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Myostatin and activin-A are two of thirty-three members of the TGF-3 family.

myostatin activin A activin receptors atherosclerosis

1. Myostatin/Activin-A Signaling: Basic Biology and
Functions

Myostatin (Mstn)/GDF8 is synthesized as an inactive 375 KDa precursor (pre-pro Mstn), bearing at N-terminal
domain a hydrophobic core of 24 amino acids (signal-peptide) and at the C-terminal region, 9 cysteine residues
and a proteolytic processing site RSSR (Arg-Ser-Arg-Arg) recognized by furin, a calcium-dependent serine
protease [, The proteolytic cleavage produces a 36/40 kDa latency-associated peptide (LAP) and a 12.5/26 kDa
mature peptide, corresponding to a C-terminal monomer or dimer, respectively, that is the biologically active
molecule. The non-covalent interaction with LAP retains Mstn in a latent state that cannot engage its receptor (2.

Only the subsequent proteolytic cleavage by BMP1/Tolloid family metalloproteases releases active Mstn 2!,

1.1. Mstn Signaling and Functions

Mstn signals through a heteromeric complex of type | and type Il receptors that are transmembrane proteins of
approximately 55 and 70 KDa, respectively ¥ (Figure 1), differing in level of sequence homology within the kinase
domains and the presence of a highly conserved glycine—serine-rich (GS) domain in the cytoplasmic region of the
type | receptor 2. Mstn receptor engagement and its downward signaling are negatively regulated by the Mstn
prodomain and by antagonists, including follistatin (FSTL) &, follistatin-like 3 (FSTL3), GDF-associated serum
protein-1 (GASP-1) @ and Cripto, a small glycosylphosphatidylinositol-linked membrane-associated protein (GPI)-
anchored signaling protein B, Firstly, Mstn binds to activin receptor 1B (ActRIIB) and then, this complex
phosphorylates a type | activin receptor-like kinase-4 (ALK4) (myogenic cells), or -5 (ALK5) (nonmyogenic cells)
299 This, in turn, phosphorylates small mothers against decapentaplegic (SMAD)2 and SMAD3 which recruit
SMAD4, forming a SMAD2/3/4 complex that enters into the nucleus, regulating gene expression both positively
and negatively 2. SMAD7 works as a negative feedback inhibitor for the SMAD signal pathway 12, Mainly, the
canonical SMAD pathway mediates the effects of Mstn on myogenesis and muscle atrophy, upregulating the
ubiquitin-proteasome system (UPS) synergistically with forkhead box transcription factors (FOXOs) and inhibiting
the anabolic PI3-K/AKT/mTOR pathway 22, However, Mstn can activate mitogen-activated protein kinases
(MAPKs) that inhibit myoblast proliferation and differentiation 14! and promote an inflammatory milieu stimulating

the expression of inflammatory cytokines 3. On the other hand, inflammatory cytokines such as TNFa can induce
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Mstn expression through NF-kB [2€l. Differently, Mstn has inhibitory effects on the Wnt/B-catenin pathway, thereby
blunting satellite cell proliferation 2. Mstn can exert pleiotropic regulatory effects. It has been found primarily
expressed by animal and human skeletal muscle cells, where it limits muscle growth 18, inhibiting myogenesis and
contributing to muscle loss through the activation of proteolysis and autophagy, mainly by upregulation of the UPS
(191201 The negative effects of Mstn on muscle growth have been involved in the pathogenesis of age-related
sarcopenia (21l as well as in cachexia associated with cancer 22, chronic kidney disease (23] and heart failure 241,
However, beyond regulating skeletal muscle growth, subsequent evidence has proved that Mstn is implicated in
many physiological and pathological processes at the systemic level, including energy metabolism, the
development of obesity, and insulin resistance 231281 Moreover, Mstn may play a role in the pathogenesis of
diabetic nephropathy and heart failure 27, In human proximal tubule cells, Mstn promotes proximal tubule
activation and intracellular reactive oxygen species (ROS) release by upregulating NADPH oxidase. In patients
with diabetic nephropathy, Mstn is associated with tubulointerstitial infiltrates and fibrotic areas 28, The effects of
Mstn on bone are less studied. Studies of Mstn-knockout mice revealed that early bone regeneration and inhibition
of Mstn leads to an increase in osteogenesis. Mstn-/- mice showed an increase in density, strength, and bone
mineralization (22, In clinical studies, inhibition of Mstn increased the osteogenic potential and bone mineralization

in patients with diabetes mellitus 2%,
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Figure 1. Mstn/Act-A cell signaling. Mstn/Act-A bind to ActRIIB/A on the plasma membrane, which leads to
activation by phosphorylation of type-1 ALK 2, 4, 5, or 7. This in turn induces phosphorylation of SMAD2 and
SMAD3 and the involvement of SMAD4 into a SMAD complex that translocates into the nucleus and elicits
transcription of gene targets. SMAD7 inhibits SMAD pathway. Mstn and Act-A block AKT phosphorylation and
consequently, dephosphorylated FOXO can enter the nucleus and promote the transcription and expression of
atrophy specific genes. Mstn and Act-A can also signal through MAPK activation and WNT inhibition. The binding
to the receptor is controlled by Mstn—Act-A propeptides and by circulating antagonists. Lastly, the ActRII/ActRIB
receptor complex is inhibited by Cripto, a small GPl-anchored signaling protein. Inflammatory milieu contributes to
Mstn and Act-A expression through NF-kB. Abbreviations: Act-A = activin A, ActRIIB/A = activin receptor type 1B,
lIA; ALK = type-1 activin receptor serine kinase2, 4, 5, or 7; Mstn = myostatin; ERK = extracellular signal-regulated
kinases; FOXO = forkhead box transcription factor; FSTL = follistatin; GPI = glycosylphosphatidylinositol-linked
membrane-associated protein; IL-6 = interleukin-6; IL-1B = interleukin-1f3; JNK = c-Jun N-terminal kinase; MAPKs
= mitogen-activated protein kinases; NF-KB = nuclear factor kappa-light-chain-enhancer of activated B cells; P =
phosphorylated; SMAD= small mothers against decapentaplegic; TNF-a = tumor necrosis factor-a; WNT =

portmanteau of Wingless and integrated (WNT)/b-catenin pathway.

| 2. Activin-A Biology

Activin-A (Act-A) is a homodimer composed of 2 BA subunits linked with disulfide bonds. Act-A is produced as a
larger precursor that is cleaved at amino-terminal sequence, releasing the mature 25 KDa carboxy-terminal
bioactive ligand B, Differently from Mstn, which circulates as a latent precursor complex, the activin propeptide
sequence has a weak affinity for the mature dimer, is easily displaced, and does not interfere with receptor binding.
The subunits of Act-A are the products of the inhibin beta A gene, because of their original identification as subunits

of the gonadal hormone, inhibin 32,

2.1. Act-A Signaling and Functions

Similarly to Mstn, Act-A signals by binding with high affinity to activin receptor type IIA (ActRIIA) or less so to activin
receptor type I1B followed by the recruitment of the ActRI (ALK4, ALK7, or ALK2) B3] (Figure 1). Subsequently, the
canonical SMAD pathway is activated. However, Act-A can induce MAPKSs, which affect cell migration and
differentiation 432l and controls the Wnt signaling pathway involved in developmental and injury processes [2€l.
Act-A action is regulated by several molecules. At the extracellular level, FSTL binds to Act-A with high affinity and
prevents the engagement of type Il receptors B2 and inhibin, binding to betaglycan, a type Ill TGF-B receptor, and
then to ActRIl, and competes with Act-A for the receptor site 8. At the intracellular level, BAMBI (BMP and activin
membrane-bound inhibitor), a transmembrane pseudoreceptor structurally similar to type | receptors, inhibits
activin signaling B2 due to lacking the intracellular kinase domain. However, Cripto reduces Act-A efficacy,
inhibiting the ability of the activin/ActRIl complex to recruit the type | receptor, thereby inhibiting the activin
downstream signaling pathway [£. Act-A was first described as gonadal protein stimulating FSH secretion by the
pituitary gland 9. Then, it is expressed in the embryonal ovary, uterus, and testis, and in glands such as the

breast and prostate. Interestingly, Act-A is also present in the human placenta, amnion, and chorion, and its levels
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are elevated in pregnant women “. However, apart from exerting diverse biological functions in the reproductive
tract, Act-A and its receptors have been fully characterized in virtually all body systems 42, Act-A is strongly
expressed in different compartments of the central nervous system, where it seems to exert neuroprotective effects
(431 |n addition, Act-A is present in both developing and adult heart, kidney, lung, and gastrointestinal tract 44!, In
the heart, Act-A (and ActRs) may influence cardiomyocyte differentiation and remodeling after different kinds of
injuries 2, In the kidney, Act-A exerts a profibrotic effect, both during organ development and following acute and
chronic damage 481471, Moreover, Act-A operates in concert with Mstn in negatively regulating muscle growth and
may play a significant role in bone remodeling 8. In bone, Act-A is secreted by osteoblasts and during bone matrix
resorption by osteoclasts [42. Different animal models showed that Act-A induces osteoblastogenesis,
osteoclastogenesis, chondrogenesis, and collagen synthesis B9, Coherently, inhibition of Act-A signaling obtained
by administration of soluble ActRIIA, or the use of a ligand trap, was effective in preventing muscle wasting in
different mouse models of experimental CKD and promoted osteogenesis and increased bone mass in healthy
mice and primates B2 Finally, Act-A modulates innate and adaptive immune mechanisms and mediates
inflammatory responses 231, Most immune cell types, including macrophages and T and B lymphocytes, can
produce and respond to Act-A, and in inflammatory conditions, high levels of interleukin (IL)-13 and tumor necrosis
factor-alpha (TNF-a) can promote, through NF-kB, Act-A expression and secretion, boosting the inflammatory
process 24, Furthermore, Act-A is proapoptotic in several cells, such as hepatocytes 22! renal proximal tubular
cells B8, B cells 24, chronic myeloid leukaemia cells 28] and cardiac myocytes B2, Finally, recently it has been
proved that activin-A is involved in the pathogenesis of vascular calcification and CKD-related mineral bone

disorders.8Y
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