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Highlights 

1) Muscle stem cells are highly sensitive to thyroid hormone levels; 

2) Type 2 and Type 3 deiodinase are expressed and finely tuned in muscle stem cells; 

3) Concerted deiodinase activities dynamically regulate local T3 availability in muscle stem cells. 
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Abstract 

Thyroid hormone (TH) regulates such crucial biological functions as normal growth, 

development and metabolism of nearly all vertebrate tissues. In skeletal muscle, TH plays a 

critical role in regulating the function of satellite cells, the bona fide skeletal muscle stem 

cells. Deiodinases (D2 and D3) have been found to modulate the expression of various TH 

target genes in satellite cells. Regulation of the expression and activity of the deiodinases 

constitutes a cell-autonomous, pre-receptor mechanism that controls crucial steps during the 

various phases of myogenesis. Here, we review the roles of deiodinases in skeletal muscle 

stem cells, particularly in muscle homeostasis and upon regeneration. We focus on the role of 

T3 in stem cell functions and in commitment towards lineage progression. We also discuss 

how deiodinases might be therapeutically exploited to improve satellite-cell-mediated muscle 

repair in skeletal muscle disorders or injury. 
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Muscle progenitor cells and the differentiation pathway 

Tissues are constituted by terminally differentiated cells and a few undifferentiated cells that retain 

the ability to self-renew and differentiate, i.e., tissue stem cells. These cells underlie such 

physiological processes as the turnover, growth and repair of tissues. Muscle stem cells reside in a 

niche located between the sarcolemma and basement membrane of mature muscle fibers. They are 

normally quiescent but, in response to injury, satellite cells can self-activate, proliferate and 

regenerate new muscle fibers (1-3). Muscle stem cells - also known as satellite cells - are 

characterized by the expression of the transcription factor Pax7, the transmembrane 

proteoglycans syndecan-3 and syndecan-4, and the surface antigens CD34 and M-

cadherin (4-7). Besides generating new muscle, these cells also reconstitute the muscle stem cell 

pool (8,9). 

In skeletal muscle, after a muscle injury, the resident stem cells undergo a program of lineage 

progression, which consists of activation, proliferation, fusion and differentiation to form new 

muscle fibers. Such other stimuli as exercise and chronic disease, can induce a similar cell 

activation program. After activation, satellite cells migrate toward the site of injury. At the lesion 

site, a variety of  growth factors and cytokines affect satellite cell behavior and promote 

proliferation to ensure that a sufficient number of myoblasts is available for regeneration. Indeed, 

injured muscle or infiltrated macrophages produce HGF (Hepatocyte Growth Factor), FGFs 

(Fibroblast Growth Factors), IGF-1 (Insulin-like Growth Factor 1), LIF (Leukemia Inhibitory 

Factor), and IL-6 (Interleukin 6)(10,11). FGF6 is released from injured myofibers and plays dual 

opposite roles depending on its receptor. In fact, while the FGF6–FGFR1 complex induces satellite 

cell activation and proliferation, proliferating myoblasts express the FGFR4 receptor, and the 

FGF6–FGFR4 complex induces cell differentiation by inducing myogenin expression (12). 

Moreover, HGF, released from the basal lamina of injured muscle, is also a chemo-attractant for 

satellite cells (13). In addition to satellite cells, muscle-resident fibroblasts and macrophages 

participate in the process of regeneration and are similarly necessary for muscle repair as are muscle 

stem cells (14). The cell-to-cell communication between these distinct cell types is crucial, and 

endocrine and paracrine factors ensure the proper functioning of this mechanism (15). 

Tissue regeneration is a process characterized by three partially overlapping and sequential 

phases: inflammation, tissue reconstruction and tissue remodeling. Although satellite cells are 

quiescent in the healthy muscle, some of them are already committed to the myogenic lineage and 

co-express Pax7 and Myf5 (5,10). After injury, satellite cells are activated and start the regeneration 

program. The hepatocyte growth factor, released from the basal lamina or produced by the satellite 

cells themselves, is essential for the satellite cell activation (16). Upon injury, muscle-resident 
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fibroblasts proliferate and secrete the cellular matrix and a number of factors that promote myoblast 

amplification and differentiation (15,17). Activated satellite cells enter the cell cycle, after which 

they divide symmetrically or asymmetrically. The cells that express only Pax7 but not Myf5 can 

divide both ways, thereby producing either two Pax7+/Myf5- cells by symmetric division or one 

Pax7+/Myf5- cell and one Pax7+/Myf5+ cell by asymmetric division. On the other hand, cells that 

already express both Pax7 and Myf5 will produce two Pax7+/Myf5+ cells by symmetric division 

(18). Subsequently, in these cells, Pax7 cooperates with FoxO3 to ensure MyoD expression that is 

induced within 24 hours, and triggers the differentiation program (19,20). Thyroid hormone plays 

an important role in this context. In fact, the cross-talk between TH and FoxO3 is particularly tight 

because this transcription factor is both a direct TH-target gene and a potent inducer of D2 (the T3-

producing enzyme), and it creates an auto-sustaining molecular loop that controls its own 

expression (21,22). In this phase, most myoblasts start to reduce Pax7 expression but continue to 

express MyoD and myogenin. Therefore, these myoblasts stop proliferating and fuse to form 

multinucleated myotubes. Differentiating myoblasts express the transcription factors MRF4 and 

MEF2 that promote terminal differentiation, and p21Cip1 and Rb proteins that induce cell cycle 

arrest in G0 phase (23,24). Finally, new myofibers originate from terminally differentiated 

myotubes. Their maturation consists in the synthesis of myofibrils that are required for the 

contractile function of muscle fibers. In this process, a subset of proliferating myoblasts/satellite 

cells can turn off MyoD expression, revert to Pax7+/MyoD− and return to the quiescent state. In 

these cells, Pax7 suppresses MyoD and myogenin expression, while the receptor tyrosine kinase 

(RTK)–Ras–ERK cascade antagonist Sprouty1, which is usually expressed only in quiescent 

satellite cells, is re-expressed (25,26). 

In this complex scenario, TH acts on several molecular pathways involved in the lineage 

progression of activated stem cells, in a spatial- and temporal-regulated fashion. This finely and 

temporally tuned control of the active T3 concentration is obtained by the precise regulation of the 

deiodinase activities. In this context, the deiodinases in satellite cells are necessary for correct 

myogenesis and muscle regeneration (21,27).  MyoD1, a master gene controlling myogenesis, is a 

direct T3 target. Retinoic acid is also able to potently induce MyoD1, however its effects is distinct 

and not additive with T3 in murine C2 myoblasts (28,29).  Other proteins relevant in TH 

metabolism are expressed by muscle stem cells. Of note, transthyretin, a major T4-binding protein 

is expressed in C2C12 cells and is regulated during cell differentiation (30). Interestingly, the TH 

membrane transporters, MCT-8, MCT-10, SLCO3A1 and OATP1C1 are expressed in FACS sorted 

satellite cells and, with the exception of MCT-10, are all induced during differentiation 

(unpublished data). 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

5 

 

 

Role of type 3 deiodinase 

Type 3 deiodinase (D3) converts T3 and T4 into inactive metabolites that do not interact with TH 

receptors, reverse triiodothyronine (rT3) or 3,3’-diiodothyronine (T2). This enzyme is considered 

the major physiologic inactivator of TH action. The mouse Dio3 gene and its human homolog DIO3 

encode a protein of 278 residues that have a molecular weight of about 32 kDa. All vertebrate D3 

cDNAs cloned to-date include a Sec-encoding TGA codon, as well as an SECIS element in the 3'-

UTR (31). A study conducted with Dio3 knock-out mice showed that the Dio3 gene is subject to 

genomic imprinting and is preferentially expressed by the paternal allele in the mouse fetus (32). D3 

is predominantly expressed in fetal tissues and in the human placenta, where it blocks the excessive 

maternal-to-fetal transfer of T4 and T3. D3 expression has been identified in only a few postnatal 

tissues i.e., brain, skin, placenta and, at low level, also in liver, intestine and skeletal muscle (33-

36). However, several studies have revealed the re-expression of D3 in adult life in various 

pathophysiological conditions (37), namely, cardiac hypertrophy, chronic inflammation (38) and 

such hyperproliferative conditions as tissue repair (39,40) and cancer (41-43). 

All machinery related to TH-metabolism, namely TH transporters (MCT8 and MCT10), 

deiodinases (D2 and D3), and receptors (TRα and TRβ), are present in both human and rodent 

skeletal muscle, where TH plays an important role in regulating muscle fiber metabolism, protein 

synthesis and catabolism, and thermogenesis (44,45). Expression of D3 and D2 is exquisitely 

regulated during myogenesis within the muscle stem cells and this dynamic expression impacts on 

the proliferation and differentiation balance of muscle stem cells. In fact, D3 is expressed only in 

the proliferative phase of the regeneration process as opposed to D2, which is expressed in the late 

phase of myogenesis and is essential for proper muscle cell differentiation (21). Dentice et al. (27) 

demonstrated that D3 is highly expressed in proliferating myoblasts in culture and its expression 

decreases upon differentiation. D3 is also expressed in proliferating stem cells on myofiber cultures 

in vitro, although no information is currently available about putative regulators of its expression in 

this cell context. Satellite cells are characterized by the expression of the transcription factor Pax7; 

however, Pax7-positive cells represent a very heterogeneous population (46). In fact, there are two 

types of Pax7-positive cells: the Pax7Hi population, which is considered the more stem cell-like 

population and that remains in a quiescent state, while the Pax7Lo population is already primed for 

commitment and contributes rapidly to muscle repair (47). We have shown that D3 is 

predominantly expressed in the Pax7Lo cells where it intracellularly attenuates the TH signal (27). 

The significance of this restricted expression is unknown, but it is conceivable that, besides 

maintaining the TH signal at a low level in order to enable the amplification of stem cells, D3 also 
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prevents premature exposure of activated cells to circulating TH levels which could favor cell 

differentiation. Indeed, when proliferating stem cells were treated with TH they underwent massive 

apoptosis, likely due to the mitotic catastrophe in proliferating cells abnormally exposed to a potent 

differentiating agent, i.e., TH. A similar effect was observed when D3 was genetically depleted 

(27). Stem cell death is highly TH-dependent and cell- and time-specific since it does not occur in 

proliferating fibroblasts or when myoblasts are already primed to differentiate or when D3-

depletion occurs in TH-deprived serum (27). In this context, D3-depletion as well as TH treatment 

induces the expression of FoxO3 and MyoD, which are pro-apoptotic genes in muscle. Similarly, 

during muscle regeneration in vivo, D3-depletion in stem cells (cD3KO mice, (27)) causes rapid 

apoptosis of these cells and the entire regeneration process is disrupted. In fact, cD3KO mice were 

unable to complete regeneration and still 40 days after injury, the injured muscles were 

characterized by large necrotic areas and fat infiltration. This failure of regeneration was confirmed 

by the myogenic markers MyoD, myogenin and myosin heavy chain (MHC) that are sharply down-

regulated in the absence of D3. This dramatic event is due to the TH excess in the muscle upon D3-

depletion. Accordingly, systemic hypothyroidism attenuates apoptosis in cD3KO mice. Taken 

together, these data demonstrate that D3, by enabling normal myoblast proliferation, is essential for 

the stem cell activation program and represents a survival mechanism by which muscle stem cells 

attenuate their exposure to T3 in accordance with their functional state during the regeneration 

process. 

 

Role of type 2 deiodinase 

Quiescent satellite cells become activated and proliferate to produce committed myoblasts. To 

complete the regeneration process, activated myoblasts must cease proliferating and initiate a 

differentiation program by fusing in the resident muscle fibers (48). Type 2 deiodinase is the major 

activator of TH at local level; it converts the pro-hormone T4 into the active hormone T3. This 

enzyme is encoded by the DIO2 gene localized on human chromosome 14. In humans as well as in 

mice, Dio2 is expressed in skeletal myocytes (49) and its enzymatic activity in mouse and human 

muscles is comparable (50). It is an endoplasmic reticulum resident protein whose expression is 

negatively regulated by thyroid hormone both pre-and post-transcriptionally (51) via a TH-

regulated ubiquitin-mediated inactivation process (52,53). Several studies indicate that DIO2 

expression in skeletal muscle is increased in patients with chronically low T4 levels in the serum 

(54), in hypothyroidism and in fasting (55). 

In mouse muscle, Dio2 is highly expressed in the newborn (when the number of stem cells is 

elevated), and in adult stem cells during myoblast differentiation. In myocytes, this enzyme plays a 
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critical role by producing the active T3 that contributes to induction of MyoD and of the 

downstream myogenic factors (21). Indeed, Dio2-depletion impairs myoblast differentiation thereby 

giving rise to a phenotype similar to MyoD1−/−  mice (56,57). This effect is less evident in primary 

mouse myoblasts with genetically depleted D2 (58), which indicates that D2 action is more relevant 

in the muscle stem cell context. The entire lineage progression of activated satellite cells is 

regulated by the D2-produced TH that governs the expression of major genes involved in the 

control of myogenesis (Graphical abstract). Importantly, D2-depleted cells have increased 

proliferative potential, which counteracts their failure to differentiate properly. Are these effects 

reversible? Recent data demonstrate that excessive TH can rescue or induce proper differentiation 

in D2-depleted cell, so that D2 impairment causes only a transient and reversible block in the 

differentiation (21). 

What promotes D2 expression in muscle cells? In primary human skeletal myocytes, 

Pioglitazone and insulin increase D2 activity in a dose-dependent manner (59), while kaempferol 

upregulates D2 approximately ten fold (60).  At a transcriptional level, several signals are able to 

regulate Dio2 expression. Among them, D2 is induced in myoblast differentiation by FoxO3a (21), 

which is a forkhead transcription factor involved in several cellular processes, including 

differentiation, metabolism and survival (61,62). FoxO3 directly binds the Dio2 promoter and 

induces its expression. Indeed, Dio2 expression is significantly reduced in FoxO3-null mice (21). 

Muscle differentiation is regulated by epigenetic mechanisms that involve different class I and 

class II histone deacetylases (HDAC) and/or histone demethylases (63). Usually, HDACs repress 

muscle differentiation by acting on the muscle-specific transcription factors MyoD and Mef2 

(64,65). Similar mechanisms operate on Dio2 expression. Indeed, several histone deacetylase 

inhibitors induce Dio2 expression and increase TH signaling in myoblasts (66). In differentiating 

myoblasts, the histone demethylase LSD1 together with FoxO3 regulate remodeling of chromatin in 

the Dio2 promoter region thereby promoting its expression (66). In this context, FoxO3, D2 and 

MyoD are related in an intricate network in which FoxO3, through D2 induction, increases 

intracellular T3 production that promotes muscle differentiation thereby inducing MyoD and other 

differentiation factors. MyoD is the master regulator of the myogenic development and regeneration 

program (67). Besides MyoD, the expression of the muscle-specific genes myogenin and MHC are 

required for correct muscle differentiation (21). It is not coincidental that all these genes are 

positively regulated by TH and are all down-regulated in the D2 null genetic background (45).  

In conclusion, type 2 deiodinase is induced in the late phase of muscle differentiation and, by 

increasing intracellular T3 concentration, it promotes MyoD expression and enables the proper 
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differentiation process to occur. By ensuring adequate levels of TH during the whole process, D2 is 

required to guarantee a fully differentiated phenotype. 

 

Therapeutic potential of the deiodinases in satellite-cell-mediated muscle repair 

Accumulating evidence suggests that the deiodinases play a role in diseases characterized by 

a loss of muscle mass. A case in point is Duchenne muscular dystrophy (DMD), which is the most 

common form of muscular dystrophy, affecting 1 in 3,500 male births. DMD Patients suffer from 

severe, progressive muscle wasting, with clinical symptoms first detected at 2–5 years of age.  

Currently, treatment options for DMD patients focus primarily on relief of symptoms and 

prevention of complications, as there is no effective therapy (6). In the dystrophic (mdx) mouse 

model, skeletal muscle undergoes cycles of degeneration and regeneration, and satellite cells 

continue to proliferate at a time when counterpart cells in normal healthy muscle enter quiescence.  

Earlier  studies indicated that T4 may be directly involved in the regulation of satellite cell 

proliferation and myonuclei accumulation (68) and that hypothyroid status affects muscle precursor 

cells mainly by depressing their ability to differentiate and fuse with existing myofibers (69). Given 

the rate-limiting role of regeneration in DMD muscles, we hypothesize that manipulation of the 

intracellular thyroid status of stem cells via manipulation of deiodinase activity can produce 

beneficial effects in this disease.  Preliminary data strongly suggest that deiodinase-mediated 

control of TH action significantly affects the physiology of muscle stem cells (21,27). Most 

importantly, these changes are reversible, as it is the intracellular hypothyroidism caused by D2-

depletion, which could be reverted by appropriate T3 replacement. The finding that we transiently 

attenuate MyoD level by reversibly blocking D2 in myoblast precursors could have several clinical 

implications for patients with muscle disease. For example, myogenic precursor cells could be kept 

in low T3 conditions when increased cell proliferation and cell expansion is desired. Subsequently, 

the situation could be reversed by removing the blocking agent or by supplying T3, thereby 

promoting myotube formation and terminal differentiation. This process could significantly 

improve the success of myoblast transplantation protocols in which differentiation limits the degree 

of muscle precursor cell proliferation (70) and could be useful in the treatment of dystrophic 

patients. In summary, it is conceivable to manipulate deiodinase activity to therapeutically control 

TH action in muscle stem cells. It is important to emphasize that the deiodinases can be easily 

modulated in vivo by such molecules as iopanoic acid and rT3. This raises the future possibility of 

using tissue-specific modulation of TH action to impact on the biology of muscle stem cells in a 

therapeutical context.  
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Conclusions 

Here we review the data available regarding the functional role of the deiodinases in muscle stem 

cells. Skeletal muscle is a target of thyroid hormone (TH), as demonstrated by the capacity of THs 

to affect composition, strength, contraction, glucose metabolism and energy homeostasis in this 

tissue. An emerging concept in this field is that skeletal muscle stem cells are a major target of TH 

action. The proliferation and differentiation of skeletal muscle stem cells depends strictly on locally 

regulated TH action. Thyroid hormone levels are locally controlled by a family of enzymes, the 

deiodinases. Deiodinases type 2 and 3 are involved in the local modulation of TH in skeletal 

muscle. D2 plays a pivotal role in the differentiation of activated satellite cells and is highly 

expressed in differentiating myoblasts in culture as well as in the late phase of the regeneration of 

skeletal muscle. Conversely, D3 is essential for amplification of satellite cells and is expressed in 

early phase in myogenesis (21). 

In the myoblast differentiation program, D3 and D2 expression increase at different specific 

times so as to allow proliferation in advance of differentiation. A future exciting challenge in the 

field of TH and muscle physiology is to exploit the basic knowledge emerging in this area in a 

therapeutically relevant context. In dystrophic muscles, the functional muscle impairment is caused 

by exhaustion of the stem cell muscle reservoir that abolishes the ability to repair the chronically 

damaged muscles. Thus, one may envisage the possibility of manipulating the deiodinases to 

improve the capacity of muscle stem cells to proliferate and differentiate. 

 

Acknowledgements 

The authors thank Jean Ann Gilder (Scientific Communication srl., Naples, Italy) for editing this 

review. This work was supported by the Horizon 2020 research and innovation programme under 

grant agreement No 666869-THYRAGE. 

 

 

  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

10 

 

References 

1. Morgan JE, Partridge TA. Muscle satellite cells. Int J Biochem Cell Biol. 2003;35(8):1151-1156. 

2. Mauro A. Satellite cell of skeletal muscle fibers. J Biophys Biochem Cytol. 1961;9:493-495. 

3. Bischoff R. Proliferation of muscle satellite cells on intact myofibers in culture. Dev Biol. 

1986;115(1):129-139. 

4. Seale P, Sabourin LA, Girgis-Gabardo A, Mansouri A, Gruss P, Rudnicki MA. Pax7 is required for the 

specification of myogenic satellite cells. Cell. 2000;102(6):777-786. 

5. Beauchamp JR, Heslop L, Yu DS, Tajbakhsh S, Kelly RG, Wernig A, Buckingham ME, Partridge TA, 

Zammit PS. Expression of CD34 and Myf5 defines the majority of quiescent adult skeletal muscle 

satellite cells. J Cell Biol. 2000;151(6):1221-1234. 

6. Cornelison DD, Filla MS, Stanley HM, Rapraeger AC, Olwin BB. Syndecan-3 and syndecan-4 

specifically mark skeletal muscle satellite cells and are implicated in satellite cell maintenance and 

muscle regeneration. Dev Biol. 2001;239(1):79-94. 

7. Sherwood RI, Christensen JL, Conboy IM, Conboy MJ, Rando TA, Weissman IL, Wagers AJ. Isolation 

of adult mouse myogenic progenitors: functional heterogeneity of cells within and engrafting 

skeletal muscle. Cell. 2004;119(4):543-554. 

8. Collins CA, Olsen I, Zammit PS, Heslop L, Petrie A, Partridge TA, Morgan JE. Stem cell function, self-

renewal, and behavioral heterogeneity of cells from the adult muscle satellite cell niche. Cell. 

2005;122(2):289-301. 

9. Montarras D, Morgan J, Collins C, Relaix F, Zaffran S, Cumano A, Partridge T, Buckingham M. Direct 

isolation of satellite cells for skeletal muscle regeneration. Science. 2005;309(5743):2064-2067. 

10. Endo T. Molecular mechanisms of skeletal muscle development, regeneration, and osteogenic 

conversion. Bone. 2015;80:2-13. 

11. Kastner S, Elias MC, Rivera AJ, Yablonka-Reuveni Z. Gene expression patterns of the fibroblast 

growth factors and their receptors during myogenesis of rat satellite cells. J Histochem Cytochem. 

2000;48(8):1079-1096. 

12. Zhao P, Hoffman EP. Embryonic myogenesis pathways in muscle regeneration. Dev Dyn. 

2004;229(2):380-392. 

13. Bischoff R. Chemotaxis of skeletal muscle satellite cells. Dev Dyn. 1997;208(4):505-515. 

14. Mann CJ, Perdiguero E, Kharraz Y, Aguilar S, Pessina P, Serrano AL, Munoz-Canoves P. Aberrant 

repair and fibrosis development in skeletal muscle. Skelet Muscle. 2011;1(1):21. 

15. Murphy MM, Lawson JA, Mathew SJ, Hutcheson DA, Kardon G. Satellite cells, connective tissue 

fibroblasts and their interactions are crucial for muscle regeneration. Development. 

2011;138(17):3625-3637. 

16. Tatsumi R, Hattori A, Ikeuchi Y, Anderson JE, Allen RE. Release of hepatocyte growth factor from 

mechanically stretched skeletal muscle satellite cells and role of pH and nitric oxide. Mol Biol Cell. 

2002;13(8):2909-2918. 

17. Joe AW, Yi L, Natarajan A, Le Grand F, So L, Wang J, Rudnicki MA, Rossi FM. Muscle injury activates 

resident fibro/adipogenic progenitors that facilitate myogenesis. Nature cell biology. 

2010;12(2):153-163. 

18. Kuang S, Kuroda K, Le Grand F, Rudnicki MA. Asymmetric self-renewal and commitment of satellite 

stem cells in muscle. Cell. 2007;129(5):999-1010. 

19. Cornelison DD, Wold BJ. Single-cell analysis of regulatory gene expression in quiescent and 

activated mouse skeletal muscle satellite cells. Dev Biol. 1997;191(2):270-283. 

20. Zammit PS, Heslop L, Hudon V, Rosenblatt JD, Tajbakhsh S, Buckingham ME, Beauchamp JR, 

Partridge TA. Kinetics of myoblast proliferation show that resident satellite cells are competent to 

fully regenerate skeletal muscle fibers. Exp Cell Res. 2002;281(1):39-49. 

21. Dentice M, Marsili A, Ambrosio R, Guardiola O, Sibilio A, Paik JH, Minchiotti G, DePinho RA, Fenzi G, 

Larsen PR, Salvatore D. The FoxO3/type 2 deiodinase pathway is required for normal mouse 

myogenesis and muscle regeneration. J Clin Invest. 2010;120(11):4021-4030. 

22. Leal AL, Albuquerque JP, Matos MS, Fortunato RS, Carvalho DP, Rosenthal D, da Costa VM. Thyroid 

hormones regulate skeletal muscle regeneration after acute injury. Endocrine. 2015;48(1):233-240. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

11 

 

23. Berkes CA, Tapscott SJ. MyoD and the transcriptional control of myogenesis. Semin Cell Dev Biol. 

2005;16(4-5):585-595. 

24. Endo T. Stem cells and plasticity of skeletal muscle cell differentiation: potential application to cell 

therapy for degenerative muscular diseases. Regen Med. 2007;2(3):243-256. 

25. Shea KL, Xiang W, LaPorta VS, Licht JD, Keller C, Basson MA, Brack AS. Sprouty1 regulates reversible 

quiescence of a self-renewing adult muscle stem cell pool during regeneration. Cell Stem Cell. 

2010;6(2):117-129. 

26. Yin H, Price F, Rudnicki MA. Satellite cells and the muscle stem cell niche. Physiol Rev. 

2013;93(1):23-67. 

27. Dentice M, Ambrosio R, Damiano V, Sibilio A, Luongo C, Guardiola O, Yennek S, Zordan P, Minchiotti 

G, Colao A, Marsili A, Brunelli S, Del Vecchio L, Larsen PR, Tajbakhsh S, Salvatore D. Intracellular 

inactivation of thyroid hormone is a survival mechanism for muscle stem cell proliferation and 

lineage progression. Cell Metab. 2014;20(6):1038-1048. 

28. Carnac G, Albagli-Curiel O, Desclozeaux M, Vandromme M, Glineur C, Begue A, Laudet V, Bonnieu 

A. Overexpression of c-erbA proto-oncogene enhances myogenic differentiation. Oncogene. 

1993;8(11):3103-3110. 

29. Albagli-Curiel O, Carnac G, Vandromme M, Vincent S, Crepieux P, Bonnieu A. Serum-induced 

inhibition of myogenesis is differentially relieved by retinoic acid and triiodothyronine in C2 murine 

muscle cells. Differentiation; research in biological diversity. 1993;52(3):201-210. 

30. Lee EJ, Pokharel S, Jan AT, Huh S, Galope R, Lim JH, Lee DM, Choi SW, Nahm SS, Kim YW, Park SY, 

Choi I. Transthyretin: A Transporter Protein Essential for Proliferation of Myoblast in the Myogenic 

Program. International journal of molecular sciences. 2017;18(1). 

31. Salvatore D, Low SC, Berry M, Maia AL, Harney JW, Croteau W, St Germain DL, Larsen PR. Type 3 

lodothyronine deiodinase: cloning, in vitro expression, and functional analysis of the placental 

selenoenzyme. J Clin Invest. 1995;96(5):2421-2430. 

32. Hernandez A, Fiering S, Martinez E, Galton VA, St Germain D. The gene locus encoding 

iodothyronine deiodinase type 3 (Dio3) is imprinted in the fetus and expresses antisense 

transcripts. Endocrinology. 2002;143(11):4483-4486. 

33. Bates JM, St Germain DL, Galton VA. Expression profiles of the three iodothyronine deiodinases, 

D1, D2, and D3, in the developing rat. Endocrinology. 1999;140(2):844-851. 

34. St Germain DL. Development effects of thyroid hormone: the role of deiodinases in regulatory 

control. Biochem Soc Trans. 1999;27(2):83-88. 

35. Van der Geyten S, Sanders JP, Kaptein E, Darras VM, Ku Hn ER, Leonard JL, Visser TJ. Expression of 

Chicken Hepatic Type I and Type III Iodothyronine Deiodinases during Embryonic Development. 

Endocrinology. 1997;138(12):5144-5152. 

36. Gereben B, Zeold A, Dentice M, Salvatore D, Bianco AC. Activation and inactivation of thyroid 

hormone by deiodinases: local action with general consequences. Cell Mol Life Sci. 2008;65(4):570-

590. 

37. Huang SA, Bianco AC. Reawakened interest in type III iodothyronine deiodinase in critical illness 

and injury. Nat Clin Pract Endocrinol Metab. 2008;4(3):148-155. 

38. Boelen A, Kwakkel J, Alkemade A, Renckens R, Kaptein E, Kuiper G, Wiersinga WM, Visser TJ. 

Induction of type 3 deiodinase activity in inflammatory cells of mice with chronic local 

inflammation. Endocrinology. 2005;146(12):5128-5134. 

39. Kester MH, Toussaint MJ, Punt CA, Matondo R, Aarnio AM, Darras VM, Everts ME, de Bruin A, 

Visser TJ. Large induction of type III deiodinase expression after partial hepatectomy in the 

regenerating mouse and rat liver. Endocrinology. 2009;150(1):540-545. 

40. Dentice M, Antonini D, Salvatore D. Type 3 deiodinase and solid tumors: an intriguing pair. Expert 

Opin Ther Targets. 2013;17(11):1369-1379. 

41. Dentice M, Luongo C, Huang S, Ambrosio R, Elefante A, Mirebeau-Prunier D, Zavacki AM, Fenzi G, 

Grachtchouk M, Hutchin M, Dlugosz AA, Bianco AC, Missero C, Larsen PR, Salvatore D. Sonic 

hedgehog-induced type 3 deiodinase blocks thyroid hormone action enhancing proliferation of 

normal and malignant keratinocytes. Proc Natl Acad Sci U S A. 2007;104(36):14466-14471. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

12 

 

42. Dentice M, Luongo C, Ambrosio R, Sibilio A, Casillo A, Iaccarino A, Troncone G, Fenzi G, Larsen PR, 

Salvatore D. beta-Catenin regulates deiodinase levels and thyroid hormone signaling in colon 

cancer cells. Gastroenterology. 2012;143(4):1037-1047. 

43. Di Girolamo D, Ambrosio R, De Stefano MA, Mancino G, Porcelli T, Luongo C, Di Cicco E, Scalia G, 

Vecchio LD, Colao A, Dlugosz AA, Missero C, Salvatore D, Dentice M. Reciprocal interplay between 

thyroid hormone and microRNA-21 regulates hedgehog pathway-driven skin tumorigenesis. J Clin 

Invest. 2016;126(6):2308-2320. 

44. Clement K, Viguerie N, Diehn M, Alizadeh A, Barbe P, Thalamas C, Storey JD, Brown PO, Barsh GS, 

Langin D. In vivo regulation of human skeletal muscle gene expression by thyroid hormone. 

Genome Res. 2002;12(2):281-291. 

45. Simonides WS, van Hardeveld C. Thyroid hormone as a determinant of metabolic and contractile 

phenotype of skeletal muscle. Thyroid : official journal of the American Thyroid Association. 

2008;18(2):205-216. 

46. Motohashi N, Asakura A. Muscle satellite cell heterogeneity and self-renewal. Front Cell Dev Biol. 

2014;2:1. 

47. Rocheteau P, Gayraud-Morel B, Siegl-Cachedenier I, Blasco MA, Tajbakhsh S. A subpopulation of 

adult skeletal muscle stem cells retains all template DNA strands after cell division. Cell. 

2012;148(1-2):112-125. 

48. Bentzinger CF, von Maltzahn J, Dumont NA, Stark DA, Wang YX, Nhan K, Frenette J, Cornelison DD, 

Rudnicki MA. Wnt7a stimulates myogenic stem cell motility and engraftment resulting in improved 

muscle strength. J Cell Biol. 2014;205(1):97-111. 

49. Hosoi Y, Murakami M, Mizuma H, Ogiwara T, Imamura M, Mori M. Expression and regulation of 

type II iodothyronine deiodinase in cultured human skeletal muscle cells. J Clin Endocrinol Metab. 

1999;84(9):3293-3300. 

50. Marsili A, Ramadan W, Harney JW, Mulcahey M, Castroneves LA, Goemann IM, Wajner SM, Huang 

SA, Zavacki AM, Maia AL, Dentice M, Salvatore D, Silva JE, Larsen PR. Type 2 iodothyronine 

deiodinase levels are higher in slow-twitch than fast-twitch mouse skeletal muscle and are 

increased in hypothyroidism. Endocrinology. 2010;151(12):5952-5960. 

51. Burmeister LA, Pachucki J, St Germain DL. Thyroid hormones inhibit type 2 iodothyronine 

deiodinase in the rat cerebral cortex by both pre- and posttranslational mechanisms. 

Endocrinology. 1997;138(12):5231-5237. 

52. Dentice M, Bandyopadhyay A, Gereben B, Callebaut I, Christoffolete MA, Kim BW, Nissim S, 

Mornon JP, Zavacki AM, Zeold A, Capelo LP, Curcio-Morelli C, Ribeiro R, Harney JW, Tabin CJ, Bianco 

AC. The Hedgehog-inducible ubiquitin ligase subunit WSB-1 modulates thyroid hormone activation 

and PTHrP secretion in the developing growth plate. Nature cell biology. 2005;7(7):698-705. 

53. Gereben B, Goncalves C, Harney JW, Larsen PR, Bianco AC. Selective proteolysis of human type 2 

deiodinase: a novel ubiquitin-proteasomal mediated mechanism for regulation of hormone 

activation. Molecular endocrinology. 2000;14(11):1697-1708. 

54. Mebis L, Langouche L, Visser TJ, Van den Berghe G. The type II iodothyronine deiodinase is up-

regulated in skeletal muscle during prolonged critical illness. J Clin Endocrinol Metab. 

2007;92(8):3330-3333. 

55. Mills I, Barge RM, Silva JE, Larsen PR. Insulin stimulation of iodothyronine 5'-deiodinase in rat 

brown adipocytes. Biochem Biophys Res Commun. 1987;143(1):81-86. 

56. Salvatore D, Simonides WS, Dentice M, Zavacki AM, Larsen PR. Thyroid hormones and skeletal 

muscle--new insights and potential implications. Nat Rev Endocrinol. 2014;10(4):206-214. 

57. Rudnicki MA, Jaenisch R. The MyoD family of transcription factors and skeletal myogenesis. 

Bioessays. 1995;17(3):203-209. 

58. Ignacio DL, Silvestre DH, Anne-Palmer E, Bocco BM, Fonseca TL, Ribeiro MO, Gereben B, Bianco AC, 

Werneck-de-Castro JP. Early Developmental Disruption of Type 2 Deiodinase Pathway in Mouse 

Skeletal Muscle Does Not Impair Muscle Function. Thyroid : official journal of the American Thyroid 

Association. 2017;27(4):577-586. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

13 

 

59. Grozovsky R, Ribich S, Rosene ML, Mulcahey MA, Huang SA, Patti ME, Bianco AC, Kim BW. Type 2 

deiodinase expression is induced by peroxisomal proliferator-activated receptor-gamma agonists in 

skeletal myocytes. Endocrinology. 2009;150(4):1976-1983. 

60. da-Silva WS, Harney JW, Kim BW, Li J, Bianco SD, Crescenzi A, Christoffolete MA, Huang SA, Bianco 

AC. The small polyphenolic molecule kaempferol increases cellular energy expenditure and thyroid 

hormone activation. Diabetes. 2007;56(3):767-776. 

61. Accili D, Arden KC. FoxOs at the crossroads of cellular metabolism, differentiation, and 

transformation. Cell. 2004;117(4):421-426. 

62. Carter ME, Brunet A. FOXO transcription factors. Curr Biol. 2007;17(4):R113-114. 

63. Sincennes MC, Brun CE, Rudnicki MA. Concise Review: Epigenetic Regulation of Myogenesis in 

Health and Disease. Stem cells translational medicine. 2016;5(3):282-290. 

64. Mal A, Sturniolo M, Schiltz RL, Ghosh MK, Harter ML. A role for histone deacetylase HDAC1 in 

modulating the transcriptional activity of MyoD: inhibition of the myogenic program. EMBO J. 

2001;20(7):1739-1753. 

65. Miska EA, Karlsson C, Langley E, Nielsen SJ, Pines J, Kouzarides T. HDAC4 deacetylase associates 

with and represses the MEF2 transcription factor. EMBO J. 1999;18(18):5099-5107. 

66. Ambrosio R, Damiano V, Sibilio A, De Stefano MA, Avvedimento VE, Salvatore D, Dentice M. 

Epigenetic control of type 2 and 3 deiodinases in myogenesis: role of Lysine-specific Demethylase 

enzyme and FoxO3. Nucleic Acids Res. 2013;41(6):3551-3562. 

67. Muscat GE, Downes M, Dowhan DH. Regulation of vertebrate muscle differentiation by thyroid 

hormone: the role of the myoD gene family. Bioessays. 1995;17(3):211-218. 

68. Beermann DH, Liboff M, Wilson DB, Hood LF. Effects of exogenous thyroxine and growth hormone 

on satellite cell and myonuclei populations in rapidly growing rat skeletal muscle. Growth. 

1983;47(4):426-436. 

69. Jacobs SC, Bar PR, Bootsma AL. Effect of hypothyroidism on satellite cells and postnatal fiber 

development in the soleus muscle of rat. Cell and tissue research. 1996;286(1):137-144. 

70. Cooper RN, Butler-Browne GS, Mouly V. Human muscle stem cells. Current opinion in 

pharmacology. 2006;6(3):295-300. 

 
  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

14 

 

LEGEND OF THE GRAPHICAL ABSTRACT 

The relationship between muscle regeneration, thyroid hormones and deiodinases. 
Differential expression of D2 and D3 alters the active thyroid hormone concentration (T3) that 
regulates critical factors in the lineage progression and differentiation of muscle stem cells. The role 
and activity of the deiodinases in the quiescent state of muscle stem cells remains to be established. 
The genes directly regulated by thyroid hormone are shown in red. MHC: myosin heavy chain 


