs. 

mammalian), either of which could potentially have altered susceptibility of FST288 to proteolysis in the 

circulation. Although there was no evidence of such proteolysis in the earlier study, the time interval 

between FST288 administration and blood sampling for protein analysis was unreported. Consistent with 

our present results, Yaden et al. (2014) found that FST288 derived from a mammalian expression system 

promoted muscle repair when administered i.m. but was inactive when administered systemically.  

Follistatin can induce beneficial changes in skeletal muscle besides increased muscle mass and 

strength.  Smad2/3 pathway activators such as myostatin not only increase protein catabolism but also 

stimulate muscle fibroblasts and fibrosis in models of skeletal muscle injury or disease (Li et al., 2008; Bo 

Li et al., 2012).  Myostatin also promotes satellite cell quiescence, whereas inhibition of this pathway 

with follistatin or ActRIIB-Fc promotes muscle regeneration by activating satellite cells (McCroskery et 

al., 2003; Zhu et al., 2011; Formicola et al., 2018).  Follistatin overexpression improves tissue repair after 

muscle injury, and follistatin-based interventions have shown signs of beneficial regenerative activity in 

preclinical models of muscular dystrophy or preliminary clinical studies (Rodino-Klapac et al., 2009; 
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Yaden et al., 2014; Mendell et al., 2015; Mendell et al., 2017).  Additionally, locally administered 

FST288-Fc facilitates muscle lengthening in an immobilization model of muscle-tendon unit deformity 

(Tinklenberg et al., 2018).  Together, such results provide a compelling rationale for evaluating follistatin-

based interventions like FST288-Fc in disorders with focal muscle weakness.  A locally acting follistatin-

Fc fusion protein, ACE-083, has been shown to promote focal muscle growth in a phase 1 study in 

healthy volunteers (Glasser et al., 2018) and is currently undergoing evaluation in a phase 2 study in 

patients with FSHD and CMT. 
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FIGURE LEGENDS 

Fig. 1.  Primary structure of native follistatin isoforms and engineered follistatin-288-Fc fusion protein. 

(A) Follistatin isoforms FST315, FST303 and FST288 are generated from a single gene by alternative 

splicing and post-translational modification. SP, signal peptide; ND, N-terminal domain; FSD, follistatin 

domains; CD, C-terminal domain; HBS, heparin-binding site. (B) FST288-Fc fusion protein consists of 

the native FST288 sequence (including its HBS) attached to human IgG1 Fc, which facilitates 

dimerization.  

 

Fig. 2.  Local administration of FST288-Fc in mice causes dose-dependent growth of targeted skeletal 

muscle without widespread muscle effects. Mice were treated by unilateral injection in the gastrocnemius 

muscle (R, right side) twice weekly for 4 weeks. (A) Weights of FST288-Fc-injected, ActRIIB-Fc-

injected, vehicle-injected and uninjected (contralateral) gastrocnemius muscles. Data are means ± SEM (n 

= 5).  ***, P ≤ 0.001 vs. vehicle by unpaired t-test.  †††, P ≤ 0.001 vs. uninjected gastrocnemius muscle 

by unpaired t-test. (B) Whole-body composition expressed as percentages of fat, lean tissue and fluid, 

determined by NMR scan of mice injected unilaterally in the gastrocnemius muscle with FST288-Fc (100 

µg), ActRIIB-Fc (100 µg) or vehicle (TBS). Data are means ± SEM (n = 5).  **, P ≤ 0.01, ***, P ≤ 0.001 

vs. vehicle by unpaired t-test. (C) Dose-dependent increase in weight of injected gastrocnemius muscle in 

mice treated with FST288-Fc or vehicle (TBS). Data are expressed as the ratio of injected muscle weight 

to weight of the uninjected gastrocnemius.  Data are means ± SEM (n = 5).  **, P ≤ 0.01, ***, P ≤ 0.001 

vs. vehicle by unpaired t-test. (D) Weights of femoris muscles either adjacent (ipsilateral) or contralateral 

to the injected gastrocnemius muscles from mice in panel C treated with vehicle or the two highest doses 

of FST288-Fc.  Data are means ± SEM (n=5). (E) Representative images of injected gastrocnemius 

muscles (R) and their contralateral counterpart (L) excised from mice injected unilaterally with FST288-

Fc (100 µg) or vehicle (TBS).  
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Fig. 3. Unlike ActRIIB-Fc, FST288-Fc causes no detectable muscle growth in mice when administered 

systemically. (A) Whole-body composition expressed as percentages of fat, lean tissue and fluid, 

determined by NMR scan of mice treated subcutaneously with FST288-Fc (10 mg/kg), ActRIIB-Fc (10 

mg/kg) or vehicle (TBS) twice weekly for 4 weeks. Data are means ± SEM (n = 10). ***, P ≤ 0.001 vs. 

vehicle by unpaired t-test. (B) Weights of pectoralis (pec), tibialis anterior (TA), gastrocnemius (gastroc) 

and femoris muscles from mice treated subcutaneously with FST288-Fc (10 mg/kg), ActRIIB-Fc (10 

mg/kg) or vehicle (TBS) twice weekly for 4 weeks.  Data are means ± SEM (n = 10).  ***, P ≤ 0.001 vs. 

vehicle by unpaired t-test. 

 

Fig. 4.  FST288-Fc in the circulation is rapidly cleaved. Serum and lysates of muscle collected from mice 

over a 96-hour time course were analyzed by non-reducing SDS-PAGE gels followed by Western blotting 

using an anti-follistatin antibody, with representative blots shown for i.m. administration in (A) and (B) 

and for i.p. administration in (D). Arrows indicate intact FST288-Fc, FST288-Fc cleavage products and 

non-specific bands (NS) observed in serum and muscle. Western blots were semi-quantified by 

densitometry by comparison with an FST288-Fc internal control (5 ng) loaded on each gel. (C) Time 

course in mice of relative levels of intact FST288-Fc in serum and muscle lysates after i.m. 

administration. (E) Time course in mice of relative levels of intact FST288-Fc in serum and muscle 

lysates after i.p. administration. 

 

Fig. 5.  Analysis of FST288-Fc cleavage products in the circulation of systemically treated mice. (A) 

Outline of analytic methods used to identify FST288-Fc cleavage products in the circulation. (B) Serum 

collected 24 hours after i.p. administration of FST288-Fc was subjected to immunoprecipitation (IP) with 

an anti-follistatin antibody. Proteins obtained from this procedure were separated by reducing SDS-

PAGE, and those in the range of 30-45 kDa were characterized using N-terminal sequencing.  (C) Mass 

spectrometric analysis of the immunoprecipitated proteins revealed a small peak corresponding to 
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follistatin sequences at 31.72 minutes as shown on the total ion chromatogram. (D) Deconvoluted mass 

spectrum from which two follistatin-derived proteins of 34,421 Da and 35,301 Da were identified. 

 

Fig. 6. Cleavage products of FST288-Fc identified in the circulation after its systemic administration in 

mice. (A) Amino acid sequence of the FST288 portion of FST288-Fc, indicating N-terminal residues 

(numbered and enlarged letter codes) of the two cleavage products identified at 24 hours post 

administration. (B) Three-dimensional structure of FST288 protein indicating positions of these two N-

terminal residues. Colors denote (left to right) ND, FSD1, FSD2 and FSD3 domains. 
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Table 1. Ligand-binding parameters and inhibitory activity for FST288-Fc as determined by surface 

plasmon resonance (SPR) and cell-based reporter-gene assay. 

 

 

 

Kinetic characterization of ligand binding to FST288-Fc was assessed by SPR. Data were globally fit to a 

1:1 binding model with mass transfer term using BIAevaluation software. The inhibitory activity of 

FST288-Fc was measured in dual luciferase reporter assays carried out in A204 cells. The IC50 for each 

curve was calculated using XLfit (n = 3 replicates on the same plate). 

 

   

Ligand 

                      

                   Surface Plasmon Resonance 

 

Reporter-Gene Assay 

   

ka (M
-1s-1)         

   

  kd (s
-1)              

  

KD (pM) 

          

         IC50 (pM) 

 

Activin A 

Activin B 

GDF8 

GDF11 

 

1.14 x 106 

1.52 x 107 

9.48 x 105 

2.11 x 106 

 

2.24 x 10-4 

7.45 x 10-5 

5.52 x 10-5 

9.41 x 10-5 

 

196 

4.91 

58.3 

44.6 

 

    70.3 

    88.9 

    2070 

     217 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on December 18, 2018 as DOI: 10.1124/jpet.118.252304

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


Figure 1

FST288 precursor  (317 aa) FST315 precursor  (344 aa)

Follistatin isoformsA

FST288-Fc fusion proteinB

ND FSD1 FSD2 FSD3

64               137             211           288            

Fc

HBS

HBS

FST288

64                137           211              288            

ND FSD1 FSD2 FSD3SP SP

FST315

FST303

64              137             211          288   315            

64              137              211            288  303

ND FSD2 FSD3 CDFSD1

HBS

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on December 18, 2018 as DOI: 10.1124/jpet.118.252304

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


Figure 2 
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Figure 3
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Figure 4    
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Figure 5  
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Figure 6
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